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EXECUTIVE SUMMARY 

1 
As an i n i t i a l  p a r t  o f  a performance assessment t ask  f o r  t h e  Hanford Waste 

Management Plan, we have reviewed research done ove r  a number o f  years  on 

unsaturated water f l o w  a t  t h e  Hanford s i t e  near Richland, Washington. T h i s  
. h . work w i l l  be h e l p f u l  i n  assessing t h e  p r o b a b i l i t y  t h a t  water i n f i l t r a t i n g  t h e  
. _ ground sur face may even tua l l y  c o n t r i b u t e  t o  ground-water recharge a t  t he  s i t e .  

a Reports done p r i m a r i l y  by At1 a n t i c  R i c h f i e l  d  Hanford, Rockwell Hanford Opera- 
Z ,.- t i o n s ,  and P a c i f i c  Northwest Laboratory were reviewed f o r  t h e i r  per t inence t o  

unsaturated water  f l o w  and s p e c i f i c a l l y  f o r  i n fo rma t ion  t h a t  coul d he1 p reso l ve  

the  quest ion o f  whether recharge o f  t h e  unconf ined a q u i f e r  by na tu ra l  p r e c i p i -  

t a t i o n  (meteor ic  water)  i s  o c c u r r i n g  on t h e  Hanford s i t e  and, i f  so, what a r e  

t h e  expected ranges o f  recharge. 

The r e p o r t s  t h a t  we reviewed a r e  p r i m a r i l y  t echn ica l  r e p o r t s  d e t a i l i n g  t h e  

phys ica l  and hydro log ic  c h a r a c t e r i s t i c s  o f  s o i l  s  and sediments a t  s p e c i f i c  

l o c a t i o n s  on t h e  Hanford s i t e ,  o r  desc r ib ing  s tud ies  t h a t  have e i t h e r  moni tored 

o r  s imu la ted  such parameters as sur face evaporat ion, s o i l  mo is tu re  storage, and 

deep drainage ( recharge) .  The appendix o f  t h i s  r e p o r t  prov ides abs t rac ts  and 

annotat ions on 24  key techn ica l  r e p o r t s  on sub jec ts  r e l a t e d  t o  es t ima t ion  o f  

recharge a t  Hanford. 

General conclus ions f rom these r e p o r t s  can be summarized as fo l l ows :  

Water contents a t  depth i n Hanford sediments a r e  general l y  1 ow, rang- 

i ng from 2 t o  7 w t %  i n  coarse- and medium-textured sands and 7 t o  

15 w t %  i n  s i l t s .  The combinat ion o f  coarse- textured s o i l ,  l ow  

p r e c i p i t a t i o n ,  and r e l a t i v e l y  deep (10  t o  100 m) water  t a b l e  g ives  

r i s e  t o  t h e  observed s o i l  water contents.  The low water contents  

tend  t o  dominate t h e  p r o f i l e ,  b u t  t h e  s o i l s  a r e  extremely 

heterogeneous; hence, s o i  1 water con ten t  i s n o t  a p red i c tab l  e 

parameter. Measurements o f  water con ten t  a lone cannot be used t o  

p r e d i c t  amounts o f  recharge. 

Measurements o f  m a t r i x  p o t e n t i a l  i n  deep sediments (below 10 m) i n  

t h e  200 Area suggest t h a t  t h e  water  i n  these sediments i s  s low ly  

d r a i n i n g  t o  t h e  water  t ab le .  The r a t e  o f  drainage depends p r i m a r i l y  



on t h e  unsaturated h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  sediments. Few i n  

s i  t u  measurements o f  hydraul i c c o n d u c t i v i t y  have been made t o  date, 

b u t  cont inued mon i to r i ng  o f  i n j e c t i o n  we1 1 t e s t s  may p rov ide  i n s i  t u  

measurements use fu l  f o r  es t ima t ing  unsaturated h y d r a u l i c  

c o n d u c t i v i t y  . 
a Lysimeter s tud ies  i n  t h e  200 Area from 1971 through 1977 i n d i c a t e d  

t h a t ,  w i t h i  n t h e  p r e c i s i o n  o f  t h e  neutron probe measurements 

( f l %  v o l ) ,  t h e  recharge cou ld  on ly  be est imated w i t h  a p r e c i s i o n  o f  

f2.6 cm/yr f o r  a g iven s e t  o f  readings. The l ys ime te r  data, however, 

suggest t h a t  water  d i d  n o t  move below t h e  5-m depth over  t h e  6-year 

t e s t  per iod.  Water removal by p l a n t  e x t r a c t i o n  i s  a poss ib le  explana- 

t i o n  f o r  t h e  l ow  r a t e  o f  recharge a t  t h i s  l o c a t i o n .  

a Lysimeter and f i e 1  d s tud ies  i n  t h e  300 Area f rom 1979 through 1984 

i n d i c a t e  t h a t  water  i s  moving a t  depths below t h e  p l a n t  root-zone. 

Recharge r a t e s  from bare s o i l  exceeded 5 cm/yr f o r  t h e  p a s t  2 years. 

Est imates o f  recharge from a grass-covered f i e l d  s i t e  ranged from 3 

t o  8 cm/yr. Coarse-textured so i  1 s and s h a l l  ow-rooted p l  ants,  

combined w i t h  above-normal p r e c i p i t a t i o n ,  have opt imized cond i t i ons  

f o r  recharge a t  t h i s  l o c a t i o n .  

a T r i t i u m  sampling o f  unsaturated sediments i n  t h e  200 Area i n d i c a t e d  

t h a t  i n f i l t r a t i n g  water  had moved t o  depths o f  5 m by 1969. If 

steady recharge i s occurr ing,  tri ti um 1 evel s shoul d have i ncreased a t  

depth s ince  1969. For example, a steady f l u x  o f  2 cm/yr would cause 

present-day 1 evel s o f  t r i t i u m  i n  s o i l  water  t o  be e levated above 

background l e v e l s  down t o  depths o f  9 m o r  more. Fu r the r  t e s t i n g  o f  

water m i g r a t i o n  us ing  tr i  ti um t r a c e r s  i s warranted. 

a Model s imula t ions  have been he1 p f u l  i n  qual i t a t i v e l y  assessing 

recharge ra tes ,  b u t  i n p u t  data such as s o i l  hyd rau l i c  parameters and 

ac tua l  evapot ransp i ra t ion  values have n o t  been measured w i t h  s u f f  i- 

c i e n t  accuracy t o  qual i t a t i v e l y  p r e d i c t  recharge. Condi t ions e x i s t  

a t  t h e  Hanford s i t e  t h a t  can cause recharge t o  range f rom 0 t o  more 

than 5 cm/yr, depending on t h e  c l  i m a t i c  var iab les ,  topography, s o i l  , 



and plant type and distribution. Models used fo r  recharge calcula- 
t i  ons shoul d correctly incorporate measured hydraul i c conductivities , 
evapotranspiration ra tes ,  and ef fec ts  of soi l  variabil i ty (1 ayeri ng,  

e tc . )  t o  correctly predict  recharge ra tes  a t  a given s i t e .  Tests of 
model performance should be conducted over the next several years 

using data s e t s  t h a t  contain these inputs. 



INTRODUCTION 

V i r t u a l l y  a1 1  o f  t h e  r a d i o a c t i v e  waste on t h e  Hanford s i t e ,  near Richland, 

Washington, i s  s t o r e d  near t h e  ground sur face i n  tanks and trenches o r  b u r i e d  

a t  r e l a t i v e l y  shal low depths ( 5  t o  20 m) i n  t h e  ground. The sa fe  d isposal  o f  
./; these wastes i s  a  major concern o f  t h e  Department o f  Energy (DOE), and con- 
+ - s i de rab le  e f f o r t  has been expended t o  ensure t h a t  waste s to red  and p rev ious l y  

8 disposed i s e f f e c t i v e l y  i sol  a ted  o r  contained. Assurance t h a t  o n l y  negl i g i  b l  e  
, - amounts o f  contaminants w i l l  be leached t o  t h e  ground water i s  a  bas ic  requ i re -  

ment f o r  a l l  waste storage and d isposal  a t  Hanford. 

A t  Hanford, t h e  s o i l s  a r e  r e l a t i v e l y  coarse- textured and genera l l y  low i n  

water  content .  The water  tab1 e  i s  deep enough so t h a t ,  w f t h  few except ions, 

b u r i e d  wastes a re  n o t  i n  d i r e c t  con tac t  w i t h  ground water. The unsaturated 

(vadose) zone, de f i ned  as t h e  zone o f  geologic  ma te r i a l  t h a t  1  i e s  between t h e  

l a n d  sur face and t h e  permanent water t ab le ,  may prove t o  be an i d e a l  l o c a t i o n  

f o r  long- term storage o f  a  wide v a r i e t y  o f  r a d i o a c t i v e  wastes on t h e  Hanford 

s i t e ,  p a r t i c u l a r l y  on t h e  200 Area p la teau  where t h e  water  t a b l e  i s  very  deep 

(up t o  100 m) . However, t h e  s u i t a b i l  i ty  o f  t h e  unsaturated zone f o r  d isposal  

of waste depends on a  number o f  f a c t o r s  i n c l u d i n g  present  and f u t u r e  water  

balance ( con t ro l  1  ed by c l  imate, s o i l  s, and vegeta t ion) ,  phys ica l  s t a b i l  i t y  o f  

t h e  sediments ( r a t e s  o f  wind and water  e ros ion) ,  and t h e  c o n t r o l  o f  human 

i n t r u s i o n .  A number o f  t echn ica l  r e p o r t s  have addressed these f a c t o r s  t o  

va ry ing  degrees, b u t  a  comprehensive ana lys i s  o f  t h e  unsaturated zone f o r  

d isposal  o f  s e l e c t  wastes remains t o  be completed. 

P a c i f i c  Northwest Laboratory (PNL) has reviewed t h e  research on t h e  Han- 

f o r d  s i t e  completed over  a  number o f  years  t h a t  c o u l d  be h e l p f u l  i n  assessing 

water i n f i l t r a t i o n  and recharge a t  t h e  s i t e .  The r e p o r t s  t h a t  we reviewed a re  

p r i m a r i l y  techn ica l  r e p o r t s  d e t a i l  i n g  t h e  phys ica l  and hydro l  og i  c  charac ter -  

i s t i c s  o f  s o i l s  and sediments a t  s p e c i f i c  l o c a t i o n s  on t h e  Hanford s i t e ,  o r  

desc r ib ing  s tud ies  t h a t  have e i t h e r  moni tored o r  s imulated s p e c i f i c  hydro l  og i  c  

processes such as sur face evaporat ion, s o i l  mo is tu re  storage, and deep drainage 

(recharge).  



GENERAL CONSIDERATIONS FOR RECHARGE ESTIMATES 

The f low o f  water  through t h e  unsaturated zone on t h e  Hanford s i t e  has 

been i n v e s t i g a t e d  i n  some d e t a i l  f o r  t h e  p a s t  20 years.  More than 20 techn ica l  

r e p o r t s  on unsaturated water  f l o w  s tud ies  f o r  t h e  I ian ford  s i t e  a r e  l i s t e d  i n  

t h e  appendix. Two o f  these s tud ies  (Brownel l  e t  a l .  1975; Gee and Kirkham >\ - 

1984) draw s i g n i f i c a n t l y  d i f f e r e n t  conclus ions regard ing  t h e  amount o f  recharge 

t h a t  can be expected on t h e  s i t e .  This  r e p o r t  p rov ides  a background f o r  t h e  
C'  

measurement and model ing o f  unsaturated f l o w  a t  t h e  Hanford s i t e ,  descr ibes t h e  .< 

key s tud ies  which have attempted t o  measure unsaturated water  f low,  and sug- 

gests ways t o  determine how much recharge can be expected on t h e  Hanford s i t e .  

The amount o f  p e r c o l a t i o n  o r  recharge can be descr ibed q u a n t i t a t i v e l y  i f  t h e  

processes t h a t  c o n t r o l  s o i l  water  movement a r e  understood. 

NATURAL RECHARGE 

Recharge t o  ground water  can come f rom numerous sources i n c l u d i n g  t h e  

i n f i l t r a t i o n  and p e r c o l a t i o n  o f  n a t u r a l  p r e c i p i t a t i o n  through s o i l  s; seepage 

from canals, streams, and rese rvo i r s ;  and a r t i f i c i a l  i n j e c t i o n  through we1 1 s o r  

sur face ponding (Freeze and Cherry 1979; H i l l e l  1982, p. 250). A f t e r  

opera t ions  on t h e  Hanford s i t e  a r e  completed, t h e  pr imary  source f o r  recharge 

i n t h e  waste d isposal  areas w i  11 be meteor ic  water  p e r c o l a t i n g  through t h e  

s o i l s  and sediments surrounding t h e  b u r i e d  waste. 

H i l l e l  (1982, p. 209) descr ibes t h e  movement o f  s o i l  water  as a cont inu-  

ous, c y c l i c  sequence. The c y c l e  begins w i t h  t h e  entrance o f  water  ( f r o m  r a i n  

o r  snow me1 t )  i n t o  t h e  s o i l  by t h e  process o f  i n f i l t r a t i o n .  This  i s  f o l l owed  

by t h e  temporary s torage and r e d i s t r i b u t i o n  o f  water  i n  t h e  s o i l .  The c y c l e  i s  

completed by t h e  removal o f  water  f rom t h e  s o i l  by drainage, evaporat ion, o r  

p l a n t  uptake ( t r a n s p i  r a t i o n ) .  F igu re  1 shows t h e  components o f  t h i s  s o i l - w a t e r  

c y c l e  f o r  t h e  Hanford s i t e .  The processes o f  i n f i l t r a t i o n  and r e d i s t r i b u t i o n  

a r e  general l y  q u a n t i f i e d  by d i r e c t  measurement (e.g. , r a i n  gages and s o i l  

mo is tu re  mon i to r i ng )  whi 1 e evapo t ransp i ra t i on  (evaporat ion p l u s  t r a n s p i  r a t i o n )  

and drainage a r e  o f t e n  ob ta ined by i n d i r e c t  measurements. 
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FIGURE 1. Water Balance a t  Hanford Area Waste S i tes .  Range o f  components 
i n  water  balance equat ion a r e  ind ica ted .  

Measurements o f  Soi 1 Water Content by Neutron Probe 

Water contents  o f  so i  1  s  can be measured conven ien t ly  us ing  down-we1 1 

measurements w i t h  neutron probes (Hi  1 l e l  1982, p. 61). Est imates o f  evapo- 

t r a n s p i r a t i o n  and drainage can be made us ing  t h i s  method. For example, 

Campbell and H a r r i s  (1977) and Evans, Sammis and Cable (1981) r e p o r t  evapo- 

t r a n s p i r a t i o n  est imated f rom neutron probe measurements f o r  s i t e s  i n  Washington 

S t a t e  and Arizona. By assuming a zero  drainage component and us ing  neutron- 

probe-measured water  s torage and measured p r e c i p i t a t i o n ,  these researchers were 

ab le  t o  es t imate  evapot ransp i ra t ion  as ET = P - AS where ET, P, and AS a re  

evapot ransp i ra t ion ,  p r e c i p i t a t i o n ,  and so i  1 mois tu re  storage changes, respec- 

t i v e l y ,  measured over  a g iven t ime  i n t e r v a l  (1 week o r  longer ) .  I n  s tud ies  

where deep drainage i s  thought  t o  occur,  neutron probe measurements a l s o  can be 

used t o  es t imate  drainage r a t e s  ( P r i l l  1968; Gee and Kirkham 1984). Logging o f  

mo is tu re  content  i s  performed a t  depth as a f u n c t i o n  o f  t ime  and .the d i f f e r -  

ences i n  mois tu re  con ten t  below t h e  r o o t  zone a r e  used t o  es t imate  t h e  amount 

o f  drainage. The p r e c i s i o n  o f  t h e  neutron probe d i c t a t e s  t h e  range o f  recharge 

r a t e s  t h a t  can be measured w i t h  t h i s  method. It a l s o  should be noted t h a t  

water  con ten t  changes w i t h  depth imp ly  movement (dra inage o r  r e d i s t r i b u t i o n ) ,  

b u t  t h a t  a steady o r  cons tant  water  content  measurement does n o t  mean t h a t  f l o w  



i s  zero. S o i l  water  f o l l o w s  s p e c i f i c  f l o w  laws, which r e q u i r e  t h e  f l o w  t o  be 

p r o p o r t i o n a l  t o  t h e  energy grad ien t .  Condi t ions e x i s t  where drainage i n 

unsaturated s o i l  occurs w i t h  no change i n  water  con ten t  ( H i l l e l  1982, 

p. 113). 

Est imates Using S o i l  Hydraul i c  P rope r t i es  
' *. 

