
Model Studies of the Botany Basin Aquifer. November 1964.

Author:
Nettleton, A. F. S.; Hall, A. J.

Publication details:
Report No. UNSW Water Research Laboratory Report No. 73

Publication Date:
1964

DOI:
https://doi.org/10.4225/53/57959bc34df25

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/36286 in https://
unsworks.unsw.edu.au on 2024-04-18

http://dx.doi.org/https://doi.org/10.4225/53/57959bc34df25
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/36286
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au


The quality of this digital copy is an accurate reproduction of the original print copy 



* d/h
T H E  U N I V E R S I T Y  OF  N E W S O U T H  WA L E S

WATER RESEARCH LABORATORY 
Manly Vale, W.S.W., Australia

REPORT No. 73

Model Studies of 

the Botany Basin Aquifer

by

A. F. S. N ettle ton  and A. J. Hall

Wa TPR R t& A fiC H  
LABORATORY

l i b r a r y

N O V E M B E R ,  1 9 6 4



AN INVESTIGATION INTO THE PO SSIBILITY OF SEA W ATER  
INTRUSION INTO THE B O T A N Y  BASIN AQUIFER B Y  M EANS  

OF AN HYDRAULIC FLOW  M O DEL.

by

A. F .  S. N e tt le to n  and A. J. H all

R ep o rt  N o. 73 

N o v e m b e r  196 4.

https://doi.org/10.4225/53/57959bc34df25



T A B L E  O F C O N TEN TS

P a g e  N o .

P r e f a c e

S u m m a r y

1 . The B otan y  B a s in  1

2. The m o d e l le d  S e c t io n  2

3. The V is c o u s  F lo w  H e le -S h a w  M odel 4

3 .1  In trod u ction  4

3 .2  H e le -S h a w  M odel T h e o ry  5

3 .3  P r o p o r t io n in g  of the B otany  M odel 7

4 .  R e s u l t s  o f  M odel T e s t s  9

5. T h e o r e t ic a l  I n te r fa c e s 11

5 .1  G ly b en -H e r  zb e rg  11

5 .2  D upuit P a r a b o la  11

5 . 3  N o m itsu  et a l 12

5 . 4  G lo v er  13

5 .5  B ea r  & D agan  13

5 .6  S u m m a r y  15

6 . C o m p a r is o n  of T h e o r e t ic a l  and M odel 16
I n te r fa c e  P r o f i l e s

7 . C o n c lu s io n s 18

8. A c k n o w le d g m e n ts 19

9 . S e le c t e d  R e f e r e n c e s  20

10 . A p p en d ix  24



P R E F A C E

T he r e s e a r c h  d e s c r ib e d  in  th is  r ep o r t  w a s  c a r r ie d  out by  

M r, A . J , H a ll  a s  a p a r t  r e q u ir e m e n t  fo r  the a w ard  o f the d e g r e e  of  

M a s te r  of T e c h n o lo g y .  The in v e s t ig a t io n  w as d ir e c t e d  by M r .

A . F . S .  N e t t le to n ,  S en io r  L e c t u r e r  in  C iv il E n g in eer in g s  and the  

w o rk  w as  c a r r ie d  out in  the G e o -h y d r o lo g y  and So il  E n g in e e r in g  

L a b o r a to r y  of the D e p a r tm e n t  of W ater  E n g in e e r in g ,

T he r ep o r t  m a k e s  a s ig n if ica n t  con tr ib u tion  to the ev a lu a t io n ,  

in  a qu antita tive  m a n n e r ,  of the h y d r o - g e o lo g ic a l  c h a r a c t e r i s t i c s  of  

the  B a n k sm e a d o w  a r e a  of the B otan y  B a s in  a q u ife r .

T he A pp en dix  w as  p r e p a r e d  fr o m  data c o l le c te d  by  

M r . M .A .  C o rn e ll  w h o se  o r ig in a l  t h e s i s  w as  a l s o  a p a r t  r e q u ir e m e n t  

fo r  the aw ard  of the d e g r e e  of M a ste r  of T ech n o lo g y .



SUMMARY

G rou n d w ater  s tu d ie s  u s in g  a H e le -S h a w ,  or V is c o u s  F lo w  
A n a lo g y  m o d e l ,  w e r e  m a d e  of a c r o s s - s e c t i o n  of the n o r th e r n  end  
of S y d n ey 's  B o ta n y  B a s in .  The s e c t io n  m o d e l le d  i s  not ty p ic a l  of the  
B a s in  a s  a w h o le ,  but r e p r e s e n t s  an a r e a  in  the  suburb of B a n k s m e a d o w  
w h e r e  h e a v y  pu m pin g  o c c u r s .  T h is  s e c t io n  a l s o  fo l lo w s  the  d e e p e s t  
p a r t  of the a q u ife r ,  and h e n c e  it  i s  lo c a te d  in  an  a r e a  w h e r e  s a lt  w a ter  
in t r u s io n  i s  m o s t  l ik e ly  to  o c c u r .  In o rd e r  to study the e f f e c t s  of  
f r e s h  w a te r  o u tf lo w s  on the s ea  w a ter  - f r e s h  w a te r  in t e r f a c e ,  un der  
c o n d it io n s  of v a r y in g  w a ter  ta b le  s lo p e s  and v a r y in g  a m o u n ts  of 
p u m p in g  f r o m  the a q u ife r ,  a to ta l of 150 t e s t  runs w e r e  m a d e  on the  
m o d e l .

L a ck  of f ie ld  d a ta , p a r t ic u la r ly  r e la t in g  to the g e o lo g ic a l  
s t r u c tu r e  of the  B a s in ,  n e c e s s i t a t e d  the a ssu m p tio n  of a g e o lo g ic a l ly  
h o m o g e n e o u s  a q u ife r .  T h e re  m u s t  c o n se q u e n t ly  be s o m e  doubt a s  to  
th e  v a l id i ty  of the s e a w a r d  f r e s h  w a te r  o u t f lo w s ,  and thus the f r e s h  
w a t e r - s a l t  w a ter  in t e r f a c e s  o b ta in ed .

T h e o r e t ic a l  f r e s h  w a t e r - s a l t  w a ter  in t e r f a c e s  a r e  a l s o  
p r e s e n t e d  and c o m p a r e d  w ith  th o se  obta ined  fr o m  the m o d e l .  In a l l  
t h e o r e t i c a l  c o n s id e r a t io n s  the  t r a n s i t io n  zone  b e tw e en  the f r e s h  and  
s a l t  w a ter  w a s  not c o n s id e r e d  a s  th is  could not be s im u la te d  on the  
m o d e l ,

A  b r ie f  r e p o r t  on an in v e s t ig a t io n  of s e a  w a ter  p o l lu t io n  in  
th is  s a m e  a r e a  by c h e m ic a l  m e a n s  is  p r e s e n t e d  in  the  A pp en dix  to  
th is  p u b lic a t io n .

T he n a tu ra l unpum ped u n d erf lo w  into  B otany  B ay  th rou gh  the  
n o r th e r n  s h o r e l in e  i s  e s t im a te d  to be of the o r d e r  of 25 m i l l i o n  g a llo n s  
p e r  d a y , and th is  f ig u r e  can be co m p a r e d  w ith  G r if f in 's  (1962) e s t im a t e  
of 8 m i l l i o n  g a l lo n s  p e r  d ay  for  the p u m p age  fr o m  the  e n t ir e  b a s in .



1. THE BOTANY BASIN

T he B otan y  B a s in  i s  s i tu a ted  on the so u th ern  boundary of the  
C ity  of Sydney., F ig u r e  N o . 1 sh o w s  the n o r th ern  s e c t io n  of the B a s in ,  
and in d ic a te s  the recrea ,t io n , a n d /o r  open s p a c e s ,  a s  w e l l  a s  the  
d r a in a g e  in tak e  a r e a s  s u g g e s te d  by G r iff in  (1 9 6 2 ) .  In the n o r t h - w e s t e r n  
c o r n e r  it  i s  d e n s e ly  p op ula ted  and h e a v i ly  in d u s t r ia l i s e d ,  w h i ls t  in  the  
e a s t e r n  s e c t io n  th er e  a r e  l a r g e ,  open r e c r e a t io n a l  a r e a s  o v e r  the  
n o r t h - e a s t e r n  c o r n e r  and a lon g  the L a ch la n  S w am p s in take  a r e a .

A t t r a c t e d  by the r e la t iv e ly  f la t ,  cheap bu ild in g  s i t e s ,  
( c o n v e n ie n t  both to the c ity  and to s ea  a c c e s s  through B otan y  B ay), and  
by the chance of obtain ing good qu ality  grou n d w ater  for  on ly  the c o s t  
of bore  s in k in g  and p u m pin g , m a n y  in d u s t r ie s ,  w h ich  a r e  la r g e  u s e r s  
of w a te r ,  h a v e  b een  e s t a b l i s h e d  w ith in  the B otany  B a s in .  T h e s e  ran ge  
f r o m  w ool s c o u r e r s  and ta n n e r ie s  to pap er  m a n u fa c tu r e r s  and c h e m ic a l  
and food p r o c e s s o r s ;  the la t t e r  s e e k in g ,  and ob ta in in g , w ater  of 
c o m p a r a b le  qu a lity  to that a v a i la b le  fr o m  S y d n ey 's  n o r m a l  r e t ic u la t io n  
s y s t e m .

The a q u ife r s  c o n s i s t  of u n co n so l id a te d  d e p o s i t s  of 
Q u a tern a ry  ag e  o v e r ly in g  r e la t iv e ly  im p e r v io u s  T r i a s s i c  H a w k esb u ry  
S an d ston e  and W ianam atta  S h a le s .  The s e d im e n ts  v a r y  in  th ic k n e s s  
f r o m  a few  f e e t  at the p e r ip h e r y  to a m a x im u m  of a p p r o x im a te ly  
250 f e e t .  H a w k esb u ry  S a n d sto n e , w h ich  e n c ir c l e s  the B a s in ,  i s  
c o v e r e d  a long  the e a s t e r n  c o a s ta l  s e c to r  by r e c e n t  a e o l ia n  sa n d s  and, 
to  the w e s t  and south , i s  capped by W ianam atta  S h a le s .

D r i l l in g  lo g s  sh ow  that the sand beds  o f  the a q u ifer  a l s o  
con ta in  le n t ic u la r  beds  of c la y ,  p ea t ,  g r a v e l  and ferru g in o u s  
c e m e n te d  sa n d s  at v a r y in g  d ep th s .  P a r t ia l  c e m e n ta t io n  o f the sand  
in  s o m e  p la c e s  h a s  o c c u r r e d  through s e c o n d a r y  d e p o s it io n  of e i th e r  
o r g a n ic  m a t te r ,  c a r b o n a te s ,  or ir o n  o x id e .  T h e s e  " co n so lid a ted "  
h o r iz o n s  a r e  u s u a l ly  l e s s  than a few  f e e t  th ick  and the  r e s u l t in g  
fo r m a t io n  i s  p o p u la r ly  t e r m e d  "W aterloo  R o c k ."

