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If   one  wishes   to  know  something  about  a   large  population  of  anything,   or  about   the  behavior

of   a   large   system,   especially   for   predictlve   purposes,   a   sampling   procedure   rust   be   designed.

This    ls    true   whether    the    subject    of    interest    ls   toothpaste   preference,   voter   attitudes,   or

dwindling   reserves   of   groundwater   ln   the   High   Plains   aqulfer   in   Kansas.     Regardless   of   the   size

or  dlstrlbutlon  of  a   §anple,   some   gtatistlcal   error  will   remain;   a  conpromlse  must  be  made   that

balances   the   smallest   acceptable   statistical   error   agaln§t   the   economic   cost   of   obtalnlng   the

sample.

The   Kansas   Geological   Survey   has   been   involved   for   a   number   of   years   ln   research   dealing

with   sanpllng   design   for   geological   problems,   part   of   a   larger   ef fort   referred   to   as   "spatial

analysis."      Thl§   research   experience   has   been   applied   by   Ricardo   A.   01ea   to   a   very   practical

problem,    the   costly   progran   of   monltorlng   the   network   of   observations   wells    that   measure   the
water   level   1n   the   High   Plains   aqulfer   (1ncludlng   the   Ogallala).      This   monltoring   program  has

developed   over   a   period   of   many   years   without   systematic   plaming   and   with   a   considerable   in-

vestment    of    State   and   Federal    resources.        Because    the    Kansas    Geological    Survey    contributes

fundlng   for   this   program,   the   uncontrolled   expansion   of   the   sanpllng   network   has   caused   us   to

address   the   question   of   the   number   and   configuration   of   observation  wells   required   to   charac-

terize   the   water   table   of   the   High   Plains   aquifer   with   an  acceptable   error,   at   an  acceptable

cost.        The    U.S.    Geological    Survey,    a   cooperator   ln   the   groundwater   program   in   Kansas   and   ln

other  st:ates,  hag  recently  clef lned  network  analysis  as  a  high-priority  concern,   again  because  of

unconcrolled  costs.      This   report   should  provide  a  model   for   U.S.G.S.   efforts.

The   results   of   our   sampling-design   study   of   the   High   Plains   aqulfer   are   clear.      A   rede-

slgned   network  will   allow  a   reduction   ln   the   number   of   observation  wells   that  rmist   be  monltored

without   §1gnlf lcantly   lncreaslng   the   errors   ln   the   estlnates   of   the  water  table  elevation.     The

nonltary   savings   can   provide   funds   to   expand   the   network   into   areas   that   are   now   inadequately

sampled,   or   a   reduced   network   can   be   operated   at   lower   cost  without.   significantly  degrading   the

quality   of   the   information.      Some   local   government   users   of   infomatlon   f ron   the   exlstlng  net-
work   are   reluctant   to   accept   the   flndlngs   of   this   report.     While   a   sampling   network  mol.e   dense

than   the   one   suggested  here  would  not   be   incompatible   with   Olea's   recormendatlons,   the  cost  may

not    be    ju§tlflable.        Hard    declslons    must    be    faced    as    to   who   will    pay    for    the   addltlonal

1nformat1on.

®in`LT).tltLulde-
Scat:e   Geologist   and   Director,
Kansas   Geological   Survey
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OpT"IZATroH  Op  in  Hm  pIAINs  AQURER  OBSEEPATIOH  RETiroRK.   mHSAs

Ricardo   A.   01ea

ABsmer

The   network   of   observation  wells   which  monitor   the  water   table   of   the  High  Plains   aqulfer

ln  fan8as  has  developed  without   systematic  plarming  over  a  period  of  many  years.     The  efflclency

of   this   network   can   be   evaluated   t>y   sanpllng   de81gn   procedures   based   on  universal   krlglng,   an

eat:1matlon  method  that  18  part  of  the  statlstlcal  theory  of  reglonalized  varlable8.     hfomatlon

gathered   by   the   High   Plains   observation  well   network   ls   used   prlnarily   as   input   to  hydrologlc

models   and   to  a881st   ln  declslon-making  by  groundwater  nanager8   responsible   for  controlling  the

exploitation   of    the   aqulfer.       It   was   found   that   the   present   ob8ervatlon   well   network   18   not

optimal  because  of  the  haphazard  location  of  observation  veils.     An  alcernatlve  network  designed

ln   a   hexagonal   stratlfled   pattern  would   allow   a   reduction   ln   the   number   of   ob8ervatlon  wells

from   1749   t:o   1135  without   8ignlf lcantly   changing   either   the   average   Standard  error  of   the  water

table   elevation    [currently   at   12   feet   (3.7   in)]   or   the   fom  of   the   contour   nap   of   water   table

elevations.      Monetary   savings   achieved   by   reducing   the   number   of  wells   could  be  used   Co  operate

the   network   ac   a   lover   cost   or   could   provide   funds   to   measure   veils   ln   inadequately   sampled

areas;   this   would   allow   reduction   of   the  maximum  Standard  error   fron  its   present   value   of   36.6

feet   (11.2  a)   to   13.3  feet   (4.I  a).
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-TEE I
INTRODUCTION

Croundwater   ls   a  vital   resource   ln  areas  with   lnsufflclent  alternaclve  surface  sources  of
water   or   with   unfavorable   annual   preclpltatlon.       In   we8tem   Kansas,    the   High   Plains   aqulfer

provides  about  95  percent  of  all  the  water  for  lrrlgatlon.     Prior  to   1930,  agriculture  consisted
primarily  of  dryland  famlng  and  catt:1e  grazing.     Although  groundwater  lrrigatlon  technology  was
developing   on   the   Plains,   the   number   of   irrigation  wells   did   not   increase   substantially  until
after    the   drought    of    the    1930's.       The   agricultural   economy   of    the    State    developed    rapidly

because   of   the   avallablllty   of   low-cost   energy  and  water.     However,   the   situation  has   reversed
ln   recent   years   because   the   cost   of   pumping   ls   lncreaslng   and   the   water   level   ln   the  Wells   18

decllnlng.      In   some   areas   the   economics   of   t.he   sltuatlon   have   deteriorated   to   the   point   where

lrrlgation   ls   no   longer   profitable   and   famers   are   returning   to   dryland   farming   (Gutentag   and
Weeks,    1980).      At   the   present   pumping   rate,   most   of   the   State   will   be   forced   to   return   to   dry-

1and  farnlng  by  the  turn  of  the  century.

Although   pumping   costs   are   out   of   control,   groundwater   depletion   can   be  avoided  with   judl-

clous  tnanagement.      If  an  aqulfer   ls  not   dlst.urbed   by  man,   1t   is  unexhauBtlble  at   the  human  scale

of   tine  because   over   the   long   run  the   recharge   equals   the  discharge.     Thl§  equllibrlum  oft:en  18

disturbed   by   seasonal   and   clinatlc   changes.      Ideally,   a  well-managed  aqulfer   can  tolerate   some
artlflclal   upstream   punplng   provided   the   material   balance   ls   not   altered   by   total   natural   and

art:1flclal   withdrawals    larger    than    the    recharge.       An   aqulfer,    1n   terms    of    the   use   of    the

resource,    can   be   considered   renewable   or   non-renewable   depending   on   the   p`mplng   rate.       Under

excessive     punplng,     the    aqulfer    will    behave     like    an    oil    field    which    event:ually    becomes

depleted.     A  properly  managed  aqulfer,   on  the  other  hand,   1s  an  eternal   source   of  water.

State  and   federal  agencies  having   regulatory  responslbllltles   over  natural   resources   began
monltoring  the  water  level  through  scattered  observation  wells  which  became  more  numerous  as  the
decline   in  water   level   became  a   real   concern.      The  number  and  location  of  observation  wells  did

not   follow   any   rational   guldellnes;   rather,   t.he   number   of  monltored  veils   increased   a8   1f  more

accurate   observation   of   the   effects   of   depletion  would   cure   its   causes.      At   the   present   tine,
the   depth   to  water   is   measured  every  winter   ln  more   than   two   thousand  observation  wells   around

the   State.      The   budget   for   mea§urements   ln   the   1981   season  was   S106,000   (United   States   Geologi-

cal   Survey,   1980).      Over   the   years,   the   adequacy   of   the  network  has   been  the  subject   of   Several

conver9atlons    and   meetings,   but   with   no   f lnal   resolution.       Contradictory   oplnlons   have   been
expressed,   as   sore   believe   even  more   observation  wells   are   necessary   and   others   con81der   that
the  network  18  already  I:oo  expensive  to  operate  and  there  should  be  no  lncrea8e   ln  the  number  of

wells.       The   lack   of   a   concensus   has   been   partly   due   Co   t.he   absence   of   basic   lnformatlon   ln

network   design   on  which   to   establish  a   sclentlf lcally  sound  decision.     The   exlgtlng   literature

presents   a   few   partial   8t:udies   of   observation   networks,   prlnarlly   ln   the   area   of   ulnlng.      The
f indlngs  are  not  conclusive  and  are  dlfflcult   to  ext:rapolate  to  geohydrology.
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The    Ransas   Geological    Survey   has   both   an   academic   and   econolnic   interest   in   the   problem.

The   Geohydrology   Section   ls   by   far   the  main  research  user  of  ob8ervatlon  nell  data.     The  o|)era-

Clonal   costs   of   the   network   are   shared   approxlnately   equally   between   the   federal   government,
represented   by   the   United   States   Ceologlcal   Survey,   and   the   State   of   fansa8,   represented  by  the
Division  of  Water  Resources  and  the  RAn8as   Geological   Survey.

The  analysis  of   the   Kansas  groundwater  ob§ervacion  well  network  is  not  an  isolated  problem,

but   rather  an  example   of   the  more  general   problem  of   data  collection  for  the  purpose  of  charac-
terlzlng  phenomer`a   such  as   the   porosity   ln  a   rock  formation  or  the  Earth's  gravlt:atlonal  field,

which   are   functions   of   geographlcal   coordinates,   or   spatial   functions.      The   Kansas   Geological

Survey  decided   to   sponsor  a   project   to   evaluate   the   Kansas   groundwater  observation  well  network
and   also   to   investigate   the   more   general   problem   of   the   sanpllng   of   Spatial   £unctlons.      The

project   has   produced   a  met:hodology  which   requires   only   the  use   of  a  hand   calculator  and   tables
(01ea.    1982a,    1982b).       Using   these   simple   tools,    1t   requires   only   a   few  minutes   to   design   an

optimal   sampling   procedure   which   will   achieve   a   speclfled   level   of   accuracy  when   applied   to   a
spatial   function.      The  methodology   ls   the  backbone   of   this   exhaustive   study  of   t:he  High  Plains
aqulfer  observa[1on  well  network  ln  the   State  o£   Kansas.     The  main  objectives   of   the   study  are:

I.     To    describe    the    characterlstlcs    of    the    observation    Well    network    a8    a    data

gathering   system.

2.     To    detemine    the    main    uses    of    lnformatlon   collected   by    the   observation   veil

network.

3.     To  detemine  an  appropriate  level  of  accuracy  for  the  observation  well  network.

4.     To   present   alternative   designs   to   the   existing   network   by   applying   a   systemat.1c

sanpllng  procedure  designed  to  optlmally  sample  spaclal  functions.

5.     To   clearly   state   any   changes   in   accuracy   and   cost   that   would   be   obtained   by   the

utillzatlon  of  nodlfled  versions  of  the  present  network.

-3-



urlER 2
OPTIMAL    SAMPLING

This    chapter    is    a    brief    presentaclon    of    the    methodology    used    to    design    an    optimal
observation  veil  network  for  the  High  Plains  aqulfer  ln  Kansas.     A  more  complete  dlscusslon  will
be   found   in   Olea   (1982a,    1982b).

2.1       CONCEPTS   AND   ASSUMPTIONS

atlal  function  modelin

A  water   table   ls   a   special   case   of   a   more   general   type   of   n-dinenslonal   surfaces   called
spatial   functions.     Mathematically,   a   spatial function   ls   an  assoclatlon  of  numbers  to  a  domain
of   geographical   coordinates.       Some   spatial   functions,   such   as   the   water   table   elevation,   are
tine   dependent;   others,   such   as   the   thickness   of   a   geological   formation,   are   lnvarlant   at   the

hutDan  Scale   of   time.

Typical   spatial   functions   are   continuous   and  uniquely   defined   over   sizable   domains.     Some,
such   as   geothermal   gradients,    are   not   easily   measurable   and   present   an   expensive   and   time-

consunlng    problen    ln    tens    of    the    ef fort    required    for    their    accurate    characterlzatlon.
Cormonly,   such   functlon8   are   knoun   only  partially  through  a  scattered   set   of   observations.      In

statlstlcal   jargon,    the   selected   observatlon6   are   called   a  £±aple   (James   and   James,    1976,   p.

339)   and  each  lndlvidual  measurement   ls   called  a  j±£!±g!± element (W1111ams,    1978,    p.    27).

Even  1£   the  observations  have  been  carefully   taken  to  avoid  measurement  error,   the  spatial

function   ls   only  known  with  certainty  at   the   sampled   locations.     The  exact  value  of  the  spatial
function   at   unsanpled   locations   ls   subject   to   uncertainty,   a8   no   method   has   yet   been   devised

which  will  yield  error-free  estlnate8.     Even  t:bough  there  might  be  only  one  value  of   the  spatial
functlon  at  any  location   ln  the   sampling  domain,   the  unknown  estlinated  value  ls  more  thoroughly

described  by  a  collection  of   likely  values   than  by  a   single  number.     A  tabulation  of  events  and
their    a6soclated    probability    of    occurrence    corresponds    to    the    statlstlcal    concept    of    a

probability   dentry funcclon (Hogs   and    Cralg,    1979.    Section    I.6).       in   statlstlcal   terms,   a

quantity  which  may   take   any  of   the  values   of  a  certain  set  with  a  gpeclf led   relative   frequency
1s  called  a  random  variable  or  a  varlate (Kendall  and   Buckland,   1971,   p.   162).      There  will  be   as
many   random   variable8   as   locations   in   the   sampling   domain.       The   set   of   all   random   varlableB

associated    with    a    given    spatial    function    constitutes    what    ls    known    as    a    randon

(Matheron,1971,   p.    50).

function

Listing  a  random  function  describing  a  spatial   function   ls  a  cunbersone  task.     It  would  be
desirable  to  sumarlze  the  function  ln  an  informative,   Short  descrlptlon  rather  than  llstlng  all
its   possible   outcomes.      For   t:his   purpose   we   may   invoke   the   use   of   mathematical   expectatlon8.

The  average  of  all  possible  outcomes  of  a  varlate  weighted  by  their  probability  of  occurrence  ls

t:he  :Es±± and   represents   a  central  value   of   the  population.     The  weighted  average  of  the  8quare8
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of   the   differences   between   the   outcomes   and   the   neon   ls   the   variance   (Hogs   and   ctalg,   1970,   p.

46).     The   square   root   of   the  variance   ls the  standard  deviation.     As   the  variance  becomes   larger

when   the   differences    increase,    the   variance   and   the   standard   devlatlon   are   a   measure   of   the
dlsperslon   of   the   outcomes   relative   to   the   mean   value.      The   Standard   devlatlon   could   also   be
interpreted   as   a   measure   of   the   uncert:alnty   as   to   the   true   value   of   the   spatial   function.     A

§nall   standard   devlatlon   lndlcates   the   outcomes   are   clustered   tightly  around  the  central  value
over    a    relatively    narrow    range    of    posslbillt:leg.        Cbnversely,    a    large    standard   deviation

lndlcates   that   the  actual  value  could  be  any  of  a  larger  range  of  pos81bllltle8.

2.I.2       S atlal  function  estlmat:ion

The   theory   of   reglonallzed   varlables   is   a   set   of   statistical   prlnclple§   which   describe
spatial  functlon§  and  Chelr  sanpllng  without  regard  to  the  physical  nature  of   the  variable  under
study.         Universal    krlglng    is    an    e§tinatlon   method    based    on    reglonallzed    variable    theory

presenting   the  unique  pecullarlty  of   provldlng  both  unbiased   estlmat.e6   of   spatial  functions  and
a  measure   of   rellat)111ty  associated  with  each   of   those   estlnates.     For  these  reasons,   unlver8al

krlglng    ls    particularly    8ulted    to   estlmatlng    the    central   value   and    the   dlsperslon   of    the
varlates  used  in  spatial   function  modeling.

Spatial    functions    which    satisfy    cert:aln    ba§1c    assunption8    in    the    theory    are    called
reglonallzed varlables. Ttie    ten   geostaclstlcs   has    cone    to   mean    the    specialized   body   of
statlstlcal  techniques  orlglnally  developed  ln  France  by  Prof .   G.   mtheron  and  his  as8oclates   to
treat    reglonalized   variables    (Matheron,    1965,    1971).       typical   spatial   funct.lone   amenable   to

e6tlmatlon   using   geostatistlc§   include   the   ore   content   ln  a  nlnerallzed   body;   the   porosity   of

sedimentary  rocks;   the  anoulit  of  preclpltatlon  per  square  mile;   and  the  elevation  of  the  tops  of
subsurface   fomations.      Fluctuations   ln   space-  and   tine-dependent   data   are   erratic   and   often
unpredictable  fron  one   location  to  another,   but  by  and  large  there  1§  an  underlyitig  trend  ln  the
fluctuatlon8   which   precludes   regarding   the   data   as   the   result   of   a   completely   random  process.

