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ABSTRACT

Between  Salina  and  Enterprise,  Kansas,  the  Smoky  Hill  River  picks  up  a

considerable  amount  of  saline  water.    The  result  ls  that  the  river  downstream

during  low  floi.rs  tnay  exceed  the  recommended  drinking-water  quality  standards

for  chloride.    The  Smoky  Hill  and Kansas  rivers  are  important  sources  of  vater

for  several  populacion  centers  in  eastern  Kansas.    Therefore,  this  problen  has

a  considerable  impacc  on  a  significant  part  of  the  Kansas  population.

The  source  of  the  saline  water  is  predominantly  from  groundwater

dissolution  of  the  Hutchinson  Salt  Member  of  the  Wellington  Formation  of

Pemian  Age,  with  smaller  amounts  coming  fran  disposal  of  oil  field  brines.

The  dissolution  of  the  salt  has  caused  a  collapsed  zone  to  occur  trending

north-south  along  the  present  eastern  extent  of  the  salt.    This  collapsed  zone

foms  a  briney  aqul£er  called  the  Wellingcon  aquifer.    The  brine  in  the

Wellington  aquifer  floi.rs  generally  eastward  beneath  the  Srroky  Hill  Valley  and

contaminates  the  alluvial  aquifer  and  river  system primarily  between New

Cambria  and  Solomon,  Kansas.

Considerable  geohydrologic  infomation  is  availaLble  about  the  problem

area,  although  much  more  is  needed  before  we  can  put  together  a  detailed

picture  of  the  salt-water  intrusion problem.    The  purpose  of  this  project  is

to  gain  a  better  understanding of  the  intrusion  mechanisms  and  to  evaluate  the

intrusion.    Numerical  and  analytical  models  will  be  applied  to  the  system.

These  models  will  be  applied  within  the  franework  of  existing  data.

In  summary,  the  gro`mdrater  modeling  of  the  Wellington  aquifer  has  shown

that:

1)  The  optimum  (maximum  salt-water  reduction  with  fewest  veils)  well

field  configuration  of  all  that  ve  tested  is  a  line  of  six  relief  wells  spaced



2,000  feet  apart,  oriented  north-south  near  the  existing  cottoncood  tree  veil,

each  well  discharging  loo  gpm  of  brine  from  the  Wellington  aquifer.

2)  The  `rell  configuration  described  in  1)  will  produce  a  12-20t  reduction

of  salt-water  1-eakage  from  the  Wellington  aquifer  with  about  a  245-382t

lncrea8e  ln  fresh-Water  leakage  from  the  alluvial  aqulfer  into  the  Wellington

aqulfer.

3)  Some  aspects  of  the  model  results  were  fairly  sensitive  to  the  input

parameters  and  sorrie  ef fort  should  be  expended  to  obtain  better  information

before  a  more  detailed  model  study  is  instigated  or  before  relief  veil

construction  begins.    However,  the  results  presented  in  this  study  .are  not

expected  to  be  significantly  changed.    In  particular,  the  percent  reduction  of

salt-water  leakage  is  not  as  strongly  dependent  on  the  model  as  one  might

expect.    It  is  not  likely  that  any Wellington  aquifer  relief  veil  scheme  could

achieve  a  50t  volume  reduction  in  salt-water  discharge,  if  the  hydraulic

conductivity  detemined  by  the  USGS  on  a  shale  core  is  represencative.

The  steady-state  alluvial  models  presented  in  this  investigation  indicate

that  the  salt  voter  in  t.he  Smoky  Hill  River Valley  should  be  in  an  unstable

condition  near  the  river.    This  indicates  that  unstable  upconing  should  be  a

dominant  mechanism  for  feeding  sale  waLter  to  the  river  system.    The

groundrater  systen  does  not  `]nlfomly  discharge  to  the  river  system.    The

unstable  upconlng  should  be  lnost  pronounced  in  those  reaches  where  the

groundwater  systen  consistently  feeds  the  river  system.    These  areas  could  be

delineated  by  seepage  and  salinity  surveys.



The  time-varying  alluvial  model  shows  that  the  response  of  the  chloride

discharge  to  a  flood  event  can  be  quallta€1vely  explained  by  the  unstable

upconlng  mechanism.     In  aLddition,  the  time-varying  model  shows  that  several

years  could  elapse  before  significant  benefit  would  be  seen  in  the  river

s]rstem  from  a  Wellington  aquifer  relief  veil  scheme.
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I.       INTROI)UCTION   TO   THE  PROJECT



THE   sAljTWATER   INTRusloN   pROBrEM

Between  Salina  and  Enterprise,  Kansas,  the  Smoky  Hill  River  picks  up  a

con81derable  amount  of  saline  water.    The  result  is  that  the  river  downstream

during  low  f lotlrs  may  exceed  the  recommended  drinking`-water  quality  standards

for  chloride.    The  Smoky  Hill  and Kansas  rivers  are  important  sources  of  water

for  several  population  centers  in  eastern  Kansas.    Therefore,  this  problem  has

a  considerable  impact  on  a  significant  part  of  the  Kansas  population.

The  source  of  the  saline  water  is  predominantly  from  groundwater

dissolution  of  the  Hutchinson  Salt  Member  of  the  Wellington  Formation  of

Permian  Age,  with  smaller  alrounts  coming  from  disposal  of  oil-field  brines.

The  dissolucion  of  the  salt  has  caused  a  collapsed  zone  to  occur  trending

north-south  along  the  present  eastern  extent  of  the  salt.    This  collapsed  zone

foms  a  briney  aq`iifer  called  the  Welling€ori  aquifer  (Gogel,1979).    The  brine

in  the  Wellington  aquifer  flows  generally  eastward  beneath  the  Smoky  Hill

Valley  and  contaminates  the  alluvial  aq`iifer  and  river  system primarily

between  New  Canbria  and  Solomon,  Kansas   (Gillespie  and  Hargadine,1980).

Considerable  geohydrologic  information  is  available  about  the  problem

area,  although  much  more  is  needed  before  we  can  put  together  a  detailed

picture  of  the  saltwater  intrusion problem.    The  purpose  of  this  project  ls  to

gain  a  better  understanding  of  the  intrusion  mechanlsms  and  to  evaluate  the

lncrusion.    Numerical  and  analytical  models  will  be  applied  to  the  system.

These  models  will  be  applied  within  the  frameirork of  existing  data.    The  data

for  this  project  will  be  obtained  from  the  report  by Gogel  (1979),  from  the

report  by  Gillespie  and  Hargadine  ( 1980) ,  and  from  personal  communications

with  the  U.S.  Geological  Survey,  U.S.  Army  Corps  of  Engineers,  and  the  Kansas

Water  Resources  Board.    No  new  field  data  will  be  generated  by  this  project.



However,  this  preliminary  model  study  may  very  veil  lndlcate  the  need  for  ztlore

or  different  kinds  of  field  data  followed  by  a  more  detailed  model  study.

RESEARCEI  OBeECTlvEs   END  pROcEDUEs

objectives

The  objectives  of  the  project  are  a8  follows:

I.      To  determine  the  piezometric  head  distribution  in  the  Wellington  aquifer

created  by  a  north-south  line  (or  some  other  scheme)   of  relief  wells

across  the  Smoky  Hill  River  Valley  just  east  of  Salina.

2.      to  test  various  proposed tnechanisms  by  which  the  salt  cater  is  fed  to  the

river.

3.      To  see  if  the  qualitative  response  of  the  chloride  concentration  to  a

flood. event  can  be  predicted.

4.      To  deterrine  the  time  frame  for  the  river  system  to  clear  itself  of  the

extra  salt  water  after  the  relief  wells  are  installed.

Procedures

The  piezomecrlc  head  change  created  in  the  Wellington  aq`iifer  by  the

relief  veils  will  be  modeled  using a  standard  artesian  two-dimensional

numerical  rodel.    Appropriate  aqulfer  parameters,  boundaries  and  fluxes  will

be  used  lnsofar  as  they  are  knoim  fran  existing data.    We  will  rely  heavily

upon  the  irork  of  Tony Gogel  (1979)  of  the  U.S.  Geological  Survey  for  data

concerning  the  Wellington  aqulfer.    We  will  test  various  numbers  and

Configurations  of  relief  veils  to  see  what  plaLn  ls  no8t  acceptable.

The  detailed  mechanism by  which  the  gait  water  gets  into  the  river  system

is  not  veil  kno`m.    There  are  several  possibilities  including  cavity  flow,

upconlng,  diffusion,  and  direct  connection.    One  or  tiro  of  these  mechanisms
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may  be  dominant;  hovever,  they  all  probably  occur  to  some  degree.     It  is  hoped

that  by  modeling  these  various  mechanisms  we  may  be  able  to  pick  the  most

likely  by  its  intrusion  characteristics.    Both  numerical  and  analytical  models

my  be  used.

A  short  discussion  of  the  various  mechanisms  may  be  ln  order.    Cavity

flow  refers  to  flow  through  the  collapsed  zone  from  areas  of  high  head  to

areas  of  lover  head.    For  exalxple,  after  a  flood  event,  the  fresh  head  far

from  the  river  may  be  considerably higher  than  normal  even  though  the  river

stage  has  declined  back  to  the  nomal  range.    It  ls  possible  that  this  head

difference  could  drive  brine  through  the  collapsed  zone  and  up`under  the

river.    Upcoming  ls  a  veil-knotm  phenomena  occurring  when  fresh  water  ls

pumped  from a  fresh  layer  overlying  a  saline  layer.    For  certain  well

penetrations  and  pumpages,  the  saline  layer  upcones  but  remains  stable.    For

other  penetra€ions  and p`mpages,  the  saline  layer  breaks  through  to  the  well

causing  salt  cater  to  be  pumped.    A  similar  thing  could  be  happening  in  the

Smoky  Hill  Valley.    Normal  and  f lood-induced  f low  to  the  river  system  could

cause  stable  or  \mstable  upconing  of  the  saline  trater.    If  stable  upcoming  ls

occurring,  then  diffusion  ls  the  dotninant  mechanism  by  which  saline  water

moves  to  the  river.    Unstable  upcoming  could  cause  the  saline  layer  to  break

throuch  directly  to  the  river.    In  some  localized  areas  the  river  may  have  cut

through  the  alluvium  and  be  ln  direct  connection  with  the  Wellington

agiifer.    In  these  areas  there  will  be  direct  flow  from  the  Wellington  aquifer

to  the  river.

The  chloride  concentration  has  been  measured  in  the  Smoky  Hill  River

during  and  after  various  flood  events.    It  is  found  that  after  inicial

dilution  the  concencration  rises  above  the  normal  level  then  slowly  declines

back  to  the  normal  range.    We  want  to  see  lf  one  or  more  of  the  previously
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described  mechanisms  can  account  for  this  increase  ln  chloride  concentration

after  a  flood  event.    The  numerical  and  analytical  models  mentioned  in  the

previo`is  paragraphs  will  be  subjected  to  a  flood  event  and  their  chloride

concentration  responses  calculated.

There  is  a  considerable  amo`mt  of  salt  water  already  ln  the  river

alluvium.    If  the  incrusion  is  stopped  by  relief  wells,  there  will  be  a

transition  period  while  the  river  system  clears  itself  of  the  salt  water.    The

models  used  to  carry  out  the  previous  work  will  be  utilized  to  estimate  the

chloride  concentration  as  a  function  of  time  after  the  relief  wells  are

installed.    It  should be  possible  to  estimate  the percent  reduction  ln  gait

load  carried  by  the  Smoky  Hill  River.

GFroINmATER  MODEI.s

Wellington  Aquifer  Model

The  basic  equation  \ised  to  lrtodel  confined,  isotropic,  transient

groundwater  flow  is   (Freeze  and  Cherry,1979):

I-1        *(T#)+%(T£)+qu=SE

where  x  and  y  are  Cartesian  coordinates,  I  ls  the  transmissivity,  Q  ls  a

source  or  sink  term  representing water  f lowing  in  or  out  of  the  model  by  a

variety  of  mechanistD3,  S  is  the  storage  coefficient,  t  is  the  time,  and h  ls

the  hydraulic  head.    The  hydraiulic  head  ls  defined  as:

I-2 h-2+z
Y
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where  p  is  the  fluid  pressure,    Y  is  the  specific  ireight  of  the  fluid,  and  z

is  the  elevation  of  the  point  where  h  ls  being  measured.     Darcy's  raw  tells  us

that  cater  f lov`rs  from  areas  of  high  head  to  areas  of  low  head  in  response  to  a

head  gradient.    Equation  I-1  has  been  averaged  in  the  z  direction  and  thus  is

a  ttro-dimensional  eq+iation.

The  paraLneters  T,  Q,  and  S  are  basic  physical  quantities  describing  the

aquifer  that  must  be  known  if  we  are  going  to  simulate  the  aquifer.    The

t.ransmissivity I  has  unics  of  lengtin  squared  over  time  and  basically  indicates

how  easily  water  may  flow  through  the  aquifer.    For  high  I  values  the  water

will  flow more  swiftly  for  a  given  head  gradient  than  for  low  I  values.    Q/A

ls  the  anount  of  water  being  recharged  or  discharged  to  the  aquifer  per  unit

area  in  units  of  length  over  time.    Q  may  be  due  to  actual  pumping,  rainfall

recharge,  leakage  from  an  aqultard,  etc.    S  is  the  storage  coefficient  and

finds  its  physical  origin  in  the  elastic  properties  of  the  cater  and  aquifer

material.    S  tells  us  how  much  water  is  released  in  a  \init  volume  of  aquifer

when  the  head  is  lowered  one  unit.

In  addition  to  lmowing  equation  I-1  and  the  physical  parameters  appearing

in  it,  ve  must  have  aqulfer  boundary  conditions  and  an  initial  condition  on

the  hydraulic  head  in  order  to  predict  what  the  hydraulic  head  will  look  like

at  sore  later  time.    "ro  types  of  aquifer  boundary  conditions  are  generally

encountered.    In  one  type  of  boundary  condition,  the  hydraulic  head  ls

speclf led.    The  simplest  example  of  this  ls  a  constant-head  boundary  such  as

night  exist  at  the  edge  of  a  large  lake.    The  other  type  of  bouridary  condition

req`iires  that  the  f low or  flurc  of  water  across  that  boundary be  speclf led.

The  simplest  exaxple  of  this  irould  be  a  bairrier  boundary  with  no  flowj  this

`rould  occur  near  the  edges  of  an  aquifer  where  the  permeability  approaches

zero.    The  initial  condition  on  h  is  usually  obtained  by  observing  the  cater
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levels  in  a  number  of  piezometers  scattered  throughout  the  area  of  interest.

The  quality  of  the  initial  condition  specification  obviously  depends  on  the

number  of  piezometers.

Generally,  eq`racion  I-1  is  implemented  by  introducing  a  grid  system,

exploylng  numerical  methods,  and  utilizing  a  computer  for  the  solution.    The

complexity  of  the  solution  can  be  appreciated  by  realizing  that  equation  I-1

carl  be  written  for  each  node  pointj  and  it  is  very  comon  for  the, number  of

node  polncs  to  be  numbered  in  the  hundreds.    There  ls  an  unknoi^rn  value,  the

hydraulic  head,  which  must  be  found  for  each  node  point.    If  N  ls  the  nurtber

of  node  points,  ve  see  that  there  are N  equations  that  "st  be  solved  for N

unknoons .

All  of  the  concepts  jusc  outlined  will  be  used  in  later  sections  to

similate  the  Wellington  aquifer  with  a  two-dimensional  n`merical  model.    At

that  time  a  more  detailed  description  of  the  model  and  its  data  input  will  be

given.

Sharp-Interface  lfodels

Traditionally,  sharp-interface  models  have  been  applied  to  coastal  areas

where  sea  water  intrusion  ls  a  concern.    The  earliest  8och  Work  was  done  by

Ghyben  and Herzberg  around  t:he  turn  of  the  century.    Actually  salt  water  and

fresh  water  will  nix  (they  are  miscible).    Therefore,  one  might  not  expect  a

sharp  interface  to  develop.    In  fact,  the  interface  ls  not  sharpj  but  the

dispersion  zone  daay be  relatively  thin  ln  many  sitoations.    If  the  density

contrast  is  9igniflcant,  gravity  forces  may keep  the  fresh  and  salt  waters

more  or  less  separated.

There  are  tvo  rather  well-defined  schools  of  thought  for  modeling

groundwater  contamination.    In  one,  the  concentration  of  the  pollutant  is
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assumed  small  enough  so  that  the  density  of  the  fluid  is  relatively

uneffected.    This  is  equivalent  to  ignoring  gravity  effects.    In  this  case,

hydrodynamic  dispersion  is  considered  to  be  the  dominant  mechanism  controlling

the  movement  of  the  pollutant.    In  the  literature,  this  ls  usually  referred  to

as  mass  transport  lnodeling.    The  other  school  considers  fluids  with  densities

significantly  g.reater  than  fresh  water.    In  this  case  gravity  effects  may  be  a

dominant  factor  concrolling  pollutant  movement.    In  this  situation,  sharp

interface  models  are  usually  used.    Of  course,  it  is  possible  theoretically  to

model  the  systen  exactly  and  consider  all  these  factors  simultaneously.