The a v e r a g e  annual r a in fa l l  o v e r  the n o r th e r n  s e c t io n  of 
the  B a s in  w a s  a p p r o x im a te ly  44  in c h e s  for  the p e r io d  1935 to 1959 .
P a n  e v a p o r a t io n  f ig u r e s  at The Sydney W eather  B u r e a u ,  O b s e r v a t o r y  
H i l l ,  a r e  a p p r o x im a te ly  40 in c h e s  p er  y e a r .  H o w e v e r ,  th is  la t t e r  
v a lu e  i s  not d ir e c t ly  a p p lic a b le  to the B otany  B a s in  a r e a ;  but a l lo w in g  
fo r  the h ig h er  t e m p e r a tu r e s  and w in d ier  c o n d it io n s ,  it  i s  s u g g e s te d  
that the p o ten t ia l  f r e e  w a te r  s u r fa c e  e v a p o r a t io n  i s  v e r y  p r o b a b ly  not  
l e s s  than the annual r a in fa l l  in  th is  a r e a .
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2, THE M O D EL L E D  SECTIO N

The lo c a t io n  of the m o d e l l e d  s e c t io n ,  and b o r e s  for w h ich  
s o m e  data a r e  a v a i la b le ,  a r e  show n in  F ig u r e  N o . 2c The s e c t io n  runs  
a p p r o x im a te ly  N . N . E .  f r o m  a po in t 1 0 ch a in s  w e s t  of G o v e rn m e n t  P i e r  
to the c e n tr e  of K in g sfc r d  shopping a r e a .  Its  d ir e c t io n  and p o s i t io n  
w e r e  c h o se n  a s  a, r e s u l t  of c o n s id e r a t io n  of the data p r e s e n t e d  in  
F i g u r e s  N o s .  2 to 5.

The s e c t io n  fo l lo w s  a l in e  a lon g  w h ich  the h e a v ie s t  pum ping  
o c c u r s ,  B o re  N c s .  232, 233 and 234 l i e  c lo s e  to the s e c t io n ,  and  
to g e th e r  fo r m  a group of w e l l s  cap ab le  of pum ping 3 0 ,0 0 0  g . p . h .  T h e s e  
a r e  r e p r e s e n te d  by D ra in  N o . 3 in  the s e c t io n  d e ta i l  of F ig u r e  N o . 6.
T he d ra in  depth of 11 5 fe e t  i s  the a v e r a g e  of the lo w e r  p o r t io n s  of the  
c a s in g s  of th e s e  th ree  b o r e s .  D r a in  N o , 1 r e p r e s e n t s  the group of 
b o r e s  v i z .  N o s .  216, and 225 to 231. H eavy  pum ping a l s o  o c c u r s  n e a r  
the  m id d le  of the s e c t io n  w ith  B o re  N o s .  17 3, 174 , 194 , 196 , 198 e a c h  
h a v in g  r e c o r d e d  pum ping r a te s  of 1 1 - 1 4 ,0 0 0  g . p . h .  D ra in  N o s .  2 and  
4 w e r e  p la c e d  on the top of the a q u ic lu d e  to d e m o n s tr a te ,  i f  r e q u ir e d ,  
the  e f fe c t  of pum ping fr o m  f u l ly  p e n e tr a t in g  w e l l s .

The b a se  ro ck  c o n to u rs  show n in F ig u r e  N o , 3 r e v e a l  that  
the aq u ic lu d e  s lo p e s  S .S .W .  in the d ir e c t io n  of the s e c t io n .  The  
m o d e l le d  s e c t io n  d o es  not r e p r e s e n t  a v e r a g e  co n d it io n s  in the B a s in  a s  
a w h o le ,  but i s  r e s t r i c t e d  e s s e n t ia l l y  to the B a n k sm ea d o w  a r e a .  
H o w e v e r ,  being  lo c a te d  a lon g  the l in e  of h e a v ie s t  p u m p in g , and w h e r e  
the  aq u ifer  i s  th ic k e s t ,  i t  c o v e r s  an  a r e a  of lo w e r  outflow  v e l o c i t i e s .
It c o n seq u e n t ly  in c lu d e s  the m o s t  l ik e ly  zone in  w h ich  the g r e a t e s t  
in land  in tr u s io n  of s a l t  w a ter  m ig h t  o c c u r .

The to p o g ra p h ica l  con tou rs  (F ig u r e  N o .  4) show  the s e c t io n  
to be in the m id d le  of a lo w  d e p r e s s io n .  The ground s u r fa c e  p o s s ib ly  
s lo p e s  m o r e  in  a n o r th -so u th  d ir e c t io n  and thus cuts  a c r o s s  the m o d e l  
s e c t io n .  F ig u r e  N o , 5 s u g g e s t s  that the unpum ped w a te r  l e v e l s  fa l l  to  
the  s o u t h - w e s t ,  but th e s e  w a ter  l e v e l s  a r e  m o s t  v a r ia b le  and ra th er  
u n r e l ia b le .  N o stan d ard  te c h n iq u e s ,  to a l lo w  fo r  e ith e r  r e c o v e r y  a fter  
pu m pin g  or the draw dow n e f f e c t s  of o th er  pum ping b o r e s  in  the a r e a ,  
had b een  u se d  in th e ir  e s t im a t io n .  C o n s id e r in g  a l l  f a c t o r s ,  the c h o s e n  
s e c t io n  i s  a s  c lo s e  a s  can be e s t im a t e d  to the a c tu a l d ir e c t io n  of  
ground w a ter  f lo w .

The m o d e l  s e c t io n  p r o f i l e s  (F ig u r e  N o . 6) w e r e  draw n fr o m  
the contour of m a p s  of F ig u r e  N o s .  3 to 5. F r o m  D ra in  N o . 4 s e a w a r d ,
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a s tr a ig h t  l in e  w a s  a s s u m e d  a s  no data w e r e  a v a i la b le .  (Should the bed  
r o c k  p r o f i le  r i s e ,  th e  f r e s h  w a t e r - s a l t  w a te r  in t e r fa c e  would s t i l l  not 
be a f f e c te d  a s  the to e s  of a l l  in t e r f a c e s  s tu d ied  w e r e  in land  fr o m  
D r a in  N o .  4 ) .

The a s s u m e d  p h r e a t ic  s u r fa c e  l in e s  show n in  F ig u r e  N o . 6 
c o v e r  the  w id e s t  p o s s ib le  ran ge  of h y d ra u lic  g r a d ie n ts  w h ich  m a y  e x i s t  
in  the a q u ife r .  In t e s t  S e r ie s  1 1 a  r i s e  of 50 f e e t  o v e r  the  8, 350 fe e t  
of the m o d e l l e d  land a r e a  w as  c o n s id e r e d .  T h is  r e p r e s e n t e d  a s lo p e  of  
1 in  167 w h ich  i s  a f la t te r  s lo p e  than the 1 in  120 s u g g e s te d  by  
G riff in  (1 9 6 2 ) .  A s s u m in g  a s te a d y  s ta te  unpum ped con d it ion  and a 
s tr a ig h t  l in e  p h r e a t ic  s u r fa c e  a t 1 in  167 , o v e r  a q u a rter  o f a m i le  
of the lo w  land  s itu a ted  60 ch a in s  f r o m  the s h o r e l in e  w ould be f lood ed  
to a depth of f iv e  f e e t .  In the B a s in  the p h r e a t ic  s u r fa c e  w ould  
p r o b a b ly  be m u ch  c l o s e r  to the h ig h er  ground s u r fa c e  a t  the  upper  
end of the  m o d e l ,  and flood in g  w ould  then on ly  o c cu r  in  e x tr e m e  w et  
w e a th e r  w hen h e a v y  pum ping of the b o r e s  b e tw e en  the 80 to  100 chain  
sh o r e w a r d  d is t r a n c e s  did not p r o v id e  s u f f ic ie n t  w ith d ra w a l fr o m  
s t o r a g e .  P u m p in g  fr o m  the b o r e s  r e p r e s e n te d  on the m o d e l  by D ra in  
N o . 1 w ould h a v e  a s i m i l a r ,  but l e s s e r ,  e f fe c t .

A  s e c t io n ,  p a r a l l e l  to  and a h a lf  a m i l e  w e s t  of the m o d e l le d  
s e c t io n  would p a s s  under the L a ch la n  Sw am ps and a s s o c ia t e d  d a m s .
In 1949 a f ir m  of co n su lt in g  e n g in e e r s  (Griffin 1962) e s t im a te d  the  
l e v e l  of the w a t e r  in  a dam  n ea r  G a r d e n e r ’s R oad to v a r y  b e tw e en  
r ed u c ed  l e v e l s  of 47 and 16 f e e t .  W hen the r e v e r s e d  s lo p e  of the  
p h r e a t ic  su r fa c e  (w hich  w ould  o c cu r  in  the  v ic in i t y  of the dam  at th is  
lo w  le v e l )  i s  c o n s id e r e d ,  the m a x im u m  s lo p e  w ould  a p p ro x im a te  the  
h y d r a u l ic  g r a d ie n t  of t e s t  S e r i e s  1 (1 in  238) and the m in im u m  that  
of t e s t  S e r i e s  111 (1 in  427 ) . A n a v e r a g e  m a x im u m  h y d ra u lic  g r a d ie n t  
fo r  th is  n o r th er n  p art of the B a s in  w ould  p ro b a b ly  l i e  b e tw e en  the  
g r a d ie n ts  of S e r i e s  1 and II.

F o r  m o d e l  p u r p o s e s  the p r o f i le  of the a q u ife r  w a s  a s s u m e d  
to  be h o m o g e n e o u s .  If m o r e  in fo rm a tio n  had b e e n  a v a i la b le  r e g a r d ­
in g  the  p o s i t io n  and p e r m e a b i l i t i e s  of the d if fe r e n t  l a y e r s  th is  data  
cou ld  h a v e  b een  in c lu d ed  in  the m o d e l .  S om e a l lo w a n c e  w a s  m a d e  
fo r  n o n -h o m o g e n e i ty  in  u s in g  S h i e l ’s (1942) v a lu e  for  the c o e f f ic ie n t  
of p e r m e a b i l i t y  of 230 f e e t  p e r  day a s  a h o r iz o n ta l  p e r m e a b i l i t y  
f ig u r e .  A lth ough  th is  w a s  the on ly  v a lu e  a v a i la b le  i t s  m agn itu d e  
s e e m s  r e a s o n a b le  w hen  c o m p a r e d  w ith  the  T o m a g o  Sands w hich  
con tr ib u te  to  N e w c a s t l e ’s w a te r  su p p ly . G riff in  (1962) r e c o r d e d  a 
p e r m e a b i l i t y  o f  270 f e e t  p e r  day fo r  th e s e  san d s  w h ich  he  sh ow ed  to  
be s l ig h t ly  c o a r s e r  than the B otany  s a n d s .
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E v id e n c e  c o l l e c t e d  by  G r i f f i n  (1962) a l s o  in d ic a te d  the 
p r e s e n c e  of im p e r v io u s  o r  s e m i - im p e r v io u s  l e n s e s ,  but th e r e  w e r e  
in s u f f ic ie n t  data to  e n a b l e  the d e f i n i t i o n  of any l e n s e s  or  th e ir  in c lu s io n  
in  the m o d e l ,  The a b s e n c e  of th e s e  l a y e r s  in  the m o d e l  m u s t  a f fec t  
the d e r iv e d  f r e s h  w a t e r - s a l t  w a ter  in t e r f a c e s ,

3, THE VISCOUS FLOW  H E L E -SH A W  M ODEL

3. 1 INTRODUCTION

The m e c h a n ic s  of the m o v e m e n t  of f lu id s  through p o ro u s  
m e d ia  i s  m o s t  c o m p le x  fr o m  both m a th e m a t ic a l  and la  b o r a to r y  
p o in ts  of v ie w .  N o n - l in e a r  d if fe r e n t ia l  equations  of u n stea d y  f lo w ,  
in ad eq u ate  d e f in it io n  of the f r e e  s u r fa c e ,  a v a r ia b le  zone  of p a r t ia l  
sa tu r a t io n ,  v a r ia b le  p e r m e a b i l i t y  and a p p aren t r a th e r  than a c tu a l  
v e l o c i t i e s  a r e  s o m e  of the d if f ic u l t ie s  confronting  in v e s t ig a t o r s  in  th is  
f i e ld .  ; F r e q u e n t ly  m o d e l  s tu d ie s ,  and p a r t ic u la r ly  a n a l o g i e s , can  
c ir c u m v e n t  s o m e  of th e s e  p r o b le m s  (T odd , 1954).

