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Introduction	  
	  
In	  much	  of	  western	  North	  Dakota,	  the	  Fox	  Hills	  lower	  Hell	  Creek	  (FH-‐HC)	  aquifer	  is	  
the	  only	  source	  capable	  of	  producing	  large	  quantities	  of	  fresh	  groundwater.	  	  
Historically	  it	  has	  provided	  water	  for	  municipal,	  domestic,	  stock	  and	  industrial	  users	  
in	  western	  North	  Dakota.	  	  Since	  the	  1990s,	  construction	  of	  the	  Southwest	  Pipeline	  
has	  provided	  a	  new	  source	  of	  water	  for	  many	  municipalities.	  	  However,	  the	  FH-‐HC	  
aquifer	  remains	  an	  important	  water	  source	  for	  domestic,	  stock	  and	  industrial	  users.	  	  
In	  valleys	  along	  the	  Yellowstone,	  Little	  Missouri,	  and	  Knife	  rivers	  the	  potentiometric	  
surface	  of	  the	  FH-‐HC	  aquifer	  is	  above	  the	  land	  surface,	  creating	  flowing	  head	  wells.	  	  
Flowing	  head	  wells	  are	  an	  important	  resource	  because	  they	  can	  be	  installed	  in	  
remote	  pastures	  without	  the	  need	  for	  electricity	  to	  power	  a	  pump.	  	  Most	  of	  the	  
flowing	  wells	  installed	  in	  the	  Fox	  Hills	  aquifer	  have	  a	  small	  diameter	  casing	  not	  
compatible	  with	  installation	  of	  a	  submersible	  pump.	  	  Therefore,	  when	  the	  aquifer	  
pressure	  head	  at	  a	  Fox	  Hills	  well	  location	  declines	  below	  the	  land	  surface,	  the	  
rancher	  will	  need	  to	  replace	  that	  well.	  	  The	  FH-‐HC	  aquifer	  pressure	  head	  is	  currently	  
declining	  at	  an	  average	  rate	  of	  approximately	  one	  foot	  per	  year	  in	  western	  North	  
Dakota.	  	  At	  this	  rate	  of	  decline	  the	  majority	  of	  the	  flowing	  wells	  will	  stop	  flowing	  in	  
the	  next	  100	  years	  (Honeyman,	  2007).	  
	  
Western	  North	  Dakota	  is	  experiencing	  an	  increase	  in	  water	  demand	  for	  use	  by	  the	  
oil	  industry.	  	  Water	  is	  used	  to	  dilute	  the	  salt-‐saturated	  brine	  entrained	  with	  
produced	  oil	  to	  prevent	  accumulations	  of	  salt	  on	  the	  well’s	  tubing	  and	  other	  works	  
in	  oil	  wells	  completed	  in	  the	  Ratcliffe	  and	  Interlake	  Formations.	  	  Beginning	  on	  a	  
large	  scale	  in	  2007,	  water	  is	  also	  needed	  to	  develop	  oil	  wells	  in	  the	  Bakken	  and	  
Three	  Forks	  Formations	  by	  hydraulic	  fracturing.	  	  Following	  well	  installation,	  gelled	  
water	  and	  sand	  or	  other	  proppant	  is	  pumped	  at	  high	  pressure	  into	  the	  well	  bore	  
creating	  fractures	  in	  the	  surrounding	  formation	  to	  provide	  a	  path	  for	  oil	  to	  flow	  to	  
the	  well.	  	  As	  previously	  mentioned,	  in	  many	  areas	  the	  FH-‐HC	  aquifer	  is	  the	  only	  
source	  capable	  of	  producing	  large	  quantities	  of	  fresh	  water.	  	  However,	  allowing	  
additional	  appropriation	  from	  the	  FH-‐HC	  aquifer	  will	  locally	  increase	  the	  rate	  of	  
decline	  of	  the	  pressure	  head	  and	  shorten	  the	  time	  until	  the	  head	  falls	  below	  the	  land	  
surface	  and	  naturally	  flowing	  wells	  cease	  to	  flow.	  	  If	  hydraulic	  fracturing	  techniques	  
can	  be	  adapted	  to	  other	  oil-‐bearing	  shales,	  such	  as	  the	  Tyler	  Formation,	  the	  demand	  
for	  fracking	  water	  could	  extend	  into	  southwestern	  North	  Dakota,	  which	  is	  an	  area	  
with	  limited	  fresh	  water	  alternatives	  to	  the	  FH-‐HC	  aquifer.	  	  

	  

Purpose	  and	  Scope	  
	  
The	  purpose	  of	  this	  project	  was	  to	  gain	  a	  better	  understanding	  of	  the	  hydrogeology	  
of	  the	  FH-‐HC	  aquifer	  that	  will	  provide	  a	  foundation	  for	  the	  development	  of	  a	  long-‐
term	  management	  policy.	  	  To	  provide	  a	  better	  understanding	  of	  the	  hydrogeology	  
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and	  flow	  system	  of	  the	  aquifer,	  a	  groundwater	  flow	  model	  was	  developed.	  	  This	  
model	  will	  facilitate	  the	  evaluation	  of	  pending	  water	  permit	  applications.	  
	  
The	  objectives	  of	  the	  modeling	  study	  were:	  1)	  Develop	  a	  hydrostratigraphic	  
framework	  including	  both	  an	  assessment	  of	  the	  FH-‐HC	  aquifer	  and	  overlying	  
aquitards.	  2)	  Develop	  a	  groundwater	  flow	  model.	  	  The	  model	  will	  be	  used	  to	  A)	  
Determine	  the	  differences	  between	  regional	  and	  site	  specific	  hydraulic	  properties	  
caused	  by	  the	  complexity	  of	  the	  depositional	  environment	  through	  the	  use	  of	  both	  
forward	  and	  inverse	  methods	  (parameter	  estimation)	  to	  estimate	  aquifer	  and	  
aquitard	  hydraulic	  properties	  and	  to	  then	  compare	  the	  results	  to	  those	  properties	  
expected	  based	  on	  lithologies.	  B)	  Develop	  the	  water	  budget	  and	  flow	  system	  of	  the	  
aquifer	  for	  both	  pre-‐development	  and	  present	  conditions.	  C)	  Predict	  the	  equilibrium	  
pressure	  head	  resulting	  from	  the	  current	  level	  of	  discharge	  and	  use.	  
	  
The	  concern	  for	  the	  FH-‐HC	  aquifer	  is	  that	  wells	  are	  largely	  deriving	  water	  from	  
storage	  in	  the	  aquifer	  and	  that	  water	  levels	  will	  continue	  to	  decline	  indefinitely	  into	  
the	  future.	  	  For	  long-‐term	  mining	  of	  the	  aquifer	  not	  to	  occur,	  water	  must	  be	  derived	  
from	  the	  overlying	  aquitards.	  	  Following	  Mary	  Hill’s	  principle	  of	  parsimony	  (Hill	  and	  
Tiedeman,	  2007)	  the	  model	  should	  start	  as	  simple	  as	  possible	  with	  complexity	  
added	  as	  needed.	  	  Therefore,	  the	  starting	  point	  for	  the	  model	  of	  the	  FH-‐HC	  aquifer	  is	  
a	  one-‐layer	  model	  that	  does	  not	  account	  for	  transient	  leakage	  through	  the	  overlying	  
aquitard.	  	  The	  ability	  to	  calibrate	  this	  model	  with	  reasonable	  parameters	  would	  
validate	  this	  conceptualization	  as	  occupying	  the	  solution	  space.	  	  It	  would	  show	  that	  
there	  is	  a	  significant	  possibility	  that	  water	  levels	  will	  continue	  to	  decline	  and	  
additional	  development	  would	  only	  exacerbate	  the	  problem.	  

Physiographic	  Setting	  
	  
The	  FH-‐HC	  aquifer	  extends	  from	  near	  the	  foothills	  of	  the	  Rocky	  Mountains,	  easterly	  
across	  the	  Williston	  (Montana	  and	  North	  Dakota),	  Powder	  River	  (southern	  Montana	  
and	  Wyoming)	  and	  Denver	  (Colorado)	  basins.	  	  The	  35,000	  square	  mile	  study	  area	  
for	  this	  model	  overlies	  the	  Williston	  basin	  and	  extends	  south	  from	  the	  Canadian	  
border	  past	  the	  North	  Dakota-‐South	  Dakota	  border	  and	  east	  from	  the	  Cedar	  Creek	  
anticline	  to	  the	  Missouri	  River,	  roughly	  160	  miles	  by	  230	  miles	  (Figure	  1).	  	  North	  
and	  east	  of	  the	  Missouri	  River	  the	  FH-‐HC	  aquifer	  is	  not	  as	  important	  a	  water	  supply	  
source,	  except	  near	  where	  it	  outcrops	  or	  subcrops.	  	  Other	  sources	  of	  water	  are	  more	  
readily	  available	  and	  the	  Fox	  Hills’	  water	  quality	  is	  characterized	  by	  higher	  
dissolved	  solids	  concentrations,	  due	  to	  the	  relatively	  large	  distance	  from	  the	  
recharge	  areas.	  	  	  
	  
Except	  along	  narrow	  outcrop	  areas,	  the	  FH-‐HC	  aquifer	  is	  a	  confined	  aquifer.	  	  
Pressure	  heads	  in	  the	  study	  area	  range	  from	  2,900	  feet	  above	  mean	  sea	  level	  in	  the	  
southwest	  corner	  of	  North	  Dakota,	  along	  the	  Cedar	  Creek	  anticline,	  to	  approximately	  
1,500	  feet	  above	  mean	  sea	  level	  in	  the	  northeast	  portion	  of	  the	  basin	  (Figure	  2).	  	  The	  
general	  movement	  of	  water	  is	  from	  the	  southwest,	  where	  the	  aquifer	  is	  being	  
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recharged,	  to	  the	  north	  and	  east,	  forming	  a	  fan	  towards	  the	  Yellowstone	  and	  
Missouri	  Rivers.	  	  The	  overall	  direction	  of	  flow	  is	  locally	  influenced	  by	  discharge	  to	  
the	  major	  river	  valleys	  (Yellowstone,	  Missouri,	  and	  Souris,	  particularly	  where	  the	  
Fox	  Hills	  is	  close	  to	  the	  surface)	  (Figures	  2	  and	  3).	  	  
	  
	  

Climate	  
	  
Western	  North	  Dakota	  is	  semi-‐arid.	  	  Daily	  temperatures,	  based	  on	  the	  1931-‐1960	  
time	  period,	  average	  73°	  F	  in	  the	  summer	  and	  17°	  F	  in	  the	  winter.	  	  The	  mean	  annual	  
precipitation	  ranges	  from	  less	  than	  15	  inches	  near	  the	  boundary	  with	  Montana	  to	  
15-‐17	  inches	  along	  the	  south-‐flowing	  portion	  of	  the	  Missouri	  River	  in	  North	  Dakota.	  
The	  FH-‐HC	  aquifer’s	  recharge	  area	  in	  southwestern	  North	  Dakota	  and	  farther	  west	  
and	  south	  averages	  less	  than	  15	  inches	  of	  precipitation	  per	  year.	  	  Most	  of	  the	  
precipitation	  occurs	  between	  April	  and	  September.	  	  Any	  precipitation	  occurring	  in	  
the	  winter	  months	  is	  almost	  always	  snow	  (Jensen,	  n.d.).	  Due	  to	  the	  semi-‐arid	  climate,	  
most	  of	  the	  precipitation	  does	  not	  reach	  the	  FH-‐HC	  aquifer.	  
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Figure 1. Aerial extent of Fox Hills Formation in the Williston Basin and location of model domain.
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Geology	  
	  
The	  FH-‐HC	  aquifer	  occurs	  in	  the	  Williston	  Basin	  that	  underlies	  western	  North	  
Dakota,	  extending	  into	  northwestern	  South	  Dakota	  eastern	  Montana,	  and	  southern	  
Saskatchewan.	  	  The	  Fox	  Hills	  and	  Hell	  Creek	  Formations	  are	  mostly	  buried	  in	  North	  
Dakota.	  	  Outcrops	  in	  or	  near	  the	  study	  area	  occur	  in	  the	  southwest	  along	  the	  Cedar	  
Creek	  anticline,	  in	  the	  northwest	  along	  the	  Poplar	  Dome	  (Montana)	  and	  in	  the	  
southeast	  along	  the	  Missouri	  and	  Cannonball	  rivers.	  	  East	  of	  the	  Missouri	  River	  in	  
North	  Dakota	  the	  Fox	  Hills	  and	  Hell	  Creek	  Formations	  subcrop	  under	  glacial	  
sediments	  rather	  than	  outcrop.	  	  The	  depth	  to	  the	  aquifer	  ranges	  from	  land	  surface,	  
to	  approximately	  2,000	  feet	  below	  land	  surface	  in	  the	  central	  and	  south-‐central	  
parts	  of	  the	  Williston	  basin	  (Figure	  3).	  
	  

	  
Figure	  3.	  Approximate	  Depth	  to	  the	  FH-‐HC	  aquifer	  (Honeyman,	  2007).	  

	  	  
The	  Fox	  Hills	  Formation	  was	  formed	  as	  a	  shoreline	  to	  near	  shore	  feature	  when	  
sediment	  eroded	  from	  the	  rising	  Rocky	  Mountains	  was	  deposited	  in	  marine	  to	  
brackish	  water	  as	  the	  last	  Cretaceous	  seaway	  retreated	  easterly,	  evolving	  from	  an	  
offshore	  to	  tidal	  depositional	  environment.	  	  The	  Fox	  Hills	  Formation	  has	  been	  
divided	  into	  four	  members,	  from	  bottom	  to	  top	  the	  Trail	  City,	  Timber	  Lake,	  Bullhead,	  
and	  Colgate	  members.	  	  The	  deepest,	  Trail	  City	  Member	  of	  the	  Fox	  Hills	  Formation,	  
has	  a	  gradational	  contact	  with	  the	  underlying	  Pierre	  Formation.	  	  Which	  is	  
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conceptually	  thought	  of	  as	  a	  marine	  clay/shale	  deposited	  beyond	  the	  influence	  of	  
shoreline	  clastic	  depositional	  events.	  	  The	  Trail	  City	  Member	  generally	  consists	  of	  
silty	  to	  sandy	  shale	  and	  represents	  deeper	  offshore	  suspension	  fallout.	  	  The	  
overlying	  Timber	  Lake	  Member	  consists	  of	  sandstone	  that	  was	  deposited	  
episodically	  by	  storm	  wave	  action.	  	  The	  overlying	  Bullhead	  Member	  and	  overlying	  
Colgate	  Member	  were	  both	  deposited	  continually	  by	  current	  dominated	  shoreline	  or	  
tidal	  processes.	  	  The	  Bullhead	  Member	  is	  characterized	  by	  alternating	  beds	  of	  
sandstone,	  siltstone	  and	  shale,	  while	  the	  Colgate	  Member	  is	  mainly	  sandstone	  that	  
forms	  the	  most	  laterally	  continuous	  part	  of	  the	  FH-‐HC	  Aquifer	  (Daly,	  1984).	  	  
	  
The	  Hell	  Creek	  Formation	  is	  a	  clastic	  wedge	  associated	  with	  the	  retreat	  of	  the	  
Cretaceous	  seaway.	  	  It	  is	  made	  up	  of	  poorly	  consolidated	  sandstone,	  siltstone,	  
claystone,	  and	  carbonaceous	  and	  bentonitic	  beds.	  	  It	  consists	  of	  predominately	  
nonmarine	  sediments	  intermixed	  with	  marine	  and	  brackish	  facies.	  	  Deposition	  
occurred	  in	  fluvial	  channel	  systems	  and	  floodplains	  as	  laterally	  migrating	  channel	  
belts	  and	  floodplains	  deposited	  sediment	  from	  the	  uplifting	  Rocky	  Mountains	  
(Murphy	  et	  al,	  2002).	  	  The	  Hell	  Creek	  portion	  of	  the	  FH-‐HC	  aquifer	  occurs	  in	  the	  
lower	  third	  of	  the	  formation	  in	  locations	  where	  sandstone	  beds	  allow	  water	  to	  flow	  
freely	  between	  the	  two	  formations.	  	  Thicker	  sections	  of	  sand	  in	  the	  lower	  Hell	  Creek	  
Formation	  may	  be	  associated	  with	  deltaic	  deposits	  along	  the	  transition	  from	  
primarily	  marine	  Fox	  Hills	  sedimentation	  to	  primarily	  nonmarine	  Hell	  Creek	  
sedimentation.	  
	  
The	  upper	  Hell	  Creek	  Formation	  and	  overlying	  Fort	  Union	  Group	  create	  an	  aquitard	  
above	  the	  FH-‐HC	  aquifer.	  	  The	  boundary	  between	  the	  Hell	  Creek	  Formation	  and	  Fort	  
Union	  Group	  marks	  the	  boundary	  between	  Cretaceous	  and	  Tertiary	  periods.	  	  While	  
the	  Cretaceous-‐Tertiary	  boundary	  marks	  an	  identifiable	  point	  in	  geologic	  time,	  
deposition	  in	  the	  Williston	  Basin	  was	  similar	  across	  the	  boundary	  as	  finer	  sand,	  silt	  
and	  clay	  was	  deposited	  over	  a	  broad	  landscape	  by	  flooding	  streams.	  
	  

Water	  Quality	  
	  
The	  FH-‐HC	  aquifer	  is	  characterized	  by	  sodium	  bicarbonate	  type	  water,	  particularly	  
as	  the	  distance	  increases	  from	  recharge	  sources.	  	  Nearly	  all	  the	  calcium	  and	  
magnesium	  cations	  in	  Fox	  Hills	  waters	  have	  been	  replaced	  by	  sodium	  from	  
interbedded	  clayey	  sediments	  within	  the	  FH-‐HC	  aquifer	  and	  overlying	  sediments.	  
Sodium	  comprises	  98	  to	  99	  percent	  of	  the	  total	  cations.	  	  The	  high	  concentration	  of	  
sodium	  contributes	  to	  a	  total	  dissolved	  solid	  level	  generally	  exceeding	  1,000	  
milligrams	  per	  liter	  (mg/l).	  	  The	  Environmental	  Protection	  Agency	  (EPA)	  classifies	  
total	  dissolved	  solids	  as	  a	  secondary	  contaminant	  for	  which	  the	  recommended	  limit	  
is	  500	  mg/l.	  	  The	  secondary	  drinking	  water	  standards	  are	  a	  set	  of	  non-‐enforceable	  
guidelines	  on	  constituents	  that	  may	  cause	  cosmetic	  or	  aesthetic	  effects.	  
	  
Except	  for	  areas	  close	  to	  sources	  of	  recharge,	  concentrations	  of	  fluoride	  in	  FH-‐HC	  
water	  are	  near	  the	  primary	  drinking	  water	  standard	  of	  4	  mg/l.	  	  Primary	  drinking	  
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water	  standards	  are	  legally	  enforceable	  standards	  that	  apply	  to	  public	  water	  
systems.	  	  This	  has	  caused	  many	  communities	  that	  relied	  on	  FH-‐HC	  water	  to	  switch	  
to	  Southwest	  Pipeline	  water	  for	  their	  municipal	  water	  supply.	  	  For	  a	  more	  detailed	  
analysis	  of	  FH-‐HC	  water	  quality	  refer	  to	  Wanek,	  2009	  and	  Thorstenson	  et	  al,	  1979.	  