Hovever,  the  model  would  be  extremely  complexj  and  ve  know  of  only  one  that  is

available.    Practically  speaking,  one  mist  choose  between  the  mass  transport

models  and  the  sharp-interface  models.    We  know  that  there  is  nearly  saturated

brine  in  the  Wellington  aquifer  and  its  density  is  significantly  greater  than

that  of  fresh  water.    For  this  reason,  Ire  have  chosen  to  work  with  sharp-

interface  rriodels  while  realizing  their  limitations.

Having  made  the  choice  to  work  with  sharp-interface  models,  the  situation

is  still  far  from  simple.    The  precise  lr`athematical  statement  of  the  dynamic

behavior  of  an  interface  between  salt  wacer  and  fresh  water  results  in  a  pair

of  non-linear  partial  differential  equations  in  terms  of  hf  and  hs  (see  Beari

1979).    Even  n`merical  methods  experience  difficulties  achieving  a  solution  in

this  case.    The  common  metinod  used  to  overcome  this  problem  is  to  use

vertically  averaged  heads  in  the  tiro  fluid  bodies  equivalent  to  the  Dup`lit-

Forchheimer  assumptions  (Bear,1979).     Shamir  and  Dagan  (1971)  published  the

Pioneering  irork  in  solving  a  vertically  averaged  numerical  solution.    A more

recent  solution  for  the  two-dimensional  case  has  been  published  by  kercer  and

others   (1980).
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The  detailed  description  of  the  various  sharp-interface  rrodels  and  the

appropriate  input  data  Will  be  left  to  later  sections  of  this  reporc.    14ost  of

the  necessary  data  and parameters  for  sharp-interface  models  are  discussed  in

the  section  on  the  Wellington  aq]ilfer  Model.
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11.      pROGREss   REpORT   OF   iunLINGTON  AQulFER  MODEL



THEORETlcAI.   REVEI.OpMENT   OF   GROuN"4ATER  roDEL

Conservation  of  Mass  Equation

Equation  I-1  is  the  basic  partial  differential  equation  that  describes

the  flow of  groundwater  ln  a  two-dimensional,  confined,  isotropic  aquifer.

The  eqpetion  is  derived  from  the  application  of  the  conservation  of  mass

principle  to  the  flow  of  a  f luid  through  an  elemental  volume  of  a  porous

medium.    Solving  this  equation  for  ah/at  could  provide  a  method  for  predicting

the  future  head  distribution  given  the  parameters  I,  Q,  S,  and  the  past  head

distribution.    In  ef feet,  we  could predict  what  future  aquifer  conditions

would  be  fron  the  result  of  some  stress  (Q)  applied  to  a  defined  (I,  S,  and  h)

aquifer  system.    When  T  is  anisotroplc  and/or  heterogeneo`is  in  the  aquifer

syscem,  the  analytic  solution  of  equation  I-1  is  somewhat  cumbersomej  hovever,

its  numerical  solution  can  be  achieved  relatively  easily  through  the  use  of

high  speed  digital  computers.

Numerical  Solution  to  Conservation  of  Mass  Equation

To  nunerically  solve  equation  I-1  for  the  entire  aquifer,  the  aq`lifer  is

subdivided  into  small  cells  by  overlaying  a  grid  system on  the  aquifer.

Equation  I-1  is  Solved  numerically  for  each  of  these  cells.    It  is  ass`imed

that  conditions  (T,  S,  Q,  h)  in  each  cell  are  continuous  in  that  cell  and  can

be  represented  by  a  single  value.    The  value  is  assigned  to  a  node  placed  at

the  center  of  each  cell  (node-centered  grid).    It  must  be  noted  that  the  value

assigned  to  each  node  mist  be  the  average  value  of  the  parameter  over  the  cell

area.    1€  is  also  a  rule  of  thuho  that  the  smaller  the  size  of  the  cells  (the

finer  the  grid  spacing)  the  more  accurate  the  final  solution.

A  finite-difference  techniq\ie  is  used  to  solve  eq`iation  I-1  for  each

cell.    If  it  is  assumed  that  the  piezometric  surface  of  an  aquifer  is

9



relatively  smooth  between  tiro  adjacent  cells  with  respect  to  space  and  time,

then  the  gradients  ah/ax,   ah/ay,   ah/8t,   a/ax(I  ah/8x),  and  a/6y(T  ah/6y)   can

be  approximated  by  the  slope  of  a  straight  line.    The  smoother  the  piezometric

surface,  the  more  accurate  the  finite-difference  approximation.    Equation  I-1

is  solved  for  every  cell  using  the  nodal  values  of  h,  S,  I,  and  Q  of  the  fo`1r

adjacent  cells  and  the  method  of  finite-difference  to  approximate  the

gradients  listed  above.    Because  equation  I-1  is  solved  for  every  cell,  the

conputational  work  is  enormous  for  simulating  large  aquifers,  making  the  use

of  computers  necessary.

Boundary  Conditions

Hydrologic  boundary  conditions  af fec€ing  the  aquifer  are  simulated  in  a

computer  model  by placing  certain  constraints  on  the  grid  cells  nearest  the

hydrologlc  boundary.    The  boundary  condicions  usually  encountered  in  numerical

modeling of  an  aquifer  system  are  constant-flux  boundaries,  constant-gradient

boundaries,  or  constant-head  boundaries.    A  constanc-flux  boundary  is

sirmilated by  specif ring  the  parameter  Q  at  the  cells  that  are  on  or  near  tbe

constant-flux  boundary.    A  "no-flow"  boundary  is  one  special  case  of  a

constant-flu)c  boundary  and  is  simulated  by  coding T=O  at  the  effected  cells.

A  constant-gradient  boundary  ls  si"ilated  by  specifying  one  of  the

gradients  ah/@x,   @h/ay  at  the  affected  node.    A  constant-head  boundary  ls

simlated  by  coding  the  progran  to  skip  over  the  nodes  designated  as  constant

head  nodes.    In  this  maLmer,  the  constant-head  nodes  will  retain  the  same

value  as  designated  in  the  initial  head  distribution  throughout  the

si"1ation,
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Choice  of  Computer  Program

There  is  a  docurrented  abundance  of  ]mown  compucer  programs  that

nunerically  gi"1ate  groundwater  aquifers.    Most  of  these  progran8  are

designed  to  simulate  aquifers  under  a  number  of  various  boundary  conditions

(constant-head,  constant-flux,  constant-gradienc,  no-flow,  etc. )  for  different

types  of  aquifers  (artesian,  water  table,  combined  artesian  and  water  table,

eta.).    Although  these  programs  are  very  versatile,  many  have  not  been

excensively  used  and  have  possible  deficiencies  or  '.bugs"  that  have  not  been

discovered  by  researchers.    To  overcome  this  problem,  tbe  U.S.  Geological

Survey  standard  two-dimensional  computer  model  (Trescotc  and  others,   1976)  was

selected  to  nunerically  simulate  the  Wellington  aquifer.    The  USGS  two-

dimensional  model  `ras  well  documented  in  1976  and  has  been  in  general  use  at

Reston,  Virginia,   for  almosc  a  decade.    The  Kansas  Geological  Survey's

Ceohydrology  Section  has  used  the  program  successfully  in  the  past  and  is

currently  using  the  same  program  for  the  groundwater  modeling  of  the  Big  Bend

area  of  Kansas.

Appl.ICATION  ro   WELI.INGFTON  AQulFER

Ceohydrologic  Cons iderations

The  lrelling€on  aqquifer,  as  referred  to  in  this  report,  consists  of  the

cavernous  zones  of  the  evaporite  beds  ln  the  Wellington  Fortnation  between

Sallna  and  Solomon,  Kansas.    The  caverns  are  filled  with  brine,  which  is

leaking  from the  Wellington  Fomation  through  a  conf ining  shale  layer  into  the

unconsolidated  alluvial  Smoky Hill River Valley.    Previous  studies  (Gillespie

and  Hargadine,   1980}  Gogel,   1979)  theorized  the  shale  as  an  important  factor

in  the  leakage  of  the  brine.    In  areas  of  small  shale  thickness  or  fractured

zones,  substantial  amo`ints  of  brine  are  believed  to  leak  into  the  alluvial
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aquifer.    In  other  areas,  substantial  afnounts  of  fresh  water  are  believed  to

seep  into  the  Wellington  aquifer.    The  net  effect  ls  to  create  a  circulation

system of  fresh  and  salt  water.    In  this  picture,  the  Wellington  aquifer  is  a

leaky  artesian  aq`ilfer.    The  shale  layer  and  any  remaining  bedrock  that  can  be

found  between  the  shale  layer  and  the  alluvium  acts  as  a  confining  bed.

I€akage  through  this  confining bed  is  driven  by  the  vertical  hydraulic

gradient,  which  is  the  difference  in  head  betveen  the  Wellington  aquifer  and

the  alluvium  divided  by  the  thickness  of  the  conf ining  bed.    The  leakage  rate

is  controlled  by  the  hydraulic  conductivity of  the  shale  layer.    In  areas

where  cavern  collapse  has  occurred,  the  hydraulic  conductivity  of  the

confining  bed  may  be  substantial,  providing  a  conduit  for  large  aLrounts  of

brine  to  leak  into  the  alluvial  aqulfer.    Therefore,  the  position  of  these

collapse  zones  is  of  major  ixportance  for  a  detailed  modeling  of  the

Wellington  aquifer.    However,  since  a  detailed  mapping  of  the  collapse  zones

has  not  been  conducted,  it  ls  ass`med  that  leakage  is  through  a  continuous

confining  bed  of  variable  thickness.

To  stop  the  leakage  of  brine  into  the  Smoky  Hill  River  Valley,  the

alluvial  aquifer  and  the  Wellington  aquifer  must  be  in  hydrostatic

eq`lilibrium;  or  the  equivalent  fresh-water  head  ln  the  Welllnton  migt  be  below

the  alluvial  head.    To  be  in  hydrostatic  equilibrium,  the  equivalent  fresh-

tlrater  head  ln  the  Wellington  aquifer  "st  be  the  same  as  the  head  in  the

alluvial  aq`iifer.   .To  acccmplish  this,  a  system of  relief  wells  has  been

proposed  which  will  lover  the  head  in  the  Wellington  aquifer.    The  head  near  a

relief  well,  however,  may be  significantly  lower  in  the  Wellington  aquifer

than  in  the  alluvial  aquifer.    De-watering  the  Wellington  aq`iifer  (and  the

overlying  conflnlng bed  for  that  matter)  may  cause  gubstantlal  changes  in  the

effective  stress  in  the  confining bed  causing possible  land  subsidence
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problems.    Also,   1f  the  equivalent  fresh-water  head  in  the  Wellington  is

substantially  lover  than  the  alluvial  head,  fresh  water  may  move  doim  through

areas  of  higher  conduccivl€y,  causing  further  solution  of  salt  and

anhydrlte.    This  could  again  lead  to  land  subsidence  problems.    Therefore,  a

constraint  on  the  naxlmum  amount  of  brine  to  be  pumped  mist  be  to  keep  the

drawdoim  ln  the  Wellington  aquifer  reasonably  snail.

To  simulate  the  Wellingt.on  aquifer,  a  node  centered  grid  oriented  vest-

east  was  superimposed  on  the  area  between  Salina  and  Solomon.    The  grid

consists  o£  570  nodes  (15  rows,  38  coluznns)  with  a  constant  grid  spacing  of

2,000  feet.    The  grid  was  oriented  to  conserve  coquter  storage  space  and  the

grid  gpaclng  was  chosen  to  provide  the  maximum  amount  of  accuracy,  conslderlng

the  data  available  while  minimizing  computer  storage  required  by  the  data

mtrices,

The  Wellington  aq`iifer  between  Salina  and  Solomon  is  not  a  closed  aq`iifer

system.    Gogel  (1979)   stated  that  tthe  Wellington  aquifer  extends  both  south  o£

Salina  along  the  Smoky  Hill  River Valley  and  north  of  Salina  along  the  Saline

River Valley.    Therefore,  there  should  be  regional  fluxes  from  the  Wellington

aquifer  under  these  tiro  river  valleys  which  enter  the  study  area  on  the

western border  of  the  aqiiifer.    To  simulate  this,  the  perimeter  nodes  of  the

aquifer  grid  vere  designated  as  impermeable.    The  nodes  just  east  of  the

we8tem  boundary  under  the  inf luence  of  these  regional  fluxes  Were  coded  as

nodes  with  injection  veils  -  one  veil  per  node.    The  regional  flux  estimated

to  be  af fec€ing  each  node  was  simulated  a8  a  constant-flux  boundary  condition

by  injecting  that  estimated  fl`i]c  into  the  hypothetical  1njec€lon  veil.    The

regional  flux  was  estimated by  applying  Darcy's  raw  of  groundwater  flow  to  the
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perimeter  nodes.    The  flux  was  calculated  as  a  product  of  the  hydraulic

gradient,  the  node  spacing,  and  a  value  of  transmissivlty  derived  from  the

model  calibration.

In  the  inicial  simulation,  the  only  sources  of  water  (inputs  into  the

aquifer)  are  the  regional  fl`ixes  of  brine  simulated  by  the  injection  wells  and

seepage  of  fresh  rate;  from  the  alluvial  aquifer  into  the  Wellington

aquifer.    The  only  discharge  of  water  (outputs  from  the  aquifer)   is  the  loss

of  brine  from  the  Wellington  aquifer,  through  the  confining  layer  into  the

alluvial  aquifer.    This  a[nounc  of  f luid  lost  from  the  Wellington  aquifer  has

been  estimated  for  the  area  between  New  Cambria  and  Solomon  by  Gillespie  to  be

between  0.31  and  1.77  fc3/see  with  an  average  of  .77  ft3/see.    This  value  will

be  compared  to  the  simulated  leakage  values  from  each  of  the  calibrated  lrodels

for  model  verification.    In  later  simulations  additional  discharge  of  brine

from the  Wellington  due  to  relief  veils  will  be  considered.

Model  Data  PreparaLtion

The  study  area  includes  the  alluvial  valley  of  the  Srroky Hill  River

between  Salina  and  Solomon,  Kansas  (Fig.11-1).     The  area  was  divided  hath

horizontally  and  vertically  using  a  2,OOO-foot  grid  spacing  (Fig.11-2).    A

total  of  570  sub-areas  were  produced  by  the  intersection  of  the  lines,  each

being  2,000  feet  square.    The  center  of  each  of  these  squares  is  called  a

node.    Each  node  position  carries  a  value  for  various  parameters  either

measured,  calculated,  or  estimated.    The  area  ls  therefore  represented  by  15

nodes  in  a  north-south  direction  and  by 38  nodes  in  an  east-west  direction,  a

total  of  570  nodes.    It  is  on  this  basis  that  data  is  collected  and  prepared

for  coxputer  simulation.
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The  condition  to  be  simulated  in  this  part  of  the  study  is  a  leaky

aquifer  (Wellington  aquifer)  overlain  by  an  unconfined  aquifer  (alluvium).

The  data  necessary  for  simulation  of  this  situation  are  the  transmissivity  of

the  Wellington  aquifer,  the  leakage  betveen  the  t`ro  aquifers,  and  the  initial

plezoDetric  surface  of  the  Wellington  aq`iifer.    A  further  discussion  of  the

leakage  betveen  the  aqulfers  is  ln  order.    From  Darcy's  I-aw,  the  leakage  at

any  node  is  given  by:

11-1                                   L  =  -K  £  AXAy

where  K  is  the  hydraulic  conductivity  of  the  confining  bed,  b  is  the  thickness

of  the  confining bed,  Ah  ls  the  head  difference  between  the  tiro  aquifers

and  AXAy  represents  the  area  of  one  grid  space  (2,000  feet  by  2,000  feet  in

this  cage).    To  calculate  Ah,  v`re  mist  know  the  head  in  the  Wellington  and  the

head  ln  the  alluvium.

The  detemination  of  b  in  equation  11-1  turned  out  to  be  rather

difficulc.    The  thickness  of  the  confining bed  should be  given  by  the

difference  in  the  bedrock  elevation  and  the  top  of  the  Wellington  aquife.r.

Unfortunately,  deteminlng the  top  of  the  Wellington Aquifer  is  rather

nebulous.    Our  first  thought  o`ras  that  we  irould  look  at  all Permian  veils  in

the  area  and  see  a€  what  elevaLtion  drilling  fluid  was  lost,  a  cavity  was

encountered,  or  gyps`m  layers  Were  detected.    The  number  of  veils  drilled  into

the Permian  in  recent  times  for  geohydrologic  lnvegtigations  ls  rather

lLmlted.     Data  on  these  vells  can  be  found  Ln  Gogel  (1979)  and  Gillesple  and

Hargadine  (1980)  or  by  direct  comtunication  with  those  authors.    Much  more

data,  somewhat  older,  Was  developed  by Nick  Fent's  Hydraulic  Drilling  Company

for  the  Union  Pacific  Railroad  (Gillespie,  personal  comm`inication,1980).
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We  looked  at  Fent's  test  hole  logs  and  selected  only  those  showing

evidence  of  having  reached  the  Wellington  aquifer  (i.e.,logs  of  circulation,

cavity,  or  gypsum).    The  number  of  test  holes  vas  so  numerous  that  ve

restricted  our  selections  to  three  test  holes  per  mile  of  UP  track.    We  then

deterhined  the  elevation  of  the  bottom of  the  confining  bed  (or  equivalently

the  top  of  the  Wellington  aquifer)  and  its  thickness  from  the  bedrock  data.    A

summary  of  all  the  data  ve  developed  on  the  confining  bed  thickness  is

contained  in  Table  11-1.    Also,  a  computer  map  at  the  scale  of  the  i'/2minute

topographic  maps  is  supplied  with  this  report  to  locate  all  data prints  ln

Table  11-1.

