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CONVERSION TABLE 

Plultiply EY To obtain 

inch ( i n . )  
foot ( f t )  
mile (mi) 
acre 
square foot ( f t2  ) 
foot per day ( f t / d )  
foot squared per day ( f t 2 / d )  
gal 1 on per minute (gal lrnin) 
mil 1 ion gal lons per day (Mgal/d) 

mil 1 imeter ( m m )  
meter ( m )  
ki 1 ometer ( k m )  
hectare (ha) 
square meter (m2) 
meter per day (m/d) 
meter squared per day (m2/d) 
1 i t e r  per second ( L / s )  
cubic meters per second (m3/s) 

Note: National Geodetic Vertical Datum of 1929 ( N G V D  o f  1929) i s  a geodetic datum 
derived from a general adjustment of the f i r s t  order level nets of both the United 
States and Canada. I t  was formerly called Sea Level Datum of 1929 or mean sea 
level. N G V D  of 1929 i s referred to  as sea level in t h i s  report ,  



VERTICAL MOVEMENT OF GROUND WATER UNDER THE MERRILL FIELD LANDFILL, 

ANCHORAGE, ALASKA 

By Gordon L. Nel son 

ABSTRACT 

Shal low ground water  under t h e  M e r r i l l  F i e l d  s a n i t a r y  l a n d f i l l  a t  Anchorage i s  

po l  l u t e d  b y  leachate.  We1 1  s, i n c l u d i n g  t h r e e  mun ic ipa l -supp ly  we l l s ,  o b t a i n  water 

from two con f i ned  a q u i f e r s  100-300 f e e t  beneath t h e  l a n d f i l l  area. A q u i f e r - t e s t  

data and i n f o m i a t i o n  on subsurface geology, ground-wa t e r  l e v e l  s, and p r o p e r t i e s  o f  

m a t e r i a l  s were used t o  es t imate  v e r t i c a l  g r a d i e n t s  and v e r t i c a l  permeabi l  i t i e s  

under t he  l a n d f i l l .  The a u t h o r ' s  "best es t imates"  o f  v e r t i c a l  permeabi l  i t i e s  of 

two con f i n i ng  u n i t s  a re  1 x  l o m 2  f e e t  per  day and 2 x l o m 4  f e e t  per  day. Theo- 

r e t i c a l  t r a v e l - t i m e  c a l c u l a t i o n s  i n d i c a t e  t h a t  m ino r  amounts o f  p o l l u t a n t s  may 

reach t h e  upper conf ined a q u i f e r  a f t e r  many tens  of years,  bu t  t h a t  water o f  t h e  

c m p o s i t i o n  of t he  l eacha te  p robab ly  would n o t  reach t he  a q u i f e r  f o r  more than  

t h r e e  c e n t u r i e s .  The range of e r r o r  i n  t h e  t h e o r e t i c a l  t r a v e l  - t i m e  c a l c u l a t i o n s  i s  

1  i k e l y  t o  be p l u s  o r  minus a f a c t o r  of two o r  th ree .  

INTRODUCTION 

The M e r r i l l  F i e l d  sol  id -waste l a n d f i l l  ( f i g .  1) has been u t i l i z e d  f o r  r e f u s e  d i s -  

posal s ince  about 1950. When t h e  s i t e  i s  f u l l y  u t i l  ized, approx imate ly  150 acres 

w i l l  be covered w i t h  s o i l  and re fuse  t o  an average th ickness  o f  about 30 ft. Some 
o f  t h e  r e f u s e  has been bu r i ed  below t h e  water t a b l e ,  the reby  c r e a t i n g  an env i ron-  

ment i n  which the re fuse  i s  con t i nuous l y  leached. 

Three mun ic ipa l  -supply  we1 1  s  wi thdraw water  from a  lower  con f ined  a q u i f e r  200 t o  

300 f t  below t h e  l a n d  sur face  i n  t he  v i c i n i t y  o f  t h e  l a n d f i l l .  Other  w e l l s  near  

and downgradient from t h e  l a n d f i l l  ob ta i n  water from an upper con f i ned  a q u i f e r  75 

t o  190 f t  below l and  sur face.  The purpose of t h i s  s tudy was t o  use e x i s t i n g  

a q u i f e r - t e s t  data t o  es t imate  t h e  hydraul  i c  g rad ien t s  and hydraul  i c  p r o p e r t i e s  t h a t  

a f f e c t  t he  r a t e  a t  which t h e  p o l l u t e d  shal low ground water  m ig ra tes  downward from 

t h e  l a n d f i l l  t o  t h e  aqu i f e r s  t h a t  supply t h e  mun ic ipa l  we l l s .  



Figure 1.--Location of study area and wells. 



The U.S. Geolog ica l  Survey and t h e  M u n i c i p a l i t y  o f  Anchorage funded t h i s  study. 

( I n  t h i s  r e p o r t  t h e  term M u n i c i p a l i t y  a p p l i e s  bo th  t o  t h e  p resen t  mun ic ipa l  govern- 

ment and t he  former City o f  Anchorage government.) The F4unicipal i t y  d r i l l e d  t he  

t e s t  w e l l s  and p rov ided  i n f o r m a t i o n  an topography and subsurface m a t e r i a l s  i n  t h e  

s tudy area. 

