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Wise use oQ the Qucer Banks cf North Carolina is important to the 

s t a t e  and t h e  na~ion not on l )  f o r  t h e i r  r e c r e a t ~ o n a l  va lue ,  but  a l s o  

for the protect-ion fro% the open sea their presence affords t h e  mainland 

One important component in the wise u s e  35 the Outer Banks i s  t h e  ava ik-  

ability of p o t a b l e  water ALehoagh adequate s u p p l i e s  of p o t a b l e  water  

have Seen available En t h e  p a s t ,  an i nc re&s ing  demand f o r  f r e s h  water  

supplies caused by inc reas ing  numbers of tourists and perrnaner*e resLdents 

laboratory expestmefits were car-dudred d sing a fiele-Shaw model to 

islands, ParkFcuBar attention was given ro  obtaining potable water  on 

t h e  Outer Banks sf orth Carolina. 

Phe dele-Shaw model was designed and k u i L c  t o  sep resen t  a c ross  

section of a lorag oceanic island, The two f l u i d s  e n a t  simulated fresh 

water and salt w a t e r  were obtairied by a d ~ i n g  a  v i s c o s i t y  increasing agent 

ts water, The density of one ba tch  was increased by adding szlt and 

sugar .  The " f resh  watereY was zdded along tne top of t h e  fresh water Lens 
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was continaixl ar tha t  race until e q u i l ; o r ~ i n  Q E  the  i n t e r f a c e  was ob- 

ta ined.  The P J B T U ~ F D ~  xate ~ $ 6  b n ~ + t a s e d  i ~ .  xc rexen t s  a l lowing  e q u i l i -  

brrum ro  be reached at each gr~eref ie~t  e n z r k  the maximum cont inuous r a t e  

was ob ta ined ,  Pumping s topped  when t h e  free s u r f a c e  was p u l l e d  t o  t h e  

t op  of t he  g a l l e r y  o r  when salt vaees was pumped i n t o  t h e  g a l l e r y .  

The Lacations of t h e  f r ee  surface acd iweer face  were recorded f o r  

each g u m p h g  rate, The maximum iiafe Gurnphk  r&ke was re la ted r o  t h e  

raLnfaEl and i s l a n d  cond i t i ons  and cha r sc t e r i s t i c s ,  A l l  t h e  dara  are  

inc luded ,  

The  laborakozy t p s t s  s h s ~ A  ; ~ , r  ;rLt  ~ e _ ~ - % i ~ a u  ifi~deE is a v e r y  

" - 
satisfactory analog p x ~ d ~ c t  chz _ : p i ~ ~ z r k  2 :  Z C ~  t r e s h  wzrer  - s a l t  

increased pumping rates a re  p o s s i b l e  %hen a h o r l z o r r a l  gallery i s  

of the  recharge parameter after suotraeci i -&g known losses can be expected 

from a gallery located a t  mean sea letel, 
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S "H:Ml CONCLUSIONS 

The major purposes of t h i s  i n c e s t ~ g a z i s n  were t o  determine t h e  

suitability of a KePe-Shaw model f o r  s t u d y i ~ g  po tab le  water  a v a i l a b i l i t y  

oceanic i s l ands ,  t o  p r e d i c t  maximum s a f e  pumping r a t e s  t h a t  a v o i d  

emus s a l t  water p o l l u t i o n  of t h e  f r e s h  water l e n s ,  and t o  p r e d i c t  

t h e  approximate l o c a t i o n  sf the  f resh  hater  - s a l t  water  in te r face  on 

che Outer Banks sf North Carolina unaar ! /ar iaas candittons o f  infiltra- 

t i on ,  i s l a n d  charac te r i s t i cs ,  and ~ U F ~ I P L ? ~ ~ ~  

csndirhons of no pumpiag, sat; pumpzag ~ z t 2 5 ~  a:2 t h e  a p p r a i n a c e  locad- 

controlled chamber, these latter conditdcns c m l d  no t  be a t t a i n e d  because 

they required t h e  measurement of excsemky m a l l  qbantities of f l u i d  over  

* - 
long p q r l o d s  of $he, Et was %ound rhac pzs=ep c o m m a c i o m  sf a v i s -  

e s s b ~ y  improving agent [ea rboxp .metP-y~ceSs l~ l~~e  (CMC), 7 ~ 2 ,  s a l t ,  sLgar,  

and water praduced f l u i d s  t h a t  had the correc t  density r a t h s  of f r s s h  

water to salt water without a p p x e c k a b l y  v a r y m g  the V I S C Q S ~ ~ Y  of e i t h e r  

mix ture ,  



d i f f e r en t  infiltration r a t e s  and f requencies  of r a i n f a l l  a p p l i c a t i o n s  

on the Locat icn of t h e  i n t e r f a c e  under  cond i t i ons  of no pumping, Nei ther  

f a c t o r  was found t o  have a  seatistically s i g n i f i c a n t  e f f e c t ,  

The depth of the i n t e r f a c e  appeared  t o  be logari thmfcaLly r e l a t e d  

t o  t h e  recharge parameter under cond i t i ons  of no pumping. The recharge  

parameter i s  def ined  as  t h e  r e l a t i v e  i n f i l t r a t i o n  r a t e A < r a i n f a l l  

csnditians a f f ec t  t h e  p a s b c ~ c ~ s  at - -  L-.e ~ c t e ~ f ~ c e  and  rhe  free 

b u t  do not affect the m a x i m a m  safe p ~ m p i n g  rzites, 

Because of the complexiqr of the s y s t e n  s t u d i e d  i n  t h i s  

tisn, no mathematical s t u d i e s  were made, and &he investigator 

su r f ace ,  

knows of 

no other  nakhernatical. developments t h a t  were s u i t a b l e  f o r  comparison, 

No d i r e c t  comparisons with f i e l d  d a t a  were made because f i e l d  da ta  

resenkky being  e a l l e e t e d  a r e  f r o a  v e r t i c a l  we l l s ,  and t h i s  i n v e s t i g a t o r  

knows of no r e l a t i o n s h i p  To d k ~ e c t l y  compare d a t a  f rom a v e r t f c a P  w e l l  

w i t h  t h a t  from a hor izontak  uePE. One s e t  of da t a   fro^ a  h o r i z o n t a l  

punping test conducted some years ago w a s  inadequate f o r  comparuon 

purposes. However, results f rom We'Le-Shaw model s t u d z e s  f o r  drainage 

n ~ v e i c l g a t u m s  2reviaaaPy condacked LC odr Piborator~es were not stdtbs- 



The results of t h e  s tudy  a r e  u s e f u l  t o  p r a c t i c i n g  engineers  f o r  

t h e  fsPkowFng types  of problems, The l o c a t i o n  of t h e  i n t e r f a c e  f o r  

vary ing  amounts o f  rainfall p e r  storm acd periods of time between storms 

under cond i t i ons  ef no pumping allows upper  and lower bounds of t h e  

i n t e r f a c e  t o  be determined sc t h a t  a nore  economical f i e l d  t e s t i n g  

procedure can be developed. The naximun pumping r a t e  frsn a h o r i z o n t a l  

g a l l e r y  loca t ed  abswe mean sea l e v e l  can be determined f o r  a g iven  s e t  

05 cond i t i ons .  The ef feces  of v a r i o u s  p ~ s n p i n g  rates  on t h e  Ioca rmn af 

t h e  in te r face  can be s t u d i e d  f o r  a ra&e oi r akn fe lk  ccnditiocs and 

Fskand eharacterkstics. The e f f ec t s  cf s a i l  ; f l d s o t r q y  cn t h e  l o c a t i o n  

of the  in tz r face  can be Irruessigatcd.  



The f o l k s s i n g  recomme~dat"hone can be msde a s  a r e s u l t  of t h i s  s tudy.  

1. Use of a BeYe-Shaw model is a v e r y  va luab le  analog i n  r a p i d l y  

determining changes in the l oca t ion  of the  f r e s h  water  - s a l t  water i n t e r -  

face f o r  va r ious  r a i n f a l l  and i s l a n d  cond i t i ons  and c h a r a c t e r i s t i c s ,  It 

does,  however, have Sirnitasions f a r  c e r t a i c  coxbina t ions  of cond i t i ons .  

2, %hen used w i t h  salt, sugar, an2 water, carSoxy~1ethp3cePlulcse 

(GMC), X ,  is a very good v i s c a s i ~ y  t:?creasicg agene t o  o b t a i n  a 

water i n t e r f a c e  when the  horizsntaB puap ing  g a l l e r y  i s  loca t ed  

o t h e r  t han  a t  t h e  rnidpoin? of long oceanic i s l a n d s .  

rainfall and i s l and  coridikisns and c h a r a c t e r i s t i c s  t h a t  cannot 

be modeled by the MeZe-Shm model, 

c, Compare t h e  results of t h i s  s tudy  w i t h  adequate  f i e l d  

d .  Determine ihe most %conomical methods of i n s t a l l i n g  

e, Compare the ecsnarriics o f  a horizontal g a l l e r y  ve r sus  



North Carol ina has over 250 m i  of A t l a n t i c  c o a s t l i n e ,  much of which 

c o n s i s t s  of a  cha in  of long, sandy, b a r r i e r  i s l a n d s ,  These i s l a n d s  a r e  

separa ted  from t h e  mainland by marshes a t  some p o i n t s  and by a s  much a s  

30 m i  of open water  a t  o t h e r  p o i n t s ,  These i s l a n d s  range i n  width from 

a  maximum of about 3  m i  t o  a  minimum of about 1 ,000 f r ,  Land s u r f a c e  

e l e v a t i o n s  range from sea  l e v e l  a long  the  beaches and i n  t i d a l  marshes 

of Pamlico Sound t o  about 60 f t  above mean sea  l e v e l  on some of t h e  sand 

dunes. Two of t hese  i s l a n d s ,  Ha t t e r a s  and Ocracoke, and sometimes 

neighboring i s l a n d s ,  a r e  c o l l e c t i v e l y  r e f e r r e d  t o  a s  t h e  Outer Banks, 

The p re se rva t ion  of t hese  Outer Banks i s  important t o  t h e  s ta , te  and t h e  

n a t i o n  not  only f o r  t h e i r  r e c r e a t i o n a l  va lue ,  b u t  a l s o  f o r  t h e  p ro t ec -  

t i o n  from t h e  open sea  t h e i r  presence 

Potable  water  on t h e  Outer Banks 

r a i n f a l l  and s t o r i n g  i t  o r  by pumping 

a f f o r d s  t h e  mainland, 

i s  obtained e i t h e r  by i n t e r c e p t i n g  

water from shallow w e l l s  o r  i n f i l -  

t r a t i o n  g a l l e r i e s ,  The w e l l s  and g a l l e r i e s  pump water  from a  fresh-water  

l ens  which f l o a t s  on t h e  more dense s a l t  wa te r ,  However, i nd i sc r imina te  

pumping of t h i s  water  can r e s u l t  i n  i t s  p o l l u t i o n  by s a l t  wa te r*  

Adequate s u p p l i e s  of water  have been a v a i l a b l e  up t o  t h e  p re sen t  t ime 

when c o n t r o l l e d  pumping procedures were appl ied .  However, increased  

demand on t h e  f r e s h  water  supp l i e s  caused by inc reases  i n  numbers of 

t o u r i s t s  and permanent r e s i d e n t s  r e q u i r e s  t h a t  maximum pumping r a t e s  be 

obtained wi thout  d e s t r u c t i v e  p o l l u t i o n  of t h e  a q u i f e r  by s a l t  water  

i n t r u s i o n .  It appears  a t  t h e  p re sen t  t ime t h a t  t h e  u l t imaee  use  of t h e  

Outer Banks w i l l  b e  l imited by t h e  a v a i l a b i l i t y  of po tab le  water  r a t h e r  



than the availability of recreational and residential ypace, 

The principal purpose of this study was to develop air snalog model 

that would complement and supplement the field studles f o r  desermining 

better estimates of safe yield of potable water being canducked by the 

North Carolina District of the Water Resources Division, 'linlced States 

Geological Survey (USGS). If a model to predict the pc;.able wacer at a 

cross sectional area of the Outer Banks could be developzd, other areas 

could easily be modeled in the laboratory and expensive f l e E d  investiga- 

tions could be eliminated, 

A Hele-Shaw model was used to determine safe pumping rates of 

potable water for long oceanic islands that have Cwo-dimensional flow 

characteristics. The pumping rates are related to island size, soil 

characteristics, infiltration, and gallery location and are presented 

graphically in dimensionless groupings. Locations of t h e  free surface 

and fresh water - salt water interface for various pumping rates are 

presented in dimensionless form to make the data applicable to a wide 

variety of conditions, as well as in tabular and graphical form with 

dimensions to facilitate their use. Several examples are included. 



The o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  concerning withdrawal of 

po tab le  water  on t h e  Outer Banks were a s  fol lows:  

2 .  t o  des ign  and cons t ruc t  a Hele-Shaw model t o  r ep re sen t  a  pre-  

s e l e c t e d  c ros s  s e c t i o n a l  area of t h e  Outer Banks; 

2 .  t o  p r e d i c t  t h e  l o c a t i o n  of t h e  i n t e r f a c e  under va r ious  con- 

d i t i o n s  of i n f i l t r a t i o n ,  i s l a n d  c h a r a c t e r i s t i c s ,  and pumping; 

3 .  t o  determine i f  t h e  i n t e r m i t t e n t  r e l a t i v e  i n f i l t r a t i o n  r a t e  

has an  important e f f e c t  on t h e  i n t e r f a c e  l o c a t i o n ;  

4 .  t o  determine i f  t h e  r a i n f a l l  frequency has an important e f f e c t  

on t h e  i n t e r f a c e  l o c a t i o n ;  

5, t o  p r e d i c t  maximum s a f e  pumping r a t e s  t h a t  avoid dangerous 

s a l t  water  p o l l u t i o n  of t h e  f r e s h  water  l ens ;  

6, t o  compare t h e  l abo ra to ry  r e s u l t s  w i th  on-going f i e l d  s t u d i e s ;  

and 

7. t o  present  t h e  f ind ings  i n  t a b u l a r  and/or g raph ica l  form so  

a s  t o  extend t h e  r e s u l t s  t o  o the r  long oceanic  i s l a n d s .  



REVIEW OF LITERATURE 

Groundwater S t u d i e s  on t h e  Outer  Banks 

H a r r i s  and Wilder (1964) p r e s e n t e d  a p r e c i p i t a t i o n  map showing 

a v e r a g e  annua l  p r e c i p i t a t i o n  t o  v a r y  from 46 t o  55 i n ,  on H a r t e r a s  

I s l a n d .  Lloyd and Dean (1968) r e p o r t e d  t h a t  t h e  h i g h e s t  monthly r a i n f a l l  

on  Bodie I s l a n d  o c c u r s  d u r i n g  t h e  months of J u l y ,  August, and September.  

The l o c a t i o n  o f  t h e  i s l a n d s  i s  g i v e n  i n  F i g u r e  1. E.  Tabor  ( H a r r i s  and 

Wilder ,  1964) o f  t h e  U. S.  Weather Bureau a t  Cape H a t t e r a s  s t a t e d  t h a t  

r a i n w a t e r  i n  t h e  a r e a  was found t o  c o n t a i n  a s  much as 998 ppm ( p a r t s  p e r  

m i l l i o n )  c h l o r i d e .  H a r r i s  and Wilder (1964) s t a t e d  t h a t  t h e  r a i n f a l l  

i s  r a p i d l y  absorbed,  moves downward t o  t h e  w a t e r  t a b l e ,  and t h e n  moves 

l a t e r a l l y  t o  d i s c h a r g e  i n t o  t h e  ocean,  sounds ,  and i n l e t s .  S u r f a c e  

r u n o f f ,  i f  any,  d r a i n s  i n t o  t h e  t i d a l  marshes t h a t  b o r d e r  t h e  sounds.  

The USGS i n  c o o p e r a t i o n  w i t h  t h e  Cape H a t t e r a s  N a t i o n a l  S e a s h o r e  

conducted s e v e r a l  l o c a l i z e d  s t u d i e s  of t h e  groundwater s u p p l i e s  on t h e  

Outer  Banks. Brown ( l960) ,  Kimrey (1960, 1961),  H a r r i s  and Wilder 

(1964),  Lloyd and Wilder (19681, Wyrick and Dean (19681, and Lloyd and 

Dean (1968) i n v e s t i g a t e d  s p e c i f i c  l o c a t i o n s  and n o t e d  t h a t  many a r e a s  

on t h e  Oute r  Banks can  supp ly  a d e q u a t e  p o t a b l e  w a t e r  f o r  pumping. 