Table 1 l i s t s  se lec ted  h y d r a u l i c  p r o p e r t i e s  f o r  a  200 Area l y s i m e t e r  s o i l  
. - 

(Hsieh, Reisenauer and Brownel 1  1973). The water  r e t e n t i o n  da ta  suggest t h a t  

t h e  s o i l  i s  a  r e l a t i v e l y  un i fo rm sand w i t h  few f i n e s  (ma te r i a l  l e s s  than 5 
-' 

63 pm). Based on t h e  water  r e t e n t i o n  da ta  and t h e  c a l c u l a t e d  h y d r a u l i c  con- 

d u c t i v i t y  values, i t  i s  apparent t h a t  a  wide range o f  f l o w  c o n d i t i o n s  can e x i s t  

even i n  re1 a t i v e l y  d r y  sediments (see a1 so Jones 1978). Tab1 e  1 shows t h a t  

water f l o w  r a t e  can va ry  as much as two orders  o f  magnitude ( f r o m  0.005 t o  

0.5 cmlyr )  as water  contents  vary  o n l y  a  few percent  ( f rom 5% t o  7%) .  Note 

t h a t  f o r  these coarse- textured sediments a  r e l a t i v e l y  l a r g e  change i n  m a t r i c  

p o t e n t i a l  f rom -1 t o  -15 bars  occurs over  a  range o f  about 1% water con ten t  

(Routson and Fecht  1979; He1 l e r ,  Gee and Myers 1985 and Table 1 ) .  These data  

suggest t h a t  a t  m a t r i c  p o t e n t i a l  s ( ~ )  t y p i c a l  o f  we1 1  -dra ined o r  r e l a t i v e l y  d r y  

s o i l  s  (-0.3 t o  -3.0 ba rs ) ,  water  f l o w  by drainage processes would be i n  t h e  

range o f  a  few m i l l i m e t e r s  a  yea r  o r  l e s s .  Because s o i l  c h a r a c t e r i s t i c s  depend 

on t e x t u r e  (Routson and Fecht  1981; He1 l e r ,  Gee and Myers 19851, no sing1 e  s e t  

o f  water  r e t e n t i o n  and h y d r a u l i c  c o n d u c t i v i t y  da ta  can be used t o  p r e d i c t  

drainage ra tes ;  however, f o r  most o f  t h e  sandy-textured Hanford sediments, 

(a )  M a t r i c  p o t e n t i a l  i s  a  measure o f  how t i g h t l y  water  i s  h e l d  i n  s o i l .  The 
lower  (more negat ive)  t h e  m a t r i c  p o t e n t i a l  , t h e  more energy r e q u i r e d  t o  
remove water  f rom s o i l .  R igorous ly  def ined, m a t r i c  p o t e n t i a l  i s  t h e  f r e e  
energy o f  s o i l  water  w i t h  respec t  t o  t h e  f r e e  energy o f  pure water  mea- 
sured a t  atmospheric pressure and a t  t h e  same e l e v a t i o n  and temperature as 
t h a t  o f  t h e  s o i l  water  ( H i l l e l  1982, p. 69) .  Expressed as energylmass, 
t h e  u n i t s  f o r  m a t r i c  p o t e n t i a l  a r e  j o u l e s  ki logram; as  energylvolume t h e  
u n i t s  a r e  pressure u n i t s  i e .  newtonslmd, bars  o r  atmospheres) ; as 
energylwei ght ,  t h e  u n i  t s  a r e  head u n i t s  ( i .e., meters, cent imeters,  o r  
f e e t ) .  The term m a t r i  c  imp1 i e s  t h a t  t h e  energy s t a t e  o f  s o i  1  water  i s 
a f f e c t e d  by t h e  e n t i r e  s o i l  m a t r i x  i n c l u d i n g  t h e  s o i l  pores and p a r t i c l e  
surfaces. 



TABLE 1. Re la t i onsh ip  o f  S o i l  Water Contents t o  M a t r i c  P o t e n t i a l  and 
Hydrau l ic  Conduct iv i ty  f o r  200 Area Lysimeter So i l  
(Hsieh, Brownel 1  and Rei senauer 1973) 

Water Content 
( ~ 0 1 % )  

10.0 

Ma t r i  c  Po ten t i a l  Hydraul i c Conducti v i  t y  
( -bars )  7 cm/mi n) ( cm/y r ) 

0.1 4  10-5 2  x 101 

0.3 1 x 1 0 ' ~  5 x 1 0 - I  

1 .O 1 10-7 5  x l o - 2  
3  .O 1 x 10-8 5  10-3 

15 .O 8  x 10-lo 4 x 

water  contents  between 4 and 8  volume percent  ( ~ 0 1 % )  appear t o  represent  ' f i e l d  

capac i t y '  ( i .e., mo is tu re  contents  f o r  these s o i l s  a t  which t h e  m a j o r i t y  o f  

f r e e  ( r a p i d )  drainage has taken p l  ace) . 

P r e c i p i t a t i o n  i n  t h e  form o f  r a i n f a l l  and snow me1 t i s  t h e  source f o r  

na tu ra l  recharge on t h e  Hanford s i t e .  C l  imate v a r i a b l e s  i n c l  uding 

r a i  n fa l  1  /snow d i s t r i b u t i o n ,  temperature, wind speed, and s o l a r  r a d i a t i o n  

coupled w i t h  s o i l  and p l a n t  f a c t o r s  c o n t r o l  t h e  amount o f  water t h a t  i s  

a v a i l a b l e  f o r  recharge. The c l i m a t e  on t h e  Hanford s i t e  i s  semiar id w i t h  

annual p r e c i p i t a t i o n  a t  t h e  waste s i t e s  averaging 16 cm/yr (as measured a t  t h e  

Hanford Metero log ica l  Tower i n  t h e  200 Area). The summers a re  h o t  and d r y  and 

w i n t e r s  cool  and mois t .  Most p r e c i p i t a t i o n  f a l l s  du r ing  t h e  w i n t e r  months. 

Almost h a l f  (48%) f a l l s  between October and January, w h i l e  o n l y  about 10% f a l l s  

d u r i n g  t h e  months o f  Ju l y ,  August, and September (Stone e t  a1 . 1983). Thus, 

p r e c i p i t a t i o n  i s  1  eas t  when t h e  p o t e n t i a l  f o r  evapot ransp i ra t ion  i s  greates t ,  

and p r e c i p i t a t i o n  i s  1  a rges t  when evapo t ransp i ra t i on  i s 1  east.  

Using general water  balance cons idera t ions ,  assuming average annual pre- 

c i p i  t a t i o n  (P) and est imates o f  p o t e n t i a l  evapot ransp i ra t ion  (PET), Summers and 

Deju (1974) and Deju and Fecht  (1979) have c a l c u l a t e d  t h a t  t h e  Hanford s i t e  

(200 and 300 Areas) has an annual water  d e f i c i t  (PET-P) i n  excess o f  100 cm. 

They speculate f rom t h i s  t h a t  na tu ra l  recharge i n  t h e  200 and 300 Areas i s  



e s s e n t i a l l y  zero  ( n o t  measurable) and suggest t h a t  water  i s  l o s t  t o  t h e  atmos- 

phere f rom t h e  s o i l  be fo re  deep pene t ra t i on  can occur.  However, s ince  a lmost  

ha1 f o f  t h e  annual p r e c i p i t a t i o n  occurs du r ing  t h e  w i n t e r  when t h e  p o t e n t i a l  

evapo t ransp i ra t i on  i s 1  ow, recharge cond i t i ons  a r e  favored. The amount o f  

w i n t e r  p r e c i p i t a t i o n  t h a t  moves below t h e  p l a n t  root-zone and i s  l o s t  t o  deep 

p e r c o l a t i o n  can o n l y  be determined by a  c a r e f u l  ana lys i s  o f  t h e  e n t i r e  c l ima te -  

s o i l - p l a n t  system, and t h e  t ime dependence o f  t h e  i n t e r a c t i o n s  w i t h i n  t h i s  sys- 

tem. This t ype  o f  ana lys i s  has o n l y  been r e c e n t l y  undertaken a t  t h e  Hanford 

s i t e  (Gee and K i  rkham 1984). 

PLANTS 

The major  p l a n t  communities common t o  waste b u r i a l  areas on t h e  Hanford 

s i t e  have been we1 1  documented (ERDA 1975; Brown and Isaacson 1977). I n  t h e  

200 and 300 Areas, t h e  predominant vege ta t i ve  cover  cons i s t s  o f  sagebrush 

(Ar temis ia  t r i d e n t a t a )  and cheatgrass (Bromus tectorum L . )  . Other shrubs and 

grasses i n  these areas i nc l  ude rabb i  tbrush,  (Chrysothamnus nauseosus) , 
b i  t t e r b r u s h  (Purshia t r i d e n t a t a )  , and Sandberg b luegrass ( - Poa sandbergi i 1. 

The sagebrush-bi t te rbrush/cheatgrass  vegetat ion- type p l  an t  comniuni t y  under 

na tu ra l  c o n d i t i o n s  grows ex tens i ve l y  on t h e  sand ies t  s o i l  s  a t  Hanford, 

p a r t i c u l a r l y  i n  t h e  300 Area. T h i s  p l a n t  community i s  sub jec t  t o  major  

d is turbances a t  o r  near  waste s i t e s  i n  t h e  200 and 300 Areas. Both n a t u r a l  

brush f i r e s  and c o n s t r u c t i o n  opera t ions  have removed s i g n i f i c a n t  p o r t i o n s  o f  

t h e  deeper roo ted  sagebrush and b i t t e r b r u s h  a t  these waste s i t e s .  The r e c e n t  

f i r e  o f  August 12, 1984, which burned over  800 km2, i s  an example o f  how 

q u i c k l y  and complete ly  l a r g e  areas o f  sagebrush on t h e  Hanford s i t e  can be 

destroyed. 

An e f f i c i e n t  e a r l y  invader  o f  burned and d i s tu rbed  areas i s  tumbleweed 

(Sal so l  a  k a l  i L.) . Tumbleweed has an e f f e c t i v e  method o f  seed d i spe rsa l  , 
through w ind-car r ied  p l a n t s  and seeds i n  t h e  f a l l  and w in te r .  Tumbleweed i s  

n o t  as compe t i t i ve  as cheatgrass, b u t  i t  can successful  l y  invade where cheat-  

grass i s suppressed by  mechanical means o r  herb ic ides ,  o r  i n s o i l  s  w i t h  

hetereogeneous t e x t u r e s  (ERDA 1975). I n  t ime,  cheatgrass and tumbleweed w i l l  

tend t o  become dominant i n  t h e  200 and 300 Areas as more s o i l  i s  d i s t u r b e d  by 



c o n s t r u c t i o n  o f  waste b u r i a l  s i t e s  and associated f a c i l i t i e s ,  and t h e  slower 

growing, deeper roo ted  shrubs a r e  removed. 

C l ine ,  Gano and Rogers (1980) have i n d i c a t e d  t h a t  most o f  t h e  d isposal  

s i t e  areas a t  Hanford have developed i r r e g u l a r  stands o f  cheatgrass, Russian 

I I t h i s t l e  ( tumbleweed) , and gray rabb i  tb rush w i t h  v a r i a b l e  r o o t i n g  depths. These 

t h r e e  p l a n t s  have a l l  been observed t o  remove r a d i o a c t i v e  elements f rom t h e  

s o i l  and concentrate them i n  p l a n t  t i s s u e  (Sel ders 1950; Schreckhise and C l  i n e  
I 

L 1979). 

Measurements o f  r o o t i n g  depths have been made f o r  bo th  shrubs and grasses 

under b u r i a l  ground and d i s t u r b e d  area cond i t i ons  a t  Hanford. Klepper e t  a1 . 
(1979) found rabb i tb rush  r o o t s  a t  2 . 2 4  depth i n  t h e  200 Areas (near  t h e  

216-A-24 Cr ib ) .  Cl ine,  Gano and Rogers (1980) found t h a t  Russian t h i s t l e  r o o t s  

penetrated below 2.4 m a t  a s imulated t rench p l o t  i n  t h e  200 Area. Gee and 

Kirkham (1984) measured cheatgrass r o o t s  t o  depth o f  l e s s  than I m a t  a burned- 

over  s i t e  i n  t h e  300 Area. A recen t  r e p o r t  (K l  epper, Gano, and Cadwell (1985) 

p rov ides  even more de ta i  1  on r o o t i n g  d e n s i t i e s  and d i s t r i b u t i o n s  o f  deep-rooted 

shrubs under t h e  Hanford s i t e  (200 Area) cond i t i ons .  A t  two s i t e s  1 ocated 

ad jacent  t o  t h e  200-E and 200-W Areas, ante lope b i t t e r b r u s h  (Purshia 

t r i d e n t a t a )  and sagebrush were found t o  have t h e  deepest roo ts ,  averaging 

depths o f  3.0 m and 2.0 m, r espec t i ve l y .  Depth o f  r o o t  pene t ra t i on  i s  a p l a n t  

c h a r a c t e r i s t i c  t h a t  can be mod i f i ed  by s o i l  phys ica l  p r o p e r t i e s  and r a i n f a l l ,  

and hence w i l l  be very  s i t e  s p e c i f i c .  

Hydro1 og ic  Considerat ion 

P lan ts  evaporate water  f rom t h e i r  l e a f  and stem sur faces ( t r a n s p i r a t i o n ) .  

The a rea l  e x t e n t  o f  t h e  p l a n t  cover  expressed as a l e a f  area index (LA11 o r  i n  

a more general sense, t h e  percent  ground cover, i s  an impor tan t  cons idera t ion  

i n  determin ing t h e  t r a n s p i r a t i o n  r a t e  f rom a g iven area ( H i l l e l  1982, p. 291). 

Est imates o f  l e a f  area, percent  cover o r  d i r e c t  measurements o f  t r a n s p i r a t i o n  

a r e  needed as i n p u t s  t o  models which s imu la te  water  balance a t  a r i d  s i t e s .  

L i t t l e  i nformat ion i s a v a i l a b l e  on q u a n t i t a t i v e  measurements o f  evapotranspi ra- 

t i o n  a t  t h e  Hanford s i t e ,  b u t  t h i s  i n fo rma t ion  w i l l  be requ i red  f o r  water  

balance model t e s t i n g  and model v a l i d a t i o n  purposes (Gee and K i  rkham 1984). 



Data on r o o t  d i s t r i b u t i o n s  and d e n s i t i e s ,  under s p e c i f i c  waste s i t e  condi- 

t i o n s ,  a r e  needed t o  es t imate  depth and ex ten ts  o f  water  withdrawal by  

p lan ts .  Such measurements f o r  t h e  Hanford s i t e  a r e  1 i m i  t e d  (Cl i ne, Uresk and 

R ickard  1977; Klepper, Gano and Cadwell 1985). Add i t iona l  i n f o r m a t i o n  on 

expected p l a n t  revegeta t ion  type( s) , s o i l  c h a r a c t e r i s t i c s  and c l i m a t i c  

v a r i a b l e s  ( p r e c i p i t a t i o n ,  e t c  .) w i l l  be needed t o  accu ra te l y  p r e d i c t  water  

withdrawal and root-zone water  s torage a t  a g iven waste s i t e  a t  Hanford. 

SOILSISEDIMENTS 

S o i l s  and sediments a t  Hanford have been i n v e s t i g a t e d  e x t e n s i v e l y  f rom 

geomorphic as we1 1 as phys ica l  and chemical cons idera t ions .  Three d i s t i n c t  

sediment types have been i d e n t i f i e d  f o r  t h e  Hanford s i t e  area (Newcomb, Strand 

and Frank 1972; Brown 1959; Brown 1970a). 

R ingo ld  Formation 

The R ingo ld  Formation c o n s i s t s  o f  s i l t s  and c l a y s  topped w i t h  occas iona l l y  

cemented sands and gravel  s  and f i n e  sands. The 1 ower p o r t i o n  o f  t h e  R i  ngol d 

Formation general l y  conforms w i t h  t h e  sur face o f  t h e  under l y ing  basal t bedrock. 

The th ickness  o f  t h i s  l a y e r  i s  a f u n c t i o n  o f  p o s i t i o n  a t  t h e  Hanford s i t e .  The 

water t a b l e  i s  u s u a l l y  found i n  o r  j u s t  above t h i s  formation. 

