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EXECUTIVE   SUMMARY

The   encl.oachment   of   saltwater   into   freshwater   formations   and   eventually

into  surface  waters  is  the  major  natural  cause  of  water  pollution  in  the  Smoky

Hill   River   in   north-central   Kansas.       The   Smolry   Hill   River   valley   aquifer

system    consists    of   a    shallow    freshwater    layer    underlain    by    an    aquitard

referred   to   as   the   Wellington   Formation   and   a   bedl.ock   aquifer   consisting   of

the  Herrington  Member  of  the  Nolans   Limestone.     The   alluvial  aquifer  contains

a   fining-upward   sequence   of   alluvial   sediments   that   range   in   texture   from

coarse   sands  and  gI.avels   to   silt  and   clay.     The  Wellington  Fomation  consists

of    fractured    and    weathered    Wellington    shales.        The    bedrock    units    in    the

Herrington   Member   of   the   Nolans   Limestone    consist   mainly   of   fractured    and

solutioned  gypsiferous  dolomites  and  dolomitic   shales.

Recharge   to   the  alluvial  aquifer  comes  from:   (1)   precipitation  falling  to

the   land   surface   and   percolating   through   the   unsaturated   zone   to   the   water

table,    (2)   lateral   infiltration   from   the   Smoky  Hill   River  when  stream flow  is

high,   and   (3)   vertical   leakage   thl.ough  the  Wellington  shales   from  the  bedrock

fomations.     Discharge   from   the   alluvial   aquifer   is   to   the   stream  under  most

stream flow  conditions  and  into  the  bedrock  during  floods  and  high-flows.

Shallow   ground   waters   occur   in   the   alluvial   and   terrace   deposits   of  the

Smoky    Hill    River    valley    under    unconfined    (water-table)    conditions.        The

chemical  quality  of  ground  water  from  the  alluvial  and  terrace  deposits  varies

widely    and    depends    on    the    spatial    distribution    and    relative    amounts    of

recharge   to   these   deposits   from   precipitation   and   ttedrock   sources.     The  high

chloride   ground   waters   are   generally   found   near   the   base   of   the   alluvial

aquifer.     The  saline  waters  have  resulted  fl.om  natural  dissolution  of  salt  and

gypsum   units   in   the   deep   bedrock   fomations.      The   saline   ground   waters   have

X



moved  upward  through  conduits  created  by  fracturing  of  the  shales  and  solution

cavities  in  the  bedded  evaporites  in  the  Wellington  Formation.

Detailed    field    investigation    of    the    saltwater-intrusion    process    was

conducted   at   a   site   located   in   the   Smoky   Hill   River  valley  near   the   town  of

Solomon  along  a  six-mile   reach  of  the   stream.     Fluid   pressures,   stream  levels

and   water.-table   elevations   were   measured   at   a   network   of  monitoring  sites   to

determine   the   ground-water   flow   conditions.      For   the   most   part,   ground  water

discharges    to    the   stream   at   the   field   site   except   during   floods   and   high-

flows,   when  high   stream   stage   results   in   the   reversal   of  hydraulic   gI.adient

and   rechal.ge   of   the   aquifer.      The   slope   of   water   tattle   near   the   river   is

determined    to    be    steeper    on    the    west    bank    than    on    the    east   bank.       This

asymmetry   results   t)ecause   the   strean   is   perpendicular   to   the   regional   flow

directions.      West   of   the   river   the   ground-water   flow   pattern   is   distinctly

affected  by  the  heterogeneity  of  the   sediments.     Due   to   the  high  pemeability

of   the   sands   and   gravels,   the   aquifel.   responds   rather  quickly  to   the   rise   of

the   stream   stage.      The   recovery   of   the  aquifer   to   the   pre-flood   condition  is

slower,   however,   mainly   because   the   aquifer   continues   to   be   affected   by   the

residual  recharge  from  per.colation  of  precipitation  after  the  stream  stage  has

declined .

The  shape  and  configul.ation  of  the  saltwater-dispersive  zone  at  the  field

site   is   very   much   influenced   by   the   tempol.al   changes   in   the   stream-aquifer

conditions.      These   changes   nay   result   fl.om   variations   in   stream  discharge   or

nay   be   caused   by   the   water-table   I.ise   due   to   incl.eased   natural   ground-water

recharge.     The  whole  spectrum  of  the  saltwater-intrusion  zone  and  its  response

to   the   stream-aquifer   conditions   was   determined   tty   frequent   observations   of

the   stream   stage,    water-table   elevations   and   the   saltwater.-intrusion   zone.

Generally,   the  top  of  the  saltwater.-intrusion  zone  is  located  on  the  east  side
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of  the   river,   asymmetrical  with  respect   to   the  center  line  of  the  river.     The

thickness  of  the   saltwater-dispersive   zone,   assumed  to  be  the  area  between  the

2,000  and   loo,000   ppn   total   dissolved   solids   (TDS)   lines,   is   approximately  15

to    20    ft    during    low   streamflow   conditions.       Farther    from   the    I.iver,    the

dispersive   zone   shrinks   down   to   a   narrow   strip   which   can   be   I.egarded   as   a

shat.p    inter.face.        During    high    flows,    the    top    of    the    dispersive    zone    is

depressed  and  the  extent  of  the  saltwater-intrusion  zone  is  reduced.

Monitor.ing  saltwater  upconing  at  the  field   site  was  achieved  with  the  use

of   borehole   geophysical   logging,   collection   and   analysis   of   chemical   quality

samples   and   a   new   differential-pl'essure   method.       The   differential-pressure

method   proposed   in   this   study  uses   a   pressure   transducer   to  measure   pressure

differentials   over  a   series   of   small   intervals   in   the   continuously   screened

wells.     The   vertical   gI.ound-water  density  variation  is   then  computed   from  the

pressure    differentials    and    converted    into    TDS,    provided    the    relationship

between  ground-water  density  and   TDS   is  knoim.

Among    the    techniques   utilized   for   saltwater.-intl.usion   zone   nonitoring,

the    geophysical   and    the    differential-pressure   methods   are   less   costly   and

easier    to    implement    than    the    chemical-quality    analysis.        Generally,    the

analysis   of   chemical-quality   samples,   while   pl.oviding  more   reliable   results,

requires   a   considerable   amount   of   18t>oratory   work   and   also   results   only   in

point  estimates  of  chemical  characteristics.     For  a  sharp  saltwater-freshwater

contact    zone,    the    location   of    the    interface   may    fall    in   between   the   two

distant   sampling  points  and,   therefore,   may  not  be  detected  by  the  results  of

chemical-quality    sanpling.        The   borehole    geophysical    techniques   have    some

drawhacks  also.     For  instance,   the  logging  tool  nay  not  be  sensitive  enough  to

detect  small  changes  in  the  fluid  resistivity.     Similarly,  a  disadvantage  of
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the   differential-pressure   method   may   be   the   inability   of   recognizing   small

changes  in  pressure  associated  with  small  changes  in  fluid  density.

In   general,    depending   on   the   nature   of   the   saltwater-intrusion   problem

being   investigated   and   the   level   of  accuracy   required,   one   of  the   techniques

mentioned   above   may   t>e   more   effective   than   the   others.      The   choice   of  which

technique  to  use  can  be  made  after  utilizing  a  combination  of  these  techniques

during  the  initial  stages  of  the  project  and  comparing  the  results.

Other   field   activities   include   a   number   of   slug   tests   to   determine   the

hydraulic-conductivity  val.iation  along  the  field  cross  section  and  geoelectric

surveys    to    determine    the    lateral    extent    of   the    saltwater   upcoming.       The

hydraulic-conductivity   estimates  vary  widely  over   the   field   cross   section  and

are    shown    to    be    log-normally    distributed.        The    results    of    the    surface

geoelectric   surveys   indicate   two   areas  where   saline  waters   can  be   detected  at

shallow  depths.      One   body  of   saltwater   parallels   the   course  of  the   river  and

then  crosses   the   river  near   the   line   of  monitoring   sites.     The  second  body  of

saline  water   is   characterized   t)y  a  north-south-tl.ending   al.ea   of   low  apparent

resistivities   east   of   the   river.      The   results   of   the   apparent   resistivity

surveys  wel'e  confirmed  by  the  differential-pressure  measurements.

Modeling  saltwater  intl.usion  in  ground  water  requires,   in  an  ideal   case,

incorporating     the     effects     of    complicated     physiochemical     processes,     the

complete   description  of  which  may  not   be  mathematically   tractable.     To   reduce

complexity  of   the   problem,   in  practice,   saltwater  and   freshwater  are   commonly

assumed   to  be   irmiscible   fluids   sepal.ated  by  a  sharp  interface.     Accordingly,

the   Potential-flow  theory  can  be  applied   to   the   saltwater   zone   and  freshwater

zone  separately  requiring  also  that  the  pressure  and  flux  be  continuous  across

the  interface  t>oundary.     Incorporation  of  the  interface-boundary  condition,
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the   most   difficult   task   of   a   sharp   interface   model,    can   be   achieved   with

relative  ease  using  the   technique  of  boundary-element  method.

To    solve    the    interface-upconing    prottlem,    this    study    proposes    a    new

implicit    approximation    of   the    interface-motion   equation   combined   with    the

t>oundary-element     solution     of     the      freshwater-     and     saltwater-continuity

equations.       The   proposed   model   does   not   use   the   Dupuit   approximation,    thus

providing  better  results  for  the  cases  in  which  the  vertical  component  of  the

flow   is    significant.       The   model   is   capable   of   handling   steady,    unsteady,

stable   and   unstable   saltwater   for  upcoming   problems.      The   model   results  were

confined   with   the   experimental   results   of   a   problem   of   saltwater   upconing

under  a  drain.     Note   that  because  of  the  assumption  of  a  sharp  interface,   the

model  is  applicable   only  to   situations   characterized  with  a  narrow  dispersive

zone.     In   alluvial   aquifel.a,   this   assumption   is   usually  not  satisfied  in  the

close   vicinity   of   the   river   channel   whet.e   fluctuations   in   the   stl.ear   stage

tend  to  extend   the  dispersive   zone  over  large  areas.

We  investigated  the  impact  of  the  Dupuit-Forchheimer  approximation  on  the

saltwater-upcoming  simulations.     Our  analysis   indicates   that   if  the   sinks   and

sources  are  of  a  vertical  size  comparat)le  with  the  thickness  of  the  freshwater

zone,   the  location  of  the  interface  calculated  by  the   "Dupuit"  model  will  give

satisfactory   results,    even   though   a   strong   vertical   flow   nay   exist   in   some

regions.        However,    when    the    size    of    the    sink    is    small    compal.ed    to    the

thickness     of     the     freshwater     zone,     the     Dupuit     approximation     may     cause

substantial  errors  in  the  estimation  of  the  interface  motion.

An   attempt   was   made   to   make   a   simplified   description   of   the   dispersive

zone   using   the   concept   of   boundary-layer   approximation.      The   simplification

involves   dividing   the   aquifer   domain   into   three   separate    zones,    namely,    a

freshwater   zone,    a   transition   (dispersive)    zone   and   a   saltwater   zone.      The
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concentration  in  the   transition  zone  val`ies   from  that  of  the  saltwater  at  the

bottom  to   that  of  the   freshwater  at  the  top.     The  flow  in  each  zone  is  assumed

to    be    described    by    the    Dupuit-Forchheimer    approximation.        Based    on    this

approximation,    the    pertinent    governing    equations    were    derived    and    solved

nunerically  with   the   use   of  finite-difference   technique.     Application  of  the

model    to    a    cross    section    of    the    Smoky    Hill    River    valley    verifies    the

occurrence    of    unstable    upconing    at     this     site.         The    results    of    model

simulations   indicate   that   advective   transport   is   the   predominant   saltwater-

upconing  mechanism  in  this  case.

In  reality,   saltwater   and   freshwater  are  niscible   fluids   and   can  become

nixed   and   distributed   in  a   dispersive   zone   of  variable   salinity.     A  complete

mathematical   description  of  a  miscible   flow  system  is   ot>tained  by  the  coupled

equations   of   the   fluid   continuity,    Darcy   velocity,    solute   transport   and   a

constitutive   equation  relating   fluid   density   to   the   salt   concentration.     The

solution  of   these   equations   as   achieved  with   the   use  of  an  efficient   finite-

element   model.      The   proposed   model   preserves   the   continuity   of   the   velocity

field   across   the   elemental   t)oundaries   and   results   in   accurate   estimates   of

velocities   that   are   extremely   important   in   simulation   of  advective-dominated

tl.ansport   problems.      The   model   was   applied   to   a   saltwater-intrusion   problem

and    its    results    were    confirmed    with    available    analytical    and    numerical

solutions.        Application   of    the    model    to    the    field    pl.oblems   may   encounter

difficulty  mainly  t>ecause   of   the   lack   of   sufficient   data  and  also  because  of

the`  poorly  defined  transport   theory  in  complex  hydrogeologic  environments.

XV



1.       INTRODUCTION

1.1    Significance   of  Wol.k

The   encroachment   of  saltwater   into   freshwater  formations,   and   eventually

into   surface   waters,    is   the   major   natural   cause   of   water   pollution   in   many

areas  of  the  United  States.     The  intrusion  of  saltwater  may  I)e  accelerated  or

decreased    by    applying   vat.ious    stresses    to    the    system    (deepening    a    river

course,   irrigation  pumping,   saltwater  pumping,   etc.).     Although  the  literature

contains    considerable    documentation   and    analysis    of   these   problems   in   oil

reservoil`s   and   coastal   aquifel.a,   very   little   effort   has   been   directed   toward

studying   the   mechanism   of   saltwater   encroachment   in   alluvial-valley   systems.

Evaluation    and    testing    of    appropriate    mathematical    models    and    associated

numel.ical  codes,   along  with  analysis  of  field  data,   would  extend  the  knowledge

and    understanding    of    the    saltwater.-encl.oachment    phenomenon    and    result    in

creation  of  efficient  numerical  techniques  for  the  prediction  of  the  saltwater

intrusion.

1'2   Sco e  of  the  Study

The   principal   objectives   of  the   pl`oject  were:   (1)   to   conduct  a  comprehen-

sive  field  investigation  of  saltwater  intrusion  in  an  alluvial-aquifer  system,

and   (2)   to   evaluate   the   suitability   of  mathematical   models   for  prediction  of

the  location,   extent  and  severity  of  the  naturally  occurring  saltwater  intru-

sion  in  alluvial-aquifer  systems.

The   field   investigation  involves   characterizing  in  a  detailed  manner   the

hydrogeology  and  chemical  quality  of  ground  waters   in  the  alluvial   and  under-

lying   bedrock   formations   at   a   selected   field   site.      Furthermore,   the   suita-

bility   of    several   hydrogeologic   and    geophysical    techniques    for   monitoring

saline   ground   waters   were   evaluated   on   the   basis   of   their   field  perfomance.



From   analysis   of   the   field   investigation,   an   integrated   field   approach   was

suggested   for   studying   saltwater-intrusion   occurrence   in   stl.earn-aquifer   sys-

tems .

To    achieve    the    second    objective,    several    computer   models    including   a

sharp-interface   model,    an   approximate    transition-zone   model   and   a   density-

dependent   solute-transport  model  were   developed   and   tested   on  an  actual   aqui-

fer  and  realistically  designed  hypothetical  examples.     Because  sharp-interface

models   al.e   frequently   based   on   the   Dupuit   assumption,   we   will   also   establish

under    what    circumstances    the    Dupuit    approximation    is    acceptable    and    what

cot.rections   should   be   made   to   account   for   the   vertical   component   of   flow   in

the  vicinity  of  partially  penetrating  sinks  and  sources.

1.3  Field  Investigations

As  indicated  before,   the  primary  purpose  of  the  field  investigation  is  to

provide   actual   observations   on   saltwater-intrusion   occurrence   in   a   stream-

aquifer   system.      The   site   chosen   for   this   analysis   is   located   in   the   Smoky

Hill  River  valley  along  a   six-mile   reach   of   the   stream.     Previous   investiga-

tions   of   the   area   by   the   U.S.    Geological   Survey   and   the   KaLnsas   Water   Office

demonstrated    that    saltwater    intl.usion    was    a    major    cause    of   water-quality

degradation  in  the  Smoky  Hill  River.

During  the  course  of  the  field  investigation,   special  attention  was  given

to   the   consideration  of   the   following   factors:      source  of  the   saltwater,   the

hydrogeological   structure   of   the   intrusion   al'ea,   and   the   governing   physical

mechanisms   of  the   intrusion  process.     These   factors   are   to   some  extent  inter-

dependent;    for   example   the   hydrogeological   structure   influences   the   way   the

saltwater  flows   towards  a  river.     Therefore,   the   field   data  must  be  collected

such   that   the   importance   of   these   factors   is   clearly   reflected   by   the   field

observations.       This   task   may   be   accomplished   with   relative   ease,   since   the
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area   of   saltwater   upconing   is   usually   limited   to   a   riarrow   cot.ridor   along   a

river.     Thus,   the  al.eal  extent  of  the  problem  is  relatively  small.     Due  to  the

natul.e   of   the    problem,    mainly   the   vertical   variations   of   the   density   and

pressure,   vertical   averages  of  investigated   quantities   do  not   contain  suffi-

cient   information  about   the   system.     For   that   reason   the   observation  network

was  designed   in  a  way  which  provides   information  about   the  vertical  and  al.eal

distribution  of   the   important   quantities.     These   quantities   are   a)   pressure,

which   is   the   governing   force   of   ground-water   flow;   b)   density,   which  contri-

butes   to   the   flow   potential   and   is   related   to   the   concentration;   c)   sodium-

chloride   concentration,   whose  distrituion  indicates   the  location  of  the  salt-

water    and    freshwater    zones    and    the    transition    zone    between    them;    and    d)

ground-water   free-surface   elevation.     These   quantities  were  measured  directly

or   indirectly   in   the   netwol`k   of  well   nests,   thus   providing  infol.nation  about

their  spatial  and  time  distributions.

In   order   to   estimate   the   amount   of   the   salt   entering   the   river,    the

seepage   rate   and   the   concentration   of   the   inflowing   fluids   must   be   measured

along   the   river   course   in   the   intrusion   al.ea.      These   measurements   were   ob-

tained  using  seepage  runs  and  water-quality  sampling.

Our   field   investigation   also   involves   using   a   combination   of  hydrogeo-

1ogic   and   geophysical    techniques   along   with   data   from   a   monitoring-network

design  to  develop  a  three-dimensional  view  of  the  saltwater-intrusion  area.     A

cursory   examination   of  the   literature   indicates   that   field   investigations   of

this  type  usually  involve  intensive  drilling  and  monitoring  prograns.     It  will

be   shown,   however,   that   a   judicious   design  of   the  monitoring  network  combined

with   existing   techniques   can   significantly   reduce   the   need   of   these   large-

scale  projects  without  sacrificing  the  goals  of  an  overall  monitoring  progl.an.
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1.4  Saltwater-intrusion  Modeling

The   modeling  of  the   saltwater-intrusion  mechanism,   which  will   follow  the

field   data-collection   phase,   is   quite   complicated   in   itself.      The   governing

forces   of  this   phenomenon  al.e:   a)   the   convergent   flow  of  ground  water  towards

the   river,   which   "pulls   up"   the   saltwater   in   the   direction   of   the   flow,   b)

gravity,    which    "pulls    down"    the    saltwater   because    of   its   higher   specific

weight,   and   c)   hydrodynamic   dispersion,   which   causes   the  mixing  and   spreading

of  particles  from  higher  to  lower  concentrations.

The   model,    which    includes    all    these    factors,    and    that    perhaps    best

describes   the  problem  is  the  hydrodynamic  dispersion  -  ground-water-flow  model

with  variable  density.     Unfortunately,   the  equations  of  this  model  are  diffi-

cult   to   solve.     However,   if  we   assume   that   the   transition  zone  is  relatively

narrow,   we   can  simplify  the  pl.oblem  using  the   shal'p-interface  cross   sectional

model.      The   equations   of   the   sharp-interface   model   can  be   solved   I.elatively

accurately  with  the  use  of  numel.ical  techniques.

One  can  go  further  and  assume  that  the  Dupuit  approximation  is  acceptable

in  the  analysis  of  this   problem,   i.e.   that   the  ground-water  flow  is  basically

horizontal  and  the  vertical  component  is  negligible.     This  assumption  has  been

used   for   simulating  sea-water   intrusion.     The   impact   of  these   assumptions  may

be   to   some   extent   evaluated   by   comparison   of   simulation   results   with   field

measurements .

Although  the  original   intent  of  the   project  was   to  concentrate   on  evalu-

ation  of  sharp-interface  saltwater-intrusion  models,  during  the  field  investi-

gation   it   becane   apparent   that   the   contacting   zone   between   freshwater   and

saltwater   was   not    sharp.       Rather   a   thick   dispersive    (or   transition)    zone

existed   beneath   the   Smoky  Hill   River   in   the   alluvial  aquifer.     This  ot)serva-

tion   lead   us   to   the   development   of   two   additional  models   that   take   iflto   con-
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sidel.ation  the  effects  of  dispersion.

The  first  model  uses  an  approximate  description  of  the  transition  zone  in

terms   of  a  boundary-layer  approach.     The  mathematical   formulation  and  numeri-

cal  solution  procedure  associated  with  this  approach  al.e  developed  and  applied

to  a  situation  typical  of  the  Smolry  Hill  River  cross  section.

The   second   model   is   t>ased   on   simultaneous   solution   of   the   ground-water

flow   and   solute-transport   equations   in  a  variable   density  miscible-flow  sys-

tem.      This   model   I.epresents   the   most   complete   mathematical   description   of   a

saltwater/freshwater  system.     The  usefulness  of  this  model  will  also  be  demon-

strated  with  several  examples.

As  indicated  above,   the  modeling  of  saltwater  intrusion  presented  in  this

report  will  cover  a  wide  I.ange  of  models   fl'om  a  sharp-interface  approach  and  a

transition-zone   approximation   to   a   complete   description   of   the   ground-water

system  with  a  density-dependent   solute-transport  model.

1.5   Contents   of  the RepoI.t

The   I.esults   of  our   research   on   saltwater.-intrusion   field   procedures   and

modeling   techniques   are   presented   in   this   report   and   divided   into   two   parts.

The    first    part,    Sections    2    through    6,    deals    exclusively   with    the    field

investigation   at   the   Smoky  Hill   River   cross   section   in  north-central   Kansas.

In    this    part    we    evaluate    the    effectiveness    of    several    different    field

measurement    techniq.ues    that    can    be    used    for    detection    of    the    saltwater-

intrusion  zone.     Major  findings   from  the  field  investigation  are  summarized  at

the  end  of  Section  6.

Section  7  starts  the  discussion  on  mathematical  modeling  of  the  saltwater

intrusion   by   introducing   first,   the   counonly   used   sharp-interface   approach;

and   then,   the   more   rigorous   but   also   more   realistic,   miscible-flow  approach.

In   Section   8,    a   new   implicit    approximation   of    the    sharp-interface   motion
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equation  is  developed  with  the  use  of  the  boundary-element  method.     In  dealing

with    the    sharp-interface    approximation,     Section    9    estat>1ishes    under    what

circumstances   the   Dupuit-Forchheimer   approximation   is   acceptable   and   how   the

err.ors   due   to   its   use   may  be   corrected.      In   Section   10,   the   concepts   of   the

boundal.y-layer   appl.oximation   and   potential-flow   theory   are   combined   for   the

development   of  a   simplified   description  of   the   dispersive   zone.     Finally,   in

Section   11   a  density-dependent   solute-transport  model   is   developed   to   analyze

situations  characterized  with  a  relatively  wide  dispersive  zone.

Appendices   A   and   a   contain   the   chemical-quality   data   collected   in   the

field  and  the  description  of  the  geologic  units  at  the  field  cross  section.
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2.       PREVIOUS   RELATED   WORK

Befol.e   proceeding   to  describe   the  detailed   field   investigatioh  performed

at   the   Smoky  Hill   River  valley,   it   is   imperative  to  discuss   several  previous

studies  that  also  dealt  with  saltwater-intl.usion  problems.     In  particular,   the

studies   conducted   in  the  vicinity  of  the   Smoky  Hill  River  serve  as  guides  for

selection  of  an  appropriate   field   site   and   also   greatly   influence   the  design

of  the  monitoring  network.

2.1   previous    field    investigations    of    saltwater    intrusion    -    a   Review   and

Evaluation  of  Field  Methods

Field   investigations   of  saltwater   intrusion  have   been   coflducted   in  many

coastal   freshwater   aquifers   and   stream/aquifer   systems   throughout   the   wol.1d.

Most   of   these   studies   have   relied   on   using   hydrologic   and   geochemical   data

collected    from   networks   of   piezometel.s.       Typcially,    ground-water   chenical-

quality  data  and  t>ottom-hole  pressures  are  used   to  develop  an  understanding  of

the  hydrogeology  of  the  saltwater-intrusion  area  and  to  describe  the  transient

changes   in   the   nature   of   the   intrusion   zone.      Several   examples   of   the   field

investigations  are  worth  mentioning  here.

Saltwater  intrusion  into  the  Biscayne  aquifer  of  southeastern  Florida  was

extensively   studied   by   Kohout   (1960).      In   this   study  a  network  of  monitoring

sites   were    installed   along    two    selected   cl.oss   sections   of   the   aquifer   to

define   the   shape   and   extent   of   the   saltwater   intrusion   into   the   freshwater

aquifer.     Each  monitoring   site   consisted   of   two   to   12   piezometers   screened  at

various   levels   in   the  approximately   110-ft-thick  car.bonate   aquifer.     From  the

field   observations,   Kohout   (1960)   found   that   the   saltwater   front   was   dynam-

ically   stable    at   a    point    seawal.d    of   a    position    predicted   by   the    Ghyben-

Herzberg    relation.       General    flow   directions    in    the    Biscayne    aquifer   were
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determined    based    on    the    distl.ibution    of    hydraulic    head    as    defined    by

Lusczynski    (1961).      The   variation   of   chloride   concentl.ation   along   the   cross

sections   verified    that   due    to    the   dispersion   effects,    a   relatively   thick

transition  zone  sepal.ates  the  fresh  and  saline  waters  in  this  aquifer.

The  natul.al  discharge  of  saline  gI.ound  waters  into  stream/aquifer  systems

of   the   Great   Bend   Prairie   of   Kansas   was   studied   by   Cobb   (1980).      He   utilized

existing  data  and   data   from  a  gI.ound-water   chemical-quality  network  of  piezo-

meters   constructed   during   his   study   to   identify   areas   in   the   shallow  fresh-

water   aquifer   and   in   the   bedrock   aquifers   of   the   Lower   Permian  where   saline

ground  waters   were   present.     Each  monitoring   site   in   the  network  consisted  of

three   piezometers   screened   at   val.ious   intervals   in   the   shallow   and   bedrock

aquifers.     Cobb   (1980)   found   that   saltwater   remained  near   the  bedrock  surface

in   the   alluvial   aquifer   except   near   major   gaining   streams   whet.e   low-quality

ground   water.a   are   present   at   shallow   depths   beneath   the   stream  bottom.      Con-

centration   profiles    along    several    cross    sections    of   the   alluvial   aquifer

prepared   fl.om  an  analysis   of  water   samples   in   the   study  al.ea  indicated  that  a

relatively   wide   transition   zone   existed   at   the   contact   of   fresh   and   saline

ground    water.s.        The    direction    of    vertical-flow    components    between   nearby

piezometers   in   the   alluvial   and   bedrock  aquifers   was   determined   by  the  method

of  MCElwee   and   Macfarlane   (1980).

Benz   et   al.    (1961)   investigated   an   occurrence   of   saline   ground   water   in

the   Red   River   valley   of  North   Dakota   and   found   that   salt-affected   areas   con-

sistently  had   a  high  water   table,   poor  drainage   conditions,   and  saline  arte-

Sian   waters.      Similar   chemical   composition   of   shallow   waters   in   the   glacial

drift  and  deeper  artesian  water.s  indicated  to   the  authors  that  waters  from  the

Dakota  Formation  were  the  primary  source  of  salt.     Upward  vertical-flow  gradi-

ents  were   found   in  the   shallow  alluvial  aquifer  by  comparing  the  static  water
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levels   of   four.   piezometers   installed   at   different   depths   at   three   monitoring

s.ites.     The   total  dissolved  solids  of  ground  waters  in  the  alluvium  were  found

to   range   from  2900  to   31,000  ppm.

More   recently,    borehole   and   surface   geophysical   methods   have   been   used

for   napping   variations   of   gI.ound-water   chemical   quality   and   for   nonitoring

saltwater-intl.usion   al.eas.      Bol.ehole   methods   are   attractive   because   measure-

ments  can  be  made  continuously  in  the  portion  of  the  aquifer  penetrated  by  the

borehole   and   because   the   need   for   geochemical   analysis   of   water   samples   is

minimized.       These    advantages    significantly   reduce    the   costs   of   monitoring

saltwater-intruded    areas.        However,    Rushton    (1980)    and    Kohout    (1980)    have

shown   that   the   freshwater/saltwater   transition   zone   in   an  open  borehole   does

not  always  coincide  with  the  transition  zone  in  the  aquifer.     This  discrepency

is    usually    seen    in    low-permeability   aquifers    with   a   significant   vet.tical

component   of  hydraulic   gradient   in   the   saltwater   zone.     Under   such  conditions

the   open   borehole    "shol't   circuits   the   head   difference   and   water   laterally

enters   the   deep   part   of   the   hole   and   flows   vertically   up   the   borehole   and

discharges   in   the   shallow   part   of   the   hole"   (p.192;   Kohout,1980).     To  alle-

viate   this   prot)len,    Tellam   et   al.    (1986)    made   conductivity   measurements   on

pore    waters    of    core    samples    collected    during    drilling    to    develop    fluid-

conductivity  pr'ofiles   of   the   bedrock  aquifer  at   several   sites.     Because   core

samples   are   collected   only   once,    continuous   or   future   saltwater   monitoring

will  not  be  possible  using  this  techique.

The   use  of  bulk   formation  resistivity  measul.ements   from  borehole   logging

for   detection   of   saltwater   may   t)e   prottlematic   in   that   the   measurements   are

only    empirically    related    to    the    resistivity    of    the    pore    water.s    through

Archie's   Iiaw   (Doveton,    1986).      Because   t)ulk   I.esistivity   is   also   affected   by

the   presence   of   conducting   minerals   such   as   clay,    the   relationship   t)etween
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bulk   resistivity  and   ground-water   chemical   quality  must   be   defined   and   care-

fully  evaluated  on  a  site-by-site  basis.

Surface   geophysical   techniques,    principally   direct-current   resistivity

and    electromagnetic   methods,    have   been   used   to   nap   the   lateral    extent   of

saltwater-intrusion   zones.     These  methods  have  had   varying  degrees   of  success

and   are   usually   ap|)lied   along   with   other   means   of   developing   hydrogeologic

infomation  in  the  field.     The  results  of  surveys  conducted  in  the  Netherlands

have   been   summarized   tty   Van   Dan   and   Muelenkamp   (1967).      They   found   that   bulk

resistivity   is   closely   related   to   ground-water   chemical   quality.      They   were

able   to   compute   calibration  curves   to   estimate   ground-water  salinity  in  sandy

deposits.       In   a   similar   study   Lazrey   (1972)   evaluated   the   effectiveness   of

resistivity   pro filing,    resistivity   sounding   and    induced-polarization   tech-

niques   as   tools   for   delineating   saltwater-intl.usion   areas   in   New   Brunswick,

Canada.     He  concluded  that  saltwater  intrusion  into  sandstones  could  be  easily

detected   by   resistivity   pro filing   because   of   a   large   contrast   between   salt-

water-     and     freshwater-saturated     sediments.          In     contrast,     some     shaley

formations  were   found   to  have  resistivities  as  low  as   the   saltwater-saturated

sahdstones.           He      found      that      induced-polarization     soundings     helped     to

differentiate   between   saltwater-saturated   sandstones   and   shaley   formations.

More   closely   related   to   the   present   investigation,    Zohdy   and   Jackson   (1973)

evaluated     the     usefulness     of    direct-current     resistivity    methods    in    the

recognition      of      natural      brines      and      determination      of      depth      to      a

freshwater/saltwater    interface    in   a   complex   geologic    system   consisting   of

interbedded   Permian   shales,   sandstones   and   evaporites.      They   interpreted   the

vertical   electrical   soundings   by   curve  matching   and   automatic   interpretation

methods    and    concluded    that    the    resistivity    method    is    useful    where    the

freshwater/saltwater   interface   lies   above   the   gypsum   in   the   sul)surface   and
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where   the   effective   relative   conductance   of   the   brine-saturated   layers   below

the   gypsum   is   large.       In   areas   where   high-resistivity   anhydrite   beds   lie

directly   beneath    the    interface,    the    exact    location    of    the    interface    was

difficult   to  detect.     In  addition  altemating  beds  of  shale  arLd  dolomite  were

found   to   show   the   presence   of  brine   because   of   the   alternations   of  very   low

and   very   high    resistivity.       Macfarlane    and   Ackeman    (1983)    used   vertical

electrical    sounding   techniques    to   map   the    top   of   the    freshwater/saltwater

interface    t)eneath    two    lines    of    soundings    in    the    Great    Bend    Prairie    of

Kansas.     They  demonstrated   that  upconing  is   taking  place  beneath  Rattle  Snake

Creek  at   two   locations   within   the   study  area.     In  this   study,   the   top  of  the

interface,   was   identified   from   the   interpreted   vertical   electrical   souridings

and   ground-water   chemical-quality   data.       The   position   of   the   interface   was

easily   determined   in   the   shallow   subsurface   t>ut   could   not   be   distinguished

from   the   Permian   shale   bedrock   t>eneath   the   aquifer   where   the   thickness   of

saltwater  near  the  bottom  of  the  unconsolidated  sediments  is  small.

