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ABSTRACT 

The d e t e r m i n a t i o n  o f  t h e  h y d r o l o g i c  c h a r a c t e r i s t i c s  o f  a  l e a k y  c o n f i n e d  

a q u i f e r  i s  approached f rom s e v e r a l  v iewpoin t s :  ( a )  a n a l y s i s  of pumping t e s t s ,  

(b)  f i t t i n g  of s t e a d y - s t a t e  mathemat ical  models,  ( c )  a n a l o g  s i m u l a t i o n ,  and 

(d) d i g i t a l  computer s i m u l a t i o n .  The C a s t l e  Hayne a q u i f e r  i n  e a s t e r n  Nor th  

C a r o l i n a  i s  used as a  c a s e  s tudy .  The a q u i f e r  i s  ana lyzed  as a he te rogeneous  

i s o t r o p i c  system. The i n p u t s  and o u t p u t s  of t h e  sys tem a r e  cons idered ;  t h e  

h y d r a u l i c  c o n n e c t i o n  between t h e  a q u i f e r  and t h e  u n d e r l y i n g  and o v e r l y i n g  

a q u i f e r s  i s  examined. The v e r i f i e d  d i g i t a l  model i s  used f o r  p r e d i c t i o n  pur- 

poses  under h y p o t h e t i c a l  s t r a t e g i e s  of development. 

The groundwater q u a l i t y  is  c o n s i d e r e d  t o  be  o f  major  importance i n  t h e  

o p t i m a l  management o f  t h e  a q u i f e r  on a r e g i o n a l  b a s i s .  The v e r t i c a l  movement 

of t h e  e s t u a r i n e  w a t e r  and t h e  l a t e r a l  f l o w  from l e n s e s  of poor  q u a l i t y  w a t e r  

w i t h i n  t h e  a q u i f e r  a r e  examined u s i n g  s imple  mathemat ica l  r e l a t i o n s h i p s .  It 

i s  found t h a t  s i n g l e - v a l u e d  e s t i m a t e s  based on s p e c i f i c  v a l u e s  of c o n t r o l l i n g  

parameters  c a n  b e  s u b j e c t  t o  l a r g e  e r r o r s  because  o f  t h e  a c c u r a c y  of t h e  d a t a .  

The p o s s i b l e  range o f  v a r i a t i o n  i s  i n v e s t i g a t e d  by c a r r y i n g  o u t  s e n s i t i v i t y  

a n a l y s i s .  

The c o n c e p t u a l  problems i n  t h e  measurement o f  s o c i a l  b e n e f i t s  and c o s t s  

a r e  o u t l i n e d ,  and p o s s i b l e  r e g u l a t i o n  t echn iques  a r e  e x p l o r e d .  A p o s s i b l e  

framework f o r  t h e  r e g i o n a l  management of t h e  a q u i f e r  t a k i n g  q u a l i t y  of w a t e r  

and economic consequences i n t o  account  i s  p r e s e n t e d .  
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions  

The C a s t l e  Hayne a q u i f e r  system is a  l e a k i n g  system.  The development o f  

t h e  cone of d e p r e s s i o n  i n  t h e  o v e r l y i n g  Yorktown and Pungo River  forma- 

t i o n s  and t h e  u n d e r l y i n g  Lower Castle Hayne and B e a u f o r t  f o r m a t i o n s  

p roves  c o n c l u s i v e l y  t h e  e x i s t e n c e  of h y d r a u l i c  c o n n e c t i o n  between a l l  

t h e s e  u n i t s .  The h y d r a u l i c  p o t e n t i a l s  i n  t h e  o v e r l y i n g  and u n d e r l y i n g  

f o r m a t i o n s  show t h e  e x i s t e n c e  of b o t h  t h e  l e a k a g e  from above and from 

below i n t o  t h e  Upper C a s t l e  Hayne a q u i f e r .  The downward l e a k a g e  i s  t h e  

s t r o n g e r  o f  t h e  two i n  t h e  w e s t e r n  p a r t  o f  t h e  a r e a .  

An adequa te  r e p r e s e n t a t i o n  of t h e  a q u i f e r  i s  p o s s i b l e  by a  h y d r o l o g i c  

r e c h a r g e  boundary superimposed on a  moderate  l e a k a g e  e f f e c t .  The model 

f o r  t h e  1970 p i e z o m e t r i c  s u r f a c e  g i v i n g  t h e  b e s t  f i t  i s  t h a t  o f  s e m i -  

i n f i n i t e  l e a k y  a q u i f e r .  A b e t t e r  c h a r a c t e r i z a t i o n  of t h e  e a r l i e r  phases  

o f  h e a v i e r  pumping i s  provided by an  i n f i n i t e  l e a k y  quadran t  w i t h  two 

r e c h a r g e  b o u n d a r i e s .  

The Upper C a s t l e  Hayne a q u i f e r  i s  i n  h y d r a u l i c  c o n t a c t  w i t h  t h e  Pamlico 

e s t u a r y .  Before  t h e  s t a r t  of dewate r ing  o p e r a t i o n s  a t  Lee Creek mine, 

a t  l e a s t  20 m i l l i o n  g a l l o n s  p e r  day were d i s c h a r g e d  from t h e  a q u i f e r s  t o  

t h e  upper  r e a c h e s  of t h e  Pamlico R i v e r .  Under t h e  p r e s e n t  c o n d i t i o n s ,  

t h e  h y d r a u l i c  g r a d i e n t s  have r e v e r s e d  i n  l a r g e  a r e a s ,  i n c l u d i n g  t h e  major  

p o r t i o n  of t h e  e s t u a r y .  The b a s e  f l o w  e n t e r i n g  t h e  e s t u a r y  h a s  reduced  

by approx imate ly  30 mgd; t h e r e  i s  s t i l l  some f r e s h  w a t e r  e n t e r i n g  t h e  

e s t u a r y  i n  t h e  uppermost r e a c h e s .  

The l e a k a g e  i n  t h e  updip  p o r t i o n s  o f  t h e  a q u i f e r  i s  a n  o r d e r  o f  magni tude 

h i g h e r  i n  t h e  v i c i n i t y  o f  t h e  e s t u a r y  t h a n  i n  t h e  a d j o i n i n g  a q u i f e r .  

There  is ,  however, no evidence t h a t  t h e  a q u i f e r  i s  more l e a k y  n e a r  t h e  

Lee Creek mine. 

The v a l u e s  of t h e  v e r t i c a l  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  c o n f i n i n g  beds  

c o n t a i n e d  i n  t h e  1971  Technica l  Report  a r e  g r e a t l y  underes t imated ,  p a r -  

t i c u l a r l y  i n  a n  a r e a  i n  t h e  v i c i n i t y  o f  t h e  upper  r e a c h e s  o f  t h e  Pamlico 

e s t u a r y .  

There  i s  v e r y  l i t t l e  ha rd  d a t a  a v a i l a b l e .  Where observed  d a t a  do e x i s t ,  

t h e  c o n t r o l  i s  o n l y  f a i r  t o  poor.  The n u m e r i c a l  v a l u e s  o f  t h e  p a r a m e t e r s ,  

excep t  f o r  t h e  d i s c h a r g e  from t h e  Lee Creek mine, a r e  l a r g e l y  i n t e r p r e t i v e  
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d e r i v e d  from h y d r o l o g i c  v a r i a b l e s  t h a t  a r e  e i t h e r  unknown o r  o n l y  esti- 

mated. The p r e c i s i o n  o f  t h e  d a t a  i s  l a r g e l y  i l l u s o r y ,  and t h e  e s t i m a t e s  

a r e  s u b j e c t  t o  p o s s i b l e  l a r g e  e r r o r s .  

7 .  L i t t l e  c o n f i d e n c e  can  b e  p laced  i n  t h e  p r e d i c t i o n s  o f  f u t u r e  w a t e r  q u a l i t y  

based on a s i n g l e  s p e c i f i c a t i o n  o f  t h e  pa ramete rs .  S e n s i t i v i t y  a n a l y s e s  

t o  d i s c o v e r  t h e  p o s s i b l e  ranges  o f  c o n c e n t r a t i o n s  and travel t imes  a r e  i n  

o r d e r .  

8. Groundwater is  o n l y  a p a r t i a l l y  renewable  r e s o u r c e .  S i g n i f i c a n t  w a t e r  

q u a l i t y  changes caused by l o n g - l a s t i n g ,  c o n c e n t r a t e d  and l a r g e  wi thdrawals  

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

t h e  c e s s a t i o n  of t h e  h y d r o l o g i c  stresses, 

9, The g o a l  o f  e f f i c i e n t ,  comprehensive development of t h e  C a s t l e  Hayne 

a q u i f e r  sys tem cannot  be  r e a l i z e d  i n  t h e  absence o f  p r o j e c t i o n s  o f  f u t u r e  

economic development and w a t e r  needs ,  b o t h  w i t h  r e s p e c t  t o  q u a n t i t y  and 

q u a l i t y .  An e v a l u a t i o n  o f  t h e  s o c i a l  c o s t s  imposed on  o t h e r  u s e r s ,  

p r e s e n t  and p o t e n t i a l ,  by mining o p e r a t i o n s  and a p l a n  f o r  t h e  e q u i t a b l e  

d i s t r i b u t i o n  of t h e s e  c o s t s  cannot  b e  developed w i t h o u t  t h e  a v a i l a b i l i t y  o f  

t h e  demand and i t s  s p a t i a l  and temporal  d i s t r i b u t i o n .  

1 0 ,  Q u a n t i t a t i v e l y  speak ing ,  t h e  water  supp ly  i n  t h e  Castle Hayne a q u i f e r  i s  

more than  a d e q u a t e  f o r  a l l  e x i s t i n g  u s e s .  

11, Although t h e  groundwater l e v e l s  may s t a b i l i z e ,  t h e  w a t e r  q u a l i t y  can con- 

t i n u e  t o  d e t e r i o r a t e ,  In groundwater development, b e n e f i t s  and c o s t s  o c c u r  

a t  markedly d i f f e r e n t  t imes  and a r e  w i d e l y  s e p a r a t e d  i n  s p a c e .  For a 

p roper  e v a l u a t i o n  of b e n e f i t s  and c o s t s ,  t h e  a d o p t i o n  of a n  extended t i m e  

s c a l e  f o r  a n a l y s i s  i s  e s s e n t i a l ,  
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Recommendations 

A s  t h e  d a t a  t o  d e l i n e a t e  t h e  occur rence  of h i g h  c h l o r i d e  zones  i n  t h e  

a q u i t a r d s  a r e  v e r y  meager, a moni to r ing  program t o  d e t e c t  t h e s e  a r e a s  

shou ld  be d e v i s e d .  

Because no observed d a t a  on t h e  v e r t i c a l  p e r m e a b i l i t i e s  e x i s t ,  i t  i s  

recommended t h a t  a d d i t i o n a l  t e s t i n g  of t h e  a q u i t a r d s  b e  under taken  t o  

de te rmine  t h e  d i s t r i b u t i o n  of v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t i e s  i n  t h e  

c r i t i c a l  a r e a s ;  f o r  example, i n  t h e  v i c i n i t y  o f  t h e  upper  r e a c h e s  o f  t h e  

Pamlico e s t u a r y .  

A more complete  d e l i n e a t i o n  of f r e s h  w a t e r - - s a l i n e  w a t e r  c o n t a c t  i n  t h e  

major  wa te r -bear ing  f o r m a t i o n s  shou ld  b e  under taken  and t h e  a c t u a l  

moni to r ing  of t h e  m i g r a t i o n  of t h e  c o n t a c t  zones  be  launched.  

As t h e r e  i s  a n  i n c r e a s i n g  need t o  m a i n t a i n  c l o s e  c o n t r o l  on t h e  d e t e r i o r a -  

t i o n  of w a t e r  q u a l i t y  i n  response  t o  t h e  e x i s t i n g  and proposed l a r g e  

wi thdrawals ,  i t  i s  sugges ted  t h a t  more s o p h i s t i c a t e d  methods of p r e d i c t i n g  

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

A s  t h e  more complete  u t i l i z a t i o n  o f  groundwater r e s o u r c e  i s  approached,  

a  p u b l i c  p o l i c y  f o r  t h e  op t imal  management o f  t h i s  r e s o u r c e  shou ld  b e  

e s t a b l i s h e d .  The o b j e c t i v e s  of such a  p o l i c y  s h o u l d  be  fo rmula ted  i n  

o p e r a t i o n a l  terms. I t  i s  recommended t h a t  g u i d e l i n e s  s t i p u l a t i n g  con- 

s t r a i n t s  on w a t e r  l e v e l s  and w a t e r  q u a l i t y  b e  p r e p a r e d  f o r  d i f f e r e n t  

s e c t i o n s  o f  t h e  a q u i f e r .  

Because p r o j e c t i o n  of w a t e r  needs  and t h e i r  q u a l i t y  r e q u i r e m e n t s  a r e  

e s s e n t i a l  f o r  any s t r a t e g y  f o r  t h e  r e g i o n a l  management o f  t h e  groundwater 

r e s o u r c e ,  i t  i s  recommended t h a t  a l t e r n a t i v e  p r o j e c t i o n s  f o r  t h e  a g r i c u l -  

t u r a l ,  m u n i c i p a l ,  and i n d u s t r i a l  u s e s  o f  water b e  developed f o r  t h e  a r e a .  

As p r e v e n t i v e  measures  t o  r e t a r d  t h e  r a t e  o f  w a t e r  q u a l i t y  d e t e r i o r a t i o n  

form a p a r t  o f  any  coord ina ted  p l a n  f o r  w a t e r  management and  because  

measures may b e  r e q u i r e d  t o  keep open t h e  maximum number o f  o p t i o n s  f o r  

f u t u r e  development,  a d e t a i l e d  examinat ion of l a r g e  w a t e r  u s e s  shou ld  b e  

conducted t o  s e e  i f  a p a r t  o f  t h e  pumped w a t e r  can  b e  made a v a i l a b l e  f o r  

recharge .  

The f e a s i b i l i t y  o f  a p o l i c y  f o r  i n s t i t u t i n g  c h a r g e s  f o r  t h e  l i c e n s i n g  of 

l a r g e  wi thdrawals  and p r o v i s i o n  o f  economic i n c e n t i v e s  f o r  reduc ing  wi th -  

drawals  o r  f o r  r e t u r n i n g  s u r p l u s  w a t e r  back t o  t h e  a q u i f e r  system shou ld  

be  g iven  s e r i o u s  c o n s i d e r a t i o n ,  





Chapter  1 

GENERAL SETTING 

The s t u d y  a r e a  l i e s  w i t h i n  t h e  A t l a n t i c  C o a s t a l  P l a i n .  The t e r r a i n  i s  

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

from mean s e a  l e v e l  t o  100 f e e t  above i t .  The t e r r a i n  g e n e r a l l y  s l o p e s  t o  

t h e  s o u t h e a s t ,  

The d r a i n a g e  p a t t e r n  i n  t h e  a r e a  i s  e s s e n t i a l l y  d e n d r i t i c .  Most o f  t h e  

t r i b u t a r i e s  o r i g i n a t e  i n  t h e  l a r g e  swampy a r e a s ,  g e n e r a l l y  known a s  p o c o s i n s .  

These i n t e r - s t r e a m  a r e a s ,  a l t h o u g h  t o p o g r a p h i c a l l y  h i g h  r e l a t i v e  t o  t h e  a d j a c e n t  

d r a i n a g e s ,  show poor  c i r c u l a t i o n  o f  w a t e r ,  The w a t e r  t a b l e  i s  n e a r  t h e  s u r -  

f a c e ,  and d u r i n g  p e r i o d s  of heavy r a i n f a l l ,  t h e s e  a r e a s  a r e  l a r g e l y  f l o o d e d .  

As t h e  w a t e r  t a b l e  r e s e r v o i r  i s  f u l l ,  o r  n e a r l y  f u l l ,  t h e  r a i n f a l l  i s  

mos t ly  r e j e c t e d  a s  o v e r l a n d  runof f  t o  t h e  slow-running,  sha l low and swampy 

s t reams .  The s t reamf lows  a r e  s u b s t a n t i a l .  The s t r e a m s  a r e  a f f e c t e d  by t i d e s  

d u r i n g  p e r i o d s  of low f l o w  o r  s t r o n g  winds .  The q u a l i t y  of s u r f a c e  w a t e r  i s  

poor  and most of t h e  s t r e a m s  a r e  c l a s s i f i e d  a s  t i d a l  s a l t  w a t e r  o r  a s  swampy 

w a t e r s .  

The e f f e c t  of groundwater  wi thdrawals  from t h e  a q u i f e r  depends g e n e r a l l y  

on t h e  g e o l o g i c  and h y d r o l o g i c  environment i n  t h e  a r e a  of wi thdrawal .  The 

f a c t o r s  t o  be  c o n s i d e r e d  i n  t h e  a n a l y s i s  o f  t h e  hydrogeo log ic  sys tem a r e :  

1 ,  t h e  p o s i t i o n  and f l u c t u a t i o n  of t h e  p i e z o m e t r i c  s u r f a c e ,  

2 .  r e g i o n a l  geology,  and 

3 .  n a t u r a l  i n f l o w s  and ou t f lows .  

There  a r e  i n t e r r e l a t i o n s h i p s  between t h e s e  f a c t o r s ,  The o n l y  c o n s t a n t  f a c t o r  

i n  t h e  whole f a b r i c  i s  t h e  r o c k  s k e l e t o n .  

The i n t e r n a l  s ta te  of  an  a q u i f e r ,  determined by i t s  s t r a t i g r a p h y ,  i s  

e x p r e s s e d  by t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  c o e f f i c i e n t s  of t r a n s m i s s i v i t y  and 

s t o r a g e .  The g e o l o g i c  p r o p e r t i e s  of c o n f i n i n g  l a y e r s  a r e  summarized by t h e  

s p a t i a l  d i s t r i b u t i o k  o f  t h e  c o e f f i c i e n t s  of v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  

and s p e c i f i c  s t o r a g e .  The d r i v i n g  f o r c e  i s  prov ided  by g r a v i t y  and t h e  head 

d i f f e r e n c e s  i n  v a r i o u s  beds .  The l o c a t i o n  and t h e  geometry o f  e x t e r n a l  

hydrogeo log ic  b o u n d a r i e s  and t h e  s p e c i f i c a t i o n  o f  f o r c e  f i e l d  around them 

a r e  e s s e n t i a l  f o r  a complete  s o l u t i o n  o f  t h e  f l o w  problem, The man-made changes  

i n  t h e  a q u i f e r  sys tem such as t h o s e  caused by pumping, d r a i n a g e ,  and a r t i f i c i a l  

r e c h a r g e  p r o v i d e  new h y d r o l o g i c  boundar ies  and a l t e r  t h e  a q u i f e r  f low system.  



Aquifer  a s  a  System 

The a q u i f e r  a s  a system i s  represented  i n  F igure  0. The s o l u t i o n  of  

a  groundwater probleso involves t h e  de te rmina t ion  of r e l a t i o n s h i p  between 

t h r e e  c l a s s e s  of phys i ca l  e n t i t i e s :  

(1) e x c i t a t i o n  o r  s t h u l u s ,  

(2) system, and 

(3)  response,  

The e x c i t a t i o n  comprises (a) i n i t i a l  cond i t i ons ,  (b) p o i n t ,  l i n e ,  and 

a r e a  sources and s i n k s ,  and (c )  a p p l i e d  fo rc ing  func t ions .  The i n p u t  

v a r i a b l e s  g e n e r a l l y  vary  both i n  t ime and space and can be c o n t r o l l e d  o r  

uncont ro l led  d e t e r m i n i s t i c ,  o r  s t o c h a s t i c  i n  na tu re ,  

The groundwater problems can be ca tegor ized  i n t o  t h r e e  types.  In  t h e  

system i d e n t i f i c a t i o n  problem, t h e  e x c i t a t i o n  and response a r e  given and 

i t  i s  r equ i r ed  t o  de t e rn ine  t h e  system parameters  and c h a r a c t e r i s t i c s ,  The 

s o l u t i o n  f o r  t h i s  problen  i s  no t  unique, One has t o  s e l e c t  a  probable 

s o l u t i o n  from a  mul t i t ude  of p o s s i b l e  s o l u t i o n s ,  For a  l a r g e  p a r t ,  our  

problem i s  of t h i s  type, I n  t h e  input -d iscovery  problem, system response 

and system c h a r a c t e r i s t i c s  a r e  known and it i s  d e s i r e d  t o  determine t h e  

e x c i t a t i o n  which was respons ib le ,  The s o l u t i o n  t o  t h i s  problem i s  no t  

unique e i t h e r ,  In  t h e  p r e d i c t i o n  of  response problem, t h e  system c h a r a c t e r -  

i s t i c s  and t h e  e x c i t a t i o n  a r e  assumed t o  be knswn and i t  i s  d e s i r e d  t o  

f o r e c a s t  t h e  system behavior.  The management of  groundwater a q u i f e r s  

belongs t o  t h i s  category.  The p r e d i c t i o n  of t h e  response of  t h e  a q u i f e r  

system procedures  i s  requi red  t o  manage t h e  system i n  a n  opt imal  manner, 
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Chapter  2 

GEOLOGIC FRAMEWORK 

No a t t e m p t  i s  made i n  t h e  f o l l o w i n g  t o  g i v e  a  comprehensive p i c t u r e  o f  t h e  

geology of t h e  area. An e x c e l l e n t  summary and an  ex tended  b i b l i o g r a p h y  i s  con- 

t a i n e d  i n  r e f  e r e n e e  ( 1 ) .  Only t h e  s a l i e n t  f e a t u r e s  a r e  g iven  below d e r i v e d  

l a r g e l y  from (1)  t o  ( 4 ) .  

The C o a s t a l  P l a i n  of North C a r o l i n a  i s  u n d e r l a i n  by a wedge-shaped sequence 

o f  s t r a t i f i e d  sed imenta ry  rocks  d e p o s i t e d  on t h e  c r y s t a l l i n e  bedrock s u r f a c e  

d u r i n g  numerous t r a n s g r e s s i o n s  and r e g r e s s i o n s  of t h e  s e a .  The sed imenta ry  

r o c k s  have been s u b d i v i d e d  i n t o  s t r a t i g r a p h i c  u n i t s  r a n g i n g  i n  age  from 

Recent t o  E a r l y  C r e t a c i o u s ,  A s  shown i n  F i g u r e  1, reproduced from t h e  1971  

Technica l  Report  ( I ) ,  t h e  g e o l o g i c  u n i t s  have: 

1. a  n o r t h e a s t e r n  s t r i k e  and d i p  sou theas tward  a t  a g r a d i e n t  of 

about  20 f e e t  p e r  m i l e ,  

2 .  a r e  g e n e r a l l y  wedge-shaped, beg inn ing  as a  f e a t h e r - e d g e  i n  

t h e  wes t  and g r a d u a l l y  t h i c k e n i n g  and becoming more deep ly  

b u r i e d  toward t h e  e a s t ,  and 

3 .  g r a d u a l l y  change i n  l i t h o l o g i c  c h a r a c t e r ,  t h e  h y d r a u l i c  c o n d u c t i v i t y  

d e c r e a s i n g  from wes t  t o  e a s t .  

Based mainly  on t h e  d i f f e r e n c e  i n  t h e  h y d r o l o g i c  c h a r a c t e r i s t i c s  and 

h y d r a u l i c  c o n n e c t i v i t y ,  t h e  sedimentary  r o c k s  have been s u b d i v i d e d  i n t o  hydro- 

g e o l o g i c  u n i t s .  The h y d r o l o g i c  u n i t s  g e n e r a l l y  c o i n c i d e  w i t h  t h e  s t r a t i g r a p h i c  

u n i t s  as shown i n  T a b l e  1 reproduced f o r  r e f e r e n c e  ( 1 ) .  

The sed iments  between t h e  basement r o c k s  and t h e  w a t e r  t a b l e  a r e  s a t u r a t e d  

w i t h  w a t e r ,  a r e  i n t e r c o n n e c t e d ,  and form one con t inuous  groundwater  r e s e r v o i r .  

I n  a s t u d y  o f  t h e  b e h a v i o r  o f  C a s t l e  Hayne a q u i f e r ,  t h e  h y d r o l o g i c  c h a r a c t e r -  

i s t i c s  of t h e  f o l l o w i n g  f o r m a t i o n s  a r e  impor tan t :  

Water-Table Aqui fe r :  Post-Miocene D e p o s i t s  

Th is  a q u i f e r  c o v e r s  t h e  e n t i r e  s t u d y  a r e a .  I n  i t ,  t h e  ground w a t e r  

o c c u r s  under  unconf ined c o n d i t i o n s .  I ts upper  s u r f a c e  i s  t h e  w a t e r  t a b l e  

which f l u c t u a t e s  w i t h  changes i n  ground w a t e r  s t o r a g e .  The w a t e r  l e v e l  

r anges  from l a n d  s u r f a c e  i n  t h e  swamps t o  a  d e p t h  o f  more than  1 5  f e e t  

a l o n g  t h e  sandy r i d g e s  b o r d e r i n g  t h e  Pamlico and Neuse r i v e r s .  It v a r i e s  

i n  t h i c k n e s s  i n  t h e  Study Area from l e s s  t h a n  5 f e e t  t o  more than  50 f e e t .  

F u r t h e r  e a s t ,  on t h e  s o u t h e a s t  s h o r e  of Lake Mattamuskeet was encountered 
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C h a r a c t e r  

Sand, s i l t ,  s h e l l s  & some c l a y .  
This  u n i t  comprises  t h e  uncon- 
f i n e d  o r  "water- table"  a q u i f e r  & 
incl -udes  sands  of t h e  Yorktown 
fo rmat ion  i n  some l o c a l i t i e s  

Imbedded sand & c l a y  w i t h  some 
s h e l l  beds .  Clays  a r e  g e n e r a l l y  
sandy & comprise c.onfin.ing beds  
over  most of t h e  a r e a .  The beds  
of s h e l l  & sand a r e  c o n f i n e d  a q u i -  
f e r s  e x c e p t  i n  t h e  s o u t h w e s t e r n  
p a r t  of t h e  a r e a .  -- 
Phosphate & q u a r t z  sand ,  s i l t ,  c l a  
& l i m e s t o n e .  P e r m e a b i l i t y  of u n i t  
i s  low because  of s i l t  6 c l a y  con- 
t e n t  & l a y e r s  of d o l o m i t i c  l ime-  
s t o n e .  Uni t  s e r v e s  a s  c o n f i n i n g  
bed o v e r  most of a r e a .  May s e r v e  
a s  a q u i f e r  i n  some l o c a l i t i e s ,  

Permeable & porous s h e l l  l i m e s t o n e  
E x c e l l e n t  a q u i f e r  & t h e  most pro-  
duc t i v e  u n i t  of C a s t l e  Ha.yne 
a q u i f e r  sys tem.  

S h e l l  l i m e s t o n e  i n t e r b e d d e d  w i t h  
c a l c a r e o u s  s a n d s .  A  modera te ly  
p r o d u c t i v e  a q u i f e r  b u t  l e s s  
permeable t h a n  Upper C a s t l e  
Hayne u n i t .  
F i n e  g l a u c o n i t i c  sand,  s i l t y  & 
c l a y e y  i n  p a r t .  I n c l u d e s  sands  of 
upper  p a r t  of Peedee f o r m a t i o n  i n  
some l o c a l i t i e s .  P e r m e a b i l i t y  of 
u n i t  i s  r e l a t i v e l y  low & u n i t  i s  
n o t  a h i g h l y  p r o d u c t i v e  a q u i f e r .  

I n t e r b e d d e d  c l a y ,  f i n e  sand & s i l t  
t h a t  form a c o n f i n i n g  bed b e n e a t h  
t h e  C a s t l e  Hayne a q u i f e r  sys tem.  

UNNAMED 
FORMATION 

itsymbols used on w a t e r - l e v e l ,  
c h l o r i d e  c o n t e n t ,  6 w a t e r  u s e  
maps 

(Reproduced from ( 1 ) )  



180 f e e t  of t h i s  s e c t i o n  ( 4 1 ,  The average th ickness  i s  about  20 f e e t .  

The base of t h i s  a q u i f e r  i n  mds t  ca ses  i s  a  c l a y  l a y e r  which i n  t h e  

western p a r t  i s  d i s c o n t i n w u s ,  I n  t h e  western p a r t ,  t h e  a q u i f e r  i s  i n  

d i r e s t  con tac t  w i th  t h e  Beanfort  formation o r  t h e  C a s t l e  Hayne. 

The y i e l d s  of t h e  w e l l s  tapping t h e  a q u i f e r  a r e  low, g e n e r a l l y  l e s s  

than 10  ga l lons  p e r  minute (gpm), and t h e  s p e c i f i c  c a p a c i t i e s  genera l ly  

range from 0 , l  t o  0 , 5  gpm per  f o o t  of drawdown a f t e r  t h e  day of continuous 

pump fng 

A s i g n i f i c a n t  amount of water i s  s t o r e d  i n  t hese  sediments.  The 

a q u i f e r  i s  rep len ished  by i n f i l t r a t e d  water  from r a i n f a l l .  

2 , 2  Yorktown Fomaizion 

It  u n d e r l i e s  t he  water - tab le  a q u i f e r  and i s  separa ted  from i t  by 

r e l a t i v e l y  impermeable l a y e r s  cf s i l t  and c l ay ,  The water  occurs  under 

confined o r  semi-confined c m d i t i a n s  depending on t h e  th ickness  of t he  

over ly ing  s i l t  and c l a y ,  The th ickness  of t h e  formation of Lee Creek 

s i t e  i s  about 70 f e e t .  A l l  s t r a t a  have s t rong  l e n t i c u l a r  cha rac t e r .  

Large q u a n t i t i e s  of water a r e  s t o r e d  i n  t h e  formation.  The t r a n s -  

m i s s i v i t i e s  a r e  about  one-tenth of t h e  C a s t l e  Hayne formation.  I n  some 

l o c a t i o n s ,  w e l l s  tapping  t h e  a q u i f e r  may y i e l d  up t o  250 gpm. 

2.3 Pungo River Fonnatfon 

This u n i t  has  been ass igned  t o  t h e  Middle Miocene. It conta ins  i n t e r -  

bedded phosphat ic  and monmorillonite c l a y s ,  The formation does no t  crop 

ou t  a t  t h e  s u r f a c e  and has  poor water-bearing p r o p e r t i e s .  The formation 

conta ins  phosphor i tes  i n  a  l a r g e  a r e a  of about 1000 square mi les .  The 

phosphate o r e  i s  composed of unconsol idated mixture of c l a y ,  quar tz  sand 

and f r a n c ~ l i t e  sand (Ca CO ) Ca (P04)6 F2. There e x i s t  50,000 a c r e s  of 
3 10 

p o t e n t i a l l y  recoverable  o re ,  of which Texas Gulf has  minera l  r i g h t s  f o r  

30,000 a c r e s  (5 ) ,  The phosphate formation th i ckens  from a f e a t h e r  edge 

a t  t h e  upper reaches of t h e  e s tua ry  t o  160 f e e t  a t  t h e  o u t f a l l  i n t o  t h e  

Pamlico Sound. 

2 .4  Cas t l e  Hayne Formation 

The C a s t l e  Hayne l fmt s tone  i s  of middle and l a t e  Ecocene age extending 

along n e a r l y  -the e n t i r e  coas t  of North Carol ina (Figure 2 ) .  The formation 

i s  feather-edged i n  its western e x t r e m i t i e s ,  th ickening  and dipping e a s t -  

ward a t  the  s a t e  of about 10 f e e t  pe r  mi le  and extends beneath t h e  A t l a n t i c  



NORTH CAROLINA 

Western Limits of 
the Costle Hoyne 

[ ~ e ~ r o d u c e d  from Hird (5 ) ]  

.. 
Figure 2 .  Map of the Coastal Plain Region of 

North Carolina Showing the Location 
of the Castle Hayne Formation and 
Beaufort County. 



Ocean, I n  t h e  western p a r t ,  the  confining beds a r e  d iscont inuous .  The 

formation c rops  out  i n  a  b e l t ,  with i t s  no r the rn  upper p a r t  immediately 

t o  t h e  southwest of Beaufort  County. A t  t h e  Lee Creek mine, i t  is  about 

230 f e e t  t h i c k ,  The upper contac t  of t h e  formation forms t h e  lower p a r t  

of t he  semi-confining l a y e r  between t h e  Eocene and Miocene leaky  a q u i f e r  

systems, General ly ,  t h e  Cas t l e  Hayne f o m a t i o n  can be  d iv ided  i n t o  two 

zones, t h e  upper zone being the  more permeable. The water  a t  depths 

g r e a t e r  than 300 f e e t  below mean s e e  l e v e l  i s  gene ra l ly  b rack i sh  o r  s a l i n e .  

The Upper Cas t l e  Hayne Unit i s  t h e  most important a q u i f e r  i n  t h e  a r ea .  

Yields  from 8-inch w e l l s  tapping the  a q u i f e r  range up t o  300 gpm; 1000 

gpm o r  more can be developed i n  favorable  l o c a t i o n s ,  The lower horizon 

grades i n t o  a  conf in ing  g l a a o n i t e  s i l s y  c l ay .  

2.5 Beaufort Formation 

-The Beaufort  f o m a t i o n  i s  of Paleocene age. The formation has no 

known outcrop a r e a ,  While t h e  f o m a t i o n  has gene ra l ly  good p o r o s i t y  and 

permeabil i ty ,  t he  l e a s t  pemeab le  p a r t  i s  gene ra l ly  t h e  upper p a r t .  I n  

t he  western and c e n t r a l  p a r t  of t he  a r e a  t h e  f o m a t i o n  is  a f r e s h  water  

a q u i f e r ,  A t  t h e  Lee Creek mine s i t e ,  a  sample o f  water  i n  t h i s  formation 

a t  a  depth of about 470 f e e t  below mean s e a  l e v e l  had a  c h l o r i d e  content  

of 3000 ppm ( 3 ) ,  It has a th i ckness  of a b o u ~  160 f e e t  a t  t h e  mine s i t e .  

2 . 6  Peedee, Black Creek, and Tuscaloosa Formations 

The o l d e s t  f o m a t i o n  penet ra ted  by we l l s  i n  t he  Beauf s r t  County i s  

the  Peedee formation which has been ass igned  t o  t h e  l a t e  Cretaceous age .  

This u n i t  i s  under la in  by Black Creek formation which i s ,  i n  t u r n ,  under- 

l a i n  by t h e  Tuscaloosa formation, both of l a t e  Cretaceous age ,  These 

formations a r e  tapped by w e l l s  west of Beaufort  County. Although these  

formations may not be  important f o r  t he  development of f r e s h  groundwater 

supp l i e s ,  t h e i r  hydrologic  c h a r a c t e r i s t i c s  can be  important  i n  t he  s tudy  

of upward leakage i n t o  the over ly ing  s t r a t a  , 

Summary 

Table 2 gives c h a r a c t e r i s t i c s  of t he  va r ious  hydrogeologic u n i t s  and Figure  3 

conta ins  a  geologic  s e c t i o n  and gamma ray w e l l  log  through t h e  Lee Creek o r e  

body, 



Peedee 

Tab le  2.  C h a r a c t e r i s t i c s  o f  A q u i f e r s  

Thickness  Ranne Ave. Thickness  
(West-East) 

Beaufor t  - 35 t o  > -800 f t  < 80  - 220 f t  

Lower C-H - 40 t o  -540 f t  0  - z 240 f t  , 1 
0 450 f t  190 f t  

Upper C-H I r r e g u l a r  0  - > 180 
0 - < 350 f t  

Pungo 

Yorktown + 40 - < 120 

Aqui ta rd  Clay member o f  My 
& u n d e r l y i n g  Pungo 

P o s t  
Miocene Land S u r f a c e  

A few thousand 
( a t  Lee Creek 
1000 g p d l f t )  

Few thousand 
(20,000 a t  Lee 
Creek) 

Few thousand 
gpd/f t 



G A M M A  R A Y  

z s  
< a  "i 
U1-r  

[ ~ e ~ r o d u c e d  from Hird (511 

Figure 3. Geologic Section and Gamma -Ray 
Well Log Thru the Lee Creek 
Ore Body. 



2 . 7  Geologic Paramete rs  

For a p r o p e r  e v a l u a t i o n  of t h e  hydrogeologic  c h a r a c t e r i s t i c s  of t h e  

sedimentary  u n i t s  and t h e  behavior  of t h e  a q u i f e r  system, t h e  g e o l o g i c a l  

pa ramete rs  needed a r e :  

1. t h e  updip  l i m i t s  o f  t h e  fo rmat ion ,  
.. 

2 .  The l i t h o l o g y  i n c l u d i n g  p o r o s i t y ,  

3 .  t h e  h y d r a u l i c  c o n d u c t i v i t y ,  i n c l u d i n g  secondary  p e r m e a b i l i t y  
- 

p o t e n t i a l ,  and 

4 ,  h y d r a u l i c  boundar ies  of t h e  u n i t ,  b o t h  . . la tera l  and v e r t i c a l .  

2 .  8 P r e c i s i o n  of Geologic  Data 

Sampair (4)  o b s e r v e s  t h a t :  

1. t h e  g e o l o g i c  d a t a  i s  n o t  w e l l  d i s t r i b u t e d ,  and t h e  v e r t i c a l  

and h o r i z o n t a l  c o n t r o l  must b e  judged no b e t t e r  t h a n  85 

p e r c e n t  a c c u r a t e .  The p o t e n t i a l  d i s c r e p a n c i e s  in t rodu(ced by 

t h i s  i n a c c u r a c y  shou ld  be  acknowledged; 

2 .  t h e  s t r a t i g r a p h i c  i n f o r m a t i o n  i s  i n d i r e c t l y  d e r i v e d  from t h e  

g e o p h y s i c a l  l o g s .  The a r e a s  where no d a t a  were  a v a i l a b l e  

a r e  i n t e r p r e t i v e ;  

3 .  t h e  d a t a  i n  t h e  s t u d y  a r e a  becomes s p a r s e  w i t h  depth;  

4 .  t h e  d e n s i t y  and d i s t r i b u t i o n  of t h e  g e o l o g i c  d a t a  i s  poor 

i n  t h e  w e s t e r n  p a r t  o f  t h e  s t u d y  a r e a  where t h e  C a s t l e  Hayne 

and Pungo R i v e r  f o r m a t i o n s  p inchout .  The geology o f  t h e s e  

a r e a s  i s  l a r g e l y  i n t e r p r e t i v e ;  and 

5. t h e  subcrop p a t t e r n  on t h e  t o p  of C a s t l e  Hayne and on t o p  o f  

Pungo River  f o r m a t i o n s  i s  s i g n i f i c a n t  from a h y d r o l o g i c  p o i n t  

o f  view, b u t  t h e  impor tan t  changes occur  i n  t h e  a r e a s  where t h e  

d a t a  a r e  i n a d e q u a t e .  





Chapter 3 

WATER LEVEL CHANGES 

The w a t e r  l e v e l  d a t a  f o r  hydrogeo log ic  u n i t s  o t h e r  t h a n  t h e  Upper Castle 

Hayne a r e  ex t remely  l i m i t e d  and were  o b t a i n e d  a f t e r  1965. There fore ,  t h e  p r e c i s e  

e f f e c t  o f  pumping a t  Lee Creek cannot  be  d i r e c t l y  measured i n  any of t h e  u n i t s .  

However, a  few g e n e r a l i z a t i o n s  can be  made. 

