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GROUND WATER 

INTRODUCTION 

Purpose and Scope 

The purpose of t h i s  s e c t i o n  of t h e  Nat iona l  Engineering Handbook i s  t o  
present  information on ground water  a s  it r e l a t e s  t o  S o i l  Conservation 
Serv ice  programs. This m a t e r i a l  was compiled t o  h e l p  SCS personnel  
p l an  and conduct ground-water s t u d i e s  under e s t a b l i s h e d  SCS s tandards  
and p o l i c i e s .  

Inves t iga t ions  a r e  made (1) t o  determine t h e  a v a i l a b i l i t y  and s u i t a b i -  
l i t y  of ground water  f o r  b e n e f i c i a l  use and ( 2 )  t o  provide ground- 
water  information needed t o  p l a n ,  design and cons t ruc t  works of improve- 
ment. SCS does not make ground-water surveys o r  s t u d i e s  f o r  t h e  s o l e  
purpose of c o l l e c t i n g  b a s i c  da t a .  

I n  many a reas  b a s i c  ground-water d a t a  have been c o l l e c t e d  and compiled 
by o the r  Federa l ,  S t a t e ,  and p r i v a t e  agencies .  This  information may 
be a v a i l a b l e  i n  publ i shed  documents o r  i n  unpublished f i e l d  r e p o r t s .  
When t h e s e  d a t a  a r e  e i t h e r  i n s u f f i c i e n t  i n  d e t a i l  o r  ou tda ted .  t h e  SCS 
must conduct f u r t h e r  i n v e s t i g a t i o n s .  

Because problems a s soc i a t ed  with ground water  a r e  complex, a  f l e x i b l e  
p a t t e r n  of i n v e s t i g a t i o n a l  procedures i s  needed. Each ground-water 
s i t u a t i o n  w i l l  have some i d e n t i f i a b l e  c h a r a c t e r i s t i c s  which w i l l  h e l p  
t o  determine t h e  b e s t  procedures  t o  use.  The a b i l i t y  of t h e  i n v e s t i -  
ga to r  t o  recognize t h e s e  c h a r a c t e r i s t i c s  and s e l e c t  t h e  most app l i cab le  
grocedures  w i l l  l a r g e l y  determine t h e  adequacy of  t h e  i n v e s t i g a t i o n s .  

Ground-Water Uses 

A t  p r e s e n t ,  about one - f i f t h  of  a l l  water  used i n  t h e  world i s  ob ta ined  
from ground-water sources.  The demand i s  s t e a d i l y  i nc reas ing .  I n  t h e  
United S t a t e s  i r r i g a t i o n  makes t h e  g r e a t e s t  s i n g l e  demand, us ing  about 
70 percent  of a l l  e x t r a c t e d  ground water .  About 11 percent  i s  used by 
indus t ry ,  13  percent  f o r  pub l i c  water  s u p p l i e s ,  and 6 percent  f o r  r u r a l  
water needs o t h e r  than  i r r i g a t i o n .  I n  t h e  17 western S t a t e s ,  9 1  per-  
cen t  of t h e  ground water  used i s  f o r  crop product ion.  

Ground-Water Rights  

S t a t e  laws regard ing  t h e  use  of ground water  must be followed. There 
a r e  t h r e e  p r i n c i p a l  s e t s  of r u l e s  o r  "doc t r ines"  upon which t h e s e  laws 
a r e  based. These a r e :  



Absolute mnership, o r  t h e  common-law r u l e ,  which s t a t e s  
t h a t  t h e  owner of t h e  land i s  t h e  absolute owner of a l l  
underground waters under h i s  property. He may develop 
end use h i s  ground water a s  he p leases  without regard t o  
t h e  e f f e c t  upon t h e  ground-water supplies of adjacent 
landowners. However, i n  many S t a t e s  where t h i s  r u l e  i s  
followed, it is subject  t o  some qua l i f i ca t ions .  This 
doct r ine  does not recognize flowing ground water o r  t h e  
e f f e c t  t h a t  i t s  misuse may have on other  landowners 
using t h e  same source. ' 

Ownership w i t h  reasonubte use is  s i m i l a r  t o  t h e  common- 
law ownership but  l i m i t s  t h e  owner t o  a reasonable use 
with regard t o  t h e  needs of o the r  owners of lands over- 
ly ing  a common ground-water source. Export of ground 
water outside of t h e  bas in  o r  area  i s  prohibi ted  when 
owners within the  basin o r  a rea  a r e  i n  need of these  
waters. New Hampshire was t h e  f i r s t  t o  adopt t h i s  r u l e  
i n  1862. Since then it has been adopted by Cal i fornia ,  
Nebraska, Oklahoma, and H a w a i i .  

The appropriation doctrine follows t h e  r u l e  t h a t ,  where 
ground-water l i m i t s  o r  boundaries can be reasonably 
es tabl ished,  t h e  subsurface waters a r e  public waters 
and subject  t o  appropriation. P r i o r i t y  r i g h t s  a r e  
i ssued from a designated S t a t e  agency a f t e r  an exam- 
ina t ion  of t h e  i n t e n t  of use. The appropriat ion 
syertern places emphasis upon b e n e f i c i a l  use and con- 
servat ion,  secur i ty  of investment, and respons ib i l i ty  
f o r  adminis t ra t ive  guidance. S t a t u t e s  based on t h i s  
doct r ine  a r e  bes t  known i n  New Mexico, Oregon, 
Washington, Kansas, Nevada, Utah, and Arizona. I n  
p a r t s  of New York arid New Je r sey  modified versions 
of t h i s  r u l e  apply. 

Administration 

Most S t a t e s  regula te  t h e  development and administrat ion of ground-water 
resources i n  t h e  publ ic  i n t e r e s t .  

The more common S t a t e  regula t ions  a re :  (1) A l l  persons d r i l l i n g  wells  
f o r  o thers  must be l icensed;  ( 2 )  d r i l l i n g  permits ,  logs ,  and any work 
performed on wells  must be reported t o  t h e  S t a t e  on prescribed forms; 
( 3 )  wells furnishing domestic or  municipal water must be properly con- 
s t r u c t e d  and f in i shed  t o  prevent contamination; ( 4 )  f l a r i n g  wells  must 
be su i t ab ly  capped and regulated t o  avoid waste; ( 5 )  abandoned wel ls  
must be sealed;  (6)  air-condit ioning and cooling waters must be returned 
t o  t h e  ground through recharge wells;  and ( 7 )  d isposal  of any contam- 
inan t s ,  such as  b r ines  o r  i n d u s t r i a l  wastes, which a f fec t  t h e  q u a l i t y  
of public water suppl ies  c'an be r e s t r i c t e d .  

Administration of these  regula t ions  i s  usual ly  t h e  r e s p o n s i b i l i t y  of 
a designated S t a t e  agency. Administration and con t ro l ' o f  ground water 
i n  overdraft  a reas  pose many complex t echn ica l  problems. 
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GROUND WATER 

CHAPTER 1. GROUND-WATER HYDROLOGY 

The -Hydrologic Cycle 

Water e x i s t s  i n  t h e  atmosphere, on t h e  e a r t h ' s  surface  ( t h e  hydrosphere),  
and under t h e  e a r t h ' s  surface  ( t h e  l i thosphere ) .  A cont inual  i n t e r -  
change produces a closed system t h a t  i s  known a s  t h e  hydrologic cycle. 
Ground water i s  an i n t e g r a l  p a r t  of t h i s  system. 

The Hydraulic Proper t ies  of Materials  

Water i n  t h e  l i thosphere  i s  i n  t h e  form of f r e e  water ,  water vapor o r  
i c e ,  o r  i s  chemically combined. Subsurface, uncombined water must 
occupy space wi th in  t h e  s o i l  o r  rocks which i s  not occupied by s o l i d  
mineral matter .  These spaces a r e  c a l l e d  interstices. I n t e r s t i t i a l  
space may be occupied by a i r  o r  o the r  gases o r  by water o r  o ther  l i q u i d s .  

A rock o r  s o i l  i s  s a i d  t o  be porous o r  t o  have porosity i f . i t  contains 
i n t e r s t i c e s  o r  voids. Porosi ty can be q u a n t i t a t i v e l y  expressed as  t h e  
r a t i o  of t h e  t o t a l  volume of voids t o  t h e  t o t a l  volume of t h e  rock o r  
s o i l .  It i s  usual ly  given as  a percentage. Primary poros i ty  comes 
i n t o  exis tence  as  a r e s u l t  of t h e  processes by which t h e  rock o r  s o i l  
was formed. Secondary poros i ty  i s  produced by f r a c t u r e ,  so lu t ion  o r  
r ecyys ta l l i za t ion .  Ground water occurs' i n  both primary and secondary 
voids. 

Voids can be divided i n t o  th ree  c l a s ses  with respect  t o  t h e i r  s i z e  and 
i n t e r a c t i o n  with water.  These a r e  capizzary, supercapizzary and sub- 
capiZZary i n t e r s t i c e s .  

Ground water w i l l  r i s e  i n  a c a p i l l a r y  i n t e r s t i c e  by surface  t ens ion  
t o  a given height  above t h e  water t a b l e .  The amount of r i s e  i s  depen- 
dent upon t h e  s i z e ,  shape, and composition of t h e  walls  of t h e  void. 
The upper l i m i t  of c a p i l l a r y  s i z e  i s  i n  t h e  neighborhood of 3 m i l l i -  
meters. 

A n , i n t e r s t i c e  l a r g e r  than the  upper s i z e  l i m i t  of a c a p i l l a r y  i s  s a i d  
t o  be supercapi l la ry .  Water i n  a supercapi l la ry  i n t e r s t i c e  w i l l  not 
r i s e  appreciably above t h e  e levat ion  of t h e  water t a b l e .  

A subcapi l la ry  i n t e r s t i c e  i s  so  small  t h a t  water i n  it i s  he ld  by ad- 
hesion t o  t h e  s ides  of t h e  i n t e r s t i c e .  The adhesive f.orces exceed the  
cohesive forces  of t h e  water. ~ovement i s  impossible except by ex te r - .  
n a l  forces  which g r e a t l y  exceed those  normally found i n  t h e  zone of 
ground water. 



A rock o r  s o i l  which has communicating voids of c a p i l l a r y  o r  super- 
c a p i l l a r y  s i z e  i s  s a i d  t o  be permeable. The permeabi l i ty  of a  m a t e r i a l  
i s  i t s  capac i ty  t o  t r ansmi t  f l u i d s  under p re s su re .  

While a  m a t e r i a l  must have po ros i ty  i n  order  t o  be permeable, t h e r e  i s  
no d i r e c t  r e l a t i o n s h i p  between t o t a l  p o r o s i t y  and permeabi l i ty .  This 
i s  i l l u s t r a t e d  i n  Table 1-1. 

Table 1-1. Comparison of Typical  P o r o s i t i e s  and Coef f i c i en t s  of 
Permeabi l i ty  f o r  Common Mate r i a l s  (From var ious  sou rces )  

Coe f f i c i en t  of 
Ma te r i a l  Po ros i ty  Permeabi l i ty  

% f t  3 / f t 2 / d a y  

Poorly-graded g rave l s  30-40 More than  3000 

Poorly-graded sands 30-40 300 t o  3000 

Well-graded sands 20-35 15  t o  300 

Fine sands 30-35 1 5  t o  150 

S i l t y  sands 30-40 . 3  t o  6  

S i l t s  40-50 .03 t o  1 

Clays 45-60 Less t han  ,003 

A water-bearing formation conta ins  g r a v i t y  ground water .  Formations 
t h a t  con ta in  enough water t o  be used a s  a  source of supply a r e  c a l l e d  
aquifers.  An a q u i f e r  may be an e n t i r e  formation,  a  group of  formations 
o r  p a r t  of a  formation. It may be e i t h e r  consol ida ted  o r  unconsolida- 
t e d .  

An aquiclude i s  porous and may con ta in  ground water bu t  w i l l  not  t r a n s -  
m i t  it f a s t  enough t o  be of consequence a s  a  water  supply. What i s  
considered t o  be an a q u i f e r  i n  one a r e a  may be  considered t o  be an 
aquiclude i n  another  a r e a  because of d i f f e r e n c e s  i n  demand and ava i l -  
a b i l i t y  of a l t e r n a t e  supp l i e s .  

An aquifuge i s  a  formation conta in ing  no communicating voids .  

The Occurrence of Ground Water 

The l i t h o s p h e r e  can be  d iv ided  i n t o  two gene ra l  zones. The zone of  
rock fracture, which inc ludes  t h e  r e g o l i t h ,  i s  t h e  zone where rocks 
a r e  under s t r e s s e s  l e s s  t han  those  r equ i r ed  t o  c l o s e  voids by i n t e r n a l  
deformation. The zone o f  rock flowage i s  below t h e  zone of rock f r ac -  
t u r e  where a l l  rocks a r e  under s t r e s s e s  exceeding t h e i r  e l a s t i c  l i m i t s .  
I n  t h i s  zone voids  a r e  absent  o r  i n s i g n i f i c a n t  and water  e x i s t s  only 
as  in ternal  water .  There i s  an in te rmedia te  zone where s t rong  rocks 
a r e  f r a c t u r e d  and weak rocks flow. See Figure 1-1. 



I n  t h e  zone of rock f r a c t u r e  subsurface water  e x i s t s  i n  two broad zones-- 
t h e  zone of saturation and t h e  zoyle of aeration. 

Zone of Sa tu ra t ion  
I n  t h e  zone of s a t u r a t i o n  a l l  communicating voids a r e  f i l l e d  with water 
under hydros t a t i c  p re s su re .  Water i s  t h e  zone of s a t u r a t i o n  i s  ground 
water o r  pnreatic water. 

Zbne of Aerat ion 
I n  t h e  zone of a e r a t i o n ,  voids i n  permeable ma te r i a l s  a r e  empty, par- 
t i a l l y  f i l l e d ,  o r  f i l l e d  with water e i t h e r  moving downward under t h e  
fo rce  of g r a v i t y  o r  being he ld  by c a p i l l a r y  a c t i o n .  

The zone of a e r a t i o n  i s  d iv ided  i n t o  t h r e e  sub-zones. These a r e  t h e  
capiZZary fringe, t h e  zone of  so i l  water, and an i n t emed ia t e  zone. 

Cap i l l a ry  Fringe.--Immediately over ly ing  t h e  zone of s a t u r a t i o n  and 
continuous with t h e  water i n  t h e  zone of s a t u r a t i o n  i s  t h e  c a p i l l a r y  
f r i n g e .  It i s  h e l d  above t h e  water t a b l e  by c a p i l l a r i t y  a c t i n g  aga ins t  
g r a v i t y .  A l l  i n t e r s t i c e s  of c a p i l l a r y  s i z e  may be f i l l e d  with water 
bu t  no h y d r o s t a t i c  head w i l l  be exh ib i t ed .  Since t h e  he ight  t o  which 
water i s  h e l d  by c a p i l l a r i t y  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  diameter 
of t h e  i n t e r s t i t i a l  space,  t h e  th i ckness  of t h e  c a p i l l a r y  f r i n g e  w i l l  
vary with t h e  t e x t u r e  of t h e  rock o r  s o i l ,  a l l  o t h e r  t h i n g s  being 
equal .  I f  t h e  m a t e r i a l  has  only s u p e r c a p i l l a r y  openings, t h e  c a p i l l a r y  
f r i n g e  w i l l  be  p r a c t i c a l l y  absent .  I f  t h e  openings a r e  a l l  subcapi l-  
l a r y  t h e  m a t e r i a l  i s  impermeable. Most ma te r i a l s  have some c a p i l l a r y  
i n t e r s t i c e s ,  however. Some t y p i c a l  va lues  f o r  t h e  he ight  of c a p i l l a r y  
r i s e  i n  common m a t e r i a l s  a r e  presented  i n  Table 1-2. 

Table 1-2. Typical  Values of Cap i l l a ry  Rise 

S o i l  Q p e  Height of Cap i l l a ry  Rise ,  inches 

Coarse sand 

Sand 

Fine sand 

S i l t  

Clay 

1 / 2  t o  2 

5 t o  1 4  

1 4  t o  28 

28 t o  60 

80 t o  160 o r  more 

A t  equi l ibr ium,  any water  reaching t h e  c a p i l l a r y  f r i n g e  from above by 
g r a v i t y  flow w i l l  cause t h e  immediate d ischarge  of  an equiva len t  amount 
of water t o  t h e  zone of s a t u r a t i o n .  I n  e f f e c t ,  t h i s  r a i s e s  t h e  eleva-  
t i o n  of t h e  water t a b l e .  

Zone of S o i l  Water.--The so i l -water  zone extends from t h e  su r f ace  t o  
s l i g h t l y  below t h e  depth of roo t  pene t r a t ion .  Water i n  t h i s  zone i s  
a v a i l a b l e  f o r  t r a n s p i r a t i o n  by p l a n t s  o r  f o r  d i r e c t  evapora t ion .  The 



soil-water zone i s  not sa tu ra ted  except temporarily when excess water 
i s  applied. Water i s  held by surface tens ion &d i s  moved by c a p i l l a r y  
ac t ion.  I f  excess water i s  avai lable  it dra ins  through t h e  s o i l  under 
t h e  influence of gravi ty .  

Water which has penetrated t o  a depth from which it cannot be returned 
t o  the  root  zone by c a p i l l a r y  ac t ion i s  l o s t  t o  t h e  zone of s o i l  water. 

The thickness of t h e  zone va r ies  g rea t ly  with d i f f e r e n t  types of s o i l  
and vegetat ion.  

Water i n  t h i s  zone i s  commonly c a l l e d  so i l  water. 

Intermediate Zone.--The zone of s o i l  water and t h e  c a p i l l a r y  f r inge  may 
or may not be separated by an intermediate zone. The intermediate zone' 
i s  t h e  res idua l  p a r t  of t h e  zone of aera t ion.  It does not e x i s t  where 
t h e  c a p i l l a r y  f r i n g e  or  t h e  water. t a b l e  approaches t h e  surface and may 
be severa l  hundred f e e t  t h i c k  i n  deep water t a b l e  areas.  

Water i n  t h e  intermediate zone cannot be brought back t o  t h e  soil-water 
zone by c a p i l l a r y  ac t ion ,  but it has not y e t  reached t h e  c a p i l l a r y  
f r inge .  It i s  held i n  place by surface tens ion o r  i s  moving downward 
under t h e  force of gravi ty .  

The amount of s t a t ionary  o r  peZlicuZar water i n  t h e  intermediate zone 
i s  dependent upon t h e  nature of t h e  s o i l  o r  rock and i s  equivalent t o  
t h e  f ield capacity of t h e  same mater ia ls  i n  t h e  soil-water zone and t o  , 

t h e  speci f ic  retention of an aquifer .  Water i n  excess of t h i s  amount, 
i f  and when it becomes avai lable  from t h e  s o i l  zone, mo;es downward 
under t h e  force  of gravi ty  t o  t h e  c a p i l l a r y  f r i n g e  where it displaces 
f r inge  water i n t o  t h e  zone of sa tura t ion.  

The Water Table 
The upper surface of a  zone of sa tu ra t ion  i s  c a l l e d  a water table 
except where t h a t  surface i s  formed by an impermeable body. 

The shape and slope of t h e  water t a b l e  v a r i e s ,  depending upon.the loca- 
t i o n  of areas of recharge and discharge and upon var ia t ions  i n  permea- 
b i l i t y .  I n  most l o c a l i t i e s  it r e f l e c t s  t h e  topography i n  a general  
way but with l e s s  r e l i e f .  

Fluctuations i n  t h e  e levat ion of t h e  water t a b l e  r e f l e c t  Changes i n  
t h e  volume of water i n  storage.  

Water-bearing formations which exh ib i t  an unconfined water t a b l e  a re  
c a l l e d  phreatic aquifers. 

Ground water i s  s a i d  t o  be perched i f  it i s  separated from t h e  main 
water t a b l e  by unsaturated mater ia ls .  The upper surface of t h i s  perched 
zone of sa tu ra t ion  i s  a perched water table. Water may be perched 
e i t h e r  temporarily o r  permanently. It i s  underlain by a negative con- 
f in ing  bed which s tops  o r  r e ta rds  t h e  downward movement of water under 
t h e  force  of gravi ty .  
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FIGURE 1-1. -- Divis ions of subsurface water 

The Piezometric Surface 

~ Where t h e  upper sur face  of t h e  zone of s a t u r a t i o n  l i e s  i n  a  l e s s  per- 
meable s t ra tum and t h e  water l e v e l  i n  a  we l l  pene t ra t ing  i n t o  t h e  zone 
of s a t u r a t i o n  w i l l  r i s e  above t h e  upper sur face  of t h e  zone of sa tura-  
t i o n ,  a r t e s i a n  condit ions e x i s t  and t h e  ground water i s  s a i d  t o  have 
a piezometric surface. This i s  an imaginary su r face  t h a t  coincides 
everywhere with t h e  s t a t i c  pressure  head e l eva t ion  of t h e  ground water .  
The aqu i fe r  i s  known a s  a  confined o r  artesian aqu i fe r .  The confining 
l a y e r  need not be impermeable f o r  a r t e s i a n  condi t ions  t o  e x i s t  but  
must be l e s s  permeable than  t h e  aqu i fe r .  



Recharge t o  an a r t e s i a n  a q u i f e r  occurs  where t h e  water t a b l e  i s  h igher  
t han  t h e  piezometr ic  su r f ace ,  o r  where t h e  permeable formation r i s e s  
above t h e  piezometr ic  su r f ace  and t h e  a q u i f e r  becomes a  p h r e a t i c  
aqu i f e r  . 

Recharge may occur where t h e  conf in ing  bed i s  permeable and t h e  water 
t a b l e  i s  h igher  than  t h e  piezometr ic  su r f ace .  The a q u i f e r  i n  t h i s  case 
i s  suba r t e s i an .  The same a q u i f e r  may be suba r t e s i an  i n  one a r e a ,  
p h r e a t i c  i n  another  a r e a ,  and a r t e s i a n  i n  s t i l l  another  a r e a .  

Changes i n  t h e  e l eva t ion  of t h e  piezometr ic  su r f ace  i n d i c a t e  changes 
i n  p re s su re  r a t h e r  t han  changes i n  t h e  volume of water i n  s to rage .  

The above ground-water r e l a t i o n s h i p s  a r e  i l l u s t r a t e d  i n  Figure 1-2. 

Aquifer C h a r a c t e r i s t i c s  
An aqu i f e r  has  been def ined  a s  a  formation,  group of formations o r  p a r t  
of a formation t h a t  w i l l  y i e l d  s i g n i f i c a n t  q u a n t i t i e s  of water .  

Many major aqu i f e r s  a r e  composed of unconsol idated m a t e r i a l s ,  c h i e f l y  
sands and g rave l s .  Less important a q u i f e r s  a r e  found i n  heterogeneous 
a l l u v i a l  depos i t s ,  l o e s s ,  and till. 

Indura ted  sedimentary rocks y i e l d  most of t h e i r  water  through j o i n t s  
and f r a c t u r e s  and through passages opened by weathering o r  s o l u t i o n .  
Some l e s s  thoroughly cemented sandstones y i e l d  water  from o r i g i n a l  
po ros i ty .  

Ext rus ive  igneous rocks y i e l d  water  from shrinkage c racks ,  j o i n t s ,  f low 
b recc i a s  and l a v a  tubes .  Basa l t  flows may be t h e  source of very l a r g e  
amounts of ground water .  

I n t r u s i v e  igneous rocks and metamorphic rocks a r e  gene ra l ly  unproduc- 
t i v e  bu t  may y i e l d  smal l  supp l i e s  f o r  domestic use from f r a c t u r e s  and 
weathered zones. 

Ground Water Movement - 

Darcy's Law 
I n  1856, Henri Darcy, i n  France, observed t h a t  t h e  volume of flow 
through a  porous medium when flow i s  laminar  i s  d i r e c t l y  p ropor t iona l  
t o  t h e  head l o s s  and i n v e r s e l y  p ropor t iona l  t o  t h e  l eng th  of t h e  flow 
pa th .  This i s  now known as  Darcy's Law. It can be expressed mathema- 
t i c a l l y  a s :  

knh v = - =  kI 
Q 

where v = volume of water  pe r  u n i t  c ros s - sec t iona l  a r e a  of a  column 
of permeable m a t e r i a l ,  expressed a s  a v e l o c i t y  (eg., f t . / d a y )  

Ah = d i f f e rence  i n  p re s su re  h e a d . a t  t h e  ends of t h e  column ( f t . )  

R = l eng th  of flow pa th  ( f t . )  





k = coefficient of permeability - a constant dependent upon the 
character of the material (ft. 3/ft. 2/day) 

Ah 
I = - = hydraulic gradient (dimensionless ) 

R 

These relationships are illustrated in Figure 1-3. In the equation, v 
represents the rate of motion of a solid column of water the size of 
the test section. 

The actual rate of movement of the water, as measured with dye tracers 
for instance, is the velocity U in equation 1-1 divided by porosity: 

V = actual rate of movement (ft . /day) 
p = effective porosity (dimensionless decimal) 

and V, k, and I are as defined in equation 1-1. 

It naturally follows that: 

This is a useful concept in estimating field permeabilities with the 
use of dye tracers. 

Coefficients of Permeability and Transmissibility 
The coefficient of pemeabiZity k of a given material is the volume of 
water that will flow through a unit cross-sectional area in unit time, 
under unit hydraulic gradient and at a standard temperature. SCS com- 
monly expresses the coefficient of permeability in cubic feet of water 

FIGURE 1 -  3. - Factors  involved in ~ a r c ~ ' s  L a w  



per day through a cross-sectional area of the aquifer one foot square 
under a hydraulic gradient of one foot per foot at a temperature of 
20' C. This is: 

The U.S. Geological Survey commonly expresses the coefficient of per- 
meability in Meinzer's units. This is in gallons per day at 60' F. 
with the other terms remaining the same or: 

gal. at 60O~ Pm = 
(1 day) (1 ft.') (1 ft./ft. ) 

The viscosity of water is a function of temperature. For this reason 
permeabilities are adjusted to a standard temperature. The temperature 
range of most aquifers, however, is small and it is common practice in 
water development field procedures to ignore the temperature correction 
and compute field coefficients of permeability at the prevailing tem- 
perature. 

The coefficient of transmissibility T is the rate of flow of water 
through a vertical strip of unit width which extends the entire satur- 
ated thickness of the aquifer under unit hydraulic gradient and at the 
prevailing water temperature. This is expressed as: 

T = 
ft.3 

(1 day) (1 foot) (thickness-m ft.) (1 ft./ft.) 

or T = gal. 
71 day) (1 foot) (thickness-m ft. ) (1 ft. /ft. ) 

In a uniform aquifer the coefficient of transmissibility is equal to 
the field coefficient of permeability times the saturated thickness. 

Figure 1-4 illustrates the relationships of permeability and transmis- 
sibility. 

A useful form of Darcy's law is given by the formula: 

where Q = discharge (ft. 3/day) 

k = coefficient of permeability (ft. 3/ft. 2/day) 

I = hydraulic gradient (ft./ft.) 

A = cross-sectional area through which discharge occurs ( ft . 2 ,  

T = coefficient of transmissibility (ft. 3/ft. /day) 

L = width of section through which discharge occurs (ft.) 

Coefficients of transmissibility determined in the field can be conver- 
ted to coefficients of permeability by dividing by the thickness of the 



O p e n ~ n g  A ,  I foot square 

Figure 1-4. Coefficients of Permeability and Transmissibility 

(From Theory of Aquifer Tests by J. G. Ferris et al, 1962, 
U. S. Geol. Surv. Water Supply Paper 1536-E) 

aqui fer .  This represents  t h e  o v e r a l l  average permeabil i ty of t h e  aqui- 
f e r  t e s t e d .  

Methods of determining k and T by pump t e s t s  a r e  discussed i n  t h e  sec- 
t i o n  on Well Hydraulics.  

Flow Lines and Equipotent ia l  Lines 
A streamZine o r  flow line i s  t h e  mean path of flow of an ind iv idua l  
p a r t i c l e  of water a s  it moves through an aqu i fe r  i n  t h e  d i r e c t i o n  of 
decreasing head. 

EqwipotentiaZ l i n e s  i n  an aqu i fe r  represent  contours of equal  head. 
They i n t e r s e c t  flow l i n e s  a t  r i g h t  angles.  Ground-water contours i n  
an unconfined aqu i fe r  and i s o p i e s t i c  (equal  l i n e s  i n  a  con- 
f ined  aqu i fe r  a r e  equ ipo ten t i a l  l i n e s .  

A fZo0 net  i s  a  graphica l  r ep resen ta t ion  of a  flow p a t t e r n  and i s  com- 
posed of f ami l i e s  of flow l i n e s  and equ ipo ten t i a l  l i n e s .  The a c t u a l  



flow p a t t e r n  conta ins  an i n f i n i t e  number of flow l i n e s  and e q u i p o t e n t i a l  
l i n e s .  The g raph ica l  r e p r e s e n t a t i o n  i s  cons t ruc ted  us ing  only a  few of 
t h e s e  l i n e s ,  s e l e c t e d  s o  t h a t  t h e  quan t i t y  of flow is  equal  between ad- 
jacent  p a i r s  of flow l i n e s  and t h e  drop i n  head i s  equal  between ad ja-  
cent  p a i r s  of e q u i p o t e n t i a l  l i n e s .  

When cons t ruc t ing  a  flow ne t  t h e  flow l i n e s  a r e  drawn or thagonal  t o  t h e  
e q u i p o t e n t i a l  l i n e s  r e s u l t i n g  i n  a  p a t t e r n  of r ec t ang le s  ( o r  squa res )  
with t h e  r a t i o  of t h e  mean dimensions of each r e c t a n g l e  equal .  

A flow ne t  can r ep re sen t  a  v e r t i c a l  plane through an a q u i f e r  (BFGC i n  
Figure 1-5) o r  any plane p a r a l l e l  t o  t h e  flow (AEFB i n  Figure 1 - 5 ) .  

I n  t h r e e  dimensions, each e q u i p o t e n t i a l  l i n e  becomes a  p lane .  Under 
i d e a l  condi t ions  ( a n  i s o t r o p i c  a q u i f e r )  t h i s  plane i s  v e r t i c a l .  The 
upper edge of t h e  p lane  i s  a  l i n e  on t h e  upper su r f ace  of t h e  a q u i f e r  
and t h e  lower edge i s  a  l i n e  on t h e  bottom of t h e  a q u i f e r .  Piezometers 
s e t  a t  any po in t  on t h i s  plane w i l l  have t h e  same water l e v e l .  An 
e q u i p o t e n t i a l  p lane  i s  represented  by p lane  ABCD i n  Figure 1-5. Figure 
1-5 r ep re sen t s  a  pr ism taken  from an i d e a l  aqu i f e r  where t h e  equipoten- 
t i a l  l i n e s  are s t r a i g h t  and equa l ly  spaced and t h e  flow l i n e s  a r e  equal l$ 
spaced. The d ischarge  from t h e  smal l  squares  on t h e  f a c e  of t h e  prism 1 

I a r e  a l l  equa l ,  a s  a r e  t h e i r  a r eas .  Under f i e l d  cond i t i ons ,  t h e  d i s -  I 
charges,  by d e f i n i t i o n ,  would be equal  bu t  t h e  a r eas  would probably 
vary. 

l ines 'kt 
AEFB & BFGC are flow nets 

Figure 1-5. Flow Nets 



Since flow cannot c ross  a d  impermeable boundary, flow l i n e s  adjacent  
t o  a  boundary must p a r a l l e i  t h e  boundary. I n  an unconfined a q u i f e r ,  
t h e  water t a b l e  i s  a l s o  a  qounding su r face .  Flow l i n e s  adjacent  t o  
t h e  water t a b l e  must p a r a l l e l  t h e  sur face  of t h e  water t a b l e ,  and s ince  
ground water contours a re  i n  r e a l i t y  equ ipo ten t i a l  l i n e s ,  flow l i n e s  
must be perpendicular  t o  t h e  contours.  The r e l a t i v e  spacing of t h e  
flow l i n e s  w i l l  be dependent upon t h e  water t a b l e  gradient  and t h e  per- 
meabi l i ty  and th ickness  of t h e  aqu i fe r .  

Coeff ic ient  of Storage 
The coef f ic ient  of storage of an aqu i fe r  i s  t h e  volume of water it re -  
l e a s e s  o r  takes  i n t o  s torage  pe r  u n i t  sur face  a r e a  of t h e  aqu i fe r  per  
un i t  change i n  t h e  component of head normal t o  t h a t  sur face .  This i s  
i l l u s t r a t e d  i n  Figure 1-6. 

I n  an unconfined aqu i fe r  t h e  c o e f f i c i e n t  of s to rage  i s  equivalent  t o  
t h e  speci f ic  yield. It i s  t h e  volume of water ,  i n  cubic f e e t ,  t h a t  a  
cubic foo t  of t h e  aqu i fe r  w i l l  y i e l d  t o  g r a v i t y  drainage. It w i l l  
range from about 0.05 t o  0.30. 

The s torage  c o e f f i c i e n t  of a  confined aqu i fe r  equals  t h e  volume of 
water i n  cubic f e e t  re leased  from a v e r t i c a l  column one foo t  square 
extending through t h e  aqu i fe r  when t h e  piezometric su r face  dec l ines  
one foo t .  This volume i s  a t t r i b u t a b l e  t o  t h e  compress ib i l i ty  of t h e  
aqu i fe r  ma te r i a l  and of t h e  water.  The s to rage  c o e f f i c i e n t s  of a r t e -  
s i a n  aqu i fe r s  usual ly  range from 0.00001 t o  0.001. 

An unconfined aqu i fe r  w i l l  y i e l d  50 t o  30,000 t imes more water per  foo t  
dec l ine  i n  head than  w i l l  a  confined aqu i fe r ,  o ther  t h h g s  being equal .  
From t h i s  it can be seen t h a t  dec l ine  i n  t h e  piezometric sur face  over 
l a r g e  areas  i s  requi red  t o  produce s i g n i f i c a n t  amounts of water from 
a confined aqui fer .  

Hydraulics of Wells 

A ground-water r e s e r v o i r  tends toward a s t a t e  of equil ibr ium with 
n a t u r a l  discharge balancing n a t u r a l  recharge. The i n s t a l l a t i o n  of a  
discharging we l l  d i s tu rbs  t h i s  balance and a new equil ibrium s t a t e  i s  
reached by t h e  propagation of a  cone of depression. A s  t h e  cone of 
depression extends outward and deepens, n a t u r a l  recharge i s  increased ,  
o r  n a t u r a l  and we l l  discharge a r e  decreased, u n t i l  equil ibr ium i s  again 
e s t ab l i shed .  The extent  of t h e  cone of depression i s  c a l l e d  t h e  area 
of influence. 

Equilibrium Conditions 
I n  an i d e a l ,  homogeneous, i s o t r o p i c  aqu i fe r  of  f i n i t e  th ickness  and 
i n f i n i t e  ex ten t ,  a  completely pene t ra t ing  discharging we l l  can be con- 
s ide red  a s  being surrounded by a s e r i e s  of concentr ic  cyl inders .  A t  
equil ibr ium t h e  discharge through t h e  wa l l  of each of t h e s e  cyl inders  
i s  equal  t o  t h e  discharge from t h e  well .  A t  success ive ly  g r e a t e r  d i s -  
tances  from the  we l l  t h e  s i d e  areas  o f ; t h e  cyl inders  inc rease  a t  an 
increas ing  r a t e  s ince  the  a rea  of a  cyl inder  equals  2Rrh. 
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Figure 1 - 6. Coefficient of Storage 

(From Theory of Aquifer Tests by J. G. Ferris et all 1962, 
U. S. Geol. Surv. Water Supply Paper 1536-E) 

Since, according to Darcy's law 

Q = k I A  

and therefore ,  



t h e  permeabi l i ty  of t h e  a q u i f e r  can be determined i f  t h e  hydraul ic  gra-  
d i e n t  of t h e  ground water  i s  known a t  a  d i s t ance  r from a w e l l  discharg-  
i n g  a  known volume of water .  A t  t h i s  d i s t ance  t h e  a r e a  of t h e  cy l inde r  
through which flow occurs i s  2Wiri f o r  a  confined a q u i f e r  where m i s  
t h e  th i ckness  of t h e  a q u i f e r .  For an unconfined a q u i f e r  t h e  a r e a  of 
t h e  cy l inde r  i s  21Ir ( m - s )  where m i s  s a t u r a t e d  th i ckness  before  pump- 
ing  and s i s  drawdown. 

Since t h e  hydraul ic  g rad ien t  cannot be measured a t  a  point,  a mathema- 
t i c a l  t rea tment  of  Darcy's equat ion was developed t h a t  s u b s t i t u t e s  t h e  
drawdown i n  two observa t ion  wel l s  f o r  t h e  hydraul ic  g rad ien t .  This i s  
known a s  t h e  Thiem formula: 

where k = c o e f f i c i e n t  of permeabi l i ty  ( ft . 3 / f t .  2/day)  

Q = discharge from pumped w e l l  ( f t  . 3/day) 

rl and r 2  = d i s t ances  from pumped we l l  t o  two observa t ion  we l l s  
( f t .  

s l  and s 2  = drawdown i n  t h e  observa t ion  we l l s  ( f t . )  

m = s a t u r a t e d  a q u i f e r  t h i ckness  before  pumping ( f t . )  

The formula can be used t o  compute pe rmeab i l i t i e s  under equi l ibr ium 
condi t ions .  However, it assumes t h e  fol lowing:  

1. The a q u i f e r  i s  i s o t r o p i c ,  of i n f i n i t e  a r e a l  ex t en t  and r e s t s  
on a  h o r i z o n t a l  impermeable bed; 

2. t h e  d ischarg ing  w e l l  pene t r a t e s  t h e  e n t i r e  s a t u r a t e d  th i ckness  
of t h e  a q u i f e r ;  

3. t h e  observa t ion  we l l s  a r e  p laced  i n  l i n e  wi th  t h e  d ischarg ing  
we l l  ; 

4. pumping has cont inued a t  a cons tan t  r a t e  f o r  s u f f i c i e n t  t ime 
f o r  t h e  drawdown cone t o  have reached a s teady  s t a t e ;  

5 .  flow t o  t h e  w e l l  i s  r a d i a l ;  

6. t h e  non-pumped water  t a b l e  was h o r i z o n t a l .  

The Thiem equat ion app l i e s  t o  confined a q u i f e r s  and unconfined a q u i f e r s  
i f  t h e  d i f f e r e n c e  i n  drawdown between t h e  two observa t ion  we l l s  i s  
small  compared t o  t h e  s a t u r a t e d  th i ckness .  Figure 1-7 i l l u s t r a t e s  t h e  
var ious  r e l a t i o n s h i p s  i n  t h e  Thiem equat ion.  

The severe  l i m i t a t i o n s  placed on t h e  equ i l i b r ium formula can sometimes 
be overcome by appropr ia te  adjustments.  These adjustments and t h e i r  



I Non-pumped water tab le  

Figure 1-7. Aquifer PumpTest 

va1ldi-t;~ and limitations are discussed by Wenzel (1942), Ferris et a1 
(1962 ) , and Bentall ( 1963 ) . 
In practice, one procedure for using the Thiem equation is to measure 
the drawdown in the observation wells at a time when equilibrium of 
the cone of depression has been established by pumping at a constant 
rate. These measurements are plotted on semilog coordinate paper, the 
drawdown s on the arithmetic scale and distance r on the logarithmic 
scale. When two or more observation wells are used all values of r 
and s at a given time t should fall on a straight line on the semilog 
plotting if equilibrium has been attained. Convenient values of rl 
and r2 and sl and s2 can then be picked from the curve and the Thiem 
equation solved for k. An example of these procedures is given in 
chapter 3. 

Non-equilibrium Conditions 
In the case where equilibrium of the drawdown cone is not established, 
a non-equilibrium equation can be applied to determine the aquifer 
constants. This equation, developed by C. V. Theis in 1935, is based 
on the assumption that hydraulic conditions in an aquifer and thermal 
conditions in a thermal system are analagous in mathematical theory. 
The following aquifer conditions are assumed in the application of the 
equation: 



1. The aqu i fe r  i s  homogeneous and i s o t r o p i c ;  

2. t h e  aqu i fe r  has i n f i n i t e  a r e a l  extent  

3. t h e  discharging well  penet ra tes  t h e  e n t i r e  th ickness  of t h e  
aqui fer  ; 

4. t h e  coe f f i c i en t  of t r a n s m i s s i b i l i t y  i s  constant a t  a l l  t imes 
and a l l  p laces  ; 

5 .  t h e  we l l  has an i n f i n i t e s i m a l l y  (reasonably)  small diameter; 

6. t h e  water removed from s torage  i s  discharged instantaneously 
with decl ine  i n  head. 

The f i n a l  equation f o r  t h e  drawdown of t h e  water l e v e l  i n  t h e  v i c i n i t y  
of a  discharging we l l  as  developed by Theis is :  

where s = drawdown a t  a  point  r dis tance  from a  pumping wel l  ( f t .  ) 
1 / Q = discharge from the  wel l  (ga l lons  per  m i n u t e  ) 

T = coef f i c i en t  of t r a n s m i s s i b i l i t y  (ga l . /day / f t .  ) 

r = dis tance  from pump wel l  t o  point  where drawdown s i s  deter-  
mined ( ft . ) 

S = coef f i c i en t  of s torage  (dimensionless) 

t = time t h a t  pump wel l  has been discharging (days) .  

The expression: 

i s  an exponential  i n t e g r a l  and cannot be in teg ra ted  d i r e c t l y .  The 
nota t ion  f o r  t h i s  i n t e g r a l  i s  W(u), which i s  read "well function of u," 
and i t s  value i s  given by t h e  s e r i e s :  

1/ Gallons i s  used here  ins tead  of cubic f e e t  because most l i t e r a t u r e  - 
concerning pumps and pump t e s t s  i s  i n  terms of ga l lons .  Appropriate 
conversion f a c t o r s  can be used a f t e r  computations have been com- 
p l6 ted .  



Equation (1-6) can then  be w r i t t e n :  

Se l ec t ed  va lues  of  W(u) f o r  given va lues  of  u between 10'15 and 9 .5  a r e  
given i n  Table 1-3. 

Table 1-3. Se l ec t ed  Values of u and W(u) 

I f  t h e  c o e f f i c i e n t  of t r a n s m i s s i b i l i t y  and c o e f f i c i e n t  of  s to rage  a r e  
known, t h e  drawdown on t h e  cone of depression a t  any t ime and any d i s -  
t ance  from t h e  we l l  can be determined a f t e r  t h e  w e l l  s t a r t s  discharg-  
ing.  'This i s  done by s u b s t i t u t i n g  t h e  known values of S and T and t h e  
d e s i r e d  va lues  of t and r i n  t h e  equat ion:  

and t h e  equat ion solved t o  determine u .  The va lue  of Wh) f o r  u i s  
ob ta ined  from Table 1-3 and equat ion  (1-8) i s  then  so lved  f o r  t h e  draw- 
down s. 



The non-equilibrium equation can a l s o  be solved f o r  t r a n s m i s s i b i l i t y  T 
and s torage  c o e f f i c i e n t  S i f  s eve ra l  values of drawdown s a t  t imes t 
a re  known f o r  one d is tance  r from t h e  pumpwell o r  seve ra l  values of s 
and r a r e  known f o r  one value of t. The so lu t ion  r equ i re s  t h e  graphica l  
determination of Wfu) , u ,  s ,  and e i t h e r  r2/t o r  t h e  r e c i p r o c a l  of time 
( l / t ) .  

A type curve of Wfu) versus u f o r  t h e  values shown i n  Table 1-3 i s  
p l o t t e d  on log-log coordinate paper ,  Figure 1-8 i s  an example. ( s e e  
F e r r i s  e t  a l ,  1962, pp. 94-98 and o ther  r e l a t e d  r e fe rences ) .  Data from 
t h e  observat ion wel ls  a re  then  p l o t t e d  on log-log t r a c i n g  paper a t  t h e  
same s c a l e  as  t h e  type curve. Values of s a r e  p l o t t e d  agains t  r2/t 
( o r  l / t  i f  only one observat ion we l l  i s  used and r the re fo re  i s  con- 
s t a n t ) .  

The curve of t h e  observed da ta  i s  superimposed on t h e  type  curve and 
with t h e  axes of t h e  curves kept p a r a l l e l  t h e  superimposed sheet  i s  
s h i f t e d  u n t i l  a  sec t ion  of t h e  two curves matches. The values of W(u), 
u ,  s ,  and r2/t of an a r b i t r a r y  common poin t  on t h e  matched sec t ion  of 
t h e  curves a r e  recorded and t h e  equation: 

i s  solved f o r  T. The equation: 

can then be solved f o r  S. 

There a r e  many modif ica t ions ,  s impl i f i ca t ions  and a l t e r a t i o n s  t h a t  can 
be applied t o  t h e  non-equilibrium equations.  Conditions such a s  imper- 
meable boundaries,  recharge boundaries,  leaky a q u i f e r s ,  p a r t i a l  pene- 
t r a t i o n  of t h e  aqu i fe r  by discharging wel ls  and o ther  condit ions encoun- 
t e r e d  i n  t h e  f i e l d  r equ i re  adjustments and modif icat ions of t h e  bas i c  
equations.  These adjustments and modif icat ions,  a s  wel l  a s  a l t e r n a t e  
methods of hydraulic  ana lys i s  of  a q u i f e r s ,  a r e  discussed i n  some of t h e  
publ ica t ions  l i s t e d  under references  a t  t h e  end of t h i s  chapter .  An 
example of a pump-out t e s t  i s  given i n  chapter  3. 

Quali ty of Ground Water 

A l l  ground waters ca r ry  s a l t s  i n  so lu t ion .  The primary source of these  
s a l t s  i s  t h e  so lu t ion  of minerals .  Rela t ive  q u a l i t y  of water depends 
upon not only t h e  t o t a l  amounts of d isso lved s o l i d s  but a l s o  t h e  kinds 
of s a l t s  and t h e  use t o  which t h e  water w i l l  be put .  The p r i n c i p a l  
cons t i tuen t s  of n a t u r a l  waters  a r e  calcium, magnesium, sodium, potas- 
sium, and f e r r i c  and fe r rous  i r o n  a s  c a t i o n s ,  and carbonate,  bicarbo- 
n a t e ,  su lphate ,  ch lo r ide ,  f l u o r i d e ,  and n i t r a t e  a s  anions. Usual minor 
cons t i tuen t s  a r e  aluminum, manganese, s i l i c a ,  boron, and selenium. 
Traces of any of t h e  known elements may be present  and considerable 
concentrat ions may e x i s t  i n  l o c a l  a reas .  



FIGURE 1 - 8 Relation Between u and W(u) 



The U.S. Public  Health Service has s e t  s tandards f o r  drinking water 
which have been adopted by most S t a t e s .  The chemical substances l i s t e d  
i n  Table 1-4 (from U.S. Department of Health, Education, and Welfare, 
1962) should not be present  i n  excess of t h e  concentrat ions shown.if 
an a l t e r n a t e  s u i t a b l e  water supply i s  ava i l ab le .  

Table 1-4. Drinking Water Standards 

Chemical Substance Concentration mg/l 

Alkyl Benzene ~ u l f o n a t e ( ~ ~ ~ )  

~ r s e n i c  (AS ) 

Chloride ( C 1 )  

~ o p p e r ( ~ u )  

Carbon Chloroform Extrac t  ( CCE ) 

Cyanide ( CM ) 

Fluoride ( F ) 

1 r o n ( ~ e  ) 

~ a n ~ a n e s e ( M n )  

 itr rate  NO^ ) 
Phenols 

S u l f a t e  (SO4 ) 

Zinc(Zn) 

1/ Depends on t h e  average annual maximum d a i l y  temperature - 
and v a r i e s  from 1 . 7  mg/l a t  50.0°-53.T°F t o  0.8 mg/l a t  
79.3O-90.5O~. 

If t h e  concentrat ion of any of t h e  substances exceeds t h a t  shown i n  
Table 1-5 t h e  water supply i s  unsui table  f o r  human consumption. 

There a r e  a l s o  e s t ab l i shed  standards f o r  t u r b i d i t y ,  co lo r ,  t a s t e ,  odor, 
and b a c t e r i a l  content .  



Table 1-5. Water Unsuitable for Human Consumption 

Chemical Substance Concentration mg/l 

Arsenic(~s) 

~arium(~a.) 

Cadmium(Cd) 

Chromium(~exava1ent ) ( ~ r + ~  ) 

Cyanide ( CN ) 

~luoride ( I?) 

~ e a d ( ~ b )  

selenium(Se) 

 silver(^^) 

11 Depends on the average annual maximum daily temperature - 
and varies Yrom 2.4 mg/l at 50..0°-53.70F to 1.4 mg/l at 
79.3'-90.5O~. 
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CHAPTER 2.  GROUND-WATER GEOLOGY 

Materials  of t h e  E a r t h ' s  Crust 

The e a r t h ' s  c r u s t  cons i s t s  of rock of various kinds;  accumulations of 
rock  debr i s ;  and s o i l s  formed by water ,  wind, and g l a c i a l  ac t ion .  
Materials  vary from s ing le  elements t o  va r i ed  mixtures of minerals  
t h a t  form many kinds of rocks. Understanding of t h e  order  and manner 
i n  which ma te r i a l s  occur o r  were deposi ted and t h e i r  c h a r a c t e r i s t i c s  
i s  fundamental t o  proper water development. 

Unconsolidated Materials  
Unconsolidated ma te r i a l s  cons i s t  of s o i l  and recent  depos i t s  of rock- 
s l i d e  d e b r i s ,  t a l u s ,  f ans ,  mud flows, alluvium, l ake  sediments,  l o e s s ,  
dune sand and g l a c i a l  d r i f t .  They a r e  important t o  t h e  planning and 
development of water resources wherever they  a r e  involved i n  s i t e  con- 
d i t i o n s .  

Rock-slide ,debris.--Rock-slide debr is  i s  genera l ly  very porous and 
highly permeable. It i s  d i f f i c u l t  t o  develop a s  a source of ground 
water but  i s  u sua l ly  exce l l en t  f o r  ground water recharge developments. 

Mudf1ows.--Mudflow depos i t s  may have low permeabil i ty and a r e  of l i t t l e  
value f o r  water developments. 

Talus and fans.--Talus depos i t s  and fans  i n  s tream va l l eys  may be good 
sources of ground water depending on t h e i r  s i z e  and topographic posi-  
t i o n .  The discussion of alluvium following a l s o  app l i e s  t o  t h e s e  
depos i t s  . 
Alluvium.--Alluvium i s  stream-deposited d e t r i t u s .  

Alluvium v a r i e s  i n  th i ckness ,  t e x t u r e ,  degree of s o r t i n g ,  s t r a t i f i c a -  
t i o n ,  poros i ty ,  and permeabil i ty.  I ts  th ickness  i s  u sua l ly  propor t ional  
t o  t h e  s i z e  of t h e  drainage area .  The coarse-textured ma te r i a l s  a r e  
usual ly  deposi ted i n  headwater a r e a s ,  but may a l s o  occur a t  o r  near  
t h e  base of t h e  depos i t .  

Understanding of t h e  p r inc ip le s  of va l l ey  a l l u v i a l  depos i t ion  a s  r e l a -  
t e d  t o  g l a c i a l  inf luences  i s  important i n  t h e  i n t e r p r e t a t i o n  and 
evalua t ion  of s i t e  condit ions f o r  ground-water development. 

During t h e  Ple is tocene ,  degradation i n  t h e  s tream systems occurred when 
sea  l e v e l  was lowered by increas ing  accumulation of i c e  i n  t h e  conti-  
n e n t a l  g l a c i e r s .  Conversely, aggradation occurred i n  t h e  s tream sys- 
tems with t h e  ab la t ion  of t h e  g l a c i e r s .  



This degradation and aggradation t h a t  accompanied each g l a c i a l  advance 
and r e t r e a t  represents  one cycle of sedimentation. Seven such cycles 
have been recognized i n  non-glaciated a s  wel l  a s  g l a c i a t e d  areas .  

Deep channel and t e r r a c e  depos i t s  a t  Natchez, Miss i s s ipp i ,  Figure 2-1, 
i n d i c a t e  t h a t  s e a  l e v e l  may have been as  much a s  300 f e e t  lower during 
t h e  peak of g l a c i a l  i c e  accumulation than  it i s  now. 

I n  g lac ia t ed  areas  some p r e g l a c i a l  and i n t e r g l a c i a l  channels have been 
blocked and f i l l e d  by succeeding g l a c i e r s .  I n  many ins t ances  t h e  pre- 
sen t  drainage system d i f f e r s  from t h e  antecedent .  Many of t h e s e  ante- 
cedent o r  ancient  drainage systems have been discovered by d r i l l i n g  
ground-water t e s t  wel l s .  They c o n s t i t u t e  a very important r e s e r v o i r  
f o r  t h e  accumulation and s to rage  of ground water.  Ground water i n  t h e  
channel depos i t s  of t h e s e  drainage systems meets t h e  needs of ag r i cu l -  
t u r a l ,  municipal,  and i n d u s t r i a l  water developments. These shallow 
aqu i fe r s  a r e  r e a d i l y  replenished by l o c a l  p r e c i p i t a t i o n ,  and t h e  q u a l i t y  
of t h e  water i s  genera l ly  s u i t a b l e  f o r  a g r i c u l t u r a l  uses.  

Permeabil i ty and s p e c i f i c  y i e l d  of a l l u v i a l  depos i t s  vary considerably 
with t h e  t e x t u r e .  Textura l  information can be obtained from t h e  logs  
of t e s t  wel l s  and t h e  mechanical analyses of t h e  water-bearing mater- 
i a l s .  This information i s  important f o r  t h e  proper design and devel- 
opment of wel ls .  

Yields of l a r g e  wel ls  versus th icknesses  of sa tu ra t ed  sediments were 
p l o t t e d  t o  a i d  i n  es t imat ing  p o t e n t i a l  y i e l d s .  V a r i a b i l i t i e s  i n  y i e l d s  
a re  a f f e c t e d  by d i f ferences  i n  s t a t i c  water l e v e l ,  we l l  c h a r a c t e r i s t i c s  
and degree of s o r t i n g  of aqu i fe r  ma te r i a l s ;  however, t h e s e  f a c t o r s  were 
disregarded. These p l o t s  ( ~ i ~ u r e s  2-2 and 2-3) i n d i c a t e  a requirement 
of about 25 f e e t  of s a t u r a t e d  sands and gravels  and about 90 f e e t  of 
s a t u r a t e d  very f i n e  sand t o  y i e l d  500 gpm. Figure 2-4 i s  p l o t t e d  t o  
show t h e  repor ted  y i e l d s  of wel ls  i n  gpm, t h e  y i e l d  (gpm) pe r  foo t  of 
drawdown, and t h e  t h e o r e t i c a l  maximum p o t e n t i a l  y i e l d  of t h e  we l l  a t  
100 percent  drawdown. 

Natural  replenishment t o  a l l u v i a l  water-bearing ma te r i a l s  i s  inf luenced 
by i n t e n s i t y  and dura t ion  of p r e c i p i t a t i o n ,  in take  r a t e s  of s o i l  and 
subso i l ,  runoff from t h e  drainage bas in ,  and i n  some a r e a s ,  by ground 
water underflow from nearby drainage bas ins .  Ground-water replenish-  
ment i s  a l s o  influenced by land s lope ,  p l an t  cover,  land  use ,  and 
ava i l ab le  s torage  capaci ty.  Frozen ground i s  an e f f e c t i v e  b a r r i e r  
agains t  i n f i l t r a t i o n .  

The chemical q u a l i t y  of t h e  water i s  inf luenced by l o c a l  geology, land 
use ,  cl imate and d i sposa l  of domestic, municipal,  and i n d u s t r i a l  wastes.  

Lake sediments.--Lacustrine depos i t s  cons i s t  of c l a y s ,  s i l t s ,  sands, 
g rave l s ,  marl,  t u f a ,  pea t  and evapor i t e s .  Sands and gravels  occur a s  
d e l t a i c  and shore l ine  o r  beach depos i t s ,  whereas s i l t s  and c lays  may 
be lakewide i n  occurrence. Limonite along with manganese oxide may 
occur a s  nodular and concret ionary depos i t s  of i r r e g u l a r  d i s t r i b u t i o n .  
Peat i s  common along the  margins and sapropel  (b lack  muds r i c h  i n  
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FIGURE 2-1. Geological section near Natchez, Mississippi 
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F I G U R E  2-2 Yields of Saturated Sands and Gravels in Irrigation Wells 
(Compiled from Lugn and Wenzel, 1938) 

organic ma t t e r )  i s  depos i ted  i n  t h e  c e n t r a l  p a r t s  of  l a k e s .  Marl and 
t u f a  a r e  p r e c i p i t a t e d  i n  t h e  g r e a t e s t  temperature change zone. 

Evapori tes  a r e  common i n  l a k e  depos i t s  of a r i d  reg ions .  Some l a k e  de- 
p o s i t s  have a predominance of carbonates .  

Del tas  and beaches a r e  ground water catchment a r eas .  They a r e  a l s o  
good a reas  i n  which t o  develop ground water  provid ing  they  a r e  deep 
enough t o  be c l a s s i f i e d  a s  a q u i f e r s .  Water q u a l i t y  i s  usua l ly  good 
because of  r a p i d  in t ake  from p r e c i p i t a t i o n .  

Water developments from t h e  c e n t r a l  po r t ions  of l ake  p l a i n s  a r e  l e s s  
favorable  because of low pe rmeab i l i t i e s  of s i l t s  and c l ays  and accwnu- 
l a t i o n s  of d i sso lved  s o l i d s .  

Loess.--Loess i s  an e o l i a n  o r  windblown depos i t  t h a t  c o n s i s t s  mainly 
of s i l t s  t h a t  a r e  gene ra l ly  l oose  and noncohesive, and may conta in  
c l ay  and sand. The c l ay  content  of some l o e s s i a l  s o i l s  i s  a f f e c t e d  by 
s o i l  development and a s s o c i a t e d  chemical changes. The c l ay  p a r t i c l e s  
i n  t h e  A s o i l  horizon may be t r a n s p o r t e d  by p e r c o l a t i n g  water  i n t o  t h e  
B horizon.  
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FIGURE 2-4 Yields and Potential Yields of Saturated Sands and Gravels in Irrigation Wells 
(Compiled from Wil l iam and Lohmon, 1949) 



Loess occurs  i n  intermontane v a l l e y s ,  i n  h i l l t o p s ,  throughout g r e a t  
lengths  of  t ab l e l ands  and uplands,  i n  t e r r a c e s  of s t ream systems, and 
f loodp la ins  and s tream beds of some drainage systems. It may conta in  
bu r i ed  s o i l s  and tends  t o  mantle antecedent  topography. 

Po ros i ty ,  permeabi l i ty  and s p e c i f i c  y i e l d  of l o e s s  w i l l  vary wi th  d i f -  
f e r e n t  grade s i z e s  of p a r t i c l e s  and degree of s o r t i n g .  The c o e f f i c i e n t  
of permeabi l i ty  of l o e s s  i s  s o  low, 1 t o  4 Meinzer u n i t s  ( ~ u ~ n  and 
Wenzel, 1938) ,  t h a t  it i s  not considered an aqu i f e r .  However, t h i c k  
s a t u r a t e d  s e c t i o n s  of l o e s s  can sometimes be developed f o r  water  supp l i e s  
through t h e  use of l a r g e  diameter we l l s .  The s t o r a g e  capac i ty  of t h e  
we l l  i s  used t o  o f f s e t  t h e  low permeabi l i ty  of t h e  l o e s s .  