2.2  Previous  Field  Investigations  in  the  Vicinity  of  the  Study  Area

The   regional   geologic   setting   and   ground   water   in   the   Smoky   Hill   River

valley  has  t)een  studied  by  Latta   (1949).     He   found  a  wide  variation  in  ground-

water   chemical   quality   in   the   alluvial   aquifer   in   the  vicinity  of  the   field

site.      Chloride   concentrations   in   excess   of   10,000   ppm  were   recorded   in   some

of   the   ground   water   samples   collected   by  liatta   (1949).     The   saline  brines  are

found   mostly   in   the   deeper   parts   of   the  alluvial  aquifer.     The   saline  waters

were  resulting  from  the  dissolution  of  evapol.ites  in  the  underlying  Wellington

Formtion,

Gogel    (1981)    I.eported    on   the    discharge    of    saltwater    from    the    Permian

Wellington   Formation   into   freshwater  aquifers   and   streams   in   central   Kansas.

Infiltration   of   freshwater   primarily   from   overlying   unconsolidated   deposits
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has   dissolved   salt   and    evapol.ite   deposits   in   the   Wellington   Formation   re-

sulting   in   the   formation   of   a   discontinuous   zone   of   solution   cavities   and

collapsed  t)eds  containing  lal.ge  quantities  of  saltwater.     This  zone  within  the

Wellington   Formation   has   been   named   the   Wellington   aquifer   by   Gogel    (1981).

As   a   part   of   the    field   investigation,    Gogel    (1981)    installed   a   series   of

single   piezometers   screened   in   the   Wellington   aquifer   to   determine   lateral

ground-water   flow  direction.     Additionally,   seepage  and   salinity  measurements

were  made  in  several  streans  in  central  Kansas  to  locate  the  areas  affected  by

saltwater   inflow   from   the   Wellington   aquifer.      Gogel   (1981)   found   that   there

is   hydraulic    connection   between   the   underlying   Wellington   aquifer   and   the

overlying   stream/aquifer   systems   in   the   Solomon-New   Cambria   area   in   the   Smoky

Hill  River  valley.     In  this  area,   the  potentiometr'ic  sul.face  of  the  Wellington

aquifer  is  higher  than  the  water  table  in  the  alluvial  aquifer  and  therefore,

saltwater  discharges   through   fractures   and   sink  holes   in   the   overlying  shale

to  the  alluvial  aquifer.

Gillespie  and  Hargadine   (1981 )   performed  a  further  field  investigation  of

the    saltwater   discharge    from   the   Wellington   aquifer   to   the   stream/aquifer

system   between   Salina   and   Abilene,   Kansas.      During   this   field   investigation

which  was  conducted  on  an  areal  basis,   a  monitoring  network  of  piezometers  was

established   in   the  Wellington  aquifer,   the  bedrock  aquifer   in   the   Herrington

Member   of   the   Nolans   Limestone,   and   lower   par.t   of   the   alluvial   aquifer.     The

brine    from   the   Wellington   aquifer   was   indicated    to   be   moving   up   through   a

leaky   confining   layer   beneath    the    alluvial   aquifer   thl.ough   fractures   and

collapsed   structures.      The   brine-discharge   rate   through   the   leaky   confining

layer   was   estimated   to   range   from   0.3   to   0.8   cfs.      Gillespie   and   Hargadine

(1981)   reported   that   the   chloride   concentration   of   the   Smoky  Hill   River   in-

creased   approximately   8cO   mg/L   between   New   Cambria   and   Sand   Springs   at   base-
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flow  condition  during  1976-77.

Additionally,   Gillespie  and  Hat.gadine   (1981 )   installed  a  line  of  continu-

ously  screened  wells   in   the   alluvial  aquifer  in  the  vicinity  of  the  river  to

observe   saltwater   upcoming   beneath   the   Smoky   Hill   River   at   a   specific   site.

The   site   was   chosen   after   these   investigators   conducted   a   series   of   seepage

and  salinity  sul.veys  in  the  reach  of  the  river  near  their  proposed  area  of  the

detailed   study.      At   this   location   chloride   in   the   surface   waters   incl.eases

rapidly   at   1)ase-flow   conditions.       A   borehole   fluid-conductivity   logger   was

used   to   show   variations   in   ground-water   chemical   quality   and   to   outline   the

saltwater-intrusion   zone   on   the   west   side   of   the   river.     The   results   of   the

surveys  showed  that  upcoming  was  taking  place  in  the  alluvial  aquifer.
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5.       LOCATION   ANI)   HYDROGEOLG0IC    SETTING   0F   THE   FIHLD   SITE

3.1    Geogra hic  Location  of  the  Field  Site  and  Major  Features

The  field  site  is  located  in  the  Smoky  Hill  River  valley  near  the  western

edge   of   the   Flint   Hills   physiographic   province   and   upstream   from  the   conflu-

ence   with   the   Solomon  River   (Schoewe,1949).      Figure   3.1    shows   the   geogl.aphic

location   of   the   study   area.      The   boundary   between   Saline   and  I)ickinson  coun-

ties   extends   in   a  north-south   direction   through   the   field   site.     The  toiirn  of

Solomon,   Kansas,   is   located   north   of   the   site.     The   valley   of   the   Smoky  Hill

River  is  approximately  1.5  miles  wide  and  the  river  occupies  the  center  of  the

valley   and   meanders   consider.ably.      The   valley   is   relatively   flat   except   for

old   meander   scars   and   terraces.      Low   bluffs   composed   of   Lower  Permian  bedl.ock

(Wellington   Formation)    flank   the   valley   sides.      The   Solomon   River   joins   the

Smoky   Hill   River   less   than   0.5   mile   downstream   from   the   northern  edge   of   the

field   site.       The    field   site   covers   approximately   1.4   mi2    (3.6   km2)   of   the

valley   on   the   east   and   west  banks   of   the   river   (at   the   location   the   river  is

oriented  not.th-south).

3.2  Regional   Geology

Rocks    of   Lower   CI.etaceous    sand    and    Lower   Permian   age    crop   out    in   the

upland  areas   outside  and  underlie   the   Smoky  Hill  River  valley  in  the  vicinity

of   the   field   site   and   the   sul.rounding   area   (Figure   3.1).      Rock   units   of   the

Chase    and    Summer    groups    are    represented    in    western   I)ickinson    and    eastern

Saline   counties.      These   neat.-surface   units   are   from   oldest   to   youngest:   the

Herr.ington  Member  of  the  Nolans   Limestone  and   the  Wellington  Formation.

The  Herrington  Member  of   the  Nolans   Limestone   crops  out   in  the   low  bluffs

that   flank   the   Smoky  Hill   River   valley  south  and   east   of  Abilene.     This   unit

is   in   the   subsurface   beneath   the   field   site   at   Solomon.      At   the   surface   the
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Figure   3.1     Location  and  surface  geology  of   the   Smoky  Hill  River  Valley  near
the  study  area.
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Her.rington   consists   of   bedded   yellowish-tan   to   gray   fossiliferous   dolomitic

limestone   and   thin   interbedded   tan   shales.      Samples   of   the   limestone   from  the

near   surface    frequently   contain   nodes    partially   or   completely   filled   with

quartz   or   contain   small   cavities   ranging   in   size   from   O.5-inches    (1.25-cm)

diameter  to  pinpoint  size.     These  cavities  are  generally  abundant  and  give  the

rock  a  very  porous   appearance.     Bedding   in   the   limestone   beds  is  indicated  by

fossiliferous   and   nonfossilifel.ous   zones   and   distributed   zones   of   solution

cavities  and   coloration  along  planes   parallel   to   the  bounding  surfaces   of  the

limestone   beds.      Fossil   mollusks   and   other   fossil   debris   al.e   common.      Total

thickness   on  the   outcrop  I.anges   fl.om  6   to   10   feet.

The   Wellington  Formation   crops   out   in   the   valley  walls   and  hills   of   the

Smoky  Hill   River   valley   in   eastern   Saline   and   westel.n   Dickinson  counties   and

underlies   the   alluvium   at   the   field   site.      The   Wellington  Formation,   due   to

its   primary   lithology,    is   poorly   exposed   in   road   ditches   and   isolated   road

cuts   in  the  vicinity  of  the   field   site.     The  Wellington  consists  primarily  of

gray   to   tan   shale   and   in   the   near   surface   contains   extensive  box-work  struc-

tures  and  cemented  sand-filled  joints  and  cavities.     Weathering  at  the  surface

frequently  erodes  the  shale  leaving  the  box-work  structures  and  calcite-filled

geodes.        Joints   are    often   filled   with    calcite-cemented   medium-    to    coarse-

grained   sand   and   gravel.       The   gravels    range   up   to   0.5   inches    (1.25   cm)    in

size.        These    fillings    may   be    associated    with    the    Pleistocene-age    Abilene

conglomerate   (Zeller,    1968).      Good   exposures   of   these   sand-filled   joints   are

located   in   a   I.oad   cut   at   the   west   edge   of   Abilene   in   SW   1/4,   SW   1/4,   see.   9,

T.13   S.,   R.    2   E.      The   Wellington   also   contains   thick   to   thin   discontinous

zones   of  evaporites   and   dolomitic   limestone;   these   aI.e   generally  not   found  in

surface   exposures.      To   the   west   of   the   field   site   in   the   Saline   area,   the

Wellington   has   been   sut>divided    into   a   lower   unnamed   member,    the   Hutchinson
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salt,     and    an    upper    unnamed    member    (Gillespie    and    Hal.gadine,1981;    Gogel,

98, ) .

Pleistocene   and   Recent   age   unconsolidated   deposits   can   be   found   in   the

Smoky   Hill   River   valley   and   in   the   upland   areas   outside   of   the   valley   in

eastern  Saline   and  western  Dickinson  counties.     These  deposits   include  undif-

ferentiated   alluvial   and   terrace   deposits   and   dune   sands.      The   alluvium  and

terrace   deposits   consist   of   variable   thicknesses   of   gravel,    sand,   silt   and

clay  in  a   fining-upward   sequence.     Occasionally,   the   sands   and  gravels  at  the

base   of   the   alluvium   are   cemented   with   calcium   carbonate.      Thin   patches   of

cemented   Abilene   conglomorate   were   found   during   this   investigation   in  upland

areas   south  of  the  Smoky  Hill  River  and  west   of  Abilene.     An  extensive  area  of

dune   sand   is   located   between   Solomon   and   Abilene   north   of   the   river   valley.

These   deposits,    described   by   Ijatta   (1949),    consist   of   fine   to   medium   eolian

qual.tz  sand  over.lying  terrace  deposits.     Thicknesses   range   from  featheredge  at

the   extremities   to   15  feet.

3.3  Regional   Ground-water  Conditions

Regional    ground-water    conditions    in    the   Wellington   Formation   and    the

alluvial   aquifer   of   the   Smoky   Hill   River  valley   are   described  here   to   fully

understand  the  cause  of  the  saltwater  occurrence  in  and  around  the  field  site.

3.3.1           The  wellington  A uifer

The   Wellington   aquifer   consists    of   fractured   shales   in   the   Wellington

Formation   that   contain  highly   saline   ground   waters   (Figul`e   3.2).      The   brine-

saturated   fractured   shales   have   resulted   from   the   solution  of   salt  along  the

up-dip    edge    of    the    Hutchinson    Salt    Member   of   the   Wellington   Formation   and

subsidence   or  collapse   of   the   overlying  shales.     A  further  development  of  the

aquifer    system    occurs    east    of    Salina    and    is    caused    t)y    the    solution    of
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Figure   3.2    Location  and  extent   of   the  Wellington  aqulfer  in  Kansas;   after
Gogel   (1981).
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evaporites   in   the   lower   par.t   of   the   Wellington   For.nation   (Figure   3.3).     Dis-

solution   of   the   salt   and   the   evapol.ites   is   caused   by   the   movement   of  shallow

ground  waters  into   the  fractured  Wellington  shales.

The    bedrock    system   has    been    studied    extensively    by    Gogel    (1981)    and

Gillespie    and    Hargadine    (1981).        The    ground-water    flow    in    the    Wellington

aquifer   is   to   the   north   or   south   away   from  a   potentiometric   high   located   in

Reno   County,   near   Hutchinson.       Ground   waters   in   the   Wellington   aquifer   move

nor.thward   or   southward   through   fractured   shales   to   the   dischal.ge   areas.     The

discharge   points    for   the   Wellington   aquifer   are   located   in   the   Smolry   Hill

River    valley    near    Solomon    and    in    the    Arkansas    River    valley    near    Geuda

Springs.      Gillespie   and   Hargadine   (1981)   napped   many   collapse   fractures   asso-

ciated   with   the   Wellington   aquifer   in   the   Solomon   area.      According   to   this

study,    saline    ground   waters    are    being   discharged    to    the    alluvium   through

breech   points   in   the   confining   layer.       Ground-water   discharge   to   shallower

stream/aquifel.   systems   occurs   where   the   vertical  hydraulic   gradient   is   upward

fl.om   the   Wellington   aquifer.       Gillespie   and   Hargadine    (1981)   found   that   the

potentiometl.ic   sul.face   (freshwater   equivalent)    in   the   Wellington   aquifer   was

higher   in   elevation   than   that   in   the   alluvial  aq.uifel.  east   of  New  Cambria  in

the   Smoky   Hill   River   valley.      Gogel   (1981)   found   that   total   dissolved   solids

of   the   ground   water   in   the   Wellington   aquifer    ranged    from   70,000   mg/Ii   to

328,000   mg/L   for   a   limited   number   of   samples.      Gillespie   and   Hargadine   (1981)

found    that   the   chloride   concentration   of   ground   water.s    fl.om   the   Wellington

aquifer   ranged   fl.on   11,000   to   89,000  mg/L   (approximate   total   dissolved   solids

range   of  20,000  to   162,000  mg/L)   in  the  vicinity  of  Solomon,   Kansas.

3.3.2         The   Smoky  Hill  River  Valley  Between  Salina  and Enterprise

Shallow  ground  waters   occur  in  alluvial  and  terrace  deposits  of  the  Smoky

Hill  River  valley  under  unconfined   (water-table)   conditions.     Recharge   to   the

19



West

-water  table                -direction  of  water  flow
confining   layer           E2Z]  Wellington   aquifer
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Figure  3.3    Cross-sectional  view  of   the  Wellington  aqulfer  ln  the  area  between
Sallna  and   Solomon  showing   the  groundwater   flow  pattern;   af ter
Gogel   (1981).
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water-table   aquifer   comes   from  precipitation  falling   on   the  valley   floor  and

terraces   and   interactions  with   the   river  when  the  stream  is   flowing  at  higher.

stages.       Ground-water   movement    is    generally   eastward   and    toward    the    river

where   discharge   occurs   during   low-flow   periods.     Figul.e   3.4   shows   the  config-

uration   of   the   water   tattle    for   May    1984.       The   saturated   thickness   of   the

alluvial  and   terrace   deposits   ranges   from  featheredge  near   the  valley  extrem-

ities   to  as  much  as  40  feet  near  the  axial  portion  of  the  valley.

The  chemical  quality  of  gI.ound  water  from  the  allnvial  and  tel.I.ace  depos-

its  varies  widely  and  depends  on  the  spatial  distribution  and  relative  amounts

of   I.echarge   to   these   deposits   from   precipitation   and   bedl.ock   sources   (Latta,

1949;    Gillespie   and   Hargadine,1981;   and   Whittemore   et   al.,1981).      Ijow   total

dissolved    solids    Ca-HC03-type    waters    have    originated    fl.om    precipitation.

Those  waters   that  have  been  affected  by  halite   and   evaporite   solution  contain

high   concentrations   of   total   dissolved   solids,    chloride   and   sulfate.      These

t)rimes   do  not   seem  to  have  been  pl.oduced   from  oil-field   opel.ations.

Low     total     dissolved     solids     Ca-HC03     or     mixed-cation-mixed~anion-type

ground   waters   are   commonly   found   in   the   alluvial   aquifer   between   Enterprise

and    Abilene,    Salina    to    New    Cambria,    and    in    the    sand-dune-cover.ed    terrace

deposits   between  Solomon  and   Abilene.      Chloride   and   sulfate   concentrations   of

ground-water   samples   from   these   areas   range   from   less   than   100   to   1900   mg/L

and   less   than   loo   to   500  mg/L,   I.espectively.      Ground-water   samples   containing

chlol.ide   and   sulfate   concentrations   near   the   upper   end   of   dissolved   solids

range   have   probably   resulted   from   some   mixing   with   ground   waters   that   have

t)een   affected   t)y   halite   and   evaporite   solution.      Ground  waters   from  the   ter-

race   deposits   al.e   generally   low   total   dissolved   solids   Ca-HC03-type   waters.

Ground   waters    in   the   alluvial   aquifer   near   these   terrace   deposits   in   the

vicinity  of  Sand   Springs   are   Ca-HC03-type  waters,   generally   low  in   total  dis-
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Figure  3.4    Configuration  of   the  water   table  in  alluvial  aquifer  of   the  Smoky
Hill  River  Valley  in  the  vicinity  of   Solomon,   Kansas,   during  May
1984.
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solved   solids,    low   in   chloride    (100-200   mg/L),    and   low   in   sulfate   (loo-200

mg/L).     These  waters  have   resulted   from  the  mixing  of   fresh  gI.ound  waters   from

the  terrace  deposits  with  more  niineralized  waters  in  the  alluvial  aquifer.

Ground   waters    in   the    Smoky   Hill   River   and   Solomon   River   valleys   near

Solomon   are   Nacl-type   waters.       The   total   dissolved   solids   of   ground   waters

from  this  part  of  the  valley  are  generally  above   1000  ppm  and  contain  chloride

concentrations   that   range   from   600   to   6800   mg/L,   and   sulfate   concentrations

that   range   from  400   to   6000  mg/L.     The  more   saline  water.s  are  generally  found

near   the   base   of   the   alluvial   aquifer.     The   area   containing   these  Nacl-type

ground  waters   is  located  in  the  vicinity  of  collapse  features  that  wet.e  napped

by  Gillespie   and   Hargadine   (1981).

3.4  Analysis   of  Stream flow  Data   for  the Smoky  Hill  and   Solomon  Rivers  near   the

Field  Site.

Stream flow   recol.ds   for  the   Smoky  Hill   and   Solomon  rivers  wel.e   examined   to

determine   streamflow   variations   and   gains   or   losses   in   the   vicinity   of   the

study   area.      To   accomplish   these   objectives   the   morithly   and   annual   recol.ds   of

stream  discharge  were  examined   for  the  New  Cambria  and  Enterprise   strean  gages

on   the   Smolry   Hill   River   and   for   the   Niles   stream   gage   for   the   Solomon   River

(Figure   3.4).       The   field   site   is   located   adjacent   to   the   Smoky   Hill   River

between    the   New   Cambria    (13   miles   upstream)    and   Enterprise    (24   miles   down-

stream)    stream   gages.       The   Solomon   River   empties   into   the   Smoky   Hill   River

near   the   town   of  Solomon.

Figul.e   3.5   shows   the   variation   in   monthly   stl.earn   discharge   for   the   New

Cambria   gaging   station  between   the   calendar  years   1963   and   1983.     The  monthly

streamflow   pattern  has   a  pronounced   seasonality  which   is   directly   related   to

the   precipitation.      Figure   3.6   shows   the   monthly   precipitation   for   the   same

period   from   the   weather   station   at   Abilene,    10  miles   east   of  the   field   site.
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Figure   3.5     Stream  discharge   at   New  Cambria   gaging   station  on   the   Smoky  Hill
River   for   the  period   1963-1984.
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Figure   3.6    Monthly  preclpltatlon  at  Abllene,   Kansas,   for   the  period   1963  to
1983.
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Stream   discharge   is   generally   lower   in   the   late   summer,   fall  and  winter,   and

higher  in  the   spring  and   early  sulnmeI..     A  peak  period  of  discharge  occurred   in

1973   and   1974  when   stream flow   and   precipitation  were   considerably  higher   than

normal.     A  twelve-point  moving  average  of  the  monthly  pl.ecipitation  at  Abilene

clearly   shows   this   peak   period   (Figul.e   3.7).      Gillespie   and   Hargadine   (1981)

report    that    widespread    flooding    occurred    on    the    Smolry    Hill,     Saline,    and

Solomon    I.ivers    on    April    1,     September    29,     and    October    12,     1973.        Similar

patterns   of   strean  discharge   can  be   seen   in   the   stream  discharge  records   for

Enterprise  and  Niles   (Figures   3.8  and  3.9).

Figure   5.10   shows   stream flow  gains   and   losses   for   the   reach   of  the  Smoky

Hill   River  between  New   Canttria   and   Enterprise   and   the   Solomon  River  ttelow  the

Niles   stl.earn   gage.      This   graph   was   constructed   using   the   monthly   streamflow

records   for   the   Niles,   Enterprise,   and   New   Cambria   stream   gages.      StI.eamflow

gains   and   losses  were   calculated  by  subtracting   the   total  monthly  stream flows

for    the    Wiles    and    New    Cambria    gages    from    the    monthly    stream flow    at    the

Enterprise   gage.      The   difference   represents   an  appl`oximate   net   stl.earn  gain  or

loss   for   the   month   depending   upon   the   algebl`aic   sign   of   the   I.esultant.      The

average   stream flow   gain   at   base   flow   in   these   reaches   of   the   Smo]ry   Hill   arid

Solomon   rivers    is   estimated    to   t)e   2600   acre-ft    or   0.74   cfs/mile   of   stream

chamel.
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Figure   3.7    Twelve  point  moving  average  of  monthly  precipitation  at  Abilene,
Kansas,   fron   1963   to   1983.

27



Bs    e4    BE    EB    87    Be    69    7o    71    72    73    74    75    78    77    78    79    .a    .1    e=    .=
C.1.nd.r  Y..r

Figure   3.8     Stream  discharge  at  Niles   gaging  station  on  the   Solomon  River   for
the   period   1963   to   1983.
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Figure   3.9     Stream  discharge   for   the  Enterprise  gaging  station  on   the   Smoky
Hill  River   for   the  period   1963   to   1983.
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Figure   3.10     Stream  gains  and  losses   for   the   reach  of   the   Smoky  Hill  River
between  New  Cambrla  and  Enterprise  and   f or   the  reach  of   the
Solomon  River  between  Niles   and   the   conf luence  with   the   Smoky
Hill  River   for   the   period   1963   to   1983.

30



4.       DESIGN   AND    INSTALLATION   0F   THE   MONITORING   NETWORK

4.1   0t)servation-well  Netwol.k

For  pl.actical   reasons,   a   pal`ticular   vertical   cross   section   of   the   Smoky

Hill   River   valley   must   be   selected   for   which   a   detailed   description   of   the

saltwater-intrusion   zone   is   to   t>e   made.      The   location   of   the   cross   section

chosen  for  our  analysis   is  shoim  in  Figure  4.1.     The   line  of  the   cross  section

extends   from  3050  feet  west   of  the   I.iver   to   1550  feet   east   of  the   I.iver.     This

cross   section   coincides   partially  with  a   set   of  monitoring   sites  used  during

the   field   investigation  of  Gillespie  and  Hargadine   (1981).

A   network   of   monitoring   sites    was    installed   along   the    line   of   cross

section  per.pendicular  to   the  Smoky  Hill  River  and  at  sites   remote  to   the  cross

section.      Figure   4.2   shows   a   cross   sectional   view   of   the   monitoring  network.

A   total   of   11    monitor.ing   sites   comprise   the   cl`oss   sectional   network.      Table

4.1   gives   the   position   of  each  monitoring  site   with   respect   to   the   river..     As

can   be   seen   from  Figure   4.2,   the   density  of  monitoring  sites   is  highest   near

the   river   to   ot>serve   the   saltwater   upconing   beneath   the   stream.      Temporary

monitoring   sites   were    constructed    in    the    stream   bottom    to    conduct    seepage

experiments  during  low-flow  conditions.

Additional   off-line   monitoring   sites   J   and   L   were   also   constructed    to

monitor  the   stream/aquifer  system  at   points  upstream  of  the   river.     Site  J  is

a   new   monitoring   site   located   3300   feet   south   of   monitoring   site   I   and   loo

feet   west   of   the   river.      Site   L   is   located   1400   feet   south   of  site  H  and  75

feet   west   of   the   river   and   originally   contained   a   deep   alluvial   piezometer

from  the   field   ot)sel.vation  network  of  Gillespie   and  Hargadine   (1981 ).
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•  additional   monitoring  sites
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Figure   4.1    Location  of   the  field  cross-section.

32



Overall  view  of  Smoky  Hill  River  valley  field  site.

•  midpoint  of  a  piezometer-
well  screen  in  the  alluvial
aquifer  or  bedrock

D location  of  a  set  of  ob-
servation  wells

Figure   4.2    Location  of   the  monitorlng   sites   and  plezometer  well-screen
midpolnts  along  the  field  cross-section  ln  the  alluvial  and
bedrock  aquifers.
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I)istance   from  the
Monitoring  site                                    I.iver  center-line  (ft)

East   Side

West   Side

*Distance  is   computed   from  the   continuously  screened  well  D-2.

Table     4.1          Location     of     the     monitoring     sites     along     the     line     of    the
cross   section   with   respect   to   the   center-line   of   the   Smoky   Hill
River,
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Each  monitoring   site   includes   a  combination  of   the   following:   (1)   a  well

screened  continuously  through  the  saturated  thickness  of  the  alluvial  aquifer;

(2)    a    set    of    shallow,    inter.mediate    and    deep    piezometers    in    the    alluvial

aquifer;    and    (3)    a   piezometer   screened    in   the   bedrock   aquifer   beneath   the

alluvial   aquifer.     Figure   4.3   is   a   schematic   diagram  of  a  typical  monitoring

site.     Bedrock  piezometers  were   installed  near   the   river  and   beneath  the   zone

of   saltwater   upconing.      Additional   modifications   to   this   basic   site   design

were  made  as  necessary  during  the  field  investigation.

4.2  Well   Construction  and Development

The   continuously   screened   wells   were   constructed   of   2-inch   schedule-40

PVC  well  casing  with  flush-joint  screw  fittings  in  the  screened  portion  of  the

well.      The   well   screen   consisted   of   machine-slotted   pipe   sections   with   five

rows    of   slots    of   O.020-inch   width   arranged    along   the    length   of   the   pipe.

Sections   of   the   pipe  were   assembled   and   glued   at   the   bottom-end  with  a  2-inch

cap.      The   annular   space   around   each  well  was   backfilled   to  within   10   feet   of

the   land   surface   and   cemented   from   that   point   to   the   surface.      A   cement   pad

was   then  placed  al.ound   the  well.

The  piezometel.s  were  installed  in  the   field  using  conventional  I.otary  and

hollow-stem   auger   methods.       Two-inch   schedule-40   PVC    pipe   was   used   for   the

well  casing.     The  well  screen  consisted  of  a  single  5-foot   section  of  machine-

slotted   pipe.      The   slot   size   used   was   0.010   inch   in   width.      The   slots   were

closely   spaced   and   arranged   in   five   I.ows   extending   the   length  of  the   casing.

The  well  screen  and  sections  of  "blank"   casing  were  fitted  with  2-inch  collars

and  Slued   together.

Two   different   completion   techniques   were   used   once   the   piezometers   were

installed   in   the   ground.      In   the   case   where   the   piezometers   were   installed

using   mud-rotary   methods,    the    well    was    gravel-packed    approximately   2   feet

35



Typical  observation-well  nest

land
surface

I '

V

alluvialaquifer

\\Y' \ V'^\Y / r`\N / N\N / r`\v I r`\v / i\\`bedrock

aquifer

Figure   4.3    Design  of   a  typical  monitorlng  site  near   the   Smoky  Hill  River.
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above   the   well   screen.      This   was   done   to   help   prevent   clogging   of   the   well

screen  with  cement.     In  most   cases   at   least   20  feet   of  the  annular  space  above

the   well   screen   was   cemented.      The   remainder   of   the   annular   space   was   back

filled   to   within   10   feet   of   the   surface.      The   upper   10   feet   of   the  hole  was

cemented   and   a   cement   pad   around   the   well  was   constructed.      In  the   case  where

the   hollow-stem   auger   was   used   to   bore   a   hole,   a   natural   gravel   pack   al.ound

the   well   was   developed   by   encoul.aging   sloughing   of   the   borehole   wells.      The

borehole    was    then   back-filled    to   within    10    feet    of   the    surface    and    the

remainder  was   cemented.     A  cement   pad  was   then  placed   around   the   piezoneter.

The     process     of     development     was     carried     out     to     remove     fines     that

accumulated   in   the   well   casing   and   gravel   pack   during   the   drilling   of   the

borehole.     Both  bailing  and   air-pumping  methods   were   used   to   remove   the   fines

in   the   piezometers   and   continuously   screened   wells.      After   the   initial   well

development  phase,   the  wells  and  piezometers  were  bailed  per.iodically  to  avoid

the  accumulation  of  fine   sediments   and   to   ensure   collection  of  representative

ground-water  samples  prior  to  water-quality  sampling.
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5.       HYI)ROGE0IjoGIC    CHARACTERISTICS   0F   THE   FIELD

SITE   ANl)   THE   TECHNIQUES   USED   FOR   THEIR    MEASUREMENTS

5.1   Required   Field   Information

The  monitoring  network  was   designed   to  acquire  data   on   the   following:   (1)

the   geologic   nature   and   physical   pl.operties   of   the   alluvium  and   the   Permian

bedrock;    (2)    the   water-tat)le    elevation   and   fluid-pressure   data   at   various

points   along   the   field   cross   section;    (3)   the   stream   stage   and   seepage   I.ate

arld    chemical    quality    of    water    passing    through    the    stream   bottom;    (4)    the

nature   and   extent   of   the   saltwater-intrusion   zone   and   its   response   to   the

changes    in   hydrologic    conditions;    and    (5)    the   sour.ce   of   the    saline   ground

waters  in  the  aquifer.

Some   of   the   information   listed   above   al.e   measured   directly   in   the   field

while   others   are   calculated   on   the   basis   of   observed   field   data.      More   than

one   technique   was   used   for   measurement   of   several   properties   to   compare   and

evaluate   the   accuracy   of   the   results.     Table   5.1   presents   a   list   of   types   of

measurements  and   the  hydrogeologic   or  hydrochemical  parameters  determined  from

each   type   of  measurement.     The  measurements   have   been   classified   according  to

their   objective   use   for   characterization   of   the   aquifer   or   nonitoring   the

ground-water    conditions.        As    has    been    pointed    out    in   Table    5.1,    pet.iodic

monitoring   of   the   ground-water   condition   is   essential   for   a   concise   descrip-

tion  of  the   transient  saltwater.-upconing  condition.

Table    5.2    lists    the   different    types    of   measurements    performed   at    the

monitoring   sites   according   to   the   type   of   the   well.      Measul.ements   taken   at

piezometers   are   usually   indicator.s    of   the   local   quantities.       On   the   other

hand,   for  continuously  screened  wells,   the  measured  values  are  representative
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Periodic  Monitoring

Borehole-fluid
conductivit

Borehole   gamma
ray

Pressure
transducer                        X

Water   sam ling         X                                            X

age  measurements                        X

Fluid-pressure
differentials                 X                           X

Stream   levels                                                                            X

Ground-water   levels                                                               X

Ground-water  velocity
f ron  thermal ulse                                                                  x

Slug  tests                                                                                            X

Hydrogeologic   Framework

Table  5.1.     Types  of  field  measurements  made  at   the   field  site  and   their  purposes.



Piezometer

Bottom-hole  fluid  pressures

Water  quality

Slug  tests

Borehole   gamma   I`ay

Continuously  Screened  Well

Ground-water  levels

Velocity  measurements  using  the

heat-pulse  method

Fluid-pressure  differentials

fluid  conductivity

water  quality

Table  5.2.     Types   of  measurements  made   in  the   piezometers   and   continuously
screened  wells  at  the  field  site.
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of   average    quantities    over   some    length   of   the   well   or   they   may   repl.esent

changes  of  a  physical  property  such  as  pressure  in  the  vertical  direction.

The   subsequent   sections   include   detailed   discussions   of   the   techniques

used    for   measul'ement   of   various   hydrogeologic   characteristics   of   the   field

cl.oss  section  and  the  interpretation  of  the  results.     Some  of  the   field  inves-

tigation   results   are   presented   here   because   of   appropriateness   but   a   more

complete  description  of  the  saltwater-upconing  conditon  at  the  field  site  will

be  given  later.

