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ABSTRACT 

Two hundred  f o u r t e e n  wells c o n s t r u c t e d  t o  s u p p l y  w a t e r  

t o  v a r i o u s  s u b d i v i s i o n s  and m o b i l e  home p a r k s  i n  Wake County ,  

N C ,  were used a s  a  d a t a  b a s e  i n  t h e  i n v e s t i g a t i o n .  The 

u l t i m a t e  p u r p o s e  of t h e  s t u d y  was p r o v i s i o n  of  g u i d e l i n e s  f o r  

e v a l u a t i n g  ground w a t e r  u s e  a s  an e l emen t  i n  l a n d - u s e  

p l a n n i n g  f o r  Wake County.  

A two media  model was r e c o g n i z e d ,  c o n s i s t i n g  of  

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

Community Well System (CWS) w e l l  d a t a  p r o v i d e d  w e l l  y i e l d  

i n f o r m a t i o n  which c o u l d  be  t e s t e d  a g a i n s t  v a r i o u s  g e o l o g i c  

and n o n - g e o l o g i c  p a r a m e t e r s ,  Major a r e a s  where ground w a t e r  

y i e l d s  have  h i s t o r i c a l l y  been  low (< 10 gpm) and a r e a s  where 

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

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

c o e f f i c i e n t  which proved  t o  be c o r r e l a t a b l e  w i t h  l i t h o l o g y ,  

f i e l d  j o i n t  and f r a c t u r e  measu remen t s ,  and s p e c i f i c  c a p a c i t y  

o f  wells.  Average v a l u e s  of f r a c t u r e  c o e f f i c i e n t s  g rouped  by 

r o c k  t y p e  d e c r e a s e d  i n  t h e  same r o c k  t y p e  o r d e r  a s  a v e r a g e  

wel l  d e p t h s  grouped  by r o c k  t y p e  i n c r e a s e d .  

P r o b a b i l i t y  c u r v e s  p r o v i d e  a  means of e s t i m a t i n g  y i e l d s  

f o r  a  g i v e n  r o c k  t y p e  and a  means of  g u i d i n g  a  d e c i s i o n  on 

whe the r  t o  deepen  a  w e l l  beyond a b o u t  250 f t  o r  t o  d r i l l  a  
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new well  for  a  given p r o j e c t .  The p robab i l i ty  of loca t ion  of 

high y ie ld  wells (> 50 gpm) i s  improved by app l i ca t ion  of 

lineament analyses .  Frac tures  and j o i n t s  appear i n  g r e a t e r  

abundance where the  rocks a re  the  more in tense ly  fo lded ,  and 

water well  y i e lds  a re  genera l ly  higher in  these  a reas .  

Low stream flow c a l c u l a t i o n s  (7-day, 10-year; 7-day, 

1-year) a r e  u t i l i z e d  t o  es t imate  usable recharge for  var ious 

p a r t s  of the  county. The da ta  agree w i t h  es t imates  of 

recharge made using the  Thornthwaite and Mather water budget 

model. Information about well  f a i l u r e s  ind ica tes  t h a t  

roughly 25 percent of the  CWS wel ls  eventua l ly  cease t o  be 

productive for  one reason or another .  I t  i s  estimated t h a t  

about ha l f  of the  f a i l u r e s  can be a t t r i b u t e d  t o  geologic  

f a c t o r s .  

From a  land-use planning viewpoint the  study suggests  

t h a t  development needing a  water usage exceeding t h a t  

required by a  s ingle-family r e s i d e n t i a l  dens i ty  of one 

u n i t l a c r e  should be concentrated in  those areas  where 

governmental planning proposes extension of water and sewer 

s e r v i c e s .  
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SUMMARY AND CONCLUSIONS 

The nature of the two-media ground water model for 

crystalline rocks areas and the possibility that a multiple 

aquifer system may exist in places, inhibits the accurate 

prediction of ground water production from individual wells 

in Wake County prior to their drilling. However, estimates 

of the occurrence and availability of ground water on a 

geographic basis can be valuable in planning the development 

of ground water resources in the county. Furthermore, 

probability information is useful in decisions relating water 

needs to a drilling program and its costs. 

The investigation has used Community Well System (CWS) 

well yield data to outline patterns of favorable and less 

favorable areas for ground water development in Wake County. 

Conjunctive use of ground water with surface water requires 

an understanding of an inventory of the ground water and an 

understanding of under what circumstances ground water may 

become unavailable or be in limited supply. Calculations 

undertaken show that ground water is not in an infinite 

supply 

In planning water supply distribution systems based upon 

ground water, the extent to which ground water is available 

must be recognized. Plate 6 summarizes the potential ground 

water availability across the county, and Plate 5 pinpoints 



some major areas where well yields have historically been 

relatively low (less than 10 gallons per minute; gpm). 

Analysis of the data and the methodology used during the 

investigation indicate the following conclusions. 

1. Specific capacity is a better parameter than yield for 

comparing the the water-bearing capacities of individual 

well sites. Specific capacity provides a measure of 

well "efficiency" by accounting for the drawdown to 

obtain a given yield. According to the chi square 

analysis of specific capacity lithology is the most 

significant variable. For a given well yield there is 

a maximum probable drawdown, and this maximum value 

increases with yield. 

2. A negative correlation exists between well depth and 

yield or specific capacity. In general, the optimal 

maximum well depth of the CWS wells is approximately 250 

feet. Drilling below a depth of about 250 feet is less 

likely to increase significantly total well yield for a 

requirement, or project, than will drilling a new well. 

3. The failure of the multiple regression analysis to 

account for a significant amount of the variation in 

specific capacity is caused primarily by the exclusion 

of important geologic variables, in particular fracture 

characteristics, from the model. The relative signif- 

icance of the geologic variables affecting specific 

X 



c a p a c i t y  a s  i n d i c a t e d  by t h e  m u l t i p l e  r e g r e s s i o n  

a n a l y s i s  a r e  d i f f e r e n t  from t h e  r e s u l t s  of t h e  c h i  

square  a n a l y s i s ,  except  t h a t  l i t h o l o g y  is  t h e  most 

important  v a r i a b l e  i n  each a n a l y s i s .  

The m u l t i p l e  r e g r e s s i o n  a n a l y s i s  i s  judged t o  be 

more s e n s i t i v e  t o  t h e  a c t u a l  e f f e c t s  of a  geo log ic  

v a r i a b l e  on s p e c i f i c  c a p a c i t y  because i t  accounts f o r  

t h e  e f f e c t s  of t h e  o t h e r  geo log i c  v a r i a b l e s .  Chi squa re  

a n a l y s i s  makes no adjus tment  f o r  t h e  e f f e c t s  of o t h e r  

geo log i c  v a r i a b l e s  on s p e c i f i c  c a p a c i t y .  Thus, i t  i s  

u n c e r t a i n  t h a t  t h e  v a r i a t i o n  i n  s p e c i f i c  c a p a c i t y  a s  

i n d i c a t e d  by a  c h i  square  a n a l y s i s  i s  due s o l e l y  t o  a  

s i n g l e  v a r i a b l e  of i n t e r e s t .  

4 .  The informat ion from t h e  l i n e a r  i n t e r s e c t i o n  e v a l u a t i o n  

t oge the r  with t h e  l i t h o l o g i c a l l y  r e l a t e d  p a t t e r n  of 

dec reas ing  s p e c i f i c  c a p a c i t y ,  we l l  y i e l d s ,  and f r a c t u r e  

c o e f f i c i e n t  with average wel l  depth suppor t  i n  

combination a  g e n e r a l  concept  t h a t  ground water i s  found 

more f r e q u e n t l y  i n  amounts above 50 gpm and a t  shal lower  

dep ths  i n  t h e  -1 l i t h o l o g y .  The assemblage of 

rocks  d i s p l a y s  t h e  l e a s t  f avo rab l e  c o n d i t i o n s  f o r  ground 

water p roduc t ion ,  i nc lud ing  t h e  average need t o  d r i l l  

deeper f o r  y i e l d s  exceeding 50 gpm than  i s  necessary  i n  

t h e  o the r  l i t h o l o g i e s .  On t h e  o t h e r  hand, t h e  p robab i l -  

= i n j e c t e d  g n e i s s  and s c h i s t ;  = mica hornblende 
g n e i s s  and s c h i s t .  
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i t y  of loca t ing  a  well  y i e ld  of more than 58 gpm in  the  

l i tho logy  i s  about doubled i f  l i n e a r  f e a t u r e  

ana lys i s  i s  u t i l i z e d ,  and s imi la r  increases  in  the  

p r o b a b i l i t y  of obta in ing  a  wel l  a t  or above a  given 

y i e l d  a re  expected for  y i e l d s  in  the  20 t o  50 gpm range. 

Detailed evaluat ion of each proposed well s i t e  with 

regard t o  r e l a t i o n s h i p  between p o t e n t i a l  recharge a r e a ,  

s a p r o l i t e  th ickness ,  rock type,  topographic l i n e a r s ,  and 

topography may be expected t o  improve the  discovery 

r a t i o  of wel ls  producing more than the  average volumes 

of water as  computed from the  p resen t ly  ava i l ab le  d a t a .  

Drainage dens i ty  is not a  dependable index of f r a c t u r e  

dens i ty  and i s  i n  pa r t  a f fec ted  by v a r i a t i o n s  in  rock 

r e s i s t a n c e  t o  weathering. Some l i n e a r  f ea tu res  may a l s o  

be the  r e s u l t  of streams following l e s s  r e s i s t a n t  l a y e r s  

i n  the  bedrock. 

The c h a r a c t e r i s t i c s  of the  f r a c t u r e  system (frequency, 

s i z e ,  and interconnect ion)  a r e  t h e  most important 

f a c t o r s  a f f e c t i n g  well  production. 

The Jenkins and Pren t i ce  (1982)  equation of l i n e a r  flow 

i s  an appropr ia te  i n i t i a l  method for  determining the  

c h a r a c t e r i s t i c s  of a  f r ac tu red  c r y s t a l l i n e  a q u i f e r .  The 

values of the  f r a c t u r e  c o e f f i c i e n t  proved t o  be 

cons i s t en t  with the  f r a c t u r e  c h a r a c t e r i s t i c s  mapped in  

t h e  f i e l d  and derived from baseflow observat ions.  
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8 .  Li thology i s  t h e  second most s i g n i f i c a n t  v a r i a b l e  

a f f e c t i n g  y i e l d .  The mean y i e l d s  range from 45 gpm f o r  

we l l s  t o  21 gpm f o r  w e l l s .  The mean y i e l d s  

c a l c u l a t e d  from t h e  CWS we l l s  a r e  g r e a t e r  than  t h e  mean 

y i e l d s  r epo r t ed  p rev ious ly  by May and Thomas (1968). 

The p r o b a b i l i t y  of h igh y i e l d  we l l s  ( 2  75 gpm) i s  

g r e a t e s t  f o r  t h e  fgs l i t h o l o g y  (PR = . 23) ,  and t h e  igs 

l i t h o l o g y  has t h e  g r e a t e s t  p r o b a b i l i t y  of providing w e l l  

y i e l d s  between 20 and about 58 gpm. 

Topography is not  r e l a t e d  t o  we l l  y i e l d  a s  c l o s e l y  

a s  l i t h o l o g y .  According t o  c h i  square  ana lyses  of 

y i e l d ,  topography and s a p r o l i t e  t h i c k n e s s  appear t o  be 

more s i g n i f i c a n t  than wel l  s i t e  e l e v a t i o n  and d i s t a n c e  

of wel l  t o  n e a r e s t  draw. The m u l t i p l e  r e g r e s s i o n  

a n a l y s i s  shows s a p r o l i t e  t h i c k n e s s  t o  be of r e l a t i v e l y  

low importance.  This  sugges t i on  may r e f l e c t  t h e  complex 

r e l a t i o n s h i p  e x i s t i n g  between water flow i n  t h e  

s a p r o l i t e ,  t h e  inc idence  of bedrock f r a c t u r e s  accep t ing  

wa te r ,  t h e  t h i c k n e s s  of t h e  s a p r o l i t e ,  and t h e  p o s i t i o n  

of t h e  wel l  s i t e s .  The - ad1 l i t h o l o g y  i s  i n t e rmed ia t e  i n  

i t s  p o t e n t i a l  ground water y i e l d ,  bu t  h igher  y i e l d s  may 

be a n t i c i p a t e d  a long t h e  bo rde r s  of t h e  g r a n i t i c  mass 

where f r a c t u r i n g  appears  t o  be more prominent .  

9 .  Cons idera t ion  of average va lues  of we l l  dep th ,  s p e c i f i c  

1. - ad = g r a n i t e ;  fgs = f e l s i c  g n e i s s  and s c h i s t  
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c a p a c i t y ,  and wel l  y i e l d  d i s c l o s e s  t h a t  average water 

w e l l  depth  i n c r e a s e s  i n  t h e  o rder  of l i t h o l o g i e s  igs, 

A, -1, and w. There i s  a  corresponding dec rease  i n  

t h e  average f r a c t u r e  c o e f f i c i e n t ,  s p e c i f i c  c a p a c i t y ,  and 

we l l  y i e l d  va lues  with i n c r e a s i n g  average we l l  dep th .  

Linear  r e g r e s s i o n  computations show t h a t  t h e  b e s t  

c o r r e l a t i o n  w i t h  t h e  average we l l  depth c l a s s e d  by rock 

type  is  with t h e  average s p e c i f i c  c a p a c i t y  and f r a c t u r e  

c o e f f i c i e n t  va lues .  The c o r r e l a t i o n  between t h e  l i t h o -  

l o g i c a l l y  grouped average we l l  depths  and t h e  

a s s o c i a t e d  average we l l  y i e l d s  i s  r e l a t i v e l y  low. 

