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1.0 INTRODUCTION 

P a c i f i c  Northwest Laboratory (PNL) has been conduct ing geohydrologic 

i n v e s t i g a t i o n s  on the  Hanford S i t e  s ince 1965 t o  e s t a b l i s h  and evaluate 

management a1 t e r n a t i  ves f o r  be1 ow-ground storage o f  waste mater i  a1 and f o r  

mon i to r i ng  ground-water contamination. Major programs were developed t o  

moni tor  Hanford ground water and numer ica l l y  model ground-water f l o w  and 

t ranspo r t  o f  ground-water contaminants. 

Three subregions a t  t he  Hanford S i t e  are o f  p a r t i c u l a r  i n t e r e s t  w i t h  

regard t o  waste management: t h e  100, 200, and 300 Areas (F igure  1.1). 

The Hanford Ground-Water Mon i to r ing  Program has been focus ing  most o f  i t s  

i n t e r e s t  on t h e  l a r g e  contaminant plumes emanating f rom t h e  200 Areas. 

However, r o u t i n e  analyses have shown t h a t  ground water beneath the  

300 Area remains contaminated (Raymond and others, 1976, P. 28, 36). 

Therefore, a more extensive d e t a i l e d  hydro log ic  s tudy was needed f o r  t h e  

300 Area. 

I n  September 1976 PNL began an extensive ground-water moni tor ing,  

ana lys is  and modeling program i n  t h e  300 Area. The major o b j e c t i v e  was t o  

ga in  a thorough understanding o f  t he  300 Area ground-water f l o w  and 

t ranspo r t  system, and t h e  l oca t i on ,  extent ,  and type o f  o f  ground-water 

contaminat ion. The 2-year study, sponsored by the  Department o f  Energy 

(DOE), was conducted i n  two phases: f i r s t ,  an i n v e s t i g a t i v e  phase 

c o n s i s t i n g  o f  extensive moni tor ing,  data c o l l e c t i o n  and analysis;  and 

second, a hydro log ic  f l o w  and t ranspo r t  modeling phase. 

The i n v e s t i g a t i v e  phase was conducted dur ing  calendar year 1977 

(CY1977). The ob jec t i ves  o f  t h i s  phase were t o  determine t h e  l o c a t i o n  and 

concent ra t ion  o f  ground-water contaminants, t o  assess and evaluate t he  

ground-water f l o w  system, and t o  a s s i s t  i n  t h e  c o l l e c t i o n  o f  data f o r  t h e  

modeling phase. To accompl i s h  these ob jec t i ves ,  data were c o l l e c t e d  by 

th ree  tasks: 1)  compi l ing e x i s t i n g  300 Area data, 2 )  gather ing  

i n fo rma t i on  on present processes i n  t he  300 Area which impact t h e  

ground-water system, and 3)  systematic ga ther ing  o f  new hydro log ic  data 

from the  study area through CY1977. 
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The model ing phase was conducted du r i ng  f i s c a l  year  1978 (FY1978). 

The o b j e c t i v e  o f  t h i s  phase was t o  u t i l i z e  t he  d e t a i l e d  da ta  gathered i n  

Phase 1  t o  c a l i b r a t e  hyd ro log i c  f l o w  and t r a n s p o r t  models o f  t h e  s tudy  

area. A h y d r o l o g i c  f l o w  model was developed t o  de f i ne  ground-water f l o w  

pa ths  and t r a v e l  t imes (i .e., de f i ne  t h e  v e l o c i t y  f i e l d ) .  The t r a n s p o r t  

model u t i l i z e d  the ou tpu t  f rom the  h y d r o l o g i c  f l o w  model and contaminant 

source terms t o  descr ibe  t h e  movement of t h e  contaminants through t he  f l o w  

system. C a l i b r a t e d  and va l ida ted ,  t h e  models may be used as a  t o o l  t o  

a s s i s t  i n  waste d i sposa l  management dec is ions.  



2.0 SUMMARY AND CONCLUSIONS 

Ground water en te r s  t h e  300 Area f rom t h e  nor thwest ,  west, and 

southwest. However, th roughou t  most o f  t h e  300 Area, t h e  f l o w  i s  t o  t h e  

east  and southeast.  Ground water f l ows  t o  t h e  no r t heas t  o n l y  i n  t h e  

southern p o r t i o n  o f  t h e  300 Area. 

N a t u r a l  i n f l uences ,  as w e l l  as human-related i n f l uences ,  were found 

t o  a f f e c t  t h e  300 Area ground-water system. V a r i a t i o n s  i n  l e v e l  o f  t h e  

Columbia R i v e r  a f f e c t e d  t h e  ground-water system by a l t e r i n g  t h e  l e v e l  and 

shape o f  t h e  300 Area water t a b l e .  When t h e  l e v e l  o f  McNary Pool was 

r a i s e d  4 f t  (1.2 m) d u r i n g  May 1977, a reversed  g r a d i e n t  was formed a long 

t h e  bank o f  t h e  Columbia R i ve r .  The r i v e r  was e l eva ted  f o r  a s u f f i c i e n t  

d u r a t i o n  t o  g i v e  t h e  appearance o f  a temporary wa te r - t ab l e  depress ion i n  

t h e  c e n t r a l  p o r t i o n  o f  t h e  300 Area. 

Large q u a n t i t i e s  o f  process waste water,  when warmed d u r i n g  summer 

months by s o l a r  r a d i a t i o n  o r  coo led  d u r i n g  w i n t e r  months by ambient a i r  

temperature,  i n f l u e n c e d  t h e  temperature o f  t h e  ground water.  Dur ing  t h e  

summer months t h e  ground water near t h e  Process Water Trenches was warmed 

as much as 16°F (9°C) above t h e  r e g i o n a l  ground-water temperature.  Dur ing  

t h e  w i n t e r  t h e  ground water was cooled more than  4°F (2°C). 

Leak ing p ipes  and t h e  i n t e n t i o n a l  d i scharge  o f  waste water ( o r  

w i thd rawa l  o f  ground wate r )  a f f e c t e d  t h e  ground-water system i n  t h e  

300 Area. As wastewater was d ischarged t o  t h e  ground a t  t h e  t renches, 

ponds, and t h e  ground su r f ace  near t h e  331 B u i l d i n g ,  temporary wa te r - t ab l e  

mounds or  lobes were formed. Withdrawal o f  water f rom a w e l l  a t  t h e  

309 B u i l d i n g  may have caused a temporary w a t e r - t a b l e  depression. Leak ing 

p ipes  caused contaminat ion o f  t h e  ground water near t h e  340 B u i l d i n g .  

Near t h e  325 B u i l d i n g ,  t h e  apparent d i l u t i o n  o f  ground-water contaminants 

t h a t  were i n  t h e  ground a l ready,  a ground-water mound o r  lobe, and 

ground-water temperature v a r i a t i o n ,  may i n d i c a t e  t h a t  p ipes  a re  l e a k i n g  

which c a r r y  Colun~bi  a R i v e r  water.  

Water q u a l i t y  t e s t s  o f  Hanford ground water i n  and ad jacen t  t o  t h e  

300 Area showed t h a t  i n  t h e  area o f  t h e  Process Water Trenches and 



S a n i t a r y  Leaching Trenches, c a l c i  um, magnesi urn, sodium, b icarbonate,  and 

s u l f a t e  ions  are more d i l u t e ,  and n i t r a t e  and c h l o r i d e  ions  are more 

concentrated than  i n  surrounding areas. F l uo r i de ,  u r a n i  urn, and be ta  

e m i t t e r s  are more concentrated i n  ground water a long t h e  bank o f  t h e  

Columbia R i v e r  i n  t h e  c e n t r a l  and southern p o r t i o n s  o f  t h e  300 Area and 

near t he  340 B u i l d i n g .  

Test w e l l s  i n  t h e  300 Area and t h e  r o u t i n e  ground-water sampl ing 

schedule o f  t h e  Ground-Water M o n i t o r i n g  Program are adequate t o  p o i n t  o u t  

contaminat ion f rom r o u t i n e  waste discharges. I n  a d d i t i o n ,  t h e  w e l l  

network i s  adequate t o  de tec t  most acc iden ta l  waste re l eases  and leakage 

f r om waste d ischarge l i n e s .  

The V a r i a b l e  Thickness T rans ien t  (VTT) Model o f  ground-water f l o w  i n  

t h e  unconf ined a q u i f e r  unde r l y i ng  t h e  300 Area has been s e t  up, 

c a l i b r a t e d ,  and v e r i f i e d .  The c a p a b i l i t y  o f  t h e  model t o  a c c u r a t e l y  

s imu la te  h o r i z o n t a l  f l o w  w i t h  t ime  va ry i ng  boundary c o n d i t i o n s  and a 

heterogeneous d i s t r i b u t i o n  o f  a q u i f e r  p r o p e r t i e s  has been demonstrated. 

The model, i n  i t s  present  s ta te ,  may now be used t o  p r e d i c t  water f l o w  

pa ths  and t r a v e l  t imes beneath t h e  300 Area f o r  any g iven  p e r i o d  o f  t ime. 

The Mu1 t icomponent Mass Trans fe r  (MMT) Model o f  d i s t r i b u t i o n  o f  

contaminants i n  t h e  sa tu ra ted  regime under t h e  300 Area has been s e t  up, 

c a l  i brated,  and tes ted .  The s i m u l a t i o n  of p o i n t  source acc iden ta l  s p i l l s  

o f  contaminants i s  a l i k e l y  sub jec t  f o r  model demonstrat ion. The model, 

i n  i t s  p resen t  form, has been used t o  p r e d i c t  contaminant movement i n  t h e  

ground water beneath t h e  300 Area. 



3.0 DATA COLLECTION 

3.1 COMPILATION OF EXISTING DATA 

A rev iew o f  a l l  p e r t i n e n t  300 Area da ta  was necessary i n  o rder  t o  

f u l l y  eva lua te  t h e  ground-water da ta  c o l l e c t e d  d u r i n g  t h i s  s tudy  and t o  

r e l a t e  t h e  r e s u l t s  t o  t h e  300 Area ground-water system. Publ ished and 

unpubl ished r e p o r t s  and a r t i c l e s  on geology, hydro logy,  waste b u r i a l ,  

ground-water contaminat ion,  and w e l l  c h a r a c t e r i s t i c s  f o r  t h e  s tudy  area 

were compi 1 ed and reviewed. 

3.2 300 AREA PROCESSES IMPACTING GROUND-WATER SYSTEM 

The ground-water system o f  t h e  300 Area i s  i n f l u e n c e d  by water t h a t  

i s  d ischarged t o  ( o r  wi thdrawn from) t h e  ground d u r i n g  300 Area 

processes. Accord ing ly ,  Hanford c o n t r a c t o r s  d i scha rg i ng  ( o r  w i thd raw ing)  

water t o  t h e  ground were contacted.  I n f o r m a t i o n  on t h e  l o c a t i o n ,  q u a n t i t y  

and q u a l i t y  o f  t h e  water d ischarged ( o r  wi thdrawn)  was compi led t o  

eva lua te  da ta  c o l l e c t e d  on t h e  wa te r - t ab l e  e l e v a t i o n  and d i s t r i b u t i o n  o f  

ground-water contaminat ion.  

3.3 COLLECTION OF NEW 300 AREA DATA THROUGH 1977 CALENDAR YEAR 

P r i o r  t o  t h i s  ground-water study, t e s t  w e l l s  were l oca ted  t o  

adequate ly  t e s t  ground-water parameters th roughou t  t h e  e n t i r e  300 Area. 

Spec ia l  emphasis was p laced on s i t i n g  t e s t  w e l l s  i n  l o c a t i o n s  where 

300 Area a c t i  v i  ti es mi gh t  i n f  1 uence t h e  ground-water system. Twenty-four 

o f  t h e  27 t e s t  w e l l s  i n  t h e  300 Area were s u i t a b l e  f o r  t h e  p resen t  study. 

I n  a d d i t i o n ,  5 w e l l s  o u t s i d e  t h e  300 Area were t e s t e d  t o  p r o v i d e  

background da ta  and i n f o r m a t i o n  on t h e  ground water  e n t e r i n g  t h e  300 

Area. F i g u r e  3.1 shows t h e  l o c a t i o n s  o f  w e l l s  t e s t e d  f o r  t h i s  study. 

Du r i ng  t h e  l a s t  week o f  each month i n  CY1977, ground-water samples 

were c o l l e c t e d  f r om t h e  t e s t  w e l l s  i n  5-ga l  ( 1 9 - l i t e r )  p l a s t i c  con ta i ne rs  

( w i t h  t h e  a i d  o f  t h e  submers ib le  e l e c t r i c  pumps i n s t a l l e d  i n  each t e s t  





well) and delivered to  United States Testing Company, Richland, WA for 

analysis . The sampl es were col 1 ected to  inventory ground-water 

contaminants in the 300 Area and to  follow ground-water movement in the 

unconf i ned aquifer by the use of contaminants as tracers.  Ground-water 

samples collected during the f i r s t  month of sampling (January 1977) were 

tested for concentrations of a l l  suspected contaminants. Radioactive 

analyses included total  alpha, gross beta, gamma scan, uranium, and 

tri t ium. Nonradioactive t e s t s  were for bicarbonate, carbonate, calcium, 

magnesium, sodium, chloride, su l fa te ,  n i t r a t e ,  chromium, copper, 

potass i um, and f 1 uori de. Specific conductivity and pH were a1 so tested. 

The determined concentrations of each contaminant were "contoured" on well 

location maps so that  the resulting isograms would display areal 

concentration. 

In the months following January 1977, the sampling of ground water 

was modified. Samples were collected only fron; 300 Area wells which were 

not sampl ed routinely for  the Ground-water Monitoring Program. In 

addition, testing for  gamna radiation and for  copper, chromium, and 

t r i t ium was discontinued because resu l t s  of the f i r s t  month of analysis 

showed the concentrations to  be near or below the detection limits. The 

resu l t s  of water tes t ing from th i s  study complemented the resu l t s  3f the 

routine water analyses for  the Ground-Water Monitoring Program. Together 

they gave a complete account of suspected contaminants in the 300 Area 

t e s t  wells. 

Depth t o  water and tcmperature of the ground water in 300 Area t e s t  

wells were measured weekly throughout CY1977. Depth to  water in each well 

was determined by measuring the vertical  distance (+ - 0.01 f t  or 0.30 cm) 

from the top of the well casing t o  the water w i t h  a steel tape. 

Temperature (2  0.03OF or - + 0.05"C) was measured by lowering a cal i brated 

thermistor t ~ l  a level 5 f t  (1.5 m )  below the water surface. Ground-water 

temperature was measured a t  the shallow depth of 5 f t  because most local 

ground-water contamination (including man-caused temperature variation) 

flows with the water in the upper portion of the unconfined aquifer (Eddy 

and others, 1978, p. 3, and Myers, 1978, p. 26) .  



