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Modern d i g i t a l .  computers and m a t h e m a t i c a l  models  have been  

a p p l i e d  t o  f l .u id  f l o w  problems s i n c e  t h e  1 9 6 0 ' s .  Through t h e  u s e  

of t h e s e  t o o l s ,  probl-ems c a n  be  approached where t h e  s o l u t i o n s  

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

I n  t h i s  s t u d y  a  f i n i t e - e l e m e n t ,  p l a n a r - f l o w  model was a p p l i e d  t o  

a  ground-water b a s i n  i n  s o u t h e r n  I d a h o ,  u s i n g  a  program deve loped  

by D r .  R .  L .  T a y l o r  of t h e  U n i v e r s i t y  of  C a l i f o r n i a  a t  Berke ley .  

The a r e a  s t u d i e d  i s  a n  i n t e r i : ~ o n t a n e  v a l l e y  i n  Carnas and 

Elmore c o u n t i e s ,  I d a h o ,  and c o n s i s t s  o f  a p r a i r i e  of v a l l e y - f i l l  

m a t e r i a l  t h z t  ~ a r t i s ? ~ ! y  f i l l s  a  v..-lley a b c u t  30 i ~ i l e s  l o n g  and 

8-1.0 m i l e s  wide.  The val.l .ey s i d e s  and  s u r r o u n d i n g  a r e a s  a r e  

composed maj.nly of  igni2ous and v o l c a n i c  r o c k s  t l iac  a r e  r e l a t i v e l y  

impermeable.  The b a s c ~ q e n t  rock  b c i ~ c a t h  t h e  v a l l e y  f l o o r  i s  assumed 

t o  b e  o f  t h e  s a n e  m a t e r i a l  a s  t h e  s i d e s .  

The ground-water sys tem c o n s i s t s  of a  s h a l l o w  w a t e r  t a b l e  

a q u i f e r ,  a  c l a y  u n i t  and 2 a r t e s i a n  a q u i f e r s  s e p a r a t e d  by r e l a t i v e l y  

impermeable s i l t y  c l a y .  

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

c o n d i t i o n s  of  t h e  a r e a .  A f i n i t e - e l e m e n t  mesh i s  deve loped  c o r r e s -  

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

p a r a m e t e r s  t o  t h e  model program a r e  a n n u a l  p r e c i p i t a t i o n ,  p e r m e a b i l i t i e s  

of t h e  v a r i o u s  u n i t s ,  b o u n d a r i e s  and t h e  g e o m e t r i c  p o s i t i o n s  of 



i x  

p o s i t i o n s  o f  t h e  mesh nodes w i t h  r e f e r e n c e  t o  a s p a t i a l  c o o r d i n a t e  

sys tem.  

The program computes head ,  p o t e n t i a l ,  f low v e l o c i t i e s  i n  

2 d i r e c t i o n s  normal t o  each o t h e r ,  r e s u l t a n t  f l o w  v e l o c i t y  and 

r e s u l t a n t  f low d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e  sys tem,  

f o r  e a c h  e lement  i n  t h e  mesh. 

The model seems t o  g i v e  an adequa te  r e p r e s e n t a t i o n  of t h e  

ground-water sys tem of t h e  b a s i n ,  based  on comparison of  computed 

h y d r a u l i c  heads  w i t h  a c t u a l  measurements of  w a t e r  l e v e l s  and 

a r t e s i a n  heads .  Flow q u a n t i t i e s  a r e  computed f o r  under f low a t  

t h e  o u t p u t  end of t h e  s e c t i o n ,  u s i n g  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  

a s  i n p u t .  Underflow i s  a l s o  computed f o r  s i m u l a t e d  s i t u a t i o n s  of 

3 and G i n c h e s  more t h a n  and l e s s  t h a n  a v e r a g e  a n n u a l  preci .p i  t a t i o n .  

Changes i n  under£ low e q u i v a l e n t  t o  4-0.03 and -0.05 f e e t  of w a t e r  

i n p u t  i n d i c a t e  t h a t  t h e  a r t e s i a n  a q u i f e r s  a r e  e s s e n t i a l l y  i n s u l a t e d  

from changes  i n  annua l  p r e c i p i t a t i o n  i n  any g i v e n  y e a r .  

T h i s  t y p e  model. shou ld  have p r a c t i c a l  u s e  n o t  o n l y  f o r  

d e s c r i b i n g  a  f l o w  system bu t  a l s o  f o r  s i m u l a t i n g  p a s t ,  f u t u r e  and/or  

l o c a l l y  changed c o n d i t i o n s .  



INTRODUCTION 

S i n c e  t h e  e a r l y  1 9 6 0 1 s ,  hydro log ica l .  s t u d y  h a s  been concerned 

w i t h  ground-water b a s i n s  and what c o u l d  b e  c a l l e d  t h e  regi .ona1 

p i c t u r e .  T h i s  h a s  1e.d to  v a r i o u s  methods of d e v e l o p i n g  and a p p l y i n g  

models  r e p r e s e n t i n g  ground-water f l o w  sys tems .  J .  Toth  (1962,  19G3) 

c o n t r i b u t e d  t h e  concep t  t h a t  e x a c t  ground-water f l o w  p a t t e r n s  cou ld  

b e  o b t a i n e d  a n a l y t i c a l l y  a s  s o l u t i o n s  t o  fo rmal  boundary problems.  

T h i s  gave  a t h e o r e t i c a l  approach  t o  complement t h e  f i e l d  t e c h n i q u e s  

g e n e r a l l y  u s e d .  However, t h e  fo rmal  a n a l y t i c a l  s o l u t i o n s  were  

l i m i t e d  t o  homogeneous media ,  r e g u l a r  b o u n d a r i e s  and t h e  s p e c i f i c  

c a s e s  t r e a t e d ,  and t h e  mathemat ics  i i lvolved was complex and cumbersome. 

F r e e z e  and Witherspoon (1966, 1967,  1968) deve loped  a  

mathematica.1 model u s i n g  t h e  more v e r s a t i l e  ai;d p o w e r f u l  method of 

numer ica l  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 .  T h e i r  u s e  of t h e  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  and a  modern, d i g i t a l  computer t o  h a n d l e  t h e  

numerous, b u t  r e l a t i v e l y  l e s s  c o a p l e x ,  e q u a t i o n s  was a  s i g n i f i c a n t  

s t e p  toward a v o i d i n g  t h e  invo lved  mathemat ics  of t h e  a n a l y t i c a l  

methods  a s  w e l l  a s  t o b ~ a r d  a  method of h a n d l i n g  more complex b o u n d a r i e s  

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

I lathemati .ca1 models u s i n g  d i g i t a l  computers  t o  s o l v e  

ground-vciter problems had been recommended e a r l i e r  by s e v e r a l  

a u t h o r s ,  p a r t i c u l a r l y  Walton (1962) .  Fayers  and Sheldon (1962) and 

Tyson and Weber (1964) were  t h e  f i r s t :  t o  enp loy  numer ica l  s o l u t i o n s  
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i n  c o n n e c t i o n  w i t h  mathemat ica l .  models of ground-water b a s i n s  and 

a q u i f e r s .  

The purpose  of t h i s  s t u d y  was t o  deve lop  a  mathemat ica l  

model of a  ground-water b a s i n  u s i n g  a computer program developed 

by D r .  R. L. T a y l o r  of t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  Berke ley .  

The program u t i l i z e s  a  m a t r i x  developed from a  f i n i t e - e l e m e n t  mesh 

t o  s o l v e  f o r  p r e s s u r e ,  p o t e n t i a l ,  f l o w  v e l o c i t i e s  i n  2 d i r e c t i o n s  

normal t o  each o t h e r ,  r e s u l t a n t  f l o w  v e l o c i t y  and r e s u l t a n t  f low 

d i r e c t i o n  a t  each p o i n t  de te rmined  by t h e  mesh. The program o f f e r s  

f e a t u r e s  f o r  de te rn i in ing  t h e  l o c a t i o n  of  a  f r e e - w a t e r  s u r f a c e  and 

can b e  a p p l i e d  t o  e i t h e r  a  p l a n a r  o r  axisymmetr ic  t y p e  of f l o w  

problem. M a t e r i a l s  i n  t h e  mesh may b e  non-homogeneous, a n i s o t r o p i c  

anc!/nr inc1.i ned,. 

The program was o b t a i n e d  d i r e c t l y  f rom T a y l o r  by C.  D. 

Kealy  of t h e  U.S. Bureau of Mines i n  Spokane,  who used  i t  w h i l e  

do ing  g r a d u a t e  s t u d y  i n  t h e  C o l l e g e  of Mines a t  t h e  U n i v e r s i t y  of 

Idaho.  Kealy  and Busch (1971) p u b l i s h e d  t h e  program i.n a  U.S. 

Bureau of Mines r e p o r t  of i n v e s t i g a t i o n .  Through t h e  e f f o r t s  of 

D r .  R.  E. W i l l i a m s  of t h e  U n i v e r s i t y  of I d a h o ,  t h e  program i s  now 

s t o r e d  a t  t h e  U n i v e r s i t y  Computer C e n t e r .  The prograin i s  i d e n t i f i e d  

by FPM 500 b u t  i s  s t o r e d  under  t h e  t i t l e  "FL@W1'. 

T h i s  s t u d y  i s ,  t o  t h e  a u t h o r ' s  knowledge, t h e  f i r s t  a t t e m p t  

t o  a p p l y  t h i s  program t o  a  problem of t h i s  s c a l e  and one  i n  which 

t h e  f low i n  t h e  ground-water sys tem of a  b a s i n  was t o  b e  modeled. 

The a r e a  of s t u d y  i s  Camas P r a i r i e ,  l o c a t e d  i n  Camas and Elmore 

c o u n t i e s  i n  s o u t h e r n  Idaho .  The ground-water sys tem of t h e  b a s i n  



c o n s i s t s  of 2 a r t e s i a n  a q u i f e r s  and a  s h a l l o : ~ ,  w a t e r - t a b l e  a q u i f e r  

which i s  main ta ined  i n  p a r t  by p r e c i p i t a t i o n  and i n  p a r t  by upward 

l e a k a g e  from t h e  a r t e s i a n  a q u i f e r s .  The model i s  b u i l t  p r i m a r i l y  

on t h e  a r t e s i a n  sys tem.  

F i e l d  work was c a r r i e d  o u t  d u r i n g  t h e  summers of 1970 and 

1971 and c o n s i s t e d  of g a t h e r i n g  f i e l d  d a t a  t o  u s e  w i t h  a v a i l a b l e  

p u b l i s h e d  d a t a  t o  supp ly  t h e  n e c e s s a r y  i n p u t s  t o  t h e  model. 

Format ion of t h e  modcl i s  d e s c r i b e d  i n  d e t a i l  and t h e  program o u t p u t  

i s  compared t o  t h e  a c t u a l  f i e l d  c o n d i t i o n s .  Water samp1.e~  were 

c o l l e c t e d  from 23 s e l e c t e d  w e l l s  and s p r i n g s  f o r  c h l o r i d e  and 

f l u o r i d e  de te rmina t i .ons .  L a t e r ,  w a t e r  samples  were t a k e n  from 8 

a d d i t i o n a l  l o c a t i o n s  f o r  f l u o r i d e  d e t e r m i n a t i o n s .  

1.uTcl.l  numberi in^ Sys t e n  
A?. ,-- 

The wel l -nunbcr ing system used i n  Idaho i n d i c a t e s  t h e  l o c a t i o n s  

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

l a n d s ,  witt i  r e f e r e n c e  t o  t h e  Boise  b a s e  l i n e  and m e r i d i a n .  The 

f i r s t  2 segments of a  number d e s i g n a t e  t h e  township and range .  

The t h i r d  segment g i v z s  t h e  s e c t i o n  and i s  fo l lowed  by 2 l e t t e r s  

and a  number, which i n d i c a t e s  t h e  q u a r t e r  s e c t i o n ,  t h e  40-acre  

t r a c t ,  and t h e  s e r i a l  number of t h e  w e l l  w i t h i n  t h e  t r a c t .  Q u a r t e r  

s e c t i o n s  a r e  l e t t e r e d  a ,  b ,  c  and d  i n  coun tc r -c lockwise  o r d e r ,  

from t h e  n o r t h e a s t  q u a r t e r  of each se -c t ion .  Wi th in  q u a r t e r  s e c t i o n s  

@ - a c r e  t r a c t s  a r e  l e t t s r c d  i n  t h e  saiitc manner. A diagrain shobring 



t h e  l o c a t i o n  of well  IS-13E-12ccl o r  SWl /4  S\?1/4 sec. 12, T .  1 S., 

R. 13 E .  , i s  g iven  i n  F igu re  1. 
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CAMAS PRAIRIE 

L o c a t i o n  and E x t e n t  - -- 

Camas P r a i r i e  i s  l o c a t e d  i n  t h e  w e s t - c e n t r a l  p a r t  o f  s o u t h e r n  

I d a h o .  The c e n t e r  of t h e  p r a i r i e  i s  abou t  55  miles n o r t h  of Twin 

F a l l s  and abou t  75  m i l e s  e a s t - s o u t h e a s t  of B o i s e .  The d r a i n a g e  

a r e a  f o r  Camas P r a i r i e  c o n s i s t s  of a b o u t  650 s q u a r e  m i l e s ,  n e a r l y  

a l l  of which i s  l o c a t e d  i n  Camas coun ty .  L e s s  t h a n  100 s q u a r e  

m i l e s  i s  l o c a t e d  i n  Elmore coun ty .  The r e l a t i v e l y  f l a t  s u r f a c e  

of t h e  p r a i r i e  p r o p e r  i s  abou t  215 s q u a r e  m i l e s .  The a r e a  i s  bounded 

by m e r i d i a n 4  l l h O  30'  - ! 15' 31)' v e s t  and pa ra1  l e l  s 43' 1 0 '  - 

43" 35 '  n o r t h .  The l o c a t i o n  i s  shown i n  F i g u r e  2 .  

P r e v i o u s  - I n v e s t i g a t i o n s  

A s t u d y  o f  t h e  ground-water  c o n d i t i o n s  o f  Camas P r a i r i e  f o r  

i r r i g a t i o n  was conducted  by A r t h u r  li. P i p e r  i n  1925.  H i s  r e p o r t  

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

and was made t r i t h i n  2  y e a r s  of  t h e  t i m e  when most  of t h e  o r i g i n a l  

f l o w i n g  w e l l s  i n  t h e  p r a i r i e  were d r i l l e d .  P i p e r  p r e s e n t e d  an  

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

A more r e c e n t  s t u d y  was conducted  of t h e  ground-water  r e s o u r c e s  

o f  Camas and Elrnore c o u l l t i e s  by Wiilian C.  Walt011 i r .  1961,  a s  



FIGURE 2 
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p a r t  o f  t h e  i n v e s t i g a t i o n s  of  a r e a s  i n  and a d j a c e n t  t o  t h e  Snake 

R i v e r  P l a i n  by t h e  U.S. G e o l o g i c a l  Survey.  The r e p o r t  was p r e p a r e d  

f o r  t h e  U.S. Bureau of Rec lamat ion ;  i t  d e s c r i b e s  t h e  g e o l o g y ,  

ground-water r e s o u r c e s ,  and q u a l i t y  and t e m p e r a t u r e  of t h e  ground 

w a t e r  i.n Camas P r a i r i e .  Sur face -wate r  and ground-water d i s c h a r g e  

t o  s t r e a m s  were  a l s o  a p p r a i s e d .  

The r e c o r d s  of w e l l s  d r i l l e d  p r i o r  t o  1960,  l i s t e d  i n  

Appendix A ,  were t a k e n  from t h e  above p a p e r s .  The l i s t  of r e p r e -  

s e n t a t i v e  w e l l s ,  Appendix A was b rough t  up t o  d a t e  w i t h  r e c o r d s  

f rom t h e  Idaho  Department of Water A d m i n i s t r a t i o n .  

Economic Develonment 

The c i t y  of F a i r f i e l d ,  l o c a t e d  n e a r  t h e  c e n t e r  of t h e  p r a i r i e ,  

i s  t h e  c o u n t y  s e a t  of Camas County and t h e  b u s i n e s s  c e n t e r  of t h e  

p r a i r i e .  The p o p u l a t i o n  was g i v e n  by TJalton (1961,  p .  10)  a s  502 

i n  1950 and t h e  c i t y  l i m i t  s i g n  i n  1972 r e p o r t s  317 p e o p l e .  The 

w a t e r  s u p p l y  i s  unmstered.  C o r r a l ,  8 miles west  of F a i r f i e l d ,  i s  

u n i n c o r p o r a t e d  and c o n s i s t s  of a  combinat ion g a s  s t a t i o n ,  g r o c e r y  

s t o r e  and b ranch  p o s t  o f f i c e .  H i l l  C i t y ,  5 m i l e s  wes t  of C o r r a l ,  

i s  s i m i l a r .  B l a i n e ,  S e l b y  and Rands a r e  r a i l r o a d  s i d i n g s  w i t h  

g r a i n  e l e v a t o r s .  S o l d i e r ,  1 m i l e  n o r t h  of F a i r f i e l d ,  i s  a  group 

of  a b o u t  1 0  r e s i d e n c e s .  

Canas P r a i r i e  i s  s e r v e d  by t h e  H i l l  C i t y  Branch of t h e  
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U r i i o r i  P a c i f i c  X a i l r o a d  and by S t a t e  Highways 4 6  from t h e  s o u t h  and 

69  f r o i n  t h e  e a s t  and w e s t .  

The economy of t h e  a r e a  i s  mainly  a g r i c u l t u r a l  and based 

on a l f a l f a ,  wheat and barl-ey.  I n  1971, s l i g h t l y  o v e r  100,000 a c r e s  

were  under  c u l t i v a t i o n  w i t h  65-70,000 a c r e s  be ing  i n  a l f a l f a .  

About 88,000 a c r e s  were c u l t i v a t e d  d r y  l a n d  (wi thou t  i r r i g a t i o n )  

and a b o u t  10 ,000  a c r e s  were  i r r i g a t e d  more t h a n  once (Hazen, 1971) .  

Large  nun~bers  of sheep and c a t t l e  a r e  g razed  i n  t h e  mountainous 

a r e a s  s u r r o u n d i r ~ g  t h e  p r a i r i e  d u r i n g  t h e  summer and on t h e  p r a i r i e  

d u r i n g  autumn and w i n t e r .  

Phys iography  a11c1 Drainage -- 

Camas P r a i r i e  i s  l o c a t e d  i n  t h e  Northern Rocky Mountain 

p h y s i o g r a p h i c  p r o v i n c e  (Fcnneman, 1931) and i s  an e a s t w s r d - t r e n d i n g  

i n t e r m o n t a n e  t rough  about  40 m i l e s  i n  l e n g t h  and abou t  8 m i l e s  i n  

w i d t h .  The t r o u g h  i s  p a r t i a l l y  f i l l ec !  ~ ~ i t h  d e t r i i a l  m a t e r i a l  

c a r r i e d  i n  from a d j a c e n t  mountzins .  The sed iments  were d e p o s i t e d  

d u r i n g  t h e  t ime when t h e  e a s t e r n  o u t l e t  of t h e  v a l l e y  was dammed 

by l a v a  f l o w s ,  p o s s i b l y  beg inn ing  i n  P l i o c e n e  t ime and c o n t i n u i n g  

i n t o  t h e  P l e i s t o c e n e  (Val ton ,  1961, p .  1 0 ) .  

The p r a i r i e  i s  a  g e n t l y  u n d u l a t i n g  p l a i n  t h a t  s l o p e s  sou th-  

e a s t w a r d  a b o u t  7  f e e t  p e r  m i l e  from a n  a l t i t u d e  of 5200 f e e t  above 

mean s e a  l e v e l  a t  t h e  wes t  end. Broad,  low, a l l u v i a l  f a n s ,  formed 

by i n t e r m i t t e n t  s t r e a m s  from t h e  n o r t h ,  s l o p e  southward a t  about  

4 0  f e e t  p e r  m i l e  from t h e  f o o t  of t h e  mountains .  

T o  t h e  n o r t h  of Camas P r a i r i e ,  So ld ie r  Mountains r ise  i n  
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s t e e p  r i d g e s  t o  a n  a l t i t u d e  O F  10 ,095  f e e t  a t  Smoky Dome, 7 m i l e s  

n o r t h  of F a i r f i e l d ,  The Mount Benne t t  Hills, on t h e  s o u t h ,  r i s e  t o  

a n  a l t i t u d e  of a b o u t  6 ,800 f e e t  and c o n s i s t  of f l a t - t o p p e d ,  

s l i g h t l y - d i s s e c t e d  r i d g e s ,  s e p a r a t i n g  t h e  p r a i r i e  from t h e  b a s i n  

of  t h e  Sou th  Fork of  t h e  B o i s e  R i v e r .  

Camas P r a i r i e  t e r m i n a t e s  8 m i l e s  e a s t  of F a i r f i e l d  a g a i n s t  

a n  u n d u l a t i n g  p l a i n  o f  b a s a l t  and i n  p a r t  a g a i n s t  Q u a t e r n a r y  a l l u v i u m  

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

more c o n s o l i d a t e d  and d o e s  n o t  c o n t a i n  p e b b l e s  o r  c o b b l e s  of 

b a s a l t  ( P i p e r ,  1925,  p .  9 )  and forms a  s e r i e s  of low,  g e n t l y  rounded 

h i l l s  a t  t h e  e a s t  end of  t h e  p r a i r i e .  The b a s a l t  p l a i n  j o i n s  t h e  

main Snake River  P l a i n  24 m i l e s  s o u t h e a s t  of  F a i r f i e l d  a t  an  a l t i t u d e  

of  a b o u t  4 ,900 f e e t  above mean s e a  l e v e l .  