The v i s c o u s  f low  a n a lo g y  m o d e l  c o n s i s t s  e s s e n t i a l l y  of  
two c lo s e l y  sp a c ed  p a r a l le l  p la te s  w hich  fo r m  a n a rro w  channel or 
c a p i l la r y  in t e r s p a c e .  The a n a lo g y  i s  b a sed  upon the s im i la r i t y  b e tw een  
the d if fe r e n t ia l  equations w hich  d e s c r ib e  the p o ten t ia l  f ie ld  of f lo w  of 
w a te r  through sa tu ra ted  p o ro u s  m e d ia ,  and the eq u a tio n s  for  la m in a r  
f lo w  of a v i s c o u s  flu id through the c a p i l la r y  in t e r s p a c e  b e tw een  two  
p a r a l le l  p la t e s .

The f i r s t  m o d e l  of th is  kind w a s  d e v e lo p e d  by H e le -S h a w  
(1 8 9 7 ,  1898). T h e s e  two p a p er s  a r e  d e s c r ip t iv e .  S tok es  (1898) w as  
the f i r s t  to d ev e lo p  the m a th e m a t ic a l  th e o r y  of the m o d e l ,  w h ile  
D r a c h le r  (1936) w as  the f i r s t  to  r e c o g n is e  i t s  p o s s i b i l i t i e s  in ground  
w a te r  f low  s tu d ie s .  S in ce  1940 , the m o d e l  h a s  b een  u se d  e x t e n s iv e ly  
by w o r k e r s  in  the H y d r o lo g ic a l  L a b o r a to r y  of the G o v ern m en t In st itu te  
fo r  ..Water Supply, The H agu e , N e th e r la n d s  ( e . g .  K ru l and L e i f r in c k ,  
1946; San ting , 1951). It h as  b een  u s e d  at the I s r a e l  In st itu te  of 
T e c h n o lo g y ,  H aifa  and the W afer P la n n in g  for  I s r a e l  C en tre ,  T e l - A v iv ,  
and a l s o  in  the U . S . A .  at the U n iv e r s i t y  of C a lifo rn ia  (T odd , 1954, 1955 ,  
1 9 5 9 ) .

The v i s c o u s  f low  a n a lo g y  can  be ap p lied  to a lm o s t  any two  
d im e n s io n a l  f lo w  in the v e r t i c a l  p lan e  of p o ro u s  m e d ia ,  and both s te a d y  
and u n stea d y  f lo w s  can be s tu d ied . Su itab le  t im e  s c a l e s  can  be c h o se n  
by v a r y in g  the in t e r s p a c e  and the v i s c o s i t y  of the  f lu id .  F o r  u n stea d y
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f lo w s  v a r io u s  g r a d e s  of o i l  a r e  c o m m o n ly  e m p lo y e d .  In the c a s e  o f  s te a d y  
f lo w s  tap w a te r  can be u s e d  to red u ce  the t im e  r eq u ir ed  for  s te a d y  s ta te  
e q u il ib r iu m  con d it ion s  to be r e a c h e d ,  and e a s i l y  o b s e r v e d  s t r e a m l in e s  can  
be p ro d u ced  by in je c t in g  d y e s .  The m o d e l  s e c t io n ,  i t s e l f ,  can a l s o  be 
m o d if ie d  to take into  a cco u n t  n o n -h o m o g e n e ity  and a n is o tr o p y .  H o w e v e r ,  
th e r e  a r e  s e v e r a l  iixiportant l im it a t io n s ,  e . g .  ph en om en a  su ch  a s  
d i s p e r s io n  and u n sa tu ra ted  f low  ca u sed  by the granular  n ature  of p o r o u s  
m e d ia  cannot be s tu d ied . A s  the m o d e l  i s  tw o -d im e n s io n a l  op en in gs  
in  the m o d e l  r e p r e s e n t  h o r iz o n ta l  d r a in s ,  and thus the t h r e e - d im e n s io n a l  
e f f e c t s  of c o n e s  of d e p r e s s io n ,  or lo c a l  upconing in  the v ic in i t y  of a 
s in g le  pum ping  w e l l ,  cannot be d ir e c t ly  in v e s t ig a te d .  A g a in , b e c a u s e  
of the model- s c a l e s  u s u a l ly  r e q u ir e d ,  the a n is o tr o p y  of the m o d e l  i s  
often  g r e a te r  than the p r o to ty p e . It can th u s , be s e e n  that e x p e r im e n ta l  
r e s u l t s  a r e  not a lw a y s  d ir e c t ly  a p p lica b le  to f ie ld  co n d it io n s .

3 . 2  H E L E -SH A W  M ODEL THEORY

The m a th e m a t ic a l  b a s is  of the m o d e l  i s  founded upon the 
N a v ie r  - S to k es '  eq u ation s  for  a v i s c o u s  in c o m p r e s s ib le  f lu id ,  the  
equation  of contin u ity  and D a r c y 's  L a w . A co m p le te  r e s u m e  of the  
m a t h e m a t ic s  i s  g iven  by H all (1964) and in  the in t e r e s t  of contin u ity  
a b r ie f  r e v ie w  i s  in c lu d ed .

The a v e r a g e  v e lo c i ty  (u) in the "x" d ir e c t io n  (h o r izo n ta l)  
i s  g iv e n  by the e x p r e s s io n

1 gb2 £ h
u

12 v

w h ere  g = ^ a c c e le r a t io n  due to g ra v ity

b = width of the m o d e l  c a p i l la r y  in t e r s p a c e

h = p i e z o m e t r ic  head

v = k in e m a t ic  v i s c o s i t y

S im i la r ly ,  the a v e r a g e  v e lo c i t y  (w) in the "z" d ir e c t io n  
( v e r t ic a l )  i s

-  _ 1 . gb 2 . £) h
w  -  ~

12 v c>z



6 .

-  -N

If u = — Km . O , whi ch i s an  e x p r e s s io n  a n a lo g o u s  to D a r c y ' s
d x

L a w , then

K = 1 gb 2m  -----  5
12 v

w h e r e  K = h y d ra u lic  con d u ct iv ity  of the m o d e l  in t e r s p a c e
m

Jacob  (1950) d e r iv e d  the e x p r e s s io n s  fr o m  w h ich  the m o d e l  
s c a l e s  m a y  be c a lc u la te d .  The m o r e  im p o rta n t  s c a le  f a c to r s  a r e : -

(a)

-  2K = K = /  x  xr zp I r

K K \ zz r xp ' r

w h e r e  K = h y d ra u lic  co n d u ct iv ity

x , z ,  = s u b s c r ip ts  denoting  d ir e c t io n s  of
c o -o r d in a te  a x e s

m , p , r  = s u b s c r ip ts  denoting  m o d e l  d im e n s io n s ,  
p rototyp e  d im e n s io n  and ra tio  of m o d e l  
to p roto typ e  d i m e n s io n s .

(b) n z n x2r .  r r .  r
t r K K zzr  x r .  r

w h ere  t = t im e

n = e f fe c t iv e  p o r o s i ty  and

n = 1m
n = 0 .1 5  

P

K b z 2 
x r .  r .  r

Q x r  x r
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Q = K b x  zr  z r . r . r

w h e r e  Q = d is c h a r g e

(T h e sy m b o l "K" for  h y d ra u lic  co n d u ct iv ity  i s  id e n t ic a l  w ith  that  
o£ "k" w h ich  i s  the c o e f f ic ie n t  of p e r m e a b i l i t y ) .

W h ere  a r e a s  of open s e a  w a ter  m u s t  be s im u la te d  th e r e  a r e  
two fu r th e r  im p o r ta n t  c o n s id e r a t io n s .  F i r s t l y ,  the s a m e  v o lu m e  s c a le  
m u s t  be a p p lic a b le  to both the n a r r o w  c a p i l la r y  in t e r s p a c e  of the  m o d e l  
i t s e l f  and the e n la r g e d  in t e r s p a c e  w h ich  r e p r e s e n t s  the s e a  i . e .

(a) b
£ r n

P

w h e r e  b = ra t io  of m o d e l  w idth of e n la r g e d  in t e r fa c e
r

to p ro to ty p e  w idth . S e c o n d ly ,  w h e r e  two f lu id s  a r e  u se d  su ch  a s  sea  
w a ter  and f r e s h  w a te r ,  then

(b)

w h e r e  p  a r e ' r e s p e c t i v e l y  the s p e c i f i c

g r a v i t ie s  of f r e s h  and s e a  w a te r .

The ra tio — B   i s  g iv en  the sy m b o l  "<$" and i s
Ps"j ° f

n u m e r ic a l ly  equal to 40 in  th is  in v e s t ig a t io n .