10.  Low flow s t ream c h a r a c t e r i s t i c s  can be used t o  de te rmine  

r e l a t i v e  ground water a v a i l a b i l i t y  and t o  l o c a t e  

i n d i r e c t l y  more i n t e n s e l y  f r a c t u r e d  a r e a s .  Values of 

Q7,10 i d e n t i f y  t h e  Wake Forest-Millbrook-Bayleaf a r e a  a s  

having t h e  g r e a t e s t  ground water a v a i l a b i l i t y  i n  

no r the rn  Wake County. The baseflows i n  t h e  R o l e s v i l l e  

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

t h e  margins of t h e  b a t h o l i t h  and dec rease  eastward 

toward i t s  c e n t e r .  This r e l a t i o n s h i p  i s  confirmed by 

t h e  h igher  mean y i e l d  of we l l s  d r i l l e d  a t  t h e  margins of 

t h e  b a t h o l i t h .  Lower p o t e n t i a l s  fo r  ground water 

development l i e  i n  t h e  Durham Basin and t h e  Ca ro l ina  

S l a t e  Be l t  a r e a s .  

1. - ad = g r a n i t e ;  fgs = f e l s i c  g n e i s s  and s c h i s t  
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Ground w a t e r  r e c h a r g e  a s  d e t e r m i n e d  from Q 7 , l  v a l u e s  

a g r e e  w i t h  r e c h a r g e  v a l u e s  computed by t h e  T h o r n t h w a i t e  

method f o r  t h e  R a l e i g h  a r e a  (13 p e r c e n t  mean a n n u a l  

p r e c i p i t a t i o n ) .  The d i f f e r e n c e  be tween  Q 7 , l  and Q7,10 

v a l u e s  c a n  be  used  a s  an i n d i c a t o r  of  t h e  s m a l l e s t  

amount of g round w a t e r  a v a i l a b l e  f o r  u s e  w i t h o u t  g round 

w a t e r  min ing  and c o n s e q u e n t  l o w e r i n g  of  t h e  w a t e r  t a b l e .  

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

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

e a r l y  A p r i l  t h a n  i s  i n d i c a t e d  by t h e  Q 7 , l  v a l u e s .  

However, p r u d e n t  p l a n n i n g  r e q u i r e s  c o n s i d e r a t i o n  of t h e  

min ima l  amount of w a t e r  t h a t  migh t  be  a v a i l a b l e  o v e r  t h e  

l o n g  t e rm.  S i n c e  t h e  r e c h a r g e  v a l u e s  based  upon t h e  

T h o r n t h w a i t e  method and t h e  Q 7 , l  d i s c h a r g e  v a l u e s  a r e  

s i m i l a r ,  d i s c r e t i o n  s u g g e s t s  t h a t  t h e  lower  r e c h a r g e  

v a l u e s  be u t i l i z e d  i n  p l a n n i n g  t h e  deve lopment  of Wake 

County.  Such p l a n n i n g  s h o u l d  a l s o  t a k e  i n t o  a c c o u n t  t h e  

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

recharge  r a t e .  

Based upon a  p e r  c a p i t a  u s e  of  100 g a l / p e r s o n / d a y  and an 

a v e r a g e  of two t o  t h r e e  p e o p l e  p e r  r e s i d e n t i a l  u n i t ,  t h e  

r e s u l t s  of t h i s  s t u d y  s u g g e s t  t h a t  t h r o u g h  t h e  

e a s t - c e n t r a l  p o r t i o n  of  Wake County ground w a t e r  w i l l  on 

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

e q u i v a l e n t  t o  a b o u t  one  a c r e  p e r  r e s i d e n t i a l  u n i t  d u r i n g  



annual drought condi t ions .  Eastward and westward t h e  

" sa fe  densi ty"  decreases  t o  the  equivalent  of two t o  

t h r e e  acres  per r e s i d e n t i a l  u n i t .  A l a rge r  p e r  c a p i t a  

use w i l l  of course lower t h e  l i m i t i n g  dens i ty .  The 

c a p i t a  l i m i t s  can be used as a guide in  determining 

pos i t ioning  of i n d u s t r i a l  a reas  within the  country.  

As development takes place over a period of years  

accompanied by emplacement of impervious sur faces  in  

recharge a reas ,  the  recharge volumes w i l l  decrease.  

Even i f  no increase  in  volume of ground withdrawal 

occurs ,  i t  can be an t i c ipa ted  t h a t  ground water w i l l  in  

e f f e c t  be mined i f  withdrawals exceed the  300 t o  

400 g/Ac/day. Local water supply problems can and 

may develop as l o c a l  recharge areas  a re  developed and 

accompanying decreases  of ground water recharge occur.  

As long as some as yet  undetermined minimum open 

space s u i t a b l e  for  ground water recharge is maintained 

around them, l o c a l  population cen te r s  probably w i l l  not  

unduly a f f e c t  the  regional  ground water budget. For 

example, so long as consumptive water use f o r  a 100 ac re  

t r a c t  does not exceed more than about 30,000 t o  40,000 

ga l lons  per day, the  water usage w i l l  not exceed t h a t  

recharged and ava i l ab le  for  use during the  water year .  

A t  the  same time i t  must be r e a l i z e d  t h a t  ground water 

recharge t o  the  c r y s t a l l i n e  rocks i s  concentrated in  t h e  
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l o c a l ,  s m a l l  d r a i n a g e  b a s i n s  and t h a t  i n t e r c e p t i o n  o f  

t h e  r e c h a r g i n g  ground w a t e r  by any g i v e n  f r a c t u r e  s y s t e m  

d o e s  n o t  n e c e s s a r i l y  f o l l o w  a  r e g i o n w i d e  s y s t e m a t i c  

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

s i t e  c o n t r o l  t h e  s h a p e  of  t h e  drawdown r e l a t i o n s h i p s .  

The drawdown s u r f a c e e w i l l  i n  many i n s t a n c e s  p r o b a b l y  b e  

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

f r a c t u r e  sys t em.  P o s s i b l e  e x i s t e n c e  of  a  m u l t i p l e  

a q u i f e r  sys t em a t  any l o c a t i o n  must  b e  r e c o g n i z e d  a l s o .  

1 3 .  The i n c i d e n c e  of  abandonment of  CWS wells i s  g r e a t e s t  i n  

t h e  + and - ad r o c k  t y p e s  and l e a s t  i n  t h e  fgs and mgs 

r o c k  t y p e s .  The e s t i m a t e  of g e o l o g y - r e l a t e d  well  f a i l -  

u r e s  (13%) i s  a  minimum f i g u r e  b e c a u s e  many abandoned 

wells a r e  n o t  r e p o r t e d .  

1 4 .  The u s e  of CWS d a t a  a s  a  sample  i s  h i n d e r e d  somewhat by 

m i s s i n g  d a t a  which u n d o u b t e d l y  c a u s e  t h e  s t a t i s t i c a l  

a n a l y s e s  t o  be  l e s s  s i g n i f i c a n t  t h a n  t h e y  migh t  have  

o t h e r w i s e  b e e n .  The CWS wells t e n d  t o  o c c u r  i n  

c l u s t e r s ,  l e a v i n g  some areas and l i t h o l o g i e s  i n  t h e  

c o u n t y  u n r e p r e s e n t e d .  However, t h e  r e q u i r e d  pumping 

t e s t  p r o v i d e s  t h e  CWS sample  w i t h  a  c l e a r  a d v a n t a g e  o v e r  

d a t a  f rom p r i v a t e  w e l l s .  A l s o ,  t h e  CWS y i e l d s  a r e  more 

r e p r e s e n t a t i v e  of  t h e  maximum ground w a t e r  a v a i l a b i l i t y  

t h a n  r e p o r t e d  y i e l d s  from p r i v a t e  d o m e s t i c  wells. Use 

o f  t h e  a d m i t t e d l y  l i m i t e d  y i e l d  i n f o r m a t i o n  from 
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drillers' logs for private wells can, however, be used 

supplementally to outline geographic patterns of 

relatively high and low yield areas. 

15. Institution of requirements for carefully run pumping 

tests for CWS wells, including perhaps a requirement for 

pumping periods of more than 2q hours at a constant rate 

would aid in better evaluation of the ground water 

resource. Also, the county could improve its 

understanding of ground water distribution and 

availability if it required that the results of a 

properly run pumping test on private wells and CWS wells 

become a requirement in the subdivision approval 

proceedings. 
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INTRODUCTION 

Purpose  

The p u r p o s e  o f  t h e  i n v e s t i g a t i o n  h a s  been  f o r m u l a t i o n  o f  

g e o l o g i c  g u i d e l i n e s  f o r  t h e  deve lopment  and u s e  of g round 

w a t e r  from t h e  c r y s t a l l i n e  r o c k s  of Wake County ,  N . C .  The 

r e s u l t s  a r e  i n t e n d e d  a s  a g u i d e  f o r  l a n d - u s e  p l a n n i n g  i n  Wake 

Coun ty ;  however ,  t h e  s t u d y  d e m o n s t r a t e s  methodology  which c a n  

b e  used i n  o t h e r  a r e a s  w i t h  c r y s t a l l i n e  r o c k  a q u i f e r s .  

O b j e c t i v e s  of t h e  i n v e s t i g a t i o n  have  been  t o  

1) a s c e r t a i n  t h e  h y d r o g e o l o g i c  v a r i a b l e s  which i n f l u e n c e  

well  y i e l d  and s p e c i f i c  c a p a c i t y  most  s i g n i f i c a n t l y ;  

2 )  d e t e r m i n e  t h e  p r o b a b i l i t y  of  o b t a i n i n g  a  g i v e n  w e l l  

y i e l d ;  

3 )  e v a l u a t e  well  f a i l u r e  f r e q u e n c y ;  

4 )  i d e n t i f y  t h e  s e c t i o n s  of t h e  c o u n t y  h a v i n g  t h e  

h i g h e s t  and l o w e s t  p o t e n t i a l  f o r  g round w a t e r  deve lopmen t ;  

5 )  s e l e c t  an a p p r o p r i a t e  ground w a t e r  model and a q u i f e r  

t e s t  t o  c h a r a c t e r i z e  t h e  h y d r o l o g y  o f  t h e  f r a c t u r e d  

c r y s t a l l i n e  r o c k s ;  

6 )  e v a l u a t e  t h e  u s e  of  Community Water System (CWS) d a t a  

a s  a  m e a n i n g f u l  s ample .  



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

P a r k e r ' s  (1979)  d e s c r i p t i o n  of  Wake County g e o l o g y  h a s  

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

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

LeGrand (1967)  d i s c u s s e d  t h e  e f f e c t  of t o p o g r a p h y ,  s a p r o l i t e  

t h i c k n e s s ,  well  d e p t h ,  and f r a c t u r e s  on well  y i e l d s  i n  t h e  

Piedmont and Blue  Ridge  P r o v i n c e s  of  t h e  s o u t h e a s t e r n  U n i t e d  

S t a t e s .  An a p p r a i s a l  of  g round w a t e r  s u p p l i e s  i n  t h e  upper  

Cape F e a r  R i v e r  b a s i n  was made by F l o y d  and Peace  ( 1 9 7 4 ) .  

Putnam and Lindskov (1973)  s t u d i e d  t h e  w a t e r  r e s o u r c e s  of  t h e  

upper  Neuse R i v e r  b a s i n .  

Welby (1968)  d e v e l o p e d  a  model f o r  e v a l u a t i n g  s h o r t - t e r m  

pumping t e s t s  i n  c r y s t a l l i n e  r o c k s .  R e s u l t s  o f  pumping t e s t s  

conduc ted  by  Lewis and Burgy (1964)  i n d i c a t e  t h a t  t h e  

h y d r a u l i c s  o f  w a t e r  movement i n  f r a c t u r e d  r o c k s  is  n o t  s u i t e d  

t o  a n a l y s i s  by t h e  c o n v e n t i o n a l  n o n e q u i l i b r i u m  e q u a t i o n s .  

Marine (1966 ,  1967)  r e c o g n i z e d  t h a t  t h e  a s s u m p t i o n s  

a s s o c i a t e d  w i t h  t h e  c o n v e n t i o n a l  e q u a t i o n s  were n o t  s t r i c t l y  

a p p l i c a b l e  t o  f r a c t u r e d  c r y s t a l l i n e  a q u i f e r s .  However, 

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

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

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

u n d e r l y i n g  t h e  C o a s t a l  P l a i n  of Sou th  C a r o l i n a .  The a p p a r e n t  

p e r m e a b i l i t y  o f  f i n e l y  f r a c t u r e d  r o c k s  ave raged  0.0003 

g a l l o n s  p e r  day  p e r  s q u a r e  f o o t ,  and f o r  more open zones  t h e  

- 2 -  



The a p p a r e n t  p e r n e a b i l i  t y  a v e r a g e d  1 g a l l o n  p e r  day  

p e r  s q u a r e  f o o t .  

Summers (1972)  s t u d i e d  w e l l s  i n  t h e  f r a c t u r e d  c r y s t a l -  

l i n e  r o c k s  o f  W i s c o n s i n ,  f i n d i n g  t h a t  wells a c h i e v e  60  t o  80 

p e r c e n t  of  t h e i r  y i e l d  i n  t h e  f i r s t  20 f e e t  below t h e  w a t e r  

t a b l e .  H e  r e p o r t e d  a  mean s p e c i f i c  c a p a c i t y  o f  1 . 3  g a l l o n s  

p e r  m i n u t e  pe r  f o o t .  Davis  and Turk (1964)  e v a l u a t e d  y i e l d s  

and w a t e r - i n j e c t i o n  t e s t s  o f  o v e r  2 ,500  w e l l s  and v e r i f i e d  a  

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

c r y s t a l l i n e  r o c k s .  

M u t t e r  and O t t o n  (1969)  s t u d i e d  f a c t o r s  g o v e r n i n g  t h e  

o c c u r r e n c e  of  g round w a t e r  i n  t h e  c r y s t a l l i n e  r o c k s  o f  t h e  

Maryland P iedmont .  T h e i r  s t a t i s t i c a l  a n a l y s i s  showed 

d o m e s t i c  w e l l  y i e l d s  t o  be  a f f e c t e d  more by t o p o g r a p h y  t h a n  

l i t h o l o g y .  R i c h a r d s o n  (1982)  a l s o  d e s c r i b e d  ground w a t e r  

o c c u r r e n c e  i n  t h e  Maryland P iedmont .  Her summary o f  hydro -  

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

r o c k s  showed ground w a t e r  r e c h a r g e  t o  b e  20 t o  27 p e r c e n t  of  

a v e r a g e  a n n u a l  p r e c i p i t a t i o n .  Most w e l l s  had s p e c i f i c  

c a p a c i t i e s  of  l e s s  t h a n  1 g a l l o n  pe r  m i n u t e  p e r  f o o t / ( g p m / f t . )  

May and Thomas (1968)  d e s c r i b e d  t h e  w a t e r  - b e a r i n g  

p r o p e r t i e s  of  t h e  p r i n c i p a l  r o c k  u n i t s  i n  Wake County.  They 

a n a l y z e d  t h e  y i e l d s  of  286 d o m e s t i c  wells by r o c k  t y p e  and 

t o p o g r a p h y .  



