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	  EXECUTIVE	  SUMMARY	  

The	   Snake	   River	   Geothermal	   Drilling	   Project:	   Innova9ve	   Approaches	   to	   Geothermal	  
Explora9on	  (DE-‐EE-‐0002848)	  received	  its	  condi9onal	  award	  on	  March	  5,	  2010	  with	  a	  start	  date	  
of	  January	   29,	  2010.	   The	  award	  was	  finalized	  on	   July	   9,	  2010.	  The	  Lead	  PI	   is	  John	   Shervais	  at	  
Utah	   State	   University,	   with	   co-‐inves9gators	   James	  Evans	   (Utah	   State	   University),	   Lee	   Liberty	  
(Boise	   State	  University),	   Doug	   SchmiX	   (University	   of	  Alberta),	   and	   David	   Blackwell	   (Southern	  
Methodist	   University).	   Our	   partner	   for	   the	   drilling	   ac9vi9es	   was	   Drilling,	   Observa9on,	   and	  
Sampling	  of	  the	  Earth’s	  Con9nental	  Crust,	   Inc,	  a	  not-‐for-‐profit	  consor9um	  of	  universi9es	  which	  
coordinates	   con9nental	   scien9fic	   drilling	   in	   the	  United	   States.	  Cost	  share	  was	  provided	   by	   the	  
Interna9onal	  Con9nental	  Drilling	   Program	   (ICDP)	  and	  by	   two	  of	   the	   collabora9ng	  universi9es	  
(Utah	  State	  University,	  University	  of	  Alberta).	  

The	  goal	   of	   our	   project	  was	  to	   test	   innova9ve	  explora9on	   technologies	  using	  exis9ng	   and	  
new	  data,	  and	  to	  ground-‐truth	  these	  technologies	  using	  slim-‐hole	  core	  technology.	  The	  slim-‐hole	  
core	  allowed	  us	  to	  understand	  subsurface	  stra9graphy	  and	  altera9on	  in	  detail,	  and	  to	  correlate	  
lithologies	   observed	   in	   core	   with	   surface	   based	   geophysical	   studies.	   Compiled	   data	   included	  
geologic	  maps,	   volcanic	  vent	  distribu9on,	   structural	  maps,	  exis9ng	  well	   logs	  and	   temperature	  
gradient	   logs,	   groundwater	   temperatures,	   and	   geophysical	   surveys	   (resis9vity,	   magne9cs,	  
gravity).	   New	   data	   included	   high-‐resolu9on	   gravity	   and	   magne9c	   surveys,	   high-‐resolu9on	  
seismic	  surveys,	  three	  slimhole	  test	  wells,	  borehole	  wireline	  logs,	  lithology	  logs,	  water	  chemistry,	  
altera9on	  mineralogy,	  fracture	  distribu9on,	  and	  new	  thermal	  gradient	  measurements.	  

Phase	   1	   ac9vi9es	   focused	   on	  data	   compila9on	  and	   addi9onal	  field	   studies,	   as	  well	   as	  on	  
permi]ng	  and	  environmental	  review.	  Phase	  2	  drilling	  of	  the	  slim-‐hole	  wells	  began	  in	  September	  
2010	  and	  con9nued	  with	  minor	  breaks	  un9l	  January	  2012.	  Geophysical	  studies	  and	  well	  logging	  
were	  carried	  out	  concurrently	  with	  drilling.	  The	  three	  drill	  holes	  were	  located	  to	  represent	  three	  
dis9nct	   se]ngs	  within	   the	   Snake	   River	   volcanic	   province:	   (1)	   the	   axial	   volcanic	   high,	   which	  
contains	   the	   thickest	   accumula9on	  of	  basal9c	   lava	   and	   the	  highest	  projected	  subaquifer	  heat	  
flow,	  (2)	  the	  margin	  of	  the	  central	  plain,	  which	  is	  characterized	  by	  a	  large	  number	  of	  hot	  springs	  
and	  comprises	  an	  official	  “warm	  water”	   thermal	  district	   that	   is	  not	  affected	  by	  the	  Snake	  River	  
regional	   aquifer,	   and	   (3)	   the	   western	   plain,	   which	   is	   characterized	   by	   Basin-‐and-‐Range	   like	  
faul9ng	  along	  the	  range	  fronts,	  young	  volcanism,	  and	  by	  high	  thermal	  gradients	  in	  deep	  wildcat	  
petroleum	  wells.	  
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The	  three	  loca9ons	  studied	  were	  found	  to	  have	  dis9nctly	  different	  se]ngs,	  stra9graphy,	  and	  
geothermal	  poten9al,	  and	   together	  provided	   a	   robust	  test	  of	  the	  techniques	  studied	  here.	   The	  
first	  site,	  Kimama,	  sits	  on	  the	  axial	  volcanic	  zone	  and	   is	  characterized	  by	   >2	  km	  of	  basalt	  flows	  
with	  minor	  intercalated	  sediment.	  The	  Snake	  River	  Regional	  Aquifer	  (SRRA)	  is	  excep9onally	  thick	  
here	   (~980	   m),	   almost	   twice	   as	   thick	   as	   found	   in	   deep	   wells	   to	   the	   NE.	   The	  aquifer	   has	   an	  
isothermal	   temperature	   gradient	   (~3ºC/km),	   but	   below	   the	   SRRA	   thermal	   gradients	   are	  
conduc9ve	   at	   ~75ºC/Km.	   The	   base	   of	   the	   aquifer	   is	   controlled	   by	   the	   onset	   of	   groundmass	  
smec9te	  altera9on.	   The	   second	   site,	   Kimberly,	   is	  dominantly	   underlain	  by	   rhyolite	  welded	  ash	  
flow	  tuffs,	  with	   intercalated	  basalt	  and	  sediment	  near	   the	  top.	  This	  site	  lies	  south	  of	  the	  Snake	  
River	   and	   is	   not	  affected	   by	   the	   SRRA.	   Thermal	  gradients	   in	   this	  well	   show	  cool	  water	   in	   the	  
upper	  300	  m,	  with	  a	  rapid	  rise	  in	  temperature	  to	  800	  m	  depth;	  from	  800	  m	  to	  total	  depth	  (1958	  
m)	   temperatures	   are	   essen9ally	   isothermal	   at	   50-‐58ºC.	   This	   represents	   an	   enormous	   warm	  
water	   resource	   and	   documents	   the	   advec9ve	   flow	   of	   warm	   water	   from	   the	   south	   (Cassia	  
Mountains)	  or	  from	  below.	  However,	  these	  temperatures	  are	  too	  low	  for	  power	  genera9on.	  

The	   third	   site,	   Mountain	   Home,	   is	   unique	   in	   that	   it	   intersected	   a	   free-‐flowing	   artesian	  
geothermal	   aquifer	   at	   depth.	   The	  Mountain	   Home	   site	   is	   characterized	   lacustrine	   sediments	  
with	   interbedded	   basalt	   in	   the	   upper	   1000	  m,	   with	   basalt,	   basalt	   hyaloclas9te,	   and	   basal9c	  
sandstone	  in	   the	   lower	  800	  m.	   It	   is	  also	   characterized	  by	   steep	  geothermal	  gradient	  of	  ~75ºC/
Km	  from	  the	  surface	  to	  total	  depth	  at	  1828	  m,	  with	  a	  spike	  in	  temperature	  to	  ~149ºC	  adjacent	  
to	  the	  geothermal	  fluid	  influx	  zone	  at	  1745	  m	  depth.	  This	  is	  supported	  by	  phyllosilicate	  studies	  
which	  show	  a	  transi9on	  from	  smec9te	  (clay)	  to	  corrensite	  (chlorite)	  around	  the	  influx	  zone,	  and	  
then	  back	   to	  smec9te	  deeper	  in	   the	  well.	  This	  indicates	  that	  hoXer	  fluids	  from	  depth	  are	  being	  
transported	  along	  the	  fracture	  zone	  intersected	  by	  the	  well	  at	  1745	  m.	  Chemical	  analysis	  of	  the	  
artesian	  geothermal	  water	  shows	  that	  is	  low	  in	  total	  dissolved	  solids,	  and	  rela9vely	  sulfate-‐rich,	  
plo]ng	  in	   the	  “volcanic	  waters”	  corner	  of	  a	  Giggenbach	  plot.	  Isotopically,	   is	  plots	  on	  a	  mixing	  
line	  between	  meteoric	  water	  and	  equilibrated	  volcanic	  waters	  (unlike	  all	  other	  thermal	  waters	  in	  
southern	  Idaho,	  which	  are	  essen9ally	  meteoric).	  	  

New	  high-‐resolu9on	  downhole	  and	   surface	  seismic	  data	   provide	   insights	   into	   stra9graphy	  
and	   test	   the	   capabili9es	   of	   seismic	   imaging	   in	   volcanic	   terranes.	   Downhole	   Ver9cal	   Seismic	  
Profiles	   (VSP)	  data	   show	  low	  seismic	   aXenua9on,	   large	   seismic	   velocity	   contrasts	  at	   volcanic	  
flow	  boundaries,	   and	   large	  near-‐surface	  sta9c	  effects.	   Sedimentary	   interbeds	  correspond	  with	  
slow	  velocity	  zones	  that	  relate	  to	  reflec9ons	  on	  surface	  seismic	  profiles.	  Reflec9ons	  observed	  on	  
seismic	  profiles	  9e	  to	  flow	  boundaries	  in	  the	  upper	  500	  m	  depth.	  This	  reflec9on	  paXern	  suggests	  
flow	   volumes	   from	   the	   latest	   erup9on	   can	   be	   es9mated	   with	   surface	   seismic	   methods.	  
Downhole	   VSP	   and	   surface	   seismic	   results	   suggest	   seismic	   reflec9on	   methods	   are	   useful	   to	  
image	  shallow	  flow	  boundaries.	  
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Poten9al	   field	   studies	   (gravity,	   magne9cs)	   were	   carried	   out	   in	   the	   Snake	   River	   Plain	   to	  
provide	  regional	  geophysical	  mapping,	  and	  to	  characterize	  mid-‐	  to	  shallow-‐crustal	  features.	  This	  
involved	  compiling	  and	  reprocessing	  exis9ng	  gravity	  and	  aeromagne9c	  data,	  and	  collec9ng	  new	  
gravity	  data	   to	  provide	  an	   unprecedented	  high-‐resolu9on	   poten9al	   field	   dataset	   for	   assessing	  
subsurface	  structure.	  Gravity	  data	  were	  collected	  along	  several	  detailed	  transects	  (300-‐1200	  m	  
sta9ons	  spacing)	  and	  provide	  the	  basis	  for	  new	  gravity	  anomaly	  maps	  of	  unprecedented	  detail.	  
Representa9ve	   rock	   samples	  were	  collected	   and	   their	   physical	  proper9es	  were	   determined	   in	  
the	  laboratory	   to	  aid	   in	  quan9ta9ve	  modeling	  of	  measured	  geophysical	  anomalies.	   In	  addi9on	  
to	  our	  poten9al	  field	  mapping	  efforts,	  we	  undertook	  two	  innova9ve	  applica9ons	  for	  geothermal	  
explora9on.	  The	  first	  involved	  a	  technique	  to	  es9mate	  depths	  to	  the	  boXom	  of	  magne9c	  sources	  
that	  can	  be	  used	  to	  map	  the	  Curie	  temperature	  isotherm	  or	  es9mate	  the	  thickness	  of	  basal9c	  fill	  
within	  the	  Snake	  River	  Plain.	  The	  second	  involved	  novel	  methods	  to	  es9mate	  the	  3D	  geometry	  of	  
subsurface	  altera9on.

An	  extensive	  series	  of	  borehole	  geophysical	  logs	  were	  obtained	  at	  each	  site.	  Hydrogen-‐index	  
neutron	   and	  γ-‐γ-‐density	   logs	  were	  deployed	   through	   the	  drill	  string	   to	  provide	   informa9on	   on	  
stra9graphy	   and	   altera9on	  minerals.	   Electrical	  resis9vity	   logs	  highlight	   the	  existence	  of	   some	  
fracture	  and	  mineralized	  zones.	  Magne9c	  suscep9bility	  together	  with	   the	  vector	  magne9c	  field	  
measurements	   may	   provide	   a	   tool	   for	   tracking	   magne9c	   field	   reversals	   along	   the	   borehole.	  
Sonic	  logs	  highlight	  the	  varia9ons	  in	  compressional	  and	  shear	  velocity	  along	  the	  bore	  hole.	  Bore	  
hole	  seismic	  measurements	  indicate	  that	  strong	  seismic	   reflec9ons	  are	  produced	  at	  lithological	  
contacts	  seen	  in	  core.	  Oriented	  ultrasonic	  borehole	  televiewer	  images	  were	  obtained	  over	  most	  
of	  the	  wells;	  these	  allow	  for	  confident	  es9mates	  of	  stress	  direc9ons	  and/or	  placing	   constraints	  
on	  stress	  magnitudes.

The	  data	  produced	  by	   this	  project	  have	  allowed	  us	  to	  produce	  a	  new	  conceptual	  model	  for	  
the	  occurrence	  of	  geothermal	  resources	  in	  southern	  Idaho	  that	  may	  be	  used	  for	  more	  systema9c	  
explora9on.	  In	  par9cular,	  this	  model	  will	  form	  the	  basis	  for	  a	  play	  fairway	  analysis	  of	  the	  region	  
that	  will	  allow	  us	  to	  iden9fy	  poten9al	  plays,	  and	  to	  assess	  these	  plays	  to	  develop	  a	  detailed	   list	  
of	  prospects	  with	  a	  high	  probability	  of	  success.	  Our	  innova9ve	  approach,	  using	  seismic,	  gravity	  
and	   magne9c,	   slim	   hole	   exploratory	   core	   holes,	   extensive	   core	   retrieval,	   and	   geochemical	  
studies	  of	  both	   core	  and	  water	   samples,	  underscores	  the	  need	   for	  systema9c	  and	  broad	  scale	  
data	  collec9on	  (geologic	  and	  geophysical)	  as	  a	  prerequisite	  for	  fairway	  analysis.	  	  

Finally,	   our	   project	  exceeded	   its	  goals	  by	   discovering	  a	   new	  blind	   geothermal	  resource	  at	  
Mountain	  Home	  AFB	   that	   has	  the	  poten9al	   to	  produce	  10	  MW	   of	  electricity	   for	  the	  U.S.	  Air	  
Force.	   This	  will	   help	   them	   achieve	   their	   goal	   of	   energy	   independence,	   as	   mandated	   by	   the	  
Department	  of	  Defence.	  
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ABSTRACT

The	  Snake	   River	   volcanic	  province	  overlies	   a	   thermal	  anomaly	   that	   extends	   deep	   into	   the	  
mantle	  and	   represents	  one	  of	  the	  highest	   heat	   flow	  provinces	   in	  North	   America,	  and	   an	  area	  
with	   the	  highest	  calculated	  geothermal	  gradients.	  This	  makes	  the	  SRP	   one	  of	   the	  most	  under-‐
developed	  and	  potenEally	  highest	  producing	  geothermal	  districts	  in	  the	  United	  States.	  Elevated	  
heat	  flow	  is	  typically	  highest	  along	  the	  margins	  of	  the	  topographic	  Snake	  River	  Plain	  and	  lowest	  
along	  the	  axis	  of	  the	  plain,	  where	  thermal	  gradients	  are	  suppressed	  by	   the	  Snake	  River	  aquifer.	  
Beneath	  this	  aquifer,	  however,	  thermal	  gradients	  rise	  again	  and	  may	  tap	  even	  higher	  heat	  flows	  
associated	  with	  the	  intrusion	  of	  mafic	  magmas	  into	  the	  mid-‐crustal	  sill	  complex.	  

This	  project	  tested	  a	  series	  of	  innovaEve	  geothermal	  exploraEon	  strategies	  in	  three	  phases,	  
at	  locaEons	  in	  southern	  Idaho.	  Phase	  1	  studies	  (January-‐August	  2010)	  comprised	  compilaEon	  of	  
exisEng	  data	  (geologic	  maps,	  well	  logs,	  heat	  flow	  measurements,	  and	  geophysical	  data),	  surface	  
mapping,	  shallow	  seismic	  surveys,	  and	  potenEal	  field	   surveys	  (gravity	  and	  magneEcs).	  Phase	  2	  
(August	   2010-‐January	   2012)	   focused	  on	   the	   drilling	   of	   three	   intermediate	   depth	   (1.8-‐1.9	   km)	  
slim-‐hole	  exploraEon	  wells	  with	  a	   full	  suite	  of	  geophysical	  borehole	   logs	  and	  a	   verEcal	   seismic	  
profiles.	   Each	   of	   the	   exploraEon	   wells	   was	   cored	   to	   preserve	   a	   complete	   record	   of	   the	  
straEgraphy	   and	   to	   assess	  hydrothermal	   alteraEon	   and	   its	   physical	  properEes.	   Phase	  3	   (June	  
2011-‐June	   2013)	   comprised	   data	   analysis	   and	   evaluaEon.	   Cost	   share	   was	   provided	   by	   a	  
consorEum	  of	  universiEes	  and	  by	  the	  InternaEonal	  ConEnental	  Drilling	  Program	  (ICDP).	  

Our	  objecEves	  were	  to	   implement	  and	  test	  a	  range	  of	  geophysical	  and	  geologic	  approaches	  
to	   geothermal	   exploraEon.	   The	   slim-‐hole	   exploraEon	   wells	   were	   used	   to	   document	   thermal	  
resources	  and	   to	   provide	   a	   lithologic	   and	   straEgraphic	   context	   for	   interpretaEon	   of	   the	   data	  
obtained	  in	  Phase	  1.	  A	  further	  objecEve	  was	  to	  establish	  the	  Snake	  River	  Plain	  as	  a	  viable	  target	  
for	  the	  producEon	  of	  geothermal	  energy	  that	  is	  close	  to	   fast	  growing	  urban	  centers	  in	  southern	  
Idaho	   and	   northern	   Utah.	   Idaho	   has	  been	   ranked	   3rd	   among	   western	   states	   for	   geothermal	  
power	  producEon	  by	  the	  Geothermal	  Task	  Force	  of	  Western	  Governor’s	  AssociaEon	  (WGA),	  with	  
an	  esEmated	  855	  MW	  of	  near-‐term	  economic	  potenEal	  resources.	  As	  shown	  later	  in	  this	  report,	  
we	  succeeded	   in	   finding	  a	   new	  medium	  temperature	  resource	  on	  Mountain	   Home	  AFB	  that	  is	  
potenEally	  capable	  of	  10-‐20	  MW	  of	  power	  producEon.	  

Major	   parEcipants	  in	   this	  project	  included	   –	   in	  addiEon	   to	  Utah	   State	  University	   (Shervais,	  
Evans)	   –	   the	   Shallow	   Geophysics	   group	   at	   Boise	   State	   University	   (Liberty),	   the	   Geothermal	  
Laboratory	  at	  Southern	  Methodist	  University	  (Blackwell),	  the	  InsEtute	  for	  Geophysical	  Research	  
at	  the	  University	   of	  Alberta	   (Schmi`),	  the	  US	  Geological	  Survey	  (Glen,	  Champion,	  Morgan),	  the	  
US	  ConEnental	  Drilling	  ConsorEum	  (DOSECC),	  and	  the	  InternaEonal	  ConEnental	  Drilling	  Program	  
(ICDP-‐Potsdam).	  
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INTRODUCTION	  

The	  Snake	  River	   volcanic	  province	  overlies 	  a	  thermal 	  anomaly	   that	  extends 	  deep	  into	  the	  
mantle	  and	  represents	  one	  of	  the 	  highest	  heat	  flow	  provinces 	  in	  North	  America,	  and	  an	  area	  
with	   the	  highest	   calculated	  geothermal	  gradients	  (Figure	  1-‐1;	  Blackwell	   1980;	   Blackwell	  et	  al	  
1989,	   1991,	  1992;	  Blackwell	   and	  Richards	  2004).	   This	  makes 	  the	  SRP	   one	  of	   the	  most	   under-‐
developed	  and	  potenDally	  highest	  producing	  geothermal	  districts 	  in	  the	  United	  States.	  Elevated	  
heat	  flow	  is 	  typically	  highest	  along	  the	  margins	  of	  the	  topographic	  Snake 	  River	  Plain	  and	  lowest	  
along	  the	  axis 	  of	  the	  plain,	  where	  thermal	  gradients	  are	  suppressed	  by	  the	  Snake	  River	  aquifer.	  
Beneath	  this 	  aquifer,	  however,	  thermal	  gradients 	  rise	  again	  and	  may	  tap	  even	  higher	  heat	  flows	  
associated	  with	   the	   intrusion	   of	   mafic	   magmas	   into	   a 	  geophysically	   imaged	  mid-‐crustal 	   sill	  
complex	  (e.g.,	  Blackwell	  1989;	  Peng	  and	  Humphreys	  1998).	  

Figure	  1-‐1.	  (A)	  Top.	  Heat	  flow	  map	  of	  United	  States	  showing	  generally	  elevated	  heat	  flow	  
across	  much	  of	  western	  US,	  primarily	  in	  the	  Great	  Basin	  and	  southern	  Idaho.	  (B)	  Heat	  flow	  
gradient	  map	  of	  United	  States,	  showing	  extremely	  high	  surface	  gradients	  concentrated	  in	  
northern	  Great	  Basin	  and	  along	  Snake	  River	  Plain-‐Yellowstone	  trend.	  Both	  maps	  from	  
Southern	  Methodist	  University	  Geothermal	  Laboratory	  and	  Professor	  David	  Blackwell.
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The	  Snake	  River	  Geothermal 	  Drilling	  Project	  (DE-‐EE-‐0002848)	  received	  its 	  condiDonal 	  award	  
on	  March	  5,	  2010;	  the	  award	  was	  finalized	  on	  July	   9,	  2010,	  with	  a 	  Kick-‐off	  Conference	  Call 	  on	  
July	  12,	  2010.	   The	  Lead	  PI	  is 	  John	  Shervais 	  at	  Utah	  State 	  University	  with	  co-‐PI	  James 	  Evans 	  at	  
Utah	   State	   University,	   and	  funded	  co-‐invesDgators 	  Lee	  Liberty	   (Boise	   State	   University),	   Doug	  
SchmiL	   (University	   of	   Alberta),	   and	   David	   Blackwell	   (Southern	   Methodist	   University).	   Our	  
partner	   on	   the 	   drilling	   acDviDes	   was	   Drilling,	   ObservaDon,	   and	   Sampling	   of	   the	   Earth’s	  
ConDnental 	  Crust,	   Inc.	   (DOSECC),	  a 	  nonprofit	   consorDum	  of	  universiDes 	  which	  administers	  the	  
US	  ConDnental 	  ScienDfic	   Drilling	  program.	   Cost	   share	  was 	  provided	  by	  Utah	  State 	  University,	  
the	  University	  of	  Alberta,	  and	  the	  InternaDonal	  ConDnental 	  Drilling	  Program	  (ICDP),	  located	  at	  
the	  GeoForschungsZentrum	  (GFZ),	  Potsdam,	  Germany.	  

REGIONAL	  SETTING:	  THE	  SNAKE	  RIVER	  VOLCANIC	  PROVINCE

The	  volcanism	  of	  the	  SRP	   is 	  typically	   related	  to	   the	  passage	  of	   the	  North	  American	  plate	  
over	  the	  Yellowstone 	  mantle 	  plume	  (Morgan,	  1972).	  The 	  arrival	  of	  the	  plume	  head	  is 	  correlated	  
with	   the	  erupDon	  of	   the	  Columbia	  River	   and	  Steens	  flood	  basalts	  about	   17	  Ma 	  (Figure	  1-‐2);	  
subsequent	  volcanism	  along	  the	  SRP	  may	  be	  associated	  with	  the	  plume	  tail	  (Pierce	  et	  al.,	  1992).	  
The	  Yellowstone-‐Snake	  River	  Plain	  province	  is 	  markedly	  bimodal,	  with	  basalt	  and	  rhyolite 	  the	  
most	   common	   volcanic	   rocks.	   Basalt	   erupted	   mainly	   from	   small 	   shield	   volcanoes	   (Greeley,	  
1982).	   The	   central	   and	   eastern	   SRP	   comprises	   large	   collapse 	   calderas	   with	   surrounding	  
ignimbrite	  fields,	  overlain	  by	   a	  thin	  veneer	  of	  basalt.	  Well-‐studied	  individual 	  ignimbrite 	  sheets	  
are	  as 	  much	  as	  100	  m	  thick	  and	  have	  volumes	  of	  more	  than	  1000	  km3	  qualifying	  them	  as	  super-‐
erupDons	  (e.g.,	  Morgan	  and	  McIntosh,	  2005;	  ChrisDansen,	  2001;	  Ellis	  et	  al.,	  2012).	  

The	  eastern	  SRP	   is 	  a 	  topographic	  depression	  that	  cuts 	  across 	  Basin	  and	  Range 	  structures,	  
and	  is	  characterized	  by	  a 	  thin	  carapace 	  of	  basalt	  (100m-‐1500m)	  that	  overlies 	  rhyolite 	  volcanics	  
and	  tuffaceous 	  sediments	  (Champion	  et	  al 	  2002;	  Geist	  et	  al	  2002a,b;	   Hughes	  et	  al	  2002).	  The	  
eastern	   SRP	   is 	   underlain	   by	   a 	   10	   km	   thick	   mid-‐crustal 	   sill 	   complex	   that	   has 	  been	   imaged	  
seismically	   that	   represents	   layered	  magma	  chambers 	  where 	  the 	  basalts	   fracDonate 	  (Peng	   &	  
Humphries,	  1998;	  Shervais	  et	  al	  2006).	  

The	  central	  SRP	  represents 	  a	  criDcal 	  transiDon	  from	  the	  broad	  western	  province	  to	  the	  well-‐
defined	  eastern	  province,	  but	  it	  has 	  received	  comparaDvely	  liLle	  study	  compared	  to	  the	  eastern	  
SRP.	   It	  contains	  basalt,	  rhyolite,	   and	  lacustrine	  sediments	  that	  vary	   greatly	   in 	  proporDon	  from	  
place	  to	  place,	  and	  it	  lacks	  the	  well-‐defined	  rhyolite	  erupDve	  centers 	  that	  underlie	  the 	  eastern	  
SRP.	   It	   is	   the	  only	   part	   of	   the	  plain	  that	   has 	  not	   been	  penetrated	  by	   a 	  deep	   drill 	  hole	   that	  
samples 	  a 	  large	  secDon	  of	  basalt	   and	  that	   has 	  not	   been	  extensively	   explored	  for	   geothermal	  
resources.	   Recent	  mapping	  projects 	  provide	  a 	  new	   framework	   for	   understanding	   the 	  central	  
plain,	  and	  for	  site	  selecDon	  (Kauffman	  et	  al,	  2005).	  
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The	  western	  SRP	   is 	  a	  NW-‐trending	  graben	  bounded	  by	  en-‐echelon	  normal 	  faults 	  exposing	  
rhyolite,	  and	  filled	  with	  up	  to	  4	  km	  of	  basalt	  and	  sediment	  (Wood	  &	  Clemens	  2002;	  Shervais	  et	  
al	   2002;	   White	   et	   al	   2002;	   Shervais	   and	   Ve`er	   2009).	   Large	  epiconDnental 	   lakes 	  deposited	  
several 	  km	  of	  Miocene-‐Pleistocene	  sediments,	  which	  are	  both	  overlain	  and	  underlain	  by	  basalt	  
(Shervais 	  et	   al 	   2002).	   These	   sediments	   are 	   relaDvely	   impermeable	   and	   form	   an	   insulaDng	  
blanket	  that	  traps 	  heat	  flux	  from	  below.	  The 	  western	  province	  is 	  also	  underlain	  by	  a	  mid-‐crustal	  
mafic	  sill 	  similar	  to	  that	  imaged	  under	  the 	  eastern	  plain	  (Hill	  and	  Pakiser	  1967),	  but	  it	  lies 	  north	  
of	  the	  projected	  hotspot	  track	  based	  on	  reconstrucDons 	  of	  North	  American	  plate	  moDon	  (Gripp	  
and	  Gordon,	  1990,	  2002).	  
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Figure	  1-‐2.	  Simplified	  geologic	  map	  of	   the	  northwestern	  United	  States.	  RhyoliXc	  volcanic	  centers	  and	  
calderas	   related	   to	   the	   Yellowstone	   hotspot	   are	   younger	   to	   the	   northeast.	   Basalts	   overlie	   older	  
rhyolites.	  Stars 	  show	  the	   locaXon	  of	   the	  Project	  Hotspot	  drilling	   sites;	   the	  Kimberly	  well	   is 	  in	   red.	  
Names	  of	   volcanic	  elds	  and	  caldera	  complexes	  as	  follows:	  HR-‐High	  Rock,	  MD-‐McDermi^,	  SRC-‐Santa	  
Rosa-‐Calico;	   OP-‐Owyhee	  Plateau;	  BJ-‐Bruneau-‐Jarbidge,	  MR-‐Magic	  Reservoir	   Boundaries	  are	  dashed	  
where	  less	  certain	  or	  buried.	  



GEOTHERMAL	  POTENTIAL	  OF	  SNAKE	  RIVER	  VOLCANIC	  PROVINCE	  

Geothermal 	  power	  has 	  long	  been	  used	  in	  southern	  Idaho,	  but	   it	  has	  been	  confined	  almost	  
exclusively	   to	   direct	   use 	  applicaDons 	  such	   as	  space	  heaDng	   and	   aquaculture	   (e.g.,	   Sherman	  
1982;	   Mitchell	   et	   al	   2003;	   Neely	   1996;	   Fleischmann,	   2006).	   There 	   is 	   only	   one	   site	   where	  
geothermal 	  resources 	  are	  used	  for	  power	  generaDon	  –	  the	  Ral	  River	  Valley	  site	  (Nathenson	  et	  
al	  1980;	   Peterson	  et	  al	  2004;	  Neely	  and	  Galinato	  2007).	  Nonetheless,	  the 	  potenDal 	  for	  power	  
generaDon	   is	   significant,	   especially	   using	   binary	   generaDon	   systems	   that	   can	   exploit	   lower	  
temperature	  resources	  (Sanyal	  and	  Butler	  2005;	  Neely	  and	  Galinato	  2007).	  

The	  deep-‐seated	  mantle 	  hotspot	  that	  undlies	  the	  Snake	  River	  volcanic	  province	  has	  thinned	  
the	  lithosphere 	  and	  fueled	  the	  intrusion	  of	  up	  to	  10	  km	  of	  hot	  basalDc	  magma 	  into	  the	  lower	  
and	  middle 	  crust.	   The 	  heat	   from	   these	   intrusions,	   and	   from	   rhyolites	  formed	   by	   the	  basalt,	  
drives 	   the	   high	   heanlow	   and	   geothermal	   gradients 	   observed	   in	   deep	   drill 	   holes 	   from	  
throughout	   the	  Snake	  River	   Plain	  (Blackwell	   1978,	  1980,	   1989;	   Bro`	  et	   al	  1976,	   1978,	   1981;	  
Lewis	  and	  Young	   1989).	   Heat	  flow	  in	  the	  SRP	  tends	  to	  be 	  high	  along	  the	  margins	  of	   the	  plain	  
(80-‐100	  mW/m2-‐s)	  and	  low	  when	  measured	  in	  shallow	  drill 	  holes 	  along	  the	  axis 	  of	   the	  plain	  
(20-‐30	   mW/m2-‐s).	   However,	   deep	   drill 	  holes	   (>1	   km)	   in 	   the 	  axial 	  porDon	   of	   the	   plain	   are	  
characterized	  by	   high	   heat	   flows 	  and	  high	  geothermal 	  gradients	  below	   about	   500	  m	  depth	  
(Blackwell	  1989).	   This 	  discrepancy	   is 	  caused	  by	   the 	  Snake	  River	   aquifer	   –	   a 	  massive	  aquifer	  
system	   fed	  by	   the	  Lost	   River	   system	   north	  of	   Idaho	   Falls 	  that	   extends	  under	   the	  plain	   and	  
emerges	  at	  Thousand	  Springs,	  Idaho.	  This 	  aquifer	  varies 	  in	  thickness	  from	  <100	  m	  to	  >450	  m	  in	  
the	  eastern-‐most	  SRP.	   Thermal 	  gradients 	  through	  the 	  aquifer	  are	  staDc	   unDl 	  the	  base	  of	  the	  
aquifer	  is 	  reached,	  then	  rise 	  quickly	  at	  deeper	  levels 	  in	  the 	  crust	  (e.g.,	  Blackwell	  1989;	  Blackwell	  
et	   al	   1992;	   Smith	   2004).	   Below	   the 	  aquifer	   along	  the	  axis	  of	   the	  plain,	   heat	   flow	  values 	  are	  
comparable	  to	  heat	   flow	  values 	  along	   the	  margins 	  of	   the	  plain	  or	   higher	   (75-‐110	   mW/m2-‐s;	  
Blackwell 	  1989).	  BoLom	  hole	  temperatures 	  for	  wells 	  along	  the	  margins 	  of	  the 	  plain	  near	  Twin	  
Falls 	  are 	  typically	  around	  30-‐60ºC	  at	  400-‐600	  m	  depth	  (Baker	  and	  Castelin	  1990)	  and	  as 	  high	  as	  
120ºC	  at	  2800	  m	  depth	  in	  the	  axial	  region	  of	  the	  plain	  (Blackwell	  1989).	  

There	  is 	  a 	  direct	   link	  between	  the	  volume	  of	  magma 	  added	  to	  the	  crust	   and	  crustal 	  heat	  
flow,	   such	  that	  esDmates 	  of	  magmaDc	  flux	  based	  on	  geochemical	  constraints 	  can	  be	  used	  to	  
calculate	  expected	  heat	  flux,	   and	  measured	  heat	  flux	   can	  be	  used	  to	  esDmate	  the 	  magmaDc	  
flux.	   Since	  most	   SRP	   rhyolites	  are	   thought	   to	  represent	   crustal 	  melts 	  formed	   in	  response	  to	  
intrusion	  of	  mafic	  magma	  into	  the 	  lower	   and	  middle 	  crust,	   the	  volume 	  of	  rhyolite	  and	  basalt	  
allows	  us	  to	  infer	  the	  volume	  of	  mafic	  magma	  trapped	  in	  the	  crust.	  
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PROJECT	  OBJECTIVES	  

	  Our	  goals	  were 	  to	  [1]	   idenDfy	   new	  geothermal 	  resources	  in 	  the	  undeveloped	  Snake	  River	  
Plain	  region,	  or	  failing	  that,	  to	  [2]	  characterize	  the	  thermal 	  regime	  at	  depth	  in	  such	  a 	  way	  as 	  to	  
further	   exploraDon	  goals 	  in	  more	  focussed	  efforts,	   and	   [3]	   to	  document	   specific	   exploraDon	  
methods 	  and	   protocols 	   that	   can	   be	   used	   effecDvely	   in	   these	   terranes.	   In	   this 	   report,	   we	  
summarize 	  our	  results	  and	  present	  our	  recommendaDons	  for	   future 	  work.	  One	  of	  our	  primary	  
accomplishments 	  was	  the	  discovery	  of	  a 	  moderately	   high-‐temperature 	  resource	  (~140-‐150ºC)	  
under	  Mountain	  Home	  Air	   Force	  Base,	  which	  has 	  the	  potenDal 	  to	  be	  developed	  as 	  an	  electric	  
resource 	  that	   will 	  contribute	  to	  Defense	  Department	   goals 	  for	   energy	   independence	  on	  U.S.	  
military	  installaDons.	  Our	  successful	  partnership	  with	  the	  USAF	  on	  this	  project	  presents 	  a	  model	  
for	  future	  cooperaDve	  efforts.	  

Our	  project	  used	  a 	  combinaDon	  of	  tradiDonal	  geologic	   tools 	  (geologic	  mapping,	  petrologic	  
studies,	   and	   geochemical 	   invesDgaDons	   of	   rocks 	   and	   water	   samples)	   and	   geophysical	  
techniques 	  (high-‐resoluDon	  acDve	  source	  seismic	  reflecDon-‐refracDon	  surveys,	  detailed	  ground-‐
based	  gravity	  and	  magneDc	  surveys),	  along	  with	  relaDvely	  deep	  slim	  hole	  test	  wells	  that	  allowed	  
us	  to	  document	   the	  underlying	   straDgraphy	   (ground	  truth),	   geothermal	  gradients 	  below	   the	  
surface	  aquifers,	  fracture	  densiDes,	  and	  hydraulic	  conducDviDes.	  
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Figure	  1-‐3.	  Shaded	  relief-‐topographic	  map	  of	   Snake	  River	  Plain,	  derived	   from	  NASA	   10	  m	  DEM	  
data	  and	  contoured	  at	  30	  m	  intervals	  in	  GeoMap	  App.	  Lowest	  elevaXons	  are	  green,	  highest	  are	  
white.	  DOE-‐funded	  drill	  sites	  shown	  as	  red	   stars;	  older	  drill	  sites	  noted	  as	  white	  circles.	   	  MH	  =	  
Mountain	  Home,	  TF	  =	  Twin	  Falls.	  Features	  discussed	  in	  text	  labelled	  in	  white	  text.	  



Our	  objecDves	  were 	  to	  implement	  and	  test	  a 	  range	  of	  geophysical	  and	  geologic	  approaches	  
to	  geothermal 	  exploraDon.	  The 	  slim-‐hole 	  exploraDon	  wells	  will 	  be	  used	  to	  document	   thermal	  
resources 	  and	  to	  provide	  a 	  lithologic	   and	  straDgraphic	   context	   for	   interpretaDon	  of	  the	  data	  
obtained	  in	  Phase 	  1.	  A	  further	  objecDve 	  was 	  to	  establish	  the	  Snake	  River	  Plain	  as	  a 	  viable 	  target	  
for	  the 	  producDon	  of	  geothermal 	  energy	  that	  is 	  close 	  to	  fast	  growing	  urban	  centers 	  in 	  southern	  
Idaho	   and	   northern	   Utah.	   Because	   State,	   Federal,	   and	   private 	   lands	   are	   available	   in	   close	  
proximity	   within	  our	   study	   areas,	   commercial 	  geothermal 	  development	   will 	  have 	  a	  range	  of	  
opDons 	  for	   obtaining	  access	  to	   land	  and	  permits.	   Idaho	  has 	  been	  ranked	  3rd	   among	  western	  
states	  for	  geothermal 	  power	  producDon	  by	  the	  Geothermal	  Task	  Force 	  of	  Western	  Governor’s	  
AssociaDon	  (WGA),	   who	  esDmated	  that	   Idaho	  has 	  855	  MW	  of	  near-‐term	  economic	   potenDal	  
resources	  (Peterson	  et	  al	  2004;	  Fleishmaann	  2006;	  Neely	  and	  Galinato	  2007).	  

Our	   project	   proceeded	   in	   three 	  phases 	  designed	   to	   explore	   innovaDve	  new	   exploraDon	  
techniques 	  in	   this 	  greenfield	   sevng.	   Phase	  1	   studies 	  comprised	  map	  and	   data 	  compilaDon,	  
shallow	  seismic	  surveys,	  potenDal 	  field	  surveys 	  (gravity	  and	  magneDcs),	  compilaDon	  of	  exisDng	  
well	  data,	  and	  the 	  construcDon	  of	  three 	  dimension	  structure	  secDons.	  Phase	  2	  comprised	  three	  
deep	  (1.8-‐1.9	  km)	  slim-‐hole 	  exploraDon	  wells 	  with	  a 	  full 	  suite 	  of	  geophysical	  borehole 	  logs 	  and	  
a 	   verDcal	   seismic	   profile	   to	   extrapolate	   straDgraphy	   encountered	   in	   the	   well 	   into	   the	  
surrounding	  terrain.	  Phase	  3	  focused	  on	  post-‐drilling	  science	  and	  data	  integraDon	  (Figure	  1-‐3).	  

This 	  project	  had	  as	  its 	  focus 	  an	  undeveloped	  “greenfield”	  region	  noted	  for	  its 	  high	  heat	  flow	  
and	  the	  common	  development	  of	  low-‐temperature	  passive	  geothermal,	  but	  which	  has 	  not	  been	  
developed	  for	  electrical 	  generaDon.	  Impediments 	  to	  geothermal 	  exploraDon	  in	  this 	  region	  have	  
largely	   centered	   around	   the	  difficulty	   in	   imaging	   through	   the 	  overlying	   cover	   of	   seismically	  
opaque	  basalts 	  that	  overlie	  much	  of	  the	  plain,	  the	  effects	  of	  the	  Snake	  River	  Aquifer	  on	  thermal	  
gradients,	  and	  –	  despite	  the	  long-‐standing	  use	  of	  low	  temperature	  geothermal 	  for	  passive 	  space	  
heaDng	  in	  two	  important	  districts 	  (Boise 	  and	  Twin	  Falls)	  –	  a 	  fundamental	  lack	  of	  data	  on	  the	  
depth	  and	  distribuDon	  of	  heat	  sources,	  up-‐flow	  zones,	  and	  basement	  structure.	  

Young	   volcanic	   acDve	   regions 	   with	   high	   heat	   flow	   offer	   significant	   geothermal 	   energy	  
potenDal,	  and	  many	  of	  these 	  areas 	  have	  not	  been	  explored	  for	  economic	  resources.	  However,	  
the	  applicaDon	  of	  tradiDonal 	  geophysical 	  methods 	  can	  be 	  problemaDc	  -‐-‐	  especially	   in	  bi-‐modal	  
volcanic	   terranes	   where	   young	   basalts	   impede 	   seismic	   wave	   transmission	   and	   present	  
challenges 	   to	   detailed	   interpretaDons.	   These	   regions 	   may	   also	   be 	   poorly	   characterized	  
structurally,	   since	   young	  volcanic	   rocks 	  tend	   to	  blanket	   the	  underlying	   basement	   and	  mask	  
structural	  trends	  and	  elements	  that	  are	  more	  easily	  observed	  in	  other	  areas.	  
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CHAPTER	  2:	  

PERMITTING	  AND	  ENVIRONMENTAL	  REVIEW

John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

Lee	  Liberty	  
Boise	  State	  University,	  Boise,	  Idaho	  

ABSTRACT

Permi&ng	  and	   environmental	   review	  of	  the	  drill	  sites	  and	  adjacent	   areas	  was	  required	   by	  
the	  Na;onal	  Environmental	  Protec;on	  Act.	  One	  of	  the	  drill	  sites	  was	  located	  on	  a	  Department	  of	  
Defense	  facility	   (Mountain	  Home	  AFB)	  and	  was	  permiHed	  under	  a	  Categorical	  Exclusions	  by	  the	  
USAF.	   The	   other	   two	   sites	   (Kimama	   and	   Kimberly)	  were	   surveyed	   for	   cultural	   and	   biological	  
assessment	   by	   USU	   Archeological	   Services,	   Incorporated.	   Their	   survey	   found	   no	   endangered	  
species	  at	   either	   site,	   and	   no	   significant	   cultural	   ar;facts.	   The	  Mountain	   Home	   AFB	  site	   was	  
permiHed	   under	   a	   categorical	   exclusion	   by	   the	  USAF,	   so	   we	   did	   not	   have	   to	   carry	   out	  NEPA	  
studies	  at	   this	   site.	   Permi&ng	   for	   the	   seismic	   surveys	  was	  minimal,	   as	   they	   were	   conducted	  
along	  county	  roads	  or	  privately-‐owned	  farm	  roads.	  

Permi&ng	  of	  geothermal	  test	  wells	   is	  done	   by	   the	   Idaho	  Department	   of	  Water	  Resources	  
(IDWR).	  These	  regula;ons	  require	  that	  casing	  (¼”	  thick	  steel)	  be	  set	  to	  10%	  of	  total	  depth,	  with	  
1”	   annulus,	   cemented	   and	   pressure	   tested.	   Wells	  must	   also	   be	   bonded	   and	   installa;on	   of	   a	  
blow-‐out	  preventer	  is	  required	  when	  boHom	  hole	  temperatures	  exceed	  100ºC.	  

The	  ease	  of	  permi&ng	  and	  environmental	  review	  were	  largely	  due	  to	   three	  factors:	   (1)	  the	  
use	  of	  private	  land	  minimized	  NEPA	  requirements	  rela;ve	  to	  what	  would	  be	  required	  on	  BLM	  or	  
other	   Federal	   land;	   this	  holds	   also	   for	   university-‐owned	   state	  lands	   (Kimberly);	   (2)	  within	   the	  
areas	  of	  interest,	  specific	  sites	  were	  selected	  based	   in	  part	  on	  prior	  disturbance,	   such	  that	   the	  
impact	  of	  drilling	  opera;ons	  was	  minimal;	  and	  (3)	  permits	  for	  the	  Mountain	  Home	  AFB	  site	  were	  
handled	  by	  the	  USAF,	  which	  allowed	  us	  to	  focus	  our	  efforts	  on	  the	  KImama	  and	  Kimberly	  sites.	  	  
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INTRODUCTION	  

A	  cultural 	  and	  biological 	  assessment	  of	  the	  Kimama 	  and	  Kimberly	  drill 	  sites	  was 	  carried	  out	  
by	  USU	  Archeological 	  Services,	  Inc.,	  in	  July	  2010;	  their	  report	  is 	  included	  as	  an	  Appendix	  to	  this	  
report.	   The 	   survey	   found	   no	   endangered	   species 	  at	   either	   site,	   and	   no	   significant	   cultural	  
arIfacts.	  Both	  sites	  have	  been	  disturbed	  by	  previous 	  acIviIes 	  and	  it	  was 	  concluded	  that	  drilling	  
operaIons 	  would	  have	  no	  significant	   impact	   on	  the 	  either	   locaIon.	   The	  USAF	  provided	  DOE	  
with	  a	  Categorical 	  Exclusion	  (CX)	  for	  the 	  site 	  on	  Mountain	  Home	  AFB.	  All 	  required	  NEPA	  permits	  
for	  Mountain	  Home	  AFB	  were	  handled	  by	  the	  USAF	  and	  their	  environmental	  personnel.	  

PermiWng	  for	  surface	  seismic	  invesIgaIons 	  was 	  obtained	  by	  Professor	  Lee	  Liberty	  of	  Boise	  
State	  University.	   Seismic	   surveys 	  were	  conducted	  along	  either	   county	   roads,	   or	   on	   privately	  
owned	  farm	  roads.	  The	  following	  descripIons	  of	  the	  Kimama	  and	  Kimberly	  drill 	  sites 	  are	  taken	  
from	  the	  USU	  Archeological	  Services	  report	  by	  Dr.	  Kenneth	  P.	  Cannon.	  

KIMAMA	  

The	  Kimama	  Drill 	  Site	  is 	  located	  in	  Lincoln	  County	  in	  the	  SW	  ¼	  of	  SecIon	  5,	  T7S,	  R23E	  and	  is	  
on	  private	  property	  which	  is 	  owned	  by	  the	  Robert	  and	  Arlene 	  Jones 	  Living	  Trust.	  The	  drill 	  site	  at	  
the	  intersecIon	  of	  the	  county	   road	  and	  a	  farm	  two-‐track.	  The 	  drill 	  site	  is 	  on	  a	  slightly	   rolling	  
upland	   at	   an	  elevaIon	  of	   approximately	   4200	   feet	   AMSL.	   The	  sandy	   loam	   soils 	  have	  basalt	  
cobbles 	  on	  the	  surface.	  The 	  site	  is 	  surrounded	  by	   degraded	  sagebrush	  shrub	  lands.	  There	  are	  
several 	  sagebrush	  and	  rabbitbrush	  plants 	  growing	  on	  the	  site,	  but	  a	  majority	  of	  the 	  vegetaIon	  
consists	  of	  weedy	  species.	  

The	  Kimama	  Townsite	  is	   the	   remains 	  of	   a 	  small 	  railroad	   and	  agricultural	   town	   that	   was	  
iniIally	   inhabited	   in	   the	  1880s,	   with	   expansion	   in	   the	  1910s 	  and	   1930s.	   The 	  archaeological	  
remains 	  consist	   of	  five	  historic	   period	  features,	  as	  well 	  as 	  surface	  and	  subsurface	  deposits	  of	  
historic	   debris.	   Remnants 	   of	   the	   Kimama	   Townsite	   are	   present	   east	   of	   the 	   county	   road,	  
however,	  the	  drill 	  site	  lies 	  west	  of	  the	  County	  Road	  and	  will	  not	   impact	   any	   remnants 	  of	  the	  
townsite.	  

The	   Kimama	   Drill 	   Site	   area	   was 	   surveyed	   using	   an	   intensive	   pedestrian	   survey	   (15-‐m	  
transects)	  that	  consisted	  of	  1.14	  acres.	  The	  survey	  included	  the 	  drill	  site	  proper,	  plus 	  the	  staging	  
area.	   Scacered	   around	   the	   site 	   were	   various 	  modern	   materials 	   associated	   with	   the	   farm	  
operaIon.	  These	  included	  broken	  glass,	   blue 	  tarps,	   rusted	  metal,	  pieces 	  of	  various 	  discarded	  
farm	  equipment,	  concrete,	   plasIc,	   and	  shotgun	  shells.	  None	  of	  this	  material 	  is 	  of	  historic	  age	  
and	  consequenIally	  not	  significant.	  There 	  are	  several 	  sagebrush	  and	  rabbitbrush	  plants 	  growing	  
on	   the	   site,	   but	   a 	  majority	   of	   the	   vegetaIon	   consists 	   of	   weedy	   species.	   There	   were	   no	  
threatened	  or	  endangered	  species	  idenIfied	  on	  the	  site	  or	  the	  areas	  in	  the	  immediate	  vicinity.	  
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KIMBERLY	  

The	  Kimberly	  Drill 	  site	  is 	  located	  in	  Twin	  Falls 	  County	   in	  the 	  SW	  ¼	  of	  SecIon	  15,	  T10S,	  R23E	  
and	  is 	  on	  the	  property	   of	   the	  University	   of	  Idaho	  Research	  Center	   in 	  a 	  disturbed	  area 	  that	   is	  
used	  to	  park	  and	  store	  tractors.	  The	  area	  surrounding	  the	  drill 	  site	  is 	  currently	  planted	  in	  crops.	  
The	  drill 	  site	  is 	  on	  an	  relaIvely	  flat	  upland	  terrace	  above	  an	  unnamed	  intermicent	  stream	  at	  an	  
elevaIon	   of	   approximately	   3900	   feet	   AMSL.	   The	   sediments 	   are 	   sandy	   loams.	   The	   site	   is	  
surrounded	  by	   agricultural 	  fields.	   Alfalfa 	  grows	  on	  the	  northern	  edge,	   corn	  to	  the	  east,	   and	  
grass	  to	  the	  west.	  A	  paved	  road	  and	  sheds 	  sit	  to	  the	  south.	  A	  majority	   of	  the	  site 	  is 	  bare 	  soil.	  
The	  few	  plants	  growing	  consist	  of	  weedy	  species	  and	  introduced	  crops.	  

The	  Kimberly	  Drill 	  Site 	  intensive 	  pedestrian	  survey	   (15-‐m	  transects)	  consisted	  of	  1.13	  acres	  
and	  included	  the	  drill 	  site	  proper	  which	  is	  located	  in	  the	  area 	  currently	   used	  for	  parking	  farm	  
equipment	  surrounded	  by	   fields 	  of	  corn	  and	  alfalfa.	  No	  cultural 	  resources 	  were 	  found	  during	  
this	  intensive	  pedestrian	  survey.	  

The	  Kimberly	  Drill 	  Site	  is 	  surrounded	  by	  agricultural 	  fields	  with	  alfalfa 	  on	  the 	  northern	  edge,	  
corn	  to	  the	  east,	  and	  grass	  to	  the 	  west.	  A	  paved	  road	  and	  sheds 	  sit	  to	  the	  south.	  A	  majority	  of	  
the	  site	  is	  bare 	  soil.	   The	  few	  plants	  growing	   consist	   of	  weedy	   species 	  and	  introduced	  crops.	  
Table 	  2	  lists 	  the	  species 	  found	  on	  the	  Kimberly	  Drill 	  Site.	   Plant	   names 	  are 	  those	  given	  by	   the	  
USDA	  PLANTS	  database.	  There	  were	  no	  threatened	  or	  endangered	  species 	  idenIfied	  on	  the 	  site	  
or	  the	  areas	  in	  the	  immediate	  vicinity.	  

MOUNTAIN	  HOME	  	  

The	  Mountain	  Home	  Drill 	  site 	  is 	  located	  in	  Elmore	  County	  on	  Mountain	  Home	  Air	  Force	  Base	  
(AFB).	  The	  drill 	  site	  (and	  the	  AFB)	  is 	  on	  a 	  rolling	  upland	  terrace	  above	  the	  Snake 	  River,	  which	  lies	  
6	  miles 	  to	  the	  south.	   The	  drill 	  site	  was	  covered	  with	  cheat	   grass,	  and	  lay	   just	  west	  of	  an	  area	  
used	  to	  dump	  construcIon	  waste.	  The	  drill 	  site	  was 	  permiced	  under	  a	  categorical 	  exclusion	  by	  
the	  USAF,	   so	  we	  did	  not	   have 	  to	  carry	   out	   NEPA	   studies 	  at	   this 	  site.	   In	  addiIon,	   the 	  USAF	  
obtained	  the	  drilling	  permit	  for	  this	  site.	  
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SEISMIC	  SURVEY	  PERMITTING	  

Seismic	   surveys 	  were 	  carried	  out	   at	   all 	  three 	  drill 	  sites.	   Seismic	   lines 	  were	  laid 	  out	   along	  
exisIng	  county	  roads	  or	  along	  privately-‐owned	  farm	  roads.	  Permits 	  were	  obtained	  from	  Lincoln	  
and	  Elmore	  CounIes 	  for	   the	  Kimama	  and	  Mountain	  Home	  sites,	  respecIvely.	  A	  traffic	  control	  
plan	  was	  not	  required	  for	  either	  county	  permit	  due	  to	  the	  non-‐staIonarity	  of	  our	  seismic	  survey	  
and	  the	  limited	  traffic	   and	   lane 	  restricIon	  along	   these	  rural 	  roads.	   The 	  Kimberly	   site 	  did	  not	  
require 	  a 	  county	   permit	  because	  seismic	  surveys 	  were 	  conducted	  along	   farm	   roads 	  between	  
agricultural 	  fields.	  All 	  of	   the	  roads 	  accessed	  for	   the	  seismic	  surveys 	  were	  either	   dirt	  or	   gravel	  
and	  no	  damage	  occurred	  during	  the	  survey.

DRILLING	  PERMITS	  	  

PermiWng	  of	  geothermal 	  test	  wells 	  is	  done	  by	   the	  Idaho	  Department	  of	  Water	   Resources	  
(IDWR).	   The	   Idaho	  Department	  of	  Water	   Resources 	  regulaIons 	  require	  that	   geothermal 	  test	  
wells 	  be	  cased	  to	  10%	  of	  total 	  depth	  with	  ¼”	  steel 	  casing	  and	  a	  1”	  cemented	  annulus.	  In	  order	  
to	  drill 	  below	  this	  casing	  with	  HQ-‐size 	  rod,	  we	  needed	  to	  install 	  4½”	  diameter	  casing	  in	  a	  6½”	  
diameter	   hole.	   IDWR	  does 	  not	  require 	  a 	  pressure	  test	   for	   a 	  low-‐temperature	  well.	  However,	  
once 	  bocom	  hole	  temperatures 	  reach	  100oC,	  the	  well 	  is 	  considered	  high-‐temperature	  by	  IDWR.	  
At	  this	  point,	  the	  well 	  must	  have	  a 	  pressure	  test	  (IDWR	  requires 	  1000	  psi)	  and	  an	  annular	  BOP	  
must	  be	  installed.	  Should	  the 	  well 	  fail 	  the	  pressure 	  test,	  the	  well	  will 	  be 	  terminated	  since	  there	  
is	  licle	  opportunity	  to	  re-‐cement	  without	  considerable	  cost.	  
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CHAPTER	  3:	  

FIELD	  STUDIES	  AND	  DATA	  COMPILATIONS

John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

Prior	   to	   the	   ini*a*on	  of	  drilling,	   exis*ng	   data	  were	  compiled	  to	  document	  the	  surface	  and	  
subsurface	  geology	  of	  the	  study	  area,	  and	  to	  guide	  site	  selec*on,	  supplemented	  by	  field	  studies	  	  
where	  appropriate.	  Geologic	  maps	  of	  the	  central	  and	  western	  Snake	  River	  Plain	  were	  compiled	  
to	  document	  the	  distribu*on	  of	  volcanic	  vents	  and	  their	  erup*ve	  products,	  and	  to	  evaluate	  the	  
distribu*on	   and	   nature	   of	  mapped	   faults.	   Addi*onal	  mapping	   of	   faults	   and	   lineaments	   was	  
carried	   out	   in	   the	  Twin	   Falls	  area	   using	  NASA	  10m	  DEM	  data	  and	   the	  program	  GeoMapApp.	  
Geophysical	   data	   includes	   new	   gravity	   and	   magne*c	   maps	   produced	   from	   the	  most	   recent	  
database,	   and	   published	   resis*vity	   maps,	   which	   indicate	   basalt	   thickness.	   Subsurface	   data	  
compiled	   includes	   ground	   water	   temperature	  maps,	   and	   lithologic	   logs	   of	   deep	   water	   wells	  
throughout	  the	  region,	  along	  with	  water	  temperature	  data	  where	  available.	  

These	  data	  compila*ons	  were	  used	  to	  review	  and	  modify	  final	  site	  selec*ons,	  to	  characterize	  
the	  sites	  selected,	  and	   document	   the	   selec*on	  process.	  Detailed	  evalua*ons	  of	  these	  data	  are	  
presented	  in	  the	  following	  chapter.	  
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INTRODUCTION	  

The	  Snake	  River	  Plain	  has	  been	  studied	  in	  varying	  detail 	  for	  decades,	  producing	  a 	  vast	  store	  
of	   informaHon	  on	  its 	  geology,	  hydrology,	  and	  volcanic	  features.	   These	  data 	  form	  the	  basis	  for	  
any	   new	  study	   of	  the 	  SRP	   and	  can	  be	  used	  to	  guide	  further	   invesHgaHons.	  However,	  much	  of	  
this 	  data 	  exists	  in	  the	  form	  of	  open	  file	  reports,	  state	  bulleHns,	  and	  other	  ‘grey’	  literature,	  or	  in	  
databases 	  that	   contain	  scans	  of	   paper	   records	  rather	   than	  digital 	  data,	  making	   it	   more	  of	   a	  
challenge 	  to	  access	  and	  compile	  effecHvely.	  We	  compiled	  data 	  from	  a 	  wide	  range	  of	  sources,	  
some 	  of	   the	   more	   important	   being	   U.S.	   Geological 	   Survey	   open	   file	   reports,	   USGS	   Water	  
Resources 	  BulleHns,	  maps	  published	  by	   the	  USGS	  and	  by	   the	   Idaho	  Geological 	  Survey,	   USGS	  
geophysical	   data 	   bases	   for	   gravity	   and	   magneHc	   data,	   the	   Idaho	   Department	   of	   Water	  
Resources 	  (Water	   Resources 	  BulleHns	  and	  water	   well 	   logs),	   the	   Idaho	  State	   Department	   of	  
Lands	  (oil 	  and	  gas 	  well 	  logs),	  and	  unpublished	  mapping	  by	   the 	  PI	  and	  his	  colleagues.	  Heat	  flow	  
data	  were	  taken	  largely	  from	  the	  SMU	  database 	  which	  reports 	  heat	  flow	  for	   large 	  numbers 	  of	  
wells	  in	  this	  area.	  

We	  also	   accessed	  data	  from	  published	   reports	  in	   scienHfic	   journals,	  which	  oXen	  present	  
results 	  in	  the 	  form	  of	  figures	  and	  maps 	  but	  not	  the 	  primary	  data 	  used	  to	  compile	  them.	  In	  these	  
cases,	  we	  used	  these	  figures	  as	  representaHve	  of	  the	  primary	  data.	  In	  this	  chapter	  we	  discuss	  
the	  data 	  compiled	  and	  present	   summaries 	  where	  appropriate.	  Detailed	  informaHon	  on	  each	  
site	  is	  presented	  in	  the	  following	  chapter.	  

Figure	  3-‐1.	  Topographic-‐relief	  map	  of	  southern	  Idaho	  showing	  locaHon	  of	  the	  three	  drill	  sites	  (red	  
stars),	  previous	  drill	  sites	  (white	  circles)	  and	  some	  of	  the	  features	  referred	  to	  in	  the	  text.	  
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GEOLOGIC	  MAP	  AND	  DATA	  COMPILATION	  

Geologic	  Mapping

Geologic	  maps 	  represent	  a	  first-‐order	  tool	  for	  evaluaHng	  the	  geologic	  history	  of	  an	  area 	  and	  
for	  understanding	  its 	  structure	  and	  origin.	  In	  recent	  years,	  tradiHonal 	  geologic	  maps 	  have	  been	  
supplemented	  by	  high	  resoluHon	  digital 	  topography	   that	  allows	  the	  surface 	  manifestaHons	  of	  
subsurface	  features 	  (parHcularly	   faults)	   to	  resolved	  in	  detail.	   In	  addiHon,	   in	  volcanic	   terranes	  
like	   the 	  Snake	   River	   Plain,	   volcanic	   vents 	  form	   conspicuous	   features	   that	   may	   be	   mapped	  
remotely	  and	  then	  field	  checked.	  

Geologic	  mapping	  in	  the	  central 	  SRP	  northeast	  of	  Twin	  Falls 	  has 	  been	  carried	  out	  over	  the	  
last	   decade	   by	   the	  PI	   and	   his 	  students,	   and	  by	   personnel	   of	   the	   Idaho	   Geological 	   Survey,	  
resulHng	  in	  the	  publicaHon	  of	  several 	  geologic	  maps	  at	  1/24000	  or	  1/100,000	  scales 	  (Kauffman	  
et	  al,	  2005a,	  2005b;	  Shervais	  et	  al,	  2006c,	  2006d;	  Cooke	  et	  al,	  2006a,	  2006b;	  MaThews	  et	  al.,	  
2006a,	   2006b)	   and	  unpublished	   thesis	  maps 	  (Cooke,	   1999;	   MaThews,	   2000;	   Hobson,	   2009;	  
DeRaps,	  2009).	  This 	  mapping	  Hes 	  into	  published	  mapping	  by	   the	  US	  Geological 	  Survey	   in	  the	  
Craters 	  of	  the	  Moon	  1/100,000	  sheet	  (Kuntz	  et	  al	  2007)	  and	  into	  unpublished	  mapping	  by	  the	  PI	  
and	  his	  graduate	  students	  east	   of	   longitude 	  114ºW	   in	   the 	  Sid	  Bu_e,	   Senter	   Bu_e,	   Kimama	  
Bu_e,	   and	  Black	  Ridge	  Crater	  1/24000	  quadrangles.	  The 	  PI 	  prepared	  a	  field	  guide	  to	  this 	  area	  
for	  the 	  2005	  naHonal 	  meeHng	  of	  the	  Geological	  Society	  of	  America 	  and	  led	  a 	  field	  trip	  based	  on	  
this 	  guide	  (Shervais	  et	   al.,	   2005).	  Extension	  of	  this 	  mapping	  into	  the 	  Lake	  Walco_	  1/100,000	  
sheet	  was 	  carried	  out	  on	  a	  reconnaissance	  basis,	  using	  exisHng	  geologic	  maps	  and	  new	  mapping	  
by	   the 	  PI	  and	  his 	  students.	   Finally,	   this 	  mapping	  was 	  compiled	  into	   a	  single 	  map	  sheet	   that	  
covers	  the	  enHre	  central	  SRP	  (Figure	  3-‐2).	  

The	  principal	   result	   from	   the 	  geologic	   mapping	   is 	  to	   show	   that	   Quaternary	   volcanism	   is	  
widespread	  throughout	  the	  central 	  SRP,	  with	  young	  vents 	  occurring	  both	  along	  the	  margins 	  of	  
the	  plain	  and	  near	   its 	  center.	  Nonetheless,	  young	  volcanic	  vents	  are	  dominant	  within	  the	  axial	  
volcanic	  zone.	  While	  some	  vents 	  with	  similar	  ages 	  may	  align	  parallel	  to	  the	  NS-‐trending	  volcanic	  
riX	   zones 	  defined	  by	   Kuntz	   (1992;	  Kuntz	  et	  al	  2002),	   other	  young	  vents	  are	  as	  likely	   to	  define	  
other	  alignments,	  e.g.,	  Wilson	  Bu_e 	  and	  Rocky	  Bu_e,	  which	  are	  aligned	  ~WNW	  and	  have	  nearly	  
idenHcal 	  ages 	  and	  composiHons	  (Figure 	  3-‐2).	   These	  trends	  are 	  oXen	  highlighted	  on	   regional	  
magneHc	  maps,	  since	  basalts	  with	  similar	  ages 	  will	  commonly	  have	  the	  same	  magneHc	  polarity,	  
resulHng	  in	  striped	  magneHc	  alignments.	  
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Figure	   3-‐2.	  Geologic	  map	   compilaHon	   for	   the	  central	   Snake	   River	   plain.	   The	   youngest	   volcanoes	  are	  
associated	  with	  Craters	  of	  the	  Moon	  and	  the	  Great	  RiX	  (eastern	  quarter	  of	  map).	  Pleistocene	  volcanism	  
dominates	   along	   the	   central	   volcanic	   axis	   of	   the	   plain,	   while	   older,	   largely	   Pliocene	   volcanoes	   are	  
exposed	   along	   the	   margins.	   Source	   vents	   are	   typically	   small	   shield	   volcanoes	   and	   are	   commonly	  
characterized	  by	  summit	  craters;	  cinder	  cones	  are	  relaHvely	  minor	  and	  small.	  Sources	  listed	  in	  text.	  

Figure	   3-‐3.	   High-‐resoluHon	   (10	   m)	   digital 	   topography	   of	   central	   Snake	   River	   Plain,	   showing	  
concentraHon	  of	  volcanic	  vents 	  along	  the	  central	  axis	  of	  the	  plain.	  The	  Snake	  River	  is	  confined	  to	  
a	  shallow	  moat	  along	   the	  southern	  margin	  of	   the	  plain,	  where	  it	  has	  been	  periodically	  ponded	  
by	  lava	  dams	  to	  form	  lake	  deposits	  (smooth,	  flat	  topography).	  Kimberly	  and	  Kimama	  drill	  sites	  
shown	  as	  small	  red	  circles.	  



Basal&c	  Vent	  Distribu&on	  

Young	  basalHc	   volcanism	   tends 	  be	  concentrated	  along	  the	  axial 	  volcanic	   high,	  with	  older	  
vents 	  dominantly	  exposed	  along	  the	  margins 	  of	  the 	  plain	  (Figures	  3-‐2,	  3-‐3).	  Unlike	  the 	  eastern	  
plain,	  however,	  this 	  trend	  does	  not	  conHnue	  to	  the 	  SW.	  Northwest	  of	  Twin	  Falls,	  vents 	  become	  
less	  common	  and	  the	  basalt	  flows	  thin	  out	  and	  become	  intercalated	  with	  fluvial	  and	  lacustrine	  
sediments.	   This 	  is 	  well-‐documented	  in	   the 	  Wendell-‐RASA	  well	   (342	  m),	   which	  has 	  122	   m	  of	  
young	  Quaternary	  basalt	  (<400	  ka)	  separated	  from	  older	  basalts 	  deeper	   in 	  the 	  well 	  by	  60	  m	  of	  
sediment	   (Whitehead	   and	   Lindholm,	   1985).	   The	   older	   basalts 	   (1.0-‐4.5	   Ma)	   are	   themselves	  
underlain	  by	   more	  sediment.	   Basalt	   flows 	  also	  thin	  towards 	  the	  margins 	  of	   the	  plain,	  where	  
they	  may	  sit	  directly	  on	  rhyolite	  or	  on	  sediment	  horizons 	  that	  rest	  on	  rhyolite.	  This 	  is 	  in 	  contrast	  
to	  the 	  1500	  m	  deep	  WO-‐2	  well 	  at	   the 	  INL	   site,	  which	  contains	  ~1200	  m	  of	  basalt	  with	  minor	  
intercalated	  sediments	  on	  top	  of	  300	  m	  of	  rhyolite,	  with	  no	  intervening	  sediments	  and	  no	  major	  
sediment	   horizons	   within	   the 	   basalt	   (Morgan,	   1990;	   HackeT	   et	   al	   2002;	   William	   HackeT,	  
unpublished	  well	  log).	  The	  concentraHon	  of	  young	  Quaternary	  volcanism	  near	  the	  Axial 	  Volcanic	  
Zone,	  and	  the	  nexus 	  of	  volcanic	  riX	   zones,	  which	  trend	  NNW	  and	  EW	  makes 	  this 	  region	  a 	  high	  
priority	  for	  geothermal	  exploraHon	  (Shervais	  et	  al	  2005,	  2006a,	  2006b).	  

Vent	  concentraHons	  are 	  highest	  between	  the	  Great	  RiX	  and	  the	  Twin	  Falls-‐Shoshone 	  area	  
(Figures 	  3-‐1,	  3-‐3),	  so	  our	  model 	  suggests 	  that	  this	  region,	  centered	  around	  our	  Kimama 	  drill 	  site,	  
is 	  more	  likely	  to	  encounter	  high	  temperature	  resources 	  at	  depth	  than	  areas 	  lying	  farther	  west;	  
the	  Great	   RiX	   itself	   lies 	  within	  Craters	  of	   the	  Moon	  NaHonal 	  Monument,	   and	  is	  off-‐limits	  to	  
exploraHon.	  

Structural	  Mapping

Regional	  reconnaissance	  mapping	  of	  structural 	  trends 	  in	  the	  Twin	  Falls-‐Kimberly	   area	  has	  
been	  carried	  out	  by	  the	  PI	  using	  NASA	  10	  m	  DEM	  data 	  in	  the	  soXware	  GeoMapApp	  (Goodwillie	  
and	   Ryan,	   2009).	   These	  data 	  are 	  used	  to	  produce 	  shaded	  relief	  maps 	  and	  topographic	  maps	  
with	  10	  m	  contour	  intervals	  that	  are	  more	  detailed	  than	  published	  1/24,000	  topographic	  maps,	  
and	  which	  reveal 	  structural	  lineaments 	  more	  clearly	   than	  topographic	  maps	  or	  air	  photographs
(Figure	  3-‐4).	  Mapping	  was 	  done	  in	  GeoMapApp	  so	   that	   sun	  posiHon	  and	  sun	  angle	  could	  be	  
varied	   to	  highlight	   structures 	  in	  different	   orientaHons,	   and	  then	   compiled	  onto	  a	  fixed	  base	  
map.	   These	   lineaments 	   reflect	   in	   part	   western	   SRP	   fault	   trends 	  (WNW)	   and	   in	   part	   more	  
northerly	   trends 	  that	  may	  represent	  a 	  transiHon	  between	  the	  western	  SRP	  trends	  and	  the 	  NS-‐
oriented	  Basin	  and	  Range	  trends.	  This	  mapping	  will 	  be	  discussed	  in	  more	  detail 	  under	   the	  Site	  
SelecHon	  discussion	  for	  Kimberly.	  
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Figure	  3-‐4.	  Shaded	  relief	  map	  of	  Twin	  Falls	  area,	  with	  10m	  contours	  calculated	  from	  NASA	  10	  m	  DEM	  
data	  using	  GeoMapApp.	  Blue	   lines	  show	  faults	  mapped	  from	   lineaments	  in	  10	  m	  data.	   Yellow	  arrows	  
show	  direcHons	  of	  ashflow	  sheets	  in	  Cassia	  Mountains,	  mapped	  by	  McCurry	  et	  al	  1996,	  with	  southern	  
extent	  of	  ash	  sheets 	  marked	  by	  long-‐dash	  white	  line.	  Southern	  margin	  of	  the	  Twin	  Falls	  caldera	  complex,	  
inferred	   from	  regional	  Bouger	  gravity	  anomaly,	  shown	  with	  dashed	  white	  line.	  Drill	  sites	  marked	  with	  
red	  stars;	  TF	  =	  City	  of	  Twin	  Falls.	  



Geologic	  Mapping	  Western	  Snake	  River	  Plain	  

We	  have	  also	  prepared	  geologic	  maps 	  of	  eight	  1/24,000	  quadrangles	  in	  the	  Mountain	  Home	  
area 	  for	  publicaHon	  by	  the 	  Idaho	  Geological 	  Survey	  (Figure	  3-‐5).	  These	  quadrangles,	  which	  were	  
mapped	   prior	   to	   this 	  project,	   have 	  been	   combined	   into	   a	   single	  map	   sheet	   in	   Arc	   GIS	   for	  
publicaHon.	  This	  map	  covers	  Mountain	  Home	  AFB	  and	  a	  large	  part	  of	  the	  surrounding	  region.	  

In	   the	  western	  SRP	   around	  Mountain	  Home,	   digital	  topography	   derived	   from	  NASA	  10m	  
DEMs 	  and	   unpublished	  mapping	   by	   Shervais 	  document	   the 	  concentraHon	  of	   volcanic	   vents	  
(Figure	  3-‐5).	  All 	  of	   the 	  volcanoes	  are	  younger	   than	  about	  1.8	  Ma	  (Pliocene-‐Pleistocene),	  with	  
the	  youngest	  vents 	  (<750	  ka)	  characterized	  by	  high	  K2O	  and	  MgO	  (Shervais	  and	  Ve_er,	  2009).	  
Mapping	  by	  Shervais 	  (Shervais	  et	  al 	  2002)	  documents	  two	  groups	  of	  faults,	  many	  of	  which	  can	  
be	  readily	   seen	  on	  the	  digital 	  topography	  as 	  steep	  fault	  scarps	  (Figure	  3-‐6).	  The 	  dominant	  fault	  
system	  trends 	  ~N50W,	  essenHally	  parallel 	  to	  the 	  range	  front	  fault	  system,	  and	  likely	   related	  to	  
the	  same	  stress 	  fields 	  that	   produced	   the 	  range	  front	   faults 	  and	  the	  overall 	  structure	  of	   the	  
western	  SRP	  graben.	  The	  secondary	  fault	  system	  trends 	  ~N80W,	  oblique	  to	  the	  the	  trend	  of	  the	  
graben	  and	  to	  the	  range	  front	   fault	  system.	  However,	   these	  faults 	  are	  roughly	  parallel 	  to	  the	  
trend	   of	   gravity	   anomalies 	   discussed	   in	   the	   next	   secHon,	   and	   may	   represent	   a 	   surface	  
expression	  of	  the	  fault	  system	  that	  borders	  these	  buried	  structures.	  
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Figure	   3-‐5.	   Geologic	   Map	   of	   the	   Mountain	   Home	   area.	   Unpublished	   mapping	   by	   J.W.	   Shervais.	  
Mountain	  Home	  AFB	   outlined	  in	  yellow.	  Diagonal	  lines 	  thru	  central	   area	  are	  the	   railroad	  and	  instate	  
highway.	  Primary	  maps	  at	  1/24,000	  scale.	  



Groundwater	  Temperatures	  

Water	  well 	  and	  shallow	  geothermal 	  well 	  data 	  were	  compiled	  from	  drillers 	  logs 	  (off	  of	  the	  
State	   of	   Idaho	   Department	   of	   Water	   Resources	   website)	   and	   from	   previous 	   compilaHons	  
published	  by	  the	  Idaho	  Department	  of	  Water	  Resources 	  and	  US	  Geological 	  Survey	   (Street	  and	  
deTar,	  1987;	  Lewis	  and	  Young,	  1989;	  Baker	  and	  Castelin,	  1990).	  Well 	  logs 	  are 	  especially	   useful	  
in	  the	  Twin	  Falls 	  region	  because	  of	   the	  large 	  number	   of	  shallow	  geothermal	  wells,	  which	  are	  
generally	   deeper	   than	  water	  wells	  and	  are	  more	  likely	   to	  have	  temperature 	  data.	   These	  data	  
are	   discussed	   later	   in	   this 	   chapter.	   In	   the 	   area 	   around	   Kimama,	   groundwater	   data	   were	  
compiled	  and	  analyzed	  by	  Smith	  (2004),	  McLing	  et	  al	  (2002),	  Johnson	  et	  al	  (2000),	  and	  Rohe	  et	  
al	  (2002).	  Though	  we	  do	  not	  have	  access	  to	  the	  database	  that	  supports 	  these	  publicaHons,	  the	  
figures	  in	  Smith	  (2004)	  are	  sufficiently	  detailed	  to	  allow	  us	  to	  use	  their	  results	  here.	  

The	  Idaho	  NaHonal 	  Laboratory	  site 	  is 	  thoroughly	  documented	  by	  numerous	  deep	  drill 	  holes	  
that	  penetrate	  the	  Snake	  River	  Aquifer.	  Figure	  3-‐7	  show	  temperature	  profiles	  for	   several 	  deep	  
wells 	   that	   intersect	   both	   the 	   upper	   and	   lower	   boundaries 	  of	   the	   aquifer,	   as 	   indicated	   by	  
inflecHons 	  in	  the	  temperature 	  gradients.	   Gradients	  within	   the	  aquifer	   are	  nearly	   isothermal,	  	  
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Figure	  3-‐6.	  Digital	  topographic	  map	  of	   area	  around	  Mountain	  Home	  AFB,	  showing	   locaHon	  of	  
drill 	  hole	  MH-‐2.	  Also	  shown	  are	  locaHons	  of	   Pliocene-‐Pleistocene	  tholeiiHc	  basalt	  vents	  (yellow	  
circles),	  and	  Pleistocene	  high-‐K	  basalt	  vents	  (blue	  circles).	  



indicaHng	   advecHve	   heat	   transfer,	   while	   gradients	   above	   and	   below	   the 	  aquifer	   are	   steep,	  
indicaHng	  conducHve	  heat	  transfer.	  

These	  inflecHons	  bracket	   the	  aquifer	  thickness,	  which	  in	  map	  view	  defines 	  a 	  deep	  channel	  
of	   cold	  water	   that	   transects 	  the	  INL	   site	  from	  northeast	   to	  south	  (Figure 	  3-‐7b),	   fed	  by	   influx	  
from	  the	  Big	  Lost,	  Li_le	  Lost,	  and	  Birch	  Creek	  rivers.	  The	  deepest	  lower	  boundary	  of	  the	  aquifer	  
in	  this	  channel	  is	  500-‐550	  m,	  but	  most	  wells	  show	  a	  lower	  contact	  at	  250-‐350	  m	  depth.	  

	   Smith	   (2004)	  published	  a 	  compilaHon	  of	  groundwater	   temperatures 	  for	   the	  eastern	  and	  
central	   SRP	   that	   documents	  both	   the	   flow	   of	   water	   through	   the 	  system,	   and	   its 	  change	   in	  
temperature	  as	  it	  flows 	  (Figure 	  3-‐8).	  Groundwater	  temperatures 	  are 	  low	  at	  the	  eastern	  margin	  
of	  the 	  SRP,	  and	  are 	  low	  along	  the	  margins	  where	  major	  river	  systems 	  (Snake	  and	  Wood	  Rivers)	  
dominate	  the	  groundwater	   system.	  Temperatures 	  are	  high	  along	  the	  central 	  axis 	  of	  the	  plain,	  
coincident	  with	  the 	  axial	  volcanic	  high	  (Figure 	  3-‐8a).	  Temperatures 	  increase	  progressively	   from	  
east	   to	   west	   along	   the	   axis,	   consistent	   with	   heaHng	   from	   below	   by	   a	   significant	   thermal	  
anomaly.	   Inferred	  flow	  pa_erns 	  for	   subsurface 	  water	   suggest	   that	   flow	   is 	  greatest	   along	  the	  
margins	  (corresponding	   to	   the 	  primary	   river	   drainages),	   and	  relaHvely	   low	   along	   the	  central	  
axis,	  allowing	  the	  water	  heat	  as	  it	  flows	  west	  (Figure	  3-‐8b).	  

The	  change 	  in	  groundwater	  temperatures,	  from	  about	  8.5ºC	  at	   its 	  entry	   into	  the	  aquifer	  to	  
17ºC	   at	   the 	  western	  end	  of	   the 	  axial 	  flow	   zone,	   requires 	  significant	   heat	   flux	   from	  below.	  A	  
model	  for	   this 	  was 	  presented	  in	  Smith	  (2004).	  This 	  model	  postulates 	  an	  influx	  of	  cold	  water	  at	  
the	  NE	  end	  of	  the 	  SPR	  that	  becomes 	  progressively	  heated	  as	  it	  flows	  to	  the	  SW	  (Figure 	  3-‐9).	  A	  
heat	   flux	   of	  ~110	  mW/m2	   is 	  postulated	   to	  provide	  the 	  heat	   needed	  to	  elevate	  groundwater	  
temperatures,	  based	  on	  observed	  sub-‐aquifer	  heat	  flow.	  Blackwell 	  et	  al 	  (1992)	  calculate	  that	  a	  
heat	  flux	  of	  190	  mW/m2	  is	  required	  by	  thermal	  mass	  balance	  calculaHons.	  

Thermal	  gradients	  and	  heat	  flux	  are	  discussed	  in	  more	  detail	  later	  in	  this	  chapter.	  
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Figure	  3-‐7.	  (a)	  LeX:	  Thermal	  profiles	  in	  deep	  wells 	  at	  the	  INL	  site.	  Upper	  inflecHon	  from	  conducHve	  to	  
isothermal	  represents	  top	  of	   the	  Snake	  River	  aquifer;	   lower	  inflecHon	  from	  isothermal	  to	  conducHve	  
represents 	  the	  base	  of	  the	  aquifer.	  (b)	  Right:	  Aquifer	  thickness	  and	  the	  lower	  inflecHons	  define	  a	  deep	  
channel	   that	   underlies	   the	   INL,	   caused	   by	   the	   influx	   of	   cold	   groundwater	   from	   the	   Centennial	  
Mountains	  to	  the	  north.	  This	  cold	  water	  plume	  flows	  SW	  along	  the	  northern	  margin	  of	  the	  SRP.	  From	  
Smith	  2004.	  

Figure	   3-‐8.	   Groundwater	   temperatures	  and	   inferred	   flow	  paths,	   from	  Smith	  2004.	   (a)	   groundwater	  
temperatures	   contoured	   from	   cold	   (blue,	   green)	   to	   warm	   (yellow,	   red).	   Note	   axial	   zone	   of	   high	  
groundwater	   temperatures	  that	  correspond	  to	  the	  central	  volcanic	  axis 	  of	   the	  SRP;	   (b)	   Inferred	  flow	  
paths	  for	  cold	  water	  in	  subsurface.
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Figure	   3-‐9.	  Model	  of	   groundwater	   flow	  under	   central	  axis	  of	   Snake	  River	  
Plain,	  from	  Smith	  2004.	  Cold	  water	  influx	  from	  mountains	  is	  warmed	  from	  
below	  by	  conducHon	  of	  high	  geothermal	  gradient,	  and	  by	  advecHon	  of	  heat	  
in	   thermal	   fluids.	   Water	   becomes	   progressively	   warmer	   as 	   it	   moves	  
westward	  long	  the	  volcanic	  axis.	  



GEOPHYSICAL	  DATA	  COMPILATION	  

Gravity	  data 	  for	   the 	  State 	  of	  Idaho	  (Kucks	  1999)	  were	  used	  by	   Liberty	   to	  produce 	  regional	  
Bouguer	   anomaly	  maps 	  for	   both	  the	  central 	  SRP	  north	  of	  Twin	  Falls 	  and	  for	  the	  western	  SRP	  
near	   Mountain	   Home.	   The 	   gravity	   database 	  was 	  compiled	  within	   Arc	   GIS	   and	   maps 	  were	  
produced	  using	  a 	  gradaHonal 	  color	  scale 	  to	  indicate 	  relaHve 	  anomalies.	  The	  maps 	  were 	  plo_ed	  
with	   the	   staHon	   locaHons	   indicated	   so	   that	   the 	   density	   of	   data 	   staHons 	   relaHve	   to	   the	  
anomalies	   could	   be 	  assessed.	   In	   addiHon	   to	   the	   Bouguer	   anomaly	   maps,	   Liberty	   produced	  
“upward	  conHnued”	  gravity	  models 	  for	  the	  western	  SRP	  that	  emphasized	  mid-‐	  to	  lower	  crustal	  
structures 	  and	  minimized	  the	  affects 	  of	  density	  variaHons	  in	  the	  shallow	  crust	  (e.g.	  the	  presence	  
and	  thickness	  of	  basalt	  flows).	  

Gravity	  maps 	  for	  the	  central 	  and	  eastern	  SRP	  are	  dominated	  by	  a 	  pronounced	  linear	  gravity	  
high	  off	  to	  the 	  west	  which	  represents	  the 	  eastern	  conHnuaHon	  of	  the	  western	  SRP	  gravity	  high	  
(see	  below).	  Low	  gravity	  along	  the	  margins	  represents 	  sediment	  filled	  basins,	  rhyolite 	  ash	  flows,	  
or	  Paleozoic	  carbonates	  (Figure	  3-‐10).	  The	  roughly	   circular	   to	  ovoid	  gravity	  modest	  high	  north	  
of	   Twin	  Falls 	  (red	  circle	  in	  Figure	  3-‐10)	   is 	  interpreted	  to	   represent	  a 	  buried	   rhyolite 	  erupHve	  
complex,	  with	  an	  outer	  “moat”	  that	  has 	  been	  filled	  by	  higher	  density	  basalt	  flows,	  and	  a 	  lower	  
density	   central 	  peak	   that	   likely	   represents 	  resurgent	   rhyolite 	  domes	  or	   flows.	   As 	  shown	   in	  
Figure	  3-‐10,	  both	  the	  Kimama	  and	  the	  Kimberly	  sites	  lie	  on	  the	  rim	  of	  this	  circular	  feature.	  

MagneHc	  maps	  of	   the	   central 	  and	  eastern	  SRP	   are	  characterized	  by	   a 	  striped	  magneHc	  
texture 	  that	   is 	  oriented	  approximately	   East-‐West	   north	  of	  Twin	  Falls	  (in 	  the	  central 	  SRP)	  and	  
~N50-‐55E	   farther	   to	   the 	  east	   (Figure 	  3-‐8).	   This 	  texture 	  is 	   interpreted	   to	   represent	   bands 	  of	  
different	   age 	  basalt,	  where	  relaHvely	   young	  flows	  (<780	  Ka)	  have	  posiHve	  magneHc	  anomalies	  
(red	  stripes)	  while	  the	  older	  Pleistocene 	  and	  Pliocene	  basalts 	  have	  negaHve 	  magneHc	  anomalies	  
(blue	   stripes).	   Young	   basalts 	   are	   dominant	   along	   the 	   axial 	   volcanic	   zone,	   posiHve	   (red)	  
anomalies	  rarely	  extending	  outside	  the	  plain	  (Figure	  3-‐11).	  

Bouguer	   gravity	   maps	   of	   the	   enHre 	  western	   SRP	   produced	   by	   Lee 	   Liberty	   (Boise	   State	  
University)	  document	  a 	  pronounced	  gravity	  high	  which	  trends 	  obliquely	  across 	  the 	  trend	  of	  the	  
SRP	  graben	  (Figure	  3-‐12).	  This 	  is 	  most	  evident	  in	  Figure	  3-‐9a,	  which	  is 	  a 	  simple	  Bouguer	  gravity	  
map.	   This 	   image	   is	   refined	   using	   an	   upward	   conHnuaHon	   of	   the	   gravity	   from	   5	   km	   depth,	  
removing	  surface	  effects 	  and	  high-‐lighHng	  the	  deep	  seated	  anomalies 	  (Figure 	  3-‐12b).	  This	  map	  
further	   delineates	  the	  oblique	  gravity	  high,	  which	  we	  interpret	   as 	  a	  faulted	  horst	  block	  within	  
the	   overall 	  WSRP	   graben.	   The	  city	   of	   Mountain	  Home	   lies 	  on	   the	   northern	  margin	   of	   this	  
anomaly,	  while 	  Mountain	  Home	  AFB	   lies 	  along	   its 	  southern	  margin.	   This	  is	  shown	  clearly	   in	  
Figure	  3-‐13,	  which	  shows	  a	  close-‐up	  of	  the	  Bouguer	  anomaly	  map	  for	  this	  area.	  
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Figure	   3-‐11.	  MagneHc	   anomaly	  map	   of	   central	   SRP	   near	   Twin	   Falls.	  Linear	   anomaly	  belts	   reflect	  
ages	  of	  surface	  volcanics,	  with	  young	  (normal	  polarity)	  vents	  dominant	  along	  central	  axis.	  Note	  the	  
~EW	  trends	  near	  Twin	  Falls,	  similar	  to	  fault	  trends	  in	  western	  SRP.	  

Figure	   3-‐10.	  Bouger	   gravity	  map	   of	   central	   SRP	   showing	  ovoid	   anomaly	   of	   high	   gravity	   thought	   to	  
represent	   the	  Twin	  Falls	  erupHve	  complex, 	  now	  buried	   beneath	   2+	  km	  of	  basalt.	  LocaHon	  of	  Kimama	  
and	   Kimberly	  drill	   sites	   shown	   as	  black	  boxes.	   The	   circular	   structure	   of	   high	   gravity	  may	   represent	  
infilling	  of	   a	  caldera	  moat	   by	  more	   dense	  basalt;	  resurgent	   rhyolite	  domes	  with	   lower	   density	  in	   the	  
center	  of	  the	  structure	  may	  prevent	  this	  infilling	  and	  result	  in	  the	  central	  peak	  of	  lower	  gravity.	  
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Figure	  3-‐13.	  Bouger	   gravity	  map	  of	  the	  western	   SRP	  around	  Mountain	  Home	  AFB.	  Mountain	  Home	  AFB	   is	  
located	   on	   the	   southern	  margin	   of	   a	   pronounced	   gravity	   high	   that	   trends	   across	   the	   SRP	   graben	   at	   an	  
oblique	  angle;	   this	   trend	   is	   similar	   to	   that	  observed	   in	   the	   N80W	   fault	   system	  on	   the	   surface.	  Black	  box	  
outlines	  approximate	  locaHon	   of	  Mountain	  Home	  AFB;	  black	  circle	  and	  square	  represent	  locaHons	  of	  drill	  
holes	  MH-‐2	  (this	  project)	  and	  MH-‐1,	  respecHvely.	  

Figure	  3-‐12.	  (a)	  Bouguer	  gravity	  anomaly	  map	  and	  (b)	  upward	  conHnued	  Bouguer	  gravity	  map,	  
of	  the	  western	  Snake	  River	  Plain.	  The	  upward	  conHnued	  map	  emphasizes	  deeper	  crustal	  
features,	  including	  deep	  basins	  along	  the	  margins	  of	  the	  WSRP	  and	  a	  prominent	  gravity	  high	  
trending	  obliquely	  to	  its	  axis;	  we	  interpret	  this	  posiHve	  anomaly	  as	  a	  buried	  horst	  block.	  



Lindholm	  (1996),	   in	  a 	  major	   study	   of	   the 	  Snake	  River	  Aquifer,	   esHmated	  the	  thickness 	  of	  
Quaternary	  basalts	  in	  the	  Snake	  River	  Plain	  using	  well 	  logs 	  and	  resisHvity	   surveys	  (Figure	  3-‐14).	  
ResisHvity	   is	   low	   in	  water	   saturated	   rocks,	   and	  high	  in	   older	   rocks 	  with	   li_le 	  pore	  space 	  or	  
permeability.	  The	  Kimama 	  drill 	  site	  sits	  on	  the 	  axial 	  volcanic	  high,	   in	  an	  area	  with	  a	  projected	  
Quaternary	  basalt	  thickness	  of	  3000-‐4000	  feet	  (~1.0	  to	  1.2	  km).	  Kimberly	   is	  known	  to	  sit	  on	  a	  
thin	  basalt	   cover	  over	  rhyolite,	  based	  on	  exposures 	  in	  the	  Snake	  River	   Canyon,	  and	  Mountain	  
Home	  is	  known	  to	  sit	   on	  thin	  basalt	   cover	   (<200	  m)	  over	   lake 	  sediments,	   based	  on	  well 	  logs	  
from	  MH-‐1	  test	  well	  and	  on	  exposures	  south	  of	  the	  drill	  site.	  
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Figure	  3-‐14.	  EsHmated	  thickness	  of	  Quaternary	  basalt	   in	  the	  Snake	  River	  Plain,	  based	  on	  well	  logs	  and	  
resisHvity	  surveys,	   from	  Lindholm,	  1996,	  superimposed	  on	   a	  base	  map	  of	   terrane	  from	  Google	  Maps.	  
Also	  shown	  are	  locaHons	  of	  holes	  drilled	  for	  this	  project,	  and	  select	  deep	  holes	  drilled	  in	  the	  past.	  



HEAT	  FLOW	  AND	  GEOTHERMAL	  GRADIENT	  STUDIES	  

The	  Snake	  River	  Plain	  in	  southern	  Idaho	  represents 	  the	  track	  of	  deep-‐seated	  mantle	  hotspot	  
that	  has 	  thinned	  the	  lithosphere 	  and	  fueled	  the	  intrusion	  of	  up	  to	  10	  km	  of	  basalt	  into	  the	  lower	  
and	  middle 	  crust.	   The 	  heat	   from	   these	   intrusions,	   and	   from	   rhyolites	  formed	   by	   the	  basalt,	  
drives 	   the 	   geothermal	   gradients 	   and	   high	   heat	   flow	   observed	   in	   deep	   drill 	   holes 	   from	  
throughout	   the	  Snake	  River	   Plain	  (Blackwell 	  1978,	  1980,	   1989;	   Bro_	  et	  al 	  1976,	   1978,	   1981;	  
Lewis	   and	   Young	   1989).	   Blackwell 	   and	   the	   SMU	   Geothermal	   Laboratory	   (Blackwell,	   1989;	  
Blackwell 	   et	   al 	   1992)	   have 	   carried	   out	   geothermal 	   gradient	   measurements	   and	   heat	   flow	  
calculaHons 	  in	   the	  Snake	  River	   Plain	   for	   decades,	   and	  their	   database 	  is	   the	  most	   complete	  
available.	  