5.2  Monitoring  Ground-water  Flow  Conditions

Fluid    pressures,     stream    levels    and    static    ground-water    levels    were

measured   at   the   monitor.ing   sites   to   determine   ground-watel`   flow   conditions   in

the   alluvial   and   t>edl.ock  aquifers.      These   measurements   were   used   to   calculate

the   hydl.aulic-head   distrit>ution   in   the   field   cross   section.      Fluid   pressures

wel.e   measured   in   the   piezometers   using  an   SE-1000A  Hydl.ologic  Monitor  manufac-

tured   by   In   Situ   Inc.     Pressures   are   read   from   the   device   in   feet   of   fresh-

water  to   the  nearest  0.01   foot.     The  accuracy  and  repeatability  of  the  instru-

ment   are   within   ±   0.2%,   of   the   full   I.ange   at   constant   temperature   (loo  psi).

Static   ground-water   levels   were   measured   in   the   continuously   screened   wells

using   eithel`  a   steel   or   electric   tape.      Stream   levels   were  measul.ed  by  taking

levels.      All   elevations   were   referenced   to   a   datum  at   piezometer  F-1    (eleva-

tion   =   0.00).      Ground-water   specific-weight   profiles   were   prepared   from   dif-

fer.ential-pressure   measurements   in   the   continuously   screened  wells.     Descrip-

tion  of  the  method   of  differential  |>ressul.es   is  given  in  Section  5.3.2.

The   fluid   pressures   and   elevations   at   the   measurement   points   of  a   pat.-

ticular  site   and   the  vet.tical  variation  of  fluid  density  were  used  to  compute

the  hydraulic  head  defined  by  the  equation,
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n
h.    -z.    +     I:
11

i=1

Pi   _   Pi-1

(yi   +  yi-1'/2
(5.1  )

where   z±   is    the   elevation,    p±   is    the   fluid   pressure,     T±  is   the    specific

weight   of   the   fluid,    h±   is   the   hydraulic   head   and   i   is   an   index   for   the

measul.ement   points  al.I.anged   from  higher  to   lower  elevation  in  the  aquifer.     We

should   point   out   that  hydraulic  head   (or   fluid   potential)   of  an  inhomogeneous

fluid   as   defined   t)y   Hubbert   (1940,   p.   802)   has   a   definite   meaning   only   when

the  fluid  density  is  a  function  of  pressure.     However.,   ground  waters  contained

in  an  unconfined  aquifer  are  consider.ed  to  be  incompressible  at  ordinary  pres-

sures.      The   variations   of   density   recorded   in   equation   (5.1)   are   due   to   the

changes   in   salt   concentl.ation   and   are   not   related   to   the   fluid   compressibil-

ity.      The   approximation   of   hydraulic   head   from   equation   (5.1)   is   derived   by

adding    up    the    elevation    head    of    a    measurement    point    to    the    sum    of    the

pressure-head  increments  of  the  over.lying  vertical  fluid  column.

The   hydraulic   heads   computed   from   equation   (5.1)   were   plotted   on   a  cross

sectional    view    of    the    alluvial    and    bedl.ock    aquifers    along    the    line    of

monitoring    sites    and    contoured    to    show    the    approximate    gI.ound-water    flow

conditions    during   the    time    that    the   measurements   were    taken.    This    process

assumes    that    fluid    specific-weight    variations    in   the   alluvial   and   t]edrock

aquifers   are   insigflificant   laterally  and   that   the   hydraulic   heads   calculated

from   one   set   of   measurement   points   at   a   monitoring   site   can   be   compared   to

heads   at   other  monitoring  sites.     This   assumption   is   only  partly  true  because

significant   lateral   changes   in   fluid   specific   weight   are   pl.esent   beneath   the

west    bank    of    the     Smoky    Hill    River.         However,     this    deviation    from    the

assumptions  is  not  considered  severe  and   the  contoured  distribution  of  head  is

consistent  with  the  configuration  of  the  water  table.
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5.3  Monitoring  the   Saltwater  U conin8

Saltwater   upconing   in   the   vicinity   of   the   I.iver  was   monitored  using  two

methods:   a   borehole   geophysical   logging  technique   to  measure   the   fluid   I.esis-

tivity    and    a    differential-pressure    method    to    compute    the    fluid    specific

weight.      Note   that   the   fluid   resistivity   is   inversely   I.elated   to   TDS   (total

dissolved   solids)   whereas   the   specific   weight   has   a   direct   relationship  with

TDS.        The    existing    relationships    between    fluid    resistivity    and    specific

weight,    and   TDS   are   the   basic   concepts   used   for   detection   of   the   saltwater

intrusion  zone.

To   obtain  the  relationships  descritted  above,   borehole  geophysical  logging

and  pressure  measurenents  were  per.formed   in  the   continuously  screened  wells  at

each   of   the   monitoring   sites.      It   is   assumed   in  both  methods   that   conditions

in   the   continuously  screened  wells   accurately   reflect   conditions   in   the   sur-

rounding  aquifer,   i.e.   the   vertical  hydraulic   gradient   is   not   significant   in

the   well.      The   results   of   each   method   were   compared   to   the   chemical   analyses

of  water   samples   from   the   piezoneters   at   the   field   site   to   check  the   results

of  each  method.

5.3.1          Borehole   Geophysical   Logging

A   borehole    fluid-resistivity   logger   manufactul.ed   by    the    EG   &   G   Mount

Sopries    Instrument    Company   was    used   to   measure   borehole   fluid   resistivity.

Figure   5.1   shows   four   fluid-resistivity  logs   taken  in   July   1985   from  sites  M,

A,    C,    and   D   near    the    river.       Also    shown   is    the    trace   of   the   top   of   the

freshwater/saltwater  tl.ansition  zone  interpreted  from  the  chemical  analyses  of

water   samples   collected   at   that   time   and   the   fluid-resiBtivity   logs.      High

fluid   resistivities   are   shorn  above   the   top  of  the   transition  zone.     However,

there  is  considerable  fluctuation  in  the  trace  of  the  fluid-resistivity
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Borehole  fluid   resistivities  near  the  Smoky   Hill   River   (S2-ft)

East   Bank

M   i               500   ft

0          200        400        600

West   Bank

C-80 ft-D
200   0          200        400

------    Top  of  the  fresh/saltwater-transition  zone

Figure   5.1    Top  of   the  freshwater/saltwater  transition  zone  interpreted  from
the  ground-water  chemical  quality  data  and   the  borehole  f luid
reslstivlty  profiles.
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logs.     These   fluctuations   make   it   difficult   to   locate   the   top  of  the   transi-

tion  zone.

Figure    5.2    is    a    plot    of    specific    conductance    of   water    samples    vs.

borehole    fluid    resistivities    that    were    picked    off    the    logs    at    the    same

elevation    in    the    subsurface    as    the    midpoint    of    the    appropriate    interval

sampled  by  each  of  the   piezometers.      Ideally   the   plotted   points  in  Figure  5.2

should    fall   along   a   straight   line   showing   an   inverse   relationship   t)etween

fluid    resistivity    and    specific    conductance.        An    inverse    relationship    is

indicated   by   the   plotted   points.      However,   there   is   considerable   scatter   in

the   data   in   the    lower   range    of   specific    conductance.       The   high   degree   of

scatter   in   the   lower   I.ange   shows   that   the   logging   tool   may  not   be   sensitive

enough  to  detect  small  changes  in  fluid  resistivity  associated  with  changes  of

TDS   in   the   borehole   of   the   continuously   screened   wells.      Specific   conductance

of   the   water   is   directly   related   to   TDS.      The   relationship   between   TDS   and

specific   conductance   at   the   field   site   is   shown   in  Figul.e   5.3  using   the   data

from   July   1985,   and   November   1985.

5.3.2        Differential- ressul.e  Method

Another.   method   that   was   used   to   monitor   saltwater   upcoming   at   the   field

site   is   the   differ.ential-pressul.e   method   (Macfarlane   et   al.,    1986).      Figure

5.4  shows  a  continuously  screened  well  penetrating  the  entire  saturated  thick-

ness   of  an  unconfined   aquifer.     Ground-water  density  is   assured   to  be  a  func-

tion   of   depth,    H-z,    in   the   aquifer   (Figure   5.5).      Two   pressure   measurements

are  made  below   the   water   level   in   the   continuously  sol.eened   well   sepal`ated  by

depth   interval   (zi   -z2),   such   that   the   change   in   density   with   depth   can   be

approximated  by:

dy

=    (zl   -  Z2)
=  constant
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io3                    io4                    io5                   io6
Specific  conductance      4tmho/cm  at  25°C

Figure   5.2    Scatter  diagram  of  borehole  fluid  resistivlties  vs.   specific
conductance  of   the  water  samples.
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Figure   5.3    Total  dissolved  solids  vs.   speclflc  conductance  for  water  samples
collected  during  the  field  lnvestlgatlon.
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Figure   5.4    Cross-sectional  view  of  a  continuously-screened  well  with  the
location  of  sampling  points  f or  pressure  dif f erential
measurement s .
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Figure   5.5    Hypothetical  relatlonshlp  between  the  saltwater  body  and   the
stream  (A);   the  varlatlon  of  ground-water  speclflc  weight  with
depth  below  the  water   table  where  a  thin  transition   (8)   or  a  thick
transition   (C)  separates   the  f reshwater  and  saltwater  in  the
alluvlal  aqulfer.
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Then   the   gI.ound-water   density   at    the   midpoint   of   the   interval   is   the

average  density.

Y1     +Y2

Yin (5.3)

The    differential   pressure,      Ap   ,    measured    over   the   depth   interval   is

related   to  the  average  ground-water  density  by:

AP   =   P2   -Pi    =  Yin(Zi    -Z2) (5.4)

Thus,   ground-water   density   at   the   midpoint   of   the   interval,   zm,   can  be

calculated   fl.om  measurements  of  differ.ential  pressure  using  the  relationship:

ym=           Apz,   -   z2 (5.5)

A  smooth  curve   can  be  drawn   through  a  plot   of    yin  vs.   zm  to   show   the  Variation

of  water  density  with  depth  in  the  continuously  screened  well.

Differential-pressure   measurements   were    taken   at    locations   three   feet

apart   from   the   bottom   of   each   continuously   screened   well   to   the   top   of   the

screened   portion  using   the   Hydrologic   Monitor.      Some   experimentation  was   done

to   determine   the   proper   depth   spacing   between   differential-pressure   measure-

ments.     For  any  particular   situation   the   length  of  the   interval  must  be  suf-

ficiently   large   to   minimize   the   effect   of   instrumentation   errors   yet   snail

enough    to   measure   changes   in   fluid   density.       Figure   5.5   shows   two    typical

types  of  fluid-density  profiles:     one  for  a  thin  freshwater/saltwater  transi-

tion  (ol.  sharp  interface)   and  another  for  a  thick  transition  zone.
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As  mentioned  before,   this   method   assumes   that   conditions   in   the   continu-

ously  screened  well  I.easonably  approximate  conditions  in  the  aquifer  along  the

entire   length   of   the   screened   portion.      This   assumption   was   checked   by   (1)

comparing   the   computed   ground-water   specific   weights   to   measured   water   sample

specific   weights   and   (2)   compal.ing   the   pressure   distribution  below   the   water

level   in  the  continuously  screened  wells  with  the   distribution  of  t)ottom-hole

pressures  measured  in  the  piezometers  at  each  monitoring  site.

Figul.e   5.6   compares   the   fluid   specific   weights   calculated   from   the   dif-

ferential-pl.essure  method  with  the  specific  weights  of  water  samples  collected

from    the    piezometel.s.        A    regression   analysis    shows    that    the   measured   and

calculated  densities  are  not  significantly  differ.ent  from  each  other.

The     fluid-pressure     distl.it>utions     determined     from     the     continuously

screened  wells  and  piezometers  were  plotted  vs.   depth  in  the   alluvial  aquifer

beneath   monitoring   sites,    A,    C,    D,    and   K   for   November   27,    1985    (see   Figure

5.7).      Fluid   pressures   in   the   deepest   parts   of   the   alluvial   aquifer  as   they

are   measured   in   the   piezometers   cannot   be   colnpared   to   the   pressures   in   the

continuously   sol.eened   wells   because   these   wells   do   not   extend   to   measurement

depths   at   sites   A,    C,    and   K.       However,    estimates   of   fluid   pressure   at   the

appropriate  depth  can  be  extrapolated  from  the  curve.     At  each  of  the  sites  A,

C,    and   K,    the   fluid   pressure-depth   relationships   derived   from   measurements

taken  in  the  continuously  screened  wells  are  identical  or  are  within  the  I'ange

of   instrument   el.for   (±  0.1%  of   I.ange   ol.   to  within   .23  foot  of  fresh  water)   in

comparison   to   the   piezometers.      At   site   D  the   bottom-hole   pressul.e   in  D-5   is

0.72   foot   of   freshwater   higher   than   the   fluid   pl.essure  measured   at   the   same

level  in  the   continuously  screened  well,   D-2.     This   fluid-pressure  difference

(I.ange:   0.07  to  0.72  foot  of  freshwater,   mean  =  0.50  foot)   has  beefl  relatively

constant  for  almost  all  of  the  sets  of  measurements  taken  during  the  course  of
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calculated  density  gin/cm3

Figure   5.6    Linear  regression  of  groundwater  sample  densltles  and  groundiJater
densities  calculated  from  the  dlfferentlal  pressure  method,
showing  also   the   95%  prediction  limits.
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I  plezometer             A   contlnuously   screened   well

Figure   5.7    Fluid  pressure-depth  profiles  of   the  plezometers  and  continuously-
screened  wells   at  monitoring   sites   A,   C,   D  and  K  from  measurements
taken   on   November   27,    1985.
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the   study   and   seems   to   be   slightly   affected   by   ground-water   flow   conditions.

These  fluid-pressure  differences  have  also  been  found  in  the  data  from  some  of

the   other  monitoring   sites.     Although  some   pressure  differences   exist  between

the   continuously   screened   Trells   and   the   piezometers,   they   are   not   considered

to   significaDtly   affect   the   results   of   the   differential-pressure   method   in

these  wells.

5.4  Surface   Geoelectric Sul.Veys

Several   geoelectl.ic   surveys   wet.e   conducted   adjacent   to   the   line   of  moni-

toring   sites   to   determine   the   lateral   extent   of   saltwater   upconing   in   the

alluvial  aquifer.     Surface  geoelectric  techniques  are  well  suited  for  defining

areas   of  saltwater  upconing  because  the  spatial  variation  of  bulk  resistivity

is   directly   I.elated   to   the   presence   or   absence   of   brines   in   the   alluvial

aquifer.      Low-resistivity  t]rine-saturated   sandy   sediments   cafl  be   easily  dis-

tinguished   from   high-resistivity   low-TDS   water-saturated   sandy   sediments   in

the   shallow   subsurface   using   the   surface-resistivity   technique.      However,   if

the  sediments  beneath  the  sounding  site  contain  appreciable  silt  and  clay,   low

resistivities   will   also   be   measul.ed   at   the   surface.      As   a   result,   to   dis-

tinguish   between   the   two   interpretations   the   distribution   and   nature   of   the

lithologies  must  be  knoim.

Vertical   electrical   soundings   were   conducted   on   the   east    side   of   the

Smoky  Hill  River  to  determine   the  geoelectric  section  in  the   area  sul.veyed  afld

the  appropriate  electrode  spacing  for  areal  surveys  using  horizontal  pro filing

techniques.      Four   vertical   electrical   soundings   and   44   apparent-resistivity

measurements   were   taken   during   the   course   of   the   field   investigation.      All

surveys   were    conducted   when   the    stream   was   under   low-flow   conditions.       The

vertical  electrical  soundings  were  taken  during  the  latter  part  of  July  1985,
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and  two  horizontal  profiling  surveys  mere  conducted  on  the  east  and  west  sides

of  the  river  during  the  latter  part  of  March  1986.

The   vertical   electrical   soundings   were   taken  using   a  Schlumberger   elec-

trode  array  (Figure  5.8).     Measurements  of  apparent  resistivity  were  made  with

a   Model   2390   signal-enhanced   Bison   surface-I.esistivity  meter   and  were   used   to

plot   the  vertical   electrical   sounding  curve.     Four  soundings  were   taken  along

a   line   beginning   at   a   point   115   ft,   N30E   of   site   A   (S-1)   and   extending   east-

ward   to  a  point   located  205   ft,   N75E  of  site  M   (S-4).     Each  sounding  was  begun

at   an   AB/2   spacing   of   five   feet   and   the   measurements   vere   terminated   when

sufficient   data   points   were   collected   to   define   the   terminal   branch   of   the

sounding   curve   rising   at   a   45   degree   angle.       In   all   cases   the   maximum   AB/2

spacing  was  less  than  1000  feet.     Each  vertical  electrical  sounding  was  inter-

preted   using   an   automatic   iterative   interpretation   technique   (Zohdy,    1973).

Figure   5.9   shows   a   typical   vertical   electrical   sounding   curve   and   the   inter-

preted   geoelectric   section  of   the   sounding   site.     The   interpreted   geoelectric

section   was    then   modified    based    on   the   knoTm   hydrogeology   of   the    site   by

changing   the   interpreted   layer.   thicknesses   and   resistivities   of   the   section.

The  modifications  were  considered  completed  when  an  earth  model  geolectrically

equivalent  to  the  original  interpretation  of  the  sounding  site  was  |]roduced.

The   apparent   resistivities   calculated   at   each   spacing   of   the   electrode

array   were   plotted   for   each   of   the   sounding   sites   and   corLtoured   to   show   the

variation   of  apparent   resistivity  between   sites   (a   cross   section  of  apparent

resistivity).      Apparent   resistivity   is   an   aggregate   property   of  part   of   the

8eoelectric   section   penetrated   by  an  applied   electric   current   and   should   not

be   corlfused   with   the    resistivity   of   individual    layers    in   the   geoelectric

section.     Figul.e  5.10  shows  the  variation  of  apparent  resistivity  in  the  cross

section   between   sounding   sites   S-1    and   S-4.       The    cross    sections   show   that
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Figure   5.8    Schematic  representation  of   the  Schlumberger  electrode  array  for
surface  reslstlvlty  measurements.
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Figure   5.9    Vertical  electrical  sounding   (VES)   curve  for   surface  resistivity
sounding  at   Site   S-12.
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Figure   5.10    An  apparent   reslstlvity  cross-section  between  VES   sites   S-1  and
S-4  on  the  east  bank  of   the   Smoky  Hill  River.
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relatively  low  apparent  resistivities  were  found  at  shorter  electrode  spacings

at   site  S-2,   3   and   4.     This   suggests   shallow  brines  are  present  tteneath  these

sites    at    shallow   depths    and    at   greater   depths   beneath   sounding   site   S-1.

These  results  have  been  verified  with  the  interpreted  geoelectric  sections  for

the   four  sounding  sites.

The  horizontal   profiling   surveys   of   the   area   on  both  sides   of  the   river

were   run   using   a   Schlumberger   array   with   a   spacing   of   150   ft.      The   spacing

size   was   determined   from   the   cl.oss   section   of   appal.ent   resistivity   between

soundings   S-1   and  S-4   (Figure   5.10).     This   spacing  was   chosen  to   outline  areas

of  high  and  low  apparent  resistivity  in  the  areas  surveyed.

Figure   5.11    shows   the   lateral   variation   of   apparent   resistivity   in   the

vicinity   of  the  monitoring   sites   on  the   east   and   west   sides  of  the  Smoky  Hill

River.      A   large   north-south-trending   area   of   low   apparent   resiBtivity   (less

than   50   ohm-feet)   at   the   150-feet   spacing   occur.s   east   of   the   river.     Another

very  elongate   low  resistivity  was   found   south  of  the   line   of  monitoring  sites

and  north  of  the   river.     The   low-resistivity  area   is   oriented  in  an  east-west

direction   and   generally   follows   the   course   of   the   river   charmel.      Apparent

resistivities   are   at)ove   loo  ohm-feet   near   the   river   to   the   north  and  south  of

monitoring   sites   A,   K,   and   M,   and   to   the   south   of   G,   next   to   the   river.     To

the   east   of   this   low-resistivity   area,    apparent   resistivities   increase   to

approximately  loo  ohm-feet.     The  apparent   resistivities  are  genel.ally  lower  on

the   west   side   than   on   the   east   side   because   the   alluvial   sedinents   are   more

fine   grained.      Additionally,    low   apparent   resistivities    (less   than   25   ohm-

feet)    are   found   near   the   river   and   generally   increase   away   from   the   river

toward  the  line  of  monitoring  sites.
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Figure  5.11    Distributions  of  apparent  resistivity  from  surface  resistivity
measurements  at  the  field  site;  a  current  electrode  spacing
(AB/2)   of   150   ft   was   used   to   make   the  measurements.
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5.5   Field  Measul.ements   in   the   Active   Stream  channel  Bottom

A  series   of  measurenents   of  ground-water  seepage  and  hydraulic  head  were

taken   in   the   active   channel   of   the   Smoky   Hill   River   stream   bottom   t)etween

monitoring   sites    A   and    C.       Seepage   meter   and   miniature   piezoneters    (mini-

piezometers)    were    used    to   make    these    measurements.       Figure   5.12   shows    the

location  of  these  measurements   in   the   active   channel.     The   ground-water  seep-

age   and  hydraulic-head  neasurements   were   used   to   calculate   ground-water  flux,

vertical   hydl.aulic   gradient,   and   the   vertical   hydraulic   conductivity   of   the

stream-bottom    sediments.         The    minipiezometers    were    also    used    to    collect

ground-water   samples   from   the   alluvial  aquifer  immediately  beneath  the   stream

t)ottom.      The   general   features,   method   of   installation,   measurement   pl.ocedures

and   analysis    of   data   collected   are   described   in   detail   by   Lee   and   Cherry

(1978).     Ijee   (1977)   describes   several   case  histol.ies  where   the  minipiezometers

and  seepage  meters  have  been  used   to   collect   field   data.

Hydraulic   heads    in   minipiezometers   were   measured   relative   to   the   free

sul.face   in   the   stream   using   a   meter   stick.      The   vertical   hydl.aulic   gradient

was   calculated   from   the   relative   head   measurement   and   the   depth   of   the   mid-

point   of  the  minipiezometer  well   screen  beneath  the   stream  bottom.

Ground-water   seepage   is   measured   using   a   seepage   meter.      Seepage   meters

were    constl.ucted    by    cutting    lo-inch    end    sections    from    a    55-gallon   metal

drum.      A   small   1-inch   diameter   hole   was   cut   in   the   Oil.cular   top   of   each   end

section.     Dul`ing  seepage  measurement   the  hole   is   fitted   with  a  rubber  stopper

containing   a   short   section   of   glass   tubing.      The   glass   tubing   serves   as   a

connection   between   the   drum   and   a   plastic   bag   that   is   used   to   collect   the

seeping  water  during  measul.ement.     The  seepage  meter  is   pushed   slowly  into   the

sediment   and   tilted   slightly   to   vent   the   trapped  air   thl.ough   the  hole   in  the

top   of   the   drum.      A   plastic   bag   is   fitted   over   the   glass   tubing   arid   secured
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Figure   5.12     Location  of   seepage  meter  and  minlplezometer  neasurements   made   in

the   stream  bottom  of   the   Smoky  Hill  River  at   the   field   site.
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with  a   rubber  t]and.     The  bag  is   then  allowed   to   fill  with  water  for  a  certain

period   of   time.     At   the   end   of  the  measurement   period,   the  t)ag  is   removed.

The  volume  of  seeping  water  collected   and   the  measurement   time  period  are

used   to    calculate   the   Darcy   velocity   or   the   ground-water   seepage   rate,    q,

from:

q  -(o.439)  £ (5.6)

where   Q   is   the   total   volume   of  water   collected   during   the   measurement   period

in   liters,    A   is    the    cross   sectional   area   of   the   drum   in   m2   and   t   is   the

measurement   time   interval   in  minutes.     Using   this   for.mulation   the   seepage  has

the  units  of  feet/day.

The    vertical    hydraulic    conductivity,    K,    of    the    stream   bottom    can   t)e

calculated   from  the  Darcy  equation:

K   =  q/i (5.7)

where   q   is   the   specific   discharge   calculated    from   the   seepage   measurements,

and    i    is    the    vertical    hydraulic    gradient    calculated    from   hydraulic-head

measurements      taken      in      the     minipiezometers.

conductivity  is  calculated  in  units  of  feet/day.

5.6   Ground-water   Chemical- ualit ling  Techni

The     vertical     hydl.aulic

Ground  water  samples  were  collected   fl.om  all  wells  and  minipiezometers   to

define  the  location  and  nature  of  the  freshwater/saltwater  tl.ansition  zone  and

to   locate   areas   of   saltwater   upconing.       All   of   the   monitoring   sites   were

sampled  urlder  low  streamflow  conditions.     Samples  were  collected  carefully  to
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minimize    contamination    from    external    sources    and    to    ensure    I.epresentative

sampling.

Prior  to  sampling,   the  wells  and  minipiezometers  were  developed  by  evacu-

ating  all   stagnant   water   in   the   casing  and  in  the   irmediate  area  of  the  well

screen.     This   task  was  accomplished  by  two   differ.ent  methods.     Piezometers   and

continuously   scl.eened  wells  were   initially  developed  t]y  using  an  air-compres-

sor  pump  that   discharged  water  at   about   3  gallons   per  minute.     During  pumping

the   air  and  water  discharge   lines  were  moved  up  and   down  in  the  well  periodi-

cally  to   resuspend  any  sediment  in  the  well-bore.     Pumping  was  continued  until

the   discharge   water  was   clear.     Air-pumped   samples   were   collected   immediately

after   development    of   the   well   and    stored    in   500-ml    air-tight    containers.

After   collection,   containers   were   packed   in   ice   to   prevent   dissolved   gasses

from   coming   out   of  solution  and   to   maintain   chemical   equilbrium.     This  method

of   obtaining   water   samples   was   used   for   the   September   1984,   March   1985,   and

July   1985,   collection  times.

In   addition   to   pumping,    samples   were   also   collected   by   bailing.      Each

well   was   developed   by   continued   bailing   with  a   six-foot   PVC   bailer   until   at

least    one    well-casing   volume    of   water    (equivalent    to    the    total   amount   of

stagnant   water   in   the   casing   before   bailing)   was   removed   from   the  well.     The

water   sample   was   then   collected   by   one   final  bailing  and   then  stored   as   dis-

cussed   above.     This  method  was  used   for  the  November   1985,   collection  period.

Ground-water     samples     were     also     collected     from     the     minipiezometers

installed    in   the    active    channel    of   the    stream   bed   during   the   July   1985,

sampling   period.      Sample   collection  methods   similar   to   those   discussed   at]ove

were  used  to  sample  the  minipiezometers  except   that   the  scale  of  the  apparatus

and   development   time   were   greatly   I.educed.      Each   minipiezometer  was   developed

before   sampling   by   the   use   of   a   rubber   bulb.      These   samples   were   taken   only
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once    during    the    project    ttecause    the    minipiezometer    network    was    destl.oyed

during  a  flood   in  October   1985,   and  could  not  be   re-established.

Ground-water    samples    were    analyzed    to    determine    the    concentration    of

chloride   (C1-)    and   sulfate    (S04-)   in   solution   and   the   amount   of   total   dis-

solved   solids.      The   specific   gravity   of   each   sample  was   determined   from   fil-

tered   san|)leg   by   calculation  using  a   known  volume   of  sample   and   weighing  the

mass   of  the   insoluble   I.esidue  at   180°C.     Specific   conductance   at   25®C  was   also

measured   on  the   filtered   sample.     Appendix  A  contains   the   complete  results  of

all  chemical  analyses.

5.7   Measurements   of  H dl.aulic  Conductivit

Slug   tests   were   performed   in   all   piezometers   to   estimate   the   in   situ

hydraulic   conductivity   of   the   aquifer   material   in   the   vicinity  of   the   five-

foot    well    screen.        The    pieozmeter-recovery    method    of    Hvorslev    (1951)    was

selected  as  a  simple  and  easily  interpretable  method.     In  the  Hvorslev  method,

the   rate   of   inflow   to   the   piezometer   tip   at   any   time   is   proportional   to   the

hydraulic    conductivity    and    the    unrecovered    head    difference    (Figure    5.13;

Cedergren,1967):

q   =   FKh   =   FK   (z-y) (5.8)

where   h   is   active   hydraulic   head;   K   is   hydraulic   conductivity;   F   is   shape

factor;    (z-y)   is   unl.ecovered   head   difference;   and   q  is   rate   of   flow   of  water

into   the   piezometer.     The   shape   factor,   F,   is  a   ten  which  takes   into  account

the   shape   and   dimensions   of   the   piezometer   intake   and   hydraulic   t)oundaries

near  the  piezometer  screen.
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Figure   5.13    Cross-section  of  a  slnglei.ell   .'slug.'   test   ln  a  plezometer.
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Considering   the   volume   of   flow   during   a   small   time   increment,   dt,   and

assuming   that   fl.iction   losses   in   the   pipe   can   be   neglected,    the   following

equation  can  be  written:

qdt   =   Ady (5.9)

where   A   is   the   cross   sectional   area   of   the   standpipe   and   y   is   the   distance

from  the  initial  static  water  level   (I'eference  level)   in  the  piezometer  to  the

transient  water  level.

In  addition,   Hvorslev  defined   the   time   required   for  the  complete   equali-

zation  of  the  head  difference  if  the  initial  rate  of  inflow  were  maintained  as

the  basic   time  lag,   T,   and  equated   it  as:

AT=FF

Equation  5.9  may  t)e  rewritten  as:

dt
=:ii:    -  =

(5.10)

(5.11  )

Equation  5.11   is  the  basic  differential  equation  for  the  hydrostatic  time

lag  and  the  solution  is  a  semilogal.ithmic  relation  between  the  head  ratio  h/ho

and  the  time-lag  ratio  t/T:

i - ln i

66

(5.12)



where   t  is   the   time  after   the   test  began  and   the  other.  parameters  are  as  they

were   previously   defined    in   the    text   ol.   on   Figure    5.18.       The    equalization

ratio'   E,   is:

E  =  1   -L=   ,   -e
0

(5 .15)

The  hydraulic  conductivity  of  the  aquifer  material  in  the  vicinity  of  the

piezometer   well   screen   is   computed   graphically   by   plotting   the   head   ratio,

h/ho,    against   time,    t,    on   a   semilogarithmic   paper,   fitting   a   straight   line

through    the    data,    and    reading    T    when    the    head    ratio    is    0.37    (i.e.    when

ln(h/ho)    =    -1).        The    value    of    the    hydraulic    conductivity   K   can    then   be

computed  by   rearranging  equation   (5.10):

AK=FF (5.14)

Values    of    the    shape    factor    were    computed    from    the    geometry    of    the

piezoneter   (SpangleI.,1965):

2T,LF   =   1n   (I,/R) (5.15)

where  R  is  inside  radius   of  the  casing;   and  L  is  length  of  the  well  screen.

As   a   check,   another   form   of   the   Hvorslev   formulation   was   used   to   deter-

mine    the   hydraulic    conductivity,    assuring    the   horizontal    component,    Kh   is

equal  to  the  vertical  component:

Kh=
d2ln(#,

8LT
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where   d   is   diameter   of   the   piezoneter;   D  is   diameter.   of   the   intake;   and   L  is

length  of  the  intake.

The   Hvorslev   method   of   recovery   testing   assumes   that   the   formation   sur-

rounding    a    piezometer    is    homogeneous,    isotropic,     infinite    in    extent,    and

incompressible.       Certainly,    field   conditions   at   the   Smo]ry   Hill    study   area

deviate   fl.om   these   ideal   conditions,   but   it   is   assumed   that   any   deviations

have     only     a     minor     effect     on     the     computed     hydraulic     conductivities.

Anisotropic        conditions       between       vertical       and       horizontal       hydraulic

conductivities   probably   represent   the   lal.gest   source   of   error..      Furthermore,

for   those   wells   which   were   drilled   using   a   I.otary   mud   method,   a   skin   effect

(Schalla,   1986)   resulting  in  a  decrease  in  hydraulic  conductivity  has  affected

the   measurenents.      It   should   be   noted   that   hydraulic   conductivities   computed

by   the   recovery   method   give   local   estimates   of   aquifer   matel.ials   surrounding

the   piezometer   screens.     The   surrounding  materials   include   t>oth   the   disturbed

zone   around   the   well   screen   and   the   undisturbed   aquifer  matrix.     As   a  result

the   condition   of   the   disturbed    zone   nay   profoundly   affect   the   estimate   of

hydraulic   conductivity   calculated   from   the   recovery   test   and   may  not   reflect

the    true   value   of   hydraulic   conductivity   for   the   porous   media   (Freeze   and

Cherry,1979).