3 .3  PRO PO RTIO NING  OF THE BOTANY M ODEL

T he h o r iz o n ta l  s c a le  w as  d e te r m in e d  by the n e c e s s i t y  to m o d e l  
a s e c t io n  fr o m  the s h o r e - l in e  to  in ta k es  in  the v ic in i t y  of the L a ch la n  
S w a m p s .  A s c a le  of 1 in  1500 w a s  c h o s e n .  At a v e r t i c a l  s c a l e  of 1 in  
|500 , a draw dow n of one foot in  the f ie ld  w ould be r e p r e s e n t e d  by  
1 /4 0 th  of an in c h  on the m o d e l;  and th is  w a s  c o n s id e r e d  to be the  
s m a l l e s t  v e r t i c a l  s c a l e  fa c t o r ,  w h ich  could  be c o n v e n ie n t ly  u s e d .
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A lth ou gh  the m o d e l  i t s e l f  r e m a in s  i s o t r o p ic ,  b e c a u s e  of the  
m o d e l  d is to r t io n ,  the f lo w  con d it ion  a c tu a l ly  m o d e l le d  r e p r e s e n t s  a 
condit ion  of a n is o tr o p y  in  the p r o to ty p e .  The d e g r e e  of a n is o tr o p y  i s  
g iv e n  by: -

T h is  r a t io  of p e r m e a b i l i t i e s  i s  not e x c e s s i v e l y  h ig h  in  the  
l ig h t  of c o m m e n ts  p r e v io u s ly  m a d e  r e g a r d in g  the g e o lo g y  of the a r e a ,  
and M a a sla n d  (1957) h a s  r e p o r te d  t e s t s  on san d s  ran g in g  in a n is o tr o p y  
f r o m  1 to 1 / 4 2 .  A lth ough  the d ir e c t io n  of n o r m a l  ground w a te r  f lo w s  
a r e  u s u a l ly  c lo s e  to h o r iz o n ta l ,  w ith  on ly  a r e la t iv e l y  s m a l l  v e r t i c a l  
co m p on en t, the a p p ro x im a t io n  of h o r iz o n ta l  f lo w  c e r ta in ly  d o e s  not  
r e m a in  v a l id  in the im m e d ia te  v ic in i ty  of pum ping  w e l l s  or the s e a w a r d  
i n t e r f a c e .

t i  tb  V '3 b  2  “i JS.Ln 3  iO  d t b i w  [ c* h o m  j X  i ! £ 1  -* C! 1)1  3I1W
The p ro to typ e  horizonta l p e r m e a b i l i t y  (k ) w a s  a s s u m e d  to be  
, f: v'-sz a b i d f !  o w j  ^ i h i i v s  4 v i  br. XP c . r h b i w  ->q\-ioirc-? q o i

230 ft .  /d a y  (R e fe r  to S e c t io n  N o .  2) . It should  be a g a in  e m p h a s is e d  
that the a c c u r a c y  of th is  f ig u re  i s  d e b a ta b le ,  but it  i s  the b e s t  e s t im a t e  
a v a i l a b l e .

P i e z o m e t e r  tap p in gs  w e r e  not u se d  to  d e te r m in e  the p r e c i s e  
p h r e a t ic  s u r f a c e .  A s  m e n t io n e d  e a r l i e r ,  an a c c u r a te  e s t im a t e  of the  
tru e  w a te r  tab le  s u r fa c e  under...steady s ta te  c o n d it io n s  is  im p o s s ib le  to  
obta in , and a c c o r d in g ly  a l l  m o d e l  f lo w s  w e r e  r e la te d  to an  a v e r a g e  
h y d ra u lic  g rad ien t  m e a s u r e d  o v e r  the  m o d e l le d  s e c t io n .-  H e ig h ts  at the  
f r e s h  w a ter  in flow  end of the m o d e l  w e r e  a d ju s ted  to the d e s ir e d  h y d ra u lic  
g ra d ien t  by v a r y in g  the e le v a t io n  of the con stan t head  a p p a r a tu s .  The  
c a p i l la r y  r i s e  w a s  a s s u m e d  c o n s ta n t ,  and the a c tu a l  m e a s u r e m e n t s  of  
h y d ra u lic  g ra d ien t w e r e  m a d e  a w ay  fr o m  l o c a t i o n s , su ch  a s  the  s h o r e l in e  
in t e r f a c e ,  w h e r e  the su r fa c e  c a p i l la r y  r i s e  could  be a f f e c te d  by the f lo w  
con d it ion  in the im m e d ia te  v i c i n i t y ? i l i  i £ L . _ J A

V e r t i c a l  r e p le n is h m e n t  w a s  not c o n s id e r e d  b e c a u s e  of the  
in a d eq u a c y  of data1? F u r t h e r m o r e , G r iff in  (1 96 2) s u g g e s te d  that l i t t l e  
r a in fa l l  r e p le n is h m e n t  o c c u r r e d  in  the  s e c t io n  b e in g  m o d e l l e d .  Only
s te a d y  sta te  co n d it io n s  w e r e  r e p ro d u c ed  and , c o n s e q u e n t ly ,  t id a l  e f f e c t s

Y-;d\. A  bo*t e b c 3 no i  h.'rw s ir i i  brtjs ; in b o rn  s d j  no d o n i  rt& io  rLi0b\ f w e r e  n e g le c t e d .  ...........
, £5 0  HU Y L t ' l D ' / f T O n  3 Q b  1 s JO  rfoxiiw , T 0 1 D i d  Si I E D  8  i & 3 £ $ 1 S V  i B S l I j B - f U S
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A  ch eck  c a lc u la t io n  of the R ey n o ld s  N u m b er  fo r  th e  m a x im u m  
d is c h a r g e  u s e d  sh ow ed  that the f lo w  condit ion  w a s  w e l l  w ith in  the la m in a r
l i m i t .  (R  = 1 3 )

n

T he m o d e l  f lu id s  u se d  w e r e  a c tu a l  sea  w a te r  and f r e s h  tap w a te r .

T he c o n s tr u c t io n  of the m o d e l  i s  show n by F ig u r e  N o . 7 .

4 .  R E SU L T S OF M ODEL T E S T S .

E a c h  s e r i e s  of t e s t s  w a s  c a r r ie d  out under a co n sta n t  
'’h y d r a u l ic  grad ient"

(i) v iz :
(a) S e r i e s  I - "i" = I in  238
(b) S e r i e s  II - "i" = I in  167
(b) S e r ie s  HI - "i" = I in  427

T he s te a d y  sta te  unpum ped con d it ion  w as  r e p e a te d  a t  l e a s t  
8 t i m e s  and the m a x im u m  d ev ia t io n  fr o m  the m e a n  d is c h a r g e  w as  
l e s s  than 5%.

F ig u r e  N o .  8 i s  a ty p ic a l  p lo t  of the s te a d y  s ta te  con d it ion  
for  in tr u s io n  of the s e a  w a ter  "wedge" at a g iv e n  p u m p age  fr o m  one  
d ra in  (or  in  p ro to ty p e  - b o r e ) .  The cu rve  of b e s t  f i t  for  e a c h  in d iv id u a l  
t e s t  w a s  e ith e r  l in e a r  o r  s l ig h t ly  cu rv ed  to d e g r e e  i l lu s t r a t e d  by F ig u r e  
N o . 8 .  The v a r ia t io n  in  c u r v a tu re  can be a ttr ib u ted  to  the e x i s t e n c e ,  
o r  o t h e r w is e ,  of " u p con in g1' at a d ra in  and the change  in  e le v a t io n  of the  
a q u ic lu d e  f lo o r .

F ig u r e  N o .  9 i s  a s im i la r  p lo t  for  equal d i s c h a r g e  fr o m  the  
two n o m in a ted  "pumping" d r a in s .  The tren d  of data w a s  s im i la r  for  
both the S e r i e s  1 and S e r i e s  II e x p e r im e n t s .  A s  w ould  be e x p e c t e d ,  
w h e r e  the f lo w  r a te s  a r e  h ig h e r ,  the s a l t  w a ter  e n c r o a c h m e n t  into  the  
a q u ifer  i s  not a s  g r e a t .

B a s i c a l l y ,  the e f f e c t  of the h y d ra u lic  g rad ien t i s  to p r o d u ce  
a s e a w a r d  f lo w  w h ich  p u sh e s  back  the  in tru d in g  s ea  w a te r  "w edge" and  
the g r e a t e r  the g r a d ie n t  the l e s s  the in t r u s io n .

T e s t s  a t  the lo w  g ra d ien t  of S e r i e s  HI w e r e  d if f ic u lt  to r e p r o d u c e  
and the r e s u l t s  sh o w ed  so m e w h a t  m o r e  s c a t t e r  than that show n in F ig u r e  
N o . 8 . T e s t in g  w a s  con fin ed  to D r a in  N o .  I in  th is  S e r i e s  b e c a u s e  s e a  
w a te r  in tr u s io n  had a lr e a d y  o c c u r r e d  in  the unpum ped s ta te .
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The r e s u l t s  of a l l  t e s t s  a re  s u m m a r is e d  in the fo llow in g  tab le:

T A BL E  I

S e r ie s I II III

H yd rau lic  G radient I in  238 I in  167 I in 427

Unpumped S eaw ard  outflow  p er  ft ,  run 59 g . p . h . 77 g . p . h . 40 g . p . h .

% of unpumped  
sea w a rd  outflow

D rain  N o .  
N o. 1 80 98 55

at f i r s t  i n ­ " 2 40 70 -

tr u s io n  of sea 3 55 60 -

1 & 3 53 67 -

D is ta n c e  of toe No pumping 1650 1300 2650
of intruding D ra in - -

sea  w ater  "wedge" N o. 1 3100 2950 3450
fr o m  sh o r e l in e  - " 2 2600 2600 -

f e e t . " 3 3450 1850 -

" 1 & 3 2400 2200 -

A s  the s tea d y  state  d isc h a r g e  of the aq u ifer  i t s e l f  is  ^unknown, 
and the pum page fro m  thedquifer only  v a g u e ly  known, r e s u l t s  can on ly  be 
e x p r e s s e d  a s  p e r c e n ta g e s  of the actua l unpumped m o d e l f lo w s .  It i s  hoped  
that the range of h y d ra u lic  grad ien ts  u sed  m ig h t ,  in  the fu tu re ,  be found  
to co v er  the range of m e a s u r e d  f ie ld  g r a d ie n ts .

F r o m  the r e s u l t s  of S e r ie s  II it  can be e s t im a te d  that the " average"  
th ic k n e ss  of aqu ifer  over  the p r o f i le  m o d e lled  i s  215 ft .  The "average"  
th ick n e ss  as m e a s u r e d  d ir e c t ly  on the m o d e l i s  175 f t .  The c o r r e la t io n  is  
not u n rea so n a b le  when it  i s  co n s id e re d  that the ac tu a l th ic k n e ss  v a r ie s  
fr o m  a p p ro x im a te ly  95 ft .  to 250 ft.