Closely   spaced   samples,    for   example,    typically   are   statlgtlcally   autocorrelated.      h   certain
instances   sanple   elements,   such   aB   the  drill  cores  used  to  essay  ore  grades,   have  81ze,   shape,

and  orientation.      The   8patlal  characteristics   of  a  sample  element   con§tltute  what  ls  called  the
Support .

The    intrin81c   hypothesis is   a   statlonaLrlty   con8tralnt   used   for   purposes   of   §tatl8tlcal
inference.       let   Z(i)  and   Z(i+i)  be    two    of    the    random   varlables    conprlslng    the    reglonallzed
variable.        The    arrow  (+)   over    the    geographical    coordinate    lndlcates    a    vectorlal    property,
implying   orientation   and   nagnltude   ln   n-dlmenslonal   space.      The   dlfference   betveen   two   random

varlables   [Z(i)  -Z(i+a)I   1s   yet   another   random   variable.      A   reglonallzed   variable   1§   Bald   to
satisfy   the   intrlt`81c   hypothesl8   1f   the   difference   [Z(i)   -Z(i+i)I   1s   second-order   stationary.
In    other    words,    a    reglonallzed    variable    satlBfies    the    lntrlnslc    hypothesis    lf ,    for    any
dlsplacenent  i   ,   the   flr§t   two  uonents   of   the   difference   [Z(a)  -Z(±Th+)I   are   independent   of   the

location  i  and  are  a  function  only  of  a   :
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E   [Z(i)   -Z(±ri)I   =  M(a)

E   [{z(i)   -z(i+i)   -M(fi)}2]   =   2T(i)

(2.I)

(2.2)

in   the   specialized   language   used   ln   geostatlstlc8,   M(i)  and  T(i)  are   referred   to   as   the   drift
and    the    8emlvarlance    or    lntrlnslc    function.        The   units    of M(a)   are    the    8alne    as    the    units
of   Z(i)   ,   and   the   units   of  T(i)  are   the   square   of   the   units   of   Z(i)   .      Provided   the   lntrln§1c
hypothesis   is  net,   both  moments   can  be  est:1mated.

There   are   a   few   important   clrcunstances   under   which   geostatlstlcs   can   be   applied   even   if

the    lntrlnsic    hypothesis    does    not    hold.        Of    §peclal    interest:    1§    the    sltuatlon    when    the
reglonalized  variable  is  not  first-order  stationary  because  the  drift  has  a  sy8tenatlc  t:rend,   as
shown  ln  Figure   2.I.     Removing   the   drift   from  the   regionallzed  variable  results   ln  a  difference

called    the    residual.        Reglonalized    variable
hypothesis  holds  for  the  residuals.

theory    ls    still   applicable    lf    the    lntrlnslc

(b)

FIGURE   2.I.      Ea§1c   elements   ln   the   theory   of   regionallzed   varlables.      (a)   Reglonalized  variable
and  drift.     (b)   Residual  after  subtractlon  of  the  drift  fron  the  reglonalized  variable.

Structural  analysis   i8   the   ten  applied to   I:he   Study   of   senlvariograms   for   the   purpose   of

extracting   lnfornation  about   the  nature   of   fluctuations   ln  a  regionalized  variable.     Appendix  A
concalns   a  detailed   structural  analysis   of   the  water   table  elevation  in  the  High  Plains  aqulfer
ln   Kansas.

Universal  krlging  is  a  linear  estimator  wlthln  the  reglonalized  variable  theory  and  has  the
f orm :
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z*(=o,   =  i:1   ^jz(=j, (2.3)

Finding   the   Set   of   velghts  ^j's  which   nlnlnlzes   the   e8tlnatlon   variance   under   the   con8tralnt
that   the   estimator   must   be   unblased   ls   a   linear   programlng   problem.       The   fitlal   product   of
universal   krlglng   estlnatlon   at   a   given   location  ±o  consists   of    two   numbers:      the   eBtlnated
value  of  the  spatial  £unctlon  and  the  estinatlon  variance.

The   standard   deviation   of   an   unblased   estlnator   ls called   the   standard   error   (James   and

James,    1976,   p.    139).      Since   the   standard   error   ls   given   ln   the   same   units   as   the   reglonallzed

variable   itself ,   1t   ls   more   co[monly   used   as   a  measure   of   uncertainty   ln   the   estln8te   than  ls
the   estimation  variance.     Universal  krlglng   18   the   only   spatial   function  estlnatlon  method  that

provides  a  standard  error  of  the  estlnate.

If   universal   krlglng   ls   repeatedly   perforined   for   dl8crete   locations   within   the   area   of
interest,    t.he    estimates    can    be    passed    to    a    graphical    display    package    to    create    spatial
representations   of   the   reglonallzed   variable.      Possible   forms   of   representaclon   include   block

diagrams,   cross-§ectlons,   or  contour  naps   of  either   the  variable  ltgelf   or  the  E!tandard  error  of
the  variable.     Figure  2.2a  ls  a  graphical  solution  of  the  problem  of  cant:1nuously  repre8enclng  a

Spatial   function  known  only  at   dlgcrete  points   and   Figure   2.2b   shows  the  corresponding  standard
error  mp.

FIGURE   2.2.      Craphlc   representation   of   the   results   of   universal   krlglng   of   a   two-dlnenslonal
spatial     function.          Crosses     represent     locations     of     sanple     elements.          (a)    Most    likely
representation  of  the  spatial  £unctlon.     (b)   Standard  error.
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2.2       SYSTERATIC   SAMPLING   APPROACH

2.2.I     Measures   of   sam erformatlce

The   global   perf omance   of   samples   over   the   sampling   domain   of   a   §patlal   function   can   be

judged   by   two   lndlces,    average   standard   error   and   the   maxlmun   standard   error,   which   ln   turn
depend   on:

I.     Urmanageable   factors

a.     The   senlvarlance

b.     The  drift

2.     hanageable  factors

a.     The  size   of   the  sample   subset   considered  by  the  estimate

b.     The   sample  pattern

c.      The   sample   density

The  factors  which  influence  the  sampling  efficiency  indices  are  not  alike;   two  have  nothing
to   do   with   sanpllng   and   a   third   is   only   partially   related   to   sampling.      The   senlvarlance   and
drlf t   are   inherent    characterlstlcs   of    the   spatial   function.       The   designer   of   the   sanpllng

program   can   only   Select   models   of   these   characterlstlcs   that   provide   the   best   f lt8   to   the   t:rue
8enlvarlance   and   the   drift.      Speclficat:ion   of   the   size   of   the   sample   subset   to  be  used   ln  the
universal  krlglng  estlnatlon  equal:ions   ls   prlmrlly  a  prat)len  ln  conputatlonal  efflclency,  with
gone   sanpllng   inplicatlons.       This   leaves   sample   pattern   and   sample   density   as   the   only   two

factors  which  offer  wide  flexlblllty  ln  the  design  of   the  §anpling  scheme.

2.2.2 tlmlzatlon rocedure

The   selection   of   the   best   sanpllng   efficiency   factors   ls   an   operations   research   problem
which   can  be   organized   a8   a   9ystetnatlc   procedure   to   yield   an  optimal   solution  lf   the  prot)len  18

feasible.     The  procedure  is   Subject   Co  the  following  const:ralnts:     (a)   The  residuals   satl8fy  the

lntrlnslc   hypothe§1s.       (b)    The   physical   Size   of    the   support   of   the   sample   elements   and   the

estimated  value  are  the  Sane.     (c)   The  sanpllng  Space  is  two  dlmenslonel.     (d)   The  semlvarlogran

of  the  re§1duals  ls  linear.

All   constralnt8   are  net   by   the   data  on  water   table   elevations   ln  the  High  Plains   aqulfer.
The  constraints  are  sufflclently  weak  t:hat  the  method  Should  t)e  applicable  to  many  other  spatial
varlables    a8    veil.        The    second    constraint    ls    the    strongest    and    excludes    certain   special
functlon8  which  are  of   interest   lli  ore  reserve  e8tlmatlon.     The  third  constraint   ls   8atlsfled  ln

all  mpplng  problems.     Even  ln  Btudles   of   three-dlmenslonal   Spaces.   sanple§  may  be  collected  ln
a    serle8    of    two-dlnenslonal    planes.    which    helps    to    satisfy    the    second    constraint.        The
8emlvariance   ls   a  nonotonlcally   lncreaslng   function   close   to   the   orlgln.      Because   even  complex
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functlon8    can   be   approxlmated    by    linear   plecewi8e    lnterpolatlon   procedures,    the   problem   of

satisfying    the    fourth    constraint    becomes    one    of    deterninlng    how    large    a    portion    of    the
senlvariogran  can  be  approxlmated  by  a  straight  line.

Algorlthn   2.I

The    follovlng    ls    a    procedure    for    flndlng    the   optimal    sampling   method    for   a   speclf led

8ampllng  ef f lclency  index.
I.         Perform  a  structural  analysis.
2.         Decide   whether   the   average   standard   error   or   the  maxlmun   standard   error   ls   the

index  to  be  nlninized.
3.         Enter  Table  8.i   for  the  specified  index  and  appropriate  drift.   Choose  the  pattern

with   the   lovest   index  ln  the  cable.     h  case  of  a  tie,   `ise   the  pattern  with  the
nlnlmun  alternative  index.

4.          Specify  a  value  for   the  sampling  eff lciency  index.

5.           Cc>mpute   the   desired   density  p   by

a  = u2[ Ear I (2.4)

where  u   ls   the   slope   of   the   linear   8enlvarlogran;    I(I,I)   1s   the   efflclency   index   in

Table    a.1    for    the   given   pattern   at    a   density   of    one   point   per   square   mile    (0.39

points/km2)   and   a   8enivariogran   slope   of   one;   and   I(a),p)   is   t:he   de§1red   level   for   the
efflclency   index  of   Step   2.

6.          Calculate   the   r`unber   of    sanple   element.a   within   the   neighborhood   for   which   the

models  ln  the  structural  analysis  are  valid.
7.          Cbnpare   the   number   of   sample   elements   lnslde   the   nelghbothood   with   the   ninlmun

number   of   points  necessary   to  achieve  a   solution  of   the  universal  krlging  system

of   equations   in   I:able   8.3.       Should   the   number   of   points   inside   the   neighborhood

be   lnsufflclent,   the   solution   ls  unfea§1ble.      h  case  a  soluclon  ls  required,   go
back   t.o   step   I   and   rede£1ne   parameters.      Othervlse,   stop.       If   there   are   enough

sample  elements   inside   the  neighborhood,   proceed   t.o   the  next  Step.

8.          Ent:er   T]1ble   8.2  and  detemine   the  pc)1nt   of  no  return.

9.          Cbnpare   the   saul)le   elements   ln§1de   the   neighborhood   to   the   point   of   no   return.

If   the  point  of  no  return  ls  smaller   than  the  number  of  polncs   that  can  1)e  placed

lnslde   the  neighborhood,   use  a  number   of   nearest   neighbors   equal   to  ttie  point  of

no   return   and   stop.      Otherwise   use   a   number   of   nearest   neighbors   equal   to   the

10.

number   of   points   lnslde   the  neighborhood.

Find    in    Appendix    a.    tables    8.4    t:o    a.9,    the    selected    index    and    appropriate

drift.       Take   the   pattern   that   nlnlnlzes   t.he   index   for   the   number   of   nearest
neighbors   comput.ed   ln  the  previous   step.
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11. Enter    the   mlnlnun   index   selected    on   the    preceding    step    into   Equation    2.4    to

recompute  the  optlnal  density.

Stop.

Appendix   C  contaln8   an  example  of   the  use  of   the  algorithm.
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CHAPTER  3

EXISTING    SYSTEM

The   theoretical   revlev   ln   Chapter   2   1s   complenented  with  a  descrlptlon  of   the  High  Plains

aqulfer  and   the  present  network  used  to  monitor  the  groundwater  level   1n  the   State  of   Kansas.

3.I      WATER   LEVEL

3.I.I      The   H1 h  Plains  a ulfer

Groundwater   ls   one   of   t.he  most   precious   natural  resources   in  Kansas,   and  among  all  aquifers

ln   the   State   by   far   the   largest   and   most   lnportant   ls   the   High   Plains   aqulfer.     An  aqulfer   ls
clef lt`ed   a8   a   water-saturated   pemeable   geologic   unit   able   to   transmit   slgnlf leant   anount8   of
fluids    under    normal    pressure    gradients    (Freeze    and    Cherry,    1979,    p.    47).        The   High    Plains

aqulfer   extends   over   an   area   of   177,000   square   miles   (440,000   km2),   29,000   (75,000  lm2)   of   then

ln  Icansas  and   the   remainder  in  parts   of   the   states   of  Wyoming,   South  Dakota,   Nel)ra8ka,   a)lorado,
New    MExico,    Oklahoma,    and    texas,    a§    ghoun   in   Figure    3.I.       Flat    to   gently    rolling    terrain

characterizes   the   High   Plains   region,   which   1g   a   remnant   of   a   vast   plain   which  was   formed   of

Sedlments   deposited  by  streams   flowing  eastward   fron  the  Rocky  M)untalns.      Subsequently,   erosion

isolated   the   plains   from   the   mountains.      The   aqul£er  consists,   as   defined   by   the   United   States
Geological    Survey   (Gutentag   and   Weeks,    1980),    of   one   or   more   hydraulically   connected   geologic

units   o£   late   Tertiary   or   qiaternary  age.      In  ascending  order,   the   late   Tertiary  rocks  consist
of   the   Brule   Forination,   Arlkaree   Group,   and   the   ogallala   Format.ion.   the   latter   being   the   only

one   present   in   Kansas   (O'Q)nnor   and   Mcclaln,    1981,   p.    5).       The   Qiaternary   deposits   consist   of

jalluvlal,   dune-sand,   and  valley-fill  deposits.

The   High   Plains   aqulfer   is   prlnarily   a   closed   system,   t>ut   varlou8   vertical   and   lateral
connections   with    other   aqulfers    preclude    regarding    lt.   as   a   I)erfect   hydrologlcally   isolated
unit.      Thus,   the   exact   boundary   of   the  aquifer   18   defined   differently  by  various   authors.      The

boundary  shown  ln  Figure  3.lls  essentially  the  eroded  edge  of   the  geologic  unlt8  compri81ng  the
aqulfer.
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FIGURE   3.I.     Areal  extension  of   the  High  Plains  aqulfer   (after  Gucentag  and  Weeks,   1980).
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3.I.2     mta  collection

In   the   High   Plains   aqulfer   today.   an   estimated   168,000   1rrlgatlon   wells   are   producing   30

nlllion   acre-feet   (3.7   x   109  In3)   of  water  each  year  which   ls   used   to   lrrlgate  about   16  nllllon

acres    (64.7    x    106   km2)    (Gutentag   and   Weeks.    1980).       To    judge    the    impact    on   the   aqulfer   of

punplng   by  more   than   25.000  wells   ln   Kansas,   perlodlc  neasurenents   of   the  water  table  depth  are
mde.     A  water  table  ls  defined  as   the  static  locus  of  those  locations  where  the  fluid  pressure
confined   ln   a   porous   aqulfer   1§   equal   to   the   acmospherlc   pressure   (Freeze   and   Cherry.   1979,   p.

39).     The  water  table  at  a  particular  location  18  revealed  by  the  level  to  which  water  stands  ln

the   borehole   of   a  well   deep   enough   to  pel`etrate   into   the  aqulfer.     For  most  wells,   measurement
of   depth   t:o  iwater   i8  made   directly  with  a  metallic   tape   lowered   through  a  hole   ln  the  surface

f lange.      The   measurement   represents   depth   to  water   ln  the  annular   space  betveen  the  protective

casing  and   the  production  pipe.     Provided   that   the  beglnnlng  of  the  scale  ln  the  tape  ls  always
at   the  bottom  of   the  well,   the  depth  to  water  iB  computed  directly  as   the  difference  between  the

reading   on   the   surface  minus   the  length  of   the  wet  portion  of   the   tape.     The  trlcklest   part  of
the  measuring  consists  ln  guaranteeing  that  the  tape  stays  straight  inside  the  annular  space.

A  small  fraction  of  the  ob8ervatlon  wells  are  only  used  to  measure  depth  to  water,  but  no§t

of   t:he   wells   used   ln   the   survey   are   producing   wells.       To   avoid   drawdowri   cone   effects   due   to

recent  punpll`g  ln  the  well  itself  or  in  the  surrounding  wells,   the  neasurenents  are  taken  during
the  vlntertlme  when  lrrlgation  stops  for  several  months.