Camas Creek i s  a  s l u g g i s h ,  meandering s t r e a m  which f lows  

e a s t w a r d  a l o n g  t h e  s o u t h e r n  marg in  of  t h e  p r a i r i e  w i t h  a  g r a d i e n t  

of  a b o u t  5  f e e t  p e r  m i l e  between H i l l  C i t y  and B l a i n e .  E a s t  of 

B l a i n e  t h e  c r e e k  f l o w s  i n  a  deep canyon which i t  had c u t  i n t o  b a s a l t .  

Camas Creek d r a i n s  an  a r e a  of abou t  650 s q u a r e  m i l e s  and d i s c h a r g e s  

i n t o  t h e  Big  Wood R i v e r ,  a t r i b u t a r y  t o  t h e  Snake R i v e r .  

W i t h i n  t h e  Camas P r a i r i e  b a s i n ,  E l k ,  Deer ,  S o l d i e r ,  T h r e e m i l e ,  

C o r r a l ,  Chimney and Sheep Creelcs d r a i n  t h e  a r e a  on t h e  n o r t h  and 

a r e  t r i b u t a r i e s  t o  Camas Creek.  None of t h e s e  s t r e a m s  a r e  p e r e n n i a l  

and d u r i n g  t h e  summer a l l  l o s e  t h e i r  e n t i r e  f low by i n f i l t r a t i o n  

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

n o r t h e r n  mounta ins .  I n  l a t e  autumn, t h e  c r e e k s  b e g i n  t o  d i s c h a r g e  

w a t e r  i n t o  Camas Creek a g a i n  a s  a  r e s u l t  of  i n c r e a s e d  p r e c i p i t a t i o n  



on t h e  mounta ins  and d e c r e a s e d  e v a p o r t r n n s p i r a t i o n .  

E a s t  of B l a i n e ,  Willow Creek i s  d e e p l y  i n c i s e d  i n t o  t h e  

o l d e r  a l l u v i u m  and h a s  a  s m n l l  p e r e n n i a l  f l o w .  A few ephemeral  

s t r e a m s  d r a i n  t h e  p r a i r i e - f a c i n g  s l o p e  of t h e  Mount B e n n e t t  H i l l s  

on t h e  s o u t h .  

C l i m a t c  - and -- P r e c i p i t a t i o n  

The c l i m a t e  of  Camas P r a i r i e  i s  semi -a r id  w i t h  low p r e c i p i t a t i o n ,  

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

P r e c i p i t a t i . o n  r e c o r d s  have  been k e p t  by  t h e  U.S. Weather 

Bureau a t  s t a t i o n s  a t  H i l l  C i t y  (1923 t o  p r e s e n t ) ,  F a i r f i e l d  Ranger 

S t a t i o n  (1949 t o  p r e s e n t ) ,  S o l d i e r  (1895-1910) and S o l d i e r  Creelc 

Ranger S t a t i o n  (1910-1948). P r e c i p i t a t i o n  a t  t h e  S o l d i e r  Creek 

Ranger S t a t i o n ,  i n  t h e  n o r t h e r n  mounta ins ,  d u r i n g  t h e  y e a r s  of 

r e c o r d  was n e a r l y  50 p e r c e n t  g r e a t e r  t h a n  a t  s t a t i o n s  on t h e  p r a i r i e .  

The H i l l  CTty s t a t i o n  was s e l e c t e d  a s  most r e p r e s e n t a t i v e  

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

and i t s  l e n g t h  of rec.ord.  The l o w e s t  annua l  p r e c i p i t a t i o n  r e c o r d e d  

a t  H i l l  C i t y  was 6 .67 i n c h e s  i n  1939 and t h e  h i g h e s t  was 24.70 

i n  1970 .  The a v e r a g e  o v e r  a 49-year p e r i o d  i s  1 5 . 1 5  i n c h e s .  

F i g u r e  3  s h o t ~ s  t h e  a n n u a l  p r e c i p i t a t i o n  and c u m u l a t i v e  d e p a r t u r e s  

from t h e  a v e r a g e  a t  H i l l  C i t y  f o r  t h e  p e r i o d  1923-1970. 

D a t a  compi led  by t h e  U.S. Weather Bureau show J a n u a r y ,  

F e b r u a r y ,  March, May, November and December a r e  t h e  months of  

g r e a t e s t  p r e c i p i t a t i o n  w i t h  each  h a v i n g  more t h a n  1 i n c h .  J u l y ,  

August  and Sept:rmber a r e  t h e  riionths having t h e  l e a s t  p r e c i p i t a t i o n ,  





g e n e r a l l y  less t h a n  1 i n c h  each .  

Tempera tu re  r e c o r d s  show J a n u a r y  t o  b e  t h e  c o l d e s t  month 

and J u l y  t h e  h o t t e s t .  Extreme t empera tu res  r e c o r d e d  a t  F a i r f i e l d  

a r e  96" F. and -35" F. and a t  t h e  H i l l  C i t y  s t a t i o n ,  102" F. 

and -44" F. The a v e r a g e  a n n u a l  t e m p e r a t u r e  a t  H i l l  C i t y  i s  a b o u t  

41" F. 

Geology 

H i s t o r y  

By l a t e  C r e t a c e o u s  t o  e a r l y  T e r t i a r y  t ime ,  t h e  s o u t h e r n  

edge of t h e  Idaho b a t h o l i t h  was exposed and by Eocene t i m e  most 

of t h e  former  c o v e r  had been eroded ( P i p e r ,  1925,  p. 7 ;  Ross and 

Savage,  1967 ,  p.  60) .  The p l u t o n i c  r o c k s  t h u s  exposed f o m  t h e  

l a r g e r  pzrt of t h e  So l -d ie r  Mountains on t l ~ c  n o r t h ,  a s  w e l l  as 

t h e  c o r e s  of t h e  r i d g e s  which bound Camas P r a i r i e  on t h e  wcst and 

s o u t h w e s t .  

The exposed p l u t o n i c  r o c k s  were  u p l i f t e d  and e roded  d u r i n g  

O l i g o c e n e  t i n e .  Dur ing m i d - t e r t i a r y ,  p o s s i b l e  e a r l y  miocene,  t h e  

v a l l e y s  formed d u r i n g  t h e  0 l igocen.e  were f l o o d e d  w i t h  l a v a s  t o  

d e p t h s  o f  hundreds  of f e e t  ( P i p e r ,  1925,  p .  7 ) .  These  e x t r u s i v e s  

now form o u t c r o p s  a l o n g  t h e  mounta ins  a t  t h e  n o r t h e r n  edge of  

Camas P r a i r i e  and a l o n g  t h e  lower  p a r t  of t h e  Fiount B e n n e t t  E i l l s  

which form t h e  s o u t h e r n  boundary.  

T h e  o l d e r ,  p o r p h y r i t i c  Miocene l a v a s  were f o l l o w e d  a f t e r  a 



conslderab1.e p e r i o d  of e r o s i o n  by o u t p o u r i n g s  of 1-hyol- i t ic  l a v a ,  

t h e  Mount Benne t t  r h y o l i t e ,  i n  p robab ly  l a t e  Miocene t ime  ( P i p e r ,  

1925,  p .  8 ) .  Nor th  of  S o l d i e r ,  2  m i l e s  n o r t h  of F a i r f i e l d ,  t h e  

l a v a s  a r e  i n t e r b e d d e d  w i t h  f i n e - g r a i n e d  l a c u s t r i n e  s e d i m e n t s ,  

i n d i c a t i n g  d e p o s i t i o n  i n  quie. t  w a t e r ,  p robab ly  ponded beh ind  l a v a  

dams. 

I n  t h e  f i n a l  s t a g e  of  igneous  e x t r u s i o n ,  which a f f e c t e d  t h e  

whole o f  s o u t h e r n  I d a h o ,  b a s a l t i c  l a v a s  inunda ted  t h e  Camas P r a i r i e  

r e g i o n .  T h i s  i n u n d a t i o n  p robab ly  t o o k  p l a c e  f o r  t h e  most  p a r t  

d u r i n g  P l i o c e n e  t i m e ,  a l t h o u g h  some of t h e  b a s a l t  i s  much younger 

and may b e  P l e i s t o c e n e  i n  age .  The 01-der of t h e s e  l a v a s  i s  exposed 

i n  t h e  e a s t e r n  end of t h e  hfount. Benne t t  llills and i n  o u t c r o p s  i n  

t h e  r o l l i n g  t e r r a n e  of  t h e  w e s t e r n  end of Camas P r a i r i e .  The 

younger  o f  t h e s e  b a s a l t s  forms,  i n  p a r t ,  t h e  u n d u l a t i n g  e a s t e r n  

boundary of t h e  Camas P r a i r i e  b a s i n .  

S t r u c t u r e  - 

According t o  P i p e r  (1925,  p. 8) : 

Camas P r a i r i e  o c c u p i e s  p a r t  of  a  zone w i t h i n  
which r e c u r r e n t  a d j u s t m e n t s  have  t aken  p l a c e  i n  
r e s p o n s c  t o  t h o s e  r e g i o n a l  e a r t h  s t r e s s e s  which have  
produced b road  warp ings  i n  t h e  Snake R i v e r  p l a i n s  
t o  t h e  s o u t h  and ex tens iv :  u p l i f t  of t h e  c e n t r a l  
Idaho  mounta ins  mass t o  t h c  n o r t h .  Adjustment h a s  
been by h igh-ang le  f a u l t i n g .  

S t r u c t u r a l  a d j u s t m e n t  p r o b a b l y  fol lowed e a c h  p e r i o d  of 

i g n e o u s  a c t i v i t y  o r  may have  accompanied t h e . e x t r u s i o n  o f  t h e  

b a s a l t s .  P i p e r  (1925,  p. 9) f c c l s  t h a t  thc s t r u c t u r a l  a d j u s t m e n t s  



l e d  t o  a s e p a r a t i n g  of t h e  f l o o r  of t h e  b a s i n  o c c u p i e d  by Camas 

P r a i r i e  i n t o  b l o c k s ,  which were  t i l t e d  and j o s t l e d  a t  b o t h  e n d s  

of  t h e  p r e s e n t  p r a i r i e .  The o l d e r  a l l u v i u m  a t  t h e  e a s t e r n  end 

of t h e  p r a i r i e ,  f o r m i n g  p a r t  of  t h e  e a s t e r n  boundary ,  may b e  t h e  

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

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

u n b u r i e d  b y  more r e c e n t  v a l l e y  f i l . 1 .  

Smith  (1966) made a  d e t a i l e d  s t u d y  o f  t h e  e a s t e r n  Mount 

B e n n e t t  Hills and g i v e s  s u p p o r t  t o  the. c o n c e p t  of  f a u l t  c o n t r o l  

f o r  t h e  Camas P r a i r i e  b a s i n .  The Mount B e n n e t t  H i l l s  are an  

e a s t - w e s t  t r e n d i n g  r a n g e  fo rming  t h e  n o r t h e r n  marg in  of t h e  w e s t e r n  

Snake  R i v e r  P l a i n s  be tween Mountain Home and Magic R e s e r v o i r ,  

n o r t h  o f  Shoshone.  The r a n g e  b r e a k s  away f r o n  t h e  southt:cst  x a r g i n  

o f  t h e  I d a h o  b a t h o l i t h  a b o u t  22 miles n o r t h e a s t  of  Mounta in  I-lome, 

and i s  a complexly  f a u l t e d ,  s o u t h e r l y  and e a s t e r l y  t i l t e d  h o r s t  

(Smi th ,  1 9 6 6 ,  p .  9 8 ) .  The c o r e  of t h e  r a n g e  i s  o f  C r e t a c e o u s  t o  

Miocene a g e  r o c k s  and p l u n g e s  e a s t w a r d  b e n e a t h  P l i o c e n e  and 

P l e i s t o c e n e  v o l c a n i c s  and  s e d i m e n t a r y  r o c k s .  The Mount B e n n e t t  

H i l l s  merge w i t h  t h e  Camas P r a i r i e  g r a b e n  t o  t h e  n o r t h  and t h e  

Snake  R i v e r  g r a b e n  t o  t h e  s o u t h  (Smi th ,  1966 ,  p .  9 8 ) .  

S t u d i e s  by Malde (1959) and Malde,  Powers and l i a r s h a l l  

(1963) a l o n g  t h e  n o r t h e r n  marg in  of  t h e  w e s t e r n  Snake  R i v e r  P l a i n  

i n d i c a t e  a n  e a s t - w e s t  t r e n d i n g  zone o f  i n t e n s e ,  h i g h - a n g l e  f a u l t i n g  

a l o n g  which  up t o  9 , 0 0 0  f e e t  o f  c u m u l a t i v e  dotm-to- the-south  

displacement h a s  o c c u r r e d  s i r , c e  e a r l y  P l i o c e n e  t i m e .  

Smi. t h  (1966,  p .  99) found  abundnnt  s t r a t i g r a p h i c  e v i d e n c e  



i n  t h e  e a s t e r n  Piount B e n n e t t  Hil-1s f o r  normal f a u l t i n g  and mapped 

256 f a u l t s  and f a u l t  segments  which h e  d i v i d e d  i n t o  2 r o u g h l y  

c o n j u g a t e  s e t s .  T h e  more northwesterly s e t  b e a r s  a  d i s t i n c t  

en  e c h e l o n  r e l a t i o n s h i p  t o  t h e  e a s t - w e s t  t r e n d  of t h e  r a n g e .  - 

T h i s  s e t ,  o f  probab1.c e a r l y  P l i o c e n e  age ,  w i t t i  i t s  l a r g e l y  d i p - s l i p ,  

down-to- the-nor th ,  n e a r l y  ve r t i ca :L  novements , h a s  a c u m u l a t i v e  

d i s p l a c e m e n t  i n  e x c e s s  of o v e r  1 , 0 0 0  l e e t  ( S m i t h ,  1966,  p .  1 0 8 ) .  

T h i s  s e t  fo rms  t h e  n o r t h e r n  r a n g e  f r o n t  of  t h e  Mount B e n n e t t  

H i l l s  and t h e  s o u t h e r n  boundary of  t h e  Camas P r a i r i - e  b a s i n .  

Smi th  (1966,  p .  11) a l s o  menti.ons a n  a r e a  o f  east- \ . rest  

s t r i k i n g  f a u l t s  l y i n g  j u s t  n o r t h  of t h e  e a s t e r n  Mount B e n n e t t  

H i l l s  r a n g e  f r o n t .  These  f a u l t s  a r e  e x p r e s s e d  a s  a  s e r i e s  of 

s c a r p s  and s c a r p l e t s ,  up t o  25 f e e t  i n  h e i g h t ,  i n  t h e  younger  

b a s a l t s .  T h e i r  c o n c e n t r a t i o n  i n  a na r row e a s t - w e s t  t r e n d i n g  zone  

may be  i n d i c a t i v e  of  rnovciment a l o n g  a major  r a n g e - f r o n t  f a u l t ,  

now b u r i e d  b e n e a t h  t h e  b a s a l t s .  

R i g h t - l a t e r a l  ~: . rench f a u l t i n g  i s  p o s t u l a t e d  b y  Smi th  (1966 ,  

p .  1.19) a l o n g  t h e  Snake  R i v e r  F a u l t  d u r i n g  P l i o c e n e  and Q u a t e r n a r y  

t i m e s ,  c r e a t i n g  an  u p p e r - c r u s t a l  t e n s i o n a l  env i ronment  which 

r e s u l t e d  i n  a  l lormal f a u l t  zone  a l o n g  t h e  n o r t h e r n  marg in  of  t h e  

w e s t e r n  Snake  R i v e r  P l a i n ,  t h u s  forming t h e  Mount B e n n e t t  H i l l s  

and  t h e  s o u t h e r n  marg in  o f  t h e  Canlns P r a i r i e  b a s i n .  



Formati.ons and T h e i r  Hydrologlc  P r o p e r t i e s  -- -- 

Camas P r a i r i e  i s  consi-dered t o  b e  a  s t r u c t u r a l  d e p r e s s i o n  

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

P l e i s t o c e n e  age (Walton,  1961, p .  10 ;  Koss, 1970, p .  1 7 ) .  The 

a l l u v i a l .  m a t e r i a l  accumulated behind l a v a s  of  P l i o c e n e  and P l e i s t o c e n e  

age t h a t  b locked t h e  e a s t e r n  o u t l e t  of  t h e  b a s i n .  The a l l u v i u m  

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

from t h e  mouths of t h e  s t ream canyons t h a t  d r a i n  t h e  n o r t h e r n  

mountains .  ~ r i l l e r s '  l o g s  of w e l l s  i n d i c a t e  t h a t  t h e  v a l l e y  f i l l  

is  a t  l e a s t  500 f e e t  t h i c k  a t  F a i r f i e l d  and one w e l l  r e p o r t s  a b o u t  

750 f e e t  of a l l u v i a l  f i l l .  

\ J i t h  r e s p e c t  t o  t h e i r  e f f e c t  on  t h e  o c c u r r e n c e  and movement 

of ground w a t e r ,  t h e  r o c k s  of Camas P r a i r i e  and t h e  su r rounding  

mountains  a r e  of  2 g e n e r a l  t y p e s :  igneous  and consol- idated sed imenta ry  

roclcs,  which form t h e  s i d e s  and v a l l e y  £1-oor of t h e  s t r u c t u r a l  

d e p r e s s i o n ;  and v a l l e y  fi . l .1,  c o n s i s t i n g  of a l l u v i a l  and l a k e  d e p o s i t s .  

Igneous  and Consol-idated Rocks - -- 
The r o c k s  of t h e  mountainous a r e a s  a d j a c e n t  t o  t h e  p r a i r i e  

a r e ,  f o r  t h e  most p a r t ,  i n t r u s i v e  and e x t r u s i v e  igneous  r o c k s  of 

C r e t a c e o u s  t o  Qua te rnary  a g e ,  and presumably ex tend  u n i n t e r r u p t e d l y  

b e n e a t h  t h e  v a l l e y  f i l l .  The igneous  r o c k s  b o r d e r i n g  t h e  p r a i r i e  

on t h e  n o r t h w e s t ,  west  and sou thwes t  a r e  g e n e r a l l y  t h e  roclcs o f  

t h e  Idaho  b a t h o l i t h  and r e l a t e d  r o c k s .  These a r e  medium- and coarse -  

g r a i n e d  c r y s t a l 1  i n e  r o c k s  and i n c l u d e  g r a n i t e ,  q u a r t z  d i o r i t e ,  

g r a n o d i o r i t e  and q u a r t z  rnoiizonite. 'l'he r i d g e s  of t h e  mountains  
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on t h e  n o r t h  and n o r t h e a s t  margins  of t h e  p r a i r i e  a r e  C h a l l i s  

v o l c a n i c s  and a s s o c i a t e d  r o c k s  such a s  a n d e s i t e ,  d a c i t e  and r h y o l i t e .  

The Mount Benne t t  H i l l s  t o  t h e  s o u t h  a r e  p r i m a r i l y  s i l i c i c  v o l c a n i c  

r o c k s  such a s  d a c i t e  and l a t i t e  and i n c l u d e  beds  of welded t u f f  

and i g n t m b r i t e s .  The s i l i c i c  v o l c a n i c s  a r e  capped by b a s a l t  i n  

p l a c e s .  

The o l d e s t  sed imenta ry  r o c k s  i n  t h e  Camas P r a i r i e  d r a i n a g e  

a r e a  a r e  C a r b o n i f e r o u s  (? )  c a l c a r e o u s  s a n d s t o n e s  and l in les tones  

( P i p e r ,  1-925, p .  7 )  . S t e e p l y  d i p p i n g  remnants  of t h e s e  rocks  

occur  on1.y i n  t h e  n o r t h e a s t  p a r t  of t h e  a r e a  a l o n g  Willow Creek 

a t  e l e v a t i o n s  of  600 t o  800 f e e t  above t h e  p r e s e n t  p r a i r i e .  The 

r o c k s  a r e  i n t r i c a t e l y  f o l d e d  and f a u l t e d .  

The rocks  r e f e r r e d  t o  above y i e l d  s m a l l  t o  moderate amounts 

of ground w a t e r  t o  w e l l s  and s p r i n g s  from weathered zones and 

complex systems of l r a c t u r e s ,  joi.nt:s and ere-$ices i n  what i s  

o  t i lerwise  r e l a t i v e l y  impernleabl e r o c k .  \ J e l l  y i e l d s  a r e  g e n e r a l l y  

s u f f i c i e n t  f o r  domes t ic  and s t o c k  u s e  b u t  r a r e l y  exceed 50 g a l l o n s  

p e r  m i n u t e .  

The r i d g e s  and r o l l i n g  h i l l s  t h a t  bound Camas P r a i r i e  on 

t h e  e a s t ,  wes t  and s o u t h  a r e  composed of Snalce River  b a s a l t  o f  

P l i o c e n e  t o  Rfcen t  a g e .  The r o c k s  a r e  f i n e - g r a i n e d  t o  d e n s e ,  d a r k  

g r a y  t o  Sl-ack b a s a l t i c  l a v a  f l o w s  t h a t  were s p r e a d  i l l  s u c c e s s i v e  

s h e e t s .  The Snake River  b a s a l t  e x t e n d s  from I t o  3 m i l e s  benea th  

t h e  v a l l e y  f i l l  nor thwe-s tvard from i t s  exposed margin  a t  t h e  e a s t  

end of t h e  p r a i r i e .  See  P l a t e  I i n  p a c k e t .  The uppermost Snake 

R i v e r  b a s a l t  i s  known. from ~ . ~ e l . l  iS-.15E-?latil t o  be  188 f e e t  t h i c k ,  



i s  o v e r l a i n  by 92 f e e t  of a l l u v i a l  m a t e r i a l  and r e s t s  on c l a y  

a t  a  d e p t h  of  280 f e e t .  

A u n i t  of unbroken b a s a l t  i s  r e l a t i v e l y  impermeable b u t  

porous  and permeable  zones may e x i s t  a long  j o i n t s ,  c o o l i n g  c r a c k s  

and between f l o w s ,  and may y i e l d  l a r g e  q u a n t i t i e s  of ground w a t e r  

t o  w e l l s .  Two w e l l s  n e a r  t h e  e a s t e r n  end of t h e  p r a i r i e ,  1S- 

15E-16dbl and IS-15E-21ad1, b o t h  i n  t h e  Snake R i v e r  b a s a l t ,  

y i e l d e d  1280 g a l l o n s  p e r  minute  w i t h  35  f e e t  of drawdown and 1350 

g a l l o n s  p e r  m i n u t e  t ~ i t h  1 2  f e e t  of drawdown r e s p e c t i v e l y  (Walton,  

1961 ,  p .  1 1 ) .  