The  data  in  Table  11-1  are  not  veil  distributed  over  the  study  areaj  much

of  it  lies  along the UP  railroad  track  that  runs  f ron  the  northeast  to  the

southvest  across  the  area.    Also,  there  ls  no  clear  trend  of  the  data.    Many

times  a  very  thin  value  will  be  located  near  a  relatively  thick  value.    Either

our  method  of  estimating  the  confining  bed  thickness  is  unreliable  or  the

thickness  varies  considerably  over  short  distances.     In  any  case,  iire  decided

that  ve  could  not  make  a  detailed  contour  map  of  the  conf ining bed

thickness.    We  did  construcc  a  smooth  conceptual  map  of  confining  bed

thickness,  which  generally  thinned  to  the  east.

The  leakag\e  is  ultimately  the  thing  Ire  must  know  from  equation  11-1.    We

decided  to  use  o`ir  conceptual  map  for  b  and  hide  our  ignorarice  in  K,  the

hydraulic  conductivity  of  the  confining bed.    We  shall  describe  later  a

procedure  by which K  is  varied  in  a  systenatic  ray  to  obtain  a  calibraced

model.    At  that  point  ve  can  calculate  I.  from  equation  11-1.    It  should  be

emphasized  that  b  ls  not  ]<nown  in  detail  so  K  obtained  fran  the  calibration
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TABIE  11-1.     Data  on  Conflnlng  Bed  Thickness

Thickness  of  Conf lning
Bed  (ft.)

24.5

17,a          .

26.0

22.a

24.5

24.0

18.0

20.0

23.5

16.0

4.0

2.0

9.0

16.0

15.8

19.5

10.0

9.5

25.0

25.0

34.0

32.0

19.0

3.5

17.7

1.5

2.4

33.0

38.0

54.5

60.5

15.5

19.0

Elevation  of  Bottom
of  Conf lnlng  Bed

(ft.   AMSI.)

1093.0

1106.8

1097.2

1097.9

1085.6

1097.9

1097.6

1100.4

1099 .1

1109.5

1113.4

1115.2

1094.5

1103.7

1105.4

1109 . 0

1107.2

1114. 5

1104.0

1103.0

1097.5

1103.8

1091.0

1116.0

1097.0

1100.0

1123.6

1100.a

1093.0

1083.0

1074.5

1122.0

1100.0

Computer    Test  Hole  or  Legal
description

182

83

85

77

62

81

4

36

45

88
•94

96

99

101

104

107

109

110

iEi:

129

119

125

13 -1 I-3 0B DC

13-1w-14ne
1 3 - 1 W- 1 6 IRE

1 3 - 1 w-2 4Dce

13-1W-30CCC

13 -2W-3 1 Ace

13-2W-31 ADD2

1 3 -2w-3 2 cve

13-2W-32C882

13 -2W-3 2C883

14-1W-3BBB

H5u
1

2

3

4

5

6

7

8

9

10

iE

12

13

14

15

16

17

18

19

20

21

22

23

24

2S

26

27

28

29

30

31

32

33



procedure  will  not  be  directly  related  to  the  real  physical  conductivity.    All

we  know  is  that  Ire  have  found  a  ratio  K/b  which  gives  a  leakage  value  thac

results  in  a  calibrated  model.

Dlscretlzation  of  Data

Data  matrices  necessary  for  the  simulation  of .the  Wellington  aquifer  are

the  piezometric  surface  of  the  Wellington  aquifer,  alluvial  water  table,  and

thickness  of  the  confining  bed.    The  piezometric  surface  of  the  Wellington  and

the  water-table  matrices  mere  dlscretized  from  contour  maps  by  Gillespie  and

Hargadlne  (1980).    Node  values  `rere  determined  by  linear  interpolation  between

contour  lines.    It  must  be  noted  that  the  accuracy  of  the  values  assigned  to

each  node  is  dependent  upon  the  accuracy  of  the  placement  of  the  contour

lines.    The  contour  lines  vere  positioned  according  to  trends  suggested  by

drilling  data  that  were  noc  very  abundant.    Therefore,  the  accuracy  of  the

simulation  should  not  be  interpreced  as  node  specific,  but  rather  as

indicating  general  trends  of  the  area.

The  thickness  of  the  conf ining  bed  matrix  was  determined  by  the

difference  between  the  elevation  of  the  bedrock  and  the  top  of  the  Wellington

aqulfer.    The  elevation  of  the  bedrock  was  discretized  from  a  contoured

bedrock  map,  also  from Gillesple  and  Hargadine  (1980).    The  elevation  of  the

top  of  the  Wellington  aq`rifer  iras  determined by  first  contouring  the  top  of

the  Wellington  aq`iifer  (using  the  procedures  outlined  in  detail  earlier)  and

then  discretizlng  the  contours  in  the  method  stated  above.

Discretization  of  the  conto`ired  data  was  visually  checked  for  accuracy  by

comparing  input  data  with  contours  of  the  discretized  data  derived  by  a

computer  contouring  package  at  the  Kansas  Geological  Survey  Computer  Services

Section.    The  data  matrices  and  contours  for  the  piezometric  surface  of  the
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Wellington  aquifer,  the  alluvial  cater  table,  the  bedrock  surface,  and  the

saturated  thickness  of  the  alluvlal  aquifer  can  be  found  in  Figures  11-3,  11-

4,   11-5,  and  11-6  respectively.    The  node  points  are  9ho`m  as  small  crosses

with  a  numerical  value  printed  close  by  on  the  full-size  copies  of  these  maps

supplied with  this  report.

Initial  Estimates  for  I  and K

We  shall  describe  in  the  next  section  a  method  by  which  the  hydraulic

conductivity  of  the  confining bed  (K)  and  the  transmissivity  of  the  Wellington

aquifer  (I)  can  be  detemin.ed  for  a  calibrated  niodel.    However,  it  is

necessary  to  have  initial  estimates  for  K  and I.    Gillespie  (1979)  analyzes

some  pumping  tests  and  finds  T  values  ranging  from  480-7560  ft2/day  and

storage  coefficient  values  ranging  from  .14  to  6  x  10-6.    His  analysis  used

Sixple  straLight-line  techniques  to  analyze  the  data  and  are  probably

inappropriate  over  some  ranges  of  the  data.    A  shale  core  from  the  confining

bed  was  obtained  and  analyzed  by  the  U.S.  Geological  Survey  for  K.    The  range

of  values  was   1.2  -4.4  x  10-7  cm/see.   (Gillespie,1980).

We  have  analyzed  sons  of  the  same  pumping  t.eats  Gillespie  used.    We  have

analyzed  tco  drardown  data  sets  using  a  progran  developed  at  the  Kansas

Geological  Survey  (Cobb  and  others,1978).    This  progran  will  analyze  pumping

tests  according  €o  the  leaky-.aquifer  assumption  and makes  no  straight-line

approximations.    The  output  from  the  program  is  the  leakage  coefficient  (which

can  be  used  to  calculace  K),  the  transmissivity  (T),  the  storage  coefficient

(S),  and  the  root-mean-squared  error  of  fitting.    The  program  ls  not  Bet  up  to

handle  recovery  data  so  we  could  not  use  all  the  data  Cillespie  considered.

The  £1rst  data  sec  was  for  an  observation  veil  15  feet  from  the  veil  p`]mping

at  24  gpm.    Analysis  of  this  data  set  gave:
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K  =   17.9  ft/day  =  6.3  x  10-3  cm/see

S  a   4.5  x  io-3

I  =   1310  ft2/day

The  other  data  set  was  for  an  observation  veil  at  50.5  feet  and  it  indicated:

K  =   .14  ft/day  a  4.9  x  10-5  cm/gee

S  a   .56  x  |o-3

I  =  3412  ft2/day

The  root-mean-squared  error  in  drawdov`rn  for  both  of  these  data  sets  was  about

•03  feet.    This  indicates  a  very  good  fit  of  the  data  to  the  leaky  aquifer

eqqution.

There  is  quite  a  bit  of  variability  between  the  ttiro  analyses,  but  they  do

fall  pretty  much  in  the  middle  of  the  range  determined  by  Gillespie.    The  K

values  obtained  dif fer  by  about  two  orders  of  magnitude  and  are  considerably

greater  than  those  obtained  from  tests  on  the  shale  core.    However,  the  shale

core  was  a  small  sample  and  was  probably  not  representative  of  the  secondary

permeability  that  could  develop  due  to  slumping  and  fracturing.    If  this

secondary permeability  varied  dramatically  over  short  distances  (which  seems

likely),  that  could  explain  the  tiro  orders  of  magnitude  difference  in K

determined  by  the  thro  analyses.

Clllespie  and  Hargadine  (1980)  have  done  some  preliminary  modeling  ln

this  area.    They  used  I  of  3000  ft2/day  and  K  of  .00086  £t/day  or  .086  ft/day

depending  on  whecher  the  confining  shale  vas  considered  to  be  intact  or  not.

Because  these  values  fall  ln  the  range  of  values  escimated  by  the  p`imping

tests  or  core  tests,  we  used  them  for  our  initial  guesses  input  to  the

calibration  procedure.
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Groundwater  Model  Callbratlon  by  Parameter  Adjustment

Models  are  calibrated  when  a  specific  combination  of  a  number  o£

parameters  simulate  an  observed  head  distribution  or  a  kno`m  value  of  drawioi.rn

produced  by  a  knoim  rate  of  pumpage.    The  simulation  ls  not  unique  Since  an

infinite  number  of  combinations  of  parameters  will  produce  the  Sane

similatlon.    to  attain  a  calibrated model  that  is  an  exact  replica  of  the

field  area  troald  require  an  enormous  alt`ount  of  extremely  accurate  data.    An

objective  of  this  investigation  ls  to  determine  the  final  piezometric  head

distribution  caused  by  the  pumping  of  a  netrork  of  relief  veils.    Thus,  a

calibrated model  that  accurately  simulates  the  final,  steady  state po31tion  of

the  piezometric  surface  of  the  Wellington  aquifer  is  required.

Since  a  great  deal  of  emphasis  has  been  placed  on  the  ef fecc  of  collapse

zones  ln  the  confining  layer  by  past  researchers,  four  models  have  been

calibrated:    one  with  spatially  varying  Cransmissivity  and  a  constant  value  of

hydraulic  conduccivity  of  the  confining  bedi  one  with  a  spatially  varying

hydraulic  conductivity  of  the  confining bed  and  a  constant  value  of

transmissivityi  and  tiro  with  a  spatially  varying  transmissivity  and  hydraulic

conductivity  of  the  confining  bed.    The  Wellington  aq`ilfer  was  simulaced  by

all  four  models  to  see  what  inaccuracy  ln  the  vell-field  simulation  will  be

caused  by  choosing  the  -Wrong"  calibrated  model.    We  shall  emphasize  the  well

field  8i"lation produced by the  models  with  both  spatially varying

transmissivity  and hydraulic  conductivity of  the  confining bed.

Both  rodels  that  have  only  one  parameter  varying  spatially mere

calibrated  for  a  Steady-State  sim`ilation  of  the  piezometric  head  distrlbutlon

of  the  Wellington  aq`iifer  by  a  trial-and-error  procedure.    This  procedure

20



involves  the  juggling  of  one  parameter,  either  traLnsmissivlty  or  the  hydraulic

conductivity of  the  confining bed,  until  the  initial  head  distribution  is

8l"lated  by  the  computer  program.

The  third  rodel,  the  model  with  spatially  varying  t.ransmissivity  and

hydraulic  conductivity  of  the  confining bed,  was  calibrated  using a  parameter

sensitivity procedure  developed  by  Dick  Cooley  of  the  U.S.  Geological

Survey.    This  method  of  calibration  has  just  been  recently  developed  and  has

not  been  docunented.    Hence,  a  brief  description  of  the  method  is  in  order.

When  calibrating  a  model,  a  calculated  head  distribution,  H=aLC,  for  all

observation  (node)  points,  n,   is  compared  to  a  knoiiin,  observed  head

distribution, H3bs for  all  observation  (node)  points.    If  the  sum  of  the

difference  between  the\_calculated  aLnd  observed  heads  is  minimal,   the  model  is

termed  calibrated.    Hence,  it  is  possible  to  define  a  function,  I,  such  that

N
11-2                F  a       I

n=1
(H:bs  .  H:1C)2

where N  is  the  total  number  of  nodes.    It  is  also  possible  to  define  a  factor,

8®  that  will  adjust  parameters  for  model  calibration.    For  the  simultaneo`is

adjustment  of  two  paraneters,  say I and K  confined,  tro  "1tiplication  faccors

aLre  neces8ary'     a,  and    82,  and  the  paraneter  adjustment  equations  can  be

uritten as

11-3

11-4

p:''  -,,. a,,  P:

I:+1  -,.+82,   P!
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Or

11-5 p:''  -,,. Bk,  p:

where  PE+I  ls  the  latest  estimate  of `parameter  PE  and  I  is  the  level  of

calibration  iteration.

Differentiating  equation  11-2  with  respect  to    Bk  we  obtain

][_5a             E=ne¥,2tH:bs.H:Lc„.ff,

For  a  calibrated  model,  F  is  a€  a  minimum.     Hence    aF/  aBk  =  0  and  equation

II-5a  becomes

II-5b

where    H:?::„

N
0=Ehal 2,H:bs-#::1,,,-#,

is  the  most  recently  calculated  head  distribution  at  the  I+1

iteration  level  of  calibration.    It  is  also  possible  to  clef ine

following  nLarmer

1|-6                    H:ale(I+„=H:ale(„    +    :    aHD;a:f[)     Bj

H::::1,   in  tine

which  is  a  first-order  Taylor  series  approximation.    Substituting  equation  11-

6  into  eq`ration  II-5b  Ire  obtain

11-7

If  ve  set

N
OCErpl 2(H:bs.H:1c(I).:a:;:LC(I)B]„@H=:C(I))
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11-8

11-9

and

R:  -H:bs  .  H:ale(I)

Snk-

11-10                      SnJ   -

aH:ale,I,
@Bk

aH:ale,I,

Ire  can  substitute  equacions  11-8,   11-9,  and  11-10  into  equation  11-7  and,

after  re-arranging  terms,  we  obtain

11-11
N

nf 1   :  S:k  S:j   Bj  =  n¥i  S:k  R: k= 1 ' 2 . . .

If  ire  define  two  matrices,  A  and  a  such  that

11-12                    RT¥i   s:k  s:j     a  Akj  `

and

11-13 nF1   -nk  -`n¥i  S:k  R:    =  Bk

equation  11-11  is  of  the  form

11-14 Akj   Bi     I  Bk
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and  can  be  solved  for    Bj  by  a  simultaneous  equation  solving  scheme  for  a

linear  systen  of  equations.

The  matrix  "ltiplication  of  equation  11-14  for  two  parameters    a,  and

82  becomes

AHnca]C(I)     AHncalc(I)

ABI                           ABl

n n

N

)               (nEl

AH_Calc(I)     AH_Calc(I)

A82                         ABl

N

)            (nE|

N   AH_Calc(I)

AHncaLC(I)        AHncalc(I)

ABI                              A82

AHnca[C(I)       A#1C(I)
A82                            A82

11-15

where

AB]   =   Bi(I+1,   -8],I,

Once    a,  and    82  are  detemined,  the  parameters  being  adjusted  for  calibration

of  the  model,  P:  and  P=,   are  modified  by  equations  11-3  and  11-4  and  a  new

head  distribution  is  calculated using the  codified prameters.    If  the

difference  betveen  H=a]C(I+n  and H3bs  is  too  large  to  be  a.cceptable,  the

entire  process  can  be  repeated.

Results  of  the  above  procedure  for I  and K are  illustrated  in  Figures  11-

7  and 11-8.    The  maps  of  the  transmissivity  (I)  distribution  and  the  hydraulic

conductivity  (K)  of  the  confining  bed  for  the  joint  calibration  show  the

general  areas  of  the  Wellingcon  aquifer  where  the  above  procedure  was  used  to

calibrate  the  computer  model.    Using  the  calibration  procedure  described,  we
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Figure  11-7.     Transml§slvlty  dlstrlbutlon  (ft2/see)  for  the  mathematically  calibrated  model.