The au thor  g r a t e f u l l y  acknowledges t he  work of L a r r y  Dearborn o f  t h e  Alaska 

D i v i s i o n  o f  Geolog ica l  and Geophysical Surveys. M r .  Dearborn, a  former employee of 

t h e  U.S. Geolog ica l  Survey, analyzed t h e  compaction da ta  and assembled a l l  t h e  

pumping and a q u i f e r - t e s t  data i n  t h i s  r e p o r t .  

GEOLOGY 

The l a n d f i l l  a rea i s  u n d e r l a i n  by a  complex sequence o f  s t r a t i f i e d  g l a c i a l ,  

f l u v i a l ,  and l a c u s t r i n e  sediments which t h e  au tho r  gene ra l i zed  i n t o  seven u n i t s  

( f i g ,  2 ) .  The sa tu ra ted  p a r t  o f  U n i t  I i s  t h e  unconf ined a q u i f e r ,  U n i t s  111 and V 

a re  l i t h o l o g i c a l l y  s i m i l a r ,  a r e  g e n e r a l l y  o f  l ow p e m e a b i l i t y ,  and a c t  as c o n f i n i n g  

u n i t s .  However, bo th  c o n t a i n  a  few t h i n  s t r i n g e r s  o f  sand and grave l  t h a t  a r e  

l o w - y i e l d  aqu i fe rs .  The hydraul  i c s  a n a l y s i s  i n  t h i s  r e p o r t  i s  based i n  p a r t  on t h e  

premise t h a t  t h e  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t i e s  and s to rage  p r o p e r t i e s  o f  U n i t s  

I 1 1  and V a r e  s i m i l a r .  U n i t s  I V  and V I  a r e  t h e  p r i n c i p a l  a q u i f e r s  and a r e  commonly 

r e f e r r e d  t o  as t h e  upper and lower  con f i ned  aqu i f e r .  

HYDRAULIC CHARACTERISTICS OF THE SEDIFIENTS 

V e r t i c a l  Grad ients  

Be fo re  1958, pumping from the  con f i ned  a q u i f e r s  was i n s i g n i f i c a n t .  The poten- 

t i o m e t r i c  su r face  o f  t h e  upper con f ined  a q u i f e r  was h i ghe r  than t h e  water  t a b l e ,  

t h e  g r a d i e n t  was upward, and thus t h e r e  was no p o t e n t i a l  f o r  downward m i g r a t i o n  o f  

p o l l u t a n t s .  Since 1958, t he  p o t e n t i m e t r i c  su r face  has been lower  than t h e  water 

t a b l e ,  the reby  produc ing a downward g rad ien t .  Th i s  c o n d i t i o n  i s  shown ( f o r  1974) 

by t h e  hydrographs i n  f i g u r e  3, The g r a d i e n t  between t h e  upper and lower  con f i ned  

a q u i f e r s  may be upward o r  downward, depending on d i s t r i b u t i o n  o f  pumping from them. 

The p o t e n t i m e t r i c  su r face  o f  t h e  upper conf ined a q u i f e r  under t h e  l a n d f i l l  reached 

a r eco rd  l ow  l e v e l  o f  39 f t  above sea l e v e l  i n  A p r i l  1975. 





Figure 3.--Hydrographs of selected wells and histogram of pumpage from confined aquifers in the municipal well field, 
1974. 



Dur ing  much o f  t he  t ime  s ince  1971, t he  p o t e n t i o m e t r i c  su r f ace  o f  t he  upper con- 

f i n e d  a q u i f e r  has been below t h e  base o f  U n i t  11. When we1 1 2371 was d r i l l e d  i n  

July 1974, t he  p o t e n t i o m e t r i c  surface of t he  upper con f i ned  a q u i f e r  ( U n i t  I V )  was 

about 20 f t  below t h e  base o f  t h e  c l a y  o f  U n i t  11. The sediments a t  the  t op  of 

U n i t  I 1 1  y i e l d e d  no water  t o  the  w e l l  d u r i n g  d r i l l i n g .  A diagram o f  t he  v e r t i c a l  

g rad ien t s  under t h e  l a n d f i l l  i n  J u l y  1974 ( f i g .  4 ) ,  i s  based on t he  f o l l o w i n g  

assumptions: 

1. Pore pressures i n  a q u i f e r s  inc rease  h y d r o s t a t i c a l  l y  w i t h  depth.  Th i s  

assumption i s  s t r i c t l y  t r u e  o n l y  i f  t h e r e  i s  no v e r t i c a l  f l o w  i n  t h e  

a q u i f e r s ,  bu t  i t  i s  approx imate ly  t r u e  if head l o s t  by v e r t i c a l  f l o w  i n  

t h e  coarse m a t e r i a l s  i s  ve ry  smal l .  

2. Where pore  p ressure  i s  nega t i ve  a t  t h e  boundary o f  U n i t s  I 1  and 111, t h e  

maximum tens ion  i s  -1.5 ft. E. P.  Weeks ( w r i t t e n  cmmun., 1976) de te r -  

mined a tens ion  o f  -1.5 ft under s i m i l a r  c o n d i t i o n s .  

3. U n i t s  a re  homogeneous, so pore pressures change l i n e a r l y  w i t h i n  t h e  

u n i t s ,  

To ta l  head was c a l c u l a t e d  as t he  sum o f  t he  g r a v i t y  head, which decreases d i r e c t l y  

w i t h  depth, and t h e  pore pressure.  Water l e v e l s  were p l o t t e d  f o r  w e l l s  2371, 2372, 

and 2373 on f i g u r e  4. The s lope o f  t h e  pore-pressure cu rve  i n  U n i t  111, which was 

c a l c u l a t e d  on t h e  bas is  o f  t h e  water l e v e l  i n  w e l l  2372, shows t h a t  t h e  pore pres-  

sures reach zero  a t  9 f t  below the  base o f  Un i t  11. Th i s  i s  c o n s i s t e n t  w i t h  t he  

observa t ion  d u r i n g  d r i l l i n g  t h a t  t h e  upper sediments i n  U n i t  I11 y i e l d e d  no water.  

