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ABSTRACT

Multiple-well aquifer pumping tests have been used successfully to measure the

bulk hydraulic properties of limestone and shale -formations of the Conasauga

Group ot East Tennessee and to define directional components in transmis-

sivity associated with joints and small-scale folds. This experience

demonstrates that multiple-well pumping tests can be used to measure the

characteristics of low-permeability -fractured rocks, and it illustrates the

application of data interpretation techniques that are based on models of

nonradial aquifer pumping response. Analytical models that have been used to

interpret pumping test data include models for simple anisotropic response and

for complex pumping response in an anisotropic aquifer intersected bv a single

high-conductivity vertical fracture. Comparisons of results obtained using

nonradial flow methods with those obtained using traditional <radial flow)

analytical methods indicate that the error from radial flow methods is

generally less than an order of magnitude, an insignificant error in most low-
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permeability settings. However, the nonradial -flow methods provide much more

information on structural controls on groundwater movement.

Special challenges encountered in conducting aqui-fer pumping tests in this

hydrogeologic environment include selecting a pumping rate that can be

sustained after fracture storage is depleted and laying out a test

com' iguration that is consistent with the test geometry required by the

nonradial flow interpretive models. Effective test design and data

interpretation thus require extensive insight into site geology,

INTRODUCTION

One important difference between low- and high-permeability rocks may be the

dominant role that fractures and other secondary features often play in the

hydrology of low-permaabi1ity media. When the hydraulic conductivity of the

matrix is low. the contrast between the procerties of the matrix and secondary

•features becomes auite large, so the secondary features (e.g., fractures) are

likely to control such hydrclogic phenomena as solute transport and system

response to pumping. The hydraulic heterogeneity of low-permeability rocks,

which is due in large part to the hydraulic dominance of secondary features,

is one important reason that conventional aquifer pumping test techniques are

not widely used in low-permeability media. Aquifer pumping tests have been

used on a few occasions, however, to investigate the hydraulic characteristics

of fractured low-permeability sedimentary rocks on the U.S. Department of

Energy's Oak Ridge Reservation in East Tennessee. In this paper we review

some of that experience and present our observations on the uses and

limitations of conventional aquifer testing procedures in this type of

hydrogeoiogic environment.



H Y D R O G E O L O G I C S E T T I N G OF T H E A Q U I F E R T E S T S

T h e Oak R i d g e R e s e r v a t i o n , the site of the aqui-fer p u m p i n g t e s t s d i s c u s s e d

h e r e , is l o c a t e d in the R i d g e a n d U a l l e y p r o v i n c e of the s o u t h e r n A p p a l a c h i a n

M o u n t a i n s . T h e o v e r a l l c h a r a c t e r and a l i g n m e n t o-f g e o l o g i c and t o p o g r a p h i c

•features in t h i s p r o v i n c e are c o n t r o l l e d by a s e r i e s of thrust f a u l t s that

d e v e l o p e d d u r i n g the A p p a l a c h i a n o r o g e n y . T h e p u m p i n g t e s t s h a v e b e e n

c o n d u c t e d in s t r a t a of the M i d d l e to L a t e C a m b r i a n C o n a s a u g a G r o u p , w h i c h is

a b o u t 5 5 0 m thick in the Oak R i d g e a r e a a n d o c c u r s on the R e s e r v a t i o n in two

p a r a l l e l v a l l e y o u t c r o p b e l t s . L i t h o l o g i c a l l y , the C o n a s a u g a is a v e r y

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

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

( H a a s e and U a u g h a n . 1 9 8 1 ) . In a s c e n d i n g o r d e r , these are the P u m p k i n U a l l e y

S h a l e , R u t l e d a e L i m e s t o n e , R o g e r s v i l l e S h a l e , M a r y v i l l e L i m e s t o n e , N o l i c h u c k v

S h a i e . and M a y n a r c v i l l e L i m e s t o n e . R e g i o n a l thrust -fault m o t i o n c a u s e d m u c h

i n t e r n s ! s t r u c t u r a l d e f o r m a t i o n in the C o n a s a u g a G r o u p . D e f o r m a t i o n

s t r u c t u r e s i n d u c e i ow-ampl i tude isoclinal f o l d s , s e c o n d a r y b e d d i n g t h r u s t

f a u l t s , h i g h - a n g l e r e v e r s e f a u l t s , and two m a j o r j o i n t s e t s n o r m a l to b e d d i n g

at a b o u t 0 a n d P 0 ° to s t r i k e < S l e d z and H u f f , 1 9 8 1 ) .

T h e C nisaaos, is u s u a l l y t r e a t e d as a s i n g l e h y d r o s - r a t i o r a o h i c u n i t , a n d in

m a n y a r e a s it is g u i t e d i f f i c u l t to d i f f e r e n t i a t e the g e o l o g i c u n i t s that m a k e

up the G r o u p . Well c a p a c i t i e s in the G r o u p are too low to e n c o u r a g e e x t e n s i v e

use as a w a t e r s u p p l y a q u i f e r , though the C o n a s a u g a a o e s s u p p l y a few a r e a

d o m e s t i c w e l l s . M o s t r a d i o a c t i v e w a s t e d i s p o s a l on the R e s e r v a t i o n h a s b e e n

on or in s t r a t a of the C o n a s a u q a G r o u p . P e r m e a b i l i t y a s s o c i a t e d w i t h p r i m a r y

p o r o s i t y is v e r y low in the C o n a s a u o a j m o v e m e n t and s t o r a n e of w a t e r are
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u s u a l l y a t t r i b u t e d to s e c o n d a r y p o r o s i t y . S l e d z a n d H u f v ( 1 9 8 1 ) h y p o t h e s i z e d ,

b a s e d on s t u d y o-f the P u m p k i n V a l l e y F o r m a t i o n , that p e r m e a b i l i t y in the

C o n a s a u g a is d e v e l o p e d a l o n g b e d d i n g p l a n e s a n d a l o n g the t w o J o i n t s e t s .