Community Water Sys tems  

The b a s i c  d a t a  used i n  t h i s  r e p o r t  a r e  from community 

w a t e r  s y s t e m  wells.  A community w a t e r  sys t em (CWS) i s  

d e f i n e d  by t h e  Nor th  C a r o l i n a  D i v i s i o n  of H e a l t h  S e r v i c e s  a s  

a  w a t e r  s u p p l y  sys t em which s e r v e s  15 o r  more h o u s e h o l d s  

(N.C. Div.  H e a l t h  S e r v i c e s ,  1981) .  A CWS u s u a l l y  s e r v e s  a  

s u b d i v i s i o n  o r  m o b i l e  home p a r k  which i s  l o c a t e d  o u t s i d e  t h e  

a r e a  s e r v e d  by m u n i c i p a l  w a t e r  l i n e s .  

P l a t e  1 shows t h e  l o c a t i o n s  of  123  community w a t e r  

s y s t e m s  i n  Wake County f o r  which well  l o c a t i o n s  a r e  a v a i l a b l e  

(Appendix 1 1 1 ) .  Community s i z e  r a n g e s  from 10 t o  300 house-  

h o l d s ,  and t h e  number of w e l l s  i n  a  CWS r a n g e s  f rom 1 t o  1 2 .  

The c h o i c e  of CWS w e l l s  r a t h e r  t h a n  p r i v a t e  d o m e s t i c  

w e l l s  f o r  e v a l u a t i n g  ground w a t e r  r e s o u r c e s  is  based  on t h e  

f o l l o w i n g  c o n s i d e r a t i o n s .  

1 )  The Nor th  C a r o l i n a  D i v i s i o n  of  H e a l t h  S e r v i c e s  

r e q u i r e s  and f i l e s  more i n f o r m a t i o n  on CWS wells t h a n  p r i v a t e  

d o m e s t i c  wells .  The r e s u l t s  of  a  24-hour pumping t e s t  a r e  

r e q u i r e d  by  t h e  s t a t e  f o r  a p p r o v a l  o f  a  CWS well  sys t em.  No 

pumping t e s t  is r e q u i r e d  f o r  p r i v a t e  wells.  

2 )  The q u a n t i t y  of  w a t e r  needed  f o r  d o m e s t i c  consump- 

t i o n  i n  a  s i n g l e  househo ld  i s  r e l a t i v e l y  s m a l l .  A s  a  r e s u l t  

t h e  r e q u i r e d  y i e l d s  of  p r i v a t e  d o m e s t i c  wells a r e  r e l a t i v e l y  

low and do n o t  n e c e s s a r i l y  r e p r e s e n t  t h e  t r u e  w a t e r - b e a r i n g  



c a p a b i l i t y  of t h e  a q u i f e r .  Because CWS w e l l s  s e r v e  a t  l e a s t  

10 households ,  maximum we l l  y i e l d s  a r e  r e q u i r e d ,  and t h e  

r epo r t ed  y i e l d s  a r e  more l i k e l y  t o  be r e p r e s e n t a t i v e  of t h e  

maximum ground water  a v a i l a b i l i t y .  
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i t s  w e l l  l og  f i l e s  f o r  e x t r a c t i o n  of p e r t i n e n t  d a t a .  

Mr. Donald Will iams of t he  F a y e t t e v i l l e  o f f i c e  of t h e  



N . C .  D i v i s i o n  of H e a l t h  S e r v i c e s  p r o v i d e d  i m p o r t a n t  i n fo rma-  

t i o n  a b o u t  w e l l  f a i l u r e s .  

Our u n i v e r s i t y  c o l l e a g u e s ,  V . V .  Cavaroc  and H. Rooney 

Malcom, J r . ,  a s s i s t e d  w i t h  t h e  s t a t i s t i c a l  a p p r o a c h e s  and t h e  

s u r f a c e  h y d r o l o g i c  a n a l y s e s ,  r e s p e c t i v e l y .  S t e p h e n  R. G u r l e y  

and John  G .  S c o t t  o f  t h e  Wake County P l a n n i n g  Depar tment  

d i s c u s s e d  w i t h  us  v a r i o u s  p o i n t s  a s  t h e y  r e l a t e d  t o  l a n d - u s e  

p l a n n i n g ;  p a r t  o f  t h e  r e p o r t  was p r e p a r e d  by t h e  j u n i o r  

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

r e q u i r e m e n t s  f o r  t h e  Mas te r  of S c i e n c e  d e g r e e  i n  t h e  

Depar tment  o f  Mar ine ,  E a r t h  and Atmosphe r i c  S c i e n c e s  a t  Nor th  

C a r o l i n a  S t a t e  U n i v e r s i t y  ( W i l s o n ,  1 9 8 2 ) .  

METHODS 

S o u r c e  of  Wel l  Da ta  

Well d a t a  f o r  community w a t e r  s y s t e m s  (CWS) i n  Wake 

County were c o l l e c t e d  d u r i n g  t h e  p e r i o d  o f  May 1981 t o  

J a n u a r y  1982 from t h e  Nor th  C a r o l i n a  Depar tment  o f  Human 

R e s o u r c e s ,  D i v i s i o n  of  H e a l t h  S e r v i c e s ,  E n v i r o n m e n t a l  H e a l t h  

S e c t i o n  f i l e s .  Supp lemen ta ry  d a t a  were  o b t a i n e d  f rom CWS 

o p e r a t o r s  and owners .  Most of t h e  d a t a  was from w e l l s  

c o n s t r u c t e d  be tween  1960  and 1981 .  Each CWS was a s s i g n e d  an  

i d e n t i f i c a t i o n  number,  and t h e  w e l l  l o c a t i o n s  were  p l o t t e d  on 

7 . 5  m i n u t e  t o p o g r a p h i c  q u a d r a n g l e s .  



The b a s i c  well  d a t a  o b t a i n e d  f rom t h e  s t a t e  f i l e s  

i n c l u d e  w e l l  d e p t h ,  c a s i n g  d e p t h ,  s t a t i c  w a t e r  l e v e l ,  well 

l o c a t i o n ,  r e s u l t s  of  24-hour pumping t e s t s ,  drawdown, w e l l  

y i e l d  i n  g a l l o n s  p e r  m i n u t e  (gpm),  d r i l l i n g  d a t e ,  w e l l  

l o c a t i o n  and d r i l l e r .  C a s i n g  d e p t h  was assumed t o  app rox-  

i m a t e  s a p r o l i t e  t h i c k n e s s .  From t h e  b a s i c  d a t a  o t h e r  well  

p a r a m e t e r s  were  computed,  such  a s  s p e c i f i c  c a p a c i t y  ( y i e l d  t 

drawdown) and e l e v a t i o n  of  s t a t i c  w a t e r  l e v e l  ( e l e v a t i o n -  

SWL) . 

Well H y d r a u l i c s  

The pumping t e s t  a n a l y s e s  a r e  based  on t h e  t h e o r y  o f  

l i n e a r  f l ow i n  f r a c t u r e d  r o c k s  a s  d e s c r i b e d  by J e n k i n s  and 

P r e n t i c e  (1982) .  The t h e o r y  s t a t e s  t h a t  i n  f r a c t u r e d  r o c k s  

w i t h  n e g l i g i b l e  p r i m a r y  p o r o s i t y  t h e  f l o w  t o  a  pumping well  

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

g r a n u l a r  med ia .  A model s t u d y  by Welby (1977)  t e n d s  t o  

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

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

s h o r t e s t  r o u t e  t o  t h e  pumping wel l .  The model  e x p e r i m e n t s  

a l s o  con f i rmed  t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p  be tween  

drawdown and t i m e  where w a t e r  was wi thdrawn from a  more o r  

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

An i n f i n i t e  homogeneous,  i s o t r o p i c  c o n f i n e d  a q u i f e r  i s  

assumed i n  t h e  J e n k i n s  and P r e n t i c e  m o d e l s .  T h i s  c o n t a i n s  a  
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l o n g ,  f i n i t e ,  v e r t i c a l  f r a c t u r e  of  i n f i n i t e s i m a l  w i d t h ,  no 

s t o r a g e  c a p a c i t y ,  and n e g l i g i b l e  r e s i s t a n c e  t o  f l o w .  

Time-dependent  l i n e a r  f l ow p a r a l l e l  t o  t h e  f r a c t u r e  i s  

c o n t r o l l e d  by t h e  d i f f u s i o n  e q u a t i o n  ( J e n k i n s  and P r e n t  i c e ,  

1982)  

s u b j e c t  t o  t h e  f o l l o w i n g  c o n d i t i o n s ,  

l i m i t  s ( x , t )  = 0 

where 

s ( x ,  t )  = drawdown a t  a  p e r p e n d i c u l a r  d i s t a n c e  
x ( f t )  f rom t h e  f r a c t u r e  a t  t i m e  t ( m i n ) ,  
S = s t o r a g e  c o e f f i c i e n t  ( d i m e n s i o n l e s s ) ,  
T = t r a n s m i s s i v i t y  ( g a l / m i n / f t ) ,  
Q = well  d i s c h a r g e  (gpm). 

The boundary  problem c a n  be s o l v e d ,  and t h e  r e s u l t s  

s i m p l i f i e d  ( J e n k i n s  and P r e n t i c e ,  1982)  t o  y i e l d  a  more 

u s e f u l  e q u a t i o n  f o r  t h e  drawdown . d u r i n g  pumping: 



O b s e r v a t i o n  well  d a t a  a r e  n o t  a v a i l a b l e  f o r  any o f  t h e  

CWS pumping t e s t s .  T h e r e f o r e ,  drawdown a t  t h e  pumping w e l l  

L 1 TSn 

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

by  t h e  t e r m  i n  b r a c k e t s .  A s  t h e  t h e o r e t i c a l  a s s u m p t i o n s  a r e  

a p p r o a c h e d ,  f l o w  t o  t h e  w e l l  becomes l i n e a r  a l o n g  a  s i n g l e  

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

The pumping t e s t  d a t a  may b e  used t o  d e t e r m i n e  a  

f r a c t u r e  c o e f f i c i e n t ,  L a  : 

The f l o w  o f  w a t e r  t o  a  w e l l  i n  c r y s t a l l i n e  r o c k s  is  

con t ro l l ed  l a r g e l y  by t h e  c h a r a c t e r i s t i c s  o f  t h e  f r a c t u r e  

sys t em.  The f r a c t u r e  c o e f f i c i e n t  (LE) r e p r e s e n t s  t h e  

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

drawdown, and pumping t i m e .  Va lues  of  t h e  f r a c t u r e  

c o e f f i c i e n t s  p r o v i d e  an index  t o  t h e  s i z e ,  d e n s i t y ,  and 

d e g r e e  of  i n t e r - c o n n e c t i o n  o f  t h e  f r a c t u r e  sys t em.  La rge r  



f r a c t u r e  c o e f f i c i e n t s  correspond t o  b e t t e r  developed f r a c t u r e  

systems. 

A proper pumping t e s t  should be conducted a t  a  constant  

pumping r a t e  ( F e t t e r ,  1980) .  However, most of the  24-hour 

pumping t e s t s  conducted in  Wake County for the  community well  

systems involve v a r i a b l e  pumping r a t e s .  Each of the  s t e p s  in  

the  s t e p  drawdown t e s t s  a re  of shor t  dura t ion  and consequent- 

l y  l e s s  than s a t i s f a c t o r y  for  es t imat ing  aqui fer  parameters. 

Use of a  time-weighted average value of Q appeared reasonable 

i n  evalua t ing  the  pumping t e s t  da ta .  Therefore,  the  value of 

Q used in  equation (4) i s  the  time-weighted average pumping 

r a t e  over t h e  period of drawdown, genera l ly  24 hours,  and is  

the  value u t i l i z e d  in  the  s t a t i s t i c a l  ana lys i s  of the  well  

y i e l d s .  

Frac ture  Analysis 

I n  order t o  understand f r a c t u r e  p a t t e r n s  e x i s t i n g  in  t h e  

subsurface,  a  f i e l d  s t u d y  of f r a c t u r e s  was undertaken. The 

dominant f r a c t u r e  o r i e n t a t i o n s  were determined by measuring 

t h e  s t r i k e  and d ip  of systematic  j o i n t s  a t  var ious f i e l d  

l o c a t i o n s ,  iden t i fy ing  the  major j o i n t  s e t s ,  and computing 

t h e  mean o r i e n t a t i o n  for  each s e t .  

Observations a t  quarry walls  showed l a r g e  v a r i a t i o n s  of 

f r a c t u r e  spacing over shor t  d i s t ances .  I t  was concluded t h a t  

measurements of f r a c t u r e  spacing a t  t y p i c a l l y  small  outcrops 
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would no t  n e c e s s a r i l y  be r e p r e s e n t a t i v e  of t h e  spac ing  a t  

nearby wel l  s i t e s .  There fore ,  t h e  f i e l d  mapping of j o i n t s  

concen t r a t ed  on " f r a c t u r e  dens i t y "  i n  terms of t he  number of 

f r a c t u r e  s e t s  r a t h e r  t han  f r a c t u r e  spac ing .  

S t  a t  is t i c a l  Analyses 

Three s t a t i s t i c a l  procedures  were used i n  t h e  s tudy :  

c h i  squa re ,  m u l t i p l e  r e g r e s s i o n  and F - t e s t .  Also s imple  

s t a t i s t i c s  such as mean va lues  were determined.  

