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INTRODUCTION

The o b je c t iv e  o f  t h is  s tu d y  was to  re v ie w  th e  c u r re n t  s ta te  o f  

th e  a r t  in  r u r a l  w a te r system  te c h n o lo g y . T h is  was to  be accom plished 

by a l i t e r a t u r e  re v ie w  o f  th e  W ater Resources S c ie n t i f i c  In fo rm a t io n  

C en te r (WRSIC), N a t io n a l T e c h n ic a l In fo rm a t io n  S e rv ic e  (N T IS ), and 

S m ithson ian  S c ience  In fo rm a t io n  Exchange (S S IE ). T h is  l i t e r a t u r e  search 

was to  be augmented by in te rv ie w s  w i th  c o n s u lt in g  e n g in e e rs , o p e ra tin g  

system  managers and in d u s t r i a l  l i t e r a t u r e .  Bo th  g roundw ater and s u rfa c e  

w a te r te c h n o lo g y  was to  be re v ie w e d . The te ch n o lo g y  was then  to  be 

grouped in to  fo u r  c la s s e s : (1 ) c u r re n t  te c h n o lo g y , (2 ) te ch n o lo g y  w h ich 

has been deve loped , b u t n o t c u r r e n t ly  b e in g  used, (3 ) techno logy  under 

developm ent w h ich  lo o k s  p ro m is in g , and (4 ) re se a rch  needed. A f te r  the  

searches were conduc ted , i t  became fe a s ib le  to  combine group (2) and 

(3 ) in to  one group e n t i t le d  te c h n o lo g y  under developm ent b u t n o t f u l l y  

u t i l i z e d .

The l i t e r a t u r e  searches began w ith  th e  WRSIC F i le .  A re v ie w  o f  the 

d e s c r ip to rs  a p p lic a b le  to  t h is  area was sen t by phone to  th e  SWRIC 

C ente r in  R a le ig h , N. C. Out o f  th e  s e v e ra l hundred thousand a b s tra c ts  

on f i l e ,  we re c e iv e d  212 a b s tra c ts  th a t  p e r ta in  to  r u r a l  w a te r system s.

A re v ie w  o f  these  a b s tra c ts  re v e a ls  th a t  most f a l l  in to  th re e  main 

c a te g o r ie s .  Over tw o - th ir d s  o f  these  a b s tra c ts  a re  p lans  o r  ex p os t 

fa c to  s tu d ie s  o f  s u c c e s s fu l systems o f  r u r a l  o r suburban w a te r , o th e r  

non te c h n ic a l a n d /o r  u n re la te d  to p ic s ,  o r  waste w a te r o r ie n te d .  These 

were d e le te d  s in c e  t h e i r  a b s tra c ts  showed no useab le  te c h n o lo g y . The 

second c a te g o ry  were d e s ig n , o p e ra t io n  and m a in tenance , and in s t i t u t io n a l
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o rg a n iz a t io n  m anua ls. The t h i r d  c a te g o ry  was p la n n in g  and f e a s i b i l i t y  

te c h n o lo g y  r e p o r ts .

The n e x t a re a  o f  l i t e r a t u r e  sea rch  was SSIE to  id e n t i f y  c u r re n t  

re s e a rc h  a p p lic a b le  to  r u r a l  a re a s . T h is  sea rch  re v e a le d  th a t  a 

l im i t e d  amount o f  re s e a rc h  was b e in g  d ire c te d  s p e c i f i c a l l y  to  r u r a l  

w a te r system s. The s t r u c tu r e  o f  th e  d e s c r ip to rs  and th e  b re a ko u t o f  

t h e r u r a l  w a te r  system  te c h n o lo g y  p re v e n ts  a com ple te  a n a ly s is  o f  a l l  

te c h n o lo g ie s  w i th in  th e  scope o f  t h is  p r o je c t .  S ince  r u r a l w a te r had 

been a d a p tin g  te c h n o lo g ie s  f o r  i t s  use f o r  y e a rs , i t  is  ve ry  l i k e l y  t hat 

re s e a rc h  i s  b e in g  done th a t  may be a p p lic a b le  to  r u r a l  system s w ith o u t  

b e in g  d e s c r ib e d  as i t s  pu rpose .

A lo g ic  s t r u c tu r e  was d e v ise d  in  b o th  SSIE and NTIS w h ich  looked  a t  

each te c h n o lo g ic a l a sp e c t (such as tre a tm e n t,  d i s t r ib u t i o n ,  p la n n in g , 

e t c . ) .  Each o f  these  ca g e g o rie s  produced la rg e  numbers o f  a b s tra c ts  in  

th e  f i l e .  These were s t a t i s t i c a l l y  sampled w i th  n e g a tiv e  r e s u l t s .  Each 

f i l e  o f  a b s t ra c ts  were then  searched f o r  r u r a l  a n d /o r  s m a ll community 

c la s s i f ic a t io n s  w i th  n e g a tiv e  r e s u l t s  in  SSIE. The te c h n o lo g y  th a t  was 

id e n t i f i e d  in  SSIE was, soc io -e co n o m ic  in  n a tu re  o r  la rg e  s tu d ie s  on 

th e  q u a l i t y  o f  l i f e  in  r u r a l  a reas and t h e i r  needs.

The NTIS f a i le d  to  re v e a l any o th e r  te c h n o lo g y  o th e r  than  th a t  

p re v io u s ly  d e s c r ib e d  o r  s ta n d a rd  te x ts  on the  s u b je c ts  l i s t e d .  A re v ie w  

o f  o th e r  l i t e r a t u r e  re v e a le d  s e v e ra l o th e r  te c h n o lo g ie s  th a t  a re  a v a i l ­

a b le  f o r  use (Wood, 1974; R ic e , 1974). One is  a d i s t r i b u t io n system 

model f o r  n e tw o rk  d e s ig n  and the  o th e r  i s  an ex p os t fa c to  e v a lu a t io n  

o f  a r u r a l  system . T h is  re v ie w  does n o t in c lu d e  th e  s ta n d a rd  te x t  books 

on w a te r e n g in e e r in g  s in c e  they  a re  p r im a r i ly  fo r  m a jo r system s. They 

do have re fe re n c e s  to  s m a lle r  system s, b u t they  are  p r im a r i ly  used f o r  

te a c h in g  and re fe re n c e  m a te r ia l f o r  p r a c t ic in g  e n g in e e rs .
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GROUNDWATER

INTRODUCTION

G roundw ater composes 97 p e rc e n t o f  th e  w o r ld 's  f re s h  w a te r s u p p ly ; 

o n ly  3 p e rc e n t i s  s u r fa c e  w a te r .  In  re c e n t yea rs  g roundw ate r s u p p lie d  

abou t o n e - f i f t h  o f  a l l  w a te r used in  th e  U n ite d  S ta te s .  T h is  r a t i o  o f  

g roundw a te r to  t o t a l  w a te r  use v a r ie s  w id e ly  from  one re g io n  to  a n o th e r, 

w i th  th e  g re a te s t  g roundw a te r use b e in g  in  th e  c e n t r a l  and w e s te rn  s ta te s .  

Arkansas in  1970 f o r  exam ple, o b ta in e d  77 p e rc e n t o f  r u r a l  w a te r s u p p lie s  

from  g ro u n d w a te r, w h ile  th e  nea rby s ta te s  o f  L o u is ia n a , New M exico ,

Oklahoma and Texas averaged 70 p e rc e n t.  These f ig u r e s  r e la te  to  a l l  

r u r a l  w a te r used in c lu d in g  th a t  f o r  l iv e s to c k ,  b u t i f  we c o n fin e  our 

usage to  o n ly  r u r a l  d o m e s tic , th e  f ig u r e  f o r  g roundw ate r approaches an 

amazing 98 p e rc e n t o f  th e  t o t a l  w a te r consum ption (S c a lt  e t  a l .  1973).

A lth o u g h  g roundw ate r i s  n o t an u n l im ite d  re s o u rc e , w ith  p ro p e r g e o lo g ic  

e n g in e e rin g  and management s tu d ie s  a dependable and r e la t i v e ly  econom ical 

s u p p ly  can be deve loped in  many r u r a l  a re a s , where o f te n  th e  f i r s t  in c l in a ­

t io n  i s  to  deve lop  a s u r fa c e  source  o f  w a te r .

Not o n ly  i s  g roundw ater o f te n  le s s  c o s t ly  th a n  s u r fa c e  w a te r , b u t i t  

i s  f r e q u e n t ly  more d e s ira b le .  I t  i s  o f te n  more e a s i ly  a v a i la b le  and can 

be found a t  g re a t d is ta n c e s  from  s trea m s, la k e s ,  and r e s e r v o ir s ,  thus 

a llo w in g  some f l e x i b i l i t y  in  lo c a t in g  th e  p o in t  o f  use. I t  a ls o  has the  

advantage o f  h a v in g  a f a i r l y  c o n s ta n t tem p era tu re  and chem ica l q u a l i t y .

The f i r s t  s te p  in  p la n n in g  is  to  a p p ra is e  the  s p e c i f ic  w a te r r e q u ire ­

m ents. I t  i s  necessary  to  know, f o r  exam ple, w h ich  chem ica ls  can be t o le r ­

a ted  in  th e  w a te r and in  what q u a n t i t ie s .  The amount o f  w a te r to  be used
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pe r day and th e  peak d a i ly  usage must be known, a lo n g  w i th  a n t ic ip a te d  

in c re a s e s  due to  fu tu r e  expa ns io n . I t  i s  th e n  nece ssa ry  to  c o n s id e r 

w a te r  s u p p ly  sou rces w h ich  w i l l  meet th e  proposed re q u ire m e n ts . The 

b a s ic  c r i t e r i a  to  be c o n s id e re d  a re  q u a n t i t y ,  q u a l i t y ,  and c o s t o f  w a te r.

U s u a lly ,  th e  q u a n t i ty  o f  w a te r  a v a i la b le  from  a g iv e n  source  i s  th e  

most b a s ic  c o n s id e ra t io n .  I n  t h is  re g a rd ,  fu tu r e  p o s s ib i l i t i e s  must n o t 

be n e g le c te d : com peting  w a te r use rs  o r  d ro u g h ts , among o th e r  f a c to r s ,  may 

s e v e re ly  l i m i t  th e  q u a n t i ty  o f  w a te r a v a i la b le  i n  th e  fu tu r e .

The q u a l i t y  o f  w a te r  can a ls o  be an im p o r ta n t a spe c t in  many cases.

For exam ple, i f  th e  s u p p ly  i s  to  be o b ta in e d  from  a r i v e r ,  i t  i s  h e lp fu l  

to  know th e  a n t ic ip a te d  seasona l changes in  th e  q u a l i t y ,  as w e l l  as th e  

q u a n t i t y ,  o f  th e  w a te r . C om para tive  c o s ts  must be co n s id e re d  when more 

than  one sou rce  o f  w a te r i s  a v a i la b le .  I t  may then be necessary  to  d e te r ­

mine w h ich  o f  th e  v a r io u s  sources a v a i la b le  w i l l  p ro v id e  the  mos t  r e l ia b le ,  

mos t  s u i ta b le  s u p p ly  o f  w a te r a t  the  le a s t  c o s t .

GROUNDWATER SUPPLY INVESTIGATIONS

A f te r  th e  w a te r  s u p p ly  re q u ire m e n ts  have been e va lu a te d  and the  fe a s i­

b i l i t y  o f  deve lopm ent o f  a g roundw a te r sou rce  i s  in d ic a te d ,  a c a r e fu l 

in v e s t ig a t io n  sh o u ld  be made by an e xp e rie n ce d  g roundw ate r h y d r o lo g is t .

An o r d e r ly  approach is  e s s e n t ia l in  in v e s t ig a t in g  a g roundw ater s u p p ly , 

s in c e  an im p ro p e r approach can r e s u l t  in  f a i l u r e  to  s e le c t  the  optimum 

lo c a t io n s  f o r  p ro d u c tio n  w e lls  and, u l t im a t e ly ,  i n e f f i c i e n t  d e s ig n . Such 

e r ro rs  may cause e i th e r  an o v e r ly  o p t im is t ic  o r  p e s s im is t ic  e v a lu a t io n  o f  

th e  w a te r  s u p p ly  p o te n t ia l .

The ta b le  below  i l l u s t r a t e s  th e  v a r io u s  phases in  g roundw ate r in v e s t i ­

g a t io n s  and th e  d i f f e r e n t  s tages  f o r  t h e i r  u n d e rta k in g :



T a b le  I

PHASES OF GROUNDWATER SUPPLY INVESTIGATIONS

R econna issance
Survey
E x p lo ra t io n

T e s t in g
Development

Phase I

Phase I I

D es ign  and I n s t a l l a t i o n
Management -  M a in tenance -  R e h a b i l i ta t io n Phase I I I
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Phase I  -  R econna issance, Survey and E x p lo ra t io n  

(C u rre n t Techno logy)

The a p p ra is a l o f  th e  g roundw ate r p o te n t ia l  i n an area re q u ire s  an 

u n d e rs ta n d in g  o f  th e  n a tu re  and o c cu rre n ce  o f  w a te r -b e a r in g  fo rm a tio n s  

in  th e  fo rm  o f  g e o lo g ic  and h y d ro lo g ic  d a ta . U s u a lly ,  a la rg e  amount 

o f  in fo rm a t io n  can be c o l le c te d  in  a v e ry  s h o r t  t im e , s in c e  th e re  

o f te n  i s  e x is t in g  in fo rm a t io n  such us lo g s  o f  nearby w a te r w e lls .  These 

lo g s  can p ro v id e  g e n e ra l d a ta  re g a rd in g  th e  th ic k n e s s ,  d e p th , and type  

o f  a q u ife rs  in  th e  a re a . The c o l le c te d  da ta  can i n d ic a te  a range o f 

p o s s ib le  w e l l  y ie ld s  and th e  re q u ire d  dep th  and d ia m e te r o f  th e  w e lls .

In  some cases, th e  p e rm e a b i l i ty  o f  a q u ife rs  can be e s tim a te d  on th e  b a s is  

o f  th e  p r e l im in a r y  d a ta .

In fo rm a t io n  re g a rd in g  th e  q u a l i t y  o f  g roundw a te r i s  u s u a lly  a v a i l ­

a b le  fro m  s ta te  o r  lo c a l  departm en ts  o f  h e a lth  o r  from  m u n ic ip a l w a te r 

a g e n c ie s . The re ch a rg e  o f  a q u ife rs  can be e s tim a te d  by s tu d y in g  th e  

r e la t io n s h ip  between s u r fa c e  w a te r and g roun dw a te r, th e  lo c a l  g eo log y , 

and th e  i n f i l t r a t i o n  c h a r a c te r is t ic s  o f  th e  s u r fa c e  s o i ls .

F in a l l y ,  s ta te  o r  lo c a l  law s o r o rd in a n ce s  a f fe c t in g  groundw ater 

must a ls o  be checked. In  some s ta te s ,  p e rm its  a re  re q u ire d  to  d r i l l  

w a te r w e l ls  and to  pump la rg e  q u a n t i t ie s  o f  w a te r from  a q u ife r s .

Comprehensive tre a tm e n t o f  methods and te ch n iq u e s  o f  groundw ater 

in v e s t ig a t io n  have been deve loped by th e  U n ite d  N a tio n s  Economic Commission 

f o r  A s ia  and th e  Far East (UNESCO, 1967). In  p a r t ic u la r  th e  UNESCO 

re p o r t  c o n c e n tra te s  on procedures fo r  f i e l d i n v e s t ig a t io n s .