F ig u r e s  N o s .  10, 11 and 12 show  the in ter fa c e  p r o f i l e s  for  ea ch  
t e s t  S e r ie s  and dra inage  poin t. The d if fer in g  upconing e f fe c t s  b etw een  
D ra in  N o . 1 and D ra in  N o . 3 can be s e e n ,  as  a l s o  can the pronounced  
upconing for D ra in  N o .  3, at h igh h y d ra u lic  g r a d ie n ts .  W here D r a in s  
N o s .  1 and 3 a r e  being  pum ped to g e th er  the upconing into D ra in  N o . 3 i s  
not v e r y  n o t icea b le  a s  D ra in  N o . 1 i s  a l s o  pu lling  the in ter fa c e  in land .
The e f fe c t s  of upcon ing, and the v a ry in g  s lop e  of the aqu ielude p r o f i le ,  
a re  r e f le c te d  in the unequal sp ac in g  of the in ter fa c e  p r o f i le s  ev en  though  
equal pum ping in c r e m e n ts  a r e  p lo tted . T his  is  p a r t ic u la r ly  n o t icea b le  in  
F ig u r e  N o .  10(a) and N o . 11(a) for  D ra in  N o . 1 at the h igh er  h y d ra u lic
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5. TH EO R ETIC AL IN T E R F A C E S

T he m o d e l le d  s e c t io n  show ed  a r e la t iv e ly  c o n sta n t  aq u ifer  
th ic k n e s s  (D = 240 ft) for  a p p r o x im a te ly  1300 ft„ in land  fr o m  the  
s h o r e l i n e a n d  a -c o m p a r is o n  of t h e o r e t ic a l  in t e r fa c e  c a lc u la t io n s  has  
b een  b a se d  on th is  a s s u m e d  "uniform " con d it ion . The p r o f i l e  for the  
s te a d y  s ta te  unpum ped condit ion  of S e r i e s  II i s  u se d  a s  a m e a s u r e  of the  
a c c u r a c y  of the th e o r e t ic a l  fo r m u la e .

A l l  t h e o r ie s  a r e  show n a s  g r a p h ica l  p lo ts  to n a tu ra l  s c a le  
in  F ig u r e  N o , 14.

5 .1  G L Y B E N -H E R Z B E R G

R e fe r e n c e  should be m a d e  to F ig u r e  N o . 13 for  n o m e n c la tu r e .  
T h is  i s  a th e o r y  b a se d  on p u re  h y d r o s ta t i c s  and the depth  to the  
in t e r fa c e  b e low  sea  l e v e l  i s  g iv en  by

h = ( A  - )■ h ,  = <5.h = 4 0 . h ,s Kps -  pf  J  f f

The in te r fa c e  i s  l in e a r  and the s lo p e  i s  on ly  a fu nction  of the  
h y d ra u lic  g ra d ie n t .  In F ig u r e  N o , 14 two in t e r f a c e s  a r e  sh ow n . One 
(1 in  167) r e p r e s e n t s  the a s s u m e d  h y d ra u lic  g ra d ien t ,  and the o ther  
(I in  200) r e p r e s e n t s  the a c tu a l  d i f fe r e n c e  in e le v a t io n  b e tw een  the  
f r e s h  w a ter  intake and sea  l e v e l .  (R e fe r  F ig u r e  N o .  15).

5 . 2  D U PU IT  P A R A B O L A

R e fe r e n c e  should  be m a d e  to  F ig u r e  N o , 13 for  the d e f in it io n  
of the a x e s .  T he in te r fa c e  equation  i s  d e r iv e d  fr o m  a su b st itu t io n  of the  
G ly b e n -H e r z b e r g  e x p r e s s io n  into  D a r c y 's  L aw  under con d it ion s  w h ich  
a s s u m e  h o r iz o n ta l  f lo w .

The equation  of the in te r fa c e  p a ra b o la  i s : -

2 2. Q. &
v • =■   . x .
Y k

and the le n g th  of the h o r iz o n ta l  p r o je c t io n  of the in te r fa c e  i s  g iv e n  b y :-

-p 2 .Q . 6

A t the s h o r e l in e  th e r e  i s  the in c o n s i s t e n c y  that at x  = 0, 
y a l s o  = 0 and thus Q i s  in d e te r m in a n t .



5 . 3  NOMITSU ET AL(1927)

R e fe r e n c e  should a g a in  be m a d e  to the n o m en c la tu r e  of 
F ig u r e  N o .  13* The equation  of the p h re a t ic  s u r fa c e  ABC i s  d e r iv e d  a

/ Q . x .  \ ( P s ~ p £  )
(y ')  = con stan t -  ̂ — J  • ^ “  J  ■

r s
and the con stan t can be eva lu a ted  by m e a s u r in g ,  in  the f i e ld ,  y' at  
sa y

y' = y ' at x  = o 
o= y ’ at x  = L

XJ

The equation  of the in te r fa c e  A ,J3 C b e c o m e s : -

2 2 4-y = y Q + -
A t y  = ^ ’ = 0, th e^ ve loc ity  of d is c h a r g e  a p p ro a c h e s  in f in ity .

H o w e v e r ,  i f  ( y 'o) and ( y Q) a r e  s m a l l  co m p a red  w ith  ( y 1) and (y)

the fo llow in g  a p p ro x im a te  equations can be u se d  in the v ic in i ty  of the  
s h o r e l i n e .

( y ' ) 2 =  (y'L)2 • IT
2 2 x

V“ y  L  • L "

w h e r e  y  = <S . y 1

and k . 6  »  2.L>

Q
,  T -22. L .  y

Q

In the m o d e l  p r e c i s e  m e a s u r e m e n t s  w e r e  not m a d e  a t  the  
s h o r e l in e  and th is  m eth od  w as  not p u rsu ed  fu r th e r .
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5 . 4  GLOVER (1959)

A c lo s e  r e p r e s e n ta t io n  of the f low  con d it ion s  n ea r  a s h o r e l in e  
can be obtained by m o d ify in g  a so lu tio n  d ev e lo p ed  by K ozen y  (195 3) for  
the f low  of ground w ater  under g r a v ity  f o r c e s .

The in te r fa c e  b e tw een  the f r e s h  w a ter  and s ea  w ater  can be 
p lo tted  fr o m  the e x p r e s s io n : -

2 2. Q . 6 . x .  Q^.  S  ^y =     +
k 2

T h is  equation  i s  id e n t ic a l  w ith  the Dupuit equation e x ce p t  that 
i t  has  a d if fe r e n t  o r ig in .

The width of the gap through w hich  the f r e s h  w ater  e x c a p e s  to 
the s e a  i s : -

Q .6
Xo 2 k

and the depth to the in te r fa c e  through the sh o r e l in e  i s : -

-  Q ’ 6  7
y o -  - 5 T -  -  - 2 - x o

A n o n -d im e n s io n a l  f low  net can be c o n s tr u c ted  for th is  p o ten tia l
f low  p a ttern , (G lo v er  1959), and the w hole  in te r fa c e  can be tr a n s p o s e d
once  x  and y  are  e s t a b l is h e d ,  o o

The G lo v er  in te r fa c e  for an i s o tr o p ic  m e d iu m  is  shown p lo tted  
on F ig u r e  N o . 14. '

5 ,5  B EA R  & PAG AN (1962)

T h e se  w o r k e r s  h a v e  m ad e  u se  of co n fo rm a l m ap ping  and 
hod ograp h  tech n iq u es  w hich  h a v e ,  in  p a r t ,  b een  d ev e lo p ed  by L am b  
(1 9 3 2 ) ,  M uskat (1937) , E ngelunde (1957) , H enry  (1959) and V a llen tin e  (1959)

The p r o b le m  tr e a ted  by B ea r  and D agan w as e s s e n t ia l l y  an  
in te r fa c e  d e v e lo p m e n t  in  an i s o t r o p ic  confined aqu ifer  w ith h o r iz o n ta l  
f lo w .  H o w ev er  the e f fe c t  of a n iso tr o p y  can be in c lu d ed  in  the a n a ly s is  
by m o d ify in g  the v a r io u s  p a r a m e te r s  (M aaslan d  1957). The  
m a th e m a t ic a l  tr e a tm e n t  and the equations d ev e lo p ed  a r e  too c o m p le x  for  
in c lu s io n  h e r e ,  and c a lc u la t io n s  a r e  n o r m a lly  ma.de fr o m  graphs re la t in g  
p a r a m e te r s  su ch  a s
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Q.& Q. 6  Q . 6
k . x * k .  y 5 k . D

A c o m p r e h e n s iv e  su m m a r y  of th is  p a p er ,  w hich  is  not r e a d i ly  
a v a i la b le ,  i s  g iven  by H all (1964) .

D agan and B ea r  p a r t ly  s u m m a r is e  th e ir  r e s u l t s  by p lotting  the  
p a r a m e te r s

i f .  k . L
^  k - °  and r   ana  ——?——

qT o  q . 6

i . e .  r e la t in g  the depth of aqu ifer  D with the o v e r a l l  p r o je c te d  length  of  
the in te r fa c e  L . It i s  of in t e r e s t  to n o te ,  h o w ev er  that i f  the Dupuit

p
p arabola

2 2 . Q . 6  / t ny  = _ _ .  ( L p _ x)

i f . k . D .  ^  /
i s  a s s u m e d ,  then p rovid ing  the p a r a m e te r  — Q ~£  e r r o r s

in  the in ter fa c e  p o s it io n  a re  only  of the o rd er  of 3%.

r Tf • k .  D
F o r  the i s o tr o p ic  condition  m o d e l le d ,  the va lu e  of — ^  ~

w as 1 4 . 6  and con seq u en tly  the "exact" hodograph a n a ly s is  and the 
Dupuit m o d if ic a t io n  (a ls o  the G lover  a n a ly s is )  gave v ir tu a l ly  id e n t ic a l  
in t e r fa c e s  t

H o w e v er ,  the m o d e l  i t s e l f  i s  d is to r te d  in  s c a le  and an 
a n iso tr o p ic  prototype condition  i s  a c tu a l ly  being m o d e l le d .  B e c a u s e  the  
m o d e l  is  i s o tr o p ic  reg a rd in g  p e r m e a b i l i ty ,  the eq u iv a len t p e r m e a b i l i ty  
i s  g iven  b y:-

k = / / k  k e Y x ,  z

The m o d e l  ra tio  of h o r iz o n ta l  (k ) to v e r t i c a l  (k ) p e r m e a b i l i tyx z
i s  9, and con seq u en tly  the "k " va lu e  of 230 f t /d a y  a s s u m e d  in the f ie ld

b e c o m e s  an "equivalent is tr o p ic "  prototype  p e r m e a b i l i ty  of 77 f t /d a y .  The  
v e r t i c a l  f ie ld  p e r m e a b i l i ty  b e c o m e s  26 f t /d a y .

TT D .0
The ap p rop ria te  v a lu e  o f ----------- — now b e c o m e s  4 . 8 ,  and fr o m  a

Q * 6
m a th e m a t ic a l  v iew p o in t , an ex a c t  so lu tio n  i s  prob ab ly  w o r th w h ile .  The 
a n is o tr o p ic  "exact" and the Dupuit m o d if ic a t io n  so lu t io n s  a re  show n in  
F ig u r e  N o . 14.



5 ,6  SUMMARY

The fo llo w in g  tab le  s u m m a r is e s  the m o r e  im p o rta n t  c a lc u la t io n s .

T A B L E  Z

Type of A n a ly s i s  Width of Gap through D epth to In ter fa ce O v e r a l l  P r o je c te d
w h ich  f r e s h  w a ter through sh o r e l in e L en gth  of In te r fa ce
e s c a p e s  -" x  "-(ft) ny " = (ft) o "L^" -(ft)

M odel
(a n iso tr o p ic 91 80 1390
f ie ld  condition)

G ly b e n -H e r z b e r g 0 0 1000

Dupuit P a r a b o la
( a s s u m e s  h o r iz o n ta l 0 0 557
f lo w , k = 230 f t /d a y )

G lover
( is o tr o p ic )
k = 230 f t /d a y 26 52 557
k = 77 f t /d a y 78 156 P r o f i l e  not

c a lc u la te d .