Wells	  Completed	  in	  the	  FH-‐HC	  Aquifer	  
	  
Wanek	  compiled	  an	  inventory	  of	  wells	  completed	  in	  the	  FH-‐HC	  aquifer	  in	  his	  2009	  
recommended	  decision	  for	  the	  City	  of	  Alexander,	  water	  permit	  application	  number	  
5990	  (Appendix	  D).	  	  The	  original	  inventory	  gathered	  well	  information	  from	  
available	  sources	  for	  16	  counties	  in	  western	  North	  Dakota.	  	  For	  this	  project,	  the	  
inventory	  of	  Fox	  Hills	  wells	  was	  extended	  south	  and	  east	  to	  the	  South	  Dakota	  border	  
and	  Missouri	  River,	  including	  Fox	  Hills	  wells	  located	  in	  another	  five	  counties,	  Adams,	  
Bowman,	  Grant,	  Sioux	  and	  Morton	  Counties.	  	  Figure	  4	  shows	  the	  location	  of	  the	  
inventoried	  wells	  with	  the	  yellow	  outline	  depicting	  the	  spatial	  extent	  of	  the	  
inventoried	  counties.	  	  While	  some	  Fox	  Hills	  wells	  east	  of	  the	  yellow	  boundary	  line	  in	  
figure	  4	  are	  included	  in	  the	  inventory,	  not	  all	  of	  the	  Fox	  Hills	  wells	  in	  those	  eastern	  
counties	  were	  inventoried.	  
	  
Beginning	  in	  1972,	  the	  North	  Dakota	  Board	  of	  Water	  Well	  Contractors	  has	  required	  
water	  well	  contractors	  to	  file	  with	  the	  board	  well	  drillers’	  reports	  of	  completed	  
wells	  and	  test	  holes.	  	  Wanek	  reviewed	  well	  driller	  reports	  for	  Fox	  Hill	  wells	  in	  16	  
counties.	  	  An	  additional	  5	  counties	  were	  reviewed	  for	  this	  study.	  	  Well	  depth,	  land	  
surface	  elevation	  and	  expected	  elevation	  of	  FH-‐HC	  aquifer	  were	  compared	  to	  
information	  in	  well	  drillers’	  reports	  to	  determine	  if	  wells	  were	  completed	  in	  the	  
aquifer.	  	  County	  groundwater	  studies,	  State	  Water	  Commission	  database,	  registered	  
wells,	  U.S.	  Forest	  Service	  listing	  of	  wells,	  and	  wells	  identified	  in	  communication	  with	  
area	  ranchers	  were	  also	  reviewed	  as	  part	  of	  the	  inventory.	  	  Indicated	  well	  locations	  
are	  approximated	  based	  on	  the	  information	  in	  the	  well	  driller	  reports	  and	  have	  not	  
been	  field	  checked	  for	  accuracy.	  	  	  
	  
Information	  for	  wells	  completed	  in	  Montana	  was	  compiled	  in	  the	  original	  survey	  
using	  the	  Montana	  Bureau	  of	  Mines	  and	  Geology	  and	  the	  University	  of	  Montana’s	  
Ground-‐Water	  Information	  Center	  (GWIC)	  website.	  	  The	  website	  provides	  private	  
well	  information	  for	  wells	  completed	  in	  Montana.	  	  For	  more	  information	  on	  
Montana	  wells	  included	  in	  the	  Fox	  Hills	  well	  survey	  refer	  to	  Wanek	  2009.	  
Fox	  Hills	  wells	  were	  inventoried	  in	  an	  area	  (Figure	  4)	  approximately	  coinciding	  with	  
the	  model	  domain	  area	  (Figure	  1).	  	  The	  inventory	  does	  not	  include	  the	  many	  
relatively	  shallow	  Fox	  Hills	  wells	  in	  North	  Dakota	  east	  of	  the	  Missouri	  River	  where	  
the	  Fox	  Hills	  or	  lower	  Hell	  Creek	  formations	  subcrop	  under	  glacial	  drift.	  	  Similarly,	  
the	  inventory	  of	  Fox	  Hills	  wells	  does	  not	  include	  wells	  in	  Prairie	  or	  Fallon	  Counties	  
in	  southeastern	  Montana	  where	  the	  Fox	  Hills	  Formation	  outcrops	  along	  the	  Cedar	  
Creek	  anticline.	  
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Well	  locations	  in	  figure	  4	  were	  color-‐coded	  based	  on	  the	  classification	  of	  well	  type.	  	  
Flowing	  wells	  are	  shown	  in	  red,	  pumped	  wells	  are	  in	  blue,	  Hell	  Creek	  wells	  included	  
in	  the	  inventory	  are	  squares	  and	  monitoring	  well	  sites	  are	  delineated	  by	  a	  green	  
triangle.	  	  Unused	  non-‐flowing	  head	  wells	  are	  ‘standby’.	  	  The	  number	  of	  wells	  in	  each	  
category	  is	  listed	  in	  table	  1a	  and	  1b.	  
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Figure 4: Location of Fox Hills-Hell Creek wells. LDC = Large diameter casing (capable of being pumped)
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Table	  1a.	  Fox	  Hills	  Wells	  by	  type,	  primarily	  from	  21	  North	  Dakota	  counties	  and	  three	  
Montana	  counties.	  
	  
Well	  Type	   North	  Dakota	   Montana	   Total	  
Flowing	   283	   148	   431	  
Flowing	  LDC	   89	   1	   90	  
Flowing	  Shut-‐in	   15	   4	   19	  
Pumped	   972	   181	   1,153	  
Pumped	  Standby	   54	   3	   57	  
Flowing	  Hell	  Creek	   31	   0	   31	  
Pumped	  Hell	  Creek	   24	   0	   24	  
Monitoring	   133	   3	   136	  
Total	   1,601	   340	   1,941	  
	  
LDC	  stands	  for	  large	  diameter	  casing,	  capable	  of	  accommodating	  a	  submersible	  
pump	  (not	  specified	  for	  the	  Montana	  wells).	  	  Twenty-‐two	  of	  the	  133	  North	  Dakota	  
monitoring	  wells	  have	  been	  plugged.	  	  The	  56	  wells	  listed	  as	  Hell	  Creek	  may	  be	  part	  
of	  the	  FH-‐HC	  aquifer,	  but	  more	  likely	  have	  some	  hydraulic	  separation	  from	  the	  
underlying	  aquifer	  (Wanek,	  2009).	  	  
	  
	  

Table	  1b.	  Fox	  Hills	  wells	  (as	  listed	  above	  in	  Table	  1a)	  in	  use:	  
Well	  Type	   North	  Dakota	   Montana	   Total	  
Flowing	   283	   148	   431	  
Flowing	  LDC	   89	   1	   90	  
Pumped	   972	   181	   1,153	  
Total	   1,344	   330	   1,674	  
	  
	   	  
LDC	  or	  large	  diameter	  casing	  in	  the	  tables	  and	  figures	  refers	  to	  wells	  with	  at	  least	  a	  
4-‐inch	  diameter	  casing,	  a	  diameter	  practical	  for	  installing	  a	  submersible	  pump.	  	  As	  is	  
evident	  in	  tables’	  1a	  and	  1b	  most	  of	  the	  flowing	  head	  wells	  have	  smaller	  diameter	  
casing,	  too	  small	  to	  install	  a	  submersible	  pump.	  	  A	  more	  detailed	  breakdown	  of	  the	  
type	  of	  wells	  is	  included	  in	  table	  2.	  	  The	  number	  of	  inventoried	  wells	  in	  each	  county	  
is	  listed	  in	  table	  3.	  
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Table	  2.	  Use	  of	  the	  listed	  Fox	  Hills	  Wells.	  
Well	  Type	   ND	  Wells	   MT	  Wells	   Total	  
Flowing	  Domestic/Stock	   47	   2	   49	  
Flowing	  Domestic/Stock	  LDC	   13	   -‐	   13	  
Flowing	  Domestic	   38	   74	   112	  
Flowing	  Domestic	  LDC	   20	   -‐	   20	  
Flowing	  Stock	   196	   60	   256	  
Flowing	  Stock	  LDC	   42	   -‐	   42	  
Flowing	  Municipal	  LDC	   8	   1	   9	  
Flowing	  Rural	  Water	  LDC	   3	   -‐	   3	  
Flowing	  Industrial	   2	   6	   8	  
Flowing	  Industrial	  LDC	   3	   -‐	   3	  
Flowing	  Shut-‐in	   12	   4	   16	  
Flowing	  Shut-‐in	  LDC	   3	   -‐	   3	  
Flowing	  Unknown	   -‐	   6	   6	  

	   	   	   	  Flowing	  Hell	  Creek	   31	   -‐	   31	  
Pumped	  Hell	  Creek	   24	   -‐	   24	  

	   	   	   	  Pumped	  Domestic/Stock	   93	   -‐	   93	  
Pumped	  Domestic	   385	   69	   454	  
Pumped	  Stock	  (+1	  'wildlife'	  well)	   415	   85	   500	  
Pumped	  Municipal	   36	   3	   39	  
Pumped	  Rural	  Water	   1	   -‐	   1	  
Pumped	  Industrial	   40	   16	   56	  
Pumped	  Standby	   54	   3	   57	  
Pumped	  Unknown	   -‐	   7	   7	  
Pumped	  Irrigation	   2	   1	   3	  

	   	   	   	  Monitoring	   111	   3	   114	  
Monitoring-‐Plugged	   22	   -‐	   22	  
Total	   1,601	   340	   1,941	  
	  
*	  The	  Fox	  Hills	  irrigation	  wells,	  one	  in	  Montana	  and	  two	  in	  North	  Dakota,	  are	  near	  
areas	  where	  the	  Fox	  Hills	  Formation	  outcrops	  and	  are	  for	  use	  at	  golf	  courses	  and/or	  
an	  athletic	  fields	  not	  requiring	  a	  high	  pumping	  rate.	  
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Table	  3.	  1,941	  identified	  Fox	  Hills	  (and	  select	  Hell	  Creek)	  wells	  by	  county.	  
County	   Wells	  

	  
County	   Wells	  

Adams*	   24	  
	  

Morton*	   202	  
Benson	   12	  

	  
Mountrail*	   5	  

Billings*	   113	  
	  

Oliver*	   38	  
Bottineau	   21	  

	  
Pierce	   14	  

Bowman*	   163	  
	  

Renville	   2	  
Burke*	   0	  

	  
Rolette	   4	  

Burleigh	   43	  
	  

Sheridan	   12	  
Divide*	   4	  

	  
Sioux*	   59	  

Dunn*	   68	  
	  

Slope*	   80	  
Emmons	   77	  

	  
Stark*	   22	  

Golden	  Valley*	   48	  
	  

Williams*	   13	  
Grant*	   28	  

	  
Custer,	  MT	   1	  

Hettinger*	   7	  
	  

Daniels,	  MT	   1	  
Kidder	   30	  

	  
Dawson,	  MT*	   171	  

Logan	   91	  
	  

McCone,	  MT	   1	  
McHenry	   14	  

	  
Prairie,	  MT	   1	  

McIntosh	   11	  
	  

Richland,	  MT*	   90	  
McKenzie*	   236	  

	  
E.	  Roosevelt,	  MT	   1	  

McLean*	   62	  
	  

E.	  Sheridan,	  MT	   1	  
Mercer*	   98	  

	  
Wibaux,	  MT*	   73	  

	  
*	  Counties	  in	  which	  well	  drillers	  reports	  (or	  Montana’s	  GWIC	  website)	  were	  
reviewed	  for	  Fox	  Hills	  wells.	  
	  
The	  original	  survey	  of	  Fox	  Hills	  wells	  using	  well	  driller’s	  reports,	  county	  
groundwater	  studies,	  the	  State	  Water	  Commission’s	  well	  and	  water	  permit	  
databases,	  registered	  wells,	  and	  information	  supplied	  by	  the	  US	  Forest	  Service	  or	  by	  
ranchers,	  showed	  that	  most	  wells	  were	  installed	  during	  the	  1960s	  through	  1980s.	  	  
Seventy	  percent	  of	  flowing	  wells	  were	  installed	  at	  this	  time.	  	  Very	  few	  wells	  were	  
reported	  before	  the	  1960s.	  	  Flowing	  head	  wells	  were	  commonly	  installed	  using	  2	  
inches	  or	  less	  diameter	  casing	  and	  the	  annular	  space	  was	  typically	  not	  filled	  with	  
cement	  over	  its	  entire	  length.	  	  Corrosion	  of	  the	  well	  casing	  through	  time	  could	  result	  
in	  flow	  along	  the	  outside	  of	  the	  casing	  to	  the	  surface	  or	  into	  overlying	  formations.	  	  
The	  FH-‐HC	  aquifer	  pressure	  head	  is	  commonly	  greater	  than	  the	  head	  in	  the	  
immediately	  overlying	  formations.	  	  As	  water	  flows	  along	  the	  outside	  of	  the	  casing	  or	  
through	  holes	  in	  the	  casing,	  water	  can	  escape	  through	  permeable	  strata;	  however,	  
most	  zones	  are	  less	  transmissive	  than	  the	  FH-‐HC	  aquifer	  and	  will	  be	  pressured	  up	  
near	  the	  leaking	  Fox	  Hills	  well	  until	  a	  quasi-‐equilibrium	  is	  reached.	  	  Shallow	  zones	  
that	  are	  connected	  to	  the	  surface	  may	  lose	  even	  more	  water	  because	  once	  the	  
leaking	  water	  surfaces	  there	  is	  no	  resistance	  to	  leakage.	  	  Leakage	  is	  evident	  at	  some	  
wells	  visited	  by	  water	  seeping	  up	  around	  the	  well	  and	  by	  water	  level	  measurements	  
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that	  show	  an	  uncharacteristic	  deviation	  from	  previous	  measurements.	  	  If	  seventy-‐
five	  percent	  of	  the	  identified	  flowing	  wells	  leak	  at	  0.1	  gpm	  approximately	  63	  acre-‐
feet	  per	  year	  of	  water	  is	  lost.	  
	  
Fieldwork	  was	  conducted	  during	  the	  summer	  of	  2008	  in	  three	  flowing	  head	  well	  
locations	  in	  McKenzie	  County	  (outlined	  in	  purple	  in	  figure	  4).	  	  The	  purpose	  of	  the	  
fieldwork	  was	  to	  determine	  how	  many	  Fox	  Hills	  wells	  were	  in	  use,	  as	  compared	  to	  
the	  number	  of	  known	  wells,	  primarily	  from	  well	  driller’s	  reports,	  and	  to	  determine	  
an	  average	  flow	  rate	  for	  flowing	  wells.	  	  Roughly	  summarizing	  the	  results	  of	  the	  
fieldwork,	  there	  were	  50	  percent	  more	  Fox	  Hills	  wells	  than	  previously	  identified	  in	  
the	  well	  drillers	  reports.	  	  These	  wells	  were	  probably	  installed	  before	  well	  driller’s	  
reports	  were	  required.	  	  About	  two	  thirds	  of	  the	  flowing	  wells	  visited	  were	  flowing	  
continuously,	  mostly	  valved	  down	  to	  a	  low	  flow	  rate.	  	  The	  remaining	  third	  were	  
being	  regulated	  by	  use	  of	  a	  float	  valve	  in	  a	  tank	  or	  by	  some	  other	  method.	  	  Discharge	  
from	  measured	  flowing	  head	  wells	  averaged	  1.9	  gallons	  per	  minute	  (gpm).	  	  For	  
more	  information	  regarding	  the	  2008	  fieldwork	  refer	  to	  Wanek	  2009,	  included	  in	  
Appendix	  D.	  	  
	  
Based	  on	  the	  average	  measured	  flow	  rates,	  the	  quantity	  of	  FH-‐HC	  water	  passing	  
through	  flowing	  wells	  can	  be	  estimated	  as	  (521	  wells)	  (1.9	  gpm)	  (2/3	  discharging	  
wells)	  (1.6	  ac-‐ft/yr	  per	  1gpm)	  =	  1,100	  acre-‐feet	  per	  year.	  	  If	  unrecorded	  wells	  were	  
added	  to	  this	  estimate,	  using	  a	  multiplier	  of	  1.5,	  1,600	  acre-‐feet	  per	  year	  would	  be	  
discharging	  to	  free	  flowing	  wells.	  	  The	  remaining	  third	  of	  flowing	  wells	  that	  are	  
being	  contained	  is	  using	  much	  less	  water	  than	  free-‐flowing	  wells.	  	  Assuming	  each	  
regulated	  well	  is	  using	  400	  gallons	  per	  day,	  the	  quantity	  of	  water	  discharged	  can	  be	  
estimated	  as	  (521	  wells)	  (400	  gpd)	  (1	  day/1440	  minutes)	  (1/3	  contained	  wells)	  
(1.6	  ac-‐ft/yr	  per	  1gpm)	  =	  77	  acre-‐feet	  per	  year.	  	  The	  uncertainty	  associated	  with	  the	  
quantity	  of	  water	  lost	  by	  flowing	  wells	  is	  part	  of	  the	  reason	  for	  developing	  a	  
groundwater	  model.	  

	  

Flow	  Model	  Development	  
	  
The	  groundwater	  flow	  model	  of	  the	  FH-‐HC	  aquifer	  is	  a	  mathematical	  representation	  
of	  the	  physical	  system	  using	  MODFLOW-‐2005	  (Harbaugh	  et	  al.,	  2005).	  	  Simplifying	  
assumptions	  are	  made	  about	  the	  physical	  properties	  of	  the	  system	  in	  order	  to	  
simulate	  the	  complex	  system.	  
	  
MODFLOW-‐2005	  is	  a	  computer	  program	  that	  solves	  the	  three-‐dimensional	  
groundwater	  flow	  equation	  to	  simulate	  groundwater	  flow	  through	  a	  porous	  medium	  
using	  a	  block	  center	  finite	  difference	  method	  (Harbaugh	  et	  al.,	  2005).	  	  Three-‐
dimensional	  groundwater	  flow	  is	  described	  by	  the	  following	  equation:	  
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where	  Kxx,	  Kyy,	  and	  Kzz	  are	  values	  of	  hydraulic	  conductivity	  along	  the	  x,	  y	  and	  z	  
axis;	  	  
h	  is	  the	  potentiometric	  head	  (L);	  	  
W	  is	  sources	  and	  or	  sinks	  of	  water	  (t-‐1);	  

	   Ss	  is	  the	  specific	  storage	  of	  the	  porous	  material	  (L-‐1);	  and	  
	   t	  is	  time	  (t).	  	  
	  
In	  the	  finite	  difference	  method	  the	  physical	  system	  is	  divided	  into	  cells	  with	  a	  node	  
at	  the	  center	  of	  each	  cell	  at	  which	  head	  is	  calculated.	  	  Harbaugh	  and	  others	  (2005)	  
provide	  an	  in-‐depth	  discussion	  of	  this	  method.	  	  Observations	  are	  equated	  to	  
equivalent	  items	  simulated	  by	  MODFLOW	  using	  the	  observation	  process	  (Hill	  et	  al.,	  
2000).	  