(Techno logy under Development b u t Not F u l ly  U t i l iz e d )

Remote se n s in g  te ch n iq u e s  have been q u i te  w id e ly  used f o r  g round- 

w a te r reconn a issan ce  and e x p lo ra t io n .  The f i r s t  com prehensive symposium
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on th e  p r a c t ic a l  a p p l ic a t io n  o f  e a r th  re so u rce s  s u rve y  da ta  w i th  g e n e ra l 

a p p l ic a t io n  to  g roundw a te r e x p lo r a t io n  was p ro v id e d  by th e  NASA E a rth  

Resources Survey Symposium (NASA, 1975).

In  c h ro n o lo g ic a l o rd e r ,  th e  deve lopm ent o f  rem ote se ns ing  o f  g round- 

w a te r s t a r t s  w i th  a e r ia l  pho tog ra phy  and advances to  s a t e l l i t e  da ta  

i nte rpre ta tion . M ollard (1970) summarized the  s t a t e- o f - t h e- a r t  usage 

o f  b la c k  and w h ite  p h o to g ra p h ic  d a ta  as an a id  to  th e  id e n t i f i c a t io n  o f  

p re v io u s ly  unknown sources o f  g roun dw a te r. H ine  (1970) p ro v id e d  f r a c ­

tu re  t ra c e  m apping as a t o o l  f o r  g roundw ate r e x p lo r a t io n .  Sonderegger 

(1970) used c o lo r  and c o lo r  IR  pho tog raphy  f o r  f r a c tu r e  t ra c e  mapping 

in  Alabama and f o r  th e  lo c a t io n  o f  h ig h  y ie ld  w e l ls .  Abde l -  Hady and

Karbs (1971) have shown th e  a p p l ic a t io n  f o r  th e rm a l IR  im agery f o r  rem ote
\

se n s in g  and s u rv e y in g  th e  dep th  to  th e  w a te r  ta b le .  A su rvey  o r  rem ote 

se n s in g  te c h n iq u e s  from  th e  f i r s t  E a rth  Resources Technology S a t e l l i t e  

was p ro v id e d  by D eutsch (1 9 7 4 ).

(Research Needed)

Remote se n s in g  a p p lic a t io n s  f o r  g roundw ate r in v e s t ig a t io n s  have 

r e c e n t ly  been summarized by Moore and Deutsch (1 9 7 5 ). S a t e l l i t e  im agery 

and s p e c i f i c a l l y  rem ote se n s in g  te c h n o lo g y  o f fe r s  an o p p o r tu n ity  to  a p p ly  

new te c h n iq u e  in  g roundw ater re co n n a issa n ce , su rvey  and e x p lo ra t io n .  

P o te n t ia l  e x is ts  f o r  lo c a t in g  new a q u ife r s ,  s tu d y  a q u ife r  recharge and 

d is c h a rg e , e s t im a te  g ro undw a te r pumpage f o r  i r r i g a t i o n ,  p r e d ic t  a q u ife r  

management p rob lem s, and to  m o n ito r  p o l lu t io n .  Work needs to  c o n tin u e  

in  t h is  a rea  to  deve lop  rem ote se ns ing  to  i t s  f u l l  p o te n t ia l  as a to o l  

f o r  g roundw ate r e x p lo ra t io n .

Research in  e x p lo ra t io n  te ch n iq u e s  in  th e  su b su rfa ce  and o u t in  

space has re c e iv e d  c o n s id e ra b le  em phasis. B o reho le  geophys ics  has
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become more and more s o p h is t ic a te d  in  a tte m p ts  to  e x t r a c t  g re a te r  q u a n t i­

t ie s  and more a c c u ra te  in fo rm a t io n  from  in c re a s in g ly  c o s t ly  d r i l l  h o le s .

In  a d d it io n ,  re s e a rc h e rs  c o n tin u e  to  s tu d y  th e  use o f  s u r fa c e  geophysics 

te c h n iq u e s , such as e a r th  r e s i s t i v i t y ,  to  map g roundw ate r r e s e rv o ir s  and 

thus  e l im in a te  some o f  th e  expens ive  te s t  d r i l l i n g .  A c ro ss  s e c t io n  o f  

such s tu d ie s  in c lu d e d  those  by Brown (1 9 7 1 ), C a r tw r ig h t  and Sherman (1 9 7 2 ), 

F r o h l ic h  (1 9 7 3 ), H a ckb a rth  (1 9 7 1 ), Huber and Adams (1 9 7 1 ), Keys and 

MacCary (1971, 197 3 ), MacCary (1 9 7 1 ), M e rke l (1 9 7 2 ), M e rke l and Kam inski 

(1 9 7 2 ), and N o r r is  (1 9 7 2 ).

The g e o p h y s ic a l o r  ground e x p lo ra t io n  te c h n iq u e  f o r  groundw ater 

e x p lo ra t io n  have been summarized by Zohdy e t  a l .  (1 9 7 4 ). The a p p lic a ­

t io n  o f  s u r fa c e  geophys ics  to  g roundw ater in v e s t ig a t io n s  covers  

e l e c t r i c a l ,  s e is m ic , g r a v i t y ,  and m agne tic  m ethods. In  c h ro n o lo g ic a l 

o rd e r ,  re c e n t s p e c i f i c  a p p lic a t io n s  fo l lo w .  M e rke l and L a v in  (1972) 

e v a lu a te  g e o p h y s ic a l te c h n iq u e s  f o r  e v a lu a t in g  g roundw ate r p o l lu t io n  

problem s in  P e n n s y lv a n ia . G e o e le c tr ic a l te ch n iq u e s  were used by F ro h lic h  

(1973, 1974) to  lo c a te  a q u ife rs  in  g la c ia l  d e p o s its  in  M is s o u r i.  An 

upda te and s u c c e s s fu l a p p l ic a t io n  o f  e le c t r i c a l  re s i s t i v i t y  methods  was 

p ro v id e d  by M in n in g  (1 9 7 3 ). The im portance  o f  g e o p h y s ic a l mapping in  

g roundw ate r s tu d ie s  was r e c e n t ly  d e f in e d  by Adams e t  a l .  (1 9 7 5 ).

Phase I I  -  T e s t in g  and Development 

(C u rre n t Techno logy)

An e x p lo ra t io n  b o r in g  program  may be needed to  id e n t i f y  th e  cha r­

a c t e r is t i c s  o f  th e  a q u ife rs  and to  o b ta in  p re l im in a ry  w e l l  des ign  d a ta .

The b o r in g s  shou ld  be s u p e rv is e d  by a q u a l i f ie d  g roundw ater h y d ro lo g is t  

and sh o u ld  p r e fe ra b ly  be d r i l l e d  by th e  w a te r w e l l  c o n t ra c to r  who w i l l  

s u b se q u e n tly  i n s t a l l  th e  w e lls .
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To p ro v id e  in fo rm a t io n  re g a rd in g  th e  n a tu re  and occu rre n ce  o f  w a te r­

b e a r in g  fo rm a t io n s ,  samples o f  th e  s t r a ta  p e n e tra te d  by th e  b o r in g s  a re  

c o l le c te d  and a n a lyze d . W ater samples o b ta in e d  by pumping from  a q u ife rs  

a re  a n a lyze d  to  e v a lu a te  g roundw ate r q u a l i t y .  The d a ta  o b ta in e d  a re  used 

to  r e f in e  th e  e a r l i e r  e s tim a te s  o f  g roundw a te r adequacy and to  s e le c t  

fa v o ra b le  lo c a t io n s  f o r  te s t  and p ro d u c tio n  w e l ls .

A f t e r  th e  e x p lo r a t io n  program  has been com p le ted , one o r  more te s t  

w e lls  can be des igned  and in s ta l le d  a t  lo c a t io n s  s e le c te d  on the  b a s is  

o f  d a ta  o b ta in e d  from  th e  t e s t  b o r in g s .

To measure th e  h y d r a u l ic  c h a r a c te r is t ic s  o f  th e  w e l l  and th e  a q u ife r ,  

two types  o f  pumping te s ts  a re  conducted . In  th e  s te p  drawdown t e s t ,  

a w e l l  i s  pumped a t  v a r io u s  r a te s ,  and th e  w a te r le v e l  drawdown is  meas­

ured to  e v a lu a te  th e  e f f i c ie n c y  o f  th e  w e l l .  T h is  p ro v id e s  in fo rm a tio n  

u s e fu l in  th e  f i n a l  d e s ign  o f  p ro d u c tio n  w e lls .  N e x t, a c o n s ta n t pump­

in g  r a te  t e s t  measures th e  h y d ro lo g ic  c o e f f ic ie n ts  o f  the  a q u ife r .  These 

c o e f f ic ie n ts  a re  used to  e v a lu a te  th e  a q u i f e r ’ s a b i l i t y  to  s to re  and 

t ra n s m it  w a te r .

The combined r e s u l t s  o f  these  pumping te s ts  c o n t r o l  th e  des ign  o f  

w e l ls ,  th e  s e le c t io n  o f  pumping equ ipm ent, and th e  r a te  o f  pumping b e s t 

s u ite d  to  th e  w e l l .  The pumping te s ts  a ls o  se rve  in  s e le c t in g  th e  o p t i -  

mum sp a c in g  o f  th e  w a te r w e lls  so th a t  pumping from  one w e l l  does no t 

a d v e rs e ly  lo w e r th e  w a te r  le v e l  i n  a n o th e r w e l l .  The pumping t e s t  da ta  

can be used in  c e r ta in  com puter program s f o r  e v a lu a t in g  th e  lo n g - te rm  

adequacy o f  th e  g roundw ate r s u p p ly  and the  e f fe c ts  o f  pumping.

A b a s ic  manual in te n d e d  to  se rve  as in s t r u c t io n s  and gu idance to  

f i e l d  p e rs o n n e l engaged in  th e  c o n s t ru c t io n  o p e ra t io n  and m aintenance o f  

sm a ll d ia m e te r, r e la t i v e l y  s h a llo w  w e l ls ,  used p r im a r i ly  f o r  in d iv id u a l
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o r  s m a ll community w a te r s u p p lie s  has been p ro v id e d  by G ibson and S inge r 

(1 9 7 1 ).

(Techno logy Under Development b u t Not F u l ly  U t i l iz e d )

In  most cases, th e  pumping te s t  o f  a w e l l  i s  made s im p ly  to  "see 

what s h e ' l l  d o ."  What i s  n o t re co g n ize d  by most d r i l l e r s  is  th a t  an accu r­

a te  t e s t  o f  a w a te r w e l l  in  advance o f  pump purchase w i l l  more than pay 

f o r  i t s e l f  in  sav ings  th a t  can be made in  th e  s e le c t io n  o f  the  p rope r 

pump and in  the  re d u c t io n  in  energy -  power c o s ts . More im p o r ta n t ly  p rop­

e r ly  p lanned and c a r e fu l ly  conducted te s ts  re v e a l im p o rta n t fa c ts  about 

th e  groundw ater  a q u ife r ,  in fo rm a t io n  th a t  cannot be determ ined r e l ia b ly  

by any o th e r  means.

Johnson (1966) p ro v id e s  a summary o t t e s t in g  techn iques  fo r  w e lls  

and B re d e h o e ft (1965) has re co g n ize d  the  need f o r  u s ing  a v a ila b le  tech ­

n o lo g y  f o r  im p ro v in g  te s t in g  te c h n iq u e s .

G roundwater h y d ra u lic s  has re c e iv e d  a t te n t io n  w ith  m a jo r c o m p ila t io n s  

o f  th e o ry  p re se n te d  by Johnson (1 9 7 2 ), Lohman (1972 ), S c h ic h t (1972 ), and 

S ta llm a n  ( 197 1 ). Advanced th e o r e t ic a l  ana lyses were com pleted by Bostock 

(1 9 7 1 ), Moanch (1 9 7 1 ), N aw rocki (1 9 7 1 ), and Papadopulos (1973 ). Lohman 

e t a l .  (1 9 /2b ) p repa red  a g lo s s a ry  p ro v id in g  r e d e f in i t io n  o f  many ground- 

w a te r t e r ms.

The tim e  re q u ire d  to  deve lop  a w e l l  depends on th e  c h a r a c te r is t ic s  

o f  th e  aq u i f ie r .  Development w ork i s  e s s e n tia l  to  p ro p e r ly  com plete a 

w a te r we l l .  I t  produces th e  fo l lo w in g  r e s u lts :

1. C leans ou t d r i l l i n g  mud— n a tu r a l o r  added— from  th e  fo rm a tio n .

2. In c re a se s  p o r o s i ty  and p e rm e a b il i ty  o f  the  a q u ife r  in  th e  w e ll  
v i c i n i t y  by rem oving th e  f in e s  a d ja ce n t to  the  screen .
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3. Reduces sand in f lo w  and m aintenance c o s ts .

Time spen t i n  w e l l  deve lopm ent i s  neve r w asted .

(Research Needed)

B re d e h o e ft (1976) has in d ic a te d  th a t  q u a n t i ta t iv e  groundw ater 

a q u ife r  m odels have been deve loped and so lv e d  th a t  a re  more complex 

and com prehensive th a n  o u r a b i l i t y  to  d e s c r ib e  th e  system  param ete rs . 

Research i s  needed to  deve lop  new te s t in g  methods and procedures fo r  

a c c u ra te ly  d e te rm in in g  param ete r i d e n t i f i c a t io n .  T h is  i s  p a r t ic u la r ly  

t ru e  in  e v a lu a t in g  th e  e n v iro n m e n ta l im pacts  o f  u s in g  g roundwa te r  source 

s u p p lie s  i n  w h ic h  ch e m ica l re a c t io n  r a te s ,  d is p e rs io n ,  and lo c a l  con­

c e n t ra t io n s  a re  deemed im p o r ta n t .

Phase I I I  D es ign  and I n s t a l la t i o n ,  Management, M a in tenance , and R e h a b il i
t a t io n

(C u rre n t Techno logy)

P ro d u c tio n  w e lls  a re  des igned  a c c o rd in g  to  th e  pumping te s t  r e s u lt s  

and fo rm a tio n  c h a r a c te r is t ic s .  The c o s t o f  p ro p e r d e s ig n , h ig h - q u a l i t y  

m a te r ia ls ,  c o r re c t  in s t a l l a t i o n ,  and developm ent i s  re p a id  many tim es 

o ve r because o f  th e  r e s u l t in g  lo w e r c o s ts  o f  lo n g - te rm  pumping. C lose 

a t te n t io n  to  d r i l l i n g  te c h n iq u e s , methods o f  s e t t in g  w e l l  s c re e n s , and 

d e v e lo p in g  th e  w e l ls  can make th e  d i f fe r e n c e  between a m ediocre w e l l  and 

an e x c e l le n t  w e l l .  Each p ro d u c tio n  w e l l  shou ld  be te s t  pumped upon com­

p le t io n .

Records o f  w a te r le v e l  changes and q u a n t i t i es o f  w a te r pumped from  

each w e l l  sh o u ld  be m a in ta in e d  so th a t  m aintenance and r e h a b i l i t a t io n  o f 

w e lls  (Phase IV ) can be p e rfo rm ed , i f  re q u ire d  a t  some fu tu re  d a te .