Val . lev-Fi l~l  D e p o s i t s  ---- 

Large  q u a n t i t i e s  of sed imenta ry  m a t e r i a l ,  d e r i v e d  mainly  

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

mountains o n  t h e  n o r t h  d u r i n g  P l i o c e n e  and P l e i s t o c e n e  t i m e s ,  

acc.umul.ated i n  t h e  Canas P r a i r i e  b a s i n  w h i l e  Carnas Creek was 

c u t t i n g  through t h e  i cva  b a r r i e r s  t o  t h e  e a s t .  The sed iments  

a r e  p o o r l y  s o r t e d  and r a n g e  i n  s i z e  from c l a y  t o  b o u l d e r s .  The 

m a t e r i a l s  were  t r a n s p o r t e d  i n t o  t h e  bas in .  by s t r e a m s  and s h e e t  

r u n o f f ,  wj.th t h e  c o a r s e  d e b r i s  d e p o s i t e d  n e a r  t h e  f o o r  of t h e  

mounta ins  and f i n e r   ater rial d e p o s i t e d  f a r t h e r  o u t  i n  t h e  b a s i n  

t o  the. s o u t h .  

The c o n d i t i o n s  of  d e p o s i t i o n  were  complex; consequen t ly  

t h e  c h a r a c t e r  of  t h e  v a l l e y  f i l l  changes  markedly  from p l a c e  t o  

p l a c e ,  b o t h  h o r i z o n t a l l y  and v e r t i c a l l y .  I n  g e n e r a l ,  t h e  g r a i n  

s i z e  i s  c o a r s e  near the? f o o t  of t h e  nort! lern mounta ins  and becomes 
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f i n e r  toward Camas Creek a t  t h e  s o u t h e r n  marg in  of  t h e  p r a i r i e  

(Wal ton ,  1961 ,  p .  1 3 ;  P i p e r ,  1 9 2 5 ,  p .  1.0). The v a l l e y  f i l l  c o n t a i n s  

numerous l e n s e s  and i n t e r f i n g e r i n g  d e p o s i t s  o f  c l a y ,  s i l t ,  sand 

and g r a v e l .  

Most of  t h ~  d r i l l e r s '  l o g s  of  w e l l s  i n  t h e  p r a i r i e  r e p o r t  

a c l a y  l a y e r  a v e r a g i n g  90 f e e t  i n  t h i c k n e s s  be tween a v e r a g e  d e p t h s  

of  120  and 210 f e e t  below t h e  s u r f a c e .  The e x t e n s i v e  c l a y  d e p o s i t  

s u g g e s t s  t h a t  a l a k e  o f  c o n s i d e r a b l e  e x t e n t  must  have  e x i s t e d  i n  

t h e  Camas Creek  b a s i n ,  p r o b a b l y  d u r i n g  P l e i s t o c e n e  time. Eased 

o n  s t u d y  of  d r i l l e r s '  l o g s ,  r e l i e f  o n  t h e  upper  and lower  s u r f a c e s  

of t h e  c l a y  i s  less t h a n  50 f e e t  and t h e  t h i c k n e s s  d e c r e a s e s  a t  

t h e  s o u t h e r n  marg in  of t h e  p r a i r i e  b e n e a t h  Camas Creck.  

The p r e c i s e  t h i c k n e s s  o f  t h e  v a l l e y  f i l l  is unknown i n  mos t  

of t h e  p r a i r i e .  Two w e l l s ,  1s-14E-9dbl and 1s-15E-5db1, r e p o r t e d l y  

pene  t r a c e d  t h e  v a l l e y  f i  11 and encor in tnred  bedrock  a t  d e p t h s  of 

497 and 550 f e c t  respectively. IIowcver, Fa i r f i e1 .d  C i t y  Well No. 4, 

approximately one-ha l f  m i l e  f rom lS-14E-9db1, was deepened i n  

1965 f rom a n  o r i g i n a l  d e p t h  of  352 f e e t  t o  a d e p t h  o f  760 f e e t  

and was s t i l l  d r i l l i n g  i n  "brown, sandy  c l a y 1 '  a c c o r d i n g  t o  t h e  

d r i l l e r ' s  l o g .  For  t h i s  s t u d y  t h e  t h i c k n e s s  o f  t h e  v a l l e y  f i l l  

i s  c o n s i d e r e d  t o  b e  350 ,  4-50 and 550 f e e t  a t  H i l l  C i t y ,  C o r r a l  

and F a i r f i e l d  r e s p e c t i v e l y .  These  d e p t h s  a r e  c o n s i d e r e d  t o  b e  

minimum d e p t h s  and were chosen  b e c a u s e  b o t h  a r t e s i a n  a q u i f e r s  

d e v e l o p e d  i n  t h e  p r a i r i e  a r e  i n c l u d e d  and o f  t h e  3 w e l l s  d e e p e r  

t h a n  500 f e e t ,  2 r e p o r t e d l y  h j  t " g r a n i t e " .  

Sand and g r a v e l  i n  t h e  v a l l e y  f i l l  a r e  : important  a q u i f e r s  
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i n  Camas P r a i r i e  and y i e l d  s u f f i c i . e n t  wa te r  f o r  i r r i g a t i o n  and o t h e r  

l a r g e - s c a l e  u s e s .  Permeable sand and g r a v e l  a r e  found i n  2 zones 

below t h e  c l a y  u n i t .  A l t e r n a t i n g  beds  of m o d e r a t e l y  permeable  

s a n d ,  sandy  s i l t ,  s i l t  and c l a y  l i e  above t h e  c l a y .  Inu ied ia te ly  

above t h e  c l a y  i s  t h e  "upper a r t e s i a n  a q u i f e r , "  c o n s i s t i n g  of f i n e -  

t o  medium-grained sand and some g r a v e l  i n t e r b e d d e d  w i t h  r e l a t i v e l y  

t h i n  l e n s e s  of c l a y .  The t h i c k n e s s  i s  v a r i a b l e  b u t  a v e r a g e s  a b o u t  

50 f e e t .  

Under lying t h e  upper a r t e s i a n  a q u i f e r  a r e  beds  oL sandy and 

s i l t y  c l a y  t h a t  a r e  r e l a t i v e l y  impelmeable. The t h i c k n e s s  of  t h i s  

u n i t  v a r i e s ,  bu t  avera .ges  abou t  90 f e e t .  B e 1 . o ~  t h i s  u n i t  i s  t h e  

"lower a r t e s i a n  a q u i f e r "  a v e r a g i n g  a b o u t  50 f e e t  i n  t h i c k n e s s  and 

couiposed of permszbls  s n d  acd g r a v e l  i ~ t e r b e d c l e d  w i t h  l e n s e s  

and l a y e r s  of c l a y .  

The 2  a q u i f e r s  a r e  f i n e - g r a i n e d  and t h e i r  p e r m e a b i l i t y  i s  

g e n e r a l l y  low. The a v e r a g e  coniposi t ion of t h e  upper  250 f e e t  of 

f i l l ,  from 26 w e l l s  i n  t h e  p r a i r i e ,  i s  30 p e r c e n t  sand and 70 

p e r c e n t  c l a y  ( P i p e r ,  1925 ,  p .  1 0 ) .  The sand i s  l o c a l l y  c o a r s e  

w i t h  p e b b l e s ,  c o b b l e s  and b o u l d e r s ,  and v e r y  l i t t l e  of t h e  c l a y  

i s  f r e e  of sand .  
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Summarv Theory  

The f i n i t e - e l e m e n t  t e c h n i q u e  i s  a n u m e r i c a l  method o f  a n a l y s i s  

i n  which  t h e  r e g i o n  of  i n t e r e s t  i s  d i v i d e d  i n t o  d i s c r e t e  e l e m e n t s .  

The method was o r i g i n a l l y  used  i n  s t r e s s  a n a l y s i s ,  p a r t i c u l a r l y  

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

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

w i t h i n  t h e  problem r e g i o n  r a t h e r  t h a n  t h e  c o n t i n u o u s  v a l u e s  o b t a i n e d  

by a n  a n a l y t i c a l  s o l u t i o n .  D i s c r e t e  s o l u t i o r l s  a r e  a d e q u a t e  i n  

mzny c z s c s  ."in:! ?e r rn i t  t rcz t .z - r? t  of complex h^,.~n.'ary c o n d i t i o n s ;  

t h e y  a l s o  p r o v i d e  approx ima te  s o l u t i o n s  t o  p rob lems  which c a n n o t  

b e  h a n d l e d  by a n a l y t i c a l  means. F u r t h e r  d i s c u s s i c n  of t h i s  method 

c a n  b e  found  i n  Zienl.:iewicz (1965 ,  1956 ,  1 3 6 7 ) .  

The f i r s t  a p p l i c z t i o n  of  f i n i t e - e l e m e n t  t e c h n i q u e s  t o  

s e e p a g e  p rob lems  was made by Z i e n k i e w i c z  i n  1965.  T h i s  work 

p r o v i d e d  t h e  b a s i c  t h e o r y  on  which  s u b s e q u e n t  s e e p a g e  s t u d i e s  

and computer  programs were  b a s e d .  The a c c u r a c y  of  t h e  f i n i t e -  

e l emen t  t e c h n i q u e  h a s  compared f a v o r a b l y  w i t h  a n a l y t i c a l  methods  

i n  a  number of w a t e r  £].ow probl.e.ms (Tomlin ,  1366 ;  Z i e n k i e w i c z ,  

1966 ;  Z i e n k i e v i c z ,  1 9 6 7 ) .  

I n  1567 ,  b o t h  F i n n  ( 1 9 6 7 ) ,  a t  t h e  U n i v e r s i t y  of Vancouver ,  

and T a y l o r  and Brown ( 1 9 6 7 ) ,  o f  t h e  U n i v e r s i t y  o f  C a l i - f o r n i a  a t  

Ec rke l - ey ,  u s e d  a m a t r i x  a n d  t h c  f in i . te -e lc . i i le~?t  method t o  l o c ~ i t e  



t h e  p h s e a t i c  s u r f a c e .  T a y l o r  l a t e r  developed a t e c h n i q u e  f o r  

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

of t h e  e x i t  p o i n t ,  which was r e q u i r e d  w i t h  F i n n ' s  method. 

D a r c y ' s  Law i n  Ternis  of P r e s s u r e  and G r a v i t a t i o n a l  P o t e n t i a l  - ----- 

The f o l l o w i n g  d e r i v a t i - o n a  a r e  modi f i ed  f rom Kealy and 

Busch (1971) .  

' The t h e o r y  o f  w a t e r f l o w  th rough  porous  media i s  based i n  

p a r t  on t h e  c l a s s i c a l  exper iment  o r i g i n a l l y  performed by Darcy 

i n  1856. Most d e t e r m i n i s t i c  ma themat ica l  models may b e  v a l i d l y  

used  o n l y  i f  D a r c y ' s  a s sumpt ions  h o l d  t r u e  (Davis  and Deldiest ,  

1966,  D .  1 7 4 ) .  

D a r c y l s  law i s  e x p r e s s e d  a s  f o l l o w s  (Davis  and Dewies t ,  

1956,  p .  155,1.62) : 

(1 = -ki 

where 

q = u n i t  f low (L /T) ,  

k = c o e f f i c i e n t  of p e r m e a b i l i t y  (L /T) ,  

i = d h / d l  = h/L = h y d r a u l i c  g r a d i e n t  ( d i m e n s i o n l e s s ) ,  

L  = l e n g t h  (L), 

T  = time (T) , 

and h  = h y d r a u l i c  head (L) .  

I n  o r d e r  t o  u se  t h e  f i n i t e - e l e m e n t  t e c h n i q u e ,  D a r c y ' s  law 

must b e  e x p r e s s e d  i n  t h e  Eorm: 



where  

3  K = c o e f f i c i e n t  of p e r m e a b i l i t y l p g  (TL /Pi) = computer  
c o e f f i . c i e n t  of p e r m e a b i l i t y ,  

2  P = p r e s s u r e  (?f/LT ) 

3  
p = f l u i d  d e n s i t y  (MIL ) ,  

2 and g = g r a v i t y  ( L I T ) .  

T h i s  e x p r e s s i o n  c a n  b e  d e r i v e d  i n  t h e  manner shown i n  

e q u a t i o n s  3 t h r o u g h  1 6 .  The a d d i t i o n a l  n o t a t i o n  u s e d  c o n s i s t s  of 

t h e  f o l l o w i n g  : 

2  2 
8 = f l u i d  p o t e n t i a l  (L / T  ) .  

Z = e l e v a t i o n  above a  s t a n d a r d  datum (L) .  

P = p r e s s u r e  a t  a p o i n t  i n  t h e  po rous  medium where  e i s  
d e s i r e d  ( M / L T ~ ) .  

P = p r e s s u r e  a t  the slamlard ddrm ( E ~ / L T ~ ) .  
C 

k = s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  ( c o e f f i c i e n t  of 
p e r m e a b i l i t y )  ( L I T ) .  

q~ 
= r a t e  of  f l o w  :in y  d i . r e c t - i o n  (LIT) .  

Using H u b b e r t ' s  approach  ( 1 3 4 0 ) ,  

P 
h = e / g = ~ + l / p g  ~ d p ,  ( 3 )  

p 0 

p r o v i d e d  p and g a re  c o n s i d e r e d  c o n s t a n t .  Now, c c n s i d e r  f o r  

example t h e  p o t e n t . i a 1  g r a d i e n t  i n  t h e  v e r t i c a l .  d i r e c t i o n  (y 

d i r e c t i o n )  : 

t h e r e f o r e ,  

a h / a y  = 1 4- ( l / p g )  ( 3 p / > p ) ,  



C o n s e q u e n t l y ,  

a h l a y  = (pg  + a p / a y ) / p g .  

Accord ing  t o  ~ a . r c y ' s  l a w ,  

w h e r e  k  = s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y .  By s u b s t i t u t i o n ,  

-I- a c a  -,T 

qy 
= -k a- .d- , 

Pg 
( 9  

Now l e t  -I( = - l ~ / ~ g ;  t h e n ,  

By s i m i l a r  r e a s o n i n g ,  q, = -Kx(al>/ax + 0) ( g  = 0 i n  x d i r e c t i o n ) ,  

where  K i s  t h e  method of e x p r e s s i n g  p e r m e a b i l i t y  i n  a manner 

c o n v e n i e n t  f o r  u se  i n  t h e  computer .  

I t  i s  known t h a t  p r e s s u r e  

t h e r e f o r e ,  by  s u b s t i t u t i ~ o n ,  



= -K (pg + p g [ a h / a ~ l ) -  
Y 

Thus ,  

o r  i n  terms o f  a c t u a l  c o e f f i c i e n t  of p e r r l ~ e a b i l i t y ,  k ,  

C o n s e q u e n t l y ,  i f  a l l  n o d a l  p r e s s u r e s  a r e  e x p r e s s e d  i n  t e rms  of 

h y d r o s t a t i c  head and i f  pg = 1, t h e n  K (computer)  can  be  r e p l a c e d  

by k  (measured) .  I f  program i n p u t  p r e s s u r e s  are i n  f e e t  of water 

and i f  n o d a l  c o o r d i n a t e s  are i n  f e e t ,  t h e n  q  wi1.l have  t h e  same 

u n i t s  as  t h e  i n p u t  k  u n i t s .  E q u a t i o n  2 can  b e  e x p r e s s e d  i n  m a t r i x  

form as 

where  { q )  i s  a  m a t r i x  of t h e  f l o w  v e l o c i t i e s ,  {k) i s  a  n i a t r i x  of 

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

p o i n t  { X I ,  and p g  i s  t h e  g r a v i t a t i o n a l  t e r m .  

D i r e c t i o n a l  R e l a t i o n s h i p s :  - - Theory - and Q p l i c a t i o n  

Two s e t s  o f  c o o r d i n a t e s  a r e  r e q u i r e d ,  d e s i g n a t e d  (x ,y)  

and ( 1 , 2 )  (See  f i g u r e  4 ) .  D i r e c t i o n a l  p e r m e a b i l i t i e s  a r e  s p e c i f i e d  

i n  t h e  ( 1 , 2 )  c o o r d i n a t e  sys tem a.s K and K? o r  K and f o r -  
1 & h  

h o r i z o n t a l  and v e r t i c a l . ,  r e s p e c t i v e l y .  The s t r a t i f i c a t i o n  a n g l e  i s  

s p e c i f i e d  i n  t h e  c o o r d i n a t e  sys tem ( x ,  y) . 
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Note  t h a t  K must h e  measured  i n  t h e  fie1.d i n  t h e  ( 1 , 2 )  sys t em.  

Us ing  s t a n d a r d  t r a n s f o r m a t i o n  t e c h n i q u e s  ( Z i e n k i e w i c z  and 

Cl?eung, 1 9 6 5 ) ,  i t  c a n  b e  showr, t h a t  

and 

Combine 211 of  t h c  above t r a n s f c r m a t i o n s  t o  r e w r i t e  D a r c y ' s  l aw 

i n  terms o f  g l o b a l  c o o r d i n a t e s  x , y :  

Note  t h a t  t h e  p e r m e a b i l i t y  m a t r i x  i n  x , y  is  

T h e r e f o r e ,  t h e  work ing  e q u a t i o n  i n  m a t r i x  form becomes 

cos6  s i n 0  

- s i n 0  cos0  

K1 0 

0 K2 

- - - 
cos3 - s i n 0  

s i n e  cos0  



L i n e a r  P r e s s u r e  1Iar . ia t ions  : Bas; c  Assun:l?;ion ---..--- -- .~ "- 

With D a r c y ' s  law i n  the. form of equation 22 and w i t h  t h e  

a s s u m p t i o n s  n e c e s s a r y  f o r  i t s  u s e ,  i t  can b e  empl.oyed i.n f l o w  

a n a l y s i s .  However, a n  a d d i t i o n a l  assumjl t ion  j.s n e c e s s a r y :  I n  each  

f i n i t e  e l ement  ( t r i a n g l e )  i n  t h e  model,  t h e  p r e s s u r e  v a r i e s  l i n e a r l y  

w i t h  t h e  d i s t a n c e  f rom nodes .  T h e r e f o r e ,  f ro~ t l  e q u a t i o n  2 ,  i t  can 

b e  s e e n  t h a t  t h e  f l u i d  ( w a t e r )  v e l o c i t i e s  w i l l  be c o n s t a n t  i n  

t i m e  s i n c e  t h e  p e r m e a b i l i t y  and t h e  g r a v i t y  term pg a r e  c o n s t a n t  

f o r  any e l ement .  

S i n c e  t h e  boundary node p r e s s u r e s  a r e  known i n  any  s o l u t i o n ,  

i t  becomes advan tageous  t o  work i n  t e rms  of node v a l u e s .  I n  any 

t r i a n g u l a r  e l e m e n t ,  t h e  l i n e a r  p r e s s u r e  v a r i a t i o n  cc=n b e  e x p r e s s e d  

i n  terms o f  t h e  p r e s s u r e s  a t  t h e  v e r t i c e s  i, j ,  and k of t h e  

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

Der ivat i .on  of  Lincal: P r e s s u r e  D i s t r i b u t i o n  i n  Terms ofl N1:)dal Pressi!:-E -- -- -. - ...------ ----- ----- 

The f o l l o v ~ i n g  d e r i v a t i o n  i s  a f t e r  T a y l o r  and Iiro~iin (1.367). 

For a  g e n e r a l  l i n e a r  s p a t i a l  v a r i a t i o n  of p r e s s u r e  i n  a p l a n e ,  

t h e  f o l l o w i n g  a p p l i e s :  

The c o n s t a n t s  A1, A 2 ,  and A can  b e  expressed  i n  t e rms  of t h e  n o d a l  3 

p r e s s u r e s  l o c a t e d  a t  t h e  v e r t i c e s  i ,  j ,  and k ,  r e s p e c t i v e l y ,  of a  

p l a n e  t r i a n g l e  by e v a l u a t i n g  e q u a t i o n  23 a t  each  node. A c c o r d i n g l y ,  



E q u a t i o n  24  may b e  s o l v e d  f o r  t h e  v a l u e  o f  Al. Thus ,  

where  A = Djk + Dik 4- D i j ,  

and D = X Y  - X k Y  
j k j k  j' 

= X Y - Xj.Yl', 
D i k  k i  

and D = XiY - X . Y  
i j J i '  - 

Using equa t io r l s  23 aild 2 5 ,  t h e n  

Differentiating w i t h  r e spec t  t o  X and Y ,  

Thus t h e  p r e s s u r e  g r a d i e n t s  a r e  c o n s t a n t  i n  s p a c e  f o r  any 

e l e m e n t .  From e q u a r i o n  2 is  d e r i v e d  



C o n s e q u e n t l y ,  f o r  c o n s t a n t  p e r m e a b i l i t i e s  {K} and g r s v i t a t i o n a l  

t e r m  I p g ) ,  t h e  f l o w  r a t e s  Cq) w i l l  a l s o  b e  c o n s t a n t .  T h e r e f o r e ,  

t h e  f l o w  problem is  s t e a d y  s t a t e ,  and t h e  r i g h t - h a n d  s i d e  of  t h e  

c o n t i n u i t y  e q u a t i o n  c a n  s u b s e q u e n t l y  b e  set  e q u a l  t o  z e r o .  