Dune sand.--Wherever m a t e r i a l s  conta in  sand t h a t  i s  a v a i l a b l e  f o r  t r a n s -  
p o r t  by t h e  wind, l o c a l  dunes may develop. Eol ian sands may be found 
i n  any geologic  t ime pe r iod .  Some c o n s i s t  of gypsum, & l i t e s ,  and 
s h e l l  fragments.  The S t .  P e t e r ,  Tensleep, and Navajo sandstones a r e  
examples of wind-worked sands.  

Where sand dunes migrate  i n t o  a water  environment, p a r t i c l e s  may be 
rearranged from t h e  complex dune cross-bedding t o  an aqueous s t r a t i f i -  
ca t ion .  

Eol ian sands t h a t  occur  i n  r e l a t i v e l y  shal low,  topographica l ly  h igh  
accumulations,  a c t  a s  good i n t a k e  a r e a s  f o r  ground-water recharge t o  
underlyiqg formations bu t  may themselves be above t h e  main zone of 
s a t u r a t i o n .  

G lac i a l  depos i t s . - -Glac ia l  depos i t s  c o n s i s t  of g l a c i a l  d r i f t  a s  ground, 
t e rmina l ,  l a t e r a l ,  and r e c e s s i o n a l  moraines and outwash depos i t s  from 
t h e  mel t ing  of g l a c i a l  i c e .  U n s t r a t i f i e d  d r i f t  c o n s i s t s  of a he te ro-  
geneous mixture of c l ay ,  sand, g rave l ,  cobbles ,  and boulders .  The 
g l a c i a l  d r i f t  of mountainous a reas  and t h e  New England S t a t e s  i s  p re-  
dominantly an u n s t r a t i f i e d  mass of boulders  whereas t h a t  of t h e  north-  
e r n  Great P l a i n s  conta ins  cons iderable  c l ay  der ived  from g l a c i a l  
gouging of Cretaceous sha l e s .  Some g l a c i a l  d r i f t  i n  t h e  nor thern  Great 
P l a i n s  conta in  inc lus ions  of s t r a t i f i e d  s i l t s ,  sands and g rave l s  of 
var ious  c ros s - sec t iona l  dimensions with t h e  bedding p lanes  t i l t e d  from 
t h e  ho r i zon ta l .  These suggest  an o r i g i n  of s t r a t i f i e d  depos i t s  i n  t h e  
margin of t h e  main mass of g l a c i a l  i c e .  Some of t h e s e  sand and g rave l  
i nc lus ions  a r e  l a r g e  enough t o  be r e s e r v o i r s  f o r  ground water .  

The Nebraska g l a c i a l  till has  been r epor t ed  a s  "almost impervious t o  
water ,"  ( ~ h i m e k ,  1910) .  Kansan and younger g l a c i a l  depos i t s  f u r n i s h  
water t o  many smal l  wel l s  i n  t h e  no r th  c e n t r a l  United S t a t e s .  Permea- 
b i l i t y  of t h e  t i l l s  i s  very low s o  t h a t  dug we l l s  a r e  u sua l ly  consi- 
dered most s a t i s f a c t o r y  methods of water  development. Large diameter 
dug we l l s  se rve  t h e  purpose of r e s e r v o i r  s to rage .  

Kames, e ske r s ,  and outwash sands and grave ls  a r e  u sua l ly  very porous 
and h ighly  permeable. Where they  a r e  low enough topographica l ly  t o  be 
wi th in  t h e  main zone of s a t u r a t i o n ,  t hey  a r e  e x c e l l e n t  sources of ground 
water f o r  domestic and l i v e s t o c k  use.  High i r o n  content  of some of  



t h e s e  waters ,  however, may s t a i n  plumbing f i x t u r e s  and i s  ob jec t ionable  
f o r  some domestic uses .  

Rocks 
The consol ida ted  ma te r i a l s  of t h e  e a r t h ' s  c r u s t  a r e  c l a s s i f i e d  i n t o  
t h r e e  major groups: (1) Igneous rocks,  formed by cool ing from t h e  
molten s t a t e ;  ( 2 )  sedimentary rocks, formed by l i t h i f i c a t i o n  of uncon- 
s o l i d a t e d  m a t e r i a l ,  chemical and organic  a c t i o n ,  o r  evaporat ion;  and 
( 3 )  metamorphic rocks ,  formed from p re -ex i s t i ng  rocks by s t r e s s  and 
increased  temperature.  

Igneous rocks.--1Molten rock may be extruded on t o  t h e  su r f ace  a s  l ava  
flows, blown out by volcanic  e rup t ions ,  o r  i n t ruded  i n t o  t h e  e a r t h ' s  
c r u s t  a t  var ious  depths below t h e  su r f ace .  

P y r o c l a s t i c  rocks and some l a v a  flows con ta in  openings due t o  f rag-  
mentat ion,  gas bubbles ,  o r  con t r ac t ion  during cool ing.  Local ly t h e s e  
openings may be connected so  t h a t  ground water  can move through them. 
Most igneous rocks ,  however, a r e  dense and l a c k  voids.  They a r e  not  
considered p o t e n t i a l  sources f o r  ground water  un le s s  openings have 
developed by f r a c t u r i n g ,  j o i n t i n g  o r  f a u l t i n g .  Where j o i n t  systems a r e  
w e l l  developed, a s  i n  some dense l a v a  f lows,  l a r g e  amounts of ground 
water  may be a v a i l a b l e .  J o i n t e d  and f r a c t u r e d  g r a n i t i c  masses may a l s o  
y i e l d  some ground water .  

The Columbia River b a s i n  i n  Washington, Oregon, and Idaho d ra ins  about 
50,000 square mi les  of l ava .  The l a v a  occurs  i n  i n d i v i d u a l  flows t h a t  
vary i n  t h i ckness  from about 5  t o  150 f e e t .  The t o t a l  maximum t h i c k -  
ness  i s  about 5,000 f e e t  and t h e  t o t a l  number of i n d i v i d u a l  flows about 
100. Tunnels may be formed by molten l a v a  flowing out from beneath a  
s o l i d i f i e d  c r u s t .  The base of some flows con ta in  l o c a l  rubble  t h a t  i s  
permeable and t h e  tops  of some a r e  columnar and blocky from f r a c t u r i n g  
caused by cool ing.  Columnar s t r u c t u r e  con t r ibu te s  t o  permeabi l i ty .  
Diastrophism subsequent t o  t h e s e  Late T e r t i a r y  flows has produced f o l d s  
and poss ib ly  a d d i t i o n a l  rup tu re s  i n  some a r e a s .  Fau l t i ng  t r a n s v e r s e  
t o  t h e  d i p  of bedrock has produced b a r r i e r s  t o  h o r i z o n t a l  flow of water  
i n  some l o c a l i t i e s .  The rock v a r i e s  from dense massive columnar-jointed 
rock t o  v e s i c u l a r  and f r a c t u r e d  masses on weathered su r f aces  of i nd iv i -  
dual  flows. P r e c i p i t a t i o n  and runoff from t h e  mountainous a r e a s  f i l t e r  
i n t o  su r f ace  f r a c t u r e s  and migrate  t o  lower s t r a t a  along f a u l t s  and 
major f r a c t u r e s .  Most h ighly  product ive we l l s  a r e  l oca t ed  i n  s t r u c t u r a l  
t roughs ,  some a r e  a r t e s i a n .  

Sedimentary rocks.--Sedimentary rocks a r e  t h e  products  of chemical, 
organic  and mechanical processes .  See Table 2-1. The ma te r i a l s  of 
mechanical or igin--shale ,  sandstones,  and conglomerates--are t h e  consol- 
i d a t e d  products  of e ros ion  t h a t  have been removed from one environment, 
t r a n s p o r t e d ,  and depos i ted  i n  another  and converted t o  rock by t h e  add- 
i t i o n  of accumulating load .  Shales  a r e  t h e  consol ida ted  products  of 
muds, and sandstones and conglomerates t h e  products  of coarse  elastics. 

Consol idat ion i s  t h e  process  of changing loose ,  h igh ly  porous e a r t h  
ma te r i a l s  t o  more dense, l e s s  porous m a t e r i a l s  by means of compression 



Table 2-1 Genetics of Sediments 

feathering 
influenced by: 
climate, parent 
material ( p r i m  
and secondary 
rocks 1, topogra- 
phy, time, orga- 
nisms 

erosion 
influenced by: 
plant cover, 
topography, 
land use 

l'ransportation 

Sorting 

Deposition 
influenced by 
loss  of energy, 
placq, time 

Diagenesis 

Exfoliation 
Grandar  Disintegration--differential e~rpansion and contraction 
Frost action 
So i l  develo~ment 

or Clastation-- 
(Breaking or  shat ter ing i n  s i t u )  

Ablation 
(Separation and 
removal) 

7 

Wind 
Water 
Ice -- glaciers  
Gravity -- s l ides  

are  manifestation 
of the e f fec t  of 
gravity and fa i lu re  
of foundation 

Animals 
i 

Changes i n  channel grade 
Unifom discharge 
Riff l ing 
Winnowing 

- 
Mechanical 

( Corrasion) 

Chemical 
(corrosion)  - 

Heduction i n  channel grade 
Reduction i n  turbulence 
Spreading of water 
Lass of stream grade 
Se t t l ing  in  r e l a t ive ly  
quiet water 

Loss of veloci ty 
Eolian t ransport  from a r id  
t o  humid and aqueous environ- 
ment 

Chemical precipi tat ion 
Evaporites, supersaturation, 
Caliche Farmatian - 

Compression t o  stone 

Cementation t o  stone C 

~enudation--base level ing by water 
Deflation-base level ing by wind--fluted 
yardangs, vent ifacts  

Abrasion--wear on the cut t ing pa r t i c l e s  
Quarrying--undercutting C 

- 
OXIDATION--addition of oxygen--changes the color and 

volume of a rock. Reduction of SO4 and COe 

reduces volume. 

CARBONATION--most commonly a f fec t s  s i l i c a t e  rocks t o  

form Ca, Na, Mg, and K Carbonates--source of Cop 

i s  atmosphere and plants .  

HYDRATION--addition of water of c rys ta l l i za t ion .  

Change of feldspars t o  clay. Chemical action of 

ground water. 

KAOLINIZATION-- 

2KAl S i 3  08(orthoclase)  + 2H20 + C02 = H4A12Si209 

(Kaolin-clay) + 4Si02 + K2COg 

Leaching of s i l i c a  and potash reduces volume 54%. 

LATERIZATION--in moist t ropics  the change of feldspar  

i s  more complete-to Hydrargi l l i te  Al2O3'3HZO or  

bauxite. S i l i c a  i s  soluble only i n  water of excess 

OH - ions. pH changes with dry and wet seasons. 

S i l i c a   roba ably dissolves in  the  dry season 

and leaches i n  the ee r ly  part  of the moist season. 

Mey form prec ip i t a t e  of agate or chalcedony. - 

from accumulating overburden. P o r o s i t i e s  vary from about 1 5  t o  65 per- 
cent  f o r  c l ay  ma te r i a l s  t o  a s  low as  8 percent  f o r  consol ida ted  s h a l e s .  
Density a l s o  inc reases  a s  t h e  r e s u l t  of des i cca t ion .  

Phys ica l  and chemical changes under i nc reas ing  load  even tua l ly  l i t h i f y  
e a r t h  m a t e r i a l s  t o  rock ,  f o r  example, c l ay  t o  s h a l e .  The degree of 
consol ida t ion  may be a  measure of t h e  load  t h a t  has been app l i ed  t o  
produce a  given k ind  of  rock. 

Consol idat ion i s  a l s o  produced by chemical bonding of m a t e r i a l s  and by 
fus ion  under high t e m ~ e r a t u r e s  and p re s su re  i n t o  rock.  The e l a s t i c  
sedimentary rocks a r e  t h e  l i t h i f i e d  sediments t h a t  were t r anspor t ed  by 
water ,  i c e ,  wind, and g r a v i t y .  They a r e  u sua l ly  c l a s s i f i e d  on t h e  
b a s i s  of t e x t u r e ,  mineral  composition, s t r u c t u r e  and a d d i t i o n a l  p e r t i -  
nent c h a r a c t e r i s t i c s ,  such a s  cementation and co lo r .  

When muds, s i l t s ,  o r  c l ays  a r e  indura ted  they  a r e  termed r e s p e c t i v e l y  
mudstone, s i l t s t o n e  and c lays tone  when massive, and s h a l e  when laminated 
o r  f i s s i l e .  The cleavage of sha l e  tends  t o  p a r a l l e l  t h e  bedding. 
Secondary cleavage not  g a r a l l e l  t o  t h e  bedding i s  produced by p re s su re  
of over ly ing  sed iaen t s  and p l a s t i c  flow. The lamina t ion  and f i s s i l i t y  
of s h a l e  i s  u sua l ly  b e s t  d i sp layed  a f t e r  weathering. 



Weller (1959) s t a t e d  t h a t ,  "Mud and sha le  a r e  compacted i n  seve ra l  
s tages  t h a t  involve: (1) squeezing out of i n t e r s t i t i a l  water u n t i l  
t h e  sedimentary g ra ins  come i n  contact  with each o the r ;  ( 2 )  rearrange- 
ment of g ra ins  and development of c l o s e r  packing; ( 3 )  s o f t  c l ay  min- 
e r a l s  a r e  forced i n t o  t h e  i n t e r s t i c e s  between t h e  more r e s i s t a n t  min- 
e r a l s ;  and ( 4 )  t h e  l a t t e r  a r e  deformed u n t i l  a l l  po ros i ty  i s  el iminated."  

Shales have very low poros i ty  and a r e  genera l ly  considered nonwater- 
bearing.  Shale has been known t o  y i e l d  a  very l i m i t e d  amount of water 
a t  some l o c a l i t i e s ,  but  q u a l i t y  i s  genera l ly  poor. 

Weathering and f r a c t u r i n g  of sha les  produce secondary voids.  These 
a r e  i n i t i a t e d  and produced by c r u s t a l  dis turbances t h a t  develop cracks 
and f i s s u r e s .  Shales may a l s o  heave and rebound from r e l e a s e  of load 
t o  produce f r a c t u r e s .  Freezing, thawing, root  a c t i o n ,  and chemical 
changes tend t o  increase  t h e  s i z e  and extent  of f r a c t u r e s .  

Well s i t e s  i n  weathered sha le  must be se l ec ted  c a r e f u l l y .  Conditions 
of i n f i l t r a t i o n ,  s to rage ,  and seepage must be recognized l o c a l l y .  A 
l a r g e  diameter wel l  i s  usua l ly  t h e  bes t  method of obtaining water from 
weathered and f r ac tu red  sha le .  S i t e s  t h a t  a r e  topographical ly high 
w i l l  u sua l ly  be dry.  

When e l a s t i c  m a t e r i a l  of sand s i z e  i s  l i t h i f i e d  it becomes sandstone. 
Sand may be composed of any mineral  assemblage. The mineral  content ,  
t h e r e f o r e ,  i s  important t o  i t s  desc r ip t ion .  

Poorly so r t ed  o r  well-cemented sandstones have low poros i ty  and low 
permeabil i ty,  and a r e  considered only f a i r  t o  poor a s  ground-water 
r e s e r v o i r s .  Poorly so r t ed  sandstones t h a t  a r e  h ighly  f r ac tu red  may be 
good aqu i fe r s ;  t h e r e f o r e ,  a  recogni t ion  of t h e  degree and extent  of 
f r a c t u r i n g  i s  important i n  evalua t ing  t h e  rock f o r  water development. 
Well-sorted, poorly cemented, c lean  quar tz  sandstones a r e  probably t h e  
most dependable r e s e r v o i r  rock f o r  ground water.  

Sandstones famous f o r  t h e  dependabi l i ty  of water suppl ies  a r e  found 
i n  t h e  Dresbach, Jordan,  S t .  P e t e r ,  Dakota, Mesaverde, Brandywine, 
Ripley,  Wilcox, and Ogallala  formations. 

The q u a l i t y  of water i n  sands and sandstones i s  influenced by s t ruc -  
t u r a l  geology, geomorphology, s t r a t i g r a p h y ,  sedimentation, po ros i ty ,  
permeabi l i ty ,  i n f i l t r a t i o n  and c i r c u l a t i o n  of ground water .  Where 
c i r c u l a t i o n  i s  r e s t r i c t e d  o r  connate water i s  p resen t ,  q u a l i t y  i s  poor 
t o  unsa t i s f ac to ry .  

Along a c o a s t l i n e ,  ground-water q u a l i t y  i s  inf luenced by i t s  r e l a t i o n  
t o  sea  l e v e l .  A f r e s h  water - s a l t  water i n t e r f a c e  i s  kept i n  balance 
by ground-water recharge and ground-water movement seaward. With- 
drawal of ground water i n  excess of recharge lowers t h e  water t a b l e .  
When t h e  water t a b l e  i s  lowered, sa l t -water  i n t r u s i o n  of t h e  f resh-  
water aqu i fe r  occurs .  Research on c o n t r o l l i n g  sa l t -water  i n t r u s i o n  i s  
continuing . 
Chemically p r e c i p i t a t e d  sedimentary rocks t h a t  a r e  important water- 
hearing formations i n  some a reas  a r e :  l imestones,  dolomites,  cha lk ,  



and gypsum. Paleozoic limestones and dolomites of the northeastern 
United States yield water to springs and wells. Cretaceous limestones 
in the southern United states furnish water for many municipalities. 

The porosity of limestones is influenced by granularity, matrix, cement, 
skeletal remains, reefs, fractures, dolomitization, and solution. 
Solution cavities in the rock follow fractures, joints, and bedding 
planes and may be well developed within depths of 200 to 300 feet below 
the land surface. See Figure 2-5. Brackish water trapped in struc- 
tural basins may be flushed after uplifting and faulting. Circulation 
of ground water is influenced by fractures, faults, and structural 
geology to considerable depths. 

As in sandstones, circulation of water in limestones and dolomites is 
important to water quality. 

Development of water supplies from wells in limestones depend upon 
fractures and solution cavities that are adequate to store and yield 
large volumes of water within economic pumping lifts. 

Coal and lignite are genetically associated with sedimentary rocks. 
They are associated with valley flat deposits and some coal strata are 
in contact with sand. Many coal beds have partially burned and formed 
clinker beds that are extremely porous. Coals will fracture under 
stresses of crustal movements produced by earthquakes. Locally they 
are aquifers, but the water is generally of poor quality. 

Metamorphic rocks.--The texture and mineral composition of rocks change 
when they are subjected to high temperatures and pressures. Under 
metamorphic processes, the rocks are compressed to maximum density and 
may exhibit foliation or banding as in slate, phyllite, schist and 
gneiss. They are usually so dense that they lack interstices and are 
incapable of absorbing water. They may, however, become fractured and 
faulted during and after metamorphism. The fractures may create a 
system of connecting ruptures that will absorb and transmit water. 
Zones of fracture may be suitable for ground-water development. 

Different mineral constituents of metamorphic and igneous rocks will 
weather at different rates. Examination to determine the mineral con- 
stituents of rocks may indicate weathered zones favorable for the devel- 
opment of ground-water supplies. 

Stratigraphy 

Stratigraphy is a branch of geology that pertains to the study, identi- 
fication, classification, and correlation of the layered rocks of the 
earth's crust. It is concerned with the origin, composition, occurrence, 
distribution, characteristics, sequence, and ages of the various strata. 
Environments of deposition are indicated by fossils, lithology, and 
other characteristics that reflect the influence of land masses and 
structure. Table 2-2 shows the relationship between sedimentary depo- 
sition and tectonic framework. 



SYMBOLS: 

FIGURE 2-5 Deepsolutionzone 
(From U. 5. Tenn. Valley Authority Tech. Rpt. No. 22, 1949) 



Table 2-2. Summary of Lithologic Associations 
(1- Tectontc Control ofL!tholog,c Asroriotions, by  E .  C .  Dapples, W. C .  Kwmbein, and L .  L .  Sloss, Am. Asroc. Perml- 
Geoioqr+ts, Bull. Vol. 32, No. 10, 1948. Used by  Psnlsstoo 01 Am. Asroc. Petrolem GeoloqstsJ 

Obserued Sedimentary Associations 

Clnatica 1 Non-Ctastics 

Inferred Tectonic 
F m e w o r k  

Sands tones 

Pure quartz 
Quartz-glauconite 
Quartz-iron oxide 
Quartz-muecovite 

Quartz-potash 
feldspar 

"Blmket" arkose 
Quartz-muscov~te 
(subgrayvacke) 

Subgrayvacke 

"wedge" arkose 

Chemical composition, density, compaction, and consolidation of mater- 

G-acke 

ials reflect the origin and the diagenetic stage of development of a 
sedimentary rock. The younger sedimentary materials rest on older 
materials except where crustal disturbances have modified the normal 
stratigraphic sequence, or where materials have accumulated in crevices 
and caves. 

ShaZes 

Chiefly claystones; any 
colors; calcareous, glau- 
conitic, carbonaceous: 
quartz common in silt 

Chiefly siltstones; any 
colors; micaceous; car- 
bonaceous; feldepar may 
be cornon in silt 

Chiefly siltstones; any 
colors; micaceous, csl- 
careous. siliceous, car- 
bonaceous; variety of 
minerals in silt 

Red, chocolate; silty; 
micaceous 

~eterminin~ the capacity of strata to hold, yield, and transmit water 
is the object of subsurface investigations for water developments. A 
knowledge of stratigraphy is valuable in evaluating the kinds of rocks 
that occur in the foundations of water-development projects. Abrupt 
vertical changes in composition of strata are caused by rapid trans- 
gressions and regressions of the seas in marine and associated environ- 
ments and cycles of cut and fill ( ~ i ~ u r e  2-6 ) . Abrupt horizontal 
changes in composition of strata are influenced by orogenic activity, 
subsidence, changes in source materials, and changes in oceanic cur- 
rents. In Figure 2-7 the thickening of clastic rocks toward the south- 
east indicate that deformation took place southeast of the area in 
Middle and Upper Ordovician time. In continental deposits abrupt hori- 
zontal changes in texture and composition are influenced by shifting 
channels, changes in discharge of the transporting agent, changes in 
turbulence, changes in gradient, and changes in source materials. 

Chiefly siltstones; any 
colors; chloritic, sili- 
ceous, micaceous, carbona- 
ceous, pyritic; large 
variety of minerals 

A vast mount of data on stratigraphy has been compiled in numerous 
reports published by States, the Federal Government, and geological 
societies. These data can be ;used in the development of ground-water 
resources. 

Limeatones, 
e t  Cetem 

Normal marine 
Fragmental 
Foreminiferal 
Secondary chert and 
dolomite 

Random reef distribu- 
tion 

Nodular, with uneven 
beddin6 

Dense, argillaceous 

Thickened shelf types 
Evaporites (primary 
dolomites, sul- 
phates, chlorides) 

Marginal reefs 

Nodular limestones 
Special evaporite 
segueme6 

Thick, dense, dark 
siliceous 

, 

Geosyncline 

D e p o s i t i o ~ t  
Area 

Stable 
shelf 

Mildly 
unstable 
shelf 

Intra- 
cratonic 
basin 

g:$E' 

Source 
Area 

/ 
Stable 

to mildly 

epeirogenic 

Stable to 
strongly 
epeirogenic 

Strongly 
positive 
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FIGURE 2-6. Stratigraphic diagram of Western U. S. 
From Upper Cretaceous Stratigraphy, Rocky Mountain Area, by R. S. Weinier. Am. Assoc. Petroleum 

Geologists Bu l l .  Vol .  44, No. 1, 1960. Used by permission of Am. Assoc. Petroleum Geologists.) 
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FIGURE 2-7. Stratigraphic diagram of Tennessee 
(From Tectonic Framework of Southeastern United States, b y  P.  R .  King. Am. Assoc. Petroleum 

Geologists Bu l l .  Vo l .  34, No. 4, 1950. Used by  permission of Am. Assoc. Petroleum Geologists.) 
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St ra t ig raph ic  Traps 
S t ra t ig raph ic  t r a p s  l i m i t  t h e  con t inu i ty  of a  r e s e r v o i r  rock and t e r -  - - - 

minate c i r c u l a t i o n .  F lu id  or  gas once occupying t h e  r e s e r v o i r  voids 
cannot escape. V a r i e t i e s  of s t r a t i g r a p h i c  t r a p s  such a s  pinch-out, 
over lap ,  and change i n  f a c i e s  a r e  i l l u s t r a t e d  i n  Figure 2-8 and 2-9. 

I n  Figure 2-8 t h e  Dakota, Jordan, S t .  Pe ter  and Dresbach sandstones 
a r e  good aqu i fe r s ;  t h e  g l a c i a l  d r i f t  y i e l d s  water i n  most p laces  but 
not everywhere i n  adequate amounts; t h e  Sioux q u a r t z i t e  y i e l d s  small 
supp l i e s ;  and t h e  b a s a l  complex y i e l d s  v i r t u a l l y  none. Geologic i n t e r -  
p r e t a t i o n  i s  requi red  t o  p red ic t  t h e  r e s u l t s  of d r i l l i n g  a t  t h e  po in t s  
ind ica ted  by t h e  arrows. 

Pinch-outs may r e s u l t  from c e r t a i n  condi t ions  of sedimentation, e ros ion ,  
t r u n c a t i o n ,  and overlap.  I n  a l l u v i a l  depos i t s  they  may be i n  t h e  form 
of sp lays ,  d e l t a s ,  t r i b u t a r y  f a n s ,  and cut  and f i l l e d  channels and 
meander loops i n  v a l l e y s .  Those of marine sediments may be i n  t h e  form 
of of fshore  b a r s ,  d e l t a s ,  and o the r  shore l ine  f e a t u r e s .  Figure 2-9 i s  
a  d i a g r m a t i c  sec t ion  of t h e  A t l a n t i c  Coastal  P l a i n  showing pinch-outs 
and change i n  f a c i e s .  

Change i n  f a c i e s  i s  a  l a t e r a l  change i n  t h e  composition o r  g ra in  s i z e  
of t h e  deposi ted ma te r i a l .  It may be due t o  a  change i n  t h e  source of 
t h e  deposi ted m a t e r i a l ,  d i s t ance  from t h e  source of t h e  m a t e r i a l ,  t ec -  
t o n i c  a c t i v i t y  o r  combinations of t h e s e .  

Perhaps t h e  most important of t h e  s t r a t i g r a p h i c  t r a p s  t h a t  p e r t a i n  t o  
development of ground-water resources a r e  those  a s soc ia t ed  with channel 
depos i t s .  Channels with t rapped water may be a s soc ia t ed  with any geo- 
l o g i c  age formation, a s  shown i n  Figure 2-10. 

S t ruc tu re  

S t ruc tu re  r e f e r s  t o  t h e  arrangement and r e l a t i v e  p o s i t i o n  of rock masses. 
A desc r ip t ion  of rock,  f e a t u r e s  such a s  f o l d s ,  f a u l t s ,  bedding, j o i n t s ,  
flow banding, p a r t i n g ,  cleavage,  b recc ia t ion ,  pillowy bodies,  and blocky 
or  ropey fea tu res  a r e  used t o  descr ibe  s t r u c t u r e .  Some s t r u c t u r a l  fea- 
t u r e s  such a s  s t r a t i f i c a t i o n ,  jo in t ing  and blocky development a r e  
exhib i ted  by unconsolidated ma te r i a l s  and a r e  a  p a r t  of t h e  s t r u c t u r e  
of those  bodies of ma te r i a l .  

S t ruc tu re  may inf luence  t h e  occurrence and a v a i l a b i l i t y  of ground water.  
When a  permeable s tratum i s  confined between impermeable s t r a t a ,  water 
ava i l ab le  t o  t h e  permeable ma te r i a l s  i s  dependent upon in take  along 
s t r u c t u r a l l y  high a r e a s .  When a  permeable s tratum i s  f a u l t e d  so  t h a t  
t h e  displacement te rminates  t h e  permeable ma te r i a l s  aga ins t  impermeable, 
and t h e  f a u l t  plane o r  f a u l t  zone i s  impermeable, t h e  supply of water 
may be cut  o f f  t o  t h e  s i d e  away from t h e  recharge area .  Wells on one 
s i d e  of t h e  f a u l t  might y i e l d  a r t e s i a n  water i n  l a r g e  q u a n t i t i e s  whereas 
wel ls  across t h e  f a u l t  may be unsa t i s f ac to ry .  

Major Features 
Folds.--Folds may be defined a s  warps, f l e x u r e s ,  o r  bends i n  s t r a t a .  - 

They may be very gen t l e  and simple p a t t e r n s ,  o r  very complex. They 
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FIGURE 2-8 Stratigraphic traps 
(From The Occurrence of Ground Woter in the United Stotes, 

by 0. E. Meinzer. U. S. Geol. Surv. Water-Supply Paper 489, 1923.) 

I FIGURE 2-9. Stratigraphic traps 
(From The Occurrence of Ground Water in the United States, 

by 0. E. Meinzer. U ,  S. Geol. Surv. Water-Supply Paper 489, 1923.) 

may be symmetrical, unsymmetrical, squeezed, overturned, or recumbent. 
Interpretation, as illustrated in Figure 2-11, is necessary in select- 
ing well sites and calculating depths to aquifers. In Figure 2-11 the 
Bearpaw shale, Claggett formation, and Colorado shale yield little or 
no water; the Lance and Judith River formations and Eagle sandstone 
are good aquifers. Forecasting the presence and depth to the aquifers 
at any point in these ten townships requires geologic interpretation. 

Synclines, as illustrated in Figure 2-8, are the most productive folds 
for storage and replenishment of ground water. Recharge to basin 
aquifers is usually revealed by water-table contour maps or cross see- 
tions. Quality of water varies with the geology of each basin. 

Faults.--These are breaks in the rocks of the earth's crust along which 
movement and displacement can be identified. They can sometimes be 
identified on areal photos. They may be normal, reverse, thrust, up- 
faulted block (horst ) , downfaulted block (graben) , horizontal, or 
variations thereof. Faults that occur during deposition are contempor- 
aneous faults. Huge downfaulted blocks are commonly called rift val- 
leys. Fault displacements may vary from a few inches to many miles. 
The Lewis and Clark Thrust has a displacement of about 25 miles ( ~ u m e ,  



FIGURE 2-10. Buried channels 
( F  rom Sandstones in Channels in Upper Pennsylvanian and Lower Perm~an 

of  Kansas, by hl. R .  Mudge. Am. Assoc. Petroleum Geologists Bu l l .  Vol .  40, 
No. 4, 1956. Used by permission of Am. Assoc. Petroleum Geologists.) 

FIGURE 2-11. Stereogram of central Montana 
(From The Occurrence of Ground Water in the United States, 

by 0. E. Meinzer. U .  S. Geol. Surv. Water-Supply Paper 489, 1923.) 



Unconformities.--Unconformities are surfaces that indicate periods of 
non-deposition or erosion. 

dvidences of unconformities are: discordant strata, basal conglomer- 
ate, basal blacK shale, fossil desert varnish, lag gravel, edgewise 
conglomerate, residual chert, concentration of glauconite, phosphatic 
pellets and nodules, manganese and iron concretions, clastic zones in 
nonelastic rocks, abrupt changes in heavy-mineral assemblages, sharp 
differences in lithology or fossil assemblages and buried soils. 
Unconformities may influence the migration of water in aquifers, as 
illustrated in Figure 2-8, 2-9, and 2-10. They also identify the boun- 
daries of some formations and aid in correlation. 

Minor Features 
Cleavage.--Cleavage is the tendency of rocks to split or break apart 
under stress along definite smooth, parallel, closely spaced planes. 
The openings transmit water but are not considered important ground- 
water sources. Cleavage is a secondary phenomenon that influences 
weathering and rock disintegration. 

Fractures.--Fractures are cracks or breaks in rock. They are openings 
along which the walls of the voids are distinctly separated. Joints, 
faults, and fissures are varieties of fractures. 

Fractures are good sources of ground water in some geologic formations. 
Locally they may yield enough for irrigation well developments. Even 
fractured quartzites and argillites may be important sources of ground 
water. Open fractures in limestone lead to the development of solution 
channels. 

Joints.--Fractures in rock along which there has been little or no 
transverse movement are called joints. They may be caused by expansion 
and contraction resulting from changes in moisture content or temper- 
ature, or as a result of stress. A joint set consists of a group of 
breaks that are parallel or nearly so. A joint system is a group of 
two or more intersecting sets or any group of joints with a character- 
istic pattern such as radiating or concentric. 

Joints are passageways for the movement of water. They are usually 
inadequate as reservoirs for other than minor quantities of ground water 
unless well developed. Figure 2-12 illustrates how a well obtains water 
by cutting joints. They may, however, contribute to ground-water re- 
charge and where there are well-developed joint systems, as in some 
basalts, large supplies of water may be available. 

Solution openings.--Solution openings may be formed from the solution 
of carbonates by ground-water circulation along fractures, joints and 
bedding planes. Some cavities become enlarged to form extensive caverns 
and caves. In limestone areas ground-water gradients are usually low. 
Limestone voids will usually not be saturated at elevations above the 
elevation of permanently flowing streams. Consequently, wells will 
have to be drilled to depths greater than the elevation of these streams. 



FIGURE 2-12. Joint system 
(From The  Occurrence of  Ground Water in the Uni ted States, 

by 0. E. Meinzer. U .  S. Geol. Surv. Water-Supply Paper 489, 1923.) 
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GROUND WATER 

CHAPTER 3. INVESTIGATION METHODS AND EQUIPMENT 

Introduction 

Field geology includes observing, measuring, recording, describing, and 
interpreting earth features according to established principles of rock 
origin and geologic structure. This information, together with ground- 
water data shown on maps and structure sections, will enable appraisal 
of ground-water resources. A geologic map is essential in ground-water 
investigation. 

Published Geologic Maps and Reports 
Geologic investigations have been conducted in most areas of the United 
States, and as a result published maps and reports thereon are usually 
obtainable. The principal source is the Geological Survey, U.S. Department 
of Interior. Other sources include state geological surveys, bureaus of 
mines, universities, and colleges. Bulletins and special publications of 
technical societies such as American Association of Petroleum Geologists, 
American Institute of Mining and Metallurgical Engineers, American Water 
Well Association, Association of Engineering Geologists, Geological 
Society of America, and others are additional sources. Several state 
geological societies publish guide books, maps, and road logs for annual 
meetings. Table 3-1 is a directory of U.S. Geological Survey Water 
Resource Division offices. Table 3-2 lists the state geological survey 
offices. 

The Tectonic Map (1962) and Geologic Map (1974), of the United States, 
published by the U.S. Geological Survey, are helpful in studying regional 
structure and stratigraphy. Both maps are on a scale of 1:2,500,000, 
about 40 inches per mile. State geologic bedrock and surficial geology 
maps, at intermediate scales are also helpful. These are generally on a 
scale of 1:250,000, about 4 inches per mile, or smaller. Photographic 
enlargement of small or intermediate scale maps will often show relationships 
that may not have been noted. Piezometric or ground-water favorability 
maps may be used with the geologic maps to select areas favorable for 
ground-water development. 

State Geological Map Indexes - This includes maps and a reference list 
for each state. All maps outlined on the state indexes are at a scale 
of 1:250,000 or larger. Geologic maps that are indexed includes those 
published by the U.S. Geological Survey, State Geological Surveys, 
professional societies, universities and commerical organizations. USGS 
open-file maps and reports are also referenced. During 1975, computerized 
assisted methods were initiated by the Geological Survey in order to 



Table 3-1, U.S. GEOMGICAL SURVEY, WATER RESOURCES DIVISION 
DISTRICT OFFICES 

(Each address below shouid be preceded by "U.S. Geological Survey, W") 

ILLINOIS 
P.O. BOX 1026, 605 N. Neil St. 

MISSOURI -- 
1400 Independence Rd. 

ALABhNA 
P.O. Box V 
University, Alabama 35486 Champaign, Illinois 61820 

ALASKA - 
Skyljne Bldg., 218 "E" Street 
Anchorage, Alaska 99501 

INDIANA 
1519 N. Meridian St. 

MONTANA 
P.O. Box 1696 
421 Federal Bldg. 
316 &. Park 
Helena, ?lantana 59601 

Indianapolis, Indiana 46202 

ARIZONA 
Federal Bldg. 301 W. Congress 

IOWA - 
P.O. Box 1230 
Rm. 269 Federal Bldg, 
Iowa City, Iowa 52240 

NEBRASKA 
Rin. 406, Federal Bldg. 
U.S. Courthouse 
tlncoln, Nebraska 68508 

Tucson. Arizona 85701 

ARKANSAS 
Rm. 2301 Federal Office Bldg. KAhSAS 

1950 Avenue "A", Campus West 700 K. Capitol Avenue 
Little Rock, Arkansas 72201 University of ~ansas' 

Lawrence. Kansas 66045 
ZXVAD.4 
Rn. 229, Federal Bldg. 
105 N. Plaza Street 
Czrson City, Nevada 89701 

CALIFORNIA 
855 Oak Grove Avenue 
Menlo Park, California 94025 

KENTUCKY 
Rm. 572 Federal Bldz. " - 
600 Federal Place 
Louisville, Kentucky 40202 

N W  KUPSHIRE, - 
(See Xassachusetts District Office) COLO?ADO 

Bldg. 53, Stop 415, Box 25046 
Denver Federal Center 
Lakewood, Colorado 80225 

NEW JERSEY 
P.O. Box 1238 
Rm. 420, Federal Bldg. 
402 E. State Street 
;renton, New Jersey 08607 

MUISIANA 
P.0. Box 66492 
Baton Rouge, Louisiana 70806 

CONNECTICUT 
Rm. 235. Post Office Bldn. M4INE - 

(See Massachusetts District Office) 135 ~ i ~ h  Street 
- 

Hartford, Connecticut 06101 N3? MEXICO .- - 
F.O. Sox 4369 Geology Bld~. 2nd F1. MARY LAND 

8600 LaSalle Road DELAWARE 
( See Maryland District Office) 

-. - 
University of New Mcxico Campus 
Albuquerque, New Mexico 87106 Towson, Maryland 21204 

KEW YORK 
P.O. Box 1350 

FLORIDA 
Suite F-240, 325 John Knox Rd. 
Tallahassee, Florida 32303 

MASSACHUSETTS (also ME, hW, RI & VT) 
150 Causeway St. Suite 1001 
Boston, Massachusetts 02114 3 3  U.S. P.O. and Courthouse 

Albany, New York 12201 
GEORGIA 
6481 Peachtree Industrial Blvd. 

MICHIGAN 
2600 Science Parkway 
Red Cedar Research Park 
Okemos. Michigan 48864 

NCRTH CAROLINA - 
T.0. Box 2857 Suite B 

Doraville, Georgia 30360 Century Station, P.O. Bldg. 
Iin. 436 
Rzlaigh, North Carolina 27602 HMJAII 

1833 Kalakaua Ave., 5th F1. 
MINNESOTA 
1033 Post Office Blde. 

Honolulu. Hawaii 96815 
- 

St. Paul, Minnesota 55101 NORTH DAKOTA 
P.O. Box 778 

IDAHO - 
Rm. 365, Federal Bldg. Box 036 
550 W. Fort Street 

MISSISSIPPI 
430 Bounds Streets 

Rm. 332, New Federal Bldg. 
3rd St. and Rosser Avenue 
Bismarck, North Dakota 58501 

~ - -~ - - -  

Jackson, Mississippi 39206 

a Boise, Idaho 83724 



Table  3-1 (Continued) 

OI!IO -- 
475 !I, Third Avcnuc 
Columbus, Ohio 43212 

OKLAIIOi'Ll 
Rn. 621, 201 N.F. 3rd 
Oklahoma C i t y ,  O k l a h o a  73102 

ORECON -- 
P.O. Eox 3202 
830 X .E .' Holladay S t .  
Por t l and ,  OR 97208 

1'I:HXS'i J.VA9I A - 
P.O. !!ox 11'27 
4 t h  91. Federa l  Eldn. 

w ~ s e ~ w d ' r o a  
1201 P a c i f i c  Ave., S u i t e  600 
Tacoma, Washington 98402 

VEST VIRCTNIA 
500 Q u q r r i c r  S t .  E 
Rm. 3303. Fed. Bldg. and U.S. Courthouse 
Char les ton ,  West V i r g i n i a  25301 

WISCONSIN 
Rm. 200, 1815 U n i v e r s i t y  Ave. 
Yadison, Wisconsin 53706 

L'Y03lING -- 
P.O. Box 2087 

- - - Cheyenne, Wyoming 82001 
Har r l suurg ,  Pennsylvznia  17106 

PUEllTO RICO 
i X d ~ .  652. P.O. Box 34168 

RHODZ ISTJ'XD --- 
(Set i ~ k s s ~ c h u s e t t ~  D i s t r i c t  O f f i c e )  

SOUTS CACOLTNA - 
2001 Asscmbl7 St . .  S u i t e  200 
Colu.~.bia, Sauth C a r o l i n a  29201 

SO!JT!i D.'XOT.I -- 
P.O. Eox i412 Rm. 231, Fed. Bldg. 
h r o r r .  South Dak~ta 57350 

TENNESSEE - .-. 
A-14: Fed. Sldg.  U.S. Courthouse 
Nashv i l l e ,  Tennessee 37203 

TEVAS 
649 Federa l  Bldg. 300 E. 8th S t .  
Aus t in ,  Texas 78701 

UTA!! - 
8022 F e d e r a l  Bldg. 
125 Saz th  S t a t e  S t r e e t  
Salt Lake C i t y ,  Urah 84138 

VIRGIXIA -- 
230 \1. Grace St. Rm. 304 
Richmond, V i r g i n i a  23220 



Table 3-2. STATE GEOLOGICAL SURVEY OFFICES 

ALABAMA 
Geological Survey of Alabama 
P.O. Drawer 0 
University, AL 35486 

ALASKA 
Division of Geolonical and 

Geophysical surveys 
3001 Porcupine Drive 
Anchorage, AK 99501 

ARIZONA 
Arizona Bureau of Mines 
University of Arizona 
Tucson, AZ 85721 

ARKANSAS 
Arkansas Geological Commission 
Vardelle Parhan Geologic Center 
3815 W. Roosevelt Road 
Little Rock. AR 72204 

CALIFORNIA 
Division of Mines 6 Geology 
Department of Conservation 
Resources Building, Rm. 1341 
1416 Xinth Street 
Sacramento, CA 95814 

COLORADO 
Colorado Geological Survey 
1313 Sherman Street, Rm. 715 
Denver, CO 80203 

COKNECTICUT 
Connecticut Geological ana 
Natural History Survey 

State Office Building, Rm. 561 
165 Capitol Avenue 
Hartford, CT 06115 

DELW.4RE 
Delaware Geological Survey 
University of Delaware 
101 Penny Hall 
Newa~k, DE 19711 

FLORIDA 
Bureau of Geology 
Department of Natural Resources 
903 West Tennessee Street 
Tallahassee, F'L 32304 

GEORGIA 
Geologic & Water Resources Division 
Department of Natural Resources 
19 Hunter Street, SW 
Atlanta. GA 30334 

HAWAII 
Division of Water 6 Land Development 
Department of Land & Natural Resources 
P.O. Box 373 
Honolulu. HI 96809 

IDAHO 
Idaho Bureau of Mines 6 Geology 
Moscow, ID 83843 

ILLINOIS 
Illinois State Geological Survey 
121 Natural Resources Building 
Urbana, IL 61801 

INDI-ANA 
Indiana Geological Survey 
Department of Natural Resources 
611 N. Walnut Grove 
Bloomington, IN 47401 

IOVA - 
Iowa Geological Survey 
Geological Survey Building 
123 North Capitol 
Iowa City, IA 52242 

KANSAS 
Kansas Geological Survey 
1930 Aveune "A", Campus West 
University of Kansas 
Lawrence, KS 66044 

KENTUCKY 
Kentucky Geological Survey 
University of Kentucky 
307 Xineral Industries Building 
120 Graham Avenue 
Lexington. KY 40506 

LOUISIANA 
Louisiana Geological Survey 
Box G, University Station 
Baton Rouge, LA 70803 

MAINE 
Naine Geological Survey 
State Office Building. Rm. 211 - - -  - - 

Augusta, ME 04330 

MARYLAND 
Maryland Geological Survey 
~:r&nan Hall, Johns Hopkins 

University 
Baltimore, MD 21218 

MASSACHUSETTS 
Division of Waterways 
Department of Envir.~nmental 
Quality Engineering 

100 Nashua Street, Rm. 532 
Boston, MA 02114 

MICHIGAS 
Geological Survey Division 
Department of Natural Resources 
Stevens T. U s o n  Bldg., Box 30028 
Lansing, MI 48909 

MINNESOTA 
Minnesota Geological Survey 
University of Minnesota 
1633 Eustis Street 
St. Paul, MN 55208 

MISSISSIPPI 
Xississippi Geological, Economic 

and Topographical Survey 
2525 N. West Street 
P.O. Box 4915 
Jackson: XS 39216 

MISSOURI 
Missouri Geological Survey 
Division of Geology 6 Land Surveys -- 
P.O. Box 250 
Rolla, MO 65401 



Table 3-2 (Continued) 

NG?ITh!:A -- 
Montana Bureau of Mines 6 Geolonv -- 
Montana College of Mineral 

Science and Technology 
Butte ,  MT 59701 

RE 2 R+tS:iA 
C o n s u v a t i o n  6 Survey Divis ion 
Univers i ty  of Sebraska 
Lincoln. NB 68508 

!! EVADA -- 
S-vaila Bureau of Nines 6 Ceolo,ny -- 
Univers i ty  of  Ncvada 
Reno, NV 85507 

NEW Hh?l?SIIIRE - 
Off ice  of S t a t e  Geologist  
Jancs  Hal l ,  Universi ty  of 

Xew Hacpshire 
Durhan, SH 03824 

1;lX JEKS!<Y 
New Jcrsoy  Eureau of Geology 

and Topo~raphy  
P.O. Box 2 2 ~ 9  
Trenton, !JJ 08625 

and Hinera l  Resources 
New 14axico Tech 
Socorro, :!X 87801 

SEV YORK 
!?ew York S t a t e  Ccological  Survey 
Ncw York S t a t e  Educhtion Building,  

Rm. 973 
Albany, W 12224 

NCRTIl CAR01 I* 
Dep2rtment of Natural  and 

Economic R ~ s o u x e s  
Off ice  of  E a r ~ h  Resources 
P.O. Box 27687 
Raleigh. XC 97611 

NOXTH IjftKOTA 
North Dikota Geological  Survey 
Univers i ty  S t a t i o n  
Crmd Forks, 1uD 58201 

OHIO - 
Divis ion  of Geological  Survey 
Ohio Dspartnent of Natura l  Resources 
Fountain Square, Building 6 
Columbus, OH 43224 

OKLAHOMA -- 
Oklahoma Geolonical  Survey 
Univers i ty  of Oklahoma - 
830 Van Vlee t  Oval. Rm. 163 
Norman, OK 73069 

OREGON 
Department of Geology and 

Mineral I n d u s t r i e s  
1069 S t a t e  OEficc Building 
Por t land ,  OR 97201 

PEXNSY LVANIA 
Bureau of-Topographic and 

Geologic Survey 
Departmcnt of E ~ ~ v i r o n m e n t a l  Resources 
P.O. Box 2357 
Harr isburg,  PA 17120 

WODE I S L Q ~  
Graduate School of Oceanography 
Univers i ty  of Rhode I s l a n d  
Kingston, RI 02881 

SOUTH CAROLINA 
Div is ion  of Geology 
S t n t c  Dev+lopcent Eoard 
Harbison Forost  Road 
Columbia, SC 29210 

SOUTll D?.KOTA 
South Dakota Geolonical  Survey 
Science Center. u n i v e r s i ~  of -  

South Dakota 
Vermillion. S D  57069 

TEXVESSEE 
Div is ion  of Geology 
Department of Conservat ion 
G-5 S t a t e  O f f i c e  Building 
Nashvi l l e ,  TN 37219 

TES4S - -  
Bureau of Economic Geology 
Univers i ty  of Texas a t   ust tin 
Univers i ty  S t a t i o n ,  BOX X 

UTAH - 
Utah Geological  S Hinera l  Survey 
606 Black Hawk Way 
S a l t  Lake C i t y ,  UT 84103 

VERMONT 
Off ice  of  S t a t e  Geologist  
Agency of Environmental Conservation 
5 Court S t r e e e  
Kontpe l ie r ,  VT 05602 

V I R G I N I A  
Divis ion of Mineral  Resources 
Natura l  Resources Building 
P.O. Box 3667 
C h a r l o t t s v i l l e ,  VA 22903 

WASIIINGTOl' -- 
Geology & Earth Resources Div is ion  
D e p a r t m a t  of  Natura l  Sesources 
Olympia, WA 98504 

WEST V I R G I N I A  
West V i r g i n i a  Geological  and 

Ecocamic Survey 
P.O. E3s 879 
:4orga:1:own, W 26505 

WISCO!!SIN -- 
Wisconsin Gzological  6 Natura l  

History Survey 
Univers i ty  of Wisconsin 
1915 h i v e r s i c y  Avenue 
Eladison. W I  53706 

NYO?lING 
Geological  Survey of \!yosing 
P.O. Box 3008 
Univers i ty  S t a t i o n  
Laranie ,  WY 82071 



improve the geologic map indexes and to update them 
Twenty-two states are now indexed by the new format 
states scheduled to be completed by 1979. 

more frequently. 
(May lW8), with all 

State Water Resources Investigations - These folders summarize the 
status of ground-water, surface-water, and quality of water investigations 
for each state. They are updated frequently. Selected references 
include reports which concern ground-water quantity and quality. Ground- 
water maps show pertinent data such as areal extent of principal aquifers, 
ground-water availability, depths of wells, and range in well yields. 
Areas which have water resource investigations in progress are outlined 
on a state map and referenced. 

State Geologic and Water-Supply Reports and Maps - This is a catalog 
that lists USGS reports and maps that relate to geology, mineral, and 
water resources for individual states. The list is categorized by type 
of report or map. 

Topographic Maps 
Much information helpful in studying geology may be interpreted from 
topography. A topographic map is an excellent base for geologic map- 
ping. The Topographic Division of the USGS is the principal source and 
will supply state topographic map indexes free on request. Field units 
of SCS Cartographic Division maintain files and can usually furnish 7- 
1/2 and 15-minute topographic quadrangles. 

Aerial Photos 
Contact prints are excellent bases for mapping geology. Aerial photos 
can be of invaluable assistance, both in office study and during field 
work (Legget, 1962). They show relations of physiographic features, 
evidence of earth movements, sand and gravel deposits, structural fea- 
tures and conditions meriting further investigation. Study of photos in 
the field with a stereoscope often reveals information not otherwise 
discernible. 

Scales 
The choice of scale depends on the scope of investigation, complexity of 
geology, and availability of aerial photos or base maps. Geology for 
most ground-water studies is best shown at scales between 1:20,000 
(3.17" = 1 mile) and 1 : 62,500 (1" = 1 mile approximately). 

Geologic Maps and Mapping 

Surface Exposures 
Surface geology, as may reasonably be inferred, is based on the study of 
outcrops. The classification of materials, measurement of bed, joint 
and fracture attitudes, tracing of beds, and outlining of formation 
boundaries are accomplished through study of surface exposures. 

Outcrops of sedimentary, metamorphic, and igneous rocks permit infer- 
ences regarding stratigraphy and structure based on knowledge of the 
local geologic section. Alluvium, glacial drift, lacustrine and 



a 
l o e s s i a l  depos i t s  and products  of volcanism a r e ,  because of t h e i r  depo- 
s i t i o n a l  environments, i r r e g u l a r  i n  t h i ckness  and ex ten t  and do not 
permit i n fe rence  of m a t e r i a l s  and condi t ions  a t  depth. Surface obser- 
va t ions  i n  outcrop a reas  of t h e  l a t t e r  must be  supplemented by subsur- 
face  i n v e s t i g a t i o n s .  

Geologic maps show c l a s s i f i c a t i o n ,  c o r r e l a t i o n ,  and d i s t r i b u t i o n  of 
su r f ace  m a t e r i a l s ,  l o c a t i o n s  of f a u l t s ,  and axes of s t r u c t u r a l  f e a t u r e s .  
Accompanying c ros s  s e c t i o n s  show an i n t e r p r e t a t i o n  of subsurface condi- 
t i o n s .  The maps and s e c t i o n s  a r e  based on information obta ined  a t  each 
exposure s t u d i e d  regard ing  l o c a t i o n ,  e l e v a t i o n ,  rock c l a s s i f i c a t i o n ,  
and a t t i t u d e .  F i e l d  Notes, page 3-8, should be r e f e r r e d  t o  be fo re  and 
a f t e r  s tudying  t h e s e  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s .  

Location. - The method of l o c a t i n g  exposures o r  f e a t u r e s  observed w i l l  
depend on t h e  base map used,  i t s  s c a l e ,  requirements of t h e  survey,  and 
amount of  vege ta t ive  cover.  Three methods--location by in spec t ion ,  by 
compass and paced t r a v e r s e ,  o r  by p lane  t a b l e  survey--may be used. I f  
mapping i s  t o  be done on a e r i a l  photo contac t  p r i n t s ,  enlarged p r i n t s ,  
o r  topographic maps publ i shed  a f t e r  about 1900, p o i n t s  may be  loca t ed  
by in spec t ion  wi th  a h igh  degree of accuracy. On p l an ime t r i c  maps, 
s u f f i c i e n t  d e t a i l  may be shown t o  use in spec t ion ,  bu t  on t h e s e  and o t h e r  
p lan  maps l o c a t i o n  of p o i n t s  by compass and pacing probably w i l l  be  
des i r ab l e .  Plane t a b l e  surveys of topography and geology a r e  o f t e n  
needed f o r  d e t a i l e d  s t u d i e s .  They should be made sepa ra t e ly .  For 
geologic  surveys t h e  geo log i s t  should s e l e c t  p o i n t s  t o  show geologic  
information.  

Eleva t ion .  - P o s i t i o n  of outcrop o r  f e a t u r e  above o r  below mean s e a  
l e v e l ,  o r  an assumed datum, should be noted.  V e r t i c a l  r e l a t i o n s h i p s  
a r e  important i n  most geologic  i n v e s t i g a t i o n s ,  and e s p e c i a l l y  t hose  f o r  
ground water ,  a s  a b a s i s  f o r  developing c ros s  s e c t i o n s  and i n t e r p r e t i n g  
s t r u c t u r e .  E leva t ions  may be determined by in spec t ion  of topographic 
maps o r  by a l t i m e t e r  t r a v e r s e ,  p lane  t a b l e ,  o r  d i f f e r e n t i a l  l e v e l i n g .  

C l a s s i f i c a t i o n .  - Note p r o p e r t i e s  of t h e  rock a s  observed a t  t h e  out- 
crop. S tandard iza t ion  of  rock c l a s s i f i c a t i o n  i s  d e s i r a b l e  a s  a means 
of promoting uniform desc r ip t ion .  Af t e r  t h e  primary gene t i c  c l a s s i f i -  
c a t i o n  of rocks a s  igneous,  sedimentary, o r  metamorphic, t h e  almost 
un ive r sa l ly  used method i s  t o  "name rocks on t h e  b a s i s  of v i s i b l e  fea-  
t u r e s  not  on t h e  b a s i s  of in ference"  ( ~ r a v i s ,  1955) .  Correct  i d e n t i f i -  
c a t i o n  i s  important because na tu re  of t h e  m a t e r i a l  i n d i c a t e d  geologic  
h i s t o r y  and p o t e n t i a l  behavior  o r  i n f luence  on t h e  problem. 

Standard p r a c t i c e  i n  Serv ice  c l a s s i f i c a t i o n  i s  t o  desc r ibe  o r  c l a s s i f y  
rocks by f e a t u r e s  t h a t  may be seen with a good hand l e n s  ( 1 0 ~ ) .  The 
t h r e e  c h a r t s ,  C l a s s i f i c a t i o n  of Igneous, Sedimentary, and Metamorphic 
Rocks, contained i n  Travis  (1955) ,  w i l l  enable  t h e  naming of rocks a s  
p r e c i s e l y  a s  warranted by examination methods. A l l  g rada t ions  of com- 
p o s i t i o n  and t e x t u r e  a r e  p o s s i b l e ,  and t o  some ex ten t  c h a r t s  a r e  an 
a r t i f i c i a l  sys temat iza t ion .  Descr ip t ions  should be b r i e f  bu t  g ive  suf-  
f i c i e n t  information f o r  purposes of t h e  i n v e s t i g a t i o n .  



I n  making Service geologic inves t iga t ions  f o r  ground water it is  o f t en  
poss ib le  t o  develop a s u i t a b l e  map by making d e t a i l e d  addi t ions  t o  a  
published map. Accurate c l a s s i f i c a t i o n  w i l l  he lp  t o  c o r r e l a t e  new work 
with t h e  known columnar sec t ion  and permit u t i l i z a t i o n  of recognized 
s t r a t i g r a p h i c  r e l a t i o n s  o r  t h e  descr ib ing  of a  new formation a s  may be 
required.  

At t i tude .  - S t r i k e  and d ip  together  define t h e  a t t i t u d e  of beds o r  
p lanar  f ea tu res  such a s  j o i n t s ,  f o l i a t i o n ,  f r a c t u r e s ,  and f a u l t s .  The 
s t r i k e  i s  t h e  bear ing ,  angle from nor th ,  of a  h o r i z o n t a l  l i n e  i n  t h e  
bedding p lane ,  o r  o ther  plane. The d i p  i s  t h e  angle of i n c l i n a t i o n  of 
t h e  plane below t h e  hor i zon ta l  measured a t  r i g h t  angles t o  t h e  s t r i k e .  
It i s  necessary t o  include t h e  d i r e c t i o n  of d i p  because t h e  d ip  could 
be i n  e i t h e r  of two d i rec t ions  and s t i l l  be a t  r i g h t  angles t o  t h e  
s t r i k e .  Written a s :  s t r i k e  N37O W ,  d ip  5 2 O  NE. I f  azimuth i s  used, 
t h e  zero reference  poin t  i s  north.  

The p r i n c i p a l  means of mapping geologic s t r u c t u r e  i s  by measuring and 
p l o t t i n g  loca t ions ,  e levat ions  and rep resen ta t ive  a t t i t u d e s  of beds 
and o the r  p lanar  f ea tu res .  I n  some ins tances  more than  one in t e rp re -  
t a t i o n  may be made i f  a t t i t u d e s  alone a r e  used. Where s t r a t a  a re  
s t eep ly  dipping o r  considerably broken, t h e  p o s s i b i l i t y  of t h e i r  
having been overturned needs t o  be inves t iga ted .  