B a s ic  d e s ig n  and in s t a l la t i o n  in fo rm a t io n  on w e l ls ,  pumping system s, 

and r u r a l  g roundw a te r system  a c c e s s o rie s  a re  summarized in  Johnson (1966)
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and more re c e n t ly  by G ibb (1973) and Romano (1 9 7 5 ). Types o f  w e l ls ,  

c o n s t ru c t io n ,  deve lopm ent and c o s ts  a re  d e s c r ib e d .

P e te rs  (1972) has shown th a t  g roundw ate r management demands an 

u n d e rs ta n d in g  o f  th e  g e o lo g ic  h is to r y  and s t r u c tu r e  o f  th e  b a s in ,  and 

o f  i t s  w a te r c a r r y in g  and w a te r s to ra g e  c h a r a c te r is t ic s .  I t  demands 

an u n d e rs ta n d in g  o f  th e  h y d ro lo g ic  reg im e under average and extrem e 

c o n d it io n s  o f  w a te r  s u p p ly  and th e  e f fe c ts  o f  a r t i f i c i a l  recha rge  upon 

th a t  reg im e . G roundw ater management demands s u f f i c i e n t l y  d e ta i le d  da ta  

and methods to  s u p p o rt s a l in e  w a te r b a r r ie r s ,  a r t i f i c i a l  re c h a rg e , and 

p r o te c t io n  from  p o l lu t io n .

T o g e th e r, g e o lo g ic  and h y d ro lo g ic  da ta  c o n t r ib u te  to  th e  development 

o f  a m a th e m a tica l model o f  th e  b a s in . When v e r i f i e d ,  a q u a n t i ty  model 

w i l l  p r e d ic t  w a te r le v e ls  under v a r io u s  p la n s  o f  g roundw ater management. 

B re d e h o e ft (1976) has p re se n te d  an e x c e l le n t  summary o f  g roundw ater 

h y d ro lo g y  models deve loped  ove r th e  la s t  40 y e a rs .

Techno logy under Development b u t Not F u l ly  U t i l iz e d )

1) A q u ife r  E v a lu a tio n  -  Even i f  a s in g le  w a te r w e l l  p roves i n i t i a l l y  

th a t  th e  a q u ife r  i t  taps  can su p p ly  c u r re n t  w a te r demands, th e re  is  a 

d e f in i t e  need to  in v e s t ig a te  th e  a q u i f e r ’ s c a p a b i l i t y  o f  s u p p ly in g  w a te r 

o n  a  lo n g - te r m  b a s is . Th is  is  a n  important element o f good water supply 

management p la n n in g .

F o r tu n a te ly ,  th e  adequacy o f  a g roundw ater s u p p ly  can be r e a l i s t i c a l

l y  a p p ra ise d  in  a r e la t i v e ly  s h o r t  t im e . U n lik e  a s tream , whose 

d e p e n d a b il i ty  to  s u p p ly  w a te r  must be e v a u la te d  on th e  b a s is  o f  lo ng  years  

o f  c o n t in u o u s ly  reco rded  f lo w  m easurements, a w a te r s u p p ly  from  an 

a q u ife r  can be q u a n t i t a t iv e ly  e va lu a te d  in  l i t t l e  more than  th e  le n g th  

o f tim e re q u ire d  to  pe rfo rm  the  necessary  e x p lo ra t io n  and te s t in g  programs
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The d r i l l i n g  o f  s e v e ra l e x p lo r a t io n  b o r in g s  i s  needed to  map the 

a q u i fe r :  to  d e f in e  i t s  th ic k n e s s ,  c o m p o s itio n , e x te n t ,  b o u n d a rie s ,

and th e  q u a l i t y  o f  w a te r  i t  c o n ta in s .  A t one o r  more fa v o ra b le  s i t e s ,  

w e l ls  a re  d r i l l e d  and com ple ted  to  te s t  th e  a q u ife r .  The w e lls  a re  

th e n  pumped a t  a c o n s ta n t r a te  w h ile  w a te r le v e ls  i n  th e  a q u ife r  are 

measured in  nea rby o b s e rv a tio n  w e l ls .  Data reco rded  d u r in g  these te s ts  

a re  used to  compute th e  a q u i f e r ’ s c o e f f ic ie n ts  o f  t r a n s m is s ib i l i t y  and 

s to ra g e . These pa ram ete rs  a re  needed to  p ro p e r ly  e v a lu a te  the  a q u ife r .

2) D ata C o l le c t io n  -  I t  i s  im p o r ta n t th a t  th e  c o l le c t io n  o f  da ta  on 

a g roun dw a te r s u p p ly  be c o n tin u e d  lo n g  a f t e r  th e  e x p lo ra t io n  and te s t in g  

program s have been com p le ted . A f t e r  the  w e lls  have been p laced  in to  

p ro d u c t io n ,  re c o rd s  o f  w a te r le v e ls  and pumpage volumes shou ld  be m ain- 

ta in e d ;  and ch e m ica l a n a lyse s  o f  th e  g roundw ate r shou ld  be made p e r io d ­

i c a l l y .  F u tu re  re c o rd s  o f  w a te r le v e ls  and pumpages w i l l  be u s e fu l in  

v e r i f y in g  o r  r e -e v a lu a t in g  th e  o r ig in a l  e s tim a te s  o f  lo n g - te rm  ground- 

w a te r adequacy. Chem ical a n a ly s is  d a ta  se rve  to  check on c o n ta m in a tio n  

th a t  may be o c c u r r in g  so th a t  p re v e n tiv e  measures can be taken  to  a l le v ia te  

any d e te r io r a t io n  in  the  w a te r  q u a l i t y .  H ickey (1972) has summarized some 

o f  th e  im p o r ta n t c o n s id e ra t io n s  in  th e  p rocess o f  d e s ig n in g  a groundwater 

d a ta  c o l le c t io n  program . W in te r  (1972) suggested th a t  th e  d e s ig n  o f  a 

w a te r in fo rm a t io n  o r  b a s ic  d a ta  systems shou ld  be f le x ib le  enough to  p ro ­

v id e  in fo rm a t io n  and da ta  f o r  a b road range o f  in te r e s ts  from  n a t io n a l to  

L o ca l.

3) M ode ling  -  The d i g i t a l  com puter has g ra d u a lly  su pp lan ted  the  

ana log  te c h n iq u e  f o r  many g roundw ate r m ode ling  needs. A p p lic a t io n s  and 

advances in  m ode ling  th e o ry  have been d iscussed  by numerous a u th o rs
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(B re d e h o e ft,  1976; Domenico, 1972; D om in ick  and R o b e rts , 1971; Maddock, 

1972, 1973; P r i c k e t t  and L o n n q u is t,  1971, 1973; Tanaka e t  a l . ,  1974; 

T a y lo r ,  1971; T a y lo r  and Luckey , 1972; Thomas, 1973; T re s c o t t ,  1973;

Weber and Hassan, 1972; Weeks e t  a l . , 1974; V e rge , 1972).

M o d e lin g  s tu d ie s  r e la te d  to  im p ro v in g  a q u ife r  c h a r a c te r is t ic s  v ia  

pa ram e te r and system s id e n t i f i c a t io n  te ch n iq u e s  f o r  a b e t te r  p r e d ic t io n  o f  

w a te r head drawdowns; and management p o l ic ie s  in  c o n ju n c t io n  w i th  s u rfa c e  

w a te rs  in c lu d e  th e  fo l lo w in g  s p e c i f ic  s tu d ie s  (Hem and S te e le ,  1975):

P in d e r  (1973) used th e  G a le rk in  method o f  a p p ro x im a tio n  

i n  c o n ju n c t io n  w i th  th e  f i n i t e  e lem ent method o f  a n a ly s is  to  

s im u la te  th e  movement o f  g roundw ate r co n ta m in a n ts .

Bredehoeft and Pinder (1973) coupled the mass t ra n s p o r t  

e q u a tio n  and th e  e q u a tio n  o f  m o tio n  and s o lv e d  i t  n u m e r ic a lly  

f o r  a s a tu ra te d  is o th e rm a l g roundw ater system  in  w h ich  th e re  a re  

no ch e m ica l re a c t io n s .

Maddock (1973, 1974a) combined g roundw ate r s im u la t io n  model­

in g ,  m a th e m a tic a l program m ing, and d e c is io n  th e o ry  to  p la n  and 

manage a g roundw a te r sys tem , s u b je c t  to  v a r ia t io n  in  pumping 

c o s ts ,  t r a n s m is s iv i t y  c o e f f i c ie n t ,  and o th e rs .  The approach is  

based on th e  deve lopm ent and use o f  an a lg e b ra ic  te c h n o lo g ic a l 

fu n c t io n  th a t  is  shown to  e x is t  f o r  an a q u ife r  whose f lo w  to  

w e l ls  can be rem odeled by B o u s s in e s q 's  e q u a tio n .

4) P o l lu t io n  S u s c e p t ib i l i t y  -  G roundwater p o l lu t io n  i s  a problem  

th a t  i s  r e la te d  to  w aste  d is p o s a l,  e i th e r  l i q u id  o r  s o l id ,  deep o r s h a l­

low . As urban  w astes in c re a s e  to  monumental p ro p o r t io n s ,  a ccep tab le  

areas f o r  s o l id  w aste  d is p o s a l areas become more and more s c a rc e , and 

th e  c h a n c e s  fo r  g r o u n d w a te r  p o l lu t io n  f r o m  la n d  f i l l  o p e r a t io n s  m o r e
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s e r io u s  (C h e rry  and Brown, 1973; Hughes, 1972; Hughes e t  a l . , 1971;

S e itz  e t  a l . ,  1972). The q u a n t i t ie s  o f  sewage e f f lu e n t  from  tre a tm e n t 

p la n ts  o f  urban areas and in d u s t r i a l  com plexes a r e  a ls o  in c re a s in g  a t

a h ig h  r a te  and c re a t in g  prob lem s o f  d is p o s a l in  l i g h t  o f  e n v iro n m e n ta l 

re g u la t io n s  l i m i t i n g  d is p o s a l i n  s trea m s. One p o te n t ia l  s o lu t io n  re c e iv ­

in g  c o n s id e ra b le  a t te n t io n  i s  s p ra y in g  o r  s p re a d in g  th e  w aste  w a te r on 

fa rm in g  o r  fo re s te d  a reas (B a i le y  and M a la t in o , 1972; B e rn h a r t,  1973).

G row ing gove rnm en ta l management o f  w aste  d is p o s a l,  p o l lu t io n  preven­

t io n ,  and w a te r q u a l i t y  m a in tenance emphasizes th e  need f o r  fo rm a l and 

s y s te m a tic  g roundw ate r m o n ito r in g  and da ta  c o l le c t io n .  The d e s ig n  and 

p la n n in g  o f  g roundw a te r d a ta  program s were th e  s u b je c t  f o r  a symposium 

sponsored by th e  Am erican G e ophys ica l Union (D u tc h e r, 1972; G i l l i l a n d ,

1972; Hanson, 1972; H ic k e y , 1972; Johnson, 1972 Luckey , 1972). The Ohio 

R iv e r  V a lle y  W ater S a n ita t io n  Commission (ORSANCO A d v is o ry  Committee on 

Underground I n je c t io n  o f  W astew a te rs , 1973) p u b lis h e d  recom mendations f o r  

re g u la to ry  a c t io n s ,  a d m in is t r a t iv e  p ro ce d u re s , and g e o lo g ic a l and tech ­

n o lo g ic a l e v a lu a t io n s  r e la t in g  to  underground in je c t io n  o f  w astew a te rs  in  

the Ohio V a lle y  re g io n .

A long  w i th  th e  b u rg e o n in g  u rban  g row th  and in d u s t r ia l  developm ent and 

n a t io n a l and s ta te  programs to  p ro te c t  and manage th e  q u a l i t y  o f  the  

w a te r re so u rce s  o f  the  n a t io n  has come a g re a te r  in t e r e s t  in  th e  q u a l i t y  

o f  g ro u n d w a te r, geochem ica l p ro cesse s , and th e  fa te  o f  wastes in tro d u c e d  

to  g roundw ate r system s. Engbcrg (1973) s tu d ie d  se len ium  in  th e  g round- 

w a te rs  o f  N ebraska, and Hassan (1974) r e f le c te d  on th e  a c t i v i t i e s  o f  n a tu re  

and man on the  w a te r q u a l i t y  c y c le .  D e ta ile d  th e o r e t ic a l  s tu d ie s  were 

re p o r te d  by Hufen e t a l .  (1972, 1974). The la rg e  expans ion  in  fe e d lo ts  

fo r  f a t te n in g  c a t t le  and th e  in c re a s in g ly  h e a v ie r  use o f  h ig h -n it ro g e n
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f e r t i l i z e r s  on crops  o f f e r  p o te n t ia l  f o r  c o n ta m in a tio n  o f  g roundw ater 

s u p p lie s .  Examples have been re p o r te d  by M i l l e r  (1971) and O lson e t a l .  

(1 9 7 3 ). Lehmann (1975) has p ro v id e d  an e x c e l le n t  g roundw ate r p o l lu -  

t io n  b ib lio g ra p h y  w ith  a b s t ra c ts .

Waste d is p o s a l and a r t i f i c i a l  recharge  have re c e iv e d  g row ing  in te r e s t  

and conce rn  from  g roundw ate r re s e a rc h e rs . In  1971 th e  Am erican A s s o c ia t io n  

o f  P e tro le um  G e o lo g is ts  (AAPG) and U .S. G e o lo g ic a l Su rvey  sponsored a 

h ig h ly  im p o r ta n t symposium, Underground Waste Management and E n v iro n m e n ta l 

Im p l ic a t io n s ,  from  w h ich  36 papers were p u b lis h e d  as AAPG memoir 18. 

M cKelvey (1972) in  th e  le a d  paper in tro d u c e d  th e  im p o rta n t concep t o f  

underground space as a v a lu a b le  n a tu r a l re s o u rc e . In  1973 th e  U.S. 

G e o lo g ic a l Survey and Am erican A s s o c ia t io n  o f  P e tro leum  G e o lo g is ts  jo in e d  

w i th  th e  In te r n a t io n a l  A s s o c ia t io n  o f  H y d ro lo g ic a l Sciences in  sponsor­

in g  an im p o r ta n t in te r n a t io n a l  symposium, Underground Waste Management and 

A r t i f i c i a l  Recharge. Those o rg a n iz a t io n s  p u b lis h e d  two p rocee d ing s  

volumes c o n ta in in g  46 papers on th e  s ta te  o f  th e  a r t ,  re g io n a l h is t o r y ,  

c o n ce p ts , la b o ra to ry  and f i e l d  s tu d ie s ,  and o p e ra t io n a l case h is to r ie s  

fo r  th e  management o f  w aste  p ro d u c ts  and a r t i f i c i a l  recha rge  in  deep under­

ground space in  th e  U n ite d  S ta te s  and a number o f  fo re ig n  c o u n tr ie s  

(B ra u n s te in ,  1974). R esearchers o f  w aste  d is p o s a l have s tu d ie d  such 

ite m s  as e f fe c ts  o f  d is p o s a l on o ccu rre n ce  o f  ea rthquakes (R a le ig h , 1972), 

geochem ica l e f fe c ts  from  l i q u id  w astes in je c te d  in  lim e s to n e  fo rm a tio n s  

(G o o lsb y , 1971, 197 2 ), d e l in e a t io n  o f  a reas f o r  d is p o s a l o f  w aste  w a te r 

(Bond e t  a l . ,  1972 ), and c o n s tru c t io n  o f  w aste  in je c t io n  w e lls  (F o s te r  

and G oo lsby, 1972). O the r a spe c ts  o f  l i q u id  w aste  d is p o s a l were p resen ted
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by Handy e t  a l .  (1 9 7 3 ), Kaufman (1 9 7 3 ), and the  U .S. Army Corps o f  

E ng ineers  (1 9 7 2 ). An e x c e l le n t  b ib lio g ra p h y  on su b su rfa ce  w aste  d is p o s a l 

was p repa red  by Rima e t  a l .  (1 9 7 1 ). Some a d d it io n a l  im p o rta n t re fe re n c e s , 

s e lec t ed from  among  man y , Keys and Brown (1 9 7 4 ), Leenheer e t a l .  (1974 ), 

and Wood (1 9 7 4 ).