Before  t h e  s tar t  of heavy pumping a t  Lee Creek,  t h e  p i e z o m e t r i c  s u r f a c e s  

of a l l  h y d r o l o g i c  u n i t s  were p robab ly  everywhere above s e a  l e v e l .  The wi th -  

d rawals  caused a  widespread  lower ing  of t h e  p i e z o m e t r i c  s u r f a c e  of t h e  Upper 

C a s t l e  Hayne u n i t .  T h i s  has  a f f e c t e d  t h e  p i e z o m e t r i c  s u r f a c e s  of t h e  o v e r l y i n g  

and u n d e r l y i n g  hydrogeo log ic  u n i t s .  

Post-Miocene Water Tab le  Uni t  

Water l e v e l  measurements have been made o n l y  i n  few wate r  t a b l e  

wells. The e l e v a t i o n  and c o n f i g u r a t i o n  of w a t e r  l e v e l s  i n  most o f  t h e  a r e a  

i s  e s s e n t i a l l y  unknown. Water l e v e l s  i n  wa te r  t a b l e  w e l l s  respond r e l a -  

t i v e l y  q u i c k l y  t o  v a r y i n g  i n f i l t r a t i o n  r a t e s  and v a r y i n g  d i s c h a r g e  rates 

t o  t h e  t r i b u t a r i e s .  Where r e c o r d s  a r e  a v a i l a b l e ,  t h e y  a r e  n o t  o f  a d e q u a t e  

l e n g t h  t o  e s t a b l i s h  t r e n d s .  There  i s  no c o n c l u s i v e  ev idence  t o  show t h a t  

t h e r e  h a s  been no measurable  e f f e c t  on t h e  w a t e r  t a b l e  i n  t h e  r e c h a r g e  

a r e a s  o f  t h e  C a s t l e  Hayne a q u i f e r  o r  a t  t h e  ups t ream end of t h e  e s t u a r y .  

A r e d u c t i o n  i n  t h e  o v e r l a n d  f l o w  and t h e  s a l v a g e  of any a p p r e c i a b l e  amount 

o f  r e j e c t e d  r e c h a r g e  i s  c o n t i n g e n t  on t h e  c r e a t i o n  o f  s t o r a g e  i n  t h e  wa te r  

t a b l e  a q u i f e r  . 
The o n l y  map of w a t e r  t a b l e  c o n f i g u r a t i o n  t h a t  e x i s t s  (F igure  26 o f  

1971  Repor t )  h a s  been c h i e f l y  d e r i v e d  from t h e  U .  S .  G e o l o g i c a l  Survey 

topograph ic  maps. Th is  i s  t h e  b e s t  t h a t  can  b e  done under  t h e  c i r c u m s t a n c e s .  

One h a s  t o  concede t h a t  t h i s  can g i v e  r i s e  t o  e l e v a t i o n s  s i g n i f i c a n t l y  

d i f f e r e n t  from t h o s e  a c t u a l l y  o b t a i n e d  o v e r  l a r g e  a r e a s .  

The w a t e r  t a b l e  map p l a y s  a  c r u c i a l  r o l e  i n  t h e  a n a l y s i s  o f  a  l e a k y  

a q u i f e r  sys tem l i k e  C a s t l e  Hayne. It d e t e r m i n e s  t h e  a r e a  e x t e n t  of t h e  

downward and upward l e a k a g e  and t h e  head d i f f e r e n c e  d r i v i n g  t h e  l e a k a g e .  ' 

The e f f e c t  of t h e s e  on w a t e r  q u a l i t y  d e t e r m i n a t i o n  i s  obvious .  Because 

o f  t h e  nonuniform c h a r a c t e r i s t i c s  of t h e  a q u i t a r d s  and t h e  v a r i a t i o n  o f  

drawdown o v e r  t h e  cone of d e p r e s s i o n ,  a n  e r r o r  o f  k 1 f t  i n  t h e  e s t i f n a t i o n  

o f  t h e  e l e v a t i o n  o f  w a t e r  t a b l e  has  s i g n i f i c a n t l y  d i f f e r e n t  consequences 



on t h e  downward leakage  i n  t h e  d i f f e r e n t  p a r t s  of  t h e  a r ea .  This  e f f e c t  

would be t h e  l e a s t  i n  t h e  v i c i n i t y  of t h e  mine and maximum i n  t h e  head 

reaches of t h e  

e l eva t ion .  

Yorktown Unit 

The water  

t he  dec l ine  i n  

a l s o  responded 

e s t u a r y  and near  t h e  contour  of zero p iezometr ic  su r f ace  

l e v e l s  i n  t he  Yorktown formation have been a f f e c t e d  by 

t h e  C a s t l e  Hayne piezometr ic  su r f ace .  Water l e v e l s  have 

a f t e r  t h e  pumpage a t  Lee Creek was reduced (1). Super- 

imposed on t h i s  r e g i o n a l  e f f e c t  i s  t h e  l o c a l  e f f e c t  of t h e  dra inage  of 

Yorktown water  by t h e  mine, The d i f f e r e n t i a l  response t o  pumping a t  Lee 

Creek a l s o  l ends  credence t o  t h e  v a r i a b i l i t y  i n  a q u i t a r d  c h a r a c t e r i s t i c s .  

Because of t h e  development of a cone of depression i n  t h e  piezometr ic  

sur face ,  t h e  reduct ion  of s to rage  i n  t h e  aqu i t a rd  should b e  taken i n t o  

account ,  

Pungo River  Unit  

It i s  be l i eved  t h a t  t h e  dec l ine  of water  l e v e l s  i n  t h e  Pungo River  

u n i t  has  been g r e a t e r  than  i n  t h e  Yorktown and t h a t  water  l e v e l s  i n  t h i s  

formation a r e  now between those of Yorktown and t h e  Upper C a s t l e  Hayne ( 1 ) .  

Upper C a s t l e  Hayne Unit  

The concent ra ted  h igh  volume pumping a t  Lee Creek mine has  developed 

a widespread cone of depression i n  the  piezometr ic  s u r f a c e  of t h e  Upper 

Cas t l e  Hayne a q u i f e r .  It has lowered t h e  water  l e v e l  t o  some degree f o r  

up t o  40 m i l e s  from t h e  mine. The cone of depress ion  i s  assymmetrical 

w i th  the  s h o r t  a x i s  westward and t h e  long a x i s  eastward. The water  l e v e l s  

a r e  s t a b i l i z e d ,  and a  pseudo-steady s t a t e  was reached a f t e r  about 1 5  

months of pumping. The v i r t u a l  r ad ius  of cone of depress ion ,  i .e . ,  ex t r a -  

pa l a t ed  where i t  i n t e r s e c t s  t h e  o r i g i n a l  p iezometr ic  su r f ace ,  was (2) 

- November 1965 19.0 mi l e s  

February 1966 23,4 

May 1966 28.0 

The p iezometr ic  s u r f a c e  is below sea  l e v e l  i n  a n  a r e a  of about  100 square  

miles;  i t  has  been lowered 5 f e e t  o r  more i n  an  a r e a  of 1400 square mi l e s  (1). 

The p iezometr ic  s u r f a c e  a t  t h e  per iphery  of t h e  mine i s  about  120 f e e t  below 

s e a  l e v e l ;  i t  was about 7 f e e t  above mean sea  l e v e l  a t  t h e  s t a r t  of pumping. 



Except f o r  a  small  a r ea  i n  t h e  upper end of t h e  e s tua ry ,  groundwater 

i s  moving toward Lee Creek from a l l  d i r e c t i o n s .  The hydrau l i c  g rad ien t  

between t h e  recharge  a r e a s  i n  t h e  west and t h e  mine has s teepened;  t h e  

g rad ien t  e a s t  of t h e  p i t  has reversed.  This  has  increased  t h e  r a t e  of  

flow from t h e  wes t  and reversed t h e  d i r e c t i o n  of movement t o  t h e  e a s t ,  I n  

1965, t h e  upward leakage out  of t h e  C a s t l e  Hayne t o  t h e  over ly ing  a q u i f e r s  

and t h e  e s t u a r i e s  was g r e a t e r  than  t h e  downward leadage i n t o  t h e  a q u i f e r .  

The a r e a s  of upward leakage have l a r g e l y  been converted t o  t h e  a r e a s  of 

downward leakage as  due t o  t h e  r e v e r s a l  o f  t h e  v e r t i c a l  hydrau l i c  grad ien t .  

The lowering of t h e  water  l e v e l s  has  had adve r se  e f f e c t  on o t h e r  

water  users .  Formerly, many of t h e  fariners enjoyed the  convenience of 

flowing w e l l s  i n  pas tu re s  o r  could pump t h e i r  w e l l s  w i t h  suc t ion  pumps, 

The impact of pumping has made t h e  conversion of 960 domestic w e l l s  and 

45 i r r i g a t i o n  w e l l s  t o  deep we l l  u n i t s  necessary  (5). 

3.5 Lower C a s t l e  Hayne Unit 

The pumping has  formed a cone of depress ion  s i m i l a r  t o  t h e  upper u n i t  

i n  t h e  piezornetr ic  su r f ace  of t h e  lower u n i t .  I n  t h e  recharge  a r e a s  of 

t h e  west ,  t h e  p iezometr ic  su r f ace  f o r  t h e  Lower C a s t l e  H a y e  i s  lower 

and t o  t h e  e a s t  of Lee Creek mine higher' t han  t h a t  of t h e  Upper C a s t l e  

Hayne. This shows recharge through t h e  Upper C a s t l e  Hayne i n  t h e  subcrop 

a r e a s  and upward leakage i n t o  i t  i n  t h e  e a s t e r n  p o r t i o n s ,  The d i r e c t i o n  

of groundwater movement i s  about t h e  same i n  both u n i t s .  

3.6 Beaufort  Unit 

Due t o  t h e  pumping a t  Lee Creek, a  cone of depress ion  has developed 

i n  t h e  p iezometr ic  s u r f a c e  of t h e  Beaufort  formation. I n  t h e  recharge  a r e a s  

t o  t he  wes t ,  t h e  e l e v a t i o n  of t h e  p iezometr ic  s u r f a c e  i s  lower t han  t h e  ' 

piezometr ic  s u r f a c e  of t h e  Lower C a s t l e  Hayne, i n d i c a t i n g  recharge through 

t h e  ove r ly ing  formations.  To t h e  e a s t  o f  t h e  mine, t h e  p iezometr ic  s u r f a c e  

i s  h ighe r  t h a n - e i t h e r  t h a t  of Lower o r  of t h e  Upper C a s t l e  Hayne, This  

i n d i c a t e s  upward leakage t o  t he  over ly ing  formations,  

3 . 7  Conclusion 

The development of t h e  cones of depress ion  i n  t h e  ove r ly ing  Yorktown 

and Pungo River  formations and t h e  under ly ing  Lower C a s t l e  Hayne and Beau- 

f o r t  formations proves conclus ive ly  t h e  e x i s t e n c e  of hydrau l i c  connect ion 



between a l l  t h e s e  u n i t s .  The measurements of t h e  hydrau l i c  p o t e n t i a l s  i n  

t h e  over ly ing  and underlying formations show t h e  ex i s t ence  of both t h e  

leakage from above and from belcw i n t o  t h e  Upper C a s t l e  Hayne a q u i f e r .  

The downward leakage i s  t h e  s t ronge r  of t h e  two i n  t h e  western p a r t  of 

t h e  a r e a ,  



Chapte r  4 

THE HYDROLOGIC SETTING 

An a q u i f e r  sys tem c o n s i s t s  o f  r e c h a r g e  a r e a s ,  wa te r -bear ing  m a t e r i a l s  which 

t r a n s m i t  groundwater and t h e  d i s c h a r g e  a r e a s  and s i n k s .  

P r e c i p i t a t i o n  a n d  E v a p o t r a n s p i r a t i o n  

The u l t i m a t e  s o u r c e  of a l l  w a t e r , i n  t h e  ground i s  t h e  p r e c i p i t a t i o n  

on t h e  r e c h a r g e  a r e a s ,  The a v e r a g e  a n n u a l  p r e c i p i t a t i o n  i n  t h e  s t u d y  a r e a  

i s  about  53 i n c h e s .  The l o s s  o f  m o i s t u r e  through e v a p o t r a n s p i r a t i o n  i s  

l a r g e l y  a f u n c t i o n  o f  a i r  t empera tu re .  Using t h e  method developed by 

Thornthwai te  and Mather,  t h e  1967 C o n s u l t a n t ' s  Repor t  computed t h e  evapo- 

t r a n s p i r a t i o n  from t h e  Aurora,  North  C a r o l i n a ,  a r e a  t o  b e  about  36.8 i n c h e s .  

The monthly d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  and  e v a p o t r a n s p i r a t i o n  f o r  New 

Bern, North  C a r o l i n a  i s  shown on F i g u r e  4 ( 6 ) .  

The d i f f e r e n c e  between t h e  p r e c i p i t a t i o n  and t h e  p o t e n t i a l  evapo- 

t r a n s p i r a t i o n  i s  t h e  w a t e r  which r u n s  o f f  as over land  f l o w  t o  t h e  s t r e a m s  

o r  i s  a v a i l a b l e  f o r  a d d i t i o n  t o  t h e  groundwater r e s e r v o i r s .  Most of t h e  

r e c h a r g e  t o  t h e  groundwater r e s e r v o i r  o c c u r s  i n  t h e  f a l l  and w i n t e r  months 

when t h e  e v a p o t r a n s p i r a t i o n  i s  s m a l l .  Knowing t h e  r u n o f f  from t h e  a r e a  

(9 i n c h e s  p e r  y e a r ) ,  c o n t r i b u t i o n  t o  groundwater was c a l c u l a t e d  t o  b e  8 

i n c h e s  by t h e  1967 c o n s u l t a n t ' s  Repor t .  

Recharge t o  t h e  Water-Table A q u i f e r  

The r e c h a r g e  t o  t h e  w a t e r - t a b l e  aquifer--post-miocene u n i t  o r  t h e  a r e a s  

o f  unconfinement o f  Castle Hayne u n i t - - t a k e s  p l a c e  o v e r  t h e  e n t i r e  l a n d  

a r e a  e x c e p t  t h a t  occupied by w a t e r  and swamps and t h e  a r e a s  a d j a c e n t  t o  t h e  

s t reams .  

The a n n u a l  n a t u r a l  r e c h a r g e  t o  t h e  groundwater b a s i n  is  a s t o c h a s t i c  

v a r i a b l e  w i t h  a h i g h  degree  o f  v a r i a t i o n  from y e a r  t o  y e a r .  T h i s  i s  i n  

r e s p o n s e  t o  t h e  v a r i a b i l i t y  o f  t h e  m e t e o r o l o g i c a l  f a c t o r s  which govern 

t h e  r e p l e n i s h m e n t ,  To i n d i c a t e  t h e  amounts of groundwater  a v a i l a b l e ,  

Dewiest  ( 3 )  s e p a r a t e d  t h e  monthly hydrographs  o f  t h e  T r e n t  River ,  n e a r  

Trenton,  North  C a r o l i n a ,  and o f  S w i f t  Creek,  n e a r  Vanceboro, North C a r o l i n a ,  

f o r  t h e  w a t e r  y e a r s  1952-66 i n t o  t h e i r  b a s e  f l o w  and s u r f a c e  runof f  com- 

ponen ts .  The e n t i r e  p e r i o d  of r e c o r d  was b roken  down i n t o  tow segments,  

a n  i n i t i a l  p e r i o d  o f  f i v e  y e a r s  1952-56 and a second p e r i o d  of t e n  y e a r s  
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Figure 4 .  Climatic Conditions at New Bern, N.C., 
1885 to 1964. Average Monthly 
Precipitation ( Bar). Average Monthly 
Evapotranspiration Loss (Curve). 



1957-1966, H i s  r e s u l t s  a r e  given i n  Table 3 .  The p r e c i p i t a t i o n  f i g u r e s  

used a r e  those  f o r  Trenton, North Caro l ina  su rend ~ i v e r ) ,  and New Bern, 

North Caro l ina  (Swift  Creek). The yea r ly  v a r i a t i o n  of groundwater recharge  

i s  obvious from h i s  da t a .  H i s  conclusions a r e :  

1. the  t o t a l  d i s t r i b u t i o n  of t o t a l  runoff  i n  overland flow and 

base f low i s  t h e  same f o r  bo th  per iods ;  namely, 56 percent  of 

t he  t o t a l  runoff  f o r  t h e  base  f low and 44 percent  f o r  t h e  s u r f a c e  

flow; 

2. t he  average inc rease  i n  p r e c i p i t a t i o n  of t he  o rde r  of 7 percent  

i n  t he  second period caused a 52 percent  i nc rease  of base flow 

i n  the  Swif t  Creek; and 

3 .  t h i s  c o n s t i t u t e s  an adequate pxoof t h a t  t h e  replenishment of 

groundwater bas ins  by recharge  through r a i n f a l l  i n f i l t r a t i o n  

i n  t h e  outcrop a reas  of t h e  formations i s  very e f f i c i e n t .  

The recharge  c a l c u l a t i o n s  based on t h e  e s t ima te s  of average annual  

q u a n t i t i e s  can only  be considered of a pre l iminary  cha rac t e r  bu t  provide 

va luable  i n s i g h t  a s  t o  t he  order  of magnitudes involved.  Various i n v e s t i -  

ga to r s  have es t imated  t h e  p o t e n t i a l  i n f i l t r a t i o n  from p r e c i p i t a t i o n  when 

t h e  water  t a b l e  r e s e r v o i r  i s  n o t  a l r e a d y  f u l l  t o  be 15 t o  20 percent  of  

t h e  annual  p r e c i p i t a t i o n ,  The e s t ima te s  range from 8 inches per  year  t o  

11 inches pe r  year .  I f  t he  water  t a b l e  r e s e r v o i r  i s  f u l l  o r  n e a r l y  f u l l ,  

t he  r a i n f a l l  i s  most ly r e j e c t e d  a s  runoff  t o  t h e  shal low,  slow-running 

t r i b u t a r i e s  t o  t h e  Pamlico, Neuse, and o t h e r  r i v e r s .  The replenishment  

from t h e  water  t a b l e  aqu i f e r  i s  disposed of t o  ( a )  s u s t a i n  t h e  base  f low 

of t r i b u t a r i e s  and streams, (b) provide recharge  t o  t h e  connect ing con- 

f i n e d  a q u i f e r s ,  and ( c )  t o  provide downward leakage  t o  underlying a q u i f e r s  

i n  a r e a s  where downward v e r t i c a l  hydrau l i c  g r a d i e n t s  e x i s t .  This  i s  t h e  

case  i n  t h e  a r e a s  near  t he  western boundary. The downward r a t e  of pe rco la -  

t i o n  from t h e  post-miocene u n i t  i s  governed by t h e  magnitude of t h e  v e r t i c a l  

hydraul ic  g r a d i e n t  and t h e  v e r t i c a l  pe rmeab i l i t y  o f  m a t e r i a l s .  Upward 

leakage i n t o  t h e  post-miocene from t h e  under ly ing  a q u i f e r s  occurs  where 

upward hydrau l i c  g r a d i e n t s  e x i s t .  This  was t r u e  of t h e  reg ions  t o  t h e  e a s t  

i n  pre-1965 cond i t i ons .  

4.3 Recharge t o  t h e  C a s t l e  Hayne Aquifer 

The recharge  t o  t h e  Cas t l e  Hayne a q u i f e r  t akes  p l ace  i n  t he  outcrop 

a r e a  and i n  t h e  subcrop a reas  beneath s a t u r a t e d  sands. The aqu i t a rd  i s  



Table  3 ,  Hydrograph Sepa ra t i on  - Annual S e r i e s  Wateryears  1952-1966 

T r e n t  R ive r  n e a r  Trenton,  North Caxolina 

Wa t e r y e a r  

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

19  6 1  

19 62 

19  63 

1964 

19 65 

1966 51.01 13 .41  5.80 7.61 14.9 

TOTAL 780.54 248.04 109.26 138.78 17.8 

P e r c e n t , o f  t o t a l  R 0 44.2 55.8 

Pe rcen t  of  t o t a l  P 14.0 17.8 

Swi f t  Creek. North Ca ro l ina  

Wateryear 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

TOTAL 822.94 235.18 104.64 130.54 15.9 

Pe rcen t  o f  t o t a l  R 0 44.5 55.5 

Pe rcen t  of  t o t a l  P 12.7 15 ,9  

Legend: P = p r e c i p i t a t i o n ,  R 0 - runo f f ,  0 L = over land  f low,  B = b a s e  f low 

A l l  numbers expressed  i n  i nches  

[Reproduced from D e  Wiest (313 



n o t  p r e s e n t  i n  a l a r g e  a r e a  s o u t h  o f  t h e  Pamlico R i v e r  and t h e  Upper 

C a s t l e  Hayne u n i t  i s  e s s e n t i a l l y  unconf ined.  Concerning t h e  magni tude of 

r e c h a r g e ,  t h e r e  i s  wide d i sagreement .  The f i r s t  e s t i m a t e  was prov ided  by 

t h e  1967 c o n s u l t a n t ' s  Repor t .  Taking a n  i n f i l t r a t i o n  e f f i c i e n c y  o f  1 5  

p e r c e n t  and  a r e c h a r g e  a r e a  o f  170  s q u a r e  miles, t h e y  a r r i v e d  a t  a v a l u e  

o f  65 mgd. L a t e r ,  Dewiest r e v i s e d  t h i s  estimate upwards and Jacob  

downward. For  t h e  Craven County, from a f low-net  a n a l y s i s  Floyd (6)  

e s t i m a t e d  t h a t  i n  t h e  n o r t h e r n  p a r t  of t h e  coun ty  where t h e  c o n f i n i n g  

beds a r e  t h i n  o r  a b s e n t ,  t h e  r e c h a r g e  may b e  a s  much as 300,000 gpd p e r  

s q u a r e  m i l e  which cor responds  t o  6.35 i n c h e s  p e r  y e a r .  He remarked t h a t  

i n  t h e  s o u t h e r n  p a r t  o f  t h e  county t h e  r a t e  of r e c h a r g e  was p robab ly  l e s s  

t h a n  250,000 gpd p e r  s q u a r e  m i l e ;  i . e , ,  a b o u t  4.23 i n c h e s  p e r  y e a r .  The 

a v e r a g e  r e c h a r g e  o v e r  a n  a r e a  o f  380 s q u a r e  m i l e s  was e s t i m a t e d  as 100 mgd, 

o r  an  a v e r a g e  r a t e  of r e c h a r g e  o f  5.6 i n c h e s  p e r  y e a r .  Jacob from a n  

a n a l y s i s  o f  t h e  c u r v a t u r e  of t h e  p i e z o m e t r i c  s u r f a c e  between t h e  Neuse 

and Pamlico Rivers a r r i v e d  a t  a v a l u e  o f  3 . 5  i n c h e s  p e r  y e a r .  

Dewiest (3 )  m a i n t a i n s  t h a t  t h e  Yorktown f o r m a t i o n  where i t  m a n t l e s  

t h e  C a s t l e  Hayne f o r m a t i o n  n e a r  t h e  o u t c r o p  area o f  C a s t l e  Hayne, con- 

t r i b u t e s  d i r e c t l y  t o  t h e  rep len i shment  of t h e  C a s t l e  Hayne. The hydro- 

l o g i c a l l y  " e f f e c t i v e "  o u t c r o p  a r e a  of t h e  C a s t l e  Hayne l i m e s t o n e  i s  much 

l a r g e r  t h a n  170 s q u a r e  m i l e s  a s  may b e  t a k e n  from t h e  g e o l o g i c  map of  t h e  

S t a t e  o f  North  C a r o l i n a  , . . The p a r t  of t h e  h y d r o l o g i c a l l y  e f f e c t i v e  

o u t c r o p  a r e a  t h a t  may a f f e c t  t h e  f l o w  i n  t h e  Castle Hayne a q u i f e r  a t  t h e  

TGS mine i s  of t h e  o r d e r  o f  550 s q u a r e  m i l e s .  T h i s  a r e a  i s  g i v e n  i n  . 

F i g u r e  5 .  Based on a n  i n f i l t r a t i o n  e f f i c i e n c y  o f  0.2 o r  a r e c h a r g e  r a t e  

of 10.7  i n c h e s  p e r  annum and a r e c h a r g e  a r e a  e q u a l  t o  500 s q u a r e  miles, 

t h e  p o t e n t i a l  a n n u a l  r e c h a r g e  r a t e  i s  e s t i m a t e d  t o  b e  280 mgd. From 

t h i s  t h e  b a s e  f l o w  of t h e  i n t e r s e c t i n g  s t r e a m s  must b e  s a t i s f i e d .  I f  

t h e  runoff  o f  Tar  River  i s  e s t i m a t e d  a s  1 . 0 5  c u b i c  f e e t  p e r  second p e r  

s q u a r e  m i l e  and i f  i t  i s  assumed t h a t  55 p e r c e n t  of t h i s  s t r e a m  f l o w  i s  

d e r i v e d  from groundwater f low,  t h e n  t h e  c o n t r i b u t i o n  t o  b e  made by t h e  

r e c h a r g e  t o  t h e  b a s e  f l o w  i s  computed as 206 mgd. Th is  l e a v e s  74 mgd f o r  

t h e  s a t i s f a c t i o n  o f  t h e  phosphate  mining o p e r a t i o n s  and  o t h e r  u s e s  i n  

C a s t l e  Hayne. Th is  r e p r e s e n t s  a p o t e n t i a l  c o n t r i b u t i o n  o f  2 .8  i n c h e s  p e r  

y e a r .  On t h e  o t h e r  hand, i f  t h e  s t r e a m  f l o w  r e p r e s e n t a t i v e  of t h e  r e c h a r g e  

a r e a  i s  on ly  0 ,72  c u b i c  f e e t  p e r  second p e r  s q u a r e  m i l e ,  a s  i s  t h e  c a s e  





f o r  H e r r i n g  R i v e r  n e a r  Washington, North C a r o l i n a ,  t h e  c o n t r i b u t i o n  t o  t h e  

b a s e  f low of t h e  Tar  River by t h e  d i r e c t  r e c h a r g e  from t h e  C a s t l e  Hayne 

would o n l y  b e  1 4 1  mgd. The r e s i d u a l  r e c h a r g e  p o t e n t i a l l y  a v a i l a b l e  f o r  

development would thus  be  139 mgd, T h i s  i s  e q u i v a l e n t  t o  a r e c h a r g e  rate 

of 5 .3  i n c h e s  p e r  y e a r .  A s  55 rngd i s  r e q u i r e d  t o  meet t h e  e x i s t i n g  u s e s ,  

t h e  e x c e s s  v a r y i n g  between 1 9  rngd and 84 rngd r e p r e s e n t s  t h e  r e j e c t e d  

r e c h a r g e  which i s  p o t e n t i a l l y  a v a i l a b l e  f o r  development.  

The geomet r ic  shape  of t h e  1965 w a t e r  l e v e l  c o n t o u r s  r e v e a l s  t h a t  

t h e  a r e a s  of r e c h a r g e  f o r  t h e  Castle Hayne a q u i f e r  l i e  b o t h  t o  t h e  n o r t h  

and s o u t h  of t h e  Pamlico River .  An e s t i m a t e  o f  t h e  r e c h a r g e  i n t o  t h e  

Pamlico groundwater  b a s i n  u s i n g  f l o w  n e t  a n a l y s i s  o f  t h e  1965 p i e z o m e t r i c  

con tour  map i n d i c a t e d  t h e  t o t a l  r e c h a r g e  t o  b e  44 mgd, 1 5  rngd t o  t h e  n o r t h  

of Pamlico and  29 rngd t o  t h e  s o u t h .  The e l e c t r i c  a n a l o g  model f o r  t h e  1965 

s t e a d y  s t a t e  c o n d i t i o n s  gave a  v a l u e  of 38 mgd. 

On t h e  assumption of no l e a k a g e ,  Hird  (5 )  e s t i m a t e d  t h a t  approx imate ly  

60 p e r c e n t  o f  t h e  r e c h a r g e  t o  t h e  C a s t l e  Hayne a q u i f e r  i n  t h e  a r e a  

a f f e c t e d  by Texas Gulf pumping i s  from t h e  s o u t h e r n  a r e a .  From a f l o w  

n e t  a n a l y s i s  of t h e  1970 p i e z o m e t r i c  s u r f a c e  map, t h e  1971 Report  estimates 

t h a t  t h e  t o t a l  r e c h a r g e  i n  t h e  i n t a k e  a r e a  t o  t h e  wes t  i s  about  3 5 . 5  mgd, 

abou t  two- th i rds  of t h e  wi thdrawals  from t h e  Lee Creek Mine. 

4 . 4  Leakage 

The C a s t l e  Hayne a q u i f e r  i s  h y d r a u l i c a l l y  connected t o  t h e  o v e r l y i n g  

and u n d e r l y i n g  beds .  I n  a r e a s  where t h e  e l e v a t i o n  o f  p i e z o m e t r i c  s u r f a c e  

i s  lower  t h a n  t h a t  of t h e  w a t e r  t a b l e ,  w a t e r  moves from t h e  o v e r l y i n g  

beds  i n t o  t h e  a q u i f e r .  Wherever t h e  e l e v a t i o n  o f  t h e  p i e z o m e t r i c  s u r f a c e  

i s  h i g h e r  t h a n  t h a t  of t h e  w a t e r  t a b l e ,  w a t e r  w i l l  move o u t  of t h e  a q u i f e r  

i n t o  t h e  o v e r l y i n g  beds.  S i m i l a r l y  t h e  movement t o  and from t h e  under- 

l y i n g  beds depends on t h e  d i r e c t i o n  o f  t h e  v e r t i c a l  h y d r a u l i c  g r a d i e n t .  

Water moves i n t o  t h e  Upper C a s t l e  Hayne a q u i f e r  from t h e  u n d e r l y i n g  

Lower C a s t l e  ~ a y n e  and Beaufor t  f o r m a t i o n s  i n  a r e a s  where t h e  p i e z o m e t r i c  

s u r f a c e  i n  t h e s e  f o r m a t i o n s  i s  h i g h e r .  The magni tude o f  l e a k a g e  i s  

governed by t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  and t h i c k n e s s  o f  t h e  

m a t e r i a l s  th rough  which t h e  f l o w  t a k e s  p l a c e  a d  by t h e  head d i f f e r e n c e  

which p r o v i d e s  t h e  d r i v i n g  f o r c e .  With t h e  heavy d r a f t  on t h e  Upper 

C a s t l e  Hayne a q u i f e r  a t  Lee Creek,  a r e v e r s a l  o f  h y d r a u l i c  g r a d i e n t  h a s  

t aken  p l a c e  and,  i n  a v e r y  l a r g e  a r e a  i n c l u d i n g  t h e  e s t u a r y ,  t h e  upward 



l e a k a g e  t o  o v e r l y i n g  a q u i f e r s  h a s  been changed t o  downward l e a k a g e .  

Leakage i s  u s u a l l y  h e l p f u l  i n  improving t h e  performance of t h e  w e l l s  by 

r e d u c i n g  drawdowns f o r  t h e  same d i s c h a r g e ,  b u t  i t  may r e s u l t  i n  t h e  con- 

t a m i n a t i o n  of t h e  pumped a q u i f e r  by i n t e r c e p t i n g  s u r f a c e  and groundwater 

having u n d e s i r a b l e  q u a l i t i e s .  

The c o n t r i b u t i o n  from l e a k a g e  t o  t h e  Texas Gulf wi thdrawals  have 

been e s t i m a t e d  t o  r a n g e  from 1 3 . 5  mgd; i . e . ,  25 p e r c e n t  (1) t o  64 p e r c e n t  

( 2 ) .  Analog and d i g i t a l  s t u d i e s  p l a c e  t h i s  f i g u r e  i n  t h e  neighborhood 

o f  50 p e r c e n t .  

4 .5  Rejec ted  Recharge 

The s a l v a g e  of r e j e c t e d  r e c h a r g e  i s  a c r i t i c a l  f a c t o r  i n  p r e d i c t i n g  

t h e  c a p a c i t y  of t h e  a q u i f e r  sys tem t o  s u s t a i n  l a r g e  wi thdrawals  i n d e f i -  

n i t e l y .  R e j e c t e d  r e c h a r g e  h a s  t o  be  examined i n  two s e p a r a t e  c o n t e x t s .  

One s i t u a t i o n  i s  i n  t h e  ou tc rop  a r e a s  where t h e  w a t e r  t a b l e  i s  i n  t h e  

C a s t l e  Hayne a q u i f e r .  It means t h e  c a p t u r e  o f  a p a r t  o f  t h e  o v e r l a n d  f l o w  

t h a t  now goes  d i r e c t l y  t o  t h e  t r i b u t a r y  s t r e a m s .  T h i s  can o n l y  be  accom- 

p l i s h e d  if s t o r a g e  s p a c e  i s  c r e a t e d ,  i . e . ,  t h e  w a t e r  l e v e l s  i n  t h e  a r e a  of 

unconfinement a r e  lowered,  as a r e s u l t  of heavy d r a f t  w i t h i n  t h e  a r e a  o f  

confinement.  There  i s  no c o n c l u s i v e  e m p i r i c a l  e v i d e n c e  t o  show whether  

t h i s  h a s  o r  h a s  n o t  happened a f t e r  t h e  commencement of Texas Gulf pumping. 

The o t h e r  s i t u a t i o n  f o r  t h e  r e j e c t e d  r e c h a r g e  i s  i n  t h e  subcrop a r e a s  of 

t h e  C a s t l e  Hayne a q u i f e r  where ( a )  t h e r e  i s  a  t h i n  c o v e r  ( s a y ,  25 f e e t  o r  

l e s s  o f  Yorktown), (b) t h e r e  a r e  p e r e n n i a l  s t r e a m s  i n t e r s e c t i n g  t h i s  

cover ,  (c)  t h e  d i s t a n c e  between p e r e n n i a l  s t r e a m s  i s  n o t  t o o  l a r g e ,  and 

(d)  C a s t l e  Hayne h a s  l i m i t e d  c a p a c i t y  t o  a b s o r b  a l l  t h e  p o s s i b l e  r e c h a r g e .  

Here, t h e  r e j e c t e d  r e c h a r g e  a p p e a r s  a s  t h e  b a s e  f l o w  of  t h e s e  t r i b u t a r i e s .  

A heavy d r a f t  w i t h i n  t h e  a r e a  o f  conf inement  o f  C a s t l e  Hayne a s  a t  Lee 

Creek h a s  t h e  e f f e c t  o f  d i v e r t i n g  some of t h i s  w a t e r .  

The o n l y  a v a i l a b l e  e s t i m a t e  of t h e  t o t a l  r e j e c t e d  r e c h a r g e  i s  t h a t  

o f  Dewiest .  He e s t i m a t e s  t h a t  a d d i t i o n a l  r e j e c t e d  r e c h a r g e  a v a i l a b l e  f o r  

f u t u r e  development a d j u s t e d  f o r  t h e  c u r r e n t  r a t e  o f  pumping a t  Lee Creek 

ranges  from 1 9  mgd t o  84 mgd a s  g iven  e a r l i e r .  The C o n s u l t a n t ' s  Repor t  

e s t i m a t e d  t h a t  one- th i rd  o f  t h e  1966 Lee Creek wi thdrawal  (65 mgd) was 

coming from t h e  s a l v a g e  of r e j e c t e d  r e c h a r g e .  An a n a l y s i s  o f  t h e  r e s u l t s  

of ana log  s i m u l a t i o n  p l a c e s  t h i s  f i g u r e  a t  6  mgd. A s  t h e  p e r t i n e n t  w a t e r  

l e v e l  d a t a  i n  t h e  a r e a  o f  i n t e r e s t  i s  n o t  a v a i l a b l e ,  i t  i s  d i f f i c u l t  t o  

conf i rm t h e s e  e s t i m a t e s .  



A d i s t i n c t i o n  h a s  t o  be  made between t h e  w a t e r  coming from r e c h a r g e  

and from l e a k a g e .  I f  most o f  t h e  w a t e r  were coming from r e j e c t e d  r e c h a r g e  

and v e r y  l i t t l e  from l e a k a g e ,  t h e n  a s  Dewiest (3)  a s s e r t s ,  t h e  r e v e r s a l s  

i n  t h e  h y d r a u l i c  g r a d i e n t  o f  t h e  a q u i f e r  f l o w  w i l l  on ly  be  v e r y  l o c a l i z e d  

and l i m i t e d  t o  t h e  immediate v i c i n i t y  of t h e  mine i n  s p i t e  of t h e  heavy 

wi thdrawals .  The r e v e r s a l  o f  t h e  h y d r a u l i c  g r a d i e n t  o v e r  a n  e x t e n s i v e  

a r e a  i n d i c a t e s  t h a t  l e a k a g e  does  p l a y  a  s u b s t a n t i a l  p a r t .  

Recovery of a l l  t h e  p o t e n t i a l  r e j e c t e d  r e c h a r g e  w i l l  b e  p o s s i b l e  o n l y  

w i t h  an  assumption o f  drawdowns i n  t h e  a q u i f e r  which from i t s  e f f e c t  on 

w a t e r  q u a l i t y  w i l l  be  i n t o l e r a b l e .  

4.6 Base Flow o f  T r i b u t a r i e s  

I n  t h e  rechaxge  a r e a s ,  t r i b u t a r i e s  a c t  as v i r t u a l  d r a i n s  and t a k e  o u t  

most of t h e  w a t e r .  The a r e a  i s  c u t  up by t r i b u t a r i e s  which p u l l  down 

t h e  wa te r  t a b l e .  A p r e l i m i n a r y  a n a l y s i s  of t h e  Durham Creek, S w i f t  Creek,  

and Tren t  R i v e r  f rom t h e  e x p o n e n t i a l  decay of d r y  wea ther  flow and  t ime  

c o n s t a n t s  of t h e  t r i b u t a r i e s  shows t h a t  t h e  groundwater runoff i n  t r i b u t a r i e s  

amounts t o  a n  upward o f  9  i n c h e s  p e r  year .  D e w i e s t ' s  a n a l y s i s  o f  S w i f t  Creek and  

T r e n t  River  g i v e n  i n  Tab le  3  g i v e  v a l u e s  of 9 .3  i n c h e s  and 8 .7  i n c h e s ,  

r e s p e c t i v e l y .  Most of t h e  w a t e r  does  n o t  e n t e r  t h e  a q u i f e r  which a c c o u n t s  

f o r  on ly  3  t o  5 .5  i n c h e s  o f  t h e  r e c h a r g e .  

4 .7  Discharge  t o  t h e  E s t u a r i e s  

The i n d e n t a t i o n s  i n  t h e  g e n e r a l i z e d  p i e z o m e t r i c  c o n t o u r s  o f  t h e  pre- 

pumping p e r i o d  a s  t h e y  c r o s s  t h e  s t r e a m s  show upward l eakage  i n t o  t h o s e  

s t reams .  Upward l e a k a g e  i s  s i g n i f i c a n t  i n  t h e  Pamlico River  e s t u a r y ,  

e s p e c i a l l y  i n  i t s  upper  r e a c h e s .  The C o n s u l t a n t ' s  Report  e s t i m a t e d  t h a t  

t h e  upward l e a k a g e  i n  t h e  16-mile s t r e t c h  of t h e  e s t u a r y  between i t s  i n l e t  

and t h e  s i t e  of t h e  mine was 30 mgd from b o t h  s i d e s  of t h e  e s t u a r y  (2 ,3 ) .  