Several  primary f ea tu res  developed during depos i t ion  of sediments o r  
e rupt ion  of lavas  a r e  among t h e  most r e l i a b l e  i n d i c a t o r s  of t o p  o r  
bottom of bed. These include f o s s i l  evidence, r i p p l e  marks, c ross  bed- 
ding,  graded bedding, l o c a l  unconformit ies ,  channeling, mud cracks,  
r a i n  impr in ts ,  animal t r a c k s ,  contemporaneous deformation, p i l low 
s t r u c t u r e ,  and ves icu la r  tops  of l avas .  The development of drag fo lds  
may sometimes be used but  t h e i r  evidence i s  not  always conclusive 
( ~ i l l i n ~ s ,  1954) .  

F ie ld  Notes, - It i s  e s s e n t i a l  t h a t  notes show information on items 
discussed i n  foregoing paragraphs ( ~ o c a t i o n ,  Elevat ion,  C l a s s i f i c a t i o n ,  
~ t t i t u d e )  adequately and without ambiguity. Opinions vary a s  t o  how 
much should be recorded. Some geologis ts  use only t h e  b r i e f e s t  descr ip-  
t i o n s  while o the r s  w r i t e  a t  length .  Experience has shown it i s  b e t t e r  
p r a c t i c e  not t o  r e l y  upon memory. A s  an o u t l i n e ,  notes should f i r s t  
contain observed f a c t s ,  then inferences ,  and f i n a l l y  any t h e o r i e s  t o  
be inves t iga ted  f u r t h e r .  Inferences and t h e o r i e s  should be i d e n t i f i e d  
as  such with a  quest ion mark i n  parentheses.  A s  t h e  examination pro- 
g res ses ,  t h e  geologis t  w i l l  be able  t o  ad jus t  t h e  d e t a i l  t o  f i t  t h e  
purpose of t h e  survey. Observations and notes should aim a t  one v i s i t  
t o  an outcrop although r e t u r n  t o  some po in t s  f o r  f u r t h e r  s tudy may 
become necessary a s  ideas  develop. Because f i e l d  notes usua l ly  a r e  
t h e  record of observat ions a t  various po in t s  along a t r a v e r s e ,  together  
with some observat ions enroute ,  t h e  use of p lace  designations--A.T.P. 
f o r  A t  This Point  and S.L.O. f o r  Since Last Observation--will be found 
h e l p f u l  i n  properly separa t ing  e n t r i e s  (will is ,  1923). The geologis t  
must be observant and a l e r t  f o r  ind ica t ions  t h a t  e i t h e r  confirm o r  
con t rad ic t  previous f indings .  



geomorphology. A e r i a l  photos a r e  v e r s a t i l e  and va luable  t o o l s  f o r  
t hose  who map geology, survey s o i l s  o r  l o c a t e  ground water   owe, e t  a l ,  
1956).  Photo geologic  i n t e r p r e t a t i o n  has done much t o  b r i n g  c i v i l  
engineering and geology toge the r .  It permits  i n t e r p r e t a t i o n  of s t r a t i -  
graphy and s t r u c t u r e  from l and  forms and fu rn i shes  c lues  regard ing  
engineering p r o p e r t i e s  of s o i l s .  

Geologic i n t e r p r e t a t i o n  of a e r i a l  photos i s  based upon observed r e l a t i o n s  
of rock outcrops and physiographic f e a t u r e s ,  knowledge of a r e a  s t r a t i -  
graphy, and in fe rences  t h a t  may be  drawn therefrom. I n t e r p r e t a t i o n  may 
be accomplished'by viewing photo p r i n t s  with a  pocket s te reoscope ,  a  
mir ror  and prism s te reoscope ,  o r  wi th  one of s e v e r a l  of photogrammetric 
instruments  t h a t ,  i n  a d d i t i o n  t o  viewing, permit  measuring h o r i z o n t a l ,  
v e r t i c a l  and s lope  d i s t a n c e s ,  and p l o t t i n g  of i n t e r p r e t e d  information 
( ~ a y ,  1956).  C r i t e r i a  of i n t e r p r e t a t i o n  a r e  t h e  same r e g a r d l e s s  of  
equipment used. Through photogrammetry, measurements enabl ing  t h e  ca l -  
c u l a t i o n  of  d i p  and th i ckness  of formations,  t h e  p o s i t i o n i n g  of con- 
t a c t s ,  and drawing of geologic  c ros s  s e c t i o n s  may be  accomplished. It 
should be emphasized, however, t h a t  photo i n t e r p r e t a t i o n  i s  most u s e f u l  
a s  a  supplement t o  f i e l d  mapping and r e s u l t s  need frequent  f i e l d  checks. 

Photo geologic  i n t e r p r e t a t i o n  i s  a  two-step process ;  t h e  f i r s t  s t e p  con- 
sists of observa t ion ,  i d e n t i f i c a t i o n ,  and measurement of f e a t u r e s ;  t h e  
second involves use  of induct ive  and deduct ive reasoning t o  analyze 
s i g n i f i c a n c e  of  t h e  f e a t u r e s .  A thorough knowledge of l and  forms i s  
e s s e n t i a l .  Fea tures  a r e  i d e n t i f i e d  by t h e i r  r e l a t i v e  photographic t o n e ,  
c o l o r ,  t e x t u r e ,  p a t t e r n ,  shape,  and s i z e .  These r ecogn i t i on  elements 
a r e  more meaningful i f  t hey  can be  used i n  combination. S i m i l a r l y ,  an 
a s s o c i a t i o n  of  physiographic f e a t u r e s  may permit  i d e n t i f i c a t i o n  where 
one might no t  be d i s t i n c t i v e .  The use  of an a d d i t i o n a l  s e t  of photos 
at a  s c a l e  of about 1:62,500, o r  s tudy  of a  photo index mosaic i s  o f t e n  
advantageous because a  l a r g e r  a r e a  can be viewed. 

Linear  f e a t u r e s  l e s s  t han  a  mile  i n  l eng th  t h a t  may i n d i c a t e  j o i n t s  o r  
small  f a u l t s  and can be mapped by s t e r eoscop ic  s tudy of photos a r e  
c a l l e d  f r a c t u r e  t r a c e s .  Lineaments a r e  f e a t u r e s  perhaps many mi les  i n  
l eng th  t h a t  may i n d i c a t e  major f a u l t s  and can b e s t  be s t u d i e s  on a e r i a l  
mosaics ( ~ a t t m a n ,  1958).  Lineaments may o f t e n  be most r e a d i l y  d iscerned  
by viewing with l i n e  of s i g h t  a t  a  low angle t o  t h e  mosaic ( ~ o l w e l l ,  
1960).  

Through r ecogn i t i on  of  l and  forms, information on l i t h o l o g y  and s t r u c -  
t u r e  may be i n t e r p r e t e d .  The amount of information ob ta inab le  depends 
p r imar i ly  on types  of  rock exposed, c l imate  and s t a g e  of t h e  e ros ion  
cycle .  Areas of gen t ly  fo lded  sedimentary rocks of c o n t r a s t i n g  hard- 
ness  w i l l  y i e l d  t h e  most information,  a r e a s  of igneous rock nex t ,  and 
metamorphic rock a reas  t h e  l e a s t  ( ~ a y ,  1960) .  Sedimentary t e r r a i n s  
have marked d i f f e r e n t i a l  e ros ion  c h a r a c t e r i s t i c s  t h a t  s t and  out  on 
a e r i a l  photographs while  i n t r u s i v e  rocks a r e  r e l a t i v e l y  homogeneous 
over wide a reas .  A c r i s s - c ros s  j o i n t  p a t t e r n  of s h o r t  l i n e a t i o n s  i s  
d i s t i n c t i v e  i n  many a reas  and most int i rusive igneous rocks have s t r o n g  



development of i r r e g u l a r l y  and widely spaced j o i n t s  ( ~ a y ,  1960).  Ex- 
t r u s i v e  rocks a r e  marked be c h a r a c t e r i s t i c  l and  forms such a s  volcanic 
cones and l ava  flows. The processes of metamorphism tend t o  des t roy  
t h e  e ros iona l  d i f ferences  and land form c h a r a c t e r i s t i c s  of t h e  o r i g i n a l  
sedimentary o r  igneous rocks and, a s  a  consequence, a e r i a l  photographs 
of metamorphic t e r r a i n s  may revea l  l i t t l e  information. I n  such areas  
t h e  prominent regional  c ross  j o i n t s  commonly a r e  widely spaced and 
streams flow along them. Faul t  l i n e a t i o n  c h a r a c t e r i s t i c s  may be rec-  
t i l i n e a r  depressions ( ~ a ~ ,  1960).  

Although cl imate,  vegeta t ion  and s t age  of e ros ion  cycle introduce var- 
i a b l e s ,  t h e  following l i s t  of photo images and commonly associa ted  
rock types  summarized from Liang and Belcher (1958),  Ray (1960) ,  and 
Amenta w i l l  prove he lp fu l  i n  determining l i t ho logy  of most t e r r a i n s .  

Phot o-image 

Terra in  Features 

F l a t  t o  gently r o l l i n g  

Gently r o l l i n g  t o  moderately 
r o l l i n g ;  smoothly rounded 

Gently r o l l i n g  t o  moderately 
r o l l i n g ;  h i l l t o p s  a r e  f l a t  
o r  rounded with accordant 
e levat ions  

Moderately r o l l i n g  t o  h i l l y  
with v a r i a t i o n s  i n  r e l i e f  

Low t o  high r e l i e f  with par- 
a l l e l  r idges  and va l l eys  

Drainage P a t t e r n  11 
1. Dendri t ic  

2 .  Subdendri t ic  

F la t - ly ing  o r  near ly  f l a t - l y i n g  
sedimentary rocks underlying 
c o a s t a l  p l a i n s ,  p l a t eaus ,  mesas 

Peneplain on homogeneous, igneous 
o r  metamorphic rocks 

Shale exposed i n  humid cl imate 

Old igneous o r  metamorphic rock 
with deep s a p r o l i t i c  s o i l  

Dissected hor i zon ta l  sedimentary 
rocks i n  humid cl imate 

Dissected peneplain on homoge- 
neous, igneous o r  metamorphic 
rocks 

Igneous o r  metamorphic t e r r a i n s ;  
v a r i a t i o n s  i n  r e l i e f  caused by 
non-homogeneous rock o r  s t r u c t u r e  

Folded and f a u l t e d  sedimentary 
rocks 

Horizontal  o r  gent ly  dipping 
sedimentary rocks 

Homogeneous rocks with lack  of 
s t r u c t u r a l  con t ro l  

Homogeneous rock a t  su r f  ace 
under la in  by non-homogeneous rock 

1/ Usually p a t t e r n  may be most e f f e c t i v e l y  s tud ied  by t r a c i n g  drainage 
-. 

l i n e s  on a separa te  sheet .  



Photo-image 

3. T r e l l i s  

4. Angulate 

5 .  Annular o r  r i ng - l ike  

6. Deranged 

Drainage Texture 

1. Fine 

a .  S teeply  dipping sedimentary rocks;  
l e s s  commonly t h e  r e s u l t  of 
f a u l t i n g  

a .  Strongly j o i n t e d  o r  f a u l t e d  ig -  
neous o r  metamorphic rocks 

a .  Sedimentary rocks i n  s t r u c t u r a l  
domes o r  bas ins  

b. Ring d ikes  i n  reg ions  of igneous 
a c t i v i t y  

a .  Recent g l a c i a l  depos i t s ;  land- 
s l i d e s  

a .  ~ h a l d ,  s i l t s t o n e ,  impervious 
rock;  l o e s s  i s  an except ion pro- 
bably because of f i n e  g r a i n  s i z e .  

2. Coarse a .  Sandstone, conglomerate, pervious 
rocks 

0 3. Absent 

4. Karst  

Photographic Tone 

1. Light 

2. Dark 

Outcrop Features  

1. Massive 

a .  Well-drained mater ials--gravel  
t e r r a c e  sand dunes r i v e r  f lood 
-3 --, 
p l a i n s ,  t e r r a c e  alluvium 

a .  Limestone, dolomite; poss ib ly  
gypsum o r  h a l i t e  

a .  Sandstone, s i l t  s t one ,  weathered 
s h a l e ,  l imes tone ,  dolomite ,  chalk,  
gypsum, a c i d  igneous rocks 

a .  Red sandstone,  graywacke, sha l e ,  
g ray  l imestone and dolomite ,  bas i c  
igneous rocks 

a .  Conglomerate, l imes tone ,  dolomite,  
&ypsum, cha lk ,  q u a r t z i t e ,  igneous 
p l u t  ons 

2. Bedded a .  Sandstone, s i l t s t o n e ,  s h a l e  lime- -' 
s tone ,  p r e c i p i t a t e s ,  t u f f ,  s e r i e s  
of success ive  l a v a  flows 

2 /  Rock types  under l ined  show photo-image more o f t e n  than  those  not  - 
underl ined.  



Phot o-image 

3. Banded 

4. Fol ia t ed  (dominant l inea -  
t i o n  d i r e c t i o n )  

5 .  Other l i n e a r  f ea tu res  (may 
o r  may not be out l ined by 
vegeta t ion)  

Other Features 

1. Lobate p a t t e r n  of vegeta t ion  
i n  v i c i n i t y  of volcanic cone 

2. Similar  curvature of streams 
i n  areas  of gent ly  dipping 
sedimentary rocks 

3. Modified dendr i t i c  drainage 
and scoop-shaped va l l ey  
heads 

4. Gully shape 

a.  Long, smoothly rounded 

b. "u" shaped 

c .  "Vfl shaped 

5. Mottled s o i l s  of d r i f t  p l a i n  

6. Sharpness of t o n a l  boundary 
between dark and l i g h t  s o i l s  

a .  Dis t inc t  

b. Fuzzy, i r r e g u l a r  

7. Rounded topography, i n t r i -  
ca te  drainage channels and 
heaw vegetat ion 

8. Sharp, s t eep ,  r e s i s t a n t  
r idges  and rock con t ro l l ed  

channels 

a .  Sandstone, s i l t s t o n e ,  l imestone, 
dolomite, metamorphic rocks 

a. S c h i s t ,  s l a t e  

a. Fau l t s ,  j o i n t s  

b. Igneous dikes 

c .  Glac ia l  grooving 

a.  Areas of flow rock 

a. Indica tes  pos i t ion  of s t r u c t u r a l  
a x i s  

b. Convexity ind ica tes  d i r e c t i o n  of 
s t r u c t u r a l  plunge 

a .  Dissected loess  

Near surface  ma te r i a l s  a re :  

a .  Clays 

b. S i l t s  

c .  Sands and gravels  

a. Light-toned areas  genera l ly  
s l i g h t l y  higher and b e t t e r  drained 
than darker areas  i n  which c lay  
mate r i a l s  and humus have accumu- 
l a t e d .  Linear p a t t e r n  of l i g h t -  
toned a reas  may represent  minor 
r ecess iona l  moraines. 

S o i l  p roper t i e s  

a .  Coarse grained,  wel l  drained 

b. Fine t ex tu red ,  poorly drained 

a .  Probable deep s o i l s  

a .  Area of shallow s o i l s  



Phot o-image Photo-interpretat  ion 

9. Scarp with hummocky topo- a .  Landslide 
graphy below and l o c a l  loba te  : 
ou t l ines ,  undrained depres- 
s ions  

10. Sinuous r idge ,  smoothly a .  Serpentine out crop area .  
rourided surface ,  shor t  s t eep  
g u l l i e s ,  very poor ~ e g e t a t i v e  
cover, d u l l  gray tones 

I n  Service geologic and ground water inves t iga t ions  a e r i a l  photo geo- 
log ic  i n t e r p r e t a t i o n  i s  use fu l  i n  loca t ing  f a u l t s ,  ou t l in ing  and study- 
ing geologic s t r u c t u r e ,  supplementing and corroborat ing information 
obtained i n  t h e  f i e l d .  

Color a e r i a l  photographs a r e  e f f e c t i v e  i n  showing geology i n  areas  
where color  con t ras t  i s  strong.  They cost  more than black and white 
p ic tu res  f o r  l imi ted  areas  but  repor tedly  can be obtained a t  more com- 
p e t i t i v e  f igures  f o r  l a r g e r  areas .  Their use w i l l  a i d  prepara t ion  of 
geologic maps where colors  o u t l i n e  complex f e a t u r e s  ( ~ o l w e l l ,  1960). 

I n f r  
obt a 
t h e r  
temp 
t i o n  
s p r i  
Yell 
help 
s p r i  

ared imagery i n  3 t o  5 micron and 8 t o  1 4  micron wave lengths  
ined by a e r i a l  reconnaissance has proven use fu l  f o r  d is t inguishing 
ma1 emission con t ras t s  r e l a t e d  t o  various geologic f ea tu res .  I f  a  
e ra tu re  d i f f e r e n t i a l  e x i s t s ,  it can be read. In f ra red  inves t iga-  
s of p a r t s  of t h e  I s l and  of Hawaii; t h e  Steamboat Springs hot 
ngs area ,  Nevada; t h e  Sal ton  Sea geothermal a rea ,  Ca l i fo rn ia ;  and 
owstone National Park, Wyoming, have shown thermal anomalies t h a t  
ed t o  de l inea te  f a u l t s ,  contac ts  between rock types and l o c a t e  
ngs both hot and cold,  steam vents  and mud pots .  

Comparison of in f ra red  imagery with conventional photography of p a r t  
of t h e  Shenandoah Valley, Virginia,by S. J.  Gawarecki, d i sc loses  t h a t  
many old  drainage channels,  s inkholes ,  and emerging subterranean streams 
not r ead i ly  v i s i b l e  on conventional a e r i a l  photographs a r e  c l e a r l y  
v i s i b l e  on in f ra red  imagery. Based on t h e s e  r e s u l t s ,  i n f ra red  imagery 
may be p a r t i c u l a r l y  e f f e c t i v e  i n  engineering geology and ground water 
s tud ies  ( ~ o l a n ,  1963 and 1964). 

Ground-Water Observations 

The sources and occurrence of ground water have been discussed i n  
Chapter 1, Ground-Water Hydrology. The inf luence  on ground water of 
s t r a t i g r a p h i c  and s t r u c t u r a l  f ea tu res  has been described i n  Chapter 2 ,  
Ground-Water Geology. This chapter  contains information concerning 
methods and equipment f o r  inves t iga t ing  ground water a v a i l a b i l i t y .  
Measurements of water l e v e l s ,  flows of spr ings  and streams, and pro- 
duction of wells  i n  an a rea  a l l  may be used t o  r e l a t e  hydrology t o  
geology and permit es t imates  of ground water occurrence, movement and 
a v a i l a b i l i t y .  F ie ld  observations of ground water a r e  t h e  b a s i s  f o r  
ground water maps j u s t  a s  descr ip t ions  of surface  exposures a r e  f o r  
geologic maps. 



Howe, e t  a1(1956),  prepared a ground water p red ic t ion  map f o r  Tippe- 
canoe County, Indiana,  based on geologic,  s o i l s ,  and drainage maps 
made p r i n c i p a l l y  from s tereoscopic  study of photographs supplemented 
by ground water observat ions.  Examination of we l l  records confirmed 
t h e i r  ana lys i s .  

Elevat ion of Water-Surface. - Information regarding p o s i t i o n  of t h e  
water sur face  i s  e s s e n t i a l  t o  prepara t ion  of ground water maps. Ele- 
va t ions  a r e  used t o  draw contour maps of t h e  water t a b l e  o r  piezometric 
sur face  f o r  confined aqu i fe r s  from which may be determined t h e  d i rec-  
t i o n  of water movement, hydraulic  g r a d i e n t ,  r e l a t i v e  aqu i fe r  permeabi- 
l i t i e s ,  and t h e  pos i t ion  of ground water d iv ides .  

Under normal condit ions t h e  e l eva t ion  of t h e  water sur face  f l u c t u a t e s  
seasonal ly .  It r i s e s  a s  a r e s u l t  of recharge by p r e c i p i t a t i o n  and 
streamflow and f a l l s  because of n a t u r a l  discharge and pumping from 
wel ls .  This change may be enough t o  inf luence  accuracy of t h e  survey. 
It i s  important t o  note t h e  da te  and hour t h a t  measurements a r e  made 
t o  permit c o r r e l a t i n g  observat ions with annual water l e v e l  f l u c t u a t i o n s  
recorded i n  most a reas  by t h e  U.S. Geological Survey. 

S u f f i c i e n t  observat ions of water sur face  e l eva t ion  should be made a t  
streams, l a k e s ,  r e s e r v o i r s ,  spr ings  and i n  wel ls  t o  meet needs of t h e  
survey. Land surface  e l eva t ions  may be determined a s  described on 
page 3-7. 

Water Table Measurement,--Method of measurement from a surface  r e f e r -  
ence poin t  t o  t h e  water surface w i l l  need t o  be adapted t o  s i t e  con- 
d i t i o n s .  Consideration needs t o  be given t o  geology and t h e  poss ib i -  
l i t y  t h a t  t h e  water sur face  observed may be perched. E f f o r t s  should 
be made t o  ob ta in  information on t h e  main water t a b l e .  

There a r e  seve ra l  s a t i s f a c t o r y  methods of measuring,depth t o  water I n  
we l l s ,  inc luding t h e  chalked t ape ,  t ape  and f l o a t ,  t ape  and inve r t ed  
cup-shaped weight,  e l e c t r i c a l  sounding devices,  and a i r  l i n e s  i n s t a l l e d  
i n  wel ls .  The chalked t ape  method has been found t o  be t h e  s implest  
and most s a t i s f a c t o r y  f o r  r ap id  and accura te  measurement i n  most wel ls .  
A s t e e l  t ape  i s  used with a small  l e a d  weight a t tached.  The lower few 
f e e t  a r e  covered with ca rpen te r ' s  chalk,  then  wetted and drawn through 
t h e  f i n g e r s  t o  spread t h e  chalk i n  a even f i lm.  The t ape  i s  lowered 
i n t o  t h e  we l l  u n t i l  t h e  weight i s  a few inches beneath t h e  water sur- 
face .  A reading i s  made a t  t h e  surface and t h e  t ape  quickly withdrawn 
and read  a t  t h e  water mark. Depth t o  t h e  water l e v e l  i s  obtained by 
sub t rac t ion .  The t ape  should be he ld  only momentarily a t  t h e  sur face  
measuring poin t  because water tends t o  r i s e  on t h e  t ape  by c a p i l l a r i t y  
i n  t h e  chalk f i lm.  I n  p lace  of chalk a pas t e  c a l l e d  " ~ a t i o n a l  Water 
Finder ," manufactured by t h e  Metal Hose and Tubing Co. , Dover, New 
Je r sey ,  may be used. The p a s t e  i s  spread on t h e  t ape  o r  probe and t h e  
p a r t  t h a t  d ips  i n t o  t h e  water w i l l  t u r n  red. 

I f  chalk o r  pas t e  on t ape  a r e  t o  be used i n  a pumping wel l  o r  one i n  
vhich t h e r e  i s  sp la sh ,  t a p e  must be i n s e r t e d  i n  a 1/2" t o  3/4" p ipe  
extending from ground surface  deeper th$n t h e  lowest water l e v e l  t o  be 
measwed. 



0 
There a r e  s e v e r a l  types  of e l e c t r i c a l  sounders but  i n  a l l  t h e  c i r c u i t  
i s  c lo sed  by contac t  with t h e  water .  E l e c t r i c  sounders a r e  advanta- 
geous f o r  deep we l l s  and we l l s  i n  which t h e r e  i s  sp l a sh .  

Many wel l s  a r e  equipped with a p re s su re  gage and an a i r  l i n e  of known 
l eng th .  The a i r  l i n e  i s  u sua l ly  a  copper t ube  one-eighth t o  one- 
q u a r t e r  inch i n  diameter bu t  may be one-fourth inch  galvanized p ipe ,  
wi th  su r f ace  end connected t o  a p re s su re  gage wi th  an air i n l e t  va lve  
j u s t  below t h e  gage. See Figure 3-1. The lower end of tube  o r  p ipe  
i s  open. The p ipe  must be a i r t i g h t  and it should extend 20 f e e t  o r  
more below t h e  lowest pumping l e v e l  (wood, 1950) .  Depth t o  t h e  lower 
end of t h e  a i r  l i n e  must be accu ra t e ly  known. A i r  p r e s su re  can be 
furn ished  by an ord inary  t i r e  pump. The gage i n d i c a t e s  p re s su re  neces- 
s a r y  t o  counter-balance depth of water  o u t s i d e  t h e  a i r  l i n e .   his i s  
maximum pres su re  t h a t  can be a t t a i n e d ) .  P r a c t i c a l l y  a l l  gages a r e  now 
c a l i b r a t e d  i n  f e e t ,  so  t h a t  d i r e c t  reading  of water  l e v e l  above end of  
a i r  l i n e  can be made. Depth t o  water l e v e l  i s  depth t o  lower end of 
a i r  l i n e  l e s s  gage reading  i n  f e e t .  I f  gage reads  i n  pounds pe r  square 
inch ,  mul t ip ly  reading  by 2.31. 

Water l e v e l s  of flowing we l l s  may be  c a l c u l a t e d  by measuring t h e  pres-  
s u r e  developed when t h e  w e l l  i s  c losed ,  o r  f o r  low heads by connect ing 
a  s h o r t  l ength  of hose t o  t h e  w e l l  and e l e v a t i n g  t h e  end u n t i l  f low 
s tops .  

Piezometers.--Ground water  piezometers a r e  a c c u r a t e ,  r e l i a b l e  and inex- 
pensive t o o l s  f o r  determining h y d r o s t a t i c  p re s su re  a t  p a r t i c u l a r  depths 
o r  i n  s e l e c t e d  l a x e r s  of s o i l  o r  rock. A piezometer c o n s i s t s  o f  s tan-  
dard one-fourth o r  th ree-e ighths  inch i r o n  p ipe  dr iven  v e r t i c a l l y  i n t o  
t h e  ground t o  a d z f i n i t e  e l e v a t i o n  o r  s t ra tum.  The p ipe  i s  dr iven  so  
t h a t  no leakage sccu r s  and ground water  can e n t e r  only a t  t h e  bottom. 
Construct ion d e t a i l s  of observa t ion  we l l s  and piezometers and d i f f e r -  
ences i n  design and condi t ions  measured a r e  shown i n  Figure 3-2. 

Because ground water  moves from p o i n t s  of high h y d r o s t a t i c  p re s su re  t o  
po in t s  of lower p re s su re ,  it i s  p o s s i b l e  by measuring p re s su re  a t  a  
number of  p o i n t s  t o  determine t h e  movement of water .  Resul t s  may be 
p l o t t e d  i n  both p lan  and s e c t i o n  and contours  o r  e q u i p o t e n t i a l  l i n e s  
drawn on t h e  p re s su re  su r f ace  i n d i c a t e d  by t h e  piezometer readings .  
Flow l i n e s  drawn perpendicular  t o  t h e  e q u i p o t e n t i a l  l i n e s  show d i r e c t i o n  
of flow, hydraul ic  g rad ien t ,  and a reas  of concent ra ted  flow. 

Piezometers,  a s  we l l  a s  be ing  a  p r i n c i p a l  t o o l  i n  dra inage  inves t iga -  
t i o n s ,  a r e  u s e f u l  i n  planning development of  confined ground wa te r ,  i n  
ana lyz ing  e f f e c t  of engineer ing  s t r u c t u r e s  on l o c a l  ground water  condi- 
t i m s ,  determining need f o r  and l o c a t i o n  of r e l i e f  w e l l s ,  and i n  mea- 
s u r i n g  pore p re s su re  i n  t h e  foundat ion of s t r u c t u r e s .  

E f f e c t i v e  p o s i t i o n i n g  of  piezometers h o r i z o n t a l l y  and v e r t i c a l l y  r equ i r e s  
knowledge of  underlying a q u i f e r s ,  p r e fe rab ly  based on c a r e f u l l y  logged 
bor ings .  Piezometers may a l s o  be l o c a t e d  i n  a g r i d  p a t t e r n  wi th  a num- 
be r  of p ipes  of d i f f e r e n t  l eng th  a t  each l o c a t i o n  depending upon depths 
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A - Construction of observation wells and piezometers 

B - Piezometers indicate water under artesian pressure in 
sand and gravel zone is leaking into overlying material. 
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t o  a q u i f e r s .  Piezometer l o c a t i o n s  should be re ferenced  h o r i z o n t a l l y  
and v e r t i c a l l y .  

I n  unconsol idated m a t e r i a l s  piezometers a r e  dr iven  o r  a  ho le  i s  augured 
p a r t  way and t h e  p ipe  dr iven  t h e  l a s t  few f e e t .  I n  rock,  t h e  hole  i s  
d r i l l e d  and p ipe  o r  ca s ing  3 inches o r  4 inches i n  diameter i s  used. 
The hole  i s  d r i l l e d  nea r ly  t o  t h e  in tended  depth,  p ipe  i s  cemented i n  
p l ace  and t h e  hole  t h e n  d r i l l e d  t o  f i n a l  depth us ing  a  smal le r  b i t .  

I n s t r u c t i o n s  f o r  i n s t a l l i n g ,  f l u s h i n g ,  t e s t i n g ,  and reading  piezometers 
a r e  contained i n  Chapter 2, Sec t ion  16 ,  Nat ional  Engineering Handbook. 
Addi t iona l  information on piezometers can be obta ined  from Donnan and 
Bradshaw (1952) and The Yearbook of Agr icu l ture  (1955 ) . 
Discharge of Springs and Streams. - Information concerning t h e  flow of 
sp r ings  and streams i s  important because t h e s e  f lows,  i n  e f f e c t ,  sum- 
marize ground water  condi t ions  and may t e l l  much about geology. I n  
consol ida ted  rocks ,  t h e  l o c a t i o n  and alignment of sp r ings  i s  r e l a t e d  
t o  t h e  l o c a t i o n  of f a u l t s  o r  o t h e r  s t r u c t u r e s  i n f luenc ing  water  accumu- 
l a t i o n ,  and the flows g ive  information on a q u i f e r s .  Springs i n  e i t h e r  
bedrock o r  alluvium may be caused by bodies  of perched ground wa te r ,  
water under a r t e s i a n  p re s su re ,  o r  outcrop of t h e  main water  t a b l e .  
Gains o r  l o s s e s  i n  base flow of s t reams mark e f f l u e n t  o r  i n f l u e n t  
reaches r e s u l t i n g  from ground water  d i scharge  o r  recharge.  

Est imates  of flows a r e  s u f f i c i e n t l y  accu ra t e  f o r  pre l iminary  surveys,  
bu t  measurements a r e  needed f o r  d e t a i l e d  ground water  i n v e s t i g a t i o n s .  
The U.S. Geological  Survey measures t h e  flow of most s t reams and many 
sp r ings  and publ i shes  d ischarge  records  i n  water  supply papers .  

I n  e s t ima t ing  s m a l l  f lows, i t  i s  h e l p f u l  t o  v i s u a l i z e  t h e  t ime r equ i r ed  
f o r  t h a t  flow t o  f i l l  a  one, f i v e ,  o r  f i f t y  ga l lon  con ta ine r .  Flows 
of more than  100 gpm may be  most s a t i s f a c t o r i l y  es t imated  by measuring 
t h e  average v e l o c i t y  of an ob jec t  f l o a t i n g  on t h e  s t ream and e s t ima t ing  
o r  measuring t h e  average c ros s  s e c t i o n a l  a r e a  of flow. 

Measurements of a  few ga l lons  pe r  minute can be  made r a p i d l y  and accu- 
r a t e l y  by c o l l e c t i n g  t h e  flow and t iming  t h e  f i l l i n g  of known volume 
con ta ine r s .  Flows of over 100 ga l lons  pe r  minute may b e s t  be measured 
with sharp-crested weir  o r  P a r s h a l l  flume a s  descr ibed  i n  McGuiness 
(1963) and Donnan and Bradshaw (1952).  

Product ion of Wells. - Well records  a r e  of va lue  i n  showing t h e  amount 
of ground water  t h a t  has been obta ined  and provid ing  information with 
which t o  e s t ima te  p o s s i b i l i t i e s  f o r  a d d i t i o n a l  produc ion .  See Chap- 
t e r  2 ,  Figures  2 ,  3, and 4 f o r  y i e l d s  and p o t e n t i a l  y  e l d s  of i r r i g a -  
t i o n  we l l s  from s a t u r a t e d  th i cknesses  of sands and g r  v e l s ,  and from 
very f i n e  sands.  The volume of water  pumped wi th  r e s  l t a n t  drawdown 
i n d i c a t e s  t h e  capac i ty  of a q u i f e r s  a t  s p e c i f i c  l o c a t i  

Data on product ion may be obta ined  from owners, l e s s  es, d r i l l e r s ,  pmg 
agencies ,  w e l l  t e s t i n g  f i rms ,  power o r  gas companies s t a t e  engineer  
r eco rds ,  and U.S. Geological  Survey records .  The i n  ormation o b t a i n a t l e  



i s ,  i n  most i n s t ances ,  d e f i n i t e l y  worth t h e  t ime and e f f o r t  r equ i r ed  
t o  c o l l e c t  i t .  

I f  we l l s  a r e  i n  ope ra t ion ,  t h e i r  product ion may be es t imated  us ing  
nomographs f o r  flow from p ipes .  See Figure 3-3. 

Pipe o r i f i c e s  a r e  commonly used t o  measure d ischarges  ranging from 50 
t o  2,000 ga l lons  pe r  minute ( s e e  Chapter 9,  Sec t ion  15 ,  Nat ional  Engi- 
neer ing   andb book) . 

Subsurface Information 

The amount of  subsurface information a v a i l a b l e  i s  a  major f a c t o r  i n  
p repa ra t ion  of accura te  geologic  and ground water  maps. Advantage 
should be taken  of a l l  oppor tun i t i e s  t o  ob ta in  subsurface information.  
The g r e a t  va lue  of r e l i a b l e  subsurface d a t a  and t h e  cons iderable  cos t  
of ob ta in ing  it f i r s t  hand j u s t i f y  d i l i g e n t  search  f o r  and a c q u i s i t i o n  
of exp lo ra t ion  records .  

Common sources of subsurface information a r e  w e l l  l o g s ,  auger h o l e s ,  
t e s t  p i t s ,  geophysical  probes and t e s t  ho le s .  I n  some a r e a s  g rave l  
p i t s ,  q u a r r i e s ,  s t r i p  mines and underground mine workings may a f f o r d  
oppor tun i t i e s  t o  examine and measure s t r a t i g r a p h i c  s e c t i o n s .  Logs of 
o i l  t e s t s  and seismograph sho t  ho le s  may o f t e n  be obta ined  from s t a t e  
departments of  geology and mineral  resources  and sometimes from t h e  
o i l  companies. 

Well Logs. - 
and th icknes  
water  l e v e l ,  

Complete water  w e l l  l ogs  show m a t e r i a l s  pene t r a t ed ,  depth 
s  of p r i n c i p a l  a q u i f e r s ,  s t a t i c  water l e v e l ,  y i e l d ,  pumping 
pump s e t t i n g ,  cas ing ,  and p e r f o r a t i o n  record .  See Figure 

3-4. Such logs  provide d a t a  on s t r a t i g r a p h y ,  water t a b l e ,  na tu re  and 
capac i ty  of a q u i f e r s  needed t o  i n t e r p r e t  and eva lua t e  ground water  
occurrence. Some logs  may conta in  incomplete information and sources 
suggested above w i l l  need t o  be canvassed. The passage of s k t e  ground 
water  codes with provis ions  t h a t  r e q u i r e  l i c e n s i n g  and bonding of d r i l -  
l e r s ,  and f i l i n g  of  we l l  l ogs  gene ra l ly  has improved t h e  q u a l i i y  and 
a v a i l a b i l i t y  of  records .  Many s t a t e s  maintain f i l e s  of  water w e l l  l ogs  
from which copies  may be obtained by r eques t  t o  t h e  s t a t e  engineer  o r  
des igna ted  ground water  a u t h o r i t y .  

Hand Auger Holes. - Explorat ion by hand auger  i s  l i m i t e d  i n  usefu lness  
by g rave l  o r  rock fragments.  Augers a r e  used i n  prospec t ing  f o r  sha l -  
low water  and cons t ruc t ing  observa t ion  wel l s  i n  r e l a t i v e l y  f ine-gra ined  
alluvium. 

Test P i t s .  - P i t s  a r e  commonly used t o  explore  e a r t h  m a t e r i a l s ,  uncover 
bedrock f o r  i d e n t i f i c a t i o n ,  measurement of a t t i t u d e ,  and l o c a t i o n  of 
formation con tac t s .  P i t s  have a  d e f i n i t e  advantage i n  pe rmi t t i ng  
examination and sampling o f  ma te r i a l s  i n  p l ace  but  t h e  wa l l s  r e q u i r e  
support i n  wet s o i l s .  

Geophysical Surveys. - P r e c i s e  measurement of r e l a t i v e  phys i ca l  proper- 
t i e s  of s o i l s  and rock o f t e n  he lp  t o  more c l o s e l y  d e l i n e a t e  s t r a t i g r a p h y  
and s t r u c t u r e  where gene ra l  geologic  f e a t u r e s  a r e  known. The p r o p e r t i e s  



measured by geophysical methods include e l e c t r i c a l  r e s i s t i v i t y ,  e l a s -  
t i c i t y  o r  r a t e  of t ransmission of sound o r  shock waves, dens i ty  o r  
g r a v i t a t i o n a l  f i e l d  and magnetic f i e l d .  It i s  not poss ib le  t o  de ter -  
mine t h e  presence of ground water d i r e c t l y  by geophysical surveys. 
Depending upon soluble  s o l i d s  contained, t h e  f i r s t  property,  e l e c t r i c a l  
r e s i s t i v i t y ,  i s  influenced by water. E l a s t i c i t y  i s  a l s o  influenced by 
water but  t o  a  g rea te r  extent  by consolidat ion.  Density measurements 
may r e f l e c t  presence o r  absence of voids and t h u s ,  i n d i r e c t l y ,  t h e  
p o s s i b i l i t i e s  of water.  Anomalies, o r  va r i a t ions  from general  t r e n d ,  
i n  t h e  magnetic f i e l d  ind ica te  s t r u c t u r e s  t h a t  favor i n  some ins tances  
but  i n  o thers  hinder accumulation of ground water. 

I f  the  ground water contains s u f f i c i e n t  dissolved s o l i d s  t o  serve as  a  
conductor, depth t o  t h e  water t a b l e  may be ca lcula ted  from observed 
reduction i n  e l e c t r i c a l  r e s i s t ance  measured with r e s i s t i v i t y  equipment. 
R e s i s t i v i t i e s  a r e  usual ly  high f o r  dense impervious rocks and low f o r  
porous rocks containing water ( ~ e g g e t  , 1962). The r e s i s t i v i t y  method 
i s  espec ia l ly  e f f e c t i v e  i n  measuring depth t o  f r e s h  water-sal t  water 
i n t e r f a c e s  because of t h e  much lower r e s i s t ance  of s a l t  water ( ~ a ~ l o r ,  
1960 ) . 
The water t a b l e  may be indicated,  by ve loc i ty  of shock o r  sound t r ans -  
mission of about 5,000 f e e t  per  second measured with a r e f r a c t i o n  s e i s -  
mograph. However, o the r  ma te r i a l s  not sa tu ra ted ,  such as  coarse and 
compact s o i l s ,  sandstone and cemented s o i l s ,  may show approximately 
t h e  same ve loc i ty .  It i s  most e f f e c t i v e  i n  porous s o i l s  where water 
surface  i s  wel l  defined. Inaccuracies have been noted i n  fine-grained, 
slowly permeable s o i l s  because c a p i l l a r y  forces a c t  t o  r a i s e  t h e  zone 
of sa tu ra t ion  and wetness severa l  f e e t  above t h e  water t a b l e .  The 
seismic method i s  e f f e c t i v e  i n  mater ia ls  t h a t  increase  i n  dens i ty  with 
depth. 

Differences i n  dens i ty  of mater ia ls  i n  t h e  e a r t h ' s  c r u s t  ind ica te  geo- 
l o g i c  s t r u c t u r e  which may influence ground water accumulation. An a rea  
with low gravi ty  value adjacent  t o  a  g rav i ty  high might be a body of 
alluvium along a mountain f ron t .  Information on aqu i fe r  boundaries 
could be deduced under s p e c i a l  condit ions but  it i s  unl ike ly  t h a t  in-  
ferences regarding presence of ground water would be warranted. 

Magnetic anomalies r e s u l t  from u p l i f t  o r  i n t r u s i o n  of l a r g e  bodies of 
igneous rock, emplacement of dikes o r  s i l l s  and ext rus ion of b a s a l t .  
I n  general ,  magnetic highs r e s u l t i n g  from igneous i n t r u s i o n  correspond 
t o  s t r u c t u r a l  highs i n  overlying sedimentary rocks and a r e  not favor- 
able  f o r  accumulation of ground water.  Conversely, magnetic lows may 
ind ica te  sync l ina l  s t r u c t u r e  and favorable condit ions.  Dikes and s i l l s  
tend t o  form b a r r i e r s  t o  water movement i n  sedimentary rocks. Basal t  
flows, where below t h e  water t a b l e ,  may contain ground water i n  j o i n t s  
o r  porous in ter f low zones. Magnetic surveys a r e  r ap id  and e f f e c t i v e  
i n  loca t ing  anomalies. Addit ional  geologic and ground water informa- 
t i o n  must be obtained t o  r e l a t e  survey f indings  t o  ground water occur- 
rence.  

The r e s i s t i v i t y  and seismic methods a r e  use fu l  i n  supplementing sub- 
surface  information ava i l ab le  from wel l  logs  and t e s t  d r i l l i n g .  The 



A- Estimated Flow from Horizontal Pipe 3-21 

" y "  
WHEN PIPE I S  F U L L &  a W H E N  PIPE I S  PARTL'r 
Y=B1', Q = I . l 5 7 0 * X  (-1 aL , i1 F U L L . A S S U M E  P I P E  
WHEN PIPE I S  FULL a '1.1 FULL,COMPUTE Z/D 
Y -12': Q=O.%IBOZX (-1 ' AND OBTAIN AOJUSTEI 

Q F R O M  S C A L E  @ 
USE EITHER FOLDING RULE OR TEMPLATE WITH " Y  " =  TO 6" OR 12". 
FOR SLIGHTLY INCLINED PIPES.MEASURE1'X"PARALLEL TO PlPE &"I" VERTICALLY 
RESULTS OBTAINED FROM THIS SOLUTION ARE APPROXIMATE. 
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EXAMPLE 0: 8" PlPE FLOWING FULL, 2 90  EXAMPLE Q: 8" PlPE FLOWING 
" X u  = 40 " . "Y "=  6 "  START I N  SCALE @ PARTLY FULL  . " X 1 ' =  40" .  @'Y"= 6" AND 
AT40q1WHERE " Y " =  6 "  CONTINUE p=2". ASSUME PIPE !S FULL  AND 
THRU 8 "  I N  SCALE @ TO 6 . 5 8  C.F.S. 70 PROCEED A S  I N  EXAMPLE a. 
OR 2962 GAL.  PER MIN . IN  SCALE @. - P/D=O 25.CONNECT LINE FROM 

2962 G.P.M. I N  SCALE @TO P/D:0.25 
IN SCALEQAND OBTAIN ADJUSTED 
FLOW = 2382 G.P.M. IN SCALE @. 

Figure 3-3. Estimated Flows from Pipes 



Figure 3-3. ( Continued) 

~ X s t i m a t e d  Flow from V e r t i c a l  Pipe 

THE APPROXIMATE FLOW FROM VERTICAL 
PIPES OR CASINGS C A N  BE DETERMINED 

- - T  BY MEASURING THE MAXIMUM HEIGHT(H) 
I N  INCHES TO WHICH THE WATER J E T  RISES 

THE PIPE (0) I N  INCHES. 

THE FLOW IN GALLONS PER MINUTE IS GIVEN 
IN THE FOLLOWING TABLE FOR DIFFERENT 
SIZES OF STANDARD PIPE AND FOR DIFFERENT 
HEIGHTS OF THE WATER JETS. 

Height 
( H 

inches 

2 

Nominal Diameter ( D )  of Standard Pipe- 
inches 

2 3 4 5 6 



scs WELL RECORD 
S o i l  C o n s e r v a t i o n  S e r v i c e  

Wel l  No. ( S t a t e  o r  USGS) 

Date:  9 19, Record by 

S o u r c e  o f  Da ta  

'1. LOCATION: S t a t e  County Area  SCD 

N E 
Nearest Town - k Sec .  T s R- 

2. OWNER: A d d r e s s  

T e n a n t  Address  

Driller Address  

3. TOPOGRAPHY 

4 .  ELEVATION f t. (ground s u r f a c e  o r t  
r e f e r e n c e  p o i n t )  

-L- -1- 
5.  TWE: Dug; d r i l l e d ;  d r i v e n ;  j e t t e d  19- I I 

6. DEPTH: r e p o r t e d ;  measured Da te  
, 19- L o c a t e  El w e l l  i n  s e c t i o n .  

7 .  CASING: Kind S i z e  Leng th  P e r f o r a t e d  f t .  t o  - f t .  

- - 
8. WATERBEARING STRATA 

From t o  M a t e r i a l  ( s a n d ,  Format  i o n  

- - g r a v e l ,  s a n d s t o n e ,  

- - l i m e s t o n e ,  b a s a l t )  

Repor t ed  Above ( g r o u n d s u r f a c e  
9. WATER LEVEL: Measured ' 19- Below ( o r  r e f .  p o i n t )  

10 .  PMP: Type C a p a c i t y  Power 

Bowl S e t t i n g  D i s c h a r g e  p i p e  Pump column 
( d e p t h )  ( d i a .  ) ( d i a . )  

(measured B a i l e r  
11. YImD: Flow Pump ( r e p o r t e d  Type o f  t e s t  - 

(gpm) 
Pump 

(gpm) ( e s t i m a t e d  

Drawdavn f t .  a f t e r  h o u r s  pumping 
( g p d  

1 2 .  USE: Adequacy, permanence 
(Dm; s t o c k ;  i r r i g . ;  o t h e r )  

13 .  QUALITY: Temp. OF 

( T a s t e ;  odo;; c o l o r ;  a n a l y s i s )  

14 .  REMARKS: 
(Grave l  pack d a t a ;  p e r f o r a t i o n  s i z e ;  s c r e e n  o p e n i n g  and  d i m e n s i o n s ;  s o u r c e  

o f  d a t a ;  e t c . )  

1 5 .  RECORD LOG OF WELL ON REVERSE SIDE 

Figure 3-4. Well Record Sample Form 



Figure 3-4. (Continued) 

LOG OF WELL 

Kind of Rock or Other Material 
(Give color and tell whether 
hard or soft) 

Depth in Feet ' 

From - To 

Thickness 

in feet 

Remarks 
(Especially information 
as to water found) 



equipment, i t s  u s e s ,  c a p a b i l i t i e s ,  and l i m i t a t i o n s  a r e  descr ibed  i n  
Chapter 2,  Sec t ion  8, Nat ional  Engineering Handbook. 

Test D r i l l i n g .  - I f  l ogs  a r e  not  a v a i l a b l e  o r  wel l s  have not  been d r i l -  
l e d  i n  an a r e a ,  t e s t  ho le s  a t  c a r e f u l l y  s e l e c t e d  l o c a t i o n s  w i l l  be 
needed t o  determine s t r a t i g r a p h y  and ob ta in  ground water  information.  
Such t e s t  d r i l l i n g  should be planned t o  complete geologic  c ross  sec- 
t i o n s ,  provide a b a s i s  f o r  i n t e r p r e t i n g  geophysical  probes o r  a i d  i n  
d e l i n e a t i n g  complex s t r u c t u r e s .  

Conclusions regard ing  apparent ly  favorable  w e l l  l o c a t i o n s  i n  unproven 
areas  should be confirmed by t e s t  d r i l l i n g  of one o r  more ho le s .  
Borings 4 inches t o  6 inches i n  diameter may be  used t o  check s t r a t i -  
graphy, determine depth t o  water  and th i ckness  of a q u i f e r ,  and ob ta in  
samples of t h e  a q u i f e r  and t h e  water .  

A l l u v i a l  a q u i f e r s  o f t e n  a r e  l e n t i c u l a r  bodies  of sand o r  sand and 
g rave l  i n  former s t ream channels.  Seve ra l  t e s t  ho les  d r i l l e d  along a 
l i n e  perpendicular  t o  t h e  es t imated  d i r e c t i o n  of former flow probably 
w i l l  be needed t o  l o c a t e  t h e  t h i c k e s t  permeable s e c t i o n .  

I n  rock,  t e s t  ho le s  a r e  of va lue  i n  v e r i f y i n g  s t r a t i g r a p h y  and de t e r -  
mining whether o r  not condi t ions  of  j o i n t i n g ,  f r a c t u r i n g  o r  development 
of so lu tzon  passages a r e  favorable  i n  advance of s ink ing  t h e  l a r g e r  
hoJe . 

Test d r i l l i n g  provides a means of ob ta in ing  information and samples 
needed t o  design and cons t ruc t  a w e l l  of maximum e f f i c i e n c y .  An e s t i -  
mate of probable water  ob ta inab le ,  on which t o  decide diameter of f i n a l  
we l l ,  may be based on timed b a i l i n g  of t e s t  ho le  o r  c a l c u l a t e d  from 
th ickness  and permeabi l i ty  of a q u i f e r s  a s  determined from t e s t  ho le  l o g  
and mechanical a n a l y s i s  of samples. Prel iminary e s t ima te s  of t h e  per-  
meab i l i t y  of a q u i f e r s  may be obta ined  from g ra in - s i ze  d i s t r i b u t i o n  
us ing  " ~ f f e c t i v e  Size-Permeabil i ty  Curve," P l a t e  1 i n  Scherer  (1959). 

Test pumping t o  determine w e l l  c h a r a c t e r i s t i c s ,  optimum pumping r a t e ,  
pump s e t t i n g  and power r equ i r ed  i s  usua l ly  performed a f t e r  deaelopment 
of t h e  f i n a l  w e l l  i s  completed. Pumping t e s t s  a r e  f u r t h e r  d i scussed  
on page 3-33. 

I f  s a l t  water encroachment needs t o  be guarded a g a i n s t ,  t h e  depth  t o  
f r e s h  water -sa l t  water  i n t e r f a c e  should be  determined by t e s t  d r i l l i n g .  
This depth i s  needed t o  c a l c u l a t e  depth a t  which w e l l  should bottom. 
Wells should not  be d r i l l e d  t o o  deep i f  t h e r e  i s  a p o s s i b i l i t y  t h a t  
s a l t  water  may l i e  beneath t h e  f r e s h  ground water .  This i s  l i k e l y  i n  
c o a s t a l  a r e a s ,  on i s l a n d s ,  and i n  a r i d  a r eas  where evapor i t e  depos i t s  
occur i n  t h e  geologic  s e c t i o n .  Beneath c o a s t a l  a r e a s ,  movement of 
f r e sh  ground water  toward t h e  s e a  usua l ly  prevents  landward i n t r u s i o n  
of t h e  s l i g h t l y  denser  s a l t  water .  

Equil ibr ium i s  e s t a b l i s h e d  between t h e s e  f l u i d s  of d i f f e r e n t  d e n s i t i e s  
when, f o r  each foo t  of f r e s h  water  above s e a  l e v e l ,  t h e r e  a r e  about 40 
f e e t  of f r e s h  water  l y i n g  below s e a  l e v e l .  The f r e s h  water -sa l t  water  



i n t e r f a c e  thus  s lopes  downward away from t h e  ocean and t h e  water t a b l e  
r i s e s .  This  i s  known as  t h e  Ghyben-Herzberg r e l a t i o n  between f r e s h  
and s a l i n e  waters .  It was o r i g i n a t e d  by two independent i n v e s t i g a t o r s  
on t h e  European coas t  about -50 yea r s  ago (Taylor ,  1960 and Todd 1959).  

As gene ra l  guides i n  planning,  wel l s  i n  proximity of t h e  coas t  should 
not pump from below s e a  l e v e l ;  i n t e r i o r  b a s i n  we l l s  should bottom above 
t h e  expected e l e v a t i o n  of f r e s h  water -sa l t  water  i n t e r f a c e ,  t a k i n g  i n t o  
cons idera t ion  t h e  a n t i c i p a t e d  drawdown. ( ~ n t e r f a c e  w i l l  r i s e  as much 
a s  40 f e e t  f o r  each f o o t  of  drawdown). Such we l l s  should be  designed 
and developed f o r  minimum drawdown and l o c a t e d  s o  t h a t  drawdown i s  
d i s t r i b u t e d  a s  widely a s  poss ib l e .  

Logging.--An accu ra t e  and comprehensive r eco rd  of m a t e r i a l s  pene t r a t ed  
and hydrologic  condi t ions  encountered i n  t e s t  d r i l l i n g  must be main- 
t a i n e d .  The purpose of t e s t  d r i l l i n g  i s  t o  o b t a i n  a l l  pos s ib l e  sub- 
su r f ace  information.  Logging i s  t h e  record ing  of t h a t  information.  
I n  a d d i t i o n  t o  t h e  record  of m a t e r i a l s ,  it i s  important t o  observe and 
note  t h e  depth a t  which water i s  reached,  t h e  depth t o  t h e  s t a t i c  
water  l e v e l ,  and any changes i n  s t a t i c  l e v e l  dur ing  d r i l l i n g .  Such 
changes i n d i c a t e  flow up o r  down t h e  ho le  a s  a r e s u l t  of confined o r  
unconfined water .  Samples of a l l  m a t e r i a l s  and water  should be obta inea  
l o r  a n a l y s i s  . 

I n s t r u c t i o n s  f o r  logging t e s t  ho le s  contained i n  Chapter 4, Sect ion  8, 
Xat iona l  Engineering Handbook, a r e  e n t i r e l y  app ropr i a t e  f o r  ground 
water  i n v e s t i g a t i o n s  and should be followed a s  c l o s e l y  a s  poss ib l e .  
Seve ra l  o t h e r  kinds of l ogs  a r e  h e l p f u l  i n  ob ta in ing  a d d i t i o n a l  i n f o r -  
mation and can sometimes be employed t o  advantage. 

The d r i l l i ng - t ime  l o g  i s  an accura te  record  of t h e  t ime r equ i r ed  t o  
d r i l l  each f o o t .  Hardness .of  m a t e r i a l  be ing  d r i l l e d  c o n t r o l s  d r i l l i n g  
t ime and i s  b a s i s  f o r  d i s t i n g u i s h i n g  d i f f e r e n t  formations ( ~ i r b ~ ,  1954) .  

E l e c t r i c  logging has become accepted p r a c t i c e  f o r  most o i l  we l l s  on 
completion of d r i l l i n g .  Since 1945, i t s  use  as a  supplement t o  sample 
logs  has been inc reas ing  i n  water  w e l l  cons t ruc t ion .  E l e c t r i c  logging 
usua l ly  inc ludes  measuring t h e  s e l f  p o t e n t i a l ,  spontaneous p o t e n t i a l  
o r  "SP" of t h e  e a r t h  and r e s i s t i v i t y  of formations pene t r a t ed .  

Radioact ive logging,  u s ing  gamma and neutron r ays ,  has been widely used 
i n  t h e  petroleum indus t ry  and has been app l i ed  succes s fu l ly  t o  water  
we l l s  t o  l o c a t e  porous zones, es t imate  p o r o s i t y ,  and make l o c a l  co r r e l a -  
t i o n s .  

A temperature l o g ,  us ing  a record ing  r e s i s t a n c e  thermometer, may show 
ground water  c i r c u l a t i o n  o r  some geologic  f e a t u r e  i f  temperature v a r i e s  
from t h e  normal lo C .  r i s e  f o r  each 100 f e e t  of depth. 

Cal iper  logging,  us ing  a  device wi th  fou r  s p r i n g  loaded arms connected 
t o  a  record ing  e l e c t r i c  r e s i s t o r ,  developed by t h e  I l l i n o i s  Geological 
Survey, shows t h e  average diameter of ho le  and i s  u s e f u l  i n  l o c a t i n g  
caved po r t ions  and cas ing  i n  o l d  we l l s .  



Other devices  t o  ob ta in  subsurface information inc lude  w e l l  cu r r en t  
meters f o r  t r a c i n g  flows, f l u i d  samplers t o  sample at p a r t i c u l a r  depths 
t o  determine q u a l i t y  and check e l e c t r i c  l ogs ,  photographs, and TV cam- 
e r a s  f o r  viewing we l l  i n t e r i o r s .  

Aquifer Sample Requirements.--In unconsol idated d e p o s i t s ,  t h e  g r a i n  
s i z e  d i s t r i b u t i o n ,  depth and s a t u r a t e d  th i ckness  of a q u i f e r s  govern we l l  
design.  Determination of s i z e ,  number, and d i s t r i b u t i o n  of cas ing  per-  
f o r  t i o n s ;  a d v i s a b i l i t y  of  i n s t a l l i n g  a w e l l  s c reen ,  o r  need f o r  con- k 
strutting a g rave l  envelope should be based on s i e v e  ana lyses  of aqu i f e r  

l e s  and s tudy  of t h e  t e s t  ho le  l og .  I n  rock a q u i f e r s ,  core  samples 
bedding, j o i n t i n g ,  f r a c t u r i n g  and cementation. They provide a 

f o r  recommending aqu i f e r  improvement by shoot ing o r  ac id i z ing .  

t u rbed  samples of unconsol idated a q u i f e r s  should be  obta ined  f o r  
a b i l i t y  t e s t s  i f  necessary.  Such samples w i l l  be  obta ined  during 
a i l e d  ground water i n v e s t i g a t i o n .  Compact sand can o f t e n  be sampled 
a double t ube  s o i l  core b a r r e l  sampler  e en is on t y p e ) ,  and medium 
ose sand wi th  a s t a t i o n a r y  p i s t o n  sampler (Osterberg  t y p e ) .  

l e s  of m a t e r i a l  from two f e e t  above t h e  a q u i f e r  t o  two f e e t  below 
should be taken .  I n  many in s t ances ,  undis turbed  samples cannot be 

b t a ined  and permeabi l i ty  must be determined by pumping t e s t s .  

I f  p e r f o r a t i o n ,  s c reen ,  o r  g rave l  envelope design must be based on d i s -  
tu rbed  samples, ca re  must be taken  they  a r e  not  contaminated. I f  
d r i l l i n g  i s  done wi th  cable  t o o l s ,  cas ing  should be dr iven  t o  t h e  depth 
at which sampling i s  t o  begin. Af t e r  each ho le  advance i s  completed 
during t h e  sampling, t h e  cas ing  should be dr iven  t o  t h e  bottom of the 
hole .  I f  a hydraul ic  r o t a r y  d r i l l  i s  used,  samples should be taken  
wi th  a double t ube  s o i l  core sampler o r  s t a t i o n a r y  p i s t o n  sampler,  as  
o u t l i n e d  i n  t h e  preceding paragraph. 