(Research Needed)

There i s  a need f o r  a d d i t io n a l  re se a rc h  in to  th e  mechanisms in v o lv e d  

in  coup led  g roundw a te r and s u r fa c e  w a te r con tam in an t movement. T h is  

a p p lie s  to  b o th  a r t i f i c i a l  and n a tu r a l recha rge  p rocesses . Some work 

has been done in  t h is  a re a . Research in  a r t i f i c i a l  recha rge  has in c lu d e d  

la b o ra to ry  s tu d ie s  o f  fa c to r s  a f f e c t in g  re ch a rg e  (S ig n o r , 1973;

N ig h t in g a le  and B ia n c h i,  1973) as w e l l  as f i e l d  s tu d ie s  and a p p lic a t io n s  

(B a ie r  and Wesne r , 1971; G r i f f i s ,  1972; R ip le y  and Saleem, 1973). An 

e x te n s iv e  re v ie w  o f  a r t i f i c i a l  recha rge  deve lopm ents was p resen ted  in  a 

s ta te  o f  th e  a r t  paper by Brown and S ig n o r (1973 ). I t  in c lu d e s  r e fe r -  

ences to  o th e r  s ig n i f ic a n t  p a p e r s .

One im p o r ta n t a rea  o f  re se a rch  has been the  c o n ju n c t iv e  use o f 

g roundw ate r and s u r fa c e  w a te r . C o l l in s  (1972) re p o r te d  on s u r f ace w a te r-  

g roun dw a te r in te r a c t io n  on Long Is la n d ,  New Y o rk ; D en ie lson  and Quaz i  

(1972) d iscu sse d  s tream  d e p le t io n  by w e lls  in  th e  South P la t te  R iv e r 

b a s in  o f  C o lo rado ; and F reeze (1972a, b ) in v e s t ig a te d  base f lo w  con­

t r ib u t io n s  to  channe l f lo w .  S t i l l  o th e r  c o n t r ib u to r s  to  b e t te r  under­

s ta n d in g  o f  t h is  im p o r ta n t s u b je c t  in c lu d e  Ham (1 9 7 1 ), Maddock (1974 ), 

Moench e t  a l .  (1 9 7 4 ), and T a y lo r  and Luckey (1 9 7 4 ).

F o r th e  fu tu r e ,  advances must be made in  ou r knowledge o f  geochem­

i s t r y  and q u a l i t y  o f  g ro u n d w a te r. S tu d ie s  r e la te d  to  groundw ater 

p o l lu t io n ,  deep w aste  d is p o s a l,  and s o l id  w aste  o r  la nd  f i l l  o p e ra tio n s
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u n d o u b te d ly  w i l l  in c re a s e  g r e a t ly .  B e t te r  a u to m a tic  da ta  p ro c e s s in g  

and s to ra g e  te ch n iq u e s  w i l l  be m andatory as re q u ire m e n ts  f o r  n a tio n w id e  

g roundw ate r m o n ito r in g  n e tw o rks  c re a te  la rg e  volumes o f  new d a ta .

In c re a s in g  a t te n t io n  to  p r e d ic t iv e  groundw ater management and p ro ­

te c t io n  has b ro u g h t abou t a g row ing  need f o r  q u a n t i ta t iv e  d a ta  and under­

s ta n d in g . D ata r e la te d  to  a q u ife r  s to ra g e  and y ie ld ,  a r t i f i c i a l  and 

n a tu r a l re ch a rg e  and d is c h a rg e , e v a p o tra n s p ira t io n ,  boundary c o n d it io n s  

c o n t r o l l in g  deve lopm ent and e f fe c ts  o f  deve lopm ent, h y d ro lo g y  o f  urban 

and u rb a n iz in g  a reas a re  b u t a few o f  a m u lt itu d e  o f  da ta  param eters 

re q u ire d  f o r  p r e d ic t iv e  management o f  th e  g roundw ater o f  th e  n a t io n .

However, th e  g re a te s t  need f o r  re se a rch  f a l l s  in  th e  a rea  o f

i n s t i t u t i o n a l  r e g u la t io n s ,  p ro ce d u re s , and p o l ic ie s .  Many s ta te s  c o l le c t
\

and m a in ta in  e x c e l le n t  re c o rd s  on groundw ater in fo rm a t io n  w h ile  in  

o th e r  s ta te s  g roundw a te r d a ta  i s  v i r t u a l l y  n o n -e x is te n t .  U n fo r tu n a te ly ,  

in  some cases a s ta te  w ith  poo r re c o rd s  is  a d jo in in g  to  a s ta te  w ith  good 

re co rd s  w ith  th e  a q u ife r  unde rnea th  bo th  s ta te s .  The u s e fu ln e s s  o f the  

good re c o rd s  i s  s e v e re ly  l im i t e d  because o f  th e  in adeq ua te  da ta  in  one 

s ta te .  I t  i s  n o t so much a m a tte r  o f  how to  c o l le c t  good groundw ater 

d a ta . The re se a rc h  need i s  in  th e  a rea  o f  how to  b r in g  about in s tu tu -  

t io n a l  changes th a t  w i l l  r e s u l t  in  c o o rd in a te d  and c o m p a tib le  da ta  s e ts .
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SURFACE WATER

Impoundments 

H i s t o r i c a l l y ,  ground w a te r has been th e  p r in c ip a l  source o f  domes­

t i c  w a te r  in  r u r a l  a reas where a d e q u a te ly  p ro d u c in g  a q u ife rs  a re  p re s e n t. 

T h is  sou rce  o f  dom estic  w a te r  was found  to  be d e s ira b le  on an in d iv id u a l  

home b a s is  s in c e  th e  need f o r  a d i s t r ib u t io n  system  was e lim in a te d  and 

s in c e ,  in  most in s ta n c e s ,  no tre a tm e n t was re q u ire d .  D isadvantages o f  

the  use o f  in d iv id u a l iz e d  g roundw a te r system s a re  th a t  b o th  th e  q u a n t i ty  

o f  w a te r and in  some cases , th e  q u a l i t y  o f  w a te r w h ich  c o u ld  be o b ta in e d  

was h ig h ly  v a r ia b le .  The demand f o r  a more c o n s is te n t ,  h ig h  q u a l i t y  

w a te r s u p p ly  in  r u r a l  a reas has caused a l te r n a te  sources o f  w a te r to  be 

c o n s id e re d .

In  r u r a l  a reas  where a q u ife rs  fu r n is h  h ig h  q u a l i t y  w a te r on a con­

s is t e n t  b a s is ,  th e  use o f  g roundw a te r may s t i l l  be th e  most p r a c t ic a l  

a l t e r n a t iv e .  However, as p o p u la t io n  d e n s ity  o f  r u r a l  a reas in c re a s e , th e  

p r a c t i c a l i t y  o f  a w a te r d i s t r ib u t io n  a n d /o r tre a tm e n t f a c i l i t y  in c re a se s  

(F a s t, e t  a l . , 1975). The u s e fu ln e s s  o f  g roundw ate r systems w h ich  e x h ib i t  

q u a l i t y  prob lem s can be extended by tre a tm e n t. However, even in  areas 

where h ig h  q u a l i t y  g roundw ate r i s  c u r r e n t ly  a v a i la b le ,  the  p o s s ib i l i t y  

o f  p o l lu t io n  a n d /o r  d e p le t io n  o f  th e  a q u ife r  cannot be e lim in a te d .  On 

an in d iv id u a l  home b a s is ,  th e  use o f  g roundw ater may be in  c o n f l i c t  

w ith  th e  method o f  sewage d is p o s a l used.

In  a reas where r a i n f a l l  i s  adequate , th e  p o s s ib i l i t y  o f  s u rfa c e  

s to ra g e  becomes an obv ious  a l t e r n a t iv e .  C le a r ly ,  the  f e a s i b i l i t y  o f  the 

use o f  s u r fa c e  w a te r s to ra g e  is  h ig h ly  re g io n a liz e d  w ith  such fa c to rs  as
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to p o g ra p h y , c l im a te ,  and la n d -u s e  p a t te rn s  a l l  p la y in g  an im p o rta n t 

r o le  in  d e te rm in in g  f e a s i b i l i t y .  The purpose o f  t h is  d is c u s s io n  i s  to  

d e s c r ib e  some o f  th e  p o te n t ia l  problem s a s s o c ia te d  w i th  the  use o f 

s u r fa c e  w a te r  s to ra g e ; and a ls o  to  d e s c r ib e  th e  te c h n o lo g y  w h ich  i s  in  

e x is te n c e  and th a t  w h ich  i s  needed to  cope w i th  these  p rob lem s. A lth o u g h  

much o f  th e  l i t e r a t u r e  rev iew ed  d e a lt  w ith  th e  use o f  impoundments fo r  

u rban and s m a ll com munity w a te r  system s, th e  problem s encounte red  in  

u s in g  impoundments in  r u r a l  w a te r systems w ould  be s im i la r .

The N a tu re  o f  Impoundment Problem s

In  many a re a s , p a r t i c u la r l y  in  the  s o u th e a s te rn  U n ite d  S ta te s , r e la ­

t i v e l y  la rg e  impoundments have been c re a te d  by such agenc ies  as th e  Corps
\

o f  E ng inee rs  and th e  Tennessee V a lle y  A u th o r i ty .  In  most cases, these  

impoundments can fu r n is h  h ig h  q u a l i t y  w a te r and where th e  lo c a t io n  p e r­

m its ,  shou ld  be c o n s id e re d  as a source o f  w a te r f o r  r u r a l  w a te r system s. 

S ince  th e  use o f  these  la r g e r  re s e rv o ir s  and impoundments have been 

s tu d ie d  in  g re a t d e t a i l  and a re  p re s e n t ly  b e in g  used e x te n s iv e ly  f o r  

u rban dom estic  and in d u s t r i a l  w a te r , th e  fo l lo w in g  d is c u s s io n  w i l l  be 

l im i te d  to  s m a ll r e s e rv o ir s  on th e  s c a le  th a t  m ig h t p rove fu n c t io n a l as 

a sou rce  o f  w a te r f o r  a r u r a l  w a te r system .

In  some p o r t io n s  o f  th e  U n ite d  S ta te s , the  S o i l  C o n se rva tio n  S e rv ice  

(Departm ent o f  A g r ic u l tu r e )  deve lops s m a ll impoundments p r im a r i ly  fo r  

f lo o d  p r o te c t io n  and, where th e  need a r is e s ,  f o r  dom estic  w a te r su p p ly . 

The a u th o r iz a t io n  f o r  t h is  program  Is  th ro ugh  P u b lic  Law 566. (W ater­

shed P ro te c t io n  and F lood P re v e n tio n  A c t o f  1954). The m u lt ip le  use 

aspect o f  these impoundments has a s ig n i f ic a n t  e f fe c t  on the economics o f 

t h e i r  use in  w a te r su pp ly  system s.
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When w a te r i s  impounded by damming o f  a f lo w in g  s tream  o r by dam­

m ing o f  an in t e r m i t t e n t  d ra in a g e , c e r ta in  p h y s ic a l,  c h e m ic a l, and 

b io lo g ic a l  changes can ta k e  p la c e  (Symons, e t  a l . , 1967). Some o f  these 

a l t e r a t io n s  may re n d e r th e  r e s u l t in g  body o f  w a te r le s s  d e s ira b le  as a 

dom estic  w a te r s u p p ly .

One o b v io u s  p rob lem  a s s o c ia te d  w ith  impoundments i s  th a t  o f  s i l t a -  

t io n .  Should th e  s i l t  lo a d  o f  th e  fe e d in g  s tream  be s ig n i f i c a n t l y  h ig h ,  

th e  s i l t  t ra p p in g  n a tu re  o f  an impoundment w ou ld  r e s u l t  in  a l im i te d  

l i f e  f o r  th e  r e s e r v o ir  (R o e h l, e t  a l ,  1973). W ith  changing la n d -u se  

p a t te rn s ,  i t  i s  o f te n  d i f f i c u l t  to  p r e d ic t  lo a d in g  o f  s i l t  in to  a re s e r ­

v o i r .

A n o th e r p rob lem  a s s o c ia te d  w i th  impounded w a te r and n a tu r a l la ke s  

a l ik e  i s  th a t  o f  n u t r ie n t  e n rich m e n t and subsequent developm ent o f  

nu isa n ce  a q u a tic  v e g e ta t io n .  In  a d d it io n  to  th e  fa c t  th a t  nu isance  vege­

t a t io n  can cause secondary w a te r q u a l i t y  d e g re d a tio n  (d iscu sse d  b e lo w ) , 

i t  can cause c lo g g in g  o f  w a te r s u p p lie s  and r e s u l t  in  seve re  ta s te  and 

odo r p rob lem s. Such problem s have been numerous in  th e  n a tu r a l la ke s  

in  the  n o r th c e n t r a l p o r t io n  o f  th e  U n ite d  S ta te s  (H u tch in so n , G. E . ,  1957).

The f a c t  th a t  h ig h  q u a l i t y  w a te r  i s  p re s e n t in  a s tream  fe e d in g  

an impoundment does n o t in s u re  th a t  h ig h  q u a l i t y  w a te r w i l l  be p re se n t 

in  th e  r e s e r v o ir .  C la s s ic a l ly ,  s ta n d in g  b od ies  o f  w a te r undergo th e rm a l 

s t r a t i f i c a t i o n ,  assum ing th a t  th e  dep th  i s  s u f f i c ie n t .  The developm ent 

o f  a warm la y e r  o f  w a te r on th e  s u r fa c e  o f  th e  la k e  p re v e n ts  o xyg e n a tio n  

o f  the  w a te r in  the deeper p o r t io n  o f  the  impoundment. D u ring  th is  

p e r io d  when the  deeper p o r t io n  o f  the  la ke  in  cu t o f f  from  i t s  oxygen 

supp l y ,  b a c te r ia l  a c t io n  caution a d e p le t io n  o f d i sso lve d  oxygen ( Symons, 

e t a l . , 1967). A t v e ry  low d is s o lv e d  oxygen c o n c e n tra t io n s  th e  w a te r
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deve lops an a n a e ro b ic  reg im e . Under t h is  oxygen d e p le te d  c o n d it io n ,  

v a r io u s  ch e m ica l s p e c ie s  commonly found in  s o i ls  become reduced and 

m ig ra te  th ro u g h o u t th e  oxygen d e p le te d  zone o f  th e  impoundment. Among

ch e m ica l sp e c ie s  w h ich  c h a ra c te r iz e  t h is  typ e  o f  w a te r a re  i r o n ,  

manganese , and hydrogen s u l f id e .