Both   displacement   (slug)   and   bail-type   recovery   tests   were   performed   in

the   piezometers   to   generate   recovery   data.      Displacement-type   tests   were   run

by  rapidly  raising  the   static-water  level   in  the   two-inch  piezometer  by  drop-

ping  15   feet  of  one-inch  pipe,   sealed  at   the  end,   below  the  water  level  in  the

Well.       Bail-type   tests   were   conducted   by   I.apidly   lowering   the   static-water

level  by  lowering  a   five-foot   PVC   1)ailer   into   the   piezometer,   waiting  for  the

water  level  in  the  piezometer  to   re-equilibrate,   then  I.apidly  removing  the
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bailer.     Both  types  of  tests  gave   comparable   results  but   the  bail  type  proved

to  be  easier  to  perfom.

Water   levels   in   the   piezometers   were   measured   and   recorded   in  both  dis-

placement   and   bail   test   using   a   pl.essure   tl.ansducer   connected   to   an   In   Situ

Inc.      SE-1000   Hydrologic   Monitor.      This   instrument   records   the   height   of  the

water  column  above  the  tip  of  the  pressure  transducer  in  feet  with  an  accuracy

of  ±1%   of   the   range   of   the   transducer   (loo  psi).     A  logarithmic-sampling  mode

was   used   during   each   test   in   which   samples   were   collected   continuously  using

O.2-second  to  30.O-second  time  intervals.     The  recovery  tests  generally  lasted

under  two  minutes  but  recording  continued  for  a  full   10  minutes.

The  hydraulic  coDductivities  calculated  from  the  slug  tests  showed  a  wide

range   of   variation   from   4   to   403   feet/day.       The   reliability   of   the   test

results    was    determined    by    examining    the    semi-log    plot    of   head    ratio    vs.

time.      If   the   data   showed   consider.able   non-linear.ity,   the   test   I.esults   were

not  considered  valid.     The  results  of  the  single  well  tests  were  also  examined

to   determine   the   effects   of   dl.illing   fluids   on   the   aquifer   matrix   in   the

vicinity   of   the   piezometer  well   screen.     Figul.e   5.14   shows   the   frequencies  of

occurrence   of  hydraulic   conductivities   arranged  by  classes,   aquifer  type,   and

drilling   technique.       Each   hydraulic    conductivity   class   has   a   range   of   50

ft/day.        Test-holes    for    piezometers    dl.illed    in    the    alluvial    and    bedrock

aquifers  with  mud   rotary  methods  and   in  the  alluvial  aquifer  with  hollow-stem

auger  techniques  are   represented  in  the   figure.     The  hydraulic   conductivities

of   the   alluvial    aquifer   in    the   vicinity   of   piezometers   drilled   using   mud

rotary  methods  are  almost  an  order  of  magnitude  lower  than  those  where  hollow-

stem    auger    techniques    were    used.        This    shows    that    the    drilling   mud    has

substantially  affected  the  aquifer  materials  surrounding  these  wells  even
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Figure   5.14    Frequency  distribution  of  hydraulic  conductivities   from  slug
tests  of  plezometers  arranged  tiy  drllllng  method  and  aqulfer
type .
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though   considerable   effort   was   expended   to   develop   the   wells   and   remove   the

accumulated  fine  sediment  associated  with  dl.illing.
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6.       RESULTS   OF   THE   FIELI)   INVESTIGATION

6.1   Definition  of  the  A uifer  and  A uitard  Units  at  the  Field  Site

The   aquifer   and   aquitard   units   at   the   field   site   were   defined   on   the

basis  of  the   site  geology,   hydrologic   properties  and   obsel.vations   of  hydrolo-

gic  behavior  during   the  course  of  the   field  investigation.     Three  major  units

were   defined:   an   alluvial   aquifer,   an   aquitard   consisting   of   the   Wellington

Formation,   and   a   tledrock   aquifer   consisting   of   the   Herrington  Member   of   the

Nolans   Limestone.      Other   bedrock   aquifers   exist   beneath   the   Herrington,   but

they  have  little  impact  on  the  local  stream/aquifer  system.

The   distribution  of  lithofacies   within   the   different   units   was   shoim  in

Figul.e   6.1,   which   was   constructed   using   samples   of   cuttings   from   test-holes

and   gamma-ray  logs   at   all   sites   and   the   core   material   collected  at  monitoring

site    C.       As    can   be    seen    from    the    cross    sectional   view   of   the   geology,    a

complex  mosaic   of   lithofacies   exists   at   the   field   site  within  both  the  uncon-

solidated   aquifer   and   the   aquitard-bedl.ock   units.      A   detailed   description   of

the  various  geologic  units  of  the  field  site  is  given  in  Appendix  8.

The    alluvial    aquifer   adjacent    to    the    Smoky   Hill   River   consists   of   a

fining-upward  sequence  of  alluvial  sedinents   that  range  in  texture  from  coarse

sands   and   grovels   to   silt   and   clay.       Saturated    thickness   of   the   alluvial

aquifer  within   the   study   area   is   approximately   40   feet   and  val.ies   little   due

to   the   regularity   of   the   bedrock   surface   beneath   the   alluvium.      Recharge   to

the  alluvial  aquifer  comes   from:   (1)   precipitation  falling  on  the  land  surface

and   percolating   through   the   unsaturated   zone   to   the   water   table;   (2)   lateral

water   movement   from   the   Smoky   Hill   River   when   stl.eamflow   is   above   base-flow;

and   (3)   vertical  water  movement  upward  as  leakage   through  the  Wellington  shale

from    the   bedrock   aquifer    in    the   Herrington.       Discharge    from   the   alluvial
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Figure   6.1     Geologic  cross-section  of   the   field   site  between  lnonltoring  §1tes
I  and  a.
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aquifer  is   to  the  stream  under  most  stream flow  conditions  and  into   the  bedrock

aquifer  dul.ing  recharge  events  that  affect  the  stream/alluvial  aquifer  system.

The   I)edl.ock   aquitard   in   the   Wellington   Shale   consists   of   the   fractured

and  weather.ed  Wellington  shales.     The   thickness  of  the  aquitard  ranges   from  10

to   16  feet.     Very  little   information  is  available  at   this  time  concerning  the

hydrologic  properties  of  this  unit.     Ground-water  flow  through  the  aq.uital.d  is

t>elieved   to   be   through   conduits   created   by   the   fracturing   of   the   shales   and

solution  cavities  in  the  bedded  evaporites  contained  in  the  fomation.

The   bedrock   aquifer   in   the    Herrington   Member   of   the   Nolans    Limestone

consists   of   the   fractured   and   solutioned   gypsiferous   dolomites   and   dolomitic

shales  contained  in  the  bedrock.

6.2H draulic-conductivity  Measul.ements

A   corrected   listing   of  ±± ±±±!i  hydraulic   conductivities   in   the   alluvial

aquifer   is   given   in   Table   6.1.      The   values   in  Table   6.1   exclude   test   results

believed    to   have   been   affected   tty      drilling   mud   during   well   construction.

Values   range   from  a  minimum  of   18   ft/day  in  piezometer  I-2   to  a  maximum  of  403

ft/day  in  piezometer  I-1.

A   plot   of   observed   hydraulic   conductivity   on   a   logarithmic-probability

paper   closely  approximates   a   straight   line   (Figure   6.2).      This   suggests   that

values   of   hydraulic   conductivity   from   the   Smoky   Hill   River   study   area   are

approximately  log  nor.mally  distributed.     Some   deviation   from  log  normality  is

expected  because  of  the  simplifying  assumptions  implied  in  the  analysis  of  the

slug   test   data.      The   stl.Sight   line   shows   that   a   unimodal   distribution   ade-

quately   describes   the   variation   of   hydraulic   conductivity   in   the   alluvial

aquifer.     The  geometric  mean  of  this  distribution  is   153   feet/day.

The    spatial    dist'ribution    of    hydraulic    conductivity    of    the    alluvial

aquifer   at   the   Smoky   Hill   River   study   area   is   presented   in   Figure   6.3.      The
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Plezoneter

A-1*b
B-2*b
C-5*b
D-1*
F-1*
H-2
H-1*
I-2
K-2
A-1*b
C-2
I-1
G-1*
G-3
M-3
M-2
M-5*b
8-3
D-3
C-4
D-5

*   Installed  using  mud   rotary  methods

b   Plezometer  well   screen  ln  bedrock

Hydraulic  Conductlvlty
f t I day

11.9
45.5
20.6
30.3
35.1
71.2
16.6
17.7

123.0
6.3

84.7
403
18.8
282
378
178
4.1

215
384
175
157

Table   6.1.     Hydraulic   conductlvltles   computed   from  slug   test   results.
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Figure   6.2    Logprobabllity  plot  of   the  estimated  hydraulic  conductlvitles.
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Figure  6.3    Variation  of   the  hydraulic  conductivity   (ft/day)   1n  the  field
cross-section.
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distribution   shows   a   complex   pattern   of   highs   and   lows   and   under.scores   the

overall     geologic     and    hydrologic     complexity    of     the     alluvial     sediments.

However,   the   overall   pattern   of   the   distribution   can  t>e   inter|)reted   in  terms

of  local   geology.     Hydraulic   conductivities   in   the   I.ange   of  200  to  4cO  ft/day

are   associated   with   coarse   sands   and   gravels   found   in   the   lower   par.t   of   the

alluival   aquifer.     Hydraulic   conductivities   that   range   from  approximately  loo

to    300    ft/day    are    prot)ably   associatd    with    fine    to   medium   grained    sands.

Values  less   than  100  ft/day  al.e  probably  associated  with  the  more   fine  grained

sand  and  silt-size  sediments.

The   aquitard   and   bedl.ock   at   the   field   site   are   much   less   conductive   of

water   than   the   overlying   alluvial   sediments.      The   average   hydraulic   conduc-

tivities    (geometl.ic    mean)    are    15    feet/day    and    6    feet/day    for    the    vuggy

fractured   dolomites   of   the   Herrington   Member   of   the   Nolans   Limestone   and   the

weathered  Wellington  shale   beneath  monitoring  site   A,   respectively.     However,

the    data    that    were    used    to    determine    these   mean   values    are   difficult    to

evaluate   since   the   bentonite   mud   used   to   drill   the   test-holes   has   prot)ably

affected   the   rock   matrix   in   the   vicinity  of   the   piezometers   by  plugging   off

some  of  the   secoridary  perneattility  of  the  rock.

The   results   of   the   seepage   rate   and   hydraulic-head   measurements   and   the

calculated   hydraulic    coaductivities   at   the   stream   bottom   are   summarized   in

Table   6.2.     Values   of  vertical  hydl.aulic   conductivity   range   from  0.34  to   1.93

feet/day.       The   geometric   mean   of   these   measurements   is   0.74   feet/day.      The

vertical   hydraulic   conductivity  of   the   stream  t>ed   increases   progl.essively   to

the   center  of  the   stream.     This   ot)servation  is   supported  by  the  fact  that  the

texture   of   the   t)ottom   sediments   coarsens   towards   the   center   of   the   stream.

Towards   the   west   bank,    the   bottom   consists   of   fine-   to   medium-gI.ained   sand,

whereas   the  middle   of   the   stream  bottom  consists   of  medium   to   coarse   sand  and
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Volume   of  Fluid
Ijocation     Collected   (A)

SMI                           0.54

SM2                          0.28

SM3a                      0.85

SM4                          0.23

SM5                           0.22

Sm6                         0.53

SM7                         0.30

SM8                         0.42

SM9                         0.82

SM10                        0.52

SMll

SM12                           0.61

SM13                        0.09

SM14

Time   (Hrs.)

1.20

0.80

1.14

0.95

0.49

0.89

0.90

0.93

0.98

1.04

IV0    DATA

Vertical
Hydraulic
Gradient

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

0.22

Hydraulic
Conductivity  (ft/day)

0.62

0.45

1.02

0.34

0.5rl

0.82

0.45

0.62

1.16

0.68

Ito   DATA

Table  6.2.     Field  data  and  estimated  hydraulic   conductivities   from  the
seepage-meter  tests   performed  in   the  stream  bottom  of  the  Smoky
Hill  River,   July   1985.
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gI.avel.     The   vertical  hydraulic   gradient   in   the   shallow  |]art  of  the  alluvial

aquifer   also   vat.ies.      Near   the   west   bank   the   vertical   gradients   are   on   the

order   of   0.22   foot/foot,   but   near   the   center   of   the   stream   the   gradient   is

0.12    foot/foot.       Near    the    east    bank   of    the    river    the   hydraulic   gradient

increases   to   approximately   0.05   foot/foot.      The   average   vertical   hydraulic

gradient   is   estimated   to   be   0.12   for   the   whole   width   of   the   stream-channel

cross   section.

6.3  Changes   in  Ground-water  Flow  Conditions

Monitoring   of  ground-water   conditions   was   carried   out   at   the   ot)gel.vation

wells   during   the   period   of   field   investigation.      The   pl.essure   density   and

elevation   measurements   were   used   to   construct   the   hydraulic-head   (defined   in

Section  5.3)   distributions   along   the   field   cross   section.     General  directions

of  ground-water  flow  may  be  inferred   from  changes  in  the  hydraulic  head.

Ground-water   flow   conditions   and   their   response   to   the   stream   stage   al.e

illustrated    in   Figure    6.4    for    July    31,1985    (low-flow   conditions),    and   in

Figures   6.5   through   6.C)   for   the   period   between   September   26   and   November   27,

1985   (transient   conditions).      Ground-water   flow   in   all   of   the   cross   sections

presented   except   the   one   for   October   16,   1985,   is   toward   the   stl.ear  according

to   the  distribution  of  hydraulic  head  in  the  alluvial  aquifer  and  the  config-

uration   of    the    water    table.       The    seepage   measurements    made    in    the    active

channel    of   the    I.iver   during    the    latter   pat.t    of   July   1985,    are   toward   the

stream  according  to  the  distribution  of  hydraulic  head  in  the  alluvial  aquifer

and   the   configuration   of   the   water   table.      The   seepage   measurements   lnade   in

the  active  channel  of  the  I.iver  during  the  lat;ter  part  of  July  1985,   indicated

that   the   streamflow   gain   from   seepage   was   approximately   0.52   cfs/mile.      The

observed  seepage   rate  corresponds   closely  to   an  average   low-flow  gain  from
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Figure   6.4    Hydraulic  head  distribution  along  the  field  cross-section  on
July   31,    1985.
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Figure   6.5    Hydraulic  head  dlstrlbutlon  along  the  £1eld  cross-section  on
September   26,    1985.

82



East

a

Figure  6.6    Partial  dlstrlbutlon  of  hydraulic  head  along  the  field  cross-
section   on   October   11,   1985.
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Figure   6.7    Hydraulic  head  distrlbutlon  along  the  field  cross-section  on
October   16,    1985.
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Figure   6.8    Hydraulic  head  distrlbutlon  along  the  field  cross-section  on
October   30,    1985.
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Figure   6.9    Hydraulic  head  dlstributlon  along  the  field  cross-section  on
November   27,    1985.
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seepage   of   0.74   cfs/mile   calculated    from   the   stream flow   records   of   the   New

Cambria,   Enterprise,   and  Niles   stl.earn-gaging  stations   (see  Section  3.4).

The    slope    of   the   water   table   away   from   the    stl.earn   was   generally   much

steeper   on   the   west   bank   than   on   the   east   bank.      The   hydraulic-head   low   was

located   81nost   always   to   the   east   of   the   vertical   center.line   of   the   stl.earn.

This   asymmetry  may   be   due   to   the   hydrogeologic   complexity   of  the   field   cross

section   near   the   stream   or   may   t>e   caused   by   the   regional   ground-water   flow

directions   being   oriented   perpendicular   to   the   active   channel   of   the   Smoky

Hill   River   at   this   site.      Hydraulic-head   gradients   in   the   alluvial   aquifer

show   the   greatest   change   in   the   vicinity   of   the   stream.     Vertical  hydl.aulic-

head   gradients   ranging   from  0.22   foot/foot   on   the  west   bank   to  0.05  foot/foot

on  the  east  bank  were  measured  in  the   field  at  low  flow.     West  of  the  river,   a

layer   of   interbedded   medium-    to    fine-grained   sands   and   clay   silts   in   the

shallow    part    of    the    alluvial    aquifer    creates    a    sharp    curvature    in    the

hydl.aulic-head  contours  beneath  monitoring  sites  G,   H,   and  I.

Many   changes   take   place   in   the   stream/aquifer   system   during   |>el.iods   of

recharge.       As    recharge   is   added    to    the   system,    the   stream   level   rises   in

response  to  increased  runoff  and  there  is  a  general  rise  and  flattening  of  the

water   table.      In fluent   or   effluent   conditions   will   exist   between   the   stream

and   the  aquifer  depending  on   the   amount   of  direct   recharge   to  the  water  table

and   rate   of   rise   of   the   stl.earn  level.     The   partial   set   of  measul.ements   shown

in   Figure   6.6   was    taken   during   a   period   of   widespl.ead   flooding   following   a

period   of   intense   rainfall.      During   this   flood   event   the   stream   level   rose

approximately   16   feet   above   the   pre-flood   level   (Figure   6.10).     The  direction

of  ground-water  flow  in  this  case  is   from  the  stream  to  the  aquifer.

I)uring   the   tine   of   flooding,   gI.ound-water   levels   also   rose   dramatical-

ly.      Figure   6.11    shows   the   hydrographs   of   the   continuously   scl`eened   wells   in
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Figure   6.10     Stream  stage  measurements  and  precipitation  records   for   the
period   between   September   26   to   November   30,    1985.
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Figure   6.11    Groundi7ater   level  hydrographs   for  different   sites   for  the  period
between  May   10,    1985   and  March   14,    1986.
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the    monitoring    network    showing    fluctuations    of    ground-water    levels    over

time.     Figure   6.12   is  a   stream-stage  hydrograph   for   this   time.     These  records

show  a   rather   sharp   2.5   to   5   foot  rise   in  ground-water  level   recorded  at  all

of  the  monitoring  sites  in  response   to   the  flood  event.     The  I.ising  of  ground-

water   levels   during   the   flooding   did   not   lag  behind  the   rise   in  stream  level

evea  at   sites  H  and  8  which  are  approximately  31()0  and   1200   feet  away  from  the

river,   respectively.     Note  that  the  quick  rise  of  water  levels  in  the  alluvial

aquifer   is   caused   mainly   t>y   the   recharge   from   infiltration   of   precipitation

and  not  t)y  seepage   from  the   river  bed.

The    recovery    of    ground-water    levels    to    the    pre-flood    conditions    was

slower  than  the  recovery  of  stream  levels.     The  lengths  of  the  I.ecovery  period

were   about   the   salne   for   all   of   the   monitoring   sites   regardless   of   distance

from   the   river..      Figure   6.10   shows   that   ground-water  discharge   to   the   stream

resumed   shortly   after   the   passage   of   the   flood   (October   16,    1985).      Figure

6.11    indicates   that   the   general   ground-water   flow   and   water-table   configura-

tion   was   established   at   the   field   site   by   October   30,    1985.      These   observa-

tions  suggest  that  the  alluvial  aquifer  responds  quickly  to  the  changes  in  the

hydrologic  conditions  at   the  field  site.

GI.ound-water   flow   in   the   bedrock   aquifer   is   principally   in   a   lateral

direction  toward   the  hydraulic  head   low  between  monitoring  sites   A  and  M.     The

flow  pattern  in   the  bedrock  aquifer  is   only  slightly  affected  dul.ing  periods

of  recharge   or  high   streanflow.     However,   some   upward   leakage   of  ground  water

from   the   bedrock   aquifer    in   the    Herrington   Member   of   the   Nolans   Limestone

through  the  Wellington  shale  is  indicated  when  the  stream  is  at  low  flow.

6.4  Extent  of  the   Saltwater  U conin

The   lateral  and  vertical  extent  of  the   saltwater/freshwater  contact   zone

was   napped   at    low-flow   conditions    in   the    river   using    surface    resistivity
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Figure   6.12     Stream-stage  hydrograph  for   the   Smoky  Hill  River  at   the   field
site   for   the   period  between  May   10,   1985  and  March   14,   1986.
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techniques   and   the   differential-pressure   measurements   (see   section   5.4   for  a

description  of  these  methods) .

Figure    6.13    shows    the    distribution    of   apparent    resistivities    in   the

vicinity   of   the   Smoky   Tlill   River   field   site   and   the   interpreted   location  of

zones   in   the   alluvial   aquifer   where   saline   ground   waters   are   believed   to   t]e

present  at   shallow  depths   (zones   of   saltwater  upcoming).     The   apparent  resis-

tivities   are   generally   lower   on   the  west  side  of  the   river  than  those  on  the

east   side   because   the   alluvial   sediments   are   generally   more   fine   grained   on

the  west  side.     Areas  of  high  apparent  resistivity  are  located  nor.th  and  south

of   the   line   of   nonitoring   sites.      Two   "soul`ces"   of   saltwater  are   outlined  by

the   surveys.      One   body   of   saline   water  genel.ally  parallels   the   course   of  the

river  and   crosses   beneath   the   river  near   the   line   of  monitoring  sites.     This

plume  moves   with   the   easterly  direction  of  ground-water  movement   in   the  allu-

vial   aquifer.      Another   body   of   saline   ground   water   is   outlined   by   a   nol'th-

south-trending  area  of  low  apparent  resistivity  east  of  the  river.     Outside  of

these   areas    the   higher   apparent    I.esistivities    indicate    that   the   alluvial

sediments  are  saturated  with  generally  lower  salinity  waters.

The   results   of   the   apparent   I.esistivity   surveys   are   confirmed   by   the

pressure-differential   sul.veys   in  the   continuously  scl.eened  wells   of  the  moni-

tor.ing   netwol.k.       Figure    6.14    shows    the   variation    in   ground-water   chemical

quality  computed   from  the   reuslts   of  the   July  31,1985,   pressure-differential

survey   when   the   stream   was   flowing   under   low-flow   conditions.      The   overall

shape   of   the   saltwater-intrusion   area   shorn   in   Figure   6.14   is   asynnetrical

with  respect   to   the   vertical   center  line   of  the  river  and  is  coincident  with

the   hydraulic   head   low   in   the   cl.oss   section.      West   of   monitoring   site   D   the

upper    part    of    the    alluvial    aquifer    contains    low-salinity   ground    waters.

Closer    to    the    river   beneath    site    C,    saltwater   upconing   occurs   at   shallow
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Figure   6.13    Areas  containing  saltwater  at   shallow  depths   in  the  alluvial
aquif er .
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Figure   6.14    Distrlbutlon  of   total  dissolved  solids  of  groundiJater  at   the
field  cross-section  on  July   31,   1985.
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depths.      At   this   point   the   slope   of  the  west   side   of  the   saltwater-intrusion

zone   is   almost  vertical.     East   of  monitoring   site  A   the  doimward  slope  of  the

top   of   the    saltwater-intrusion   zone    is   much   smaller   than   the   slope   at   C.

Farther   to   the   east   beneath   site   8   the   brines   occupy   the   lower   par.t   of   the

alluvial  aquifer.     The  denser  ttrines   (greater  than  loo,000  ppm  total  dissolved

solids)   are   also   contained   in   the   lower  areas   of   the   bedrock  formations.     The

thickness   of  the   salt-dispersive   zone   assumed   to   be   the   area  between  the  2000

arid   loo,000   ppn   TDS   lines   is   15   feet   to   20   feet   in   the   cross   section.      The

concentration  gradients  change  rather  uniformly  over  much  of  the  cross  section

except   at    site   A   where    the   ground-water   dissolved    solids    increase    rapidly

beneath   the   stream.      At   this   point   saline   waters   with  high   chloride   content

are  entering  the  stream.

The   shape   and   configuration   of   the   salt-dispersive   zone    is   very   much

influenced   by   changes   in   the   stream/aquifer   conditions.       These   changes   nay

result   from   vat.iations   in   stream   discharge   or   may   be   caused   by   water   table

rise  due   to  increased  natural  ground-water  recharge.

To   observe  the   saltwater-upconing  conditions  during  a  changing  hydrologic

environment,   we   analyzed   the   data   collected   from   September   26   to   November  27,

1985.     As  indicated   in  the  previous  section,   during  this  period  heavy  I.ainfall

resulted   in   minor   flooding   of   the   river   valleys.       The   stl.ear   level   at   the

cross   section  rose   from  the  Septemt)er  26   level   of  -19.52  feet  elevation   (rela-

tive   to   the   datum   at   monitor.ing   site   F)   to   -3.36   feet   elevation.      The   pre-

flood   stream-level   elevation   indicates   that   the   stl.eanflow   was   near   low-flow

conditions .

Figures   6.15   through   6.19   show   the   temporal   variation  of   total   dissolved

solids   of   ground  water  calculated   from  the   differ.ential-pressure  measurements

for   the   five   sets   of   measurements   made   during   the   period   between  September  26
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Figure   6.15    Distribution  of   total  dissolved  solids   of   ground.irater  at   the
f leld   cross-section   on   September   26,   1985.
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Figure  6.16    Partial  distribution  of   total  dissolved  solids  of  groundirater  at
the   f leld  cross-section  on  October   11,   1985.
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Figure  6.17    Distrlbutlon  of   total  dissolved  solids  of  groundirater  at   the
field  cross-section  on  October   16,   1985.
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Figure   6.18    Dlstrlbutiori  of   total  dissolved  solids  of  ground-water  at   the
field  cross-section  on  October   30,   1985.
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Figure  6.19    Dlstrlbutlon  of  total  dissolved  solids  of  groundivater  at   the
field   cross-section  on  November   27,   1985.
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and   November   27,    1985.      Due   to   inaccessibility   of   some   wells  and  malfunctions

of   the   pressure   transducer,   only   partial   sets   of   measurements   are   available

for  October  11   and   16.     Figure   6.15   illustrates   the  pre-flood  configuration  of

the     saltwater-intrusion     zone     which     is     associated     with     low     stl.eamflow

conditions.     The   saltwater  intrusion  zone  is  in  contact  with  the  stream  bottom

indicating    that    saline    ground    waters    are   being    discharged    to    the    stl.earn.

Under    similar    conditions    in    the    latter   part    of    July    1985,    water    samples

collected   10   feet   from   the   west   bank   of   the   I`iver  at  a  depth  of  approximately

3.5  ft  below  the   stream  bottom  contained  8340  ppn  total  dissolved  solids.

Figure   6.16   shows   a   part   of   the   saltwater   intrusion   area   napped   from   a

partial   set   of   measurements   taken   during   the   flooding   at   the   field   site   on

October    11,1985.       As   mentioned   before,    a   full   set   of   measurements   was   not

taken   due   to   the   instrument   problems.      The   contoured   map   of   total   dissolved

solids   shows   that   the  position  of  the   intrusion  area  beneath  monitoring  sites

D   through   F   is   lower   than   that   from   the   previous   set   of   measurements.      The

thickness  of  the   transition  zone  ranges   from  3  to  7  feet  which  is  considerably

less    than   the   pre-flood    thickness.       Obviously,    increased    seepage    from   the

stream   is   acting   to   "compress"   the   transition   zone   in   the   vicinity   of   the

sites  D  and  E.     The  ground-water  flow  direction  beneath  monitoring  sites   G,   H,

and   I   is   upward   and   toward   the   west   end   of   the   cl.oss   section.      The   result   of

this   upward   movement   of   gI.ound   water   in   the   vicinity   of   site   G   is   a   slight

upconing  of  the  saltwater  body.

Figure  6.17   shows   the   shape   and   location  of  the   saltwater.-intrusion   zone

in   the   cross   section   five   days   after   the   flood   occurrence.      At   this   time,

8tl`eam    level   and    ground-water    table    are   beginning    to    return    to    pre-flood

elevations   (see  Figure  6.10).     Also,   the  saltwater-intrusion  area  is  beginning

to   rebound   to   its   pre-flood   configuration.      Substantially   more   of   the   lower



part   of   the   alluvial   aquifer   is   saturated   with   brines   containing   mol.e   than

loo,000  ppm  total   dissolved   solids.     The   thickness   of  the   tl.ansition  zone  has

increased  beneath  site  D  to  10  feet  and  the   top  of  the  transition  has  risen  10

feet   in   the   alluvial   aquifer   since   the   day  of  the   flood.     East   of  the   river

the    top   of   the    transition    zone   is   almost   flat,    except   for   a   gentle   rise

beneath  monitoring   site   A.     The   thickness   of  the   transition  zone  beneath  site

8   was   approximately   23   feet   during   this   set   of   measurements   which   is   much

greater  than  the   10-foot   thickness  measured  prior  to  the  flood.

Figure   6.18   shows   the   results   of   measurements   made   in   the   cross   section

nineteen  days   after.   the   flood   on   October   10,   1985.      By  this   time,   the  general

pl.e-flood   pattern   of   ground-water   flow   has   been   re-established   in   the   cross

section.      The   saltwater   t)ody   is   continuing   to   rel)ound   after   the   flood   and   a

definite  upconing  pattern  is  evident  in  the  alluvial  aquifer.     The  top  of  the

tl.ansition   zone   has   not   yet   intersected   the   stream  bottom.     The  major  change

that    has    taken    place    in    the    cross    section    since    the    previous    set    of

measurenents   is   the   redevelopment   of  a  wide   transition   zone  between   the  fresh

and   saline   waters   in   the   vicinity   of   the   stream   bottom.      A   relatively   thin

transition  zone  is  present  beneath  monitoring  sites  K  and  F.

Figure    6.19    shows    the    results   of   the   last   set   of   measurementB    in   the

cross   section   made   in   November   27,    1985    (47   days   after   the   flood).      By   this

time   the   stream/aquifer   system   had   returned   to   pre-flood   conditions   for   the

most   part.      The   saltwater-intl.usion   zone   has   also   returned   to   its   pre-flood

configuration    except    at    site    8   where    a    relatively    wide    transition    zone

exists.       A   I.elatively   thin    transition   zone   approximately   5   feet   thick   is

present   beneath  monitoring   sites   D  through  F.     The   top  of  the   transition  has

intersected   the   stream   bottom   indicating   that   saline   water.   discharge   to   the

stream  is   I.eoccuring.



This   sequence   of   neasurements   shows   that   the   extent   of   the   saltwater-

intrusion   zone   is   directly   related   to   the   stream   Stage   and   the   elevation  of

the  water  tattle  in  the  alluvial  aquifer.     During  and  after  the  intense  period

of    recharge    in    early    October.,    the    saltwater-intrusion    zone   was    depressed

considerably    below    the    bottom    of    the    stl`eam    for    a    short    period    of   time.

However,     the     stream/aquifer    system    seems     to     recover    quickly    from    these

I.echal.ge   events   and   allows   the   quick   redevelopment   of   the   saltwater   upcoming

beneath  the   stream  bottom.

These     observations     confirm     the     results     obtained     by     Gillespie     and

Hargadine    (1981)    who    showed    that   an   increase    in   stream   discharge   caused   an

initial   decrease   in   the   chloride   concentl.ation  of  surface  waters   in   the  Smoky

Hill  River.     However,   dul.ing   the   stream flow  recession,   the   chloride   discharge

was   increased,   peaked   at   a  high   level   after   the   passage   of   the   flood  wave   in

the  stream  and  then  decreased  with  time.     Similar  results  were  demonstl`ated  by

MCElwee   (1985)   who   simulated   the   saltwater  upconing  in  the   cross   section  using

a    sharp-interface    approximation    of    the    tl.anBition    zone    between    fresh   and

saline    ground    waters.         MCElwee     (1985)     used     streamflow    and    surface-water

quality  data   for  a   per.iod   of   flooding   that   occurred   in   1973-74  to  analyze  the

transient   behavior   of   the   saltwater-intrusion   system.      It   is   inter.esting   to

note     that     both     studies      show     dramatic     changes     taking     place     in     the

stream/aquifer   system   over   a   small   period   of   time.      MCElwee   (1985)   assumes   a

5-foot  rise  in  stream  level  during  the  flood  event.     His  results  indicate  that

the   time   when   the   maximum   suppression   of   the   interface  occurs  was   just   prior

to   the   peak   dischal.ge.       Pre-flood   chloride   discharge   levels   are   surpassed

approximately   75    days    after    the    onset   of   flooding.       The   maximum   chloride

discharge  occured  approximately  loo  days  after  the  onset  of  flooding.



MCElwee's   I.esults   agree   quite   well   with   the   results   of   this   investiga-

tion.     In  the  present  field  investigation  a  return  to  pre-flood  conditions  in

the    stream/aquifer   system   was   shown   to   occur   between   21    and   49   days   after

flooding  when   stream  levels   rose  more   than   16   feet.      Stream  stage   I.eturned   to

pre-flood    elevation    approximately    33    days    after    the    onset    of    flooding.

Unfortunately,    the    surface    waters    were    not    sampled    dul.ing    the    time    these

measurements   were   t)eing   made   in   the   alluvial   aquifer   to   obsel.ve   the   chloride

discharge  to   the  stream.