Wyrick and Dean (1968) r e p o r t e d  t h a t  two g a l l e r i e s ,  one on Ocracoke 

I s l a n d  and t h e  o t h e r  on Watteras  I s l a n d ,  haxe been i n s t a l l e d  r s  supp ly  

p o t a b l e  w a t e r  f o r  camping a r e a s ,  The g a l l e r y  on H a t t e r a s  I s l a n d  (Salvo 

Campground) i s  abou t  125 f t  long ,  It was c o n s t r u c t e d  of 2 0 - f t  s e c t i o n s  

of 2 - i n ,  d iamete r  p i p e  a l t e r n a t i n g  w i t h  5 - f t  s c r e e n s  and was i n s t a l l e d  

i n  a gravel-packed d i t c h .  The g a l l e r y  i s  l o c a t e d  n e a r  t h e  sound a t  a 



F i g u r e  1. Map of  t h e  Ourer Banks of Nor th  Carolina 
( a f t e r  Xarris  and Wilder,  1964) 



dep th  s l i g h t l y  below mean s e a  l e v e l ,  Pumping r a t e s  g r e a s e r  than 9 gpm 

r e s u l t e d  i n  s a l t .  wa te r  encroachment t o  t h e  g a l l e r y .  

The g a l l e r y  on Ocracoke I s l a n d  (Parker"  H i l l )  i s  apgrax i rna te ly  220 

f e  long  and 2 in. i n  d iamete r .  It was c o n s t r u c t e d  o f  a l t e r n z t i n g  

s e c t i o n s  of l o - f t  l e n g t h s  o f  p l a s t i c  p i p e  and 5 - fc  l e n g t h s  of p l a s t i c  

s c r e e n ,  The p i p e  was s e t  i n  t h e  c e n t e r  of a g r a v e l  packed d i t c h  

approx imate ly  l f t  below mean s e a  l e v e l ,  The mean water l e v e l  a t  t h e  

g a l l e r y  l o c a t i o n  d u r i n g  1965 was abou t  2 ,5  f t  above mean sea l e v e l ,  

During pumping t e s t s ,  t h e  maximum planned pumping r a t e  of 25 gprn was 

found t o  bower t h e  w a t e r  t a b l e  t o  t h e  g a l l e r y .  During r h e  4 days  o f  

pumping, no i n d i c a t i o n  of s a l t  w a t e r  i n t r u s i o n  was found, 

H a r r i s  (1967) s t a t e d  t h a t  t h e o r e t i c a l  v a l u e s  a r e  not v a l i d  f o r  t h e  

r e l a t i o n s h i p  of f r e s h  w a t e r  head t o  d e p t h  of t h e  i n t e r f a c e  benearh  t h e  

b a r r i e r  i s l a n d s  when t h e r e  i s  s u b s t a n t i a l  motion of f r e s h  groundwater  

and where t h e  sed imenta ry  d e p o s i t s  a r e  he te rogeneous  o r  a n i s o t r o p i c .  

He i n d i c a t e d  t h a t  f r e s h  w a t e r  o c c u r s  i n  zones o f  h i g h  h y d r a u l i c  can- 

d u c t i v i t y  whereas s a l t y  w a t e r  o c c u r s  i n  zones o f  low h y d r a u l i c  condue- 

t i v i t y .  A t  one l o c a t i o n  on B a t t e r a s  I s l a n d ,  he found that t h e  concen- 

t r a r i o n  of c h l o r i d e s  i n  t h e  groundwater v a r i e d  i n v e r s e l y  w i t h  h y d r a u l i c  

c o n d u c t i v i t y  o f  t h e  w a t e r  b e a r i n g  zones t o  a  dep th  of abour 140 f t ,  

A zone of d i f f u s i o n  e x i s k s  a t  t h e  i n t e r f a c e  of s a l t  and f r e s h  

w a t e r ,  T h i s  zone i s  formed by t h e  mixing of s a l t  w a t e r  w i t h  f r e s h  

w a t e r  a s  heads  a r e  a l t e r e d  by t i d e s ,  v a r i a t i o n  i n  r e c h a r g e ,  and o t h e r  

f o r c e s  i n c l u d i n g  pumping. Cooper (1964 )  p o i n t e d  o u t  char  where t h i s  

zone of d i f f u s i o n  e x i s t s ,  t h e  s a l t  w a t e r  i s  n o t  s t a t i c  bu t  r a t h e r  f lows  



i n  a  c o n t i n u a l  c y c l e  from t h e  f l o o r  of t h e  s e a  iatc che zcne of 

d i f f u s i o n  and back t o  t h e  s e a ,  T h i s  f low of s a l t  water ednses  some 

l o s s  of energy of t h e  s a l t  w a t e r  and t h u s  rends  fo l e s s e n  cbe amount 

of s a l t  water  t h a t  occup ies  t h e  a q u i f e r .  The meehanlcs 0 5  t h i s  c y c l i c  

f low a r e  such t h a t  t h e  w a t e r  i n  t h e  zone of d i f f u s i o n  becomes l e s s  dense  

t h a n  t h e  s e a  w a t e r  and r i s e s  a l o n g  a  seaward p a t h ,  As t h i s  c c c a r s ,  s a l t  

w a t e r  from t h e  s e a  f lows i n t o  t h e  s o i l  sys tem t o  r e p l a c e  t h a t  which was 

removed, Model s t u d i e s  by Ca,hil l  (1967) s u b s t a n t i a t e d  the c y c l i c  f low 

theory .  C a h i l l  r e p o r t e d  t h a t  c y c l i c  f low t a k e s  p l a c e  i n  t h e  d e n s e r  

f l u i d  when f r e s h  wate r  f lows  seaward over  i n t r u d i n g  ocean w a t e r .  He 

a l s o  r e p o r t e d  t h a t  a d d i t i o n a l  mixing of f r e s h  w a t e r  and saEc w a t e r  i s  

caused by t i d a l  f l u c t u a t i o n s ,  

1 Beath i n d i c a t e d  t h a t  t h e  USGS h a s  now begun g e n e r a l i z e d  ground- 

w a t e r  i n v e s t i g a t i o n s  on t h e  u t e r  Banks. The t h r e e  r e p r e s e n r a t i v e  

l o c a t i o n s  t h a t  have been s e l e c t e d  f o r  f i e l d  s t u d i e s  a r e  p r e s e n t e d  i n  

T a b l e  1, 

T a b l e  1, L o c a t i o n s  f o r  f i e l d  s t u d i e s  by USGS 

C r o s s - s e c t i o n a l  topography Loca.s i on 

High e l e v a t i o n s  w i t h  narrow Mi lepos t  16 .5  on Hatzeras I s l a n d  
w i d t h  

Low e l e v a t i o n s  w i t h  narrow Mi lepos t  29 on H a t r e r a s  I s l a n d  
w i d t h  

Low e l e v a t i o n s  w i t h  wide L i t t l e  Kinnakeet  Coast  Guard 
w i d t h  S t a t i o n  ( n e a r  m i l e p o s t  3 2 )  on 

H a t t e r a s  I s l a n d  

' ~ e a t h ,  R .  C.  1969. P e r s o n a l  C o m n i c a t i o n .  D i s t r i c t  Chief :  
U ,  S, Geolog ica l  Survey,  R a l e i g h ,  N. C. 



A t  each l o c a t i o n  t h e  USGS i s  i n s t a l l i n g  a  l i n e  of o b s e r v a t i o n  we4 2s 

a c r o s s  t h e  i s l a n d  p e r p e n d i c u l a r  t o  .the beach,  Severa l  wel t s  s h a t  are 

sc reened  a t  d i f f e r e n t  d e p t h s  a r e  l o c a t e d  a t  each 02 f i v e  pcinta a c r o s s  

r h e  i s l a n d  w i t h  a  v e r t i c a l  pumping well l o c a t e d  a t  t h e  i s l a n d  midpoin t ,  

Recording r a i n  gauges a r e  l o c a t e d  a t  m i l e p o s t s  16.5 and 29. The USGS 

p l a n s  t,o de te rmine  t h e  Locat ion of t h e  i n t e r f a c e  b e f o r e ,  d ~ r i n g ,  and 

a f t e r  pumping a t  each of ehe topograph ic  p o s i t i o n s .  P r e d x t l o n s  of s a f e  

pumping r a t e s  which w i l l  b e  c o r r e l a t e d  t o  i s l a n d  dimensions  w t L l  t h e n  b e  

made f o r  o t h e r  l o c a t i o n s  on t h e  Oute r  Banks. F i g u r e  2 s h m s  t h e  groundb 

water p r o f i l e  a.t m i l e p o s t  29 f o r  two d i f f e r e n t  d a t e s  a s  o b t a i n e d  by 

2 Floyd . He indica , ted  t h a t  h i g h e s t  t i d e s  on t h e  Outer  Banks occur  i n  

t h e  s p r i n g  and f a l l .  During t h e s e  seasons  t h e  w a t e r  t a b l e  near t h e  

ocean r i s e s  c o n s i d e r a b l y  and ma,y a c t u a l l y  be  h i g h e r  than t h e  wate r  t a b l e  

a t  i s l a n d  midpoin t ,  

Wyrick and Dean (1968) i n d i c a t e d  t h a t  t h e  w a t e r  on Ocracoke I s l a n d  

g e n e r a l l y  c o n t a i n s  d i s s o l v e d  m i n e r a l s ,  ca rbon  d i o x i d e ,  and o r g a n i c  a c i d s .  

These c o n s t i t u e n t s  c a u s e  t h e  w a t e r  t o  b e  a c i d i c  and an e f f e c t i v e  s o l v e n t  

f o r  i r o n -  and manganese-bearing m i n e r a l s ,  When t h e  a c i d i c  wa te r  comes 

i n  c o n t a c t  w i t h  s h e l l  f ragments ,  i t  d i s s o l v e s  ca lc ium and magnesium c a r -  

b o n a t e s  which c a u s e  t h e  w a t e r  t o  become more a l k a l i n e  and t o  have a  

h i g h e r  c o n c e n t r a t i o n  of ha rdness .  The i r o n  and manganese a r e  t h e n  

p r e c i p i t a t e d  i n t o  t h e  a q u i f e r .  The q u a l i t y  of t h e  w a t e r  depends upon 

che r a t e  of r e c h a r g e  w i t h  m i n e r a l i z a t i o n  of t h e  wa te r  b e i n g  less d u r i n g  

' ~ l o y d ,  E. 0 .  1969. P e r s o n a l  Communication. Former H y d r a u l i c  
Engineer ,  U. S. Geolog ica l  Survey,  R a l e i g h ,  N. C. 





p e r i o d s  of h i g h  p r e c i p i t a t i o n .  

0 

One of  t h e  f i r s t  t h e o r e t i c a l  a n a l y s e s  of f r e s h  wacer f l o a t i n g  on 

s a l t  w a t e r  i n  porous  media was made by Ghyben (Brown, 19%5) ,  I n  h i s  

a n a l y s i s ,  Ghyben t r e a t e d  t h e  f r e s h  w a t e r  and s a l t  w a t e r  a s  two i m f s c i b l e ,  

s t a t i c  f l u i d s  s e p a r a t e d  by a  s h a r p  i n t e r f a c e ,  The i n t e r f a c e ,  s e a  l e v e l ,  

and w a t e r  t a b l e  were assumed t o  meet a t  one p o i n t ;  and t h e  s u r f a c e  o f  

seepa,ge was ignored ,  H i s  r e s u l t s  i n d i c a t e d  t h a t  t h e  e l e v a t i o n  o f  t h e  

w a t e r  t a b l e  above s e a  l e v e l  ( z f )  was a c o n s t a n t  Cola t imes  t h e  d e p t h  t o  

t h e  i n t e r f a c e  below s e a  l e v e l  ( z i ) .  The mathemat ical  e x p r e s s i o n  i s  

f  
= d e n s i t y  of f r e s h  w a t e r ,  

a,nd 

P s  
= d e n s i t y  o f  s a l t  w a t e r .  

P h i s  p r i n c i p l e  i s  commonly known a s  the Ghyben-Herzberg p r i n c i p l e .  It 

i s  based upon t h e  assumption t h a t  t h e  c o n s t a n t  p o t e n t i a l  l i n e s  i n  t h e  

( two-dimensional)  f r e s h - w a t e r  regime a r e  v e r t i c a l ,  Abshough t h e  

assumption i s  i n c o r r e c t ,  t h e  p r i n c i p l e  y i e l d s  r e s u l t s  which a r e  c l o s e  

t o  t h o s e  d e r i v e d  mathemat ica l ly  i f  t h e  r a t e  of f r e s h  w a t e r  d i s c h a r g e d  

i s  smal l .  Glover (19591, Charmonman ( l 9 6 5 ) ,  and V e r r u F j t  (1968) 

p r e s e n t e d  m o d i f i c a t i o n s  of t h e  p r i n c i p l e  t o  account  f o r  t h e  flow r a t e  

t o  t h e  s e a .  I n  t h e  m o d i f i c a t i o n s ,  t h e  f r e s h  w a t e r  t h a t  f lows  t o  t h e  



sea is assumed to be drained away by a norizontal slit as shown in 

Figure 3, Schemaclc of f l c y ~  pattern in a 
coasta4 aquifer 

By using hodograph s o l u r ~ o r . ~ ,   hey obtained a relationship for the 

location of the interface depth, Verruijt (l.968) also presented a 

relationship of the interface depth to free surface height as 

where 

= hydraulic conduct bwf &;I, 

and 

q = total discharge of fresh water into the ocean per unit thickness 

of the aquf f er , 

is ncch smaller than ozl ,  the second t e m  o n  the right hand 

sFde of equaticn 2 may be 3isregarde.C and equation 2 is reduced to the 

C-hyben-Herzberg p r i a c i p l e .  Uerruijt stated :hat good results should be 



o?jtained by e q u a t i o n  2 i f  t h e  d i s t a n c e  from t h e  s e a  i s  l a r g e  compared 

c: t h e  pa ramete r  q/K, 

Henry (1964)  d i s c u s s e d  t h e  v a l i d i t y  of t h e  Dvpuit  a ssumpt ion  f o r  

grosndwater  f low i n  a  l o n g  o c e a n i c  i s l a n d ,  He s t a t e d  t h a t  t h e  i n f l u e n c e  

ok zhe v e r t i c a l  component o f  v e l o c i t y  may be  a p p r e c i a b l e  when v e r t i c a l  

r e c h a r g e  e x i s t s ,  Because t h e  Dvpui t  assumption n e g l e c t s  any v e r t i c a l  

v e l o c i t i e s ,  r e c h a r g e  w a t e r s  a r e  assumed t o  e n t e r  t h e  a q u i f e r  th rough  a  

concmuous  d i s t r i b u t i o n  of v e r t i c a l  r e c h a r g e  w e l l s  from which f low 

a c r u r s  u n i f o r m l y  over  t h e  d e p t h  from mean s e a  l e v e l  t o  t h e  i n t e r f a c e .  