The c h i  square  (x2) t e s t  may be used t o  determine t h e  

s i g n i f i c a n c e  of d i f f e r e n c e s  between two or more independent 

groups of samples.  The c h i  square  a n a l y s i s  t e s t s  t h e  n u l l  

hypothes i s  t h a t  two o r  more groups ( e . g . ,  y i e l d  c l a s s e s )  do 

no t  d i f f e r  with r e s p e c t  t o  some c h a r a c t e r i s t i c  ( i . e .  

l i t h o l o g y ) .  The method of computing c h i  square  from a  

cont ingency t a b l e  i s  as fo l lows :  

where 

O i j  = number of c a s e s  i n  i t h  row of j t h  column 

E i j  = number of ca se s  expected t o  be ca t ego r i zed  

i n  i t h  row of j t h  column 



(Number of i t h  row c a s e s )  (Number of j t h  column c a s e s )  
- - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

t o t a l  number of ca se s  

The l a r g e r  X2 i s ,  t h e  more l i k e l y  t h e  groups ( e . g . ,  y i e l d  

c l a s s e s )  a r e  d i f f e r e n t  with r e s p e c t  t o  a  g iven  c h a r a c t e r i s t i c  

( e . g . ,  l i t h o l o g y ) .  The s i g n i f i c a n c e  of t h e  computed x2 va lue  

may be determined by comparing i t  t o  t a b u l a t e d  c h i  square  

v a l u e s .  

A SAS procedure (Barr , -- e t  a l . ,  1976) was used t o  perform 

c h i  square  t e s t s  on y i e l d  c l a s s e s  and s p e c i f i c  c a p a c i t y  

c l a s s e s  a g a i n s t  geo log i c  v a r i a b l e s .  The t e s t  r e s u l t s  were 

used t o  e s t i m a t e  which v a r i a b l e s  s i g n i f i c a n t l y  a f f e c t  y i e l d  

and s p e c i f i c  c a p a c i t y .  

S ince  wel l  y i e l d  i s  a  func t ion  of many hydrogeologic  

f a c t o r s ,  a  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  was used t o  i n f e r  t h e  

most s i g n i f i c a n t  v a r i a b l e s  a f f e c t i n g  y i e l d .  However, i f  two 

we l l s  have t h e  same r epo r t ed  y i e l d ,  and ye t  pumping of we l l  A 

r e s u l t s  i n  h a l f  t h e  water l e v e l  drawdown i n  wel l  B ,  then wel l  

A is  more " e f f e c t i v e . "  Hence a  comparison of t h e  w e l l s  on 

t h e  b a s i s  of y i e l d  a lone  can be mi s l ead ing ,  and s p e c i f i c  

c a p a c i t y  ( y i e l d  I drawdown) was s u b s t i t u t e d  fo r  y i e l d  a s  t h e  

dependent v a r i a b l e  i n  t h e  a n a l y s i s .  The GLM procedure of SAS 

was used (Ba r r ,  -- e t  a l . ,  1976). 

A u s e f u l  product  of t h e  m u l t i p l e  r e g r e s s i o n  program i s  

t h e  c o e f f i c i e n t  of de te rmina t ion  ( ~ 2 ) .  The va lue  of ~2 

ranges  from 0  t o  1 and 1 0 0 ( ~ 2 )  r e p r e s e n t s  a  measure of t h e  



p e r c e n t a g e  of  v a r i a t i o n  of  t h e  d e p e n d e n t  v a r i a b l e  which is  

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

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

p r o v i d e s  t h e  a b i l i t y  t o  t e s t  t h e  adequacy  of  t h e  l i n e a r  

model :  

Mean S q u a r e  of  Model 
F  = . . . . . . . . . . . . . . . . . . . .  

Mean S q u a r e  of  E r r o r  

where  Mean S q u a r e  = Sum of  Squa red  R e s i d u a l  i Degrees  
o f  Freedom. 

The computed F  s t a t i s t i c  i s  compared t o  t a b u l a t e d  v a l u e s  o f  F  

t o  t e s t  t h e  l e v e l  o f  s i g n i f i c a n c e  of  t h e  model .  The 

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

o b s e r v e d  v a r i a n c e  is  due  t o  random e r r o r  r a t h e r  t h a n  t h e  

v a r i a b l e s  i n  t h e  model .  

S i m p l e  s t a t i s t i c s  (mean v a l u e s ,  s t a n d a r d  d e v i a t i o n )  f o r  

t h e  h y d r o g e o l o g i c  v a r i a b l e s  were  c a l c u l a t e d  by SAS ( B a r r ,  e t  - 

a l . ,  1976)  p r o c e d u r e s .  I n  t h i s  s t u d y  t h e  d a t a  b a s e  c o n s i s t e d  - 

o f  267 o b s e r v a t i o n s  on 11 v a r i a b l e s .  

P r o b a b i l i t y  of y i e l d  

A Log-Pearson- I11  d i s t r i b u t i o n  was used  t o  compute  

p r o b a b i l i t y  o f  w e l l  y i e l d  by l i t h o l o g y  and topography .  I n  

t h e  c r y s t a l l i n e  r o c k s  of t h e  Piedmont  p r o v i n c e  s m a l l  v a l u e s  

o f  w e l l  y i e l d  have  a  h i g h e r  f r e q u e n c y  of  o c c u r r e n c e  t h a n  

l a r g e  w e l l  y i e l d s ,  r e s u l t i n g  i n  a  p o s i t i v e l y  skewed 



d i s t r i b u t i o n  curve .  The Log-Pearson 111 d i s t r i b u t i o n  

accounts  f o r  t h i s  skewness more complete ly  and with l e s s  

assumptions than o t h e r  d i s t r i b u t i o n s .  The c a l c u l a t i o n s  

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

summarized i n  Appendix I .  

Low flow a n a l y s i s  of s t reams 

During drought per iods  s t ream flow comes almost  exclu-  

s i v e l y  from ground water d i s cha rg ing  from s t o r a g e  i n t o  t h e  

s t ream channel .  Conceptual ly  s t ream low flows dur ing  drought 

p e r i o d s  should provide  an i n d i c a t i o n  of t h e  volume of ground 

water  d i s cha rg ing  from a  d ra inage  b a s i n .  A s  used i n  t h i s  

c o n t e x t ,  low flow c h a r a c t e r i s t i c s  a r e  measured by t h e  

p r o b a b i l i t y  of occurrence and d u r a t i o n  of s t ream d i s c h a r g e  

which i s  s u s t a i n e d  p r i m a r i l y  by ground water r u n o f f ,  o r  base  

flow. Low flow c h a r a c t e r i s t i c s  a l low comparison of d r a inage  

b a s i n s  by providing a  s t anda rd  measure of base  f low. 

An annual  7-day low flow i s  t h e  lowest  average d i s cha rge  

measured over a  7-day i n t e r v a l  f o r  a  g iven water yea r .  The 

7-day low flow r e p r e s e n t s  a  conse rva t ive  e s t i m a t e  of t h e  

ground water d i s cha rge  t o  s t ream channe ls  and i s  used t o  

compare b a s i n s  i n  t h i s  r e p o r t .  Low flow va lues  measured over 

i n t e r v a l s  of l e s s  than 7  days (1 ,3 ,5  days)  a r e  more r e p r e -  

s e n t a t i v e  of minimal ground water d i s cha rge  and would r e s u l t  

i n  an e r roneous ly  low e s t i m a t e  of ground water a v a i l a b i l i t y .  
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Likewise ,  i n t e r v a l s  g r e a t e r  than 7 days (15,30,60,90 days)  

a r e  l i k e l y  t o  inc lude  d i s cha rge  from s u r f a c e  runoff  and would 

r e s u l t  i n  e r roneous ly  high e s t i m a t e s  of ground water 

d i s cha rge  (Riggs,  1972). 

The 70 percen t  d u r a t i o n  f low, or t h e  flow equaled or  

exceeded 70 percen t  of t h e  t ime ,  is  es t imated  t o  be a  

r e l i a b l e  i n d i c a t i o n  of base  flow i n  Wake County (Floyd and 

Peace,  1974). I t  can a l s o  be used t o  e v a l u a t e  r e l a t i v e  

ground water a v a i l a b i l i t y .  

Values of t h e  average 7-day, N-year low flow (Q7 , N )  f o r  

ungaged s t reams were determined by t h e  g r a p h i c a l  c o r r e l a t i o n  

method (Yonts, 1971).  Low-flow d i scha rges  have been measured 

s p o r a d i c a l l y  a t  s i t e s  on ungaged s t reams  and were ob ta ined  

from annual  water d a t a  r e p o r t s  publ ished by t h e  U.S. 

Geologica l  Survey from North Caro l ina  s t ream flow summaries 

by Thomas (1973) f o r  t h e  32-year per iod from March 1949 t o  

March, 1981. The low flows of each ungaged s t ream were 

p l o t t e d  on l oga r i t hmic  s c a l e s  with concur ren t  d i s cha rges  a t  a  

nearby cont inuous-record gaging s t a t i o n  ( index s t a t i o n ) .  The 

l i n e  of b e s t  f i t ,  or  r e g r e s s i o n  l i n e ,  was c a l c u l a t e d  f o r  t h e  

p l o t t e d  p o i n t s  us ing t h e  l i n e a r  e q u a t i o n ,  y  = mx + b.  The 

l i n e  was used t o  determine t h e  Q ~ , N  f o r  t h e  ungaged s t ream 

g iven  t h e  Q ~ , N  f o r  t h e  index s t a t i o n .  

The d i s cha rge  record  f o r  Middle Creek near Clayton,  

North Ca ro l ina ,  was s e l e c t e d  a s  t h e  most s u i t a b l e  index 



s t a t i o n  f o r  s e v e r a l  r e a s o n s .  1 )  The p e r i o d  o f  r e c o r d  

i s  l o n g  enough t o  i n c l u d e  n e a r l y  a l l  of t h e  low f l o w  measu re -  

ments  made a t  t h e  ungaged s t r e a m s ;  2)  t h e  d r a i n a g e  a r e a  (80 .7  

mi2 )  i s  s i m i l a r  t o  t h e  d r a i n a g e  a r e a  of  most  of  t h e  ungaged 

s t r e a m s ;  and 3 )  t h e  d r a i n a g e  a r e a  l i e s  a l m o s t  e n t i r e l y  w i t h i n  

Wake County .  D a i l y  d i s c h a r g e  r e c o r d s  from 1949 t o  1981  a t  

Middle  Creek  n e a r  C l a y t o n  were o b t a i n e d  f rom t h e  HISARS 

s y s t e m  ( W i s e r ,  1 9 7 2 ) .  

A Log-Pearson-111 d i s t r i b u t i o n  was used t o  compute t h e  

7-day low f lows  f o r  Middle  Creek and f o r  v a r i o u s  r e c u r r e n c e  

i n t e r v a l s .  Annual 7-day low f lows  were o b t a i n e d  from t h e  

HISARS s y s t e m .  The skewness  c o e f f i c i e n t  of  t h e  d i s t r i b u t i o n  

was c a l c u l a t e d  a s  

where g  i s  t h e  skewness  c o e f f i c i e n t ,  n  i s  t h e  p e r i o d  of 

r e c o r d  i n  y e a r s ,  x i s  t h e  a n n u a l  7-day low f low i n  c f s ,  and 

o i s  t h e  s t a n d a r d  d e v i a t i o n  of  t h e  v a l u e s  of I n  x .  The 
I n  

v a l u e  of  g  was computed t o  be  -1 .8  which was used  t o  e n t e r  

T a b l e  C-2 (Appendix I )  t o  f i n d  f r e q u e n c y  f a c t o r  v a l u e s  

( K ~ , g )  The f r e q u e n c y  f a c t o r s  a r e  t a b u l a t e d  f o r  e v e n t s  

g r e a t e r  t h a n  t h e  e v e n t  of i n t e r e s t  whereas  low-f low 

f r e q u e n c i e s  e x p r e s s  t h e  r e c u r r e n c e  i n t e r v a l  of  e v e n t s  l e s s  



t h a n  t h e  e v e n t  of  i n t e r e s t  ( R i g g s ,  1 9 7 2 ) .  The t a b u l a t e d  

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

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

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

a s s o c i a t e d  f low was d e t e r m i n e d  by 

I n  x = I n  x + ( K p , g ) q n  and e l n x  = low f low ( c f s ) .  

The low f low f r e q u e n c y  c u r v e  f o r  Middle  Creek was 

p l o t t e d  on l o g  p r o b a b i l i t y  pape r  (Appendix 1 1 ) .  Flows 

c o r r e s p o n d i n g  t o  r e c u r r e n c e  i n t e r v a l s  of 1 , 2 , 5 , 1 0 , 2 0 , 5 0  and 

100 y e a r s  were used t o  d e t e r m i n e  t h e  Q ~ , N  v a l u e s  a t  ungaged 

s t r e a m s  by t h e  g r a p h i c a l  c o r r e l a t i o n  method d e s c r i b e d  above 

(Appendix I I ) .  

Flow d u r a t i o n  d a t a  f o r  Middle  Creek were a l s o  o b t a i n e d  

t h r o u g h  t h e  HISARS s y s t e m ,  and a  f l o w  d u r a t i o n  c u r v e  was 

p l o t t e d  (Appendix 1 1 ) .  Flow d u r a t i o n  i s  e x p r e s s e d  a s  p e r c e n t  

o f  t i m e  t h a t  a  d i s c h a r g e  i s  e q u a l e d  o r  exceeded  d u r i n g  t h e  

p e r i o d  of r e c o r d .  Flows c o r r e s p o n d i n g  t o  t h e  1 , 1 0 , 3 0 , 5 0 , 6 0 ,  

7 0 , 8 0 , 9 0 , 9 5  and 99 p e r c e n t  d u r a t i o n s  were used t o  d e t e r m i n e  

f l o w  d u r a t i o n s  a t  ungaged s t r e a m s  by g r a p h i c a l  c o r r e l a t i o n  

(Appendix 1 1 ) .  The p a t t e r n  of Q7,10 f l o w s  is  i l l u s t r a t e d  i n  

P l a t e  2 .  