B ea r  h  D agan  H odograph
( is o tr o p ic )
k = 230 f t /d a y 26 52 557
k = 77 f t /d a y 78 156 P r o f i l e  not

c a lc u la te d .

B e a r  & D agan  H odograph
(A n iso tr o p ic  f ie ld
condition) e x a c t
so lu t io n 233 146 573
Dupuit ap p rox . 233 1 56 557



16,

6 . COMPARISON OF TH EO RETICAL AND M ODEL IN T E R F A C E  P R O F IL E S

The th e o r e t ic a l  p r o f i l e s  a r e  s u m m a r is e d  in  F ig u r e  N o , 14 
and a ll  can be s e e n  to d if fer  m a r k e d ly  fr o m  the m o d e l  in te r fa c e  p r o f i l e .  
C a lcu la t io n s  w ere  based  on the s ea w a rd  outflow  obtained on the m o d e l  
and, in  the f i r s t  in s ta n c e ,  the aq u ifer  w as  a s s u m e d  i s o t r o p ic .  The 
p a ra b o la  b a sed  on the D upuit a s su m p t io n ,  and a ll  G ly b e n -H e r z b e r g  
i n t e r f a c e s ,  p a s s  through the o r ig in  (or edge of the bay), but f r o m  the m o d e l  
s tu d ies  it  can be s e e n  that th is  cannot be the c a s e .  A s s u m in g  v e r t i c a l  
outflow  fr o m  the bed of the bay a d jacen t to the o r ig in ,  the p a ra b o la s  
d e r iv e d  fr o m  G lo v e r 's  c o m p le x  v a r ia b le  th eo ry  and B ea r  &: D a g a n 's  
hodograph m eth o d s  (a p p ro x im a ted  by u se  of the Dupuit parab o la ) w il l  
c o in c id e ,  and be d isp la c e d  sea w a rd  in the c a se  of the i s o tr o p ic  a q u ifer .

S in ce  the H e le -S h a w  m o d e l  r e p r e s e n t s  an a n iso tr o p ic  cond it ion ,  
th e  i s o tr o p ic  in te r fa c e  th e o r ie s  can be only  ex p e c ted  to be r ep ro d u ced  on 
the m o d e l  w h ere  the flow  i s  h o r iz o n ta l .  T h is  i s  c e r ta in ly  not true  n ea r  
the outflow  fa ce  w h ere  a d ju s tm en ts  for a n iso tr o p y  m ig h t  be ex p ec ted  to 
y ie ld  m o r e  a c cu ra te  p r o f i l e s .  U sin g  the s a m e  m o d e l  outflow  d is c h a r g e  
the r e su lt in g  in te r fa c e  w as now found to be d is p la c e d  to s e a w a r d  by the 
d e g r e e  o fa n iso tro p y  ( 1 / 9 ) ,  but the o v e r a l l  in te r fa c e  le n g th  r em a in e d  
v ir tu a l ly  unchanged,

To obtain a c o m p a r is o n  b e tw een  the hodograph th eo r y  and the 
m o d e l  in te r fa c e  p r o f i l e ,  the cu rve  for  the a n iso tr o p ic  c a s e  w hich  co in c id ed  
with the m o d e l  p r o f i le  cu rve  at the sh o r e l in e  w as c a lc u la te d .  The  
m o d e l le d  and th e o r e t ic a l  p r o f i l e s  w e re  found to c lo s e ly  c o r r e sp o n d  for  
d is c h a r g e s  w ith in  the range 3 0 , 5  to 35 g . p . h .

T h e se  c a lcu la t io n s  e m p h a s is e  that a n iso tr o p y  m u s t  be c o n s id e r e d  
when studying f r e s h  w ater  - sa l t  w ater  in t e r fa c e s ;  a lthough, in  th is  c a s e ,  
the c u r v e s  w hich  ap p ro x im a ted  the m o d e l  in te r fa c e  w e re  b ased  on a d is c h a r g e  
of a p p ro x im a te ly  h a lf  that m e a s u r e d  on the m o d e l .  T his  d i f fe r e n c e  m ig h t  
s u g g e s t  s e r io u s  e r r o r s  in  m o d e l d is c h a r g e  c a lc u la t io n s ,  H o w e v e r ,  a s su m in g  
the m o d e l  th eo ry  to be c o r r e c t ,  e r r o r s  on ind iv idu al runs w e r e  w ith in  8%, 
and, a s  the unpumped sea w a rd  d is c h a r g e  i s  the a v e r a g e  of e igh t m e a s u r e m e n t s ,  
the e r r o r  in the a c c e p ted  f ig u re  i s  p rob ab ly  w ith in  5%. The e r r o r  due to  
f low  in  the " seep age"  fa ce  above M . S . L .  , even  i f  f low  i s  a s s u m e d  in the  
c a p i l la r y  zon e , is  a ls o  n e g l ig ib le  ,

A nother so u r c e  of p o s s ib le  e r r o r  l i e s  in the a p p ro x im a tio n s  of  
the N a v ie r - S t o k e s ' equations in d ev e lo p in g  the m o d e l  th e o r y .  H o w e v e r ,  
s in c e  no turbulent f low  w as e n co u n tered , m o s t  a p p ro x im a tio n s  m u st  be 
v a lid ,  and no dou bts , r eg a rd in g  th e ir  v a l id ity ,  have  been  r a is e d  by o th er  
w o r k e r s  u s in g  th is  type of m o d e l .
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The p r in c ip a l  r e a s o n s  for  the in c o m p a tib i l i ty  of m o d e l le d  and 
t h e o r e t ic a l  p r o f i l e s  m u s t  l i e  in  the a s su m p tio n  of h o r iz o n ta l  in flow  to the  
in te r fa c e  a r e a ,  and u n ifo rm  v e lo c i t y  d is tr ib u tio n  w ith in  the s e c t io n .  
O b se rv a t io n s  of dyed groups of p a r t ic le s  show ed that the flu id  in  the 
v ic in i ty  of the top s tr e a m l in e  (F ig u r e  N o . 7) had a v e lo c i ty  o f  only  
a p p r o x im a te ly  80 - 90% of that f low in g  in the v ic in i ty  of the bottom  
s t r e a m l in e .  A s  w e l l  a s  th is  n o n -u n ifo rm  v e lo c i ty  d is tr ib u tio n ,  o b se r v a t io n s  
of the sa m e  s t r e a m l in e s  show ed the m o d e l  f low  to be n ow h ere  tr u ly  h o r iz o n ta l .

The hodograph th e o r ie s  of B ea r  D agan a s su m e d  a confined  
aq u ifer  w ith  constant d is c h a r g e  (and b ec a u se  of g e o m e tr y  - constant  
v e lo c ity )  a c r o s s  any v e r t i c a l  s e c t io n .  In the m o d e l ,  the ra tio  of the 
a v e r a g e  v e lo c i t y  of f low  at the f r e s h  w ater  intake to that at the v e r t ic a l  
s e c t io n  through the in te r fa c e -a q u ic lu d e  junction  is  2 . 5 .  T h ere  is  thus  
reta rd a t io n ,  and th is  in v o lv es  the a p p lica tion  of a fo r c e  s y s t e m  a c co r d in g  
to N ew to n 's  2nd la w  of m o t io n .  T his  fo r c e  w il l  ac t  in  the o p p o site  d ir e c t io n  
to the f lo w , but rough c a lcu la t io n s  would in d ica te  that th is  fo r c e  s y s t e m  
would be m u ch  too s m a ll  to ca u se  of i t s e l f  a l o s s  in  head  at the in take of  
about 37 f e e t  of w a te r ,  (T h is  la t ter  f igu re  r e p r e s e n t s  the head  l o s s  w hich  
would r e s u l t  f r o m  a red u ction  in f low  fr o m  77 g . p ,  h.  to 31 g . p . h . )

A c o m p a r iso n  of the a s s u m e d  w a ter  su r fa c e  p r o f i le  w ith that 
obtained fr o m  an a v e r a g e  m o d e l  run (F ig u r e  N o . 15) show s that the m o d e l  
w ater  s u r fa c e  i s  quite f la t  in  the c r i t ic a l  f r e s h  w ater  - sa lt  in te r fa c e  
a r e a .  F u r t h e r m o r e ,  the m o r e  re f in ed  th e o r ie s  c o n s id e re d  h e r e  a re  a l l  
b a se d  on the a ssu m p tio n  of no f low  in  the sa lt  w a ter  r eg io n .  T h is  s e e m e d  
to be e s s e n t ia l l y  c o r r e c t  in  the m o d e l ,  although so m e  s l ig h t  c ir c u la to r y  
u n d erf lo w  did o c c u r .  T h u s, when co n s id e r in g  a s ta t ic  in te r fa c e  and the  
p o ten tia l  at the in t e r fa c e ,  the o b se rv e d  fla t  h y d ra u lic  grad ien t m u st  tend  
to p ro d u ce  a f la t ter  and lo n g e r  in te r fa c e  than would be obtained for  a, 
s t e e p e r  w a ter  s u r fa c e .

The G ly b en -H e rz b e r g  s tr a ig h t - l in e  in te r fa c e  i s  not a p p lica b le  
under any c o n d it io n s ,  but it  d oes  r a is e  the q u estion  o f what i s  the r e a l  
p h r e a t ic  s u r fa c e  s lo p e .  F ig u r e  N o . 15 show s the a s s u m e d  s lo p e  of 
S e r ie s  II as  I in  167.  T h is  w as  b a sed  on the a ssu m p tio n  that the r i s e  in  
the w a ter  su r fa c e  due to su r fa c e  te n s io n  w as constant along the len g th  of 
the m o d e l ,  but as s tr e a m l in e s  a r e  cu rved  in a s im i la r  m an n er  by s im i la r  
e f f e c t s ,  i t  i s  ev en  co n c e iv a b le  that the p h rea t ic  su r fa c e  n ear  the s h o r e l in e  
m a y  be s l ig h t ly  con cave  u p w a rd s .  P i e z o m e t e r  tappings would be req u ired  
to d e te r m in e  the true  g ra d ien t .  The in s ta l la t io n  of p ie z o m e te r  tappings  
w ould a l s o  show  i f  the d ep a rtu re  fr o m  a s tra ig h t  l in e  p h r e a t ic  su r fa c e  
a c tu a l ly  d o e s  o ccu r  n ea r  the m id d le  of the m o d e l .  F u r t h e r m o r e ,  at a 
d is ta n c e  of 55 in c h e s  in land fr o m  the s h o r e l in e  on the m o d e l  the r i s e  in the 
b e d -r o c k  p r o f i le  i s  r e f le c te d  by a s im i la r  r i s e  in  the w ater  su r fa c e  p r o f i l e .  
Only fu rth er  in v e s t ig a t io n  can eva lu ate  the e f fe c t  of th e s e  v a r ia t io n s  of 
p h r e a t ic  su r fa c e  on the in t e r fa c e ,  but it  m u s t  be e m p h a s is e d  that the
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t h e o r ie s  w hich  h ave  b een  d i s c u s s e d  do ig n o r e  th e s e  m o d e l le d  p h en o m en a .