Continu* E q u a t i o n  -- 

I f  no f l u i d  is  p l a c e d  i n  o r  d e r i v e d  f rom s t o r a g e  i n  e a c h  

e l e m e n t ,  t h e n  t h e  c o n t i n u i t y  e q u a t i o n  must b e  e x p r e s s e d  f o r  s t e a d y -  

s t a t e  c o n d i t i o n s ;  s p e c i f i c a l l y ,  t h e  f l o w  i n t o  t h e  r e g i o n  of  s t u d y  

must  e q u a l  t h e  fl.ow o u t  o f  t h e  r e g i o n .  I f  t h i s  c o n c e p t  is  used  

on a s i n g l e  e l e m e n t  o f  t h e  r e g i o n  b e i n g  s t u d i e d  and  i f  a l i n e a r  

s p a t i a l - p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  e l emen t  i s  assumed,  o n e  

c a n  c o n s t r u c t  a n  approx ima te  s o l u t i o n .  F u r t h e r ,  t a k i n g  a d e n s e  

a r r a y  of  e l e m e n t s  i n  t h e  r e g i o n  o f  i n t e r e s t  makes possib1.e v e r y  

a c c u r a t e  a p p r o x i m a t i o n s .  

A s i n g l e  e l e m e n t  w i t h  n o d a l  p r e s s u r e s ,  n o d a l  volume ra te  

o f  f l o w ,  e l emen t  v e l o c i t i e s ,  and e l e m e n t  d i m e n s i o n s  i s  p o r t r a y e d  

i n  f i g u r e  5 .  The e l emen t  v e l o c i t i e s  q  and q  computed from t h e  
X Y '  

Darcy  e q u a t i o n  ( 2 )  a re  e x p r e s s e d  i n  terms of  t h e  n o d a l  p r e s s u r e s  

a t  t h e  v e r t i c e s  i ,  j , and k ,  which  a r e  deno ted  bv  P i ,  P , and 
j 

P k ,  r e s p e c t i v e l y .  Once q, and q  a r e  known, e q u i v a l e n t  n o d a l  
Y 

f l o w s  Q c a n  b e  computed;  t h a t  i s ,  
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( S u p e r s c r i p t s  d e n o t e  t h e  Fo l lowing :  R i s  r i g l i t ,  L i s  l e f t ,  T is  

t o p ;  and  B i s  bo t tom. )  

T r e a t i n g  t h e  t o t a l  f l u i d  e x i t i n g  a t  nodes  ( 4 . 4 .  ,Qk) a s  
1 J  

p o s i t i v e  g i v e s  

and 

By c o n s i d e r i n g  e a c h  e l ement  connec ted  t o  any  node M ,  

c o n t i n u i t y  o f  f l o w  a t  t h e  node i s  i n s u r e d  by 

where  m is  t h e  number of  e l e m e n t s  connec ted  t o  node PI and i i s  

i 
t h e  p a r t i c u l a r  e l ement  f rom which QM i s  computed. Cornputring 

e q u a t i o n  3 1  f o r  e a c h  ncde i n  t h e  f i n i t e - c l e m e n t  nlodel r e q u i r e s  

a set o f  s i m u l t a n e o u s  a l g e b r a i c  e q u a t i o n s  i n  terms o f  t h e  noda l  

p r e s s u r e s  P ( R e c a l l  t h a t  q, and q are e x p r e s s e d  f o r  each  
PI ' Y 

e l e m e n t  i n  terms of t h e  e l e m e n t ' s  n o d a l  p r e s s u r e s ;  c o n s e q u e n t l y ,  

i e a c h  Q i n  e q u a t i o n  (31)  w i l l  a l s o  b e  i.n terms of t h e  n o d a l  p r e s s u r e s . )  IY 

The a l g e b r a i c  e q u a t i o n s  a r e  deve loped  by c o n s i d e r i n g  e a c h  e l e m e n t  

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

t h e  e q u a t i o n  f o r  each  node a t  which t h e  p r e s s u r e  i s  known i s .  

m o d i f i e d  t o  pl-oduce t h i s  p r e s s u r e  a s  t h e  s o l u t i o n .  The v a l u e  

of a l l  o t h e r  n o d a l  p r e s s u r e s  i s  o b t a i n e d  from t h e  s o l u t i o n  t o  t h e  

s i m u l t a n e o u s  e q u a t i o n s .  O n c e  t h e  p r e s s u r e  d i s t : r i b u t i o n  is z s c e r t a i n e d ,  
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t h e  f low v e l o c i t i e s  i.n each  eleinent can b e  computed from D a r c y ' s  

e q u a t i o n s .  F u r t h e r ,  i f  p r e s s u r e  d i s t r i b u t i - o n  i s  known, t h e n  t h e  

p o t e n t i a l s ,  o r  h y d r a u l i c  head ,  can e a s i l y  b e  c a l c u l a t e d  and t h e  

f l o w  n e t  d e r i v e d .  

D e t e r m i n a t i o n  o f  L o c a t i o n  of F r e e  :dater Sur Tacefi -- - . - --- ----- 

I n  many r e a l  p r ~ b l e n i s ,  t h e  l o c a t i o n  of  t h e  f  rec-water  s u r f a c e  

i s ' n o t  known. Being a b l e  t o  h a n d l e  t h i s  s i t u a t i o n  i s  one of t h e  

main advan tages  of  t h i s  p a r t i c u l a r  numer ica l  s o l u t i o n :  With 

o n l y  mini.ma1 known boundary c o n d i . t i o n s ,  one can a n a l y z e  an a n i s o t r o p i c  

f l o w  sys tem,  a s  w e l l  as e s t a b l i s h  the. l o c a t i o n s  o f  t h e  p h r e a t i c  

s u r f  a c e .  

I n  o r d e r  t o  l o c a t e  t h e  f r e e  wa te r  s u r f a c e ,  t h e  i n v e s t i g a t o r  

must be a b l e  t o  s e l e c t  t h e  p o s i t i c ~ ~ ~  of t h e  s u r f a c e  that:  hss b o t h  

ze ro  f l o w  normal t o  it and z e r o  a tmospher ic  p r e s s u r e  211 J i .  

Using finiLe-ele.ment: e s t i i n a t i o n ,  olic should spr:ciEy t h e s e  two 

c o n d i t i o n s  a t  o n l y  t h e  n o d a l  p o i n t s  a long  the f r e e  s u r f a c e s .  

The f i n a l  node l o c a t i o n  of  t h e  f r e e  w a t e r  s u r f a c e  i s  n o t  known 

beforehand  i n  any problem \:here t h i s  o p t i o n  i s  used .  

The t w ~  f o r e g o i n g  c o n d i t i o n s  a r e  s p e c i f i e d  f o r  any node 

on t h e  f r e e  s u r f a c e  a s  

P -t 0 (where 0 i s  t a k e n  a s  a tmospher ic  p r e s s u r e )  

and q (normal t o  f r e e  s u r f a c e )  5 0. 

"NOTE: T h i s  a s p e c t  of  t h e  f i n i t e - e l e m e n t  s o l u t i o n  i s  o p t i o n a l .  
The p h r e a t i c  s u r f a c e  can b e  f i x e d  and t h e  remainder  of t h e  
approach  c o n t i n u e s  tc b e  v a l i d .  
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Tllc f ~ r e e  w a t e r  s u r f a c e  i s  f i ; l c? l ly  l o c a t e d  a t  t h o s e  nodes  where q  = 0 

and where P approaches  0. 

I t  i s  n o t  p o s s i b l e  i n i t i a l l y  t o  spec i . fy  c o r r e c t l y  a l l  

t h r e e  of t h e  f o r e g o i n g  cor~d i r r ions  beceuse  t h e  node 1 -oca t ion  a t  

which t h e  f low w i l l  b e  z e r o  (and where t h e  p r e s s u r e  w i l l  b e  atmos- 

p h e r i c )  i s  n o t  known; t h e r e f o r e ,  t h e  node l o c a t i o n  a l o n g  t h e  f r e e  

s u r f a c e  must  be  assumed. F u r t h e r ,  because  of t h e  number of unknowns 

and e q u a t i o n s  t o  b e  s o l v e d ,  one must  s e t  e i t h e r  P = 0 o r  q = 0. 

I n  t h i s  a n a l y s i s  q  i s  a lways  s e t  e q u a l  t o  z e r o .  Once so  p o s i t i o n e d ,  

t h e  i - n i t i a l l y  l o c a t e d  f r e e  s u r f a c e  nodes  c a n  b e  a l lowed t o  move 

u n t i l  t h e y  r e a c h  p o i n t s  where P -+ 0. T h i s  p r o c e d u r e  p r o v i d e s  

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

c o n d i t i o n s  a r e  s a t i s f i e d  (P -, 0, q = 0 ,  and f r e e  s u r f a c e  nodes 

a r e  s p e c i f i e d )  . 

I s o l a t i o n  -- of S tudy  Region and Bouuclar- C o n d i t i o n s  f o r  Model - -- -- 

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

r e g i o n  of s t u d y  i n  terns of  i t s  boundary c o n d i t i o n s .  The e f f e c t s  

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

e l e m e n t s  c a n  t h e n  b e  de te rmined .  Boundar ies  a r e  s p e c i f i e d  by t h e  

geometry  of  t h e  problem and may inc.lude such t h i n g s  a s  one  o r  

more impermeable b o u n d a r i e s ,  a  hydrostatic upst rea in  e q u i p o t e n t i a l  

l i n e ,  an  e s t i m a t e d  l o c a t i o n  of  t h e  f r e e - w a t e r  s u r f a c e  a n d / o r  a 

downstream e q u i p o t e n t i a l  1 . i . n ~ .  



The fl01.*7 r e g i o n  i s  d i v i d e d  by t h e  program i n t o  e l a n e n t s  

c o n s i s t i n g  of  p l a n e  t r i a n g l e s  w i t h  nodes  a t  e a c h  v e r t e x .  The 

f i n i t e - c l e m e n t  mesh may b e  c o n s t r u c t e d  of  q u a d r i l a t e r a l  e l e m e n t s  

f o r  c o n v e n i e n c e  i n  io rming  i t  i n i t i a l l y ,  s i n c e  t h e  program a u t o m a t i c -  

a l l y  d i v i d e s  t h e  q u a d r i l a t e r a l s  i n t o  t r i a n g u l a r  e l e m e n t s .  (See  

f i g u r e  6 ) .  

The e l e m e n t s  s h o u l d  b e  numbered s e q u e n t i a l l y  b e g i n n i n g  a t  

t h e  lower  l e f t  and numbering upward i n  each  column o f  e l e m e n t s  

i n  t h e  mesh. The nodes  must  b e  cumbered s e q u e n t i a l l y  upward i n  

e a c h  column, b e g i n n i n g  a t  t h e  l e f t  edge  o f  t h e  mesh. No e l e m e n t  

c a n  h a v e  more t h a n  f o u r  n o d e s ,  t h u s  t o  change mesh s i z e  r e q u i r e s  

c o n s t r u c t i o n  o f  t r i a n g u l a r  e l e m e n t s  i n  t h e  t r a n s i t i o n  column as 

sho~..m i n  f i g u r e  6 .  

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

o r  axis :ynmctr ic  t y p e  of f l o w  probl.em. T h e  p l a n a r  o p t i o n  bras u s e d  

t o  model. an  east-west: s e c t i o n  th rough  Ca~!las P r a i r i e .  The s e c t i o n  

t o  b e  modeled i s  a b o u t  3 0  miles l o n g  and 375-550 f e e t  i n  h e i g h t ,  

and i s  o r i e n t e d  approxi .mate ly  p a r a l l e l  t o  Camas Creek ,  which f l o w s  

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

( S e e  P l a t e  I1 i n  p o c k e t ) .  

To i s o l a t e  t h e  r e g i o n  o f  s t u d y ,  t h e  v a r i o u s  b o u n d a r i e s  and 

boundary  c o n d i t i o n s  had t o  b e  d e s c r i b e d .  The t o p o g r a p h i c  s u r f a c e  

was u s e d  a s  t h e  u p p e r  boundary  b e c a u s e  t he  d e p t h  t o  w a t e r  a v e r a g e s  

l e s s  t h a n  1 0  f e e t  o v e r  t h e  e n t i . r e  v a l l e y  bot tom and t h i s  d e p t h ,  

r e l a t i v e  t o  t h e  t o t a l .  t h i - ckness  of  t h e  s e c t i o n ,  i s  i n s i g n i f i c a n t .  

The l . o \ . ~ r r  houndary ,  t:hc re! a t i v d  y  lapcme;.,ble hascmer?t., was 
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de te rmined  fro111 w e l l - d r i l l e r s '  l o g s  and e s t i m a t e s  by P i p e r  (1925) 

and Walton (1961) .  The w e s t e r n ,  ups t ream,  i n p u t  end of t h e  

s e c t i o n  was p l a c e d  by c o n s i d e r a t i o n  of t h e  s u r f a c e  geo logy .  The 

v a l l e y - f i l l  s e d i m e n t s  t e r m i n a t e  a g a i n s t  b a s a l t  and t h e r e  a r e  no 

w e l l s  from t h i s  p o i n t  v e s t  t o  t h e  d r a i n a g e  d i v i d e .  S i n c e  sub- 

s u r f a c e  i n f o r m a t i o n  was l a c k i n g  i n  t h i s  a r e a ,  t h e  w e s t e r n  boundary 

was p l a c e d  a s  v e r t i c a l  and impermeable. 

The e a s t e r n  boundary was de tenn ined  from veil l o g s  and what 

i s  known o f  t h e  sub-sur face  geology.  The v a l l e y  f i l l  t e r m i n a t e s  

a g a i n s t  b a s a l t  l a v a  f l o w s  and r e l a t i v e l y  impermeable o l d e r  a l l u v i u m .  

The e a s t e r n  s e c t i o n  boundary was t h e r e f o r e  p l a c e d  i n  t h e  more 

permeable  b a s a l t ,  th rough  which most of t h e  underf  low from t h e  

p r a i r i e  o c c z r s .  

The d i s c h a r g e  a rea  was a t  f i r s t  r e p r e s e n t e d  by a s s i g n i n g  

z e r o  p r e s s u r e  t o  t h e  10 s u r f a c e  boundary nodes a t  t h e  e a s t  end of 

t h e  s e c t i o n .  P r e s s u r e s  v e r e  n o t  kno1.m f o r  t h i s  v e r t i c a l  boundary 

of t h e  s e c t i o n ;  t h e r e f o r e  i t  was automa t i c a l l y  t r e a t e d  a s  inipermeabl-e 

i n  t h e  progranl. T h i s  arrangement caused a l l  t h e  f low t o  come t o  

t h e  s u r f a c e  a t  t h e  d i s c h a r g e  nodes and f low a t  t h e  v e r t i c a l  end 

boundary was v e r t i c a l  . T h i s  c o n f i g u r a t i o n  was l a t e r  abandoned 

because  f low which o c c u r s  through t . l~e  end o f  t h e  s e c t i o n ,  r e p r e s e n t i n g  

t h e  underf low from t h e  p r a i r i e ,  w a s  d e s i r e d  i n  t h e  program o u t p u t .  

The f i n a l  r e p r e s e n t a t i o n  of  t h e  o u t f 1 . 0 ~  end of t h e  s e c t i o n  

was made by adding 5  columns o f  e lements  beyond t h e  p o i n t  where 

the. f l o w s  were t.o b e  conputed.  T h i s  was done t o  avo id  t h e  

i.mprrrncable-end e f f e c t .  Z E Y G  pressu!:e was ass igi led  t o  t h e  s u r f  a c e  
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bcundary  node a t  t h e  p o i n t .  where  t h e  s e c t i o r l  i i i t e r s e c t s  t h e  p e r e n n i a l  

p a r t  of  Camas Creek.  The p r e s s u r e s  on  t h e  s u r f a c e  boundary  nodes  

downstream from t h i s  p o i n t  were a s s i g n e d  v a l u e s  c o r r e s p o n d i n g  

t o  t h e  g ra .d ien t  of Camas Creek--about 5 f e e t  p e r  mile.  The p r e s s u r e s  

on t h e s e  nodes  were  t h e r e f o r e  n e g a t i v e ,  r e p r e s e n t i n g  f e e t  of w a t e r  

below e a c h  node.  

The F i n i t e - E l c n e n t  Mesh -- -.--A 

A g e o l o g i c  s e c t i o i l  was c o i l s t r u c t e d  f ronl i n f o r m a t i o n  on 

d r i l l e r s '  l o g s  a l o n g  t h e  l i n e  c h o s r n  f o r  t h e  model s e c t i o n  and 

f rom t h i s  s e c t i o n  t h e  f i n i t e - e l e m e n t  mesh was developed ( s e e  

P l a t e  111). The geo l .og ic  s e c t i o n  r?ss 5 h:qdrol.ogi.c u ~ i t s  i n  he j .ght .  

Each e lement  of t h e  mesh wa.s made w i t h  h e i g h t  e q u a l  t o  t h e  t h i c k n e s s  

of  t h e  u n i t  i t  r e p r e s e n t e d . ,  t h u s  e l ement  upper  and lower  b o u n d a r i e s  

c o r r e s p o n d  t o  hydro1o;;j.c u n i t  upper and l o ~ c e r  b o u n d a r i e s .  

Each h y d r o l o g i c  u n i t  was made 1 e lement  h i g h .  Because  o f  

l i m i t a t i o n s  on s t o r a g e  a l l o c a t e d  by t h e  program f o r  t h e  mesh, 

e l ement  l e n g t h  t o  h e i g h t  was made i n  t h e  r a t i o  of 50 t o  1, u s i n g  

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

Each e lement  a t  t h e  b e g i n n i n g  o f  t h e  mesh was made 2 ,000  f e e t  

l o n g ,  de te rmined  by t h e  40-foot  t h i c k n e s s  of  t h e  t h i n n e s t  u n i t  

a t  t h e  w e s t  end of t he  sc?ction.  Thc 2 ,000-foot  elernent  l e n g t h  

was m a i n t a i n e d  f o r  abou t  20 m i l e s  o f  t h e  s e c t i o n  l e n g t h .  I n  t h e  

p a r t  of t h e  mesh c o r r e s p o n d i n g  t o  t h e  l a s t  1 0  n i l e s ,  t h e  d i s c h a r g e -  
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o u t f l o w  p o r t i o n ,  e a c h  e lement  was d i v i d e d  i n t o  4  e l e m e n t s .  T h i s  

was d o n e  t o  g i v e  more n o d a l  p o i n t s  f o r  computa t ion  i n  t h e  a r e a  

where t h e  underflow from t h e  p r a i r i e  o c c u r s  and where t h e  geo logy  

of t h e  p r a i r i e  i s  more complex ( s e e  P l a t e  I V ) .  

I n  u t  t o  t h e  Model 2- - -- - 

The i n p u t  t o  t h e  model c o n s i s t s  of r e c h a r g e  i n  t h e  form of 

a n n u a l  p r e c i p i t a t i o n ,  p e r m c a b i l i t i e s  of t h e  v a r i o u s  u n i t s ,  boundary 

c o n d i t i o n s  and t h e  g e o m e t r i c  l o c a t i o n  of t h e  f  i n i  te-e lement  mesh 

noda l  p o i n t s .  

P r c c i p i  t a t i o c  

U.S. Weather Bureau r e c o r d s  f o r  t h e  H i l l  C i t y  s t a t i o n  were  

t a k e n  as b e i n g  t y p i c a l  o f  t h e  p r a i r i e  and t h e  49-year a v e r a g e  of  

1 5 . 1 5  i n c h e s  was u s e d .  An a d d i t i o n a l  2 i n c h e s  was added a s  a n  

e s t i m a t e  of t h e  e f f e c t s  d u e  t o  r u n o f f  from t h e  h i g h e r ,  s u r r o u n d i n g  

a r e a s .  T h i s  f i g u r e ,  1 7  i n c h e s ,  is  c a l l e d  t h e  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 .  

D e l i n e a t i o n  of Recharme Areas  - - -C. - - P 

Because  r e c h a r g e  o c c u r s  over  o n l y  a  p a r t  of  t h e  p r a i r i e ,  

i t  was n e c e s s a r y  t o  s e p a r a t e  t h e  r e c h a r g e  and d i s c h a r g e  a r e a s  t o  

d e t e r m i n e  t h e  volume of  w a t e r  t o  u s e  as i n p u t .  The f i n a l  r e s u l t  

was a combinat ion of 3 mcthods.  

7 . .  r l r s t ,  d u r i n g  t l lc  sumvier of 1970,  a  f j e l d  map  was made 



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

marslly a r e a s  i n  t h e  f i e l d s ,  clumps of  w i l l o w s  and a spens - - in  

s h o r t ,  a n y t h i n g  t h a t  might  i n d i c a t e  t h a t  a  p a r t i c u l a r  a r e a  was 

showing a  n e t  g a i n  o r  l o s s  of w a t e r  wi.th r e s p e c t  t o  t h e  ground-  

w a t e r  body.  

Second,  maps were  made o f  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  

t a b l e  f o r  l a t e  J u l y ,  1970 ,  and  t h e s e  n a p s  were compared. A r e a s  

where t h e  w a t e r  t a b l e  was at. a  h i g h e r  a l t i t u d e  t h a n  t h e  p i e z o m e t r i c  

s u r f a c e  were  c o n s i d e r e d  r e c h a r g e  a r e a s  a n d ,  c o n v e r s e l y ,  a r e a s  

w i t h  t h e  p i e z o r n e t r i c  s u r f a c e  hi .gher wei-e c o n s i d e r e d  d i s c h a r g e  

a r e a s .  

T h i r d ,  u n d e r  t h e  d i r e c t i o n  o f  D r .  W .  B .  H a l l ,  U n i v e r s i t y  

of Id.s.hc, 9 ro1. l  s cf  c o l c r - i ~ f r a r c ? ? ,  C i l r n  we re  u s e d  t o  t a k e  low-- 

o b l i q u e  s t l e reo  a e r i a l  p h o t o g r a p h s  o f  t h e  a r e a .  S p e c t r a l  s e n s i t i v i t i e s  

o f  i n f r a r e d  f i l m  e x t e n d  f rom 0.36 t o  0 . 9  u .  I n f r a r e d  f i l m  is less 

s e ~ l s i t i v e  t h a n  panchrornat ic  f i l m  t o  t h e  g r e e n  p a r t  of t h e  s p e c t r u m ,  

b u t  i t s  s e r l s i t - i v i  t y  e x t e n d s  beyond the r e d  i n t o  t h e  r e f l e c t i v e  

p o r t i o n  of  che i n f r a r e d  @ e y e r s ,  1970 ,  p. 256) .  C o l o r - i n f r a r e d  

f i l m  i s  used  w i t h  a  y e l l o w  o r  o r a n g e  f i l t e r  which  p r e v e n t s  b l u e  

l i g h t  from e x ~ o s i n g  t h e  f i l ~ n ,  t h u s  o n l y  g r e e n ,  r e d  and i n f r a r e d  

r e a c h  t h e  emuls ion .  