The reduced s p e c ie s  such as i r o n ,  manganese, and hydrogen s u l f id e ,  

a re  u n d e s ira b le  c o n s t itu e n ts  o f  any w a te r s u p p ly  system . I f  they  a re  

n o t removed, these  s p e c ie s  can cause severe  ta s te  and odor problem s 

as w e l l  as cause c o s t ly  d e p o s it io n s  in  p ip e s  and m ach ine ry  (U .S . 

D epartm ent HEW, 196 7 ). The rem ova l o f  these  u n d e s ira b le  components 

from  w a te r s u p p ly  system s is  o f te n  expe ns ive  and o f  v a ry in g  e f f e c t iv e ­

ness ( In g o ls  and C r a f t ,  1974).

The e x te n t  to  w h ich  reduced sp e c ie s  a re  found in  an impoundment 

may v a ry  c o n s id e ra b ly .  In  a reas where th e  feed  w a te r  system  is  low  in  

o rg a n ic  m a te r ia ls ,  the  p r o b a b i l i t y  o f  the  deve lopm ent o f  an ana e ro b ic  

zone becomes le s s  l i k e l y .  O fte n , the  prob lem  is  worsened by the  p re s ­

ence o f  nu isance  a q u a tic  v e g e ta t io n .  Such v e g e ta t io n  can cause a 

p h y s ic a l b lo c k in g  o f  th e  a e ra t io n  p rocess and re n d e r th e  e n t i r e  impound­

ment a n o x ic  o r  s im p ly  r e s u l t s  in  th e  a d d it io n  o f  c y c l in g  o rg a n ic  m a tte r  

to  th e  a q u a tic  system . The l a t t e r  u s u a lly  r e s u l t s  in  a c c e le ra te d  

oxygen consum ption  in  the  deeper p o r t io n s  o f th e  impoundment.

Two a d d it io n a l  fa c to rs  w h ich  a f fe c t  th e  e x te n t o f  th e  developm ent 

o f  reduced sp e c ie s  in  impounded w a te r a re  c l im a t ic  c o n d it io n s  and s o i l  

ty p e s . For exam ple, a r e la t i v e ly  sha llow , impoundment may n o t undergo 

th e rm a l s t r a t i f i c a t i o n  to  the  e x te n t o f  a deeper im poundm ent. T h is  does 

not mean th a t  an a n o x ic  zone w i l l  no t d eve lop . I f  c l im a t ic  c o n d it io n s  

do no t r e s u l t  in  enough m ix in g  action and i f  the s o i l  and w a te r c o n ta in



adequate o rg a n ic  m a te r ia ls ,  an oxygen d e p le te d  zone may deve lop  in  a 

body o f  w a te r w i th  l i t t l e  o r  no th e rm a l s t r a t i f i c a t i o n  (B urk  and N ix ,  

1969).

I t  i s  o b v io u s  th a t  these  processes can r e s u l t  i n  w a te r q u a l i t y  

d e g ra d a tio n  o f  v a ry in g  pe rcen tag es  o f  th e  im poundm ent. Due to  th e  w ide  

spread n a tu re  o f  t h is  ty p e  o f  w a te r q u a l i t y  d e g ra d a tio n , i t  would appear 

th a t  th e  a l le v ia t io n  o f  t h is  p rob lem  is  o f  p r im a ry  concern  in  th e  

u t i l i z a t i o n  o f  impoundments as a sou rce  o f  w a te r f o r  r u r a l  w a te r system s.

Examples o f  W ater Q u a li ty  Problem s in  Impoundments

D u ns t, e t  a l . , (1974) have rev iew ed  la k e  r e h a b i l i t a t io n  te chn iques  

and e x p e rie n ce s  th ro u g h o u t th e  w o r ld .  W ith in  t h is  c o m p ila t io n  a re  

numerous examples o f  w a te r q u a l i t y  problem s w h ich  have deve loped in  

la ke s  and re s e rv o ir s  w h ich were used as dom estic  and in d u s t r ia l  w a te r 

s u p p lie s .

S p e c i f ic a l ly ,  M cC o llough , (1974) has d e s c r ib e d  the  e x te n t o f  w a te r 

q u a l i t y  d e g ra d a tio n  in  Prompton Lake , P e n n sy lva n ia . In  t h is  in s ta n c e , 

the  nu isance  a lgae  deve loped and low d is s o lv e d  oxygen was observed 

th ro u g h o u t the  impoundment (3 ,4 0 0  ac re  fe e t  o f  s to ra g e ) .

H a rp e r, (1975) d e s c r ib e s  th e  developm ent o f  low  q u a l i t y  w a te r 

r e s u l t in g  from  oxygen d e p le t io n  in  Lake W o h lfo rd  w h ich  i s  th e  p r in c ip a l  

w a te r s u p p ly  f o r  E scond ide , C a l i f o r n ia .  A lth o u g h  th e  a rea  se rved  by 

t h is  impoundment is  n o t r u r a l ,  the  d e s c r ip t io n  o f  the  system  and the  

problem s of taste  and odor is an excellent exam ple of the ty[e of conditions w hich 

can r e s u l t  w ith  an a ccu m u la tio n  o f reduced s p e c ie s .

A v iv id  example o f  how w a te r q u a l i t y  d e g ra d a tio n  w i th in  impound­

ments can r e s u l t  in  e x te n s iv e  problem s when used as a dom estic  w a te r



s u p p ly  i s  p re se n te d  by Rapoza, (1971) f o r  G re e n v il le  R e s e rv o ir ,  New 

Ham pshire. T h is  r e s e r v o ir  was a p a r t  o f  a S o i l  C o n se rva tio n  S e rv ice  

f lo o d  c o n t r o l p r o je c t  and th ro u g h  an agreement w i th  the  town o f

G re e n v il le  and th e  S ta te  W ater Q u a li ty  B oard , 2 m i l l io n  g a llo n s  per 

day were a ss igned  as w a te r s u p p ly . A t a usage le v e l  o f  85,000 g a llo n s  

pe r day, th e  w a te r was t re a te d  by f lo c c u la t io n ,  s e t t l i n g ,  f i l t r a t i o n ,  

and c h lo r in a t io n .  Even fo l lo w in g  these  c o n v e n tio n a l tre a tm e n t s te p s , 

e x te n s iv e  damage was encoun te red  as th e  w a te r was used in  th e  homes o f 

G re e n v il le .  C le a r ly ,  l i t t l e  concern  was g iv e n  to  th e  p o s s ib i l i t y  o f 

w a te r q u a l i t y  d e g ra d a tio n  p r io r  to  the  p la n n in g  and c o n s tru c t io n  o f  the  

impoundment.

The e x te n t o f  m ig ra t io n  o f  reduced sp e c ie s  in  s ix  S o i l  C o nse rva tion  

S e rv ic e  f lo o d  w a te r r e ta rd in g  impoundments lo c a te d  in  w e s tc e n tra l 

A rkansas has been d e s c r ib e d  by Burk and N ix , (1969 ). D u rin g  th e  p e r io d  

from  June th ro u g h  September, these impoundments were found to  c o n ta in  

h ig h  c o n c e n tra t io n s  o f  manganese o f te n  e x te n d in g  to  w i th in  f iv e  fe e t  

o f th e  s u r fa c e . F o llo w in g  p e r io d s  o f  heavy r a in ,  th e  low q u a l i t y  w a te r 

was f lu s h e d  from  th e  r e s e r v o ir  b u t re e s ta b lis h m e n t o f  the  p r io r  ano x ic  

c o n d it io n s  was observed to  o ccu r w i th in  two to  th re e  weeks. One o f  the  

re s e rv o ir s  s tu d ie d  is  used as w a te r su p p ly  f o r  the  town o f  W aldron,

A r k ansas.

The w a te r q u a l i t y  regime o f  a n o th e r S o il C o nse rva tion  S e rv ice  

re s e rv o ir  has been documented by M oo re  (1973) . The m u lt i-p u rp o s e  

re s e rv o ir  lo c a te d  in  northw est Arkansas s e rv es as w a te r supp ly  f o r the . 

town o f P r a i r ie  G rove, A rkansas. A g a in , s u b s ta n t ia l w a te r q u a l i t y  

d e g re d a tio n  w as observed th ro ugho u t the impoundment d u r in g  the summer

m o n t h s .

24



One cannot re v ie w  th e  o b s e rv a tio n s  o f  these  in v e s t ig a to r s  w i th ­

o u t r e a l iz in g  th a t  w a te r q u a l i t y  prob lem s deve lop  in  impounded w a te r 

and th a t  w ith o u t  c o r r e c t iv e  m easures, cause th e  v a lu e  o f  th e  impound- 

men ts  a s  dom estic  w a te r s u p p ly  to  be ques t io n a b le . 

C u rre n t Techno logy

The c o n t r o l  o f  sed im ent lo a d in g  o f  impoundments in v o lv e s  e n g in e e r­

in g  re v ie w  e a r ly  in  th e  p la n n in g  s tages  o f  a r e s e r v o ir .  In  some 

cases , i t  may be p o s s ib le  to  reduce sed im ent lo a d in g  to  an a cce p ta b le  

le v e l  s im p ly  by p ro p e r ly  lo c a t in g  th e  w a te r c o n t r o l  s t r u c tu r e  (B u r t  and 

G e n try , 1974; H aw kins, 1972). In  most impounded w a te r ,  th e  e x te n t o f  

sed im ent lo a d in g  is  c lo s e ly  r e la te d  to  la n d -u s e  w i t h in  th e  w a te rshed  o f  

the  impoundment. The p r o te c t io n  o f  th e  w a te rshed  a g a in s t a c t i v i t i e s  

w h ich  would  r e s u l t  in  th e  p ro d u c tio n  o f  la rg e  q u a n t i t ie s  o f  sedim ent 

o f fe r s  th e  most p r a c t ic a l  s o lu t io n  to  th e  prob lem  o f  sed im ent problem s 

(Roeh l and Holeman, 1973). In  a reas where h ig h  sed im ent lo ads  a re  n o r­

m al, and cannot be c o n t r o l le d  by th e  e l im in a t io n  o f  c e r ta in  la n d -u se  

p r a c t ic e s ,  d e s ig n  o f  th e  impoundment to  p ro v id e  f o r  sed im ent accum ula­

t io n  may be fe a s ib le .

Sm all to  m oderate q u a n t i t ie s  o f  suspended sed im ent in  dom estic  o r 

in d u s t r i a l  w a te r s u p p lie s  can be removed w ith  e x is t in g  te c h n o lo g y . 

F lo c c u la t io n ,  fo llo w e d  by s e t t l i n g  and f i l t r a t i o n  has h i s t o r i c a l l y  

fu rn is h e d  w a te r a d e q u a te ly  f re e  o f  suspended lo a d .

I t  i s  g e n e r a l l y  c o n s i d e r e d  t h a t  t h e  bes t  method o f  c o n t r o l l i n g  

regressive n u t r i e n t  i n p u t  i n t o  lakes and r e s e r v o i r s  i s by c o n t r o l l i n g

the  s o u r c e  o f  t h e  n u t r i e n t .  O f t e n  the  s o u rc e  o f  such  n u t r i e n t s  i s  

a s s o c i a t e d  w i t h  some type  o f  sewage d i s p o s a l .  T re a tm e n t  a t  the p o i n t  o f



o r ig in  i s  th e  method o f  c h o ic e  b u t p a r t i c u la r ly  in  r u r a l  a re a s , th is  

i s  n o t a lw ays p r a c t ic a l .  Even p ro p e r ly  o p e ra t in g  s e p t ic  systems may 

cause th e  in t r o d u c t io n  o f  s u b s ta n t ia l  q u a n t i t ie s  o f  n u t r ie n ts  through 

g roundw a te r (Lee , 1973 ). C e r ta in  a g r ic u l t u r a l  a c t i v i t i e s  a re  a ls o  

sources o f  n u t r ie n ts .  R u n o ff from  f e r t i l i z e d  la nds  o r from  g ra z in g  

env iro nm en t may produce w a te r w h ic h , when impounded, w i l l  s u p p o rt exces- 

s iv e  a q u a t ic  v e g e ta t io n  (B ig g a r  and Corey, 1969). A t th e  p re se n t t im e , 

c o n t r o l  o f  n u t r ie n t  in p u t from  a g r ic u l t u r a l  a c t i v i t i e s  is  b es t 

accom p lished  by lo c a t in g  impoundments in  d ra in a g e s  w i th  r e la t i v e ly  

low  d e n s ity  a g r ic u l t u r a l  a c t i v i t i e s .  The p ra c t ic e s  o f  f e r t i l i z a t i o n  

o f  g ra z in g  la n d  in  th e  im m edia te  v i c i n i t y  o f  s m a ll impoundments shou ld  

on regarded  as a danger to  th e  u s a b i l i t y  o f  th e  impoundment f o r  w a te r supp ly ,

C u rre n t Technolo g y

Chem ical tre a tm e n t to  reduce a q u a tic  v e g e ta t io n  has been used in  

dom estic  w a te r s u p p ly  impoundments (Muchmore, 1974), bu t such tre a tm e n ts  

i n vo lve  a w a it in g  p e r io d  to  a llo w  chem ica ls  to  d i s si p a te p r io r  to  u t i l i ­

z a t io n  w i th in  a w a te r system . Such tre a tm e n ts  g e n e ra lly  g iv e  o n ly  

tem pora ry  r e l i e f .

As d iscu sse d  e a r l i e r ,  w a te r q u a l i t y  d e g ra d a tio n  w i th in  impounded 

w a te r can be produced by th e  developm ent o f  an a n o x ic  zone w i th in  the  

body o f w a te r . Such c o n d it io n s  may bu caused by the presence o f 

e xce ss ive  a q u a t ic  v e g e ta t io n ,  th e rm a l s t r a t i f i c a t i o n ,  o r  s im p ly  q u ie sce n t 

wat e r  s ta n d in g  in  an unmixed c o n d it io n  (B u rk  and N ix ,  1969). P resen t 

te c h n o lo g y  o f fe r s  two methods fo r  d e a lin g  w ith  the problem  o f  r e la t iv e ly  

high c o n c e n tra t io n s  o f  reduced sp ec ies  such as ir o n ,  manganese, and 

hydrogen s u l f id e .  F i r s t ,  d i r e c t  a e ra t io n  o f  the  body o f  w a te r th rough

sever a l e n g in e e rin g  s c h emes has proven s u c c e s s fu l in re d u c in g  the presence
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o f these  u n d e s ira b le  components ( I r w in ,  e t  a l . ,  1960 ). S econd ly , reduced 

sp e c ie s  can be removed by s e v e ra l tre a tm e n t te ch n iq u e s  a f t e r  the  w a te r 

has been removed from  th e  impoundment. (A nderson, e t  a l . , 1973).