The ana log  model . s t u d i e s  p l a c e  t h i s  f i g u r e  a t  2 1  mgd from b o t h  s i d e s ,  a 

l a r g e  p r o p o r t i o n  coming from t h e  s o u t h  of t h e  river. F u r t h e r  l e a k a g e  was 

found i n  a r e a s  a d j a c e n t  t o  t h e  Pamlico R i v e r  w i t h  8  mgd d i s c h a r g e d  o v e r  

a n  a r e a  of 530 s q u a r e  m i l e s  t o  t h e  o v e r l y i n g  Yorktown fo rmat ion  r e p r e -  

s e n t e d  a s  a h y d r a u l i c  head a t  mean s e a  l e v e l .  

The v e r t i c a l  p e r m e a b i l i t y  o f  t h e  a q u i t a r d  t h a t  w i l l  be  r e q u i r e d  t o  

t r a n s p o r t  t h i s  amount of w a t e r  from t h e  t o p  of t h e  Upper C a s t l e  Hayne t o  

t h e  e s t u a r y  under  t h e  h y d r a u l i c  g r a d i e n t s  p r e v a i l i n g  i n  1965 can b e  



approximated.  Th is  i n d i c a t e s  t h a t  t h e  a q u i t a r d  is  more l e a k y  i n  t h e  

v i c i n i t y  of t h e  ups t ream p o r t i o n s  o f  t h e  Pamlico e s t u a r y  t h a n  e l sewhere .  

T h i s  can be  due t o  (a)  t h i n n e s s  of t h e  cover  on Castle Hayne, (b)  because  

of t h e  r e l a t i v e  p e r v i o u s n e s s  o f  t h a t  cover  " i n  p l a c e s , "  o r  ( c )  g r e a t e r  

s o l u t i o n  a c t i v i t y  i n  r e s p o n s e  t o  r e l a t i v e l y  h i g h e r  v e l o c i t i e s .  Whichever 

h y p o t h e s i s  i s  c o r r e c t  h a s  g r e a t  s i g n i f i c a n c e  f o r  w a t e r  q u a l i t y ,  Flow 

downward is  as easy  as f l o w  upward, With t h e  r e v e r s a l  o f  h y d r a u l i c  

g r a d i e n t s ,  b r a c k i s h  w a t e r  i n  t h e  e s t u a r y  would b e  p u l l e d  downward i n t o  

t h e  C a s t l e  Hayne a q u i f e r ,  

4 .8  Seaward Flow 

The sounds and t h e  sea s e r v e  a s  a s i n k  f o r  t h e  f l o w  n o t  d i r e c t e d  t o  

t h e  Neuse and Pamlieo e s t u a r i e s .  The ~ o n s u l t a n t ' s  Repor t  e s t i m a t e d  t h e  

a v e r a g e  i n t e n s i t y  of seaward f low t o  be  0 ,45  mgd/per m i l e  i n  s e c t i o n s  

remote from b u t  between t h e  Pamlico and Neuse e s t u a r i e s .  The a n a l o g  

s t u d i e s  i n d i c a t e  t h a t  t h i s  i s  an  ex t remely  h i g h  e s t i m a t e .  

4.9 Pumping 

The o r e  i s  mined by d r y  s t r i p  mining method r e q u i r i n g  t h e  d e p r e s s u r -  

i z i n g  of t h e  C a s t l e  Hayne a q u i f e r .  I n i t i a l l y ,  n a t u r a l  w a t e r  l e v e l s  were 

lowered r e q u i r i n g  a  r e d u c t i o n  of abou t  150 f e e t  of h y d r a u l i c  head t o  

p r e v e n t  seepage  from t h e  bot tom of t h e  open mine c u t .  To accompl i sh  t h i s  

20 deep w e l l s  a t  3000 gpm each ( t o t a l  o f  60,000 gpm) spaced 400 f e e t  a p a r t  

around t h e  p e r i p h e r y  of a  2,600-foot mining b l o c k  were  used  ( 5 ) .  

The pumpage averaged  about  60 mgd t i l l  t h e  end of  1968. With e x p e r i e n c e  

i t  was found t h a t  up t o  1 2  f e e t  of a r t e s i a n  heaiS cou ld  b e  a d e q u a t e l y  h e l d  

w i t h o u t  upward seepage by 8 f t  s e c t i o n  dense  c l a y e y  l e a n  o r e  l e f t  i n  p l a c e .  

Th is  reduced t h e  pumping demand t o  approx imate ly  42,000 gpm (14 w e l l s ) ( 5 ) .  

Th i s  cor responds  t o  a r e d u c t i o n  of 140 f e e t  of h y d r a u l i c  head t o  p r e v e n t  

seepage from t h e  bot tom of  t h e  open mining c u t  a t  133 f e e t  below mean 

s e a  l e v e l ,  The pumpage was reduced t o  abou t  53 mgd i n  1969 and  52 mgd 

' i n  1970, The pumping r a t e s  a r e  g iven  Cn F i g u r e  6 ( 1 ) .  The v a l u e s  a r e  

c o r r e c t  o n l y  t o  4 1 0  p e r c e n t  f o r  t h e  f i r s t  y e a r  and  t o  a b o u t  4 5 p e r c e n t  

f o r  l a t e r  y e a r s .  The Texas Gulf pumping shows s e a s o n a l  f l u c t u a t i o n s .  A 

b e t t e r  i d e a  of a c t u a l  pumping can o n l y  be had i f  we m o n i t o r  f l u c t u a t i o n s  

i n  a n  o b s e r v a t i o n  w e l l  a t  some d i s t a n c e  from t h e  a r e a  o f  pumping. 

The a r rangement  of pumping w e l l s  and t h e  drawdown p a t t e r n  around t h e  

mine are g i v e n  i n  F i g u r e  7 ( 5 ) .  It w i l l  be  s e e n  t h a t  t h e  drawdown i n  t h e  
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[ ~ f t e r  Hird (5)] 

Figure 7. Drowdown Effects Created by 14 Depres- 
surizing Wells. 



w e l l s  ranges from 145 f e e t  t o  165 f e e t .  The a c t u a l  pumping l e v e l s  i n  

t he  we l l s  a r e  n o t  measured. 

4.10 Conclusion 

The a r e a s  of recharge  f o r  t he  C a s t l e  Hayne a q u i f e r  l i e  both t o  t h e  

n o r t h  and t h e  south  of t h e  Pamlico River ,  t h e  p r i n c i p a l  c o n t r i b u t i o n  com- 

ing  from south  of t h e  Pamlico River ,  I n  t h e  a r e a s  of d i r e c t  recharge  

where t h e  C a s t l e  Hayne formation outcrops o r  subcrops, t h e  c o n t r i b u t i o n  

t o  t h e  confined po r t ion  of t h e  a q u i f e r  i s  between 3 inches and 5.5 inches  

annual ly .  





Chapter 5  

AQUIFER CHARACTERISTICS 

A study of t h e  piezometr ic  su r f ace  contours  f o r  1965, 1968 and 1970 r e v e a l  

t h e  he te rogenei ty  of t h e  aqu i f e r .  There a r e  d e f i n i t e  d i r e c t i o n a l  d i f f e r ences  

i n  t h e  t r a n s m i s s i v i t y  of the  a q u i f e r .  There i s  a  wide range of p e r m e a b i l i t i e s  

and p o r o s i t i e s .  Sampair (4) observes t h a t  C a s t l e  Hayne formation can be  

expected t o  have a  cons iderable  amount of f r a c t u r i n g  developed wi th in  i t s  

i n d u r a t e  members. This  f r a c t u r i n g  w i l l  g ive  t h e  formation some v e r t i c a l  

permeabi l i ty  i n  t h e  v i c i n i t y  of t h e  f r a c t u r e s .  The a q u i f e r  i s  h igh ly  an iso-  

t r o p i c  near  t h e  head of che e s t u a r i e s .  The t r a n s m i s s i v i t y  i s  higher  i n  t h e  

t r a n s v e r s e  d i r e c t i o n  towards t h e  Pamlico River  than downgradient. The s o l u t i o n  

a c t i v i t y  i s  probably more he re  than where t h e  a q u i f e r  i s  t h i c k .  There a r e  

h ighe r  hydrau l i c  g r a d i e n t s  and v e l o c i t i e s  and t h e  t r a n s m i s s i v i t y  i s  roughly 

p ropor t iona l  t o  v e l o c i t y .  A s  one goes downdip, t h e  th i ckness  i s  g r e a t e r ,  

m a t e r i a l s  f i n e r  and hydrau l i c  g rad ien t s  smal le r .  In these  a r e a s  t h e  a q u i f e r  

i s  reasonably i s o t r o p i c .  

5 . 1  Analyses of Pumping Tes ts  

Various i n v e s t i g a t i o n s  have a r r i v e d  a t  d i f f e r e n t  va lues  of t r a n s -  

m i s s i v i t y  ( T ) ,  s t o r a t i v i t y  ( S ) ,  and leakage th i ckness  (B)  from e s s e n t i a l l y  

t he  same d a t a .  The disagreement on t h e  magnitude of t r a n s m i s s i v i t y  is 

l e s s  than  t h a t  w i t h  r e spec t  t o  t h e  va lues  of s t o r a g e  c o e f f i c i e n t  and leak-  

age,  This  p o i n t s  ou t  t h e  f a c t  t h a t  g r a p h i c a l  s o l u t i o n s ,  inc luding  t h e  

flow n e t  a n a l y s i s ,  of t h e  governing d i f f e r e n t i a l  equat ions  a r e  s u b j e c t  t o  

2 o s s i b l e  l a r g e  e r r o r s .  

Pumping t e s t s  i n  t h e  C a s t l e  Hayne a q u i f e r  have been c a r r i e d  ou t  a t  a  

few l o c a t i o n s  i n  and around the  Lee Creek mine. Four of t h e s e  w i l l  b e  

d iscussed  he re .  The e a r l i e s t  t e s t  was conducted by Harshbarger (7)  i n  

1962 nea r  ~ u ? o r a ,  North Caro l ina ,  on a  10-inch w e l l  producing 1,070 gpm 

and l a s t i n g  f o r  28 hours .  The maximum drawdown observed was 13.7 f e e t .  

The es t imated  va lues  of t r a n s m i s s i v i t y  and s t o r a g e  c o e f f i c i e n t  were 

245,000 g a l l o n s  per  day per  f o o t  (gpd / f t )  and 8 x r e s p e c t i v e l y .  

The va lue  of hydrau l i c  conduct iv i ty  was es t imated  t o  be  2,500 g a l l o n s  pe r  
2  

day pe r  square  f o o t  (gpd/ f t  ) .  The a q u i f e r  was considered t o  be  completely 

confined wi th  no leakage; hence, t h e  va lue  of B was i n f i n i t e .  The r a d i u s  

of s t r o n g  in f luence  was 2 mi l e s  (2) , 
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Another a q u i f e r  t e s t  was conducted by Tippetts-Abbelt-McCarthy- 

S t r a t t o n  f o r  Texas Gulf and reviewed by Legget t ,  Brashears  and Graham. 

The t e s t  was run  on a 20-inch w e l l  a t  3,500 gpm f o r  35 days. Draw- 

downs were measured i n  a number of observa t ion  w e l l s  from which a q u i f e r  

c h a r a c t e r i s t i c s  were evaluated.  Severa l  ana lyses  of t h e  t e s t  have been 

made. The r e s u l t s  a r e  summarized below: 

M i l l e r ' s  Analysis  (8) 

T 370,000 - 410,000 g p d / f t  

S 0.004 - 0.009 

B - m  

1967 Consu l t an t ' s  Report (2) 

T = 390,000 gpd/f t 

S = 0.00019 

B = 14,000 f t  

K = 1,300 gpd / f t  
2 

Area of Strong Inf iuence  = 2.7 m i l e s  

Jacob ' s  Second Analysis  (9) 

T = 350,000 gpd / f t  

s = 5 

B = 30,000 

DeWies t ' s Analysis  (3) 

T = 390,000 gpd / f t  

S = 1.24 x 

B = 182,400 f t  

A p i l o t  w e l l  pump t e s t  was conducted by North Caro l ina  Phosphate Corpora- 

t i o n  f o r  a d u r a t i o n  of 80 days i n  July-October 1968 a t  a d i s t a n c e  of 2 .4 

mi les  from Texas Gulf mine s i t e .  A 19-inch w e l l  p a r t i a l l y  pene t r a t ing  t h e  

Cas t l e  Hayne formation was pumped a t  3,500 gpm and drawdowns were observed 

i n  s e v e r a l  w e l l s  on both  s i d e s  of t h e  r i v e r .  In h i s  a n a l y s i s ,  Harshbarger 

assumed t h e  a q u i i e r  t o  be nonleaky; i . e . ,  with B = w .  H i s  r e s u l t s  a r e  

given i n  Table 4.  The d i r e c t i o n a l  v a r i a t i o n  of t r a n s m i s s i v i t y  i s  obvious 

from h i s  c a l c u l a t i o n s ,  The average va lue  of t r a n s m i s s i v i t y  was found t o  

be 347,000 ga l lons  p e r  day pe r  f o o t  and t h e  v a l u e  of s t o r a g e  c o e f f i c i e n t  

of 5 . 1  x 



Table 4. Summary of  C a s t l e  Hayne Aqu i f e r  C h a r a c t e r i s t i c s  a s  Determined 
NCPC P i l o t  W e l l  Pump T e s t ,  July-September, 1968 

NCPC W e l l  Number 

1 9 1  (Pump Well) 

B-9 (Observat ion 
Well) 

170 1 I 

17  2 I 1  

173 I I 

17 4 11 

182 I 1  

NCPC W e l l  
Locat ion 

Theis  Model Ana lys i s  
Pump Tes t ,  J u l  

T ransmis s iv i t y  
gpd/f t 

S to rage  
C o e f f i c i e n t  

(John W.  Harshbarger)  
(February,  1969 1 

-- - - - -  

Jacob Model Ana lys i s  
Pump Tes t ,  J u l y  1 7  
T ransmis s iv i t y  

iep t .  27, 1968 
S to rage  

C o e f f i c i e n t  



The s u s t a i n e d  dewate r ing  o p e r a t i o n  by Texas Gulf p r o v i d e s  a n  i d e a l  

a q u i f e r  t e s t  e x t e n d i n g  over  s e v e r a l  y e a r s .  The 1967 C o n s u l t a n t ' s  Repor t  (2 )  

a n a l y z e d  t h e  s i t u a t i o n  a f t e r  one y e a r  o f  con t inuous  pumping. T h e i r  r e s u l t s  

a r e :  

T  = 300,000 g p d / f t  

s = 9  

B = 63,000 - 76,000 

Radius o f  S t r o n g  I n f l u e n c e  = 24 miles 

It was remarked t h a t  t h e  a n a l y s i s  f o r  f i r s t  y e a r  o f  o p e r a t i o n  t o  a 

d i s t a n c e  of 24 miles g i v e s  a much h i g h e r  v a l u e  o f  B t h a n  t h e  a n a l y s i s  of 

35-day t e s t ,  where s t r o n g  i n f l u e n c e  reached  o n l y  2.7 m i l e s .  The a q u i f e r  

a p p e a r s  t o  b e  more l e a k y  on a  s m a l l  r a d i a l  s c a l e  t h a n  a  l a r g e r  one.  T h i s  

s t r o n g l y  s u g g e s t s  an a r e a  o f  more c o n c e n t r a t e d  l e a k a g e  f a i r l y  n e a r  t h e  

p i t  (21, 

5.2  J a c o b ' s  A n a l y s i s  of North C a r o l i n a  Phosphate  C o r p o r a t i o n ' s  T e s t  

Jacob  ( 9 )  c a r r i e d  ou t  an  e x t e n s i v e  a n a l y s i s  o f  t h e  North  C a r o l i n a  

Phosphate c o r p o r a t i o n ' s  1968 pumping t e s t .  He d e r i v e d  t h e  c h a r a c t e r i s t i c s  

of t h e  a q u i f e r  on t h e  b a s i s  o f  t h e  f o l l o w i n g  mathemat ica l  models: 

1. i n f i n i t e  l e a k y  a q u i f e r  system, 

2.  c i r c u l a r  d r i v e  w i t h  no l e a k a g e  and t h e  t e s t  w e l l  a t  t h e  

c e n t e r ,  and  

3 .  l i n e  d r i v e  w i t h  no  l eakage .  

He d i v i d e d  t h e  o b s e r v a t i o n  w e l l s  i n t o  t h r e e  groups  t o  i n v e s t i g a t e  t h e  

d i r e c t i o n a l  v a r i a t i o n  of t h e  h y d r o l o g i c  pa ramete rs .  The r e s u l t s  f o r  t h e  

l e a k y  a q u i f e r  sys tem a n a l y s i s  a r e  g iven  i n  Table  5 .  He p o i n t s  o u t  t h a t  t h e  

r e s u l t s  o f  t r a n s m i s s i v i t y  f o r  t h e  s o u t h e a s t  and southwest  w e l l s  were  h i g h  

f o r  t h e  l i m e s t o n e  and t h e  v a l u e  of a p p a r e n t  s t o r a t i v i t y  i n c l u d e d  b o t h  t h e  

r e c h a r g e  and l e a k a g e .  Fur thermore,  l e a k a g e  was n o t  e f f e c t i v e l y  s e e n  by 

drawdown and  r e c o v e r y  c u r v e s  a t  such a g r e a t  d i s t a n c e .  

Jacob a l s o  ana lyzed  t h e  response  o f  t h e  o b s e r v a t i o n  w e l l s  t o  two 

i n s t a n t a n e o u s  impulses  on J u l y  1 5  and August 19,  1968. From t h e  ampl i tude  

r e d u c t i o n  and t i m e  l a g  of response  h e  ob ta ined  t h e  f o l l o w i n g  r e s u l t s :  



S t o r a t i v i t y  

Leakage Thickness  

T r a n s m i s s i v i t y  

Leakance 

7.8 x  

45,000 f t  
2  

45,000 f t  /day 

2.2 x  l / d a y  

H e  found t h a t  t h e  r i v e r  w e l l s  showed a  g r e a t e r  t i m e  l a g  and l e s s  ampli-  

t u d e  than  t h e  l a n d  w e l l s .  

Tab le  5 .  C h a r a c t e r i s t i c s  of C a s t l e  Hayne A q u i f e r  

Quadrant 

5 . 3  1 9 7 1  T e c h n i c a l  Repor t  

The 1971  Report  r e l i e s  a lmost  e x c l u s i v e l y  on t h e  f low-net  a n a l y s i s  o f  

t h e  1970 p i e z o m e t r i c  s u r f a c e .  The f o l l o w i n g  is  summarized from Ganus (10) .  

The a r e a  of t h e  f l o w  n e t  was d i v i d e d  i n t o  e l e v e n  f l o w  t u b e s ,  S e l e c t e d  

p i e z o m e t r i c  c o n t o u r s  were  used t o  p r o v i d e  f i v e  s u b d i v i s i o n s  w i t h i n  e a c h  

f low tube .  It was assumed t h a t  w i t h i n  t h e  -50 f t  p i e z o m e t r i c  c o n t o u r  t h e  

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

t o t a l  d i s c h a r g e  of 52 mgd was a p p o r t i o n e d  among t h e  t u b e s  on t h e  b a s i s  o f  

f l o w  tube  w i d t h  and t h e  a v e r a g e  h y d r a u l i c  g r a d i e n t  a c r o s s  t h a t  w i d t h  a t  

t h e  -50 l i n e .  The v a l u e s  of v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  were assumed 

f o r  each  o f  t h e  s u b d i v i s i o n s  o f  t h e  f low n e t ,  and t h e  r e s u l t i n g  t r a n s -  

m i s s i v i t y  v a l u e s  were o b t a i n e d  from t h e  c o n t i n u i t y  r e l a t i o n s h i p s .  A  

d i g i t a l  computer program was developed t o  s o l v e  t h e  c o n t i n u i t y  e q u a t i o n s .  

S i x  ass ignments  of v e r t i c a l  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  a q u i t a r d  

were t e s t e d .  Four  computer r u n s  were made assuming c o n s t a n t  v a l u e s  o f  

0,  0.0001, 0 .001 and 0 .01  g a l l o n s  p e r  day p e r  s q u a r e  f o o t  f o r  t h e  v e r t i c a l  

p e r m e a b i l i t y ,  g i v i n g  0 ,  0 .54,  5.4 and 54 mgd, r e s p e c t i v e l y ,  f o r  t h e  t o t a l  

l e a k a g e .  The r e s u l t i n g  t r a n s m i s s i v i t y  p a t t e r n s  were  found t o  be 

S  W 

Leaky A q u i f e r  
2  

T r a n s m i s s i v i t y ,  f t  /day 

S t o r a t i v i t y  

D i f f u s i v i t y ,  f  t 2 / d a y  

Leakage Thickness ,  f t 
- 1 

Leakance, day 

NE 

45,000 

6 .3  x 

7 . 1  x  1 0  

29,000 

5 . 5 x 1 ~ - 5  

SE AND SW 

56 - 60,000 

4.9 - 9.0  x  

1 1 - 6 . 6 ~ 1 0  
7  

27,000 

7 1  - 98,000 

8 .9  - 19.6 x  l o m 4  
8 .0  - 5 . 0  x 1 0  7  



u n s a t i s f a c t o r y .  It was concluded t h a t  t h e  assumption of a  cons t an t  va lue  

of t h e  v e r t i c a l  permeabi l i ty  was untenable.  The f i f t h  run assumed a 

l i n e a r  r e l a t i o n s h i p  between l o g  K' ( v e r t i c a l  hydrau l i c  conduct iv i ty)  and 
2 t h e  a q u i t a r d  th i ckness ,  a s s ign ing  a  va lue  of 0.01 gpd / f t  t o  zero  th i ck -  

ness  and 0.0001 t o  a  th ickness  of 250 f e e t .  The t o t a l  leakage wi th in  the  

a r e a  of t he  flow n e t  was found t o  be 14.3 mgd. The s i x t h  and t h e  f i n a l  

run ass igned  the  fo l lowing  c o n t r o l  va lues :  
2  

0.018 g p d l f t  a t  Pungo River  Unit  subcrop pinchout 
t l  

0.001 g p d / f t L  a t  Pungo River t h i ckness  of 30 f e e t  
Z 

0 .OOO5 g p d / f t  a t  t he  aqu i t a rd  th ickness  of 250 f e e t  

The r e s u l t i n g  p a t t e r n  of t r ansmis s iv i ty  was deemed t o  be  reasonable .  

These assumed va lues  of v e r t i c a l  hydraul ic  conduc t iv i ty  and t h e  r e s u l t i n g  

t r ansmis s iv i ty  d i s t r i b u t i o n  were adopted f o r  a l l  ana lyses .  The e f f e c t i v e  

a q u i t a r d  th i ckness  r e spons ib l e  f o r  a l l  t h e  v e r t i c a l  head l o s s  was assumed 

t o  be  70 t o  80 pe rcen t  of t he  t o t a l  a q u i t a r d  th i ckness .  The t r a n s m i s s i v i t y  

va lues  v a r i e d  from 100,000 i n  t h e  west t o  400,000 g p d / f t  i n  t h e  extreme 

e a s t .  The va lues  of leakage th ickness  ranged between 40,000 f e e t  i n  t h e  

western a r e a  of maximum leakage,  170,000 f t  nea r  t h e  pumping c e n t e r  and 

300,000 f e e t  i n  t h e  extreme eas t e rn  a r e a .  Of t h e  t o t a l  d i scharge  of 

52.1 mgd a t  Lee Creek mine, 38.4 mgd entered  a s  underflow a t  t h e  boundary 

of t h e  flow n e t  and 13.7 mgd i s  a t t r i b u t a b l e  t o  leakage  w i t h i n  t h e  a r e a  of 

t he  f low n e t .  

5.4 Formation Constants  Near t he  Pumping Center  

Using t h e  empi r i ca l  da t a ,  Hird ( 5 )  developed t h e  fo l lowing  equat ion  

t o  g ive  t h e  drawdown caused by a  s i n g l e  w e l l  of 3,000 gpm capaci ty:  

where s i s  t h e  drawdown i n  f e e t  a t  a  d i s t a n c e  r from t h e  we l l .  This  r e l a -  

t i o n s h i p  was used' t o  c a l c u l a t e  the  parameters i n  t h e  leaky  a q u i f e r  equat ion  

where Q i s  t h e  d ischarge  of t he  w e l l  

T, t h e  t r ansmis s iv i ty ,  and 

B,  t h e  leakage  th ickness .  



From 

Q / ( 2 n ~ )  = 2.92, 

t h e  v a l u e  o f  T was c a l c u l a t e d  t o  be  235,000 g p d / f t  and from 

2.92 I n  1 , 1 2 3  B = 31.4,  

B was found t o  be  42,000 f t  ( c f .  T e c h n i c a l  Report  v a l u e  o f  170,000) .  

The v a l u e  of l eakance  

I, = T / B ~  = ~ ' / b '  = 1 . 8 1  x day-' 

For an  a q u i t a r d  t h i c k n e s s  o f  125  f t ,  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  

2 
K' = 0.017 g p d / f t  

t o  a l l o w  a comparison w i t h  t h e  Techn ica l  Report ,  t h i s  v a l u e  shou ld  b e  

m u l t i p l i e d  by 0.75 t o  g i v e  K' = 0.0128 (cf  ,0009) .  

- 5  Formation Cons tan t s  from 1970 Cone of Depress ion 

Approximate v a l u e s  f o r  t h e  f o r m a t i o n  c o n s t a n t s  can b e  o b t a i n e d  by 

u s i n g  t h e  fo l lowing  e q u a t i o n  f o r  t h e  drawdown, s ,  i n  a n  o b s e r v a t i o n  w e l l  

a t  a d i s t a n c e  r from t h e  p i t .  

where r i s  t h e  e f f e c t i v e  r a d i u s  of t h e  p i t .  I f  one h a s  two p a i r s  of 
W 

v a l u e s  ( r , s ) ,  t h e n  one can  compute t h e  q u a n t i t i e s  B and T ,  For two 

p o i n t s  1 and 2 ,  t h e  r a t i o  of drawdowns i s  g i v e n  b y  

from which t h e  v a l u e  o f  B c a n  b e  computed. A t r i a l  v a l u e  of B can be  

o b t a i n e d  by u s i n g  t h e  approx imat ion  

l . lZ3B 
K (2) 2.3 l o g  

0 B 

which i s  v a l i d  o n l y  f o r  small v a l u e s  of ( r / B ) .  A f t e r  f i n d i n g  B y  T can 

b e  c a l c u l a t e d  from t h e  drawdown e q u a t i o n  f o r  e i t h e r  p o i n t .  



Proceeding i n  f o u r  d i f f e r e n t  d i r e c t i o n s  from t h e  mine s e v e r a l  p a i r s  

of p o i n t s  were s e l e c t e d  on equal  drawdown contours  and ' s p o t 1  va lues  of 

t h e  formation cons t an t s  were ca l cu la t ed .  For a v a s t  ma jo r i t y  of t h e  

po in t s ,  t h e  leakage th icknesses  obta ined  were much sma l l e r  than those  

implied by t h e  Technical  Report.  The gene ra l  conclusion t h a t  can b e  

der ived  from t h i s  a n a l y s i s  i s  t h a t  t h e  a q u i f e r  appears  t o  b e  much more 

leaky than assumed i n  t he  Technical  Report,  b u t  t h e  leakage i s  l e s s  than 

t h a t  pos tu l a t ed  by Jacob. 



Chapter 6 

NONS TEADY STATE ANALYSIS 

The fundamental f low equat ion governing t h e  movement of groundwater i n  a  

homogeneous, i s o t r o p i c ,  leaky a q u i f e r  has  been assumed t o  be 

The s o l u t i o n  of t h i s  equat ion i s  

where 

s, t h e  

Q, t h e  

T, t h e  

S, t h e  

B,  t h e  

and t ,  t h e  

s / ( 4  Tt) 

drawdown i n  f t  
3 

discharge  from t h e  mine, f t  /day 
2 

t r a n s m i s s i v i t y ,  f t  /day 

s t o r a t i v i t y  

leakage th i ckness ,  f t  

t ime . 
The d e r i v a t i o n  of t h e  equat ion i s  based on t h e  fo l lowing  assumptions: 

1. A cons t an t  va lue  of SIT. Actua l ly ,  S/T i s  an unknown func t ion  of 

time. 

2 .  Aquifer  is i n f i n i t e  i n  ex t en t .  Aquifers  a r e  n o t  i n f i n i t e  i n  

e x t e n t  and boundary e f f e c t s  cannot be  excluded even i n  t h e  

case  of l a r g e  a q u i f e r s  a s  t h e  C a s t l e  Hayne. 

3 .  Storage  i n  t h e  conf in ing  bed i s  n e g l i g i b l e .  This  impl ies  t h a t  

a t  any i n s t a n t  of t ime the  drawdown v a r i e s  l i n e a r l y  ac ros s  t h e  

conf in ing  beds.  This  c e r t a i n l y  i s  no t  s a t i s f i e d  f o r  smal l  

va lues  of t ime a s  evidenced by t h e  development of t h e  cone of 



depress ion  i n  t he  over ly ing  and underlying beds.  The assumption 

i s  r e a l i z e d  a t  l a r g e  va lues  of t ime i f  t h e  system approaches a  

quasi-s teady s t a t e ,  a s  t he  C a s t l e  Hayne a q u i f e r  has .  

4. No drawdown i n  t h e  source bed a q u i f e r .  This  imp l i e s  t h a t  t h e  

t r a n s m i s s i v i t y  of t h e  source bed i s  e f f e c t i v e l y  i n f i n i t e .  This  

assumption i s  v a l i d  f o r  small  va lues  of t ime.  This  can l e a d  t o  

s i g n i f i c a n t  e r r o r s  a t  l a r g e  va lues  of t ime.  A pre l iminary  a n a l y s i s  

undertaken f o r  t h i s  s tudy shows t h a t  t h e  t r a n s m i s s i v i t y  of t h e  

water  t a b l e  a q u i f e r  a s  seen from t h e  C a s t l e  Hayne formation is  

about t h e  same a s  t h a t  of t h e  a q u i f e r  i t s e l f  d e s p i t e  t he  presence 

of t h e  r e j e c t e d  recharge.  

5. The d i r e c t i o n  of flow i s  v e r t i c a l  i n  t h e  aqu i t a rd  and h o r i z o n t a l  

i n  t h e  a q u i f e r .  We know t h a t  bo th  t h e  Yorktown and t h e  Beaufort  

formations have developed cones of depress ion .  When t h e  con- 

d u c t i v i t i e s  a r e  two o r  more o r d e r s  of magnitudes g r e a t e r  than  

those  of t h e  a q u i t a r d ,  t h e  e r r o r  i s  l e s s  than  5 percent  (11) .  

This  i s  n o t  t r u e  f o r  t h e  C a s t l e  Hayne a q u i f e r  system. 

Three types  of ana lyses  were conducted f o r  t h e  a q u i f e r  system. These 

were: 

1. t h e  convent ional  type  curve method f o r  determining t h e  

c h a r a c t e r i s t i c s  of t he  system, 

2 .    an tush's i n f l e c t i o n  po in t  method, and 

3. a n a l y s i s  of t h e  t ime r a t e  of change of drawdown. 

The d a t a  used f o r  t hese  s t u d i e s  were f o r  t h e  f i r s t  15 months of  

pumping. A s  t h e  r a t e  of pumping and t h e  number of we l l s  ope ra t ing  has  

va r i ed ,  p a r t i c u l a r l y  i n  t h e  e a r l i e s t  per iod ,  t h e  drawdown va lues  were 

normalized by d i v i d i n g  them by an  equ iva l en t  number. The equ iva l en t  number 

was obta ined  by d iv id ing  t h e  t o t a l  average  d ischarge  of a  pe r iod  by 4 .3  mgd, 

t h i s  being t h e  d_aily d ischarge  of a  3,000 gpm we l l .  The a q u i f e r  was 

assumed t o  be e f f e c t i v e l y  i n f i n i t e  f o r  t hese  c a l c u l a t i o n s .  

6 . 1  Type Curve Method 

The mechanics of t h e  method a r e  given i n  t h e  Consul tan t ' s  Report.  

Severa l  w e l l s  on bo th  s i d e s  of t h e  Pamlico were included i n  t h e  a n a l y s i s .  

The va lues  of t r a n s m i s s i v i t y  ranged from 240,000 g p d / f t  t o  290,000 g p d / f t .  
-4 

The va lues  of s t o r a t i v i t y  were from 4 x 10 t o  9 x and t h e  leakage 

th ickness  v a r i e d  from 40,000 f t  t o  90,000 f t .  



I n f l e c t i o n  Po in t  Method 

The procedure f o r  applying t h e  i n f l e c t i o n  p o i n t  method i s  given by 

Hantush (12) .  The va lues  of t r a n s m i s s i v i t y  averaged about 280,000 g p d / f t .  

The leakage th ickness  was 80,000 f t  and t h e  average va lues  of t h e  s t o r a g e  
-4 

c o e f f i c i e n t  was 4  x 10  , 

Rate of Change of Drawdom wi th  Time 

The time r a t e  of change of drawdown a t  any p o i n t  depends on: 

( i  t h e  va lues  of S/T 

( i i )  t h e  va lue  of leakance,  L = K'/b '  

where K '  i s  t h e  hydrau l i c  conduc t iv i ty  of t h e  a q u i t a r d  and b '  i s  t h e  

th ickness  of t h e  aqu i t a rd ,  and 

( i i i )  d i s t a n c e  from t h e  boundary. The s m a l l e r  t h e  d i s t a n c e  of  t h e  

pumping c e n t e r  from a  recharge boundary, t h e  sma l l e r  w i l l  b e  the  time 

requi red  t o  reach  s t a b i l i z e d  drawdowns. The boundary e f f e c t s  were n o t  

s tud ied  i n  t h i s  a n a l y s i s ,  By t h e  d i f f e r e n t i a t i o n  of t h e  express ion  of 

t h e  drawdown wi th  r e spec t  t o  t ime 

S  r 
2 

as - -  ~ ' t  - - 
- = -  e  4Tt e  Sb' 
a t  4 ~ ~ t  

i n  which s i s  t h e  drawdown, t i s  t h e  time, Q i s  t h e  w e l l  d i scharge ,  T 

i s  t h e  t r a n s m i s s i v i t y ,  S  i s  t h e  s t o r a g e  c o e f f i c i e n t ,  K '  i s  the  v e r t i c a l  

hydraul ic  conduc t iv i ty  of the  conf in ing  l a y e r ,  and b '  i s  t h e  th i ckness  

of t he  conf in ing  l a y e r .  The second exponen t i a l  expresses  t h e  in f luence  

of leakage.  It i s  independent of t h e  t r a n s m i s s i v i t y  and of t h e  d i s t a n c e  

of t h e  obse rva t ion  w e l l  from t h e  c e n t e r  of pumping. It depends only  on 

t h e  r a t i o  L /S  where L i s  the  leakance ( ~ ' / b ' )  and t h e  s t o r a g e  c o e f f i c i e n t .  

I ts  numerical v a l u e  becomes small  w i t h  t ime. The f i r s t  exponent ia l  

expresses  the-decay of t h e  r a t e  of drawdown i n  a  confined a q u i f e r  wi thout  

leakage. I ts va lue  inc reases  w i th  t ime and approaches a sympto t i ca l ly  a  

va lue  of un i ty .  

The a l t e r n a t i v e  express ion  which i s  more convenient t o  use  i s  

where D i s  t h e  d i f f u s i v i t y  T/S. 



For an  observa t ion  we l l  t h e  va lues  of t h e  reduced drawdown were com- 

puted a t  t h e  beginning of each month from the  observed va lues .  Values 

of D and B were assumed and t h e  t h e o r e t i c a l  change i n  reduced drawdown 

were ca l cu la t ed .  These were compared wi th  the  a c t u a l  change. New 

va lues  of D and B were adopted t o  g e t  a b e t t e r  f i t .  No conclus ive  r e s u l t s  

could be obta ined  from t h i s  a n a l y s i s ,  D i f f e r e n t  va lues  of D and B were 

obta ined  f o r  t h e  same w e l l  f o r  d i f f e r e n t  per iods .  This  may have been due 

t o  t he  v a r i a b i l i t y  o f  t he  d ischarge  o r  due t o  t h e  boundary e f f e c t s .  How- 

ever ,  t h e  va lues  of B obtained were c o n s i s t e n t l y  lower than  those  implied 

by t h e  Technical  Report .  



Chapter  7 

STEADY STATE MATHEMATICAL MODELS 

I n  t h i s  c h a p t e r ,  i t  i s  assumed t h a t  t h e  wa te r -bear ing  f o r m a t i o n  and t h e  

c o n f i n i n g  l a y e r s  have  un i fo rm hydrogeo log ic  c h a r a c t e r i s t i c s .  The r e l a t i o n s h i p s  

developed and t h e  r e s u l t s  are based on t h i s  p r e m i s e ,  I n  a c t u a l  f a c t ,  t h e  

a q u i f e r s  and c o n f i n i n g  l a y e r s  have non-uniform c h a r a c t e r i s t i c s .  The a n a l y s i s  

w i l l  produce v a l u e s  f o r  t h e  fo rmat ion  c o n s t a n t s :  t r a n s m i s s i v i t y ,  s t o r a g e  

c o e f f i c i e n t ,  and l e a k a g e  t h i c k n e s s  which might  be  c a l l e d  " e f f e c t i v e  v a l u e s "  

f o r  non-homogeneous sys tem.  The h y d r o l o g i c  s i g n i f i c a n c e  o f  t h e s e  v a l u e s  

i s  t h a t  i f  t h e  a c t u a l  non-uniform a q u i f e r s  and semi-conf ining l a y e r s  were  

r e p l a c e d  i n  t h e  f i e l d  by un i fo rm a q u i f e r s  and a q u i t a r d s  having t r a n s m i s s i v i t y ,  

s t o r a g e  c o e f f i c i e n t  and l e a k a g e  t h i c k n e s s  e q u a l  t o  t h e  e f f e c t i v e  v a l u e s ,  t h e  

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

used f o r  a n a l y s i s  would remain p r a c t i c a l l y  unchanged. 

Th is  t y p e  of a n a l y s i s  i s  j u s t i f i e d  on s e v e r a l  grounds:  

1. This  a n a l y s i s  a l l o w s  us  t o  c o n c e n t r a t e  on t h e  main f e a t u r e s  o f  a  

problem w i t h o u t  h a v i n g  t o  pay i n o r d i n a t e  a t t e n t i o n  t o  complicated 

d e t a i l s .  I t  can p r o v i d e  v a l u a b l e  i n s i g h t s  i n t o  t h e  p o s s i b l e  

s o l u t i o n  of t h e  more r e a l i s t i c  s i t u a t i o n .  

2 ,  We a r e  p r i m a r i l y  i n t e r e s t e d  i n  t h e  r e g i o n a l  e f f e c t s  and shou ld  

n o t  a l l o w  o u r s e l v e s ,  a t  l e a s t  i n  i n i t i a l  s t a g e s ,  t o  b e  t o o  

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

3. Even i n  t h e  more d e t a i l e d  s t u d i e s ,  a n a l o g  and d i g i t a l  s i m u l a t i o n  

i n c l u d e d ,  c o n s i d e r a b l e  a g g r e g a t i o n  of d a t a  i s  n e c e s s a r y .  F o r  t h e  

most p a r t  we l a c k  independent  c o n t r o l s  a g a i n s t  which t h i s  p o s t u l a t e d  

d e t a i l  can be  checked, 

4 .  The v a r i a t i o n s  i n  groundwater f l o w  a r e  g e n e r a l l y  s m a l l  and g r a d u a l .  