The diagram i n d i c a t e s  t h a t  t he  to ta l -head  g r a d i e n t  through U n i t  I 1  (1.6) i s  much 

g r e a t e r  than th rough  t h e  sa tu ra ted  p a r t  o f  U n i t  I 1 1  (0.033). These c o n d i t i o n s  a re  

cons idered t o  be t y p i c a l  f o r  pe r i ods  when t he  mun ic ipa l  w e l l s  a re  pumping. 

A t  steady f l o w  t h e  r a t i o  of t he  h y d r a u l i c  c o n d u c t i v i t i e s  o f  U n i t s  I 1  and I 1 1  

(Knr/KTI) i s  equal t o  t he  i nve rse  o f  t h e  r a t i o  o f  t he  g r a d i e n t s  through t he  u n i t s  

(1.6/0.03). That r a t i o  i n d i c a t e s  t h a t  t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  U n i t  I11 i s  

about 50 t imes t h a t  o f  U n i t  11. 



POTENTIAL, IN FEET OF WATER 

Figure 4.--Total-head gradients across Units I-IV in July 1974. 
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Extensometer Anal y s i  s 

F igure  5 ill u s t r a t e s  an extensometer i n s t a l  1 a t i ~ n  a t  we1 1 1134. An extensometer 

measures t h e  cbmpaction o f  sediments as t h e  pore  p ressures  a r e  reduced by pumping. 

Readings from t h e  sha l low extensometer r e f l e c t  seasonal changes i n  t h e  a l t i t u d e  of 

t h e  l a n d  sur face  t h a t  a re  caused by f r e e z i n g  o r  thawing o f  t he  ground. These 

readings a re  sub t rac ted  from t h e  c m p a c t i o n  va lues c a l c u l a t e d  from t h e  record  o f  

t h e  deep extensometer t o  o b t a i n  a co r rec ted  va lue  f o r  c m p a c t i o n  o f  m a t e r i a l s  

w i t h i n  t he  depth i n t e r v a l  o f  +88 f t  t o  -175 f t  r e l a t i v e  t o  sea l e v e l ,  A g raph ic  

technique descr ibed by R i l e y  (1969 and o r a l  commun., 1976) i n d i c a t e s  an e l a s t i c  

c m p a c t i o n  o f  0.022 f t w i t h  50 f t  of d e c l i n e  i n  t h e  p o t e n t i o m e t r i c  surface. 

The average s torage c o e f f i c i e n t  of t h e  sediments between t h e  extensometers may be 

determined from an equat ion g iven  b y  Lohman (1972):  

where A m  i s  measured compaction 

y w  i s  s p e c i f i c  weight  o f  water 

A h  i s  change i n  head 

e i s  average p o r o s i t y  (assumed 25 pe rcen t )  

rn i s  t o t a l  t h i c kness  of sediments 

Ew i s  bul  k modulus o f  e l a s t i c i t y  o f  water  

5 i s  t he  average s torage c o e f f i c i e n t  o f  t h e  u n i t s .  

The t o t a l  th i ckness  of sediments r e f e r s  t o  the  i n t e r v a l  i n  which a p ressure  reduc- 

t i o n  occurs.  The extensometers measure compaction o f  t h e  i n t e r v a l  f rcm +88 ft t o  

-175 ft, o r  about 263 ft. However, a s  i n d i c a t e d  i n  f i g u r e  4,  t h e  base o f  U n i t  I I  

i s  under tens ion .  I f  sediments i n  t h e  zone of t ens i on  a r e  unsaturated,  then  these 

sediments separate  U n i t  I1 from the  e f f e c t s  of p ressure  r e d u c t i o n  i n  the con f i ned  

a q u i f e r .  S i m i l a r l y ,  any sediments, i n  U n i t  I 1 1  t h a t  a r e  unsa tu ra ted  may n o t  be 

cons idered i n  t he  compaction c a l c u l a t i o n s .  For these c a l c u l a t i o n s ,  t h e  p h r e a t i c  

su r face  i n  U n i t  I 1 1  i s  assumed t o  be a t  t h e  t op  o f  t h e  u n i t ,  a t  54 ft above sea 

l e v e l .  The t o t a l  th ickness,  m, i s  then +54 f t  t o  -175 ft, o r  229 ft. No cor rec -  

t i o n  i s  made f o r  t h e  p o t e n t i a l l y  dewatered p a r t  o f  U n i t  111, because t he  a l t i t u d e  

o f  t h e  p h r e a t i c  su r f ace  was n o t  a c c u r a t e l y  de f ined .  
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Figure 5.--Extensometer installation at well 1134. Vertical movement of pipes 
is recorded to indicate the changes in thickness between land surface 
and bottom of the holes. 



The pressure reduc t i on  i n  t he  upper conf ined a q u i f e r  i s  assumed equal t o  t he  pres- 

sure reduc t i on  i n  t h e  e n t i r e  229- foot  i n t e r v a l .  The change i n  head i n  t h e  upper 

con f ined  a q u i f e r  i s  50 ft. The average s torage c o e f f i c i e n t  ( 3 )  o f  U n i t s  111, I V ,  

and V can be computed us ing  equat ion 1: 

So lv ing  f o r  y i e l d s  

The s p e c i f i c  s torage o f  t he  sediments i s :  = $/m. 
S 

Then s5 = 5.22 x 1 0 - ~ / 2 2 9  = 2.3 x lom6 ft-l. 