Recha rge  

I t  may be  assumed f o r  t h e  32-year  p e r i o d  of  r e c o r d  t h a t  

g round w a t e r  d i s c h a r g e  t h r o u g h  b a s e  f l ow a p p r o x i m a t e l y  e q u a l s  

g round w a t e r  r e c h a r g e .  Thus ,  g round wa te r  r e c h a r g e  may b e  

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

The a n n u a l  7-day low f low ( Q 7 , l )  r e p r e s e n t s  a  minimum a n n u a l  

r e c h a r g e  t o  a  b a s i n  o v e r  a  p e r i o d .  Based on t h e  Q 7 , l  v a l u e s  

computed f o r  low f l o w  s t a t i o n s  i n  t h e  c o u n t y ,  r e c h a r g e  

volumes were d e t e r m i n e d  f o r  e a c h  s t a t i o n  and e x p r e s s e d  a s  a  

p e r c e n t a g e  of  a v e r a g e  a n n u a l  p r e c i p i t a t i o n  ( P l a t e  3 ) .  

HYDROGEOLOGIC SETTING 

L i t h o l o g y  

Nine major  c r y s t a l l i n e  rock  t y p e s  ( F i g .  1 )  r a n g i n g  from 

l a t e  P recambr i an  t o  m i d d l e  P a l e o z o i c  i n  age  o c c u r  i n  Wake 

County ( P a r k e r ,  1979) .  Four of  t h e s e  u n i t s ,  t h e  i n j e c t e d  

g n e i s s  and s c h i s t  (igs), t h e  f e l s i c  g n e i s s  and s c h i s t  (fgs), 

t h e  mica  and h o r n b l e n d e  g n e i s s  and s c h i s t  (*), and t h e  

g r a n i t e  ( a d ) ,  - u n d e r l i e  a p p r o x i m a t e l y  t w o - t h i r d s  of  t h e  

c r y s t a l l i n e  r o c k  a r e a  i n  t h e  c o u n t y .  A m a j o r i t y  of  t h e  CWS 

w e l l s  s t u d i e d  were d r i l l e d  i n t o  one  o r  a n o t h e r  of t h e s e  r o c k  

t y p e s .  O the r  c r y s t a l l i n e  r o c k s  which a r e  l e s s  e x t e n s i v e  



Dashed l i thologic contacts indicate areas overlain by upland sediments 
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FIG 1-GEOLOGY OF WAKE CO., NC (from Parker,  1979) 



a r e a l l y  a r e  amphibo l i t e ,  p h y l l i t e ,  d i abase  d ikes  u l t r a m a f i c  

r o c k s ,  d i o r i t e - g a b b r o ,  and t h e  metavolcanic/metasedimentary 

u n i t s  of t h e  Ca ro l ina  S l a t e  B e l t .  Although t h e s e  l i t h o l o g i e s  

c o n t a i n  only  a  smal l  number of t he  w e l l s  s t u d i e d ,  t h e y  s e r v e  

as  a q u i f e r s  f o r  p r i v a t e  w e l l s ,  and p l ay  a  r o l e  i n  t h e  o v e r a l l  

hydrology of a  g iven  d ra inage  b a s i n .  

The sedimentary  rocks  found i n  t h e  county form t h r e e  

groups:  t h e  T r i a s s i c  rocks  i n  t h e  Durham Basin (TR),  shown 

i n  F i g .  1, a s  wel l  as  t he  p a r t l y  cemented, Cretaceous  t o  

Miocene upland sediments  (up), and t h e  Recent a l l u v i a l  

d e p o s i t s .  The Durham Basin l i e s  west of t h e  Jonesboro f a u l t  

i n  western  Wake County and c o n t a i n s  conglomerate ,  s ands tone ,  

mudstone and l imes tone .  The hydrogeology of t h e s e  rocks  was 

not  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n  but  is  g e n e r a l l y  

c h a r a c t e r i z e d  by low p e r m e a b i l i t i e s  and low we l l  y i e l d s  

a s s o c i a t e d  wi th  high c l a y  c o n t e n t s  and poor s o r t i n g  (May and 

Thomas, 1968; Godfrey, 1978; Pa rke r ,  1979).  

The upland sediments  unconformably o v e r l i e  t h e  

c r y s t a l l i n e  rocks  i n  p l aces  and appear t o  be h y d r a u l i c a l l y  

s i m i l a r  t o  t h e  T r i a s s i c  sediments .  These f l u v i a l  d e p o s i t s  

(Pa rke r ,  1979) c o n s i s t  of poor ly  s o r t e d  mix tures  of g r a v e l ,  

sand and c l a y .  The t h i c k n e s s  i n  p l aces  i s  25-30 f e e t  but  i s  

more commonly 15 f e e t  or  l e s s .  

Modern f l o o d p l a i n  sediments  and v a l l e y  t e r r a c e  d e p o s i t s  

comprise t h e  a l luvium u n i t .  Their  t h i cknes s  ranges  from a  



few f e e t  t o  20 f e e t  ( P a r k e r ,  1 9 7 9 ) .  The p o o r l y  s o r t e d  

d e p o s i t s  a r e  compr i sed  o f  c h a n n e l  s a n d s ,  f l o o d p l a i n  s andy  

s i l t s ,  and l a c u s t r i n e  and swamp s e d i m e n t s .  The a l l u v i a l  

d e p o s i t s  a r e  d i s c o n t i n u o u s  and a r e  more common i n  t h e  Neuse 

R i v e r  V a l l e y  and i t s  l a r g e r  t r i b u t a r i e s  t h a n  i n  t h e  s m a l l e r  

s t r e a m s .  

S t r u c t u r e  

F o l i a t i o n  of  metamorphic  r o c k s  p r o v i d e s  p l a n e s  of  

weakness  p o s s i b l y  f a v o r i n g  j o i n t  and f r a c t u r e  deve lopmen t ,  

and i t  p r o v i d e s  p a t h s  f o r  ground w a t e r  f l ow.  I n  Wake County 

t h e  n o r t h w a r d - t r e n d i n g  s t r i k e  of  t h e  f o l i a t i o n  p a r a l l e l s  t h e  

o r i e n t a t i o n  of  f i v e  m a j o r  f o l d  a x e s  which a r e  l o c a t e d  i n  a  

b e l t  be tween  t h e  R o l e s v i l l e  b a t h o l i t h  and t h e  J o n e s b o r o  f a u l t  

( F i g .  1 )  The f o l i a t i o n  is  n e a r l y  v e r t i c a l  i n  t h e  e a s t e r n  

o n e - h a l f  o f  t h i s  b e l t .  I n  t h e  w e s t e r n  p o r t i o n  o f  t h e  f e l s i c  

g n e i s s  b e l t  t h e  R a l e i g h  a n t i c l i n e  a p p e a r s  a s  an a syme t r  i c a l  

f o l d  w i t h  low d i p s  on t h e  w e s t e r n  f l a n k .  F o l i a t i o n  on t h e  

e a s t e r n  f l a n k  i s  e s s e n t i a l l y  v e r t i c a l  ( P a r k e r ,  1 9 7 9 ) .  

A major  s t r u c t u r a l  f e a t u r e  i n  t h e  c o u n t y  i s  t h e  

J o n e s b o r o  F a u l t ,  which s e p a r a t e s  t h e  f r a c t u r e d  c r y s t a l l i n e  

r o c k s  from t h e  s e d i m e n t a r y  r o c k s  of  t h e  Durham B a s i n .  None 

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

any  bounda ry  e f f e c t s  t o  be  i m p a r t e d  by t h e  f a u l t  p l a n e .  Low 

a n g l e  r e v e r s e  f a u l t s  and h i g h  a n g l e  f a u l t s  have  been  o b s e r v e d  



i n  t h e  c r y s t a l l i n e  r o c k s ,  bu t  t h e i r  d isplacements  a r e  t oo  

smal l  t o  be shown on a  geo log i c  map. Small f a u l t s  i n t e r -  

s e c t i n g  w e l l  bores  may provide  pathways fo r  ground water  

movement, bu t  i t  i s  not  known i f  any of t h e  w e l l s  s t u d i e d  

i n t e r s e c t  such minor f a u l t s .  

Gene ra l l y ,  t h e  j o i n t  systems a r e  c h a r a c t e r i z e d  by (1) a  

s e t  which p a r a l l e l s  f o l i a t i o n ,  (2 )  one or  more o t h e r  s e t s  

which a r e  s t e e p l y  d ipp ing  t o  v e r t i c a l ,  a t  an ang le  t o  t h e  

f o l i a t i o n  d i r e c t i o n ,  and ( 3 )  a  sha l low,  n e a r - h o r i z o n t a l  s e t  

appa ren t ly  r e l a t e d  t o  unloading and weather ing (Marine,  

1966).  

The dominant j o i n t  t r e n d s  f o r  s e l e c t e d  ou t c rop  l o c a t i o n s  

(F ig .  2) a r e  c o n s i s t e n t  wi th  t h e o r e t i c a l  o r i e n t a t i o n  of j o i n t  

s e t s  r e l a t i v e  t o  f o l d s  (F ig .  3 ) .  A comparison of j o i n t  

t r e n d s  t o  t h e  o r i e n t a t i o n  of a  nearby f o l d  a x i s  showed one 

s e t  p a r a l l e l  and another  s e t  pe rpendicu la r  t o  t h e  a x i s .  

These master  j o i n t  s e t s  a r e  c l a s s i f i e d  as  ex t ens ion  j o i n t s  

( P r i c e ,  1 9 6 6 ) .  One or  two o t h e r  s e t s  may a l s o  develop which 

i n t e r s e c t  t h e  f o l d  a x i s  a t  an ob l ique  angle  and a r e  c l a s s i -  

f i e d  as  shear  j o i n t s .  

F i g u r e  2 a l s o  i l l u s t r a t e s  t he  r e l a t i o n s h i p  between 

s t r u c t u r e  and t h e  number of j o i n t  s e t s .  The g r e a t e s t  number 

of j o i n t  s e t s  i s  a s s o c i a t e d  with an a r e a  having t h e  h i g h e s t  

d e n s i t y  of  f o l d  axes .  Four major f o l d  axes occur i n  t h e  Wake 

Fores t -Mil lbrook-Bayleaf  a r e a .  Outcrops wi th in  t h i s  a r e a  
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MASTER JOINTS TO AN ANTICLINE 

(after PRICE, 1966) 



commonly e x h i b i t  f o u r  o r  f i v e  s y s t e m a t i c  j o i n t  se ts .  F i g u r e  

4 i l l u s t r a t e s  t y p i c a l  j o i n t  p a t t e r n s  a t  s e l e c t e d  l o c a l i t i e s  

i n  Wake County .  

Ground Water Hydro logy  .- 

I n  t h e  c r y s t a l l i n e  r o c k s  of t h e  Piedmont  p r o v i n c e  a  

two-media s y s t e m  forms  t h e  ground  w a t e r  model .  The p o r o u s ,  

g r a n u l a r  s a p r o l i t e  and t h e  f r a c t u r e d  bed rock  s e r v e  a s  two 

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

c o n n e c t e d .  

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

c o i n c i d e s  w i t h  low m a t r i x  p e r m e a b i l i t i e s  on t h e  o r d e r  o f  10-5 

t o  cm/sec  (Welby, 1 9 8 1 ) .  C r a c k s ,  b u r r o w s ,  r o o t  h o l e s ,  

and q u a r t z  seams a l l o w  w a t e r  t o  p e r c o l a t e  more r a p i d l y  i n  

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

s a p r o l i t e .  The f r a c t u r e s  i n  t h e  bed rock  a r e  c h a r a c t e r i z e d  by 

r e l a t i v e l y  h i g h e r  p e r m e a b i l i t i e s ,  and most  wells a r e  

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

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

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

t h e  f r a c t u r e s  which t r a n s m i t  g round  w a t e r  t o  t h e  well  b o r e  

( F i g s .  5 A  and 5 B ) .  The number and c o n f i g u r a t i o n  of  t h e  

f r a c t u r e s  s u p p l y i n g  ground  w a t e r  t o  a  well i s  g e n e r a l l y  

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

g e o p h y s i c a l  equ ipmen t .  The f r a c t u r e  s y s t e m  is  a  f u n c t i o n  of 



F i g u r e  4 A .  Water seep ing  from j o i n t s  i n  g r a n i t e  a t  Martin 
M a r i e t t a  Quarry,  Garner ,  N.C. 

Figu re  4B. Outcrop a t  F a l l s  Reservo i r  sp i l lway  showing 
t y p i c a l  j o i n t  s e t s .  



Figure  4C North wal l  of F a l l s  Reservo i r  sp i l lway  showing 
t r a c e s  of t h r e e  major j o i n t s .  

F igu re  4D. Close-up of 
a  major water-bear ing  
j o i n t  a t  s p i l l w a y ,  
F a l l s  Rese rvo i r .  Note 
weathered zone (darker  
rock)  formed by ground 
water  f lowing a long 
t h e  j o i n t .  



F I G  5A- Hydraulic Characteristics of the 
Piedmont and Mountain 
Ground-Water System 

B E D R O C K  u 

F I G  5B - Ground-Water Situation 
in the Piedmont and Mountains 

0 E D R O  C K  

from Heath ,1980 

Figure 5 .  Ground Water Occurrences 



rock t y p e ,  depth  and d e f o r m a t i o n a l  h i s t o r y ,  and i n  g e n e r a l  i t  

can  be a n t i c i p a t e d  t h a t  f r a c t u r e  s i z e  and f requency w i l l  

d e c r e a s e  wi th  d e p t h .  Moreover, exposures  i n  q u a r r i e s  and 

e x c a v a t i o n s  i n  Wake County show t h a t  t h e  n a t u r e  of t h e  

f r a c t u r e s  can change even over  s h o r t  l a t e r a l  d i s t a n c e s  and 

t h a t  n o t  a l l  wel l -developed f r a c t u r e s  t r a n s m i t  ground w a t e r .  

I n  some a r e a s  of t h e  county  t h e  geohydrology of t h e  r o c k s  may 

be  t h a t  o f  a  m u l t i p l e  a q u i f e r  sys tem i n  which t h e r e  i s  no 

c o n e c t i o n  between two o r  more s e t s  of f r a c t u r e s  o r  j o i n t s .  