The  r e s u l t i n g  e q u a t i o n  f o r  t h e  c o o r d i n a t e s  of t h e  i n t e r f a c e  is 

where 

K t  = KQI, 

R, = r s t e  o f  uniform v e r t i c a l  r e c h a r g e  p e r  u n i t  a r e a ,  

x = h o r i z o n t a l  d i s t a n c e  from t h e  s h o r e  t o  t h e  p o s i t i o n  o f  zi, 

and 

W = width of t h e  i s l a n d  a t  s e a  l e v e l ,  

Iz shou ld  be no ted  t h a t  Rv i s  n o t  n e c e s s a r i l y  e q u a l  t o  t h e  r a i n f a l l  

i n t e n s i t y ,  R 

Henry (1964) no ted  t h a t  a  more a c c u r a t e  s t e a d y  s t a t e  s o l u t i o n  

wouid resul t  i f  two-dimensional p o t e n t i a l  t h e o r y  ( a p p l y i n g  L a P l a c e ' s  

e q w r i o n $  were  used,, He n e g l e c t e d  a l l  f low above t h e  ocean l e v e l  and 

2sst1rned a h o r i z o n t a l  d i s c h a r g e  f a c e  i n  t h e  s t e a d y  s t a t e  s o l u t i o n ,  The 

baunaary v e l o c i t i e s  were mapped i n t o  a  hodograph, and subsequen t  



-:-mesica L i n t e g r a t i o n  was performed. Figure 4 p re sen t s  curves showing 

- b inrerEace l o c a t i o n  f o r  Rv/Kl = 0.755 and 0,0062 a s  determined by 

Hgnry, Henry ind ica t ed   hat t h e  l a r g e r  va lue  of R " / K ~  corresponded t o  

r a c e  of recharge  of 9 i n ,  per  day and t h a t  t h e  smal le r  va lue  cor re-  

spsnded t o  a  recharge r a t e  of 27 i n .  per  year  f o r  an  a q u i f e r  having a  

?iaraskkc conduc t iv i ty  of K = 40 f t  per  day and a  d e n s i t y  d i f f e r e n c e  

raLro o f  a = 1/40. He a l s o  ind ica t ed  t h a t  under n a t u r a l  cond i t i ons  

Ti n v : K ~  wculd r a r e l y  be a s  l a r g e  a s  0.0062.  Henry f e l t  t h a t  f o r  many 

2::r~caes the  Duguit assumption was s u f f i c i e n t l y  accu ra t e  i n  p r e d i c t i n g  

:he r c t e r f a c e  because F igure  4 shows no d i f f e r e n c e  i n  t he  two s o l u t i o n s  

fcr qj jK1.  = 0.0062.  The Dupuit assumption causes app rec i ab le  e r r o r  

~ i r i y  i n  s i t u a t i o n s  where t h e  i s l a n d  i s  wide and t h e  sub jec t  a£ i n t e r e s t  

l a  the p o s i t i o n  of t h e  i n t e r f a c e  near  t h e  shore ,  

Hantush (1968) presented  s e v e r a l  time-dependent, p o t e n t i a l - t h e o r y  

~t;Lnc?;ons f o r  t h e  l o c a t i o n  of t h e  i n t e r f a c e  of f resh-water  l enses .  He 

o h n i n e d  a s o l u t i o n  of t h e  nonl inear  d i f f e r e n t i a l  equat ion  by keeping 

t h e  d i s r ance  t o  t h e  i n t e r f a c e  cons tan t  and by cons ider ing  t h e  d e r i v a t i v e s  

ct rhe  d i s t a n c e  t o  t h e  i n t e r f a c e  a s  v a r i a b l e s .  The r e s u l t i n g  l i n e a r  

d i f f e r e n t i a l  equat ion  was then solved.  The d i s t a n c e  t o  t h e  i n t e r f a c e  

cha t  had  been kept  cons tan t  was considered t o  be a weighted mean of t h e  

depth from mean sea Level t o  t he  i n t e r f a c e .  This  mean was t o  be ob- 

n,t:~ed during a  t ime per iod  p r i o r  t o  t h e  time t h a t  t h e  l o c a t i o n  of t h e  

?a-2tfac.e was des i r ed .  Hantush presented s o l u t i o n s  f o r  t h r e e  s e t s  of 

bcandary cond i t i ons ,  a l l  of which have both f i n i t e  and s e m i - i n f i n i t e  

-:reaz c f  recharge.  The t h r e e  s e t s  included an i n f i n i t e  a q u i f e r ,  a 



s e a  l e v e l  v 

i n t e r £  ace  ob ta ined  
by use of Dupuit 
assumption \ 

A. I n t e r f a c e  f o r  R,, /K, a 0.755 

8 ,  I n t e r f a c e  f o r  R,/K1 a 0.0062 

F i g u r e  4 ,  Numerical s o l u t i o n s  f o r  i n t e r f a c e s  i n  water  t a b l e  a q u i f e r s  
( a f t e r  Henry, 1964) 



s e m i - i n f i n i t e  a q u i f e r  bounded by t h e  ocean on one s i d e  w i t h  t h e  t h i c k -  

ness of t h e  d i s c h a r g e  zone assumed t o  be  ze ro ,  and a  s e m i - i n f f n i t e  

a q u i f e r  bounded by an  impermeable l a y e r  on one s i d e ,  Hantush a l s o  

c o n s i d e r e d  h o r i z o n t a l  i n j e c t i o n  w e l l s  i n  each of t h e  above c a s e s .  I n  

c o n c l u s i o n ,  h e  recommended t h a t  h i s  r e s u l t s  be checked w i t h  a v i s c o u s -  

f low model. 

Hele-Shaw Models f o r  S a l t  Water I n t r u s i o n  S t u d i e s  

One o f  t h e  e a r l i e s t  i n v e s t i g a t o r s  t o  u s e  a  Hele-Shaw model f o r  s a l t  

w a t e r  i n t r u s i o n  s t u d i e s  was S a n t i n g  (Todd, 1959) .  Bear and nagan (1964) 

s t u d i e d  ~ h e  i n t e r f a c e  i n  conf ined  a q u i f e r s  w i t h  a  Hele-Shaw model h a v i n g  

a c i n g  of 1 mm. Tap w a t e r  (pf = 1.001 g / c c  [grams p e r  c u b i c  

eei l r imeter] )  and s a l t  w a t e r  (ps = 1.030 g /cc )  were u t i l i z e d  a s  t h e  

v i s c o u s  fXuFds, Columbus (1964) a l s o  used f r e s h  w a t e r  and s a l t  w a t e r  

i n  a Hele-Shaw model t o  s t u d y  s t e a d y  s t a t e  s e a  w a t e r  i n t r u s i o n  i n t o  

water t a b l e  a q u i f e r s .  

De J o s s e l i n  D e  Jong (1965) s t u d i e d  c o n f i n e d > s t e a d y  s t a t e  f low 

with water b e i n g  withdrawn from t h e  a q u i f e r  by a  g a l l e r y .  He used r e s i n  

o i l  ( p f  0.864 g / c c )  and g l y c e r i n e  (ps = 1 , 0 7 1  g / c c )  i n  c o n j u n c t i o n  

w i t h  a p l a t e  s p a c i n g  of 2 .1  rnrn and a  f l u i d  v i s c o s i t y  of 0.34 cmh/sec t o  

obtain a  h y d r a u l i c  c o n d u c t i v i t y  of 2.54 cm/sec. Columbus (1966) 

i n d i c a t e d  t h a t  S h e l l  T e l l u s  72 o i l  (pf = 0.89 g/cc ,  b [ k i n e m a t i c  

b ~ : s c o s E t ~ j  = 7 s t o k e s )  and Paze lus  o i l  s a t i s f y  s p e c i f i c  we igh t  and 

v f s c o s ~ c y  requ i rements  t o  model s e a  w a t e r  i n t r u s i o n ,  (The i n v e s t i g a t o r  

was u n a b l e  to l o c a t e  P a z e l u s  o i l . )  Kashef (1968) s t u d i e d  s t e a d y  s t a t e  

and t r a n s i e n t  s a l t  w a t e r  i n t r u s i o n  i n t o  a  w a t e r  t a b l e  a q u i f e r  w i t h  a 



Hele-Shaw model t h a t  had a  spacing of 6  mrn. Kashef prepared t h e  model 

f l u i d s  by mixing f r e s h  water  w i th  a  c e l l u l o s e  gum known a s  carboxy- 

rnethybcelbulose, 7 high premium. Var i a t ion  i n  d e n s i t y  of t h e  two 

f l u i d s  was obtained by adding s a l t  and sugar t o  only one of t h e  f l u i d s .  

S p e c i f i c  g r a v i t i e s  of 1.00 and 1.023 were obta ined .  The model hydrau l i c  

conduc t iv i ty  va r i ed  from about 60 t o  about 80 cm/sec, 



TWO-DIMENSIONAL FLOW EQUATION FOR A HOMOGENEOUS, 

ISOTROPIC POROUS MFBIA 

The impor tan t  v a r i a b l e s  f o r  groundwater f low on a  long  o c e a n i c  

f a l and  a r e  shown i n  F i g u r e  5 and a r e  d e f i n e d  when f i r s t  i n t r o d u c e d .  

The Davcian v e l o c i t y  p o t e n t i a l ,  c p ,  a t  any p o i n t  i s  

where 

g = t h e  a c c e l e r a t i o n  of g r a v i t y ,  

p = groundwater p r e s s u r e  a t  (x, z ,  t), 

t = t ime  

x = h o r i z o n t a l  C a r t e s i a n  c o o r d i n a t e ,  

and 

z = v e r t i c a l  C a r t e s i a n  c o o r d i n a t e .  

Ef t h e  f low r e g i o n  i s  c o n s i d e r e d  symmetr ical  abou t  t h e  f low l i n e  

- ge,  o n l y  one-half  t h e  f low r e g i o n  h a s  t o  b e  c o n s i d e r e d  i n  t h e  mathemat ica l  

a n a l y s i s ,  The boundary c o n d i t i o n s  f o r  r e g i o n  gbcefg a r e  a s  f o l l o w s ,  

- 
Along t h e  f r e e  s u r f a c e ,  gb, w i t h  recharge ,  R v ( t ) ,  t h e  boundary 

c o n d i t i o n  (Dagan, 1964) i s  

where 

f = p o r o s i t y  of t h e  s o i l  

Along  he f r e s h  w a t e r  d i s c h a r g e  zone,  t h e  boundary c o n d i t i o n  v a r i e s  

depending upon whether  t h e  p o s i t i o n  i s  above o r  below s e a  l e v e l ,  Pos i -  

t i c n s  above s e a  l e v e l  w i t h i n  t h i s  zone have a  v a r i a b l e  e l e v a ~ i o n  
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i n  paraus media I 
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\ mean s e a  

i ; p r e  5.  Cross s e c t i o n  of a  long o c e a n i c  i s l a n d  wi th  f r e s h  w a t e r  l e n s  



p o t e n t i a l  w i t h  a c o n s t a n t  groundwater p r e s s u r e  p o t e n t i a l  (p  = 01, 

while p o s i t i o n s  below s e a  l e v e l  have b o t h  v a r i a b l e  e l e v a t i o n  and ground- 

water p r e s s u r e  p o t e n t i a l s ,  The boundary c o n d i t i o n s  f o r  t h e  two r e g i o n s  

( a l o n g  G)  may h e  w r i t t e n  t o g e t h e r  a s  

' L  

where 

S (z )  = a  u n i t  s t e p  f u n c t i o n  d e f i n e d  a s  
0 

If t h e  s a l t  w a t e r  i n  t h e  porous  media 

LS  no t1ea.d l o s s  i n  t h e  s a l t  w a t e r  zone and 

t h e  i n t e r f a c e  (5) may b e  

The l i n e  o f  symmetry 

c o n s i d e r e d  a s  

0  
0"  

i s  c o n s i d e r e d  s t a t i c ,  t h e r e  

t h e  boundary c o n d i t i o n  f o r  

q ( x i j z i j  t )  = - b z  i ' (7)  

A 

eg i s  a  f low l i n e  w i t h  t h e  boundary c o n d i t i o n ,  

- 
excep t  f o r  p o i n t  f which i s  a  s i n k ,  The boundary c o n d i t i o n  a t  t h i s  p o i n t  

where 

I - d e p t h  of g a l l e r y  below mean s e a  l e v e l ,  

Vr = Darcian v e l o c i t y  i n  t h e  r a d i a l  d i r e c t i o n ,  

and Q = pumping r a t e  of f r e s h  w a t e r  p e r  u n i t  l e n g t h ,  



The flow e q u a t i o n  may be d e r i v e d  by c o n s i d e r i n g  a  s m a l l  cube w i t h  

s i d e s  Ax, Az, 1 i n  t h e  s a t u r a t e d  f r e s h - w a t e r  r e g i o n ,  The cube as 

shown i n  F i g u r e  6 i n c l u d e s  bo th  s o i l  and w a t e r ,  

F igure  6, Elarnsntal volume of s a t u -  
r a t e d  porous  medium 

At x = X, t h e  v e l o c i t y  in the x direcrisw i s  V x ;  and a t  x  = X + 4 x ,  t h e  

NWx 
v e l o c i t y  i s  V -% ---- Ax. At z  = Z, t h e  v e l o c i t y  i n  t h e  z  d i r e c t i o n  i s  " d X  avz 
V,; and a t  z = Z Az, i t  i s  Qz 4- Az, The f l u x  i n t o  t h e  cube i s  

t h e n  p &V$Z + v $ x ] .  The f l u x  o u t  o f  t h e  cube i s  

The n e t  f l u x  i s  

and is e q u a l  t o  t h e  change in =ass of t h e  cube w i t h  r e s p e c t  t o  t i m e ,  

&thematically, the  e q u a l i t y  i s  



where  

Dm == f l u i d  mass of a  cube w i t h  s i d e s  Ax, 1, D z .  

The space  d e r i v a t i v e s  o f  t h e  Darc ian  v e l o c i t y  p o t e n t i a l  cp(x ,z , t )  

g ive  t h e  DarcFan v e l o c i t y .  Rep lac ing  t h e  v e l o c i t i e s  of equaLion 1 0  w i t h  

t h e  cor responding  p o t e n t i a l  g r a d i e n t s  g i v e s  

A change i n  t h e  f l u i d  mass w i t h  r e s p e c t  t o  t ime  cou ld  r e s u l t  from 

a change i n  d e n s i t y  of t h e  s o i l  o r  from a  change i n  d e n s i t y  of t h e  

w a t e r .  I f  t h e  changes i n  groundwater p r e s s u r e  a r e  s m a l l ,  t h e s e  changes  

i n  mass may be  c o n s i d e r e d  a s  n e g l i g i b l e  and e q u a t i o n  11 r e d u c e s  t o  

which i s  the  EaPEace e q u a t i o n  i n  two d imens ions ,  Equa t ion  12 a l o n g  w i t h  

boundary c o n d i t i o n s  5,  6,  7 ,  8, and 9 r e p r e s e n t s  t h e  mathemat ica l  

f o r n u l a t i o n  of t h e  p h y s i c a l  phenomena. No e x a c t  s o l u t i o n  t o  t h i s  

boundary v a l u e  problem e x i s t s  a t  t h i s  t ime .  Thus, numer ica l  t e c h n i q u e s  

o r  model s t u d i e s  must be  used t o  o b t a i n  s o l u t i o n s .  



THE ANALOG MODEL STUDY 

Formulat ion of Dimensionless  Paramete rs  

The impor tan t  v a r i a b l e s  f o r  f low of  f r e s h  w a t e r  i n  an o c e a n i c  

i s l a n d  a r e  shown i n  F i g u r e  5 and a r e  d e f i n e d  where f i r s t  i n t r o d u c e d .  

Two sf t h e s e  v a r i a b l e s ,  a  ( s l o p e  o f  d i s c h a r g e  f a c e )  and f ,  a r e  dimension- 

less by d e f i n i t i o n  and a r e  t h u s  two independent  d i m e n s i o n l e s s  g roup ings .  

When r h e s e  a r e  omi t t ed ,  t h e r e  a r e  12 remain ing  v a r i a b l e s  w i t h  a  maximum 

of  t h r e e  (&.go p f s  Q ,  t )  t h a t  can be combined i n  any form w i t h o u t  pro-  

duc ing  a d i m e n s i o n l e s s  grouping.  According t o  Van D r i e s t  (1946) ,  t h e  

maximum number o f  independent  d i m e n s i o n l e s s  g roup ings  t h a t  can be  com- 

- p i l e d  from a s e t  of v a r i a b l e s  i s  e q u a l  t o  t h e  number of v a r i a b l e s  minus 

che maximum number of v a r i a b l e s  t h a t  c a n  be  combined i n  any form w i t h o u t  

producing a dimens ion less  grouping.  Thus, t h e r e  a r e  n i n e  independen t  

g roup ings  from t h e  s e c  of d imens iona l  v a r i a b l e s ,  One s e t  of t h e  n i n e  

independent  g roup ings  p l u s  a  and f  i s  

where 

W = w i d t h  of i s l a n d  a t  mean s e a  l e v e l ,  

x = h o r i z o n t a l  c o o r d i n a t e  p e r p e n d i c u l a r  t o  i s l a n d  l e n g t h  and t o  zf, 
f 

x = h o r i z o n t a l  c o o r d i n a t e  p e r p e n d i c u l a r  t o  i s l a n d  l e n g t h  and t o  zi, i 

and R = r a i n f a l l  i n t e n s i t y .  