4.20x'0-8
1.89xlo-8   4.2ox]o-8

Flgure` 11-8.     Conflnlng  bed  hydraulic  conductlvlty  (ft/see)  for  the  mathematically  calibrated  model.



were  able  to  match  the  initial  Wellington  piezometric  surface  within  about  ±2

feet  in  ro8t  places.    There  were  a  few  isolated  spots  where  the  mismatch  was

somewhat  greater.

The  mathematical  calibration  procedure  does  not  allow  for  intuitive

knowledge  of  the  aquifer  system.    As  a  result,  the  machemacically  calibrated

values  of  I  and  S  may  not  show  the  spatial  dependence  one  had  expected.    For

example,  in  Figure  11-8  some  of  the  higher  values  of  K  appear  in  the  western

part  of  the  trodel  and  in  the  area  of  the  proposed  relief  well  system.    This  is

to  be  contrasted  with  our  conceptual  model  of  the  confining  layer  as  fairly

tight  in  the  vestern  part  of  the  rrodel  and  fairly permeable  in  the  eastern

part  due  to  fraccures  and  collapse.

We  decided  to  ''intuitively"  calibrate  another  model  to  see  the  effect  on

final  model  results.    The  intuitive  model  starts  out  by  assuming  a  low  value

of  K  (1  x  10-8  f€/see)  in  the  vestern  tco-thirds  of  the  model  and  a  higher

value  of  K  (1  x  10-7  ft/see)  in  the  eastern  third  to  simulate  fractures  and

collapsed  zones.    This  variation  in  K  is  shown  in  Figure  11-9.    The

transmissivity  was  then  adjusted  by  trial  and  error  until  a  match  of  the

Steady-state  Wellington  head  vas  obtained.    We  vere  able  to  mtch  the

Wellington  head  within ±2  feet.    The  resulting transnissivity distribution  is

shown  in  Figure  11-10.
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Figure  11-9.     Conflnlng  bed  hydraulic  conductivity  (ft/see)  for  the  lntultlvely  calibrated  model.



Figure  11-10.    Transmlsslvlty  dlstrlbutlon  (ft2/see)  for  the  lntuitlvely  calibrated  model.



RELI.  FIEliD   SIMUIATION

Well  Positions

To  simulate  the  drawdo`m  of  a proposed  veil  field,  it  is  necessary  to  set

`p  the  system of  constraints  that  will  lower  the  piezometric  head  in  the

Wellington  Aquifer  to  miniulze  the  leakage  of  brine,  minimize  any possible  de-

watering  of  the  Wellingcon  Aquifer,  and  minimize  cost  expenditures.

Therefore,  the  distribution  of  the  proposed  relief  wells  has  been  jointly

detemined  by  the  Kansas  Geological  Survey  and  the  U.S.  Corps  of  Engineers.

Preliminary  studies  mere  conducted  to  simulate:

Case  I:    A  single  line  of  six  relief  wells  oriented  north-south  across

the  Smoky  Hill  River Valley  near  the  present  cottonwood  tree  veil.

Case  11:    Three  lines  of  relief  wells  (20  wells  total)  oriented  north-

south.    One  line  positioned  as  described  in  Case  I  and  the  other  tro  spaced

2,000  and  4,000  feet  east  of  the  first  line  of  wells,  respectively.

Case  Ill:    Three  lines  of  relief  veils  (20  wells  total)  oriented  as

described  in  Case  11  but  spaced  4,000  and  8,000  feet  east  of  the  first  line  o£

wells ,  respectively.

Case  IV:    One  veil  for  every  node  due  east  of  the  veil  positions

described  in  Case  I,   spaced  2,000  feet  apart  (206  wells  total).

The  node  numbers  for  the  wells  in  the  first  three  cases  can  be  found  in

Appendix  I.

Puxpage  Rates

Pumpage  rates  for  the  relief  veils  mere  selected  aB  those  that  tlrere  both

monetarily  and physically  feasible  with  equipment  commonly  used  in  well

construction.    The  constraints  on  the  maximum punpage  rate  res  any  signlflcanc
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de-watering  of  the  Wellington  aquifer,  any  significant  increase  ln  fresh  water

leakage  into  the  Wellington  aquifer  and  the  monetary  cost  of  brine  disposal.  \

A  series  of  p`rmpage  rates  for  each  cell  (20,   40,  60,  80,   100  gallons  per

minute)  were  tested  for  Case  I.    Cases  11  and  Ill  Were  simulated  using  a

puxpage  rate  of  22.5  gallons  per  minute  for  each  well.    Case  IV Was  simulated

for  a  pumpage  rate  of  2.18  gallons  per  minute  for  each  veil.    The  pumpage

rates  for  Cases  11,   Ill,  aLnd  IV  were  detemined  through  the  equal  division

among  all  wells  in  each  case  of  450  gallons  per  minute  (1  ft3/see)i  what  is

believed  to  be  approximately  the  regional  salt-water  f l`ix  entering  the  vestern

end  of  the  Wellington  aqulfer.

To  test  the  sensitivity of  the  simulation  of  the  Wellington  to  the

paraLmeters,  Case  I,  Tesc  5  was  simulated  for  all  four  calibrated  models

(pumpage  rate  of  100  gpm  for  each  of  the  6  wells).    If  the  results  of  all  four

models  compare  favorably,  then  tbe  simulation  is  not  very  sensitive  to  I  and

K.    Conversely,  if  the  results  of  all  three  models  do  not  compare  favorably,

then  deteminations  of  I  and K  are  extremely  important,  at  least  near  the  well

field,  ln  detemining  the  final  piezome€ric  surface  for  any  relief  veil

scheme.

Discussion  of  Results

Results  of  the  Wellington  aquifer  nodellng  investigation  of  this  report

are  sumarized  in Tables  11-2  through  11-4.    At  this  point,  we  must  state

again  that  through  this  investigation  ve  hope  to  gain  insight  as  to  what  kind

of  p`xplng  stre83  "`ist  be  placed on  the  Wellington  aquifer  to  slgnlf icantly

redace  the  anounc  of  8alcwater  leakage  out  of  the  Wellingcon  aquifer.

Therefore,  results  should  not  be  regarded  as  exact,  but  8ufflcient  to  show

general  trends.
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Table  11-2.     Summary  of  the  slmulatlon  results  for  various  pumpage  schemes  for  the  mathematically  calibrated  model.

Well              Pumpage              Maximum           Saltwater
#  of          apacing        per  well          drawdo\m           leakage

( ft3/8:a)         &  ReductionCase         Wells            ( £t)               ( al/min)             ( ft)

Fre8hvater

(::a;:::)         t|ncrease

Ill

2000   NS
2000   NS
2000   NS
2000   NS
2000   NS

2000
NS , EW

20                2000   NS                   22.5
4000   EW

4-5

1.45
1.41
1.38
1.35
1.33

1.36

1.36

IV                        206             2000                           2.18                     2-3                         1.12
NS , EW

Saltwater  leakage  without  pumpage  a  1.51  ft3/see

Fre8hvater  leakage  vlthout  pumpage =  .47  ft3/6ec

9.9

25.9

.67

.9o
I.14
1.38
1.62

181.

123,



Table  11-3.     Summary  of  the  Blmulatlon  results  for  varlouB  pumpage  schemes  for  the  lntultively  calibrated  trodel.

Well             Pumpage             Maxlmurl           Saltwater                                          Fre8hvater
apaclng        per  Well           drawdown           leakage                                             legkage

al/mln)             ( ft)             ( ft3/a:c)         8  Reduction        ( fc3/a:a)           tlncrease
#of

Case         Wells            ( ft)              (

Ill

200   NS
200   NS
2000   NS
2000   NS
2000   NS

2000
NS , EW

20              2000   NS                   22.5
4000   EN

IV                        206             2000                          2.18
NS , EW

2-3                        1.20
5-6                         1.14
9-10                          1.11

12-13                        1.08
15-16                        1.05

10-11                          1.08

9-10                       1.07

3-4                      0.90

Saltwater  leakage  vlthout  punpage =  1.32  ft3/8ec

Freshwater  leakage  without  pumpage  =  0.28  ft3/8ec

19.1 1.03 267
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Inspection  of  Table  11-2,   for  the  mathematically  calibrated  model,

reveals  that,  for  all  Cases,  about  26S  reduction  of  salt-water  leakage  is  the

best  that  can  be  hoped  for  and  at  the  expense  of  a  123S  increase  ln  fresh-

water  leakage  {Case  IV).    However,  the  cost  of  constructing  206  relief  wells

along  with  the  necessary  brine  disposal  system would  be  prohibltlve.    More

realistic  relief  well  systems  (Cases  I,  11,  and  Ill)  produce  a  salt-water

leakage  reduction  of  only  4-12t  at  the  expense  of  43-245%  increase  in  fresh-

water  leakage.

The  maximum  drawdown  that  occurred  at  any  node  point  for  the  various

si"lacions  is  shorn  in  Tables  11-2  through  11-4.    The  maximum  drawdoim  always

occurs  at  a  pumping  node  and  is  an  average  value  for  that  node  block.    The

drawlo`in[i  decreases  rather  unifomly  as  one  moves  away  from  the  relief  well

system.    Contour  maps  of  the  drando`m  for  Case  I,  test  2  and  test  5  are  sho`m

in  Figures  11-11  and  11-12  for  the  mathematically  calibrated  model.

Table  11-3  summarizes  the  results  of  the  various  pumpage  schemes  for  the

intuitively  calibrated  model.    Abouc  a  32S  reduccion  of  salt-water  leakage  is

the  naximin  that  can  be  obtained  in  this  model  for  Case  IV.    The  more  feasible

pumpage  schemes  (Cases  I,   11,  and  Ill)  produce  a  9.5-20S  reduction  of  salt-

vater  leakage  while  causing  a  52-382%  increase  in  fresh-water  leakage.

Contour  maps  of  the  drawioin  for  Case  I,  test  2  and  test  5  are  shovyi  in

Figures  11-13  and  11-14  respectively.

All  the  salt-water  leakage  reductions  shoim  ln  Tables  11-2  through  11-4

are  with  respect  to  volumes  and  not  concentrations.    We  can  make  some

concentration  calculation8  by  assuming  that  all  the  induced  fresh-water

leakage  moves  to  the  well  and  ls  pulxped  out.    For  example,   in  Table  11-3  for

Case  I,  test  5,  `./e  have  1.35  ft3/sec  of  fresh-water  leakage;  of  that,   .28

f€3/see  was  present  ln  the  original  steady  state.    So  the  induced  fresh-water
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Figure  11-11.     Drawdown  Case  I,  Test  2  for  the  mathematically  calibrated  model.
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Figure  11-12.     Drawdown  Case  I,  Test  5  for  the  mathematically  calibrated  model.
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Figure  11-13.     Drawdown  Case  I,  Test  2  for  the  lntultlvely  calibrated  model.



Figure  11-14.     Drawdoun  Case  I,  Test  5  for  the  lntultlvely  calibrated  model.



leakage  is  1.07  f€3/see.     The  veils  are  pumping  1.34  £t3/see.     If  1.07  ft3/see

is  €resh  water,  then  .27  ft3/see  must  be  concentrated  brine.    Of  the  original

1.04  £t3/eec  of  concentrated  brine,  this  represents  about  a  26&  reduction.

Therefore,  1f  the  salt-water  leaiage  ls  expressed  as  equivalent  concentrated

brine,  ve  have  achieved  a  26€  reduction.    This  18  to  be  compared  to  a  20`

reduction  in  total  volume  of  salt-water  leakage.    In  general,  the  reduction  ln

terms  of  equivalent  concentrated  brine  will  be  a  few percent  higher  than  the

volume  reductions  shown  in  Tables  11-2  through  11-4  but  not  radically

different.

One  q`lestlon  that  has  not  been  addressed  is  whether  all  the  induced

fresh-Water  leakage  f lows  to  the  well  system  and  ls  discharged.     It  seems

likely  that  most  doesj  however,  some  may  flow  on  to  the  east  in  the  direction

of  regional  flow  and  dilute  the  salt-water  leakage  somewhat.    Examination  of

this  effect  could  be  an  area  of  f\irther  study.

Inspection  of  Table  11-4  yields  some  feel  for  the  sensitivity  of  model

calibrations.    The  results  of  the  four  models  calibrated  differenc  ways  (the

first  tiro  cases  go  from  one  extreme  to  the  other  and  are  not  very  realistic)

show  a  wide  range  of  possible  increase  of  fresh-water  leakage.    However,  the

salt-water  leakage  reduction  varies  over  a  much  narrover  range  of  12-32&.

Hence,  it  is  necessary  to  state  that,  for  a  more  detailed  modeling  study  and

before  relief  well  construction  begins,  the  following parameters  should  be

more  closely  defined  near  the  well  field:

1 )  Transnissivlty  of  the  Wellington  aquiferj

2)  Hydraulic  conductivity of  the  confining  bedi

3)  Thickness  of  the  confining bedj

4)  Piezotnetric  surface  of  the  Wellington  aquiferj  and

5)  Water  table.
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Table  11-4.     Summary  of  een8ltlvlty  of  models  to  T  and  K.

Maxlm`m      Saltwater  I.eakage    Saltwater  Leakage
Drawdo`m      Wltho¥t  pumpage           With.Pumpage

Case               ( ft)                ( ft3/8ec) ( ft3/8e-c) -           t  Reduction ( ft3/a.Ci

Fre8hvater  Leakage    Fre8hvater  I.eakage
Wlthou£  Pumpage             With.Punpage

( ft3/8e-c) -            t  Increase

K
Calibrated
I  Constant        8-9

I
Calibrated
K  Constant       16-17

Mathematically
Calibrated    6-7

Intuitively
Calibrated      15-16

1.25

1..098

1.51

1.32

Number  of  wells  a  6
Dlgtance  from  adjacent  wells  =' 2000  ft.   NS,EW
Pumpage  per  well  a   100  gpm

.896

•742

1.33

1.05

28.3

32.4

11.9

20.5

.212

.058

.47

.28

1.19

1.04

1.62

1.35

46'

1690

245

382



It  also  should  be  pointed  out  that  the  value  of  a  12-20t  reduction  in  salt-

water  leakage  may  not  be  trorth  the  monetary  expenditure  for  the  relief-well

System.

Conclusions

In  summary,  the  groundwater  modeling  of  the  Wellington  aquifer  has  shotm

that:

1 )  The  optirmim  (maxim]m  salt-water  reduction  with  fevest  wells)  well

field  configuration  of  all  whicb  we  tested  is  a  line  of  six  relief  wells

spaced  2,000  feet  apart,  oriented  north-south  near  the  existing  cottonveod

tree  well,  each  well  discharging  100  gpm  of  brine  fran  the  Wellington

aquifer.

2)  The  veil  configuration  described  in  1)  will  produce  a  12-20S  reduction

of  salt-water  leakage  from  the  Wellington  aquifer  with  abouc  a  245-382£

increase  in  fresh-wacer  leakage  from  the  alluvial  aquifer  into  the  Wellingcon

aquifer.

3)  Some  aspects  of  the  model  results  (drawdoun,  salt-water  leakage,  and

fresh-water  leakage)  were  fairly  sensitive  to  the  input  parameters  and  some

ef fort  should  be  expended  to  obtain  better  parameter  values  before  a  rare

detailed model  study  is  instigated or  before  relief  well  construction

begins.    However,  the  results  presented  here  are  not  expected  to  be

significantly  changed.    In particular,  the  transmissivity of  the  Wellington

aquifer  the  conductivity of  the  confining bed,  and  the  thickness  of  the

confining bed  are  the  most  sensitive  parameters.    In  addition,  better

definition  of  the  piezometric  head  in  the  Wellington  aq`iifer  could be

beneficial.

The  percent  reduction  of  salt-water  leakage  is  not  as  strongly  dependent
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on  the  lrodel  as  one  might  expect.    Table  11-4  shows  a  variation  of  12-32t.     IC

ls  not  likely  that  any  Wellington  aqulfer  relief  well  scheme  could  achieve  a

50&  volume  reduction  in  salt-Water  discharge  if  the  hydraulic  conductivity

determined  by  the  USGS  on  the  shale  core  ig  representative.    If  K  ls  an  order

of  magnitude  smaller,  then  8ignificant  differences  might  arise.    The  effect  of

mixing by  regional  water  f low  to  dilute  the  concentration  of  the  salt-water

leakage  is  something  that  should  be  evaluated.    However,  it  seems  that  about  a

50S  reduction  of  actual  salt  leaked  to  the  alluvlun  `rould  be  an  upper  limit.

This  could  require  that  mich  of  the  induced  fresh-water  leakage  not  flow  to

the  przBplng veils  but  be  carried  to  the  natural  discharge  area.