I f  the  assumption t h a t  U n i t  11 does n o t  c o n t r i b u t e  t o  t he  compaction c a l c u l a t i o n s  

i s  wrong, equat ion 1 must be app l i ed  t o  t h e  e n t i r e  263-foot i n t e r v a l  spanned by t h e  

extensometer. Using a  s i m i l a r  s o l u t i o n  o f  equat ion 1, an Ss o f  2.03 x lom6 ft"' 

was ca lcu la ted , '  Th is  va lue i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from the i n i t i a l  

es t imate .  

A q u i f e r  Tests  

Two a q u i f e r  t e s t s  p rov ided  in fo rmat ion  on t h e  hydro1 og ic  p r o p e r t i e s  o f  t h e  a q u i f e r s  

and con f in ing  l aye rs .  Data from bo th  t e s t s  were analyzed us ing  t he  aqu i t a rd -  

s torage method of Hantush (1964). Hantush's equat ion t h a t  descr ibes t h e  a q u i f e r  

response t o  cons tan t  pumping i s :  



where: s i s  drawdown i n  observa t ion  w e l l  

Q i s  pumping r a t e  

T i s  t r a n s m i s s i v i t y  o f  t he  a q u i f e r  

e r f c  i s  conjugate e r r o r  f u n c t i o n  

I n  equat ion 2 

r i s  r ad ius  t o  observa t ion  w e l l  

S i s  s torage c o e f f i c i e n t  o f  t he  a q u i f e r  

t i s t ime s ince  pumping began 

b i s  aqui f e r  th ickness  

K i s  t he  hyd rau l i c  c o n d u c t i v i t y  of the  a q u i f e r  

a re  v e r t i c a l  hydraul i c  c o n d u c t i v i t i e s  o f  c o n f i n i n g  1  ayers above 
K" 

and below, r e s p e c t i v e l y ,  t h e  t es ted  a q u i f e r  

SS i s  s p e c i f i c  s to rage  o f  a q u i f e r  

a r e  s p e c i f i c  storages o f  c o n f i n i n g  u n i t s  above and below, 

r e s p e c t i v e l y ,  t h e  t es ted  aqui f e r .  

Assumptions i n  Hantush's a n a l y s i s  are:  

1. Aqu i f e r  i s  homogeneous and i s o t r o p i c .  

2, F low i n  t he  a q u i f e r  i s  r a d i a l  toward we l l s .  

3, Flow i n  c o n f i n i n g  l a y e r s  i s  v e r t i c a l .  

4. Drawdown e f f e c t s  do n o t  f u l l y  pene t ra te  the  c o n f i n i n g  l a y e r .  

5, Well d ischarge i s  constant .  

6. The a q u i f e r  responds t o  pumping as  i f  t he  we1 1  s  were f u l l y  pene t ra t i ng .  



The g r a i n  s i z e  of t h e  c l a y  ( U n i t  V I I )  u n d e r l y i n g  t h e  l owe r  con f i ned  a q u i f e r  i s  much 

f i n e r  than t h a t  o f  t h e  o v e r l y i n g  c o n f i n i n g  l a y e r  ( U n i t  V). Thus, t h e  assumption 

was made t h a t  K" i s  much l e s s  than K' , and t h a t  S; and S; a r e  n o t  g r e a t l y  d i f -  

f e r e n t .  Then i t  f o l l o w s  t h a t  K'S;}}K"SS. For t h e  t e s t  of t h e  lower  con f i ned  

aqui f e r ,  equa t ion  2  becomes : 

K'S', 

4b 

I f  t he  c o n d i t i o n  KIS'))K"S" i s  n o t  met, t h e  e r r o r  i n t r oduced  i s  n o t  g rea t .  Even i f  
S '  S 

K"S; = K'S;, t h e  e r r o r  i n  K'S; i s  o n l y  a f a c t o r  of f o u r .  K'S; w i l l  be g r e a t l y  i n  

e r r o r  o n l y  i f  K'S;<K1'S;, a  c o n d i t i o n  t h a t  can be t r u e  o n l y  i f  t h e  p roduc t  o f  

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

g r a v e l l y  sand and s i l t  o f  U n i t  V. That p o s s i b i l i t y  i s  cons idered untenable .  

F i gu re  6 i s  a  graph of t he  drawdown i n  w e l l s  28 and 1134 produced by pumping w e l l  

163. The graph i s  a  composi te of data  fo r  two separate  pe r i ods  o f  pumping, one i n  

1956 and one i n  1974. The t e s t  i n d i c a t e s  t h a t  t r a n s m i s s i v i t y  i s  2,650 f t 2 / d  and 
5 s to rage  c o e f f i c i e n t  i s  2.4 x 10- . Bo th  p a i r s  o f  va lues f o r  B and r should y i e l d  

i d e n t i c a l  s o l u t i o n s  f o r  K '  frm equat ion  2a. In o r d e r  f o r  t h i s  t o  be t r u e ,  t h e  

c o n d i t i o n  B1/B2 = r1/r2 must be met. However, i n  t h i s  t e s t ,  t h e  r a t i o  o f  6 ' s  i s  

n o t  equal t o  t he  r a t i o  o f  r a d i i ,  and t h e r e  i s  n o t  a  unique s o l u t i o n .  The 

p o s s i b l e  s o l u t i o n s  frm equat ion  2a can be c a l c u l a t e d  

where S; i s  2.3 x from t h e  extensometer a n a l y s i s  

K i s  T/b = 2,650130 f t l d  

b i s  30 f t  

ss i s  (2.4 x  1om5/30) ftql. 