Genera l ly ,  small s l o p e s  o f  t h e  p i e z o m e t r i c  s u r f a c e ,  small v e l o c i t i e s  

t h a t  change s lowly  w i t h  t ime  and a v e r a g i n g  o u t  of l o c a l  v a r i a t i o n s  

i n  t h e  f l o w  system a r e  t y p i c a l  c h a r a c t e r i s t i c s  of b a s i n s  t h a t  may b e  

e x p l o i t e d  i n  deve lop ing  a  s u i t a b l e  mathemat ica l  model. 

5 .  The d e t a i l e d  s p e c i f i c a t i o n  o f  t h e  h y d r o l o g i c  d a t a  of t h e  C a s t l e  

Hayne a q u i f e r  i s  l a r g e l y  i n t e r p r e t i v e .  The u n c e r t a i n t i e s  and t h e  

i n a c c u r a c i e s  i n  t h e  v a l u e s  o f  t h e  pa ramete rs  are q u i t e  s u b s t a n t i a l .  

6 ,  The cone o f  d e p r e s s i o n  c e n t e r e d  a t  Lee Creek mine samples a  l a r g e  

a r e a  and r e p r e s e n t s  t h e  i n t e g r a t i v e  r e s p o n s e  o f  t h e  a q u i f e r s  and 



t h e  a q u i t a r d s .  The non-homogeneity g e t s  s u b s t a n t i a l l y  averaged  o u t .  

The p a r t i c u l a r  c o n f i g u r a t i o n  o f  t h e  cone of d e p r e s s i o n  g i v e s  t h e  

c h a r a c t e r i s t i c s  of t h e  sys tem as s e e n  a t  t h e  p i t .  T h i s  e n a b l e s  a 

f a i r l y  wide areal d i s t r i b u t i o n  o f  b o t h  t h e  t r a n s m i s s i v i t y  and v e r t i -  

c a l  p e r m e a b i l i t y  t o  b e  r e p l a c e d  by t h e  a v e r a g e  v a l u e s .  

As t h e  C a s t l e  Hayne a q u i f e r  system a t t a i n e d  a quas i - s t eady  s t a t e  a f t e r  a b o u t  

one y e a r  o f  pumping, s e v e r a l  hypotheses  were fo rmula ted  t o  s e e  i f  t h e  c o n d i t i o n s  

i n  t h e  a q u i f e r  c o u l d  be  a d e q u a t e l y  r e p r e s e n t e d  by a s imple  mathemat ica l  model. 

The boundary c o n d i t i o n s  p o s t u l a t e d  and t h e i r  mathemat ica l  e x p r e s s i o n s  f o r  t h e  

drawdown a r e  l i s t e d  below: 

1. I n f i n i t e  non-leaky a q u i f e r  w i t h  no r e c h a r g e ,  

2.  Non-leaky s e m i - i n f i n i t e  conf ined  a q u i f e r  w i t h  a s i n g l e  r e c h a r g e  

boundary ( F i g u r e  8 a )  

3. I n f i n i t e  non-leaky quadrant wi th :  

a.  two r e c h a r g e  boundar ies  ( F i g u r e  8b) 

b .  one r e c h a r g e  and one impermeable boundary ( F i g u r e  8 c )  

4 .  Semi-conf i n e d  i n f i n i t e  a q u i f e r  w i t h  un i fo rm 

s = Q/(2nT) K~(:) 

L 

l e a k a g e  

5. Semi-confined, s e m i - i n f i n i t e  a q u i f e r  w i t h  a 

boundary ( F i g u r e  8 a )  

s i n g l e  r e c h a r g e  

6.  Semi-confined, i n f i n i t e  quadran t  wi th :  

a.  two r e c h a r g e  boundar ies  ( F i g u r e  8b)  

b. one r e c h a r g e  and one impermeable boundary ( F i g u r e  8 c )  



( a )  Cases 2,s 

Figure 8. Semi - infinite and Infinite Quadrant Models. 



7 .  C i r c u l a r  l e a k y  a q u i f e r  w i t h  a f i x e d  p o t e n t i a l  a l o n g  i t s  boundary 

and a n  e c c e n t r i c  w e l l .  

8. I n f i n i t e  two a q u i f e r  (Yorktown and C a s t l e  Hayne) and two semi- 

p r e v i o u s  l a y e r  sys tems w i t h  w a t e r  withdrawn from t h e  lower  a q u i f e r  

( C a s t l e  Hayne). The symbols used i n  t h e  mathemat ica l  e x p r e s s i o n s  

a r e  : 

Q 9 

T, 

and B,  

drawdown i n  f t  

r a d i a l  d i s t a n c e  from t h e  o b s e r v a t i o n  w e l l  t o  t h e  p i t  

r a d i a l  d i s t a n c e s  from t h e  o b s e r v a t i o n  w e l l s  t o  t h e  

image w e l l s  

t h e  modi f i ed  Bessel f u n c t i o n  of t h e  second k i n d  and 

z e r o  o r d e r  

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

t h e  a q u i f e r  t r a n s m i s s i v i t y  

t h e  l e a k a g e  t h i c k n e s s  i n  f t  d e f i n e d  a s  [ T / ( K 1 / b ' ) ]  112 

where k '  and b '  a r e  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  

and t h i c k n e s s  of t h e  semi-previous  c o n f i n i n g  bed.  

The goodness of f i t  o f  t h e  v a r i o u s  models was t e s t e d  by de te rmin ing  t h e  

c o r r e l a t i o n  c o e f f i c i e n t s  f o r  15 o b s e r v a t i o n  w e l l s  f o r  which t h e  drawdown v a l u e s  

were a v a i l a b l e .  

F i g u r e  30 o f  t h e  1 9 7 1  Technica l  Report  g i v i n g  t h e  n e t  change i n  t h e  

p i e z o m e t r i c  s u r f a c e  f rom June 1965 t o  J u l y  1970 was t a k e n  as t h e  b a s i s  of t h e  

observed drawdowns. Only t h e  r e s u l t s  of a l t e r n a t i v e s  1 t o  6 a r e  r e p o r t e d  h e r e .  

Models (11, (2), and (3) gave v e r y  poor  f i t  f o r  t h e  drawdown v a l u e s  and 

r e q u i r e d  t r a n s m i s s i v i t y  v a l u e s  which were e x c e s s i v e .  It was concluded t h a t  

t h e  behav ior  of t h e  a q u i f e r  cannot  b e  reproduced a s  a non-leaky a q u i f e r .  

Model 4 ,  i . e . ,  i n f i n i t e  a q u i f e r  w i t h  un i fo rm leakage ,  p rov ided  t h e  b e s t  f i t  f o r  

t h e  o b s e r v a t i o n  w e l l s - n o r t h  o f  t h e  Pamlico e s t u a r y .  The goodness o f  f i t  e l s e -  

where was f a i r .  S e v e r a l  p o s i t i o n s  and o r i e n t a t i o n s  o f  t h e  r e c h a r g e  boundary 

were t r i e d  f o r  Model 5 .  The b e s t  f i t  was o b t a i n e d  w i t h  t h e  r e c h a r g e  boundary 

p a r a l l e l  t o  t h e  Pungo R i v e r  u n i t  subcrop pinchout  and c e n t e r e d  o n  t h e  a r e a  of 

z e r o  t h i c k n e s s  of t h e  a q u i t a r d  a t  a  p e r p e n d i c u l a r  d i s t a n c e  o f  13 .3  miles f rom 

t h e  Lee Creek pumping c e n t e r .  The p o s i t i o n  o f  t h i s  boundary i s  shown as 

'F-F' on F i g u r e  9 .  T h i s  model p rov ided  t h e  b e s t  o v e r a l l  f i t  t o  t h e  F i g u r e  30 

of  t h e  T e c h n i c a l  Repor t .  The drawdown p r o f i l e  g iven  by t h e  model was compared 





f o r  s e v e r a l  s e c t i o n s .  The goodness of f i t  was e x c e l l e n t  except f o r  a  small  

a r e a  along t h e  e s t u a r y  northwest  of Lee Creek. The drawdown p r o f i l e s  a r e  shown 

i n  Figure 10, The c h a r a c t e r i s t i c s  of t h e  a q u i f e r  system obta ined  from t h e  model 

a r e  a s  fol lows:  

Transmiss iv i ty  = 275,000 gpd / f t  

Leakage th i ckness  = 90,000 f t  

It can be shown (13) t h a t  t he  q u a n t i t y  of water flowing from t h e  recharge  

boundary, Q i s  equal  t o  
B Y  

where \ i s  t h e  d ischarge  of t he  pumping c e n t e r  

a  i s  t h e  d i s t a n c e  of t h e  recharge  boundary from t h e  pumping we l l  

and B i s  t h e  leakage th i ckness .  With Q = 52.1 mgd, a  = 13.3 mi l e s  and B = 17 

mi les  (90,000 f t )  

QB = 23.6 mgd. 

Thus, about  45 percent  of t h e  d ischarge  of Texas Gulf w e l l s  comes from t h e  

recharge  boundary and 55  percent  from leakage through t h e  a q u i t a r d  system. Two 

p o i n t s  about t h e s e  r e s u l t s  need mention. The a r e a  where t h e  f i t  i s  poor i s  a t  

and near  t h e  e s tua ry  and i s  i n  t h e  same a r e a  where t h e  analog model s t u d i e s  

r e q u i r e  g r e a t e r  leakance.  The model a l s o  shows t h a t  t h e  leakage th i ckness  i n  

t h i s  a r e a  has t o  be reduced t o  provide a  b e t t e r  f i t .  The v e r t i c a l  p e r m e a b i l i t i e s  

i n  t h e  Technical Report f o r  t h i s  a r ea  a r e  low. These va lues  a r e  n o t  s u f f i c i e n t  

t o  ca r ry  a l l  t h e  upward leakage t o  the  e s tua ry  t h a t  was obtained before  t h e  

s t a r t  of pumping a s  shown by t h e  1965 piezometr ic  s u r f a c e  map. Secondly, t h e  

leakage th i ckness  given by t h e  model i s  lower than  t h e  averagG leakage th ickness  

i n  t he  Technical  Report,  17 mi l e s  v s .  about 22.7 mi l e s .  

The quadrant  model wi th  two recharge  boundaries  a l s o  provides  a  good f i t ,  

b u t  t h e  goodness of f i t  i s  n o t  a s  high as wi th  a  s i n g l e  recharge  boundary. 

There i s  r eason- to  doubt t h a t  t he  p o s i t i o n  of t h e  recharge  boundary i s  

a c t u a l l y  where the  model gives i t .  This p o s i t i o n  i s  d i c t a t e d  by t h e  ze ro  draw- 

down l i n e  of t he  F igure  30 of the  Technical Report,  The p o s i t i o n  of t h a t  l i n e  

i t s e l f  i s  debatab le .  There a r e  s e v e r a l  observa t ion  w e l l s  beyond t h a t  l i n e  t h a t  

show drawdown now o r  were a f f e c t e d  i n  t he  p a s t  when pumpage was h igher .  Fur ther -  

more, t h e  drawdown map does n o t  extend f a r  enough t o  t h e  n o r t h  t o  encompass a l l  

t he  a r e a  t h a t  shows t h e  e f f e c t  of Texas Gulf pumping. These ou t ly ing  w e l l s  bo th  

t o  t h e  west and t o  t h e  n o r t h  p lay  a  c r u c i a l  r o l e  i n  understanding t h e  t r u e  
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Figure 10. Drawdown Profile of Semi - infinite Model 



b e h a v i o r  o f  t h e  a q u i f e r  system. During 1965-1968 t h e  a q u i f e r  was s u b j e c t e d  t o  

much g r e a t e r  stress t h a n  i t  i s  a t  p r e s e n t ,  There i s  g r e a t e r  i n f o r m a t i o n  c o n t e n t  

i n  t h e  w a t e r  l e v e l s  of t h a t  p e r i o d  than  t h e r e  i s  i n  1970 c o n d i t i o n s .  Jacob  (9)  

f i t t e d  s e v e r a l  models t o  t h e  September 1966 w a t e r  l e v e l  d a t a .  H e  o b t a i n e d  t h e  

b e s t  f i t  w i t h  a  l e a k y  i n f i n i t e  quadran t  w i t h  two r e c h a r g e  b o u n d a r i e s .  He 

p l a c e d  t h e  sou thwes t -nor theas t  r e c h a r g e  boundary a t  a  d i s t a n c e  of 24 m i l e s  from 

t h e  mine and t h e  n o r t h w e s t - s o u t h e a s t  boundary a t  a d i s t a n c e  o f  15-20 miles. The 

c h a r a c t e r i s t i c s  o f  t h e  a q u i f e r  o b t a i n e d  were 

T r a n s m i s s i v i t y  = 281,000 g p d / f t  

and Leakage t h i c k n e s s  = 70,000 f t  

A s m a l l  a r e a  i n  t h e  s o u t h  was a s s i g n e d  a  B of 35,000 f t .  For t h i s  s t u d y  s e v e r a l  

models were f i t  t o  t h e  1968 d a t a .  The quadran t  model gave t h e  b e s t  o v e r a l l  f i t  

and t h e  r e s u l t s  were i n t e r m e d i a t e  between t h e  two models d e t a i l e d .  The c l o s e r  

t h e  boundary i s  p l a c e d  t o  t h e  pumping c e n t e r ,  t h e  s m a l l e r  w i l l  b e  t h e  amount o f  

l e a k a g e  t o  o b t a i n  t h e  same drawdowns, assuming t h a t  t r a n s m i s s i v i t y  remains  

unchanged. 

The c o n c l u s i o n  i s  t h a t  h y d r o l o g i c a l l y  t h e  a q u i f e r  can b e  c h a r a c t e r i z e d  as 

a r e c h a r g e  boundary e f f e c t  superimposed on a  moderate  l e a k a g e  e f f e c t .  The 

model g i v i n g  t h e  b e s t  f i t  t o  t h e  1970 p i e z o m e t r i c  s u r f a c e  a s  drawn i n  t h e  

T e c h n i c a l  Report  i s  t h a t  of a  s e m i - i n f i n i t e  l e a k y  a q u i f e r .  A b e t t e r  c h a r a c t e r i -  

z a t i o n  of t h e  e a r l i e r  phases  of much h e a v i e r  pumping i s  p rov ided  by a n  i n f i n i t e  

l e a k y  quadran t  w i t h  two r e c h a r g e  b o u n d a r i e s .  



Chapter  8 

ANALOG SIMULATION 

The f u t u r e  p l a n n i n g  and management of t h e  groundwater  r e s o u r c e  r e l i e s  

h e a v i l y  on t h e  a b i l i t y  t o  p r e d i c t  t h e  behav ior  o f  t h e  a q u i f e r  sys tem under  

a l t e r n a t i v e  s t r a t e g i e s  of groundwater u s e  and development.  T h i s  assumes a 

complete  knowledge on t h e  p a r t  o f  t h e  p l a n n e r  of a q u i f e r  pa ramete rs  which govern 

t h e  o c c u r r e n c e  and movement o f  groundwater i n  a  b a s i n ,  I n  t h e  C a s t l e  Hayne 

a q u i f e r  sys tem t h e  p a r a m e t e r s  which must be  s p e c i f i e d  a r e  t r a n s m i s s i v i t y ,  

s t o r a g e  c o e f f i c i e n t ,  l e a k a g e  t h i c k n e s s  and t h e  boundary c o n f i g u r a t i o n .  These 

c h a r a c t e r i s t i c s  can  b e  de te rmined  through t h e  s o l u t i o n  of t h e  p a r t i a l  d i f f e r -  

e n t i a l  e q u a t i o n  govern ing  t h e  f low of w a t e r  through porous media,  

The a c t u a l  a q u i f e r  sys tem i s  ex t remely  complex. It i s  a s p a t i a l l y  

d i s t r i b u t e d ,  l e a k y  sys tem which i s  ( a )  non-homogeneous and a n i s o t r o p i c ,  (b) non- 

l i n e a r  i n  i t s  response ,  and ( c )  t ime v a r i a n t .  Even a f t e r  making s e v e r a l  s i m p l i f y -  

i n g  assumptions ,  t h e  s i m u l a t i o n  of t h e  sys tem appeared  t o  be t h e  o n l y  s a t i s f a c t o r y  

way of a c h i e v i n g  any r e a l i s t i c  s o l u t i o n .  T h i s  was done i n  two phases :  

1, t h e  ana log  phase  was used t o  t e s t  t h e  assumptions  made abou t  t h e  

sys tem and t o  a r r i v e  at a n  approximate  s p e c i f i c a t i o n  of t h e  system, 

and 

2 ,  t h e  d i g i t a l  computer s i m u l a t i o n  phase  was used  t o  r e f i n e  t h e  

r e s u l t s  o b t a i n e d  from t h e  ana log  model and t e s t e d  s e v e r a l  o t h e r  

a l t e r n a t e  hypotheses .  

Both methods p r o v i d e  t h e  s o l u t i o n  of a  sys tem o f  p a r t i a l  d i f f e r e n t i a l  

e q u a t i o n s  u s i n g  f i n i t e  d i f f e r e n c e  t e c h n i q u e s .  The a n a l o g  method s i m u l a t e s  t i m e  

c o n t i n u o u s l y  and d i s c r e t i z e s  t h e  space  c o o r d i n a t e s .  The d i g i t a l  computer t e c h -  

n i q u e s  d i s c r e t i z e s  t i m e  as w e l l ,  The a n a l o g  s o l u t i o n  g i v e s  a  v i s u a l  p i c t u r e  

and  f e e l  o f  t h e  p h y s i c a l  system, i s  more r a p i d  b u t  l e s s  p r e c i s e .  C o n s i d e r a b l e  

p r e p a r a t o r y  work i s  r e q u i r e d  i n  b o t h  approaches .  

It was assumed, n o t  v e r y  c o r r e c t l y ,  t h a t  t h e  problem was e s s e n t i a l l y  t h a t  

of sys tem i d e n t i f i c a t i o n  i n  which t h e  s y s t e m ' s  e x c i t a t i o n  s t i m u l i  and r e s p o n s e s  

were known b u t  n o t  t h e  c h a r a c t e r i s t i c s  o f  t h e  r e g u l a t i n g  mechanisms. Problems 

of t h i s  t y p e  do n o t  y i e l d  un ique  s o l u t i o n s  s i n c e  t h e o r e t i c a l l y  t h e r e  i s  an  

i n f i n i t e  number o f  models  c a p a b l e  of c a u s i n g  any g i v e n  e x c i t a t i o n - r e s p o n s e  

p a t t e r n .  However, o n l y  a few of  t h e s e  combinat ions  a r e  p h y s i c a l l y  f e a s i b l e  

and make g e o l o g i c a l  s e n s e ,  



The problem o f f e r e d  s p e c i a l  d i f f i c u l t i e s  because n o t  even t h e  inpu t  o r  

response func t ions  o r  hydrogeologic boundaries  were adequately known. I n  

t h e  c a s e  of t he  response func t ion ,  t h a t  i s ,  t he  piezometr ic  s u r f a c e ,  which was 

cons t ruc ted  from w e l l  l e v e l  readings,  s e v e r a l  equa l ly  v a l i d  r e p r e s e n t a t i o n s  

of t h e  s u r f a c e  f o r  a  p o i n t  i n  t ime were prepared by competent hydro log i s t s  from 

t h e  same da t a .  The l o c a t i o n  of t h e  c o n t r o l  p o i n t s  i s  no t  evenly d i s t r i b u t e d  and 

i s  sparse .  The " t rue"  response s u r f a c e  i n  l a r g e  p a r t s  of t h e  a r e a  remains unknown. 

For t he  magnitude of i npu t ,  s e v e r a l  widely v a r i e d  va lues  had been proposed 

which o f f e red ,  a t  t h e  b e s t ,  order-of-magnitude l i m i t s .  

The output  of t he  system was p a r t i a l l y  known through d a i l y  r eco rds  of t h e  

mining opera t ion  withdrawals,  bu t  t h e  n a t u r a l  d i scharge  of t h e  system was a  

m a t t e r  of educated guesswork. 

Of t h e  t h r e e  c h a r a c t e r i s t i c s  of t h e  r e a l  p o t e n t i a l  f i e l d ,  quan t i t y  of  flow, 

t r a n s m i s s i v i t y  and hydrau l i c  g rad ien t ,  on ly  t h e  l a t t e r  c h a r a c t e r i s t i c  was 

f i x e d  by t h e  p iezometr ic  su r f ace  maps and the  model had t o  a c c u r a t e l y  reproduce 

t h e  g rad ien t s  by manipulat ion of t h e  va lues  of t h e  o t h e r  two c h a r a c t e r i s t i c s :  

leakage and t r a n s m i s s i v i t y .  

Under t h e s e  circumstances,  t he  o b j e c t i v e  f o r  t h e  model was t h e  product ion 

of t h e  most l i k e l y  c h a r a c t e r i z a t i o n  of t h e  r e a l  system. This n e c e s s i t a t e d  

having some means by which t o  judge the  goodness-of-fit  o f  t h e  model. What 

amounted t o  "before" and "af r e r "  piezometr ic  s u r f a c e  maps had been cons t ruc ted ;  

t h e  "before" cond i t i ons  were assumed t o  b e  those  ex tan t  i n  t h e  system i n  1965, 

p r i o r  t o  t h e  commencement of t h e  mining ope ra t ion  withdrawals.  The " a f t e r "  con- 

d i t i o n s  were t h e  system condi t ions  i n  1968, a t  which time t h e  w e l l  l o g s  showed 

t h a t  t h e  system was e s s e n t i a l l y  i n  a  s t eady  s t a t e  wi th  t h e  drawdowns remaining 

a t  s t a b l e  va lues .  The maps of t h e  piezometr ic  contours  a r e  presented  a s  

F igures  11 and 12.  

Tes t ing  of t h e  model cons i s t ed  of s imula t ing  t h e  1965 cond i t i ons  and, 

wi thout  f u r t h e r  adjustment  t o  t h e  network, be ing  a b l e  t o  s a t i s f a c t o r i l y  

s imu la t e  1968 cond i t i ons  upon a p p l i c a t i o n  of t h e  app ropr i a t e  pumping-discharge 

s t r e s s  t o  t h e  model. Cons t ruc t ion  of such a  model c o n s t i t u t e d  t h e  f i r s t  

analog phase 

The second analog phase concerned the  i n v e s t i g a t i o n  of t h e  c o r r e c t n e s s  

of t he  model by observing the  t r a n s i e n t  behavior of t h e  system, and t h i s  means 

t ak ing  t h e  s t o r a g e  p r o p e r t i e s  of t h e  system i n t o  account .  I f  t h e  model could  

not  only s imu la t e  t h e  two s t eady- s t a t e  condi t ions  but  could a l s o  s imu la t e  t h e  
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Fig.  I I .  Map Showing the Piezometric Surface of the Castle Hayne 
Aquifer in 1965. (N.C. Deportment of Water and Air 
Resources ) 
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Fig. 12. Mop Showing the Piezometric Surface of the Castle Hoyne Aquifer 
in 1968. ( N.C. Dept of Water and Air Resources .) 



p a t h  taken by t h e  r e a l  sys tem d u r i n g  t h e  i n t e r v e n i n g  t i m e  p e r i o d ,  t h e n  t h e  model 

would have ach ieved  t h e  p r o j e c t ' s  o b j e c t i v e .  Once t h i s  s t a g e  was reached ,  t h e  

a t t e m p t  would b e  made t o  p r e d i c t  t h e  dynamic behav ior  o f  t h e  sys tem under  

d i f f e r i n g  wi thdrawal  regimens.  Very l i m i t e d  work was done on t h e  nons teady  s t a t e  

on t h e  ana log  model, 

8 , l  Boundar ies  

Every sys tem needs  d e f i n e d  boundar ies  t o  d i f f e r e n t i a t e  i t  from i t s  

environment ,  I n  t h i s  c a s e ,  t h e  a r e a l  e x t e n t  o f  t h e  C a s t l e  Hayne a q u i f e r  

(F igure  2 )  made s i m u l a t i o n  o f  t h e  e n t i r e  a q u i f e r  i m p r a c t i c a b l e ,  

The e f f e c t  o f  t h e  l a r g e  pumped wi thdrawals  a t  Lee Creek was known t o  

be  f e l t  up t o  f o r t y  m i l e s  away from t h e  pump s i t e ;  t h u s ,  i t  was r e a s o n a b l e  

t o  c o n c e n t r a t e  a t t e n t i o n  on some t h r e e  thousand s q u a r e  m i l e s  o f  t h e  

a q u i f e r  w i t h  t h e  s i t e  s i t u a t e d  a t  t h e  c e n t e r .  

For c o n c e p t u a l  e a s e ,  Albemarle Sound was t a k e n  as t h e  n o r t h e r n  

boundary; t h e  e a s t e r n  boundary was e i g h t y  miles e a s t  of t h e  pumping s i t e  

a t  Lee Creek; t h e  s o u t h e r n  boundary was n i n e t y  m i l e s  s o u t h  o f  Lee Creek; 

t h e  w e s t e r n  boundary was t h e  pinchout  l i n e  o f  t h e  C a s t l e  Hayne f o r m a t i o n  

( F i g u r e  1 3 ) .  

Th i s  does  n o t  mean, hawever, t h a t  a l l  t h e  a r e a  c o n t a i n e d  w i t h i n  t h e s e  

bounds was o f  e q u a l  i n t e r e s t  and importance;  as s t a t e d  b e f o r e ,  t h e  p r i n c i p a l  

r e g i o n  of i n t e r e s t  l a y  c l o s e  t o  t h e  pumping s i te .  

The groundwater  d i v i d e s  a r e  shown i n  F i g u r e s  11 and 1 2 .  T h i s  s t u d y  was 

concerned w i t h  f l o w  of w a t e r  i n  t h e  Pamlico R i v e r  Bas in  and t h e  p iezo-  

m e t r i c  maps i m p l i e d  t h a t  change o f  p o s i t i o n  of t h e s e  d i v i d e s ,  i n  t h e  two 

s t e a d y - s t a t e  c o n d i t i o n s ,  was n o t  large--about  f i v e  miles--suggest ing t h a t  

t h e  pumping d i d  n o t  c a u s e  much d i v e r s i o n  of f l o w  o f  w a t e r  going t o  t h e  

Neuse Bas in  o r  t h e  Albemarle South under  non-pumping c o n d i t i o n s .  Thus, 

t h e  a r e a  o f  maximum i n t e r e s t  was t h e  p o r t i o n  of t h e  sys tem l y i n g  between 

t h e  groundwater d i v i d e s :  t h e  Pamlico groundwater b a s i n .  

8 .2  Choi c e  o f   rid-she 
D e s c r i p t i o n s  of o t h e r  r e s e a r c h  work c a r r i e d  o u t  w i t h  t h e  e l e c t r i c  

a n a l o g  were  vague a b o u t  a p p r o p r i a t e  s i z e s  f o r  t h e  l a t t i c e  b u t  r e p e a t e d  t h e  

warning t h a t  t h e  t o t a l  e r r o r  of t h e  r e s u l t s  were  f u n c t i o n s  o f  t h i s  dimension 

and t h a r  i t  shou ld  b e  s m a l l  compared t o  t h e  o v e r a l l  dimensions of t h e  

p o t e n t i a l  s u r f a c e  t o  b e  s i m u l a t e d .  It s o  happened t h a t  most of t h e  

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

in formar ion  about  w e l l  l o c a t i o n s ,  p i e z o m e t r i c  s u r f a c e s ,  e t c .  were  e i t h e r  





a t  s c a l e s  o f  one i n c h  e q u a l  t o  one m i l e  o r  one i n c h  e q u a l  t o  two m i l e s .  

The former  s c a l e  would have r e s u l t e d  i n  a network o f  mass ive  and unwieldy 

p r o p o r t i o n s ,  s o  t h e  l a t t e r  s c a l e  was chosen.  If found n e c e s s a r y ,  t h e  

s c a l e  cou ld  b e  changed f o r  some a r e a  of t h e  f i e l d  i f  f i n e r  r e s o l u t i o n  o f  

t h e  p o t e n t i a l  f i e l d  was r e q u i r e d .  A t  t h e  s c a l e  chosen s q u a r e  mesh u n i t  

r e p r e s e n t e d  f o u r  s q u a r e  m i l e s  o f  a q u i f e r  and would be less t h a n  0 . 1  

p e r c e n t  o f  t h e  t o t a l  a r e a .  

8 . 3  Gr id  O r i e n t a t i o n  

F i g u r e  1 3  shows a s e c t i o n  o f  t h e  sys tem o v e r l a i n  by t h e  f i n i t e - d i f f e r e n c e  

g r i d ,  One a x i s  was made t o  a l i g n  w i t h  t h e  c e n t e r  l i n e  o f  t h e  Pamlico 

River ,  t h i s  b e i n g  t h e  p r i n c i p a l  d i r e c t i o n  o f  b o u n d w a t e r  movement and 

t r a n s m i s s i v i t y  change.  The g r i d  was superimposed i n  such a  way t h a t  t h e  

p r i n c i p a l  d a t a - w e l l  c l u s t e r s  would l i e  under  o r  c l o s e  t o  n o d a l  p o i n t s ,  s i n c e  

t h e s e  were  t h e  c o n t r o l  p o i n t s  i n  b o t h  a n a l o g  and prime systems.  The Lee 

Creek mine was r e p r e s e n t e d  by a  node s i n c e  t h e  d i s c h a r g e  a t  t h a t  l o c a t i o n  

h a s  t o  b e  s i m u l a t e d .  

8 .4  Pumped Withdrawal 

Records k e p t  by t h e  mining company a t  Lee Creek gave t h e  a v e r a g e  d a i l y  

wi thdrawal  r a t e ,  i n  1968, a s  60 m i l l i o n  g a l l o n s  p e r  day.  Other  q u a n t i t i e s  

o f  w a t e r  be ing  removed f rom t h e  sys tem f o r  a g r i c u l t u r a l  and  p o t a b l e  u s e s  

were  c o n s i d e r e d  t o  b e  n e g l i g i b l e  compared t o  t h a t  amount and were  n o t ,  

t h e r e f o r e ,  s p e c i f i c a l l y  inc luded .  

8 . 5  T r a n s m i s s i v i t y  

Pumping t e s t s  t h a t  had been c a r r i e d  o u t  a t  a few l o c a t i o n s  i n  and 

around Lee Creek d e s i g n a t e d  v a l u e s  f o r  t h e  a v e r a g e  t r a n s m i s s i v i t y  o f  t h e  

C a s t l e  Hayne a q u i f e r  i n  t h e  range 250,000 t o  400,000 g a l l o n s  p e r  d a y  p e r  

f o o t  w i t h  a  c o r r e s p o n d i n g  c o e f f i c i e n t  of p e r m e a b i l i t y  range  o f  1 ,300 t o  

2,500 g a l l o n s  p e r  day p e r  s q u a r e  f o o t .  The t e s t s  a l s o  y i e l d e d  r e s u l t s  o f  

30,000 g a l l o n s  p e r  day p e r  f o o t  and 250 g a l l o n s  p e r  day p e r  s q u a r e  f o o t  

f o r  t h e  o v e r l y i n g  Yorktown f o r m a t i o n .  T h i s  j u s t i f i e d  t h e  assumpt ion  t h a t  

t h e  Yorktown f o r m a t i o n  i s  an a q u i t a r d  r e l a t i v e  t o  t h e  u n d e r l y i n g  a q u i f e r  ( 2 ) .  

An i s o p a c h  map and a  c o n t o u r  map of t h e  upper  s u r f a c e  o f  t h e  C a s t l e  

Hayne fo rmat ion  shows i t  t o  s l o p e  from 20 f e e t  below mean s e a  l e v e l ,  

w i t h  a  t h i c k n e s s  o f  25 f e e t ,  i n  t h e  v i c i n i t y  of t h e  pinch-out  l i n e ,  t o  

360 f e e t  below mean s e a  l e v e l ,  w i t h  a t h i c k n e s s  of 400 f e e t ,  a t  t h e  w e s t e r n  



sho re l ine  of t he  Pamlico Sound; t h e  a x i s  along which i n c r e a s e  t akes  p l ace  

i s  p a r a l l e l  t o  t h e  c e n t e r  l i n e  of t h e  Pamlico River .  The depth of t h e  

formation a t  Lee Creek was determined t o  be  300 f e e t ;  t h i s  included t h e  

whole depth of t h e  formation.  As s t a t e d  be fo re  t h e  lower p o r t i o n  of t h e  

formation is  l e s s  permeable than t h e  top po r t ion .  Assuming t h a t  50 

percent  of t h e  formation a c t e d  a s  t h e  a q u i f e r ,  bu t  keeping t h e  f u l l  depth 

of t h e  formation f o r  convenience, t h e  c o e f f i c i e n t  of permeabi l i ty  f o r  t h e  

whole a q u i f e r  was taken t o  be  equal  t o  1000 ga l lons  p e r  day per  square 

foot ;  t he  t x a n s m i s s i v i t i e s  based on t h i s  va lue  ranged from 25,000 ga l lons  

pe r  day p e r  f o o t  a t  t h e  pinch-out l i n e  t o  400,000 ga l lons  p e r  day pe r  f o o t  

a t  t he  Pamlico Sound, It simply involved tak ing  t h e  va lues  o f f  t h e  

isopach map and mul t ip ly ing  them by 1000 ga l lons  p e r  day p e r  square f o o t .  

The method chosen t o  a r r i v e  a t  t he  a r e a l  d i s t r i b u t i o n  of t r a n s m i s s i v i t y  

values was t o  l e t  a t r ansmis s iv i ty  va lue  extend i t s  i n f l u e n c e  from midway 

between t h e  d i s t a n c e s  t o  t he  next  t r ansmis s iv i ty  contours .  For example, 

t he  va lue  of 200,000 gpd / f t  covered t h e  a r e a  between 150,000 and 250,000 

ccntours ,  The lowest  and t h e  h ighes t  va lues  became border  r eg ions ,  This  

r e s u l t e d  i n  f i v e  reg ions  i l l u s t r a t e d  i n  Figure 13: 25,000, 100,000, 

200,000, 300,000, and 400,000 ga l lons  pe r  day p e r  f o o t .  

8 .6  Recharge Areas 

I t  was assumed t h a t  t h e  most l i k e l y  p l ace  f o r  d i r e c t  recharge  t o  t h e  

Cas t l e  Hayne a q u i f e r  t o  t a k e  p l ace  was i n  t h e  a r e a s  where t h e  cover  on 

t h e  aqu i f e r  was l e s s  than 25 f e e t .  These hypothesized recharge  a r e a s  were 

loca t ed  on t h e  map showing t h e  top  of t h e  C a s t l e  Hayne formation and 

t r a n s f e r r e d  t o  t h e  model t o  i d e n t i f y  t h e  recharge  nodes. Two recharge  

a r e a s  were pos tu l a t ed ,  one t o  t he  n o r t h  of t h e  Pamlico River  and t h e  

o t h e r  t o  t he  south.  Severa l  va lues  of t h e  recharge  per  u n i t  a r e a  were 

t r i e d ,  The i n i t i a l  a r e a s  had t o  be  somewhat en larged  t o  g ive  a good f i t .  

8.7 Leakage ,a 

-5 
Leakanee va lues  t e s t e d  on the  model va r i ed  from 1 x 10 ga l lons  per  

-3 
day pe r  square f o o t  pe r  f o o t  t o  2 x 10 . 

8.8 Errors  

Stallman (14) cons iders  t h e  s e v e r a l  sources of e r r o r  t h a t  must b e  

examined i n  eva lua t ing  the  accuracy of analog o r  f i n i t e - d i f f e r e n c e  s o l u t i o n s :  

a .  t runca t ion  o r  round-off e r r o r s ,  

b ,  obse rva t iona l  e r r o r s  made i n  measurements taken o f f  t h e  model, 



c .  e r r o r s  due  t o  t h e  i n s t a b i l i t y  o f  t h e  e l e c t r i c a l  c h a r a c t e r -  

i s t i c s  of t h e  model o r  c o n t r o l  equipment,  

d .  e r r o r s  due  t o  r e p r e s e n t i n g  t h e  c o n t i n u o u s  groundwater sys tem 

a s  a group o f  f i n i t e  e lements ,  and 

e m  i n a c c u r a t e  p r o p o r t i o n i n g  between t h e  a q u i f e r  p r o p e r t i e s  and 

t h e  components i n  t h e  model. 

Walton and P r i c k e t t  (15) n o t e  t h e  accuracy  as being:  
11 . . . a m a t t e r  o f  t h e  q u a l i t y  of r e s i s t o r s  and c a p a c i t o r s ,  
t h e  e f f e c t s  o f  f i n i t e - d i f f e r e n c e  approx imat ions  and t h e  
s i g n a l - n o i s e  r a t i o ,  I n a c c u r a c i e s  due t o  t h e  q u a l i t y  of 
r e s i s t o r s  and c a p a c i t o r s  i s  small, owing t o  t h e  e r r o r -  
e q u a l i z i n g  p r o p e r t y  o f  t h e  r e s i s t o r - c a p a c i t ~ r  network.  
E r r o r s  due t o  t h e  f i n i t e - d i f f e r e n c e  approx imat ions  a r e  
minimum when t h e  network s p a c i n g  is  small i n  comparison 
t o  t h e  s i z e  o f  t h e  a q u i f e r ;  e r r o r s  depend i n  p a r t  on t h e  
n a t u r e  o f  t h e  p o t e n t i a l  f i e l d  be ing  ana lyzed ."  

The a c c u r a c y  of t h e  d a t a  d e r i v e d  from a n  e l e c t r i c  a n a l o g  model i s  

h i g h l y  dependent on t h e  accuracy  w i t h  which t h e  model reproduces  t h e  

a q u i f e r .  T o l e r a n c e  f o r  e r r o r  i n  groundwater s t u d i e s  i s  g e n e r a l l y  h igh ,  

s i n c e  t h e  pa ramete rs  and s t r u c t u r e  o f  t h e  underground system a r e  seldom 

known c l o s e r  t h a n  p l u s  o r  minus 1 0  p e r c e n t .  Under such  c i r c u m s t a n c e s ,  i t  

does  n o t  make a  g r e a t  d e a l  of s e n s e  t o  s t r i v e  f o r  a n a l o g  a c c u r a c i e s  much 

h i g h e r  t h a n  t h i s :  add t o  t h i s  t h e  e r r o r  i n h e r e n t  i n  t h e  f i n i t e - d i f f e r e n c e  

e q u a t i o n s  and e r r o r s  due t o  h i g h l y  i r r e g u l a r  p o t e n t i a l  f i e l d s ,  which do 

n o t  submit w e l l  t o  t h e s e  t y p e s  o f  s o l u t i o n  methods.  
I 1  No g e n e r a l  c r i t e r i a  e x i s t  f o r  e x a c t l y  p r e d i c t i n g  e r r o r s  of 
t h e s e  t y p e s  . . . E r r o r  a n a l y s i s  h a s  g e n e r a l l y  been made from 
a viewpoint  t h a t  l o o k s  towards t h e  unknown s o l u t i o n .  For most 
groundwater problems t h i s  p o s i t i o n  i s  u n t e n a b l e .  A s o l u t i o n  
should be o b t a i n e d  th rough  model d e s i g n  guided by exper ienced  
i n t u i t i o n ,  and e r r o r  e v a l u a t i o n s  shou ld  be  made f rom t h e  com- 
p l e t e d  s o l u t i o n . "  (14) 

It is  g e n e r a l l y  a c c e p t e d  t h a t  o f  t h e  f i r s t  f i v e  s o u r c e s  of e r r o r  

mentioned by S t a l l m a n  t h e  l a s t  two o f f e r  most s e r i o u s  concern  f o r  e r r o r  

p r o d u c t i o n .  Given t h e  q u a l i t y  of p r e s e n t  e l e c t r o n i c  equipment,  t h e  e r r o r s  

i n  measurement and s t a b i l i t y  a r e  lower  t h a n  one p e r c e n t ,  and t h e  p r o b a b i l i t y  

i s  s m a l l  t h a t  l a c k  o f  c o n s i d e r a t i o n  a b o u t  t h e i r  performances  w i l l  l e a d  t o  

s e r i o u s  o v e r s i g h t  o f  a n  e r r o r  source .  