7. CONCLUSIONS

1 . It b e c o m e s  v e r y  ev id en t that th ere  a r e  in s u f f ic ie n t  f ie ld  data ,
both fr o m  the g e o lo g ic a l  and h y d r o lo g ic a l  a s p e c t s ,  to a c c u r a t e ly  m o d e l  
any part of the Botany B a s in .  Until th is  b a s ic  data b e c o m e s  a v a i la b le  
th e r e  i s  no r e a s o n  to a ttem p t g r e a te r  a c c u r a c y  than that a lr e a d y  a c h ie v e d  
for th is  s e le c t e d  p r o f i l e .

2o M odel t e s t s  s u g g e s t  that the unpum ped sea w a r d  flow  of f r e s h
w ater  into B otany B ay  i s  of the o rd e r  of 60 to 75 g . p . h .  p er  foot of  
s h o r e l in e  at the d e e p e s t  s e c t io n  of the m o d e l le d  a r e a .

3. If an a v era g e  outflow  of s a y  50 g . p . h .  p er  foot of s h o r e l in e  i s  
a s s u m e d ,  and the sh o r e l in e  i s  taken as  3 m i l e s  lo n g , the to ta l u n d erf low  
i s  of the ord er  of 25 m i l l io n  g a llo n s  p er  d ay .

4 . S tud ies  of the f r e s h  w ater  - sa lt  w a ter  in te r fa c e  sh ow  that, for
b o r e s  p en etra tin g  the aqu ifer  to 100 fe e t ,  and m o r e  than h a lf  a m i l e  in land ,  
the en t ire  unpum ped sea w a rd  flow  can  be p o s s ib ly  w ithdraw n b e fo r e  s a l t  
w ater  in tru s io n  w il l  o ccu r;  p rov id in g  that the ground w ater  s to r a g e  is
not being s im u lta n e o u s ly  red u ced  e ls e w h e r e  and the draw dow ns in  the  
pum ping a r e a  a re  not la r g e .

5. A lte r n a t iv e ly ,  b o r e s  at 1 /4  and 1 /2  m i le  fr o m  the s h o r e l in e  and  
pum ping equal a m o u n ts ,  can pump a p p r o x im a te ly  55% of the s ea w a rd  flow  
b efo re  sa lt  w a ter  in tru s io n  would o ccu r;  su b jec t  to the s a m e  p r o v i s o s  a s  
in  (4 ) .

6. A s far  a s  the groups of b o r e s  r e p r e s e n te d  by d ra in s  N o . 1 and 3 
a r e  co n c er n e d ,  it would app ear  fr o m  the l im ite d  data a v a i la b le  (G riff in  '62) 
that th e r e  i s  no im m e d ia te  dan ger  of sa l t  w ater  in tr u s io n .  (C h e m ic a l  
s tu d ie s  (C o r n e l l ,  1964) have  b een  un dertaken  to fu rth er  ch eck  th is  p o s s ib i l i t y ,  
and a re  r ep o rted  b r ie f ly  in  the a ttach ed  A ppendix).

7. It should be r e a l i s e d  that, i f  the p u m p a g es  r e f e r r e d  to in  (4) 
and (5) w e r e  obtained , then v e r y  l i t t le  f r e s h  w ater  could be pum ped fr o m  
sh a l lo w e r  depths above the in te r fa c e  a t ,  sa y ,  1 / 4  m i l e  fr o m  the s h o r e l in e .

8. In te r fa ce  t h e o r ie s ,  even  w hen quite r e f in e d ,  did not a g r e e  w ith  
the m o d e l le d  in t e r fa c e ,  and it  is  su g g e s te d  that the d i f f e r e n c e s  a r e  la r g e ly  
attr ib u tab le  to the n o n -u n ifo r m  g e o m e tr y  of the aq u ifer  w h ich  r e s u l t s  in  a 
change of s e e p a g e  v e lo c i ty  w ith e le v a t io n  and t im e ,  and a ls o  a s e r io u s  
d ep a rtu re  fr o m  h o r izo n ta l  f lo w .
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9 . T he n e c e s s i t y  for  m o d e l  s t u d ie s ,  a s  a ch eck  upon
t h e o r e t i c a l  a n a l y s e s ,  i s  e m p h a s is e d ,

10 ,  W hen r e l ia b le  in fo rm a tio n  i s  a v a i la b le  reg a r d in g  h y d ra u lic
g r a d ie n ts  and p e r m e a b i l i t i e s  in the f ie ld ,  m o r e  d e ta i le d  a tten tio n  
w ould  be r e q u ir e d  in  the r ep ro d u c t io n  of m o d e l  g r a d ie n t s .  F u r t h e r ,  
by a su ita b le  c h o ic e  of in t e r s p a c e  w idth , l iq u id s ,  and v e r t i c a l  
s c a l e s  the c a p i l la r y  r i s e s  in m o d e l  and p ro to typ e  can be m a d e  to  
c o r r e  s p o n d .

8. A C K NO W LEDG EM ENTS
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10, A P P E N D IX  

R e c o g n i t io n  of Sea Water  In tru s ion  by C h e m ic a l  A n a l y s e s ,

The m a j o r  c o n s t i tu en ts  of a ty p ica l  s e a  w a te r  a s  d e t e r m i n e d  
by R ankam a and Sahama (1950) a r e  l i s t e d  be low: -

T y p ic a l  Ions C o n cen tra t io n  ( p . p . m . )

Cl  - 1 8 S 980
Na - 1 0 , 5 6 0
SO - 2 , 5 6 0

4
Mg - 1 , 2 7 2
Ca - 400
K - 380
H C 0 3 - 14:2

Of a l l  the m a jo r  c h e m ic a l  c o ns t i tu en ts  of n a t ive  ground w a te r  
(and p o s s i b l y  contam inants)  it  i s  c o n s id e r e d  that only  ch lor ide  p robab ly  
r e m a i n s  c h e m i c a l l y  in e r t ,  and thus the amount of th is  con s t i tu en t  p r e s e n t  
in  a contam inated  w ater  can be a s s u m e d  to ind ica te  the p r o p o r t io n s  in  
which the nat ive  w ater  and the contam inant  have  been m i x e d .  H o w e v e r ,  
the s o u r c e  of  the contam inant  i s  u s u a l l y  not so  e a s i l y  id e n t i f ie d .

In the c a s e  of s ea  w ater  con tam inat ion ,  b e c a u s e  of the  
m o d i f i c a t io n s  w hich  sea  w ater  i t s e l f  m a y  un dergo  a s  i t  p a s s e s  through  
the ground or through m a r in e  a n d /o r  e s t u a r in e  s e d i m e n t s ,  the o b s e r v e d  
ch an ges  in  c o m p o s i t i o n  of ground w a t e r s  m a y  be quite d i f fe re n t  f r o m  th ose  
that would  o c cu r  by s im p le  m ix in g  of the  two w a t e r s ,  F u r t h e r m o r e ,  the 
a b s e n c e  of such  ch an ges  cannot be taken a s  c o n c lu s iv e  p r o o f  that sa l t  
w ater  e n c r o a c h m e n t  h a s  not o c c u r r e d .  The m o d i f i c a t io n s  in  c o m p o s i t i o n  
which s ea  w a te r  m a y  undergo  on p a s s i n g  through s o i l  or s e d im e n t  can be 
div ided  into th ree  m a in  c a t e g o r i e s

(a) B a s e  E xch an ge  C han ges ,  i , e ,  th o se  m o d i f i c a t io n s  w hich  
af fec t  the p r o p o r t io n s  b e tw e en  p o s i t i v e l y  ch a rg ed  io n s
( c a t i o n s ) ,

(b) Sulphate  and B ica rb o n a te  Changes  i , e „  th o se  m o d i f i c a t io n s  
which a f fec t  the p r o p o r t io n s  b e tw e en  the n e g a t i v e l y  ch arged  
io n s  ( a n i o n s ) ,

(c) Solu t ion and P r e c i p i t a t i o n  E f f e c t s  i , e ,  th o se  m o d i f i c a t io n s  
which r e s u l t  in changes  of equal s ig n i f i c a n c e  to both  
ca t ions  and a n io n s ,
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T h e s e  p h y s i c o - c h e m i c a l  r ea c t io n s  m a y  be b r ie f ly  d e s c r i b e d  as
f o l l o w s :

(a) B a s e  E xch an ge

If the b a s e  exch ange  cap ac i ty  and amount of s o i l ,  the am ount  of 
w ater  and the to ta l  amount of e a ch  ba se  which  a r e  in v o lv ed  in  a b a se  
exchange  r ea c t io n  a re  known, it  i s  p o s s i b l e  to e s t i m a t e  the f inal equ i l ib r iu m  
c o n c en tr a t io n s  of ca t ions  in  the pore  w ater  and the r e la t iv e  proport ion s  
b e tw e en  the b a s e s  in the s o i l .  T h e s e  c o m p le te  data a r e  s e l d o m ,  i f  e v e r ,  
av a i la b le  in  c o n s id e r in g  p r o b le m s  of sa l t  w ater  in t ru s io n .  C onseq uent ly ,  
c h anges  in  the ra t io s  be tw een  d i f feren t  cat ions  o b s e r v e d  in  ground w a te r  
cannot u s u a l l y  be u se d  a s  va l id  c r i t e r i a  of the p r e s e n c e  of sea  water  
contam ination;  nor can the a b s e n c e  of such changes  be taken a s  e v id e n c e  
that contam inat ion  has  not o c c u r r e d .

(b) A l t e r a t io n  due to Sulphate R educt ion .

Oil  f ie ld  w a t e r s ,  which a r e  u s u a l ly  c o n s id e r e d  to be f o s s i l  sea  
w a ter  trapped  in  m a r in e  s e d im e n t a r y  r o c k s ,  often conta in  v e r y  l i t t l e  
sulphate  w h e r e a s  s ea  w ater  contains  sulphate to the ex tent  of a p p r o x im a te ly  
one seven th  by w e ight  of c h lo r id e .  Th is  r e m o v a l  of su lphate  i s  ca u sed  by 
the red uc t ion  of the sulphate  ion  in  the p r e s e n c e  of org a n ic  m a t e r i a l  and 
b a c t e r ia .  F o r  e x a m p le ,  a s c h e m a t i c  equation invo lv ing  g lu c o s e  could b e : -

3 Na SO . + C, H. 0 - — — 3H S + 6Na. HCO2 4 6 12 6 B a c t er ia  2 3

Since  sulphate  red uct ion  can take p la ce  w h e r e v e r  a n a e r o b ic  
condit ions  e x i s t ,  i t  would be ant ic ipated  that sea  w a ter  en ter ing  an aquifer  
through a la y e r  of m a r in e  a n d /o r  e s tu a r in e  s ed im e n t s  w i l l  l o s e  a par t  of  
i t s  sulphate content and gain a c orresp on d in g  amount of b ica rb o n a te .