It  should  be  pointed  out  that  ttro  things  that  may have  a  large  imf luence

on  the  feasibility  of  a  relief-veil  system have  not  been  addressed  in  this

scudy.    First,  the  presence  of  collapse  features  may  cause  the  hydraulic

conductivity of  the  confining bed  to  be  very high  locally.    It  should  be

determined  that  no  significant  collapse  features  are  present  near  the  proposed

relief  well  system.    Second,  increased  fresh-water  leakage  induced  by  the

relief  veil  system may  accelerate  nat`iral  dissolution  and  subsidence.
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Ill.      PROGRESS   REPORT   OF   SIIARP   INTERFACE  MOI)ELS



THE   SAIJT-WATER   UPCONING   PROBIEM

The  "nD  Fluid  System

If  ttro  or  more  fl`iids  exist  as  a  system,  their  relationship  may  range

from being misclble  in  all  proportions . like  water  and  alcohol,  to  being

totally iutscible  like  cater  and oil.    where  they are  totally izrmiscible,

these  fluids  will  be  separated  by  a  discrete  s`irface,  and  where  mlscible  they

will  be  separated  by  a  zone  of  dispersion  (Hubber€,1940).     In  practice,  the

zone  of  dispersion  is  often  thin  enough  relative  to  the  aquifer  thickness  to

be  treated  by  the  abrupt  incerface  approximation.    This  permits  the  interface

to  be  treated  as  a  material  surface,  much  as  the  phreatic  surface  (Bear,

1979).    Hubbert  points  out  that  between  miscible  fluids,  such  as  fresh  water

and  salt  water,  surface  tensions  are  lacking  and,  hence,  no  capillary  effects

are  possible  except  betveen  the  fluids  and  the  matrix  grains.    In  most

groundwater  problems,  capillary  effects  of  a  fluid-fluid  or  a  fluid-matrix

nature  are  generally  ignored.    It  is  also  standard  practice  to  ignore  the

viscosicy  differences  among  the  various  fluids  in  groundeater  work.    Verruijt

(1980)  has  recently  demonstrated  that  the  velocity  distribution  along  a

vertical  interface  at  t=O  is  dependent  upon  (u  ,  +  u  2)/2  where  u±  is  the

viscosity  of  each  fluid.    Th`is,  small  viscosity  differences  are  justifiably

ignored.

Since  the  system  of  flow  involves  two. fluids,  each  fluid  liiust  have  its

oun  hydraulic  headj  the  values  at  any point  in  either  region  are  given  by

Ill-,             h, -z ++g

and
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Ill-2               h2 -Z +±

where  z  is  the  elevation,  p  ls  the  pressure,  and  pg  ls  the  weight  density  or

specific  velght.

Conditions  for  the  Existence  of  an  Interface

For  a  material  interface  to  exist,  Hubbert  (1940)  points  out  three

physical  phenomena  that  must  exist.    First,  each  fluid  "sC  tend  to  be  driven

back  into  its  o`m  realm.    Therefore,  the  hydraulic  head  of  each  fluid  must

increase  ln  the  dotnain  of  the  other.    Hence,  the  normal  derlvatlves  mist

satisfy  the  following relations.

Ill-3         ,a,,-

Ill-4          ,¥,2-

Second,  the  fluid pressure  mist  be  single  valued  at  the  interface.    Third,  the

normal  component  of  flow  of  each  fluid  at  the  interface  must  be  zero,  i.e.,

Ill-5            (¥,a,¥,=o

Hubbert  (1940)  hag  shoiirn  that  equations  Ill-3  through  Ill-5  imply  conditions

only  satisf led when  the  lighter  fluid  overlies  the  heavier  f luid.

The  behavior  of  the  interface  in  relation  to  the  conditions  of  f low  along

the  interface  may be  derived  by  first  eliminating p  between  eq`iations  Ill-1

and Ill-2,  solving  for  z,  and  differentiating with  respect  to  S,  the  path

along the  interface.    The  result  ls
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Ill-6 sin © - £ a -(#¥-##,
Where  ©  1s  the  slope  measured  posltlvely  upward  in  the  direction  of  S,

and # and # are proportional to  the  velocity of  fluids  1  and 2  in  the

direction S.

If  neither  fluid  is  ln  motion  sin  ©  a  0,  implying  a  horizontal

interface.    If  the  heavy  fluid  (p2)  1s  assumed  to  be  static,  equation  Ill-6

reduces  to

Ill-7
01          ah,sin ©= -         --

p2-Pl   as

As ¥ increases  the  interface  rises  ln  the  direction  of  flow.

The  elevation  of  any  point  on  the  interface  may  be  detemined  by

eliminating p  from  equations  Ill-1  and  Ill-2  and  solving  for  a:

Ill-8 z . # h2 - ± h,

From equation Ill-8  it  is  obvious  that  for  a  static  fluid 2  (h2  is  constant) ,

the  elevation  of  the  interface,  z,  is  dependent  upon  the  value  of  h.  at  any

point  on  the  interface.

Upcoming  of  a  Horizontal  Interface

For  the  Sake  of  81mplicity  let  lt be  assured that  a body of  fresh vater

overlies  a  body  of  Salt  water  and  that  these  bodies  are  Separated by  a

horlzoncal  interface.    Now  suppose  that  a  sink  Starts  to  operate  in  the  fresh

Water  at  some  distance  above  the  interface.    The  flow  that  begins  to  be
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directed  toward  the  sink  implies  that  a  change  is  occurring  in  the  potential

field  of  fluid  1.    Equacions  Ill-7  and  Ill-8  depict  the  behavior  of  the

interface  as  the  field  values  change.    As  the  values  of  h,  decrease  along  the

interface,  flow develops  tangentially  along the  interface  in  the  direction  of

decreasing h,.    The  interface  will  rise  in  the  direction  of  flow  as  predicted

by  equation  Ill-7.    Equation  Ill-8  corroberates  this  result.    As  h,  decreases

on  the  interface,  the  second  term  on  the  right-hand  side  of  equation  Ill-8

decreases  in  value  and  z  increases.

The  question  not  answered  by  equations  Ill-7  and  Ill-8  is  whether  or  not

the  rise  of  the  interface  can  continue  to  the  upper  limit  implied by  Ill-8

without  the  salt  water  entering  the  sink.    A  stable  interface  will  mean  an

interface  that  is  at  steady  state  for  a  given  density  of  salt  water  and  a  sink

of  a  given  strength.    An  unstable  cone  is  one  that  has  broken  through  to  the

sink.    Muskat  (1937)   addressed  the  problem  by  considering  the  effects  of  a

change  in  fluid pressure  at  a  point  on  an  oil-water  interface,  where  the  voter

was  considered  to  be  in  hydrostatic  equilibrium.    We  shall  modify  his  work  to

consider  a  tco  layer  system of  salt  water  and  freshwater.    Thus  at  any point

P(r,z)  on  the  interface

Ill.9                    P(rtz)   +  Ysgy  =  Pb

where  P(r,z)  is  the  fluid pressure,  Ys  the  specific  veight  of  salt  cater,  y  is

height  of  interface  above  original  level,  and Pb  is  the  original  pressure  at

the  interface  at  the  level  of  the  undisturbed  interface  far  from  the  sink

(Figure  Ill-1).    Equation  Ill-9  represents  the  necessary  condition  for  the

cone  to  remain  in  a  static  condition  below  the  sink  while  flow  occurs  to  it.

Physically  it  means  that  if  at  sore  point  P(r,z),  the  drop  in  pressure  below
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Figure  Ill-1.     Schenaclc  of  a  waterlconing  §ysten  in  a  hotnogeneous
medlun

Pb



the  original  pressure  can  be  compensated  by  a  salt  water  column  rising  to  the

height  y,  static  equilibrium will  result.

Ill-|o                    AP(I.Z)   a  gY(Ys-Yf)

The  convergent  flow  in  the  fresh  water  zone  toward  the  troll  results  in  a  head

gradient  that  increases  rapidly  as  the  well  is  approached.    In  the  salt  water

zone  ve  assume  a  constant  hydrostatic  head.    If  eq`iation  Ill-10  is  satisfied,

we  have  stable  upcoming  to  a  height  y.    If  the  sink  is  discharging  at  too

great  a  rate,  eqiiation  Ill-10  cannot  be  satisfied  and  the  salt  water  continues

moving  upward  until  it  reaches  the  sink.    At  this  point,  the  sink  begins  to

discharge  a  mixture  of  salt  water  and  fresh  water.    This  situation  is  known  as

unstable  upconing.

In  a  real  physical  situation  where  salt  water  is  overlain  by  fresh  water,

a  zone  of  transition  will  have  developed  due  to  hydrodynamic  dispersion.    Bear

(1979)  points  out  that  as  the  salt-water  cone  rises,  this  zone  widensj  and

hence,  salt  water  of  some  lesser  concentration  may  enter  the  sink  even  if  the

calculated  sharp  interface  achieves  a  stable  height.    In  the  following

discussions,  the  assumption  of  a  shaxp  interface  will  be  used.

Physical  Parameters  Ef f ecting Upconing

A  more  detailed  analysis  of  this  problem  has  been  done  by  Bear  and  Dagan

(1964,1966a,1966b,1968)   and  Schmorak  and  Mercado   (1969).     Most  of  these

analyses  are  to  £1nd  the  height  of  a  stable  cone.    If  unstable  upcoming  occ`irs

the  description  is  much  more  complex  and  numerical  mechods  will  probably  have

to  be  used.    They  find  that  a  n\imber  of  factors  are  important  ln  determining

whether  stable  or  unstable  upcoming  occurs.    Of  course,  the  greater  the  sink
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discharge,  the  higher  the  cone  of  salt  water.    For  a  given  physical  situation

the  sink  discharge  cannot  be  greater  than  some  maxlm`m  value  for  stable

upcoming.    The  penetration  of  the  sink  and  the  depth  of  interface  below  the

sink  are  also  very  important  parameters.    Obviously,  the  closer  the  sink

approaches  to  the  interface,  the  more  one  approaches  unstable  upcoming.    Also

the  density  contrast  of  the  tiro  waters  is  very  ixportant.    The  denser  the  salt

water,  the  more  stable  the  situacion.    In  order  to  address  the  possibility  of

apconing  in  the  Smoky  Hill  River  Valley  becween  Salina  and  Sololron  liJe  must

have  at  lease  some  estimate  of  these  and  other  physical  parameters.

The  Smoky  Hill  River  ls  a  gaining  stream  between  Salina  and  Solomon  as

reported  by Gillespie  and  Hargadine  (1980).    They  report  that:     "The  average

gain  betveen  the  New  Cambria  gaging  station  (site  3)   and  the  mouth  of  the

Solomon  River  (site  8)  was  15.6  ft3/sec."    This  rag  the  result  of  four  seepage

surveys  made  during  periods  of  near-constant  base  flow  with  no  recent

measurable  precipitation.    Therefore,  this  should  be  a  pretty  good  estimte  of

the  amount  of  groundwater  discharging  into  the  river.    The  sites  are  shovIl  by

Gillespie  and Hargadine  (1980)  in  their  Figure  16,  part  of  which  is  reproduced

here  as  Figure  Ill-2.    The  stream meanders  considerably  betveen  sites  3  and 8

and  the  distance  ls  approximately  16  river  mlleB.    The  cross-sectional  models

that  tAre  vlll  be  `islng  later  cannot  handle  the  meandering patternj  tiney  assume

a  straight  river perpendicular  to  the  cross  section.    For  this  reason,  ve

measured  the  distance  between  81tes  3  and 8  as  a  series  of  straight-line

Segments  joining  sites  3,  5,  6,  7,  and 8.    The  distance  betveen  sites  3  and  8

tneasured  this  Way  was  approximately  7  miles.    The  average  groundwater

discharge  to  the  river  per  unit  length,  Q/4,  is  an  important  parameter  and  can

now  be  calculaced.
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9|/k - 15.6  ft3/see
7  x  5280  ft

-  .000422  ft2/see

I  36.4  ft2/day

A  related  paraLneter,  the  groundwater  recharge,  R,  can  also  be  calculated.

Referring  to  Figure  Ill-2,  we  see  that  the  average  valley  width  east  of  Salina

is  about  3.5  miles.    The  average  recharge  can  now  be  calculated.

Q/AR  -3.5  ¥:28o  ft--.00197  ft/day

a  8.63  inches/yr

All  three  of  these  paraLmeters  -Q/A,  average  valley  width,  and  recharge  -Will

be  `ised  in  later  sections.

The  height  of  the  bottom of  the  sink  or  river  above  the  undisturbed  salt-

water  interface  is  an  ixportant  parameter  as  discussed  earlier.    We  do  not

have  good  detailed  infomation  as  to  the  position  of  the  salt-trater

interface.    However,  it  is  clear  that  this  distance  cannot  be  greater  than  the

saturated  alluvial  thickness  which  is  shoim  in  Figure  Ill-3.    The  saturated

thickness  is  in  the  range  of  35  to  50  feet;  so  we  know  that  the  distance

betveen  the  river  bottom  and  the  undisturbed  incerface  mist  be  less  than

this ,
Another  important parameter  is  the  density  of  the  salt  Water  in  the

Wellington  Formation.    This  lnfomation  iras  obtained  fran  the  Uses  data  files

(Cillespie,  personal  commnication)  for  veils  ln  this  area  both  in  the

Wellington  and  in  the  base  of  the  alluvium.    The  plot  of  density versus

chloride  concentration  ls  shoVli  ln  Figure  Ill-4.    It  ls  clear  that  cater

ranging  fren a  density  o£  1.2  to  1.01  is  readily  available.    The  fact  that

water  of  such  varying  densities  can  be  obtained  ilrould  argue  against  using  a

sharp  interface  approximtion.    [{ovever,  a  model  that  tried  to  describe  the
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Figure  Ill-4. Plot  of  density  versus  chloride  concentration.
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dispersion  in  detail  irould  be  very  complex.    We  feel  that  mich  can  be  learned

about  the  problem  by  using  the  sharp-interface  approximation.

THE   McWIIORTER   APEIROXIMAIION

Introduction

In  order  to  predict  the  hydrodynamic  upconing  ef fect  of  tile  drains

placed  in  knoim  fresh-water  aquifers  underlain  by  salt  water,  Mcwhorter  ( 1972)

devised  an  analycical  solution  to  the  problem.    For  the  purposes  of  this

study,  it  was  felt  that  the  physical  situation  near  a  horizontal  tile  drain

approximates  the  drainage  of  an  aquifer  by  the  base  flow  contribution  to  an

effluent  Stream  such  as  the  Smoky  Hill  River.

In  Mcwhorter.s  depiction  of  flow  toward  a  drain,  as  sho`m  in  Figure  111-

5a,  the  drain  of  radius  a  is  centered  a  distance  D below  a  water  table,  in  a

fresh-water  system  of  thickness  in,  defined  by  the  free  surface  and  the

undisturbed  interface.    The  system  is  to  reach  a  steady  state,  with  the  free

s`irface  in  the  drain  being  a  distance  a  above  the  undisturbed  interface  and  a

constant  head  at  x=I. providing  the  f luid  to  the  system.    The  interface  is

a8s\imed  to  be  stable.    The  approximations  in  transferring  the  concept  to  the

nat`iral  Btrean  are  the  assumptions  of  drain  size  and  of  actual  maintenance  of

the  constant-head  boundary  at  distance  }=L.    If  a  large  body  of  subs`lrface

storage  i8  available,  this  constant-head  condition  may be  approximated  for

certain  time  periods.    If  recharge  is  sufficient  to  supply  just  the  discharge

prescribed by  the  gradient  to  the  stream,  this  condition  may  be  a  good

approxhatlon.

In  order  to  cast  the  problem  into  a  fom more  convenient  for  analysis,

Mcwhorter  (1972)  recognized  that,  in  most  instances  of  interegt,   D  <  a  and

hence  "the  contribucion  to  the  drain  discharge  due  to  f low  above  the  drain
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Figure  Ill-5.     Mcwhorter's  Approxinacion

a.     Flow  toward  a  draia

..,

i                            f          ,nterface

b.    Idealized  flow  toward  a  drain

(after  Mclthorter,   1972)



elevation  is  small  compared  to  that  from  below  the  drain."    This  essentially

reduces  the  problem  to  that  of  a  confined  aqulfer  of  thickness  a  (see  Fig.

III-5b)   drained  by  a  line  sink  of  constant  8trengtin  at  iFO,   z=0   (x  measured

positive  to  the  right  and z  measured positively  dovnvard,  relative  to  the

location  of  the  sink).    A  solution  to  the  upconing problem  is  obtained  by

ass`ming that  the  interface  does  not  ef feet  the  distribution  of  head  in  the

fresh-water  region.    This  is  essentially  the  same  approximation  invoked  by

Muskat  and  Wyckoff  (1935)   in  their  study  of  the  upconing  problem  in  oil

reservoirs.    In  order  for  this  assumption  to  approximate  reality  the  change  in

elevation  of  the  cone  must  remain  small.    Muskat  (1937)   indicates  in  regard  to

this  approximation  that  the  quantitative  details  will  be  effected,  but  the

general  features  of  the  critical  height  of  the  cone  are  still  valid.
Mcwhorter  prints  out  that  his  approximation predicts  a  higher  discharge  than

could  actually be  expected  for  any parcicular position  of  the  interface.