6.5  Major  Findings   from  the  Field   Investigation

Based  on  our  field  investigation  of  saltwater  intrusion  at  the  Smoky  Hill

River  site  we  have  draim  the   following  conclusions:

1.       Hydrogeologic   framework.      The   sediments   beneath   the   field   site   con-

sist   of  a   fining  upward   sequence  of  Pleistocene   and   Holocene   alluvium  ranging

from   coarse   sand   and   gravel   to   silt   and   clay.     The   proportion  of  coarse   sand

and   gravel   increases   eastward   across   the   field   cross   section.      The   alluvial

sediments   on   the   west   side   of   the   river  are  generally  more   fine  grained   than

those   on   the   east   side.      The   thickness   of   the   alluvium   ranges   from   55   to   65

feet    in    the    study   area.        The    bedrock   beneath    the    alluvium   is   Wellington

Formation    and    consists    of   variegated    gypsiferous    8hales   and   nudstones   and

intercalated    lenses    of    dolomite.        The    total    thickness    of    the    Wellington

Formation  at   the   field  Site   ranges   fl.om  10  to   14  feet.     Beneath  the  Wellington

Formation   is   the   Herrington   Member   of   the   Nolans   Limestone.      The   Herrington

consists    of    vuggy    and    fractured    gI.ay    gypsiferous    dolomites    and    dolomitic

shaleB.     The  total  thickness  of  this  unit  was  not  penetrated  during  any  of  the

test   hole   drilling   at   the   field   site.      Many   of   the   fl.actures   and   solution

cavities  wi.thin  the  Herrington  are  filled  with  gypsum.



The   shallow  unconfined  aquifer  consists  of  the  water-saturated   sediments

of   the   alluvial   valley.      The   total   saturated   thickness   in   the   cross   section

ranges  from  35  to  45  feet.     The  hydraulic  conductivity  of  the  alluvial  aquifer

calculated   from   the   slug   tests   ranges   from   18   to   403   feet/day.      The   values

calculated   from   the   slug   tests   are   pl.obably  more   representative   of  the  hori-

zontal    component    of   hydraulic-conductivity    tensor    than   the   vertical.       The

geometric   mean   of   the   hydl.aulic-conductivity   values   obtained   from   the   slug

tests     is     153     feet/day.          The     spatial     distribution     of     the     hydraulic

conductivities    reflects    the    overall    geologic    complexity    of    the    alluvial

sediments,    especially   on   the   west   side   of   the   river   beneath   sites   G,   H   and

I.     The   higher  hydraulic   conductivities   are   associated  with  coarser  sediments

and  the  lower  values  with  the  more  fine-grained  sediments.     Expel.iments  in  the

stream   bottom   show   that    the   hydraulic   conductivity   of   the   sediments   in   the

vicinity  of  the  strean  bottom  is  approximately  0.74  foot/day.

Beneath   the   alluvial   aquifer   is   the   Wellington   Formation   which   is   con-

sidered    to   be   an   aquitard.       An   observed   range   of   hydraulic   conductivitie8

associated  with  this  hydrogeologic  unit   is  not  available,   but   it   seems  that  a

value    I.anging    from    1     foot/day    to    10    foot/day    is    reasonable.       Below   this

aquitard   unit   is   the   bedrock   aquifer   in   the   Herrington  Member   of   the   Nolans

Limestone.

2.        GI.ound-water   flow  and stream/aquifer  interactions.     Ground-water  flow

in   the   cross   section   is   fl.om   areas   of  higher  hydl.aulic  head   (recharge   areas)

to  areas  of  lower  hydraulic  head   (discharge  areas).     Recharge   to  the  alluvial

aquifer   comes   fl.om   infiltration   through   the   unsaturated   zone,   laterally   from

the   Smoky  Hill   River  when   the. river   stage   reverses   the  hydraulic   gradient  in

the    alluvial    aquifer,    and    vertically   upward    as    leakage    from    the    bedrock

aquifer.      Ground   water.   is   discharged   to   the   stream   in   the   cl.oss   section   and



per.pendicularly  to   the   cross   section  toward   the   stl.earn  except   for  those   times

when   strean   stage   is   sufficiently   high   to   reverse   the  hydraulic   gradient   in

the  vicinity  of  the  stream.     The  slope  of  the  water  table  away  from  the  stream

is    generally   much    steeper   near    the   west    bank    than    the    east   bank.        This

asymmetry  results  because   the   stream  at   the  cross   section  is   perpendicular  to

the   regional   flow   direction   in   the   valley.      West   of   the   river,   the   ground-

water   flow   pattern   is   distinctly   affected   by   the   heterogeneity  of  the   sedi-

ments.     Field  measurements   taken  during   the   course   of  the   field  investigation

show   that   the   stream/aquifer   system   responds   quickly   to   recharge   events   and

that   stream-stage   fluctuations   primarily   affect   the   alluvial   aquifer   in   the

vicinity   of   the    stream   bottom.       Recovery   to    pre-recharge    event    conditions

occurs  rather  quickly  ttut  is  slower.  in  the  aquifer  than  in  the  stream.

3.        Morphology   of   the saltwater-intrusion   zone   in   the   vicinity   of   the

field  site.     Ground-water  total  dissolved  solids  range  from  less  than  1000  ppm

to   more   than   100,000   ppm   in   the   alluvial   aquifer  and  generally  increase   with

depth   below   the   water   table.      The   saltwater-intrusion   area   is   asymmetrically

distributed   with   respect   to   the   centerline   of   the   I.iver  channel.     The   saline

waters  located   near   the  bottom  of  the  alluvial  aquifer  are   separated  fl.om  the

fresh-waters   of   the   alluvial   aquifer   by   a   wide   transition   zone   within   the

cl.oss   section.      The   transition   zone   is   defined   as   the   area   t)etween   the   2000

ppm   and   loo,000   ppm   dissolved   solids   concentration   contour   lines.      The   width

of    the    transition    zone    varies    spatially    within    the    cross    section    and

temporally  in  response  to  recharge  events.     Laterally,   the  saltwater-intrusion

area  intersects   the   cross   section  of  monitoring  Sites  at  an  acute  angle.     The

lateral   extent   of   the   upcoming   seems   to  t)e   controlled  by  the  configuration  of

the   1)edrock   surface   and   the   nature   of   the   overlying   alluvial   sedimentEi   above

the   bedl.ock   surface.        Saltwater    occurs   at    Shallow   depths   in   the   alluvial



aquifer   in   an   al.ea   that   generally   follows   the   course   of   the   river   between

monitoring   sites   L   and  a   according   to   resistivity   surveys  of  the   study  area.

These   results   suggest   that   the   primary  source(s)   of  saltwater  observed   in  the

cross    section    comes    from    upgradient    areas    and    not    from   within    the    cross

section,

4.       Response    of    the    saltwater.-intrusion    zone    to    the    changes    in    the

stream/a uifer   conditions.      Monitoring   of   the   saltwater-intrusion   zone   shows

that  the  morphology  and  position  of  the  saltwater  body  in  the  alluvial  aquifer

is   strongly  affected  by  changes   in   the   stream/aquifer  system.     During  a  flood

event    that    occurred    in    October    1985,    the    stl.earn    stage    rose    more    than    16

feet.       At   this   time   the   top   of   the   fresh/saltwater-transition   zone   in   the

alluvial  aquifer  was  considel`ably  depressed  below  the  bottom  of  the  strean  and

the    thickness   of   the    zone   was   compressed    compared    to   pre-flood   conditions.

This   occurred   due   to   higher   water   levels   in   the   alluvial   aquifer  and  higher

stream  stage.     Then,   as  the  stream/aquifer  system  returned   to  pre-flood  condi-

tions,   the   transition   zone  became   reestablished   near   the  bottom  of   the  stream

between   21    and   40   days   after   the   onset   of   flooding.       No   measurements   were

taken   during   this   pel`iod   to   determine   if   the   top  of  the   transition   zone   con-

tinued   to   rise   to  higher  levels   in   the  alluvial  aquifer  after  the  passage  of

the   flood.       These   results   confirm   observations   made   by   other   investigators

working  in  the  area.

5.      Suitability   of the   borehole   techniques   for   characterizing  and  moni-

toring  saltwater  intrusion  in a   stream/aquifer   system.     During   the   course  of

the   field   investigation   the   fluid   electrical   conductivity   and   differential-

pressure     techniques    were    evaluated     to    determine    their    suitability    for

measul`ing    variations    in    ground-water    chemical    quality    in    the    saltwater-

intrusion   area.      Two   sets   of   field   measurements   taken   using  t)oth   techniques
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were    compared    with    the    chemical    analyses    of    water    samples    collected    each

time.      The   results   from   using   the   differential-pl.essure   technique   were   more

consistent  with   the  hydl.ochemical  data   than  those  using   the   fluid   electrical-

conductivity  logger.



7.       PREVIOUS    THEORETICAlj   DEVELOPMENTS

The  contact   of  freshwater  and   saltwater  is   generally  associated  with  the

formation  of  complicated  physiochemical  processes,   the  complete  descl.iption  of

which  may  not  be   mathematically   tractable.      To   over.come   the   complexity  of  the

problem,   most  investigators  have  regarded   freshwater  and  saltwater  as  immisci-

ble   fluids   separated   by  a   sharp   interface.      In   reality,   the   two   fluids   are

miscible   and   can   become   mixed   and   distributed   in   a   dispersive    (transition)

zone  of  variable  salinity.     A  mathematical  formulation  based  on  miscibility  of

the   fluids   is  mol.e   complete   but   is   also  more   difficult   to  solve  than  a  formu-

lation   which   considers    the    fluids    to   be    immiscible.       The   choice    of   which

fomulation   to   use   for   par.ticular   field   application   depends   largely   on   the

conditions  along  the  cross   section  of  the  dispersive   zone.

7.1      Immiscible-flow  _(aha_rp_Tinterface)   Approach

In    analyzing    the    saltwater    encroachment    problems,    hydrologists    have

approximated    the    contact    zone    between    freshwater.   and    saltwater   by   a   sharp

interface   for   several   decades.      At   the   turn   of  the   twentieth  century,   Badon-

Ghyben    (1888)    and   Herzberg    (1901)    independently   formulated   the   relationship

between    the    sea    water.-fl.eshwater    interface    position    and    the    ground-water

regime   components,   assuming  the   steady-state  condition  and   the  Dupuit  approxi-

mation.      Muskat   (1937)   presents   an   analytical   solution   for   steady  and   stable

saltwater  upcoming.      He   assumes   that   the   location   and   shape   of  the   interface

do  not  affect   the   potential  distribution  in  the   freshwater  zone,   which  may  be

acceptable  only  when  the  upconed-interface  location  is  not  much  different   fl`om

the    hydrostatic    (horizontal)    one.        A    similar    solution    was    presented    by

Mcllrhorter   (1972).      Bear   and   Dagan   (1964)   investigated   the   sea-water   intrusion

problem   by   performing   a   series   of   laboratory   experiments   and   developed   some



analytical  solutions   for   t;he   interface  notion,   based   on  the  Dupuit   approxima-

tion  and  other  simplifying  assumptions  with  regard   to  the   shape  of  the  inter.-

face.        Dagan    and    Bear.    (1968)    pl.esented    solutions    for    transient-inter.face

upcoming,    using   the   method   of   small   perturttations.      These   solutions   may   be

used   to  estimate   the  interface-motion  rate  only  for  snail  interface  rises  and

cannot  I)e  used   to  analyze  unstable  upcoming.

Recently  Van  Dam  and   Sikkema   (1982)   presented   an  analytical   solution   for

the    shape   of   the    interface    in   a    semi-confined   aquifer.       The    solution   was

derived    for    the    steady-state    (flowing   freshwater,    stagnant    saltwater)    and

utilizes  the  Dupuit  appl.oximation.

Numerical    solutions    of    the    saltwater-intl.usion   problem   have    been    de-

veloped   since   1971,   and   have   used   two   mathematical  models:    1)   sharp  interface

-   horizontal   flow   and   2)    hydrodynamic   dispersion   -   variable   density   cross

sectional  model.      Shamir  and   Dagan   (1971)   first   presented  a   finite-difference

solution   of   the   saltwater   -   freshwater   flow  model,   which  utilized   the  Dupuit

approximation.      This   model   has   tteen   also   used   by   Pinder   and   Page   (1976),   who

applied   the   Galerkin   finite-element   technique   as   a   numerical   approximation.

Mercer  et   al.   (1980)   presented   another  version  of  the   finite-difference   tech-

nique  used   for   the   same  model.     A  steady-state   solution  by  the  finite-element

method   was   presented   by   Kovar   (1980).      Recently,    Bear   and   Kapulel.   (1981)   used

the   finite-difference   technique   to   solve   the   movement   of   the   interface   in   a

layered   coastal   aquifer.      Their   solution   also   assumes   the   Dupuit   approxima-

tion.      MCElwee   et   al.    (1981)   used   the   finite-difference   technique   to   analyze

the    saltwater-upconing   problem   in   the   Smoky   Hill   River   area   near   Solomon,

Kansas .



7.2     Miscible-flow  Approach

Cooper   (1959)   was   among   the   first   to   explain   the  nixing   (or   the   disper-

sion   zone)   and   the   associated   perpetual   circulation   of   sea  water   in   coastal

aquifel.s.       According   to   his   hypothesis,    the   wedge   front   of   the   saltwater

flowing   inland   is   continuously   being   eroded   by  a   seaward   flow  of  mixed   water

in   the   zone   of   dispersion.       This    flow   tends   to   reduce   the   extent   to   which

saltwater  may   occupy   the   aquifer.      Field   investigation   of   Kohout   (see   Cooper

et   al.,    1964)    verified   Coopel.'s   concept   and   confirmed   the   existence   of   the

circulation   phenomena   along   the   Biscayne   aquifer   in   the   coastal   region   of

Florida.      The   extent   of   the   dispersive   zone   is   attributed   essentially  to   the

rise    and    fall    of    the    water   table,    ocean   tides   and   other   factor.s   such   as

changes  in  pumping  patterns.

In   col`I.oboration   of   Cooper's   hypothesis,   Henry   (see   Cooper   et   al.,1964)

developed    the    fit.st    analytical    solution   of   the    effects    of   dispersion   and

density-dependent    flow   on   saltwater   encroachment   in   aquifers.      Although   by

that   time   it  had  been  discover.ed   the  magnitude   of  dispersion  perpendicular  to

the   velocity   was   much   smaller   than   that   in   the   direction   of   velocity,   Henry

(1964)    assumed    a    constant-dispersion    mechanism.        Despite    this    and    several

other   simplifying   assumptions,   the   results   of  Henry's   work   clarified   certain

significant  consequences  of  dispersion  which  until  then  had  been  infer.I.ed  only

on   a   qualitative   basis.      Henry's   quantitative   description   of  dispel.sion   phe-

nomena  set  the  stage  for  future  investigations  along  this  line.

With  the  advancement  in  computers,   a  series  of  more  rigorous  solutions  of

sea-water  intrusion  problems   were   obtained  using  a  vat.iety  of  numerical   tech-

niques.      Among   these   studies,   we   mention   the   work   of  Pinder  and  Cooper   (1970)

who   used   the   method   of   char.acteristics   in   conjunction   with   an   iterative   ADI

(Alternating   Direction   Implicit)   procedure.     Their   approach  was   of   practical



importance   in   that   it   was   applicable   to   heterogeneous,   anisotropic   aquifers

with   irregular   geometry   and   different   types   of   boundary   conditions.      Pinder

and   Cooper   (1970)   obtained   a   tl.ansient   solution   to   the   same   example   analyzed

by   Henry    (see    Cooper   et    al.,    1964).       Their   solution   was    shown   to   approach

Henry's   steady-state   solution   after   passage   of   a   long   simulation   time.      Re-

formulating   the   problem   in   terms   of   stream   functions,    Lee   and   Cheng   (1974)

derived   a   steady-state    solution    for   Henl.y's   example   using   finite   elements.

Their    solution,    however,    encountered    convergence    difficulty   when   adv6ctive

transport   was   predominant.     This   latter   formulation  was   shown  by  Huyakorn  and

Taylor   (1976)   to   be   inferior   to   a   for.mulation  based   on   pressure   (or  head)   and

salt  concentration.

All    studies    described    above   were   based    on   the    assumption   of   constant

dispersion.      In   reality,   as   pointed   out   before,   the   dispersion  mechanism   is

dependent  upon  the  fluid  velocity  and  the  character.istics  of  the  porous  mater-

ials.       For   sea-water   intrusion   in   a   coastal   aquifer   where    sea   water   and

freshwater   flow  in  opposite   directions,   a   zone   of  low  fluid  velocity  develops

at  the  contact  of  the  two  fields  near  the  bottom  of  aquifer.     Because  the  only

dispersion  process   in  the   at)sence   of  fluid  motion  is   moleculal`  diffusion,   the

use  of  velocity-dependent  dispersion  parameters  appear  to  be  essential  in  such

situations .

Segol  et  al.   (1975)   and   Segol  and   Pinder   (1976)   were   the   first   to  develop

a   transient   solution   of   the   saltwater-encroachment   problem   on   the   basis   of

Velocity-dependent   dispersion   coefficients.      Using   the   mixed   finite-element

formulation   of   ground-water   flow   and   Darcy  velocity   equations,   they   obtained

accurate   estimates   of  velocity   components   while   preserving   continuity   of   the

velocity    across     elemental    boundaries.         In    advection-dominated    transport

problems,   such  a  formulation  is  essential  to  achieving  realistic  solutionB.     A



disadvantage  associated  with  this  approach  is  the  need  of  solving  a  very  large

system   of   equations   which   increases   the   computational   cost.      For  lal.ge   aqui-

fers  requiring  a  long-term  transient  response,   this  disadvantage  can  limit  the

practical  applicability  of  the  mixed  formulation.

With    emphasis    on    optimum    efficiency,     Frind     (1982a)    has    developed    a

finite-element   model   for   simulation   of   saltwater.   intrusion   that   was   found   to

be  much  less   costly  than  compal.able  existing  models.     Two  distinctive  features

of   FI.ind's   model   are   the   elimination   of   static   pressures   in   the   fluid-flow

equation,    achieved    by   introduction   of   equivalent    freshwater   head,    and    the

elimination     of     numel.ical     integl.ations     over     elements,     achieved     by     the

deliberate    choice    of   linear   rectangular    elements.       This   appl.oach   does   not

retain   the   continuity   of   the   velocity   field   at   the   element   boundaries.      The

solution   obtained   by   this   model   was   shown   to   approach   that   obtained   with   a

continuous   velocity  as   the   grid   size   was   refined.     Frind   (1982b)   demonstl.ated

that   his   model   was   capable   of   handling   large   simulation   periods   in   aquifer

systems  of  practical  importance.

Over   the   past   years,   relatively   little   attention  has   tteen  given   to   the

analysis   of   layered   aquifers   in   which   the   aquifer   is   divided   into   several

strata   by   interlying   semipervious   or   impervious   layers.      For   such   aquifers,

the    permeability   contrast   between   different    layer.s   usually   results   in   the

development   of   multiple   saltwater   wedges.      The   modeling   of   a   complex   multi-

aquifer  system  may  be  achieved  simply  t>y  approximating  the  entire  aquifer  by  a

Suitable  saltwater-intrusion  model   (Kawatani,1980).     Solution  procedures  may,

however,    encounter   difficulty   if   substantial    permeability   contrast    exists

between   the   system   components.      Frind   (1982b)   has   reported   several   numerical

advantages  if  flow  in  a  semipervious  layer  or  aquitard  is  assumed  to  be  essen-

tially  vertical.     This   assumption  is   justified   on  the  basis  of  two-order-of-



magnitude   permeability   contrasts   between   the   layers   (Neuman   and   Witherspoon,

1969).     Frind's  simulations   show  that  hydrologic  characteristics  of  the  aquit-

ard   in   continuous   coastal   aquifer-aquitard   systems   have   a   great   controlling

influence  on  flow  dynamics  of  the  entire  system.

7.3     Surmary

As   indicated   above,   a   variety   of   mathematical   models   are   available   for

description   of   saltwater/freshwater   systems.      The   specific   conditions   of  the

problem   being   analyzed   deter.mine   the   selection   of   an   appl.opriate   model.      If

the   flow  domain  and  boundary  conditions   are   relatively  simple   and   the  aquifer

has   homogeneous   characteristics,   an   analytical   solution   such   as   the   one   de-

veloped   by   Henry   (see   Cooper   et   al.,1964)   may  well   be   sufficient.      However,

because    of    the    hydrogeologic    complexity   involved,    the   majority   of   aquifer

problems   of  practical  interest  necessitate   the  use   of  a   sophisticated  numeri-

cal  model.     Two   computer  models   that   are   currently  available   for  this  use  al.e

those   by   INTERA   (1976)   and   U.S.   Geological   Survey   (Voss,1984).     Both   of   these

models   are   based   on   the   solution   of   the   advection-dispersion   equation   for

val`iable-density    flow    conditions.        The    solution    procedures    used    in    these

models   may   encounter   numerical   oscillation   and   numerical   dispersion   if   the

advective  tl.ansport  is  predominant.     These  difficulties  are  indirectly  related

to  the  poorly  defined   transport  theory  in  a  complex  hydrogeologic  environment.

In    summary,    consider.able    progress    has    been   achieved    in    the    last    two

decades   in  understanding   the   advection  and   dispersion  of   salt   at   the  contact

of   saltwater  and   freshwater.      Although  most   of   the   literature  in  this   regard

has  been  concerned  with  coastal  aquifers  in  contact  with  sea-water,   the  basic

principles  and   theory  developed  apply  to   inland  aquifers  as  well.     Along  with

increased   understanding   of   physical   processes,   mathematical   models   have   tteen

developed  to   test   the   theory  against   field   obsel.vations.     The   results  of  such
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analysis   have   brought   to   light   many   of   the   relationships   and   factors   that

contl.ol   the   mechanisms   of   saltwater   intrusion.      As   yet,   more   is   left   to   be

discovered  before  our  understanding  of  the  processes  involved  is  complete.
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8.       AN   IMPLICIT   BOUNDARY-ELEMENT    SOLUTION   TO   SALTWATER   UPCONING

A  new  implicit  approximation  of  the  interface-motion  equation  is  combined

with    the    ttoundary-element    method    (BEM)    in    order    to    solve    the    interface-

upconing   problem.      The   performance   of   the   implicit   scheme   is   tested   by  means

of   numerical    simulation.       In   order   to   verify   the   solution,    the   numerical

results   for   the   pl.oblem  of   saltwater  upcoming  under  a   drain  are  compared  with

experimental   data   (Dagan  and   Bear,1968).

8.1   Mathematical   Statement   of  the  Problem

We   are   considering   flow   of   two   fluids   in  a  confined   homogeneous  aquifer,

assuming  that  a   sharp  interface   separates   them,   such  that   each  fluid  occupies

a   separate    zone    (Fig.    8.1).       The    shapes    of   these   zones   may   vary   with   time

because   of   the   interface   motion.      Assuming   that   the   fluids   and   porous  medium

are   incompressible,   we   can  wl.ite   for   each   zone   a  continuity  equation  as   fol-

lows   (Bear,    1979):

v2¢F   =   o

v2¢S   =   o

(8.1  )

(8.2)

where     ®F  =   z  +  p/yF  is   freshwater   potential,   and     ®S  =   z  +  p/Ts  is   saltwater

potential.

In  order  to  be  at>le  to  solve  the  system  of  partial-differential  equations

(eqs.   8.1    and   8.2),   boundal.y   and   initial   conditions   for  each   zone  have   to  be

specified.     Boundal.y  conditions   on  the  boundaries   excluding   the   interface   are

of  the  same  kind  as  for  the  flow  of  a  single  fluid,   i.e.   either  of  the
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Figure   8.1     Saltwater/freshwater   interface..motion  scheme.
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Dil.ichlet      (given     |]otential       ¢   )      ol.     Neumann      (given     normal     derivative

@®An)   type.

The   interface-boundary   conditions   require   the   continuity  of  the  pressure

and  the  continuity  of  the  fluxes  normal  to  the  interface  and  may  be  written  as

(Bear,    1979)

¢s=1i¢F+
Ys   -YF

Ys

@rf =  _ i @±
@ns                Ks   @nF

(8.3)

(8.4)

The   initial   conditions   are   given   by   the   initial   location   of   the   interface

c (x,to) .

The   solution  of  equations  8.1   and  8.2,   subject   to   the  boundary  conditions

and    interface    relationships,    gives,    in    the   transient   case,    nonzel.a   normal

fluxes    along    the    interface.       These    fluxes   cause   interface   movement.       The

interface-motion  equation  may  be  written  as   (Bear,1979)

F(x'z,t)   =  0 (8.5)

The   interface   is   a   motel.ial   surface   (i.e.   the   fluid   particles  which,   once  on

the   interface,   will   remain   on   it   unless   they   leave   the   system).     Therefore,

the   material   derivative   of   the   interface   equation   is   equal   to   zero   (Bear,

1979) :

3E=LE+v      vF=o                                                                                     (8.6)

where  v  is  particle  velocity  on  the  interface.     Since  in  this  study  we  are
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interested   in   the   vertical   motion   of   the   interface,   we   express   the   interface

equation  as

F   =  €(x,t)   -z   =  0

The  dot-product   in  equation  8.6   may  t)e   expl.essed  by

v       VF  =    VF     (projection   of  v  onvF)   =    VF

(8.7)

(vnF'           `8.8)

where  VnF  is  particle  velocity  normal   to  interface,

v      =_E@LfnF             So  onF (8.9)

where   So   is   specific   porosity.      Substituting   equations   8.7,   8.8  and  8.9   into

equation  8.6,   we   obtain

o=-(-(@=,2)1/2     ¥   #=o                                     (8.1o,

Substituting      tanB   for     8±  (see   Fig.    8.1),   we   finally   obtain   the   kinematic

equation  of  the  inter.face  motion

|#  =  ;F_ ( 1   +  (taap )2) 1/2    apE  =o0nF

8.2  Numel.ical  Formulation

SoCoS8    @nF (8.11  )

The   numerical   procedure   presented   herein   simulates   the   interface   motion

as  a  sequence  of  quasi-steady  states   (Bear,1979).     In  each  quasi-steady  state

the   equations   of   flow   (equations   8.1    and   8.2),   subject   to   the   boundary   and

initial  conditions,   are  solved.     In  order  to  solve  the  flow  equations,   the  BEM
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was   used.      A   detailed   description   of   the   method,   as   applied   to   ground-water

flow,   may  be   found   in  Liggett   and  Liu   (1983).

Application    of   the   BEM   to    the    flow   equations    leads   to   a   system   of   N

equations  given  t)y

I     [(/rF    ±*Njds)a:]=   I     [(/rFlnrLNjds)#]                (8.12)
MM

j=1                                                                                         j=1

i   =    1'2'  ...., M

"rs   ±*Njds)¢:]  =]=fr+]WrslnrjN]ds)¥]           (8.i„
N

i    =   M+1,    M+2 ,...., N

where

Nj(x,z)

I'F

rs

M

N

basis   function   of   node   j:    this   solution   utilizes   linear

basis   function;   see  Liggett  and   Liu   (1983)

value  of  potential    ¢   at  node  j

value  of  normal  derivative  of  potential    a  at  node  j

distance   from   node   i   on   the   boundary   to   another   point   on

boundary

boundary  of  freshwater  zone

boundary  of  saltwater  zone

number  of  nodes  in  freshwater  zone`

total  number  of  nodes.



Note   that   the   number   of  nodes   at   the   saltwater  zone   is   equal   to  N-M  and   that

the  nodes  on  the  interface  are  numbered  twice,   once  in  the  freshwater  zone  and

once  in  the  saltwater  zone   (Figure  8.2).

The    system   of   N   equations   given   by   equations   8.12   and   8.13   has   2N   un-

knowns   (namely    a   and  O®/On  at   each  node).     However,   with   the   exception  of   the

interface,   a  value   of  either    a   or  O®/On  is  known   at   each  node   from  the  boun-

dary   conditions,    thus   providing   additional   N-2I    equations,    where   I   is    the

number   of   the   interface   nodes   at   each   zone.      The   remaining   21   equations   are

pl.ovided  by  the  interface  relationships  for  each  couple  of  nodes  on  the  inter-

face   (Figure  8.2),

¢F,k  = ;i  (¢S,k  -
Ys   _  YF

YF

(#, = -# (*,k

(8.14)

(8.15)

After   the   BEM   equations   for   freshwater   and   saltwater   zones   are   solved,

resulting   in   the   distribution   of   the   potential     a  and   its   norlnal   derivative

O®An  along    the    boundal`ies,    a   new    location    of   the   interface   nodes   may   be

calculated  using  equation  8.11.     Approximating  equation  8.11   with  the  explicit

finite-difference  scheme  gives

ck+1    =  ck   +
KFAt

SoCos(Bk)
(*,k                                                             (8.,6,

However,     the    explicit    scheme    may    cause    instat)ility    of    the    numerical    so-

lution.     Thus,  being  able  to  predict  the  normal  fluxes  along  the  interface  for

the  next   time   step  k+1   and   to   approximate   the   interface-motion  equation  using

an   implicit   scheme   similar   to   the   one   used   by   Liggett   (1977)   for   the   free-
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Figure   8.2    Dlscretlzed  region  for  the  numerical  solution.



surface   motion  would   tte   desirat)le.      The   derivation   of   the   implicit   interface

relationships   is   presented   below.      Approximating   equation   8.11    with   the   im-

plicit  finite-difference  scheme  gives   (Liggett,   1977)

ck+1    =  ck   +
KFAt

socos,p:,
{co(%#)k+1   +   (|rty)   (%#)k  }                                      (8.17)

After  writing  equation  8.3  for  times  k  and  k+1   and  subtracting  the  former  from

the  latter,  we  obtain

(¢F)k+1.   (¢F)k   =  |i  {(¢S)k+1    _   (¢S)k}    _
Ys   .  YF

YF
(ck+t    _ck)            (8.18)

Sut)stituting  equation  8.17   into   equation  8.18  we   obtain

(¢F)k+1   _   (¢F)k  .  |#  (¢S)k  _

+  ;i  (¢s,k+1

Ys-YF        KFAt

YF        Socos(pk)

Ys-YF        KFAt

YF        Socos(pk)

(,Th,  (*,k

u(#,k+,

Equation  8.19  and   the  continuity  of  flow  equation  given  by

(#,k+1  =  -# (*,k+,

(8.19)

(8.20)

provide  the  set  of  implicit  equations  for  the  interface  motion.

Using  the   implicit   scheme   the  numerical  procedure   for  each  time   step  (k)

consists  of

1)       Solving    equations    8.1    and    8.2    (approximated   by   equations   8.12   and

8.13)   subject  to  boundary  and  initial  conditions  and  interface  relationships



(equations  8.14  and  8.15).     As  a  result  we  ot)tain  the  values  of  the  potentials

(®F)k   and   (®S)k  and   their  noma|   derivatives     (@¢F/@nF)k  and   (@¢S/Ons)k.

2)       Solving   equations   8.1    and   8.2   subject   to   the   boundary   and   initial

conditions   and   the   interface   relationships   given   by   equations   8.19   and   8.20.

As   a   result   we   obtain   the   p|.edicted   values   of     (®F)k+i   and   (®S)k+I   and   their

normal  derivatives.

3)       Calculating  a  new  location  of  the  interface  using  equation  8.17.

Note  that  in  the  numerical  progl.am,   the  boundary  conditions  and  interface

I.elationships   are   incorporated   into   the   system   of   BEN   equations   during   its

formation;   therefore,   the  actual  number  of  unknowns  is  equal  to  N.

8.3  Numerical  Results

In   order   to   test   the   performance   of   the   implicit   solution  and   to  vet.ify

the  numel.ical  model,   numerical  simulations  were  run  for  the  conditions  used  in

the   labor.Story   experiment   of   Dagan   and   Bear.   (1968).      In   this   experiment   the

initial   interface  was   in  a  steady-hydrostatic   state   (Figure  8.3).     At  t=O  the

drain,   located   in   the   freshwater   zone,   started   withdrawing   water  with  a  con-

stant   rate   Q.      The   boundary   conditions,   geometry,   and   numerical   discretiza-

tion,    for   which   some   80   nodes   were   used,   are   given   in   Figure   8.3.      The   hy-

draulic  parameters  for  the  numerical  simulation  are  given  in  Table   1.

In   order   to   avoid   numerical   modeling   of   the   dl.ain   singularity,   we   used

the  superposition  method   (Liggett  and   Liu,1983).     The  general  solution  in  the

freshwater   zone   was   expressed   as   a   sum   of   the  numerical   solution

singular  solution  for  a  dl.aim

¢F  -¢T  .  a:

®T  and   the

(8.21  )
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where ,

a:  = ife Anro (8.22)

The  boundary  conditions  for  the  numerical  solution  in  the  fl.eshwater  zone  were

calculated  using  equations

¢7  = ¢F  -fr inro

± = al _ Q@ro
@nF        0nF         2"KFro@nF

(8.23)

(8.24)

Equations   8.23   and   8.24   also   were   used   to   rearrange   the   interface   relation-

ships   (equations   8.14,   8.15,   8.19   and   8.20).

The    comparison    of    the    boundary-element    results    with    the    experimental

results   obtained   by   Bear   and   Dagan   (1964)   for   two   pumpage   rates   (experiments

A5    and   A7,    QA5   =   1.23   cm3/see/cm   and   QA7   =   0.66   cm3/see/cm)    is   presented   in

Figures   8.4   and   8.5.      The   numel.ical   results   are   in   close   agreement   with   the

experimental  ones,   thus  verifying  the  numerical  model.