Then f o r  B = 0.3 and r = 3,000 

and K '  = 4.4. x f t / d .  

S i m i l a r l y  f o r  B = 2 and r = 8,340 

and K t  = 2.5 x l o w 2  f t / d .  

E i t h e r  of these K '  va lues i s  poss ib l e ,  bu t  n e i t h e r  can be conf i rmed as a  t r u e  

so lu t i on .  

I n  1955, an a q u i f e r  t e s t  was performed on we l l  163 be fo re  i t  was deepened t o  t h e  

lower  con f ined  aqu i f e r .  Al though t h e  observa t ion  we l l  f o r  t h e  t e s t  was moni tored 

w i t h  a p o o r l y  ope ra t i ng  pressure gage and a i r  1  i ne ,  t he  wate r - leve l  recovery i n  t he  

pumped we1 1  was measured accu ra te l y  us ing  an e l e c t r i c  tape. 

Papadopulos and Cooper (1967)  descr ibed a  method f o r  ana lyz ing  t h e  drawdown i n  a  

pumped we l l  i n  which cas ing s torage i s  a  s i g n i f i c a n t  p a r t  o f  t h e  e a r l y  pumpage. 

Th i s  method was used t o  determine the  t r a n s m i s s i v i t y  o f  t h e  upper con f ined  a q u i f e r  

based on t he  recovery of water l e v e l s  i n  t he  pumped we l l  ( f i g .  7) .  The t ransmis-  

s i v i t y  obta ined by t h e  a n a l y s i s  shown i n  f i g u r e  7, 1,320 f t 2 / d ,  was used as a  

c o n s t r a i n t  i n  matching the  ques t ionab le  drawdown data from observa t ion  w e l l  171. 

The match shown i n  f i g u r e  8 i s  t he  b e s t  f i t  f o r  t he  da ta  i n d i c a t e d  and f o r  t h e  

c o n d i t i o n  t h a t  T = 1,320 f t 2 / d .  

U n i t s  I 1 1  and V appear t o  be composi t ional  l y  ve ry  s i m i l a r .  I f  t he  spec i f i c - s to rage  

values and t he  hyd rau l i c  c o n d u c t i v i t i e s  o f  U n i t s  I 1 1  and V a re  assumed t o  be iden- 

t i c a l ,  then equat ion 2 becomes: 
K'S', 





I f  the assumption t ha t  K"S: = K'S; i s  not t rue ,  the e r ro r  can be no greater  than a 

fac to r  of four for  the larger  of K1'S; or K'S;. However, the smaller of the values 
can be anything between the larger  and zero. 

Figure 8.. 

Solving equation 3 for  the conditions 
r = 2,450 f t  
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Ss = 2 . 3  x lom6 ft- '  (from extensmeter  analysi s )  

- I I I I 1 1  1 1 1  I I I 1 1  1 1 1 1  I I I 1 1  111-- 

- - 
- - - - L... LI = 1 match required by the condition I - - - - - - - - - - - - - - 
- 1. T = 1320 (from figure 7 )  -2i- - 
- Match point for - 

T =  - H (u ,p )  u = w (u,B) = 1 
- 4 ss 

1 
- 

T = 
4 ~ ( 6 .  I x 1 0-5 d/ft2 ) 

= T = 1320 ft2/d - 
- 

- 
4 Ttu 

- - S =  
r 

- - 
- - 

s =  4(1320 ft2/d' ) (1) - 
- 4.9 x lo8 ft2/d' - 

S =  1.1 x lo-" - - 
I f  = ,then 

8 
a 
2 
'd' 

= & 4% where SS1 from extensometer analysis i s  2.3 x 1u6 - 
- ". 
- 

- 
- - - 
- - 

1.5 = --- 2450 f t  J K " m  
- 2 (14 f t )  &'ZZi'Z Jl.1 x 1 0 - ~ / 1 4  - 
- - 

d F  = 9.73 x - - 
K' = 9.5 x 10-~f t /d  

I I I I 1 1  i l l  I I I I I I J ~ I  I I 1 1  1 1 1 1  
lo6 2 3 4  6 8 1 0 '  2 3 4  6 8 1 0 8  2 3 4  6 8 1 0 '  

y ie lds  1.5 = 
(2450) 2 fl 
4(14) m m  

r */t, IN SQUARE FEET PER DAY 

.-Graph and calculations for drawdown phase of test of upper confined aquifer. 



Then = 9.73 x 10- 
2 

and K '  = 9.5 f t / d  0.01 f t / d .  