Geologic Sec t ions  

S t r u c t u r e  and s t r a t i g r a p h y  may be shown t o  b e s t  advantage by sec t ions  
drawn approximately a t  r i g h t  angles  t o  t h e  l o n g i t u d i n a l  axes of major 
f o l d s  o r  t h e  t r e n d  of f a u l t s .  Where necessary t o  show plunging f o l d s  
o r  t r a n s v e r s e  f a u l t s ,  s ec t ions  should a l s o  be drawn p a r a l l e l  t o  t h e  
l o n g i t u d i n a l  axes of t h e  f o l d s ,  and a t  r i g h t  angles  t o  t h e  c ros s  f a u l t s  

Because one bed o r  formation seldom outcrops throughout t h e  a r e a  mapped, 
observa t ions  a r e  n e c e s s a r i l y  made on t h e  s e v e r a l  formations exposed. 
Development of information concerning t h e  columnar s e c t i o n ,  o r  normal 
sequence of formations and t h e i r  t h i cknesses ,  i s  t h u s  necessary f o r  
i n t e r p r e t a t i o n  of f e a t u r e s  and t h e  drawing of  geologic  s e c t i o n s .  Unless 
an unconformity, i n d i c a t i n g  an e r o s i o n a l  i n t e r v a l  i s  p r e s e n t ,  t h e  ver-  
t i c a l  i n t e r v a l  between two beds may be considered r e l a t i v e l y  uniform 
throughout a l i m i t e d  a r e a .  Var ia t ions  i n  t h i ckness  occur ,  however, i n  
l a r g e r  a r e a s ,  n e c e s s i t a t i n g  su r f ace  measurement of beds and re ference  
t o  w e l l  l o g s ,  and t e s t  ho le  l ogs  f o r  a c t u a l  th icknesses  wherever pos- 
s i b l e .  The accuracy of a geologic  c ros s  s e c t i o n  depends on t h e  spacing 
and number of measured th icknesses  it conta ins .  

Geologic s e c t i o n s  a r e  p l o t t e d  along a p r o f i l e  of t h e  l and  su r f ace .  They 
show t h e  k ind  and d i s t r i b u t i o n  of rocks and d i r e c t i o n  and amount of d ip  



observed a t  outcrops on, o r  pro jec ted  along s t r i k e  t o  t h e  l i n e  of sec- 
t i o n .  A l l  subsurface information i s  shown i n  r e l a t i v e  pos i t ion .  Lines 
ind ica t ing  t h e  boundaries between beds o r  formations a re  drawn a s  ind i -  
cated by formation changes on the  logs  and according t o  d i p  of sur face  
exposures. 

Scale.  - Geologic sec t ions  drawn t o  n a t u r a l  scale--1 hor i zon ta l  = 1 
vertical--show re l a t ionsh ips  without d i s t o r t i o n  and a r e  b e s t  f o r  i n t e r -  
p r e t a t i o n  of geologic and ground water condit ions.  I f  accentuat ion of 
f ea tu res  i s  des i r ab le ,  t h e  v e r t i c a l  s c a l e  should usual ly  not be more 
than  5 times as  g rea t  a s  t h e  hor i zon ta l  s ca le .  

Chart f o r  Figuring Apparent Angle of Dip. - The s t r i k e  of beds may not 
l i e  a t  r i g h t  angles t o  t h e  l i n e  of a geologic sec t ion  even though t h e  
sec t ion  i s  perpendicular  t o  t h e  major s t r u c t u r a l  a x i s  o r  f a u l t  t r end .  
I f  t h i s  i s  t h e  case ,  t h e  apparent d i p  of t h e  i n t e r s e c t i o n  of such a 
bed with t h e  plane of t h e  sec t ion  must be ca lcu la t ed  o r  determined 
graphica l ly .  The apparent d ip  of such a bed i s  always l e s s  than  t h e  
t r u e  o r  observed d i p  and becomes increas ingly  l e s s  a s  t h e  s t r i k e  devia tes  
from a r i g h t  angle with t h e  sec t ion  l i n e .  A convenient method of de ter -  
mining apparent d ip  of beds i s  by use of t h e  p r o t r a c t o r  devised by 
Smith (1925) and shown with explanat ion i n  Figure 3-5. 

Permeabil i ty Inves t iga t ions  

Inves t iga t ions  of permeabil i ty a r e  made t o  es t imate  t h e  amount of water 
t h a t  may be obtained from a given aqu i fe r ,  t o  es t imate  t h e  s a f e  y i e l d  
of ground water r e s e r v o i r s ,  and t h e  time requi red  t o  recharge such 
re se rvo i r s  a f t e r  pumping has stopped. Severa l  methods have been devel- 
oped by a number of inves t iga to r s  during t h e  p a s t  century. A l l  a r e  
based on Darcy's law t h a t  v e l o c i t y ,  when laminar o r  nonturbulent flow 
e x i s t s ,  i s  propor t ional  t o  t h e  hydraulic  gradient  and t h e  c o e f f i c i e n t  
of permeabil i ty.  

Relat ionship of t h e  various methods f o r  determining permeabil i ty i s  
shown i n  Figure 3-6. 

Laboratory methods a r e  d i r e c t  and i n d i r e c t .  The l a t t e r  a r e  based on 
analyses of samples f o r  g ra in  s i z e  and poros i ty  developed by Hazen, 
S l i c h t e r ,  Terzaghi,  Hulbert and Feben, and F a i r  and Hatch. Calculat ion 
of permeabil i ty on t h e  b a s i s  of Hazen's e f f e c t i v e  o r  D10 s i z e  using 
S l i c h t e r ' s  po ros i ty  of m a t e r i a l  and temperature of f l u i d  t a b l e s ,  holds 
f o r  f i l t e r  sands and f i n e ,  c lean ,  well-sorted sand ( ~ a t i o n a l  Resources 
Committee, 1939). This method should not  be used ind i sc r imina te ly  
but  f o r  t h e  ma te r i a l s  mentioned, y i e l d s  s a t i s f a c t o r y  prel iminary r e s u l t s  . 
Direct  methods cons i s t  of measuring flow of water through undisturbed 
samples using permeameters of var ious  designs and i s  discussed by 
Wenzel (1942). Laboratory permeabil i ty t e s t s  may reach a high degree 
of accuracy f o r  a p a r t i c u l a r  sample but  determinations must be made on 
a s u f f i c i e n t  number t o  adequately represent  t h e  aqu i fe r .  This would 
amount t o  a considerable number f o r  a t h i c k  and extens ive  a l l u v i a l  
aqui fer .  I n  gravel ly  sand and gravel  t h e  t ak ing  of undisturbed samples 
i s  d i f f i c u l t  and may r e q u i r e  f r eez ing  of t h e  ma te r i a l s .  





Figure 3-5. (Continued) 

PROTRACTOR FOR CORRECTION OF DIP 

I n  t h i s  p r o t r a c t o r ,  degrees of t r u e  d ip  ( f i e l d  observat ions)  a r e  repre-  
sented  by t h e  v e r t i c a l  l i n e s  ( ~ i ~ .  3-5) marked along t h e  chord connecting 
t h e  two ends of t h e  a r c ;  degrees of apparent d ip  a r e  represented on t h e  
a r c ;  and t h e  angle between t h e  s t r i k e  of t h e  inc l ined  bed o r  sur face  
and t h e  d i r e c t i o n  i n  which t h e  d i p  component i s  measured ( l i n e  of sec- 
t i o n )  i s  shown by t h e  converging l i n e s  marked on t h e  r i g h t  of t h e  dia- 
gram. 

To i l l u s t r a t e  t h e  use of t h i s  p r o t r a c t o r ,  assume t h a t  a  l a y e r  i s  dipping 
30' from t h e  hor i zon ta l  and t h a t  we want t o  f i n d  i t s  i n c l i n a t i o n  mea- 
sured i n  a  d i r e c t i o n  60' from i t s  s t r i k e .  Find t h e  poin t  of in t e r sec -  
t i o n  of t h e  inc l ined  l i n e  marked 60' a t  t h e  r i g h t  of t h e  diagram and 
t h e  v e r t i c a l  l i n e  marked 30' f o r  t r u e  dip.  Through t h i s  i n t e r s e c t i o n  
poin t  and t h e  v e r t e x  of t h e  p r o t r a c t o r  ( cen te r  of t h e  a r c  a t  lower 
r i g h t  corner)  l a y  a  s t r a igh tedge ,  which w i l l  then  i n t e r s e c t  t h e  a r c  a t  
approximately 26'35', which i s  t h e  d i p  component o r  apparent d ip  
required.  

To f i n d  t h e  t r u e  d ip ,  reverse  t h i s  procedure. Place t h e  s t ra ightedge  
on t h e  can te r  of t h e  a r c  and on t h e  angle f o r  apparent d ip  a s  shown on 
t h e  a rc .  Assume t h a t  t h i s  apparent d i p  i s  15' and t h a t  t h e  angle of 
i n c l i n a t i o n  i s  i n  a  d i r e c t i o n  a t  25' t o  t h e  s t r i k e .  Note on which 
v e r t i c a l  l i n e  t h e  s t ra ightedge  cu t s  t h e  diagonal f o r  25O. Here it i s  
approximately on t h e  32O ve r t i - ca l ,  t hus  ind ica t ing  a  t r u e  d i p  of about 
32O. 
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Figure 3-6. Methods for Determining Permeability of Water-Bearing Materials 

( F r o m  Wenzel, 1942) 



Fie ld  methods include measurement of v e l o c i t y  by t r a c i n g  dyes o r  s a l t  
so lu t ions  and observat ion of water l e v e l s  i n  wel ls  during and a f t e r  
drawdown. Timing t h e  movement of colored or  s a l t e d  water between wel ls  
i s  subjec t  t o  l i m i t a t i o n s  and d i f f i c u l t i e s  but  has given s a t i s f a c t o r y  
r e s u l t s  i n  very uniform mate r i a l s .  It has given very erroneous r e s u l t s  
i n  interbedded coarse and fine-grained ma te r i a l s .  The l a t t e r  i s  not 
adapted t o  use where ground water movement i s  slow because t h e  heavier  
s a l t  so lu t ion  tends t o  s ink .  There i s  add i t iona l  d iscuss ion  of t r a c e r s  
i n  Chapter 4. 

The most s a t i s f a c t o r y  b a s i s  f o r  aqu i fe r  permeabil i ty es t imates  i s  by 
pumping t e s t s  with wel ls .  Estimates thus  obtained represent  average 
c h a r a c t e r i s t i c s  of ma te r i a l s  throughout a considerable a rea .  Discharging 
we l l  methods have a d e f i n i t e  advantage over labora tory  methods because 
t h e  ma te r i a l s  remain i n  p lace .  The formulas f o r  ca l cu la t ing  aqu i fe r  
c h a r a c t e r i s t i c s  from we l l  t e s t s  a re  based on assumption of some more 
o r  l e s s  i d e a l  condit ions.  The absence of some condit ions w i l l  prevent 
indiscr iminate  use of many formulas but  cons is tent  r e s u l t s  may be 
obtained by s e l e c t i o n  of a formula i n  c lose  accord with geologic char- 
a c t e r i s t i c s  of t h e  aqu i fe r   erris is, e t  a l ,  1962).  

Discharging we l l  methods present  oppor tuni t ies  t o  obta in  t e s t  da ta  
during both drawdown and recovery of water l e v e l s .  It i s  recognized 
t h a t  a recovery t e s t  i s  t h e  reverse  of a drawdown t e s t .  As t h e  name 
implies ,  it involves shu t t ing  o f f  a pumping we l l  and observing water 
l e v e l s  i n  nearby observat ion wel ls  o r  t h e  pumped wel l .  S l i c h t e r  and 
Muskat each dev,eloped formulas f o r  c a l c u l a t i n g  permeabil i ty from recovery 
da ta  using t h e  equil ibr ium method. Neither of t h e s e  t akes  i n t o  consi- 
dera t ion  t h e  length  of time t h e  well  discharged p r i o r  t o  being shut  
o f f .  The Theis formula f o r  determining permeabil i ty from recovery da ta  
uses t h e  non-equilibrium method ( ~ e n z e l ,  1942).  The term "recovery" 
as  used i n  t h e  Theis formula means t h e  d i f ference  between t h e  water 
l e v e l  i n  a we l l  a t  any t ime a f t e r  pumping i s  stopped and t h e  water 
l e v e l  t h a t  would have r e s u l t e d  i f  pumping has continued u n t i l  t h a t  t ime. 

An advantage of a recovery ana lys i s  of a pumped we l l  i s  t h a t  it provides 
an easy check on pumping t e s t  r e s u l t s ;  a l s o ,  it implies  a constant  d i s -  
charge Q ,  which o f t en  i s  d i f f i c u l t  t o  c o n t r o l  accura te ly  i n  t h e  f i e l d .  

Drawdown t e s t  da ta  a r e  used t o  determine aqu i fe r  c h a r a c t e r i s t i c s  by 
t h e  equil ibr ium  h hi em) method and t h e  non-equilibrium  heis is) method 
( s e e  Chapter 1). 

Important d i f f e rences  i n  requirements and r e s u l t s  of t h e  two methods 
are--the equil ibr ium method requ i re s  two o r  more observat ion wel ls  while 
t h e  non-equilibrium method requ i re s  one o r  more observat ion wel ls .  The 
non-equilibrium equation includes t ime a s  a f a c t o r  and enables t h e  com- 
pu ta t ion  of f u t u r e  pumping l e v e l s  when t h e  flow of ground water due t o  
pumping does not approach an equil ibr ium condit ion.  

Laboratory Tes ts  
Two types of permeameters a r e  used t o  measure permeabil i ty i n  t h e  lab-  
ora tory ,  t h e  constant  head and va r i ab le  head types .  I n  t h e  constant  



head type ,  t h e  quan t i ty  of water flowing through a sample of known a r e a  
and length  i n  a  given time can be measured. This type i s  appl icable  
t o  r e l a t i v e l y  permeable ma te r i a l s .  The v a r i a b l e  head type  of permea- 
meter i s  adapted t o  r e l a t i v e l y  impermeable ma te r i a l s .  I n  i t ,  t h e  quan- 
t i t y  of water pe rco la t ing  through t h e  sample i s  measured i n d i r e c t l y  by 
observat ion of t h e  r a t e  of f a l l  of water l e v e l  i n  t h e  standpipe above 
t h e  specimen. A l l  q u a n t i t i e s  a r e  measured and t h e  permeabil i ty i s  
r e a d i l y  found by formulas i n  Wenzel (1942). 

Aquifer Tests  
Aquifer pump t e s t s  a r e  made t o  determine t h e  t r a n s m i s s i b i l i t y  and, when 

- 

using t h e  non-equilibrium procedure, t h e  c o e f f i c i e n t  of s torage  of an 
aqu i fe r  . 

Equipment. - Prel iminary t o  t h e  a c t u a l  t e s t  i s  t h e  i n s t a l l a t i o n  of t h e  
t e s t i n g  equipment. Observation wel ls  must be i n s t a l l e d  and ready t o  
use. Equipment such a s  pumps, water- level  measuring devices,  t iming 
watches, and we l l  discharge measuring devices must be assembled and on 
t h e  s i t e .  It i s  advisable t o  make a b r i e f  " t e s t  run1' a  few days before 
t h e  a c t u a l  aqu i fe r  t e s t  i s  t o  be made t o  be su re  a l l  equipment i s  i n  
good opera t ing  condi t ion  and t h e  personnel  involved a r e  f a m i l i a r  with 
t h e i r  du t i e s .  

Pumps.--The pump and power source t o  be used must be adequate t o  pump 
t h e  requi red  volume of water f o r  a per iod  of 24 t o  72 hours. I f  t h e  
aqu i fe r  t o  be t e s t e d  i s  a r t e s i a n ,  a  24-hour t e s t  i s  usua l ly  long enough. 
I f  it i s  an unconfined a q u i f e r ,  a t  l e a s t  a  72-hour t e s t  i s  des i r ab le .  
Pumping f o r  a  shor t  per iod  of a  few days p r i o r  t o  t h e  t e s t  i s  h e l p f u l  
i n  determining i f  t h e  pump i s  adequate t o  provide t h e  drawdown requi red  
and a l l  equipment i s  i n  good opera t ing  condi t ion ,  

Provisions must be made t o  conduct a l l  discharge water away from t h e  
s i t e  during t h e  t e s t .  Recharge of t h e  pumped water t o  t h e  aqu i fe r  
during t h e  t e s t  w i l l  i n v a l i d a t e  t h e  t e s t  r e s u l t s .  

Observation wells.--The number of observat ion wel ls  requi red  t o  fu rn i sh  
adequate information depends on t h e  geologic and hydrologic condit ions 
present  and t h e  aqu i fe r  t e s t  method t o  be used. 

For example, i f  boundary condit ions a r e  a n t i c i p a t e d  ( recharge ,  imper- 
meable o r  l e s s  permeable boundary) t h e  observat ion wel ls  should be 
loca ted  t o  i n d i c a t e  these  condi t ions .  I n  t h i s  case ,  one o r  more obser- 
va t ion  wel ls  should be loca ted  between t h e  discharging wel l  and t h e  
suspected boundary, and an a d d i t i o n a l  we l l  o r  wel ls  should be Located 
where boundary in t e r fe rence  w i l l  be minimum. With t h i s  arrangement 
t h e  e f f e c t  of t h e  boundary w i l l  be indica ted .  See Ben ta l l  (1963),  E.  E. 
Johnson, Inc.  (1966),  and Todd (1959) f o r  a d d i t i o n a l  d e t a i l s .  

I f  boundary condit ions a r e  not present  and t h e  aqu i fe r  i s  i s o t r o p i c ,  
t h e  drawdown cone w i l l  be symmetrical. The observat ion wel ls  can be 
loca ted  anywhere wi th in  t h e  drawdown cone a s  long a s  t h e  d is tance  from 
t h e  discharging we l l  i s  known. 



A s  s t a t e d  previously,  t h e  minimum number of observat ion wel ls  requi red  
f o r  t h e  Thiem equil ibrium method i s  two, and t h e  minimum number f o r  t h e  
Theis non-equilibrium method i s  one. For l i m i t e d  water- level  recovery 
ca lcu la t ions  no observat ion wel ls  a r e  requi red ,  but  a t  l e a s t  one i s  
des i r ab le .  

The observat ion wel ls  should be screened and a t  l e a s t  l i g h t l y  developed 
so  they  w i l l  respond quickly t o  water l e v e l  f luc tua t ions .  The mid- 
poin t  of t h e  screens of t h e  observat ion wel ls  should be a t  about t h e  
same e l e v a t i a n  a s  t h e  mid-point of t h e  screen i n  t h e  discharging we l l  
and, i f  poss ib le ,  i n  a coarse-grained zone i n  t h e  aqu i fe r .  The obser- 
va t ion  wel ls  should be loca ted  accura te ly  with respect  t o  t h e  pumping 
wel l .  The e l eva t ion  of a poin t  a t  t h e  t o p  of each we l l  from which 
water l e v e l  measurements w i l l  be referenced should be known t o  0.01 
f e e t .  

Water l e v e l  measurements.--Exact t iming during t h e  t e s t  i s  necessary 
f o r  an accura te  t e s t .  The time t h e  t e s t  s t a r t s  and exact  t ime of a l l  
measurements must be made. The time i n t e r v a l  between readings i s  
small  when t h e  drawdown i s  changing rap id ly  and g r e a t e r  a s  t h e  drawdown 
changes more slowly. 

Water l e v e l  measurements must a l s o  be accura te  and should be read t o  
t h e  nea res t  0.01 foo t .  An e l e c t r i c  sounder, wetted t ape  o r  ''popper" 
a r e  p re fe r red  over t h e  a i r l i n e  method f o r  measuring t h e  water l e v e l  i n  
t h e  observat ion wel ls .  When using t h e  e l e c t r i c  sounder, t h e  e l ec t rode  
should be immersed t o  give t h e  same d e f l e c t i o n  on t h e  m i l l i m e t e r  f o r  
each water- level  reading. The "popper" method employs a s t e e l  t ape  
and a weight. The bottom of t h e  weight i s  cup shaped o r  hollow. When 
t h e  weight s t r i k e s  t h e  water sur face ,  it makes a "popping" noise.  The 
popper and e l e c t r i c  sounder do not have t o  be withdrawn from t h e  wel l  
a f t e r  every measurement, t h e  chalked t ape  does. The a i r l i n e  method i s  
not as  accurate as  t h e  above-mentioned techniques but  i s  adequate f o r  
use i n  t h e  pumped well .  

Discharge measurements.--It i s  e s s e n t i a l  t h a t  t h e  y i e l d  of t h e  t e s t  
we l l  be measured accura te ly  during a pump t e s t  and t h a t  t h e  y i e l d  be 
constant .  Pipe o r i f i c e s  a re  commonly used t o  measure discharges wi th in  
a range of 50 t o  2000 gal lons  per minute. P a r s h a l l  flumes o r  sharp- 
c res t ed  weirs  a r e  used t o  measure l a r g e r  flows. These methods a r e  
discussed i n  t h e  SCS National  Engineering Handbook, Sect ion  15 ,  I r r i g a -  
t i o n ,  Chapter 9 ,  Measurement of I r r i g a t i o n  Water. 

A constant  r a t e  of discharge i s  requi red  f o r  pump t e s t s .  Governing t h e  
discharge by varying t h e  pump motor speed i s  d i f f i c u l t .  A ga te  valve 
i n s t a l l e d  i n  t h e  discharge l i n e  i s  a very e f f e c t i v e  method. The valve 
i s  p a r t i a l l y  closed a t  t h e  beginning of t h e  t e s t  so  it can be adjus ted  
t o  maintain a constant  y i e l d  from t h e  we l l  a s  drawdown increases  during 
t h e  t e s t .  

Discharging Well Method. - The information from pump t e s t s  should be 
t abu la t ed  a s  shown in .F igure  3-7. 
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3- 36 

P r o j e c t  : 

Location: 

Drawdown measured 
Reference po in t :  

by: E l e c t r i c  sounder 
North s i d e  of cas ing  

c o l l a r  

PUMP TEST NO. 1, OBSERVATION WELL NO. 1, r = 100 f e e t  

Date Time Depth t o  Drawdown t - r 
w a t e r ( f e e t )  s ( f e e t )  (minutes)  t Remarks 

Pump s t a r t e d  at 

2,000 
0840 

1,000 Pump o f f  5-21 a t  
670 0730 
500 
400 

333 m = 50 f t .  
250 
200 
170 
140 

Continued but  no t  reproduced. 

Figure 3-7B. Pump Test Drawdown Data Sheet 



Pro jec t  : 

Location : 

Drawdown measured by : E l e c t r i c  sounder 
Reference poin t :  East s i d e  of cas ing  

c o l l a r  

PUMP TEST NO. 1, OBSERVATION WELL NO. 2,  r = 200 f e e t  

Date Time Depth t o  Drawdown t - r Remarks 
w a t e r ( f e e t )  s ( f e e t )  (minutes)  t 

Pump s t a r t e d  at 0840 

5,720 
3,332 Pump o f f  5-21 a t  0730 
2,352 
1,820 
1,480 m = 50 f t .  

Continued but  not  reproduced. 

1/ S t a t i c  water l e v e l .  
- 

Figure 3-7C. Pump Test Drawdown Data Sheet 



Drawdown measured by: " ~ o ~ ~ e r "  P ro jec t  : 

Location: 
Reference po in t :  East  s i d e  of casing 

c o l l a r  

P W  TEST NO. 1, OBSERVATION WELL NO. 3, r = 400 f e e t  

Depth t o  Drawdown 
Date Time 

t r 2  - 
water(  f e e t )  s ( f e e t )  (minutes)  t 

Remarks 

10,720 Pump of f  5-21 a t  
8,000 0730 
6,400 
5,280 m = 50 f t .  
4,640 

Continued but not  reproduced. 

1/ S t a t i c  water l e v e l .  - 

Figure 3-7D. Pump Test Drawdown Data Sheet 



The basic hydraulic equations for determining aquifer characteristics 
have been given in Chapter 1. An example of the application of these 
equations for equilibrium and non-equilibrium conditions will be given 
using data from the U.S. Bureau of Reclamation (1964). 

Equilibrium method.--The Thiem equilibrium equation is: 

These parameters are illustrated in Figure 3-8. 

This information is 

m = 50 feet 
Q = 1210 gpm 
rl = 100 feet 
r2 = 200 feet 
rg = 400 feet 

obtained from pump test data sheets, Figure 3-7: 

t = 2045 minutes 
sl = 2.17 feet 
s2 = 1.65 feet 
53 = 1.07 feet 

Using data from observation wells 1 and 2: 

= 7400 gallons per ft2 per day 

Using data from observation wells 1 and 3: 

P = (527.7)(1210) log 100 
50 (2.17 - 1.07) 

= 7000 gallons per ft2 per day 

Using data from observation wells 2 and 3: 

= 6750 gallons per ft2 per 
Average P = 7050 gallons per ft2 per 



Figure 3-8. Drawdown Cone 

Non-equilibrium method.--The Theis equation to determine aquifer char- 
acteristics under non-equilibrium conditions as discussed in Chapter 1 
is : 

where s = drawdown at a point r distant from a pumping well (ft . ) 
Q = discharge from the well (gallons per minute) 
T = coefficient of transmissibility (gal. /day/ft ) 
~ ( u )  = exponential integral 

'IT 

r = distance from pump wel1;to point where drawdown s is deter- 
mined (ft.) 

S = coefficient of storage (dimensionless) 
t = time that pump well has been discharging (days). 



If the coefficient of transmissibility and coefficient of storage are 
known, the drawdown on the cone of depression at any time and any dis- 
tance from the well can be determined after the well starts discharging. 
This is done by substituting the known values of S and T and the desired 
values of t and r in the equation: 

and the equation solved to determine u. The value of ~ ( u )  for u is 
read from Table 1-3 and the equation: 

is then solved for the drawdown s. 

The non-equilibrium equation can also be solved for transmissibility T 
and storage coefficient S if several values of drawdown s at times t are 
known for one distance r from the pumpwell or several values of s and 
r are known for one value of t. The solution requires the graphical 
determination of ~ ( u ) ,  u, s, and either r2/t or the reciprocal of time 
(l/t) 

Figure 3-9 is a type curve of ~ ( u )  versus u and is plotted from the 
data in Table 1-3. 

In Figure 3-10 test well data from Figure 3-7 is plotted at the same 
scale on logarithmic paper as the type curve. Note that this data curve 
is plotted as s versus t instead of l/t. The logarithmic data curve, 
as plotted, is a mirror image of the curve that would be plotted as s 
versus l/t. The calculation of the reciprocal values of time is not 
necessary. The type and data curves are matched face to face (a light, 
table is useful). Keep the axes parallel, pick a common point on a 
matched section of the two curves and obtain values of ~(u), u, s, and 
t for the common point. 

Since the curve fitting process is a measure of displacement of the 
data curve with respect to the type curve, a simplified procedure can 
sometimes be used. Move the curves, keeping the axes parallel until a 
fit is found. If the data curve fits section I1 of the type curve 
select as a common point on the type curve ~ ( u )  and u equal one (1) and 
determine the value of s and t (or r2/t) for this point on the plotted 
curve. 

Data from the three observation wells is plotted in Figure 3-10 and 
matched to the type curve ( ~ i ~ u r e  3-9). Values for ~ ( u )  , u, s , and t 
were obtained by picking a common point on the matched section of the 
fitted curves and for the common point at ~ ( u )  and u equal to one (1) 
when curves were fitted. As can be seen from the following calculations, 
both methods give approximately the same result. All values of time on 
the data curve are in minutes. To be consistent with the units in the 
equation, these time values must be divided by 1440 to convert to days. 



Observation Well No. 1 r = 100 f e e t  

W(U) = 2.4 

u = 5.5 x 

ObservationWellNo. 2 r = 2 0 0  f e e t  

w(u) = 1.22 

u = 0.2 

t = 100/1440 

s = .51 





t (minutes) 



Observation Well -- No. 3 r = 400 f e e t  

Average T = 335,000 Average T = 300,000 

Average S = ,065 Average S = .063 

When p l o t t i n g  r2/t versus s a l l  po in t s  f o r  t h e  t h r e e  observat ion wel ls  
f a l l  on t h e  sane curve when p l o t t e d  on logari thmic paper (F'igure 3-11). 
This curve should a l s o  be p l o t t e d  a t  t h e  same s c a l e  a s  t h e  type curve. 
Values of a  common poin t  on t h e  type  and p l o t t e d  curve when f i t t e d  and 
t h e  va lues  of r 2 / t  and s  when ~ ( u )  and u  equal  one (1) and t h e  curves 
a re  f i t t e d  give e s s e n t i a l l y  t h e  same r e s u l t s  f o r  values of S and T .  
This i s  i l l u s t r a t e d  i n  t h e  following example. I n  t h i s  example a l s o  t h e  
time i n  minutes i s  divided by 1440 t o  convert t o  days. 



Modified non-equilibrium method.--There is, under certain conditions, 
a short-cut method for solving the Theis non-equilibrium equation. In 
the equation: 

the value of u decreases when time t increases. When u becomes less 
than about 0.01 the equation: 

can be re-written as: 

Solving this equation for transmissibility it becomes: 

where T = transmissibility 
Q = pumping rate (gpm) 
sl = drawdown (ft) at time tl and 
s2 = drawdown (ft) at time t2 in an observation well at r 

distance from the discharging well. 





This equation can be solved graphically by plotting on semi-logarithmic 
paper values of t (logarithmic) and s (arithmetic). These points will 
fall on a straight line when u becomes less than about 0.01 as -t; becomes 
large. The equation is solved for T by selecting values of tl, t2, sl, 
and s2 from the straight line portion of the curve. If tl and t2 are 
selected one log cycle apart the value of: 

and the equation becomes: 

where As is s2 - s l  over one log cycle of time. 

The equation : 

when solve,d for the coefficient of storage becomes: 

I 

If the straight line portion of the semi-logarithmic curve is extended 
to intersect the zero drawdown axis and to is the time in days where 
this intersection occurs, the coefficient of storage S can be deter- 
mined from the above equation. 

Following are calcn4ations of S and T using As and to values from 
Figure 3-12: 

For observation well no, 1 (r = 100 ft. ) 

For observation well no. 2 (r = 200 ft. ) 



For observat ion we l l  no. 3 ( r  = 400 f t .  ) 

Average T = 359,000 

Average S = 0.055 

Water Level Recovery Method. - The water l e v e l  recovery method i s  a 
use fu l  check on t h e  v a l i d i t y  of t h e  discharging we l l  t e s t  r e s u l t s .  
Where no observat ion we l l  i s  ava i l ab le  l i m i t e d  ca lcu la t ions  can be 
made of t h e  Coeff ic ient  of Transmiss ib i l i t y  of t h e  aqu i fe r  but  not t h e  
Coeff ic ient  of Storage. 

I f  a recovery t e s t  i s  t o  be made a f t e r  t h e  pump-out t e s t  t h e  exact  t ime 
t h e  pump i s  shut  down i s  recorded. Water l e v e l  recovery measurements 
a r e  made and recorded i n  t h e  same manner a s  i n  t h e  pump-out t e s t .  
These measurements a r e  made a t  frequent  i n t e r v a l s  when recovery i s  
r ap id  and l e s s  f requent ly  a s  t h e  r a t e  of recovery decreases.  See E. E. 

ohnson, Inc . ( 1966 ) . \ 
I n  t h e  case where a recovery t e s t  i s  t o  be made without a pump-out t e s t  
t h e  s t a t i c  water l e v e l  i s  measured and recorded before  s t a r t i n g  t h e  
pump. The pump i s  then  s t a r t e d ,  t h e  exact  t ime recorded, and t h e  d is -  
charge maintained a t  a uniform r a t e .  Measurements of drawdown a r e  
continued u n t i l  t h e  drawdown increases  only s l i g h t l y  (0 .1  foo t  per  hour 
o r  l e s s )  with time. The pump i s  then stopped and water l e v e l  recovery 
measurements a r e  made a s  before .  

Figure 3-13 (from U.S. Bureau of Reclamation, 1964) i s  an example of a 
water l e v e l  recovery t e s t  da ta  sheet  when no observat ion we l l  was 
ava i l ab le .  

The Coeff ic ient  of Transmiss ib i l i t y  can be determined using t h e  s t r a i g h t  
l i n e  method by p l o t t i n g  r e s i d u a l  drawdown versus l o g  t / t l .  Residual 
drawdown i s  t h e  d i f f e rence  i n  t h e  water l e v e l  before pumping began and 
a t  anytime a f t e r  t h e  pump has been stopped. Time t i s  t ime s ince  
pumping was s t a r t e d  a n d . t l  i s  t h e  time s ince  t h e  pump was stopped 
(recovery s t a r t e d ) .  The time can be measured i n  any cons i s t an t  u n i t s  
(minutes, hours,  days) because t / t l  i s  a r a t i o  and i s  dimensionless.  

The Coeff ic ient  of Transmiss ib i l i t y  can be 
l i n e  equation: 

where As i s  r e s i d u a l  drawdown over one l o g  

determined from t h e  s t r a i g h t -  

cycle of time ( t / t l ) .  
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FIGURE 3-12. Time Drawdawn Curves 

t mln 



Pro jec t  : 
Feature  : 
Location: 

Drawdown measured by: E l e c t r i c a l  sounder 
Discharge measured by: Tota l i z ing  meter 
Reference po in t :  Hole on no r th  s i d e  

of d r i v e  head 

TEST OF TOWN WELL NO. 1 

Time s ince  Depth t o  Drawdown Time s ince  
Date Time pumping stopped water pumping s t a r t e d  Ratio Remarks 

(minutes)  t1 ( f e e t )  ( fee t )  (minutes)  t t / t l  

Pump on 10-5 
a t  2115 h r s  

1 ,921 pump o f f  10-7 
961 a t  0515 h r s  
641 

481 Discharge i n t o  
385 r e s e r v o i r  
323 
275 S t a t i c  water 
241 l e v e l  on 10-5 

a t  2115 h r s  
30.04 f t  

F'umping l eve  
on 10-7 a t  
0515 h r s  = 
41.50 f t  

65 Meter reading  
56 on 10-5 a t  
49 2110 h r s  = 
39 510 g a l  
33 Meter reading 
* on 10-7 at 

0515 h r s  = 
l8 2,323,800 g a l  
l7 Tota l  discharge 
12 

= 2,323,290 
g a l  

7;4 Time of pumping 
= 1,920 min. 

2 * 3  2,323,290/1920 
= 1,210 gpm 

2 . 1  
2 . 1  
2.0 

Figure 3-13. Recovery Measurement Data Sheet 



Figure 3-14 i s  t h e  r e s i d u a l  drawdown versus time ( t / t l )  curve p l o t t e d  
from t h e  d a t a  i n  Figure 3-13. From t h i s  curve and da ta  sheet  we obta in :  

Q = 1210 gpm 
As = 0.93 f e e t  

T i s  obtained by so lv ing  t h e  equation: 

I n t e r p r e t a t i o n  of Aquifer Tes t .  - The r e s u l t s  of t h e  aqu i fe r  t e s t s  
shown i n  t h e  examples ind ica te  it i s  e s s e n t i a l l y  an i s o t r o p i c  aqu i fe r  
of g rea t  ex ten t .  

Observation of t h e  shape of t h e  drawdown curves w i l l  i nd ica te  i f  bound- 
a ry  condit ions a r e  present  i n  t h e  aqu i fe r .  On t h e  time drawdown curve, 
Figure 3-12, i f  a s  time increases  t h e  s lope of t h e  curve inc reases ,  
showing g r e a t e r  drawdown, t h i s  would ind ica te  an impermeable boundary 
a t  some d i s t ance  from t h e  wel l .  If t h e  s lope of t h e  drawdown curve 
decreases,  showing l e s s  drawdown, t h i s  would i n d i c a t e  recharge t o  t h e  
aqu i fe r  i s  tak ing  p lace ;  and i f  t h e  s lope of t h e  l i n e  i s  f l a t ,  t h i s  
would i n d i c a t e  recharge was equal t o  discharge.  

Well i n t e r fe rence ,  boundary condi t ions ,  leaky-roofed a q u i f e r s ,  image 
wel ls  and t h e  many v a r i a t i o n s  and ramif ica t ions  encountered i n  aqu i fe r  
pump t e s t s  a r e  discussed i n  t h e  extensive l i t e r a t u r e .  Some of t h e s e  
references  a re :  E. E. Johnson, Inc. (1966)~ Wenzel (1942),  Bental  
(1963),  Lang (1961),  F e r r i s ,  e t  a 1  (1962),  Todd (1959),  Bruin and 
Hudson ( 1961),  and Walton (1962 ) . 
When t h e  t r a n s m i s s i b i l i t y  and c o e f f i c i e n t  of s torage  of an aqui fer  a r e  
known, t h e  drawdown a t  any d is tance  from t h e  discharging we l l  can be 
p red ic t ed  f o r  a  constant  discharge f o r  any per iod  of time with t h e  non- 
equil ibr ium equation. An example of t h i s  procedure fol lows.  

From t h e  preceding example of an aqu i fe r  t e s t  we know: 

T = 335,000 gal lons  per  day pe r  foot  

s = 0.065 

What would be t h e  drawdown 1,000 f e e t  from t h e  discharging we l l  a f t e r  
it has been pumped a t  1,000 -gpm f o r  10 days? I n  t h i s  case ,  

r = 1,000 f e e t  

Q = 1,000 gal lons  per  minute 

t = 10  days 





From Table 1-3 t h e  value of ~ ( u )  f o r  u  = 3.5 x 10'~ i s  in te rpo la t ed :  

The drawdown i s  ca lcu la t ed  from t h e  formula: 

The same procedure, r equaling t h e  r ad ius  of t h e  we l l ,  can be used t o  
c a l c u l a t e  t h e  drawdown outs ide  t h e  we l l  casing.  What would be t h e  
drawdown outs ide  a  14 inch ( O D )  we l l  a f t e r  it has been pumped a t  1,000 
gpm f o r  10 days? The following da ta  i s  used: 

T = 335,000 gal lons  pe r  day pe r  foo t  

s = 0.065 

Q = 1,000 gal lons  per  minute 

t = 10 days 

r = 7 inches = 0.583 f e e t  

I n t e r p o l a t i n g  from Table 1-3: 

The drawdown outs ide  t h e  w e l l  cas ing  i s  ca lcu la t ed  from t h e  formula: 

Since wel ls  a re  not 100 percent  e f f i c i e n t ,  t h e  d i f f e rence  i n  drawdown 
ins ide  and outs ide  t h e  casing depends on t h e  e f f i c i e n c y  of t h e  wel l .  
A very good we l l  w i l l  have an e f f i c i e n c y  of 85 t o  90 percent .  

Whenever poss ib le ,  wel l s  should be spaced so  t h e i r  drawdown cone o r  
r a d i i  of inf luence  do not i n t e r s e c t .  When aqu i fe r  c h a r a c t e r i s t i c s  and 
pumping requirements a r e  known t h e  above procedure can be used t o  
l o c a t e  wel ls  t o  minimize in t e r fe rence  between them. If drawdown cones 
i n t e r s e c t ,  drawdown i s  increased  i n  t h e  discharging we l l s  f o r  a  given 
discharge. One of t h e  f a c t o r s  i n  t h e  cos t  of pumping water i s  he ight  
it has t o  be l i f t e d ,  t h e r e f o r e ,  increas ing  t h e  drawdown i n  a  we l l  
increases  t h e  cos t  of pumping. 



Ind iv idua l  Equipment 

This l i s t  i s  presented  a s  a check l i s t  t o  f a c i l i t a t e  f i e l d  work. Other 
equipment and references  may be needed f o r  s p e c i a l  i n v e s t i g a t i o n s .  

Acid, d i l u t e  HC1, 2 oz . ,  1/10 normal 

Alt imeter  

Benzidine, 2 oz. 

Br ief  case 

Brunton compass wi th  case 

Camera, 35 rnm. o r  2" x 2". 

Data Sheets  ( l o o s e l e a f )  A G I  1 t o  476, GEO-Times, 1956-64, American 
Geologicai Institute 

F i e l d  d r a f t i n g  equipment such a s  p r o t r a c t o r ,  l e t t e r i n g  t r i a n g l e ,  
30'-60' t r i a n g l e ,  10", French curve 6", engineer f  s s c a l e ,  and 
s c a l e s  wi th  r ep resen ta t ive  f r a c t i o n s  of 1:20,000, 1:24,000, 
1:31,680, and 1:62,500. 

Handbooks of Minerals ( ~ u r l b u t ,  1955, o r  Pough, 1960) 
Hand l e n s ,  10X 

Knapsack o r  mussett  bag 

Light meter 

Notebook 

Pocket s tereoscope 

Snake b i t e  k i t  

Thermometer, pocket ,  3O0-100°, o r  O0-220' F. 
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CHAPTER 4. GROUND-WATER INVESTIGATIONS 

Introduction 

Ground-water investigations are made by the Service to provide assis- 
tance to cooperators in Soil Conservation Districts and to provide data 
necessary for planning and design of works of improvement in the watershed 
programs. The purpose and scope of ground-water investigations are set 
forth in Engixieering Memorandum 10, (Rev. 1) dated April 28, 1971. 

Because many types of Service projects require ground-water investiga- 
tion, minimurcriteria and guidance are presented in this chapter. 

General Requirements 
Some uncertainty is inherent in new ground-water developments and water 
table control projects. To reduce the risk of failure and consequent 
.financial loss, it is desirable that Service ground-water investigations 
be conducted by professional geologists. 

The intensity of ground-water investigations depend on project purposes 
and scope, complexity of site conditions, and availability and accuracy 
of existing information and records. Recommendations must conform to 
State water and health laws. 

Types of Investigations 
There are three general types of ground-water investigations; namely, 
reconnaissance, preliminary, and detailed. 

A reconnaissance investigation is required to establish project need and 
to determine project measures from a review of existing information and 
an examination of surface features at the site. 

A preliminary investigation is made to determine characteristics of the 
subsurface materia.1, ground-water conditions, approximate yields, quality, 
and their geologic relationship. This will establish geologic feasibility 
of the project, be a basis for estimating project costs, or determine 
the need and intensities for further studies. 

A detailed investigation is made to document with factual data and sound 
geologic interpretations, the specific site materials and ground-water 
conditions at a site and to provide sufficient subsurface information 
for the design and construction of project measures. 

Reconnaissance Investieations 

The reconnaissance is made to acquaint the investigator with the nature 
and characteristics of surface features and conditions. From observa- 



t i o n  and examination, c o r r e l a t i o n s  wi th  e x i s t i n g  map information can 
be e s t ab l i shed .  Ten ta t ive  i n t e r p r e t a t i o n s  regard ing  subsurface mater- 
i a l s  and ground-water condi t ions  can be formulated. Any m a t e r i a l  o r  
condi t ion  appearing t o  adverse ly  a f f e c t  'p ro jec t  func t ion ,  des ign ,  o r  
cons t ruc t ion  should be l o c a t e d  and re ferenced  f o r  f u r t h e r  i n v e s t i g a t i o n .  

P r i o r  t o  making a  reconnaissance of t h e  s i t e ,  t h e  i n v e s t i g a t o r  should 
assemble and s tudy topographic,  geologic ,  and s o i l  maps and l i t e r a t u r e  
and r e p o r t s  regard ing  geology and ground water applying t o  t h e  a r ea .  
Data from a f i e l d  reconnaissance should conta in  genera l  desc r ip t ions  
and l o c a t i o n s  of t h e  su r f ace  f e a t u r e s  and cond i t i ons ,  inc luding  t h e  
fol lowing i tems:  

1. General geology of t h e  p r o j e c t  s i t e .  

2 .  Geologic condi t ions  t h a t  in f luence  ground-water movement and 
recharge.  

3. Surface f e a t u r e s  r e s u l t i n g  from ground-water movement, such 
a s  seeps ,  s p r i n g s ,  and l a n d s l i d e s .  

4. General cha rac t e r  of streams and v a l l e y s ,  inc luding  volumes 
of flow, streambanks and bed, s teepness  of v a l l e y  grades and 
s i d e  s lopes .  

5 .  Ground-water development, y i e l d s ,  q u a l i t y ,  and use.  

I n t e r p r e t a t i o n  of subsurface cond i t i ons ,  m a t e r i a l s ,  and y i e l d s  may be 
r equ i r ed  f o r  p r o j e c t  formulat ion.  I n t e r p r e t a t i o n s  must be gene ra l ,  a r e  
not  considered f a c t u a l  d a t a ,  and may have t o  be based on t h e  p r o j e c t i o n  
of known d a t a  and condi t ions  from a r e a s  of s i m i l a r  geologic  and physi- 
c a l  f e a t u r e s .  

A w r i t t e n  r e p o r t  should descr ibe  t h e  s i t e ,  provide i n t e r p r e t a t i o n s  o r  
assumptions of t h e  subsurface condi t ions  and any conclusions regard ing  
p r o j e c t  f e a s i b i l i t y  o r  need f o r  a d d i t i o n a l  s t u d i e s .  Copies of sup- 
po r t ing  maps, ske t ches ,  w e l l  l o g s ,  o the r  d a t a  and publ ished r e fe rences  
should be a t t ached .  Reports prepared f o r  non-Service use s h a l l  contain 
only f a c t u a l  d e s c r i p t i o n s ,  observa t ions ,  and remarks. 

Prel iminary I n v e s t i g a t i o n  

The pre l iminary  ground-water i n v e s t i g a t i o n  c o n s i s t s  of a  review of t h e  
reconnaissance r e p o r t ,  if a v a i l a b l e ,  and geologic  l i t e r a t u r e  of t h e  
a r e a ,  a  d e t a i l e d  su r f ace  s tudy ,  and l i m i t e d  subsurface i n v e s t i g a t i o n s  
a t  r e p r e s e n t a t i v e  o r  c r i t i c a l  l o c a t i o n s .  The na tu re  and c h a r a c t e r i s -  
t i c s  of subsurface m a t e r i a l s ,  ground-water cond i t i ons ,  y i e l d s ,  q u a l i t y ,  
and o the r  p e r t i n e n t  f e a t u r e s  a r e  e s t a b l i s h e d  from e x i s t i n g  logs  and 
records  and may be v e r i f i e d  by geophysical surveys.  

Assembly of Information 
When s t a r t i n g  a  pre l iminary  ground-water i n v e s t i g a t i o n ,  a l l  geologic ,  
ground-water, and w e l l  d r i l l i n g  da t a  p e r t i n e n t  t o  t h e  a r e a  should be 



reviewed. The sources of this information have been outlined in Chapter 
3. 

In some parts of the country, work unit conservationists have well 
records on file for their county or work area. Much helpful information 
may be obtained in most parts of the country by contacting well drillers 
and well owners. 

Map Study 
A study of the maps outlined in Chapter 3 is needed in a preliminary 
ground-water investigation. For some states the Soil Conservation 
Service has guide materials, including appropriate maps, which can be 
used as a starting point. 

Since the objectives of ground-water investigation vary widely, the 
geologist must use judgment in deciding which maps will be useful for a 
particular study. However, general guidelines may be given by a discussion 
of maps available. 

Several national and sectional maps of the United States are useful for 
orientation and correlation with work being done in other states. 

A new Geologic Map of the United States on a scale of 1:2,500,000 was 
published by the U.S. Geological Survey (USGS) in 1974, accompanied by 
an explanatory text (King and Beikman, USGS-Professional Paper 901). 
State Geologic Maps are published by a variety of organizations, chiefly 
the state geological agencies, some by the U.S. Geological Survey, and a 
few by professional societies or state universities. 

The Tectonic Map of the United States was published by the American 
Association of Petroleum Geologists (AAPG) in 1944 on a scale of 
1:2,500,000. Its most recent printing was by the USGS in 1962. The 
geologist would find it helpful in ground-water studies to have an 
enlargement of this map for the state or area in which he is working. 

Other U.S. maps useful in ground-water studies are the Physiographic Map 
of the U.S. (Fenneman, 1946), and the Map of the United States Showing 
Ground-water Provinces (Meinzer, 1923). In 1963 a generalized map was 
published, showing Annual Runoff and Productive Aquifers in the conterminous 
United States (McGuinness, 1963). The National Atlas of the United 
States, published in 1970 contains many maps useful for general reference. 
Among these is the map showing Productive Aquifers and Withdrawals from 
Wells, reduced from a scale of 1:7,500,000 for inclusion in this hand- 
book and other publications (See Figure 4-1). 

Reports and maps by the various state geological surveys and the USGS 
Ground-water Branch provide basic data which can be used as a starting 
point for studies within a watershed area. In addition to their pub- 
lished data, unpublished reports and maps are kept on file at most state 
geological survey offices and at USGS Ground-water Branch District 
Offices. 



Topographic maps on a  s c a l e  of 1 :  62,500 t o  1: 24,000 a r e  a v a i l a b l e  i n  
many a r e a s  and provide s u i t a b l e  base maps f o r  a  pre l iminary  ground- 
water  i n v e s t i g a t i o n .  For a  few a reas  geologic  maps a r e  a v a i l a b l e  on 
topographic maps of t h e s e  s c a l e s .  Watershed o r  county maps may be used 
f o r  base maps where good topographic maps a r e  not  a v a i l a b l e .  Howe 
(1958) has  used a e r i a l  photo i n t e r p r e t a t i o n  i n  l o c a t i n g  ground water  
i n  g l a c i a l  d r i f t  a r eas .  This method can provide va luable  informat ion  
on s t r u c t u r e ,  s t r a t i g r a p h y  and l o c a t i o n ,  and e x t e n t  of p o s s i b l e  aqui-  
f e r s ,  bu t  t h e  i n t e r p r e t a t i o n s  need f requent  f i e l d  checks. Other maps 
which a r e  h e l p f u l  f o r  i n t e r p r e t a t i o n  a r e  s t r u c t u r a l  geology maps, par-  
t i c u l a r l y  t hose  wi th  s t r u c t u r a l  contours  drawn on t o p  of t h e  a q u i f e r  
and piezometr ic  maps. 

Enlargement.--Enlargement of l a r g e  s c a l e  maps may be of a s s i s t a n c e  i n  
pre l iminary  s t u d i e s  on l i m i t e d  a r e a s ,  such a s  a county o r  watershed. 
Topographic, geologic ,  piezometr ic  o r  t e c t o n i c  maps may be en larged  
f o r  t h e  a r e a  be ing  s tud ied .  

P ro j ec t ion  of Tectonic  Features.--Where it appears  d e s i r a b l e ,  t h e  t ec -  
t o n i c  f e a t u r e s  may be p ro j ec t ed  on t o  another  map. This  may be he lp-  
f u l  where geologic  s t r u c t u r e  a f f e c t s  t h e  occurrence of ground water .  
I n  s t a t e s  where o r i e n t a t i o n  t o  a  p a r t i c u l a r  a r e a  i s  needed, t h e  t e c t o n i c  
map of t h e  United S t a t e s  may be en larged  f o r  t h e  s t a t e .  This  i s  espe- 
c i a l l y  h e l p f u l  i n  t h e  western s t a t e s ,  o r  o t h e r  p a r t s  of t h e  country,  
where geologic  s t r u c t u r e  may have c o n t r o l i i n g  in f luence  on t h e  occur- 
rence of ground water .  

F i e l d  Study 
F ie ld  s tudy  must proviae  information which w i l l  enable  t h e  geo log i s t  
t o  i n t e r p r e t  subsur face  condi t ions .  There a r e  s e v e r a l  methods of  ob- 
t a i n i n g  t h e  r equ i r ed  information.  Choice of t h e  method w i l l  depend 
upon t h e  na tu re  of t h e  problem and t h e  geologic  f e a t u r e s  be ing  s tud ied .  

I n  a r eas  where s t r a t i f i e d  sedimentary rocks a r e  exposed, t h e  d e t a i l s  
of l o c a l  s t r u c t u r e ,  a s  w e l l  a s  i t s  p o s i t i o n  i n  r e s p e c t  t o  p o s s i b l e  
a q u i f e r s  i n  t h e  geologic  sect ion, ,  must be determined. This  i s  done by 
measuring and p l o t t i n g  t h e  a t t i t u d e  ( s t r i k e  and d i p ) ,  and e l e v a t i o n  of 
t h e  exposed s t r a t a  on t h e  map of t h e  a r e a .  A e r i a l  photo contac t  p r i n t s  
a r e  very h e l p f u l  and should be used wherever poss ib l e .  S te reoscopic  
s tudy  of a e r i a l  photographs during t h e  f i e l d  examination w i l l  i n  some 
cases  show geologic  f e a t u r e s ,  such a s  f a u l t s ,  which may not  be no t i ced  
without t h e i r  a i d .  See Figure 4-2. For f i e l d  s tudy  of l a r g e r  a r e a s ,  
USGS Quadrangle Sheets  a t  s c a l e s  of 1:62,500 t o  1:24,000 and a e r i a l  
photo mosaics o r  index s h e e t s  a r e  u s e f u l  base maps. I f  a  number of 
we l l s  have been d r i l l e d  i n  an a rea  and logs  of t h e s e  a r e  a v a i l a b l e ,  t h e  
p repa ra t ion  of a  s t r u c t u r e  contour map w i l l  a i d  i n  making accu ra t e  f o r e -  
c a s t s  of  depth.  S t r u c t u r e  contour maps a r e  e s p e c i a l l y  u s e f u l  i n  c ross -  
bedded o r  i n d e f i n i t e l y  bedded sedimentary s t r a t a .  

Where .subsurface s t r u c t u r e  i s  not c l e a r l y  i n d i c a t e d  by outcrops ,  i n t e r -  
p r e t a t i o n  of t h e  logs  of we l l s  i n  t h e  gene ra l  a r e a  w i l l .  f u r n i s h  t h e  
b e s t  b a s i s  f o r  p r e d i c t i n g  condi t ions  beneath t h e  s i t e  be ing  s t u d i e d  and 
can be supplemented by use of r e f r a c t i o n  seismograph o r  e l e c t r i c a l  
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r e s i s t i v i t y  equipment. This would apply i n  t h e  sou theas t e rn  c o a s t a l  
p l a i n ,  i n  a r eas  covered by g l a c i a l  d r i f t ,  o r  i n  t h e  f i l l e d  bas ins  of 
t h e  west .  From t h e  logs  and e l e v a t i o n s  of t h e  r e s p e c t i v e  w e l l s ,  t h e  
condi t ions  of depos i t i on  of t h e  va r ious  sediments ,  t h e i r  c o n t i n u i t y ,  
and p r o b a b i l i t y  of pene t r a t ing  s a t i s f a c t o r y  a q u i f e r s  a t  t h e  new loca-  
t i o n  may be es t imated .  Highly v a r i a b l e  condi t ions  of sedimentat ion 
have e x i s t e d  i n  some a reas  under la in  by unconsol idated d e p o s i t s ,  so  
t h a t  an accu ra t e  f o r e c a s t  of t h e  depth and na tu re  of water-bearing 

' hdrizons i s  not  always f e a s i b l e .  I n  t h e s e  a r eas  t h e r e  i s  a  cons iderable  
element of chance i n  t h e  i d e n t i f i c a t i o n  and development of ground-water 
supp l i e s .  I n  o t h e r  a r e a s ,  as  i n  some p a r t s  of t h e  southeas te rn  coas- 
t a l  p l a i n ,  succes s fu l  development can be p red ic t ed  over cons iderable  
a r eas .  



Geologic f e a t u r e s  of importance t o  ground-water occurrence i n  a r eas  
under la in  by c r y s t a l l i n e  o r  metamorphic rocks inc lude  (1) t h e  depth of 
t h e  weathered zone i n  t h e  country rock ,  and ( 2 )  t h e  ex i s t ence  of f r ac -  
t u r e s ,  j o i n t s  and f a u l t  zones wi th in  a  few hundred f e e t  of t h e  su r f ace .  
F i e l d  work w i l l  c o n s i s t  of a  reconnaissance of t h e  a r e a  t o  observe and 
p l o t  t h e  j o i n t  system o r  f a u l t s ,  and t h e  occurrence and e l e v a t i o n  of 
sp r ings .  F i e l d  s tudy should be supplemented by s t e r eoscop ic  s tudy of 
a e r i a l  photographs and c o l l e c t i o n  of w e l l  l ogs  i f  a v a i l a b l e .  I n  t h i s  
connect ion,  s t u d i e s  have shown t h a t  topography has a  c o n t r o l l i n g  i n f l u -  
ence on w e l l  y i e l d s  a s  i n  t h e  metamorphic rocks i n  t h e  southeas t  ( ~ e r -  
r i c k  and LeGrand, 1949, and Mundorff, 1948) .  It has a l s o  been shown 
t h a t  f l ood  p l a i n  depos i t s  i n  metamorphic rock a reas  have a  p o s s i b i l i t y  
f o r  ground-water development (blundorff, 1950). 

I n  a r eas  of ex t rus ive  igneous rocks ,  t h e  th i ckness  of flow o r  s e r i e s  
of flows and t h e  e l e v a t i o n  of t h e  water  t a b l e  should be observed i n  
add i t i on  t o  t h e  c h a r a c t e r i s t i c s  of j o i n t i n g ,  t h e  presence of f a u l t s ,  
and sp r ings .  Again, much may be l ea rned  by s tudying  t h e  a e r i a l  photo- 
graphs with a  s te reoscope  and by ob ta in ing  we l l  l ogs  whenever p o s s i b l e .  

Mapping 
A geologic  map on t h e  b e s t  a v a i l a b l e  base map should always be prepared 
of t h e  watershed, county, o r  a r e a  i n  which a  ground-water i n v e s t i g a t i o n  
i s  made. This geologic  map should inc lude :  

Areal  and s u r f i c i a l  geology. 

S t r u c t u r e  of bedrock, s t r a t i f i c a t i o n ,  s c h i s t o s i t y ,  f a u l t s  o r  
f r a c t u r e s .  

Surface ground-water f e a t u r e s  inc luding  s p r i n g s ,  s eeps ,  swamps 
and marshes. 

Legend l i s t i n g  a l l  formations shown on map. This inc ludes  a  
b r i e f  d e s c r i p t i o n  of c h a r a c t e r i s t i c s  of a q u i f e r s ,  aquicludes 
and o the r  p e r t i n e n t  information.  

Locations of we l l s .  Well r eco rd  d a t a  w i l l  be included i n  r e -  
p o r t s  . 

I n  add i t i on  t o  a  geologic  map, it w i l l  be advisable  i n  many cases  t o  
prepare s p e c i a l i z e d  maps t o  i l l u s t r a t e  ground-water problems. Struc-  
t u r a l  contour maps o r  piezometr ic  maps should be prepared when needed, 
based on f i e l d  observa t ions  and w e l l  da t a .  

Geologic Sec t ions  
I n  order  t o  complete and i n t e r p r e t  t h e  information on a  geologic  map, 
one o r  more geologic  s e c t i o n s  and fence diagrams should be prepared.  
These geologic  s e c t i o n s  and fence diagrams f o r  ground-water s t u d i e s  
w i l l  u sua l ly  be based upon logs  of w e l l s ,  t e s t  h o l e s ,  geophysical  
s t u d i e s ,  o r  o the r  r e l a t e d  information.  It should be prepared on ho r i -  
zon ta l  and v e r t i c a l  s c a l e s  s u i t a b l e  t o  s tudy t h e  problem. I f  t h e  ver -  
t i c a l  s c a l e  i s  exaggerated,  t he  degree o r  percent  of su r f ace  s l o p e s ,  



d ip ,  and hydraul ic  g rad ien t s  should be i n d i c a t e d  on t h e  drawing and i n  
t h e  r e p o r t .  