To a i d  the inte;.pretat ion o f  data on the water t ab le  and ground-water 

temperature, the data were "contoured" on 300 Area we l l  l oca t ion  maps 

(Figure 3.1 ). The r e s u l t i n g  contour and isothermal maps graphica l ly  show 

the pietometr ic  surface o f  the unconfined aqui fer  and the d i s t r i b u t i o n  o f  

ground-water temperature w i t h i n  the 300 Area. 

The leve l  o f  the Columbia River (McNary Pool) a t  the 300 Area 

Plutonium Recycle Test Reactor (PRTR) water in take s t ruc tures (Figure 3.1) 

was also measured weekly (near wel l  399-4-9; the prec is ion o f  the gaging 

s ta t i on  there i s  0.1 f t  or  3 cm). This informat ion was co l lec ted because 

the unconfined aqui fer  discharges i n t o  the r i v e r  ( the  base leve l  o f  the 

unconfined aqui f  el*). Theref ore, changes i n  r i v e r  l eve l  a f f ec t  the 

water-table gradient. Bank storage occurs w i t h  a reversed gradient o f  

ground water during sudden r i s e s  i n  the leve l  o f  McNary Pool. 

Transmissiv i ty  o f  the unconfined aqui fer  i n  the 300 Area was only 

p a r t l y  known because re l a2 i ve l y  few 300 Area t e s t  wel ls  were previously 

tested by high-discharge pumping. Addi t ional  puriip tes ts  on 300 Area wel ls  

were completed i n  an attempt t o  remedy t h i s  deficiency. 



4.0 RESULTS AND INTERPRETATIONS OF DATA 

4.1 GEOLOGIC SETTING 

The Hanford Site is located in the Pasco Basin, one of several basins 

in the Columbia River Basalt Plateau. All the geologic formations present 

in the Pasco Basin underlie the 300 Area (Figure 4. I), with the exception 

of the Palouse Formation. Most of these affect the ground-water regime. 

The formations present beneath the 300 Area are, in ascending order: 

1. Columbia River Basalt Group, including the Yakima Basalt Subgroup 

(Mackin, 1961 ), its various formations, and the interbedded sediments 

of the Ellensburg Formation 

2. Ringold Formation (Merri am and Buwalda, 1917; Newcomb, 1958) 

3. Gl aciofl uvial deposits [including Pasco Gravels and Touchet Silts or 

Touchet Beds (Fl int, 1938)] 

4. Eolian sediments, locally containing some water-reworked materials 

and volcanic ash (At1 antic Richfield Hanford Company, 1976) 

Figure 4.2 shows the locations of the cross sections shown in Figure 4.1. 

4.1.1 Stratigraphy 

4.1.1.1 Columbia River Basalt Group 

The Columbia River Basalt Group (Miocene-Pl iocene) and older basal ts 

probably extend to depths in excess of 12,000 ft (3660 m) beneath the 

Hanford Site (Brown, 1969). Numerous sedimentary beds within the upper 

part of the basalt sequence are commonly considered to be the lower 

portion of the Ellensburg Formation (Mason, 1953; Schmincke, 1967). The 

sediments were derived largely from the Cascade Range to the west. 

Because those beds pinch out to the east within a few miles (kilometers) 

of the present Columbia River, they probably represent the bottom of the 

Pasco Basin at that time or early courses of the Columbia River. 

4.1.1.2 The Ringold Formation 

The Ringold Formation includes the sediments that lie above the 

topmost basalt flow in the Pasco Basin (Brown and McConiga, 1960; 
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Newcomb, 1958). However, because the  uppermost b a s a l t  f 1 ows beneath t h e  

300 Area p inch  o u t  northwestward (Ledgerwood and others, 1973), the  

interbedded sediments assigned t o  t he  E l  lensburg Formation occupy the  same 

s t r a t i g r a p h i c  p o s i t i o n  as sediments assigned t o  the  Ringold Formation. 

Therefore, t he  d i s t i n c t i o n  between the  two formations i s  a r b i t r a r y  i n  t h e  

Pasco Basin. 

With the except ion o f  sediments assigned t o  the  E l  1 ensburg Format ion, 

t h e  Ringold Formation i s  l a r g e l y  q u a r t z i t i c  g rave ls  and quar tz -  and 

mica- r i ch  sands der ived p r i n c i p a l l y  from the  g r a n i t i c  and metamorphic 

rocks o f  t he  Nor th Cascades and Okanogan Highlands. B a s a l t i c  sands and 

gravels  l o c a l l y  predominate, r e f l e c t i n g  upstream eros ion i n  b a s a l t i c  

p o r t i o n s  o f  t h e  Columbia R iver  course. 

Strand and Hough (1952), on the  bas is  o f  pa leon to log i ca l  evidence, 

determined t h a t  t h e  age o f  t he  Ringold Formation i s  middle t o  p o s s i b l y  

l a t e  Pleistocene. The format ion was suggested t o  be o f  P le is tocene age by 

Mackin (1961), and as e a r l y  Ple is tocene o r  even Pl iocene by Brown and 

Brown (1961). La te r  p u b l i c a t i o n s  such as Brown (1975) consider the age o f  

t h e  Ringold Formation t o  be e a r l y  Pl iocene t o  e a r l y  Ple is tocene.  The 

d iscovery  o f  new f o s s i l  forms re -es tab l i shed the  age o f  the Ringold 

Formation as Pl iocene and e a r l y  P le is tocene (Gustaf son, 1973). 

Newcomb (1958) d i v i ded  the  Ringold Formation i n t o  t h ree  members: t he  

" lower b lue-c lay  member," a "middle conglomerate member," and an "upper 

member" o f  s i l t  and f i n e  sand. He suggested t h a t  the  lowest and uppermost 

members were deposited wh i l e  t he  Columbia R iver  was impounded by t h e  

r i s i n g  Horse Heaven H i l l s  A n t i c l i n e .  The "middle conglomerate member" was 

deposited when t h e  Columbia River  t empora r i l y  breached t h e  Horse Heaven 

H i l l s  A n t i c l i n e .  A f i n a l  drainage of the  impounded lake  dur ing  r a p i d  

entrenchment o f  t h e  Columbia R iver  ended depos i t ion  of t he  Ringold 

Formation. 

The sec t i on  descr ibed by Newcomb (1958) i s  app l i cab le  o n l y  i n  t he  

southern end o f  t he  White B l u f f s ,  t h e  type  sec t i on  o f  t he  Ringold 

Formation. Elsewhere i n  t he  Pasco Basin t he  sediments l o c a l l y  revea l  a 



different depositional history. The "lower blue-clay member" is most 

prominent beneath the Tri-Cities and parts of the Hanford Site. The 

"middle conglomerate member" is found beneath the Hanford Site, where the 

basin repeatedly contained the ancestral course of the Columbia River. 

The upper silts and sands are present only in the White Bluffs, because 

el sewhere they have been removed by erosion. 

Gravels are present in all horizons in the formation at some locality 

up to at least 500 ft (153 m) elevation, indicating that true impoundment 

of the ancestral Columbia River by the Horse Heaven Hills Anticline was 

not necessary. A more reasonable explanation for the deposition of the 

complex association of interfingering sand, silt, clay, and gravel beds is 

that the rising Horse Heaven Hills Anticline merely raised the local base 

level of the ancestral Columbia River. Gravel deposits represent normal 

fluvial deposition. The finer grained sediments represent shallow lake or 

floodplain deposits in which meander scars, oxbow lakes, braided channels, 

backswamps, and natural levees were formed. Silts and clays could have 

been deposited in flood areas. 

The Ringold Formation beneath the 300 Area is approximately 150 ft 

(46 m) thick. As shown in Figure 4.1, the lower 40 ft (12 m) are composed 

largely of silt and clay with occasional sand and gravel. Above the clay 

and silt is a complex association of gravel and sand with an occasional 

lens of silt or clay. Sediments deposited above the present Columbia 

River level (to an altitude of about 1000 ft or 305 m) were removed by 

erosion prior to the deposition of the Pasco Gravels. 

4.1.1.3 Glaciofluvial Deposits 

Coarse-grained glaciofluvial deposits overlying the Ringold Formation 

are called Pasco Gravels. The fine-grained, slack-water deposits known as 

the Touchet Silts (Flint, 1938) are largely facies variants of the Pasco 

Gravels (Newcomb, 1972). The Pasco Gravels and Touchet Silts were 

deposited in the Pasco Basin upon an irregular surface which was eroded by 

normal fluvial processes of the ancestral Columbia River, as well as by 

catastrophic floods. 



A l l  i s o n  (1933) and F l i n t  (1938) p o s t u l a t e d  t h a t  t he  g l a c i o f l u v i a l  

sediments were deposi ted i n  a  l a k e  o r  lakes  c rea ted  b y  i c e  damming i n  t h e  

Columbia gorge and t r i b u t a r i e s .  Newcomb (1972) cons idered t h a t  t he  

depos i ts  were l a r g e l y  g l a c i a l  me l twa te r  o r  outwash deposi ts .  However, 

o r i g i n  by normal g l a c i a l  outwash o r  a  l o c a l  ice-dammed l a k e  cou ld  n o t  

e x p l a i n  some o f  t h e  unusual topographic  f e a t u r e s  (Baker, 1973). 

Overwhelming evidence c i t e d  by B re t z  (1959) and Baker (1973) i n d i c a t e s  

t h a t  t h e  bu l k  o f  t h e  sediments are t h e  p roduc ts  o f  c a t a s t r o p h i c  f l o o d s  

which swept across t h e  Columbia P la teau  f rom the  no r theas t  du r i ng  l a t e  

P le is tocene t ime. 

Newcomb and o the rs  (1972) summarized t h e  major d i s t i n c t i o n s  between 

t h e  Pasco Gravels  and t he  unde r l y i ng  R ingo ld  Formation. The Pasco Gravels  

are b a s a l t i c  i n  bo th  t h e  sand and g rave l  f r a c t i o n s .  Qua r t z  i s  t h e  major  

c o n s t i t u e n t  o f  t h e  sand f r a c t i o n  i n  t h e  R ingo ld  Formation, and R ingo ld  

g rave l s  are e x o t i c  types such as g ran i t e ,  vo l can i c  porphyry,  and metamor- 

p h i c  rocks  such as q u a r t z i t e .  Basa l t  g rave l  i n  t h e  R ingo ld  Format ion can 

predominate i n  some loca les ,  b u t  o v e r a l l  i t  i s  minor. Besides hav ing a 

g rea te r  percentage o f  basa l t ,  t h e  Pasco Gravels a re  no rma l l y  l e s s  com- 

pacted, l ess  indurated,  and more permeable than t he  R ingo ld  Formation. 

Gravel  i n  t h e  g l a c i o f l u v i a l  sediments has no apprec iab le  a l t e r a t i o n s ,  

whereas the  g rave l  o f  t he  R ingo ld  Format ion has a l t e r a t i o n  r i n d s  up t o  1/8 

i n .  (3.2 mm) t h i c k .  Another major d i s t i n c t i o n  i s  t h e  o v e r a l l  g r e a t e r  

abundance o f  s i l t  and c l a y  i n  a l l  t h e  R ingo ld  Format ion sediments, even i n  

g r a v e l  hor izons,  than i n  t h e  Pasco Gravels.  

A t  severa l  l oca les  w i t h i n  the  Pasco Basin the  g l a c i o f l u v i a l  sediments 

a re  c l e a r l y  graded, r ang ing  f rom bou lders  a t  t h e  base o f  each sequence 

upward through cobbles and pebbles t o  sand, accord ing t o  R. E. Brown o f  

PNL. Each sequence i n d i c a t e s  depos i t i on  o f  coarse sediments du r i ng  

i n i t i a l  surges of f loodwaters  w i t h  f i n e r  sediments depos i ted  l a t e r  as each * .  . .  
f l o o d  surge decreased. Near I c e  Harbor Dam and south o f  t h e  Columbia 

.9 - 
Rive r  between t he  c i t i e s  of Rich land and Kennewick, w e l l  da ta  and outcrops 

show evidence f o r  two major f l o o d s  o r  f l o o d  surges. S i m i l a r  evidence was 



also reported a t  excavations fo r  Washington Nuclear Project No. 4 (WNP-4, 

constructed for  Washington Public Power Supply System) by Lindberg 

(1976). In those excavations two cycles of graded bedding were recognized 

with overlying channel f i l l i n g s  and lag concentrates. 

Pasco Gravels underlying the 300 Area a lso  display two cycles of 

graded bedding. However, the f i ne r  portion of the second, or upper cycle, 

i s  not present. The upper portion may have been removed by erosion, 

exposing boulders a t  the surface (Figure 4.1). Immediately below the  

boulders are f i ne r  grained sediments typical  of another sequence of graded 

bedding. Glaciofluvial sediments were probably deposited up t o  500 f t  

(153 m )  elevation as evident a t  the Fast Flux Test Fac i l i t y  (FFTF) s i t e .  

In the  300 Area the sediments deposited above the boulders were probably 

comparable to the coarse black sands a t  the FFTF and Washington Nuclear 

Project No. 4 s i t e s .  

In 1958, excavation fo r  the Plutonium Recycle Test Reactor and 

appurtenant s t ructures  (Figure 3.1) disclosed the presence of a channel 

incised into the Ringold Formation beneath the 300 Area. As shown i n  

Figure 4.1, the  channel i s  f i l l e d  with glaciofluvial  sediments and 

separated from the present channel of the Columbia River by a natural 

1 evee of re1 a t ive ly  impermeable Ringold sediments. Attesting to the low 

permeability of t h i s  levee was the small amount of water tha t  leaked into 

the  excavation from the Columbia River during dewatering operations. In 

contras t ,  a water flow of 15,000 gal per minute (-950 l / sec )  entered the 

west s ide  of the excavation through the  highly permeable, gl aciof luvial 

sediments ( R .  E. Brown, P N L ) .  

Dri l l ing logs, permeability t e s t s ,  and d r i l l i n g  samples, along w i t h  
@ apparent movement of uranium contaminants in the ground water, fur ther  - 

confirm the presence of a channel beneath the 300 Area (Brown and 

/ . c  
others, 1958). Recent well d r i l l i ng  has fu r ther  traced the  channel to  the  

north and south. The channel, which has a p ro f i l e  similar  in cross 

section to the  present Columbia River channel, merges with the  Columbia 

River about 2 miles (3.2 km) to the north and about 1 mile (1.6 km) south 

of the  300 Area. 



4.1.1.4 Eolian Sands and Silts 

The surface sediments above the glaciofluvial sediments in the 

300 Area are largely wind-transported and deposited sands and silts. 

These sediments were deposited in dunes up to 10 ft (3.05 m) in depth. 

The dunes are largely stabilized by vegetation. Dunes are more prominent 

to the southwest of the 300 Area and immediately north of the 300 Area. 