E r r o r s  are a l s o  i n h e r e n t  i n  t h e  mathemat ica l  i n t e r p r e t a t i o n  o f  t h e  

r e a l  system, such  as t h e  lumping o f  t h e  sys tem a r e a  a t  nodes ,  and i n  t h e  

manner i n  which t h e  b o u n d a r i e s  and h y d r a u l i c  c o n n e c t i o n s  t o  t h e  o t h e r  

sys tems a r e  s i m u l a t e d ,  



The n e x t  i m p o r t a n t  s o u r c e  of e r r o r  i s  t h e  method by which t h e  Lap lace  

e q u a t i o n  i s  solved;  namely, t h e  f i n i t e - d i f f e r e n c e  approach,  s i n c e  t h i s  

method i n v o l v e s  a n  approx imat ion  of t h e  e q u a t i o n .  

It i s  v e r y  d i f f i c u l t  t o  p u t  a number on t h e  magnitude of e r r o r  

invo lved  i n  e s t i m a t i n g  t h e  p h y s i c a l  pa ramete rs  o f  t h e  sys tem because  even 

i f  t h e  r e s u l t s  o b t a i n e d  from t h e  f i e l d  t e s t s  were known t o  b e  a b s o l u t e l y  

c o r r e c t  t h e y  o n l y  r e p r e s e n t  i s o l a t e d  p o i n t s  i n  t h e  sys tem.  These i s o l a t e d  

v a l u e s  have been g e n e r a l i z e d  t o  r e p r e s e n t  l a r g e  a r e a s  o f  t h e  system. 

Under such e i r e u m s t a n e e s  t h e  a c t u a l  v a l u e  of t h e  pa ramete r  a t  some p o i n t  

i n  t h e  model may b e  much d i f f e r e n t .  

8 .9  R e s u l t s  -- 
Simula t ion  was conducted under t h e  assumptions  t h a t  ( a )  t h e  a q u i f e r  

was comple te ly  c o n f i n e d  ( i . e . ,  no l e a k a g e )  and (b )  t h e  a q u i f e r  was 

i n  h y d r a u l i c  c o n t a c t  w i t h  t h e  o v e r l y i n g  and u n d e r l y i n g  beds ( i . e . ,  

t h e  a q u i f e r  was l e a k y ) .  It was n o t  p o s s i b l e  t o  r e p r o d u c e  t h e  

h i s t o r i c a l  r e s p o n s e  o f  t h e  a q u i f e r  under  t h e  no- leakage h y p o t h e s i s .  

It was concluded t h a t  t h e  a q u i f e r  was l e a k y .  

The l a t e r a l  f l o w  a c r o s s  t h e  pinch-out l i n e  o f  t h e  C a s t l e  Hayne 

a q u i f e r  was ex t remely  s m a l l ;  i . e . ,  abou t  2 mgd, T h i s  was f u r t h e r  

t e s t e d  by assuming t h a t  t h e  pinch-out boundary was ( a )  a n  a q u i p o t e n t i a l ,  

and (b)  a n  impermeable boundary. The e f f e c t  on t h e  p o t e n t i a l  d i s -  

t r i b u t i o n  w i t h i n  t h e  a q u i f e r  was n o t  s i g n i f i c a n t .  

The p o t e n t i a l  f i e l d  was found t o  be  s u r p r i s i n g l y  i n s e n s i t i v e  t o  

r e a s o n a b l e  changes  i n  t h e  t r a n s m i s s i v i t y  v a l u e s  even when t h e  a r e a  

covered was q u i t e  e x t e n s i v e ,  It i s  concluded t h a t  moderate  changes  

i n  t h e  t r a n s m i s s i v i t y  v a l u e s  were n o t  c r i t i c a l  t o  t h e  r e s p o n s e  of 

t h e  system. 

The a q u i f e r  was i n  h y d r a u l i c  connec t ion  w i t h  t h e  Roanoke R i v e r  and 

Albemarle Sound. 

Under 1965 s i e a d y - s t a t e  c o n d i t i o n s ,  abou t  20 mgd were e n t e r i n g  o v e r  

a n  a r e a  of approx imate ly  90 s q u a r e  m i l e s  n o r t h  o f  t h e  Pamlico R i v e r  

and abou t  45 mgd over  a n  a r e a  of approx imate ly  200 s q u a r e  m i l e s  s o u t h  

o f  t h e  r i v e r  as  d i r e c t  r e c h a r g e ,  T h i s  i s  e q u i v a l e n t  t o  a n  a v e r a g e  

r e c h a r g e  r a t e  of 4 i n c h e s  p e r  s q u a r e  m i l e  above t h e  Pamlico and 

abou t  4 .5  i n e h e s  p e r  y e a r  s o u t h  o f  Pamlico.  These r e s u l t s  are a t  

v a r i a n c e  w i t h  e i t h e r  t h e  magnitude of r e c h a r g e  o r  t h e  a r e a  o v e r  which 

i t  t a k e s  p l a c e  con ta ined  i n  t h e  1967 C o n s u l t a n t ' s  Repor t  o r  i n  ~ e w i e s t ' s  

paper .  



Approximately 20 m i l l i o n  g a l l o n s  p e r  day were d i s c h a r g e d  from t h e  

a q u i f e r  t o  t h e  Pamlico e s t u a r y  between Washington, North C a r o l i n a ,  

and Lee Creek a s  compared t o  30 rngd c o n t a i n e d  i n  t h e  1967 Con- 

s u l t a n t ' s  Repor t .  

The pumping h a s  had l i t t l e  e f f e c t  i n  t h e  main b a s i n  r e c h a r g e  a r e a s  

by t h e  p i n c h o u t  l i n e .  The a c t u a l  i n c r e a s e  i n  r e c h a r g e  from t h e  

c a p t u r e  o f  r e j e c t e d  r e c h a r g e  i s  approx imate ly  6  m i l l i o n  g a l l o n s  p e r  

day,  

Under t h e  1968  c o n d i t i o n s ,  t h e  f l o w  t o  t h e  Yorktown fo rmat ion  was 

r e v e r s e d  w i t h  approximately  25 mgd e n t e r i n g  t h e  sys tem.  

The b a s e  f l o w  e n t e r i n g  t h e  Pamlico e s t u a r y  h a s  been reduced by 

abou t  30 mgd under  1968 c o n d i t i o n s  w h i l e  t h e r e  i s  s t i l l  f r e s h  w a t e r  

e n t e r i n g  t h e  e s t u a r y  i n  t h e  uppermost r e a c h .  

The l e a k a n c e  i n  t h e  updip p o r t i o n s  o f  t h e  a q u i f e r  i s  an  o r d e r  o f  

magnitude h i g h e r  t h a n  i n  t h e  r e s t  of t h e  a q u i f e r .  There  is ,  however, 

no e v i d e n c e  of t h e  a q u i f e r  b e i n g  more l e a k y  n e a r  t h e  Lee Creek 

mine a s  was concluded by t h e  1967 C o n s u l t a n t ' s  Repor t .  









Chapte r  9 

DIGITAL COMPUTER SIMULATION 

The purpose  of t h i s  p h a s e  of t h e  s t u d y  was t o  s i m u l a t e  t h e  r e s p o n s e  o f  a 

l e a k y  conf ined  a q u i f e r  t o  pumping from one o r  more w e l l s  by s o l v i n g  t h e  govern- 

i n g  two-dimensional groundwater  f l o w  e q u a t i o n s .  The C a s t l e  Hayne a q u i f e r  sys tem 

i s  i r r e g u l a r  i n  shape,  non-homogeneous and a n i s o t r o p i c  i n  c h a r a c t e r .  The 

t e c h n i q u e  of s o l v i n g  t h e  d i f f e r e n t i a l  e q u a t i o n s  shou ld  b e  a b l e  t o  t a k e  i n t o  

account  t h e  t r a n s i e n t  l e a k a g e  from c o n f i n i n g  beds .  

The d i f f e r e n t i a l  e q u a t i o n  f o r  non-steady f l o w  o f  a c o m p r e s s i b l e  f l u i d  i n  

a n  e l a s t i c  non-homogeneous porous  medium can b e  w r i t t e n  (16) .  

where T  i s  t h e  
i j  

h  i s  t h e  

S i s  t h e  

t i s  t h e  

W i s  t h e  

t r a n s m i s s i v i t y  t e n s o r  

h y d r a u l i c  head 

s t o r a g e  c o e f f i c i e n t  

t ime  

volume f l u x  p e r  u n i t  a r e a  

W is  t h e  s o u r c e  f u n c t i o n  which may c o n s i s t  o f  pumping, l e a k a g e  from 

a c o n f i n i n g  l a y e r ,  o r  r e c h a r g e .  

If t h e  c o o r d i n a t e  a x e s  a r e  a l i g n e d  w i t h  t h e  p r i n c i p a l  d i r e c t i o n s  of t h e  

t r a n s m i s s i v i t y  t e n s o r ,  t h e  f i n i t e  d i f f e r e n c e  approx imat ion  t o  t h e  govern ing  

e q u a t i o n  may be w r i t t e n  by d i s c r e t i z i n g  t h e  space  and r ime v a r i a b l e s .  A 

r e c t a n g u l a r  n e t  o r  g r i d  i s  superposed on a p l a n  view of  t h e  groundwater  

r e s e r v o i r .  If N i s  t h e  number o f  nodes,  N s imul taneous  e q u a t i o n s  have t o  b e  

so lved .  

The b a s i c  computer program which computes t h e  h y d r a u l i c  head i n  t h e  a q u i f e r  

as a  f u n c t i o n  o f  s p a c e  and t i m e  h a s  been d e v i s e d  by P i n d e r  o f  t h e  U.  S .  

Geo log ica l  Survey ( 1 7 ) ,  The program i s  w r i t t e n  i n  FORTRAN I V  f o r  t h e  IBM 360 

system. The e q u a t i o n s  a r e  s o l v e d  i m p l i c i t l y  a t  each  node of t h e  g r i d  f o r  t h e  

s p e c i f i e d  boundary c o n d i t i o n s ,  s t e p p i n g  th rough  t i m e  i n  inc rements  of A t  

seconds  u n t i l  t h e  p e r i o d  of a n a l y s i s  i s  complete .  To d e t e r m i n e  t h e  p r e c i s i o n  

o f  t h e  c a l c u l a t i o n s ,  a mass b a l a n c e  i s  a l s o  computed. The p rocedure  known 
I 

as i t e r a t i v e  a l t e r n a t i n g  i m p l i c i t  d i r e c t i o n s  i s  used f o r  s o l v i n g  t h e  e q u a t i o n s .  



The bas i c  computer program was modified i n  s e v e r a l  r e s p e c t s  f o r  use  i n  

t h i s  s tudy.  A t  each node t h e  fol lowing information i s  recorded a s  d a t a  s e t s :  

Transmiss iv i ty  of t h e  a q u i f e r  

S torage  c o e f f i c i e n t  of t he  a q u i f e r  

Thickness of t h e  leaky conf in ing  bed 

Hydraulic head i n  t he  source bed; i . e . ,  water t a b l e  e l e v a t i o n s  

I n i t i a l  hydrau l i c  head va lues  i n  t h e  a q u i f e r  

The v e r t i c a l  hydraul ic  conduc t iv i ty  of t he  conf in ing  bed 

S p e c i f i c  s t o r a g e  i n  t h e  confining l a y e r  

Discharge from we l l s  

Recharge 

Dimensions of t h e  r ec t angu la r  g r i d  elements of t h e  superposed 

f i n i t e - d i f f e r e n c e  mesh. 

Temporary hydrau l i c  head va lues  f o r  use  i n  extending e a r l i e r  run 

t o  a  l onge r  pe r iod ,  

A 27  x 27 g r i d  was used,  The s i z e  of t he  mesh was f i n e r  nea r  t h e  p i t .  

S t a r t i n g  from t h e  p i t  t h e  fol lowing spacing i n  f e e t  was used i n  each of t h e  

f o u r  d i r e c t i o n s :  

1300, 2000, 2650, 5300, 5300, 5300, 5300, 10600, 10600, 10600, 

10600, 10600, 10600, 10600. 

The a r e a  covered was 36 mi les  x 36 miles;  i , e . ,  about 1300 squa re  mi les .  

Three s e t s  of t r a n s m i s s i v i t y  va lues  were used: 

( i )  The va lues  i n  t h e  Technical Report 

( i i )  Values i n  t h e  Technical Report modified t o  p a r t i a l l y  smooth t h e  

extreme bends i n  t h e  t r ansmis s iv i ty  contours  

( i i i )  Transmiss iv i ty  d i s t r i b u t i o n  p a t t e r n  based on t h e  Upper C a s t l e  

Hayne a q u i f e r  t h i ckness  with a  decrease  i n  t he  hydrau l i c  conduc t iv i ty  

va lues  downdip. 

Two s e t s  of water - tab le  e l eva t ions  were used. For e a r l i e r  runs  t h e s e  were 

r ead  from t h e  wa te r  t a b l e  contour  map. It was discovered t h a t  t h e s e  va lues  

d id  not  g i v e  t h e  same head d i f f e rence  a s  contained i n  F igure  35 o f  t he  Techni- 

c a l  Report.  To a s s u r e  compa t ib i l i t y  wi th  t h e  leakage s t u d i e s ,  water - tab le  

e l e v a t i o n s  were der ived  by adding the  head d i f f e r e n c e  t o  t he  p iezometr ic  s u r f a c e  

e l e v a t i o n s .  These were t h e  va lues  which were used i n  a l l  subsequent runs .  In  

a  few runs,  t he  water  t a b l e  e l eva t ions  were assumed t o  b e  equal  t o  t h e  i n i t i a l  

p iezometr ic  su r f ace  e l e v a t i o n s .  This i s  what i s  r equ i r ed  by t h e  theory;  



o t h e r w i s e  s t r i c t l y  s p e a k i n g ,  t h e  s o l u t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n  i s  n o t  

v a l i d .  

Numerous r u n s  were made assuming d i v e r s e  d i s t r i b u t i o n s  of v e r t i c a l  permea- 

b i l i t y .  The r e c h a r g e  assumpt ions  i n  t h e  z e r o  a q u i t a r d  t h i c k n e s s  a r e a s  made i n  

t h e  T e c h n i c a l  Repor t  were  n o t  s t a t e d .  An e q u i p o t e n t i a l  boundary th rough  t h e  

c e n t e r  o f  g r a v i t y  o f  t h e s e  a r e a s  was p o s t u l a t e d ,  Keeping t h e  r a t i o s  o f  v e r t i -  

ca l  c o n d u c t i v i t y  i n v i o l a t e ,  t h e  p e r m e a b i l i t y  v a l u e s  were  m u l t i p l i e d  by a  f a c t o r  

o f  1 , 0 ,  2.0, 5 , 0 ,  6 , 5 ,  7.0,  and 10.0 t o  i n v e s t i g a t e  t h e  r e s u l t i n g  s t a b i l i t y  

c h a r a c t e r i s t i c s  of t h e  drawdowns. I n  a n  a l t e r n a t e  set o f  r u n s ,  d i f f e r e n t  

r e c h a r g e  i n t e n s i t i e s  were  t r i e d  t o  a v o i d  unreasonab le  build-up o f  head i n  t h e  

z e r o  a q u i t a r d  t h i c k n e s s  a r e a s .  With t h e s e  v a l u e s  o f  r e c h a r g e ,  t h e  v e r t i c a l  

p e r m e a b i l i t i e s  were m u l t i p l i e d  by d i f f e r e n t  f a c t o r s .  

I n  a n o t h e r  s e t  o f  r u n s ,  uniform v a l u e s  of v e r t i c a l  p e r m e a b i l i t i e s  were  

assumed t o  g e t  a n  i d e a  o f  t h e  magnitude of p e r m e a b i l i t i e s  t h a t  w i l l  be r e q u i r e d  

t o  g e t  t h e  observed v a l u e s  of drawdowns. 

To s e e  t h e  e f f e c t  t h a t  t h e  i n c l u s i o n  o f  t r a n s i e n t  l e a k a g e  f rom t h e  a q u i -  

t a r d s  w i l l  make, r u n s  were  made w i t h  and w i t h o u t  t r a n s i e n t  l e a k a g e .  

It was n o t  p o s s i b l e  t o  reproduce  t h e  drawdowns u s i n g  t h e  d a t a  i n  t h e  

T e c h n i c a l  Repor ta  The v e r t i c a l  p e r m e a b i l i t i e s  have t o  b e  i n c r e a s e d  5 t o  7  

t imes  t o  a t t a i n  t h e  s t a b i l i t y  o f  t h e  drawdowns. Even t h e n ,  t h e  drawdowns i n  

most of t h e  a r e a s  i n  t h e  e a s t  a r e  much more t h a n  shown by t h e  1970 p i e z o m e t r i c  

s u r f a c e .  The o n l y  c o n c l u s i o n  t h a t  can  b e  reached  i s  t h a t  t h e  v e r t i c a l  permea- 

b i l i t i e s  of t h e  a q u i t a r d s  a r e  g r e a t l y  underes t imated  i n  t h e  T e c h n i c a l  Repor t  

and t h e  r e l a t i v e  d i s t r i b u t i o n  o f  t h e  magni tudes  i s  a l s o  a t  f a u l t .  One p o s s i b l e  

e x p l a n a t i o n  may be  t h a t  t h e  upward l e a k a g e  from t h e  u n d e r l y i n g  B e a u f o r t  may 

b e  more s i g n i f i c a n t  i n  t h e  e a s t e r n  a r e a s  t h a n  t h e  downward l e a k a g e  from Yorktown 

and Pungo River  f o r m a t i o n s .  A l t e r n a t i v e l y ,  t h e  l e a k a g e  from Yorktown may be  

h i g h e r  t h a n  presumed. 

I n c l u s i o n  o f  t h e  s t o r a g e  i n  t h e  a q u i t a r d s  and t h e  r e s u l t i n g  t r a n s i e n t  

l e a k a g e  r e p r o d u c e s  t h e  t i m e  r a t e  b e t t e r  t h a n  t h e  assumption o f  n e g l i g i b l e  

s t o r a g e  i n  t h e  a q u i t a r d ,  I n  t h i s  might b e  s t i l l  a n o t h e r  e x p l a n a t i o n  f o r  t h e  

d i s p a r i t y  d i s c u s s e d  e a r l i e r .  

The l e a k a g e  i n  t h e  upper  r e a c h e s  o f  t h e  e s t u a r y  and t h e  a d j o i n i n g  a r e a s  

h a s  t o  be  f i x e d  a t  a h i g h e r  l e v e l  t o  reproduce  t h e  drawdowns of t h e  observa-  

t i o n  w e l l s  i n  t h o s e  a r e a s ,  A s  no f l o w  n e t  was c o n s t r u c t e d  f o r  t h e  1965 p iezo-  

m e t r i c  s u r f a c e ,  t h i s  can e a s i l y  e s c a p e  d e t e c t i o n  by t h e  f l o w  n e t  of 1970 



piezometr ic  s u r f a c e ,  A s  has  been pointed out  e a r l i e r ,  t h e  e x t e n t  of upward 

leakage implied by t h e  1965 contours  cannot be t r anspor t ed  t o  t h e  Pamlico 

e s t u a r y  wi th  t h e  v e r t i c a l  permeabi l i ty  magnitudes assumed. 

The d i s p a r i t y  between t h e  r e s u l t s  of t h e  flow n e t  a n a l y s i s  and analog 

and d i g i t a l  s imula t ion  should be i n v e s t i g a t e d  f u r t h e r .  Flow-net a n a l y s i s  i s  

r e a l l y  a g raph ica l  method of so lv ing  the  d i f f e r e n t i a l  equat ion  governing t h e  

f low of groundwater. The t r o u b l e  most probably l i e s  i n  t h e  acceptance 

c r i t e r i o n  and t h e  f a c t  t h a t  i t  d e a l s  only wi th  s t eady- s t a t e  cond i t i ons .  A f t e r  

one assumes a  p a r t i c u l a r  d i s t r i b u t i o n  of v e r t i c a l  p e r m e a b i l i t i e s  and a r r i v e s  

a t  a  d i s t r i b u t i o n  of t r a n s m i s s i v i t i e s ,  how does one dec ide  t h a t  t h i s  i s  a  

reasonable d i s t r i b u t i o n  of t r a n s m i s s i v i t i e s ?  The c r i t e r i a  f o r  r e j e c t i o n  or f o r  

acceptance a r e  n o t  sharp  enough, Not only i s  i t  enough t o  reproduce t h e  s teady  

s t a t e  i n  1970, i t  i s  e s s e n t i a l  t o  be a b l e  t o  t r a c e  t h e  pa th  t h a t  t he  system 

has  taken t o  reach t h a t  s teady  s t a t e ,  The t e s t i n g  ground i s  t h e  non-steady 

s t a t e  d a t a ,  

Both t h e  a l t e r n a t i v e  d i s t r i b u t i o n s  of t r a n s m i s s i v i t i e s  g ive  s l i g h t l y  

b e t t e r  f i t  than t h e  d i s t r i b u t i o n  i n  t he  Technical  Report.  

9 , 1  A l t e r n a t i v e  S t r a t e g i e s  of Development 

No f u t u r e  p r o j e c t i o n s  of water  needs f o r  i n d u s t r i a l ,  municipal ,  

and a g r i c u l t u r a l  development i n  t h e  a r e a  were a v a i l a b l e  f o r  u se  i n  t h i s  

s tudy.  The only requirements  known wi th  any degree of assurance  a r e  f o r  

t h e  dewatering ope ra t ions  of e x i s t i n g  and proposed open p i t  mines. The 

model was app l i ed  t o  t h r e e  con f igu ra t ions  of development w i t h i n  t h e  

Beaufort  County. The s t r a t e g i e s  considered were (1) 60 mgd a t  t h e  Lee 

Creek mine s i t e ,  (2)  a  quasi-steady s t a t e  drawdown of 120 f e e t  a t  t h e  

Lee Creek mine and a  drawdown of 150 f e e t  a t  t h e  proposed North Caro l ina  

Phosphate Corporat ion mine a t  South Creek, and (3) an a d d i t i o n a l  pumping 

c e n t e r  away from t h e  n a t u r a l  recharge and d ischarge  a r e a s  wi th  t h e  s t i p u -  

l a t i o n  t h a t  t h e  drawdown a t  t h e  new l o c a t i o n  no t  exceed 130 f e e t ,  

The f i r s t  a l t e r n a t i v e  was s e l e c t e d  t o  t e s t  t h e  a b i l i t y  of t h e  model 

t o  reproduce t h e  drawdowns h i s t o r i c a l l y  observed i n  t h e  e a r l i e r  phases 

of pumping a t  Lee Creek. The comparison wi th  the  observed drawdowns was 

considered t o  be s a t i s f a c t o r y .  

I n  t h e  second s t r a t e g y ,  an a d d i t i o n a l  pumping c e n t e r  was placed a t  a  

l o c a t i o n  4 mi l e s  south  of the e x i s t i n g  Texas Gulf p i t  a t  Lee Creek. 



This  l o c a t i o n  a t  South Creek i s  t h e  p o t e n t i a l  s i t e  of t h e  mining opera- 

t i o n s  of t h e  North Carol ina Phosphate Corporat ion.  For t h e  s t i p u l a t e d  

drawdowns, t h e  pumping r a t e s  requi red  were: 

35 mgd a t  Texas Gulf s i t e  

and 56 mgd a t  the South Creek 

The piezometr ic  s u r f a c e  map and the  va lues  of drawdowns f o r  t h e  va r ious  

c ross -sec t ions  a r e  given i n  Figure 14. The model va lues  show g r e a t e r  

v a r i a t i o n s  from t h e  va lues  i n  t he  Technical  Report i n  t h e  v i c i n i t y  of t h e  

pumping c e n t e r s  and nea r  t h e  recharge a r e a s .  

The t h i r d  pumping c e n t e r  was s e l e c t e d  away from the  a r e a s  of n a t u r a l  

recharge and d ischarge  where the  s e n s i t i v i t y  of t h e  drawdowns t o  t h e  

withdrawal r a t e s  w i l l  be  g r e a t e r .  So a s  no t  t o  concen t r a t e  a l l  t h e  

development south  of t he  Pamlico River,  t h e  pumping c e n t e r  was placed 

n o r t h  of t h e  r i v e r ,  20 mi les  nor th-nor theas t  of Lee Creek mine near  t h e  

map gr id-poin t  M-15. The s t i p u l a t i o n  drawdowns were 120 f e e t  a t  Lee 

Creek, 150 f e e t  a t  South Creek and 130 f e e t  a t  t h e  new s i t e .  The pumping 

r a t e s  f o r  t h e s e  assumptions corresponded t o  

28.3 mgd a t  Lee Creek 

52.5 mgd a t  South Creek 

and 49.0 mgd a t  t h e  t h i r d  pumping c e n t e r  

As t h i s  pumping c e n t e r  l o c a t i o n  i s  d i f f e r e n t  than i n  t h e  Technical  Report,  

i t  i s  not  p o s s i b l e  t o  compare these  va lues .  

Summary and Conclusions 

This s tudy  would have been much more meaningful and u s e f u l  had t h e  

p r o j e c t i o n s  of t h e  economic development and water  needs of t h e  a r e a  

been a v a i l a b l e ,  The goa l  of e f f i c i e n t ,  comprehensive development of t h e  

C a s t l e  Hayne a q u i f e r  cannot be r e a l i z e d  without  t h i s  in format ion .  The 

s o c i a l  c o s t s  imposed on o t h e r  u se r s  by mining ope ra t ions  and an e q u i t a b l e  

d i s t r i b u t i o n  of t h e s e  c o s t s  depends on the  f o r e c a s t  of pumping l i f t s  and 

water  q u a l i t y .  Th i s ,  i n  t u rn ,  i s  dependent on t h e  p r e d i c t i o n  of hydro- 

l o g i c  v a r i a b l e s  which cannot be made r e a l i s t i c  i n  t h e  absence of demand 

informat ion ,  

It i s  no t  p o s s i b l e  t o  reproduce t h e  1970 p iezometr ic  s u r f a c e  wi th  

t h e  d a t a  of t he  Technica l  Report.  The va lues  of v e r t i c a l  hydraul ic  
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Figure 14. Drawdown for Two Pumping Centers - Texas Gulf-35 MGD, 
NCP-55 MGD. 



conduct iv i ty  of t h e  confining l a y e r s ,  p a r t i c u l a r l y  i n  t h e  v i c i n i t y  of t h e  

upper reaches of t h e  Pamlico e s tua ry ,  a r e  g r e a t l y  underest imated.  Analyses 

from s e v e r a l  d i f f e r e n t  approaches confirms t h i s  a s  we l l .  The d i s t r i b u t i o n  

of t r a n s m i s s i v i t i e s  i s  a l s o  d i f f e r e n t  from t h a t  given i n  t h e  Technical  

Report. 

The cons ide ra t ion  of s t o r a g e  i n  t h e  a q u i t a r d s  g ives  a  b e t t e r  f i t  t o  

t h e  h i s t o r i c a l  d a t a  than does i t s  exc lus ion ,  

The assumption of cons tan t  water - tab le  e l e v a t i o n s  w i l l  l e a d  t o  

eventua l  quasi-s teady s t a t e  condi t ions ,  no ma t t e r  what t h e  amount of 

withdrawals.  This  assumption cannot be s u s t a i n e d  o u t s i d e  reasonable l i m i t s ,  

The two a l t e r n a t i v e s  a v a i l a b l e  t o  circumvent t h i s  a r e  (a )  use  of a  more 

s o p h i s t i c a t e d  a n a l y s i s  tak ing  the  t r a n s m i s s i v i t i e s  of source  bed i n t o  

account,  o r  (b) s p e c i f i c a t i o n  of maximum a v a i l a b l e  drawdowns through t h e  

a r e a .  





Chapter  1 0  

WATER QUALITY 

The major  l i m i t i n g  f a c t o r  i n  t h e  con t inued  development o f  t h e  groundwater 

r e s o u r c e  i n  t h e  C a s t l e  Hayne a q u i f e r  sys tem i s  t h e  f u t u r e  q u a l i t y  o f  w a t e r .  

Any r e a l i s t i c  e v a l u a t i o n  o f  groundwater management a l t e r n a t i v e s  r e q u i r e s  t h e  

a b i l i t y  t o  p r e d i c t  t h e  long-term l o c a l  and r e g i o n a l  e f f e c t s  on w a t e r  q u a l i t y .  

I n  a  complex system l i k e  t h e  C a s t l e  Hayne, development of a c c e p t a b l e  methods o f  

a n a l y s i s  t o  t r a c e  t h e  movement o f  con taminan ts  i s  n o t  s t r a i g h t f o r w a r d .  

Three  phases  o f  a n a l y s i s  a r e  invo lved  i n  p r e d i c t i n g  contaminant  t r a n s p o r t  

through porous media : 

1. Macroscopic f l u i d  f l o w  a n a l y s i s  which g i v e s  t h e  s o - c a l l e d  con- 

v e c t i v e  f l u x ,  

2.  Microscopic  f l o w  a n a l y s i s  f o r  d i f f u s i o n  and  hydrodynamic d i s -  

p e r s i o n  ( t h e s e  a r e  t h e  o n l y  mechanisms which can  l e a d  t o  

any mixing i n  t h e  two-dimensional f l o w ) ,  and 

3 .  I n t e r a c t i o n  o f  con taminan ts  w i t h  t h e  p h y s i c a l ,  chemical ,  and 

b i o l o g i c a l  environment .  

The q u a l i t y  c o n s t i t u e n t s  i n  groundwater can  be c l a s s i f i e d  a s  t o  t h e i r  

r e l a t i v e  movement w i t h  r e s p e c t  t o  t h a t  o f  t h e  t r a n s p o r t i n g  wate r :  t h e  p o l l u t a n t s  

which t r a v e l  w i t h  t h e  w a t e r  ( f l u i d  c o i n c i d e n t )  and t h e  c o n s t i t u e n t s  which move 

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

(non-co inc iden t ) ,  Many a r t i f i c i a l  r e c h a r g e  s t u d i e s  have shown t h a t  n o t  a l l  

q u a l i t y  c o n s t i t u e n t s  a r e  f l u i d  c o i n c i d e n t .  Even t h e  con taminan ts  t h a t  a r e  f l u i d  

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

A s  a f i r s t  approx imat ion ,  f l u i d - c o i n c i d e n t  c o n s t i t u e n t s ,  l i k e  c h l o r i d e s ,  

can be ana lyzed  f o r  c o n v e c t i v e  f l u x  on ly .  To d e t e r m i n e  where c h l o r i d e s  may go 

and how l o n g  w i l l  be r e q u i r e d ,  i t  i s  n e c e s s a r y  t o  de te rmine :  

1, p a t t e r n  o f  f low,  

2 .  v e l o c i t y  d i s t r i b u t i o n  and t r a v e l  t i m e s ,  and 

3 .  f l u x  o r  m a t g r i a l  d i s t r i b u t i o n .  

The p r i n c i p a l  f a c t o r s  t h a t  c o n t r o l  t h e  f l o w  sys tem a r e :  

a .  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  r o c k  s k e l e t o n  o f  t h e  system; f o r  

example, p o r o s i t y ,  t h i c k n e s s ,  and s t r a t i f i c a t i o n  o f  t h e  a q u i t a r d s  

and t h e  a q u i f e r s ,  

b.  d e g r e e  of homogeneity and a n i s t o t r o p y  o f  t h e  porous  media, 

c. s p a t i a l  d i s t r i b u t i o n  o f  h y d r a u l i c  c o n d u c t i v i t y  and s t o r a t i v i t y  

o f  t h e  a q u i f e r s  and t h e  a q u i t a r d s ,  



d. t he  d i s t r i b u t i o n  of hydraul ic  heads and g r a d i e n t s  f o r  t h e  p re sen t ,  

o r  f u t u r e ,  condi t ions  of i n t e r e s t ,  and 

e. q u a n t i t i e s  of water  flowing i n t o  and out  of t h e  water-bearing 

m a t e r i a l s  and t h e  p laces  where t h e  inf low and outflow occur .  

A s  a r e s u l t  o f  t h e  concent ra ted  heavy withdrawals,  t h e  piezometr ic  l e v e l  

has  been drawn down t o  about  140 f e e t  below s e a  l e v e l  n e a r  t h e  pumping cen te r ,  

and t h e  gene ra l  f low of groundwater from a l l  d i r e c t i c n s  i s  towards the  Texas 

Gulf mine. The a q u i f e r  has  geohydrologic boundaries wi th  t h e  over ly ing  Yorktown 

and t h e  underlying Beaufort  formations.  A s  f r e s h  water  i s  pumped ou t ,  i t  i s  

replaced by the  water  moving and con t r ibu t ing  t o  t h e  d ischarge  a s  fol lows:  

1. f r e s h  water  from the  recharge a r e a s ,  

2;  water w i t h  r e l a t i v e l y  low c h l o r i d e  content  from t h e  e a s t  

followed by t h e  wes t e r ly  migra t ion  of t he  f r e s h  wa te r - sa l t  

water  i n t e r f a c e ,  

3 .  leakage water  of vary ing  q u a l i t y  and composition from t h e  

a q u i t a r d s  above and below, and 

4 .  brack i sh  water  from t h e  Pamlico e s tua ry  and o t h e r  s u r f a c e  

water  bodies  i n  a r e a s  where the  hydrau l i c  g rad ien t  has  been 

reversed .  

Water w i th  h igh  c h l o r i d e  content  (o r  having o t h e r  ob jec t ionab le  q u a l i t i e s )  

whether i n  t h e  a q u i f e r ,  t h e  aqu i t a rds ,  o r  on t h e  su r f ace ,  when i n t e r c e p t e d  by 

t h e  cone of depress ion ,  w i l l  be induced by t h e  p r e v a i l i n g  hydrau l i c  g r a d i e n t s  

t o  flow toward t h e  po in t  of withdrawal.  This  l e a d s  t o  t h e  d e t e r i o r a t i o n  of t h e  

water  q u a l i t y  i n  t h e  a q u i f e r  system between t h e  p o i n t s  of  i n t e r c e p t i o n  and pump- 

ing .  The p o t e n t i a l  sources  of d e t e r i o r a t i o n  of t h e  water  q u a l i t y  i n  t h e  Upper 

C a s t l e  Hayne a q u i f e r  can b e  enumerated under t h e  fo l lowing  headings: 

1. l a t e r a l  movement of t he  l e n s e s  of b rack i sh  waters  occurr ing  

wi th in  t h e  f r e s h  water  zone i n  t h e  a q u i f e r s ,  

2 .  l a t e r a l  movement of t h e  s a l t  water-fresh water  i n t e r f a c e  i n  t h e  

Cas t l e  ~ a y n e  a q u i f e r ,  

3. upconing of t h e  s a l t  water  t h a t  u n d e r l i e s  t h e  f r e s h  water  i n  t h e  

C a s t l e  Hayne i n  t h e  v i c i n i t y  of t h e  mine, 

4 .  r e g i o n a l  migra t ion  of t h e  s a l t  water  downward from t h e  Yorktown 

formation and upward from t h e  Beaufort  formation because of t h e  

r e l a t i v e  head d i f f e r e n c e s  between t h e s e  a q u i f e r s  and t h e  C a s t l e  

Hayne , 



5.  t h e  "squeezing" of s a l t  water  from the  conf in ing  beds i n t o  the  

a q u i f e r  due t o  compaction, and 

6 .  v e r t i c a l  movement of t h e  e s t u a r i n e  water  from the  Pamlico. 

The f i r s t  t h r e e  sources  r e l a t e  t o  t h e  s a l i n e  water  t h a t  occurs  n a t u r a l l y  

i n  t h e  aqu i f e r ;  t he  l a s t  t h r e e  involve  the  behavior  of t h e  conf in ing  l a y e r s .  

L a t e r a l  Movement 

To s o l v e  t h e  problem of t h e  t r a n s p o r t  of a  d i sso lved  s o l i d ,  con- 

v e c t i v e  and d i s p e r s i v e  t r a n s p o r t  should be considered s imultaneously.  

The governing d i f f e r e n t i a l  equat ion f o r  two-dimensional f low i s  (18): 

where v  and v  a r e  average da rc i an  v e l o c i t i e s  i n  t h e  x and y d i r e c t i o n ,  
X Y 

r e spec t ive ly ,  O i s  t h e  po ros i ty ,  D and D a r e  d i spe r s ion  c o e f f i c i e n t s  
X Y 

and c  i s  t h e  concen t r a t ion  of s a l t  i n  mass per  u n i t  volume of s o l u t i o n .  

Pinder  (18) has devised a  d i g i t a l  computer s o l u t i o n  of t h i s  equat ion .  

The convect ive term i s  l a r g e r  than t h e  d i s p e r s i v e  term. However, i f  

d i spe r s ion  i s  ignored,  t he  s o l u t i o n  can d i f f e r  cons iderably  than  when 

t h e  two a r e  considered s imultaneously,  

The one-dimensional ve r s ion  of t h e  d i f f e r e n t i a l  equat ion  becomes 

where c  r e p r e s e n t s  t h e  concent ra t ion  of a c o n s t i t u e n t .  The f i r s t  term 

on t h e  right-hand s i d e  r e p r e s e n t s  convect ive t r a n s p o r t ,  t h e  second term 

r e p r e s e n t s  t r a n s p o r t  of m a t e r i a l  by d i spe r s ion ,  and t h e  term on t h e  l e f t -  

hand s i d e  r e p r e s e n t s  accumulation. The d i f f e r e n t i a l  equat ion  governs 

one-dimensional displacement of a  f l u i d  i n  a porous medium by means of 
* 

a  second, mi sc ib l e  f l u i d .  The e f f e c t  on concen t r a t ion  v a r i a t i o n  i s  

given by convect ive  t r a n s p o r t  w i th  r e spec t  t o  t r a v e l ,  and by d i s p e r s i v e  

t r anspor t  wi th  r e s p e c t  t o  decay. Of s p e c i a l  i n t e r e s t  i n  groundwater 

q u a l i t y  a r e  t he  cases  i n  which the  d i spe r s ion  term i s  smal l  r e l a t i v e  t o  

t h e  convect ive term. I f  we ignore  d i spe r s ion ,  t he  equat ion reduces t o  



T h i s  i s  a  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  o f  t h e  h y p e r b o l i c  t y p e .  It 

i s  v e r y  d i f f i c u l t  t o  f i n d  a s u i t a b l e  f i n i t e  d i f f e r e n c e  approx imat ion  

which combines h i g h  s t a b i l i t y  w i t h  a s m a l l  e r r o r .  To make v a l i d  pre-  

d i c t i o n s  of f u t u r e  w a t e r  q u a l i t y ,  t h e  t r a n s i e n t  h a s  t o  b e  fo l lowed  

r a t h e r  a c c u r a t e l y .  The f i n i t e  d i f f e r e n c e  t e c h n i q u e  adop ted  by 

Ganus ( l o ) ,  which forms t h e  b a s i s  o f  p r e d i c t i o n s  o f  groundwater q u a l i t y  

i n  t h e  1971  T e c h n i c a l  Repor t  does n o t  have t h e  r e q u i s i t e  p r o p e r t i e s .  