A Q U I F E R T E S T C A S E H I S T O R I E S

S e v e r a l m u l t i p l e - w e l l a q u i f e r p u m p i n g t e s t s h a v e b e e n c o n d u c t & d in the

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

b e e n u s e d or c o n s i d e r e d f o r d i s p o s a l of r a d i o a c t i v e w a s t e s . D r a w d o w n p a t t e r n s

o b s e r v e d in t h e s e t e s t s i n d i c a t e t h a t f l o w in r e s p o n s e to p u m p i n g is

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

f o r a q u i f e r t e s t a n a l y s i s a r e b a s e d on r a d i a l f l o w . W e h a v e f o u n d , h o w e v e r ,

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

f e a s i b l e , u s i n g f l o w m o d e l s d e v e l o p e d f o r f r a c t u r e d r o c k s t t i n g s . W e b e l i e v e

t h i s e x p e r i e n c e d e m o n s t r a t e s that it is p o s s i b l e to o b t a i n u s e f u l i n f o r m a t i o n

oy u s i n g c o n v e n t i o n a l a a u i f e r t e s t i n g t e c h n i q u e s in a l o w - p e r m e a o i 1 i t y

s e d i m e n t a r y r o c k . T w o c a s e h i s t o r i e s of a q u i f e r t e s t s in the C o n a s a u q a

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

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

C a s e 1 : T e s t s in t h e M a r y v i l l e L i m e s t o n e

T w o a q u i f e r p u m p i n g t e s t s w e r e c o n d u c t e d at a s i t e on the M a r y v i l l e L i m e s t o n e

a= p a r t of a f i e l d s t u d y on f a c t o r s in the p e r f o r m a n c e of l o w - l e v e l

r a d i o a c t i v e w a s t e d i s p o s a l f a c i l i t i e s in h u m i d r e g i o n s . T h e s i t e w a s

i n s t r u m e n t e d w i t h 12 1 5 - c m - d i a m e t e r w e l l s . 10 to 15 m d e e p , w i t h 1 . 2 - m s c r e e n s

a n d g r a v e l p a c k s . A l l o b s e r v a t i o n w e l l s w e r e l e s s t h a n 40 m f r o m the p u m p i n g

w e l l < F i g u r e 1 ) . G e o l o g i c a n d g e o p h y s i c a l i n v e s t i g a t i o n s i n d i c a t e d t h a t t h e
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site is bisected by a pair of narrow, tight anticlinal -folds; the -fold axes

are intensely fractured (Vaughan et al ., 1 9 8 2 ) .

The -first pumping test at this site is described by Vaughan et al. ( 1 9 8 2 ) .

Partial recoveries of the water level in the pumped well occurred several

times during the test. The water-level recoveries led field personnel to

believe that the pumping rate w a s too low, so the pumping rate w a s increased

several times (finally to 4.4 L/roin) during the test, with the result that the

pumping well was dewatered after 7 h and test results could not be interpreted

effectively.

The experience of the first test was used as a basis for selecting a

sustainable pumping pate <3.3 L/'min) for the second test. To ensure a

relatively constant p u m o m o rate in the seconc test the water pumped w a s

discharged to calibrated carboys whose fill rate was monitored by project

personnel. A s in the first test, however, water levels in the pumped well

rose abruptly (as much as 1 m in 40 rain) several times aurinq the pumping

period, which lasted 24 h. Measured drawdown at the end of the pumping period

is plotted in Figure 1; the zone of greatest drawdown is not concentric about

the pumping w e l l , but coincides roughly with the location of the two

anticlinal folds that were identified in geologic investigation of the site.

Wells i, 2, 9, and 10, which are located in this zone, showed watsr-level

increases at the same times as some of the water-level recovery episodes in

the pumping w e l l , which is also located on or near the two fold axes. This

observation lent further credence to a hypothesis that the aquifer's nydraulic

response is controlled by the local bedrock structure.



R e s u l t s of t h i s s e c o n d p u m p i n g t e s t w e r e i n t e r p r e t e d < S m i t h a n d V a u g h a n , ,

s u b m i t t e d ) a c c o r d i n g to a m e t h o d d e s c r i b e d b y G r i n g a r t e n a n d W i t h e r s p o o n

< I ? 7 2 ) . T h i s m e t h o d is b a s e d on a c o n c e p t u a l m o d e l o-f a h o m o g e n e o u s ,

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

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

p u m p i n g w e l l l o c a t e d at t h e c e n t e r o f t h e f r a c t u r e . G r o u n d w a t e r f l o w in

r e s p o n s e to p u m p i n g is t o w a r d t h e f r a c t u r e , w h i c h t r a n s m i t s t h e w a t e r t o t h e

p u m p i n g w e l 1 .

S e l e c t i o n o f t h e G r i n g a r t e n - W i t h e r s p o o n m o d e l a s t h s b e s t a v a i l a b l e

a p p r o x i m a t i o n o f h y d r a u l i c r e s p o n s e at t h e t e s t s i t e w a s b a s e d on i n f e r e n c e

f r o m g e o l o g i c i n f o r m a t i o n a n d o n g r a p h i c a l a n a l y s i s of t e s t r e s u l t s . F i r s t ,

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

p a t t e r n e x p e c t e d f o r r a d i a l f l o w s u g g e s t e d t h a t f l o w irj r e s p o n s e to p u m p i n g

w a s n o n r a d i a l . T h e c o i n c i d e n c e of t h e z o n e of g r e a t e s t d r a w d o w n w i t h t h e f o l d

a x e s s u g g e s t e d t h a t : o n e s of d e n s e f r a c t u r i n g in t h e f o l d a x e s m i g h t c o n t r o l

a q u i f e r p u m p i n g r e s p o n s e . S e m i l o g p l o t s of o b s e r v a t i o n w e l l d r a w d o w n v s

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

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

P l o t s of d r a w d o w n v s t h e s q u a r e r o o t of e l a p s e d p u m p i n g t i m e ( t ^ - ^ ) a r e

l i n e a r , w h i c h is t h e p a t t e r n e x p e c t e d w h e n f l o w t r a c e s a l i n e a r f l o w p a t h to a

p l a n a r s i n k , s u c h a s a t r a n s m i s s i v e f r a c t u r e in c o m m u n i c a t i o n w i t h t h e o u m p i n q

w e l l < J e n K i n s a n d P r e n t i c e , 1 9 8 2 ) . J e n k i n s a n d P r e n t i c e ( 1 9 8 2 ) u s e d o r a p h s o f

d r a w d o w n v s t^*- to a n a l y z e p u m p i n g t e s t r e s u l t s f r o m s i t e s w i t h f r a c t u r e s -

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

w i t h t h e s e d a t a , h o w e v e r , s u g g e s t i n g a p o s s i b l e d e v i a t i o n f r o m the m e t h o d ' s

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

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

a q u i f e r g e o m e t r i e s . L o g - l o g p l o t s o-f d r a w d o w n v s t i m e -for -five o b s e r v a t i o n

w e l l s a r e s h o w n in F i g u r e 2 . G r i n g a r t e n a n d Wi t h e r s p o o n - ' s O 9 7 2 ) -family o-f

) o g - ) o g d r a w d c w n - v s - t i m e t y p e c u r v e s -for an a n i s o t r o p i c aquifer- i n t e r s e c t e d b y

a v e r t i c a l - f r a c t u r e s e e m e d to s h o w the b e s t o v e r a l l r e s e m b l a n c e to s i t e d a t a .