In   order   to   test   the   accul.acy   and   stability   of   the   numel.ical   solution,

numerical   experiments   for   vat.ious   pumping   rates   Q,   time   steps    At   ,   weighting

factors     w   ,   and   node   spacing   were   simulated.      The   results   of   these   simula-

tions  are  presented  in  Figures  8.6,   8.7,   and  8.8.     These  results  were  obtained

for   Q   =    .02  7[KF,    .047[KF,   and   .06"KF,   respectively,    and   show   stable   saltwater

upcoming,    i.e.    the   saltwater/freshwater   interface   reaches   the   steady-state

location  below  the  drain.     In  Figure  8.68  the  results  obtained  by  the  explicit

scheme  are  presented   for  comparison.

Analysis   of   these   results   shows   that   the   implicit   scheme   for  the   inter-

face  motion  presented  herein  gives  good  results,   even  for  relatively  long  tine
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steps,   for  which  the  explicit  scheme  results  in  an  unstable  numerical  solution

(Figure   8.68).      A   stable   numerical   solution   for     Q  =   .02nKF  for   the   explicit

scheme    was    obtained    for      At  =  200   see   (forAt  =  500,   the    solution    was    un-

stattle;   Figure  8.68),   whet.eas   the   implicit   scheme   gives  a   stable   solution  for

At   =   10,000  see   (Figure   8.6A).      The   numel.ical   model   does   not   seem   to   be   very

sensitive  to   the  node  spacing   (Figure  8.8).

The   steady-state   locations   of   the   interface   for   the   thl.ee   pumpage   I.ates

are   depicted   in   Figure   8.9.      In   Figure   8.10  we   present   the  numerical   I.esults

for   two   pumpage   rates      (Q   =   .08ITKF,   Q   =   .1"KF)   that   caused   unstable   upcoming,

i.e.   the  flow  of  saltwater  into  the  drain.

8.4     Summary  and   Conclusions

The   boundary-element   method  was   developed   and  modified   for  solving   salt-

water-intrusion   problems,    assuming   a   sharp   interface   between   freshwater   and

saltwater   zones.       The   solution   does   not   use   the   Dupuit   approximation,    thus

providing  a  better  model   for   the   cases   in  which  the  vertical  component  of  the

flow   is   significant.      For   the   simulation  of   the   interface  motion,   a   special

implicit   scheme   was   developed,   which   gives   substantially   better   results   than

the   explicit   solution.     The  numerical  model  nay  be  used   to  analyze  steady  and

unsteady,   stable  and  unstable,   saltwater-upcoming  problems.

lan
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9.       THE   IMPACT   OF   THE   DUPUIT-FORCHHEIMER   APPROXIMATION   ON

SALTWATER-INTRUSION   SIMULATION

The    Dupuit    appl.oximation    has    been    used    extensively    in    the    numerical

analysis   of   saltwater   upcoming.        It   is   important    to   establish   under   what

circumstances   the   use   of   the   Dupuit-Forchheimer   approximation   is   acceptat)1e

and   how   the   error.s   related   to   its   use   may   t)e   corrected.      This   analysis   is

performed  by  means  of  numerical   Simulation  of  two   problems:      1)   upcoming  under

a   sink   of   small   size   (dl.ain),    compared   to   the   thickness   of   the    freshwater

zone,   and   2)   upconing   under   a   I.iver  whose   depth   is   of   the   same   order   as   that

of  the   freshwater  zone.

9.1     Mathematical    Formulation    of    the     Problem    Based on    Dupuit-Forchheimer

Approximation

In   the   pl.evious   section,   we   descrit)ed   the   fomulation   of  a  sharp  inter-

face    model    which    did    not    use    the    Dupuit-Forchheimer    approximation.        This

description    may    t>e    substantially    simplified    by    assuming    validity    of    the

Dupuit-Forchheimer  appl.oximation.      In   this   case   the   freshwater  zone   and   salt-

water    zone    continuity   equations   nay   be   written   for   a   confined   aquifer   as

(Figure   9.1)

a+  (KF(b+)  #)  +  So #   =  Q

:g¥  (Ks(C-d)  @¥)   +  #  (¢:  -¢S)  =  So  #

(9.1  )

(9.2)

where   Ko   is   the   hydraulic   conductivity   of   the   semi-confining  layer,   Q  is   the

unit   withdrawal,   and    a:  is   the   constant   potential   in   the   saltwater   aquifer

beneath   the   semi-confining   layer.      Equations   10.1    and   10.2   form   a   system   of
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coupled   par.tial-differential   equations   with  three  dependent  variables,   namely

®F,  C,   and®S.          |n   order   to   eliminate   one   of   them,    e.g.,      ®S,   we   use   the

interface  relationship  given  by  equation  8.3.

For  an  unconfined  aquifer  the  continuity  equation  for  the  freshwater  zone

may  I)e  written  as

?s¥(KF  (¢F+)3±=)   =  sO   (@¥-#)   +  Q                                                        (9.n

Equations   9.1,   9.2,   and   9.3  may  be   approximated   using   the   finite-differ-

ence   method   for   the   spatial   derivatives   and   the   implicit   finite-difference

scheme  for  the   tilne  derivative.     Application  of  this  approximation  to  equation

9.3   leads   to

(1-w)   [yf]+1   {(¢:_t)k  -(¢:)k}   +  ¥€,]tl   {(¢:+1)k  _   (¢:)k}]

+   w[¥::i_T{(a:_1)k+1    -(¢:)k+`}    +   Y5:1+,

((¢:+1,k+1    -(¢:,k+1,]

=  =£=  [{(¢:)k+1   _   (¢:)b    _  {(cT)k+1   _   (Cj)k}]   +   QT (9.4)

Where      Y,,,_1    is   the   transmissibility   of   connection   between   nodes   J   and   J-1

(Figure  9.3).

I:,J-1
{(¢;)k  +   (a:.1 )k  .   (cd)k  -(C,.,)k}    KF

2Ax
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whe re '

w  =    weighting  factor

k  =     time-step  index

Ax     =     spatial   Step

At     =     time  step

J  =    index  of  finite-difference  node.

The    finite-difference    approximation   of   equations   9.1    and   9.2   leads   to

expressions  similal`  to   equation  9.4.

After   formulating   the   finite-difference   equation   for   each   node   in   the

freshwater   and   saltwater   zone,   we   obtain   a   system   of   quasilinear   equations.

The   Gauss-Seidel   method   was   used   in   this   paper   to   solve   the   resulting   system

of   equations.       The   solution   for   each   time   step   gives   spatial   and   temporal

distribution  of    ®F  and  C   (®S  may  tte   calculated   from  equation  9.3).

9.2U coning  Under  a  Drain

The  hydrogeologic  situation  of  this  problem  is  depicted  in  Figure  9.2.     A

semicircular   drain   (ro   =   0.5   in)   is   located   at   the   top   of  a   confined   aquifer

occupied    by    fresh      (TF  =   1.00)   and   salt   (Ts  =   1.03)   waters.       Because    of   the

symmetry   of   the   problem   we   consider   only   half   of   the   region.      The   hydraulic

conductivities   are   KF   =   loo   meters/day  and   Ks   =   103   meters/day.     The  boundary

conditions    of    the    problem    are    depicted     in    Figure     9.2;     the     potentials

¢F  and  ®S  on   the   I.ight-hand   side   are   equal   to   zero,   and   the   potential  at  the

dl.aim,     a:,was   v.aried   from  one  experiment   to   another.

The   steady-state   locations   of   the   interface   obtained   t)y  the   "non-Dupuit"

and   ''Dupuit"   models   for   two   different   values   of   the   potential   at   the   drain

(a:  =  -.175  n  and  a:  =  -.36  in)   are   sho`m   in   Figures   9.4   and   9.5.       Clearly,

the   results   obtained   by   the   two  models   are   quite   different.     This   difference

is   caused   by   the   potential   loss   ttetween   the   interface   and   the  sink,   which  is
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Figure   9.4     Location  of   steady-State   interface,   ®D  =  -.175  in.

r[m)

Figure   9.5     Location  of   steady-state   interface,  dyD   =  -.36  in.
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due   to   the   pat.tial   penetration   of   the   sink   and   is   not   accounted   for  by  the

"Dupuit"   model.       According   to   this   model   the   interface   elevation   under   the

drain  is  given  by   (Bear,   1979)

-YF

whereas   the   "non-I)upuit"   model  gives

C2

_YF

Ys   -YF
(¢3   -A¢F,

(9.6)

(9.7)

where     A®F  is    the   additional    potent;ial    loss    between    the    interface    and    the

drain.     Notice  that  in  this  case,   both    ¢:  and  A¢F  are  negative,   and  therefore

C2  <  Ci   (Figures   9.4   and   9.5).       In   addition   to   the   error   in   estimating   the

location   of   the   interface,    the   "Dupuit"   model   gives   el.roneous   results   with

regard    to    the   drain's   withdrawal    rate   Qo.       This   rate    for   the    first   case

(a:   =   -.175)   was   calculated   to   be   Qo   =   6.3   meters2/day   from   the   '.non-Dupuit"

model   and   Qo   =   12.2   meters2/day   from   the   other   model.

In   ol.der   to   correct   this   discrepancy,   we   use   an   analytic   solution   for

calculating  the  additional  potential  loss  due  to  the  partial  penetration.    For

this   particular  geometl.y,   the  analytic   solution  is  given  by   (Huisman,   1972)

A®F  =n#An  ("¥)                                                                                             (9.8)

where   ro   is   the   drain   radius.      Simulation   of     A®F  is   provided   by   adding   an

extra   node   (J*)   to   the   drain   node   (J;   Figure   9.3).      The   transnissibility  of

the  connection  between  node  J  and  J#,   which  represents  the  ratio  of  the   flow
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through   the   connection   (Qo)   to   the   difference   of   potential   between   the   two

nodes,   may  be   obtained

Y„*  = # =  ttKF{An(tt¥)}-1.                                                                       (9.9)

The   contribution  of  this   connection  Inay  t)e   easily  added   to   equation  9.4  writ-

ten  for  the  "drain  node."     Notice  that   the  boundary  condition    a:  is  now  given

at  the  additional  node.

The   results   obtained   by   this   correction   method   are   presented   in   Figures

9.4,    9.5,    and   9.6    and   are    in   good   agreement   with   the   ones   obtained   by   the

"non-Dupuit"   model.       A   small   difference   between   the   results   just   under   the

drain  may  be  explained  t>y  the  fact  that   the  correction  method  assumes   that  the

total  difference   of  potential  between  the   interface  and   the  drain  is  due  only

to  the  par.tial  penetration     (A¢F)   ,   whereas  in  fact  this  difference  is  slight-

ly  bigger  due   to   the   curvature   of   the   equi|]otential  lines   in  the  vicinity  of

the   drain   (Figure   9.6).      The   best   agreement   between   the   two   solutions   should

be   expected   for   the   location   of   the   drain   in   the   middle   of   the   freshwater

zone.     The   flow  rates   obtained  by  this  method  were  correct.

9.3U coming  Under  a  River

The   second   problem   is   concerned   with   saltwater   upcoming   under   a   river,

which    flows    thl.ough    an    unconfined    freshwater      (TF  =   1.00)   alluvial   aquifer

(Figure    9.7)    underlain   by   a    semi-impervious    layer   of    conductivity   Ko    and

thickness    bo,    which    sepal.ates    the    alluvial    aquifer    from   a   deep    saltwater

aquifer    whose    constant    saltwater    potential      a:  is    equal    to    49.56    meters

(Kemblowski,     1985).          The     hydraulic     conductivities     KF     and     Ks     are     2.00

meters/day  and  2.06  meters/day  respectively.     The   saltwater     (Ts  =   1.03)   flows

thl.ough   the   semi-confining   layer   and   upcones   under   the   river.      The   geometl.y
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Figure   9.6     Interface   location  and   freshwater   flow  net,  ®D  =  -.564  in.

Figure   9.7    Hydrogeologlc  scheme   of   saltwater  upconlng  under  a  river.
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and  boundary  conditions   of  a  simplified  hydrologic   scheme  are   shoiirn  in  Figure

9.8.       The   location   of   the   interface   and   the   free   surface,    obtained   by   the
"Dupuit"  and   "non-Dupuit"  models  for  the  rate  of  effective  recharge  Q  equal  to

2.6    X    10-3    meters/day,    are    shown    in    Figure    9.9.        The    I.esults    show    good

agreement,    and    apparently    no    correction    for    the    Dupuit    approximation    is

required.       For   the   same   hydrologic   conditions,    a   transient    simulation   was

performed.      The   initial   conditions   were   those   obtained   for   the   steady   state

and   Q   =   2.0  X   10-3   meters/day.      Then   the   recharge   was   increased   to   Q   =   4.0   X

10-3   meters/day,    and    the   behavior   of   the   system   was   simulated   for   various

I.atios   of  Ko/bo.      The   rise   of   the   interface   crest   versus   time,   calculated  l)y

both   methods,    is   shown   in   Figure   9.10.      The   methods   produced   close   I.esults,

which    may    be    attributed    to    the    fact    that    the    river    is    almost    fully

penetrating.

9.4     Summary  and   Conclusions

Investigation   of   the   impact   of   the   Dupuit-Forchheimer   approximation   on

saltwater-upconing   simulation   has   been   pl.esented.      The   results   indicate   that

as   long   as   the   sinks   or   sources   are   of   a   vertical   size   comparable   with   the

thickness  of  the   freshwater   zone,   the   location  of  the   interface  calculated  by

the   "Dupuit"   model   gives   satisfactory   results,   even   though   a   stl.ong   vertical

flow   obviously   occurs   in   some   regions   (above   the   semi-confining   layer,   below

the   free   sul.face,   along   the   river-valley   t)oundaries,   and   under   the   river).

However,   when   the   size   of   the   sink  is   snail   compared   to   the   thickness   of  the

fl.eshwater   zone,    the   use   of   the   Dupuit   approximation   may   cause   substantial

errors  in  the  estimation  of  the  interface  location.

For   one   case   of   practical   interest   (a   drain   located   at   the   top   of   an

aquifer),   a  correction  method   was   pl.oposed   and   verified.      The   same  correction

method   may   be   used    to    simulate   partially   penetl.Sting   rivers,    ditches,    and
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Figure   9.8     Geometry  and  boundary   conditions   of   upconlng  under  a   river.

100           ,       200                  300                  400                  500
xlml

Figure   9.9     Steady-state  location  of   free   surface  and  interface.
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#  =   1.67  x   10-3
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------- Dupuit                 -non-Dupuit

Figure   9.10    Rise  of   interface  under  a  river.
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skimming   wells.       The   analytical    solutions   for   the   additional   loss   of   the

potential     A®F   (Eq.    9.8)   may   be   found   in   HuiBman   (1972).      This   procedure   may

be  used   in  two-dimensional,   confined   ol.  unconfined,   horizontal-flow  models.

Another  conclusion  that  may  be  derived  from  the  analysis  of  the  numel.ical

results    is    that    the    Ghyben-Herzberg    approximation    which    assumes    constant

potential  in  the  whole  saltwater  zone   (and  therefore  no   flow  there)   would  lead

to  el.roneous  results  for  the  upcoming  under  a  river  problem.     If  this  approxi-

mation   were   used,    then   both     ¢F(¢:)   and  ®S(a:)  would   be   kept   constant   in   the

river   node,    and   no   rise   of   the   interface   crest   due   to   increased   effective

recharge   would   occur   (see   eq.   9.3).      Thel.efore   the   Ghyben-Her.zberg   appl.oxima-

tion    should   be   used    only   after   careful   analysis   of   the    simulated   system;

whenever   the   flow   in   the   saltwater.   zone   may   be   of   some   importance,    this   ap-

proximation  should  not  be  applied.
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1o.      AppRoxlmTE   TRANslTloN   ZONE   MODEL   oF   SALTWATER   upcoNING   IN   AQUIFERS

Due  to  transient  boundary  conditions   (pumpage,   river-stage  fluctuations) ,

a   relatively   wide   dispersive   transition   zone   may   develop  between   the   fresh-

water   and   saltwater   zones.      A   simplified   description   of   the   dispersive   zone

that  uses   the   concept   of  the  boundary  layer  was  presented  by  Rubin  and  Finder

(1977)    and   RutJin    (1983).       In   this    study,    we   use   this   concept   to   develop   a

solution  for  saltwater  upcoming   and   to   analyze   the  mechanism  of  the  develop-

ment  of  the  transition  zone.

10.1      Develo nent  of  the  Model

The  solution  development  assumes  several  approximatiorls;   therefore,   it  i8

important   to   emphasize   that   all   of   them  have   to   be   verified   if  a   practical

problem  is   to   be   solved.      It   is   assumed   that   the  Dupuit-Forchheiner  approxi-

mation  is  valid  in  the  freshwater  and  saltwater  zones,   thus  the  Darcian  veloc-

ities  in  both  zones  are  horizontal.     The  velocity-distribution  function  (shape

function)   and   the   concentratiori-distribution   function   Tithin   the   transition

zone   are   also   assumed   to   be   known   and   are   similar   to   finite-element   basis

functions.    The  velocity  distribution  is  given  by

vT(n)    =   u   F(Ti)    +   v   G(Ti) (10.1)

where  U  and  V  are,   respectively  fl.eshwater  and  saltwater  Dal.clan  velocities,   F

and  G  are  distribution  functions  and  VT(n)  is  the  ground-water  velocity  in  tbe

transition  zone,  T`   is  a  dimensioflless  vertical  coordinate  given  by

Z-Zb
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Z  is  the  vertical  coordinate,   Zb  is  the  elevation  of  the  bottom  of  the  transi-

tion  zone,   and  6   is  the  transition-zone  thickness.

The  concentration  distritlution  may  be  descl.ibed  in  a  similar  manner  t)y

c(Ti)    =   CFK(n)    +   CSL(n) (10.3)

where  CF  is   the   freshwater  concentration,   Cs  is  the   saltwater  concentration  K

and  L  are  distribution  functions  and  C(Ti)   is   the  Concentration  in  the   transi-

tion   zone.       Assuming    that    the   freshwater   concentration   is   equal   to   zero,

equation  10.3  may  be  simplified   to

C(n)   =   CsL(n) (10.4)

In   the   following   development,   we   assume   that   the   aquifer   is   unconfined.

The   analysis   nay   be   easily   modified   for   confined   conditions.      Equation   10.4

may   be   used   to   derive   a   relationship   between   the   freshwater   and   saltwater

potentia|s   (¢f  and  ®S),   which  are  defined  by

¢t  --  a +  ph i

¢s   =   z   +  p/ys

and

(10.5)

(10.6)

where   p   is   the   pressure   and  Tf  and  Ts  are   freshwater   and   saltwater   specific

Weights .

Assuming   that   the   flow   in   the   transition   zone   is  horizontal,   we   obtain

the  following  relationship  for  the  pressure  difference  between  the  top  and  the

bottom  of  the  transition  zone:
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Ap  =  pt  -   pb  =   - (10.7)

Zt   is   the   elevation  of  the   top   of  the   transition   zone.     Using  the   following

relation   between   the   specific   weight   and   the   concentration   (the   equation   of

state)

Y    =Yf(1    +ac),

we  nay  evaluate  the  pl.essure  difference  as  follows:

1

Ap=-I:yf("GC)dz=-yf(H¢Cs6H(n)d„
0

=   -Yf(6   +  a8Cs£)

1

where  I  =  /L(n )dn .
0

10.6.

(10.8)

(10.9)

This   pressure   difference   also   my  be   estimated   from   equations   10.5   and

b`p -- y i rt   - y Bfr8   - I Th + + y Brzib

Combining  equations   10.8,   10.9,   and   10.101eads   to

Or

(10.10)

Yf(1tocs)¢S-Yf¢f   +  Tfzt-Tf(1+acs)Zb   =  Tf(6+a6CsI)                     (10.lla)

(1+QCs)¢Sifngcszb=¢6Csi
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Using  equation  lo.llb,   the  saltwater  potential  may  be  expressed  as  follows:

sl+iE±

where  a  =  acs   .

(¢f+  azb+  ai§,

10.2    Flow  Continuity  for  Freshwater  and  Transition  Zones

(10.12)

We   are   considering   unconfined   ground-water   floT   in   the   freshwater   and

transition   zones.      The   continuity   equation   for   both   zones   as   a   unit   may  be

written  as  follows:

v(q, = -n * + n ii + N'

where :

q    =  horizontal  flow  I.ate  in  the  freshwater  and

transition  zones  per  unit  width

n    =  effective  porosity  (dimensionless)

¢f  =  freshwater  potential   (ground-water  level  for

unconfined  conditions)   (L)

N    =  recharge  (positive)   or  discharge  (negative)  (a

Vector  q  nay  be  expressed  t)y

q-(¢f-zt,+I:vlaz

After  sut)stituting  equation  10.1   into  equation  10.14,   we  obtain

11

q  =  u(¢f.zt)   +  6u/F(ti)dn   +  6V/G(n)dn.
00
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When  Tre   define  F  and   a  as

11

i   =  /   F(Ti)chi   and   6   =  /   G(ri)dn,
00

equation  10.13  nay  be  written  as   follows:

v[ (¢f-Zt+  6F)U  +  66V§   =  n(¥  -#)   +  IN

where

u  =  -kfv¢f

v  --  JKF®B  .

(10.16)

( 10.17)

(10.18)

( 10.19)

kf  and  ks  are  hydraulic  conductivities  in  the  fresh  and  saltwater

zones,   respectively.

Substituting    equations    10.12,    10.18,    and    10.19   into   equation   10.17,    we

obtain

V [kf(¢ f-Zt+  6F)v¢f+

Defining

Ai   =  kf(¢f-ZttoF)   +

81=
ks6 Ga

1+a

ks6G

1+a (v®f+   avzb+   afiv6)]

= n(* -#, - N.

ks6a
1+a
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and

C1     =   BIIJ

equation  11.20  may  be  written  as   follows:

V(A,V¢f  +  BTVzb+  Civ6)  =  n(* -¥)  -It.

10.3     Mass   Trans ort  in  the  Transition  Zone

(10.22b)

( 10. 23)

The   solute   transport   in   the   transition   zone   is   assumed   to   be   of   the

advection  type,   with  the  exception  of  dispersive-saltwater  flue  at   the  bottom

of  the   transition  zone.     Under  such  assumptions  the  horizontal  mass-transport

equation  nay  be  written  as  follows:

vQ  = -i+ -rmTr#lz: P

where

Q    =  solute  mass  flux  in  the  transition  zone,

M    =  nags  of  the  solute  in  the  transition  zone,

DT  =  transverse-dispersion  coefficient  out  the  tlottom

of  the  transition  zone  and

P    =  a  source  or  sink  in  the  transition  zone.

The  transverse-dispersion  coefficient  is  further  defined  as

DT  =  ¥   I   U   I   +  Df

( 10 . 24 )

( 10 . 25 )

ctT  is  the  transverse  dispersivity  and  Df  is  the  molecular-diffusion  constant.
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The  solute  mass  flux  in  equation  10.24  may  be  calculated  as  follows:

1

Q=|:vTcdz=cs6[urF(n)L(n)d"
0

1

v/G(ti)L(Ti)dn].
0

11

FL  =  /F(n )L(ti )dn ,   and  Er  =  /a(Ti )L(n )dn ,
00

Q   =  Cs(6UFE  +  6vdi)

Denoting

we  obtain

(10.26)

(10.27)

( 10 . 28)

The  second   term  in  equation  10.24  may  be  expressed  as  follows:

1

lse=:ife(#cdz)=*(6ncs:I(n)d„

- ncs£ # ( 10 . 29 )

The   dispersive   flow   through   the   bottom   of   the   transition   zone   may   be

written  as

nDT|ilzb=rmT[#*]n=o=H#!n=o
6
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Denoting

we   ot)tain

L, (o,  = #,n=o'

nDTa*lzb=nl)ICsL`(0)/6.

(10.31  )

(10.32)

In   equation   10.24,   P  represents   the   solute  mass   flux  due   to  a  source  or

sink  that  is  operative  in  the   transition  zone.     Suppose  Qp  is  the  strength  of

the  source  or  sink  that  is  evenly  distributed  vertically  through  the  fresh  and

transition   zones   considered   as   a   single   unit.     We   will   only  consider  a   sink

for  P.     In  that  case,   the  water  pumped  will  have  the  appropriate  concentration

for  the  transition  zone.     The  total  solute  mass  flux  is  obtained  by  integrat-

ing  over  the  transition  zone:

Zt

p=frfbcdz=#iLtn,dn

EL
(®f-zb,

( 10 . 35 )

Substituting    equations     10.28,     10.29,     10.32,     10.33,     10.18,     10.19,     and

10.12   into   equation   10.24  we   obtain

V[6(kfHFH+¥)V¢f+6+Vzb+6
kGLa k   GLalJ

S
1+a v6]

=  n-L-¥ +  nDTIJ` (0)/6  -
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Qp6L

(¢f-zb,
( 10 . 34)



Equation  10.34  can  be  simplified  by  defining

kGL
A2  = 6(kfH + +)

kGLa
82 -6(+)

C2   =   82L

The  resulting  form  for  equation  10.34  is

V (A2V¢f+  82Vzb+  C2V6 )   =  n-I-g  +   DTL` (0)/6

Qp6L

(®f-zb,

which  is  very  similar  to  equation  10.23.

10.4    Flow  Continuity  in  the  Saltwater  Zone

SaltTater  flow  continuity  may  be  written  as  follows:

v(qs)   =  -n

qs   =   (Zb   -   ZB)   V

where

ZB  =  the  elevation  of  the  bottom  of  the  aquifer.

Qs  =  al.eal  "rechal.ge"   of  saltwater  in  the  saltwater
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( 1 0 . 40 )



zone  (from  underlying  formations) ,  nay  be  expressed

as  a  function  of  the  saltwater  potential  (leaky-aquifer

conditions) .

Substituting  equations   10.12,   10.19,   and   10.40  into   equation  10.39,   we  obtain

V(ks(Zb-ZB)/(1+a)    (V®f  +   avzb  +   a-IV6)

@Zb= n IT - Qs
Introducing  the  coefficients

ks(Zb-   ZB)

1+a

83   =   A3a

C3   =   831

allows   equation  10.41   to  be  Trritten  as

V(A3V¢f   +  83Vzb   +   C3V6)   =  n  #  -Qs.

(10.41  )

( 1 0 . 42 )

( 1 0 . 43 )

( 1 0 . 44 )

(10.45)

Equations   10.23,   10.38,   and   10.45   complete   the  mathematical  descl.iption  of  the

approximate  model  of  saltwater  upcoming.

10.5     Sha e  FunctioDs  of  Velocity  and  Concentration

The   velocity   distrittutiori  within   the   transition   zone   is   approximated  by

equation    10.1.         The    boundary    conditions,    which    shape    functions    F(ti)   and

G(T|)   are  to  satisfy,   are
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F(0)   =  0 F(1)    =   I

#(o,  =o                     #(1,  =o

G(O)=1                                        G(1)=0

#(o,  =o                    g(,,  =o.

( 1 0 . 46 )

(10.47)

(10.48)

( 1 0 . 49 )

The   conditions   given  t]y  equations   10.47   and   10.49   are   not   necessary;   however,

they  assure  the  smoothness  of  the  velocity  distribution.

The   lowest   order   polynomials   that   satisfy   equations   10.46   throuch   10.49

are  given  by

F(11)   =   -2n3   +   3n2

G(Ti)    =   2n3   -3n2   +   1     .

( 1 0 . 50 )

(10.51  )

The  values  of  the  integrals  in  equation  10.16  may  now  be  calculated:

1

i  =  /(-2n3  +   3n2)   =   1/2
0

i  =  ;(2n3   -3n2   +   1)   dn   =   1/2
0

( 10 . 52 )

(10.53)

The   shape   function  of   the   concentration  distribution   (Ii(n)   in   equation

10.4)  has  the  following  boundary  conditions:
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L(0)    =   1

#(,,  =  o  .

IJ(1)    =   0 ( 1 0 . 54 )

(10.55)

The  loTrest  order  polynomial  that  satisfies  this  equation  is  given  by

L(T`)    =  n2   -2n    +   1 (10.56)

The  derivative  of  this  function  at  the  bottom  of  the  transition  zone   (which  is

related   to  the  concentration  gradient  and  therefore   to   the  dispersion  through

the  bottom  of  the   transition  zone,   given  by  equation   10.32)   can  now  be  evalu-

ated:

L' (0)  = #lnso=  -2 ( 10. 57)

The  values  of  the  integrals  in  equations   10.9  and  10.27  may  now  be  calculated:

2
/    (Ti£   -2n    +   1)    dn   =   1/3
0

1

FI  =  /   F(Ti)Ij(Ti)   dn   =   1/15
0

1

ar  =  r   I,(11)G(Ti)   dn    =   4/15
0

10.6     Numerical  Solution

(10.58)

( 10 . 59 )

( 1 0 . 60 )

Equations   10.23,   10.38,   and   10.45   form  a  set   of  three   simultaneous  equa-

tions  which  must  be  solved  for  ®f,   Z,),   and  6.     For  a  com|)1ete   solution,   appro-

priate   boundary   conditions   and   initial   conditions   must   also   be   given.      The

left-hand  side  of  all  three  equations  consists  of  terms  of  the  following  fom:
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@5¥  ( W  @#,
(10.61  )

In    order    to    implement    a    numerical    solution,     a    grid    system    with    grid

spacing AX  is   introduced   in   the   X   direction.      Since   the   thl.ee   equations   are

vertically  averaged  and  since  we  are  only  considering  a  cross  sectional  model,

no  spatial  derivatives  other  than  X  appear  in V.

A   centered   finite-difference  approximation  to   equation   10.61,   located  at

node  i,   is  given  by

[k(W#)]±=[Wi+1/2Ui+1-(Wi+1/2+Wi_1/2)Ui

+Wi.1/2Ui_i]/AX2 (10.62)

The   half-integer   values   of   W   are   usually   evaluated   at   node   points   by   the

approximation

Wi+1/2=±(Wi+1+Wi)

Using  this  approximation,   equation  10.62  becomes

[:HW #) ].=  [(W  i+t  w  |u  i+I  (w  i+t  2w  i+  w±_,)   u±i

( 10 . 63 )

+   (W±+   W±_,)U±_t]/2AX2          (10.64)
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In   equation   10.64,   as   applied   to   equations   10.23,   10.38,   and   10.45,   W  my  tJe

A„   A2.   A3i   8„   82.   83i   Cit   C2,   or  C3  and  U  nay  be  Of,   Zb,   or  6.

In   addition   to   spatial   derivatives,   the   right-hand   sides   of   equations

10.23,   10.38,   and   10.45   involve  various   time   derivatives.     These   time  deriva-

tives  may  be   approximated   sever.al  ways.     We   consider  only  two  ways.     Let   time

be  discretized  into  invervals  At  and  let  n,  when  used  as  a  superscript,   denote

the  nth  tine  step.     If  n  is  the  current  time  step  for  which  values  are  knoun

(either   from   the   initial   conditions   or  a   previous   time-step   solution),   then

n+1    represents   the   un]mown   values   at   a  new   time   step  which   are   to   be   solved

for.     The  time  derivative  may  tte  evaluated  as

up+1_  tp11
At

FTIEi
up'1_  rip
11

At

Or

( 10 . 65 )

( 10 . 66 )

Equation  10.65   implies   the  whole  equation  is   evaluated  at  time  n,   and  the  end

result   is   an   explicit   procedure   with   its   attendant   restriction  on   time-step

magnitude.     Equation  10.66  indicates  the  equation  is  evaluated  at  time  n+1   and

gives     an     implicit     procedul.e.           In     equations     10.65     and     10.66,     U     may

be  ¢f ,   Zb  or  6 .
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Using  an  implicit  procedure   (equation  10.66)   on  equation  10.23  gives

All+1+A,i

2AX2

+  ( A= -

+(

•(

n'1¢:::1-(

•(
Al i+Al i-1

2AX2

Ai i+1 +2Ai i+Ai i.1

Bi i+1 +2Bi i+Bi i_1

2AX2

C 1 i+1 +Cl i

2AX2

C,i+C
1i-1

2AX2

n+1

6::i   -  (

+A=,n+1¢:n+1

8, i+1 +a, i

2AX2

Bli+B,i-1

2AX2

n+1

z::11

n+1

z::i,

Ci i+1 +2Ci i+Ci i_1

2AX2

n+1

6:+1

n+1

)       6:::   =E(z:i_a:n)   _N:+1. ( 1 0 . 67 )

In   equation   10.67   the   new   time-level   values   of   the   depehdent   variables   have

been  collected  on  the  left,  while  the  known  previous  time-level  values  and  the

recharge   (which  should  be  known)   have  been  kept  on  the  right-hand   side.     If  we

consider   A,   8,   and   C   knoim,   then  equation   10.67   has   nine  unknoims   and   can  be

written  for  each  active  node.     For  convenience,   equation  10.67   can  be  written

in  more   compact   form:

[ ail )¢:_1+   ai2)Zb±_1+   ai3)6±_I+   b|' )¢f+   bi2)Zbi

+   b|3)6±+   Oil)¢:+.    +   ci2)Zb±+1+   c|3)6±+1    ]n+J=   di`).                 (1o.68)

The   new   coefficients   in   equation   10.68   (a,   b,   c)   can  be  easily  identified  by

comparison  with  equation  10.67  and  then  referring  to  the  definition  of  Ai ,   Bi ,

and   Ci    (equations   10.21    and   10.22)   and   using   the   values   of   F   and   a   given   by

equations   10.52   and   10.53:
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ail )   =  {kJ (¢f+  ¢:_1 )   -(Zbi+  Zbi_1)   -(6i+  6i_1 )/2]

+fat6±+ 6±.T„,Ax2    t.O.69,

a(2)   =
1

ksa

4AX2(1+a)

ai3)   =  ai2)/3

Oil)   -ail!

ci2'  -  al:!

ci3)   =  ci2)/3

(6i.  6i.1)

bit,   =  _  zT  .  ail ,.  Oil,n

bi2)   =  gT  _  ai2)   _  ci2)

bi3)   =  _ai3)   -   c|3)

ail )   =  ZF  ( Zb±_  ¢:)n

( 1 0 . 70 )

(10.71  )

( 1 0 . 72 )

( 1 0 . 73 )

( 1 0 . 74 )

( 10 . 75 )

( 1 0 . 76 )

( 1 0 . 77 )

( 1 0 . 78 )

The   sane   implicit   procedure  used   to  obtain  equations   10.67  through  10.78

can  be   applied   to   the  remaining  two   equations,   10.38  and   10.45.     This  results

in  two  more  equations  with  nine  un]moims  similar  to  equation  10.68.
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[ai4)¢:_,+  a|5)Zb±_I+   ai6)6±_,+  bi4)¢:+  bi5)zb±+   bi6)6±

+   ci4)¢=+,+   ci5)zb±+.+   ci6)6±+,]n+'=   di2)

ai7)¢f_,+  ai8)Zb±_t+   ai9)6±.,+  b|7)¢f+  bi8)Zb±+  b|9)6±

+   c{7)¢:+1+   ci8)zb±+1+   ci9)6±+t]n+t=   d{3).