Flow	  Model	  	  
	  
The	  active	  model	  area	  is	  approximately	  35,000	  square	  miles	  (Figure	  1).	  	  The	  area	  is	  
divided	  into	  345	  rows	  by	  303	  columns,	  oriented	  north	  south,	  with	  cells	  3,650ft	  by	  
3,650ft.	  	  The	  grid	  was	  generated	  in	  the	  State	  Plane	  coordinate	  system	  (NAD83,	  units	  
ft,	  Zone	  is	  ND	  South).	  	  The	  grid	  origin	  is	  located	  in	  the	  NW	  corner	  of	  the	  model	  area	  
at	  easting	  849,530.25ft	  and	  northing	  1,247,491.55ft.	  	  Vertically,	  the	  aquifer	  is	  
represented	  as	  one	  confined	  layer.	  	  Hydrostratigraphic	  information	  was	  compiled	  in	  
North	  Dakota	  using	  available	  lithologic	  logs	  from	  the	  North	  Dakota	  State	  Water	  
Commission	  and	  geophysical	  logs	  from	  the	  North	  Dakota	  Industrial	  Commission’s	  
Oil	  and	  Gas	  division.	  	  The	  aquifer	  in	  Montana	  was	  delineated	  based	  on	  information	  
from	  Montana’s	  Ground	  Water	  Information	  Center.	  	  The	  bottom	  of	  the	  aquifer	  was	  
defined	  as	  the	  transition	  to	  the	  top	  of	  the	  Pierre	  Formation,	  primarily	  from	  the	  
increase	  in	  gamma	  ray	  detections	  and	  decrease	  in	  electrical	  resistivity	  indicating	  a	  
higher	  clay	  or	  shale	  content.	  	  The	  top	  of	  the	  aquifer,	  corresponding	  to	  the	  lower	  
portion	  of	  the	  Hell	  Creek,	  is	  harder	  to	  delineate	  due	  to	  the	  variability	  of	  the	  
nonmarine	  depositional	  environment.	  	  An	  inclusive	  approach	  was	  utilized	  to	  try	  and	  
encompass	  the	  entire	  aquifer	  thickness.	  	  Figure	  5	  delineates	  the	  modeled	  aquifer	  
thickness.	  	  Delineating	  additional	  layers,	  by	  separating	  the	  lower	  Hell	  Creek	  aquifer,	  
could	  potentially	  produce	  a	  more	  detailed	  model	  than	  the	  one	  layer	  model.	  
	  
The	  model	  was	  discretized	  into	  a	  steady-‐state	  stress	  period	  followed	  by	  transient	  
yearly	  stress	  periods.	  	  The	  yearly	  transient	  stress	  periods	  were	  further	  divided	  into	  
15	  time	  steps.	  	  The	  steady-‐state	  stress	  period,	  representing	  conditions	  in	  1942,	  was	  
to	  allow	  the	  simulated	  water	  levels	  to	  come	  into	  equilibrium	  with	  the	  boundary	  
conditions.	  	  Hydrologic	  stresses	  and	  groundwater	  flow	  rates	  are	  assumed	  to	  have	  
been	  constant	  or	  steady-‐state	  prior	  to	  1942.	  	  The	  calibrated	  transient	  model	  runs	  
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from	  January	  1,	  1943	  through	  December	  31,	  2009.	  	  The	  model	  was	  run	  in	  prediction	  
mode	  to	  December	  31,	  2039	  to	  determine	  future	  water	  levels	  at	  the	  current	  level	  of	  
use.	  	  	  
	  

Hydraulic	  Conductivity	  
	  
The	  distribution	  of	  hydraulic	  properties	  in	  the	  FH-‐HC	  aquifer	  is	  variable	  due	  to	  the	  
layered	  nature	  of	  the	  depositional	  environment	  (as	  discussed	  in	  the	  geology	  section).	  	  
The	  FH-‐HC	  aquifer	  is	  non-‐homogeneous	  because	  it	  is	  comprised	  of	  layers	  
characterized	  by	  different	  values	  of	  hydraulic	  conductivity.	  	  For	  example	  the	  FH-‐HC	  
aquifer	  the	  Colgate	  member	  of	  the	  Fox	  Hills	  Formation	  has	  a	  higher	  hydraulic	  
conductivity	  than	  other	  portions	  of	  the	  aquifer,	  and	  as	  such	  will	  act	  as	  the	  major	  
conduit	  of	  groundwater	  flow.	  	  Values	  for	  hydraulic	  properties	  were	  collected	  from	  
all	  available	  literature	  sources	  for	  use	  as	  initial	  values	  in	  the	  model.	  	  Initial	  estimates	  
for	  hydraulic	  conductivity	  were	  determined	  from	  single	  well	  pumping	  and	  recovery	  
tests,	  laboratory	  measurements	  on	  sidewall	  core	  samples	  and	  from	  interpretation	  of	  
geophysical	  logs	  in	  the	  North	  Dakota	  County	  Studies.	  	  Estimates	  ranged	  from	  0.1	  to	  
2.1	  feet	  per	  day	  and	  averaged	  2.0	  feet	  per	  day.	  	  Table	  4	  lists	  the	  average	  hydraulic	  
conductivity	  for	  each	  source.	  
	  

Table	  4:	  Summary	  of	  hydraulic	  conductivity	  values.	  
Average	  Hydraulic	  
Conductivity	   Source	   Test	  Type	  

2	  ft/d	  
Thorstenson,	  
1979	  

Drill	  stem	  tests	  and	  core	  
samples	  

1.65	  ft/d	   Croft,	  1978	  
Aquifer	  tests,	  drill	  stem	  tests	  
and	  core	  samples	  

1.6	  ft/d	   Anna,	  1981	   Drawdown	  tests	  

2	  ft/d	   Croft,	  1985	  
Resistivity	  curves	  of	  logs	  in	  the	  
county	  study	  

2.1	  ft/d	   Croft,	  1973	   Flow	  recovery	  tests	  
0.66	  ft/d	   Ackerman,	  1980	   Core	  samples	  
1.9	  ft/d	   Randich,	  1979	   Core	  samples	  

	  
Hydraulic	  conductivity	  was	  parameterized	  using	  a	  depth	  dependent	  approach.	  	  With	  
depth,	  effective	  stress	  increases	  causing	  the	  aquifer	  material	  to	  compress	  and	  the	  
hydraulic	  conductivity	  to	  decrease.	  	  The	  elevation	  of	  the	  aquifer	  varies	  from	  land	  
surface	  to	  a	  depth	  greater	  than	  2,000	  feet	  below	  land	  surface.	  	  A	  multiplier	  array	  
was	  used	  to	  achieve	  spatial	  variation.	  	  The	  hydraulic	  conductivity	  for	  a	  given	  cell	  
was	  calculated	  from	  a	  formula	  from	  the	  Hydrogeologic	  Unit	  Flow	  Package	  2	  
(Anderman	  et	  al,	  2003);	  
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Kdepth	  =	  Ksurface10-‐λd	  
	  
	  
Where	  
Kdepth	  is	  the	  hydraulic	  conductivity	  at	  depth	  d	  (L/T)	  
Ksurface	  is	  the	  hydraulic	  conductivity	  projected	  to	  a	  reference	  surface	  (L/T)	  
λ	  is	  the	  depth	  dependent	  coefficient	  (L-‐1)	  and	  
d	  is	  the	  depth	  below	  the	  reference	  surface	  (L)	  
	  

Figures	  6	  and	  8	  show	  the	  effects	  of	  variance	  of	  the	  multiplier	  with	  depth	  below	  land	  
surface.	  
	  
A	  multiplier	  for	  hydraulic	  conductivity	  was	  modified	  during	  parameter	  estimation.	  
The	  hydraulic	  conductivity	  calculated	  during	  calibration	  is	  a	  combination	  of	  fine	  and	  
coarse	  materials	  that	  make	  up	  the	  aquifer.	  	  It	  is	  lower	  than	  measured	  values,	  0.71	  
feet	  per	  day	  at	  land	  surface.	  	  This	  is	  because,	  the	  modeled	  hydraulic	  conductivity	  is	  
regional	  and	  the	  measured	  values	  are	  point	  values.	  	  The	  regional	  hydraulic	  
conductivity	  reflects	  the	  interconnectedness	  of	  the	  sand	  bodies	  and	  the	  point	  values	  
of	  hydraulic	  conductivity	  reflect	  the	  hydraulic	  conductivity	  of	  the	  sand	  bodies	  at	  that	  
point.	  	  At	  a	  depth	  of	  2,000	  feet	  below	  land	  surface,	  slightly	  more	  than	  1/3	  or	  0.44	  
feet	  per	  day	  would	  reduce	  the	  hydraulic	  conductivity.	  	  Figure	  6	  shows	  the	  spatial	  
distribution	  of	  hydraulic	  conductivity,	  figure	  5	  shows	  the	  modeled	  aquifer	  thickness	  
and	  figure	  7	  shows	  the	  spatial	  distribution	  of	  the	  transmissivity.	  
	  
The	  modeled	  transmissivity	  (equal	  to	  the	  aquifer	  thickness	  multiplied	  by	  the	  
hydraulic	  conductivity)	  in	  figure	  7,	  is	  likely	  high	  due	  to	  the	  inclusion	  of	  the	  Hell	  
Creek	  Formation	  in	  the	  modeled	  aquifer	  thickness.	  	  The	  Hell	  Creek	  aquifer	  likely	  
includes	  a	  higher	  percentage	  of	  siltstone	  and	  claystone	  then	  it	  would	  if	  just	  the	  Fox	  
Hills	  Formation	  was	  modeled.	  	  This	  could	  be	  a	  point	  of	  revision	  in	  further	  model	  
studies.
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Figure 5. Contour map of modeled aquifer thickness.
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Figure 6. Contour map of hydraulic conductivity.
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Figure 7. Contour map of model transmissivity.
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Figure	  8.	  Decline	  with	  depth	  of	  hydraulic	  conductivity	  or	  specific	  storage	  relative	  to	  
the	  depth	  below	  land	  surface.	  	  

	  

Specific	  Storage	  
	  
Storativity	  of	  the	  aquifer	  is	  not	  often	  determined	  because	  most	  of	  the	  testing	  is	  done	  
on	  a	  single	  pumped	  well.	  	  The	  depth	  of	  the	  aquifer	  makes	  it	  impractical	  to	  install	  
monitoring	  wells	  around	  a	  pumped	  well.	  	  The	  estimated	  storativity	  of	  the	  aquifer	  
(0.0003)	  was	  divided	  by	  the	  aquifer	  thickness	  to	  determine	  the	  specific	  storage.	  	  As	  
with	  hydraulic	  conductivity,	  specific	  storage	  is	  not	  constant	  with	  depth	  but	  rather	  
decreases	  with	  depth	  in	  response	  to	  increased	  loading.	  	  As	  the	  effective	  stress	  
increases,	  the	  volume	  in	  the	  pore	  spaces	  of	  the	  soil	  decreases	  as	  the	  soil	  compresses,	  
and	  therefore	  the	  volume	  of	  water	  released	  per	  unit	  mass	  of	  soil	  per	  unit	  drawdown	  
in	  head	  (specific	  storage)	  decreases.	  	  During	  parameter	  estimation	  a	  multiplier	  for	  
specific	  storage	  was	  calculated	  and	  multiplied	  by	  the	  same	  depth	  dependence	  array	  
as	  the	  hydraulic	  conductivity.	  	  The	  depth	  decay	  function	  is	  exponential,	  causing	  the	  
specific	  storage	  to	  initially	  decrease	  more	  rapidly	  with	  depth.	  	  At	  greater	  depths	  the	  
specific	  storage	  would	  be	  a	  constant	  value.	  	  The	  multiplier	  was	  originally	  1,	  now	  
3.315.	  	  This	  changes	  the	  estimated	  storativity	  of	  the	  aquifer	  from	  0.0003	  to	  0.001	  at	  
land	  surface.	  	  At	  a	  depth	  of	  2,000	  feet	  below	  land	  surface,	  the	  storativity	  would	  be	  
approximately	  0.0006.	  	  The	  specific	  storage	  values	  (storativity/aquifer	  thickness)	  
range	  from	  a	  maximum	  of	  3.17	  x	  10-‐4	  (ft-‐1),	  to	  a	  minimum	  of	  3.52	  x	  10-‐7	  (ft-‐1),	  and	  
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averages	  1.55	  x	  10-‐6	  (ft-‐1).	  	  Literature	  values	  (Anderson	  et	  al,	  1992)	  of	  specific	  
storage	  for	  dense	  sand	  range	  from	  6.1	  x	  10-‐5	  –	  3.96	  x	  10-‐5(ft-‐1),	  and	  for	  fissured	  or	  
jointed	  rock	  range	  from	  2.1	  x	  10-‐5	  –	  1.0	  x	  10-‐6(ft-‐1).	  

Boundary	  Conditions	  	  
	  
Details	  of	  the	  boundary	  conditions	  and	  how	  they	  are	  represented	  in	  the	  MODFLOW	  
model	  are	  shown	  in	  figures	  9,	  10	  and	  11.	  	  Groundwater	  recharge	  that	  occurs	  as	  
ungaged	  runoff	  along	  the	  Cedar	  Creek	  anticline	  is	  represented	  in	  the	  MODFLOW	  
model	  as	  four	  recharge	  zones	  (Figure	  9).	  	  Each	  zone	  has	  a	  multiplier	  that	  was	  
estimated	  during	  inverse	  calibration.	  	  The	  zones	  were	  demarcated	  based	  on	  visually	  
identifying	  possible	  recharge	  sources	  through	  areal	  photography	  and	  head	  
distribution	  of	  observed	  water	  levels.	  	  A	  possible	  model	  improvement	  could	  be	  to	  
include	  temporal	  variations	  in	  recharge	  along	  the	  Cedar	  Creek	  anticline.	  	  Figure	  9	  
shows	  the	  location	  and	  magnitude	  of	  recharge	  in	  inches	  per	  year.	  	  	  
	  
General	  head	  boundaries	  (GHB)	  are	  used	  to	  represent	  lateral	  flow	  into	  and	  out	  of	  
the	  system,	  because	  they	  allow	  flow	  across	  the	  boundary	  to	  vary	  based	  on	  the	  head	  
differential	  between	  the	  model	  and	  the	  specified	  head.	  	  The	  head	  differential	  is	  
multiplied	  by	  the	  conductance	  to	  calculate	  the	  groundwater	  flux	  into	  or	  out	  of	  the	  
cell	  (Harbaugh	  et	  al.,	  2005).	  	  	  

	  
Q	  =	  C(h	  –	  href)	  
	  
where	  C	  is	  the	  boundary	  conductance	  (L2T-‐1),	  
h	  is	  the	  hydraulic	  head	  in	  the	  model	  cell	  (L),	  and	  
href	  is	  the	  hydraulic	  head	  on	  the	  outside	  of	  the	  model	  boundary	  (L)	  

	  
Head	  elevations	  for,	  href,	  were	  determined	  using	  available	  water	  levels	  from	  well	  
data	  and	  the	  potentiometric	  surface	  map	  from	  figure	  2,	  (Wanek,	  2009).	  	  The	  head	  
assigned	  to	  the	  GHB	  in	  Montana,	  from	  in-‐between	  the	  Cedar	  Creek	  anticline	  and	  the	  
Poplar	  Dome,	  is	  2,100	  feet	  (Figure	  10).	  	  The	  heads	  representing	  outflows	  along	  the	  
Missouri	  River	  range	  from	  1750	  to	  1650	  feet	  and	  along	  Cannonball	  Creek	  the	  
hydraulic	  head	  is	  represented	  as	  1,720	  feet.	  
	  
The	  conductance	  calculated	  for	  each	  cell,	  is	  a	  product	  of	  the	  hydraulic	  conductivity	  
multiplied	  by	  the	  length	  of	  the	  cell	  and	  the	  saturated	  thickness	  divided	  by	  the	  
distance	  between	  the	  specified	  head	  and	  the	  cell	  node.	  	  	  

	  
C	  =	  KA/L	  
	  
where	  	  
K	  is	  the	  hydraulic	  conductivity	  of	  the	  material	  in	  the	  direction	  of	  flow	  (LT-‐1)	  
A	  is	  the	  cross-‐sectional	  area	  perpendicular	  to	  the	  flow	  (L2),	  and	  	  
L	  is	  the	  length	  of	  the	  prism	  parallel	  to	  the	  flow	  path	  (L)	  
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The	  cross	  sectional	  area	  is	  the	  product	  of	  the	  cell	  width,	  3,650	  ft,	  by	  the	  average	  
aquifer	  thickness	  for	  each	  cell	  shown	  in	  figure	  5.	  	  Conductance	  values	  range	  from	  1.4	  
ft2/d	  where	  the	  model	  thickness	  is	  the	  smallest	  to	  131	  ft2/d	  where	  the	  model	  
thickness	  is	  the	  largest.	  The	  specified	  head	  remained	  constant	  throughout	  the	  model	  
simulation.	  	  No	  flow	  model	  boundaries	  occur	  when	  the	  general	  head	  boundary	  is	  
absent.	  	  
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Figure 9. Recharge in inches per year.
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Pumped	  and	  flowing	  wells	  are	  the	  primary	  source	  of	  discharge	  in	  the	  interior	  
portion	  of	  the	  basin.	  	  Reported	  water	  use,	  from	  North	  Dakota,	  is	  available	  for	  
permitted	  pumping	  from	  1972	  to	  present.	  	  Purple	  squares	  (Figure	  10)	  represent	  the	  
location	  of	  wells	  where	  measured	  flows	  from	  flowing	  wells	  are	  available	  and	  green	  
squares	  represent	  the	  location	  of	  reported	  use	  from	  pumped	  wells.	  	  Flowing	  wells	  in	  
the	  Little	  Missouri	  and	  Knife	  River	  valleys	  have	  periodically	  been	  measured.	  	  The	  
average	  discharge	  was	  used	  as	  an	  initial	  input	  for	  known	  flowing	  wells	  without	  a	  
measured	  value	  of	  discharge.	  	  However,	  the	  exact	  volume	  of	  water	  discharged	  to	  
flowing	  wells	  and	  an	  exact	  number	  of	  flowing	  wells	  are	  not	  precisely	  known.	  	  During	  
parameter	  estimation	  a	  multiplier	  for	  the	  average	  discharge	  was	  calculated	  based	  
on	  location.	  	  The	  flowing	  wells	  were	  split	  into	  eight	  zones	  (Figure	  10);	  Knife	  River,	  
south	  Little	  Missouri,	  north	  Little	  Missouri,	  east	  Little	  Missouri,	  south	  Yellowstone,	  
middle	  Yellowstone,	  north	  Yellowstone	  and	  outliers.	  	  An	  additional	  zone	  for	  
discharge	  to	  pumping	  wells	  in	  Glendive	  Montana	  was	  also	  used	  in	  the	  model.	  	  Figure	  
11	  shows	  the	  location	  and	  magnitude	  of	  pumping	  from	  permitted	  water	  use	  and	  
estimates	  of	  discharge	  due	  to	  flowing	  wells.	  	  Because	  discharge	  from	  all	  flowing	  
wells	  is	  not	  known,	  there	  is	  no	  direct	  measurement	  of	  the	  accuracy	  of	  this	  
estimation.	  
	  