The  United   States   Geological   Survey,   Dlvlsion  of  Water   Resources,   and  the  RAnsa8   Geological

Survey   support   a   program   to   measure,    file,   and   report   the   depth   to   water   ln   more   than   2,000
wells   throughout   the   State.      The   reported   values   are   locaclon,   depth  to  water,   and  land  surface

elevation.       The   difference   of   the   last   two   provides   the   altlt.ude   of   the   water   table,   called
water   table   elevation.      Location   ls   reported   ln  the   Bureau  of   land  ranagenent's   system  of   land

subdivision.      in  that   system,   the   £1rgt   set   of   dlgics   of  a  well  number   indicates   the   township;
the   second   set,    the   range   east.   or   west   of   the    Sixth   Prlriclpal   iferldlan;   and   the   third,   the

section   ln  which   the  well   1s   located.      The   flrBt   letter  denotes   the   160-acre  tract;   the  second,

the   40-acre   tract;   and   the   third,   the   lo-acre   tract.     The   example   in  Figure   3.2   shows   that   the
well  number   26   2W   22ABA  means   the  well   ls   ln  t.he   NE   10-acre   tract   of   the   NW  40-acre   tract   of   the

NE   160-acre   tract   ln   section   22,   tormshlp   26   south,   range   2  west   (Broeker  et   al.,1977,   p.   2).

The    well    number    System,    although    very    practical    1n    the    field,    has    two    major   analytical
drawbacks.        The    location   of    a   veil    1s   not    referred    to   orthogonal   axes,    which   nece§sltates
lntemedlate  conversions  and  map  projection  ln  order  to  convert  the  locations  to  a  fom  suitable
for   standard   napping   packages.       Secondly,   wells   ln   the   same   10-acre   tract   have   the   sane  well

number.      The   problem   has   been   partially   solved   for   inventory   purposes   by   adding   a   sequential

number.      For   instance,    the   well   number   26   8W   26CAB   2  means   that   the  well   ls   the   second   in  the

lo-acre   tract   26S   8W   26CAB.      The   sequential   number   tells   nothing  about   the   location  of   the  well

wlthln   the   lo-acre   tract.      Because   of   the   lack   of   infomatlon,      existing   computer   programs   to
convert   well   numbers   to   orthogonal   coordinates   as81gn   the   sane   absclssa   and   ordlnate   to   all
wells  wlthln  the   sane   lo-acre  tract   (Morgan  and  ifeNellls,   1969;   Rose,   1981).
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FIGURE    3.2.        Well    numbering    scheme,    based    on    t:he    Bureau    of    land    Management    system   of    land
subdlvlslon.      nlustratlon  shows   location  of  a  well  whose  number   ls   26S  2W  22AEA   (after   Broeker,
et   al.,1977.   p.    5).

The   United   Scat:es   Geological   S`irvey   archives   the   lnfornatlon   and   releases   an  annual   report

contalnlng   depth   to  water   for  most   of   the   observation  wells   ln  western  Kansas,   1n  forms  such  as
Open-File   Eel)ort   81-1001   (Pabsl:,    1981).     Other  measurements   are   available   on  request   to   the   USGS

computer   flle§   at   the  national   headquarters   ln   Reston,   Virglnla.     Presently,   data  collection  ls
a   joint   effort   of   the   United   States   Geological   Survey,   t.he   Divlslon   of   Water   Resources   of   the

Kansas   State   Board  of   Agriculture,   and   the  city  of  Wlchlta,   Kansas.

Ifat:a  used   ln  the   study  were   the   latest   available   at   the  outset  of  the  st:udy  and  consist  of

measurements   made   from   December   1980   to   March   1981.      These   ob8ervatlons   are   called   the   "January

1981   data"   because,    except    ln   special   clroumstances,   annual   measurement:s   are   scheduled   to   be

taken   during   the   f irst   month   of   every   year.      The   High   Plains   aqulfer   ls   thoroughly  covered   by
the   observation   wells   nonltored   by   the   thlted   States   Ceologlcal   Survey   except   for   the   extreme

northeast   area   around   Mcpher8on    Cciunt:y.      A   few   addlt:1onal   wells   mere   obtained   fron   the   local

Groundwater   Management   Dlstrlct   No.    2   (T.    C.    Bell,    1981,   personal   letter).      Table   3.111sts   the

veils  by  f lle  source.

Not   all   observation   veils   measured   throughout   the   State   are   of   interest   for   this   study.
Only   1749   of   the   orlglnal   2091   observation   wells   mere   included;    these   are   118ted   ln   Appendix

E.I.     A  total   of   189   observation  wells   was   deleted   because   they  mere   in  aqulfers   other   than  the

High    Plalris    aqulfer    (see    Appendix    E.2).       Wells    having    the    same   coordinates    cause   duplicate

equations   ln  universal  krlglng,   which  results   ln  singular  matrices.     Therefore,   all  wells   except

one   were   discarded   fron    lo-acre    tracts   which   contain   more   than   one   well.       These   wells   with

duplicate   coordinates   are   listed   ln   Appendix   E.3.      Wells   which   have   no   reported   land   surface

elevation  cannot  be  used     to     calculate   the  water  t.able  elevation.       Appendix  E.4  lists  40  wells
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TABLE   3.I

DEPTHs   ro   WATER   TABLE    IN   JANUARY    ig8l   oBSERVATloN   WEI.Ls
LISTED   EY   ORIGIN   OF   DATA

Source No.   of   Wells

United   States   Geological   Survey

Groundwater  Management   District  No.   2

1988

103

Total                          2091

that   were   deleted   because   they   did   not   have   this   basic   lnfomatlon.       Finally,   Appendix   E.5

contains   20  wells  whose   depths   to  water  were   considered  not   to  represent   the  true  static  depth,
as   detemined   by   both   the   hl8tory   of   the   veil   and   the   surrounding   records   (Pab8t,    1981;   M.   E.

Pabgt,   1982,   personal   communlcatlon).     Table   3.211st§   the  number  of  wells   in  each  category.

TABLE   3.2

oBSERVATloNs   HAT   WERE   DlscARDED   FROM   Tlm    SET   oF   jANUARy    1981
OBSERVATION   NELL   DEPTHs   ro   WATER,

WI"   REASON   FOR   DISCARDING

category                            High  PlalnB                          Other  Aquifers

Same   lo-acre  tract 93

No   land  surf ace  elevation                  24

Not  truly  static                                    20

Net   mea8urements                                        1749

Total                          1886

3.2       THE   PRESENT   NETWORK

The   present   ol)8ervation   network   for   the   Kansas   High   Plains   aqul£er   consists   primarily   of

the   1749  wells   measured   during   January   1981.      The   exact   count   of  wells  varle§   from  year  to  year

as   a   few  additional   ob8ervatlon  wells   are   incorporated   into   the   system,   others  are  dropped,   and

a  snail  percent  are  not  measured  because  of  access  problems  re8ultlng  fron  severe  veather.
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3.2.I     Evaluation  of   the present  network

The  water   table   elevation  was   £1rst   analyzed   to  define   its   spatial   characteristics.     From
the  structural  analy81B  in  Appendix  A,1t  can  be  seen  that:

a.     The   water   table   ls   not   £1rst:-order   stationary.      There   ls   an   east   dipping   trend

which  can  be  modeled  by  a  f lrBt-degree  polynomlal.

b.     Within   a   neighborhood   of   28   nlles    (45   kn)   in   dlaneter,    the   semivarlance   of   the

residuals   is   well   described   by   a   linear  model  with  a   Slope   of   60   feet2/mile   (3.5

rfy2 ,kin) .

The   results   of   the   structural   analysis   and   the   1749   rater   tat)1e   elevations   mere   entered

into   the   graphlcs   package    SURFACE    11   (Sampson,    1978)   to   produce   a   contoured   nap   of   the   Surface

of   the  mater   table   (Plate   1)   and   its   associated   standard   error   (Plate  2).     The  aqulfer  boundary

shorn  in  the  Plates  is  slightly  different  fron  the  general  boundary  ln  Figure  3.I,  as  the  Plates
incorporate   corrections   by   ifeclaln  and   O'cannor   (1981)   and   the   results   of  detailed  work  done  on

the  llthologlcal  descrlptlon  of  the  ob§ervatlon  wells.     Sane  of   the  "windows"  or  areas  where  the
aqulfer  is  mls§ing   repre§elit   local  outcropping  bedrock  or  thin,   itnpervious   I)arts  of   the  aquifer

which    are    not    hydraulically    connected    to    the    main    aqulfer    and    which   are    not    of    econonlc

interest.      Crosses   indicate   locations   of   the   1749  observation  wells.     Figure   3.31s   a  relative

f requency   graph    based    on    the    5820   values    1n   the    regular   grid   computed   by    SURFACE    11   as    an

lntemedlate   step   ln  the   preparation   of   the  contour  nap.     The  mean  of   the  standard  errors   ls   12

feet   (3.7  in),   the  standard  devlatlon  of   the  standard  error   ls   4.1   feet   (I.25  in),   and   the  maximum

Standard   error   ls   36.6  feet   (11.2  in).

0               10             20             30             40

Standard Error,  Ft.

FIGURE   3+      Relative   frequency  of   the  standard   error   of   the  water   table   elevation  ln  the  High
Plains  aqulfer  ln   REnsas   as   perceived  1)y  the  present  network  of   1749  wells.     The  mean  is   12  feet
and  tlie  standard  deviation  ls  4.I   feet.
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A    comput:er    program     to    estimate     the    average     dlBtance     to     the    nearest     neighbor     for

observations   wells   ln   the   network   (01ea,    1982a,   Appendix   a)   produced  a  value  of   2.16  nlle8   (3.5

kin).     The  areal  extent   of   the  aqulfer   ls   29,000  square  ulle8   (44,000  tm2),   so  the  distance  index

(Appendix   D)    for    the   present   net.work   ls    1.06,    which    ls   very   close   to   t:he   index   of   a   random

pattern.       In   gone   localltles   such   a8   Harvey   and   Ford   counties,   clusters   of   ob8ervatlon  wells
can      be   clearly   observed,   whereas   other   areas   are   devoid   of   observation   wells.      The   present
network   contalnB   unsanpled   areas   and   clust.erg   of   ob8ervatlons,   although  most   of   the   pattern   18

random.     These  patterns  are  not  particularly  efflclent,   as  shorn  ln  Table  8.I.     Almost  any  other
arrangement    of    observation   wells   would   be   more    eff icient    than   the   pattern   of    the    present
observation  network.

3.2.2      U§age

The   present   ob8ervatlon   network   in   the   IIlgh   Plains   aqulfer   ln   Karisas   18   justlfled   by   the
need   for   lnformatlon   in   order   to   manage   exploltatlon   of   the   aqulfer.      The   network   ls   used   for

both  research  and  regulatory  purposes.

The   aqulfer  jz±±±i  can   be   clef lned   a8   the   maxlmun   rate   of   wlthdraval   that   can   be   8ustalned
without   dlsturblng   the   systen   (Freeze   and   Cherry,   1979,   p.   306).      The   yield   of   the  High   Plains

aqulfer   ls   of    intense    interest,    because   the   record   obtained   over   more   than   two   decades   o£

observations   ln   the   Kansas   network   indicates   there   is   a   regional   decline   in   the   water   table
re8ultlng  from  withdrawals   larger  than  the  aqul£er  yield.

Predlctlon   of    aqulfer   performance    ls   normally   done   by   complex   numerical   simulations   on

digital   computers,   1n  an  attenpt   to  ansver  questions   about   the  effects  of  the  number,   location,

and   punplng   rate   of   veils   ln   the  aqulfer.      Slnulatlon  programs   have  been   improved   to   the  Stage
where   the   accuracy   of   the   results   ls   limited  by   the  amount   and  quality  of   the  data   supplied   to

the   models    (Foley    and    Dove,     1982).       Water    table    elevation    18    only   one    of    several    spatial

properties   of   an  aq`ilfer  which   are   required   as   lnpiit   to   the   models.      Others   include  the  water
density,   vlsco81ty,   surface   tension,   and  compre8slbillty;   the   fomatlon  porosity,   pemeabllity,
and   conpres§1blllty;    the   bedrock   elevation;    the   aqulfer   boundary;    and   the   percolation   rate.

Sore   varlables   such   as   water  density  are   easy   to  measure  and  have  a  narrow  range  of  varlatlon.
Others,   such   a8   permeablllty,   are   dlfflcult   to   detemlne  and  vary   suddenly  over   several  orders
of  magnitude   ln  a   short   distance   (Delhome,   1979).     Conslderlng   the   imperfect   state  of  knowledge

about   these   ot:her   varlables,   an   average   standard   error   of   12   feet   (3.7  D)   1n   the  Water   table

elevation  contour  nat)8   1s  not  a  crltlcal  source  of  uncertainty  in  sltnulatlon.

A    rational    approach    to    the    overall    accuracy    of    the    sl"ilation    model    should    involve

sensitlvlty   analy81s   to   assess   the   impact   of   chariges   ln   the   varlable§   on   the   results.       The
n`mber   of   observation  wells   ln  the  network   should  not   be   lncrea8ed  unlegs   lt   can  be   shown  that

the    resulting   higher    preclslon    ln   estimates    of    t.he   water    table   elevation   will   improve    the

perfomance  of  hydrologic  models,   resulting  ln  forecasts  of  increased  accuracy.
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Local   agencies    use   hlstorlc    records    of    water    depth   for    short-range   planning,    such   a8

decldlng  to  accept  or  reject  a  request   to  drill  a  new  well,  a  natter  lnvolvlng  legal  as  veil  as
real   estate   impllcatlons.       The   declslon   i§    influenced   greatly   1)y   the   water   table   elevation
decline   rate  as  well  as   by   the   saturated   thickness   ln  the  area.     The  saturated  thickness   ls   the
interval   of   pemeable,   porous   material   betveen   the   water   table   and   the   bedrock.      The   decline

=±±±  1s   the   ratio  of   the   dif ference   ln  water   table   elevation  to  t:he  duration  of   time  over  which
the   change   occurred.      Both   the   saturation  thickness   and   the   decline   rate   can  be  analyzed  on  atl

lndlvidual,  well-by-well  basis,   or  regionally  by  using  contour  maps.

The  relevance  of  the  estlnation  error  of  the  water  table  elevation  ls  lncreaslngly  critical
as   the   saturated   thickness   becomes   smaller   and   smaller.     A  discrepancy   of   20   feet   (6.1   in)   does

not   have   the   same   relevance   where   the   saturat:ed   thickness   ls   120  feet   (36.6  n)   aB   lt   does  where

the  estimated  §aturat:ed   t:hlckness   ls   only   30  feet   (9.I  in).      If   the  margins   of   t:he  aqulfer  are   of

economic   lntere§t,   the   effectiveness   of   the   Sample  design   ls   even  more   lnportant   than  ln  areas
with   large   saturated   thickness.       As    the   present   network   has   poor   or   no   sampling   toward    the

boundaries   of   the   aqulf er,   a   reduction   of   the   high   standard   errors   ln   these   areas   ls  a  worthy

goal.

Table  3.3  and  Figure  3.4  show  the   location  of   36  wells  used  to  analyze   changes   in  the  water

t:able   decline   ln   vell§   close   to   each   other.      The   wells   were   selected   ln   such   a   way   that   they

fom   18   clusters   of   two   wells   each.       Throughout   the   aqulfer,   by   and   large,   changes   ln   water

table   elevation   ln   one   well   1n  a   pair   have   been   consistently   followed   by   a  variation  equal   1n
sign   and   magnitude   by   the   other   well   over   the   last   20   years.      Figure   3.5   shows   four   typical

decline  curves   for  the  wells   in  Flnney   County.

Figure    3.6    shows    regression§    of    the    elevation    ln   well    A   on    elevations    1n   well    8,    a

regression   of   elevations    ln    C   on   elevations    ln   I),    and   a   regression   of   elevations    in   a   on

elevations    ln    C.        The    results,    summarized    ln    Table    3.4,    vere    obtained   using    four   computer

routines    (Davls,    1973,   programs   4-1,   4-2,   4-9,   and   5-3).      The   almost   perfect   45-degree   slopes

and   correlations   for   the   pairs   A  and   8  as   well   as    C  and   D   are   clear   evidence   of   statlstlcal

dependence   between   ob§ervatlons.       Infornatlon   on   elevation   in   well   8   ls   completely   redundant
rela[1ve   to   the   lnformat:ion   gathered   ln  well   A,   4  miles   (6.4  kin)   away.     The   sane   can  be   said   of

well  D  relative  to   C,   which  are  as   far  apart  as   8.6  miles   (13.8  kin)   frcim  each  other.     Other  well

pairs    such    as     8    and     C,    which    are    20.8   miles     (33.5    kin)    apart,    although    correlated,    are
sufficiently   separated   so   as   t:a   have   different   rates   of   decline.      These   results   suggest   that,
for  use  ln  the  Study  of  decline  rates,   the  present  network  which  has  an  average  distance  betveen

nearest  pairs   of  wells   of  only   2.16  miles   (3.5  kin)   1s  unneces9arlly  dense.