Management o f  r e s e r v o ir s  f o r  im provem ent o f  w a te r q u a l i t y  by 

s e le c t iv e  w ith d ra w a l has been re p o r te d  by Monkmeyer, e t  a l . , (1974 ). Under 

c e r ta in  f lo w  re g im e s , i t  i s  p o s s ib le  f o r  th e  p o o re r q u a l i t y  w a te r to  be 

d is c h a rg e d  downstream by re le a s e  from  th e  lo w e r p o r t io n  o f  th e  impound­

ment. Fo r t h is  scheme to  be t o t a l l y  e f f e c t iv e ,  th e  r a te  o f  re le a s e  

must be enough to  p re v e n t re e s ta b lis h m e n t o f  c o n d it io n s  w h ich  i n i t i a l l y  

produced th e  w a te r  q u a l i t y  d e g ra d a tio n . Where rea so n a b le  q u a n t i t ie s  o f 

w a te r a re  a v a i la b le  f o r  th ro u g h f lo w , th e  s e le c t iv e  w ith d ra w a l te ch n iq u e

has a g re a t  d e a l to  o f f e r .  I t  shou ld  be p o in te d  ou t th a t  s t r a t i f i c a t i o n
\

and subsequent w a te r q u a l i t y  d e g ra d a tio n  u s u a lly  occu rs  in  th e  summer 

and f a l l ,  b o th  p e r io d s  o f  th e  y e a r when w a te r f o r  th ro u g h flo w  may be 

sc a rc e . Of th e  s ix  re s e rv o ir s  s tu d ie d  by Burk and N ix  (1 9 6 9 ), o n ly  one 

had s ig n i f ic a n t  d is c h a rg e  d u r in g  th e  summer p e r io d  excep t im m ed ia te ly  

f o llo w in g  s to rm  e v e n ts .

D ire c t  tre a tm e n t o f the  impoundment has met w ith  c o n s id e ra b le  success 

( Irw in ,  e t  a l . ,  1966). One method in v o lv e s  the  pumping o f the deeper 

water c o n ta in in g  reduced sp e c ie s  to  th e  s u r fa c e  o f  th e  impoundment where 

becomes oxygenated , caus ing  th e  o x id a t io n  and p r e c ip i t a t io n  o f com­

ponents such as ir o n  and manganese. A second approach i s  th e  in t r o -  

ductio n  o f  a i r  d i r e c t l y  in to  the  zone o f the  impoundment w h ich  c o n ta in s  

u n d e s ira b le  components.

Rapoza, (1971) has d e sc rib e d  a system  where w a te r  was pumped from  

t h e deeper  p o r t io n  o f  the r e s e r v o ir  to  the s u rfa c e  where o xyge na tion  

T h is  case documents s u b s ta n t ia l w a te r q u a l i t y  improvement
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fo llo w e d  a s u s ta in e d  p e r io d  o f  pumping. I r w in ,  e t a l . , (1 9 6 6 ), have 

d iscu sse d  th e  im p le m e n ta tio n  o f  impoundment d e s t r a t i f i c a t io n  th rough  

the  use o f  a w a te r pumping system . These a u th o rs  re p o r t  s ig n i f ic a n t  

im provem ents i n  w a te r q u a l i t y  and f u r th e r  observe  th a t  th e  b lu e -g re e n  

a lgae  bloom  w h ic h  had o c c u rre d  d u r in g  th e  f a l l  p r io r  to  m echan ica l 

tre a tm e n t d id  n o r  o c c u r fo l lo w in g  d e s t r a t i f i c a t io n  in  th e  fo u r  impound­

ments te s te d .

D e s t r a t i f i c a t io n  te ch n iq u e s  have been im proved by a e ra t io n  o f  the  

deep w a te r o f  r e s e r v o ir s .  The d i r e c t  in t r o d u c t io n  o f  a i r  in t o  the  

deep w a te r causes a v e r t i c a l  t ra n s p o r t  and m ix in g  o f  th e  r e s e r v o ir .

The w a te r re c e iv e s  a e ra t io n  from  the  in tro d u c e d  a i r  as w e l l  as m ix in g  

a f t e r  re a c h in g  th e  s u r fa c e  o f  th e  impoundment. H arpe r (1975) has

d e s c r ib e d  th e  use o f  such a system  and has re p o r te d  improvement o f  w a te r 

q u a l i t y  on th e  same o rd e r  as th a t  re p o r te d  u s in g  th e  d i r e c t  pumping o f 

w a te r. Bo th  o f  these  methods e s s e n t ia l ly  d e s tro y  any s t r a t i f i c a t i o n  

p ro d u c in g  a wat e r column w h ich  is  homogeneous. C ontinued pumping or 

a e ra tio n   is  nece ssa ry  to  m a in ta in  good w a te r q u a l i t y .

Techn o lo g y  Under Developm ent b u t Not F u l ly  U t i l i z e d  

F a s t,  e t  a l . , (1975) have d e sc rib e d  a system  w h ich  a llo w s  the  aera­

t io n  o f  deep r e s e r v o ir  w a te r w ith o u t  th e  d is r u p t io n  o f  the rm a l s t r a t i f i -  

c a t io n . A e ra t io n  is  accom plished  by in t ro d u c in g  a i r  a t the bottom  o f a 

la rg e  c y l i n d r i c a l  column e x te n d in g  in to  the  a f fe c te d  p o r t io n  o f  the 

reser v o i r .  The a e ra te d  w a te r column moves upward where i t  encounters  

h o r iz o n ta l  d iv e rs io n  tubes a t  an e le v a t io n  below  the th e rm o c lin e . The 

a e ra te d  w a te r was e je c te d  from  the  d e v ice  in  a h o r iz o n ta l d i r e c t io n

below the thermoc l i n e w i t h  e s s e n t i a l l y  no d i s r u p t i o n  of the su r face  wa te r .
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T h is  p r a c t ic e  r e s u lte d  in  im provem ent o f  w a te r q u a l i t y  o f  the  deeper 

w a te r . An in d i r e c t  advantage o f  t h is  tre a tm e n t i s  th a t  the  oxygenated 

c o ld  w a te r i s  capab le  o f  s u p p o r tin g  a c o ld  w a te r f is h e r y .

The rem ova l o f  i r o n  and manganese w i th in  a tre a tm e n t f a c i l i t y  has 

been d iscu sse d  by many a u th o rs . Furgason and Day, P a rt I ,  P a r t  I I ,  

(1975) p re s e n t an e x c e l le n t  re v ie w  o f  th e  s ta te  o f  te ch n o lo g y  f o r  remov­

in g  those  components from  w a te r . Methods a v a i la b le  f o r  rem ova l o f  

i r o n  and manganese in c lu d e  io n  exchange, s e q u e s te r in g , ch em ica l o x i­

d a t io n  fo llo w e d  by f i l t r a t i o n .  Io n  exchange has proven to  be c o s t ly  

and has th e  a d d it io n a l  d isa d va n ta g e  o f  r e s u l t in g  in  sodium enrichm ent 

o f  the  w a te r.

S e q u e s te rin g  in v o lv e s  th e  tre a tm e n t o f  w a te r c o n ta in in g  ir o n  and 

manganese w ith  a c h e m ic a l, u s u a lly  a p o lyp h o sp h a te , w h ich  c h e la te s  w ith  

the m e ta l io n s  and decreases t h e i r  im pac t. A lth o u g h  s e q u e s te r in g  has 

obv ious  economic b e n e f i ts ,  th e  r e s u l t s  a re  no t a lw ays s a t is fa c to r y .

The phosphate a d d it iv e  has been observed to  in c re a s e  b a c te r ia l  a c t iv ­

i t y  and r e s u l t  in  th e  d e p o s it io n  o f  m a te r ia l w i th in  the  tre a tm e n t and 

d i s t r ib u t io n  system . In v e s t ig a to r s  a ls o  re p o r t  th a t  t h is  method does 

no t produce as s ig n i f ic a n t  a decrease on the  e f fe c t  o f  manganese as i t  

was on ir o n .

Chem ical o x id a t io n  o f  i r o n  and manganese is  the  most used method 

fo r  i r o n  and manganese t re a tm e n t.  (Ferguson , P a rt I ,  P a rt I I , 1975)

th e  w a te r  i s u s u a l l y  ae ra ted  which r e s u l t s  i n p a r t i a l  o x i d a t i o n  followed 

by the a d d i t i o n  of a more pow er fu l  oxidant  to  f u r t h e r  reduce the concentration 

o f  t h e s e  m e t a l s .  C h l o r i n e  h a s  b e e n  u s e d  s u c c e s s f u l l y  a s  t h e  as the 

oxid a n t .  The method o f  f i l t e r i n g  the i n s o lu b le  i r o n  and manganese
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compounds i s  h ig h ly  v a r ia b le .  G ra v ity  f i l t r a t i o n ,  p re ssu re  f i l t r a t i o n ,  

and f i l t e r i n g  th ro u g h  greensand (sand c o n ta in in g  manganese d io x id e )  have

been used. P ressu re  f i l t r a t i o n  and greensand f i l t r a t i o n  have been r e -

p o rte d  to  be more econom ica l. J a r r ,  e t a l . , (1974) have o b ta in e d  a 

p a te n t on an ir o n  rem oval f i l t e r .

In  a re c e n t w o rk , Furgus on and Day (1975) have used ozone as a 

ch e m ica l o x id a n t in  an ir o n  and manganese rem oval p rocess . T h e ir  

r e s u l t s  in d ic a te  th a t  th e  in s o lu b le  m a te r ia l r e s u l t in g  from  ozone 

tre a tm e n t o f  w a te r c o n ta in in g  ir o n  and manganese is  e a s ie r  f i l t e r e d  

than  th a t  from  th e  more c o n v e n tio n a l m ethods. The tim e  needed f o r  

r e a c t io n  o f  th e  reduced m e ta ls , w i th  the  ozone i s  v e ry  s h o r t ,  r e s u l t in g  

in  c o n c e n tra t io n s  o f  i r o n  and manganese w e l l  be low  those recommended 

fo r  p o r ta b le  w a te r s u p p lie s .  The economics o f th e  ozone tre a tm e n t p ro ­

cess a ls o  se rves  as a d is in fe c ta n t  process and the  b i-p ro d u c t  is  w a te r, 

thus  e l im in a t in g  ta s te  problem s a s s o c ia te d  w ith  e xce ss ive  c h lo r in a t io n .  

Such tre a tm e n t a ls o  reduces th e  p o s s ib i l i t y  o f  the  g e n e ra to r o f  c h lo r ­

in a te d  compounds w i th in  the  w a te r system .

Research Needed

A d d it io n a l in fo rm a tio n  is  needed on the  r e la t io n s h ip  between s u r­

face runoff water  qua lity  and various land-use practices, especia lly  

those w h ich  have the  c a p a b i l i t y  o f  p ro d u c in g  e le v a te d  sedim ent and 

n u t r ie n t  lo a d s . T h is  in fo rm a t io n  would a llo w  p lanne rs  and deve lop e rs  

o f  r u r a l  w a te r s to ra g e  systems to  a tte m p t to  exc lude  o r a t le a s t  m in i-  

m iz e  th e  e f fe c t  o f  th e s e  a c t iv i t ie s  o n  a  d o w n s t r e a m  w a te r  s u p p ly  

impoundment. 

The processes w h ich are re s p o n s ib le  f o r  oxygen d e p le t io n  and a s s o c i-

ted dec rease  in  w a t e r  q u a l i t y in  r e s e r v o i r s  i s  r e la t ed t o such f a c t o r s
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as c o n c e n tra t io n  o f  o rg a n ic  m a te r ia l in  th e  r u n o f f  w a te r , s o i l  typ e s , 

n u t r ie n t  lo a d in g ,  c l im a te ,  e t c . , i t  would seem p ro p e r to  deve lop  m odel­

in g  approaches w h ich  m ig h t be u s e fu l in  p r e d ic t in g  r e s e r v o ir  w a te r 

q u a l i t y  p r io r  to  th e  c o n s t ru c t io n  o f  an impoundment. A lth o u g h  q u a n t i­

t a t i v e  m o de ling  o f  such system s w ould  be e x tre m e ly  in v o lv e d ,  some 

s im p l i f ie d  c r i t e r i a  m ig h t be id e n t i f i e d  w h ich  w ould  g iv e  an in d ic a t io n  

o f  a p a r t ic u la r  s i t e  th a t  w ould  be expected to  deve lop  an a n o x ic  zone d u r in g  

s t r a t i f i c a t i o n .  F a c to rs  such as v e g e ta t io n  and upper s o i l  rem oval 

p r io r  to  impoundment sh o u ld  be e v a lu a te d . N ie ls o n  (1967) has made some 

p r e l im in a r y  a tte m p ts  a t  p r e d ic t in g  s to re d  w a te r q u a l i t y .

E x is t in g  modes f o r  th e  management o f  th e  w a te r q u a l i t y  o f  impound­

ments th ro u g h  te c h n iq u e s  such as s e le c t iv e  w ith d ra w a l shou ld  be expanded.
\

The c o m p a ra b il i ty  o r  n o n -c o m p a ta b il i ty  o f  th e  m u lt ip le  use concept 

o f  r e s e r v o ir s  shou ld  be e x p lo re d . S ince  th e  m u lt ip le  use concept may 

p la y  an im p o r ta n t p a r t  in  p o s s ib le  fu n d in g  o f  r e s e r v o ir s  used f o r  r u r a l  

w a te r  sys tem , in fo rm a t io n  on c o n f l i c t s  between these  v a r io u s  uses shou ld  

be e x p lo re d . C o n s id e ra b le  c o n tro v e rs y  has a r is e n  in  some s ta te s  re g a rd ­

in g  the use o f  w a te r su p p ly  r e s e rv o ir s  f o r  r e c re a t io n a l purposes.

Ozone tre a tm e n t has a g re a t d e a l to  o f f e r  in  th e  area o f  w a te r d is ­

in fe c t io n  as w e l l  as ir o n  and manganese rem ova l. A d d it io n a l resea rch  

on the  use o f  ozone in  w a te r tre a tm e n t shou ld  be encouraged. A lth ough  

ozone tre a tm e n t may have a p p lic a t io n s  in  m u n ic ip a l and urban tre a tm e n t

f a c i l i t i e s ,  i t  has s e v e ra l fa c to rs  w h ich  make i t  p a r t i c u la r ly  a t t r a c t iv e

to smaller r u r a l  w a te r system s. These te ch n iq u e s  would a ls o  be a p p li-  

c a b le in  the  tre a tm e n t o f ground w a te r systems c o n ta in in g  i r o n  and mangan-  

ese.
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P o s s ib ly  th e  most im p o r ta n t need o f  a l l  is  th e  developm ent o f in t e r ­

m e d ia te -s iz e  equipm ent and f a c i l i t i e s  to  be used in  r u r a l  w a te r system s. 

S p e c ia l a t te n t io n  shou ld  be g iv e n  to  p ro v id in g  tre a tm e n t equipm ent and

d is t r ib u t io n  equipm ent o f  a s iz e  re q u ire d  to  fu rn is h  a s m a ll r u r a l  w a te r 

system  ra th e r  than  a tte m p ti on to  make use o f  la rg e r  equipm ent designed 

f o r  m u n ic ip a l use (F o s te r ,  1974; Cam pbell & L e h r, 1975).

R iv e rs  and Streams

Techno logy r e la t in g  to  th e  use o f  r iv e r s  and stream s f o r  r u r a l  w a te r 

s u p p lie s  has v e ry  few a reas  th a t  a re  n o t common to  s u r fa c e  w a te r impound­

ments because, o f  c o u rs e , th e  r iv e r s  and stream s p ro v id e  th e  in p u t  to  th e  

impoundment. However, o f  co u rse , in  some cases th e  r i v e r  o r  stream  p ro ­

v id e s  th e  w a te r s u p p ly  d i r e c t l y .  R iv e r  and s tream  w a te r q u a l i t y  can b e  

r e a d i ly  b roken  in t o  two m a jo r reg im es. The f i r s t  o f  these regim es re p re ­

sen ts  th e  r i v e r  a t  low  f lo w  in  w h ich  the  r i v e r  w a te r q u a l i t y  i s  essen­

t i a l l y  th a t  o f  th e  g roundw ater fe e d in g  i t  w i th  th e  e x c e p tio n  o f  cases 

of d i r e c t  access to  the  r i v e r  by l iv e s to c k  o r  u n le s s  p o in t  source  d is ­

charges e x is t  in  th e  re g io n  b e in g  s tu d ie d .  In  t h is  reg im e few te c h n ic a l 

problem s e x is t  th a t  a re  n o t common to  e i t h e r  impoundments o r  g roundw ater 

sou rces .