Ligon,  Johnson, and Kirkham (1962) s t a t e d  t h a t  t h e  g roup ings  K t / W  

(W b e i n g  any impor tan t  l e n g t h  term) and f  can  be combined. The reduced  

s e t  o f  g roup ings  i s  



Six of the groupings presented in equation lL (zf/*W, z~/w, xf/W, 

xL/W, a, I / W )  are composed entirely of geometrical distances and com- 

pletely describe the geometrical similarity between che model and the 

prozotype (island). The grouping a c / p f  describes the importance of the 

densiey ratio of salt water to fresh water and puts a severe restriction 

cn the fluids that can be used for modeling. The relazive infiltration 

rate R/K is commonly used because this ratio determines whether ponding 

of water on the ground surface occurs. Rubin (1966) stated that infil- 

srstion will result in ponding if, and only if, R/K exceeds one. The 

grouping Q/KW describes the pumping rate from a gallery relative to the 

product of hydraulic conductivity and island width. 

If all of the groupings on the right hand side of equation 14 have 

equal  values in model and in prototype, the ratios of free surface and 

znterface locations to island width on the left hand side will also be 

equal in model and in prototype, The relative locations of the free 

surface and the interface can be determined from the model, and thus 

these locations can be predicted for she prototype. 

In order to use equation 14 in this study, the density of water in 

the sound adjacent to the Outer Banks was assumed to be the same as the 

density of water in the ocean. AEso ,  equation 14 includes the assump- 

tions chat the viscosities sf the fresh water and the salt water are 

the same and that the soil system is isotropic and homogeneous, The 

slope cf both beaches (discharge zone) was assumed to be the same for 



Most porous  media found i n  n a t u r e  a r e  a n i s o t r o p i c .  Thus, a mapping 

of i s l a n d  c o o r d i n a t e s  i s  necessa-ry b e f o r e  a n  i s o t r o p i c  model can  be  made 

s i m i l a r  t o  two-dimensional g r o u n d w a ~ e r  f low i n  a n i s o t r o p i c  porous  media. 

Tay lor  (1948)  p r e s e n t e d  a method of c o o r d i n a t e  t r a n s f o r m a t i o n  t h a t  

t r a n s f o r m s  a n  a n i s o t r o p i c  porous  media i n t o  one t h a t  i s  i s o t r o p i c .  If 

the a x e s  of a n i s o t r o p y  a r e  h o r i z o n t a l  and v e r t i c a , l ,  t h e  c o o r d i n a t e  

t r a n s f o r m a t i o n  becomes 

where 

K, = h y d r a u l i c  c o n d u c t i v i t y  i n  t h e  x d i r e c t i o n  

and Kz = h y d r a u l i c  c o n d u c t i v i t y  i n  t h e  z d i r e c t i o n ,  

an$ t h e  t r ans formed  i s o t r o p i c  h y d r a u l i c  c o n d u c t i v i t y  becomes 

where t h e  r e p r e s e n t s  a c o o r d i n a t e  o r  v a r i a b l e  i n  t h e  t r ans formed  

i s o t r o p i c  media. 

I f  e q u a t i o n  15 i s  a p p l i e d  t o  each d i m e n s i o n l e s s  grouping,  t h e  r e l a -  

c i o n s h i p s  between t h e  v a l u e s  i n  t h e  model CM) and i n  t h e  p r o t o t y p e  (P) 

a r e  a,s fo l lows :  



WK. 

and 



Model C o n s t r u c t i o n  

F i g u r e  7 p r e s e n t s  a  schemat ic  of t h e  Hele-Shaw model. The two 

p a r a l l e l  p l a t e s  were 112- in ,  t h i c k  a c r y l i c  p l a s t i c  s h e e t s  h e l d  a p a r t  by 

washers spaced on 6 - i n .  c e n t e r s .  The washers  had a  t h i c k n e s s  of 0,159 cm+ - 
0,002 em. The p a r a l l e l  p l a t e s  were h e l d  a g a i n s t  t h e  washers  by No. 10 

brass screws i n s e r t e d  th rough  h o l e s  d r i l l e d  i n  t h e  a c r y l i c  p l d s t i c .  

The back p l a t e  was mounted t o  a n  aluminum frame by 114- in .  f l a t h e a d  

b r a s s  screws which were  coun te r sunk  i n t o  t h e  p l a t e .  Each p l a t e  was 5 

fr. h igh  and 8 f t  long.  As shown i n  F i g u r e  7, a  t r i a n g u l a r  s e c t i o n  was 

c u t  from each of t h e  t o p  c o r n e r s  of t h e  f r o n t  p l a t e  i n  o r d e r  t o  s i m u l a t e  

a s l o p i n g  beach.  F l e x i b l e  p l a s t i c  t u b i n g  was i n s e r t e d  a l o n g  t h e  bot tom 

between t h e  p a r a l l e l  p l a t e s  t o  s e r v e  a s  a s e a l .  

A c r y l i c  p l a s t i c  t a n k s  t h a t  s e r v e d  a s  r e s e r v o i r s  were  mounted on 

each end of t h e  p a r a l l e l  p l a t e s .  Each t ank  had a v e r t i c a l  s l o t  

approx imate ly  1 i n .  wide t h a t  extended t h e  e n t i r e  h e i g h t  of t h e  tank s o  

chat  f l u i d  f lowing  between e i t h e r  t a n k  and t h e  p a r a l l e l  p l a t e s  was n o t  

r e s t r i c t e d .  A f l a n g e  was extended on each s i d e  of t h e  v e r t i c a l  s l o t s  

t o  hold  t h e  t a n k s  t o  t h e  p a r a l l e l  p l a t e s .  The f l a n g e s  over lapped  t h e  

p l a t e s  f o r  t h e  e n t i r e  h e i g h t  of t h e  model. The t a n k s  were mounted by 

i n s e r t i n g  screws through t h e  f l a n g e s ,  model p l a t e s ,  and s p a c e r s .  The 

j o i n t s  were  s e a l e d  by a p p l y i n g  Dow Corning S i l a s t i c  732 RTQ compound. 

Each t a n k  had a  copper  t u b e  o u t l e t  l o c a t e d  abou t  2 f t  above t h e  

b o t t o m  o f  t h e  model, The copper t u b i n g  extended t o  t h e  i n s i d e  bot tom 

of  t he  t a n k s  s o  t h a t  t h e  t a n k s  cou ld  b e  pumped empty, A g a t e  v a l v e  

l o c a r e d  ar each  o u t l e t  c o n t r o l l e d  t h e  f l u i d  f low through t h e  o u t l e t .  





Each tank also had a sliding gate near the top to control the fluid 

level in the tank. Fluid spilling over each gate was collected in a 

5-gal, carboy that was located in a specially constructed rack at each 

end of the model. Another carboy was located above the first and 

served to add fluid to the respective reservoir tank, 

Fluid was forced through a set of orifices by a pressurized flow 

system to cause infiltrabion along the top of the model. The pressure 

system consisted of a regulated pressure supply connected to a 7-gal. 

stainless-steel storage tank. The fluid in the storage tank flowed 

into an acrylic plastic distribution tube after passing through a flow 

meter and a gate valve. Brass orifices that were installed at 1-in. 

increments along the bottom of the distribution tube metered the fluid 

into the model or into a sliding tray that was mounted just below the 

rube. Fluid was added to the storage tank at intervals by a 1/4-hp 

gear pump, 

The removal of fluid by infiltration galleries was modeled by two 

different methods. In one method, two holes with radii equal to 0.54 

mm were drilled in the back plate of the model. Copper tubing connected 

the holes to a manifold, then to a flow meter, and finally to a 

stainless-steel accumulator tank. A vacuum that was controlled by a 

regularor was applied to the accumulator tank by a laboratory vacuum 

pump. Different pumping rates were obtained by varying the vacuum. In 

t h e  second method, holes with radii equal to 0.54 mm were drilled in 

the front plate of the model which allowed the insertion of a hypodermic 

needle attached to flexible plastic tubing. The fluid was pumped from 



t h e  model by a t u b i n g  pump, and i t s  flow r a t e  was measured w i t h  a 

b a l a n c e  and s topwatch.  The f i r s t  method was employed f o r  r a t e s  i n  t h e  

range  of 2 cc/min and above, w h i l e  t h e  second method worked b e t t e r  i n  

t h e  range  of 0 .1  cc/min.  A d i s a d v a n t a g e  of t h e  f i r s t  method was t h e  

requ i rement  t o  meter  a v i s c o u s  f l u i d  a t  low flow r a t e s .  

F i v e  v e r t i c a l  s c a l e s  were  mounted behind t h e  model and were spaced 

e q u a l l y  a l o n g  i t s  l e n g t h .  The s c a l e  d i v i s i o n s  were  a l t e r n a t e  b l a c k  and 

w h i t e  s e c t i o n s  t h a t  were  1 cm i n  wid th .  The s c a l e s  were used i n  con- 

j u n c t i o n  w i t h  a c a t h e t o m e t e r  t o  o b t a i n  t h e  l o c a t i o n  of t h e  i n t e r f a c e  

and t h e  f r e e  s u r f a c e .  

F l u i d s  Used i n  Model 
1 

No e x i s t i n g  f l u i d s  o t h e r  t h a n  f r e s h  w a t e r  and s a l t  w a t e r  cou ld  be  

found t o  s a t i s f y  t h e  requ i rements  f o r  modeling f r e s h  w a t e r  f l o a t i n g  on 

s a l t  w a t e r .  These l i q u i d s  were n o t  used i n  t h e  model because  t h e  low 

v i s c o s i t y  o f  w a t e r  used i n  c o n j u n c t i o n  w i t h  any p r a c t i c a l  p a r a l l e l  

p l a t e  s p a c i n g  would r e s u l t  i n  a n  u n a c c e p t a b l y  h i g h  h y d r a u l i c  c o n d u c t i v i t y  

of t h e  model. T h e r e f o r e ,  t h e  two f l u i d s  were  o b t a i n e d  by add ing  a 

v i s c o s i t y  i n c r e a s i n g  a g e n t  t o  w a t e r .  The d e n s i t y  of one b a t c h  was i n -  

c r e a s e d  by add ing  s a l t  and s u g a r .  Dupl ica ted  v a l u e s  of t h e  d e n s i t y  of 

each f l u i d  were  o b t a i n e d  by weighing c a l i b r a t e d  pycnometers c o n t a i n i n g  

t h e  f l u i d ,  The pycnometers h e l d  50 c c  of f l u i d  and were  weighed t o  a n  

a c c u r a c y  of 0.001 gram. Formaldehyde was added t o  t h e  s o l u t i o n s  a s  g 

2reservative because  t h e  v i s c o s i t y  improving a g e n t  [ c a r b ~ x y m e t h ~ l -  

c e l l u l o s e  (@MC)> 7 ~ ]  i s  a n  o r g a n i c  compound and i s  s u b j e c t  t o  decompo- 

s i t i o n  by microorganisms. Red dye was added t o  t h e  f l u i d  r e p r e s e n t i n g  



fresh water so that the position of the interface could easily be 

detected, 

High fluid temperatures, stirring, and steam applied directly to 

the solutions were required for proper mixing because CMC does not 

dissolve readily in water at room temperature. Final adjustments in 

the fluid compositions were made by adding water in order to obtain the 

proper viscosity for the "fresh" or "salt" water solutions. Hercules 

(1966) noted that the final viscosity of the solution not only depended 

upon the ingredients, but also depended upon the method of mixing. 

Environmental Control 

Because the viscosity of the CMC solutions changes with temperature 

and moisture content, the tests were conducted in an environmentally 

controlled chamber to minimize these viscosity changes. The tempera- 

ture was maintained at 22' C +_ 0.5" C, and the relative humidity was 

maintained at about 50 percent. 

Model Calibration 

Because variations in the spacing between the parallel plates were 

thought to be present, calibration of the model was necessary. Charny 

(Polubarinova-Kochina, 1962) mathematically derived the Dupuit equation 

which is for steady state flow over an impermeable layer. This equation 

was employed to calibrate the model. The equation is 



QT = dischaxge  from t h e  rncdel, 

b = s p a c i n g  between &he parabLe1 p l a t e s ,  

hl and h2 = h e i g h t s  above t h e  impermeable l a y e r  of open b o d i e s  o f  

w a t e r  a t  &he e n d s  o f   he £Low r e g i o n ,  

and 

L = l e n g t h  of t h e  f low r e g i o n .  

Equa t ion  27 does  n o t  i n c o r p o r a t e  a n y  s i m p l i f y i n g  assumpt ions .  The 

h y d r a u l i c  c o n d u c r i v i t y  of t h e  model a s  d e r i v e d  by Polubarinova-Kochina 

(1962) i s  

Combining e q u a t i o n s  27 and 28 and s o l v i n g  f o r  b,  y i e l d s  

Because h,  t h e  h e i g h t  above t h e  impermeable l a y e r  o f  a n  open body 

o f  ware r ,  was n o t  e a s i l y  c o n t r o l l s d S  o n l y  one s e t  of v a l u e s  of h  was 

employed i n  t h e  model c a l i b r a t i o n ,  The r e s u l t i n g  s p a c i n g  was 0.159 cm, 

which was t h e  same a s  t h e  washer t h f c k n e s s .  

Procedure  

Three  o f  t h e  d imens ion less  groupings  t h a t  a r e  p r e s e n t e d  i n  equa t i o n  

14 c o n t a i n  h y d r a u l i c  c o n d u c t i v i t y ,  Each of t h e s e  t h r e e  g roup ings  (R/K, 

QJKUg and ~ t / W f )  was a s s i g n e d  a d e f i n i t e  v a l u e  d u r i n g  each t e s t .  Be- 

c a u s e  R &as a f f e c t e d  by f l u i d  v i s c o s i t y  ( a s  s e e n  i n  e q u a t i o n  281, 

a n o t h e r  v a r i a b l e  i n  each grouping was a l t e r e d  so t h a t  t h e  grouping 

main ta ined  i t s  r e q u i r e d  v a l u e ,  However, W and f were  f i x e d  s o  t h a t  R, 



Q ,  and t were  t h e  o n l y  v a r i a b l e s  t h a t  could  ac-cual ly  be v a r i e d  i n  t h e  

model s tudy .  For example, c o n s i d e r  t h e  modeling of a c o n s t a n t  t i m e  of 

i n f i l t r a t i o n  on a n  i s l a n d ,  The v a r i a b l e s  K ,  W -  and f  f o r  t h e  i s l a n d  

have fixed v a l u e s  determined by i s l a n d  c h a r a c t e r i s t i c s .  The t i m e  

i n t e r v a l  t f i x e d  r h e  v a l u e  of ~ & / b J f ,  Ta t h e  model s t u d y  W and f  were  

c o n s t a n t ,  and t h e  h y d r a u l i c  c o n d u c t i v i t . y  K va,ried w i t h  t h e  f l u i d  

v i s c o s i t y .  There fore ,  t h e  cime t of khe model v a r i e d  depending upon K 

of t h e  model. 

The range  of v a l u e s  tha . t  each dirnensi.ornless grouping was a s s i g n e d  

was determined by t h e  most p r e v a l e n t  c o n d j t i o n s  on t h e  Outer  Banks o r  

by t h e  d e s i r e  t o  c r e a t e  t h e  most c r i t i c a l  c o n d i t i o n s  p o s s i b l e .  

The r e l a t i v e  i n f i l t r a t i o n  r a t e  R/M was s e t  e q u a l  t o  o r  less t h a n  

u n i t y .  T h i s  upper  l i m i t  was chosen because ,  t y p i c a l l y ,  t h e  v a l u e  of K 

i n  sands  i s  25 i n , / h r  and  he i n f i i r r a ~ i o n  from na tu ra l .  r e c h a r g e  i s  n o t  

l i k e l y  t o  b e  t h a t  h i g h .  Also ,  v a l u e s  of R/K > b produce ponding which 

was n o t  d e s i r e d  i n  t h i s  s tudy .  

The r e l a t i v e  t ime f o r  a l l  o c c u r r e n c e s  i s  c o n t a i n e d  i n  t h e  dimension- 

l e s s  t e r m  Kt/Wf, The r e l a t i v e  t ime d u r i n g  which ' # f r e s h  wate.rl '  was b e i n g  

added a l o n g  t h e  t o p  of t h e  mcdel was denoted by KtiWf = c .  Prom t h e  

beg inn ing  o f  one " f r e s h  w a t e r "  a d d i t i o n  t o  a n o t h e r ,  it was denoted by 

~ t h f  - y. The v a l u e s  of c  and y were h e l d  c o n s t a n t  d u r i n g  any t e s t  s o  

t h a t  t h e  a d d i t i o n  of "'fresh wa,terl' was made i n  c y c l e s  of d u r a t i o n  y .  