In   summary,   except   near   the   boundaries   of   the  aqulfer  where   too   few   observation  wells   are

located,   the   average   standard   error   ln   the   tletwork   ls   more   than  adequate   for   the   purposes   of

modeling  and  generation  of  decline  curves.
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TABLE    3.3

LOCATION    INFORMATION   FOR   WELLS   USED    IN   DECLINE    CURVE    CORRELATION

Cbunty                                           Well  Number                        Surface  Elevation

CHEYENNE

CHEYENNE

DECATun

DECATUR

EDWARDS

EENARDS

F INNEY

F INNEY

F INNEY

F INNEY

HARVEY

HARVEY

MEADE

MEADE

PRATr

PRATT

SCOTT

SCOTT

SEDGWICK

sErm1cK

SHERIDAN

SHERIDAN

SHERMAN

SHEBEN

STAFFORE

STAFFORD

sTENroN

sTANroN

STEVENS

STEVENS

THOMAS

"OMAS

WALLACE

WALLACE

WICHITA

WICHITA

5S   4lw   12ADC

5S   4lw   20DAA

IS   29W    l9BDD

IS    30W   34DDD

25S    17W    13BCD

25S    17W    17AAC

22S   34W   26ADD

22S   34W   32BCB

26S   32W   35CI)A

26S   33W       3DBB

24S       2W      8BAA

24S       2W    16CBB

30S   29W   28888

30S   29W   32888

26S    13W    16DAA

26S    13W    19BBD

16S    34W    22BDC

16S    34W    29CBB

25S      2W   22AIA

25S       2W    24DDD

7S   29W   2lABB

7S   29W   30ABA

9S    40W    13CDC

9S   40W   29888

22S    14W   29BRA

22S    14W    35DDB

30S   39W   32I)A

30S   39W   36BDD

31S    37W       9BCC

3ls   37W   22BCC

9S   33W   30CAA

9S   33W   35AAD

15S   40W       3RAB

15S   40W      7888

16S   38W      5888

16S    38W    16ACC

3679.0

3742.0

2572.0

2610.0

2107.0

2129.0

2928.0

2983.0

2864.0

2886.0

1420.8

1413.1

2758.0

2756.0

1929.0

1953.0

3128.0

3160.0

1386.0

1372.8

2860.0

2886.6

3722.0

3782.0

1953.0

1930.0

3226.0

3181.0

3103.0

3096.0

3216.0

3145.0

3636.0

3706.0

3497.0

3452.0
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FIGURE    3.4.       Location   of    18   clusters    of    two   wells    selected    for   decline    curve    correlation.
Details  are  presented   for  wells  A,   8,   C,   and   D.

"XMtl 1966              1971              1976              1981

Time,   Years

FIGURE   3.5.      Decline   curves   for   four   wells   ln   Finney   a)unty.      Solid  dots   represent  well  A;   open
dots,  well   8;   solid  triangles,   well   C;   and  open  triangles,  well  D.
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27 50                                2800                                 2850

Water  Table  Elevation  ln  The  Lower  Well,   Ft.

FIGURE   3.6.      Regre8slons   betveen   water   table   elevations   ln   palr§   of   wells,   for   four   wells   1n
Flnney   County.      Circles   are  a   cross-plot   of   elevations   ln  wells  A  and   8;   triangles  are  a  cro88-
plot   of   elevations   ln  wells   C  and  I);   and   squares   are  a  cross-plot   of   elevations   ln  wells   8  and
C.     Solid  lines  are  linear  regre8slons.

TABLE   3.4

RECREssloN   ON   nm   WATER   TABLE   ELEVATIONs
OF   FOUR   WELLS    IN   FINNEY    COUNTY

Dlstal`ce
Wells                        Miles

Regression
Line   Slope

Correlation
Cbefflclent

A  and   8

C  and   D

a  and   C                         20.8
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-tER 4
NEtwoRK   ENHANCEMENT

The  syst:enatic  approach  for  optlmally  sanpling  spatial   funct:ions   introduced  in  aiapter  2  1s
applied  to  improve  the  performance  of   the  present  groundwater  network  ln  the  monltoring  of  water

table  elevaclon  ln  the  High   Plains  aquifer   ln   Kansas   presented   in   Chapter  3.

4.I      OpT"IZATION   LIMITED   ro   THE   ExlsTINc   OBSERVATION   wELLs

eclfication8  for  a  new  network

From   the   analysis   ln   the   previous   chapter,   it   ls  apparent   that   the   present   net.work  should
be   upgraded   by   optimlzlng   the   locations   of   observation  wells.     Any   reallocation   should   be   done

with   minimal   dl§ruptlon   to   the   network.       From   Table    a.I,    the   most   efficient   way   to   sanple   a

spatial   function  18  with  a  hexagonal   pattern  of   sampling  locations.     Had   thlg   study  been  done   40

years   ago,    this   would   have    been   the   ideal   pattern   of   wells    to   use.       Today,    1mplementing   a
hexagonal   pattern  would  mean   retalnlng   no   more   than   100   of   the   existing  observation  wells.     The

remainder  would  have  to  be  new  wells,   so  historical  records   for  almost  all  the  observation  veils
would    be    dlscontlrmed.        In   addltlon,    there   would    have    to    be    a    §1gniflcant    effort    ln    the

surveying  and  drllllng  of  these  new  wells.     The  potential  benefit   of  Such  a  severe  remodeling  of

the  network  might  not  be   ju§tiflable.     The  next  three  patterns   in  Table   8.I  are  also  regular  and

would   have    the    same    practical    drawbacks    a§    a   hexagonal    pattern.        The   next   most    effectlve

arrangement   is   a   stratlfled   pattern,   which   ls   irregular  and   so  allows   t:he   flexlblllty  required
to  maxluiize   the  use   of   exlstlng   veils.      The   rearrangement   which  has   mlninum   dlsruptlon   of   the

present  network  is   thus  a  st:ratified  hexagonal  pattern  using  existing  wells.

Fron  the  dl8cus§ion   ln  the  previous   section,   the  present   average   standard  error  repre8ent8
an  arbitrary   but   convenient   level   of  accuracy.      The   redesign  will   be   done  without  altering   the
average   statldard   error.       The   following   const:ralnt:s   define   what   may   be   considered   an   unchanged

level  of   the  standard  error  throughout   the  aqulfer.

a.     The   average   standard   error   for   the   new   network   Should   not   differ   by   more   than   5

percent  fron  the  average  standard  error  of   the  present  network.
b.      The   area   over  which   estlmation8   can  be  made   ln   the   new  rietwork   should  not   be   le3§

than   1   percent   Smaller   t:ban   the   area   over  which   estlnaclon§   can  be  made  using   the

present   net:work.
a.     Water    table    elevatlon8    predicted    by    the    new    network    should    be    wlthln    5   feet

(I.5  in)   of   the   estlnates   provided   by   the   I)resent   network   at   95  percent   or  more   of
the  estimated  nodes   ln  the  contouring  grid.     Under  no  clrcun8tances   should   the  new

estinat:es  deviate  from  the   old  by  more   than   20  feet   (6.I  n).
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4.1.2     An  alternative  equlva lent  network

A  new  network  will  be  designed  to  more  efflclently  measure  the  High  Plains  aqulfer.   subject

to   the   constraints   established   in  part   4.I.i.     A§   no  new  observation  veils   are   included   ln   the
alternative  network.   1t  will   cover  only   those  parts   of   the  aquifer  already  sanpled  1)y  the  pres-
ent   network   and   will   not   resolve   the   problen   of   unsanpled   areas.       Thus,   at   this   stage   our
attention   will   be   concentrated   on   upgl.adlng   the   pattern.      The   average   standard   error   for   the

present   network   ls   12   feet   (3.7   n);   5   percent   of   this  value   is   0.6  foot   (0.18  a).     Over  most   of
the   contoured   area   shown   ln   Plate   2,   the   sanpllng   density   is   relatively  high   and   the   Standard
error  ls   closer   to   10  feet   (3  in)   rather   than   12   feet   (3.7  in).     Along   the  margins   of   the  aqulfer,

the   standard   error   ls   closer   to   20   feet   (6.I   n),   but   the   area   ls   slgnlflcantly   smaller.      The
alternative  network  should  be   designed   to  have  an  average   standard   error  Somewhat  lower  than  12

feet   (3.7   in)   1n  most   areas   to   conpensate   for   higher   than  average   standard   errors   in  areas   not

sampled.      Appendix   C   contains   details   for  a   sample   design  with  a   lo-percent   penalty   on   the   12-

feet     (3.7    u)     standard    error    which    requires    a    density    of    0.06    point/square    mile    (0.023

point/km2).     This  value  can  be  approxlnately  achieved  by  8tratificatlon  ln  a  pattern  of  hexagons
which  are   16  square  ulles   (41.4  h2)   it`  area.     A  pattern  Such  as   the  one  shown  ln  Figure  4.I  was

prepared  which  contained  appropriate-Sized  hexagons  at  the  one-t.a-oneinilllon  Scale  of  Plate   1.

FIGURE    4.I.

polygon.
Hexagonal   stratif lcatlon   used   to   randomly   select   one   observation  well   inside   each

Plate   3   showg    the   resulting   map   of   water   table   elevation   using   a   §tratlf led   hexagonal

pattern   of   observation   wells   spaced   at   a   density   o£   1/16   point/square   nile   (0.024   point/kn2).
Plate   4   1s   the   corresponding   star`dard   error   map;    a   relative   frequency   graph   of   the   standard

errors   appears   1n  Figure   4.2.      The  altemative  stratlfled  hexagonal  network  retains   1135  of  the
1749   observation   wells   shorn   ln  Plates   I   and   2.      Tat)1e   4.I   compares   the   two   networks   and   shows
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that   all   crltlcal   paranet.ers   are  wlthln   speciflcatlons.      The  wells   discarded   from  the   present

network  are  marked  tiy  an  a8terlsk  ln  the  llstlng  ln  Appendix  E.I.

0                10              20             30             40

Standard Error,   Ft.

FIGURE   4.2.      Relative   frequency  of   the  standard  error  of   the  water   table  elevation  ln  the  High
Plains    aqulfer    ln    Kansas    as    perceived    by    a    proposed    hexagonal    stratlfled    network    of    1135
wells.     The  mean  ls   12.45  feet  and  the  standard  deviation  ls   3.75  feet.

TABLE   4.I

COMPARISON   BEtwEEN   TIIE   PRESENT   AND   ALTERNATIVE   NE"ORKS

Present           Alternative            Change

Pattern

Number   of  wells

Average  standard  error,   feet

Nodeg  estlnated

Random             Hex.   Strat.

1749                               1135                        -35.1%

12.02                           12.45                            3.6%

5820                            5802                         -0.3%

Plate   5   1s   an   overlay   of   the   lsollnes   of   Plates   I   and   3  and   shows   the   difference   ln   t.he

perception  of   the  water  table   elevation  which  results   from  modl£ylng   the  network  ag  well  as   the
location  of  the  discarded  wells.     The  differences  are  expressed  as  a  relative  frequency  graph  in
Figure   4.3.     The  mxlmun  difference   is   18.8  feet   (5.7  in);   97.4  percent  of  estltnated  node81n  the

alterliative   network   are   wlthln  ±5  feet    (1.5   in)   of   the   corresponding   node   calculated   fron   the

present  network.
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FIGURE   4.3.      Differences   between  water   table   elevatlon8   estimated  using   the  proposed  network  of
1135  wells   and   elevations   estimated   1)y   present   network   of   1749  wells.     The  mean  ls   zero  and   the
Standard  devlatlon  is  2  feet.

As   all   the   crltlcal   paraneter§   are   within   bounds,    the   network   of    1135   wells   may   be   an

acceptable   §olutlon   under   the   constraints   in   part   4.I.I.      The   alternative   network   produces   an

equivalent   eBt.1mat.e   of   the   water   t:able   elevation   but   uses   614   fewer   observation  wells   than   the

present  network.      If   the   137  wells  ln  Table   3.2   that  were  previously  discarded   for  reasons  other
than   the   sanpllng   efficiency   are  added   to   these,   1t   can  be   seen  that   the  number  of   observation
wells    surveyed    during    January    1981    could    have    been    reduced    by    almost    40    percent    without

lmpalrlng  the  worth  of  the  network  for  estinatlng  the  water  table.

4.2      EXPANSION   0F   THE   NE"ORK

4.2.I     Flllln

U81ng   a  network  of   1135  wells   could   reduce   the   costs   of  annual  neasurenent,   or  the  savings

could  be  used  to  f inance  lnprovenents   ln  the  network.

The  alternative   network.   by  using  only  existing  wells,   has   the   sane  unsanpled  areas  as  the

present   network.      Hovever,   it   would  be   desirable   to  expand   the   observation  network  so   it  would
have  a  uniform  density  throughout  the  entire  aqulfer.

Currently,   1t   ls   not   possible   to   e8tlmate   the   water   table   elevation   for   the   High   Plains
aqulfer   ln   some   areas,   while   ln  other  areas   the   e8tlmate8   are  unrellable  and  could  lead   to   the
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making   of   erroneous   declslons.      The  easternmost   area   of   the   aqulfer  was   selected   to  perfom  an

experiment  which  shows   the  dangers  of  allowing  gaps   to  renaln  ln  the  8anpllng  pattern.

A§   shown  in  Plate   I,   the  area  east  of  range  4W  has  the  highest  density  of  observation  wells

of   any   area   ln   the   aqulfer.      This   area   is   known   as   the   Equus   Beds.      Wlthln   this   region,   the
hexagonal   stratlf led   pattern  of   observation  wells   covers   a   continuous   area  without   gaps   (Plate
3).        This    makes    the    Equus    Beds    particularly    suitable    as    an    area    ln   which    to    perfom   an

experiment  to  illustrate  what  may  happen  ln  other  places  where  sanpllng  ls  incomplete.

Figure   4.4a   shows   the   water   table   elevation,   the   location   of   observation   wells,   and   the
zone  wlthln  which  observation  wells  will  be  deleted  to  artlficlally  create  a  gap  ln  the  sanpllng

pattern.       The    deleted   wells   can   be   compared   against   the   estimates   generated   using   only   the
incomplete  network.     The  differences  should  be  equivalent  to  those  seen  ln  a  presently  unsanpled

area   lf  additional   observation  wells  mere  drilled.     Figure   4.4b   shows   the  water  table  elevation
estlnated   using   only   wells   outside   the   artlficlally   created   gap.      The   corresponding   standard

error    ls    shown   in    Figure    4.4c.        Four    locations   were    selected   for   conparlson;    results   are

presented   ln  Table  4.2.

The    largest    errors    are    to    the    Southeast.         The    estimated    values    are    the    result    of
extrapolatlon   as   all   observations   lie   to   one   side   of   the   area.      The   depression   in   the   water
table   shown  on  the  orlglnal  map  has   been  distorted   to  a  southeast  dipping  plane.     Points  around

locaclon  A  mere  estimated  with  more   than   30  feet   (9.I  in)   of   error.     Locatlon8   8  and   C  are   ln  the

horizontal    part     of     the    strip,    which    1§    surrounded    by    control    points    in    at    least    two

dlrectlons.         Because   of   the   better   control,   that   part   of   the   nap  made  with   the   censored   data
Set   has   almost   the  sane   character  as   the   equivalent   area   ln  the  nap  made  using   the   full   obser-

vation   veil   network.       Only   errors    of   detail,    such   as    those   around   locations    8   and    C,    are
evident.      The   random  nature   of   the   error   1g   demonstrated  at   locaclon   D.      Despite   the   fact   that

location  D  ls   no  better   Sampled   than   locatlon8   8  and   C,   the  estimated  value  for  the  water  table

elevat:ion   does   not   suffer   from   the   ellmlnatlon   of   wells.      Even   though   the   exact   anount   of   an

error   ls   unpredictable,   t.he   errors   can   at   least   be   confined   wlthln   probablllstic   bounds.      All
errors   ln   Tkble   4.2  are,   for   instance,   wlthln   I.5  times   the  standard  error.     The  exanple  demon-

strates   t:he   advantages   of   analyzing   the   map   of   a   spatial   function  with   the   help   of  a  standard
error  mp.      In  this  way  lt  ls  possible  to  plnpolnt  areas  o£  likely  slgnlflcant  error  as  well  a8
to  ldentlfy  the  dangerous  ef feet  of  gaps   1n  the  sanpllng  pattern.

Figure     4.4d    represents     the    situation    exlstlng    ln    the    alternative    network    of     1135

observation   wells    after    the    ellmlnatlon    of    the    excess    wells.        The    map    in    Figure    4.4d    ls
e§sentlally   ldentlcal   to   that   ln   Figure   4.4b.      The   further   reduction   ln   the   number   of   wells
outside    the    L-shaped    strip    neither    worsens    nor    lnprove8    the   uncertainties    created   by    the
sampling  gap  as  demonstrated   ln  Figure  4.4b.