Heat	  flow	  in	  the	  SRP	  tends 	  to	  be 	  high	  along	  the	  margins 	  of	  the	  plain	  (80-‐100	  mW/m2-‐s)	  and	  
low	   when	   measured	   in	   shallow	   drill 	   holes 	   along	   the	   axis 	   of	   the	   plain	   (20-‐30	   mW/m2-‐s).	  
However,	  deep	  drill 	  holes 	  (>	  1	   km)	   in	  the	  axial 	  porHon	  of	   the	  plain	  are	  characterized	  by	  high	  
heat	   flows	  and	  high	  geothermal 	  gradients 	  below	   about	   500	   m	   depth	   (Blackwell 	  1989).	   This	  
discrepancy	   is 	  caused	  by	   the	  Snake 	  River	  aquifer	  –	   a	  massive	  aquifer	   system	   fed	  by	   the 	  Lost	  
River	   system	   north	   of	   Idaho	   Falls 	   that	   extends 	  under	   the	  plain	   and	   emerges 	  at	   Thousand	  
Springs,	   Idaho.	  Thermal 	  gradients 	  through	  the	  aquifer	  are	  staHc	  unHl	  the 	  base	  of	  the	  aquifer	  is	  
reached,	  then	  rise	  quickly	  at	  deeper	  levels	  in 	  the	  crust	  (e.g.,	  Blackwell 	  1989;	  Smith	  2004).	  Below	  
the	  aquifer	   along	   the	  axis	  of	  the	  plain,	   heat	  flow	  values 	  are 	  comparable	  to	  heat	   flow	  values	  
along	   the 	  margins	   of	   the	   plain	   or	   higher	   (75-‐110	   mW/m2-‐s;	   Blackwell 	   1989).	   Bo_om	   hole	  
temperatures	   for	   wells	   along	   the	  margins 	  of	   the	  plain	  near	   Twin	   Falls 	  are	   typically	   around	  
30-‐60ºC	  at	  400-‐600	  m	  depth	  (Baker	  and	  Castelin	  1990)	  and	  as	  high	  as 	  120ºC	  at	  2800	  m	  depth	  in	  
the	  axial	  region	  of	  the	  plain	  (Blackwell	  1989).	  This	  data	  are	  discussed	  on	  more	  detail	  below.	  

Average	  surface	  heat	  flow	  along	  the	  margins 	  of	  the 	  eastern	  SRP	   is 	  approximately	  100	  ±15	  
mWm-‐2	   for	   all 	  groupings.	   Sub-‐aquifer	   heat	   flow	  measured	  in	   the	  deep	  wells 	  USGS	  G2A	   and	  
INEL-‐1	   is	   ~107-‐110	   mWm-‐2	   -‐-‐	   roughly	   equivalent	   to	   that	   found	   on	   the	  margins,	   where	   the	  
aquifer	   has 	  li_le	  or	   no	   influence	   (Blackwell	  et	   al	  1992,	   pages	  40,	   49).	   Further,	   groundwater	  
temperatures	  along	   the	  central 	  volcanic	   axis	  become	  progressively	  elevated	  from	  ~8ºC	  along	  
the	  margins	  at	   the	  eastern	  end	  of	  the 	  SRP,	   to	  temperatures	  >15ºC	  west	  of	  the 	  Great	  RiX.	  The	  
heat	  required	  to	  change 	  groundwater	  temperatures	  in	  aquifer	  from	  8ºC	  to	  14.5ºC	  =	  287.3	  MW.	  
In	  contrast,	  surface 	  heat	  loss 	  above	  the 	  aquifer	  is	  only	  ~42.3	  MW.	  Thus 	  the	  total	  heat	  flux	  from	  
below	   the 	  aquifer	   is 	  329.6	  MW.	   The 	  heat	   flow	   required	  a 	  to	  achieve 	  this 	  flux	   =	  190	  mWm-‐2	  	  
(Blackwell	  et	  al	  1992,	  page	  51).	  
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The	  western	  SRP	  is	  also	  characterized	  by	   high	  geothermal 	  gradients.	  This 	  is 	  illustrated	  best	  
by	   two	  deep	  wildcat	  oil	  wells	  drilled	  along	  the	  margins	  of	  the 	  western	  plain.	  The	  BosHc	  1A	  well	  
was	  drilled	  on	   the	  north	  side 	  of	   the 	  western	  plain,	   east	   of	  Mountain	  Home.	   It	   produced	   a	  
bo_om	  hole	  temperature	  of	  195ºC	  at	  2900	  meters.	  It	  is 	  characterized	  by	  high	  heat	  flow,	  and	  a	  
posiHve	  geothermal	  gradient	   to	  TD.	   This 	  well	  was 	  later	   studied	  by	   a 	  group	  from	  Los 	  Alamos	  
NaHonal 	  Lab	  as 	  part	  of	  the 	  Hot	  Dry	  Rock	  Project	  (Arney	  1982;	  Arney	  et	  al 	  1982,	  1984).	  The	  2900	  
meter	   deep	  Anschutz	   Federal 	  well 	  was	   drilled	   on	   the 	   south	   side	   of	   the 	  graben.	   This 	  well	  
achieved	  a	  high	  temperature	  of	  125ºC,	  with	  the	  high	  temperatures	  at	  shallow	  depths 	  but	  not	  at	  
deeper	  levels,	  giving	  it	  a	  negaHve	  gradient	  at	  depth.	  

Geothermal 	  gradients	  for	  a	  selecHon	  of	  deep	  wells 	  in	  the	  SRP	  are	  shown	  in	  Figure	  3-‐15.	  The	  
highest	  thermal	  gradients 	  are	  observed	  in	  two	  western	  SRP	  wells:	  BosHc	  1A	  and	  Oreida-‐1;	  these	  
steep	  conHnuous	  gradients 	  are	  essenHally	   conducHve 	  and	  show	  no	  sign	  of	  convecHve	  cooling.	  
The	  1986	  geothermal 	  test	  well 	  on	  Mountain	  Home	  AFB	  (MH-‐1)	  follows	  a	  similar	  steep	  gradient	  
but	  terminates 	  at	  1300	  m	  depth	  (4404	  feet).	  The	  MH-‐1	  gradient	  is 	  non-‐equilibrium	  and	  thus	  can	  
be	  expected	  to	  increase	  in	  temperature	  over	  Hme	  at	  depth.

Figure	   3-‐15.	   Comparison	   of	   measured	   geothermal	   gradients 	   in	  
selected	   deep	   wells	   from	   the	   Snake	   River	   Plain,	   including	   both	  
equilibrated	  and	  unequilibrated	  wells.	  From	  Blackwell	  et	  al	  1992.	  
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Anderson	  Camp	  (ANDCMPWW)	  is	  the	  closest	  well	  to	  Kimberly;	  it	  follows	  a	  high	  temperature	  
gradient	  similar	  to	  BosHc	  1A	  and	  MH-‐1,	  though	  it	  is	  much	  shallower.	  This	  led	  us	  to	  expect	  that	  
Kimberly	  to	  have	  a	  higher	  gradient	  and	  higher	  bo_om	  hole	  temperatures	  because	  it	  lies	  south	  
of	  the	  river	  and	  outside	  the	  influence	  of	  the	  Snake	  River	  aquifer.	  

WELL	  LOGS	  

All 	  water	  wells 	  drilled	  in	  the	  State	  of	  Idaho	  are	  required	  to	  submit	  drilling	  and	  cuzng	  logs 	  to	  
the	  Idaho	  Department	  of	  Water	  Resources,	  which	  maintains 	  a 	  website 	  for	  accessing	  this 	  data.	  
The	  data 	  are	  simply	  scans	  of	  paper	  logs 	  filled	  in	  by	  hand,	  which	  must	  be	  transferred	  manually	  to	  
LogPlot®	   in	   order	   to	   evaluate	   the	   collated	   data.	   Data	   quality	   is	   variable,	   from	   actual	  
idenHficaHon	  of	   rock	   types	  to	  “hard	  red	  rock”	   and	   “soX	   brown	  rock,”	  with	  all 	  gradaHons 	  in	  
between.	   Nonetheless,	   most	   logs 	  disHnguish	  basalt,	   rhyolite,	   and	  sediment	   of	   various 	  kinds	  
(sand,	  mud),	   so	  it	   is 	  possible	  to	  get	   a 	  general 	  sense	  of	   local 	  straHgraphy	   from	  these	   logs.	   In	  
addiHon,	   many	   of	   the	   logs 	   contain	   informaHon	  on	  water	   temperature,	   especially	   for	   wells	  
drilled	   in	   the	   Twin	  Falls 	  Geothermal	  District	   -‐-‐	  many	   of	  which	   are	   drilled	   for	   passive	   space	  
heaHng.	  

Well	  log	  data 	  for	  oil 	  and	  gas	  wells	  are	  maintained	  by	  the	  Idaho	  State	  Department	  of	  Lands.	  
These	  data	  are	  more	  complete	  and	  of	  higher	  quality,	  but	  none	  of	  the	  wells 	  were 	  close 	  enough	  
to	  our	  target	  areas	  to	  provide	  useful	  guidance.	  

We	  focused	  our	  efforts	  on	  water	  wells 	  around	  the	  axial 	  volcanic	   zone	  (near	   Kimama)	  and	  
those	   in	   the 	  Twin	  Falls 	  Geothermal 	  District	   (near	   Kimberly).	   Data	   searches 	  were	   conducted	  
secHon	  by	   secHon,	   as 	  larger	   searches	  (e.g.,	  by	   county)	  returned	  too	  much	  data,	   or	   truncated	  
data	  records.	  Data 	  searches 	  in	  the	  Kimama	  area 	  proved	  to	  be	  unhelpful,	  because	  there 	  are 	  few	  
water	  wells 	  in	  this 	  area 	  (much	  of	  it	  unfarmable),	  and	  because 	  few	  wells	  exceed	  300-‐400	  feet	  in	  
depth.	  The	  deepest	  wells 	  near	  Kimama	  for	  which	  records	  are	  available 	  are 	  ~700	  feet	  deep,	  and	  
almost	  enHrely	   in	  basalt	  (as	  expected).	  Data	  searches 	  in	  the 	  Twin	  Falls	  area	  were	  more	  frui|ul,	  
as 	  there	  a 	  many	  passive 	  geothermal 	  wells 	  that	  range	  in	  depth	  from	  ~1400	  to	  2200	  feet	  (Figure	  
3-‐16).	  These	  well 	  logs	  establish	  depth	  to	  the 	  basalt-‐rhyolite	  contact,	  and	  show	  that	  significant	  
sedimentary	   interbeds 	  are	   present	   within	   the	   rhyolite	   secHon.	   They	   also	   establish	   a	  water	  
temperature	  of	  ~37-‐42ºC	  these 	  wells,	  at	  depths 	  up	  to	  2200	  feet	  (Figure	  3-‐16),	  suggesHng	  that	  
significantly	  higher	  temperatures	  might	  be	  encountered	  at	  depth	  (though	  they	  were	  not!).	  

In	  the	  end	  we 	  had	  only	  two	  wells 	  that	  provided	  deep	  records 	  along	  the	  axial 	  volcanic	  zone:	  
the	  5000	  foot	  (1500	  m)	  WO-‐2	  well 	  at	  the	  Idaho	  NaHonal	  Laboratory,	  and	  the	  1125	  foot	  (343	  m)	  
Wendell 	  RASA	  (Regional	  Aquifer	  Study	  Area)	  well	  near	  Wendell,	  Idaho	  (Figure 	  3-‐1).	  Neither	  well	  
is 	  parHcularly	   close 	  to	  the 	  Kimama	  drill 	  site.	   The	  1500	  m	  WO-‐2	  well 	  is	  most	   similar	   what	  we	  
expected	  to	  encounter:	  about	  1200	  m	  of	  basalt	  with	  minor	  sediment	  intercalaHons,	  bo_oming	  
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into	  300	  m	  of	  rhyolite.	  The	  Wendell 	  RASA	  well 	  secHon	  consists 	  of	  two	  basalt	  secHons	  separated	  
by	  a 	  fluvial 	  sediment	  layer,	  all 	  sizng	  on	  older	  sediments 	  (Figure 	  3-‐17).	  The	  esHmated	  age	  of	  the	  
lower	  basalts	  is 	  circa	  4.5	  Ma,	  based	  on	  paleomagneHc	   reversals,	   comparable 	  to	  some	  of	  the	  
oldest	  basalts	  exposed	  on	  the	  surface	  in	  this	  area.	  
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Figure	  3-‐16.	  Wells	  logs	  and	  temperatures	  for	  passive	  geothermal	  wells	  in	  Twin	  Falls	  city	  
(top)	  and	  Kimberly	  area	  (bo_om).	  
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Based	  on	   the	  depth	  of	   the	  basalt-‐rhyolite 	  contact	   in 	  WO-‐2,	   and	  the	  age	  of	   the	  deepest	  
basalts	  in	  Wendell 	  RASA,	  we	  esHmated	  that	  we	  would	  encounter	  the 	  basalt-‐rhyolite 	  contact	  in	  
the	  Kimama	  well 	  between	  3300	   to	  4000	   feet	   (1000-‐1200	  m)	   depth.	   To	  provide	  a 	  margin	  of	  
uncertainty,	  we	  budgeted	  the	  Kimama	  hole	  based	  on	  an	  inferred	  straHgraphy	  with	  4000	  feet	  of	  
basalt	   (1200	  m),	   penetraHng	  1000	  feet	   (300	  m)	   into	  basement,	   for	  a 	  total 	  budgeted	  depth	  of	  
5000	  feet	  (1500	  m).	  

Figure	  3-‐17.	  Comparison	  of	  inferred	  Kimama	  straHgraphy	  with	  that	  observed	  at	  WO-‐2	  (Idaho	  
NaHonal	  Lab)	  and	  Wendell	  RASA	  (USGS,	  near	  Wendell,	  Idaho).	  See	  Figure	  3-‐1	  for	  locaHons.	  
Note	  that	  our	  actual	  secHon	  at	  Kimama	  differed	  significantly	  from	  this	  model.	  Not	  to	  scale.	  
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At	  Mountain	  Home,	  we 	  had	  the	  advantage	  to	  of	  having	  the 	  1988	  MH-‐1	  well,	  drilled	  ~5	  km	  
east	   of	   our	   proposed	   site,	   plus 	  the	  2900	   m	  BosHc	   1A	   well,	   located	   much	   farther	   east	   but	  
sampling	  a 	  significantly	   thicker	   secHon,	  and	  bo_oming	  in	  rhyolite	  (Figure	  3-‐18).	  Both	  logs	  are	  
characterized	   by	   an	   upper	   most	   basalt	   secHon	   overlying	   a 	   thick	   lacustrine	   sedimentary	  
sequence,	   with	   episodic	   lava 	  flows.	   Beneath	   the	   lacustrine 	   sediments 	   are	   more	   volcanics,	  
dominantly	   basalt	   to	   about	   2500	   m,	  with	  rhyolite 	  below	   that.	   In	  detail,	   however,	   there	  are	  
some 	  significant	  differences,	  such	  as 	  how	  much	  basalt	  on	  top,	  and	  the	  overall 	  thickness 	  of	  the	  
lake	  secHon.	  We	  used	  MH-‐1	  as 	  a 	  general 	  model 	  to	  guide	  our	  drilling	  since 	  it	  lies	  relaHvely	  close	  
to	  MH-‐2,	  and	  sits	  in	  the	  same	  locaHon	  relaHve	  to	  the	  gravity	  anomalies	  
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Figure	   3-‐18.	   Comparison	   of	   well	   logs	   from	   two	   Mountain	  
Home	  area	  wells:	   the	  1988	  MH-‐1	  geothermal	  test	  well,	  and	  
the	  2900-‐meter	  deep	  BosHc	  1A	  well	  (Lewis	  and	  Stone,	  1988;	  
Arney	  et	  al,	  1982,	  1984).	  



CHAPTER	  4:	  

SITE	  CHARACTERIZATION	  AND	  SELECTION

John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

Three	  loca*ons	  were	  chosen	  for	  slim	  hole	  test	  wells	  as	  part	  of	  this	  project:	  Kimama	  1500	  m	  
target	  depth,	  Kimberly	  1800	  m	  target	  depth,	  and	  Mountain	  Home	  700	  m	  target	  depth.	  Each	  site	  
was	  selected	  with	  a	  specific	  objec*ve	  in	  mind.	  The	  Kimama	  site	  targeted	  high	  sub-‐aquifer	  heat	  
flow	  along	   the	   axial	   volcanic	   zone	   of	   the	   central	   SRP;	   the	   Kimberly	   site	   targeted	   the	   buried	  
margin	  of	  the	  Twin	  Falls	  erup*ve	  complex,	  located	  in	  an	  established	  passive	  geothermal	  district;	  
and	  the	  Mountain	  Home	  site	  targeted	  high	  thermal	  gradients	  in	  the	  western	  SRP	  along	  a	  steep	  
gravity	   gradient	   thought	   to	   represent	   the	   faulted	  margin	   of	   a	   buried	   hörst	   block.	   Sites	  were	  
selected	   based	   on	   the	   Phase	  1	   field	   studies	   and	   data	   compila*on.	   This	   chapter	   presents	   the	  
ra*onale	  for	  selec*ng	  each	  site,	  and	  characterizes	  their	  seSng.	  
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INTRODUCTION	  

Two	  new	  intermediate	  depth	  (1.9	  km)	  slim-‐hole	  exploraBon	  wells 	  were	  drilled	  in 	  the	  central	  
Snake	  River	  Plain	  near	  Twin	  Falls,	  Idaho,	  during	  Phase	  2	  of	  this 	  study,	  along	  with	  a 	  third	  1.8	  km	  
well	  on	  Mountain	  Home	  AFB	  in	  the	  western	  SRP	  graben.	  These 	  wells 	  were 	  used	  to	  validate 	  the	  
surface 	  and	  geophysical 	  studies	  of	  Phase	  1	   in	  order	  to	  further	  constrain	  the 	  extent	  and	  quality	  
of	  the	  geothermal 	  resources 	  in	  this	  region.	  LocaBons	  for	  these 	  wells 	  were	  chosen	  using	  the	  field	  
studies 	  and	  data 	  compilaBons	  discussed	  in	  Chapter	  3	  of	  this 	  report.	   Each	  site	  was 	  selected	  to	  
represent	   a 	   disBnct	   seVng	   within	   the	   Snake	   River	   volcanic	   province	   (axial 	   volcanic	   zone,	  
margin,	  and	  western	  SRP	  graven).	  

The	  new	  central 	  SRP	  holes 	  were	  located	  west	  of	  the	  Great	  RiY	  and	  NE	  of	  Twin	  Falls,	  Idaho,	  
and	  close	  together	   longitudinally	   so	  that	  they	   overlie	  similar	   age	  and	  composiBon	  basement.	  
The	  1912	  m	  deep	  Kimama	  well 	  was	  sited	  to	  test	  the	  extent	  of	  geothermal	  resources	  along	  the	  
axis 	  of	  the	  plain,	  beneath	  the	  Snake 	  River	  aquifer,	  in	  an	  area	  where	  the	  enhanced	  volcanism	  of	  
the	   axial	   volcanic	   high	   and	   elevated	   groundwater	   temperatures 	   imply	   a 	   significant	   flux	   of	  
conducBve	  or	   advecBve	  heat	   flow	  from	  below	   (e.g.,	  Smith	  2004;	   Smith	   et	   al,	  2002).	  Fracture	  
systems	  here	  may	  be	  related	  to	  the	  volcanic	  riY	  zones	  or	  Basin	  and	  Range	  extension.

The	   1958	   m	   deep	   Kimberly	   well 	  was 	  sited	   to	  evaluate	   geothermal 	   resources 	  along	   the	  
margins	  of	  the	  plain,	  focusing	  on	  a	  buried	  caldera 	  complex	  and	  the	  ring-‐fractures 	  that	  define 	  its	  
margins.	   High	   measured	   heat	   flow	   along	   the	   margins 	   of	   the 	   plain	   suggest	   that	   thermal	  
resources 	   are	   closer	   to	   the	   surface	   but	   the	   shallow	   resources 	   may	   be 	   more 	   prone	   to	  
disturbance 	  by	  excessive	  pumping	  (BroZ	  et	  al	  1981;	  Lewis	  and	  Young	  1989).	  The	  Kimberly	  site 	  is	  
located	  in	  an	  exisBng	  thermal 	  water	  district	  characterized	  by	  numerous 	  low	  temperature	  wells	  
(~40ºC)	  that	  are	  used	  for	  passive	  space	  heaBng.	  

The	  1812	  m	  deep	  Mountain	  Home	  AFB	  test	   hole 	  is 	  sited	  on	  the	  margin	  of	  a 	  buried	  horst	  
block	   in	  the	  western	  SRP	   graben	  system	  (Shervais 	  et	   al 	  2002;	  Wood	  and	  Clemens	  2002),	   in	  a	  
seVng	   similar	   to	   the	   Basin-‐and-‐Range	  province.	   This 	   site 	  was	   also	   chosen	   because 	   it	   may	  
provide	  a	  geothermal	  energy	  resource	  to	  the	  US	  Air	  Force.	  

KIMAMA	  –	  ELEVATED	  HEAT	  FLUX	  UNDER	  THE	  VOLCANIC	  AXIS	  

The	  primary	   goal	  of	   the	  Kimama	  drill 	  site 	  was 	  to	  test	   the	  extent	  of	  geothermal 	  resources	  
along	   the	   axis 	   of	   the	   plain,	   beneath	   the	   Snake	   River	   aquifer,	   in	   an	   area	   where	   elevated	  
groundwater	   temperatures 	  imply	   a 	  significant	   flux	   of	  conducBve	  or	  advecBve 	  heat	  flow	  from	  
below	   (e.g.,	   Smith,	   2004).	   The	  use	   of	   shallow	   temperature	   gradient	   drill 	  holes	   to	   define	   a	  
thermal 	  anomaly	   is 	  not	  a	  meaningful 	  test	  in	  this 	  situaBon	  because	  of	  the 	  refrigeraBon	  effect	  of	  
the	  massive	  shallow	  groundwater	  flow.	  
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This 	   site 	  was	   chosen	   because	   it	   sits	   on	   an	   axial 	   volcanic	   zone 	   that	   is 	  defined	   by	   high	  
topography	   to	  the 	  east	   (Figure	  3-‐1)	  and	  by	   electrical 	  resisBvity	   (ER)	  logs 	  that	   define	  a	  buried	  
keel	  of	  basalt	  underlying	  the	  topographic	  high	  (Figure	  3-‐14).	   The	  ER	   logs	  define	  the 	  depth	  to	  
saturated	   basalt	   –	   generally	   interpreted	   to	   represent	   the 	  base 	  of	   the	   younger	   Quaternary	  
basalts,	  and	  excluding	  older	  Pliocene	  basalts 	  which	  have	  limited	  porosity	  (e.g.,	  Lindholm	  1996).	  
Based	  on	  these 	  ER	  logs	  and	  nearby	  wells,	  the 	  depth	  to	  base	  of	  Pleistocene	  basalt	  at	  the 	  Kimama	  
site	   is 	  about	   850	  m	   (2800	   feet).	   For	   comparison,	   the	  WO-‐2	   borehole 	  on	  the 	  Idaho	  NaBonal	  
Laboratory	  (INL)	  site 	  is 	  located	  on	  the	  same	  ER	  depth	  contour,	  and	  sampled	  1200	  m	  (3900	  feet)	  
of	   basalt	   (Figure	   3-‐14).	   The	   basalt	   thickness 	  esBmated	   from	   ER	   measurements 	  most	   likely	  
corresponds 	  very	   approximately	   to	  the	  base	  of	   the	  Snake	  River	   aquifer,	   which	   is 	  sealed	  by	  
authigenic	   mineralizaBon	   of	   the	   older	   basalts	   that	   seals 	  off	   permeability	   (e.g.,	   Morse	   and	  
McCurry	   2002).	   The	   Wendell-‐RASA	   borehole,	   situated	   near	   the 	   500	   m	   ER	   depth	   contour,	  
encountered	   335	   m	   (1100	   feet)	   of	   basalt	   plus	   sediment,	   but	   did	   not	   encounter	   rhyolite	  
basement	  (Figure	  3-‐17).	  

Detailed	   assessments 	  of	   groundwater	   temperatures	   and	   flow	   paths 	  beneath	   the 	   Idaho	  
NaBonal 	  Lab	   and	   adjacent	   areas 	  have	  been	  made	  by	   Smith	   (2004),	   Smith	   et	   al	   (2002),	   and	  
McLing	  et	  al	  (2002).	   They	   show	  that	  the	  base	  of	  the 	  Snake	  River	  aquifer	  varies 	  from	  200	  m	  to	  
500	  m	  depth,	  based	  on	  the 	  inflecBon	  depth	  of	  groundwater	  temperatures	  in	  deep	  wells,	  which	  
change	  from	  isothermal 	  within	  the	  aquifer	   to	  conducBve	  below	  the	  aquifer	  (Figure 	  3-‐7).	  Thick	  
porBons	  of	  the 	  aquifer	  correspond	  to	  massive	  inputs 	  of	  cold	  water	  from	  (1)	  the	  combined	  Snake	  
River-‐Henrys 	  Fork	  River	   drainages 	  and	   (2)	   the	  Centennial 	  Mountains,	   including	   the	  Big	   Lost	  
River,	  Lijle	  Lost	  River,	  and	  Birch	  Creek	  drainages	  (Figures	  3-‐1	  and	  3-‐8).	  

This 	  flux	  of	  cold	  water	  is 	  concentrated	  in	  groundwater	  plumes 	  that	  follow	  the	  southern	  and	  
northern	  margins 	  of	  the 	  Snake 	  River	  Plain,	  paralleling	  flow	  of	  the 	  Snake 	  River	  (in	  the	  south)	  and	  
the	  Lijle	  Wood	  River	  (in	  the	  north),	  and	  skirBng	  the	  thick	  axis 	  of	  basalt	  volcanism	  that	  underlies	  
the	  central 	  volcanic	  axis 	  of	  the 	  plain	  (Figure 	  3-‐8).	  Groundwater	  temperatures 	  form	  a	  linear	  high	  
along	  the	  central 	  axis 	  of	  the	  Snake	  River	  Plain	  that	  corresponds 	  with	  both	  the 	  axial 	  topographic	  
high	  and	  the 	  axial 	  volcanic	   keel 	  (Smith	   2004;	  McLing	   et	   al	  2002).	   The	  elevated	  groundwater	  
temperatures	  are	  especially	  remarkable	  in	  light	  of	  the 	  massive	  flow	  of	  cold	  water	  documented	  
by	  deep	  wells 	  and	  by	  cold	  springs 	  that	  emerge	  from	  the	  aquifer	  west	  of	  Twin	  Falls.	  As 	  discussed	  
in	  Chapter	  3,	  it	  requires 	  over	  287	  MW	  of	  heat	  flux	  to	  raise 	  the	  groundwater	  temperature	  from	  
8ºC	  to	  14.5ºC	  (Blackwell	  et	  al	  1992).	  Since	  over	  42	  MW	  are	  lost	  above	  the 	  aquifer,	  a 	  total 	  flux	  of	  
329	  MW	  is	  required;	  this	  translates	  to	  a	  heat	  flow	  of	  ~190	  mW/m2	  (Blackwell	  et	  al	  1992)!	  

The	  conceptual 	  model 	  for	   this 	  process 	  is 	  shown	  in	   Figure	  3-‐9,	   taken	   from	   Smith	   (2004),	  
which	  depicts	  a 	  longitudinal 	  profile 	  along	  the 	  axis	  of	   the	  central 	  and	  eastern	  SRP.	  Cold	  water	  
enters	  the 	  system	  from	  the	  surrounding	  mountains,	  fed	  by	  major	  river	  systems 	  from	  the	  north,	  
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east	  and	  southeast.	  This 	  plume 	  of	  cold	  water	  is	  gradually	  heated	  from	  below	  by	  the	  high	  plume-‐
derived	  heat	  flux,	  which	  is 	  focused	  under	  the 	  axis 	  of	  the	  plain	  (Figure	  3-‐9).	  The	  axial 	  heat	  flux	  is	  
enhanced	  by	   the	  intrusion	  of	  the 	  mid-‐crustal 	  sill 	  complex,	  which	  advects 	  heat	   into	  the 	  middle	  
crust	  as	  magma,	  and	  conBnuously	  releases	  latent	  heat	  of	  fusion	  as	  the	  sills 	  cool 	  and	  crystallize	  
(Shervais	  et	  al	  2006b).	  

We	  selected	  the	  Kimama	  site	  for	  several	  reasons,	  based	  on	  the	  analysis 	  above.	  First,	  it	  sits	  
within	  the	  an	  area 	  that	  has	  a 	  high	  concentraBon	  of	  Quaternary	  volcanic	  vents.	  Second,	  it	  sits 	  on	  
the	  Axial	  Volcanic	  Zone	  where	  heat	  from	  the 	  underlying	  mantle 	  plume	  and	  sill 	  complex	  should	  
be	  highest.	   Third,	  it	   sits 	  above 	  the	  elongated	  plume	  of	  warm	  ground	  water	  defined	  by	  Smith	  
(2004),	  which	  shows 	  that	   this 	  heat	   is 	  being	  advected	  to	  the	  surface.	  Finally,	   as 	  shown	  in	  the	  
following	  secBon,	  it	  appears 	  to	  sit	  above	  the	  eastern	  margin	  of	  a 	  buried	  caldera	  complex,	  which	  
may	  provide	  enhanced	  pathways	  for	  heat	  transport	  along	  its	  ring	  fracture	  system.	  

Our	  budgeted	  depth	  for	  the	  Kimama	  drill 	  hole	  was	  1500	  m,	  in	  order	  to	  penetrate 	  the	  Snake	  
River	   Regional 	  Aquifer	   and	  well 	  into	   the 	  underlying	   volcanic	   rocks.	   We	  esBmated	  the	  basalt	  
thickness 	  at	  about	  1200	  m,	  similar	  to	  hole	  WO-‐2	  at	  the	  Idaho	  NaBonal 	  Laboratory	  site,	  or	   less	  
(Figure	  3-‐17).	  This	  proved	  to	  be 	  incorrect;	  even	  aYer	  drilling	  to	  1912	  m	  depth,	  we	  had	  sBll 	  not	  
intercepted	  rhyolite 	  basement.	   However,	   the	  abundance	  of	   fluvial 	  and	   lacustrine	  sediments	  
near	  the	  bojom	  of	  the	  hole 	  suggest	  that	  we	  were	  relaBvely	  close 	  to	  the	  basalt-‐rhyolite 	  contact,	  
based	  on	  results	  from	  the	  Kimberly	  hole.	  

	  Our	  selected	  locaBon	  is	  on	  private 	  land	  located	  just	  north	  of	  the	  former	  Kimama 	  township	  
site	  (Figure 	  4-‐1).	  This 	  site	  was 	  chosen	  because	  it	  sites 	  squarely	  on	  the	  keel 	  of	  the 	  axial	  volcanic	  
high;	  it	   is	  not	  too	  far	  east	  of	  the 	  proposed	  rhyolite 	  site	  at	  Kimberly,	  and	  it	  is 	  about	  40	  km	  west	  
of	   the	  Great	   RiY	   –	   a	  volcanically	   acBve	  riY	   zone	  with	   anomalous	  crust	   that	   has 	  likely	   been	  
affected	  by	   hydrothermal 	  circulaBon	   (Kuntz	   et	   al	   1982).	   Note	   that	   the	  Great	   RiY	   lies 	  within	  
Craters	  of	  the	  Moon	  NaBonal	  Monument,	  and	  is	  off-‐limits	  to	  development.	  

The	  Kimama	  site 	  was	  also	  chosen	  for	   its	  logisBcal 	  advantages:	   it	   is 	  located	  off	  of	   a	  wide,	  
well-‐graded	  gravel 	  road	  less 	  then	  half	  a 	  mile 	  from	  paved	  highways,	  about	  25	  miles 	  north	  of	  a	  
major	  town	  (Burley).	  This	  allows	  us 	  to	  house	  the	  drillers	  and	  science	  crews	  in 	  local	  motels,	   so	  
we 	  do	  not	  have	  to	  provide	  lodging	  and	  meals 	  onsite.	  The 	  site	  has 	  an	  exisBng	  power	  line 	  and	  the	  
landowner	  has 	  contracted	  to	  provide	  a	  power	  drop	  to	  our	  office	  and	  lab	  trailers,	  so	  that	  we 	  did	  
not	  need	  to	  use 	  diesel 	  generators 	  for	  electric	  power.	   The	  owner	  has	  also	  contracted	  to	  drill 	  a	  
water	  well 	  on	  the 	  property	  so	  that	  we	  did	  not	  have	  to	  lease	  a 	  water	  truck,	  purchase	  water	   in	  
town,	   and	  truck	   it	   to	  the	  site.	   The 	  site	  is 	  favorably	   located	  for	   development	   of	  a 	  geothermal	  
resource.	  
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The	  site	  has 	  been	  disturbed	  by	   previous 	  development,	   including	   the	  construcBon	  of	   two	  
airstrips 	  for	   crop	   dusters	   (one	   is	   currently	   acBve 	  but	   the	  other	   has 	  been	   abandoned),	   and	  
several 	  dirt	   or	  gravel 	  roads 	  that	   cross 	  the	  property.	  No	  endangered	  species 	  are	  present,	   and	  
there	  are	  no	  culturally	  significant	  arBfacts,	  as 	  determined	  by	   consultants 	  at	  USU	  Archeological	  
Services,	  Inc.,	  who	  conducted	  cultural 	  and	  biological 	  surveys 	  in	  July	  2010.	  A	  copy	  of	  their	  report	  
was	  transmijed	  to	  DOE.	  
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Figure	   4-‐1.	   Detailed	   loca9on	   map	   of	   the	   Kimama	   drill	   site,	  
Lincoln	  County,	  Idaho.	  Drill	  site	  loca9on	  shown	  by	  green	  derrick	  
symbol.	  BLM	  guard	  sta9on	  shown	  a	  yellow	  house.	  



KIMBERLY	  –	  UP-‐FLOW	  ALONG	  A	  BURIED	  CALDERA	  MARGIN

The	  primary	  goal 	  of	  the 	  Kimberly	  drill 	  hole	  is 	  to	  assess 	  the	  geothermal	  potenBal 	  of	  up-‐flow	  
zones	  along	  a 	  buried	  caldera	  margin.	  The	  large 	  number	  of	  shallow	  geothermal 	  wells 	  in	  the 	  Twin	  
Falls 	  area 	  makes 	  this 	  area	  one	  of	  the	  best	  characterized	  straBgraphically,	  and	  a	  prime	  locaBon	  
to	  explore	  for	  higher	  temperature 	  resources	  at	  depth	  (Street	  and	  deTar,	  1987;	  Lewis	  and	  Young,	  
1989;	   Baker	   and	  Castelin,	  1990).	   The 	  proposed	  drill 	  site	   lies	  south	  of	  the	  Snake	  River	   where	  
groundwater	   flow	  is 	  dominated	  by	   water	   that	   originates 	  in	  the 	  mountains	  to	   the	  south,	   and	  
penetrates	  deeply	   into	   the	  crust	   where 	  it	   is 	  heated	  before 	  upwelling	   in	   the 	  Twin	   Falls 	   low-‐
temperature	   geothermal 	   district	   (Street	   and	   deTar,	   1987;	   Baker	   and	   Castelin,	   1990).	  
Geothermal 	  wells 	  in	  the	  Twin	  Falls	  Groundwater	  Management	  Area 	  range 	  in	  temperature	  from	  
around	  30ºC	  to	  72ºC,	  with	  the	  highest	  temperature	  occurring	  along	  the	  Buhl-‐Berger	  lineament.	  
High	   temperatures 	  are	   also	   found	   in	   the 	  Kimberly	   area 	   (up	   to	   55ºC)	   near	   the	   site	   of	   our	  
proposed	  deep	  well	  (Baker	  and	  Castelin,	  1990).	  

StraBgraphy	   in	  the	  Twin	  Falls 	  area	  is 	  well-‐defined	  by	  exposed	  secBons 	  and	  by	  well 	  data	  that	  
extend	  to	  depths 	  of	  700	  m	  below	  surface	  (mbs).	  The	  oldest	  volcanic	  rocks 	  in	  region	  are	  ash	  flow	  
tuffs	   and	   pyroclasBc	   deposits 	   of	   the	   Idavada	   Group	   (circa	   10-‐12	   Ma);	   these 	   have	   been	  
subdivided	  into	  more	  detailed	  local 	  units,	  but	  may	  be	  conveniently	  grouped	  together	  here	  for	  
discussion	  (e.g.,	  Street	  and	  DeTar	  1987;	  McCurry	  et	  al,	  1996;	  Bonnichsen	  et	  al	  2008).	  These	  are	  
commonly	   overlain	  by	   fine-‐grained	  lacustrine 	  sediments	  (mudstone,	   shale,	   siltstone)	  that	  are	  
generally	  correlated	  with	  the	  Glenns	  Ferry	  FormaBon	  (Street	  and	  DeTar	  1987).	  

Overlying	  this 	  in	  places 	  is 	  the	  Twin	  Falls 	  rhyolite,	  also	  known	  as	  the 	  Shoshone	  Falls	  rhyolite,	  
a 	  circa	  4.5	  Ma 	  lava	  flow	  that	   is 	  exposed	  in	  the	  Snake	  River	  Canyon	  from	  Shoshone	  Falls 	  in	  the	  
east	  to	  west	  of	  the 	  Perrine 	  Bridge	  in 	  Twin	  Falls 	  (Bonnichsen	  et	  al	  2008).	  The	  Twin	  Falls 	  rhyolite	  
lava 	  flow	  varies	  from	  zero	  to	  150	  m	  thick.	  Where	  it	  is 	  exposed	  in	  the 	  Snake	  River	  Canyon	  north	  
of	   Twin	  Falls,	   the 	  upper	   surface 	  is 	  an	   exhumed	  paleo-‐flow	   top	  marked	  by	   ogives 	  and	   ramp	  
structures.	  We	  interpret	   this 	  unit	   to	  represent	   a	  post-‐caldera	  rhyolite 	  flow	  erupted	  from	   ring	  
fractures 	  along	  a 	  caldera 	  margin	  that	   is 	  now	  buried	  by	   younger	   basalt	  flows.	   Similar	   caldera-‐
margin	  lavas 	  are	  well-‐known	  in	  other	  erupBve	  centers,	  most	  notably	   the 	  Yellowstone	  caldera	  
(e.g.,	  Chris*ansen,	  2001).	  These	  ring	  fractures	  are	  our	  proposed	  target	  for	  fluid	  up-‐flow.	  

This 	  sequence 	  is 	  overlain	  by	  100-‐300	  m	  of	  basalt,	  commonly	  with	  a 	  thin	  horizon	  of	  fine-‐	  to	  
medium	  grained	  fluvial 	  sediments	  separaBng	  the 	  rhyolite	  from	  the	  basalt.	  Where	  the	  Twin	  Falls	  
rhyolite 	  lava 	  flow	   is 	  not	   present,	   lake 	  sediments	  conBnue	  upwards 	  to	  the	  base	  of	  the 	  basalt.	  
This 	  succession	   is 	  well-‐documented	   in	  water	  wells	  and	  geothermal 	  wells 	  through	  the 	  region,	  
with	  the	  contact	  of	  “rhyolite”	  underlying	  sediment	  (all 	  that	  can	  be	  discerned	  from	  most	  drillers	  
records)	  varying	  in	  elevaBon	  from	  as	  low	  as	  2300	  feet	  above 	  sea 	  level 	  (650	  m	  asl)	  to	  a	  high	  of	  
3400	  feet	  asl	  (1100	  m	  asl)	  (Figure	  3-‐16).	  
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We	  have	  compiled	  and	  mapped	  surface	  structural 	  elements 	  in 	  a 	  region	  surrounding	  Twin	  
Falls 	  between	  about	   longitudes	  114ºW	  and	  115.6ºW	  and	  laBtudes 	  42º-‐43ºN	  (Figure	  3-‐4).	  Our	  
base 	  map,	  as	  described	  previously,	  is 	  derived	  from	  a 	  NASA	  10	  m	  resoluBon	  DEM	  for	  the	  United	  
States	   (hjp://seamless.usgs.gov/index.php),	   contoured	   with	   10	   m	   contour	   intervals 	   in	  
GeoMapApp	   (Goodwillie	   and	   Ryan,	   2009).	   The	   resulBng	   contour	   map	  was 	  combined	  with	   a	  
greyscale 	  shaded	  relief	   image	  from	  the	  same	  10	  m	  data,	  with	  the 	  maps	  in	  separate	  layers 	  to	  
enable	  toggling	  between	  them.	   Lineaments 	  were	  idenBfied	  from	  exisBng	  geologic	  maps,	   from	  
lineaBons 	  in	  the	  shaded	  relief	  map,	  or	  from	  offsets 	  in	  contours	  that	  define 	  lineaments 	  (Figure	  
3-‐4).	  Using	  the	  live	  GeoMapApp	  projecBon,	  sun	  illuminaBon	  angles 	  were 	  altered	  to	  enhance	  the	  
visibility	  of	  lineaments	  with	  different	  orientaBons.	  

The	  lineaments 	  form	  three	  groups,	  based	  on	  orientaBon	  and	  locaBon	  (Figure 	  3-‐4).	  West	  of	  
Buhl 	  and	  north	  of	   the	  Bruneau-‐Jarbidge	  erupBve	  center,	   the	  lineaments 	  trend	  approximately	  
275º-‐285º,	  or	  roughly	  parallel 	  to	  range	  front	  faults 	  in	  the	  western	  SRP	  (e.g.,	  Shervais	  et	  al	  2002;	  
Wood	  and	  Clemens,	  2002).	  Lineaments	  with	  these	  trends	  also	  form	  the 	  northern	  border	  of	  the	  
Bruneau-‐Jarbidge	  erupBve 	  center	   (Bonnichsen	   et	   al	   2008).	   South	  and	  west	  of	  this 	  region,	  the	  
lineaments	  trend	  more	  northerly	  (~325º),	  including	  those	  within	  the	  Bruneau-‐Jarbidge	  erupBve	  
center	   (Figure 	  3-‐4).	   This	   includes 	  the 	  Buhl-‐Berger	   lineament	   idenBfied	  by	   Street	   and	   DeTar	  
(1987),	  which	  cuts	  Berger	  Buje	  and	  may	   control 	  its 	  elongate	  shape.	  Finally,	  lineaments 	  in	  the	  
Cassia	  Mountains	  and	   in	   the	  Rogerson	   graben	   trend	   ~NS	   to	   005º,	   more	   or	   less	   parallel 	  to	  
regional 	  basin	  and	  range	  trends.	  There 	  are	  some	  excepBons	  to	  these	  groups:	  Hansen	  Buje	  near	  
Kimberly	   appears	  to	  be	   cut	   by	   an	  EW-‐trending	   fault,	   and	  there	  are	  many	   small 	  cross-‐faults	  
within	  the	  Cassia	  Mountains.	  

Overall,	  the	  pajern	  suggests 	  a	  transiBon	  from	  western	  SRP	  orientaBons 	  in	  the	  NW	  to	  Basin-‐
and-‐Range	  orientaBons 	  in	   the	  south.	   For	   the	  most	   part	   these	   lineaments	  can	  be	   shown	   to	  
represent	  normal 	  faults	  that	   offset	   topography,	   and	  many	   form	   small 	  grabens 	  that	   can	  be	  in	  
both	  the 	  topographic	  map	  and	  in	  the	  shaded	   relief	  map.	  The	  lineaments 	  are	  more	  common	  
where	  the	  underlying	  basement	  rock	  is	  older	  (rhyolite,	  lake 	  sediments,	  or	  Paleozoic	  sediments),	  
less	  common	  where	  underlain	  by	   TerBary	   basalt,	   and	  essenBally	   absent	   in	  areas	  covered	  by	  
Quaternary	  basalts.	   This	  relaBonship	  implies 	  that	   the	  faulBng	   itself	   is 	  older	   than	  Quaternary,	  
and	  most	  likely	   formed	  coevally	  with	  the	  western	  SRP	  graben	  and	  Basin-‐and-‐Range	  extension.	  
We	  note,	  however,	  that	  the	  absence	  of	  surface	  manifestaBons 	  of	  these	  faults	  in	  the	  Quaternary	  
basalts	  does 	  not	  mean	  that	  they	  are	  absent	  in	  the 	  subsurface.	  Indeed,	  it	  seems 	  likely	   that	  since	  
some 	  faults	  are	  present	  in	  the	  late	  Pliocene	  age 	  basalts,	  faulBng	  conBnued	  up	  to	  the 	  Pliocene-‐
Pleistocene	  boundary,	   and	  that	   faults 	  with	  these	  same	  orientaBons	  are	  likely	   to	  underlie 	  the	  
younger	   Quaternary	   basalts.	   The	   orientaBon	   of	   Rock	   Creek	   Canyon	   south	   of	   Twin	   Falls 	   is	  
subparallel 	  to	  the	  Berger	  Buje 	  trend,	  suggesBng	  that	  the	  course	  of	  this 	  creek	  is 	  itself	  control 	  by	  
pre-‐exisBng	  fractures.	  
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Also	  shown	  on	  the	  10	  m	  DEM	   topographic	  map	  are	  measured	  flow	  direcBons 	  for	   ash-‐flow	  
tuffs	  in	   the 	  Cassia	  Mountains,	   as 	  mapped	  by	  McCurry	   et	   al	   (1996),	   along	   with	   the	  southern	  
extent	   of	  these 	  ash-‐flow	  sheets	  (Figure	  3-‐4).	  These	  flow	  direcBons 	  are 	  based	  on	  hundreds	  of	  
field	  measurements	  and	  document	   clearly	   a 	  source	  vent	   located	  north	  of	   the 	  central 	  Cassia	  
Mountains,	   in	  the	  vicinity	   of	  Kimberly,	  Idaho.	  As 	  we	  noted	  earlier,	  post-‐caldera 	  rhyolite	  flows	  
are	   exposed	   in	   the	   Snake	   River	   Canyon	   NW	   of	   Kimberly,	   suggesBng	   that	   the 	  now	   buried	  
southern	   margin	   of	   the	   caldera 	   vent	   which	   erupted	   these	   ash	   flows	   is 	   somewhere 	   near	  
Kimberly,	  and	  that	  the	  central	  vent	  lay	  somewhere	  north	  of	  Kimberly.	  The	  inferred	  boundary	  of	  
the	  Twin	  Falls	  caldera	  complex	  is	  shown	  on	  Figure	  3-‐4	  as	  a	  dashed	  white	  line.	  

In	  order	  to	  clarify	  the	  possible 	  locaBon	  of	  the	  source	  vent	  for	  the	  Cassia 	  Mountains 	  ash-‐flow	  
tuffs,	  we	  produced	  a 	  Bouguer	   gravity	   map	  of	  the	  central 	  SRP	  covering	  an	  area 	  slightly	   larger	  
than	  the	  10	  m	  DEM	  topographic	  map.	  The	  Bouguer	  gravity	  map	  is	  characterized	  by	   low	  gravity	  
along	   the	  margins 	  corresponding	   to	   sediment-‐filled	   basins,	   rhyolite 	  ash	   flows,	   or	   Paleozoic	  
carbonate 	  basement	  (Figure 	  3-‐10).	  The	  pronounced	  gravity	  high	  to	  the	  west	  conBnues 	  beneath	  
the	  western	  SRP,	  and	  may	  represent	  a 	  buried	  horst	  block	  within	  the	  WSRP	  graben	  (see 	  secBon	  
on	  Mountain	  Home	  drill 	  site 	  for	  detailed	  discussion	  of	  the	  western	  SRP	  gravity	  structure).	  North	  
of	  Twin	  Falls	  is	  a 	  prominent	  gravity	   low	  surrounded	  by	  a 	  rim	  of	  slightly	  higher	  gravity	  material	  
(dashed	   white	   line).	   We	   interpret	   this	   structure 	   to	   represent	   a 	   buried	   caldera	   complex	  
associated	  with	  erupBon	  of	   the	  rhyolite 	  tuffs.	   The	  Kimberly	   drill 	  site 	  lies 	  along	   the	  southern	  
margin	   of	   this 	   structure,	   which	   lies 	  more-‐or-‐less	  where 	  we	   predicted	   it	   based	   on	   geologic	  
mapping.	  The	  Kimama	  drill	  site	  lies	  along	  the	  NE	  margin	  of	  this	  same	  structure	  (Figure	  3-‐10).	  

The	   area	   underlain	   by	   the	   ring-‐like 	   structure 	   is 	   covered	   with	   a	   more-‐or-‐less 	   uniform	  
carapace	  of	  Quaternary	   basalts,	  so	  it	  cannot	  be	  interpreted	  to	  result	   from	  the	  distribuBon	  of	  
surface 	  basalt	  flows.	  The	  relaBve	  density	  contrast,	  the 	  shape,	  and	  the	  size	  of	  this 	  structure 	  are	  
all 	  consistent	  with	  its	  interpretaBon	  as 	  a 	  buried	  erupBve	  complex	  (e.g.	  Morgan	  et	  al	  1984).	   It	  
also	   lies 	   in	   the	   appropriate	   locaBon	   for	   the	   source	  vent	   of	   the	   Cassia 	  Mountain	   ash-‐flows.	  
Richard	  Smith	  of	  INL	  developed	  the	  concept	  of	  using	  gravity	  to	  locate 	  buried	  caldera	  complexes	  
in	  the	  mid-‐1990’s,	  which	  he	  applied	  to	  the	  eastern	  SRP	  with	  some 	  success 	  (Smith	  et	  al	  1994).	  
We	  believe	  that	  his 	  approach	  will 	  also	  work	  in	  the 	  central	  SRP	  and	  provides	  an	  innovaBve	  way	  
to	  see	  below	   the	  thick	  carapace	  of	  basalt,	   and	  to	  test	   the	  geothermal 	  potenBal	  of	   these	  ring	  
fracture	  systems.	  

The	  proposed	  depth	  of	  the	  Kimberly	  drill 	  hole	  was 	  1.8	  km.	  This 	  depth	  was	  chosen	  based	  on	  
esBmates 	  of	  rhyolite	  thickness 	  outside	  the	  plain.	   In	  the 	  end	  we	  were	  able	  to	  drill 	  to	  1.96	  km	  
depth	  through	  cost	  savings	  in	  our	  drilling	  plan,	  as	  discussed	  in	  Chapter	  7.	  
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The	  Kimberly	   drill	  site	   is	  on	  the	  University	   of	   Idaho	   Extension	   Farm,	   located	  3	   km	  NE	  of	  
Kimberly	  town	  and	  10	  km	  east	  of	  Twin	  Falls 	  (Figure	  4-‐2).	  This 	  locaBon	  was 	  chosen	  because 	  it	  lies	  
on	  the	  southern	  margin	  of	  the 	  topographic	  Snake	  River	  Plain,	  and	  on	  or	  near	  the	  margin	  of	  the	  
Twin	   Falls 	   caldera	   complex,	   as 	  defined	   by	   ouvlow	   sheets	   in	   the 	  nearby	   Cassia 	  Mountains	  
(McCurry	  et	  al	  1996)	  and	  by	   the 	  regional 	  Bouguer	  gravity	  anomaly	  discussed	  above.	  This 	  site	  
offered	  the	  logisBcal 	  advantage	  of	  being	  located	  just	  off	  a 	  state	  highway,	  on	  property	  owned	  by	  
the	  University	  of	   Idaho,	  which	  is 	  a	  partner	   in	  the	  Project	  Hotspot	  iniBaBve.	  The	  infrastructure	  
present	  includes 	  power,	  water,	  diesel 	  fuel 	  staBon,	  and	  a 	  variety	  of	  buildings.	  Our	  well-‐head	  site	  
was	   located	   in	   dirt	   parking	   lot	   north	   of	   the 	  main	  office	  buildings	  and	   greenhouse	   that	   will	  
absorb	  noise	  from	  the	  drill	  rig,	  and	  which	  has	  easy	  access	  from	  exisBng	  farm	  roads.	  
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Figure	  4-‐2.	  Detailed	  loca9on	  maps	  for	  the	  Kimberly	  well	  site.	  (a)	  top:	  map	  
view	  shows	  loca9on	  of	  the	  University	  of	  Idaho	  Research	  facility	  5	  miles	  
east	  of	  Twin	  Falls,	  Idaho.	  (b)	  satellite	  view	  of	  Kimberly	  site,	  showing	  rig	  
loca9on	  in	  former	  agricultural	  field	  and	  tractor	  park.	  



MOUNTAIN	  HOME	  –	  GEOTHERMAL	  POTENTIAL	  OF	  THE	  WESTERN	  SRP	  GRABEN	  

The	  primary	   science	  goal 	  of	   the 	  Mountain	  Home	  drill 	  core 	  was	  to	  assess 	  the	  geothermal	  
potenBal	  under	   the	  AFB,	   building	   on	   results 	  from	  a 	  geothermal	  test	   well 	  drilled	   in	  1985-‐86	  
(Lewis	  and	   Stone,	  1988).	   The	  previous	  geothermal	  test	  well	  had	  a 	  BHT	  of	  93ºC,	  but	   it	  was 	  not	  
possible 	  to	  perform	  a 	  pump	  test	  due	  to	  the 	  hole	  size.	  Our	  goals 	  for	   this	  hole	  were	  to	  sample	  
basalts	  and	  lacustrine	  sediments 	  in	  the 	  upper	  300	  m	  of	  the 	  secBon,	  which	  were	  not	  sampled	  by	  
the	  exisBng	  Mountain	  Home	  Air	  Force	  Base	  (MH-‐AFB)	  MH-‐1	  test	  hole,	  and	  to	  drill 	  deep	  enough	  
to	  assess 	  geothermal 	  resource 	  potenBal 	  in	  this 	  seVng.	  A	   geologic	   map	  of	   this 	  area 	  is 	  being	  
prepared	  for	  publicaBon	  (Figure	  3-‐5).	  

The	   western	   SRP	   has	   a 	   long	   history	   of	   passive 	   geothermal 	   space	   heaBng	   applicaBons,	  
especially	   within	   the	   city	   of	   Boise.	   Previous 	   wells 	   (MH-‐1,	   BosBc	   1-‐A:	   Figure 	   3-‐18)	   have	  
documented	   elevated	   temperatures 	   at	   depth	   that	   are	   close	   to	   those	   needed	   to	   sustain	  
geothermal 	  development,	   and	  elevated	   groundwater	   temperatures 	  are	  found	   in	  some	  areas	  
(Lewis	  and	  Stone	  1988;	  Arney	  1982;	  Arney	  et	  al	  1982,	  1984).	  A	  prominent	  gravity	  anomaly	  in	  the	  
regional 	  Bouguer	   gravity	  map	  (Liberty,	   personal	  communica*on,	   2010)	   has 	  been	   shown	  near	  
Boise	  to	   represent	  an	  upliYed	  horst	   block	   in 	  the	  subsurface	  (Wood,	   1994).	  This 	  same	  gravity	  
high	  extends 	  to	  the	  east	  beneath	  Mountain 	  Home,	  and	  can	  be 	  seen	  in	  both	  the 	  Bouguer	  gravity	  
anomaly	  map	  (Figure	  19a)	  and	  an	  upward	  conBnued	  gravity	  map	  that	  removes	  shallow	  density	  
variaBons	  and	  emphasizes	  deep	  crustal	  structures	  (Figures	  3-‐12	  and	  3-‐13).	  

Mountain	  Home	  AFB	  sits	  on	  the	  southern	  edge 	  of	  this	  prominent	  gravity	  anomaly,	  as 	  can	  be	  
seen	  in	  the	  more 	  detailed	  Bouguer	  gravity	  map	  in	  Figure	  3-‐13,	  which	  shows	  the	  gravity	  contour	  
map	  without	  and	  with	  the 	  gravity	   staBons	  used	  to	  produce	  it.	  This 	  gravity	  high	  that	  has 	  been	  
interpreted	  by	  Shervais	  et	  al	  (2002)	  to	  represent	  a	  buried	  horst	  block	  with	  the	  larger	  western	  
SRP	   graben.	  This 	  interpretaBon	  is 	  consistent	  with	  reflecBon	  seismic	  data 	  from	  Boise-‐Caldwell	  
area	  that	  documents	  a	  buried	  horst	  block	  below	  the	  Glenns	  Ferry	  formaBon	  (Wood	  1994).	  

The	  difference 	  in	  straBgraphy	  between	  the	  MH-‐1	  well 	  (Lewis	  and	  Stone	  1988)	  and	  BosBc	  1A	  
well	  (Arney	   et	   al	  1984)	   is	  best	   explained	  by	   their	   posiBons 	  relaBve 	  to	  the 	  inferred	  basement	  
high,	  with	  MH-‐1	   bojoming	  on	  top	  of	   the	  inferred	  horst	   block	  (but	  near	   its 	  southern	  margin)	  
and	  BosBc	  1A	  traversing	  a	  thick	  secBon	  of	  sediments 	  and	  volcanic	  flows	  filling	  the	  small 	  graben	  
that	  lies	  north	  of	  the	  horst	  block,	  and	  south	  of	  the	  Danskin	  Mountains 	  (Figure 	  18).	  There	  may	  in	  
fact	   be	  verBcal 	  upflow	  zones	  along	  both	  the	  northern	  and	  southern	  margins 	  of	   this 	  inferred	  
horst	  block,	  explaining	  the	  elevated	  bojom	  hole 	  temperatures	  found	  in	  both	  wells 	  (Lewis	  and	  
Stone	  1988;	  Arney	  et	  al	  1982,	  1984).	  
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Our	  drill 	  site	  is 	  located	  in	  the	  undeveloped	  NW	  corner	  of	  MHAFB	  (Figure	  4-‐3).	  This 	  site	  is	  less	  
than	  5	   km	   from	  the	  original	  MH-‐1	   (1342	  m)	   geothermal	  exploraBon	  well,	   which	  was 	  drilled	  
along	  the	  eastern	  margin	  of	   the	  Base.	  The	  overall 	  straBgraphy	  at	  this 	  site 	  was 	  expected	  to	  be	  
more	  or	  less 	  idenBcal 	  to	  that	  found	  in	  the	  MH-‐1	  well.	  This 	  site	  is 	  within	  a 	  few	  hundred	  meters	  
of	  an	  exisBng	  150-‐meter	  deep	  monitoring	  well 	  (MW-‐3-‐2),	  and	  near	  two	  other	  monitoring	  wells,	  
so	  the	  upper	   straBgraphy	   is	  well-‐known.	   However,	   no	  core	   is 	  available	  from	  the	  monitoring	  
wells.	  LogisBcally,	   the	  site	  is 	  located	  near	  the	  MH	  AFB	  contractors 	  gate,	  easily	   accessible 	  from	  
the	  main	  paved	  road	  via	  a	  gravel	  road	  built	  by	  USAF	  engineers.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   	  	  	  Utah	  State	  University

4-11

Figure	  4-‐3.	  Detailed	  loca9on	  map	   for	  the	  Mountain	   Home	  
well	  site,	  MH-‐2.	  Also	   shown	  are	  loca9on	  of	  1988	  test	  well	  
MH-‐1	  and	  monitoring	  wells	  MW-‐3-‐2	  and	  MW-‐11-‐2.	  
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ABSTRACT

Project	  Hotspot	  was	  undertaken	  to	  study	   the	  surface	  expression	  of	  the	  Yellowstone	  hotspot	  
along	  the	  Snake	  River	  Plain	  volcanic	  province	  (SRP),	  which	  is	  thought	  to	  represent	  the	  magmaCc	  
track	   of	   a	   deep-‐seated	  mantle	   plume	   located	   under	  North	   America.	   The	  primary	   goal	  of	   this	  
project	   was	   to	   document	   the	   volcanic,	   thermal,	   structural,	   and	   straCgraphic	   history	   of	   a	  
conCnental	   hotspot,	  to	  understand	   how	  the	  hotspot	   has	  affected	   the	  evoluCon	  of	  conCnental	  
crust	   and	   mantle,	   to	   evaluate	   the	   geothermal	   potenCal	   across	   the	   Plain,	   and	   to	   develop	  
innovaCve	  techniques	  for	  geothermal	  exploraCon	  in	  volcanic	  seKngs.

We	   have	   performed	   potenCal	   field	   studies	   in	   the	   Snake	   River	   Plain	   to	   provide	   regional	  
geophysical	  mapping	   to	   characterize	  mid-‐	  to	   shallow-‐crustal	   features.	   This	   involved	   compiling	  
and	   reprocessing	   exisCng	   gravity	   and	   aeromagneCc	   data,	   and	   collecCng	   new	  gravity	   data	   to	  
provide	   an	   unprecedented	   high-‐resoluCon	   potenCal	   field	   dataset	   for	   assessing	   subsurface	  
structure.	  

Gravity	  data	  were	  collected	  along	  several	  detailed	   transects	  (staCons	  spaced	  about	  1/4-‐	  to	  
1-‐mile	  apart	   along	  profiles).	   Because	  Project	  Hotspot	   largely	   involved	   the	  study	   of	  three	  deep	  
drill	  holes	  along	  the	  central	  and	  western	  SRP	  (Kimama	   -‐	  located	  along	  the	  central	  volcanic	  axis	  
of	  the	  SRP;	  Kimberly	  -‐	  located	  near	  the	  margin	  of	  the	  plain;	  and	  Mountain	  Home	  -‐	  located	  in	  the	  
western	  plain),	  much	  of	  our	  data	  collecCon	  was	  focused	  in	  these	  areas.

RepresentaCve	   rock	   samples	   were	   also	   collected	   concurrently	   with	   the	   gravity	   data,	   and	  
their	  physical	   properCes	   (density	   and	  magneCc	   suscepCbility,	   and	  magneCc	   remanence)	  were	  
determined	   in	   the	   laboratory	   to	   aid	   in	   quanCtaCve	   modeling	   of	   measured	   geophysical	  
anomalies.	   Together,	   these	   data	   provide	   a	   region-‐wide	   geophysical	   framework	   for	   detailed	  
mapping	  and	  modeling	  of	  subsurface	  structures.

In	  addiCon	  to	  our	  potenCal	  field	  mapping	  efforts,	  we	  undertook	  two	  innovaCve	  applicaCons	  
for	  geothermal	  exploraCon.	  The	  first	  involved	  a	  technique,	  introduced	  by	  Bouligand	  et	  al.	  (2009),	  
to	   esCmate	   depths	   to	   the	   bo[om	   of	   magneCc	   sources	   that	   can	   be	   used	   to	   map	   the	   Curie	  
temperature	  isotherm	  or	  esCmate	  the	  thickness	  of	  basalCc	  fill	  within	  the	  Snake	  River	  Plain.	  The	  
second	  involved	  novel	  methods,	  developed	  as	  part	  of	  this	  project,	  to	  esCmate	  the	  3D	  geometry	  
of	   subsurface	   alteraCon.	   To	   test	   these	   methods	  we	   applied	   them	   to	   several	   well-‐developed	  
hydrothermal	  areas	  in	  Yellowstone	  NaConal	  Park,	  where	  surface	  alteraCon	  has	  been	  extensively	  
mapped,	  that	  provide	  criCcal	  independent	  control	  to	  assess	  our	  results.	  
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Introduc;on

PotenKal 	   field	   geophysics 	   (gravity	   and	   magneKcs)	   is 	   a	   valuable	   tool 	   for	   regional	  
characterizaKon	  of	  subsurface 	  geology	  and	  structures	  in	  the	  mid	  to	  upper	  crust.	  These	  methods	  
work	   parKcularly	   well 	   when	   there	   are	   strong	   contrasts	   in	   rock	   properKes 	   that	   result	   in	  
prominent	  gravity	  and	  magneKc	  anomalies,	   like 	  in	  the	  Snake 	  River	  Plain	  (SRP)	  where 	  relaKvely	  
dense	  and	  magneKc	  volcanic	  units	  that	  contrast	  sharply	  with	  low	  density	   tuff	  and	  low	  density	  
and	  weakly	  magneKc	  sediments.

The	  purpose	  of	  this	  work	  was	  to	  (1)	  perform	  potenKal	  field	  mapping	  of	  the 	  Snake	  River	  Plain	  
that	  could	  provide	  a 	  regional 	  characterizaKon	  of	  subsurface	  structures,	   (2)	  to	  apply	   innovaKve	  
methods 	  for	  characterizing	  geothermal 	  potenKal	  across	  the	  plain,	  (3)	  develop	  novel	  techniques	  
for	  geothermal	  exploraKon	  in	  volcanic	  se^ngs.	  

As 	  part	  of	  our	  mapping	  effort,	  we	  processed	  exisKng	  aeromagneKc	  data	  available	  for	  the	  SRP	  
and	   surrounding	   region,	   and	   collected	   detailed	   high-‐resoluKon	   gravity	   data	   along	   several	  
profiles 	  (Figure	  5-‐1)	   spanning	  the	  western	  and	  central 	  porKons	  of	  the	  SRP.	   The	  focus	  of	  the	  
gravity	   data 	  collecKon	   included	  prominent	   geophysical 	  anomalies 	  that	   may	   represent	  buried	  
lavas 	  or	  sediments,	   feeders 	  to	  early	   SRP	   volcanism	   (dikes,	  or	   volcanic	  vents),	  buried	  calderas,	  
pre-‐TerKary	   basement,	   or	   major	   intrusives.	   On	   a	  more	  local	  scale	   important	   for	   geothermal	  
feasibility	  studies,	  the 	  detailed	  profile	  data	  can	  aid	  idenKficaKon	  of	  faults	  and	  fractures	  that	  can	  
serve	  as	  conduits	  for	  hydrothermal	  fluid	  flow.
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Figure	  5-‐1a.	  Index	  map	  showing	  new	  (blue	  circles)	  and	  exis;ng	  (small	  grey	  circles)	  gravity	  data	  collected	  in	  
the	  Snake	  River	  Plain	  and	   surrounding	   areas.	  Large	  yellow	  circles	  show	   the	   loca;ons 	  of	   ICDP	  drill	  holes.	  	  
The	  red	  box	  show	  the	  extent	  of	   maps	  portrayed	  on	  the	  right	  of	   the	  figure.	  The	  loca;ons	  of	  new	  gravity	  
data	  are	  ploQed	   with	   the	   Isosta;c	   gravity	   map	   (top	   right),	  magne;c	   residual	  map	   (middle	   right),	   and	  
topography	  (lower	  right).	  
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Figure	  5-‐1b.	  Index	  map	  showing	  profiles	  referred	  to	  in	  this	  report.	  Symbols	  same	  as	  in	  figure	  5-‐1a.

Figure	  5-‐1c.	  Map	  of	   residual	  reduced	  to	  pole	  (top)	  and	  residual	  isosta;c	  field	  (boQom)	  for	  the	  central	  
and	  western	  SRP	  showing	  gravity	  data	  (black	  and	  blue	  symbols,	  and	  profile	  (pink	  lines).	  Also	  shown	  are	  
profile	  data	  [topography	  (green),	  isosta;c	  gravity	  (blue),	  and	  reduced	  to	  pole	  magne;c	  field	  (red)	  along	  
profiles	  (3	  through	  6)	  across	  the	  western	  SRP.



Gravity	  data

The	  U.S.G.S.	  collected	  1866	  new	  gravity	  staKons 	  throughout	  the	  western	  and	  central 	  Snake	  
River	  Plain	  (Figure	  5-‐1)	  during	   three	  field	  sessions 	  between	  August	   2010	  and	  June	  2011	  using	  
Lacoste	  Romberg	  and	  Scintrex	  CG-‐5	  gravimeters.	  StaKons	  were 	  distributed	  largely	  along	  several	  
long	   profiles,	   oriented	   perpendicular	   to	   the	   axis 	   of	   the	   plain	   (Profiles 	  1-‐15,	   Figure 	  5-‐1b,c),	  
spanning	  the	  western	  and	  central	  porKons 	  of	  the	  SRP.	  These	  profiles 	  were	  designed	  to	  aid	  2D	  
modeling,	  which	  is	  possible 	  because	  many	  of	  the	  regional 	  intrabasin	  structures	  are	  aligned	  with	  
the	   axis 	  of	   the	  plain.	   Several 	  of	   the 	  profiles 	  were	   selected	   to	   cross	  drill 	  holes	   (at	   Kimama,	  
Kimberly,	  and	  Mountain	  Home)	  to	  help	  constrain	  local	  geology	   around	  the	  holes 	  and	  to	  make	  
use	  of	  core	  and	  borehole	  data	  in	  potenKal 	  field	  modeling.	  The	  distribuKon	  of	  profiles 	  was	  also	  
planned	   in	   order	   to	  map	  the	   transiKon	   from	   western	  to	   eastern	   SRP	   and	   to	   aid	   future 	  3D	  
modeling.	  This 	  proved	  difficult	  in	  places	  where	  access 	  to	  private 	  lands,	  lack	  of	  roads,	  or	  bridges	  
prevented	   us 	  from	   collecKng	   conKnuous,	   densely-‐distributed	   data 	  along	   long	   and	   relaKvely	  
straight	   transects	  crossing	  the	  plain.	  Profiles 	  were	  also	  selected	  to	  take	  advantage	  of	  exisKng	  
regional 	  data,	   and	   to	   target	   prominent	   magneKc	   and	   gravity	   anomalies 	  of	   interest.	   Gravity	  
staKons 	  were	  taken	  with	  nominally	  0.5-‐1km	  spacing	  between	  staKons 	  in	  areas	  where	  gradients	  
were 	  large 	  or	   more	  sparsely	   (1.5-‐2km)	   in	  low	  gradient	   areas,	  or	   where	  access	  or	   Kme	  were	  
limited.	   Several 	  short,	   detailed	  profiles 	  (75-‐100m	  staKon	  spacing)	  were 	  also	  taken	  in	  areas	  of	  
specific	   interest	   (Profiles	  A-‐I,	   figure 	  5-‐1b).	   The	  gravity	  data	  were 	  Ked	  to	  several	  base 	  staKons,	  
some	  of	  which	  were	  established	  for	  the	  purpose	  of	  this	  project.	  

Gravity	  data	  were	  Ked	  to	  primary	  base	  staKons 	  located	  at	  Boise,	  ID	  (BOCY,	  U141),	  Mountain	  
Home,	   ID	   (MTHB),	   Buhl,	   ID	   (BUHL),	   Jackpot,	   NV	   (JPOT),	   and	   Ontario,	   OR	   (ONTA)	   that	   were	  
established	   by	   the	   U.S.	   Defense 	   Mapping	   Agency	   and	   NOAA-‐NaKonal 	   GeodeKc	   Survey	  
(Jablonski,	   1974;	   D.	  Winester,	   pers.	   comm.	   2010),	   as	  well 	  as 	  two	  addiKonal 	  secondary	   bases	  
established	  for	   the	  purpose	  of	  this 	  study.	  Gravity	   values 	  at	   these	  secondary	   bases,	   located	  at	  
Mountain	   Home	   (MTHC)	   and	   Twin	   Falls	   (TFPO),	   Idaho,	   were	   determined	   through	  mulKple	  
calibraKon	  loops	  Ked	  to	  the	  primary	  base	  staKons.	  

Gravity	  staKon	  locaKons	  and	  elevaKons	  were	  obtained	  using	  a 	  Trimble®	  GeoXH	  differenKal	  
Global 	  PosiKoning	  System	  instrument.	   The	  GeoXH	  receiver	  uses 	  the	  Wide 	  Area 	  AugmentaKon	  
System	   (WAAS)	  which,	   combined	  with	   a 	  base	   staKon	  and	   post-‐processing	   using	   ConKnually	  
Operated	  Reference	  StaKon	  (CORS)	  satellites,	  results	  in	  sub-‐meter	  verKcal	  accuracy.	  

Prior	   to	  data 	  interpretaKon,	  gravity	   data 	  need	  to	  be 	  reduced	  in	  order	  to	  reflect	  anomalies	  
arising	  from	  lateral 	  changes	  in	  the	  density	  of	  subsurface 	  materials.	  This 	  required	  correcKng	  for	  
several 	  other	   factors 	  which	  affect	  observed	  gravity.	   These	  correcKons	  follow	  standard	  gravity	  
reducKon	   procedures	   (Blakely,	   1995)	   that	   include:	   (a)	   an	   instrument-‐drin	   correcKon	   which	  
compensates 	   for	   drin	   of	   the	   gravimeter	   spring	   with	   Kme.	   The	   drin	   value	   is 	  calculated	   by	  
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assuming	  a 	  linear	  drin	  between	  the	  day’s	  opening	  and	  closing	  measurements	  performed	  at	  the	  
same	  base	  staKon;	  (b)	  a	  Kdal	  correcKon	  which	  makes 	  up	  for	  the	  gravity	   effects	  of	  the	  sun	  and	  
moon;	   (c)	   a 	  laKtude	  correcKon,	  which	  accounts 	  for	   the 	  variaKon	  of	   the	  Earth’s 	  gravity	   with	  
laKtude;	  (d)	  a 	  Free-‐air	  correcKon	  that	  accounts 	  for	  the	  variaKon	  in	  elevaKon	  between	  a 	  gravity	  
staKon	  and	  sea 	  level 	  using	  a	  free	  air	  gravity	  gradient	  .3086	  mgal/m;	  (e)	  the	  Bouguer	  correcKon,	  
which	  compensates	  for	   the 	  mass 	  between	  the	  staKon	  and	  sea	  level,	   and	  uKlizes 	  the	  average	  
density	  of	  conKnental	  crystalline	  crust	  ,	  2.67	  g/cm3;	  (f)	  the 	  curvature	  correcKon,	  which	  corrects	  
the	   Bouguer	   correcKon	   for	   the	   effect	   of	   the	   Earth’s 	  curvature;	   (g)	   Terrain	   correcKons 	  that	  
account	   for	   the	   effects 	   of	   surrounding	   topography	   (this 	   includes	   a 	   “field”	   correcKon	   that	  
accounts 	  for	   terrain	  to	  a 	  radial 	  distance	  of	  53m	  from	  the	  staKon	  that	  is 	  esKmated	  in	  the	  field,	  
and	  correcKons 	  extending	  to	  166.7km	  that	  are	  computed	  using	  digital 	  terrain	  models);	  and	  (h)	  
an	  isostaKc	  correcKon	  that	  removes 	  a	  regional 	  gravity	  field	  caused	  by	   isostaKc	  compensaKon	  of	  
topographic	  loads.

New	  gravity	  data	  were	  combined	  with	  pre-‐exisKng	  gravity	  data	  from	  the	  surrounding	  areas	  
(including	  parts	  of	   ID,	   OR,	   NV,	   UT,	  WY	   and	  MT)	   downloaded	  from	  the	  PACES	  (Pan-‐American	  
Center	   for	   Earth	  and	  Environmental 	  Studies,	  2009)	  data 	  portal.	   ExisKng	  data 	  coverage	  across	  
much	   of	   the	   western	   and	   southern	   SRP	   was 	   generally	   poor	   (3-‐6	   mi 	   spacing)	   for	   detailed	  
profiling,	  but	  provided	  good	  regional	  coverage	  off-‐axis 	  of	  profiles 	  that	  help	  to	  fill 	  in	  the	  regional	  
map	  between	  profiles 	  and	  to	  extend	  profiles 	  beyond	   the 	  plain.	   Prior	   to	  combining	  new	  and	  
exisKng	  data,	  PACES	  data	  had	  to	  be	  edited	  and	  re-‐reduced.	  

The	  PACES	  database	   incorporates 	  datasets	   from	   a 	   large	  number	   of	   different	   sources	  of	  
varying	  quality,	  and	  contains 	  duplicate 	  or	  erroneous	  data.	  Data 	  had	  to	  be 	  carefully	  edited	  for:	  1)	  
repeat	   staKons	  that	   can	  be 	  difficult	   to	  idenKfy	   due	  to	  staKon	   locaKons 	  or	   gravity	   values 	  that	  
differ	   because	   of	   truncated	   digits,	   errors 	   in	  projecKon,	   or	   differences 	  in	   data 	  reducKon;	   2)	  
staKons 	  that	   are	  bad,	   due	   to	   erroneous 	  locaKons,	   readings,	   elevaKons,…etc.	   In	   some	  cases,	  
these	  staKons 	  can	  be 	  ‘fixed’	  (e.g.,	  by	  correcKng	  elevaKons 	  using	  digital 	  terrain	  models),	  while	  in	  
other	  cases	  the	  data	  may	   need	  to	  be	  omiued;	  3)	  datum	  shins 	  between	  various 	  datasets	  that	  
comprise	  the 	  study	   database.	   The	  final 	  edited	  dataset	  was 	  then	  reduced	   (terrain	  correcKons	  
and	   gravity	   anomalies 	  were	   recomputed	  using	   standard	   programs,	   described	   above)	   to	   be	  
merged	  with	  our	   new	  data.	   Aner	   ediKng,	  over	   30,000	  gravity	   data 	  within	   the	  broader	   study	  
area 	  (Snake	  River	  Plain	  and	  surrounding	  area 	  –	  covering	  ~3º	  x	  6	  º	  window	  centered	  on	  the	  SRP)	  
were 	  used	  from	  the	  PACES	  database.	  A	  comparison	  of	  profiles,	  showing	  data	  from	  the	  original	  
PACES	  database	  with	  the	  final	  edited	  data	  set	  that	  includes	  new	  data,	  is	  shown	  in	  Figure	  5-‐2.
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Magne;c	  Data

Regional	  and	  State	  grids

The	  regional	  magneKc	  grid	  used	  in	  this 	  report	  was 	  derived	  from	  the	  MagneKc	  Anomaly	  Map	  
of	  North	  America 	  (Bankey	  et	  al.,	  2002;	  hup://crustal.usgs.gov/projects/namad/).	  We	  have	  also	  
used	  a	  higher	  resoluKon	  grid	  for	  the	  State 	  of	  Idaho	  (McCafferty	  et	  al.,	  1999).	  For	  more	  detailed	  
studies 	  (e.g.,	  looking	  at	  Curie 	  Temperature	  depths)	  we	  regridded	  individual	  survey	  data 	  used	  in	  
the	  State	  compilaKon.

The	   southern	  part	   of	   the	  state	   compilaKon	   spanning	   the 	  greater	   SRP	   area,	   consists 	  of	   a	  
patchwork	  of	  over	   30	   individual 	  surveys 	  of	   varying	  quality	   conducted	  over	   the	  past	   40	  years	  
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Figure	  5-‐2.	  Examples	  of	  some	  profiles	  (see	  figure	  5-‐1b	  for	  profile	  loca;ons)	  showing	  original	  PACES	  data	  
(light	  blue)	  versus	  the	  edited	  PACES	  data	  set	  combined	  with	  new	  data	  (pink)	  collected	  for	  this	  project.

http://crustal.usgs.gov/projects/namad/
http://crustal.usgs.gov/projects/namad/


(Figure	  5-‐3).	   These 	  surveys	  have	  been	  flown	  at	   different	  Kmes	  with	   varied	   flight	   elevaKons,	  
flight-‐line 	   spacings,	   and	   subject	   to	   different	   data-‐reducKon	   procedures.	   AeromagneKc	   data	  
coverage	  along	  the	  SRP	   (parKcularly	   in	  the	  southern	  and	  western	  segments)	   is 	  generally	  poor	  
with	  widely	  spaced	  (3-‐6mi	  spacing)	  flight	  lines.	  

MagneKc	   map	   compilaKons	   used	   here	   reflect	   the	   magneKc-‐anomaly	   field	   [total	   field	  
intensity	   minus 	  the	  DefiniKve	   InternaKonal 	  GeomagneKc	   Reference 	  Field	   (DGRF)].	   Individual	  
surveys 	  for	  the	  State	  compilaKon	  grid	  were	  reduced	  to	  a 	  common	  elevaKon	  of	  305	  m	  (1,000	  n).	  
Draped	  surveys 	  flown	  at	  a 	  constant	  elevaKon	  above	  or	  below	  this 	  datum	  level 	  were 	  analyKcally	  
conKnued	  upward	  or	  downward	  (Hildenbrand,	  1983)	  so	  that	  the 	  data 	  would	  be	  consistent	  with	  
adjacent	   surveys.	   Older	   surveys 	  for	   which	   the	   original 	  digital 	  data 	  were	   not	   available	  were	  
digiKzed	   (from	   contoured	   maps)	   along	   flight-‐line/contour-‐line	   intersecKons,	   which	   is	  
considered	  to	  be	  the	  most	  accurate	  method	  of	  recovering	  the	  original	  data.
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Figure	  5-‐3.	  Index	  showing	  outlines	  of	  individual	  aeromagneKc	  surveys	  used	  in	  the	  Idaho	  State	  
compilaKon,	  superimposed	  on	  the	  regional	  aeromagneKc	  compilaKon	  for	  North	  America.



Altera0on	  surveys

For	   the	  alteraKon	  study,	   we 	  used	  data 	  from	   both	  a	  high-‐resoluKon	  aeromagneKc	   survey	  
(flown	  at	  250m	  height	  above	  terrain	  with	  400	  m	  flightline 	  spacing)	  conducted	  over	  YNP	  in	  1997	  
(Figure	  5-‐4;	  USGS,	  2000)	  and	  ground	  surveys 	  we	  performed	  in	  the	  Fall 	  of	  2010	  for	   this 	  study.	  
The	  aeromagneKc	  survey	  provides 	  uniform	  data 	  coverage	  over	  a 	  large 	  area	  that	  includes	  terrain	  
difficult	   to	  access	  on	  the	  ground,	   while	  ground	  data 	  provide 	  detailed	   informaKon	  on	  shallow	  
sources.	   Ground-‐based	  magneKc	   surveys 	  were	   made 	   using	   a 	   cesium-‐vapor	   magnetometer	  
(Bouligand	   et	   al.,	   in	   press).	   These	   surveys	   include	   several 	  4-‐5	   km	   long	   transects 	  that	   cross	  
thermal 	  features 	  within	  three	  primary	  study	  areas 	  (Firehole 	  River,	  Smoke 	  Jumper	  Hot	  Springs,	  
and	  Norris 	  Geyser	   Basin;	   Figure	   5-‐4)	   and	   a	   detailed	   survey	   over	   an	   area 	  around	   Lone	   Star	  
Geyser.	  The	  detailed	  survey	  was	  conducted	  along	  approximately	  north-‐northwest	  oriented	  lines	  
with	  a	  line	  spacing	  of	  about	  10	  m	  (near	  thermal	  features)	  to 	  50	  m	  (far	   from	  thermal	  features)	  
and	  with	   a	  few	   transverse 	  Ke	  lines.	   Diurnal	  magneKc	  field	   variaKons	  were	   recorded	  using	   a	  
proton-‐precession	  base-‐staKon	  magnetometer	  which	  remained	  at	  a 	  fixed	  locaKon,	  and	  used	  to	  
apply	  diurnal	  correcKons	  to	  magneKc	  anomaly	  profile	  data.	  

Physical-‐Property	  Data

Nearly	  1000	  field	  suscepKbility	  measurements 	  were 	  made 	  on	  outcrop	  located	  typically	  at	  or	  
near	   gravity	   staKons.	   In	   addiKon,	   over	   75	   hand	   samples 	   were	   collected	   for	   performing	  
laboratory	  measurements 	  of	  density	   and	  magneKc	   suscepKbility.	  DensiKes 	  (grain,	   saturated-‐
bulk,	  and	  dry-‐bulk)	  were	  determined	  using	  the	  buoyancy	  method	  with	  an	  electronic	  balance,	  
and	  magneKc	  suscepKbility	  measurements	  were	  made	  using	  a	  Kappameter®	  KT-‐5.	  

Poten;al	  Field	  Methods

SpaKal 	  variaKons 	  in	  gravity	  and	  magneKcs 	  (potenKal	  fields)	  result	   from	  lateral 	  contrasts 	  in	  
rock-‐density,	   and	   rock-‐magneKc	   properKes	   (induced	   and	   remanent	   magneKzaKons),	  
respecKvely,	  and	  can	  be	  used	  to	  map	  and	  model 	  subsurface 	  features	  such	  as 	  faults 	  and	  fracture	  
zones,	   geologic	   contacts,	  metamorphism,	   or	   alteraKon	  that	   juxtapose	  rocks	  with	  contrasKng	  
rock	  properKes.	  As	  a 	  result,	  potenKal 	  field	  methods	  are 	  useful 	  for	   characterizing	  areas	  where	  
much	  of	   the 	  surface	   is 	  covered	  by	   young	   deposits 	  that	   conceal	   deeper	   units	  or	   structures.	  
Furthermore,	  gravity	  and	  magneKc	  data 	  can	  be 	  obtained	  relaKvely	  quickly	  over	  large	  tracts 	  of	  
land	  making	  them	  parKcularly	  suitable	  for	  regional	  studies.	  

The	  size,	  geometry,	  and	  depth	  to	  a 	  potenKal	  field	  source,	  the	  character	  of	  the	  geomagneKc	  
field,	  and	  the	  rock	  properKes 	  of	  a 	  source 	  and	  its 	  surroundings,	  all 	  determine	  the	  character	  of	  a	  
source’s 	  anomaly.	   Despite 	  this	  complexity,	   and	   the	   inherent	   non-‐unique	  nature	  of	  potenKal	  
field	  model	  soluKons,	  potenKal 	  field	  data 	  can	  provide	  concrete	  constraints 	  on	  the	  geometry	  and	  
inferenKally,	   the	  origin	  of	  anomaly	   sources,	   parKcularly	   when	  combined	  with	  other	   geologic	  
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constraints	  such	  as	  the	  regional 	  tectonic	   framework,	  surface	  geology,	  and	  seismic	  or	  electrical	  
data.	  

Some	  general 	  conclusions 	  can	  be	  drawn	  from	  the	  character	  of	  geophysical 	  anomalies 	  and	  
their	   likely	   sources.	   The	  shallower	   the 	  depth	  to	  a	  potenKal 	  field	  source	  body,	  the	  higher	   the	  
amplitude,	   the	   shorter	   the	  wavelength,	   and	   the	   steeper	   the	  gradients 	  of	   its 	  potenKal 	  field	  
anomaly.	   As	   a	   result,	   high-‐amplitude,	   short-‐wavelength	   anomalies,	   which	   onen	  have	  steep	  
gradients,	  are 	  produced	  by	  sources 	  at	  shallow	  depths 	  in	  the	  crust.	  In	  contrast,	  long-‐wavelength	  
anomalies 	   having	   smooth	   gradients 	   commonly	   reflect	   deep	   sources.	   Anomalies 	   with	  
wavelengths 	  of	  hundreds 	  of	  kilometers,	  for	  example,	  most	  likely	  arise 	  from	  sources 	  in	  the	  lower	  
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Figure	  5-‐4.	  Map	  of	  the	  high-‐resolu;on	  aeromagne;c	  survey	  of	   Yellowstone	  Na;onal	  Park	  ploQed	  over	  
shaded	  topography.	   Aeromagne;c	  anomalies	  are	   reduced	   to	   the	  pole.	   Hydrothermal	   altera;on	   and	  
deposits	   are	   represented	   in	   yellow	   and	   white,	   respec;vely.	   Thermal	   features	   are	   located	   by	   black	  
triangles.	  The	  dashed	  outline	  represents	  the	  0.6	  Ma	  Caldera	  rim	  (a]er	  Chris;ansen,	  2001).	  Study	  areas	  
are	  indicated	  by	  black	  squares.	  Note	  that	  magne;c	  lows	  are	  generally	  associated	  with	  thermal	  features,	  
hydrothermal	  altera;on	  or	  deposits.	  Black	  thick	  rectangles	  show	  the	  loca;on	  of	  study	  areas.



crust.	   Although	   wide,	   shallow,	   thin	   sources	   with	   gently	   sloping	   sides,	   can	   produce	   similar	  
anomalies,	  such	  cases	  can	  usually	  be	  recognized	  with	  regional	  geologic	  mapping.	  

Gravity	   maps	   indicate	  anomalies 	  that	   arise	   from	   lateral 	  density	   contrasts 	  that	   may	   arise	  
from	  deviaKons 	  from	   isostaKc	   equilibrium,	  density	   contrasts 	  between	  rock	  bodies,	   or	   lateral	  
variaKons	  in	  temperature	  within	  the	  crust.	  Contrasts	  in	  rock	  density	  may	  be	  due	  to	  lithologic	  or	  
structural 	   contacts 	   between	   rock	   units,	   parKal 	   melKng,	   or	   phase	   transiKons.	   MagneKc	  
anomalies,	   on	  the	  other	   hand,	   reflect	   variaKons	  in	   the	  magneKzaKon	  of	   the	  crust	   (including	  
induced	   and	   remanent	   magneKzaKons),	   which,	   to	   a	   large	   extent	   (i.e.,	   in	   rocks 	  with	   small	  
remanent	   components)	   reflect	   variaKons 	   in	   the	  magneKc	   suscepKbility	   of	   rocks 	  caused	   by	  
changes 	  in	  the	  concentraKon	  and	  mineralogy	  of	  magneKc	  minerals 	  within	  the	  crust.	  It	   is 	  onen	  
assumed	   that	   the	   induced	   component	   need	   only	   be	   considered	   because	   of	   present	   field	  
remanent	  overprints	  that	  are	  parallel	  to	  the 	  induced	  component,	  or	   low	  intensity	  remanence	  
components.	   Remanence	  however,	   may	   have	  a 	  significant	   effect,	   parKcularly	   in	   the	  case	  of	  
strongly	  magneKc	  units	  such	  as	  mafic	  igneous	  rocks	  that	  occur	  throughout	  the	  SRP.	  

Generally,	   gravity	   and	   magneKc	   highs	   arise 	   from	   mafic	   and	   ultramafic	   igneous 	   and	  
crystalline 	  basement	   rocks,	   whereas 	  lows 	  arise	   from	   felsic	   igneous,	   sedimentary,	   or	   altered	  
basement	   rocks.	   Metamorphism	   and	   alteraKon,	   can	   strongly	   affect	   the	   suscepKbility	   of	   an	  
originally	  homogeneous	  rock	  body	  by	   leading	  to	  the	  non-‐uniform	  producKon	  or	  destrucKon	  of	  
magneKc	  minerals.	   Igneous 	  outcrops	  not	  associated	  with	  magneKc	  anomalies 	  might	  be	  thin	  or	  
contain	  low	  concentraKons	  of	  primary	  magneKc	  minerals,	  or	  have	  lost	   them	  due	  to	  alteraKon.	  
In	  the	  SRP,	  many	  of	  the	  most	  prominent	  gravity	  and	  magneKc	  anomalies	  (Figures 	  5-‐5	  and	  5-‐6,	  
respecKvely)	  arise	  from	  mafic	  volcanic	  or	  intrusive	  rocks.

In	   contrast	   to	   gravity	   data,	   magneKc	   data 	  highlight	   shallow	   and	  mid-‐crustal 	   features 	  as	  
opposed	  to	  deep	  sources.	  This 	  is 	  due,	  in	  part,	  to	  the	  more	  rapid	  auenuaKon	  of	  magneKc	  fields	  
with	   distance 	  to	   their	   source	   than	   gravity.	   The	   fact,	   too,	   that	   there	   are	   significantly	   fewer	  
gravity	  data	  off-‐axis 	  from	  the 	  detailed	  profiles,	  limits 	  the	  ability	  of	  gravity	  data	  to	  resolve 	  small-‐
scale	  features,	   rendering	   the	  gravity	   method	  most	   effecKve	  at	   resolving	   broad,	  deep	   crustal	  
structures	  on	  a	  regional	  map	  scale.	  

To	  aid	   interpretaKon	  of	   gravity	   and	  magneKc	   data,	   we	  have	  applied	   several 	  filtering	  and	  
derivaKve	  methods 	  that	  help	  to	  delineate 	  structures	  and	  to	  constrain	  the 	  depths 	  and	  geometry	  
of	   sources.	   Features 	  of	   interest	   include:	   intrabasin	   and	   basin-‐bounding	   faults,	   pre-‐exisKng	  
crustal 	   structures 	   that	   could	   have	   guided	   extension	   and	   magmaKsm	   associated	   with	   the	  
hotspot,	   intrusive	  bodies	  that	  may	  have	  fed	  early	   SRP	  volcanism,	  or	  calderas 	  emplaced	  during	  
passage	  of	  the	  hotspot.	  

DE-‐EE	  0002848	   Snake	  River	  Geothermal	  Drilling	  Project	   Utah	  State	  University

5-‐11



DE-‐EE	  0002848	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  Chapter	  5	  -‐	  Poten;al	  Field	  Inves;ga;ons	  

5-‐12

Figure	  5-‐5.	  Map	  of	  isosta;c	  gravity.	  Outline	  of	  SRP	  topographic	  depression	  is	  shown	  for	  reference.

Figure	  5-‐6.	  Map	  of	   Total	  magne;c	  field	  anomaly.	  Outline	  of	   SRP	  topographic	  depression	   is	  shown	  for	  
reference.	  