Hanford Formation 

Most o f  t h e  s o i l s  and sediments t h a t  occur  above t h e  R ingo ld  Formation and 

t h e  basal t (bedrock) a t  t h e  Hanford s i t e  accumulated as a resu l  t o f  

ca tas t roph ic  f l o o d s  a t  t h e  c l o s e  o f  t h e  P le is tocene Epoch (-12,000 y e a r s  

ago). These f l o o d s  deposi ted t h i c k  sequences o f  g l a c i o f l u v i a l  sediments 

(coarse g rave l s  and sands sparse ly  mixed w i t h  t h i n  1 ayers o f  s i l t )  . I n  t h e  

200 Area, these sediments a r e  n e a r l y  100 m t h i c k .  I n  t h e  300 Area, they  a r e  

10 t o  15 ni i n  th ickness.  These sediments a r e  sometimes r e f e r r e d  t o  as t h e  

Pasco gravel  s  (Brown and Isaacson 1977) and general l y  dominate t h e  1 i t h c l o g i c a l  

sequence o f  t h e  unsaturated zone. 



Eol i an Deposi ts  

Loess and sand dunes mant le t h e  sur face o f  t h e  Hanford s i t e .  These depo- 

s i t s  a r e  p r i m a r i l y  reworked sediment o f  t h e  Hanford Formation from surrounding 

areas. The th ickness o f  t h e  wind-bl own sediment v a r i e s  considerably,  rang ing  

.& 
f rom 0 t o  more than 20 m i n  some areas. 

- * Hydro1 og ic  Considerat ions 

rt Because most o f  t h e  unsaturated zone sediments a r e  water-1 a i d  sediments, 
. - 

some in fe rences can be made about t h e  water s t a t u s  o f  these ma te r ia l  s. During 

and soon a f t e r  t h e  ca tas t roph ic  f lood ing ,  these mater i  a1 s  were saturated. Some 

t ime  a f t e r  t h e  f l o o d s  subsided, these m a t e r i a l s  dra ined;  hence, t h e  water con- 

t e n t s  o f  t h e  lower  1  ayers ( n o t  s u b j e c t  t o  sur face evaporat ion) should r e f l e c t  a  

d ra ined s o i  1  cond i t i on .  Est imates o f  f l o w  (dra inage) can be made by 1  ooking a t  

t h e  water content  and water  p o t e n t i a l  r e l a t i o n s h i p s  o f  t he  s o i l .  I f  one 

assumes t h a t  t h e r e  a r e  e i t h e r  zero f l o w  o r  very  1  ow f l o w  ra tes ,  then t h e  

observed water contents i n  t h e  Hanford sediments should r e f 1  e c t  a  drained, 

1  ayered, s o i  1  whose water  p o t e n t i a l  d i s t r i b u t i o n  coul d  be considered t o  be i n 

e q u i l  i brium o r  near e q u i l  i brium w i t h  t h e  water  t ab le .  Then, water  contents can 

be est imated f rom curves s i m i l a r  t o  F igure  2. I n  t h e  200 Area where t h e  water 

t a b l e  i s  approximately 100 m deep, t h e  s o i l  a t  e q u i l i b r i u m  w i t h  t h e  water  t a b l e  

w i l l  have a  water con ten t  t h a t  corresponds t o  a  m a t r i c  water p o t e n t i a l  

(expressed as energy/weight) equal t o  t h e  h e i g h t  above t h e  water  t ab le .  Water 

re lease ( r e t e n t i o n )  curves have been measured on a  number o f  sediments a t  

Hanford. F igures  2a and 2b show p a r t i c l e - s i z e  d i s t r i b u t i o n  and t h e  water  

r e t e n t i o n  c h a r a c t e r i s t i c s ,  respec t i ve l y ,  o f  t h e  sand f r a c t i o n  o f  Hanford 

Formation sediments found i n  t h e  200 and 300 Areas. Based on these curves, one 

can es t imate  t h a t  a t  equ i l i b r i um,  t h e  water  contents  o f  these coarse sediments 

above a  100-m water  t a b l e  should range from 5 t o  7 vo l% over  much o f  t h e  

p r o f i l e  (F igure  2b). Coarser ma te r i a l  s  (g rave l  s) o f t e n  found a t  depth i n  t h e  

200 and 300 Areas would have lower  water  contents,  rang ing  f rom 2  t o  4 ~ 0 1 % .  

The Ring01 d  s i l t s  t h a t  genera l l y  occur  near t h e  water  tab1 e  have dra ined water  

contents rang ing  f rom 10 t o  15 ~ 0 1 % .  
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Reports by McHenry (1957), Brownell (1971), Fecht, L a s t  and M a r r a t t  

(1978), Fecht, Last  and M a r r a t t  (1979), Routson and Fecht (1979), Isaacson 

(1982). H e l l e r ,  Gee and Myers (1985) have prov ided d e t a i l  on t h e  

he terogene i t ies  present  i n  Hanford sediments t h a t  g i v e  r i s e  t o  observed 

v a r i a b l e  mois tu re  contents. The v a r i a t i o n  i n  f i e l  d  mois tu re  content  i s  1  a rge l y  
/. a resu l  t o f  sediment t e x t u r a l  v a r i a t i o n s  ( e  .g., 1  ayers and mix tures  o f  coarse 
- - and f i n e  sands, gravel  s  and s i  1  t s )  . U n t i l  r e c e n t l y ,  o n l y  a  few r e p o r t s  

4 d e t a i l e d  d i r e c t  measurement o f  f i e 1  d  moisture.  Brownel 1  (1971) and Routson and 
.- Fecht  (1979) r e p o r t  f i e l d  m o i s t u r e ~  rang ing  f rom 1 t o  5  wt%,  b u t  q u a l i f y  t he  

da ta  by i n d i c a t i n g  t h a t  sample dess i ca t i on  may have occurred. I n  a  r e c e n t  

study, H e l l e r ,  Gee and Myers (1985) c o l l e c t e d  a  s e r i e s  o f  mo is tu re  samples from 

f i v e  co r ings  near t h e  Wye Barr icade ( l o c a t e d  between t h e  200 and 300 Areas 

below t h e  200 Area p la teau)  . The data f rom one borehole a re  shown i n  

F igu re  3. These data  i n d i c a t e  t h a t  t h e  f i e l  d  s o i l  ( rang ing  i n  water con ten t  

from 4 t o  8 w%) i s  c o n s i s t e n t l y  as wet o r  w e t t e r  than 1  aboratory samples taken 

from t h i s  same borehole and e q u i l i b r a t e d  a t  0.1 b a r  and 1.0 b a r  pressure on a  

convent ional  pressure p l  a te.  These data  suggest t h a t  f i e l  d  mois tu re  content  a t  

t h i s  s i t e  i s  s u f f i c i e n t l y  h i g h  t h a t  drainage i s  l i k e l y  occu r r i ng  f rom t h i s  

s i t e .  Although t h e  drainage r a t e  cannot be determined from these data w i t h o u t  

knowing t h e  hyd rau l i c  c o n d u c t i v i t y  o f  t h e  s o i l ,  t h e  data i n  F igure  3 p rov ide  

evidence t h a t  t h e  unsaturated sediments a re  f a r  f rom e q u i l i b r i u m  w i t h  t h e  water  

tab1 e  and a re  d ra in ing .  

I f  c e r t a i n  assumptions a r e  made about t h e  r e l a t i o n s h i p  o f  t h e  water con- 

t e n t  and t h e  h y d r a u l i c  c o n d u c t i v i t y ,  est imates can be made o f  expected recharge 

r a t e s  under steady f 1 ow cond i t i ons .  Conversely, i f c e r t a i n  recharge r a t e s  a r e  

assumed then t h e r e  should be unique water contents  t h a t  e x i s t  under g i ven  

recharge ra tes .  I n  a  p r e l i m i n a r y  study o f  t h i s  methodology, He1 l e r ,  Gee and 

Myers (1985) show t h a t ,  i f  recharge r a t e s  o f  0.5 and 5.0 cm/yr a r e  assumed, t h e  

expected average water  contents  f o r  a  g iven borehole range f rom 5  t o  7  w t %  i n  

keeping w i t h  t h e  observed water  contents.  An ana lys i s  shoul d  be undertaken t o  

i n v e s t i g a t e  t h i s  p r e d i c t i o n  c a p a b i l i t y  t o  es t imate  recharge r a t e s  from mois ture  

contents.  To t e s t  t h i s  methodology, measurements o f  i n  s i  t u  h y d r a u l i c  

c o n d u c t i v i t y  v a l  ues woul d  be r e q u i r e d  f o r  t h e  d r a i n i n g  sediments. 
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FIGURE 3. Fie1 d-Measured Water Contents and Laboratory-Measured Water 
Retent ion  (0.1 bar  and 1.0 bar  pressure t e s t s )  f o r  Sediments 
Cored Near t h e  Hanford Wye Bar r icade 



RECHARGE AND WATER BALANCE STUDIES 

The combination o f  c l ima te ,  p lan ts ,  and s o i l s  d i c t a t e  t h e  water  balance a t  

any g iven s i t e .  M o u n t s  o f  recharge under a r i d  s i t e  cond i t i ons  a r e  seldom 

measured d i r e c t l y .  The recharge es t imate  o r  c a l c u l  a t i o n  i s  u s u a l l y  i n d i r e c t  
P and u n c e r t a i n t i e s  i n  t h e  measurements o f  o t h e r  components o f  t h e  water balance 
- .  are  o f t e n  1  arge (Evans, Sammis and Cable 1981; Sammis, Evans and Warrick 1982). 

5 ‘ Even under i r r i g a t e d  cond i t i ons ,  carge u n c e r t a i n t i e s  e x i s t .  Using t h r e e  
.- d i f f e r e n t  techniques (Darcy f l  ux/hydraul i c  g r a d i e n t  c a l c u l  a t ions ,  thermal f l  ux 

est imates, and tri ti urn t r a c e r  t e s t s ) ,  Sammi s, Evans and Warrick (1982) e s t  i- 

mated deep p e r c o l a t i o n  r a t e s  f rom i r r i g a t e d  1  and near  Phoenix, Arizona. The 

est imates ranged f rom 9  t o  40 cm/yr depending on t h e  method o f  measurement. 

These authors cau t i on  a g a i n s t  us ing  a  water balance approach ( e s t i m a t i n g  

recharge as t h e  d i f f e r e n c e  between appl i ed water  and evapot ransp i ra t ion)  

because most est imates o f  annual evapot ransp i ra t ion  (ET) can have l a r g e  e r r o r s  

(k50% o r  more). These u n c e r t a i n t i e s  a r e  compounded when t h e  water  balance 

approach i s  used t o  es t imate  recharge under a r i d  s i t e ,  n o n i r r i g a t e d  cond i t i ons ,  

because t h e  i n p u t s  a r e  l e s s  and t h e  methodologies c u r r e n t l y  a v a i l a b l e  f o r  

es t ima t ing  ET work w e l l  o n l y  f o r  i r r i g a t e d  crops. Aside from d i r e c t  measure- 

ment us ing  weighing l ys ime te rs  ( t o  be discussed l a t e r )  t h e r e  appears t o  be no 

d i r e c t  way t o  measure annual ET f o r  dese r t  p lan ts ,  hence recharge est imates 

under these cond i t i ons  a r e  ext remely 1  i m i  ted.  Several methods have been used 

a t  t h e  Hanford s i t e  t o  es t imate  recharge. These i n c l u d e  mon i to r i ng  o f  m a t r i c  

p o t e n t i a l  g rad ien ts  i n  deep we l l  s, l y s i m e t r y  f o r  water  balance and d i r e c t  

measurement o f  drainage, and t r i t i u m  p r o f i l e  moni tor ing.  These experiments 

w i  1  1  be discussed i n  tu rn .  

DEEP WELL TEST 

One o f  t he  most i n n o v a t i v e  t e s t s  ever  devised t o  es t imate  recharge above a  

deep water  tab1 e  was i n i t i a t e d  a t  Hanford i n  1969 (En f i e l  d, Hsieh and Warr ick 

1973; Brownell e t  a1 . 1975). Th i s  t e s t ,  sometimes r e f e r r e d  t o  as t h e  Thermo- 

coup le  Psychrometer Experiment, was performed a t  a  s i t e  on t h e  200 Area 

p lateau,  about 1 km southeast o f  t h e  200-E area. I n  t h i s  t e s t ,  a  s t r i n g  o f  



i nstruments i n c l u d i n g  temperature sensors and thermocouple psychrometers(a) 

were i n s e r t e d  i n  an encased we1 1  and t h e  we1 1  was b a c k f i l l e d  w i t h  sediments 

taken f rom t h e  we1 1. F i r s t  yea r  r e s u l t s  were repo r ted  by E n f i e l  d, Hsieh and 

Warr ick (1973). Although some o f  t h e  psychrometers f a i l e d  over  t ime,  da ta  f o r  

about a  4-year p e r i o d  were c o l l e c t e d  and t h e  r e s u l t s  repo r ted  by Brownel l  

e t  a1 . (1975). 

F igu re  4 shows a  p l o t  o f  m a t r i c  p o t e n t i a l  w i t h  depth a t  t h e  32-49D we l l .  

The i n t e r p r e t a t i o n  o f  these data has been t h a t  a  desiccated ( d r y )  zone p e r s i s t s  

a t  depths o f  5  t o  10 m, and t h a t  t h i s  des icca ted zone prevents recharge f rom 

occu r r i ng  (Brownel 1  e t  a1 . 1975). Another i n t e r p r e t a t i o n  i s a1 so possi  b l  e. 

The dashed 1  i n e  i n  F i g u r e  4  represents t h e  e q u i l i b r i u m  m a t r i c  p o t e n t i a l  t h a t  

shoul d  e x i s t  i f  t h e  e n t i r e  unsaturated zone were i n e q u i l i b r i u m  w i t h  t h e  water  

t a b l e  (Koorevaar, Menel ik and D i rksen 1983, p. 144-148). For  steady f l o w  

cond i t i ons ,  da ta  t o  t h e  r i g h t  o f  t h e  dashed l i n e  represent  m a t r i c  p o t e n t i a l  

va lues t h a t  r e f l e c t  evaporat ion and upward f low,  w h i l e  data t o  t h e  l e f t  o f  t h e  

dashed 1  i n e  r e f l e c t  drainage. The data i n d i c a t e  t h a t  t h e  p r o f i l e  i s  

d ra in ing .  The r a t e  o f  drainage ( o r  recharge) i s  n o t  known because t h e  i n  s i t u  

hydraul i c c o n d u c t i v i t i e s  o f  t h e  1  ayered sediments a r e  n o t  known. Unsaturated 

h y d r a u l i c  c o n d u c t i v i t i e s  est imated from l a b o r a t o r y  suggest t h a t  measurements 

(Hsieh, E n f i e l  d  and Warr ick 1973 ; and Hsieh and E n f i e l  d  1974) t h e  recharge r a t e  

cou ld  vary  between 0.3 t o  1 cm/yr depending on t h e  est imated h y d r a u l i c  

c o n d u c t i v i t y ,  depth, and corresponding m a t r i  c  p o t e n t i a l  g rad ien t .  A1 so, vapor 

t r a n s p o r t  was es t imated us ing  t h e  measured temperature g rad ien t  and assuming 

t h a t  an enhanced vapor f l o w  cou ld  occur,  which tended t o  t r a n s p o r t  water  t o  t h e  

sur face i n  response t o  t h e  decreasing temperature ( P h i l i p  and deVr ies 1957). 