( 1 0 . 79 )

( 1 0 . 80 )

The   coefficients   appearing   in   equations    10.79   and   10.80   are   obtained   in   a

manner  similar  to  that  used  for  equations   10.69  through  10.78:

ai4)   =  [kf+  #]  (6±+  6±_1)/3onx2

ai5)   =
2ksa

15AX2(1+a)

a`:'  =  ai5)/3

ci4'  -  ai:)

cl5'  -  al:i

c|6)   =  ci5)/3

b(4)   =   _a(4)   _c(4)lil

b{5,   =  .a{5,   .c{5,
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(6i+  6i_1)

(10.81  )

(10.82)

( 1 0 . 83 )

( 1 0 . 84 )

( 1 0 . 85 )

( 1 0 . 86 )

(10.87)

( 1 0 . 88 )



bi6)   =  (bi5)   -gT,,3

2D::1dl2'--#6:-F

a(7)   =
1

2AX2(1+a)

a|8)   =   (a,   a|7)

aig)   =  a|8)/3

ci7'  -  aiI!

ci8'  -  ai:i

c|9)   =  c|8)/3

bi7)   =  .a|7)_ci7)

bi8)   =   (a,   bi7)

b|9)  =   (a)   bi7)/3

Q::1   6:+1

3(a:n'1-z::1)

(Zbi+   Zbi_1-ZBi-ZBi_1)

dig)  =  - # z:i-  Q::1

(10.89)

( 1 0 . 90 )

(10.91  )

( 1 0 . 92 )

( 1 0 . 93 )

( 1 0 . 94 )

( 1 0 . 95 )

( 1 0 . 96 )

( 1 0 . 97 )

( 1 0 . 98 )

( 1 0 . 99 )

( 10 .100)

Equatioas   10.68,   10.79,   and   10.80  form  a  tri-tridiagonal  system  of  equa-

tions.     An  efficient  algorithm  which  takes  advantage  of  the   sparseness  of  the
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coefficient     matrix     should     be     used     to     solve     the     set     of     simultaneous

equations.     If  we  have  N  active  nodes,   it  is  seen  that  equations   10.68,   10.79,

and   10.80   form   a   3N   x   3N   set   of   matrix   equations   to   be   solved   for   the   3N

unknouns.         ¢f,   Zb  and6   must    be    found    for    each    of    the    N    active    nodes.

However,    it    is    clear    from    equations    10.68,    10.79,    and    10.80    that   only   a

naximun   of  nine   unknoims   appear   in   each  equation.     Therefore,   in  the   3N  I  3N

matrix,   only  a  central  band  of  nile  diagonals  is  nonzero.     In  fact,   the  three

equations   (10.68,   10.79,   and   10.80)   only  have   six  unknoims   for  the   first   and

last  active  nodes.     This  is  so  because  some  type  of  boundary  condition  must  be

applied   at   the   ends   of   the  model   and   this   eliminates   three   of   the   unknoims.

We    have    written    a    progran    to    implement    von    Rosenberg's    tri-tridiagonal

solution  on  equations   10.68,   10.79,   and   10.80.

Unfortunately,   a  single  solution  of  equations  10.68,   10.79,   and  10.80  for

a   given   time   step   does   not   give   the   col.rect   answer,   since   the   coefficients

defined    by   equations    10.69-10.78    and    10.81-10.loo   are    themselves    functions

Of  ¢f.   Zb,   and  6   at   the   new   time   level   n+1.      In   other  words,   we   have   a   non-

1inear   set   of  equations   in   10.68,   10.79,   and   10.80.     Therefore,   an  iterative

scheme   must   be   used   at   each   time   step   until   sufficient   accuracy   has   been

obtained.     At   the  beginning  of  each  time   step,   the  preceding  time-step  values

of  ¢f,   Zb,   and  6   are  used   to   evaluate   the   coefficients   and   star.t  a  new  itel.a-

tion.        Iteration    ceases    when    there    is    little    change    between    iterations

in  ¢f,   Zb,   and  6.     This  convergence  criteria  is  specified  by  the  user.

Altematively,   an   explicit  procedure   for  solving  equations   10.23,   10.38,

and  10.45  can  be  derived  by  using  equation  10.65   for  the  time  derivativeB.     If

this   is   done,   the   evaluation  of   each   equation   is   at   time  n.     The   only  place

where  the  new  time-level  values  for  ¢f ,  Zb,   and  6   appear  is  in  the  tine  deriv-

ative.      Therefore,   we  have   only   one  unknoim  in  each  equation.     In  this  case,
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the    equations    decouple    and     they    can    be    solved    sequentially    ford,   Zb,

and  ¢f  with    simple    algebra;    no    simultaneous-equation    solution    or    mtrix

solutioa   is   required.      However,   as   mentioned   earlier,   the   time   step  must   be

kept  quite  small  with  this  technique  to  prevent  stability  problems.

The   explicit   technique   can   be   implemented   easily  using   the   a,   b,   and   c

coefficients  defined  by  equations   10.69-10.78  and   10.81-10.100  vith  only  minor

changes.      First,    the     n/At  part   in   equations   10.75,    10.76,    10.89,   and   10.98

must   be   dropped.      Second,   the   tine   evaluations   in  equations   10.90   and   10.loo

must  all  be  at   the  old   tine-level  n.     With  these  changes,   we  can  define  a  new

set  of  coefficients   (ac,  bc,   ce,   and  de)   for  the  explicit  procedure:

ae`F)   =   a`T'11

ce`F)   =   c`T'
11

bet:'  =  -a`:'  -c`:'

ae`i)   =  a(i)

in   =   1,2,3          9

in   =   1,2'3         9

m=   1,2,3         9

2DEiae`2) = -# 6: ---
6P

de(Z)  =  -:I  Z:i-  Q:i

Q:i6:

3(¢f-ZL< )ni         ,`yi  _bi

( 10.101  )

( 1 0 . 102 )

( 10.103 )

( 1 0 . 1 04 )

( 1 0 . 105 )

( 1 0 . 1 06 )

The  explicit  equations  can  then  be  written  in  the  following  form:
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¢:n+`=  z:±{+  A: [ae(i)¢f_,+   ae(2)Zbi_1+  ae(Z)6i_1+  be(i)a:

+   be(2)Zbi+   be(Z)6i+   Ce(i)¢f+1+   Ce(2)Zbi+1

+   ce(:)6±+I ]n_  at  de(i)n ( 10.107)

6:+1   =  # [ae(:)¢:_1 +  ae(:)ZbL.1+  ae(:)  6i.1+  be(:)¢f+  be(:)Zbi

+   be(:)6±+   ce(i)a:+1+   ce(:)Zb±+I+   ce(:)6±+]]n-2±±  de(:)   (|o.|o8)
n

Z:±t=  A= [ae(I)¢f_I+  aei8)Zb±_1+  ae(2)6i.1+  be(I)¢:+  be(:)Zbi

+   be(?)6+   Ce(I)¢:+,+   ce(:)Zb±+,+   ce(:)6±+]]n-A:  de(Z)   (10.109)
11

It   is   clear   that   equations   10.108  and   10.109  may  be   solved  in  any  order  since

they  only  depend   on   old   time-level  values.     However.,   equation   10.107  can  only

tJe   solved   after   equation   10.109  has   been   solved   since   Zn£|     is  needed   on  the

right-hand  side  of  10.107.

10.7    Results  and  Conclusions

We  have  written  implicit  and  explicit   computer  |trograns   to   implement   the

equations   given   in   the   previous   section.      In  order  to   check   the  validity  of

the   computer   prograns,    several   tests   were   run.       In   particular,   analytical

results   can   be   obtained   for   simple   cases.      The   simplest   test   was   to   see   if

initial   horizontal   surfaces   for  ¢f ,   Zb  and  6  were   maintained   with   no   imposed

stresses.    Then  the  effects  of  constant  areal  recharge  of  freshwater,   constant

areal  recharge  of  saltwater,  and  constant  areal  hydrodynanic  dispersion  were
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tested    independently.        The    program    results    checked   with   known   analytical

t)ehaviol.,

The   area   of  interest   in  this  study  is  the  alluvial  rivet.  valley  of  the

Smoky   Hill   River   between   Saline   and   Solomon.      MCElwee   (1985)   has   worked  with

this    area    using    the    sharp    interface    approximation.         In    applying    the

transition-zone   model    cul'rently   under   investigation,    we   will   use   the   same

physical   parameters  he   used.     These   are   only  gross  averages   for  the  area  and

cannot  be  considered  site  specific.

kf  =  300  ft/day

n      =    .15

"    =   .00197  ft/day

a=.2

yf  =   1.0

ys   =   1.2

Qs  =   .0000974  ft/day

Ax   =   231    ft

The   model   was   set   up   with   79   active   nodes.      The   river   is   at   node   40  with   a

base   flow  from   the   ground-water  system  of   Qp  =   .154   foot/day.     Barrier  bound-

aries  (zero  slope)   are  assumed  for  all  three  quantities

¢f ,   Zb,   and  6   at  nodes  0  and  80. The  maximum  satul.ated  thickness  in  this  area

is  about  40  feet.     Using  this  data  MCElwee   (1985)   found   that  unstable  upcoriing

was  occurring  under  the  river.     The  profile  generated  by  this  sharp-interface

approximation  is  shom  in  Figure  10.1.     The  interface  was  assumed  to  intercept

the  bottom  of  the  river  when  it  was  10  feet  below  the  water  tat)1e  at  node  40.

As   further   checks   on   the   validity   of   the   new   computer   programs,   a   few

other  tests  were  run.     The   transition  zone  and   saltwater   zone  can  be  disabled

in   the   code   so   only   the   freshwater   zone   is  modeled.     We   ran  a  few  situations
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to    verify    that     the     freshwater    zone    was    being    modeled     cot.rectly.         By

setting  6   =  0,    we   have   the    sharp-interface   appl.oxination.      We   attempted   to

reproduce   the   sharp-interface   result   shown   in   Figure   10.1.       The   interface

produced  by  the  cur.rent  programs  was  a  little  wider  near  the  river  than  Figure

10.1,    but   was   of   acceptable   accuracy.       Lastly,    the   implicit   and   explicit

programs  were  written  separately  using  different  numerical  techniques.     There-

fore,   a   good   comparison   of   results   between   the   two   would   indicate   t)oth   are

working    correctly.         This    was    the    case    for    several    test    runs.        These

transition-zone  prograns   are   still   in   the   development   stage   and  need   fur.ther

testing  along  with  the  addition  of  more  useful  features.

One   of   the   objectives   of   this   study  was   to   see   if   the   trazisition   zone

model   developed   here  would   significantly  affect   the   previous   sharp   interface

results.      The   new   par.ameter   to   be   introduced   is   the   dispersivity  a!T.        This

will  control  the  amount  of  hydrodynamic  dispersion  that  is  occur.ring.    We  have

run  the   transition  zone  model   for  a  range   of ¢T  letting  it  approach  a  steady

state   profile   in   each   case.      The   profiles   for   two   values   of  crT  are   sholm  in

Figures   10.2   and   10.3.      It   is   seen  that   in  both  cases  we   still  have  unstable

upconing   under   the   river.      Additional   runs   indicate   that   for  all   reasonable

Values   of  OCT  we   still   get   unstable   upcoming.      This   was   a   little   surprising.

We   had   originally   supposed   that   for   large   enough  c|T  a   stable  upconing   situa-

tion   would   occur.      It   appears   that   the   saturated   thickness   in   this   area   is

just  too  thin  for  that  to  happen.

The   conclusion  seems   to  be   that  although  dispersion  has  an  effect  on  the

ground-water   concentration   Ilrofile,    it    is   not   the   major   mechanism   feeding

saltwater   to   the   river..      The   convective   effect   causes   the   unstable  upconing

and   feeds  the  major  part  of  the  saltwater  to  the  river.     Field  data  collected

for  this  project  suggest  that  the  concentrations  fall  off  away  from  the  river
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Figure   10.1    The  sharp  interface  approxlmatlon  of   the  Smoky  Hill  cross-
section;   after  MCElwee   (1985).

0                        10                       20                      30                      4o

Node  number

Figure   10.2     Salt   concentration  profile  for    a:T  =  0.075.

0                         10                       20                       30                      40

Node   number

Figure   10.3     Salt   concentration  profile  for    o!T  =  1.5.
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faster  than  shown  in  Figure   10.3.     Therefore,   one  might  expect  an  upper  limit

on  OCT  in   this   area   to   be   about   1.0.      If   one   is   primarily   interested   in   the

concentration  profile  in  the  ground-water  system,   it   is   clear  that  the  tran-

sition   zone   must   be   considered   either   by   the   present   approximate  model   or  a

more   rigorous   model.      However,    it   appears   that   the   unstable   upconing   is   a

strong   enough   effect   that   the   discharge   of   saltwater   to   the   river   can   be

understood   mainly   in   terms    of   the   shal.p   interface   approximation   (MCElwee,

985 ) .
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11.       A   I)ENSITY-I)EPENI)ENT   GROUND-WATER   FLOW   AND   SOLUTE-TRANSPORT   M0I)EL

The  movement   of  saltwater  in  a  density-dependent  miscible   flow  system  is

described  by  the  coupled  equations  of  fluid  continuity,  Darcy  velocity,   solute

transport   and  a  state   equation  relating  fluid  density  to   the  salt  concentra-

tion.       The    solution   of   these   equations   is   obtained   here   with   the   use   of

finite-element  method.      The   specific   characteristic   of   the   proposed  model   is

its   improved   accuracy  and   its   capability  in  preservirig   the   continuity  of  the

velocity  field,   which  are  both  essential  in  simulation  of  advective-dominated

tl`ansport  problems.

11.1       Governing   E uations

The   major   components   of   the   transport   process   in   a  miscible   flow  system

are   advection   and   dispersion   (Bear,    1979).      Advection   is   a   process   t>y  which

fluid   particles   are   moved   as   a   result   of   pressul.e   and   elevation  differences

while  dispersion  refers  to  the  mixing  and  spreading  of  liquid  particles  caused

by  molecular  diffusion,   pore-size  scale  variations  of  velocity  and  large-scale

heterogeneities.     The   effects  of  these  processes  is   summal.ized  in  an  equation

of  solute-mass  continuity  or  the  so-called  advection-dispersion  equation.

The  distribution  of  solute  (salt)   concentl.ation  in  a  freshwater/saltwater

system   can   be   obtained   by   simultaneous   solution   of   the   coupled   equations   of

fluid  continuity,   Darcy  velocity  and  solute-mass  continuity.     The  general  fom

of  these  equations  for  two-dimensional  cross  sectional  flow  is  expressed  as

fluid  continuity,

Darcy  velocity,

± (qi,  =  O

qi=-fr(*+pgj,
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solute  transport,    *(D±j    g¥)  -oTg(q±c/0)  =*              (11.3)

where   c   represents   the   solute   concentration;   p   is   the   pressure;   qi   is   the

component  of  Darcy  velocity  in  i-direction;     p     represents  the  fluid  density;

kij'8   are   components   of   the   permeability   tensor;   D±j's   are   components  of  the

dispersion   coefficient;    gj   is   the   component   of   gravitational   vector   in   j-

direction;     u  is  the  fluid  viscosity;     9  is  the  effective  porosity;   xi(i=1,2)

are   the   Cartesian  coordinates;   and   t   is   the   time  variable.     In  derivation  of

the    fluid-balance    equation    (11.1),    the    release    of   water    from    storage    is

assured   to  have  a  negligible   effect   on  movement  of  the   saltwater  front.     This

assumption  is   justified   in   the   absence   of  heavy  pun|>ing  activities.     We  have

also   assumed   that   porosity,     0   ,   and   dynanic   viscosity,     w   ,   are  constant  in

time  and  space.

Note   that   there   are   four   unknowns   in   equations   (11.1)-(11.3);    i.e.     p    ,

qi,   p  and   c,   but   only  three   equations.     The  additional  equation  required  for

solution  of  these   equations   is  a  relationship  between  fluid   deflsity  and  salt

concentration.      Such   a   relationship   is   otttained   by  wl.iting   the   first   order

Taylor  expansions  of  fluid  density  about  a  base  density  and  concentration:

P    =P(C)~-Po   +gg(C-Co)                                                                                                (11.4)

where    po     is   the   base   fluid   density  at   base-concentration  co   (the  base   con-

dition  is  usually  taken  as  that  of  freshwater  in  which  case    po    =  density  of

freshwater  and  co  =  0);   and    :gg is  a  constant  value,   representing  variation  in

density  with  concentration  which  is  obtained  empirically.
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The  components  of  the  dispersion  coefficient,   D±j,  are  taken  as  functions

of   average   pore   velocity,   and   for   a   porous   medium  isotropic   with   respect   to

dispersivity,   they  are  expressed  as  (Bear,   1979)

22
V.V.

Dii=aL++aT++DdT±±       (i=1,2)

D±j  =  Dj±  =  (ctL  -  aT)  ¥

(11.5a)

(11.5b)

where         all.  andclT  al.e       respectively       the       longitudinal       and       transverse
qi

dispersivities;     v±  =  T  are   components   of   the   pore   velocity   lv,   Dd   is   the

molecular-diffusion   coefficient   and   T±±   (i=1,2)   are   the   principal   components

of  the  tortuosity  tensor.

Solution   of   equations    (11.1)-(11.4)    requires   additional   informatiorl   in

the   fom  of  initial   and  boundary  conditions.     As  initial   condition  we  must  t)e

given  the  salt  concentration  at  some  initial  time,   to,   at  all  spatial  points,

that  is

C(X;t=to)   =   Co(I)                   for  x€Q (11.6)

where    Q   indicates   the   spatial   domain  and   co  is   a  haown   function.     co  is  used

as     a     starting     point     to     find     the     transient     vat.iations     in     solute

concentration.      The   initial   pressure   distribution   is   not   rieeded   due   to   the

elimination  of  the   transient   storage   tern  in  equation   (11.1).     In  other  words

the   propagation   of   pressure   has   been   assumed   to   be   instantaneous.      However,

the  pressure  can  change  temporally  because  of  the  changes  in  fluid  density.
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The   boundary   conditions   associated   with   the   ground-water   flow  equations

(11.1)   and   (11.2)   may  be   of  either   the   Dirichlet   (specified   pressure)   type  or

the  Neunann  (specified  flux)   type.     The  Dirichlet  boundary  condition  requires

that   the   pressure   distribution   at    points   along   some   portion   of   boundary,

r.,   remain  the  same  as  certain  prespecified  values,   i.e.

p(x,t)   =  pd`x,t) for  x€rl (11.7a)

where   Pd   represents   a   given   pressure   distribution.      This   type   of   boundary

condition  is  usually  used  as  a  far-field  boundary  where  no  appl.eciable  change

in  piezometric  surface  is  expected  to  take  place.

The  Neumann  boundary  condition  specifies   the   flux  normal   to   the  boundary

segment    I.2     as

q(I,t)   =  qn(X,t)                   for  x€r2 (11.7b)

where   qn   is   the   specified   Darcy   flux.     I   = I.1   +  r2  is   the   total   boundary  of

the   spatial   domain.       An   impemeable   boundary   is   a   special   case   of   Neumann

boundary  conditions.     In  the   case   of  leakage   through  a  semipervious  boundary,

the  nomal   flue  can  be   evaluated  in  terms   of  the  hydraulic-head  differential

and  the  material  properties  of  the  leaky  layer  (Frind,1982b).

As    is    obvious    from    equations    (11.7a)    and    (11.7t)),    the    Dirichlet    and

Neumann   t)oundary   conditions   can   be   time-dependent.      However,    the   transient

Variations  of  these  terms  are  usually  ignored  for  most  practical  situations.

In   obtaining   the   solution   of   the   solute-transport   equation   (11.3),   the

boundary   conditions   must   be   specified   for   all   time   pet.iods.       The   types   of

conditions  which  are  commonly  encountered  in  actual  field  problems  include  the
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corlditions   of   prescribed   concentration   arid   a   more   complicated   form   of   pre-

scribed   flux.     The   prescribed   concentration  distribution  is   usually  given  in

the  form  of

c(x,t)   =  cd(x,t)                   for  z€r3 ( 11.8a)

where  cd  is   the   functional  form  of  a  specified   concentration.     The  prescribed

flue  condition  (also  knoim  as  the  Cauchy  condition)   is  expressed  by

(= c - Dij :i, ni qn
5-Cn for  x€I'4 (11.8b)

where   ni   is    the    i-th   conpoflent   of   the   outwal.d   unit   vector   nomal   to   the

ttoundary  cn  is   the   concentration  of  the   inflowing   fluid   through  the  boundary

and    r   =r3  +r4  is   again   the   spatial-aquifer  boundary.     Equation   (11.7tt)   is

usually  used  in  the  case  of  an  inflou  boundary  when  the  rate  and  concentration

of  the  entering  fluid,  qn  and  cn,   are  given.     If  flow  is  leaving  the  boundary,

qn  and  Cn  are  unlmown.     In  such  case  the  advective  flux  normal  to   the  boundary

is   assumed   to   remain   the   same  on  both   sides   of  the  boundary.     As  a  result  of

this,     the    boundary    condition     (11.8b)     degenerates    into     the    Neunann-type

boundary  conditions  of  the  form:

¥=  o                                  for  z€r4 (11.8c)

Equation   (11.8c)    also   applies   to   an   imperneat)le   boundary   in   which   case   the

normal  flue,   qn,   becomes   zero.

With  the  specificatiorL  of  the  governing  equations  along  with  the  initial

and    boundary    conditions,    the    mathematical    description    of   a    miscible-flow

175



system   is   complete.      The   system  of  equations   (11.1)-(11.4)   are   coupled  by  the

fact   that   the   solution   of   the   solute-transport   equation   (11.3)   requires   an

appropriate  representation  of  velocity  field  which  depends  on  the   fluid  dens-

ity  Trhich,   in   turn,   is   evaluated   on   the  basis   of   solute   concentl.atiozl.     The

solution  of  such  a  complex  nonlinear  system  of  equations  can  be  obtained  with

an   iterative   numerical   scheme   and   this   will   be   described   in   the   gut)sequent

section,

11.2    Galerkin  Finite-Element  Solution

The    Galerkin    finite-element    method    is    a    combination   of   the    Galerkin

approach   to   generating   approximate   integral   equations   and   the   finite-element

method   of   integration.      The   Galerkin   approach  has   been  8hoim  to  be  extremely

valuable,   especially   in   connection  with   nonlinear   problems.      However,   it   is

the  ability  of  finite  elements  to  accurately  represent  irregular  geometry  that

has  made   this   technique   quite   popular   for  analysis   of  ground-water   problems.

Although  most   of   the   previous   work  has   been   performed   on  linear  ground-water

problems,   several   studies   have   shoim   that   finite-element   techzliques   can  also

achieve  a  level  of  efficiency  sufficient   to  handle  large  nonlinear  transient

problems   (see   Frind,1982b;   Voss,1984).

Quite    frequently,    the    numerical    solution   of   the    governing    equations

(11.1)   afld   (11.2)   is   carried   out   by   first   writing   the   fluid-continuity  equa-

tion   in   terms   of   pressure,    incorporating   the   equations   for   velocity.      The

pressure  distribution  obtained  from  solution  of  the  resulting  equation  is  then

used   in   the   set   of   equations   for   velocity   to   determine   the   Darcy   velocity

Components.      For   situations   characterized   by   smooth   variatioDs   of   pressure,

this   approach  indeed   has  been   |>roven   to   be   quite   effective  requiring  minimal

computational  efforts.     Inherent  in  this  appl.oach  is,  however,  a  discontinuity

in   the   velocity   field   across   the   inter-elemental   boundaries   when   zero-order
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continuous-basis    functions   are   used    to    represent   the   pressure    (Pinder   and

GI.ay,1976).     The  discontinuity  in  velocity  leads   to  a  violation  of  conserva-

tion  of  mass  in  a  local  sense.     This  lack  of  continuity  can  distort  the  solu-

tion  of  the  solute-transport  equation  for  advective-dominated  transport  prob-

lems ,

In   an   attempt    to    achieve   a   continuous-velocity   field,    MeisBner   (1973)

suggested   a   mixed   formulation   for   solving   the   fluid   continuity   and   Darcy

velocity  equations  simultaneously.     This  approach  leads  directly  to  the  nodal

values   of  pressure  and  velocity.     Segol  et  al.     (1975)  used  the  mixed  finite-

element   formulation  within   the   context   of   a   saltwater-iatrusion  model.      The

results  of  their  analysis   showed  a  significant  improvement  but  at   the  expense

of   a   considerable   increase   in   computations.       Consequently   very   few   future

applications  of  this  technique  have  been  reported  in  the  ground-water  litera-

ture.     The  use  of  mixed   finite-element  method  has   received  a  great  popularity

in  problems  of  fluid  mechanics.

A   mixed    finite-element    formulation   is   utilized   here    for   simultaneous

solution  of   the   fluid   continuity  and   I)arcy  velocity  equations.     We  will   show

that   with   careful   construction   of   approximate   equations,   the   efficiency   of

numerical    computations    can   be    improved    substantially.       Having   obtained   an

appropriate  velocity  field  we   then  proceed   to  demonstrate  the   solution  of  the

solute-transport  equation  using  a  standard  Galerkin  finite-element  method.    As

indicated   before   because   of  the   nature   of  density-dependent   flow   conditions,

the   solution   scheme   involves   an   iterative   process.      At   each   time   step   the

Concentration   Solution   is   used   in   equation   (11.4)   to   update   the   point  values

of   the   fluid   density.      The   whole   solution  process  is   then  repeated   once  more

using  the  updated  densities  and  accordingly  a  new  set  of  pressures,  velocities

and   salt   concentrations   are   obtained.       This   operation   continues   until   the
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solutiorls   have    converged    at   which   time   we   proceed    to   solve   the   governing

equations  for  the  next  time  period.

11.2.1     Fluid   Continuit and  Darcy  Velocity Equations

The   first   step  in   the   Galerkin  formulation  of  the   approximate   equations

is  to  assume  a  set  of  trial  solutions  of  the  fom:

in

p(x,z,t)  =  i==,   pj   `t)  ¢j   `x,z)

n
qx(x.zlt)  i  jE,   qxj   (t)  ¢j(x.z)

n
qz   (x.z.t)  I  jE,   qzj   (t)  dyj(x.z)

(11.9a)

(11.9b)

(11.9c)

where  Pj(t),   qxj(t)   and  qzk(t)   are,   respectively,   the  unknoim  nodal  values  of

pressure,   x-component  of  velocity  and  z-component  of  velocity;   x  and  z  are  the

Cartesian  coordinates,  and    ¢j  and  dyj  are  an  appropriate  set  of  basis  function

and   in  and   n   are   the   number   of   nodes   used   for   approximation   of  pressure   and

Velocity.      Note   that   p,   qx  and  qz  are   dependent   on   time  due   to   the   fact   that

the   fluid  density  changes  with  concentl.ation.     The   choice   of  basis  functions,

¢j  and dyj  are  affected  by  the  level  of  accuracy  required.     Optimum  efficiency

and  accuracy  are  achieved   only  when  the  variation  in  pressure  is  approximated

tty  basis   functions  of  one  order  lower  than  those  used   for  defining  the  veloc-

ity  distributions.     The  common  practice  is  to  use  quadrilateral  elements  with

eight   nodes   to   represent   the  velocity  and   then  use  only  the  comer  nodes   for

approximating  pressure.

The   differential   operators   associated   with   equations    (11.1)   and   (11.2)

are  writtefl  aB

178



L(qx.   qz)   =  @t  (qx)   +  a+  (qz)   =  °

L(qx,p,  =  qx  + ¥  (*,  =  o

L(qz.p,  =  qz  +  ¥  (* -pg,  =  o

(11.10a)

(11.lob)

(11.loo)

where,   for   simplicity,   the   two-dimensional   x-z   coordinate   system   is   taken   to

be   the  hot.izontal   and  vertical  directions   and  it  is  further  assumed  that  the

I-z   axes   are   colinear   with   the    principal   directions   of   the   permeat)ility

tensor.     As  a  result  of  this  latter.  assumption,   the  tens  involving  kxz  =  kzx

=  0  have  been  eliminated   from  equations   (11.lob)   and   (11.10c).     Note   also   from

equation   (11.lob)    that   the   body-force   ten   which   has   zero   component   in   the

horizontal  direction,  x,  has  been  eliminated.

The  next  step  is  to  substitute  the  tl.ial  solutions  in  equations   (11.10a),

(11.lob)   and   (11.10c);   the   residuals   of  the   equations   are   subsequently  multi-

plied   by   the   appropriate   basis   functions   and   are,   then,   integrated   over  the

spatial   domain.      By   the   orthogonality   condition   of   the   Galerkin   theory,   the

resulting  set  of  algebraic  equations  must  1)e  set  to  zero.     This  operation  will

eventually  lead  to  the  following  set  of  approximate  equations  to  be  solved  for

pressure  and  Darcy  velocity  components:

[Kx]  {qx}    +   [Kz]   {qz}    =   {fQ}

[Mx]  {q!    +   [Lx]   {P}    =  {fx}

[Mz]   {qz}    +   [Lz]   {P}    =  {fz}
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Where      {P}    =    (Pi,    P2 ,...,    Pin)T|       {qj       =    (qxr    qx2p     .    .    .p    qxn)T.    and

{qJ      =   (qz|.   qz2i    ....   qzn)T  are  Vectors   of  unknoim  nodal  variattles;   and

the    components    of   coefficient    matrices    kx(rfn),    kz(m*n),    Iix(n*m),    Mx(n*n)®

Mz(n*n)    aDd    the    right-hand-side    Vectors    fQ(n*1),     fx(D*1)    and    fz(n*1)    are

expressed  by

Kx(i,j,   =  ,a,  @t  (¢j,  ¢i  d a

Kz(i.j)   =  /a/   a+  (dyj)   ®±d  Q

k
Lx`i,i)   =  /Q/   (iE)

k
Lz(i,i)   =  /Q/   (iE)

i=1'n;    j=1,n

i=1'm;    j=1,n

(¢j)dy±dQ               i=1,n;j=1,in

(¢j)   dy±dQ                  i=1,n;    j=1,in

mx(i.j)   =mz(i.j)   =/Q/   dyjdy±   dQ                 i=1,   a;    j=1,n

fQ(i)    =O                           i=1im;      fx(i)   =O     i=1,n

fz(i)  = /QH¥)  pev±d a                            i=1,n

Incorpol.ation   of  t)oundary   conditions   in   the   set   of   equations   (11.11)   is   car-

ried   out   simply  by  moving  the   tens   including  the  knolm  Values  of  pj,   qxj  and

qzj   to   the   right-hand   sides.      The   equations   corresponding   to   the   nodes   with

prescribed  pressure  and  prescribed  flux  conditions  are  subsequently  eliminated

from  further  analysis.     The  remaining  set  of  equations  ready  to  be  solved  will

look   Very   similar   to   (11.11)   and   will   not   be   rewritten;   however,   to   reflect

the   modificatioa   made   by   incorporation   of   boundary   conditions,   hereafter   we
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use        Kx.   Kz.   Lx.   Lzi   Mx  and  Mz  as      C0efficient     matrices;        fQ,   fx  and   fz  as

right-haDd-side   vectors;    and     p,   qx  and  qz  as   unknoim   terms.      Note   that   the

dimensions  of  these  terms  are  smaller  than  their  original  counterparts  in  the

set   of  equations   (11.1).     Moreover,   certain  components   of  the   right-hand-side

vectors   that   were   previously   zero,   may  now   contain  non-zero   contrittutions   of

the  boundary  conditions.