H i s  f o r m u l a t i o n  i m p l i c i t l y  i n c l u d e s  t h e  d i s p e r s i o n  term w i t h  

where A 1  i s  t h e  l e n g t h  of t h e  segment of t h e  s t r e a m l i n e .  Th is  i m p l i c i t  

i n c l u s i o n  of d i s p e r s i o n  p r o p o r t i o n a l  t o  A 1  shou ld  e i t h e r  be  j u s t i f i e d  

on p h y s i c a l  grounds o r  shou ld  be  avoided.  Nothing is  known a b o u t  t h e  

convergence,  cumula t ive  e r r o r s  o r  s t a b i l i t y  o f  h i s  s o l u t i o n .  An e s t i m a t e  

o f  p o s s i b l e  r a n g e  o f  v a r i a t i o n  of q u a l i t y  i s ,  t h e r e f o r e ,  n o t  a v a i l a b l e .  

S e v e r a l  n u m e r i c a l  t echn iques  (19, 20, 21) have been developed f o r  s o l v i n g  

t h e  one-dimensional second o r d e r  e q u a t i o n  ( i , e . ,  i n c l u d i n g  d i s p e r s i o n )  

g iven  above.  

The c h o i c e  of a c o r r e c t  boundary c o n d i t i o n  f o r  t h e  s a l i n e  a r e a s  

i s  a l s o  i m p o r t a n t ;  d i f f e r e n t  boundary c o n d i t i o n s  cor respond  t o  s o l v i n g  

d i f f e r e n t  p h y s i c a l  problems. Adequate a t t e n t i o n  h a s  n o t  s o  f a r  been 

g iven  t o  t h i s  m a t t e r .  Fur thermore,  t h e  assumptions  w i t h  r e s p e c t  t o  

mixing adop ted  b y  Ganus (10) are d e b a t a b l e  and a r e  i n c o n s i s t e n t  w i t h  

t h e  f low p a t t e r n  adopted.  

To g e t  a n  i n s i g h t  i n t o  t h e  p o s s i b l e  r e l i a b i l i t y  o f  estimates of  

groundwater q u a l i t y  due t o  t h e  known e r r o r s  i n  t h e  e s t i m a t i o n  o f  

pa ramete rs ,  c o n s i d e r  t h e  f l o w  a l o n g  a s t r e a m l i n e ,  The t r a v e l  t i m e  from 

p o i n t  1 (xl,yl) t o  p o i n t  2  (x 2 ,y2)  can be  found by e v a l u a t i n g  t h e  

i n t e g r a l  o f  t h e  r e c i p r o c a l  o f  v e l o c i t y  a l o n g  t h e  l e n g t h  of t h e  f low 

p a t h  invo lved .  That  i s  



where T  i s  t h e  time of  t r a v e l  from p o i n t  1 t o  p o i n t  2 and d l  i s  t h e  
m 

d i f f e r e n t i a l  l e n g t h  a long  t h e  p a t h .  The i n t e g r a l  i s  v a l i d  o n l y  a l o n g  t h e  

p a t h  of f low,  

I f  t h e  f l o w  sys tem r e s u l t s  a r e  a v a i l a b l e  o n l y  a s  a p i e z o m e t r i c  

s u r f a c e  map, t h e  t r a v e l  t ime  a l o n g  t h e  p a t h  m between two e q u i p o t e n t i a l s  

where O i s  t h e  p o r o s i t y ,  T  i s  t h e  t r a n s m i s s i v i t y ,  t i s  t h e  t r a v e l  
m 

t i m e  f o r  a  d i s t a n c e  1 a l o n g  t h e  s t r e a m l i n e  between t h e  e q u i p o t e n t i a l s  

w i t h  a  head d i f f e r e n c e  of Ah and b  i s  t h e  a q u i f e r  t h i c k n e s s .  Beginning 

a t  t h e  pumping c e n t e r  and  p roceed ing  a l o n g  a s t r e a m l i n e  t o  s e l e c t e d  

e q u i p o t e n t i a l s ,  t h e  cumula t ive  l a t e r a l  t r a v e l  times a r e  computed from 

t h e  r e l a t i o n s h i p  
7 

From t h e  p o i n t s  g e n e r a t e d  i n  t h i s  manner " i sochrones"  o r  l i n e s  of e q u a l  

t ime  may b e  p l o t t e d ,  These a r e  g i v e n  i n  F i g u r e  1 5  f o r  1970 pumping 

c o n d i t i o n s  and f o r  a  p o r o s i t y  of 30  p e r c e n t .  

From t h e  l o c a t i o n  o f  t h e  a r e a s  of h i g h  c h l o r i d e  c o n c e n t r a t i o n  which 

p r e s e n t l y  e x i s t  i n  t h e  a q u i f e r ,  approximate  t r a v e l  t imes  t o  any p o i n t  

may be e s t i m a t e d .  The l o c a t i o n  o f  h i g h  c h l o r i d e  l o b e  n e a r  t h e  wes t  

s h o r e  o f  t h e  Pungo R i v e r  and  a  w e l l  c o n t a i n i n g  350 ppm of c h l o r i d e  a r e  

shown on t h e  F i g u r e ,  Under 1970 pumping c o n d i t i o n s  t h e s e  p o i n t s  have 

l a t e r a l  t r a v e l  t i m e s  o f  approx imate ly  73 and 3 3  y e a r s ,  r e s p e c t i v e l y .  

With t h e  two pumping c e n t e r s  t h e  t r a v e l  t imes  a r e  p r o j e c t e d  as 54 and 

33 y e a r s .  

The a c t u a l  c o n c e n t r a t i o n s  of c h l o r i d e s  w i l l  depend on t h e  assumption 

as t o  l e a k a g e .  The c o n s i d e r a t i o n  of c o n v e c t i v e  f l u x  a l o n e  a u t o m a t i c a l l y  

assumes t h a t  t h e  two m i s c i b l e  f l u i d s  moving th rough  a porous  medium w i l l  

b e  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 .  No mixing i s  p e r m i s s i b l e .  

L o n g i t u d i n a l  D i s p e r s i o n  

The f o r e g o i n g  c a l c u l a t i o n s  and t h e  c a l c u l a t i o n s  i n  t h e  1971 T e c h n i c a l  

Report  a r e  based on t h e  assumption of no l o n g i t u d i n a l  d i s p e r s i o n  of 

v e l o c i t i e s ;  i , e , ,  a l l  p a r t i c l e s  of w a t e r  i n  a s e c t i o n  w i l l  t r a v e l  a t  t h e  

same speed .  By v i r t u e  o f  t h e  p r o p e r t y  o f  d i s p e r s i v i t y  e x h i b i t e d  by a l l  
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Figure 15. lsochrones for 1970 Pumping Conditions. 
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sediments,  a  f r a c t i o n  of t he  water  i n  t h e  l imestone w i l l  t r a v e l  a t  

speeds many t imes  t h e  average v e l o c i t y .  The s i z e  of t h i s  f r a c t i o n  i s  

s i g n i f i c a n t  i n  l imes tones .  I f  t h i s  i s  s u f f i c i e n t  t o  cause d e t e r i o r a t i o n  

of f r e s h  water  i n t o  which i t  advances, t h e  t imes a t  which d e t e r i o r a t i o n  

w i l l  t a k e  p l ace  w i l l  be much s h o r t e r .  

Sens iv i ty  of  L a t e r a l  Trave l  Times 

The magnitude of e r r o r  i n  t h e  est imated t r a v e l  times can b e  i n v e s t i -  

gated i n  terms of  t h e  poss ib l e  e r r o r s  i n  t h e  parameter va lues .  Mathemati- 

c a l  expressions can be developed t o  express  t h e s e  r e l a t i o n s h i p s .  These 

a r e  given i n  Table 6 .  

Table  6 .  S e n s i t i v i t y  of L a t e r a l  Trave l  Times 
t o  t he  Er ro r s  i n  Parameters 

The p o s s i b l e  e r r o r  i n  d i s t a n c e  between t h e  e q u i p o t e n t i a l  l i n e s  1 and 

Ah depends on t h e  accuracy of t h e  Piezometr ic  map. Because of t h e  

inadequate  d i s t r i b u t i o n  o r  t h e  absence of t h e  observa t ion  w e l l s  i n  l a r g e  

a r e a s  of t h e  C a s t l e  Hayne a q u i f e r ,  the  p o s i t i o n  of t h e  contour  l i n e  i s  

l a r g e l y  i n t e r p r e t i v e ,  Moreover, even where a c t u a l l y  observed va lues  a r e  

a v a i l a b l e ,  they  have sometimes t o  be d is regarded  i n  p re se rv ing  t h e  

r eg iona l  c h a r a c t e r  of  t he  piezometr ic  su r f ace .  Severa l  such va lues  

e x i s t  i n  t h e  1970 piezometr ic  s u r f a c e  map given i n  t h e  1971 r e p o r t .  Thus, 

t h e  p o s i t i o n  of t h e  piezometr ic  contour  l i n e s  i s  a t  b e s t  approximate. 

The t a b l e  above t e l l s  us t h a t  a  10  percent  e r r o r  i n  t h e  spacing of 

Parameter 

contours  can l e a d  t o  20 percent  e r r o r  i n  t h e  c a l c u l a t i o n  of t h e  t r a v e l  

t imes. No a c t u a l  measurements of t h e  po ros i ty  of t h e  l imestone e x i s t .  

This  parameter i s  fundamental i n  governing t h e  a c t u a l  v e l o c i t i e s .  A 

15 percent  v a r i a t i o n  from t h e  assumed va lues  can l e a d  t o  1 5  percent  

S e n s i t i v i t y  Rela t ionship  
a t  / t  m m 



v a r i a t i o n  i n  t h e  e s t ima t ion  of t r a v e l  t imes.  S imi l a r ly ,  t h e  a c t u a l  

th ickness  of t h e  C a s t l e  Hayne formation can b e  s i g n i f i c a n t l y  d i f f e r e n t  

from t h e  assumed th icknesses  which a r e  l a r g e l y  i n t e r p r e t i v e  from a few 

geophysical  l ogs .  A 10 percent  e r r o r  w i l l  l e ad  t o  10 pe rcen t  e r r o r  i n  

t h e  e s t ima t ion  of t r a v e l  t imes and, hence, concen t r a t ions .  E r ro r s  i n  

t h e  e s t ima t ion  of t r a n s m i s s i v i t i e s  w i l l  l e ad  t o  s i m i l a r  e r r o r s  i n  t h e  

es t imat ion .  S i m i l a r  comments apply t o  t h e  p o s s i b l e  e r r o r s  i n  t h e  estima- 

t i o n  of Ah, The obvious conclusion i s  t h a t  t h e  va lues  der ived  from a 

s i n g l e  s e t  o f  va lues  of t h e  parameters could be h ighly  u n r e l i a b l e .  There 

i s  no escape from ca r ry ing  ou t  a  s e n s i t i v i t y  a n a l y s i s  t o  g ive  t h e  p o s s i b l e  

range t h a t  t he  va lues  of t r a v e l  times may assume. 

10.2 Fresh Water - S a l i n e  Water I n t e r f a c e  

A t  p r e s e n t  inadequate  da t a  a r e  a v a i l a b l e  t o  d e l i n e a t e  t h e  f r e s h  

water -sa l ine  water  contac t  i n  t h e  major water-bearing format ions .  The 

zero p iezometr ic  su r f ace  contour ( i . e . ,  mean s e a  l e v e l )  i n  1970 has  

s h i f t e d  s i g n i f i c a n t l y  t o  t he  west from i t s  p o s i t i o n  i n  1965. The seaward 

flow of f r e s h  wa te r  has  l a r g e l y  reversed  due t o  t h e  drawdowns caused 

by pumping a t  Lee Creek. With inc reased  withdrawals  a s  t h e  zero draw- 

down l i n e  moves eastward, i t  w i l l  i n t e r c e p t  i n c r e a s i n g l y  poor q u a l i t y  

water .  Maintaining t h e  hydrau l i c  head a t  o r  above s e a  l e v e l  i n  a l l  

a r eas  where C a s t l e  Hayne a q u i f e r  is  d i r e c t l y  connected w i t h  the b rack i sh  

water may not b e  f e a s i b l e ,  t h e  p o s i t i o n  of t h e  i n t e r f a c e  and Its wes t e r ly  

migra t ion  should be adequately monitored. 

10 ,3  Semi-confining Layers 

The C a s t l e  Hayne a q u i f e r  is  i n  d i r e c t  hydrau l i c  con tac t  w i t h  t h e  

over ly ing  and under ly ing  formations. A s  a  r e s u l t  of pumping, cones of  

depress ion  have been developed i n  t h e  Yorktown and Pungo River  formations 

above and i n  t h e  Beaufort  formation below. A s  a r e s u l t  of t h i s ,  t h e r e  i s  

s u b s t a n t i a l  l a t e r a l  f low i n  these  formations,  and t h e  assumption t h a t  

t h e r e  i s  only  one-dimensional v e r t i c a l  f low i n  t h e s e  format ions  i s  inco r -  

r e c t .  Because of  t h e  low hydrau l i c  c o n d u c t i v i t i e s  i n  t h e  v e r t i c a l  d i r e c t i o n ,  

t h e  v e r t i c a l  f low i s  much weaker than  the l a t e r a l  flow. Be a s  i t  may, a l l  

computations c a r r i e d  out  by a l l  i n v e s t i g a t o r s  assume only  v e r t i c a l  f low.  

The r a t e  of f low i n  t h i s  d i r e c t i o n  i s  given by Darcy 's  law a s  



where v' i s  t h e  v e r t i c a l  v e l o c i t y  through t h e  c o n f i n i n g  l a y e r  and 

O, K '  and b '  are t h e  p o r o s i t y ,  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  and 

t h i c k n e s s  of t h e  a q u i t a r d ,  r e s p e c t i v e l y ,  and AH i s  t h e  head d i f f e r e n c e  

between t h e  w a t e r  l e v e l  i n  t h e  s o u r c e  bed (post-Miocene w a t e r  t a b l e )  

and t h e  p i e z o m e t r i c  head i n  t h e  Castle Hayne. The t r a v e l  t ime,  t ' ,  f o r  

a v e r t i c a l  d i s t a n c e ,  z ,  above t h e  top  o f  Castle Hayne i s  

I f  one knew t h e  p o s i t i o n  o f  t h e  zones of h i 8 h  c h l o r i d e  w a t e r s  i n  

t h e  a q u i t a r d ,  t h e  t i m e  o f  t r a v e l  t o  t h e  C a s t l e  Hayne a q u i f e r  cou ld  be  

c a l c u l a t e d .  These w i l l  be  much s m a l l e r  t h a n  t h e  t ime  r e q u i r e d  f o r  t h e  

w a t e r  from t h e  Pamlico e s t u a r y  t o  r e a c h  t h e  a q u i f e r  which h a s  t o  t r a v e l  through 

t h e  t o t a l  t h i c k n e s s  of t h e  a q u i t a r d ,  There  i s  l a c k  of c o n c l u s i v e  d a t a  

on t h e  o c c u r r e n c e  o f  zones of anomalous w a t e r  q u a l i t y  c h a r a c t e r i s t i c s  

i n  t h e  o v e r l y i n g  a q u i t a r d s .  But t h i s  does  n o t  mean t h a t  such zones do 

n o t  e x i s t .  The e x i s t e n c e  o f  such zones i n  t h e  C a s t l e  Hayne w i t h  h y d r a u l i c  

c o n d u c t i v i t i e s  which a r e  a t  l e a s t  an  o r d e r  of magni tude h i g h e r  would l e a d  

one t o  b e l i e v e  t h a t  t h e r e  a r e  high c h l o r i d e  c o n c e n t r a t i o n  zones i n  t h e  

a q u i t a r d s  where t h e r e  i s  much l e s s  p o t e n t i a l  f o r  f l u s h i n g .  There  i s  

s t r o n g e r  ev idence  f o r  t h e  e x i s t e n c e  o f  h i g h  c h l o r i d e  zones  i n  t h e  

Lower C a s t l e  Hayne and Beaufor t  fo rmat ions .  The c o n s i d e r a t i o n  o f  upward 

m i g r a t i o n  o f  such w a t e r s  i n t o  t h e  Upper Castle Hayne was p rec luded  i n  

t h e  T e c h n i c a l  Report  because  o f  t h e i r  i n c l u s i o n  i n  t h e  a q u i f e r  sys tem,  

n o t w i t h s t a n d i n g  t h e  f a c t  t h a t  t h e i r  t r a n s m i s s i v i t i e s  a r e  an  o r d e r  o f  magni- 

t u d e  lower .  A d d i t i o n a l  t e s t i n g  of a q u i t a r d s  a n d , s a m p l i n g  o f  t h e i r  w a t e r  

q u a l i t y  i s  needed. The p o t e n t i a l  of t h i s  s o u r c e  f o r  t h e  d e t e r i o r a t i o n  

o f  w a t e r  q u a l i t y  o f  t h e  a q u i f e r  shou ld  be  r e c o g n i z e d  even though q u a n t i -  

t a t i v e  e s t i m a t e s  cannot  be  made because  o f  l a c k  o f  d a t a .  

The a v a i l a b l e  e s t i m a t e s  o f  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y ,  K ' ,  

a q u i t a r d  t h i c k n e s s ,  b ' ,  and t h e  p o r o s i t y  o f  a q u f t a r d s ,  0, a r e  s u b j e c t  

t o  l a r g e  e r r o r s .  No observed d a t a  f o r  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i -  

t ies  o f  any o f  t h e  f o r m a t i o n s  a r e  a v a i l a b l e .  A n a l y s i s  o f  pumping t e s t  

t h e  q u a s i - s t e a d y  s t a t e  cone o f  d e p r e s s i o n  g i v e  on ly  t h e  v a l u e s  

t h i c k n e s s  B = [TI ( ~ ' / b '  ) I ' ' ~ .  I n  r e a l i t y ,  none o f  t h e  

b ' ,  K '  and T  a r e  known w i t h  s u f f i c i e n t  accuracy .  There i s  

d a t a  o r  of 

o f  l e a k a g e  

q u a n t i t i e s  



always unce r t a in ty  i n  appor t ion ing  t h e  va lue  of B t o  s e v e r a l  f a c t o r s .  

I f  t h e  va lues  of t r a n s m i s s i v i t i e s  a r e  known wi th  s u f f i c i e n t  accuracy, 
1./2 

one can g e t  good e s t ima te s  of leakance,  L = ( ~ ' / b ' )  , In  n a t u r e ,  t h e  

v a r i a t i o n s  i n  b '  and K '  of a semi-pervious l a y e r  a r e  o f t e n  l a r g e r  than 

t h e  v a r i a t i o n s  i n  L. Thus, t h e  leakance of an aqu i t a rd  i s  a more work- 

a b l e  parameter i n  the  s o l u t i o n  of p r a c t i c a l  problems than t h e  i n d i v i d u a l  

q u a n t i t i e s  b '  and K ' .  

I n  t he  1971 Technical  Report t h e  va lues  of v e r t i c a l  hydrau l i c  con- 

d u c t i v i t i e s  have been assumed t o  decrease  uniformly from updip t o  downdip. 

This  i s  a reasonable  assumption. However, one has  t o  recognize t h a t ,  

n a t u r a l  m a t e r i a l s  seldom conform t o  such uniform v a r i a t i o n .  A t  p l aces  

wi th  a lower r e s i s t a n c e ,  b f / K ' ,  t h e  leakage through t h e  conf in ing  l a y e r  w i l l  

be s t ronge r  compared with t h e  leakage elsewhere, (There i s  evidence of 

such a r e a s  n e a r  t h e  e s tua ry . )  The leakage w i l l  b e  more o r  l e s s  concen- 

t r a t e d  a t  t h e  weak spo t s .  These s p o t s  a r e  of much g r e a t e r  importance 

than t h e i r  a r e a  might l ead  one t o  expect .  Furthermore, i f  t h e  flow 

p a t t e r n  changes due t o  t h e  in t roduc t ion  of o t h e r  l a r g e  pumping c e n t e r s ,  

the  weak s p o t s  which previously con t r ibu ted  l i t t l e  t o  t h e  t o t a l  leakage 

may a t t r a c t  r e l a t i v e l y  much l a r g e r  q u a n t i t i e s  of water  t hus  a l t e r i n g  t h e  

e f f e c t i v e  r e s i s t a n c e  (13).  Thus, t h e  behavior  of t h e  confining bed 

cannot be s imulated accu ra t e ly  by assuming a uniform v a r i a t i o n  i n  i t s  

p r o p e r t i e s ,  and t h e  hydraul ic  c h a r a c t e r i s t i c s  may change when the  t o t a l  

s t r e s s  and i t s  d i s t r i b u t i o n  i s  changed. 

Another phenomenon which may g ive  r i s e  t o  l o c a l  d e t e r i o r a t i o n  may 

deserve mention, The water  confined i n  an a r t e s i a n  system being under 

p re s su re  tends  t o  support  t he  conf in ing  beds. When t h e  p re s su re  i n  

t h e  a q u i f e r  i s  reduced, i f  t h e r e  a r e  f ine-gra ined  m a t e r i a l s  i n  t h e  a q u i t a r d ,  

water  i s  'squeezed'  from them i n t o  t h e  a q u i f e r .  The presence of l enses  

of bad q u a l i t y  water  may g ive  r i s e  t o  l o c a l  d e t e r i o r a t i o n .  Furthermore, 

t h e  lowering of 'the head i n  t h e  aqu i t a rds ,  i n  response t o  t h e  cone of 

depress ion  i n  t h e  C a s t l e  Hayne, w i l l  cause compression of t h e  formations 

and w i l l  r e l e a s e  water  of compaction i n t o  t h e  a q u i f e r  which may be  

s a l i n e ,  This  i s  more of a p o s s i b i l i t y  from t h e  Beaufort  formation.  

10.4 V e r t i c a l  Movement of Es tuar ine  Water 

The 1965 p iezometr ic  s u r f a c e  map shows t h a t  t h e  Pamlico River  has  a 

hydrau l i c  connect ion with the  Cas t l e  Hayne a q u i f e r .  There was an  upward 



l e a k a g e  o f  about  22 mgd from t h e  a q u i f e r  t o  t h e  e s t u a r y ,  As a  r e s u l t  of 

pumping a t  Lee Creek,  t h e  g r a d i e n t s  have r e v e r s e d  o v e r  a major  p o r t i o n  of 

t h e  e s t u a r y ,  The d i r e c t i o n  of f l o w  i s  now from t h e  e s t u a r y  t o  t h e  a q u i f e r .  

The q u e s t i o n  t o  be  answered i s  how l o n g  w i l l  i t  t a k e  f o r  t h e  e s t u a r y  w a t e r  

t o  a p p e a r  i n  t h e  a q u i f e r .  That i t  w i l l  e v e n t u a l l y  happen i s  n o t  d i s p u t e d .  

The v e r t i c a l  t r a v e l  t i m e  may be c a l c u l a t e d  from t h e  r e l a t i o n s h i p  

g iven  p r e v i o u s l y  which now becomes 

where t '  i s  t h e  t o t a l  t r a v e l  t ime,  and K ' ,  b ' ,  and O a r e  t h e  v e r t i c a l  

h y d r a u l i c  c o n d u c t i v i t y ,  t h i c k n e s s  and p o r o s i t y  o f  t h e  a q u i t a r d ,  r e s p e c t i v e l y ,  

and AH i s  t h e  v e r t i c a l  head  d i f f e r e n c e  between t h e  w a t e r  s u r f a c e  and t h e  

p i e z o m e t r i c  head a t  t h e  t o p  o f  C a s t l e  Hayne a q u i f e r .  A p o r o s i t y  v a l u e  

o f  30 p e r c e n t  was assumed which i s  c o n s i d e r e d  t o  be a  b e t t e r  r e p r e s e n t a t i o n  

of t h e  a c t u a l  c o n d i t i o n s  t h a n  t h e  40 p e r c e n t  adopted i n  t h e  1 9 7 1  Techni-  

c a l  Repor t ,  V e r t i c a l  t r a v e l  t imes  were c a l c u l a t e d  f o r  s e v e r a l  p o i n t s  a l o n g  

t h e  e s t u a r y  t o  l o c a t e  t h e  minimum. The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  

g iven  i n  F i g u r e  1 6  f o r  1970  c o n d i t i o n s  w i t h  Texas Gulf pumping of 52 mgd. 

The d a t a  used were  t a k e n  f rom t h e  T e c h n i c a l  Report  f i g u r e s ,  The minimum 

t r a v e l  t ime was found t o  b e  approx imate ly  250 y e a r s  a t  a  p o i n t  3 m i l e s  

downstream from ~ l o u n t ' s  Bay. T h i s  shou ld  be  compared w i t h  t h e  v a l u e  o f  

500 y e a r s  g iven  i n  t h e  T e c h n i c a l  Report .  The c a l c u l a t i o n s  were  a l s o  

c a r r i e d  o u t  f o r  a n  a d d i t i o n a l  pumping c e n t e r  a t  South Creek,  t h e  s i t e  o f  

proposed North  C a r o l i n a  Phosphate  company's mine,  The minimum v e r t i c a l  

t r a v e l  t ime i s  p r o j e c t e d  t o  b e  70 y e a r s  a t  a  p o i n t  abou t  one m i l e  down- 

stream from B l o u n t ' s  Bay, as compared t o  135 y e a r s  i n  t h e  T e c h n i c a l  

Report .  Here, t h e  p i e z o m e t r i c  s u r f a c e  used was d e r i v e d  from computer runs .  

The p o s s i b l e  e r r o r s  i n  t h e s e  e s t i m a t e s  can be  d e r i v e d  f rom a s e n s i -  

t i v i t y  a n a l y s i s  o f  t h e  r e l a t i o n s h i p  t o  t h e  p o s s i b l e  e r r o r s  i n  t h e  e s t i m a t e d  

paramete rs  used.  The s e n s i t i v i t y  r e l a t i o n s h i p s  a r e  e a s i l y  d e r i v e d  from 

p a r t i a l  d i f f e r e n t i a t i o n  and a r e  g i v e n  i n  Table  7.  



SCALE IN MILES 

Figure 16. Minimum Vertical Travel Times Paml ico Estuary. 



Table  7 .  S e n s i t i v i t y  of V e r t i c a l  T r a v e l  Times 

A one p e r c e n t  e r r o r  i n  t h e  a q u i t a r d  t h i c k n e s s  l e a d s  t o  two p e r c e n t  

Paramete r  

b  

K ' 

e r r o r  i n  t h e  e s t i m a t e  o f  t r a v e l  t ime.  A one p e r c e n t  e r r o r  i n  t h e  adop ted  

S e n s i t i v i t y  
a tv/ tv 

ab ' 
2 b' 

- a K 1 / K '  

p o r o s i t y ,  v e r t i c a l  p e r m e a b i l i t y  and head d i f f e r e n c e  l e a d s  t o  one p e r c e n t  

e r r o r  i n  travel t i m e s ,  r e s p e c t i v e l y .  S i m i l a r  o b s e r v a t i o n s  a p p l y  a s  t h o s e  

made under  l a t e r a l  t r a v e l  t imes .  However, t h e  e r r o r s  i n  v e r t i c a l  

p e r m e a b i l i t y  d e s e r v e  s p e c i a l  mention.  The v e r t i c a l  p e r m e a b i l i t i e s  i n  t h e  

v i c i n i t y  o f  t h e  e s t u a r y  adopted i n  t h e  T e c h n i c a l  Report  a r e  i n a d e q u a t e  

t o  t r a n s p o r t  l a r g e  q u a n t i t i e s  o f  w a t e r  f l o w i n g  i n t o  t h e  e s t u a r y  impl ied  

by t h e  1965 p i e z o m e t r i c  s u r f a c e  map. Both a n a l o g  and d i g i t a l  computer 

r u n s  show t h a t  v e r t i c a l  p e r m e a b i l i t i e s  i n  and around upst ream p o r t i o n s  of 

t h e  e s t u a r y  a r e  a t  l e a s t  s e v e r a l  t imes  t h o s e  g i v e n  i n  t h e  T e c h n i c a l  R e p o r t .  

If t h i s  be  t h e  a c t u a l  s t a t e  o f  a f f a i r s ,  t h e  i m p l i c a t i o n  i s  obvious .  A 

d e t a i l e d  r e e x a m i n a t i o n  o f  t h e  s i t u a t i o n  i s  w a r r a n t e d  b e f o r e  a d d i t i o n a l  

l a r g e - s c a l e  wi thdrawals  a r e  a u t h o r i z e d .  

A f t e r  t h e  e s t u a r i n e  w a t e r  a r r i v e s  a t  t h e  t o p  t h e  a q u i f e r  mixing 

o c c u r s  between t h e  induced wate r  and t h e  w a t e r  a l r e a d y  i n  t h e  a q u i f e r .  

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

p o s s i b l e  i f  t h e  t y p e  o f  mechanism c a u s i n g  mixing and  t h e  e x t e n t  o f  

mixing a r e  s p e c i f i e d .  The mixing assumptions  have n o t  been made e x p l i c i t  

i n  t h e  Techn ica l -Repor t .  If t h e  u n d e r l y i n g  assumptions  a r e  t h e  ones ou t -  

l i n e d  by Ganus (lo), t h e y  a r e  u n r e a l i s t i c  and i n  c o n t r a d i c t i o n  t o  t h e  

two-dimensional p a t t e r n  adopted f o r  f l o w  th rough  t h e  a q u i f e r .  The v e r t i c a l  

component of t h e  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  Upper C a s t l e  Hayne a q u i f e r  

i s  a c r i t i c a l  d e t e r m i n a n t  i n  t h e  movement of t h e  c h l o r i d e s  i n  t h e  zone 

of s a t u r a t i o n .  The s t r a t i f i c a t i o n  of t h e  C a s t l e  Hayne a q u i f e r  i s  

a n o t h e r  , 



10.5 Summary 

The i n c r e a s i n g  need t o  maintain c l o s e  c o n t r o l  on t h e  d e t e r i o r a t i o n  

of water  q u a l i t y  i n  response t o  t h e  e x i s t i n g  and proposed l a r g e  with- 

drawals r e q u i r e s  t h a t  more s o p h i s t i c a t e d  methods of p r e d i c t i n g  the  

t r a n s p o r t  of c h l o r i d e s  be  used. 

The parameters  used i n  p red ic t ing  f u t u r e  water  q u a l i t y  a r e  e i t h e r  

assumed o r  a r e  der ived  from hydrologic  v a r i a b l e s  t h a t  a r e  e i t h e r  unknown 

o r  only es t imated ,  They a r e  s u b j e c t  t o  l a r g e  e r r o r s .  Single-valued 

e s t ima te s  based on s p e c i f i c  va lues  of t h e  parameters g ive  u n r e l i a b l e  

r e s u l t s  i n  which l i t t l e  confidence can be placed.  The poss ib l e  range 

of v a r i a t i o n  should a l s o  be s p e c i f i e d .  This can be accomplished through 

s e n s i t i v i t y  ana lyses .  

The d a t a  t o  d e l i n e a t e  t h e  occurrence of high c h l o r i d e  zones i n  t h e  aqui- 

t a r d s  a r e  ve ry  meager. Addi t iona l  t e s t i n g  of a q u i t a r d s  t o  determine 

t h e i r  v e r t i c a l  pe rmeab i l i t i e s  and sampling f o r  t h e  de te rmina t ion  of water  

q u a l i t y  a r e  needed. 

The d e l i n e a t i o n  of t h e  f r e s h  water -sa l ine  water  con tac t  i n  t h e  major 

water-bearing formations and t h e  a c t u a l  monitor ing of t h e  migra t ion  of t h e  

contac t  zones should be undertaken. 



Chapter  11 

WATER MANAGEMENT 

Within  t h e  s t u d y  a r e a ,  t h e  groundwater r e s o u r c e  c o n s t i t u t e s  by f a r  t h e  

g r e a t e s t  s o u r c e  f o r  domes t ic ,  munic ipa l ,  a g r i c u l t u r a l ,  and i n d u s t r i a l  u s e .  

O f  t h e  groundwater  a q u i f e r s ,  t h e  Upper C a s t l e  Hayne i s  t h e  most i m p o r t a n t .  

The growth p o t e n t i a l  o f  t h e  area i s  a lmos t  u n l i m i t e d .  The u s e  o f  wa te r  from 

t h e  C a s t l e  Hayne a q u i f e r  w i l l  i n c r e a s e  w i t h  t h e  i n d u s t r i a l  and u rban  growth o f  

t h e  r e g i o n .  A c t i v i t i e s  based on t h e  u s e  of groundwater  cou ld  make s u b s t a n t i a l  

c o n t r i b u t i o n s  t o  t h e  economy o f  t h e  a r e a  p rov ided  t h e  con t inued  a v a i l a b i l i t y  o f  

groundwater i n  a d e q u a t e  q u a n t i t i e s  and o f  s u i t a b l e  q u a l i t y  can b e  a s s u r e d .  

The e x t e n t  of t h e  f u t u r e  economic growth of t h e  r e g i o n  w i l l  depend on t h e  

e f f i c i e n c y  w i t h  which o p t i m a l  u s e  o f  groundwater i s  managed, 

The o p t i m a l  management o f  groundwater r e s o u r c e s  i s  ex t remely  d i f f i c u l t .  

The e x t r a c t i o n s  from t h e  a q u i f e r  system a r e  c o n t r o l l e d  by a l a r g e  number o f  

i n d i v i d u a l  d e c i s i o n  makers and t h e r e  i s  extreme i n t e r d e p e n d e n c e  between u s e r s .  

The pimping by one u s e r  a f f e c t s  t h e  a v a i l a b i l i t y  o f  t h e  r e s o u r c e  f o r  o t h e r s .  

The f a i l u r e  t o  p r o t e c t  t h e  q u a l i t y  i n  one u s e  a d v e r s e l y  a f f e c t s  t h e  v a l u e  o f  t h e  

r e s o u r c e  t o  o t h e r  wide ly  s e p a r a t e d  i n  s p a c e  and t i m e .  The long- term b e s t  

i n t e r e s t s  of a l l  u s e r s  can be s e r v e d  on ly  under  a system of r e g i o n a l  groundwater 

management, Th i s  w i l l  r e q u i r e  t h e  c o o p e r a t i v e  e f f o r t  o f  a l l  l a r g e  u s e r s  and 

t h e  informed gu idance  f rom s t a t e  a g e n c i e s ,  

It i s  hoped t h a t  i n  t h e  C o a s t a l  P l a i n  of North C a r o l i n a  we are n o t  con- 

demned t o  r e p e a t  t h e  h i s t o r y  o f  many o t h e r  a r e a s  i n  t h e  n a t i o n  going th rough  t h e  

complete  c y c l e  o f  development o f  groundwater r e s o u r c e ,  overdevelopment,  d e t e r i o r a -  

t i o n  o f  w a t e r  q u a l i t y  and a t t e m p t e d  c o r r e c t i v e  measures .  

The Water Use Act o f  1967 prov ides  a n  a d e q u a t e  r e g i o n a l  w a t e r  management 

t o o l  f o r  t h e  s ta te  a g e n c i e s .  The a c t  g i v e s  t h e  Board o f  Water and A i r  Resources  

t h e  a u t h o r i t y  t o  r e g u l a t e  t h e  u s e  of w a t e r  by l a r g e  w a t e r  u s e r s  ( i n  e x c e s s  of 

100,000 g a l l o n s  p e r  day)  i n  t h e  c a p a c i t y  u s e  a r e a s  where t h a t  agency f i n d s  t h a t :  

a, t h e  a g g r e g a t e  u s e s  of water have developed,  o r  t h r e a t e n  t o  

develop,  t o  a d e g r e e  where they  exceed,  o r  t h r e a t e n  t o  exceed,  

t h e  renewal  o f  t h e  r e s o u r c e ,  

b ,  t h e  chemical  n a t u r e  of t h e  r e s o u r c e  i s  impa i red ,  o r  t h r e a t e n s  

t o  b e  impa i red ,  a d v e r s e l y  a f f e c t i n g  i t s  f i t n e s s  f o r  o t h e r  

w a t e r  u s e r s  i n  t h e  a r e a ,  i n c l u d i n g  p r e s e n t  a s  w e l l  a s  

p o t e n t i a l  u s e r s ,  



The Board has been g iven  wide r egu la to ry  powers t o  spec i fy  t iming  of withdrawals,  

maximum pumping r a t e s  and spacing of we l l s  and t o  c o n t r o l  t h e  e l e v a t i o n  below 

which water  may no t  be  drawn down. It can r equ i r e :  

a. t h e  provis ion  of remedial measures t o  p r o t e c t  a g a i n s t  unreason- 

a b l e  adverse  e f f e c t s  on o the r  water u se r s ,  and 

b. compensation f o r  t h e  damages i n f l i c t e d .  

The cu r ren t  p r a c t i c e  of groundwater management can b e  c l a s s i f i e d  i n t o  two 

broad ca t egor i e s :  t h e  s a f e  y i e l d  concept and t h e  s t a t i c  s t o r a g e  u t i l i z a t i o n  

( o r  mining) concept ,  The Water Use Act of 1967 seems t o  embrace the  s a f e  y i e l d  

concept.  