Report of Prel iminary I n v e s t i g a t i o n  
A geologic  r epo r t  gene ra l ly  fol lowing t h e  o u t l i n e  a t  t h e  end of t h i s  
chapter  should be prepared f o r  a pre l iminary  ground-water i nves t iga -  
t i o n .  The r e p o r t  should inc lude  a  concise d i scuss ion  of ground-water 
cond i t i ons ,  i n t e r p r e t a t i o n s ,  conclus ions ,  and recommendations f o r  s o l -  
v ing  any problems. The pre l iminary  r e p o r t  should a l s o  inc lude  recom- 
mendations f o r  met,hods t o  be used i n  making a d e t a i l e d  ground-water 
i n v e s t i g a t i o n ,  where needed. Well r eco rds ,  l o g  of bo r ings ,  and o t h e r  
suppor t ing  d a t a  should be reviewed, i n t e r p r e t e d  and included where 
app l i cab le  with t h e  pre l iminary  i n v e s t i g a t i o n  r e p o r t .  Geologic maps 
and s e c t i o n s  should be included.  

De ta i l ed  I n v e s t i g a t i o n s  

Deta i led  i n v e s t i g a t i o n s  w i l l  inc lude  a  review of t h e  information covered 
by t h e  pre l iminary  i n v e s t i g a t i o n s ,  t h e  c o l l e c t i o n  of a d d i t i o n a l  d a t a ,  
t h e  p repa ra t ion  of a  complete r e p o r t  i nc lud ing  l o g s ,  maps, geologic  
s e c t i o n s ,  fence diagrams and r e s u l t s  of f i e l d  t e s t s  and t h e  c o l l e c t i o n  
and l abo ra to ry  a n a l y s i s  of samples. 

Location of w e l l s ,  water  l e v e l s ,  withdrawal a r e a s ,  amounts of withdrawal,  
sp r ings  o r  o t h e r  d i scharge  a r e a s ,  hydrau l i c  g r a d i e n t s ,  and r a t e  and 
d i r e c t i o n  of ground water  movement should be determined. Seismic o r  
e l e c t r i c a l  r e s i s t i v i t y  apparatus  and t r a c e r s  should be used i f  condi- 
t i o n s  a r e  favorable  and t h e i r  use i s  economically j u s t i f i a b l e .  D r i l -  
l i n g  o r  t h e  excavat ion of p i t s  may be r equ i r ed  t o  ob ta in  more informa- 
t i o n ,  and t o  t a k e  samples of water and s o i l  o r  rock m a t e r i a l s .  F i e l d  
permeabi l i ty  t e s t s ,  pumping t e s t s ,  and p re s su re  t e s t i n g  o f t e n  a r e  de- 
s i r a b l e .  The i n s t a l l a t i o n  of observa t ion  w e l l s  and piezometers may be 
advisable  under some condi t ions .  

Water q u a l i t y  should be determined t o  e s t a b l i s h  i t s  p o t a b i l i t y  f o r  
humans o r  l i v e s t o c k  and i t s  s u i t a b i l i t y  f o r  i r r i g a t i o n  o r  o the r  a g r i -  
c u l t u r a l  use.  Information obta ined  on water  q u a l i t y  should be made 
a v a i l a b l e  t o  i n d u s t r i e s  o r  m u n i c i p a l i t i e s .  The r i s k  of tapping  s a l t  
water zones o r  t h e  p o s s i b i l i t y  of pe rmi t t i ng  s a l t  water  t o  e n t e r  and 
contaminate f r e s h  water a q u i f e r s  should be determined. An inves t iga -  
t i o n  may be r equ i r ed  t o  determine t h e  ex t en t  of s a l t  water  i n t r u s i o n  
and t h e  f e a s i b i l i t y  of cons t ruc t ing  r e s e r v o i r s  o r  bor ing  we l l s  t o  de- 
velop a  f r e s h  water  b a r r i e r  or  t rough  odd, 1959, p .  254) t o  block t h e  
i n t r u s i o n  of s a l t  water .  

Katura l  recharge a reas  should be determined and t h e  f e a s i b i l i t y  of 
a r t i f i c i a l  recharge should be s tud ied .  I f  recharge i s  involved,  de t e r -  
minat ions should be made a s  t o  who w i l l  be b e n e f i t e d ,  t h e  va lue  of t h e  
b e n e f i t s ,  how much of t h e  recharged water  can be recovered,  and t h e  use 
t h a t  w i l l  be made of t h e  recovered water .  Where recharge o r  underground 
d i sposa l  of su r f ace  water  i s  planned, it must be determined t h a t  po l lu-  
t i o n  of t h e  ground water  w i l l  not r e s u l t .  



I n  b r i e f ,  d e t a i l e d  ground water  i n v e s t i g a t i o n s  c o n s i s t  o f :  

1. D r i l l i n g ,  sampling, logging ,  desc r ib ing ,  and c l a s s i f y i n g  a l l  
s t r a t a  t h a t  w i l l  i n f luence  ground-water hydrology. 

2. Pressure  t e s t i n g  f o r  in-place permeabi l i ty  and seepage through 
f r a c t u r e d  rock and voids  i n  so lub le  s t r a t a  where c o n t r o l  of 
seepage i s  important .  

3. Ascer ta in ing  t h e  in f luence  of s t r u c t u r a l  geology, f a u l t i n g ,  
f o l d i n g ,  and f r a c t u r i n g  on t r a n s m i s s i b i l i t y  of ground water .  

4. I n s t a l l i n g  piezometers o r  observa t ion  we l l s  i n  hydro logica l ly  
s i g n i f i c a n t  s t r a t a .  

Review of Prel iminary I n v e s t i g a t i o n s  
The r e p o r t s  of pre l iminary  i n v e s t i g a t i o n s  may be on f i l e  i n  t h e  work 
u n i t ,  t h e  watershed o f f i c e ,  o r  t h e  s t a t e  o f f i c e .  A l l  a v a i l a b l e  d a t a  
and r e p o r t s  should be  reviewed, not  only t o  o b t a i n  t e c h n i c a l  d a t a  on 
geology and ground-water cond i t i ons ,  bu t  t o  review t h e  need and j u s t i -  
f i c a t i o n  f o r  f u r t h e r  ground-water i n v e s t i g a t i o n s .  For example, a  s tudy 
i n  t h e  p a s t  may have found a  proposa l  not  f e a s i b l e ,  bu t  due t o  changed 
cond i t i ons ,  a  res tudy  may be j u s t i f i a b l e .  The thoroughness of t h e  o r i -  
g i n a l  i n v e s t i g a t i o n s  may be a  determining f a c t o r  i n  dec id ing  whether a  
res tudy  i s  needed o r  whether t h e  o r i g i n a l  r e p o r t  and dec i s ions  a r e  s t i l l  
v a l i d .  

Assembly of Addi t iona l  Data 
A res tudy  inc lud ing  information made a v a i l a b l e  s i n c e  t h e  l a s t  r e p o r t  
of pre l iminary  i n v e s t i g a t i o n s  should be made of a l l  a v a l i a b l e  maps, 
w e l l  l o g s ,  geologic  s e c t i o n s ,  e l e c t r i c  we l l  l o g s ,  and geophysical  sur -  
veys showing t h e  depth t o  and th i ckness  and c h a r a c t e r  of a l l  geologic  
formations above t h e  a q u i f e r .  The depth,  t h i ckness ,  and c h a r a c t e r  of 
t h e  a q u i f e r  o r  cavernous water-bearing formations w i l l  be  def ined  o r  
es t imated  i f  p r e c i s e  information i s  not  a v a i l a b l e .  

A s t e r eoscop ic  s tudy of r ecen t  a e r i a l  photography may f u r n i s h  new and 
va luable  information.  The l o c a t i o n  of ground water  sources by photo 
i n t e r p r e t a t i o n  methods i s  becoming more widespread bu t  f requent  f i e l d  
checks a r e  necessary ,  This t o p i c  i s  d i scussed  by Fluhr  and Leggett  
(1962) ,  Mollard (1961),  and r lo l ia rd  and Pa t ton  (1960 ) . 
Tenta t ive  geologic  c ross  s e c t i o n s  should be prepared a s  a  supplement 
t o  a  r e p o r t  f o r  a  p l an  f o r  d e t a i l e d  i n v e s t i g a t i o n .  I n  a d d i t i o n ,  a r e a l  
maps showing outcrops ,  s t r u c t u r a l  geology, f a u l t i n g ,  caverns,  aquic ludes ,  
and o t h e r  condi t ions  a f f e c t i n g  t h e  s t o r a g e  o r  t ransmiss ion  of ground 
water should be prepared.  

Subsurface Inves t iga t ions  
During t h e  course of a  d e t a i l e d  ground-water i n v e s t i g a t i o n ,  it may be 
necessary and d e s i r a b l e  t o  o b t a i n  a d d i t i o n a l  subsurface information.  
This may e n t a i l  geophysical  surveys ,  t e s t  d r i l l i n g  and sampling, i n s t a l -  
l a t i o n  of observa t ion  we l l s  o r  piezometers ,  o r  use of dyes o r  o t h e r  
t r a c e r s  t o  provide t h e  necessary information.  



e .  Geophysical Surveys.--All u s e f u l  in format ion  should be obta ined  from 
companies o r  agencies  which have made seismic o r  e l e c t r i c a l  r e s i s t i v i t y  
exp lo ra t ions  i n  t h e  a r ea .  Often t h i s  information i s  d i f f i c u l t  t o  ge t  
because t h e  o i l  companies o r  o the r  agencies  t h a t  compute and c o r r e l a t e  
t h e  d a t a  may be r e l u c t a n t  t o  r e l e a s e  it. I f  t h e i r  computations and 
c o r r e l a t i o n s  do not  show d e t a i l  i n  t h e  upper few hundred f e e t ,  t hey  
a r e  of l i t t l e  use  i n  i n v e s t i g a t i o n s  made by t h e  S o i l  Conservation Ser- 
v i c e .  I f  a d d i t i o n a l  geophysical  survey information w i l l  be h e l p f u l ,  
seismic o r  va r ious  types  of e l e c t r i c a l  r e s i s t i v i t y  equipment can be 
used. Some s t a t e s  own s ing le - t r ace  o r  mu l t ip l e - t r ace  p o r t a b l e  seismo- 
graphs,  o r  s u i t a b l e  equipment may be a v a i l a b l e  on a l oan ,  l e a s e  o r  
con t r ac t  b a s i s .  

Test  Dr i l l ing . - -Deta i led  p l ans  should be prepared showing l o c a t i o n s  
and depths of we l l s  d e s i r e d  t o  o b t a i n  s u f f i c i e n t  information on t h e  
p o s i t i o n ,  depth ,  g r a d i e n t ,  and na tu re  of t h e  a q u i f e r  o r  underground 
cavernous o r  water  s t o r a g e  a rea .  F i e l d  permeabi l i ty  t e s t s  may be needed 
on t h e  a q u i f e r  and over ly ing  ma te r i a l s .  Samples of  water  should be 
obta ined  t o  determine i t s  q u a l i t y .  

P r i o r  t o  t h e  s t a r t  of d r i l l i n g ,  bu l ldoze r s  o r  o t h e r  app ropr i a t e  equip- 
ment should prepare  roadways, channel c ros s ings ,  and remove t r e e s  o r  
rocks t o  permit access  of equipment t o  t h e  s i t e s .  P o s i t i o n s  may need 
t o  be excavated on h i l l s i d e s  o r  i n  channels  f o r  s e t t i n g  up d r i l l  r i g s  
o r  o t h e r  equipment. The necessary d r i l l i n g  and sampling equipment and 
procedures a r e  d iscussed  i n  Chapters 3 and 6 of t h i s  s e c t i o n ,  Chapters 
3 and 4 ,  Sec t ion  8, Nat iona l  Engineering Handbook, t h e  Ear th  Manual 
(1963),  and var ious  SCS guides t o  geologic  s i t e  i n v e s t i g a t i o n s .  

A l l  d r i l l  ho l e s  and su r f ace  exposures s t u d i e d  should be logged i n  d e t a i l  
t o  supply information r e l a t i n g  t o  s t o r a g e ,  t r a n s m i s s i b i l i t y ,  o r  chem- 
i c a l  condi t ions  a f f e c t i n g  ground water .  The logging  should inc lude  
l o c a t i o n ,  e l e v a t i o n ,  and depth of t h e  hole  o r  exposure, Uni f ied  S o i l  
C l a s s i f i c a t i o n  System c l a s s i f i c a t i o n  of each horizon,  s t r a t i f i c a t i o n ,  
dens i ty  o r  cons is tency  of m a t e r i a l s ,  s i z e  range of t h e  p a r t i c l e s ,  cemen- 
t a t i o n ,  chemical composition, and e s t ima te s  of pore space and permea- 
b i l i t y .  Most of t h e s e  f e a t u r e s  w i l l  apply t o  both unconsol idated and 
consol ida ted  m a t e r i a l s ,  except t h a t  i n  consol ida ted  m a t e r i a l s  t h e  USCS 
c l a s s i f i c a t i o n  should be rep laced  by t h e  k ind  of rock and i t s  charac te r -  
i s t i c s  regard ing  t h e  s to rage  and t r a n s m i s s i b i l i t y  of water .  

F i e l d  t e s t s  such a s  p re s su re  t e s t i n g ,  pumping i n ,  pumping o u t ,  w e l l  
permameter  t e s t s ,  and s i e v e  a n a l y s i s  should be t a b u l a t e d  and summarized. 

Observation we l l s  and piezometers perform an important func t ion  i n  t h e  
s tudy  of  ground water .  They he lp  de f ine  i t s  movement, h y d r o s t a t i c  
p re s su re ,  piezometr ic  s u r f a c e ,  unconfined water  s u r f a c e ,  s easona l  f l uc -  
t u a t i o n s  i n  s u r f a c e  e l e v a t i o n s ,  and t h e  e f f e c t s  of f l ood ing ,  withdrawal,  
o r  water  l e v e l s  i n  nearby s treams o r  bodies  of water .  Piezometers 
u sua l ly  a r e  s m a l l  diameter p ipes  with t h e  bottom open, and a r e  i n s t a l -  
l e d  a t  shal low o r  moderate depths by d r i v i n g  o r  j e t t i n g  methods. See 
Chapter 3. 



Observation wel l s  may be of any s i z e  but  o f t e n  a r e  2- t o  3-inch p ipe  
wi th  a  sc reen  a t t ached  a t  t h e  bottom. They usua l ly  a r e  i n s t a l l e d  by 
j e t t i n g  o r  i n s e r t i n g  i n  a  hole  bored by a  r o t a r y  d r i l l  o r  continuous 
f l i g h t  auger .  The depths may vary from a few f e e t  t o  hundreds of f e e t  
depending on t h e  depth t h a t  information i s  needed. The water  l e v e l s  
may be measured by t a p e  o r  simple sounding equipment o r  by mechanical 
o r  e l e c t r i c a l  record ing  devices  which ob ta in  continuous records .  The 
USGS i s  t h e  agency ass igned  t h e  r e s p o n s i b i l i t y  f o r  making ex tens ive  
ground water  s t u d i e s ,  bu t  it may i n s t a l l  we l l s  f o r  coopera t ive  s tudy  
with t h e  SCS. 

Sampling.--When d r i l l i n g  i s  done during t h e  d e t a i l e d  i n v e s t i g a t i o n ,  
samples should be  c o l l e c t e d  t o :  

1. Determine grada t ion ,  s t o r a g e  capac i ty ,  chemical composition, 
and permeabi l i ty  r a t e s  of unconsol idated m a t e r i a l s  and rock 
format i ons .  

2.  Ass i s t  i n  t h e  c o r r e l a t i o n  of horizons o r  rock formations.  

3. Determine t h e  na tu re  and ex ten t  of f a u l t i n g ,  j o i n t i n g ,  and 
cavernous cond i t i ons .  

4 .  Determine t h e  p o s s i b i l i t y  of su r f ace  subsidence o r  co l l apse  
of c e r t a i n  hor izons .  

5 .  Determine t h e  na tu re  of an a q u i f e r ,  i t s  s to rage  p o t e n t i a l ,  
p roduct ive  capac i ty ,  and t r a n s m i s s i b i l i t y  of ground water .  

Disturbed samples may be des i r ed  from channels ,  dozer p i t s ,  o r  auger 
bor ings  t o  determine g r a i n  s i z e  d i s t r i b u t i o n  o r  t h e  p o t e n t i a l  f o r  r e -  
charge. 

Undisturbed samples of unconsol idated m a t e r i a l s  may be d e s i r e d  from 
c e r t a i n  horizons t o  determine permeabi l i ty  r a t e s ,  s to rage  p o t e n t i a l ,  o r  
s t a b i l i t y .  F i e l d  permeabi l i ty  t e s t s ,  however, a r e  gene ra l ly  more r e l i -  
ab l e  t han  l abo ra to ry  t e s t s .  

Cores of r e p r e s e n t a t i v e  rock formations may be 'needed  t o  determine 
f a u l t i n g ,  j o i n t i n g ,  permeabi l i ty ,  composition, and s o l u b i l i t y .  

Samples should be l i s t e d  both on t h e  l o g  s h e e t s  and t h e  s o i l  sample 
l i s t .  

For d r i l l i n g  and sampling i n  caving m a t e r i a l s ,  e i t h e r  t h e  ho le  may be 
cased o r  a  hollow-stem continuous f l i g h t  auger may be used. The l a t t e r  
w i l l  permit t a k i n g  samples a t  any depth t h a t  can be d r i l l e d  even i n  
s eve re ly  caving cond i t i ons .  

Tracers.--To use t r a c e r s  i n  ground-water i n v e s t i g a t i o n s ,  t h e  "upstream" 
o r  i n t ake  a r e a  must be acces s ib l e .  I f  n o t ,  d r i l l  ho l e s  o r  t e s t  p i t s  
w i l l  need t o  be prepared.  The d ischarge  a r e a  a l s o  must be a c c e s s i b l e  
o r  ho les  o r  p i t s  w i l l  be  needed a t  a  measured d i s t ance  i n  t h e  down- 



grad ien t  d i r e c t i o n  where water samples can be quick ly  observed o r  
t e s t e d .  

Techniques i n  t h e  use of t r a c e r s  have advanced remarkably i n  r ecen t  
yea r s .  Colored dyes a r e  adequate i n  most s i t u a t i o n s .  Radioact ive 
t r a c e r s ,  such a s  Tr i t ium and Iodine 131, can be  de t ec t ed  i n  minute 
amounts and a r e  very e f f e c t i v e .  The ion  of ch lo r ine  i s  used i n  e l ec -  
t r i c a l  conduct iv i ty  t e s t s .  

The fol lowing dyes a r e  t h e  most common ones used: F luoresce in  "B", 
potassium permanganate, rhodamine "B", methylene b l u e ,  a n i l i n e  r e d ,  
a n i l i n e  b l u e ,  and auramine yellow. Caution i s  advisable  i n  us ing  any 
kind of t r a c e r s ,  e s p e c i a l l y  i f  l a r g e  amounts a r e  used and they  f i n d  
t h e i r  way i n t o  dr inking  water  f o r  humans o r  animals o r  i n t o  water  used 
f o r  f i s h  and w i l d l i f e .  Poisonous o r  ob jec t ionab le  t r a c e r s  should not  
be used. 

The volume of water ,  i t s  a c i d i t y  o r  a l k a l i n i t y ,  and t h e  d i s t ance  covered 
by t h e  t e s t  w i l l  determine t h e  amounts o r  kinds of dyes t o  use .  Also, 
t h e  co lo r ing  a b i l i t y  o f  t h e  dye and t h e  s t r e n g t h  of o t h e r  t r a c e r s  w i l l  
determine t h e  amount t o  use.  F luoresce in  "B" i s  probably t h e  most 
powerful of t h e s e  dyes. 

The ion  of ch lo r ine  app l i ed  i n  a  concent ra ted  s o l u t i o n  of sodium chlo- 
r i d e  o r  ammonium ch lo r ide  i s  de t ec t ed  i n  a  down-gradient we l l  by t i t r a -  
t i o n  wi th  s i l v e r  n i t r a t e  o r  by t h e  change i n  e l e c t r i c a l  conduct iv i ty  
of t h e  water .  

Tes ts  of t h e  ch lo r ine  ion  concent ra t ion  of t h e  n a t u r a l  water  must be 
made less  t han  24 hours p r i o r  t o  t h e  t r a c e r  t e s t  i f  t h e  t i t r a t i o n  
method i s  t o  be used. If t h e  ch lo r ine  ion  concent ra t ion  i s  a l r eady  
high,  t h i s  method w i l l  not  g ive  s a t i s f a c t o r y  r e s u l t s .  

I n j e c t i n g  a  f l u i d  i n t o  an a q u i f e r  through a  w e l l  w i l l  t emporar i ly  r a i s e  
t h e  water  l e v e l  ad jacent  t o  t h e  we l l .  This i nc reases  t h e  hydraul ic  
g rad ien t  and r e s u l t s  i n  increased  v e l o c i t y  of t h e  f l u i d  away from t h e  
we l l .  For b e s t  r e s u l t s  t h e  s a l t  s o l u t i o n  should be in t roduced  through 
an i n j e c t i o n  w e l l  and t h e  t r a v e l  t ime of t h e  s o l u t i o n  measured between 
two observa t ion  we l l s  l oca t ed  down g rad ien t .  

A t y p i c a l  d e t e c t i o n  arrangement i s  shown i n  Figure 4-3. 

Radioact ive t r a c e r s  a r e  an e f f e c t i v e  method of determining d i r e c t i o n  
and v e l o c i t y  of ground-water flow. The t r a c e r s  used should not  change 
t h e  dens i ty  of t h e  water nor should they  be a f f e c t e d  by t h e  chemical 
na tu re  of t h e  s o i l s ,  minera ls ,  o r  water .  They should be easy t o  t r a c e ,  
reasonable i n  c o s t ,  have a  s h o r t  pe r iod  of decay and be harmless t o  
humans and o t h e r  l i f e .  Permission f o r  t h e i r  use  must be obta ined  from 
t h e  Atomic Energy Commission. The Johnson D r i l l e r s  Jou rna l  (1963) has  
an a r t i c l e  concerning t h e  use of r a d i o a c t i v e  t r a c e r s .  

The v e l o c i t y  determined by any of t h e s e  t r a c e r  methods tends  t o  be t h e  
maximum v e l o c i t y .  This could r e s u l t  i n  computed p e r m e a b i l i t i e s  t h a t  
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a r e  gene ra l ly  g r e a t e r  t han  t h e  average f o r  t h e  s e c t i o n  of t h e  a q u i f e r  
t e s t e d .  

If seepage from a  body of water  i s  a  problem t h e  dye may be  enclosed 
i n  a  paper bag, t i e d  t o  a  weight o r  long p o l e ,  and p laced  i n  t h e  a r e a  
where t h e  o r i g i n  of t h e  seepage i s  suspected.  Successive t e s t s  may be 
made wi th  t h e  same o r  d i f f e r e n t  c o l o r s  a t  o t h e r  l o c a t i o n s .  The 
American Col lo id  Company has publ i shed  some l e a f l e t s  on t h e  use of dyes 
a s  t r a c e r s .  Denisov (1957) d iscusses  dyes and e l e c t r i c a l  conduct iv i ty  
methods. 

I n  many l o c a l i t i e s ,  t h e  gene ra l  p u b l i c ,  through l a c k  of understanding,  
s t rong ly  o b j e c t s  t o  t h e  use of r a d i o a c t i v e  i so topes  a s  t r a c e r s  i n  
ground-water i n v e s t i g a t i o n s .  Publ ic  r e l a t i o n s  must be considered when 
us ing  any t r a c e r .  

Cor re l a t ion  and I n t e r p r e t  a t  ion  
Af t e r  reviewing t h e  a v a i l a b l e  information and completion of geophys- 
i c a l ,  d r i l l i n g ,  and excavat ion i n v e s t i g a t i o n s ,  d e t a i l e d  geologic  sec- 
t i o n s  and fence diagrams can be prepared and c o r r e l a t e d .  The d a t a  
obta ined  should be  complete enough t o  provide accu ra t e  c o r r e l a t i o n  of 
geologic  condi t ions  and t o  supply t h e  d e s i r e d  information on ground 
water .  These s e c t i o n s  w i l l  show s t r a t i g r a p h i c  sequence, geologic  age,  
t h i c k n e s s ,  c h a r a c t e r ,  and composition of unconsol idated and consol i -  
dated s t r a t a .  Corce la t ion  w i l l  b e  shown g raph ica l ly  and by no ta t ions  



i n d i c a t i n g  c o n t i n u i t y ,  conf in ing  o r  impervious s t r a t a ,  b a r r i e r s  o r  - 

aquic ludes ,  water-bearing format ions ,  cavernous o r  f r a c t u r e d  rock con- 
d i t i o n s ,  and water  l e v e l s .  

Maps of t h e  a r e a  should be prepared showing ex ten t  of t h e  a q u i f e r ,  
b a r r i e r s ,  f a u l t s ,  caverns,  conf in ing  s t r a t a ,  i s o p i e s t i c  l i n e s ,  recharge 
a r e a s ,  withdrawal a r e a s ,  sp r ings  o r  o t h e r  n a t u r a l  d i scharge  a r e a s ,  
geologic  formations,  geologic  s t r u c t u r e s ,  s t r u c t u r a l  contours ,  and any 
o the r  f e a t u r e s  r e l a t i n g  t o  ground-water supply,  movement, g r a d i e n t ,  o r  
s to rage .  

Figures  4-4, 4-5, and 4-6 a r e  t y p i c a l  examples of c ros s - sec t ions ,  
fence diagrams and water  t a b l e  contour  maps. The fence diagram i s  
cons t ruc ted  i n  three-dimensional  pe r spec t ive  from a c t u a l  w e l l  l ogs  t o  
show geologic  r e l a t i o n s h i p s .  

S e l e c t i o n  of s i t e s  f o r  i r r i g a t i o n  we l l s  must be cont ingent  upon t h e  
physiography of t h e  drainage system i n  which ground water  occurs  wi th  
r e f e rence  t o  channel ing,  topography of land  t o  be i r r i g a t e d ,  s o i l s ,  
depths t o  water ,  pumping l i f t s ,  water  r i g h t s ,  and ground water  recharge.  
Test  ho le s  i n  bedrock a q u i f e r s  must be cont ingent  upon s t r u c t u r a l  geo- 
logy ,  s t r a t i g r a p h y ,  chemical q u a l i t y  of water ,  pe rmeab i l i t y ,  pumping 
l i f t s ,  and ground water recharge .  

The su r f ace  o r  shallow horizons w i l l  be  c o r r e l a t e d  t o  determine whether 
recharge may be accomplished by n a t u r a l  o r  a r t i f i c i a l  means. 

Design and cons t ruc t ion  of i n j e c t i o n  we l l s  must be based upon d a t a  t h a t  
i d e n t i f y  a q u i f e r s ,  aquic ludes ,  depths ,  i n t ake  r a t e s ,  and need f o r  
chemical t rea tment  of water .  Untreated su r f ace  waters  contaminate aqui- 
f e r s ,  and t h e  kind of t r ea tmen t ,  d i f f e r ences  i n  temperature,  and chem- 
i c a l  r e a c t i o n s  may have adverse e f f e c t s  on recharge.  

Ground-water recharge v i a  spreader  systems, p i t s ,  and g a l l e r i e s  w i l l  
need t o  be designed from d e t a i l e d  subsurface i n v e s t i g a t i o n s  t h a t  per -  
t a i n  t o  i n f i l t r a t i o n  and s e a l i n g  by c o l l o i d s ,  sediment,  and p r e c i p i t a t e s .  
S c a r i f i c a t i o n  of su r f aces  and perhaps o the r  techniques  w i l l  be  needed 
t o  maintain t h e  h ighes t  poss ib l e  i n f i l t r a t i o n  r a t e s .  

Report of Deta i led  I n v e s t i g a t i o n  
A r e p o r t  w i l l  be  prepared on t h e  r e s u l t s  of t h e  d e t a i l e d  ground-water 
i n v e s t i g a t i o n .  One s e c t i o n  of t h e  r e p o r t  w i l l  conta in  f a c t u a l  d a t a  on 
observa t ions  made and o t h e r  information assembled during t h e  i n v e s t i -  
ga t ion  and t h e  o t h e r  s e c t i o n  w i l l  conta in  i n t e r p r e t a t i o n s ,  conclus ions ,  
and recommendations made from t h e s e  f a c t u a l  da t a .  

Fac tua l  Data.--A n a r r a t i v e  r e p o r t  w i l l  be prepared desc r ib ing  t h e  fac-  
t u a l  d a t a  obta ined  from publ i shed  d a t a  o r  former i n v e s t i g a t i o n s ,  and 
t h e  f ind ings  during t h e  d e t a i l e d  i n v e s t i g a t i o n s ,  i nc lud ing  geology, 
c o r r e l a t i o n  c h a r t s  of unconsol idated and c3nsol ida ted  ma te r i a l s  and 
o the r  f a c t s  r e l a t i n g  t o  t h e  problem being i n v e s t i g a t e d .  Since t h i s  
p a r t  of t h e  r e p o r t  r e l a t e s  t o  f a c t s ,  it may be used f o r  r e f e rence  by 
coopera tors ,  p rospec t ive  b i d d e r s ,  and o t h e r  i n t e r e s t e d  personnel  o r  
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a 
organiza t ions .  Included a l s o  may be columnar s e c t i o n s ,  and maps showing 
a r e a l  ex t en t  of important m a t e r i a l s  o r  rock formations,  l o c a t i o n s  of 
t e s t  ho le s ,  p i t s ,  rock exposures,  n a t u r a l  recharge a r e a s ,  spr ings  o r  
withdrawal a r e a s ,  and l o c a t i o n s  of logged we l l s  o r  o t h e r  publ i shed  
d a t a  used f o r  c o r r e l a t i o n  purposes.  

Log shee t s  w i l l  be  prepared,  i f  app l i cab le ,  desc r ib ing  m a t e r i a l s ,  en- 
countered o r  observed, t h e i r  c l a s s i f i c a t i o n ,  hardness ,  dens i ty ,  e s t i -  
mated grada t ion ,  and permeabi l i ty .  Facts  regard ing  geologic  s t r u c t u r e ,  
d ip ,  f a u l t s ,  j o i n t i n g ,  caverns,  and b a r r i e r s  t o  ground-water movement 
w i l l  be shown on c ros s  s ec t ions  and d iscussed  i n  t h i s  r e p o r t .  

Data on water  l e v e l s  w i l l  be  descr ibed  o r  p l o t t e d .  Whether water 
t a b l e s  a r e  s t a t i c ,  perched, o r  under a r t e s i a n  p re s su re  w i l l  be i n d i c a t e d  
and t h e  da t e s  of  observa t ions  w i l l  be  shown. Records of pumping o r  
permeabi l i ty  t e s t s  w i l l  be repor ted .  I f  f l u c t u a t i n g  o r  h igh  water 
t a b l e s  have adverse e f f e c t s  on a g r i c u l t u r a l  use o f  t h e  l and ,  t h e  pro- 
blem w i l l  be  descr ibed  inc luding  t a b l e s  showing seasonal  water  t a b l e s ,  
and t h e  cause of t h e  adverse condi t ion .  

I n t e r p r e t a t i o n  and Conclusions.--This supplement t o  t h e  r e p o r t  w i l l  
g ive t h e  i n t e r p r e t a t i o n s  and conclusions based on f a c t u a l  da t a .  S p e c i f i c  
recommendations may be made, o r  procedures may be suggested a s  agreed 
upon a f t e r  consu l t a t i on  with o t h e r  g e o l o g i s t s ,  engineers ,  a t t o r n e y s ,  
o r  water board o f f i c i a l s .  

Est imates  on s to rage  p o t e n t i a l ,  t r a n s m i s s i b i l i t y ,  and r a t e  of water 
movement may be given a s  based on Darcy's law, Hazen's approximation 
( s e e  Chapters 1 and 3 ) ,  o r  f i e l d  permeabi l i ty  t e s t s  ( s e e  Chapter 3 ) .  
If t r a c e r s  were used, t h e  r e s u l t s  of t h e  f ind ings  w i l l  be  repor ted .  

The p o t a b i l i t y  and chemical na tu re  of t h e  water ,  and t h e  chemical com- 
p o s i t i o n  of s o i l s  and rocks may be es t imated .  I f  t e s t s  were a c t u a l l y  
made, t h e  r e s u l t s  w i l l  be  descr ibed  under f a c t u a l  d a t a ,  o r  i f  samples 
were submit ted f o r  t e s t i n g ,  a s tatement  should be made t h a t  t h e  r e s u l t s  
w i l l  be  r epo r t ed  by t h e  l abo ra to ry  o r  t h e  l a b o r a t o r y  r epo r t  i s  a t tached .  

The a d v i s a b i l i t y  and p o s s i b i l i t y  of recharge may be d iscussed ,  i f  
app l i cab le ,  and e s t ima te s  made on s to rage  and recovery of ground water  
and i t s  p o t e n t i a l  uses .  

I f  a  high-water t a b l e  i s  a  problem, d a t a  w i l l  be  given o r  e s t ima te s  
w i l l  be made on f l u c t u a t i o n  of water  l e v e l s  and t h e i r  e f f e c t  on ag r i cu l -  
t u r a l ,  c u l t u r a l ,  i n d u s t r i a l ,  o r  o t h e r  uses  of t h e  land .  

I f  t h e  problem i s  s t a b i l i t y ,  e s t ima te s  w i l l  be made on water  l e v e l  
f l u c t u a t i o n s  and t h e i r  e f f e c t  on subsidence,  l a n d s l i d e s ,  slumping o r  
creeping of s o i l ,  seepage, l evees ,  channel banks, and uns tab le  founds- 
t i o n s  f o r  dams, b u i l d i n g ,  highways, r a i l r o a d s ,  o r  o t h e r  s t r u c t u r e s .  

Opinions o r  d a t a  may be presented  which w i l l  i n d i c a t e  whether t h e  pro- - 

blem i s  t h e  r e s u l t  of (1) n a t u r a l  condi t ions  such a s  excess ive  e ros ion ,  
v a l l e y  f i l l i n g ,  s t ream p i r acy  and g l a c i a t i o n ;  o r  ( 2 )  condi t ions  induced 



by n a t u r a l  causes o r  works of man such a s  channel aggrada t ion ,  channel 
degrada t ion ,  l and  movement, e a r t h  c o l l a p s e ,  o r  formation of n a t u r a l  
l evees .  Some of t h e s e  condi t ions  a r e  excessive burn ing ,  d e f o r e s t a t i o n  
o r  o the r  change i n  vege ta t ive  cover; works of improvement f o r  water  
c o n t r o l  (dams, dra inage ,  s t ream d ive r s ion ,  i r r i g a t i o n ,  cana l s ,  and 
f a c i l i t i e s  f o r  s t ream n a v i g a t i o n ) ;  water  d i sposa l - -e i ther  underground 
o r  i n  su r f ace  s t reams;  excess ive  use  and d i sposa l  of h e r b i c i d e s ,  de t e r -  
gen t s ,  o r  o t h e r  chemical products  and p o l l u t a n t s  ; and abandoned mines. 

Data should be obta ined  on t h e  excess ive  withdrawal of  water  o r  o i l  
and t h e  r e s u l t i n g  e f f e c t  on l a n d  subsidence,  o r  s a l t  water  i n t r u s i o n .  

Recommendations may be made regard ing  t h e  use of w e l l  p o i n t s  o r  o t h e r  
dewatering devices ,  o r  t h e  i n s t a l l a t i o n  of b a r r i e r s  such a s  c u r t a i n  
grout  t o  l i m i t  permanently t h e  movement of ground water  f o r  t h e  pro- 
t e c t i o n  of works of improvement, o r  shee t  p i l i n g  f o r  t h e  temporary 
exc lus ion  of water  dur ing  cons t ruc t ion .  

Est imates  may be r equ i r ed  a s  t o  t h e  e f f e c t s  t h a t  works of improvement 
i n  water management w i l l  have on water  l e v e l s  o r  water  supply,  and 
whether t h e s e  e f f e c t s  a r e  b e n e f i c i a l  o r  damaging. Cost e s t ima te s  may 
be r equ i r ed  on t h e  b e n e f i t s  o r  damages. 

The r e p o r t  should gene ra l ly  fol low t h e  o u t l i n e  below. 

Out l i b e  f o r  Ground-water I n v e s t i g a t i o n  Report 

The o u t l i n e  may be modified a s  necessary and only those  items t h a t  a r e  
p e r t i n e n t  t o  t h e  i n v e s t i g a t i o n  and r e p o r t  should be used. 

I In t roduc t ion  
A. Name of watershed o r  des igna t ion  of a r e a  covered by t h e  

r epo r t  
B. Personnel  making s tudy and d a t a  
C. Purpose of s tudy 
D. Objec t ives  
E: Methods 
F. Sources of information 

I1 Ground Water o r  Well Development 
A. Source 
B. Movement 
C .  Reservoir  

1. geomorphology 
2. s t r u c t u r e  
3, s t r a t i g r a p h y  

D. Aquifers 
E . ~ q u i  c lude  s 
F. Reservoir  capac i ty  

1. t o t a l  s to rage  
2.  recharge r a t e  
3. s a f e  y i e l d  



G. Well development 
1. w e l l  t ype  and s i z e  
2 .  e l e v a t i o n  
3. depth 
4 .  s t a t i c  water  l e v e l  
5. pumping l e v e l  
6. product ion (gpm) 
7. s p e c i f i c  capac i ty  
8. pump s i z e  
9. power u n i t  ( t y p e )  

H.  Cost d a t a  ( i n d i c a t e  t h e  es t imated  Federa l  and non-Federal 
c o s t s  f o r  each i tem)  
1. d r i l l i n g  
2 .  fu rn i sh ing  cas ing  i n  p l ace  
3. fu rn i sh ing  screen  i n  p l ace  
4. i n s t a l l i n g  f i l t e r  pack 
5. f u rn i sh ing  and i n s t a l l i n g  pump 
6. fu rn i sh ing  and i n s t a l l i n g  power u n i t  
7. development 
8. o t h e r  c o s t s  
9 .  t o t a l  cos t  

10.  comparison wi th  cos t  of su r f ace  water  supply,  where 
a v a i l a b l e  

I11 Water Table Control  
A. Drainage 

1. a g r i c u l t u r a l  
2 .  engineer ing  

(-a) dewatering excavat ion;  may be excavat ion f o r  
foundat ion,  quar ry ,  mine, e t c .  

( b )  engineer ing  subdrainage 

Ground-Wat e r  Recharge 
A. Recharge 

1. l o c a t i o n  and ex ten t  
2. n a t u r a l  
3. a r t i f i c i a l  

B. Surface drainage 
1. i n f l u e n t  seepage 
2.  e f f l u e n t  seepage 

C . Sub-surface movement 
1. i n t e r s t i c e s  
2.  bedding p lanes ,  j o i n t s ,  f r a c t u r e s  
3. s o l u t i o n  channels 

D .  Reservoir  type  
1. monocline 
2 .  sync l ine  
3. sed iment - f i l l ed  v a l l e y  o r  b a s i n  
4. f a u l t  t r a p  
5. s t r a t i g r a p h i c  t r a p  
6. topographic c o n t r o l  

E. A r t i f i c i a l  recharge methods 
1. spreading  



2 .  i n j e c t i n g  
3. impounding 

F. Reservoir  capac i ty  
1. t o t a l  s to rage  
2. recharge r a t e  
3. s a f e  y i e l d  

V Problems 
A. Ground-water development 

1. r e s e r v o i r  
2 .  p i p e l i n e  
3. watercourse 

B. Drainage 
C .  A r t i f i c i a l  recharge 
D. Engineering s t r u c t u r e s  

1. e f f e c t  on ground-water regime 
2. e f f e c t  on s t r u c t u r a l  s t a b i l i t y  o r  func t ioning  

V I  I n t e r p r e t  a t  ions  

V I I  Conclusions 

V I I I  Recommendations 
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SECTION 1 8  

GROUND WATER 

CHAPTER 5. METHODS AND TECHNIQUES OF SPRING DEVELOPMENT 

Int roduct ion  

"A spring i s  a p lace  where, without t h e  agency of man, water flows 
from a rock o r  s o i l  upon t h e  land o r  i n t o  a body of su r face  water." 
( ~ e i n z e r  1923 b y  p. 48). 

This chapter  presents  some of t h e  methods and techniques f o r  develop- 
ing  spr ings .  

C l a s s i f i c a t i o n  of Springs 

Springs a r e  usual ly  c l a s s i f i e d  according t o  t h e  geologic s t r u c t u r e  and 
forces  br inging water t o  t h e  surface ( ~ c h u l t z  and Cleaves, 1955). The 
two ca tegor ies  of spr ings  i n  which we a r e  i n t e r e s t e d  a r e  g rav i ty  and 
a r t e s i a n .  Some t y p i c a l  examples of these  w i l l  be  discussed.  

Magmatic spr ings  usual ly  y i e l d  h ighly  mineral ized ho t  water t h a t  i s  
a s soc ia t ed  with deep-seated magmas. They w i l l  not be discussed i n  t h i s  
chapter  . 
Gravity Springs. - Gravity spr ings  a r e  formed by t h e  outcrop of water 
flowing under a c t i o n  of gravi ty .  Some of t h e  types of g rav i ty  spr ings  
are:  depression sp r ings ,  contact  sp r ings ,  and f r a c t u r e  and t ubu la r  
spr ings .  A r ep resen ta t ive  occurrence of each type  i s  shown, but  inc lu-  
s i o n  of a l l  combinations of condit ions causing spr ings  has not  been 
attempted. ( s e e  Tolman, 1937). 

Depression springs.-- 
1. Charac te r i s t i c  Features 

A. Location: Along outcrop of water t a b l e  a t  edges o r  i n  bottom 
of a l l u v i a l  va l l eys ;  bas ins ;  depressions i n  moraines; and 
va l l eys  cut  i n  massive permeable sandstone o r  volcanic 
ash. See Figure 5-1. 

B. Type of Opening: I r r e g u l a r  spaces between g ra ins  of t h e  
mater ia l .  

C.  Yield: Depends upon height  and gradient  of t h e  water t a b l e ,  
permeabil i ty of t h e  water-bearing ma te r i a l ,  and s i z e  and 
in t ake  opportunity of t h e  t r i b u t a r y  area .  Flow may range 
from l e s s  than  one t o  seve ra l  ga l lons  pe r  minute (gpm). 

D. Type of Flow: May be e i t h e r  perennia l  o r  i n t e r m i t t e n t ,  
depending upon r i s e  o r  f a l l  of t h e  water t a b l e .  I f  t h e  
t r i b u t a r y  a rea  i s  small ,  t h e  flow w i l l  depend on l o c a l  
p r e c i p i t a t i o n .  

E. Quali ty of Water: Usually f a i r  t o  exce l l en t ,  but  may be 
mineral ized i f  t h e  aqu i fe r  contains so luble  substances.  
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Figure 5-1. Depression Spring, Seepage or Filtration Type 

F. Water Temperature: The temperature of t h e  water w i l l  gen- 
e r a l l y  approximate t h e  mean annual atmospheric temperature. 

G. Features Produced: Usually none i n  va l l eys .  I n  humid areas  
minor slumps, headcuts ,  o r  swamping may sometimes develop. 
I n  wind-swept a r i d  and semi-arid bas ins  t h e  wetted areas  
and t h e  vegeta t ion  growing around sp r ing  may cause depo- 
s i t i o n  of ma te r i a l  forming a mound. 

2. Method of Development: Remove obs t ruc t ions  t o  flow, expose addi- 
t i o n a l  a rea  of water-bearing ma te r i a l ,  c o l l e c t  flow. ( s e e  Figure 
5-8 f o r  d e t a i l s ) .  

Contact spr ings .  -- 
1. Charac te r i s t i c  Features 

A.  Location: May occur on h i l l s i d e s  o r  i n  va l l eys ;  i n  f a c t ,  
wherever t h e  outcrop of an impermeable l a y e r  occurs beneath 
a water-bearing permeable l aye r .  See Figure 5-2. 

B. Type of Opening: Openings i n  sand o r  gravel  a r e  i r r e g u l a r ,  
i n t e rg ranu la r  spaces. Openings i n  rocks a r e  j o i n t s ,  f r ac -  
t u r e s ,  o r  open bedding planes.  Openings may be tubu la r  i n  
l imestone,  gypsum, and b a s a l t .  

C. Yield: Volume of flow may range from l e s s  than  one t o  seve ra l  
thousand gpm, depending upon t h e  he ight  and gradient  of t h e  
water t a b l e ,  permeabil i ty f r a c t u r i n g  o r  development of 
so lu t ion  openings of t h e  water-bearing ma te r i a l ,  t h e  volume 
of aqu i fe r  t r i b u t a r y  t o  t h e  spr ing ,  and condit ions of water 
in take .  



Permeable rnater~al-band, gravel, sand- 

Figure 5-2. Typical Contact Springs 

6. Type of Flow: Usually pe renn ia l  f o r  contac t  sp r ings  suppl ied  
by t h e  a r e a  water  t a b l e .  I f  con tac t  sp r ing  i s  suppl ied  by 
a  perched water  t a b l e ,  t h e  flow may be i n t e r m i t t e n t .  

E. Q u a l i t y  of  Water: Usually f a i r  t o  e x c e l l e n t ,  bu t  may be 
minera l ized  i f  water-bearing m a t e r i a l  i s  so lub le .  

F. Water Temperature: The temperature of t h e  water  w i l l  approx- 
imate t h e  mean annual atmospheric temperature of  t h e  loca- 
t i o n  wi th  t h e  same except ions a s  noted under F rac tu re  and 
J o i n t  Springs.  

G. Features  Produced: T rave r t ine  ( c ~ c o ~ )  may be depos i ted  as 
descr ibed  under F rac tu re  and J o i n t  Spr ings .  

2. Method of Development: Remove obs t ruc t ions  t o  flow; expose addi- 
t i o n a l  a r e a  of water-bearing formation; c o l l e c t  flow. ( s e e  
Figure 5-8 f o r  d e t a i l s ) .  

F rac tu re ,  j o i n t  and t u b u l a r  sp r ings .  -- 
1. C h a r a c t e r i s t i c  Features  

A. Location: On h i l l s i d e s  o r  i n  v a l l e y s  o r  wherever l a n d  su r f ace  
i s  below t h e  water t a b l e .  See Figures  5-3, 5-4, and 5-5. 

B. Type of Opening: F rac tu re s  and open bedding p lanes  i n  a l l  . 

rocks ,  sometimes t u b u l a r  openings i n  l imes tone ,  gypsum, and 
lava. 

C.  Type of Water-Bearing Mater ia l :  Frac tured  o r  j o i n t e d  rocks.  
D. Type of Flow: Usually p e r e n n i a l ,  may f l u c t u a t e  wi th  p rec ip i -  

t a t i o n  i f  t r i b u t a r y  a r e a  i s  smal l .  



Ground water mainly i n  j o ~ n t s ,  fractures, and along bedding planes in sandstone 

Figure 5-3. Spring in Jointed Sandstone 

Jointed basalt  f lows 
/ / I  

~ r o & d  water i n  jo in ts  and'in scoriae between f lows 

Figure 5-4. Spring in Jointed Basalt 



Jointed limestone containing ground 
water in irregular solut ion passages 

Figure 5-5. Spring in Jointed Limestone 

E. Yield: Flow may range from l e s s  t han  one t o  hundreds of gpm 
depending upon t h e  ex t en t  of f r a c t u r e s ,  s o l u t i o n  passages,  
o r  j o i n t  system t r i b u t a r y  t o  t h e  opening. 

F. Qual i ty  of Water: Usually good t o  exce l l en t .  May be  hard  
( con ta in  C ~ C O ~ )  i f  s p r i n g  i s s u e s  from o r  pe rco la t e s  through 
l imestone.  

G. Water Temperature: The temperature of t h e  water  w i l l  approxi- 
mate t h e  mean annual atmospheric temperature a t  l o c a t i o n  
wi th  except ions a s  fo l lows:  I f  movement of water  dccurs 
through passages which a r e  open t o  t h e  c i r c u l a t i o n  of a i r ,  
cool ing  t o  a s  much a s  s e v e r a l  degrees below mean annual 
temperature w i l l  occur;  i f  water i s  not i n  contac t  with 
c i r c u l a t i n g  a i r  and t h e  depth t o  t h e  water  t a b l e  i s  s e v e r a l  
hundred f e e t ,  t h e  water w i l l  be  a few degrees (gene ra l ly  
about lo f o r  each 100 f t .  depth)  warmer than  t h e  mean 
annual  temperature.  Buried igneous rock i f  s t i l l  ho t  w i l l  
r a i s e  t h e  temperature of ground water  producing hot  sp r ings .  

H .  Features  Produced: If t h e  water  i s  warmer than  t h e  mean 
annual  atmospheric temperature and has pe rco la t ed  through 
l imestone on i t s  way t o  po in t  of d i scharge ,  T rave r t ine  
( c ~ c o ~ )  may be depos i ted  about t h e  sp r ing  opening. Water 
from o the r  ma te r i a l s  u sua l ly  produce no su r f ace  f e a t u r e s .  

2 .  Method of Development: Remove obs t ruc t ions  t o  flow; f i n d  o the r  
f r a c t u r e s  which a r e  seeping and c lean  them ou t ;  c o l l e c t  flows. 
( s e e  Figure 5-8 f o r  d e t a i l s  ) . 



Artes ian  Springs. - Artes ian  springs a r e  formed where t h e  piezometric 
sur face  i s  above t h e  land surface  and t h e  water i s s u e s  under a r t e s i a n  
pressure .  Two types of a r t e s i a n  spr ings  a r e  aqu i fe r  outcrop spr ings  
and f a u l t  spr ings .  

Aquifer outcrop springs.-- 
1. Charac te r i s t i c  Features 

Location: May occur i n '  any topographic p o s i t i o n  along out- 
crop of aqui fer .  See Figure 5-6. 

Type of Opening: W i l l  depend upon nature  of water-bearing 
ma te r i a l .  I f  aqu i fe r  i s  sandstone, water may seep from 
spaces between g ra ins ,  from f r a c t u r e s  o r  from open bedding 
planes.  I f  aqu i fe r  i s  l imestone,  water w i l l  i s s u e  from 
j o i n t s  o r  tubu la r  openings. 

Water-Bearing Material :  May be sandstone, l imestone, o r  
jo in ted  b a s a l t .  

Type of Flow: Perennia l ,  usual ly  constant .  Quickly a f f e c t e d  
by wel ls  drawing from same aqu i fe r .  May be a f f e c t e d  by 
long continued drouth. 

Yield: Flow may range from a few gpm t o  seve ra l  thousand 
gpm* 

Quality of Water: Usually good t o  exce l l en t .  Water may be 
hard o r  mineral ized (conta in  CaC03) i f  aqu i fe r  i s  l imestone. 

Water Temperature: The temperature of t h e  water w i l l  approxi- 
mate t h e  mean annual atmospheric temperature of t h e  loca- 
t i o n  unless  t h e  aqu i fe r  i s  deeply bur ied .  I f  so ,  tempera- 
t u r e  w i l l  be a few degrees above t h e  mean annual temperature 
(about lo f o r  each 100 f e e t  aqu i fe r  l i e s  beneath t h e  sur-  
f a c e ) .  

Features Produced: I f  water i s  from a limestone aqu i fe r  and 
i s  warmer than  t h e  mean annual temperature, t r a v e r t i n e  
( c ~ c o ~ )  may be deposited. 

2. Method of Development: Remove obs t ruc t ions  t o  flow; expose addi- 
t i o n a l  a rea  of aqu i fe r ,  o r  i f  from j o i n t s  o r  f r a c t u r e s ,  f i n d  
o ther  openings t h a t  a r e  seeping and c lean  them out .  Lower out- 
l e t  e l eva t ion  and improve drainage. Coll@ct flow. ( s e e  Figure 
5-8 f o r  d e t a i l s ) .  

Fault  spr ings .  -- 
1. Charac te r i s t i c  Features 

A. Location: May occur a t  any l o c a t i o n  along a f a u l t  o r  r e l a t e d  
f r a c t u r e s .  See Figure 5-7. 

B. Type of Opening: W i l l  depend upon nature  of m a t e r i a l  a t  land  
surface .  I f  sur face  i s  alluvium: water w i l l  i s s u e  from 
spaces between gra ins .  I f  su r faae  i s  rock, water w i l l  
i s sue  from f rac tu res .  

C. Type of Water-Bearing Material :  Mgy be any kind of rock. 
Surface ma te r i a l  may not i n d i c a t e  what t h e  aqu i fe r  cons i s t s  
o f .  

D. Yield: Volume of flow may range feom a few gpm t o  s e v e r a l  
thousand gpm. 



Intake area 

Sprmgs at  outcrop of  aqu~fer  

Figure 5-6. Artesian Spring at Outcrop of Aquifer 

Intake area 

/' Water r ises along fau l t  as the result  of 

Figure 5-7. Artesian Spring Occurring along a Faul t  



E.  Type of Flow: Pe renn ia l ,  cons t an t ,  and only a f f e c t e d  by long 
per iods  of drouth.  Quickly a f f e c t e d  by pumping from we l l s  
drawing upon t h e  source a q u i f e r .  

F. Qual i ty  of Water: . Usually good t o  e x c e l l e n t .  Water may be 
hard o r  minera l ized  ( con ta in  C ~ C O ~ )  i f  a q u i f e r  i s  l imestone,  

G. Water Temperature: See Aquifer Outcrop Springs.  
H.  Features  Produced: See Aquifer Outcrop Springs.  

2. Method of Development: Remove obs t ruc t ions  t o  flow; search  f o r  
o the r  f r a c t u r e s  t h a t  a r e  seeping and c lean  them o u t ;  lower out-  
l e t  e l eva t ion ,  improve drainage;  c o l l e c t  flows. ( s e e  Figure 5-8 
f o r  d e t a i l s  ) . 

Development of Springs 

The ob jec t ive  of a  sp r ing  development i s  t o  make a v a i l a b l e  f o r  use 
ground water  t h a t  i s  unused, under used o r  wasted. Where y i e l d  o r  
p o t e n t i a l  y i e l d  g r e a t l y  exceeds t h e  needs, conservat ion of t h e  supply 
may not  be a  c r i t i c a l  cons idera t ion  i n  t h e  development. Conversely, 
where t h e  y i e l d  o r  p o t e n t i a l  y i e l d  i s  low, proper development t o  a s su re  
f u l l  u t i l i z a t i o n  of t h e  a v a i l a b l e  water  i s  very important .  

Methods. - Information should be obta ined ,  p re fe rab ly  dur ing  a  dry sea- 
son, on t h e  volume and r e l i a b i l i t y  of present  flow; t h e  na tu re  of t h e  
water-bearing n la te r ia l ;  and t h e  hydrogeologic condi t ions  which cause 
t h e  sp r ing ,  before  proceeding with p lans  f o r  development. One o r  more 
of t h e  fol lowing descr ibed  measures may be expected t o  improve sp r ing  
flow. 

P ro t ec t ion  of sp r ings  from contamination i s  of prime concern i n  any 
development. The l o c a t i o n  of poss ib l e  sources of contamination and 
d i r e c t i o n  of ground-water flow must always be considered i n  planning 
sp r ing  developments. Seepage from ba rns ,  feed  l o t s ,  s e p t i c  f i e l d s ,  
and o the r  sources t h a t  can e n t e r  t h e  zone of s a t u r a t i o n  and gradual ly  
i nc rease  t h e  b a c t e r i a l  count and chemical p o l l u t a n t s  of sp r ing  water 
should be recognized. There i s  no easy way t o  a s c e r t a i n  when t h e  
water may become unsafe.  A water a n a l y s i s  i n d i c a t i n g  s a f e  water i s  no 
assurance t h a t  contamination from b a c t e r i a ,  i n s e c t i c i d e s ,  h e r b i c i d e s ,  
de t e rgen t s ,  and o t h e r  chemicals cannot o r  w i l l  not  occur i n  t h e  near  
f u t u r e .  

I f  a  sp r ing  i s  developed f o r  domestic and l i v e s t o c k  use ,  a  sp r ing  box 
w i l l  u sua l ly  be needed. If t h e  supply of water  g r e a t l y  exceeds t h e  
needs, a p ipe  l i n e  can be connected t o  a  sand po in t  o r  f i l t e r i n g  p ipe  
l a i d  o r  dr iven  i n t o  t h e  base of t h e  a q u i f e r  o r  connected with a  system 
of c o l l e c t i o n  l i n e s  i n  t h e  sp r ing  a rea .  Where supp l i e s  a r e  l i m i t e d ,  
f l oa t - type  c o n t r o l  va lves  can be i n s t a l l e d  t o  conserve water .  

Developments of l i m i t e d  water  supp l i e s  from l o w  y i e l d i n g  sp r ings  should 
be planned and developed t o  maintain a  f u l l  head of water  i n  t h e  r e se r -  
v o i r  a r e a  of t h e  sp r ing .  

Excavations made during t h e  i n s t a l l a t i o n  of s p r i n g  boxes, wing w a l l s ,  
c o l l e c t o r  l i n e s  and o u t l e t  works w i l l  dewater some of t h e  sp r ing  a r e a .  



When t h e  e a r t h  m a t e r i a l s  a r e  rep laced  a f t e r  cons t ruc t ion  i s  completed, 
t h e  r e s e r v o i r  capac i ty  of t he  s p r i n g  a r e a  w i l l  not be impaired. 

Where wing wal l s  o r  sp r ing  boxes a r e  used, an overflow p ipe  can be s e t  
below t h e  t o p  of t h e  wing wa l l  a t  t h e  design s to rage  p r o f i l e  of t h e  
r e s e r v o i r .  ( s e e  Figures  5-8 and 5-9).  The overflow can be piped t o  
a s to rage  tank o r  o u t l e t  i n t o  permeable ma te r i a l s  away from t h e  sp r ing  
keeping t h e  a r e a  below t h e  sp r ing  dry.  

Where f r a c t u r e d  rock i s  t h e  r e s e r v o i r  f o r  a sp r ing ,  oppor tun i t i e s  f o r  
c o n t r o l  of s to rage  i n  t h e  sp r ing  a r e a  a r e  l e s s  favorable .  A c o l l e c t i n g  
system a t  t h e  outcrop of t h e  sp r ing  and impermeable s t ra tum would be 
l e s s  c o s t l y  t han  a system of g a l l e r i e s  a long t h e  bedding plane.  

A s to rage  tank  i s  u sua l ly  required--the s i z e  w i l l  depend on t h e  use of 
t h e  water  and t h e  y i e l d  and dependabi l i ty  of t h e  sp r ing .  

Removal of obstruct ions.--Obstruct ions t o  flow may be depos i t s  of 
t r a v e r t i n e  ( c ~ c o ~ )  o r  f ine-grained m a t e r i a l s  ( sand ,  s i l t ,  o r  c l a y )  
brought t o  t h e  o u t l e t  by sp r ing  flow, o r  they  may be s lope  wash ma te r i a l s  
depos i ted  on t h e  o u t l e t  by su r f ace  waters .  Vegetat ion growing i n  o r  
about t h e  o u t l e t  may obs t ruc t  flow and w i l l  c e r t a i n l y  consume water  
which would otherwise i s s u e  a s  sp r ing  flow. Usually t h e  removal of 
such ma te r i a l s  o r  growth w i l l  add apprec iab ly  t o  t h e  flow of sp r ings .  

I f  t h e  sp r ing  water  c a r r i e s  sediment t o  t h e  opening, some means of 
d e s i l t i n g  t h e  water  such a s  a f i l t e r  o r  sump w i l l  be d e s i r a b l e .  When 
a sump i s  used it should be l o c a t e d  below t h e  sp r ing  so  t h a t  t h e  s ed i -  
ment w i l l  not  b u i l d  up over t h e  o u t l e t  between p e r i o d i c  c leanings .  
The sump should be designed t o  f a c i l i t a t e  c leaning  by s l u i c i n g  i f  
poss ib l e .  