FIGURE   4.4.     Water   table   elevation  and   observation  well   locations   in  Equus   Beds  area.     A,   8.   C,
and   D   are   four   locations   selected   for   comparison.      Within   L-shaped   area   indicated   by   dashed
lines,   wells   are   deliberately   omitted   from   calculations.       (a)    Contour   map   based   on   present
observation  well   network.      (b)   Contour  map  with  wells   omitted   from  L-shaped  area.     (c)   Standard
error   of   water   table   elevation  nap   b.      (d)   Contour  map   based   on  hexagonal   stratlfled   sample   of
observation  wells   outside  L-shaped  area.     (e)   contour  Tnap  made  using  all  available  wells   outside
L-shaped  area  and  a  hexagonal  st:ratified  pattern  of  wells   Inside  area.     (f )   Contour  nap  based  on
a  hexagonal  stratlfled  pattern  having  a  density  of  one  well  1n  16  square  nile§.
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Figures    4.4e    and    4.4f    11lu§t.rate    the    benefits    of    adding    observations    ln    a   hexagonal

stratlf led   pattern   at   a   density   of   I/16   well   per   square   nile   (0.024  wells/kn2)   Inside   the   L-
shaped   gap.      The   inserted  vell8   rest:ore   the  details   evident   ln  the   orlglnal   Figure   4.4a.     Note

that   the  careful  placement   of  a   few  added  cells   ln  the  gap  can  be  as  ef fectlve  a8   the  unplanned

generous   insertion   of  many  wells.   as   this   will   result   ln  reversion   to   the   orlglnal   sltuatlon.
Figure   4.4f   is   the   most   efficient   sanpllng   pattern,   a  hexagonal   stratlfled   sample  with  no   gaps

at   a   denglty   of    I/16   well   per   square   mile   (0.024   well/km2).      Figure   4.4f   represents   the   sane

solution   as    ln    Plate    3    for    the    Equus    Beds.       This    experluent    111u8trates    the   benefits    and

advantages    of    ext:ending    the    hexagonal    stratif led    network    to    presently    undersanpled    areas

elsewhere  in  the  aqulfer.

TABLE   4.2

EVALUATION   OF   nlE   EFFECT  OF   GAps   IN
SAMPL ING   PATTERN

Actual                       Es tlmated
Elevation                  Elevation

Location                    ft.                                  ft.

Standard
Dif f erence             Error

ft.                     ft,

The  total  n`mber  of  observation  wells   required  to  cover  the  entire  aqulfer  with  a  hexagonal
stratlfled  network  ls   1795;   that   is,   660  ob§ervatlon  wells  should  be  measured  in  addltlon  to  the

1135   selected   ln   part   4.1.2.      Because   there   ls   llmlted   interest   ln   lmprovlng   sampling   ln  areas

of   tnarglnal   economlc8,    the   addltlonal   660   wells   are   grouped   into   two   categories   based   on   the

estimated   Saturated   thickness    (Bayne   and   Ward,    1967;   O'Connor   and   Pkclain,    1981,   Plates   5A  and

58).      Remember   that   a   hexagonal   stratlflcatlon  lmplles   the   random  §electlon  of   one  well   lnslde
each  hexagon   on  a   regular   network   (Fig.   B.2a).      Figure   4.5  shows   the  location  of   the  centers   of

those  hexagons  where  addltlonal  wells   are   required   to   complete   the   network  ln  areas  expected  to
have   more   than   40  feet   (12.2  in)   of   saturated   thickness:      There   are   324   such   locations.     Figure

4.6  shows   the  centers  of  336  addltlonal  hexagons   ln  areas  where  the  expected  Saturated  thickness

ls  less   than  40  feet   (12.2  in).     Appendix  F  lists   the  locations  of  these  660  centers  of  hexagons.

Should  the  entire  High  Plains  aquifer  ln   Kansas   be  §anpled  following  these  recomendatlon8,
the   average   standard   error  could   be   equal   to   the   10.8   feet   (3.3  n)   value   obtained   in  Appendix
C.      The   most   dranatlc   changes  would   occur   ln   the  maxlnun  standard   error  which  would   be   reduced

to   13.3   feet   (4.I  n),   only   36.3   percent   of   the   present  mxinun  Standard  error.     Also  note   that
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the   new   network  could   contain   91   fewer   observation  wells   than   the   present   network   as   measured

during  January   1981.

In   summary,    the   8avlngs   generated   by   cut:ting   the   present   network   to   1135   wells   could   be

used   to   f lnance  a  more   exhaustive   sanpllng  of   the  aqulfer   ln  areas  which  are  now  lnsuf f lclently
surveyed.      The   modlfled   network   could   yield   a  tnore   complete   and   accurate   picture   of   the  water

table  than  does   the  present  network.

FIGURE   4.5.      Locations   of   the   centers   of   324  regular  hexagons   16   square  nlles   ln   size   ln  areas
where   more   than   40   feet   of   saturated   thickness   ls   expected.       ch   otiservation   veil   should   be
located  within  each  hexagon.
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FIGURE   4.6.      Locations   of   the   centers   of   336   regular  hexagons   16   square  miles   ln  size   ln  areas
where   less    than   40   feet   of   Saturated   thickness    ls   expected.       An   observation   well   should   be
located  within  each  hexagon.

4.2.2     Modif the  level  of  accurac

The  analysis   ln  parts   of   4.I.2  and   4.2.lls   conditional   on  malntalnlng  a  level  of  accuracy

slnllar   to   the  present   level.      The   advantages   of   changing   to  a  hexagonal  8tratlfied  pattern  and
expandlrig   the   network   are   not   tied   to   the   level   of   accuracy   selected   for   the   network.      Other

accuracy   levels   are   certainly   possible,   but,   as   predicted   by  Equation   2.4,   producing  a   radical
change   ln   the   standard   error   t:hroughout   the   aquifer   will   require   a   substantial   change   ln   the
number  of   observation  wells.

Figure   4.7    shows    the   changes    ln   total   number   of   wells    required   to   unlfornly   vary    the
accuracy   throughout   the   aqulfer   lf   a   hexagonal   stratlfled   pattern   ls   used.      Fron  part   4.2.I,

1795  observation  wells   would   be   required   to   produce   an  average   standard  error  of   10.8  feet   (3.3

in)   for   the   water   table   elevation   of   the   High   Plains   aquifer   ln   Kansas.      Due   to   the   parabolic
nature  of  the  relatlonshlp  between  standard  error  and  denslt:y.   the  narglnal  return  on  changes   ln
either   dlrectlon   ls   not   favorable.     As   the   curve   flattens   to   the   right,   reducing   the  number  of
veils   will   cause   slgnlf leant   increases   ln   the   standard   error.       The   converse   ls   true   lf   the
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number  of  veils   ls   increased.      The   curve   rises   sharply   to  the  left  and  the  addltlon  of  slgnlfl-

cant   numbers    of   wells   will    cause   only   minor   reduct:1on8   1n   t:he   standard   error.       For   example,

keeping    the   density   uniform,    a   reduction   of    1000   veils    from   the   network   would   increase   the

standard   error   by   22.5   percent,   but   lncrea8ing   the   density   by  adding   1000  more  wells  would  only

reduce  the  standard  error  by   10.5  percent.

10

Average  Standard  Error,   Ft.

FIGURE   4.7.      Network   size   a§   a   function   of   level   of   accuracy   ln   the   estlmatlon   of  water   table
elevations    ln   the   High   Plains   aquifer   ln   Kansas.       Sampling   ls   assumed   to   follow   a   hexagonal
§tratlflcation.

In   summary,   1f   the   sanpllng   pattern   is   kept   constant,   the   sanpllng  efficiency   indices   can
be   nodifled   by   changing    the   density   of   observations.       The    rate   of   deterloratlon   caused   by

reducing    the    sample    size    ls   higher   than   the   rate   of   improvement   produced   by   lncreaslng   the

sample   size   by   the   same  amount.
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Cm"R 5

CX)NCLUSI0NS   AND   REcORENDATI0NS

The   I)urpose   of   this   study   has   been   to   analyze   t.he   sanpllng   ef f lclency   of   the   observation
veil   network  used   to  nonltor  water   table   elevations   in  the  High  Plains  aqulfer  in  Kansas  and  to

propose   nodiflcatlons    that   will   enhance   the   network.       The   conclu81ons   and   recommendations   of
this   lnvestlgatlon   are   best   expressed   through   consideration   of   each  of   the   speclf lc  objectives
of   the  study.

5.I      FINDINGS

5,I,1      The resent   observation  net:work

This    study   of    the   Fhnsas   tllgh   Plains   aqulf er   network   ls   based   on   lnformatlon   gathered

during   the   period   December   1980   to   March   1981,   conslstlng   of   neasurenents   of   depth  to   the  water

table   ln   1886   observation  wells.      The  water   tat)1e   elevations   contain  a  spatial   drift  which  can

be  modeled   by   a   first-degree   polynomlal   of   the   geographic   coordinates.      The   semlvarlance  of   the

residuals   can  be   represented  by   a  linear   senlvariogran  having  a  slope  of  60  feet2  per  mile   (3.5

m2/kin)  wlthln  a  neighborhood  which  ls   28  miles   (45  kn)   1n  dlaneter.

The   observation   wells   are   concentrated   ln   areas   which   include   about   three-fourths   of   the
aquifer   in   fansas.      Undersanpled   areas   occur  mostly   near   the   aquifer's   boundaries.      There   are
some   local   clusters   of   veils.      Overall,   the   network   has   a   dl8tance   index   of   I.06,   1ndlcating

that  the  observation  wells  are  dlstrlbuted  es8entlally  at  random.     The  water  table  elevation  can
be   estimated   with   an  average   standard   error   of   12   feet   (3.7  in)   and   a  maxlmun   st:andard   error   of

36.6  feet   (11.2  n)   using   the   1749  wells  which  have  acceptable  measurements.

5.I.2     Use  of   data

hfornatlon  gathered  by   the   network   1g   used   primarily  as   input   t.a  hydrologlc  models  and  to

assist   groundwater  managers   ln  planning   the   exploitation  of   the   aqulfer.     Predlctlon  of  aqulfer

perfomance  1§  nomally  done  by  complex  nunerical  slmulatlons  on  dlgltal  computers  1n  an  attempt
to   answer   questions   about   the   effects   of   the  number,   location,   and   punping   rate   of  wells.      The

process   ls   complemented   by   lnfomatlon   on  water   saturation   and   decline   rate   prepared   from   the
sane  basic  data.

5.I.3     Level  of  accuracy

The   observat:ion  veils   are   spaced   sufficiently   close   and   the  average   standard   error  of   the
water   table   elevation   a8soclated   with   the   presel`t   observation   network   ls   guff lclently   low   to
satlsfactorlly  fulfill  all  the  requlrement6  placed  on  data  gathered  by  the  network.     The  network
ls  adequate  for  determlnlng  the  location  of  new  lrrlglatlon  wells  and  the  error  of  estllnatlon  ls
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much   smaller   than   the   relative   average   standard   error   of   other   varlables   used   ln   hydrologlc
nodellng.      If  a   declslon   ls  made   to   invest  more  money   ln   surveys   of   the   High  Plains   aqulfer   in
RAnsas,   these   addltlonal   funds   should   be   directed   to   linproving   the  accuracy  of  other  varlables

required  for  hydrologlc  modeling,   rather  than  attempting  t:o  reduce  the  average  standard  error  of
the  water   table   elevation.      A  substantial  reduction  ln  average  standard  error  cannot  be  easily
achieved.     Because  of   the  parabolic  nature  of   the  change   ln  standard  error  with  well  density,   16
times   as   many   wells   would   be   required   to   reduce   the   present   average   standard   error   by   one-

half .      However,   areas   of   low  8anpling,   particularly  near   the   edges   of   the   aqulfer,   result   ln  a
naxlmun   standard   error   which   could   be   substantially   reduced   by   reallocatlng   wells   from   areas
that  presently  are  oversampled.

5.2       SUGGESTIONS

radln the  network

The  present   observation  well  network  Should  be  nodi£1ed  to  be  more  efflclent.     That  part   of

the   aqulfer   already   covered   by   the   network  should   be   redeslgned,   malntalnlng   the   Sane   level   of
average  error  a§   the  present   network.     A  stratified  pattern  of  observation  wells  is  recormended

because   this   will   allow   enhancement   of   the   network  utlllzlng   existing   observation  wells,   thus
mlnlmlzlng    dlsruptlon    ln    the    hlstorlcal    records    and    requlrlng    no    addltlonal    surveying    or
drllllng.      Appllcatlon   of   the   systematic   sampling   procedure   contained   ln   Algoritlm   2.I   to   the
High    Plains    aquifer    produces    a    stratlf led    pattern    of    vells    spaced   within   hexagonal   areas
contalnlng   16   square  nlles   (41.4   km2).      a)ntour   naps   of   the   water   table   elevation   can   then  be

produced   with   no    deterioration    in    the    quality    of    the    estlnates    using    only   eight   nearest
neighbors.      If   the   present   network   ls   modlfled   following   these   recommendations,   the  new  network

would   contalr`   only   1135   observation   wells,   a   reduction   of   39.8   percent   ln   the   number   of   wells

which   must    be   measured   each   year.       This   reduction   ln   network   size   would   produce   only   a   3.6

percent   increase   ln   the   average   standard   error.      The   difference   between  water   table   elevation
contour   naps   produced   by   the   present   and   the   proposed   networks   ls   less   than   5   feet   (I.5  in)   at

97.4    percent    of    the    grid    nodes    and    ln    no    case    ls    greater    than    18.8    feet    (5.7   in).        This

difference  ls   less   than  a  single  contour  interval  on  maps   typically  used  to  show  the  water  table
elevation  ln  the  High  Plains  aqulfer.

5.2.2     Network   ex ansion

The   savings   generated   by   reducing   the   glze   of   the   network   could   be   used   to   operate   the

network  at   a   lower   cost   or   to  expand   the   sampled  region,   provldlng  measurenents   ln  areas  where

presently   there   are   no   observation  wells.     A  total   of   324  observation  wells   Should  be  added   to
the   1135  veils   ln   the   alternative   observation  network,   to  assure   complete  coverage  of  all  areas
of   the  aqulfer  expected   to  have   40  feet   (12.2  n)   or  more  of  saturated   thickness.     An  addltlonal

336  wells   would   be   required   to   completely   cover   the   High   Plains  aqulfer  everywhere   ln  the   State

of   Kansas   at   a   unlfom   density   of   one  well   1n  every   16-squarermlle   (41.4   km2)   regular   hexagon.
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Elimination   of   un8anpled   areas   would   reduce   the   maxlnun   standard   error   to   13.3   feet   (4.1   in),

slgnl£1cantly    below    the    36.6    feet    (11.2   in)    value    for    the    current   network.       The    1795   wells

required   for   the   expanded   network   still  would  be   91  wells   fewer   than  the   number   of   observation

wells   actually  nea§ured   ln  January   1981.
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AppErmE  A

STRUCTURAL   ANALYSIS

A.I      Theory

The     senlvarianceT(i)  can     be     plotted     against     values     of      the      lagfrto     yield      the

semlvariosran,   a   graph   analogous   to   the   correlogran  used   ln   tine   series   analysis.      Structural
analysis   ls   the   ten   applied   to the   study   of    senlvarlograns    for   the   purpose   of   extracting
informatlon   about    the   nature   of    fluctuation   ln   a   reglonallzed   variable.       The   objectives   of

Structural    analysis    are    two-fold;    to    Tnake    genetic    lnterpretatlons    about    the    reglonallzed

variable,   and  to  provide  parameters  which  are  required  ln  its  estlmatlon.

To   obtain   a   senivarlogran,   1t   ls   necessary   to  sample   the   reglonallzed  variable   at   regular
intervals.     Let

Z(±i).   Z(±2) .....   Z(±i) .....   Z(±n)

be   n   values   of   either   residuals   or   outcomes   of   the   reglonallzed   variable.      Provided   that   t:he
reglonallzed    variable    18    £1rst-order    stationary    and    the    lntrlnglc    hypothesis    holds,     the
following  ls   an  unt)1ased  estimator  of   the   senivarlance   (01ea,1977,   p.   20):

Y*(h)   =zTis:i:-P-[[z(±j+fi)  -z(±j)]2                    (A.1)

Here,  i  ls   p   times   the   sampling   interval  a;   k  +  k'   <  n;   and   p   =   0,    I,    2 ,...,   k-l.      The   study

nay  be   done  along  one   traverse   or,   more   desirably,   along  a  series  of   traverses.     The  e8tinatlon
of   a   semlvarlogran   for   ol)servatlon8   of   a  reglonallzed  variable   is   fairly   straightforward,   but
this  is  not   true  for   the  semlvarlogran  of   the  residuals.     Before  the  residuals  can  be  obtained,
1t   18   necessary   to   know   the   §emlvarlogran.       The   problem   is   solved   recur81vely   by   assuming   a

semlvarlogram,   conputlng   the   drift   and   residuals,   and   comparing   the   reBultlng   semlvarlogram  to
t:hat   assured   (Olea,   1975,   p.   90-93;   mvld,   1977.   p.   272-274).