Mathematical  Equations

Mcwhorter  (1972)   derived  an  approximate  distribution  for  head  in  a  system

defined  by  Figure  III-5b  using  the  method  of  images  (Cobb,1980).    The

unperturbed  fresh  Water  head  distrlbutlon  is  approximately:

Ill-11      Hf(Xiz)  a z± .1n{cosh i -cos ¥}  +  constant
in

He  prints  out  that  for  this  distribution,  if  I. >  a,  Hf=  a at  xL.    Subject  to

the  bourldaLry  conditions  Hf  in  at  ]c-I  and  Hf=  a  on  x2+z2=a2   (see  Cobb  1980  for

details),  it  ls  shotirn  that  the  discharge  to  the  drain  is  given  by

Ill-12                 Q=2flKf(md)/Ln{C°8h:-1}
cosh I -1

tn
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and  the  head  distribution  by

Ill.13              Hf=ife.in{
ttzcosh ttLI: -  cos ---  co:h ± --  ,n i

n
+in

Finally,  the position  of  the perturbed  interface,  relative  to  its  original

position  ls  given  by

[]]"              €=#(mH:)    t     AYYs-Yf

Using  the  relationship  z  a  nrE  derived  from Figure  III-5b,  equation  Ill-13  "y

be  recast  to  the  foam

Ill.,5             H:=3fe.in{
cosh trLE -  cos  M  - i)

in

cosh E -.1
+in

on  the  interface.    Simultaneous  solution  of  equations  Ill-14  and  Ill-15  are

used  to  determine  the  posicion  of  the  interface  5  and  the  free  surface  H±.

Mcwhorter  (1972)  used  these  eq`rations  to  derive  the  maximui  safe  installation

depth  D  for  a  tile  drain  to  avoid  upconing  for  a  given  discharge.    The

equations  were  used  in  a  slightly different  strategy  for  this  investigation.

Graphical  Solution

In  order  to  easily  determine  the  stability of  a  cone  of  saline  water,  a

graphical  solution  of  eq`iations  Ill-14  and Ill-15  is  convenient.    Some

preliminary  Simplification  i8  possible  on  equation  Ill-15.    As  Mcwhorter

prints  out,  stability of  the  cone  at  the point  directly beneath  the  stream

lxplies  Stability  of  the  encire  cone.    Thus,  solution  at  ]c=O  is  an  appropriate

indicator  for  the  system.    Since  cosh  a  a  1,  eq`iation  Ill-15  reduces  to:
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Ill-,6    H:-±.  ln(

Now  eqqution  Ill-14  can  easily  be  manipulated  to  the  form:

Ill-17 in-a
= , - ,=, ,?i, (:,

Mcwhorter  then  indicates  that  after  substitution  of  equation  Ill-12  into

equation  Ill-16,  some  algebraic  manipulation  leads  to

Ill-18 n-a =   1   -[|n(
cosh I -  1

in

Equations  Ill-17  and  Ill-18  are  dimensionless  functions  ln  terms  of  H±

and  €  for  aLny  set  of  physical  parameters  a,  in,  a,  Ys,  Yf ,   and  In     For  a

graphical  solution,  using  the  argument i/in,  solving  Ill-18  for  a  set  of

physical  parameters  gives  a  single  curve.    The  quantity g/in  is  the  ratio  of

the  stable  cone  heighc  to  the  fresh-water  thickness.    Solution  of  equation

Ill-17  for  a  range  of  Ys,  again  using €/in  as  argument,  produces  a  family  of

straight  lines  that  may  intersect  the  locus  of  eq`ration  Ill-18.    The  possible

solutions  are  (Mcwhorter,1972) :    no  intersection,  which  implies  unstable

upconlngj  a  tangent  to  the  curve,  which  implies  the  critical  height  for  the

conei  a  non-tangent  intersection,  which  implies  a  stable  cone  height.    This

last  situation  offers  one  ambiguity  in  that  tiro  points  of  intersection  may

occur  for  the  larger  values  of  €/n where  the  radius  of  curvat`ire  decreases.

Muskat  and Wyckoff  (1935)  point  out  that,  in  this  case,  choice  of  the  correct

root  ls  dictated by the  req`iirement  that  the  stable  free  surface  represent  the

lowest  potential  energy,  a  condition  that  ls  satislfed  by  the  lower  cone.
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More  discussion  of  the  solution  will  occur  when  the  actual  physical  problem  in

the  Sroky  Hill  River  Valley  is  addressed.

Final  Transfomation  of  the  Approximation

Physical  conditions  in  a  natural  drainage  system of  the  scale  of  the

Snaky  Hill  fiver.Valley  are  such  that  L  >  in >  a.    This  allous  some

simplification  of  the  final  equations  to  be  mde.

First,  recall  that  in  its  exponential  fom

Ill-19                cosh  x  - ex  +  e-x

Now  consider  equation  Ill-12,  and  note  that  the  ten

Ill-20 ln(cosh ± -1 )
in

may  be  reduced  in  the  following  fashion.

Ill-21                ln(cosh±-1)   =ln(cosh=)   ,    L>mn

For  large  I.,  exp[¥]  +  0  .    This  leaves

Ill-22 Ln(cock = -  u  = = - 1n 2
in

Eq`iation  Ill-12  now  becomes

Ill-23                Q  =2flKf(in-a)/I:-ln  2  -ln(cosh±-1)]
in
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or,   for  the  condition  I.  >  in  >  a,  since  one  can  ignore  the  log  terms

Ill-24                         Q  =  2Kfm(i)

which  approximates  the  discharge  per  unit  length  of  a  confined  aquifer  to  a

stream  for  both  sides.

Equation  Ill-18  must  also  be  rodified  to  reflect  the  orders  of  mgnitude

of  the  system paraneters.    Similar  approximations  applied  to  that  equation

yield

Ill-25 n-a =1-
ln[,  -cos  „  -:, ]  -= +1n2

1n(cosh E -1)  -E +  |n  2
mm

Equations  Ill-17  and  Ill-25  were  solved  graphically  with  the  aid  of  tco  simple

computer  programs.    The  results  will  be  discussed,  as  well  as  the  effects  of

varying  certain  parameters  in  the  next  section.

Application  to  the  Smoky  Hill  River  Valley

In  order  to  apply  the  Mcwhorter  Approximation  to  the  Smoky  Hill  River

Valley,  it  was  necessary  to  detemine  the  semicircular  channel  radius,  a,

characteristic  of  the  average  flow  of  the  stream.    In  order  to  do  this,  flow

measurements  bracke€ing  the  average  long-ten  average  stream  discharge  a€ New

Cahoria  mere  examined.    The  value  of  a  vas  deterfuned  to  be  about  15  feet,  and

this  value  was  used  for  all  subsequent  computations.    The  results  are  not  too

sensitive  to  the  exact  value  of  a.

The  average  valley half  width,  L,  over  the  reach  of  interest  is  estimated

to  be  9240  feet.    This  value  was  used,  along  with  "1tiples  of  1.50  and  0.66

times  that  value,  in  solving  the  Mcwhorter  equations.    Values  of  in were
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selected  ranging  from  90  to  150  feet,  in  increments  of  10  feet.    Values  of  a,

the  head  value  at  the  stream,  were  computed  for  values  of  L  and  in by  solving

equation  Ill-24  for  Q=36.4  ft2/day.

Results  of  the  stability  computations  for  Kf  of  50  ft/day  are  tabulated

in  Table  Ill-1  for  the  choices  of  L  and  in  for  fixed  a  and Q.    In  general,

stable  salt-water  interfaces  become  more  frequent  with  decreasing  valley

width,  increasing  salt-water  density,  and  increasing  fresh-water  thickness

n.    It  is  noterortby  that  the  stable  configurations  involve  fresh-water

thicknesses  much  in  excess  of  the  35  to  50  feet  of  the  unconsolidated  fresh-

water  aquifer  knoim  to  exist  over  the  reach  of  the  Smoky  Hill  River Valley

being  studied.    Because  of  this,  it  is  concluded  that,  in  the  study  area,  salt

water  known  to  exist  in  the  basal  alluvial  aquifer  is  probably  in  a  condition

of  unstable  upcoming.

sTEADy-STATE   INTERFACE  cross-SECTIONAI.  MODEI,

Introduction

The  problem  of  stable  or  unstable  upconing  beneath  a  gaining  strean was

addressed  in  the  previous  section  by  use  of  an  analytical  approximation  called

the  uewhorter  Approximacion.    The  assumption  that  the  upconing  salt  water  does

not  affect  the  distribution  of  fresh-water  head will  obviously  cause  sore

discrepancy betveen  real  and  approximate  upconing  stability  conditions.    in

altematlve  method  considers  vertically  averaged  heads  in  the  fresh  water  and

salt-water  layers.    This  method  has  its  own  shortcoulngs  for,  although  it

assune8  a  free  surface  for  the  fresh  water  and  accounts  for  the  ef feet  of  the

rising  cone  of  salc  cater  on  the  fresh-water  head,  it  ignores  the  radial

convergence  of  flow  under  the  stream,  since  horizoncal  f low  is  assumed  in  the

z-averaging  scheme.    Thus,  the  results  of.  the  Mcwhorter  approximation  are  not
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directly  comparable  to  the  results  of  vertically  averaged  models.    The  tro

sets  of  results  may  be  useful,  hovever,  in  defining  the  probable  range  o£

water  den81ty  and  strean  gain  for  stable  or  unstable  upconlng.

The  steady  State  interface  model  outlined  here  ls  a  n`merical  golucion  of

basic  flow  eqqution8.    It  assumes  a  static  body of  salt  voter  overlain  by  a

dynamic  body of  fresh  water  in  which  the  equipotentials  are  vertical

(horizontal  flow).    Horizontal  flow  is  assumed  to  originate  from  a  print

defined  by  a  constant  fresh  head  and  a  constant  salt-water  interface  height

and  proceeds  toward  a  hypothetical  drain  (river)   location.    The  fresh  water

f low  field  is  assumed  to  be  af fected  by  the  rise  of  the  salt-water

interface.    The  solution  of  the  model  produces  a  profile  of  the  interface  in

the  case  of  stable  upconing or,  if  unstable,  the  model  shows  that  the

interface  breaks  through  to  the  bottom  of  the  river.    In  the  case  of  unstable

upconing,  salt  water  is  being  f ed  directly  to  the  river  system  from  the  salt-

water  reservoir.

Theory

The  theory  of  this  model  is  based  upon  the  irork  of  Hubbert  (1940)   in

whicb  he  shows  that  the  angle  ©  (Figure  IIIno)  of  the  interface  above  the

horizontal  datum  is  related  to  the  relative  velocities  of  the  two  fluids

separated by  the  interface:

Ill-26                sln®38-(Y,-Y2)-1   [Y,¥-Y2€:Z]

where  Z  is  the  elevation  of  the  interface,  s  is  the  distance  along  the

interfacet  Ti  and  Y2  are  the  specific  weights  of  the  fresh  and  salt  wacers,

and  h,  and  h2  are  the  hydraulic  heads  in  the  fresh-  and  salt-water  layers.    In
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Figure  Ill-6.    Def initlon  diagrams  for  the  free  surface-Salt  water
lnterface  upconing  model



general  both  fresh  and  salt  v`raters  are  in  tliotion.    Application  of  the  chain

rule  to  the  derivatives  of  h,  and  h2  yields:

Ill-27             sin©",-Y2)-1  [Y,i.€:-Y2£:i.*]

Observing  from Figure  Ill-6  that gg  =  cos  ©  aLnd  dividing  out  this  factor

yields:

Ill-28     rfu  ©  a €±:ng a %  . # a  ty.-y2i-1   [y]  ;;1 -T2  #]

At  this  print,  a  static  salt  voter  condition  ls  assumed  that  implies

that i = 0 and that

Ill-29                taneg(Y,-Y2)-.   [Y,¥]

This  is  an  excellent  assumption  when  the  system  is  in  steady  state.

Referring  to  Figure  Ill-6,  it  is  seen  that  at  any point  the  flow of  the

fresh  Water  ls  defined  by

•II-3o                        Q --Kfb *

where       Q  a  the  discharge  per  unit  width  of  aquifer,

Kf -  the  fresh-water  hydraulic  conductivity,

b a  the  thickne88  of  aqulfer  bounded by  a  Salt-

water  interface  and  free  9`irface,  and

A   I the hydraulic  gradient
Re-arranging  equation  Ill-30  yields :
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Ill-31 2± = _ 1
a x            Kfb

and  finally,  after  8ub8tituting  eq`ration  Ill-31  into  eq`iation  Ill-29,

Ill-32
Yltan © a ri

Numerical  Procedure

The  model  operates  by projecting  forward  in  space  the  positions  of  the

free  surface  and  the  interface  from  the  ith  node  to  the  i+lth  node.    The  total

number  of  nodes  is  (L/Ax)  +  1,  where  I,  is  the  distance  from  a  hypothetical

constant  head  boundary  to  a  hypethetical  drain  (which,  if  a  real  stream,  could

also  constitute  a  constant  head  if  seasonal  f luctuations  are  not

considered).    The  mechod  of  projection  is  simply:

Ill-33               hL+,=hL+(#)LAX              .(#)i=-K±

Ill-34              Z±+,=Z±+tan©±Ax,    tan©±-i(#)i

Ill-35 bi+1   =  hi+1   -  Zi+1

where  h  denotes  the  height  of  the  free  surface,  Z  denotes  the  height  of  the

interface,  and  A?c  ls  the  node  spacing.

Cbttputations  proceed  from  node  1,  where  h`,  Z',  b„  Q,  Kf,  Ti.   and  T2  are

all  knoim  quantities,  and  move  forward  toward  the  n+1  node  (see  Fig.Ill-6).

Qi  in  equation  Ill-33  is  the  amount  of  fresh  cater  flowing  toward  the  river  at
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node  i.     If  R  is  the  recharge  (units  of  length  over  time),  then  Q±  is  given  by

Ill-36 QL   =   RA(i-1)Ax

where  A  is  a  `mit  length  transverse  to  the  cross-sectional  lrodel.    At  the

river  the  gain per  unit  length  of  stream  ls

Ill-37 Q/A  =  RL

Since  the  forward  projection  Scheme  depends  principally  upon  the  accuracy

of  the  estimation  of #,i 'choice  of  Ax  is  a  crucial  factor  in  achieving  the

desired  degree  of  accuracy.    It  is  obvious  that  the  value  of  Ax  becomes  rrore

important  as  the  discharge  point  (n+1th  node)  is  approached,  since  ©  is

increasing  and  tan  ©  1s  also  increasing.

Analytical  Considerations

The  differential  eq`iation  describing  one-dimensional  steady-state

unconfined  f low  is

Ill-38               ±  (Kfh£)  +  R=  0

where Kf  is  the  hydraulic  conductivity,  h  is  the  hydraulic  head,  and R  is  the

recharge  in  units  of  length  over  time.    In  this  fomula  h  is  measured  from  a

zero  datum at  the  base  of  the  unconfined  flow.    In  the  case  of  an  interface,  h

could be  measured  from the  interface.    The  general  solution  to  equation  Ill-38

1s

Ill-39 h2  a  .  =  x2  +  C.X  +  C2
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where  C,  and  C2  are  constants  to  be  determined  from  the  boundary  conditions.

It  has  been  assumed  that  Kf ,  the  hydraulic  conductivity,  is  constant.    At  x-0

`re  asgume  a  barrier  boundary.

III-4o             h £ -           at x=o

Thig  could  correspond  to  the  valley  wall  or  a  groundwater  divide.    This

condition  implies  that  C,=O  ln  equation  Ill-39.    Assume  that  the  river  is

located  at  3FL.    The  river's  gain  per  unit  length  is  given  by  equation  111-

37.     C2  is  sixply  the  head  at  3c=0,  denoted  by  ho.

Ill-41 h2  =  . ± x2  +  h2a

This  equation  assumes  a  flat  interface  and  vas  used  only  to  check  the

numerical  procedure  and  to  select  an  appropriate  Ax.    It  appears  that  41  node

points  give  an  accepcable  accuracy.    The  error  as  indicated  by  comparing  the

numerical  procedure  and  eq`iation  Ill-41  is  less  than  2%.

Results

The  purpose  of  this  section  ls  to  See  if  stable  or  unstable  upcoming

occurs  in  the  Smoky  Hill  River Valley.    As  9hotm  ln  Figiire  Ill-4,  the  range  of

densities  for  the  salt  cater  at  the  base  of  the  alluvium and  in  the  Wellington

Aquifer  ranges  froth  1.0  -1.2  gq/cm3.    As  discussed  earlier,   Ii  is  taken  as

9240  feet  (half  the  average  valley  width)  and  R  is  ass`imed  to  be  .00197

£€/day.  n Kf  ranging  from  50-300  ft/day  is  used.    The  parameters  L,  a,  and Kf

are  not  precisely ]mo`m  and  "st  be  considered  average  values.    For  this

reason,  it  trould  be  advisable  to  let  them  vary  over  some  range.    The  other
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Table  III-2a.     Stability  table  for  a  range  of  physical  parameters.

v291.058m/Cm3,           Kf   =50ft/day

L  i  9240  ft.,   R  =   .00197  ft/day

Q/1  =  C  =  18.2  ft2/day,   n  =  4o

bn+I

bl
L*2                L*1.5                       L                       L/1. 5                     L/2                        L
R/2                R/1.5                        R                       R*1. 5                     R*2                     R/2
/ W--a                / 9;=C                     / a.--C                  st 9.=C                  a/ 9;--C               QI Q.--C12.