H e a l t h y ,  b r o a d - l e a v e d  v e g e t a t i o n  i s  h i g h l y  i n f r a r e d  r e f l e c t i v e  

and a p p e a r s  b r i g h t  r e d  when c o l o r . - i n f r a r e d  t r a n s p a r e n c i e s  a r e  viewed 

b y  w h i t e  l i g h t  ( H e l l e r ,  1970 ;  G a t e s ,  1.965). When b road- l eaved  

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

i n  t h e  ncai- . - . i !?frered o r  0 .78 -Lo 3 .0  :I range, and a p p e a r s  d a r k e r  
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i n  t o n e .  M o i s t u ~ : e - s t r e s s e d  p l . a n t s  show a s  l i g h t e r  i n  t o n e  t h a n  

h e a l t h y ,  n o n - s t r e s s e d  p l a n t s  ( P a r r y ,  1971) .  

The s t e r e o - p a i r  t r a n s p a r e n c i e s  were examined and t h e  i n f r a r e d  

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

t h e  d i s c h a r g e  a r e a s .  I n  swampy, marshy a r e a s  and a r e a s  where 

t h e  w a t e r  t a b l e  was n e a r  enough t o  t h e  s u r f a c e  t o  s u p p l y  a d e q u a t e  

m o i s t u r e ,  t h e  v e g e r a t i o n  a p p e a r s  b r i g h t  r e d .  These a r e a s  a r e  

c o n s i d e r e d  t o  b e  a r e a s  where t h e r e  i s  a  n e t  l o s s  th rough  evapo- 

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

T h i s  method was e s p e c i a l l y  u s e f u l  i n  d e l i n e a t i n g  marg ins  

of s t r e a m s ,  r e c o g n i z i n g  dra inageways and s p r i n g s  and e s t a b l i s h i n g  

t h e  boundary between t h e  more permeable  sed iments  and t h e  r e l a t i v e l y  

impermeable igneous  r o c k s  a t  t h e  p r a i r i e  margin .  (See  f i g u r e  7) . 
The r e c h a r g e - d i s c h a r g e  boundary was e s t a b l i s h e d  f o r  l a t e  

June- -ea r ly  J u l y ,  1970,  and t h e  a r e a  o f  r e c h a r g e  de te rmined  t o  b e  

a p p r o x j m a t e l y  8 0  s q u a r e  m i l e s ,  o r  51 ,200  a c r e s .  The r e c h a r g e  

o c c u r s  m o s t l y  on t h e  n o r t h e r n  and w e s t e r n  margin  of t h e  p r a i r i e  

between t h e  B o i s e  b a s e  l i n e  and t h e  exposed igneous  r o c k s  o f  t h e  

h i g h e r  a r e a s .  P r e c i p i t a t i o n  on t h e  igneous  rock  was c o n s i d e r e d  

t o  r u n  o f f  s i n c e  t h e s e  r o c k s  a r e  p r a c t i c a l l y  inpermeab le ,  e x c e p t  

v e r y  n e a r  t h e  ground s u r f a c e .  

Use of t h e  a n n u a l  p r e c i p i t a t i o n  a s  i n p u t  t o  t h e  p l a n a r  

f l o w  s e c t i o n  r e q u i r e d  t h a t  i t  b e  a p p l i e d  t o  t h e  u p - g r a d i e n t  end 

of t h e  s e c t i o n .  T h i s  was acccrnplished by u s i n g  t h e  w e s t e r n n o s t  

p o r t i o n  o f  t h e  r e c h a r g e  a r e a  and a p p l y i n g  t h e  e n t i r e  volume of 

r tzcharge w a t c r  t o  t h i s  srnal i e r  a re , ? ,  thrc11gI1 \Sli>ich tEc lliodcl s e c t i o n  





w 2 s  t a k e n .  T h i s  a r c a  i s  a t  t h e  w e s t e r n  end of s e c t i o n  A-A' and 

i n c l u d e s  t h e  p a r t  of t h e  p r a i r i e  west  of p o i n t  "a" on A - A ' .  (See  

P l a t e  111). The a r e a  used  is  abou t  2 . 5  m i l e s  by 1 . 5  m i l e s  and 

i s  approx imate ly  r e c t a n g u l a r .  The w i d t h ,  2 . 5  m i l e s ,  i s  a l s o  

ripproxinate1.y equal. t o  t h e  wid th  of t h e  Snake River b a s a l t  a t  t h e  

d i s c h a r g e  end of  t h e  s e c t i o n  th rough  which under f low from t h e  p r a i r i e  

o c c u r s .  

The annua l  amount of wa te r  a v a i l a b l e  i s  1 7  i n c h e s  on t h e  

i n t a k e  a r e a  of  51,200 a c r e s  o r  abou t  72,200 a c r e - f e e t .  The 

r e c h a r g e  a r e a  th rough  which t h e  model s e c t i o n  i s  t a k e n  i s  a b o u t  

3 .75  s q u a r e  m i l e s  c r  2 ,400 a c r e s .  The 72,200 a c r e - f e e t  a p p l i e d  t o  

t h i s  a r e a  i s  e q u i v a l e n t  t o  a  d e p t h  of  abou t  30 f e e t  o f  w a t e r .  

T h i s  d e p t h  of  t ra ter  j.s t h e  i n p u t  used  f o r  t h e  model prograiii. 

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

t h e  s e c t i o n ,  a s  can b e  s e e n  from t h e  p i e z o m e t r i c  s u r f a c e  c o n t o u r s ,  

and t h e r e  a r e  no d a t a  a v a i l a b l e  on  t h e  f l o w  r a t e s  of t h e  ephemeral  

s t r e a m s  from t h e  n o r t h  i n  t h e  r e c h a r g e  a r e a .  T h e r e f o r e ,  a p p l y i n g  

t h e  e n t i r e  r e c h a r g e  v o l t m e  t o  t l le  i n p u t  a r e a  i s  f e l t  t o  b e  j u s t i f i e d .  

Pe rmeab i l - i ty  

Al-though t h e  program w i l l  accept .  a n i s o t r o p i c  m a t e r i a l s  and 

i n c l i n e d  u n i t s ,  t h e  u n i t s  were  c o n s i d e r e d  homogeneous and i s o t r o p i c ,  

a s  w e l l  as h o r i z o n t a l ,  f o r  t h i s  model .  T h i s  was done p a r t l y  

because  o f  lacic o f  d a t a ,  p a r t i c u l a r l y  f o r  t h e  deeper  u n i t s ,  and 

p a r t l y  i n  an a t t e n p t  t o  keep t h e  model. s i m p l e  and avo id  s t o r a g e  

problems w i t h i n  t h e  program. The s l o p e  of t h e  t o p  of t h e  upper  
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a r t e s i a n  a q a ~ i . f e r ,  o v e r  24 m i l e s ,  i s  l e s s  t h a n  1 degree .  The perm.-a-- 

b i l i t i e s  a r e  e x p r e s s e d  as v e l o c i . t i e s  w i t h  u n i t s  o f  c e n t i ~ n e t e r s  

p e r  y e a r .  

The o n l y  a v a i l a b l e  pump-test  d a t a  were  from a  s i n g l e  

pumping t e s t  g i v e n  i n  Wal ton ' s  s t u d y  (1961, p. 1 s ) .  T r a n s m i s s i b i l i t y  

of a  126- foo t  i n t e r v a l  of t h e  lower a r t e s i a n  a q u i f e r  was computed 

t o  b e  a b o u t  30,000 g a l l o n s  pe r  day p e r  f o o t .  T h i s  g i v e s  a  p e r m e a b i l i t y  

a t  t h i s  l o c a t i o n  of 238 g a l l o n s  per day  p e r  s q u a r e  f o o t  o r  35,500 

c e n t i m e t e r s  p e r  y e a r  f o r  t h e  lower  a r t e s i a n  a q u i f e r .  

Walton (1961, p. 1 9 )  assumes t h e  t r a n s m i s s i b i l i t y  of t h e  

126- foo t  i n t e r v a l  t o  b e  t y p i c a l  of  t h e  e n t i r e  t h i c k n e s s  below t h e  

c l a y  u n i t ,  i n c l u d i n g  b o t h  a r t e s i a n  a q u i f e r s  a.nd t h e  s i l t y ,  sandy ,  

c l a y  u n i t  t h a t  s e p a r a t e s  them. H e  a s s i .gns  t h i s  e n t i r e  t h i c k n e s s  

a  t r a n s m i s s i b i l i t y  of 70,000 g a l l o n s  pe r  day p e r  f o o t .  Walton 

(1961, p .  20) a l s o  e s t i m a t e d  t h e  amount of v e r t i c a l  l e a k a g e  and 

u n d e r f l o w  from c o n s i d e r a t i o n  of t h e  f l o w  th rough  t h e  upper  and 

lower  a r t e s i a n  a q u i f e r s  between 2  s e t s  of i s o p i e s t i c  co l i tours .  

From t h i s  computa t ion  h e  determined t h e  v e r t i c a l  f i e l d  p e r m e a b i l i t y  

of t h e  c o n f i n i n g  c l a y  u n i t  t o  b e  0 . 2  g a l l o n s  p e r  day  p e r  f o o t .  

T h i s  f i g u r e ,  c o n v e r t e d  t o  298 c e n t i m e t e r s  p e r  y e a r ,  was used a s  

t h e  p e r x e z b i l i t y  f o r  t h e  c l a y  u n i t .  The u n i t  between t h e  a r t e s i a n  

a q u i f e r s  was a s s i g n e d  a n  i n i t i a l  p e r m e a b i l i t y  of a p p r o x i m a t e l y  1 0  

t i m e s  t h a t  of t h e  c l a y  u n i t ,  o r  3 ,000  cen t i r i l e t e r s  p e r  y e a r .  

Using W a l t o n ' s  e s t i m a t e  of  t r a r i s m i s s i b i l i t y  f o r  t h e  t o t a l  

t h i c k n e s s  bzlow t h e  c l a y  and t h e  above e s t i m a t e  f o r  t h e  u n i t  

be tween t h e  a r t e s i a n  a q u i f e r s ,  a n  i n i t i a l .  p e r m e a b i l i t y  of 726 g a l l o n s  



p e r  day  p e r  s q u a r e  f o o t  o r  1.,080,000 cen t - ime te r s  p e r  y e a r  was 

computed f o r  t h e  upper  a r t e s i a n  a q u i f e r .  A p e r m e a b i l i t y  f o r  t h e  

s u r f a c e  u n i t  of t h e  p r a i r i e  was computed from a  3-hour pumping 

t e s t  conducted by t h e  a u t h o r  on a  new, 120-foot  w e l l  t o  b e  1 9 . 1  

ga l . lons  p e r  day p e r  s q u a r e  f o o t  o r  23,400 c e n t i m e t e r s  p e r  y e a r  ( s e e  

f i g u r e  8 ) .  

The b:salt  u n i t  forming t h e  e a s t e r n  boundary of Camas 

P r a i r i e  h a s  been p e n e t r a t e d  by 1 w e l l  and h a s  s e v e r a l  o t h e r s  

d r i l l e d  i n t o  i t .  Da ta  from t h e s e  w e l l s  s u g g e s t  t h a t  t h e  upper  

180-200 f e e t  o f  t h e  b a s a l t  have a  t r a n s m i s s i b i l i t y  of  rough ly  

3 ti.mes t h a t  of t h e  combined a r t e s i a n  a q u i f e r s  (Walton,  1961,  

p. 25) .  Using a  t r a n s m i s s i b i l i t y  o f  210,000 ga l l .ons  p e r  day p e r  

f o o t  and a t h i c k r l e s s  vf 2C3 f e e :  g i v e s  n ~ 2 r m c a S i l i c y  cf 1,C)5C! 

ga1lo:ls p e r  day p e r  s q u a r e  f o o t  o r  1 , 5 6 0 , 0 0 0  c e n t i m e t e r s  p e r  y e a r .  

The b a s a l t  be101.1 t h e  200-foot upper permeable  p a r t  was a r b i t r a r i l y  

a s s i ~ g ~ i e d  a  lola p e r m e a b i l i t y  of  30 c e n t i m e t e r s  p e r  y e a r  t o  make 

i t  r e l a t i v e l y  impermeable and t o  keep i t  a s  p a r t  o f  t h e  niodel. 

L o c a t i o n  o f  Flesh Nodes -- - -- --- 

To d e s c r i b e  t h e  l o c a t i o n  of t h e  nodes a  c o c r d i n a t e  sys tem 

was e s t a S l i . s h e d .  A z e r o  daturn p l a n e  was plac.ed a t  an  e l e v a t i o n  

of 4400 f e e t  above mean s e a  l e v e l ,  a b o u t  700 f e e t  below t h e  h i g h e s t  

e l e v a t i o n  a l o n g  t h e  s e c t i o n .  A l l  node e l e v a t i o n s  were  p icked  from 

t h e  geologic .  s e c t i o n  and were r e f e r r e d  t o  t h i s  datum. H o r i z o n t a l  

d i . s tanc .es  were measured eas tward  f rom t h e  w e s t  end of  t h e  s e c t i o n .  

The g e o l o g i c  s e c t i o n  w i t h  t h e  datum p l a n e  and r e l a t i v e  e l e v a t i o n s  





frcm i t  are  shoian i n  P l a t e  111. 

P l a t e  I V  ( I n  p o c k e t )  i s  a  p l o t  of t h e  f i n i t e - e l e m e n t  mesh 

drawn by  a  Calcomp p l o t t e r  a t  t h e  U.S. Bureau of Mines Spokane 

Mining Resea rch  L a b o r a t o r y  u s i n g  a  program developed t h e r e .  The 

m e s h - p l o t t i n g  program i s  des igned  t o  u s e  t h e  i n p u t  deck o f  punched 

c a r d s  f o r  t h e  program and c o n s t r u c t  t h e  mesh w i t h  e l e m e n t s  and 

nodes  numbered a s  t h e y  w i l l  go i n t o  t h e  program. The m e s h - p l o t t i n g  

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

f o r  s o l u t i o n s  t o  t h e  f l o w  e q u a t i o n s ,  s i n c e  i t  w i l l  r e v e a l  any 

e r r o r s  i n  mesh c o o r d i n a t e s  o r  e lement  s i m u l a t i o n .  

Method of  Tn:jllt - 

Because  t h e  r e c h a r g e  t o  t h e  a r e a  o c c u r s  downward t h r o u g h  

t h e  s u r f a c e  of t h e  p r a i r i e ,  i t  was c o n s i d e r e d  r e a l i s t i c  t o  a p p l y  

tlie i n p t  t o  t h e  model s e c t i o n  a t  t h e  upper s u r f a c e .  The 30 f e e t  

of w a t e r ,  e q u i v a l e n t  t o  t h e  volume of  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 ,  w a s  a p p l i e d  t o  t h e  f i r s t  8 s u r f a c e  nodes a t  t h e  w e s t  end 

of t h e  s e c t i o n .  Thsse  nodes ,  nunbered 6 ,  1 2 ,  1 8 ,  24 and 30,  

r e p r e s e n t  d i s t a n c e s  eas tward  a long  t h e  model s e c t i o n  of 0 ,  2 ,000 ,  

4 ,000 ,  6 ,000 and 8 , 0 0 0  f e e t  r e s p e c t i v e l y .  The 8 , 0 0 0  f e e t  i s  

a p p r o x b a t e l y  t h a t  p a r t  o f  t h e  s e c t i o n  t h a t  i s  r e c h a r g e  a r e a ,  o r  

t h e  p a r t  between t h e  i ~ n p e n r ~ c a b i e  b a s a l t  t o  t h e  wes t  and t h e  a r e a  

o f  f l o w i n g  w e l l s  t o  t h e  e a s t  ( s e e  P l a t e  IV) . .  



The o u t p u t  of t h e  program c o n s i s t s  of a  l i s t i n g  of a l l  

i n p u t  dat -a ,  i n c l u d i n g  each  e lement  and each  node of t h e  f i n i t e -  

element- mesh w i t h  t h e  r e s p e c t i v e  c o o r d i n a t e s .  The o u t p u t  from 

t h e  cornputa t ions  i s  i n  2 p a r t s .  T!le f i r s t  i s  a  t a b u l a r  p r e s e n t a t i o n  

of each  node i n  sequence w i t h  t h e  c o r r e s p o n d i n g  p r e s s u r e  and p o t e n t i a l .  

P r e s s u r e  i s  i n  t h e  u n i t s  of t h e  i n p u t  p r e s s u r e s ,  f e e t  of wa te r  i n  

t h i s  c a s e ,  and p o t e n t i a l  i s  g i v e n  a s  a  dec imal  r e p r e s e n t i n g  t h e  

percenta .ge  of t h e  di.f f  e r e n c e  between v a l u e s  s u p p l i e d  a s  i n p u t  on  

t h e  c o n t r o l  c a r d  ( s e e  Appendix E ) .  

'l'he second p a r t  of  t h e  o u t p u t  i s  a  t a b u l a r  p r e s e n t a t i o n  of 

each  e l e ~ n e l l t  i n  sequence ,  t h e  c o o r d i n a t e s  of t h e  program-placed 

c e n t e r  of each  e lement ,  f l o w  a s  a  v e l o c i t y  i n  b o t h  t h e  X o r  1 and 

t h e  Y o r  2 d i r e c t i o n  ( s e e  f  i g u r e  4 )  , a n g l e  o f  i . n c l i n a t i o n  i f  t h e  

u n i t s  a r e  n o t  h o r i z o n t a l ,  r e s u l t a n t  f l o w  v e l o c i - t y  from t h e  c e n t e r  

of e a c h  c lement  and r e s u l t a n t  f low d i r e c t i o n  a t  t h e  c e n t e r  of  t h e  

e lement  w i t h  r e s p e c t  t:o t h e  p o s i t i v e  X o r  R d i r e c t i o n .  The e lement  

f l o w  d i r e c t i o n s  f o r  t h e  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  example a r e  

p l o t t e d  on P l a t e  I V .  



The o u t p u t  of t h e  program was u t i l i z e d  i n  2  ways. F i r s t ,  

12  nodes  were p u t  i n t o  t h e  f i n i t e - - e l e m e n t  mesh a t  v a r i o u s  d i s t a n c e s  

a l o n g  t h e  model s e c t i o n  t h a t  were  i n  a d d i t i o n  t o  t h e  r e g u l a r  

u n i f  ormly-spaced nodes .  These  r e p r e s e n t  check-po in t s  w i t h i n  t h e  

g e o l o g i c  s e c t i o n .  The check-po in t s  a r e  bottom of  c a s i n g  a t  some 

l o c a t i o n s  and bottom o r  mid-point  of a n  uncased i n t e r v a l  i n  o t h e r s ,  

i n  w e l l s  a l o n g  o r  n e a r  t h e  l i n e  of  s e c t i o n .  I n  t h e s e  check-po in t  

w e l l s ,  t h e  a r t e s i a n  p r e s s u r e  o r  w a t e r  l e v e l  i s  known from f i e l d  

measurements.  The computed v a l u e s  o f  p r e s s u r e  a t  t h e  check-po in t s  

were  compared t o  t h e  measured v a l u e s  a s  a n  i n d i c a t i o n  of how w e l l  

t h e  model s e c t i o n  f i t  t h e  a c t u a l  s i t u a t i o n .  These  d a t a  a r e  p r e s e n t e d  

i n  Appendix B .  

F i v e  o f  t h e  1 2  ctieclc--poj.nts a r e  from we1l.s i n  t h e  upper  

a r t e s i a n  a q u i f e r ,  which i s  t h e  most  developed a q u i f e r  i n  t h e  p r a i r i e .  

The computed v a l u e s  f o r  t h e s e  5 w e l l s  a r e  w i t h i n  1 0  p e r c e n t  of t h e  

measured v a l u e s  and w i t h  5 p e r c e n t  f o r  3 of them. Computed v a l u e s  

f o r  3 w e l l s  i n  t h e  lower  e r t e s i a n  a q u i f e r  and 2 w e l l s  i n  t h e  

b a s a l t  a q u i f e r  a r e  a l l  w i t h i n  6 p e r c e n t  of t h e  measured v a l u e s .  

I n  a d d i t i o n  t o  t h e  above,  2 w e l l s  i n  t h e  wa te r - t a .3 le  

a q u i f e r  were  i n c l u d e d  because  t h e  s h a l l o w  w a t e r  t a b l e  i s  m a i n t a i n e d  

p a r t l y  by l e a k a g e  upward through t h e  c l a y  u n i t .  These  2 w e l l s  

show t h e  g r e a t e s t  d i s c r e p a n c y  between computed and measured v a l u e s  



a s  was e x p e c t e d ,  s i n c e  t:he iiiodel r t ?p rese r , t s  e s r e l i t i a l l y  t h e  d e e p e r  

a r t e s i a n  sys t em and t h e  h y d r a u l i c  c o n n e c t i o n  t o  t h e  w a t e r  t a b l e  

i s  o n l y  i n d i r e c t .  Va lues  f o r  b o t h  we1l.s were  a b o u t  1 3  p e r c e n t  

d i f f e r e n t  t h a n  t h e  measured  v a l u e s .  These  d i f f e r e n c e s  were  c o n s i d e r e d  

a c c e p t a b l e ,  c o n s i d e r i n g  t h e  f a c t  t h a t  a 1 - f o o t  d i f f e r e n c e  i n  a 

s h a . 1 1 0 ~  w e l l  r e p r e s e n t s  a  l a r g e r  p e r c e n t a g e  t h a n  i n  a  d e e p e r  w e l l .  