The f i r s t  a q u i f e r  t e s t  gave values o f  t h e  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  of 

4.4 x  lom3 f t / d  and 2.5 x 10" f t / d .  The second t e s t  i n d i c a t e s  a  va lue o f  about 

0.01 f t / d .  The average o f  the  two values from the  f i r s t  t e s t  ( t o  one s i g n i f i c a n t  

f i g u r e )  i s  a l s o  0.01 f t / d .  Thus t he  assumption t h a t  t h e  v e r t i c a l  hyd rau l i c  con- 

d u c t i v i t y  o f  U n i t  I11 equals  t h a t  of U n i t  V i s  n o t  d isproved.  A l a b o r a t o r y  

a n a l y s i s  o f  a d r i ve -core  sample from U n i t  111 (see sample D i n  t a b l e  below) i n d i -  

cated a v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  o f  .031 f t / d .  The l a b o r a t o r y  va lue  d i f f e r s  

by o n l y  a  f a c t o r  o f  t h r e e  from our  es t imate  o f  0.01 f t / d .  Th is  i s  cons idered 

adequate agreement. Laboratory  r esu l  t s  commonly d i f f e r  from f i e 1  d  r e s u l t s  because 

cores a r e  d i s tu rbed  d u r i n g  d r i l l i n g  and when p laced  i n  exper imental  devices. The 

va lue  o f  0.01 f t / d  i s  considered the  bes t  es t imate  o f  v e r t i c a l  hyd rau l i c  conduc- 

t i v i t y  o f  U n i t s  I11 and V. 

Geohydrol og i c  p r o p e r t i e s  o f  d r i ve -core  samples. 

CORE 

A B C D 
Well number 23 72 23 71 2371 2372 

Depth below bottom o f  r e fuse  ( f e e t )  14 18 20 44 

A1 t i  tude above sea l e v e l  ( f e e t )  76 72 70 4 6 

U n i t  cored I I I I I I I I I 
Median g r a i n  s i z e  (m i l  1 imete rs )  0.031 0.015 0.024 0.050 

Cl ay-s ize p a r t i c l e s  (percen t  0.004 m i l  1  imete rs )  52 30 57 10 
Mo is tu re  con ten t  (percen t  by vo l  ume) 37 44 4 1 3 0 
V e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  ( f ee t l day  a t  4 O C  

and u n i t  g r a d i e n t ) .  1 . 3 ~ 1 0 ~ ~  O . ~ X I O - ~  O . ~ X ~ O - ~  3 . 1 ~ 1 0 ~ ~  



V e r t i c a l  Seepage 

The downward f l u x  o f  ground water per  u n i t  area i s  de f i ned  by 

QIII  z K ' m  ($)In 

where QIII  i s  f l u x  p e r  u n i t  area o f  U n i t  I11 ( i n  f t / d )  

K '  111 i s  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  o f  U n i t  I11 ( i n  f t / d )  

($1 III i s  h y d r a u l i c  g r a d i e n t  through U n i t  111, a5 de f i ned  i n  f i g u r e  4. 

Then 
Q n~ = 1 x  lo-* (0.033) = 3.3 x 

A t  s teady-s tate cond i t i ons ,  t he  downward f l u x  through U n i t  I11 i s  equal t o  t he  

downward f l u x  th rough U n i t  11. 

Thus 

and s u b s t i t u t i n g  va lues f o r  Q 111 and ($)n 

y i e l d s  3 . 3  x lom4 = K t I I  (1 .6) .  

Then K 1 ~  = 2 f t / d .  

T h i s  c a l c u l a t e d  va lue  f o r  t he  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  o f  U n i t  I 1  d i f f e r s  by 

a f a c t o r  o f  l e s s  than t h r e e  from t h e  average o f  t h e  l a b o r a t o r y  values determined 

from cores A, B, and C (see t a b l e ) .  Th i s  i s  an acceptable agreement and t h e  au thor  

cons iders  the  f i e l d  va l ve  o f  hyd rau l i c  c o n d u c t i v i t y ,  2 x f t / d  t o  be a "bes t  

est imate1'  f o r  KbII. 



Theo re t i ca l  v e l o c i t y  c a l c u l a t i o n s ,  based on t he  equat ion  (Lohman, 1972):  

a r e  use fu l  i n  p r o v i d i n g  approximate f l o w  r a t e s  o f  water, which may c o n t a i n  po l  l u t -  

ants ,  i n  va r i ous  m a t e r i a l s .  I n  non-uni form sediments, smal l  amounts o f  p o l l u t a n t s  

canmonly t r a v e l  f a s t e r  than t h e  t h e o r e t i c a l  r a t e s  by f o l l  owi ng p r e f e r r e d  high- 

p e r m e a b i l i t y  paths. The t h e o r e t i c a l  r a t e  of m i g r a t i o n  of t he  p o l l u t a n t s  i s  a l s o  

g r e a t l y  a f f e c t e d  by adsorp t ion  and d ispers ion .  These f a c t o r s  may g r e a t l y  r e t a r d  

t he  r a t e  a t  which t he  concent ra t ions  o f  p o l l u t a n t s  i n  t h e  water  reaching an a q u i f e r  

increase t o  t h e  " o r i g i n a l "  concen t ra t i on  o f  t he  leacha te  a t  i t s  p o i n t  o f  o r i g i n  

(base o f  a l a n d f i l l ) .  The d i s p e r s i o n  and adsorp t ion  c h a r a c t e r i s t i c s  of t h e  sedi -  

ments beneath t h e  M e r r i l l  F i e l d  l a n d f i l l  have n o t  been determined. 