The second m a jo r reg im e re p re s e n ts  th e  r i v e r  d u r in g  s to rm  even t o r  

r u n o f f  p e r io d  in  w h ich  d i f f u s e  o r  n o n -p o in t p o l lu t io n  invade  the  r iv e r  

o r s tream . U n fo r tu n a te ly  a lm ost a l l  r i v e r  and s tream  w a te r q u a l i t y  

a n d  flow gaug ing  has taken  p lace  a t  low  f lo w  w ith  l i t t l e  rega rd  f o r  run-off

 d a ta . Sherwani  and Moreau, (1975) have p resen ted  an e x c e l le n t  d is ­

c u s s io n  c o n c e rn in g  the  work th a t  has been done in  t h is  a re a . U n fo r tu n a te ly  

l i t t l e  i f  any o f  t h is  work is  b e in g  u t i l i z e d  excep t in  a few is o la te d
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Techno logy Under Developm ent b u t Not F u l ly  U t i l iz e d

P o l lu ta n t  c o n c e n tra t io n s  and mass flo w s  v a ry  w id e ly  d u r in g  a storm  

even t and o f  cou rse  th e  p o l lu ta n ts  a re  r e la te d  to  th e  la nd  use , o rd e r o f

s tre a m , and p h y s io g ra p h ic  s o i ls  (N ix ,  e t a l . , 1974; R obb ins, e t  a l . ,

1971; Sherw ani and M oreau, 1975).

Among th e  fa c to r s  w h ich  c o n t r ib u te  to  w a te r q u a l i t y  a l t e r a t io n  o f 

r iv e r s  o r  s tream s d u r in g  p e r io d s  o f  h ig h  r u n o f f  a re  1) d i r e c t  c o n tr ib u ­

t io n  o f  c o n s t i tu e n ts  by r a in ,  2) in te r a c t io n  o f  r u n o f f  w a te r w ith  the  

n a tu r a l g e o lo g ic a l and fo r e s t  e n v iro n m e n t, 3) in te r a c t io n  o f  r u n o f f  w a te r 

w i th  d is tu rb e d  la n d , 4) le a c h in g  o f  m a te r ia ls  from  a g r ic u l t u r a l  a reas ,

5) d i r e c t  in t r o d u c t io n  from  man made sources (u rban  r u n o f f ,  e t c . ) .  Some 

work has been done in  d e v e lo p in g  f i e l d  e s tim a te s  on n o n -p o in t source 

loads and re la te d  r u n o f f  c o e f f ic ie n ts  f o r  s to rm  even ts  o f  d i f f e r e n t  f re q ­

uency and m agn itudes on s e le c te d  r u r a l  and urban w a tersheds (B ryan , 1970; 

C o ls to n , 1974; EPA, 1973). In  some cases m a th em a tica l models have been 

developed  to  p r e d ic t  urban r u n o f f .  (EPA, 1971; ASCE, 1974). Storm 

impact m o n ito r in g  must be c a r e f u l l y  p lanned to  be o f  v a lu e . The reco rds  

should be lo n g  te rm , a t  le a s t  one y e a r 's  d u ra t io n ,  from  w h ich  r e l ia b le  

e s tim a te s  o f  fre q u e n cy  d i s t r ib u t io n  o f  im pacts  and the  seasona l e f fe c ts  

can be c o n s t ru c te d .  M o b ile  m o n i to r in g  is  advantageous because th e  sag 

ing s h i f t s  w i t h  s to rm  i n t e n s i t y .  P a ram e tr ic  coverage shou ld  in c lu d e  bac­

t e r i a ,  o rg a n ic  ca rb o n , suspended s o l id s ,  n i t r o g e n ,  phosphorus and t o t a l

phosphate. Grab samples should be taken f o r  the  d e te rm in a t io n  o f  BOP

a lo n g - te rm ,  an d  n i t r o g e n - in h ib i t e d  B O D  t o  ga in  i n s ig h t  i n t o  the 

k in e t ic s  o f  d e co m p o s itio n  o f  substances be in g  t ra n s p o r te d  in to  c r i t i c a l  

segments. The sam p ling  in t e r v a l  shou ld  be s e t so as to  d e f in e  the  r i s in g  

a  f a l l in g  l i m i t  o f  the  hydrograph (Sherwani and Moreau, 1975).
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The second le v e l  o f  a n a ly s is  re q u ire s  Che developm ent o f  mass 

ba lance s  (w a te r b u d ge ts ) f o r  th e  c o n s t itu e n ts  sam pled. T h is  re q u ire s  

r a i n f a l l  and s u r fa c e  f l ow measurements to  be taken  s im u lta n e o u s ly  w ith  

w a te r q u a l i t y  sa m p lin g .

Research Needed

The d i r e c t  and s u b s ta n t ia l  in te r a c t io n  between la n d  use and w a te r 

q u a l i t y  i s  o b v io u s  b u t methods and p rocedu res  f o r  q u a n t i fy in g  t h is  

in te r a c t io n  a re  in a d e q u a te . C o n s id e ra b le  re s e a rc h  i s  needed in  o rd e r 

to  a n t ic ip a te  th e  consequences to  w a te r  q u a l i t y  b ro u g h t about by la nd  

use changes. What is  u r g e n t ly  needed i s  re s e a rc h  and developm ent o f  

w a te r q u a l i t y  m o n ito r in g  program s where s p e c i f ic  c o n s id e ra t io n s  a re
\

g iv e n  to  the  h yd rog rap h . The c o n s id e ra t io n  o f  s to rm  ru n o f f  is  e s s e n t ia l

f o r d e te rm in in g  c r i t i c a l  c o n d it io n s  (MacDonald, e t  a l . , 1 9 7 6 )  o f  r i v e r s  

and s tream s.
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REASONS TECHNOLOGY IS NOT FULLY UTILIZED

In te rv ie w s  w i th  P ro fe s s io n a l and O p e ra tin g  Groups -  I n s t i t u t i o n a l  
Shortcom ings

The g e n e ra l la c k  o f  pu re  te c h n o lo g ic a l re s e a rc h  o f  re c e n t o r ig in  

c re a te d  a m a jo r conce rn  among th e  p r in c ip a ls  o f  t h is  in v e s t ig a t io n .  There 

were n o t la rg e  e x p e c ta t io n s  in  th is  a rea  s in c e  SSIE b u i ld s  i t s  l i s t  o f  

te rm s and synonyms from  th e  d e s c r ip to rs  in  c u r re n t  use and "w a te r  t r e a t ­

m ent" was n o t  on th e  l i s t .  G enera l d is c u s s io n s  among in d iv id u a l  p ro fe s ­

s io n a ls  had p r e c ip i t a te d  many needs f o r  te c h n o lo g ic a l im provem ents, b u t 

these  ite m s  f a i l e d  to  s u r fa c e  in  th e  l i t e r a r y  re s e a rc h .

T h is  s ta te m e n t does n o t mean th a t  n o th in g  i s  b e in g  done in  re se a rch  

on r u r a l  w a te r  sys tem s, b u t th a t  i t  is  fragm ented and d ire c te d  a t 

g e n e ra l pa ram e te rs— such as so c io -e conom ic  e v a lu a t io n s  o f  p lanned o r 

e x is t in g  system s, case s tu d ie s  o f  o p e ra tin g  system s, fo rm u la t io n  o f  e x is t ­

in g  te c h n o lo g y  to  the  r u r a l  problem s and e x p lo r a t io n ,  q u a l i t y  a n a ly s is ,  

and in v e n to ry  o f  e x is t in g  so u rce s . These a re  a l l  w o rth  w h ile  re se a rch  

programs and have v a lu e ,  when examined by re se a rch  p e rs o n n e l. T h e ir  

d i r e c t  v a lu e  in  t h e i r  p re s e n t fo rm  fo r  groups th a t  im plem ent r u r a l  w a te r 

systems on a g e n e ra lly  lo c a l  a re a l scheme was d o u b t fu l .

These c o n s id e ra t io n s  were used to  fo rm u la te  th e  g e n e ra l q u e s tio n n a ire  

fo llo w e d  d u r in g  th e  in te r v ie w s .  The q u e s tio n n a ire  was n o t s o p h is t ic a te d  

by d e s ig n . I t  was used o n ly  as a gu ide  in  d i r e c t in g  th e  tre n d  o f  the  

in te r v ie w .  A l l  peop le  concerned were a c t iv e ly  in v o lv e d  in  r u r a l  water. 

systems and t h e r e fo r e  h a d  a  w o r k in g  k n o w le d g e  o f  t h e  p r o c e d u r e s  a n d  p ro b ­

lems o f im p lem en ting  a system .
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The q u e s tio n s  w e re :

1) In  th e  i n s t i t u t i o n a l  s id e  o f  im p lem en ting  a r u r a l  w a te r 
system , what  are  the  problem s and needed changes fo r  
deve lopm ent o f  th e  system?

2) What i s  th e  b a s ic  le v e l  o f  te ch n o lo g y  used do des ign  a 
system  o f  t h is  n a tu re  and how was i t  a c q u ir ed?

3) Do you use some o f  th e  c u r re n t  te ch n o lo g y  such as:

1. C om puterized n e tw o rk  mo d e ls
2. C om puterized demand models
3. P o p u la tio n  and developm ent fo re c a s t in g  te chn iques
A. E n g in e e r in g  and D esign G uides f o r  r u r a l  wa te r  system s.

and i f  n o t ,  why?

4) What do you p e rc e iv e  as the  needs f o r  te c h n o lo g ic a l in n o v a t io n  
to  make r u r a l  w a te r system s more e c o n o m ic a lly  fe a s ib le .

The response to  th e  f i r s t  q u e s tio n  was unanimous in  th a t  th e  i n s t i ­

t u t io n a l  fram ew ork w h ich  must be s a t is f ie d  to  secu re  f in a n c in g ,  a p p ro v a l 

and o p e ra t io n  is  fo rm id a b le  to  say th e  le a s t .  As one o p e ra to r  s ta te d ,

" I t  seems to  be a supreme te s t  us to  see how bad you want a w a te r sys te m ." 

The fra g m e n ta t io n  o f  th e  f in a n c ia l  arrangem ents was a m a jo r p o r t io n  o f  

t h e i r  conce rn . S ince a FHmA lo an  can not be jo in e d ,  by in te r p r e ta t io n ,

with o th e r  lo ans  the  p r o je c t  b reaks down in to  two c a te g o r ie s ,  the  loan and 

th e  g r an ts .

The p r im a ry  lo a n in g  agency in  the FHmA, w h ich  has i t s  own c r i t e r i a  

f o r  a c c e p ta b i l i t y  o f  a p r o je c t  f o r  t h is  lo a n . The a d d it io n a l f in a n c in g  

i s  then made up from  g ra n ts  from  s e v e ra l o th e r  a g e nc ie s . HUD g ra n ts  

re q u ire  a fo rm u la t io n  around economic d isa d va n ta g e , EDA fo rm u la t io n  is  on 

anomic p o te n t ia l  f o r  in d u s t r ia l i z a t io n ,  e tc .  Each agency a ls o  re q u ire s  

c e r ta in  c o n d it io n s  and p re v io u s  s tu d ie s  to  have been accom plished . These 

re q u ire m e n ts  make each system  a s p e c ia l case in  i t s e l f  as fa r  as se cu rin g  

adequate f in a n c in g .
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T h is  i s  fo l lo w e d  by th e  a p p ro v a l and re v ie w  s id e  o f  the  i n s t i t u t i o n a l  

fo rm a t. A p r e l im in a r y  d e s ig n  and economic f e a s i b i l i t y  has to  be done,

u s u a l ly  w ith o u t  f in a n c ia l  s u p p o r t ,  b e fo re  an a p p ro v a l o f  th e  p u b l ic  h e a lth

g ro u p s , w h ich  v a ry  g r e a t ly  fro m  s ta te  to  s ta te  in  o rg a n iz a t io n a l fram e­

w ork and a c c e p ta b le  s ta n d a rd s , and re g io n a l p la n n in g  o rg a n iz a t io n s .

The s u c c e s s fu l c o m p le tio n  o f  these  s te p s  must p receed th e  a c q u is i t io n  

o f  funds  and c o n s t ru c t io n .  There  was a consensus th a t  t h i s  p rocess  c o u ld  

be g r e a t ly  s im p l i f ie d  and s ta n d a rd iz e d , s in c e  i t s  success was h ig h ly  depen­

den t on th e  e x p e r ie n c e  and c a p a b i l i t y  o f  th e  g roup  c o m p le tin g  t h i s  phase. 

One e n g in e e r w ent so f a r  as to  s ta te  t h a t ,  "The success o r  f a i l u r e  o f  a 

r u r a l  w a te r  system  i s  s o le ly  dependent on th e  c o n s u lt in g  e n g in e e r in g  group 

u s e d ."  T h is  s ta te m e n t was u n s o l ic i te d  and g e n e ra l ly  p roves to  be c o r re c t .

■ A c o n s u lta n t  th a t  has re se a rche d  a l l  th e  re q u ire m e n ts  and a g re s s iv e ly  

pursues t h e i r  f u l f i l lm e n t  to  m axim ize th e  d e s ig n  and f in a n c ia l  a rra n g e ­

ments o f  a sys tem , c o n s tru c ts  and p u ts  in t o  o p e ra t io n  a f a r  b e t te r  w a te r 

s u p p ly  sys tem . The groups th a t  tend  to  f i g h t  th e  i n s t i t u t i o n a l  fram ework 

seem to ,  as one in d iv id u a l  so a p t ly  p u t i t ,  " s h o e - s t r in g "  th e  system 

to g e th e r ,  w h ich  i s  then  c o n fro n te d  w ith  a fu tu r e  o f  neve r end ing  p ro b -

l e m .

A no the r concern  in  the  i n s t i t u t i o n a l  fram ework was FHmA re q u ire m e n ts  

in each system  m u s t  s tan d  on i t s  own and must prove e c o n o m ic a lly  fe a s ib le

wi t h  s ig n e d  u s e rs . T h is  p re c lu d e s  lo n g  term  p la n n in g  and a llo w s  a g e n e ra l 

expans io n  p o t e n t ia l  o f  a maximum o f  100%. T h is  does no t c o n s id e r e x is t -

ing o r fu tu r e  po ten ti a l  use rs  in  the  system  beyond 100% o f  th e  s igned

T h e re fo re ,  an approved system  then can a c t  as a b a r r ie r  on two

 sepera te  f r o n t s .  I f  the  system  is  s u c c e s s fu ll,  i t  can r each c a p a c ity
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r a p id ly  and a d d i t io n a l  expans io n  would have to  be pu t in  on top  o f the 

o th e r  one. A ls o ,  i f  the  system  is  a d jo in e d  to  a m a jo r urban system  w ith  

an excess o f  h ig h  q u a l i t y  w a te r  in  w h ich  i t  d ec ide s  to  pu rcha se , the  

m ain t ru n k  canno t be s iz e d  to  p ro v id e  t h is  sou rce  p o t e n t ia l  on th e  fa r  

s id e  o f  t h i s  new system . I t  th e re fo re  becomes a b a r r ie r  f o r  o th e r  

sys tem s, s in c e  th e y  canno t t i e  on ; the y  must se cu re  r ig h t - o f - w a y  and la y  

a m a jo r t r u n k  th ro u g h  th e  o th e r  system  o r  lo o k  f o r  o th e r  sources  and 

tre a tm e n ts  w i th  h ig h e r  a s s o c ia te d  c o s ts .