T h e r e is n o s i n g l e v e r t i c a l -fracture at t h e t e s t s i t e , b u t it is r e a s o n a b l e to

h y p o t h e s i z e t h a t n e a r - v e r t i c a l z o n e s o-f i n t e n s e - f r a c t u r i n g in t h e -fold a x e s

c o n t r o l t h e a q u i f e r ' s h y d r a u l i c r e s p o n s e a n d c a n b e m o d e l e d a s a s i n g l e

v e r t i c a l - f r a c t u r e ,

In the m o d e l p r e s e n t e d by G r m q a r t e n a n d Wi t h e r s p o o n < 1 ? 7 2 > , t h e

c h a r a c t e r i s t i c s h a p e o-f d r a w d o w n - v s - t ime p l o t s t o r o b s e r v a t i o n w e l l s d e p e n d s

o n b o t h t h e l o c a t i o n ot" the o b s e r v a t i o n w e l l r e l a t i v e to t h e m a s t e r - f r a c t u r e

a n d the r a t i o ot the p r i n c i p a l t r a n s n i s s i v i t i e s o f t h e a q u i f e r m a t r i x .

B e c a u s e t h e G r i n g a r t e n - W i t h e r s p o o n m e t h o d u s e s m a n y d i f f e r e n t t y p e c u r v e s , it

w a s m u c h m o r e d i f f i c u l t to a p p l y t h a n the c o n v e n t i o n a l c u r v e - m a t c h i n g m e t h o d s

f o r r a d i a l f l o w c o n d i t i o n s . It w a s n o t s u f f i c i e n t m e r e l y to m a t c h t h e f i e l d

d a t a to a t y p e c u r v e a n d s o l v e t h e a s s o c i a t e d m a t c h - p o i n t e q u a t i o n s , b u t it

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

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

f r a c t u r e . A s w i t h a n y i n t e r p r e t i v e t e c h n i q u e i n v o l v i n g t y p e - c u r v e m a t c h i n g ,

it is p o s s i b l e t o m a t c h v i r t u a l l y a n y d a t a s e t to m o r e t h a n o n e tv/pe c u r v e .

E a c h t y p e - c u r v e m a t c h p o i n t is a s s o c i a t e d w i t h t h r e e e q u a t i o n s i n v o l v i n g s i x

u n k n o w n v a r i a b l e s ( T x , T , S , x , y , a n d x ^ ; se1; " N o t a t i o n " f o r d e f i n i t i o n s o f

v a r i a b l e s ) . U n l e s s i n d e p e n d e n t e s t i m a t e s a r e a v a i l a b l e f o r s o m e of t h e

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



s i m u l t a n e o u s equations is required to arrive at an approximation of aquifer

p a r a m e t e r s consistent with data -from several observation w e l l s .

E s t i m a t e s of aqui-fer p a r a m e t e r s obtained using the Gr ingarten-Wi therspoon

m e t h o d are presented in Table 1. These e s t i m a t e s are consistent with our

tentative hypothesis that a zone or zones of intense fracturing in the axes of

the two anticlinal f o l d s controlled the a q u i f e r ' s response to pumping and

could be m o d e l e d as a single vertical f r a c t u r e . We did not obtain a single

solution that simultaneously satisfied all of the equations for all of the

observation w e l l s . Instead, we list (Table 1) estimates for each observation

well that are generally consistent with data for the other observation w e l l s

and with a single conceptual model for the entire s i t e . Figure 3 illustrates

the effective location of the master f r a c t u r e , as determined from the

calculated :<-y coordinate locations of the various observation well match

p o i n t s , together with the axial traces of the two anticlinal folds mapped at

the s i t e . A l t h o u g h a more precise solution could have been obtained using

computer optimization m e t h o d s , we believe that because of deviations -from the

a s s u m p t i o n s underlying the Gr ing'arten-Witherspoon method (e.g..

inhomogeneities in the aquifer system, effects of other fractures on the

response of some observation w e l l s , approximation o-f the complex fold axis

structure as a single planar vertical f r a c t u r e ) , a more precise solution is

not s c i e n t i f i c a l l y j u s t i f i a b l e . H o w e v e r , Table 1 does list our best estimates

of the average equivalent porous-medium parameters of the aquifer m a t r i x .

These e s t i m a t e s are based on geometric m e a n s of the parameter estimates

obtained for the individual observation w e l l s and on examination of the r a n g e s

of v a l u e s obtained in a triai-and-srror solution p r o c e s s .



T a b l e 1 . S o l u t i o n s f o r the M a r y v i l l e L imes tone a q u i f e r pumping t e s t

Sringarten-Ui therspoon analysis The is analysis'

Aquifer parameters

Transratssivity <10~^ ra^/s) Well i oca t ion 2

Type curve x^ T

Well used ttyTv)
1/2 Tv T v " S (in) x (re) y <m) <10"5ra2/s> S

1 rD=0.5, x=0 1.7 3.7 0.74 2.9 x 10~3 15 0 3.4 2.7 5.1 x IO"4

2 r D = l , x=0 1.8 5.0 0.61 9.1 x 10"3 20 16 4

3 -- 7.3 1.0 x l O " 2

8 P D = 1 , x=0 S.I 11 . 2.3 1.4 x JO"2 20 1 9 6.2 3.0 x ID" 2

9 r o = l . l , y=0 0.40 2.3 0.15 4.7 x 10"3 15 13 2.5 2.1 1,0 x 10"2

10 ro=O.8. y=0 1.2 2.5 0.58 2.9 x 10"3 18 7.5 0 2.? 3.3 x ! 0 " 4

Best estimates: 1.6 3.5 0.49 5.0 i ! 0 " 3 Geometric means: 3.7 3.5 x 10 ' 3

'Reoort by Davis e i a l . , 1984. Reference resorted ari thmetic mean values; geometric raeans calculated by
present authors.