The	  revised	  multi-‐node	  well	  (MNW2)	  package	  (Konikow	  et	  al.,	  2009)	  was	  used	  to	  
represent	  discharge	  from	  pumping	  and	  flowing	  wells.	  	  MNW2	  was	  selected	  due	  to	  
its	  ability	  to	  decrease	  the	  volume	  of	  water	  discharged	  from	  flowing	  wells	  as	  the	  
elevation	  of	  the	  potentiometric	  surface	  nears	  the	  user	  specified	  land	  surface.	  	  
Flowing	  wells,	  in	  the	  model,	  were	  set	  to	  a	  fixed	  measured	  discharge	  rate	  when	  
available	  and	  an	  estimated	  discharge	  rate	  if	  no	  measured	  value	  was	  available.	  	  Once	  
the	  potentiometric	  surface	  drops	  below	  the	  specified	  elevation	  the	  well	  stops	  
discharging	  water.	  	  Conversely	  if	  the	  potentiometric	  surface	  rises	  above	  the	  land	  
surface	  again	  the	  well	  begins	  discharging	  water.	  	  The	  rate	  of	  discharge	  from	  flowing	  
wells	  likely	  does	  not	  change	  very	  often.	  	  A	  valve	  is	  adjusted	  to	  discharge	  the	  amount	  
needed	  to	  fill	  a	  stock	  tank.	  	  Through	  time,	  when	  the	  discharge	  decreases	  due	  to	  a	  
drop	  in	  pressure,	  the	  valve	  is	  adjusted	  to	  maintain	  a	  level	  of	  flow.	  	  A	  linear	  
relationship	  for	  discharge	  was	  assumed	  between	  measurements	  for	  wells	  measured	  
in	  the	  decadal	  survey.	  	  The	  pumping	  or	  flow	  rate	  in	  relation	  to	  the	  water-‐level	  
elevation	  in	  the	  well,	  and	  the	  water	  level	  information	  for	  the	  cell	  from	  the	  time	  the	  
well	  starts	  pumping	  through	  2039	  is	  provided	  in	  Appendix	  B.	  	  
	  
Wells	  were	  added	  and	  deleted	  as	  records	  indicated	  throughout	  the	  model	  
simulation.	  	  Some	  wells	  installed	  before	  the	  1970s	  have	  incomplete	  records,	  mainly	  
involving	  the	  well	  installation	  date.	  	  The	  distribution	  of	  wells	  with	  known	  drilling	  
dates	  was	  used	  as	  a	  comparison	  distribution	  for	  wells	  with	  no	  installation	  date.	  	  
Measured	  pumpage	  averages	  about	  25%	  of	  the	  water	  use	  estimated	  for	  the	  model	  
(Figure	  12).	  	  This	  has	  become	  more	  prominent	  since	  1992,	  due	  to	  North	  Dakota	  
communities	  switching	  from	  Fox	  Hills	  wells	  to	  Southwest	  Pipeline	  water	  for	  their	  
municipal	  source.	  	  The	  estimated	  discharge	  is	  about	  twice	  as	  much	  in	  the	  
Yellowstone	  Valley	  versus	  the	  Little	  Missouri	  Valley.	  	  This	  could	  be	  due	  to	  more	  
wells	  being	  installed	  in	  the	  wider	  Yellowstone	  Valley	  and	  the	  model	  not	  being	  as	  
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well	  constrained	  in	  Montana,	  causing	  higher	  than	  expected	  flow	  rates	  estimated	  
from	  Montana	  wells.	  

	  

Figure	  12.	  Annual	  water	  use	  from	  the	  Fox	  Hills-‐Hell	  Creek	  aquifer.	  

	  
Stream	  flow	  measurements	  from	  the	  Camp	  Crook,	  South	  Dakota	  USGS	  gage	  were	  
used	  to	  determine	  groundwater	  interaction	  with	  the	  Little	  Missouri	  River	  in	  the	  
southwest	  portion	  of	  the	  state	  where	  the	  FH-‐HC	  aquifer	  is	  close	  to	  the	  surface	  
(Figure	  10).	  	  The	  flow	  observations	  are	  available	  since	  June	  of	  1956;	  flow	  
observations	  were	  repeated	  from	  1957	  to	  1970	  and	  for	  1942	  through	  1955.	  	  The	  
observations	  vary	  by	  year	  and	  are	  presented	  graphically	  in	  figure	  13.	  	  
Measurements	  range	  from	  approximately	  460	  acre-‐feet	  in	  2002	  to	  42,700	  acre-‐feet	  
in	  1978.	  	  The	  Little	  Missouri	  River	  is	  simulated	  to	  the	  USGS	  gage	  in	  Marmarth	  North	  
Dakota	  using	  the	  MODFLOW	  streamflow	  routing	  package	  (SFR1)	  (Prudic,	  2004).	  	  	  
	  
Stream	  leakage	  is	  calculated	  based	  on	  the	  head	  difference	  between	  the	  stream	  and	  
aquifer	  and	  a	  conductance	  term.	  	  Leakage	  is	  added	  or	  subtracted	  from	  the	  volume	  of	  
stream	  flow	  in	  each	  reach.	  	  Recharge	  stops	  when	  the	  stream	  is	  dry.	  	  The	  stream	  
segment	  specified	  in	  the	  model	  is	  broken	  up	  into	  reaches.	  	  Every	  model	  cell	  the	  Little	  
Missouri	  River	  flows	  through	  between	  the	  model	  boundary	  and	  the	  gage	  in	  
Marmarth,	  ND	  is	  a	  reach.	  	  The	  flow	  for	  the	  first	  reach	  is	  specified	  and	  calculated	  for	  
subsequent	  reaches	  as	  the	  inflow	  minus	  the	  leakage	  in	  the	  previous	  reach.	  	  The	  
conductance	  of	  the	  streambed	  is	  calculated	  as	  a	  product	  of	  the	  hydraulic	  
conductivity	  of	  the	  streambed	  by	  the	  width	  of	  the	  stream	  by	  the	  length	  of	  the	  reach	  

0	  

1000	  

2000	  

3000	  

4000	  

5000	  

6000	  

7000	  

8000	  

9000	  

10000	  

19
42
	  

19
45
	  

19
48
	  

19
51
	  

19
54
	  

19
57
	  

19
60
	  

19
63
	  

19
66
	  

19
69
	  

19
72
	  

19
75
	  

19
78
	  

19
81
	  

19
84
	  

19
87
	  

19
90
	  

19
93
	  

19
96
	  

19
99
	  

20
02
	  

20
05
	  

20
08
	  

M
ea
su
re
d	  
an
d	  
es
ti
m
at
ed
	  w
at
er
	  u
se
	  in
	  a
cr
e-‐
fe
et
	  

Year	  

Estimated	  

Measured	  



	   29	  

divided	  by	  the	  thickness	  of	  the	  streambed.	  	  Conductance	  is	  calculated	  for	  each	  reach	  
from	  the	  hydraulic	  conductivity,	  stream	  length	  and	  streambed	  thickness.	  
	  
	  

Figure	  13.	  Average	  stream	  flow	  in	  the	  Little	  Missouri	  River	  in	  acre-‐feet	  per	  year	  for	  
the	  USGS	  gage	  at	  Camp	  Crook,	  South	  Dakota.	  

	  
	  
The	  first	  stress	  period	  in	  the	  model	  representing	  1942	  is	  a	  steady-‐state	  stress	  period.	  	  
Boundary	  conditions	  used	  in	  the	  transient	  model	  are	  the	  same	  as	  those	  used	  for	  the	  
steady-‐state	  stress	  period	  for	  GHBs	  and	  recharge.	  	  Discharge	  to	  flowing	  and	  pumped	  
wells	  and	  stream	  flow	  parameters	  were	  based	  on	  available	  data.	  	  For	  a	  summary	  of	  
model	  inputs	  and	  outputs	  and	  the	  related	  MODFLOW	  package	  refer	  to	  table	  5.	  
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Table	  5:	  Summary	  of	  model	  boundary	  conditions	  represented	  by	  MODFLOW.	  
Summary	  of	  model	  inputs	  and	  outputs	   MODFLOW	  Package	  

Inflows	  

Infiltration	  along	  Cedar	  Creek	  anticline	   Recharge	  
Percolation	  from	  overlying	  aquifer	   Recharge	  
Stream	  flow	   Streamflow	  Routing	  	  
Lateral	  flow	  into	  the	  basin	   General	  Head	  Boundary	  

Outflows	  

Groundwater	  Pumping	   Multi-‐node	  Well	  2	  
Flowing	  Wells	   Multi-‐node	  Well	  2	  
Flow	  to	  Streams	   Streamflow	  Routing	  	  
Lateral	  flow	  out	  of	  the	  basin	   General	  Head	  Boundary	  

Parameter	  Estimation	  
	  
The	  model	  was	  calibrated	  using	  UCODE_2005	  (Poeter,	  2005)	  which	  uses	  a	  
modified	  Gauss-‐Newton	  nonlinear	  regression	  procedure	  that	  minimizes	  the	  sum-‐of-‐	  
squared-‐weighted-‐residuals	  to	  estimate	  optimal	  parameter	  values.	  	  The	  Gauss-‐	  
Newton	  equation	  (Hill	  and	  Tiedemann,	  2007):	  
	  

𝑑𝑟 = (𝑋!!𝜔𝑋𝑟)!!𝑋!!𝜔(𝑦 − 𝑦′(𝑏𝑟))    
	  
where:	  r	  indicates	  the	  number	  of	  the	  parameter	  estimation	  iteration;	  
dr	   is	  a	  displacement	  vector	  indicating	  the	  change	  in	  parameter	  values;	  	  
Xr	   is	  the	  sensitivity	  matrix	  calculated	  for	  the	  parameter	  values	  in	  br	  ;	  
br	   is	  the	  vector	  of	  parameter	  values;	  
𝜔	  	   is	  the	  weight	  matrix;	  and	  
𝑋!! 	   is	  X	  transpose.	  	  
	   	  
UCODE	  calculates	  the	  sensitivities	  needed	  for	  the	  regression	  by	  perturbation.	  	  Hill	  
and	  Tiedeman	  (2007)	  provide	  an	  in	  depth	  description	  of	  parameter	  estimation	  with	  
UCODE_2005.	  

Calibration	  Quality	  
	  
Model	  quality	  is	  evaluated	  by	  the	  reasonableness	  of	  the	  estimated	  parameter	  
values,	  similarity	  of	  simulated	  heads	  and	  flows	  to	  those	  observed	  in	  the	  field,	  and	  
lack	  of	  bias	  in	  the	  residuals.	  	  A	  residual	  is	  the	  difference	  between	  a	  measured	  value	  
observed	  in	  the	  field	  and	  the	  equivalent	  value	  simulated	  by	  the	  model.	  

	  
residual	  =	  (γ	  measured-‐	  γ	  simulated)	  

	  
A	  weighted	  residual	  compensates	  for	  measurement	  error.	  	  Here,	  the	  weight	  is	  
calculated	  as	  the	  inverse	  of	  the	  measurement	  variance.	  	  
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weight	  =	  (1/variance)	  

	  
Nonlinear	  regression	  is	  used	  to	  minimize	  the	  sum-‐of-‐squared-‐weighted-‐residuals	  
(SOSWR)	  in	  which	  simulated	  values	  from	  MODFLOW	  (Harbaugh,	  2000)	  are	  
subtracted	  from	  the	  observed	  values	  and	  this	  difference	  is	  squared	  and	  weighted.	  
Sensitivities	  of	  the	  simulated	  values	  to	  the	  estimated	  parameters	  are	  determined	  by	  
perturbation.	  The	  residuals	  and	  sensitivities	  are	  used	  in	  the	  modified	  Gauss-‐Newton	  
method	  to	  determine	  the	  combined	  linear	  change	  of	  parameter	  values	  to	  minimize	  
the	  SOSWR.	  	  Because	  the	  relationship	  between	  parameters	  and	  observations	  is	  
nonlinear	  this	  process	  is	  repeated	  until	  the	  change	  of	  parameter	  values	  is	  less	  than	  a	  
user	  specified	  fraction	  of	  the	  parameter	  values.	  	  This	  is	  called	  convergence	  of	  the	  
parameter	  estimation	  process.	  	  After	  the	  regression,	  parameter	  values	  are	  evaluated	  
to	  determine	  if	  they	  are	  hydrologically	  reasonable.	  	  
	  
Observations	  of	  water	  levels	  were	  compiled	  to	  assess	  groundwater	  flow	  direction	  
and	  to	  establish	  potentiometric	  surface	  elevation	  to	  compare	  the	  simulated	  results.	  
The	  North	  Dakota	  State	  Water	  Commission	  and	  USGS	  collected	  the	  water	  level	  
information	  from	  observation	  wells.	  	  Most	  wells	  have	  many	  observations	  taken	  at	  
different	  times.	  	  In	  some	  cases	  water	  level	  observations	  from	  driller	  logs	  have	  been	  
used	  in	  the	  model.	  	  There	  is	  more	  uncertainty	  associated	  with	  these	  observations	  
due	  mainly	  to	  location	  and	  elevation.	  	  The	  observations	  from	  these	  logs	  were	  
evaluated	  individually	  to	  determine	  if	  the	  reported	  observation	  was	  reasonable.	  	  
Ideally,	  observations	  from	  driller	  logs	  would	  be	  field	  verified	  and	  checked	  before	  
use	  in	  the	  model.	  	  Water	  level	  information	  in	  the	  Montana	  portion	  of	  the	  basin	  was	  
obtained	  from	  Montana’s	  Ground	  Water	  Information	  Center.	  	  Altogether	  there	  are	  
3,319	  observations.	  	  	  
	  
The	  calculated	  error	  variance	  is	  a	  measure	  of	  the	  data	  accuracy.	  	  Significant	  
deviations	  from	  1.0	  indicate	  that	  the	  model	  fit	  is	  inconsistent	  with	  observation	  
weighting.	  	  Currently	  all	  hydraulic	  head	  observations	  are	  weighted	  the	  same.	  	  The	  
weights	  represent	  a	  90%	  confidence	  that	  heads	  are	  within	  45	  feet.	  	  The	  weight	  
includes	  errors	  in	  water-‐level	  measurements	  and	  elevation,	  some	  of	  the	  problems	  
with	  elevation	  stem	  from	  approximated	  location	  information.	  	  Location	  can	  be	  
particularly	  problematic	  in	  areas	  along	  the	  Little	  Missouri	  and	  Knife	  River	  valleys	  
that	  are	  characterized	  by	  high	  relief.	  	  Observation	  wells	  established	  by	  the	  USGS	  or	  
the	  North	  Dakota	  State	  Water	  Commission	  have	  been	  field	  checked	  and	  may	  have	  
had	  the	  elevation	  surveyed.	  	  These	  wells	  should	  have	  a	  larger	  weight	  than	  
observations	  from	  driller’s	  logs.	  	  Weights	  that	  better	  represent	  measurement	  error	  
are	  a	  possible	  model	  improvement.	  
	  
The	  distribution	  of	  residuals	  is	  evaluated	  graphically	  because	  any	  bias	  noted	  in	  the	  
graphs	  may	  suggest	  errors	  in	  the	  conceptual	  model.	  	  A	  graph	  of	  the	  measured	  versus	  
simulated	  values	  should	  exhibit	  a	  straight	  line	  with	  a	  slope	  of	  1.0	  passing	  through	  
the	  origin.	  	  Models	  with	  less	  bias	  will	  have	  a	  graph	  that	  is	  most	  similar	  to	  this	  ideal.	  	  
Deviations	  from	  this	  line	  should	  be	  randomly	  and	  independently	  distributed.	  	  If	  the	  
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line	  deviates	  from	  the	  1:1	  correlation,	  an	  alternative	  conceptual	  model	  may	  provide	  
a	  better	  fit.	  	  Figure	  14	  shows	  the	  unweighted	  simulated	  values	  versus	  the	  
unweighted	  observations.	  
	  

	  
Figure	  14.	  Unweighted	  observed	  versus	  unweighted	  simulated	  values.	  	  A	  perfect	  
model	  with	  perfect	  data	  would	  have	  y	  =	  x.	  

	  
A	  graph	  of	  weighted	  measured	  versus	  weighted	  simulated	  values	  demonstrates	  the	  
same	  concept	  but	  corrects	  for	  uncertainty	  associated	  with	  measurements.	  	  A	  graph	  
showing	  weighted	  observed	  versus	  weighted	  simulated	  values	  for	  the	  model	  is	  
shown	  in	  figure	  15.	  	  	  
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Figure	  15.	  Weighted	  observed	  versus	  weighted	  simulated	  values.	  	  A	  perfect	  model	  
with	  perfect	  data	  would	  have	  y	  =	  x.	  

	  
A	  graph	  of	  weighted	  residuals	  versus	  simulated	  values	  and	  a	  graph	  of	  weighted	  
residuals	  versus	  time	  may	  reflect	  spatial	  or	  temporal	  bias.	  	  These	  graphs	  should	  
form	  a	  uniform	  horizontal	  band	  centered	  on	  zero	  with	  approximately	  the	  same	  
number	  of	  positive	  and	  negative	  residuals.	  	  Trends	  in	  the	  data	  can	  indicate	  that	  the	  
conceptual	  model	  may	  be	  flawed.	  	  For	  example,	  if	  more	  of	  the	  residuals	  are	  positive	  
it	  suggests	  that	  the	  simulated	  heads	  are	  too	  low.	  	  Alternative	  model	  constructs	  could	  
include	  estimation	  of	  a	  parameter	  that	  could	  increase	  the	  amount	  of	  water	  entering	  
the	  basin.	  	  Conversely	  if	  the	  residuals	  are	  more	  negative	  it	  indicates	  the	  simulated	  
values	  are	  too	  high	  and	  alternative	  models	  need	  to	  be	  constructed	  to	  create	  a	  more	  
representative	  model.	  	  A	  graph	  showing	  weighted	  observed	  residuals	  versus	  
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weighted	  simulated	  values	  for	  the	  model	  is	  represented	  in	  figure	  16.	  	  The	  vertical	  
linear	  feature	  clearly	  visible	  in	  this	  figure	  represents	  water	  levels	  from	  one	  well,	  
hydrograph	  7878	  in	  Appendix	  A.	  	  The	  water	  levels	  in	  this	  well	  have	  been	  influenced	  
by	  the	  geology	  of	  the	  Nesson	  anticline.	  	  Gas	  is	  trapped	  in	  the	  crest	  of	  the	  anticline	  in	  
the	  relatively	  permeable	  FH-‐HC	  aquifer.	  	  When	  the	  pressure	  build	  up	  caused	  by	  the	  
gas	  is	  relieved,	  water	  levels	  will	  decline	  as	  shown	  in	  the	  hydrographs.	  
	  
	  

	  
Figure	  16.	  Weighted	  residuals	  versus	  simulated	  equivalents.	  