Ditches l oca t ed  so  a s  t o  d i v e r t  su r f ace  drainage away from t h e  sp r ing  
w i l l  prevent  t h e  clogging of o u t l e t s  by s lope  wash m a t e r i a l .  I f  t h e  
c o l l e c t i o n  of s e v e r a l  smal l  flows i s  planned, use  covered g a l l e r i e s  o r  
d ra ins  t o  avoid c leaning  and maintaining open d i t c h e s .  

The flow of smal l  sp r ings  can be reduced s u b s t a n t i a l l y  by t r a n s p i r a t i o n  
of phreatophytes .  These phreatophytes  can be e l imina ted  by t h e  use of 
chemicals o r  e r a d i c a t e d  mechanically.  Care must be exe rc i sed  with 
e i t h e r  method. The chemicals used t o  e l imina te  t h e  phreatophytes  could 
contaminate t h e  sp r ing .  Mechanical e r a d i c a t i o n  may expose l a r g e  a reas  
of ba re  e a r t h  t h a t  could erode. The r e s u l t i n g  sediment could impair 
t h e  sp r ing  opening o r  downstream a r e a s  un le s s  s u i t a b l e  vege ta t ion  i s  
e s t ab l i shed .  

Col lec t ion  of flow.--At some l o c a t i o n s ,  c o l l e c t i n g  t h e  flow i s s u i n g  a t  
s e v e r a l  openings, o r  seeping from an outcrop of water-bearing m a t e r i a l ,  
i s  t h e  only means of development. Where water i s s u e s  from f r a c t u r e s ,  
t h e  i n d i v i d u a l  openings should be cleaned,  and t h e  water  c o l l e c t e d  by 
means of a t i l e  o r  pe r fo ra t ed  p i p e l i n e ,  o r  g r a v e l - f i l l e d  d i t c h  " ~ r e n c h  
Drain" graded t o  a c e n t r a l  sump o r  s p r i n g  box. I n  c o l l e c t i n g  water  
seeping from permeable m a t e r i a l ,  t h e  d i t c h  o r  t unne l  should expose t h e  



length and th ickness  of t h e  water-bearing zones. The excavation must 
extend s u f f i c i e n t l y  below t h e  water-bearing zones t o  a f f o r d  drainage. , 
Drainage of add i t iona l  a rea  of the  water-bearing formation.--The flow 
of springs of t h e  depression and contact  type may usual ly  be increased 
by excavation loca ted  t o  d ra in  a d d i t i o n a l  por t ions  of t h e  aqu i fe r .  
Such excavation may be e i t h e r  by d i t ches  or  tunne l s ,  depending upon 
topography a t  t h e  spr ing  and t h e  c h a r a c t e r i s t i c s  of t h e  water-bearing 
and underlying ma te r i a l s .  

I f  t h e  spr ing  occurs i n  gent ly  s loping  o r  near ly  l e v e l  t e r r a i n ,  a  d i t c h  
along t h e  outcrop of t h e  water-bearing ma te r i a l  w i l l  u sua l ly  be t h e  
most economical method. The d i t ch  should be dug so  a s  t o  i n t e r c e p t  t h e  
maximum a rea  of t h e  water-bearing zone. 

A tunnel  o r  i n f i l t r a t i o n  g a l l e r y  may be t h e  most p r a c t i c a l  method of 
developing depression or  contact  spr ings  i n  s t e e p ,  h i l l y  t e r r a i n .  See 
Table 5-1 f o r  tunnel  loca t ions  i n  consolidated and unconsolidated 
mater ia l .  Tunneling i n  unconsolidated and many consolidated depos i t s  
w i l l  r equ i re  support of t h e  roof and l i n i n g  t o  prevent cave-ins. Miners 
o r  o thers  experienced i n . a n d  equipped f o r  such work should be employed 
f o r  extensive tunneling.  The guiding p r i n c i p l e  i n  excavating tunnels  
f o r  water development should be "follow t h e  water." -- 

Lowering o u t l e t  elevation.--This method i s  e f f e c t i v e  i n  improving t h e  
flow of spr ings  which a r e  supplied by an extens ive  system of channels 
i n  rock, o r  by a  l a r g e  volume of permeable water-bearing ma te r i a l  a s  
i n  some a r t e s i a n  spr ings .  By lowering t h e  o u t l e t  e l eva t ion ,  added head 
of water i s  made ava i l ab le  t o  increase  flow a t  t h e  spr ing .  I f  t h e  
volume of ground-water t r i b u t a r y  t o  t h e  o u t l e t  i s  g r e a t ,  t h e  lowering 
of t h e  o u t l e t  e l eva t ion  may produce a  s u b s t a n t i a l  and long- las t ing  
increase  i n  flow. I f  t h e  volume of water t r i b u t a r y  t o  t h e  sp r ing  i s  
l imi t ed ,  t h e  increase  i n  flow may be expected t o  be of shor t  dura t ion .  
A study of t h e  source of supply should precede lowering t h e  o u t l e t .  

Explosives.--The use of explosives i s  not recommended because t h e  
s h a t t e r i n g  and d i s loca t ion  of rock r e s u l t i n g  from b l a s t i n g  may, by 
closure of a  f r a c t u r e  o r  j o i n t ,  cause t h e  e x i s t i n g  flow t o  cease o r  t o  
i s sue  a t  some o the r  loca t ion .  

S t r u c t u r z  - Various types  of s t r u c t u r e s  and methods may be used i n  
t h e  co l l ec t ion  of ground water f o r  sp r ing  developments inc luding per-  
fo ra t ed  o r  t i l e  p ipe l ines  l a i d  i n  g r a v e l - f i l l e d  d i t c h e s ,  drainage 
d i tches  back-f i l led  with gravel  o r  sand, i n f i l t r a t i o n  g a l l e r i e s  o r  
tunnels .  Se lec t ion  of t h e  method should be influenced by condit ions 
of spr ing  occurrence such as  topography, na ture  of t h e  water-bearing 
mater ia l ,  type of openings from which water i s s u e s ,  and volume of flow. 

A spr ing  box and p ipe l ine  a r e  t h e  most s a t i s f a c t o r y  means of de l ive r ing  
water t o  t h e  poin t  of use. The sp r ing  box o r  c o l l e c t i n g  bas in  should 
be loca ted  o r  designed s o  t h a t  water does not  pond over t h e  sp r ing  
openings. Ponding over t h e  sp r ing  openings w i l l  reduce spr ing  d i s -  
charge and may cause seeps t o  change t h e i r  pa th  of flow. 



Table 5-1. Tunnel Location 

Aquifer 
Ma te r i a l  

Ma te r i a l  
Underlying 
t h e  Aquifer 

Location 
0 f 

Tunnel 

Consolidated Consolidated I n  underlying m a t e r i a l  wi th  t o p  of 
t unne l  exposing bottom of aqu i f e r .  

Unconsolidated Unconsolidated I n  a q u i f e r  a t  contac t  with under- 
l y i n g  m a t e r i a l .  

Unconsolidated Consolidated I n  a q u i f e r  a t  con tac t  wi th  under- 
l y i n g  m a t e r i a l .  

Sketches of a t y p i c a l  Spring Co l l ec t ion  System and a Spring Box and 
Pipe Arrangement a r e  shown i n  Figures  5-8 and 5-9. The c o l l e c t i o n  
system shown i s  s u i t a b l e  f o r  development of a seepage o r  f i l t r a t i o n  
type  sp r ing .  

Collector.--The c o l l e c t o r  may c o n s i s t  of c l ay  t i l e  o r  p e r f o r a t e d  p ipe  
l a i d  i n  graded small  g rave l  ( l / b l '  o r  l e s s  d iameter )  o r  graded sand a s  
shown i n  Figure 5-8. I n  Figure 5-8, t h e  DETAIL OF COLLECTOR, SECTION 
A-A, would be a s e c t i o n  of a " ~ r e n c h   rain" i f  t h e  c l ay  t i l e  was not  
i n s t a l l e d  i n  t h e  g rave l  envelope. 

I n  cons t ruc t ing  a c o l l e c t o r  i n  permeable m a t e r i a l ,  it i s  good p r a c t i c e  
t o  p l ace  an impervious b a r r i e r  on t h e  downhill  s i d e  of t h e  t r e n c h  a s  
shown. The b a r r i e r  should extend down t o  impervious m a t e r i a l  t o  i n t e r -  
cept  t h e  water and cause it t o  flow t o  t h e  po in t  of c o l l e c t i o n .  Under 
some condi t ions  sand p o i n t s  may be dr iven  i n t o  s a t u r a t e d  m a t e r i a l  t o  
s e rve  a s  c o l l e c t o r s .  

I n  p l an ,  t h e  head-wall o r  cut-off i s  u sua l ly  cons t ruc ted  a s  a l a r g e  V, 
wi th  t h e  apex downhill ,  and t h e  wing w a l l s  extending i n t o  t h e  h i l l  t o  
prevent  water  from escaping.  I f  concre te  i s  used,  t h e  w a l l  should be 
a t  l e a s t  6" t h i c k .  Masonry, shee t  p i l i n g ,  o r  c l ay  may a l s o  be used f o r  
t h e  head w a l l  which should extend deep enough t o  prevent  underflow. 

Spring box.--A s p r i n g  box may be cons t ruc ted  t o  advantage i n  t h e  apex 
of t h e  V-shaped head w a l l  a s  shown i n  Figure 5-8. Use of a s p r i n g  box 
provides a s e t t l i n g  b a s i n  f o r  sediment removal, and f a c i l i t a t e s  mainte- 
nance of t h e  development. I f  a sp r ing  box i s  used wi th  a c o l l e c t o r  
system a s  shown, t h e  upstream w a l l  should have openings loca t ed  s o  t h a t  
a l l  t h e  water  c o l l e c t e d  can e n t e r  t h e  box. S a t i s f a c t o r y  s p r i n g  boxes 
may be  cons t ruc ted  of concre te ,  s e c t i o n s  of l a r g e  diameter  p i p e ,  o i l  
drums, e t c .  Wooden s p r i n g  boxes d e t e r i o r a t e  i n  a few yea r s  and a r e  not 
s a t i s f a c t o r y .  For sp r ings  not r e q u i r i n g  a c o l l e c t o r  system, t h e  upstream 
w a l l  of t h e  box may sometimes be omit ted.  The s p r i n g  box should have 
a t i g h t - f i t t i n g  cover and t h e  e n t i r e  development should be covered wi th  
e a r t h  t o  a depth which w i l l  prevent  f r eez ing .  
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Delivery pipes.--An important p a r t  of t h e  sp r ing  development i s  t h e  
arrangement of t h e  de l ivery  and overflow pipe layout  (Figure 5-9). The 
pipes may be s t e e l ,  copper o r  p l a s t i c .  Experience ind ica te s  t h a t  a  
pipe having a diameter of not l e s s  than  1-1/4 inches should be used 
where t h e  grade i s  over 1 percent .  Where t h e  grade i s  between 0.5 
percent  and 1.0 percent ,  a  pipe having a 1-112 inch o r  l a r g e r  diameter 
i s  recommended. Grades under 0 .5  percent  r equ i re  a  2 inch diameter 
pipe as  a  minimum. Grades l e s s  than 0.2 percent  a r e  not  recommended. 
When pipes smaller  than  recommended a r e  used, t h e r e  i s  a tendency f o r  
them t o  become clogged and they a r e  d i f f i c u l t  t o  clean.  Cleaning may 
be f a c i l i t a t e d  by p lac ing  "T' s f '  o r  "Y'  s" with plugs a t  s e l e c t e d  po in t s  
i n  t h e  p ipe l ine .  

The pipe should be l a i d  on a p o s i t i v e  grade. High spots  usual ly  c r e a t e  
a i r  locks which may s top  t h e  flow. They a l s o  reduce t h e  v e l o c i t y  of 
flow. Pipes should be l a i d  below t h e  f r o s t  l i n e  and covered t o  prevent 
f reez ing .  

The pipe leaving  t h e  spr ing  box should be placed a t  l e a s t  6" above t h e  
f l o o r  t o  provide a  sediment t r a p .  A water - t ight  connection must be 
made where t h e  pipe leaves t h e  sp r ing  box o r  goes through t h e  cut-off 
wal l .  A union should be placed on t h e  p ipe  ou t s ide  of t h e  wa l l  t o  per- 
m i t  easy removal of pipe sec t ion .  A t e e  and vent pipe should be i n s t a l l e d  
on t h e  pipe wi th in  t h e  spr ing  box t o  reduce plugging from leaves o r  
t r a s h .  

The pipe connection with t h e  water tank may be accomplished i n  a  number 
of ways. The p r a c t i c e  of br inging t h e  p ipe  under t h e  tank and v e r t i c a l l y  
through t h e  bottom i s  usual ly  considered t h e  most des i r ab le  where t h e  
tank i s  t o  be used during f r eez ing  weather. It has a l s o  been found 
b e n e f i c i a l  t o  have t h e  i n l e t  and o u t l e t  pipes f a i r l y  c lose  toge the r ,  
near  t h e  center  of t h e  tank.  Even though t h e  water f r eezes  around t h e  
edge of t h e  tank,  it w i l l  t end  t o  s t a y  open a t  t h e  cen te r  depending on 
t h e  r a t e  of inflow. In  cold  cl imates tanks should be designed t o  be 
water t ight  when t h e  sur face  i s  frozen t o  a  reasonable depth. Figure 
5-9 i l l u s t r a t e s  a  good method of br inging t h e  de l ive ry  pipe i n t o  t h e  
tank and of bypassing t h e  flow. 

Hydraulic rams.--If it i s  necessary t o  d e l i v e r  water from a sp r ing  
development t o  a  higher  e l eva t ion  than  t h e  o u t l e t  of t h e  spr ing ,  a  
hydraulic  ram can be used. 

A hydraulic  ram i s  an automatic pump operated by water power. It u t i -  
l i z e s  t h e  power developed by t h e  surge of a  quan t i ty  of f a l l i n g  water 
t o  force  a  much l e s s e r  amount t o  an e l eva t ion  above t h e  source of supply. 
Figure 5-10 i s  a sketch of a  t y p i c a l  ram i n s t a l l a t i o n  and a diagrammatic 
sketch of a ram. 

Br ie f ly ,  t h i s  i s  how a hydraul ic  ram works: Water from t h e  supply flows 
down t h e  d r ive  pipe t o  t h e  ram, thus  developing a c e r t a i n  power due t o  
i t s  weight and movement. It flows through t h e  outs ide  valve of t h e  ram 
u n t i l  it reaches a  c e r t a i n  ve loc i ty ,  whereupon t h e  valve c loses .  The 
c o l m  of water continues on through t h e  ins ide  valve i n t o  t h e  a i r  
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chamber. When t h e  pressure  i n  t h e  a i r  chamber equal izes  and overcomes 
t h e  power i n  t h e  column of water ,  a  rebound t akes  place which c loses  
t h e  ins ide  valve and opens t h e  outs ide  va lve ,  allowing t h e  water t o  
s t a r t  flowing again and t h e  e n t i r e  process i s  repeated.  It i s  repeated 
from 25 t o  100 t imes per  minute, bu i ld ing  up pressure  i n  t h e  a i r  cham- 
b e r ,  which i n  t u r n  forces  water through t h e  de l ivery  pipe t o  t h e  plaee 
where it can be used. 

The volume of water t h a t  a  ram w i l l  pump i s  dependent on t h e  f a l l  between 
t h e  source of supply and t h e  ram, t h e  he ight  t h e  water i s  t o  be r a i s e d  
from t h e  ram t o  t h e  o u t l e t ,  and t h e  quant i ty  of water ava i l ab le .  

When t h e  water supply i s  l imi t ed ,  a  ram must be s e l e c t e d  which w i l l  
operate  with t h e  minimum quant i ty  of water ava i l ab le ;  where t h e r e  i s  
an abundant water supply t h e  s i z e  i s  governed by t h e  quan t i ty  of water 
needed per  day. 

Manufacturers b u i l d  rams t h a t  w i l l  operate  successfl l l ly  on flows of 
1-1/2 gpm o r  more when operat ing under a  head of not l e s s  than  2.0 f e e t .  

A formula f o r  es t imat ing  t h e  number of ga l lons  of water de l ivered  pe r  
hour t o  a  given poin t  i s  a s  follows: 

D = gal lons  per  hour t h a t  t h e  ram w i l l  d e l i v e r  
V = gal lons  per  minute of supply water ava i l ab le  
F = f a l l  i n  f e e t  
E = v e r t i c a l  e l eva t ion  i n  f e e t  t h a t  water i s  t o  be r a i sed .  

Similar  information can be obtained by r e f e r r i n g  t o  Table 5-2. 

I n  order  t o  a s c e r t a i n  t h e  p r a c t i c a b i l i t y  of i n s t a l l i n g  a ram under any 
p a r t i c u l a r  s e t  of condi t ions ,  t h e  following information should be 
co l l ec ted :  

1. The number of ga l lons  pe r  minute which t h e  sp r ing ,  a r t e s i a n  
wel l ,  o r  s tream w i l l  de l ive r .  

2 .  Number of ga l lons  per 24-hour day des i r ed  from t h e  ram. 
3. Available f a l l  i n  f e e t  from t h e  source of water t o  t h e  ram. 
4. Elevation t o  which water i s  t o  be r a i s e d  above t h e  ram. 
5 .  Pipe l i n e  d is tance  from ram t o  poin t  of discharge.  
6. Pipe l i n e  d is tance  from t h e  source of water t o  t h e  ram. 

Submission of t h i s  information t o  reputable  ram manufacturers w i l l  
enable a  recommendation t o  be made regarding t h e  i n s t a l l a t i o n .  Due t o  
t h e  v a r i a t i o n s  encountered i n  ram i n s t a l l a t i o n s  and t h e  difference i n  
s tandards embodied i n  t h e  rams b u i l t  by various manufacturers,  no 
attempt i s  made t o  d iscuss  t h e  d e t a i l s  of s e l e c t i o n  and i n s t a l l a t i o n .  

Protection.--Springs f requent ly  occur a t  l oca t ions  which a r e  suscept ib le  
t o  f looding.  P ro tec t ion  should be af forded t o  t h e  sp r ing  and i t s  appur- 
t enan t  s t r u c t u r e s  t o  permit use without cont inual  maintenance. 



Table 5-2. Gallons of Water L i f t e d  by Hydraulic Ram pe r  Gallon 
Received from Source 

( ~ r o m  Farmers' B u l l e t i n  No. 1978 Safe  Water f o r  t h e   arm) 

F a l l  Height Del ivered ( i n  f e e t )  
i n  

Feet 1 2  18 24 3 0 36 4 8 6 o 72 

Diversions proper ly  l o c a t e d  w i l l  a f f o r d  p r o t e c t i o n  i n  many in s t ances .  

The sp r ing  i t s e l f  may be developed s o  t h a t  f l ood  flows pass ing  over t h e  
t o p  w i l l  not  cause damage. A concre te  r e t a i n i n g  o r  wing w a l l  p roper ly  
cons t ruc ted  and l o c a t e d  w i l l  prevent  channel degradat ion and dewatering 
of t h e  s p r i n g  a q u i f e r .  A sp r ing  box wi th  a s t e e l  o r  concre te  l i d  
p laced  below t h e  t o p  of t h e  concre te  wing w a l l  and p ro t ec t ed  by a deb r i s  
bas in  of rock and g r a v e l  may be adequate f l ood  p ro t ec t ion .  The pipe- 
l i n e  should be extended far  enough down v a l l e y  t o  p l ace  t h e  water ing 
tank  above f lood  c r e s t s .  This  type  of development i s  i l l u s t r a t e d  i n  
Figure 5-11. 

Dugouts.--Dugouts a r e  excavat ions below t h e  water  t a b l e  u sua l ly  made 
with drag-l ine equipment. They need t o  extend i n t o  t h e  zone of s a tu ra -  
t i o n  deep enough t o  al low f o r  an abnormally low water t a b l e  during dry 
per iods  t o  make c e r t a i n  t h a t  t h e  supply i s  permanent. They a r e  gene ra l ly  
l o c a t e d  i n  v a l l e y s  of s t ream systems, bu t  may be developed wherever t h e  
water  t a b l e  i s  permanently c lo se  t o  t h e  l and  su r f ace .  Dugouts a r e  
favored kinds of water  developments because they  a r e  (1) easy t o  con- 
s t r u c t ,  ( 2 )  automatic water  ho le s ,  ( 3 )  u sua l ly  r e q u i r e  very  l i t t l e  
a t t e n t i o n ,  and ( 4 )  economical. 

The unfavorable  a spec t s  of a dugout a r e  (1) s a n i t a t i o n ,  ( 2 )  death t r a p s  
where foundat ion m a t e r i a l s  a r e  so  s o f t  t h a t  animals mire and g e t  s tuck  
i n  t h e  mud, ( 3 )  not  s u i t a b l e  f o r  co ld  c l imate  w in te r  use because ,of 
i c e ,  and ( 4 )  sedimentat ion.  The s a n i t a r y  hazards p e r t a i n  t o  b a c t e r i a l  
contamination and l a c k  of drainage away from t h e  water supply. Flood 
waters  may do some f lu sh ing  of b a c t e r i a ,  bu t  they  a l s o  in t roduce  loose  
muds t h a t  con t r ibu te  t o  mir ing and adding t o  t h e  hazard of t r app ing  
animals.  

I n  a r eas  of shal low ground water ,  where dugouts a r e  u sua l ly  cons t ruc ted ,  
a shallow w e l l  would probably be a more s a t i s f a c t o r y  l i v e s t o c k  water ing 
f a c i l i t y .  If e l e c t r i c  s e r v i c e  i s  a v a i l a b l e ,  a water ing  tank  wi th  a 
f l o a t  switch t o  a c t i v a t e  an e l e c t r i c a l l y - o p e r a t e d  pump would provide a 
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more des i r ab le  and s a n i t a r y  water supply. If e l e c t r i c  power i s  not 
ava i l ab le  a t  t h e  s i t e ,  a windmill would provide a source of power f o r  
a pump. I n  t h i s  case ,  t h e  tank should have an overflow pipe  t h a t  w i l l  
dispose of excess water some dis tance  away t o  prevent a mud hole from 
developing around t h e  tank.  
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Int roduct ion  

A wel l ,  a s  used here in ,  i s  a  v e r t i c a l l y  d r i l l e d  o r  dug hole i n  t h e  
ground constructed f o r  t h e  purpose of obta in ing  water from t h e  mater ia l  
which it penet ra tes .  

An e f f i c i e n t  we l l  i s  designed and constructed u t i l i z i n g  sound geologica l  
and engineering p r inc ip le s .  Some of these  p r i n c i p l e s  such a s  methods 
of d r i l l i n g  and logging w e l l s ,  screen and f i l t e r  pack design, casing 
design, development of we l l s ,  and maintenance w i l l  be discussed i n  
t h i s  chapter .  

Methods of D r i l l i n g  Wells 

Wells may be d r i l l e d  by one of f i v e  p r inc ipa lme thods :  r o t a r y  hydraul ic ,  
reverse  hydraul ic ,  percussion o r  cable t o o l ,  j e t t i n g ,  and boring.  Each 
method has advantages over t h e  o the r  methods under c e r t a i n  condit ions.  
Table 6-1 shows t h e  var ious  d r i l l i n g  methods and t h e i r  app l i ca t ion  t o  
subsurface condit ions and water uses.  

Rotary Hydraulic 
The r o t a r y  hydraul ic  method of d r i l l i n g  wel ls  i s  based upon t h e  prin-  
c i p l e  of f lushing  c u t t i n g s  out of t h e  we l l  with t h e  a i d  of water, thus  
t h e  name hydraulic .  A l o c a l  c l ay ,  ben ton i t e ,  o r  g e l  i s  u sua l ly  mixed 
with t h e  water t o  make a  s l u r r y  o r  d r i l l i n g  mud. The consistency of 
t h e  d r i l l i n g  mud i s  va r i ed  by adding e i t h e r  b a r i t e ,  c lay ,  o r  water ,  
depending on t h e  mud weight needed t o  s t a b i l i z e  t h e  hole  and t h e  char- 
a c t e r  of the  m a t e r i a l  being penet ra ted .  This mud i s  pumped under pres- 
sure  through a  hollow d r i l l  stem t o  t h e  bottom of t h e  hole where it i s  
discharged through openings i n  t h e  b i t .  The b i t  i s  designed t o  cut  
ma te r i a l s  from t h e  bottom of t h e  hole  a s  t h e  d r i l l  stem and b i t  a r e  
ro ta t ed .  The d r i l l  c u t t i n g s  a r e  c a r r i e d  t o  t h e  sur face  i n  t h e  annular 
space between t h e  d r i l l  stem and w a l l  of t h e  hole  by t h e  d r i l l i n g  mud. 

The cu t t ings  s e t t l e  out of t h e  mud i n  p i t s  before  t h e  mud i s  rec i rcu-  
l a t e d .  Mud pressure  and consistency must be adequate t o  maintain c i r -  
cu la t ion  i n  t h e  system and car ry  d r i l l  c u t t i n g s  out of t h e  hole  while 
d r i l l i n g .  

The hydraulic  r o t a r y  method i s  e f f e c t i v e  f o r  d r i l l i n g  most rocks. With 
calyx sho t ,  b o r t  and diamond b i t s ,  t h e  hardes t  rock may be d r i l l e d .  
D r i l l i n g  i s  r ap id  i n  a l l  except t h e  hardes t  rocks. D i f f i c u l t y  i s  
encountered i n  pene t ra t ing  loose ,  hard boulders .  



Table 6-1. Water Well Construction Methods I;/ 

water  able 
Depth f o r  Usual usua l  m 

I 
U a t e r i a l s  f o r  Which Which & s t  Uaximum D i e t e r  IU 

Uethod Best Sui ted  Sui ted  Depth Range Usual Casing Uacer ta l  Customary Use l i e l a  R c u r k s  

Dug U e l l s  
Hand 

Uachine 

Clay. s i l t .  sand. g r a w l  ! - 30 f t .  50 f t .  3- 8 f t .  Br i tk .  rock. timber Dom., s tock  3- 20 8pm. Surface r e a l  necessary;  founda- 
t i o n  problems. 

Far ndat ion  problems; develop- 
ment not  possible.  

I. 1, I, 5 - 2 0 f t .  2 5 f t .  6 4 0 f t .  W o o d o r s t e e l s h e e t  
P i l i n g  

Munic. ind. 100-1500 gpm. 
i r r i g .  

Driven U r l l a  
Hand. a i r  h . m r  S i l t ,  sand,  g r a r r l  l e s s  5 - 15 f t .  50 f t .  lk-4 lo.  S t a n d u d  w i g h t  pipe 

than 2". 
Dm.,  drain.  3- 40 gpm. Limited t o  shallow W.T.. no 

la rge  gravel .  

J e t t e d  U a l l s  
L ight ,  por tab le  

r i g  

D r i l l e d  Uel l s  
Cable t o o l s  

S i l t .  sand. g rave l  l e s s  5 - 15 f t .  50 It. 15-3 in. Standard n i g h t  pipe 
than I". 

Dm.. dra in .  3- 30 gpm. Limited t o  s b a l l w  W.T., no 
la rge  gravel .  

Unconsolidated and con- Any daptb  1500 f d  3-24 in. S t e e l  o r  w o u g h t  i r o a  
so l ida ted  medium hard Pipe 
and hard rock 

~ l l  uses 3-3000 gpo. Ef fec t ive  f o r  water explora t ion .  
Requires cas ing  in  loose  mater- 
i a l s .  Uud-acov and h o l l w  rod 
b i t s  developed for  d r i l l i n g  un- 
consolidated f i n e  t o  medium 
sediments. 

S i l t ,  sand. g rave l  l e s s  Any depth l 5 0 0 f d  3-18 in. S t e a l  or wrought i r o a  
than 1 inch; s o f t  t o  P iPe 
hard consolidated rock. 

~ l l  uses 3-3000 gpa. F a s t e s t  method f o r  a11 except 
hardes t  rock. Casing usua l ly  
no t  requi red  dur ing  d r i l l i n g .  
E f f e c t i v e  for  g rave l  envelope 
wells .  

Hydraul ic  r o t a r y  

Rsverse hydraulic 
r o t a r y  

S i l t .  s a d ,  gravel .  cobble 5 - 100 f L  200 fc. 16-48 in. S t e e l  o r  w u g h t  i r o n  I r r i g .  ; id. ; 500-4000 gpm. 
munic. 

E f f e c t i v e  f o r  l a rge  diameter 
ho les  i n  unconsolidated and 
p a r t i a l l y  consolidated depo- 
s i t s .  Requires la rge  volume 
o f  water for  d r i l l i n g .  Effec- 
t i v e  for  g rave l  envelope well.. 

A i r  r o t a r y  Any depth 2 0 0 0 1 ~ ~  12-20 in. S t e e l  o r  wrought i r o n  
Pipe 

silt. s a d .  g rave l  h a s  
than 2". s o f t  t o  hard 
conro l ida tad  rock. 

I r r i g . ;  id.; 500-3000 gpm. 
mun i c  . Now used in  o i l  explora t ion .  Very 

f a s t  d r i l l i n g .  Combines r o t a r y  and 
percussion methods ( a i r  d r i l l i n g )  
c u t t i n g s  removed by a i r .  Would 
be economical for deep water, 
u e l l S . b /  

Augrring 
Hand auger 

Power auger 

5 - 30 ft. 35 f t .  2-8 in. Shaet  metal  Doa.; drain.  3- 50 gpm. Host e f f e c t i v e  for  p e n e t r a t i n g  
and removing clay.  Limited by 
grave l  over 1". Casing required 
i f  m a t e r i a l  i s  loose. 
Limited by grave l  over 2". other -  
wise same a s  for hand auger. 

Clay. silt ,  sand. g r a w l  
l e s s  than 1". 

. r r .  3- 100 gpm. 
drain.  

Clay,  s i l t ,  sand. g rave l  
l e s s  than 2" 

5 - 50 f t .  75 f t .  6-36 in. S t e e l  o r  w u g h t  iron.  
o r  concre te  pipe 

$ Yield i n f l i n ; e d  p i & a r i l ;  by geology and a v a i l a b i l i t y  o f  ground ua ta r .  
C r s a r r r  d e ~ c h s  reached with heavier  equipment. 
Jackson. ~ b r d o n .  1959, AN ANALYSIS O F ' A G  DRILLING. The D r i l l i n g  Contractor.  American Assn. o f  O i l  Well D r i l l i n g  Cootractors.  211 North Ervay Building. Dal las  l.Texas. 

( 3 )  tbenn~son, F. U. - 1917, G r o ~ n d r a t c r ,  I t s  Pevelopment, Usea and Conservation; Edward E. Johnson, Inc. .  S t .  Paul, Uinn., 509 pp., i l l u s .  
(24) Roirae~, Carl - 1900; Putt inp h n  and Lwvclop~np Wells f a r  I r r l @ a t t o n ;  I1Sl"A Circular No. 5b6, 87 pp.. I l l u a .  
( 2 9 )  x m a l e n .  Harold C. - 1925; m e  Stovep~pe  or  Lall torni(l  Method of Well Dr i l l ing  a s  Practiced i n  Arlzom; -12. Agric. E x p .  Sta. Bull. 112, 154 pp.. i l l u a .  



Reverse Hydraulic 
The reverse  hydraulic  method i s  s i m i l a r  t o  t h e  r o t a r y  hydraul ic  except 
t h e  d r i l l i n g  f l u i d  i s  c i r c u l a t e d  i n  reverse  order .  It i s  bes t  s u i t e d  
f o r  d r i l l i n g  l a r g e  diameter we l l s ,  because reverse  c i r c u l a t i o n  main- 
t a i n s  a high v e l o c i t y  i n  t h e  water r i s i n g  i n  t h e  d r i l l  stem and e f f i -  
c i e n t l y  removes cu t t ings .  Water is  used ins t ead  of d r i l l i n g  mud. The 
d r i l l  stem i s  l a r g e r  and i s  connected with a suc t ion  pump ins t ead  of a 
pressure  pump. Water and d r i l l  c u t t i n g s  a re  removed from t h e  d r i l l  
stem by t h e  suc t ion  pump and " j e t  eductor" ( s e e  Figure 6 - l ) ,  and d is -  
charged i n t o  p i t s .  To avoid caving, it i s  important t o  keep t h e  hole 
f u l l  of water. 

Cable Tool 
The cable t o o l ,  percussion,  o r  s tandard method of d r i l l i n g  i s  based 
upon t h e  p r i n c i p l e  of applying s u f f i c i e n t  energy t o  pulver ize  t h e  s o i l  
o r  rock by percussion. The energy applied i s  va r i ed  by c o n t r o l l i n g  
t h e  length  of t h e  s t roke  and t h e  weight of t h e  d r i l l  stem and b i t .  
B i t s  vary i n  diameter from a few inches up t o  two f e e t  depending on 
t h e  des i r ed  depth and diameter of t h e  well .  B i t s  and d r i l l  stems vary 
i n  length  depending upon t h e  weight needed t o  f u r n i s h  t h e  des i r ed  
impact. The b i t s  need not be very sharp but t h e  d r i l l  end must be kept 
considerably l a r g e r  than  t h e  shank t o  allow f r e e  movement of t h e  b i t  
i n  t h e  hole.  The b i t  i s  connected t o  a cable and by means of a rocker 
arm on t h e  d r i l l  r i g  it i s  r a i s e d  and re l eased  t o  exe r t  i t s  energy on a t h e  bottom of t h e  hole. To remove t h e  d r i l l  c u t t i n g s ,  water i s  i n t r o -  
duced t o  make mud t h a t  can be removed by means of a b a i l e r .  

The cable t o o l  method must r e l y  upon casing when t h e  hole  begins t o  
cave. The hole o f t en  caves when t h e  d r i l l  e n t e r s  or  passes through a 
non-cohesive water-bearing stratum. I n  order  t o  pene t ra t e  some water- 
bearing formations it becomes necessary t o  introduce casing i n t o  t h e  
we l l  and by means of t h e  b a i l e r  remove sand t h a t  e n t e r s  t h e  casing.  
The casing w i l l  u sua l ly  s e t t l e  by i t s  own weight f o r  a s h o r t  d is tance  
before  it becomes necessary t o  d r ive  it t o  pene t ra t e  t h e  water-bearing 
stratum. 

This method of d r i l l i n g  i s  designed pr imar i ly  f o r  hard rock and cobbly 
o r  bouldery ma te r i a l s .  It tends t o  compact t h e  unconsolidated sedi -  
ments so  t h a t  t h e  wal ls  of t h e  hole become dense and t i g h t .  

J e t t i n g  
The j e t t i n g  method of d r i l l i n g  wel ls  i s  usual ly  employed i n  sandy fo r -  
mations where water i s  developed by e n t r y  from t h e  bottom of t h e  casing. 
Perfora ted  casing i s  not used. The cas ing ,  usual ly  a two-inch diameter 
galvanized o r  black i r o n  p ipe ,  i s  used t o  dr i l l  t h e  hole .  Jagged edges 
a r e  cu t  i n t o  t h e  lower end f o r  chopping purposes. The d r i l l  stem i s  
l i f t e d  and dropped i n  t h e  opera t ion  and water i s  forced  under pressure  
through t h e  d r i l l  stem t o  remove cu t t ings .  When t h e  d r i l l  p ipe  has 
entered  t h e  zone of s a t u r a t i o n  f a r  enough t o  have seve ra l  f e e t  of water 

a i n  t h e  casing it i s  then considered t o  be i n  proper p lace  and j e t t i n g  
i s  terminated.  A cy l inder  i s  then lowered i n t o  t h e  we l l  with sand 
poin t  o r  screen on t h e  lower end of t h e  t a i l  p ipe  t o  complete t h e  
i n s t a l l a t i o n .  This method i s  never used f o r  t e s t  d r i l l i n g  t h a t  r e q u i m  
c o l l e c t i o n  of r ep resen ta t ive  samples. - 
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Boring 
The boring method of we l l  d r i l l i n g  i s  based upon t h e  p r i n c i p l e  of t h e  
Iwan Auger. It i s  designed f o r  unconsolidated sediments and success- 
f u l l y  used where water-bearing formations a r e  very f ine- textured  and 
permeabi l i t ies  a r e  low. The auger i s  connected t o  a  s h a f t  t h a t  i s  
r o t a t e d  slowly. It i s  designed t o  r e t a i n  d r i l l  cu t t ings  and pul led  out 
of t h e  hole  t o  empty t h e  bucket. Diameters may vary from 12 t o  about 
36 inches and w i l l  usual ly  average about 18 t o  20 inches.  

These wel ls  can be bored up t o  depths of 100 t o  150 f e e t  providing rock 
o r  caving s o i l s  a r e  not encountered. They have t h e  advantage of devel- 
oping re se rvo i r  capaci ty  wi th in  t h e  dug space where water-bearing for-  
mations r e l e a s e  water  a t  a  r e l a t i v e l y  slow r a t e .  Where diameter i s  
important t o  s torage  wi th in  t h e  augered por t ion  of t h e  zone of sa tu r -  
a t i o n  it may be t h e  b a s i s  f o r  s e l e c t i n g  a given diameter.  The volume 
of water i n  a  cyl inder  12 inches long i s  given by t h e  formula: 

0.0408 d2 = gal lons  
with d i n  inches 

o r  

5.8752 d2 = gal lons  
with d i n  f e e t .  

Table 6-2 l i s t s  t h e  capaci ty of cyl inders  of var ious  s i z e s .  

Other Methods 
Dug wel ls  a r e  b e s t  s u i t e d  t o  a reas  with a  shallow water t a b l e  and where 
th ickness  of t h e  water-bearing m a t e r i a l  i s  not  g r e a t .  They present  
problems i n  cons t ruc t ion .  There i s  l i t t l e  p o s s i b i l i t y  of improving 
them by development ( s e e  p. 6-34 f o r  d iscuss ion  of development) because 
only a l i m i t e d  a rea  of openings may be l e f t  i n  t h e  s idewal ls .  Their 
l a r g e  diameter makes it d i f f i c u l t  t o  apply usual  development methods. 
They may be unsani tary  because it i s  d i f f i c u l t  t o  s e a l  out sur face  con- 
taminat ion and subjec t  t o  f a i l u r e  because of y i e ld ing  foundations. 
Dug wel ls  usual ly  a r e  more expensive than  we l l s  cons t ruc ted  with 
d r i l l i n g  equipment. 

Wells constructed by dr iv ing  a r e  u s e f u l  under c e r t a i n  conditiorfs f o r  
developing water and draining areas .  Their use i s  l i m i t e d  t o  a reas  
under la in  by unconsolidated c lay ,  s i l t  and sand r e l a t i v e l y  f r e e  of 
gravel ,  cobbles o r  boulders .  Depth t o  water ,  inc luding drawdown, must 
be l e s s  than  t h e  suc t ion  l i m i t  a t  t h e  e l eva t ion  of t h e  well .  The prac- 
t i c a l  l i m i t  of suc t ion  l i f t  f o r  pumps i s  22 f e e t  a t  s ea  l e v e l ,  17 f e e t  
a t  5,000 f e e t  e l eva t ion  and 1 4  f e e t  a t  10,000 f e e t  e l eva t ion  ( ~ o h w e r  , 
1940). 

Driven wel ls  a r e  constructed by d r iv ing  pipe f i t t e d  with a  sand poin t  
s u f f i c i e n t l y  below t h e  water t a b l e  s o  t h a t  f l u c t u a t i o n s ,  and drawdown 
from pumping w i l l  not lower water below t h e  poin t .  

A sand poin t  c o n s i s t s  of a  forged s t e e l  poin t  a t tached t o  a  shor t  length 
of per fora ted  pipe.  The pe r fo ra ted  p ipe  i s  wrapped with e i t h e r  b ras s  
screen o r  s p i r a l  wound b rass  bands having a t r apezo ida l  cross sec t ion .  



Table 6-2. Capacity of Cylinders in Gallons per Lineal Foot 

Diameter Diameter Gallons for 
in inches Gallons in feet pipes and tanks 

The bands form a relatively non-clogging slot that is narrowest at the 
outside. 

In driving the point through materials containing considerable amounts 
of clay, the openings often become clogged. It may prove advisable to 
auger or jet the hole through the clay layers. 

Single driven wells are an efficient and economical means of obtaining 
small amounts of water under conditions outlined. Multiple driven 
wells connected to a common pump manifold are useful in developing 
irrigation supplies and for drainage. 

Well Logs 

A great deal of information needed in the design and construction of an 
efficient well, as well as information for locating new wells, is avail- 
able from the various types of well logs. 

Many types of logs can be constructed or obtained on wells. The infor- 
mation for sample logs and drilling time logs can be obtained at a 
minimum expenditure of time and funds when the well is drilled. The 
various types of electric and radioactive logs require additional time 
and equipment to run but in almost all cases are worth the cost. 

The following discussion will describe some of the various types of 
logs, how they are obtained, and their use in correlation and delineating 
favorable water-bearing horizons. 

The quantitative procedures for determining specific formational con- 
stants such as true rock resistivities and true formation fluid resis- 
tivities which is a function of the chemical quality of the water will 
not be explained. If this type of interpretation is desired, reference 



Sample Logs 
Good represen ta t ive  samples a r e  necessary f o r  t h e  preparat ion of an 
accurate s a . l e  log and a r e  required f o r  proper screen and f i l t e r  pack 
design. 

Samples should be co l l ec ted  f o r  a t  l e a s t  each f i v e  foo t  i n t e r v a l  of 
hole d r i l l e d  and a t  every change i n  formation t h a t  i s  d iscernable  by 
t h e  a c t i o n  of t h e  d r i l l i n g  r i g .  

Rotary hydraulic  samples a r e  subjec t  t o  some contamination by caving 
and r e c i r c u l a t i o n  of ma te r i a l  i n  t h e  d r i l l i n g  mud. With proper con- 
s t r u c t i o n  and loca t ion  of t h e  mud p i t s ,  r e c i r c u l a t i o n  of ma te r i a l  can 
be minimized. Proper mud consistency can keep caving a t  a minimum. 
A sample box, a s  shown i n  Figure 6-2, placed between t h e  well  and t h e  
mud p i t  i s  a s a t i s f a c t o r y  method of obtaining represen ta t ive  samples. 

When d r i l l i n g  i n  t h e  a q u i f e r ,  penet ra t ion  of t h e  b i t  should be stopped 
every f i v e  f e e t  and t h e  mud c i r c u l a t e d  u n t i l  a l l  cu t t ings  a r e  removed 
from t h e  hole .  The sample i s  then removed from the  sample box and t h e  
box washed c lean  before another increment of f i v e  f e e t  i s  d r i l l e d .  

Undisturbed core samples a r e  bes t  i f  t h e  add i t iona l  cos t  can be j u s t i -  
f i e d .  Push tube o r  d r ive  samplers a l s o  provide excel lent  samples. 

When reverse  c i r c u l a t i o n  r o t a r y  hydraulic  d r i l l i n g  i s  used, t h e  high 
ve loc i ty  of t h e  d r i l l i n g  f l u i d ,  f o r  p r a c t i c a l  purposes, e l iminates  
sample l a g  time and t h e  samples a r e  contaminated very l i t t l e  from 
caving. The Large volume of d r i l l i n g  f l u i d  used i n  t h i s  method makes 
t h e  sample box used i n  t h e  standard r o t a r y  method impract ica l .  Divert ing 
p a r t  of t h e  r e t u r n  flow i n t o  t h e  sample box may be adequate o r  t h e  
sample catching system shown i n  Figure 6-3 can be used. 

Samples from wel ls  d r i l l e d  by cable t o o l  can be qu i t e  va r i ab le .  I n  
consolidated formations samples a r e  good. In  unconsolidated -formations, 
i f  t he  casing follows c lose ly  behind t h e  b i t  t h e  samples a r e  usual ly  
good and i f  t h e  casing i s  ba i l ed  down they a r e  exce l l en t .  A l l  t h e  cut-  
t i n g s  from sampling i n t e r v a l  should be c o l l e c t e d  and then s p l i t  t o  
obta in  t h e  sample t o  be re t a ined .  

Samples a r e  inadequate o r  not ava i l ab le  from wel ls  t h a t  a r e  j e t t e d  o r  
dr iven.  Bored o r  dug wel ls  a r e  usual ly  very shallow but  y i e l d  adequate 
samples. 

The samples t h a t  have been co l l ec ted  a r e  described f o r  mineral composi- 
t i o n ,  g ra ih  s i z e ,  USCS c l a s s i f i c a t i o n ,  co lo r ,  and any o ther  f e a t u r e  
t h a t  can be seen. They a r e  usual ly  observed with a hand l e n s  o r  a 
binocular  microscope. Mechanical ana lys i s  of t h e  aqu i fe r  samples i s  
necessary f o r  screen s l o t  and f i l t e r  pack design. The desc r ip t ive  in-  
formation i s  p l o t t e d  on a s t r i p  log .  The v e r t i c a l  sca le  should be t h e  
same a s  t h e  s c a l e  of any o the r  logs  t o  be run on t h e  wel l  and the  same 
as other  wel ls  i n  t h e  v i c i n i t y  t o  a i d  i n  c o r r e l a t i o n  and comparison. 



Figure 6-2. Cutting Sample Box 

( F r o m  U.S. Bur. Rec., 1964) 



Original Model wos mode of welded %6" steel plate, but i f  general measurements are 
foljowed, model could be mode from wood. 

Qischoige Hose from Reverse Circulation Pump is connected t o  6"pipe so al l  materials 
go th ru  Sampler. Materials con be observed in  open 2- foot  discharge withput cover. 

Sompler i s  mounted on heovy horses o! s im i la r  supports w i t h  abou t  a 6 slooe 
towards t h e  Slush P i t  i n t o  which moter la l  is discharged. 

TO obtain sample, Con t ro l  Ga,te is thrown open aga ins t  S p l i t t e r  t o  d iver t  sample 
t h r u  Chute and m t o  55-901. or1 drum. 

Figure 6-3. Sample Catching.System 

(From U.S. Bur. Rec., 1964) 



D r i l l i n g  Time Logs 
The dr i l l ing  time log i s  an a i d  i n  c o r r e l a t i n g  o ther  logs .  Slow d r i l l i n g  
time may i n d i c a t e  a hard indura ted  zone. F a s t ,  smooth d r i l l i n g  could 
i n d i c a t e  f i n e  sands and v i b r a t i o n  of t h e  d r i l l  stem could ind ica te  sand 
and gravel .  

E l e c t r i c  Logs 
The two types  of e l e c t r i c  logs  gene ra l ly  used i n  ground water work a r e  
t h e  spontaneous potential logs and r e s i s t i v i t y  logs. 

E l e c t r i c  logs  can only be run i n  bore holes f i l l e d  with d r i l l i n g  f l b i d .  

Spontaneous p o t e n t i a l  logs.--The spontaneous potential i s  a  q u a n t i t a t i v e  
t o o l  and i s  t h e  measure of t h e  spontaneous electromotive force  generated 
between t h e  d r i l l i n g  mud and t h e  f l u i d  i n  the  permeable zones and sha le  
l a y e r s  surrounding t h e  permeable zones. 

The spontaneous p o t e n t i a l  (SP) i s  measured by an e l ec t rode  suspended 
i n  t h e  we l l  bore and another  e l ec t rode  a t  t h e  ground su r face .  The 
amplitude of t h e  SP curve i s  a  funct ion  of seve ra l  f a c t o r s  such a s  
t h e  r e s i s t i v i t y  of t h e  mud and ground water ,  hole  diameter ,  bed th i ck -  
ness ,  e t ~ .  Figure 6-4 i s  an SP logging arrangement. 

I n  ge;eral, when t h e  r e s i s t i v i t y  of t h e  d r i l l i n g  mud i s  higher  than  
t h e  formation f l u i d  t h e  SP i s  negat ive ;  when t h e  r e s i s t i v i t y  of t h e  
formation f l u i d  and d r i l l i n g  mud a r e  about t h e  same, t h e  SP i s  very 
small o r  zero;  and when t h e  r e s i s t i v i t y  of t h e  d r i l l i n g  mud i s  lower 
than  t h e  formation f l u i d  t h e  SP i s  p o s i t i v e .  

With a  fresh-water d r i l l i n g  mud, t h e  SP across  a  fresh-water aqu i fe r  
would be very small ;  t h e  SP across  an aqu i fe r  containing h ighly  miner- 
a l i z e d  water would be high and negat ive.  Increas ing  c l ay  content  i n  
an a l l u v i a l  aqu i fe r  would give a  negat ive SP a l s o .  Corre la t ion  with 
a  good sample l o g  a i d s  i n  i n t e r p r e t a t i o n .  

R e s i s t i v i t y  logs.--The r e s i s t i v i t y  log d i f f e r s  from t h e  SP i n  t h a t  an 
induced cu r ren t  i s  used. Commonly two current  and two p o t e n t i a l  e lec-  
t rodes  a r e  used. The arrangement and spacing of t h e  e l ec t rodes  de ter -  
mine whether t h e  type o r  curve obtained i s  normal o r  ZateraZ. Figure 
6-5 shows t h e  e l ec t rode  arrangement f o r  normal and l a t e r a l  types  of 
r e s i s t i v i t y  l o g s .  

I n  t h e  normal curve t h e  d i s t ance  between one p o t e n t i a l  and one cu r ren t  
e l ec t rode  (AM) i s  t h e  s i g n i f i c a n t  i n t e r v a l .  The p o s i t i o n  of t h e  cur- 
r e n t  e l ec t rode  B i s  not important a s  long a s  it i s  l a r g e  compared t o  
AM. 

In  t h e  lateral curve t h e  i n t e r v a l  AO,  t h e  d is tance  between one p o t e n t i a l  
e l ec t rode  and a  poin t  midway between t h e  two cur ren t  e l ec t rodes  i s  t h e  
s i g n i f i c a n t  i n t e r v a l ,  t h e  i n t e r v a l  AB must be small  compared t o  AM. 

The r e s i s t i v i t y  l o g  can be used t o  determine t h e  boundaries between 
beds o r  zones of d i f f e r e n t i a l  r e s i s t a n c e .  A sand o r  gravel  containing 



grcund surface 

F I G U R E  6-4. SP Logging Arrangement 

f r e s h  o r  only s l i g h t l y  minera l ized  ground water  has a  much h igher  
r e s i s t a n c e  than  c l ay  o r  s h a l e  where t h e  i n t e r s t i t i a l  water  i s  h ighly  
minera l ized  with d isso lved  s a l t s  from t h e  c l a y  p a r t i c l e s .  

The normal r e s i s t i v i t y  l o g  i s  u sua l ly  run wi th  a t  l e a s t  two e l ec t rode  
spacings.  R e s i s t i v e  beds t h i c k e r  t han  t h e  e l e c t r o d e  spacing w i l l  show 
as  a  d e f l e c t i o n  i n  a  p o s i t i v e  (h igher  r e s i s t a n c e )  d i r e c t i o n ,  r e s i s t i v e  
beds t h i n n e r  than  t h e  e l e c t r o d e  spacing w i l l  show a s  a  nega t ive  deflec-  
t i o n ,  and beds t h e  same th i ckness  a s  t h e  e l e c t r o d e  spacing w i l l  show 
no d e f l e c t i o n .  

The l a t e r a l  r e s i s t i v i t y  curve shows r e s i s t i v e  beds of a l l  t h i ckness .  
The upper boundary of beds whose th i ckness  i s  g r e a t e r  t han  t h e  A0 
i n t e r v a l  i s  i n d e f i n i t e  and t r u e  r e s i s t i v i t y  va lues  a r e  masked f o r  a  
d i s t ance  equal  t o  t h e  A0 spacing,  The th i ckness  of beds l e s s  t han  t h e  
AB i n t e r v a l  i s  exaggerated-by an amount equal  t o  t h e  AB i n t e r v a l .  

Radioact ive Logs 
There a r e  two kinds of r a d i o a c t i v e  logging gene ra l ly  done. They a r e  
g m a - r a y  logging and neutron logging.  
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FIGURE 6-5. Resistivity Electrode Arrangement 



a Gamma-ray logs.--Gamma-rag logging measures t h e  amount of n a t u r a l  gamma 
r a d i a t i o n ,  i n  t h e  v i c i n i t y  of t h e  bore hole ,  of t h e  m a t e r i a l  penet ra ted  
by a well .  It i s  recorded by lowering a de tec t ing  instrument ( ~ e i ~ e r -  
Mueller o r  s c i n t i l l a t i o n  counter )  i n t o  t h e  we l l  and recording t h e  
readings a t  t h e  sur face .  Experience i n  logging thousands of wel ls  has 
shown t h a t  n a t u r a l  gamma r a d i a t i o n  i s  higher i n  sha les  and c l ays  than  
i n  sands and gravels .  Figure 6-6 ind ica te s  t h e  n a t u r a l  gamma r a d i a t i o n  
of var ious  types of formations. 

Neutron logs.--In neutron logging t h e  formation i s  bombarded by a s t rong  
source of fast-moving neutrons.  The secondary gamma rays  t h a t  have 
been exc i t ed  by t h e  bombardment a r e  recorded on t h e  log.  Hydrogen i s  
t h e  con t ro l l ing  f a c t o r  i n  neutron logging. When hydrogen i s  present  
t h e  neutrons a r e  slowed down o r  stopped giving a low value on t h e  curve. 
The a c t i v i t y  recorded on t h e  log  i s  inverse ly  propor t ional  t o  t h e  hydro- 
gen present .  Since ground water i s  t h e  source of most l a r g e  q u a n t i t i e s  
of hydrogen, a  low value on t h e  l o g  would ind ica te  a  water-bearing zone. 
Conversely, a  high value on t h e  log  would ind ica te  no water and, there-  
f o r e ,  dense o r  non-porous rocks. Corre la t ion  with o ther  logs  i s  neces- 
sa ry  because sha le  o r  c l ay  could contain water giving a low value on 
t h e  l o g  but they  a r e  not usual ly  aqu i fe r s .  

Corre la t ion  and I n t e r p r e t a t i o n  
Corre la t ion  and i n t e r p r e t a t i o n  of t h e  various types of wel l  logs  pro- 
vide excel lent  information f o r  we l l  design. 

Corre la t ion  of logs  of a  t e s t  we l l  with logs  from production wel ls  with 
known aqu i fe r  c h a r a c t e r i s t i c s  w i l l  permit r ap id  i d e n t i f i c a t i o n  of t h e  
most favorable water-producing zones i n  the  t e s t  well .  

I n t e r p r e t a t i o n s  of t h e  d i f f e r e n t  types of logs  on t h e  same we l l  indi-  
ca t e  formational  changes and major d i f ferences  i n  water qua l i ty .  Figure 
6-7 i s  an example of t h e  c h a r a c t e r i s t i c  curves of t h e  various types  of 
logs  run i n  a  f r e s h  water d r i l l i n g  mud. 

I n  t h i s  f i g u r e ,  t h e  SP curve gives a  p o s i t i v e  de f l ec t ion  opposi te  c lay  
beds, negat ive de f l ec t ion  opposi te  sal t -water  a q u i f e r s ,  and no deflec-  
t i o n  opposi te  fresh-water aqu i fe r s .  

The r e s i s t i v i t y  curves show high re s i s t ance  opposi te  fresh-water a l l u -  
v i a l  aqu i fe r s  and dense rock and low r e s i s t a n c e  opposi te  c l ay ,  sha le  
and s a l i n e  aqu i fe r s  . 
The gamma ray  and neutron logs  a r e  h e l p f u l  i n  d i f f e r e n t i a t i n g  between 
permeable zones and c l ay  beds. A low o r  negat ive de f l ec t ion  on both 
curves would i n d i c a t e  a  permeable water-bearing zone. A high or  posi- 
t i v e  de f l ec t ion  of t h e  gamma-ray curve and a low o r  negat ive de f l ec t ion  
of t h e  neutron curve would ind ica te  c lay  or  sha le .  

Well Design 

Many f a c t o r s  must be considered i n  t h e  proper design of a  wel l .  The 
purpose of t h e  we l l  ( l i v e s t o c k ,  i r r i g a t i o n ,  e t c . )  and t h e  requi red  
y i e l d  w i l l  determine t h e  optimum s i z e  of t h e  wel l .  The p o t e n t i a l  



Type Formation Gamma rad~a t ion  increases t 

I 
anhydrite 

sandstone and l~rnestone 

....... ......... 
argillaceous sandstone and limestone 

bentonite and organic shale 

FIGURE 6-6. Relative Natural Gamma Radiation of Rocks 

corrosion w i l l  i nd ica te  t h e  type of cas ing  and screen t h a t  should be 
used and t h e  method of i n s t a l l a t i o n .  Mechanical ana lys i s  of a l l u v i a l  
aqu i fe r s  w i l l  guide t h e  design of f i l t e r  packs and we l l  screens.  The 
u l t imate  aim i n  we l l  design and cons t ruc t ion  i s  t o  provide an e f f i c i e n t  
wel l  t h a t  w i l l  produce t h e  requi red  amount of water a t  t h e  l e a s t  cos t .  

Drawdown - Yield 
The b e s t  design f o r  a we l l  t h a t  must produce a t  o r  near  i t s  maximum 
r a t e  i s  one t h a t  f u l l y  pene t ra t e s  t h e  aqu i fe r .  I n  t h i s  case t h e  flow 
t o  t h e  w e l l  i s  r a d i a l  a s  shown i n  Figure 6-8 A and C.  I n  a p a r t i a l l y  
pene t ra t ing  we l l ,  t h e  flow path i s  c u r v i l i n e a r  (B and D i n  Figure 6-8) 
and, t h e r e f o r e ,  longer and encounters more r e s i s t a n c e  than  i n  r a d i a l  
flow. Wells A and C w i l l  produce t h e  same amount of water with l e s s  
drawdown than  wel ls  B and D. 

When cons t ruc t ing  a we l l  i n  an a r t e s i a n  a q u i f e r ,  t h e  screen should 
extend through t h e  f u l l  th ickness  of t h e  aqu i fe r  and t h e  maximum draw- 
down should not be below t h e  t o p  of t h e  screen f o r  optimum production. 

For non-artesian aqu i fe r s  t h e  lower one-third of t h e  aqu i fe r  should be 
screened and t h e  drawdown again should not be below t h e  t o p  of t h e  
screen f o r  optimum production. Figure 6-9 shows t h a t  f o r  non-artesian 
aqu i fe r s  about 85 percent  of t h e  y i e l d  w i l l  occur a t  about 60 percent  
drawdown. 