The v a l u e s  of y were c a l c u l a t e d  t o  r e p r e s e n t  " f r e s h  w a t e r "  a p p l i c a t i o n  

i n t e r v a l s  from p e r i o d s  of I wk o r  less %@ p e r i o d s  of 1 mo or  more, 

depending upon i s l a n d  c h a r a c t e r i s t i c s ,  The r e l a t i v e  t ime  of " f r e s h  



w a t e r f s  a p p l i c a t i o n  c  was main ta ined  s o  t h a t  t h e  d e s i r e d  t o t a l  amount o f  

I S  f r e s h  w a t e r "  cou ld  b e  added. Qne complete  " f r e s h  w a t e r "  a p p l i c a t i o n  

cyc l e  as  conducted i n  t h e  t e s t s  can be  d e s c r i b e d  m a t h e m a t i c a l l y  a s  

Kt ( a p p l i c a t i o n  of ' Y r e s h  w a t e r "  a l o n g  
h Q < W f  ' t h e  t o p  o f  t h e  model) 

x = 
M , (301 

K t  (no a p p l i c a t i o n  o f  " f r e s h  water")  
0  c < -  S Y  

Wf 

w i t h  

0 , 2 5  2 y 2 1, 

0.002 5 c  0,036, 

and 

0 , 5  S Y 5 4 .  

h c  
A r e c h a r g e  paramete r ,  R = ' @/K) ( t c / t y  was d e f i n e d  s o  a s  t o  

P  

b e  independent  of t h e  a p p l i c a t i o n  c y c l e .  It i s  d e f i n e d  a s  t h e  r e l a t i v e  

i n f i l t r a t i o n  r a t e ,  h = R/K, m u l t i p l i e d  by t h e  f r a c t i o n  o f  t h e  t i m e  t h a t  

t h e  " f r e s h  wate r"  was b e i n g  added, c /y  = tc/ty,  where t, and ty a r e  t h e  

t ime  p e r i o d s  of r a i n f a l l  and between r a i n f a l l s ,  r e s p e c t i v e l y ,  The 

f r a c t i o n  c l y  was so  d e s i g n a t e d  i n  t h e  model because  c  was t h e  amount of 

t ime  t h e  " f r e s h  wate r"  was a p p l i e d  and y  was t h e  t ime  from t h e  b e g i n n i n g  

of one " f r e s h  wate r ' '  a p p l i c a t i o n  t o  t h e  beg inn ing  of a n o t h e r .  

Most o f  t h e  pumping tests were conducted w i t h  t h e  g a l l e r y  l o c a t e d  

i n  t h e  c e n t e r  o f  t h e  c r o s s  s e c t i o n  a t  mean s e a  l e v e l  (I/W = 0)  because  

t h i s  p o s i t i o n  appeared t o  b e  t h e  most p r a c t i c a l  f o r  f i e l d  a p p l i c a t i o n ,  

Severa l  tes ts  were  conducted w i t h  t h e  g a l l e r y  b e i n g  l o c a t e d  below mean 

sea Level (11% = 5/180, 7 / l 8 0 )  a t  t h e  c r o s s  s e c t i o n  midpoin t ,  

The model was i n i t i a l l y  made r e a d y  by f i l l i n g  i t  w i t h  "oceant'  



s o l u t i o n  t o  t h e  h e i g h t  t h a t  had been p redes ignased  a s  mean s e a  l e v e l .  

The l e n g t h  W of  t h e  model a t  t h i s  e l e v a t i o n  was 180 cm. I n  o r d e r  t o  

s imulate a s l o p i n g  beach,  each end of t h e  model had a  s l o p e  of 4.5' a s  

shown in F i g u r e  7. The d i s t a n c e  from mean s e a  l e v e l  t o  t h e  bot tom of 

the  model was 140 cm, and t h e  minimum d i s t a n c e  from t h e  i n t e r f a c e  t o  

t h e  impermeable l a y e r  was 55 cm, Thus, t h e  i n t e r f a c e  was never  c l o s e  

t c  b he impermeable Layer, and t h e  flow system was c o n s i d e r e d  i n f i n i t e l y  

deep ,  

A f t e r  t h e  "ocean" s o l u t i o n  had reached  e q u i l i b r i u m ,  t h e  " ' fresh 

water"  s o l u t i o n  was pumped i n t o  t h e  p r e s s u r i z e d  ' ' f r e sh  w a t e r ' b p p l i c a -  

t r o n  system,  The v i s c o s i t i e s  o f  t h e  two s o l u t i o n s  were  t h e n  measured 

wi rh  a B r o o k f i e l d  r o t a t i o n a l  v i scomete r  t o  de te rmine  whether b o t h  f l u i d s  

had e s s e n t i a l l y  t h e  same v i s c o s i t y ,  Values of R and t were  c a l c u l a t e d  

f u r  t h e  predetermined v a l u e s  of A ,  c ,  and y and were  a d j u s t e d  t o  c o u n t e r -  

ac6 v a r i a t i o n s  i n  K due t o  changes i n  f l u i d  v i s c o s i t y ,  

The r a i n f a l l  i n t e n s i t y  R was a d j u s t e d  t o  t h e  a p p r o p r i a t e  v a l u e  

w h i l e  t h e  " f r e s h  w a t e r "  s o l u t i o n  was b e i n g  caught  i n  a  t r a y  i n s t e a d  of 

be ing  a l lowed t o  e n t e r  t h e  model, An a p p r o p r i a t e  t i m i n g  c h a r t  was s e t  

up, and t h e  t e s t s  were  begun, At t h e  t ime  d e s i g n a t e d  by t h e  t i m i n g  

c h a r t ,  t h e  s l i d i n g  t r a y  was p u l l e d  from benea th  t h e  d i s t r i b u t i o n  t u b e ,  

and t h e  " f r e s h  wate r"  s o l u t i o n  was a l lowed t o  e n t e r  t h e  model. The 

c y c l i c  a d d i t i o n  of t h e  " f r e s h  w a t e r "  s o l u t i o n  was con t inued  u n t i l  no 

miernent i n  t h e  i n t e r f a c e  l o c a t i o n  cou ld  be d e t e c t e d ,  A t  t h a t  t ime,  t h e  

l o c a t i o n  of t h e  i n t e r f a c e  was recorded  a t  t h e  c r o s s - s e c t i o n a l  end 

p o i n t s  ( z i  0), a t  t h e  q u a r t e r  p o i n t s  (z i  a,nd t h e  midpoin t  ( z i  



The minimum elevation of the free surface was recorded a c  the cross- 

sectional end points (zf 0 ) :  one quarter point (e f  I /e) ,  and the mid- 

point (zf 

Pumping from one of the galleries was then implemented by one of 

the two previously discussed pumping methods. InitialEy, the pumping 

rate was set at a much lower value than the rnaxim~m safe pumping rate, 

After equilibrium was established and the locations of the interface and 

free surface were recorded, the pumping race was increased and the 

process was repeated. The pumping rate was increased in increments 

until either of two occurrences took place: 

1. The free surface dropped to the top of the gallery, and air was 

being pulled into the system, 

2 .  The interface rose to the gallery, and the "salt water" 

solution began being puniped into the gallery, 

Whenever either condition occurred, the test was ended, New conditions 

were then established, and a new test was initiated, 



RESULTS AND DISCUSSION OF TEE MODEL ST'EDY 

Location of the Interface under Natural Conditions 

Infiltration rates due to rainfall are not likely to reach the high 

values of hydraulic conductivi~y of sandy soils on oceanic islands, 

They will also vary considerably according to the rainfall intensity. 

Because the natural conditions of varying rainfall intensities are almost 

impossible to model, tests were conducted to determine the effects of 

different infiltration rates on the interface locdtion. The infiltra- 

tion rates employed during the tests were 114 K and 1 K. The recharge 

parameter, Rp = hc/y, and the cycle duration y were held constant 

during the runs, 

The results as presented in Table 2 show that the location of the 

Table 2, Location of interface for varying infil- 
tration rates under conditEons of no 
pumping (R = 0,80200, y = 4 )  

P 

Infiltration Zi 
rate 

"i 1/4/W "I. l / d W  

interface was lower for the infiltration rate I K. However, the 

difference is not statistically significant because the szandard 

deviation for z i 114 /W was s = 0,006, Thus, the result is a nonsignifi- 

cant "t" test; The statis~ical analysis pertaining to the test is pre- 

sented in Appendix B, 



The r e l a t i v e  d i s t a n c e  z i I / %  /W a t   he quar ter  p o i n c  was used as 

a n  f n d i c a t o r  o f  i n t e r f a c e  l o c a t i o n  i n s t e a d  of z because  zl 1 / 4 / W  

was a n  average  of cwo v a l u e s  and because  z i  was h a r d  t o  d e t e r m i n e  

due t o  d i s p e r s i o n  of t h e  f l u i d s  a t  t h e  midpoin t .  The d i s p e r s i o n  a t  

zi 1 / 2  was caused by r e p e a t &  v a r i a t i o n  of t h e  i n t e r f a c e  Locadtion a t  

t h a t  p o i n t .  

The i n v e s t i g a t o r  observed thai- t h e  " f r e s h  w a t e r "  added appeared t o  

a c t  a s  a n  impulse  a d d i t i o n ,  S i n c e  t h e  t ime  of  " f r e s h  w a t e r "  a p p l i c a -  

t i o n  was s h o r t  compared t o  t h e  cyc le  t ime ( L a g . ,  cbv < 0 . 0 3 ) ,  t h i s  con- 

c l u s i o n  a p p e a r s  v a l i d .  

Although t h e  d i f f e r e n c e s  i n  t h e  i n t e r f a c e  l o c a t i o n  may be  caused 

by a v a r y i n g  i n f i l t r a t i o n  r a t e ,  another  p o s s i b l e  r e a s o n  f o r  t h e  ob- 

s e r v e d  v a r i a t i o n  was t h e  n e c e s s i t y  of u s i n g  d i f f e r e n t  flow m e t e r s  t o  

e s t a b l i s h  t h e  i n f i l t r a t i o n  r a t e s .  Because c a l i b r a t i o n  c u r v e s  f o r  t h e  

f low mete rs  depend upon t h e  v i s c o s i t y  of t h e  f l u i d ,  v a r i a t i o n s  i n  

v i s c o s i t y  d u r i n g  t h e  c a l i b r a t i o n  p e r i o d  o r  d u r i n g  a  t e s t  cou ld  c a u s e  

a n  e r r o r  i n  t h e  f low r a t e .  Another p o s s i b l e  e r r o r  i n  p rocedure  was 

t h e  i n a b i l i t y  of t h e  o p e r a t o r  t o  a c c u r a t e l y  meter  t h e  much s h o r t e r  

i n p u t  p e r i o d  a s s o c i a t e d  with t h e  h i g h e r  i n f i l t r a t i o n  r a t e ,  

The i n t e r v a l s  between r a i n s  aksa v a r y  m d e r  n a t u r a l  c o n d i t i o n s .  

Because e v e r y  r a i n f a l l  c o n d i t i o n  cou ld  n e t  f e a s i b l y  be  s i m u l a t e d ,  t h e  

" f r e s h  w a t e r q h a s  a p p l i e d  i n  c y c l e s .  The c y c l e  d u r a t i o n  was v a r i e d  s o  

a s  t o  de te rmine  t h e  e f f e c t  o f  t h e  f requency  of "'fresh-water" a p p l i c a t i o n  

on t h e  FrL%erface  l o c a t i o n .  T a b l e  3 p r e s e n t s  t h e  r e s u l t s  of c y c l e  dura- 

t i o n  ( i n v e r s e  of r a i n f a l l  f r equency)  c n  t h e  i n t e r f a c e  l o c a t i o n  w i t h  t h e  



Table  3. Loca t ion  s f  t h e  i n r e r f a c e  f o r  
v a r y i n g  c y c l e  d u r a t i o n  under  
c o n d i t i o n s  of no pumping 
(R = 0,00200, h = 0,251 
P 

r e l a t i v e  i n f i l t r a t i o n  r a t e ,  R/K, and r e c h a r g e  paramete r ,  Rp, "being h e l d  

c o n s t a n t .  The l o c a t i o n  o f  t h e  i n t e r f a c e  f o r  t h e  s h o r t e s t  c y c l e  dura -  

t i o n  cy = 1 )  i s  s l i g h t l y  above t h e  o t h e r  two i n t e r f a c e  l o c a t i o n s ,  b u t  

t h e  d i f f e r e n c e  i n  t h e  Loca t ions  167.3s n o t  determined t o  be  s t a t i s t i c a l l y  

s i g n i f i c a n t .  See Appendix R, 'The r e s ~ l t s  from T s b l e s  2 and 3 i n d i c a t e  

t h a t  t h e  r e l a t i v e  i n f i l t r a t i o n  r a t e  and t h e  f requency  of r a i n f a l l  a r e  

n o t  dominant c h a r a c t e r i s t i c s  t h a t  i n f l u e n c e  t h e  l o c a t i o n  of t h e  i n t e r -  

f a c e  under  c o n d i t i o n s  of no pumping, Thus, t h e  r e c h a r g e  paramete r ,  R 
P' 

may be  used t o  p r e d i c t  t h e  i n t e r f a c e  l o c a t i o n .  

F i g u r e  8 p r e s e n t s  t h e  r e l a t i v e  l o c a t i o n  of t h e  i n t e r f a c e  zi/w a s  

a  f u n c t i o n  of t h e  r e c h a r g e  paramete r ,  R , under c o n d i t i o n s  of no pump- 
P 

i n g .  Each c u r v e  shows t h e  r e l . a t i v e  l o c a t i o n  of one p o i n t  on t h e  

i n t e r f a c e .  The grouping z./W i s  t h e  d i s t a n c e  from mean s e a  l e v e l  t o  
1 

t h e  i n t e r f a c e  d i v i d e d  by i s l a n d  w i d t h  a t  mean s e a  l e v e l .  As expec ted ,  

t h e  d e p t h  of t h e  i n t e r f a c e  decreased  w i t h  a  d e c r e a s e  i n  t h e  v a l u e  of 

t h e  r e c h a r g e  paramete r ,  The d e c r e a s e  a p p e a r s  t o  be  l i n e a r  when 

p l o t t e d  on l o g a r i t h m i c  paper .  

The r e s u l t s  of F i g u r e  8 may be used f o r  a n  a n i s o t r o p i c  porous  
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media i f  an equiva len t  i s o t r o p i c  hydrau l i c  conducr.ivity i s  obta ined  by 

t h e  use of equat ion  16, The equiva len t  hydraul ic  conduc t iv i ty  i s  used 

t o  determine R = hc/y,  and Figure  8 can then be used t o  determine 
P  

zi/W The r e l a t i v e  d i s t a n c e  zi/W f o r  t he  a n i s o t r o p i c  porous media I M I 
i s  determined by t h e  use of equat ion  18. 

E f f e c t s  of Pumping Rate on L o e x i o n s  o f  I n t e r f a x e  and Free Surface  

Tes t s  were conducted by pumping a t  var ious  r a t e s  f rom a  g a l l e r y  

loca ted  a t  mean sea l e v e l .  Figures  9 ,  10, and 11 show t h e  e f f e c t s  of 

pumping on t h e  loca t ions  of t h e  i n t e r f a c e  and f r e e  s u r f a c e  f o r  s e v e r a l  

va lues  of t he  recharge parameter.  The s r d i n a t e  1 zl  / W  which i n c r e a s e s  

upward i s  a  r e l a t i v e  d i s t a n c e  from mean sea l e v e l  t o  t h e  i n t e r f a c e  o r  

f r e e  su r f ace ,  The absc i s sa  Q/EW which inc reases  t o  t h e  r i g h t  i s  a  r e l -  

a t i v e  pumping r a t e .  The t h r e e  upper curves show t h e  e f f e c t s  of pumping 

on the  l o c a t i o n  of t he  i n t e r f a c e ,  while t h e  two lower curves show t h e  

e f f e c t s  of pumping on the  minimum e l e v a t i o n  of t h e  f r e e  su r f ace .  The 

p o s i t i o n  of t he  f r e e  s u r f a c e  va r i ed  i n  a  c y c l i c  manner f o r  any cons t an t  

pumping r a t e  because t h e  i t f r e s h  waters '  was appl ied  i n  c y c l i c  i n t e r v a l s .  