2Reiative to the center o-f the hypothetical ve r t i ca l -fracture.

Our a n a l y s i s o-f t h e M a r y v i l l e L i m e s t o n e a q u i - f e r t e s t , a s s u m m a r i z e d i n T a b l e

1 , i n d i c a t e s t h a t t h e a q u i - f e r m a t r i x i s r e l a t i v e l y t r a n s m i s s i v e - f o r a " l o w -

p e r m e a b i 1 i t y ° r o c k , b u t h a s a v e r y l o w s t o r a g e coe- f - f i c i e n t ( S ) . T h e l o w

s t o r a g e coe-f- f i c i e n t a c c o u n t s - fo r t h e C o n a s a u q a G r o u p ' s c h a r a c t e r i s t i c p o o r

w e l l y i e l d s a n d may be l a r g e l y r e s p o n s i b l e - fo r t h e G r o u p ' s r e p u t a t i o n a s a

l o w - p e r m e a b i l i t y r o c k . M a t r i x t r a n s m i s s i v i t y p a r a l l e l t o s t r i k e ( T ) a p p e a r s

t o be a b o u t 5 t i m e s t h e m a t r i x t r a n s m i s s i v i t y p e r p e n d i c u l a r t o s t r i k e <T ) ,

a n d l o c a l l y t h e a q u i f e r ' s r e s p o n s e t o p u m p i n g i s s t r o n g l y d o m i n a t e d b y a h i o h -

t r a n s m i s s i y i t y z o n e a s s o c i a t e d w i t h t h e a x e s o t t h e t w o a n t i c l i n a l - f o l d s t h a t

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



' the h i g h - t r a n s m i s s i v i t y s o n e , but the e s t i m a t e s o-f the d i r e c t i o n a l c o m p o n e n t s

o-f m a t r i x t r a n s m i ssiy i ty a n d e v i d e n c e o-f the h y d r a u l i c i m p o r t a n c e of the •fold

a x e s c o u l d be v e r y useful in p r e d i c t i n g c o n t a m i n a n t t r a n s p o r t b e h a v i o r in t h i s

uni t.

In s p i t e o-f the c , i d e n c e o-f n o n r a d i a l -flow, an a t t e m p t w a s a l s o m a d e to

i n t e r p r e t the r e s u l t s o-f the M a r y v i l l e L i m e s t o n e a q u i f e r p u m p i n g test

a c c o r d i n g to t r a d i t i o n a l r a d i a l -flow t e c h n i q u e s . N u m e r i c a l r e s u l t s o-f an

a n a l y s i s u s i n g the T h e i s s o l u t i o n ( r e p o r t e d by D a v i s et a l . , 1 9 8 4 ) are

i n c l u d e d in T a b l e 1. T h e t r a n s m i s s i v i t y e s t i m a t e d by the T h e i s m e t h o d is

l a r g e r than the g e o m e t r i c m e a n t r a n s m i s s i v i t y e s t i m a t e d b y the G r i n g a r t e n -

W i t h e r s p o o n m e t h o d , but the e s t i m a t e s o-f s t o r a g e coe-f-f ic ient are q u i t e c l o s e .

T h e T h e i s a n a l y s i s m a y o v e r e s t i m a t e aqui-fer t r a n s m i s s i v i t y b e c a u s e it d o e s not

treat the h i g h l y t r a n s m i s s i ve -fold a x e s s e p a r a t e l y -from the a q u i f e r m a t r i x .

D i f f e r e n c e s b e t w e e n the e s t i m a t e s of a q u i f e r p a r a m e t e r s g e n e r a t e d by the two

m e t h o d s are not large e n o u g h to j u s + i f y u s i n g the m o r e d i f f i c u l t G r i n g a r t e n -

W i t h e r s p o o n m e t h o d . T h e G r i n g a r t e n - W i t h e r s o o o n a n a l y s i s is p r e f e r r e d ,

h o w e v e r , b e c a u s e the c o n c e p t u a l m o d e l on w h i c h it is b a s e d is a b e t t e r

a p p r o x i m a t i o n cf site c o n d i t i o n s than is the r a d i a l f l o w m o d o l and b e c a u s e it

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

c o n t r o l s on g r o u n d w a t e r m o v e m e n t that m i g h t not be a v a i l a b l e f r o m o t h e r

s o u r c e s .

C a s e 2 : T e s t in the N o l i c h u c K y S h a l e

A l e x a n d e r et al . < 1 ? 8 3 ) r e p o r t e d on an a q u i f e r test c o n d u c t e d in the

N o l i c h u c K y S h a l e F o r m a t i o n on a n o t h e r part of the Oak R i d g s R e s e r v a t i o n . T h e

n i n e w e l l s u s e d in the test w e r e 21 m d e e p , s c r e e n e d t h r o u g h the lower 15 m



and g r a v e l - p a c k e d to a b o u t 3 m b e l o w g r o u n d s u r f a c e . C a s i n g d i a m e t e r s w e r e

15 cm f o r the p u m p i n g well a n d 10 cm -for the e i g h t o b s e r v a t i o n w e l l s .

C o o r d i n a t e l o c a t i o n s of o b s e r v a t i o n w e l l s a r e g i v e n in T a b l e 2 .

P u m p i n g in t h i s test w a s for 2 4 h, at a r a t e of 1 1 . 4 L/rnin, m o n i t o r e d by a

f l o w m e t e r on the d i s c h a r g e v a l u e . A s in the M a r y v i l l e L i m e s t o n e a q u i f e r

t e s t s , w a t e r l e v e l s in s o m e of the o b s e r v a t i o n w e l l s r o s e d u r i n g the p u m p i n g

p e r i o d . T h e m o s t s i g n i f i c a n t r i s e s in w a t e r level w e r e r e c o r d e d in w e l l s 3

a n d 7 . In w e l l 3, a w a t e r - l e v e l r i s e of a p p r o x i m a t e 1 y 2 m o c c u r r e d o v e r a 4-h

p e r i o d b e g i n n i n g a f t e r 3 h of p u m p i n g . T h e w a t e r level in w e l l 7 b e g a n to

r i s e a f t e r 4 h of p u m p i n g , a n d r o s e 0.6 m in a 5-h p e r i o d . W a t e r - l e v e l d a t a

for the p u m p i n g w e l l w e r e not r e p o r t e d , b u t it is l i k e l y that the w a t e r level

in t h i s w e l l a l s o r o s e d u r i n g the p u m p i n g p e r i o d .