The f o l  1 owing c a l c u l a t i o n s  shoul d  be construed a s  g i v i n g  broad ranges o f  t r a v e l  

t imes w i t hou t  regard  t o  t he  l y o p h i l i c  o r  l yophob ic  na tu re  o f  t h e  so i l -wa te r -  

p o l l u t a n t  so lu t i ons .  They should be viewed i n  t he  con tex t  of t he  quest ion,  " W i l l  

breakthrough of p o l l u t a n t s  t o  t he  upper conf ined a q u i f e r  be i n  t e r n s  o f  days, 

years,  o r  cen tu r i es? "  

The seepage v e l o c i t y  through U n i t  I 1  i s  de f i ned  by: 

where e i s  poros i  ty o f  U n i t  I I ,  

e i s  assumed t o  be equal t o  0.35, 

and 



Then, i f  a  molecule of water moves a t  t h a t  seepage v e l o c i t y  through U n i t  11, t he  

t r a n s i t  t ime through t h e  25- foot  t h i c k  u n i t  would be: 

Time = 
Dis tance - 25 f t  - = 27,473 d, o r  75 yr (rounded).  

V e l o c i t y  9 . 1 x 1 0 m 4 f t / d  

The t ime i t  takes f o r  the same molecule of water  t o  m ig ra te  downward through U n i t  

I11 t o  t he  upper con f ined  a q u i f e r  can be c a l c u l a t e d  s i m i l a r l y .  Assuming the 

p o r o s i t y  o f  U n i t  I11 i s  0.25, t he  seepage v e l o c i t y  i s :  

The t r a v e l  t ime through U n i t  111, which i s  42 f t  t h i c k ,  i,s then: 

Time = 
42 f t  

= 32,308 d, o r  89 yr (rounded).  
1.3 x f t / d  

The t o t a l  t r a v e l  t ime through U n i t s  I 1  and I11 t o  the  upper con f ined  a q u i f e r  i s  75 

years  + 89 years = 164 years,  

The i n i t i a l  breakthrough o f  l a n d f i l l  -der i ved  po l  l u t a n t s  t o  t he  upper con f ined  

a q u i f e r  would presumably be much e a r l i e r  than t h i s ,  i n  t he  range o f  many tens of 

years.  However, exper iments conducted on the  movement o f  sol  u t e s  through c l  a y - r i c h  

s o i l s  (Nie lsen and B iggar ,  1962) i n d i c a t e  t h a t  t h e  leakage e n t e r i n g  t he  a q u i f e r  may 

n o t  reach the  f u l l  concen t ra t i on  of the leacha te  u n t i l  a f t e r  t w i c e  the  t r a v e l  t ime, 

o r  more than 300 years .  

Discuss ion o f  Tes t  Resu l ts  

From the  extensometer a n a l y s i s  i t  was determined t h a t  t h e  average s p e c i f i c  s torage 

o f  t h e  sediments i s  2.3 x  loh6 ft-l. The p a r t  o f  t h i s  va lue t h a t  r e s u l t s  from c m -  

p a c t i o n  o f  t he  a q u i f e r  ske le ton  i s  (Lohman, 1972): 



where Y i s  s p e c i f i c  we igh t  o f  water 

A b i s  t h e  measured compaction (change i n  th ickness ,  b) 

b i s  t he  a q u i f e r  th ickness  

A p i s  t h e  change o f  head, 

p rov ided  t h a t  t he  a q u i f e r  ske le ton  behaves e l a s t i c a l l y .  Then: 

- (62.4) (.022) 
'as = 1.9 x low6 f f l .  

( 5 0  f t )  (62.4) (229) 

The s p e c i f i c  s torage due t o  c o m p r e s s i b i l i t y  o f  water  i s :  s, = BY,E 
W 

where e i s  p o r o s i t y  o f  sediments 

E w i s  t h e  bulk modulus o f  e l a s t i c i t y  o f  water. 

Then Sw = (0.3) (62.4)/4.32 x l o 7  = 0.43 x  lom6. 

The s p e c i f i c  s torage due t o  e l a s t i c  compaction o f  t h e  a q u i f e r  i s  t h e r e f o r e  4.4 

t imes t h a t  due t o  expansion o f  water. However, i n  bo th  a q u i f e r  t e s t s ,  t h e  s to rage  

c o e f f i c i e n t s  were about e q u a l l y  a t t r i b u t a b l e  t o  compression o f  t he  a q u i f e r  and 

expansion o f  water. 

To eva lua te  the  e f f e c t  of underes t imat ing  s p e c i f i c  s torage an assumption was made 

t h a t  a l l  sediments have a  s p e c i f i c  s torage equal t o  t h a t  determined from t h e  

ex tensme te r ,  2.3 x  loa6.  I f  a l l  sediments have the  same s p e c i f i c  storage, then 

equat ion  2 becomes: 



Reca l cu la t i ng  K '  f a r  t he  t e s t  of t he  uppe7r con f ined  a q u i f e r  and t h e  match B = 0.3 

a t  r = 3,000 ft, y i e l d s  

Th is  i s  about t h r e e  t imes t he  p r e v i o u s l y  determined value. S i m i l a r l y  f o r  6 = 2 and 

r = 8,340 ft, t h e  va lue i s  about t h r e e  t imes t h e  p r e v i o u s l y  determined value. For 

t h e  t e s t  o f  t h e  lower  con f ined  a q u i f e r ,  equat ion 2 becomes: 

Then 

Again, t h i s  i s  n e a r l y  t h ree  t imes a s  g r e a t  as t h e  va lue  o f  0.01 f t / d ,  determined 

p rev ious l y  from the  t e s t  o f  t h e  upper con f ined  aqui f e r .  A1 though c a l c u l a t i o n s  

based on a  uni form s p e c i f i c  s torage a r e  use fu l  i n  assessing p o s s i b l e  e r r o r s  i n  the  

v e r t i c a l  hyd rau l i c  c o n d u c t i v i t i e s ,  these new values were n o t  used. I f  i t  were 

concluded t h a t  t he  a q u i f e r  t e s t s  gave erroneous va lues f o r  t h e  s torage coef-  

f i c i e n t s ,  then i t  must a l so  be concluded t h a t  t h e  va lues f o r  13 a r e  i n  e r r o r .  