The northward increase of eolian sand and silt is shown by Figure 4.1. 

The dunes have long dimensions oriented about N.50°E. This 

orientation reflects the effect of topography to the southwest (upwind). 

Topographic features undoubtedly affecting wind flow are the southeast end 

of the Rattlesnake Hills and the several lines of irregular buttes 

trending southeastward from the Rattlesnake Hi1 1s toward Wal lula Gap. 

4.1.2 Structure 

The 300 Area lies above the axis of the northwest-southeast trending 

Pasco Syncline. This syncline plunges gently northwestward toward the 

structural low of the Pasco Basin about 10 miles (16 km) to the northwest 

of the 300 Area. The basaltic bedrock surface along the synclinal axis 

beneath the 300 Area dips toward the northwest at a gradient of 25 ft/mile 

(5 m/km or 1/4 degree). However, that dip is not entirely tectonically 

related. The youngest basalt flows emanated largely from the east and 

southeast (Brown, 1969; Schmincke, 1964; Swanson and others, 1972), and 

advanced northwestward into the Pasco Basin where several flows pinched 

out. An "offlap" relationship exists toward the south and southeast, with 

the older basalt flows forming the basalt surface progressively farther to 

the west and north. Therefore, the true dip of the individual basalt 

flows is slightly less than 1/4 degree including "flow1' dip (the effect of 

thinning and pinchout) and 1 ater tectonic deformation. 

Ringold Formation sediments generally have similar dips as the 

underlying basalt flows. However, slightly lower dips prevai 1 upward in 

the section indicating deformat ion during depos: tion (Brown and 
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• McConiga, 1960). Gen t l y  d i p p i n g  R ingo ld  Format ion s t r a t a  are a l s o  

t 
apparent i n  t h e  southern end o f  t h e  White B l u f f s ,  and beneath t h e  

I -  300 Area, l e s s  than  a  m i l e  away, t h e  d i ps  are even lower.  

- 
The 300 Area l i e s  above what e v i d e n t l y  was t h e  p r i n c i p a l  course o f  

t h e  ances t ra l  Columbia R i v e r  du r i ng  depos i t i on  o f  much o f  t h e  R ingo ld  

Format ion.  Th i s  p o s i t i o n  i s  i n d i c a t e d  by t h e  abundance o f  g rave l  p resen t  
C 

i n  t h e  R ingo ld  Format ion and t h e  r e l a t i v e l y  smal l  amount o f  s i l t  o r  c l a y  

above t h e  lowermost s i l t  and c l a y  bed. To t h e  eas t  and west o f  t h e  

300 Area, s i l t  and c l a y  are much more abundant h igher  i n  t h e  sec t ion .  The 

Pasco Bas in  and t h e  r e s u l t i n g  common courses o f  t h e  ances t ra l  Columbia 

R i ve r  were formed by r e l a t i v e  subsidence o f  t h e  Pasco Bas in  as t h e  

Rat t lesnake  H i l l s ,  Yakima Ridge, and Umtanum Ridge were be ing u p l i f t e d .  

4.2 HYDROLOGIC SETTING 

Ground water beneath t h e  300 Area occurs i n  con f i ned  a q u i f e r s  w i t h i n  

t h e  b a s a l t  sequence and i n  t h e  unconf ined a q u i f e r  w i t h i n  t h e  R ingo ld  

Format ion and Pasco Gravels.  The boundary between t h e  con f i ned  and 

unconf ined a q u i f e r s  i s  t h e  lowermost s i l t  and c l a y  member o f  t h e  R ingo ld  

Formation. Water en te r s  t h e  con f i ned  a q u i f e r s  a t  numerous s i t e s  around 

t h e  basin,  and a t  a  few s i t e s  w i t h i n  t h e  bas in ,  bu t  t h e  low p e r m e a b i l i t y  

o f  t he  lowermost s i l t  and c l a y  member a l lows  l i t t l e  in te rchange  o f  ground 

water between con f i ned  and uncon f i  ned a q u i f e r s  (R. E. Brown, PNL) . 
Conf ined a q u i f e r s  w i t h i n  t h e  b a s a l t s  are l a r g e l y  r e s t r i c t e d  t o  

sedimentary i n t e rbeds  o r  f l o w  con tac t s  where t h e  b a s a l t  tends t o  be 

scor iaceous, b recc ia ted ,  o r  h i g h l y  j o i n t e d .  These a q u i f e r s  a re  con f i ned  

because b a s a l t  f lows are l a r g e l y  impermeable i n  t h e i r  c e n t r a l  p a r t s  and 

many of t h e  in terbedded sediments are s i l t s t o n e s  and c lays tones  o f  low 

permeabi l i t y .  

Na tu ra l  recharge o f  t h e  unconf ined a q u i f e r  ( o r  wa te r - t ab l e  a q u i f e r ) ,  

g e n e r a l l y  occurs a t  t h e  nor thwes t  marg in  o f  t h e  Pasco Bas in  where canyons 

en te r  t h e  Hanford S i t e .  A r t i f i c i a l  recharge occurs a t  t h e  200 Areas. 

Ground water from t h e  n a t u r a l  and a r t i f i c i a l  recharge areas f l o w s  down 



gradient toward the basin low and eventually into the Columbia River. 

However, along the southeastern edge of the Hanford Site the water-table 

aquifer is recharged largely from the Yakima River. This is suggested by 

the water-table contours as shown in Figure 4.3. From the Yakima River, 

the ground water flows generally eastward into the Columbia River. 

Therefore, the 300 Area is located fairly close to the area where two 

unconfined ground-water sources mix: 1 ) ground water f 1 owing 

southeasterly from the central portion of the Hanford Site, and 2) ground 

water recharged by the Yakima River. 

Additional evidence of ground-water recharge from the Yakima River in 

the southeastern part of the Hanford Site is indicated by water analyses. 

Analyses of ground water from the Horn Rapids triangle area show slightly 

higher (25 versus 16 mg/l or ppm) sodium content than more northerly 

ground water (Newcomb and others, 1972). Other dissolved salts show 

similar results. These analyses are consistent with the Yakima River as a 

ground-water source. The ground water from this source flows through more 

silicic volcanic sands and gravels than ground water further north. 

In 1948, concern over the possible movement of uranium-bearing ground 

water (and other waste products that were discharged to the process ponds) 

into water supply wells or into the Columbia River led to a ground-water 

investigation in the 300 Area (R. E. Brown, PNL). Wells were drilled 

around the North and South Process Ponds (Figure 3.1) and other locations 

where uranium contamination was potentially present. 

Monitoring of water levels in the 300 Area wells disclosed that a 

reversed gradient was imposed on the ground water as the Columbia River 

level increased during spring floods (Haney, 1957). This resulted in bank 

storage of water that normally would have entered the river. Ground-water 

temperature measurements indicated that cooler river water was entering 

the ground-water flow system largely between the two process ponds. 

Well '1-3 (Figure 3.1) showed a faster response in water-level rise, an 

earlier drop in temperature, and a more rapid drop in uranium 

concentration than other wells. Subsequently, the uranium-contaminated 
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ground water moved i n l a n d  under t h e  i n f l u e n c e  o f  t h e  reversed  g rad ien t ,  

f o l l o w e d  by t h e  c o o l e r  Columbia R i v e r  water .  The maximum de tec ted  

westward penen t ra t i on  o f  t he  uranium con tamina t ion  caused by t h e  reve rsed  

g r a d i e n t  was t o  Wel ls  8-1 and 8-3, a l though  s i g n i f i c a n t  head changes 

occur red  up t o  2 t o  2-1/2 m i l e s  (3.2 t o  4 km) f rom t h e  r i v e r .  

When t h e  r i v e r  l e v e l  dropped d u r i n g  t h e  summer, t h e  g r a d i e n t  aga in  

s loped toward t h e  Columbia R i v e r .  The peak uranium c o n c e n t r a t i o n  f l owed  

southward toward Wel ls  3-2, 3-3, and 699-S27-E14. The uranium-contaminated 

ground water became so d ispersed  and blended w i t h  uncontaminated ground 

water t h a t  t h e  peak concen t ra t i on  was b a r e l y  d i s c e r n i b l e  a t  w e l l  

699-S27-E14. 

The anc ien t  r i v e r  channel, d i scovered  i n  1958 w h i l e  workers were 

excava t i ng  f o r  t h e  P lu ton ium Recyc le  Test  Reactor,  p robab l y  i s  r e s p o n s i b l e  

f o r  t h e  r a p i d  response o f  t he  ground-water l e v e l s  and contaminant movement 

t o  changes i n  h y d r a u l i c  g r a d i e n t  (R. E. Brown, PNL). The Pasco Grave ls  

w i t h i n  t h e  channel are more permeable than  t h e  sur round ing  R ingo ld  

Format ion.  Westward movement o f  t h e  ground water beyond t h e  channel 

boundary (near 8-1 and 8-3) i s  i n h i b i t e d  by t h e  lower  p e r m e a b i l i t y  o f  t h e  

R ingo ld  Format ion.  The channel was shown t o  extend i n  t h e  n o r t h  and sou th  

d i r e c t i o n s  by t h e  southward movement o f  t h e  peak uranium concen t ra t ion .  

A breach i n  t h e  n a t u r a l  levee sepa ra t i ng  t h e  o l d  channel and c u r r e n t  

Columbia R i v e r  channel must be respons ib l e  f o r  t h e  h i g h  f l o w  r a t e  between 

t h e  two process ponds (near  Well 1-3) t h a t  r a p i d l y  admits coo le r  Columbia 

R i v e r  water .  The breach i s  o f  unknown w id th ,  bu t  i t s  presence has been 

conf i rmed by a s p r i n g  a long t h e  Columbia R i v e r  bank which re l eases  warmer, 

uranium-contami nated water d u r i n g  low r i v e r  stages (R. E. Brown, PNL). 
9 

4.3 PREVIOUS 300-AREA PROCESSES 

Uranium-contaminated s o l i d  wastes have been b u r i e d  i n  300 Area B u r i a l  

Grounds No. 1 th rough  8, and t h e  300 West B u r i a l  Ground ( F i g u r e  4.4) a t  '9 

va r i ous  t imes f rom 1944 t o  1968. Because t h e  s o l i d  wastes were b u r i e d  w e l l  



FIGURE 4.4. Locat ion o f  300 Area Wells, B u r i a l  Grounds, Bu i ld ings ,  
Ponds and Trenches 
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above t h e  wa te r - t ab l e ,  ground-water con tamina t ion  f r om those  waste 

p roduc ts  was ve ry  u n l i k e l y .  However, d u r i n g  heavy r a i n f a l l ,  r u n o f f  f r om  

p a r k i n g  l o t s  near t h e  333 B u i l d i n g  was r o u t e d  t o  t h e  r e t i r e d  B u r i a l  Ground 

No. 3  where s o l i d  uranium wastes a re  known t o  be bur ied .  A l though  some 

uranium con tamina t ion  cou ld  have been f l u s h e d  down t o  t h e  water  t a b l e ,  

water  q u a l i t y  t e s t s  by t h i s  s tudy d i d  no t  show any i nc rease  i n  uranium 

concen t ra t i on  o r  o the r  a1 pha p a r t i c l e  e m i t t e r s  near t h a t  b u r i  a1 ground 

(F i gu res  4.5 and 4.6). 

Drums o f  uranium-contaminated o rgan i c  s o l v e n t  were b u r i e d  i n  t h e  

300 West B u r i a l  Ground i n  1955 and 1956. As w i t h  o the r  300 Area b u r i a l  

grounds, water q u a l i t y  t e s t s  a t  assoc ia ted  300 Area t e s t s  w e l l s  d i d  no t  

show any i ncrease i n  uranium concen t ra t i on  o r  o the r  a lpha p a r t i c l e  

e m i t t e r s  . 
The d ischarge  o f  uranium-contaminated waste water t o  t h e  u n l i n e d  

process ponds and u l t i m a t e l y  i n t o  t h e  Columbia R i v e r  v i a  t h e  ground water  

was t h e  p r a c t i c e  from 1944 u n t i l  1975. T h i s  p r a c t i c e ,  bes ides contami-  

n a t i n g  t h e  ground-water system i n  t h e  v i c i n i t y  of t h e  process ponds, a l s o  

contaminated t h e  ground-water system a long  t h e  process sewer l i n e s .  The 

process waste li nes t h a t  c a r r i e d  t h e  uranium-contaminated waste water t o  

t h e  process ponds were cons t ruc ted  o f  v i t r e o u s  c l a y  b e l l  and s p i g o t  sewer 

p i p e  and were known t o  l eak  a t  many j o i n t s .  Th i s  p r a c t i c e  o f  d i sposa l  i s  

respons i  b l e  f o r  t he  o v e r a l l  i nc rease  i n  u ran i  urn con tamina t ion  (and be ta  

e m i t t e r s  from uranium daughters)  beneath t h e  300 Area (F i gu res  4.5 and 

4.7). 

From 1967 t o  1972, animal wastes contaminated w i t h  ( a  b e t a  

e m i t t e r )  were d isposed by d ischarge  t o  a  d r a i n f i e l d  east  o f  t h e  331 

B u i l d i n g .  Water samples t e s t e d  i n  January 1977 i n d i c a t e d  t h a t  t h e  ground 

water near t h e  d r a i n f i e l d  was no t  contaminated w i t h  9 0 ~ r  a t  t h e  t i m e  o f  

water t e s t i n g  ( F i g u r e  4.7). A f t e r  1972, t h e  animal wastes contaminated 

w i t h  were disposed t o  t he  process ponds, and i n  1973, research  i n  

t h e  331 Bui  1  d i  ng genera t ing  90~ r - con ta rn i  nated animal wastes was 

d iscon t inued .  D isposa l  o f  animal wastes ( n o t  contaminated w i t h  



FIGURE 4.5. Concentrat ion o f  Uranium i n  t he  Unconfined Aqu i fe r  
Under t h e  300 Area i n  January 1977 (background 
concent ra t ion  l e s s  than 2.0 p C i / l )  
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t o  t h e  process ponds cont inued u n t i l  1975 when t h e  Process Water Trenches 

were p u t  i n t o  use. I n  June 1977, t h e  d i sposa l  o f  animal wastes was 

changed f r om t h e  Process Water Trenches t o  t h e  S a n i t a r y  Leaching Trenches. 

4.4 UNPLANNED RELEASES 

Small q u a n t i t i e s  o f  uranium wastes o r  wastes c o n t a i n i n g  f i s s i o n  

p roduc ts  have been d ischarged a c c i d e n t a l l y  t o  t h e  ground near t h e  321, 

327, and 340 B u i l d i n g s  (F i gu re  4.4). However, most o f  t h i s  con tamina t ion  

was e a s i l y  c leaned up o r  excavated, caus ing l i t t l e  o r  no impact on t h e  

ground-water system. 