The minimum e l e v a t i o n  occurred j u s t  p r i o r  t o  t h e  " f resh-waterPbdddi t ion  

during each cyc le .  This  e l e v a t i o n  was p f o ~ t e d  because it represented  

t h e  most c r i t i c a l  p o s i t i o n  of t he  f r e e  su r f ace .  

F igures  9 and 10 show t h a t  che d i s t a n c e  t o  t he  i n t e r f a c e  was 

g r e a t e r  a t  low pumping r a t e s  rhan a t  no pumping, This  paradox was a  

r e s u l t  s f  t h e  t e s t i n g  procedure, Ln nost i n s t ances  i n  t he  t e s t i n g  

procedure, t h e  i n f i l t r a t i o n  r a t e s  were increased  between t e s t s  so t h a t  

t he  i n t e r f a c e  would move dowriward more r a p i d i y  toward equi l ibr ium.  
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As a  r e s u l t ,  small  but  observable  changes i n  the  i n t e r f a c e  l o c a t i o n  

were s t i l l  occur r ing  when pumping was i n i t i a t e d .  Because t h e  i n i t i a l  

low pumping r a t e  d id  not  a f f e c t  t h e  i n t e r f a c e  loca t ion ,  t h e  i n t e r f a c e  

continued t o  move downward. The curves f o r  t h e  i n t e r f a c e  l o c a t i o n  were 

extended by a  dashed l i n e  a t  approximate cons tan t  e l e v a t i o n s  from t h e  

maximum r e l a t i v e  e l e v a t i o n  observed t o  zero pumping. 

The t e s t  r e s u l t s  presented i n  F igure  9 f o r  R = 0.00050 a r e  not  
P  

complete because t h e  pumping s a t e  was not  increased t o  t h e  maximum 

r a t e  a s  descr ibed  i n  t h e  subsec t ion  e n t i t l e d  Procedure. However, t h e  

d i s t a n c e  from mean sea l e v e l  t o  t h e  i n t e r f a c e  a t  t h e  i s l a n d  midpoint 

was l e s s  than  a t  t he  qua r t e r  p o i n t s  f o r  Q/KW 2 Q,00024. Such an  inve r s ion  

of t h e  i n t e r f a c e  l o c a t i o n  i n  three-dimensional flow i s  known a s  coning. 

The term w i l l  a l s o  be app l i ed  he re  even though the  flow i s  two dimen- 

s i o n a l .  The f r e e  su r f ace  a l s o  exhib i ted  a  coning e f f e c t  f o r  Q/KW 2 

0.00016 because the  d i s t a n c e  from mean sea l e v e l  t o  t h e  f r e e  s u r f a c e  

was l e s s  a t  i s l a n d  midpoint than  a t  q u a r t e r  po in t s .  The depth of t h e  

i n t e r f a c e  decreased a t  a l l  recorded l o c a t i o n s  a s  t h e  pumping r a t e  was 

increased .  

Coning of t he  i n t e r f a c e  and f r e e  s u r f a c e  i s  a l s o  ind ica t ed  f o r  an  

inc rease  i n  t h e  va lue  of t he  recharge parameter ,  See Figure 10. How- 

ever ,  the  i n t e r f a c e  reached an equi l ibr ium p o s i t i o n  w e l l  below t h e  

g a l l e r y  even f o r  t h e  maximam pumping r a t e  t h a t  was obtained when t h e  

f r e e  s u r f a c e  had dropped t o  t h e  g a l l e r y  ( 1  Z I  /W = 0.0003). The l o c a t i o n  

of t h e  i n t e r f a c e  a t  t h e  i s l a n d  end po in t s  was no t  a f f e c t e d  by pumping. 

As shown i n  Figure 11 with  R = 0,00200, a  f u r t h e r  i nc rease  i n  t h e  
P 



v a l u e  of t h e  r e c h a r g e  parameter  a lmos t  e l i m i n a t e d  t h e  coning of s a l t  

w a t e r  even though  he f r e e  s u r f a c e  w a s  a g a i n  dropped t o  n e a r  s e a  l e v e l .  

A cone o f  d e p r e s s i o n  of t h e  f r e e  s u r f a c e  was observed f o r  pumping 

r a t e s  Q/KW 2 0,000LL3, Pumping of t h e  f r e s h  w a t e r  caused t h e  i n t e r f a c e  

t o  move upward a t  a l l  r ecorded  p o f a t s ,  

An a d d i t i o n a l  i n c r e a s e  i n  t h e  v a l u e  of t h e  r e c h a r g e  parameter  was 

unnecessa ry  because  normal c o n d i t i o n s  do n o t  exceed t h e  v a l v e  R = 
P 

0,00200. For example, c o n s i d e r  t h e  extreme c o n d i t i o n s  of a n  i n f i l t r a -  

t i o n  r a t e  of 4 in, /wk ( h i g h  average  i n f i l t r a t i o n  r a t e )  w i t h  a s o i l  

h y d r a u l i c  c o n d u c t i v i t y  of LO i n , / h r  (low h y d r a u l i c  c o n d u c r i v i t y  f o r  

sand) .  These v a l u e s  y i e l d  R " 3.00240 whish i s  o n l y  s l i g h t l y  more 
P 

t h a n  t h e  v a l u e  of R sn Figure  l E .  Because c r i t i c a l  f lows  occur  d u r i n g  
P 

t i m e s  when t h e  v a l u e  3% t h e  r e c h a r g e  parameter  i s  low, h i g h e r  v a l u e s  

need n o t  be c o n s i d e r e d ,  Some resulrs  with h i g h e r  v a l u e s  of t h e  r e c h a r g e  

parameter  a r e  p r e s e n t e d  I n  Appendix B. 

Because t h e  e l e v a t i o n s  of t h e  f r e e  s u r f a c e  and t h e  i n t e r f a c e  a t  t h e  

i s l a n d  midpoint  a r e  t h e  mosc impor tan t  i n d i c a t o r s  f o r  d e t e r m i n i n g  s a l t  

w a t e r  i n t r u s i o n ,  t h e  e f f e c t  of pumping a t  mean sea. l e v e l  on t h e s e  

r e l a t i v e  e l e v a t i o n s  h a s  beem p l o ~ t e d  f o r  va,riovs v a l v e s  of f h e  r e c h a r g e  

parameter  w i t h  y = 2 and 1 = 0,%5.  See F i g u r e  1 2 .  1& should  b e  n o t e d  

t h a t  i n  a l l  c a s e s  t h e  maximum punp ing  r a t e  i s  l i m i t e d  by t h e  drawdown 

of t h e  f r e e  s u r f a c e  and n o t  s a l t  water e n t e r i n g  t h e  g a l l e r y .  The 

expected midpoint  l o c a t i o n s  of t h e  i n t e r f s c e  can  b e  de~ te rmined  from 

F i g u r e  1 2  f o r  known v a l u e s  s f  t h e  r e c h a r g e  paramete r  and pumping 

c o n d i t i o n s .  
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Because one of she purposes o f  t h i s  investigation was to  determine 

t h e  amount of f r e s h  water  a v a i l a b l e  on a  long ocea,nic i s l and ,  t he  exac t  

l o c a t i o n  of t h e  i n t e r f a c e  was not  o f  major concern when t h e  maximum 

pumping r a t e  from a  g a l l e r y  loea~ed above mean sea  l e v e l  was l imi t ed  by 

t h e  drawdown of t he  f r e e  su r f ace .  Therefore,  no t e s c s  were conducted 

f o r  t h e  s p e c i f i c  purpose of determining whether changes i n  y and A 

a f f e c t e d  the  l o c a t i o n  of t h e  f resh wacer - s a l t  wate.r i n t e r f a c e .  

However, four  ex er iments  were eonduct.ed w i t h  R = 0.002 and h and y 
P 

varying.  Because t h e  r e s u l t s  of  t hese  experiments showed no genera l  

t r ends  due t o  v a r i a t i o n s  i n  h or  V, dnd because it: was p rev ious ly  shown 

t h a t  v a r i a t i o n s  i n  i n f i l t r a t i s n  r a t e s  and f requencies  of r a i n f a l l  a p p l i -  

c a t i o n  had no s l a t i s t i c a l l y  ~ i g n i f i e a r ~ t  e f f e c t  on t h e  l o c a t i o n  of t he  

i n t e r f a c e  under condi t ions  of no punpsng, i t  was assumed t h a t  any 

v a r i a t i o n s  i n  t h e  l o c a t i o n  oi Eke  i c t e c f a c e  caused by changes i n  

eieher h o r  y could be t o l e r a t e d  f o r  t h e  purposes of t h i s  s tudy ,  

It must be c l e a r l y  understood t h a t  changes i n  any one of t h e  

v a r i a b l e s ,  R, K, t,, o r  tp ,  has tc be accompanied by a  change i n  one 

o r  n o r e  of t he  o t h e r s  in order  t o  ho ld  R cons t an t ,  Thus, a change i n  
p 

t h e  r a i n f a l l  r a t e ,  R, must be accompanisil by a change i n  e i t h e r  t h e  

t ime per iod  of r a i n f a l l ,  ti, o r  the time per iod  between r a i n f a l l s ,  

This  causes t h e  total .  quenkity of  r a i n f a l l  t o  be cons tan t  f o r  t he  

given per iod  of time under cons idera t%an r e g a r d l e s s  of t h e  i n t e n s i t y  

and  t i m e  d i s t r i b u t i o n  of r a i n f a l l .  The t o t a l  q u a n t i t y  of r a i n f a l l  i s  

changed only with changes i n  t h e  recharge parameter,  R . 
P 



Because K i s  i n c l u d e d  i n  b o t h  R and QBKW, t h e  e f f e c t s  of v a r i a -  
P 

t i o n s  i n  K cannot  e a s i l y  be de te rmined ,  However, t h i s  i s  n o t  c o n s i d e r e d  

t o  be  of major concern  because  t h e  v a l u e  of K would o r d i n a r i l y  be h e l d  

c o n s t a n t  f o r  a  s p e c i f i c  l o c a t i o n .  The c u r v e s  i n  F i g u r e  13 which r e l a t e  

maximum pumping r a t e s  t o  t h e  r e c h a r g e  parameter  may be  used t o  p r e d i c t  

maximum s a f e  pumping r a t e s .  This p r e d i c t i o n  c u r v e  i s  below t h e  45' 

l i n e  t h a t  r e p r e s e n t s  " f r e s h  w a t e r "  i npu t  e q u a l  t o  removal by pumping, 

As would b e  expec ted ,  l e s s  " f r e s h  w a z e r ' h a s  removed by pumping t h a n  

was added by i n f i l t r a t i o n .  

The w a t e r  u s e  e f f i c i e n c y  i s  d e f i n e d  a s  t h e  r a t i o  of t h e  pumping 

r a t e  t o  t h e  r e c h a r g e  parameter  [L-e*, ( Q / K W ) / R ~  and was g r e a t e s t  a t  low 

i n f i l t r a t i o n  r a t e s .  LI was approximakely 60 p e r c e n t  f o r  R = 0.00050 
P 

even though t h e  maximum flow r a t e  was n o t  o b t a i n e d ,  and it d e c r e a s e d  t o  

less t h a n  50 p e r c e n t  f o r  R = 0,08700, Because t h e  r e s u l t s  f o r  R 2 
P P  

0,00480 were  o b t a i n e d  a t  a  s l i g h t l y  decreased  f l u i d  d e n s i t y  r a t i o  

( p s / p f  = 1,020) ,  t h i s  decreased  r a t i o  may have a f f e c t e d  t h e  water  u s e  

e f f i c i e n c y .  The e f f i c i e n c y  a t  R " 0.00200 was s l i g h t l y  above 50 
P 

p e r c e n t .  T h i s  v a l u e  can  be  se lec ted  as  a c o n s e r v a t i v e  v a l u e  of w a t e r  

u s e  e f f i c i e n c y  f o r  d e s i g n  work because  h i g h e r  v a l u e s  of R do n o t  
P 

normal ly  o c c u r ,  

The r e s u l t s  of F i g u r e s  9 ,  10,  11, and 1 2  may b e  used f o r  a n  

a n i s o t r o p i c  s o i l  by c o o r d i n a t e  t r a n s f o r m a t i o n s  p r e v i o ~ s l y  d i s c u s s e d .  

The rnaxi~wm pumping r a t e s  p r e s e n t e d  i n  F i g u r e  13 a re  n o t  a f f e c t e d  by 

a n  a n i s o t r o p i c  s o i l  sys tem,  



F i g ~ r e  13. Maximux continuo~s pumpiag rate f o r  a gallery l o c a t e d  at mean 
sea Level 



Pumping from a  Gal le ry  Located below Mean Sea Level 

I n  a l l  t h e  preceding t e s t s ,  t he  f a l l  of the  f r e e  s u r f a c e  has been 

t h e  l i m i t i n g  f a c t o r  i n  determining t h e  maximum pumping r a t e .  This  r e s u l t  

l eads  t o  t h e  conclusion t h a t  more usa-ble water (h igher  water  u s e  e f f i -  

c iency)  may be obtained i f  t h e  g a l l e r y  i s  Lowered t o  a p o s i t i o n  below 

mean sea  l e v e l .  Tes t s  were conducted wi th  the  g a l l e r y  a t  a r e l a t i v e  

d i s t a n c e  I/W = 0.0278 below mean sea l e v e l  wi th  t h e  recharge  parameter 

R~ 
= 0.00200, The maximum pumping r a t e  obtained,  a s  shown i n  F igu re  14, 

was Q/KW = 0.00150 which i s  a 75-percent water use e f f i c i e n c y  [(Q/KW)/R 1. 
P 

This e f f i c i e n c y  is  higher  than  t h e  50-percent water  use  e f f i c i e n c y  ob- 

ta ined  while  pumping a t  m a n  sea l e v e l .  A l l  o the r  cond i t i ons  were he ld  

cons tan t  f o r  both t e s t s .  The increased  water use  e f f i c i e n c y  r e s u l t e d  

i n  t he  i n t r u s i o n  of s a l t  water t o  t h e  g a l l e r y  (coning) ,  and t h e  pumped 

water  became po l lu t ed .  F igure  14 shows t h a t  t h e r e  i s  a  range from 50- 

t o  €75-percent water u s e  e f f i c i e n c y  i n  which increased e f f i c i e n c y  i s  

obtained without  s u b s t a n t i a l  i n t r u s i o n .  Coning i s  f i r s t  i nd i ca t ed  a t  a  

pumping r a t e  of Q/KW = 0.00118 which g ives  a  water  use  e f f i c i e n c y  of 55 

percent .  E f f i c i e n c i e s  higher  than  55 percent  were obtained a t  t h e  

expense of much increased p o l l u t i o n  of t h e  f r e s h  water  l e n s  by s a l t  

water .  

F igure  14 shows t h a t  t h e  minimum f r e e  s u r f a c e  e l e v a t i o n  a t  t h e  

maximum pumping r a t e  was above sea  l e v e l .  Thus, t h e  g a l l e r y  was 

probably loca t ed  below the  pumping p o s i t i o n  of maximum water  use  

e f f i c i e n c y .  However, under a c t u a l  cond i t i ons  o f  vary ing  i n f i l t r a t i o n  

and i s l and  c h a r a c t e r i s t i c s ,  i d e a l  placement of a g a l l e r y  would be very  
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Figure 1 4 .  Locat ion of t h e  f r e e  su r f ace  and t h e  i n ~ e r f a c e  f o r  va r ious  
pumping r a t e s  from an i n f i l t r a t i o n  g a l l e r y  below sea l e v e l  
( I j W  = 0.0275, R P = 0,0020) 



d i f f i c u l t  t o  de te rmine ,  The r e s u l t s  a s  p r e s e n t e d  i n  F i g u r e  :L; i n d i c a t e  

t h a t  the danger  of p o l l u t i o n  does  e x i s t  f o r  g a l l e r i e s  l o c a t e d  below mean 

s e a  l e v e l  and t h a t  o b s e r v a t i o n  w e l l s  would be needed t o  i n s u r e  a p p r o p r i a t e  

pumping r a t e s .  Indeed,  such a  s a f e t y  check would a l s o  be  a d v i s a b l e  f o r  

g a l l e r i e s  l o c a t e d  a t  mean s e a  l e v e l ,  



@OMP&ISONS OF 'UBOMTORY STUDY WITH THEORETICAL AND FIELD STUDIES 

Because of ehe complexi ty  af the  system s tud ied  i n  t h i s  i n v e s t i g a t i o n ,  

no mathematical stedies were made, The i n v e s t i g a t o r  knows of no mathe- 

ma t i ca l  developments t h a t  would have been s u i t a b l e  f o r  comparison. 