Reduc;on-‐to-‐the-‐magne;c-‐pole

Because	  the	  regional 	  magneKc	  field	  and	  the	  direcKon	  of	  magneKzaKon	  are	  seldom	  verKcal,	  
magneKc	   anomalies 	   are	   commonly	   laterally	   displaced	   from	   their	   sources 	   and	   may	   have	  
distorted,	   asymmetrical 	  shapes.	   This 	  effect	   onen	   increases	   the 	  complexity	   and	   difficulty	   of	  
magneKc	   anomaly	   interpretaKon.	   A	   reducKon-‐to-‐the-‐magneKc-‐pole	  (RTP)	  transformaKon	  and	  
resulKng	  map	  (Figure 	  5-‐7)	  removes	  the	  effect	  of	  the 	  direcKon	  of	  the	  earth’s 	  magneKc	  field	  and	  
the	  direcKon	  of	  magneKzaKon	  by	   transforming	   the	  data	  to	  their	  expression	  at	  a 	  verKcal 	  field	  
and	  magneKzaKon	  as 	  if	  measured	  at	   the	  north	  magneKc	  pole.	  This	  can	  help	  interpretaKon	  of	  
magneKc	  anomalies 	  because	  it	  approximately	   centers 	  magneKc	  anomalies	  over	  their	  causaKve	  
sources 	  and	   will 	   produce 	   a 	   symmetrical 	   anomaly	   over	   a 	   symmetrical 	   source.	   However,	   it	  
assumes 	  that	  remanent	  magneKzaKon	  is	  either	  negligible 	  or	  in	  the	  same	  direcKon	  as 	  the	  Earth’s	  
magneKc	   field	   (valid	   for	   induced	  magneKzaKon	   or,	   recent	   volcanic	   terrain,	   or	   rocks	  whose	  
remanence	   is 	   dominated	   by	   an	  expected	   normal 	  overprint).	   A	   more	   detailed	   discussion	   of	  
reducKon	  to	  the	  pole	  can	  be	  found	  in	  Baranov	  and	  Naudy	  (1964)	  and	  Blakely	  (1995).	  

	  Residual	  maps

A	   simple 	   tool 	   for	   emphasizing	   near-‐surface	   sourced	   anomalies 	   is 	   to	   upward	   conKnue	   a	  
potenKal	  field	  grid,	  which	  retains 	  informaKon	  on	  the	  regional 	  field,	  and	  subtract	   this 	  from	  the	  
original 	  grid.	   In	   so	   doing,	   the	  long-‐wavelength	  anomaly	   field	   is 	  removed,	   leaving	   the	  short-‐
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Figure	  5-‐7.	  Map	  of	   Total	  magne;c	  field	  anomaly.	  Outline	  of	   SRP	   topographic	   depression	   is	   shown	   for	  
reference.	  



wavelength	  field	  that	  originates 	  in	  the	  shallow	  subsurface.	  It	  should	  be	  noted	  that	  this 	  pracKce	  
will 	  result	   in	  removing	   any	   low-‐frequency	   content	   that	  may	   arise	  from	  shallow,	   but	   broadly-‐
distributed	   features.	   In	   general,	   however,	   this 	  can	  be	   taken	   into	   account	   since	  any	   widely-‐
extensive	  but	  shallow	  units 	  should	  be	  idenKfied	  by	  mapping.	  Examples 	  of	  residual	  magneKc	  and	  
gravity	  maps	  for	  the	  central	  and	  western	  SRP	  are	  given	  in	  Figures	  5-‐8	  and	  5-‐9,	  respecKvely.

Magne;c	  Poten;al	  (pseudogravity)

Crustal	  magneKsm	  differs	  from,	  and	  is 	  more	  complex	  than,	  gravity	  which	  varies	  due	  simply	  
to	   the	   crustal 	   density	   distribuKon.	   MagneKsm	   varies 	   because	   of	   differences 	   in	   both	   the	  
concentraKon	   and	   type 	   of	   magneKc	   minerals 	   within	   the	   crust	   (analogous	   to	   the	   relaKon	  
between	   density	   and	   gravity),	   and	   crustal 	   remanent	   magneKzaKon.	   Furthermore,	   because	  
crustal 	   magneKzaKon	   is 	   seldom	   verKcal,	   except	   at	   the	   magneKc	   poles,	   anomalies 	   are	  
asymmetric	  and	  not	  centered	  over	  their	  sources.	  MagneKc	  data 	  also	  tend	  to	  highlight	  shallower	  
features 	   than	   gravity,	   because	   magneKc	   field	   strength	   auenuates 	   more	   significantly	   with	  
distance	  to	  the	  source	  than	  does	  gravity.	  

Because	  of	  this	  complexity,	  magneKc	  anomalies	  can	  be	  difficult	  to	  interpret	  and	  to	  compare	  
with	   gravity.	   The	  pseudogravity	   (Figure 	  5-‐9)	  or	   magneKc	   potenKal 	  transformaKon	   (Baranov,	  
1957;	   Blakely,	   1995)	   removes	   asymmetry	   of	   anomalies 	   (leading	   to	   anomalies 	   that	   more	  
effecKvely	   lie 	  centered	   over	   their	   sources).	   In	   addiKon,	   it	   helps 	  highlight	   regional 	  magneKc	  
features	  masked	  by	  high-‐frequency	  anomalies.	  

The	  magneKc	   and	  gravity	   potenKals	  are	  related	  by	   a	  direcKonal 	  derivaKve,	   thus 	  the	  total	  
magneKc	   field	   can	   be 	   transformed	   into	   an	   equivalent	   gravity	   field.	   MagneKc	   potenKal,	   or	  
pseudogravity,	   maps	   are	   produced	   by	   the	   transformaKon	   of	   the	   magneKc	   field	   into	   the	  
equivalent	  gravity	  field	  assuming	  a 	  density	  distribuKon	  equal	  to	  the 	  magneKzaKon	  distribuKon	  
(Baranov,	   1957).	   The	   raKo	   between	   magneKzaKon	   and	   density	   is 	   held	   constant	   (in	   this	  
applicaKon,	  the	  raKo	  is 	  a 	  magneKzaKon	  contrast	  of	  0.001	  cgs-‐units 	  to	  a	  density	  contrast	  of	  0.10	  
g/cm3),	  and,	  remanent	  magneKzaKon	  is 	  assumed	  to	  be	  either	  negligible	  or	  in	  the	  same	  direcKon	  
as 	  the 	  Earth’s	  magneKc	  field.	  This 	  process 	  amplifies 	  long	  wavelengths 	  (deeper	   sources)	  at	  the	  
expense	  of	  short	  wavelengths	  (shallow	  sources).	  The 	  pseuodogravity	  transformaKon	  is	  a	  useful	  
tool 	   because 	   it	   simplifies 	   the	   interpretaKon	   of	   magneKc	   anomalies	   and	   allows 	   for	   easier	  
comparison	  of	  regional	  gravity	   and	  magneKc	   features.	   In	  addiKon,	  because 	  gravity	  anomalies	  
have	   their	   steepest	   gradients	   approximately	   over	   the	   edges 	   of	   their	   causaKve 	   sources,	  
especially	   for	   shallow	  sources,	   the	  magneKc	  potenKal 	  map	   can	  be	  used	  to	  approximate	  the	  
edges 	   of	   magneKc	   sources	   (Blakely,	   1995).	   While 	   this	   method	   significantly	   simplifies 	   the	  
interpretaKon	  of	  magneKc	   sources,	   its 	  underlying	  assumpKons	  (e.g.,	   remanence 	  is 	  negligible)	  
can	  limit	  its	  use.	  A	  map	  of	  the	  magneKc	  potenKal	  for	  the	  study	  area	  is	  shown	  in	  Figure	  5-‐10.
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Figure	  5-‐8b.	  Map	  of	   residual	  pseudogravity	   for	  the	  central	  and	  western	  SRP.	  Contours	  are	  shown	  to	  
highlight	  anomalies.

Figure	   5-‐8a.	  Map	   of	   residual	  pseudogravity	   for	   the	   central	  and	  western	   SRP.	   Contours	  are	  shown	   to	  
highlight	  anomalies.	  
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Figure	  5-‐9b.	  Map	  of	  residual	  isosta;c	  gravity.	  Outline	  of	  SRP	  topographic	  depression	  is	  shown	  for	  
reference.

Figure	  5-‐9a.	  Map	  of	   residual	  isosta;c	  gravity	  for	  the	  central 	  and	  western	  SRP.	  Contours	  are	  shown	  to	  
highlight	  anomalies.
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Figure	   5-‐9c.	  Map	   of	   residual	   isosta;c	   gravity.	   Outline	  of	   SRP	   topographic	   depression	   is	   shown	   for	  
reference.	  This	  plot	  differs	  from	  5-‐9b	   in	  the	  color	   range	  scale	  and	  gridding	  specifica;ons	  to	  highlight	  
the	  central	  gravity	  high	  in	  the	  western	  SRP.

Figure	  5-‐10.	  Map	  of	  pseudogravity.	  Outline	  of	  SRP	  topographic	  depression	  is	  shown	  for	  reference.



Maximum	  Horizontal	  Gradients

Maximum	   horizontal	   gradients	   (MHG;	   Blakely	   and	  Simpson,	   1986)	   reflect	   abrupt	   lateral	  
changes 	  in	  the	  density	  or	  magneKzaKon	  of	  the	  underlying	  rocks,	  and	  tend	  to	  lie 	  over	  the	  edges	  
of	   bodies 	  with	   near	   verKcal 	  boundaries 	  (Cordell 	  and	  McCafferty,	   1989;	   Grauch	  and	  Cordell,	  
1987).	  They	  are	  calculated	  for	  both	  gravity	  and	  magneKc	  data 	  to	  esKmate	  the	  extent	  of	  buried	  
sources,	  and	  to	  define	  the	  boundaries	  of	  geophysical	  domains,	  and	  internal	  domain	  structures.	  

Match	  Filtering

Another	   method	   we	   have	  employed	   is	   a 	  matched	  bandpass	  filtering	   technique	   (Syberg,	  
1972;	   Phillips,	  2001)	  applied	  to	  the	  frequency	  spectrum	  of	  gravity	   and	  magneKc	  data 	  (Figures	  
5-‐11	  and	  5-‐12,	   respecKvely),	   that	   allows 	  anomalies 	  arising	   from	  different	   crustal 	  levels 	  to	  be	  
isolated,	  provided	  that	  the	  depths	  of	  anomaly	  sources	  are	  sufficiently	  disKnct.	  

The	   longest	   wavelength	   band	   reflects 	   variaKons	   in	   density	   and	   magneKzaKon	   of	   the	  
deepest	   sources.	   The 	  intermediate	  bandpass	   layers 	  represent	   sources 	  from	   intermediate 	  to	  
shallow	   depths 	   that	   may	   outcrop	   at	   the	   surface.	   The	   shallowest	   layer,	   resulKng	   from	   the	  
highpass 	  filter	   and	   reflecKng	   the 	   shortest	   wavelength	   anomalies,	   is	   due	   to	   sources	   at	   the	  
surface 	  or	  in	  the	  shallow	  sub-‐surface.	  It	  is 	  apparent	  that	  some	  anomalies 	  in	  this 	  layer	  also	  result	  
from	  noise	  in	  the	  data	  (e.g.	  aeromagneKc	  survey	  boundaries).	  Despite	  this,	  even	  the	  shallowest	  
layer	  appears	  to	  resolve	  coherent	  fabrics 	  that	  may	  be	  used	  to	  disKnguish	  regional 	  domains 	  and	  
structures.	   As 	   with	   residual 	  maps,	   however,	   it	   is 	   important	   to	   keep	   in	   mind	   that	   broad	  
anomalies	  might	  arise	  from	  uniform,	  thin,	  extensive,	  but	  shallow	  rocks.	  

Curie	  temperature	  depth	  calcula;ons

We	  have	  applied	  a 	  recently-‐developed	  method	  for	  mapping	  depth	  to	  the 	  Curie-‐temperature	  
(Tc)	   isotherm	   from	  magneKc	   anomalies 	  (Bouligand	   et	   al.,	   2009)	   in	   an	   auempt	   to	  provide	   a	  
measure	  of	  heat	  flow	  in	  the	  Snake	  River	  Plain.	  Such	  methods 	  are	  based	  on	  the	  esKmaKon	  of	  the	  
depth	  to	  the	  bouom	  of	  magneKc	  sources	  assumed	  to	  correspond	  to	  the	  temperature 	  at	  which	  
rocks 	  lose 	  their	   spontaneous 	  magneKzaKon.	   The 	  method	  is	  based	  on	  the 	  spectral 	  analysis 	  of	  
magneKc	   anomalies 	   that	   incorporates 	   a	   representaKon	   where	   magneKzaKon	   has 	   a	   fractal	  
distribuKon	  defined	  by	   three 	  independent	  parameters,	   the	  depths	  to	  the	  top	  (zt)	  and	  bouom	  
(zb)	  of	  magneKc	  sources 	  and	  a 	  fractal	  parameter	  (b)	  related	  to	  the	  geology.	  Depths 	  (zt	  and	  zb)	  
are	  obtained	  assuming	  a 	  constant	  fractal 	  parameter	  and	  applying	  a 	  sliding	  window	  swept	  across	  
the	  study	  area	  to	  compute	  the	  radial 	  power	  spectrum.	  In	  order	  to	  obtain	  discrete	  values 	  within	  
the	  SRP	  that	  are	  not	  influenced	  by	  regions 	  outside 	  the 	  plain,	  we	  applied	  a 	  window	  size	  of	  50	  km	  
(note	  that	  Bouligand	  et	  al.,	  2009	  used	  window	  sizes	  of	  100-‐200	  km).	  
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The	  resulKng	  depth	  to	  the 	  bouom	  of	  magneKc	   sources 	  shows	  some	  features	  that	  broadly	  
correlate	  with	  prominent	  heat-‐flow	  anomalies,	  such	  as 	  the 	  Baule 	  Mountain	  High	  (BMH,	  Sass 	  et	  
al.,	  1971).	  The	  esKmated	  values 	  for	  the	  Tc	  depth,	  however,	  are 	  unrealisKcally	  shallow	  (few	  km;	  
Figure	  5-‐13),	  possibly	   arising	  from	  our	  having	  used	  a	  window	  size 	  that	  is 	  too	  small 	  to	  recover	  
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Figure	   5-‐11.	   Match-‐filtered	   maps	   of	   isosta;c	  
gravity	   for	   the	   central	  and	   western	   SRP	   showing	  
deep	   (lower	   le]),	   intermediate	  (lower	   right)	   and	  
shallow	   (upper	   right)	   depth	   layers.	   Depths	  
correspond	   nominally	   to	   14,	   5,	   and	   2.25km	  
respec;vely.

Figure	  5-‐12.	  Match-‐filtered	  maps	  of	   the	  magne;c	  
reduced	  to	  pole	  field	  for	  the	  central	  and	  western	  
SRP	   showing	   deep	   (lower	   le]),	   intermediate	  
(lower	   right)	   and	   shallow	   (upper	   right)	   depth	  
layers.	   Depths	   correspond	   nominally	   to	   14.5,	   4,	  
and	  1.5km	  respec;vely.	  



low	  wavenumbers	  in	  the	  radial 	  power	  spectrum	  [we	  note	  that	  Bouligand	  et	  al.,	  2009,	  reported	  
Tc	  depths 	  of	  10-‐15	   km	  for	   the	  BMH,	   and	  15-‐23	   km	  for	  the	  Eastern	  Snake	  River	   Plain	  using	   a	  
window	  size	  of	  100	  km].	  

A	  more	  likely	   explanaKon	  for	   the 	  shallow	  depths 	  is	  that	   the	  bouom	  of	  magneKc	   sources	  
reflect	   a 	   lithologic	   contact	   as	   opposed	   to	   the 	  depth	   to	   the	   Tc	   isotherm.	   The	  methodology	  
assumes 	   a 	  model 	   of	   crustal 	  magneKzaKon	   composed	   of	   a 	   single	   layer	   of	   fractal 	   random	  
magneKzaKon.	   If	   a 	  layer	   of	   strongly	   magneKc	   volcanics 	  such	   as	  basalt	   were	   to	   overly	   very	  
weakly	  magneKc	  basin	  sediments 	  or	  tuff,	  the 	  magneKc	  signal 	  due	  to	  the	  basalts 	  may	  mask	  the	  
magneKc	  signal 	  due	  to	  weaker	  underlying	  units.	  If	  this	  is 	  the	  case 	  for	  the	  SRP,	  the	  method	  could	  
provide	  an	  esKmate	  of	  the 	  thickness	  of	   superficial 	  volcanic	   rocks.	  Further	  work	  incorporaKng	  
independent	   geophysical 	  and	  geologic	  datasets 	  will 	  be	  needed	  to	  assess 	  whether	   the 	  method	  
can	  effecKvely	  be	  used	  to	  map	  basalt	  thicknesses.
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Figure	   5-‐13.	   Results 	  from	  depth-‐to-‐source	  calcula;ons	  performed	  on	  the	   Idaho	   State	  aeromagne;c	  
compila;on	  grid	  showing:	  original 	  aeromagne;c	  grid	  (top),	  depth	  to	  top	  (lower	  le]),	  depth	  to	  boQom	  
(lower	   center),	   and	   misfit	   (lower	   right).	   Superimposed	   on	   each	   map	   is	  an	   outline	  of	   the	   individual	  
surveys	   used	   to	   construct	   the	   compila;on.	   In	   some	   places	   (noted	   on	   figure)	   there	   appear	   to	   be	  
ar;facts	  resul;ng	  from	  the	  contras;ng	  survey	  specifica;ons.



Altera;on	  Mapping

The	   distribuKon	   of	   hydrothermal 	   alteraKon	   can	   be 	   an	   important	   parameter	   for	  
understanding	  the	  evoluKon	  of	  geothermal	  systems.	  Unfortunately,	   the	  extent	  of	  alteraKon	  in	  
the	  subsurface	  can	  be	  grossly	  underesKmated	  by	  geologic	  mapping	  or	  remote	  sensing	  methods	  
that	   are	   restricted	   to	   surface	  exposures.	   As	   a	   result,	   extensive	   subsurface	   alteraKon	   onen	  
remains 	   hidden,	   significantly	   limiKng	   exploraKon	   efforts	   to	   characterize	   the	   potenKal	   of	  
undiscovered	  geothermal	  resources.	  

As 	  part	   of	  our	   research	  for	   this 	  project,	  we	  developed	  geophysical 	  methods 	  for	  mapping	  
alteraKon	  that	  do	  not	  rely	   on	  surface 	  outcrops.	  Due	  to	  the	  fact	  that	  hydrothermal	  alteraKon	  
modifies	  the	  magneKc	  properKes 	  of	  the	  volcanic	  substratum,	  magneKc	  methods 	  can	  be 	  used	  to	  
constrain	  the 	  3-‐dimensional 	  (3D)	  distribuKon	  of	  hydrothermal	  alteraKon	  at	  depth.	  To	  test	  these	  
methods 	  we	  applied	  them	  to	  areas 	  in	  Yellowstone	  NaKonal 	  Park	  where 	  several 	  well-‐developed	  
hydrothermal	  systems 	  occur,	   surface 	  exposures 	  of	   alteraKon	  have	  been	  extensively	   mapped,	  
and	   a 	  high-‐resoluKon	   aeromagneKc	   survey	   is 	   available 	   (U.S.	   Geological 	  Survey,	   2000).	   The	  
aeromagneKc	   map	  of	   the	   park	   (Figure	   5-‐4)	   reveals 	  that	   areas	  of	   hydrothermal 	  acKvity	   and	  
surface 	  alteraKon	  are	  commonly	   characterized	  by	  magneKc	  lows.	  This 	  was 	  noted	  by	  Finn	  and	  
Morgan	   (2002)	   who	   suggested	   that	   the	   lows 	   result	   from	   a	   significant	   decrease 	   of	   the	  
substratum	  magneKzaKon	  associated	  to	  hydrothermal	  alteraKon.

We	  selected	  four	  thermal 	  areas 	  for	  study	  that	  display	  these	  magneKc	  lows	  associated	  with	  
hydrothermal	  alteraKon	  (Figures	  5-‐4,	  5-‐14):	  area 	  1	   along	  Firehole 	  River,	  area 	  2	   around	  Smoke	  
Jumper	  Hot	   Springs,	  area 	  3	   in	  Norris 	  Geyser	   Basin,	  and	  area	  4	   (which	  is 	  a 	  subarea 	  of	  area	  1)	  
around	  Lone	  Star	  Geyser.	  These 	  hydrothermal 	  areas	  have	  different	  characterisKcs 	  in	  terms	  of	  
topography,	   nature 	   of	   surrounding	   rocks,	   hydrothermal 	   water	   chemistry,	   occurrence	   and	  
composiKon	  of	  hydrothermal	  deposits,	  and	  nature	  of	  hydrothermal	  alteraKon	  reacKons.	  

In	   addiKon	   to	   applying	   our	   analyses 	   to	   airborne	   data,	   we 	  also	   collected	   ground-‐based	  
magneKc	   surveys	   to	   provide	  more 	  detailed	   mapping	   of	   magneKc	   anomalies,	   and	   to	   beuer	  
understand	   the	   relaKonship	   between	  magneKc	   lows	  and	   hydrothermal 	  alteraKon.	   MagneKc	  
grids 	  constructed	  from	  airborne	  and	  ground-‐based	  data	  were	  used	  to	  invert	  the	  distribuKon	  of	  
magneKzaKon,	   relying	   on	   various 	   simplifying	   assumpKons 	   and	   taking	   the	   topography	   into	  
account.	  These	  models	  were	  used	  to	  infer	  the	  distribuKon	  of	  hydrothermal	  alteraKon.

Ground	  magneKc	   data	  reveal 	  that	  high-‐amplitude,	   short-‐wavelength	  anomalies,	  typical 	  of	  
unaltered	   volcanic	   terrain	   are	   significantly	   smoothed	   and	   subdued	   over	   volcanic	   substrata	  
demagneKzed	  by	   hydrothermal	  alteraKon	  (Figure 	  5-‐14).	  This 	  is 	  an	  important	  observaKon	  that	  
provides	   a	   new	   tool 	   for	   mapping	   areas 	   of	   hydrothermal 	   alteraKon	   by	   searching	   areas	  
characterized	  by	  amplitudes	  lower	  than	  a	  regional	  threshold.
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Figure	  5-‐14.	  Geologic	  map	  (le]),	  aeromagne;c	  map	  (right)	  and	  one	  ground	  magne;c	  profile	  (boQom)	  
for	   study	   areas	  1-‐3:	   Firehole	  river	   (a),	   Smoke	  Jumper	  Hot	   Springs	   (b),	   and	   Norris	  Geyser	  Basin	   (c).	  
Areas	  of	   hydrothermal	   altera;on	   and	   deposits	  are	  located	  by	   yellow	   and	  white	  polygons	   on	   both	  
geological	  and	  aeromagne;c	  maps.	  Endpoints 	  of	   displayed	  magne;c	  profiles 	  are	  indicated	  by	  leQers	  
(AB,	  CD	  or	  EF).	  Extent	  of	   surface	  altera;on	  (deduced	  from	  the	  geologic	  map)	  along	   these	  profiles	  is	  
represented	  in	  yellow.	  Loca;on	  of	  study	  area	  4	  (Lone	  Star	  Geyser)	  is	  indicated	  by	  a	  black	  square.	  



The	  applicaKon	  of	  inverse 	  methods 	  to	  high-‐resoluKon	  airborne	  and	  ground	  magneKc	  grids	  
yielded	   three-‐dimensional	   models 	   of	   the 	   distribuKon	   of	   magneKzaKon	   and	   geometry	   of	  
hydrothermal	  alteraKon.	  This	  revealed	  that	  the	  largest	  degree 	  of	  demagneKzaKon	  (alteraKon)	  
and	   maximum	   thicknesses 	  of	   demagneKzed	   (altered)	   substratum,	   reaching	   a 	   few	   hundred	  
meters,	   are 	  associated	  with	  hydrothermal 	  vents 	  and	  with	  superficial 	  hydrothermal	  alteraKon	  
(Figure	  5-‐15).	  Our	  three	  dimensional 	  models 	  of	  magneKzaKon	  provide	  esKmates 	  of	  the	  volume	  
of	  buried	  hydrothermal 	  alteraKon	  ranging	  from	  10	  to	  20	  km3	  buried	  within	  each	  of	  our	  10	  x	  10	  
km2	  study	  areas.	  

Within 	   the	   three	  hydrothermal	   sites 	  that	   we	   invesKgated	   in	   Yellowstone	  NaKonal 	  Park,	  
subdued	   short-‐wavelength	   signals 	   indicate 	   pervasive	   demagneKzaKon	   (alteraKon)	   of	   the	  
shallow	  substratum	  that	  extends	  over	  larger	  areas	  than	  iniKally	  mapped	  by	  geology.	  In	  addiKon,	  
magneKc	  lows	  observed	  in 	  the 	  aeromagneKc	  survey	  and	  the	  damped	  short-‐wavelength	  signals	  
observed	   in	   ground	   magneKc	   profiles 	   over	   areas 	   of	   hydrothermal 	   acKvity	   and	   alteraKon	  
indicate	  that	  demagneKzaKon	  occurs	  in	  both	  the	  shallow	  and	  deep	  substratum	  within	  all 	  the	  
invesKgated	  areas	  including	  both	  liquid-‐	  and	  vapor-‐dominated	  systems.

This 	   demonstrates 	  a 	   valuable 	   tool 	   for	   geothermal	   exploraKon	   and	   the	   study	   of	   acKve	  
geothermal 	  systems.	  It	  also	  suggests 	  that	  these	  methods	  should	  be	  useful 	  for	  characterizing	  the	  
mineral	  potenKal	  of	  fossil	  hydrothermal	  systems	  that	  may	  host	  epithermal	  ore	  deposits.

Discussion

Gravity

In	   general,	   isostaKc	   gravity	   anomalies 	   reflect	   lateral	   density	   variaKons 	   in	   the 	  middle	   to	  
upper	  crust	  and	  can	  be 	  used	  to	  infer	  changes 	  in	  lithology,	  or	   idenKfy	   features,	   such	  as	  faults,	  
calderas,	   graniKc	   basement,	   mafic	   intrusives,	   or	   sedimentary	   basins.	   Regionally	   the	   SRP	   is	  
characterized	   by	   elevated	   average	  gravity	   values 	   relaKve	   to	   surrounding	   regions,	   reflecKng	  
infilling	   by	   dense	  mafic	   volcanic	   rocks 	   and	   related	   intrusive	   rocks,	   and	   possibly	   significant	  
amounts	  of	  mafic	  underplaKng	  related	  to	  SRP	  magmaKsm.	  

Superimposed	  on	  this 	  regional 	  high	  is 	  a 	  prominent	  central 	  gravity	   high	  extending	  along	  the	  
western	  and	  central 	  SRP	  (features	  g3-‐g7,	  Figure	  5-‐16).	  In	  the	  deep	  layer	  of	   the	  match-‐filtered	  
gravity	   (Figure 	  5-‐11)	  this 	  appears 	  as 	  an	  arcuate	  high	  that	  sweeps	  conKnuously	   from	  western	  
through	  central	  SRP.	  Detailed	  profile	  data	  help	  to	  illuminate 	  the	  finer	  details	  of	  this 	  feature 	  and	  
reveal	   that	   it	   actually	   consists 	   of	   several 	   segmented	   anomalies	   (Figures	   5-‐8b,	   5-‐9c).	  
Intermediate	   and	   shallow	   layers	   of	   the	   match	   filtered	   gravity	   suggest	   that	   western	   and	  
southern	  SRP	  segments	  are	  not	  part	  of	  the	  same	  feature,	  since	  there	  is 	  an	  abrupt	  break	  in	  the	  
anomaly	   corresponding	   with	   a 	  change 	   in	   the	   trend	   of	   segments 	   (from	  NW-‐trending	   in	   the	  
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western	  SRP,	   to	  NE-‐trending	  in	  the	  southern	  SRP).	   It	   is	  noteworthy	   that	   the	  segments 	  of	  the	  
high	   appear	   to	   be	   distributed	   in	   a 	   len-‐stepping	   en	   echelon	   fashion	   that	   would	   suggest	   a	  
possible 	   oblique	   WNW	   shear.	   They	   also	   have	   a 	  NW	   orientaKon	   that	   is 	   significantly	   more	  
northerly	  in	  orientaKon	  than	  the	  overall	  WNW	  trend	  of	  the 	  regional 	  gravity	  high	  defined	  by	  the	  
string	  of	  highs 	  g3-‐g5	   (Figure	  5-‐16).	  This 	  NW	  orientaKon	  is	  much	  more	  closely	   aligned	  with	  the	  
trend	  of	  magneKc	   anomalies 	  in	  the 	  western	  SRP	   (feature	  m2,	  m3,	  m4,	  m6,	  Figure 	  5-‐17)	  and	  
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Figure	   5-‐15.	   Altera;on	   maps	   for	   (top	   to	   boQom):	   area	   1	   (Firehole	   River),	   area	   2	   (Smoke	   Jumper	  
Hotsprings),	   area	   3	   (Norris	   Geyser	   Basin),	   and	   area	   4	   (Lone	   Star	   Geyser),	   presented	   at	   a	   constant	  
eleva;on	  level	  (2855	  m,	  2940	  m,	  2885	  m,	  2402	  m,	  respec;vely	  for	  the	  four	  areas).	  (from	  le]	  to	  right):	  
topography,	  observed	  aeromagne;c	  anomaly	  (not	   reduced	  to	   the	  pole),	   and	  non-‐magne;c	  thickness	  
computed	   assuming	   a	   constant	  magne;za;on	   of	   3	  A/m.	  Magne;za;on	   direc;on	   is	   supposed	   to	  be	  
those	  of	   a	  GAD	  field.	  Hydrothermal	  altera;on	   and	   deposits	  are	  indicated	   by	  brown	   and	  white	  thick	  
lines,	   respec;vely.	   Thermal	   springs	  are	   located	   by	   black	   dots.	   Black	   lines	  are	   topographic	   contours	  
represented	  with	  a	  20	  m	  spacing.



with	  several 	  other	   smaller	  gravity	   anomalies 	  (features	  g1,	   g9,	   Figure 	  5-‐16).	   In	  several	  places,	  
these	  features 	  closely	  coincide	  with	  Quaternary	  faults 	  (Figure	  5-‐18)	  suggesKng	  the	  deep-‐seated	  
sources	  may	  be	  influencing	  acKve	  faulKng.

A	  small 	  northwest-‐trending	  gravity	   high	  at	   the	  top	  of	   the	  western	  SRP	   (feature	  g1,	  Figure	  
5-‐16)	  has 	  been	  interpreted	  as 	  a 	  horst	  block,	  based	  on	  seismic	  and	  deep	  drill 	  hole	  data	  (Wood,	  
1994).	   This 	  corresponds 	  with	  a	  prominent	  magneKc	   low	  (feature	  m3,	   Figure 	  5-‐17)	  suggesKng	  
that	   it	   probably	   consists 	  largely	   of	   reversely	   magneKzed	  flows.	  Another	   NW-‐trending	  gravity	  
high	  occurs 	  along	  the	  western	  margin	  of	  the	  western	  SRP	  (feature 	  g9,	  Figure	  5-‐16)	  that	  may	  also	  
represent	  a 	  fault	  block	  with	  very	  similar	  size	  and	  orientaKon.	  In	  fact	  all	  three	  segments 	  (g1-‐g3)	  
have	  similar	  geometries 	  and	  orientaKon	  suggesKng	  they	  are	  structurally	  controlled.	  It	  may	  also	  
indicate	  that	   they	   formed	  at	  the	  same	  Kme	  or	   under	   similar	   regional 	  stress	  regimes,	  or	  were	  
influenced	  by	  the	  same	  regional	  structural	  fabric.

Along	  the	  margins	  of	  the 	  central 	  gravity	  high	  are 	  several 	  gravity	  lows	  that	  likely	  arise 	  from	  a	  
range	  of	  different	  sources.	  A	  few	  examples 	  include 	  sedimentary	  basins 	  containing	  low-‐density	  
alluvial	  fill 	  that	   occur	   along	   the	  northeastern	  margin	  of	   the	  western	   SRP	   (feature 	  g2,	   Figure	  
5-‐16),	   caldera 	  filled	   with	   low-‐density	   tuff	   (feature	   g10,	   Figure 	  5-‐16),	   and	  graniKc	   basement	  
outcropping	  southwest	  of	  the	  western	  SRP	  (feature	  g8,	  Figure	  5-‐16).

The	  central 	  SRP	   (and	  region	  immediately	   to	  the 	  south)	   is 	  dominated	  by	   three	  prominent	  
WSW-‐trending	  gravity	   highs	  (features 	  g6,	   g12,	   g13,	   Figure 	  5-‐16)	  and	  intervening	  low	  (feature	  
g10,	   Figure 	  5-‐16)	   that	   closely	   resemble 	  the	  trend	  of	   a	  sequence	  of	  magneKc	   highs 	  (features	  
m10,	  m11,	  m9,	  m7,	  Figure	  5-‐17),	   suggesKng	   a	  common	  regional 	  significance 	  that	  may	   relate	  
them	   in	   age 	   and	   origin,	   or	   link	   them	   through	   a 	   common	   regional 	   stress 	   field	   or	   through	  
influence	  by	  a	  pre-‐exisKng	  structural	  fabric.	  

Magne;cs	  

In	  general,	  magneKc	   anomalies	  reflect	   lateral 	  variaKons	  in 	  magneKc	  sources 	  in	  the 	  middle	  
to	  upper	  crust	  that	  can	  arise	  from	  changes 	  in	  lithology,	  or	  structures 	  such	  as	  faults 	  or	  contacts	  
that	   juxtapose 	  units 	  with	   contrasKng	   rock	   properKes.	   Short-‐wavelength	  and	   high-‐amplitude	  
magneKc	   anomalies	   typically	   reflect	   shallow	   volcanic	   rocks	   that	   are 	  moderately	   to	   strongly	  
magneKc.	   Strongly	  magneKc	  volcanic	   and	  associated	  intrusive	  rocks 	  filling	  the	  SRP	   produce	  a	  
regional 	  high	  that	   is	  punctuated	  by	   numerous 	  large 	  amplitude,	   short-‐wavelength	  anomalies.	  
This 	  contrasts 	  sharply	  with	  the	  more 	  subdued	  anomaly	   pauern	  north	  and	  south	  of	  the	  plain.	  
Discrete	  anomalies 	  (10’s-‐100	  km	  wide)	  may	   reflect	  buried	  structures 	  or	   intrusive 	  bodies 	  (e.g.,	  
dike 	  swarms,	  fault	  blocks,	   calderas,	  plutons).	  MagneKc	   lows 	  may	  be	  associated	  with	  reversely	  
magneKzed	  units 	  (feature	  m3,	  Figure 	  5-‐17),	  altered	  volcanic	  rocks,	  silicic	  intrusions 	  or	  basement	  
rock,	  weakly	  magneKc	  volcanic	  tuff,	  or	  sedimentary	  rocks.
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Figure	  5-‐17.	  Map	  of	   residual	  pseudogravity.	  Several	  features	  discussed	  in	  text	  are	  labeled.	  Outline	  of	  
SRP	  topographic	  depression	  is	  shown	  for	  reference.	  

Figure	  5-‐16.	  Map	  of	   isosta;c	  gravity.	  Several	  features	  discussed	   in	   text	  are	  labeled.	  Outline	  of	   SRP	  
topographic	  depression	  is	  shown	  for	  reference.



Prominent	  long-‐wavelength	  magneKc	  highs 	  extending	  north	  from	  the	  northern	  end	  of	  the	  
western	  SRP	  occur	  over	  TerKary	  volcanics	  related	  to	  the 	  Columbia 	  River	  Basalt	  Group.	  Likewise,	  
prominent	   highs 	  in	  eastern	  Oregon	  (southwest	   of	   the	  northern	   end	  of	   the	  SRP)	   are	   due	  to	  
outcropping	  strongly	  magneKc	  Quaternary	  and	  TerKary	  volcanics.	  

The	  western	  SRP	   is 	  characterized	  by	   a 	  dominant	  NW-‐trending	   fabric	  that	   includes	  several	  
narrow	  linear	  magneKc	  highs	  (features	  m2	  and	  m6,	  Figure	  5-‐17)	  and	  lows 	  (feature 	  m4,	  Figure	  
5-‐17).	   Aside	   from	   these 	  discrete	   linear	   highs,	   the	   western	   plain	   reflects	   a	   relaKvely	   lower	  
magneKc	   relief	   than	  the	  eastern	  SRP,	   that	   is 	  likely	   due	  in	  part	   to	  a	  thicker	   secKon	  overlying	  
sediments.	  Prominent	  NW-‐trending	  highs 	  along	  the	  margins 	  of	  the 	  western	  plain	  (features	  m2	  
and	  m6,	   Figure 	  5-‐17)	   resemble	  anomalies 	  in	  northern	  Nevada	  that	   are	  due	   to	  mid-‐Miocene	  
mafic	  dike 	  swarms 	  thought	   to	  be 	  related	  to	   incepKon	  of	  the	  Yellowstone	  hotspot	   (Glen	  and	  
Ponce,	  2002)	  and	  have	  a	  common	  origin.	  

The	   central 	  SRP	   (and	   region	   immediately	   to	   the 	  south)	   is 	  dominated	   by	   a	   sequence	  of	  
relaKvely	   long-‐wavelength	  EW-‐trending	  elongate	  magneKc	  highs 	  (features	  m10,	  m11,	  m9,	  m7,	  
Figure	  5-‐17).	  This 	  broad	  regional	  similarity	   may	   indicate	  these	  features	  are 	  similar	   in	  age 	  and	  
origin,	  or	  linked	  through	  a 	  common	  regional 	  stress 	  field	  or	  through	  influence	  by	  a 	  common	  pre-‐
exisKng	  structural	  fabric.

A	   prominent	   triangular	   low	   southwest	   of	   the	  western	   SRP	   (feature 	  m5,	   Figure	   5-‐17)	   is	  
coincident	  with	  a 	  moderate	  gravity	  low	  (feature 	  g8,	  Figure 	  5-‐16)	  of	  the 	  same 	  general	  size	  and	  is	  
located	   over	   Mesozoic	   intrusive	   rocks	  possibly	   related	   to	   the	   Idaho	  Batholith.	   Another	   low	  
(feature 	  m8,	  Figure	  5-‐17)	  and	  corresponding	  gravity	   low	  (feature	  g11,	  Figure	  5-‐16)	  are	  situated	  
over	   the	  inferred	  center	   of	  the	  Bruneau-‐Jarbidge	  caldera	  suggesKng	  these 	  anomalies 	  may	   be	  
due 	  to	  infilling	  of	  low	  density,	  weakly	  magneKc	  volcanic	  tuff.	  MagneKc	  and	  gravity	  highs 	  along	  
the	  margin	  of	   this 	  low	  (feature	  g13,	  m4,	   Figures 	  5-‐16	   and	  5-‐17)	  may	   reflect	   dense,	  magneKc	  
intrusions	  related	  to	  emplacement	  of	  the	  caldera.

The	  regional 	  field	  depicted	  by	   the 	  deepest	  match	  filtered	  layer	  of	  pseudogravity	   reveals 	  a	  
string	  of	  anomaly	  highs 	  extending	  across	  the 	  eastern	  SRP	  (Figure	  5-‐19).	  These	  highs	  are	  similar	  
in	   size,	   and	   roughly	   correlate	   with,	   the	   inferred	   eastern	   SRP	   calderas 	   including	   Bruneau-‐
Jabridge,	   Twin	   Falls,	   Picabo,	   and	   Heise	   volcanic	   fields.	   It	   is	   noteworthy	   that	   this 	   regional	  
magneKc	   trend	   follows 	  southwestward	  along	   the	  track	  of	   calderas 	  and	  may	   also	   image	  the	  
northeastern	  end	  of	  the	  Owyhee-‐Humbolt	  field	  at	  the	  edge	  of	  the	  state	  magneKc	  grid.	  
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Figure	  5-‐18.	  Map	  showing	   the	  residual	  isosta;c	  field	   for	   the	  central	  and	  western	  SRP	  overlain	  with	  
maximum	  horizontal	  gradients	  (circles	  sized	   to	  magnitude	  of	  MHG)	   that	   reflect	  the	  edges	  of	  gravity	  
sources,	  and	  Quaternary	  faults	  (red	  lines).



Summary

We	  have	   performed	  potenKal	   field	   studies 	   in	   the	   Snake	   River	   Plain	   to	   provide	   regional	  
geophysical	  mapping	  to	  characterize 	  mid-‐	   to	  shallow-‐crustal	  features.	  This 	  involved	  compiling	  
and	  reprocessing	  exisKng	  gravity	  and	  aeromagneKc	  data,	  and	  collecKng	  new	  gravity	   and	  rock-‐
property	   data	   throughout	   the	   western	   and	   central 	   Snake	   River	   Plain 	   to	   provide	   an	  
unprecedented	  high-‐resoluKon	  potenKal 	  field	  dataset	  for	  assessing	  subsurface	  structure.	  To	  aid	  
interpretaKon	  of	  gravity	   and	  magneKc	   data,	  we	  have	  applied	  several 	  filtering	  and	  derivaKve	  
methods 	  that	  help	  to	  delineate 	  structures 	  and	  to	  constrain	  the	  depths 	  and	  geometry	  of	  sources.	  
Features 	   of	   interest	   include:	   intrabasin	   and	   basin-‐bounding	   faults,	   pre-‐exisKng	   crustal	  
structures 	   that	   could	   have 	  guided	   extension	   and	   magmaKsm	   associated	   with	   the	   hotspot,	  
intrusive	  bodies	  that	  may	  have	  fed	  early	  SRP	  volcanism,	  and	  calderas 	  emplaced	  during	  passage	  
of	  the	  hotspot.	  
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Figure	  5-‐19.	  Map	  of	  the	  deepest	  match-‐filter	  layer	  of	  the	  pseudogravity	  of	  the	  Idaho	  state	  compila;on	  
(corresponding	  to	  ~15.5	  km	  depth).	  Also	  shown	  are	  various	  mapped	  vents	  (symbols)	  and	  interpreted	  
outlines 	  of	   caldera	  boundaries 	  (including	  OH	  –	  Owyhee-‐Humboldt,	  BJ	  –	   Bruneau-‐Jarbidge,	  TF	  –	   Twin	  
Falls,	  P	  –	  Picabo,	  H	  –	  Heise,	  and	  Y	  –	  Yellowstone	  volcanic	  fields).	  Brown	  outlines	  are	  caldera	  boundaries	  
from	  Pierce	  and	  Morgan	  (1992).	  Black	  outlines	  show	  caldera	  boundaries 	  for	  BJ	  and	  TF	  calderas	  a]er	  
Bonnichsen	  and	  Godchaux	  (2002).	  



The	  potenKal	  field	  maps	  suggest:

• The	  western	  and	  central	  branches	  of	  the	  SRP	  have	  disKnct	  geophysical	  characterisKcs

• The	  long-‐wavelength	  character	  of	  the	  pseudogravity	  field	  may	  be	  used	  to	  map	  the	  
regional	  crustal	  extents	  of	  calderas	  across	  the	  eastern	  SRP

• The	  central	  gravity	  high	  in	  the	  western	  SRP	  is	  segmented	  suggesKng	  the	  mid-‐lower	  crust	  
may	  be	  dissected	  into	  discrete	  structural	  blocks

• These	  segments	  have	  trends	  that	  parallel	  prominent	  linear	  magneKc	  anomalies	  
suggesKng	  that	  magneKc	  and	  gravity	  sources	  may	  be	  related	  (or	  influenced	  by	  a	  
common	  structural	  fabric)

• NW-‐trending	  magneKc	  and	  gravity	  anomalies	  in	  the	  western	  SRP	  are	  aligned	  with	  
Quaternary	  faults	  suggesKng	  that	  deeper	  crustal	  structures	  imaged	  by	  the	  potenKal	  field	  
data	  may	  be	  controlling	  acKve	  faulKng

In	  addiKon	  to	  our	  potenKal 	  field	  mapping	  efforts,	  we	  developed	  inversion	  methods,	   using	  
magneKc	  data,	  to	  model	  the	  3-‐dimmensional	  extent	  of	  subsurface 	  hydrothermal 	  alteraKon.	  We	  
tested	   these	  methods 	   in	   Yellowstone	  NaKonal 	  Park	   where	  hydrothermal 	  systems	  are	  well-‐
studied	   and	   where	   surface	   alteraKon	   has	   been	   extensively	   mapped.	   These	   applicaKons	  
demonstrate	   the	   effecKveness	   of	   this 	   technique	   to	   study	   subsurface	   alteraKon	   of	   acKve	  
geothermal 	  systems,	  and	  to	  idenKfy	  major	   long-‐lived	  structures	  that	   conduct	   subsurface	  fluid	  
flow.	  Beyond	  their	  obvious 	  value	  for	  geothermal 	  exploraKon,	  these	  methods 	  can	  also	  be	  used	  
to	  characterized	  the 	  mineral 	  potenKal 	  of	  fossil 	  hydrothermal	  systems	  that	  host	  epithermal	  ore	  
deposits.	  

Future	  work	  will	  entail:	  

• Two-‐dimensional	  potenKal	  field	  modeling	  along	  gravity	  profiles

• Developing	  a	  fully-‐3D	  potenKal	  field	  model

• Further	  invesKgaKon	  into	  methods	  for	  esKmaKng	  depth	  to	  base	  of	  magneKc	  sources	  in	  
order	  to	  constrain	  the	  thickness	  of	  basin-‐filling	  basalts	  

• The	  applicaKon	  of	  alteraKon	  mapping	  methods,	  developed	  for	  this	  project,	  to	  study	  
hydrothermal	  systems	  within	  the	  SRP

• ConKnued	  invesKgaKon	  of	  the	  use	  of	  long	  wavelength	  match-‐filtered	  pseudogravity	  to	  
map	  the	  extent	  of	  calderas	  
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CHAPTER	  6:	  

SEISMIC	  IMAGING	  AND	  VERTICAL	  SEISMIC	  PROFILES

Lee	  M.	  Liberty1,	  Douglas	  R.	  SchmiG2,	  John	  W.	  Shervais3

1Center	  for	  Geophysical	  Inves5ga5on	  of	  the	  Shallow	  Subsurface,	  Boise	  State	  University,	  Boise,	  ID	  83725-‐1536	  
2Ins5tute	  for	  Geophysical	  Research,	  Dept.	  of	  Physics,	  University	  of	  Alberta,	  Edmonton,	  AB	  T6G	  2E1

3Department	  of	  Geology,	  Utah	  State	  University,	  4505	  Old	  Main	  Hill,	  Logan,	  UT	  84322-‐4905

ABSTRACT

Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  was	  undertaken	  to	  be?er	  understand	  
the	  geothermal	  systems	  in	  three	   locaAons	  across	  the	  Snake	  River	  Plain	  with	  varying	  geological	  
and	   hydrological	  structure.	   A	   series	  of	   surface	  and	  borehole	   seismic	   profiles	  were	  obtained	  at	  
each	   of	   three	   sites	   (Kimama,	   Kimberly,	  Mountain	   Home).	   New	  high-‐resoluAon	   downhole	   and	  
surface	  seismic	   data	  Aed	   to	   drill	   holes	   related	   to	   the	   Snake	  River	   Geothermal	  Drilling	   Project	  
(ICDP	   Project	   Hotspot)	   provide	   insights	   into	   straAgraphy	   and	   test	   the	   capabiliAes	  of	   seismic	  
imaging	  in	   volcanic	  terranes.	   The	  downhole	  data	   at	   the	  drill	  sites	  in	   southern	   Idaho	  show	  low	  
seismic	  a?enuaAon,	  large	  seismic	  velocity	  contrasts	  at	  volcanic	  flow	  boundaries,	  and	  large	  near-‐
surface	   staAc	   effects.	   Lithologic	   and	   seismic	   boundaries	   observed	   in	   borehole	   data	   Ae	   to	  
reflecAons	  on	  surface	  and	  borehole	  seismic	  images.	  The	  Kimberly	  site	  drilled	  through	  1,958	  m	  of	  
mostly	  rhyolite,	  with	  thin	  sedimentary	  interbeds	  throughout	  the	  secAon.	  Sedimentary	  interbeds	  
at	   depth	   correspond	   with	   slow	   velocity	   zones	   that	   relate	   to	   reflecAons	   on	   surface	   seismic	  
profiles.	   ReflecAons	   observed	   on	   seismic	   profiles	   Ae	   to	   flow	   boundaries	   in	   the	   upper	   500	   m	  
depth.	  This	  reflecAon	  pa?ern	  suggests	  flow	  volumes	  from	  the	  latest	  erupAon	  can	  be	  esAmated	  
with	   surface	  seismic	  methods.	   The	  Kimama	   site	  drilled	  through	  1,912	  m	  of	  mostly	   basalt	  with	  
sedimentary	   interbeds	   at	   depth.	   Mountain	   Home	   drilled	   through	   1821	   m	  of	   sediments	  with	  
intercalated	   basalt.	   Downhole	   and	   surface	   vibroseis	   seismic	   results	   suggest	   seismic	   reflecAon	  
methods	  are	  useful	  to	  image	  shallow	  flow	  boundaries.	  High	  fold	  to	  obtain	  wide	  angle	  coverage	  
is	  necessary	   for	  data	  acquisiAon.	  High	  frequency	   a?enuaAon	  is	  observed	  at	  all	  three	  sites	  and	  
can	  be	  countered	  by	  geophone	  groups	  to	  match	   coherent	  noise	  pa?erns,	  and	  a	  focus	  on	  lower	  
frequency	  acquisiAon.	  The	  potenAal	  for	   large	  staAc	   effects	  need	  to	  be	  addressed	  in	   processing	  
and	   with	   an	   accurate	   velocity	   model	   Aed	   to	  borehole	   informaAon,	   improved	   seismic	   imaging	  
may	  be	  achieved	  with	  prestack	  migraAon	  methods.	  We	  recommend	  high	  fold	  wide	  angle	  seismic	  
imaging	  methods	  to	  opAmize	  seismic	  results	  in	  these	  complex	  geologic	  environments.
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INTRODUCTION	  	  

Seismic	   imaging	  in	  volcanic	  terranes	  is 	  o0en	  difficult	  due	  to	  large 	  seismic	  velocity	  contrasts	  
between	  volcanic	  rocks 	  and	  sediment	  interbeds,	  large 	  lateral 	  varia9ons	  in	  stra9graphy,	  and	  the	  
poten9al	  for	  mode	  converted	  (p-‐wave	  to	  s-‐wave)	  energy	   to	  par99on	  the	  seismic	   signal	  and	  
degrade	  the	  quality	   of	   the	  seismic	   stack	   (e.g.,	   Pujol 	  et	   al.,	   1989;	   Pujol	  and	  Smithson,	   1992;	  
Ziolkowski 	  et	  al.,	  2003).	  The	  objec9ve	  of	  our	  project	  was	  to	  assess 	  seismic	  imaging	  capabili9es	  
at	   three	   sites 	  to	   recognize 	  geothermal	  poten9al	   in	  a 	  variety	   of	   volcanic	   seNngs	  within	   the	  
Snake	  River	  Plain,	  Idaho.	  Specifically,	  we	  examined	  up-‐flow	  zones 	  along	  the 	  southwest	  margin	  
of	  a 	  buried	  caldera 	  margin	  (Kimberly),	   tested	  the 	  extent	  of	  surface	  imaging	  capabili9es	  along	  
the	  axis 	  of	  the	  Snake	  River	  Plain	  in	  an	  area 	  where	  elevated	  groundwater	   temperatures	  imply	  
heat	   flow	   from	   below	   (Kimama),	   and	   provided	   the	   geophysical	   framework	   to	   site	   a	   new	  
geothermal 	  well 	  (Mountain	  Home).	   In	  addi9on	   to	   surface	  seismic	   data 	  collec9on,	   a	  suite	  of	  
downhole	   geophysical 	   logs 	   and	   geochemical	   measurements 	   were	   used	   to	   calibrate 	   and	  
compare	  to	  our	  results.	  Here,	  we	  present	  seismic	  results 	  from	  three	  field	  sites	  to	  conclude	  that	  
high	  temperature	  zones 	  in	  the 	  subsurface	  correlate	  with	  seismic	  velocity	  contrasts	  and,	  within	  
limits,	  surface	  seismic	  methods	  can	  be	  used	  to	  improve	  geothermal	  explora9on.	  

At	   all	   sites,	   we 	  acquired	   seismic	   data 	  using	   a 	  12,000	   lb	   IVI 	  Minivib	   source 	  and	  240-‐360	  
ver9cal 	  10-‐14	   Hz	   geophones	  spaced	  at	  4	  m.	   Downhole 	  data 	  were	  acquired	  using	   a	  Sercel 	  3-‐
component	   borehole 	  geophone	  at	   2	   m	   spacing	   at	   both	   Kimberly	   and	   Kimama	   sites,	   and	   a	  
ver9cal 	  component	  downhole	  geophone	  at	  the	  Mountain	  Home	  site	  at	  a	  spacing	  of	  2	  m.	  Data	  
were 	  acquired	  along	  dirt/gravel 	  roads	  with	  geophones	  planted	  along	  the 	  adjacent	  shoulder.	  Our	  
results 	  suggest	   that	  surface	  seismic	  methods 	  can	  image 	  major	  boundaries 	  in	  volcanic	   terranes	  
High	   fold	   to	   obtain	   wide 	   angle 	   coverage 	   is 	  necessary	   for	   data	   acquisi9on.	   High	   frequency	  
a^enua9on	  is	  observed	  at	  all 	  three 	  sites 	  and	  can	  be	  countered	  by	   geophone	  groups 	  to	  match	  
coherent	   noise 	  pa^erns,	   and	  a 	  focus 	  on	  lower	   frequency	   acquisi9on.	  The	  poten9al 	  for	   large	  
sta9c	  effects 	  need	  to	  be	  addressed	  in	  processing.	  We	  recommend	  wide 	  angle 	  seismic	  imaging	  
using	  mul9-‐component	  acquisi9on	  capabili9es	  to	  improve	  seismic	  imaging	  capabili9es.
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Figure	   6-‐1.	   Digital	   topographic	   map	   of	   southern	   Idaho	   and	   surrounding	   area	   showing	   loca5on	   of	  
erup5ve	  centers	  related	  to	  the	  track	  of	   the	  Yellowstone	  Hotspot	  (revised	  from	  Shervais	  and	  Hannan,	  
2008).	   The	   Kimberly	   and	   Kimama	  sites 	   (red	   stars)	   are	   located	   on	   the	  perimeter	   of	   the	   Twin	   Falls	  
erup5ve	  complex.	  The	  Mountain	  Home	  site	  (blue	  star)	  is	  located	  on	  the	  eastern	  margin	  of	  the	  western	  
Snake	  River	  Plain	  graben.

KIMBERLY	  SEISMIC	  RESULTS	  	  

The	  Kimberley	   site,	  located	  in	  the 	  Twin	  Falls 	  region	  and	  along	  the	  southwest	  margin 	  of	  the	  
Twin	   Falls 	   volcanic	   complex	   (Figure	   6-‐1),	   is 	   well	   known	   for	   its 	   low	   enthalpy	   geothermal	  
resources.	   Here,	   the 	  ground	  water	   is 	  recharged	  in	  the	  mountains	  to	  the 	  south,	   seeps 	  deeper	  
into	  the 	  crust	  where	  it	   is 	  heated,	   then	  upwells 	  forming	  an	  artesian	  system	  [Street	  and	  deTar,	  
1987].	   The	  borehole	  and	  surface	  seismic	   profiles	  are	  located	  along	   the	  west	  flank	  of	  Hansen	  
Bu^e,	   immediately	   south	  of	  the	  Snake	  River	   (Figure	  6-‐2)	   and	  the	  lithology	   consists 	  of	  basalt,	  
rhyolite,	  and	  sediment	   layers	  in	  the	  upper	   430	  m,	   which	  overlie	  a	  thick	  sequence	  of	   rhyolite	  
with	  rare	  thin	  sediment	  interbeds	  to	  1,958	  m	  depth	  (Shervais	  et	  al.,	  2011).	  
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Figure	  6-‐2.	  (top)	  Topographic	  map	  showing	  the	  Kimberly	  drill	  site	  and	  seismic	  profile	  loca5ons	  on	  the	  
northwest	  flank	  of	  Hansen	  Bu^e	  near	  Kimberly,	  Idaho.	  (bo^om)	  Aerial	  photo	  of	  the	  Kimberly	  site.	  

DE-‐EE	  0002848	   	   	   	   	   	   	   	   Chapter	  6	  -‐	  Seismic	  Imaging	  

6-4



Kimberly	  Ver+cal	  Seismic	  Profile	  (VSP)

A	  1.9	   km	  deep	  ver9cal 	  seismic	   profile	  (VSP)	  at	   the	  Kimberly	   site	  shows	  clear	  first	   arrivals	  
using	  the	  University	  of	  Alberta 	  12,000	  lb	  IVI	  P-‐wave	  vibroseis 	  source.	  The	  data 	  were	  collected	  at	  
2	  m	  depth	  intervals 	  using	  four	  3-‐component	  Sercel	  10	  Hz	  downhole 	  geophones 	  with	  a	  vibroseis	  
sweep	   from	   20-‐160	   Hz.	   The	   source	   was 	   sta9oned	   approximately	   17	   m	   from	   the	   Kimberly	  
borehole.	  The	  first	   arrivals 	  suggest	  rela9vely	   low	  a^enua9on	  of	  the	  p-‐wave 	  seismic	  energy	   at	  
the	  dominant	  frequency	   of	  30-‐40	  Hz,	  but	  at	   higher	  frequencies,	  we	  observe	  a^enua9on	  with	  
increasing	  depth.	  Although	  we	  acquired	  data 	  to	  above	  100	  Hz,	  direct	  arrival 	  energy	  above 	  this	  
frequency	   was 	  not	   recorded	   at	   depths 	   greater	   than	   ~300m	   (Figure	   6-‐3).	   At	   these	   higher	  
frequencies,	  low	  velocity	  tube	  wave	  arrivals 	  (at	  water	  velocity)	  and	  mul9ple	  downgoing	  arrivals	  
that	  parallel	  the	  first	  break	  direct	  arrival	  dominate	  the	  VSP	  wave	  field.	  Although	  tube	  waves	  are	  
not	  an	  issue	  for	  a 	  surface	  seismic	  campaign,	  this 	  observa9on	  suggests 	  that	  li^le 	  high	  frequency	  
coherent	  seismic	  energy	   is 	  returned	  below	  a 	  few	  hundred	  meters	  at	  Kimberly.	  However,	  lower	  
frequency	   (10’s 	  of	  Hz)	  imaging	  to	  geothermal 	  target	  depths 	  (upper	  2	  km)	  is 	  feasible 	  with	  this	  
source.	  This 	  conclusion	  is 	  consistent	  with	  other	  seismic	  studies 	  conducted	  in	  volcanic	   terranes	  
(e.g.,	   Pujol 	   and	   Smithson,	   1991;	   Ziolkowski 	   et	   al.,	   2003)	   and	   suggests 	   meter-‐scale	   flow	  
boundaries	  may	   be	  difficult	   to	  resolve 	  with	  seismic	  methods,	  but	  larger	  flow	  boundaries 	  may	  
s9ll	  be	  imaged.	  

We	  picked	  first	   arrivals 	  to	  es9mate	  P-‐wave	   interval 	  veloci9es	  (Figure 	  6-‐3b).	   A	  first	   order	  
least	  squares	  fit	  to	  the	  calculated	  interval 	  veloci9es	  suggests 	  a 	  general	  increase	  from	  4,000	  m/s	  
near	  the	  surface 	  to	  6,000	  m/s 	  at	  1.9	  km	  depth.	  The	  increase	  in	  velocity	  with	  depth	  is 	  typical 	  of	  
seismic	   velocity	   measurements	  with	   increasing	   confining	   pressure 	  for	   similar	   igneous	   rocks	  
(e.g.,	  Christensen,	  1984).	  Low	  velocity	  zones 	  appear	  where 	  sediment	  interbeds	  are	  iden9fied	  in	  
the	   Kimberly	   lithologic	   log	   (Shervais	  et	   al.,	   2011	   and	   this	   report)	   and	  many	   of	   these	  zones	  
correlate	   with	   fluctua9ons	   in	   downhole	   water	   temperature	   (Figure 	   6-‐3c).	   The 	   calculated	  
velocity	  values 	  for	  the	  thin	  sedimentary	   interbeds 	  are	  likely	  overes9mated	  due	  to	  the	  influence	  
of	  the	  adjacent	  high	  velocity	  rhyolite	  seismic	  veloci9es 	  and	  a 	  necessary	  smoothing	  filter	  used	  to	  
calculate	  interval 	  velocity	  values.	  However,	  thick	  sedimentary	  interbeds 	  observed	  at	  0.4	  km	  and	  
0.6	   km	   depth	   record	   interval 	   veloci9es 	   of	   2,000-‐3,000	   m/s	   and	   reflect	   fine-‐grained	  
unconsolidated	   sediments 	   that	   were 	   logged	   within	   these	   zones 	   (Shervais 	   et	   al,	   2011).	   In	  
summary,	  seismic	   velocity	   varia9ons 	  correlate	  with	  changes	  in	   lithology	   at	   the 	  Kimberly	   site.	  
One	   excep9on	   to	   this 	  observa9on	   is 	  a 	   velocity	   boundary	   at	   1.65	   km	   depth	   that	   does	   not	  
correlate	  to	  any	  major	  lithologic	  boundary.	  
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Figure	   6-‐3.	   (a)	   Ver5cal	   component	  VSP	   from	  Kimberly	  with	  no	  processing	   to	   emphasize	   direct	  
down	   going	   (direct)	   arrivals.	   (b)	   First	   arrivals	   were	   picked	   to	   calculate	   interval	   veloci5es	   to	  
compare	  with	  lithologic	  and	  temperature	  logs	  (c).	  (d)	  Down	  going	  arrivals	  were	  removed	  through	  
signal	  processing	  to	  emphasize	  reflected	  arrivals.	  Green	  line	  represents	  first	  arrival	  travel	  5me.	  (e)	  
Corridor	  stack	  in	  two-‐way	  travel	  5me	  is	  used	  to	  5e	  VSP	  results	  to	  surface	  seismic	  results.	  Borehole	  
loca5on	  is	  shown	  in	  Figures	  6-‐1	  and	  6-‐2.
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Removal 	  of	   the	  downgoing	  VSP	   seismic	  energy	  using	  a	  median	  subtrac9on	  filter	  highlights	  
upgoing	  reflec9ons 	  from	  seismic	  boundaries 	  at	  depth	  (Figure	  6-‐3d).	  Reflec9ons 	  projected	  back	  
to	  direct	  first	  arrival 	  travel 	  9me	  indicate 	  that	  many	   velocity	   (and	  reflec9ng)	  boundaries	  9e 	  to	  
sediment	  interbeds 	  both	  at	  and	  below	  VSP	  depths.	  A	  corridor	  stack	  (Figure	  6-‐3e),	  produced	  by	  
doubling	  of	  the	  travel 	  9me	  of	  these	  filtered	  results,	  simulates	  a 	  surface	  source	  and	  receiver	  to	  
compare	  with	  surface 	  seismic	   reflec9on	  profile.	   The	  amount	  of	  reflected	  energy	  observed	  on	  
the	  corridor	  stack	  is 	  very	  encouraging	  and	  suggests	  surface 	  seismic	  methods	  using	  this 	  vibrator	  
source	  can	  provide	  adequate	  energy	  to	  image	  seismic	  boundaries	  at	  borehole	  depths.	  

Figure	  6-‐4.	   VSP	   filter	  panel	  results	  from	  Kimberly	  borehole	  showing	   a^enua5on	  of	   high	   frequency	  
signals	  with	  depth.	  Note	  that	  li^le	  first	  arrival	  signal	  above	  100	  Hz	  appears	  below	  300	  m	  depth.
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Kimberly	  -‐	  Sta+c	  effects	  on	  imaging

One	  observa9on	  that	  the	  corridor	  stack	  analysis 	  provides 	  is	  that	  travel	  9me	  delays 	  for	  some	  
reflec9ons 	  suggest	  sta9c	  effects 	  may	  present	  difficul9es	  with	  surface	  seismic	  analyses	  (Figure	  
6-‐3e).	  Sta9c	  9me	  shi0s	  occur	  when	  large	  lateral 	  seismic	  veloci9es 	  are	  encountered.	  To	  further	  
examine 	   sta9c	   or	   small 	   travel 	   9me 	   effects	   with	   seismic	   imaging	   methods,	   we	   acquired	   a	  
walkaway	  VSP	  at	  a 	  range 	  of	  receiver	  depths	  (Figure	  6-‐4).	  These	  data 	  were	  collected	  by	  moving	  
the	   vibroseis 	  truck	   at	   4	  m	   intervals 	  along	   the	   road	  adjacent	   to	   the	  Kimberly	   borehole 	  and	  
recording	   downhole	  3-‐component	   data.	   Our	   results 	  show	   a 	  large 	  and	   repeatable	  pa^ern	  of	  
travel	  9me	  shi0s 	  at	  a 	  range	  of	  receiver	   depths	  that	   is 	  consistent	   with	  large	  velocity	   changes	  
along	  this 	  200	  m	   long	  seismic	   test.	  Sta9c	  measurements 	  of	  more 	  than	  60	  ms	  (two-‐way	  travel	  
9me)	   appear	  within	  lateral 	  distances	  of	   less 	  than	  50	  m	   and	  these 	  travel	  9me	  varia9ons 	  are	  
nearly	  iden9cal 	  for	  all 	  depths 	  below	  500	  m.	  This 	  analysis 	  suggests	  that	  the	  majority	  of	  problems	  
related	  to	  sta9c	  effects 	  occurs 	  at	  less	  than	  500	  m	  depth	  and	  is 	  likely	  related	  to	  lateral 	  changes 	  in	  
shallow	  flow	  boundaries.	  To	  succeed	  with	  surface	  seismic	  imaging	  techniques	  to	  image	  deeper	  
stra9graphy,	  these 	  sta9c	  effects 	  must	  be 	  addressed	  with	  advanced	  seismic	  processing	  methods.	  
Typically,	  these	  long-‐wavelength	  sta9c	  effects 	  can	  be	  addressed	  with	  a 	  refrac9on	  sta9c	  analysis	  
via	  turning	   ray	   tomography	   methods 	  (e.g.,	   Cox,	   1999).	  However,	   in	  a 	  terrane	  where	  velocity	  
inversions 	   from	   shallow	   volcanic	   layers	   are	   common,	   the	   assump9ons 	   of	   first	   arrival	  
tomography	  to	  extract	  a	  near-‐surface 	  velocity	  distribu9on	  are 	  violated.	  Under	  these	  condi9ons,	  
borehole	  measurements	  with	  a 	  layer	   stripping	  approach	  to	  reflec9on	  processing	  may	   provide	  
the	  best	   imaging	   results.	   In	  addi9on	  to	  a	  reduced	  imaging	  capability	   that	   results 	  from	  lateral	  
near-‐surface 	  contrasts,	   the	  large	  changes	  in	  seismic	   veloci9es	  with	  depth	  are	  responsible 	  for	  
much	  of	  the	  high	  frequency	   a^enua9on	  that	  was	  observed	  in	  Figure	  6-‐4.	   Therefore,	  gaining	  a	  
handle	  on	  the	  velocity	  field	  in	  volcanic	  terranes 	  is 	  essen9al 	  to	  accurately	  image	  the 	  subsurface	  
with	  seismic	  methods.	   Borehole 	  controls 	  to	  obtain	  seismic	  velocity	   informa9on	  is 	  therefore	  a	  
cri9cal	  component	  to	  high	  quality	  surface	  seismic	  measurements.

We	  next	  examined	  the	  horizontal 	  components	  from	  the	  downhole 	  VSP	  data	  to	  determine	  
the	  role	  of	  mode	  converted	  shear	  wave	  signals 	  derived	  from	  the	  seismic	  source	  or	   converted	  
from	  shallow	  layers.	  Although	  small 	  amplitude 	  shear	  wave 	  arrivals 	  are	  observed	  on	  the	  ver9cal	  
offset	   VSP	   results,	   these	  signals 	  are	  at	   very	   low	  amplitude	  and	  we	  conclude	  that	   converted	  
waves 	   do	   not	   play	   a 	   significant	   role	   at	   near	   ver9cal 	   incidence,	   as 	   expected	   by	   Zoeppritz	  
equa9on	  calcula9ons 	  (Aki 	  and	  Richards,	  1980).	  However,	  at	  wider	  angles,	  coherent	  shear	  wave	  
arrivals 	   suggest	   much	   of	   the 	  p-‐wave	   energy	   has 	  been	   par99oned	   and	   a	   mul9-‐component	  
approach	   to	   imaging	   in	   volcanic	   terranes 	   for	   geothermal 	   targets 	   may	   be	   beneficial 	   (e.g.,	  
Hannsen	  et	  al.,	  2003;	  Stewart	  et	  al.,	  2003;	  Behara,	  2006).	  Figure	  6-‐5	  shows	  shot	  gathers	  for	  our	  
wide 	  angle	  3-‐component	  VSP	  experiment.	  Our	  results 	  show	  that	  at	  wide 	  angles 	  (shallow	  depths	  
rela9ve	  to	  the 	  imaging	  angle),	  s-‐wave	  energy	  matches 	  the 	  amplitude	  of	  the	  ver9cal 	  component	  
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(p-‐wave	  energy).	  Although	  some	  horizontal 	  energy	  is 	  expected	  in	  a	  VSP	  experiment	  due	  to	  non-‐
ver9cal 	   raypaths,	   coherent	   signals 	  along	   both	   the 	   inline 	  and	   crossline	   sensors 	  support	   this	  
observa9on	  of	  mode	  converted	  energy	   playing	  a 	  large	  factor	   in	   signal	  a^enua9on	  and	  that	  
these	  data	  may	  be	  beneficial	  in	  seismic	  imaging	  in	  these	  complex	  geologic	  environments.	  
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Figure	  6-‐5.	  (top)	   Rela5ve	  amplitude	  walkaway	   seismic	  profiles	  at	  a	  range	  of	   geophone	  depths	  for	  both	  
horizontal	  (S1	  and	  S2)	  and	  ver5cal	  (V)	  receivers.	  Note	  that	  the	  horizontal	  energy	  decreases	  in	  amplitude	  
(rela5ve	   to	   the	   ver5cal	   component)	   with	   depth,	   related	   to	   converted	   wave	   par55oning	   at	   greater	  
raypath	  angles	  (bo^om).	  Sta5c	  effects	  from	   the	  walkaway	   survey	   showing	   two-‐way	   travel	  5me	  delay	  
5mes	   from	  a	   range	  of	   receiver	  depths.	   These	  data	  were	  calculated	  by	   subtrac5ng	   the	  average	  direct	  
wave	  velocity	  calculated	  at	  each	  receiver	  depth.	  Surface	  source	  loca5ons	  were	  along	  seismic	  profile	  2.	  
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Kimberly	  Surface	  seismic	  results

Surface	  seismic	  profiles 	  from	  Kimberly	  were 	  acquired	  along	  dirt	  roads	  associated	  with	  the	  
University	  of	  Idaho	  Kimberly	  agricultural 	  research	  facility	  (Figure	  6-‐2).	  We	  used	  an	  IVI 	  minivib	  II	  
seismic	  source	  and	  360	  channel 	  4-‐m	  spaced	  10-‐14	  Hz	  ver9cal 	  geophones 	  to	  acquire	  these	  data.	  
The	  maximum	  source-‐receiver	  offset	   ranged	  from	  720-‐1,440	  m,	  providing	   rela9ve	  wide 	  angle	  
coverage	  for	  the	  target	  depths	  upwards	  of	  2.0	  km.	  The	  2.0	  km	  west	  to	  east	  seismic	  profile	  1	  was	  
acquired	  along	  a 	  farm	  field	  access 	  road,	  approximately	  300	  m	  north	  of	  the	  Kimberly	  borehole	  
(Figure	  6-‐2).	  This 	  profile	  crosses	  seismic	  line	  2	  at	  posi9on	  1,150	  and	  Claiberne	  Road	  at	  posi9on	  
1,320.	   The	  1.7	   km	  long	  north	  to	  south	  seismic	  profile	  2	  was 	  acquired	  along	  the	  Kimberly	  well	  
access 	  road.	  The	  profile 	  crosses 	  US	  Hwy	  50	  at	  posi9on	  2,200	  and	  crosses 	  the	  borehole 	  loca9on	  
at	  posi9on	  2,150.	  We	  processed	  these 	  data	  using	  a	  standard	  processing	  approach	  summarized	  
by	   Yilmaz	   (2001).	   Processing	   steps 	  included	   precorrela9on	   gains 	  to	   recover	   high	   frequency	  
signals,	  deconvolu9on,	  detailed	  velocity	  analyses,	  a 	  focus 	  on	  residual 	  and	  horizon	  sta9cs,	  and	  
post-‐stack	  Kirchoff	  migra9on.	  The	  data	  were	  depth	  converted	  using	  veloci9es 	  derived	  from	  the	  
VSP	  survey	  (Figure	  6-‐3).

Interbedded	   basalt,	   rhyolite	  and	   sedimentary	   interbeds 	  in	   the 	  upper	   0.5	   km	  below	   land	  
surface 	  provide	  large	  seismic	  impedance	  contrasts	  to	  produce	  a 	  highly	  reflec9ve	  zone	  observed	  
on	  both	  seismic	   profile	  1	   and	  2	   (Figure	  6-‐6).	  Profile	  1	   shows 	  a	  near	   con9nuous 	  reflector	   that	  
varies 	  between	  0.3-‐0.6	  km	  depths	  and	   is 	  likely	   associated	  with	  the	  sequence	  of	  interbedded	  
basalt,	  rhyolite,	  and	  sediments	  (Figure	  6-‐3).	  Deeper	  and	  more	  discon9nuous 	  reflectors 	  are	  likely	  
associated	  with	   sedimentary	   interbeds 	  observed	   in	   the 	  borehole	   cores 	  (Figure	  6-‐3).	   A	   more	  
transparent	   zone	  of	   reflec9vity	   below	  one	  km	  depth	  is	  consistent	  with	  few	  flow	  boundaries	  
noted	   in	   the	   Kimberly	   borehole.	   Profile 	   2	   shows 	   a 	   package	   of	   south-‐dipping	   reflectors	  
associated	  with	  the	  top	  of	  volcanic	   rock/sediment	  flow	  boundaries.	  This 	  reflector	   topography	  
may	   suggest	   the 	   last	   erup9ve	   flow	   associated	   with	   Hansen	   Bu^e	   flowed	   on	   pre-‐exis9ng	  
topography	  that	  shallows 	  to	  the	  north.	  Reflec9ons 	  below	  0.5	  km	  depth	  are 	  more	  discon9nuous	  
and	  likely	   result	   from	  sedimentary	   interbeds 	  that	  exceed	  a	  few	  meters	  thick,	   consistent	  with	  
borehole	   logs.	   Large	   sta9c	   shi0s 	  were	   accommodated	  with	  a 	  residual 	  sta9cs 	  approach	   and	  
itera9ve	  velocity	  analyses.	  This	  approach	  did	  not	  op9mally	   address 	  the	  large	  sta9c	  correc9ons	  
(Figure	  6-‐5)	  and	  resulted	  in	  an	  improper	  stacking	  velocity	  model,	  but	  significantly	   improved	  the	  
stack.

At	   the	   loca9on	  of	   the	  Kimberly	   borehole 	  on	  profile	  2	   (Figure	  6-‐6),	  we	  superimposed	  an	  
acous9c	  synthe9c	   seismogram	  derived	  from	  VSP	  first	   arrival	  picks.	  This 	  synthe9c	  seismogram	  
was	  derived	  using	  a	  30	  Hz	   zero	  phase	  Ricker	  wavelet,	   similar	   to	  the 	  source 	  signature	  output	  
from	  the	  minivib	  seismic	  source.	  We	  observe	  a 	  strong	  correla9on	  between	  reflec9ons	  observed	  
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on	  the 	  surface	  profiles 	  and	  borehole	  seismic	  measurements	  and	  suggests 	  that	   surface	  seismic	  
imaging	  techniques	  can	  be	  used	  to	  track	  flow	  boundaries	  and	  possibly	  geothermal	  target	  zones.	  

In	   summary,	   although	   significant	   energy	   loss 	   is 	   observed	   from	   frequency	   a^enua9on,	  
sca^ering	  and	  mode	  conversions 	  (e.g.,	   p-‐wave	  to	  s-‐wave),	  we	  were	  able	  to	  image	  major	  flow	  
boundaries	   related	   to	   volcanic	   processes 	  at	   the	   Kimberly	   site.	   We	  believe	   seismic	   imaging	  
methods 	  in	  volcanic	   terranes 	  can	  be	  used	  to	  accurately	  map	  flow	  boundaries 	  related	  to	  past	  
erup9ons.	   If	   these	   flow	   boundaries 	   are	   conduits	   to	   high	   temperature 	   fluid	   flow,	   seismic	  
methods 	  can	   be	   used	   to	   image 	   targets 	   related	   to	   geothermal 	   explora9on.	   A	   9e	   between	  
borehole	  seismic	  measurements 	  and	  subsurface	  physical 	  property	  measurements	  may	  provide	  
the	   necessary	   link	   between	   reflec9vity	   and	   key	   target	   zones 	   for	   geothermal 	   explora9on.	  
Addi9onally,	  a 	  data 	  acquisi9on	  strategy	  of	  large	  fold	  and	  possibly	   inline 	  or	  3-‐D	  receiver	  groups	  
may	   help	  a^enuate 	  both	  coherent	   and	  random	  noise,	  and	  improve	  data	  quality	   (e.g.	   Regone,	  
1997).	   Processing	   steps 	  that	   include 	  a	  velocity	   model	  from	  borehole	  measurements,	   a 	  layer	  
stripping	  approach	  to	  build	  an	  accurate 	  velocity	  model 	  away	   from	  the	  borehole,	  and	  prestack	  
migra9on	  methods	  may	  provide	  an	  improved	  seismic	  image	  in	  complex	  volcanic	  terranes.

Figure	  6-‐6.	  Migrated	  and	  depth	  converted	  surface	  seismic	  profiles	  from	  the	  Kimberly	  site	  with	  
eleva5on	  profiles.	  (led)	  West-‐east	  profile	  1	  (right)	  North-‐south	  profile	  2.	  Synthe5c	  seismogram	  
computed	  from	  VSP	  velocity	  profile	  is	  superimposed	  at	  the	  Kimberly	  well	  loca5on.	  Note	  the	  volcanic	  
and	  sedimentary	  rock	  interbeds	  between	  300-‐600	  m	  depth	  are	  imaged	  on	  both	  profiles.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University

6-11



KIMAMA	  SEISMIC	  RESULTS	  

The	  Kimama	  site	  is 	  located	  on	  the	  axis 	  of	   the	  Snake 	  River	   Plain	  that	  blanketed	  with	  thick	  
overlapping	  basalts	  origina9ng	  from	  a 	  series	  of	  vents 	  along	  the 	  eastern	  limits 	  of	  the	  Twin	  Falls	  
volcanic	  complex	  (Figures	  6-‐1	  and	  6-‐7).	  The	  Kimama	  site	  was 	  chosen	  because 	  it	  sits	  on	  an	  axial	  
volcanic	   zone	   that	   is 	  defined	  by	   high	   topography	   to	   the	  east	   and	  by	   a 	  buried	   basalt	   ridge	  
underlying	   the	  topographic	   high	   (Lindholm,	   1996).	   The	  Snake 	  River	   Plain 	  cold	  water	   aquifer	  
[Hubbell	  et	  al.,	  1997]	  underlies 	  the	  site.	  The 	  aquifer	  is 	  in	  part	  recharged	  by	   flow	  of	  water	  from	  
the	  mountains 	  to	   the	  north	   and	   east,	   with	   the	   general 	  underground	  flow	   to	   the	  west	   and	  
southwest,	  and	  significant	  discharge	  into	  the	  Snake	  River	   in	  the	  Thousand	  Spring	  area,	  NW	  or	  
Twin	   Falls.	   The	   flow	   of	   these	   fluids 	  cools	   the 	  aquifer	   zone	   resul9ng	   in	   a	  nearly	   isothermal	  
(15-‐17ºC)	   convec9ve	   geotherm	   ≥980	   m	   depth,	   and	   a 	  steep	   conduc9ve	  gradient	   (75ºC/km)	  
below	  that	  depth	  (Figure 	  6-‐8).	  The	  general 	  lithology	   at	   Kimama	  consists 	  of	  primarily	  of	  basalt	  
flows	  interbedded	  with	  weak,	  wind-‐blown	  sediments 	  deposited	  during	  volcanic	  hiatuses	  (Figure	  
6-‐8).	  

Figure	   6-‐7.	   Topographic	   map	   from	   the	   Kimama	   field	   site	   showing	   borehole	   and	   surface	   seismic	  
loca5ons	  near	  mul5ple	  volcanic	  vents	  that	  flank	  the	  east	  side	  of	  the	  Twin	  Falls	  volcanic	  complex.	  
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Kimama	  Ver+cal	  Seismic	  Profile	  (VSP)

A	  ver9cal 	  seismic	  profile 	  (VSP)	  at	  Kimama	  was 	  acquired	  between	  0.2	  and	  1.2	  km	  depth	  using	  
the	  University	  of	  Alberta 	  12,000	  lb	  IVI	  P-‐wave	  vibroseis 	  source.	  The	  data	  were	  collected	  at	  2	  m	  
depth	   intervals 	  using	   four	   3-‐component	   Sercel 	  10	   Hz	   downhole	   geophones.	   The	   data	  were	  
collected	   with	   a 	   vibroseis 	   sweep	   from	   20-‐160	   Hz	   and	   the	   vibroseis 	   truck	   sta9oned	  
approximately	   20	  m	   from	   the 	  Kimama	  borehole.	   Access	  with	  the 	  VSP	   tool 	  to	  depths	  greater	  
than	  1.2	  km	  was	  not	  possible	  due	  to	  the	  borehole	  condi9ons	  at	  the 	  9me	  of	  our	  seismic	  survey.	  
Our	   borehole	   seismic	   results 	   show	   strong	   p-‐wave	   first	   arrivals 	  and	   a 	   series 	  of	   downgoing	  
arrivals 	  that	   parallel 	   the	   first	   arrival 	  wave	   train	   (Figure 	  6-‐8).	   The	   clear	   first	   arrivals 	   suggest	  
rela9vely	   low	  a^enua9on	  of	  the	  p-‐wave 	  seismic	  energy	  around	  the	  dominant	  seismic	  frequency	  
of	  ~30	  Hz	  and	  that	  the 	  vibrator	  source	  was 	  adequate 	  to	  propagate	  energy	  (one	  way)	  to	  target	  
depths 	  that	  exceeded	  one 	  km.	  A	  first	  mo9on	  arrival	  9me	  of	  0.37	  s 	  at	  1,000	  m	  depth	  suggests	  an	  
average 	  p-‐wave	  velocity	   of	   2,700	  m/s 	  for	   the	  top	  km	   at	   the	  site.	   However,	   interval 	  velocity	  
measurements	  derived	   from	   first	   arrival 	  picks 	  between	  200-‐1,000	   m	  depth	   suggest	   seismic	  
veloci9es 	  increase	   from	   ~3,000	   m/s	   to	   ~5,000	   m/s 	  with	  an	  average 	  interval 	  velocity	   in	   this	  
depth	  range	  of	  4,150	  m/s.	  The	  increase	  in	  velocity	  with	  depth	  is 	  typical	  of	  seismic	  velocity	  with	  
increasing	  confining	  pressure	  for	   similar	   rocks 	  (e.g.,	   Christensen,	  1984).	  The	  large 	  disparity	   in	  
seismic	   veloci9es 	  between	  the 	  upper	  200	  m	  depth	  and	  the	  depths	  measured	  with	  the	  VSP	   is	  
consistent	  with	  unconsolidated,	  unsaturated	  sediments	  that	  were	  logged	  from	  the	  surface 	  to	  
approximately	   15	  m	  depth	  and	  alterna9ng	  fractured	  and	  dense	  dry	  basalts	  logged	  to	  a 	  water	  
table 	  depth	  of	  80	  m	  (Twining	  and	  Bartholomay,	  2011).	  Dry	  unconsolidated	  sediments	  can	  have	  
p-‐wave 	  seismic	  veloci9es	  of	  less 	  than	  500	  m/s	  while	  dry	   basalts 	  and	  other	  igneous 	  rocks	  have	  
measured	   veloci9es 	   of	   10-‐50%	   below	   saturated	   rocks 	   of	   the 	   same	   composi9on	   (e.g.,	  
Christensen	  et	  al.,	  1973;	  Christensen,	  1982).	  A	  direct	  measurement	  of	  these	  slow	  near	  surface	  
seismic	  veloci9es	  was	  observed	  with	  surface	  seismic	  methods	  and	  is	  discussed	  below.	  

The	  coherent	   arrivals 	  that	   immediately	   follow	  the 	  first	  arrival 	  on	  the 	  VSP	   image	  are	  likely	  
from	  seismic	  energy	  trapped	  between	  the	  surface	  and	  a 	  large	  velocity	  contrast	  layer	  in	  the	  near	  
surface 	  (Figure	  6-‐8a).	   This	  downgoing	   reverberatory	   signal 	  likely	   results 	  from	   the 	  very	   large,	  
near	   surface	   velocity	   contrast	   between	   unconsolidated,	   unsaturated	   sediments 	   and	   the	  
underlying	   volcanic	   rocks.	   A	   strong	   series 	  of	   slower	   velocity	   “down	   going”	   arrivals 	  matches	  
water	  velocity	  speeds	  and	  is	  consistent	  with	  tube	  wave	  energy	  traveling	  at	  a	  water	  velocity.	  

Removal 	  of	   the	  down	  going	   first	   arrival	  seismic	   energy	   using	   a 	  median	   subtrac9on	  filter	  
algorithm	   highlights	   reflec9ons	   from	   seismic	   boundaries 	  at	   depth	   (Figure	   6-‐8b).	   These	   “up	  
going”	  reflec9ons 	  intersect	  the 	  first	  arrivals 	  at	  the 	  reflector	  depth	  and	  can	  be	  used	  to	  calibrate	  
surface 	  seismic	   results.	   We 	  produced	  a 	  corridor	   stack	  by	   doubling	   of	   the 	  travel 	  9me	  of	   the	  
filtered	  up	  going	  reflec9on	  image	  (Figure	  6-‐8c).	   This 	  corridor	  stack	  simulates 	  a	  surface 	  source	  
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Figure	  6-‐8	  (a)	  Ver5cal	   component	  VSP	  from	  Kimama	  borehole	  to	  emphasize	  direct	   downgoing	   arrivals	  
from	   surface	   to	   depth.	   (b)	   Downgoing	   arrivals	  were	  removed	  through	   signal	   processing	   to	   emphasize	  
reflected	  (up	  going)	  arrivals.	  (c)	  Corridor	  stack	  in	  two-‐way	  travel	  5me	  is	  used	  to	  5e	  VSP	  results	  to	  surface	  
seismic	  results.	   (d)	   Interval	  velocity	   log	  derived	  from	  first	  arrival	  picks	  showing	   a	  steady	   increase	  in	  p-‐
wave	  veloci5es	  with	  depth.	  (e)	  Downhole	  temperature	  log	  showing	  the	  correla5on	  between	  reflec5ons	  
and	  temperature	  spikes.	  Loca5on	  of	  the	  Kimama	  borehole	  is	  shown	  on	  Figures	  6-‐1	  and	  6-‐7.



and	   receiver	   to	   compare	   reflec9on	   travel 	   9mes 	   with	   surface	   seismic	   reflec9on	   results.	  
Reflec9ons	   to	   depths	   that	   approach	   2	   km	   are	   consistent	   with	   sediment	   interbeds 	  that	   are	  
logged	  in	  the 	  Kimama	  well 	  (Shervais	  et	  al,	  2013).	  A	  zone	  between	  1,100-‐1,600	  m	  depth	  contains	  
numerous 	  reflec9ons	  and	  is	  consistent	  with	  the	  transi9on	  from	  rela9vely	  uniform	  Snake 	  River	  
Aquifer	   volcanic	   rocks 	   to	   a	   zone	   containing	   numerous 	  sedimentary	   interbeds	   that	   contain	  
anomalously	  high	  water	   temperatures 	  (Figure	  6-‐8e).	  Our	  VSP	  results 	  suggest	  that	   sedimentary	  
interbeds 	  at	   geothermal	  target	  depths 	  can	  be	  mapped	  with	  seismic	  methods 	  at	  Kimama 	  and	  
that	   the	   minivib	   seismic	   source 	   provides 	   adequate	   resolu9on	   and	   signal	   penetra9on	   to	  
characterize	  the	  upper	  few	  km.	  

Kimama	  Surface	  seismic	  results

We	  acquired	   three 	  360-‐channel 	  surface	   seismic	   profiles 	  using	   an	   IVI 	  minivib	   source 	  and	  
10-‐14	  Hz	  geophones.	  We	  acquired	  data 	  at	  4	  m	  source	  and	  receiver	  spacing	  with	  a	  source 	  sweep	  
from	  20-‐160	  Hz	  along	  Lincoln	  County	  operated	  gravel 	  roads 	  (Figure	  6-‐7).	  We 	  acquired	  two	  1.4	  
km	  long	  south	  to	  north	  profiles,	  separated	  by	   the	  Kimama	  Highway.	  The 	  Kimama 	  borehole 	  was	  
located	  immediately	  north	  of	  the	  Kimama	  Highway	  (Figures	  6-‐7	  and	  6-‐9).	  The	  2.0	  km	  west-‐east	  
profile	  crossed	  to	  within	  a	  few	  meters 	  of	   the	  Kimama 	  borehole.	  The	  western	  por9on	  of	   this	  
profile	  was 	  acquired	  on	  an	  unimproved	  dirt	  road	  while 	  the 	  eastern	  por9on	  of	  the	  profile	  was	  
shot	  on	  the	  Lincoln	  County	   gravel	  road.	  We	  processed	  each	  profile 	  by	  applying	  precorrela9on	  
gains	   to	   normalize	   sweep	   frequencies.	   A0er	   correla9on,	   we	   performed	   a 	  detailed	   velocity	  
analysis	  for	   each	   common	  mid-‐point	   gather,	   applied	  deconvolu9on,	   sta9cs,	   bandpass 	  filters,	  
and	  post	   stack	  Kirchoff	  migra9on.	   Travel 	  9me	  to	  depth	  conversions	  were	  based	  on	  VSP	   first	  
arrival	  measurements.	  

Surface	   seismic	   results 	  show	   reflec9ons 	  associated	  with	   shallow	   (<200	   m)	   sedimentary/
basalt	  interbeds	  (Figure	  6-‐9)	  that	  were	  logged	  in	  the	  Kimama	  borehole 	  but	  were	  not	  imaged	  in	  
the	   VSP	   due	   to	   our	   survey	   restric9ons	   (Figure	   6-‐8).	   These	   reflec9ons	   show	   considerable	  
topography	   away	   from	   the	  Kimama	  borehole	  and	   suggest	   variable 	   thickness 	  volcanic	   flows	  
were 	  derived	  from	  adjacent	  volcanic	  vents 	  (Figure 	  6-‐7).	  These	  flow	  boundaries 	  suggest	  that	  the	  
younger	  (shallower)	  flows 	  were	  deposited	  on	  pre-‐exis9ng	  topography,	  which	  results	  here	  from	  
the	  geometry	  of	  previous	  basalt	  flows.	   Improved	  reflec9ons 	  to	  the	  north	  of	  Kimama	  Highway	  
when	  compared	  to	  the 	  profile	  to	  the 	  south	  likely	  reflect	  a 	  more 	  straight	  profile 	  compared	  to	  the	  
winding	  road	  to	  the	  south	  (Figure	  6-‐7).	  The 	  west-‐east	  profile	  (Figure	  6-‐9)	  shows 	  reflec9ons	  that	  
match	  shallow	  sedimentary	   interbeds,	  with	  increasing	  reflector	  topography	   towards 	  the 	  east.	  
The	  far	  eastern	  por9on	  of	  this 	  profile	  suggests 	  an	  addi9onal 	  flow	  may	  sit	  upon	  the 	  flows 	  logged	  
in	  the	  Kimama 	  borehole.	  Deeper	   reflec9ons 	  are	  best	  observed	  on	  the	  west-‐east	  profile	  where	  
coherent	   reflec9ons 	  are 	  observed	  between	  1.1-‐1.5	   km	  depths.	   These	  reflec9ons 	  in	   both	  the	  
VSP	  results	  (Figure	  6-‐8)	  and	  the	  surface 	  seismic	  results 	  (Figure 	  6-‐9)	  show	  a 	  surprising	  coherency	  
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Figure	   6-‐9.	   (top)	   Kimama	  south	   to	  north	   surface	   seismic	  profiles	  and	   (bo^om)	   west	   to	   east	   profile.	  
Simplified	   lithologic	   map	   for	   the	   Kimama	   borehole	   shows	   basalt	   (black)	   and	   sediment	   interbeds	  
(yellow).	  Profile	  loca5ons	  are	  shown	  on	  Figure	  6-‐7.



that	   represent	   this 	  sedimentary	   interbeds	  observed	   in	   the	   borehole	   logs.	   Poor	   data 	  quality	  
below	  1.5	  km	  depth	  likely	  represents	  a	  decrease	  in	  signal	  returns,	  increased	  sta9c	  effects	  from	  
flow	   boundaries,	   and	   a	   narrow	   aperture	   with	   respect	   to	   imaging	   depths.	   To	   provide 	   an	  
improved	   image 	  of	   the	   deeper	   targets,	   longer	   profiles 	  would	  provide	   this	   greater	   ray	   path	  
aperture 	   by	   recording	   longer	   source-‐receiver	   offsets.	   Profile	   orienta9on	   in	   this 	   complex	  
geologic	  environment	  may	  also	  be	  a	  factor	  (Figure	  6-‐9).	  For	  example,	  acquiring	  a 	  seismic	  profile	  
along	  an	  orienta9on	  that	  minimizes 	  flow	  boundary	   topography	   between	  may	  help	  reduce	  the	  
effects	  of	  sca^ering.	  