S tee l  waste l i n e s  se r v i ng  t h e  324, 309, 325, 327, 329, and 340 

B u i l d i n g s  ( F i g u r e  4.4) are known t o  be i n t e r n a l l y  contaminated w i t h  

f i s s i o n  p roduc ts .  Leaks i n  t h i s  system have occur red  and one l a r g e  l e a k  

was d iscovered  i n  December 1969 a t  t h e  ~ o s i t i o n  o f  w e l l  3-8. Denham 

(1970) r e p o r t e d  t h a t  10 c u r i e s  each o f  and 1 3 7 ~ s  i n a d v e r t e n t l y  

leaked i n t o  t h e  s o i l  d u r i n g  a  p e r i o d  o f  1  year  or  more. Because w e l l  3-8 

was d r i l l e d  d i r e c t l y  th rough  t h i s  l eak  s i t e  t o  mon i to r  t h e  e f f e c t  on 

ground water due t o  t h e  contaminated s o i l  which was n o t  removed, t h e  

compara t i ve ly  h i g h  concen t ra t i on  o f  gross be ta  e m i t t e r s  near t h a t  w e l l  (as  

shown i n  F i g u r e  4-7),  was expected. The gamma scan of water f r om  w e l l  3-8 

f o r  January 1977 showed t h a t  t h e  o n l y  gamma e m i t t e r  above d e t e c t i o n  l i m i t s  

was 1 3 7 ~ s .  Stront ium-90, which does no t  emi t  gamma r a d i a t i o n ,  was no t  

de tec ted  i n  these  samples. However, i t  has been i d e n t i f i e d  i n  o the r  

samples analyzed s p e c i f i c a l l y  f o r  by t h e  Ground-water M o n i t o r i n g  

Program. F i s s i o n  p roduc ts  have no t  been i d e n t i f i e d  i n  samples f r om  o the r  

300 Area w e l l s .  

Another l a r g e  re l ease  o f  r a d i o a c t i v e  waste may have occurred near t h e  

306 B u i l d i n g .  Dur ing  t h e  weekend of J u l y  4, 1978, 947 ga l  (3585 1 )  o f  

n i t r i c  a c i d  s o l u t i o n  c o n t a i n i n g  268 1b (121.6 kg)  o f  dep le ted  uranium 

d ra i ned  f r om a  s to rage  tank  i n t o  t h e  300 Area process was te - l i ne  system. 

However, water  samples f rom bo th  t h e  was te - l i ne  system and f r om w e l l s  

ad jacen t  t o  t h e  Process Water Trenches have f a i  1  ed t o  c o n f i r m  t h a t  t h e  



t h e  uranium and a c i d  ever reached t h e  t renches ( B a t t e l l e  Occurrence 

Report ,  76-BNW-14). The r e s u l t s  o f  over 100 p C i / l  o f  uranium and 100 mg/l 

o f  n i t r a t e  d iscovered  i n  w e l l s  southeast  o f  t h e  306 B u i l d i n g  by t h e  

Ground-water M o n i t o r i n g  Program i n  l a t e  1976 may i n d i c a t e  t h a t  t h e  uranium 

waste was d ischarged t o  t h e  ground near t h e  306 B u i l d i n g .  The h i g h  

r e s u l t s  o f  uranium by t h i s  s tudy  i n  January 1977 a t  w e l l s  3-11 and 4-7, as 

shown i n  F i g u r e  4.5, f u r t h e r  suppor t  a d ischarge  t o  t h e  ground a t  t h e  

306 B u i l d i n g .  

4.5 300 AREA GROUND-WATER SYSTEM DURING STUDY 

Ground water f l ows  beneath t h e  300 Area f rom t h e  nor thwest ,  west, and 

southwest and then  i n t o  t h e  Colurnbi a R i v e r  as shown i n  F i gu res  4.3 and 

4.8. Several  n a t u r a l  i n f l uences ,  as w e l l  as human-related i n f l uences ,  

a f f e c t  t h e  ground-water system o f  t h e  300 Area. Na tu ra l  i n f l u e n c e s  which 

a f f ec t  t he  300 Area ground-water system are changes i n  t h e  l e v e l  o f  t h e  

Columbia R i v e r  and seasonal v a r i a t i o n s  o f  a i r  temperature.  P r i o r  t o  

300 Area processes, seasonal v a r i a t i o n s  i n  a i r  temperature p robab l y  had no 

d i s c e r n i b l e  e f f e c t  on t h e  ground-water system o f  t h e  300 Area. However, 

w i t h  t h e  i n t r o d u c t i o n  o f  su r f ace  water i n  t h e  300 Area, ground-water 

temperature began t o  be i n d i r e c t l y  i n f l u e n c e d  by a i r  temperature.  The 

e f f e c t s  o f  seasonal v a r i a t i o n s  i n  a i r  temperature on ground-water 

temperature a re  shown i n  F i gu res  4.9 and 4.10. The temperature o f  su r f ace  

water i n  t h e  Process Water Trenches (near w e l l s  1-4, 1-5, and 1-6) i s  
7 

g r e a t l y  i n f l u e n c e d  by a i r  temperature.  Approx imate ly  6.2 x 10 ga l lons ,  
5 

(2.3 x 10 k i l o l i t e r s )  per  month o f  waste water p e r c o l a t e  t o  t h e  water 

t a b l e  and a l t e r  t h e  temperature o f  t h e  ground water i n  t h e  immediate 

v i c i n i t y .  Du r i ng  t h e  w i n t e r  months, water  s t and ing  i n  t h e  Process Water 

Trenches becomes q u i t e  c o l d  and coo l s  t h e  ground water t o  temperatures a 

few degrees (4°F o r  2°C) coo le r  than  ground water elsewhere i n  t h e  

300 Area (F i gu re  4.9). I n  t h e  summer months t h e  process water may warm 

t h e  ground water 16°F (9°C) more than una f f ec ted  ground water 

(F i gu re  4.10). 
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FIGURE 4.8. 300 Area Water-Table Map, J u l y  1 ,  1977 
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FIGURE 4.9.  Temperature in the Unconfined Aquifer Under the 
300 Area, February 16,  1977 
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FIGURE 4.10. Temperature i n  the Unconfined Aquifer  Under t h e  
300 Area, September 1 , 1977 



7 4 Approximately 1.3 x 10 gal lons or 4.9 x 10 k i l o l i t e r s  per month 

enter  the  ground-water system by way of t h e  Sani tary  Leaching Trenches. 

However, t he  waste water en te r s  the  ground-water system quickly and i s  not 

a f fec ted  much by a i r  temperature. As a r e s u l t ,  ground-water temperatures 

near the Sani tary  Leaching trenches (Wells 1-3, 2-2, and 2-3) remain 

re1 a t i  vely constant  regard1 es s  of a i r  temperature. However, t he  

discharged water t o  the  Sani tary  Leaching Trenches i s  usual ly  qu i t e  warm 

(50% t o  75% of water discharged t o  these  t renches i s  steam condensate) 

causing the temperature in the  wells  t o  be genera l ly  elevated above the  

regional ground-water temperature. 

Construction of several  dams on the  Columbia River downstream and 

upstream from t h e  300 Area dramatical ly r e s t r i c t e d  f l u c t u a t i o n s  in r i v e r  

level  normally a t t r i b u t e d  t o  seasonal va r i a t ions .  Previously, t he  r i s e  in 

r i v e r  level  during t h e  spring runoff temporarily caused a reversed 

gradient  of ground water in the  300 Area (Haney, 1957). During 1977, the  

Columbia River level near t h e  300 Area f luc tua ted  enough t o  only s l i g h t l y  

a f f e c t  the ground-water system. One occasion i s  shown in  Figures 4.11, 

4.12, 4.13, and 4.14. These f igu res  show the  water t a b l e  as measured from 

300 Area t e s t  wells  during four consecutive weeks in l a t e  May and e a r l y  

June 1977. Between May 20 and May 27 t h e  e levat ion  of McNary Pool was 

r a i sed  from 340.8 t o  344.4 f t  (104 t o  105 m ) .  The elevated r i v e r  level 

was of s u f f i c i e n t  duration t o  cause bank s torage  of water and an apparent 

temporary water- table depression throughout much of the  cent ra l  portion of 

t h e  300 Area. By June 10, the  r i v e r  level  had dropped back t o  341.6 f t  

(104 m ) ,  and the water t a b l e  was recovering t o  resemble the  e a r l i e r  

configurat ion.  Although bank s torage  of ground water was apparent during 

the  period of May 27 t o  June 3, t h e  quan t i ty  of water enter ing  the  

ground-water system must have been small. The temperature of t h e  Columbia 

River about t h a t  time was 55.4 F (13 C )  and c e r t a i n l y  would have displaced 

the  ground water s l i g h t l y  in the  area of bank s torage  had a la rge  quan t i ty  

entered the  system. Figure 4.15 shows t h a t  the  ground-water temperatures 

on June 3 near t h e  Columbia River remained as  high or  higher than ground 

water enter ing  the  300 Area from the  west. 
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300 Area processes which now influence the ground-water system are: 

the  routine discharge of waste water t o  the  trenches and ponds and the  

leaking of pipes containing contaminated waste water, steam condensate or 

f resh water. Figure 4.16 shows locations where substanti  a1 quan t i t i es  of 

water are discharged t o  the ground. These positions are ident i f ied  by 

ground-water "mounds" or "lobes" on the  water table .  The largest  and most 

obvious lobe underlies the Process Water Trenches. Other lobes or mounds 

are located a t  the  Sanitary Leaching Trenches, the  South Process Pond, and 

near the 331 Building (well 4-7). 

Water was occasionally withdrawn from the ground-water system in the  
6 7 300 Area. During July 1977, 6.5 x 10 gallons (2.5 x 10 1 )  of water 

were pumped from well 4-5 'in the  309 Building. This withdrawal may have 

been of suf f ic ien t  magnitude t o  cause a water-table depression in the area 

near well 399-4-1 as shown in Figure 4.17 

Water qua l i ty  t e s t s  of Hanford ground water in and adjacent t o  the  

300 Area showed tha t  several ground-water contaminants are more concen- 

t ra ted  and others are more d i lu te  in the 300 Area than in surrounding 

areas. In the  area of the  Process Water Trenches and Sanitary Leaching 

Trenches, calcium, magnesium, sodium, bicarbonate and su l f a t e  ions were 

more d i l u t e  (Figures 4.18 through 4.22). The pH near the  trenches was 

also lower, possibly contributing t o  the apparent d i lu t ion of one or more 

of these ions. 

Contaminants t ha t  are in greater  concentration beneath the  300 Area 

are n i t r a t e ,  f luor ide ,  chloride, uranium, and beta emitters.  As shown in 

Figure 4.23, n i t r a t e  i s  most concentrated near the Process Water Trenches, 

the  Sanitary Leaching Trenches, and along the  bank of the  Columbia River 

near well 3-9. The high concentration of calcium, su l f a t e ,  magnesium, and 

n i t r a t e  near well 3-9 may be due to  the  discharge of coal ash and water in 

the ash waste p i t s  a few hundred f ee t  west of the well. Fluoride i s  most 

concentrated along the  bank of the  Columbia River between we1 1s 2-1 and 

4-7, or near 3-8 (Figure 4.24). Chloride, as shown in Figure 4.25, i s  
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t h e  300 Area i n  May 1977 (background concent ra t ion  
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FIGURE 4.19. Magnesium Concentration in t he  Unconfined Aquifer Under 
the 300 Area in January 1977 (background concentration 
8.0 t o  15.0 mg/l) 



- e 8 - 1  WELL LOCATION 

e699-SL9-ElZ WELL LOCATION OUTSIDE 300 AREA 
- 

--]HC-- FENCE 

- -16 - I SOG R A M  OF S O D I b h l  CONCERTKATIOV 

CONTOUR INTERVAL 2 .0  MG L 
- 

SCALE 
800' - 
1244rn) 

L- 
TRENCHES 

8 
3 

- 
I 

Z 

I I I I I I I I I I I I I I I I I I I I I I I I I I I 

FIGURE 4.20. Sodium Concentrat ion i n  t h e  Unconfined Aqu i fe r  
i n  the  300 Area i n  March 1977 (background concentra- 
t i o n  approximately 26.0 mg/ l )  



-8- 1 WELL LOCATION - 
0 6 9 9 - 9 9 - E L 2  WELL LOCATION OUTSIDE ZCQ AREA 

- - FENCE 

-120- I SOGRAM OF BICARBONATE 
- CONCENTRAT I O N  

CONTOUR INTERVAL 10 R.T, 'L 

FIGURE 4.21. Bicarbonate Concentration in the  Unconfined Aquifer Under 
the 300 Area in January 1977 (background concentration 
approximately 170.0 mg/l ) 



L 
r rb 0 
0 3C, 
-7 r 
C, a 0  
(63.  

t In 
C, r- 
r -I- 
aJ >s 
v a- 
r aJ a, 
0 LC, 
0 4  

E 
aJ 0 -7 

-0 X 
rbM 0 
4- L - aJ n 
IT P 
m u  rb 



WELL L O C A T I O N  

* 6 W S Z + E 1 2  WELL L O C A T I O N  OUTSIDE 3M) AREA 

+ FENCE 

A M  OF NITRATE CONCENTRATION 

FIGURE 4.23. N i t r a t e  Concentrat ion i n  t h e  Unconfined Aqu i fe r  Under 
t he  300 Area i n  January 1977 (background concent ra t ion  
approximately 5.0 t o  10.0 mg/ l )  
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FIGURE 4.24. F luo r ide  Concentrat ion i n  t h e  Unconfined Aqu i fe r  Under 
the 300 Area i n  February 1977 (background concent ra t ion  
less than 0.1 mg/l)  
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FIGURE 4.25. Chloride Concentration in t he  Unconfined Aquifer Under 
the 300 Area in January 1977 (background concentration 
approximately 2.0 t o  4.0 mg/l) 



. 
most concentrated near t h e  San i ta ry  Leachi ng Trenches and t h e  Process 

Water Trenches. Uranium i s  most concentrated along the  bank o f  t he  
I 

Columbia R iver  between w e l l s  1-1 and 4-7 (F igure  4.5). Beta e m i t t e r s  are 

most concentrated along the  Columbia R iver  from we l l  2-1 t o  4-7 and near -& 

w e l l  3-8, where leaks  i n  t h e  process sewer were discovered (F igu re  4.7; 

Denham, 1970). 