No d i r e c t  comparisons w i t h  field data were made f o r  t h e  fo l lowing  

reasons.  F i r s t l y ,  a f i e l d  study p r z  se was not  a  p a r t  of t h i s  i nves t iga -  

t i o n .  Secondly, an a t t e m p t  w a s  made r s  use  e x i s t i n g  da t a  c o l l e c t e d  

from a  h o r i z o n t a l  uel.1 located on t h e  W t e r  Banks, s p e c i f i c a l l y  t h e  s i t e  

known a s  Barker ' s  Hill, b u t  t%is daea was inadequate f o r  comparison 

purposes,  T h i r d l y ,  t h e  USGS i s  p re sen t ly  e o l l e c e i n g  pumping t e s t  d a t a  

from v e r t i c a l  w e l l s  hoesated an the  %h~:er BanksB bu t  no known r e l a t i o n -  

sh ip  e x i s t s  t h a t  ~ o u l d  a l h x  pumping test data  c o l l e c t e d  from a  v e r t i c a l  

w e l l  t o  be compared wieh ehar frsa a korizm:a4 w e l l ,  Although 

s u f f i c i e n t  a s s u n p e i o r * ~  c ~ n P d  be made L O  f i n d  such a r e l a t i o n s h i p ,  no 

r e l i a b i l i t y  could be placed on t h e  final. resul ts ,  However, t h e  

r e s u l t s  obtained w i t h  t h e  Rele-Shaw model i n  t h i s  s tudy  a r e  v a l i d  

r ev ious  dra inage  i n v e s t i  ations t h a t  were conducted i n  our 

l a b o r a t o r i e s  u s ing  this model were n o t  s r a t i s t i c a l l y  d i f f e r e n t  from 

mathematical and f i e l d  r e s u l t s  (Rochesear and Kriz, 1968; Rochester 

and Krfz ,  3.970). 



APPLICABILITY OF RESULTS TO LONG OCEANIC ESLA?XDS 

The r e s u l t s  of t h e  s t u d y  a r e  u s e f u l  t o  p r a c t i c i n g  e n g i n e e r s  f o r  

t h e  f o l l o w i n g  t y p e s  of  problems. F i r s t l y ,  t h e  l o c a t i o n  o f  t h e  i n t e r -  

f a c e  f o r  v a r y i n g  amounts of r a i n f a l l  p e r  s to rm and p e r i o d s  o f  t ime  

between s to rms  under c o n d i t i o n s  of no pumping a l l o w s  upper  and lower 

bounds of t h e  i n t e r f a c e  t o  be deeermined so t h a t  a  more economical  

f i e l d  t e s t i n g  procedure  can  be developed.  Secondly,  t h e  maximum pumping 

r a t e  from a h o r i z o n t a l  g a l l e r y  l o c a t e d  above mean s e a  l e v e l  can  b e  

determined f o r  g iven  sets of c o n d i t i o n s .  T h i r d l y ,  t h e  e f f e c t s  o f  

v a r i o u s  pumping r a t e s  on t h e  l o c a t i o n  o f  t h e  i n t e r f a c e  can  be  s t u d i e d  

f o r  a  r a n g e  o f  r a i n f a l l  c o n d i t i o n s  and i s l a n d  c h a r a c t e r i s t i c s .  

F o u r t h l y ,  t h e  effects of  s o i l  a n i s o t r o p y  on t h e  l o c a t i o n  o f  t h e  i n t e r -  

f a c e  can  be  i n v e s t i g a t e d .  

I n  o r d e r  t o  f a c i l i t a t e  t h e  u s e  oi the  r e s u l t s ,  t a b u l a r  a n d / o r  

g r a p h i c a l  d e s c r i p t i o n s  o f  t h e  d a t a  c o l l e c t e d  i n  t h e  l a b o r a t o r y  a r e  

p r e s e n t e d  i n  t h i s  s e c t i o n .  Examples of each t y p e  o f  problem d e s c r i b e d  

above a r e  a l s o  g iven .  

T a b l e  4 p r e s e n t s  a r e l a t i o n s h i p  between t h e  amount of r a i n f a l l  p e r  

s torm,  t h e  a v e r a g e  l e n g t h  of t h e  between s to rms ,  and t h e  l o c a t i o n  of 

t h e  f r e s h  w a t e r  - s a l t  w a t e r  i n t e r f a c e  f o r  long  o c e a n i c  i s l a n d s  under  

c o n d i t i o n s  sf no pumping, The h y d r a u l r c  c o n d u c t i v i t y  and t h e  i s l a n d  

width must be  known b e f o r e  t h e  l o c a t i o n  o f  t h e  i n t e r f a c e  can  be d e t e r -  

mined.. F i g u r e  15 p r e s e n t s  t h e  d a t a  from Table  4 i n  g r a p h i c  form i n  

o r d e r  to f a c i l i t a t e  i n t e r p o l a t i o n  when n e c e s s a r y .  





T a b l e  4 ,  L o c a t i o n  of i n t e r f a c e  f o r  v a r y i n g  amounts s f  r a i n f a l l  p e r  
s t o r m  and p e r i o d s  of t ime  between s to rms  under  c o n d i t i o n s  
of no pumping 

R 
P 

-- 

.0002 

.0004 

.0006 

. O O E  

.002 

.004 

-- 
D i s t a n c e  from mean s e a  Level t o  i n t e r f a c e  pe r  LOO0 Xt o f  

i s l a n d  w i d t h  

End P o i n t s  Q u a r t e r  P o i n t s  Midpoint  
( f e e t )  ( f e e t )  ( f e e t " )  

3 5 3 2 3 5 

6,9 4 9 5 7 

I l 62 7Lc 

19 8 8 LOO 

3 0  230 170 

9  0  205 260 

13 0 260 315 

190 305 400 

- 

The v a l u e  of t h e  r e c h a r g e  p a r m e t e r ,  R = (R/K)(tc/ty), i n  T a b l e  4 
D 

can  b e  de te rmined  by d i r e c t  c a l c u l a t i o n  o r  from F i g u r e  16 f o r  a g i v e n  

set of  r a i n f a l l  c o n d i t i o n s  and a  g i v e n  h y d r a u l i c  c o n d u c t i v i t y .  A f t e r  t h e  

v a l u e  of W h a s  been determined,  the d e p t h  t o  the  i n t e r f a c e  below mean 
P 

s e a  l e v e l  p e r  1000 f t  of i s l a n d  w i d t h  can  be o b t a i n e d  f rom T a b l e  4  a t  

t h e  e n d p o i n t s ,  q u a r t e r  p o i n t s  and midpoin t  of t h e  i s l a n d .  The a c t u a l  

d e p t h  t o  t h e  i n t e r f a c e  i s  caLeubated by m u l t i p l y i n g  t h e  v a l u e s  by t h e  

w i d t h  of i s l a n d  p e r  1000 f t ,  

If t h e  l o c a t i o n  of t h e  i n t e r f a c e  and i s l a n d  w i d t h  a r e  known, 

T a b l e  4 can  be used t o  de te rmine  t h e  v a l v e  of any one of t h e  f o l l o w i n g  

c o n d i t i o n s  o r  c h a r a c t e r i s t i c s  p rov ided  aLI t h e  o t h e r s  a r e  known: 





a v e r a g e  r a i n f a l l  i n t e n s i t y ,  a v e r a g e  r a i n f a i l  d u r a t i o n ,  a v e r a g e  r a i n f a l l  

f r equency ,  o r  a v e r a g e  h y d r a u l i c  c o n d u c t i v i t y ,  The p rocedure  i s  t h e  

r e v e r s e  of t h a t  d e s c r i b e d  above f o r  d e t e r m i n i n g  t h e  l o c a t i o n  o f  t.he 

i n t e r f a c e .  

Example I. 

Problem: Determine t h e  Loca t ion  of t h e  i n t e r f a c e  under  c o n d i t i o n s  o f  

no pumping f o r  a 2000-f t  wide i s l a n d  fo r  t h e  f o l l o w i n g  c o n d i t i o n s :  

a v e r a g e  r a i n f a l l  i n t e n s i t y ,  R ,  i s  0.2 i n , / h r ;  average  r a i n f a l l  d u r a t i o n ,  

tc i s  3 h r ;  average  t ime  between r a i n f a l l s ,  %, i s  60 h r ;  and t h e  

h y d r a u l i c  c o n d u c t i v r t y  of t h e  s o i l ,  K, i s  10 i n , / h r .  

S o l u t i o n :  The v a l u e  of R = 0 ,001  i s  determined d i r e c t l y  by c a l c u l a t i o n ,  
P 

Rp = (R/K) ( t , / t y ) ,  o r  from F i g u r e  16.  From T a b l e  4 w i ~ h  R = 0.001, t h e  
P 

d i s t a n c e  o f  t h e  midpoint  of t h e  i n t e r f a c e  p e r  1000 f t  of  i s l a n d  w i d t h  

below mean s e a  l e v e l  i s  100 ft. The a c t u a l  d i s t a n c e  i s  

200 f t ( [ 1 0 0  f t ] [2000 f t / 1 0 0  f t ] ) ,  Likewise  t h e  d i s t a n c e s  of t h e  

i n t e r f a c e  below mean s e a  l e v e l  f o r  t h e  q u a r t e r  p o i n t s  and end p o i n t s  

a r e  176 ft and 38 f t ,  r e s p e c t i v e l y .  

Example 11 

Problem: Determine t h e  a v e r a g e  h y d r a u l i c  c o n d u c t i v i t y  f o r  a  1500-foot  

wide long  o c e a n i c  i s l a n d  f o r  t h e  f o l l c w i n g  c o n d i t i o n s :  a v e r a g e  r a i n f a l l  

i n t e n s i t y ,  R, i s  0 . 1  i n . / b r ;  average  r a i n f a l l  d u r a t i o n ,  tc, i s  2  h r ;  

a v e r a g e  t ine between r a i n f a l l s ,  t is 3 3 . 3  h r ;  and t h e  d e p t h  o f  t h e  
Y '  

i n t e r f a c e  below mean s e a  E w e 1  a t  t h e  midpoin t  o f  t h e  i s l a n d  i s  85.5 f t ,  



S o l u t i o n :  The dep th  t o  t h e  i n t e r f a c e  pe r  1000 f t  of  i s l a n d  w i d t h  is  

57  f t l ( [85,5  f t ] [ l 5 0 0  ft /1.000 f c l ) .  From Table  4 ,  Rp = 0.0004. S o l v i n g  

R  = (R/K)(t , / ty)  o r  u s i n g  F i g u r e  16 t o  de te rmine  t h e  a v e r a g e  h y d r a u l i c  
P  

c o n d u c t i v i t y ,  R = 15 i n .  dhr , 

T a b l e  5 g i v e s  t a b u % a r  v a l u e s  of F igure  13 f o r  t h e  maximum con t inuous  

pumping r a t e  f o r  a g a l l e r y  l o c s t e d  a t  mean s e a  l e v e l  a t  t h e  midpoint  of 

t h e  i s l a n d  f o r  a  range  of r a i n f a l l  and i s l a n d  c o n d i t i o n s  and c h a r a c t e r i s -  

tics. I n  o r d e r  t o  de te rmine  t h i s  maximum s a f e  pumping r a t e ,  t h e  w i d t h  

of t h e  i s l a n d ,  r a i n f a l l  c o n d i t i o n s ,  h y d r a u l i c  c o n d u c t i v i t y  and l e n g t h  

of g a l l e r y  must be known. Known Losses from e v a p o t r a n s p i r a t i o n  shou ld  

a l s o  be s u b t r a c r e d ,  However, under sandy c o n d i t i o n s  w i t h  l i t t l e  o r  no 

v e g e t a t i o n ,  t h e s e  l o s s e s  can  be  n e g l e c t e d ,  

The f i r s t  s t e p  i n  u s i n g  Tab le  5 r s  t o  det.ermine t h e  r e c h a r g e  

parameter ,  %. Once R has  been determined,  t h e  pumping r a t e ,  Q ,  P 

i s  o b t a i n e d  f o r  t h e  a p p r o p r i a t e  v a l u e  of t h e  a v e r a g e  h y d r a u l i c  conduc- 

t i v i t y ,  K,  The pumping r a t e  i s  t h e n  conver ted  i n t o  u n i t s  of gpm, 

Example 111 

Problem: Determine t h e  maximum s a f e  purnping r a t e  from a  225- f t  l o n g  

h o r i z o n t a l  g a l l e r y  l o c a t e d  a t  mean s e a  l e v e l  a t  t h e  midpoint  o f  a  3000- 

f t  wide i s l a n d  f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  a v e r a g e  r a i n f a l l  i n t e n s i t y ,  

R ,  i s  0,3 i n , / h r ;  a v e r a g e  r a i n f a l l  d u r a t i o n ,  t,, i s  3 h r ;  a v e r a g e  t i m e  

between r a i n f a l l s ,  t i s  96 h r ;  and a v e r a g e  h y d r a u l i c  c o n d u c t i v i t y ,  K, 
Y 

i s  1 2  i n , / h r .  An e v a p o t r a n s p i r a t i o n  r a t e  of 0 . 1  i n . / d a y  i s  assumed. 





SoPxtion: From direct calculation or Pxgure IS, R = 0.000833. 
P 

IntergoQaring f rom Table 5, the xaximurn safe pumping rate without 

considering any e v a p o t r a n s p i r ~ t i o n  losses is - 0.58 f t L / h r  per 1000 

ft of island width. The value of Q is converted inro units of gpm as 

follows: 

2 3 r0.58 ft /hr  per 1000 ft][3060 ft (island width)] = 1,74 ft /hr 

The evapotranspiration kcss  f o r  the area w i t h i n  t h e  confines of 

the width of the island and t 5 e  Lkcgth of the gallery is as follows: 

* w 

c225 f t I C 3 ~ 0 0  fr][0.1 in.'daY][ ftil2 in. 11 7.5 gai./fe3] = 42100 gal,,/day 

r42100 Jday![daybkt46 min! = 29 - 2  gpm 

Thus the maximum safe pumping rake, 2, is [ 4 8 , 9  gpm - 29.2 gpm] = 

9 9 - 7  gpa. 

i v e s  a r&TationshFp bect*ean .he pumping rate from a 

BBBO-ft horizontal gallery, the hydraul ic  conductivity and the parameter, 

t h e  location cf the interface f o r  a IfrniteG range of rainfall and 

i s h a r d  cond i t i ons  and characteristics. The tables are based on pumping 

from a h o r f z o n t a l  gallery located at mean sea l e v e l  at the midpoint of 

the island. When the r a i n f a l l  condations, hydraulic conductivity, and 

island width are known, t he  t a b l e s  can be used co estimate the location 

cf the interface below mesn sea l w e i  and to study the coning effects 

of the interface for a given pumping rate, The structure and use of 

rhe  tatEes are the same, The differences between the tables are that 

each is based on a different v s l u e  0 2  the recharge parameter, R . 
P 







Table 7. Location of interface for varying values of the parameter 
/Kbl (XD = 0. 