We have reanalyzed t h e  da ta  i n  F i g u r e  4  u s i n g  t h e  assumptions t h a t  1) below 

10 m, t h e  s o i l  i s  n o t  a f f e c t e d  by sur face evapo t ransp i ra t i on  processes and 

2) t h e  m a t r i c  p o t e n t i a l  i s  l i n e a r  w i t h  depth and may have a  b i a s  o f  t0.5 ba rs  

(a )  Thermocouple psychrometers a r e  used t o  measure t h e  vapor pressure 
(humid i t y )  o f  t h e  s o i l  a i r  ( H i l l e l  1982, p. 84) .  A t  thermal e q u i l i b r i u m  
t h e  s o i l  humid i ty  can be re1  a ted  d i r e c t l y  t o  t h e  m a t r i c  p o t e n t i a l  o f  t h e  
s o i l  water  f o r  s o i l  s  whose s o i l  s o l u t i o n  i s  r e l a t i v e l y  s a l t  f r e e  ( i  .e., t h e  
osmotic pressure o f  t h e  s o i l  s o l u t i o n  i s  l e s s  than 0.2 t o  0.3 bars) .  
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FIGURE 4. M a t r i c  P o t e n t i a l  P r o f i l e  a t  t h e  Hanford S i t e  
Deep Well Test ,  September 1974 



i n  t h e  a b s o l u t e  va lues  o f  t h e  m a t r i c  p o t e n t i a l .  Us ing  these  va lues,  t h r e e  

m a t r i c  p o t e n t i a l  g r a d i e n t s  a r e  determined f r om t h e  da ta .  Tab1 e  2 p resen ts  t h e  

recharge r a t e s  c a l c u l a t e d  f r om these  da ta  f o r  t h r e e  assumed va lues  o f  t h e  

h y d r a u l i c  c o n d u c t i v i t y .  The da ta  suggest  t h a t  d ra inage  i s  o c c u r r i n g  a t  t h i s  

s i t e ,  b u t  i t  i s  apparen t  t h a t  a  wide range o f  va lues  can be o b t a i n e d  w i t h  a  

re1  a t i v e l y  1  a rge  u n c e r t a i n t y  p e r s i s t i n g  because o f  t h e  unknown i n s i  t u  *. 
hydrau l  i c  c o n d u c t i v i t i e s .  C l  e a r l y ,  i t  i s i m p o r t a n t  t h a t  a d d i t i o n a l  emphasis be 

p l  aced on determi  n i  ng  unsa tu ra ted  hydraul  i c c o n d u c t i v i  t y  i n p l  ace. 
i 

We shou ld  a l s o  c o n s i d e r  t h a t  t hese  da ta  rep resen t  o n l y  one l o c a t i o n  on t h e  

Hanford s i t e .  The s p a t i a l  v a r i a b i l i t y  o f  sediments and l a y e r i n g  i s  we1 1  docu- 

mented; t h e r e f o r e ,  conc lus ions  based on da ta  f r om one l o c a t i o n  shou ld  be  ques- 

t i o n e d  as t o  whether t h e  da ta  r e p r e s e n t  t h e  c o n d i t i o n s  t h a t  p e r s i s t  o v e r  t h e  

waste s i t e  areas a t  Hanford. The t y p e  o f  i n s t a l l a t i o n  f o r  sampling, however, 

TABLE 2. Cal c u l  a t e d  Recharge Rates f r o m  M a t r i  c  Po ten t i  a1 Gradients  and 
Es t ima ted  Hydraul  i c  C o n d u c t i v i t i e s  a t  Deep We1 1  T e s t  S i t e ,  
September 1974 

M a t r i c  T o t a l  
Potenti:] He ad Hydraul  i c Recharge 

Depth Grad ien t  Grad ien t  C o n d u c t i v i t y  Rate 
(m) (bars/m) (m/m) ( cm/yr) ( cm/yr)  

5 0  0.017 - 0 -83 5 x 10 '~  4.2 x 10" 

( a )  Assumes an e r r o r  o f  f0.5 b a r s  i n  t h e  50-m dep th  reading.  



i s  expensive, and ex tens ive  rep1 i c a t i o n  o f  i nstrumented deep we1 1  s  w i l l  

p robably n o t  be considered i n  f u t u r e  research e f f o r t s .  

A major  drawback t o  t h e  deep we1 1  f a c i l i t y  i s  t h e  i n a b i l i t y  t o  r e t r i e v e  

and r e p a i r  t h e  inst ruments a f t e r  they  have been i n s e r t e d  i n  t h e  ground. 

Thermocouple psychrometers a re  no to r i ous  f o r  n o t  ma in ta in ing  c a l i b r a t i o n ,  and 

t h e i r  opera t iona l  l i f e  i s  unknown b u t  u s u a l l y  s h o r t  (Brown 1970b; Dalton and 

Raw1 i n s  1968; Daniel ,  Hamil t on  and 01 sen 1979). F a i l u r e  o f  t he  u n i t s  a f t e r  

1 y e a r  i s  n o t  uncommon. Improved e l e c t r o n i c  readout  devices (p rov id ing  s ta -  

b i l  i t y  and de tec t i on  i n  t h e  nanovol t range) have been developed du r ing  t h e  p a s t  

15 years,  b u t  l o n g e v i t y  o f  t h e  psychrometer and i t s  a b i l  i t y  t o  main ta in  c a l  i- 

b r a t i o n  f o r  extended per iods  o f  t ime  have n o t  been establ ished.  Commercially 

a v a i l  ab l  e  so i  1  psychometers used f o r  t h i  s  t ype  o f  measurement a re  made by o n l y  

a  few supp l i e rs  (e.g., Wescor, Inc., Logan, Utah; J. D. M e r r i l l ,  Inc., Logan, 

Utah) and no 1 i f e t i m e  i s  s p e c i f i e d  f o r  t h e  inst rument .  

Because t h e  ins t rument  does n o t  measure humid i ty  d i r e c t l y  and must be 

ca l  i bra ted  (usual l y  by a  1 aboratory procedure u s i n g  sal  t s o l u t i o n s  o f  known 

humid i ty ) ,  t h e  a b i l i t y  o f  t h e  ins t rument  t o  ma in ta in  c a l i b r a t i o n  a f t e r  a  p e r i o d  

of t ime  i n  a  known environment must be determined. One way t o  p rov ide  some 

conf idence f o r  t h e  da ta  s e t  would be t o  bury  a  s t a t i s t i c a l l y  s u f f i c i e n t  number 

o f  psychrometers i n  a  r e t r i e v a b l e  manner a t  a  r e l a t i v e l y  shal low depth and 

repeatedly  check t h e  c a l i b r a t i o n  on them t o  ensure t h a t  they ma in ta in  c a l i -  

b r a t i o n  w i  t h i  n  acceptabl e  1  i m i  t s .  Thi s  ca l  i b r a t i o n  f a c i l  i t y  coul d  be l o c a t e d  

near a  deep w e l l  f a c i l i t y  where new psychrometers would be b u r i e d  permanently. 

I n  summary, m a t r i c  p o t e n t i a l  g r a d i e n t  da ta  f rom t h e  deep we l l  t e s t  

s t r o n g l y  suggest t h a t  drainage ( recharge) c o n d i t i o n s  p e r s i s t  a t  depths be1 ow 

25 m. Since t h e  i n  s i t u  h y d r a u l i c  c o n d u c t i v i t y  o f  these sediments have n o t  

been measured, t h e  recharge r a t e  i s  unknown. Est imated hyd rau l i c  conduct iv-  ' 

i t i e s  f rom Table 2 suggest t h a t  recharge r a t e s  can range f rom 0.03 t o  4 cm/yr. 

A1 so, t h e  u n c e r t a i n t y  i n  t h e  c a l  i b r a t i o n  o f  t h e  thermocouple psychrometers used 

t o  measure t h e  m a t r i c  p o t e n t i a l  pu ts  i n t o  quest ion  t h e  r e l i a b i l i t y  o f  t h e  poten- 

t i a l  g rad ien t  est imates. Fu tu re  t e s t s  us ing  t h i s  type o f  inst rumented deep w e l l  

shoul d  a1 so p rov ide  some way t o  es t imate  t h e  s t a b i l  i ty  o f  t h e  psychrometers. 



LYSIMETER STUDIES 

Lysimeters a r e  i so1 ated, s o i l - f i l  l e d  conta iners  used i n  hydrology t o  

determine water  s to rage changes, i n c l  ud i  ng evaporat ion and dra inage (Hi 11 e l  

1982, p. 296). They can range i n  s i z e  and c o n f i g u r a t i o n  f rom a  small column o f  

s o i l ,  a  few cent imeters  i n  diameter and a few cent imeters deep (Boast and 

Robertson 1982), t o  1  arge volumes o f  s o i  1, several meters i n diameter and 1 t o  r, 

18 m deed (Harro l  d  and Dreibel b i  s  1958; P r u i t t  and Angus 1960; Hsieh, Brownel 1  - . 
and Reisenauer 1973). The most complete and e f f i c i e n t  l ys ime te rs  a r e  those ; 
equipped w i t h  a  weighing device and a  dra inage system, which a1 1  ows d i r e c t  and 

cont inuous measurements o f  bo th  evaporat ion and drainage ( P r u i t t  and Angus 

1960; Van Bavel and Myers 1962; Black, T h u r t e l l  and Tanner 1968; Kirkham, Gee 

and Jones 1984). The d i  scussion t h a t  f o l l  ows descr ibes bo th  weighing and 

nonweighing l ys ime te rs  used t o  measure dra inage and water balance on t h e  

Hanford s i t e .  

200 Area Lvsimeters 

Dur ing  1  a t e  f a l l  o f  1971 and e a r l y  s p r i n g  o f  1972 two 1  arge (18  m deep by 

3  m wide) nonweighing l ys ime te rs  were cons t ruc ted  j u s t  south o f  t h e  200-E Area 

a t  t h e  Hanford s i t e  (Hsieh, Reisenauer and Brownel l  1973). F i g u r e  5 shows t h e  

l o c a t i o n  o f  these l ys ime te rs .  The l ys ime te rs  a r e  about 100 m nor thwest  o f  w e l l  

32-49D (Deep We1 1  Tes t ) .  The purpose o f  t h i s  i n s t a l  l a t i o n  was t o  mon i to r  water  

m i g r a t i o n  i n  t h e  unsaturated zone under n a t u r a l  p r e c i p i t a t i o n  c o n d i t i o n s  and t o  

eva lua te  t h e  p o t e n t i a l  f o r  recharge a t  Hanford. Dur ing  t h e  p a s t  10 years,  

several  comprehensive r e p o r t s  have been compiled t h a t  document t h e  major  f i n d -  

i n g s  f rom t h e  f i r s t  6  yea rs  o f  data c o l l e c t i o n  a t  t h i s  f a c i l i t y  (Brownel l  

e t  a1 . 1975; Last ,  Easl ey and Brown 1976 ; Jones 1978). F i g u r e  5  shows a  c ross  

sec t i on  o f  t h e  completed f a c i l i t y .  As i nd i ca ted ,  one o f  t h e  l y s i m e t e r s  was 

c losed  (sealed)  a t  t h e  bottom w h i l e  t h e  o t h e r  was 1  e f t  open. 

The l y s i m e t e r s  were inst rumented w i t h  neutron probe access tubes ( f o r  

mo is tu re  content )  thermocoupl es ( f o r  temperature),  thermocoupl e  psychrometers 

( f o r  s o i l  m a t r i c  p o t e n t i a l  ) ,  and s t a i n l e s s  s t e e l  t u b i n g  f o r  mon i to r i ng  s o i l  gas 

pressure. F i g u r e  6 shows t h e  sur face o f  t h e  c losed bottom l y s i m e t e r  i n  

February 1974, and F igu re  7 shows t h e  sur face o f  t h e  open bot tom l y s i m e t e r  i n  

May 1978. Because o f  some d i f f i c u l t i e s  i n  g e t t i n g  t h e  ins t rument  s h e l t e r  
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FIGURE 5. Lys imete r  Loca t i ons  a t  t he  Hanford S i t e  
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FIGURE 6. Lys imete r  Surface, 200 Area Open-Bottom Lys imete r .  Tubes i n  cen te r  
a re  neu t ron  probe access w e l l s .  a)  February  1974--Surface bare 
except  f o r  one smal l  Russian t h i  s t 1  e. b )  May 1978--Shows s i  gn i  - 
f i c a n t  inc rease  i n  vege ta t i on  cover .  



FIGURE 7. Lys imeter  S i t e  200 Area, May 1978. Closed-bottom l y s i m e t e r  i n  
foreground. P l a n t s  growing on and ad jacen t  t o  l y s i m e t e r  a re  
p r i m a r i l y  Russian t h i  s t 1  e. 

compl e ted,  the  thermocoupl e  and thermocoupl e  psychrometer data were n o t  taken 

a f t e r  1974. The da ta  a v a i l  ab le  f o r  t h i s  s i t e  c o n s i s t  o f  some temperature 

p r o f i l e  da ta  taken i n  1974 and neutron probe mo is tu re  con ten t  l o g s  taken over  a  

p e r i o d  o f  about 6 years .  Three unpubl i shed neutron-probe-1 ogs taken from t h i  s  

f a c i l i t y  i n  1983 and 1984 have been made a v a i l  ab le  t o  us r e c e n t l y ,  and we a re  

i n  t he  process o f  ana lyz ing  them. ( I n  t he  s p r i n g  o f  1983 t he  open-bottom 

l y s i m e t e r  was p a r t i a l l y  decommissioned by t he  removal o f  t he  top  6 m o f  s o i l .  

No mo i s tu re  probe data have been a v a i l a b l e  f rom t h i s  l y s i m e t e r  s i nce  t h i  

t ime. 

These da ta  and t he  data taken p r e v i o u s l y  (1977 and e a r l i e r )  suggest t h a t  
* - .  

i f  water i s  d r a i n i n g  a t  t h i s  s i t e ,  i t  i s  d r a i n i n g  very  s low ly .  We have 

c a l c u l a t e d  r a t e s  o f  downward m i g r a t i o n  ( recharge)  t h a t  c o u l d  occur a t  t h i s  s i t e  r 

rang ing  f rom 0.3 t o  3.0 cmly r  (Tab le  3 ) .  One o f  the  d i f f i c u l t i e s  i n  do ing a 



TABLE 3. Estimates of Recharge from 200 Area Cl osed-Bottom Lysimeter 

Average Water Content 
(5-m t o  18-m depth) 

Date ( ~ 0 1 % )  
317 2 5.7 
9/73 5.8 
1/74 6.2 

9/76 5.8 
817 7 6.1 

Computed 
Recharge 

since 3/72 
(cm/yr) 

- - 
0.7 

3 .O 

0.3 
0.9 

quantitative analysis of recharge a t  t h i s  s i t e ,  a s  pointed out by Jones (1978), 
i s  the uncertainty i n  the neutron probe measurements and lack of measurements 
of hydraul i c conductivity . 

Table 3 l i s t s  the measured water storage changes below the 5-m depth tha t  

occurred from 1973 t o  1977 and the calculated annual recharge tha t  can be 
obtained from those data. If  the e r ror  in water storage estimated by neutron 
probe measurements i s  f0.5 cm, then the average flux r a t e  through 1977 var ies  
between zero and approximately 1 cmlyr. 

Moisture storage determined by neutron probe data i s  highly dependent on 
the calibration used in the measurement. Absolute e r rors  of 1 t o  2 vol% can be 
obtained when d i f fe rent  neutron probes w i t h  independent calibrations a re  used 
t o  determine moisture profil es .  An exampl e of t h i  s uncertainty i s i 11 ustrated 
in the reported data fo r  the 200 Area lysimeters (Hsieh, Brownell and 
Reisenauer 1973; Brownel 1 e t  a1 . 1975; Jones 1978). The neutron probe cal ibra- 
t ions given i n  these reports do not compare well w i t h  each other, and i t  i s  
d i f f i c u l t  t o  assess from the reports the number of d i f fe rent  neutron probes 
tha t  were used over the 5-year t e s t  period. However, i t  i s  possible t o  cross 
ca l ibra te  these probes so tha t ,  over a given range of in t e res t ,  the agreement 

between probes i s  w i t h i n  f l  vol% water content (Jones 1978). An absolute e r ror  
of -11 vol% water content f o r  water content changes over the depths of 5 t o  18 m 
during the 6-year study period produces an uncertainty i n  the estimated r a t e  of 

water storage change of f2.6 cmlyr. 



F u r t h e r  work a t  t h i s  f a c i l i t y  t o  eva lua te  recharge w i l l  need t o  c a r e f u l  l y  

address t h e  p rec i s ion ,  repea tab i l  i t y  , and c o n t i n u i t y  o f  t h e  neutron probe 

measurements. 

300 Area Lysimeters 

I n  1978 s o i l - f i l  l e d  l y s i m e t e r s  were i n s t a l l e d  i n  t h e  300 Area by PNL per- 

sonnel ( P h i l l i p s  e t  a l .  1979). The purpose o f  t h i s  i n s t a l l a t i o n  was t o  develop 

methodologies f o r  measurement and model ing o f  unsaturated water  f l o w  and rad io-  

nucl i de t r a n s p o r t  a t  a r i d  s i t e s  (Gee and Campbell 1980; Gee e t  a1 . 1981 ; Jones 

and Gee 1984). F igures  5 and 8 show a p l a n  view and c ross  s e c t i o n  o f  t h e  

l y s i m e t e r  f a c i l i t y  which c o n s i s t s  o f  two 1 arge 3-m-diameter x 7.6-m-long c y l  i n- 

d r i c a l  c u l v e r t s  ( c a i s s i o n s )  and f o u r  sma l l e r  (0.6-m-diameter x  7.6-m-deep) 

caissons p laced around a c e n t r a l  ins t rument  caisson. Two smal l  (1.5 x  1.5 x 

1.5 m) l y s i m e t e r s  were a l s o  i n s t a l l e d  t o  make measurements o f  evaporat ion and 

drainage by d i r e c t  weighing. The h y d r a u l i c  and thermal p r o p e r t i e s  o f  t h e  s o i l  

used i n  these l y s i m e t e r s  were thoroughly measured (Cass, Campbell and Jones 

1981). 