Satisfactory   results   for   moderately   tractable   reglonallzed   varlables   can   be   obtained   by
asguning  drlf tg  of  the  type

M*(i)   =  1:oai   f±(i) (A.2)

where   the  af  are   a   unknorm   coefflclents    to   be   determined   and   the  f i(i)  are   functlon8   of  a   ,
typically  nononlals   of   the   spatial   coordinates   up   to   degree   2.      The   smooth   and   slowly  varying
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surfaces   represented   by  M*(a)  accord   with   the   mthematlcal   notion   of   the   drift   being   a  highly

continuous   function   lncorporat.ing  only   the   low  frequency  component   of   the   regionallzed  variable
wlchout   the   local   fluctuations.      The   terms   local   and   regional  are   relative   and  depend  upon   the
scale  of  the  regionallzed  variable.     A  feature  that  at  the  scale  of  a  county  could  be  a  donlnant
element    ln    the    drift    could    be   an   anomaly   when   conslderlng    an   entire    state,    and    could   be

completely  negllglble  at  a  continental  scale.     Therefore,   there  ls  no  single,  unique  drift  for  a

given  reglonallzed  variable;   as   ln  curve   fittlTig,   the  user  must  decide  what  should  be  fitted  and
what   should  be   regarded  as  anomalous.

Certain  major  characterlstic8  of  the  reglonallzed  variable  of  interest  ln  this  study  can  be
deduced  fron  the  semlvarlogran.     These  include:

I.     a)ntlnulty.     The  shape  of  the  semivarlogram,   and  ln  particular  lts  slope  near  the  origin,   1s
related     to     the     regularity    and     smoothness     of     the     reglonallzed    variable.         A    parabolic
8enlvarlogran  which  is  tangent  to  the  x-axla  at  the  orlgln  means  the  variable  ls  extraordlnarlly
regular  relative  to  the  Sampling  interval.     in  contrast,  highly  erraclc  sequences  will  produce  a
semivarlogram  which  is  almost  vertical  ac  the  orlgln.

0                5               10             15             20             25
Distance,   miles

FIGURE  A.I.      Transitive   type   semlvarlogran  with  a   range   of   22.5  miles.

2.       Zone   of   influence.      Figure   A.1   1s   a   t:ran§ltlve   type   of seDivarlogratD,   expressing   moderate
contlnulty   of   the   reglonallzed   variable   within   a   local   neighborhood,   and   random  behavior   over

larger    dl8tance8.        The    senlvarlance    steadily    increases    t:o   a   maxlmun   value   and   t:hen   remains

constant   at   a  value   called   the   sill.      In   ltistances  where   the   reglonallzed  variable   ls   second-
order  stationary,   the  asymptote   18  equal   to  the  sample  variance   (01ea,   1982a,   p.15).     The  arrow

at   the   slope   break   lndlcates   the  £±pgg   a  distance  which  dlvide8   elenentB   in  a   satnple   into   two

categories.      Samples   taken  at   distances  which  are   smaller   than  the  range  are  autocorrelaced  and
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are   ideally   §ulted   to   be   used   ln  comon  for  estlnatlon  purposes.      Samples   spaced   further  apart

than  the  range  are  statlstlcally  independent  and  1)ehave  as   independent   random  varlables.

3.      Anlsotropy.      Anlsotropy   ls   revealed   by   different   1)ehavior   of   the   senlvarlogram8   computed

alofig   lines   having  different   orlentatlons.      The   differences   in  the  senlvarlogran  appear  mainly
ln   the   slope   at   the   orlgln,    1n   the   range,    and   ln   the   sill,    1f   any.      The   semivarlance   of   a
reglonallzed    variable    could    be    anlsotroplc    and    at    the    Bane    tine    the    §emlvariance    of    the
residuals   could   be   lsotroplc,    1f   the   cause   of   the   ani8otropy   ls   an   underlying   drift.       This

§1tuatlon  can  be  diagnosed  lf  along  the  dip  the  8emlvarlogram  ls  highly  regular  with  no  sill  and

along   t:he   st:rlke    the   senivarlogran   i8   traI`sltlve   ln   form.       If   the   regionallzed   variable   ls
lsotroplc,    the    semivarlance    depends    only   on   the   lnagnltude   h   of    the   vector  a  and   not   on   the

dlrectlon  h  .

Although   any   function   that   fits   the   observed   semlvarlance   could  be  used  as   a  model,   sound

geostatlstlcal   practice   recolmends   the  use   of   only   those   functions  which  are  positiveidef lnlte
(Journel   and   HulJbregts,    1978,    p.    161-168;    Armstrong   and    Jabln,    1981).       Among   the   posltlve-

deflnlte  models,   the  simplest  one  ls   linear:

y(i)   a  wi (A.3)

The   linear   model   1s   a   convenient   choice   to   represent   a   transltlve   semivarlogran   provided   the
argument  i  never   becomes    larger   than   the   range.       That    is,    the   e§tlnators   are   restricted   to
sample   subsets   inside   the  zone  of   influence.

When  the  model  mat   incorporate   the  presence   of  a  sill,   the  most   coimonly  used  function  ls

the  spherical  model

y(h)   =
c[i: -i ,:,3,a  h  <  L

C                                          ,   h   >   L
(A.4)

A.2     Practice

Ideally,    the   semlvariogran   Should   be   estimated   along   regularly   sampled   traverses   of   the

reglonallzed  variable.     These   traverses   should   run   in  at   least   three  different.  orlentatlons  and
should  contain  a  minlmun  of  about   30  sample  elements   (Joumel  and  Huijbregts,   1978,   p.   194).      In

clrcumst:ances   such   as   the   measurement   of   water   table   elevation   ln   the   High   Plains   aqulfer   of
Kansas,    these   ideal   conditions   cannot   be   met   because   the   salnple§   have   already   been   Ccken   at

irregularly   spaced    locations.        Some    sampling   approxinatlons   are   allowable,    however,    such   as
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minor   changes   ln   orientation   along   the   traverses,   1nterpolatlon   of   a   few   mlsslng   polntg,   and
small    variations    in    the    spacing    (Clark,    1979,    p.   118-119).       Figure   A.2    shows    the   traverses

selected   through   the  veil   locations   given  in  Appendix   E.I   which  best  fulfill  the  ideal  require-
ments.     These  six  traverses   run  ln  four  different  orlentatlons  approximately  45  degreeg  apart.

FIGURE  A.2.     Locations   of   traverses  used   ln  structural  analyses.

Structural   analysis   was   perfomed   using   t:he   program   SEMIVAR  (01ea,    1977).      in  general   the

water  table  elevation  dlp8  east  with  a  Slope  of  8  feet  per  nile   (3.9  in/kin),  meaning  that,   except

along    the    north-south    strike,    the    assunpt:lou    of    statiot`arity    required   by    the    semlvariance
estlnator    ln    Equation    A.I    1s    not    met.        This    ls    revealed    by    the    anlsotropy    shown    ln    the

semlvarlograus   of   Figure   A.3.      The   §emivariogran  for   traverse   NS  ln  Figure   A.3a   ls   transitive.
Fron   the   dlscusslon   in   the   previous   part   A.I,   its   range   ls   approxlnately   28  miles   (45  kin).     On

the   ocher   hand,   traverse   NWSE   (Fig.   A.3c)   does   not   possess   a  sill  but   rather  ls  a  monotonlcally

lncreaslng    semlvarlogran    tangent    to    the    x-axis    at    the    orlgln.         Because    of    the    lack    of

statlonarlty  ln  the  drift,  ve  must  seck  the  senlvariance  of  the  residuals.

Estlmatlon   of   the   8enlvarlance   of   the   residuals   is   an   undet.emlned   problem,   because   the

calculation  of  residuals  requires  colaputatlon  of   the  drift,  and  estinatlon  of   the  drift  pre8unes
knowledge   of   the   semlvariance.      The   problem   ls   solved   recur§1vely   by   as6unlng   a   semlvarlogram,

computing    the    drlf t,    e9tinatlng    the    residuals,    and    comparing    the    §emlvarlogran    for    these
residuals  with  the  initially  assumed  senlvarlance.

-39-



The  sinplest  starting  model  1s  a  linear  semlvariogram,  whose  drift   ls  not  a  funcclon  of  the

slope  u   (01ea,   1975.   p.   54).     Therefore,   the  e§tlnated  senlvarlogram  ls   lnvarlant  under  a  change
of   assumed   slope.      Rather   than   e8tlmatlng   the   assumed   slope   by   a   regression   line   through   the

estltnated  semlvarlogram,   the  practice   is   to  make   that   slope  equal   to  the  slope  at  the  origin  ln
the    estlnated    semlvarlogram.        The    justlf lcaclon    for    thl§    practice    ls    the    fact    that    the

rellablllty  of  the  estimated  senlvarlance  decreases  as  the  argument  increases,  prlnarlly  because
of    the   decreasing   n`mber   of    pairs    ln   Equation   A.I    a8    the   distance   between   sample   elements

increases    (Clark,    1979,    p.    18;    Journel   and   Huljbregts,    1978,    p.    193).       However,    the   analysis

will   depend   on  what   portion   of   the   semivarlance   ls  modeled.      A  linear  model  will  perform  veil

only   for  argunerits   no   larger   than   the   range.      From   Figure   A.3,   analy§1s   should   be  confined   to
arguments   no   larger   than   28  nlles   (45  kn).      Polynonial§   of   degree   one   and   two   were   Selected   as

drifts.     Figures  A.4  to  A.7  show  the  results  of   the  structural  analysis  which  are  also  expressed
in  condensed  form  ln  fable  A.I.

Traverse

TABLE   A.1

SEMIVARIOCRAM   SLOPES   FOR   LINEAR   MODELS

Length                                         I)egree  of   Drif t   Polynomial
nl.                                       0                          I

NS

SWNE

NWSE

EEN

EWC

EWS

121

92

156

112

94

224

71

76

217

343

233

65

70

70

38

36

193    .                           64

A"et88e                      \71

The  discrepancy  among   the   traverses   ls   substantially  reduced   by  subtracting   the  drift,   but
regardless   of   the   type   of   drift,    the   assumed   and   experimental   semlvarlograms   are   dlfferenc.
Based  on  the   results   for   the   eastwegt   traverses,   the   remalnlng  discrepancy  18  considered  to  be
wlthln   the   statlstlcal  variation   of   the  estlmat.es  and  should  be  cancelled  out  by  averaging  all
traverses.     For   some   traverses,   a   second-degree  polynomial   drift  model  provides   slightly  better
results    ln   terms    of    removing   the   anlsotropy   and   fitting   the   estlnated   §emivarlogram   to   the
assumed   semlvarlogran.       However,    the    lmprovenent    is   not    that    dratDatlc    so   as    to    change    the

geological  notion  that  the  drift  of  the  water  elevation  1g  a  plane.

FIGURE   A.3.       Senlvariance8   of   water   table   elevations   along   traverses   across    the   High   Plains
aqulfer.        (a)    Semlvariance    along    traverse    NS.        (b)    Semlvarlance    along    traverse    SWNE.        (c)
Semlvarlance  along  traverse  NWSE.     (d)   Average  semlvarlance   for  east-west   traverses.
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For   the   purpose   of   this   study,   the   following   ls   considered   a   satisfactory   model   for   the

senlvarlance  of  the  residuals

y(h)   =   60  h (A. 5)

for  arguments   no  larger   than  28  miles   (45  kin).     This  value  ls  sufflclently  large  that   lt   ls  not

necessary  to  extend  the  analysis   to  models  valid  for  larger  arguments  which  include   the  preserice
of  a  sill.

FIGURE   A.4.       Semivarlances   of    reglduals   from   a   first-degree   polynomlal   drift   of   water   table
elevations   ln   the   High   Plains   aqulfer.      (a)   Semivarlance   of   residuals   along   traverse   NS.      (b)
Senlvarlance   of   resldual8   along   traverse   SWNE.       (a)    Senlvarlance   of   residuals   along   traverse
NWSE.     (d)   Average   semivarlance  of   residuals   along  east-vest   traverge8.
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7.0 14.0                    21.0                    28.0
SPACING.   MILES

FIGURE   A.5.      Average   8enlvarlance   of   residuals   iron   a   flrstndegree   polynonlal   drl£t   for   all
traverses.

FIGURE   A.6.       SemlvarlanceB   of   residuals   from   a   second-degree   polynonlal   drlfc   of   water   table
elevatlon6   1n   the   High   Plains   aqulfer.      (a)   Semivarlance   of   residuals   along   traverse   NS.      (b)
Semlvarlance   of   residuals   along   traverse   SWNE.       (a)    Senlvariance   of   resldual8   along   traverse
NWSE.     (d)  Average  semlvarlance  of  residuals  along  east-vest  traverses.
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FIGURE   A.7.      Average   senlvarlance   of   re81duals   fron   a   Becondidegree   polynomial   drift   for   all
traverses.
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APPEmlx  8

STATISTICAL   TABLES

8.I     Selected atterns  used  ln  the  tables

Pattern  ls  a  nominal  variable  which  refers   to  different  conflgurat.ions  of  objects,  which  ln
this   case   are   the   sample   elements   or  observation  well   1ocatlon8.     A  pattern   involves   dlst:ance§
among   the   elements    ln   the   set,    here   arranged   in   two   dlmen81ons.       Some   patterns   have   unique

characterizatlons;   for   example,   there   ls   only   one  way  to  arrange   elements   in  a   square  pattern.
All   square   patterns   are   the   result  of   8callng,   rotation,   or  translation  of   the  one  basic  type.
h  cant:rest,  a  randon  pattern  has  only  a  statlst.1cal  deflnltlon,  as  there  are  an  lnflnlte  number
of  pos§1ble  conflguratlons   that  fit   the  descrlptlon  of  randolmess.

Utlllty   computer   programs   mere   prepared   to   generate   sample   element   patterns   covering   the
entire   range   of   possible   patterns   (01ea,    1982a,   Appendix   8).      From   these,    14   patterns   grouped

into   7  categories  were   Selected,   as   Shown  ln  Figure   8.I.

1.      Regular

a.     Hexagonal

b.      Square

a.     triangular

2.     Orthogonal  regular  traver§e§

d.     hter8ectlon  every  2  points
e.     htersection  every  8  points

3.     Stratified
f .     IIexagonal

8.      Square

4.      h.      Random

5.     Blsyrmetrlcal

i.      Random

j.     Regular  clust:erg

6.     Regular  clusters

k.     Sixteen  points  per  elu§ter

1.     Four  points  per  cluster

7.      Clustered

in.     One  cluster

n.     Five  clusters



pe                        `ot3

^xp                   as

0o.a

a           to                  ao           a

8                      o°o             o°o                Coo

88                    88                    88                    8S

88                   8$                    8S                   88

88                   88                   88                   ce

88                   88                   88                   88
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Categories    I    and    2    are    uniquely    defined.        The    renainlng   patterns    are    representative
exanples   from  among  an  lnf lnlte   set   of  posglblllcles.      It   can  be  proven  that   the  three  patterns
shown   a8   Figure   B.Ia-c   are   the   only   regular  conflguratlon8  which  can  be   fomed   ln  a  two-dimen-

sional   space   (Mat€rn,   1960,   p.   74).

Stratlf led   sanpling   is   a   selection   procedure   ln   which   the   sanple   space   18   dlvlded   into
mutually    exclusive    partltlons    and    an    element    18    then    randomly    taken   f ron   every   partition

(Rlpley,   1981,   p.   19-22).     Figure   8.211lu8trates   stratified   sampling  of  a  two-dlmenslonal  space

partltloned   into   squares   and   into   hexagons.       The   randomly   selected   points   are   the   Same   a8   1n
Figure   B.If   and   8.1g.

FIGURE   a.I.      Sample   element   patterns   lnvestlgated   ln   this   study.      Patterns   (a)   tt`rough   (c)   are
regular,   (d)  and   (e)   consist  of  orthogonal  regular  traverses,   (f )   and   (g)   are  stratified,   (h)   is
a  random  pattern,   (1)   and   (j)  are  bisymetrlcal,   and   (k)   t.hrough   (n)   are  clustered  patterns.

(a)

0
a 0 •

a

•
a

a .

0

a
0

0

a a
.

0
0

.

0

0

a

a a

.
0

a
0

0
.

.

a

0 a
. 0 a

• •

0
a 0 0

•

a a a •
C'

0

(b)

FIGURE   8.2.       Sanpllng   mechanism   for   8tratlfied   patterns.       (a)   One   point   ls   selected   randomly
fron  inside  each  hexagon.      (b)   One   point   ls   selected   randomly  from  in81de  each  square.
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8.2     Samplln tal)leg

The   following   tables   contain   values   of   average   standard   error   and  maximum   standard   error
assuming   the   sample   elements   and    the   estlnated   value   have    the   sane   support.       The   §anpllng
density   ls   one   point   per  square  mile   (0.39  point/km2)   and   the  semlvariogran  ls  linear  with  unit
slope.