MOUNTAIN	  HOME	  SEISMIC	  RESULTS	  

The	  Mountain	  Home	  site,	   located	  on	  and	  adjacent	  to	  the	  Mountain	  Home	  Air	  Force	  Base	  
(AFB),	  is 	  a	  site	  with	  the	  planned	  installa9on	  of	  a 	  binary	  power	  system	  (Figure 	  6-‐10).	  The	  primary	  
goal 	  of	  the	  Mountain	  Home	  drill 	  core 	  was 	  to	  assess 	  the	  geothermal	  poten9al 	  under	  Mountain	  
Home	  AFB,	   building	  on	  results	  from	  earlier	   geothermal	  test	  wells 	  (e.g.,	   Arney	   et	   al.,	  1982).	  A	  
bo^om	  hole	  temperature	  of	   the	  192	  degrees 	  C	  was	  encountered	  at	  the	  nearby	   Griffith-‐Bos9c	  
well 	  at	   a 	  depth	  of	   2.9	   km	  and	  similar	   temperatures	  were	  an9cipated	  at	   the	  Mountain	  Home	  
site.	  

Geologically,	   the	  Mountain	  Home	  borehole	  sits	  upon	  surface 	  Quaternary	  basalt	  flows	  that	  
range	  in	  thickness 	  to	  more	  than	  200	  m.	  Below,	  near-‐shore	  lacustrine	  sediments 	  of	   the	  Idaho	  
Group,	  which	  occupy	   the 	  Western	  Snake 	  River	   Plain,	   are	  found	  to	  depths 	  that	   exceed	  600	  m	  
(e.g.,	   Wood,	   1994;	   Figure	  6-‐1	   and	  6-‐10).	   Below,	   Ter9ary	   basalts 	  and	  sediment	   interbeds 	  are	  
encountered	  in	  the	  deepest	  boreholes.	  

Mountain	  Home	  Ver+cal	  Seismic	  Profile	  (VSP)

A	  1.2	   km	  deep	  ver9cal 	  seismic	  profile	  (VSP)	   at	   the 	  Mountain	  Home	  site 	  shows 	  clear	   first	  
arrivals 	  using	  the	  University	  of	  Alberta 	  12,000	  lb	  IVI	  P-‐wave	  vibroseis	  source	  (Figure	  6-‐11).	  The	  
data	  were 	  collected	  at	   2	  m	  depth	   intervals	  using	   a 	  single 	  ver9cal 	  component	   geophone.	   A	  
source 	  sweep	  from	  20-‐160	  Hz	  was	  used	  with	  the	  vibroseis 	  truck	  sta9oned	  approximately	  15	  m	  
from	  the 	  Mountain	  Home	  borehole.	  The	  first	  arrivals 	  in	  the	  upper	  300	  m	  show	  a	  high	  velocity	  
arrival 	  related	  to	  the	  steel	  casing	  that	  masked	  the	  underlying	  (and	  slower)	  direct	  arrival	  through	  
the	  forma9on.	  As 	  with	  the 	  Kimberly	  and	  Kimama	  wells,	  we	  observe 	  rela9vely	  low	  a^enua9on	  of	  
the	  p-‐wave	  seismic	  energy	   at	   the	  dominant	   frequency	  of	  30-‐40	  Hz,	  but	   at	  higher	  frequencies,	  
similar	  a^enua9on	  effects	  are	  observed.	  

We	  picked	  first	   arrivals	  to	  es9mate	  P-‐wave 	  interval	  veloci9es	  (Figure	  6-‐11f).	   A	   first	  order	  
least	  squares	  fit	  to	  the	  calculated	  interval 	  veloci9es	  suggests 	  a 	  general	  increase	  from	  3,000	  m/s	  
near	  the	  bo^om	  of	  casing	  to	  ~5,000	  m/s	  at	  1.0	  km	  depth.	  The	  direct	  velocity	  measurement	  at	  
the	  bo^om	  of	  casing	  suggests 	  the	  upper	  300	  m	  contains	  an	  average	  velocity	  of	  2,800	  m/s.	  This	  
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Figure	  6-‐10.	  Mountain	  Home	  study	  area	  topographic	  map	  with	  seismic	  line	  and	  cross	  sec5on	  loca5ons,	  
water	   and	   explora5on	  well	   loca5ons,	  and	  geologic	  map	  for	   the	  southern	   por5ons	  of	   the	  study	   area	  
(Jenks	  et	  al.,	  1998).



velocity	   is	  consistent	  with	  near	  surface	  basalt	  layers 	  that	  appear	   in	  nearby	  boreholes	  and	  are	  
mapped	  on	  the 	  surface	  (e.g.,	  Jenks	  et	  al.,	  1998).	  The	  sediment-‐dominated	  zone	  between	  0.4-‐0.7	  
km	   depths	   derived	   from	   paleo-‐lake	   Idaho	   (Wood,	   1994)	   is 	   consistent	   with	   rela9vely	   the	  
measured	  seismic	  veloci9es.	  Due	  to	  the	  required	  smoothing	  filter,	  the	  seismic	  veloci9es 	  for	  the	  
thin	  volcanic	  rock	  interbeds 	  within	  this	  zone	  are	  likely	  underrepresented.	  Below	  0.9	  km	  depth,	  
we	  observe	  higher	  seismic	  veloci9es	  consistent	  with	  a	  zone	  dominated	  by	  basalt.	  

Removal 	  of	   the	  downgoing	  VSP	   seismic	  energy	  using	  a	  median	  subtrac9on	  filter	  highlights	  
(upgoing)	   reflec9ons	  from	  seismic	   boundaries	  at	   depth	   (Figure	  6-‐11b).	   Reflec9ons 	  projected	  
back	  to	  direct	  first	  arrival 	  travel 	  9me	  indicate	  that	  many	  velocity	  (and	  reflec9ng)	  boundaries 	  9e	  
to	  sediment	  interbeds 	  both	  at	  and	  below	  VSP	  depths.	  A	  corridor	  stack	  (Figure	  6-‐11c),	  produced	  
by	  doubling	  of	  the	  travel	  9me	  of	  these 	  filtered	  result,	  simulates	  a 	  surface	  source	  and	  receiver	  to	  
compare	  with	  surface	  seismic	  reflec9on	  profile.	  Two	  key	  seismic	  boundaries 	  at	  750	  m	  and	  890	  
m	  depth	  represent	  the 	  top	  of	  volcanic	  layers	  and	  suggest	  these 	  boundaries 	  can	  be	  imaged	  with	  
surface	  seismic	  techniques.	  
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Figure	   6-‐11	   (a)	   Ver5cal 	   component	   VSP	   from	   the	  Mountain	   Home	   borehole	   to	   emphasize	   direct	  
downgoing	   arrivals.	   (b)	   Downgoing	   arrivals	  were	   removed	   through	   signal	   processing	   to	   emphasize	  
reflected	  (up	  going)	  arrivals.	  Note	  that	  casing	  extends	  to	  ~310	  m	  depth	  and	  interferes	  with	  first	  arrival	  
(c)	   Corridor	   stack	   in	   two-‐way	   travel	   5me	   is 	  used	   to	   5e	  VSP	   results	   to	   surface	   seismic	   results.	   (d)	  
Borehole	   log	   from	  Mountain	   Home	  well.	   (e)	   Synthe5c	   seismogram	  derived	   from	   interval	   veloci5es	  
measured	   on	   (a)	   (f)	   Interval	   velocity	   log	   derived	   from	   first	   arrival	   picks	   showing	   low	   veloci5es	  
associated	  with	  lake	  sediments	  and	  higher	  veloci5es	  associated	  with	  basalt	  layers.
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Mountain	  Home	  Surface	  seismic	  results

Seismic	   reflec9on	   results 	   show	   high	   amplitude	   arrivals 	  and	   diffrac9ons 	  at	   near-‐surface	  
depths,	  consistent	  with	  surface	  and	  near	  surface	  basalts 	  (Figure	  6-‐12).	  Below	  this 	  shallow	  layer,	  
a 	  rela9vely	   transparent	  reflec9on	  zone	  appears.	  At	  depths	  from	  600	  m	  to	  more 	  than	  one	  km,	  a	  
high	   amplitude 	   reflector	   matches	   the	   depth	   of	   the	   Ter9ary	   basalt	   top,	   where 	   basalt	   and	  
sediment	  interbeds	  are	  noted	  to	  more	  than	  3	  km	  depth	  (Figure 	  6-‐13;	  Arney	  et	  al,	  1982).	  A	  large	  
step	  in	  the	  basalt	  surface 	  appears 	  immediately	  south	  of	  the 	  CJ	  Strike	  reservoir	  that	  may	  be 	  fault	  
related	  or	  a 	  flow	  boundary.	  Data 	  quality	  south	  of	  the 	  Snake	  River	  was 	  higher	  quality	  compared	  
to	  the	  area	  to	  the	  north.	  We	  a^ribute	  this	  change 	  to	  different	  surface	  condi9ons.	  Whereas	  we	  
acquired	  seismic	  data 	  on	  dry	  desert	  roads	  with	  poor	  seismic	  coupling	  to	  the 	  north	  of	  the	  river,	  
saturated	  farm	  fields	  located	  south	  of	  the 	  Snake	  River	  provided	  an	  ideal 	  coupling	  environment	  
for	   both	   source	   and	   receiver.	   This 	   result	   emphasizes	   that	   saturated	  materials 	   that	   contain	  
seismic	   veloci9es	  more	  similar	   to	   the	  shallow	  volcanic	   rock	  sequence 	  reduce	  sca^ering	   and	  
energy	  trapped	  in	  near	  surface	  layers.	  
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Figure	  6-‐12.	  Seismic	  reflec5on	  results	  from	  the	  Mountain	  Home	  area,	  south	  of	  Strike	  Reservoir.	  Pliocene	  
clay	  and	  sand	  dominate	  the	  sec5on,	  with	  dense	  reflec5ons	  from	  younger	  Pliocene	  basalts	  and	  younger	  
Pliocene	  to	  Miocene	  basalts.	  



SUMMARY	  

Surface	  and	  borehole 	  seismic	  data	  show	  seismic	  imaging	  in	  the	  Snake 	  River	  Plain	  sequence	  
of	  volcanic	  rocks 	  is 	  possible,	  but	  requires	  a 	  focus	  on	  detailed	  processing	  and	  acquisi9on	  design.	  
VSP	  results	  show	  increasing	  seismic	  veloci9es	  with	  depth	  within	  the	  volcanic	  rock	  sequence	  and	  
suggest	   low	  seismic	   a^enua9on	  at	  rela9vely	   low	  frequencies 	  and	  large	  velocity	   contrasts	  are	  
present.	   However,	   our	   results 	  suggest	   that	   a 	  small 	  vibroseis 	  source	   is 	  capable 	  of	   imaging	  to	  
geothermal 	   target	   depths 	  at	   these	   sites.	   Surface 	  seismic	   images 	  show	   these	   large	   velocity	  
contrasts	  are	   imaged,	   but	   data 	  quality	   diminishes 	  with	   increasing	  depth.	   High	   fold	  to	  obtain	  
wide 	  angle 	  coverage	   is 	  necessary	   and	  high	  frequency	   a^enua9on	  suggests 	  a	  focus 	  on	   lower	  
frequency	  acquisi9on	  will 	  provide 	  improved	  results.	   The	  poten9al 	  for	   large	  sta9c	  effects 	  need	  
to	   be	   addressed	   in	   processing	   and	   with	   an	   accurate	   velocity	   model	   9ed	   to	   borehole	  
informa9on,	  improved	  seismic	  imaging	  may	  be	  achieved	  with	  prestack	  migra9on	  methods.	  
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Figure	  6-‐13.	  Seismic	  reflec5on	  results	  from	  the	  Mountain	  Home	  area.	  Two	  p-‐wave	  seismic	  profiles	  
were	  acquired	  to	  characterize	  surface	  (Quaternary)	  basalts,	  near-‐shore	  lacustrine	  sediments	  related	  
to	  paleo	  Lake	  Idaho,	  and	  underlying	  Ter5ary	  basalts.	  Although	  lake	  sediment	  reflec5ons	  are	  sparse	  
(due	  to	  the	  homogenous	  nature	  of	  the	  sediments),	  a	  reflector	  between	  0.6-‐1.0	  km	  depth	  matches	  
the	  depth	  to	  the	  top	  of	  the	  Ter5ary	  basalt	  sequence.	  



CHAPTER	  7:	  

SLIM	  HOLE	  CORING	  AND	  DRILLING	  OPERATIONS

Chris	  Delahunty	  and	  Dennis	  Nielson
DOSECC	  Inc.,	  Salt	  Lake	  City,	  Utah

John	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

A	  deep	   core	  drilling	  project	   focused	   on	  the	  geothermal	  proper5es	  and	  development	   of	   the	  
Snake	  River	  Plains	  area	   of	   southern	   Idaho	   was	   commissioned	   and	   started	   in	   the	   fall	  of	  2010.	  
Slim-‐hole	  coring	  was	  selected	  as	  the	  most	  cost	  effec5ve	  means	  to	  accomplish	  the	  project	  goals.	  
Three	  loca5ons	  were	  chosen	  with	  target	  depths	  as	  follows:	  Kimama	  1524m	  (5000	  I.),	  Kimberly	  
1829m	  (6000	  I.),	  and	  Mountain	  Home	  1524m	  (5000	  I.).	  These	  depth	  objec5ves	  were	  exceeded	  
for	   all	   three	   hole.	   A	   con5nuous	   core	   sample	   was	   produced	   and	   down-‐hole	   temperature	  was	  
measured	  while	  drilling.	  Total	  core	  produced	  was	  2034	  m	  at	  Kimama	  (including	  sidehole	  core),	  
1745	   m	  at	   Kimberly,	   and	   1670	   m	  at	  Mountain	   Home.	   Core	   recovery	   (length	   core	   recovered/
length	   of	   sec5on	   cored)	  was	   99.86%	  at	   Kimama,	   100%	  at	   Kimberly,	   and	   ~96%	  at	   Mountain	  
Home.	  Low	  recovery	  at	  Mountain	  Home	  was	  due	  to	  the	  poorly	  consolidated	  sediments	  found	  in	  
much	   of	   the	   upper	   sec5on.	   We	   conclude	   that	   the	   use	   of	   small	   diamond	   coring	   drill	   rigs	   to	  
produce	   slim	   holes	   (<6”	   diameter)	   for	   geothermal	   explora5on	   and	   geothermal	   resource	  
confirma5on	  is	  clearly	  an	  effec5ve	  and	  cost-‐efficient	  approach.
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Introduc;on

Geothermal 	  environments 	  pose	  unique	  challenges 	  for	  reservoir	  assessment	  and	  producDon	  
drilling.	   For	   assessment	   purposes,	   coring	   presents 	   the 	   advantage 	   of	   observing	   reservoir	  
lithologies,	  hydrothermal 	  mineralogy	   and	  fluid	  inclusions,	  fracture 	  character	  as	  well 	  as 	  offering	  
the	  opportunity	   to	  measure	  down-‐hole	  temperature 	  (Hulen	  and	  Nielson,	  1995;	  Nielson	  et	  al.,	  
1996;	  Nielson	  et	  al.,1998).	  In 	  addiDon,	  the	  cost	  of	  core 	  drilling	  is 	  much	  lower	   than	  producDon	  
well	  drilling,	  and	  coring	  can	  be	  done	  to	  the 	  depths 	  of	  producDon	  wells	  (Nielson,	  2001).	  This	  has	  
led	  many	  companies 	  to	  conduct	   core	  drilling	  prior	   to	  bring	  in	  the 	  more 	  expensive	  producDon	  
rigs.	  However,	  there	  are 	  few	  papers 	  that	  document	  operaDng	  experience	  and	  costs	  as	  well 	  as	  
the	  scienDfic	  benefits	  of	  coring.

The	  Hotspot	  Project	  was	  designed	  to	  evaluate	  three	  different	  geothermal 	  environments 	  in	  
the	  Snake	  River	  Plain	  (Shervais	  et	  al.	  2012).	  The	  effect	  of	  fresh	  water	  aquifers	  on	  high	  heat	  flow	  
from	  this 	  large 	  magmaDc	  province 	  is 	  well 	  established	  (Blackwell,	  2011).	  Because	  of	  this,	  deep	  
coring	  was	  necessary.

The	  coring	  of	  three	  geothermal 	  holes 	  took	  place	  from	  September	  of	  2010	  through	  October	  
of	  2011.	  The	  sites 	  were	  chosen	  to	  evaluate	  three	  different	  geothermal 	  environments:	  the	  axis	  
of	  the	  eastern	  SRP,	  the	  southern	  margin	  of	  the	  SRP	  and	  an	  axial 	  area	  on	  the 	  western	  SRP.	  These	  
holes	  were 	  located	  at	  Kimama,	  Kimberly,	  and	  Mountain	  Home	  Air	  Force 	  Base.	  All 	  core	  drilling	  
was	  performed	  by	   DOSECC	   Inc.	   (Drilling	  ObservaDon	  and	  Sampling	  of	  the	  Earth’s	  ConDnental	  
Crust)	  of	  Salt	   Lake 	  City,	   Utah.	  AddiDonal 	  air	   rotary	   services	  were 	  performed	  by	  Eaton	  Drilling	  
and	  Pump	  Services 	  of	  Wendell,	  Idaho,	  and	  under	  Idaho	  well 	  drillers	  license 	  026.	  An	  Atlas 	  Copco	  
CS-‐4002	   coring	   rig	   was 	  the	  primary	   drilling	   pladorm	   used	   throughout	   the	  project	   shown	   in	  
Figure	  7-‐1.	  All 	  work	  done	  by	  Eaton	  Drilling	  and	  Pump	  Service	  was	  accomplished	  with	  a 	  Ingersol-‐
Rand	  T3W	  air	  rotary	  drill	  rig	  using	  down	  hole	  hammers	  (Figure	  7-‐2).	  

Geothermal 	  test	  wells 	  in	  the	  State	  of	   Idaho	  must	  meet	  all 	  State	  of	   Idaho	  Well 	  Drilling	  and	  
ConstrucDon	  Standards,	   in	  accordance	  with	  the	  Idaho	  Geothermal	  Resource	  Act.	  Well 	  design,	  
well 	   drilling,	   and	   well 	   construcDon	   in	   the	   State	   of	   Idaho	   are 	   administered	   by	   the	   Idaho	  
Department	   of	  Water	   Resources.	   Basic	   requirements 	  include	  a 	  surface	  conductor	   set	   to	  40’	  
depth,	   installaDon	   of	   a	  blow-‐out	   preventer	   if	   bogom	  hole	   temperatures	  exceed	  100ºC,	   and	  
0.25”	   thick	  steel 	  casing	  set	  to	  10%	  of	  total	  depth,	  with	  a 	  1”	  cement	  annulus.	  On	  our	  first	  hole	  
(Kimama)	  we	  met	   this 	  by	  widening	  the 	  HQ-‐size 	  hole	  amer	  coring.	  This	  proved	  Dme	  consuming	  
and	  expensive;	  on	  subsequent	  holes 	  we	  used	  a 	  water-‐well 	  driller	   to	  rotary	  drill 	  a	  hole	  to	  10%	  
depth	  for	  casing.	  
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KIMAMA	  (42°50'21.56"N	  113°47'47.66"W)
The	  Kimama	  site	  is 	  located	  approximately	  20	  miles	  North	  of	  Burley,	  Idaho	  in	  the 	  abandoned	  

township	  of	  Kimama.	  There	  is 	  access 	  to	  the	  site 	  on	  gravel	  roads,	   and	   it	   is	  seasonally	   dry	   and	  
dusty	   in	  a 	  loess 	  covered	  basalDc	  field	  shown	  in	  Figure	  7-‐3.	  The 	  Kimama 	  site	  was	  iniDally	  chosen	  
for	  a 	  10,000	  foot	  well 	  that	  would	  document	  a 	  cross 	  secDon	  of	  the	  enDre	  basalt	  and	  underlying	  
rhyolite 	  secDon.	  Because	  of	  the	  high	  costs 	  for	  drilling	  such	  a	  deep	  hole,	  it	  was	  decided	  to	  split	  
the	  drilling	  into	  a	  5000	  foot	  secDon	  at	  Kimama	  and	  a 	  comparable	  secDon	  at	  Kimberly	  to	  pick	  up	  
the	   rhyolite.	   UlDmately,	   a	   suitable	   site 	  was	   located	   and	   leased	   in 	  order	   to	   accomplish	   the	  
drilling	  goals.	  Site 	  preparaDon	  at	   Kimama	  consisted	  of	  clearing	  brush,	   installing	  a 	  3.5’	  x	  3.5’	  x	  
3.5’	   concrete	  box	   as 	  a 	  mini-‐cellar	  in	  order	   to	  fit	  the	  choke	  and	  kill 	  ports	  under	  the	  well 	  head,	  
and	  sDll 	  allow	  the 	  annular	  preventer	  to	  fit	  under	   the	  foot	  clamp	  of	  the 	  CS-‐4002	  drill 	  rig.	  Next	  a	  
woven	   geo-‐fabric	   was	   installed	   over	   a 	   100’	   x	   100’	   area 	   bounding	   the	   dirt	   access 	   road.	  
Engineered	  soils 	  and	   aggregates 	  were 	  dispersed	  over	   the	  geo-‐fabric	   in	   order	   to	  stabilize	  the	  
surface	  on	  the	  4	  foot	  deep	  loess	  that	  covered	  the	  site	  (Figure	  7-‐4).
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Figure	  7-‐1.	  DOSECC	  CS-‐4002	  core	  drill	  rig. Figure	  7-‐2.	  Eaton’s	  T3W	  air	  rotary	  drill	  rig.	  
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Figure	  7-‐4.	  Kimama	  site	  preparaDon.	  

Figure	  7-‐3.	  Drill	  site	  in	  Kimama	  Idaho,	  with	  water	  well	  installed.	  
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Figure	  7-‐5.	  Project	  Board.



Kimama	  Drilling/Casing	  Plan

The	  drilling	   and	  casing	  plan	  for	   the	  Kimama 	  hole	  was	  driven	  by	   the	  requirements 	  of	  the	  
Idaho	  Department	  of	  Water	   Recourses 	  (IDWR)	  under	   Idaho	  Code	  42-‐238.	   The	  approved	  drill	  
program	  was	  as	  follows	  and	  shown	  in	  Figure	  7-‐6:	  

Drill	   a	   10-‐5/8”	   hole	   to	   38	   bs,	   and	   install	   a	   7-‐5/8”	   casing	   cemented	   with	   a	   neat	   cement	  
pressure	  grouted	  bocom	  up.	  Then	  drill	  a	  con5nuous	  3.830”	  diameter	  HQ-‐Core	  from	  38	  bs	  to	  
1000	  bs.	  Log	  the	  upper	  1000	  feet.	  A	  6-‐1/2”	  rotary	  hole	  opener	  bit	  would	  be	  acached	  to	  the	  
string	  and	   hole	  would	  be	  opened	  to	  1000	   feet.	   Install	  1000	   feet	   of	  4-‐1/2”	  0.25”	  wall	  HWT	  
threaded	   casing	   cemented	   with	   a	   neat	   cement	   pressure	   grouted	   bocom	   up.	   Con5nuous	  
3.830”	   diameter	  HQ	  Core	  to	  5000	  bs.	  Set	   temporary	   casing	   and	  drill	  3.032”	  diameter	  NQ	  
Core	  if	  needed.	  Run	  geophysical	   logs	  in	  the	  lower	  4000	  feet	  of	  the	  hole.	   Install	  5000	  feet	  of	  
2-‐3/8”	  tubing	  to	  TD	  and	  allow	  the	  well	  to	  equilibrate.	  Monitoring	  bocom	  hole	  temperature	  
every	   24	  hours.	   Plug	  and	   abandon	   the	   hole	  with	   neat	   cement	   slurry	   installed	  by	   a	   tremie	  
pipe.

Figure	  7-‐6.	  Kimama	  Hole	  Plan	  to	  5000	  feet.
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Kimama	  Drilling	  History

The	  Kimama 	  hole	  has	  IDWR	  well 	  tag	  D0057001	  on	  permit	  number	   59752,	  granted	  to	  Utah	  
State	  University	  Department	  of	  Geology.	   It	  was 	  determined	  by	  IDWR	  that	  the	  use 	  of	  blow	  out	  
prevenDon	   equipment	   would	   not	   be	   necessary	   unDl 	   bogom	   hole	   temperatures	   exceeded	  
100oC.	  We	  preformed	  temperature	  logging	  every	   100	  ns	  (Nielson	  et	   al.	   2012).	   The	  Kimama	  
hole	  was 	  spudded	  on	  September	  26,	  2010.	  We	  drilled	  without	  returns 	  the	  enDre	  hole 	  since 	  the	  
basalts	  were	  too	  fractured	  for	  lost	  circulaDon	  material 	  or	  cement	  plugs 	  to	  work.	  Despite	  the 	  lost	  
circulaDon,	   drilling	  went	  smoothly	   through	  mulDple 	  basalt,	   clay,	  and	  sand	  zones,	  through	  the	  
water	  table	  at	  260	  ns 	  unDl 	  October	  3,	  2010	  where	  at	  688	  ns 	  we	  had	  a 	  collapse	  of	  a 	  sand	  zone	  
that	  caught	  the	  string.	  The	  rods	  were	  worked	  through	  October	  4,	  2010	  when	  the	  decision	  was	  
made 	  to	  reduce	  to	  NQ	  diameter	   to	  the	  1000	  ns	  mark.	   NQ	   core	  was 	  terminated	  at	  1097	  ns	  
mark	  and	  tripped	  out.	  We	  recovered	  647	   feet	  of	  HQ	  rods 	  by	   cuong	   the 	  string.	   The 	  HQ	   rods	  
were 	  tripped	  in	  again	  to	  agempt	  drilling	  out	   the	  remaining	  steel.	  The	  hole	  was	  found	  to	  have	  
collapsed	  at	  647	  ns,	  and,	  in	  the	  clay	  and	  sand	  zones,	  the	  drill 	  string	  moved	  off	  the	  original 	  hole	  
creaDng	  1-‐B.	  Drilling	  progressed	  to	  996	  ns 	  and	  completed	  on	  October	  12,	  2010.	  The 	  progress 	  of	  
the	  hole	  relaDve	  to	  budgeted	  Dme	  is	  shown	  in	  Figure	  7-‐7.

The	  following	  day	   a 	  6-‐1/2”	  hole 	  opener	   was 	  installed	  and	  the 	  opening	  procedure	  started.	  
This 	  acDvity	  was	  slower	  than	  anDcipated,	  but	  progressed	  to	  895	  ns.	  On	  October	  23,	  2010,	  we	  
decided	  to	  run	  and	  cement	  the	  4-‐1/2”	  casing	  at	  895	  feet.	  Pressure	  grouDng	  of	  the	  4-‐1/2”	  casing	  
took	  place	  on	  October	  23,	  2010.	  HQ	  coring	  proceeded	  to	  a 	  depth	  of	  3887	  ns 	  on	  November	  23,	  
2010.	  At	  this 	  point,	  we	  decided	  to	  reduce	  to	  NQ	  coring	  to	  increase	  the	  penetraDon	  rate.	  At	  this	  
Dme,	   the	   equipment	   was	   winterized	   and	   shut	   down	   for	   Thanksgiving	   holiday.	   Drill 	   crews	  
reassembled	  on	  November	  29,	  2010,	  amer	  a	  very	  harsh	  turn	  in	  weather	  shown	  Figure	  7-‐8.
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Figure	  7-‐7.	  Kimama	  depth	  vs.	  Dme.
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Figure	  7-‐8.	  Kimama	  in	  winter



Drilling	  resumed	  on	  November	  30,	  2010	  and	  reached	  a	  depth	  of	  5000	  ns	  on	  December	  16,	  
2010.	  Drilling	  to	  the	  original 	  planned	  T.D.	  was	  accomplished	  on	  Dme	  and	  on	  budget.	  However,	  
we 	  were	  sDll 	  drilling	  basalt,	  and	  the	  anDcipated	  contact	  with	  rhyolite 	  had	  not	  been	  intercepted.	  
At	   the 	  depth	   of	   5280	   ns	   on	  December	   20,	   2010	   the	   rhyolite	   interface	   had	   sDll 	   not	   been	  
reached.	  At	  that	  Dme,	  the 	  project	  shut	  down	  for	  Christmas 	  and	  New	  Year’s 	  in	  order	   to	  review	  
budget	   and	  determine	   how	  much	   further	   our	   drilling	   budget	   could	  be	   stretched.	   Amer	   the	  
Holiday	   break	  and	  budget	   review,	   it	   was	  decided	   that	   funds	  would	  be	  reallocated	   from	   the	  
Kimberly	  hole	  and	  Kimama	  would	  be	  cored	  to	  a	  depth	  of	  6000	  feet.	  

Drill 	  crews 	  assembled	  on	  January	  03,	  2011	  and	  coring	  proceeded	  to	  a 	  depth	  of	  6000	  feet	  on	  
January	   19,	  2011.	  The	  rhyolite 	  interface	  had	  sDll	  not	  been	  intercepted.	  Again,	   amer	   reviewing	  
the	  budget,	  we 	  conDnued	  coring	  to	  a 	  total 	  depth	  of	  6275	  feet	  on	  January	  27,	  2011	  (Figure	  7-‐9).	  
The	  hole	  was	  completed	  in	  basalt.	  

A	  2-‐3/8”	  liner	  was 	  installed	  in	  the	  hole 	  to	  total 	  depth.	  There	  were	  two	  issues 	  with	  the	  liner.	  
First,	  we	  had	  planned	  to	  hang	  it	   in	  the	  hole	  ,	  but	  it	  was 	  landed	  and	  that	  was	  believed	  to	  have	  
created	   a 	  kink	   at	   4622	   feet.	   There 	  was	   also	   a 	  manufacturing	   issue	   that	   showed	   up	   when	  
threading	  the	  liner.	   There	  was 	  a	  visible	  non-‐concentricity	   in	  the	  pin	  and	  box	  ends 	  making	  the	  
inner	   diameter	   smaller.	   The 	  Dght	  
inner	   diameter	   of	   1.994”	   minus	  
the	   non-‐concentricity	   would	   not	  
allow	   tools 	   to	   pass 	   that	   point	  
during	   temperature	   logging.	   The	  
geophysical	   logging	   of	   the	   hole	  
commenced	  on	  June 	  29,	  2011	  and	  
lasted	   unDl 	   July,	   06,	   2011.	   The	  
casing	  was	  used	  as 	  a 	  tremie 	  pipe,	  
and	   Kimama	   was 	   plugged	   and	  
abandoned	  on	  October	  12,	  2011.
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Figure	  7-‐9.	  Kimama	  Core	  at	  TD	  6275	  ns.	  



Kimama	  Results

Total	  Depth:	  	  1-‐A	  38-‐1097:	   1059	  feet	  /	  322.8	  m	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1-‐B	  662-‐6275:	   5613	  feet	  /	  	  1711	  m	  

Total	  footage	  Drilled:	   6672	  feet	  /	  	  1912	  m	  

Total	  core	  recovered:	   6663	  feet	  /	  	  2031	  m	  

Core	  Recovery:	   6663/6672	  =	  .9986	  	  (99.86%)	  

Mud	  consumpDon:	   $33.80	  USD/m.	  (Lost	  circulaDon	  at	  the	  onset	  of	  hole)

Bit	  usage:	   $4.88	  USD/m	  

Total	  Days:	   135.5	  (Site	  Prep	  to	  demobilizaDon,	  off	  site	  inclusive)

Days	  Offsite:	   22	  (Holidays	  and	  site	  reviews)	  

Days	  of	  OperaDon:	   103.5

Days	  Drilling:	   59.5

Days	  Ops	  not	  Drilling:	   44

Days	  Standby:	   10

ROP	  when	  coring:	   105.4	  m/day

ROP	  While	  OperaDng:	   60.6m	  /day

ROP	  days	  invoiced:	   55.3	  m/day

Max	  Bogom	  Hole 	  Temp	  While	  
Drilling:	  

59.3oC	  

Results	  are 	  shown	  actual 	  Dme	  breakdown	   as	   in	  Figure	   7-‐10.	   OperaDons 	  Dme 	  breakdown	   is	  
shown	  in	  Figure	  7-‐11.	  
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Figure	  7-‐10.	  Kimama	  Dme	  Breakdown.
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Figure	  7-‐11.	  Kimama	  OperaDons	  Time	  Breakdown



Kimama	  Lessons	  Learned

In	  the	  course	  of	  drilling	  at	  the	  Kimama 	  locaDon	  a	  few	  lessons 	  were	  learned.	  First,	  although	  
the	  CS-‐4002	  a	  great	  drill	  rig	  for	  coring,	  is 	  not	  as 	  effecDve	  at	  rotary	  drilling.	  A	   larger	  mud	  pump	  
must	  be	  used	  in	  order	  to	  lim	   the	  cuongs	  at	  a 	  suitable	  up	  hole	  velocity	  so	  that	  the	  bit	  does	  not	  
re-‐work	  the	  cuongs 	  conDnuously.	   This 	  will 	  help	  with	  the	  bit	   life	  and	  rate 	  of	  penetraDon.	  On	  	  
subsequent	  holes 	  we	  decided	  to	  use	  a 	  rotary	  company	  to	  drill 	  and	  set	  the	  iniDal 	  4-‐1/2”	  casing	  to	  
10	  percent	  of	  the 	  hole 	  depth	  or	  greater.	  Second,	  we 	  decided	  to	  change	  liner	  vendors 	  because	  of	  
quality	   control 	  problems	  with	   the	  threading.	   It	   is 	  believed	  that	   this 	  was	  a	  large 	  factor	   in	  not	  
being	  able 	  to	  pass 	  4200	  foot	  depth.	  In	  general,	  the	  liner	  did	  its 	  job	  but	  the	  machining	  was 	  crude.	  
Third,	  we	  tried	  to	  core	  the	  upper	  porDon	  of	  the 	  hole	  with	  water	  only;	  this 	  led	  to	  problems 	  with	  
hole	  stability	  in	  the 	  loess 	  secDons 	  that	  could	  not	  be	  adequately	  remedied	  by	  switching	  to	  mud.	  	  
This 	  was 	  likely	   parDally	   responsible	  for	   the 	  hole	  going	  off-‐track	  in	  the 	  400-‐600	   foot	   sediment	  
layer,	  which	  resulted	  in	  the	  need	  to	  kick	  off	  into	  a 	  new	  hole 	  at	  660	   feet	  (Hole	  1B).	  Lastly,	  we	  
needed	  something	  beger	   for	  loss	  of	  fluids.	  The	  upper	  280	   feet	  of	  the	  Kimama	  hole,	  above	  the	  
water	   table,	  was 	  so	  permeable	  that	  cement	  was	  not	   effecDve 	  in	  plugging	  the	  lost	  circulaDon.	  
Cement	  was 	  pressure	  grouted	  on	  the	  back	  side	  of	  the	  4-‐1/2”	  casing	  to	  ensure	  as 	  good	  of	  a	  job	  
as 	  possible,	  but	  what	   should	  have	  been	  a 	  four	   cubic	  yard	  cement	  job	  ended	  up	  consuming	  50	  
cubic	  yards	  in	  order	  to	  close	  off	  the	  casing	  annulus.	  

OperaDons	  other	   than	  drilling	  or	   standby	   accounted	  for	   39%	  of	  the	  Dme	  spent	  on	  site	  at	  
Kimama	  (Figure	  7-‐10).	  Much	  of	  this 	  Dme	  (30%	  of	  operaDons)	  was 	  spent	   tripping	  (Figure	  7-‐11).	  
Other	  operaDons 	  that	  accounted	  for	  significant	  Dme 	  were	  related	  to	  opening	  the	  hole	  for	  casing	  
and	  casing,	   and	  other	  hole-‐condiDoning	  operaDons 	  (29%	  of	  operaDons;	  Figure	  7-‐11).	  Much	  of	  
this 	  Dme	  would	   have	  been	  saved	  by	   using	   a	  rotary	   water-‐well 	  rig	   to	  open	   the 	  hole 	  to	   10%	  
anDcipated	  TD,	   as	  discussed	  above.	  Geophysical	  and	  temperature	  logging	  only	   accounted	  for	  
11%	  of	  operaDons	  Dme.	  
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KIMBERLY	  (42°32'59.39"N	  114°20'33.26"W)

The	  Kimberly	   drill	  site	  was 	  located	  approximately	  2	  miles 	  northeast	  of	  Kimberly	   City	  on	  US	  
Highway	  50,	  on	  property	  owned	  by	  the	  University	   of	  Idaho.	  This 	  area	  is 	  a 	  semi-‐rural 	  area	  with	  
domesDc	  residences 	  within	  a 	  quarter	  mile 	  of	  the	  desired	  drill 	  pad.	  This 	  site 	  had	  the	  convenience	  
of	  access	  from	  a 	  major	   road,	  with	  easy	  water	   access 	  from	  city	   fire	  hydrants	  within	  a 	  mile.	   As	  
previously	  stated,	  the	  reason	  for	  drilling	  at	  Kimberly	   is	  that	   it	  lies 	  on	  the	  margin	  of	   the	  Snake	  
River	  plain,	  and	  has	  a	  relaDvely	  thin	  basalt	  cap	  that	  overlies	  known	  rhyolite.

Kimberly	  Drilling/Casing	  Plan

The	  original	  drilling	  and	  casing	  plan	  for	  the	  Kimberly	   hole 	  is 	  the 	  same	  as	  the	  Kimama	  hole,	  
with	  the	  excepDon	  that	   the 	  original 	  planned	  depth	  of	  the	  Kimberly	  hole	  was	  to	  be	  6000	   feet.	  
The	  Kimberly	  hole	  drill	  plan	  is	  as	  follows	  and	  seen	  in	  Figure	  7-‐12.
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Figure	  7-‐12.	  Kimberly	  Hole	  Plan	  to	  6000	  feet.



The	  IDWR-‐approved	  well	  design	  is	  as	  follows:

Drill	  a	  10-‐5/8”	  hole	  to	  38	  bs,	  Install	  a	  7-‐5/8”	  casing	  cemented	  with	  a	  neat	  cement	  pressure	  
grouted	   bocom	  up.	   Then	   drill	  a	   con5nuous	  3.830”	  diameter	  HQ-‐Core	  from	  38	  bs	  to	  1000	  
bs.	  Log	  the	  upper	  1000	  feet.	  A	  6-‐1/2”	  rotary	  hole	  opener	  bit	  would	  be	  acached	  to	  the	  string	  
and	  hole	  would	  be	  opened	  to	  1000	  feet.	  Install	  1000	  feet	  of	  4-‐1/2”	  0.25”	  wall	  HWT	  threaded	  
casing	   cemented	   with	   a	   neat	   cement	   pressure	   grouted	   bocom	   up.	   Con5nuous	   3.830”	  
diameter	  HQ	  Core	  to	  5000	  bs	  set	  temp	  casing	  and	  drill	  3.032”	  diameter	  NQ	  Core	  if	  needed.	  
Run	  geophysical	  logging	  in	  the	  lower	  4000	  feet	  of	  the	  hole.	  Install	  5000	  feet	  of	  2-‐3/8”	  tubing	  
to	   TD	   and	   allow	   the	   well	   to	   equilibrate.	   Periodic	   monitoring	   of	   the	   temperature,	   and	  
ul5mately	  plug	  and	  abandon	  the	  hole	  with	  neat	  cement	  slurry	  installed	  by	  a	  tremie	  pipe.

On	  January	   18,	  2011	  DOSECC	  Inc	  started	  clearing	  the	  site	  at	  the	  Kimberly	  and	  preparing	  a	  
100’	  x	  100’	  drill 	  pad.	  As 	  it	  was 	  middle	  of	  winter	  the 	  soil 	  was 	  easy	  to	  move 	  on	  in	  the	  morning	  and	  
quite	  mucky	   in	  the	  late 	  amernoon.	   The	  dirt	  road	  coming	  off	  of	  the	  University	  of	   Idaho’s 	  drive	  
way	   to	  the	  drill 	  pad	  also	  required	  geo-‐fabric	  and	  engineered	  soils 	  as	  seen	  in	  Figure	  7-‐13.	  This	  
increased	  pad	  preparaDon	  costs	  as 	  it	  was 	  not	  expected	  that	  this 	  secDon	  would	  need	  work.	  A	  
concrete	  box	  was	  installed	  to	  serve	  as 	  a	  mini-‐cellar	   for	   the	  well 	  head	  and	  annular	   preventer,	  
and	  reserve	  pits	  were	  dug.	  

Figure	  7-‐13.	  Kimberly	  site	  preparaDon.
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	  Kimberly	  Drilling	  History

Taking	  the	  lessons	  learned	  from	  the 	  previous	  hole 	  we	  decided	  that	  the 	  core	  of	  the	  top	  700	  
feet	  would	  be	  sacrificed	  in 	  order	   to	  obtain	  a 	  cased	  hole	  in	  a	  short	  amount	  of	  Dme	  so	  that	  the	  
hole	  total 	  depth	  could	  be	  accomplished	  within	  a	  budget	   that	  had	  been	  parDally	   distributed	  to	  
the	  previous 	  hole.	  Two	  miles	  directly	  to	  the	  north	  of	  this	  site,	  the	  Snake	  River	  cut	  through	  the	  
margin,	   and	  300	   m	   of	   the	  overlying	   basalt	   can	  be	   seen.	   Being	   able	   to	  describe 	  this	  without	  
drilling	  made	  it	   easier	   to	  sacrifice 	  the	  core.	   In	  this 	  light	   Eaton	  Drilling	  and	  Pump	  Service 	  was	  
called	  out	  to	  air	  rotary	  a	  hole	  to	  700	  ns.	  They	  spud	  Kimberly	  on	  January	  26,	  2011.	  The 	  12”	  hole	  
was	  drilled	   to	  40	   ns,	   and	  8”	   casing	   installed	   and	   neat	   cemented	  in.	   Eaton	   then	  used	   an	  8”	  
hammer	   to	  drill 	  to	  703	  ns	  hiong	  the 	  water	   table	  at	  224	  ns.	  703	   feet	  of	  4-‐1/2”	   x	  0.25”	  wall	  
threaded	  HWT	  casing	  was	  neat	  cemented	  in	  and	  Eaton	  was	  dismissed	  on	  January	  31,	  2011.	  

Figure	  7-‐14.	  Kimberly	  depth	  vs.	  Dme	  and	  budget.
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DOSECC	   Inc.	   then	  mobilized	  from	  the 	  Kimama	  hole	  and	  proceeded	  to	  set	  up	  all 	  equipment	  
and	  was 	  on	  the	  Kimberly	  site	  ready	  to	  drill 	  out	  the 	  casing	  on	  February	  05,	  2011.	  The	  progress	  of	  
the	  hole	  relaDve	  to	  budgeted	  Dme	  is 	  shown	  in	  Figure	  7-‐14.	  We 	  sDll 	  drilled	  the	  enDre	  hole	  with	  
lost	  circulaDon	  as	  there	  was	  nothing	  that	  we	  used	  for	  LCM	  that	  would	  get	  or	  keep	  returns.	  

Drilling	  HQ	  from	  the	  onset	  we 	  drilled	  to	  the	  3091	  ns 	  depth	  on	  March	  11,	   2011	  with	  only	  
minor	   issues 	  and	   trips 	  for	   bits.	   The	   lithology	   alternated	   between	   rhyolite	   (Figure	  7-‐15)	   and	  
basalt	  with	  two	  thick	  secDons	  of	  silt,	  sand,	  and	  ash	  in	  the	  875-‐950	  and	  975-‐1375	  ns	  levels.	  

StarDng	  in	  late 	  February	  of	  2011	  we 	  noDced	  an	  issue	  developing	  with	  the	  feeding	  system	  of	  
the	  CS-‐4002	  drill 	  rig.	  The 	  head	  would	  drim	  down	  on	  its	  own	  once	  the	  main	  line 	  break	  had	  been	  
disengaged.	  This 	  made	  it	  very	  difficult	  to	  control 	  the	  feed	  rate	  and	  subsequently	  the 	  weight	  on	  
bit.	  The	  manufacturer	   could	  not	  diagnose	  the	  problem,	  and	  ulDmately	  the	  repair	  was 	  done 	  by	  
systemaDc	   replacement	   of	   parts,	   starDng	  with	  the	  least	   expensive.	   Amer	  many	   pressure	  and	  
load	  tests 	  on	  the	  system,	  we 	  determined	  that	  as	  unlikely	   as	  it	  may	  be	  the	  main	  feed	  cylinder	  
was	  washed	  out	  and	  allowing	  the	  hydraulic	  bypass.	  At	  this 	  point	  field	  repair	  was 	  not	  possible.	  
The	  Kimberly	  site 	  was	  winterized	  and	  the	  CS-‐4002	  was 	  driven	  to	  Salt	  Lake	  City	  for	  repairs.	  Once	  
the	  main	  cylinder	   was 	  removed	  and	   inspected	  it	   was 	  found	  that	   there	  was 	  a	  crack	   that	   had	  
developed	  in	  the	  main	  cylinder	  as	  seen	  in	  Figure	  7-‐16.	  
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Figure	  7-‐15.	  Kimberly	  core	  at	  T.D.	  6422	  ns.



The	  replacement	  cylinder	  was	  ordered,	  shipped	  and	  replaced.	  We	  were	  able	  to	  re-‐mobilize	  
and	  drilling	  commenced	  in 	  the	  Kimberly	  hole	  on	  April 	  13,	  2011.	  With	  minor	  restart	  issues,	  hole	  
condiDoning	  and	  reaming	  to	  bogom	  core	  started	  out	  slowly	   but	  picked	  up	  unDl	  April 	  28,	  2011	  
at	  3709	  ns.	  The 	  hydraulics	  became	  non-‐responsive	  and	  another	  inquest	  into	  issues 	  started.	  We	  
found	  that	  the	  primary	  pump	  failed	  and	  it	   is	  believed	  due	  to	  issues 	  with	  the	  hydraulics	  system	  
during	  the	  previous 	  month.	  So	  a 	  new	  pump	  was 	  ordered	  and	  on	  May	  5,	  2001	  was	  installed.	  At	  
this 	  point	   we	  decided	   to	   land	  the	  HQ	   rod	   as 	  a	  temporary	   casing	  string	  and	  start	   coring	  NQ	  
diameter	   in	  order	  to	  pick	  up	  Dme	  and	  depth	  in	  the	  budget.	  May	  6,	  2011	  drilling	  started	  again	  
and	  facing	  a 	  large 	  deficit	  in	  actual 	  drilling	  days 	  to	  budgeted,	   the	  crews 	  got	  to	  work	  and	  in	  the	  
following	  days 	  up	  to	  the	  target	  depth	  of	  5000	  ns	  were	  able 	  to	  close	  the 	  gap	  from	  15	  days	  over	  
to	  just	  4	  days	  by	  May	  18,	  2011.	  

Upon	  arriving	  at	  the	  T.D.	  of	  5000	  ns,	  we	  had	  not	  breached	  the	  formaDons 	  underlying	  the	  
rhyolites,	  and	  as 	  there 	  were	  sDll 	  funds 	  available 	  the	  decision	  to	  drill 	  ahead	  was 	  given.	  SDll 	  using	  
NQ	  we	  drilled	  to	  6422	  ns 	  by	  June	  13,	  2011	  whereupon	  the	  rods 	  became	  stuck.	  The	  hole	  was	  
then	  completed	  at	  6422	  ns	  (1958	  m).	  
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Figure	  7-‐16.	  Crack	  perpetuated	  from	  port	  through	  seal	  on	  piston.



	   Extensive	  logging	  through	  the	  rods 	  was 	  started	  on	  June	  15,	  2011.	  When	  logging	  through	  
the	  rods	  was	  completed	  a 	  wireline	  cuong	  service	  was 	  called	  out	  and	  the	  free	  point	  of	  the	  rods	  
was	  measured	  and	  an	  chemical 	  cut	   of	   the	  NQ	   rods	  was 	  done 	  at	  6377	  ns 	  on	  June	  16,	   2011.	  
Open	  hole	  logging	  commenced	  while	  pulling	   the	  NQ	   rods 	  out.	  Amer	  mulDple	  tools	  were	  used	  
the	  hole	  had	  become	  unstable	  at	   6280	  ns.	  MulDple	  trips	  in	  and	  out	  with	   the	  NQ	   rods	  were	  
made 	  and	  each	  Dme	  the	  hole	  was 	  unstable 	  and	  would	  not	  remain	  open.	  Eventually	  tripping	  into	  
the	  cut	  off	  NQ	  rods	  was 	  not	  possible.	   Logging	  ceased	  on	  June	  24,	  2011	  and	  2-‐3/8”	   casing	  was	  
run	  in	  the	  hole	  and	  crews 	  tried	  to	  wash	  into	  the 	  NQ	  rods 	  up	  to	  June	  28,	  2011,	  including	  a 	  trip	  to	  
ream	  NQ	  to	  the	  cut	   interface.	  The 	  casing	  was 	  hung	  and	  its 	  bogom	  was 	  measured	  at	  6270	  ns	  
amer	  tagging	  a 	  bridge	  at	  6280	  ns.	  The	  equipment	  was 	  moved	  to	  Mountain	  Home	  and	  the	  drill	  
rig	  went	  back	  to	  Kimama	  to	  do	  open	  hole 	  logging	  there.	  Figures 	  7-‐17	  and	  7-‐18	   show	  the	  Dme	  
breakdowns	  for	  Kimberly.	  
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Kimberly	  Results

Total	  Depth:	   6422	  feet	  	  /	  1957	  m	  
Total	  Footage	  Rotary	  Drilled:	   703	  feet	  	  /	  	  214	  m	  
Total	  Footage	  cored:	   5719	  feet	  	  /	  	  1743	  m	  
Total	  Core	  Recovered:	   5727	  feet	  (over	  1.0	  in	  certain	  zones	  with	  

expanding	  clays)

Core	  Recovery	  -‐	  Cored	  Depth:	   5727/5719	  =	  1.000	  	  (100%)	  
Core	  Recovery	  -‐	  Total	  Depth:	   5727/6422	  =	  .8917

Mud	  ConsumpDon:	   $24.35	  USD/m.	  (Lost	  circulaDon	  at	  the	  onset	  
of	  hole.)

Bit	  Usage:	   $4.20	  USD/m
Total	  Days:	   160.55	  (Site	  Prep	  to	  demobilizaDon,	  off	  site	  

inclusive)

Days	  Offsite:	   38	  (Equipment	  related	  not	  billable)
Days	  of	  OperaDon:	   122.5
Days	  Core	  Drilling:	   57.7
Days	  Ops	  not	  Drilling:	   38.8
Days	  Standby:	   15.7
Days	  on	  DOSECC	  Onsite	  Repairs:	   10.3
ROP	  when	  coring:	   111.3	  m/day
ROP	  While	  OperaDng:	   66.55	  m/day
ROP	  days	  invoiced:	   52.41	  m/day
Max	  Bogom	  Hole	  Temp	  While	  Drilling:	   59.3oC	  

Results	  are	  shown	  in	  basic	   Dme	  breakdown	  as 	  in	   Figure 	  7-‐17;	   operaDons	  Dme	  breakdown	  is	  
shown	  in	  Figure	  7-‐18.
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Figure	  7-‐16.	  Basic	  Time	  Breakdown,	  Kimberly.	  

Figure	  7-‐17.	  Basic	  Time	  Breakdown,	  Kimberly.	  
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Figure	  7-‐18.	  OperaDons	  Time	  Breakdown,	  Kimberly.	  



Kimberly	  Lessons	  Learned

Although	  the 	  drilling	  went	  fairly	  well 	  on	  the 	  Kimberly	  site,	  we	  were 	  plagued	  with	  a 	  couple	  of	  
long	   term	   drill 	   health	   issues 	   that	   made	   this	   parDcular	   site 	   drag	   on	   38	   days	   longer	   than	  
projected.	  Backwards 	  analysis	  and	  observaDon	  of	  drilling	  procedures 	  would	  indicate	  that	  high	  
pressures	  can	  be	  formed	  inside 	  the	  feed	  ram	  when	  drillers 	  stop	  the 	  head	  suddenly	   while	  fast	  
feeding	  down	  in	  an	  open	  column.	  This	  was 	  observed	  when	  drillers,	  waiDng	  for	  a 	  tool 	  to	  latch,	  
think	   it	   is 	  caught	   on	   sand	   in 	   the	   barrel 	  and	   try	   to	   force	   it	   to	   seat	   and	   latch.	   Although	   no	  
calculaDons 	  or	  measurements	  have	  been	  done	  to	  verify	   if	  these	  acDons	  are	  exceeding	  designed	  
pressure	  raDng	  of	   the 	  feed	  ram,	   one	  can	  see	  that	   it	   is 	  probably	   not	   good	  on	  equipment.	   In	  
response,	  we	  implemented	  a 	  procedure	  that	  helps	  avert	  such	  wear	  and	  tear	  on	  the	  feed	  system	  
of	  our	   drill	  rigs.	  We	  also	  have	  a	  procedure	  to	  flush	  the	  enDre	  hydraulics 	  system	  amer	  a 	  major	  
repair	  that	  involves	  any	  of	  6	  major	  areas:	   (1)	  Leveling	  Jacks/Mast	  Raise/	  Mast	  Dump	  rams;	  (2)	  
Head	  rotaDon	  motor,	  (3)	  Feed	  cylinder;	   (4)	  Main	  hoist	  motor	  replacement;	  (5)	  Wire	  line	  motor	  
replacement;	   and	   (6)	  Any	   of	   the	  3	   pumps	  replacement.	   Lastly,	   in	  order	   to	  drill 	  this 	  area 	  and	  
make	  the	  hole	  cost	  effecDve,	  there	  needs 	  to	  be	  a 	  beger	  LCM	   choice	  for	   the	  major	   fracturing	  
that	  occurs	  in	  these	  upper	  basalts.	  

Only	  32%	  of	  Dme	  on	  site 	  at	  Kimberly	  was 	  spent	  on	  operaDons	  other	  than	  drilling	  or	  standby	  
(Figure	  7-‐17).	  Again,	  much	  of	  this 	  was	  trip	  Dme	  (51%	  of	  operaDons;	  Figure 	  7-‐18),	  with	  another	  
20%	  of	  operaDons 	  Dme	  spent	  on	  geophysical 	  and	  temperature	  logging.	  CondiDoning,	  reaming,	  
and	  casing	  the	  hole 	  only	  accounted	  for	  9%	  of	  operaDons	  Dme 	  -‐-‐	  less 	  than	  one-‐third	  of	  the 	  Dme	  
spent	  on	  these	  operaDons	  at	  Kimama.	  
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MOUNTAIN	  HOME	  AFB	  	  (43° 4’11.57”N 115°53’34.61”W) 

The	  Mountain	  Home	  MH-‐2	  well 	  site 	  is 	  located	  on	   the 	  northwestern	  corner	   of	  Mountain	  
Home	  Air	  Force 	  Base,	  approximately	  1⁄4	  mile	  east	  of	  the	  Grandview	  gate.	  Our	   sponsor	  at	  this	  
site	  was 	  the	  366th	  Civil 	  Engineering	  Squadron	  Mission	  Support	  Group,	  who	  also	  prepared	  the	  
drill	  site.	  

Drilling	  and	  coring	  was	  carried	   out	   using	  a 	  Atlas 	  Copco	  CS-‐4002	   diamond	  drill	   rig	  with	   a	  
rated	  depth	  capacity	   of	  8400	  ns	  with	  NQ	  drill 	  rod.	   Eaton	  Drilling	  drilled	  and	  set	   the	  surface	  
conductor	   casing,	   and	  drilled	  and	   cased	  the	  upper	   530-‐705	   feet,	   using	   an	   Ingersoll-‐Rand	   air	  
rotary	   rig.	   This 	  allowed	   penetraDon	   of	   the	   upper	   part	   of	   the	   secDon	   quickly	   with	   a	   large	  
diameter	  hole	  that	  could	  be	  cased	  to	  IDWR	  requirements	  for	  a	  geothermal	  test	  well.

The	  original 	  drilling	  and	  logging	  plan	  for	   the	  well 	  was 	  worked	  out	  during	  the	  Snake	  River	  
ScienDfic	   Drilling	   Project	   Technical 	  Workshop	   held	   in	   Twin	   Falls 	   in	   September	   2009,	   which	  
included	  personnel	  from	  DOSECC,	  ICDP,	   INL,	  and	  the 	  U.S.	  Geologic	  Survey	   (USGS),	  and	  various	  
universiDes 	  involved	  in	  the 	  project.	   Subsequently,	  meeDngs	  were	  held	  with	  DOD	  and	  MHAFB	  
staff,	   INL	   scienDsts,	  and	  the 	  “Project	  Hotspot”	  Drilling	  Team	  to	  discuss 	  well 	  construcDon	  and	  
tesDng.	   The	   well	   was 	   designed	   to	   be 	   drilled	   in	   stages 	   and	   logged	   between	   stages 	   to	  
accommodate	  the	  mulDple	  engineering	  and	  scienDfic	  objecDves 	  of	  the	  project.	  A	  well	  schemaDc	  
diagram	  prior	  the	  well 	  being	  plugged	  and	  abandoned	  (P&A)	   is 	  shown	  in	  Figure	  7-‐19,	   and	  the	  
drilling	  and	  casing	  plan	  is	  shown	  in	  figure	  7-‐20.	  

In	  addiDon	  to	  saDsfy	   the	  many	   technical 	  objecDves,	   the	  well 	  design	  also	  had	   to	  meet	   all	  
State	   of	   Idaho	   Well	   Drilling	   and	   ConstrucDon	   Standards 	   in	   accordance	   with	   the	   Idaho	  
Geothermal 	  Resource 	  Act.	  Well	  design,	  well	  drilling,	  and	  well 	  construcDon	  in	  the 	  State	  of	  Idaho	  
are	  administered	  by	   IDWR.	   The 	  well 	  design	  was	  reviewed	  and	  approved	  by	   IDWR	  on	  June	  1,	  
2011,	   with	   the 	  specificaDon	   that	   the	  well 	  be	  properly	   decommissioned	   within	   one	   year	   of	  
iniDaDng	   drilling.	   InjecDon	  and/or	   producDon	   of	   geothermal 	  resources 	  were 	  not	   authorized	  
under	  the	  permit.	  On	  June	  18,	  2012,	  IDWR	  issued	  a 	  six	  month	  extension	  on	  the	  drilling	  permit	  
to	  allow	  the	  well	  to	  remain	  open	  for	  tesDng.	  The	  well	  was	  required	  to	  be	  decommissioned	  on	  or	  
before	  December	   23,	   2012.	   The	  project	  met	   all 	  the	  terms	  of	   the	  well 	  drilling	   permit	   and	  its	  
extension.
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Figure	  7-‐19.	   As-‐drilled	  well	  schemaDc	  (not	  to	  scale).



Mountain	  Home	  Drilling	  History

Mountain	  Home	  test	  2A	  on	  IDWR	  geothermal 	  applicaDon	  61-‐GR-‐08	  was 	  begun	  on	  June	  24,	  
2011.	  Eaton	  Drilling	  and	  Pump	  Services 	  drilled	  and	  set	  a	  40-‐foot	  pressure	  grouted	  surface	  seal	  
and	  then	  drilled	  to	  530	  feet	  below	  surface 	  (ns)	  through	  the	  basalt	  cap	  to	  the	  depth	  where	  the	  
top	  of	  the	  lake	  sediments	  were	  expected	  to	  be	  based	  on	  other	  nearby	  well	  logs.	  DOSECC

	  Inc.	  moved	  on	  the	  hole	  and	  started	  coring	  from	  530–705	  ns	  through	  massive	  basalt.	  Coring	  
conDnued	  from	  705–1967	  ns	  through	  sand	  and	  intermigent	  clay	  layers.	  At	  this 	  depth	  the	  rods	  
became	  stuck	  and	  drill 	  crews 	  worked	  for	  several 	  days	  to	  free	  them.	  It	  was 	  decided	  that	  it	  would	  
be	  more 	  cost	  effecDve	  to	  abandon	  this	  hole 	  (MH-‐2A)	  and	  to	  start	  a 	  new	  hole.	  The 	  drill 	  rod	  was	  
cut	  above 	  the	  stuck	  interval	  and	  retrieved	  for	  reuse.	  The	  new	  hole	  (MH-‐2B)	  was 	  offset	  20	  feet	  
from	  MH-‐2A.	  Eaton	  Drilling	  and	  Pump	  Services 	  drilled	  and	  set	  a 	  new	  40-‐foot	  pressure 	  grouted	  
surface 	  seal 	  then	  drilled	  to	  705	  ns	  through	  the	  basalt	  cap	  to	  the 	  lake	  sediments.	  The 	  CS-‐4002	  
Drill 	  Rig	  was 	  moved	  over	  the	  hole 	  and	  DOSECC	  rotary	  drilled	  through	  the	  sediments 	  to	  2030	  ns.	  
Upon	  reaching	  2030	  ns 	  in	  MHAFB	  test	   2B	  and	  sDll 	  in	  the 	  lake	  bed	  sediment,	  the	  temporary	  
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Figure	  7-‐20.	  Drilling	  and	  casing	  plan	  for	  Mountain	  Home	  Well



casing	   was	   landed	   to	   ease 	  drilling	   difficulDes.	   HQ	   core 	  was 	  drilled	   out	   the	   bogom	   of	   the	  
temporary	   casing.	   HQ	   coring	   conDnued	   to	   3753	   ns	   on	   October	   29,	   2011.	   NQ	   coring	  
commenced	  amer	   landing	   the	  HQ	   as 	  a	  temporary	   casing	   string.	   Drilling	  was	  suspended	  over	  
Christmas 	  and	  New	  Year’s 	  from	  December	  8,	  2011	  –	  January	  15,	  2012	  to	  allow	  invoices 	  to	  clear	  
so	  that	  an	  accurate 	  budget	  review	  could	  be	  performed.	  On	  January	  15,	  2012,	   the	  geophysical	  
surveys 	  began	  and	  lasted	  through	  January	  22.	  NQ	  coring	  recommenced	  and	  advanced	  to	  5640	  
ns 	  where	  lost	  circulaDon	  began	  to	  develop	  and	  at	  5726	  ns 	  on	  January	  26,	  2012	  ,	  water	  under	  
artesian	  pressure	  flowed	  at	  11	  gal/min.	  Water	  sampling	  was	  performed	  and	  drilling	  conDnued	  
using	  a 	  heavy	   barite 	  mud	  to	  balance 	  the	  upwards 	  pressure.	  NQ	  coring	   advanced	  to	  the	  total	  
depth	  of	  the	  hole	  of	  5976	  ns	  on	  January	  31,	  3012.	  The	  total 	  depth	  of	  the	  hole	  was	  called	  due	  to	  
budget	  constraints.	  Drilling	  progress	  at	  Mountain	  Home	  is	  shown	  in	  Figures	  7-‐21	  and	  7-‐22.	  
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Figure	  7-‐21.	  Drilling	  progress	  at	  Mountain	  Home	  AFB	  for	  Holes	  MH-‐2A	  and	  2B	  
(DOE-‐funded	  drilling	  operaDons).	  



Drilling	  operaDons	  funded	  by	   DOE	  at	  Mountain	  Home	  ceased	  on	  October	   15,	  2011,	  when	  
the	  funds	  budgeted	  for	  drilling	  at	  this 	  site 	  were 	  fully	  expended.	  At	  that	  Dme,	  ownership	  of	  the	  
drill 	  hole	  was	  turned	  over	   to	  the	  USAF,	  which	  provided	  funds 	  for	  addiDonal 	  drilling	  as	  part	  of	  
their	   “Green	   Energy”	   iniDaDve.	   This 	  addiDonal 	  drilling	   was 	  referred	   to	   as	   “Mountain	   Home	  
Phase	   2.”	   At	   that	   Dme 	  all 	  onsite	  expenses 	  were 	  transferred	   to	  the	  USAF	  account,	   including	  
support	   for	   all 	  on-‐site	  science 	  crews.	   Phase	  2	   drilling	   commenced	  on	  16	  October	   2011,	   and	  
conDnued	  to	  December	  7,	  2011.	  Drilling	  recommenced	  amer	   compleDon	  of	  logging	  on	  January	  
22,	  2012,	  and	  conDnued	  to	  January	  29,	  2012,	  as 	  discussed	  above.	  Drilling	  progress 	  for	  Phase	  2	  
drilling	   is 	   shown	   in	   Figure	  7-‐19.	   OperaDonal 	  Dme	  breakdowns	  are	  depicted	   in	  Figures	  7-‐23	  
through	  7-‐26.	  
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Figure	  7-‐22.	  Drilling	  progress	  at	  Mountain	  Home	  AFB	  for	  Holes	  MH-‐2A	  and	  2B	  (Phase	  
2:	  USAF-‐funded	  drilling	  operaDons,	  amer	  compleDon	  of	  DOE-‐funded	  operaDons).	  
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Figure	  7-‐23.	  Basic	  Time	  Breakdown	  for	  Mountain	  Home,	  
Phase	  1	  (DOE-‐funded)
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Figure	  7-‐24.	  Time	  Breakdown	  for	  OperaDons,	  Mountain	  Home,	  
Phase	  1	  (DOE-‐funded)
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Figure	  7-‐25.	  Basic	  Time	  Breakdown	  for	  Mountain	  Home,	  Phase	  2	  (USAF-‐funded).	  
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Figure	  7-‐26.	  Time	  Breakdown	  for	  OperaDons,	  Mountain	  Home,	  
Phase	  2	  (USAF-‐funded).



Plug	  and	  Abandonment	  of	  Mountain	  Home	  Wells	  

DOSECC,	  Inc.,	  remobilized	  to	  Mountain	  Home	  on	  November	  6,	  2012,	  to	  P&A	  the 	  hole.	  There	  
was	  considerable 	  discussion	  among	  the 	  project	  team	  concerning	  the	  advantages	  of	  leaving	  the	  
hole	  open	  as	  a	  monitoring	  well;	  however,	  the	  IDWR	  did	  not	  approve	  this	  opDon.

The	  CS4002	  drill 	  was 	  set	  up	  on	  11/07/12.	  The	  annular	  blow	  out	  preventer	  (BOP)	  was 	  nippled	  
up,	  and	  the	  2-‐3/8”	  tubing	  was 	  connected	  and	  1500	   feet	   of	  2-‐3/8"	   liner	   was 	  tripped	   into	  the	  
hole.	  There	  was	  no	  upward	  flow	  of	  water	  from	  the 	  hole.	  The	  liner	  was 	  out	  of	  the	  hole 	  by	  15:00	  
on	  11/08/12.	  The	  drillers	  then	  ran	  NQ	   rods 	  in	  the	  hole	  and	  made	  temperature	  measurements	  
with	  the	  DES	  temperature	  tool 	  at	  4200,	  4800,	   5600,	  5720,	  and	  5976	  ns,	   total	  depth	  (TD).	  No	  
obstrucDons	  were	  encountered	   in	  the	  hole.	  Mud	  was	  circulated	  in	   the 	  hole	  on	   11/10/12	   to	  
reduce	  the	  bogom	  hole	  temperature	  in	  preparaDon	  for	  open	  hole	  logging.	  The 	  NQ	  rods 	  were	  
withdrawn,	  and	  South	  West	  ExploraDon	  spent	  11/11/2	  and	  11/12/12	  logging	  the	  open	  hole.

The	  drillers	  then	  agempted	   to	  spear	   and	  retrieve	  the 	  HQ	   rods 	  that	  were 	  landed	  at	   3753	  
feet,	  on	  the	  morning	  of	  11/13/12.	  However,	  the	  rods 	  were	  stuck,	  so	  the	  drillers 	  tripped	  out	  and	  
ran	  in	  the 	  rod	  cuger.	  Several 	  agempts 	  were	  made	  to	  cut	  and	  pull 	  the	  HQ	  rod.	  The 	  drillers 	  were	  
able 	  to	  get	  the	  HQ	  rods 	  cut	  and	  removed	  3547	  m	  of	  HQ	  rod.	  An	  HQ	  bowen	  spear	  and	  NQ	  cuger	  
were 	  both	  lost	  with	  1135	  m	  of	  NQ	  rod	  to	  the	  bogom	  of	  the	  hole	  while 	  trying	  to	  cut	  and	  fish	  the	  
rods.	  The 	  drillers	  had	  the 	  HQ	  rods 	  out	  on	  11/15/12	  and	  tried	  to	  connect	  to	  the	  PQ	  rods.	  The	  PQ	  
rods 	  were	  in	  Dght	  with	  barely	  any	  stretch.	  Three 	  different	  agempts	  were 	  made	  to	  cut	  the	  PQ	  at	  
1500,	  1000,	  and	  800	  feet.	  All 	  3	  agempts	  failed.	  The 	  PQ	  rods 	  were	  abandoned,	  and	  the 	  NQ	  rods	  
were 	  tripped	  in	  to	  tremie 	  cement.	  On	  11/19/12,	  with	  a	  representaDve	  from	  IDWR	  present,	  the	  
neat	  cement	  slurry	  was 	  pumped	  down	  the 	  tremie	  pipe	  to	  a 	  depth	  of	  4841	  feet	  to	  the	  top	  of	  the	  
NQ	  rod.	  In	  lims	  of	  1000	  m	  and	  volumes 	  of	  5	  cubic	  yards,	  the	  hole	  was	  plugged	  with	  a 	  total 	  of	  25	  
cubic	   yards 	  of	  15.5	   lb/gallon	  neat	  cement.	  CemenDng	  was 	  accomplished	  by	   11/19/12.	  The	  PQ	  
casing	  was	  cut	  off	  3	  feet	  below	  grade,	  and	  the 	  3'x3'x3'	  cement	  cellar	  was	  filled	  with	  cement	  as 	  a	  
monument	   on	   instrucDons	   from	   USAF	   personnel.	   The	   equipment	   was 	   rigged	   down	   on	  
11/20/12,	  and	  the	  site 	  was 	  cleaned,	   leveled	  and	  pits	  backfilled.	  A	  representaDve	  of	   the	  USAF	  
approved	  the	  site,	  and	  all	  equipment	  was	  demobilized	  to	  Salt	  Lake	  City	  on	  11/21/12.

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University	  

7-‐33



Mountain	  Home	  Results	  

Total	  Depth:	   MH-‐2A:	  	  	  1967	  /	  599	  m	  
MH-‐2B:	  	  	  5975	  feet	  	  /	  1821	  m	  

Total	  Footage	  Rotary	  Drilled:	   A:	  503	  feet	  	  /	  	  153	  m	  
B:	  2000	  feet	  /	  609	  m

Total	  Footage	  cored:	   5383	  feet	  	  /	  	  1641	  m	  
Total	  Core	  Recovered:	   5104	  feet	  /	  1556	  m
Core	  Recovery	  -‐	  Cored	  Depth:	   5104/5383	  =	  96.2%	  
Core	  Recovery	  -‐	  Total	  Depth:	   5104/5975	  =	  85.4%

Mud	  ConsumpDon:	   $12.1	  	  USD/m.	  
Bit	  Usage:	   $2.9	  USD/m
Total	  Days:	   138
Days	  of	  OperaDon:	   142
Days	  Core	  Drilling:	   71
Days	  Ops	  not	  Drilling:	   49.5
Days	  Standby:	   21.5
ROP	  when	  coring:	   111.0	  X/day	  

ROP	  While	  OperaDng:	   66.0	  m/day
ROP	  days	  invoiced:	   66.0	  m/day
Max	  Bogom	  Hole	  Temp	  While	  Drilling:	   149oC	  

Mountain	  Home	  Lessons	  Learned	  

Drilling	  in	  thick	  sedimentary	   sequences 	  with	  diamond	  coring	  rig	  can	  present	  challenges	  in	  
terms 	  of	   hole 	  stability.	   The	  simple	  HQ3	   coring	   system	   (plasDc	   liner	   in	  standard	  HQ	   core	  bit)	  
performed	  beger	   than	  the	  DOSECC	   lake 	  drilling	   tools,	  which	  were	  used	   iniDally	   because	  we	  
would	  be	  coring	  lake 	  sediments.	  However,	  the	  well-‐indurated	  sediments 	  and	  sedimentary	   rock	  
responded	   well 	   to	   standard	   diamond	   coring	   tools.	   Rotary	   drilling	   through	   the	   sediments	  
(MH-‐2B)	  amer	   failure	  of	  the	  first	  Mountain	  Home	  hole 	  (MH-‐2A)	  proceeded	  more 	  quickly	   than	  
coring,	  but	  not	  as 	  quickly	  as	  a	  larger	  oil-‐field	  rig	  using	  oil-‐field	  tubulars 	  due	  to	  the	  nature 	  of	  the	  
diamond	  core	  drilling	  (thinner	  tubulars,	  high	  rpm,	   low	  bit	  weight)	  versus	  oil	  field	  rotary	  drilling	  
(thick	   joints 	  on	   tubulars,	   low	   rpm,	   high	   bit	   weight).	   In	   future	   holes 	   in	   this 	  area 	  we 	  would	  
contract	  with	  an	  air	  rotary	  water	  well 	  driller	   to	  go	  as	  deep	  as 	  possible	  (~400	  m)	  to	  set	  casing	  
before	  beginning	  rotary	  or	  diamond	  coring	  with	  the	  diamond	  core	  rig.	  
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OVERALL	  LESSONS	  LEARNED	  

The	  use	  of	  small 	  diamond	  coring	  drill 	  rigs,	  which	  are	  commonly	  used	  in	  mineral 	  exploraDon	  
for	  resource	  confirmaDon,	  to	  produce	  slim	  holes 	  (<6”	  diameter)	  for	  geothermal	  exploraDon	  and	  
geothermal 	   resource	   confirmaDon	   is 	   clearly	   an	   effecDve	   and	   cost-‐efficient	   approach.	   Amer	  
subtracDng	   logisDcal 	  support	  and	  wireline	  logging	   costs	  (both	  direct	   payments 	  to	  contractors	  
that	  were	  paid	  through	  DOSECC,	  and	  the 	  Dme	  needed	  to	  carry	  out	  the	  logging	  campaigns),	  the	  
cost	  of	  our	   ~2	  km	  deep	  slim	  holes 	  was 	  around	  $1M	  each.	  In	  one	  case,	  costs 	  were	  inflated	  by	  
hole	  failure,	  but	   in	  most	   situaDons	  hole	  stability	   was	  not	  a 	  significant	  problem.	  The	  ability	   to	  
drill 	  ahead	  under	   lost	  circulaDon	  condiDons	  is 	  especially	   important,	   although	  it	  does	  result	   in	  
increased	  mud	  costs.	   Because	  oil-‐field	  style	  rotary	   rigs 	  must	   cure	  lost	   circulaDon	  before	  they	  
can	  proceed	  to	  deeper	   levels,	  drilling	  through	  secDons	  with	  high	  proporDons 	  of	  lost	  circulaDon,	  
or	   secDons 	  with	  conDnuous	   lost	   circulaDon	   (e.g.,	   Kimama)	   can	   take	  significantly	   longer	   and	  
result	  in	  significantly	  higher	  costs.	  Even	  without	  lost	  circulaDon	  issues,	  rotary	  drilling	  with	  large	  
oil-‐field	  style	  rigs 	  will 	  result	   in	  drilling	   costs 	  that	  are	  3x	   to	  4x	   higher	   per	  hole 	  than	  slim	  hole	  
diamond	  core 	  drilling.	  It	  was 	  found	  that	  contracDng	  with	  local 	  water	  well	  drillers 	  using	  air	  rotary	  
rigs 	  to	  drill	  the	  upper	  part	  of	  each	  hole 	  and	  case	  it	  (~upper	  300	  m)	  was	  a	  cost	  effecDve	  way	  to	  	  
complete	  the	  hole 	  at	  lower	  cost	  and	  to	  comply	  with	  IDWR	  regulaDons	  for	  casing	  and	  cemenDng	  
geothermal 	  test	  wells 	  (which	  require	  0.25”	  thick	  steel 	  casing	  with	  1”	  cemented	  annulus 	  to	  10%	  
of	  total	  depth).	  

	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University	  

7-‐35



CHAPTER	  8:	  

BOREHOLE	  GEOPHYSICAL	  LOGGING

Douglas	  R.	  Schmi?1,	  Madeline	  D.	  Lee1,	  Lee	  M.	  Liberty2,	  James	  E.	  Kessler3,	  Jochem	  Kück4,	  
Randolph	  Kofman1,	  Ross	  Bishop1,	  John	  W.	  Shervais3,	  James	  P.	  Evans3,	  Duane	  E.	  Champion5

1Ins%tute	  for	  Geophysical	  Research,	  Dept.	  of	  Physics,	  University	  of	  Alberta,	  Edmonton,	  AB	  T6G	  2E1
2Center	  for	  Geophysical	  Inves%ga%on	  of	  the	  Shallow	  Subsurface,	  Boise	  State	  University,	  Boise,	  ID	  83725-‐1536	  

3Department	  of	  Geology,	  Utah	  State	  University,	  4505	  Old	  Main	  Hill,	  Logan,	  UT	  84322-‐4905
4ICDP	  Opera%onal	  Support	  Group,	  Deutsches	  GeoForschungZentrum	  GFZ,	  Heinrich-‐Mann	  Allee	  18/19,	  Potsdam,	  

D-‐14473
5United	  States	  Geological	  Survey,	  345	  Middlefield	  Road,	  Menlo	  Park,	  CA	  94025

ABSTRACT

Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  was	  undertaken	  to	  be?er	  understand	  
the	  geothermal	  systems	  in	  three	   locaAons	  across	  the	  Snake	  River	  Plain	  with	  varying	  geological	  
and	   hydrological	   structure.	   An	   extensive	   series	   of	   standard	   and	   specialized	   geophysical	   logs	  
were	   obtained	   in	   each	   of	   the	  wells.	   Hydrogen-‐index	   neutron	  and	   γ−γ	   density	   logs	   employing	  
acAve	  sources	  were	  deployed	  through	  the	  drill	  string,	  and	  although	  not	  fully	  calibrated	  for	  such	  
a	  situaAon	  do	  provide	  semi-‐quanAtaAve	  informaAon	   related	  to	  the	  ‘straAgraphy’	  of	  the	  basalt	  
flows	   and	   on	   the	   existence	   of	   alteraAon	   minerals.	   Electrical	   resisAvity	   logs	   highlight	   the	  
existence	   of	   some	   fracture	   and	   mineralized	   zones.	  MagneAc	   suscepAbility	   together	   with	   the	  
vector	   magneAc	   field	   measurements	   display	   substanAal	   variaAons	   that,	   in	   combinaAon	   with	  
laboratory	  measurements,	  may	   provide	  a	   tool	   for	   tracking	  magneAc	   field	   reversals	   along	   the	  
borehole.	  Full	  waveform	  sonic	  logs	  highlight	  the	  variaAons	  in	  compressional	  and	  shear	  velocity	  
along	   the	  borehole.	   These,	   together	  with	   the	   high	   resoluAon	  borehole	   seismic	   measurements	  
display	   changes	  with	  depth	   that	  are	  not	   yet	  understood.	   The	  borehole	  seismic	  measurements	  
indicate	  that	   seismic	   arrivals	  are	  obtained	  at	  depth	   in	   the	  formaAons	  and	   that	  strong	  seismic	  
reflecAons	  are	  produced	  at	  lithological	  contacts	  seen	  in	  the	  corresponding	  core	  logging.	  Finally,	  
oriented	  ultrasonic	  borehole	  televiewer	  images	  were	  obtained	  over	  most	  of	  the	  wells	  and	  these	  
correlate	  well	  with	  the	  nearly	   6	  km	  of	  core	  obtained.	  This	  good	  image	  log	   to	  core	  correlaAons,	  
parAcularly	  with	   regards	  to	  drilling	   induced	  breakouts	  and	  tensile	  borehole	  and	  core	  fractures,	  
allow	   for	   confident	   esAmates	   of	   stress	   direcAons	   and/or	   placing	   constraints	   on	   stress	  
magnitudes.	  These	  correlaAons	  will	  be	  used	   in	  core	  orientaAon	  to	  derive	  informaAon	  useful	   in	  
hydrological	  assessments,	  paleomagneAc	  daAng,	  and	  structural	  volcanology.	  
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INTRODUCTION	  

The	  Snake	  River	   Plain	  (SRP),	   Idaho,	  hosts	  poten8al	  geothermal 	  resources 	  due	  to	  elevated	  
groundwater	   temperatures	   associated	   with	   the	   thermal	   anomaly	   Yellowstone-‐Snake	   River	  
hotspot.	   Project	   HOTSPOT	   has 	   coordinated	   interna8onal 	   ins8tu8ons 	   and	   organiza8ons 	   to	  
understand	  subsurface	  stra8graphy	  and	  assess 	  geothermal	  poten8al.	  Over	  5.9	  km	  of	  core	  were	  
drilled	   from	   three	   boreholes 	   within	   the 	   SRP	   in	   an	   aJempt	   to	   acquire	   con8nuous 	   core	  
documen8ng	  the	  volcanic	   and	  sedimentary	   record	  of	  the	  hotspot:	   (1)	  Kimama,	   (2)	  Kimberly,	  
and	  (3)	  Mountain	  Home	  (Figure	  1-‐4).	   The	  most	  eastern	  drill 	  hole	  is	  Kimama 	  located	  along	  the	  
central	  volcanic	  axis	  of	  the	  SRP	  and	  documents	  basal8c	  volcanism.	  The 	  Kimberly	  drill 	  hole	  was	  
selected	   to	  document	   con8nuous	  volcanism	  when	  analysed	  in	   conjunc8on	  with	  the	  Kimama	  
drill 	  hole 	  and	  is 	  located	  near	  the	  margin	  of	  the	  plain.	  The	  Mountain	  Home	  drill 	  hole	  is 	  located	  
along	  the	  western	  plain	  and	  documents	  older	  basalts	  overlain	  by	  sediment.	  

The	   following	   report	   covers	   the	  details 	  of	   the 	   logging	   process,	   the	   data 	  collected,	   and	  
preliminary	   discussion.	   The	  wireline 	  logging	  was 	  carried	  out	   overall 	  between	  2010	   and	  2012	  
and	   the	   principle	   aim	   was 	   to	   iden8fy	   porosity,	   fractures,	   drilling	   induced	   fractures,	   and	  
lithological	  varia8ons.	  A	  detailed	  discussion	  on	  the	  preliminary	  borehole	  geophysics 	  results 	  can	  
also	   be	   found	   in	   Shervais 	   et	   al.	   (2013).	   An	   ambi8ous 	   borehole	   geophysics 	   program	   was	  
implemented	   to	   both	   support	   the	   geological 	   interpreta8ons	   and	   to	   provide	   addi8onal	  
informa8on	  on	  modern	  day	  tectonic	  regimes 	  in	  the 	  Snake	  River	  Plain.	  The	  logs	  obtained	  include	  
total 	  natural 	  γ−radia8on	  (including	  some	  spectral 	  γ	   logging	  for	  U,	  Th,	  and	  K	  contents),	  neutron	  
hydrogen	  index,	  γ−γ	  density,	  resis8vity,	  magne8c	  suscep8bility	  and	  full 	  vector	  magne8c	  field,	  4-‐
arm	  caliper	  (i.e.,	  dipmeter),	  full	  waveform	  sonic,	  and	  ultrasonic	  borehole	  televiewer	  imaging.	  

METHODS	  

The	  neutron	  and	  γ−γ	  density	  logs 	  employ	  radioac8ve	  sources.	  As 	  such,	  and	  in	  the	  interest	  of	  
minimizing	  any	   risk	  they	  would	  be	  lost	  in	  the 	  open	  hole,	  both	  these 	  were 	  run	  in	  the	  drill	  string.	  
While	   this 	  precludes	  accurate 	  quan8ta8ve	  assessment	   of	   density	   or	   hydrogen	   index,	   it	   does	  
provide	   useful	   semi-‐quan8ta8ve	   comparisons	   for	   purposes 	  of	  mapping	   the 	  lithology.	   These	  
data	  were	  acquired	  by	  the	  USGS	  (Twining	  and	  Bartholomay,	  2011)	  and	  Century	  Geophysical 	  in	  
the	  upper	  and	  lower	  sec8ons 	  of	  Kimama;	  Co-‐log	  and	  SouthWest	  Explora8on	  obtained	  a 	  neutron	  
logs	  in	  the	  Kimberly	  and	  Mountain	  Home	  core	  holes,	  respec8vely.	  

The	   neutron	   response 	   is	   primarily	   sensi8ve	   to	   the	   density	   of	   hydrogen	   nuclei	   in	   the	  
surrounding	   fluids,	   clays,	   and	   hydrous 	   altera8on	   products.	   As 	   such,	   and	   somewhat	  
unexpectedly,	  the	  rela8ve 	  neutron	  log	  intensity	  could	  indicate	  individual 	  basalt	  flows	  primarily	  
because	  of	  porosity	   and	  clay	   content	   differences	  between	  the	  dense 	  massive	  basalt	  and	  the	  
rubbly	  and	  sediment	  containing	  flow	  tops.	  This 	  signal	  decays 	  towards	  the	  top	  of	  the	  flow	  where	  
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the	  higher	  porosity	   can	  contain	  more	  fluids 	  and	  possibly	  hydrous 	  minerals.	  The	  sediment	  layer,	  
too,	  has	  higher	  porosity	  and	  contains	  clay	  minerals	  that	  produce	  a	  low	  neutron	  response.	  

Natural 	  γ-‐ray	   radia8on	   (NG)	   is 	  produced	  by	   the	   decay	   of	   various 	   isotopes	   of	   uranium,	  
thorium,	   and	  potassium.	  The 	  concentra8on	  of	  these	  elements 	  is 	  typically	   low	  in	  basalt	  except	  
for	  horizons 	  of	  “Craters 	  of	  the	  Moon”	  type 	  evolved	  basalts 	  with	  high	  K2O	  (>1wt%:	  PoJer	  et	  al	  
2012).	   Spectral	  γ-‐logging	  (SG)	   through	   the	  thick	   rhyolites 	  at	   Kimberly,	   however,	   gives 	  wt%	  K	  
concentra8ons	  of	  between	  2.5%	  to	  3.5%	   that	   contributes 	  to	  a 	  rela8vely	   high	   total	  response	  
ohen	  in 	  excess	  of	  200	  API 	  units.	  In 	  the	  basalt	  flows,	  the 	  natural 	  γ-‐ray	  log	  usually,	  but	  not	  always,	  
was	  a	  strong	  indicator	  of	  sediments	  throughout	  the	  flows.	  

The	  electrical	  resis8vity,	  measured	  by	   the 	  lateral 	  log,	   is 	  high	  in	  the	  massive 	  basalts 	  due	  to	  
their	   low	  porosity	   and	   lack	  of	   conduc8ve 	  minerals.	  The	  lateral	  log	   resis8vity	   mirrors 	  to	  some	  
degree	  the	  neutron	  responses.	  The	  sediments	  are	  much	  more	  conduc8ve.	  

The	   full-‐waveform	   acous8c	   log	   also	   displays 	   interes8ng	   correla8ons	   with	   the 	   lithology	  
through	  this 	  sec8on.	  Through	  the	  massive 	  basalt	  the	  travel8mes	  are 	  short	  indica8ve	  of	  the	  high	  
sonic	  log	  velocity	  through	  this 	  zone.	  Strong	  S-‐waves 	  also	  appear	  throughout	  the	  massive 	  basalt.	  
Careful	  examina8on	  of	  these	  records 	  may	   even	  show	  the 	  existence 	  of	  split	   shear	  waves 	  (e.g.	  
the	   sec8on	   between	   1374	   m	   and	   1372	   m)	   that	   is 	  most	   probably	   caused	  by	   stress	   induced	  
anisotropy	  around	  the 	  borehole.	  Only	  the 	  P-‐wave	  first	  arrival 	  is	  seen	  within 	  the	  sediment	  layer.	  
However,	  no	  clear	  S-‐wave	  that	  can	  be	  unambiguously	  interpreted	  through	  the	  sediments.

A	  summary	  of	  the	  logs 	  collected	  at	  each	  hole,	  along	  with	  the	  depths 	  intervals 	  sampled,	  is	  
presented	  in	  Figure	  8-‐1.	  
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GEOPHYSICAL	  LOGS	  

Kimama	  Geophysical	  Logs	  

Kimama,	  completed	  at	  a	  final 	  depth	  of	  1912	  m,	  is 	  sited	  on	  the	  axis 	  of	  the 	  Snake	  River	  Plain	  
that	  blanketed	  with	  thick	  overlapping	  basalts 	  origina8ng	  from	  a 	  series 	  of	  vents.	  The	  important	  
Snake	   River	   Plain	   Aquifer	   (Hubbell	   et	   al.,	   1997)	   underlies	   the	   site.	   The 	   aquifer	   is 	   in 	   part	  
recharged	  by	  flow	  of	  water	  from	  the	  mountains 	  to	  the	  north	  with	  the	  general	  underground	  flow	  
to	   the	  SE	  with	   significant	   discharge 	  into	   the 	  Snake	  River.	   The 	  flow	  of	   these	  fluids	  cools	  the	  
aquifer	   zone 	  resul8ng	   in	  the 	  conduc8ve 	  heat	   transport	   zone	  being	  at	   substan8al	  depth.	   The	  
general 	  lithology	  at	  Kimama 	  consists 	  of	  primarily	  of	  basalt	  flows	  interbedded	  with	  weak,	  wind-‐
blown	  sediments	  deposited	  during	  volcanic	  hiatuses.	  

The	  upper	   part	   of	   the	  KImama 	  drill 	  hole	  was 	  logged	  geophysically	   by	   the	  U.S.	  Geological	  
Survey	   (Twining	  and	  Bartholomay,	  2011).	  Wireline	  geophysical	  logs	  were	  made	  by	  the	  USGS	  in	  
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Figure	  8-‐1.	  Log	   summaries	  for	   (A)	   Kimberly,	  (B)	  Kimama,	  and	  (C)	   Mountain	  Home.	  The	  measurements	  
collected	  were:	   Magne%c	  suscep%bility	   (Mag	   Sus);	   Radioac%vity	   (GR-‐Neutron);	   Electrical	  proper%es	  (E	  
logs);	   Spectral	   Gamma	   Ray	   (SGR);	   Sonic	   travel	   %me	   and	   amplitude	   (Dipmeter);	   Acous%c	   proper%es	  
(Sonic);	   Borehole	   Televiewer	   (BHTV);	   Spontaneous	   poten%al	   (SP);	   Drill	   log	   diameter	   (3	   arm	   caliper);	  
Ver%cal	  seismic	  profile	  (VSP).	  Drill	   log	  diameter	  is 	  dependent	  on	  drill	  type:	  Coal	  Steam	  Gas	  (CSG),	   drill	  
pipe	  (HWT),	  75.7mm	  (NQ),	  and	  96mm	  (HQ).



two	  stages:	   first	  from	  surface	  to	  300	  m	  on	  7-‐8	  Oct	  2010,	  then	  from	  surface 	  to	  761	  m	  on	  9-‐10	  
Nov	   2010.	   Tools 	  included	  gyroscope,	  gamma	  ray,	  neutron,	   and	  density	   logs 	  run	  through	  drill	  
string.	  The	  gamma	  ray	  logs	  document	  K-‐rich	  sediment	  interbeds,	  while	  the 	  neutron	  and	  density	  
logs 	   dis8nguish	   lava 	   flow	   stra8graphy,	   with	   massive 	   water-‐poor	   flow	   interiors 	   and	   more	  
fractured,	  water-‐rich	  flow	  tops.	  
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Figure	   8-‐2.	   Composite	   plot	   of	   Kimama	   wireline	   logs	   run	   by	   Opera%onal	   Support	   Group.	   From	   lec:	  
temperature	  and	  pressure,	  gamma,	  resis%vity,	  magne%c	  suscep%bility,	  dip	  meter,	  sonic,	  and	  caliper.	  



Wireline	  geophysical 	  logs 	  of	  the	  lower	  part	  of	  the 	  Kimama	  drill 	  hole	  were	  made	  by	  Century	  
Geophysics	  in	  late	  January	  2011.	  Tools	  included	  gamma	  ray	  and	  neutron	  through	  drill	  string	  (to	  
1854	  m	  depth),	  and	  electric,	  magne8c	  suscep8bility,	  sonic,	  3-‐arm	  caliper,	  and	  televiewer	  image	  
logs 	  in	   the	  open	  hole 	  from	   1183	   m	   depth	   to	  1854	   m	  depth,	   but	   tool 	  failures 	  due	   to	  high	  
temperatures	  below	  1402	  m	  rendered	   the	  deeper	   logs 	  unsuccessful.	   The	  one	  excep8on	  was	  
quality	  magne8c	  log	  data,	  which	  was	  obtained	  to	  almost	  1741	  m	  depth.	  The 	  N-‐GR	  log	  acted	  as 	  a	  
correc8on	  for	   the	  other	  logs.	  The	  gamma	  ray	   logs 	  document	  K-‐rich	  sediment	  interbeds,	  while	  
the	  neutron	  logs	  dis8nguish	  lava	  flow	  stra8graphy,	  with	  massive	  water-‐poor	  flow	  interiors 	  and	  
more	  fractured,	  water-‐rich	  flow	  tops.	  

Open	  hole 	  geophysical	  logs	  at	  KImama	  were	  completed	  by	   the 	  Opera8onal	  Support	  Group	  
in	  July	   2011,	  limited	  to	  the 	  upper	  part	  of	  the	  hole 	  that	  were	  not	   logged	  by	  Century	   in	  January.	  
The	  bridge 	  at	   1408	  m	  prevented	  open	  hole 	  logging	   below	  that	   depth,	   but	   the	  deeper	   levels	  
were 	  logged	  by	   Century	   in	   January.	   Open	  hole 	  logs 	  were	  aJempted	  throughout	   the	  sec8on	  
below	  1188	  m	  depth	  (HQ	  drill 	  string	  in	  place)	  but	  the	  drill 	  hole	  bridged	  off	  at	  ~1432	  meters 	  so	  
open	   hole	   logs 	  were	   not	   possible 	   below	   that	   depth.	   Data 	   collected	   at	   during	   this 	   logging	  
campaign:	   included	   natural	   gamma,	   spectral 	   gamma,	   magne8c	   suscep8bility,	   electrical	  
resis8vity,	  borehole	  sonic,	  dip	  meter,	  and	  borehole 	  televiewer	  logs.	  A	  ver8cal	  seismic	  profile	  of	  
the	  KImama	  hole 	  was 	  carried	  out	   by	   the	  University	   of	  Alberta 	  Group	  (SchmiJ)	  using	  the	  OSG	  
VSP	  geophone	  string	  and	  the	  University	  of	  Alberta	  vibroseis	  source	  discussed	  in	  Chapter	  6).