However, t h e r e  i s  no bas i s  f o r  s e l e c t i n g  a1 t e r n a t e  va lues f o r  B ,  Furthermore, t h e  

new K'  values reduce t h e  t r a v e l -  t ime c a l c u l a t i o n  by a f a c t o r  o f  o n l y  three.  A f t e r  

d i v i d i n g  p rev ious  t imes by a f a c t o r  o f  three,  t h e  t ime o f  f i r s t  breakthrough 

remains i n  t he  o rde r  o f  tens o f  years and t h e  f u l l  breakthrough remains i n  t he  

o rde r  o f  hundreds o f  years.  

Throughout t h i s  r e p o r t  da ta  from a q u i f e r  t e s t s  d a t i n g  back a lmost  30 years  were 

used. It appears t h a t  these data can n o t  be used t o  analyze v e r t i c a l  hydraul  i c  



c o n d u c t i v i t i e s  accu ra te l y .  The maximum f i e 1  d  va lue  f o r  hydraul  i c  c o n d u c t i v i t y  o f  

U n i t s  I11 and V was 2.5 x f t / d ,  which i s  more than t w i c e  as  g r e a t  as t he  

a u t h o r ' s  bes t  es t imate .  S i m i l a r l y ,  t h e  minimum f i e l d  va lue  was 4.4 x l o m 3  f t / d ,  

which i s  l e s s  than h a l f  o f  our  bes t  est imate.  Car ry ing  these maximum and minimum 

values through t he  c a l c u l a t i o n s  suggest t r a v e l  t imes from as l i t t l e  as 65 years  t o  

as g rea t  as 368 years. Thus, t h e  marg in  o f  e r r o r  i s  l i k e l y  t o  be a f a c t o r  o f  two 

t o  three.  I f  more accura te  va lues a r e  needed, new experiments must be designed. 

Only two aspects o f  v e r t i c a l  m i g r a t i o n  o f  p o l l u t a n t s  were cons idered- -ver t i ca l  

g rad ien t s  and v e r t i c a l  hyd rau l i c  c o n d u c t i v i t i e s .  The au thor  has no da ta  on d i s -  

pe rs i on  and adsorp t ion  cha rac te r i  s t i c s  o f  the  aqui f e r s  and c o n f i n i n g  beds. These 

c h a r a c t e r i s t i c s  must a1 so be determined be fo re  m i g r a t i o n  o f  po l  l u t a n t s  can be 

analyzed f u l l  y. 

It i s  a l s o  recognized t h a t  t h e r e  i s  f l o w  toward the  p roduc t i on  w e l l s  from areas n o t  

o v e r l a i n  by t he  l a n d f i l l .  Th is  f l o w  would d i l u t e  any leacha te  seeping through t h e  

c o n f i n i n g  l a y e r s  t o  the  aqu i f e r s .  Again, a  more d e t a i l e d  a n a l y s i s  would r e q u i r e  

t h a t  new experiments be designed and new models be developed. 

CONCLUSIONS 

1. V e r t i c a l  g rad ien t s  under the M e r r i l l  F i e l d  l a n d f i l l  va ry  w i t h  changes i n  

pumping. However, us i ng  the  cond i t i ons  o f  J u l y  1974 a s  t y p i c a l  o f  normal 

pumping, t he  g rad ien t s  through t he  c o n f i n i n g  U n i t s  I1  and I11 a r e  1.6 and 

0.033, r e s p e c t i v e l y .  

2. The "bes t  est imate"  of the  v e r t i c a l  hydraul  i c  c o n d u c t i v i t y  o f  the  gravel  l y  

sand and s i l t  o f  U n i t s  I11 and V i s  1 x lo'* f t / d .  

3. The "best  es t imate"  o f  t he  v e r t i c a l  hyd rau l i c  c o n d u c t i v i t y  o f  U n i t  I 1  i s  2 x 
loq4  f t / d .  

4. The data do n o t  suppor t  a  unique and accura te  va lue  o f  v e r t i c a l  hyd rau l i c  

c o n d u c t i v i t y  f o r  any o f  t he  u n i t s .  Values may be i n  e r r o r  by p l u s  o r  minus a  

f a c t o r  o f  two o r  th ree .  



5.  Theore t i ca l  seepage c a l c u l a t i o n s  i n d i c a t e  t h a t  minor  amounts o f  po l  l u t a n t s  may 

reach t h e  upper con f ined  a q u i f e r  a f t e r  many tens o f  years,  b u t  t h a t  water of 

t he  composi t ion o f  t he  leacha te  may n o t  reach t he  upper con f ined  a q u i f e r  f o r  

more than t h r e e  cen tu r i es .  

6. Al though t h e r e  have been a  number o f  a q u i f e r  t e s t s  performed s i nce  t he  19501s, 

they  have n o t  been designed t o  o b t a i n  t h e  t ype (s )  o f  data necessary t o  p r e d i c t  

m i g r a t i o n  o f  po l  l u t a n t s  accura te ly .  I f  such p r e d i c t i o n s  a r e  needed, new 

experiments and models must be designed. 
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