I n  t h i s  f a c i l i t y  dra inage i s  measured d i r e c t l y  i n  t h e  weighing l y s i m e t e r s  

and i n  t h e  deep l y s i m e t e r s  by c o l l e c t i n g  and reco rd ing  t h e  amounts o f  water  

t h a t  have c o l l e c t e d  a t  t h e  bottom o f  these l ys ime te rs  (Jones and Gee 1984; 

Kirkham, Gee and Jones 1984; Gee and Kirkham 1984). Measurable q u a n t i t i e s  o f  

water have been c o l l  ec ted  r o u t i n e l y  f rom bo th  weighing l ys ime te rs  s ince  1979 

and f rom one l a r g e ,  deep, l y s i m e t e r  (South Caisson) s ince  1981. The t o t a l  

amounts o f  dra inage t h a t  have occurred i n  these l ys ime te rs  s ince  drainage was 

f i r s t  observed a r e  i n d i c a t e d  i n  Tab1 e 4. Note t h a t  some leakage was observed 

i n  t h e  two weighing l ys ime te rs ,  so t h e  da ta  represent  a minimum amount o f  water  

t h a t  has dra ined t o  t h e  bottom o f  t h e  l ys ime te rs .  A l l  l y s i m e t e r  sur faces were 

k e p t  bare  except  f o r  t h e  south weighing l y s i m e t e r  where cheatgrass was t rans-  

p lan ted  i n  March 1983. Several yea rs  o f  growth w i l l  1  i k e l y  be needed t o  ensure 

t h a t  t h e  r o o t s  a r e  w e l l  es tab l i shed  and e x t r a c t i n g  water  a t  t h e i r  optimum. 

However, dra inage has cont inued f rom t h e  south weighing l y s i m e t e r  t h a t  has been 

vegetated f o r  t h e  p a s t  20 months (Gee and Kirkham 1984). As noted e a r l i e r ,  t h e  

p a s t  5 yea rs  have a l l  had above normal p r e c i p i t a t i o n ,  w i t h  1983 hav ing  a t o t a l  

of  28 cm ( t h e  t h i r d  h i g h e s t  on record) .  
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TABLE 4. Measured Drainage f rom Bottom o f  300 Area Lysimeters 

Recharge Rate 
Year Lysimeter (cm/yr 

1980 Nor th  Weighing ( i r r i g a t e d ,  65 cm) 23.4 

South Weighing (noni  r r i g a t e d )  1.1 

1981 Nor th  Weighing ( i r r i g a t e d ,  7.9 cm) 6.8 

South Weighing 1.5 

South Caisson 1.1 

1982 North Weighing 

South Weighing 

South Caisson 

These data  s t r o n g l y  support  t h e  concept t h a t  drainage can occur on t h e  

Hanford s i t e  under c o n d i t i o n s  where sur face s o i l s  a re  coarse and major p re-  

c i  p i  t a t i o n  events occur d u r i  ng per iods  o f  1 ow p o t e n t i  a1 evapotranspi r a t i o n .  

The water  uptake by deep-rooted p l a n t s  on t h e  Hanford s i t e  has never been 

q u a n t i f i e d ,  b u t  such a study should be undertaken t o  more thorough ly  eva lua te  

t h e  e f f e c t  o f  deep-rooted annuals on t h e  ac tua l  evapo t ransp i ra t i on  under 

Hanford s i t e  cond i t i ons .  The placement o f  a sagebrush p l a n t  i n t o  a weighing 

l y s i m e t e r  coul  d p rov ide  a bounding es t imate  o f  t h e  reduc t i on  i n  drainage t h a t  

cou ld  be expected when deep-rooted p l a n t s  a r e  present.  

300 AREA FIELD SITE 

I n  January 1983 a network o f  25 neutron access w e l l s  were p laced i n  a 

cheatgrass covered s i t e ,  west o f  t h e  300 Area (Kirkham and Gee 1984; Gee and 

K i  rkham 1984) . The s i t e  i s 1 ocated about 2 km south o f  t he  300 Area l y s i m e t e r  

s i t e .  F i g u r e  9 shows t h e  i ns t rumen ta t i on  and t h e  t e s t  w e l l  l o c a t i o n s  a t  t h i s  

s i t e .  Since e a r l y  1983, t h e  mo is tu re  p r o f i l e s  a t  t h e  grass s i t e  have been 

moni tored on a b iweekly basis .  The data  i n d i c a t e  t h a t  s i g n i f i c a n t  q u a n t i t i e s  

o f  water  have moved below t h e  root-zone a t  t h i s  s i t e .  Est imates o f  dra inage 

were made by measuring water  con ten t  changes be1 ow t h e  1-rn depth w i t h  t i m e  

(F igu re  10). E r r o r s  i n  s torage changes over  t h i s  depth were est imated t o  be 

k0.5 cm. For an 18-month p e r i o d  o f  t ime  (January 1983 t o  June 19841, more than  
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FIGURE 10. Averaged Water Content Changes f o r  Three Depth Increments a t  
t h e  300 Area Grass S i t e  

10 cm o f  water  moved below t h e  r o o t  zone a t  t h i s  s i t e .  Mon i to r i ng  by neutron 

probe l o g g i n g  has been cont inued i n  an a t tempt  t o  f u r t h e r  document t h e  water  

s torage changes a t  t h i s  s i t e .  

INJECTION TEST 

A r e c e n t  s tudy by Sisson and Lu (1984) p rov ides  some i n s i g h t  i n t o  t h e  

e f f e c t s  o f  l a y e r i n g  on water  movement i n  t h e  unsaturated zone a t  Hanford. An 

i n j e c t i o n  we1 1 and a s e r i e s  o f  concen t r i c  mon i to r i ng  we1 1 s were cons t ruc ted  t o  

mon i to r  t h e  advance o f  a three-dimensional w e t t i n g  f r o n t  i n  unsaturated sed i -  

ments. Tracers (Cs-134 and Sr-85) were added t o  t h e  water  t o  a d d i t i o n a l l y  

observe rad ionuc l  i d e  m ig ra t i on .  The purpose o f  t h e  t e s t  was t o  eva lua te  

numerical  computer codes f o r  model ing mu1 t id imens iona l  water  f low.  Because 



water applications were made by injection a t  a point a t  depth, the t e s t  more 
accurately simulated the features of a tank leak rather  than recharge by 
precipitation. 

A n  extensive data s e t  of moisture and radionucl ide profi les  were developed 

using downwell 1 oggi ng w i t h  neutron moisture probes and gamma counting equi p- 

ment. The moisture data were tested against model simul ations,  particul ar ly  
f o r  positions close t o  the injection well. The data appeared t o  agree 
reasonably we1 1 between model simul a t i  ons and measured moisture prof i 1 es f o r  
the close well. The agreement between model and measurements was not particu- 
l a r ly  good a t  distances beyond about 2 m from the injection well. The discre- 

pancies were at t r ibuted t o  the heterogeneities i n  the layered sediments and the 
i nabi 1 i ty of the model t o  adequately describe these heterogeneities. No 

attempt was made t o  model the radionucl ide migration. 

In addition to  the model simulation comparisons, the report a1 so provides 
some information on i ni t i  a1 and drained moisture contents i n subsurface sed i- 
ments. The i n i t i a l  moisture contents of the layered sediments were not deter- 
mined by d i r ec t  gravimetri c sampl i ng, b u t  neutron-probe-inferred moisture con- 
tents  varied from le s s  than 4 t o  more than 15 volX. After injection and sub- 
sequent drainage, the water content i n  most cases returned t o  the i n i t i a l  water 

contents. These data suggest t ha t  the moisture content a t  depth a t  t h i s  1 oca- 

t ion i s  not affected by deep evaporation and/or plant roots. I t  would be 
instruct ive t o  continue t o  log these monitoring wells t o  determine the amount 
of continued redistribution of the injection water over time. Careful analysi s 
of these data may provide in  s i t u  hydraul i c  conductivity values for  these 
unsaturated sediments. Measured hydraulic conductivities can be important f o r  
predicting natural recharge. I t  would be of great  i n t e re s t  t o  evaluate these 
data fur ther  and t o  quantify the r a t e  of drainage tha t  continues t o  pers i s t  a t  
t h i s  s i t e .  A1 so, the e f f ec t  of sediment 1 ayering on both upward and downward 
migration of water i n  the unsaturated zone should be fur ther  quantified. 

TRITIUM STUDIES 

Tritium concentrations in  precipitation water increased s ignif icant ly 

a f t e r  1952 as  a r e su l t  of tes t ing of nuclear devices (Stewart and Farnsworth 



1968). The e l e v a t i o n  i n  t r i t i u m  l e v e l s  i n  p r e c i p i t a t i o n  water  was more than an 

o rde r  o f  magnitude h ighe r  than background (pre-1952) l e v e l  s, suggest ing t h a t  

t r i t i u m  c o u l d  be used as a  n a t u r a l  t r a c e r  f o r  measuring i n f i l t r a t i o n  depths i n  

unsatura ted  s o i  1  s  (A1 1  i son and Hughes 1974). 

A t  t h e  Hanford s i t e ,  measurements of t h e  depth o f  pene t ra t i on  o f  i n f i l -  

t r a t i n g  water  f rom r a i n f a l l / s n o w  me1 t were determined by measurements o f  

r a i  nout-bomb tri ti um concent ra t ions  i n sampl es taken f rom d r i l l  i ng cores from 

we1 1  12-8 southeast  o f  t h e  200 Area (Brownel 1  e t  a1 . 1971 ; Isaacson, Brownel 1  

and Hansen 1974). T r i t i u m  concent ra t ions  measured i n  1969 were s i g n i f i c a n t l y  

above background, rang ing  f rom more than 1000 t r i t i u m  u n i t s  (T.U . ) ( a )  a t  t h e  

sur face down t o  10 T.U. a t  5  m (17 f t )  below t h e  s o i l  surface. The i n i t i a l  

i n t e r p r e t a t i o n  o f  these data  was t h a t  t h e  5-m depth correspondeds t o  t h e  depth 

o f  maximum p e n e t r a t i o n  o f  r a i n f a l l / s n o w  m e l t  (meteor ic )  water.  Another 

i n t e r p r e t a t i o n  was t h a t  du r ing  t h e  t ime  i n t e r v a l  o f  nea r l y  20 years,  tri ti um 

moved a t  a  r e l a t i v e l y  cons tant  r a t e  t o  a  depth o f  5 rn. I f  t h e  average mois ture  

con ten t  o f  t h e  subsurface sediments was 5% by vo l  ume, then t h e  i n f i l t r a t i o n  can 

be shown t o  be approximate ly  2.0 cm/yr (see H e l l e r ,  Gee and Myers 1985, 

Appendix Dl. Measurements o f  t r i t i u m  a t  depth i n  t h e  s o i l  would be h e l p f u l  i n  

f u r t h e r  i d e n t i f y i n g  t h e  c u r r e n t  recharge r a t e .  Fo r  example, i f  recharge has 

been steady a t  2  cm/yr du r ing  t h e  p a s t  15 years,  then i t  can be shown t h a t  t h e  

e levated t r i t i u m  p r o f i l e  should penet ra te  t o  depths o f  more than 9  m. It seems 

p o s s i b l e  t h a t  new s tud ies  us ing  t r i t i u m  c o u l d  prove va luab le  i n  f u r t h e r  

q u a n t i f y i n g  t h e  recharge r a t e  a t  several  l o c a t i o n s  a t  t h e  Hanford s i t e .  The 

major  d i f f i c u l t y  woul d  be r e s o l v i n g  t h e  t r i t i u m  concent ra t ions  because t h e  

rainout-bomb t r i t i u m  has now decayed through an a d d i t i o n a l  two h a l f - 1  i v e s  s ince  

t h e  1969 t e s t s .  However, concent ra t ions  i n excess o f  100 T.U. s t i  11 shoul d  be 

de tec tab le  above background. Studies s i m i l a r  t o  those conducted by A1 1  i son and 

Hughes (1974) seem approp r ia te  f o r  e s t i m a t i n g  recharge a t  t h i s  a r i d  s i t e .  

(a )  T.U. = 3.2 pCi/L. 



UNSATURATED FLOW MODEL SIMULATION AND VALIDATION 

Over t h e  p a s t  20 y e a r s  a number o f  r e p o r t s  have been i s s u e d  documenting 

unsa tu ra ted  wate r  f l o w  model ing e f f o r t s  f o r  t h e  Hanford s i t e .  E f f o r t s  

i n i t i a l  l y  cen te red  around development o f  codes t h a t  woul d n u m e r i c a l l y  hand1 e 
L. 

t h e  severe nonl  i n e a r i  t i e s  t h a t  occur  i n unsa tu ra ted  wate r  f l o w  p rob l  ems, 
a .  p a r t i c u l a r l y  when wate r  moves i n t o  d r y  s o i l  (Reisenauer 1963; Reisenauer e t  a1 . 
a% - 1975; Baca, K ing  and Norton 1978; Baca, Lantz  and Fortems 1979; F in layson ,  

- 
Nelson and Baca 1978). Problems o f  i n t e r e s t  have cen te red  around subsur face 

f l o w s  (e.g., tank  l e a k s )  as w e l l  as  t h e  i n f l u e n c e  o f  mu1 t i p h a s e  (vapor  and 

l i q u i d )  f l o w  on t h e  wa te r  movement under n a t u r a l  recharge cond i t i ons .  D u r i n g  

t h e  p a s t  severa l  years ,  more a t t e n t i o n  has been d i r e c t e d  toward  va l  i d a t i o n  o f  

these  unsa tu ra ted  f l o w  models, p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  processes o f  

evapora t ion ,  t r a n s p i r a t i o n ,  r e d i s t r i b u t i o n ,  and d ra inage  i n b o t h  u n i f o r m  and 

l ayered s o i  1 s lsediments  (Jones, Campbell and Gee 1984; Gee and K i  rkham 1984; 

Si sson and Lu 1984). 

The con t i nued  development o f  unsa tu ra ted  f l o w  codes by t h e  pet ro leum 

i n d u s t r y ,  u n i v e r s i t y  research  teams, f e d e r a l  agencies,  and o t h e r s  (Oster  1982) 

has improved o u r  o v e r a l l  c a p a b i l i t y  t o  model f l o w  i n  t h e  unsa tu ra ted  zone. The 

most r e f i n e d  codes hand le  wate r  f l o w  i n  a d e t e r m i n i s t i c  ( i  .e., mechan i s t i c )  way 

(Gupta e t  a l .  1978; Simmons and Gee 1981). Tha t  i s ,  they  assume t h a t  un ique  

processes such as i n f i  1 t r a t i  on, r e d i s t r i b u t i o n ,  dra inage,  evaporat ion,  and 

t r a n s p i r a t i o n  can be  desc r i bed  ma thema t i ca l l y  and t h a t  these  processes a r e  

1 i n k e d  and i n t e r a c t  t o g e t h e r  i n ways t h a t  can be desc r i bed  by we1 1 -developed 

hydro1 o g i c  1 aws and equat ions.  The t r a n s i e n t  n a t u r e  o f  wa te r  f l o w  ( d a i l y  and 

seasonal ) i n t h e  unsa tu ra ted  zone, p a r t i c u l  a r l y  near  t h e  s o i  1 sur face,  r e q u i r e s  

c a r e f u l  c o n t r o l  o f  t i m e  s teps,  g r i d  spacings, and mass ba lance e r r o r s  t o  o b t a i n  

f l o w  p r e d i c t i o n s  t h a t  a r e  reasonable and accura te .  

Bo th  s i n g l e  and mu1 t i d imens iona l  models have been used t o  s tudy  unsatu- 

r a t e d  f l o w  a t  Hanford. However, w i t h  t h e  excep t i on  o f  t ank  l e a k  s t u d i e s  

(Reisenauer e t  a l .  1975; S isson and Lu 1984), mu1 t i d imens iona l  ( two-dimensional  

and three-d imensional  ) codes have been used s p a r i n g l y .  The c o m p l e x i t i e s  and 

t ime  i n v o l v e d  i n b o t h  r u n n i n g  t hese  model s and i n t e r p r e t i n g  t h e  r e s u l  t s  have 



n o t  j u s t i f i e d  a d d i t i o n a l  e f f o r t .  I n  a d d i t i o n ,  w i t h  t h e  excep t i on  o f  t h e  r e p o r t  

by Sisson and Lu (1984),  few da ta  a r e  a v a i l a b l e  t o  adequate ly  t e s t  a  two- o r  

three-d imensional  model. 

A t  t h i s  t ime,  no mode l ing  s tudy  f o r ' t h e  Hanfo rd  s i t e  has been s u f f i c i e n t l y  

complete so  t h a t  a  p a r t i c u l a r  model can be cons idered  v a l i d a t e d .  Pmong t h e  

numerous d i f f i c u l t i e s  t h a t  we have found  i n  o u r  model v a l i d a t i o n  e f f o r t s ,  t h e  

f o l l o w i n g  seem t o  be  t h e  most  common. 