The	  Kimama	  drillhole	  represents 	  the	  central	  volcanic	  axis 	  and	  consists 	  mostly	  of	  con8nuous	  
basalt	  except	  for	  a 	  sediment	  layer	  in	  the	  top	  200m	  and	  some	  loess-‐like	  sediment	  intercala8ons	  
in	  the	  lower	  300m.	   Borehole 	  geophysics 	  mainly	   iden8fies	  these 	  sediment	   intercala8ons 	  by	  an	  
increase 	  in	  GR	  and	  SGR.	  A	  total 	  of	  557	  basalt	  flow	  units 	  were	  iden8fied	  by	  PoJer	  et	  al.	  (2011)	  
and	   a 	   minimum	   of	   30	   basalt	   flow	   groups	   have	   been	   iden8fied	   by	   geochemistry	   and	  
paleomagne8cs.	  These 	  anomalies 	  are 	  corroborated	  by	  PoJer’s 	  detailed	  descrip8on	  of	  the	  core.	  
Table 	  2	  includes	  both	  notable 	  borehole	  geophysics 	  anomalies 	  and	  the	  lithology	  as 	  described	  by	  
PoJer.	   The	  key	   indicators 	  for	  massive	  basalt	  and	  individual	  basalt	   flows 	  are:	   rela8vely	   high	  N	  
due 	  to	  varia8ons 	  in	  clay	  content	  and	  porosity	  between	  basalt	  flows;	  Acous8c	  logs	  as 	  basalt	  has	  
shorter	   travel 	   8mes	   resul8ng	   in	   high	   sonic	   veloci8es;	   rela8vely	   high	   resis8vity	   as 	  massive	  
basalts	  have	  a	  low	  porosity	   and	  lack	  of	  conduc8ve	  minerals.	  Figure	  8-‐3	  shows	  a	  por8on	  of	  the	  
borehole	  logs 	  where	  sediment	  intercala8ons 	  within	  the	  basalt	  are 	  iden8fied	  with	  black	  arrows.	  
These	  sediment	   intercala8ons 	  have 	  a 	  rela8vely	   high	  GR,	   low	  RES,	   and	  are	  highly	   weathered.	  
Electrical	  resis8vity	  may	   also	  be	  an	  indicator	  of	   depth	  to	  water-‐saturated	  basalt	   and	  indicate	  
the	  base	  of	  the	  Snake	  River	  aquifer.	  Below	  the 	  aquifer	  the 	  basalt	  porosity	  is	  sealed	  by	  restricted	  
permeability	   and	   is 	   es8mated	   about	   850m.	   This 	   aquifer	   is	   associated	   with	   elevated	  
temperatures	  rela8ve 	  to	  ground	  water,	  where	  the	  aquifer	   is	  approximately	  15-‐17°C	  while 	  the	  
groundwater	  is	  9°C.
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Kimberly	  Geophysical	  Logs	  

Kimberley	   is 	   in	   the 	   Twin	   Falls 	   region	   that	   is 	   already	   well 	   known	   for	   its 	   low	   enthalpy	  
geothermal 	  resources.	  Here,	   the	  ground	  waters 	  are	  recharged	  in	  the	  mountains	  to	  the 	  south,	  
seeps 	  deeper	  into	  the	  crust	  where 	  it	  is	  heated,	  then	  upwells 	  forming	  an	  artesian	  system	  (Street	  
and	   deTar,	  1987).	  The	  lithology	  here 	  does	  include	  a	  veneer	  of	  basalt	   and	  sediment	   interbeds	  
above	  430	   m,	   but	   is 	  then	   almost	   a 	  completely	   rhyolite 	  except	   for	   a 	   few	   isolated	  and	   thin	  
sediment	  zones 	  to	   its 	  total 	  drilled	  depth	  of	  1958	  m.	   The	  maximum	  logging	  depth	  of	  Kimberly	  
was	  1900	  m.	  The 	  uppermost	  214m	  was	  not	  cored	  as 	  similar	  exposed	  area	  nearby	  at	  Snake	  River	  
Canyon.	  The 	  cemented	  cased	  sec8on	  was 	  0	  to	  213m	  while	  HQ	  and/or	  NQ	  drilling	  pipes 	  were	  
used	  for	  casing	  during	  wireline	  logging.
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Figure	  8-‐3.	  Por%on	  of	  Kimama	  logs	  from	  315.5m	  to	  327.5m.	  Sediment	  intercala%ons	  have	  been	  indicated	  
with	  a	  black	  arrow	  and	  are	  associated	  with	  rela%vely	  high	  gamma	  ray	  (GR)	  and	  neutron	  (N),	  a	  rela%vely	  
low	   resis%vity	   (RES),	  and	   are	  extremely	  weathered	   causing	   a	   loss	  of	   image	  in	  the	  borehole	   televiewer	  
(BHTV)	  and	  longer	  travel	  %mes	  in	  borehole	  sonic	  (sonic).	  



The	   logging	   and	   borehole 	   seismic	   program	   was	   carried	   out	   in	   June,	   2011	   upon	   the	  
comple8on	   of	   drilling.	   A	   commercial 	  operator	   (Colog,	   Denver)	  was 	  contracted	   to	   carry	   out	  
neutron	  and	  gamma	  logging	  through	  the	  drill 	  strings	  on	  15	  June	  2011.	  Flow	  rate	  logging	  was	  
aJempted	  once	  the	  NQ	  drill 	  string	  was	  removed	  but	  was 	  unsuccessful 	  on	  account	  of	  the	  viscous	  
drilling	  fluids 	  remaining	  in	  the	  borehole.	  Addi8onal 	  logging	  was 	  carried	  out	  by	   the 	  Opera8onal	  
Support	  Group	  (OSG)	  of	  the	  Interna8onal 	  Con8nental	  Drilling	  Program	  (ICDP)	  16-‐24	  June	  2011.	  
Data	   collected	   at	   Kimberly:	   Total	   Natural	  Gamma	  Ray	   (GR);	   Spectrum	   Natural 	  Gamma	  Ray	  
(SGR);	   Magne8c	   Suscep8bility	   (MS);	   Sonic	   (BS);	   Resis8vity	   (RES);	   Caliper,	   orienta8on,	   and	  
magne8c	  field	  (DIP);	  Borehole	  Televiewer	  (BHTV);	  Temperature	  (T).	  

Opera8onal	  Support	  Group	  (OSG)	  of	   the	  Interna8onal 	  Con8nental 	  Drilling	  Program	  (ICDP).	  
OSG	   logs 	   included	   telemetry,	   gamma 	   ray	   (natural 	   and	   spectral),	   dual 	   laterolog	   electric,	  
magne8c	  suscep8bility,	  sonic,	  4-‐arm	  caliper,	  dip	  meter,	   temperature,	  and	  borehole	  televiewer	  
image	  logs 	  (BHTV)	  in	  the	  open	  hole 	  (Figure	  8-‐4).	  A	  ver8cal 	  seismic	  profile	  of	  the	  Kimberly	  hole	  
was	  carried	  out	  by	  the	  University	  of	  Alberta 	  Group	  (SchmiJ)	  using	  the 	  OSG	  VSP	  geophone 	  string	  
and	  the	  University	  of	  Alberta 	  vibroseis	  source	  (Chapter	   6).	  The	  lower	  sec8ons 	  of	  the	  borehole	  
were 	  drilled	  through	  a 	  rela8vely	   homogeneous 	  mass	  of	   rhyolite 	  and	  this 	  provided	  for	   a 	  good	  
quality	  borehole	  and,	  consequently,	  success 	  with	  most	  of	  the 	  logging	  opera8ons.	  Although	  hole	  
condi8ons 	  precluded	  obtaining	  BHTV	  images	  along	  the	  complete	  well,	  that	  which	  was 	  acquired	  
was	  of	  high	  quality.	  The	  BHTV	  log	  correlates 	  well 	  against	  the 	  boxed	  core	  photos 	  through	  a 	  ~0.6	  
m	  long	  sec8on	  of	  the	  rhyolite 	  core.	  This	  core	  material 	  displays	  a 	  series	  of	  open	  vugs	  that	  may	  
also	  be	  seen	  in	  the	  corresponding	  BHTV	  images.	  

Kimberly	  drillhole 	  loca8on	  was	  designed	  to	  capture	  the	  transi8on	  zone	  between	  the	  basalt	  
and	  rhyolite,	  which	  characterizes 	  the	  central 	  and	  eastern	  SRP.	  The	  main	  lithology	  of	  Kimberly	  is	  
massive	   rhyolite	   lava,	   welded	   ashflow	   tuffs 	  with	   basalt	   and	   sediment	   intercala8ons.	   These	  
intercala8ons 	  occur	  from	  241	  m	  to	  424	  m	  and	  thin	  altered	  ash	  interbedding	  from	  600m	  to	  612	  
m.	   There	   are	   no	   apparent	   flow	   contacts 	  below	   900	   m.	   The 	  sedimentary	   intercala8ons 	  are	  
iden8fiable	  through	  a	  rela8ve 	  increase	  in	  GR	  and	  SGR.	  The	  soh	  sediment	   layers 	  are	  also	  more	  
weathered	  resul8ng	   in	  a 	  loss 	  of	   image	  in	   the	  BHTV	  and	  a 	  decrease 	  in	  MS.	   The	  rhyolites 	  are	  
rela8vely	   featureless 	   in	   the 	  BHTV	   except	   for	   fractures	   filled	   with	   precipitate.	   Temperature	  
logging	   was	   completed	   to	  assess 	  the 	  geothermal	   poten8al 	  and	  measurements 	  show	   a 	  cool	  
water	  aquifer	  from	  400m	  to	  end	  of	  hole	  (1958m).
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Figure	   8-‐4.	   Composite	   plot	   of	  
Kimberly	   wireline	   logs	   run	   by	  
Opera%onal	   Support	   Group.	  
From	   lec:	   temperature	   and	  
pressure,	   gamma,	   resis%vity,	  
magne%c	   suscep%bility,	   dip	  
meter,	  sonic,	  and	  caliber.



Mountain	  Home	  Geophysical	  Logs	  

Geothermal 	  resources	  in	  the	  Western	  Snake 	  River	  Plain	  have 	  been	  exploited	  for	  nearly	  100	  
years,	  and	  as 	  noted	  by	  Shervais	  et	  al.	  (2012)	  the	  main	  science	  driver	  for	  this 	  well 	  was 	  to	  obtain	  
new	   informa8on	   about	   temperatures 	   and	   fractures 	   in	   order	   to	   evaluate	   the	   geothermal	  
poten8al.	  The 	  fractures 	  at	  Mountain	  Home	  are	  of	  par8cular	  interest	  because 	  at	  1745	  m	  coring	  
intersected	  an	  artesian	  fracture	  zone	  sufficiently	   pressurized	  to	  produce	  flow	  of	  hot	  water	   to	  
the	  surface	  (Armstrong	  et	  al.,	  2012;	  Lachmar	  et	  al.,	  2012;	  Chapter	  12,	  this	  volume).

Logging	  was 	  first	  carried	  out	  by	   the	  ICDP	  OperaAonal	   Support	  Group	  17-‐21	   January	   2012.	  
The	  maximum	  drilling	  depth	  of	  Mountain 	  Home 	  was	  1675m	  while 	  the	  maximum	  logging	  depth	  
was	  1672m.	  The	  cemented	  PQ	  sec8on	  was	  0	  to	  619m,	  while	  HQ	  pipe	  was 	  used	  619	  to	  1166m,	  
and	  NQ	   pipe	  was	  used	  1166	   to	   1675m	  during	  wireline 	  logging.	   Data 	  collected	   at	   Mountain	  
Home:	   included	  natural	  gamma 	  ray	   (GR),	  spectral 	  gamma	  (SGR),	  magne8c	   suscep8bility	   (MS),	  
borehole	  sonic	  (BS),	  resis8vity	  (RES),	  dipmeter	  (DIP),	  temperature	  (T),	  and	  borehole	  televiewer	  
(BHTV).	  Temperature 	  and	  GR	  were	  acquired	  with	  drill 	  string	  in	  place.	   The	  open	  hole	  logs	  (MS,	  
RES,	   DIP,	   and	  BS)	   were 	  restricted	   to	   533m	   of	   the	  drill 	  hole	   (NQ-‐size)	   between	   1143m	   and	  
1676m	   (Figure	   8-‐5).	   The	   upper	   por8on	   of	   the 	   hole	   was 	   deemed	   too	   risky	   due	   to	   weak	  
sediments,	  especially	  if	  the	  HQ	  rods	  and	  PQ-‐size	  casing	  were	  removed.	  

Aher	   comple8on	  of	  the 	  first	   logging	  campaign,	  budgets	  allowed	   for	   addi8onal 	  core	  to	  be	  
recovered	  and	  the	  hole	  was	  completed	  to	  1821	  m.	  At	  1745	  m,	  a 	  fracture	  zone	  was 	  intersected	  
with	  free-‐flowing	  geothermal 	  water	   (Chapter	  11).	  A	  2⅜″₺	  liner	   was 	  then	  placed	  in	  the	  hole 	  to	  
allow	  for	  longer	  term	  temperature	  logging.	  

A	  second	  campaign	  of	  geophysical	  logging	  was	  ini8ated	  on	  11-‐12	  November	  2012,	  carried	  
out	  by	  SouthWest	  Explora8on	  (SWEx).	  Cold	  water	  was 	  circulated	  through	  the	  NQ	  drill 	  string	  to	  
cool 	  the	  hole 	  prior	  to	  logging	  and	  allow	  the	  use	  of	  logging	  tools 	  in	  the 	  higher	  temperature 	  part	  
of	  the	  hole.	  Temperature 	  measurements	  were	  logged	  as 	  of	  November	  11	  aher	  the	  cold	  water	  
failed	  to	  return	  to	  surface.	  This 	  indicates	  that	  the 	  forma8on	  was 	  taking	  up	  the	  injected	  water.	  
Natural-‐gamma 	  and	  neutron	  logs 	  were	  run	  through	  the	  NQ	  string	  from	  surface	  to	  1693m	  aher	  
which	  the	  gamma	  instrument	  failed;	   the	  neutron	  instrument	   failed	  at	  1371m.	   It	   is 	  an8cipated	  
that	   poten8ally	   downhole 	  temperatures 	  had	   an	   effect	   as	   this 	   tool 	  is	   rated	   at	   149°C.	   BHTV	  
logging	   was	   planned	   to	   allow	   imaging	   of	   the	   artesian	   fracture	   at	   1745	   m,	   however,	  
temperatures	  in	  the	  hole	  below	  1500	  m	  exceeded	  the	  thermal	  ra8ng	  of	  the	  BHTV	  (120C).	  As 	  a	  
result,	  the	  tool	  was	  returned	  to	  1286m	  to	  log	  back	  down	  to	  1463m.	  In	  the 	  end	  the	  fracture	  zone	  
was	  not	  reached	  with	  geophysical	  logging	  during	  the	  second	  logging	  campaign.	  
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Figure	  8-‐5.	  Composite	  plot	  of	  Mountain	  Home	  wireline	  logs	  run	  by	  Opera%onal	  Support	  Group.	  From	  
lec:	   temperature	   and	   pressure,	   gamma,	   resis%vity,	   magne%c	   suscep%bility,	   dip	   meter,	   sonic,	   and	  
caliber.



This 	  drillhole	   represents 	  the	   lacustrine	   sediments 	   that	   overlie 	  basal8c	   volcanism	   of	   the	  
western	  SRP.	  The 	  lithology	  consists	  mainly	  of	  basalt	  with	  sediment	  intercala8ons 	  (0-‐215m)	  and	  
a 	  739m	  layer	   of	   lacustrine	  sediments 	  (mudstone).	   The	  lower	   por8on	  of	   the	  hole	  consists 	  of	  
basalt	   flows,	   basalt	   hyaloclas8tes,	   and	   basal8c	   sands.	   These	   basalts 	   are	   associated	   with	   a	  
rela8ve	  increase	  in	  MS	  and	  RES;	  similar	  to	  the 	  geophysical 	  anomalies 	  associated	  with	  the	  basalt	  
flows	   in	   Kimama.	   Numerous 	  fractures 	  and	   stress-‐related	   features	   are	   apparent	   in	   the	  high	  
quality	   BHTV	   and	  the	  borehole	  reflec8ons 	  correlate	  with	  expected	   lithological 	  changes.	   The	  
lacustrine	   sediments	   generate	   peaks 	   in	   GR	   and	   SGR	   and	   a	   loss 	   of	   signal 	   in	   the 	   BHTV.	  
Geothermal 	   fluids	   were	   encountered	   at	   1745m	   and	   associated	   with	   a	   fracture	   system.	  
Temperatures 	  at	   the 	  boJom	  of	  the	  hole 	  indicate	  elevated	  temperatures 	  of	   150°C	  when	  first	  
encountered.	  Later	  measurements	  indicate	  135-‐140°C	  due	  to	  downward	  cold	  water	  flow.

Figure	  8-‐5	  gives 	  an	  interes8ng	   comparison	  between	  the	  P	   and	  S	  wave	  veloci8es 	  and	  the	  
electrical 	  conduc8vity	  at	  Mountain	  Home.	  All 	  three 	  logs 	  mimic	  each	  other’s 	  behaviour	  along	  the	  
well.	  The	  large	  drop	  in	  resis8vity	  between	  1490	  m	  to	  1540	  m	  depth	  is 	  tracked	  by	  corresponding	  
substan8al 	  decreases 	  in	  the	  P	  and	  S	  wave	  velocity.	  The	  reason	  for	  this 	  is 	  not	  yet	  known	  but	  it	  
may	  be	  related	  to	  altera8on	  of	  the	  basalts	  as	  is	  seen	  in	  the	  retrieved	  core.	  

CORRELATION	  OF	  BORELOGS	  AND	  LITHOLOGY	  

Correla8ons 	  observed	   between	   the	  wireline	   logs 	  and	   lithologic	   logs 	  based	  on	   recovered	  
core 	  document	  our	  ability	  to	  recognize 	  lithologic	  varia8ons 	  in	  boreholes 	  even	  in	  the	  absence	  of	  
core.	  This 	  is 	  par8cularly	  important	  when	  rotary	  drilling	  is 	  used	  and	  cuxngs,	  which	  are 	  not	  well-‐
located	  within	  the 	  borehole,	  provide 	  the	  only	  indica8on	  of	  lithology.	  In	  this 	  sec8on	  we	  provide	  
three	  examples,	  one 	  from	  each	  site.	  Summaries	  of	  these 	  correla8ons	  are	  presented	  in	  Tables 	  1	  
and	  2	  below.	  

At	  the	  Kimama 	  site	  the	  neutron	  and	  natural	  gamma	  logs 	  proved	  to	  be 	  the 	  most	  useful	  for	  
recognizing	  lithologic	   varia8ons	  within	  the 	  borehole,	  with	  gamma 	  log	  spikes 	  corresponding	  to	  
sediment	  interbeds 	  and	  neutron	  log	  intensity	  varying	  within	  individual 	  basalt	  flow	  units.	  Figure	  
8-‐6	  displays	  a	  por8on	  of	  the 	  gamma,	  neutron,	  and	  density	   logs 	  obtained	  by	  the	  USGS	  (Twining	  
and	  Bartholomay,	  2011)	  compared	  to	  lithologic	  logs 	  based	  on	  core.	  As 	  noted	  earlier,	  the	  dis8nct	  
sawtooth	   paJern	   in	   the 	   neutron	   log	   correlates	   perfectly	   with	   individual 	  flow	   units 	   in	   the	  
basalts,	  where 	  the	  massive	  flow	  interiors 	  have 	  low	  neutron	  absorp8on	  (high	  neutron	  recoil)	  and	  
the	   shelly	   pahoehoe	  or	   rubbly	   flow	   tops	   (which	   contain	  higher	   inters88al 	  water)	   have	  high	  
neutron	  absorp8on	  (lower	   neutron	  recoil).	  This 	  paJern	  allows 	  us	  to	  recognize	  individual 	  flow	  
units	  in	  the	  logs,	  even	  at	  depth	  where 	  flow	  boundaries 	  are	  more	  difficult	  to	  recognize 	  in	  core.	  In	  
addi8on,	   not	   illustrated	   here,	   elevated	   gamma	   response	   from	   intervals 	   that	   are	   not	  
sedimentary	  (based	  on	  their	  neutron	  response)	  indicates	  the	  occurrence	  of	  high-‐K	  lava	  flows.	  
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Figure	  8-‐6.	  Stra%graphy	  of	  Kimama	  drill 	  hole	  1A	  compared	  to	  gamma,	  neutron,	  
and	  density	   logs	  from	  USGS	  (Twining	  and	  Bartholomay	  2011).	  Note	  correla%on	  
between	  neutron	  log	  saw-‐tooth	  paeern	  and	  logged	  basalt	  flows	  based	  on	  core.
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Figure	  8-‐7.	  Stra%graphy	  of	  the	  
Kimberly	  site	  compared	  to	  
lithologic	  varia%ons	  with	  depth.	  
Prominent	  breaks	  occur	  in	  
natural	  gamma	  at	  the	  upper	  
basalt-‐rhyolite	  contact	  (imaged	  
through	  the	  cemented	  casing)	  
and	  at	  the	  end	  of	  the	  cemented	  
casing	  string.	  Rhyolite	  ash	  flow	  
sheets	  have	  the	  highest	  GR	  
signals	  (high	  K,	  Th,	  U)	  while	  
sediment	  horizons	  are	  generally	  
lower	  and	  more	  variable.	  The	  
Rhyolite	  3	  layer	  is	  remarkably	  
uniform	  lithologically	  and	  in	  its	  
wireline	  response,	  except	  for	  
varia%ons	  in	  sonic	  logs	  between	  
600-‐700	  m	  depth;	  this	  
corresponds	  to	  thermal	  anomaly	  
which	  indicates	  influx	  of	  cold	  
water	  along	  fractures.	  
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Figure	  8-‐8.	  Correla%on	  of	  
wireline	  logs	  with	  lithology	  at	  
Mountain	  Home.	  Intercalated	  
basalt	  and	  sediment	  layers	  
highlighted	  by	  gamma	  signals	  
(high	  =	  sediment).	  Casing	  was	  
cemented	  to	  215	  m,	  which	  
corresponds	  to	  the	  basalt-‐
sediment	  contact,	  prior	  to	  
logging	  by	  OSG.	  Varia%ons	  in	  
basalt	  below	  1150	  m	  depth	  
result	  from	  variable	  
composi%ons	  of	  basalt	  
hyaloclas%tes	  and	  basal%c	  
sandstones.	  Detailed	  
comparisons	  of	  rock	  strength	  
with	  sonic,	  magne%c,	  and	  other	  
logs	  are	  in	  progress.	  



At	  the	  Kimberly	   site	  the	  natural 	  and	  spectral 	  gamma	  logs,	  and	  sonic	  logs	  proved	  to	  be	  the	  
most	  useful 	  for	  recognizing	  lithologic	  varia8ons	  and	  fractures	  within	  the	  borehole 	  (Figure	  8-‐7).	  
Rhyolite	  ash	  flow	  sheets 	  have 	  the	  highest	   GR	  and	  SG	  signals 	  (high	  K,	   Th,	  U),	   while	  sediment	  
horizons 	  are 	  generally	   lower	   and	  more	  variable.	   The	   rhyolite	   layers	   tend	   to	   be 	  remarkably	  
uniform	   internally,	   except	   for	   varia8ons 	   in	   sonic	   logs 	   between	   600-‐700	   m	   depth;	   this	  
corresponds	  to	  thermal	  anomaly	  which	  indicates	  influx	  of	  cold	  water	  along	  fractures.	  

At	  the 	  Mountain	  Home	  site,	  gamma	  log	  spikes 	  corresponding	  to	  sediment	  interbeds	  within	  
the	  basalt	  sequence.	  Figure	  8-‐8	  displays 	  the	  natural 	  gamma 	  and	  temperature	  logs 	  obtained	  by	  
OSG	  compared	  to	  lithologic	  logs	  based	  on	  core.	  More	  detailed	  comparisons	  of	  other	  wireline	  
logs	  (sonic,	  resis8vity,	  magne8c	  suscep8bility)	  with	  rock	  mechanical	  proper8es	  are	  in	  progress.	  

SUMMARY	  

An	  extensive	  series 	  of	  geophysical 	  logs 	  and	  borehole	  seismic	  experiments	  have	  been	  carried	  
out	   at	   all 	  three	  drill 	  sites,	   summarized	  below	   in	  Figures 	  8-‐9,	   8-‐10,	   and	   8-‐11.	   The	   logs 	  have	  
already	   been	   of	   use 	   in	   loca8ng	   sediment	   interbeds 	   and	   even	   highligh8ng	   the	   finer	   scale	  
structure 	  of	  the	  basalt	  flows.	  Interpreta8on	  of	  the 	  image	  logs	  is 	  of	  the 	  greatest	  priority	  in	  order	  
to	  learn	  more	  about	   the 	  natural 	  fracture	  systems 	  and	  the	  in	  situ	  states 	  of	  stress.	  Further,	  the	  
image	  logs	  will 	  allow	  much	  of	  the	  core 	  to	  be	  oriented;	  this 	  informa8on	  will 	  be	  of	  use	  for	  refined	  
paleomagne8c	  analyses	  and	  should	  find	  use	  in	  deducing	  the 	  direc8ons 	  of	  the	  basalt	  flows	  and	  
rhyolite 	   deposi8on.	   Current	   ongoing	   work	   focuses 	  on	   correla8ng	   mechanical	   proper8es 	  of	  
recovered	   core	   with	   measured	   borehole	   proper8es 	   to	   beJer	   understand	   the	   rela8onship	  
between	  borehole 	  logs 	  and	  what	   they	   represent.	   This	  work	  is 	  being	   carried	  out	  by	   graduate	  
students	  at	  Utah	  State	  University	  and	  the	  University	  of	  Alberta.
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Figure	  8-‐9.	  Composite	  wireline	  logs	  for	  the	  Kimama	  site,	  including	  BHTV	  and	  VSP	  logs.	  
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Figure	  8-‐10.	  Composite	  wireline	  logs	  for	  the	  Kimberly	  site,	  including	  BHTV	  and	  VSP	  logs.	  
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Figure	  8-‐11.	  Composite	  wireline	  logs	  for	  the	  Mountain	  Home	  site,	  including	  BHTV	  and	  VSP	  logs.	  
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Table 1. Lithologic log of Kimberly borehole based on wireline 
geophysical response. 

Table	  Legend	  
Inc:	  Increasing,	  Dec:	  Decreasing,	  GR:	  gamma	  ray,	  SGR:	  spectral	  gamma	  ray,	  N:	  neutron,	  RES:	  resis%vity,	  
MS:	  magne%c	  suscep%bility,	  BS:	  borehole	  sonic,	  BHTV:	  borehole	  televiewer,	  Cal:	  caliper.	  
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Table	  2.	  Lithologic	  log	  of	  Mountain	  Home	  borehole	  based	  on	  wireline	  geophysical	  response.

Table	  Legend	  
Inc:	  Increasing,	  Dec:	  Decreasing,	  GR:	  gamma	  ray,	  SGR:	  spectral	  gamma	  ray,	  N:	  neutron,	  RES:	  resis%vity,	  
MS:	  magne%c	  suscep%bility,	  BS:	  borehole	  sonic,	  BHTV:	  borehole	  televiewer,	  Cal:	  caliper.	  



CHAPTER	  9:	  

BOREHOLE	  THERMAL	  LOGGING

Dennis	  Neilson1,	  David	  Blackwell2,	  Zach	  Frone2,	  John	  W	  Shervais3	  
	  1Drilling,	  Observa<on,	  and	  Sampling	  of	  Earth’s	  Con<nental	  Crust,	  Inc,	  Salt	  Lake	  City,	  Utah	  	  

2Geothermal	  Laboratory,	  Southern	  Methodist	  University,	  Dallas,	  Texas,	  75275	  
3Utah	  State	  University,	  Logan,	  Utah	  84322	  

ABSTRACT

Temperature	   gradient	   measurements	   were	   made	   on	   three	   deep	   boreholes	   in	   southern	  
Idaho:	  Kimama,	  Kimberly,	  and	  Mountain	  Home.	  Ini<al	  measurements	  were	  made	  while	  coring	  in	  
order	   to	   monitor	   bo>om	  hole	   temperatures.	   Temperature	   while	   coring	   measurements	   were	  
made	  with	   a	   custom	  designed	   and	   built	  memory	   tool	   that	   was	   delivered	  with	   the	  inner	   core	  
barrel	   and	   equilibrated	   for	   30-‐40	   minutes	   before	  drilling	   resumed;	   equilibrium	   temperatures	  
were	  calculated	  using	  the	  recorded	  <me-‐temperature	  curve	  and	  the	  F(α,	  τ)	  method	  of	  Harris	  and	  
Chapman(2007).	   Post-‐drilling	   temperature	  measurements,	   carried	   out	   aMer	   allowing	   <me	   for	  
thermal	  equilibra<on,	  were	  made	  with	   the	  SMU	  temperature	  tool,	  the	  OSG	  temperature	  tool,	  
and	  a	  variety	  of	  commercial	  tools,	  depending	  on	  the	  bore	  hole.	  The	  Kimama	  site	  is	  characterized	  
by	  a	  near	  isothermal	  gradient	  to	  980	  m	  depth	  (14-‐17ºC)	  followed	  by	  a	  steep	  conduc<ve	  gradient	  
of	  ~75C/km.	  The	  isothermal	  gradient	  reflects	  convec<ve	  cooling	  by	  the	  Snake	  River	  Aquifer.	  The	  
Kimberly	   site	  is	  characterized	  by	  a	  decrease	  in	  temperature	  from	  0-‐100	  m	  depth,	  followed	  by	  a	  
rapid	   rise	   to	  50ºC	   from	  100-‐400	  m	  depth.	   Below	   400	  m,	   temperatures	  are	  nearly	   isothermal	  
(50-‐58ºC)	  to	  total	  depth	  at	  1958	  m,	  except	  for	  a	  slight	  cooling	  around	  500-‐600	  m	  depth	  (influx	  of	  
cool	  water).	  The	  isothermal	  sec<on	  at	  depth	  indicates	  convec<ve	  mixing	  of	  water	  (flow	  through)	  
even	  though	  major	  fractures	  are	  absent	  from	  core.	  The	  Mountain	  Home	  site	  is	  characterized	  by	  
a	  steep	  conduc<ve	  gradient	  of	  ~75ºC/km	  from	  the	  surface	  to	  total	  depth	  1821	  m,	  with	  an	  small	  
spike	  around	  the	  fluid	  entry	  point	  at	  1745	  m	  depth.	  The	  conduc<ve	  gradient	  at	  Mountain	  Home	  
is	  a>ributed	  to	  the	  overlying	  sedimentary	  cover	  (lacustrine	  muds	  and	  silts)	  and	  altered	  basalt	  at	  
depth,	   which	   prevent	   convec<ve	   mixing	   of	   fluids.	   While	   both	   Kimama	   and	   Mountain	   Home	  
exhibit	  steep	  geothermal	  gradients	  at	  depth	  (≥75ºC/km),	  only	  the	  Mountain	  Home	  site	  possess	  
the	  fracture	  porosity	  needed	  at	  depth	  to	  produce	  geothermal	  fluids.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  Utah	  State	  University

9-1



INTRODUCTION	  

The	   Snake	   River	   Plain	   (SRP)	   magma<c	   province 	  was 	   formed	   by	   passage	   of	   the	   North	  
American	   Plate	   over	   the	   Yellowstone 	   mantle	   plume	   (Blackwell,	   1989;	   Po^er	   et	   al.	   2011)	  
producing	   felsic,	   caldera-‐related	   volcanism	   followed	   by	   voluminous 	   erup<ons 	   of	   basalt.	  
Compila<ons	  of	  subsurface	  temperature	  data 	  (Blackwell,	  1989)	  demonstrate	  high	  regional 	  heat	  
flow	  masked	   by	   the	   Snake 	  River	   Aquifer.	   As	   a 	   consequence,	   there	   has 	   been	   li^le	   serious	  
geothermal 	  explora<on	  within	  the 	  center	  of	  the 	  plain;	  although	  there 	  are	  numerous 	  springs	  and	  
wells 	  with	  low-‐temperature 	  geothermal 	  fluids,	  as 	  well 	  as 	  the	  Rad	  River	  geothermal	  system,	  on	  
the	  southern	  flanks	  of	  the	  SRP.	  

The	   Hotspot	   project	   was 	   designed	   to	   inves<gate 	   the 	   geothermal	   poten<al	   of	   the	   SRP	  
through	  coring	  and	  scien<fic	  evalua<on	  at	   three	  sites 	  (Shervais 	  et	   al.,	  2012).	   These	  sites 	  are	  
located	  at	  Kimama,	   north	  of	  Burley,	   in	  the 	  center	  of	  the	  plain;	  at	  Kimberly	   near	  the	  southern	  
margin	  of	   the	  plain;	  and	  at	  Mountain	  Home	  Air	  Force 	  base	  in	  the	  central 	  part	   of	  the	  western	  
SRP	  (Fig.	  1).	  Both	  the	  Kimberly	  and	  Mountain	  Home	  sites	  are 	  located	  in 	  areas 	  that	  have	  warm	  
wells 	  and	  hot	   springs;	   whereas,	   the	  Kimama	  site 	  has	  neither	   surface 	  nor	   subsurface	  thermal	  
manifesta<ons 	  (Mitchell 	  et	   al.,	   1980).	   Drilling	   ac<vi<es 	   for	   each	   of	   the	   holes 	  cored	   by	   the	  
Hotspot	  project	  are	  described	  in	  Delahunty	  et	  al.	  (2012).	  

TEMPERATURE	  WHILE	  CORING

Wire 	  line 	  coring	  offers 	  a 	  number	   of	  advantages 	  over	   rotary	  drilling	   in	  the 	  explora<on	  for	  
geothermal 	  resources.	   It	  u<lizes 	  smaller	   rigs 	  that	   can	  be	  operated	  at	  rela<vely	   low	  cost.	  Core	  
samples 	  can	  be 	  analyzed	  for	  hydrothermal	  altera<on	  and	  structural 	  character.	  In	  addi<on,	  there	  
is	  less	  thermal	  disturbance	  of	  the	  borehole	  compared	  to	  those	  drilled	  by	  rotary	  techniques.	  

Equilibrated	   temperature	   measurements	   are	   important	   for	   understanding	   the	   thermal	  
regime	  encountered	  by	  a 	  drill 	  hole.	  However,	  temperature	  measurements 	  during	  drilling	  can	  be	  
very	   important	   in	   guiding	   an	   explora<on	   drilling	   program.	   Our	   bo^om-‐hole	   temperature	  
measurements	  are	  based	  on	  the	  concept	   that	   slim-‐hole 	  coring	  circulates 	  lower	   fluid	  volume	  
than	  rotary	  drilling,	  and	  the	  core	  stub	  at	  the 	  bo^om	  of	  the	  hole	  is 	  the	  least	  thermally	  disturbed	  
part	  of	  the 	  hole.	  DOSECC	  designed	  a	  Bo^om	  Hole	  Temperature	  Logger	  that	   is 	  delivered	  to	  the	  
bo^om	  of	  the	  hole 	  within	   the	  wireline	  core 	  barrel.	   The 	  temperature	  sensor	  extends 	  out	   the	  
bo^om	  of	  the	  core	  barrel 	  assembly	   and	  rests 	  directly	   on	   the	  core	  stub.	  A	   temperature	  data	  
logger	   records 	  temperature	  as 	  a 	  func<on	  of	  <me	  and	  is	  subsequently	   correlated	  with	  depth.	  
The	  logger	  is 	  allowed	  to	  remain	  in	  contact	  with	  the 	  bo^om	  hole	  for	  20	  to	  30	  minutes,	  and	  the	  
resul<ng	   temperature	   build	   up	   curve	   is 	   corrected	   using	   the	   F(α,	   τ)	   method	   (Harris	   and	  
Chapman,	   2007).	   We	  use	   this 	  correc<on	  to	   standardize	   the	  measurements 	  at	   infinite 	  <me.	  
However,	   the	   boreholes	   are	   not	   thermally	   equilibrated	   and	   retain	   the	   thermal 	   impact	   of	  
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drilling.	  That	  is,	  permeable	  zones	  that	  have 	  taken	  drilling	  fluid	  show	  up	  as 	  nega<ve	  excursions	  
on	  temperature	  gradient	  plots.

The	  measurement	  of	  bo^om-‐hole	  temperature	  during	  the	  drilling	  process	  also	  allows 	  the	  
operators 	  to	  address 	  permit	   and	  poten<al 	  safety	   issues	  in	  real 	  <me.	   In	  addi<on,	  temperature	  
data	  is 	  available	  even	  if	  access 	  to	  the	  hole 	  is	  lost.	  As 	  we	  will 	  show	  in	  the	  subsequent	  discussion,	  
temperature	  data 	  from	  other	  sources	  has	  been	  used	  to	  verify	   the	  measurements	  made	  by	  the	  
Bo^om	   Hole	   Temperature	   Logger.	   We	   principally	   use 	   temperatures 	   measured	   by	   the	  
Opera<onal	  Support	   Group	   (OSG)	  of	   the	  Interna<onal 	  Con<nental	  Scien<fic	   Drilling	  Program	  
(ICDP).	   Their	   measurements	   are 	   from	   a 	   temperature	   sensor	   (PT1000)	   located	   within	   their	  
magne<c	  suscep<bility	  sonde.	  
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Figure	  9-‐1.	  Temperature-‐depth	  curves	  for	  Kimama.	  Tmeas	  =	  measured	  high	  temperature	  with	  the	  temp	  
while	  logging	   tool,	  Tcorr	  =	  corrected	  temperature	  using	  the	  F(α,	   τ)	  method,	  T61711	  =	  equilibrated	  
gradient	  using	  DOSECC	   logging	  tool,	  and	  Tosg	  =	  Opera<onal 	  Support	  Group	  temperature 	  log.	  
Post-‐drilling	  logs	  stop	  at	  1408	  m	  due	  to	  separated	  casing.	  



Kimama	  Thermal	  Logs	  

The	  Kimama 	  hole	  was	  spud	  on	  9/26/10	  and	  reached	  a 	  total	  depth	  of	  1,912	  m	  on	  1/27/11.	  
The	  temperature 	  with	  depth	  profile	  measured	  while 	  drilling	  was 	  underway	   in	  the	  Kimama 	  hole	  
is 	  shown	  in	  Figure	  2.	  The	  graph	  shows 	  the 	  temperature 	  measured	  while	  drilling	  (Tmeas)	  as	  well 	  as	  
the	  data	  that	  was 	  corrected	  using	  the	  F(α,	  τ)	  method	  (Tcorr).	  The 	  data 	  show	  gradually	  increasing	  
temperature	  from	  13.5o	   to	  17.4o	   C	   to	  a 	  depth	  of	  about	   965	  m	   represen<ng	   the	  Snake	  River	  
Aquifer.	  Below	  this 	  depth,	  a	  conduc<ve	  temperature	  gradient	   is 	  apparent.	   Lower	  temperature	  
excursions	  on	  the	  Tcorr	  curve	  represent	  zones	  of	  circula<on	  loss	  causing	  forma<on	  cooling.	  

On	  30	  January	  2011,	  a	  string	  of	  2-‐3/8”	   casing	  was	  set	  to	  a	  depth	  of	  1,912.4	  m.	  The	  casing	  
was	  capped	  on	  the	  bo^om	  and	  filled	  with	  water	   in 	  prepara<on	  for	   subsequent	   temperature	  
measurements.	   DOSECC	   ran	   a 	  con<nuous 	  temperature	   log	   on	   17	   June,	   2011	   following	   5.5	  
months 	  of	   equilibra<on	   (T61711).	   At	   that	   <me,	   it	   was	  found	  that	   the 	  casing	  was	  blocked	  at	   a	  
depth	  of	   1,408.7	  m	  prohibi<ng	   the 	  probe	  from	  extending	  to	  greater	  depth.	  When	  the 	  casing	  
was	  retrieved	  prior	   to	  plugging	   and	  abandoning,	   it	   was 	  found	  that	   a 	  casing	  connec<on	  was	  
unscrewed	  at	  1,408.7	  m.	  

In	  May	   2011,	   the	  Southern	  Methodist	   University	   Geothermal 	  Laboratory’s	  logging	   trailer	  
(slick	   line 	  winch)	  was	  brought	   to	  Idaho	  and	  a	  thermal 	  log	  of	  the	  Kimama	  well	  (hole 	  #1)	  was	  
obtained	  to	  a 	  depth	  of	  1408	  m	  (4620	  feet)	  -‐-‐	  a	  deeper	  log	  was 	  prevented	  by	  a 	  separa<on	  in	  the	  
casing.	  The	  SMU	  logging	  tool 	  includes 	  a 	  gamma	  tool	  that	  allows	  correla<on	  with	  the 	  other	  logs.	  
OSG	  performed	  logging	  on	  29	  June,	  2011	  to	  a 	  depth	  of	  1131	  m,	  and	  their	  data 	  are 	  also	  plo^ed	  
on	   Fig.	   2	   (TOSG).	   The	  OSG	   and	  the	  DOSECC	   6/17/11	   data	  are 	  similar.	   The	  Tcorr	   data	  shows 	  a	  
similar	   temperature	  gradient,	  but	   higher	   temperatures	  suggest	  the	  final 	  curves	  may	   be 	  cooler	  
than	  original 	  forma<on	  temperature	  that	  may	  result	  from	  water	  flow	  between	  the	  casing	  and	  
the	  borehole	  wall.	  

The	  temperature	  logs 	  at	  Kimama	  (site 	  #1)	  indicate 	  isothermal	  condi<ons 	  in	  the 	  upper	  965	  m	  
of	  the	  drill 	  hole 	  at	  15-‐17ºC,	  corresponding	  to	  an	  unusually	  thick	  Snake	  River	  Plain	  aquifer	  (which	  
is 	  typically	   less 	  than	  300-‐500	   m	   thick).	   The	  gradient	   becomes 	  conduc<ve	  below	   that	   with	   a	  
slope	  of	  74.5oC	  per	  km,	  projec<ng	  to	  a	  temperature	  of	  ~100ºC	  at	  2	  km	  depth.	  

Temperatures 	  logs 	  show	  that	   the	  upper	   965	  m	   comprise	  a 	  nearly	   isothermal 	  cold	  water	  
aquifer	  with	  an	  average	  temperature	  of	  ~15ºC.	   This 	  aquifer	   is 	  nearly	   three	  <mes	  thicker	  than	  
an<cipated,	  based	  on	  deep	  drilling	  results 	  from	  the	  Idaho	  Na<onal 	  Laboratory	   site.	  The	  water	  
temperature	   is 	  ~5ºC	   warmer	   than	   in	  the	  SRP	   aquifer	   at	   INL	   or	   on	   the	  margins	  of	   the 	  plain,	  
documen<ng	  a	  large	  conduc<ve 	  heat	  source	  at	  depth.	  Below	  the	  aquifer	  temperatures 	  increase	  
significantly	   –	  up	  to	  55ºC	   at	   1555	  m	  below	  surface	  –	  but	  these 	  bo^om	  hole 	  temperatures 	  do	  
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not	  reflect	  equilibrium,	  being	  cooled	  by	  down	  flow	  of	  cold	  water	  from	  higher	  levels.	  Equilibrium	  
measurements	  will	  be	  made	  ader	  drilling	  is	  completed.	  

Kimberly	  Thermal	  Logs	  

The	  hole 	  at	  Kimberly,	   ID	  was 	  started	  on	  1/25/11	   and	  reached	  total	  depth	  of	  1,958	  m	  on	  
6/13/11.	  This 	  hole	  is 	  located	  between	  two	  areas	  where	  there	  are	  numerous	  warm	  water	  wells,	  
Twin	   Falls 	  to	   the 	  west	   and	  Artesian	  City	   to	  the	  southeast	   (Mitchell 	  et	   al.,	   1980).	   Open-‐hole	  
logging	  took	  place	  before	  casing	  (2-‐3/8”)	  was	  set	   to	  a 	  depth	  of	  1,911	  m	  on	  6/27/11.	  Caving	  in	  
the	  lower	  part	  of	  the	  hole	  during	  the	  open	  hole 	  logging	  prevented	  the	  casing	  from	  being	  set	  to	  
total 	   depth.	   Figure	   9-‐3	   shows 	   the	   bo^om-‐hole	   temperature 	   measurements 	   (Tmeas)	   and	  
corrected	   temperatures 	   (Tcorr).	   Subsequent	   temperature	  measurements 	  were 	   conducted	  by	  
OSG	  on	  6/20/11	  and	  by	  DOSECC	  on	  10/13/11	  (T101311).	  The 	  OSG	  log	  shows 	  that	  there	  was 	  rapid	  
thermal 	  recovery	   of	   the	  hole	  above	  800m.	   Temperature	  in	   the 	  hole	  below	  800	   m	   remained	  
rela<vely	  constant	  with	  temperature	  from	  50oC	  at	  739	  m	  to	  57.4oC	  at	  1,911	  m.	  
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Figure	  9-‐2.	  Thermal	  gradient	  log	  of	  the	  Kimama	  drill	  hole,	  by	  Southern	  Methodist	  University	  staff.	  
Plus	  signs	  are	  DOSECC	  downhole	  tool	  (while	  coring).	  



SMU	  performed	  a	  thermal 	  gradient	   log	  in	  May	   2010,	  while	  drilling	  was	  shut	   down	  for	   rig	  
repair,	  when	  the 	  hole 	  was	  about	  1100	  m	  deep	  (Figure	  9-‐4).	  Drilling	  had	  ceased	  about	  4	  weeks	  
before,	  so	  condi<ons	  were	  at	   least	  par<ally	  equilibrated.	  The 	  SMU	  is 	  basically	  the	  same	  as 	  the	  
OSG	   log,	   but	   has 	  more 	  fine 	  scale	  detail	  in	   the	  temperature	  varia<ons	  because 	  it	  was	  logged	  
more	  slowly	   than	  the 	  OSG	  tool.	   The 	  included	  gamma	  log	   allows 	  us 	  to	   locate	  this	  within	  the	  
sec<on	  with	  great	  precision.	  The 	  overall 	  pa^ern	  is 	  nearly	   isothermal,	  with	  minor	  excursions	  to	  
lower	  temperature	  caused	  by	  cold	  water	  influx.	  

The	  temperature	  gradient	  at	  the 	  bo^om	  of	  the 	  hole	  is	  18.2oC/km.	  To	  our	  knowledge,	   this	  
well 	  is 	  the	  deepest	  explora<on	  of	  a	  low-‐temperature	  geothermal 	  system.	  If	  there	  is 	  subsurface	  
con<nuity	   with	   the	  Twin	   Falls 	  and	  Artesian	  City	   areas,	   this 	   represents	   a 	  very	   large	   energy	  
source.	   In	   the	  lower	   part	   of	   the 	  hole,	   the	  temperature	  measurements 	  while	  coring	   are 	  very	  
similar	   to	   the	   equilibrated	   temperatures.	   They	   also	   demonstrate	   the	   effect	   of	   forma<on	  
permeability	  above	  800	  m.
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Figure	  9-‐3.	  Temperature-‐depth	  curves	  for	  Kimberly	  drill	  hole.	  Tmeas,	  Tcorr,	  and	  Tosg	  as 	  in	  figure	  
9-‐1.	  T101311	  is	  DOSECC	  tool	  log.	  



Mountain	  Home	  Thermal	  Logs	  

MH-‐2	  reached	  total 	  depth	  of	  1821.5	  m	  on	  2/4/12	  and	  was 	  subsequently	  cased	  to	  a 	  depth	  of	  
1818.0	  m.	  Figure 	  9-‐5	  shows	  the	  bo^om	  hole	  measurements	  recorded	  as 	  the	  drilling	  progressed	  
along	  with	  the	  corrected	  temperatures.	  During	   the	  coring,	  mud	   returns	  were	  established	   at	  
1500	  m.	  They	  were	  subsequently	   lost	  at	  1745	  m	  where 	  artesian	  flow	  to	  the	  surface 	  was 	  also	  
encountered.	  Our	  bo^om	  hole	  temperature 	  probe	  shows 	  a 	  corrected	  temperature 	  of	  149.4o	  C	  
at	  1,745	  m	  and	  1,772	  m.	   However,	   this	  temperature 	  exceeds 	  the	  limit	  of	   our	  probe,	   and	  the	  
data	  was	  extrapolated	  from	  the	  buildup	  curve.

In	  1986	   a	  geothermal	  test	  well 	  (MH-‐1)	  was	  drilled	  at	  Mountain	  Home	  AFB	   to	  a 	  depth	  of	  
1,342	   m	   (Lewis	  and	  Stone,	   1988;	   Armstrong	   et	   al.,	   2012).	   MH-‐1	   had	  a	  maximum	  measured	  
temperature	  of	  93oC	  at	  1,219	  m.	  The 	  Hotspot	  hole	  (MH-‐2)	  was 	  located	  4.7	  km	  to	  the 	  northwest	  
of	  MH-‐1.	  The 	  temperature 	  depth	  measurements 	  from	  MH-‐1	  are	  shown	  in	  figure	  9-‐5	  and	  closely	  
follow	  those	  from	  MH-‐2.
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Figure	  9-‐4.	  Thermal	  gradient	  
log	  and	  gamma	  log	  of	  the	  
Kimberly	  drill	  hole,	  by	  
Southern	  Methodist	  
University	  staff.	  Log	  was	  run	  
during	  rig	  repair	  in	  May	  2010,	  
and	  does	  not	  extend	  to	  TD.	  



While	  the 	  well 	  was 	  flowing,	   a	  temperature	  probe	  was 	  suspended	  in	  the	  hole	  at	  1355.1	  m	  
and	  measured	  134.6o	  C.	  The 	  flow	  at	  the 	  surface	  through	  NQ	  pipe	  (60.3	  mm	  inner	  diameter)	  was	  
es<mated	  at	  42	  liters/minute.	   In	  order	   to	  con<nue	  coring,	  the	  hole	  was 	  treated	  with	  mud	  and	  
lost	  circula<on	  material	  that	  effec<vely	  stopped	  the	  artesian	  flow.	  

In	  April 	  2012,	   Pacific	  Process	  Systems,	   Inc.	   (PPS)	  recorded	  a	  con<nuous	  temperature	  and	  
pressure	   survey	   in	   the	   2-‐3/8”	   casing.	   These	   data 	   have	   been	   corrected	   for	   ice	   point.	   The	  
pressure	  data	  suggests	  the	  probe 	  was 	  hanging	  up	  in	  the	  casing	  below	  1676	  m.	  When	  the	  depth	  
is 	  corrected	   for	   the	  hydrosta<c	   pressure,	   it	   yields 	  a 	  maximum	   temperature	   of	   133.9o	   C	   at	  
1768.1	   m.	   With	   a	  thermal	  gradient	   of	   ~75ºC/km,	   this 	  implies	  a 	  bo^om	  hole 	  temperature 	  of	  
138ºC	  at	  1821.5	  m	  or	  a	  projected	  temperature	  of	  ~151ºC	  at	  2	  km	  depth	  (Figure	  9-‐5).	  

The	  core 	  from	  the	  flow	  zone	  encountered	  at	  1745	  m,	  suffered	  from	  poor	  core	  recovery	  and	  
there	  were 	  no	  clear	   indica<on	  of	  the	  character	  of	  the 	  faults	  that	  cut	  the	  zone.	  In	  the	  course 	  of	  
this 	  inspec<on,	  we	   iden<fied	  hydrothermal	  breccias.	   These	  are 	  typical	  jigsaw	  puzzle 	  breccias	  
whose	   voids	   have	   been	   par<ally	   filled	   by	   quartz	   +	   calcite	   (bladed)	   and	   include	   pyrite	   and	  
chalcopyrite.	  A	  late	  filling	  of	  crystalline	  laumon<te 	  forms 	  a 	  coa<ng	  but	  does 	  not	  completely	  fill	  
the	  voids.	  
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Figure	  9-‐5.	  Temperature-‐depth	  curves	  for	  MH-‐1	  and	  MH-‐2.	  Tmeas,	  Tcorr,	  and	  Tosg	  as	  in	  figure	  9-‐1.	  
PPS	  =	  gradient	  log	  by	  Pacific	  Process	  Systems;	  MH-‐1	  is 	  gradient	  for	  drill	  hole	  MH-‐1.	  Th	   (P)	   and	  Th	   (S)	  
show	  primary	  and	  secondary	  fluid	  inclusion	  temperatures.	  The	  green	  triangle	  shows	  the	  temperature	  
recorded	  in	  the	  hole	  while	  fluid	  was	  flowing	  to	  the	  surface.	  The	  loca[on	  of	   the	  fluid	  entry	  at	  1745	  m	  
is	  also	  shown.



Hydrothermal 	  breccia<on	  indicates 	  that	   P-‐T	  condi<ons	  were 	  along	  the 	  boiling	  point	   curve	  
(BPC).	  Therefore,	  we	  envision	  condi<ons 	  as 	  shown	  in	  Figure	  9-‐5,	  which	  assume	  the	  depth	  is	  as	  
observed	  and	  the 	  hydrosta<c	  is 	  controlled	  by	  the	  present	  land	  surface	  eleva<on.	  This 	  suggests	  
temperatures	  of	   about	   340oC	   with	   cooling	   to	   the	   present	   observed	   134oC	   to	  150oC.	   These	  
temperatures	   are	   similar	   to	   current	   produc<on	   temperatures 	  at	   the	   Rad	   River	   geothermal	  
system	  (Jones	  et	  al.,	  2011).

The	  temperatures 	  measured	  in	  MH-‐2,	   the	  presence	  of	   hydrothermal 	  breccia<on	  and	  the	  
apparent	  size 	  (4.7	  Km	  strike 	  length)	  implies 	  that	   the	  system	  has	  a 	  magma<c	  associa<on.	   It	   is	  
also	  important	  to	  state	  that	  the	  coring	  has 	  just	  intersected	  the	  top	  of	  the 	  geothermal 	  zone.	  So,	  
the	  lateral 	  extent,	  depth	  and	  reservoir	  temperature 	  has 	  not	  been	  fully	  determined.	  The	  region	  
around	  this	  site	  represents	  a	  prime	  target	  for	  further	  explora<on.	  

CONCLUSIONS	  

	  The 	  Hotspot	  project	  has 	  sampled	  three	  different	   thermal 	  regimes	  in	  the 	  Snake	  River	   Plain	  
(Figure	  9-‐6).	   The	  Kimama	  hole 	  showed	   that	   the 	  Snake	  River	   aquifer	   was 	  much	   thicker	   than	  
previously	   thought.	   However,	   beneath	   the	  masking	   effect	   of	   the	   aquifer,	   high	   temperature	  
gradients 	  were 	  encountered	  sugges<ng	   that	   electrical	  grade	  geotherrmal 	  resources	  could	  be	  
present,	   but	   their	   iden<fica<on	  could	  be	  difficult.	   The	  Kimberly	   hole 	  demonstrated	  that	   low-‐
temperature	  resources 	  along	  the	  southern	  flank	  of	  the	  SRP	  can	  have	  considerable	  depth.	  The	  
overall	  architecture 	  of	  this 	  large 	  low-‐temperature	  system	  deserves 	  further	   inves<ga<on.	  Hole	  
MH-‐2	  at	  Mountain	  Home	  AFB	  in	  the	  central 	  part	  of	  the	  western	  SRP	  has 	  encountered	  the	  upper	  
part	   of	  a	  high	  temperature 	  geothermal 	  resource	  that	   also	  remains 	  to	  be	  fully	   evaluated.	  The	  
temperatures	  measured	  at	  Mountain	  Home	  AFB	  are	  similar	  to	  current	  produc<on	  temperatures	  
at	  the	  Rad	  River	  geothermal	  system	  (Jones	  et	  al.,	  2011).	  
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Figure	  9-‐6.	  Compila[on	  of	  temperature-‐depth	  curves	  for	  holes	  drilled	  on	  the	  Hotspot	  project.	  Note	  that	  
the	  temperature	  gradient	  for	  the	  Kimama	  hole	  has	  been	  extrapolated	  to	  the	  total	  depth	  of	  the	  well.
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ABSTRACT

In	  this	  chapter	  we	  summarize	  the	  core	  descrip=ons	  and	  present	  preliminary	   interpreta=ons	  
on	  the	  stra=graphy	  of	  the	  sec=ons	  sampled.	  Each	   loca=on	  is	  unique:	  the	  Kimama	  core	  sampled	  
predominantly	   basalt	   with	   minor	   intercala=ons	   of	   sediment;	   the	   Kimberly	   core	   is	   largely	  
rhyolite,	  with	  a	   thick	   sequence	   of	   basalt	   and	  sediment	   in	   the	  upper	   part	   of	   the	  hole;	   and	   the	  
Mountain	   Home	   core	   is	   dominated	   by	   lacustrine	   sediments	   in	   its	   upper	   sec=on	   (overlain	   by	  
basalt),	  which	  transi=ons	  to	  basalt	  and	  basal=c	  sediments	  in	  the	  lower	  sec=on.	  As	  a	  result,	  each	  
site	  has	  dis=nct	  physical	  proper=es	  that	  contribute	  to	  their	  unique	  thermal	  gradient	  profiles,	  as	  
we	  discuss	  later	  in	  this	  report.

Lithologic	   logging	   and	   stra=graphic	   analyses	  were	  carried	   out	   in	   two	  steps.	   Each	   core	  run	  
was	  logged	   ini=ally	   in	  the	  field	   by	  the	  Site	  Science	  team	  prior	   to	  photographed	  and	  boxed	   for	  
shipment	  to	  the	  core	  laboratory	  at	  USU	  in	  Logan,	  Utah.	  Core	  logging	  manuals	  were	  prepared	  for	  
the	  Site	   Science	   teams	  to	  ensure	  consistency	   in	   descrip=ons	   and	  completeness,	  with	   separate	  
manuals	  for	  basalt	  core	  and	  rhyolite	  core.	  Detailed	  lithologic	  logging	  was	  carried	  out	  in	  the	  Core	  
Lab	   at	   USU,	   with	   all	   data	   compiled	   and	   entered	   into	   the	   ICDP	   Drilling	   Informa=on	   System	  
database.	  

All	  three	  of	  bore	  holes	  drilled	  for	  this	  project	  were	  cored	  from	  the	  base	  of	  the	  casing	  to	  total	  
depth;	  one	  hole	  (Kimama)	  was	  core	  from	  the	  base	  of	  the	  surface	  conductor.	  All	  of	  the	  core	  was	  
logged	   for	   lithology	   and	   structure	   in	   order	   to	   document	   the	   stra=graphy	   at	   each	   site.	   The	  
Kimama	  site	  consists	  almost	  en=rely	  of	  basalt	  flows	  up	  to	  50	  m	  thick,	  comprising	  some	  430	  flow	  
units.	  Sedimentary	   intercala=ons	  occur	  in	  the	  upper	  200	  m	  (dominantly	  silt	  and	  loess)	  and	  in	  the	  
lower	  230	  m	  (fluvial	  sands	  and	  gravels).	  Basalts	  form	  a	  series	  of	  upward	  frac=ona=on	  units,	  with	  
several	   horizons	   of	   “Craters	   of	   the	   Moon”	   like	   high-‐Fe	   and	   high	   Fe-‐K	   lavas.	   Ar-‐Ar	   and	  
paleomagne=c	  =me	  scale	  ages	  document	  a	  bo^om	  hole	  age	  of	  ~6.25	  Ma,	  and	  an	  accumula=on	  
rate	  of	  ~335	  m/Ma.	  

The	   Kimberly	   core	   consists	   almost	   en=rely	   of	   rhyolite	   welded	   ash	   flow	   tuffs,	   with	   two	  
sec=ons	  of	  basalt+sediment	  in	  the	  upper	  250-‐450	  m	  of	  core.	  The	  oldest	  rhyolite	  ash	  flow	  is	  over	  
1300	  m	  thick,	  sugges=ng	  accumula=on	  within	  a	  subsiding	  caldera	  complex.	  

The	  Mountain	  Home	  site	  consists	  of	  an	   upper	  volcanic	   sec=on	  of	  subaereal	  basalt	   (215	  m	  
thick)	  overlying	  a	  thick	  sec=on	  of	  Pliocene-‐Pleistocene	  lake	  sediments	  that	   con=nue	  to	  ~850	  m	  
depth.	  From	  850	  m	  to	  total	  depth	  at	  1821	  m,	  the	  Mountain	  Home	  sec=on	  comprises	  basalt	  lava	  
flows	  and	  hyaloclas=tes,	  basal=c	  sandstone,	  and	  minor	  intercalated	  lacustrine	  silts.	  No	  age	  data	  
are	   available	   yet	   for	   the	   Mountain	   Home	   or	   Kimberly	   sites,	   but	   previously	   published	   data	  
suggest	  an	  age	  of	  6.25	  Ma	  for	  the	  uppermost	  rhyolite	  at	  Kimberly.	  
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INTRODUCTION	  

Lithologic	  logging	  and	  stra;graphic	  analysis 	  was 	  carried	  out	  in	  two	  steps.	  Each	  core	  run	  was	  
logged	  ini;ally	  in	  the	  field	  by	  the	  Site 	  Science	  team	  prior	  to	  being	  photographed	  and	  boxed	  for	  
shipment	  to	  the	  core	  laboratory	  at	  USU	  in	  Logan,	  Utah.	  Core	  logging	  manuals 	  were	  prepared	  for	  
the	  Site	  Science 	  teams 	  to	  ensure 	  consistency	  in	  descrip;ons	  and	  completeness,	  with	  separate	  
manuals	  for	  basalt	  core 	  and	  rhyolite	  core.	  Detailed	  lithologic	  logging	  was 	  carried	  out	  in	  the	  Core	  
Lab	   at	   USU,	   with	   all 	  data	   compiled	   and	   entered	   into	   the	   ICDP	   Drilling	   Informa;on	   System	  
database.	   A	   complete	   descrip;on	   of	   core	   handling	   and	   logging	   procedures 	   is 	  presented	   in	  
Appendix	  A.	  

In	  this 	  chapter	  we	  summarize	  the	  core 	  descrip;ons	  and	  present	  preliminary	  interpreta;ons	  
on	  the	  stra;graphy	  of	  the 	  sec;ons 	  sampled.	  Each	  loca;on	  is 	  unique:	  the	  Kimama	  core 	  sampled	  
predominantly	   basalt	   with	   minor	   intercala;ons	   of	   sediment;	   the	   Kimberly	   core	   is	   largely	  
rhyolite,	  with	  a	  thick	  sequence	  of	  basalt	  and	  sediment	  in	  the	  upper	  part	  of	  the	  hole;	   and	  the	  
Mountain	  Home	  core	  is	  dominated	  by	   lacustrine	  sediments 	  in	  its 	  upper	   sec;on	  (overlain	   by	  
basalt),	  which	  transi;ons 	  to	  basalt	  and	  basal;c	  sediments	  in	  the	  lower	  sec;on.	  As 	  a	  result,	  each	  
site	  has 	  dis;nct	  physical 	  proper;es	  that	  contribute 	  to	  their	  unique	  thermal 	  gradient	  profiles,	  as	  
we	  discuss	  later	  in	  this	  report.	  Drill	  site	  loca;ons	  are	  shown	  in	  Figure	  10-‐1.	  

KIMAMA	  

The	  Kimama	  site	  was 	  strategically	   selected	  for	   its 	  loca;on	  along	   the	  axial 	  volcanic	  high,	   a	  
region	  of	  densely	   spaced	  volcanic	   centers 	  aligned	  with	  the 	  track	  of	  the	  Yellowstone	  hotspot.	  
The	  Kimama 	  drill 	  core 	  is 	  thought	   to	  access 	  the	  greatest	   thickness 	  of	   erupted	  basalt	   and	  the	  
most	  complete 	  record	  of	  SRP-‐YP	  mafic	   volcanism.	  Previous	  drilling	  projects	  indicated	  about	  1	  
km	   of	   Pliocene-‐Pleistocene 	  tholeii;c	   basalt,	   interbedded	  with	  minor	   terrestrial 	  sediments 	  of	  
eolian,	  fluvial,	  and	  lacustrine	  origin,	  overlying	  rhyolite	  volcanics 	  (Doherty	  et	  al.,	  1979;	  Kuntz	  et	  
al.,	  1992;	  Anderson	  and	  Liszewski,	  1997).	  As	  seen	  in	  Figure 	  10-‐2,	  which	  compares 	  a	  lithologic	  log	  
of	  the	  Kimama 	  drill 	  hole	  to	  its	  companion	  deep	  holes 	  along	  the	  central 	  axis,	  Wendell 	  RASA	  to	  
the	  west	  and	  WO-‐2	  to	  the	  east,	  basalt	  in	  the 	  Kimama	  hole	  is 	  65%	  thicker	  than	  the	  basalt	  sec;on	  
in	  hole	  WO-‐2,	  and	  almost	  six	  ;mes	  thicker	  than	  basalt	  encountered	  in	  Wendell	  RASA.	  

Preliminary	   inves;ga;ons 	  of	  Kimama 	  drill 	  core	  were	  based	  on	  borehole	  geophysical 	  logs.	  
Neutron	   and	   gamma	   logs 	   correlate	   well 	   with	   lithologic	   facies 	   observa;ons	   (Figure	   10-‐3).	  
Gamma	  logs	  document	  individual	  flow	  units	  as 	  well 	  as	  the 	  depth	  and	  thickness 	  of	  sedimentary	  
interbeds.	  Neutron	  logs 	  demonstrate	   the	  contrast	   between	  massive	  flow	   interiors 	  and	  more	  
porous	  flow	  tops.	  Wireline	  logs 	  image	  430	  basalt	  flow	  units 	  (0.1-‐50	  m	  thick),	  grouped	   into	  at	  
least	  155	  lava	  flows	  and	  21	  flow	  groups.	  
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A	  combina;on	  of	  lithologic,	  geochemical,	  and	  paleomagne;c	  data	  suggest	   the	  presence	  of	  
430	   basalt	   flow	   units 	   comprising	   144	   lava	   flows,	   each	   erupted	   during	   a 	   single	   episode	   of	  
volcanism	  (decade 	  scale).	  Basalt	  flows 	  were	  recognized	  using	  volcanic	  facies 	  observa;ons	  based	  
upon	  models 	  for	   inflated	  pahoehoe	  lava 	  flow	  emplacement	  (Chitwood,	  1994;	  Self	  et	  al.	  1998).	  
Lava	  flows 	  erupted	  from	  a 	  single	  magma 	  reservoir	   form	  a 	  complex	   aggregate	  of	  flows 	  termed	  
flow	  groups 	  (Welhan	  et	  al.,	  2002;	  Hughes	  et	  al.,	  2002b).	  Lava	  flow	  groups	  have	  areal 	  dimensions	  
of	  kilometers	  to 	  tens 	  of	  kilometers 	  and	  are 	  synonymous 	  with	  lava 	  fields,	  such	  as 	  the	  Wapi	  and	  
Hell’s 	  Half	   Acre 	   lava	   fields 	   (Welhan	   et	   al.,	   2002;	   Greeley,	   1982).	   Kimama	   basalt	   flows 	  are	  
grouped	   into	   35	   basalt	   flow	   groups.	   Flow	   groups 	   were	   iden;fied	   using	   stra;graphic	  

rela;onships	   and	   magnetostra;graphy,	   and	  
have	   an	   average	   thickness	   of	   48.6	   meters.	  
Intercalated	   eolian	   clay	   and	   sand,	   average	  
thickness 	  6.1	  meters,	  represent	   lulls 	  in	  regional	  
volcanic	   ac;vity	   and	   show	   a	   rela;onship	   to	  
polarity	   reversals	   represen;ng	   thousands 	   of	  
years	  of	  ;me.

Paleomagne;c	  inclina;on	  was 	  measured	  in	  over	  
1200	   samples	   collected	   at	   2	   meter	   depth	  
intervals 	   by	   Duane	   Champion	   of	   the	   US	  
Geological 	   Survey.	   Twenty-‐one	   magne;c	  
reversals 	   were 	   iden;fied	   and	   correlated	   to	  
dated	   paleomagne;c	   Chrons	   and	   Subchrons.	  
Paleomagne;c	  dates	  provide 	  an	  age	  framework	  
for	   erupted	  Kimama	  basalts.	   Robert	  Duncan	  of	  
Oregon	   State 	   University	   analyzed	   five	   basalt	  
lava	   flows 	   for	   40Ar/39Ar	   using	   incremental	  
hea;ng	   by	   broad-‐beam	   infrared	   laser.	   Flows	  
sampled	  at	  320	  m,	  454	  m,	  1155	  m,	  1284	  m,	  and	  
1489	   m	   provide	   reliable	   ages 	   of	   1.54	   ±	   0.15,	  
1.60	  ±	  0.13,	  4.18	  ±	  0.58,	  4.39	  ±	  0.30,	  and	  5.05	  ±	  
0.81	   Ma 	  respec;vely	   (Duncan,	   pers.	   commun.	  
2012).	  A	  linear	  fit	  to	  ages	  determined	  from	  40Ar/
39Ar	  and	  paleomagne;c	  analyses 	  extrapolates	  a	  
bo3om	  hole 	  age	  of	  6.2	  Ma	  and	  define 	  a 	  mean	  
accumula;on	   rate 	   of	   335	   m/Ma	   (Champion,	  
2012;	  figure	  10-‐4).
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Figure	   10-‐2.	   Scale	   comparison	   of	   the	   lithologic	  
logs 	   for	   Wendell	   RASA	   and	   WO-‐2	   (INL	   site)	  
compared	   to	   lithologic	   log	   for	   the	   Kimama	  drill	  
site.	  



Whole	  rock	  major	   and	  trace 	  element	  
data	   were	   measured	   in	   270	   basalts.	  
Composi;onally,	   the 	   majority	   of	  
Kimama	  basalts 	  are 	  olivine 	  tholeiites.	  
Geochemical	   composi;on	   plo3ed	  
a g a i n s t	   d e p t h	   d emon s t r a t e s	  
sequences	   of	   magma	   frac;ona;on	  
and	   recharge 	   (i.e.,	   Shervais	   et	   al.,	  
2006).	   Upsec;on	   increases 	  in	  Mg,	   Cr,	  
and	   Ni 	   signal 	   an	   influx	   of	   primi;ve	  
mantle-‐derived	  magma 	  and	  deple;on	  
of	   LREE.	   Upsec;on	  increases	  in	  FeO*,	  
K 2O ,	   a n d	   Z r	   s i g n a l 	   m a g m a	  
frac;ona;on	   in	   closed	   system-‐
reservoirs	  and	  enrichment	  in	  LREE.	  

Chemically	   evolved	  basalt	   flows 	  were	  
iden;fied	   at	   five	   depths 	   within	   the	  
Kimama	   core.	   Evolved	   flows 	   have	  
elevated	  K2O,	  FeO*	  and	  Zr.	  Two	  suites	  
were 	  iden;fied.	   Flows 	  at	   350	  m,	   547	  
m,	  1119	  m,	  and	  1138	  m	  have 	  elevated	  
concentra;ons	  of	   TiO2	   and	  FeO*	   and	  
low	   SiO2	   rela;ve	   to	   Kimama	   olivine	  
tholeiites.	  Evolved	  flows 	  at	  319	  m	  and	  
1078	   m	  have 	  elevated	  K2O	   and	  FeO*	  
and	   SiO2	   similar	   to	   Kimama 	   olivine	  
tholeiites 	  (figure 	  10-‐5).	   The 	  high	   K2O	  
flows	   are 	   composi;onally	   similar	   to	  
ferrobasalts 	  erupted	  at	   Craters 	  of	  the	  
Moon	  Na;onal 	  Monument,	  ~14	  km	  to	  
the	  northeast.	  The	  high	  TiO2	  flows 	  are	  	  
also	   composi;onally	   similar	   to	   lunar	  
maré	  basalts.
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Figure	   10-‐3.	   Stra>graphy	   of	   Kimama	   drill	   hole	   1A	  
compared	   to	   gamma,	   neutron,	   and	   density	   logs	   from	  
USGS	  (Twining	  and	  Bartholomay	  2011).	  Note	  correla>on	  
between	   neutron	   log	   saw-‐tooth	   pa[ern	   and	   logged	  
basalt	  flows	  based	  on	  core.	  



Radiogenic	  isotope 	  chemistry,	  in	  conjunc;on	  with	  paleomagne;c	  stra;graphy,	  and	  40Ar/39Ar	  
geochronology,	   temporally	   constrain	   the	   mass	   propor;ons	   and	   flux	   of	   magma 	   source	  
components	  in	  Kimama	  basalts.	  We	  analyzed	  15	   basalt	  samples 	  from	  a	  range	  of	  geochemical	  
composi;ons	   and	   depths 	   within	   the	   Kimama	   core	   for	   Nd,	   Sr,	   Hf,	   and	   Pb	   isotope	   ra;os.	  
Radiogenic	   Pb	   isotope 	  values	  for	   Kimama	  basalts 	  ranged	   from	   206Pb/204Pb	  ~18.0-‐18.5,	   207Pb/
204Pb	   ~15.6-‐-‐15.7,	   and	   208Pb/204Pb	   ~38.5-‐39.0.	   Radiogenic	   Hf	   isotopes 	   range	   from	  
0.282683-‐-‐0.282745.	   Samples 	   were	   processed	   and	   measured	   at	   the	   isotope	   geochemistry	  
laboratory	   at	   San	   Diego	   State	   University.	   Previous 	   studies 	   iden;fy	   isotopic	   varia;on	   and	  
temporal 	  correla;on	  with	  distance	  from	  the	  Bruneau-‐Jarbidge 	  caldera	  complex	   in	   the 	  south	  
central	  SRP	  to	  the	  Yellowstone 	  Plateau.	  Temporal 	  isotopic	  varia;on	  is 	  a3ributed	  to	  a 	  decreasing	  
propor;on	  of	  sub	  con;nental	  lower	  mantle/hotspot	  source 	  and	  increasing	  lithosphere	  age 	  from	  
west	  to	  east	  (Hanan	  et	  al.,	  2008).	  Preliminary	  Pb	  and	  Hf	  isotope	  analyses 	  for	  Kimama	  agree 	  with	  
models	  for	  E-‐W	  varia;on	  along	  the	  Snake	  River	  Plain-‐Yellowstone	  Plateau	  hotspot	  track.	  
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Figure	  10-‐4.	   	  Accumula>on	   rate	  of	   Kimama	  basalt	   lava 	  flows:	   A	   linear	  fit	  to	  ages	  determined	  
from	  40Ar/39Ar	  and	  paleomagne>c	  analyses	  define	  a	  mean	  accumula>on	  rate	  of	  335	  m/Ma	  and	  
extrapolates	  a	  bo[om	  hole	  age	  of	  6.25	  Ma.	  



Detrital 	  zircons 	  were 	  recovered	  from	  two	  upward	  fining	  sandstone	  interbeds	  at	  1842-‐1844	  
m	  and	  1707-‐1748	  m	  depth.	  Zircons 	  were	  sampled	  from	  1842	  and	  1844	  m	  in	  the	  lower	  interbed	  
and	  1708,	  1733,	  and	  1749	  m	  in	  the 	  upper	  interbed.	  Zircon	  grains 	  were	  analyzed	  for	  U-‐Pb	  and	  Hf	  
isotopes	  using	  a 	  high-‐resolu;on	  laser	   abla;on	  induc;vely	   coupled	  plasma	  mass 	  spectrometer	  
(HR-‐LA-‐ICPMS)	  at	  the	  University	   of	  Arizona	  LaserChron	  laboratory.	  At	   the	  base,	  both	  interbeds	  
contain	   mainly	   Miocene	   detrital	   volcanogenic	   zircons	   of	   the 	  Yellowstone-‐Snake	   River	   Plain	  
magma;c	   system	   (5	   to	   10	   Ma).	   Higher	   sands 	   contain	   successively	   older	   zircon	   groupings.	  
Volcanogenic	   detrital 	   zircons 	  were 	   ejected	   during	   caldera-‐forming	   erup;ons 	   in	   the	   central	  
Snake	  River	  Plain,	   transported	  by	   eolian	  or	   fluvial 	  processes,	   and	  deposited	  within	  the 	  fluvial	  
deposits	  shortly	  aper	  their	  erup;on.	  The	  presence	  of	  volcanogenic	  detrital 	  zircons 	  implies 	  that	  
the	  deposi;onal 	  age	  of	  the 	  sediment	  intervals	  corresponds 	  to	  the 	  U-‐Pb	  age	  of	  youngest	  zircons	  
in	  each	  unit	  (5.8	  Ma	  and	  6.2	  Ma).	  

DE-‐EE	  0002848	   	   	   	   	   Chapter	  10	  -‐	  Lithologic	  Logging	  and	  Stra>graphy

10-8

Figure	   10-‐5.	   Harker	   Diagrams	   of	   major	   element	  
compositons	  for	  evolved	  basalt	  flows,	  Kimama	  olivine	  
tholeiite,	   and	   evolved	   lava	   flows	   of	   Craters	   of	   the	  
Moon	  plo[ed	  against	  MgO	  wt.	  %.	  Samples	  KA1B1046	  
and	  KA1B3536	  have	  high	  K2O	  wt.	  %	  and	  FeO*	  wt.	  %	  
rela>ve	   to	   Kimama	   olivine	   tholeiites.	   Samples	  
KA1B1147,	   KA1B1796,	   KA1B3671,	   and	   KA1B3733	  
have	  high	  FeO*	  wt.	  %	  and	  high	  TiO2	  wt.	  %	  rela>ve	  to	  
Kimama	   olivine	   tholeiites.	   Samples	   KA1B1046	   and	  
KA1B3536	   appear	   to	   have	   composi>onal	   similari>es	  
with	  Craters	  of	  the	  Moon	  lava	  flows.	  



Kimberly	  

The	  Kimberly	  drill 	  hole	  was 	  designed	  to	  core	  the	  basalt-‐rhyolite 	  sec;on	  (Figure	  10-‐6)	  of	  the	  
Central 	   Snake	   River	   Plain	   (Shervais 	   et	   al.,	   2011).	   Regional 	   Bouguer	   gravity	   anomalies 	   and	  
inferred	  pyroclas;c	  flow	  direc;ons	  in	  the	  Cassia	  Mountains 	  suggest	  that	  the	  drill 	  site	  lies 	  on	  the	  
southern	   margin	   of	   the	   Twin	   Falls 	   erup;ve	   complex,	   an	   immense	   Yellowstone-‐scale 	   field	  
inferred	  to	  underlie	  the 	  Central 	  Snake	  River	  Plain	  (Figure 	  10-‐1).	  The	  Kimberly	   site	  was	  selected	  
to	  test	  the	  hypothesis	  that	  a	  caldera	  margin	  is	  in	  this	  area.

The	   Kimberly	   drill 	   hole	   is 	   dominated	   by	   thick	   sec;ons 	   of	   rhyolite	   lava 	   and	   welded	  
ignimbrite,	  with	  basalt-‐sediment	  intercala;ons 	  between	  241	  m	  and	  424	  m	  depth	  (Figure	  10-‐6)	  
Preliminary	   examina;on	  of	  the	  drill 	  core,	   chemical,	   petrographic,	  and	  O-‐H-‐isotopic	  analysis	  of	  
selected	  samples,	  and	  the	  ini;al 	  paleomagne;c	  measurements 	  converge	  to	  suggest	   that	  there	  
are	  three	  major	  rhyolite	  units 	  in	  the	  Kimberly	  core.	  The 	  upper	   two	  rhyolite 	  erup;ve	  units 	  are	  
provisionally	   interpreted	  to	  be	  viscous	  lava	  flows	  or	  sills 	  based	  on	  the	  lack	  of	  eutaxi;c	  fabric	  in	  
core 	  or	  thin	  sec;on	  and	  the 	  presence	  of	  contorted	  flow	  folia;ons 	  and	  vitrophyric	  breccias.	  Both	  
of	  the	  upper	  units	  have	  plagioclase,	  sanidine,	  and	  two	  pyroxenes,	  along	  with	  accessory	  zircon,	  
apa;te,	   ilmenite,	   and	   magne;te.	   In	   addi;on,	   the	  middle	  unit	   (Rhyolite 	  2)	   has 	  drama;cally	  
resorbed	  quartz	  grains.	  The	  lower	  1,340	  m	  (Rhyolite 	  1	  from	  2,000	  to	  6,400	  p)	  has	  no	  apparent	  
flow	   contacts 	  or	   cooling	  breaks 	  and	  may	   represent	   a	   single,	   thick	   ignimbrite.	   There	   are	   no	  
indica;ons	  of	  intrusive	  contacts	  or	  granophyric	  textures 	  that	  suggest	  an	  intrusive 	  origin,	  even	  in	  
the	   deepest	   part	   of	   the	   core.	   The 	   lower	   unit	   is 	  eutaxi;c	   with	   sparse	   lithic	   fragments 	  and	  
subhorizontal 	  vapor-‐phase	  gashes.	   Phenoclasts	  are	  plagioclase,	   sanidine,	   two-‐pyroxenes,	   and	  
Fe-‐Ti 	  oxides,	   along	  with	  accessory	   zircon	   and	   apa;te.	   It	   is 	  chemically	   dis;nct	   in	  whole-‐rock	  
composi;on	  from	  the	  upper	  units 	  and	  very	  homogeneous 	  throughout	  (Figure	  10-‐7).	  Chemically,	  
the	  lower	  unit	  is	  a 	  low-‐silica 	  rhyolite 	  with	  high	  concentra;ons 	  of	  Fe2O3	  and	  TiO2.	  Using	  new	  data	  
collected	  as 	  described	  below,	  we	  will 	  test	  the	  hypothesis 	  that	   this 	  unit	   is 	  a 	  thick	  intracaldera	  
deposit	  for	  one	  of	  the	  ignimbrites	  exposed	  in	  the	  Cassia	  Mountains.

Current	  data	  indicate	  that	  it	  most	  closely	  resembles 	  the	  regionally	  extensive	  10.1	  Ma	  tuff	  of	  
Wooden	   Shoe	   Bu3e	   (Perkins	   and	   Nash,	   2002;	   Parker	   et	   al.,	   1996;	   and	   Ellis	   et	   al.,	   2010).	  
However	   this 	   is 	   one	   of	   several 	   large,	   petrologically	   and	   geochemically	   similar	   ourlow	  
ignimbrites	  as	  young	   as 	  8.6	  Ma 	  exposed	  in	   the 	  mountains 	  south	  of	  the	  Kimberly	   hole	  (e.g.,	  
McCurry	   et	  al.,	  1996;	  Wright	  et	  al.,	  2002,	  Ellis	  et	  al.,	  2010).	  Detailed	  volcanological,	  petrologic,	  
geochemical,	  and	  paleomagne;c	  comparisons	  will 	  be	  made	  between	  those	  sheets 	  and	  Kimberly	  
Rhyolite	  1	  to	  define	  a	  possible	  correla;on.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University

10-9



Preliminary	   O-‐H-‐isotope 	  data 	  reveal	  that	   the 	  units	  in	   the	  core	  have	  large	  and	   systema;c	  
varia;ons	  with	  depth:	  δ18O	  from	  +1	  to	  +9.8‰	  and	  δ2H	  from	  -‐140	  to	  -‐180‰	  (Figure	  10-‐7	  shows	  
19	  whole	  rocks 	  and	  7	  mineral 	  separates).	  As	  expected	  for	  the	  Central	  SRP,	  magma;c	  δ18O	  is 	  low	  
(<3‰;	  Bindeman,	  et	  al.,	  2007;	  Wa3s	  et	  al.,	  2010,	  2011,	  2012;	  Boroughs 	  et	  al.,	  2005;	  2012;	  Ellis	  
et	  al.,	  2012)	  High	  whole-‐rock	  δ18O	  values 	  are	  for	   hydrated	  clay-‐altered	  rhyolite	  (5%	  H2O)	  and	  
the	  lowest	  values 	  are	  for	  the	  fresh	  upper	  rhyolite	  lava	  and	  its 	  feldspar	  phenocrysts.	  δ18Ofeldspar	   is	  
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Figure	  10-‐6.	  Lithologic	  log	  of	  the	  Kimberly	  sec>on,	  compiled	  by	  Lisa	  Morgan	  and	  W.C.	  Shanks	  during	  
drilling	  and	  supplemented	  with	  logging	  and	  interpreta>ons	  by	  E.	  Chris>ansen,	  M.	  McCurry,	  M.	  Branney,	  
T.	  Kno[,	  and	  T.	  Bolte.	  All	  rhyolites	  have	  phenocrysts	  of	  plagioclase,	  alkali	  feldspar,	  2	  pyroxenes,	  
magne>te,	  ilmenite,	  apa>te,	  and	  zircon.	  Rhyolite	  2	  has	  quartz	  in	  addi>on	  to	  these	  other	  phases.



magma;c,	   unaffected	   by	   low-‐T	   altera;on	   of	   the	   host	   groundmass 	   (glass 	   hydra;on	   or	  
phyllosilicate 	   genera;on).	   Quartz	   (higher	   than	   feldspar)	   and	   clinopyroxene 	   (lower	   than	  
feldspar)	  retain	  magma;c	  values 	  and	  frac;ona;ons	  with	  feldspar.	  A	  petrogene;cally	   important	  
temporal 	  decrease	  of	  δ18Ofeldspar	   (Figure	  10-‐7)	  gives 	  us	  addi;onal 	  leverage	  to	  explore	  the 	  origin	  
of	  the	  typically	  low	  δ18O	  of	  rhyolite 	  of	  the	  Central 	  SRP.	  The 	  data 	  indicate	  a 	  progressive	  recycling	  
of	  more	  hydrothermally	  altered	  material	  into	  the	  magmas	  that	  erupted	  to	  form	  the	  rhyolites.	  

Chemically,	  mineralogically,	  and	  isotopically,	  all	  of	  the	  rhyolite	  in	  the	  Kimberly	  core 	  is 	  similar	  
to	   other	   SRP	   rhyolites 	  and	  dissimilar	   to	   older	   rhyolites	   like	   those	  erupted	   from	   the	   Challis	  
volcanic	  field	  (52-‐48	  Ma)	  to	  the 	  north	  or	  to	  rhyolites	  from	  the 	  Basin	  and	  Range	  province	  (<21	  
Ma)	  to	  the	  south	  and	  east.
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Figure	  10-‐7.	  Paleomagne>c	   inclina>ons	  and	  composi>on	  of	   the	  rhyolites	  in	  the	  Kimberly	   core	  suggest	  
there	  are	  at	  least	   3	  erup>ve	  units	  in	  the	  core.	  Other	  units 	  may	  be	  found	  during	   detailed	  logging	   and	  
geochemical	  and	  paleomagne>c	  inves>ga>ons.	  Oxygen	  and	  hydrogen	  isotopic	  composi>ons	  show	  that	  
quartz,	  feldspar,	  and	   clinopyroxene	  have	   retained	  their	  magma>c	   values	  in	  spite	  of	   altera>on	  of	   the	  
groundmass.	  Feldspar	  (=magma>c)	  delta	  18O	  ranges	  from	  1‰	  (in	  Rhyolite	  3),	  to	  3‰	  (in	  Rhyolites	  1	  and	  
2).	  Note	  feldspar	  has	  same	  18O	  in	  the	  upper	  and	  lower	  parts	  of	  Rhyolite	  1,	  even	  though	  whole-‐rock	  O-‐
isotope	  ra>os	  systema>cally	  decline	  and	  H-‐isotope	  ra>os	  increase	  with	  depth.



Mountain	  Home	  

Lithology	   of	   the 	   Mountain	   Home	   site	   consists 	   of	   an	   upper	   basalt	   unit	   with	   minor	  
interbedded	   sediments 	  0-‐215	   meters 	  (0-‐705	   feet),	   overly	   interbedded	   sands	  and	  clays,	  with	  
minor	  gravels 	  and	  thin	  basalt	   layers	  from	  215-‐850	  meters	  (705-‐2800+	   feet).	   Coring	  the	  upper	  
215-‐599	   meters	  was 	  carried	   out	   with	   Lexan	   core	   barrel 	   liners 	  (HQ3)	   to	   facilitate	   sediment	  
recovery.	  The	  lower	  sec;on	  consists 	  of	  basalt,	   altered	  basalt,	  and	  basal;c	   “sandstone”,	   likely	  
derived	  from	  hydro-‐magma;c	  erup;ons	  (Figure	  10-‐8).	  

There	  are 	  four	  major	  units 	  below	  the 	  upper	  basalt	  layer	   in	  MH-‐2A.	  Unit	  1	  consists	  of	  sand,	  
sandy	  silt,	  and	  minor	  clay/gravel 	  intervals	  (215-‐456	  meters).	  Unit	  2	  is 	  very	  fine	  sands 	  (456-‐518	  
meters).	   The 	  sediment	   is 	  quite	  compacted	  and	  dense,	   not	  cemented	  to	  be 	  "sandstone",	   but	  
quite	  solid	  in	  the	  core.	  The	  en;re 	  unit	   is 	  quite	  uniform,	  coarse 	  lamina;on	  is 	  apparent	   through	  
the	  liner.	  Only	   thin	  intervals 	  of	  this 	  otherwise	  uniform	  sand	  unit	  consist	  of	  finer	  clayey	  silt	  (e.g.,	  
492-‐495	  meters).	  The	  bo3om	  of	  this 	  unit	  may	  be	  placed	  at	  518	  meters,	  where	  there 	  is	  a 	  ship	  to	  
medium	  sand	  and	  coarse 	  sand,	  all 	  quite	  well 	  sorted.	  Unit	  3	  consists 	  of	  coarse	  sand,	  compacted	  
but	  not	  cemented	  (518-‐	   552	  meters).	   Below	  524	  meters	  this 	  coarse 	  sand	  contains 	  abundant	  
basalt	   clas;c	   grains,	   and	  there	  are	  three 	  layers 	  of	  basalt,	   each	  about	   30	  cen;meters 	  thick	  at	  
529,	   543,	   and	   545	   meters	   (all 	  depths 	   are	   below	   rotary	   table,	   which	   was	   2	   meters 	   above	  
ground).	  At	  about	  552	  meters,	  there	  is 	  a 	  sharp	  change 	  from	  coarse	  sands 	  of	  Unit	  3	  to	  fine	  clayey	  
silt,	   this 	   is	   the	   top	   of	   Unit	   4	   (552-‐599	   meters 	  depth).	   Unit	   4	   is 	   remarkably	   uniform	   -‐	   fine	  
laminated	  clayey	  silt	  all	  the	  way	  to	  the	  bo3om	  of	  Hole	  1A.	  

Coring	  of	  the	  new	  drill 	  hole,	  MH-‐2B,	  began	  on	  1	  October	  2011,	  and	  was 	  rotary	  drilled	  to	  a	  
depth	  of	  619	  m,	   when	  coring	  was 	  renewed.	   DOE	   funded	  drilling	  stopped	  at	  midnight	   on	  15	  
October	  2011,	  at	  total 	  depth	  of	  838	  meters 	  below	  the	  surface.	  Con;nued	  drilling,	  supported	  by	  
the	  U.S.	  Air	   Force,	  reached	  a	  total	  depth	  of	  1812	  m.	   An	  artesian	  aquifer	  was 	  encountered	  at	  
1745	  m	  depth,	  with	  a	  temperature	  of	  ≥140C.	  

Lithologic	   units 	  in	  cored	   interval	  of	  MH-‐2B	  (>619	  m	  depth)	   include	  lacustrine	  sediments,	  
altered	  basalts,	  and	  basal;c	   sandstones	  (Figure	  10-‐12).	   Lacustrine	  sediments	  extend	  from	  619	  
m	  to	  ~738	  m	  depth,	  where	  a 	  30	  m	  thick	  interval 	  of	  basalt	   is 	  encountered.	  This 	  is 	  followed	  by	  
sedimentary	   intervals 	  of	  mixed	  sand,	  clay,	   and	  breccia 	  (768-‐853	  m;	   898-‐957	  m;	  1120-‐1155	  m)	  
alterna;ng	  with	  basalt	   flows	  (853-‐898	  m;	   957-‐1120	   m;	   1155-‐1211	   m).	   Below	   this 	  is 	  a 	  thick	  
sec;on	  of	  basal;c	   sandstone	  or	  hyaloclas;te,	  which	  extends	  from	  1211	  m	   to	  1542	  m	  depth	  
(Figure	  10-‐12).	   This 	  greenish-‐black	   basal;c	   sandstone 	  is 	  composed	  of	   granular	   fragments 	  of	  
altered	  basalt,	  1-‐3	  mm	  diameter,	  that	  are 	  ;ghtly	  packed	  together	   form	  a 	  rock	  that	  resembles	  
basalt	  but	  is	  much	  less	  dense.	  Fracturing	  and	  mineral	  veins	  are	  rare.	  
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Below	   1542	   m	   the	   sec;on	   consists 	   of	   highly	  
altered	   and	   mineralized	   basalt.	   Altera;on	  
phases 	   include 	   smec;te,	   chlorite,	   calcite,	   and	  
laumon;te.	   Ore	   minerals 	   include	   pyrite	   and	  
chalcopyrite.	   Mineralized	   breccia 	   is	   common,	  
with	   calcite	   forming	   the	   dominant	   secondary	  
phase	   cemen;ng	   the	   angular	   fragments	  
together.	  We	  infer	  that	  these	  are	  hydrothermal	  
explos ion	   brecc ias 	   formed	   when	   the	  
geotherma l	   sys tem	   was 	   a t	   a	   h igher	  
temperature	   than	   today,	   as 	   documented	   by	  
fluid	  inclusion	  temperatures	  in	  calcite.	  