C a r l s o n  and Olsson (1979)  have d e s c r i b e d  such sys tems i n  t h e  

c r y s t a l l i n e  r o c k s  of Sweden. 

Drainage A n a l v s i s  

A p p l i c a t i o n  of g e o l o g i c  unders tand ing  t o  e x p l o r a t i o n  f o r  

ground water  s u p p l i e s  i n  c r y s t a l l i n e  r o c k s  f o c u s e s  on 

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

f r a c t u r e s .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  s u p p o s i t i o n  was 

made and t e s t e d  t h a t  t h e  d r a i n a g e  p a t t e r n  shown by t h e  

streams of Wake County r e f l e c t  i n  some g e n e r a l  f a s h i o n  t h e  

f r a c t u r e  p a t t e r n s  i n  t h e  rocks  and t h a t  l ineaments  and 

l i n e a r s l  c o n s i s t i n g  of a l ignments  of s t r e a m  segments through 

s e v e r a l  s m a l l  d r a i n a g e  b a s i n s  cou ld  be  i d e n t i f i e d  from t h e  

1. Lineament = l i n e a r  f e a t u r e  g r e a t e r  t h a n  1 m i l e  i n  l e n g t h .  
L inea r  = l i n e a r  f e a t u r e  l e s s  t h a n  1 m i l e  i n  l e n g t h .  
I n  t h i s  r e p o r t  l ineament  a n a l y s e s  i s  a  c o l l e c t i v e  term 
summarizing a n a l y t i c a l  s t u d y  of l ineaments  and l i n e a r s .  



1 : 2 4 , 0 0 0  s c a l e  U.S. G e o l o g i c a l  Survey  t o p o g r a p h i c  q u a d r a n g l e  

maps.  

The p o s i t i o n s  of t h e  CWS w e l l s  - - -  v i s - a - v i s  t h e  l i n e a r  

f e a t u r e s  were d e t e r m i n e d  a s  were t h e  d i r e c t i o n  of t h e  

l i n e a r s .  S t r eam segment  o r i e n t  a t  i o n s  w i t h i n  s e l e c t e d  

d r a i n a g e  b a s i n s  were d e t e r m i n e d  and p l o t t e d .  O r i e n t  a t  i o n s  of  

t h e  j o i n t s  d e t e r m i n e d  f rom t h e  f i e l d  i n v e s t i g a t i o n s ,  and t h e  

o r i e n t a t i o n s  of  t h e  s t r e a m  segments  were compared.  



RESULTS 

F a c t o r s  A f f e c t i n g  Y i e l d s  

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

a  g i v e n  u n i t  volume of w a t e r  w i l l  i n f i l t r a t e  t h e  s o i l ,  

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

b e d r o c k ,  and t h e n c e  f l o w  t o  a  w a t e r  w e l l .  Many o f  t h e s e  

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

However, a n t i c i p a t e d  d i f f e r e n c e s  i n  r e s p o n s e  of t h e  bed rock  

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

g round w a t e r  y i e l d s  c a n  be r e l a t e d  t o  r o c k  t y p e .  E x p r e s s i o n  

o f  t h e  d i f f e r e n c e s  i n  y i e l d  can  be  e x p r e s s e d  i n  t e r m s  of  

p r o b a b i l i t i e s  of  o b t a i n i n g  a  g i v e n  y i e l d  f rom an  i n d i v i d u a l  

well  d r i l l e d  randomly  i n  each  of  t h e  r o c k  t y p e s .  F i g u r e  6  

p r e s e n t s  t h e  p r o b a b i l i t y  c u r v e s  g e n e r a t e d  from t h e  CWS well  

d a t a .  

The h i g h e s t  a v e r a g e  y i e l d  (45 gpm) o c c u r s  i n  we l l s  

l o c a t e d  i n  t h e  i n j e c t e d  g n e i s s  and s c h i s t  (igs) . The l o w e s t  

a v e r a g e  y i e l d  ( 2 1  gpm) i s  f o r  we l l s  l o c a t e d  i n  t h e  mica  

g n e i s s  and s c h i s t  (mgs). The a v e r a g e  v a l u e s  f o r  t h e  w e l l s  i n  

g r a n i t e  ( ad  - = 2 7 . 5  gpm) and i n  f e l s i c  g n e i s s  and s c h i s t  (fgs 

= 3 3  gpm) a r e  i n t e r m e d i a t e  and s i m i l a r  i n  v a l u e .  

May and Thomas' (1968)  s t u d y  o f  t h e  y i e l d s  of 286 w e l l s  

i n  Wake County by r o c k  t y p e  found t h e  f o l l o w i n g  a v e r a g e s :  

m e t a v o l c a n i c  u n i t ,  27 gpm; g r a n i t e ,  20 gprn and mica  g n e i s s ,  





1 9  gpm. The "mica g n e i s s 1 '  r e f e r r e d  t o  by May and Thomas 

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

(w, fgs, igs). I n  e v e r y  c a s e  t h e  a v e r a g e  y i e l d  by 

l i t h o l o g y  d e t e r m i n e d  i n  t h i s  s t u d y  i s  g r e a t e r  t h a n  t h e  

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

e a r l i e r  s t u d y .  

Most of  t h e  wells s t u d i e d  by May and Thomas were p r i v a t e  

d o m e s t i c  wells.  The q u a n t i t y  o f  w a t e r  r e q u i r e d  f o r  d o m e s t i c  

consumpt ion  i n  a  s i n g l e  househo ld  i s  r e l a t i v e l y  s m a l l ,  and 

f r e q u e n t l y  a  one  t o  two g a l l o n  p e r  m i n u t e  w e l l  w i l l  s u f f i c e  

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

r e q u i r e d  of  d o m e s t i c  w e l l s  a r e  r e l a t i v e l y  low,  and t h e  

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

w a t e r - b e a r i n g  and w a t e r - y i e l d i n g  c a p a b i l i t y  o f  t h e  a q u i f e r .  

The r e p o r t e d  a v e r a g e  y i e l d s  of CWS wells (which s e r v e  a t  

l e a s t  10 h o u s e h o l d s )  a r e  c o n s i d e r e d  t o  be more r e p r e s e n t a t i v e  

o f  p o t e n t i a l  well  y i e l d s  b e c a u s e  each  w e l l  must  s u p p l y  

g r e a t e r  volumes of  w a t e r  t h a n  i s  r e q u i r e d  f o r  p r i v a t e  

d o m e s t i c  wells .  

The p o s i t i o n  of t h e  c u r v e s  a t  t h e  10 p e r c e n t  p r o b a b i l i t y  

l e v e l  i l l u s t r a t e s  which l i t h o l o g i e s  a r e  l i k e l y  t o  p roduce  

h i g h  well  y i e l d s .  F o r  example ,  t h e r e  i s  a  10 p e r c e n t  

p r o b a b i l i t y  t h a t  a  mgs well w i l l  p roduce  50 gpm, b u t  t h e r e  is  

an  e q u a l  p r o b a b i l i t y  t h a t  a  Tgs w e l l  w i l l  y i e l d  n e a r l y  100 

gpm. Al though igs w e l l s  have  t h e  h i g h e s t  a v e r a g e  y i e l d ,  t h e  

p r o b a b i l i t y  o f  o b t a i n i n g  y i e l d s  g r e a t e r  t h a n  62  gpm i s  h i g h e r  
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f o r  an fgs w e l l  t h a n  f o r  wells d r i l l e d  i n  t h e  o t h e r  r o c k  

t y p e s .  

Lower y i e l d s  a r e  e x p e c t e d  i n  a r e a s  where p o o r l y  s o r t e d ,  

low p e r m e a b i l i t y  up land  s e d i m e n t s  (up) o v e r l i e  c r y s t a l l i n e  

r o c k .  T h i s  e f f e c t  is t r u e  i n  a r e a s  where up land  s e d i m e n t s  

o v e r l i e  fgs and igs b u t  n o t  where mgs i s  m a n t l e d  by up land  

s e d i m e n t s  ( F i g .  6 ) .  Wells d r i l l e d  a t  e i g h t  s i t e s  where t h e  

mica  g n e i s s  and s c h i s t  is  m a n t l e d  by upland  s e d i m e n t s  

c o n s i s t e n t l y  produce  s i g n i f i c a n t l y  h i g h e r  y i e l d s  t h a n  

unmant led  mgs s i t e s .  The e x p l a n a t i o n  f o r  t h i s  r e l a t i o n s h i p  

i s  n o t  immed ia t e ly  c l e a r ,  b u t  i t  may l i e  i n  o t h e r  v a r i a b l e s  

a s s o c i a t e d  w i t h  t h e  mgs l i t h o l o g y .  

I n  Wake County t o p o g r a p h i c  s e t t i n g  d o e s  n o t  a p p e a r  t o  

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

i n  v a l l e y s  o r  on s l o p e s  have  h i g h e r  mean y i e l d s  t h a n  w e l l s  

d r i l l e d  on h i l l t o p s  o r  up land  f l a t s ,  a l t h o u g h  t h e  d i f f e r e n c e  

i n  t h e  mean y i e l d s  is  n o t  g r e a t  ( F i g .  7 ) .  The mean y i e l d  o f  

CWS w e l l s  l o c a t e d  i n  v a l l e y s  i s  36 .5  ' 2.0 gpm compared t o  a  

mean y i e l d  o f  29 ' 2 .2  gpm f o r  CWS w e l l s  s i t e d  on h i l l t o p s .  

S imple  s t a t i s t i c s  f o r  t h e  h y d r o g e o l o g i c  v a r i a b l e s  a r e  

l i s t e d  i n  T a b l e  1 by l i t h o l o g i c  c l a s s e s .  The mean v a l u e s  

were computed by a  SAS p r o c e d u r e  which assumes a  no rma l  

d i s t r i b u t i o n .  C o n s e q u e n t l y ,  SAS-computed mean y i e l d s  d i f f e r  

f rom t h o s e  shown on t h e  y i e l d  p r o b a b i l i t y  c u r v e s  ( F i g s .  6  



and 7 )  by 4  t o  10  gpm. The mean y i e l d  v a l u e s  from F i g .  6 a r e  

a l s o  g i v e n  i n  T a b l e  1. 

The & wells e x h i b i t  t h e  r e l a t i v e l y  h i g h e s t  mean 

s p e c i f i c  c a p a c i t y  (0 .90  g p m l f t )  o f  a l l  CWS w e l l s ,  and a l l  

w e l l s  i n  t h i s  r o c k  t y p e  h a v e  a  r e l a t i v e l y  h i g h  mean y i e l d .  

I n  compar i son  t h e  + wells have  a  s i m i l a r  h i g h  mean y i e l d  

b u t  p o s s e s s  t h e  l o w e s t  mean s p e c i f i c  c a p a c i t y  ( 0 . 6 1  g p m l f t ) .  

The r e l a t i v e l y  low mean y i e l d  o f  t h e  - ad i s  accompanied by a  

r e l a t i v e l y  h i g h  mean s p e c i f i c  c a p a c i t y  (0 .88  g p m l f t ) .  

P r o x i m i t y  of  w e l l s  t o  t o p o g r a p h i c  l i n e a r  f e a t u r e s  (which 

may be  s u r f a c e  e x p r e s s i o n s  of s u b s u r f a c e  f r a c t u r e  z o n e s )  i s  

r e p r e s e n t e d  by t h e  " d i s t a n c e "  v a r i a b l e .  The mean d i s t a n c e  of  

t h e  h i g h  mean-y i e ld  igs wells from t h e  n e a r e s t  draw ( 4 0 5 ' )  i s  

g r e a t e r  t h a n  f o r  any  o t h e r  l i t h o l o g y .  The low mean-y i e ld  mgs 

w e l l s  a r e  c l o s e r  t o  d raws  t h a n  wells d r i l l e d  i n  o t h e r  

l i t h o l o g i e s  ( T a b l e  1 ) .  On t h e  o t h e r h a n d ,  mos t  of t h e  h i g h  

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

The r e l a t i v e  i n f l u e n c e  of r o c k  t y p e  and t o p o g r a p h y  upon 

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

d i f f i c u l t  t o  j u d g e .  However, f o r  p u r p o s e s  of i l l u s t r a t i o n  

assume t h a t  r o c k  t y p e  and a s s o c i a t e d  g e o l o g i c  f a c t o r s  

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

by o n e - t h i r d .  Then t h e  o v e r a l l  p r o b a b i l i t y  f o r  a  g i v e n  y i e l d  

b a s e d  upon r o c k  t y p e  and t o p o g r a p h y  c a n  b e  e s t i m a t e d  by t h e  

sum o f  p r o b a b i l i t i e s  we igh ted  o n e - t h i r d  f o r  t opography  and 
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T a b l e  1 

S I M P L E  S T A T I S T I C S  OF CWS WELLS BY LITHOLOGY 

VARI ABLE N  MEAN^ STD DEV M I N I M U M  M A X I M U M  

LITHOLOGY = AD 

YLD 9 1  3 4 . 1 ( 3 0 )  

SAPRO 6 8  4 4 . 9  

DEPTH 8 5  2 0 6 . 8  

SWL 7 2  1 7 . 1  

E L E V  7 4  2 8 5 . 1  

D I S T  7 6  3 3 3 . 7  

T O P O P T  7 9  8 . 5  

D DN 6 2  1 1 5 . 3  

FRACOF 4 8  5 2 . 9  

S P E C A P  6 2  0 . 9  

LITHOLOGY = F G S  

YLD 57 4 3 . 7  ( 3 5 )  

SAPRO 4 2  6 2 . 2  

DEPTH 55 2 6 1 . 4  

SWL 3 4  21 .9  

E L E V  5 3  3 8 3 . 9  

D I S T  5 0  2 4 5 . 2  

T O P O P T  4 8  8 . 9  

D DN 35 1 7 8 . 4  

FRACOF 2 9  3 7 . 4  

S P E C A P  35 0 . 6  

1 .  V a l u e s  i n  paren theses  represent  m e a n  v a l u e s  f r o m  F i g .  6 .  
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T a b l e  1 ( c o n t i n u e d )  