I n t e r p r e t a t i o n s  o f  the  300 Area p iezometr ic  s u r f  ace, ground-water 

temperature, and concent ra t ion  o f  waste contaminants and n a t u r a l  d isso lved  

s o l  i ds i nd i ca ted  an anomalous i n p u t  o f  water i n t o  t h e  ground-water system 

near w e l l  3-3. Near t h a t  w e l l  a mound or  lobe  (up t o  h a l f  a f o o t ,  

approx imate ly  15 cm) formed a t  t he  water t a b l e  (F igures 4.8, 4.12-4.14, 

and 4.16). Well 3-3 i s  w i t h i n  t h e  o l d  Columbia R iver  channel which was 

subsequently f i  11 ed w i t h  very permeable g l  a c i o f l  u v i a l  deposi ts  

(F igu re  4.1). A ground-water mound no grea ter  than a few inches 

(approx imate ly  5 cm) would i n d i c a t e  a very  s i g n f i c a n t  amount o f  water 

discharged near t h a t  l oca t i on .  

Analyses o f  ground-water samples f o r  contaminants and n a t u r a l  l y  

occu r r i ng  d isso lved  so l  i d s  f u r t h e r  supported an anomalous water discharge 

near w e l l  3-3. F igures 4.5, 4.7, 4.19, and 4.21-4.24 show t h a t  t h e  

concentrat ions o f  contaminants and d isso lved  s o l i d s  were d i l u t e d  i n  

comparison w i t h  concentrat ions found i n  surrounding we l ls .  

Measured ground-water temperatures i nd i ca ted  an anomalous water 

discharge a t  w e l l  3-3 and a l so  suggested t h a t  t h e  source o f  t h e  water i s  

t h e  Colurr~bia River .  F igures 4.9 and 4.26 show temperatures o f  t h e  

unconf ined a q u i f e r  beneath t h e  300 Area i n  w in te r  and summer, respec- 

t i v e l y .  F igu re  4.27 shows temperature versus t ime  curves f o r  t h e  Columbia 

R ive r  (measured a t  Rich land)  and f o r  t h e  unconf ined a q u i f e r  a t  w e l l s  8-2, 
1- 

3-2, and 3-3. Well 8-2 i s  s u f f i c i e n t l y  west o f  t he  300 Area where t h e  _ a  

unconf ined a q u i f e r  i s  no t  a f f e c t e d  by 300 Area processes. Wel ls 3-2 and 
a 4 

3-3 would be expected t o  have s i m i l a r  temperatures i n  t h e  unconf ined 

aqu i fe r  as w e l l  8-2 if they  were no t  in f luenced by l eak ing  pipes. Because 

t h e  unconfined aqu i fe r  a t  we1 1 3-3 had coo le r  temperatures than we1 1 8-2 
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FIGURE 4.26. Temperatures i n  the  Unconfined Aquifer Under 
t h e  300 Area, August 4, 1977 
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FIGURE 4.27. Temperatures i n  the  Unconfined Aqu i f e r  a t  Wel ls 3-2, 
3-3, and 8-2, and t h e  Columbia R i ve r  near Richland, 
Washington, du r i ng  CY1977 



from January to  May 1977 and warmer than expected temperatures from June 

t o  December 1977, the unconfined aquifer a t  well 3-3 was possibly 

inf 1 uenced by 1 eaki ng  pipes carrying Columbia River water. This variat ion 
* 
i correlated closely with Columbia River temperature variat ion 

(Figure 4.27). 

Temperatures of the unconfined aquifer near well 3-3 were fur ther  

complicated by a potential  source of heat near well 3-2. Ground water in 

the  unconfined aquifer near these wells flows from east  t o  west 

(Figures 4.8, 4.11-4.14, 4.16, 4.17). A heat source near well 3-2 may be 

responsible for  elevated temperatures in the unconfined aquifer near 

well 3-3 during October 1977 as well as higher than expected ground-water 

temperatures throughout CY 1977 a t  we1 1 3-2 (Figure 4.27). However, the  

heat source near well 3-2 (probably due to  leaking pipes carrying steam 

condensate) i s  not the major source of temperture variat ion in the 

unconfined aquifer a t  well 3-3. The possible source of variat ion i s  

leaking pipes probably carrying Columbia River water. Figure 4.27 shows 

t ha t  from October 1977 t o  January 1978 temperatures of the unconfined 

aquifer a t  well 3-2 remained warmer than expected (warmer than well 8-2) 

while temperatures of the unconfined aquifer a t  well 3-3 decreased unt i l  

they were lower than temperatures recorded a t  well 8-2. 

Many t e s t  wells are located close t o  trenches or ponds receiving 

waste water from 300 Area processes. Other t e s t  wells are located in a 

network throughout the 300 Area or along the Columbia River (base level of 

the unconfined aquifer) .  The Ground-Water Monitoring Program routinely 

samples the ground water fo r  a l l  suspected ground-water contaminants. 

Therefore, 300 Area t e s t  wells and the routine sampling schedule of the  

Ground-Water Monitoring Program are adequate t o  detect  contamination from 

routine waste discharges or from accidenti a1 releases and leakage from 

waste discharge 1 i nes. 



QUALITY ASSURANCE OF GROUND-WATER QUALITY ANALYSES 

A system of verifying water t e s t  r e su l t s  was established t o  observe 

the  qua l i ty  of ground-water analyses by the laboratory t e s t i ng  ground 

water in the  300 Area. The qua l i ty  of the  ground-water analyses was 

checked by bl i nd dupl i cate t e s t s .  

Two identical  samples from one 300 Area well were delivered t o  the  

United S ta tes  Testing Company (USTC) , Rich1 and, Washington, during t he  

f i r s t  month of ground-water t es t ing  f o r  t h i s  study. One of the  samples 

was labeled w i t h  the well number of another 300 Area well. Table 5.1 

shows the r e su l t s  of the water analyses. Comparison of the duplicate 

t e s t s  shows t ha t  f o r  the most par t ,  the  t e s t  r e su l t s  were within the  

analytical  l imi ts  of accuracy. 

Ground-water samples analyzed by USTC for  t h i s  study were the sole  

source of data used t o  inventory and t race  ground-water contaminants and 

natural ly  occurring dissolved sol ids .  This decision was based on the 

following c r i t e r i a :  

1 )  A f a r  greater  number of ground-water samples collected fo r  t h i s  study 

and analyzed by USTC were avai 1 able than the  routine ground-water 

analyses by the Ground-Water Monitoring Program. 

2 )  Results of ground-water analyses of duplicate we1 1 samples (and 

samples collected from adjacent wells)  t ha t  were analyzed by USTC fo r  

t h i s  study were in close agreement. 



TABLE 5.1. Comparison of Duplicate Analyses by United States Testing Company 

Results Estimated Resu 1 ts Estimated 
Analysis Units 399-8-2 Error Dupl icate Error 

Total alpha 

Gross beta 

Gamma scan 

51 cr 

lZ5sb 

O 6 ~ U  

3 7 ~ s  

6oco 

Ur an i urn 

Tritium 

Bicarbonate 

Carbonate 

Calcium 

Magnesi urn 

Sod i um 

Chloride 

Su lf ate 

Nitrate 

Chromium 

Copper 

Potassi um 

Fluoride 

Spec if i c 

conductivity 

* 
Result less than or equal to estimated error 



6.0 VARIABLE THICKNESS TRANS1 ENT GROUND-WATER FLOW MODEL 

A ground-water model describes mathematically the forces that 

determine movement and avail abi 1 i ty of water beneath the earth Is surf ace. 

A model also acts as a storehouse for pertinent information gathered on 

the real system, and therefore, it incorporates all of the understanding 

of the interactions which are occurring in that system. 

The model used for application to the 300 Area was the Variable 

Thickness Transient (VTT) Model (Kipp and others, 1972). The VTT Model 

was developed using the Boussinesq equation with appropriate initial and 

boundary conditions. This equation is derived by vertically averaging the 

three-dimensional equation governing incompressible, Darcian ground-water 

flow. Thus, the independent spatial variables are in the horizontal plane 

and the nonlinear, free-surface boundary condition is incorporated into 

the governing differential equation. A1 1 aquifer properties are 

represented by their average values over the vertical thickness of 

saturated flow. A significant capability of the mathematical model is 

that it can handle heterogeneous distributions of hydraulic conductivity 

and storage coefficient. 

The model simulates the flow of an incompressible fluid that 

saturates a rigid, porous soil matrix. Compressibility effects of the 

fluid and matrix can safely be neglected under conditions of unconfined or 

free-surface flow. The hydraulic conductivity (K) is assumed to be 

isotropic but heterogeneous. Darcy's law is assumed to govern the flow: 

where 

and 

q = Darcy velocity 

K = hydraulic conductivity 



v = deL operator - 
@ = piezometric head 

p = hydrostatic pressure 

Y = specific weight 

z = elevation head 

From the equation: 

where 

P = density 

t = time 

Mass continuity considerations for incompressible flow leads to: 

with solutions that are potentials of the Poisson type. For hetero- 

geneous, isotropic media with negligible soil and water compressibilities, 

the above equation becomes : 

6.1 THE BOUSSINESQ EQUATION 

The hydraulic theory of ground-water flow is suitable where 

stream1 ines are approximately para1 lel with 1 i ttle curvature as defined by 

the Dupuit-Forchheimer Theory. The dependent variable is the vertical 

distance to the free surface. The usual derivation of the partial 

differential equation from Equation (6.2) uses four assumptions: 1) the 

free surface h(x,t) has only slight curvature;' 2) the slope is small; 

3) Darcy's law applies at any X,Y coordinate given by v = K(Ah/ax); and 

4) the velocity at any cross section is essentially horizontal and 

constant. With these assumptions, the differential equation -becomes: 



where q '  > 0 i s  i n f i l t r a t i o n ;  t he  p o t e n t i a l  head $(x,y,x,t) i s  rep laced by 

t h e  e l e v a t i o n  o f  t h e  f r e e  surface, h(x,y, t ) ;  and - V i s  t h e  two-dimensional 

(x,y) g rad ien t  operator .  

Equat ion (6.4) i s  known as t he  Boussinesq (Boussinesq, 1963) equat ion 

o f  unsteady f low.  The number o f  s p a t i a l  dimensions has been reduced f rom 

3 t o  2 and a l l  o f  the  aqu i f e r  p r o p e r t i e s  are represented by t h e i r  averages 

over t h e  t o t a l  sa tu ra ted  th ickness .  The non l i nea r  f r e e  surface boundary 

c o n d i t i o n  has made t he  d i f f e r e n t i a l  equat ion non l inear ,  b u t  t he  unknown 

sur face  c o n f i g u r a t i o n  i s  now i d e n t i c a l  t o  t h e  unknown dependent va r i ab le .  

6.1.1 Boundary and I n i  t i  a1 Cond i t ions  f o r  t h e  Boussinesq Equat ion 

The p a r t i a l  d i f f e r e n t i a l  equat ions o f  f l o w  and c o n t i n u i t y  used i n  t he  

VTT Model t o  descr ibe  sa tu ra ted  f l o w  i n  an a q u i f e r  have an i n f i n i t e  number 

of s o l u t i o n s  f o r  any g iven se t  o f  a q u i f e r  bottom surface, h y d r a u l i c  

conduc t i v i t y ,  and s torage c o e f f i c i e n t  d i s t r i b u t i o n s .  The s o l u t i o n  i s  

un ique l y  determined o n l y  when a p a r t i c u l a r  s e t  o f  boundary and i n i t i a l  

c o n d i t i o n s  are es tab l i shed .  The f o l l o w i n g  boundary c o n d i t i o n s  are used i n  

develop ing t he  mathematical  model. 

Water boundaries a re  approximated by v e r t i c a l  surfaces t h a t  must 

comple te ly  pene t ra te  t h e  e n t i r e  sa tu ra ted  t h i ckness  of t h e  aqu i f e r .  Along 

these boundaries the  h y d r a u l i c  p o t e n t i a l  ( h )  i s :  

Impermeable boundaries are a l so  approximated as v e r t i c a l  sur faces through 

which no f l o w  occurs:  

where n denotes t he  outward p o i n t i n g  normal t o  t he  boundary. Acc re t i on  

caused by i n f i l t r a t i o n  f rom above o r  seepage below has been imbedded i n t o  

the  d i f f e r e n t i a l  equat ion i t s e l f  as t he  term q '  i n  Equat ion (6.4). 

I n f i  1  t r a t i o n  across t he  l a t e r a l  boundaries o f  t he  r e g i o n  i s  sometimes 

g iven  as a s p e c i f i c  f l u x  across such v e r t i c a l  boundary sur faces.  I n  t h i s  

case, the boundary c o n d i t i o n  takes t he  form: 



where n  i s  de f ined  above and q  fi < 0 means f l o w  i n t o  t h e  reg ion .  Th i s  - 
c o n d i t i o n  i s  g e n e r a l l y  used i n  model ing an open a q u i f e r  r e g i o n  when some 

va lue  o f  t he  f l o w  f rom reg ions  ou t s i de  t h e  s imulated p o r t i o n  i s  assumed. 

The f r e e  surface boundary c o n d i t i o n  w i t h  acc re t i on  i s  a l s o  

i nco rpo ra ted  i n t o  t h e  d i f f e r e n t i a l  equat ion.  Surfaces o f  seepage had t o  

be neglected t o  c a r r y  o u t  t he  averaging i n  t h e  v e r t i c a l  d i r e c t i o n .  

F i gu re  6.1 shows a  t y p i c a l  p o r t i o n  of an aqu i fe r  w i t h  t h e  boundary 

c o n d i t i o n s  i l l u s t r a t e d .  

LAND SURFACE 

boundary) \ 
WATER BOUNDARY 

h :Hit) 

FIGURE 6.1. I l l u s t r a t i o n  o f  an Unconfined Aqu i f e r  
w i t h  Boundary Cond i t ions  



6.1.2 Boussinesq Equation Assumptions 

The bas ic  assumptions o f  the Boussinesq Flow Model f o r  descr ib ing  

saturated unconfined f l ow  may be summarized as fo l l ows :  

Flow i s  by an incompressible f l u i d  t h a t  saturates a r i g i d ,  porous 

s o i l  mat r ix .  

Compress ib i l i t y  e f f e c t s  o f  the f l u i d  and s o i l  ma t r i x  can be neglected 

under cond i t ions  o f  unconfined o r  f ree-sur face f low; they are 

incorporated i n t o  the storage term f o r  conf ined f low. 

Hydraul ic  c o n d u c t i v i t y  and e f f e c t i v e  p o r o s i t y  can be represented by 

the v e r t i c a l  average values and are i s o t r o p i c  bu t  heterogeneous 

throughout the region. 

The f ree-sur face slope and the aqu i fe r  bottom slope are both assumed 

t o  be s l i g h t  (<5'). 

V e r t i c a l  v e l o c i t i e s  are assumed t o  be small compared t o  ho r i zon ta l  

v e l o c i t i e s  and can be neglected. 

C o e f f i c i e n t  d i s t r i b u t i o n s  and dependent va r i ab les  are assumed 

continuous over the  s imu la t ion  region. 

Flow i n  the c a p i l l a r y  f r i n g e  i s  neglected. 

Seepage surfaces cannot be handled and are the re fo re  neglected. 