(c) A l t e r a t io n  due to So lution and P r e c ip i t a t i o n .

Under  c er ta in  condit ions  the sulphate co n cen tra t io n  m a y  i n c r e a s e  
upon contact  with the aq u i fer ,  and s e a  w ater  can d i s s o l v e  a p p r o x im a te ly  
t h r e e  t i m e s  a s  m u ch  c a lc iu m  sulphate a s  i t  a c tu a l ly  d o e s  contain .  Thus  
s ea  w ater  in  contact with  gyp su m  beds w i l l  gain a s  m u ch  as  75% of i t s  
in i t ia l  su lphate ,  and i t s  c a lc iu m  content m a y  be tr ip led .  If the pH i s  
about 8, c a lc i u m  carbonate  w i l l  then be p r e c ip i ta te d  and s t i l l  m o r e  sulphate  
w i l l  be d i s s o l v e d .  The p re c ip i ta t io n  of c a lc iu m  carbonate  m a y  a l s o  
a c c o m p a n y  the p r o c e s s  o f  sulphate  red uct ion ,  p a r t i c u l a r ly  i f  th is  p r o c e s s  
ta k e s  p la c e  at high pH, and that part  of the b icarbonate  produ ced  i s  
c o n v e r ted  into  carb on ate .  It i s  g e n e r a l l y  supposed  that at  a pH of 8 or  
m o r e  (and a t  t e m p e r a t u r e s  g r e a t e r  than 20 C) n o r m a l  s ea  w a ter  i s
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sa tu ra ted  with c a l c i u m  c a r b o n a t e s  and c o n s eq u e n t ly  an  i n c r e a s e  of 
c a l c i u m  o r  b i c a r b o n a t e  w i l l  t e n d  to  p r o d u c e  p r e c ip i ta t io n .

It  i s  t h e r e f o r e  e v ident  t h a t  an i n c r e a s e  in the am ount  of  
ch lo r id e  p r e s e n t  in a ground w a t e r  m u s t  be c o n s id e r e d  a s  the m o s t  
r e l i a b le  in d ica to r  of the f i r s t  s ta g e  of sea  w ater  in t r u s io n .  U nfor tu nate ly ,  
s m a l l  r i s e s  in  the ch lor ide  l e v e l  m a y  be due to a t e m p o r a r y  i n c r e a s e  
in  to ta l  d i s s o l v e d  s a l t s ,  and a ra t io  of chlGride to s o m e  o th er  ion  
m u s t  n o r m a l l y  be in trod uced  to m i n i m i s e  the e f f e c t s  of c h a n g es  in  
c o n c en tr a t io n .  F o r  th is  p u rp o se  R e v e l l e  (1941)  s u g g e s t e d  the c h lo r id e  - 
bicarbonate  r a t i c ,  B ica rb o n a te  i s  u s u a l l y  one of the m o s t  abundant  
i o n s  in  ground w a t e r s ,  but it only  o c c u r s  in  s ea  w a te r  in  the r a t io  
I : 1 35 of c h lo r id e .  E ven  though sulphate  red u c t io n ,  and c a l c i u m  
carbonate  p r e c ip i ta t io n ,  m a y  a l t e r  the b icarbonate  content  in  in truded  
sea  w a te r ,  th ere  i s  u s u a l l y  such a l a r g e  d i f f e r e n c e  in  the c h lo r id e  - 
bicarbonate  ra t io  in  s ea  w ater  and ground w ater  that t h e s e  v a r ia t io n s  
only  a f f ec t  the ra t io ,  as  an index  of s ea  w a te r  in t r u s io n ,  in a m i n o r  
m a n n e r .

Contam inat ion  by s e w a g e  a n d / o r  in d u s tr ia l  w a s t e s  can  a l s o  
r a i s e  the ch lor ide  “b icarbonate  ra t io  of a ground w a t e r ,  and h e n c e ,  in  
the c a s e  of the Botany Sands  w h e r e  such con tam in at ion  i s  s u s p e c t e d ,  
other  m e a n s  m u s t  be u s e d  to r e c o g n i s e  sea  w a te r  i n t r u s io n ,  e . g .  s o m e  
b o r e s  p rodu ce  w ater  of 2000 p.  p . m .  ch lo r id e  content  with  z e r o  
b ic a r b o n a te s  ( i . e .  pH i s  l e s s  than 4.  8) .

To d e t e r m in e  the point at which  it  can be sa id  that a s a m p le  
of w a te r  i s  contam inated  by a c e r ta in  compound a "normal" co n c en tr a t io n  
of th is  compound m u s t  be s ta ted ,  The r e s u l t s  of the  s e v e n t y - f i v e  
a n a l y s i s  c a r r i e d  out by the M, W , S » D . B , , in 1 942 have  b een  u s e d  to 
a r r i v e  at a "normal" c o n cen tra t io n  of ch lo r id e  and n i tra te  in  the B otany  
B a s in  ground w a t e r s ,  A c cep t in g  the p r e m i s e  that po l lu t ion  in  the Botany  
B a s in  i s  gett ing p r o g r e s s i v e l y  w o r s e  t h e s e  r e s u l t s ,  w h ich  a r e  the 
e a r l i e s t  a v a i la b le ,  should g ive  the m o s t  r e l i a b le  f i g u r e s .

F r o m  the to ta l  of s e v e n t y - f i v e  s a m p l e s  a n a ly s e d ,  s i x t y - s e v e n ,  
w hich  a r e  not ob v io u s ly  unusua l ly  high in  c h lo r id e  a n d / o r  n i t r a t e ,  can  
be s e l e c t e d .
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r e s u l t s  a r e
The m e a n  and standard dev ia t ion  of t h e s e  s i x t y - s e v e n  s e t s  of

(a) C hlor ide

(b) N i tr o g e n  (a s  n i trate)

m e a n  60 p . p . m .
standard d ev ia t ion  31 p . p ^ m

m e a n  0 . 2 6  p.  p . m .  s tandard  
d ev ia t ion  0 . 28 p . p.  m .

A s s u m i n g  that 95% of d e te r m in a t io n s  w i l l  fa l l  within two  
s tandard d e v ia t io n s  of the m e a n ,  it  i s  concluded that a s a m p le  contain ing  
ch lo r id e  in  e x c e s s  of 122 p . p . m .  or n itrate  n i trogen  in  e x c e s s  of 0. 82 
p.  p . m .  ( i . e .  n i tra te  in  e x c e s s  of 3. 6 p . p .  m . ) i s  contam inated .

F o r  the p u rp ose  of r ec o g n is in g  s ea  w ater  in t r u s io n  into  the  
Botany  B a s i n  aquifer  the m in o r  cons t i tu en ts  of s ea  w ater  w e r e  a l s o  
c o n s id e r e d  v i z : -

C on cen tra t ion s  of Som e  Minor  Sea Water C onst i tuents  (p. p . m . )

B ro m in e

N i tr o g e n

B a r iu m

B o ra te

65

0=03 to 0 , 9

0 . 0 5  (m a x .  p o s s i b l e  

25

in p r e s e n c e  of S O. )4

Of t h e s e  con s t i tu en ts  b r o m in e ,  bar ium  and borate  a r e  
c o n s id e r e d  to be v ir tu a l ly  c h e m i c a l l y  in e r t  when in  contact  with an  
a q u i fe r ,  and the co n cen tra t io n s  of brom in e  and borate  have p r e v i o u s l y  
been  u sed  to in v e s t ig a t e  connate b r in es  and s ea  w ater  contam inat ion .

In th is  study of the Botany B a s in  aquifer  brom in e  w a s  u se d  to 
id en t i fy  the p r e s e n c e  of s ea  w a t e r ,  and n i t ro g en  w a s  u s e d  to show that  
c e r ta in  b o r e s  contain ing high concen tra t ions  of ch lor ide  w e r e  contam inated  
by s o u r c e s  other  than s e a  w a te r .

The fo l lowing  table  l i s t s  the r e s u l t s  of a n a l y s e s  of s a m p l e s  
f r o m  b o r e s  c l o s e  to the c o a s t l in e  in the B a n k sm ea d o w  a r e a ,  and a l s o  of  
an e x c e p t io n a l ly  high ch lor ide  content .  The co lum n headed "Expected  
B ro m id e "  h a s  been com puted by a s s u m in g  sea  w ater  in tru s io n  and a 
n o r m a l  m a x i m u m  ch lor ide  l e v e l  of 122 p. p . m .  The c h lo r id e - b r o m i d e  
r a t io  of s e a  w ater  i s  a p p r o x im a te ly  290 : 1 .



Ion C on cen tra t ion s  ( p . p . m . )

B o r e  N o . N ° 3  - N Cl B r . E x p e c ted  B r .

a 7 . 9 1930 0 6 . 2

b 0 . 5 1630 _* 5 . 6

c 1 .7 338 0 0 . 4

d 0 . 3 438 0 0 . 7

e 1 . 3 104 0 0 . 0

f 2 . 2 302 0 0 . 6

g 0. 1 309 0 0 . 6

h 3. 2 67 0 0 . 0

* The s a m p le  f r o m  bore  N o .  (b) w as  c o l l e c t e d  and a n a ly se d  by  
Griffin  (1962) .  Since  this  s a m p le  w a s  c o l l e c te d  the bore  has  been  
shut down b e c a u s e  i t s  ch lor ide  content i s  too high for  the w a te r  to  
be u s e fu l .  Thus i t  w a s  not p o s s i b l e  for the author to c o l l e c t  and  
a n a ly s e  further  s a m p l e s  f r o m  th is  b o r e .

The table  c l e a r l y  d e m o n s t r a t e s  that,  u s in g  the b r o m i d e - 
ch lor id e  ra t io  a s  an ind ex  of s ea  w ater  in t r u s io n ,  th er e  i s  no s ea  
water  in tru s io n  into the B a n k sm e a d o w  s e c t io n  of the Botany B a s in  
aqu ifer  a t  the l e v e l  u s e d  for  c o m m e r c i a l  pumping. It can a l s o  be 
s e e n  that ,  of  the e ight  s a m p l e s  l i s t e d  in  the tab le ,  f ive  of th e m  a re  
contam inated  by n i tra te  w hich ,  b e c a u s e  of the lo w  n i t ro g e n  content  o f  
s ea  w a t e r ,  did not or ig ina te  f r o m  s e a  w a ter  in t r u s io n .  T h e re  i s  no  
d i r e c t  ev id e n c e  to prove  that the ch lor ide  and n i t ra te  c o n ta m in a t io n s ,  
w h ere  p r e s e n t  in the b o r e s  l i s t e d  a b o v e ,  c a m e  f r o m  the s a m e  s o u r c e  
but it s e e m s  r ea so n a b le  to a s s u m e  that s in c e  the b o r e s  a r e  o b v io u s ly  
e x p o s e d  to n i t ra t e ,  a ty p ica l  s u r fa c e  pol lutant ,  the ch lor ide  
contam inat ion  a l s o  c a m e  f r o m  su r fa ce  w a t e r s .
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