T h e d r a w d o w n p a t t e r n o b s e r v e d at the e n d ot' the p u m p i n g p e r i o d ( T a b l e 2 ) w a s

n o t c o n c e n t r i c a b o u t the p u m p i n g w e l l , b u t i n s t e a d o b s e r v e d d r a w d o w n w a s

g r e a t e r in the w e l l s a l i g n e d a l o n g b e d r o c k s t r i k e than in o b s e r v a t i o n w e l l s at

o t h e r o r i e n t a t i o n s to the p u m p i n g w e l l . T h i s s u g g e s t e d a q u i f e r a n i s o t r o p y

a s s o c i a t e d w i t h b e d r o c K s t r u c t u r e . T h e d r a w d o w n p a t t e r n w a s n i s o d i s t i n c t l y

a s y m m e t r i c , in that the w e l l s to the w e s t a n d s o u t h of the p u m p i n g w e l l < w e l l s

2 , 3, 6, a n d 7 ) e x h i b i t e d s o m e w h a t g r e a t e r d r a w d o w n s than w e l l s at s i m i l a r

d i s t a n c e s a n d o r i e n t a t i o n s to the e a s t and n o r t h ( w e l l s 1, 4 , 5 a n d 8 ) .

L o g - l o g g r a p h s of d r a w d o w n v s t i m e , p r e s e n t e d by A l e x a n d e r et a l . < 1 9 8 3 ) ,

f o l l o w the T h e is c u r v e at e a r l y t i m e s but tend to f l a t t e n out at l a t e r t i m e s ,

r e s e m b l i n g the c h a r a c t e r i s t i c type c u r v e s for r e s p o n s e of a l e a k y a r t e s i a n

a o u i f e r or for a s i t e n e a r a r e c h a r g e b o u n d a r y . A l e x a n d e r et a l . < 1 ? S 3 )

i n t e r p r e t e d this p a t t e r n as i n d i c a t i v e oi a l e a k y a r t e s i a n a q u i f e r and

a n a l y s e d the test r e s u l t s a c c o r d i n g to a p u b l i s h e d r a d i a l - f l o w m e t h o d tor



Table 2. Results of the Nolichucky Shale aqui-fer pumping test, with results of

data analysis according to a leaky artesian aquifer model*

Results of leaky artesian aquifer analysis

Well

Coordinate

location-

y <m) x <rn>

Drawdown

at end of

test

Drawdown data Recovery data

2/s> T <m2/s)

1
2

3

4

5

6

7

8

0.9

-6.1

-0.6

12.5

10.0

-9.S

-1.2

1.2

5.8

0.3

-6.1

-0.9

7.3

-7.3

-15.2

23.8

3.48

i.60

4.91

0.40

0.57

1.91

2.71

Q.68

Geometric ir?ans:

3.5

1.8

4.2

1.1

5.1

2.2

1.8

X

X

-

X

-

X

X

X

10~5

10~5

-

J0~ 5

-

10~5

10~6

10~5

10"5

3.7

3.3

.. 2.9

A.6

1.7

5.7

7.4

x 10"4

x i0"3

—

x 10"3

.._

x 10 "4

x 10~4

x 10-4

10"4

2.3

1.9

5.3

9.5

1.5

1.9

1.0

9.9

3.0

X

x

X

X

X

X

X

>•'

10"5

10"5

10"6

10"5

10"4

10"5

10"5

ID"5

10"5

'Alexander et al . , 1983. Reference reported arithmetic mean values: geometric
means calculated by present authors.

Distances from the Dumping well measured along the axes of the site coordinate
system. The x-axis is approximately parallel to bedrocK strike.

aquifer test interpretation in leaky artesian systems. Table 2 lists their

estimates of aquifer transmissiuity and storage coefficient; no estimates of

confining-layer characteristics were reported in the reference.

The aquifer characteristics reported by Alexander et al. <19S3) are for an

equivalent isotropic porous medium and do not include any measurements of the

aqui-fer anisotropy, heterogeneity, or apparent leakage effect observed during

the te:t. We examined the test data to determine whether alternative data-

interpretation models might better approximate test conditions and yield more



realistic estimates o-f aquifer characteristics. Observation well drawdown and

recovery data were plotted against log t, and the resulting graphs were mostly

straight lines or straight-line segments, w h e r e a s graphs o-f drawdown vs t*'*

did not show a consistent pattern. These characteristics of the data

indicated to us that aqui-fer response w a s probably not controlled by a major

structural -feature and that methods for interpreting aquifer test results in a

homogeneous anisotropic aquifer might therefore be appropriate for

interpreting results from th:s test. We also noted that the shape of the log-

log data plots it not diagnostic of a leaky artesian aquifer system, but could

also result from proximity to a recharge boundary or delayed release of water

from aquifer storage. There is no compelling evidence that the shallow

portion of the Nolichucky Formation stressed during this test is a leaky

artesian aquifer; instead, the most plausible explanation we have found for

the observed time-drawdown behavior is that the Nolichucky behaves like a

double-oorosity medium, consisting o-f a system of porous, low-permeability

matrix blocks and higher-permeability fissures that transmit water readily

but have little storage capacity.

The geoi-gic setting of the Nolichucky Shale aquifer test (i.e., jointed

shale) and the observed response of the aquifer to pumping are both consistent

with a double-porosity aquifer m o d e l . A s Gringarten (1982) points out, the

characteristic pumoing response of a double-porosity medium observed in

observation wells open to the fissures is very similar to that of an

unconfined aquifer exhibiting "delayed yield." At early times water supply to

the pumping well comes only from the fissures, and the values for aquifer

transmissivity and storage coefficient estimated from early-time response data

are representative only of the fissures. A s pumping proceeds, water stored in

the matrix moves into the fissures and is supplied to the pumping w e l l . The



values for aquifer storage coefficient estimated from late-time response data

represent the greater storage capacity of the aquifer matrix. At intermediate

times, there is a temporary plateau in drawdown-vs-time graphs, and during

this transition period, the aquifer response could be mistaken for the

characteristic response of a leaky artesian aquifer or an aouifer with a

recharge boundary. We suspect that the Nolichucky Shale pumping test ended

before the aquifer's late-time behavior was clearly established, leading

Alexander et al. O 9 8 3 ) to misinterpret the double-porosity response pattern

as the response of a leaky artesian aquifer.