The second way i-n which  t h e  prograni o u t p u t  was used  was i n  

c o m p u t a t i o n  of q u a n t i t a t i v e  r e s u l t s  f o r  amount of f l o w  t h r o u g h  t h e  

end of t h e  s e c t i o n .  The volume of  water a v a i l a b l e  a n n u a l l y  f o r  

r e c h a r g e  was a p p l i e d  t o  a n  a r e a  of a p p r o x i m a t e l y  2 ,400 a c r e s  a t  

t h e  w e s t e r n  end of  t h e  p r a i r i e  and t h e  model s e c t i o n  was c a r r i e d  

t h r o u g h  t h i s  area. The s e c t i o n  i s  o f  u n i t  w i d t h ,  t h e  u n i t s  b e i n g  

f e e t ,  an.d i s  t h e r e f o r e  I f o o t  wide.  The s u r f a c e  a r e a  of t h e  mvdel 

s e c t i o n  througli  which  t:he i n p u t  i s  a p p l i e d  i s  a b o u t  8 , 0 0 0  f e e t  by 

1 f o o t ,  o r  0 .184 a c r e s .  The 30 f e e t  of  w a t e r  on  t h i s  a r e a  i s  a 

volume of  5.5% a c r e - f e e t .  

Elernents  526,  527 and 528 were  p l a c e d  i n  t h e  mesh as t h e  end 

of t h e  a c t u a l  model .  These  e l e m e n t s  a r e  t h e  column i n  t h e  s e c t i o n  

a t  t h e  p o i n t  where  Camas Creek  h a s  c u t  a  canyon deep  enough t o  b e  

p e r e n n i a l .  E lemen t s  528-549 were  added t o  r e d u c e  t h e  boundary 

e f f e c t s  of the impermeable end of t h e  s e c t i o n .  Flows were  computed 

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

r e c h a r g e  a r e a  a t  t h e  i n p u t  end o f  t h e  s e c t i o n  and r e f e r r e d  t o  t h e  

i n i t i ~ a l  30  f e e t  o f  w a t e r  i n p u t  f o r  c o n p a r i s o n .  S i n c e  t h e  u n i t s  

a r e  c o n s i d e r e d  h o r i z o n t a l ,  t h e  1 d i r e c t i o n  correspor .ds  t o  t h e  

p o s i t i v e  X, and 1-he 2  d i r e c t i o n  t o  t h e  p o s i t i v e  Y d i r e c t i o n .  



Element 526 i s  300 f e e t  i n  t le ig i i t ,  1080 f e e t  i n  lcngt-i.  and 

h a s  a  r e s u l t a n t  f l o w  v e l o c i t y  o f  0.0647 c e n t i m e t e r s  p e r  y e a r .  

T h i s  r e p r e s e n t s  such  a  s m a l l  a n n u a l  f l o w  t h a t  i t  was d i s r e g a r d e d ,  

s i n c e  most  of t h e  f l o w  o c c u r s  th rough  t h e  e lements  r e p r e s e n t i n g  

t h e  more permeable  b a s a l t .  

Element 527 i s  1 0 0  f e e t  i n  h e i g h t ,  1 , 0 0 0  f e e t  i n  l e n g t h  and 

has  f l o w  v e l o c i t i e s  i n  t h e  1 o r  X d i r e c t i o n  of  3355.5 c e n t i m e t e r s  

p e r  y e a r ,  e q u i v a l e n t  t o  0 .253 a c r e - f e e t ,  and i n  t h e  2  o r  Y d i r e c t i o n  

of 42.3  c e n t i m e t e r s  p e r  y e a r ,  e q u i v a l e n t  t o  0 .031  a c r e - f e e t .  

Element 528 h a s  a n  a v e r a g e  h e i g h t  of  74 f e e t ,  a  l e n g t h  of 

1 , 0 0 0  f e e t ,  and h a s  f l o w  v e l o c i t i e s  i n  t h e  1 o r  X d i r e c t i o n  o f  

3382.4 c e n t i m e t e r s  p e r  y e a r ,  e q u i v a l e n t  t o  0.189 a c r e - f e e t ,  and 

i n  t n e  2  o r  Y d i rec t io i i  o f  93.6  c c n t i x e t e r s  p z r  y e a r ,  eqi.riva1 e n t  

t o  0 . 0 7 1  a c r e - f e e t .  

These  f i g u r e s  g i v e  a t o t a l  o u t f l o w  a t  t h i s  p o i n t  i n  t h e  

s e c t i o n  of  0.545 a c r e - f e e t ,  e q u i v a l e n t  t o  2 .96 f e e t ,  o r  abou t  3  

f e e t  of  w a t e r  on t h e  i n p u t  end of t h e  model s e c t i o n .  According 

t o  t h e  model ,  t h i s  r e p r e s e n t s  t h e  p a r t  of t h e  30 f e e t  of  w a t e r  

i n p u t  t h a t  i s  under f low from t h e  p r a i r i e .  

Walton (1961, p .  20 ,21)  computed underf low and l e a k a g e  a t  a  

l o c a t i o n  s l i g h t l y  v e s t  o f  where t h e  model s e c t i o n  ends  and concluded 

t h a t  l e a k a g e  and under f low were  n e a r l y  e q u a l .  Assuming t h i s  t o  b e  

t r u e  and u s i n g  t h e  f i g u r e  computed h e r e  f o r  under f  low g i v e s  a  

f i g u r e  o f  6 f e e t  o f  w a t e r  f o r  under f low and l e a k a g e  combined. 

T h i s  f i g u r e  a l s o  r e p r e s e n t s  t h e  amount of t h e  30-foot  i n p u t  t h a t  i s  

a n n u a l  r e c h a r g e  t o  t h e  a r t e s i a n  a q u i . f e r s ,  s i n c e  t h e  r e c h a r g e  n u s t  
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h a l a n c e  the  u n d e r f l o : ~  and 1ea:cr;g~ t o  main t3 in  t h e  a q u i f e r s .  

Carnas Creek i s  p e r e n n i a l  i n  t h e  e a s t e r n  end of t h e  p r a i r i e  

and t h e  f low,  a d j u s t e d  t o  t h e  1.952-1967 b a s e  p e r i o d ,  i s  g i v e n  by 

t h e  U .  S .  G e o l o g i c a l  Survey (1969) as 165 c u b i c  f e e t  p e r  second.  

The o n l y  gag ing  s t a t j . o n  f o r  t h e  p r a i r i e  i s  l o c a t e d  downstream from 

t h e  a c t u a l  p r a i r i e  i n  t h e  b a s a l t  canyon and below t h e  p o i n t  where 

t h e .  p e r e n r i i a l  f l o w  from Willow Creek e n t e r s  Camas Creek.  The 

base -per iod  f low i s  equa l  t o  3.45 i n c h e s  on t h e  d r a i n a g e  a r e a  o f  

Camas Creek.  To e s t i m a t e  t h e  c o n t r i b u t i o n  t o  s t reanif low from t h e  

r e c h a r g e  a r e a ,  t h i s  f i g u r e  was appl-ied t o  t h e  r e c h a r g e  a r e a  and 

t h e  volume r e p r e s e n t e d  was r e f e r r e d  t o  t h e  s e c t i o n  i n p u t .  The 

3 . 4 5  i n c h e s  on 80 s q u a r e  m i l e s  of r e c h a r g e  a r e a  i s  e q u a l  t o  14,700 

ac re - feeL,  or  i l l e  eq'.--*-  Ul ,u l sn t  c f  6.3. f e e t  of t h e  s e c t i o n  i n p u t .  

T h e r e f o r e ,  of t h e  30 f e e t  o f  wa te r  a p p l i e d  t o  t h e  model a s  

i n p u t ,  r e p r e s e n t i n g  t h e  e q u i v a l e n t  of 1 7  i n c h e s  of w a t e r  on  80 

s q u a r e  x i i l e s  of  r e c h z r g e  a r e a ,  underf low and l e a k a g e  p l u s  r u n o f f  

t o  s t r e a r n f l o v  account  f o r  1 2 . 1  f e e t .  The remaining 1 7 . 9  f e e t  a r e  

assumed t o  be  l o s t  by e v a p o t r a n s p i r a t i o n .  

These  f i g u r e s  i n  terms of t h e  1 7  i n c h e s  a v a i l a b l e  a n n u a l l y  

on t h e  Camas P r a i r i e  r e c h a r g e  a r e a  a r e :  underf low and l e a k a g e ,  

3 .4  i n c h e s ;  runoff  and s t r e a r ~ f  l.oo!, 3 . 5  inches ;  and e v a p o t r a n s p i r a t i o n ,  

1 0 . 1  i n c h e s .  E v a p o t r a n s p i r a t i o n  t h e r e f o r e  amounts t o  abou t  60 

p e r c e n t  of t h e  wa te r  a v a i l a b l e  a n n u a l l y  t o  t h e  r e c h a r g e  a r e a .  

A f t e r  t h e  program o u t p u t  was g i v i n g  r e s u l t s  c o n s i s t e n t  w i t h  

t h e  observed  f i e l d  o b s e r v a t i o n s  f o r  t h e  c a s e  of a v e r a g e  annua l  

p r e c i p i t a t i o n ,  4 a d d i t i o n a l  i n p u t s  were used t h a t  r e p r e s e n t e d  



dcpzr:tr:~.;es f ron: averilge conclit:i.ons. These i n p u t s  were made t o  

r e p r e s e n t  changes o f  3  and 6  i nches  l e s s  t han  and more t han  t h e  

ave r age  1 7  i n c h e s  of p r ec ip i t a t z i on .  The o u t p u t  f low v e l o c i t i e s  

were conver ted  t o  volumes and r e f e r r e d  t o  t h e  o u t p u t s  of e lements  

527 and 528 under a v s r a g e  p r e c i p i t a t i o n  c o n d i t i o n s  f o r  comparison. 

Using 11 inches  a s  annua l  p r e c i p i t a t i o n ,  6  i nches  l e s s  t han  

a v e r a g e ,  gave an i n p u t  of 1 9 . 5  f e e t  o f  water  t o  t h e  s e c t i o n  i n p u t  

a r e a .  T h i s  cor responds  t o  a d r y  year  w i th  about  35 p e r c e n t  l e s s  

p r e c i p i t a t i o n  than  i s  normal.  Under t h i s  c o n d i t i o n  t h e  model g i v e s  

f o r  e lement  527 f l ow  v e l o c i t i e s  i n  t h e  X o r  1 d i r e c t i o n  of 3310.6 

c e n t i m e t e r s  per  year  and i n  t h e  Y o r  2  d i r e c t i o n  39.9 c e n t i m e t e r s  

pe r  y e a r ,  e q u i v a l e n t  t o  0.249 and 0.030 a c r e - f e e t  r e s p e c t i v e l y  

on t h e  modei s e c t i o n  h ~ p u l :  a res .  E l e ~ e i l t  525 ha6 flo:: v e l o c i t i e s  

of 3336.9 cen t i n i e t e r s  p e r  year  i n  t h e  X or  1 d i r e c t i o n  and 91.7 

c e n t i m e t e r s  per yea r  i n  t h e  Y o r  2  d i r e c t i o n ,  e q u i v a l e n t  t o  0.188 

and 0 .069 a c r e - f e e t  r e s p e c t i v e l y .  These f j g u r e s  g i v e  a  t o t a l  ou t f low 

from t h e  s e c t i o n  of  0.536 a c r e - f e e t ,  e q u i v a l e n t  t o  2.91. f e e t  of 

t h e  i n p u t  t o  the model s e c t i o n .  

Using 14  i nches  a s  annua l  p r e c i - p i t a t i o n ,  3  i nches  l e s s  t han  

t h e  annua l  ave r age ,  gave an  i npu t  of 24.4 f e e t  of wate r  t o  t h e  

s e c t i o n  i n p u t  a r e a .  Element 527 hzd flow v e l o c i t i e s  of 3340.5 

c e n t i m e t e r s  pe r  yea r  i n  t h e  X o r  1 d i r e c t i o n  and 40.7  c e n t i m e t e r s  

p e r  yea r  i n  t h e  Y o r  2  d i r e c t j . o n ,  e q u i v a l e n t  t o  0.252 and 0.031 

a c r e - f e e t  r e s p e c t i v e l y .  Elelllent 528 had f low v e l o c i t i e s  o f  

3367.3 c e n t i m e t e r s  pcr yea r  i n  t h e  X o r  1 d i r e c t i o n  and 93.6 

c e n t i m e t e r s  per  y e a r  i n  t h e  Y o r  2  d i r e c t i o n ,  e q u i v a l e n t  t o  



0.188 and 0 . 0 7 1  a c r e - f e e t  respectively. These f : igures  g i ~ ~ e  a 

t o t a l  o u t f l o w  from t h e  s e c t i o n  under  th i . s  c o n d i t i o n  of  0 . 5 4 2  

a c r e - f e e t  e q u i v a l e n t  t o  2 .94  f e e t  o f  t h e  i n p u t  t o  t h e  model s e c t i o n .  

To s i m u l a t e  c o n d i t i o ~ ~ s  w e t t e r  t h a n  normal., a n  i n p u t  of 20 

i n c h e s  was used ,  g i v i n g  an i n p u t  of 3 5 . 2  f e e t  of w a t e r  t o  t h e  model 

i n p u t  a r e a .  Element 527 hacl f l o w  v e l o c i t i e s  of 3 3 7 3 . 5  c e n t i m e t e r s  

per .  yea r  i n  t h e  X o r  1 d i r e c t i o n  and 4 2 . 5  c e n t i m e t e r s  p e r  year  i n  

t h e  Y o r  2  d i r e c t i o n ,  e q u i v a l e n t  t o  0 . 2 5 4  and 0 . 0 3 2  a c r e - f e e t  

r e s p e c t i v e l y .  Element 528  had f l o w  v e l o c i t i e s  of  3400 .7  c e n t i m e t e r s  

p e r  y e a r  i n  t h e  X o r  1 d i r e c t i o n  and 9 5 . 0  c e n t i m e t e r s  p e r  y e a r  i n  

t h e  Y o r  2  d i r e c t i o n ,  equ iva l -en t  t o  0.190 and 0 . 0 7 2  a c r e - f e e t  

r e s p e c t i v e l y .  The t o t a l  o u t f l o w  from t h e  s e c t i o n  was 0 . 5 4 8  a c r e - f e e t  

o r  2 . 9 8  f e e t  o t  w a t e r  i n p u t  t o  i h e  rilodcl s e c t i ~ n .  

Using 23 i n c h e s  of  annua l  p r e c i p i t a t i o n ,  a n  i n c r e a s e  of 

abou t  35  p e r c e n t  o v e r  t h e  normal annua l  a v e r a g e ,  gave  an i n p u t  of 

4 0 . 5  f e e t  of wa te r  to t h e  n o d e l  i n p u t  a r e a .  E l a n e n t  527 had a  

f l o w  v e l o c i t y  i n  t h e  X o r  1 d i r e c t i o n  of  3 3 8 7 . 0  c e n t i m e t e r s  p e r  

y e a r  and i n  t h e  Y o r  2 direction of 4 2 . 5  c e n t i m e t e r s  pe r  y e a r ,  

e q u i v a l e n t  t o  0 . 2 5 5  and 0 . 0 3 2  a c r e - f e e t  r e s p e c t i v e l y .  Element 528  

had a f low v e l o c i t y  i n  t h e  X or  1 d i r e c t i o n  of 3 4 1 4 . 3  c e n t i m e t e r s  

p e r  year  and i n  t h e  Y o r  2  d i r e c t i o n  of 95.7 c e n t i m e t e r s  p e r  y e a r ,  

e q u i v a l e n t  t o  0 .190 and 0 . 0 7 3  a c r e - f e e t  r e s p e c t i v e l y . .  The t o t a l  

o u t f l o w  from t h e  s e c t i o n  under t h i s  c o n d i t i o n  was 0 . 5 5 0  a s r e - f e e t  

o r  equ iva l -en t  t o  2 . 9 9  f e e t  o f  t h e  i n p u t  t o  t h e  rr,odc+l. s e c t i o n .  

The computed underE1.0~ from t h e  n o d e l  r e p r e s e n t s  a change 

e q u i v a l e n t  +o on ly  +0.03  f e e t  of wat::r f o r  t h c  s i~nu l ; .~ ted  i -ncreased 
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p r e c i p i ~ a t i o n  and -0 .05  f e e t  of wa te r  For t h e  s i m u l a t e d  d e c r e a s e d  

p r e c i p i t a t i o n  from t h e  a v e r a g e  p r e c i p i t a t i o n  c a s e .  T h i s  i n d i c a t e s  

t h a t  a n n u a l  changes  i n  p r e c i p i t a t i o n  do n o t  g r e a t l y  a f f e c t  t h e  

a r t e s l a n  a q u i f e r s  i n  any onc  y e a r ,  p robab ly  b e c a u s e  of r e l a t i v e l y  

low p e r r n c a b i l i t y  o f  t h e  a q o i f e r s  and poor h y d r a u l i c  c o n n e c t i o n  

w i t h  tihe s l la l lower  d e p o s i t s .  S i n c e  underl-low changes  v e r y  l i t t l e  

w i t h  changes  i n  annua l  p r e c i p i t a t i o n ,  t h e  changes  must b e  r e f l e c t e d  

i n  t h e  more sha l low and s u r f a c e  phenomena of  s t r eamf low and 

e v a p o t r a n s p i r a t i o n .  

I f  one  assumes t h a t  s t r eamf low changes d i r e c t l y  w i t h  changes  

i n  p r e c i p i t a t i o n ,  t h e  2 ext reme c a s e s  c o n s i d e r e d  l e a v e  5 .2  i n c h e s  

and 1 4 - 3  i n c h e s  o l  a n n u a l  p r e c i p i t a t i o n  t o  b e  accounted f o r  by 

e v a p o t r a n s p i r a t i o n ,  o r  47  and 62 p e r c e n t  of t h e  a n n u a l  p r e c i p i t a t i o n .  

I n  a l l  c a s e s ,  t h e  s i m u l a t e d  e v a p o t r a n s p i r a t i o n  i s  h i g h  and 

a c c o u n t s  f o r  from abou t  hal l -  t o  n e a r l y  two- th i rds  of t h e  annua l  

p r e c i p i t a t i o n .  



WATER SAMPI,ES 

Water  s c m p l e s  were t a k e n  t o  d e t e r m i n e  i f  t h e  f l u o r i d e  and 

c h l o r i d e  c o n c e n t r a t i o n s  would show any  j u s t i f i c a t i o n  f o r  d e l i n e a t i n g  

f l o w  s y s t e m s  w i t h i n  t h e  p r a i . r i e .  The samples  were  a n a l y z e d  f o r  

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

measured .  The 23 samples  t a k e n  f o r  c h l o r i d e  a n a l y s i s  were  a c i d i f i e d  

i n  t h e  f i e l d  by  a d d i n g  a few m i l l i l i t e r s  (ml) of  d i l u t e  s u l p h u r i c  

a c i d ,  s i n c e  t h e y  would b e  s t o r e d  f o r  some t i m e  b e f o r e  t h e  a n a l y s e s  

were  made. A n a l y s i s  f o r  c h l o r i d e  c o : ~ c e n t r a t i o n  was made by s t a n d a r d  

wet-chemical  n e t h o d s .  The sampl-es \:rere l e f t  o v e r n i g h t  i n  t h e  l a b  

f o r  t h e  t e m p e r a t u r e s  to  s t a b i l i z e .  The p1-1 was checked a n d ,  when 

n e c e s s a r y  t o  b r i n g  t h e  pH i n t o  t h e  7-10 r a n g e ,  1 N  N a O H  was added.  

Samp1.c~ o f  100  ml. were  u s e d ,  1 n l  of  K2CrOl, was added and t h e  

m i x t ~ u r e  was t i t r a t e d  a g a i n s t  a 0.5N s o l u t i o n  of  tI@TO3 t o  t h e  p o i n t  

o f  col .or  change.  C o n c e n t r a t i o n s  a r e  r e p o r t e d  i n  p a r t s  p e r  m i l l i o n  

( p p d .  

F l u o r i d e  a n a l y s i s  and c o n d u c t i v i t y  measurements  were  made 

i n  t h e  f i e l d .  l?l.uorj.de c o n c e n t r a t i o n  ;gas measured  d i r e c t l y  w i t h  a 

Model 401  I o n a l y z e r ,  manufac tu red  by O r i o n  R e s e a r c h ,  u s i n g  a s i n g l e -  

j u n c t i o n  r e f e r e n c e  e l e c  r r o d e  Model 90-01 and f l u o r i d e  e l e c t r o d e  

Model 94-09. C a l i b r a t i o n  was made f o r  r a n g e s  0.01-0.10,  0 .10 -1 .0  

and 1 .0 -10 .0  ppm. T e x p e r a t u r e s  were  t a k e n  a t  t h e  t i m e  of  measurement 

and t h e  t c c i p e r a t u r e  c o r r e c t i o n  a p p l i e d  t o  t h e  i n s t r u m e n t .  
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C o n d u c t i v i t y  measurements  were  ma.de w i t h  a Node1 J333 338 Solu-  

B r i d g e ,  manufac tu red  by  Beckman I n s t r u m e n t s  I n c o r p o r a t e d ,  u s i n g  a 

c o n d u c t i v i t y  c e l l  CEL VS2. Tempera tu re  c o r r e c t i o n s  were  a p p l i e d  

a t  t h e  t i m e  o f  measurement .  

These  d a t a  a r e  p r e s e n t e d  i n  Appendix C .  