210      unstable    unstable
200      unstable    unstable
190      unstable    unstable
180      unstable    unstable
170      unstable    unstable
160      unstable    unstable
150      unstable    unstable
140      unstable    unstable
130      unstable    unstable

unstable        unstable
uns table        uns table
unstable        unstable
unstable        unstable
uns table        unstable
unstable        unstable
unstable        unstable
unstable        unstable
unstable        unstable

91.9                   91.9

67.3                   67.3

32.9                   32.9

unstable      unstable
unstable      unstable
unstable      unstable
unstable      uns table
unstable      unstable
uns table      unstable



Table  III-2b.     Stability  table  for  a  range  of  physical  parameters.

Y2=1.10gm/on3,             Kf   =50ft/day

L  a  9240  ft.,   R  a   .00197  ft/day

Q/A  a  C  =  18.2  ft2/day,   n  a  4o

210      unstable    unstable
200      unstable    unstable
190      unstable    unstable
180      unstable    unstable
170      unstable    unstable
160      unstable    unstable
150      unstable    unstable
140      unstable    unstable
130      unstable    unstable

82.6                   137.9

54.8                   122.2

8.0                  105.3

unstable                86. 3
unstable               63. 8
unstable                32. 7

unstable        unstable
uns table        unstable
unstable        unstable

158.8                  158.8

145.4                  145.4

131.4                  131.4

116.5                  116.5

100.6                  loo.6

82.8                      82.8

62.0                      62.0

33.8                      33.8

unstable      unstable



Table  III-2c.     Stability  table  for  a  range  of  physical  paraneters.

T2=1.15gn/on3,             Kf  s50£t/day

L  a  9240  ft.,   R  =   .00197  £t/day

Q/A  -C  =  18.2  ft2/day,   n  =  4o

bn+1

bl
L*2                L*1. 5                        L                       L/1.5                     L/2                        L
R/2                R/1.5                        R                        R*1. 5                     R*2                     R/2

Q/ Q=C             a/ 9FC                  Ql 9;--C                  Q/ 9.--C                  QI P.-~C                Q/ gFC,12.

210       unstable         72. 4

200       unstable         39. 5

190      unstable    unstable
180      unstable    unstable
170      unstable    unstable
160      unstable    unstable
150      unstable    unstable
140      unstable    unstable
130      unstable    unstable
120      unstable    unstable
Ilo      unstable    unstable
100      unstable    unstable

133.7                   163.0

117.5                   150.0

99.8                   136.3

79.8                   122.1

55.0                   106.9

16.0                      90.3

unstable                71. 5
unstable               48. 3
unstable                  9. 0
unstable        unstable
unstable        unstable
unstable        unstable

175.9                   175.9

163.8                  163.8

151.4                   151.4

138.7                   138.7

125.5                   125.5

lil.7             lil.7
96.9                       96.9

80.7                      80.7

62.I                   62.I

38.3                      38.3

unst able      unstable
unstable      unstable



Table  III-2d.     Stability  table  for  a  range  of  physical  parameters.

v2=1.208m/en3,             Kf  =50ft/day

L  a  9240  ft.,   R  =   .00197  ft/day

Q/1  =   C  =  18.2  ft2/day,   n  =  4o

210             60.8             115. 8

200             19.0                96.8

190      unstable         74. 9

180      unstable         46. 5

170      unstable    unstable
160      unstable    unstable
150      unstable    unstable
140      unstable    unstable
130      unstable    unstable
120      unstable    unstable
110      unstable    unstable
100      unstable    unstable
90      unstable    unstable

153.4                   174.2

139 . 4

124.8                   149.6

109.1

91.9                   123.2

7 2 . 2.

47.5                      93.9

3.3

unstable               57. 6

unstable                31. 0

unstable        unstable
unstable        unstable
unstable        unstable

183.8                   183.8

160.6                   160.6

136.4                   136.4

ilo.5                 110.5

81.5                      81.5

44.0                     44.0

9.5                          9.5

unstable      unstable



Table  III-2e.     Stability  table  for  a  range  of  physical  parameters.

K£  I  300  f t/day

L  -9240  feet            ,               R  a.00197   ft/day

Q/A=C-18.2ft2/day        ,        n-4o

Y2   =   1.05   gin/cm y2  =   I.10  8n/cn

I.                            L/2

RR*2

b]        Q/1=C                   Q/A=C

LL/2

RR*2

Ql 9FC               Q/ tsc

130     70.5                      104.3

120----
Ilo     20.4                       78.I

100     Unstable

90    Unstable

80    Unstable
70    Unstable

60    Unstable

55    Unstable
50    Unstable

46.2

22.6

Unstable
Unstable
Unstable
Unstable

I  Uncalculated  values

103.0                   117.2

76.3                       94.6

43.2                      70.4

16.4

Unstable           42.0

Unstable
Unstable              3.4

Unstable        Uns table



Table  Ill-2f .     Stability  table  for  a  range  of  physical  parameters.

Kf  -  300  f I/day

L  =  9240  feet            ,            R  -.00197   ft/day

Q/A-C  a   18.2   ft2/day,               n  =  40

Y2   =   1.15   8in/on3                                              T2   =   i.20   gin/cm3

LL/2

RR*2

Q/ tsc                QI a;=C

LL/2

RR*2

Ql tsc                Q/ RFC

74.9                      88.3

45.2                      64.8

24.1

Unstable            37. 6

Unstable            18.4

Uns table        Unstable

-----  =  Uncalculated  values

68.4

38.6

15.5                      43.4

Unstable            28. 2

Unstable         Unstable



parameter  that  has  an  important  lnf luence  on  whether  one  has  stable  or

unstable  upconing  is  b,,  the  initial  saturated  thickness  of  fresh  water.

Tables  III-2a  through  III-2f  show  the  effect  of  varloos  cotnbinations  of  these

parameters.    These  tables  clearly  show  that  unstable  upconlng  must  be

occurring  ln  the  Slnoky  Hill  River Valley.    For  the  most  dense,  and

Consequently  the  most  stable  water  (T2  -1.2  gin/cm3),  Table  III-2d  sho`Js  that

the  initial  fresh  saturated  thlckne:a  must  be  greater  than  about  90  f eet  for

stable  upconing  for  K£  =  50  £t/day.    The  most  stable  situation  occurs  for T2  =

1.2 .gin/cm3  and  Kf  a  300  ft/day  in  Table  III-2f .     However,   even  in  this  [rlost

optimistic  case,  the  lnltial  fresh  Saturated  thickness  must be  greater  than

about  50  feet  for  stable  upconing.    Figure  Ill-3,  which  is  a  map  of  the

alluvial  saturated  thickness,  shows  that  between  Salina  and  Solomon  the

saturated  thickness  ls  in  the  range  of  35-50  feet.

The  steady-state  interface  cross-sectional  model  clearly  shows  that

unstable  upcoming  must  be  occurring  betveen  Salina  and  Solomon  in  the  Smoky

Hill  River.    The  amount  of  salt  water  reaching  the  stream  and  its  response  to

variations  in  the  cater  table  cannot  be  found  with  this  model.    To  answer

these  questions,  a  more  general  time-varying model  must  be  applied.

TIRE-vARylNG  INIEREACE  cROss-sEerloNAL  roDEL

Introduction

The  irork  of  the  previous  section  dealt  with  the  steady-scate  position  of

the  interface  and  assumed  a  static  body of  salt  water  underlying  the  fresh

water.    in  this  section  ve  shall  use  a  model  that  renoves  these  assunption8.

In  particular,  tre  shall  deal  with  the  time-varying  case  where  the  free

s`1rface,  the  interface,  the  river  stage,  and  the  cater  fl`ixes  (both  9alc  and

fresh)  can  vary  with  time.    The  tro  main  approximations  that  remain  in  thl8
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model  assume  a  sharp  interface  and  Z  averaging  in  both  the  fresh-  and  salt-

water  layers.

The  sharp  interface  assuznes  there  is  an  abrupt  transition  between  fresh-

and  Salt-water  layers  with  no  hydrodynamic  dispersion.    The  irork  of  the

previo`is  section  indicates  that  unstable  upconing  is  to  be  expected  ln  the

Smoky  Hill  River  Valley.    In  the  case  of  unstable  upconing  it  is  noc  expected

that  hydrodynamic  dispersion  is  the  dominant  mechanism  for  feeding  salt  cater

to  the  river.    Hydrodynamic  dispersion  would  have  to  be  the  dominant  mechanism

if  stable  \]pconing  was  occurring  some  depth  below  the  river  (Schmorak  and

Mercado,1969).    Undoubtedly  hydrodynamic  dispersion  is  occurring,  but  it

should  be  a  secondary  effect  in  the  presence  of  unstable  upcoming.

The  Z  averaging  in  both  the  fresh  and  salt  layers  means  that  ire  are

assuming horizontal  flow with  vertical  equipotentials.    At  first  thought  this

might  seem  to  be  an  unreasonable  assumption.    However,   in  this  and  most

groundwater  models,  tine  lateral  extent  ls  so  "ch  greater  than  the  vertical

dimensions  that  the  slopes  of  water  tables  and  interfaces  rarely  exceed 2°.

Nevertheless,  it  is  true  that  the  detailed convergence  of  f low  at  the  river

cannot  be  described  with  this  model.    Removing  this  assumption  could  be  the

goal  of  a  ")re  detailed  study;  hovever,  1€  is  not  expected  that  the

q`ralitative  results  of  this  study  would be  changed.

Theory

Figure  Ill-7  presencs  the  physical  situation  to  be  described  with  model

equations.    After  applying  Darcy's  hw,  the  continuity  equation,  and  vertical

averaging Bear  (1979)  obtains

Ill-42               i.[(Z2-Z,)K£¥]+R£=Sy
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Ill-43

Ill-44

Ill-45

Ill-46

Ill-47

az,

k .  [(z,-zo)  Ks ¥]  + Rs  =  Sy 5T

hs  I   (z,rfz2j/ti+6t

6  =  y£/(y+y£'

hf  =  z2

Tfs-rfrJ:|s;r`r)

where  hf  and  lts  are  the  fresh-and  salt-water  headsj   Z2,  Z,,  and  Zo  are  the

elevations  of  the  water  table,  interface,  and  the  bedrockj  Yf  and  Ys  are  the

specific  veights  of  the  fresh  and  salt  water,  Kf  and Ks  are  the  hydraulic

conductivlties  of  the  fresh  and  salt  waterj  Sy  is  the  specif ic  yieldj  t  is  the

tine;  Rf  and  Rs  are  the  fresh-  and  salt-water  recharge;  and X  is  the  usual

Cartesian  coordinate.

Inspection  of  equations  Ill-42  through  Ill-47  reveals  why  the  sbarp

interface  problen  is  more  cliff icult  to  solve  than  the  usual  groundwater

problem  given  by  equation  I-1.    Here  ve  have  tco  equations  (Ill-42  and  Ill-43)

which  must  be  solved  simultaneously.    By  substitution  of  equations  Ill-44  and

Ill-46  into  eqpacions  Ill-42  and  Ill-43,  hf  and  hs  can  be  eliminated  from  the

problem.    A€  tini8  point  the  tiro  qquntities  for  which  we  must  solve  Ill-42  and

Ill-43  are  Z2  and  Zii  the  height  of  the  water  table  and  the  interface

respectively.    Since  ve  have  tiro  unknovns,  we  must  have  tiro  equations.    This

is  ln  contrast  to  equation  I-1  which  has  only  one  unknown,  h.
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Numerical  Procedure

The  same  basic  techniques  used  in  the  solution  of  I-1  can  be  used  for  the

solucion  of  equacions  Ill-42  and  Ill-43.    As  always,  the  initial  position  for

Z2  and  Z,  must  be  known  and  appropriate  boundary  conditions  "st  be  applied  at

the  edge  of  the  model.    Finite  difference  techniques  are  used  to  approximate

the  derivatives  in  equations  Ill-42  and  Ill-43.    This  means  that  a  grid  of

node  points  with  spacing  AX  must  be  set  up  just  as  in  the  steady-state

interface  model.    However,   since  ire  are  going  to  watch  things  change  in  time,

we  must  also  discretlze  time  into  time  steps  of  length  At.

We  have  developed  tiro  computer  programs  for  the  solution  of  equations

Ill-42  and  Ill-43.    One  progran  uses  the  explicit  method  (Carnahan  and  others,

1969)   and  the  other  uses  the  crank-Nicolson  t[iethod  (Carnahan  and  others,

1969).    Since  only  one  analytical  solucion  to  a  simple  sharp-interface  problem

is  known  to  us  (Shamir  and  Dagan,1971),   it  is  difficult  to  know  if  the

programs  are  irorking  correccly.    Hovever,  ve  are  confident  the  programs  are

correct  for  tiro  reasons.    Firsc,  the  steady-state  results  of  the  previous

section  can  be  reproduced  by  the  time-varying  programs.    Second,  the  programs

were  trmitten  independently  using  entirely  different  solution  techniques.

Therefore,  1f  they  give  the  same  answers  this  is  strong  evidence  that  the

programs  are  trorking  correctly.    Indeed  they  do  give  the  same  results  for  a

nuhoer  of  situations  vre  have  inve9€lgaced.

Application  to  the  Smoky  Hill  River  Valley

MaLny  of  the  parameters  needed  for  this  model  have  been  discussed  and  used

in  previous  sections.    A brief  review may  be  in  order.    The  average  fresh-

water  recharge  (Rf )  was  calculated  earlier  to  be  about  .00197  ft/day.    The

average  valley  width  was  taken  to  be  abouc  3.5  miles.    This  makes  the  averaLge
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Figure  Ill-7.    Sketch  of  saltwater  interface  problen.



half  widch  (I.)  equal  to  9240  feet.     In  the  section  on  the  steady-state

interface  [rodel  we  chose  41  node  points  over  the  distance  L  with  spacing  of

231  feet.    The  first  node  point  res  the  edge  of  the  model  and  the  41St  node

was  the  river  location.    This  sane  node  arrangement  is  used  for  the  time-

varylng  model  except  ve  use  a  total  of  81  nodes  because  we  are  modeling  both

slde8  of  the  river.    This  ls  actually  done  only  as  a  convenience  ln  the

modeling;  the  same  data  are  used  on  each  side  of  the  river  so  the  solution  is

symetric  about  the  river.    For  this  reason  prof iles  will  be  shown  only  on  one

side  of  the  river.    The  average  gain  of  the  river  per  unit  length  Q/4  was

previously  estimated  at  36.4  ft2/day  and  will  remain  the  same  here.    We  know

from  data  presented  in  Figure  Ill-4  that  the  density  of  salt  water  ranges  from

1.01   -1.2  gin/cm3  in  this  area.     However,  ve  also  know  that  as  the  density

decreases  the  upconing  becomes  more  unstable.    In  this  trodel  we  shall  usually

take  the  density  of  salt  water  to  be  1.2  gin/cm3   (which  is  the  most  stable

case);  however,  just  to  check  the  effecc  of  density,1.1  has  been  used  for

some  runs  that  will  be  mentioned  later.

Gillespie  and  Hargadine  (1980)  state  that  brine  discharge  between  1974

and  1977  ranged  from  1.77  ft3/see  to  .31  ft3/see  with  an  average  of   .77

ft3/see.    They  also  state  that  the  50S  exceeded  flow  at  New  Cambria  ls  110

ft3/see.    when  this  is  added  to  the  15.6  ft3/see  gain  measured  by  Gillespie

and Hargadine  betveen New  Canbria  and  Solomon  we  flnd  the  average  river  f low

to  be  abouc  126  ft3/see.    If  the  .77  fc3/see  of  brine  is  near  sa€uracion  at

180,000  ppm  the  resulting  river  concencration  of  chloride  irould  be

#  x  180,000  ppn  =   1100  ppm

We  need  to  know  the  salt-water  flux  per  unit  area  (Rs)  from  the  Wellington
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aqulfer  into  the  alluvial  aquifer.    Using  the  same  procedures  and  dimensions

as  used  ln  calculating  the  fresh-water  recharge  on  page  38,  ve  obtain

Rs&
]1  £t:3 /gas_

(7x5280  ft)(3.5x5280  ft)
=   .0000974  £t/day

This  is  the  average  flux  of  Salt  water  per  unit  area  entering  the  alluvial

aq`iifer.    For  lack  of  becter  information,  ve  assume  the  flux  is  uniform  over

the  whole  intrusion  area.

Figure  Ill-8  shows  a  cross  section  of  the  Smoky  Hill  River Valley  and  its

location.    This  cross-seccional  data  was  taken  from  the  dlgitized  data  used  in

the  Wellington  aquifer  model  study.    Notice  that  the  average  sat\irated

thickness  away  from  the  river  is  about  40  feet.    Also  notice  that  the  water

table  is  8-13  feec  higher  than  the  river  When  one  is  10,000  feet  or  more  away

from  the  river.