We concluded from the observations summarized above that the most appropriate

model for interpreting the results of the Nolichucky Shale aquifer test would

probably be one of a homogeneous, horizontally anisotropic, double-porosity

medium. There are few published analytical solutions specific to this type

of system, but Gringarten (1982) reviews several theoretically derived

solutions for aquifer pumping test analysis in double-porosity meaia, and

Papadopuios <19<S5> has modified simple radial-flow isotropic-medium solutions

to solve tor the directional components of aquifer transmissivity in

anisotropic media. We were not able to make fuil use of the solutions for

double-porosity media because the pumping period was not long enough to permit

observation of the system's late-time response. Instead we estimated the

equivalent oorous-rnedium hydraulic properties of the -fissure system by

matching the early-time drawdown data to the conventional The is curve and

solving for the anisotropKc-medium properties by the method of Papadopulos

<l?-i5). If late-time pumping test results had been available, it might also

have been possible to estimate the storage coefficient and other hydraulic

characteristics of the matrix, using double-porosity techniques <Gringarten,

1 9 8 2 ) .



T a b l e 3 l i s t s the r e s u l t s of our a n a l y s i s of the N o i i c h u c K y S h a l e a q u i f e r •

p u m p i n g test a c c o r d i n g to the h o m o g e n e o u s a n i s o t r o p i c a q u i f e r m o d e l . In an

ideal h o m o g e n e o u s a n i s o t r o p i c m e d i u m , t r a d i t i o n a l T h e i s a n a l y s i s of d r a w d o w n

d a t a w o u l d y i e l d the s a m e v a l u e of t r a n s m i s s i v i t y f o r all o b s e r v a t i o n w e l l s

[ a c t u a l l y , t h i s is the g e o m e t r i c m e a n of the d i r e c t i o n a l c o m p o n e n t s of

t r a n s m i s s i v i t y , < T X T )^^^1, b u t c a l c u l a t e d v a l u e s of the s t o r a g e c o e f f i c i e n t

w o u l d v a r y . T h e t r a n s m i s s i v i t y v a l u e s c a l c u l a t e d f r o m our T h e i s c u r v e m a t c h

p o i n t s f o r e a r l y - t i m e d r a w d o w n d a t a f r o m s e v e n of the N o l i c h u c k y S h a l e

o b s e r v a t i o n w e l l s are i n c l u d e d in T a b l e 3; t h e y r a n g e o v e r n e a r l y o n e o r d e r of

m a g n i t u d e , 1 i n d i c a t i n g the h e t e r o g e n e i t y of the N o l i c h u c k y S h a l e a q u i f e r . In

the m e t h o d of P a p a d o p u l o s < 1 ? 6 5 > , t y p e - c u r v e m a t c h p o i n t s f r o m t h r e e

o b s e r v a t i o n w e l l s at d i f f e r e n t a n g l e s to the p u m p i n g w e l l are s u f f i c i e n t to

d e t e r m i n e the a q u i f e r s t o r a g e c o e f f i c i e n t (in t h i s c a s e , the s t o r a g e

c o e f f i c i e n t of the f i s s u r e s y s t e m ) , the o r i e n t a t i o n of the p r i n c i p a l a x e s of

t r a n s m i s s i v i t y . a n d the m a g n i t u d e s of the c o m p o n e n t s of t r a n s m i s s i v i t y a l o n g

t h e s e a x e s . A t t e m D t s to a p p l y the P a p a d o p u l o s s o l u t i o n w i t h d a t a f r o m v a r i o u s

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

e i t h e r c o u n t e r i n t u i t i v e < e . g . , o r i e n t a t i o n s of the t r a n s m i s s i v i t y a x e s that

w e r e i n c o n s i s t e n t w i t h f i e l d o b s e r v a t i o n s ) or m a t h e m a t i c a l l y illegal < e . g . ,

n e g a t i v e v a l u e s f o r a q u i f e r p a r a m e t e r s ) . W e a t t r i b u t e t h i s to the

h e t e r o g e n e i t y of the a q u i f e r ; d i f f e r e n t r e g i o n s of the a q u i f e r s e e m e d to

r e s p o n d d i f f e r e n t l y to p u m p i n g , a n d t h e r e are f e w p o s s i b l e g r o u p i n g s of t h r e e

w e l l s that a r e at d i f f e r e n t o r i e n t a t i o n s to the p u m p i n g w e l l a n d in the s a m e

g e n e r a l r e g i o n of the a q u i f e r . T o o v e r c o m e t h i s p r o b l e m , w e r e d u c e d the

n u m b e r of u n k n o w n v a r i a b l e s by a s s u m i n g that the m a x i m u m t r a n s m i s s i v i t y w a s

* T h e s q u a r e of t h i s q u a n t i t y is u s e d in the P a p a d o D u l o s <1?<53) s o l u t i o n , w h i c h
a s s u m e s that t h i s term h a s the s a m e v a l u e f o r all m e m b e r s of a p a i r or t r i p l e t
of o b s e r v a t i o n w e l l s . In a p p l y i n g the P a p a d o p u l o s m e t h o d , w e -followed a
s u g g e s t i o n of N e u m a n et a l . U ? 8 4 ) , a n d s u b s t i t u t e d the g e o m e t r i c m e a n of the
v a l u e s d e t e r m i n e d f o r the i n d i v i d u a l w e l l s in e a c h p a i r or t r i p l e t .