6.2 NUMERICAL FORMULATION OF THE SYSTEM EQUATIONS 

For numerical formulat ion,  a h o r i z o n t a l  x-y coordinate g r i d  system 

was adopted w i t h  uni form nodal spacing o f  250 ft (76.2 m). R represents 

the region of f low and rij the  sub-area associated w i t h  node i j 

(F igure 6.2). 

The d i f f  e r e n t i  a1 equation, Equation (6.4), i s  then converted t o  

f i n i t e  d i f f e rence  form by i n t e g r a t i n g  around the node area rij. Now: 

by Green's theorem i n  the f i r s t  form (Kel logg, 1954): 



FIGURE 6.2. The Finite Difference Grid with the Nodal 
Numbering System 

where : 

+ 
+ rij + 

+ 

i * l .  j 

I 
AY 

I 

n denotes the outward pointing normal to the curve r which bounds the . 

area 'ij* 
The line integral is taken in the counterclockwise 

direction. Using Equation (6.8), Equation (6.7) reduces to: 

where s is distance and a is the storage coefficient. 

i-1 j 

In Figure 6.2 the corner points of the node area are at (i-1/2, 

j - 1 2 ,  (i+12, - 1 2 ,  (i+l2, j+12), and ( - 1 2 ,  + 1 2 )  The area of 

rij is AxAy. The integrals of Equation (6.9) are approximated as 

follows with the integral along r. divided into the integrals along the 
1 j 

four sides of rij: 

I, j+l 

i, i 
'ij 

i. j-1 



where: 

. . At = time increment, and 

=[1/2 K. .(h?. - h?.) + K 
n o 

j-1/2 1J 1J 1J j-lhi,j-1 - h. i j  . ) I ,  etc. 

A fully implicit representation of the time derivative has been used 

in Equation (6.10e). Combining the above approximations results in the 

finite difference approximation to the Boussinesq equation for a square 

grid system, Ax = Ay: 

- - h h 
(AX) 

i ,  + I /  i, j - ~ h i ,  + I /  , j j  t h:?'+ 

for nodes on boundaries along which the hydraulic potential is specified 

in time and space (and therefore no calculation is needed), let: 



where H i s  the  water e leva t i on  a t  the boundary. 

The impermeable boundaries o f  the  reg ion  must be approximated i n  the  

g r i d  system by shapes selected from F igure  6.3. This avoids r i g h t  angles 

which cause stagnat ion po in t s  and s i n g u l a r i t i e s  i n  the mathematical 

s o l u t i o n  o f  t he  ground-water f l o w  equation. 

The boundary cond i t ions  are p u t  i n t o  f i n i t e  d i f f e rence  form by 

apply ing the  technique described above t o  a  node area a t  t he  boundary o f  

the  reg ion  R. The boundary types are i l l u s t r a t e d  i n  F igure  6.3 and the  

associated nodal area rij can be e i t h e r  i n s i d e  o r  ou ts ide  the  octagon. 

The f i n i t e  d i f f e r e n c e  equat ions are der ived by s e t t i n g  the  appropr ia te  

po r t i ons  o f  the  i n t e g r a l  on r. i n  Equation (6.8) t o  zero when the  
1 j 

segment i s  impermeable, and by i n p u t t i n g  qo i j  = 9.. when the  f l u x  
1 J 

across the  segment i s  spec i f ied .  I n  f i n i t e  d i f f e r e n c e  form, 24 d i f f e r e n t  

equations correspond t o  each o f  the  d i f f e r e n t  boundary p o i n t  subregions 

i l l u s t r a t e d  i n  F igure  6.3. E i t h e r  a  s p e c i f i e d  f l u x  or  no f l o w  can be 

imposed by each o f  the 24 equations. The accre t ion  term, whether i n f i l t -  

r a t i o n  o r  withdrawal, i n  f i n i t e  d i f f e rence  form becomes Qij = 
2 3 

qii(Ax) ( u n i t s  L /T) t o  be spec i f ied  a t  each node. Accret ion a t  
' J 

t he  f r a c t i o n a l  boundary nodes must have the  nodal area p r o p e r l y  reduced 
2 

f rom (Ax) . 
The p a r t i a l  d i f f e r e n t i a l  equat ion and boundary cond i t ions  subse- 

quent ly  become a  se t  o f  N f i n i t e  d i f fe rence equations, one f o r  each node 

o f  the reg ion  R being modeled. The boundary cond i t ions  have been e f fec -  

t i v e l y  absorbed i n t o  the  equat ions f o r  t h e i r  respect ive  boundary nodes. 

To f a c i l i t a t e  the marking o f  c a l c u l a t i o n a l  boundary types a  

systematic method o f  represent ing  i n t e r i o r ,  e x t e r i o r  and boundary nodes 

was adapted. There are b a s i c a l l y  f o u r  nodal types, others s imply a r i s e  t o  

handle t h e  var ious shapes and o r i e n t a t i o n s  o f  the  impermeable boundaries. 



FIGURE 6.3. Schematic Showing Shapes and 
Rota t ion  . o f  Avai 1  able Boundary 
Condi t ion Types 

i s  a  water boundary, i.e., he ld  p o t e n t i a l  boundary node [h = 

H o ( , ~ , t ) l .  

i s  an ex te rna l  node outs ide  o f  the aqui fer .  

i s  an i n t e r n a l  o r  nonboundary node which l i e s  w i t h i n  the 

aqu i f er. 

V F  these bas ic  shapes w i t h  a l l  t h e i r  poss ib le  r o t a t i o n s  are used 

t o  represent  t he  24 k inds  and shapes o f  impermeable boundary 

nodes. 

It should be noted t h a t  the f i n i t e  d i f f e rence  equat ions can be 

der ived i n  t he  same form by other  techniques, such as Taylor  se r i es  

expansions. The equations f o r  nodes on impermeable boundaries are 

equ iva len t  t o  those obta ined by i n t r o d u c t i o n  o f  a  p o i n t  ex te rna l  t o  t he  

reg ion  f o r  purposes o f  forming the normal de r i va t i ve .  



6.3 CALCULATION PROCEDURE 

D i f f e r e n t  procedures are used i n  so l v ing  the  t r a n s i e n t  and 

steady-state equations. The t r a n s i e n t  form o f  t he  f i n i t e  d i f f e r e n c e  

equat ion i s  solved by a  successive l i n e  over r e l a x a t i o n  technique. The 

steady-state form o f  t he  equat ion i s  solved by a  Newton's method w i t h  a  

d i r e c t  s o l u t i o n  technique s ince i t produces a  r a p i d l y  converging sequence 

o f  i t e r a t i o n s  and i s  r e l a t i v e l y  easy t o  apply t o  the  system o f  equations. 

6.4 DATA REQUIREMENTS 

Simulat ion o f  t he  system requ i res  segmenting the  phys ica l  continuum 

i n t o  a  d i s c r e t e  g r i d .  Each g r i d  segment i s  then represented by a  s i n g l e  

node w i t h i n  the  model. The VTT Model uses a  f i n i t e  d i f f e r e n c e  a lgo r i t hm 

w i t h  a  uni form g r i d  and requ i res  t h a t  each node w i t h i n  t h e  Cartes ian 

coordinate system be marked w i t h  a  c a l c u l a t i o n  type as: 

1. w i t h i n  the  aqu i fe r  

2. ex te rna l  t o  the  aqu i fe r  

3. a  water o r  h e l d  p o t e n t i a l  boundary node [ h  = H(x,y,t)] 

4. an impermeable boundary f o r  the  aqu i fe r  w i t h  q  = 0 ( a q u i f e r  boundary 

nodes, where t h e  f l u x  i s  known, are t rea ted  as the  mathematical 

equ iva len t  t o  an impermeable boundary node w i t h  the  appropr iate 

accre t ion  term; i.e., q  f 0). 

A l l  parameters d e f i n i n g  the  aqu i fe r  system are evaluated and assigned 

t o  each node and are considered representa t ive  o f  the  whole c e l l .  These 

model parameters are made i n t o  data f i l e s  accessib le t o  the computer. The 

f o l l o w i n g  i s  a  l i s t  o f  t he  parameters and t h e i r  associated un i ts .  

1. a l t i t u d e  of the land sur face ( f e e t  above mean sea l e v e l )  

2. a l t i t u d e  o f  t op  o f  the reg iona l  aqu i fe r  f o r  conf ined systems ( f e e t  

above mean sea l e v e l )  

3. a l t i t u d e  o f  the bottom o f  the aqu i fe r  ( f e e t  above mean sea l e v e l )  

4. i n i t i a l  po ten t i ome t r i c  surface o f  the  aqu i fe r  ( f e e t  above mean sea 

l e v e l )  



2 
5. transmissivity of the aquifer (L /T) or hydraulic conductivity 

-_ (ft/day) 

. . 6. storage coefficient (dimensionless) 
.\- 3 7. recharge from precipitation ( L  /T) 

3 8. pumping rate, (L /TI 

9. river stage (feet above mean sea level). . 

Since a deterministic model attempts to provide an approximation of 

the real world by utilizing real world physical data, the list of 

parameters 1 through 7 needs to be defined for each node in the model and 

8 and 9 where they apply. Realizing that a given model may contain 

several hundred to several thousands of nodes this may appear to be an 

impossible task. However, the job is simplified somewhat by geologic 

mapping, digitizing techniques and block data entries. 

The land surface represents the upper limit to which the water in an 

aquifer can rise before becoming a surface water body, i.e., spring, 

stream or lake. These data are most easily obtained from topographic 

contour maps. The top of the regional confined aquifer would have to be 

mapped using drilled wells or geophysical techniques, i.e., seismic, etc. 

The aquifer bottom is generally mapped from drilled wells, and geophysical 

exploration and surface features such as bedrock outcrops. 

Simi 1 arly, the potentiometric surface is generally mapped by contour- 

ing water level measurements taken from wells and observing physical con- 

straints imposed by nature. For example, the surface must be smooth and 

continuous and the potential must intersect impermeable boundaries at 

right angles unless severe transients are in progress. 

The transmissivity and/or hydraulic conductivity are the most diffi- 

cult and expensive parameters to obtain for a model. They are generally 

measured by pump testing wells under controlled conditions. Although 

transmissivity can be inferred from specific capacity tests, the data 

collected are generally inadequate for accurate transmissivity calcula- 

tions. Under certain conditions of potential gradients and converging 

streamlines, available transmissivity data can be input to a model and the 



inverse problem can be solve to realize a continuously variable trans- 

missivity for the entire system. These cases are rare and the general 

method used to treat this parameter is to block conductivities into model 

areas based on the amount of data available and the confidence placed in 

the data. 

2 
The transmissivity, expressed in feet squared per day (ft /day), is 

the product of the hydraulic conductivity, expressed in feet per day, and 

the saturated thickness, expressed in feet. Stated in other terms, the 

transmissivity is the rate at which water of the prevailing kinematic 

viscosity is transmitted through a unit width of the aquifer under a unit 

hydraulic gradient (Lohman, 1972). 

For artesian, or confined, aquifers, the transmissivity remains 

constant as long as the hydraulic head is not lowered beneath the top of 

the aquifer. In this instance, the saturated thickness remains the same 

and is calculated in the program as the difference between aquifer top and 

aquifer bottom. In water-table, or unconfined, aquifers, the transmis- 

sivity changes in direct proportion to changes in the saturated thickness 

of the aquifer. The saturated thickness is calculated by the computer as 

the difference in altitude between the water table and the aquifer bot- 

tom. The computer program checks the changes in saturated thickness at 

every node for each iteration and recalculates the transrnissivity. Thus, 

in a dynamic water-table aquifer with variable stresses imposed on it, the 

values of transmissivity are continuously changing. Calculation of 

changes in transmissivity by conventional analytical methods would be 

impossible. 

Like transmissivity, the storage coefficient is a parameter obtained 

from pump testing the aquifer. Storage coefficient is defined as the 

volume of water an aquifer releases from or takes into storage per unit 

surface area of the aquifer per unit change in head (Lohman, 1972). It 

too is allowed to vary in the x and y directions and can be mapped or 

blocked into the model. 



Aquifer s t ress  i s  a measure of the volume of water being removed by 

pumping the aquifer on a node-by-node basis. Rainfall provides most of 

the water recharged to an aquifer either by direct inf i l t ra t ion  or seepage 

from lakes and streams. Direct inf i l t ra t ion  from rainfal l  i s  the amount 

of water l e f t  af ter  evaporation from the surface, transpiration by the 

plants, and runoff have reduced the rainfal l  volume. To some degree the 

factors affecting the amount of rainfal l  in f i l t ra t ion  depend on vegetation 

types, soil types, slope, temperature and land use. Another source of 

recharge comes from leakage across the aquifer boundaries. 

An option available in the computer program permits simulation of 

aquifer systems which are confined in some areas and unconfined in 

others. If the aquifer is  under water-table conditions, data sets are 

required for the aquifer hydraulic conductivity, the al t i tude of the 

bottom of the aquifer, and the hydraulic head in the aquifer. For the 

part of the aquifer system that is  artesian, data sets  are required for  

the aquifer hydraulic conductivity and the al t i tude of the bottom and of 

the top of the aquifer. 

No single parameter in a model i s  more sensit ive than the s t ress  

(recharge/discharge). In the model s t ress  is  treated by summing a l l  

fluxes, plus or minus, into one value for each node in the system. 



7.0 DEVELOPMENT OF 300 AREA VTT GROUND-WATER FLOW MODEL 

The procedure f o r  develop ing a  ground-water f l o w  model f o r  a 

p a r t i c u l a r  r e g i o n  o f  i n t e r e s t  can be o u t l i n e d  as f o l l o w s :  

1. Determine t h e  boundary cond i t i ons ,  t h e  f i n i t e  d i f f e r e n c e  g r i d  and t h e  

i n i t i a l  cond i t i ons .  

2. I n t e r p r e t  and r e f i n e  t h e  raw da ta  f o r  i n p u t  t o  t h e  model. 

3. C a l i b r a t e  and v a l i d a t e  t h e  model. 

7.1 MODELING CONDITIONS 

7.1.1 Boundary Cond i t ions  and F i n i t e  D i f f e r e n c e  G r i d  

The 300 Area model r e g i o n  (sma l l  r e g i o n )  e x i s t s  as a  subreg ion w i t h i n  

t h e  much 1  arger  Hanford P r o j e c t  VTT model r e g i o n  ( l a r g e  r e g i o n )  as shown 

i n  F i g u r e  7.1. The l a r g e  r e g i o n  model was used t o  s imu la te  t h e  Hanford 

P r o j e c t  ground-water system. Th i s  model i s  o p e r a t i o n a l  a t  PNL and was 

used as i t  c u r r e n t l y  e x i s t s .  The subreg ion model ing c a p a b i l i t y  o f  VTT, 

which runs  i n  con junc t i on  w i t h  t h e  l a r g e  r e g i o n  model, was used t o  develop 

a  model f o r  t h e  300 Area. The advantage o f  deve lop ing  a  subreg ion model, 

as opposed t o  j u s t  model ing t h e  sma l le r  r e g i o n  separa te ly ,  i s  t h a t  t h e  

l a r g e  r e g i o n  model can be r u n  t o  p rov i de  t h e  boundary c o n d i t i o n s  t o  t h e  

subregion. When work ing w i t h  t h e  subregion, t h e  f i n i t e  d i f f e r e n c e  node 

spac ing can be reduced, the reby  i n c r e a s i n g  t h e  r e s o l u t i o n  and accuracy o f  

t h e  model r e s u l t s  f o r  t h a t  area. 