Core	   recovery	   in	   the	   ac;ve 	  flow	   zone	   of	   the	  
geothermal	   system	   was	   less 	   than	   50%,	  
indica;ng	   large	  aperture	  fractures 	  that	  exceed	  
the	  diameter	  of	  the	  NQ	  core	  samples.	  
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Figure	   10-‐8.	   Combined	   lithologic	   log	   for	   Mountain	  
Home	   wells	   2A	   and	   2B.	   Depth	   in	   feet.	   Below	   upper	  
basalt	  (700’	  thick),	  ~2100’	  of	  lacustrine	  sediment	  with	  
minor	   basalt	   intercala>ons.	   From	   2800’	   to	   4000’	   is	  
largely	   basalt,	   followed	   by	   basalt	   hyaloclas>tes	  
(volcanic	   brecc ias)	   and	   basal>c	   sandstone	  
(~4000’-‐5000’).	   Lower	   900’	   is	  hydrothermally	   altered	  
basalt.	  
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ABSTRACT

Low	   temperature	   and	   hydrothermal	   altera1on	   of	  wallrock	   in	   geothermal	   areas	   produces	  
mineral	   assemblages	   that	   reflect	   ambient	   temperatures	   and	   pressures	   during	   geothermal	  
altera1on	  of	  volcanic	  rocks	  and	  volcanogenic	  sediments.	  These	  mineral	  assemblages	  allow	  us	  to	  
reconstruct	  the	  thermal	  history	  of	  the	  rocks	  and	  their	  response	  to	  elevated	  temperatures.	  

We	  have	  carried	  out	  detailed	  X-‐ray	  diffrac1on	  analysis	  of	  phyllosilicates	  in	  the	  Kimama	  and	  
Mountain	   Home	   drill	   cores.	   The	   Kimama	   core	   is	   characterized	   by	   the	   onset	   of	   groundmass	  
smec1te	  altera1on	  at	   about	   963	  m	  depth,	  which	   corresponds	   to	   an	   inflec1on	   in	   the	   thermal	  
gradient	  from	  essen1ally	  isothermal	  (~16ºC)	  and	  convec1ve,	  to	  conduc1ve	  with	  a	  steep	  gradient	  
of	  ~75C/km	  below	  980	  m	  depth.	  We	  infer	   that	   the	  onset	   of	  smec1te	  altera1on	  seals	   fracture	  
and	  microfracture	  porosity	  below	  980	  m,	  which	  thus	  forms	  the	  effec1ve	  base	  of	  the	  Snake	  River	  
aquifer.	  

The	  Mountain	   Home	  drill	   core	   contains	   a	  50m	   thick	   zone	  of	   corrensite	   (R1	   mixed-‐layered	  
chlorite/smec1te)	   at	   around	   1750	   m	   overlain	   and	   underlain	   by	   smec1te-‐bearing	   altera1on	  
assemblages.	  The	  top	  of	  the	  corrensite	  zone	  corresponds	  to	  a	  region	  of	  increased	  fracturing	  and	  
hot	   water	   under	   artesian	   pressure,	   sugges1ng	   that	   the	   corrensite	   is	   related	   to	   the	   increased	  
fluid	  flow,	  and/or	   the	  composi1on	   the	  hydrothermal	  fluids	  at	  that	  depth.	  The	  Mountain	  Home	  
Core	   allows	   the	   study	   of	   whether	   the	   transi1on	   from	   smec1te	   to	   corrensite	   is	   con1nuous	  
(involving	   intermediate	   random	   interstra1fica1ons	   of	   different	   percentages	   of	   chlorite	   and	  
smec1te	  layers)	  or	  discon1nuous,	  changing	  from	  discrete	  smec1te	  to	  discrete	  corrensite	  with	  no	  
intermediate	  phases.
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INTRODUCTION	  

A	   detailed	   understanding	   of	   the 	   clay	   minerals 	   formed	   by	   hydrothermal 	   alteraEon	   will	  
document	   the	   thermal	   history	   of	   the 	   water	   that	   comprises 	   this 	   system.	   X-‐ray	   diffracEon	  
spectrometry	   is 	  the 	  primary	  method	  used	  by	  mineralogists 	  to	  idenEfy	  and	  quanEfy	  clay	  mineral	  
analyses.	   Because	   clay	   minerals 	  are	   typically	   very	   fine	   grained,	   and	  may	   form	   interlayered	  
structures 	  with	  other	  phyllosilicates,	  opEcal 	  and	  micro-‐analyEcal 	  methods 	  are	  less 	  useful 	  than	  
for	  other	  mineral 	  species.	  Clay	  minerals	  form	  typically	  at	  low	  temperatures 	  and	  pressures	  from	  
pre-‐exisEng	   high-‐temperature	   phases 	  (e.g.,	   feldspar,	   pyroxene,	   or	   glass),	   but	   the	   types 	  and	  
structures 	  of	   the 	  clay	  minerals 	  are 	  themselves 	  controlled	  in	  part	   by	   formaEon	   temperatures	  
and	   circulaEng	   hydrothermal 	  fluids.	   The 	  transiEon	   in	   structural 	  order-‐disorder	   from	   low	   to	  
higher,	  and	  from	  simple 	  clays	  to	  mixed	  layer	  clay	  or	  mixed	  layer	  phyllosilicates,	  is 	  also	  a 	  funcEon	  
of	  formaEon	  temperatures	  and	  fluids.

ANALYSIS	  OF	  CLAY	  MINERALOGY	  AT	  KIMAMA	  

Samples 	  were 	  collected	   from	   the 	  Kimama 	  drill 	  core	   every	   45	   meters,	   for	   a	   total 	  of	   42	  
samples 	  throughout	  the	  depth	  of	  the 	  borehole.	  Ten	  addiEonal 	  samples 	  were	  taken	  from	  splits	  
prepared	  for	  whole	  rock	  XRF	  analysis,	   between	  the	  depth	   interval 	  from	  917	  to	  1,038	  meters.	  
These	  samples 	  were	  chosen	  because	  preliminary	   analysis	  showed	  that	   this	  interval	  contained	  
the	   transiEon	   from	   basalts 	   with	   relaEvely	   fresh	   groundmass 	   to	   basalts 	   with	   clay	   in	   the	  
groundmass.	  Finally,	  eighteen	  samples 	  were 	  collected	  from	  vesicles 	  using	  the 	  picks 	  and	  dental	  
tools	  method.	  In	  all,	  seventy	  samples	  were	  examined	  for	  this	  study.

Data	  Acquisi@on	  and	  Methodology	  

Samples 	  were	  powdered	  using	  standard	  methods.	  Bulk	  whole	  rock	  powders 	  were	  scanned	  
to	   determine	  overall	  mineralogy	   and	   to	   detect	   presence	   or	   absence	   of	   clay	   minerals.	   Clay	  
separates 	  were 	  prepared	  for	   detailed	  clay	   analyses 	  using	   gravity	   se^ling.	   Each	  clay	   separate	  
slide 	  goes	  through	  a 	  three-‐step	  treatment	  process,	  with	  an	  X-‐ray	  diffracEon	  run	  a`er	  each	  step.	  
Step	  one	  consists 	  of	   being	   exposed	  to	  room	  temperature	  atmosphere.	   Step	   two	  consists 	  of	  
exposing	   the	   samples	   to	  ethylene	  glycol 	  vapor	   at	   60°C	   for	   24	   hours.	   Step	   three 	  consists	  of	  
heaEng	  the	  sample	  to	  500°C	  for	  two	  hours.

X-‐ray	  diffracEon	  analyses	  at	  Utah	  State 	  University	  were	  carried	  out	  on	  a 	  PANalyEcal	  X'Pert	  
Pro	   X-‐Ray	   Diffractometer	   (XRD).	   Twenty-‐two	   randomly	   oriented	   whole-‐rock	   powders 	  were	  
analyzed	  with	  scanning	  parameters 	  of	  2°	  2Ө/min	  from	  3	  to	  33°,	  1°	  slit	  size,	  and	  20	  mm	  window;	  
all 	  scans	  were	  run	  using	  CuKα	   radiaEon	  at	   45kV	   and	  40mA.	  Clay	   separates 	  were 	  analyzed	  at	  
0.25°	   2Ө/min	  with	  0.5°	   slit	   size	  and	  a	  10	   mm	  window.	   Four	   samples	  (1234,	   1396,	  1676,	   and	  
1798	  m)	  were	  analyzed	  at	  Vassar	  College	  using	  a 	  Seimens	  D-‐5000	  theta:2-‐theta 	  diffractometer	  
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at	  40kV	  and	  30mA	  with	  a 	  0.5°	   slit	   size.	   Samples	  were	  run	  with	  a 	  0.02	   step	  size 	  at	  1°	   2Ө	   per	  
minute	  from	  0°	  to	  35°	  2Ө.	  

Results	  of	  Analysis	  of	  Mineralogy	  Data	  

Whole-‐Rock	  Powders

Twenty-‐two	   whole-‐rock	   powders 	   were	   analyzed	   using	   X-‐ray	   diffracEon.	   None	   of	   the	  
samples 	  above	  963	   m	  have 	  clay	   peaks	  present	   (Figure	  11-‐1).	   Between	  963	   m	   and	   1,038	  m,	  
about	  half	   the 	  bulk	   rock	  samples 	  display	   prominent	   clays 	  peaks.	   All 	  samples 	  below	   1,038	  m	  
have	  a	  low-‐angle	  clay	  peak	  present	  below	  10°	  2Ө.	  

Nine	   samples 	   were 	   selected	   for	   clay	   separate 	   analyses.	   Random	   powder	   mounts 	   and	  
oriented	  clay	  mounts 	  were 	  analyzed	  at	  both	  Utah	  State	  University	   (USU)	  campus 	  and	  at	  Vassar	  
College.	   All 	  of	   these	   samples 	  were	   taken	   below	   1,038	   m	   because 	   that	   is 	   the 	  approximate	  
locaEon	  where 	  clays	  become	  abundant	   enough	   to	  collect	   a	  sufficient	   clay	   for	   X-‐ray	   analysis.	  
Four	  representaEve	  samples	  are	  discussed	  here	  (Figure	  11-‐2).	  
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Figure	  11-‐1.	  Whole	  rock	  X-‐ray	  diffracBon	  scans	  for	  clay	  peaks	  reveal	  no	  significant	  clay	  
alteraBon	  in	  samples	  above	  965	  m	  depth.	  



Sample	  1042	  m	  is 	  from	  a	  non-‐authigenic	  sedimentary	   interbed.	  This	  sample	  is 	  not	  a 	  classic	  
smecEte	  example,	  but	  does 	  contain	  smecEte	  derived	  from	  surface 	  sediments.	  Sample	  1084	  m	  is	  
from	  a 	  vesicular	  secEon	  of	  a	  basalt	  flow;	  it	  is	  an	  example 	  of	  authigenic	  Fe-‐rich	  smecEte.	  Sample	  
1311	   m	   is 	  from	   a 	  massive 	  secEon	  of	   a 	  basalt	   flow	  that	  was 	  fractured	  and	   then	   sealed	  with	  
mineralizaEon.	   This 	  sample	  contains 	  smecEte	  in	  the	  matrix	   of	  the	  whole-‐rock	  as 	  opposed	  to	  
only	   in	  vesicle 	  fillings.	  Sample 	  1471	  m	  is	  from	  vesicle 	  fillings.	  This 	  clay	  is 	  the	  same	  brown	  hue 	  as	  
sample	  1042	  m	  that	  was	  sampled	  from	  a 	  sedimentary	  interbed.	  The	  data 	  show	  much	  the	  same	  
results	  as	  in	  sample	  1042	  m,	  suggesEng	  it	  is	  a	  non-‐authigenic	  smecEte	  that	  infiltrated	  the	  flow.

Clay	  Mineral	  Structural	  Modeling

SmecEte	   clay	   minerals 	   with	   different	   defect-‐free 	   distances 	   were	   modeled	   using	   the	  
NEWMOD	  so`ware	  with	  the	  objecEve	  to	  determine	  the 	  degree	  or	  quality	  of	  crystallinity	  of	  the	  
smecEte	  clay.	  We	  modeled	  one	  type	  of	  clay	  with	  two	  slight	  variaEons.	  Both	  clays 	  modeled	  are	  a	  
glycolated	  Fe-‐rich	  dioctahedral 	  smecEte.	   The	  only	   difference	  between	  the	  two	  models 	  is 	  the	  
amount	  of	  defect	  broadening,	  or	  the 	  value 	  of	  N.	  The 	  first	  sample	  modeled,	  with	  low	  values 	  of	  N,	  
was	  modeled	  with	  a 	  mean	  N	   of	   1	   (no	  perfect	   staking)	   and	  high	  N	   of	   5.	   The	  second	  sample	  
modeled	  uses	  higher	  values	  of	  N,	  with	  a	  mean	  value	  of	  2.5,	  and	  a	  high	  value	  of	  12.
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Figure	   11-‐2.	   X-‐ray	   diffracBon	   paQerns	   in	   low	   2-‐theta 	   range	   for	   samples	   below	   base	   of	   aquifer.	  
Prominent	  clay	   peaks	  in	  all.	  Scans	  1042	  m	  and	  1471	  m	  are	  dioctahedral	  smecBtes,	  scans	  at	  1084	  and	  
1311	  m	  depth	  are	  trioctahedral	  smecBtes.	  



The	  low-‐N	  model	  has 	  a 	  broader,	  less 	  intense 	  peak	  with	  a 	  Full	  Width	  Half	  Maximum	  (FWHM)	  
value	  of	  1.5°	  2Ө.	  The	  sample	  modeled	  with	  low	  values 	  of	  N	  look	  very	  similar	  to	  sample	  1234	  m,	  
suggesEng	  that	  sample	  1234	  m	  contains	  an	  Fe-‐rich	  dioctahedral 	  smecEte.	  The	  high	  N	  model 	  has	  
a 	  high	  narrow	  peak	  with	  a 	  FWHM	   raEo	  calculated	  as 	  0.7°	   2Ө.	   The	  sample	  modeled	  with	  high	  
valued	  of	  N	  looks	  very	   similar	   to	  sample	  1798	  m,	   suggesEng	  that	   sample	  1798	  m	  is 	  a 	  Fe-‐rich	  
dioctahedral	  smecEte	  with	  a	  larger	  defect-‐free	  distance	  than	  sample	  1234	  m.

The	  implicaEons 	  of	  defect	   broadening	  are 	  very	   apparent	   in	  the	  FWHM	  measurements.	  A	  
decrease	  from	  a 	  mean	  of	  2.5N	  to	  a 	  mean	  of	  1N	  more	  than	  doubles 	  the	  peak	  width	  at	  half	  the	  
max	   height	   from	  0.7°	   to	  1.5°	   2Ө.	  Clays	  with	  a	  high	  degree 	  of	   crystallinity	   (high	  N)	  are	  found	  
deeper	  in	  the 	  hole,	  and	  likely	  represent	  higher	  ambient	  temperatures 	  than	  less	  crystalline	  clays.	  
Measuring	   the	   FWHM	   raEos	  and	   also	  using	   a 	  visual 	  peak	  width	   comparison,	   this 	  modeling	  
technique	  can	  help	   determine 	  the	  crystallinity	   quality,	   and	   thereby	   give	   some	  indicaEon	  of	  
temperature	  at	  the	  Eme	  of	  formaEon.

DISCUSSION:	  KIMAMA	  

Three	  main	  observaEons 	  highlight	  the	  base	  of	  the	  aquifer	  on	  the	  axial	  volcanic	  zone	  of	  the	  
Snake	  River	  Plain.	  The 	  first	  signs 	  of	  alteraEon	  occur	  around	  960	  m	  depth	  when	  clays 	  first	  begin	  
to	  appear	  as 	  vesicle	  linings.	  The	  color	  of	  the 	  core	  remains 	  a 	  light	  grey	  color,	  then	  a 	  sudden	  color	  
change	  occurs	  at	  1,020	  m	  depth.	  The	  color	  changes 	  from	  light	  grey	   to	  green	  due	  to	  alteraEon,	  
the	  vesicles	  begin	  to	  be 	  filled	  with	  clay	   and	  other	  minerals,	   including	  hydrothermal 	  minerals	  
such	  as 	  zeolites.	   Second,	  the 	  temperature 	  log	  data 	  exhibits 	  a 	  major	  change	  in	  the	  geothermal	  
gradient	  in	  the	  Kimama	  borehole 	  at	  960	  m	  depth.	  The	  geothermal 	  gradient	  changes	  from	  4.5	  to	  
75.5	  °C/km	  indicaEng	  that	  the	  aquifer	  is	  not	  present	  below	  960	  m.	  Third,	  the	  mineralogical 	  data	  
suggest	  that	  smecEte	  clay	  appears	  in	  the 	  basalt	  groundmass 	  just	  below	  960	  m.	  The 	  presence	  of	  
clay	  in	  the	  basalt	  groundmass 	  causes	  pore	  spaces	  to	  be	  clogged	  and	  the	  smecEte 	  clay	  provides	  
an	  explanaEon	  for	  lack	  of	  convecEve	  transport	  below	  960	  m.	  

We	  suggest,	  based	  on	  these	  data,	  that	  the	  base	  of	  the	  aquifer	  on	  the	  axial 	  volcanic	  zone	  of	  
the	  SRP	  at	  Kimama	  is 	  ~960	  m	  below	  the	  surface.	  Compared	  with	  esEmated	  depths	  of	  500	  m	  or	  
less	  at	  the	  INL	  (Smith,	  2004),	  the	  thickness	  of	  the	  aquifer	  on	  the	  axial 	  zone	  at	  Kimama 	  is 	  much	  
greater	  than	  previously	   suspected.	  The 	  major	  boundary	  between	  unaltered	  basalts 	  and	  altered	  
basalts	  begins 	  at	   960	  m.	   It	   is 	  at	   this	  depth	  which	  the	  temperature 	  inflecEon	  is 	  located,	  when	  
smecEte	  clay	  begins 	  to	  clog	  the	  pore 	  spaces	  in	  the	  rock,	  and	  secondary	  mineralizaEon	  begins 	  to	  
occur.	  Below	  1,020	  m	  the 	  basalts 	  show	  signs	  of	  alteraEon	  such	  as	  a 	  color	  change,	  vesicle	  filling,	  
and	  other	   secondary	   mineralizaEon,	   along	  with	  prominent	   smecEte 	  peaks	   in 	  clay	   separates	  
(Figure	  11-‐3).

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  Utah	  State	  University

11-5



Dioctahedral 	  clays	  are	  commonly	  found	  in	  sedimentary	  rocks	  and	  form	  from	  the 	  weathering	  
of	   K-‐feldspars.	   Dioctahedral 	   smecEtes,	   with	   increasing	   temperature,	   convert	   to	   illite.	   The	  
included	  models 	  suggest	  that	  two	  of	  the	  samples 	  (1234	  and	  1798	  m)	  that	  do	  not	  have	  a 	  heated	  
smecEte	  peak	   are	  dioctahedral 	  smecEte.	   Therefore,	   it	   can	  be	  assumed	  that	   all	  samples 	  that	  
contain	  smecEte	  peaks	  in	  the	  air-‐dried	  and	  glycolated	  lines,	  but	  do	  not	  have	  a 	  heated	  peak	  at	  
10	  Å	  are	  dioctahedral 	  smecEtes.	  The	  samples 	  1042,	  1234,	  1471,	  1676,	  1798,	  and	  1829	  m	  may	  
be	   interpreted	   as 	  dioctahedral	   smecEtes.	   Samples 	  1042	   and	   1234	  m	  were	  samples 	  a 	  short	  
distance	  from	  sedimentary	  interbeds	  so	  it	  is	  expected	  that	  they	  are	  dioctahedral.

Trioctahedral	  clays 	  are 	  derived	  from	   the 	  weathering	  of	  mafic	  minerals 	  such	  as	  pyroxene,	  
olivine,	  and	  basalEc	  glass.	  With	  increasing	  temperature	  and	  pressure	  trioctahedral 	  clays	  convert	  
to	  chlorite 	  instead	  of	   illite.	  X-‐ray	   diffracEon	  data 	  reveal 	  that	  sample	  1396	  m	  is 	  a 	  trioctahedral	  
smecEte.	   Sample	  1396	  m	  has 	  a 	  heated	  clay	  peak,	  whereas,	   the	  dioctahedral 	  samples 	  do	  not.	  
Therefore,	  we	  assume	  that	  all 	  the 	  samples 	  with	  a 	  10	  Å	  peak	  in	  the	  heated	  line	  are 	  trioctahedral.	  
The	  samples	  1084,	  1311,	  and	  1396	  m	  may	  be	  interpreted	  as	  trioctahedral	  smecEtes.

Johnston	   (1983)	   suggests	   that	   above	   90°	   C	   smecEte	   begins 	   to	   become	   unstable	   and	  
converts	  to	  illite.	  No	  mixed-‐layer	   clays	  of	   smecEte/illite	  or	   smecEte/chlorite 	  were	  observed.	  
Therefore,	   the 	  temperatures 	  since	  the 	  formaEon	  of	  the	  present	  smecEte 	  clays 	  present	   in	  the	  
basalt	  has 	  remained	  below	  90°	  C.	  This	  is 	  consistent	  with	  observed	  temperature 	  gradient	  in	  the	  
Kimama	  well,	  which	  projects	  to	  a	  bo^om	  hole	  temperature	  of	  about	  90-‐92ºC.	  
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Figure	  11-‐3.	  Prominent	  clay	  paQern	  in	  XRD	  scan	  of	  clay	  separate	  from	  1676	  m	  depth.	  



ANALYSIS	  OF	  CLAY	  MINERALS	  IN	  MOUNTAIN	  HOME	  2A-‐2B	  

The	  Mountain	  Home	  drill 	  core	  contains	  a 	  50	  m	  thick	  zone	  of	  corrensite	  (R1	  mixed-‐layered	  
chlorite/smecEte)	   at	   around	   1750	   m	   overlain	   and	   underlain	   by	   smecEte-‐bearing	   alteraEon	  
assemblages.	  The 	  top	  of	  the	  corrensite	  zone	  corresponds 	  to	  a	  region	  of	  increased	  fracturing	  and	  
hot	  water	   under	  artesian	  pressure,	   suggesEng	   that	   the	  corrensite 	  is 	  related	  to	  the 	  increased	  
fluid	  flow,	  and/or	  the	  composiEon	  the 	  hydrothermal	  fluids	  at	  that	  depth.	  The	  Mountain	  Home	  
Core	   allows	   the 	  study	   of	   whether	   the	   transiEon	   from	   smecEte	   to	   corrensite 	   is 	  conEnuous	  
(involving	   intermediate 	   random	   interstraEficaEons	   of	   different	   percentages 	  of	   chlorite	   and	  
smecEte	  layers)	  or	  disconEnuous,	  changing	  from	  discrete	  smecEte	  to	  discrete	  corrensite	  with	  
no	  intermediate	  phases.	  Discon1nuous	  and	  con1nuous	  models	  suggest	  different	  hydrothermal	  
regimes,	   and	   discerning	   between	   them	  will	   help	   to	   decipher	   the	  history	   of	   the	   hydrothermal	  
system.

Data	  Acquisi=on	  and	  Methodology	  

X-‐ray	   diffracEon	   analyses 	   were 	   performed	   at	   Vassar	   College	   using	   a	   Bruker	   Ө:Ө	  
diffractometer	   at	  30kV	  and	  10mA	  with	  a 	  0.6°	   incident	   beam	  slit	   size.	   Samples	  were	  rouEnely	  
run	  with	  a 	  0.1	   step	  size 	  and	  a	  count	   Eme	  ranging	  from	  1	   to	  4.0	   sec/step	  from	  2°	   to	  35°	  2Ө.	  
Twenty-‐two	  samples 	  from	  between	  750m	  and	  1800m	  (2460-‐5900	  feet)	  depth	  were 	  analyzed	  as	  
randomly	   oriented	  <250	   µm	  powders.	   From	   these,	   8	  were	  chosen	  to	  create	  <2µm	   oriented-‐
grain	  mounts 	  to	  be	  Ca-‐saturated,	  and	  analyzed	  air-‐dried	  and	  a`er	  exposure	  to	  ethylene	  glycol	  
vapor	   at	   60°C	   for	   24hr.	   The	   oriented-‐grain	   diffracEon	   pa^erns	   were	   modeled	   using	   the	  
computer	   so`ware	  NEWMOD	  to	  ascertain	   stacking	   sequence,	   layer	   composiEon,	   and	  degree	  
and	  nature	  of	  disorder.

Data	  Analysis	  

Preliminary	   results	   indicate 	   that	   from	   760	   m	   to	   1750	   m	   depth	   (~2500-‐5800	   feet),	   the	  
predominant	   tri-‐octahedral	   clay	   mineral 	  is	   smecEte,	   most	   likely	   saponite,	   that	   increases 	   in	  
diffracEng	  domain	  size	  with	  depth.	  From	  1750	  m	   to	  1800	  m	  depth	  (~5800	  to	  5900	   feet)	  the	  
predominant	   clay	   mineral	   is	  corrensite,	   a 	  50:50	   R1	  mixture	  of	   chlorite:smecEte	  (C/S).	   Below	  
1800	  m,	  smecEte 	  is	  again	  present.	  Eight	  samples 	  were	  selected	  for	   further	   study:	   2	   smecEte-‐
rich	  samples	  above	  the	  corrensite 	  zone,	  one 	  smecEte-‐rich	  sample 	  below	  it,	  and	  5	  in	  or	  near	  the	  
corrensite 	  zone.	  The	  <2um	  fracEon	  was 	  separated,	   saturated	  with	  Ca2+	   using	  0.1N	  CaCl2,	  and	  
analyzed	   in	  oriented	   powder	   mounts 	  both	  air-‐dried,	   and	  solvated	  with	   ethylene	  glycol.	   The	  
pa^erns	  were	  modeled	  with	  NEWMOD	  to	  study	   the	  nature	  of	   interstraEficaEons,	   as 	  well	  as	  
changes	  in	  diffracEng	  domain	  size.	  
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Results	  of	  Analysis	  of	  Clay	  Minerals	  

The	   isolated	   occurrence	  of	   corrensite	   in	   a 	  smecEte-‐dominated	   alteraEon	   assemblage	   is	  
shown	  in	  the	  representaEve	  random	  powder	  XRD	  analyses 	  in	  Figure 	  11-‐4.	  DiffracEon	  pa^erns	  
of	  oriented	  mounts	  studied	  a`er	  calcium-‐saturaEon	  and	  glycolaEon	  are	  shown	  in	  Figure	  11-‐5.	  

The	  shallowest	   two	  samples 	  (Figure 	  11-‐5;	   762	  m	  and	  1650	  m)	  have 	  one 	  major	   low	  angle	  
peak	  at	  ~16.9Å	  indicaEng	  the	  presence	  of	  smecEte.	  Between	  1752m	  and	  1793m,	  however,	  the	  
presence 	  of	   the	   peak	   at	   ~30Å	   indicates	   the	   presence	   of	   corrensite.	   The	   deepest	   of	   these	  
samples 	  (1793m)	  is	  pure	  corrensite,	  whereas 	  the 	  others	  have	  both	  corrensite 	  and	  smecEte,	  and	  
there	   is 	  a 	   suggesEon	   that	   the 	   amount	   of	   smecEte 	   (esEmated	   by	   the 	   size	   of	   the 	  smecEte	  
shoulder	   at	   ~17Å	   relaEve 	  to	   the 	  adjacent	   corrensite 	  peak)	  decreases 	  with	   increasing	  depth.	  
Pure	  smecEte	  again	  dominates	  the	  clay	  fracEon	  below	  the	  corrensite	  zone	  (sample	  1807	  m).	  

These	   trends	   match	   the	   random	   powder	   results	   (Figure	   11-‐4)	   but	   also	   show	   that	   the	  
corrensite 	  zone	  is	  complicated	  by	  the	  coexistence	  of	  corrensite	  and	  smecEte.	  The	  sharp	  peak	  at	  
~9.5Å	  in	  sample	  1752	  m	  is	  interpreted	  to	  laumonEte.	  
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1790m

762m 1270m

1807m

Figure	  11-‐4	  Four	  representaBve	  diffracBon	  paQerns	  for	  random	  powder	  mounts.	  762m,	  
1270m,	  and	  1807,	  all	  indicate	  smecBte.	  1790m	  is	  different	  and	  the	  paQern	  suggests	  corrensite.



Of	  the 	  three	  samples 	  that	  are	  pure	  smecEte	  (762m,	  1555m,	  and	  1807m)	  the 	  sharpness 	  of	  
the	   ~17Å	   peak	   increases 	   with	   depth.	   NEWMOD-‐modeled	   changes 	   of	   Full 	   Width	   at	   Half	  
Maximum	  (FWHM	  or	  β)	  show	  that	  the	  mean	  defect-‐free	  distance 	  (δ)	  of	  the 	  smecEte	  increases	  
with	  depth	  from	  1.5	  unit	  cells	  near	  the	  surface 	  to	  10	  unit	  cells 	  at	  the	  bo^om	  of	  the	  core 	  (Table	  
11-‐1).	  
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Figure	  11-‐5a	  SmecBte	  and	  laumonBte	  peaks	  in	  MH-‐2b	  core

Figure	  11-‐5b.	  Corrensite	  peaks	  in	  MH-‐2b	  core.



X-‐ray	  diffracEon	  studies 	  of	  vein	  fillings 	  done	  at	  Utah	  State 	  University	   and	  the 	  University	  of	  
Utah	  have 	  also	  documented	  the	  occurrence	  of	  the	  Ca-‐zeolite 	  laumonEte	  at	  ~1750	  m	  depth,	  as	  
clear,	  sparry	  crystals 	  coaEng	  fracture 	  surfaces	  in	  large	  aperture	  open	  vugs,	  underlain	  by	  the 	  C/S	  
phase	  corrensite.	   The	  occurrence	  of	   laumonEte	  implies 	  temperatures	  of	  <200-‐220ºC.	   This	  is	  
consistent	   with	   fluid	   inclusion	   data	   from	   calcite	   that	   document	   an	   early	   high-‐temperature	  
inclusion	  group	  (T≈195ºC)	  and	  a	  later	  low-‐temperature	  inclusion	  group	  (T≈160ºC).	  

Depth	  (m) Measured	  FWHM	   Modeled	  ∂ Modeled	  FWHM

762 1.26 1.5 1.26

1555 0.281 7 0.28

1807 0.241 10 0.24

DISCUSSION

Forma=on	  of	  Smec=te

The	  occurrence 	  of	   smecEte 	  throughout	   the 	  core	  may	   be	  a 	  result	   of	   different	   processes	  
acEng	  at	  different	  levels	  in	  the 	  secEon.	  SmecEte 	  may	  be	  a 	  weathering	  product	  of	  the	  volcanic	  
rocks 	  formed	  by	  exposure	  to	  the 	  atmosphere	  in	  the	  interim	  between	  erupEon	  of	  lava	  flows.	  In	  
hyaloclasEc	   beds,	   volcanic	   glass 	   may	   transform	   to	   smecEte 	   at	   low	   temperatures 	   by	  
palagoniEzaEon	  (Drief	   and	  Schiffman,	   2004)	  or	   biological 	  processes	  (Walton,	   2008).	  Whereas	  
smecEte	   in	   the	   deepest	   samples	   could	   be	   formed	   by	   low-‐temperature	   mechanisms,	   its	  
proximity	   to	   the	  artesian	   zone	   suggests	  that	   may	   be 	  a	  high-‐temperature	  alteraEon	   product	  
formed	  from	  super-‐saturated	  fluids	  in	  a	  zone	  of	  high	  fluid:rock	  raEo	  (Rigault	  et	  al.,	  2010).	  

Con=nuous	  vs	  Discon=nuous	  Smec=te	  to	  Corrensite	  Transi=on	  

The	   data	   show	   an	   abrupt	   appearance	   of	   the	   d001	   corrensite	   peak	   at	   ~31Å,	   with	   a	  
corresponding	   basal 	   series 	   of	   peaks.	   This 	   peak	   will 	   not	   appear	   unless	   an	   ordered	   (R1)	  
interstraEficaEon	  of	  14Å	  chlorite 	  layers 	  and	  17Å	  smecEte	  (glycol)	   layers 	  is 	  present.	   If	  R0	   C/S	  
formed	  as 	  a 	  precursor	  to	  the 	  corrensite,	  we	  would	  expect	  to	  see	  a	  change	  in	  the	  broadening	  of	  
the	  smecEte	  (001)	  peak	  as 	  chlorite 	  layers 	  randomly	   interspersed	  in	  the 	  smecEte	  break	  up	  the	  
diffracEon	  conEnuity	   of	  the	  crystallite.	   Instead,	  FWHM	  values 	  decrease 	  and	  modelled	  defect-‐
free	  distances	  increase	  with	  depth	  for	   smecEte,	   suggesEng	   the	   formaEon	   of	   larger	   smecEte	  
diffracEng	  domains.	  These 	  results 	  suggest	  that	   the	  transformaEon	  of	  smecEte	  to	  corrensite	  in	  
the	  MH-‐2	  core	  is,	   in	  general,	  a 	  disconEnuous 	  process 	  with	  few	  or	  no	   intermediate,	   randomly	  
interstraEfied	  phases.
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Table	  11-‐1	  Modeled	  and	  measured	  FWHM	  (β)	  and	  defect-‐free	  distance	  (δ).	  With	  depth	  the	  measured	  
value	  of	  smecBte	  β	  increases.	  The	  model	  of	  this	  increase	  has	  a	  corresponding	  	  increase	  for	  δ	  values.



Corrensite-‐forming	  Reac=ons	  and	  Condi=ons	  

The	  reacEon	  of	  smecEte	  to	  form	  less 	  expandable	  minerals 	  such	  as 	  corrensite	  or	  chlorite	  can	  
be	  iniEated	  in	  volcanic	  rocks	  at	  threshold	  temperatures	  as 	  low	  as 	  150°C	  (Robinson	  et	  al.,	  2002).	  
However,	  the	  conEnuous	  or	  disconEnuous 	  progression	  of	   the	  reacEon	  depends	  not	   simply	   on	  
temperature,	   but	   also	   on	   the	   various 	  factors 	  that	   control 	  reacEon	   kineEcs 	  such	  as 	  thermal	  
gradient,	   grain	   size,	   fluid:rock	   raEos,	   and	   nutrients 	  available 	   in 	   the	   hydrothermal 	  fluids.	   Of	  
these	  factors,	  fluid:rock	   raEos 	  and	  nutrient	   availability	   appear	   to	  be 	  most	   important	   in	  other	  
geothermal 	  areas 	  (Robinson	  et	  al.,	  2002).	  In 	  addiEon,	  because	  kineEc	  factors 	  are 	  so	  important	  
to	  this 	  reacEon,	  Eme	  is 	  also	  an	  important	  variable	  in	  assessing	  reacEon	  progress 	  (Rigault	  et	  al,	  
2010).

In	  the	  trioctahedral 	  clays,	  rapid	  transformaEons	  favor	  disconEnuous,	  equilibrium	  reacEons	  
from	  smecEte 	  to	  corrensite	  to	  chlorite.	  Such	  rapid	  transformaEons	  occur	  in	  fracture-‐dominated	  
hydrothermal	  systems	  with	  high	  porosity	   and	   permeability	   in	  which	  warm	  fluids 	  advecEvely	  
transport	   the	  nutrients 	  necessary	   for	   the 	  reacEon.	   If	  fluid	  and	  nutrient	   transport	   is 	  primarily	  
diffusive,	   as 	  is 	  the	  case 	  in	  unfractured	  host	  rock	  where	  the	  primary	  pathways	  are 	  along	  grain	  
boundaries,	   then	   a	   conEnuous,	   disequilibrium	   reacEon	   with	   intermediate	   random	   mixed-‐
layered	  chlorite/smecEte,	  is	  favored	  (Robinson	  et	  al,	  2002).	  

If	  the 	  MH-‐2b	  core	  is 	  interpreted	  according	  to	  this 	  scenario,	  the	  corrensite	  zone	  occurs	  in	  a	  
zone	   of	   high	   fluid	   flow	   (artesian	   water	   at	   145°C)	   in 	   which	   the 	   smecEte	   to	   corrensite	  
transformaEon	   began	   when	   the	   rocks 	   reached	   the 	   threshold	   temperature,	   and	   proceeded	  
rapidly	  due	  to	  the	  abundant	  nutrient-‐rich	  water.	  The	  decreasing	  relaEve 	  amounts 	  of	  smecEte	  in	  
the	  corrensite	  zone	  result	  as	  smecEte 	  is 	  transformed	  to	  corrensite	  at	  different	  rates 	  governed	  
by	  the	  increase	  in	  temperature 	  with	  depth	  within	  the 	  corrensite	  zone.	  In	  other	  highly	  fractured	  
zones	  at	   shallower	   levels 	  in 	  the 	  core 	  the 	  water	   was	  too	  cool,	   and	  temperatures 	  have 	  never	  
been	  high	  enough	  to	  iniEate	  the	  smecEte	  to	  corrensite	  transformaEon.	  

Because	  the 	  corrensite	  zone	  is 	  primarily	   found	  within	  a	  zone 	  of	   fractures 	  that	   are	  mostly	  
plugged	  by	   secondary	  mineral 	  crystallizaEon,	  an	  alternate	  explanaEon	  is 	  also	  possible.	   Rigault	  
et	   al.	   (2010)	  point	   out	   that	   the	  occurrence	  of	   different	   clays	  in	   some	  hydrothermal 	  systems	  
depends	  on	  whether	  hot	  fluids	  are	  able 	  to	  achieve 	  equilibrium	  with	  the 	  host	  rock.	  For	  instance,	  
areas 	  with	  high	  permeability	   and	  high	  fluid/rock	   raEos 	  are	  associated	  with	  a	  disconEnuous	  
transformaEon	  whereas 	  conEnuous	  sequences 	  are	  associated	  with	  low	  permeability	   and	  low	  
fluid/rock	  raEos,	   implying	  that	  the 	  rate	  of	  mineral	  growth	  is 	  controlled	  by	  the	  amount	  and	  the	  
character	  of	  fluids 	  present	  during	  crystallizaEon	  as 	  well 	  as 	  the	  temperature	  (Dekayir	  et	  al.	  2005,	  
Schmidt	  and	  Robinson	  1997,	  Shau	  and	  Pecor	  1992).
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Rigault	  et	   al.	   (2010)	  note 	  that	   hydrothermal 	  waters 	  can	  become	  supersaturated	  with	  the	  
nutrients 	  necessary	   to	  crystallize 	  smecEte.	   Boiling	  of	   these	  fluids 	  will 	  cause	  crystallizaEon	  of	  
abundant	  meta-‐stable 	  smecEte 	  in 	  the	  host	  rock	  regardless	  of	  the 	  temperature.	  If	  crystallizaEon	  
of	  the	  smecEte 	  fills	  the	  fractures 	  in	  the	  rock,	  sealing	  them	  against	  further	  fluid	  flow,	  then	  the	  
smecEte	  will 	   transform	   to	   corrensite	   and	   eventually	   to	   chlorite 	  over	   Eme	  as 	  hydrothermal	  
acEvity	  changes 	  to	  a 	  depth-‐dependent	  geothermal 	  gradient.	  This	  would	  explain	  the	  observaEon	  
that	  most	   of	   the	  corrensite	  in	   the	  MH-‐2b	  core 	  appears	  to	  be	  concentrated	  in	  a 	  zone 	  where	  
fractures 	  have	  been	  plugged	  by	   secondary	   mineral 	  crystallizaEon,	   although	  the	  bo^om	   hole	  
temperatures	  are	  not	   high	  enough	  to	  be	  in	  the	  range	  generally	   expected	  for	   simple	  thermal	  
metamorphism	  of	  smecEte	  to	  corrensite.	  	  

It	   is 	  intriguing	   to	  note	  that	   preliminary	   fluid	  inclusion	   studies 	  of	  calcite	  crystals	  from	  the	  
bo^om	  of	  the 	  well 	  found	  equilibraEon	  temperatures	  of	  nearly	  200°C	  for	  primary	  inclusions 	  and	  
closer	  to	  150°C	  for	  secondary	  inclusions,	  so	  temperatures 	  may	  have	  been	  significantly	  higher	  in	  
the	  past,	  and	  have	  cooled	  as 	  the	  circulaEng	  hydrothermal	  waters	  have	  been	  cooled	  by	  mixing	  
with	  meteoric	  water.	  

The	  presence	  of	  laumonEte	  in	  the	  upper	  part	  of	  the 	  corrensite	  zone	  does 	  li^le 	  to	  constrain	  
the	  temperatures 	  since	  laumonEte	  is 	  thought	   to	  form	  at	   temperatures 	  as 	  low	  as	  50°C	   (Boles	  
and	   Coombs,	   1977);	   some	  surface	  waters 	  in	   basalEc	   terranes 	  in	   Iceland	   are	   saturated	  with	  
laumonEte 	  (Arnorsson	  and	  Neuhoff,	   2007).	   Experimentally	   it	   is 	  stable 	  up	  to	  350°C	   before 	  it	  
transforms	  to	  wairakite	  (Jove	  and	  Hacker,	  1997).	  

CONCLUSIONS	  

The	  clay	  analysis 	  suggests	  that	  alteraEon	  temperatures	  in	  the	  lower	  volcanic	  secEon	  (and	  in	  
the	  volcanogenic	   sediments)	   in	  both	   cores 	  were	  at	   or	   above	  temperatures 	  indicated	  by	   the	  
thermal 	  gradient	  measurements;	   that	   is,	   temperatures	  in	  the	  lower	  2800	   feet	  of	   the	  Kimama	  
drill 	  hole	  exceeded	   75ºC,	   and	  ranged	  as 	  high	  as 	  140ºC	   at	   TD.	   The 	  occurrence	  of	   corrensite	  
(layered	  C/S)	  and	  laumonEte	  at	  ±5740	  feet	  in	  the	  Mountain	  Home	  drill 	  core	  (within	  and	  below	  
the	   artesian	   fracture	   zone)	   implies 	   somewhat	   higher	   temperatures	   associated	   with	   the	  
geothermal 	  fluids	  –	  140ºC	   to	  150ºC.	   As	  noted	  above,	  these 	  temperatures 	  are	  consistent	  with	  
the	  fluid	  inclusion	  data 	  from	  calcite,	  which	  document	  an	  early	  high-‐temperature 	  inclusion	  group	  
(T≈195ºC)	  and	  a 	  later	  low-‐temperature	  inclusion	  group	  (T≈160ºC).	  A	  more	  detailed	  assessment	  
of	  clay	  mineralogy	  may	  help	  document	  fluid	  thermal 	  histories 	  more 	  fully,	  as 	  well 	  as 	  which	  rocks	  
were	  most	  affected	  (and	  thus	  saw	  the	  highest	  temperatures).	  

DE-‐EE	  0002848	   	   	   	   Chapter	  11	  -‐	  Low	  Temperature	  and	  Hydrothermal	  AlteraBon

11-12



Notes:	  X-‐ray	  diffrac1on	  analyses	  at	  Utah	  State	  University	  were	  carried	  out	  on	  a	  PANaly1cal	  X'Pert	  Pro	  X-‐
Ray	  Diffractometer	  (XRD).	   The	   socware	   programs	  associated	  with	   the	   XRD	   are	   the	   PANaly1cal	  X'pert	  
Data	  Collector,	  version	  2.0b,	  published	  February	  27,	  2003,	  and	  the	  PANaly1cal	  X'Pert	  HighScore,	  version	  
2.2.0,	  published	  January	  02,	  2006.	  The	  Data	  Collector	  is	  used	  to	  collect	  the	  raw	  data	  from	  the	  XRD,	  and	  
HighScore	  is	  used	  to	  refine	  and	  interpret	  the	  data	  from	  the	  XRD	  readings.	  All	  scans	  were	  run	  using	  CuKα	  
radia1on	  at	  45kV	  and	  40mA.	  Clay	  separate	  scans	  were	  analyzed	  using	  scanning	  parameters	  of	  0.25°	  2Ө/
min	  with	  0.5°	  slit	  size	   and	  a	  10	  mm	  window.	  Each	  clay	  separate	   sample	  was	  run	  acer	  each	  stage	  of	   a	  
three-‐stage	  treatment	  process.	  The	  first	  stage	  is	  exposure	  to	  room	  temperature	  atmosphere	  and	  it	  is	  run	  
from	  3°	  to	  33°	  2Ө.	  The	  second	  stage	  of	   the	  treatment	  subjected	  the	  samples	  to	  ethylene	  glycol	  vapors	  at	  
60°C	  for	  24	  hours	  and	  then	  run	  in	  the	  XRD	  from	  3°	  to	  18°	  2Ө.	  Due	   the	  vola1lity	  of	  ethylene	  glycol,	  acer	  
about	  one	  hour	   the	   sample	   begins	   to	   change	   thickness	   which	  could	  cause	   inaccurate	   results.	  For	   this	  
reason,	   glycolated	   samples	   were	   only	   run	   for	   one	   hour,	   from	   3°	   to	   18°	  2Ө.	   Stage	   three	   consisted	   of	  
hea1ng	  the	  samples	  to	  500°C	  for	  two	  hours,	  then	  cooling	  and	  running	  them	  from	  3°	  to	  33°	  2Ө.
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CHAPTER	  12:	  

HYDROLOGIC	  STUDIES

Thomas	  Lachmar,	  Thomas	  Freeman,	  John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

Three	  exploratory	   coreholes	  were	  drilled	  at	  Kimama,	  Kimberly	   and	  Mountain	  Home	  on	   the	  
Snake	  River	  Plain,	  Idaho,	  as	  part	  of	  the	  Snake	  River	  Geothermal	  Drilling	  Project	  to	  evaluate	  its	  
geothermal	  potenEal.	  We	  used	  chemical	  data	  from	  five	  water	  samples	  that	  were	  collected	  from	  
the	  three	  coreholes	  (one	  each	  from	  Kimama	  and	  Mountain	  Home,	  and	  three	  from	  Kimberly)	  in	  
seven	   geothermometers	   (chalcedony:	   Fournier,	   1977;	   quartz:	   Fournier,	   1977;	   Na/K:	   Fournier,	  
1979;	   Na/K:	   Giggenbach,	   1988;	   Na-‐K-‐Ca:	   Fournier,	   1981;	   Na-‐K-‐Ca-‐Mg:	   Fournier	   and	   PoXer,	  
1979;	  and	  K2/Mg:	  Giggenbach,	  1988)	  to	  esEmate	  reservoir	  temperatures	  at	  depth.	  Three	  of	  the	  
water	   samples	  were	  also	   analyzed	  for	   the	  stable	  isotopes	  deuterium	  and	  oxygen-‐18,	  and	   two	  
samples	  were	  analyzed	  for	  carbon-‐13.	  Temperature	  log	  data	  from	  the	  coreholes	  were	  used	  to	  
calculate	  geothermal	  gradients.

INTRODUCTION	  	  

Understanding	  geochemical 	  aspects 	  of	  deep	  fluid	  flow	  in	  geothermal 	  systems 	  are	  cri@cal 	  to	  
assessing	   the	   volume	   and	   quality	   of	   the 	   geothermal 	   resource	   and	   its 	  poten@al	   for	   power	  
produc@on.	   The 	   temperature	   of	   groundwater	   and	   thermal 	  waters 	   is 	  a 	   direct	   indica@on	   of	  
poten@al	  energy	   available	   for	   power	   genera@on,	   with	  warm	  groundwater	   reflec@ng	   thermal	  
input	  from	  below.	  Thermal 	  spring	  or	  well 	  water	  may	  reflect	  actual 	  water	  temperatures 	  at	  depth	  
within	  the	  geothermal 	  system,	  or	  lower	  temperatures	  caused	  by	  mixing	  of	  cool 	  meteoric	  water	  
with	   deep-‐seated	   thermal	   waters.	   The 	   affect	   of	   mixing	   with	   cooler	   surface 	   waters 	   can	  
some@mes 	  be	  mi@gated	  by	  using	  chemical 	  geothermometers,	  which	  calibrate	  dissolved	  ca@on	  
concentra@ons 	   with	   the	   equilibra@on	   temperatures 	   of	   water	   with	   common	   mineral	  
assemblages 	   (e.g.,	   feldspar,	   quartz,	   chalcedony).	   It	   is	   also	   possible	   to	   use	   the	   isotopic	  
composi@on	  of	  water	  to	  determine	  its 	  origin,	   e.g.,	  heated	  meteoric	  water	   versus 	  equilibrated	  
forma@on	  waters.	  	  

In	  this	  chapter	  we	  review	  the	  chemical 	  composi@on	  and	  thermal	  state	  of	  waters 	  sampled	  
from	  each	  of	  the	  three 	  deep	  wells,	  and	  discuss 	  the	  implica@ons	  of	   these	  data	  on	  geothermal	  
explora@on	  in	  southern	  Idaho.	  	  
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SAMPLING

Kimama	  	  

The	  Kimama	  corehole	  was	  sampled	  in	  July	  2011,	   about	   6	  months 	  aOer	   comple@on	  of	  the	  
well.	  One	  water	   sample	  was 	  obtained	  from	  this	  hole	  at	  a 	  depth	  of	  1,070	  m	  (3,510	  O)	  on	  3	  July	  
2011	  by	  the	  Opera@onal 	  Support	  Group	  (OSG)	  from	  Geo	  Forschungs 	  Zentrum	  (GFZ).	  This 	  sample	  
was	  designated	  as 	  KA-‐1.	  A	  sample 	  was	  also	  collected	  from	  the	  shallow	  water-‐supply	  well 	  at	  the	  
Kimama	  drilling	  site	  on	  3	  July	  2011	  and	  labeled	  KA-‐W.	  The	  total	  depth	  of	  the	  water	  supply	  well	  
is 	  about	  90	  m	  (300	  O),	  and	  it	  has	  an	  electric	  submersible	  pump.	  The 	  pump	  was 	  turned	  on	  and	  
the	  sample	  was	  taken	  directly	  from	  the	  spigot.

Kimberly	  	  

The	  Kimberly	   corehole	  was	  sampled	  in	  June	  2011,	  about	  1	  month	  aOer	  comple@on	  of	  the	  
well.	  Three 	  water	  samples	  were 	  obtained	  from	  this 	  hole 	  on	  21	  and	  22	  June	  2011	  using	  a	  Foerst	  
Kemmerer-‐type	  mechanical 	  sampler.	  The 	  first	  sample 	  was 	  collected	  directly	  below	  the	  casing	  at	  
1,160	  m	  (3,800	  O)	  and	  designated	  as 	  KB-‐38.	  Another	  sample	  was 	  taken	  around	  1,585	  m	  (5,200	  
O)	   and	   labeled	   KB-‐52.	   The	   third 	   sample	   (KB-‐63)	   was	   from	   the	   bo\om	   of	   the	   hole	   at	  
approximately	  1,920	  m	  (6,300	  O).

Mountain	  Home	  	  

The	  Mountain	  Home	  corehole	  was 	  sampled	  on	  26	   January	   2012.	   A	   flowing	  artesian	  zone	  
was	  encountered	  in	  this 	  hole 	  at	  a	  depth	  of	  approximately	  1,745	  m	  (5,726	  O).	  This 	  zone	  flowed	  
at	  12	   to	  18	   gallons 	  per	  minute,	   and	   it	  was	  allowed	  to	  flow	  for	   about	  12	   hours 	  before	  it	  was	  
sampled	  on	  26	  January	  2012.	  This	  sample	  was	  designated	  as	  MH-‐5726.

CHEMICAL	  ANALYSES

All 	   six	   of	   the	   water	   samples 	   were 	   analyzed	   in	   the	   field	   at	   the	   @me	   of	   sampling	   for	  
temperature,	   electrical 	  conduc@vity,	   salinity,	   pH	  and	  alkalinity.	   A	   YSI	  Model	  30	   temperature-‐	  
conduc@vity-‐salinity	  meter	  was 	  used	  to	  measure	  those	  three 	  parameters.	  An	  Orion	  Model	  230A	  
pH	  meter	  was	  used	  to	  measure	  the	  pH,	  and	  a	  Hach	  Alkalinity	  Test	  Kit	  Model 	  AL-‐AP	  MG-‐L	  was	  
used	  to	  measure 	  the 	  alkalinity	  in	  units 	  of	  mg/L.	  The	  results 	  of	  the	  field	  analyses	  are 	  presented	  in	  
Table	  13-‐1.

The	  six	  water	  samples	  were	  analyzed	  for	  Al,	  As,	  B,	  Ba,	  Ca,	  Cd,	  Cl,	  Co,	  Cr,	  Cu,	  Fe,	  K,	  Mg,	  Mn,	  
Mo,	  Na,	  Ni,	  P,	  Pb,	  S,	  Se,	  Si,	  Sr	  and	  Zn	  at	  the 	  Utah	  State	  University	  Analy@cal 	  Laboratory	  (USUAL).	  	  
In	  addi@on,	  duplicates 	  of	  the	  Mountain	  Home	  were	  analyzed	  by	  ThermoChem	  Labs,	  Santa	  Rosa,	  
California,	  and	  the	  Vet	  Diagnos@c	   Lab,	  USU.	  The	  analy@cal	  results 	  for	  the	  major	   ions 	  (Ca,	  Mg,	  
Na,	  K,	  Cl,	  SO4	  and	  SiO2)	  are	  presented	  in	  Table	  13-‐2.	  In	  addi@on,	  the	  KA-‐W,	  KA-‐1	  and	  MH-‐5726	  
samples 	  were	  analyzed	   for	   deuterium	  and	  oxygen-‐18,	   and	  the	  KB-‐52	   and	  MH-‐5726	   samples	  
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were 	  analyzed	  for	  carbon-‐13.	  The	  deuterium	  and	  oxygen-‐18	   analyses 	  were	  performed	  by	   the	  
Stable	  Isotope	  Ra@o	  Facility	   for	  Environmental 	  Research	  (SIRFER)	  at	   the 	  University	   of	  Utah	  in	  
Salt	  Lake	  City,	  and	  the 	  carbon-‐13	  analyses 	  were 	  performed	  by	  Geochron	  Laboratories,	  a	  division	  
of	  Krueger	  Enterprises,	  located	  in	  Billerica,	  MA.

RESULTS	  

Geochemistry	  

Four	  of	  the	  six	  water	  samples	  have	  been	  plo\ed	  on	  a	  trilinear	  (Piper,	  1944)	  diagram	  (Figure	  
12-‐1).	  The 	  sample	  from	  the	  shallow	  water-‐supply	  well	  (KA-‐W)	  is 	  Ca-‐Mg-‐bicarbonate 	  water,	  as 	  is	  
typical	  of	  water	   in	  the	  Snake	  River	  Plain 	  aquifer.	  The	  dominant	  ca@on	  for	  all 	  five	  of	  the	  samples	  
from	  the	  three	  coreholes 	  is 	  sodium.	  However,	  the	  dominant	  anion	  is 	  different	  for	   each	  of	  the	  
three	  holes.	  The 	  Kimama 	  sample 	  (KA-‐1)	  is 	  Na-‐chloride	  water.	  All	  three 	  of	  the	  Kimberly	  samples,	  
which	  have	  very	  similar	   chemical 	  composi@ons 	  and	  thus 	  only	  one 	  sample	  (KB-‐63)	  was	  plo\ed	  
on	   Figure 	  (12-‐1),	   are	  Na-‐bicarbonate	  waters.	   The 	  Mountain	  Home	   sample	   (MH-‐5726)	   is	  Na-‐
sulfate	  water.

The	   results 	   of	   the	   chemical 	   analyses	   for	   the	   water	   samples 	   obtained	   from	   the	   three	  
coreholes 	  were 	  also	  used	  in	  geothermometric	  techniques 	  proposed	  by	  Giggenbach	  (1988).	  The	  
first	   technique	  divides	  geothermal 	  waters	  into	  three	  main	  groups,	  fully	   equilibrated,	   par@ally	  
equilibrated	  and	  immature,	   depending	  on	  the 	  ra@os	  of	  the	  Na,	  K	   and	  Mg	  concentra@ons.	  The	  
resul@ng	  triangular	  diagram	  is 	  known	  as 	  a	  Giggenbach	  plot.	  A	  Giggenbach	  plot	  of	  the	  six	  water	  
samples 	  is 	  shown	  in	  Figure	  12-‐2A.	  The	  KA-‐W	  sample 	  plots 	  in	  the	  lower	   right-‐hand	  corner.	  The	  
KA-‐1	  sample 	  and	  all 	  three	  of	  the	  Kimberly	  samples 	  plot	  on	  the	  line 	  dividing	  par@ally	  equilibrated	  
and	  immature 	  waters	  near	   the	  lower	  right-‐hand	  corner	   of	  the	  diagram.	   The	  Mountain	  Home	  
samples 	  plot	  between	  the	  fully	  and	  par@ally	  equilibrated	  waters	  near	  the	  center	  of	  the	  diagram,	  

KA-‐W	  

KA-‐1	  

KB-‐63	  

MH-‐5276	  

Figure	  12-‐1.	  Trilinear	  (Piper,	  1944)	  plot	  of	  
water	  samples.	  
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and	   lie	  along	  a	  150ºC	   isotherm;	   the	  spread	  in	   their	   posi@ons	  results	  from	  differences	  in	  Mg	  
concentra@on.	   We	  suggest	   that	   the	  ThermoChem	  analysis	   (MtnHomeB)	   is	   the	  most	   reliable	  
because	  they	  specialize	  in	  analyzing	  thermal	  waters	  for	  the	  geothermal	  industry.	  

The	  second	  technique	  used	  by	   Giggenbach	  (1988)	  is 	  to	  characterize	  geothermal 	  waters 	  by	  
plolng	  their	   rela@ve	  chloride,	   sulfate	  and	  bicarbonate	  concentra@ons.	  Neutral	  chloride,	   acid	  
and	  soda 	  springs	  waters 	  are	  the 	  three	  broad	  classifica@on	  types,	  and	  plot	   in	  the	  upper	   third,	  
lower	  leO-‐hand	  third	  and	  lower	  right-‐hand	  third,	  respec@vely,	  of	  the 	  triangular	  diagram.	  The	  six	  
water	  samples 	  have 	  been	  plo\ed	  on	  such	  a	  diagram	  in	  Figure 	  12-‐2B.	  The	  KA-‐W	  sample 	  and	  all	  
three	  of	  the	  Kimberly	  samples 	  plot	  in	  the 	  lower	   right-‐hand	  third	  of	  the	  diagram,	  and	  thus 	  are	  
soda	  springs	  waters.	  The	  KA-‐1	  sample 	  plots	  near	   the	  line	  dividing	  the 	  neutral	  chloride	  and	  acid	  
waters,	  and	  the	  Mountain	  Home 	  sample	  is 	  acid	  water	  as 	  it	  plots 	  squarely	   in	  the	  middle 	  of	  the	  
lower	  leO-‐hand	  third	  of	  the	  diagram.

Isotopic	  ComposiEons

The	  results	  of	  the	  isotopic	  analyses 	  for	  deuterium,	  oxygen-‐18	  and	  carbon-‐13	  are	  presented	  
in	  Table	  13-‐3,	   and	   the	   results 	  for	   deuterium	  and	  oxygen-‐18	   are	  plo\ed	  on	  Figure	  12-‐4.	   The	  
Global 	  Meteoric	  Water	  Line	  (GMWL;	  Craig,	  1961)	  is	  also	  plo\ed	  on	  Figure	  12-‐4.	  The	  KA-‐W	  and	  
KA-‐1	  samples	  plot	  very	  near	  the	  GMWL,	  and	  thus	  very	  likely	  are	  meteoric	  waters.	  
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Figure	   12-‐2.	   (A)	   Giggenbach	   (1988)	   plot	  of	   water	   samples.	   (B)	   Water	   samples	   ploUed	  on	   chloride,	  
sulfate	  and	  bicarbonate	  triangular	  diagram	  (Giggenbach,	  1988).	  Filled	  diamonds:	  This 	  report,	  pale	  blue	  
=	   KA-‐1,	   Teal	   =	   Kimberly,	   red,	   orange	   and	   dark	   blue	   =	   Mountain	   Home.	   Unfilled	   diamonds:	   other	  
thermal	  water	  samples	  from	  southern	  Idaho	  (TF:	  Twin	  Falls,	  Deer:	  Deer	  Flat,	  Ban:	  Banbury	  Hot	  Springs,	  
Camas:	  Camas	  Prairie,	  Elmore:	  hot	  spring	  in	  Elmore	  County,	  Owyhee:	  hot	  spring	  Owyhee	  Mountains).	  
Plots	  from	  Powell	  and	  Cummings	  spreadsheet,	  2010.	  
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The	  Mountain	  Home	  samples 	  plot	  well 	  off	  the	  GMWL	  and	  appear	  to	  lie	  on	  a	  mixing	  line 	  with	  
volcanic	   waters.	   Consequently,	   the	  water	   in	   the 	  Mountain	  Home	  corehole	  most	   likely	   is 	  not	  
meteoric	  water	  and	  probably	  is	  significantly	  older	  than	  the	  water	  in	  the	  Kimama	  hole.

The	  KA-‐1	   and	  KB-‐52	  water	   samples	  were	  analyzed	  for	   carbon-‐13.	   As	  is 	  displayed	  in	  Table	  
13-‐3,	  the	  delta 	  C-‐13	  values 	  for	   these	  two	  samples	  are	  -‐10.5	  and	  -‐10.2,	  respec@vely.	  The	  result	  
for	   the 	  KB-‐52	   sample 	  is 	  highly	   suspect,	   since	  the 	  sample	  was	  taken	  only	   eight	  days	  aOer	   the	  
total 	  depth	  of	  the	  hole 	  was 	  reached	  and	  the	  sample 	  was 	  obviously	   contaminated	  with	  grease	  
and	  drilling	  mud.	   However,	   the	  KA-‐1	   sample	  was	  collected	  more	  than	  five 	  months 	  aOer	   the	  
total 	  depth	  of	  the 	  hole 	  was 	  reached,	  and	  the	  sample	  appeared	  to	  be 	  uncontaminated	  by	  drilling	  
mud	  or	  grease.	  This 	  sample	  displays	  a 	  moderately	  heavy	  delta 	  C-‐13	  value,	  sugges@ng	  that	  it	  has	  
been	   affected	   by	   dissolu@on	   of	   carbonate	   species.	   This 	   is 	   consistent	   with	   observa@ons 	  of	  
secondary	  carbonate	  minerals	  in	  vesicles,	  vugs	  and	  fractures	  in	  the	  core.	  
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Figure	  12-‐3.	  Plot	  of	  deuterium	  (2H)	  and	  oxygen-‐18	  (18O)	  rela]ve	  to	  the	  global	  meteoric	  water	  line	  
(GMWL).	  Symbols	  as	  in	  Figure	  12-‐2;	  MtnHomeA	  and	  MtnHomeB	  independent	  analyses	  of	  MH-‐2	  
water	  from	  two	  separate	  samples.	  Note	  that	  all	  thermal	  waters	  in	  southern	  Idaho,	  with	  the	  
excep]on	  of	  Mountain	  Home	  MH-‐2	  water,	  plot	  on	  the	  global	  meteoric	  water	  line.	  Duplicate	  
samples	  from	  Mountain	  Home	  fall	  on	  a	  mixing	  line	  between	  meteoric	  water	  and	  juvenile	  volcanic	  
water.	  Plot	  from	  spreadsheet	  of	  Powell	  and	  Cummings,	  2010.	  
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DISCUSSION	  

Measured	  Temperatures	  	  

Temperature	  gradient	  logs 	  of	  all 	  three	  wells	  are 	  discussed	  in	  Chapter	  9	  of	  this 	  report,	  with	  
the	  results 	  summarized	  here.	  The	  Kimama	  site	  exhibits	  a 	  nearly	   isothermal	  gradient	   from	  the	  
top	  of	  the	  Snake	  River	   Aquifer	   to	  about	   960	  m	  depth,	  with	  an	  average	  temperature	  of	  about	  
160C.	  There	  is 	  a	  sharp	  transi@on	  at	  960	  m	  depth	  to	  a 	  conduc@ve	  gradient	  with	  a	  slope	  of	  ~750C/
km,	  and	  a	  projected	  temperature	  of	  ~1000C	  at	  2	  km	  depth	  (Figures 	  9-‐1	  and	  9-‐2).	  The	  KImberly	  
site	  cools 	  with	  depth	  ini@ally,	  then	  gradually	  warms	  to	  about	  50ºC	  at	  450	  m	  depth.	  Incursions 	  of	  
cooler	   water	   cause 	  another,	   small 	  nega@ve	  trend,	   followed	  by	   an	  increase	  to	  about	   50-‐58ºC	  
below	  700	  m	  depth,	  with	  a	  bo\om	  hole	  temperature	  of	  57.30	  at	  1,953	  m.	  This 	  gradient	  is 	  nearly	  
isothermal 	  from	  700	  m	  to	  1953	  m	  depth,	  a	  range	  of	  over	  1200	  m	  with	  no	  significant	  increase	  in	  
temperature	  (Figures	  9-‐3	  and	  9-‐4).	  In 	  contrast,	   the	  Mountain	  Home	  site	  is 	  characterized	  by	   a	  
steep	   conduc@ve	   gradient	   of	   ~750C/km	   from	   the	   surface 	   to	   total	   depth,	   with	   a 	  projected	  
bo\om	  hole 	  temperature	  of	  about	   1360C	   at	   1812	  m	  depth	  (Figure	  9-‐5).	   This 	  is 	  less 	  than	  the	  
observed	  temperature	  of	  1490C	   taken	  with	  the 	  DOSECC	  bo\om	  hole	  tool 	  in	  the 	  artesian	  flow	  
zone.	  	  

Geothermometry	  

Seven	  geothermometers	  were 	  used	  to	  es@mate 	  reservoir	  temperatures	  at	  depth.	  The 	  seven	  
geothermometers 	  are:	   (1)	   chalcedony	   (Fournier,	   1977),	   (2)	   quartz	   (Fournier,	   1977),	   (3)	   Na/K	  
(Fournier,	   1979),	   (4)	   Na/K	   (Giggenbach,	   1988),	   (5)	   Na-‐K-‐Ca 	  (Fournier,	   1981),	   (6)	  Na-‐K-‐Ca-‐Mg	  
(Fournier	   and	  Po\er,	   1979),	   and	  (7)	   K2/Mg	   (Giggenbach,	   1988).	   All 	  were	  calculated	  with	  the	  
Excel	  spreadsheet	  of	  Powell	  and	  Cummings	  (2010),	  and	  the	  results	  are	  shown	  in	  	  Table	  13-‐4.

The	  geothermometry	   results 	  for	   the	  KA-‐1	  sample	  support	   the 	  idea 	  that	   the	  Kimama	  area	  
actually	  has 	  good	  geothermal 	  poten@al 	  despite	  the 	  low	  bo\om-‐hole	  temperature,	  but	  that	  the	  
Snake	  River	  Plain	  aquifer	   suppresses	  temperatures.	  Six	  of	  the	  seven	  geothermometers 	  predict	  
equilibrium	   temperatures	   above	   1250C,	   with	   quartz	   and	   the	   Giggenbach	   Na/K	  
geothermometers 	   giving	   the	   highest	   es@mates,	   while	   the	   K2/Mg	   geothermometer	   is	   much	  
lower	   than	   all 	   of	   the	   others 	   (820C).	   Of	   the 	   four	   remaining,	   the	   Na-‐K-‐Ca	   geothermometer	  
probably	   provides 	   the	   most	   reliable	   results,	   with	   an	   es@mate	   of	   1130C.	   The	  Mg	   corrected	  
temperature	  is 	  much	  lower	   (210C),	  and	  is 	  not	  consistent	  with	  ambient	  water	   temperatures 	  at	  
depth;	  this	  may	  result	  from	  mixing	  with	  higher	  Mg	  waters	  from	  the	  overlying	  aquifer.	  	  	  

All 	  three	  of	  the	  Kimberly	  samples 	  provide 	  similar	  geothermometer	  results.	  Quartz	  and	  Na/K	  
(Fournier	  1979)	  equilibrium	  temperatures 	  are	  ~120-‐1350C,	  while	  Na/K	   (Giggenbach	  1988)	  and	  
Na-‐K-‐Ca	  (Fournier	   1981)	  equilibrium	   temperatures	  are	  ~130-‐1550C	   (Table 	  13-‐4).	   The 	  high	  Mg	  
concentra@ons	  in	  these	  samples 	  results 	  in	  K2/Mg	  temperatures 	  that	  are 	  low	  (73-‐810C)	  but	   s@ll	  
higher	   than	  observed	  water	   temperatures,	   whereas	  the 	  Mg-‐corrected	  Na-‐K-‐Ca 	  temperatures	  
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are	  all 	  nega@ve.	  Since	  the	  water	  samples 	  are 	  drawn	  from	  quartz-‐saturated	  rhyolites,	  we	  suggest	  
that	   the	   quartz	   thermometer	   results 	   reflect	   the 	   most	   likely	   reservoir	   temperatures.	   The	  
observed	  lower	  temperatures 	  in	  the	  Kimberly	  hole	  (50-‐580C)	  are 	  proposed	  to	  result	  from	  mixing	  
with	  lower	  temperature	  ground	  water.	  	  

All 	  of	  the	  Mountain	  Home	  samples 	  (which	  represent	  three	  analyses	  of	  the	  same 	  sample	  by	  
different	   laboratories)	  have 	  similar	   high	  equilibra@on	  temperatures,	   mostly	   in	  the	  132-‐1380C	  
range	  (Quartz	  Fournier,	  Na/K	   Fournier,	  Na-‐K-‐Ca 	  Fournier,	  Na-‐K-‐Ca-‐Mg	  Fournier-‐Po\er).	   These	  
temperatures	   are	   generally	   lower	   than	   the	   temperatures 	  measured	   within	   the 	  well	   at	   the	  
artesian	  flow	  zone,	  and	  must	  in	  this 	  case	  reflect	  minimum	  equilibra@on	  temperatures.	  The	  Na/K	  
temperatures	  of	  Giggenbach	  (1988)	  are	  higher	   (150-‐1540C),	  whereas 	  the 	  K2/Mg	  temperatures	  
range	  from	  a	  high	  of	  1540C	  (MH5726B)	  to	  a 	  low	  of	  1190C	   (MH5726A),	  in	  direct	  response	  to	  the	  
measured	  Mg	  concentra@ons.	  As	  noted	  in	  Powell 	  and	  Cummings 	  (2010),	  analy@cal 	  laboratories	  
that	  normally	  work	  with	  groundwater	  samples	  may	  not	  provide	  reliable	  Mg	  analyses 	  at	  the	  very	  
low	   concentra@ons 	  observed	   in	   some	   geothermal 	  waters.	   As 	  a 	  result,	   we 	  propose 	  that	   the	  
ThermoChem	  analysis 	  (MH5726B)	  provides 	  the	  most	  robust	   results 	  for	  Mg	  concentra@on,	  and	  
thus 	  for	  any	  thermometers	  where	  highly	  precise 	  Mg	  concentra@ons 	  are 	  cri@cal.	  Note	  that	  all 	  of	  
the	  analyses 	  for	  Mg	  in	  MH5726	  are	  below	  0.2	  ppm	  (0.02	  to	  0.16	  ppm),	  highligh@ng	  the 	  need	  for	  
extremely	  precise	  analyses	  that	  are	  specifically	  targeted	  for	  geothermal	  fluids.	  

CONCLUSIONS	  	  

Mountain	   Home	   has 	   the	   strongest	   indicators 	  of	   future	   geothermal 	   poten@al,	   with	   the	  
highest	  measured	  water	  temperature,	  the	  highest	  equilibrium	  temperature 	  es@mates,	  and	  the	  
highest	   geothermal	  gradient	   for	   the	  en@re	  well 	   (750C/km).	   As 	  seen	   in	  the	  Giggenbach	  plots	  
(Figure	  12-‐2),	   all 	  of	   the	  Mountain	  Home 	  analyses 	  lie	  along	  a	  1500C	   isotherm	  (Figure	  12-‐2A),	  
suppor@ng	  calculated	  equilibrium	  temperature	  of	  150-‐1540C,	  and	  consistent	  with	  the	  projected	  
bo\om	  hole	  temperature	  at	   the	  flow	  zone	  when	  it	  was 	  first	  encountered	  (Chapter	  9:	  Thermal	  
Logging).	   Further,	   the	  Mountain	   Home	   thermal	  water	   is 	  a 	  unique	   sulfate-‐dominated	  water	  
(Figure	   12-‐2B),	   unlike	   the 	  much	  more 	  common	  bicarbonate	  waters 	  that	   characterize	  other	  
thermal	  systems	  in	  Idaho.	  	  

The	   isotopic	   composi@on	   of	   the	  Mountain	  Home	  thermal 	  water	   indicates	   that	   it	   is	   not	  
meteoric	   water;	   in	   fact,	   it	   is 	  isotopically	   dis@nct	   from	   all 	  other	   hot	   spring	   and	  thermal	  well	  
waters 	  in	   southern	   Idaho.	   Its 	   composi@on	   lies 	  on	   a 	  @e-‐line	   between	  mid-‐la@tude	  meteoric	  
water	   and	  juvenile	  or	   equilibrated	  volcanic	  waters 	  (Figure 	  12-‐3).	  All	   other	   thermal 	  waters 	  in	  
southern	  Idaho	  plot	  on	  or	   adjacent	  to	  the 	  meteoric	   frac@ona@on	  line.	  This	   suggests	  that	   the	  
Mountain	  Home	  geothermal	  play	  may	  be	  more	  comparable	  to	  high	  enthalpy	   volcanic	  systems	  
than	  to	  fault-‐controlled	  low	  enthalpy	  systems.	  
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Kimama	   –	   silng	   on	   the	   axial 	   volcanic	   high	   –	   also	   appears	   to	   have	   good	   geothermal	  
poten@al.	  Although	  the	  maximum	  recorded	  temperature	  was 	  only	  59.30C	  at	  1400	  m	  depth,	  the	  
equilibrium	  temperature 	  es@mates 	  are 	  only	   slightly	   lower	  than	  Mountain	  Home.	  The	  observed	  
geothermal 	  gradient	  below	  960	  m	  of	  750C/km	   is 	  also	  comparable 	  to	  the	  thermal 	  gradient	   at	  
Mountain	  Home	  (Chapter	  9).	  The	  Snake	  River	  Plain	  aquifer	  suppresses 	  the	  gradient	  in	  the	  upper	  
por@on	  (0-‐960	  m)	  of	  the	  Kimama	  well 	  to	  only	  5.50C/km,	  giving	  a 	  seemingly	  false 	  impression	  that	  
the	  geothermal	  poten@al 	  is 	  poor.	  Further	  explora@on	  along	  the 	  volcanic	  axis	  in	  the	  central 	  SRP	  
must	  target	  areas	  where	  the 	  SRP	  aquifer	  is 	  thin,	  in	  order	  to	  minimize	  the	  depth	  drilled	  through	  
isothermal 	  condi@ons,	  and	  maximize	  the 	  temperature	  at	  total 	  depth.	  This 	  will 	  likely	   require 	  the	  
use	   of	   more	   detailed	   resis@vity	   surveys,	   which	   give	   a	   good	   es@mate	   of	   aquifer	   thickness	  
(Lindholm,	   1996).	   Kimama 	   isotopic	   proper@es 	   indicate	   that	   it	   is 	  meteoric	   water,	   which	   is	  
apparently	  heated	  from	  below	  by	  conduc@ve	  heat	  transfer.	  	  

Kimberly	  has	  a 	  maximum	  recorded	  temperature	  of	  only	  57.30C	  at	  total 	  depth	  (1957	  m),	  and	  
the	  lowest	  equilibrium	  temperature 	  es@mates.	  This	  site 	  is 	  south	  of	  the	  Snake	  River,	  and	  is 	  thus	  
not	  affected	  by	  the 	  Snake	  River	  aquifer,	  as	  noted	  by	  Street	  and	  deTar	  (1987).	  Nonetheless,	  the	  
near	   isothermal 	  gradient	   in	   the	  Kimberly	   well 	  requires	   convec@ve 	  heat	   transfer	   by	   flowing	  
water.	  The	  enormous	  thickness 	  of	  this	  warm	  water	  system	  (over	  1500	  meters,	  from	  about	  450	  
m	   depth	   to	   total 	  depth)	   implies	   an	   extremely	   large	  warm	   water	   thermal	   system	   that	   may	  
underlie 	  the	  en@re	  Twin	   Falls 	  warm	   water	   district	   (from	   Kimberly	   to	   Banbury	   Hot	   Springs).	  
While	   this 	  system	   is	  not	   hot	   enough	  to	  produce	  electricity,	   it	   had	  tremendous 	  poten@al	   for	  
direct	  use	  applica@ons.	  

DE-‐EE	  0002848	   	   	   	   	   	   	   	   Chapter	  12	  -‐	  Hydrologic	  Studies	  

12-8



Table	  12-‐1.	  Field	  measurements	  for	  water	  samples.

Sample Temperature
(0C)

Conduc@vity
(microSiemens)

Salinity
(ppt) pH Alkalinity

(mg/L)

KA-‐W 15.8 336 0.2 7.71 160

KA-‐1 28.8 1060 0.5 8.17 120

KB-‐38 23.3 2970 1.5 7.60 1100

KB-‐52 15.6 1765 0.9 7.72 950

KB-‐63 17.7 2568 1.3 7.83 850

MH-‐5726 31.3 870 0.4 9.59 100

Table	  12-‐2.	  Results	  of	  chemical	  analyses	  for	  water	  samples	  (all	  values	  in	  mg/L).

Sample Ca Mg Na K Cl SO4 SiO2

KA-‐W 25.0 12.7 16.5 3.60 13.1 22.1 60.9

KA-‐1 21.1 3.21 284 10.3 315 306 158

KB-‐38 24.7 10.1 562 17.9 204 7.29 94.5

KB-‐52 15.4 5.43 363 9.38 128 14.1 71.6

KB-‐63 23.8 9.33 541 13.2 189 13.8 76.7

MH-‐5726A 8.71 0.16 288 9.02 74.8 4778 196
MH-‐5726B 9.64 0.02 313 9.11 76.7 508 101

MH-‐5726C 11.15 0.07 314 9.25 100.8

Table	  12-‐3.	  Results	  of	  isotopic	  analyses	  of	  water	  samples	  (all	  values	  are	  per	  mil).

Sample Delta	  D Delta	  O-‐18 Delta	  C-‐13

KA-‐W -‐149 -‐18.2 N/A

KA-‐1 -‐141 -‐17.0 -‐10.5

KB-‐52 N/A N/A -‐10.2

MH-‐5726A -‐88 -‐3.2 N/A

MH-‐5726B -‐87.61 -‐3.086 NA
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Table	  12-‐4.	  Results	  of	  geothermometer	  calcula@ons	  (all	  values	  in	  0C).	  Temperatures	  from	  Powell 	  
and	  Cummings	  (2010)	  spreadsheet.	  

Sample Name
Chalcedony 

Fournier 
1977

Quartz 
Fournier 

1977

Na/K  
Fournier 

1979

Na/K 
Giggenbach 

1988

Na-K-Ca 
Fournier 

1981

Na-K-Ca-Mg 
Fournier-Potter 

1979

K2/Mg 
Giggenbach 

1988

Kimama-1A 141 165 143 163 113 21 82

Kimberly 3800 107 134 135 155 141 -102 81

Kimberly 5200 91 120 123 143 121 -84 73

Kimberly 6300 95 123 120 140 128 -104 75

Mountain 
Home 5726A 
USU Analytic 

105 132 134 154 132 132 119

Mountain 
Home 5726B 
Thermochem

111 138 130 150 136 136 154

Mountain 
Home 5726C 
VetLab

111 138 131 151 136 135 133
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ABSTRACT

Three	   boreholes	   were	   drilled	   through	   the	   Department	   of	   Energy	   (DOE)/Interna=onal	  
Con=nental	  Drilling	  Program	  (ICDP)	  Project	  Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  
to	   assess	   the	   poten=al	   for	   geothermal	   energy	   development	   in	   the	  central	  and	   western	  Snake	  
River	  Plain,	  Idaho:	  Kimama,	   (1,912	  m),	  Kimberly	   (1,958	  m)	  and	  Mountain	  Home	  Air	  Force	  Base	  
(MHAFB)	  (1,821	  m).	  A	  full	  suite	  of	  wireline	  borehole	  geophysical	   logs	  were	  run	   throughout	   the	  
uncased	  sec=ons	  of	  the	  boreholes,	  including	  acous=c	  velocity	   imaging	  (BHTV)	  logs	  for	  a	  281	  m	  
interval	  in	  Kimama	  and	  a	  301	  m	  interval	  at	  Mountain	  Home.	  Thermal	  gradients	  in	  the	  Kimama	  
and	  Mountain	   Home	  boreholes	   indicate	  the	  most	   promise	   for	   commercial	  geothermal	  energy	  
development,	  so	  fracture	  analysis	  focussed	  on	  those	  two	  sites.	  Core	  and	  BHTV	  data	  were	  used	  to	  
measure	   fracture	   density,	   intensity,	   orienta=on,	   aperture,	   and	   principal	   horizontal	   stress	  
orienta=ons.	   The	   fracture	   data	   provide	   informa=on	   on	   the	   poten=al	   for	   flow	   of	   geothermal	  
fluids,	  and	  these	  data	  may	  be	  related	  to	   surface	  faul=ng.	   	  Fractures	  at	  Kimama	  generally	  have	  
small	   aperatures	  (~17	   mm)	  which	   trend	   NW	  and	  dip	   to	   the	  NE.	   Large	   aperture	   fractures	  are	  
more	  common	   at	  Mountain	   Home,	  with	   an	   inferred	   fracture	  aperture	   of	  >48	  mm	  within	   the	  
artesian	  geothermal	  zone.	  Fractures	  at	  Mountain	  Home	  form	  two	   sets,	   one	  of	  which	  parallels	  
range	   front	   faults	   (NW).	   The	   fracture	   and	   stress	   data	   will	   be	   used	   to	   iden=fy	   mechanical	  
stra=graphy	   that	  will	  be	  the	  framework	  under	  which	   stress	  models	  and	  fracture	  models	  will	  be	  
built	   to	   predict	   natural	   fracture	   development	   and	   fracture	   propaga=on	   during	   poten=al	  
reservoir	  s=mula=on.
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INTRODUCTION
Fluid	   recovery	   in	  both	  naturally	   fractured	  geothermal	  systems	  and	  enhanced	  geothermal	  

systems	  (EGS)	  is	  oNen	  accomplished	  via 	  fluid	  flow	  through	  connected	  fracture	  networks 	  that	  
convecSvely	   transports 	   heat	   to	   the	   producSon	   well.	   Successful	   exploitaSon	   of	   geothermal	  
resources 	  relies 	  upon	  effecSve	  characterizaSon	  of	   fracture 	  networks 	  in	   fractured	  reservoirs.	  
Fracture	   density,	   frequency,	   aperture,	   and	   orientaSon	   are	   measurable 	   characterisScs	   that	  
affect	   fracture	  connecSvity	   and	  permeability	   of	   a	  fracture 	  network.	  Those	  characterisScs 	  are	  
measured	   in	   both	  core 	  samples	  and	  with	  wireline	  borehole	  geophysical	   instruments.	   Coring	  
work	   for	   Project	   Hotspot	   recovered	   >99%	   of	   whole 	  rock	   core 	   from	   Kimama	  (1912	   m)	   and	  
Kimberly	   (1957	  m),	  and	  >90%	  of	  whole	  rock	  core	  from	  the	  Mountain 	  Home-‐2	  borehole	  (MH2)	  
to	  a	  total 	  depth	  (TD)	  of	  1,821	  m.	  A	   full 	  suite	  of	  borehole	  geophysical 	  data	  was 	  also	  collected	  
from	  the	  boreholes.

The	  objecSve	  of	   the 	  fracture	  analysis	  was 	  to	  assess 	  the	  potenSal	  for	   geothermal	  energy	  
development	   through	   analysis 	   of	   fracture 	   permeability.	   Controls 	   on	   fracture	   permeability	  
include	   fracture 	  density,	   cumulaSve	   fracture 	  frequency,	   fracture	   orientaSon	   (azimuth/strike	  
and	  dip),	   and	   fracture	  aperture.	   These	  data	  consStute	   the	   fracture	   straSgraphy	   and	  will 	  be	  
correlated	   to	   lithology	   and	  mechanical	  straSgraphy	   to	  determine	  if	   fracture	  development	   is	  
dependent	  upon	  any	  aspect	  of	  lithological	  and/or	  mechanical	  properSes.

METHODS
We	  measured	  fracture	  characterisScs 	  from	  core	  samples,	  and	  mapped	  fractures 	  in 	  acousSc	  

televiewer	   logs 	   collected	   in	   the	   Kimama	   and	  Mountain	   Home 	  boreholes	   over	   the	   zone	   of	  
interest	   (ZOI).	   Each	   fracture	   measured	   from	   core	   was 	   idenSfied	   as 	   naturally	   occurring	   or	  
drilling-‐induced.	  Naturally	   occurring	  fractures 	  are	  idenSfied	  by	   recognizing	  indicators 	  that	  the	  
fracture	  is 	  open	  or	  was	  open	  at	  some	  Sme	  in	  the 	  past.	   Typical 	  indicators 	  are	  oxidaSon	  on	  or	  
around	  the	  fracture 	  plane,	   presence	  of	   secondary	   mineralizaSon	  that	   has 	  sealed	   or	   parSally	  
sealed	  an	  open	  fracture,	  alteraSon	  of	  host	  rock,	  and/or	  slip	  indicators 	  on	  the	  face	  of	  a 	  fault.	  The	  
presence 	  of	  any	   one	  or	  more 	  of	   these	  characterisScs 	  requires	  that	   the	  fracture 	  was 	  open	  at	  
some	  Sme	  before	  the	  borehole	  was	  drilled.	  Data	  were	  analyzed	  with	  the	  program	  FracMan®.	  

In	  the	  Kimama 	  borehole	  KMA-‐1B	  the	  ZOI 	  includes	  the 	  interval 	  of	   the 	  televiewer	   log	   from	  
281m	  (923	  N)	  to	  735	  m	  (2,412	  N).	  In	  the	  Mountain	  Home	  borehole	  MH-‐2B	  the 	  ZOI	  includes 	  the	  
interval	  of	  the 	  televiewer	  log	  from	  1,287	  m	  (4,223	  N)	  to	  1,597	  m	  (5,238	  N).	  Televiewer	   logs 	  of	  
the	   artesian	   fracture 	   system	   at	   Mountain	   Home	  were	   not	   obtained	   because 	   temperatures	  
below	  1600	  m	  depth	  substanSally	  exceeded	  that	  thermal 	  limits	  of	  the 	  televiewer	  tool.	  Fracture	  
analysis	  was 	  not	  carried	  out	  at	  Kimberly	  because	  the	  low	  thermal 	  gradient	  made	  it	  unlikely	  to	  
be	  a	  viable	  prospect.	   Since	  resources 	  were	  limited,	   it	  was 	  decided	  to	  focus 	  on	  the	  two	  holes	  
with	  high	  thermal	  gradients.	  
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ParScular	  morphologies 	  can	  be 	  idenSfied	   that	   are	   indicaSve	  of	  drilling-‐induced	   fractures.	  
Centerline 	   fractures,	   petal 	   fractures,	   petal-‐centerline	   fractures,	   core 	   edge	   fractures,	   saddle	  
fractures,	  and	  disking	  are	  indicaSve	  of	  fractures 	  formed	  post-‐drilling	  as	  a 	  result	  of	  the	  release	  of	  
stress 	  on	  the 	  core	  or	  the	  redistribuSon	  of	  stresses	  around	  the 	  borehole 	  wall	  (see	  Figure	  13-‐1;	  
Schmi@	   et	   al.,	   2012).	   Drilling-‐induced	   fractures 	  occur	   in	   slightly	   different	   places 	  in	   the 	  core	  
compared	  to	  the	  borehole 	  wall 	  due	  to	  the	  differences	  between	  the	  release	  of	  stress	  on	  the 	  core	  
sample	   and	   the	   redistribuSon	   of	   stresses 	   around	   the	   borehole 	   wall 	   that	   concentrates	  
compressive	  stresses	  in	  relaSon	  to	  the	  minimum	  and	  maximum	  principal	  stress	  direcSons.

Other	   induced	   fractures	  are	  idenSfied	  separately	   from	  drilling	   induced	  and	   include	  those	  
that	  are	  a 	  result	  of	  the	  act	  of	  the	  drill 	  bit	  on	  the	  core 	  or	  handling	  aNer	  that	  the	  core 	  is 	  removed	  
from	   the	   core	   barrel.	   These	   are	   idenSfied	   through	   a	   lack	   of	   planar	   fracture 	   or	   induced	  
morphologies,	  beveled	  edges 	  on	  subhorizontal	  fractures 	  indicates 	  the	  two	  pieces 	  of	  core	  spun	  
against	  each	  other	  while	  in	  the 	  core	  barrel.	   All 	  induced	  fractures 	  have	  clean,	   fresh	  faces	  that	  
lack	  any	  indicaSon	  of	  exposure	  before	  drilling	  and	  handling.
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Figure	  13-‐1.	  Drilling-‐induced	  fracture	  classificaCons	  as	  a	  result	  of	  
tensile	  fractures	  in	  core	  (modified	  from	  SchmiG	  et	  al.,	  2012).



Dip	  and	  aperture	  are	  measured	  in	  reference	  to	  the 	  strike 	  line	  of	  a 	  fracture 	  plane.	  The	  core 	  is	  
oriented	  so	   that	   the	   strike 	  line	   is 	  pointed	  verScally	   and	   the 	  dip	   is 	  measured	  with	   a	  digital	  
protractor	  relaSve 	  to	  horizontal.	  The	  borehole 	  deviates	  li@le 	  from	  verScal	  so	  is 	  assumed	  to	  be	  
verScal 	  and	   the	   long	   edge	   of	   the	  core 	  can	  be	   used	   as 	  a 	  reference	  to	   verScal.	   Aperture	   is	  
measured	   with	   the	   core	   oriented	   the 	   same	   way	   so	   that	   aperture	   could	   be	   measured	  
perpendicular	  to	  the 	  fracture	  faces 	  and	  not	  at	  some	  apparent	  thickness	  at	  another	   locaSon	  on	  
the	  outside	  of	  the 	  core.	  Aperture	  can	  only	  be	  measured	  in 	  fractures 	  that	  are	  closed	  or	  sealed.	  
Some	   broken	   fractures	   can	   be 	   fit	   together	   and	   the 	   mineral 	   fill 	   is 	   preserved	   enough	   to	  
confidently	   measure	  aperture.	  Minerals 	  observed	  to	  fill 	  fractures 	  include	  quartz,	   calcite,	   clays	  
(chlorite	  and	  smecSte),	  zeolite	  (laumonSte),	  pyrite,	  and	  chalcopyrite.
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Figure	  13-‐2.	  Fracture	  frequency	  distribuCon	  ploGed	  as	  fracture	  
density	  (#	  fractures/5	  O	  of	  borehole	  depth).



RESULTS
The	  spaSal 	  distribuSon	  of	  fracture 	  density,	  cumulaSve 	  fracture	  frequency,	  dip	  direcSon	  or	  

strike,	   and	   dip	   angle	   will 	   be 	   used	   to	   define	   fracture	   straSgraphy	   and	   discrete	   fracture	  
populaSons 	  that	   can	  be 	  correlated	  to	   lithology	   and	  mechanical	  straSgraphy.	   Fracture	  density	  	  
distribuSon	  shows	  that	   fractures 	  cluster	  with	  respect	   to	  depth	  in	  definable 	  ways.	  We 	  will	  use	  
the	  distribuSon	  of	  the	  fracture	  populaSon	  to	  define	  discrete 	  zones 	  along	  the 	  depth	  profile	  of	  
fracture	  densiSes.	  Those	  zones	  consStute	  fracture 	  straSgraphy	   and	  are	  the	  framework	  under	  
which	  we	  consider	  the	  distribuSon	  of	  other	  fracture	  characterisScs	  and	  rock	  properSes.	  

Kimama	  	  

The	   fracture	   density	   histogram	   (Figure	   13-‐2)	   and	   cumulaSve	   fracture 	   frequency	   curve	  
(Figure	  13-‐3)	  show	  us 	  the 	  pa@ern	  of	  fracture	  distribuSon	  with	  depth	  in	  KMA-‐1B.	  Most	  notable	  is	  
a 	  significant	  secSon	  of	  the	  borehole	  that	  lack	  fractures	  from	  ~686	  m	  (2,250	  N)	  to	  ~701	  m	  (2,300	  
N).	  Thinner	  secSons	  can	  be	  defined	  based	  on	  the	  presence 	  of	  intense	  fracture	  populaSons 	  or	  a	  
lack	  of	  fractures.	   The	  data	  can	  be 	  subdivided	  into	  as	  few	  as	  4	  fracture 	  units 	  or	  as	  many	   20	  or	  
more,	   depending	  on	  what	   is	  most	   appropriate	  for	   the	  study.	   In	  this 	  case,	  we	  will	  define	  the	  
appropriate	  number	   to	   staSsScally	   correlate	   fracture	  straSgraphy	   with	   lithological	  units 	  and	  
mechanical 	  straSgraphic	   units 	  that	   are	  defined	  by	   the 	  distribuSon	  of	   rock	   properSes	   in	  the	  
borehole.	  