	  
A	  graph	  showing	  residuals	  through	  time	  for	  the	  model	  is	  represented	  in	  figure	  17.	  	  
The	  lowest	  residuals	  in	  1972	  are	  caused	  by	  water	  level	  observations	  in	  pumping	  
wells,	  surveyed	  as	  part	  of	  the	  county	  ground	  water	  studies.	  	  Most	  of	  the	  water	  level	  
observations	  in	  Montana	  were	  taken	  as	  part	  of	  a	  study	  of	  the	  FH-‐HC	  aquifer	  
undertaken	  from	  1993	  to	  1995.	  	  The	  increased	  positive	  residuals	  in	  1995	  are	  from	  
observations	  in	  Montana.	  
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Figure	  17.	  Residuals	  through	  time.	  

	  
	  
Assumptions	  underlying	  nonlinear	  regression	  require	  a	  normal	  distribution	  of	  
measurement	  errors.	  	  True	  error	  will	  never	  be	  known	  so	  the	  distribution	  of	  
residuals	  is	  evaluated	  as	  a	  surrogate.	  	  The	  residuals	  should	  plot	  as	  a	  straight	  line	  on	  
normal	  probability	  paper	  if	  the	  residuals	  are	  normally	  distributed.	  	  The	  graph	  
(Figure	  18)	  suggests	  that	  there	  may	  be	  room	  for	  improvement	  in	  the	  conceptual	  
model.	  	  
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Figure	  18.	  Normal	  Probability	  graph	  showing	  the	  trend	  of	  weighted	  residuals.	  

	  
	  
	  
For	  a	  quick	  analysis	  the	  residuals	  of	  observations	  in	  Montana,	  residuals	  from	  drillers	  
logs	  observations	  and	  residuals	  from	  wells	  influenced	  by	  gas	  in	  the	  formation	  (7877	  
and	  7878	  in	  Appendix	  A)	  were	  removed.	  	  The	  resulting	  graph	  (Figure	  19)	  shows	  a	  
straighter	  line,	  the	  remaining	  tail	  is	  mainly	  a	  result	  of	  outliers.	  	  
	  
The	  spatial	  distribution	  of	  residuals	  for	  all	  times	  are	  mapped	  to	  examine	  whether	  
there	  is	  a	  random	  pattern	  of	  positive	  and	  negative,	  small	  and	  large,	  residuals	  
throughout	  space.	  	  A	  preponderance	  of	  residuals	  of	  the	  same	  sign	  in	  some	  areas	  can	  
be	  used	  to	  develop	  better	  conceptual	  models.	  	  Figure	  20	  depicts	  the	  spatial	  
distribution	  of	  residuals	  throughout	  the	  model	  time	  domain.	  	  The	  model	  shows	  a	  
fairly	  random	  distribution	  of	  residuals	  with	  few	  large	  negative	  or	  positive	  residuals.	  	  
More	  residuals	  are	  concentrated	  in	  the	  major	  river	  valleys	  as	  this	  is	  where	  the	  
concentration	  of	  observations	  is	  located.	  	  Some	  large	  residuals	  occur	  along	  river	  
valleys	  where	  the	  relief	  is	  great;	  uncertainty	  associated	  with	  land	  surface	  elevation	  
is	  likely	  a	  major	  constraint.	  
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Figure	  19.	  Normal	  Probability	  graph	  showing	  the	  trend	  of	  weighted	  residuals	  
(residuals	  from	  driller	  log	  observations	  and	  residuals	  for	  wells	  influenced	  by	  
formation	  gas	  removed).	  
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The	  hydrographs	  in	  Appendix	  A	  can	  also	  be	  evaluated	  to	  determine	  how	  well	  the	  
simulated	  water	  levels	  match	  the	  observed	  water	  level	  trends.	  	  For	  the	  most	  part	  the	  
model	  does	  a	  good	  job	  of	  matching	  the	  observed	  trends	  in	  water	  levels.	  	  There	  is	  
some	  evidence	  of	  the	  previously	  mentioned	  uncertainty	  in	  the	  land	  surface	  elevation,	  
as	  the	  simulated	  water	  levels	  match	  the	  trend	  but	  not	  the	  elevation	  of	  the	  observed	  
water	  levels,	  for	  examples	  of	  this	  trend	  refer	  to	  hydrographs;	  131-‐102-‐07DDD1,	  
135-‐097-‐04DCA,	  139-‐096-‐07AA,	  140-‐102-‐06DCC,	  140-‐102-‐10DCA.	  	  Also	  
hydrographs	  near	  the	  cities	  of	  Golva	  and	  Dodge	  (hydrographs	  140-‐105-‐30CCC6,	  
144-‐091-‐10CBC)	  show	  an	  increase	  in	  water	  levels	  as	  each	  of	  the	  respective	  cities	  
switched	  to	  the	  Southwest	  Pipeline,	  Dodge	  in	  1996	  and	  Golva	  in	  2006.	  	  In	  the	  
northeast	  section	  of	  the	  model	  domain	  the	  model	  does	  a	  poor	  job	  of	  matching	  the	  
steep	  decline	  seen	  in	  the	  observed	  water	  levels	  (hydrographs	  151-‐095-‐04DBD2,	  
151-‐095-‐30ACA,	  153-‐094-‐23CCC1),	  this	  could	  be	  due	  to	  the	  proximity	  of	  the	  general	  
head	  boundary.	  	  Other	  notable	  information	  from	  the	  hydrographs	  is	  an	  11	  foot	  rise	  
in	  the	  water	  level	  in	  the	  southeast	  portion	  of	  the	  model	  domain	  (hydrograph	  136-‐
081-‐07DDC1),	  this	  could	  be	  occurring	  due	  to	  the	  aquifer	  being	  close	  to	  the	  surface	  
and	  consequentially	  closer	  to	  potential	  recharge.	  	  A	  comparison	  of	  the	  precipitation	  
trends	  with	  the	  water	  levels	  shows	  a	  correlation	  between	  wet	  periods	  and	  aquifer	  
rebound	  and	  dry	  periods	  and	  aquifer	  decline.	  	  

Results	  
	  
As	  of	  July	  2012,	  there	  are	  four	  water	  permit	  applications	  for	  the	  FH-‐HC	  aquifer	  
awaiting	  review	  within	  the	  model	  area.	  	  Understanding	  the	  results	  for	  the	  calibrated	  
transient	  model	  will	  provide	  insight	  to	  key	  aquifer	  components.	  	  The	  calibrated	  
transient	  model	  is	  also	  used	  as	  basis	  for	  prediction	  at	  the	  current	  level	  of	  use	  in	  the	  
latter	  portion	  of	  this	  report.	  	  Additionally,	  the	  model	  will	  be	  used	  to	  determine	  the	  
drawdown	  that	  would	  occur	  from	  the	  additional	  level	  of	  pumping	  that	  would	  occur	  
if	  the	  water	  permit	  applications	  were	  approved.	  
	  
Recharge	  along	  the	  Cedar	  Creek	  anticline	  was	  estimated	  during	  calibration.	  	  There	  is	  
a	  clear	  correlation	  between	  the	  location	  of	  small	  streams	  flowing	  off	  the	  Cedar	  Creek	  
anticline	  and	  recharge	  to	  the	  aquifer	  as	  is	  evident	  by	  the	  recharge	  multipliers	  along	  
the	  Cedar	  Creek	  anticline.	  	  Most	  of	  the	  recharge	  along	  the	  anticline	  occurs	  just	  east	  
of	  Baker,	  Montana	  from	  intermittent	  tributaries	  to	  the	  Little	  Missouri	  River.	  	  Figure	  
9	  summarizes	  the	  recharge	  values	  in	  inches	  per	  year.	  
	  
The	  volume	  of	  water	  discharged	  from	  flowing	  wells	  was	  also	  a	  significant	  unknown	  
at	  the	  start	  of	  this	  modeling	  project.	  	  Well	  inventories	  have	  shown	  that	  there	  are	  
approximately	  54%	  more	  flowing	  wells	  than	  were	  previously	  known	  about	  (Wanek,	  
2009).	  	  Model	  calibration	  has	  shown	  that	  most	  of	  the	  discharge	  from	  flowing	  wells	  
occurs	  in	  the	  southern	  portions	  of	  the	  Yellowstone	  and	  Little	  Missouri	  River	  basins.	  	  
Pumping	  rates	  along	  the	  Yellowstone	  River	  could	  be	  inflated	  due	  to	  elevated	  heads	  
in	  the	  initial	  condition	  and	  the	  greater	  uncertainty	  associated	  with	  the	  Montana	  
portion	  of	  the	  model.	  	  However	  based	  on	  conversations	  with	  the	  Montana	  Bureau	  of	  	  



	   40	  

DUNN

WARD

MCKENZIE

MCLEAN

GRANT

MORTON

WILLIAMS
MCHENRY

STARK

DIVIDE

KIDDER

SLOPE

SIOUX

EMMONS

MOUNTRAIL

BURLEIGH

WELLS

BURKE BOTTINEAU

PIERCE

ADAMS

MERCER

BOWMAN

BILLINGS

ROLETTE

HETTINGER

SHERIDAN

BENSON

OLIVER

RENVILLE

LOGAN

MCINTOSH

GOLDEN VALLEY STUTSMAN

Lake Sakakawea

Lake Oahe

Long Lake

Lake Audubon

TOWNER

Legend
Head Difference
1942 Heads - 1972 Heads

0 - 1
2 - 25
26 - 50
51 - 75

Drawdown

Ü
0 25 50 75 10012.5

Miles

Figure 21. Simulated drawdown in water levels from 1942 to 1972.
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Mines	  and	  Geology,	  the	  drawdown	  occurring	  in	  Montana	  is	  greater,	  approximately	  
2-‐5	  feet	  per	  year,	  than	  the	  average	  drawdown	  occurring	  in	  North	  Dakota,	  
approximately	  1	  foot	  per	  year	  justifying	  the	  greater	  pumping	  rates	  and	  drawdown	  
(Figures	  21	  and	  22)	  seen	  along	  the	  Yellowstone	  River	  in	  Montana.	  For	  a	  summary	  of	  
optimized	  parameter	  values	  refer	  to	  table	  6.	  

Table	  6:	  Summary	  of	  optimized	  parameter	  values.	  

Parameter	  
Optimized	  
Value	  

Hydraulic	  Conductivity	  	   0.71	  
Specific	  Storage	  multiplier	   3.32	  
Recharge	  Cedar	  Creek	  Anticline	  North	  (in/yr)	   0.06	  
Recharge	  Cedar	  Creek	  Anticline	  N	  Middle	  (in/yr)	  	   0.50	  
Recharge	  Cedar	  Creek	  Anticline	  S	  Middle	  (in/yr)	  	   0.05	  
Recharge	  Cedar	  Creek	  Anticline	  South	  (in/yr)	  	   0.81	  
Flowing	  Wells	  N	  Yellowstone	  Multiplier	   6.96	  
Flowing	  Wells	  M	  Yellowstone	  Multiplier	   8.14	  
Flowing	  Wells	  S	  Yellowstone	  Multiplier	   18.8	  
Glendive	  Wells	  Multiplier	   10.7	  
Flowing	  Wells	  Knife	  River	  Multiplier	   11.5	  
Flowing	  Wells	  N	  Little	  Missouri	  Multiplier	   3.97	  
Flowing	  Wells	  S	  Little	  Missouri	  Multiplier	   5.15	  
Flowing	  Wells	  W	  Little	  Missouri	  Multiplier	   0.00	  
Flowing	  Wells	  Outliers	  Multiplier	   0.00	  
Sum	  of	  Squared	  Weighted	  Residuals	   5760.2	  
Upper	  Calculated	  Error	  Variance	  Limit	   1.73	  
Calculated	  Error	  Variance	   1.65	  
Lower	  Calculated	  Error	  Variance	  Limit	   1.58	  
	  
	  
To	  assess	  sources	  of	  recharge	  and	  discharge,	  a	  zone	  budget	  analysis	  was	  conducted	  
for	  11	  defined	  zones	  (Figure	  23)	  using	  ZONEBUDGET	  (Harbaugh,	  1990,	  2008).	  	  
Quantities	  of	  flow	  for	  the	  steady-‐state	  model	  in	  1942	  and	  the	  transient	  model	  in	  
1972	  and	  2009	  in	  acre-‐feet	  per	  year	  are	  summarized	  in	  tables	  7a,	  7b	  and	  7c.	  	  Zones	  
were	  divided	  based	  on	  sources	  of	  discharge	  and	  recharge.	  	  To	  simplify	  results	  zones	  
2,	  7	  and	  9	  were	  combined	  to	  represent	  flowing	  and	  pumped	  wells	  along	  the	  Little	  
Missouri	  River.	  	  Similarly	  zones	  3,	  5	  and	  6	  represent	  discharge	  from	  pumped	  and	  
flowing	  wells	  along	  the	  Yellowstone	  River.	  	  Separation	  of	  these	  zones	  occurred	  
based	  on	  flowing	  well	  zones.	  	  For	  a	  full	  accounting	  of	  the	  results	  of	  the	  zone	  budget	  
analysis,	  including	  the	  flow	  between	  zones,	  refer	  to	  Appendix	  C.	  	  The	  largest	  
components	  of	  recharge	  occur	  in	  zone	  4	  as	  a	  result	  of	  recharge	  occurring	  in	  South	  
Dakota,	  represented	  as	  recharge	  occurring	  along	  the	  Cedar	  Creek	  anticline.	  	  This	  
source	  of	  recharge,	  accounts	  for	  74%	  of	  the	  total	  annual	  inflow	  in	  2009.	  	  The	  two	  
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main	  sources	  of	  discharge	  occur	  along	  the	  Yellowstone	  River	  in	  zones	  3,	  5	  and	  6,	  and	  
along	  the	  Knife	  River	  Valley	  in	  Zone	  10,	  29%	  and	  20%	  of	  the	  total	  discharge	  
respectively.	  

Table	  7a:	  Summary	  of	  zone	  budget	  analysis	  for	  1942	  (flow	  between	  zones	  not	  
shown).	  
In	   Zone	  

1	  
acre-‐
ft/yr	  

Zone	  2	  +	  
7	  +	  9	  
acre-‐ft/yr	  

Zone	  3	  +	  
5	  +	  6	  
acre-‐ft/yr	  

Zone	  4	  
acre-‐
ft/yr	  

Zone	  8	  
acre-‐
ft/yr	  

Zone	  10	  
acre-‐
ft/yr	  

Zone	  11	  
acre-‐
ft/yr	  

General	  
Heads	   0	   0	   0	   0	   0	   0	   57	  
Recharge	   100	   89	   188	   2163	   0	   0	   0	  
Stream	   0	   0	   0	   9	   0	   0	   0	  
Out	   	   	   	   	   	   	   	  
General	  
Heads	   459	   0	   0	   0	   265	   399	   1008	  
Stream	  	   0	   0	   0	   422	   0	   0	   0	  
Multi-‐node	  
Wells	   0	   0	   21	   0	   0	   0	   0	  
	  
	  

Table	  7b:	  Summary	  of	  zone	  budget	  analysis	  for	  1972.	  
In	   Zone	  1	  

acre-‐
ft/yr	  

Zone	  2	  +	  
7	  +	  9	  
acre-‐ft/yr	  

Zone	  3	  +	  
5	  +	  6	  
acre-‐ft/yr	  

Zone	  4	  
acre-‐
ft/yr	  

Zone	  8	  
acre-‐
ft/yr	  

Zone	  10	  
acre-‐
ft/yr	  

Zone	  11	  
acre-‐
ft/yr	  

General	  
Heads	   0	   0	   0	   0	   0	   0	   57	  
Recharge	   100	   89	   188	   2163	   0	   0	   0	  
Stream	   0	   0	   0	   9	   0	   0	   0	  
Out	   	   	   	   	   	   	   	  
General	  
Heads	   362	   0	   0	   0	   265	   396	   990	  
Stream	  	   0	   0	   0	   420	   0	   0	   0	  
Multi-‐node	  
Wells	   164	   752	   1330	   491	   69	   1064	   37	  
Change	  in	  
Storage	  
(In-‐Out)	   115	   755	   1277	   428	   82	   1035	   74	  
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Table	  7c:	  Summary	  of	  zone	  budget	  analysis	  for	  2009.	  
In	   Zone	  1	  

acre-‐
ft/yr	  

Zone	  2	  +	  
7	  +	  9	  
acre-‐ft/yr	  

Zone	  3	  +	  
5	  +	  6	  
acre-‐ft/yr	  

Zone	  4	  
acre-‐
ft/yr	  

Zone	  8	  
acre-‐
ft/yr	  

Zone	  10	  
acre-‐
ft/yr	  

Zone	  11	  
acre-‐
ft/yr	  

General	  
Heads	   147	   0	   0	   0	   0	   151	   79	  
Recharge	   100	   89	   188	   2163	   0	   0	   0	  
Stream	   0	   0	   0	   11	   0	   0	   0	  
Out	   	   	   	   	   	   	   	  
General	  
Heads	   97	   0	   0	   0	   265	   180	   925	  
Stream	  	   0	   0	   0	   369	   0	   0	   0	  
Multi-‐
node	  
Wells	   460	   1094	   2774	   345	   320	   1733	   119	  
Change	  
in	  
Storage	  
(In-‐Out)	   126	   1326	   2171	   278	   677	   1097	   110	  
	  
	  

Table	  8:	  Summary	  of	  the	  total	  budget	  for	  1942,1972,	  and	  2009	  in	  acre-‐feet.	  
In	   1942	   1972	   2009	  
General	  Heads	   57	   57	   377	  
Recharge	   2,540	   2,540	   2,540	  
Stream	   9	   9	   11	  
Out	   	   	   	  
General	  Heads	   2,131	   2,013	   1,467	  
Stream	  	   422	   420	   369	  
Multi-‐node	  Wells	   21	   3,909	   6,845	  
Change	  in	  Storage	  (In-‐Out)	   	   3,766	   5,785	  
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Figure 23. Zones used in the FH-HC aquifer model for zone budget analysis.
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The	  simulated	  heads	  for	  1942,	  1972	  and	  2009	  are	  contoured	  in	  figure	  24.	  	  The	  
simulated	  drawdown	  in	  water	  levels	  from	  1942	  to	  1972	  is	  contoured	  in	  figure	  21	  
and	  the	  simulated	  drawdown	  from	  1942	  to	  2009	  is	  contoured	  in	  figure	  22.	  	  In	  
response	  to	  flowing	  wells	  and	  pumping	  in	  the	  aquifer,	  drawdown	  is	  occurring	  in	  the	  
major	  river	  valleys	  along	  the	  Yellowstone,	  Little	  Missouri	  and	  Knife	  rivers.	  	  Most	  of	  
the	  drawdown	  has	  occurred	  in	  the	  last	  30	  years.	  	  
	  