The  set  of  linear  equations   (11.11 )   or  its  modified  version  can  be  solved

simultaneously   as   was   shoim   tty   Segol   et   al.    (1975).     This   approach,   however,

takes   a   considerable   amount   of   computer   time   and   storage.      An   alternative

ap|)roach  is  to  decompose  the  system  into  three  separate  equations  to  be  solved

for      P,   qx  and  qz.     The    decomposition    is    carried    out    by    elimination    of

lxandtz  from     equation     (11.lla)     using     the     relationship     (11.llb)     and

(11.llc).     The  resulting  set  of  equations  to  be  solved  for  pressure  is  derived

tobe

[A]  (I)    =  (Q)

where     [A]   =   [Ex]   [rix]-1    [=x]   +   [Fz]   [Hz]-1    [Lz]

and            {Q}    =   [Fx]   [Hx]-1   {¥x}   +   [Fz]   [Hz]-1   {¥z}    -{¥Q}.

(11.12)

The    pressure    distribution,      I  ,    calculated    from    equation    (11.12)    is

substituted  in  the  following  equations  for  computation  of  velocity  components:

[rix]  {-qxJ   =  {T)   -  [Ix]  {5t

[Hz]  {Iz}   =  {¥z}   -   [Ez]  {5}
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The   sets   of   equations   (11.12)   and   (11.13)   represent   the   final   numerical

approximation   of   the    fluid    continuity   and   Darcy   velocity   equations.       The

solution   process   for   these   equations   is   sequential   and   starts   by   solving

equation   (11.12)   for   pressure   and   then  poceeding   to   construct   the   right-hand

sides   of   equations   (11.13)   and   solving   these   equations   for  velocities.      The

velocity   values   will   be   used   in   the   numerical   approximation   of   the   solute-

transpol.t  equation  which  is  the  subject  of  the  next  section.

11.2.1  Solute-trams ortH uation

The  standard  Galerkin  finite-element  approach  is  used  for  solution  of  the

solute-transport   equation   (11.3).      As  mentioned   before,   at   this   stage  of  the

solution  process,   the  Darcy  velocity  components,   qx  and  qz,   are  given  from  the

Solution   of   the   ground-water   flow   equations.      The   values   of   velocities   are

used   beforehand   to   determine   the  velocity-dependent   components   of  the   Disper-

sion  coefficient   tensor,   D±j,   using  the  relationships   (11.5).     The  advective-

transpol.t   term   in   equation   (11.3)   is   also   dependent   on   the   velocities,   but

this  dependence  is  directly  included  in  the  subsequent  numerical  formulations.

Following   an   approach   analogous   to   the   previous   section,   we   approximate

the  unknown  solute  concentration  in  tens  of  a  trial  solution  of  the  fom:

n
c=   jE=t    cj(t)   dyj(x.z)                                                                                                           (11.14)

where   cj's   represent   the  unknoim  nodal   concentrations  and    dyj's  are   the  t)asis

functions   that   are   selected  as  a  matter  of   simplicity  to   t>e   the   sane   as   the

basis   functions  used   for  representation  of  velocity.     The  knorm  components  of

Dispersion  coefficient  can  also  be  expressed  in  the  fom  of  finite  series,   for

exanple :
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n
Dxx  -jEf   Dxxj(t)  ¢j(t) (11.15)

where   Dxxj's   are   the   nodal   Dispersion   values.       Similar   expressions   can   be

Written   for   Dzz,    Dxz   and   Dzx.       Note   that   the   aquifer   porosity,     0   ,    is   a

constant .

The    differential    operator   of   the    solute-transport   equation    (11.3)    is

Tritten  in  its  expanded  fom  as

L(C)  = @±(Dxx :#)  +  £(Dxz  *)  +  £(Dzx  *)  +  a+(Dzz  @*)

-  @±(VxC)   -  £(VzC)   -  8€  =  0 (11.16)

where     Vx  =   qx/0   and  Vz  =  qz/0   are  pore  Velocities.

Utilizing   the   Galerkin   approach,   the   appl.oximate   integral   equations   are

obtained  by  making  the   residual   arisirig   from  substitution  of  equation   (11.14)

into   (11.16)   orthogonal   to  each  of  the  basis   functions,     dyj   .     A  set  of  ordin-

ary  differential  equations  will  eventually  result  from  this  operation  which  in

matrix  fom,   is  expressed  as

[R]  (c,   .  [T]  (£,   -[F] (11.17)

where    R(n*n)    is    the    advective-dispersive    transport    matrix    T(n*n)    is    the

solute-mass    matrix    and    F(n*1)    contains    the    dispersive-mass    flures   at    the

boundary.     The  typical  elements  of  R,   I  and  F  are  defined  tiy
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n
R(i,j)   =    I

k=1
/Q/  { Dxxk dyk :# o¥ +  Dxzk dyk @¥ #

+  Dzxk dyk :# # +  Dzzk dyk # # +  Vxk dyk # fyi

+  Vzk dyx # ¢i}   d  a

T(i.j)   =  /Q/   dyj  fyi   d  Q

F(i)  -/
I

(D  ¥,  dyid  I

(11.18a)

(11.18b)

(11.18c)

In   fomulating   these   equations,   Green's   theorem   is   applied   to   break  up   the

second   derivatives.     Moreover,   the   components  of  the  flux-derivatives   result-

ing   from  expansion  of  the   advective   terms   in   equation   (11.16)   were  assumed   to

be   negligible   and,   therefore,   were   eliminated   during   the   development   of   the

approximate   equations.     This  assumption  is  acceptable  in  the  absence  of  fluid

sources   and   sinks    (Frind,    1982a).       Note   also   that   the   boundary-flue   ten,

equatiorl   (11.18c),   is  non-zero   only  at  an  inflow  boundary  in  which  case  it  is

evaluated  with  the  use  of  equation   (11.8b).

We   can   now   proceed   to   solve   the   set   of  ordinary  differential   equations

(11.17)   by   finite-difference   time   stepping.       Employing   a   fiflite-difference

approximation  of  the   temporal  derivatives,   equation   (11.17)   can  be  written  in

a  time-weighted  fom  as

[p]  (c,t   +  At   =   [S]   (c)t   +  (G, (11.19)

where  the  coefficient  matrices  P  and  S  and  the  vector  G  are  given  by
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[p]  -€[R]  +  Ai  [T]

[s]  =  -(,-,  [R]  + ±  [I]

{G}    =  e{F}t   +  At   +   (1i)   {F}t

(11. 20a)

( 11. 20b)

(11.20c)

in   which     1/2  <  e  <   1   is   the    time-weighting   factor,    and     At  represents   the

time     interval.           A     value     of       e   =  1/2  results     in     the     Crank-Nicolson

approximation  which   is   second   order  accurate   in   time.     This   choice  is  known,

however,   to  occasionally  produce  oscillatory  solutions.     On  the   other  hand,   a

value    e=1   (implicit  scheme)   provides  good  stability  but  may  result  in  greater

smearing  of  the  solute  distribution.     Depeflding  on  the  prottlem  being  analyzed,

an  appropriate  choice  of    e   can  usually  be  obtained  within  a  few  trials.

Starting   from   some   initial   values,   equation   (11.19)   rill   determine   the

transient  variations   in  solute  concentration.     For  advective-domiaated  trans-

port  prot)lens,  numerical  difficulties  in  the  form  of  artificial  dispersion  and

overshooting  may   be   encountered.      An   improved   estimate   of  velocities   as   ob-

tained   in  this  study  may  alleviate   some   of  these  difficulties.     Mesh  refine-

ment   is   knoiin   to   reduce   the   tendency   of   overshooting.     The  upstream-weighted

technique   presented  by  Huyakom  and  Nilkuha   (1979)   is  another  way  of  avoiding

numerical  dispersions  but  at  the  expense  of  sneering  the  concentration  front.

11.3    Solution  Strategy  and  Computational  Framework

Because  of  the  nonlinearity  involved,   equations   (11.1),   (11.2)   and   (11.3)

or    their    numerical    approximations,    equations    (11.12),     (11.13)    and    (11.19),

have    to    be    solved    in    combination    with    equation    (11.4)    in    an    iterative

manner.     The   solution  procedure   for  each  tine   step  begins  with  an  estimate  of

fluid     density     obtained     from     equation     (11.4)     using     the     coflcentration
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distribution  from  the   previous   time   step.     The   coefficients   in  the  equations

for   pressure   and   velocity,    equations    (11.12)    and    (11.13),    are   determined   on

the   basis   of   this   estimate   of   fluid   density   and   then   equations   (11.12)   and

(11.13)   are   solved   in  a   sequential   approach.      The  nodal  values  of  velocities

obtained   from   solution   of   equation   (11.13)   are   used   to   define   the   advective

and  dispersive  components   in  equation   (11.19).     Subsequently,   equation   (11.19)

is  solved  to  yield  the  salt-concentration  distribution.     Without  advancing  in

time,   the  fluid  densities  are  updated  using  the  new  estimate  of  concentration

in   equation   (11.4),   and   the   whole   cycle   is   repeated   once  more.     This   process

continues   until   the   successive   concentration   values   are   within   a   specified

tolerance.      At   this   stage   we   can   proceed   to   perform  the   computations   for  the

next  time  step.

The   iterative   process   described   above  usually  converges   rather   rapidly,

provided  the   tine  interval  is  not  too   large.     According  to  Frind   (1982a),   the

choice   of  an  appropriate   time   interval   is   controlled   in  most  problems  by  the

need   to  keep  the  numerical   dispersion   to   an  acceptable  level   rather  than  the

convergence  criteria.     A  time-lagged  approach  suggested  by  Segol  et  al.   (1975)

has  also  been  shoim  to  be  very  effective  for  long-ten  transient  simulation  of

problems   with   densities   lower   than   that   of   sea   water.      In   this   case,   the

elapsed   time  ttetween   solutions   of   the   flow  equations   is  much  larger  than  the

time  interval  for  computation  of  solute  concentration.

During   the   course   of   model   development,   care   must   be   taken   in   reducing

the  computer-storage  requirement  and  in  increasing  the  conputational  efficien-

Cy.       Considerable   saving   was   achieved   in   our   model   by   storing   the   computed

values  of  the  elemental-basis  functions  and  their  derivatives  at  the  Gaussian

points  on  an  input/output  file.     Consequently  future  reference  to  these  values

was   ol)tained   rather   easily   without   the   need   to   repeat   any   computation.      The
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model   takes   full   advantage   of   the   specific   structure      of   the   coefficient

matrices.       For   matl.ices     fix  and  Mz  in   equation    (11.13)    that   are   bended   and

symmetric,    only   the   elements   within   the   upper   band-width   are   stored.      The

t)anded    portions    of    the    non-syrmetric    matrices      Kx,   Kz,   Lx,   L2i   P  and  S  are

retained   in   rectangular  two-dimensional   arrays.     The   construction  of  coeffi-

cient    matrices     in    equations     (11.12)    and     (11.13),     i.e.       A,  Ex  andEz,   are

needed  only  once.     At  each  time  step  only  the  I.ight-hand-side  vectors  of  these

equations   have   to   be   updated.       The   coefficient   matrix   in   equation   (11.19),

i.e.    P,    is    reconstl.ucted    whenever    the    time    interval,      At,   changes    or    the

velocities  are  updated.    Solution  of  the  equations  are  carried  out  efficiently

using   a   Gauss    solver    for   equation    (11.12),    a   Cholesky   solver   for   equation

(11.13)    and    a    Gaussian    routine    for    non-symmetric    coefficient    matrices    in

equation   (11.19) .

11.+    Numerical  Results

A  computer  model  was   developed   on  the  basis   of  the   formulation  presented

in   this   study.     Here  we   demonstrate   the  usefulness  of  this  model   for  simula-

tion  of  variable-density  flow  problems.

The   analytic   solution   to   the   example   problem   devised   by  Henry   (1964)   is

usually  used   as   a  benchmark  against   which   other   solutions  are  compared.     The

problem  involves   the   intrusion  of  saltwater   into   a  confined   coastal   aquifer.

The  configuration  of  the  vertical  cross  section  of  this  aquifer  is  depicted  in

Figure   11.1.      Inland   freshcater   recharges   the   aquifer   from   the   left  boundary

while   as   the   same   time   the   denser   sea  water  is  moving   inland   from  under   the

freshwater.     At   equilibrium   a  dispersive   zone   develops   at   the  contact  of  the

tTlo   fluids   through   which   the   mixed   water   circulates   and   returns   back   to   the

Sea.
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Figure   11.1     Schematic  re|>resentation  of   the  Henry's   example.
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The   aquifer   is   assumed   to   be   homogeneous   and   isotro|Iic.     The  dispersion

coefficient  is  assumed   constant  although,   in  reality,   it   changes  with  varia-

tions  in  velocity.     Initially,   the  aquifer  is   occupied   only  with  freshwater.

The   prescribed   flux   and   prescribed   pressure-t)oundary  conditions   are   assumed,

respectively,   along   the   left   and   right   vertical   boundaries.      The   upper   and

lower   boundaries   are   impermeable.       The   hydrogeologic    parameter.s   associated

with  this  problem  are  as  follows

aquifer  porosity

hydraulic  permeability

fluid  viscosity

Dispersion  coefficient

left-boundary  influx  velocity

©    =   0.35

k  =   1.020408  x   |o-9  m2

p   =   |o-3  Kg/(in.see)

D   =   6.6   X   |o-T°  m2/see

u   =   6.6   X   10~5/0.35   =   1.885  x   |o-4

right-boundary  pressure  diBtl.ibution           Pb  =  px  8    (depth)

sea-water  density                                                      ps  =  1-25  Kg/n3

freshTater  density                                                   pf  =   1000  Kg/m3

sea-water  salt  concentration                            cs  =  35  Kg  (dissolved  solids)/Xg  (sea  water)

acceleration  of  gravity                                        g    =  9.8  n/sec2

rate  of  density  change  w/concentration      3g  =  700

aq.uifer  thichaess

aquifer  length
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During   the   course   of   numerical   experiments,   approximations   of  pressure,

p;    velocity,    v;    arid   salt   concentration,    c,   were   obtained   over   the   aquifer

domain   using   three   types   of   inter|iolation   scheme:    (1 )   linear   interpolations

for   p,   v   and   c   (Figure   11.2-a);    (2)   quadl.atic   interpolations   for   p,   v   and   c

(Figure   11.2-b);   and   (3)   mixed   interpolations,   i.e.   quadratic   interpolations

for  v  and  c  (Figure  11.2-b)   and  linear  interpolation  for  p  (using  comer  nodes

in   Figure   11.2-b).      The   nixed   interpolation   scheme,   as   ifldicated   before,   is

consistent  with  the  fom  of  the  governing  equations  and  is  expected  to  provide

the  most  accurate  solution  among  the   three  schemes.

The    first   analysis   was    performed    to   check   the   accuracy   of   the   model

results  using  only  the  mixed   interpolation  scheme.     The   computed  0.5  isochlor

is   displayed   in   Figure   11.3   with   the   similar   contour   lines   from   the   steady-

state   solution   of   Henry   (1964)   and   the   transient   solution   of   Segol   et   al.

(1975).     The   comparison  of  our  transient   solutions   for  the   elapsed  time  of  30

and    loo    minutes    with    the    solutions    obtained    by    Segol    et    al.    (1975)    is

excellent   (see  Figure   11.3).     For  the  most  part,   the  two  sets  of  isochlol.s  al.e

located  in  close  proximity  to  each  other.     One  interesting  observation  is  that

due  to  the  existence  of  incorrect  vet.tical  velocities  along  the  right  boundary

in  the  Segol  et  al.   formulation,   the   top  portion  of  the  dispersive  zone  tends

to   be   narrow   and   the   tip   of   the   saltwater   zone   calculated   by   their   model

always   stays   higher   than   that   determined   tty  our  model.     This   difficulty  was

removed  in  our  analysis  by  explicitly  setting  these  velocities  to  zero.

To   obtain  the   steady-state   solution,   the   simulation  time  was   extended   to

500   ninuteB.      After   the   elapsed   tine   of   200  minutes,   the   top   portion  of   the

dis|]ersive  zone  remained  relatively  stable  while  the  bottom  portion  moved  only

slightly.       The   0.5-isochlor   line   for   the   200-minute.time   period   shown   in

Figure   11.3   can  be   considered   to   be   representative   of  the   quasi-steady-state
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(a)  linear   elements

(b)  quadratic   elements

Figure  11.2    Finitelelement  dlscretizatlon  of   the  aqulfer  domain  for  the
Henry's  problem.
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1.0

Distance  in  meters

present  solution ---Segol  et  al.  (1975)

Henry  (1964)

Figure   11.3     The   comparl§on  of   0.51sochlors   computed  by   the  present  model
using  mixed  lnterpolatlons  with  several  avallat>1e  solutlons.
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solution   of   Henry's   problems.      Again   the   agreemeflt   between   Henry's   solution

and  the  model  results  is  reasonat)ly  good.

Figure   11.3  also   depicts   the   Ghyben-Herzberg  interface  obtained  t)aged   on

the  assumption  of  immiscible-fluid   flows   (Frind,   1982a).     An  important   obser-

vation  is  the  extensive  location  of  the  saltwater  toe  which  obviously  overes-

timates  reality  by  as  far  as  twice  the  actual  distance.     This  is  a  good  indi-

cation   of  inappropriateness   of  sharp-interface  models   for  situatiofls   charac-

terized  by   significant   dispersion.     This   point   is   clarified  even  further  in

Figure   11.4.   where   the   whole   spectrum   of   the   dispersive   zone   is   demonstrated

for   the   elapsed   time   of   200  minutes.     Note  again  the  large  extent  of  the   top

portion   of   the   dispersive   zone   created   by   removal   of   artificial   vertical

velocities .

To  gain  insight  irito  the  hydrodynamics  of  the  flow  in  a  density-dependeflt

system,   the   nodal  velocities   were   plotted   in  Figure   11.5   for  three  differerlt

time   periods.      As   seen   in   Figure   11.5,   the   vertical   components   of  velocities

within  the  saltwater-freshwater  mixing  zone  were  affected  significantly  by  the

variations  in  density.     The  changes  in  velocities  t)ecome  less  important  during

latter    time    steps.        In   most    problems,    after    reaching   a    certain    quasi-

stabilization  point   in   time,   the   changes   in  vertical   velocities   are  minimal

and    in    fact    the    calculation   of   velocities    can   be   car.ried   out   much   less

frequently   than   that   of   salt   concentration.      In  our  analysis  we  updated   the

velocities    at    all    time    steps    although    it    could    have   been   avoided.       The

velocity   vectors   demonstrate    clearly   the   whole   circulatiori   process   of   the

saltwater-intrusion  phenomenon.

The    last    experiment   involved   using   all   three   different   interpolation

schemes   for   solution   of  Henry's   problem.      The   0.2  and  0.5   isochlors   ot)tained

for   the   elapsed   time   of   100  minutes   are   depicted   in  Figure   11.6.     The   top   of
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1.0

Distance  in  meters

Figure   11.4    Set  of  lsochlors  at   the  elapsed  time  of   200  min  resulted  from  the
use  of  nixed  lnterpolatlons.
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Figure   11.5    Velocity  field  at  different   times   resulted  from  the  use  of  mixed
interpolations;   (a)   elapsed  time  =  5  min.,   (b)   elapsed   time  =  30
nin.   and   (c)   elapsed   time   =  100  min.
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1.0

Distance  in  meters

-.-.-  linear  interpolations quadratic  interpolations
----   mixed  interpolations

Figure   11.6    Comparison  of   concentration  profiles   resulted   from  the  use  of
different  lnterpolatlon  schemes.
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the   isochlor   from  the   linear-interpolation  scheme   is   extended   further  inland

while   that   from   the   quadratic-interpolation   scheme   is   sharper   and   shorter.

The  isochlors  calculated  with  mixed  interpolations  al.e  smooth  and  for  the  most

part  are  located  in  between  the  two  other  sets  of  solutions.

11.6     Summary  and   Conclusions

A  finite-element  model  was  developed  for  sequential  solution  of  the  fluid

continuity,   Darcy  velocity  and   solute-transport   equations.     The  model,   while

preserving  the  continuity  of  the  velocity  field,  results  in  accurate  estimates

of   model   velocities   which   are   very   important   in   the   analysis   of   advective-

dominated  tl.ansport  problems.     Several  other  features  of  the  model  such  as  the

storage   of   basis   functions   and   their   derivatives   at   Gaussian   points   on   an

input-output   file   have   improved   the   efficiency   of   the   computations   substan-

tially.

Applied   to   the   Henry's   sea-water   intrusion   problem,   the   model   was   shoim

to   reach  a   state   of   dynamic   equilibrium  with  minimal   computational   efforts.

The  model  is  designed  specifically  for  simulation  of  saltwater  intrusion  under

the    niscible-flow    environments.        Application    of    the    model    to    the    field

problems   with   limited   available   data  may  encounter  difficulty  mainly  because

of  the   lack  of  sufficient   infomation  and   also  t>ecause  of  the  poorly  defined

transport  theory  in  complex  hydrogeologic  systems.
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APPENDIX   A
Chemical-quality  Data

Collection
Data

9/6/84
9/6/84
9/6/84
9/6/84
9/6/84
9/4/86
9/6/84
9/6/84
9/12/84
9/12/84
9/12/84
9/1 2/84
9/12/84
9/12/84
9/13/84
3 / 15 /a;I,
5 / 15 / elf,
5/,5/t!F)
5 / 15 / &F)
3/15/a;fj
5 / 15 / elf)
5 / 15 / a;i)
3 / 15 / elf)
5/15/8/I)
5 / 15 / eJfj
5 / 15 / 8J5
5 / 15 / ef5
5 / 15 / elf)
5 / 15 / e!b
5/15/eJb
5 / 15 / 8JF)
5 / 15 / eJf3
5 / 15 / eJfj
5/,5/a;f3
5 / 15 / elf)
5 / 15 / F3;F5
5 / 15 / a;f5
5 / 15 / efj
5/15/8/I)
5/15/a/I)
5 / 15 / elf)
5/15/eJJ5
5 / 15 / 8/f5
5115 /a;i)

Site
TDS

(ppm)
CI

I,og  #                 (ppn)

84502
84503
84504
84505
84506
84507
8450S
84509

66 ' 390
56 ,150
4 , 995

17'410
2 ' 042

60 ' 930
1,531

62 , 880
84517                          219
84518                14,680
8451 9
84520
84521
84527
84527
85019
85020
85021
85022
85023
85024
85025
85026
85027
85028
85029

1  ' 1 08
7' 126

737
67,260
67'260
67 , 5 60
66 , 640
56 , 200

119,567                          C-2
102,408                       C-3

9,161                            C-4
34,600                      D-3

4,156                         D-4
110,740                          D-1

3,273                      F-2
112,774                          F-1

996                     F-4
27,853                        G-1

2,496                       G-3
13,343                          H-1

1,854                        H-2
120,740                     Permian  well
120,740                      Per.mien  well
118,880                         A-1
118,850                         A-2

99 ,6TO                       A-5
63,990                      114,750                        A-4
35,420                       63,220                       A-5
54,760                        97,510                       8-1
61,930                        110,520                           C-1
66,980                      118,330                        C-2
58 , 540

4 , cO2
65 , 940

85050               21,820
85031                     2,318
85032                  1, 248
85033                      405
85034                 2, 543
85035               67,loo
85036               64,loo
85037                    1,216
85038               54,100
85039                      298
85040               17,920
85041                        499
85042                10,290
85043                  7,955
85044                      597
85045                 3,495
85046                   6,193
85047                    1,102

102,880                       C-3
7'860                      C-4

118,520                           D-1

39, 690                      D-3
4,573                       D-4
2,717                         E-1
1,318                          E-2
4,896                      E-3

118,530                        E-4
45,070                      F-1

2,633                      F-2
96,950                      F-3

1 '094                      F-4
32,357                        G-1

1,430                        G-3
18,713                          G-4
14,980                         H-1

1,532                         H-2
6 ,907                      H-3

11,713                            I-1
2'382                      I-2
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APPENDIX   A
Chemical-quality  Data

85048
85049
85050
85051
85052
85053
85054
85246
85247
85248
85249
85250
85251
85252
85253
85254
85255
85256
85257
85258
85259
85260
85261
85262
85263
85264
85284
85285
85286
85287
85288
85289
85290
85291
85292
85293
85294
85295
85296
85297
85298
85299
85300
85301
85265
85266
85267
85268
85269
85270

4 , 973
3 ' 607
1,526

51,8cO
504

66 , 640
207

64 , 320
66'920
56 , 880
65 ' 790
41 , 070
58,523
64 , 990
60 , 1 80
1 0 ' 900
62'520
64 , 880
52 , 660

3 ' 835
58 ' 080
63,870
61 '620
1 8 ' 1 90
2 , 212

65 , 790
4 ' 830
3 , 374
1  , 605

52 , 010
1,264

68,980
1,976

35 , 010
4'003

714
62 ' 520
59,850
63 ' 520
42 ' 480
62,010
64 , 910
4,025
4'526

66 , 580
11,460
2,151

1,471

2,510
66 , 580

9'667
6 ' 997
3 , 067

93 , 460
1,432

120 , 360
1  , 1 04

1 1 9 , 020
120 ,120
102 , 850
1 1 5 ' 400
74,860

106 , 050
1 1 9 , 240
107 , 650
20' 130

1 1 6 , 770
119,510

95 , 850
7 , 287

104 , 360
117,890
108 , 920
32 ' 310
4,419

1  1 9 ' 1 00

9,303
6 , 883
3 , 240

91,680
2 , 709

120 ' 350
4'026

61,900
7'813
1  '716

1  1  1  , 490
105 , 570
1 1 4 , 400
77 ' 640

1 1 6 ' 980
117 , 660

7 , 903
8,780

118 , 220
21, 293
4 , 282
3 ,152
4,910

1 1 9 , 380

5 / 15 / a;I)
5 / 15 / 8;I)
5/15/eJb
5 / 15 18!f 5
5/15/elf)
5 / 15 / a;I)
5/15/a/I)
I/2:2/eiF3
I/2:2/e!f3
7/2:2/a;F3r|/2:2/e;I)

I / 2:2 / eJJ5
I/24/elf)
r| / 24 / a;Fl
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Chemical-quality  Data
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APPENDIX   8
Descriptiori  of  the  Geologic  Units  at

the  Field  Cross  Section

Pleistocene  alluvium,   approximately  60  feet  thick,  unconfomably  overlies

the  Wellington  Formation  throughout   the   study  area.     The  alluvium  consists  of

gravel,   sand,   silt,   and   clay   deposits   in   a   fining-upwards   sequence   of   five

interbedded   lithofacies.      Irregularities   in  the   contact  between  the  alluvium

and   the   Wellington   (see   Figure   6.1)   are   the   results   of  dissolution  and   col-

lapse   of   the   underlying   gypsum   layers   in   the  Wellington  Formation   (GilleBpie

and  Hargadine,1981).     Following  is  a  description  of  these  five  units.

Unit   1:      Fine   sand   and   silt   lithofacies.      This   lithofacies   ranges   in

thickness  from  1   to  8  feet  and  occurs  as  discontinuous  thin  layers  and  pods  of

fine-grained   quartz   sand   and   silt.     Locally,   lenses   of  medium-grained   quartz

sand  are  pl.esent.

Unit  2:     Silt  and  clay  lithofacies.    The  silt  and  clay  lithofacies  under-

lie  nearly  all  of  the   land  surface   in  the   study  area  and   occurs   in  1-to  8-

feet-thick  discontinuous  layers.     It  is  char.acterized  by  val.iable  proportions

of    broim    to    light-ttroim    silt,     clay,     and    carbonized    plant    debris    with

interspersed   lenses   of  medium   sand.      One   of   these   layers   spans   much   of   the

study  area   and   can  be   identified   in  the  subsurface  by  its  gray  color  and  the

presence  of  carbonized  plant  debris  near  its  base.     This  lithofacies  is  easily

recognized  on  garma-ray  logs  because  of  its  high  organic  content.

Unit   3:     Fine-to  medium-grained  sand   lithofacies.     This  unit  is  present

in   the   subsurface   throughout   the   study   area   and   usually   occurs   beneath   the

silt   and   clay   lithofacies.      The   mud   and   gamma-ray   logs   show   that   the   upper

boundary   Trith   unit   2   is   gradational   but   the   lower   boundary   is   quite   sharp.

This   unit   iB   interbedded   with   the   silt   and   clay   lithofacies   in   the   western

part   of   the   study   area.      The   sand   is   arkosic   and   locally   is   coarse   grained
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with  pea-size   gravel   especially  near   the  base   of  the  unit.     Thickness  ranges

from  featheredge  to   11   feet.

Unit   4:       Medium-   to   coarse-grained   sand   and   gravel lithofacies.     This

1ithofacies   ranges   in   thickness   from   10   feet   beneath   the   west   side   of   the

study  area  near  well  site  I  to  approximately  30  feet  beneath  the  east  side  of

the  study  area  at  well  site  a.     The  sand-sized  fraction  consists  of  medium-  to

coarse-grained   arkosic    sand.       Gravel    consists   of   subangular   to   subrounded

clasts   ranging   in   size   from   pebbles   to   small   cobbles.      Clast   composition  is

arkosic    and    includes    fragments    of    Lower    Cretaceous    sandstones    and    Upper

Cretaceous   limestones.       Locally,    the   sand   and   gravel   are   cemented   together

with  calcite   cement  near   the  base   of  the  alluvium  and  possibly  in  cracks  and

fissures  in  the  under.lying  Wellington  Formation.

Unit   5:      Sand   and   gravel   with   cla -silt  lenses  and  matrix.     This  litho-

facies   is   lal.gely   the   same   as   the  medium-   to   coarse-grained   sand   and   gravel

lithofacies,   l)ut   it   contains   much   larger   amounts   of   silt   and   clay   in   the

matrix  and  as  discrete  lenses.     It  is  best  developed  west  of  the  river  beneath

sites  E,   K  and  F  where   it  attains  a  thickness  of  6  to  8  feet  and  it  is  easily

identifiable  on  gamma-ray  logs   from  sites  A  and  K.

The    lower   nembel'   of   the   Wellington   Fomation   overlies   the   Herrington

Member   and   consists   of  brown   to   olive-green   and   gray   dolomitic  nudstone  with

abundant   gypsum   and   dolomite    (Unit   6   in   Figure   6.1).       Fractures   and   small

solution  cavities  are  prot>ably  filled  with  gypsum  and   some  calcite.     Calcite-

cemented   sand   and   gravel   are  haown   to   fill  many  of  the   fractures   in  the  mud-

stoDe   (Gillespie,   personal   communication,    1985).       Individual   fracture   fills

were  traced   on  outcrop  exposures   of  the  Wellington  Fomation  near  Abilene  for

several  feet  vet.tically  and  hot.izontally.     Near  the  contact  with  the  overlying
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alluvial  deposits,   the  Wellington  is  highly  weathered  and  is  more  of  an  olive-

gray  color.

Within  the  lower  member  of  the  Wellington  Fomation,   gamma-ray  logs  indi-

cate   the   presence   of  a   2-   6-foot-thick   layer   of   gypsum  or  gypsum  with   shale

intercalations     (Unit    7    in    Figure    6.1).        Although    no    core    material    was

recovered  from  this  interval,   dl.illing  mud  logs  for  the  test-holes  drilled  for

piezometers  M-5   and   A-1   indicate   that   small   clumps   of  gypsum  were  observed  in

the   drill   cuttings.      Some   loss   of   circulation   during   drilling   was   noted   at

approximately   this   level,   but   it   is   not  ]moim  if  fluid   passed   into   solution

cavities   in   the   gypsum   layer,   into   fractures   in   the   surl.ounding  mudstone   or

into  the  overlying  alluvium  since  the  hole  was  not  eased.

The   Herrington  Member  of   the  Nolans   Limestone   consists   of  yellow  to  gray

gypsiferous   cryptalgal   dolomitic  limestone  with  interbedded  layers  of  bivalve

and   brachiopod   packstone    (unit   8   on   Figure   6.1).      Dissolution   of   original

shell    material    within    the    t)ivalve    packstone    has    created    zones    of    high

pot.osity.        FI.acture    and    solution    cavities    are    also    present    in    the    core

samples.     The   fractures  are  oriented  in  a  near-vertical  direction  whereas  the

solution    cavities    tend    to    t)e    oriented   horizontally.       Some    of   the   moldic

porosity     fl.actures     and     solution     cavities    have     been     filled     by    gypsum

precipitation,  virtually  occluding  all  porosity.
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