1. Lack o f  a p p r o p r i a t e  da ta  f o r  v a l i d a t i o n .  F o r  unsa tu ra ted  f l o w  

model ing, d a t a  f r o m  t h e  200 Area and  300 Area l y s i m e t e r s  a r e  t h e  most  

ex tens ive .  However, no da ta  a r e  a v a i l a b l e  f o r  p l a n t  growth and 

e v a p o t r a n s p i r a t i o n  on t h e  200 Area l y s i m e t e r s  and o n l y  1  i m i  t e d  

amounts o f  t hese  da ta  a r e  a v a i l a b l e  f r om t h e  300 Area l y s i m e t e r  and 

g rass  s i t e .  

2. Processes n o t  w e l l  enough understood. As an example, evapot ransp i ra -  

t i o n  (ET) under  a r i d  s i t e  c l i m a t e s  i s  p o o r l y  understood. P l a n t  com- 

muni t i e s  and t h e i r  hyd ro l  o g i c a l  response a r e  v e r y  c l o s e l y  t i e d  t o  

c l  ima te  v a r i a b l e s .  P lan t s  can i n t e g r a t e  c l  irnate changes and adapt  t o  

them, b u t  t h e i r  response t o  such t h i n g s  as  d rought  o r  excess wa te r  a t  

p resen t  i s  p o o r l y  understood. 

3. S p a t i a l  v a r i a b i l i t y .  P r e c i p i t a t i o n  i n p u t  v a r i a t i o n s  as we1 1  as a r e a l  

d i s t r i b u t i o n  o f  hyd ro l  o g i  c  p r o p e r t i e s  make i t  d i f f i c u l  t t o  q u a n t i f y  

wa te r  f l o w  o v e r  1 arge areas. The model v a l i d a t i o n  e f f o r t s  c u r r e n t l y  

a r e  c o n f i n e d  t o  t e s t i n g  f o r  f l  ow under  r e1  a t i v e l y  we1 1  - c o n t r o l  1  e d  

( n e a r l y  homogeneous s o i  1  ) c o n d i t i o n s  ( 1  abo ra to r y  c o l  umns, f i e l  d  

l y s i m e t e r s ,  i s o l  a t e d  we1 1  s, e t c  .) . The model va l  i d a t i o n  e f f o r t s  w i t h  

t h e  excep t i on  o f  S i s s i o n  and L u ' s  (1984) work have been t e s t e d  

a g a i n s t  one-dimensional da ta  se t s .  Actua l  f i e 1  d  s i t u a t i o n s  p a r t i c u -  

1  a r l y  i n c o n s i d e r a t i o n  o f  wa te r  ba lance  (evapot ransp i  r a t o n  r e d i  s t r i -  

b u t i o n  and d ra inage)  w i l l  r e q u i r e  a  more d e t a i l e d  e v a l u a t i o n  o f  t h e  

h e t e r o g e n e i t i e s  o f  t h e  system, i n c l  u d i  ng p r e c i p i t a t i o n  ( r a i  n f a l  1  d i  s- 

tri b u t i o n )  s o i l  s p a t i a l  v a r i a b i l i t y  and p l a n t  temporal  and s p a t i a l  

v a r i  ab i  1 i ty . 



Recommendations f o r  con t i nued  research  i n  t h i s  area i n c l u d e  documentation o f  

one- and two-dimensional codes t h a t  b e s t  desc r i be  t h e  unsa tu ra ted  wate r  f l o w  

processes a t  Hanford. Data bases need t o  be improved so t h a t  t h e  adequacy o f  

t h e  model ( s )  can be t e s t e d  ove r  a  range o f  c o n d i t i o n s  u s e f u l  i n  making b o t h  

immediate dec i s i ons  rega rd ing  waste management o p t i o n s  and 1  ong-term pre- 
I 

d i c t i o n s  f o r  performance assessment cons ide ra t i ons .  
c - 



RECOMMENDATIONS 

Although f l o w  s tud ies  and model ing e f f o r t s  f o r  t h e  Hanford s i t e  have been 

c a r r i e d  o u t  t o  v a r y i n g  degrees du r ing  t h e  p a s t  20 years,  several  i ssues remai n 

t o  be reso lved be fo re  a d e f i n i t i v e  statement can be made rega rd ing  t h e  n a t u r a l  

recharge r a t e ( s )  t h a t  r e s u l t  f rom water  t r a n s p o r t  through t h e  unsatura ted  

zone. Impor tan t  i ssues  and recommendations f o r  research on these issues  a re  

discussed b r i e f l y  i n  t h i s  sec t ion .  

1. Unsaturated Hydraul i c  Conduc t i v i t y  Determinat ions. I n  s i  t u  measure- 

ments o f  hydraul i c  c o n d u c t i v i t y  needed t o  assess drainage and 

recharge a r e  n o t  c u r r e n t l y  a v a i l a b l e  except  f o r  a few se lec ted  t e s t s  

(Gee and Kirkham 1984; Sisson and Lu 1984). Data a r e  needed t h a t  can 

be used t o  es t imate  h y d r a u l i c  c o n d u c t i v i t y  a t  t y p i c a l  f i e l d  water  

contents  f o r  s p e c i f i c  s i t e s .  S i t e s  where i n  s i t u  measurements a r e  

taken should represent  a range o f  c o n d i t i o n s  present  a t  t h e  Hanford 

s i t e  (e.g., tank farms, f i n e  and coarse s o i l s ,  vegetated and non- 

vegetated sur faces,  etc.)  . Estimates f rom 1 aboratory samples may 

p rov ide  some i n s i g h t  i n  t h e  expected range o f  data, b u t  e r r o r s  o f  a t  

l e a s t  one t o  t h r e e  orders o f  magnitude a r e  n o t  uncommon i n  t h e  e s t i -  

mat ion o f  f i e l d  h y d r a u l i c  c o n d u c t i v i t i e s  f rom l a b o r a t o r y  measurements 

(Hi  1 l e l  1982) . Continued mon i to r i ng  o f  t h e  deep-we1 1 i n j e c t i o n  t e s t  

may p rov ide  some i n s i g h t  i n t o  expected f i e 1  d hydraul i c  c o n d u c t i v i t i e s  

o f  d r a i  ned, 1 ayered p r o f  i 1 es. We recommend t h a t  addi ti onal da ta  be 

c o l l e c t e d  f rom t h i s  s i t e  on a q u a r t e r l y  b a s i s  over  t h e  n e x t  2 t o  

3 years.  

2. Evapot ransp i ra t ion  Measurements. The measurement o f  evapotranspira- 

t i o n  (ET) i s  c r i t i c a l  t o  an understanding o f  t h e  water balance a t  t h e  

Hanford s i t e .  D i r e c t  measurements o f  ET have n o t  been repor ted,  t o  

date, except  f o r  some 1 i m i t e d  measurements o f  cheatgrass w i t h  a 

weighing l y s i m e t e r  (Gee and Kirkham 1984). Add i t i ona l  ET measure- 

ments a r e  needed t o  eva lua te  independent ly  t h i s  component o f  t h e  

water  balance. We suggest t h a t  over  t h e  n e x t  2 t o  3 years,  addi-  

t i o n a l  measurements be made on cheatgrass and a l s o  t h a t  ET f rom 



deeper r o o t e d  p l a n t s  be measured u s i n g  we igh ing  l y s i m e t r y .  A  range 

o f  annual ET measurements f o r  grasses and shrubs shou ld  be made. The 

a p p r o p r i a t e  r o o t i n g  depths, phenol ogy , and o t h e r  b i o l o g i c a l  c o n t r o l  s  

r e g u l a t i n g  seasonal and annual wa te r  l o s s e s  by a  g i v e n  p l a n t  

community shoul d  be measured t o  improve wa te r  b a l  ance model i n g  

capab i l  i t i e s  and 1  ong-term p r e d i c t i o n s  o f  ET. I n  a d d i t i o n ,  some 

e f f o r t  should be expended t o  t e s t  o t h e r  methods o f  ET measurement, 

i n c l u d i n g  Bowen r a t i o ,  eddy c o r r e l a t i o n  (Campbell 1977) and LIDAR 

( L i g h t  - - D e t e c t i o n  - And - Ranging) techn iques  (Measures 1984) t o  o b t a i n  

a r e a l  sampl ing o f  ET f o r  s e l e c t e d  t i m e  p e r i o d s  ove r  t y p i c a l  

p l  a n t / s o i l  cornmuni t i e s  a t  Hanford. 

3 .  Measurement o f  T r i t i u m  M i g r a t i o n .  The depth p e n e t r a t i o n  o f  t h e  r a i n -  

o u t  (weapons t e s t i n g )  t r i t i u m  s i n c e  1969 o f f e r s  some d i s t i n c t  oppor- 

t u n i  t i e s  t o  eva lua te  recharge. An e f f o r t  shoul d  be expended t o  scope 

t h e  range o f  t r i t i u m  con ten t s  i n  c o r e  samples a t  depth f o r  severa l  

r e p r e s e n t a t i v e  s i t e s .  Improved tri ti um measurement techniques (Jones 

and Gee 1984) and c a r e f u l  sampl i ng t o  p reven t  cross-contami n a t i o n  o f  

samples w i t h  depth w i l l  enhance t h e  1  i k e l  i hood  f o r  success o f  these  

t e s t s .  

4. S p a t i a l  V a r i a b i l i t y  o f  Na tu ra l  Recharge. Areas need t o  be s e l e c t e d  

i n  t h e  200 and 300 Areas and o t h e r  l o c a t i o n s  on t h e  s i t e  t o  e v a l u a t e  

t h e  e f f e c t s  o f  s p a t i a l  v a r i a b i l i t y  on recharge r a t e s .  Recharge can- 

n o t  be p r e d i c t e d  f rom one s e t  o f  measurements a t  one s i t e .  We sug- 

g e s t  t h a t  d i s t u r b e d  areas, t y p i c a l  o f  t h e  waste b u r i a l  s i t e s ,  be 

se lec ted ,  w i t h  and w i t h o u t  vege ta t i on .  Tests  need t o  be conducted 

t h a t  show t h e  extremes i n  expected recharge. These s i t e s  c o u l d  be 

t hose  s e l e c t e d  f o r  t r i t i u m  s t u d i e s  as we1 1 - - i f  t h e  l o c a t i o n  has n o t  

been contaminated w i t h  t r i t i u m  f r om 1  i q u i d  d i  scharges. 

5. E f f e c t s  o f  Layer ing  on Annual Recharge Rates. The proposed t r i t i u m  

s t u d i e s  and t h e  con t i nued  i n j e c t i o n  we1 1  t e s t  s i t e  m o n i t o r i n g  can 

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

recharge r a t e s .  T h i s  i s  an i m p o r t a n t  aspec t  o f  unsa tu ra ted  f l o w  a t  

Hanford and i s  r e l a t e d  t o  t h e  s p a t i a l  v a r i a b i l i t y  i s s u e  d iscussed 



prev ious l y .  An a n a l y s i s  o f  f l o w  i n  l a y e r e d  systems under n a t u r a l  

c o n d i t i o n s  w i l l  a1 so he1 p  eva lua te  t h e  p o t e n t i a l  cover  systems t h a t  

i ncorporate d i s t i n c t  t e x t u r a l  d i f f e r e n c e s  i n t o  t h e i r  design. 

6. Model V a l i d a t i o n  E f f o r t s .  Long-term p r e d i c t i o n s  o f  recharge r a t e s  

a re  necessary f o r  adequate s i t e  assessment and f o r  e v a l u a t i n g  waste 

management decis ions.  E f f e c t s  o f  c l i m a t e  change and o t h e r  p l a n t  and 

s o i l  cover  changes need t o  be s imu la ted  t o  eva lua te  t h e  changes i n  

recharge r a t e s  t h a t  m igh t  be expected under more severe (e.g., w e t t e r  

c l  imate, 1  ess p l  a n t  cover, coarser  s o i l  s) s i t e  cond i t i ons .  Model 

c a l i b r a t i o n  e f f o r t s  us ing  c u r r e n t l y  a v a i l a b l e  data w i l l  he1 p  i n  

eva lua t i ng  t h e  performance o f  unsaturated water  f l o w  model s  i n  

p r e d i c t i n g  recharge r a t e s  and p rov ide  some confidence i n  long- term 

p red i c t i ons .  



CONCLUSIONS 

Unsaturated water f l o w  s tud ies  conducted a t  Hanford d u r i n g  t h e  pas t  

20 years  have shown t h e  fo l l ow ing :  

Water contents a t  depth i n  Hanford sediments a r e  genera l l y  1  ow, rang- 

i n g  f rom 2  t o  7 w t %  i n  coarse- and medium-textured sands and 7 t o  

15 w t %  i n  s i l t s .  The low water contents tend  t o  dominate t h e  pro- 

f i 1 e, b u t  t h e  so i  1 s  a r e  ext remely heterogeneous; hence, s o i  1  water  

content  i s  n o t  a  p r e d i c t a b l e  parameter. A combinat ion o f  coarse 

tex tu re ,  low p r e c i p i t a t i o n ,  and a  deep water  tab1 e  g ives  r i s e  t o  t h e  

observed s o i l  water  contents.  Measurements o f  water content  a lone 

cannot be used t o  p r e d i c t  amounts o f  recharge. 

2. Measurements o f  m a t r i c  p o t e n t i a l  i n  deep sediments (below 10 m) sug- 

ges t  t h a t  t h e  water  i n  these sediments i s  s low ly  d r a i n i n g  t o  t h e  

water t ab le .  The r a t e  o f  drainage depends p r i m a r i l y  on t h e  

unsaturated h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  sediments. Hydrau l ic  

c o n d u c t i v i t y  throughout  an e n t i r e  s o i l  p r o f i l e  has n o t  been d i r e c t l y  

measured t o  date, b u t  cont inued mon i to r i ng  o f  i n j e c t i o n  we1 1  t e s t s  

may prov ide  i n  s i t u  measurements usefu l  f o r  es t ima t ing  unsaturated 

hydraul i c c o n d u c t i v i t y  . 
3.  Lysimeter  s tud ies  i n  t h e  200 Area from 1971 through 1977 i n d i c a t e d  

t h a t ,  w i t h i n  t h e  p r e c i s i o n  o f  t h e  neutron probe measurements 

(fl% v o l ) ,  t h e  r e s o l u t i o n  o f  recharge r a t e  was about f2.6 cmlyr. The 

t r e n d  i n  t h e  probe readings, however, suggest t h a t  water d i d  n o t  move 

below t h e  4-m depth over  t h e  6-year t e s t  per iod.  Water removal by 

p l a n t  e x t r a c t i o n  i s  a  poss ib le  exp lanat ion  f o r  t h e  l ow  r a t e  o f  

recharge a t  t h i s  l oca t i on .  

4. Lysimeter and f i e l d  s tud ies  i n  t h e  300 Area f rom 1979 through 1984 

i n d i c a t e d  t h a t  water  i s  moving a t  depths below t h e  p l a n t  root-zone. 

Recharge r a t e s  f rom bare  s o i l  exceeded 5 cmlyr  f o r  t h e  p a s t  2  years.  

Est imates o f  recharge from t h e  grass-covered f i e 1  d  s i t e s  ranged from 



3 t o  8 cm/yr. Coarse- textured s o i  1 s, s h a l l  ow-rooted p l  ants ,  combi ned 

w i t h  above-normal p r e c i p i t a t i o n ,  have o p t i m i z e d  c o n d i t i o n s  f o r  

recharge  a t  t h i s  l o c a t i o n .  

5. T r i t i u m  sampl i n g  o f  unsa tu ra ted  sediments i n d i c a t e d  t h a t  i n f i l t r a t i n g  

wa te r  a t  a 200 Area s i t e  moved t o  depths o f  5 m by  1969. I f  s teady  

recharge i s  occu r r i ng ,  t r i t i u m  1 eve1 s a t  t h i s  t e s t  s i t e  shou ld  have 

i nc reased  w i t h  dep th  s i n c e  1969, For  example, a s teady f l u x  o f  

2 cm/yr would cause present-day l e v e l s  o f  t r i t i u m  i n  s o i l  w a t e r  t o  be 

e l e v a t e d  above background l e v e l s  down t o  depths o f  9 m o r  more. 