The	  general	  head	  boundaries	  were	  specified	  at	  a	  distance	  of	  5	  miles.	  	  These	  general	  
head	  boundaries	  are	  effectively	  constant	  head	  boundaries	  for	  the	  model	  because	  of	  
the	  relatively	  small	  specified	  distance.	  	  This	  places	  the	  flowing	  head	  wells	  along	  the	  
Knife	  River	  close	  to	  a	  constant	  head	  boundary.	  	  By	  2009,	  the	  boundary	  is	  supplying	  
370	  acre-‐feet	  to	  the	  flowing	  wells	  in	  zone	  10.	  	  This	  is	  approximately	  20%	  of	  the	  well	  
discharge	  for	  zone	  10,	  but	  it	  does	  indicate	  that	  the	  model	  would	  under	  predict	  
future	  drawdown	  in	  the	  area.	  	  If	  the	  model	  predicts	  excessive	  future	  drawdowns	  
from	  further	  development	  in	  this	  area,	  then	  this	  is	  an	  additional	  justification	  for	  not	  
granting	  the	  permit	  application.	  	  The	  same	  issue	  is	  occurring	  with	  the	  GHB	  in	  
Montana	  between	  the	  Cedar	  Creek	  anticline	  and	  the	  Poplar	  Dome,	  in	  zone	  1,	  where	  
362	  acre-‐feet	  per	  year	  is	  being	  derived	  from	  the	  boundary.	  	  	  
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Interaction	  between	  the	  FH-‐HC	  aquifer	  and	  overlying	  aquifers	  was	  a	  significant	  
unknown	  at	  the	  start	  of	  this	  study.	  	  The	  clayey	  member	  of	  the	  upper	  Hell	  Creek	  
Formation	  forms	  an	  aquitard	  above	  the	  FH-‐HC	  aquifer.	  	  Sedimentary	  units	  
dominated	  by	  clays	  are	  commonly	  the	  least	  permeable	  parts	  of	  the	  groundwater	  
flow	  system.	  	  However,	  the	  depositional	  environment	  of	  the	  Hell	  Creek	  Formation	  
primarily	  occurred	  in	  flood	  plains	  and	  fluvial	  channel	  systems,	  leading	  to	  spatial	  
variability	  in	  the	  geology	  of	  the	  formation.	  	  One	  of	  the	  goals	  of	  this	  modeling	  study	  
was	  to	  determine	  how	  leakage	  through	  this	  layer	  affects	  the	  regional	  groundwater	  
flow	  system.	  	  To	  this	  end,	  two	  recharge	  parameters	  simulating	  leakage	  were	  
specified	  for	  the	  model	  based	  on	  the	  head	  differential	  with	  the	  overlying	  aquifers.	  	  
One	  of	  the	  parameters	  was	  positive,	  indicating	  recharge	  from	  leakage,	  in	  areas	  
where	  the	  head	  in	  the	  overlying	  aquifers	  was	  higher	  than	  the	  head	  in	  the	  FH-‐HC	  
aquifer.	  	  The	  other	  zone	  was	  negative	  for	  areas	  where	  the	  FH-‐HC	  head	  is	  higher	  than	  
the	  head	  in	  overlying	  aquifers	  and	  the	  FH-‐HC	  aquifer	  could	  be	  losing	  water	  from	  
leakage	  through	  the	  aquitard.	  	  During	  parameter	  estimation	  it	  was	  determined	  that	  
leakage	  from	  overlying	  sediments	  is	  a	  very	  small	  component	  of	  the	  groundwater	  
budget,	  negligible	  in	  comparison	  to	  the	  other	  components	  of	  the	  budget.	  	  An	  
acceptable	  calibration	  was	  achieved	  assuming	  no	  leakage	  occurs	  to	  the	  FH-‐HC	  
aquifer.	  	  This	  model	  shows	  that	  most	  of	  the	  water	  discharged	  by	  the	  wells	  from	  the	  
FH-‐HC	  is	  derived	  from	  storage	  as	  of	  2009	  (tables	  7c	  and	  8).	  	  Though	  it	  may	  be	  
possible	  to	  develop	  a	  FH-‐HC	  aquifer	  with	  significant	  transient	  leakage	  (leakage	  is	  
head	  dependent	  with	  water	  derived	  from	  storage	  in	  the	  aquitard),	  it	  would	  not	  
invalidate	  this	  model	  as	  part	  of	  the	  solution	  domain.	  	  Demonstrating	  that	  wells	  could	  
derive	  a	  larger	  and	  larger	  percent	  of	  their	  water	  from	  the	  overlying	  aquitards,	  which	  
would	  eliminate	  future	  mining,	  is	  not	  enough.	  	  Any	  future	  model	  must	  show	  that	  
significant	  leakage	  must	  be	  occurring	  to	  invalidate	  this	  model.	  	  Given	  the	  
uncertainties	  of	  the	  hydrostratigraphy,	  well	  yield	  and	  elevations	  etc,	  this	  seems	  
unlikely	  to	  be	  done.	  	  Therefore	  given	  that	  further	  water	  level	  declines	  is	  the	  primary	  
management	  concern	  for	  the	  FH-‐HC	  aquifer,	  this	  model	  should	  be	  the	  basis	  for	  
management	  of	  the	  aquifer.	  

Summary	  of	  Model	  Calibration	  
	  
A	  regional	  model	  of	  groundwater	  flow	  in	  the	  FH-‐HC	  aquifer	  was	  developed	  to	  
provide	  a	  better	  understanding	  of	  the	  aquifer	  and	  a	  foundation	  for	  management	  
policy.	  	  Groundwater	  flow	  in	  the	  confined	  aquifer	  system	  primarily	  is	  from	  the	  
southwest	  to	  the	  northeast.	  	  The	  main	  components	  of	  recharge	  occur	  from	  lateral	  
flow	  into	  the	  system,	  recharge	  along	  the	  Cedar	  Creek	  anticline	  and	  stream	  flow	  from	  
the	  Little	  Missouri	  River	  where	  the	  aquifer	  is	  close	  to	  the	  surface.	  	  Discharge	  
primarily	  occurs	  from	  underflow	  to	  areas	  east	  of	  the	  Missouri	  River	  and	  from	  
discharge	  to	  pumped	  and	  flowing	  wells.	  	  Lateral	  boundary	  conditions	  were	  
represented	  as	  no	  flow	  or	  general	  head	  boundaries.	  	  The	  model	  was	  calibrated	  using	  
available	  hydraulic	  head	  observations	  from	  1972	  through	  2009.	  	  Multipliers	  were	  
estimated	  for	  hydraulic	  conductivity,	  specific	  storage,	  recharge,	  discharge	  to	  flowing	  
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wells,	  streambed	  conductance	  and	  some	  general	  head	  boundary	  conductivities	  
using	  UCODE_2005.	  	  	  
	  
In	  general	  the	  model	  accurately	  simulates	  water	  levels	  and	  water	  level	  fluctuations.	  	  
As	  such	  this	  model	  can	  be	  used	  as	  a	  water	  management	  tool	  with	  an	  understanding	  
of	  its	  limitations	  and	  areas	  that	  could	  use	  improvement.	  	  The	  simplicity	  of	  the	  one	  
layer	  model	  likely	  creates	  some	  biases	  in	  the	  model	  results.	  	  For	  example,	  ignoring	  
storage	  in	  the	  overlying	  aquitard,	  if	  significant,	  will	  result	  in	  the	  model	  over	  
predicting	  drawdown.	  	  This	  would	  become	  a	  larger	  issue	  as	  the	  time	  of	  prediction	  
increases.	  Another	  limitation	  is	  caused	  by	  the	  scarcity	  of	  available	  data.	  	  Future	  
work	  could	  include	  adding	  detail	  in	  the	  southeast	  as	  more	  water	  level	  information	  
becomes	  available.	  	  There	  are	  still	  parts	  of	  the	  model	  that	  could	  use	  improvement,	  
particularly	  in	  the	  southeast	  part	  of	  the	  model	  domain	  in	  Grant	  and	  Morton	  Counties.	  	  

Prediction	  
	  
The	  calibrated	  transient	  model	  was	  run	  in	  prediction	  mode	  to	  predict	  the	  
equilibrium	  pressure	  head	  resulting	  from	  the	  current	  level	  of	  discharge	  and	  use.	  	  A	  
thirty-‐year	  period	  from	  2010	  to	  2040	  is	  considered.	  	  Water	  level	  elevations	  at	  74	  
locations	  are	  predicted	  as	  delineated	  in	  figure	  25.	  	  Locations	  chosen	  for	  prediction	  
are	  wells	  that	  have	  been	  monitored	  as	  part	  of	  the	  flowing	  well	  studies	  conducted	  at	  
decadal	  intervals,	  monitoring	  wells	  for	  the	  NDSWC	  or	  the	  USGS,	  and	  the	  locations	  of	  
pending	  permit	  applications	  for	  the	  FH-‐HC	  aquifer	  that	  lie	  within	  the	  model	  domain.	  
	  
Boundary	  conditions	  during	  prediction	  mode	  were	  consistent	  with	  boundary	  
conditions	  used	  during	  the	  calibrated	  model.	  	  The	  general	  head	  boundary	  
representing	  flow	  into	  and	  out	  of	  the	  system	  remained	  constant,	  using	  the	  same	  
parameter	  values	  used	  in	  the	  calibrated	  model.	  	  Recharge	  due	  to	  precipitation	  and	  
percolation	  from	  overlying	  aquifers	  also	  remained	  constant	  using	  the	  multipliers	  
estimated	  during	  parameter	  estimation.	  	  Stream	  flow	  measurements	  from	  the	  gage	  
at	  Camp	  Crook,	  South	  Dakota	  were	  repeated	  reusing	  measurements	  from	  the	  past	  
thirty	  years.	  	  The	  measured	  discharge	  to	  pumped	  wells	  in	  2009	  was	  repeated	  for	  the	  
prediction	  simulation	  with	  one	  exception.	  	  An	  industrial	  permit	  that	  was	  previously	  
not	  using	  water	  commenced	  selling	  water	  to	  the	  oil	  industry	  in	  2010.	  	  The	  pumping	  
rate	  for	  that	  well	  was	  increased	  to	  account	  for	  the	  additional	  known	  water	  use.	  	  The	  
estimated	  rate	  of	  discharge	  and	  the	  number	  of	  flowing	  wells	  entered	  into	  the	  model	  
remained	  the	  same	  as	  in	  2009.	  	  The	  MNW2	  package	  is	  head	  dependent,	  in	  that	  it	  
decreases	  the	  discharge	  rate	  as	  the	  potentiometric	  surface	  elevation	  nears	  the	  land	  
surface	  and	  ceases	  discharge	  when	  the	  potentiometric	  surface	  is	  at	  the	  land	  surface.	  	  
When	  the	  potentiometric	  surface	  is	  not	  near	  the	  land	  surface,	  the	  rate	  of	  discharge	  
for	  flowing	  wells	  remains	  constant	  based	  on	  discharge	  information	  where	  available	  
and	  estimated	  rates	  of	  discharge	  when	  discharge	  data	  is	  not	  available.	  	  The	  
hydrographs	  in	  Appendix	  B	  delineate	  the	  water	  levels	  for	  the	  flowing	  well	  
prediction	  locations.	  	  The	  hydrographs	  include	  the	  decline	  rate	  of	  the	  flowing	  wells	  
and	  the	  pumping	  rate	  for	  the	  transient	  model	  for	  the	  entire	  modeled	  time	  period.	  	  
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Figure	  26	  is	  the	  cumulative	  discharge	  for	  measured	  and	  flowing	  wells	  from	  1972	  
through	  2039.	  	  The	  discharge	  from	  flowing	  wells	  in	  prediction	  mode	  decreases	  from	  
approximately	  5,970	  acre-‐feet	  in	  2010	  to	  5,180	  acre-‐feet	  at	  the	  end	  of	  2039.	  	  The	  
change	  is	  due	  to	  the	  decrease	  in	  discharge	  as	  flowing	  wells	  stop	  flowing.	  	  
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Figure	  26.	  Annual	  water	  use	  from	  the	  Fox	  Hills-‐Hell	  Creek	  aquifer,	  measured	  water	  use	  
after	  2009	  is	  the	  2009	  rate.	  

	  
	  

The	  predicted	  heads	  for	  the	  end	  of	  2039	  with	  the	  current	  level	  of	  water	  use,	  and	  the	  2009	  
simulated	  water	  levels	  are	  contoured	  in	  figure	  27.	  	  
	  
The	  simulated	  drawdown	  in	  water	  levels	  from	  2009	  to	  2039	  is	  contoured	  in	  figure	  28.	  	  
There	  is	  a	  depression	  centered	  in	  Mckenzie	  County	  where	  water	  levels	  are	  projected	  to	  
decrease	  between	  50	  and	  55	  feet	  in	  the	  next	  30	  years.	  	  For	  this	  part	  of	  the	  basin,	  far	  from	  
the	  recharge	  area,	  the	  aquifer	  water	  levels	  continually	  decline	  due	  to	  the	  large	  discharge	  
rates	  from	  pumped	  and	  flowing	  wells.	  	  In	  areas	  of	  flowing	  heads	  along	  the	  Little	  Missouri	  
River	  the	  decline	  of	  the	  aquifer	  slows	  as	  the	  discharge	  to	  flowing	  wells	  decreases	  due	  to	  the	  
potentiometric	  surface	  nearing	  the	  land	  surface.	  	  This	  phenomenon	  may	  also	  be	  occurring	  
in	  the	  Knife	  River	  Valley.	  	  However	  the	  proximity	  to	  the	  general	  head	  boundary	  creates	  a	  
constant	  source	  of	  recharge	  to	  the	  aquifer.	  	  This	  recharge	  may	  be	  inflating	  water	  levels	  in	  
the	  Knife	  River	  Valley	  (see	  the	  hydrographs	  in	  Appendix	  A).	   	  	  
	  
Upper	  and	  lower	  95%	  confidence	  intervals	  for	  the	  prediction	  locations	  average	  
approximately	  7	  feet	  and	  are	  presented	  in	  figures	  29a	  and	  29b.	  	  The	  confidence	  intervals	  on	  
the	  predictions	  include	  the	  uncertainty	  associated	  with	  the	  parameter	  values	  using	  
parameters	  for	  prediction	  in	  UCODE	  (Poeter	  et	  al,	  2008).	  
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Figure	  29a.	  Black	  lines	  are	  95%	  confidence	  intervals	  and	  gray	  bars	  are	  one	  standard	  deviation	  for	  each	  prediction.
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Figure	  29b.	  Black	  lines	  are	  95%	  confidence	  intervals	  and	  gray	  bars	  are	  one	  standard	  deviation	  for	  each	  prediction.
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Prediction	  Results	  
	  
As	  with	  the	  forward	  model,	  a	  zone	  budget	  analysis	  was	  conducted	  for	  the	  prediction	  
model	  using	  the	  zones	  previously	  defined.	  	  Quantities	  of	  flow	  for	  2039	  in	  acre-‐feet	  
per	  year	  are	  summarized	  in	  table	  9.	  	  For	  a	  full	  accounting	  of	  the	  results	  of	  the	  zone	  
budget	  analysis	  refer	  to	  Appendix	  C.	  	  The	  table	  indicates	  that	  the	  change	  in	  storage	  
in	  zones	  2+7+9	  and	  zone	  8	  exceeds	  the	  discharge	  to	  the	  wells	  continuing	  the	  trend	  
seen	  in	  table	  7c.	  	  This	  is	  a	  result	  of	  the	  impact	  of	  the	  Montana	  wells	  causing	  
drawdown	  of	  the	  aquifer	  in	  western	  North	  Dakota.	  	  Additionally,	  zones	  2+7+9	  and	  
10	  show	  a	  significant	  decline	  in	  yield	  to	  flowing	  wells,	  developing	  from	  the	  aquifer	  
dropping	  below	  the	  land	  surface.	  	  Wells	  in	  zone	  10	  are	  still	  deriving	  almost	  half	  of	  
their	  water	  from	  the	  storage	  in	  the	  zone.	  	  Between	  2009	  and	  2039	  the	  wells	  have	  
increased	  the	  annual	  flow	  from	  the	  general	  head	  boundary	  by	  110	  acre-‐feet.	  	  The	  
actual	  water	  that	  could	  be	  derived	  from	  sources	  to	  the	  east	  is	  likely	  a	  small	  fraction	  
of	  this.	  	  This	  would	  result	  in	  the	  drawdown	  being	  greater	  than	  predicted.	  	  With	  the	  
prediction	  showing	  both	  declines	  in	  yield	  to	  wells	  and	  that	  the	  wells	  in	  zones	  2+7+9	  
and	  10	  are	  still	  deriving	  much	  of	  their	  water	  from	  storage	  it	  can	  be	  concluded	  that	  
any	  additional	  appropriation	  in	  these	  areas	  would	  only	  exacerbate	  the	  continuing	  
decline	  in	  heads	  and	  flow	  rates	  at	  the	  existing	  wells.	  	  Table	  10	  provides	  a	  summary	  
of	  the	  total	  budget	  from	  the	  zone	  analysis.	  