TABLE    8.I

SAMPLING   EFFlclENcy   INDlcEs   AT   UNIT   LINEAR   sEMrvARIOGRAM   sLOpE,
UNIT   DENSITY,    AND   32   NEAREST   NEIGHBORS

Pattern

Average   Std.   Error         Maxlm`m   Std.   Error
Drift                                    Drif t

012012

Hexagonal

Square

Triangular

Traver9e6  every
2  points

Hexagonal  strati-
fication

Square  strati-
flcatlon

Random

Blsyrmetrlcal
random

Traverses  every
8  points

Four  points  per
regular  cluster

Five  clusters

Blsyrmetrlcal
clusters

Slxteea  polnt8  per
regular  cluster

One  cluster

0.63           0.63

0.64           0.64

0.66           0.66

0.68           0.68

0.69           0.69

0.69           0.69

0.71             0.71

0.12        0.72

0.81            0.81

0.83           0.83

0.98           0.99

I.03           I.03

I.13             1.17

2.19            5.01

0.63           0.72

0.64           0.74

0.66           0.80

0.68           0.89

0.69           0.86

0.69           0.91

0.71            I.05

0.72           0.98

0.84            1.23

0.84           0.99

1.06            I.33

i.11             1.22

1.53              1.51

61.50            2.94

0.72           0.72

0.71+           0.14

0.80          0.80

0.89           0.89

0.86           0.86

0.91            0.91

1.05            I.05

0.98           0.98

I.23           I.45

0.99           I.00

I.49           2.33

1.22             1.38

I.85            5.13

8.27      148.00
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TABLE   8.2

POINTS   OF   N0   ADDITIONAL   RETURN   ON    SAMPLING   EFFICIENCY    INDICES    BY
INCREASING    THII   NUMBER   0F   NEAREST   NEIGHBORS

Pattern

Average   Std.   Error
Drift

012

Maxlmun   Std.   Error
Drift

012

Hexagonal

Square

Triangular

Traverses  every  two  points

Hexagonal  stratif lcatlon

Square  stratlf lcation

RAndon

Bisyrmetrlcal   random

Traverses   every   8  polnt§

Four  points  per  regular  cluster

Five  clusters

Blsymetrlcal  clusters

Slxt:een  points   per  regular
cluster

One  cluster

3510

4510

8811

12             12             20

6616

8818

12            12            32+

8              8           32+

28           32+        32+

12             12             32+

32+        32+        32+

20           20           32+

32+        32+        32+

32+        32+        32+

3510

10             10             14

11               12               12

14             15             26

7825

10             11             30

12            14            32+

20           28           32+

28           32+        32+

22           28           32+

32+        32+        32+

26           28           32+

32+       32+       32+

32+        32+        32+
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TABLE   8.3

MINIMUM   NUMBER   OF   NEAREST   NEIGHBORs   REQulRED   ro    SOLVE    THE

uNlvERSAL   mlGINc   sysTEM  OF   EQUATIONs

Pattern

Drift

012

Hexagonal

fluare

Triangular

Traverses  every  two  points

Hexagonal  stratl£1cation

Square  stratl£1catlon

Random

Blsymetrlcal  random

Traverses  every  eight  I)olnts

Four  points  per  regular  cluster

Five  clu8ter§

B18ymetrlcal  clu8ter8

Sixteen  points  per  regular  cluster

One  cluster

136

137

137

139

136

136

136

139

159

139

136

1512

159

137
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TABLE   a.4

AVERAGE    STANDARD   ERroR
nlE   DRIFT   Is  A   CONSTANT

UNIT   DENSIH   AND   UNIT   LINEAR   SEMIVARIOGRAM   SLOPE

Number  of  nearest  nel hborB

Pattern 123468 12                   16                   32

Hexagonal                     0.83          0.67          0.63          0.63          0.63          0.63          0.63          0.63          0.63

fuuare                             0.86          0.68          0. 65          0.64          0. 64          0. 64          0.64          0. 64          0. 64

Triangular                  0.88          0.74          0.69          0.68          0.67          0.66          0.66          0.66          0. 66

Orthogonal
traverses
every   2  points        0.92          0.78          0.73          0.71

Hexagonal
stratl£1catlon       0.90

Square  8tratl-
flcatlon

Random

Blsymmetrlcal
random

Orthogonal
traverses
every  8  polnt8

Four  points
per  regular
cluster

Five  clusters

Blsymmetrlcal
clusters

Sixteen  polnt8
per  regular
cluster

One  cluster

0.76           0.72           0.70

0.90           0.78           0.72           0.71

0.93           0.82           0.78           0.76

0.95           0.82           0.78           0.75

I.08           0.99           0.95           0.93

I.11            I.03           0.99            0.97

I.27            I.21            1.17            I.14

I.37            1.30            I.28            1.27

1.49            I.39            I.37            I.36

2.26            2.25            2.24            2.23

0.70          0.69           0.69           0.68          0.68

0.69           0.69

0.70          0.69

0.73           0.72

0.73           0.72

0.88          0.86

0.87           0.86

I.12           I.08

I.20           i.19

1.35            I.32

2.22            2.22

0.69           0.69           0.69

0.69           0.69           0.69

0.72            0.71            0.71

0.72           0.72           0.72

0.84           0.83           0.81

0.83           0.83           0.83

I.05           I.03           0.98

1.06            I.04            1.03

I.27             1.24            I.13

2.20            2.20            2.19
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TABLE    8.5

AVERAGE    STANDARD   ERroR
F IRST-DEGREE   POLYNOMIAL   DRIFT

UNIT   DENslTy   AND   UNIT   LINEAR   sEMrvARIOGRAM   sLOpE

Number  of  nearest  nel hbors

Pattern 3                     4                     5                     6                     8                      12                   16                  32

Hexagonal                     0. 65           0. 64           0. 63           0. 63           0.63           0. 63           0. 63           0.63

Square                             0.66           0.65           0.64           0.64           0.64           0.64           0.64           0.64

Triangular                  0. 80          0. 69          0. 67          0.67          0.66          0.66          0. 66          0.66

0rthogonal
traverses
every   2   polnt§         I.02          0.77           0.72          0.70          0.69          0.69           0.68           0.68

Hexagonal
stratlflcat:lan        I.47          0.74          0.70          0.69          0. 69          0. 69          0.69          0. 69

Square  strati-
flcatloh

random

Blsynmetrlcal
random

Orthogonal
traverses
every  8  points

Four  points
per  regular
cluster

Five  clusters

Blsyrmetrlcal
clusters

Sixteen  points
per  regular
cluster

1.81           0.75           0.71           0.70           0.69           0.69           0.69           0.69

I.91            0.96           0.82           0.77            0.73           0.72            0.71            0.71

21.92           0.84           0.77           0.74           0.72           0.72           0.72           0.72

----                1.24           1.14           I.02           0.88          0.83          0.81

I.99           1.56           1.09            I.01           0.92           0.83           0.83           0.83

3.69           2.71            2.20            I.98            I.60            I.33            I.18           0.99

----               2.50          2.24          I.93          1.18           I.07           I.03

----               2.96          2.75           2.29           1.83           I.62           I.17

One   cluster           148.00        33.87         19.74         13.92           9.17           7.15           6.31            5.01
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TABI.E    a.6

AVERAGE    STANDARD   ERROR
SEcONI}DEGREE   POLYNOMIAL   DRIFT

UNIT   DENSIH   AND   UNIT   LINEAR   SEMIVARIOGRAM   SLOPE

Number  of  nearest  nel hbors

Pat.ten 6789 12                         16                         32

Hexagonal                    0. 68               0.67                0. 66               0.65

Square                                                     0.67               0.67               0.66

Triangular                                          0.77               0. 72               0. 69

0rthogonal
traverses
every   2  point:a       --                                                                 0.76

Hexagonal
8tratlflcatlon        1. 55              0.86              0. 77              0. 74

Square  strati-
fication

Random

Blsyrmetrlcal
random

Orthogonal
traverses
every  8  points

Four  points
per  regular
cluster

Five  clusters

Blsyrmetrlcal
clusters

Sixteen  polnt8
per  regular
cluster

One  cluster

3.27                0.90                0.78                0.74

26.71                  1.42                  I.06                 0.88

0.85

I.69

88.99               17.76               12.80                 9.68

12. 94

-             2214.00          936.00          547.00

0.63                0.63                0.63

0.64                0.64                0.64

0.66                0.66                0.66

0.71                 0.69                 0.68

0.70                0.69                0.69

0.71                 0.70                0.69

0.77                  0.74                 0.71

0.76                 0.73                 0.72

I.30                  1.16                 0.84

I.02                0.95                0.84

4.90                 2.71                  I.07

9.92                  I.62                  I.11

7.25                 4.78                 I.53

275.00            171.00               61.50
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TABLE   a.7

MAxlMUM   STENDARD   ERROR
nm   DRIFT   IS  A   CoNSTANT

UNIT   DENsltY   AND   UNIT   LINEAR   SEMIVARI0GRAM   SLOPE

Number  of  nearest  nei hbor8

Pattern 1                     2                     3                     4                     6                     8                     12                   16                  32

Hexagonal                      I.11           0.84           0.72           0.72           0.72           0.72           0.72           0.72           0.72

Square                              1.19           0.88           0.80           0.75           0.75           0.75           0.74           0.74           0.74

Itlangular                  I.32          1.14          0.98          0.88          0.81          0.81          0.80          0.80          0.80

Orthogonal
traverses
every   2  points        I.50          1.27

Hexagonal
stratlficatlon       1. 30         I. 07

Square  8tratl-
flcatlon

Random

Blgyrmetrlcal
random

Orthogonal
traver8e8
every  8  points

Four  polnt§
per  regular
cluster

Five  clusters

Blsymetrlcal
clusters

Slxceen  poinc8
per  regular
cluster

One  cluster

I.42           I.26

I.48           I.34

I.60           I.45

2.01            1.94

I.60           I.50

I.83           I.82

1.92            I.83

2.19            2.06

2.99           2.98

1.14            1.05           0.93           0.91            0.90           0.89           0.89

I.02           0.94           0.87           0.86           0.86           0.86           0.86

I.06           0.97           0.93           0.92           0.91           0.91           0.91

1.34             1.23             1.16

I.33           I.32           I.05

1.80            1.76            I.31

1.41             I.40             1.17

I.75           I.74           I.70

1.83            I.83            1.76

2.06           2.05           2.05

2.98           2.98           2.97

I.06           1.06           I.05           I.05

I.o0          0.99           0.99          0.98

1.39            I.29            I.24            I.23

I.12            I.00

1.67            I.64

1.76             1.40

I.90           I.90

2.96           2.96

1.00           0.99

I.46           I.33

I.39            I.22

I.74            I.51

2.95           2.94
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TABLE   a.8

MAx"tjM   STANDARD   ERroR
FIRST-DECREE   POLYNOMIAL   DRIFT

UNIT   DENslTy   AND   UNIT  LINEAR   s"rvARIOGRAM   sLOpE

Number  of  nearest  nel hbor8

Pactem 345 6                     8                      12                   16                  32

Hexagonal                      0.73           0.73           0.72           0.72           0.72           0.72           0.72           0.72

Square                              0.84           0.75           0.75           0.75           0.75           0.74           0.74           0.74

Triangular                  1.47          0. 93          0.83          0. 81          0. 81

0rthogonal
traverses
every   2   points        2.45           I.40           I.02          0.94          0.91

Hexagonal
stratlflcation     15.39

Square  st:ratl-
flcatlon

Random

81syunetr1ca1
random

Orthogonal
traverses
every  8  points

Four  points
per  regular
cluster

Five  clusters

B18ynmetrlcal
clusters

Sixteen  points
per  regular
cluster

One  cluster

1.30           0.89           0.87           0.86

23.01             1.75            0.99

19.74            3.26            I.84

0.93           0.92

I.58             1.11

307.00           3.02            I.36            1.14            I.00

----               2.58          2.21           1.77

3.94            2.38            2.11

12.35          11.76            5.33

----            6.04

----            5.80

I.87           I.54

5.23           4.24

5.12            4.22

5.48           4.17

793.00      118.00         98.19         46.45         18.47

0.80          0.80          0.80

0.90          0.89           0.89

0.86           0.86           0.86

0.91            0.91            0.91

I.06            1.05            1.05

0.99           0.99           0.98

1.45            I.25            i.23

I.00           I.00           0.99

3.26           2.28           I.49

2.26            I.98           I.22

3.72           2.90            I.85

12.55          10.13            8.27

-57-



TABLE    8.9

MAXIMUM   STANDARD   ERROR
SECOND-DEGREE   POLYNOMIAL   DRIFT

UNIT   i]ENslTy   AND   UNIT   LINEAR   sEMrvARIOGRAM   sLOpE

Number  of  nearest  nel hbors

Pattern 67 8                            9                            12                          16                         32

Hexagonal                    0. 78               0. 76

Square                                                    0. 79

triangular                                      1. 07

0.76                0.74

0.18               0.17

0.99                0.87

Orthogonal
traverses
every   2  points       --                                                                1.27

Hexagonal
stratlflcatlon     39.91               1.57               1.14               I.07

Square  stratl-
flcatlon                     93.17                3.07                I.42                1.12

Random                      2690.00              11.60                 7.90                 2.03

B18ymmetrlcal
random                                                                                                       I. 96

0rthogonal
traverses
every  8  points       --                                                              8.84

Four  points
per  regular
cluster 1.67

Five   clusters     986.00           142.00           101.00           101.00

0.72                 0.72                 0.72

0.7S               0.74               0.14

0.80                0.80                0.80

0.97                0.90                0.89

0.90                0.87                0.86

0.96                 0.93                 0.91

I.32                   1.15                   1.05

I.25                I.07                0.98

4.48                 3.27                 I.45

1.43                I.22                I.00

32.87               12.30                 2.33

B18yrmetrlcal
clusters                                                                                               --               107.00             10.03               1.38

Slxceen  points
per  regular
cluster 33.47 23.71                12.10                  5.13

One  cluster               -          10425.00        8763.001956.00          815.00          535.00          148.00
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AppEroH  c

SAMPLING   DESIGN   EXAMPLE

Problem :

Find  the  t>est  non-regular  sampling  procedure  for  the  High  Plains  aqulfer  which  will  produce

estimates   of   the   water   table   elevation  having   an  average   standard   error   of   10.8   feet   (3.3  in).

Border  effects  will  be  ignored.

Solution :

From  Algorithm   2.I

1.     The   results   of   the   structural   analysis   are   given   ln   Appendix   A.       The   relevant
results  are:
a.       u}   =   60  feet2  per  ulle   (3.5  n2/kin)

b.     The  drift  model  1s  a  f lrst  degree  polynomlal  wlthln  a  neighborhood  which  ls  28

miles   (45   kin)   1n   dlaTDeter.

2.     From   the   statement   of   the   problem,   the   sanpllng   ef f lciency   index   ls   the   average
standard  error.

3.     From   Table   8.1,    the   non-regular   patterns   with   lowest   average   standard   error   are

the   stratified   patterns.      A  hexagonal   strat:1f lcatlon   is   preferred   over  a   square
stratlf lcatlon   as   the   former   offers   a   lower   maximum   standard   error.      The   value

I(I,I)   1s   0.69   feet   (0.21   in).

4.     From  the  statement   of   the  problem,   I(u,p)   1s   equal   to   10.8  feet   (3.3  n).

5.     Fron  equation   2.4  and   the   steps  above

p - 6o2[#r

=  0.06  point  per  square  mile

6.      The   number   of   points   lnslde   a   28  mile   (45   kin)   diameter  at  a  den81ty  of   0.06  polnc

per   square  mile   (0.023  point/km2)   1s

N  = £2p

3.14159   x    282   x   o.o6

=   36  points
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7.     Fron   Table    8.3,    the   mlnlnun   number   of   nearest   nelghbor8   required   to   Solve   the

universal  krlglng  system  of  equations  18  3,  which  18  an  order  of  magnitude  smller
than  the  number  of  points   that   can  be   contained   lnslde   the  neighborhood  for  which

Structural  analysis  models  are  valid.

8.     From  Table  8.2,   the  point  of  no  return  is  6.

9.     Since  the   36  point:s  that  can  be  placed  ln§1de  the  structural  analysl8  neighborhood

ls  a  larger  number  than  the  point  of  no  return,   6  nearest  neighbors  should  be  used
ln  the  8olutlon  of   the  unlver§al  krlglng  system  of  equations.

Hence,   the   best   irregular   sample   pattern   for   the  water   table   elevation  ln  the  High   Plains

aqulfer   ls   a   hexagonal   strat:1fled   pattern.      Except   near   the   edges   of   the   aqulfer,   a   sampling
density   of   0.06   point   per   Square   nile   (0.023   point/km2)   assures   an   average   standard   error   of

10.8   feet   (3.3  n).      The   number   of   sample   elements   to  be  used   ln  the  universal  krlglng  8ysten  of

equations   Should  be   6.
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Jtrprmlx  D

I)ISTANCE    INDEX

The    dlstanee    index    is    a   measure    of    randolrmess    in   a    two-dlmenslonal    process.       Let   us

consider    a    sample    of    n    polnt§.        Each    point    will    have    a    nearest    neighbor    which    is    some

dlstat`ce  r±  away.     The  average  distance  to  the  nearest  neighbor,   r   ,   18  defined  as

I  =i  1:,ri                                                 (D.1,

Clerk  and  Evans   (1954)   proved   that   the  expected  average  distance   to   the  nearest  neighbor  ln

a  random  pattern  ig

=E-± ( D. 2 )

where  P   ls   the   density   of   the   pattern   expressed   as   the   number   of   Sample   elements   per   unit   of

area ,

The  dlscance   index   R  ls   the  ratio  of   the  observed  average  distance  to  the  nearest  neighbor
to  the  value  expected  for  a  randon  pattern:

R  a  r/  rE ( D. 3)

The   distance   index   R   can   vary   between   zero,    for   a   cluster   ln   which   all   sample   elements

occur  at  the  sane  location,   to  a  maxinun  value  of  2.149.   for  a  regular  hexagonal  pattern  such  a§
Figure   B.1a.
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AppEroE  E

AVAII.ABLE   OBSERVATION   WELLS

E.I      H1 h  Plains  a ulf er  wells

A  total   of   1749   observation  wells,   Shown   ln  Plates   1   and  2,   were  measured  without  problems

during   the   period   I)ecenber   1980   to   lfarch   1981   1n   the   High   Plains   aquifer.      Data   on  wells   I   to

1646  mere   gathered   by   either   the   mvlslon   of   Water   Resources   of   the   Stat.e   Board  of  Agriculture,

the    City   of   Wichlta,   or   the   Unit:ed   States   Geological   Survey   and   available   from   computer   £11es

malntalned    by    the    USGS.         hfomat:ion    on    the    renalnlng    103    wells    was    provided    by    RAnsas

Groundwater  Management   Dlstrlct   No.   2.