F u r t h e r  t e s t i n g  o f  wa te r  m i g r a t i o n  u s i n g  t r i t i u m  t r a c e r s  i s 

warranted. 
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ANNOTATED BIBLIOGRAPHY 

CHARACTERIZATION OF THE UNSATURATED ZONE 

A  number o f  i m p o r t a n t  parameters  a r e  needed t o  c h a r a c t e r i z e  t h e  hydro1 ogy 

o f  t h e  u n s a t u r a t e d  zone. They i n c l u d e  s o i l  w a t e r  c o n t e n t ,  s o i l  w a t e r  poten-  

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

c h a r a c t e r i s t i c s  o f  t h e  s o i l s  and sediments w i t h i n  t h e  u n s a t u r a t e d  zone. These 

parameters ,  a1 ong w i t h  c l i m a t i c  d a t a  and p l a n t  t r a n s p i  r a t i o n  f u n c t i o n s ,  a r e  

t h o s e  needed t o  q u a n t i f y  t h e  w a t e r  ba lance  a t  a  s p e c i f i c  s i t e .  The pa ramete rs  

a r e  d e s c r i b e d  i n  d e t a i l  i n  s o i l  p h y s i c s  and h y d r o l o g y  t e x t s  (e.g., H i l l e l  1982; 

Freeze and C h e r r y  1979).  O the r  ana lyses  t h a t  h e l p  q u a n t i f y  t h e  w a t e r  s t o r a g e  

and t r a n s p o r t  p r o p e r t i e s  f o r  u n s a t u r a t e d  s o i  1  s  i n c l  ude t e x t u r a l  a n a l y s i s ,  

a n a l y s i s  o f  vapor  t r a n s p o r t  c h a r a c t e r i  s t i  cs and the rma l  p r o p e r t i e s ,  and t h e  

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

t h e  above i n f o r m a t i o n  may be r e q u i r e d  t o  adequa te l y  c h a r a c t e r i z e  t h e  unsa tu -  

r a t e d  zone a t  a  g i v e n  s i t e ,  t h e  l e v e l  o f  d e t a i l e d  i n f o r m a t i o n  needed depends on 

t h e  t y p e  o f  h y d r o l o g i c  a n a l y s i s  t h a t  i s  t o  be per formed.  A s i m p l e  assessment 

o f  t h e  p o t e n t i a l  f o r  d r a i n a g e  a t  a  g i v e n  s i t e  may r e q u r e  no more t h a n  an e s t i -  

mate o f  p r e c i p t a t i o n  and e v a p o r a t i o n  and a  t e x t u r a l  a n a l y s i s  t o  e s t i m a t e  t h e  

i n f i l t r a t i o n  c a p a c i t y  o f  t h e  s o i  1. A more d e t a i l e d  assessment, wh ich  a t t e m p t s  

t o  q u a n t i f y  t h e  amount o f  r e c h a r g e  a t  a  g i v e n  s i t e ,  may r e q u i r e  a  d e t e r m i n i s t i c  

model t h a t  i n c o r p o r a t e s  d e t a i  l e d  c l  i m a t i c  i n p u t s ,  such as d i u r n a l  and seasonal  

d i  s t  r i  b u t i  ons o f  r a i  n f a l  1 , r a d i  a t  i on and h u m i d i t y  , and i n  a d d i t i o n  i n c l  udes a1 1  

known h y d r a u l i c  and t h e r m a l  p r o p e r t i e s  o f  t h e  s o i l .  Such a  model may be needed 

when e v a p o r a t i o n  r a t e s  a r e  n o t  we1 1  known, t o  account  f o r  vapor  as we1 1  as 

1  i q u i d  w a t e r  f l o w  mechanisms. 

T a b l e  A.l l i s t s  t h e  u n s a t u r a t e d  zone c h a r a c t e r i s t i c s  i d e n t i f i e d  i n  pub- 

1  i s h e d  r e p o r t s  f o r  t h e  H a n f o r d  s i t e .  Some o f  t h e s e  r e p o r t s  were p r e p a r e d  

p r i m a r i l y  as b a s i c  c h a r a c t e r i z a t i o n  r e p o r t s  whi 1 e  o t h e r s  have a t t e m p t e d  t o  

s y n t h e s i z e  t h e  d a t a  i n t o  an a n a l y s i s  o f  w a t e r  i n f i l t r a t i o n  and q u a n t i f y  t h e  



TABLE A.1. U n s a t u r a t e d  Zone C h a r a c t e r i s t i c s  I d e n t i f i e d  i n  P u b l i s h e d  
Repor t s  f o r  t h e  Han fo rd  S i t e  

C h a r a c t e r i s t i c s  References (See Appendix 1 )  

Water Con ten t  

Grav ime t  r i  c  9  , l o  ,I1 

Neu t ron  p robe  1,2,10,11,12,13,14,15,16,17,18 

Water P o t e n t i  a1 

Psychrometer  1,2,4,15 

B l o c k  15,20 

Tens iomete r  3,15 

P r e s s u r e  p l  a t e  3,9,22,23 

Hydrau l  i c  Conduct i v i  t y  

S a t u r a t e d  3,6,7 

U n s a t u r a t e d  7  

Water R e t e n t i o n  

D e s o r p t i  on c u r v e s  3,5,6,7 ,9 

S o r p t i o n  c u r v e s  7  

Water Ba lance  

S t o r a g e  changes 1 ,2,8,11,13,14,15,16,17,18 

E v a p o r a t i  on-measured 8  , I 7  

Evapora t ion-computed 5,8 

D r a i  nage-measured 8,17 

D r a i  nage-computed 1,4,8,9,15,17,21 

S p a t i  a1 V a r i  a b i  1 i t y  

Water c o n t e n t  9,22 

H y d r a u l i c  c o n d u c t i v i t y  9  



TABLE A.1. ( c o n t d )  

C h a r a c t e r i s t i c s  References (See Appendix 1 )  

Temperature 

Thermal c o n d u c t i  v i  t y  3,5 

Thermal p r o f  i 1  es 1,2,5,13 $18 

T e x t u r e  

P a r t i c l e  s i z e  a n a l y s i s  19,22 

Model S imul  a t i  ons 

U n s a t u r a t e d  w a t e r  f l o w  5,8,16,17,21,23 

S to rage  changes 5,8,16,17 

Evapot  r a n s p i  r a t i o n  8,17 

amount o f  recharge  t h a t  may be o c c u r r i n g  a t  s e l e c t e d  s i t e s  a t  Hanford .  To 

da te ,  t h e r e  has been no comprehensive s t u d y  o f  t h e  u n s a t u r a t e d  zone a t  H a n f o r d  

t h a t  d e l i n e a t e s  zones o f  p o t e n t i a l  recharge  and demonst ra tes  t h e  use o f  a  

v a l i d a t e d  model t h a t  c o u l d  be used t o  a c c u r a t e l y  p r e d i c t  recharge  r a t e s  a t  

Hanford .  The f o l l o w i n g  s e c t i o n  o f  t h i s  r e p o r t  h i g h 1  i g h t s ,  by a n n o t a t i o n ,  t h e  

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

Hanford .  The s y n t h e s i s  o f  t h i s  i n f o r m a t i o n  i n t o  a  comprehesive a n a l y s i s ,  w h i c h  

can adequa te l y  dea l  w i t h  t h e  recharge  q u e s t i o n ,  i s  p a r t  o f  a  p lanned r e s e a r c h  

e f f o r t  schedu led f o r  c o m p l e t i o n  i n  FY 1988. 
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ANNOTATED REFERENCES ON THE UNSATURATED ZONE AT HANFORD 

1. B r o w n e l l ,  L. E., J. G. Backer ,  R. E. Isaacson,  D. J. Brown. 1975. S o i l  
M o i s t u r e  T r a n s p o r t  i n  A r i d  S i t e  Vadose Zones. ARH-ST-123, A t l a n t i c  
R i c h f i e l d  Han fo rd  Company, R i c h l a n d ,  Washington. 

ABSTRACT 

Measurements f o r  t h e  L y s i m e t e r  Exper imen t  and t h e  Thermocouple 
Psychrometer  Exper imen t  have c o n t i n u e d  w i t h  a  new s e r i e s  ( o f  measurements) 
u s i n g  c l o s e l y  spaced sensors  i n s t a l l e d  t o  a  d e p t h  o f  1.52 meters .  D u r i n g  t h e  
1973-1974 w a t e r  y e a r  t h e  p e r c o l  a t i o n  enve lope  o f  h i g h e r  m o i s t u r e  c o n t e n t  
p e n e t r a t e d  t o  a  d e p t h  o f  4  me te rs  i n  t h e  c losed-bo t tom l y s i m e t e r  and t h e n  was 
e l  i m i  na ted  by  upward t r a n s p o r t  o f  w a t e r  i n  1  a t e  summer. P r e c i p i t a t i o n  d u r i n g  
t h e  1973-1974 w a t e r  y e a r  p e r c o l a t e d  t o  a  d e p t h  o f  about  s i x  me te rs  i n  t h e  open- 
bo t tom l y s i m e t e r  and remains as a  r e s i d u a l  perched enve lope.  The i n c r e a s e  o v e r  
normal  p e r c o l a t i o n  was due i n  p a r t  t o  a  r e s i d u a l  enve lope  o f  h i g h e r  m o i s t u r e  
c o n t e n t  f r o m  t h e  p r e v i o u s  w a t e r  y e a r .  Data  t o  be c o l l e c t e d  d u r i n g  t h e  1974- 
1975 w a t e r  y e a r  s h o u l d  p r o v i d e  i n f o r m a t i o n  on whether  o r  n o t  t h e  enve lope  w i l l  
c o n t i n u e  i t s  downward movement o r  r e v e r s e  d i r e c t i o n  and move upward. The 
e q u i  1  i b r a t i o n  o f  t h e  thermocoup l  e  psychrometers  w i t h  t h e  s u r r o u n d i n g  s o i  1  now 
a1 lows f o r  more a c c u r a t e  measurements o f  w a t e r  p o t e n t i a l .  F u t u r e  work w i  11 
deve lop  r e l a t i o n s h i p s  between m a t r i c  p o t e n t i a l  , dep th  o f  p e r c o l a t i o n ,  s o i  1  
c h a r a c t e r i s t i c s ,  and seasonal  c l i m a t i c  v a r i a t i o n s .  

A n n o t a t i o n :  D iscusses  t h e  use o f  two deep (18  m) l y s i r n e t e r s  ( 1  open, 1 c l o s e d  
bo t tom)  and one uncased w e l l  i n  s t u d y i n g  s o i l  m o i s t u r e  t r a n s p o r t  t h r o u g h  
H a n f o r d  sediments.  P r e s e n t s  m o i s t u r e  d a t a  o b t a i n e d  u s i n g  the rmocoup le  
psychrometers  and a  n e u t r o n  probe. Suggests t h a t  s o i l  m o i s t u r e  p r o f i l e s ,  w h i c h  
have s tayed  r e l a t i v e l y  s t a b l e  f o r  s e v e r a l  y e a r s  ( s i n c e  1971) ,  i n d i c a t e  t h a t  
l i t t l e  wa te r ,  i f  any, i s  mov ing a t  dep ths  below 6 m. 



3. Cass, A., G. S. Campbell and T. L. Jones. 1981. H y d r a u l i c  and Thermal 
P r o p e r t i e s  o f  S o i l  Samples f rom t h e  B u r i e d  Waste Test F a c i l i t y .  PNL-4015, 
P a c i f i c  Nor thwest  Labora to ry ,  R i  c h l  and, Washington. 

SUMMARY 

The Department o f  Energy 's  (DOE) Low-Level Waste Management Program i s  
p r o v i d i n g  t h e  techno logy  necessary t o  p r o p e r l y  d ispose  o f  l o w - l e v e l  r a d i o a c t i v e  
waste. As p a r t  o f  t h i s  e f f o r t ,  P a c i f i c  Nor thwest  Labo ra to r y  (PNL) i s  s t u d y i n g  
s o i l  wa te r  movement i n  a r i d  reg ions ,  as i t  a p p l i e s  t o  sha l l ow  l a n d  b u r i a l  
techno1 ogy. 

Shal low l a n d  b u r i a l ,  t h e  most common d i sposa l  method f o r  l ow - l eve l  waste,  
p laces  waste c o n t a i n e r s  i n  s h a l l  ow t renches  and covers  them w i t h  n a t u r a l  
sediment m a t e r i a l .  To des ign  such a  f a c i l i t y  r e q u i r e s  an i n -dep th  understand- 
i n g  o f  t h e  i n f i l t r a t i o n  and evapo ra t i on  processes t a k i n g  p l a c e  a t  t h e  s o i  1  
su r f ace  and t h e  e f f e c t  t hese  processes have on t h e  amount o f  wa te r  c y c l i n g  
th rough  a  b u r i a l  zone. A t  t h e  DOE Hanford S i t e  i n  Rich land,  Washington, a  
f i e l d  i n s t a l l a t i o n  c a l l e d  t h e  B u r i e d  Waste Tes t  F a c i l i t y  (BWTF) has been con- 
s t r u c t e d  t o  s t udy  unsa tu ra ted  s o i l  wa te r  and contaminant  t r a n s p o r t .  PNL i s  
c o l l e c t i n g  da ta  a t  t h e  BWTF t o  h e l p  e x p l a i n  s o i l  wa te r  movement a t  sha l l ow  
depths,  and s p e c i f i c a l l y  evapo ra t i on  f r om  ba re  s o i l s .  The da ta  p resen ted  h e r e  
represen t  t h e  i n i t i a l  phase o f  a  c o o p e r a t i v e  e f f o r t  between PNL and Washington 
S t a t e  U n i v e r s i t y  t o  use da ta  c o l l e c t e d  a t  t h e  BWTF t o  s t udy  t h e  evapo ra t i on  
process and how i t  r e l a t e s  t o  t h e  des ign  o f  sha l l ow  1  and b u r i a l  grounds. 

The method o f  c h a r a c t e r i z i n g  evapo ra t i on  f rom ba re  s o i  1  s, be i ng  eva lua ted  
i n  t h e  c u r r e n t  s tudy  w i t h  Washington S t a t e  U n i v e r s i t y  (WSU), i n v o l v e s  c a l c u l a t -  
i ng ,  what i s  c a l l e d ,  t h e  coup led  f l o w  o f  mass and energy.  I n  most f l o w  
c a l c u l a t i o n s ,  t h i s  "coup1 i ng" i s  ignored;  however, evapo ra t i on  i s  one process 
where such a  s i m p l i f i c a t i o n  may n o t  be j u s t i f i e d .  The USU e f f o r t  i s ,  t h e r e -  
f o re ,  des igned t o  c o n s i d e r  c o u p l i n g  when e v a l u a t i n g  evapo ra t i on  f rom ba re  
s o i l s .  The goal  o f  t h i s  i n i t i a l  phase has been t o  use samples o f  s o i  1  f r om  t h e  
BWTF t o  measure t r a n s p o r t  c o e f f i c i e n t s  and s o i  1  p r o p e r t i e s  t h a t  a r e  fundamental 
t o  t h e  a n a l y s i s  o f  evapora t ion .  

T h i s  r e p o r t  b r i e f l y  d iscusses  t h e  t h e o r y  o f  hea t  and wa te r  f l o w  t o  
i l l u s t r a t e  t h e  impor tance o f  t h e  c o e f f i c i e n t s  and p r o p e r t i e s  measured. 
M a t e r i a l s  and methods used i n  t h e  l a b o r a t o r y  analyses a r e  desc r i bed  and 
re ferenced.  The t r a n s p o r t  c o e f f i c i e n t s  t h a t  were measured a r e  those  needed t o  
d e s c r i b e  t h e  uncoupled o r  independent f l o w  o f  hea t  and water .  F u t u r e  work w i l l  
i n c l u d e  c a l c u l a t i o n  o f  t h e  a d d i t i o n a l  c o e f f i c i e n t s  needed t o  desc r i be  t h e  
c o u p l i n g  and i n t e r a c t i o n  o f  hea t  and wa te r  f l ow ,  and t h e  a p p l i c a t i o n  o f  t h i s  
a n a l y s i s  t o  d e s c r i b i n g  evapo ra t i on  a t  t h e  BWTF. The p r o p e r t i e s  and c o e f f i -  
c i e n t s  measured i n c l u d e  s o i l  c h a r a c t e r i s t i c  f u n c t i o n ,  h y d r a u l i c  c o n d u c t i v i t y ,  
thermal  c o n d u c t i v i t y ,  b u l k  d e n s i t y ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  

Anno ta t ion :  D iscusses t h e  se tup  o f  t h e  BWTF. I n c l u d e s  a  s h o r t  d i s c u s s i o n  on 
t h e  t h e o r y  o f  hea t  and wa te r  f l o w  i n  s o i  1  and r e l a t e s  i t  t o  t h e  measured c o e f -  
f i c i e n t s  hnd  p r o p e r t i e s  o f  s o i l  f r om  t h e  BWTF. P r o p e r t i e s  p resen ted  i n c l u d e  
wate r  r e t e n t i o n  c h a r a c t e r i s t i c s ,  t e x t u r e ,  d e n s i t y ,  and therma l  c o n d u c t i v i t y .  



2. B r o w n e l l ,  L. E., R. E. Isaacson,  J. P. S l o u g h t e r ,  M. 0. Veatch.  1971. 
M o i s t u r e  Movement i n  S o i l s  on  t h e  H a n f o r d  R e s e r v a t i o n .  ARH-2068, A t l a n t i c  
R i  c h f i e l d  H a n f o r d  Company, R i c h 1  and, Washington. 