	  
	  

Table	  9:	  Summary	  of	  zone	  budget	  analysis	  for	  2039.	  
In	   Zone	  1	  

acre-‐
ft/yr	  

Zone	  2	  +	  
7	  +	  9	  
acre-‐ft/yr	  

Zone	  3	  +	  
5	  +	  6	  
acre-‐ft/yr	  

Zone	  4	  
acre-‐
ft/yr	  

Zone	  8	  
acre-‐
ft/yr	  

Zone	  10	  
acre-‐
ft/yr	  

Zone	  11	  
acre-‐
ft/yr	  

General	  
Heads	   223	   0	   0	   0	   0	   197	   83	  
Recharge	   100	   89	   188	   2163	   0	   0	   0	  
Stream	   0	   0	   0	   3	   0	   0	   0	  
Out	   	   	   	   	   	   	   	  
General	  
Heads	   32	   0	   0	   0	   264	   116	   916	  
Stream	  	   0	   0	   0	   325	   0	   0	   0	  
Multi-‐node	  
Wells	   460	   993	   2247	   345	   301	   1558	   117	  
Change	  in	  
Storage	  
(In-‐Out)	   68	   1301	   1461	   296	   693	   689	   151	  
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Table	  10:	  Summary	  of	  the	  total	  budget	  for	  1942,1972,	  and	  2009	  in	  acre-‐feet.	  
In	   1942	   1972	   2009	   2039	  
General	  Heads	   57	   57	   377	   502	  
Recharge	   2,539	   2,539	   2,539	   2,539	  
Stream	   9	   9	   11	   3	  
Out	   	   	   	   	  
General	  Heads	   2,131	   2,013	   1,466	   1,328	  
Stream	  	   422	   420	   369	   325	  
Multi-‐node	  Wells	   21	   3,907	   6,845	   6,021	  
Change	  in	  Storage	  (In-‐
Out)	   	   3,765	   5,784	   4,660	  
	  
	  
The	  purpose	  of	  this	  project	  was	  to	  gain	  a	  better	  understanding	  of	  the	  hydrogeology	  
of	  the	  FH-‐HC	  aquifer	  to	  provide	  a	  foundation	  for	  the	  development	  of	  a	  long-‐term	  
management	  policy.	  	  The	  prediction	  model	  indicates	  that	  future	  pumping	  will	  
continue	  to	  derive	  water	  from	  storage	  and	  that	  water	  levels	  will	  continue	  to	  decline.	  
The	  model	  has	  demonstrated	  a	  likelihood	  that	  the	  water	  appropriated	  from	  the	  
aquifer	  is	  derived	  mostly	  from	  aquifer	  storage	  causing	  groundwater	  mining	  to	  occur	  
at	  the	  current	  level	  of	  use.	  	  Therefore,	  if	  the	  goal	  is	  to	  protect	  existing	  flowing	  wells,	  
this	  report	  is	  a	  sufficient	  basis	  to	  deny	  permits	  to	  appropriate	  water	  from	  the	  FH-‐HC	  
aquifer.	  	  The	  only	  exceptions	  would	  be	  near	  the	  recharge	  area	  in	  southwestern	  
North	  Dakota	  where	  there	  may	  be	  some	  potential	  to	  capture	  rejected	  recharge	  and	  
where	  the	  aquifer	  discharges	  to	  the	  Missouri	  River	  in	  south	  central	  North	  Dakota.	  
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APPENDIX	  A	  	  
	  

HYDROGRAPHS	  OF	  MEASURED	  VERSUS	  SIMULATED	  PRESSURE	  HEADS	  IN	  FOX	  
HILLS-‐HELL	  CREEK	  AQUIFER	  WELLS	   	  
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139-‐102-‐17CAC2	  

Observed	  

Simulated	  

*Land	  Surface	  
Elevation	  2365	  

Average	  discharge	  rate	  
is	  0.6	  feet	  per	  year	  for	  
2010-‐2015,	  0.3	  feet	  per	  
year	  for	  2034-‐2039	  
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Average	  discharge	  rate	  
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*Land	  Surface	  
Elevation	  2258	  

Average	  discharge	  
rate	  is	  0.5	  feet	  per	  
year	  for	  2010-‐2015,	  
0.4	  feet	  per	  year	  for	  
2034-‐2039	  
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Average	  discharge	  rate	  
is	  0.6	  feet	  per	  year	  for	  
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*Land	  Surface	  
Elevation	  1920	  

Average	  discharge	  rate	  is	  
0.3	  feet	  per	  year	  for	  
2010-‐2015,	  0.2	  feet	  per	  
year	  for	  2034-‐2039	  
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Average	  discharge	  rate	  
is	  0.3	  feet	  per	  year	  for	  
2010-‐2015,	  0.2	  feet	  per	  
year	  for	  2034-‐2039	  
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is	  0.2	  feet	  per	  year	  for	  
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*Land	  Surface	  
Elevation	  1762	  

Average	  discharge	  rate	  
is	  1.0	  feet	  per	  year	  for	  
2010-‐2015,	  0.5	  feet	  per	  
year	  for	  2034-‐2039	  
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2010-‐2015,	  0.4	  
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2034-‐2039	  
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Average	  discharge	  rate	  is	  
0.4	  feet	  per	  year	  for	  
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*Land	  Surface	  
Elevation	  1995	  

Average	  discharge	  rate	  
is	  0.4	  feet	  per	  year	  for	  
2010-‐2015,	  0.4	  feet	  per	  
year	  for	  2034-‐2039	  
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Simulated	  

*Land	  Surface	  
Elevation	  2210	  

Average	  discharge	  rate	  
is	  0.8	  feet	  per	  year	  for	  
2010-‐2015,	  0.7	  feet	  per	  
year	  for	  2034-‐2039	  
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Average	  discharge	  rate	  
is	  0.2	  feet	  per	  year	  for	  
2010-‐2015,	  0.3	  feet	  per	  
year	  for	  2034-‐2039	  
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*Land	  Surface	  
Elevation	  2127	  

Average	  discharge	  rate	  
is	  1.0	  feet	  per	  year	  for	  
2010-‐2015,	  0.8	  feet	  per	  
year	  for	  2034-‐2039	  
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Average	  discharge	  rate	  
is	  0.2	  feet	  per	  year	  for	  
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APPENDIX	  B	  	  
	  

WATER	  LEVEL	  HYDROGRAPHS	  WITH	  DISCHARGE	  RATE	  	   	  
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18305	  -‐	  Land	  Surface	  Elevation	  2410	  

	  
	  
18306	  -‐	  Land	  Surface	  Elevation	  2460	  
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18307	  -‐	  Land	  Surface	  Elevation	  2480	  

	  
	  
18304	  –	  Land	  Surface	  Elevation	  2480	  
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18309	  –	  Land	  Surface	  Elevation	  2370	  

	  
	  
18310	  –	  Land	  Surface	  Elevation	  2460	  
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18311	  –	  Land	  Surface	  Elevation	  2410	  

	  
	  
18308	  –	  Land	  Surface	  Elevation	  2400	  
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3671	  –	  Land	  Surface	  Elevation	  2365	  

	  
	  
3677	  –	  Land	  Surface	  Elevation	  2390	  (No	  Longer	  Flowing)	  
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18313	  –	  Land	  Surface	  Elevation	  2258	  

	  
	  
18381	  –	  Land	  Surface	  Elevation	  2380	  (No	  Longer	  Flowing)	  
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17570	  –	  Land	  Surface	  Elevation	  1920	  

	  
	  
8485	  –	  Land	  Surface	  Elevation	  1897	  

	  
	  

!4500.00&

!4000.00&

!3500.00&

!3000.00&

!2500.00&

!2000.00&

!1500.00&

!1000.00&

!500.00&

0.00&

1900.00&

1920.00&

1940.00&

1960.00&

1980.00&

2000.00&

2020.00&

2040.00&

12/20/62& 8/28/76& 5/7/90& 1/14/04& 9/22/17& 6/1/31&

Q
no

de
&in
&c
ub

ic
&fe

et
&p
er
&d
ay
&

Fo
x&
Hi
lls
&P
re
ss
ur
e&
He

ad
&in
&fe

et
&a
bo

ve
&se

a&
le
ve
l&

Year&

143<089<18ACC&

hcell&

hwell&

Observed&

Q!node&

!4500.00&

!4000.00&

!3500.00&

!3000.00&

!2500.00&

!2000.00&

!1500.00&

!1000.00&

!500.00&

0.00&

1910.00&

1920.00&

1930.00&

1940.00&

1950.00&

1960.00&

1970.00&

1980.00&

1990.00&

2000.00&

2010.00&

1/28/67& 10/6/80& 6/15/94& 2/22/08& 10/31/21& 7/10/35&

Q
no

de
&in
&c
ub

ic
&fe

et
&p
er
&d
ay
&

Fo
x&
Hi
lls
&P
re
ss
ur
e&
He

ad
&in
&fe

et
&a
bo

ve
&se

a&
le
ve
l&

Year&

152<103<25CAB&

hcell&

hwell&

Observed&

Q!node&



	   107	  

17571	  –	  Land	  Surface	  Elevation	  2000	  

	  
	  
17572	  –	  Land	  Surface	  Elevation	  1960	  
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8486	  –	  Land	  Surface	  Elevation	  1962	  

	  
	  
8514	  –	  Land	  Surface	  Elevation	  1762	  
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8561	  –	  Land	  Surface	  Elevation	  1845	  

	  
	  
10821	  –	  Land	  Surface	  Elevation	  1953	  
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17573	  –	  Land	  Surface	  Elevation	  1995	  

	  
	  
13095	  –	  Land	  Surface	  Elevation	  2210	  
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7570	  –	  Land	  Surface	  Elevation	  2160	  

	  
	  
5164	  –	  Land	  Surface	  Elevation	  1960	  
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18315	  –	  Land	  Surface	  Elevation	  2127	  

	  
	  
7598	  –	  Land	  Surface	  Elevation	  2010	  
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7644	  –	  Land	  Surface	  Elevation	  1995	  

	  
	  
18322	  –	  Land	  Surface	  Elevation	  1902	  
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18317	  –	  Land	  Surface	  Elevation	  18317	  

	  
	  
7804	  –	  Land	  Surface	  Elevation	  1879	  
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7838	  –	  Land	  Surface	  Elevation	  2000	  

	  
	  
7842	  –	  Land	  Surface	  Elevation	  1920	  
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7848	  –	  Land	  Surface	  Elevation	  1995	  

	  
	  
7852	  –	  Land	  Surface	  Elevation	  2073	  
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7855	  –	  Land	  Surface	  Elevation	  1965	  
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APPENDIX	  C	  	  
	  

ZONE	  BUDGET	  ANALYSIS	  FOR	  GROUNDWATER	  MODEL	  



Stress	  Period	  1	  (Year	  1942)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 0 0 0 0 0 0 0 0 0 0 57
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 9 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 106 0 7 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 253 0 0 0 736 0 4 378 8
	  	  	  FROM	  ZONE	  	  	  3 261 86 0 0 260 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1141 0 0 0 0 0 0 0 0 609
	  	  	  FROM	  ZONE	  	  	  5 156 0 60 0 0 108 25 25 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 56 0 0 0 2 0 0 84 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 32 0 0 127 0 0 91 515 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 0 33 2 0 23 169 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 299 0 313 0
	  	  	  FROM	  ZONE	  	  10 0 33 0 0 0 0 0 4 69 0 577
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 222 0
Total	  IN	  	  	  	  	  	  	  	   573 1387 606 2172 395 142 770 507 612 1082 1288
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 459 0 0 0 0 0 0 265 0 399 1008
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 422 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 21 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  0 0 7 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 261 0 156 56 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 86 1141 0 0 32 0 0 33 0
	  	  	  	  	  TO	  ZONE	  	  	  3 106 253 0 0 60 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 7 0 260 0 0 2 127 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 108 0 0 33 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 736 0 0 25 0 0 2 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 25 84 91 0 299 4 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 515 23 0 69 0
	  	  	  	  	  TO	  ZONE	  	  10 0 378 0 0 0 0 0 169 313 0 222
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 609 0 0 0 0 0 577 0
Total	  OUT	  	  	  	  	  	  	   573 1387 606 2172 395 142 770 507 612 1082 1288
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  10	  (Year	  1952)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 16 0 42 0 1 0 0 7 6 28 0
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 0 0 0 0 0 0 0 0 0 0 57
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 9 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 106 0 7 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 253 0 0 0 736 0 4 378 8
	  	  	  FROM	  ZONE	  	  	  3 270 86 0 0 259 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1141 0 0 0 0 0 0 0 0 609
	  	  	  FROM	  ZONE	  	  	  5 156 0 60 0 0 108 25 25 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 56 0 0 0 2 0 0 84 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 32 0 0 127 0 0 91 515 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 0 33 2 0 23 169 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 299 0 318 0
	  	  	  FROM	  ZONE	  	  10 0 33 0 0 0 0 0 4 68 0 577
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 222 0
Total	  IN	  	  	  	  	  	  	  	   598 1387 648 2172 395 142 770 514 617 1116 1288
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 0 0 0 0 0 0 0 0
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 452 0 0 0 0 0 0 265 0 399 1008
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 422 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 33 0 33 0 21 0 0 7 0 35 0
	  	  	  	  	  TO	  ZONE	  	  	  0 0 7 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 270 0 156 56 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 86 1141 0 0 32 0 0 33 0
	  	  	  	  	  TO	  ZONE	  	  	  3 106 253 0 0 60 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 7 0 259 0 0 2 127 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 108 0 0 33 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 736 0 0 25 0 0 2 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 25 84 91 0 299 4 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 515 23 0 68 0
	  	  	  	  	  TO	  ZONE	  	  10 0 378 0 0 0 0 0 169 318 0 222
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 609 0 0 0 0 0 577 0
Total	  OUT	  	  	  	  	  	  	   598 1387 648 2172 395 142 770 514 617 1116 1288
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  20	  (Year	  1962)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 90 23 277 409 41 4 18 23 30 71 33
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 0 0 0 0 0 0 0 0 0 0 57
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 9 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 107 0 5 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 253 0 0 0 735 0 4 378 8
	  	  	  FROM	  ZONE	  	  	  3 241 85 0 0 241 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1140 0 0 0 0 0 0 0 0 576
	  	  	  FROM	  ZONE	  	  	  5 153 0 61 0 0 105 25 25 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 56 0 0 0 2 0 0 85 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 32 0 0 127 0 0 93 516 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 0 33 2 0 23 169 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 298 0 313 0
	  	  	  FROM	  ZONE	  	  10 0 33 0 0 0 0 0 4 70 0 577
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 222 0
Total	  IN	  	  	  	  	  	  	  	   640 1408 885 2581 415 142 787 531 643 1153 1288
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 0 0 0 0 0 0 0 0
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 428 0 0 0 0 0 0 265 0 399 1008
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 422 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 99 22 318 443 46 0 15 24 33 70 0
	  	  	  	  	  TO	  ZONE	  	  	  0 0 7 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 241 0 153 56 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 85 1140 0 0 32 0 0 33 0
	  	  	  	  	  TO	  ZONE	  	  	  3 107 253 0 0 61 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 5 0 241 0 0 2 127 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 105 0 0 33 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 735 0 0 25 0 0 2 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 25 85 93 0 298 4 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 516 23 0 70 0
	  	  	  	  	  TO	  ZONE	  	  10 0 378 0 0 0 0 0 169 313 0 222
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 576 0 0 0 0 0 577 0
Total	  OUT	  	  	  	  	  	  	   640 1408 885 2581 416 142 787 531 643 1153 1288
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  30	  (Year	  1972)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 115 432 786 428 442 49 269 82 54 1035 74
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 0 0 0 0 0 0 0 0 0 0 57
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 9 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 107 0 2 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 252 0 0 0 706 0 4 378 8
	  	  	  FROM	  ZONE	  	  	  3 223 102 0 0 143 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1136 0 0 0 0 0 0 0 0 553
	  	  	  FROM	  ZONE	  	  	  5 142 0 103 0 0 99 26 25 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 56 0 0 0 2 0 0 85 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 32 0 0 126 0 0 87 515 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 0 37 2 0 23 169 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 294 0 335 0
	  	  	  FROM	  ZONE	  	  10 0 33 0 0 0 0 0 3 66 0 577
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 222 0
Total	  IN	  	  	  	  	  	  	  	   636 1830 1435 2599 716 186 1010 580 662 2139 1306
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 0 0 0 0 0 0 0 0
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 362 0 0 0 0 0 0 265 0 396 990
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 420 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 164 475 967 491 321 43 245 69 33 1064 37
	  	  	  	  	  TO	  ZONE	  	  	  0 0 7 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 223 0 142 56 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 102 1136 0 0 32 0 0 33 0
	  	  	  	  	  TO	  ZONE	  	  	  3 107 252 0 0 103 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 2 0 143 0 0 2 126 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 99 0 0 37 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 706 0 0 26 0 0 2 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 25 85 87 0 294 3 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 515 23 0 66 0
	  	  	  	  	  TO	  ZONE	  	  10 0 378 0 0 0 0 0 169 335 0 222
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 553 0 0 0 0 0 577 0
Total	  OUT	  	  	  	  	  	  	   636 1830 1435 2599 716 186 1010 580 662 2139 1306
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  40	  (Year	  1982)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 216 671 908 561 1213 957 606 233 129 1562 149
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 0 0 0 0 0 0 0 0 0 5 68
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 9 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 7 0 0 0 0 5 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 121 0 0 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 254 0 0 0 664 0 4 363 8
	  	  	  FROM	  ZONE	  	  	  3 201 107 0 0 100 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1144 0 0 0 0 0 0 0 0 539
	  	  	  FROM	  ZONE	  	  	  5 120 0 241 0 0 71 15 23 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 56 0 0 0 32 0 0 77 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 32 0 0 131 0 0 68 507 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 12 75 3 0 22 175 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 288 0 391 0
	  	  	  FROM	  ZONE	  	  10 0 33 0 0 0 0 0 0 62 0 593
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 238 0
Total	  IN	  	  	  	  	  	  	  	   692 2084 1711 2733 1489 1105 1292 692 724 2733 1395
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 96 0 0 0 0 0 0 0 0 7
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 241 0 0 0 0 0 0 265 0 346 967
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 405 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 329 691 1304 644 1019 940 547 125 45 1699 126
	  	  	  	  	  TO	  ZONE	  	  	  0 0 5 0 0 0 0 6 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 201 0 120 56 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 107 1144 0 0 32 0 0 33 0
	  	  	  	  	  TO	  ZONE	  	  	  3 121 254 0 0 241 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 0 0 100 0 0 32 131 12 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 71 0 0 75 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 664 0 0 15 0 0 3 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 23 77 68 0 288 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 507 22 0 62 0
	  	  	  	  	  TO	  ZONE	  	  10 0 363 0 0 0 0 0 175 391 0 238
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 539 0 0 0 0 0 593 0
Total	  OUT	  	  	  	  	  	  	   692 2084 1711 2733 1489 1105 1292 692 724 2733 1395
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  50	  (Year	  1992)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 209 784 919 567 1148 1047 696 604 189 1658 185
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 46 0 0 0 0 0 0 0 0 82 75
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 10 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 7 0 0 0 0 5 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 125 0 0 1 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 258 0 0 0 626 0 4 354 8
	  	  	  FROM	  ZONE	  	  	  3 212 113 0 0 105 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1151 0 0 0 0 0 0 0 0 528
	  	  	  FROM	  ZONE	  	  	  5 91 0 313 0 0 66 0 31 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 55 0 0 0 70 0 0 63 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 33 1 0 160 0 0 62 489 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 39 164 2 0 24 191 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 301 0 425 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 63 0 583
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 254 0
Total	  IN	  	  	  	  	  	  	  	   712 2211 1804 2740 1523 1278 1329 1064 769 2963 1416
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 103 0 71 0 0 0 0 0 5 0
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 159 0 0 0 0 0 0 265 0 257 937
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 394 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 427 853 1373 595 1022 1090 578 364 42 2021 168
	  	  	  	  	  TO	  ZONE	  	  	  0 0 5 0 0 0 0 6 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 212 0 91 55 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 113 1151 0 0 33 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 125 258 0 0 313 0 1 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 0 0 105 0 0 70 160 39 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 1 0 0 0 66 0 0 164 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 626 0 0 0 0 0 2 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 31 63 62 0 301 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 489 24 0 63 0
	  	  	  	  	  TO	  ZONE	  	  10 0 354 0 0 0 0 0 191 425 0 254
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 528 0 0 0 0 0 583 0
Total	  OUT	  	  	  	  	  	  	   712 2211 1804 2740 1523 1278 1329 1064 769 2963 1416
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  60	  (Year	  2002)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 161 722 644 441 936 909 695 588 175 1260 160
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 114 0 0 0 0 0 0 0 0 108 77
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 10 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 128 0 2 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 267 0 0 0 653 0 4 370 8
	  	  	  FROM	  ZONE	  	  	  3 222 109 0 0 115 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1158 0 0 0 0 0 0 0 0 547
	  	  	  FROM	  ZONE	  	  	  5 61 0 357 0 0 68 0 34 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 52 0 0 0 73 0 0 56 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 33 2 0 205 0 0 65 484 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 51 216 1 0 26 211 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 305 0 444 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 60 0 578
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 266 0
Total	  IN	  	  	  	  	  	  	  	   710 2151 1586 2614 1381 1194 1355 1052 750 2659 1407
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 3 0 141 0 0 3 0 0 33 23
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 120 0 0 0 0 0 0 265 0 215 937
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 379 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 460 838 1139 389 861 1013 558 267 2 1738 124
	  	  	  	  	  TO	  ZONE	  	  	  0 0 7 0 0 0 0 6 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 222 0 61 52 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 109 1158 0 0 33 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 128 267 0 0 357 0 2 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 2 0 115 0 0 73 205 51 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 0 0 0 0 68 0 0 216 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 653 0 0 0 0 0 1 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 34 56 65 0 305 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 4 0 0 0 0 484 26 0 60 0
	  	  	  	  	  TO	  ZONE	  	  10 0 370 0 0 0 0 0 211 444 0 266
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 547 0 0 0 0 0 578 0
Total	  OUT	  	  	  	  	  	  	   710 2151 1586 2614 1381 1194 1355 1052 750 2659 1407
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Stress	  Period	  68	  (Year	  2009)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 126 525 501 375 802 869 657 679 188 1097 144
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 147 0 0 0 0 0 0 0 0 151 79
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 11 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 128 0 5 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 274 0 0 0 672 0 5 377 8
	  	  	  FROM	  ZONE	  	  	  3 226 105 0 0 123 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1168 0 0 0 0 0 0 0 0 570
	  	  	  FROM	  ZONE	  	  	  5 43 0 342 0 0 72 0 37 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 48 0 0 0 76 0 0 54 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 33 3 0 225 0 0 68 483 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 52 241 0 0 25 225 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 305 0 455 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 61 0 574
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 277 0
Total	  IN	  	  	  	  	  	  	  	   690 1960 1435 2548 1283 1183 1336 1145 762 2581 1411
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 43 1 97 0 0 1 2 0 0 34
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 97 0 0 0 0 0 0 265 0 180 925
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 369 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 460 574 980 345 789 1005 518 320 2 1733 119
	  	  	  	  	  TO	  ZONE	  	  	  0 0 8 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 226 0 43 48 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 105 1168 0 0 33 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 128 274 0 0 342 0 3 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 5 0 123 0 0 76 225 52 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 0 0 0 0 72 0 0 241 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 672 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 37 54 68 0 305 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 5 0 0 0 0 483 25 0 61 0
	  	  	  	  	  TO	  ZONE	  	  10 0 377 0 0 0 0 0 225 455 0 277
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 570 0 0 0 0 0 574 0
Total	  OUT	  	  	  	  	  	  	   690 1960 1435 2548 1283 1183 1336 1145 762 2581 1411
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Prediction	  Stress	  Period	  10	  (Year	  2019)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 100 510 410 330 691 766 656 693 196 931 148
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 178 0 0 0 0 0 0 0 0 173 80
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 2 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 128 0 12 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 284 0 0 0 698 0 5 379 8
	  	  	  FROM	  ZONE	  	  	  3 227 87 0 0 132 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1183 0 0 0 0 0 0 0 0 579
	  	  	  FROM	  ZONE	  	  	  5 26 0 318 0 0 74 0 41 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 41 0 0 0 81 0 0 54 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 34 3 0 241 0 0 76 481 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 54 252 0 0 24 241 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 0 302 0 463 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 62 0 563
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 296 0
Total	  IN	  	  	  	  	  	  	  	   671 1944 1331 2494 1211 1092 1361 1169 767 2482 1415
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 40 0 0 0 0 0 0 14
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 71 0 0 0 0 0 0 265 0 152 927
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 347 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 460 562 885 345 753 917 520 319 2 1672 120
	  	  	  	  	  TO	  ZONE	  	  	  0 0 8 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 227 0 26 41 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 87 1183 0 0 34 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 128 284 0 0 318 0 3 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 12 0 132 0 0 81 241 54 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 0 0 0 0 74 0 0 252 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 698 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 41 54 76 0 302 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 5 0 0 0 0 481 24 0 62 0
	  	  	  	  	  TO	  ZONE	  	  10 0 379 0 0 0 0 0 241 463 0 296
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 579 0 0 0 0 0 563 0
Total	  OUT	  	  	  	  	  	  	   671 1944 1331 2494 1211 1092 1361 1169 767 2482 1415
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Prediction	  Stress	  Period	  20	  (Year	  2029)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 83 504 357 316 583 705 642 690 206 795 154
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 202 0 0 0 0 0 0 0 0 186 82
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 3 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 127 0 21 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 291 0 0 0 711 0 5 379 8
	  	  	  FROM	  ZONE	  	  	  3 227 79 0 0 139 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1197 0 0 0 0 0 0 0 0 583
	  	  	  FROM	  ZONE	  	  	  5 14 0 292 0 0 71 0 42 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 32 0 0 0 88 0 0 54 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 34 4 0 251 0 0 81 475 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 54 258 0 0 23 253 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 1 300 0 469 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 63 0 556
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 312 0
Total	  IN	  	  	  	  	  	  	  	   658 1945 1259 2481 1136 1034 1361 1170 772 2394 1420
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 20 0 0 0 0 0 0 10
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 50 0 0 0 0 0 0 264 0 132 922
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 336 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 460 543 814 345 717 860 510 304 2 1610 119
	  	  	  	  	  TO	  ZONE	  	  	  0 0 8 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 227 0 14 32 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 79 1197 0 0 34 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 127 291 0 0 292 0 4 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 21 0 139 0 0 88 251 54 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 0 0 0 0 71 0 0 258 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 711 0 0 0 0 0 0 1 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 42 54 81 0 300 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 5 0 0 0 0 475 23 0 63 0
	  	  	  	  	  TO	  ZONE	  	  10 0 379 0 0 0 0 0 253 469 0 312
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 583 0 0 0 0 0 556 0
Total	  OUT	  	  	  	  	  	  	   658 1945 1259 2481 1136 1034 1361 1170 772 2394 1420
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0