Varlables  listed  ln  the  appendix  include:

L.S.E.     -    hand   surface   elevation   above    sea

level,   feet:
DEPTII       -     I)epth  to   the  water  table  below  the

land  Surface,   feet
ELEV.       -    Water    table    elevation    above    sea

level,  feet

The   location   of   1135   of   these  wells   following  a  hexagonal   stratlf lcatlon  are   shown  on  Plates   3

and   4.      The   remalnlng   614  wells.   marked  by  asterisks   ln  the   list,   are   excess   observation  wells

ln  the  hexagonal  §tratlfied  sampling  plan  and  are  posted  on  Plate  5.
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E.2     Wells   ln  a ulf erg  other  than  the  Hi h  Plains  a ulfer

The   following   ls   a   llstlng   of   observation  wells   penetrating   aqulfers   other   than   the   High
Plains  aqulfer.

Perched   aqulf era   wit:bout   speclf ic   nane8   mere   designated   by   a   letter   for   the   purposes   of
this   report,   e.g.   SAND  DUNE  ''A".     Wells   ln  §nall   rivulets  mere   named  after   the  closest   creeks   of

which  they  are  tributaries.

]76

"in
178

179

180

181

1S2

183

184
185
186
187
lag
189
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sAtrD   I)UNE    "I)..

AI,LUVI"    IN    SILVER   CREEK   V^I,LEY
ALL.     NINN€SCAN    A.     TRIO.     VALLEY

ALLwlun    iN   cOOsE   creak   VAI.LET
uNIilFrERENTIATEi)   QUATEENARy   DEposlTs
mrD]FFERENT]^TEi)   QUATERNARy   DEposiTs
DAIOTA
ALLirvllm   zN   KANSAs   R]vER   v^LLEy
ALLuv]un    IN    iIAlrsAs   RivER   vAILLEy
ALLw]I"   IN   iIA)rsAs   RlvER   vALLEy
ALLUVIl"    IN    ICANSAS    RIVER    VALLEY
ALLuv]un   iN   xANSAs   RIVER   VALLEy
^Lui\nuH   \N   xANs^s  RivER
ALL.     SOUTH    FORK    SOLOMON    R       VALIJ£Y
ALL       SOU"   FORK   SOLOMON   R       VALLEY
ALL       UPPER    WALNUT    RIVER    VALLEY

NI0BRARA
Al.I,WIl"    IN   X^lls^S   R[VER   VALLEY
ALLwlim    IN   KANSAs   RlvlR   vALLBy
ALLUV[Utl    lN    KANSAS    RIVER    VAI,LEY

AI,Lljvlun   IN   KANs^s   R[vER   vALrey
ALLuvlun    IN    KANSAs   RivER   VAI,LET
ALLljviun   IN   KANSAs   R]vER   vALnT
ALLUVIUM    ]N    KANSAS    RZVER    VALLEY

All,LIVIUM    IN   KANSAS    RIVER   VALIEY
ALLirvlun   IN   ic^NSAs   FtlvER   vALify
ALLirv]im   IN   xANSAs   RlvER   vALiEy
ALLuvlLm   iN   KANs^s   RlvER   vALLgy
ALLuviun    iN   KANSAS    RIVER   VALLEy
Hlsozoic   I)Eros[Ts
itisozoic   DEroslTs
HEsOzoic   DEroslTs
REsOzO]c   DEros]Ts
msozolc   DEroslTs
All,uvlun   "   KANSAs   RlvER   vALLEy
ALLuvluH   ]N   iIA»s^s   RlvER   v^uey
ALLUV[Ull    ZN    SMOKY    I+ILL   R       VALLEY

GL^ci^L  DErosiTs
DAKOTA

DAKOTA



E.3     Excess  wells  per  lo-acre  tract

Alt:hough  not   exactly   in  the   sane   location,   the   following  wells   are  located  ln  the  Sane   10-
acre   tract   as   wells   in   Appendix   E.I.       The   93   wells   listed   below   are   considered   redundant   and

were  not  used  ln  the  study.

COUNTY                               WEI,I,   NUMBER
-id€^-^T±k:i*RErr.**irttr.rENkk]r~.~k-rde`der`Jickrickrfer?^-^-„ri<t}<J^-ice.

1.-
2.-
3.-
4.-
5.-
6.-
7.-
8.-F
9.-      HAR

10.-      ELm
11.-      HARVEY
12.-      HARVEY
13.-      HARVEY
14.-      IIARVEY
15.-      HARVEY
16.-      HARVEY
17.-      HARVEY
18.-      HARVEY
19.-      HARVEY
20.-      HARVEY
21.-      HARVEY
22.-      HARVEY
23.-      IIARVEY
24.-      HARVEY
25.-      HARVEY
26.-      HARVEY
27.-      HARVEY
28.-     HAREY
29,-     IrmvEy
30.-      HARVEY
31.-      HARVEY
32.-     HrmvEy
33.-      HARVEY
34.-     HAREY
35.-     HAREY
36.-      HAIVEY
37.-     HrmvEy
38.-      HARVEY
39.-     mmvEy
4o.-     HrmvEy
41.-      HARVEY
42.-      HARVEY
43.-      HARVEY

44.-      HARVEY
45.-      HARVEY
46.-    rmvEy
47,-      HARVEY
48,-      HARVEY
49.-      HARVEY
50.-      IIARVEY

COUNTY                               WEI,I,   NUMBER
lck'^ch*!c±^RE^**i*i*^-*iENr~`~kiedi®.chriiT:ir;r.<*ui*^-ir:r`-tdT±^~**idi

51.-      HARVEY
52.-      HARVEY
53.-      HARVEY
54.-      HARVEY
S5.-      HARVEY
56.-      HARVEY
57.-      HARVEY
58.-      HARVEY
59.-      HARVEY
60.-      HARVEY
61.-      HARVEY
62.-      IIARVEY
63.-      HARVEY
64.-      HARVEY
65.-      HARVEY
66.-      HARVEY
67.-      HARVEY
68.-     HAREY
69.-      MEADE
70.-       MEAI)E
71.-      REAI)E
72.-      PAWNEE
73.-     pAmaE
74.-      PRATT
75.-      RENO
76.-       SEDGWICK
77.-       SEDGWICK
78.-       SEDGWICK
79.-       SEDGWICK
80.-       SEI)GWICK
81.-       SEDGWICK
82.-       SEDGWICK
83.-       SEDGWICK
84.-      SEDGWICK
85.-       SEDGWICK
86.-      SEDGWICK
87.-       SEDGWICK
88.-       SEDGWICK
89.-       SEDGWICK
90.-       SEDGWICK
91.-       SEDGWICK
92.-       SEDGWICK
93.-       SEI)GWICK

24S      3W   llAAA
24S      3W   llAI)D
24S      3W   llADD
24S       3W   llDCC
24S      3W   llDCC
24S      3W   llDDD
24S      3W   llDDI)
24S      3W   llDDI)
24S       3W    17CCC
24S      3W   18888
24S      3W   23DAB
24S      3W   23DAB
24S       3W   23DDC
24S       3W   23DDC
24S       3W   24DCC
24S      3W   24DCC
24S       3W   31DI)D
24S       3W   31DDD
31S   26W  30888
32S   29W   27AAB
32S   30W   35CAD
22S    15W      3AAA
22S    17W      5BCC
26S    12W   34CDC
24S       4W    13CC
25S       IW      6CCC
25S       IW       7BCC
25S       IW       7BCC
25S       IW   17CBB

25S       IW   17CBB
25S       IW   17CCC
25S       IW    17CCC
25S       IW   l8AAA
25S       IW   18ABB
25S      2W     5888
25S      2W     5888
25S       2W      5BCC
25S      2W      5DBB
25S       2W      5DCD
25S      2W   11888
25S      2W   llCBC
25S       2W   24DDI)
33S   32W   28CDD



E.4    Wells  wit:bout:   land   surface  elevation

Forty  wells  have  measurements   that  are  of  no  use  ln  a  spatial  analysis  due  to  the  lack  of  a
reported  land  surface  elevation.

COUNTY                                WELL   NUMBER
RT^r!-*ds*1ri^r*,k`^-^-****~:cir`-^-kjTk**.^-r`ae^r*^kitidi-*.k-^k*

1.-       CHEYENNE
2.-      CI,ARK
3.-      COENCHE
4.-      EDWARDS
5.-     ELLIS
6.-     ELI,IS
7.-      EI,LSWORTH
8.-      ELI,SWORTH
9.-       EI,I.SWORTI{

10.-      ELLSWORTH
11.-      FORD
12.-      FORD
13.-      FORD
14.-      FORD
15.-      FORD
16.-     GENT
17.-      HARVEY
18.-      KIOWA
19.-      MARI0N
20.-      OSB0RNE
21.-      OSBORNE
22.-      PHILLIPS
23.-      POTTAWATOMIE
24.-      POTTAWATOMIE
25.-      POTTAWATOMIE
26.-      PRATT
27.-      RAELINS
28.-      REPUBI,IC
29.-      RICE
30.-      RICE
31.-      RUSH
32.-      RUSH
33.-      SALINE
34.-      SAI,INE
35.-       SEDGWICK
36.-       SEDGWICK
37.-       SEWARD
38.-     SHAwhE
39.-      STAFFORD
40.-      THOMAS
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E.5    Wells  without   trul static  measurements

The   following   20  wells  vere  measured,   but   because   of  various   types  of  neasurenent  error  or
unstable   condltlons   ln   the   well   the   readings   are   not   con81dered   repre8entatlve   of   t:he   actual
depth  to  the  water  table.

COUNTY                                WELL   NUMBER                         DEPTH
lni<-*~k-k.K-:c.*.:**strr`idi^J^Jr-`^J^J^J^-^J^rSrSrsr!^~'k**ic±d^r!c*Sr:**^-^-k-SrSr+^-a

71

128 . 82
241. 67
225 . 38
152 . 60
224 . 69

75 . 82
45 . 8 1
78.01

130 . 05
146 . 45

21. 67
72 . 28

216.94
226 . 83
118.84
79.57

178.05
210.58
91. 06

190.55



itrpErmE  F

WELL   LocATloNs   ro   BE   INCi)RpoRATED   INro   ThE   NE"oRK

Listed   below  are   660   locations   of   centers   of   16-squaremlle   (41   km2)   regular  hexagons.     An

observation   veil    should    be    placed    inside   each   hexagon   to   completely   cover   the   High   Plains

aquifer  with   a   stratified   hexagonal  network  at  a  density  of   one  veil   every   16  square  miles   (41
kn2).      The   locations   are   divided   into   two  groups   according   to   the   saturated   thickness   ex|)ected

at   the   well   location.       Those   locations   that   may  have   less   than   40   feet   (12.2   n)   of   saturated

thlckne8s  are  marked  with  au  asterisk.     The  remalnlng   locations   are  ln  areas  where  note  than  40
feet   (12.2  n)   of  saturated  thickness  ls  expected.

ED`3^RD9                         23S   ZOW   20B"  +                               18\
BD`aAnDB                           23s   2Ov.6BDB   I                                 182
m^ms                    24s  igv  ioBco  *                        183
EDUAms                         24s   2ov     8DB^   *                              i84
mi^ms                     246   2ov  24c^B  *                          i85
EDuuns                     24s  2ov  32mA                               i86
ED`+^ROS                          25S   ZOW   \3BsO                                     \81
mtAm§                       25s   2Ov  29AAI)   *                             i8€
mIAms                      z6s   2ov  26DaD                               i89
ELLIS                                 13S   20W.2AAA   i                                 190
F[urEy                          2is   .iw   26DAB                                   i9i
F"xpT                           2ls   33V   29^CB                                   192
FlmiET                           2is   34w     6B88   *                               ig3
pi"E\!                      2\s  ac`.OBBc  *                        \9.
FimEy                          228   3w     6DAB                                  i95
FI»pry                         22s   3iv  3i^^B                                 i96
PlrorE:I                         22s   3sH   asB^B                                \9i
pttorEy                          23s   2ev     e^^D  *                             i98
F\mm                       2es  29i     ZBBD  *                          \9g
FlwwBr                             23s   29w      7BBc   *                                200
rlmgy                           24s   3iw      7ACA                                   2Oi
FlurEy                            2ss   32w   ]6ADD                                    202
flroiEy                            26s   32w   ]3^DD                                    203
porn                               3s§   2w     5BBD  *                             2o4
pore                                2ss   2iw   i4ACD  +                              2o5
Fore                                25s   2iw   29mB   A                              2o6
roro                             2ss   2.w  25^cO  i                           207
Form                             2ss  2ou   i8cpD  *                           208
pore                               ass   24w   26Bcc   +                             2og
roro                             25s  26u     5BBc
roRI)                                  26s   22v      4i)AB   +                                2ii
roro                               26s   22v   2cOBD  i                             2i2
roro                                z6s   23v     6DDD  A                              2i3
roRD                                 z6s   23v   i4i]O^  *                               2]4
FORD                                     26S   25U   29CCC                                         2ls
roRi)                                  26s   25w      ti)BB   *                                2i6
rinD                                 27s   2iw      6cc,`   *                               217
FORD                                      27S    2lw    14CCC   i                                    218
FORD                                       28S   26W    l9ACB                                           2]9
POBD                                   29S   Z3135DOD                                       Z20
FORD                                       29S   24W   34CCA   i                                    221
co`n                               iis   26w   i4Bcc
oo`rE                            \\s  28i    2^ee                              223
COVE                                      lls   28W    18^BC                                         226

\\S   281   26CRA                                    Z2S
COVE                                    lls   29V   28^DC                                       226
GovB                                ]is   ao.   i3Bm                                   227
cove                                iis   3iw   i4Bac                                   228
COV.                                     12S   26W   ]O^A^   I                                  229
COVA                                  \ZS   26l   \9BDB  +                               Zoo
COVE                                         12S    26W    34AI)D    *                                      2}1

cove                                12S   27.     4CD^   *                             2.2
COVB                                   \ZS   21128CDD   +                                233
COVE                                      IZS    2®W       6DA^   *                                   234
cOvE                                   `2s   2aw   i4DDB   *                                 2as
OO`m                             \zs   2Bi.Occc  *                            236
COVB                               \2S   Sol      \CB^  *                             2.1
COVB                                       ]2S    low    17CDA   *                                    238
COVZ                                  12S   3\W      3DsO   *                                2.9
CO\1E                                  12S   .\121DDB   *                                240
COVE                                         13S    SOW       SCDD    *                                      24]

COVE                                       13S    3lw    22ABB   *                                    242
oa^\i^n                       6s  z\-\.Ae^                            2..
GR^»^»                                  6S    23V    16BDD                                        244
a^.i^n                     6s  a.i    2^cc                         2.5
6R^n^H                                6s   25w      3BCA                                      246
GR^n^sl                        is  zi.    iB"  *                         2oi
GRAiiAn                                 7s   23w      4cDc                                        248
GRAH^n                              Js   23w   3i^R^   i                              249
GRAnAx                              7s   24v   `cone                                    25o
6R^tIAX                                 7S    24V   30l)DC                                        2S I
GR^nAH                            8s   2i.u   35^cO  *                             zs2
GRAn^n                             8s   2sy     .ccc   *                              253
GRAHAM                                 9S    2]W   2lccc   *                                   254
GRAIIAH                                   9S    2]W   36I)DD   i                                    255
GR^n^n                             9s   22w   i4ccc   *                             256
CRAIIAtl                                     9S    24W       8CCC                                             257
GR^n^»                             ios   22v      2BAB   *                                z5O
GR^ii^zi                              ios   2av      4BBD   *                                 259
aRAx^H                           ios   23v   ii^nA  *                              26o
cRAn^ii                           ios   24y   i4Acc   *                              26i
GRAH^n                              ios   25v   isBBB   *                                 262
GRANT                                278   3sv   29nDc                                       263
OR^m                              28s   3sw   i2AIB                                    264
aR^m                           29s.5w  z4c^A                                 265
ca^y                               24s   27w   27aa^                                  266
GRAI                                    25S   27.15BCD                                       267
en^r                                 25s   2O.   i7ABE                                     268
GRAY                                     25S    28W   2S^BC                                          269
GRA:I                               zss   29w   2iDne                                  2io
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