Exceptions t o  t h e  f u l l  penet ra t ion  of an aqu i fe r  a r e  i n  areas  where 
t h e r e  i s  a p o s s i b i l i t y  t h a t  s e a  water o r  s a l i n e  water may l i e  beneath 
t h e  f r e s h  ground water.  This i s  l i k e l y  i n  c o a s t a l  a reas ,  on i s l a n d s ,  
and i n  a r i d  areas  where evapor i te  o r  b r ine  depos i t s  a r e  common i n  t h e  
geologic sec t ion .  I n  these  a reas ,  a study of geology and condit ions 
under which ground water occurs,  should be made t o  determine t h e  maxi- 
mum depth of wel ls  dr odd, 1959). 
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Figure 6-8. Full and Partial Penetration of Wells 
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PER CENT LOWERING (Drawdown) 

EXAMPLE : The water stands 75 feet in a well and the pumping test yielded 
1470 9.p.m. with a dmwdown of 2 3  feet. This is 30°/0 of the total possible drawdown. 
The curve shows that at 30°/0 of the maximum drawdown, the w e l l  w i l l  produce 
52 Ol0 o f  the maximum yield. 1470 g.p.m. is 52% so the maximum yield or 100°/o 

1470 would be : 2 8 2 7  g.p.m. The curve shows that 7 7  of the maximum co - 
pacity can be obtained with a 5 0  Ol0 (38 feet 1 drawdown. 2 8 2 7  x .77 = 2253 g.p.m. 
yield with a 3 8  foot drowdown. 

Figure 6-9. Relation of Drawdown to Yield 
(From E .  E. Johnson, Inc., The Y ie ld  of Water Wells, Bu l l .  1238 (Rev .  ), 

1955. Used by permission of E. E. Jahnson, I nc . )  



Beneath c o a s t a l  a r e a s ,  movement of f r e s h  ground water  toward t h e  s e a  
usua l ly  prevents  landward i n t r u s i o n  of t h e  s l i g h t l y  denser s a l t  water .  
Hydros ta t ic  equi l ibr ium i s  e s t a b l i s h e d  between t h e s e  f l u i d s  of d i f f e r e n t  
d e n s i t i e s ,  when, f o r  each f o o t  of f r e s h  water above s e a  l e v e l ,  t h e r e  
a r e  about 40 f e e t  of f r e s h  water  l y i n g  below sea  l e v e l .  The f r e s h  
water--sal t  water i n t e r f a c e  thus  s lopes  downward away from t h e  ocean 
a s  t h e  water  t a b l e  r i s e s .  This i s  known as  t h e  Gyhben-Herzberg r e l a -  
t i o n  between f r e s h  and s a l i n e  waters .  

As a  gene ra l  guide f o r  use i n  planning,  wel l s  i n  proximity of t h e  coas t  
should not  pump from below mean s e a  l e v e l .  I n t e r i o r  bas in  wel l s  should 
bottom above t h e  f r e s h  water--sal t  water  i n t e r f a c e  wi th  t h e  a n t i c i p a t e d  
drawdown ( i n t e r f a c e  may r i s e  a s  much a s  40 f e e t  f o r  each f o o t  of draw- 
down). Wells should be designed and developed f o r  minimum drawdown and 
l o c a t e d  s o  t h a t  drawdown i s  d i s t r i b u t e d  a s  widely a s  poss ib l e .  

Well Casing 
Casing maintains  t h e  hole  through loose ,  caving o r  flowing m a t e r i a l s  
and s e a l s  out contaminated o r  undes i rab le  waters .  It must be s t rong  
enough t o  r e s i s t  e a r t h  pressure  and, depending upon method of placement,  
may have t o  wi ths tand  considerable  shock and compressive s t r e s s .  
Casing should a l s o  be s u f f i c i e n t l y  r e s i s t a n t  t o  cor ros ion  t o  l a s t  25 
t o  50 yea r s .  

Materials.--Most we l l s  a r e  cased with s t e e l  o r  wrought i r o n  p ipe  us ing  
welded o r  threaded and coupled j o i n t s .  When cas ing  i s  t o  be d r iven ,  a  
s t e e l  d r i v e  shoe i s  r i v e t e d  o r  welded t o  t h e  bottom of t h e  p ipe  t o  ream 
t h e  ho le  and prevent  crimping t h e  cas ing .  Casings of o the r  m a t e r i a l s  
and designs a r e  used with s p e c i a l  d r i l l i n g  methods adapted t o  s p e c i f i c  
geologic  condi t ions .  

"Stovepipe" o r  double casing made up of t e l e scop ing  shee t  i r o n  s e c t i o n s ,  
8 t o  16 gauge i n  t h i ckness ,  2 t o  4 f e e t  i n  l e n g t h ,  and 4 t o  36 inches 
i n  diameter ,  i s  used i n  sed iment - f i l l ed  v a l l e y s  i n  C a l i f o r n i a  and 
Arizona. It was designed f o r  use wi th  t h e  mud-scow, orange p e e l  bucket ,  
and hollow rod d r i l l i n g  methods. Casings and screens  of concre te ,  t i l e ,  
and wood have a l s o  been succes s fu l ly  used. Riveted,  s i n g l e  t h i ckness  
shee t  i r o n  cas ing  joined by t e l e scop ing  o r  welded j o i n t s  i s  sometimes 
used. 

S o i l  cor ros ion  i n v e s t i g a t i o n s  were begun by t h e  National  Bureau of 
Standards i n  1922 and r e s u l t s  r epo r t ed  i n  Research Paper 945 by Kirk 
H .  Logan i n  1934. It was found no one meta l  o r  a l l o y  r e s i s t s  cor ros ion  
b e t t e r  t han  a l l  o t h e r s  i n  a l l  s o i l s ,  but  s u i t a b l e  m a t e r i a l  may be 
obtained f o r  each condi t ion .  Copper and a l l o y s  high i n  copper corrode 
slowly i n  most s o i l s  bu t  corrode at t h e i r  h ighes t  r a t e  i n  s o i l s  contain-  
i ng  s u l f i d e s .  For a l l  copper a l l o y s  t h e  r a t e s  of co r ros ion  were h igher  
i n  c inde r s  than  i n  any s o i l  t e s t e d .  Aluminum and some of i t s  a l l o y s  
corroded r a p i d l y  under most of t h e  s o i l  condi t ions  t o  which they  were 
exposed. 

S t e e l  o r  wrought i r o n  p ipe ,  while not  cor ros ion  r e s i s t a n t ,  has adequate 
l i f e  a s  w e l l  cas ing  under most condi t ions  because it i s  over s t r e n g t h .  



The use of heavy p ipe  i s  an economical means of ob ta in ing  long l i f e  
even i n  f a i r l y  co r ros ive  m a t e r i a l s .  

Under e s p e c i a l l y  co r ros ive  cond i t i ons ,  pipe and tub ing  of s t a i n l e s s  
s t e e l ,  b r a s s  and copper a l l o y s  conta in ing  manganese, n i c k e l  and s i l i c o n  
have been used. The r e l a t i v e  cor ros ion  r e s i s t a n c e  of t h e s e  metals  i s  
shown under Well Screens on page 6-21. J o i n t s  a r e  welded because t h e  
w a l l  t h i ckness  i s  l e s s  t han  f o r  s t e e l  o r  wrought i r o n  p ipe .  Asbestos- 
cement p ipe  i s  s u i t a b l e  f o r  cas ing  and p l a s t i c  p ipe  has r e c e n t l y  been 
used i n  we l l s  up t o  6 inches i n  diameter.  Use of c a s t  i r o n  cas ing  i s  
i nc reas ing .  Pipe l i n e d  wi th  cement, var ious  enamels, and rubber i s  
a v a i l a b l e  and may prove u s e f u l  i n  some s i t u a t i o n s .  Asbestos-cement, 
p l a s t i c ,  and c a s t  i r o n  p ipes  have s l i p  j o i n t s .  Lined p ipes  have f langed  
Jo in t s .  Well cons t ruc t ion  must a l low these  cas ings  t o  be s e t  i n  p lace  
without d r iv ing .  

The American Water Works Assoc ia t ion  (1958) recommends th i ckness  of 
s t e e l  o r  wrought i r o n  cas ing  considered "bes t  p r a c t i c e "  a s  shown i n  
Table 6-3. 

Size.--Steel  and i r o n  p ipe  have s tandard  dimensions, weight and th reads .  
Refer t o  ASTM A-53, ASTM A-120, and AWWA (1958) and Anderson (1947) 
f o r  commonly used d e t a i l s  and s p e c i f i c a t i o n s .  

Pipe i s  fu rn i shed  i n  20 foot  l eng ths .  S izes  up t o  12  inches a r e  desig- 
na ted  by nominal i n s i d e  diameter .  S i zes  14 inches and over a r e  desig-  
na ted  by ou t s ide  diameter .  When order ing ,  s p e c i f y  t h e  d e s i r e d  w a l l  
t h i ckness ,  o r  weight p e r  f o o t .  I n  some a r e a s ,  i n s i d e  diameter and w a l l  
t h i ckness  a r e  s p e c i f i e d  f o r  p ipe  made t o  order .  Galvanized p ipe  may be 
purchased i n  6-inch t o  12-inch diameters .  Larger s i z e s  may be galvan- 
i z e d  by arrangement with t h e  manufacturer.  

Pipe 6 inches i n  diameter and smal le r  i s  r e f e r r e d  t o  a s  "s tandard  
weight pipe."  S i zes  over 6 inches a r e  c a l l e d  l i n e  p ipe  and p ipe  8 
inches i n  diameter and over i s  made i n  more than  one w a l l  t h i ckness .  
Consider t h e  method of placement and condi t ions  of s e r v i c e  i n  s e l e c t i n g  
t h e  weight of p ipe  t o  use.  Heavier wal l s  a r e  needed f o r  hard d r iv ing  
and cor ros ive  environment. L ighter  p ipe  may be used where condi t ions  
a r e  unusual ly favorable .  Threading d a t a  must be s p e c i f i e d  f o r  diameters  
1 4  inches and over a s  t h e s e  a r e  gene ra l ly  s tocked with p l a i n  ends. 
Welded j o i n t s  a r e  advocated f o r  p ipe  l a r g e r  t han  20 inches i n  diameter 
and a l s o  f o r  sma l l e r  s i z e s ,  where app l i cab le ,  t o  o b t a i n  hole  c learance  
o r  maintain uniform grout  t h i ckness  (AWWA, 1958) .  

Diameter - Yield.--The diameter of t h e  we l l  w i l l  depend on t h e  na tu re  
and th i ckness  of t h e  water-bearing m a t e r i a l ,  t h e  a r e a  of openings o r  
pe r fo ra t ions  necessary t o  al low f o r  water en t rance  v e l o c i t y  a t  about 
0.10 f e e t  per  second and t h e  s i z e  of t h e  pump requ i r ed  ( E .  E.  Johnson, 
I n c . ,  1966) .  Inc reas ing  t h e  diameter of a  w e l l  i nc reases  i t s  y i e l d  
bu t  not  i n  d i r e c t  p ropor t ion  t o  t h e  inc rease  i n  diameter.  I n  o the r  
words, doubling t h e  diameter of a we l l  i nc reases  but  does not  double 
i t s  y i e l d .  



Table 6-3. AWWA Casing Thickness 

6" d i  ameter 0.280 inches 

10" 1I 0.365 " 

Table 6-4 shows t h e  r e l a t i o n s h i p  between t h e  increase  i n  diameter t o  
increase  i n  y i e l d  f o r  wel ls  of t h e  same depth i n  t h e  same formation, 
a l l  o ther  th ings  being equal.  For example, an 8-inch we l l  w i l l  y i e l d  
about 10 percent  more water than  a 4-inch wel l  ( s e e  underscores on 
Table 6-4) ,  o r  a 48-inch wel l  w i l l  y i e l d  about 30 percent  more water  
than  a 12-inch well .  

The diameter of wel ls  i n  which aqu i fe r  c h a r a c t e r i s t i c s  a r e  not a c r i -  
t i c a l  f a c t o r  may be based on t h e  diameter of t h e  pump bowls requi red  
t o  l i f t  t h e  des i r ed  volume of water.  

I f  t he  we l l  i s  t o  be pumped by a tu rb ine  pump, t h e  diameter of t h e  
casing down t o  t h e  lowest a n t i c i p a t e d  bowl s e t t i n g  should be a t  l e a s t  
two inches l a r g e r  than  t h e  diameter of t h e  pump bowls. This w i l l  allow 
water t o  flow pas t  t h e  bowls t o  t h e  in take  with minumum head l o s s  and 
a l s o  allow f o r  some devia t ion  of t h e  we l l  from t h e  v e r t i c a l .  

A submersible pump i s  one i n  which t h e  pump and motor a r e  an i n t e g r a l  
u n i t .  The motor and pump a r e  submerged below t h e  expected drawdown 
i n  t h e  we l l  and t h e  motor i s  below t h e  pump. Pump manufacturers recom- 
mendations must be followed f o r  an e f f i c i e n t  i n s t a l l a t i o n  of a sub- 
mersible pump. 

Installation.--Most s t a t e s  have s t a t e  codes or laws on t h e  requirements 
f o r  i n s t a l l a t i o n  of water wel ls .  These minimum requirements must be 
met, but  it should be emphasized t h a t  they  a r e  minimum requirements 
and can be exceeded i f  necessary o r  des i r ab le .  

During t h e  development of a we l l ,  f i n e s  a r e  removed from t h e  aqu i fe r  
adjacent  t o  t h e  wel l  bore.  This tends t o  form a cavi ty  near  t h e  t o p  of 
t h e  aqu i fe r  which may r e s u l t  i n  t h e  caving of t h e  overlying ma te r i a l .  
I f  t h i s  happens t h e  casing could s e t t l e .  To prevent t h i s ,  it i s  des i r -  
ab le  where poss ib le  t o  s e a t  t h e  casing on hard rock o r  s t i f f  c lay .  

A l l  o r  p a r t  of t h e  casing should be grouted i n  p lace .  The grout forms 
a s e a l  between t h e  casing and t h e  d is turbed formation. This prevents  
sur face  water from en te r ing  and poss ib ly  contaminating t h e  wel l .  The 
grout should a l s o  extend deep enough t o  s e a l  o f f  any undesirable water 
zones between t h e  ground surface  and t h e  t o p  of t h e  aqu i fe r  t o  prevent 
co-mingling of undesirable water.  

I n  a corros ive  environment a grout s e a l  t h e  e n t i r e  length  of t h e  casing 
w i l l  p ro tec t  it from a t t ack .  I n  t h i s  case t h e  minimum grout  th ickness  
a t  any poin t  i s  1-112 inches. 



0 Table 6-4. Rela t ion  of  Diameter t o  Yield of  Wells - - -  

(used  by permission of  E .  E. Johnson, I n c ,  1 9 4 7 [ ~ e v .  1 ,  
~ u l l .  NO. 1238, S t .  ~ a u l )  

Well Diameters 

Percenk 
Increase  

i n  
Yield 

Grout can be p laced  e i t h e r  through t h e  cas ing  o r  through t h e  annular  
space ou t s ide  t h e  casing.  The important p o i n t s  i n  p l ac ing  grout  a r e :  
( 1 )  s u f f i c i e n t  grout  i s  a v a i l a b l e  t o  complete t h e  job i n  one continuous 
opera t ion ;  ( 2 )  any temporary cas ing  i s  removed so  t h a t  t h e  grout  i s  i n  
i n t ima te  contac t  with t h e  cas ing  and formation;  and ( 3 )  t h e  grout  be  
allowed t o  " s e t  up," u sua l ly  about 72 hours ,  so  t h a t  it i s  not  damaged 
by v i b r a t i o n  when d r i l l i n g  i s  resumed. 

Well Screens 
The most important p a r t  of any w e l l  i s  t h a t  a r e a  where t h e  water  flows 
from t h e  aqu i f e r  i n t o  t h e  we l l .  The proper  cons t ruc t ion  and develop- 
ment of t h i s  s e c t i o n  of t h e  we l l  i s  necessary f o r  t h e  e f f i c i e n t  produc- 
t i o n  of t h e  optimum amount of ground water .  

Consolidated rock a q u i f e r s  o f t e n  may be completed a s  "open-hole," t h a t  
i s ,  no p e r f o r a t e d  cas ing  o r  sc reen  i s  requi red .  I f  caving o r  r a v e l l i n g  
from j o i n t s  o r  bedding planes occurs  o r  i s  l i k e l y  t o  occur ,  s h o r t  sec- 
t i o n s  of l i n e r  can be s e t  by squeezing o r  o t h e r  s t a b i l i z i n g  measures 
used. 

I n  unconsol idated sand and g rave l  a q u i f e r s  a sc reen  o r  pe r fo ra t ed  
cas ing  i s  necessary t o  allow t h e  water from t h e  a q u i f e r  t o  e n t e r  t h e  
we l l  and t o  s t a b i l i z e  t h e  a q u i f e r  m a t e r i a l .  

Types of screens.--Screens a r e  manufactured according t o  s e v e r a l  designs 
and from a v a r i e t y  of cor ros ion  r e s i s t a n t  m a t e r i a l s .  One popular type  
f e a t u r e s  a continuous h o r i z o n t a l  s l o t  formed by wrapping and welding 
t r a p e z o i d a l w i r e  about a c y l i n d r i c a l  frame of rods .  The s l o t  opening 
i s  determined by t h e  spacing between t h e  t r a p e z o i d a l  wi re  wraps and i s  
v a r i e d  according t o  s p e c i f i c a t i o n s .  The wire  i s  placed with t h e  wide 
s i d e  out  r e s u l t i n g  i n  an opening t h a t  widens toward t h e  i n s i d e  of t h e  
screen .  This inward f l a r i n g  s l o t  reduces clogging of t h e  screen  t o  a 
minimum. A type  having sec t ioned  h o r i z o n t a l  s l o t s  i s  made by wrapping 
t r a p e z o i d a l  wi re  over metal  s t r i p s  on p e r f o r a t e d  s t e e l  tub ing .  The 



t r a p e z o i d a l  wire  i s  formed with l a t e r a l  l ugs  a t  i n t e r v a l s  t o  maintain 
t h e  s l o t  width. Another pe r fo ra t ed  p ipe  design i s  l i k e  a  sand p o i n t  
bu t  much l a r g e r .  It c o n s i s t s  of woven screen  of va r i ed  gauge wrapped 
on cas ing  pe r fo ra t ed  with 518-inch ho le s .  The screen  i s  p ro t ec t ed  by 
112-inch mesh galvanized i r o n  hardware c l o t h .  Other sc reens  a r e  gal-  
vanized i r o n  cas ing  wi th  punched openings i n  l a t t i c e ,  crowfoot,  s h u t t e r  
o r  louvered s l i t  design.  Louvered h o r i z o n t a l  openings a r e  r epo r t ed  
more e f f e c t i v e  i n  c o n t r o l l i n g  unconsol idated m a t e r i a l s  t han  v e r t i c a l  
s l o t s .  

Pe r fo ra t ions  can a l s o  be made i n  t h e  f i e l d  wi th  a  c u t t i n g  t o r c h  o r  t h e  
cas ing  can be p e r f o r a t e d  i n  p lace  i n  t h e  a q u i f e r  wi th  a  cas ing  per for -  
a t o r  o r  k n i f e .  Openings made i n  t h i s  manner a r e  ragged,  uneven, and 
t h e  open a r e a  i s  smal l .  

Pe r fo ra t ions  can a l s o  be made with a  hacksaw e i t h e r  i n  t h e  shop o r  i n  
t h e  f i e l d .  Pe r fo ra t ions  made i n  t h i s  manner should be o r i e n t e d  t r a n s -  
ve r se  t o  t h e  cas ing  l eng th .  Lengths of p e r f o r a t i o n s  should be governed 
by t h e  need f o r  maintaining cas ing  s t r e n g t h  and inc reas ing  t h e  void 
r a t i o  t o  about 20 percent  of t h e  a r e a  i f  poss ib l e .  They may be 116 t o  
118 t h e  circumference of t h e  pipe depending upon requirements and needs. 
Pe r fo ra t ions  can be p laced  i n  rows t h e  f u l l  l eng th  of an  a q u i f e r  and 
separa ted  by equal  spacings of unper fora ted  cas ing .  They can be a s  
c l o s e  t o g e t h e r  a s  t h e  width of t h e  s l o t t e d  voids t hus  making it pos- 
s i b l e  t o  approach 20 percent  of t h e  a r e a  f o r  a  favorable  void r a t i o .  

I n  most ca ses ,  if optimum product ion from t h e  a q u i f e r  i s  r equ i r ed ,  
spiral-wound w e l l  sc reen  i s  necessary.  I f  l e s s  t han  optimum product ion 
i s  acceptab le ,  one of t h e  l e s s  c o s t l y  mechanically o r  f i e l d  p e r f o r a t e d  
we l l  sc reens  can be used. 

Materials.--Well sc reens  a r e  sub jec t  t o  cor ros ion  t h a t  reduces t h e i r  
e f f e c t i v e n e s s  and may even tua l ly  weaken them t o  t h e  po in t  of f a i l u r e .  
A l l  ground water  conta ins  some co r ros ive  o r  enc rus t ing  elements depending 
on t h e  m a t e r i a l s  wi th  which it has  been i n  con tac t .  Seldom do both 
occur' i n  t h e  same water .  Corrosion i s  chemical e ros ion  o r  removal of 
meta l  from t h e  screen .  

Rate of cor ros ion  depends on c h a r a c t e r i s t i c s  of both meta l  and water .  
The b e s t  way t o  guard aga ins t  cor ros ion  i s  t o  u se  a  meta l  r e s i s t a n t  t o  
a t t a c k .  A sc reen  cons t ruc ted  of a s i n g l e  meta l  avoids t h e  p o s s i b i l i t y  
of ga lvanic  a c t i o n  and e l e c t r o l y t i c  cor ros ion .  Another method of pro- 
t e c t i n g  a g a i n s t  e l e c t o l y s i s  i s  t h e  in t roduc t ion  i n  t h e  system of a  meta l  
low on t h e  e lec t rochemica l  s c a l e  t h a t  w i l l  be corroded i n s t e a d  of t h e  
casing o r  sc reen .  Rods of magnesium suspended i n  t h e  water  a r e  excel- 
l e n t  f o r  t h i s  purpose re odd, 1959).  

An a n a l y s i s  of t h e  water w i l l  a i d  i n  s e l e c t i n g  a  meta l  f o r  t h e  sc reen  
b e s t  s u i t e d  t o  t h e  condi t ions .  The fo l lowing  t a b u l a t i o n  l i s t s  t h e  
var ious  meta ls  and t h e i r  recommended usage: 

1. Monel Metal (approximately 70. percent  n i c k e l  and 30 percent  
copper) .  Use where waters  a r e  extremely aggress ive  o r  f r e -  
quent a c i d i z i n g  w i l l  be requi red .  



S t a i n l e s s  S t e e l  (74 percent  low carbon s t e e l ,  18  percent  chro- 
mium, 8 percent  n i c k e l ) .  
Super-Nickel Metal ( 30 percent  n i c k e l  and 70 percent  copper ) .  
Use where t h e  pH va lue  of t h e  water i s  below 5 or  above 8 when 
t h e  b icarbonate ,  c h l o r i d e ,  and s u l f a t e  ions exceed about 60 
ppm. They w i l l  s t and  a c i d i z i n g  t rea tment  but  i n h i b i t e d  ac ids  
a r e  recommended. 

Everdur Metal (96 percent  copper,  3  percent  s i l i c o n ,  1 percent  
manganese). 
S i l i c o n  Red Brass (83  percent  copper,  1 percent  s i l i c o n ,  16 
percent  z i n c ) .  
Anaconda Red Brass (85 percent  copper,  1 5  percent  z i n c ) .  
Common Yellow Brass (approximately 67 percent  copper and 33 
percent  z inc  ) . 
Use when t h e  pH va lue  of t h e  water i s  between 5 and 6 o r  above 
8. Acidizing with i n h i b i t e d  a c i d  i s  p re fe r r ed .  

Armco I ron .  Use i n  water  with pH between 6 and 8 where mild 
carbonate  depos i t ion  on t h e  screen  i s  a n t i c i p a t e d .  It w i l l  
s t a n d  two o r  t h r e e  l i g h t  a c i d i z i n g  t rea tments .  

Mild s t e e l ,  s o f t  i r o n ,  galvanized i r o n  o r  s t e e l  and bitumen 
o r  enamel-coated i r o n  o r  s t e e l  have poor t o  f a i r  r e s i s t a n c e  
t o  cor ros ion .  The bitumen and enamel coa t ings  usua l ly  break 
and ch ip  during shipment and i n s t a l l a t i o n ,  thereby  reducing 
t h e i r  e f f ec t iveness .  These m a t e r i a l s  can be used where t h e  
pH of t h e  water i s  between 6 and 8 and l i g h t  carbonate depo- 
s i t i o n  i s  expected. They w i l l  s t and  one o r  two l i g h t  a c i d i z i n g  
t r ea tmen t s .  

Normally, t h e  more cor ros ion  r e s i s t a n t  t h e  screen  m a t e r i a l  i s ,  t h e  more 
expensive it i s .  When recommending t h e  type  of sc reen  t o  i n s t a l l  i n  a  
co r ros ive  environment, comparison of t h e  cos t  of removal and replace-  
ment of a  l e s s  c o s t l y  screen  with t h e  cos t  of a cor ros ion  r e s i s t a n t  
sc reen  should be  made. 

S l o t  s i z e  - n a t u r a l  f i l t e r  pack.--The we l l  sc reen  i s  t h e  in t ake  a rea  
of a we l l .  It should be designed s o  t h a t  it w i l l  provide sand-free 
water  at i t s  maximum r a t e  of product ion.  This can usua l ly  be  accom- 
p l i s h e d  by developing a  n a t u r a l  o r  a r t i f i c i a l l y  produced sand and g rave l  
f i l t e r i n g  zone around t h e  screen .  

This zone i s  commonly c a l l e d  a  gravel pack. This  term i s  misleading 
because packs may c o n s i s t  of d i f f e r e n t  s i z e  par t ic les--from f i n e  sand 
t o  coarse gravel--depending on t h e  s i z e  and g rada t ion  of t h e  aqu i f e r  
m a t e r i a l s .  The terms natural f i l t e r  pack and a r t i f i c i a l  f i l t e r  pack 
a r e  more p r e c i s e  and w i l l  be used i n  t h i s  s e c t i o n  of t h e  National  
Engineering Handbook. 

The f i l t e r  pack, i n  e f f e c t ,  i nc reases  t h e  diameter of t h e  we l l ,  thereby  
reduces head l o s s  which r e s u l t s  i n  a  more e f f i c i e n t  we l l .  A n a t u r a l  
f i l t e r  pack i s  developed by removing, through t h e  sc reen ,  t h e  f i n e  
m a t e r i a l  of t h e  a q u i f e r  ad jacent  t o  t h e  screen .  An a r t i f i c i a l  f i l t e r  
pack i s  p laced ,  from t h e  su r f ace ,  i n  t h e  annular  space between t h e  
aqu i f e r  and t h e  screen .  



The width o r  diameter of t h e  openings i n  t h e  we l l  screen a r e  commonly 
c a l l e d  sZot s ize .  The optimum s l o t  s i z e  i s  t h e  l a r g e s t  s i z e  t h a t  w i l l  
maintain t h e  s t a b i l i t y  of t h e  aqu i fe r  o r  pack m a t e r i a l  and i s  determined 
by ana lys i s  of t h e  g ra in  s i z e  d i s t r i b u t i o n  curve. 

The uniformity c o e f f i c i e n t  (Cu) of aqu i fe r  or  pack m a t e r i a l  i s  t h e  r a t i o  
of t h e  60 percent  f i n e r  ma te r i a l  ( D G O )  t o  t h e  10 percent  f i n e r  m a t e r i a l  
( D l 0 ) .  

It i s  a  means of grading o r  r a t i n g  uniformity of g ra in  s i z e .  A Cu of 
un i ty  means t h e  g ra ins  of t h e  m a t e r i a l  a r e  p r a c t i c a l l y  a l l  of t h e  same 
s i z e  while a  l a r g e  Cu i nd ica te s  a  l a r g e  range i n  s i z e s .  

I f  t h e  uniformity c o e f f i c i e n t  of t h e  aqu i fe r  m a t e r i a l  i s  2.0 o r  l e s s  
an a r t i f i c i a l  f i l t e r  pack w i l l  usual ly  be required.  I f  no coarse par- 
t i c l e s  (between 0.5 and 1 .0  mm) a r e  p r e s e n t ,  an a r t i f i c i a l  f i l t e r  pack 
w i l l  usual ly  be requi red  even though Cu i s  g r e a t e r  than  2.0. 

The Cu of aqu i fe r  ma te r i a l s  i s  a  guide but t h e r e  a r e  no hard and f a s t  
r u l e s  on when an a r t i f i c i a l  f i l t e r  pack i s  or  i s  not  requi red .  Three 
wells  constructed i n  a  f i n e  sand aqu i fe r  a t  Coos Bay, Oregon, seen t o  
s u b s t a n t i a t e  t h i s  poin t  ( E .  E. Johnson, 1966, pp. 153-154). One we l l  
was constructed with s l o t t e d  wood pipe and a double a r t i f i c i a l  f i l t e r  
pack, t h e  second with a  s l o t t e d  wire we l l  screen and a r t i f i c i a l  f i l t e r  
pack, and t h e  t h i r d  with a  s l o t t e d  wire we l l  screen and n a t u r a l l y  dev- 
eloped f i l t e r  pack. The s p e c i f i c  capaci ty  of t h e  t h r e e  wel ls  i n  ga l lons  
per  minute per  foo t  of drawdown was: wood pipe--6.7; wel l  screen with 
a r t i f i c i a l  f i l t e r  pack--19.6; and we l l  screen with na tura l .  f i l t e r  pack-- 
17.9. I n  t h i s  case t h e  we l l  with t h e  a r t i f i c i a l  f i l t e r  pack and wire 
well screen was s l i g h t l y  b e t t e r  than  t h e  wel l  with t h e  n a t u r a l l y  dev- 
?loped f i l t e r  pack and both were much b e t t e r  wel ls  than  t h e  wel l  with 
t h e  s l o t t e d  wood pipe and a r t i f i c i a l  f i l t e r  pack. 

Experience with o ther  wells  i n  t h e  same a rea  with s i m i l a r  condi t ions  
w i l l  he lp  i n  determining i f  an a r t i f i c i a l  f i l t e r  pack i s  requi red  i n  
borde r l ine  cases.  

The s l o t  s i z e  f o r  a  n a t u r a l l y  developed f i l t e r  pack i n  a  sand aqu i fe r  
should be such t h a t  about 60 percent  ( D G O )  of t h e  aqu i fe r  m a t e r i a l  w i l l  
e n t e r  t h e  screen (E.  E .  Johnson, 1966). I f  t h e  water i s  co r ros ive ,  a  
s l o t  s i z e  t o  pass 50 percent  ( D  O )  i s  recommended because corrosion 
may eventual ly  increase  t h e  s lo?  s i z e  enough t o  allow t h e  we l l  t o  pro- 
duce sand. 

Figure 6-10 i s  an example of a  g ra in  s i z e  d i s t r i b u t i o n  graph of a  sand 
aqui fer .  The Cu i s  2 .1  which i s  on t h e  border l ine  of r equ i r ing  an 
a r t i f i c i a l  f i l t e r  pack. Most wel l  screen s l o t s  a r e  f a b r i c a t e d  i n  even 
increments of 0.01 inches. I n  t h i s  case t h e  a c t u a l  design s i z e  i s  
0.024 which i s  between fab r i ca ted  s i z e s  0.020 and 0.030. I n  p r a c t i c e  
t h e  next smaller  (0.020) s i z e  i s  i n s t a l l e d .  



F o n  XI- 3- 
U. 9. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 

GRAIN S IZE DISTRIBUTION GRAPH 
P r o j e c t  Location 

FINES I SAND I GRAVEL 1 
D E S I G N  D A T A  - - - -  - - - - - - . *  " - 0 :  

- 0  - 
f o r  

- 
* - . . -  . . ,!E . . 5 q ?  - - 

9 7 
2 '  g s  3 q  f 

s 0 0 -  s o o - o -  - " 
* .  

Well No. 1 - - - - -  - -  - -  - -  - - - - -  - -  - -  - . - . B - 2  2 

" . .  . . 

90 

85 

80 

70 

- 
60 P 
: - 

50 f 
aL 

w 

M 

20 

15 

10 

0 

Grain Size In MiIl+mettrs 

' 5 0  
Sheet  No.-of- 



If t h e  aqu i f e r  i s  coarse sand and g rave l  a  s l o t  s i z e  t o  pass  50 t o  70 
percent  ( D S O  t o  D 7 0 )  of t h e  a q u i f e r  m a t e r i a l  i s  recommended. The 70 
percent  s i z e  allows more of t h e  a q u i f e r  m a t e r i a l  t o  e n t e r  t h e  w e l l  and, 
t h e r e f o r e ,  development of t h e  we l l  t a k e s  longer  and i s  more expensive. 
Figure 6-11 i s  a  g r a i n  s i z e  d i s t r i b u t i o n  graph of a  sand and g r a v e l  
aqu i f e r  . 
The Bureau of Reclamation (1964) recommends f o r  a  n a t u r a l l y  developed 
f i l t e r  pack, a  s l o t  s i z e  equal  t o  one-half t h e  DB5 s i z e  of t h e  a q u i f e r  
m a t e r i a l .  They a l s o  make adjustments i n  g r a i n  s i z e  d i s t r i b u t i o n  curve 
i f  t h e r e  i s  a  sharp  break i n  t h e  curve where some s i z e s  a r e  missing o r  
i f  Cu i s  l a r g e .  I n  most cases  t h e  Bureau 's  method and t h e  method des- 
c r ibed  above g ive  about t h e  same designed s l o t  s i z e .  

A r t i f i c i a l  f i i t e r  pack ( g r a v e l  pack).--The fo l lowing  t a b u l a t i o n  l i s t s  
condi t ions  when it may be d e s i r a b l e  t o  i n s t a l l  an a r t i f i c i a l  f i l t e r  
pack : 

1. 

2. 

3. 

4. 

5 - 

To s t a b i l i z e  f ine-grained,  poorly-sorted sand a q u i f e r s  t o  
avoid sand pumping. 
To permit t h e  use  of l a r g e r  s l o t  openings and r e s u l t a n t  b e t t e r  
we l l  e f f i c i e n c y  i n  f ine-gra ined  a q u i f e r s .  
I n  formations of t h i n  a l t e r n a t i n g  zones of coarse  and f i n e  
a q u i f e r  m a t e r i a l  it i s  d i f f i c u l t  t o  p o s i t i o n  screens  of var -  
ious  s l o t  s i z e s  accu ra t e ly .  The use  of an a r t i f i c i a l  f i l t e r  
pack w i l l  permit use  of a  s i n g l e  s l o t  s i z e  screen  and e l imi-  
n a t e  t h e  pos i t i on ing  problem. 
I n  deep-lying a q u i f e r s  it may be l e s s  c o s t l y  t o  s e t  a  smal l  
diameter a r t i f i c i a l l y  f i l t e r  packed sc reen  i n  an underreamed 
s e c t i o n  of ho le  t han  t o  d r i l l  t h e  f u l l  diameter ho le  t o  t o t a l  
depth. 
Loosely-cemented, f ine-gra ined  sandstone a q u i f e r s  t h a t  cannot 
be completed open ho le  because of sand pumping and r e q u i r e  
very  f i n e  s l o t  openings t o  proper ly  r e t a i n  t h e  sand can advan- 
tageous ly  be  cons t ruc ted  wi th  an a r t i f i c i a l  f i l t e r  pack. 

One i n d i c a t i o n  of t h e  need f o r  an a r t i f i c i a l  f i l t e r  pack may be de t e r -  
mined from t h e  uni formi ty  c o e f f i c i e n t  of t h e  a q u i f e r  m a t e r i a l s .  I f  
Cu i s  l e s s  t han  2.0 and D10 s i z e  i s  l e s s  than  0 .01  inches (0 .25  mm) , a 
f i l t e r  envelope may be necessary.  An a r t i f i c i a l  f i l t e r  pack may a l s o  
be i n s t a l l e d  i n  an a q u i f e r  conta in ing  f i n e  m a t e r i a l s  when it i s  d e s i r -  
a b l e  t o  use  l a r g e r  w e l l  sc reen  openings than  a r e  i n d i c a t e d  by t h e  s i e v e  
a n a l y s i s .  This u sua l ly  occurs  when Cu i s  between 2.0 and 3.0 and D G O  
i s  l e s s  t han  0.017 inches (0.42 mm). 

The most s a t i s f a c t o r y  s i z e  of f i l t e r  m a t e r i a l  i s  t h a t  s i z e  which mini- 
mizes head l o s s e s  through t h e  pack and a t  t h e  same time prevents  exces- 
sPve sand movement i n t o  t h e  wel l .  A f i l t e r  pack mixture of vary ing  
s i z e s  i s  u n s a t i s f a c t o r y  because t h e  smal le r  p a r t i c l e s  fill t h e  spaces 
between t h e  l a r g e r  ones thereby  reducing t h e  voids and inc reas ing  
r e s i s t a n c e  t o  water  flow. 

The s i z e s  of f i l t e r  m a t e r i a l  t o  be used a r e  determined from a s i e v e  
a n a l y s i s  of t h e  a q u i f e r  ma te r i a l .  They a r e  based on a  r e l a t i o n s h i p  
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between t h e  m a t e r i a l  used i n  t h e  pack and t h e  s i z e  of sand found i n  t h e  
aqu i f e r .  This r e l a t i o n s h i p  i s  known a s  t h e  Pack-Aquifer (P-A) r a t i o  and 
i s  def ined  a s  t h e  s i z e  of s i e v e  opening t h a t  w i l l  pass  30 percent  of t h e  
f i l t e r  m a t e r i a l  i n  t h e  pack d iv ided  by t h e  s i z e  of s i e v e  opening t h a t  
w i l l  p a s s  30 percent  of t h e  a q u i f e r  m a t e r i a l  (E.  E. Johnson, 1966) .  
Thus : 

D30 f o r  t h e  pack 
P-A r a t i o  = D30 f o r  t h e  aqu i f e r  

Experiments have shown t h a t  head l o s s e s  through f i l t e r  packs inc rease  
a s  P-A r a t i o s  decrease.  I n  order  t o  minimize t h e s e  l o s s e s ,  t h e  lower 
l i m i t  of t h e  P-A r a t i o  should be 4.0.  It has a l s o  been found t h a t  sand 
movement i nc reases  a s  P-A r a t i o s  i nc rease  and t h a t  r a t i o s  exceeding 9 .0  
become uns tab le .  For t h i s  reason t h e  upper l i m i t  of t h e  P-A r a t i o  i s  
9.0. 

The design of t h e  f i l t e r  pack i s  done i n  t h e  fol lowing s t e p s :  

1. Construct a g r a i n  s i z e  d i s t r i b u t i o n  graph of t h e  aqu i f e r  mate- 
r i a l .  The f i l t e r  pack des ign  i s  based on t h e  grada t ion  of t h e  
f i n e s t  a q u i f e r  m a t e r i a l  t h a t  i s  t o  be screened. 

2. Mult iply t h e  D30 s i z e  by a f a c t o r  of fou r  t o  nine.  A f a c t o r  
of fou r  i s  used i f  t h e  formation i s  f i n e  and uniform ( C u  l e s s  
than  3 . 0 ) ;  s i x  i f  it i s  coarse  and non-uniform; and up t o  n ine  
i f  it i s  h ighly  non-uniform and conta ins  s i l t .  

3. P l o t  t h e  po in t  from s t e p  2 on t h e  30 percent  a b s c i s s a  and draw 
a smooth curve with a uni formi ty  c o e f f i c i e n t  of about 2 . 5  
through it. This i s  t h e  g rada t ion  of  t h e  optimum f i l t e r  pack. 

4. An envelope curve of t h e  permiss ib le  l i m i t s  of t h e  f i l t e r  pack 
i s  drawn p l u s  o r  minus e i g h t  percent  of t h e  optimum curve. 

5 .  S e l e c t  w e l l  sc reen  s l o t  openings t h a t  w i l l  r e t a i n  90 percent  
of t h e  f i l t e r  m a t e r i a l .  

6. Gravel o r  sand f o r  t h e  a r t i f i c i a l  f i l t e r  pack should be of 
washed, well-rounded, hard and in so lub le  p a r t i c l e s .  

The method of s e l e c t i n g  f i l t e r  pack s i z e s  and determining screen  opening 
l i m i t s  i s  i l l u s t r a t e d  i n  Figures  6-12 and 6-13. The screen  opening 
l i m i t s  without an a r t i f i c i a l  f i l t e r  pack a r e  given f o r  comparison. The 
opening l i m i t s  with t h e  a r t i f i c i a l  envelope a r e  two t o  t h r e e  t imes those  
without .  

Natura l  subrounded m a t e r i a l  and crushed rock have been t e s t e d  by Karpoff 
(1955) t o  develop design c r i t e r i a  f o r  p r o t e c t i v e  f i l t e r s  d ra in ing  foun- 
da t ions  of engineering s t r u c t u r e s .  The fol lowing c r i t e r i a  a r e  given a s  
a guide f o r  f i l t e r s  used i n  cana l  s t r u c t u r e s  o r  o the r  hydraul ic  s t ruc -  
t u r e s  involv ing  high water heads where r a p i d  d i s h i p a t i o n  of u p l i f t  pres-  
s u r e  i s  des i r ed .  I n  t h e  fol lowing r a t i o s ,  FM rep resen t s  t h e  f i l t e r  
m a t e r i a l ,  BM t h e  base  m a t e r i a l ,  and R t h e  FM-U'd r a t i o  (equiva len t  t o  
P-A r a t i o  d iscussed  above).  
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0 For uniform gra in  s i z e  f i l t e r s :  

50 percent  s i z e  FM 
R50 = 50 percent  s i z e  BM 

= 5 t o  10 

For graded f i l t e r s  of subrounded p a r t i c l e s :  

50 percent  s i z e  FM 
R50 = ' 5 0  percent  s i z e  BM 

= 12 t o  58 

15 percent  s i z e  FM = 12 to  40 
R15 = 15 percent  s i z e  BM 

For graded f i l t e r s  of angular p a r t i c l e s :  

50 percent  s i z e  FM = 
t o  30 

R50 = 50 percent  s i z e  BM 

- 15 percent  s i z e  FM 
R15 - 15 percent  s i z e  BM 

= 6 t o  18 

The r a t i o  range (5-10) f o r  uniform gra in  s i z e  f i l t e r s  agrees f a i r l y  
c lose ly  with t h e  r a t i o  range (4-9) recommended he re in  f o r  f i l t e r  enve- 
lopes.  

The r a t i o  range f o r  graded f i l t e r s  of subrounded p a r t i c l e s  has higher  
l i m i t s  than  Pack-Aquifer r a t i o s  f o r  non-uniform grave l  packs of well- 
rounded p a r t i c l e s  recommended by Kruse (1960) who r e p o r t s :  "Test 
r e s u l t s  ind ica ted  t h e  following values a s  t h e  upper l i m i t s  of pack- 
aqu i fe r  r a t i o s  i f  a s t a b l e  f i l t e r i n g  a c t i o n  was t o  be maintained. 

Aquifer Gravel Pack Limiting P-A Ratio 

Uniform Uniform 9 - 5  
Non-unif orm Uniform 13.5 
Uni f orm Non-uni f orm 13.5 
Non-uniform Non-uniform 17.5 

 ateri rials with uniformity c o e f f i c i e n t s  of 1 . 3  t o  2.0 were considered 
uniform and from 3.0 t o  5.0 non-uniform." 

F i l t e r s  f o r  foundations a r e  designed t o  permit water flow and r e l i e v e  
pressure  while permi t t ing  no movement of base ma te r i a l s .  High permea- 
b i l i t y ,  allowing l a r g e  water flow, i s  usual ly  a secondary cons idera t ion .  
F i l t e r  envelopes f o r  wel ls ,  however, must have high permeabil i ty and 
permit very l i t t l e  t o  no aqu i fe r  (base  m a t e r i a l )  movement. Methods of 
blending aggregates i n t o  a f i l t e r  of t h e  proper gradat ion  a r e  given i n  
National Engineering Handbook, Sect ion  19 ,  Construction Inspect ion.  

To meet well  requirements,  pack-aquifer r a t i o s  f o r  graded, subrounded 
ma te r i a l s  o r  crushed rock should, i f  Bureau of Reclamation c r i t e r i a  i s  
used, be s e l e c t e d  a t  o r  near  t h e i r  minimum r a t i o s .  These minimum 
r a t i o s  agree c lose ly  with,  though a r e  s l i g h t l y  lower than ,  P-A r a t i o s  
f o r  non-uniform well-rounded ma te r i a l s  recommended by Kruse. 



Screen diameter and en t rance  velocity.--The a b i l i t y  of water  t o  t r a n s -  
p o r t  sand v a r i e s  a s  a  power of t h e  w a t e r ' s  v e l o c i t y .  This  power i s  
poss ib ly  a s  much a s  t h e  cube of v e l o c i t y  ( ~ u b e y ,  1938).  An en t rance  
v e l o c i t y  of water i n t o  a  w e l l  sc reen  t h a t  approaches but  does not 
exceed 0 . 1  foo t  p e r  second i s  d e s i r a b l e .  It has a  marked e f f e c t  on t h e  
amount of sand c a r r i e d  i n t o  t h e  we l l ,  head l o s s e s  i n  t h e  screen  and 
t h e  r a t e  of i n c r u s t a t i o n  o r  cor ros ion .  

The diameter of t h e  screen  can be determined t o  provide enough t o t a l  
a r e a  of sc reen  openings so  t h a t  en t rance  v e l o c i t y  w i l l  approach 0 . 1  
f o o t  pe r  second a f t e r  t h e  l eng th  and s l o t  s i z e  a r e  f i x e d .  

Most sc reen  manufacturers f u r n i s h  t a b l e s  of open a r e a  per  f o o t  of screen 
f o r  t h e  va r ious  s l o t  openings and diameters  they  manufacture. With 
t h e s e  t a b l e s  t h e  t r a n s m i t t i n g  capac i ty  of t h e  screen  can r e a d i l y  be 
ca l cu la t ed .  An example of t h i s  c a l c u l a t i o n  fol lows.  

The d e s i r e d  d ischarge  of a  w e l l  i s  400 ga l lons  pe r  minute through a  
ten-foot  s e c t i o n  of 0.040 inch s l o t  sc reen .  What i s  t h e  minimum dia-  
meter sc reen  t h a t  w i l l  provide t h i s  y i e l d  a t  t h e  d e s i r e d  0 . 1  foo t  pe r  
second o r  l e s s  en t rance  v e l o c i t y ?  

An 8-inch t e l e scop ing  screen  has 87 square inches of open a r e a  per  foot  
of sc reen  and: 

0.32 i s  a  conversion f a c t o r  ob ta ined  a s  fo l lows:  

& 1 ft3 1 min 144  in2  = 0. 32 
x - x  mzn zn 7.48 gal  60' see I. ft" 

An a l t e r n a t e  method i s  t o  c a l c u l a t e  t h e  q u a n t i t y  of water  t h a t  w i l l  
flow through t h e  screen  a t  t h e  permiss ib le  v e l o c i t y  of 0 . 1  foo t  p e r  
second and compare it t o  t h e  r equ i r ed  quan t i t y .  This  is  done by mul- 
t i p l y i n g  t h e  open a r e a  pe r  f o o t  of sc reen  t imes t h e  conversion. f a c t o r  
0.31. 

The conversion f a c t o r  0.31 i s  obta ined  from 

The a n a l y s i s  by t h e  two methods shows t h e  en t rance  v e l o c i t y  i s  t o o  high 
and a  l a r g e r  diameter sc reen  i s  r equ i r ed .  

A 12-inch, 0.040-inch s l o t  sc reen  has 130 square inches of open a r e a  
per  f o o t .  The en t rance  v e l o c i t y  f o r  400 ga l lons  pe r  minute i s :  



The quan t i t y  of water flowing through t h e  screen  a t  t h e  permiss ib le  
v e l o c i t y  i s :  

A twelve-inch sc reen  i s  minimum s i z e  t h a t  w i l l  provide t h e  r equ i r ed  
quan t i t y  of water  at t h e  permiss ib le  v e l o c i t y .  

It must be emphasized t h a t  t h e s e  c a l c u l a t i o n s  a r e  an a n a l y s i s  of t h e  
hydraul ic  c h a r a c t e r i s t i c s  of t h e  screen  i t s e l f  a t  an a r b i t r a r y  en t rance  
v e l o c i t y  and have nothing whatever t o  do wi th  hydraul ic  c h a r a c t e r i s t i c s  
of t h e  a q u i f e r .  

P lac ing  w e l l  screen.--Any commercial w e l l  d r i l l e r  should have adequate 
knowledge, s k i l l ,  and t o o l s  t o  proper ly  i n s t a l l  we l l  sc reens  and f i l t e r  
packs. The d e t a i l s  of t h e  var ious  methods and techniques  a r e  d iscussed  
i n  E. E. Johnson (1966).  Some gene ra l  gu ide l ines  and c r i t e r i a  w i l l  be  
ou t l i ned  here .  

There a r e  two methods gene ra l ly  used i n  i n s t a l l i n g  w e l l  s c reens .  

Under most condi t ions  it i s  d e s i r a b l e  t o  t e l e scope  t h e  screen  through 
t h e  casing.  I n  t h i s  technique ,  a t  l e a s t  f i v e  f e e t  of blank cas ing  t h e  

pame diameter a s  t h e  screen  i s  a t t a c h e d  t o  t h e  t o p  of t h e  screen  and 
extends i n t o  t h e  bottom of t h e  cas ing  when t h e  screen  i s  i n  p l ace .  
The space between t h e  t o p  of t h e  sc reen  assembly and cas ing  i s  sea l ed  
by a  l e a d  packer o r  o t h e r  s u i t a b l e  m a t e r i a l .  I n  a l l  c a ses ,  t h e  blank 
cas ing  should be long enough so  t h a t  t h e  t o p  of t h e  screen  i s  a t  l e a s t  
two f e e t  and p re fe rab ly  f i v e  f e e t  below t h e  t o p  of t h e  a q u i f e r .  This 
w i l l  a l low f o r  t h e  caving of over ly ing  m a t e r i a l  due t o  removal of f i n e s  
from t h e  a q u i f e r  during development of t h e  w e l l .  

The o the r  technique i s  t o  f a s t e n  t h e  screen  t o  t h e  bottom of t h e  cas ing  
and i n s t a l l  them as  one u n i t .  This  makes removal and r e p a i r  o r  rep lace-  
ment of t h e  screen  imprac t i ca l .  I n  a l l  cases  t h e  v e r t i c a l  r e l a t i o n s h i p  
of t h e  t o p  of t h e  screen and aqu i f e r  explained above must be maintained.  

Most a q u i f e r s  a r e  not  i s o t r o p i c  and conta in  a l t e r n a t i n g  beds o r  zones 
of d i f f e r e n t  grada t ion .  Well sc reen  s l o t  s i z e s  should be designed f o r  
t h i s  v a r i a b l e  grada t ion .  I n s t a l l i n g  a  mu l t ip l e  s l o t  s i z e  we l l  sc reen  
where f i n e  m a t e r i a l  o v e r l i e s  coa r se ,  t h e  f i n e - s l o t t e d  sc reen  should 
extend two t o  f i v e  f e e t  i n t o  t h e  coarse  zone. This w i l l  prevent  f i n e  
m a t e r i a l  from en te r ing  t h e  coarse s c reen  when t h e  formation slumps 
during development. I f  very  f i n e  sand ,  s i l t ,  o r  c l ay  zones a r e  p re sen t  
i n  an a q u i f e r ,  blank cas ing  should be s e t  oppos i te  them. 

To prevent  a q u i f e r  m a t e r i a l  from en te r ing  t h e  screen  from t h e  bottom, 
it must be closed.  This can be accomplished by welding a  meta l  p l a t e  
i n  a  s e c t i o n  of blank cas ing  on t h e  bottom of t h e  sc reen  o r  by cement 
g rou t .  If bail-down o r  wash-down shoes a r e  used, t hey  should incor-  
po ra t e  a  device f o r  c lo s ing  t h e  bottom opening a f t e r  t h e  screen  i s  i n  
p l ace .  



Metals used i n  screen  assemblies should be t h e  same i n s o f a r  a s  poss ib l e .  
D i s s imi l a r  metals  below t h e  water t a b l e  c r e a t e  ga lvanic  cu r r en t s  which 
may a c c e l e r a t e  cor ros ion .  

I n  theory ,  a  f i l t e r  pack th ickness  of only two o r  t h r e e  g r a i n  diameters  
w i l l  s ucces s fu l ly  c o n t r o l  t h e  a q u i f e r  ma te r i a l .  I n  p r a c t i c e  t h r e e  
inches i s  about t h e  minimum th ickness  of an a r t i f i c i a l  f i l t e r  pack t h a t  
can be i n s t a l l e d .  A f i l t e r  pack g r e a t e r  t han  about e i g h t  inches does 
not i nc rease  t h e  y i e l d  of t h e  we l l  and makes development more d i f f i c u l t .  

A r t i f i c i a l  f i l t e r  packs may be placed by t r emie ,  pumped, o r  o the r  s u i t -  
a b l e  method. Care should be taken t o  i n s u r e  t h a t  t h e  screen  i s  cen- 
t e r e d  i n  t h e  we l l  s o  t h e  f i l t e r  pack i s  placed on a l l  s i d e s  of t h e  
screen.  The method of p lac ing  t h e  f i l t e r  pack must not  r e s u l t  i n  
segrega t ion  of t h e  s i z e s  of t h e  pack m a t e r i a l .  This i s  extremely 
important i n  non-uniform ma te r i a l .  

I n  we l l s  d r i l l e d  by t h e  r o t a r y  method it i s  necessary t o  make t h e  dia-  
meter of t h e  ho le  a  few inches l a r g e r  t han  t h e  diameter of t h e  screen .  
This provides c learance  f o r  s e t t i n g  t h e  screen .  Af t e r  t h e  screen  has 
been s e t  it i s  o f t e n  advantageous t o  f i l l  t h i s  annular  space t o  pre- 
vent  f i n e s  over ly ing  t h e  a q u i f e r  from caving. The m a t e r i a l  used i n  
t h i s  procedure i s  c a l l e d  a  formation s t a b i l i z e r .  The g rada t ion  i s  not  
t o o  important ,  bu t  it should be about t h e  same a s  t h e  a q u i f e r  o r  
s l i g h t l y  l a r g e r .  The s i z e  of t h e  s l o t  openings of t h e  screen  a r e  
based on t h e  g rada t ion  of t h e  aqu i f e r .  

Centering t h e  we l l  sc reen  and c a r e f u l  placement of t h e  formation s t a b i -  
l i z e r  t o  prevent  s eg rega t ion  i s  not  requi red .  

Well Development 

Well development i s  t h e  process  of removing c l a y ,  s i l t ,  f i n e  sand,  
d r i l l i n g  mud and o t h e r  d e l e t e r i o u s  m a t e r i a l  from t h e  v i c i n i t y  of t h e  
w e l l  sc reen  and from behind t h e  f i l t e r  pack. This i nc reases  t h e  per-  
meab i l i t y  of t h e  m a t e r i a l  surrounding t h e  sc reen ,  t hus  inc reas ing  t h e  
e f f i c i e n c y  of t h e  wel l .  Development has  proved b e n e f i c i a l  i n  consol i -  
da ted  depos i t s  i n  some in s t ances  but  t h e  fol lowing d i scuss ion  r e l a t e s  
t o  development i n  unconsol idated depos i t s .  

Wells may be developed us ing  one o r  a  combination of s e v e r a l  methods 
inc luding  surg ing ,  backwashing, j e t t i n g ,  use  of compressed a i r ,  pumping, 
use of dry i c e ,  a c i d ,  and d i spe r s ing  agents .  Some a r e  more e f f e c t i v e  
under c e r t a i n  condi t ions  than  o the r s .  Knowledge of d r i l l i n g  methods 
and how p a r t i c u l a r  formations r e a c t  t o  development a r e  r e q u i s i t e s  f o r  
proper  s e l e c t i o n .  

Care must be taken i n  developing we l l s .  As i n  o the r  phases of des ign ,  
use  information from t h e  record  of m a t e r i a l s  pene t r a t ed  t o  guide devel- 
opment work. Operations such as  pumping, surg ing ,  j e t t i n g  and back- 
washing should s t a r t  slowly. Resul t s  should be c a r e f u l l y  observed and 
t h e  tempo of opera t ions  increased  only i f  t h e  nethod i s  ope ra t ing  as 
expected. I f  t h e  a q u i f e r  i s  o v e r l a i n  by f i n e  sand o r  s i l t ,  t h e r e  i s  
danger t h e s e  m a t e r i a l s  may be  washed down i n t o  t h e  a q u i f e r  by surging 
and s p o i l  t h e  w e l l  o r  prolong development work. 



Bridging of f i n e  sand i n  t h e  a q u i f e r  c lo se  t o  t h e  w e l l  may r e s u l t  from 
t o o  v i o l e n t  a c t i o n s  a t  t h e  beginning of work. Bridging of sand i n  
water-bearing formations i s  important and knowledge of t h e  process  of 
br idging  i s  necessary t o  an understanding of development work. When 
water i s  pumped from a we l l ,  t h e r e  i s  a  tendency f o r  sand p a r t i c l e s  i n  
t h e  formation t o  move toward t h e  we l l .  Because t h e  s teady  p u l l  of 
pumping i s  i n  one d i r e c t i o n ,  f i n e r  sand g ra ins  wedge a g a i n s t  each o t h e r  
and b r idge  ac ros s  openings between coarser  g ra ins .  The only way 
b r idg ing  can be prevented and f i n e  g ra ins  removed i s  by keeping t h e  
water a g i t a t e d  by r eve r s ing  t h e  d i r e c t i o n  of flow. 

Development by Surging 
Surging i s  one of t h e  most e f f e c t i v e  and commonly used methods of 
developing we l l s  i n  sand and g rave l  formations.  Surging i s  working 
some type  of b lock  o r  plunger up and down i n  t h e  w e l l  so  t h a t  water i s  
a l t e r n a t e l y  forced  out  i n t o  t h e  surrounding formation and then  allowed 
t o  flow back i n t o  t h e  we l l .  This  a c t i o n  loosens f i n e  sand o r  g rave l  
p a r t i c l e s  near  p e r f o r a t i o n s  i n  t h e  cas ing  and c a r r i e s  f i n e r  p a r t i c l e s  
i n t o  t h e  we l l  where they  can be removed. Surge blocks a r e  i l l u s t r a t e d  
i n  Figure 6-14. 

Development by Backwashing 
Seve ra l  procedures a r e  used i n  backwashing and a l l  produce a  surging 
e f f e c t  a t  t h e  pe r fo ra t ions  o r  sc reen .  They inc lude  use  of water and 
compressed a i r ,  and while  u sua l ly  not  a s  f o r c e f u l  a s  surg ing  wi th  a  
p lunger ,  a r e  i n  some in s t ances  very  e f f e c t i v e .  Backwashing under pres-  
su re  o r  with l a r g e  volumes of water should be done wi th  caut ion  i f  t h e  
cas ing  i s  not  t i g h t ,  o r  t h e  a q u i f e r  i s  o v e r l a i n  by f i n e  sand,  s i l t  o r  
c l ay .  Provis ion  must be made f o r  f requent  removal of f i n e s  washed i n t o  
t h e  we l l .  Backwashing i s  quick,  inexpensive,  and e f f e c t i v e  when t h e r e  
i s  no t  a g r e a t  quan t i t y  of f i n e s  t o  be removed. 