VARIABLE N MEAN STD DEV M I N I M U M  MAX I M U M  

LITHOLOGY = MGS 

Y L D  62 28 .3(22)  25.5 0 .0  150.0 

SAPRO 44 62.2 30.8 18 .0  125 .0  

DEPTH 60 302.7 115.8 80.0 606.0 

SWL 39 1 6 . 3  12.7 2.0 30.0 

ELEV 45 428.0 49 .3  280.0 525.0 

D IST 47 209.1 152.2 10 .0  640.0 

TOPOPT 46 9.5 6.0 2.0 18 .0  

D DN 46 172.9 15 .6  2.0 522.0 

FRACOF 34 17.6 31 .5  1 . 2  170 .4  

SPECAP 43 0.7 1 . 9  .022 lO.0 

LITHOLOGY = IGS 

YLD 19  41.5 (48 )  18.7 15 .0  75 .0  

SAPRO 16 54.3 21.6 21.0 102.0 

DEPTH 19 179.2  93.4 43 .0  425.0 

SWL 1 3  24.3 19 .0  0.0 80.0 

ELEV 1 8  296.4 50.0 205.0 400.0 

DIST 16 405.0 268.0 40.0 840.0 

TOPOPT 1 8  10 . O  4 .8  2 .0  18 .0  

D DN 9 107 .8  112.9 2.0 365.0 

FRACOF 6 147 .6 (27 .5 )2  294 .8  5 . 8  747.7 

SPECAP 9 4 .1 (0 .90 )  9.7 0 .2  30 .0  

2 .  Exc ludes  maximum v a l u e .  
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T a b l e  1 ( c o n t i n u e d )  

VARIABLE N MEAN STD DEV MINIMUM MAXIMUM 

ALL LITHOLOGIES 

YLD 267 

S APRO 1 9 6  

DEPTH 254  

SWL 1 8 0  

ELEV 1 9 9  

DIST 196  

TOPOPT 1 9 8  

DDN 1 7 4  

FRACOF 1 3 3  

SPECAP 1 7 4  

YLD = Well Y i e l d  (GPM) 
SAPRO = S a p r o l i t e  T h i c k n e s s  (FT) 
DEPTH = Well Depth  (FT) 
SWL = S t a t i c  Water L e v e l  (FT) 
ELEV = Well S i t e  E l e v a t i o n  (MSL) 
DIST = D i s t a n c e  o f  Well f r o m  N e a r e s t  Draw (FT) 
TOPOPT = L e G r a n d ' s  P o i n t  V a l u e  f o r  T o p o g r a p h y  
DDN = Pump T e s t  Drawdown (FT) 
FRACOF = F r a c t u r e  C o e f f i c i e n t  ( F T ~ / D A Y ~ / ~ )  
SPECAP = S p e c i f i c  C a p a c i t y  (GPM/FT) 



t w o - t h i r d s  f o r  r o c k  t y p e .  For t h e  f o u r  major  r o c k  t y p e s  t h e  

p r o b a b i l i t i e s  f o r  w e l l  y i e l d s  of 58 gpm o r  g r e a t e r  i s  g i v e n  

i n  T a b l e  2 .  R e s u l t s  of  b o t h  t h e  o n e - t h i r d l t w o - t h i r d s  

a s s u m p t i o n  and an a s sumpt ion  of  50 p e r c e n t  each  f o r  

t o p o g r a p h y  and r o c k  t y p e  a r e  p r e s e n t e d .  

The r e s u l t s  of t h e  c a l c u l a t i o n s  summarized i n  T a b l e  2 

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

g r a p h i c  p o s i t i o n  i s  less  i m p o r t a n t  t h a n  t h e  f a c t o r s  r e f l e c t e d  

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

d i f f e r e n c e s  be tween  t h e  y i e l d s  from wells d r i l l e d  i n  t h e  igs 

and &s - l i t h o l o g i e s  and t h o s e  d r i l l e d  i n  t h e  mgs and - ad 

l i t h o l o g i e s .  I n t u i t i v e l y ,  i t  seems t h a t  t h e  t o p o g r a p h y  

s h o u l d  e x e r t  an i n f l u e n c e  of no g r e a t e r  t h a n  abou t  o n e - t h i r d  

o f  t h e  t o t a l  p r o b a b i l i t y .  

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

and on s l o p e s  have  a b o u t  t h e  same p r o b a b i l i t y  f o r  p r o v i d i n g  

y i e l d s  g r e a t e r  t h a n  58 gpm. On t h e  o t h e r  h a n d ,  most of t h e  

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

d r a w s ,  a  f a c t  which may r e f l e c t  t h e  i n f l u e n c e  of  t h e  p roba -  

b i l i t i e s  and a  p r e d i s p o s i t i o n  on t h e  p a r t  of w a t e r  w e l l  

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

The r e s i s t a n t  g r a n i t i c  r o c k  ( ad )  - h a s  t h e  l o w e s t  mean 

s a p r o l i t e  t h i c k n e s s  (45 f t ) ,  and t h e  g r e a t e s t  mean s a p r o l i t e  

t h i c k n e s s  (63 f t )  o c c u r s  i n  t h e  fgs and mgs o u t c r o p  a r e a s .  



T a b l e  2 

ESTIMATED PROBABILITY OF YIELDS AT 58 GPM OR GREATER, 
FOR ROCK TYPE INFLUENCE = 213,  TOPOGRAPHY = 113 

A. 

R o c k  T y p e  
TOPOGRAPHIC 
P O S I T I O N  

F i g .  6 % f r o m  FLAT DRAW H I L L  VALLEY SLOPE 
% F i g .  7 (11%) (18%) (10%) (18%) (18%) 

i g s  

f gs 

m g s  

ad 

50 PERCENT EFFECT EACH FOR ROCK TYPE AND 
TOPOGRAPHIC-POSITION 

B .  

R o c k  T y p e  FLAT DRAW H I  LL VALLEY SLOPE 

i g s  20 23 19 

f g s  19 22 18 

m g s  9 12 8 

ad 13  16 12 



The g r e a t e s t  mean d e p t h  (303  f t )  o f  w e l l s  is  a s s o c i a t e d  w i t h  

t h e  l i t h o l o g y  which h a s  t h e  l o w e s t  mean y i e l d .  L i k e w i s e ,  

t h e  wells have  t h e  h i g h e s t  mean y i e l d  and t h e  l o w e s t  mean 

d e p t h  (179 f t )  v a l u e .  

A n e g a t i v e  c o r r e l a t i o n  e x i s t s  be tween  well d e p t h  and 

w e l l  y i e l d .  Fo r  t h e  CWS wells t h e  y i e l d - p e r - f o o t  i n c r e a s e s  

r a p i d l y  above  a  d e p t h  of a p p r o x i m a t e l y  250 f e e t  ( F i g .  8 ) .  

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

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

a p p r o a c h  z e r o .  S i m i l a r  f i n d i n g s  have  r e s u l t e d  f rom o t h e r  

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

a q u i f e r s  (Dav i s  and T u r k ,  1964 ;  Summers, 1 9 7 2 ) .  Thus i n  Wake 

County d r i l l i n g  below a  d e p t h  of abou t  250 f e e t  i s  l e s s  

l i k e l y  t o  i n c r e a s e  t o t a l  y i e l d  and t o  be  less  c o s t - e f f e c t i v e  

t h a n  d r i l l i n g  a  new well .  

D r a i n a g e  O r i e n t  a t  i o n  

P l o t s  of  t h e  s t r e a m  segment  o r i e n t a t i o n s  a r e  p r e s e n t e d  

i n  F i g .  9  and t h o s e  of  t h e  j o i n t s  i n  F i g .  10  i n  t h e  form o f  

f r e q u e n c y  d i a g r a m s  w i t h  20 -deg ree  c l a s s e s .  T a b l e  3 l i s t s  t h e  

g e o g r a p h i c  c e n t e r s  of t h e  d r a i n a g e  b a s i n s  used i n  t h e  s t u d y .  

The p l o t s  were p r e p a r e d  t o  i n v e s t i g a t e  whe the r  o r  n o t  some 

l i t h o l o g i c  c o n t r o l  on s t r e a m  segment  o r i e n t  a t  i o n  e x i s t s  and 

whe the r  o r  n o t  t h e  s t r e a m  segment  o r i e n t a t i o n  p a t t e r n s  

r e f l e c t  j o i n t  o r i e n t a t i o n  n o t e d  i n  t h e  f i e l d .  

- 42 - 



FIG.8 -RELATION OF YIELD PER FOOT OF 

WELL DEPTH TO WELL DEPTH 
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* Riehland Creek 
IGS 

Smith Creek 
AD & IGS 

* Poplar Creek 
AD 

' Honeyeutt Creek 
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Lower Barton Creek 
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Fig. 9 (cant)-stream Segment Orientations 
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Fig. l O  (cont) -Joint Orientations 
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Fig.10 (cant)- Joint Orientations 



The d a t a  p r e sen t  no c l e a r  evidence of a  g e n e r a l  l i t h o -  

l o g i c  c o n t r o l  i n  s t ream d ra inage  p a t t e r n s .  Tabula t ion  of t h e  

modal d i r e c t i o n  of t h e  frequency curves  by rock type  shows 

t h a t  approximately  84 percen t  of t h e  s t ream segment modes a r e  

l o c a t e d  between N 20°W and N 20°E. By comparison 61  percen t  

of t h e  j o i n t  o r i e n t a t i o n  modes f a l l  w i th in  t h i s  40 degree  

i n t e r v a l .  Although t h e r e  i s  cons ide rab l e  s c a t t e r  t o  t h e  

d a t a ,  t hey  appear t o  suppor t  t h e  concept  t h a t  a  ground water  

e x p l o r a t i o n  program can be enhanced by judicuous  u t  i l i z a t  ion 

of s t ream segment o r i e n t  a t  ion a n a l y s i s .  

R e l a t i v e  S i g n i f i c a n c e  of Va r i ab l e s  Af fec t i ng  Yield  and 

S p e c i f i c  Capaci ty  

The r e s u l t s  of t h e  c h i  square  ( ~ 2 )  ana lyses  i n d i c a t e  

t h o s e  geo log i c  v a r i a b l e s  be l i eved  t o  i n f luence  w e l l  y i e l d s  

s i g n i f i c a n t l y  (Table  4 ) .  The l e v e l  of s i g n i f i c a n c e  ( a )  i s  

t h e  p r o b a b i l i t y  t h a t  a  s i g n i f i c a n t  r e l a t i o n s h i p  has been 

mis taken ly  dec l a r ed  between two v a r i a b l e s .  The lower t h e  

va lue  of a t h e  g r e a t e r  i s  t h e  l i k e l i h o o d  t h a t  one v a r i a b l e  

( i  . e .  y i e l d )  v a r i e s  s i g n i f i c a n t l y  with another  v a r i a b l e  ( i  . e .  

l i t h o l o g y ) .  

The c h i  squa re  ana lyse s  demonstra te  t h a t  w e l l  y i e l d  

v a r i e s  most s i g n i f i c a n t l y  with l i t h o l o g y  and s a p r o l i t e  



t h i c k n e s s .  Judging from t h e  high va lue  of a lpha  ( a  = . 7 9 ) ,  

d i s t a n c e  from n e a r e s t  draw appears  t o  be t h e  l e a s t  

s i g n i f i c a n t  geo log i c  v a r i a b l e  af f e c t i n g  wel l  y i e l d .  

The most s i g n i f i c a n t  r e l a t i o n s h i p  is  shown t o  e x i s t  

between s p e c i f i c  c a p a c i t y  and e l e v a t i o n  ( a  = . 0 0 7 ) .  The c h i  

squa re  t e s t  i n d i c a t e s  a  moderate d i f f e r e n c e  i n  s p e c i f i c  

c a p a c i t y  with l i t h o l o g y  ( a  = . 2 4 ) .  S a p r o l i t e  t h i c k n e s s  

Table 4 

CHI SQUARE ANALYSIS 

COMPUTED DEGREES OF 
TEST N CHI SQUARE FREEDOM a 

YIELD VS: - 
LITHOLOGY 222 34.0 4x4 = 16  Ol>a>.OOl 

TOPOGRAPHY 201 

SAPKOL ITE 210 

ELEVAT I  ON 192 

DISTANCE 192 

WELL DEPTH 258 

SPECIFIC CAPACITY VS: - 
LITHOLOGY 149 

TOPOGRAPHY 134 

SAPROL ITE 125 

ELEVATI ON 134 

DISTANCE 128 



( a  = .69) ,  topography ( a  = .68) and d i s t ance  t o  nea res t  draw 

( a  = .68) appear t o  have no s i g n i f i c a n t  r e l a t i o n s h i p  with 

s p e c i f i c  capaci ty .  

The ch i  square analyses i n d i c a t e  t h a t  well  s i t e  eleva- 

t i o n  a f f e c t s  s p e c i f i c  capaci ty  more than i t  a f f e c t s  well  

y i e ld .  I f  two wells  a t  d i f f e r e n t  e l eva t ions  have the  same 

reported y i e l d ,  then a  ch i  square ana lys i s  would i n d i c a t e  

t h a t  e levat ion  does not s i g n i f i c a n t l y  a f f e c t  y i e l d .  However, 

i f  the  drawdowns a t  those two well  s i t e s  a re  d i f f e r e n t ,  then 

t h e  s p e c i f i c  c a p a c i t i e s  of the  wel ls  a re  unequal and the  c h i  

square ana lys i s  would i n d i c a t e  t h a t  e l eva t ion  does e f f e c t  

s p e c i f i c  capaci ty .  Thus the  s p e c i f i c  capaci ty-e levat ion  

r e l a t i o n s h i p  may be more r e l a t e d  t o  condi t ions c o n t r o l l i n g  

drawdown than t o  e levat ion  per - se .  

Success of well  s i t e  eva lua t ion  depends on the  a b i l i t y  

t o  es t imate  the  e f f e c t  of the  most important sources of y i e l d  

v a r i a t i o n .  Multiple l i n e a r  regress ion  was viewed as a  

promising t o o l  for  spec i fy ing  t h e  r e l a t i v e  s ign i f i cance  of 

hydrogeologic va r i ab les .  