INTRODUCTION 

A l l  methods c o n s i d e r e d  f e a s i b l e  f o r  l o n g - t e r m  s t o r a g e  o f  r a d i o a c t i v e  
wastes  a r e  based on t h e  concep t  o f  p r e v e n t i n g  r a d i o a c t i v e  m a t e r i a l  f r o m  .. 
d i s p e r s a l  i n  n a t u r a l  w a t e r  s u p p l i e s ,  v i z . ,  s u r f a c e  w a t e r ,  g roundwater ,  and %., 

oceans. T h i s  i s  fundamenta l  because i f  such d i s p e r s a l  s h o u l d  o c c u r  a t  any  
p o i n t ,  t h e  p r o c e s s  i s  i n  p r a c t i c e  i r r e v e r s i b l e  and i t  i s ,  f o r  p r a c t i c a l  ? 
purposes,  i m p o s s i b l e  t o  r e g a i n  c o n t r o l  o f  t h e  r a d i o a c t i v e  substances d i s s o l v e d  - 4 
o r  suspended i n  t h e  w a t e r .  Because o f  t h e  b a s i c  c r i t e r i o n  o f  m a i n t a i n i n g  a  
s e p a r a t i o n  between r a d i o a c t i v e  wastes  and n a t u r a l  w a t e r  s u p p l i e s ,  E r i c h s e n  
proposes t h a t  r a d i o a c t i v e  m a t e r i a l s  be s t o r e d  i n  a r i d  areas.  

The p o s s i b l e  m i g r a t i o n  o f  r a d i o n u c l i d e s  s t o r e d  i n  t h e  s o i l s  o f  t h e  vadose 
zone i s  o f  p r i m a r y  i m p o r t a n c e  a t  h e  H a n f o r d  R e s e r v a t ' o n .  L i q u i d  was te  o f  l o w  
and i n t e r m e d i a t e  l e v e l  s  ( < 5  x l o - '  p C i / m l  and 5 x l o - '  -100 pCi /ml  ) have been 
a l l o c a t e d  t o  swamps, c r i b s ,  d r y  we1 l s ,  and t r e n c h e s .  F o r  immobi 1  i z a t i o n ,  a1 1  
o f  t h e s e  p rocedures  r e l y  on t h e  a b s o r p t i o n  o f  r a d i o n u c l i d e s  w i t h i n  a  few f e e t  
o f  t h e  s o i l  s u r f a c e ,  and /o r  t h e  l a c k  o f  l i q u i d  p e r c o l a t i o n  t o  t h e  w a t e r  t a b l e  
t o  p r e v e n t  d i s p e r s i o n  t o  n a t u r a l  w a t e r  s u p p l i e s .  

The f o l l o w i n g  program i s  proposed t o  s t u d y  t h e  phenomena o f  s o i l  m o i s t u r e  
movement a t  t h e  H a n f o r d  R e s e r v a t i o n  and t o  d e t e r m i n e  l o c a l l y  i f  t h e r e  i s  a  n e t  
t r a n s f e r  o f  w a t e r  f r o m  t h e  w a t e r  t a b l e  t o  t h e  s u r f a c e ,  as p o s t u l a t e d ,  r a t h e r  
t h a n  f r o m  t h e  s u r f a c e  t o  w a t e r  t a b l e .  The program i s  necessa ry  t o  d e f i n e  more 
c o m p l e t e l y  t h e  p o t e n t i a l  hazards  and prob lems o f  r a d i o n u c l i d e s  s t o r e d  i n  t h e  
subso i  1  , and t o  examine t h e  p o s s i  b i  1  i t y  o f  1  ong- term s t o r a g e  o f  s e l e c t e d  
n u c l e a r  was te  a t  t h e  H a n f o r d  R e s e r v a t i o n .  

A n n o t a t i o n :  P r e s e n t s  e q u a t i o n s  t h a t  r e l a t e  t h e  s o i l  s a t u r a t i o n  t o  t h e  w a t e r  
p o t e n t i a l  u s i n g  v a r i o u s  s o i  1 c h a r a c t e r i s t i c s  t o  d e t e r m i n e  i f w a t e r  w i l l  
p e r c o l a t e  t h r o u g h  t h e  s o i l  p r o f i l e  t o  t h e  w a t e r  t a b l e .  D iscusses i n i t i a l  
r e s u l t s  o f  t h e  Deep We l l  T e s t  and r e l a t e d  s t u d i e s  t o  e v a l u a t e  m a t r i c  p o t e n t i a l  
i n  H a n f o r d  sed iments .  



4. E n f i e l d ,  J. J. C.  Hs ieh,  and A. W. War r i ck .  1973. E v a l u a t i o n  o f  Water 
,. F l u x  Above a  Deep Water Tab1 e  U s i n g  Thermocouple Psychrometers,  Soi 1  Sci  . 

Soc. Amer. Proc., v o l .  37, pp. 968-970. 

ABSTRACT 

Deep w a t e r  f l o w  was e v a l u a t e d  i n  a  Washington d e s e r t  env i ronmen t  u s i n g  
N h y d r a u l i c  c o n d u c t i v i t y  and p o t e n t i a l  g r a d i e n t s .  Thermocouple psychrometers  and 

t e m p e r a t u r e  t r a n s d u c e r s  were i n s t a l l e d  t o  dep ths  o f  94  m i n  t h e  s o i l  p r o f i l e  
, .  and used t o  measure t h e  p o t e n t i a l  g r a d i e n t s .  The h y d r a u l i c  c o n d u c t i v i t y  was 

c a l c u l a t e d  u s i n g  a  m o d i f i e d  M i l l i n g t o n  and Q u i r k  e q u a t i o n  and t h e  s o i l  m o i s t u r e  
1 c h a r a c t e r i s t i c  cu rve .  The t h e r m a l  f l u i d  d i f f u s i v i t y  was c a l c u l a t e d  and used t o  
- -  e s t i m a t e  f l o w  induced  b y  t h e r m a l  g r a d i e n t s .  Under t h e  c o n d i t i o n s  s t u d i e d ,  a  

more r e f i n e d  a n a l y s i s  o f  t h e  t h e r m a l l y  i nduced  f l o w  i s  r e q u i r e d  t o  g i v e  a  
d e f i n i t e  answer as t o  t h e  d i r e c t i o n  o f  f l o w .  I t  was concluded,  however, i f  
f l o w  e x i s t e d  a t  t h i s  l o c a t i o n ,  i t  was l e s s  t h a n  1 cm/year. 

A n n o t a t i o n :  D iscusses  r e s u l t s  o f  measurements f r o m  the rmocoup le  psych romete r  
f o r  m a t r i c  p o t e n t i a l  and d i o d e  t r a n s d u c e r s  f o r  t e m p e r a t u r e  i n  an uncased w e l l  
i n  t h e  deep u n s a t u r a t e d  zone ( 9 4  m  t h i c k )  a t  H a n f o r d  o v e r  s e v e r a l  months p e r i o d  
d u r i n g  1970. F low c a l c u l a t i o n s  were based on a  c o u p l e d  h e a t  and w a t e r  f l o w  
a n a l y s i s .  Thermal g r a d i e n t s  a t  d e p t h s  be low 10 m e t e r s  suggest  t h a t  t h e r m a l l y  
i nduced  vapor  c o u l d  p roduce  s t e a d y  upward f l o w  o f  abou t  0.004 cm/yr  w h i l e  
l i q u i d  h y d r a u l i c  c o n d u c t i v i t y  e s t i m a t e s  sugges t  downward f l o w  o f  abou t  
0.03 c m l y r .  Va r i  a b i  1  i t y  i n  m o i s t u r e  r e 1  ease c u r v e  and h y d r a u l  i c  c o n d u c t i v i t y  
d a t a  make e x a c t  d e t e r m i n a t i o n  o f  r a t e  o r  even d i r e c t i o n  o f  f l o w  u n c e r t a i n .  



5. F i n 1  ayson, B. A,, R .  W. Nelson, and R .  G. Baca. 1978. A P r e l  i n i i na r y  
I n v e s t i g a t i o n  i n t o  t h e  Theory and Techniques o f  Model ing t h e  Na tu ra l  
M o i s t u r e  Movement i n  Unsa tu ra ted  Sediments. RHO-LD-47, Rockwel l  Han fo rd  
Operat ion,  R ich land ,  Washington. 

ABSTRACT 

A s tudy  was per formed on t h e  prob lem o f  deve lop ing  a genera l  computer 
model o f  f l u i d  f l o w  processes i n  a r i d  s i t e  s o i l  systems. Th is  r e p o r t  p resen t s  
t h e  r e s u l t s  o f  work i n  t h r e e  s p e c i f i c  areas: 1) f o r m u l a t i o n  o f  a  d e t a i l e d  
mathemat ica l  model, 2 )  numer ica l  s o l u t i o n  o f  t h e  govern ing  n o n l i n e a r  p a r t i a l  
d i f f e r e n t i a l  equa t ions ,  and 3 )  a p p l i c a t i o n  o f  a  one-dimensional  computer model 
t o  a  f i e l d  s i t u a t i o n .  Ma jo r  focus  o f  t h e  s t u d y  was t h e  i n v e s t i g a t i o n  o f  
t r a d i t i o n a l  numer ica l  techn iques  f o r  s o l v i n g  t h e  s t r o n g l y  nonl  i near equa t i ons  
o f  unsa tu ra ted  f l o w  t heo ry .  

A g e n e r a l i z e d  mathemat ica l  model i s  f o rmu la ted  which cons ide rs  t h e  f l u i d  
f l o w  processes o f  cap i  11 a r y ,  g r a v i t y ,  thermal  l y  induced 1 i q u i d  and vapor  
t r a n s p o r t ,  and hea t  conduct ion.  The concepts  advanced by  P h i l i p s  and de V r i e s  
a r e  used i n  d e s c r i b i n g  t h e  tempera tu re  e f f e c t s  o f  f l u i d  t r a n s p o r t .  Three f l u i d  
phases a r e  cons idered  i n  t h e  unsa tu ra ted  f l o w  model, namely: l i q u i d ,  vapor,  
and a i  r. The genera l  i z e d  model i s  expressed as f i v e  n o n l i n e a r  p a r t i a l  

. d i f f e r e n t i a l  equa t ions .  

Numerical  methods such as f i n i t e  d i f f e r e n c e ,  c o l l o c a t i o n ,  and f i n i t e  
element techn iques  a r e  rev iewed and eva lua ted .  Based on t h e  numer ica l  e x p e r i -  
ments o f  t h i s  s tudy,  a  f i n i t e  d i f f e r e n c e  method w i t h  upstream w e i g h t i n g  i s  
found t o  be a recommended approach. Th i s  approach, however, possesses 
1 i m i t a t i o n s  r e l a t e d  t o  t h e  degree o f  n o n l i n e a r i t y .  The degree o f  d i f f i c u l t y  
assoc ia ted  w i t h  s o l v i n g  t h e  n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t ions  i s  r e l a t e d  
t o  t h e  p r o p e r t i e s  o f  m a t r i x  s t i f f n e s s .  A c o e f f i c i e n t  r a t i o  i s  developed t o  
p r o v i d e  a measure o f  m a t r i x  s t i f f n e s s  which can be computed d i r e c t l y  f r om  t h e  
s o i  1-water  hyd rau l  i c  p r o p e r t i e s .  

A p r e l i m i n a r y  computer model based on a s i m p l i f i e d  model f o r m u l a t i o n  i s  
a p p l i e d  u s i n g  d a t a  f o r  a  f i e l d  l y s i m e t e r .  Comparisons between measured and 
computed m o i s t u r e  p r o f i l e s  a r e  made f o r  t h e  l y s i m e t e r .  Only  q u a l i t a t i v e  
agreement was ob ta i ned  i n  t hese  t e s t s .  I n  a d d i t i o n ,  t h e  numer ica l  s o l u t i o n  
t echn ique  was found t o  be s t a b l e  f o r  o n l y  c e r t a i n  cases. F u r t h e r  t e s t i n g  would 
be needed t o  f u l l y  check o u t  t h i s  p r e l i m i n a r y  model. 

A d d i t i o n a l  research  i s  needed t o  deve lop  numer ica l  s o l u t i o n  techn iques  
which a r e  accura te ,  s t a b l e ,  and c o m p u t a t i o n a l l y  e f f i c i e n t .  The f i n i t e  e lement  
techn iques  used i n  c o n j u n c t i o n  w i t h  a  r a p i d l y  convergent  i t e r a t i v e  a l g o r i t h m  i s  
a  p rom is i ng  approach. S imp le r  mathemat ica l  f o r m u l a t i o n s  shou ld  be used i n 
deve lop ing  p r a c t i c a l  p r e d i c t i v e  models f o r  n a t u r a l  m o i s t u r e  t r a n s p o r t .  

Anno ta t ion :  Discusses problems i n  deve lop ing  a computer model o f  f l u i d  ( 1  i q u i d  
and vapor)  f l o w  processes i n  a r i d  s i t e  s o i l  systems. S i g n i f i c a n t  d e t a i l  g i v e n  . . 

on model assumptions and numer ica l  t echn iques - requ i r ed  t o  s o l v e  a  h i g h l y  - 



complex, n o n l i n e a r  f l o w  problem. L i t t l e  d e t a i l  g i v e n  on how t h e  computer  
s i rnul  a t i o n s  were  genera ted  t o  compare model c a l c u l a t i o n s  w i t h  f i e 1  d d a t a .  
G e n e r a l l y  p o o r  agreement was o b t a i n e d  between observed  and c a l c u l a t e d  m o i s t u r e  
p r o f i l e s .  



6. Gee, G. W. and A. C.  Campbell .  1980. M o n i t o r i n g  and P h y s i c a l  
C h a r a c t e r i z a t i o n  o f  U n s a t u r a t e d  Zone T r a n s p o r t .  L a b o r a t o r y  A n a l y s i s .  
PNL-3304, P a c i f i c  Nor thwes t  L a b o r a t o r y ,  R i  c h l  and, Washington. 

SUMMARY 

U n s a t u r a t e d  column s t u d i e s  on H a n f o r d  sed iments  i n d i c a t e d  t h a t :  

1. The s o r p t i o n  o f  r e l a t i v e l y  m o b i l e  n u c l i d e s  such as t r i t i u m ,  c o b a l t -  
EDTA, and t e c h n e t i u m  c o u l d  be measured w i t h  g r e a t e r  p r e c i s i o n  u s i n g  
t h e  u n s a t u r a t e d  column t e s t s  t h a n  w i t h  b a t c h  methods. A l t h o u g h  
g e n e r a l  agreement was o b t a i n e d  between t h e  two methods, t h e  
a d s o r p t i o n  c o e f f i c i e n t  (Kd) v a l u e s  f o r  t r i t i u m ,  coba l  t-EDTA, 
t e c h n e t i u m  and i o d i n e  were l e s s  v a r i a b l e  and b e t t e r  d e f i n e d  w i t h  t h e  
u n s a t u r a t e d  co lumn t e s t s  t h a n  w i t h  b a t c h  t e s t s .  Kd v a l u e s  f o r  
s t r o n t i u m  f r o m  u n s a t u r a t e d  column t e s t s  agreed w e l l  w i t h  b a t c h  t e s t  
d e t e r m i  n a t i o n s .  

2. L i t t l e  o r  n o  d i f f e r e n c e  i n  s o r p t i o n  was obse rved  when t h e  f l o w  r a t e s  
were changed b y  more t h a n  an o r d e r  o f  magn i tude  ( 2  t o  50 cn i lday) .  

3. Changes i n  s a t u r a t i o n  p e r c e n t a g e  o f  t h e  s o i l ,  f r o m  56 t o  31%, a l s o  
had o n l y  a  m i n o r  e f f e c t  on  n u c l i d e  s o r p t i o n .  

4. F o r  l a y e r e d  sed iments ,  t h e  e f f e c t i v e  s o r p t i o n  o f  a  l a y e r e d  sequence 
i s  c o n t r o l l e d  b y  t h e  s o r p t i o n  c h a r a c t e r i s t i c s  o f  t h e  most  s o r b i n g  
1  ayer .  

A n n o t a t i o n :  D i s c u s s e s  s o r p t i o n  o f  r a d i o n u c l i d e s  by  g e o l o g i c  m a t e r i a l  f r o m  a  
sandy s o i l  t y p i c a l  o f  many s u r f a c e  m a t e r i a l s  on  t h e  Han fo rd  s i t e .  Measured 
u n s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t i e s  f o r  t h i s  sandy s o i l  r anged  f r o m  2.2 cmlday 
t o  49 cmlday a s  w a t e r  c o n t e n t  v a r i e d  f r o m  n e a r  3 1  v o l %  t o  56% ( s a t u r a t i o n ) .  














