Table 3. Analysis of the Nolichucky Shale aquifer pumping test according to a

homogeneous anisotropic aqui-fer model

Type-curve

matching results

Well

(T T ) 1 / 2

<rn2/s>

Results o-f Papadopulos analysis using data -from

pairs of observation wells

Well

pair Jy <m2/s) T / T y

1

2

3

4

5

6

7

8

1.3

2.8

7.0

2.0

1.5

9.1

2.5

X

X

—

X

X

X

X

ID"5

10-5

10"5

10"5

to"5

10"6

10"5

1&2

1&5

2.7 x 10~ 5 1.3 x 10" 5

3.7 x 10~ 5 6.8 x 10""4

4.5 x 1 0 ~ 5 1.5 x 1 0 " 5

5.7 x 1 0 ~ 5 3.0 x 1 0 " 5

6.0 x 1 0 ~ 5 8.1 x I D " 6

1.5 x I D " 5 8.8 x I D " 6

2.1 1.1 x 1 0 " 3

5.4 1.4 x 1 0 ~ 3

2.9 1.3 x 1 0 " 3

1.9 1.6 x 1 0 " 3

7.4 1.7 x 10

1.7 4.0 x 10

-3

-4

Geometric means: :< 10" 1.2 x 10-5 3.0 1.1 x 10-3

aligned with bedrock strike and the other principal axis of transmissivity was

perpendicular to strike (this assumption was supported by the observed

drawdown pattern) and used the Papadopulos >:19<S5) solution to calculate

estimates o-f aqui-fer parameters -from data -for six pairs o-f wells located in

the same general regions o-f the aqui-fer. The results or this analysis are

given in Table 3.

The aqui-fer characteristics calculated in the two different analyses ot the

NolichucKy Shale aquifer test differ very little: the geometric mean of the



average T^ and T would be very close to the average value o-f T calculated in

the leaky artesian aqui-fer analysis o-f drawdown data, and the two calculated

values o-f S are quite close. The anisotropic aqui-fer analysis, however,

provides an explanation o-f the raw data that is more complete and internally

consistent than that provided by the leaky artesian aqui-fer analysis. Not

only did the anisotropic aqui-fer analysis provide quantitative estimates o-f

aqui-fer anisotropy, but estimates of average aqui-fer parameter values (T , T ,

and S) vary by less than a -factor o-f 5 among the six well pairs, compared with

di-f-ferences o-f up to a -factor o-f 20 among the six wells considered in the

leaky artesian aqui-fer analysis. Both methods estimate only the equivalent

porous-medium parameters o-f the -fissure system; a longer pumping period is

needed to supply the data required to obtain estimates o-f matrix

character i st i c s .

DISCUSSION

The two case histories of aquifer pumping tests described here show that

conventional aquifer pumping test techniques can be useful investigative tools

in fractured, low-permeability sedimentary rock. In each case, our analysis

o-f the test data according to a nonradial -flow model provided insight into the

large-scale hydraulic character of the site, together with estimates of the

equivalent Dorous-medium transmissivity, hydraulic anisotropy, and storage

coefficient of the fracture system. Analyses according to radial flow models

yielded fewer parameter estimates, less qualitative insight into site

hydrology, and an overestimate of transmissivity for the site affected by a

major hydraulic discontinuity.



P a r a m e t e r e s t i m a t e s -for the two -formations tested are quite similar (Tables i

and 3 ) . T h e y indicate higher t r a n s m i s s i v i t y than w o u l d be expected in a true

l o w - p e r m e a b i l i t y m a t e r i a l , m o d e r a t e a n i s o t r o p y , and very little hydraulic

storage in the f r a c t u r e s y s t e m . T h e r e w a s also an indication that the

N o l i c h u c K y Shale F o r m a t i o n b e h a v e s like a d o u b l e - p o r o s i t y m e d i u m w i t h

s i g n i f i c a n t h y d r a u l i c storage in its l o w - p e r m e a b i l i t y p o r o u s m a t r i x , but no

e s t i m a t e s o-f m a t r i x storage w e r e o b t a i n e d .

Our o b s e r v a t i o n s , together w i t h the w o r k o-f Sledz and Hu-f-f ( 1 9 8 1 ) , suggest

that the C o n a s a u g a Group can be c o n c e p t u a l i s e d as a m e d i u m in which -flow

o c c u r s m a i n l y in an intersecting n e t w o r k o-f d i s c o n t i n u o u s -fractures, and in

w h i c h m a x i m u m h y d r a u l i c c o n d u c t i v i t y is a s s o c i a t e d w i t h the intersections of

f r a c t u r e s e t s , in this case the intersection of b e d d i n g plane f r a c t u r e s w i t h a

strike joint set. Long et al . ( 1 9 8 2 ) have shown that such a m e d i u m is u s u a l l y

a n i s o t r o p i c and can appear very h e t e r o g e n e o u s w h e n observed on a relatively

small s c a l e . The degree of h e t e r o g e n e i t y d e c r e a s e s , h o w e v e r , as the scale of

o b s e r v a t i o n i n c r e a s e s . M u l t i p l e - w e l l aquifer p u m p i n g tests are an a p p r o p r i a t e

tool -for m e a s u r i n g the larger-scale " a v e r a g e " h y d r a u l i c p r o p e r t i e s of the flow

m e d i u m and thus r e s o l v i n g some of the scatter in p a r a m e t e r m e a s u r e m e n t s from

single-well or l a b o r a t o r y t e s t s . T h e e x p e r i e n c e s d e s c r i b e d here d e m o n s t r a t e ,

h o w e v e r , that hy.draulic h e t e r o g e n e i t y can still be s i g n i f i c a n t at the scale of

a q u i f e r testing and that this h e t e r o g e n e i t y can interfere with data

i n t e r p r e t a t i o n by nonradial flow m o d e l s . We also o b s e r v e d that minor

s t r u c t u r e s can be m a j o r h y d r a u l i c d i s c o n t i n u i t i e s (e.g., the fold axes at the

M a r y v i l l e L i m e s t o n e test site) at the scale of a w a s t e disposal site

i n v e s t i g a t i o n .



W e b e l i e v e t h a t the c o n d i t i o n s e n c o u n t e r e d in the C o n a s a u g a m a y be •fairly

t y p i c a l of l o w - p e r r n e a b i 1 i t y s e d i m e n t a r y e n v i r o n m e n t s . D i f f i c u l t i e s

e n c o u n t e r e d in c o n d u c t i n g t h e s e t e s t s m a y t h e r e f o r e be m e t in a q u i f e r t e s t i n g

in o t h e r l o w - p e r m e a b i l i t y s e d i m e n t a r y r o c k s , a n d the c a s e h i s t o r i e s p r e s e n t e d

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

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

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

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

w h e n d e s i g n i n g t e s t s .