Fracture	   aperture 	   and	   orientaSon	   are 	   intrinsically	   linked	   to	   fracture	   permeability.	   The	  
distribuSon	   of	   apertures 	  (Figure 	  13-‐4)	   shows	   that	   the	  majority	   of	   the 	  fractures 	  have	   small	  
apertures 	   that	   are 	   ~17	   mm.	   Large	   (>	   20	   mm)	   fractures 	   and/or	   voids	   are	   present	   in	   the	  
populaSon	  of	  fractures.	   The	  large,	   standout	   voids	  are	  idenSfied	  by	   visible	  gaps	  in	  televiewer	  
data	  and	  by	  lack	  of	  core	  recovery	  in	  the	  drilling	  record.	  Core	  samples 	  from	  large-‐aperture	  zones	  
show	   significant	   high-‐temperature	   secondary	   mineralizaSon.	   Large	   voids	   could	   be 	  potenSal	  
conduits 	  for	   significant	  flux	   of	  hydrothermal 	  fluid	  based	  on	  potenSal 	  volume,	   if	  the 	  voids	  are	  
extensive	   enough.	   The	   presence	   of	   secondary	   mineralizaSon	   is 	   an	   indicator	   of	   previous	  
hydrothermal	  fluid	  flow.	  

Fracture	  orientaSon	  is 	  defined	  by	   strike	  and	  dip	  (Figure	  13-‐5)	  and	  by	  the	  azimuth	  and	  dip	  
angle	   of	   each	   fracture.	   The	   populaSon	   of	   fracture	   data 	  cluster	   in	   primary,	   secondary,	   and	  
terSary	  azimuth	  direcSons 	  (Figure 	  13-‐6).	  The	  primary	  cluster	  dips 	  generally	  in	  the	  NNE	  direcSon	  
while	  the	  secondary	  cluster	  dips 	  to	  the	  NW,	  and	  the	  terSary	  cluster	  dips 	  to	  the 	  ESE	  direcSon.	  
Dip	   angles 	   are	   very	   consistent	   (Figure 	   13-‐7)	   and	   show	   that	   the	   majority	   of	   the 	   fracture	  
populaSon	  over	  the	  ZOI	  dips	  between	  40	  and	  80	  degrees.	  
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Figure	  13-‐3.	  Fracture	  frequency	  distribuCon	  ploGed	  as	  cumulaCve	  fracture	  frequency.
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Figure	  13-‐5.	  Kimama.	  Equal-‐area,	  lower-‐hemisphere	  stereonet	  plot	  of	  the	  poles-‐to-‐plane	  for	  
fractures	  over	  the	  ZOI.

Figure	  13-‐4.	  Kimama.	  Aperture	  
histogram	  depicCng	  the	  distribuCon	  
of	  aperture	  sizes	  in	  the	  ZOI.

Counts

Aperature	  (mm)
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Figure	  13-‐6.	  Kimama.	  Rose	  diagram	  depicCng	  the	  distribuCon	  of	  fracture	  dip	  azimuths.

Figure	  13-‐7.	  Kimama.	  Rose	  diagram	  depicCng	  the	  distribuCon	  of	  dip	  angles	  from	  all	  
fractures	  in	  the	  ZOI.Mountain	  Home.	  



Mountain	  Home	  	  	  

The	   fracture	   density	   histogram	   (Figure	   13-‐8)	   and	   cumulaSve	   fracture 	   frequency	   curve	  
(Figure	  13-‐9)	  show	  us 	  the 	  pa@ern	  of	  fracture	  distribuSon	  with	  depth	  in	  MH-‐2.	  Most	  notable	  are	  
two	  significant	  secSons	  of	  the 	  borehole 	  that	  lack	  fractures	  from	  ~1,349	  m	  (4,425	  N)	  to	  ~1,384	  m	  
(4,540	  N)	  and	  ~1,481	  m	  (4,860	  N)	  to	  ~1,532	  m	  (5,025	  N).	  Thinner	  secSons 	  can	  be 	  defined	  based	  
on	  the 	  presence 	  of	  intense	  fracture 	  populaSons	  or	  a 	  lack	  of	  fractures 	  in	  Figure	  13-‐8.	  The 	  data	  
can	  be 	  subdivided	  into	  as 	  few	  as 	  5	  fracture	  units	  or	  as	  many	  as 	  20	  or	  more,	  depending	  on	  what	  
is 	  most	   appropriate 	   for	   the	   study.	   In 	   this	   case,	   we	  will 	   define	   the	   appropriate	   number	   to	  
staSsScally	   correlate 	  fracture	  straSgraphy	  with	  lithological 	  units 	  and	  mechanical 	  straSgraphic	  
units	  that	  are	  defined	  by	  the	  distribuSon	  of	  rock	  properSes	  in	  the	  borehole.

Fracture	   aperture 	   and	   orientaSon	   are 	   intrinsically	   linked	   to	   fracture	   permeability.	   The	  
distribuSon	  of	  apertures 	  (see	  Figure	  13-‐10)	  shows	  that	  the	  majority	  of	  the 	  fractures 	  have	  small	  
apertures 	  that	  are	  <10	   –	  15	  mm.	  Large 	  (>	  20	  mm)	  fractures 	  and/or	   voids	  are	  present	   in	  the	  
populaSon	  of	  fractures.	   The	  large,	   standout	   voids	  are	  idenSfied	  by	   visible	  gaps	  in	  televiewer	  
data	  and	  by	  a 	  considerable 	  lack	  of	  core	  recovery	  in	  the 	  drilling	  record.	  Core	  samples 	  from	  large-‐
aperture 	  zones 	  show	  significant	  high-‐temperature	  secondary	  mineralizaSon.	  Large	  voids 	  could	  
be	  potenSal 	  conduits	  for	  significant	  flux	  of	  hydrothermal 	  fluid	  based	  on	  potenSal	  volume,	  if	  the	  
voids 	   are 	   extensive	   enough.	   The 	   presence	   of	   secondary	   mineralizaSon	   is 	   an	   indicator	   of	  
previous	  hydrothermal 	  fluid	  flow.	  The	  largest	  of	  voids,	  those	  >40mm,	  are	  listed	  in	  Table	  13-‐1.	  
The	  large	  aperture	  fracture	  zone	  inferred	  at	  1,745	  m	  (5,725	  N)	  depth	  is	  inferred	  from	  the 	  poor	  
core 	  recovery	   (<50%)	   and	   the 	  occurrence	   of	   voluminous 	  artesian	  flow	   from	   this	   zone.	   The	  
aperture 	  of	  >48	  mm	  is 	  inferred	  from	  the	  NQ	  core 	  diameter	   (48	  mm),	  assuming	  that	   aperture	  
size	  exceeds	  core	  diameter	  in	  zones	  with	  <50%	  recovery.

Table	  13-‐1.	  Depths	  and	  apertures	  of	  large	  voids	  in	  the	  ZOI,	  Mountain	  Home	  well	  MH-‐2.

Depth	  (m) Depth	  (N) Aperture	  (mm)
1,328 4,356 47.6
1,347 4,418 113.0
1,396 4,581 95.4
1,407 4,618 88.7
1,534 5,032 43.4
1,745 5,726 >	  48
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Fracture	  orientaSon	  is 	  defined	  by	  strike	  and	  dip	  and	  plo@ed	  as 	  a 	  pole	  normal	  to	  the	  plane	  of	  
the	   fracture 	  (see	  Figure	   13-‐11)	   and	   by	   the	   azimuth	   of	   dip	   direcSon	  and	   dip	   angle 	  of	   each	  
fracture.	   The	  populaSon	  of	   fracture	  data 	  cluster	   in	  primary,	   secondary,	  and	  terSary	   azimuth	  
direcSons 	  (see 	  Figure	  13-‐12).	  The	  primary	  cluster	  dips 	  generally	  in	  the	  NNW	  direcSon	  while 	  the	  
secondary	  cluster	  dips	  to	  the	  SSE,	  and	  the 	  terSary	  cluster	  dips 	  to	  the	  WSW	  direcSon.	  Dip	  angles	  
are	  very	   consistent	   (see	  Figure	  13-‐13)	  and	  show	   that	   the 	  majority	   of	   the	  fracture 	  populaSon	  
over	  the	  ZOI	  dips 	  between	  40	  and	  80	  degrees.	  Dip	  angles 	  are	  consistent	  with	  the	  high	  normal	  
range-‐front	   faults 	  that	   bound	  the	  graben.	  However,	   while	  the	  dip	  angles 	  are 	  consistent,	   the	  
orientaSons	  of	  the	  fractures	  vary	  from	  the	  regional	  geological	  structure.
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Figure	  13-‐8.	   Fracture	  frequency	  distribuCon	  ploGed	  as	  
fracture	  density	  (#	  fractures/5	  O	  of	  borehole	  depth).

Fracture	  Count



The	  range-‐front	  faults	  offset	  Miocene	  volcanic	  rocks	  and	  dip	  at	  high	  angles	  to	  the	  southwest	  
and	  strike	  N55-‐60W.	   Quaternary	   faults 	  are	  clustered	  in	   two	  sets	  oriented	  N85W	   and	  N60W	  
(Shervais 	  et	  al.,	  2002).	  The	  primary	  cluster	  of	  fractures	  in	  the	  ZOI 	  is 	  oriented	  roughly	  N80W	  and	  
dips	  at	  high	  angles	  to	  the 	  NE.	  The	  secondary	  cluster	  of	  fractures	  strikes	  N45E	  and	  dips	  to	  the 	  SE	  
while	   the 	  terSary	   cluster	   strikes	  N30W	  and	  dips 	  to	   the 	  SW.	   The 	  orientaSon	  of	   the	  primary	  
cluster	   of	  fractures 	  is	  oriented	  consistently	   with	  one	  set	  of	  Quaternary	   faults 	  (N8085W),	   but	  
dips	   in	   an	   anStheScal 	   direcSon.	   Slip	   indicators 	  on	   many	   of	   the	   fracture	   surfaces 	  may	   be	  
oriented	  using	   televiewer	   data 	  and	  might	   give 	  insight	   into	  the	   reason	   for	   the	   inconsistency	  
between	  the	  fracture	  populaSon	  in	  the	  MH-‐2	  borehole	  and	  the	  regional	  geological	  structures.
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Figure	  13-‐9.	   Fracture	  frequency	  distribuCon	  ploGed	  as	  cumulaCve	  
fracture	  frequency.
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Figure	  13-‐11.	  Mountain	  Home.	  Equal-‐area,	  lower-‐hemisphere	  stereonet	  plot	  of	  the	  
poles-‐to-‐plane	  for	  fractures	  over	  the	  ZOI.

Figure	  13-‐10.	  Mountain	  Home.	  
Aperture	  histogram	  depicCng	  
the	  distribuCon	  of	  aperture	  
sizes	  in	  the	  ZOI.

Aperture	  (mm)

Count



FUTURE	  WORK
The	   next	   phase 	   of	   this 	   project	   will 	   be	   to	   conduct	   a 	   stress	   analysis 	   to	   determine 	   the	  

orientaSon	   and	   magnitudes	   of	   the	   three 	   principal	   stresses 	   (Sv,	   Sh,	   SH).	   Principal 	   stress	  
orientaSons 	   are	   idenSfied	   from	   borehole	   breakouts	   and	   induced	   tensile	   fractures	   on	   the	  
televiewer	   log.	   Dipole	   sonic	   data 	   (Vs	   and	   Vp)	   and	   bulk	   density	   data,	   measured	   from	   core	  
samples,	  are	  used	  to	  calculated	  Young’s 	  modulus 	  (E)	  and	  Poisson’s 	  raSo	  (ν).	  Rock	  strength	  will	  
be	  calculated	  from	  uniaxial 	  compression	  strength	  (UCS)	  experimental 	  data.	  Those	  data 	  will 	  be	  
used	  to	  calculate 	  the	  magnitudes	  of	  the	  principal 	  horizontal	  stresses 	  using	  the	  method	  from	  
Zoback	  (2003).	  VerScal 	  principal	  stress 	  will 	  be	  calculated	  using	  the	  relaSonship	  Sv	  =	  ρgh.	  Where	  
ρ	   is 	  average	  density	  of	  the	  overburden,	  g	  is 	  acceleraSon	  due	  to	  gravity,	  and	  h	  is 	  depth	  of	  the	  
ZOI.	  Mercury-‐injecSon	  porosimetry	  tests 	  will 	  yield	  porosity,	  permeability,	  and	  bulk	  density	  data.	  
Those	  data	  along	  with	  the	  fracture	  data 	  and	  results 	  of	  the	  stress 	  analysis 	  will 	  be	  used	  as	  spaSal	  
parameters 	  and	  boundary	   condiSons 	   in 	  a 	  discrete 	  fracture	  network	   (DFN)	   model 	  using	   the	  
industry-‐standard	   code 	   FracMan™.	   The	   ulSmate	   outcome	   of	   these	   analyses 	   will	   be	   a	  
quanStaSve	  assessment	  of	  fracture 	  porosity	   in	  the 	  rocks	  above	  the	  geothermal 	  system,	  which	  
will 	  be	   important	   for	   the	  evaluaSon	  of	   the	  geothermal 	  resource 	  and	  its	  potenSal 	  for	   energy	  
generaSon.	  

	  

Note:	  this	  research	  is	  the	  subject	  of	  a	  PhD	  disserta=on	  by	  Kessler,	  which	  is	  in	  progress	  at	  the	  
=me	  of	  this	  wri=ng.	  Further	  results	  will	  be	  published	  once	  this	  research	  is	  complete.	  
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CHAPTER	  14:	  

PROJECT	  MANAGEMENT	  AND	  REPORTING

John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

Project	  management	   and	   repor/ng	   tasks	   were	   carried	   out	   by	   the	   Principal	   Inves/gator	   with	   the	  
assistance	  of	  the	  Science	  Team	  (co-‐inves/gators),	  site	  Chief	  Scien/sts,	  the	  DOE	   Technical	  Review	  Team,	  
Utah	   State	   University	   accoun/ng	   staff,	   and	   a	   project	   manager	   hired	   specifically	   to	   for	   this	   project.	  
Quarterly	   progress	   reports	   were	   prepared	   by	   the	   PI,	   and	   financial	   reports	   by	   USU	   accoun/ng	   staff.	  	  
Science	  and	  technical	  decisions	  were	  made	  by	  the	  PI	  in	  consulta/on	  with	  the	  Chief	  Scien/st	  at	  each	  site,	  
the	  Project	  Science	  Team,	  and	  the	  DOE	  Technical	  Review	  Team.	  DOE	  management	  was	  consulted	  on	  all	  
decisions	  involving	  change	  of	   scope	  or	  revised	  drilling	  plans.	  Expenses	  were	  tracked	  on	  a	  bi-‐weekly	  basis	  
except	  for	  drilling	  expenses	  when	  nearly	  hole	  comple/on,	  when	  expenses	  were	  es/mated	  daily.	  

A	  Risk	  Management	  Plan	  was	  prepared	  as	   part	  of	  our	  Phase	   1	  report.	  This	  plan	  assessed	  poten/al	  
risks	   involved	   in	   drilling	  and	   logging,	   their	  probability,	   and	   mi/ga/ons.	   This	   plan	   proved	   its	   value	   in	  
several	  situa/ons	  that	  arose,	  in	  par/cular	  the	  decision	  to	  abandon	  stuck	  rods	   in	  hole	  MH-‐2A	  and	  drill 	  a	  
new	  hole	  hole	  adjacent	  to	  it	  (MH-‐2B).	  

A	   project	  science	  mee/ng	  was	   held	  in	  April	  2012	  at	  Utah	  State	  University	   aTended	  by	   the	   Science	  
Team,	  Chief	   Scien/sts,	  project	  science	  staff,	  and	  range	   of	  par/cipa/ng	  scien/sts.	  This	  mee/ng	  included	  
presenta/ons	  on	  progress	  to	  date	  and	  plans	  for	  further	  study,	  as	  well	  as	  visits	  to	  the	  core	  processing	  and	  
storage	  facili/es	  to	  view	  the	  core	  and	  discuss	  future	  work	  and	  sample	  requests.	  

Repor/ng	  func/ons	   included	  Quarterly	   and	  Annual	  progress	   reports	   to	  DOE,	  presenta/ons	   at	  DOE	  
Peer	   Review	   events,	   presenta/ons	   at	   scien/fic	   and	   professional	  mee/ngs,	   and	   publica/ons.	   Formal	  
presenta/ons	  were	  made	  at	  two	  Peer	  Review	  events,	  three	  annual	  mee/ngs	  of	  the	  Geothermal	  Resource	  
Council,	  and	  several	  mee/ngs	  of	   the	  American	  Geophysical	  Union	  and	  Geologic	  Society	  of	  America.	  The	  
PI	  Science	  Team	  also	  organized	  special	  sessions	  at	  several	  of	  these	  mee/ngs.	  
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INTRODUCTION	  	  

This 	  work	  was	  organized	  by	  the	  Project	  Director/Principal	  InvesCgator	  (Shervais)	  and	  carried	  
out	  by	  a 	  consorCum	  of	  universiCes,	  non-‐profits,	  and	  government	  agencies.	  Our	  organizaConal	  
structure 	  relied	  on	  a	  central 	  core	  of	  co-‐invesCgators 	  who	  managed	  studies	  and	  sampling	  within	  
their	  area.	  All 	  of	  the 	  PI’s 	  and	  co-‐invesCgators	  had	  prior	  experience 	  working	  with	  drill 	  core 	  and/
or	   drilling	  projects,	   from	  the	  Snake 	  River	  Plain,	  the	  Savannah	  River	   NaConal 	  Laboratory,	  ODP-‐
IODP,	   Safod,	   Andrill,	   Finland,	   or	   lake 	  drilling	   projects	   (Baikal-‐Qinghai-‐Great	   Salt	   Lake).	   As	   a	  
result,	   the	   science	   team	   was	  well 	  equipped	   for	   the 	  challenge	   of	   this 	  project.	   In 	  parCcular,	  
Shervais 	  was	  PI	   on	   a	  mulCyear	   DOE-‐funded	   study	   of	   legacy	   core	   from	   the 	  Savannah	  River	  
NaConal 	  Laboratory	   (Dennis 	  et	  al 	  2004,	  2003)	  and	  has	  carried	  out	  studies 	  of	  exisCng	  core	  from	  
the	  Snake	  River	  Plain	  (Shervais	  et	  al 	  2002,	  2006;	  Hanan	  et	  al,	  2008).	  All 	  of	  the	  co-‐invesCgators	  
have	   extensive 	  research	   experience	  and	  publicaCon	   records	   in	  their	   areas 	  of	   experCse,	   and	  
many	  have	  worked	  previously	  on	  internaConal	  drilling	  projects.	  

MANAGEMENT	  STRUCTURE	  	  	  

The	   overall 	  management	   structure	   is 	   laid	   out	   in	   our	   organizaConal	   chart	   (Figure	   14-‐1).	  
Shervais	  was	  lead	  PI 	  and	  Project	  Director,	  working	  in	  conjuncCon	  with	  a 	  Science 	  PI	  Group.	  The	  
Chief	   ScienCst	   at	   each	  drill 	  hole	   represented	   the	   Site 	  Science	  Crews	   for	   each	   locaCon,	   and	  
worked	  directly	  with	  DOSECC	  operaCons	  personnel 	  to	  monitor	  drilling	  progress 	  and	  made	  on-‐
site	  decisions	  as 	  needed.	  The	  Chief	  ScienCsts 	  also	  interfaced	  with	  the 	  Project	  Director	  and	  the	  
Science	  PI	  Group	  when	  consultaCon	  was	  required	  for	  major	  decisions.	  

Quarterly	   progress	   reports	   were	   prepared	   by	   the	   PI,	   and	   financial 	   reports 	   by	   USU	  
accounCng	  staff.	   	  Science	  and	  technical 	  decisions 	  were 	  made 	  by	  the	  PI	  in 	  consultaCon	  with	  the	  
Chief	  ScienCst	  at	  each	  site,	  the	  Project	  Science	  Team,	  and	  the	  DOE	  Technical 	  Review	  Team.	  DOE	  
management	  was	  consulted	  on	  all 	  decisions 	  involving	  change	  of	  scope	  or	  revised	  drilling	  plans.	  
Expenses	  were	   tracked	  on	   a 	  bi-‐weekly	   basis 	  except	   for	   drilling	   expenses 	  when	   nearly	   hole	  
compleCon,	  when	  expenses 	  were	  esCmated	  daily.	   Financial	  tracking	  was 	  especially	   important	  
for	  cost	  share,	  in	  order	  to	  document	  that	  our	  project	  met	  its 	  cost	  share	  requirements.	  Most	  of	  
the	   cost	   share	   was 	   contributed	   by	   the	   InternaConal	   ConCnental	   Drilling	   Program	   (ICDP),	  
including	  support	   provided	  by	   their	  OperaConal 	  Support	  Group	  (OSG)	  for	  geophysical 	  logging	  
and	  data	  base	  support.	  AddiConal	  cost	  share	  was	  provided	  by	  the	  parCcipaCng	  universiCes.	  

It	  was	  also	  necessary	   to	  assure	  that	   USAF	  funds 	  for	  addiConal 	  drilling	  at	  Mountain	  Home	  
were 	  accounted	   separately	   from	   the 	  DOE-‐funded	  project,	   and	   that	   there	  was	  not	   mixing	  of	  
expenditures	  or	   effort	  at	  the	  drill 	  site.	  This 	  was 	  handled	  largely	   by	  our	  USU	  Project	  Manager,	  
who	  also	   handled	  purchasing,	   staff	   scienCst	   schedules,	   and	   shipping	   (including	   internaConal	  
shipments	  to/from	  ICDP).	  	  	  
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A	  Chief	  ScienCst	  was	  designated	  for	  each	  hole,	  responsible 	  for	   the 	  on-‐site	  management	  of	  
the	  drilling	  and	  making	  daily	   decisions.	  The	  Chief	  ScienCst	  acted	  as 	  the 	  interface	  between	  the	  
science	  team	  and	  the	  drill 	  team,	  make	  daily	  decisions	  about	  the	  conduct	   of	  drilling	  acCviCes,	  
and	  manage	  acCviCes	  of	   the	  on-‐site	  science 	  team.	   The	  Chief	   ScienCst	   varied	  on	   each	   hole:	  
Kimama	  (Shervais,	   USU),	   Kimberly	   (Morgan,	  USGS),	   and	  Mountain	  Home	  (Prokopenko,	   USC).	  
Shervais 	  also	  oversaw	  the	  Core	  Logging	  Facility	  at	  USU,	  and	  was 	  responsible	  for	  the	  distribuCon	  
of	  samples 	  to	  the	  parCcipaCng	  scienCsts,	  following	  protocols	  established	  by	   the 	  science	  team.	  
This 	   ensured	   that	   the	   iniCal 	   core	   characterizaCon	   was 	   carried	   out	   thoroughly,	   and	   was	  
coordinated	   among	   the	   different	   discipline-‐based	   projects.	   As 	   the	   paleomagneCc	   and	  
geochemical	   straCgraphy	   emerged,	   he 	  coordinated	  the	  selecCon	   of	   samples	   for	   radiometric	  
daCng	  (Ar-‐Ar).	  Core	  and	  drilling	  related	  data 	  were 	  uploaded	  into	  the	  ICDP	  Drilling	  InformaCon	  
System	  database,	  so	  that	  all 	  data 	  produced	  from	  the	  project,	  including	  core	  logs,	  chemical 	  and	  
isotopic	  analyses,	  magneCc	  polarity	  data,	  and	  age 	  data,	  are 	  fully	  archived.	  Transfer	  of	  data 	  into	  
the	  NaConal	  Geothermal	  Database	  system	  is	  in	  progress.	  

The	  OrganizaConal 	  Chart	   presented	   in	   Figure 	  14-‐1	   is 	  color-‐coded	   to	   disCnguish	   different	  
groups 	  and	  organizaCons.	  Dependencies 	  and	  hierarchies 	  are	  shown	  by	  black	  lines 	  and	  arrows.	  
Boxes	  are	  colored	  coded	  by	  groups	  as	  follow:	  

1. Yellow:	   Department	   of	   Energy,	   including	  Headquarters,	   Golden,	  CO,	   Field	  Office,	   and	  the	  
Technical 	   Review	   Team.	   Our	   direct	   report	   was	   to	   Golden	   Field	   Office 	   for	   general	  
management	   issues 	   and	   finances,	   but	   all 	   three	   groups 	  parCcipated	   in	   conference	   calls	  
during	   acCve 	   drilling	   operaCons.	   The	   Technical 	   Review	   Team	   were	   consulted	   on	   all	  
important	  drilling-‐related	  decisions	  and	  provided	  valuable	  insights	  into	  risks	  involved.	  	  

2. Dark	  Green:	   InternaConal 	  ConCnental 	  Drilling	  Program	  (ICDP)	  provided	  a 	  large 	  fracCon	  of	  
the	  cost	   share	   ($1.1M),	   as 	  well 	  as 	  technical 	  support	   in	  the	  form	  the	  Drilling	   InformaCon	  
System	  (a 	  database 	  for	   managing	   all 	  drilling	   and	  core	   related	  data)	  and	   the	  OperaConal	  
Support	  Group,	  which	  provided	  a 	  wide 	  array	  of	  geophysical	  slim-‐hole	  logging	  tools 	  and	  the	  
personnel	  and	  wireline-‐winch	  to	  acquire	  the	  logs.	  

3. White:	   Utah	  State	   University	   (USU)	   was 	  the 	  prime	  awardee	   and	   responsible	   for	   overall	  
project	  management	   and	  finances.	   In 	  addiCon	   to	  PI	  Shervais 	  as 	  Project	   Director,	   KrisCna	  
Glaihli 	  acted	  as	  Project	  Manager,	  responsible	  for	  coordinaCng	  staff,	  purchasing,	  travel,	  and	  
logisCcs 	  for	  movement	  of	  core	  and	  equipment	   (including	  shipment	  of	  geophysical 	  logging	  
tools	   from	   Germany	   to	   the	   U.S.).	   The	   Project	   Manager	   also	   interfaced	   with	   the	   USU	  
AccounCng	   Office 	   and	   with	   subawardee	   business	   offices,	   and	   tracked	   billing	   to	   the	  
appropriate	  accounts 	  within	  the	  project.	  Also	  shown	  in	  white 	  is	  the	  USU	  Core	  Lab	  and	  its	  

DE-‐EE	  0002848	   	   	   	   	   Chapter	  14	  -‐	  Project	  Management	  and	  ReporAng	  

14-4



staff,	   who	  processed	  core	  aier	   it	  was 	  shipped	  to	  USU,	  and	  entered	  lithologic	   logs,	   scans,	  
and	  high-‐resoluCon	  photographs	  into	  the	  Drilling	  InformaCon	  System	  database.	  

4. Lavender:	  The	  Onsite 	  Science	  Teams 	  were	  all	  USU	  employees 	  (except	  for	   two	  of	  the	  Chief	  
Geologists)	  who	  accepted	  core	  from	  the	  drillers 	  on	  site	  and	  processed	  it	  it	  prior	  to	  shipment	  
to	   USU.	   The	   onsite	   crews	   logged	   each	   core	   run,	   boxed	   and	   photographed	   core,	   and	  
prepared	  the	  core	  boxes 	  for	  shipment	  to	  the	  USU	  Core	  Lab.	  They	  also	  reported	  to	  the	  PI	  on	  
daily	  progress,	  issues	  during	  drilling,	  and	  on	  any	  interesCng	  or	  unusual	  aspects	  of	  the	  core.	  

5. Light	  Green:	  Geophysics	  subawards,	  which	  included	  high-‐resoluCon	  gravity	   and	  magneCcs	  
(USGS,	  Glen),	  borehole	  geophysical 	  logging	  (University	   of	  Alberta,	  Schmih),	  surface	  seismic	  
surveys 	   (Boise	   State	   University,	   Liberty),	   and	   thermal	   logging	   (Southern	   Methodist	  
University,	   Blackwell).	   Schmih	   coordinated	  and	   supervised	   borehole 	  logging	   by	   the	   ICDP	  
OperaConal	   Support	   Group	   (OSG)	   and	   by	   commercial 	   logging	   companies	   (primarily	   for	  
neutron	   logging,	   as 	  radioacCve	  source	   tools 	  are	   impossible	   to	   transport	   internaConally).	  
AddiConal	  borehole 	  logging	  at	  Kimama	  was 	  provided	  by	   the	  USGS	  from	  the	  Idaho	  NaConal	  
Laboratory,	   at	   no	   cost,	   because	   this 	   site	   lies 	  within	   their	   area	  of	   interest	   (Twining	   and	  
Bartholomew,	  2011).	  	  

6. Brown:	   Drilling	   subaward	  to	   the	  U.S.	   ConCnental 	  Drilling	  ConsorCum	   “DOSECC”	   (Drilling,	  
ObservaCon,	  and	  Sampling	   of	  Earth’s 	  ConCnental 	  Crust).	   DOSECC	  maintains	  a	  conCnental	  
scienCfic	  drilling	  facility	   which	  includes 	  a 	  range	  of	  drill 	  rigs 	  and	  tools.	  They	  also	  maintain	  a	  
complete	   project	   management	   system	   that	   tracks	   and	   allocates 	   their	   resources,	   and	  
provides	  detailed	  billing	   informaCon,	   a 	  Drilling	  OperaCons 	  Director	   (frequently	   onsite),	   a	  
Drilling	  OperaCons	  Manager	   (onsite),	  a 	  Site	  Manager	  (on	  site),	  and	  a	  highly	   trained	  staff	  of	  
drillers 	  who	  specialize	  in	  collecCng	  core.	  The	  DOSECC	  President	  (Nielson)	  has	  over	  20	  years	  
experience	  in	  geothermal	  research	  and	  was	  a	  key	  partner	  in	  the	  project.	  

7. Blue:	  USAF	  funding	  for	  “Phase	  2	  Mountain	  Home”	  drilling.	  This	  project	  was 	  disCnct	  from	  the	  
DOE-‐funded	  project,	   and	   commenced	  aier	   terminaCon	  of	  DOE-‐funded	  operaCons	  at	   the	  
Mountain	  Home	  AFB	  site.	  This 	  project,	   in	  collaboraCon	  with	  the	  Idaho	  NaConal 	  Laboratory,	  
assumed	  ownership	  of	  the 	  Mountain	  Home	  site	  and	  deepened	  the	  DOE-‐funded	  test	  well 	  to	  
assess 	   geothermal	   potenCal	   on	   the	   base.	   As 	   required	   by	   DOE,	   these	   projects 	   were	  
separated	  by	   a	  “bright	   line”	   financially,	   such	   that	   funding	   for	   all 	  onsite	  operaCons 	  were	  
transferred	  to	  the	  USAF	  account	  upon	  terminaCon	  of	  DOE-‐funded	  drilling	  (note	  that	  there	  
are	  no	  linkages	  between	  these	  two	  projects	  shown	  in	  the	  organizaConal	  chart).	  
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RISK	  ANALYSIS	  

As 	  part	   of	  our	   Phase 	  1	   Report	   to	  DOE	  we	  performed	  a 	  risk	   analysis 	  for	   Phase	  2	   drilling	  
operaCons.	  The 	  results	  of	   the	  that	   analysis 	  are	  summarized	  in 	  Table	  14-‐1.	   	   Fourteen	  areas	  of	  
potenCal	  risk	  were	  idenCfied	  and	  ranked	  as 	  having	  a 	  Low,	  Moderate,	  or	  High	  probability,	  along	  
with	   potenCal 	  miCgaCons 	  or	   correcCve	  acCons.	   Eight	   of	   the 	  14	   areas 	  of	   potenCal 	  risk	  were	  
actually	  encountered	  on	  at	  least	  one 	  of	  the	  three 	  holes 	  drilled;	  these	  eight	  areas 	  are	  highlighted	  
by	   italic	  in	  the	  table.	  The	  Kimama 	  site	  encountered	  severe	  lost	  circula/on	   issues 	  that	  could	  not	  
be	  cured	  using	  LCM,	  and	  resulted	  in	  excessive	  mud	  u/liza/on.	  We 	  were 	  able	  to	  drill 	  ahead,	  but	  
considerable	  resources 	  were	  expended	  on	  the 	  excessive	  mud	  use.	   The	  Kimama	  hole	  also	  had	  
stability	  issues 	  in	  a 	  thick	  loess	  layer	  at	  ~150	  m	  depth,	  which	  caused	  us 	  to	  recenter	  the	  drill 	  string	  	  
in	   the 	  washed-‐out	   sediment	   layer	   and	   re-‐core 	  a 	  secCon	   about	   120	   m	   long.	   The	   new	   hole	  
(Kimama 	  1B)	  was 	  straighter	  (less 	  horizontal 	  wander)	  than	  the	  iniCal	  hole	  (1A)	  and	  resulted	  in	  
beher	   long	  term	  core	  results.	   Inclement	  weather	  was	  also	  an	  issue	  but	   failed	  to	  halt	   drilling	  
more	  than	  briefly.	  

The	  Kimberly	  hole	  encountered	  similar	   issues	  with	  lost	  circula/on,	   excessive	  mud	  use,	  and	  
hole	  stability	   in	  a 	  sedimentary	  interbed,	  but	  these	  issues 	  were	  less 	  of	  problem	  than	  at	  Kimama.	  	  
A	  stuck	  rod	  required	  hiring	  a	  contract	  chemical 	  rod	  cuher.	  We 	  did	  encounter	  a 	  major	  equipment	  
failure	  at	  Kimberly,	   however,	  with	  a 	  cracked	  seal 	  in	  the 	  hydraulic	   system	  of	  the	  CS-‐4002	  that	  
required	  us 	  to	  shut	  down	  drilling	  operaCons	  for	  over	   4	  weeks	  so	  the	  rig	  could	  be	  returned	  to	  
Salt	  Lake	  City	   for	   repairs.	  The	  probability	   for	   such	  a 	  failure	  was 	  considered	  to	  be	  low,	  but	  the	  
nature 	  of	   the 	  failure	  (cracked	  main	  seal 	  in 	  the	  hydraulic	   system)	   required	  extensive	  trouble-‐
shooCng.	  We	  were	  able 	  to	  deal 	  with	  this 	  issue 	  by	  standing	  down	  the	  drill 	  crew,	  and	  by	  returning	  
the	  site	  science	  crew	  to	  USU	  to	  work	  in	  the	  Core	  Processing	  Lab.	  

Our	  greatest	  challenges	  occurred	  at	  the 	  Mountain	  Home	  site.	  Although	  this 	  site	  had	  lihle 	  to	  
no	  lost	  circulaCon	  or	  excessive	  mud	  use,	  we	  did	  encounter	  hole	  cave-‐in,	  stuck	   pipe,	  fish	  in	   the	  
hole,	  and	  eventually,	  geothermal	  fluid	  entry.	  Our	  first	  encounter	  with	  stuck	  pipe 	  was	  overcome	  
by	  fishing	  out	  the 	  central	  core	  bit	  on	  the	  alien	  drill 	  system,	  using	  a 	  Bowen	  spear	  welded	  to	  NQ	  
drill 	   rod,	   as 	  the	  wireline 	  did	   not	   have	   sufficient	   strength	   to	   free	   the 	   inner	   core	   rods.	   This	  
allowed	  us	  to	  conCnue	  to	  ~700	  m	  depth,	  where 	  stuck	  drill 	  rods 	  forced	  us	  to	  abandon	  the	  hole	  
and	  begin	  a 	  new	  hole	  7	  m	   from	  the	  original 	  (MH-‐2B).	   This	  was 	  rotary	   drilled	  to	  700	  m,	   then	  
cored	  with	   few	  problems 	  unCl 	  1745	  m,	  where 	  we	  encountered	  geothermal	  fluid	  entry.	   Aier	  
taking	  water	  samples,	  artesian	  flow	  was	  killed	  with	  weighted	  mud	  an	  drilling	  conCnued.	  	  

Minor	  hole	  stability	   issues	  prior	   to	  logging	  were	  dealt	  with	  by	   re-‐drilling	  and	  cleaning	  out	  
the	  holes,	  and	  by	  logging	  out	  the	  bohom	  of	  the 	  drill 	  string	  in	  secCons.	  At	  Mountain	  Home,	  the	  
upper	   temporary	   casing	   strings 	   (HQ)	   could	  not	   be 	  removed,	   so	   no	   open	   hole	   logging	   was	  
performed	  in	  the	  upper,	  cased	  secCon.	  	  
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Table	  14-‐1.	  Risk	  analysis	  matrix	  for	  Phase	  2	  drilling	  operaOons.	  Table	  14-‐1.	  Risk	  analysis	  matrix	  for	  Phase	  2	  drilling	  operaOons.	  Table	  14-‐1.	  Risk	  analysis	  matrix	  for	  Phase	  2	  drilling	  operaOons.	  

RISK	  FACTOR PROBABILITY MITIGATION,	  CORRECTIVE	  ACTION

Drilling	  Equipment	  
Failure Low Spare	  Parts	  Inventory,	  Nearby	  Mechanical	  Services	  

Mechanical	  inspecAon/upgrade	  prior	  to	  MobilizaAon

Availability	  of	  Drilling	  
Services Low

Water	  well	  services	  in	  Burley	  and	  Twin	  Falls;	  Core	  Services	  
and	  Supplies	  in	  Salt	  Lake

Land	  Owner	  RelaAons Low Very	  Good	  relaAonship	  with	  land	  owners	  

Lost	  Circula/on High
Cure	  lost	  circulaAon	  using	  LCM	  and	  cement	  through	  planned	  
cased	  secAon	  (surface	  to	  600	  feet).	  >600	  feet	  open	  hole;	  lost	  
circulaAon	  cure	  if	  cu]ngs	  buildup	  using	  LCM	  and	  cement.

Hole	  cave	  in Moderate
LCM	  and	  cement	  to	  cure	  stability	  as	  above.	  
PotenAal	  to	  reduce	  from	  HQ	  to	  NQ

PenetraAon	  Rate	  Lower	  
than	  Planned Moderate Revise	  budget;	  Reduce	  from	  HQ	  to	  NQ

Stuck	  Pipe Moderate Work	  pipe;	  reduce	  to	  NQ

Fish	  in	  Hole Low	  to	  
Moderate

Bowen	  spear	  and	  Junk	  basket	  on	  site.	  Cement	  fish	  and	  kick	  
off	  (wedge)	  if	  cost	  is	  scienAfically	  warranted

Hole	  stability	  -‐	  open	  hole	  
logging

Low	  to	  
Moderate

Clean	  out	  bridge;	  redrill.	  
Log	  out	  bobom	  of	  drill	  rod	  in	  depth	  increments

Hole	  stability	  -‐	  
temperature	  logs

Low	  to	  
Moderate

Set	  pipe

Geothermal	  fluid	  entry Moderate
Casing	  prepared	  for	  pressure	  control	  as	  above.	  
BOP	  equipment	  on	  site	  and	  standby.	  
Daily	  logging	  of	  bobom	  hole	  T

Excessive	  Mud	  U/liza/on Moderate Cure	  lost	  circulaAon	  as	  above.	  Water	  well	  on	  site

Inclement	  Weather High Winterized	  Rig;	  Good	  Paved	  and	  Gravel	  Roads

Permi]ng Low Permits	  currently	  in	  place
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One	  issue 	  that	  was 	  not	  anCcipated	  and	  did	  affect	  our	  operaCons	  at	  the 	  Mountain	  Home	  site	  
was	  the 	  lack	  of	  high	   temperature	   logging	   tools,	   especially	   the	  borehole	  televiewer	   tool.	   This	  
tool 	  is	  criCcal 	  for	  viewing	  and	  measuring	  fracture 	  orientaCons	  and	  apertures	  in	  the 	  borehole	  
walls,	   especially	   in	   the	   entry	   zone	   for	   geothermal 	  fluids.	   Unfortunately,	   NQ-‐sized	   borehole	  
televiewers 	  are	  not	  available 	  commercially.	  In	  addiCon,	  commercially	  available 	  NQ-‐size	  gamma	  
and	  neutron	  tools 	  are	  only	   reliable	  to	  about	  70-‐75ºC,	  a 	  temperature	  that	  was 	  exceeded	  in	  the	  
lower	   parts 	  of	   both	   the 	  Kimama	  and	  Mountain	  Home	  holes.	   If	   slim	   hole	  diamond	  drilling	   is	  
going	   to	  play	   an	   important	   role 	  in	  geothermal	  exploraCon,	   the 	  development	   of	  more	  robust	  
slim	  hole	  tools	  is	  criCcal.	  	  	  
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Figure	  14-‐2.	  Decision	  Flow	  Line	  for	  Risk	  Response.	  
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It	   seems 	  clear	   from	   this 	  assessment	   that	   not	   all 	  risk	  can	  anCcipated,	   and	  that	   some	  low	  
probability	   events 	  may	   occur	   despite	   best	   efforts 	   to	   avoid	   them.	   Nonetheless,	   a 	  clear	   and	  
detailed	  assessment	   of	  potenCal 	  risk	   is 	  criCcal 	  to	  the 	  success	  of	  any	   complex	  project	   such	  as	  
this.	  By	  anCcipaCng	  the	  risks 	  it	  more	  likely	  that	  resources 	  will 	  be	  in	  place	  to	  miCgate	  or	  correct	  
the	  problems 	  that	  do	  occur.	  More 	  important	  is 	  the	  role	  of	  a 	  decision	  tree	  for	  dealing	  with	  both	  
anCcipated	  and	  unanCcipated	  issues	  that	  endanger	  the	  success	  of	  the	  project.	  

As 	  part	  of	  our	  Phase	  1	  Report,	  we	  prepared	  a	  decision	  tree	  or	  flow	  line	  for	   risk	  response	  
(Figure	   14-‐2)	   that	   was 	  used	   on	   mulCple 	   occasions,	   as 	  discussed	   above.	   This 	  decision	   tree	  
involved	  a	  feed	  back	  loop	  that	   considered	  possible	  responses 	  to	  risk	  events 	  and	  the	  financial	  
impact	   of	  these	  responses,	   so	  that	   the	  most	  cost	  effecCve	  soluCons	  could	  be	  idenCfied	  along	  
with	   the 	  more 	   technically	   effecCve	   soluCons.	   In	   all	   cases,	   soluCons	   requiring	   a 	   significant	  
realignment	   of	  resources	  were	  discussed	  with	  the	  Golden,	   CO,	  Field	  Office	  and	  the	  Technical	  
Review	  Team	  prior	  to	  implementaCon,	  and	  many	  proposed	  soluCons 	  were	  modified	  as 	  a 	  direct	  
result	  of	  these	  consultaCons.	  	  

APRIL	  2012	  SCIENCE	  MEETING	  	  

The	  lead	  PI 	  organized	  a 	  project	  science	  meeCng	  in	  April	  2012	  that	  was 	  ahended	  by	  27	  senior	  
scienCsts 	  from	  14	  universiCes,	  2	  Federal 	  agencies 	  (USGS,	  DOE/INL),	  and	  one	  non-‐profit	  NGO,	  6	  
graduate	   students,	   and	   7	   staff	   geologists/geoscience 	   technicians.	   There	   were 	   26	   formal	  
presentaCons 	  on	  various 	  aspects 	  of	   the 	  drilling	  and	  science,	   several 	  extended	  discussions 	  of	  
completed	  work	   and	   future 	  direcCons,	   and	   two	  extended	   visits 	  to	  the	   core 	  processing	   and	  
storage 	   faciliCes	   to	   view	   core	   and	   plan	   sampling	   acCviCes.	   This 	  meeCng	   brought	   together	  
almost	  all 	  of	  the 	  collaboraCng	  scienCsts 	  involved	  in	  this 	  project,	   to	  summarize	  what	  had	  been	  
accomplished	  to	  date,	  what	  needed	  to	  be	  done,	  and	  how	  to	  obtain	  resources	  for	  further	  work.	  
It	  was 	  the 	  first	  opportunity	   for	  all 	  to	  review	  much	  of	  the 	  geophysical	  data 	  (including	  borehole	  
and	  surface	  studies:	   gravity,	  magneCcs,	  seismic)	  and	  to	  see	  the	  core	  from	  all 	  three	  holes.	  Of	  
parCcular	  importance	  was 	  the 	  opportunity	   to	  discuss 	  relaConships 	  between	  the	  core,	  physical	  
parameters 	   of	   the 	   drill 	   sites	   obtained	   from	   borehole	   logs,	   and	   regional 	   stuctures 	   and	  
correlaCons	  based	  on	  surface	  geophysics.	  

Based	  on	  discussions	  at	  this 	  meeCng,	  several	  new	  funding	  iniCaCves	  are	  moving	  forward	  to	  
support	   more 	   in	   depth	   study	   of	   the	   core	   and	   the	   geophysical 	   logs.	   These 	   include	   focused	  
studies 	   on	   the	   volcanic	   rocks,	   Ar-‐Ar	   age 	   determinaCons,	   detrital 	   zircons	   from	   sediment	  
interbeds,	  hydrothermal 	  alteraCon	  of	   the	  core	  and	  its 	  implicaCons 	  for	  geothermal 	  resources,	  
experimental 	  studies 	  of	  volcanic	   rocks,	   and	  efforts 	  to	  Ce	  straCgraphy	   in	   the	  core	  to	  regional	  
structure 	  and	  straCgraphy	   using	   age	  dates,	   petrography	   and	   geochemistry	   of	   the	  units,	   and	  
secular	  variaCon	  in	  the	  paleomagneCc	  orientaCons.	  
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Table 14-2. List of talks and speakers at the April 2012 Science Meeting. Table 14-2. List of talks and speakers at the April 2012 Science Meeting. Table 14-2. List of talks and speakers at the April 2012 Science Meeting. 
Project	  Overview,	  Goals,	  2006	  Workshop John	  Shervais Utah	  State	  Univ.	  

Drilling	  Summary:	  What	  We	  Did,	  Why	  We	  Did	  It,	  Lessons	  Learned Chris	  Delahunty DOSECC

Finances:	  What	  it	  Cost,	  Projected	  vs.	  Actual,	  Time	  Lines John	  Shervais Utah	  State	  Univ.	  

DOSECC	  Downhole	  Temp	  Tool	  &	  Its	  Use	  During	  Hotspot Dennis	  Nielson	   DOSECC

Kimama:	  StraAgraphy	  &	  Basalt	  Geochemistry KaAe	  Pober Utah	  State	  Univ

Kimama:	  Petrography	  of	  PrimiAve	  Basalts	   Richard	  Bradshaw Brigham	  Young	  Univ

Wendell-‐RASA:	  Kimama's	  Lible	  Brother Marlon	  Jean Utah	  State	  Univ

Kimama:	  PaleomagneAc	  StraAgraphy Duane	  Champion	   USGS

Kimama:	  Clay	  AlteraAon	   Chris	  Sant Utah	  State	  Univ

Basalt	  AlteraAon:	  Future	  Studies Tony	  Walton University	  of	  Kansas

Isotopic	  Studies	  of	  SRP	  Basalts Barry	  Hanan	   San	  Diego	  State	  Univ

Experimental	  Petrology	  of	  SRP	  Basalts Pyro	  Piersol Univ	  of	  Idaho

Kimberly	  Overview:	  The	  Rhyolite	  Hole	   Lisa	  Morgan	   USGS

The	  Univ	  Leicester	  Rhyolite	  Project,	  Central	  SRP Mike	  Branney Unive	  of	  Leicester

Experimental	  Petrology	  of	  SRP	  Rhyolites Francois	  Holtz Univ	  of	  Hanover

Physical	  ProperAes	  Magmas:	  Future	  DirecAons CrisAna	  de	  Campos Univ	  of	  Munich

Kimberly:	  Rhyolite	  Future	  DirecAons Eric	  ChrisAansen Brigham	  Young	  Univ

High	  ResoluAon	  Gravity	  &	  MagneAc	  Surveys,	  Snake	  River	  Plain Jonathan	  Glen	   USGS

Seismic	  Imaging	  through	  Volcanic	  Rocks	  of	  the	  Snake	  River	  Plain,	  
Idaho	  for	  the	  ICDP	  Project	  Hotspot

Lee	  Liberty Boise	  State	  Univ

Borehole	  Geophysical	  Logging:	  Overview	  and	  Preliminary	  Results Doug	  Schmib U	  of	  Alberta

Fracture	  Analysis	  &	  Borehole	  Logs,	  Kimama James	  Kessler	   Utah	  State	  Univ

Mountain	  Home:	  Overview	  &	  Future	  Research Alexander	  
Prokopenko

Univ	  South	  Carolina

Mtn	  Home	  Lake	  Sediments:	  Preliminary	  Results Anders	  Noren UMN	  LacCore

Mtn	  Home	  Water	  Chemistry Tom	  Lachmar	   Utah	  State	  Univ

Mtn	  Home	  Air	  Force	  Base	  Geothermal	  Development Tom	  Wood	   INL

Current	  NSF	  Proposal:	  Overview John	  Shervais	   Utah	  State	  Univ

DIS	  System	  &	  Its	  Use	  in	  Future	  Research	   Ronald	  Conze ICDP	  

Core	  Viewing:	  USU	  Core	  Lab	  -‐	  On	  Campus	  and	  Nibley	  center	   Staff	   USU	  
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REPORTING	  FUNCTIONS	  	  	  

ReporCng	  funcCons	  included	  Quarterly	   and	  Annual 	  progress	  reports 	  to	  DOE,	  presentaCons	  
at	   DOE	   Peer	   Review	   events,	   presentaCons 	   at	   scienCfic	   and	   professional	   meeCngs,	   and	  
publicaCons.	   Formal 	   presentaCons 	   were 	   made	   at	   two	   Peer	   Review	   events,	   three	   annual	  
meeCngs	   of	   the	   Geothermal 	   Resource	   Council,	   and	   several 	   meeCngs 	   of	   the	   American	  
Geophysical 	  Union	  and	  Geologic	  Society	  of	  America.	  The	  PI 	  Science	  Team	  also	  organized	  special	  
sessions	  at	  several 	  of	  these	  meeCngs.	  A	  complete	  list	  of	  presentaCons	  and	  publicaCons 	  may	  be	  
found	  in	  Appendix	  B,	  and	  are	  summarized	  in	  Table	  15-‐3	  below.	  

Table	  15-‐3.	  PresentaOons,	  PublicaOons,	  Abstracts

PresentaOons	  

Geothermal	  Resource	  Council	   9

Geological	  Society	  of	  America 4

American	  Geophysical	  Union	   11

Other	  Groups	  (Invited	  PresentaAons)	   5

Total	   29

PublicaOons	  

Geothermal	  Resource	  Council	   10

ScienAfic	  Drilling	  Journal	   2

Geosphere	   1

USGS	  Circular	   1

Total	   14

Abstracts	   15
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CHAPTER	  15:	  

CONCEPTUAL	  MODEL	  FOR	  GEOTHERMAL	  RESOURCES	  IN	  SOUTHERN	  IDAHO

Dennis	  Nielson
DOSECC,	  Inc.	  Salt	  Lake	  City	  Utah	  	  

John	  W.	  Shervais
	  Utah	  State	  University,	  Logan,	  Utah

ABSTRACT

The	   Snake	   River	   Plain	   (SRP)	   is	   part	   of	   the	   largest	   heat	   flow	   anomaly	   in	   the	   US.	   It	   is	  
characterized	  by	  thick	   sequences	  of	  young	  flood	  basalts	  that	   erupted	   following	   the	  passage	  of	  
the	   Yellowstone	   plume.	   However,	   apart	   from	   the	   obvious	   hydrothermal	   systems	   in	   the	  
Yellowstone	  caldera,	  only	  a	  few	  small	  high-‐temperature	  hydrothermal	  systems	  are	  known,	  and	  
these	   are	   located	   on	   the	   margins	   of	   the	   province.	   This	   observaHon	   is	   consistent	   with	  
convenHonal	   wisdom	   that	   suggests	   basalHc	   provinces	   are	   poor	   targets	   for	   geothermal	  
exploraHon	  because	  the	  low	  viscosity	  of	  basalt	  results	  in	  rapid	  flow	  to	  the	  surface	  along	  narrow	  
conduits	  rather	  than	  forming	  shallow	  magma	  chambers	  that	  are	  large	  enough	  to	  support	  high-‐
temperature	   	  fluid	  convecHon.	  Nonetheless,	  high	  temperature	  fluids	  found	   in	  slimhole	  test	  well	  
MH-‐2	   at	  Mountain	   Home	  Air	   Force	   Base	   document	   the	   occurrence	   of	   an	   acHve	   geothermal	  
system.	  Water	  chemistry	  and	  fluid	  inclusions	  also	  document	  high	  temperatures	  (140-‐195°C)	  and	  
chemical	   equilibrium	  with	   basalt.	  We	  propose	   that	  heat	   is	   provided	  by	   a	   complex	   of	  Layered	  
Mafic	   Intrusions	   (LMI)	   that	   underlie	   the	   axial	   porHon	   of	   the	   SRP,	   roughly	   delineated	   by	   the	  
gravity	  high.	  While	  individual	  intrusions	  have	  limited	  heat	  capacity,	  the	  intrusion	  of	  mulHple	  LMI	  
sills	  into	  the	  same	  crustal	  levels	  will	  heat	  the	  surrounding	  country	  rock	  and	  prepare	  the	  ground	  
for	  future	  intrusions.	  
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INTRODUCTION	  	  

The	  Snake	  River	  Plain	  (SRP)	  volcanic	  province 	  is	  part	  of	  the	  largest	  heat	  flow	  anomaly	  in	  the	  
US	  (Blackwell	  and	  Richards,	  2004).	   The	  SRP	   lies 	  north	  of	   the	  Basin	  and	  Range	  province,	  which	  
hosts	  acOve 	  geothermal	  systems	  in	   northern	  Nevada 	  and	   central 	  Utah.	   It	   is 	  subdivided	  into	  
eastern	  (ESRP)	  and	  western	  (WSRP)	   segments	  that	   have	  different	   structural 	  orientaOons 	  and	  
geologic	   histories.	  The	  ESRP	   represents 	  the 	  track	  of	   the	  Yellowstone 	  hotspot	  –	   a	  deep-‐seated	  
mantle	  plume	  that	  has 	  remained	  relaOvely	  fixed	  in	  space	  as 	  the	  North	  American	  plate	  moved	  to	  
the	  southwest	  (Smith	  et	  al.,	  2009).	  As	  the	  plate	  moved	  over	  the 	  plume,	  a 	  number	  of	  large	  silicic	  
caldera 	   complexes 	   formed	   through	   melOng	   of	   conOnental 	   crust.	   As 	   the	   magma 	  chambers	  
beneath	  these	  calderas 	  solidified	  and	  were	  able	  to	  sustain	  briYle	  fracturing,	  basalts 	  were 	  able	  
to	  reach	  the	  surface	  and	  form	  the 	  extensive	  lava	  flows	  that	  are	  seen	  today	  (Figure	  15-‐1).	  In	  the	  
ESRP	  relaOvely	  young	  felsic	  volcanics	  occur	  east	  of	  the 	  Great	  Ri^	  (e.g.,	  Big	  Southern	  BuYe),	  but	  
none	  are	  found	  west	  of	  the	  ri^	  (~W113.5º).

The	  WSRP	   lies 	  to	  the	  north	  of	   the	  presumed	  plume	  track	  and	  is	  controlled	  by	   northwest-‐
trending	  structures 	  that	  are	  disOnct	  from	  the	  Basin	  and	  Range	  faulOng	  and	  probably	  related	  to	  
reacOvaOon	  of	   Cordilleran	  structures.	   No	   rhyolite	   volcanism	  younger	   than	   9	   Ma	   is 	  present.	  
Resurgent	  basalt	  volcanism	  (900-‐200	  ka 	  or	   less)	  formed	  long	  a^er	  the 	  plume	  passed,	  driven	  by	  
back-‐flow	  of	  plume	  material 	  to	  the	  West.	  This 	  resurgent	  basalt	  volcanism	  is 	  plume-‐derived	  and	  
postulated	  to	  be	  associated	  with	  delaminaOon	  of	  subconOnental 	  lithospheric	  mantle	  (Shervais	  
and	  VeYer,	  2009).	  

Although	   the 	   SRP	   demonstrates 	   young	   volcanic	   acOvity	   that	   is	   both	   widespread	   and	  
voluminous,	  there 	  has	  been	  relaOvely	   liYle 	  geothermal 	  exploraOon.	  We	  believe 	  that	  this 	  is 	  the	  
consequence	  of	  the 	  lack	  of	  hot	  spring	  acOvity	   (except	  on	  the	  margins 	  of	  the	  province)	  and	  the	  
largely	   basalOc	   nature	  of	   the 	  volcanism.	   BasalOc	   terrains	  are	  not	  generally	   considered	  to	  be	  
viable	  exploraOon	  targets	  for	  high-‐temperature	  geothermal	  systems.	   Smith	  and	  Shaw	   (1975)	  
pointed	   out	   that	   basalt	   is 	   channeled	   rapidly	   from	   depth	   to	   the	   surface 	   through	   fractures	  
forming	  dikes	  that	  cool 	  rapidly.	  In	  contrast,	  rhyoliOc	  magmas	  commonly	  form	  chambers 	  in	  the	  
shallow	  crust	  and	  are	  therefore	  more	  capable 	  of	  providing	  a	  larger	  and	  longer-‐lived	  heat	  source	  
for	  hydrothermal	  circulaOon.	  

However,	  there	  are	  well 	  documented	  hydrothermal 	  geothermal 	  systems 	  in	  areas	  of	  basalOc	  
volcanism	  without	  associated	  rhyolites.	  The 	  south	  eastern	  ri^	  of	  Kilauea 	  Volcano	  on	  the	  island	  
of	  Hawaii 	  hosts 	  the	  Puna 	  geothermal	  system.	  AcOve	  extension	  and	  dike 	  intrusion	  provides	  a	  
conOnuous 	  source	  of	  basalOc	  magma.	  Teplow	  et	  al.	  (1994)	  document	  a 	  dacite 	  melt	   intersected	  
by	   injecOon	  well 	  KS-‐13	   at	   depth	  of	  2480	   to	  2488	  m	   in	  the	  Puna	  field.	  Although	  there	  are	  no	  
exposed	  flows 	  of	  daciOc	  composiOon,	   the	  authors 	  speculate	  that	  this 	  dacite 	  has	  differenOated	  
from	  basalt.	  They	  have	  calculated	  that	  the	  magma 	  intersected	  by	  drilling	  had	  a	  temperature 	  of	  
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about	  1050o	  C,	   and	  on	  the 	  basis 	  of	  thermal	  arguments,	   they	  suggest	  a 	  body	  with	  a	  minimum	  
circular	  dimension	  of	  1	  km	  and	  a	  thickness	  of	  at	  least	  100	  m.

Another	   well 	  documented	  geothermal 	  system	  specifically	   related	  to	  basalOc	   volcanism	   is	  
located	  on	  the	  Reykjanes 	  peninsula 	  in	  Iceland	  (Fridleifsson	  et	   al.,	   2014).	   The	  character	   of	  the	  
heat	   source	  has	   yet	   to	   be	  determined,	   but	   it	   is 	  hypothesized	   to	   be	   either	   a 	  sheeted	   dike	  
complex	   or	  a 	  major	   gabbroic	   intrusive 	  body.	   Drilling	   in	  the 	  Krafla	  field,	   where 	  there	  is 	  young	  
rhyolite 	  volcanism,	  intersected	  magma	  of	  rhyolite 	  composiOon.	  Petrologic	  studies	  have	  shown	  
that	  the	  magma 	  was	  formed	  through	  the	  parOal	  melOng	  of	  altered	  basalt	   (Elders 	  et	   al.,	  2011;	  
Zierenberg	  et	  al.,	  2013).

Worldwide,	   the 	  most	  extensive	  hydrothermal	  acOvity	   related	  to	  basalOc	   volcanism	  is 	  the	  
venOng	   (Black	   Smokers)	   associated	   with	   submarine	   spreading	   centers.	   The	   hydrothermal	  
acOvity	  occurs	  in	  narrow	  zones	  above	  axial 	  magma	  chambers 	  (Alt,	  1995).	  A	  common	  feature 	  of	  
the	   above	  examples 	  of	   acOve	  hydrothermal 	  systems 	  related	   to	  basalOc	   heat	   sources 	  is 	  the	  
presence 	  of	  a 	  high-‐level 	  magma	  chambers 	  that	  have 	  sufficient	  volume	  and	  longevity	  that	  it	  can	  
sustain	   convecOve 	  circulaOon.	   As 	  the 	  above	  examples 	  also	   show,	  more	   felsic	   melts	  may	   be	  
formed	  through	  parOal	  melOng	  or	  differenOaOon,	  and	  these	  rocks 	  may	  not	  be	  exposed	  at	  the	  
surface.
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Figure	  15-‐1.	  InterpreOve	  cross	  secOon	  of	  the	  eastern	  Snake	  River	  Plain	  based	  on	  passive	  seismic	  
deployment	  at	  right	  angles	  to	  the	  central	  volcanic	  axis.	  The	  mid-‐crustal	  sill	  complex	  is	  recognized	  by	  its	  
high	  seismic	  velocity	  relaOve	  to	  the	  adjacent	  lower	  upper	  crust.	  



EASTERN	  SRP	  GEOTHERMAL	  SYSTEM	  

Thermal 	  resources	  in	  the	  central 	  SRP	  are 	  disOnct	  from	  other	  known	  systems,	  and	  require	  a	  
new	  conceptual 	  model	  that	   is 	  fundamentally	   different	   from	  these	  systems.	  These 	  differences	  
have	  important	   implicaOons 	  for	   future	  exploraOon.	  The	  basic	  observaOons	  that	  pertain	  to	  the	  	  
SRP	  overall	  include:	  

1. A	  lack	  of	  young	  felsic	  volcanism;	  relaOvely	  young	  felsic	  volcanics	  occur	  east	  of	  the	  Great	  Ri^	  
(e.g.,	  Big	  Southern	  BuYe),	  but	  none	  are	  found	  west	  of	  the	  ri^	  (~W113.5º).	  

2. The	  occurrence	  of	  young	  basalOc	  volcanism	  throughout	   the	  region,	  with	  vents 	  as 	  young	  as	  
2,000	   in	  the	  Great	  Ri^-‐Craters 	  of	   the	  Moon	  field,	   and	  large 	  shield	  volcanoes 	  as	  young	  as	  
100,000	  years	  west	  of	  the	  ri^.	  

3. DocumentaOon	  of	  a	  mafic	  sill 	  or	  sill 	  complex	  in	  the	  mid-‐crustal 	  region	  beneath	  the	  eastern-‐
central	  SRP	  by	  seismic	  methods	  (e.g.,	  Peng	  and	  Humphries,	  1997;	  Figure	  15-‐1).

4. Geochemical	  evidence 	  for	   a	  layered	  mafic	  sill 	  complex	   beneath	  the	  eastern	  SRP,	  based	  on	  
fracOonaOon-‐recharge	  cycles 	  in	   basalt	   flows 	  sampled	   as	  drill 	  core	   (Shervais	  et	   al.,	   2006;	  
Figure	  15-‐2).

5. The	  Graveyard	  Point	  Sill,	  exposed	  near	  the 	  southern	  margin	  of	  the	  western	  SRP,	  documents	  
a 	  single	  layered	  basalOc	  sill 	  up	  to	  160	  m	  thick	  (White,	  2009);	  this 	  confirms 	  the	  existence 	  of	  
such	  sills	  inferred	  from	  seismic	  data	  and	  lava	  chemistry.	  

6. Further	  support	  for	  this 	  sill 	  complex	  comes	  from	  olivine 	  gabbro	  xenoliths	  in	  basalt	  from	  Sid	  
BuYe,	   which	   lies	   just	   a	   few	   km	  west	   of	   the 	  Kimama 	  drill 	  site	   (MaYhews,	   2000).	   These	  
xenoliths 	  have	  modes	  and	  composiOons 	  appropriate	  for	  basalt	  fracOonaOon	  at	  mid-‐crustal	  
levels 	  (ol-‐plg-‐cpx)	  and	  suggest	   that	   basalts 	  found	  on	  the	  surface	  were	  processed	  through	  
this	  sill	  complex.	  

7. The	  highest	  heat	  flows	  are 	  observed	  along	  the	  axial	  volcanic	   zone	  in	  the	  central	  plain,	  but	  
only	   in	  deep	   drill 	  holes 	  which	   completely	   penetrate	   the 	  ubiquitous	  Snake	  River	   Aquifer	  
(which	  we	  have	  shown	  may	   be 	  up	  to	  1	  km	  thick).	  Thermal 	  gradients 	  below	  the	  aquifer	  are	  
75-‐80ºC/km,	  on	  par	  with	  the	  highest	  observed	  gradients	  in	  the	  western	  SRP	  (this	  study).	  

8. Similarly,	  the	  highest	  groundwater	  temperatures 	  are	  found	  in	  wells	  along	  the 	  axial	  volcanic	  
zone	   (McLong	   et	   al 	  2002;	   Smith	   2004).	   In	  addiOon,	   groundwater	   becomes 	  progressively	  
warmer	   from	  east	   to	  west	  (down	  flow	  gradient),	   consistent	  with	  heaOng	  from	  below	  by	   a	  
significant	  heat	  anomaly	  (e.g.,	  Blackwell	  et	  al,	  1990).	  
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9. The	  central-‐eastern	  SRP	  is 	  transected	  by	  a	  few	  “volcanic	  ri 	̂   zones”,	  such	  as	  the	  Great	  Ri^,	  
that	  appear	  to	  represent	  the	  surface	  manifestaOon	  of	  deep-‐seated	  dikes	  (Kunz	  et	  al	  1992).	  	  

10. The	  central-‐eastern	  SRP	   transects	  Basin-‐and-‐Range	  structures 	  at	   a	  high	  angle,	  and	  lacks	  a	  
bounding	  fault	  system	  similar	  to	  the	  range	  front	  faults	  of	  the	  western	  SRP.	  

These	  observaOons 	  require	  a	  basalt-‐driven	  system	  that	  is	  both	  long-‐lived	  and	  hot,	  similar	  to	  
that	   in	  the	  Mountain	  Home	  area.	   In	  contrast	   to	  the 	  western	  plain,	  however,	  the	  central	  (and	  
eastern)	   plain 	   is 	   not	   affected	   by	   the	   same	   stress 	  fields	   found	   in	   the 	  western	   SRP	   graben.	  
Although	  Basin-‐and-‐Range	  faults 	  intersect	  the	  central 	  SRP	  at	  a 	  high	  angle,	  they	  do	  not	  appear	  to	  
cross	  the	  plain,	   and	   seismicity	   is 	  essenOally	   absent	   beneath	  the	  plain	   (e.g.,	   Smith	   and	   Sbar,	  
1986).	  It	  has 	  been	  proposed	  that	  the	  stresses 	  which	  lead	  to	  Basin-‐and-‐Range	  faulOng	  north	  and	  
south	  of	   the 	  central 	  SRP	   are 	  accommodated	  by	   dike 	  injecOon	  within	  the 	  plain	  (Parsons	  et	   al	  
1998).	   This	  is	  supported	  by	   the	  occurrence	  of	   transverse	  “volcanic	   ri^	   zones”	  which	  cut	   the	  
plain	  in	  places,	  most	  notably	  the	  Great	  Ri^	  (Kunz	  et	  al	  1992).	  
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Figure	   15-‐2.	   SchemaOc	   diagram	  of	   the	  mid-‐crustal	   sill	   complex	   as	  a	  layered	  mafic	  intrusive	  complex,	  
based	  on	  upwardly	  zoned	  fracOonaOon	  cycles 	  and	  recharge	  cycles	  in	  basalts	  sampled	   by	  core	  in	  hole	  
WO-‐2,	  INEL.	  A^er	  Shervais	  et	  al.,	  2006.	  



CENTRAL	  SRP	  GEOTHERMAL	  SYSTEM	  CONCEPTUAL	  MODEL

We	  propose	  that	   the 	  Central	  SRP	   Geothermal	  System	  derives	  its 	  enthalpy	   from	  a 	  layered	  
basalOc	  sill 	  complex	   in	  the	  middle 	  to	  upper	  crust	   (Figure	  15-‐2).	  As 	  noted	  above,	  basalt-‐driven	  
systems	  in	  Iceland	  and	  Hawaii 	  are 	  associated	  with	  relaOvely	   short-‐lived	  basalOc	  dikes 	  that	  cool	  
quickly;	   in	  contrast,	  the 	  SRP	  basalOc	  sill 	  complex	   is 	  long-‐lived	  because	  (a)	  each	  individual 	  sill 	  is	  
~100-‐200	  m	  thick,	  and	  (b)	  the	  intrusion	  of	  mulOple 	  sills 	  into	  the	  same	  level 	  of	  crust	  pre-‐heats	  
this 	  crust,	   minimizing	   heat	   loss 	  from	   subsequent	   intrusions.	   These 	  characterisOcs 	  appear	   to	  
apply	  to	  all 	  thermal 	  systems	  in	  the	  Snake 	  River	  Plain,	  west	  or	  east,	  and	  are	  a	  direct	  funcOon	  of	  
heaOng	   by	   a 	   plume-‐derived	   mantle 	   anomaly	   that	   has	   thermally	   eroded	   the	   underlying	  
lithosphere 	  (Shervais 	  and	  Hanan,	   2008).	   A	   schemaOc	   diagram	  of	  the	  central 	  SRP	   geothermal	  
system	  is	  shown	  in	  Figure	  15-‐3.	  

In	  contrast	   to	  the	  western	  SRP,	   the	  central 	  SRP	   lacks 	  the	  faults 	  that	   provide 	  conduits 	  for	  
heated	  fluids	  and	  allows 	  that	  to	  gather	  in	  fracture 	  systems.	  As 	  a 	  result,	  heat	  transfer	  above 	  the	  
layered	  sill	  complex,	   and	  below	  the 	  Snake	  River	  aquifer,	   is 	  largely	   through	  conducOon.	  This 	  is	  
documented	  by	  our	  thermal 	  gradient	  measurements 	  at	  the	  Kimama	  site,	  which	  lies 	  on	  the	  axial	  
volcanic	  zone.	  Groundwater	  within	  the	  aquifer	  at	  Kimama	  has 	  been	  heated	  to	  over	  17ºC,	  from	  
its 	  iniOal 	  temperature 	  of	  ~8ºC	   (this 	  study;	  Smith	  2004).	  As	  noted	  by	  Blackwell 	  et	  al 	  (1992),	  this	  
requires	  a	  substanOal	  thermal	  flux	  from	  below.	  
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Figure	   15-‐3.	   Generalized	   conceptual	   model	   for	   eastern	   SRP.	   Deep	   circulaOon	   of	   water	   along	  
caldera 	  margin	  or	  range-‐front	  faults;	  water	  is 	  heated	  by	  basalOc	  sill	  complex	  (cooling	  of	  melt	  plus	  
latent	  heat	  of	  fusion	  released	  upon	  crystallizaOon)	  and	  reequilibrates	  with	  the	  basalts	  isotopically.	  
Upflow	  of	  fluids	  limited	  by	  lack	  of	  internal	  faults,	  but	  may	  be	  accessed	  by	  deep	  drilling.



MOUNTAIN	  HOME	  GEOTHERMAL	  SYSTEM	  

The	  geothermal	  system	  discovered	  at	  Mountain	  Home	  Air	  Force	  Base	  (MH	  AFB)	  lies 	  within	  
the	  SRP	  volcanic	  province,	  which	  is 	  generally	  thought	  to	  represent	  the	  track	  of	  the	  Yellowstone	  
hotspot	   –	   a 	  deep-‐seated	  mantle	  plume	  which	   has 	  remained	  relaOvely	   fixed	   in	  space 	  as	  the	  
North	  American	  plate 	  moved	  to	  the	  southwest	  (Smith	  et	  al.,	  2009).	  It	  also	  lies 	  north	  of	  the	  Basin	  
and	  Range	  province,	   which	   hosts 	  acOve	  geothermal	  systems 	  in	  northern	  Nevada	  and	  south-‐
central	  Utah.	   However,	   the	  western	  SRP,	  where	  Mountain	  Home	  is	  found,	   does	  not	   sit	   on	  a	  
presumed	  plume	  track	   (as	  represented	  by	   the	  SRP	   and	  the	  absolute 	  moOon	  vector	   for	  North	  
America),	  and	  it	  is	  disOnct	  from	  the	  Basin	  and	  Range	  in	  its	  structures	  and	  locaOon.

The	  western	  SRP	  near	  Mountain	  Home	  hosts	  a	  basalOc	  volcanic	   system	  with	  erupOons 	  as	  
young	  as 	  200	  ka 	  (thousand	  years),	  and	  potenOally	  even	  younger.	  BasalOc	  terrains 	  are	  generally	  
not	   appreciated	   as	  hosts 	  for	   high-‐temperature 	  geothermal 	  systems.	   Smith	   and	   Shaw	   (1975)	  
remarked	  on	  the	  idea	  that	  basalt	   is 	  channeled	  to	  the	  surface	  through	  fractures 	  and	  does 	  not	  
form	  high-‐level 	  magma	  chambers,	  whereas	  rhyoliOc	  magmas	  commonly	   form	  chambers 	  in	  the	  
shallow	   crust	   and	   are	   therefore	   more	   capable 	   of	   providing	   a 	   long-‐lived	   heat	   source	   for	  
hydrothermal	  circulaOon.	  The	  quesOon	  becomes:	  How	  do	  we	  account	  for	  an	  acOve	  geothermal	  
system	  in	  a 	  basalOc	  volcanic	  province 	  that	   lacks 	  shallow	  felsic	   intrusions	  and	  basin	  and	  range-‐
type	  structural	  controls?	  The	  basic	  observaOons	  listed	  include:	  

1. The	  lack	  of	  young	  felsic	  volcanism	  anywhere	  in	  the	  western	  SRP;	   all 	  of	   the	  felsic	   volcanic	  
rocks	  are	  >9	  Ma	  in	  age,	  too	  old	  to	  represent	  a	  heat	  source	  for	  an	  acOve	  geothermal	  system.	  	  

2. The	  occurrence	  of	  the	  MHAFB	  resource	  near	  the	  axis 	  of	  the	  western	  SRP	  graben,	  over	  30	  km	  	  
from	  the	  range 	  front	  faults 	  on	  the 	  northern	  side 	  of	  the	  graben,	  even	  farther	  from	  those	  on	  
the	  southern	  margin	  (Shervais	  et	  al.,	  2002).	  

3. The	  occurrence	  of	  young	  basalOc	  volcanism	  throughout	   the	  region,	  with	  vents 	  as 	  young	  as	  
200	  ka	  or	  less	  (Shervais	  et	  al.,	  2002;	  White	  et	  al.,	  2002;	  Shervais	  and	  VeYer,	  2009).	  

4. DocumentaOon	  of	  a 	  mafic	  sill 	  or	  sill 	  complex	  in	  the	  mid-‐crustal	  region	  beneath	  the	  western	  
SRP	  by	  seismic	  methods	  (Pakiser	  and	  Hill,	  1967).

5. The	  Graveyard	  Point	  Sill,	  exposed	  near	  the 	  southern	  margin	  of	  the	  western	  SRP,	  documents	  
a 	  single	  layered	  basalOc	  sill 	  up	  to	  160	  m	  thick	  (White,	  2009);	  this 	  confirms 	  the	  existence 	  of	  
such	  sills	  inferred	  from	  seismic	  data	  and	  lava	  chemistry.	  	  
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6. High-‐resoluOon	  gravity	   mapping	  by	   the 	  USGS	  confirms 	  the 	  presence 	  of	  an	  ~EW	   trending	  
gravity	  high	  that	  lies	  at	  an	  oblique	  angle	  to	  the	  axis 	  of	  the	  WSRP;	  this 	  gravity	  high	  has 	  been	  
interpreted	  as 	  a	  horst	  block,	  and	  may	  be	  cored	  by	  a 	  mafic	  sill 	  complex	  (Shervais	  et	  al.,	  2002;	  
2013).	  The	  alignment	  of	  this	  gravity	  high	  is 	  approximately	  parallel 	  to	  a 	  fault	  system	  mapped	  
north	  of	  Mountain	  Home,	  which	  lies 	  at	   an	  oblique 	  angle 	  to	  the	  range	  front	   fault	   system	  
(Shervais	  et	  al.,	  2002).

7. Water	   chemistry,	   isotope	  chemistry,	   and	  fluid	  inclusion	  data	  support	   relaOvely	   high	   fluid	  
temperatures	  (140-‐195°C),	  and	  geothermal	  water	  that	  is 	  in	  equilibrium	  with	  mafic	  volcanic	  
rocks.	  Note	  that	   the	  MHAFB	  artesian	  geothermal	  waters 	  are 	  the	  only	   geothermal 	  waters	  
that	  do	  NOT	  sit	  on	  the	  meteoric	  fracOonaOon	  line	  in	  D-‐O	  isotope	  space.

8. The	  Mountain	  Home	  geothermal 	  system	   is 	  currently	   acOve,	   although	   it	   was 	  formerly	   at	  
higher	  temperatures.

These	  observaOons	   require 	  a	   basalt-‐driven	   system	   that	   is	   both	   long-‐lived	   and	   hot,	   and	  
which	  is 	  tapped	  by	   a 	  stress	  field	  that	   is 	  oblique	  to	  the	  stress	  responsible	  for	   the	  range	  front	  
faults	  and	  opening	  of	  the	  western	  SRP	  graben.	  

MOUNTAIN	  HOME	  GEOTHERMAL	  SYSTEM	  CONCEPTUAL	  MODEL

We	  propose	   that	   the	  Mountain	   Home	   Geothermal 	  System	   derives	   its	   enthalpy	   from	   a	  
layered	  basalOc	  sill 	  complex	   in	   the	  middle	  to	  upper	   crust,	  as 	  in	   the	  central 	  and	  eastern	  SRP.	  
Unlike	  basalt-‐driven	  systems	  in 	  Iceland	  and	  Hawaii,	  which	  are	  associated	  with	  relaOvely	  short-‐
lived	  basalOc	  dikes 	  that	  cool 	  quickly,	  the	  SRP	  basalOc	  sill 	  complex	   is	  long-‐lived	  because 	  (a)	  each	  
individual 	  sill 	  is 	  ~100-‐200	  m	  thick,	  and	  (b)	  the	  intrusion	  of	  mulOple	  sills 	  into	  the	  same	  level 	  of	  
crust	   pre-‐heats 	  this 	  crust,	   minimizing	  heat	   loss	  from	  subsequent	   intrusions.	   It	  has 	  long	   been	  
known	  that	  basalOc	  sills	  tend	  to	  pond	  at	   levels 	  of	  neutral	  buoyancy,	  and	  that	  subsequent	  sills	  
will	  cluster	  near	  this	  level,	  at	  or	  just	  above	  previously	  intruded	  sills.	  

Conduits	  for	  heated	  fluids	  are 	  provided	  by	   faults 	  that	  trend	  essenOally	  parallel	  to	  the	  long	  
axis 	  of	  the 	  gravity	  high,	  which	  is	  interpreted	  to	  represent	  an	  upli^ed	  horst	  block	  (Figure	  15-‐4).	  
The	  locaOon	  and	  orientaOon	  of	  these	  faults	  are	  thought	  to	  be	  controlled	  by	   the 	  distribuOon	  of	  
sill 	  complex	  within	  the 	  crust:	   crust	  modified	  by	   sill	  complex	  intrusion	  will 	  tend	  to	  act	  as 	  a 	  rigid	  
block	  during	  strain,	  localizing	  strain	  along	  its 	  margins.	  Because 	  the	  horst	  block	  lies 	  near	  the 	  axis	  
of	  the	  western	  SRP,	  these	  conduits	  conduct	  fluid	  upwards	  far	  from	  the	  range	  front	  system.
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IMPLICATIONS	  FOR	  EXPLORATION	  STRATEGIES	  IN	  SOUTHERN	  IDAHO

The	  implicaOons	  of	  this	  new	  conceptual 	  model	  for	  geothermal	  resource 	  exploraOon	  in	  the	  
southern	  Idaho/SRP	  region	  are	  significant,	  because	  this 	  model 	  differs 	  greatly	  from	  models 	  that	  
have	  proved	  successful	  elsewhere.	   First,	  the	  highest	  heat	  flux	   appears 	  to	  occur	   along	  or	  near	  
the	  central	  axis 	  of	   the	  SRP	   (Shervais	  et	  al.,	   2011).	  This 	  is 	  consistent	  with	  a 	  heat	  source	  that	  is	  
thickest	  near	   the	  axis,	  and	  thinner	   towards	  the	  margins.	  Further,	   the 	  long-‐lived	  nature 	  of	  this	  
heat	   flux,	   and	   its 	  conOnued	   flux	   long	   a^er	   the	   acOve	   plume	  has	  moved	   to	   the	   northeast	  
(relaOve	  to	  the	  lithosphere),	  requires 	  the	  slow	  release	  of	  heat	  from	  a	  cooling	  pluton,	  or	   in	  this	  
case,	  sill 	  complex	  represenOng	  mulOple	  intrusions 	  of	  basalOc	  melt.	  Second,	  the	  dominance	  of	  a	  
nearly	  EW	  gravity	  high	  (horst	  block)	  beneath	  the 	  western	  SRP,	  which	  appears 	  to	  be	  bordered	  by	  
a 	  younger	   set	   of	   similarly	   oriented	  faults,	   implies 	  that	  water	   heated	  by	   this	  source	  may	   be	  
conducted	  into	  the 	  upper	  crust	  by	   the	  boundary	   faults 	  near	   the	  valley	   axis 	  –	  and	  not	  along	  its	  
margins.

If	  our	  model	  is 	  correct,	   then	  geothermal	  resource	  exploraOon	  in	   the	  western	  SRP	   should	  
focus	  on	  locaOons 	  which	  are 	  far	   from	  the	  range	  front	  faults,	  and	  that	  are	  also	  located	  over	  the	  
steep	  gravity	   gradients 	  that	  mark	  the	  margins 	  of	   the	  gravity	   high/horst	   block.	   The	  dominant	  
exploraOon	  tool	  will 	  likely	  be	  high-‐resoluOon	  gravity	  mapping,	  coupled	  with	  seismic	  surveys 	  and	  
resource	  confirmaOon	  by	  a	  program	  of	  slim	  hole	  drilling	  and	  coring.	  
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Figure	  15-‐4.	  Generalized	  conceptual 	  model	  for	  western	  SRP.	  Deep	  circulaOon	  of	  water	  along	  range-‐front	  
faults;	  water	  is	  heated	  by	  basalOc	  sill	  complex	  (cooling	  of	  melt	  plus	  latent	  heat	  of	  fusion	  released	  upon	  
crystallizaOon)	  and	  reequilibrates	  with	  the	  basalts	  isotopically.	  Upflow	  of	  fluids	  along	  bounding	  faults	  of	  
the	  hörst	  block	  may	  be	  accessed	  by	  deep	  drilling.



The	  apparent	   lack	  of	   faulOng	  at	  depth	  within	  the	  central 	  SRP	  means	  that	  normal 	  fracture-‐
controlled	  fluid	  transfer	  is 	  unlikely	  to	  occur	  (in	  contrast	  to	  the	  situaOon	  at	  Mountain	  Home).	  As	  
a 	  result,	   development	   of	   thermal 	  resources 	   in	   the	   central 	  SRP	   will 	  need	   to	   rely	   heavily	   on	  	  
arOficially-‐sOmulated	  fractures 	  to	  form	  an	  enhanced	  geothermal	  system	  (EGS).	  In	  addiOon,	  the	  
tremendous 	  thickness	  of	   the	   Snake	   River	   Aquifer	   under	   parts 	  of	   the	  central	   SRP	   will	  make	  
drilling	  deep	  enough	  to	  encounter	  sufficiently	   hot	  rocks 	  (200-‐300ºC)	  problemaOc,	  unless 	  steps	  
are	  taken	  to	  avoid	   the	  thickest	   porOons 	  of	   the	  aquifer.	   This 	  would	  be	  best	  accomplished	  by	  
using	   electrical 	  resisOvity	   surveys	  to	  document	   locaOons	  where	   the	  aquifer	   is 	  thin.	   The	  best	  
candidates	  at	  this	  Ome	  are	  sites 	  north	  or	  south	  of	  the	  volcanic	  axis,	  where	  published	  resisOvity	  
surveys 	  document	   a 	  thin,	   basalt-‐hosted	   aquifer	   interbedded	   with	   lacustrine	   sediments,	   and	  
areas 	  near	  the 	  Great	  Ri^,	  which	  represents	  Holocene	  volcanism	  and	  thus 	  likely	  overlies 	  a	  young	  
high-‐level	  magma	  chamber.	  

Future	  exploraOon	  should	  focus	  on	  a 	  systemaOc	  approach	  that	  considers 	  all 	  available 	  data	  
within	   the	  context	   of	  a 	  formal 	  play	   analysis	  based	  on	  the	  conceptual	  model 	  presented	  here.	  
This 	  will 	  ensure	  that	   all 	  potenOal 	  resources 	  are	  evaluated	  consistently,	   and	  with	   formal 	  risk	  
assessment	  applied	  quanOtaOvely	  across	  prospects.	  

DE-‐EE	  0002848	   	   	   	   Chapter	  15	  -‐	  Conceptual	  Model	  for	  Geothermal	  Resources

15-10



CHAPTER	  16:	  

ECONOMIC	  ANALYSIS	  OF	  THE	  MOUNTAIN	  HOME	  GEOTHERMAL	  RESOURCE

Greg	  Mines
	   Idaho	  Na0onal	  Laboratory,	  Idaho	  Falls,	  Idaho	  

ABSTRACT

An	  economic	  analysis	  of	   the	  Mountain	   Home	  geothermal	  system	  was	  performed	   to	   assess	  
power	   genera8on	   costs	   for	   the	   geothermal	   system	   discovered	   by	   Mountain	   Home	   AFB	  well	  
MH-‐2.	   This	   analysis	  was	  performed	  using	  DOE’s	  Geothermal	   Electricity	   Technology	   Evalua8on	  
Model	  (GETEM).	  Using	   reasonable	  assump8ons	  for	  the	  size	  of	  the	  system	  and	  number	  of	  wells	  
required	   to	   develop	   it,	  and	   using	  observed	   and	  equilibrium	  water	   temperatures,	   we	   calculate	  
that	   a	   14	   MW	   power	   plant	   could	   generate	   power	   at	   an	   es8mated	   cost	   of	   11-‐15	   cents	   per	  
kilowaQ-‐hour.	  This	  cost	  is	  comparable	  to	  other	  geothermal	  systems,	   although	  s8ll	  higher	  than	  
power	  generated	  by	   natural	  gas	  at	  this	  8me.	  This	  calcula8on	  does	  not	   take	  into	  considera8on	  
the	  cost	  benefit	  of	  “secure	  power”	  for	  the	  USAF,	  or	  poten8al	  subsidies	  available	  to	  a	  commercial	  
partner.	  
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INTRODUCTION	  	  

An	  analysis 	  was 	  performed	  to	  assess 	  the	  power	  genera0on	  costs	  from	  a 	  resource	  that	  was	  
postulated	   based	   on	   the	   Mountain	   Home	   Air	   Force 	   Base	   Well 	   MH-‐2.	   This 	   analysis 	   was	  
performed	  using	  DOE’s	  Geothermal 	  Electricity	   Technology	   Evalua0on	  Model,	   or	   GETEM.	   This	  
model	  was 	  developed	  for	  the	  DOE	  Geothermal	  Technologies 	  Office	  to	  es0mate	  representa0ve	  
power	   genera0on	  costs	  from	  geothermal 	  energy.	  Though	  intended	  to	  provide	  a 	  more	  generic	  
assessment	   of	   power	   genera0on	   costs,	   it	   can	  be	  used	  to	  make	  a 	  preliminary	   assessment	   of	  
genera0on	  costs	  at	  a	  specific	  site.

The	  model	  es0mates 	  capital 	  and	  opera0ng	  costs 	  based	  on	  the 	  input	   provided	  to	  define	  a	  
specific	   scenario.	   The	   scenario	  defined	   for	   the 	  Mountain	   Home	  resource	  was 	  based	  on	   the	  
following	  assump0ons	  which	  were	  inputs	  to	  the	  model:

Resource—Based	  on	  the	  exploratory	  well 	  drilled,	  a 	  resource 	  is	  expected	  at	  a 	  depth	  of	  6,250	  
S	  that	  would	  have	  a	  fluid	  temperature	  of	  155°C.

Project	   Basis—At	   the	  expected	  resource 	  temperature 	  it	   is 	  probable 	  that	   a 	  binary	   power	  
plant	  would	  be	  u0lized.	  For	  this	  conversions 	  system,	  GETEM	  assumes 	  that	  the 	  plant	  will 	  be	  air-‐
cooled.	  For	   the	  evalua0on,	   it	   is 	  assumed	  that	   the 	  resource	  will 	  have	  4	   producing	  wells;	  each	  
having	  a 	  flow	  rate 	  of	  1,250	  gpm.	  This 	  flow	  approximates	  that	   from	  geothermal 	  wells 	  at	  similar	  
depths	  in	  Idaho.	  It	  is	  assumed	  that	  the	  project	  would	  operate	  for	  30	  years.

Explora4on—The	   explora0on	   costs 	   that	   are 	   es0mated	   by	   the	   model 	   are	   those 	   costs	  
incurred	  in	  finding	  a 	  poten0al	  resource.	  For	   the	  Mountain	  Home	  scenario,	   it	   is 	  assumed	  that	  
one 	  well 	  is 	  drilled	  at	   a 	  cost	  of	  $831K,	  with	  $50K	  allo`ed	  for	  ac0vi0es	  not	  directly	   associated	  
with	   drilling.	   This 	   cost	   is	   low	   rela0ve 	   to	   what	   one 	  might	   expect	   to	   encounter	   geothermal	  
explora0on,	   as 	  a	  number	   of	   the	   sites 	  that	   are 	  explored	   do	   not	   produce 	  an	   indica0on	  of	   a	  
poten0al	  resource.

For	  the 	  Mountain	  Home 	  scenario,	  it	  is 	  assumed	  that	  the	  explora0on	  phase 	  takes 	  ~	  1.5	  year	  
with	  a	  discount	  rate	  (cost	  of	  money)	  of	  30%	  applied	  to	  the	  costs	  incurred	  during	  this	  phase.

Confirma4on—The	   costs 	   that	   are	   es0mated	   for	   the	   confirma0on	   phase 	   of	   a 	   project	  
development	   are	   for	   those	   ac0vi0es	   needed	   to	   confirm	   the	   commercial	   poten0al 	   of	   the	  
resource.	   This 	   typically	   requires	  drilling	   mul0ple	   wells 	  that	   demonstrate	   the	  ability	   for	   the	  
resource 	  to	  provide	  some	  frac0on	  of	  the	  total 	  produc0on	  capacity	  needed	  for	  the	  project.	  As	  
with	  the	  explora0on	  phase,	  in	  typical 	  geothermal 	  developments,	   not	  all	  loca0ons	  that	  have	  a	  
poten0al	  resource	  will	  be	  able	  to	  demonstrate	  commercial	  poten0al.
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For	   the	  Mountain	  Home	  scenario,	   it	   is 	  assumed	  that	   it	   will 	  be	  able 	  to	  demonstrate	  the	  
necessary	  commercial 	  poten0al.	  This 	  will 	  be 	  done	  by	  drilling	  2	  successful 	  produc0on	  wells 	  that	  
will 	  demonstrate	  half	  the 	  total 	  produc0on	  capacity.	  Because	  not	  all 	  wells 	  drilled	  will 	  necessarily	  
be	  successful,	   a	  drilling	  success	  rate	  of	  60%	  is	  used.	   The	  cost	  for	  each	  well 	  drilled	  during	  this	  
phase	  is 	  $3,390K	  per	  well.	  This 	  value 	  is	  ~20%	  higher	  than	  the 	  costs 	  drilled	  when	  the	  well	  field	  is	  
completed.	   The	   higher	   cost	   is 	  used	   to	   reflect	   the	   effect	   of	   a 	   learning	   curve	   when	   drilling	  
mul0ple	  wells	  within	  a	  given	  field.

The	  confirma0on	  phase 	  at	  Mountain	  Home	  was	  assumed	  to	  take	  1.5	  year	  with	  a 	  discount	  
rate	   of	   30%	   applied	   to	   costs 	   incurred	   during	   this	   phase.	   The	   expecta0on	   is 	   that	   once	   the	  
commercial	  poten0al	  of	  the 	  resource	  is 	  shown,	   that	   the 	  developer	  will 	  be	  able	  to	  secure 	  the	  
funds	  to	  complete	  the	  project	  at	  lower	  discount	  rates.

Well	  Field	   Comple4on—Once	  the	  commercial 	  poten0al 	  of	  the	  resource	  is 	  confirmed	  and	  
funds 	  secured	  to	   complete	  the 	  project,	   the	  well 	  field	  will 	  be	  drilled	  out.	  During	  this 	  phase	  a	  
drilling	  success 	  rate	  of	  80%	  is 	  assumed.	  To	  complete	  the	  well 	  field,	  the	  remaining	  2	  produc0on	  
wells 	  are	  drilled	  along	  with	  2.7	  injec0on	  wells	  and	  0.9	  unsuccessful	  wells.	  The	  capital 	  costs 	  for	  
this 	  phase	  are 	  based	  on	  a 	  cost	  of	  $3,325K	  for	  each	  well 	  drilled.	  A	  cost	  of	  $200K	  per	  successful	  
produc0on	  and	  injec0on	  well 	  is	  included	  in	  the	  capital 	  cost	  es0mate	  for	  the	  surface	  piping	  and	  
equipment	   between	   the	   well 	   and	   the	   power	   plant.	   A	   dura0on	   of	   1.5	   years 	   is 	   allowed	   to	  
complete	  the	  field,	  with	  a 	  discount	  rate	  of	  15%	  applied	  to	  the	  costs 	  incurred	  during	  this 	  project	  
phase.

Geothermal	  Pumping—The	  model	  calculates	  the	  geothermal 	  pumping	  power	  needed	  based	  
on	   a	   well 	   configura0on,	   the	   flow	   rate 	   per	   well,	   well 	  depth	   and	   fluid	   temperature,	   and	   a	  
produc0vity/injec0vity	   index	  defined	  by	  the	  user.	  For	  Mountain	  Home,	  a 	  produc0vity	   index	  of	  
2,500	  lb/hr	  per	  psi,	  or	  ~5.5	  gpm	  per	  psi 	  was 	  assumed.	  The	  injec0vity	   index	  was	  assumed	  to	  be	  
the	   same 	   as 	   the	   produc0vity	   index.	   The	   es0mated	   geothermal	   pumping	   power	   for	   both	  
produc0on	  and	  injec0on	  was	  slightly	  less	  than	  1.4	  MW	  electrical.