Com prehensive p la n n in g  and d e fe r re d  lo a n s  c o u ld  p ro v id e  f o r  economi­

c a l s taged  expa n s io n  fro m  la rg e  so u rce s . The econom ics o f  t h is  type  o f 

e xpans ion  w ou ld  g r e a t ly  im prove  th e  f e a s i b i l i t y  and r e l i a b i l i t y  o f  

w a te r s u p p lie s  fro m  m a jo r sources  such as Beaver Lake in  A rkansas.

The q u e s t io n  on the  c u r re n t  te c h n o lo g y  b e in g  used was answered the 

same by a l l  g ro u p s . The te c h n o lo g y  i s s ta n d a rd  and is  r e a d i ly  a v a i la b le  

to  a cco m p lish  th e  d e s ig n  o f  th e  system . Very l i t t l e  dynam ic in n o v a t io n  

is  wa rra n te d  s in c e  econom ics and the  a p p ro v a l c o n s t r a in ts  Lock t h is  

te c h n o lo g ic a l u t i l i z a t i o n  in t o  th e  t r ie d  and p roven  c a te g o ry  o f  deve lopm ent.

The econom ics o f  these  r u r a l  w a te r system s a re  m a rg in a l o r  l im i te d  

in the  e a r ly  s tag e s  o f  deve lopm ent and c o u ld  n o t e a s i ly  s u rv iv e  m a in - 

nance o r  operation p rob lem s. T h e re fo re , th e re  is no incentive to  t r y  

te c hno lo g y  th a t  does n o t have a h is t o r y  o f  r e l ia b le  o p e ra t io n  and a ccep ta ­

b i l i t y .  T h is  i s  compounded by th e  f a c t  th a t  accep tance  by th e  a p p ro v in g  

and review agencies mus t  be verified  b e fo re  in c lu s io n  in t o  the  system ,

and th e re  is  n o t a fram ew ork f o r  v a l id a t in g  new p ie ces  o f  equipm ent o r

te c h n o lo g y .

T h is  same p h ilo s o p h y  c a r r ie s  over in to  the c o n s t ru c t in g  o f  the system.

An engin e e r s t a t e d  t h a t  h i s  contractors must be  f u l l y  l i c e n s e d ,  bonded
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and have an e s ta b lis h e d  re c o rd  o f  good p r a c t ic e .  I t  was f u r t h e r  s ta te d  

th a t  no man i s  g o in g  to  d r i l l  h is  f i r s t  w e l l  on one o f  my jo b s .  There 

is  n o th in g  wrong w ith  t h i s  p h ilo s o p h y , in  f a c t  m ost, in c lu d in g  t h is  

p r in c ip a l ,  f in d  th a t  t h i s  i s  good p r a c t ic e  and sound e n g in e e r in g . I t  

does, how ever, p re c lu d e  in n o v a t iv e  te c h n iq u e s  in  c o n s t ru c t io n  u n le ss  

f i r m ly  e s ta b lis h e d  i n  th e  in d u s t r y .  A g a in , th e  m o t iv a t io n  and fram ework 

f o r  d e v e lo p in g , t e s t in g  and v a l id a t in g  new te c h n o lo g y  is  la c k in g .

The t h i r d  q u e s t io n ,  as to  w h e th e r new te c h n o lo g y , w h ich  i s  a v a i la b le ,  

has been id e n t i f i e d  and why i t  was n o t used, b ro u g h t the  same response 

from  a l l  g roups . New te c h n o lo g y , a lth o u g h  some were f a m i l ia r  w ith  i t s  

e x is ta n c e ,  i f  n o t i t s  t e x t ,  was unw arran ted  in  the  c u r re n t  p ra c t ic e  o f  

d e v e lo p in g  r u r a l  w a te r  sys tem s. The p rocedu re  f o r  p u t t in g  in  the  system 

is  s e t , and re q u ire s  no a d d i t io n a l  te c h n o lo g y  w i t h in  the  in s t i t u t io n a l  

fram ew ork as i t  c u r r e n t ly  i s  fo rm u la te d .

The system s a re  e c o n o m ic a lly  f ix e d  by t h is  fram ew ork. FHmA w i l l  lo a n  

as much p e r bona f id e  u s e r and t h is  i s  augmented by c e r ta in  g ra n t fu n d s . 

T h is  t o t a l  d o l la r  v a lu e  th e n  becomes th e  economic c o n s t r a in t .  The 

app ro v a l p rocess  and p roven  te c h n iq u e s  then  fo rm u la te  the  o th e r  con­

s t r a in t .  The b e s t system  is  then  f i t t e d  in t o  these  c o n s t r a in ts  and the  

g e o g ra p h ic  a re a  u s in g  e s ta b lis h e d  p ro ced u re s  o f  e n g in e e r in g . The system  

r a r e ly  la rg e  enough o r done w ith  enough fre q u e n cy  to  u t i l i z e  com puter 

te c h n iq u e s  e f f e c t i v e ly .

The f i n a l  q u e s t io n  abou t needed te c h n o lo g ic a l re se a rch  was answered 

a g e n e ra l ly  n e g a tiv e  response . In f a c t , a l l  those i n te rv ie w e d  came 

up w ith  no recom m endations f o r  te c h n o lo g ic a l re se a rch  o th e r  than  those 

a lre a d y  d iscu sse d  in  th e  i n s t i t u t io n a l  fram ew ork. T h is  was n o t s u r p r is -

i n g  s in c e  t h e y  w e r e  n o t  u s in g  e x is t i n g  t e c h n o lo g y . F u r th e r  d is c u s s io n
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40

conc luded  th a t  any re s e a rc h  th a t  im proves th e  econom ics o f  sou rce  a c q u is i­

t io n  and n e tw o rk  c o n s t ru c t io n  c o s t w ou ld  g r e a t ly  enhance the  economic 

v i a b i l i t y  o f r u r a l  system  deve lopm en t. Those in te rv ie w e d  made no s p e c i f ic  

s u g g e s tio n s .

The in te r v ie w in g  o f  th o se  th a t  o p e ra te d  the  system s added v e ry  l i t t l e  

to  the  te c h n o lo g ic a l re v ie w  o th e r  than  a need to  im prove o p e ra t in g  and 

m a in tenance  c h a r a c te r is t ic s  o f  th e  system s. When asked f o r  s p e c i f ic  re c -  

com enda tions , th e y  b ro u g h t f o r t h  p rob lem s th a t  were a c tu a l ly  d e s ig n  and 

c o n s t ru c t io n  p ro b le m s. The in te r v ie w  a lw ays b ro ke  o ve r in t o  two g e n e ra l 

c a te g o r ie s  -  1) Those th a t  p ra is e d  th e  e n g in e e r in g  group th a t  im plem ented 

t h e i r  system  and were g e n e ra lly  m a in tenance  f r e e ,  and 2) Those th a t

sp o ke  d e s p a ir in g ly  o f  the  e n g in e e r in g  group and had heavy m a in tenance
\

c o s t and a w id e  v a r ie t y  o f  o p e ra t in g  p rob lem s.

T h is  r e in fo r c e d  the  s ta te m e n t made th a t  th e  e n g in e e r in g  group 

employed is  g e n e ra l ly  re s p o n s ib le  f o r  the  success o r  f a i l u r e  o f  the  system . 

T h is  i s  o b v io u s ly  n o t a b s o lu te ,  b u t does e s ta b l is h  th e  b a s ic  fram ework 

fo r  success o r  f a i l u r e .

Two system s in  the  same a rea  and b u i l t  by the  same o rg a n iz a t io n  have 

an e n t i r e ly  d i f f e r e n t  c h a r a c te r is t ic s  o f  o p e ra t io n .  One is  o p e ra t in g  

feasibly and th e  o th e r  is  h a v in g  s e r io u s  p rob lem s. T h is  was tra c e d  back 

to  the  t wo g roups th a t  o p e ra te  th e  system s. One group d id  a good jo b  and 

the o th e r  d id  n o t .

No c is t e r n  system  o r  s m a ll system s th a t  o p e ra te d  from  a sm a ll reservoirs

 lo c a te d  f o r  in te r v ie w .  A l l  system s o f t h i s  s i z e  i n  the area o f

were e i t h e r  bought  w a te r  o r  used g roundwater  as a source.  Water from 

o th e r  s o u r c e s  r e q u i r e s heavy t re a tm e n t  w h i l e  deep groundwater  is  o f  such 

q u a l i t y  as to  o n l y  need r e s i d u a l  c h l o r i n a t i o n .



Co nsumer Complacency

One o f  th e  o b v io u s  reasons te c h n o lo g y  is  n o t b e in g  f u l l y  u t i l i z e d  

is  th e  com placency o f  th e  consum er. The consumer s im p ly  does n o t demand 

i t  because he i s  co n v in ce d  th a t  he has " th e  b e s t w a te r a ro u n d ."  W h its e l l  

and H u tc h in s o n , (1973) found  t h is  to  be t r u e .  A ls o ,  th e y  found th a t  

re g a rd le s s  o f  how dangerous th e  s u p p ly  looked  o r  how d is t a s t e f u l  th e  w a te r , 

th e  consumer r a r e ly  co m p la ine d . The consumer ju d g e s  th e  adequacy o f 

h is  s u p p ly  on th e  b a s is  o f  two c r i t e r i a :  w he th e r th e re  was enough to  

s u p p ly  h is  needs, and w h e th e r i t  ta s te s  a l l  r i g h t .  S ince  the  consumer 

th a t  i s  fo rc e d  to  depend on a s o le  sou rce  w i l l  soon become accustomed to  

the. ta s te ,  th e  o n ly  r e a l  reason  f o r  h im  to  p r e fe r  a b e t te r  system  tu rn s  

o u t to  be a w a te r  s h o rta g e  ( W h it s e l l  and H u tc h in s o n , 1973). P u b lic  agon­

ies  a re  u s u a l ly  d r a s t i c a l l y  under s ta f fe d  and o p e ra te  on th e  p r in c ip le  

th a t  th e  "squeaky  w hee l g e ts  th e  o i l . "  T h e re fo re , u n le s s  the  consumer 

demands modern te c h n o lo g y  be used , i t  is  r a r e ly  u t i l i z e d .  P u b lic  awareness

 and in fo r m a t io n  d is s e m in a t io n  program s c o u ld  h e lp  i n t h is  a re a .
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CONCLUSIONS

The th in g  th a t  we seem to  lo s e  s ig h t  o f  in  re c e n t tim es  i s  th a t  to

Set s ta n d a rd s  w ith o u t  s u p p o r t in g  th e  te c h n o lo g ic a l advances needed to
\

a ch ie ve  them i s  n o t th e  most advantageous s t ra te g y  to  p u rsue . I t  is  

a d m ira b le  and i d e a l i s t i c  to  r e a l iz e  one day th a t  we have f a i le d  to  p ro ­

v id e  o r  p r o te c t  some a sp e c t o f  o u r system  and then  to  pass law s to  say 

we have to  meet these  s ta n d a rd s  by such a d a te . A lth o u g h  h e a r in g s  a re  

h e ld ,  te s t im o n y  i s  g iv e n  and c o n s id e ra t io n s  a re  made, the  in c re m e n ta l 

b e n e f i ts  a re  exceeded g r e a t ly  by in c re m e n ta l c o s ts ,  b u t th e y  a re  passed 

any way.

In  r u r a l  w a te r ,  t h i s  was accom p lished  by the  Safe D r in k in g  W ater A c t. 

The c o s t o f  m e e ting  these  s ta n d a rd s  f o r  a l l  r u r a l  a re a s , w h ich  se rves 

20% o f  th e  p o p u la t io n  may c o s t as much as th e  system s f o r  th e  o th e r  80%.

We are  ta k in g  n e g le c te d  system s o f  low  q u a l i t y  and m oving them up to  ve ry  

high s ta n d a rd s . T h is  may w e l l  be d e s ire d  f o r  h e a lth  re a son s , b u t in  some 

rases  where econom ics canno t s u p p o rt such system s, w ou ld  n o t an im p ro ve - 

ment be b e t te r  than  no w a te r o r  s e v e re ly  co n ta m in a te d  w a te r?

The m a jo r p o in t  o f  t h is  d is c u s s io n  is  th a t  under the  i n s t i t u t i o n a l  

fram ew ork in  w h ich  these  system s a re  c o n s tru c te d ,  th e re  is  a s e t s c a le  

o f  econom ics th a t  p re c lu d e  developm ent freedom o r  in n o v a t iv e  a d v a n c e m e n t.

"This is  why the  te c h n o lo g y  w h ich  w ou ld  have m a jo r im pac t on th e  f e a s i-  

bility the se  system s a re  la c k in g .  There is  n o t ,  n o r is  i t  l i k e l y  to  developed

 unde r c u r re n t  p ro ce d u re s , the d r iv in g  f o r c e  necessary  to  enco u r- 

age, t e s t  and v a l id a te  new te c h n o lo g y .

There  i s  new te ch n o lo g y  needed. A b e t t e r  d r i l l i n g  system  to  d r i l l  and
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s e t w e lls  i n the  2500 fo o r  range , p ip e  i n the  6 - in c h  to  3 - i n ch s iz e  th a t 

can be plowed in t o  ground s a fe ly ,  w h ich  was s p e c i f i c a l l y  des igned  f o r  th is  

pu rpo se , and t e l i m en try  and p la n t  d es ign  f o r  c o n s o lid a t io n  o f  O & M fu n c - 

t io n s  a re  a l l  n e ce ssa ry  and w o r th w h ile  re s e a rc h  fu n c t io n s .  An i n s t i t u ­

t io n a l  p ro ce ss  w hereby com prehensive  p la n n in g  and f in a n c in g  system s th a t  

can be added to  by s ta g e s  to  im prove  th e  s c a le  o f  econom ics a re  desper­

a te ly  needed.

T h is  re s e a rc h  has shown th a t  an i n s t i t u t i o n a l  fram ew ork o f  coun ty  

o r re g io n a l w a te r a u t h o r i t ie s  may be a d v is a b le .  T h is  w ou ld  make in t e ­

g ra te d  system s o f  la rg e  enough s c a le  to  f in a n c e  p ro p e r ly  and to  p ro v id e  

fo r  g row th  and e xp a n s io n . The system s we a re  b u i ld in g  today  w i l l  be 

in a dequa te  l a t e r ,  b u t what i s  f a r  w o rse , th e y  w i l l  n o t have th e  c a p a b i l i t y  

to  be r e a d i l y  expandab le . The c o n tin u e d  deve lopm ent o f  r u r a l  a reas w i l l  

p ro v id e  the  p rob lem  f o r  years to  come i f  we do n o t r e s t r u c tu r e  ou r system  

to  meet i t  co m p re h e n s ive ly .
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