C h l o r i d e  c o n c e n t r a t i o n s  i n  21 of t h e  23 samples  v a r i e d  f rom 

2 .2  t o  9 .2  ppm. The l o v e s t  c o n c e n t r a t i o n ,  i n  w e l l  1N-14E-22adI., 

was found a t  2 l o c a t i o n  h i g h  on  t h e  a l l u v i a l  f a n s  n e a r  t h e  f o o t  

o f  t h e  n o r t h e r n  m o u n t a i n s .  Samples from 1s-13E-34cbl and 1s-13E-22ccl 

had c h l o r i d e  c o n c e n t r a t i o n s  o f  1 6 . 8  and 1 8 . 4  ppm r e s p e c t i v e l y .  

T h e s e  2  samples  were  t a k e n  from a  s p r i n g  w i t h  a  t e m p e r a t u r e  

g r e a t e r  t h a n  120' F a h r e n h e i t  (F) and from a  f l o w i n g  w e l l ,  a p p r o x i -  

m a t e l y  1 m i l e  f rom t h e  s p r i n g ,  w i t h  a t e m p e r a t u r e  of  83' P.  

However, w e l l  1s-12E-31cb1, a l s o  w i t h  a  t e m p e r a t u r e  of  83' F ,  

had a c h l o r i d e  c o n c e n t r a t i o n  of  o n l y  7 . 7  ppm. 

F l u o r i d e  c o n c e n t r a t i o n s  v a r i e d  from less t h a n  0 . 1  t o  g r e a t e r  

t h a n  1 0 . 0  ppm. Of t h e  3 samples  h a v i n g  g r e a t e r  t h a n  1 0 . 0  ppm, 

2  a r e  t h e  o n e s  men t ioned  above w i t h  h i g h  c h l o r i . d e ,  and t h e  t h i r d  

i s  from a  w e l l  a p p r o x i m a t e l y  midway between them. The t h i r d  

sample  i s  from a  f l o w i n g  w e l l  w i t h  a  t e m p e r a t u r e  of  96' F .  

C o n d u c t i v i t y  measurements  v a r i e d  from 110  t o  430 pmhos, 

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

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

o r  b o t h .  

I n  g e n e r a l ,  t h e  s h a l l o w  w a t e r - t a b l e  w e l l s  a r e  h i g h e r  i n  

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



From exarninatio1.1 of t h e s e  w e l l s ,  t f i i s  i s  f e l t  t o  be due i n  p a r t  

t o  t h e  c u n s t r u c t i o n a l  f e a t u r e s  of t h e  wells--poor o r  no c a s i n g ,  

t h e  c a s i n g  d o e s n ' t  ex tcad  above t h e  s u r f a c e  o r  be ing  l o c a t e d  

where s u r f  a c e  wa te r  may e n t e r  t h c  w e l l .  S a l t  and a l k a l a i  accumula t ion  

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

p r a i r i e  i n  l a t e  sumrnc-r and p o o r l y  cased  o r  uncased we1l.s a r e  

l i k e l y  t o  b e  contaminated from t h i s  s o u r c e  a s  w e l l  a s  from 

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

f rom t h e  2  l o c a t i o i l s  w i t h  t h e  h i g h e s t  c h l o r i d e s  a r e  b o t h  from 

t h e r m a l  w? te r s .  These  a r e  d i s c u s s e d  below. I n  a l l  samples ,  t h e  

c h l - o r i d e  c o ~ ~ c e n f r a t i o t l  i s  w e l l  below t h e  150 ppm maximum recommended 

by t h e  P u b l i c  H e a l t h  S e r v i c e  ( 1 9 6 2 ) .  

The f l u o r i d e  c o n t e n t  of t h e  Camas P r a i r i e  water i s  g e ~ i e i - a l l y  

below t h e  1-3 pprn recommended as a maximum. Tlie e x c e p t i o n s  a r e  

n o t a b l e  and ,  i n  al-1 c a s e s ,  a r e  from l o c a t i o n s  where t h e  w a t e r  

t e m p e r a t u r e  i s  h i g h e r  t h a n  t h e  52-54" F average .  Samples from 

l o c a t i o n s  1N-13E-32aal and 1.S-13E-34cbl a r e  from s p r i n g s  w i t h  

t e m p e r a t u r e s  o v e r  100° I?, and samples  from l o c a t i o n s  1s-13E-acl and 1s- 

13E-27ccl a r e  from f lowing  w e l l s  w i t h  wa te r  t e m p e r a t u r e s  of  83 

and 96' F r e s p e c t i v e l y .  These thermal. w e l l s  and s p r i n g s  a r e  

l o c a t e d  i n  a  n o r t h w e s t - s o u t h e a s t  t r e n d i n g  zone through t h e  w e s t e r n  

end o f  t h e  p r a i r i e  and a r e  p robab ly  r e l a t e d  t o  t h e  f a c t  t h a t  t h e  

t e m p e r a t u r e  g r a d i e n t  i n  t h e  v a l l e y - f i l l  m a t e r i a l  i s  g r e a t e r  ( a b o u t  

6" F p e r  100 f e e t )  t h a n  a v e r a g e  f o r  sed imenta ry  m a t e r i a l  (Walton,  

1961, p .  4 0 ) .  \ J e l l  1s-lftE-9da5, F a i r f i e l d  C i t y  \ J e l l  No. 4 ,  

a l s o  i s  warn1 (80" F) and h a s  a  f l u o r i d e  c o n c e n t r a t i o n  of 3 .3  ppm. 
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Thc r e a s o n  f o r  i-?:r- abnormal  1 ; rndient  i s  n o t  known. I n  g e n e r a l ,  

t h e  d e e p e r ,  warmer w a t e r  and t h e  w a t e r  f rom t h e  zone of t h e r m a l  

w e l l s  and s p r i n g s  i s  h i g h e r  i n  f l u o r i d e  and c h l o r i d e  c o n t e n t .  

The 5  w e l l s  ment ioned are above t h e  reconmended l e v e l s  of  f l u o r i d e  

f o r  d o m e s t i c  u s e  a n d ,  w i t h  t h e  e x c e p t i o n  of  1s-14E-9da5, a r e  n o t  

s o  u s e d .  Well 1s-14E-9da5 i s  pumped i n t o  a s t a n d p i p e  w i t h  w a t e r  

from 2 o t h e r  w e l l s  and t h e  m i x t u r e  was measured  as h a v i n g  a 

f i u o r i d e  c o n c e n t r a t i o n  of  2 . 2  ppm. 

Tota l .  d i s s o l v e d  s o l i d s ,  b a s e d  on conduc t iv i .  t y  measuremen t s ,  

v a r i e s  f rom a b o u t  60 t o  250 ppm and i s  c o n s i d e r a b l y  l e s s  t h a n  t h e  

reconilnended maximum o f  1 , 0 0 0  p p m .  

Camas P r a i r i e  i s  h e r e  c o n s i d e r e d  t o  c o n t a i n  c s s e n t i a l l y  

a s i r iz le  f l.ow sys t em.  Based o n  t h e  ana l -yses  of  w a t e r  samples  

f o r  f l u o r i d e ,  c h l o r i d e  and t o t a l  d i s s o l v e d  s o l i d s ,  t h e r e  i s  no 

r e a s o n  t o  s e p a r a t e  t h e  ground-water  body i n t o  s e p a r a t e  f l o w  s y s t e m s .  

The s j r s t e m  i s  c : r iented  i n  a g e n e r a l l y  e a s t - w e s t  d i r e c t i o n  w i t h  

w a t e r  movement e a s t w a r d .  Components e n t e r  i n  a s o u t h e a s t e r l y  

d j r e c t i o n ,  m o s t l y  from t l le  n o r t h ,  and move e a s t w a r d  i n  t h e  main 

sys t em.  The loiter a r t e s i a n  a q u i f e r  i s  of  a  low enough p e r m e a b i l . i t y  

and i s o l a t e d  wcill enough t h a t  w a t e r  moves s l o w l y  u n d e r  and o u t  

of  t h e  p r a i r i e .  I Jhere  the  f 1 . o ~  i s  deep and \.:here i t  c r o s s e s  o r  

f l o w s  th rough  a r e a s  of h i g h e r  t e m p e r a t u r e ,  t h e  w a t e r ,  i s  warmed 

and e r i r i ched  i n  f l u o r i d e  and ,  p o s s i b l y ,  c h l o r i d e .  I t  i s  p o s s i b l e  

t h a t  h o t ,  m i n e r a l i z e d  w a t e r  i s  added  t o  t h e  Camas P r a i r i e  s y s t e m  

t h r o u g h  deep  c i r c u l a t . i o n  of w a t e r  from  he i g n e o u s  and v o l c a n i c  

r0ck.s  surrour:dir:g t h e  s r c a .  



The upper  a r t e s i a n  a q u i f e r  i s  of h i g h e r  permea:~il.ity t h a n  

t h e  lower and wate r  i n  t h i s  p a r t  of t h e  sys tem moves a t  a  h i g h e r  

v e l o c i t y  and i s  n o t  q u i t e  s o  w e l l  i s o l a t e d  frorn t h e  slzallower 

w a t e r s .  The t e m ~ e r a t u r e  and m i n e r a l  c o n t e n t  i s  genera1l.y l o w e r ,  

wi th  l o c a l  e x c e p t i o n s  where upward--1novi.ng the l -~na l  w a t e r s  warm i t  

and i n c r e a s e  t h e  f l u o r i d e  and c h l o r i d e  c o n t e n t  . 
The s h a l . 1 0 ~  w a t e r  i s  s l i . g h t l y  c o o l e r  and has  a lower 

f l u o r i d e  c o n t e n t  t h a n  w a t e r  from e i t h e r  of t h e  a . r t e s i a n  a q u i f e r s ,  

e s p e c i a l l y  n e a r  t h e  f o o t  of t h e  n o r t h e r n  mountains  a t  t h e  edge 

of t h e  r e c h a r g e  a r e a .  l i e r e ,  h i g h  on t h e  a l l u v i a l  f a n s  where t h e  

p e r m e a b i l i t y  and g r a d i e n t  a r e  r e 1 a t : i v e l y  h i g h ,  t h e  w a t e r  moves 

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

edge of t h e  p r a i r i e ,  t h e  pcr!neabil-i.ty and grar l j -ent  a r e  l o v e r ,  and 

t h e  s h a l l o w  w a t e r  rnoves s1owl.y. During t h e  l a t e  summer, some of 

t h i s  w a t e r ,  l i k e  Canas Creek,  d o e s  n o t  move a t  a l l ,  o r  moves 

u  p'" 1.- d . 
The d i f f e r e n c e s  i n  f l u o r i d e  and c h l o r i d e  c o n t e n t  and d i f f e r -  

e n c e s  i n  e l e c t r i c a l  c o n d u c t i v i t y  a r e  c o n s j d e r e d  t o  b e  minor enough 

t h a t ,  d i s r e g a r d i n g  t h e  l o c a l  e x c e p t i o n s ,  t h e  w a t e r s  and f l o w  l i n e s  

be long  t o  one sys tem.  T h i s  is  t h e  ground-water f low system of 

Camas P r a i r i e  and t h e  Cainas Creek d r a i n a g e  b a s i n .  



Mathematical models a r e  a p p l i e d  today  t o  a n  e v e r  i n c r e a s i n g  

number of  problems and s i t u a t i o n s .  The a d v e n t  of h igh-speed,  

d i g i t a l  computers w i t h  t h e i r  c a p a b i . l i t y  t o  h a n d l e  l a r g e  numbers of 

complex e q u a t i o n s  h a s  l e d  t o  a  sys tems  approach t o  problems i n  

many f i e l d s .  With t h i s  approach h a s  come t h e  b u i l d i n g  and u s e  of 

c o n c e p t u a l  models.  Where f o r m a l  a n a l y t i c a l  s o l u t i o n s  were  f o r m e r l y  

u s e d ,  t h e  method of numer ica l  a n a l y s i s ,  w i t h  i t s  s o l u t i o n s  a t  

d i s c r e t e  p o i n t s  w i t h i n  t h e  f i e l d  of i n t e r e s t ,  tias become a u s e f u l  

t o o l .  

The p r imary  purpose  of t h i s  s t u d y  i s  t o  a p p l y  a f i n i t e -  

e l ement ,  p lanar - f low model desreloped by D r .  R .  L .  T a y l o r  of t h e  

U n i v e r s i t y  of C a l i f o r n i a  a t  B e r k e l e y ,  t o  a  ground-water b a s i n  

i n  s o u t h e r n  Idaho.  

A d e t a i l e d  d e s c r i p t i o n  of t h e  g e o l o g i c  s e t t i n g  of t h e  b a s i n  

under  s t u d y  i s  g i v e n ,  i n c l u d i n g  h i s  t o r y ,  s t r u c t u r e ,  t y p e s  of 

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

geo logy ,  wa te r  t a b l e  and pi .ezcrnetric s u r f  a c e  a r e  i n c l u d e d ,  showing 

such  f e a t u r e s  as t h e  a r e a  of f lowing  a r t e s i a n  w e l l s  and t h e  

r e c h a r g e - d i s c h a r g e  boundary f o r  t h e  a r e a .  

A b r i e f  summary of t h e  f i n i t e - e ! . a ~ e n t  t h e o r y  i s  p r e s e n t e d  

and r e f e r e n c e s  t o  some of t h e  e a r l y  work and development of t h e  

t e c h n i q u e  a r e  g i v e n .  B z s i c  Darc ian  theory  i n  terms of p r e s s u r e  
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and e l e v a t i o n  i s  p r e s e n t e d  and t h e  conti.nllit:y e q u a t i o n  i s  c o n s i d e r e d .  

I t  is  shown how, assuming a  l i n e a r  p r e s s u r e  d i s t r i b u t i o n ,  one c a n  

deve lop  t h e  numer ica l  a n a l y s i s  f o r  a  f i n i t e - e l e m e n t  s o l u t i o n  i n  

t e rms  of p o t e n t i a l  and f l o w  v e l o c i t i e s .  Thc method of  i s o l a t i n g  

t h e  s t u d y  r e g i o n  by i t s  boundary c o n d i t i o n s  i s  d i s c u s s e d .  The 

program f e a t u r e  which c a n  l o c a t e  t h e  p h r e a t i c  s u r f a c e  i n  a  s e e p a g e  

problem i s  d i s c u s s e d  b r i e f l y .  

The computer program and documentat ion a r e  g i v e n  i n  t h e  

append ix .  

The f i n i t e - e l e m e n t  mesh and i t s  c o n s t r u c t i o n  a r e  d i s c u s s e d  

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

form of annua l  p r e c i p i t a t i o n ,  p e r m e a b i l i t i e s  o f  t h e  v a r i o u s  u n i t s  

and g e o m e t r i c a l  p o s i t i o n i n g  of  t h e  mesh nodes .  The methods used 

f o r  d e t e r m i n i ~ l g  t h e  i n p u t s  a r e  d e s c r i b e d  and suppor ted  w i t h  d a t a  

from t h e  f i e l d  and o t h e r  i n f o r m a t i o n  on t h e  a r e a .  

The method o f  i r iput  t o  t h e  program and t h e  form of t h e  o u t p u t  

a r e  d e s c r i b e d  and t h e  program o u t p u t  f o r  t h e  c a s e  of 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  a s  i n p u t  is  g i v e n  i n  t h e  appendj-x. 

The r e s u l t s  a r e  d i s c u s s e d  and t h e  computed heads  a r e  compared 

t o  a c t u a l  f i e l d  measurements.  I n  a d d i t i o n ,  f low q u a n t i t i e s  a r e  

computed and t h e  r e s u l t s  a r e  exainined f o r  c a s e s  where  t h e  a n n u a l  

p r e c i p i t a t i o n  i s  a p p r o x i m a t e l y  1 5  and 30 p e r c c n t  g r e a t e r  and l e s s  

t h a n  t h e  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 .  

A b r i e f  s e c t i o n  i s  g i v e n  d i s c u s s i n g  t h e  sampl ing of s e l e c t e d  

w e l l s  and s!,rings and t h e  a i l a lyses  f o r  f l u o r i d e ,  c h l o r i d e  and 

e l e c t r i c a l  conductance  a s  a  method of de te rmin ing  i f  more t h a n  a  



s i n g l e  f1o.c~ sys t em e x i s t s  I n  tli:: b a s i n .  

A l l  computer  work  was done  o n  t h e  U n i v e r s i t y  of I d a h o  IBM 

360-40  (321:). A m a c h i n e - p l o t t e d  mesh, d~-c?wrl by a Calconp pen 

p l o t t e r  i s  shown i n  P l a t e  IV. T h i s  was ? l o t t e d  a t  t h e  Spokane 

Mining Resea rch  L a b ,  U.S. B:lreau o f  Mines,  u s i n g  a rnesh p l o t t i n g  

program deve loped  t h e r e .  

Based on t h e  r e s u l t s  p r e s e n t e d ,  t h e  f o l l o w i n g  c o n c l u s i o n s  

a r e  drawn: 

1. From corn-parison o f  t h e  a c t u a l  v a l u e s  o f  w a t e r  l e v e l s  

measured  i.n t h e  f i e l d  w i t h  v a l u e s  compu'icd by t h e  model ,  t h e  model 

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

I n  t h i s  f i r s t  a t t m p t  t o  model t h e  con~p lex  ground-\,later sys t em 

w i t h  a p l a n a r  f1.o.c~ modei  , a number o f  ei;!~pj.iLica were n e c e s e a r i l y  

i n t r o d u c e d .  Some of t h e s e  c o u l d  u n d o u b t e d l y  b e  made more r e a l i s t i c  

w i t h  f u r t h e r  work.  

2 .  Flow q u a n t i t i e s  a r c  c o n s i d e r e d  t:o b e  of t h e  r i g h t  

magn i tude .  The i n p u t  a s  p r e c i p i t a t i o n  i s  c o n s i d e r e d  a c c u r a t e  a n d  

v a l i d .  The p e r m e a b i l i t i e s  a r e ,  f o r  t h e  m o s t  p a r t ,  estimates b a s e d  

o n  t h e  1.i.mited amount of  d a t a  a v a i l a b l e .  The a s s u m p t i o n  of  i s o t r o p y  

and homogeneity w i t h  r e s p e c t  t o  p e r m e a b i l i t y  i s  p r o b a b l y  t h e  leas t  

r e a 1 . i s t i . c  of  t h o s e  ~i iade  f o r  t h e  i n p u t s .  The c l a y  u n i t ,  f o r  example ,  

i s  u n d o u b t e d l y  more pe rmeab le  h o r i z o r l t a l l y  t h a n  v e r t i c a l l y ,  and 

i t  i s  known t h a t  t l-IC s e d i m e n t s  o f  t h e  p r a i r i e  become f i n e r - g r a i n e d  

sou thward  f rom t h e  f o o t  of t h e  n o r t h e r n  m c u n t a i n s .  I f  more d a t a  

become a v a i l a b l e  v i t h  r e g a r d  t o  p e r m e a b i l i t y  v a l u e s ,  t h e  i n p u t  

p e r i n e a b i l i . t i e s  c o u l d  b e  made more r e a l i s t i c  and t h e  connuted  



f l o w s  coul.cl b e  r e f i n e d .  

3 .  A n o d e l  deve loped  by t h e  f i n i t e - e l e m e n t  t e c h n i q u e  can  

have wide a p p l i c a t i o n s  i n  any s i t u a t i o n  where p r e s s u r e ,  f l o w  

d i r e c t i o n  and f low v e l o c i t y  can b e  of u s e  a t  v a r i o u s  p o i n t s ,  s i n c e  

t h e s e  q u a n t i t i e s  a r e  computed f o r  a l l  e l e m e n t s  i n  t h e  mesh. T h i s  

can  b e  o f  v a l u e  i n  ground-water s t u d i e s  of  f iow sys tems  and w a t e r  

b u d g e t s  a s  w e l l  a s  b e i n g  a p p l i c a b l e  t o  problems s u c h  a s  f l o w  

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

4. Once a  f ini te-el .ement:  model of a sys tem o r  b a s i n  i s  

deve loped ,  21-97 o f  t h e  i n p u t  p a r a m e t e r s  may b e  r e a d i l y  m o d i f i e d  o r  

changed i f  new i n f o r m a t i o n  i s  made a v a i l a b l e  o r  c o n d i t i o n s  change.  

I n  t h i s  s t u d y ,  f o r  example,  t h e  changes  i n  a n n u a l  p r e c i p i t a t i o n  

were i n t r o d u c e d  by punching 7 c a r d s  t o  r e ~ l a c e  t h o s e  o r i g i n a l l y  

used .  

5. P a s t  o r  f u t u r e  c o n d i t i o n s  may b e  s i m u l a t e d  w i t h i n  a  

sys tem by use of  a  mods1 of t h i s  t y p e ,  o r  c o n d i t i o n s  t h a t  v a r y  

f rom t h e  normal o r  a-verage s i t u a t i o n  may be  c o n s i d e r e d .  Here ,  u s i n g  

t h e  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  a s  i n p u t ,  c a s e s  were  a l s o  c o n s i d e r e d  

u s i n g  i n p u t s  of 3 and 6 i n c h e s  l e s s  t h a n  and more t h a n  t h e  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 .  

6 .  I n f e r e i l c e s  can b e  developed o r  v e r i f i e d  by t h e  u s e  of a 

f  in i . te-e lement  model.  I n  t h e  example used h e r e  o f  changing t h e  

a n n u a l  p rec ip i t a t i .011  i n p u t ,  i t  a p p e a r s  t h a t  annua l  changes  a r e  

most l i k e l y  t o  b e  r e f l e c t e d  i n  s h a l l o w ,  w a t e r - t a b l e  and s u r f a c e  

phenomena such a s  w a t e r  l e v e l s  i n  s h a l l o w  w e l l s ,  s u r f a c e  r u n o f f  

and s t r e a m f  low a s  w e l l  2s ev: ipotranspira  t i o n .  
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7 .  At i t s  p r e s e n t  s t :a te  of  developnlent ,  t h e  p r o g r a n  u s e d  t o  

g e n e r a t e  t h e  model  h a s  s t o r a g e  l i m i t a t i o n s  t h a t  a f f e c t  t h e  s i z e  

of  t h e  problem t h a t  c a n  b e  h a n d l e d .  T h i s  c a n  b e  p a r t l y  compensa ted  

f o r  by u s i n g  l a r g e r  e l e r e n t s ,  a s  was done  h e r e ,  b u t  t h e r e  i s  a  

p o s s i b i l i t y  of some smoo th ing  o r  a v e r a g i n g  e f f e c t .  T h i s  i s  p a r t i c u l a r -  

l y  t r u e  n e a r  b o u n d a r i e s  o f  t h e  mesh and be tween  u n i t s  o f  d i f f e r e n t  

c h a r a c t e r i s t i c s  w i t h i n  t h e  mesh. T h i s  e f f e c t  s h o u l d  b e  examined 

b u t  s t o r a g e  l i m i t a t i o n s  p r e v e n t e d  i t  i n  a  s t u d y  of  t h i s  s i z e .  