The s a f e  y i e l d  of a  groundwater bas in  has  been def ined  i n  a  v a r i e t y  of 

ways, each d e f i n i t i o n  l a y i n g  emphasis on a  p a r t i c u l a r  a spec t  of groundwater 

r e sou rce  development. I n  essence,  t h e  s a f e  y i e l d  of a  water-bearing formation 

i s  t h e  maximum r a t e  a t  which water  may be withdrawn without  i ncu r r ing  undes i r ab le  

consequences. No hard  and f a s t  r u l e s  e x i s t  f o r  t he  de te rmina t ion  of s a f e  yield-- 

s i n c e  the  underlying p r i n c i p l e  i s  t h e  avoidance of an undes i red  r e s u l t .  I n  

t h e  c a s e  of C a s t l e  Hayne a q u i f e r  system t h e  cons ide ra t ions  g iv ing  t h e  maximum 

ex ten t  of development w i l l  b e  ( a )  t he  lowering of t h e  p iezometr ic  s u r f a c e  t o  a  

degree t h a t  i t  imposes excess ive  c o s t s  on e x i s t i n g  u s e r s ,  o r  (b) t h e  l i ke l ihood  

of changes i n  the  q u a l i t y  of groundwater which a r e  unreasonable.  Hydrological ly  

s a f e  y i e l d  has  been regarded a s  t he  maximum r a t e  a t  which water  can be  salvaged 

under long-term s teady  s t a t e  condi t ions .  A t  t h i s  p o i n t ,  t h e  i n p u t s  t o  t he  

a q u i f e r  balance t h e  ou tpu t ,  and the re  i s  no p rog res s ive  lowering of t h e  water  

l e v e l s ,  The aqu i f e r  i s  e s s e n t i a l l y  i n  equ i l i b r ium and t h e  s t o r a g e  is  u t i l i z e d  

only t o  provide r e g u l a t i o n  of f l u c t u a t i n g  inf low t o  meet t h e  demand, I f  t h e  

pumping is  l imi t ed  t o  s a f e  y i e l d ,  t he  u t i l i z a t i o n  of water  i n  s t a t i c  s t o r a g e  

i s  e l imina ted ,  

The y i e l d  of an a q u i f e r  depends on (1)  t h e  hydro logic  c h a r a c t e r i s t i c s  of 

t h e  a q u i f e r ,  (2) dimension of t h e  a q u i f e r  and t h e  hydrau l i c  c h a r a c t e r i s t i c s  of 

i t s  boundaries ,  (3) t h e  v e r t i c a l  p o s i t i o n  of t h e  a q u i f e r  and t h e  hydro logic  

c h a r a c t e r i s t i c s  of t h e  over ly ing  and under ly ing  beds, and (4)  t h e  e f f e c t  of 

proposed withdrawals on t h e  recharge and t h e  d ischarge  of t h e  a q u i f e r .  It i s  

ev ident  t h a t  t he  s a f e  y i e l d  of an a q u i f e r  i s  no t  a  f i x e d  quan t i t y .  It i s  a  

v a r i a b l e  q u a n t i t y  dependent on t h e  l e v e l  of development. The response of 

recharge  and d ischarge  condi t ions  v a r i e s  w i t h  t h e  r a t e  of withdrawals and s p a t i a l  

arrangement of w e l l s .  The l o c a t i o n  of demand wi th  r e s p e c t  t o  t h e  boundaries  



p l a y s  a  c r u c i a l  r o l e ,  The same amount of a g g r e g a t e  u s e  i n  d i f f e r e n t  s p a t i a l  

c o n f i g u r a t i c n s  w i l l  have wide ly  v a r i e d  consequences on t h e  p i e z o m e t r i c  s u r f a c e  

and w a t e r  q u a l i t y ,  What t h e  s a f e  y i e l d  of C a s t l e  Hayne a q u i f e r  i s  cannot  b e  

answered i n  t h e  a b s t r a c t .  The l o c a t i o n  and magnitude o f  f u t u r e  w a t e r  u s e s  have 

t o  be known, or assumed, t o  g i v e  even a n  approximate  answer.  

F a l l i n g  o f  t h e  p i e z o m e t r i c  s u r f a c e  by i t s e l f  does  n o t  i n d i c a t e  over-  

development of t h e  groundwater  r e s o u r c e .  Recharge and d i s c h a r g e  a r e  s u b j e c t  t o  

adjustment a s  t h e  a q u i f e r  i s  s u b j e c t e d  t o  i n c r e a s i n g  wi thdrawals .  The r e s u l t  

may be t h e  e s t a b l i s h m e n t  of e q u i l i b r i u m  c o n d i t i o n s  a t  a lower l e v e l  w i t h  no 

s y s t e m a t i c  f a l l  from y e a r  t o  y e a r ,  The changes i n  r e c h a r g e  c o n d i t i o n s  a r e  h a r d  

t o  f o r e c a s t  as a l l  i n p u t  mechanisms, f o r  example, r e j e c t e d  r e c h a r g e ,  have t o  be  

t a k e n  i n t o  a c c o u n t ,  Obviously,  t h e  s a f e  y i e l d  o f  a n  a q u i f e r  remains  a  s p e c u l a -  

t i v e  q u a n t i t y  u n t i l  t h e r e  i s  a c t u a l  overdevelopment.  The t ime  r e q u i r e d  t o  r e a c h  

new e q u i l i b r i u m  c o n d i t i o n s  c a n ,  however, p r o v i d e  a  u s e f u l  i n d i c a t i o n .  I n  

North  C a r o l i n a ,  o u r  e x p e r i e n c e  of b a s i n s  n e a r  t h e  maximum p o t e n t i a l  o f  develop-  

ment i s  l i m i t e d .  Prolonged p e r i o d s  a r e  needed t o  e s t a b l i s h  w i t h  c e r t a i n t y  t h e  

s a f e  y i e l d  of a  complex b a s i n  which may b e  a s  l o n g  as 20 y e a r s .  

The w a t e r  supp ly  i n  t h e  C a s t l e  Hayne a q u i f e r  i s  more t h a n  a d e q u a t e  f o r  

a l l  e x i s t i n g  u s e s .  The w a t e r  l e v e l s  s t a b i l i z e d  i n  1966, abou t  a y e a r  a f t e r  

t h e  commencement of pumping a t  Lee Creek.  The t o t a l  wi thdrawals  from t h e  a q u i f e r  

a t  t h a t  t ime were abou t  70 mgd, The c a p t u r e  o f  r e j e c t e d  r e c h a r g e ,  r e d u c t i o n  of 

n a t u r a l  d i s c h a r g e  and i n c r e a s e d  l eakage  from t h e  o v e r l y i n g  and u n d e r l y i n g  beds  

were more t h a n  a d e q u a t e  t o  s u p p o r t  t h i s  o f f - t a k e .  The p r e s e n t  wi thdrawals  from 

t h e  a q u i f e r  a r e  somewhat lower ,  abou t  56 mgd, of which 52 mgd i s  a t  Texas Gulf 

mine,  It must be a c c e p t e d  t h a t ,  w i t h i n  l i m i t s ,  t h e  i n c r e a s e d  wi thdrawals  w i l l  

c a u s e  t h e  e s t a b l i s h m e n t  of new e q u i l i b r i u m  c o n d i t i o n s  w i t h  t h e  p i e z o m e t r i c  

s u r f a c e  a t  a  lower  l e v e l ,  and r e s u l t i n g  i n c r e a s e  i n  c a p t u r e  o f  r e j e c t e d  r e c h a r g e ,  

i n c r e a s e d  l e a k a g e  and d e c r e a s e d  n a t u r a l  o u t f l o w  from p o i n t s  of d i s c h a r g e .  

The s a f e  y i e l d  concep t  g e n e r a l l y  r e s u l t s  i n  a n  u n s a t i s f a c t o r y  l e v e l  o f  

u t i l i z a t i o n  o f  t h e  t o t a l  groundwater r e s o u r c e  p o t e n t i a l ,  The q u a n t i t y  of 

w a t e r  i n  s t o r a g e  i s  much g r e a t e r  t h a n  t h e  annua l  r ep len i shment .  Th i s  h i g h  r a t i o  

of s t o r a g e  c a p a c i t y  t o  a n n u a l  r e c h a r g e  h a s  two consequences .  It a l l o w s  t h e  

d i s c h a r g e  t o  exceed r e c h a r g e  f o r  l o n g  p e r i o d s  of t i m e  b u t  makes a c o n d i t i o n  o f  

overdevebopment h a r d  t o  r e c o g n i z e .  I f  t h e  r e c h a r g e  is  l i m i t e d  by t h e  i n t a k e  

c a p a c i t y  of an  a q u i f e r ,  as i t  i s  i n  C a s t l e  Hayne system,  t h e  c r e a t i o n  o f  



a d d i t i o n a l  s t o r a g e  s p a c e  through pumping h a s  t h e  d e s i r a b l e  e f f e c t  of i n c r e a s i n g  

t h e  s a l v a g e  of normal ly  r e j e c t e d  recharge .  The r e j e c t e d  r e c h a r g e  u n l e s s  used 

i s  e v e n t u a l l y  was ted  as r u n o f f  t o  t h e  s e a .  One way of  managing t h e  a q u i f e r  w i l l  

b e  t o  make a  d e c i s i o n  on t h e  maximum a l l o w a b l e  d e c r e a s e  i n  groundwater s t o r a g e  

i n  any one t ime  p e r i o d .  Th is  i s  e q u i v a l e n t  t o  s p e c i f y i n g  t h a t  t h e  drawdowns 

i n  t h e  d i f f e r e n t  s e c t i o n s  o f  t h e  a q u i f e r  s h o u l d  n o t  exceed a  c e r t a i n  v a l u e  i n  

a p a r t i s u l a r  time p e r i o d ,  By v a r y i n g  t h e  maximum a l l o w a b l e  a n n u a l  change i n  

s t o r a g e ,  t h e  b e h a v i o r  of t h e  e n t i r e  a q u i f e r  sys tem can b e  ana lyzed  and t h e  

o p t i m a l  d e c i s i o n  r u l e  f o r  t h e  o p e r a t i o n  of t h e  groundwater b a s i n  s t i p u l a t e d .  

There  a r e  two l i m i t a t i o n s  t o  t h i s  method of development.  One i s  t h e  maximum 

economic pumping l i f t s .  The o t h e r  i s  t h e  range  of drawdowns below which 

groundwater r e s e r v o i r s  cannot  b e  economical ly  r e p l e n i s h e d .  I f  t h e  s t a b i l i t y  of 

drawdowns i s  t h e  e v e n t u a l  o b j e c t i v e ,  mining o f  s t o r a g e  h a s  t o  b e  under taken  i n  

c o n j u n c t i o n  w i t h  a r t i f i c i a l  r e c h a r g e .  

The l i k e l i h o o d  of  t h e  d e t e r i o r a t i o n  o f  w a t e r  q u a l i t y  l i m i t s  t h e  e x t e n t  o f  

development of graundwater  r e s o u r c e .  Although t h e  groundwater  l e v e l s  may become 

s t a b i l i z e d ,  t h e  w a t e r  q u a l i t y  can c o n t i n u e  t o  d e t e r i o r a t e .  The a q u i f e r  might  

become damaged b e f o r e  i t s  f u l l  f r e s h  w a t e r  p o t e n t i a l  h a s  been r e a l i z e d .  The 

f r e s h  w a t e r  w i t h i n  t h e  C a s t l e  Hayne a q u i f e r  i s  i n  d i r e c t  h y d r a u l i c  c o n t a c t  

w i t h  t h e  l e n s e s  o f  b r a c k i s h  w a t e r  i n  o t h e r  p a r t s  of t h e  fo rmat ion .  The a q u i f e r  

i s  n o t  i s o l a t e d  f r o m  t h e  u n d e r l y i n g  and o v e r l y i n g  f o r m a t i o n s  which c o n t a i n  

w a t e r  of i n f e r i o r  q u a l i t y .  I n  r e s p o n s e  t o  t h e  c o n c e n t r a t e d  wi thdrawals ,  t h e  

v e r t i c a l  h y d r a u l i c  g r a d i e n t s  become r e v e r s e d  c a u s i n g  t h i s  w a t e r  t o  move i n t o  

t h e  a q u i f e r .  Any s i g n i f i c a n t  development of  t h e  groundwater  r e s o u r c e  which 

changes t h e  f l o w  c o n d i t i o n s  w i l l  i n e v i t a b l y  r e s u l t  i n  t h e  r e d i s t r i b u t i o n  o f  

w a t e r  q u a l i t y  w i t h i n  t h e  a q u i f e r .  I n  any p o l i c y  f o r  long- term w a t e r  development,  

a  d e c i s i o n  h a s  t o  b e  made a s  t o  t h e  a c c e p t a b l e  v a r i a t i o n  i n  w a t e r  q u a l i t y ,  i t s  

a r e a l  e x t e n t ,  and t iming .  I n  t h e  absence  o f  such  g u i d e l i n e s ,  it i s  i m p o s s i b l e  

t o  de te rmine  whe ther  a p a r t i c u l a r  u s e  i s  unreasonab le  o r  whether  t h e  impending 

changes i n  w a t e r  qual-ity a r e  i n t o l e r a b l e .  

P r e v e n t i v e  measures ,  i f  n e c e s s a r y ,  t o  r e t a r d  t h e  r a t e  o f  q u a l i t y  d e t e r i o r a -  

t i o n  shou ld  form a  p a r t  o f  any coord ina ted  w a t e r  management p l a n .  These can  

t a k e  t h e  form of e i t h e r  ( a )  r e d u c t i o n  i n  t h e  r a t e s  of pumping a t  s t r a t e g i c  

p o i n t s ,  o r  (b) a r t i f i c i a l  r e c h a r g e  of t h e  Upper C a s t l e  Hayne a q u i f e r  w i t h  

supp lementa l  w a t e r  of s u i t a b l e  q u a l i t y  i n  a r e a s  s u i t a b l e  f o r  r e c h a r g e  s e l e c t e d  

s o  as t o  minimize q u a l i t y  d e t e r i o r a t i o n .  Th is  c a n ,  i n  p a r t ,  b e  done b y  r e t u r n -  

i n g  a p a r t  of t h e  w a t e r  pumped from t h i s  a q u i f e r .  



Before an opt imal  prevent ive  measure can be s e l e c t e d ,  t h e  fol lowing 

ques t ions  have t o  be  answered: 

What r e t u r n s  can be obtained i f  t he  withdrawals a t  a  po in t  a r e  reduced? 

For example, what b e n e f i t s  can accrue  i f  t h e  Texas Gulf u se  i s  reduced from 

52 mgd t o ,  say, 40 mgd? 

A t  what c o s t  can t h i s  reduct ion  be obta ined?  For example, what would 

the  economic consequences be i f  t h e  s i z e  of t h e  p i t  i s  reduced? 

Would t h e  d i r e c t i o n  of t r a v e l  of t he  p i t  have s i g n i f i c a n t  impact on t h e  

hydro logic  consequences ? 

A d e t a i l e d  examination of water  use  i n  t h e  p l a n t ,  and i t s  p o s s i b l e  modi- 

f i c a t i o n ,  should be  conducted t o  s e e  i f  a  p a r t  of t h e  water  pumped can b e  made 

a v a i l a b l e  f o r  recharge.  

Are t h e r e  p o s s i b i l i t i e s  of a r t i f i c i a l  recharge dur ing  times of low 

product ion and s l a c k  i n  demand of t h e  f e r t i l i z e r s ?  Such measures may be  con- 

s i d e r e d  t o  be unwarranted i n  terms of t h e  e x i s t i n g  uses ,  bu t  would mer i t  con- 

s i d e r a t i o n  i f  t h e  o b j e c t i v e  i s  t o  keep open the  maximum number of op t ions  a v a i l -  

a b l e  f o r  f u t u r e  development of the  a rea .  They would p l ay  an exceedingly 

important  r o l e  a s  t h e  f u l l  u t i l i z a t i o n  of t h e  a q u i f e r  p o t e n t i a l  i s  approached. 

A s  t h e  more complete u t i l i z a t i o n  of groundwater resource  i n  t h e  Coas ta l  

P l a i n  becomes a r e a l i t y ,  t h e  establ ishment  of a  pub l i c  po l i cy  f o r  t h e  optimum 

management of t h i s  r e sou rce  becomes a  neces s i ty .  A primary o b j e c t i v e  of such 

a  po l i cy  should be t o  u s e  t h e  groundwater resource  f o r  t h e  o v e r a l l  purposes of 

t h e  s o c i e t y  and t o  ensu re  t h e  continuance of  uses  i n t o  t h e  i n d e f i n i t e  f u t u r e .  

Opera t iona l ly ,  t he  t a s k  w i l l  be t o  ope ra t e  t h e  system opt imal ly  i n  r e l a t i o n  t o  

t h e  demand with t h e  s t i p u l a t e d  c o n s r r a i n t s  on water  l e v e l s  and water  q u a l i t y .  

The p o s s i b l e  combination of uses ,  both p r e s e n t  and f u t u r e ,  can be  very  l a r g e .  

However, only a few of t h e s e  a r e  phys i ca l ly  r e a l i z a b l e  and economically e f f i c i e n t ,  

For each a l t e r n a t i v e  groundwater use  p lan  the  v a r i a b l e s  t o  be considered a r e :  

a ,  s p a t i a l  arrangement of we l l s ,  

b ,  pumping schedules ,  and 

c ,  poss ib l e  p r o t e c t i v e  methods f o r  r e t a r d i n g  t h e  d e t e r i o r a t i o n  

of water  q u a l i t y .  

The s o l u t i o n  c o n s i s t s  of determining t h e  opt imal  l o c a t i o n  and s i z e  of withdrawals 

and recharge f a c i l i t i e s ,  The s o l u t i o n  can be  a r r i v e d  a t  on ly  through a t r i a l  and 

e r r o r  process .  



Hopeful ly ,  t h e  groundwater r e s o u r c e  w i l l  be  b rought  i n t o  t h e  p r o d u c t i v e  

p r o c e s s  i n  t h e  d i r e c t i o n  of t h e  g r e a t e s t  n e t  b e n e f i t s  t o  s o c i e t y .  U n f o r t u n a t e l y ,  

t h e  e s t i m a t i o n  o f  b e n e f i t s  and c o s t s  o f  groundwater development p r e s e n t s  f o r m i d a b l e  

problems. I n  some a c t i v i t i e s ,  f o r  example, open p i t  mining f o r  phospha te  o r e ,  

q u a r r y i n g  and swamp d r a i n a g e ,  t h e  groundwater i s  a n u i s a n c e  commodity and h a s  

n e g a t i v e  o r  z e r o  v a l u e .  I n  o t h e r  u s e s ,  groundwater i s  an  economic commodity 

and h a s  a p o s i t i v e  v a l u e  as a n  e s s e n t i a l  i n g r e d i e n t  o f  t h e  p r o d u c t i o n  p r o c e s s .  

Both t y p e s  o f  u s e s  can c o e x i s t  a s  i s  t h e  c a s e  i n  t h e  Texas Gulf o p e r a t i o n s .  

The d e s i r a b i l i t y  of groundwater  f o r  any u s e  cannot  be  de te rmined  u n t i l  we know 

what ocher  u s e s  a r e  b e i n g  s a c r i f i c e d ,  o r  what a d d i t i o n 3 1  c o s t s  a r e  b e i n g  

imposed on o t h e r  u s e r s ,  p r e s e n t  o r  p e r s p e c t i v e .  

The e f f e c t  of groundwater development on w a t e r  l e v e l s ,  w a t e r  q u a l i t y ,  

r e c h a r g e  and s t reamf lows  must be  accounted f o r  i n  any b e n e f i t - c o s t  c a l c u l a t i o n s ,  

A s  a r e s u l t  of pumping, t h e  p i e z o m e t r i c  s u r f a c e  d e c l i n e s ,  pumping l i f t s  a r e  

i n c r e a s e d ,  and t h e r e  i s  cor responding  r i s e  i n  t o t a l  energy r e q u i r e m e n t s ,  

A d d i t i o n a l  c a p i t a l  e x p e n d i t u r e s  may be  r e q u i r e d  t o  deepen t h e  e x i s t i n g  w e l l s  o r  

t o  modify t h e  pumping equipment.  I n  t h e  c a s e  of a r t i f i c i a l  r e c h a r g e ,  t h e  e f f e c t  

i s  j u s t  t h e  o p p o s i t e .  The pumping l i f t s  and energy requ i rements  d e c r e a s e  and 

t h e  pumping c o s t s  a r e  reduced.  Hence, t h e  c o s t  of a r e c h a r g e  p r o j e c t  i s  

p a r t i a l l y  o f f s e t  by reduced c o s t s .  

The s o c i a l  c o s t s  of w a t e r  q u a l i t y  d e t e r i o r a t i o n  a r e  d i f f i c u l t  t o  e v a l u a t e .  

The f o r e c a s t i n g  o f  f u t u r e  groundwater q u a l i t y  i s  n e v e r  p r e c i s e  inasmuch as i t  

depends on s e v e r a l  f a c t o r s  n o t  a d e q u a t e l y  q u a n t i f i e d .  To c o m p l i c a t e  t h e  eva lua-  

t i o n ,  t h e  t ime  s c a l e  invo lved  f o r  d i f f e r e n t  t y p e s  o f  o c c u r r e n c e s  i s  n o t  t h e  same. 

For  c e r t a i n  e f f e c t s  t h e  t i m e  i s  measured i n  decades;  f o r  o t h e r s ,  i n  c e n t u r i e s .  

For  a p r o p e r  e v a l u a t i o n  o f  q u a l i t y  e f f e c t s ,  an  extended t i m e  s c a l e  h a s  t o  be  

adopted.  P r o j e c t i o n s  o f  w a t e r  needs  and t h e i r  q u a l i t y  r e q u i r e m e n t s  a r e  n o t  

s u b j e c t  t o  p r e c i s e  f o r m u l a t i o n  at t h i s  t ime s c a l e .  An a l t e r n a t i v e  approach c a n ,  

however, be  adopted.  The c o s t  of r emedia l  measures t h a t  t h e  s o c i e t y  may have t o  

u n d e r t a k e  t o  r e s t o r e  t h e  w a t e r  q u a l i t y  t o  s t i p u l a t e d  l e v e l s  a t  d i f f e r e n t  p o i n t s  

i n  t i m e  p r o v i d e s  a lower  bound of t h e  s o c i a l  c o s t s .  

I n  p l a n n i n g  f o r  groundwater  r e s o u r c e  management t h e  t i m e  s c a l e  i s  of  

c r i t i c a l  impor tance ,  I n  groundwater development b e n e f i t s  and c o s t s  o c c u r  a t  

markedly d i f f e r e n t  t imes  and a r e  wide ly  s e p a r a t e d  i n  space .  There  i s  u s u a l l y  a 

s u b s t a n t i a l  t ime l a g  between t h e  s tart  o f  groundwater wi thdrawals  and t h e  t i m e  

t h a t  d e l e t e r i o u s  e f f e c t s  on w a t e r  l e v e l s ,  w a t e r  q u a l i t y  and s u r f a c e  f lows  a r e  



noted. I n  such circumstances,  a  p a r t i c u l a r  u se  may appear  t o  be very  a t t r a c t i v e  

when considered on a s h o r t  t ime s c a l e ;  t h e  long-term s o c i a l  c o s t s  d i r e c t l y  

a t t r i b u t a b l e  t o  t he  p r o j e c t  may, however, f a r  outweigh t h e  short- term b e n e f i t s .  

The dec i s ion  whether a  p a r t i c u l a r  use  of water  should be permit ted o r  

whether t h e  water  should be l e f t  i n  s t o r a g e  depends on t h e  c a p i t a l i z e d  va lue  

assigned t o  t h e  water left i n  the  ground. The answer t o  t h i s  ques t ion  cannot 

be given u n t i l  we know what t h e  a l t e r n a t i v e  f u t u r e  needs a r e .  The impact of 

any use on reducing t h e  number of op t ions  a v a i l a b l e  f o r  f u t u r e  development has  

a l s o  t o  be taken i n t o  account .  I f  t h e  water  l e f t  i n  t h e  ground has  a  g r e a t e r  

va lue  than can be  obta ined  from proposed use,  t h e  dec i s ion  w i l l  be no t  t o  pump 

water  (221 ,  

Burt (23) has developed a  dec i s ion  r u l e  f o r  t h e  s t o r a g e  r e g u l a t i o n  of 

water  t a b l e  a q u i f e r s  which s t a t e s  t h a t  t h e  e x t r a c t i o n  of groundwater from an 

a q u i f e r  should be expanded t o  a  po in t  where t h e  marginal  n e t  ou tput  per  u n i t  

of water  i s  equal  t o  t h e  nega t ive  of t h e  c a p i t a l i z e d  marginal  pumping c o s t  

w i t h  r e spec t  t o  t h e  water  i n  s t o r a g e ,  A corresponding simple r u l e  f o r  leaky 

confined a q u i f e r s  need be developed. 

I n  planning f o r  a r t i f i c i a l  recharge,  t he  r e l e v a n t  cons ide ra t ions  a r e :  

1, t h e  cos t  of b r i n g i n g  water  t o  t h e  recharge  s i t e ,  

2, t he  c o s t  of b r ing ing  i t  t o  a  l e v e l  of q u a l i t y  s u i t a b l e  f o r  

mixing wi th  t h e  n a t u r a l l y  occurr ing  groundwater, and 

3 ,  t he  changes i n  t h e  c o s t  of pumping a t  the  po in t  of 

a b s t r a c t i o n .  

A po l i cy  f o r  i n s t i t u t i n g  charges f o r  t h e  l i c e n s i n g  of withdrawals f o r  

l a r g e  u s e r s  providing economic incen t ives  t o  encourage t h e  d i s p o s a l  of su rp lus  water  

by recharge through a system of c r e d i t s  s e t  a g a i n s t  t h e  charges needs s e r i o u s  

cons ide ra t ion .  A t  p r e sen t  no f e a s i b l e  mechanism e x i s t s  by which a l l  those 

b e n e f i t i n g  from a r t i f i c i a l  recharge  schemes can be  made t o  c o n t r i b u t e  t h e i r  sha re  

of  t h e  c o s t  

Groundwater should be  dec l a red  a  pub l i c  proper ty .  The permit  ho lde r s  

should be ass igned  only a quota r i g h t  i n  a  common poo l  and should be e n t i t l e d  t o  

i t s  use  s o  long a s  t h e  e x e r c i s e  of  t he  r i g h t  does n o t  impose unreasonable c o s t s  

on the  e x i s t i n g  o r  f u t u r e  uses .  The economic r egu la to ry  framework should inc lude  

devices  t o  p r o t e c t  o t h e r  u se r s  from the  adverse e f f e c t s  of l e g i t i m a t e  a c t i o n s  

by owners of water  r i g h t s .  The r egu la to ry  measures should inc lude :  

1. economic i n c e n t i v e s  t o  encourage: 

a. reduct ions  i n  t o t a l  withdrawals  by l a r g e  u s e r s ,  and 



b .  t h e  r e t u r n ,  a t  a s u i t a b l e  p o i n t ,  of  a p a r t  o f  t h e  wi th-  

d rawals  t o  t h e  a q u i f e r  system, and 

power t o  t a x  p r o p e r t y  

a. i n  p r o p o r t i o n  t o  t h e  damage done t o  o t h e r  u s e r s  o r  t h e  v a l u e  

of water i n  f u t u r e  u s e s ,  o r  

b ,  t o  pay f o r  t h e  c o s t  of r emedia l  measures t h a t  t h e  s o c i e t y  

may have t o  u n d e r t a k e  t o  p r e v e n t ,  o r  undo, t h e  damage 

d i r e c t l y  a t t r i b u t a b l e  t o  a p a r t i c u l a r  u s e .  I f  t h i s  can 

b e  ach ieved  o n l y  a t  p r o h i b i t i v e  c o s t ,  t h e  p a r t i c u l a r  

u s e  shou ld  b e  condemned. 

Framework f o r  Computer Models o f  Aqui fe r  Management 

There i s  i n c r e a s i n g  need t o  a p p l y  a more s o p h i s t i c a t e d  approach t o  develop 

optimum p l a n s  f o r  a q u i f e r  development and management. 

The o b j e c t i v e s  o f  a management p o l i c y  a r e  

1, t o  meet t h e  f u t u r e  demands w i t h  r e s p e c t  t o  w a t e r  q u a n t i t y  

and q u a l i t y ;  

2 .  t o  a n t i c i p a t e ,  minimize o r  c o r r e c t  t h e  u n d e s i r a b l e  e f f e c t s  

of o v e r d r a f t  c o n d i t i o n s ,  (The o v e r d r a f t  c o n d i t i o n  i s  d e f i n e d  

as v i o l a t i o n  o f  (a) water l e v e l  e v a l u a t i o n  c o n s t r a i n t s ,  o r  

(b)  groundwater q u a l i t y  c o n s t r a i n t s ,  o r  ( c )  b o t h .  ) 

3 .  t o  a s s i g n  r a n k s  w i t h  r e s p e c t  t o  some c r i t e r i o n  t o  t h e  d e s i r a b i l i t y  

of a l t e r n a t i v e  s t r a t e g i e s  of development o f  an  a q u i f e r .  

A p l a n n i n g  and management model of a n  a q u i f e r  sys tem w i l l  c o n s i s t  o f  t h r e e  

segments : 

1. s i m u l a t i o n  of t h e  dynamic b e h a v i o r  of t h e  a q u i f e r  system, 

2 .  s i m u l a t i o n  of f u t u r e  groundwater q u a l i t y ,  and 

3 .  a n  o p t i m i z a t i o n  model. 

I n  c a s e s  where t h e  a q u i f e r  i s  e x t e n s i v e  and where t h e r e  a r e  s e v e r a l  i n t e r d e p e n d -  

e n c i e s ,  t h e  a q u i f e r  h a s  t o  be  managed on a r e g i o n a l  b a s i s .  The r u l e s  governing - 
t h e  o p e r a t i o n  of t h e  a q u i f e r  w i l l  b e  q u i t e  complex, and t h e r e  i s  no e s c a p e  from 

some form of  computer s i m u l a t i o n .  

The f i r s t  p r e r e q u i s i t e  f o r  developing a l t e r n a t i v e  p l a n s  t o  meet a n t i c i p a t e d  

demands i s  c r e a t i n g  t h e  demand s c h e d u l e s  f o r  d i f f e r e n t  t ime  p e r i o d s  s p e c i f y i n g  

t h e  l o c a t i o n  of pumping, amount of wi thdrawals ,  t i m i n g  o f  e x t r a c t i o n s  and t h e  

q u a l i t y  of w a t e r .  I n  t h e  absence o f  a demand s t u d y ,  h y p o t h e t i c a l  programs w i l l  

have t o  be fo rmula ted .  



Simulat ion of Dynamic Behavior of t he  Aquifer 

For complex, heterogeneous a q u i f e r  systems, t h e  s imula t ion  of a q u i f e r  

behavior  under a l t e r n a t i v e  opera t ing  p o l i c i e s  should be  accepted a s  a  necessary  

p a r t  of any resource  planning exe rc i se .  A d e t a i l e d  knowledge of  t he  cha rac t e r -  

i s t i c s  of t h e  a q u i f e r  i s  assumed i n  p r e d i c t i n g  t h e  behavior  of a q u i f e r s  wi th  

t ime and i n  developing and t e s t i n g  management p l ans .  Good e s t ima te s  of a q u i f e r  

parameters a r e  o f t e n  n o t  a v a i l a b l e  i n  r e a l  l i f e .  The a n a l y s i s  should, there-  

f o r e ,  inc lude  t h e  development of a  mathematical model of t h e  groundwater bas in ,  

e s t ima te s  of t h e  parameters  of t h e  model and v e r i f i c a t i o n  of t h e  model wi th  

h i s t o r i c a l  d a t a ,  

The f i r s t  d e c i s i o n  one has  t o  make i s  t h e  number of components ( l a y e r s )  

of t h e  a q u i f e r  system t o  be modeled. I n  t h i s  s tudy ,  the  over ly ing  and under- 

l y ing  a q u i t a r d s  were lumped toge the r  i n t o  a  s i n g l e  component over ly ing  t h e  

a q u i f e r .  From t h e  mass ba lance  and Darcy's equat ions ,  a  genera l ized  groundwater 

flow equat ion i s  der ived  r e l a t i n g  the  a q u i f e r  parameters;  f o r  example, t r ans -  

m i s s i v i t y ,  s to rage  c o e f f i c i e n t  and leakance.  

Next, the  technique  f o r  so lv ing  t h e  governing d i f f e r e n t i a l  equat ion  

i s  s p e c i f i e d ,  F i n i t e  d i f f e r e n c e  methods a r e  almost u n i v e r s a l l y  adopted,  

Enough computational exper ience  does n o t  e x i s t  on t h e  newer techniques o f  

f i n i t e  element based on v a r i a t i o n a l  ca l cu lus .  I n  t h e  f i n i t e  d i f f e r e n c e  approach, 

t h e  heterogeneous a q u i f e r  i s  divided i n t o  a  number of subareas.  The number and 

shape of subareas depend on t h e  d e t a i l  and accuracy of t h e  geohydrologic d a t a  and 

t h e  d e t a i l s  and accuracy of t h e  des i r ed  r e s u l t s .  The f i n i t e  d i f f e r e n c e  network 

chosen may be  symmetric o r  asymmetric, For bo th  t h e  ana log  and d i g i t a l  computer 

models i n  t h i s  s tudy  t h e  g r i d  was symmetric wi th  v a r i a b l e  spacing.  Then, a  

s p e c i f i c  equatfon wi th  proper  va lue  of c o e f f i c i e n t s  i s  e i t h e r  w r i t t e n  o r  implied 

f o r  each of t he  subareas  i n  t h e  bas in .  The complex f i e l d  s i t u a t i o n  is  thus  

reduced to a s impler ,  idea l i d  system- These equat ions  a r e  c o l l e c t i v e l y  r e f  e r r ed  

t o  a s  t h e  mathematical model of t h e  groundwater b a s i n  and a r e  solved s imultaneously.  

For a problem of some s i z e ,  t h e  s o l u t i o n  of t h e  system of equat ions  can only be  

accomplished e i t h e r  on 

a .  analog model, 

b. general-purpose analog computer, 

c .  d i g i t a l  computer, o r  

d .  hybrid computers,  

Analog model and d i g i t a l  computer s imula t ion  was used i n  t h i s  s tudy.  



The model pa ramete rs  a r e  modi f i ed  t o  g i v e  r e a s o n a b l e  cor respondence  w i t h  

t h e  d a t a  observed i n  t h e  f i e l d .  A f t e r  t h e  model h a s  been v e r i f i e d ,  i t  is  used  

t o  p r e d i c t  t h e  s p a t i a l  and temporal  changes i n  drawdown o r  w a t e r  l e v e l s  under  

a l t e r n a t i v e  s t r a t e g i e s  of development. The o u t p u t  o f  t h i s  segment i s  t h e  p r e -  

d i c t e d  e l e v a t i o n  of f u t u r e  w a t e r  l e v e l s .  These w a t e r  l e v e l  e l e v a t i o n s  are 

needed f o r  each o f  t h e  assumed f u t u r e  combinat ion o f  e x t r a c t i o n  and a r t i f i c i a l  

r ep len i shment  i n  o r d e r  t o :  

1. d e t e c t  any v i o l a t i o n s  o f  s t i p u l a t e d  w a t e r  l e v e l s  o r  

maximum p e r m i s s i b l e  drawdowns; 

2, p r o v i d e  i n p u t  f o r  t h e  w a t e r  q u a l i t y  model; and 

3 .  p r o v i d e  i n p u t  i n t o  t h e  o p t i m i z a t i o n  segment. t o  e n a b l e  

c a l c u l a t i o n  o f  

a. pumping l i f t s  f o r  new pumpage, and 

b.  changes i n  pumping l i f t s  o f  e x i s t i n g  u s e r s .  

T h i s  i n f o r m a t i o n  i s  used f o r  t h e  c a l c u l a t i o n  

o f  c o s t s  . 
The approach f o r  t h e  development of a q u i f e r s  as s e p a r a t e  u n i t s  h a s  

t r a d i t i o n a l l y  been based on p u r e l y  h y d r o l o g i c a l  c o n s i d e r a t i o n s .  Most d e c i s i o n s  

on pumping and a r t i f i c i a l  r e c h a r g e  a r e  d e r i v e d  s o l e l y  from a h y d r o g e o l o g i c  p o i n t  

of view, S i m u l a t i o n  i s  e s s e n t i a l l y  a h e u r i s t i c  approach.  It cannot  d e t e r m i n e  

t h e  optimum of a n  o b j e c t i v e  f u n c t i o n .  The f i n a l  o b j e c t i v e s  o f  o p e r a t i n g  t h e  

sys tem a r e  presumably socio-economic and have t o  be  p rov ided  from o u t s i d e  t h e  

hydrogeo log ic  c o n s i d e r a t i o n .  

A comparison o f  t h e  ana log  and d i g i t a l  s i m u l a t i o n  t e c h n i q u e s  f o r  a q u i f e r  

modeling and s t r a t e g y  e v a l u a t i o n  shows t h a t  t h e r e  a r e  c e r t a i n  problems f o r  which 

a n a l o g  models a r e  more s u i t a b l e  t h a n  d i g i t a l  models,  and t h e r e  are o t h e r  problems 

f o r  which t h e  r e v e r s e  i s  t r u e .  There  i s  a l s o  a wide range  o f  problems f o r  which 

e i t h e r  t h e  d i g i t a l  o r  t h e  a n a l o g  model c o u l d  b e  used .  The c h o i c e  between t h e  

two techn iques  o f t e n  depends on whe ther  i t  i s  i m p o r t a n t  t o  o b t a i n  f u r t h e r  

p h y s i c a l  i n s i g h t  i n t o - t h e  working of t h e  sys tem.  I n  an  a n a l o g  model, t h e  hydro- 

l o g i c  pa ramete rs  a r e  c o n v e r t e d  d i r e c t l y  i n t o  e l e c t r i c a l  e q u i v a l e n t s  by means of 

a p p r o p r i a t e  modeling and s c a l i n g .  The h y d r o l o g i s t  i s  a b l e  t o  modify t h e  p a r a m e t e r s  

i n  t h e  sys tem and m o n i t o r  t h e  r e s u l t i n g  changes ,  t h u s  d e f i n i n g  t h e  c a u s e  and 

e f f e c t  r e l a t i o n s h i p s  r e g u l a t i n g  t h e  b e h a v i o r  o f  t h e  sys tem.  On t h e  o t h e r  hand,  

t h e  d i g i t a l  computer i s  merely  a d e v i c e  f o r  do ing  a r i t h m e t i c  and c a r r y i n g  o u t  

c e r t a i n  types  o f  l o g i c a l  o p e r a t i o n s .  The problem l o s e s  a l l  p h y s i c a l  c o n t e n t  when 



it e n t e r s  a d i g i t a l  computer. The output  i s  simply a s e t  of f i g u r e s  which need 

i n t e r p r e t a t i o n  t o  become meaningful. 

The accuracy of t h e  s o l u t i o n  obtained from a d i g i t a l  computer i s  much 

s u p e r i o r  than can be obta ined  from t h e  analog model, I n  groundwater problems, 

however, t h i s  i s  no t  c r u c i a l .  Both the  analog and d i g i t a l  techniques exceed 

t h e  accuracy of t h e  a v a i l a b l e  f i e l d  da t a .  

The analog model technique of so lv ing  groundwater problems i s  t h e  so -ca l l ed  

d i s c r e t e  space continuous time method i n  which t h e  space  d e r i v a t i v e s  a r e  rep laced  

by f i n i t e  d i f f e r e n c e  express ions ,  bu t  t h e  time i s  cont inuous.  The d i g i t a l  model 

s imula t ion  i s  t h e  d i s c r e t e  t ime-discre te  space method i n  which a l l  t h e  space and 

time v a r i a b l e s  a r e  d i s c r e t i z e d .  The analog method h a s  an advantage i n  c a s e  of  

very  rap i d l y  changing heads.  

The range of problems which d i g i t a l  s imula t ion  can s o l v e  i s  much wider .  

Analog models a r e  r e s t r i c t e d  t o  only one independent v a r i a b l e .  It i s  d i f f i c u l t  

t o  s imula te  non- l inear  cond i t i ons  ( inpu t ,  boundary, parameters)  and time-varying 

f i e l d s .  Analog methods a r e  e s s e n t i a l l y  l i m i t e d  t o  l i n e a r ,  cons t an t  parameter 

f i e l d s  ( 2 4 ) .  I n  t h i s  s tudy  dea l ing  wi th  a leaky,  confined a q u i f e r  system, no 

n o n - l i n e a r i t i e s  were assumed, Analog techniques were found t o  be  more advantageous 

i n  t h e  modeling phase when t h e  i n p u t s ,  boundaries  and parameters  had t o  be 

changed, D i g i t a l  model s imu la t ion  would have been too expensive and would n o t  

have provided t h e  i n s i g h t  i n t o  the  working of t h e  system. I n  subsequent s t ages ,  

d i g i t a l  s imula t ion  w a s  used. 