The s imples t  method of backwashing i s  t o  pour a  l a r g e  volume of water 
i n t o  t h e  w e l l  a s  r a p i d l y  a s  poss ib l e  and remove it wi th  b a i l e r  o r  sand 
pump a s  soon a s  poss ib l e .  The wash water can be re-used i f  screened 
o r  dumped i n t o  a  tank  having a  s e t t l i n g  compartment. The l a r g e r  t h e  
volume of water  and t h e  quicker  t h e  b a i l i n g ,  t h e  g r e a t e r  is  t h e  e f fec-  
t i v e n e s s  of t h i s  method. It i s  o f t e n  s u r p r i s i n g l y  e f f e c t i v e .  

A more f o r c e f u l  method of backwashing i s  t o  pump a l a r g e  volume of 
water i n t o  t h e  w e l l  under p re s su re .  The water  i s  pumped t o  t h e  per fora-  
t i o n s  o r  sc reen  through a  wash l i n e  pas s ing  through a  cap o r  bushing a t  
t h e  t o p  of casing.  Pumping i s  cont inued f o r  two t o  f i v e  minutes t o  
e s t a b l i s h  flow i n t o  t h e  a q u i f e r .  The cap i s  then  removed and t h e  w e l l  
b a i l e d  a s  quickly a s  poss ib l e .  I n s t e a d  of b a i l i n g ,  t h e  w e l l  may be 
f lushed  h y d r a u l i c a l l y  by a d d i t i o n  of a  s i d e  o u t l e t  va lve  a t  t h e  t o p  of 
casing.  Af t e r  a p p l i c a t i o n  of p r e s s u r e ,  t h i s  va lve  i s  opened and suf -  
f i c i e n t  water  pumped down t h e  wash l i n e  t o  b r ing  up t h e  f i n e  m a t e r i a l s  
drawn through t h e  screen.  This  method i s  f a i r l y  e f f e c t i v e  where con- 
d i t i o n s  a r e  f avo rab le ,  and has been used success ' fu l ly  by many d r i l l e r s  
on l a r g e  and smal l  we l l s .  

Backwashing and removal of f i n e s  may be accomplished wi th  a  t u r b i n e  
pump i n s t a l l e d  without  a  foo t  valve.  The procedure i s  c a l l e d  "rawhiding" 
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a t h e  w e l l  and c o n s i s t s  of i n t e r m i t t e n t l y  ope ra t ing  t h e  pump s o  a s  t o  
produce r e l a t i v e l y  r a p i d  changes i n  head i n  t h e  w e l l .  

Meeks (1952) s t a t e s ,  "The we l l  should be pumped slowly a t  f i r s t  , with 
a  gradual  i nc rease  i n  r a t e .  A t  each r a t e ,  pumping should be  continued 
u n t i l  no more sand i s  discharged by t h e  wel l .  This  procedure should be 
continued u n t i l  maximum capac i ty  of t h e  pump o r  we l l  i s  reached. The 
pump should not  be shut  down u n t i l  t h i s  pre l iminary  pumping i s  completed. 
I f  pumping i s  stopped during t h i s  s t a g e ,  t h e r e  i s  danger of sand clog- 
ging t h e  w e l l  o r  locking  t h e  pump. I f  pumping i s  s t a r t e d  a t  maximum 
r a t e ,  t h e r e  w i l l  be a  tendency f o r  sand p a r t i c l e s  t o  br idge ."  

When t h e  pre l iminary  pumping has  been completed t h e  we l l  i s  ready f o r  
t rea tment .  Three d i s t i n c t  r eac t ions  may be obtained by ope ra t ing  t h e  
pump i n  d i f f e r e n t  ways. Yhe methods a r e  summarized he re  from E.  E. 
Johnson (1959) ; 

1. Pump w e l l  a t  f u l l e s t  capac i ty  u n t i l  g r e a t e s t  drawdown i s  ob- 
t a i n e d .  Stop pump and allow water  t o  r e t u r n  t o  f u l l  s t a t i c  
water  l e v e l .  Repeat t h i s  procedure many t imes u n t i l  we l l  
shows no f u r t h e r  improvement. This  method develops t h e  maxi- 
mum d i f f e r e n c e  i n  p re s su re  head and an apprec iab le  surge a t  
t h e  w e l l  end by r e t u r n  of water  i n  t h e  pump column when t h e  
pump i s  shut  down. This method i s  not  a s  vigorous a s  t h e  fo l -  
lowing methods nor a s  severe  on t h e  pumping equipment. 

2 .  Pump w e l l  a t  f u l l e s t  capac i ty  u n t i l  maximum drawdown i s  obtained 
Then s t o p  and s t a r t  pump a l t e r n a t e l y  a t  s h o r t  i n t e r v a l s .  This 
procedure holds t h e  water  l e v e l  down and f o r c e f u l l y  a g i t a t e s  
t h e  m a t e r i a l s  a t  t h e  w e l l  end by backwash of water i n  t h e  pump 
column. Care must be taken not  t o  s t a r t  t h e  pump while  t h e  
s h a f t  i s  s t i l l  t u r n i n g  backward. 

3. Run pump u n t i l  water  i s  l i f t e d  t o  t h e  s u r f a c e .  Stop u n t i l  
water  d r a i n s  back down t h e  pump column. Repeat t h i s  process .  
No e f f o r t  i s  made t o  draw water  l e v e l  down. The ob jec t  i s  
a g i t a t i o n  by s t a r t i n g  and then  r eve r s ing  flow. 

Most d r i l l e r s  who develop wel l s  by rawhiding use  a  combination of t hese  
procedures.  Only experiment and experience can determine which w i l l  
apply a t  a  given l o c a t i o n .  Rawhiding i s  not vigorous enough where 
heavy development i s  needed and it i s  hard on pumping equipment. It i s  
inexpensive,  speedy and e f f e c t i v e  under proper  condi t ions .  

I n  backwashing we l l s  with compressed a i r ,  water  i s  forced  out through 
t h e  p e r f o r a t i o n s  o r  sc reen  by t h e  p re s su re  of a i r .  This method cannot 
be used un le s s  t h e  water i n  t h e  w e l l  s tands  a t  a  cons iderable  he ight  
above t h e  p e r f o r a t e d  p a r t  of t h e  cas ing .  When t h i s  method i s  used ,  t h e  
t o p  of t h e  cas ing  i s  s ea l ed  with an a i r t i g h t  cap through which an a i r .  
l i n e  extends.  The a i r  l i n e  i s  equipped wi th  a three-way va lve  s o  t h a t  
t h e  p re s su re  i n  t h e  we l l  can be r e l ea sed  a t  any t ime.  When a i r  i s  
t u rned  i n t o  t h e  a i r  l i n e ,  t h e  p re s su re  fo rces  water i n  t h e  w e l l  out  
through t h e  p e r f o r a t i o n s .  When a i r  begins t o  escape through t h e  per- 



f o r a t i o n s ,  it i s  shut  o f f  and pressure  i n  t h e  we l l  r e l eased  by opening 
t h e  valve. A pressure  gage on t h e  a i r  l i n e  shows when t h e  pressure  has 
b u i l t  up enough t o  fo rce  a i r  through t h e  pe r fo ra t ions .  When a i r  s t a r t s  
t o  escape, t h e  pressure  w i l l  no longer r i s e .  When pressure  i s  r e l eased ,  
water w i l l  flow back i n t o  t h e  we l l ,  car ry ing  f i n e  sand with it. 
Per iod ica l ly ,  t h e  cap i s  then  removed and sand i s  removed with t h e  
b a i l e r .  The process should be repeated u n t i l  no more sand i s  brought 
i n .  To make t h i s  method more e f f e c t i v e ,  it should be combined with 
pumping by a i r .  See Figure 6-15. 

Development by J e t t i n g  
J e t t i n g  i s  a recent  add i t ion  t o  t h e  usua l  procedures f o r  completing - - - - 
wells .  It i s  described i n  d e t a i l  i n  E. E. Johnson (1966). The pro- 
cedure cons i s t s  of operat ing 2 o r  4 h o r i z o n t a l  water j e t s  in s ide  t h e  
w e l l  so  t h a t  high v e l o c i t y  streams of water shoot out through t h e  
screen openings. The j e t t i n g  t o o l  has an outs ide  diameter 1 inch l e s s  
than  t h e  ins ide  diameter of the  screen.  Horizontal  nozzles on i t s  
perimeter  have o r i f i c e s  114 inch,  318 inch, o r  112 inch i n  diameter.  
The t o o l  i s  slowly r o t a t e d  and gradual ly  r a i s e d  and lowered s o  t h a t  
t h e  e n t i r e  sur face  of t h e  screen i s  j e t t e d .  Fine sand, s i l t ,  and c l ay  
a r e  washed out of t h e  formation around t h e  screen  and brought i n t o  t h e  
we l l  above o r  below t h e  j e t .  It i s  des i r ab le  t h a t  l i g h t  pumping t o  
remove f i n e s  continue while j e t t i n g .  

Reports ind ica te  t h e  continuous s l o t  type  we l l  screen permits  e f f e c t i v e  
development by j e t t i n g .  Louvered o r  s h u t t e r  type  screens and pipe-base 
screens present  t o o  l i t t l e  open a rea  f o r  t h e  hor i zon ta l  j e t  t o  be 
e f f e c t i v e .  

Development by Use of A i r  ("open well" ~ e t h o d )  
Meeks (1952) s t a t e s ,  "Use of a i r  i s  an e f f e c t i v e  means of developing a 
we l l  when properly done. Development with a i r  i s  a combination of 
surging and pumping. Large volumes of compressed a i r  a r e  suddenly 
re leased  a t  t h e  bottom of t h e  we l l ,  producing a s t rong surging a c t i o n  
and pumping a t  t h e  same t ime,  a s  with an ordinary a i r  l i f t  pump. 
Developing with a i r  i s  b e s t  s u i t e d  t o  wel ls  of small  diameter where 
depth of water i n  t h e  wel l  exceeds two-thirds of t h e  t o t a l  depth of 
wel l .  

" I n u s i n g  a i r  f o r  development, a drop pipe and an a i r  l i n e  a r e  necessary. 
The drop pipe i s  lowered t o  within about two f e e t  of t h e  bottom of t h e  
wel l  and t h e  a i r  l i n e  placed so it i s  a foo t  o r  two up i n  t h e  drop p ipe .  
The wel l  i s  pumped by a i r  u n t i l  t h e  water i s  f r e e  from sand. A valve 
on t h e  a i r  l i n e  i s  then closed and pressure  i n  t h e  tank b u i l t  up t o  
100 o r  150 pounds. The a i r  l i n e  i s  lowered a foo t  o r  so below t h e  drop 
pipe and t h e  valve opened quickly,  allowing a i r  t o  rush  i n t o  t h e  we l l  
under f u l l  pressure .  There w i l l  be a b r i e f  f o r c e f u l  surge of water;  
and i f  t h e  a i r  l i n e  i s  then  pu l l ed  back i n t o  t h e  drop p ipe ,  a strpng-' 
reverse  flow w i l l  be produced up t h e  drop p ipe ,  e f f e c t i v e l y  a g i t a t i n g  
t h e  water-bearing formation. The cycle of surging and pumping i s  con- 
t inued u n t i l  t h e  water i s  f r e e  from sand, ind ica t ing  t h a t  development 
work i s  complete." See Figure 6-15. 
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Development by Over Pumping 
This  i s  t h e  s imples t  and probably most common method of f i n i s h i n g  wel l s  
ending i n  sand o r  g rave l .  It c o n s i s t s  of pumping t h e  w e l l  a t  a  capa- 
c i t y  t h a t  w i l l  develop excess ive  o r  a t  l e a s t  g r e a t e r  drawdown than  i s  
planned f o r  r e g u l a r  opera t ion .  Over pumping c l e a r s  t h e  w e l l  a t  o r  
above i t s  n a t u r a l  capac i ty  bu t  accomplishes l i t t l e  a c t u a l  development 
because it produces no r e v e r s a l  of flow and l i t t l e  a g i t a t i o n  of a q u i f e r  
m a t e r i a l s .  It has t h r e e  weaknesses: (1) It i s  not e f f e c t i v e  f o r  
i nc reas ing  product ion because few f i n e s  a r e  removed; ( 2 )  Over pumping 
tends  t o  cause b r idg ing  of f i n e  sand i n  t h e  formation and reduct ion  of 
permeabi l i ty  i n  v i c i n i t y  of t h e  w e l l ;  ( 3 )  It o f t e n  r e q u i r e s  l a r g e r  
pumping equipment t han  may be convenient ly a v a i l a b l e .  A more e f f e c t i v e  
method should be used if permeabi l i ty  of t h e  a q u i f e r  can be increased  
by development. 

Development by Use of Dry I c e  ( s o l i d  carbon d iox ide )  
The surge produced i s  s i m i l a r  t o  backwashing wi th  compressed a i r  i n  a  
c losed  w e l l  except t h a t  p re s su re  i s  b u i l t  up by evapora t ion  of t h e  dry 
i c e .  Light surg ing  i n  we l l s  6  inches t o  10 inches i n  diameter may be 
accomplished by us ing  10 o r  15  pounds of dry i c e  broken i n t o  smal l  
p i eces ,  while  25 t o  50 pounds w i l l  produce a  heavy surge .  The cas ing  
should be open a t  t h e  t o p  t o  al low escape of gas and poss ib ly  a  geyser 
of muddy water .  A r u l e  of t h e  I l l i n o i s  S t a t e  Water Survey s t a t e s ,  
 here i s  no danger of f r eez ing  a s  long  a s  t h e r e  a r e  11 pounds of water 
i n  t h e  w e l l  f o r  each pound of dry i c e  used." See Figure 6-15. 

Dry i c e  i s  u sua l ly  not  e f f e c t i v e  i f  t h e  depth of water  i n  t h e  w e l l  i s  
smal l  i n  propor t ion  t o  depth of wel l .  If c l ay  i s  p r e s e n t ,  use  of a  poly- 
phosphate d i spe r s ing  agent beforehand w i l l  improve t h e  e f f e c t i v e n e s s  of 
t rea tment .  This method i s  inexpensive and convenient .  It has met wi th  
cons iderable  success  under some cond i t i ons ,  has  been i n e f f e c t i v e  under 
o t h e r s ,  and i n  a  few cases  has  damaged wel l s  by i t s  v i o l e n t  r e a c t i o n .  

Use of Acids 
I f  t h e  water-bearing sands o r  g rave l s  a r e  p a r t i a l l y  cemented by 
CaC03, t h e  use of a c i d  with t h e  s e v e r a l  methods of we l l  development 
w i l l  a s s i s t  i n  improving y i e l d .  Acids a c t  t o  f r e e  f i n e  m a t e r i a l s  and 
inc rease  void space by d i s so lv ing  t h e  cement. D i l u t e  hydrochlor ic  
a c i d ,  H C I  ( u s u a l l y  a 15 percent  s o l u t i o n )  i s  commonly used. Sulphuric  
a c i d ,  H2S04, i s  used l e s s  f r equen t ly  because products  of i t s  r e a c t i o n  
( s u l p h a t e s )  a r e  not  a s  so lub le  i n  water  a s  ch lo r ides .  A r ecen t  develop- 
ment, sulfamic a c i d ,  a granular  m a t e r i a l  t h a t  forms a  s t r o n g  a c i d  when 
d isso lved  i n  water ,  has  many advantages.  I t s  use  i s  descr ibed  i n  E. E .  
Johnson (1966).  Sulfamic a c i d  should not  be confused wi th  su lphur i c  
ac id .  It r e a c t s  t o  form sulfamates  which a r e  so lub le  i n  water .  Gran- 
u l a r  sulfamic a c i d  i s  shipped i n  dry form and i s  convenient and s a f e  
t o  handle.  I n  dry form it i s  not i r r i t a t i n g  t o  dry s k i n ,  bu t  i n  water  
s o l u t i o n s  it becomes a  s t r o n g  ac id  and should be handled t h e  same a s  
o t h e r  s t rong  ac ids .  

The k ind ,  method, and quan t i t y  of a c i d  needed t o  f a c i l i t a t e  w e l l  develop- 
ment depend on t h e  amount of cementing m a t e r i a l  i n  t h e  a q u i f e r ,  t h e  s i z e ,  
depth,  and cons t ruc t ion  of t h e  we l l .  



Use of Dispersing Agents 
Use of g l a s sy  phosphates 
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( p ~ l y ~ h o s p h a t e s  ) i n  we l l  development w i l l  
assist i n  removing s i l t ,  c l a y ,  i r o n  oxide,  and manganese oxide. Poly- 
phosphates have a b i l i t y  t o  loosen and d i spe r se  t h e s e  m a t e r i a l s  permit- 
t i n g  t h e i r  removal by surg ing  and backwashing. Glassy phosphates can 
be handled s a f e l y  and a r e  not  i n j u r i o u s  t o  pumps. 

Explosives 
Explosives a r e  used i n  some in s t ances  i n  an at tempt  t o  i nc rease  t h e  
y i e l d  of we l l s  i n  rock a q u i f e r s .  

The fol lowing items have t o  be considered i n  dynamiting w e l l s :  

1. Diameter of t h e  ho le ;  
2. cha rac t e r  of t h e  rock;  
3. r a t e  of d r i l l i n g ;  
4. depth of placement of sho t  under water .  

I n  a d d i t i o n ,  t h e  l o g  of t h e  hole  should be eva lua ted  and t h e  s i z e  of 
t h e  shot  be l i m i t e d  t o  50 pounds of 60 percent  dynamite unless  t h e  fo r -  
mation o r  s t ra tum being shot  i s  200 f e e t  o r  more i n  t h i ckness .  Milaeger 
(1942) d iscusses  t h i s  procedure i n  d e t a i l .  

Mylander (1952) has  developed a method of u s ing  what i s  c a l l e d  v i b r a t o r y  
explos ives .  This involves us ing  s p e c i a l  explos ives  t h a t  a r e  spaced on 
var ious  l eads  t h a t  correspond t o  permeable a r eas .  The charges a r e  
detonated a t  predetermined i n t e r v a l s  and produce a continuous s e r i e s  
of shock waves of r e l a t i v e l y  long dura t ion .  This  method i s  s a i d  t o  use  
explos ives  only 119 a s  powerful a s  primacord and produce b e n e f i c i a l  
shock waves f o r  a pe r iod  500 t imes a s  long.  

Livestock and Domestic Wells 

The c r i t e r i a  d i scussed  i n  t h i s  chapter  has  been mainly f o r  l a r g e  y i e l d i n g  
i r r i g a t i o n - t y p e  we l l s .  Much of t h i s  c r i t e r i a  i s  a l s o  app l i cab le  t o  
l i v e s t o c k  and domestic wel l s  where t h e  r equ i r ed  y i e l d  i s  much l e s s .  

The c r i t e r i a  on s e l e c t i o n  of we l l  sc reen  openings, types  of meta l ,  
en t rance  v e l o c i t y ,  and we l l  development a r e  a l l  v a l i d  f o r  small  we l l s .  

There a r e  s e v e r a l  p o i n t s  t o  cons ider  when designing smal l  y i e l d i n g  we l l s .  
The t o p  of t h e  screen  should be f a r  enough below t h e  water t a b l e  t o  
allow f o r  seasonable and long-term f l u c t u a t i o n s  of t h e  water  t a b l e .  
Screen a s h o r t  i n t e r v a l  of a coarse-grained zone i n  t h e  aqu i f e r  i n  pre- 
fe rence  t o  a longer  s e c t i o n  of a f ine-gra ined  zone. ( s e e  t h e  s e c t i o n  
on en t rance  v e l o c i t y . )  To inc rease  t h e  y i e l d  of a w e l l ,  i nc rease  t h e  
l eng th  of t h e  screen  and not t h e  diameter .  Doubling t h e  l eng th  w i l l  
about double t h e  y i e l d  while  doubling t h e  diameter w i l l  not  increase  t h e  
y i e l d  s i g n i f i c a n t l y .  - 

Always cons ider  s a n i t a r y  p r o t e c t i o n .  A l l  drainage should be away from 
t h e  wel l .  Locate t h e  we l l  up t h e  hydraul ic  g rad ien t  from p o t e n t i a l  
sources of contamination such a s  ba rns ,  s e p t i c  f i e l d s ,  e t c .  The cas ing  



should be grouted i n  place t o  prevent contaminated su r face  o r  ground 
water from co-mingling with t h e  water i n  t h e  aqu i fe r .  

Pumping Tes ts  

Pumping t e s t s  a r e  usual ly  conducted f o r  one of two reasons:  (1) t o  
obta in  information on performance and e f f i c i ency  of t h e  we l l  from which 
t o  base pump and power requirements; o r  ( 2 )  t o  determine t h e  phys ica l  
c h a r a c t e r i s t i c s  of t h e  aqu i fe r  which furnishes  valuable information 
f o r  water management developments. 

Test r e s u l t s  show we l l  c h a r a c t e r i s t i c s  and permit es t imat ing  optimum 
pumping r a t e ,  pump s e t t i n g ,  pump capaci ty ,  and power requi red .  Test ing 
i s  done a f t e r  completing development and p re fe rab ly  a f t e r  30 days 
s teady pumping. It cons i s t s  o f :  (1) measuring t h e  s t a t i c  water l e v e l ;  
( 2 )  determining whether we l l  i s  a r t e s i a n  o r  non-artesian; ( 3 )  de ter -  
mining he ight  of s t a t i c  water c o l m ;  ( 4 )  measuring water l e v e l  and 
y i e l d  while pumping a t  a near  maximum r a t e .  

The optimum y i e l d  and requi red  l i f t  may be est imated by converting 
drawdown obtained from t e s t  t o  percent  of poss ib le  drawdown and r e f e r -  
ence to Figure 6-9. The curves shown a r e  average drawdown-yield r e l a -  
t i o n s  f o r  a l a r g e  number of wells .  It i s  noteworthy t h a t  non-artesian 
wel ls  obta in  about 77 percent  of poss ib le  y i e l d  a t  50 percent  drawdown 
and a r t e s i a n  wel ls  produce about 55 percent  y i e l d  a t  50 percent  draw- 
down. 

Procedure : 

1. Measure depth t o  s t a t i c  water l e v e l  and record.  ( s e e  chapter  
3 f o r  methods of measuring. ) 

2. Determine i f  we l l  i s  a r t e s i a n  o r  non-artesian by reference  t o  
we l l  l o g  f o r  presence of a confining l a y e r .  If s t a t i c  water 
l e v e l  i s  above bottom of confining l a y e r ,  t h e  we l l  i s  a r t e s i a n .  

3.  Figure he ight  of s t a t i c  water column o r  100 percent  drawdown. 
For non-artesian wel ls ,  100 percent  drawdown i s  depth from 
s t a t i c  water l e v e l  t o  bottom of a q u i f e r ,  o r  t o  bottom of we l l  
i f  aqu i fe r  i s  not  completely penet ra ted .  For t h i s  purpose, 
100 percent  drawdown i n  a r t e s i a n  wel ls  i s  t h e  depth from t h e  
piezometric sur face  t o  t h e  t o p  of t h e  aqu i fe r .  (1f  drawdown 
extends below t h e  t o p  of t h e  aqu i fe r  and p a r t  of t h e  a r t e s i a n  
aqu i fe r  i s  dewatered, t h e  procedure i n  s t e p  5 must be propor- 
t i oned  f o r  a r t e s i a n  and non-artesian drawdown.) 

4. Pump we l l  a t  near  maximum r a t e  (50 percent  drawdown o r  s l i g h t l y  
more) u n t i l  drawdown and y i e l d  a r e  constant  a t  t h a t  r a t e .  
Drawdown may be considered constant  when t h r e e  measurements one 
hour apa r t  a r e  t h e  same o r  very near ly  so.  Several  hours t o  
s e v e r a l  days of continuous pumping may be required.  Record 
drawdown and y i e l d .  



5 .  Convert measured drawdown t o  percent  drawdown and r e f e r  t o  
Figure 6-9 t o  e s t ima te  optimum drawdown and y i e l d .  

6. Furnish  information on y i e l d ,  drawdown, e t c . ,  t o  pump s u p p l i e r  
f o r  recommendations on pump and power requirements .  

A check on t h e  e f f i c i e n c y  of t h e  w e l l  s c reen  can be made by i n s t a l l i n g  
an observa t ion  we l l  i n  t h e  annular  space between t h e  w e l l  cas ing  and 
s i d e s  of t h e  d r i l l  ho le .  I f  t h e  water  l e v e l  i n  t h e  observa t ion  w e l l  
during a pump t e s t  i s  at a  h igher  e l e v a t i o n  than  t h e  water  i n  t h e  
pumping we l l ,  t h e  we l l  sc reen  i s  not t r a n s m i t t i n g  t h e  water e f f i c i e n t l y .  
It may be d e s i r a b l e ,  i f  p o s s i b l e ,  t o  rework t h e  we l l  t o  improve t h e  
e f f i c i e n c y  of t h e  screen  o r  f i l t e r  pack. 

The procedures and methods of conducting pump t e s t s  and examples of t h e  
c a l c u l a t i o n s  t o  determine aqu i f e r  c h a r a c t e r i s t i c s  a r e  given i n  Chapter 
3. 

Maintenance 

Maintenance proper ly  performed can main ta in  w e l l  y i e l d s  and inc rease  
t h e  l i f e  of a  we l l .  The two main causes of decreasing we l l  c a p a c i t i e s  
a r e  cor ros ion  and depos i t i on  o r  i n c r u s t a t i o n .  

Corrosion 
Corrosion i s  t h e  removal of metal  i n  water  by chemical o r  e l e c t r o l y t i c  
a c t i o n .  Methods of p r o t e c t i n g  a g a i n s t  cor ros ion  have been d iscussed  i n  
t h i s  chapter  under t h e  heading,Well  Design. I f  cor ros ion  does occur 
severe  enough t o  impair t h e  w e l l ,  t h e  only s o l u t i o n  i s  t o  remove and 
r ep lace  t h e  corroded w e l l  sc reen  o r  cas ing .  

I n c r u s t a t i o n  
I n c r u s t a t i o n  i s  depos i t i on  of f o r e i g n  m a t e r i a l  on o r  around t h e  screen-. 
Corrosive o r  i n c r u s t i n g  s a l t s  occur t o  some e x t e n t  i n  a l l  ground water .  
Unlike cor ros ion ,  i n c r u s t a t i o n  reduces and w i l l  i n  t ime c l o s e  screen  
openings. 

I n c r u s t a t i o n s  a r e  u sua l ly  hard  and cement-like bu t  may have t h e  consis- 
tency  of p a s t e  o r  j e l l y  u n t i l  exposed t o  a i r .  The causes of i nc rus t a -  
t i o n  i n  approximate order  of importance a r e :  (1) p r e c i p i t a t i o n  of cal-  
cium and magnesium carbonate  and o t h e r  m a t e r i a l s  c a r r i e d  i n  s o l u t i o n  
( 9  in s t ances  out  of 1 0 )  ; ( 2 )  depos i t i on  of suspended s i l t  and c l ay ;  
(3 )  growth of b a c t e r i a  ( c r e n o t h r i x )  t h a t  feeds  on i r o n  i n  t h e  water  and 
c loses  voids i n  sediments and screen  openings with a j e l l y - l i k e  sub- 
s t ance ;  and ( 4 )  t h e  growth of slime-forming organisms t h a t  feeds  on 
ammonia and decomposing organic  ma t t e r .  

Carbonate i n c r u s t a t i o n  occurs because pumping causes a  r educ t ion  of 
p re s su re  i n  t h e  v i c i n i t y  of t h e  w e l l  and l i b e r a t e s  carbon dioxide.  The 
water  i s  then  unable t o  ca r ry  i n  s o l u t i o n  t h e  former amount of calcium, 
magnesium and o the r  meta l  s a l t s .  They a r e  depos i ted  a s  carbonates  and 
oxides on t h e  screen  and i n  t h e  ad jacent  a q u i f e r .  Eventual ly t hey  
cement an a r e a  about t h e  we l l .  



Reduction of drawdown i s  t h e  most e f f e c t i v e  means of slowing deposi t ion 
of carbonate encrus t ing  ma te r i a l s .  Drawdown may be reduced i n  s e v e r a l  
ways: (1) by design of t h e  screen t o  keep entrance l o s s e s  a t  a  minimum; 
( 2 )  by thorough we l l  development t o  increase  e f f e c t i v e  diameter of t h e  
we l l ;  ( 3 )  by pumping a t  a  reduced r a t e  f o r  a  longer per iod  of t ime;  and 
( 4 )  by use of a  g r e a t e r  number of smaller  wel ls .  

Treatment with acid.--When i n c r u s t a t i o n  i s  r ap id ,  per iodic  t reatment  
with hydrochloric  o r  o ther  s t rong a c i d  i s  requi red  even though a l l  
poss ib le  measures t o  reduce drawdown a r e  taken. The following proce- 
dure f o r  t reatment  with hydrochloric  ac id  i s  summarized from E.  E. 
Johnson (1955a). 

Determine reason f o r  production decl ine  i f  poss ib le .  Make pumping 
t e s t  t o  have b a s i s  f o r  determining e f fec t iveness  of t reatment .  

Conditions necessary f o r  ac id  t rea tment  of we l l s :  

1. Well screen must be cons t ruc ted  of metal  t h a t  w i l l  not be 
damaged by t h e  acid.  

2. Well screen should be constructed of one metal  so  t h a t  e lec-  
t r o l y t i c  corrosion w i l l  not become es t ab l i shed .  

3. The k ind  of ma te r i a l  encrus t ing  screen  should be determined. 
Analyze water.  I f  not ab le  t o  determine na tu re ,  t r y  s i n g l e  
ac id  t reatment .  

4. Prepare we l l  and a rea  i n  v i c i n i t y .  Shut down a l l  wel l s  wi th in  
100 f e e t .  

Method of s i n g l e  ac id  t reatment:  

I f  mur ia t ic  (hydrochlor ic)  ac id  i s  used, it should be 18O Baume 
which i s  27.92 percent  ac id .  It i s  b e t t e r  p r a c t i c e  t o  buy an 
i n h i b i t e d  a c i d  from a chemical supply house. The a c i d  should be  
introduced a t  t h e  bottom of t h e  screen using b lack  i r o n  o r  p l a s t i c  
p ipe  and f i t t i n g s .  F i l l  5 t o  7 f e e t  of screen  a t  a  t ime and r a i s e  
pipe 5 f e e t  and repeat  a s  necessary,  add 20 percent  e x t r a  a t  l a s t  
s e t t i n g .  Use g l a s s ,  earthenware o r  p l a i n  s t e e l  p i t c h e r  t o  pour 
ac id  i n t o  funnel .  Do not brea the  fumes of H C 1  o r  r eac t ion .  Keep 
work a rea  v e n t i l a t e d .  Water-slaked lime ( c ~ o )  i s  u s e f u l  t o  
n e u t r a l i z e  s p i l l e d  ac id .  Pump and waste water f o r  2 hours on 
completion. Check water with l i tmus  paper o r  determine pH. 

Outl ine of procedure f o r  s i n g l e  a c i d  t reatment:  

1. F i l l  screen with ac id .  
2. Let s tand 30 minutes t o  1 hour. 
3. S t i r  with p ipe  f o r  about 1 minute. 
4. Let s tand f o r  2-3 hours. 
5. Surge l i g h t l y  f o r  about 10 minutes with surge block. ( ~ u n  

small  s t ream of water i n t o  w e l l  while  surging ,  i f  convenient . )  



6 .  Surge moderately with s o l i d  surge block.  
7. B a i l  w e l l  c lean.  
8. pump f o r  a t  l e a s t  2 hours. 

This method w i l l  be successfu l  i n  a majori ty of wel ls  where p r i n c i p a l  
cementing agent i s  calcium carbonate ( c ~ c o ~ ) .  It may need t o  be re-  
peated two o r  t h r e e  times. I f  it i s  t o  be repeated ,  place a c i d  i n  
screen ,  a g i t a t e ,  and remove by pumping o r  b a i l i n g  a f t e r  30 minutes t o  
1 hour. The second treatment  should then  proceed a s  above. 

Treatment with po1yphosphate.--Accumulations of s i l t ,  c l ay ,  and oxides 
of i r o n  and manganese i n c r u s t i n g  screens may be d ispersed  by use of 
g lassy  phosphates and pumped from t h e  wel l .  Phosphates work i n  t h e  
same manner a s  household de tergents .  The following notes a r e  a summary 
of i n s t r u c t i o n s  f o r  use of g lassy  phosphates from E. E. Johnson (1955) : 

Make pumping t e s t  a t  s t a r t  t o  have b a s i s  f o r  evalua t ing  t r e a t -  
ment. Use 1 5  t o  30 pounds of g lassy  phosphates and 1 t o  2 
pounds of calcium hypochlori te  f o r  each 100 ga l lons  of water 
i n  well .  The calcium hypochlori te  i s  used with t h e  polyphos- 
phate t o  k i l l  i r o n  b a c t e r i a .  The phosphate should be d issolved 
from a wire basket  o r  bu r l ap  bag and not  dumped i n  a tank.  

Pour so lu t ion  i n t o  wel l .  Surge vigorously t o  work chemicals i n  
and out through screen openings. Surge with pump f o r  4 hours, 
i d l e  2 hours ,  surge f o r  2 t o  4 more hours. Af ter  chemicals 
have been i n  t h e  we l l  24 hours,  they  should be surged s e v e r a l  
t imes and pumped out t o  waste. During f lush ing  per iod  t h e  
wel l  should be surged 3 o r  4 t imes a t  about 10-minute i n t e r v a l s .  
Pumping should continue u n t i l  water comes f a i r l y  c lean .  This 
t reatment  should be repeated  with a new charge. Two o r  more 
r e p e t i t i o n s  of t reatment  a r e  usua l ly  required.  A pumping t e s t  
should be made t o  determine need f o r  r e p e t i t i o n .  

The e f fec t iveness  of t reatment  can be improved by removing t h e  
pump and surging with blocks f o r  more p o s i t i v e  c i r c u l a t i o n  of 
chemicals. Be t t e r  opportunity i s  thus o f fe red  f o r  breaking up 
and d i spe r s ing  encrus t ing  ma te r i a l s  and we l l  may be cleaned 
by ba i l ing .  I f  t h i s  i s  done, time of surging may be cut  i n  
ha l f  but  d ispers ing  agent should be l e f t  i n  we l l  about 24 hours. 

Treatment with chlorine.--Chlorine has been found e f f e c t i v e  i n  "burning 
up" organic slimes t h a t  cause stoppage i n  some l o c a l i t i e s .  Good 
r e s u l t s  have been produced by adding 30 t o  40 pounds l i q u i d  chlor ine  
t o  a l a r g e  we l l  over a per iod  of 10 t o  12  hours. The pump need not 
be removed and may be used t o  surge we l l  occas ional ly .  A small  amount 
of corros ion  i n h i b i t o r  should be added t o  t h e  water t o  avoid corrosion 
of t h e  pump. 





References 

American Water Works Association, Inc., 1958, AWWA Standards for Deep 
Wells: AWWA A100-58, New York. 

Anderson, Keith E. , 1947 , Water Well Handbook: Mo. Water Well Drillers 
Association, Rolla, Mo . 

E. E. Johnson, Inc., 1951, The Chemistry of Water: Bull. 1237, St. 
Paul. 

E. E. Johnson, Inc., 1955a, The Corrosion and Incrustation of Well 
Screens : Bull. ,834 (rev. ) , St. Paul. 

E. E. Johnson, Inc., 1955b, The Yield of Water Wells: Bull. 1238 (rev.), 
St. Paul. 

E. E. Johnson, Inc., 1959, The Principles and Practical Methods of 
Developing Water Wells: Bull. 1033 (rev.), St. Paul. 

E. E. Johnson, Inc., 1966, Ground Water and Wells: St. Paul. 

Karpoff, K. P., 1955, The Use of Laboratory Tests to Develop Criteria 
for Protective Filters: ASTM Proc., Vol. 55. 

Kruse, Gordon, 1960, Selection of Gravel Packs for Wells in Unconsoli- 
dated Aquifers : Colo. State University Tech. Bull. 66, Fort Collins. 

LeRoy , L. W. , (ed. ) , 1951, Subsurface Geologic Methods : Colorado School 
of Mines, Golden. 

Maher, J. C., 1954, Logging Drill Cuttings: Oklahoma Geological Society, 
Guide Book XIV, Second Edition. 

Meeks, Tom O., 1952, Developing and Testing Irrigation Wells: USDA-SCS 
Regional Bull. 114, Geol. Series 4, Albuquerque. 

Milaeger, R. E., 1942, Development of Deep Wells by Dynamiting: Jour. 
Am. Water Works Assoc., Vol. 34, pp. 684-690. 

Mylander, H. A., 1952, Well Improvement by Use of Vibratory Explosives: 
Jour. Am. Water ,Works Assoc., Vol. 44, pp. 39-48. 

Patten, E. P., Jr., and G. D. Bennett, 1963, Application of Electrical 
and Radioactive Well Logging to Ground-Water Hydrolow: U.S. Geol. 
Sur. Water-Supply Paper 1544-D. 

Rohwer, Carl, 1940, Putting Down and Developing Wells for Irrigation: 
USDA Circ. 546. 

Rubey, W. W. , 1938, The Force Required to Move Particles on a Stream 
Bed: U.S. Geol. Surv. Prof. Paper 189e. 



Todd, D. K., 1959, Ground-Water Hydrolow: John Wiley and Sons, New 
York. 

Tolman, C. F., 1937, Ground Water: McGraw-Hill, New York. 

U. S . Bureau of Reclamation, 1964, Ground-Water Engineering Techniques 
and Standards (tentative): Denver. 

U.S. Department of Agriculture, 1940, Stock Water Developments, Wells, 
Springs, and Ponds: Farmers' Bull. 1859. 

U.S. Soil Conservation Service, 1953, Farm Planners' Engineering Hand- 
book for the Upper Mississippi Region: Agricultural Handbook No. 57. 

U.S. Soil Conservation Service, 1958, Engineering Handbook for Soil 
Conservationists in the Corn Belt: Agricultural Handbook No. 135. 



GENERAL 

Absolute ownership, ii 
Acid t r ea tmen t ,  6-40, 6-44 
Aerat ion,  zone o f ,  1-3 
A e r i a l  photographs, 3-6, 3-9, 4-4, 

4-7, 4-8, 4-10 
A i r  development, 6-38 
A i r  l i n e ,  3-15, 3-16, 3-34, 6-37 
Aggradation, 2-1 
Alluvium, 2-1, 3-6 
Apparent d i p ,  3-28 
Appropriat ion d o c t r i n e ,  ii 
Aquiclude, 1-2, 1-7 
Aquifer ,  1-2, 1-5, 1-6, 2-10, 2-16 
Aquifer c h a r a c t e r i s t i c s ,  1-6 
Aquifer  outcrop s p r i n g s ,  5-6 
Aquifer  s a m ~ i e  , 3-27 
Aquifer t e s t ,  3-33 
Aquifuge, 1-2 
Area of i n f luence ,  1-12 
Ar t e s i an  a q u i f e r ,  1-5 
Ar t e s i an  s p r i n g ,  5-6 
Ar t e s i an  w e l l ,  1-7 
A r t i f i c i a l  f i l t e r  pack, 6-23, 6-26 
A t t i t u d e ,  3-8 
Auger d r i l l i n g ,  6-5 

Backwashing, 6-35 
B a s a l t ,  1-6, 2-8, 5-4 
Boring, 6-5 
Boundary cond i t i ons ,  3-13, 3-56 
Buried channels ,  2-18 

Cable t o o l  d r i l l i n g ,  6-3 
Cal iper  l o g ,  3-26 
Capacity of c y l i n d e r s ,  6-5, 6-6 
Cap i l l a ry ,  1-1, 1-3 
Cap i l l a ry  f r i n g e ,  1-3, 1-4,  1-5 
Cap i l l a ry  r i s e ,  1-3 
Carbonat i o n ,  2-9 
Casing, 6-18 
Casing m a t e r i a l s ,  6-18 
Casing s i z e ,  6-19 
Casing t h i c k n e s s ,  6-19, 6-20 
Chalk, 2-10, 3-11 
Chalked t a p e ,  3-14 
Channel depos i t s  , 2-16, 2-18 
Chemical q u a l i t y ,  1-20, 1-21, 2-2, 

4-19 
Chlorine t r ea tmen t ,  6-45 
C l a s s i f i c a t i o n  of rocks ,  2-8, 3-7 
C l a s s i f i c a t i o n  of s p r i n g s ,  5-1 

Cleavage, 2-9, 2-19 
Coal,  2-11 
Coef f i c i en t  of pe rmeab i l i t y ,  1-2, 

1-8, 1-10, 1-14 
Coe f f i c i en t  of s t o r a g e ,  1-12, 1-13, 

1-16, 1-18, 3-33, 3-40 
Coef f i c i en t  of t r a n s m i s s i b i l i t y ,  

1-9, 1-10, 3-33, 3-40, 3-52 
Coef f i c i en t  of un i formi ty ,  6-24, 

6-26, 6-31 
Co l l ec to r s ,  5-9, 5-11, 5-12 
Color a e r i a l  photographs, 3-13 
Columnar s e c t i o n ,  3-27 
Columnar s t r u c t u r e ,  2-8 
Common law, ii 
Communicating vo id ,  1-2 
Compressed a i r  w e l l  development, 

6-37 
Cone of depress ion ,  3-47 
Confined a q u i f e r ,  1-5, 1-7 
Confined ground water ,  3-15 
Consol ida t ion ,  2-8 
Contact s p r i n g ,  5-1, 5-2 
Contamination of s p r i n g s ,  5-8 
Cont inenta l  d e p o s i t s ,  2-13 
Contour map, 3-14 
Core sample, 4-12 
Correct ion of d ip ,  3-30 
Cor re l a t ion ,  4-14, 6-13 
Corrosion, 6-18, 6-22, 6-34, 6-43 
Cross-sect ion,  4-15 
C r y s t a l l i n e  rock,  2-8, 2-11, 4-8 

Darcy's Law, 1-6, 1-9, 1-13, 3-28 
Data s h e e t ,  3-35, 3-36, 3-37, 3-38, 

3-55 
Degradation, 2-1 
Delivery p i p e s ,  5-14 
Dendr i t ic  dra inage ,  3-10 
Depression s p r i n g ,  5-1, 5-2 
Deranged dra inage ,  3-11 
Design of w e l l s ,  6-13 
Deta i led  i n v e s t i g a t i o n ,  4-1, 4-9, 

4-15 
Development of s p r i n g s ,  5-1, 5-3, 

5-5, 5-6, 5-8 
Diameter of w e l l s ,  6-19 
Diameter - y i e l d  r e l a t i o n s h i p ,  6-19 
Diastrophism, 2-8 
Dip, 3-8, 3-29 
Discharge measurement, 3-18, 3-34 



Discharging w e l l  method, 3-32, 
3- 34 

Dispersing agen t s ,  6-41, 6-45 
Disturbed sample, 3-27, 4-12 
Dolomite, 2-10, 2-13, 3-11 
Domestic w e l l ,  6-41 
Drainage p a t t e r n ,  3-10 
Drainage t e x t u r e ,  3-11 
Drawdown, 1-14,  1-15, 1-16, 3-40, 

3-56, 6-14 
Drawdown cone, 1-15, 3-33, 3-40 
Drawdown-yield r e l a t i o n s h i p ,  6-14 
Drinking water  s t anda rds ,  1-20 
D r i l l i n g  methods, 6-1 
D r i l l i n g  mud, 6-1 
D r i l l i n g  t ime l o g ,  3-26, 6-6, 6-10 
Driven w e l l ,  6-5 
Dry i c e  t r ea tmen t ,  6-40 
~ u g  w e l l s ,  6-5 
Dugouts, 5-17 
Dune sand,  2-17 
Dyes, 3-32, 4-13 

Ef f i c i ency  of w e l l s ,  3-58, 6-43 
Ef f luen t  s t ream, 1-7, 3-18 
E l e c t r i c  l o g ,  3-26, 6-6, 6-10 
E l e c t r i c a l  r e s i s t i v i t y  method, 

3-20, 4-4, 4-10 
Entrance v e l o c i t y ,  6-32 
Equil ibr ium cond i t i ons ,  1-12, 1-14  
Equil ibr ium method, 1-14,  3-32, 

3- 39 
Equipment, 3-59 
Equ ipo ten t i a l  l i n e ,  1-10, 1-11 
Esker ,  2-7 
Evapor i tes ,  2-4 
Explosives,  5-10, 6-41 
Ext rus ive  rock ,  1-6, 2-8, 4-8 

Fac ie s ,  2-16 
Fan, 2-1 
F a u l t ,  2-17, 3-27 
Fau l t  s p r i n g ,  5-6, 5-7 
Fence diagram, 4-15, 4-17 
F i e l d  capac i ty ,  1-4 
F i e l d  n o t e s ,  3-8 
F i e l d  permeabi l i ty ,  1-9, 3-32, 4- 11 
F i e l d  s tudy ,  4-4 
F i e l d  t e s t s ,  4-10 
F i l t e r  g rada t ion ,  6-31 
F i l t e r  pack, 6-23, 6-34 
Flow from p i p e s ,  3-19, 3-21 
Flow l i n e ,  1-10, 1-11, 3-15 

Flow n e t ,  1-10, 1-11 
Folds ,  2-16, 3-27 
Formation s t a b i l i z e r ,  6-34 
F rac tu re ,  2-19 
F rac tu re  s p r i n g ,  5-1, 5-3, 5-9 
F rac tu re  t r a c e ,  3-9 
Fringe water ,  1-5 

Gamma-ray l o g s ,  6-13, 6-14, 6-15 
Genetics of sediments ,  2-9 
Geologic i n t e r p r e t a t i o n ,  3-9, 4-14, 

6-13 
Geologic map, 3-1, 3-2, 3-4, 3-6, 

3-19, 4-3, 4-8 
Geologic s e c t i o n ,  3-27, 4-8, 4-15 
Geologic r e p o r t ,  4-9 
Geologic s t r u c t u r e ,  2-16, 3-8 
Geophysical surveys ,  3-19, 4-4 , 

4-11 
Ghyben-HerzBerg r e l a t i o n ,  3-26, 

6-18 
G l a c i a l  d e p o s i t s ,  2-7, 2-16, 3-6 
Graben, 2-17 
Gravel pack,  6-23, 6-26 
G r a v i t a t i o n a l  wa te r ,  1-5 
Gravi ty methods, 3-20 
Gravi ty s p r i n g ,  5-1 
Ground wa te r ,  1-3 
Ground-water a r e a s ,  4-5 
Ground-water i n v e s t i g a t i o n s ,  4-1 
Ground-water observa t ions  , 3-13 
Ground-water recharge ,  1-6, 4-9 

4-15 
Ground-water r e g u l a t i o n s ,  ii 
Ground-water r i g h t s ,  ii 
Grout s e a l ,  6-20 
Gypsum, 2-11, 3-11 

Hand auger ho le s ,  3-19 
Hors t ,  2-17 
Hydration, 2-9 
Hydraulic g r a d i e n t ,  1-18, 1-10, 

3-15 
Hydraulic ram, 5-14, 5-15 
Hydraulics of w e l l s ,  1-12 
Hydros ta t ic  equ i l i b r ium,  3-25, 

6-18 

Igneous rocks ,  1-6, 2-8, 3-7, 
3-10, 5-4 

Image w e l l ,  3-56 
I n c r u s t a t i o n ,  6-43 
I n f i l t r a t i o n  g a l l e r y ,  5-10 



I n f l u e n t  s t ream, 1-7, 3-18 
I n f r a r e d  imagery, 3-13 
I n j e c t i o n  w e l l ,  4-15 
In te rmedia te  zone, 1-2, 1-3, 1-4,  

1- 5 
I n t e r n a l  water ,  1-2 
I n t e r p r e t a t i o n s ,  

geologic ,  4-14, 4-19 
a q u i f e r  t e s t ,  3-56 
w e l l  l o g ,  6-13 

I n t e r s t i c e s ,  1-1 
I n t r u s i v e  rock,  1-6 
I n v e s t i g a t i o n s  , i , 4-1 

d e t a i l e d ,  4-1, 4-9, 4-15 
pre l iminary ,  4-1, 4-2, 4-10 

I s o p i e s t i c ,  1-10, 1-11 

J e t  eductor ,  6-2, 6-3 
J e t t i n g  method, 6-3 
J e t t i n g  t r ea tmen t ,  6-38 
J o i n t ,  2-19, 5-5 
J o i n t  s e t ,  2-19 
J o i n t  s p r i n g ,  5-3, 5-5 
J o i n t  system, 2-19, 2-20 

Kame, 2-7 
Kao l in i za t ion ,  2-9 

Laboratory permeabi l i ty  t e s t ,  
3-28, 3-32 

Lake sediments,  2-2, 3-6 
L a t e r i z a t i o n ,  2-9 
Lava f lows,  2-8, 3-11 
Leaky-roofed a q u i f e r s  , 3-56 
L i g n i t e ,  2-11 
Limestone, 2-10, 2-13, 3-11 
Lineaments, 3-9 
Linear  f e a t u r e s ,  3-9 
Lithology,  2-11, 2-13,. 3-9 
Loess,  2-4, 3-7 
Logs and logging ,  3-24, 3-26, 

4-11, 4-19, 6-6 

Magmatic sp r ing ,  5-1 
Magnetic anomaly, 3-20 
Maintenance of w e l l s ,  6-43 
Mapping, 3-6, 4-8 
Maps, 3-2, 3-4, 3-6, 3-19, 4-3, 

4-8 4-15 
Meinzer' s  Uni t s ,  1-9 
Metamorphic rock, 2-8, 2-11, 3-7, 

3-10, 4-8 
Modified non-equilibrium method, 

3-48 

Mudflows , 2-1 
Natura l  f i l t e r  pack, 6-23 
Natura l  r a d i a t i o n ,  6-13, 6-14 
Neutron l o g ,  6-13, 6-15 
Non-equilibrium cond i t i ons ,  1-15 
Non-equilibrium method, 1-15, 3-32, 

3-40 

Observation w e l l ,  1-10, 1-14,  1-18, 
3-16, 3-33, 4-12 

0p.timum y i e l d ,  6-42 
Out l ine  of hydrogeologic r e p o r t ,  

4-20 
Outcrop f e a t u r e s  , 3-11 
Outwash, 2-7 
over-pumping t r ea tmen t ,  6-40 
Oxidat ion,  2-9 

Pack-aquifer r a t i o ,  6-28 
P e l l i c u l a r  wa te r ,  1 -4 ,  1-5 
Perched ground wa te r ,  3-18 
Perched water  t a b l e ,  1-4 ,  1-7, 

3-18 
Percussion d r i l l i n g ,  6-3 
P e r f o r a t i o n s ,  6-22 
Permeabi l i ty ,  1-2, 1-8, 1-10, 3-31 

i n v e s t i g a t i o n s ,  3-28, 3-31 
Permeameters, 3-32 
Permiss ib le  en t rance  v e l o c i t y ,  6-32 
Photogeologic i n t e r p r e t  a t i o n ,  3-9, 

3-10 
Photographic t o n e ,  3-11 
Photo-image , 3-10 
P h r e a t i c  a q u i f e r ,  1-4, 1-7 
Phrea t i c  wa te r ,  1-3 
P h r e a t i c  w e l l ,  1-7 
Phreatophyte , 5-9 
Piezometer,  1-10, 3-15, 3-16, 4-11 
Piezometr ic  s u r f a c e ,  1-5, 1-7, 5-6 
Pinch-out , 2-16 
Pipe f low,  3-19, 3-21 
Polyphosphate t r ea tmen t ,  6-41, 

6-45 
Popper, 3-34 
P o r o s i t y ,  1-1, 1-2, 1-8, 2-9, 2-11 
P o t a b i l i t y ,  1-20, 4-9 4-19 
P o t e n t i a l  y i e l d ,  2-2 
P r e c i p i t a t e s ,  2-10 
Prel iminary i n v e s t i g a t i o n ,  4-1, 

4-2, 4-10 
Product ion d e c l i n e ,  6-44 
~ z - o t e c t i o n  of s p r i n g s ,  5-16 
Pub l i ca t ions ,  3-1, 3-2, 3-3 
P y r o c l a s t i c s  , 2-8 



Pumping t e s t s ,  3-32, 6-42 
Pumps, 3-33 

Q u a l i t y  of ground water ,  1-18, 
2-10, 4-9 

Q u a l i t y  of  s p r i n g  water ,  5-1, 5-3, 
5-59 5-65 5-8 

Radioact ive l o g ,  3-26, 6-6, 6-11 
Radioact ive t r a c e r s ,  4-13 
Radius of i n f luence ,  3-58 
Rawhiding, 6-35 
Reasonable use ownership, ii 
Recharge, 1-6, 4-9, 4-15 
Recommendations, 4-20 
Reconnaissance i n v e s t i g a t i o n s ,  4-1 
Hecovery a n a l y s i s ,  3-32, 3-52, 

3-55 
Refrac t ion  method, 3-20, 4-4, 4-11 
Regulation of ground water ,  ii 
Report,  4-2, 4-9, 4-15, 4-20 
Report o u t l i n e ,  4-20 
Residual  drawdown, 3-52 
R e s i s t i v i t y  curve,  6-10, 6-12 
R e s i s t i v i t y  l o g ,  6-10, 6-12 
R e s i s t i v i t y  method, 3-20, 4-4, 

4-11 
Reverse c i r c u l a t i o n  d r i l l i n g ,  6-3, 

6-4, 6-7 
 ROC^, 2-8 
Rock c l a s s i f i c a t i o n ,  2-8, 3-7 
Rock flowage zone, 1-2 
Rock f r a c t u r e  zone, 1-2 
Rock s l i d e ,  2-1 
Rotary d r i l l i n g ,  6-1, 6-7, 6-34 

Safe  y i e l d ,  3-28 
S a l t  water  encroachment, 3-25 
Sample box, 6-7, 6-8 
Sample catchment system, 6-7, 6-9 
Sample l o g ,  6-6, 6-7 
Sampling, 3-27, 4-12, 6-7 
Sand p o i n t ,  6-5 
Sandstone, 2-10, 2-13, 3-11 
San i t a ry  p r o t e c t i o n  of w e l l s ,  6-41 
Sapropel ,  2-2 
S a t u r a t i o n  zone, 1-3 
Sca le ,  2-28, 3-6, 4-8 
Screen diameter ,  6-32 
Screen placement,  6-33 
Screens,  6-21 
Secondary p o r o s i t y ,  1-1, 2-10 
Sediment, 5-9 

Sedimentary a s s o c i a t i o n s  , 2-13 
Sedimentary rocks ,  1-6, 2-8, 3-7, 

3-10, 5-4 
Sedimentat ion,  2-9 
Seepage, 4-14 
Seismic methods, 3-20, 4-4, 4-11 
Shale ,  2-9, 2-13, 3-10 
S i t e  s e l e c t i o n ,  4-15 
S l o t  s i z e ,  6-24 
S o i l  p r o p e r t i e s ,  3-12 
S o i l  wa te r ,  1-3, 1-4 ,  1-5 
So lu t ion ,  2-11, 2-12, 2-19 
S p e c i f i c  r e t e n t i o n ,  1-4 
S p e c i f i c  y i e l d ,  1-12 
Spontaneous p o t e n t i a l  l o g ,  6-10, 

6-11 
Spring box, 5-8, 5-10-13, 5-18 
Spring development, 5-2, 5-3, 5-5, 

5-6, 5-8 
Spring d i scha rge ,  3-18 
Spring p r o t e c t i o n ,  5-16 
Spr ings ,  5-1, 5-6 
S t a t e  laws ,  ii 
S t a t e  p u b l i c a t i o n s ,  3-3 
Storage c o e f f i c i e n t ,  1-12, 1-13, 

1-16, 1-18, 3-33 
S t r a t i f i e d  d r i f t ,  2-7 
S t r a t i g r a p h i c  t r a p ,  2-16, 2-17 
S t r a t i g r a p h y  , 2-11, 2-13, 2-14, 

2-15, 3-27 
Stream discharge ,  3-18 
St reaml ine ,  1-10 
S t r i k e ,  3-8 
S t r i p  l o g ,  6-7 
S t r u c t u r e  

engineer ing ,  5-10 
geologic ,  2-16, 3-8, 3-27 

Subar tes ian  a q u i f e r ,  1-6 
Subar tes ian  w e l l ,  1-7 
Subcap i l l a ry ,  1-1, 1-3 
Subdendrit  i c  dra inage ,  3-10 
Subsurf ace i n v e s t i g a t i o n s ,  4-10 
Supe rcap i l l a ry ,  1-1, 1-3 
Surface  exposures ,  3-6 
Surging,  6-35 . 

Syncl ine ,  2-17 

Talus,  2-1 
Tectonic  f e a t u r e s ,  2-13, 3-1, 4-4 
Temperature, 1-9 
Temperature l o g ,  3-26 
Temperature of s p r i n g  water ,  5-2, 

5-3, 5-53 5-6, 5-8 



Terra in  f e a t u r e s ,  3-10 Yield,  1-12, 2-4, 2-5, 2-6, 5-1, 
Test d r i l l i n g ,  3-25, 4-11, 4-15 5-2, 5-5, 5-6 
Test  p i t s ,  3-19 
Theis equat ion ,  1-15, 3-32, 3-40 Zpne of a e r a t i o n ,  1-3, 1-5 
Thiem formula, 1-14, 3-32, 3-39 Zone of rock flowage, 1-2, 1-5 
Time-drawdown curve,  3-53 Zone of  rock f r a c t u r e ,  1-2, 1-5 
Time-recovery curve,  3-57 Zone of s a t u r a t i o n ,  1-3, 1-5, 5-17 
Topographic map, 3-6, 4-4 Zone of s o i l  wa te r ,  1-3, 1-5 
Tracers ,  1-8, 4-12, 4-14 
Transmiss ib i l i t y ,  1-9, 1-10, 1-16, 

1-18, 3-33 
Trave r t ine ,  5-3, 5-5, 5-9 
T r e l l i s  dra inage ,  3-11 
Tubular s p r i n g ,  5-1, 5-3 
Tunnel, 5-10, 5-11 
Type curve, 3-43 

Unconfined a q u i f e r ,  1-7 
Unconformity, 2-19, 3-27 
Unconsolidated m a t e r i a l ,  2-1 
Undisturbed sample, 3-27, 3-28, 

4-12, 6-7 
Uniformity c o e f f i c i e n t ,  6-24, 

6-26, 6-31 

Vegetat ion,  5-9 * Veloci ty,  1-8 
Viscos i ty ,  1-9 
Voids, 1-1 

Water-level measurements , 3-14, 
3-34 

Water-level recovery method, 3-52 
Water t a b l e ,  1-3, 1-4, 1-5, 1-7, 

4-19 
Water-table contour ,  1-11, 3-14, 

4-15, 4-18 
Well, 6-1, 6-41 
Well cas ing ,  6-18 
Well design,  6-13 
Well development, 6-20, 6-34 
Well d r i l l i n g  methods, 6-1 
Well e f f i c i e n c y ,  3-58 
Well funct ion ,  1-16, 1-17 
Well i n s t a l l a t i o n ,  6-20 
Well i n t e r f e r e n c e ,  3-56 
Well l ogs ,  3-19, 6-6, 6-13, 6-15 
Well maintenance, 6-43 
Well records ,  3-18, 3-23, 4-3, 4-8 
Well screen ,  6-21, 6-22 
Well screen  m a t e r i a l ,  6-22 
Well screen    la cement . 6-33 * - - 
Wing w a l l ,  5-9, 5-12 