For  o`ir  initial  run  of  the  time-varying  model  we  chose  Kf  equal  to  300

f€/day  and  Sy  equal  to  .15   (Sy  is  the  specific  yield  and  varies  from  .15  -.18

for  typical  Kansas  alluvial  aquifers).    The  boundary  conditions  that  ire  chose

for  the  model  required  the  water  table  and  the  interface  to  be  f lat  at  the

edge  of  the  rodel.    from Figure  Ill-8  we  chose  40  feet  of  saturated  thickness

near  the  edge  of  the  model.    Given  the  salt-water  flux,  tre  alloved  the  model

to  run  for  a  salt-Water  density  of  1.2  gin/on3  and  found  that  unstable  upconlng

occurred  under  the  river.    This,  of  course,  was  expected  fr6m  the  steady  state

rorko

At  this  print,  it  iras  necessary to  restrict  the  rise  of  salt-water  under

the  river.    Physically,  it  is  obvious  that  the  interface  must  always  be  below

the  cater  table.    Hovever,  mathematically,  the  model  only  sees  that  unstable

upcoming  is  occurring  and  allot^rs  the  interface  to  continue  to  rise.    When  the

56



•uoT]eoo|   s]T  pup   ,V-V  uoT]oag-sgoJ:a  la}Tnbg  TeTAnTTV     .8-Ill  aJ:n8|d

( o86L   `OuTpe6ZeH  Ptze   eTds®|TTO  tBozB)

88,I



interface  exceeds  the  water  table,  the  model  gives  absurd  answers.    What  "st

happen,  of  course,  is  that  the  sink  of  water  (in  this  case  the  river)  must

carry  away  the  salt  irater  and  prevent  the  interface  from  rising  beyond  a

certain  point.    As  mentioned  earlier  this  model  is  averaged  in  the  Z  direction

and  cannot  de8crlbe  ln  detail  what happens ±± the  river.    For  these  reasons,

ve  decided  to  only  allow  the  interface  to  cone  within  10  feet  of  the

watertable  at  the  river.    In  other  trords,  at  this  height  we  assume  the  cone

intercepts  the  river  bottom  and  the  salt  water  is  carried  away by  the  river.

Results

Ey  restricting  the  rise  of  §alc  water  under  the  river,  we  can  let  the

model  run  to  steady  state  and  see  what  the  interface  looks  like.    Figure  Ill-9

shows  this  steady-state  interface.    Notice  that  if  one  is  more  than  eighc

nodes  away  from  the  river,  the  salt-water  layer  is  less  than  2  feet  thick.

The  drardown  at  the  river  is  about  10  feet.    The  interface  seems  to  slope  away

from  the  river  rapidly  but  one  must  remember  the  vertical  exaggeration.    In

fact,  the  slope  of  the  interface  is  always  less  than  2°.

The  model  results  shotm  in  Figure  Ill-9  are  for  Kf  equal  to  300  ft/day.

We  also  tried  smaller  values  of  Kf.    We  found  that  a  Kf  less  than  about  150

ft/day  just  did  not  irork;  the  drawdoim  at  the  river  was  much  too  great.    In

fact,  the  drawdo`m  ac  the  river  for  Kf  of  150  ft/.day  vas  about  20  feet,  which

is  probably  too  large.    A  Kf  of  200  ft/day  produces  a  drawaoiirn  at  the  river  of

about  14  feet.    The  conclusion  ls  that  Kf  is  probably  in  the  range  of  200-300

i:i/de,ny.

We  also  tesced  the  effecc  of  varying  other  parameters.    For  example,

changing  the  density  of  salc  water  to  1.1  gin/cm3  produced  results  very  close

(drawdown  at  river  changed  only  .65  feet)  to  those  presented  in  Figure  Ill-
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9.    We  also  tried  doubling  I.  and  halving  Rf  and  Rs  so  that  the  total  flux  of

fresh  and  salt  water  remained  the  same.    The  results  produced  mere  allrost

identical  to  the  Kf  equal  to  150  ft/day  case  mentioned  above.    The  drawdown  at

the  river  was  about  20  feet,  which  is  probably  too  much.

At  this  point,  ve  feel  ve  have  a  good  model,  with  Kf  equal  to  300  ft/day

and I. equal  to  9240  feet.    It  appears  that  the  model  results  are  not  too

sensitive  to  the  salt  voter  density  used,  since  unstable  upconing  occurs  even

for  the  heaviest  water.

The  steady-state  situation  depicted  in  Figure  Ill-9  results  in  about  1.8

ft3  of  saltvater  intrusion  to  the  river per  day per  unit  length.

Qs/1 a  1.8  ft2/day

The  question  arises  as  to  how  this  saltwater  intrusion  reacts  to  a  typical

flood  event.    Figure  Ill-10  is  taken  from Gillespie  and  Hargadine  (1980)j  it

shows  the  river  stage  and  chloride  discharge  for  the  years  1973  through

1977.    In  general,  it  is  seen  that  the  chloride  discharge  goes  dour  when  the

river  stage  rises.    toes  our  model  predict  this  behavior?    Notice  the  flood

event  that  took  place  from April  to .uly  in  1974.    In  about  a  tiro  month  period

during April  and  May the  river  Stage  rose  about  5  feet.    Notice  that  the

chloride  discharge  declines  steadily  during  this  period  and  reaches  its  lovest

value  when  the  river  stage  is  at  its  highest  value.    For  the  next  two  lronths

the  river  stage  falls  rather  uniformly and  the  chloride  discharge  increases.

At  the  end  of  about  four  months,  the  river  is  again  in  a  base flow  condition

and  the  chloride  discharge  is  at  a  high  value.    Over  the  next  few lronths  the

chloride  discharge  decays  to  a  more  normal  value.
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The  dashed  line  in  Figure  Ill-11  represents  a  hypothetical  flood  event

with  essentially  the  sane  character  as  the  real  one  just  discussed.    This  time

varying  river  stage  can  be  placed  in  our  sharp-interface  rrodel.    The  response

of  the  salt-water  intrusion  f lur<  per  unit  length  of  river  is  shown  by  the

solid  curve  for  Kf  of  300  ft/day,  salt-water  density  of  1.2  gin/cm3,  and  L

equal  to  9240  feet.    Notice  that  the  salt-water  intrusion  drops  dramatically

while  the  river  stage  is  rising.    In  fact  the  flux  sho`irn  in  Figure  Ill-11  goes

negative.    This  does  not  mean  that  salt  water  suddenly  is  fed  fran  the  river

to  the  alluvial  aquifer  (although  this  could  occur  on  a  small  scale).    The

negative  flux  at  the  river  simply  means  that  temporarily  `instable  upconing  has

stopped  and  the  salt-water  mound  under  the  river  is  temporarily  declining.

However,  observe  that  as  the  river  stage  declines  the  unstable  upcoming

reoccurs  and  causes  the  maximum  salt-water  flux  to  occur  the.n  the  river  has

reached  its  basef low  condition  again.    From  this  point  on  the  salt-water

intrusion  decays  slowly  back  to  the  normal  value  of  1.8  ft2/day  over  a  period

of  about  2-3  months.    This  behavior  is  actually  quite  logical  when  one  recalls

that  the  anounc  of  upconing  is  related  to  the  gro`indwacer  discharge  to  the

river.    During  the  rising  river  stage  the  river  is  feeding  the  groundwater

syscem  and  the  salt-water  incrusion  or  unstable  upconing  is  shut  off .    During

the  falling  river  stage,  bank  storage  causes  tine  groundwater  discharge  to  be

greater  than  nomal  causing  greater  than  normal  salt-water  intrusion.
Note  that  in  the  real  world  the  river  chloride  dischar-ge  rarely  goes  to

zero.    This  is  because  there  are  other  sources  of  chloride  upstream  from  this

area.    Also  several  bigger  flood  events  previous  to  the  one  we  have  considered

coxplicate  the  interpretation.    However,  notice  thac  between .`ine  and July  of

1975  the  chloride  discharge  does  drop  almost  to  zero  in  response  to  a  f lood

event.
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We  have  produced  flood-event  responses  for  a  number  of  different  values

for  Kf i  Tsi  and  1~    Generally  the  only  effect  is  to  change  the  height  of  the

peaks  in  Figure  Ill-11.    Qualltatlvely  the  response  is  the  same.    For  exaxple,

reducing  the  hydraulic  conductivity Kf  lovers  the  maxim`m  salt-water  intrusion

at  120  days.    It  is  10.9  £t2/day  for  Kf  of  300  ft/day,  9.2  f€2/day  for  Kf  of

ZOO  ft/day,  and  6.9  ft2/day  for  Kf  of  150  ft/day.     Decreasing  the  density  of

salt  water  to  1.1   gin/cm3  makes  the  upconing  more  unstable  and  increases  the

maxim`m  salt-water  incrusion  at  120  days  to  11.7  fc2/day.     doubling  I.  and

halving  Rf  and  Rs  lowers  the  maximum  salt-water  flux  at  120  days  to  8.2

i:r2/aa:vy/.

At  this  print,  it  is  clear  that  the  unstable  upcoming mechanism  can

account  qualitatively  for  the  response  of  the  chloride  discharge  to  a  flood

event.    It  is  more  difficult  to  make  quantitative  predictions  due  to  our  lack

of  detailed  daca.    The  data  from Gillespie  and  Hargadine  (1980)   in  Figure  Ill-

12  show  a  river  discharge  of  about  600  f€3/see  just  after  the  flood  event  of

1974  in  July  and August.    At  about  this  time,  the  chloride  concentration  in

the  river  obtains  its  peak  value  of  nearly  1000  mg/1.     Depending  on  whether  we

use  a  salt-water  density  of  1.2  or  1.1,  the  model  predicts  a  maxim`m  salt-

water  flux  o£  4.7  f€3/see  or  5.0  fc3/see  for  the  reach  from New  Canbria  to

Soloqron.    From Figure  Ill-4  we  see  that  salt  water  with  a  density  of  1.2

gin/co3  corresponds  to  about  180,000  mg/4  chloride  and  1.1   gin/cm3  corresponds

to  ahouc  90,000  ng/£.    Converting  these  figures  to  river  cohcentrations  gives

4.7  ft3/see
600  ft3/9ec

5.0  ft3/see
60o  ft3/see

x  180,000  ng/&  -1410  mg/1

x  90,000   mg/1  =   750  mg/A
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Since  the  background  river  concentration  for  this  time  period  is  given  by

Gillespie  and  Hargadine   (1980)   as  about  200-300  mg/A  chloride,   it  would  appear

that  salt  wacer  of  density  1.1  gn/cm3  `mould  give  the  measured  peak  chloride

concentration  of  about  1000  mg/A.    The  prediction  using  saltwater  of  1.2

gin/cm3  `rould  be  about  50  to  60t  too  high.

Fran the  model  study  of  the  Wellington  aquifer,  it  is  clear  that  aL

reduccion  in  the  salt-water  flurc  from  the  Wellington  aquifer  to  the  alluvial

aquifer  by  a  relief-well  system  will  be  less  than  25t.    We  have  reduced  Rs  by

25€  and  run  the  lrodel  to  a  new  steady-state  solution.    The  results  for  Kf  of

300  f€/day  and  a  salt-wacer  density  of  1.2  gin/cm3  are  sho`m  in  Fig`ire  Ill-

13.    Abouc  half  of  the  reduction  or  12.5S  is  experienced  in  the  river  during

the  first  1500  days  (slightly  more  than  4  years).    About  80S  of  the  ultimate

25%  reduccion  (20t)  in  salt-water  flux  to  the  river  is  achieved  in  about  3900

days  or  about  10.7  years.    The  additional  5t  reduction  occurs  slowly  over  the

next  several  years.    Of  course,  these  are  ±±[±Lr_age  reductions.    As  ve  have  seen

earlier,  flood  events  can  cause  the  chloride  discharge  Co  vary  considerably

over  the  range  of  several. ironths.    We  have  just  discussed  a  25t  reduction  in

salt-water  flux  to  the  alluvial  aquifer  from  the  Wellingcon  aquifer;  however,

any  reduction  follows  this  same  curve.    For  example,  a  12.5t  reduction  is

shourl  on  the  right  hand  scale  in  Figure  Ill-13.    This  has  been  verified  by

roael  runs.

Varying Kf  and  the  density  of  the  salt  water  have  very  little  effect  on

the  daft  presented  in  Figure  Ill-13.    However,  doubling  I.  while  halving Rf  and

Rs  does  codify  the  results  considerably.    The  net  ef fecc  is  that  the  time
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Figure  Ill-13.     Respotise  of  saltwater  lacrusion  Co  a  25%  or  12.50%  reduction
of  saltwater  flux  into  the  alluvlal  aqulfer.
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scale  is  doubled  in  Figure  Ill-13.     In  other  {rords  the  12.5%  reduction  occurs

at  3000  days  rather  than  1500  days.    This  is  because  the  lateral  extent  of  the

alluvial  aquifer  has  been  doubledj  therefore,  ic  takes  longer  for  the  excess

Salt  water  to  be  flushed  out.

CONCI.USIONS

The  steady-state  models  presented  in  this  section  indicate  that  the  salt

water  in  the  Smoky  Hill  River Valley  should  be  in  an  unstable  condition  near

the  river.    This  indicates  tinat  unstable  upconing  should  be  a  dominant

mechanism  for  feeding  salt  water  to  the  river  system.    The  groundwater  system

does  not  unifomly  discharge  to  the  river  system.    The  unstable  upconing

should  be  most  pronounced  in  those  reaches  where  the  groundwater  system

consistently  feeds  the  river  system.    These  areas  could  be  delineated  by

seepage  and  salinity  surveys.    Some  of  this  cork  has  already  been  done  but

much  more  data  are  needed.

The  time-varying  [rodel  shows  thac  the  response  of  the  chloride  discharge

to  a  f lood  event  can  be  qualitatively  explained  by  the  unstable  upconing

lrechanism.    In  addition,  the  time  varying  rrodel  shows  that  several  years  could

elapse  before  signif icanc  benefit  would be  seen  in  the  river  system  fran  a

Wellington  aLquifer  relief  nell  scheme.

A trore  sophisticated  model  to  fully  describe  three-dimensional  effects  is

a  possible  extension  of  this  scudy.    This  would  allow  one  to  drop  the  sharp

interface  approximation.    It  is  hard to  say how "ch  difference  that  could

mke  in  the  model  results.    Intuitively,  it  seems  that  a  3-D  model  could

predict  rare  salt-water  flow  to  the  river  becaqse  an  addicional  mechanism,

hydrodynamic  dispersion,  has  been  added.    One  `irould  not  expect  the  salt  water

to  be  lt)ore  stable  ln  a  3-D  model.
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With  regard  to  additional  data  that  might  be  collected,  the  following

comments  are  of fered.    Additional  resistivity  data  irould  be  very  useful  if  it

can  find  the  salt-water  layer.    In  part,icular,  it  could  confirm or  refute

upconing  in a  particular  area.    Alternatively,  it  might be  able  to  find

collapse  or  sink  features  that  lead  to  a  salt-water plume  or  interf ace  due  to

increased hydraulic  conductivity of  the  confining  layer.    Drilling  and  testing

rrore  alluvial  wells  veuld  better  define  the  water  table  and  would  give  a

better  estimte  of  the  alluvial  hydraulic  conductivity.    However,  it  ls  not

likely  this  information  `rould  significancly  change  the  model  results.

Multilevel  nests  of  wells  could detemine  the  stratification  of  the  water.    In

particular,  veils  near  the  river  could  be  used  to  confirm  or  refute  upconing

in  that  area.    Field  dete]mination  of  water  stratification,  especially near

the  river,  could  seem  to  be  one  of  the  most  important  pieces  of  new  data  that

could be  developed.    In  conjunction  with  this,  detailed  seepage  and  salinity

analyses  right  be  done  to  locate  areas  where  salt-water  intrusion  to  the  river

is  consistently  dominant.    In  these  areas  the  detailed  work  on  stratification

sho`ild  be  concentrated.

Since  the  convergence  of  the  groundwater  flow  lines  near  the  river  ls

responsible  for  the  unstable  upconing,  an  alternative  relief  well  systen might

Ire  effective.    Once  those  reaches  of  the  stream  that  irere  consistently

contributing  Salt  water  were  identified,  it  might be possible  to  locate  bank-

side  alluvial  veils,  screened  near  the  base  of  the  alluvium,  which  could  be

pumped  to  counteract  the  unstable  upconing  and  to  intercept  the  salt  water

before  it  reached  the  scream.    These  irells,  in  conjunction  with  a  surface

reservoir,  might mke  it  possible  to  manage  the  quality of  tine  river  water.

Eventually  all  the  pumped  vater  irould be  put  into  the  riverj  however,  the

timing  could be  chosen  to  prevent  the  chloride  level  from  rising  tco  high.
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One  could  pump  into  the  reservoir  when  the  river  chloride  was  too  high  and

puxp  directly  into  the  river  when  the  river  chloride  was  low.    Modeling  of

such  a  System  ls  a  possible  extension  of  this  lnvestlgation.
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