Prediction	  Stress	  Period	  30	  (Year	  2039)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  ZONE	  	  	  1	  	  	  	  	  	   	  	  ZONE	  	  	  2	  	  	  	  	  	   	  	  ZONE	  	  	  3	  	  	  	  	  	   	  	  ZONE	  	  	  4	  	  	  	  	  	   	  	  ZONE	  	  	  5	  	  	  	  	  	   	  	  ZONE	  	  	  6	  	  	  	  	  	   	  	  ZONE	  	  	  7	  	  	  	  	  	   	  	  ZONE	  	  	  8	  	  	  	  	  	   	  	  ZONE	  	  	  9	  	  	  	  	  	   	  	  ZONE	  	  10	  	  	  	  	  	  	  	  ZONE	  	  11	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	   	  	  	  	  IN	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 68 483 309 305 493 659 604 693 214 689 157
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 223 0 0 0 0 0 0 0 0 197 83
	  	  	  	  	  	  	  	  RECHARGE 100 89 188 2163 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 3 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 0 0 0 0 0 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  0 0 6 0 0 0 0 7 3 0 0 37
	  	  	  FROM	  ZONE	  	  	  1 0 0 127 0 31 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  2 0 0 296 0 0 0 722 0 5 378 8
	  	  	  FROM	  ZONE	  	  	  3 227 75 0 0 145 0 0 0 0 0 0
	  	  	  FROM	  ZONE	  	  	  4 0 1207 0 0 0 0 0 0 0 0 585
	  	  	  FROM	  ZONE	  	  	  5 8 0 268 0 0 70 0 42 0 0 0
	  	  	  FROM	  ZONE	  	  	  6 23 0 0 0 92 0 0 54 0 0 0
	  	  	  FROM	  ZONE	  	  	  7 0 34 4 0 258 0 0 84 470 0 0
	  	  	  FROM	  ZONE	  	  	  8 0 0 0 0 54 257 0 0 21 263 0
	  	  	  FROM	  ZONE	  	  	  9 0 0 0 0 0 0 2 298 0 473 0
	  	  	  FROM	  ZONE	  	  10 0 34 0 0 0 0 0 0 64 0 551
	  	  	  FROM	  ZONE	  	  11 0 0 0 0 0 0 0 0 0 324 0
Total	  IN	  	  	  	  	  	  	  	   650 1929 1191 2471 1073 987 1336 1174 774 2324 1420
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	   	  	  	  OUT	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  STORAGE 0 0 0 9 0 0 0 0 0 0 6
	  	  	  CONSTANT	  HEAD 0 0 0 0 0 0 0 0 0 0 0
	  HEAD	  DEP	  BOUNDS 32 0 0 0 0 0 0 264 0 116 916
	  	  	  	  	  	  	  	  RECHARGE 0 0 0 0 0 0 0 0 0 0 0
	  	  STREAM	  LEAKAGE 0 0 0 325 0 0 0 0 0 0 0
	  	  	  	  	  	  	  	  	  	  	  	  MNW2 460 511 744 345 685 818 480 301 2 1558 117
	  	  	  	  	  TO	  ZONE	  	  	  0 0 8 0 0 0 0 5 14 0 0 57
	  	  	  	  	  TO	  ZONE	  	  	  1 0 0 227 0 8 23 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  2 0 0 75 1207 0 0 34 0 0 34 0
	  	  	  	  	  TO	  ZONE	  	  	  3 127 296 0 0 268 0 4 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  4 0 0 0 0 0 0 0 0 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  5 31 0 145 0 0 92 258 54 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  6 0 0 0 0 70 0 0 257 0 0 0
	  	  	  	  	  TO	  ZONE	  	  	  7 0 722 0 0 0 0 0 0 2 0 0
	  	  	  	  	  TO	  ZONE	  	  	  8 0 0 0 0 42 54 84 0 298 0 0
	  	  	  	  	  TO	  ZONE	  	  	  9 0 5 0 0 0 0 470 21 0 64 0
	  	  	  	  	  TO	  ZONE	  	  10 0 378 0 0 0 0 0 263 473 0 324
	  	  	  	  	  TO	  ZONE	  	  11 0 8 0 585 0 0 0 0 0 551 0
Total	  OUT	  	  	  	  	  	  	   650 1929 1191 2471 1073 987 1336 1174 774 2324 1420
	  IN-‐OUT	  	  	  	  	  	  	  	  	   0 0 0 0 0 0 0 0 0 0 0
Percent	  Error	  	  	   0 0 0 0 0 0 0 0 0 0 0
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APPENDIX	  D	  	  
	  

RECOMMENDED	  DECISION	  FOR	  CITY	  OF	  ALEXANDER	  WATER	  PERMIT	  
APPLICATION	  NO.	  5990	  (WANEK,	  2009)	  
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1973 - 1994 = +0.004 feet/year

Ft. Yates SW well
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Rate of pressure head change
1972 - 1994 = -0.002 feet/year

Western Sioux County well
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Rate of pressure head change
1973 - 1993 = +0.072 feet/year

Southern Bowman County well
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Rate of pressure head change
1973 - 1980 = +0.004 feet/year

Rte of pressure head change in the Fox Hills-Hell Creek aquifer

West of Selfridge well
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Rate of pressure head change
1973 - 1988 = +0.028 feet/year

Central Sioux County well
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Rate of pressure head change
1972 - 1994 = +0.036 feet/year

Central Sioux County well



 4 

1920

1921

1922

1923

1924

1925

1970 1975 1980 1985 1990 1995 2000 2005 2010
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Overall rate of pressure head change
 = +0.05 feet/year

Rate of pressure head change
1995 to 2007 = +0.06 feet/year

Western Sioux County well
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Rate of pressure head change
1972 - 1981 = -0.17 feet/year

Western Sioux County well
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Rate of pressure head change
1999 - 2008

= +0.56 feet/year

West of Wishek well
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Rate of pressure head change
1973 - 1994 = -0.089 feet/year

Southwestern Grant County well
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Rate of pressure head change
1995 - 2007 = -0.52 feet/year

Bowman area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1968 - 1994 = -0.062 feet/year

Southeast of Mott well
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Rate of pressure head change
1971 - 1993 = -0.14 feet/year

West of Rhame well
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Rate of pressure head change
1972 - 1994 = +0.057 feet/year

Raleigh area well
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 = -0.054 feet/year Rate of pressure head change

1995 to 2006 = -0.35 feet/year

Marmarth area well
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Overall rate of pressure head change
= +0.36 feet/year

1973-1993 = +0.18 feet/year

1994-2007 = +0.77 feet/year

Southeast of Hazelton well
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Overall rate of pressure head change
= +0.099 feet/year

Rate of pressure head change
1995 to 2007 = +0.26 feet/year

West of Hazelton well
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Overall rate of pressure head change
= 1995 to 2007
= -0.22 feet/year

New Leipzig area well
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Overall rate of pressure head change 
(1974 - 2007) = -0.09 feet/year

Rate of pressure head change
1995 to 2007 = -0.14 feet/year

New England area well
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1976 - 1995 = -0.26 feet/year

Amidon NW stock well
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Overall rate of pressure head change
= +0.29 feet/year

Rate of pressure head change
1993 to 2002 = +0.51 feet/year

Braddock area well
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= -0.018 feet/year

Rate of pressure head change
1995 to 2008 = -0.46 feet/year

Moffit area well
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Overall rate of pressure head change
= -0.070 feet/year

Rate of pressure head change
1995 to 2008 = -0.79 feet/year

Northeast Emmons well
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Rate of pressure head change
1974 - 1994 = +0.28 feet/year

St. Anthony area well
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Rate of pressure head change
 1986 - 2006 = +1.91 feet/year

 possibly gas lift

Amidon Northwest stock well

Rate of pressure head change
1995 to 2006 = +0.76 feet/year

Not used on head change
contour maps
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Overall rate of pressure head change
= -0.48 feet/year

Rate of pressure head change
1995 to 2006 = -1.04 feet/year

Amidon NW stock well
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 = -0.53 feet/year

Rate of pressure head change
1995 to present = -0.62 feet/year

Another Amidon NW stock well
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Overall rate of pressure head change
= -0.92 feet/year

Rate of pressure head change
1995 to 2006 = -0.51 feet/year

Another Amidon Northwest stock well
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Rate of pressure head change
1972 - 1994 = -0.14 feet/year

Lake Tschida area well
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Overall rate of pressure head change
= -0.92 feet/year

Rate of pressure head change
1995 to 2006 = -1.79 feet/year

SW Billings Co. domestic well
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Overall rate of pressure head change
 = -0.58 feet/year

Rate of pressure head change
1995 to 2006 = -0.92 feet/year

SW Billings Co. stock well
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Rate of pressure head change
= -0.96 feet/year

Rate of pressure head change
1995 to 2006 = -1.20 feet/year

SE Golden Valley Co. domestic well
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Rate of pressure head change
2006 to 2008 = +0.10 feet/year

South Bismarck (NDSWC shop) well

Note different x-axis (5 years instead of 40)
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Overall rate of pressure head change
= -1.04 feet/year

Rate of pressure head change
1995 to 2006 = -0.51 feet/year

SW Billings Co. stock well
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Rate of pressure head change
CDBA1 screened 228-238'
CDBA2 screened 125-135'

Nearby city wells screened about 
the same depth as CDBA2

1998 - 2008 = -0.91 feet/year

Steele area well
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Rate of pressure head change
1974 - 1997 = -1.19 feet/year

Glen Ullin east well

These three measurements
not used in determinating

pressure head rate of change
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Overall rate of pressure head change
= +0.11 feet/year

(Lake Patterson loading effect)

Rate of pressure head change
1995 to 2008 = +0.11 feet/year

City of Dickinson well
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Rate of pressure head change
 1988 - 1995 = -0.55 feet/year

Medora south stock well
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the Stanton area, pressure change is
likely caused by casing degradation.
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 1968 - 1994 = -0.61 feet/year
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Watford City north stock well

Recent holes
in casing, or
something?
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer (in flowing-head wells)
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Overall rate of pressure head change
1983 - 2008 = -1.16 feet/year

Rate of pressure head change
1995 to 2008 = -1.82 feet/year

Alexander north stock well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer (in flowing-head wells)
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Overall rate of pressure head change
1983 - 2008 = -0.75 feet/year

Rate of pressure head change
1995 to 2008 = -1.18 feet/year

Alexander north stock well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer (in flowing-head wells)
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Overall rate of pressure head change
1980 - 2008 = -1.89 feet/year Rate of pressure head change

1995 to 2008 = -1.87 feet/year

Alexander NW stock well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1998 - 2008 = -0.41 feet/year

Esmond NW well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= +0.035 feet/year

Esmond northwest well

Rate of pressure head change
2005 to 2008 = -0.0 feet/year
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
(= +0.17 feet/year

Rate of pressure head change
1995 to 2006 = +0.16 feet/year

Velva area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1990 - 2009 = -2.06 feet/year

Rate of pressure head change
1995 to 2009 = -2.08 feet/year

Pressure head influenced
by Lake Sakakawea rising

Antelope well
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2010

2020
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1970 1975 1980 1985 1990 1995 2000 2005 2010

Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
 1995 - 2006 = -3.06 feet/year

 2006 - 2009 = +1.40 feet/year

Gas head
dissipating

Sand Creek well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
 1998 - 2009 = -1.86 feet/year

Gas head
dissipating

Tobacco Garden (SE)  well

Gas head
returning?
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
 1998 - 2009 = +0.085 feet/year

Rate of pressure head change
1995 to 2007 = 0.12 feet/yearNorth of Esmond well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overal rate of pressure head change
 1976 - 2005 = +0.043 feet/year

Eastern McHenry Co. well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1985 - 1996 = +0.042 feet/year

Verendrye area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
 = -0.32 feet/year

Karlsruhe area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= +0.12 feet/year

Rate of pressure head change
1995 to 2007 = -0.13 feet/year

Rugby area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= -0.001 feet/year

Rate of pressure head change
1995 to 2008 = -0.35 feet/yearGranville area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
 = -0.18 feet/year

Rate of pressure head change
1995 to 2008 = -0.12 feet/year

Ray area well
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Rate of pressure head change
= -0.01 feet/year

Wolfred west area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
= -0.12 feet/year

Southeast of Banrty well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
 = -0.17 feet/year

(Assuming the early levels and the ones after 
the well was sampled in 2005 are accurate)

Sampled

Rate of pressure head change
2006 to 2008 = -0.32 feet/year

Grenora area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1978 - 1994 = -0.017 feet/year

Southeast of Mohall well
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Overall rate of pressure head change
= -0.016 feet/year

Rate of pressure head change
1995 to 2007 = +0.005 feet/year

Mohall area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change 
 = -0.028 feet/year

Rate of pressure head change
1995 to 2008 = -0.05 feet/year

Noonan area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change 
1979 - 1986 = -0.26 feet/year

Probable failure
of iron casing

Dunseith NE area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
1978 - 2003 = -0.16 feet/year

Probable
casing
failure

NW of Dunseith well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Rate of pressure head change
(4 obviously erroneous measurements omitted)

1978 - 1994 = -0.096 feet/year

Northwest of Bottineau well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= +0.028 feet/year Iron

Casing
failing?

Rate of pressure head change
1995 through 2005 = +0.004 feet/year

Fortuna area well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= +0.02 feet/year

1970 2010

Rate of pressure head change
1995 to 2009 = -0.02 feet/yearMcCone Co., Montana well
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Rate of pressure head change in the Fox Hills-Hell Creek aquifer
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Overall rate of pressure head change
= -0.01 feet/year

1970 2010

Rate of pressure head change
1995 to 2009 = -0.01 feet/year

Daniels Co., Montana well

 
 