P r i c k e t t  and Lonnquist (25)  compare t h e  r e s u l t s  of  comparison between 

ana log  and d i g i t a l  s imula t ion .  The i r  conclusions a r e :  

1. d i g i t a l  method does n o t  r e q u i r e  a s  much t ime f o r  model 

cons t ruc t ion ,  d a t a  readout ,  and i s  more convenient  than 

equipment manipulat ion phases needed i n  t h e  ana log  

technique,  and 

2 ,  f o r  very  l a r g e  problems t h a t  would r e q u i r e  many t ime 

increments  a i d  l a r g e  co re  s t o r a g e  f o r  an a c c u r a t e  and 

p r a c t i c a l  s o l u t i o n ,  e l e c t r i c  analog techniques have an 

advantage. 

The hybr id  computation techniques combine t h e  accuracy of t h e  d i g i t a l  com- 

p u t e r  and t h e  speed of an analog computer, This  w i l l  be a technique t o  be con- 

s ide red  when many n o n - l i n e a r i t i e s  a r e  involved ( 2 4 ) .  The a c c e s s i b i l i t y  of 

hybr id  computer equipment, however, i s  l i m i t e d ,  



Simulat ion of Groundwater Qual i ty  

In the management of s e v e r a l  a q u i f e r s ,  q u a l i t y  cons ide ra t ions  weigh heav i ly  

i n  t he  de r iva t ion  of opera t ing  r u l e s .  Along wi th  q u a n t i t a t i v e  e f f e c t s  on water  

l e v e l s  and drawdowns, one should a l s o  p r e d i c t  changes i n  groundwater q u a l i t y  

w i th  time. No g e n e r a l  water  q u a l i t y  models a r e  a v a i l a b l e .  The problem i n  each 

a q u i f e r  system has  t o  be examined a s  a  s p e c i f i c  case.  Some s a l i e n t  f e a t u r e s  of 

groundwater q u a l i t y  models were given i n  Chapter 10. 

The input  t o  t h i s  segment c o n s i s t s  of 

a .  s p a t i a l  and temporal d i s t r i b u t i o n  of hydraul ic  heads 

from segment one, and 

b. a r e a l  d i s t r i b u t i o n  of high c h l o r i d e  a r e a s  i n  ' t h e  

a q u i f e r  and t h e  aqu i t a rd  and i n i t i a l  concent ra t ions .  

The output  from t h i s  segment w i l l  b e  c h l o r i d e  l e v e l s  a t  d i f f e r e n t  t imes 

and p l aces .  The output  w i l l  be used t o  s e e  

a.  i f  any q u a l i t y  c o n s t r a i n t s  a r e  v i o l a t e d ,  and 

b .  i f  t he  p r o t e c t i v e  o r  remedial measures a r e  r equ i r ed .  

The c o s t  of t h e s e  s h a l l  be  taken i n t o  account  i n  t h e  

opt imiza t ion  segment. 

Optimization Segment 

Implied is the  assumption t h a t  t h e r e  a r e  s e v e r a l  planning a l t e r n a t i v e s ,  

each having a  d i f f e r e n t  combination of pumping and a r t i f i c i a l  recharge and 

opera t ing  procedures t h a t  a r e  capable of providing t h e  d e s i r e d  ou tpu t s .  D i r ec t  

op t imiza t ion  a g a i n s t  def ined  o b j e c t i v e s  is ,  the re fo re ,  necessary .  There i s  

need f o r  c r i t e r i a .  The o b j e c t i v e s  of development a r e  socio-economic i n  n a t u r e  

and a r e  t h e  f i n a l  reason f o r  opera t ing  t h e  system. For a  p u b l i c  agency, t h e  

o b j e c t i v e  may be  t h e  maximization of n e t  s o c i a l  b e n e f i t s ,  The conceptual  

problems encountered i n  t he  e s t ima t ion  of s o c i a l  b e n e f i t s  and c o s t s  were out -  

l i n e d  e a r l i e r  i n  t h i s  chapter .  

For a  c e r t a i n  spe-cified l e v e l  of phys i ca l  ou tputs ,  minimizat ion of t o t a l  

c o s t s  may b e  a  r e l e v a n t  ob jec t ive .  The dec i s ion  v a r i a b l e  w i l l  b e  

a. l o c a t i o n  of pumping and pumping schedules ,  and 

b. l o c a t i o n  and r a t e s  of a r t i f i c i a l  recharge ( o r  o t h e r  

p r o t e c t i v e  and remedial  measures).  

The r e l e v a n t  c o s t s  f o r  new pumping f a c i l i t i e s  w i l l  b e  cons t ruc t ion  and i n s t a l l a -  

t i o n  c o s t s ,  e l e c t r i c a l  connection s e r v i c e  charges and supply c o s t s .  For e x i s t -  

i n g  use r s ,  t h e  c o s t s  inc lude  c a p i t a l  expenditures  t o  deepen t h e  w e l l s  and t o  



modify pumping equipment,  and changes  i n  pumping energy c o s t s .  For  a r t i f i c i a l  

r e c h a r g e  t h e  r e l e v a n t  c o s t s  t o  b e  cons idered  a r e  t h e  c o s t  of b r i n g i n g  t h e  w a t e r  

t o  t h e  r e c h a r g e  s i te ,  t h e  c o s t  of changing q u a l i t y  o f  r e c h a r g i n g  wate r  and s a v i n g s  

i n  t h e  pumping c o s t s  o f  t h e  e x i s t i n g  u s e r s .  

The o u t p u t  of t h i s  segment w i l l  e i t h e r  b e  q u a n t i t a t i v e  n e t  b e n e f i t s ,  

economic c o s t s ,  o r  s imply  ass ignment  of r a n k s  t o  t h e  a l t e r n a t i v e  s t r a t e g i e s  of 

development of a n  a q u i f e r  i n d i c a t i n g  t h e  r e l a t i v e  d e s i r a b i l i t y  of t h e  o u t p u t s  

r e s u l t i n g  from t h e  sys tem o p e r a t i o n ,  
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APPENDIX A 

Analog Model Simulat ion 

The E l e c t r i c  Analog Model 

The aqu i f e r  a s  a pas s ive  u n i t  i n  t h e  hydro logica l  cyc l e  i s  the  concept t h a t  

i s  b a s i c  t o  t h e  e l e c t r i c  analog technique.  The a q u i f e r  a s  a system d e a l s  w i th  

t h e  s tudy of system e x c i t a t i o n s ,  system responses t o  t h e s e  e x c i t a t i o n s  and t h e  

va lues  of t h e  system parameters.  Recharge and d i scha rge  from an a q u i f e r  repre-  

s e n t  t h e  s t i m u l i ;  t h e  observed changes i n  water l e v e l s  w i th in  t h e  a q u i f e r  con- 

s t i t u t e  i t s  response t o  t hese  s t i m u l i .  The concept s f  p a s s i v i t y  s epa ra t e s  t h e  

nsn-changing geologic  environment from t h e  vary ing  hydrologic  parameters,  

(Pa t ten ,  19651, 

In  e l e c t r i c a l  theory ,  t h e  r e s i s t a n c e  network i s  a pas s ive  u n i t  i n  which 

recharge and d ischarge  of cu r r en t  r ep re sen t  t h e  s t i m u l i  t o  t h e  system and t h e  

measured changes i n  po ten t i a l -d f f f e renee  (vol tage)  l e v e l s  w i th in  t h e  network 

c o n s t i t u t e s  i t s  response t o  t h e  s t i m u l i .  

The e l e c t r i c a l  analog c o n s i s t s  of a  d i r e c t  correspondence between elements 

of t hese  two systems. The po ten t i a l -d i f f e r ence ,  o r  vo l t age ,  corresponds t o  

t h e  hydraul ic  p o t e n t i a l ,  o r  piezometr ic  head, i n  t h e  hydrau l i c  system; t h e  

flow of cu r r en t  corresponds t o  t he  f low of water  and t h e  r e s i s t a n c e  t o  c u r r e n t  

flow corresponds t o  t h e  r e s i s t a n c e  t o  groundwater flow. The v a l i d i t y  of t h e  

analogy depends on the  r igour  wi th  which t h e  correspsndenee of elements i n  t he  

two phys i ca l  systems i s  def ined ,  Figure A l  g r aph ica l ly  summarizes t h e  use  of 

t h e  e l e c t r i c  analog technique t o  t h e  s o l u t i o n  of a  groundwater problem, 

(Pa t ten ,  1965). 





Equations of Groundwater Flow 

The p a r t i a l  d i f f e r e n t i a l  equat ion  governing t h e  two-dimensional flow of an 

incompressible  f l u i d  through an i s o t r o p i c  non-homogeneous a q u i f e r  is  given by 

where x, y  a r e  c a r t e s i a n  coord ina tes  

H i s  t h e  hydrau l i c  head, 

T i s  t r ansmis s iv i ty  of t h e  a q u i f e r ,  

S i s  t h e  s t o r a g e  c o e f f i c i e n t ,  

and t i s  t ime, 

In  s teady  s t a t e  t h i s  reduces t o  

When an a q u i f e r  i s  confined by a  semi-pervious l a y e r ,  t h e  governing flow 
, '  

equat ion i s  given by 

where h 

nes s ,  Other 

t he  combined 

is  t h e  hydrau l i c  head i n  the  source  bed and B i s  t h e  leakage th i ck -  

symbols have been defined above. The leakage th i ckness  r e p r e s e n t s  

response of t h e  system and can be shown t o  be 

where b '  i s  the  th i ckness  of t he  semi-pervious bed 

K 1  i s  the  v e r t i c a l  h y d r a u l i c  conduct iv i ty  of t h e  

and L = ~ ' / b '  i s  def ined  as t h e  leakance and r ep resen t s  t he  c h a r a c t e r i s t i c s  of 

conf in ing  format ion ,  

F i n i t e  Di f fe rence  Analogs 

The f i n i t e  d i f f e r e n c e  forms of  t h e  governing equat ions  used i n  analog 

s imula t ion  a r e  (F igure  A2a) 



Figure A2a .  Two-dimensional Finite-difference 
Nomenclature. 

Figure A2b. Resistance Node Figure A2c. Capacitance Node 



h i - 4 h  - 0  
0 

f o r  t h e  s teady  s t a t e  
i= 1 

4 2 
and a S ah 1 h i - 4 h  = - - 

i= 1 o T a t  

where a i s  the  g r i d  spacing. 

The E l e c t r i c  System 

Applicat ion of t he  ohm's and Ki rchof f ' s  laws t o  t h e  node shown i n  Figure A2c 

i n  an i s o t r o p i c  a q u i f e r  y i e l d s  

and av 
vi - 4vo = RC- 

i= 1 a t  

A comparison of t h e  two sets of equat ions  g ives  t h e  fo l lowing  correspondence 

between v a r i a b l e s  

Ah analogous t o  v 

T analogous t o  1 / ~  

2 
and a S analogous t o  C 

Sca l ing  

For t h e  cons t ruc t ion  of t h e  e l e c t r i c a l  model of  t h e  hydrau l i c  system, it i s  

necessary  t o  make t h e  analogous p r o p e r t i e s  of  t he  two systems p ropor t iona l  t o  

each o the r  by means of s c a l e  f a c t o r s .  The s c a l e  f a c t o r s  used i n  p r a c t i c e  a r e  - 
der ived  from t h e  modified form of t h e  r e l a t i o n s h i p s  given previous ly .  These a re :  

1. Ah = F v, t h e  u n i t s  of F1 a r e  f e e t  pe r  v o l t  1 
2, q = F21, t h e  u n i t s  of P a r e  gpd/ampere 

2 
3 .  t = F3r, t h e  u n i t s  of P3 a r e  days/second 

I t  can be shown t h a t  

F2 1 Resistance,  R = - - F1 c = -  2 
F1 

7.48 a S 
F2 F3 



These r e l a t i o n s h i p s  a r e  used t o  determine t h e  va lues  of t h e  r e s i s t o r s  and 

capac i to r s  t o  go i n t o  the  model. In  p r a c t i c e ,  t h e  va lues  a r e  l i m i t e d  by t h e  

ope ra t ing  range of t h e  e l e c t r i c a l  equipment a v a i l a b l e  t o  t h e  i n v e s t i g a t o r  and 

the  commercially a v a i l a b l e  va lues  of r e s i s t o r s  and capac i to r s .  

Resis t o r - a rea l  Rela t ionships  

Each element i n  t h e  e l e c t r i c  analog model r e p r e s e n t s  some c h a r a c t e r i s t i c  

of t h e  hydrau l i c  system i n  a  p a r t i c u l a r  reg ion  of t h a t  system. Therefore,  i t  

i s  necessary t o  cons ider  p r e c i s e l y  what e x t e n t  of t h e  a q u i f e r  t h e  r e s i s t o r s  

s imulate .  Equation above states t h a t  t he  r e s i s t a n c e  i n  t h e  1 -d i r ec t ion  is  

given by 
F2Al 

R1 = 
FIKIAl 

For t h e  two-dimensional i s o t r o p i c  system, 

When the  f i n i t e - d i f f e r e n c e  g r i d  i s  square,  

A x = A y = a ,  A = A  = a m  
x Y 

2  
F igure  A3a shows t h e  v e c t o r  volume, a  m, a s soc i a t ed  wi th  a r e s i s t o r  i n  t h e  

Y-direct ion.  

I n  t he  case of a  boundary r e s i s t o r  where 

t h a t  represented  by a  non-boundary r e s i s t o r ,  

t h e  a r e a  i t  r e p r e s e n t s  i s  h a l f  

then ,  t y p i c a l l y :  

That is ,  f o r  a rbgion of cons tan t  t r ansmis s iv i ty  va lue ,  t h e  boundary r e s i s t o r  

has  t o  be twice the  va lue  of a  neighboring i n t e r n a l  r e s i s t o r .  Indeed, a r e s i s t o r  

can be designed t o  s imula te  any a r e a  by s i m i l a r  methods. 

Res is tor -gr id  Rela t ionships  

a .  Change of gr id-s ize :  

Consider, f o r  example, t h e  case  i n  which t h e  g r id - s i ze  i s  doubled 

b u t  keeping the  same s c a l e  p r o p o r t i o n a l i t y  between t h e  model and 

t h e  r e a l  system, e ,g . ,  1 inch  = 2 mi les*  then 



( A )  Vector volume of resistor 

e 3  

- , ,, i - x  

2 
0 '1 
z - 

1 i 

'-7- - - - a - 
(C) Typical vector volume of network capacitor 

.42 

( D )  Top view of copocitor vector volume 

(E) Modif ied pumped well junction b4 
vector volume 

(F) Top view of vector volume 

Figure A 3 .  Vector Volumes 



This i s  t h e  same r e s u l t  as was obta ined  f o r  t h e  o r i g i n a l  g r id - s i ze .  

b,  Change of s c a l e :  

Consider t h e  c a s e  where t h e  g r id - s i ze  remains unchanged bu t  where 

t h e  s c a l e  p r o p o r t i o n a l i t y  i s  v a r i e d ,  e .g . ,  1 inch n6w r e p r e s e n t i n g  

32 mi les  i n  t h e  X-direct ion only, t h e  s c a l e  remaining as 1 inch  = 

2 miles  i n  t he  Y-direct ion,  then: 

Capacitor-volume Rela t ionship  

The vec to r  volume a s soc i a t ed  wi th  a c a p a c i t o r  i s  shown i n  F igure  A3c, t h e  
2 volume of a q u i f e r  it r e p r e s e n t s  being equal  t o  a m cubic-feet .  

Problems sometimes a r i s e  because t h e  c a p a c i t o r  concent ra tes  s t o r a g e  a t  a  

p o i n t  i n  the  system, whi le  t h e  r e a l  s t o r a g e  proper ty  of t h e  a q u i f e r  i s  d i s t r i b u t e d  
2 

over  an a rea  of a  square- fee t ;  t h e  e r r o r s  involved a r e  func t ions  of t h e  gr id-  

s i z e  and decrease w i t h  sma l l e r  g r id - s i ze s .  

R e s i s t o r  e r r o r  a t  w e l l - s i t e s  

P r i c k e t t  (1968) d i scusses  t h e  d i f f e r e n t  types of e r r o r s  involved i n  

r e p l i c a t i o n  of a we l l ,  o r  system of w e l l s ,  by a  point-node. D i f f i c u l t i e s  occur  

because of t h e  d i s t o r t i o n  of t h e  p o t e n t i a l  f i e l d  i n  t he  v i c i n i t y  of t h e  w e l l ,  

b u t  more p a r t i c u l a r l y  because t h e  f low t o  the  we l l  i s  obviously n o t  i n  t he  d i r e c t i o n  

of t h e  p r i n c i p a l  c o o r d i n a t e s  only ,  bu t  i s  r a d i a l  flow towards i t ,  and t h e  v e c t o r  

volume r equ i r e s  s u i t a b l e  adjustment;  F igure  A3e shows t h e  new v e c t o r  volume. 

Another d i f f i c u l t y  i s  caused by dep ic t ion  of t h e  w e l l  a s  a poin t -s ink;  t h a t  

i s ,  accep tab le  a s  long  a s  t h e  e f f e c t i v e  wel l - rad ius  i s  v e r y  small compared t o  

t h e  gr id-sca le .  I n  t h i s  s tudy,  t h e  e f f e c t i v e  wel l - rad ius  was known t o  be  

1500 f t  wi th  t h e  gr id-s ides  s c a l i n g  10,560 f e e t .  

P r i c k e t t  recommends r ep lac ing  the  r e s i s t o r  ca l cu la t ed  us ing  equat ion  given e a r l i e r  

where, 
R = t h e  e x i s t i n g  g r id - r e s i s t ance ,  

a = t h e  grid-dimension, i n  f e e t ,  and 

r = t h e  e f f e c t i v e  wel l - rad ius ,  i n  f e e t .  
W 
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APPENDIX B 

L i s t i n g  of the  Computer Program 

This i s  a modified vers ion  of the  computer program i n  "An I t e r a t i v e  

D i g i t a l  Model f o r  Aquifer Evaluation" by George F. ~ i n d e ? ,  U. S, Geological 

Washington, D. C. 



I N T E G E R  D I M L *  DIMW 
R E A t * 8  KEEP. I M K t N U M t M I N S q M t K  
DIMENSION 5 1 2 7 . 2 7 ) .  S S ( 2 7 * 7 7 ) * H Y C O N n ( ? 7 * 7 7 1 .  R A T F ( 7 7 * 7 7 ) *  K F F P 1 ? ? *  
127). 6 ( 2 7 ) *  T E M P ( 2 7 1 ,  B E ( 2 7 ) t  R H O P ( 2 7 ) r  C H K ( 1 0 1 ,  S T R T ( 2 7 9 2 7 ) r  T ( 2 7  
2 . 2 7 ) .  P H I ( 7 7 . 7 7 ) .  P U I r P ( 7 7 * 7 7 ) .  W T A N  E ( 7 7 * 7 7 ) *  D F L X ( 7 7 ) -  nELy(771.P 
3 C O E f 1 2 7 r 2 7 1 .  Q R E I 2 7 r 2 7 ) .  H E A D N G ( 3 3 )  

C I M E N S T O N  A S T G I X ( 7 7 )  
D O U B L E  P R E C I S I O N  PHI I ~ ~ ~ ~ I ~ 9 ~ I ~ ~ ~ ~ t 5 ~ t  ~t T l r ~ 2 t  T ~ ~ T ~ , R X O ~  A ~ B * C ~  D E L T  

~*PARAMICHKIPNCH,CONTR~ CHCK -.-- 

CgMNUN / I N T E G E . /  D I M L ~ D  IMWINUMTILENGTHI I T M A X ~ I N P ~ . J N O ~ ~ K T H ~ N C Y C L E ~  

JFl iJ , \ j  = r ?  -- - 
' 4 C Y C l F  = -1 

5 KCYCCE = YCYCLE + 1 _ _  ___- _ __- - 
C 
C _. _ _ -. 
C  L E A D  I N  DATA 
C 488*$8$3* *8 * *  _ _ - -  

CALL D A T A I N  
-C * * * t t 4 * 4 * * * * 8  _ 

C ENDYF FILE f3N S Y S I N  
I F  ( J F I N A L o G T o "  GG TO 6 0  

C 
C F R I W T  I P ~ P U T  DATA __I__II__ _ 

. r t * * f  ********* 
C 4 L L  I N O U T  ---- _--- 

C * 8 8 * * * & * 4 * t + *  
_ _ _ _ _ _ _ _ _ _ _ _ _ _  - - C 

C CD14PUTE I T E R A T I  ON PARAMETERS 
C. ************* - 

I F  L ldCYCLEr, EBo ? 1 CALL I P A F A M  
C *******88**** - -- 

C 
K T = 3  -- - - - --- 
T E S T = 0  
I F  (NCYCLEaEi3e :S f  TMAX = TMAX * 3 6 Q P e  
JiK! l = D I M d - 1  
I N O L = D I M L - 1  _ _ _ _ _ . _ _ _ _  

10 I f  (TESToEQo.3  1 GO TO 50 
C _---- 
C HAVE WE EXCEEDED P E R M I T T E D  NOo OF I T E R A T I O N S  

I F  ( KOUNTs L T o  I T  MP 1 GO TO 30 
WXITE  (69 170) 
JFINAL = 1 _________ ___.__-. 

GCI T 0  160 

30 NTH=O 
46 MTH=NTH+1 

PAR P M  RHOP (NTH)  - - 
TES T=Qo 



&15- -..- - - - . -- 

C  COMPUTE IMP1 1CITL.Y ALONG ROWS 
c ************* - -- - - - - - - --. - -. - . 

CALL ROW 
c ************* - - - - - - - . -- -- 

i 

C 
c r = r u f l C . O I -  - -- -. ---------- 

K - - - - - - -  -- .--- - 
DC! 90 I = l * D I ; . I L  
I-IQ qr+ . ] = I  . n ~ ~ w  - -- - - - ----. . - - - - - -- - -- -- - - -- - .  

9" K E E P ( I I J ) = P H I  ( I r J )  
I l q  D F U  = F A C R I T  L Q F I T  - - - - - - - .- - --- -- - 

SUI~=SUY+DELT 
f ,  * * t *W** *  -- - -- - - . - - - - - - - 

C4LL CLAY 
r. b * * * t * f * t  - pp - -- -- - .. - - - -- - . - - - - - - - -- - - - . - 

H ~ S = S U M / ~ ~ W ~ ~  
M TR1 S = H R  S*f,P-. - - -- -- -- - - - - -- - . - . - - - - - - - - -- - -- - - 
D A Y  S=HRS/ 24: 
Gl l  T n  ?:7 ------- - ------- 

C 
I .  . - -8 r rn . . ,o  -an.*" -MQ6(LQ ~ O M O O O O Q Q Q O Q ~  

c 
r. - --- - - - - - 

12C FOPMAT ( ~ H ? ~ / / / ~ ~ ~ x I ~ ~ H I N F C ) R M A T T O N  FROV MASS B A L A N C E / / 5 O X , Z l H M A S S  
I R A I  ANCF F F S I D l J A l  1 P F I  1, m X .  1 9 h m T V F  RF<TnlJ.Pl l P F 1 1 , 7 1 5 n ~ ,  7RHk 
20LUYE OF CCNE O f  D E P R E S S l l l N l P E l l o 3 / 5 Q X , 1 8 H C U M U L A T I  V E  PUYFINGlPElPe 
37/5:'Xr 7 8 H C t l N U I  AT IVF T R P E U b l T - _ i _ W G E l E E L L 2 / 2 ~ X  
4ADY L E  A K A G E l P E l l o  3 1 

13Q FORMAT I 1  H . I  5 X. 50A7 1 - -- -- 

14PFFOKMAT (4E200 l Q / 4 € 2 0 e l C  
1 5 0  F l lRMAT l *  l FND n F  .fnR 9 1 -- 
17fi FORMPT ( 1 H G r  39HEXCEEDED PERMITTED NUMBER OF I T E R A T I O N S )  
180 F O R M A T  I I U * 5 5 X . l 7 H T 1 M F  STFP M W F R  m n T 7 F  n F  TIME S T F P  

114 SECOYDS r E l Q o 3 / 4 0 X , 4 8 H D U R A T I O N  OF PUMPING AT T H I S  PRINTOUT I N  S 



2ECONDS rE10o3/80X,8HMiNUTES rE10e3/f3_0_Xq4HHOU_RS ,ElOo3/C!C>:*5HOAYS 
3 E l G o 3 / 5 6 X * l ? H I T E R A T I O N  NUMBER ~ I ~ Q / ~ ! ~ X I Z ~ H M A X I Y U V  DIMENSIQNLESS T I  
4 B E *  1PElOo 3 1 -------- 

EN D  
:*UARNING+* FORMAT STATEMFNT 14C I S  UNKFFFBEfiCEL- - . 

1 J F I N A I  - - - . -- - - - - - - - . - - -- -- 

CONNOY / S I N G L E /  SUM* CELX, DELYqKATEt S, STRT, SPAChC,Tq FLUXT tQkEgPUMF, 
l h ' T A B L F *  TFSTP*FACTnF?. *FRE*  F L q *  F ~ ~ J . E K K . ~ E A W ~  TFAXs SSrHYI1CNI;s-UId 
2COEF*TTvHEEDNGrFACaPE, FACDLT 

T M 3 V L I ~ & J K E E P  9 BE 1 W Y T 1  9 T 2 T 3  9 24 rF&.Ol Arb-I1 1- 

IF!HOPIPARAM*IMK*CHK~ PNCH*COb!TF*f'!UMyCHCK 
- C3PiMCN /CYKdF:T /  CONFZLEUT,FT *DELQTIDI F-FY O I F F T  - . _ - --- - - 



c -- - - 

C SUBPROGRAM q O o  2 
r. -- . - - - -- - 

INTEGER D IMLrDIMW 
R F A I  8 A  KFFP. T M K . N l l b M I N C I . M f K  
D I M E N S I O N  S ( 2 7 r 2 7 ) r  S S  ( 2 7 , 2 7 J r H Y C O N D (  2 7 9 2 7 ) ~  R A T E ( 2 7 ~ 2 7 1 r  K E E P 1 2 7 9  

1 3 7 ) .  G!77). TEMP(371- RF177), RHf !P !771 .  C L I K U Q J - + S R T f 7 7 - 7 7 ) .  Ti37 
2,2719 P H I  ( 2 7 9 2 7 1 t  P U M P ( 2 7 , 2 7 ) r  W T A B L E ( 2 7 r 2 7 ) r  D E L X ( 2 7 )  r C E L Y ( 2 7 ) r Q  
3 C f l F F ( 7 7 . 7 7 1 .  Q R F ( 7 7 , 7 7 ) .  HFI-3) 

DOUBLE P R E C I S I O N  ~ H I ~ R H O P T D T G ~ T E M P T B E T W , T ~ ~ T ~ ~ T ~ ~ T ~ T R H U T A ~ ~ ~ C ~ D E L T  
1 r P A R A M a t H K . P N C G C n N T R L f w K  

COMMON / I N T E G R /  DIMLTDIMWINUMJ~LENGTHT ITMAX,  I N 0 1 9  JNO1,KJti,hCYCLE, 
I J F I N A t  



------ 
l l a i  FDRMAT ~ L H O I ~ ~ H P U N C F E D  OUTPUT ?€QUESTED) 
130 FO%M AT 4 1HO. 76HCllNTnURED P U T P U T E E B U L S L E D  I..__----- 
1 4 6  FDRMAT ( lHSr24HNUMERIC OUTPUT REQUESTED) 
1 5 0  FORMAT ( lHQr78HMASS R A l  bNCF CHEI;XFEQU_EST_EO_)--- 
1 6 8  FORMAT { l H l r / / I X * 3 3 A 4 q l / )  
1 7 0  FORMAT ( 1 H 1 * 4 8 X * 3 7 H  I N I T I A I  PIFZQMFTR rC HFAD f I l S f B . I B I I T I R N )  
1 8 9  FOPMAT l L H 0 , 6 0 X * 1 6 H I N P U T  PARPMETEAS//4OH LENGTH CF I N I T I A L  TIME S T  

1EP I N  SECElNDS=*ElP)c 3//46H MAXIM&M-PE-LM-ITTEOPERIOn- 
2f3UPS=*E1Go3//4QH M A X I M U M  PERMITTED NUMBER OF TIME STEPS=r l4 / / 50H  M 
3ULT IPL IER  FOR LFAKAGE Fl UX FRnM Cf lNFINLNG I AYFR F 1 0 ~ 3 / / 3 ? H  NUMBFR - - 
4 OF NODES IN COLUMN OF M A T R I X = , I 4 / / 3 4 H  NUMBER OF FdQDES I N  ROW Of M 
5ATRIX=*  f 4 / / 3 2 H  NUMBER CF I T E R A T I O N  PAPAMFTFRS I 4 / / 2 8 H  FERCIR C R I T F  - - 
6RIA FOR CLOSURE=, E1Qo 3 / / 4 5 H  MULTIPLIER FOR THICKNESS OF CC&FINING 
7LAYERzr l P E 1 0 e  3 / /36H MU1 T I P I  IERFrJRSTrJBBGE CaFFFIC. IFNT - FUEq//3'H - -*  

8  MULTIPLIER FOR SPECIFIC STORAGE=*ElOo3//39H MULTIPLIER FCR HYDRAU 



9 L I C  CONDUCTIVITY=, El30 3 / / 3 l H  M U L T I P L I E R  FOR T R A N S M I S S I V I T Y = , E l Q o 3 /  
b/4OH NUMBER OF T I M E  STEPS BETWEEN PRINTOUTS=, I 4 / / 4 O H  MAXIMUM PERM1 
Z T T F n  N I I M R F R  ! l F  T T F R A T f f U S  - -. . 1 6 1  

190 FORMAT ( ~ H ~ ~ ~ ~ X I ~ L H T R A K S M I S S I V I T Y  MATRIX)  
7C.0 FQR'4AT (l~O.~4.liF11,1/f5X.11F11,3LL_ 
2 1 6  FORMAT (1H1,40N,4iaHGRI C SPACING I N  PROTOTYPE I N  X -  D I R E C T I O N / / / (  1 H O  

22G FORMAT ( 1HQ,4CX143HGRI C S P A C I N G  I N  PROTOTYPE I N  Y D I R E C I I G N / / / i  1HO 

SUBR3UT I N F  IDAYAM 
C. < I I R P ? G G K A M  Nf, 7 -- 
C O=0-----P-~~=-----9---------CI-------------------P--------------- 

l ? I T F G = R  n1Ml a nTMbd -- 
EEAt*B K E E P *  I MKINUM~MIKSIMIK 

~ S S S 1 2 7 ~ 7 7 1 m H Y C Q t ~ C 2 1 ~ 2 1 J . c  RATFf  7 7 - 3 7 ) .  K F F P ( 7 7 .  
1 2 7 1 ,  G ( 2 7 ) r  T E M P ! 2 7 ) ,  RE42719 R H O P ( 2 7 1 ,  CHK(1C))r  S T R T ( 2 7 . 2 7 1 ,  T ( 2 7  
7 * ? 7 ) *  P H I ( 7 7 . 3 7 J .  P ~ J b ' P i 7 7 . 7 7 ) ~  WTARI E Q 7 . 3 7 ) a  R F L X ( 7 7 1 a  f F I  Y 1 7 7 1 . Q  
3 C ! 3 E f ( 2 7 t 2 7 1 1  QRE(27,27], PEAONG(33) 

D I L l R 1  F P R F C I q  TnN PHT . F ? H n P _ D t G . T ~ p ~ R F y & _ T l _ r T 7 *  T?-T4.RHf3.A&C.DFl T 
lrPARAMrCHK,PqCH,CONTR,CHCK 

C / T -  TF t,R/nah I-&*- F : 
1JF INAL 

f.nMMfI:q / S T N G I  F / S I I M *  C F 1  X,mI Y . R ~ E ~ S & J ~ T F F F  I I ~ F , P I I M P ,  



CALCCILBT E A V F R A G E  V A L U E . ~ F T E . E N . A D . J A C E N I . - A U ~ ~  
NODE C D N F I G U R A T I D N 3  T 1 = t E F T q  T 2 = R I G H T  9 T3=UPPEP 1 T4zLCWER 
TI=( ( 2  * T t  I r J - I .  ) * T I  I r J )  L L ( T (  I K . J ) * D E L X ( J - ~ ~ + T ( I J J - L ~ . * D I F . X U U ~  . , 4 %  

CHECK WHf THFR NODF IS A L D N G L W O R B N  AlAK!L 



i i J A T  H _ _  I F b D  V4L!.ELECL. EQlriS OF- P A T R I X  AhD . E L A L E . - I M E l f i :  
TEMP 1 ZA9.Y L I C A T  IGPI T E M P  

- W 3 ' n  L--- - - - - - . - -- 
Cr3 b i K!. i t4=1 t M33 

-- N 74= ~ r K ! $ ! L  _ _ _ - . - - - - -. - 
P H I  ( 1 - 1 r t . ' i 1 4 ) = T t 4 : ? ( b 4 C 4 1  
I F  I T (  T = h q 4 1  5 - -  -- - - -  -- ---- 

40 T E Y P ( ~ 4 ~ 3 4 1 = P 1 - I I  I I q N 0 4 )  
r , 7 T P  6-1 - - - - - - - - . - - - . - .  - .  -- - 

5 c  T i Y P  ( ~ I f 4 ) = G ( " . 1 0 4 ~ - 6 E ( * J C l 4 ) * T E M P t N O 4 + 1 )  
- & J ~ I \ I  -!- 7 t.J 1 1 i , - - - - -  -- - -- -. - - - 

7 Ci7NTIt.iLJE 
Q F T f j l ' ' !  - ---- - - - - - - . - - ? - -- --+- -- ---- 

~n - - - - - - - - - - - - . 

------ --- - -  - - -  -"----- 
IYTEGCK n I Y L r  DIMW 

- R F A I  * A  K F F P *  1 M Y . N I J M , M T u K - - - -  . . -.-- - - - -- - - 

DIMENSION S427t.271~ SS(27~2711~YCON0(27r27f~ ~ A T E ( 2 7 r 2 7 ) t  K E E P ( 2 7 r  
1 3 2 . ) -  G 1 7 7 1 .  T F f . 1 p ( 7 7 1 . P F ? J  * -RHOP1272+ C H K C l X 2 I * - S T R L L W m  

2927) r PHI(27r27)* PUYP(27t27)t WTbBLEt 2 7 1 2 7 ) ~  DELXI27) t OELY(27) r Q  
Q-7727.371331- - .--I-- -..----- 

D r J U H I F  P R E C I S I O K  P H I ~ F . ( H ~ P ~ D I G ~ T E M P ~ B E ~ ~ ~ T ~ ~ T ~ T T ~ ~ T ~ ~ P O ~ A ~ B T C I D E L T  
1 RAY.+LHkC. , IACHa? TP. & W K  -- - . - -. - - - 
COPFJII1,V / IX ITEGF: /  DIYLt DIMWrNUMTrLENGTHt ITMAXt INOlr JNolr KTkrNCYCLEr 

1 . m L  - -  - . - - - - - - - -- - -- - 
C3MMJF.S /SIWGLE/ SUP!* D E L X I D F L Y T ~ A T E I S T S T R T ~  S P A C N G I T ~  FLUX1 ~ Q R E T P U M P ,  

1ir lTbRI F - T F S T P -  F ~ ~ T ~ ~ ~ ~ F ~ E A C _ S I E . A I : S S ~ F A C K , F A C I . ~ ~ E & S S . Y ~ I : T N C . T F C T ~ Q  
2CijEFr Tf,HEPDYGtFACQREt F4CDLT 

-CQ%,W?L/UR-FLsKKEEP.DELTrDrGrTEMFtBEr WrTlr T 2 + . 1 3 c T l k & I r !  
1Mti?Pr PARAY, I ' I K T C H K I P V C H , C ~ ~ ~ ~ T R I N ~ ~ M I C H C K  

------'--"-------'~-------~--~~~=----=-----ElElElElElElElElElQQQ----*----~ - - - - - - -- - - . - -- - -- 
PURPhsF- -TG C A L C U L A T E  IMP!-ICITLY PLf'NG COLUMNS* E X P L I C  ITLY ALONG 



CHECK HHETHER NODE IS ) I L D k A S . T F I A M  DR. ON A L A K E  - -- 

CALCULATE VAl  UFS FnR P P R A P 1 F T : S & A R ,  L s A N L B E  - -. _ -. - - - . - - - - - - 

A=T3 

~ ~ ~ ~ ~ ~ o a o ~ o ~ ~ ~ e ~ a a ~ e e n ~ n n o a o e a a n ~ ~ ~ n ~ a n n i . n ~ * ~  

CALCULATE HEAD VALUES FOR COLUMNS OF M A T R I X  AND PLACE I N  TEMPORARY 
LOCATION TEMP -- - 

N r J 3 = D I  ML-2 
DO 6a K N Q 4 = l r  NG3 
N%=DI ML-KN04 
P H I  ( N 0 4 r  J - 1 l = T E M P f M O 4 1  -- 
IF t T L N 0 4 , J I  50,40150 

413 TFMP4N041 P H I l N 0 4 . J )  - - -- 

GO TO 60 
50 T E M P ( N 0 4 )  - - G (  N 0 4 ) - 8 E ( N n 4  * T F M P ( N 0 4 + 1 1  

S N G t = T E M P ( N 0 4 1 - P H I  ( N G 4 ,  J l  
I F  ( A B S ( S N G L 1 e G T a F F C R )  TFST= la  

60 C O N T I N U E  



123 

7Q CONTINUE 



- ... .- - - -- --- 
T H I S  SUBF3UTf NE P R I N T S  CUT DRAWDOWN AS ALPHAMERIC CONTCUFS 
WRITF (6.501 - - -- - - - - - - - .- - .- - . 
I N D = ( 6 5 - D I M W ) / 2  
07 4'! T R = 1 . D T M I  ----- -- -.. -- - - --. . - --.-- - 
0cl 3? J S = l , O I M W  
K = S T i t T I I B t J B ) - P H I (  &U . - - - - --. 

K = K / S P A C h G  
I F  ( K e L T a 3 )  GO T n  1 9  - - - - - -- 
Q E A L K 4 = K  
K = A M O D I R E A l  K 4 . 3 6 ~  - -- - - - . - 
IF ( K c L T o  l o )  P Q V T 1  J B i = S Y P (  3 6 )  

10 I F  I K o L T o 3 )  P R N T ( J B  )=SYIV;(39-1..- - - - - -. 
I F  ( P H T t I B r J B ) o E Q o S T R T ( I B I J R ) )  P R N T ( J B ) = S Y M ( 3 7 )  

- 
T H I S  SUBPOUTINE COMPtTES THE ERROR I N  THE SCLUTICN ON A PASS 

- - -- -- -- - - --- - 
pp 



CIJP.!f T=C!]NFT+I-)FI S - - - - -- - - - - - - -- - - -- - 

PUMPT=FUCiPTt i )ELPY P * D E L T  
DFI (JT DFI O T  - - +DF1 Q*nFI T ---- - --.. - ------ 
FLUXT=FLUXT+STDYQ*DELT 

E N D  

H C C K  DATA 

DATA CHK( 1)/5HPUNCHIrCtfk(2) /?HCONTOURItCHK(3)/7HNUMERIC/rCHK(4)/5H 