Power	   Plant—The	  model	  sizes 	  the	  binary	   power	   plant	   based	  on	   the 	  total	  flow	   from	  the	  
produc0on	  wells.	  Correla0ons 	  are 	  embedded	   in	  the 	  model 	  that	   relate	  the	  cost	  of	   the	  power	  
plant	   to	   the	  amount	   of	   ‘net’	   power	   that	   is 	  produced	   from	  a	  given	   flow	   rate 	  –	   plants 	   that	  
produce 	  more 	  power	   cost	   more.	   A	   trade-‐off	   is 	  performed	  between	   the 	  plant	   cost	   and	   the	  
amount	  of	  power	  produced	  un0l 	  the 	  genera0on	  cost	  is 	  minimized	  (effec0vely	   the 	  total	  capital	  
project	   cost	   in	  terms 	  of	   $/kW	   is 	  at	   a	  minimum	  as 	  well).	   The	  rela0onship	  between	  cost	   and	  
performance	  assumes	  that	  each	  plant	  is 	  custom	  built	  for	   the 	  specific	  site	  and	  applica0on.	   If	  a	  
user	  has 	  a	  cost	  and	  level	  of	  performance	  for	   a	  specific	  plant,	  those 	  values	  can	  be	  input	  to	  the	  
model	  and	  used	  in	  es0ma0ng	  the	  genera0on	  costs.
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The	  power	  plant	  construc0on	  is 	  assumed	  to	  occur	  in	  parallel 	  with	  the	  comple0on	  of	  the	  well	  
field,	   with	   1.5	   years 	  to	   design	  and	  construct.	   A	   discount	   rate 	  of	   7%	   is	  used	  for	   this 	  project	  
phase;	   this	  value	   is 	   lower	   than	  that	   assigned	   to	   comple0ng	   the 	  well 	  field	  because	   there 	  is	  
assumed	  to	  be	  less 	  risk	   associated	  with	  the 	  plant	   than	  with	  drilling	   the	  wells.	   For	   Mountain	  
Home,	   it	   was 	  assumed	   that	   0.5	   mile	   of	   transmission	   line 	  would	   be 	  needed	   and	   its	   cost	   is	  
included	  in	  the	  total	  project	  capital	  cost.

The	  op0mal 	  plant	  size 	  the	  model	  es0mated	  was	  ~14.5	  MW.	  ASer	  deduc0ng	  the 	  geothermal	  
pumping	  power	   requirements,	   the 	  project	  would	  produce 	  ~13.1	  MW	  of	  power	   for	   sale.	   The	  
es0mated	  cost	  of	  the	  plant	  (including	  transmission)	  is	  ~$45.2M,	  or	  ~$3,115	  per	  kW.

Opera4ng	  and	  Maintenance	  Costs—The	  maintenance 	  cost	  por0on	  of	  the	  annual 	  opera0ng	  
and	  maintenance	  (O&M)	  costs 	  are	  determined	  as 	  a 	  %	  of	   the	  capital 	  cost	   es0mates	  (typically	  
12%).	  The	  model	  es0mates	  maintenance	  costs	  for	   the	  geothermal	  produc0on	  pumps 	  based	  on	  
pump	  size 	  and	  semng	  depth.	  Opera0on	  costs 	  are 	  based	  on	  the 	  plant	  size	  and	  the	  type 	  of	  plant.	  
The	  model 	  also	   includes 	  es0mates 	  for	   royal0es,	   and	   taxes	  and	  insurance.	   For	   the	  Mountain	  
Home	  scenario,	   it	   is 	  assumed	  that	   there	  are 	  no	  royal0es.	   For	   the	  Mountain	  Home	  scenario	  
evaluated	  the	  annual	  O&M	  costs	  are	  es0mated	  to	  be	  ~$2.96M.

Other—The 	  es0mated	  genera0on	  cost	  for	  the	  Mountain	  Home	  scenario	  assumes	  that	  the	  
u0liza0on	  factor	   for	   the	  plant	  during	  the	  first	  year	  of	  opera0on	  is 	  95%	  -‐	   this 	  means	  the	  plant	  
MW-‐hr	  of	  power	  produced	  would	  be	  95%	  of	  what	  would	  be	  produced	  if	  the	  plant	  operated	  at	  
the	  design	  output	  for	  the	  en0re	  year	  (8,760	  hrs).	  This 	  factor	  takes	  into	  account	  both	  the 	  effect	  
of	   the 	   varying	   ambient	   temperature	   throughout	   the	   year	   as 	   well 	   as 	   the	   down	   0me 	   for	  
maintenance.	  For	  Mountain	  Home	  it	   is	  assumed	  that	  the	  resource	  temperature	  declines 	  at	   a	  
rate	   of	   ~0.5°C	   per	   year.	   The	   effect	   of	   this	   declining	   temperature	   on	   power	   produc0on	   is	  
es0mated	  and	  included	  in	  determining	  the	  genera0on	  costs.

The	  es0mated	   genera0on	   costs	  include	  a 	  15%	   con0ngency	   for	   all 	  capital 	  costs,	   a 	  5	   year	  
MCRS	  deprecia0on	  schedule,	  and	  does	  not	  include	  the	  impact	  of	  any	  renewable	  incen0ves.
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Es9mated	  Costs

Table	  16-‐1	   summarizes 	  the 	  es0mated	  capital 	  costs,	  opera0ng	  costs,	  and	  power	  output	  for	  
the	   poten0al	  Mountain	   Home 	  project	   based	   on	   the	   approach	   and	   assump0ons	   described.	  
Those	  costs	  are	  shown	  in	  the	  2nd	  column	  (1st	  column	  of	  values).

Table	  16-‐1.	   Es0mated	  costs	  for	  the	  poten0al	  MHAFB	  geothermal	  project.

NUMBER	  OF	  WELLS 4 4 3
Cost	  per	  Well $3,325K $2,500K $2,500K
Flow	  per	  Well 1,250	  gpm 1,250	  gpm 1,667	  gpm
Total	  Flow	  to	  Plant 5,000	  gpm 5,000	  gpm 5,000	  gpm
Power

Plant,	  net 14,504	  kW 14,190	  kW 13,897	  kW
Sales 13,129	  kW 12,812	  kW 11,863	  kW

Capital	  Costs	  (with	  con9ngency)
Explora9on $956K $719K $719K
Confirma9on $16,232K $12,248K $12,248K
Well	  Field	  Comple9on $26,323K $20,733K $14,504K
Power	  Plant $51,937K $47,193K $46,863K
Permi[ng $288K $288K $288K

Total	  Capital	  Costs $95,736K $81,180K $74,619K
Annual	  O&M	  Costs $2,962K $2,689K $2,576K

GENERATION	  COSTS 12.73₵/KW-‐HR 11.44₵/KW-‐HR 11.31₵/KW-‐HR

Two	  other	  possible 	  scenarios 	  are	  given	  in	  the	  last	  two	  columns.	  These 	  scenarios	  are	  based	  
on	  the	  well 	  costs 	  being	  ~25%	  lower	  and	  the	  effect	  of	  increasing	  the	  flow	  per	  well 	  and	  reducing	  
the	  number	  of	  wells 	  required	  to	  produce	  the 	  same	  flow	  rate 	  to	  the 	  power	  plant.	  Note	  that	  the	  
power	  output	  from	  the	  plant	  differs 	  for	  the 	  3	  scenarios 	  even	  though	  the	  flow	  rate	  is 	  constant.	  
This 	  is 	  the	  effect	  of	  the	  model	  varying	  the 	  plant	  performance	  and	  cost	  to	  produce	  the	  minimum	  
genera0on	   cost.	   For	   the	   3rd	   scenario,	   the 	   geothermal	   pumping	   power	   increases 	   by	   ~50%	  
because	  of	  the 	  increased	  flow	  per	  well.	  This 	  decrease	  in	  sales 	  is 	  offset	  by	   the	  reduced	  well 	  field	  
costs.	  The	  net	  effect	  is	  a	  small	  reduc0on	  in	  the	  genera0on	  cost.
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Summary	  of	  Economic	  Assessment

A	  preliminary	  evalua0on	  of	  the	  poten0al 	  genera0on	  cost	  at	  Mountain	  Home	  suggests 	  that	  
this 	  cost	  would	  be	  between	  11	  and	  13	  cents 	  per	  kW-‐hr,	  provided	  the	  assump0ons 	  made	  were	  
realized.	   Because 	   the	   model 	   produces	   generic	   es0mates 	   for	   costs	   of	   power	   and	   the	  
considerable	   uncertainty	   in	   the 	  costs 	  associated	  with	   finding	   and	   developing	   a 	  commercial	  
resource,	   it	   is 	  probable 	  that	   the	  actual	  costs 	  could	  be 	  2	   to	  4	   cents 	  higher	   or	   lower	   than	  this	  
es0mate.	  Also	  this 	  es0mate	  does 	  not	   include 	  the	  effect	  of	  any	   federal 	  or	   state 	  incen0ves 	  for	  
renewable 	  power	   produc0on	  nor	   does	  it	   quan0fy	   the	  energy	   security	   benefits,	  which	  would	  
lower	  the	  genera0on	  cost.

If	   the	  project	  were 	  to	  proceed,	   the	  genera0on	  costs 	  will 	  be 	  greatly	   dependent	  upon	  the	  
resource 	  that	  is 	  found.	  Important	  resource 	  characteris0cs	  that	  will 	  impact	  the 	  genera0on	  costs	  
include	   its 	   temperature 	   and	   produc0vity.	   Higher	   temperatures 	   allow	   more	   power	   to	   be	  
produced	  from	  the	  well 	  field,	  while 	  increased	  produc0vity	  will 	  allow	  the 	  geothermal	  pumping	  
power	   to	  be	  decreased	  or	   more	  flow	  produced	   for	   a 	  given	  level	  of	  pumping	   power.	   For	   the	  
defined	  Mountain	  Home	  scenario,	  if	  the	  fluid	  temperature	  ended	  up	  at	  170°C	  with	  no	  change	  in	  
produc0vity,	   the	  es0mated	  sales 	  would	  increase	  to	  ~15	  MW	  with	  a 	  genera0on	  cost	   of	  ~10.8	  
cents	  per	  kW-‐hr.	  Conversely	   if	  the	  temperature	  decreased	  to	  140°C,	  the	  sales 	  would	  decrease	  
to	  ~10.9	  MW	  and	  the	  genera0on	  cost	  would	  increase	  to	  ~15.7	   cents.	  For	  the 	  scenario	  defined	  
for	   Mountain	   Home,	   reducing	   the	   Produc0vity/Injec0vity	   Index	   by	   50%	   would	   lower	   the	  
genera0on	  cost	  to	  11.7	  cents,	  while 	  doubling	  the	  value	  would	  increase	  the	  genera0on	  cost	  to	  
15.1	  cents.	  The	  temperature	  and	  resource	  produc0vity	  are	  parameters	  that	  are	  inherent	  to	  the	  
resource;	  their	  defini0on	  is 	  cri0cal 	  to	  the	  confirma0on	  phase,	  which	  would	  be 	  the	  next	  step	  in	  
developing	  the	  Mountain	  Home	  resource.	  The	  cost	  evalua0on	  did	  not	  consider	  the	  benefit	  of	  an	  
on-‐base	  source	  of	  “secure	  power.”	  This 	  objec0ve	  has 	  be	  iden0fied	  by	  the	  Air	  Force	  but	  placing	  a	  
value	  on	  it	  is	  problema0c	  at	  this	  0me.
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CHAPTER	  17:	  

SUMMARY:	  GOALS	  AND	  ACCOMPLISHMENTS

John	  W.	  Shervais
	   Utah	  State	  University,	  Logan,	  Utah	  

ABSTRACT

Project	  Hotspot	  was	  designed	  to	  implement	  and	  assess	  a	  series	  of	  innova6ve	  approaches	  to	  
geothermal	  explora6on,	   to	  document	  best	  prac6ces,	  and	  to	  evaluate	  the	  geothermal	  poten6al	  
of	  the	  Snake	  River	  Plain	  volcanic	  province.	  Our	  Science/Explora6on	  Goals	  and	  Objec6ves	  were:	  
(1)	  to	   iden6fy	   new	   geothermal	   resources	   in	   the	  undeveloped	   Snake	  River	   Plain	   region,	   (2)	  to	  
characterize	  the	  thermal	  regime	  at	  depth	  in	  such	  a	  way	  as	  to	   further	  explora6on	  goals	  in	  more	  
focussed	   efforts,	   and	   (3)	   to	   document	   specific	   explora6on	  methods	  and	  protocols	   that	  can	  be	  
used	  effec6vely	  in	  these	  terranes.	  Our	  project	  has	  been	  a	  significant	  success	  in	  all	  three	  areas.	  

First,	  we	  have	  thoroughly	  documented	  three	  dis6nct	  geologic	  and	  geothermal	  regimes	  in	  the	  
SRP,	   each	   of	  which	   has	  it’s	   own	   character	   and	   geothermal	   poten6al.	   The	  axial	   volcanic	   zone	  
(Kimama	  site)	  is	  dominated	  by	   the	  Snake	  River	  Regional	  Aquifer	  near	  the	  surface,	  but	  thermal	  
gradients	   are	   very	   high	   below	   that;	   resource	   development	   is	   possible	   but	   only	   in	   specific	  
loca6ons.	  The	  plain	  margins	  (Kimberly)	  have	  significant	  low	  temperature	  resources	  that	  are	  not	  
sufficient	   for	   electricity	   genera6on,	   but	   have	   other	   poten6al	   uses.	   The	  western	   SRP	   has	  high	  
geothermal	  gradients,	   an	   insula6ng	   layer	   of	   sedimentary	   rock,	  and	   basement	   structures	  that	  
favor	  fracture	  development.	  This	  represents	  the	  best	  short-‐term	  explora6on	  target.	  

Second,	  we	  document	  that	  comprehensive	  assessment	  of	  available	  geologic	  and	  geophysical	  
data,	   combined	   with	   slim	   hole	   test	   wells,	   borehole	   geophysics,	   high	   resolu6on	   gravity	   and	  
magne6c	  surveys,	  and	  in	  places,	  high	  resolu6on	  seismic	  surveys,	  represents	  the	  best	  innova6ve	  
approach	  to	  geothermal	  explora6on.	  This	  work	   is	  best	  undertaken	   in	  a	  systema6c	  fashion	  that	  
first	  compiles	  and	   integrates	  exis6ng	  data,	  then	  adds	  new	  geologic	  and	  geophysical	  surveys	  as	  
needed	  to	  fill	  in	  the	  knowledge	  gaps,	  and	  to	  extend	  the	  compila6on	  geographically.

Third,	  we	  have	  discovered	  a	  new	  blind	  geothermal	  resource	  in	  the	  western	  SRP	  at	  Mountain	  
Home	  Air	  Force	  Base,	  which	  will	  contribute	  to	  their	  quest	  for	  energy	  independence.	  This	  resource	  
is	  extensive,	  and	  a	  preliminary	  GTEM	  model	  suggests	  that	  a	  10	  MW	  power	  plant	  is	  feasible.	  This	  
discovery	   has	   led	   to	   the	   development	   of	   a	   conceptual	   model	   that	   will	   facilitate	   further	  
explora6on	  in	  the	  Snake	  River	  Plain,	  and	  in	  other	  basalt-‐dominated	  volcanic	  provinces.	  
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INTRODUCTION	  

The	  overarching	  objec9ve	  of	  our	  project,	  Hotspot:	  the	  Snake	  River	  Geothermal	  Project,	  was	  
to	  test	   a	  range	  of	   innova9ve	  technologies	  and	  approaches 	  to	  geothermal 	  explora9on,	   and	  to	  
assess 	  their	  impact	  on	  improving	  the	  success 	  geothermal	  explora9on,	  with	  special	  emphasis 	  on	  
the	  Snake	  River	   volcanic	   province.	   These	  approaches 	  included	  slim	  hole 	  exploratory	   drilling,	  
surface 	  seismic	  surveys,	  high	  resolu9on	  gravity	  and	  magne9c	  surveys,	  thermal	  gradient	   logs 	  in	  
the	  drill 	  holes,	   ver9cal 	  seismic	   profiles,	  borehole	  geophysics,	   stra9graphy	   of	   recovered	  core,	  
hydrothermal	  altera9on,	  water	   chemistry,	   and	   fracture	  analysis.	   We	  selected	  three	  sites	   for	  
slim	  hole	  test	  wells 	  based	  on	  three	  dis9nct	   seEngs 	  within	  the	  SRP:	   axial 	  volcanic	   zone 	  (thick	  
basalt	   accumula9on,	   highest	   groundwater	   temperatures),	   plain 	   margin	   (thin	   basalt	   over	  
rhyolite 	   calderas,	   high	   thermal 	   gradients),	   and	   the	   western	   SRP	   (graben	   structure,	   buried	  
gravity	   anomalies,	   thick	   sedimentary	   cover).	   Each	   seEng	   presents 	   unique	   challenges	   for	  
geothermal	  explora9on	  and	  geothermal	  poten9al.	  

OVERVIEW	  	  

In	  our	  Phase	  1	  Report	  to	  DOE	  we 	  laid	  out	  a	  number	  of	  scien9fic	  goals 	  and	  objec9ves,	  as	  well	  
as 	  criteria 	  for	   the	   success	   of	   our	   drilling	   program,	   which	   comprises 	  a 	   large	   por9on	   of	   our	  
budget.	  Our	  Science/Explora6on	  Goals	  and	  Objec6ves	  were:	  

(1) To	  iden6fy	  new	  geothermal	  resources	  in	  the	  undeveloped	  Snake	  River	  Plain	  region,	  or	  failing	  
that,	  

(2) To	  characterize	  the	  thermal	  regime	  at	  depth	  in	  such	  a	  way	  as	  to	  further	  explora6on	  goals	  in	  
more	  focussed	  efforts,	  and	  

(3) To	   document	   specific	   explora6on	   methods	   and	   protocols	   that	   can	   be	   used	   effec6vely	   in	  
these	  terranes.

Further,	  we	  defined	  our	  criteria	  for	  success	  by	  three	  standards	  applied	  to	  these	  goals:	  

(1) Our	   goal	   of	   iden6fying	   new	  geothermal	   resources	   in	   the	  Snake	   River	   Plain	   region	   will	   be	  
successful	   if	   we	   are	   able	   to	   show	   that	   sufficiently	   high	   temperatures	   and	   hydraulic	  
conduc6vi6es	  exist	  in	  areas	  we	  have	  iden6fied	  for	  detailed	  study.	  

(2) Our	   goal	   of	   characterizing	   the	   thermal	   regime	   at	   depth	   in	   such	   a	   way	   as	   to	   further	  
explora6on	  goals	  in	  more	  focussed	  efforts	  will	  be	  considered	  a	  success	  if	  we	  are	  able	  to	  show	  
in	  some	  detail	  how	  temperature	  and	  hydraulic	  conduc6vity	  vary	  within	  the	  SRP,	  for	  example,	  
under	  the	  axial	  volcanic	  zone	  or	  within	  the	  proposed	  caldera	  ring	  complex.	  	  

(3) Our	   goal	   of	   documen6ng	   specific	   explora6on	   methods	   and	   protocols	   that	   can	   be	   used	  
effec6vely	   in	   these	   terranes	   will	   be	   successful	   if	   we	   are	   able	   to	   show	   that	   certain	  
combina6ons	   of	   geologic	   and	   geophysical	  methods,	   with	   or	   without	   slimhole	   explora6on	  
wells,	  can	  be	  used	  to	  predict	  regions	  favorable	  for	  geothermal	  development.	  
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The	  objec9ve 	  of	  drilling	  was	  to	  evaluate	  the	  character	  of	  geothermal	  ac9vity	  beneath	  the	  
Snake	  River	  Aquifer.	  Cri9cal 	  factors	  for	  success 	  include:	  (1)	  documen9ng	  high	  heat	  flow	  and	  the	  
character	   of	   heat	   exchange 	  (conduc9on	  vs 	  convec9on);	   (2)	   determining	   what	   controls 	  fluid	  
flow:	  regional 	  faults,	  caldera 	  structures,	  or	  both,	  (3)	  establishing	  whether	  there	  is 	  a	  difference	  in	  
the	   character	   in	   the	   central	   part	   of	   the 	  plain	   (Kimama)	   vs.	   the	  margin	   (Kimberly);	   and	   (4)	  
determining	  the	  character	  of	  the	  Twin	  Falls	  caldera.	  	  

Overall,	  we	  conclude	  that	   our	  project	  has 	  met	  or	   exceeded	  all 	  of	  these	  goals.	   Specifically,	  
we 	  have	  discovered	  a	  new	  geothermal 	  resource 	  in	  the	  western	  SRP	  that	  has 	  been	  judged	  to	  be	  
economically	  viable 	  using	  the	  GTEM	  model 	  (Chapter	  16	  of	  this	  report),	  and	  which	  has	  led	  to	  a	  
new	  conceptual	  model	  for	  geothermal 	  explora9on	  in	  the	  SRP	  that	  points 	  the	  way	  for	  discovery	  
of	   more	   resources 	  in	   the	   future	   (Chapter	   15	   of	   this	   report).	   In	   a	   broader	   sense,	   we	   have	  
documented	  the	  thermal	  regime	  in	  each	  of	  the 	  three	  seEngs 	  discussed	  above,	  and	  have	  tested	  
all 	  of	  the 	  approaches 	  and	  techniques	  in	  these	  seEngs.	  These	  results 	  will 	  be 	  discussed	  in	  more	  
detail 	  for	   each	  site	  below.	  Some	  general 	  conclusions 	  we	  can	  draw	  from	  our	  work	  include	  the	  
following:	  

(1) A	   detailed,	   comprehensive 	  and	   systema9c	   compila9on	  of	   exis9ng	   data	   is 	  cri9cal	  to	  the	  
success 	  of	  any	   geothermal 	  explora9on	  project.	   These	  data 	  define	  the	  best	   strategy	   for	  
further	   explora9on	  and	  minimize	  explora9on	  costs 	  by	   focusing	  resources	  on	  those 	  areas	  
that	  have	  the	  highest	  poten9al	  for	  success	  (Chapters	  3	  and	  4).	  

(2) A	   thorough	   understanding	   of	   the	  regulatory	   environment	   in	   the	   area	   to	   be	  studied	   is	  
cri9cal 	  to	  the	  success 	  of	  any	   project.	   This	  includes 	  NEPA	   requirements,	  cultural 	  surveys,	  
and	  drilling	   regula9ons	  specific	   to	   geothermal	  test	   wells.	   Regulatory	   requirements 	  vary	  
depending	  on	   the	  ac9vity	   (e.g.,	   drilling	   vs.	   seismic	   surveys),	   land	  ownership	  and	  control	  
(Federal,	  State,	  County,	  Private),	   and	  will 	  even	  vary	  depending	  on	  which	  agency	   controls	  
the	  land	  (e.g.,	  BLM	   vs.	   Forest	  Service).	  Failure	  to	  understand	  the 	  regulatory	  environment	  
can	  derail	  even	  a	  well-‐planned	  explora9on	  champaign	  (Chapter	  2).	  	  

(3) Surface-‐based	   seismic	   surveys 	   with	   9ght	   geophone	   spacing	   can	   successfully	   image	  
heterogenei9es 	  in	  subsurface	  lithology	   in	  complex	  volcanic	   terrains,	  to	  depths	  of	  1-‐2	  km,	  
but	   the	  resolu9on	   is 	  probably	   not	   sufficient	   in 	  most	   cases 	  to	   iden9fy	   poten9al 	  drilling	  
targets,	   even	  when	   sonic	   veloci9es 	  are 	  known	  from	   ver9cal	  seismic	   profiles	  in	  adjacent	  
wells	  (Chapter	  6).	  

(4) Surface-‐based	  seismic	   surveys	  in 	  terrains 	  that	   are	  dominated	  by	   thick	  sedimentary	  cover	  
(e.g.,	  the 	  western	  SRP)	  are	  much	  more	  robust	  and	  capable	  of	  imaging	  basement	  structure,	  
as	  well	  as	  varia9ons	  in	  the	  stra9graphy	  and	  structures	  such	  as	  faults	  (Chapter	  6).	  
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(5) High-‐resolu9on	   gravity	   and	   magne9c	   surveys 	   are	   extremely	   successful 	   in	   defining	  
basement	   structure 	   in 	  both	   the 	  eastern	   and	  western	   SRP.	   The	   importance	   of	   filtering	  
exis9ng	  data	  by	  correc9ng	  sta9on	  loca9ons	  and	  eleva9ons 	  is	  also	  documented.	  The	  ability	  
of	  high	  resolu9on	  gravity	  surveys	  to	  image 	  basement	  structure,	  in	  par9cular,	  is 	  one	  of	  the	  
most	  important	  findings	  of	  our	  project	  (Chapter	  5).	  

(6) Slim	  hole 	  drilling	  is	  one 	  of	  the	  most	  cost	  effec9ve	  strategies	  for	  documen9ng	  subsurface	  
stra9graphy,	  thermal	  gradients,	  thermal	  altera9on	  history,	  water	  chemistry,	  and	  fracture	  
porosity.	  Diamond	  core	  slim	  hole 	  drilling	  is 	  especially	  effec9ve 	  in	  complex	  volcanic	  terrains	  
with	  extensive	   lost	  circula9on;	   standard	  rotary	   drilling	  must	   cure	  lost	   circula9on	  before	  
proceeding,	   whereas 	  diamond	  core 	  drilling	   can	   proceed	   through	   lost	   circula9on	   zones	  
without	  stopping	  (Chapter	  7).	  

(7) We	  found	  that	  drilling	  costs 	  may	  be	  minimized	  by	  using	  air	  rotary	  water	  well 	  drillers 	  to	  drill	  
the	   upper	   10%	   of	   each	   hole 	  and	   set	   casing	   (as	   required	   by	   Idaho	   geothermal	   drilling	  
regula9ons)	  before	  beginning	  diamond	  core 	  drilling.	  Many	  of	  the	  approaches 	  discussed	  in	  
this	  report	  depend	  on	  the	  existence	  of	  either	  core	  or	  the	  drill	  hole	  (Chapter	  7).	  

(8) The	  availability	   of	  core 	  (from	  diamond	  core 	  drilling)	  is 	  cri9cal 	  for	  detailed	  assessments 	  of	  
lithology,	   stra9graphy,	   altera9on,	   and	   fracture 	   analysis.	   These	   data	   are	   essen9al 	   for	  
understanding	  both	  the	  geothermal	  reservoir	  and	  its	  overlying	  seal	  (Chapters	  10,	  11,	  13).	  

(9) The	  availability	   of	   deep	   slim	   holes 	  (from	   diamond	  core 	  drilling)	   is 	  cri9cal 	  for	   obtaining	  
borehole	  geophysical 	  logs 	  that	  define	  the 	  mechanical,	  electrical,	  and	  magne9c	  proper9es	  
of	  the 	  rocks 	  within	  and	  above	  the	  geothermal 	  reservoir.	   In	  addi9on,	  bore	  hole	  televiewer	  
logs 	   can	   provide	   detailed	   images	   of	   fracture 	   distribu9on	   and	   reservoir	   permeability,	  
provided	  the	  tools	  used	  are	  designed	  to	  work	  at	  high	  temperatures	  (Chapters	  8,	  13)

(10) The	  availability	   of	   deep	  slim	  holes	   is 	  cri9cal 	  for	   obtaining	   thermal	  gradients 	  and	  water	  
samples.	  These	  are	  essen9al 	  for	   understanding	  the	  thermal 	  structure,	  depth	  to	  poten9al	  
geothermal 	   resources,	   water	   chemistry	   and	   equilibra9on	   temperatures,	   and	   planning	  
future	  drilling	  opera9ons	  (Chapters	  9,	  12).	  

(11) Large 	  project	  management	  prac9ces 	  are 	  cri9cal	  for	   the	  success 	  of	  any	   large	  explora9on	  
effort.	  This 	  includes 	  a 	  clear	   chain	  of	   command	  and	  responsibility,	   cri9cal 	  chain	  mapping	  
and	  resource	  leveling,	  and	  risk	  analysis.	   Strict	  budget	   tracking	  and	  cost	  controls 	  are	  also	  
essen9al,	  and	  must	  be	  established	  during	   the	  early	   stages 	  of	  a	  project	   in	  order	  to	  avoid	  
cost	  overruns	  later	  (Chapter	  14).	  

The	  overall 	  success	  of	  our	  project	  points	  the	  way	  for	  future	  work	  that	  builds	  on	  this 	  success	  
to	  plan	  and	  execute 	  geothermal 	  explora9on	  strategies 	  which	  are	  cost	  effec9ve	  and	  promise 	  a	  
high	  probability	  of	  success.	   In	  the 	  following	  sec9ons 	  we	  examine	  each	  of	  the	  three	  seEngs	  we	  
tested	  to	  discuss	  their	  rela9ve	  poten9als	  for	  further	  geothermal	  explora9on.	  
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KIMAMA	  

The	  Kimama	  drill 	  site	  sits 	  in	  the	  Axial 	  Volcanic	  Zone	  of	  the	  SRP,	  and	  overlies 	  the	  Snake	  River	  
Regional	  Aquifer	  (SRRA).	  Groundwater	  temperatures 	  imply	  a 	  high	  heat	  flux	  and	  concentra9on	  
of	  thermal 	  energy	  beneath	  the	  axis	  of	  the	  plain.	  Our	  drilling	  plan	  called	  for	  a 	  1500	  m	  deep	  hole,	  
but	  the	  thickness 	  of	  the 	  SRRA	  and	  the	  basalt	  caused	  us	  to	  increase	  that	  to	  1800	  m	  depth.	  Our	  
final	  depth	  of	  1912	  m	  resulted	  in	  part	   from	  con9nued	  drilling	  while	  we 	  waited	  for	   delivery	  of	  
the	  steel	   liner.	   The	   liner	   proved	   to	  be	  a 	  problem,	   in	  that	   it	   was 	  not	  properly	   machined	  and	  
separated	  at	  ~1400	  m	  depth.	  As 	  a	  result,	   tools	  were	  unable	  to	  go	  below	  this 	  depth	  aler	   the	  
liner	   was	  placed,	   limi9ng	  our	   subsequent	   logging	   campaign	   to	  the	  upper	   parts 	  of	   the 	  hole.	  
Fortunately,	  we	  contracted	   for	   neutron	   and	  gamma	  logging	   through	   the 	  drill 	  string	  prior	   to	  
seEng	  the	  liner.	  	  

Our	   thermal 	  gradient	   logs	  document	   a	  sub-‐aquifer	   gradient	   of	   ≥75ºC/km	   -‐-‐	  equal	  to	  the	  
highest	   gradients 	   observed	   within	   the 	   SRP	   volcanic	   province.	   Nonetheless,	   the	   extreme	  
thickness 	  of	  the	  SRRA	  (almost	  1000	  m),	  with	  its	  essen9ally	   isothermal	  gradient	   (14-‐17ºC	  over	  
980	  m,	  or	   ~3ºC/km)	   resulted	  in	  a	  projected	  temperature	  of	  ~92ºC	   at	  2	  km	  depth.	  To	  achieve	  
temperatures	  sufficient	  for	  electrical 	  produc9on	  (~150ºC)	  would	  require	  depths	  of	  ~2800	  m	  or	  
more.	  Further,	  there	  is	  no	  indica9on	  of	  fracture	  permeability	   at	  this 	  depth	  that	  would	  provide	  
fluids	  for	  power	  genera9on.	  This	  means	  that	  an	  EGS	  would	  be	  required.	  

Surface	  seismic	  was 	  able	  to	  image	  sedimentary	   interbeds	  at	   depth,	  but	  did	  not	   image	  any	  
major	  structures 	  in	  the	  basement,	  which	  likely	   lie	  below	  the 	  depth	  of	  penetra9on	  achieved	  by	  
our	  study.	  Gravity	   shows 	  a 	  prominent	   high	  that	  may	   represent	   the	  thick	  basalt	   accumula9on	  
rather	  than	  a 	  basement	  high.	  If	  so,	  more	  likely	  targets 	  would	  lie	  outside	  this	  gravity	  high,	  where	  
basalts	  (and	  the	  SRRA)	  are	  thinner.	  

Our	   data	  show	  that	  the	  base	  of	  the	  SRRA	  is 	  defined	  by	   the 	  onset	  of	  groundmass	  smec9te	  
(clay)	   altera9on	   in	   the	  basalts.	   Smec9te	  crystallinity	   increases 	  with	   depth,	   reflec9ng	   higher	  
temperatures,	  but	  high	  temperature	  phases 	  (e.g.,	   chlorite)	  are 	  not	   found,	   confirming	   the	  low	  
temperatures	  observed	  currently.	  

Based	  on	  our	   assessment	  of	  the 	  local	  geology,	  and	  on	  the	  conceptual 	  model 	  presented	  in	  
Chapter	  15,	  we 	  propose	  that	  successful 	  explora9on	  in	  this 	  area 	  should	  focus	  on	  areas	  that	  are	  
as 	  close	  as	  possible 	  to	  the 	  youngest	  basalt	  volcanoes 	  (i.e.,	  Craters 	  of	  the	  Moon	  and	  the	  Great	  
Ril),	   and	  that	  have	  the	  poten9al	  for	  fine-‐grained	  sediments 	  overlying	  the	  poten9al 	  reservoir.	  
These	  sites	  would	  lie 	  slightly	  NW	  or	  SE	   of	  the 	  axial 	  volcanic	   zone 	  (a	  topographic	  high),	   in	  the	  
moat-‐like	  lows	  which	  border	  the	  axial	  high.	  
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	  KIMBERLY	  

The	  Kimberly	  Drill 	  site	  sits 	  on	  the	  margin	  of	  the	  SRP,	  south	  of	  the 	  Snake 	  River	  and	  SRRA,	  and	  
within	  the	  Twin	  Falls 	  warm	  water	  district.	  The 	  loca9on	  was 	  chosen	  to	  avoid	  a 	  thick	  basalt	  cover,	  
and	  to	  focus 	  on	  the	  outer	  margin	  of	  the 	  underlying	  Twin	  Falls 	  caldera	  complex.	  Our	  drilling	  plan	  
called	   for	   an	  1800	   m	   deep	  hole,	   but	  we	  altered	   that	   to	   1500	   m	   in	   order	   to	   drill 	  deeper	   at	  
Kimama.	  However,	   by	  contrac9ng	  with	  a 	  water	  well 	  driller	   to	  air	   rotary	   drill 	  the 	  upper	   213	  m	  
and	  set	  casing,	  we 	  saved	  enough	  in	  our	  drilling	  budget	  to	  complete	  the 	  hole	  at	  a	  final 	  depth	  of	  
1958	  m.	  

The	  Kimberly	   site 	  was 	  expected	  to	  produce	  high	  temperature 	  water	   at	  the 	  planned	  depths	  
because	  of	  its 	  loca9on	  in	  the	  Twin	  Falls 	  warm	  water	  district,	  where 	  many	  wells 	  with	  depths 	  of	  
500-‐700	  m	  produce	  water	  with	  temperatures	  of	  ~40ºC.	  What	  we	  discovered,	  however,	  was	  that	  
the	  thermal 	  gradient	  becomes 	  essen9ally	   isothermal 	  at	  50-‐58ºC	  below	  800	  m	  depth	  (Chapter	  
9).	   This 	   indicates	   a 	   convec9ve	   flux	   of	   warm	   water	   that	   overwhelms	   any	   sign	   of	   higher	  
temperature	  fluids 	  from	  below.	  This 	  comprises 	  an	  immense	  warm	  water	  resource	  that	  could	  be	  
tapped	  for	  a 	  range	  of	  passive 	  geothermal	  applica9ons,	  but	  the	  temperatures	  are	  too	  low	  for	  
electricity	  produc9on.	  

Our	   high	   resolu9on	  gravity	   survey	   suggests 	  that	   the	  Kimberly	   site	  may	   sit	   just	   within	  the	  
bounds 	  of	  the 	  Twin	  Falls 	  caldera	  complex,	  rather	  than	  on	  the	  outer	  margin	  of	  the	  caldera	  as 	  we	  
concluded	  during	  our	   Phase	  1	   study.	   This 	  would	  explain	  the	  extreme 	  thickness 	  of	   individual	  
welded	  ash	  flow	  units	  (up	  to	  1300	  m	  thick)	   and	   the	   lack	  of	  significant	   fracturing	  or	   faul9ng.	  
Selec9ng	   a 	  site	   outside	   the	   caldera	   rim,	   within	   the	   outer	   zone	   of	   bounding	   faults,	   would	  
alleviate	  this 	  issue,	  but	  would	  place 	  the 	  site 	  farther	  from	  the	  heat	  source,	  which	  underlies	  the	  
axial	  volcanic	  zone.	  Our	   seismic	   surveys 	  were	  able	  to	  image	  boundaries	  between	  overlapping	  
flow	  packages 	  (different	   volcanoes)	   as	  well 	  as 	  sedimentary	   interbeds,	   but	   did	   not	   penetrate	  
through	  to	  basement.	  

Thus,	  while 	  the	  margins 	  of	  the	  SRP	  are	  olen	  cited	  for	  their	  high	  heat	  flow	  based	  on	  shallow	  
thermal 	   gradient	   wells,	   it	   seems	   that	   condi9ons	   deeper	   in	   the 	   sec9on	   compromise	   heat	  
transport	   to	  the	  surface.	   Previous	  work	   (e.g.,	   Smith	  and	  deTar,	   1987)	   propose	  that	   thermal	  
fluids 	  found	  in	  the 	  Twin	  Falls	  warm	  water	  district	  originate	  in	  the 	  mountains 	  to	  the	  south;	  we	  
concur	   with	   that	   conclusion.	   Further,	   our	   data 	  on	  water	   chemistry	   shows 	  that	   this 	  water	   is	  
heated	  meteori9c	  water	  that	  has	  not	  equilibrated	  with	  the	  volcanic	  host	  rocks.	  
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MOUNTAIN	  HOME	  	  

The	  Mountain	  Home	  drill 	  site 	  was	  chosen	  as 	  representa9ve 	  of	  geothermal 	  explora9on	   in	  
the	   western	   SRP	   and	   because	   it	   sits	   on	   the	   southern	   margin	   of	   a 	  prominent	   gravity	   high	  
interpreted	  to	  represent	  an	  upliled	  hörst	  block;	   the 	  steep	  gradient	   along	   the	  margins 	  of	  this	  
block	  may	  represent	  the 	  bounding	  faults.	  The	  specific	  site	  on	  Mountain	  Home	  AFB	  was	  chosen	  
because	   an	   older	   explora9on	  well 	  drilled	   on	   the	   base	   in	   1988	   showed	   a 	  high	   geothermal	  
gradient	  (~75ºC/km);	  however,	  at	  1342	  m	  total 	  depth,	   it	  was 	  too	  shallow	  to	  intersect	   fracture	  
porosity.	  A	  wildcat	   oil	  well 	  NE	  of	   the	  base	  (Bos9c	  1A)	  documented	  a	  similar	   high	  geothermal	  
gradient	  and	  was	  the	  focus	  of	  a	  hot	  dry	  rock	  study	  by	  Los	  Alamos	  in	  the	  1980’s.	  	  

Our	   high	   resolu9on	   gravity	   survey	   confirmed	   our	   interpreta9ons 	  of	   the	   posi9ve 	  gravity	  
anomaly	   as	  an	  upliled	   hörst	   block	   and	   of	   its 	  southern	  margin	   as	  a 	  bounding	   fault.	   Seismic	  
imaging	   revealed	   a 	  simple	   stra9graphy	   with	   reflec9ve	   basalt	   flows 	   interbedded	   with	   more	  
transparent	  sediments,	  and	  in	  places	  we	  able	  to	  document	  fault	  offsets	  in	  the	  contacts.	  

Drilling	  through	  the	  overlying	  lacustrine	  sediments 	  presented	  some	  challenges,	  which	  led	  to	  
one 	  collapsed	  hole	   at	   ~650	  m	  depth	  (MH-‐2A)	   and	   required	  us	  to	  rotary	   drill 	  an	  offset	   hole	  
(MH-‐2B)	  6	  m	  east	  of	  our	  original.	  Nonetheless,	  the	  lacustrine 	  sediments 	  provided	  an	  excellent	  
thermal 	  blanket	  for	  the	  underlying	  heat,	  with	  a 	  thermal 	  gradient	  of	  ~75ºC/km	  from	  the	  surface	  
to	  total 	  depth,	  with	  minor	  excursions 	  for	   the	  influx	  of	  cool 	  or	  hot	  water.	  At	  1745	  m	  depth	  we	  
encountered	  a	  free-‐flowing	  artesian	  geothermal 	  system.	  Downhole	  temperature	  tools 	  indicate	  
an	  influx	  temperature	  of	  ~149ºC.	  Water	  samples	  show	  that	  the	  water	  is 	  chemically	  equilibrated	  
with	  volcanic	  rocks,	  and	  has	  an	  equilibrium	  temperatures	  of	  ~150ºC	  (Chapter	  12).	  This	  thermal	  
water	  is 	  unusual 	  because	  it	  is 	  the	  only	  thermal 	  water	  in	  southern	  Idaho	  that	  does 	  not	  sit	  on	  the	  
Global 	   Meteoric	   Water	   Line	   (GMWL)	   in	   deuterium-‐oxygen	   isotope	   space,	   but	   reflects	  
equilibra9on	  with	  volcanic	  rocks	  (Figure	  12-‐3).	  It	   is	  also	  the	  only	  water	  that	  plots 	  in	  the 	  “steam	  
heated/volcanic	  waters”	  field	  of	  the	  Giggenbach	  sulfate-‐chlorine-‐bicarbonate	  plot	  (Figure	  12-‐2).	  

Inves9ga9ons 	   of	   altera9on	   assemblages	   show	   that	   the	   dominant	   altera9on	   product	   is	  
smec9te	   (clay)	   except	   around	   the	   hot	   water	   inflow	   zone,	   which	   contains 	   corrensite 	   (an	  
interlayered	  chlorite-‐smec9te	  phase)	  and	  laumon9te,	  a	  Ca-‐zeolite.	  Other	  mineraliza9on	  phases	  
include	   pyrite,	   chalcopyrite,	   calcite,	   and	   silica.	   Calcite	   spar	   crystals	   contain	   at	   least	   two	  
genera9ons	  of	   fluid	   inclusions:	   a	   high-‐T	   set	   (~195-‐200ºC)	   and	   a 	   lower	   T	   set	   (~150ºC)	   that	  
corresponds	  to	  ambient	  condi9ons.	  

We	  have 	  developed	   a	   conceptual 	  model 	   for	   the 	  Mountain	   Home	   system	   that	   may	   be	  
generalized	  to	  the	  en9re	  SRP	   (Chapter	   15)	  and	  an	  economic	  analysis	  using	  GTEM	   (Chapter	   16)	  
shows 	  that	  Mountain	  Home	  represents 	  a	  viable,	  electrical-‐grade 	  resource	  that	  could	  be	  used	  to	  
help	  the	  USAF	  meet	  its	  goals	  for	  energy	  independence.	  
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	  CONCLUSIONS	  	  	  

This 	  project	  has 	  demonstrated	  that	  a 	  comprehensive	  assessment	  of	  available 	  geologic	  and	  
geophysical	   data,	   combined	  with	   slim	   hole	   test	   wells,	   borehole 	  geophysics,	   high	   resolu9on	  
gravity	  and	  magne9c	  surveys,	  and	  in	  places,	  high	  resolu9on	  seismic	  surveys,	  represents 	  the	  best	  
innova9ve	  approach	  to	  geothermal	  explora9on.	   This 	  work	  is	  best	   undertaken	  in	  a	  systema9c	  
fashion	  that	  first	  compiles 	  and	  integrates 	  exis9ng	  data,	  then	  adds	  new	  geologic	  and	  geophysical	  
surveys	  as	  needed	  to	  fill	  in	  the	  knowledge	  gaps,	  and	  to	  extend	  the	  compila9on	  geographically.	  

The	  value 	  of	  low-‐cost	  slim	  hole 	  drilling	  to	  explora9on	  has	  been	  noted	  before,	  but	  our	  work	  
shows 	  that	  it	   is	  cri9cal 	  to	  success,	  and	  remains 	  the	  most	  cost-‐effec9ve 	  way	   to	  confirm	  or	  deny	  
the	   existence	   of	   viable	   resources	   once	   a 	   geothermal	   play	   has 	  been	   iden9fied,	   but	   before	  
expensive 	  produc9on	  wells 	  are 	  drilled.	  Slim	  hole	  diamond	  core	  wells 	  provide	  stra9graphic	  and	  
structural 	  data,	  allow	   detailed	  assessment	   of	  altera9on	  assemblages 	  and	   fracture	  analysis 	  of	  
core,	  and	  can	  be	  used	  to	  obtain	  wireline 	  geophysical 	  logs 	  that	   allow	  correla9on	  of	   lithology,	  
mechanical	  and	  electrical	  rock	  proper9es,	  and	  surface	  geophysical	  data.	  
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Appendix	  A

Core	  Handling	  Procedures
John	  Shervais	  and	  Katherine	  Po1er

INTRODUCTION
The	  core	  collected	  during	  Project	  Hotspot	  provides 	  a	  wealth	  of	  scien<fic	   knowledge 	  about	  

the	  deep	  hydrogeology	   of	   the	  SRP	   subsurface.	   Some	  examples 	  of	   the	  more	  impressive	  core	  
recovered	  are	  presented	  in 	  Figures	  A.1-‐1	   to	  A.1-‐4.	  To	  ensure	  that	   the	  core 	  was 	  collected	  and	  
preserved	  properly	   to	  sa<sfy	   a	  host	   of	   scien<fic	   objec<ves 	  the	  Hotspot	   core 	  sampling	   team	  
followed	   strict	   protocols 	   in	   the	   field.	   The 	   core	   handling	   procedures	   are	   described	   in	   the	  
following	  sec<ons.

A	  prerequisite 	  for	  the 	  success 	  of	  Hotspot:	  the	  Snake	  River	  Scien<fic	  Drilling	  Project	  was 	  the	  
acquisi<on	  and	  documenta<on	  of	  con<nuous	  cores 	  in	  stra<graphic	  sequence.	  We	  describe	  here	  
the	   procedures 	   followed	   for	   core	   handling	   and	   prepara<on,	   the	   spliOng	   of	   the 	   core	   into	  
working	  and	  archive	  halves,	  and	  primary	  core	  descrip<ons.

Core	  Prepara0on

Core	   drilling	   was 	   conducted	   24	   hours 	   a	   day	   using	   wire-‐line	   techniques.	   Handling	   and	  
cura<on	   procedures 	  began	   when	   the	   inner	   core	   barrel 	  was	   removed	   from	   the	   hole.	   ARer	  
consulta<on	  with	  the	  core	  driller	  and	  a 	  brief	  training	  program	  for	  the 	  drilling	  crew	  regarding	  the	  
importance	  of	  maintaining	  core 	  orienta<on,	   sequencing	   and	  con<nuity,	   removal 	  of	   the	  core	  
from	  the	  inner	   core	  barrel 	  was 	  done	  by	   the	  drilling	  hands 	  under	   the	  supervision	  of	   the	  core	  
driller.

Removal	  of	  the	  Core	  from	  the	  Core	  Barrel

The	  core	  was 	  removed	  from	  the	  core	  barrel 	  by	  the	  drilling	  crew	  and	  placed	  in	  sequen<ally	  
numbered	  PVC	   trays 	  (Figure 	  A-‐1).	   The 	  PVC	   trays 	  were	  securely	  mounted	  on	  8”	  wide	  planks	  
which	   provided	   stability	   and	   allowed	   drainage	   of	   water	   and	   drilling	   mud	   through	   ~5	   mm	  
diameter	  holes	  spaced	  evenly	  along	  the	  bo1oms 	  of	  the	  PVC	  trays.	  Red	  paint	  was 	  used	  to	  mark	  
the	  tops 	  of	  the	  trays,	  and	  drillers 	  were	  careful 	  to	  place	  the	  top	  of	  the 	  core	  at	  the 	  top	  of	  the	  tray.	  
Once	  the	  trays	  were	  filled	  with	  core 	  they	  were	  fi1ed	  with	  end	  blocks 	  and	  the	  core	  trays 	  were	  
stacked	  in	  sequence 	  adjacent	  to	  the	  drilling	  rig	  un<l 	  they	  were	  moved	  to	  the	  processing	  area 	  by	  
the	  core	  logging	  team	  (Figure	  A-‐2).

For	  each	  core	  run,	  the	  drilling	  crew	  prepared	  a 	  wooden	  block	  with	  the	  core 	  run	  number,	  the	  
top	   and	  bo1om	  driller’s 	  depths,	   and	   the	  amount	   of	   core	  recovered.	   The 	  wooden	  block	  was	  
placed	  at	   the	  top	  of	   the	  appropriate	  PVC	   core	  tray	   and	  remained	  with	  the	  core 	  run	  un<l 	  the	  
core 	  was	  completely	   washed,	  marked,	  and	  boxed;	   the	  wooden	  blocks 	  were 	  place	  inside	  the	  
core	  boxes	  with	  the	  core	  to	  mark	  the	  end	  of	  each	  run.
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Figure	  A-‐1.	  Core	  is 	  removed	  from	  inner	  core	  barrel	  by	  the	  drilling	  crew.	  Process	  is	  monitored	  by	  
Science	  Crew	  to	  ensure	  that	  core	  integrity	  and	  orientaHon	  are	  maintained.	  	  

Figure	   A-‐2.	   Core	  runs	   in	   PVC	   troughs	  stored	   in	   Core	  Logging	   Tent	   before	   being	   logged.	   This	  
sediment	  core	  was	  obtained	  in	  plasHc	  core	  barrel 	  liners,	  so	  it	   is	  simply	  capped	  and	  boxed	  for	  
transport	  to	  the	  LacCore	  Facility	  in	  Minnesota.	  



Figure	  A-‐3.	  IniHal	  core	  logging	   of	   a	  core	  run	   in	  the	  PVC	  trough.	  Each	   core	  run	  logged	  for	   rock	  
types,	  structures,	  and	  other	  characterisHcs	  before	  being	  boxed.	  

Figure	  A-‐3.	  IniHal	  core	  logging	   of	   a	  core	  run	   in	  the	  PVC	  trough.	  Each	   core	  run	  logged	  for	   rock	  
types,	  structures,	  and	  other	  characterisHcs	  before	  being	  boxed.	  
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Figure	  A-‐3.	  IniHal	  core	  logging	   of	   a	  core	  run	   in	  the	  PVC	  trough.	  Each	   core	  run	  logged	  for	   rock	  
types,	  structures,	  and	  other	  characterisHcs	  before	  being	  boxed.	  

Figure	  A-‐4.	  Diamond	  table	  saw	  for	  cuQng	  core.	  Core	  is 	  cut	  into	  2-‐foot	  lengths 	  and	  boxed	  before	  
being	  photographed	  and	  packed	  for	  shipping	  to	  the	  USU	  Core	  Facility.	  



ARer	   each	   core	  was 	  moved	   into	   the	   core	  processing	   tent,	   it	   was 	  washed	   carefully	   and	  
thoroughly	   using	  water	   hoses	  and	  brushes 	  to	  remove	  drilling	  mud	  and	  rock	   cuOngs.	   Special	  
care	  was	  taken	  during	  the	  washing	  of	  soil 	  or	  non-‐coherent	  core	  to	  prevent	  disrup<on	  or	  loss 	  of	  
core.	  The	  core 	  was 	  then	  dried	  with	  heat	  lamps	  or	  heat	  guns;	  once	  dry,	  each	  individual 	  segment	  
of	  core 	  was	  marked	  with	  Red	  and	  Blue	  lines 	  to	  indicate	  orienta<on	  (Red	  on	  Right	  where 	  core	  is	  
held	  ver<cally	  with	  top	  of	  core	  up).

Run	  Informa0on	  and	  Core	  Boxing

Individual 	  core	  runs 	  were	  placed	  on	  working	  tables 	  for	  preliminary	   logging	  (Figure 	  A-‐3).	  A	  
Run	  Informa<on	  Form	  (RIF)	  was 	  filled	  out	  for	   each	  core 	  run.	  The	  run	  number,	  driller’s 	  depths,	  
date,	  and	  any	  unusual 	  condi<ons	  related	  to	  the	  recovery	  of	  the	  core 	  were	  noted	  on	  the	  RIF.	  The	  
core 	  was 	  aligned,	  and	  individual	  pieces 	  were	  fi1ed	  together	  where 	  possible.	  The	  top	  of	  the 	  core	  
run	  being	  processed	  was	  compared	  to	  the	  bo1om	  of	  the	  previous	  core 	  run,	  and	  it	  was 	  noted	  on	  
the	  RIF	  whether	  these	  two	  pieces 	  of	  core	  could	  be	  fi1ed	  together.	  The 	  length	  of	  recovered	  core	  
was	  measured	   in	   feet	   (to	   the	  nearest	   tenth)	   and	   this 	  was	   recorded	  on	   the	  RIF.	   This	   length	  
included	  the	  best	  es<mates	  for	  lengths	  of	  rubble	  zones.

The	  core	  was	  then	  marked	  for	   “up”	  orienta<on	  with	  blue	  and	  red,	  permanent,	  waterproof	  
felt-‐<pped	  pens 	  (see	  Figure	  A.1-‐5.)	  If	  necessary,	  the	  surface	  of	  the	  core 	  was 	  first	  dried	  with	  a	  
heat	  gun	  to	  prevent	   smudging	  of	  the 	  pen	  marks.	  Orienta<on	  lines 	  were	  marked	  twice	  on	  the	  
core,	  on	  opposite 	  sides,	  so	  that	  when	  the	  core	  was	  split	  into	  working	  and	  archive	  por<ons,	  each	  
piece	   retained	   a 	  set	   of	   lines.	   Delicate	   core	   (e.g.,	   ash	   or	   soil)	   was	   sealed	   in	   shrink-‐wrap	   to	  
preserve	  its	  integrity.
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Figure	  A-‐5.	  LeS:	  core	  is	  cut	  and	  boxed;	  above:	  copy	  
stand	  or	  5	  MP	  resoluHon	  photos	  of	  core	  boxes.	  



Preliminary	   iden<fica<on	   of	   units 	  was	  made	   and	   the	   loca<on	   of	   contacts	   and	   unusual	  
features 	  (e.g.,	   delicate	  glass-‐bearing	   sec<ons,	   secondary	   mineraliza<on,	   ash	   layers	  or	   baked	  
contacts)	  were	  noted	  on	  the	  RIF.	  The	  core	  was 	  put	   into	  core	  boxes 	  that	  were 	  segmented	  into	  
five	   2-‐R	   long	   rows.	   The 	  boxes 	  were	  marked	  with	   top	   (blue)	   and	   bo1om	   (red)	   labels	   and	  
oriented	  with	  the	  top	  of	  the	  box	  at	  the	  upper	   leR	  corner.	  Core	  was	  placed	  in	  the	  box	  beginning	  
with	  the	  top	  in	  the	  upper	  leR	  corner,	  and	  con<nuing	  down	  and	  to	  the	  right.	  The	  drillers’	  depth	  
was	  marked	  on	  the	  box	  at	  both	  the	  top	  and	  bo1om.

If	   necessary,	   the 	  core 	  was 	  cut	  with	  a 	  saw	  so	  that	   each	  2-‐R	   segment	   fit	   in	   the	  core	  box	  
exactly	  (Figure	  A-‐4).	  The	  wooden	  core	  run	  block	  was 	  placed	  at	  the	  end	  of	  each	  run,	  labeled	  with	  
the	  core	  run	  number	  and	  the	  ending	  driller’s	  depth	  for	  that	  run	  and	  the	  core	  run	  number.

ARer	   each	  core 	  box	  was	  filled,	  it	  was	  labeled	  with	  a 	  black	  waterproof	  felt-‐<pped	  pen.	  The	  
project	  name	  (HSDP),	  the 	  box	  number,	  the 	  core	  run	  number	  (or	  run	  numbers 	  if	  the 	  box	  contains	  
material 	  from	  more 	  than	  one 	  core	  run)	  and	  the	  driller’s 	  depth	  range 	  of	  the	  core	  segment	  in	  the	  
box	  were	  all 	  noted	  on	  the	  box	  and	  its 	  lid.	  Each	  box	  was	  then	  transferred	  to	  a	  copy	  stand	  for	  a	  
medium	  resolu<on	  digital 	  photograph	  (5	  MP)	  of	  the	  full 	  box	  plus 	  cen<meter	  scale,	  grey	  scale,	  
and	  color	  bars,	  before	  the	  box	  was 	  closed	  and	  stacked	  on	  a 	  pallet	  for	  storage	  un<l 	  transport	  to	  
the	  USU	  Core	  Processing	  Lab	  (Figure	  A-‐5).
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Figure	  A-‐6.	  Medium	  resoluHon	  (5	  MP)	  photograph	  of	  boxed	  core,	  with	  run	  idenHficaHon,	  length	  
scale,	  color	  bars,	  and	  greyscale	  bars.	  These	  photos 	  are	  made	  in	  Core	  Logging	  Tent	  onsite	  as	  core	  
is	  collected,	  logged,	  and	  boxed.	  



CORE	  LOGGING	  PROCEDURES

General	  Statement

Logging,	  i.e.,	  the	  hand-‐specimen	  scale 	  descrip<on	  of	  the	  core,	  is 	  cri<cal 	  to	  the	  success	  of	  the	  
Snake	   River	   Scien<fic	   Drilling	   Project	   since	   it	   provides 	   the	   framework	   for	   all 	   subsequent	  
sampling	  and	  scien<fic	  study	  of	  the	  core.

The	  first	   step	  in	   core 	  logging	  was 	  to	  produce	  a 	  box	   label 	  for	   each	  box	  with	  all 	  per<nent	  
informa<on	  about	   box	   number,	   depths,	   etc.	   Each	   box	   was 	  then	   photographed	  with	  a 	  high-‐
resolu<on	  digital 	  camera 	  (15	  MP	  Leica 	  V2)	  using	  a	  copy	  stand	  with	  metric	  scales,	  grey	  scale,	  and	  
Kodak	  standard	  color	  bars,	  as 	  well 	  as 	  the	  core	  box	  informa<on	  sheet	  (Figure 	  A-‐7).	  Addi<onally,	  
a 	  high-‐resolu<on	  digital	  scan	  of	  each	  whole	  round	  core	  piece 	  was 	  made	  using	   the	  ICDP	   DMT	  
Core	   Scanner.	   Individual 	   scans 	   generally	   corresponded	   to	   the 	   2-‐R	   rows	   of	   the	   core	   box,	  
however	  sec<ons	  containing	  rubble	  were 	  not	  scanned.	  Scanned	  images 	  were	  entered	  into	  the	  
“Drilling	   Informa<on	  System”	   (DIS)	  database 	  along	  with	   informa<on	  on	  depth	  interval	  of	  the	  
scan,	  run	  number,	   and	  box	   number	   in	  which	  the 	  core	  piece	  was	  stored.	  A	  360º	   image	  of	  the	  
core 	  was 	  made 	  by	   rota<ng	   the	  core 	  on	  a 	  set	   of	   rollers 	  while 	  the 	  scanner	   moved	  down	  the	  
length	  of	  the	  core.	  The	  result	  is	  a	  flat	  image	  of	  the	  outside	  surface	  of	  the	  core.

Standardized	  logging	   forms 	  for	   lava 	  flows,	   tephra,	   and	  sedimentary	   units	  were	  based	  on	  
protocols	  from	  the	  Hawaii 	  Scien<fic	   Drilling	  Project,	   updated	   for	   use	  with	  SRP	   rhyolites	  and	  
sediments,	  and	  the 	  modifica<ons 	  were	  made	  to	  the 	  DIS	  database	  so	  that	  descrip<ve 	  protocols	  
could	  be	  accessed	  through	  drop-‐down	  menus.

Detailed	  Logging	  Procedures

Loggers 	  were	  provided	  with	  a 	  hand	  lens,	  ruler	  (metric	  and	  inches	  in	  tenths),	   references 	  on	  
rock	  and	  mineral 	  classifica<on,	  dilute	  hydrochloric	  acid.	  The 	  log	  for	  each	  box	  of	  core	  consists	  of	  
a 	  wri1en	  descrip<on	  of	  the 	  core	  prepared	  using	  the	  standardized	  logging	  forms,	  which	  were	  
filled	  out	  in	  hard	  copy	  before	  being	  upload	  into	  the	  ICDP	  DIS	  database	  (Figure	  A-‐8).

Iden%fying	  Contacts	  and	  Lithologies

Contacts 	  between	  units	  basalt-‐sediment,	  basalt-‐rhyolite,	  rhyolite-‐sediment,	  as 	  well 	  as	  flow	  
contacts 	  within	  basalts 	  (basalt-‐basalt),	   rhyolites 	  (rhyolite-‐rhyolite),	   and	  sediments 	  (e.g.,	   sand-‐
gravel).	  All 	  contacts 	  were 	  noted	  on	  the	  logging	  forms	  with	  drillers 	  depth	  and	  distance 	  from	  the	  
nearest	  upper	  sec<on	  boundary	   (as	  defined	  by	   the	  DIS	  database).	   For	   flow	  contacts 	  between	  
basalt	  flows 	  or	   rhyolite 	  units,	  the	  nature	  and	  basis 	  for	  the 	  contact	  iden<fica<on	  are	  described.	  
Top	  and	  bo1om	  depths	  of	  the	  box	   and	  the 	  top	  depth	  for	  each	  unit	  in	  the	  box	  were	  recorded	  
rela<ve	  to	  the 	  top	  depth	  of	  each	  run.	  All 	  absolute	  depths 	  are 	  automa<cally	   calculated	  in	  the	  
database	  from	  the	  rela<ve	  depth	  informa<on	  entered	  by	  the	  logger.

When	  internal 	  boundaries 	  were	  present	  within	  units 	  (e.g.,	  lobes 	  of	  a 	  pahoehoe	  flow;	  rubble	  
in	  an	  aa	  flow;	   changes	  in	  sor<ng	  or	   grain	  size	  in	  hyaloclas<tes;	   glassy	   pillow	  margins;	   or	   the	  
presence 	  of	  interpillow	  breccia),	   their	   depths 	  were	  recorded	  and	  their	  loca<ons 	  were	  marked	  
with	  thin	  dashed	  lines	  on	  the	  digital	  image	  of	  the	  core	  box.
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For	   lavas,	   the 	   groundmass 	   texture	   was	   determined	   (glassy,	   cryptocrystalline,	  
microcrystalline,	   fine-‐grained	   (<1	  mm),	  medium-‐grained	   (1-‐2	   mm),	   coarse-‐grained	   (>2	  mm)).	  
Comments	   on	   the	   groundmass	   (e.g.,	   mineralogy	   and	   texture)	   were	   added	  when	   relevant.	  
Vesicle	   abundance	   was 	   visually	   es<mated	   in	   volume	   %	   (sparse	   (<5%),	   moderate	   (5-‐15%),	  
abundant	   (15-‐30%),	   very	   abundant	   (>30%),	   and	  variable).	   Average 	  vesicle	  size 	  (small 	  <1	   mm,	  
medium	  1-‐5	  mm,	   and	  large	  >5	   mm),	   shape 	  (round,	   sub-‐rounded,	   sub-‐angular,	   angular),	   and	  
aspect	  ra<o	  (equant,	  horizontally	  elongated,	  ver<cally	   elongated,	   inclined	  -‐	  if	   inclined,	  the	  dip	  
rela<ve	  to	  the	  axis 	  of	  the	  core 	  was 	  included)	  were	  recorded.	  Comments	  were	  also	  made	  on	  the	  
vesicle	  distribu<on	  within	  the	  unit.

The	  extent	   of	   altera<on	   was	  es<mated	   in	   volume 	  %	   of	   the	  core	   as	  a	  whole	   (excluding	  
altera<on	   along	   fractures):	   fresh	   (<2%	   altera<on),	   slightly	   altered	   (2-‐10%	   altera<on),	  
moderately	   altered	   (10-‐40%	  altera<on),	   highly	   altered	   (>40%	  altera<on).	   Secondary	   minerals	  
were 	  described	  and	  iden<fied	  where 	  possible	  (e.g.,	  clays,	  zeolites,	  etc.).	  The	  extent	  of	  fracturing	  
was	  es<mated	  based	  on	  the	  number	  of	  fractures/foot	  (none,	  weakly	   fractured,	   (<4	  fractures/
R),	   moderately	   fractured	   (4-‐10	   fractures/R),	   highly	   fractured	   (>10	   fractures/R),	   or	   rubble.	  
Loggers	  noted	  drilling	  induced	  fractures	  based	  on	  their	  lack	  of	  altera<on	  and	  orienta<on.
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Figure	  A-‐7.	  Example	  of	   high	  resoluHon	  (15	  MP	  RAW	  image)	  of	   boxed	   core	  taken	  at	  USU	   Core	  
Facility.	  All	  high	  resoluHon	  images	  and	  core	  scans	  uploaded	  to	  the	  Drilling	   InformaHon	  System	  
database	  for	  archiving.	  These	  images	  are	  available	  to	  anyone	  wishing	  to	  study	  the	  core.	  



When	  appropriate,	  sedimentary	  features 	  were	  described	  (e.g.,	  grain	  size,	  sor<ng,	  color,	  and	  
dip	  of	  bedding).	  Lacustrine 	  sediments 	  from	  the 	  Mountain	  Home	  site	  were 	  recovered	  in	  plas<c	  
liners	  and	  handled	  differently	  than	  the	  other	  core,	  as	  described	  below.

Lake	  Sediment	  Core

Sediment	  core 	  from	  the 	  Mountain	  Home	  site	  was	  handled	  differently	   from	  the 	  other	  core.	  
Because	  it	   is 	  thought	   to	  consist	   en<rely	   of	   Pliocene-‐Pleistocene	  lake	  sediments 	  below	  200	  m	  
depth,	  this	  core	  will	  be	  drilled	  with	  plas<c	  core	  liners 	  and	  sent	  directly	   to	  the	  LaCore	  facility	   at	  
the	  University	   of	  Minnesota	  for	   processing.	   This	  stra<graphic	  boundary	   records 	  the	  onset	  of	  
glacial 	  condi<ons 	  in	  con<nental	  North	  America.	  As 	  a 	  part	  of	  the 	  ini<al 	  core	  descrip<on	  was 	  (1)	  
mul<-‐sensor	   con<nuous 	  whole-‐core 	  logging;	  (2)	  core 	  opening	  and	  spliOng	   longwise	  for	   ini<al	  
core 	  descrip<on	   and	   high-‐resolu<on	   imaging;	   (3)	   smear	   slide 	  observa<ons 	  of	   lithology;	   (4)	  
preliminary	   diatom	   biostra<graphy	   on	   200	   samples,	   i.e.,	   ca.	   1	   sample	   per	   3	   m	   involving	  
scanning	  electron	  microscope	  imaging	  of	  diatoms.	   This 	  la1er	   part	   is 	  listed	  as	  a	  part	   of	   ini<al	  
core 	  descrip<on,	  because	  it	  is 	  essen<al	  to	  gain	  understanding	  of	  the 	  preliminary	  age	  model 	  and	  
hence 	  sedimenta<on	  rates 	  and	  to	  gain	  be1er	  understanding	  of	  the	  deposi<onal	  seOng	  at	  the	  
drill 	   site.	   Intact	   clearly	   labeled	   lake 	   sediment	   cores 	   in 	   capped	   and	   taped	   standard	   GLAD	  
butyrate	  liner	  were	  shipped	  to	  the	  LacCore	  facility	  at	  the	  University	  of	  Minnesota.
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Figure	  A-‐8.	  	  Detailed	  core	  logging	  at	  the	  USU	  Core	  Facility	  in	  Logan,	  Utah.	  



APPENDIX	  B:	  

PUBLICATIONS	  AND	  PRESENTATIONS	  

Publica(ons	  Resul(ng	  From	  This	  Work	  

Shervais,	  John	  W.;	  Evans,	  James	  P.;	  Chris5ansen,	  Eric	  J.;	  Schmi7,	  Douglas	  R.;	  Kessler,	  James	  A.;	  
Po7er,	  Katherine	  E.;	  Jean,	  Marlon	  M.;	  Sant,	  Christopher	  J.;	  	  Freeman,	  Thomas	  G.,	  2011,	  
Project	  Hotspot	  –	  The	  Snake	  River	  Scien5fic	  Drilling	  Project.	  Geothermal	  Resources	  Council	  
Transac'ons,	  vol.	  35,	  995-‐1003.	  

Kessler,	  James	  A.;	  Evans,	  James	  P.,	  2011,	  Fracture	  Distribu5on	  in	  Slimholes	  Drilled	  for	  Project	  
Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  and	  the	  Implica5ons	  for	  Fluid	  Flow.	  
Geothermal	  Resources	  Council	  Transac'ons,	  vol.	  35,	  839-‐842.	  

Po7er,	  Katherine	  E.;	  Shervais,	  John	  W.;	  Sant,	  Christopher	  J.,	  2011,	  Project	  Hotspot:	  Insight	  into	  
the	  Subsurface	  Stra5graphy	  and	  Geothermal	  Poten5al	  of	  the	  Snake	  River	  Plain.	  Geothermal	  
Resources	  Council	  Transac'ons,	  vol.	  35,	  967-‐971.	  

Sant,	  Christopher	  J.	  and	  John	  W.	  Shervais,	  2011,	  Project	  Hotspot:	  Preliminary	  Analysis	  of	  
Secondary	  Mineraliza5on	  in	  Basal5c	  Core,	  Central	  Snake	  River	  Plain.	  Geothermal	  Resources	  
Council	  Transac'ons,	  vol.	  35,	  987-‐989.

Twining	  B.V.	  and	  Bartholomay,	  R.C.,	  2011,	  Geophysical	  Logs	  and	  Water-‐Quality	  Data	  Collected	  
for	  Boreholes	  Kimama-‐1A	  and	  -‐1B,	  and	  a	  Kimama	  Water	  Supply	  Well	  near	  Kimama,	  Southern	  
Idaho.	  United	  States	  Geological	  Survey,	  Data	  Series	  622,	  DOE/ID	  22215,	  17	  pp.	  

Shervais,	  J.W.,	  2011,	  Hotspot.	  DOSECC	  Newsle>er,	  November	  2011,	  vol	  7,	  no.2,	  1-‐4.	  
Schmi7,	  DR,	  Liberty,	  LM,	  Kessler,	  JE,	  Kück,	  J.,	  Kofman,	  R.,	  Bishop,	  R.,	  Shervais,	  JW,	  Evans,	  JP,	  

Champion,	  DE.	  2012,	  The	  ICDP	  Snake	  River	  Geothermal	  Drilling	  Project:	  Preliminary	  overview	  
of	  borehole	  geophysics.	  Geothermal	  Resources	  Council	  Transac'ons,	  v36.,	  1017-‐1022.	  

Nielson,	  DL.,	  Delahunty,	  C.,	  and	  Shervais,	  JW,	  2012,	  Geothermal	  Systems	  in	  the	  Snake	  River	  
Plain,	  Idaho,	  Characterized	  by	  the	  Hotspot	  Project.	  Geothermal	  Resources	  Council	  
Transac'ons,	  v36,	  727-‐730.

Breckenridge,	  RP,	  Shervais,	  JW,	  Nielson,	  DE,	  Wood,	  TR,	  2012,	  Explora5on	  and	  Recourse	  
Assessment	  at	  Mountain	  Home	  Air	  Force	  Base,	  Idaho	  Using	  an	  Integrated	  Team	  Approach.	  
Geothermal	  Resources	  Council	  Trans,	  v36,	  615-‐619.

Lachmar,	  TL,	  Freeman,	  T.,	  Shervais,	  JW,	  Nielson,	  DE,	  2012,	  Preliminary	  Results:	  Chemistry	  and	  
Thermometry	  of	  Geothermal	  Water	  from	  MH-‐2B	  Test	  Well.	  Geothermal	  Resources	  Council	  
Transac'ons,	  vol.	  36,	  689-‐692.

Delahunty,	  C.,	  Nielson,	  DL,	  and	  Shervais,	  JW,	  2012,	  Coring	  of	  three	  deep	  geothermal	  holes,	  
Snake	  River	  Plain,	  Idaho.	  Geothermal	  Resources	  Council	  Trans.,	  v36,	  641-‐647.	  

Shervais,	  JW,	  Nielson	  ,	  DL,	  Evans,	  JP,	  Lachmar,	  T,	  Chris5ansen,	  EH,	  Morgan,	  L.,	  Shanks,	  WCP,	  
Delahunty,	  C,	  Schmi7,	  DR,	  Liberty,	  LM,	  Blackwell,	  DD,	  Glen,	  JM,	  Kessler,	  JE,	  Po7er,	  KE,	  Jean,	  
MM,	  Sant,	  CJ,	  Freeman,	  TG.	  2012,	  Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  -‐-‐	  
Ini5al	  Report.	  Geothermal	  Resources	  Council	  Transac'ons,	  v36.,	  767-‐772.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University

Appendix B-1



Shervais,	  JW,	  Schmi7,	  DR,	  Nielson,	  DL,	  Evans,	  JP,	  Chris5ansen,	  EH,	  Morgan,	  L.,	  Shanks,	  WCP,	  
Lachmar,	  T,	  Liberty,	  LM,	  Blackwell,	  DD,	  Glen,	  JM,	  Champion,	  D,	  Po7er,	  KE	  and	  Kessler,	  JA,	  
2013,	  First	  results	  from	  HOTSPOT:	  The	  Snake	  River	  Plain	  Scien5fic	  Drilling	  Project,	  Idaho,	  
USA:	  Scien'fic	  Drilling,	  no.	  15,	  doi:10.2204/iodp.sd.15.06.2013.	  	  

Jean,	  M.M.,	  Shervais,	  J.W.,	  Champion,	  D.E.,	  and	  S.K.	  Ve7er,	  2013,	  Geochemical	  and	  
paleomagne5c	  varia5ons	  in	  basalts	  from	  the	  Wendell	  Regional	  Aquifer	  Systems	  Analysis	  
(RASA)	  drill	  core:	  evidence	  for	  magma	  recharge	  and	  assimila5on–frac5ona5on	  crystalliza5on	  
from	  the	  central	  Snake	  River	  Plain,	  Idaho:	  Geosphere,	  doi:10.1130/GES00914.1	  

Published	  Abstracts	  Resul(ng	  From	  This	  Work.

Shervais,	  John	  W.;	  Evans,	  James	  P.;	  Lachmar,	  Thomas	  E.;	  Chris5ansen,	  Eric	  J.;	  Schmi7,	  Douglas	  
R.;	  Kessler,	  James	  A.;	  	  Po7er,	  Katherine	  E.;	  Jean,	  Marlon	  M.;	  Sant,	  Christopher	  J.;	  	  Freeman,	  
Thomas	  G.,	  2011,	  Project	  Hotspot	  –	  The	  Snake	  River	  Scien5fic	  Drilling	  Project:	  A	  Progress	  
Report.	  Geological	  Society	  of	  America,	  Program	  with	  Abstracts,	  Vol.	  43,	  no.	  4.	  

Po7er,	  Katherine	  E.;	  Shervais,	  John	  W.;	  Sant,	  Christopher	  J.;	  Chris5ansen,	  Eric	  H.,	  2011,	  Project	  
Hotspot:	  Insight	  Into	  The	  Subsurface	  Stra5graphy	  And	  Petrologic	  Evolu5on	  Of	  The	  Snake	  
River	  Plain.	  Geological	  Society	  of	  America,	  Program	  with	  Abstracts,	  Vol.	  43,	  no.	  4.

Kessler,	  James	  A.;	  Evans,	  James	  P.;	  Schmi7,	  Douglas	  R.,	  2011,	  Rock	  Property	  Descrip5ons	  
Interpreted	  From	  Borehole	  Geophysical	  Data	  Collected	  In	  Slimholes	  Drilled	  For	  Project	  
Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project.	  Geological	  Society	  of	  America,	  
Program	  with	  Abstracts,	  Vol.	  43,	  no.	  4.

Shervais,	  JW,	  2011,	  Project	  Hotspot	  –	  The	  Snake	  River	  Scien5fic	  Drilling	  Project.	  Geological	  
Society	  of	  America	  Annual	  Mee'ng,	  Minneapolis,	  Minnesota,	  Abstracts	  with	  Programs,	  Vol	  
43,	  no.	  7.	  

Liberty,	  L.M.;	  D.R.,	  Schmi7;	  and	  J.W.	  Shervais,	  2011,	  Seismic	  imaging	  through	  volcanic	  rocks	  of	  
the	  Snake	  River	  Plain,	  Idaho	  for	  the	  ICDP	  Project	  Hotspot.	  EOS,	  Transac'ons	  of	  the	  American	  
Geophysical	  Union,	  S51C-‐2245.

Po7er	  K.E.;	  J.W.	  Shervais;	  E.H.	  Chris5ansen;	  and	  R.W.	  Bradshaw,	  2011,	  Project	  Hotspot:	  
Subsurface	  stra5graphy	  and	  petrologic	  evolu5on	  of	  Snake	  River	  Plain	  basalts	  from	  KImama	  
core.	  	  EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V43A-‐2556.

Bradshaw	  R.W.;	  E.H.	  Chris5ansen;	  M.J.	  Dorais;	  K.E.	  Po7er;	  J.W.	  Shervais,	  2011,	  Project	  Hotspot:	  
Mineral	  chemistry	  of	  high-‐MgO	  basalts	  from	  the	  Kimama	  core,	  Snake	  River	  Scien5fic	  Drilling	  
Project,	  Idaho.	  EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V43A-‐2555.

Jean	  M.M.;	  B.B.	  Hanan;	  J.W.	  Shervais:	  Plume-‐Lithosphere	  Interac5on	  beneath	  the	  Snake	  River	  
Plain,	  Idaho:	  Constraints	  from	  Pb,	  Sr,	  Nd,	  and	  Hf	  Isotopes.	  EOS,	  Transac'ons	  of	  the	  American	  
Geophysical	  Union,	  T51H-‐2474.

John	  W.	  Shervais;	  Barry	  B.	  Hanan;	  Sco7	  Ve7er,	  2012,	  Basal5c	  Volcanism	  of	  the	  Snake	  River	  
Volcanic	  Province.	  EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V11E-‐01.

Barry	  B.	  Hanan;	  Marlon	  M.	  Jean;	  John	  W.	  Shervais;	  David	  W.	  Graham;	  Sco7	  Ve7er,	  2012,	  	  
Interac5on	  of	  Sublithospheric	  Mantle	  with	  a	  Complex	  Con5nental	  Lithosphere:	  Radiogenic	  
Isotope	  Constraint.	  EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V11E-‐02.

David	  D.	  Blackwell;	  Shari	  Kelley;	  Kamil	  Erkan,	  2012,	  Thermomechanical	  Characteris5cs	  of	  the	  
YNP/SRP	  Region.	  EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V13B-‐2837.

DE-‐EE	  0002848	   	   	   	   	   Appendix	  B	  -‐	  PublicaGons	  and	  PresentaGons	  

Appendix B-2



Katherine	  E.	  Po7er;	  John	  W.	  Shervais;	  Duane	  Champion;	  Robert	  A.	  Duncan;	  Eric	  H.	  Chris5ansen,	  
2012,	  Project	  Hotspot:	  Temporal	  Composi5onal	  Varia5on	  in	  Basalts	  of	  the	  Kimama	  Core	  and	  
Implica5ons	  for	  Magma	  Source	  Evolu5on,	  Snake	  River	  Scien5fic	  Drilling	  Project,	  Idaho.	  EOS,	  
Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V13B-‐2839.

Richard	  W.	  Bradshaw;	  Eric	  H.	  Chris5ansen;	  Michael	  J.	  Dorais;	  John	  W.	  Shervais;	  Katherine	  E.	  
Po7er,	  2012,	  Source	  and	  Crystalliza5on	  Characteris5cs	  of	  Basalts	  in	  the	  Kimama	  core:	  Project	  
Hotspot	  Snake	  River	  Scien5fic	  Drilling	  Project,	  Idaho.	  EOS,	  Transac'ons	  of	  the	  American	  
Geophysical	  Union,	  V13B-‐2840.

Duane	  Champion;	  Robert	  A.	  Duncan,	  2012,	  Paleomagne5c	  and	  40Ar/39Ar	  studies	  on	  tholeiite	  
basalt	  samples	  from	  “HOTSPOT”	  corehole	  taken	  at	  Kimama,	  Idaho,	  central	  Snake	  River	  Plain.	  
EOS,	  Transac'ons	  of	  the	  American	  Geophysical	  Union,	  V13B-‐2842.

Nielson,	  D.	  L.	  Delahunty,	  C	  and	  Shervais,	  J.	  W.,	  2012,	  Geothermal	  systems	  in	  the	  Snake	  River	  
Plain	  Idaho	  characterized	  by	  the	  Hotspot	  Project:	  EOS,	  Transac'ons	  of	  the	  American	  
Geophysical	  Union,	  V23F-‐06.	  

Presenta(ons	  Resul(ng	  From	  This	  Work

Geological	  Society	  of	  America,	  Joint	  Rocky	  Mountain-‐Cordilleran	  Sec;on	  Mee;ng,	  Logan,	  
Utah,	  May	  2011.	  	  
“Project	  Hotspot	  –	  The	  Snake	  River	  Scien'fic	  Drilling	  Project:	  A	  Progress	  Report”	  
	   	   Shervais,	  John	  W.;	  Evans,	  James	  P.;	  Lachmar,	  Thomas	  E.;	  Chris5ansen,	  Eric	  J.;	  Schmi7,	  

Douglas	  R.;	  Kessler,	  James	  A.;	  	  Po7er,	  Katherine	  E.;	  Jean,	  Marlon	  M.;	  Sant,	  Christopher	  J.;	  	  
Freeman,	  Thomas	  G.

“Project	  Hotspot:	  Insight	  Into	  The	  Subsurface	  Stra'graphy	  And	  Petrologic	  Evolu'on	  Of	  The	  
Snake	  River	  Plain.”	  

Po7er,	  Katherine	  E.;	  Shervais,	  John	  W.;	  Sant,	  Christopher	  J.;	  Chris5ansen,	  Eric	  H.
“Rock	  Property	  Descrip'ons	  Interpreted	  From	  Borehole	  Geophysical	  Data	  Collected	  In	  Slimholes	  

Drilled	  For	  Project	  Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project.”	  
	   	   Kessler,	  James	  A.;	  Evans,	  James	  P.;	  Schmi7,	  Douglas	  R.	  

Geological	  Society	  of	  America,	  Na;onal	  Mee;ng,	  Minneapolis,	  Minnesota,	  October	  2011.

“Project	  Hotspot	  –	  The	  Snake	  River	  Scien5fic	  Drilling	  Project:	  A	  Progress	  Report”	  	  	  Shervais,	  John	  
W.;	  Evans,	  James	  P.;	  Lachmar,	  Thomas	  E.;	  Chris5ansen,	  Eric	  J.;	  Schmi7,	  Douglas	  R.;	  Kessler,	  
James	  E.;	  	  Po7er,	  Katherine	  E.;	  Jean,	  Marlon	  M.;	  Sant,	  Christopher	  J.;	  	  Freeman,	  Thomas

Earthscope	  Workshop	  for	  Interpre;ve	  Specialists,	  Teton	  Science	  Center,	  Jackson	  Wyoming,	  
September	  12,	  2010.
“Plume	  Tales...	  Chasing	  the	  Yellowstone	  Plume	  through	  Space	  and	  Time,”	  	  John	  W.	  Shervais.	  

Na;onal	  Associa;on	  of	  Geoscience	  Teachers-‐NW	  Chapter,	  College	  of	  Southern	  Idaho,	  Twin	  
Falls,	  Idaho,	  June	  22,	  2010
“Plume	  Tales...	  Chasing	  the	  Yellowstone	  Plume	  through	  Space	  and	  Time”	  	  John	  W.	  Shervais.	  

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University

Appendix B-3



ICDP-‐DOSECC	  Town	  Hall	  at	  AGU	  Annual	  Mee;ng,	  San	  Francisco,	  13	  December	  2010.
“The	  Snake	  River	  Geothermal	  Drilling	  Project:	  Innova've	  Approaches	  to	  Geothermal	  

Explora'on”	  	  	  John	  W.	  Shervais

Nevada	  Geological	  Society,	  Elko,	  Nevada,	  January	  20,	  2011.
“Geothermal	  Explora5on	  in	  the	  Snake	  River	  Plain	  Volcanic	  Province”	  	  	  John	  W.	  Shervais

University	  of	  Idaho	  Research	  Center	  and	  USDA	  Research	  Center,	  Kimberly,	  Idaho,	  15	  April	  
2011.
“The	  Snake	  River	  Geothermal	  Drilling	  Project:	  Innova've	  Approaches	  to	  Geothermal	  

Explora'on,”	  John	  W.	  Shervais	  

Geothermal	  Resources	  Council,	  San	  Diego,	  California,	  October	  2011	  

“Project	  Hotspot	  –	  The	  Snake	  River	  Scien'fic	  Drilling	  Project”	  	  Shervais,	  John	  W.;	  Evans,	  James	  
P.;	  Chris5ansen,	  Eric	  J.;	  Schmi7,	  Douglas	  R.;	  Kessler,	  James	  E.;	  Po7er,	  Katherine	  E.;	  Jean,	  
Marlon	  M.;	  Sant,	  Christopher	  J.;	  	  Freeman,	  Thomas	  G.	  	  

“Fracture	  Distribu'on	  in	  Slimholes	  Drilled	  for	  Project	  Hotspot:	  The	  Snake	  River	  Geothermal	  
Drilling	  Project	  and	  the	  Implica'ons	  for	  Fluid	  Flow”	  	  Kessler,	  James	  A.;	  Evans,	  James	  P.

“Project	  Hotspot:	  Insight	  into	  the	  Subsurface	  Stra'graphy	  and	  Geothermal	  Poten'al	  of	  the	  
Snake	  River	  Plain”	  	  Po7er,	  Katherine	  E.;	  Shervais,	  John	  W.;	  Sant,	  Christopher	  J.

Geothermal	  Resources	  Council,	  Reno,	  Nevada,	  October	  2012	  

“The	  ICDP	  Snake	  River	  Geothermal	  Drilling	  Project:	  Preliminary	  overview	  of	  borehole	  
geophysics.”	  Schmi7,	  DR,	  Liberty,	  LM,	  Kessler,	  JE,	  Kück,	  J.,	  Kofman,	  R.,	  Bishop,	  R.,	  Shervais,	  
JW,	  Evans,	  JP,	  Champion,	  DE

“Geothermal	  Systems	  in	  the	  Snake	  River	  Plain,	  Idaho,	  Characterized	  by	  the	  Hotspot	  Project”	  
Nielson,	  DL.,	  Delahunty,	  C.,	  and	  Shervais,	  JW

“Explora'on	  and	  Recourse	  Assessment	  at	  Mountain	  Home	  Air	  Force	  Base,	  Idaho	  Using	  an	  
Integrated	  Team	  Approach.”	  Breckenridge,	  RP,	  Shervais,	  JW,	  Nielson,	  DE,	  Wood,	  TR

“Preliminary	  Results:	  Chemistry	  and	  Thermometry	  of	  Geothermal	  Water	  from	  MH-‐2B	  Test	  Well”	  	  
Lachmar,	  TL,	  Freeman,	  T.,	  Shervais,	  JW,	  Nielson,	  DE

“Coring	  of	  three	  deep	  geothermal	  holes,	  Snake	  River	  Plain,	  Idaho.”	  	  Delahunty,	  C.,	  Nielson,	  DL,	  
and	  Shervais,	  JW

“Hotspot:	  The	  Snake	  River	  Geothermal	  Drilling	  Project	  -‐-‐	  Ini'al	  Report.”	  Shervais,	  JW,	  Nielson	  ,	  
DL,	  Evans,	  JP,	  Lachmar,	  T,	  Chris5ansen,	  EH,	  Morgan,	  L.,	  Shanks,	  WCP,	  Delahunty,	  C,	  Schmi7,	  
DR,	  Liberty,	  LM,	  Blackwell,	  DD,	  Glen,	  JM,	  Kessler,	  JE,	  Po7er,	  KE,	  Jean,	  MM,	  Sant,	  CJ,	  
Freeman,	  TG.	  

DE-‐EE	  0002848	   	   	   	   	   Appendix	  B	  -‐	  PublicaGons	  and	  PresentaGons	  

Appendix B-4



American	  Geophysical	  Union,	  Fall	  Mee;ng,	  San	  Francisco,	  California,	  December	  2011	  

“Seismic	  imaging	  through	  volcanic	  rocks	  of	  the	  Snake	  River	  Plain,	  Idaho	  for	  the	  ICDP	  Project	  
Hotspot”	  	  	  	  L.M.	  Liberty;	  D.R.,	  Schmi7;	  J.W.	  Shervais:	  	  S51C-‐2245.

“Project	  Hotspot:	  Subsurface	  stra5graphy	  and	  petrologic	  evolu5on	  of	  Snake	  River	  Plain	  basalts	  
from	  KImama	  core”	  	  K.E.	  Po7er;	  J.W.	  Shervais;	  E.H.	  Chris5ansen;	  R.W.	  Bradshaw:	  
V43A-‐2556.

“Project	  Hotspot:	  Mineral	  chemistry	  of	  high-‐MgO	  basalts	  from	  the	  Kimama	  core,	  Snake	  River	  
Scien'fic	  Drilling	  Project,	  Idaho“	  	  R.W.	  Bradshaw;	  E.H.	  Chris5ansen;	  M.J.	  Dorais;	  K.E.	  Po7er;	  
J.W.	  Shervais:	  V43A-‐2555.

“Plume-‐Lithosphere	  Interac'on	  beneath	  the	  Snake	  River	  Plain,	  Idaho:	  Constraints	  from	  Pb,	  Sr,	  
Nd,	  and	  Hf	  Isotopes”	  	   M.M.	  Jean;	  B.B.	  Hanan;	  J.W.	  Shervais:	  T51H-‐2474.	  

“Seismic	  imaging	  through	  volcanic	  rocks	  of	  the	  Snake	  River	  Plain,	  Idaho	  for	  the	  ICDP	  Project	  
Hotspot”	  	   Liberty,	  L.M.,	  Schmi7,	  D.R.,	  Shervais,	  J.W.:	  	  S51C-‐2245

American	  Geophysical	  Union,	  Fall	  Mee;ng,	  San	  Francisco,	  California,	  December	  2012	  

“Basal'c	  Volcanism	  of	  the	  Snake	  River	  Volcanic	  Province”	  
John	  W.	  Shervais;	  Barry	  B.	  Hanan;	  Sco7	  Ve7er;	  V11E-‐01.

“Interac'on	  of	  Sublithospheric	  Mantle	  with	  a	  Complex	  Con'nental	  Lithosphere:	  Radiogenic	  
Isotope	  Constraints”	  (Invited)

Barry	  B.	  Hanan;	  Marlon	  M.	  Jean;	  John	  W.	  Shervais;	  David	  W.	  Graham;	  Sco7	  Ve7er;	  V11E-‐02.

“Thermomechanical	  Characteris'cs	  of	  the	  YNP/SRP	  Region”	  
David	  D.	  Blackwell;	  Shari	  Kelley;	  Kamil	  Erkan;	  V13B-‐2837.

“Geothermal	  systems	  in	  the	  Snake	  River	  Plain	  Idaho	  characterized	  by	  the	  Hotspot	  Project”	  
Nielson,	  D.	  L.	  Delahunty,	  C	  and	  Shervais,	  J.	  W.,	  V23F-‐06.	  

“Project	  Hotspot:	  Temporal	  Composi'onal	  Varia'on	  in	  Basalts	  of	  the	  Kimama	  Core	  and	  
Implica'ons	  for	  Magma	  Source	  Evolu'on,	  Snake	  River	  Scien'fic	  Drilling	  Project,	  Idaho.”	  
Katherine	  E.	  Po7er;	  John	  W.	  Shervais;	  Duane	  Champion;	  Robert	  A.	  Duncan;	  Eric	  H.	  
Chris5ansen;	  V13B-‐2839.

“Source	  and	  Crystalliza'on	  Characteris'cs	  of	  Basalts	  in	  the	  Kimama	  core:	  Project	  Hotspot	  Snake	  
River	  Scien'fic	  Drilling	  Project,	  Idaho”	  

Richard	  W.	  Bradshaw;	  Eric	  H.	  Chris5ansen;	  Michael	  J.	  Dorais;	  John	  W.	  Shervais;	  Katherine	  E.	  
Po7er;	  V13B-‐2840.

“Paleomagne'c	  and	  40Ar/39Ar	  studies	  on	  tholeiite	  basalt	  samples	  from	  “HOTSPOT”	  corehole	  
taken	  at	  Kimama,	  Idaho,	  central	  Snake	  River	  Plain”	  	  Duane	  Champion;	  Robert	  A.	  Duncan;	  
V13B-‐2842.

DE-‐EE	  0002848	   	   	   Snake	  River	  Geothermal	  Drilling	  Project	  	  	   Utah	  State	  University

Appendix B-5


	Chp00-Executive Summary
	Chp01-Introduction
	Chp02-Permitting
	Chp03-Field Studies
	Chp04-Site Selection
	Chp05-GravityMagv2
	Chp06-Seismic
	Chp07-Deep Slimhole Drilling
	Chp08-BoreholeGeophys
	Chp09-BoreholeThermal
	Chp10-Stratigraphy
	Chp11-Alteration-Feb2014
	Chp12-Hydro
	Chp13-Fracture Analysis
	Chp14-Project Manage
	Chp15-ConceptsMod
	Chp16-Economics
	Chp17-Summary
	DOE-Final-References
	Appendix A-CoreHandling
	Appendix B - Publications