Table 8. Location of interface for varying values of the parameter 
Q/KW (IP - 0.0 n 

I Distance t o  i n r p r ~ a r n  h n ~ ~  



T a b l e  9 .  Loca t ion  of i n t e r f a c e  f o r  vary ing  v a l u e s  of t h e  pa ramete r  
Q K  R = 0-0020) p 

D i s t a n c e  t o  i n r e r f a z e  below mean sea l e v e l  
per POOO ft of i s l a n d  w i d t h  

Quarter P o i n t s  Midpoint  
(rt) ( f t >  

123 ,O 139.5 

T a b l e  9 i s  an  a v e r a g e  of  a l l  the t e s t s  conducted with R " @,0020* 
8, 

F i g u r e s  17 through 19 graph~-alilly Pldpustrate t h e  r e s u l t s  shown i n  

T a b l e s  7  th rough  9 ,  

Example 1x1 

Boblem: Determine whether  coning o c c u r s  when a  200- f t  l o n g  h o r i z o n t a l  

g a l l e r y  l o c a t e d  a t  mean s e a  Level and 2000- f t  w i d e  long  o c e a n i c  i s l a n d  

i s  pumped a t  a con t inuous  sa te  e i  30 gprn s u b j e c t  t o  the  f o l l o w i n g  con- 

d i t i o n s :  average r a i n f a l l  i n t e n s i t y ,  8 ,  i s  0 '5 ia,fhr; average  r a i n -  

f a l l  b u r a t i o n ,  tc, i s  B,5 h r ;  average e i z e  between r a i n f a l l s ,  ? ,  is 

6 6 ' 7  hrg and the  average hyd rau l i c  c o n d u c t i v i t y ,  K5 is 1 5  i n . / h r ,  

Losses due r o  evapotranspi~at~on are  c e c s i d e r e d  n e g l i g i b l e ,  

S o l u t i o n :  The f i r s t  s t e p  i s  ro  c o w e r &  t h e  pumping r a r e  from gpm t o  -- - 
f t 2 / h r  p e r  LO00 f t  of  i s l a n d  w i d t h ,  T h i s  i s  accomplished as  fo l lows :  









[30  gpmj/[2000 f t  (width of i.sland)/ECOO f t ]  = 15 gpm per  1000 f t ,  

2 [ (120 f t 3 /h r ) /1000  f t I j [ 2 0 0  f e  ( l eng th  of g a l l e r y ) ]  = 0.60 f t  / h r  per  
1000 f t ,  

En te r ing  Table 5 with f t 2 / h r  per  EOOQ f t  and M = 15 i n . / h r  

g ives  a  va lue  of Q/KV - 0,06048La 

From d i r e c t  c a l c u l a t i o n  o r  Zsg~re 16, t h e  recharge  parameter ,  R 
p J  

i s  0.00075. Table 8 or FSgxre 18 c a n  be used t o  determine t h e  depth 

t o  t h e  i n t e r f a c e .  For $/KW = 0,OQ0581, t h e  approximate depths  of t h e  

i n t e r f a c e  a t  t h e  midpoint ,  quarker p o i n t s  and end p o i n t s  a re  66.7 ,  72-2  

and LP,I f t  per  1000 f c  of i s l a n d  w i d t h ,  r e s p e c t i v e l y ,  The approximate 

depth  a t  t h e  midpoint i s  133.4 f t  ( [ 5 6 , 7  ft/%O00 ft][200@ f t ( w i d t h  of 

i s l and ) ] ,  Likewise t h e  approxknare  deprhs  a t  t h e  q u a r t e r  p o i n t s  and 

end p o i n t s  a r e  144,4 and 22,2 f t , r e s>ec t iveEy .  Thus, coning does 

occur f o r  t h e  p i ~ x p i n g  rate 05 30 g p c  mder t h e  g iven  cond i t i ons .  

Table  hG i s  cons t ruc t ed  t h e  same a s  Tables  7 through 9 except  

t h a t  t h e  d a t a  i s  f o r  pumping from a h o r i z o n t a l  gsllery l oca t ed  below 

mean sea level a t  t h e  midpoint of t h e  i s l a n d ,  The actual depth of the 

g a l l e r y  below mean sea level  i s  expressed a s  a s a t i a  I . /W where I i s  t h e  

d e p t h  of t h e  ga l l e ry  below mean sea  Bevel  and W i s  t h e  w i d t h  of t h e  

i s l a n d .  Pig~re 2Cl graphicahlg  il%uatrates t h e  d a t a  given i n  Table  10. 

The procedure f o r  u s i n g  ;able  L O  i s  i d e n t i c a l  t o  t h a t  f o r  Tables  

7 through 9.  D i r e c t  c o m p a r i s ~ n s  between t h e  e f f e c t s  of pumping from 

h o r i z o n t a l  g a l l e r i e s  l oca t ed  a t  and below mean sea  l e v e l  on t h e  l o c a t i o n  

o f  t h e  i n t e r f a c e  c a n  be made f o r  K = 0.0020, Because t h i s  i nves t i ga -  
P 

tor recornends t h a t  t h e  gaLlary be l o c a t e d  a t  mean sea  level., on ly  l i m -  

i t e d  cesring was dcne ~ 5 t h  the g a l l e r y  Poczted bebsx mean sea ledel. 



Table 10. Location of i n t e r f a c e  f o r  vary ing  va lues  of t he  parameter 
/KV f o r  a g a l l e r y  loca ted  below mean sea l e v e l  

(Rp - 0.0020, I/W = 5/180) 

Distance t o  i n t e r f a c e  below mean sea  l e v e l  
per  1000 f t  of i s l a n d  width 

Q/KW -c 

Because many long oceanic  i s l a n d s  have a n i s o t r o p i c  r a t h e r  than  

0  

i s o t r o p i c  cond i t i ons ,  an  example i s  presented  t o  i l l u s t r a t e  how t h e  

Endpoints Q u a r t e r  Po in t s  Midpoint 
( f t >  ( f t>  ( f t )  

30,6 1 1 7  128 

d a t a  can be  transformed t o  s tudy  a n i s o t r o p i c  condi t ions .  

Example IV 

Problem: Determine t h e  l o c a t i o n  of t h e  f r e s h  water  - sa l t  water  - 
i n t e r f a c e  under condi t ions  of no pumping on a 2000 f t  wide i s l a n d  f o r  

t he  fol lowing condi t ions :  hydrau l i c  conduc t iv i ty  i n  t h e  x  d i r e c t i o n ,  

Kx, i s  25 in . / h r ;  hydrau l i c  conduc t iv i ty  i n  t h e  y  d i r e c t i o n ,  Ky, i s  

B i n . / h r ;  average r a i n f a l l  i n t e n s i t y ,  R ,  i s  0 . 1  i n . / h r ;  average 

r a i n f a l l  du ra t ion ,  tc, i s  2 h r ;  and average time between r a i n f a l l s ,  

t i s  3 days. 
Y $  





S o l u t i o n :  The f i r s t  s t e p  i s  t o  o b t a i n  a  v a l u e  f o r  t h e  t r ans formed  

h y d r a u l i c  c o n d u c t i v i t y ,  K*, where Kk  = ( K  K 1%. Thus, K* = [:(25)(1)lf = 
X Y  

5 i n , / h r ,  It i s  t h e n  necessa ry  t o  de te rmine  what v a h e  of R / K  i n  

t h e  model cor responds  t o  t h e  R/K~< i n  t h e  f i e l d ,  Because RBK 
M 

P 
R/KI = ( 0 . 1  i n . / h r ) l ( 5  i n . / h r )  ' 1 / 2 0 .  Using t h i s  v a l u e  R - 0.0013 

M 
i s  de te rmined  from d i r e c t  c a l c u l a t i o n  o r  F i g u r e  1 6 ,  

From T a b l e  4 o r  F i g u r e  15  with R = 0,001, t h e  d e p t h s  t o  t h e  inter- 
P 

f a c e  below mean s e a  l e v e l  f o r  t h e  madel a r e  100, 88 and 1 9  f e  p e r  LOO0 

f t  of i s l a n d  w i d t h  a t  t h e  midpoint ,  q u a r t e r  p o i n t s  and end p o i n t s ,  

r e s p e c t i v e l y  . Because zi/w / = ( z i / v )  ( % / K ~ ] '  t h e  d e p t h  t o  t h e  
g Y P 

i n t e r f a c e  p e r  1000 ft of  i s l and  wid th  a t  t h e  midpoint  o f  t h e  i s l a n d  

i n  t h e  p r o t o t y p e  i s  E00/5 = 20, S i m i l a r l y ,  v a l u e s  of l 7 , 6  and 3 , 8  

a r e  o b t a i n e d  f o r  t h e  q u a r t e r  p o i n t s  and end p a i n t s ,  r e s p e c t i v e l y ,  

The a c t u a l  d i s t a n c e  t o  t he  i n t e r f a c e  a t  t h e  midpoin t  i s  z.%W 
IP 

t imes  t h e  w i d t h  of t h e  i s l a n d  p e r  lo00  f t  o r  (20 f t ) ( 2 0 0 0  f t / E 0 0 0  f t )  

= 40  f t ,  S i m i l a r l y ,  t h e  d e p t h  t o  t h e  i n t e r f a c e  i s  35.2  and 7 , 6  f t  

below mean s e a  l e v e l  a t  t h e  q u a r t e r  p o i n t s  and end p o i n t s ,  r e s p e c t i v e l y ,  

Maximum s a f e  pumping r a t e s  f o r  a n i s o t r o p i c  c o n d i t i o n s  can a l s o  be 

de te rmined  by u s i n g  e q u a t i o n s  l 5  - 26 and f o l l o w i n g  t h e  examples 

p r e v i o u s l y  g i v e n ,  
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GEOS SARY OF S W O E S  

Symbols 

a slope of discharge face (no units) 

b spacing between the parallel piates of the model (L) 

c time interval of infiltration in dimensionless form, 
c = K t / W f  (no u n i t s )  

f porosity of the soil (no units) 

g acceleration of gravity j l ! ~ ~ )  

h height above the impermeable Layer of an open body of water (L) 

% he igh t  above t h e  impermeable layer of an open body of water 
at the end sf the flow region (E) 

h2  height above the ispzrmeable layer of an open body of water 
at the end of the f l o w  r eg ion  (k) 

i unit vector in rke x d i r e c x i o n  (no units) 

K hydraulic c o n d u c t i v i t y  (EkT) 

K1 Gw 
hydraulic conductivity in rhe x direction (LIT) 

Kz hydraulic conductiv~ty in the z direction ( L ~ T )  

E length of the fEom reg ion  ($1 

m f l u i d  mass (K) 

n amber sf values xaking up GI and E2 (no units) 

B; groundwater pressure ( M / T ~ )  

P 



Symbols 

t o t a l  d i s c h a r g e  of f r e s h  w a t e r  i n t o  t h e  ocean p e r  u n i t  t h i c k -  
n e s s  of t h e  a q u i f e r  ( L ~ / T )  

2  pumping r a t e  oi f r e s h  w a t e r  p e r  u n i t  l e n g t h  (L /T) 

d i s c h a r g e  from t h e  model ( L ~ / T )  

r a d i a l  c o o r d i n a t e ,  r =\/x2 + ( z  - I )  (I) 

r a i n f a l l  i n t e n s i t y  (k/T) 

r e c h a r g e  paramete r ,  % = n ~ l ~  = (R/K) ( t c / t y )  (no u n i t s )  

2 r a t e  of uniform v e r t i c a l  r e c h a r g e  p e r  u n i t  a r e a  (L/T/L ) 

s t a n d a r d  d e v i a t i o n  o f  sample of a normal ly  d i s t r i b u t e d  
p o p u l a t i o n  (no unirs i n  t h i s  c a s e )  

s t a n d a r d  d e v i a r i o n  of z 5  I/L/W (no u n i t s )  

s t a n d a r d  deviation of z i  L ! 7 J W  (no u n i t s )  
d - 

s I a r d  d e v i a t i o n  n f  - ) (GO u n i t s )  
(x, - 5)  - 2 

( z )  u n i t  s t e p  f u n c t i o n  def ine5  a s  

t h e  (T) 

t ime  p e r i o d  of r a i n f a l l  (T) 

t i m e  p e r i o d  between r a i n f a l l s  (T) 

Student's d i s t r i b u t x m  (no u n i t s )  

D a r c i a n  v e l o c i r y  i n  t h e  r a d i a l  d i r e c t i o n  (L/T) 

Darc ian  v e l o c i t y  %n t h e  x d i r e c t i o n  (L/T) 

D a r c i a n  v e l o c i t y  i n  t h e  z d i r e c t i o n  (L/T) 

width of i s l a n d  a t  mean sea level. (L) 

h o r i z o n t a l  Cartesian coordinate (E) 



Symbols 

h o r i z o n t a l  c o o r d i n a t e  p e r p e n d i c u l a r  t o  i s l a n d  l e n g t h  
and t o  z, (L) 

&. 

sample s e a n  (no u n i r s  i n  t a F s  c a s e )  

sample mean (no  u n i t s  i n  this c a s e )  

v e r t i c a l  C a r t e s i a n  coordina te  (E) 

e l e v a t i o n  of water t a b l a  above s e a  l e v e l  (L) 

dep th  t o  t h e  i n t e r f a c e  below s e a  l e v e l  (L) 

i s o t r o p i c  c o o r d i n a t e ,  z* = ( K ~ / K ~ ) % z ( L )  

inc rementa l  d i s t a n c e  i n  h o r i z o n t a l  x d i r e c t i o n  (L) 

inc rementa l  d is tance  i n  v e r t l c a l  d i r e c t i o n  (L) 

r a t i o  of  rainfall r a t e  co nydrsblic c o n d u c t i v i t y  g r e a t e r  
t h a n  z e r o  (no u n i t s )  

2 k i n e m a t i c  v i s c o s i t y  (L IT) 

p o p u l a t i o n  mean (no un f r s  i n  t h i s  c a s e )  

p o p u l a t i o n  mean (no u n i t s  i n  this c a s e )  

d e n s i t y  of f r e s h  water ( M / L ~ )  

3 d e n s i t y  of  salt water (X/E ) 

n a r c I a n  velocity pctent ia? ,  q = -K(z + p/pfg)  ( L ~ / T )  



A P P E N D I C E S  
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values  i n  the  model. The va lue  s f  r i  1/2iB was romp2led from t h e  m i d -  

poLne lacation t h a t  had no corresponding syrwmetrical v a l u e  Both 

measureznenkt9. The value  of zf r j 4  1B3 uas c o m i a s ~  eci 2 3  Se 4 3 e r ~ e 1 -  

i n d i c a i o r  of in tes i sce  l ccsr icn  than gi - be~ajse 2 - l s  -r /k &I$ 

an average of ewo values and becauaa %i has h a r d  c s  d2,e;n~ne due 

to d ~ s p e r s i o n  of the  f l u ~ d s ,  The f l u i d  d i s p e r s i o n  at 2 .  a T_J2 ttas cabs*> 

by repeated v a r k a ~ ~ o n  of ~ k e  in terface Poc.?tisn st t h a ~  poj.wt= 



n i f i c a n c e  of Varying Infiltration Races sn X ~ k e r f a i e  Location as 

PresenCed in Table 2, - 
.-iliii.pIII*.i. 

Snedecor and Ccchran ( 1 9 6 7 )  presenred e method of comparing two  

independent samples t o  determine if these saroples were obta ined  from 

t h e  szme popu la t i on  (treatment). This comparison was made with t h e  

S t u d e n t ' s  " t U ~ d i s t t i b u t i o n  which is def ined  as 

il and i2 t h e  independent  sample means, 

and 

and p2 " t h e  popu la t i on  means, 

Tbe hypothesis made was that there  was no e f feuc  orr ioeerface 

Iocaeion d ~ e  to infiltration rate variation a s  presented in Table 2 .  

Thus, t h e  average va lues  of a 
i 114 

/W f o r  t h e  2wo iafiltrarion ralLes 

presented ic Table  2 were hypcthesized to be  equal, i.g.> - 
$1 - 

The var iance  s - was assumed to be chat which was c a l c u l a t e d  in 



in te r face ,  

cant  d i f f e rences  In ehe interface l a e a t i o z s  as a r e s u l r  of che v a r l a u s  



d i f f e r e n c e  i n  t h e  values of i n t e r f a c e  l o c s ~ i a a ,  Agarn,  the hypothes is  

t h a t  no d i f f e r e n c e  in in te r face  l o c a t i o n  e x i s t s  i s  accepted w i t h  t h e  

r e s e r v a t i o n  t h a t  t h e  number of duplications is smalL and t h a t  confirrna- 

t i o n  i s  weak. Becauae t h e  i n f i l t r a t i o n  i n t e r v a l  was v a r i e d  by a f a c t o r  

of f o u r  and no s i g n i f i c a n t  v a r i a t i o n  i n  in te r face  Locar icn r e s u l t e d ,  t h e  

i n f i l t r a t i o n  i n t e r v a l  was not  a ~Lgniflcan: f a c r o r  i n  d e t e r m i n i n g  i n t e r -  

face l o c a t i o n .  