The procedure f o r  o b t a i n i n g  t h e  smal l  r e g i o n  boundary c o n d i t i o n s  i s  

t o  f i r s t  r u n  t h e  l a r g e  r e g i o n  model and then  i n t e r p o l a t e  between l a r g e  

r e g i o n  p o t e n t i a l s ,  as de f i ned  a t  t h e  nodes, t o  o b t a i n  values a t  t h e  c l o s e r  

spaced smal l  r e g i o n  nodes. The smal l  r e g i o n  model i s  then  r u n  w i t h  t h e  

boundary nodes h e l d  cons tan t  a t  these i n t e r p o l a t e d  p o t e n t i a l  values. For 

t r a n s i e n t  model runs,  where t h e  p o t e n t i a l s  change w i t h  t ime,  t h e  subreg ion 

boundary c o n d i t i o n s  change f rom t i m e  s tep  t o  t i m e  s t e p  bu t  a re  cons tan t  

f o r  t h e  d u r a t i o n  o f  each t ime  step. 
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FIGURE 7.1. VTT Boundary Conditions (Calcul at ional  Types) 
fo r  the Hanford Project Model Region 



The Hanford P r o j e c t  Model boundary cond i t i ons  used i n  t h i s  study are 

def ined i n  BNWL-1703 (Kipp and others, 1972). I n  b r i e f ,  t h e  l a r g e  reg ion  

model cons is ts  o f  a  68 by 87 node g r i d  w i t h  a  2000 f t  node spacing. The 

boundaries c o n s i s t  o f  he ld  p o t e n t i a l s  along t h e  Columbia and Yakima R ivers  

and a  no-f low boundary along the  b a s a l t  outcrop t h a t  forms the  Rat t lesnake 

H i l l s  and the  Umtanum Ridge (F igu re  7.1). 

The small reg ion  was def ined as the  area between l a rge  reg ion  nodes 

60 t o  64 i n  t he  east-west d i r e c t i o n  and nodes 20 t o  26 i n  t he  nor th-south 

d i r e c t i o n  (F igures 7.1 and 7.2). The small reg ion  cons i s t s  o f  a  33 by 49 

node g r i d  w i t h  a  250- f t  (76.2 m) spacing. 

The subregion boundary cond i t i ons  a t  the  north, south and west 

boundaries are def ined by the  l a r g e  reg ion  ground-water p o t e n t i a l s .  The 

east  boundary i s  def ined by the Colurr~bia River .  D i r e c t  i n t e r p o l a t i o n  

between nodes from the  l a rge  reg ion  t o  the  small r eg ion  y i e l d s  a  ve ry  

rough i n t e r p r e t a t i o n  o f  the Columbia River  boundary as shown i n  

F igure  7.2(a). As a  r e s u l t ,  t h e  subregion boundary nodes were adjusted t o  

b e t t e r  s imulate the path o f  the Columbia R iver  as shown i n  F igure  7.2(b). 

The model requ i res  t h a t  t he  Columbia R iver  stage be s p e c i f i e d  a t  each 

r i v e r  node. The t ime v a r i a t i o n  o f  t he  Columbia R iver  e l e v a t i o n  p r o f i l e  

was p red i c ted  by a  computer r o u t i n e  which used a  f it curve o f  h i s t o r i c a l  

r i v e r  stage versus r i v e r  f l o w  r a t e  values. The re leases from P r i e s t  

Rapids Dam ( j u s t  above the  Hanford S i t e )  were used t o  c a l c u l a t e  a  weekly 

average r i v e r  f low r a t e  which i n  t u r n  was used t o  c a l c u l a t e  t he  average 

Columbia River  stage f o r  each o f  the  300 Area r i v e r  nodes. 

7.1.2 I n i t i a l  Condi t ions 

The i n i t i a l  cond i t i ons  cons i s t  o f  the  i n i t i a l  va lue ( t ime  zero) o f  

the  dependent v a r i a b l e  (i.e., p o t e n t i a l ,  o r  e l e v a t i o n  o f  t he  ground water 

above sea l e v e l )  as def ined a t  each i n t e r i o r  node o f  t he  model region. 

The i n i t i a l  p o t e n t i a l  sur face was def ined from water l e v e l  measurements 

taken on a  weekly bas is  a t  29 w e l l s  w i t h i n  the model reg ion.  Readings f o r  

the  f i r s t  week were contoured, d i g i t i z e d ,  and i n p u t  t o  t he  model a t  t he  
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nodes. The model was then run in the transient mode on a weekly basis and 

comparison were made between measured and modeled results. Initial 

conditions for the Hanford Site and the 300 Area are shown in Figures 7.3 

and 7.4, respectively. 

7.2 DATA INPUT TO THE MODEL 

7.2.1 Recharge and Discharge 

The VTT model can simulate all types of recharge to or discharge from 

the ground-water system. Natural recharge to the 300 Area consists of 

rainfall, underflow (ground-water flow) from the Hanford Site to the west, 

and/or underflow from the Columbia River to the east (depending on river 

stage). Natural discharge results from evapotranspiration. It was 

assumed that any rainfall input is cancelled by evapotranspiration. This 

is a safe assumption considering that the average annual potential 

evapotranspiration [-30-60 in. /yr (76.2-152.4 cm/yr) ] exceeds the average 

annual precipitation [6.3 in./yr (16.0 cm/yr)] by a factor of at least 5 

(Wallace, 1978). The underflow to the region is calculated by the large 

region model and incorporated into the small region model in terms of held 

potentials defined at the boundary nodes. 

There exists a significant amount of artificial recharge to the 300 

Area consisting mainly of waste water which is being released into 

leaching ponds or trenches at five specific sites. The only artificial 

discharge is a single supply well located in the 309 building. The well 

was only pumped for about half of one month (July) during the study. 

Table 7.1 contains a list of artificial recharge and discharge sites. 

These sites are identified on the map shown in Figure 3.1. Locations in 

Table 7.1 are listed in terms of X, Y coordinates (in feet from the small 

region lower-left-hand corner) and in terms of the small region nodes to 

which the recharge/discharge was applied. Table 7.2 shows the amounts of 

recharge, by month, for the time period modeled. Table 7.3 shows the 

daily withdrawal schedule for the month of July for the single pumped 

well. 



FIGURE 7.3. Hanford S i t e  (Large Region) I n i t i a l  P o t e n t i a l  
Surface (January 1, 1977) 



FIGURE 7.4. 300 Area (Small Region) I n i t i a l  Po ten t i a l  Surface 
(January 25, 1977) 



Table 7.1. Recharge and Discharge Locat ion  

Waste-Water Discharge t o  Ground Coordinates* Nodes 
X Y ( S m a m g  i o n )  

Process Sewer Water t o  Trenches 4600 8500 (19,33) - (19,38) 
San it ar.y Sewer Water t o  Trenches 5100 7000 (21.29) - (22.30) 
315 ~ u i i d i n ~  Backwash Water t o  South Pond 5260 6600 (22;27) - (22;28) 

(23,27) - (23,28) 
Steam Condensate t o  Ground ( B u i l d i n g  325) 4290 5600 (18.23) 
384 B u i l d i n g  S l u i c e  Water t o  Ash p i i s  5270 6230 (22;26 j 

Water Withdrawn f rom Unconfined Aqu i fe r  Coordinates Nodes 
X Y ( S m m e g  ion  ) 

309 B u i l d i n g  Deep Well ( J u l y  on l y )  4800 5080 (20,21) 

* f e e t  f rom the  smal l  reg ion  l e f t - l e f t - h a n d  corner  

TABLE 7.2. CY1977 Waste-Water Discharges i n  t h e  300 Area 
( U n i t s - m i l l i o n  ga l l ons  per day) 

January 
February 
March 
Apr i 1 
May 
June 
J u l y  
August 
September 
October 
November 
December 

San i ta ry  
Sewage 

0.29 
0.25 
0.22 
0.28 
0.40 
0.39 
0.43 
0.44 
0.35 
0.31 
0.32 
0.28 

3 15 
F i  1 t e r  

Backwash 

0.005 
0.006 
0.010 
0.028 
0.038 
0.037 
0.032 
0.022 
0.009 
0.010 
0.011 
0.016 

Process 
Sewer 

Trenches 
Ash 

P i t s  

0.052 
0.052 
0.052 
0.052 
0.052 
0.052 
0.054 
0.071 
0.050 
0.050 
0.053 
0.075 

Steam 
Condensate 

AVERAGE 0.33 0.019 2.33 0.053 0.07 



Table 7.3. CY1977 Withdrawal from Ground Water in the 300 Area 
309 Bldg. Well (4-5) 

Quant. Quant. Quant. 
Date (gal .  xl 03) Date (gal .  ~ 1 0 3 )  Date (ga l .  ~ 1 0 3 )  

July 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

7.2.2 Transmissivity 

Some raw transmissivity data for the 300 Area ex i s t  from previous 

modeling e f f o r t s  on the Hanford Si te .  In order t o  check and improve on 

these prior data, three pump t e s t s  were conducted a t  wells 1-4, 8-1, and 

8-2. The resu l t s  of the pump t e s t s ,  f o r  both the drawdown and recovery 

legs, are shown in Table 7.4. 

As i s  typical ,  quite a range of t ransmiss ivi t ies  can be calculated 

fo r  a s ingle  pump t e s t  depending on the in terpreta t ion of the raw data. A 

great  deal of additional uncertainty i s  introduced when extrapolating 

measured transmissivity data over the  en t i r e  model region. Due t o  t h i s  

uncertainity,  t ransmissivity i s  usually the principal  variable adjusted 

when cal ibra t ing the  model. In t h i s  study, ra ther  than change the model 

to  agree with the measured t ransmiss ivi t ies ,  the range of pump t e s t  

resu l t s  was used as a guideline i n  the  cal ibra t ion process. 

7.2.3 Aquifer Top 

When dealing with an unconfined aquifer ,  as ex i s t s  in the 300 Area, 

aquifer top re fe rs  to  the elevation of the land surface. This information 

was obtained by digi t iz ing topographic maps and input to  the model on a 

nodal basis. 



TABLE 7.4. Transmiss iv i ty  Data as Analyzed From Drawdown and 
Recovery Measurements 

Well Number 

T ransmiss i v i t y  ( f t2 /day)*  

Drawdown Recovery 

* Resul ts  were obtained by us ing  a Jacob semilog ana lys is  
w i t h  s t r a i g h t  l i n e  f i t t i n g  

7.2.4 Aqu i fe r  Bottom 

The aqu i fe r  bottom surface was es tab l ished from in fo rmat ion  provided 

by d r i l l e r ' s  logs, geologic  cross sect ions developed from these logs, and 

c l a y  content  ana lys is  o f  c e r t a i n  s o i l  samples. The in fo rmat ion  was 

contoured, d i g i t i z e d ,  and i n p u t  t o  t h e  model on a nodal basis.  The 

aqui fer  bottom was assumed t o  be impermeable f o r  the  purposes o f  t h i s  

study. A contour map o f  the  Hanford S i t e  unconfined aqu i fe r  bottom 

sur face i s  shown i n  F igure 7.5. 

7.2.5 Storaae C o e f f i c i e n t  

Due t o  the lack o f  more accurate data, the same storage c o e f f i c i e n t  

(0.1) used i n  the  l a r g e  reg ion  model was he ld  constant over the  small 

r eg  ion. 

7.3 MODEL CALIBRATION AND VERIFICATION 

Once the requ i red  data have been input ,  the model w i l l  produce model 

p red i c ted  ground-water p o t e n t i a l  (e leva t i on )  surf  aces. Because the  

water- table e leva t i on  f i e l d  data were measured weekly, the  model was run  

i n  the  t r a n s i e n t  mode on a weekly basis.  Thus, t he  model output  consis ted 

o f  a 300 Area ground-water p o t e n t i a l  sur face f o r  each week o f  calendar 

year 1977. 



FIGURE 7.5. Hanford Unconf ined A q u i f e r  Bottom Contours 



Degrees o f  u n c e r t a i n t y  surround even the  most c a r e f u l l y  measured or  :- I 
mapped phys ica l  data. Po in t  data are i n t e r p o l a t e d  t o  produce maps (poten- 

t i  a l ,  t r a n s m i s s i v i t y ,  s torage c o e f f i c i e n t ,  etc.)  and t e s t  maps f rom a  con- 
.-. I 
*- I 

ceptual  model o f  t h e  system. F i l t e r i n g  o f  data occurs du r i ng  t h i s  s tep as - 1 . - 
w e l l  as dur ing  the  process o f  moving f rom t h e  conceptual model t o  t h e  - :  1 
working model. The degree o f  r e l i a b i l i t y  o f  t h e  model i s  dependent on t h e  - 1 
agreement o f  the  p red i c ted  ground water p o t e n t i a l s  from t h e  model w i t h  t he  - _  1 
measured ground-water system behavior. The f i n a l  model r e l i a b i l i t y  i s  1 
d i r e c t l y  dependent upon t h e  adequacy o f  t he  f i e l d  data a v a i l a b l e  and on - 1 
t h e  concep tua l i za t i on  o f  these data f o r  use i n  model c a l i b r a t i o n .  The 1 
c a l i b r a t i o n  invo lves  a  se r i es  o f  computer runs where the  model i npu ts  are 

mod i f i ed  w i t h i n  accuracy l i m i t s  t o  make t h e  model b e t t e r  represent  t h e  

observed behavior o f  the  system. 

The changes i n  t he  model i npu t  parametrs made du r i ng  t h e  c a l i b r a t i o n  

procedure and t h e  j u s t i f i c a t i o n  f o r  these changes on a  r e a l i s t i c  phys ica l  

bas is  are t he  essen t i a l  aspects o f  t he  model c a l i b r a t i o n  and v e r i f i c a t i o n  

process. The most commonly adjusted parameters are t r a n s m i s s i v i  t y  and 

storage c o e f f i c i e n t  because they  are o f t e n  the  parameters o f  g rea tes t  

unce r ta in t y  and f o r  which we have t h e  l e a s t  amount o f  data. Changes i n  

t h e  recharge/discharge, t o  inc lude r i v e r  stage, u s u a l l y  have the  grea tes t  

i n f l u e n c e  on the  model output  and when w e l l  known, enable r a t h e r  s a t i s f a c -  

t o r y  v e r i f i c a t i o n  o f  t he  t r a n s m i s s i v i t y  data. Changes are r a r e l y  made i n  

t h e  i n i t i a l  and boundary cond i t ions  and/or t h e  aqu i fe r  t o p  and bottom 

s u r f  aces, though occasional changes can be made i f  a d d i t i o n a l  de ta i  l e d  

data are obtained. 