Although a  knowledge of optimum well  depth i s  important 

during cons t ruc t ion  of a  wel l ,  i t  is not of immediate concern 

when evalua t ing  a  well  s i t e  p r io r  t o  d r i l l i n g .  Only the  

geologic va r i ab les  which can be measured or estimated a r e  

use fu l  a t  the  time of well  s i t e  s e l e c t i o n s .  Evaluation of 

t h e  e f f e c t s  of geologic va r i ab les  r equ i res  adjustment of 



r epo r t ed  y i e l d s  fo r  t h e  e f f e c t s  of t h e  "non-geological" 

v a r i a b l e s ,  and t h e  most important  "non-geologic" f a c t o r s  a r e  

w e l l  depth and drawdown which have a  r e l a t i v e l y  high c o r r e l a -  

t i o n .  Drawdown, on t h e  o t h e r  hand i s  c o n t r o l l e d  i n  p a r t  by 

t h e  n a t u r e  of t h e  f r a c t u r e  system from which t h e  water i s  

being withdrawn. The re fo re ,  s p e c i f i c  c a p a c i t y  ( y i e l d  5 

drawdown) was used i n s t e a d  of y i e l d  i n  t h e  m u l t i p l e  

r e g r e s s i o n  ana lyse s .  

I t  was a n t i c i p a t e d  t h a t  a  model comprised of some 

combination of l i t h o l o g y ,  topography,  s a p r o l i t e  t h i c k n e s s ,  

e l e v a t i o n ,  d i s t a n c e  t o  n e a r e s t  draw, and es t imated  s t a t i c  

water l e v e l  would account f o r  a  s u b s t a n t i a l  amount (250%) of 

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

r e s i d u a l  v a r i a t i o n  is  thought t o  be accounted f o r  by f r a c t u r e  

c h a r a c t e r i s t i c s ,  and nega t ive  c o r r e l a t i o n s  were expected 

between s p e c i f i c  c a p a c i t y  and d i s t a n c e  t o  n e a r e s t  draw, a s  

we l l  as  e l e v a t i o n  and s t a t i c  water  l e v e l .  P o s i t i v e  c o r r e l a -  

t i o n s  were a n t i c i p a t e d  between s p e c i f i c  c a p a c i t y  and 

s a p r o l i t e  t h i cknes s  and s p e c i f i c  c a p a c i t y  and LeGrandts 

( 1 9 6 7 )  topographic  r a t i n g .  

P l o t s  of s p e c i f i c  c a p a c i t y  and each geo log i c  v a r i a b l e  

were produced t o  determine i f  a  l i n e a r  r e l a t i o n s h i p  e x i s t e d .  

I f  t h e  r e l a t i o n s h i p  were determined t o  be c u r v i l i n e a r ,  an 

a p p r o p r i a t e  l og  t r ans fo rma t ion  was performed on t h e  geo log i c  

v a r i a b l e .  



T a b l e  5 summar i ze s  t h e  r e s u l t s  o f  a m u l t i p l e  r e g r e s s i o n  

r u n  f o r  70 wells d r i l l e d  i n  v a r i o u s  r o c k  t y p e s .  

T a b l e  5 

MULTIPLE LINEAR REGRESSION 

S p e c i f i c  C a p a c i t y  a s  a  F u n c t i o n  o f  , 

H y d r o g e o l o g i c  V a r i a b l e s  

Number o f  O b s e r v a t i o n s  Used i n  A n a l y s i s  = 70 

DEGREES OF 
SOURCE 

MODEL 

ERROR 

CORRECTED 

LGTOPOPT 

LGSAPRO 

LGEL 

DIST 

SWL 

LITHO 

FREEDOM F VALUE PR>F 

6 1 . 5 0  0 .17 

60  - - -- 

TOTAL 69 -- -- 

LGTOPOPT = Log o f  L e G r a n d ' s  T o p o g r a p h i c  P o i n t  V a l u e  
LGSAPRO = Log o f  S a p r o l i t e  T h i c k n e s s  (FT) 
LGEL = Log o f  Well S i t e  E l e v a t i o n  (MSL) 
DIST = D i s t a n c e  t o  N e a r e s t  Draw (FT) 
SWL = S t a t i c  Wate r  L e v e l  (FT) 
LITHO = L i t h o l o g y  p e r  P a r k e r  (1979)  
PR = P r o b a b i l i t y  
R~ = C o e f f i c i e n t  o f  D e t e r m i n a t i o n  



The p r o b a b i l i t y  of t h e  SAS F - t e s t  va lue  can be used t o  

rank t h e  i n d i v i d u a l  v a r i a b l e s  by r e l a t i v e  importance (Ba r r ,  

e t  a l . ,  1976). The model accounts  f o r  on ly  about 18 pe rcen t  -- 
( ~ 2  = .18) of t h e  v a r i a t i o n  i n  s p e c i f i c  c a p a c i t y ,  and t h e  

most s i g n i f i c a n t  source  of v a r i a t i o n  i s  l i t h o l o g y  (PR = .02) .  

An i n t e r p r e t a t i o n  of t h e  F - t e s t  i s  t h a t  a  98 percen t  

p r o b a b i l i t y  e x i s t s  t h a t  l i t h o l o g y  a f f e c t s  s p e c i f i c  c a p a c i t y .  

The o t h e r  sources  of v a r i a t i o n ,  l i s t e d  i n  dec reas ing  order  of 

s i g n i f - i c a n c e ,  a r e  d i s t a n c e  t o  draw (PR = . 18 ) ;  l og  of 

e l e v a t i o n  (PR = .37 ) ,  s t a t i c  water l e v e l  (PR = .57) and l o g  

of s a p r o l i t e  t h i cknes s  (PR = .99) .  

S imi l a r  ana lyse s  were made on w e l l s  from each l i t h o l o g y ,  

b u t  i n  every c a s e  t h e  s i g n i f i c a n c e  of t h e  model was unaccept-  

a b l e  (PR > .50) .  The b e s t  m u l t i p l e  r e g r e s s i o n  model accounts  

f o r  l e s s  than 20 percen t  of t h e  v a r i a t i o n  i n  s p e c i f i c  

c a p a c i t y  a t  t h e  . 1 7  s i g n i f i c a n c e  l e v e l .  The f a i l u r e  of t h e  

ana lyse s  t o  account f o r  a  s i g n i f i c a n t  amount of v a r i a t i o n  i n  

t h e  dependent v a r i a b l e  may be caused by 

1 )  a  non- l inear  r e l a t i o n s h i p  between t h e  v a r i a b l e s  which 

i s  not  r e a d i l y  c o r r e c t e d  by s imple  t r ans fo rma t ion ;  

2) t h e  exc lus ion  of s i g n i f i c a n t  independent v a r i a b l e s  

from t h e  model which may o r  may not  be measurable;  

3 )  a  f a i l u r e  t o  a d j u s t  f u l l y  t h e  dependent v a r i a b l e  f o r  

non-geologic e f f e c t s ;  and 



4)  the  i n a b i l i t y  of geologic  va r i ab les  t o  account for  

s p e c i f i c  capaci ty  w i t h  any degree of r e l i a b i l i t y .  

When non-geologic va r i ab les  (e .g . ,  well  depth,  drawdown) 

a r e  included in  the  models, the  r e s u l t s  of the mul t ip le  

regress ion  improve s i g n i f i c a n t l y  . This improvement implies 

t h a t  the  lack of success of the  other  models i s  caused by the  

exclusion of s i g n i f i c a n t  geologic  va r i ab les  r a t h e r  than the 

u n s u i t a b i l i t y  of the regress ion  method. 

The most obvious missing va r i ab le  i s  a  measure of the 

f r a c t u r e  c h a r a c t e r i s  t i c s .  Extent of f r a c t u r e  development i s  

the  key t o  a  productive water wel l  in  c r y s t a l l i n e  rocks ,  but 

f r a c t u r e  dens i ty  and f r a c t u r e  s i z e  i s  d i f f i c u l t  t o  a s c e r t a i n  

a t  each well  s i t e .  However, pumping t e s t  d a t a  t h e o r e t i c a l l y  

r e f l e c t s  the  na ture  of the f r a c t u r e  system, and i t  i s  t h i s  

information from t h e  CWS wel ls  t h a t  has provided i n s i g h t  t o  

the  hydrogeology of the  severa l  rock types.  

Pumping Test Analysis 

The na ture  of f r a c t u r e  systems ranges from a  s i n g l e  - 
f r a c t u r e  t o  in tense ly  f r ac tu red  zones which can approach the 

hydraul ic  p r o p e r t i e s  of a  porous granular  medium. Theoret- 

i c a l l y ,  f r a c t u r e  systems may be charac ter ized  by t h e i r  

a b i l i t y  t o  t ransmit  water t o  a  pumped well .  Based upon t h i s  

concept ,  Jenkins and Pren t i ce  (1982)  have developed an 

equation for  determining t h e  water-bearing c h a r a c t e r i s t i c s  of 



f r a c t u r e d  r o c k  from pumping t e s t s ,  

where:  

L = f r a c t u r e  l e n g t h  ( f t ) ,  
T = t r a n s m i s s i v i t y  of  f r a c t u r e s  ( g a l / m i n / f t ) ,  
S = s t o r a g e  c o e f f i c i e n t  ( d i m e n s i o n l e s s ) ,  
Q = w e l l  d i s c h a r g e  (gpm),  
s = drawdown i n  w e l l  ( f t ) ,  
t = pumping time (min)  

The f r a c t u r e  c o e f f i c i e n t ,  LF, s h o u l d  i n c r e a s e  w i t h  

g r e a t e r  f r a c t u r e  d e n s i t y ,  s i z e  and i n t e r c o n n e c t i o n .  The 

h i g h e s t  mean f r a c t u r e  c o e f f i c i e n t  (x = 52.9  t 92 .1  f t 2 / d a y 1 / 2 )  

i s  a s s o c i a t e d  w i t h  ad wells.  An anomalous ly  h i g h  mean - 
f r a c t u r e  c o e f f i c i e n t  (147 .6  f t 2 d a y 1 / 2 )  f o r  &s- wells is  c a u s e d  

by t h e  ex t r eme  v a l u e  f o r  one  of  t h e  w e l l s  ( T a b l e  1 ) .  When t h i s  

e x t r e m e  v a l u e  is  removed, a  mean v a l u e  of  27 .5  ' 23.8 

f t 2 / d a y 1 / 2  r e s u l t s ,  b u t  e l i m i n a t i n g  t h i s  v a l u e  p r o d u c e s  an 

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

y i e l d  and s p e c i f i c  c a p a c i t y  b u t  n o t  t h e  h i g h e s t  mean f r a c t u r e  

c o e f f i c i e n t .  On t h e  o t h e r  hand ,  t h e  igs f r a c t u r e  c o e f f i c i e n t  

i s  computed from o n l y  f i v e  w e l l s .  

The mgs w e l l s  p r e s e n t  t h e  l o w e s t  mean y i e l d ,  a  low mean 

s p e c i f i c  c a p a c i t y ,  and t h e  l o w e s t  mean f r a c t u r e  c o e f f i c i e n t  

(51 = 17.6  31.5 f t 2 / d a y 1 / 2 ) .  T h i s  r e l a t i o n s h i p  s u g g e s t s  

t h a t  t h e  mgs l i t h o l o g y  may be  l e s s  i n t e n s e l y  f r a c t u r e d  t h a n  



other  l i t h o l o g i e s .  Other poss ib le  reasons for  the  d i f f e r e n c e  

include a  predominance of r e l a t i v e l y  small f r a c t u r e s  and poor 

interconnect ions between f r a c t u r e s  or some combination of a l l  

t h r e e .  

Frac ture  c o e f f i c i e n t  value pa t t e rns  a re  shown on P l a t e  

4 ,  and the  values have been grouped i n t o  th ree  broad c l a s s e s ;  

low, medium, high. Class frequencies  a re  tabulated by l i-  

thology and geography (Table 6 ) .  The mgs wells  have the  

g r e a t e s t  frequency of r e l a t i v e l y  low f r a c t u r e  c o e f f i c i e n t s  

whereas the  r e l a t i v e l y  high f r a c t u r e  c o e f f i c i e n t s  a re  most 

f requent  in  the  igs l i t ho logy .  CWS wells in  the  Leesv i l l e  

a rea  exh ib i t  the  g r e a t e s t  frequency of r e l a t i v e l y  low 

f r a c t u r e  c o e f f i c i e n t s  and a  low frequency of high f r a c t u r e  

c o e f f i c i e n t s .  The Leesv i l l e  a rea  has a  high incidence of low 

y ie ld  wel ls  ( P l a t e  5 ) ,  a  f a c t  which suggests  t h a t  the  a rea  i s  

l e s s  in tense ly  f rac tured  than other  a reas .  In c o n t r a s t ,  

wel ls  in the  Bayleaf area have the  g r e a t e s t  frequency of 

r e l a t i v e l y  high f r a c t u r e  c o e f f i c i e n t s  (g rea te r  than 

10f t2 /day1/2) .  In a  band approximately p a r a l l e l  t o  the  Neuse 

River as i t  flows from US 1 south t o  a  point four miles  south 

of Milburnie,  the  f r a c t u r e  c o e f f i c i e n t s  a re  about equal ly  

d i s t r i b u t e d  through the  th ree  c l a s s e s .  This band coincides 

approximately with a  band of low y ie ld  and abandoned wells  

( P l a t e  5 ) .  



Table 6 

A - FREQUENCIES OF FRACTURE COEFFICIENTS (F) BY LITHOLOGY 
LITHOLOGY: (No. wells) F<10 10GF<40 F>40 

% % "/, 

igs: (n=6) 

mgs: (n=34) 

fgs: (n=29) 

ad: (n=48) 

B - FREQUENCIES OF FRACTURE COEFFICIENTS (F) BY AREA 
AREA: (No. wells) F<10 10cF<40 F>40 

% % % 

Leesville: (n=32) 68.8 18.8 12.5 

Bayleaf : (n=17) 17.6 47.1 35.3 

Neuse River: (n=29) 31.0 27.6 41.4 

Wendell: (n=12) 16.7 58.3 25 

Lake Wheeler : (n=18) 55.6 33.3 11.1 

Low Flow Characteristics 

Areas of high or low ground water availability may be 

identified by studying baseflow characteristics of drainage 
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