8.  T h e r e  i s  no re .ason  f o r  s e p a r a t i n g  t h e  g round-wa te r  s y s  tern 

i n t o  s e p a r a t e  f l o w  s y s t e m s  wi th i . n  Camas P r a i r i e .  T h i s  i s  b a s e d  

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

c o n d u c t i v i t y  as w e l l  a s  o n  t h e  c o n s i d e r a t i o n  o f  t h e  computed f l o w  

d i r e c t i o n s  w i t h i n  e a c h  e l e m e n t  by t h e  model  program. T r e a t i n g  

Camas P r a i r i e  a s  a  s i n g l e ,  l a r g e  f l o w  sys t em i s  c o n s i d e r e d  j u s t i f i e d .  



CONSIDERATIONS lJKEK U S I N G  THIS  PROGRAM 

Anyone p l a n n i n g  t o  u s e  t h i s  program s h o u l d  c o n s i d e r  t h e  

f ol l .owing : 

1. A sound 1:nowledge o f  f l u i d  mechan ics  and s o i l  mechan ics  

i s  ' r e q u i r e t l  t o  a p p l y  r ea1i .s  t i c  boundary  c o n d i t i o n s  and i n p u t  

p a r a m e t e r s .  

2.  A g r a p h i c  d e s c r i p t i o n  of  t h e  problem t o  be  s o l v e d  i s  

n e c e s s a r y  t o  e n a b l e  t h e  u s e r  t o  c o n s t r u c t  t h e  f i n i t e - e l a n e n t  mesh 

t h a t  s u i t a b l y  r e p r c s e : l t s  t h e  p h y s i c a l  s i t u a t i o ~ l .  

3 .  I n p u t  u n i t s  and d imens ions  f o r  t h e  s t u d y  r e g i o n  and model  

mus t  be  a c c n s i c t e n t  set of un i t - s .  Fo r  exampl.c?, i n  t h i s  s t u d v  

p r e s s u r e  i s  e x p r e s s e d  as head ( l e n g t h ) ,  p e r m e a b i l i t y  as v e l o c i t y  

( l e n g t h l t i m e )  and f l o w  a s  a v e l o c i t y  ( l e n g t h l t i m e )  . I f  "1" i s  

n s c d  f o r  t h e  d e n s i t y  o f  t h e  f l u i d  a ~ l d  v e l o c i t i e s  a r e  i n  c e n t i m e t e r s /  

t i n e ,  t h e  computed p r e s s u r e s  a r e  i n  f e e t  of w a t e r .  O r i g i n a l l y  t h e  

p rogram was d e s i g n e d  t o  u s e  o n l y  "1" a s  d e n s i t y  and u s i n g  any 

o t h e r  f i g u r e  g a v e  f l o w s  i n  mixed u n i t s .  I have  m o d i f i e d  t h e  program 

t o  u s e  d e n s i t y  i n  any u n i t s  and ,  i f  v e l o c i t y  u n i t s  a r e  c o n s i s t e n t  

w i t h  d e n s i t y  u n i t s ,  t h e  f l o w  u n i t s  w i l l  b e  c o n s j - s t e n t .  D e n s i t y  

mus t  --- NOT b e  s e t  e q u a l  t o  z e r o  a s  t h e  program l i s t i n g  s t a t e s  when 

d e n s i t y  i s  n o t  known. 

4 .  Outpu t  l i s t e d  as " T o t a l   lor^" i s  t h e  r e s u l t a n t  f l o w  

v e l o c i t y  from t h c  c e n t c r  of t h e  e l e m e n t .  



5 .  The  program al- lows no f l o w  a c r o s s  any  boundary  n o d e  of 

t h e  a r e a  e n c l o s e d  b y  t h e  mesh c ;n less  p r e s s u r e  d i s t r i b u t i o n  i s  known 

and a s s i g n e d .  Any boundary  node w i t h o u t  a  p r e s s u r e  is  c o n s i d e r e d  

impermeable .  

6. A z e r o  p r e s s u r e  may b e  a s s i g n e d  t o  any  boundary  node  

known t o  have  no p r e s s u r e  o t h e r  t h a n  a t m o s p h e r i c .  T h i s  s h o u l d  b e  

done  wi.tI-1 c a r e ,  f o r  i t  i s  p o s s i b l e  t o  open a " d r a i n "  i n  t h e  mesh 

and f l u i d  w i l l  d i s a p p e a r  from t h e  mesh.  The g r a d i e n t  inay b e  changed 

by t h i s  o p e r a t i o n  and  f l o w  move toward  t h e  "d ra . inn  from a l l  d i r e c t i o n s  

i n  t h e  mesh. 

7 .  A p r e s s u r e  may e i t h e r  b e  a s s i g n e d  t o  a n  i n t e r i o r  node  

o r  t h e  program w i l l  compute i t .  

8. I:f p r e s s u r e s  a r e  a s s i g n e d ,  c a r e  shou1.d b e  t a k e n  t o  s e e  

t h a t  t h e y  a r e  r e a l l s t i c ,  s i n c e  t h e  program f o r c e s  t h e  p r e s s u r e  

d i s t r i b u t i o n  t o  conform t o  t h o s e  s u p p l i e d  as i n p u t .  

9. The program c o n s i d e r s  a l l  m a t e r i a l  i n c l u d e d  w i t h i n  t h e  

mesh to  b e  s a t u r a t e d .  However, a  f r e e - w a t e r  s u r f a c e  may b e  e s t a b l i s h e d  

i n  t h e  mesh by making u s e  of t h e  f r e e - s u r f a c e  feature of  t h e  program,  

i n  wh ich  t h e  program d ~ t e r m i n e s  t h e  u p p e r  s u r f a c e  of t h e  s a t u r a t e d  

zone w i t h i n  a zone  s p e c i f i e d  by  t h e  u s e r .  The u s e  o f  t h e  f r e e - -  

s u r f a c e  f e a t u r e  i n v o l v e s  some l i m i t a t i o n s  and r e s t r i c t i o n s  on  

p l a c i n g  t h e  f r e e - s u r f a c e  nodes .  T h i s  f e a t u r e  was n o t  u s e d  i n  t h e  

p r e s e n t  s t u d y  and is  n o t  discussed. Kea ly  (1370) and K e a l y  and 

Busch (1971) used  t h e  program t o  l o c a t e  t h e  f r e e  s u r f a c e  and 

d e s c r i b e  t h e  a p p l i c a t i o n  w i t h  s e v e r a l  exan~pl.es.  

10. T h e r e  are f e a t u r e s  b u i l t  i n t o  t h c  program f o r  g e n e r a t i n g  



nodes ,  boundary condi  t i o i l s  and e l e a c n t s .  These f e a t u r e s  can  b e  

used  a f t e r  d e v e l o p i n g  some e x p e r i e n c e  i n  mesh c o n s t r u c t i o n  and 

car1 s a v e  c o n s i d e r a b l e  t i n e  i n  c o n s t r u c t i n g  models .  D e t a i l s  a r e  

g i v e n  i n  Appendix D .  

11. I n  a  problem w i t h  a  l a r g e  number of nodes and /o r  

e l ements  t h e r e  i s  a  p o s s i b i l i t y  of exceed ing  t h e  a l l o c a t e d  s t o r a g e  

The fo l lowi . rg  fo rmula  was o b t a i n e d  from Michael  M .  McDonald, 

r e s e a r c h  engi.neer a t  t h e  Spokane Mining Research L a b o r a t o r y ,  

U.S. Bureau of Mines,  Spokane,  and w i l l  e n a b l e  a  u s e r  t o  d e t e r m i n e  

t h e  number of words o f  s t o r a g e  r e q u i r e d ,  which must b e  l e s s  t h a n  

o r  e q u a l  t o  20,000: 

1 f  NO. o f  m a t e r i a l s )  f 6(No. o f  nodes)  f 6(No. o f  e l ements )  

4- (Maxband t imes  No. of nodes)  5 20,000 

Maxband i s  e q u a l  t o  ( h i g h e s t  node number - l o w e s t  node 

number) f 1 

12 .  A g e n e r a l  " r u l e  of  thumb" i n  d e t e r m i n i n g  t h e  e lement  

l e n g t h  t o  heigl-it r a t i o  h a s  been t o  make t h e  r a t i o  6 t o  1, o r  l e s s  

(McDonald, 1 9 7 1 ) .  I n  t h i s  s t u d y  t h e  r a t i o  was 58 t o  1 i n  t h e  u p p e r ,  

i n p u t  end of  t h e  s e c t i o n  and 25 t o  1 i n  t h e  lower o r  d i s c h a r g e  

p a r t .  T h i s  was n e c e s s a r v  t o  r educe  t h e  number of e l e m e n t s  and 

nodes  t o  t h e  poi .nt  where t h e  t o t a l  would n o t  exceed t h e  s t o r a g e  

a l l o c a t e d  by t h e  program. However, i t  i s  f e l t  t h a t  f o r  a  p r e l i m i n a r y ,  

r e c o n n a i s s a n c e  model of r e g i o n a l  s i z e  t h e  e lement  r a t i o s  used 

g i v e  a n  a d e q u a t e  r e p r e s e n t a t i o n .  A ne thod  i s  be ing  developed 



which w i l l  a l l o w  o v e r l a p p i n g  p o r t i o n s  of a s i n g l e ,  l a ] - e e  p rob l  

to b e  u s e d ,  w i t h  each  p o r t i o n  b e i n g  c a p a b l e  of u t i l i z i n g  t h e  f u l l  

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

p o r t i o n  (McDonald, 1 9 7 1 ) .  However, t h i s  method i s  n o t  deve loped  

t o  t h e  p o i n t  of b e i n g  u s a b l e  a t  p r e s e n t .  
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MEASURED IIRAD AUD CO:*IF'l!TED I-IEADS 
AT CIIECK-POlh'T KODES FOR VARIOUS INPUTS 

Computed Heads ,  f e e t  
Measured For  Annual  P r e c i p i t a t i o n  I n p u t ,  i n c h e s  

Node Head,  feet 11 14 17 2 0 2 3 
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D .  Reyno lds  
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1N-13E-32x1 J . McCar Ler 

lN-13E-32zal  Hot S p r .  Ranch 
lS-14E-9bal  J .  G a n z i e  

54 Water  T a b l e  
2  1 0  U. A r t e s i a n  

273 U .  Artesian 
240 U .  A r t e s i a n  

- - - - 
1 7 5  U. A r t e s i a n  

228 U .  A r t e s i a n  
1 9 0  LT. Ar izcs ian  

- - - - - - 2 . 2  1 8 0  - - 
50 Water T a b l e  - - 0 . 7  2  20 - - 

- - - - - - 4.4 240 1 4  5  
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2s-12E-2ddl L .  Ruby 220 U.  A r ~ e s i a n  - - 2 . 6  200 5  8 
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EQUATIONS FOR CObPUTATION OF "HITE" AVD "HEADt1 

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

"I - I IT~" and  "l iEPJ" w1;cre: 

H I T E  = h e i g h t  f o r  p o t e n t i a l  r e f e r e n c e  

HEAD = t o t a l  a v a i l a b l e  head 

To compute IIITE and  HEAD, t h e  f o l l o w i n g  e q u a t i o n s  a r e  u s e d :  

where  : 

P S I  = p e r c e n t a g e  o f  a v a i l a b l e  head a t  u p s t r e a m  node and 
downstream node 

P = p r e s s u r e  a t  u p s t r e a m  node 
U 

P = p r e s s u r e  a t  downstream node,  node p i c k e d  where  
d 

Pd = 0.0 

RO = d e n s i t j  of f l u i d  

YU = e l e v a t i o n  above datum o f  u p s t r e a m  node 

Td = e l e v a t i o n  above  datum o f  do-wnstream node .  

Then 



100.0 = P + RO (Yu - Y~)/HEAD 
u 

Solve f o r  IIELID. 



FPM500 P R O S I M  DOCUEENTATION MTD PROGRAEi LISTING 

Program Documentatj.on ----.-- 

P r o g r a ~ n  s t c ! r ~ d  on d i s k ,  U n i v e r s i t y  of  I d a h o ,  December 1969,  

s t o r e d  under  name "FLGW". 

IBM 360-40. -- 

Identification.--FPM500--Axisymmetric --- and P l a n e  Flow i n  

Porous  Media. Programmed by K. L. T a y l o r ,  U n i v e r s i t y  of C a l i f o r n i a ,  

J u l y  1968. 

l ' u r ~ o s e .  --Y11e p u r p o s e  of t h i s  co~nputc r  program i s  t o  d e t e r m i n e  -- 

p r e s s u r e s  and f l  OTJS i n  two-dimensjona.1. f  low problems ~ o v ~ r n e d  by 

~ a r c y  ' s law. Flow and p r e s s u r e  boundary c o n d i t i o n s  may b e  c o n s i d e r e d ;  

i n  a d d i t j o n ,  t h e  program h a s  f a c i l i t i e s  t o  d e t e r m i n e  t h e  l o c a t i o n  

of f r e e  s u r f a c e  bcur rda r ies .  

I n x t  Data.--The f i r s t  s t e p  i n  t h e  a n a l y s i s  i s  t o  s e l e c t  -- - 

a  f i n i t e - e l e m e n t  r e p r e s e n t a t i o n  f o r  t h e  r e g i o n  of i n t e r e s t .  I f  

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

made t o  exped i , t e  t h e  computa t ions .  Elements  and n o d a l  p o i n t s  a r e  

t h e n  n u ~ l ~ b e r c d  i n  t:,>o n u z e r i c a l  s e q u e n c e s ,  e a c h  s t a r t i n g  w i t h  one.  

The f o l l o w i n g  g roup  o f  punc.hed c a r d s  n u m e r i c a l l y  d e f i n e  t h e  r e g i o n  

t o  b e  a n a l y z e d :  

A .  I d e n t i f  i c a - t i o n  Card (12A6) . 
Columns 1 t o  G must c o n t a i n  FP1.1500. 
Columns 7 t o  7 2  of  t h i s  c a r d  c o n t a i n  i n f o r m a t i o n  t o  be  

p r i n t e d  a s  t i t l e  w i t h  r e s u l t s .  



B .  C o c t r o l  Card (GI5,hFlG. 0 , 1 5 , F 5 . 0 ) .  

Columns I t e m  Format 
1-5  Number of nodes  . . . . . . . . . . .  I 

Number of e l e m e n t s  . . . . . . . . .  I 
Number o f  m a t e r i a l s  . . . . . . . . .  I 
Number o f  f r e e  s u r f a c e  c o r r e c t i o n  
n o d e s . .  . . . . . . . . . . . . . .  I 
Type of problem . . . . . . . . . . .  - 

0  - Axisymrnetric f l o w  
1 = P l a n e  f l o w  

Number of f l o w  c a r d s  . . . . . . . .  I 
U n i t  we igh t  of f l u s d  . . . . . . . .  F  
H e i g h t  f o r  e q u i p o t e r i t i a l  r e f e r e n c e  , . F  

. . . . . . . .  T o t a l  a v a i l a b l e  head F  
. . .  F r e e  s u r f a c e  c o r r e c t i o n  f a c t o r  F  

Number of  i t e r a t i o n s  f o r  f r e e  
s u r f a c e  . . . . . . . . . . . . . . .  I 
E r r o r  t o l e r a n c e  . . . . . . . . . . .  F  

C .  M a t e r i . a l  Identification Cards  (15,ZFl.O. 0 ) .  One c a r d  
f o r  each  m a t e r i a l  (12) . 

Columns I t e m  -- Format 
. . . . . . . . . . .  1-5 l i a t e r i a i  nuriibei I 

. . . . . .  6-15 P r i n c i p a l  p e r m e a b i l i t y  1 F 
16-25 P r i n c i p a l  p e r m e a b i l i t y  2  . . . . . .  F  

The 1 a x i s  i s  measured w i t h  r e s p e c t  t o  X ( o r  R ) .  

D .  Nodal  Cards  (1 5 ,I2 ,13,31!1.0.0) . One c a r d  f o r  each  node 
w i t h  t h e  ir , f  o r raa t ion .  

Columns I t e m  -- Format 
1-5 Node . . . . . . . . . . . . . . . .  I 
6- 7 S e e  below . . . . . . . . . . . . . .  I 
8-10 Boundary c o n d i t i o n  . . . . . . . . .  I 

11--20 X ( o r  R) o r d i n a t e  . . . . . . . . . .  F  
21-30 Y ( o r  Z )  o r d i n a t e  . . . . . . . . . .  F 
31-40 F . .  . . . . . . . . . . . . . . . .  F  

I f  t h e  number i n  column 1 0  is-- 
N e g a t i v e ,  F is  t h e  amount of f l u i d  added a t  a  node. 
Zc ro ,  no I l u i d  i s  l o s t  o r  g a i n e d .  
Pos i t i \ : e ,  F i s  t h e  p r e s s u r e  a t  t h e  node.  

Nodal c a r d s  mus t  b e  i n  n u m e r i c a l  sequence .  I f  c a r d s  
a r e  o m i t t e d ,  t h e  o m i t t e d  n o d a l  p o i n t s  a r e  g e n e r a t e d  a t  
e q u a l  i n t e l - v a l s  a l o n g  a s t r a i g h t  l i n e  between t h e  
d e f i n e d  nod31 p o i n t s .  The Iloundary code and F a r e  s e t  
e q u a l  t o  z e r o .  An a u x i l i a r y  nonzero  punch i n  column 7 



c a u s e s  t h e  bounda ry  code  o f  t h e  n o d c  d e f i n e d  t o  Le 
r e p r o d u c e d  u1:til t h e  n e x t  node  i s  d e f i n e d .  F  .i.s d i s t r i b u t e d  
o n  a s t r a i g h t  l i n e  w i t h  e q u a l  i n c r e m e n t s .  

E. El-ement C a r d s  (615 ,FlO.O) .  One c a r d  f o r  eacl i  e l e m e n t .  

Columns I t e m  -- -- Forma t  
. . . . . . . . . . . . . . .  1-5 E lemen t  I 
. . . . . . . . . . . . . . .  6-10 :;ode I I 

11.-15 Node. J . . . . . . . . . . . . . . .  I 
16-20 Wode K . . . . . . . . . . . . . . .  I 
21-25 Node L . . . . . . . . . . . . . . . .  I 

. . . . . . .  26-30 ? l a t e r i a l  i d e n t i f i c a t i o n  I 
31-40 Ang le  i n  d e g r e e s  from X ( o r  R) t o  I 

d i r e c t i o n  . . . . . . . . . . . . . .  F 

E lemen t  c a r d s  m u s t  b e  i n  e l e m e n t  s e q u e n c e .  I f  e l e m e n t  
c a r d s  are o m i t t e d  , progra ia  a u t o m a t i c a l l y  g e n e r a t e s  t h e  
omi t - t ed  i n f o r m a t i o n  by i c c r e ~ n e n t i n g  t h e  n o d e  v a l u e s  
of  t h e  preceding e l e m e n t  by o n e .  The  m a t e r i a l  i d e n t i f i -  
c a t i o n  and a z g l e  a r e  t h e  same a s  t h e  p r e c e d i n g  el-merit. 
The l a s t  e l c n c n t  c a r d  must  a l w a y s  b c  s u p p l j e d .  IT_& 
maximum d i f f e r e n c e  i n  node  v a l u e s  mus t  b e  l e s s  t h ? n  23. -"-----. 
Nodal  s e q u e n c i n g  I ,  J ,  !i, and L i s  counterc! .ockwise 
a r o u n d  t h ?  cl .c .nent .  T r i2 : ?gu la r  e l ~ e n c n t s  are .  p e r m i t t e d  
by s e t t i n g  n c d e  K e q u a l  t o  node  L .  

F.  D i s t r i b u t e d  Flow C a r d s  (215 ,F lO .O) .  One c a r d  p e r  
e l e m e n t  bounda ry  where  f l o w  r a t e  is  p r e s c r i b e d .  

6-10 Node J . . . . . . . . . . . . . . .  I 
11-20 Flow r a t e  a l o n g  bounda ry  . . . . . .  F  

G. F r e e  S u r f a c e  D e s c r i p t i o n .  One c a r d  f o r  e a c h  node  whose  
p o s i t i o n  on f r e e  s u r f a c e  i s  unknown. 

Columns I tm - - - -- -- -- - -- Format  -- 
1-5 Node nuxiber . . . . . . . . . . . . .  1 
6-15 C o r r e c t i o n  d i r e c t i o n  i n  d e g r e e s  w i t h  

r e s p e c t  t o  x - a x i s  . . . . . . . . . .  F  

H. O u t p u t  1 n f o r n a t i . o ~ .  The  f o l l o w i n g  i n f o r m a t i o n  i s  
developed and  p ~ i n t e d  by t h e  program:  

1. R e p r i n t  of  i n p u t  d a t a .  
2 .  Nodal  p o i n t  p r e s s u r e s  a n d  eq l~ i . po  t e n t i a l  v a l u e s .  
3 .  E l e n e ~ ~ t  f l o w  r a t e s  a t  t h e  c e n t e r  cf e a c h  e l e m e n t .  
4 .  F o r  f r e e  s u r f a c e  p r o b l e n s  each  mesh c o r r e c t ~ i o n  i s  

p r i n t c d  a f t e r  e a c h  i.. ';eration. 
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