T h e w e l l l a y o u t s at the test s i t e s w e r e i n a d e q u a t e to d e f i n e the e x t e n t of

h y d r a u l i c i n f l u e n c e of the f o l d a x i s at the M a r y v i l l e L i m e s t o n e s i t e < t h e

p u m p i n g w e l l w a s on the s i t ° p e r i p h e r y ) or to p r o v i d e the o p t i m u m g e o m e t r i c

a r r a n g e m e n t of w e l l s f o r a p p l y i n g a n i s o t r o p i c f l o w m o d e l s to r e s u l t s of the

N o l i c h u c k y S h a l e t e s t . In b o t h e s s e s , h o w e v e r , a s i n g l e - w e l l test or a

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

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

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

s e v e r a l o r i e n t a t i o n s t o the s t r u c t u r a l g r a i n ( e m p h a s i s on a l o n g - s t r i k e

a l i g n m e n t is i n a p p r o p r i a t e ) . O n e w a y to p l a n f o r h e t e r o g e n e i t y is to p r o v i d e

m o r e t h a n a m i n i m u m n u m b e r of o b s e r v a t i o n w e l l s . P r o x i m i t y to u n s e e n

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

d a t a f r o m " e x t r a " w e l l s m a y h e l p in d e t e c t i n g s u c h a n o m a l i e s in the r e s p o n s e

of i n d i v i d u a l w e l l s a n d in e n s u r i n g a m i n i m u m a m o u n t of u s e a b l e d a t a .

A p u z z i i n g f e a t u r e of the p u m p i n g t e s t s at b o t h l o c a t i o n s w a s ' the o c c u r r e n c e

of s i g n i f i c a n t r i s e s in w a t e r l e v e l s d u r i n g the p u m p i n g p e r i o d , e v e n in the

p u m p i n g w e l l . W e s u s p e c t that t h i s m a y be a c o m m o n p r o b l e m in f r a c t u r e -

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



aware of it. The storage capacity of fractures is very small, so dramatic

changes in water elevation might result -from relatively small changes in the

volume of water present in the -fracture system. We advance -four hypotheses

•for the cause o-f the water-level increases observed during these tests:

1. Release o-f water -from storage in the porous aqui-fer matrix o-f a

double-porosity medium does not occur immediately in response to pumping, and

the delayed release o-f this water cculd result in local increases in water

level in the -fracture system. This hypothesis alone is probably insufficient

to explain water-level increases in the pumping well.

2. De-formation of the fracture system as a result of pumping may decrease

the storage capacity of the fractures.

3. Water stored in isolated cavities (e.g., -formed by dissolution along

joints) may be released into the fracture systen only after pumping distorts

the -fractures or the distribution of hydrostatic pressure, or cleans out

sediment-filled fractures, opening new conduits for flow -from the cavities.

4. Water removed from the pumping well may have been discharged to the

ground surface above fractures in hydraulic communication with the Dumping

w e l l , recharging the aquifer during the test.

It may be esoecially difficult to plan the rate and duration of pumping in

this hydrogeologic environment. As demonstrated by the first MaryvilJe

Limestone pumping test, a pumping rate that appears -feasible early in the test

may simply dewater the fracture system near the pumping well and may not be

sustainable. Extensive advance testing may be needed to -find a pumoing rate

that is high enough to be maintained relatively constant but low enough to be

sustained for more than a few hours. Aquifer pumping tests are infeasible in

some low-permeability settings because it is not possible to pump at a rate

low enough to be sustained over time. Long pumping periods may be necessary



to p e r m i t d a t a i n t e r p r e t a t i o n by d o u b l e - p o r o s i t y m e t h o d s , w h i c h can s u p p l y

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

•fractures a n d m a t r i x in a d o u b l e - p o r o s i t y s y s t e m . It m a y be p r u d e n t to c a r r y

out p r e l i m i n a r y d a t a a n a l y s i s in the -field to e n s u r e that p u m p i n g c o n t i n u e s

u n t i l su-f-ficient d a t a are c o l l e c t e d .

A d d i t i o n a l p u m p i n g t e s t s , u s i n g d i f f e r e n t wel'.s a s p u m p i n g w e l l s , w o u l d h a v e

b e e n a u s e f u l a d d i t i o n to b o t h s i t e i n v e s t i g a t i o n s . A t the M a r y v i l l e

L i m e s t o n e s i t e , a d d i t i o n a l t e s t i n g m i g h t h a v e c o n f i r m e d the r o l e of the f o l d

a x e s in the a q u i f e r ' s h y d r a u l i c r e s p o n s e . A d d i t i o n a l t e s t s at the N o l i c h u c k y

S h a l e s i t e m i g h t h a v e p r o v i d e d the d a t a n e c e s s a r y to c a l c u l a t e the l o c a t i o n s

of the p r i n c i p a l t r a n s m i s s i v i t y a x e s , u s i n g e i t h e r the o r i g i n a l t h r e e - w e l l

P a p a d o p u l o s '!1?65) m e t h o d or a r e c e n t m o d i f i c a t i o n of that m e t h o d ( N e u m a n st

al ., 1 9 S 4 ) w h i c h p e r m i t s a c o m p l e t e s o l u t i o n w i t h d a t a f r o m p u m p i n g t e s t s in

two d i f f e r e n t w e l l s in a t h r e e - w e l l s e t . O t h e r d a t a - i n t e r p r e t a t i o n t s c h n i q u e s

( e . g . , G r m g a r t e n , 1 9 8 2 ) m a y s u g g e s t a d d i t i o n a l t e s t i n g r e f i n e m e n t s .

F i n a l l y , a n d m o s t i m p o r t a n t l y , these e x p e r i e n c e s d e m o n s t r a t e that e f f e c t i v e

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

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

h y d r o g e o l o g i c insight to i d e n t i f y a p p r o p r i a t e c o n c e p t u a l m o d e l s for d a t a

i n t e r p r e t a t i o n .

N O T A T I O 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 i e s s

T T r a n s m i s s i v i t y , L - / T

T,, T r a n s m i s s i v i t y a l o n g the a x i s of m a x i m u m t r a n s m i s s i v i t y , L - / T



Ty Transmissivity along the axis of minimum transmissivity, L-/7

<Tj,Tv)l'*- Geometric mean of horizontal transmi ssi vi ty, L-/T

T Q Dirnensionless distance from the observation well to the center of

the hypothetical vertical fracture, r D = [x 2 + y 2 < T x / T y ) 3
1 / 2 / x^

t Elapsed pumping time, T

x Coordinate location of observation well on the axis of maximum

transmissivity, L

x. Half-length of the master fracture in the Gringarten-Witherspoon

method, L

y Coordinate location of observation well on the axis of minimum

iransmissivity, L
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