The i n i t i  a1 est imates o f  t he  300 Area ground-water p o t e n t i a l ,  storage 

c o e f f i c i e n t ,  and t r a n s m i s s i v i t y  d i s t r i b u t i o n s  were obta ined f rom t h e  

Hanford S i t e  model as discussed e a r l i e r .  The aqu i fe r  s t ress  and recharge 

data were gathered i n  t h e  f i e l d  p o r t i o n  o f  t h i s  study. A f t e r  each 

s imu la t i on  run, model-predicted p o t e n t i a l s  were compared w i t h  f i e l d -  

measured p o t e n t i a l s .  Based on these comparisons, t h e  model used t o  

p r e d i c t  Columbia R iver  stage and the  t r a n s m i s s i v i t i e s  were adjusted u n t i l  



the  agreement between the computed and observed potent ia ls  was 

acceptable. Figure 7.6 shows the  f ina l  transmissivity d i s t r ibu t ion  as 

modified to  provide the best potential  f i t .  

After cal ibra t ion,  i t  i s  desirable to  run the  model on an independent 

s e t  of data to  verify t ha t  the  model does simulate the  ground-water 

system. In order to  obtain two se t s  of data,  the  model was cal ibra ted t o  

the  f i r s t  26 weeks of 1977 physical data and then validated with the  data 

fo r  the second 26 weeks. 

7.4 VTT MODEL RESULTS 

The model output was evaluated by two methods: 1)  comparing 

model-predicted hydrographs to  field-measured hydrographs fo r  each of the  

29 t e s t  we1 1s ( i  .e., point comparisons), and 2 )  comparing model-predicted 

with hand-interpreted water-level contours. The appendix contains the  

hydrograph plots  for  each of the 29 observation wells. The hydrographs 

make weekly comparisons of the  field-measured versus model-predicted 

ground-water elevations (above mean sea level)  f o r  CY1977. The f i r s t  half 

of the time sca le  on each plot shows the  cal ibra t ion period r e su l t s ,  while 

the ver i f ica t ion r e su l t s  are shown in the  second half of the time scale.  

A s t a t i s t i c a l  analysis of the hydrograph r e su l t s  appears in Table 7.5. 

Model-predicted contour maps can be drawn for  any given week during 1977 

and compared with the hand-i nterpreted contours. Such a comparison was 

made for  a 4-week period s t a r t i ng  with the week of May 20, 1977 

(Figures 7.7 through 7.10). The model-predicted contours in Figures 7.7 

through 7.10 can be compared with the hand-interpreted contours shown in 

Figures 4.11 through 4.14. 

The comparison i s  excellent  where good f i e l d  data ex i s t  ( i  .e.,  where 

the  majority of the  observation wells are located) and generally poorer in 

less  well-known areas. From the hydrographs, maps, and s t a t i s t i c s ,  the  

following evaluations of the  qua l i ty  of t h i s  simulation can be made: 





TABLE 7.5. Statistical Analysis of the Hydrograph Results 
(Comparison of Field-Measured to Model -Predicted 
Water Level in Each of the 29 Wells) 

We1 1 Average Root-Mean-Squared 
Identification Difference (ft) Difference (ft) 

1. The agreement is excellent in the central portion of the 300 Area and 

along the river. The average and root mean square difference for the 

25 wells in this region are 0.29 ft (8.84 cm) and 0.58 ft (17.68 cm), 

respectively (see Table 7.5). 

2. The two areas of greatest discrepancy are the northern and southern 

extremities of the model region away from the river. In both areas 

there is only a single observation well; therefore, it is difficult 

to put much confidence in the contour map comparisons. With regard 



FIGURE 7.7. 300 Area May 20, 1977, Model-Predicted Potential Surface 



FIGURE 7.8. 300 Area May 27, 1977, Model-Predicted Potential Surface 



FIGURE 7.9. 300 Area June 3, 197< Model-Predicted Potential Surface 



FIGURE 7.10. 300 Area June 10, 1977, Model-Predicted Potential Surface 
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to the point comparisons at these two wells, the average difference 

is 2.48 ft (75.59 cm) and 0.50 ft (15.24 cm) for the southern and 

northern wells, respectively. 

3. In general, the comparison between the model-predicted and field- 

measured water level weekly trends, as shown in the hydrograph plots 

(appendix), is excellent. 

After several calibration attempts, the transmissivity surface as 

shown in Figure 7.6 was used. Additional adjustments could be made in an 

attempt to even better calibrate the model; however, there is little 

justification for further changes without first obtaining additional field 

measurements. 

The transmissivities are very high in the central portion of the 

300 Area model region and decrease considerably to the north and south. A 

dike of low transmissivities was placed along the river over the central 

portion of the 300 Area, extending to just north of the process water 

trenches. This transmissivity distribution seems to be justified in that 

an ancient river channel, composed largely of gravel, has been postulated 

(R. E. Brown, PNL) through the central portion of the 300 Area and a strip 

of material with lower permeability appears to exist between the ancient 

river channel and the present river channel (see Section 4.2, and 

Figures 4.1 and 4.2). 

7.5 MODEL APPLICATION 

Once the flow model has been verified it can be used as a management 

tool to predict future (or past) ground-water conditions and travel times 

of the water beneath the 300 Area. Two examples are presented to show how 

the model may be applied. 

A possible use of the model would be to estimate the rate of recharge 

required to create the ground-water anomaly that exists near well 3-3 (see 

Section 4.3.3). The field data indicate that the water level at well 3-3 

is consistently 0.25 ft (7.62 cm) higher than the water level of other 

wells in the immediate vicinity. A mound of this size may seem 



insignificant, but in this region of very high transmissivity, the 

recharge required to maintain such a mound would be quite large. In order 

to maintain such a mound the model calculated that about 1100 gpm 

(5959 m3/day) would be needed. Since there is no obvious source of 

recharge in the area, this rate of input is difficult to explain. With 

the support of additional evidence from the field data, it has been 

postulated that a pipeline is leaking in this area. It is difficult to 
3 

believe that a leak of 1100 gpm (5959 m /day) has gone undetected, 

suggesting this number may be high. A feasible explanation may be a local 

area of lower transmissivity combined with a lower leakage rate; however, 

the mound likely could not be present without some leakage. This evidence 

indicates that some recharge is involved causing the mound in this local 

area. 

Another example of using the model as a management tool would be to 

predict travel times of the water within the 300 Area. Contaminants in 

the ground water can only move as fast as the water. Therefore, the 

travel time of the water can be considered the "worse case" arrival time 

of a contaminant. 

The streamlines shown in Figures 7.7 through 7.10 depict the movement 

of water beneath the 300 Area under steady-state conditions. The multiple 

streamlines originating along the process water trenches depict the 

southward movement of ground water from the trenches. Depending on the 

Columbia River stage, these streamlines either move southwest toward the 

center of the 300 Area (high river stage - Figure 7.7), or southeast 

toward the river (low river stage - Figure 7.8). The model predicted that 

the average travel time for the water to reach the river (an average 

distance of 1550 ft) under May 27, 1977, steady-state conditions 

(Figure 7.8) is about 0.23 years (2.8 months). 

Figures 7.7 through 7.10 also show a single streamline originating at 

a point between wells 3-2 and 3-3 (i.e., 325 Building). If contaminants 

were released into the water at this well, their earliest possible arrival 

time at the river, a distance of about 2625 ft (800 m), would be about 



0.05 years (18.5 days) under the May 27, 1977, steady-state conditions 

(Figure 7.8). Table 7.6 is an example listing of the travel times and 

distances traveled for all streamlines shown in Figure 7.8. 

It is important to note that the streamlines discussed above were 

studied under steady-state conditions and therefore are not valid travel 

time estimations for times greater than 1 week. Under transient 

conditions the potential gradients, the rate of flow, and the direction of 

flow change in the model on a weekly basis (model time step interval is 

1 week). These changes are based on fluctuations in the river stage and 

the amount of recharge or discharge to the 300 Area. When predicting 

travel times greater than 1 week, the model parameters and the 

potentiometric surf aces should be updated weekly in order to accurately 

represent the direction and rate of flow. An example of the transient 

movement of the water (pathlines) for the same time period (beginning 

May 20, 1977) and starting at the same location (325 Building) as 

discussed above is shown in Figure 7.11. Under the transient conditions 

it took the water 6 weeks to reach the river, a distance of 3000 ft 

(914 m), whereas under the May 27, 1977, steady-state conditions the water 

traveled 2600 ft (792 m) directly to the river in 2.5 weeks. 



TABLE 7.6. Streamline Data (for Streamlines shown in Figure 7.8) 

I .  Process Water Trenches Mu1 tiple Stream1 ines 

N O D  X-ENI) y-Ehti) 7 1HE D l S f  ANCE 
t%UflE)  I h d u E l  CykAdS1 [FEET) 

AVEHAGE T I W E  ( Y E A R S I  o 8.24 
A V E W A G E  D I S T A f v C E  ( F E E T )  n 1544,  
A V E R A G E  V E C U C f T V ( F € k T / Y E A R )  8 5553,4848 

11. Single Stream1 ine Originating Between We1 1s 3-2 and 3-3 



FIGURE 7.11. 300 Area Pathline Originating at the 325 Building 
(Beginning w i t h  the May 20, 1977, Potential Surface) 
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8.0 THE MULTICOMPONENT MASS TRANSFER MODEL 

A transport model describes mathematical ly the forces that determine 

the movement of contaminants within a ground-water flow system. The model 

used to simulate the movement of contaminants within the 300 Area was the 

Multicomponent Mass Transfer (MMT) Model. MMT is designed to combine the 

ground-water movement data generated by the VTT flow model with dispersion 

and pertinent soil-waste reactions to predict the spatiotemporal distribu- 

tion of contaminants in the saturated regime. MMT is a two-dimensional, 

Discrete-Parcel-Random-Walk (DPRW) solution to the general transport equa- 

tion which can consider: 

transient convection 

variable dispersion 

sorption 

variable sorption for Sr and Cs 

radioactive decay 

N-membered decay chains 

mu1 tiple 1 ayers connected with dispersion 

destructive and reflective boundary conditions 

circular, three, and four-si ded discharge shapes 

complex chemical interaction for major ground-water constituents. 

8.1 THEORETICAL DEVELOPMENT OF THE MODEL - THE DIRECT SIMULATION APPROACH 

The development of a mathematical model of a given physical-chemical 

system or process may be approached using two different methods. One 

approach attempts to describe the system with a representative 

mathematical equation and then solves this equation with appropriate 

boundary conditions. The other approach attempts to simulate reality more 

directly. It defines numerical structures that represent specific 

constituents and a1 lows these numerical representations to react and 

interact as determined by the physical driving forces or constraints that 

are active in the real system. 



The first approach is termed the llmodel-equation'l method and usually 

leads to complex partial-differential equations which must be solved 

numerically, most often by using finite-difference or finite-element 

techniques. The second, or "direct-simulation" method, normally requires 

only that an efficient bookkeeping structure be established to control the 

response of the numerical representations so that all physical constraints 

are satisfied. Each approach, if properly implemented, can yield an 

adequate simulation of reality. 

The direct-simulation version of MMT was selected for use in this 

study. Its primary advantages are: 

always mass-conservative 

no cumulative numerical dispersion 

inherent numerical stability 

facilitates handling of multicomponent systems. 

The conceptual development of the MMT model using the direct-simulation 

approach is discussed below. Each important assumption will be indicated 

by italics. Although the current computerized version of MMT is a 

two-dimensional vertically average formulation, the conceptual model 

development is presented in three dimensions in anticipation of future 

model updates. Assumptions specific to the vertically averaged version 

are discussed when necessary. 

8.1.1 Numerical Implementation Algorithm 

The vertically averaged MMT model equation that describes transport 

in saturated uniform porosity systems is: 



where 

3 
pk = the mass concentration of species [M/L ] 

t = time 

V = the Del operator 

P = the mass average pore velocity of the f luid [LIT] 
- - 
D = second order tensor 

H = aquifer thickness 

r k  = the net rate of production of species k within the control volume 

[ M / L ~ T ]  . 

A state-of-the-art numerical technique referred to as a Discrete Parcel 

Random Walk (DRPW) algorithm is  used to compute a solution to 

Equation (8.1). When constructing a mathematical analog for simulating 

mass transport, the physiochemical system can be viewed as a large, b u t  

f in i t e ,  ensemble of small discrete quantit ies of mass. 

This method, which is  similar in some ways to Monte-Carlo transport 

analysis, i s  based on the movement of a hypothetical en t i ty  referred to as 

discrete parcel. Each parcel has associated with i t  a set  of spatial  

coordinates as well as a se t  of discrete quantit ies of mass, and i t s  

movement in space is  assumed to be independent of any other parcel. A 

Langrangian approach is  used for  simulating the parcel advection and a 

homogeneous Markov random walk process i s  used to model the dispersive 

component. If thousands of such parcels are released in a passive flow 

f i e ld  and their  discrete paths are followed and recorded as a function of 

time, then the density of the ensemble may be interpreted as the 

concentration of a particular constituent or contaminant. 

8.1.2 Particles of Mass 

An important f i r s t  step i n  creating a direct  analog of a mass 

transport system i s  to define a numerical construct with which to 

represent the chemical species. Engineering-oriented approaches to mass 

transfer processes t radi t ional ly have tended to view chemical solutions as 

continuums that are defined w i t h  respect to  a fixed or "Eulerian" frame of 

reference. I t  can also be useful to view material systems as being 



comprised o f  a  l a r g e  number o f  d i s c r e t e  p a r t i c l e s  o f  mat ter .  Ca r r i ed  t o  

t h e  mo lecu la r  o r  atomic l e v e l ,  t h i s  concept has been es tab l i shed  as a  

r e l i a b l e  d e s c r i p t i o n  o f  t h e  na tu re  o f  mat te r .  

It i s  not  f e a s i b l e  a t  p resen t  t o  cons ider  mo lecu la r -sca le  

subd i v i s i ons  when a t tempt ing  t o  model 1  arge environmental  systems, b u t  t h e  

same concept can be used t o  c rea te  a  workable analog. The direct 

approach assumes that the material that is dissolved or suspended in 

subsurface water can be represented as an ensemble of a finite number of 

discrete particles of matter. C ~ m p ~ t a t i ~ n a l  r e s t r i c t i o n s  u s u a l l y  l i m i t  

t h e  number o f  p a r t i c l e s  t h a t  can e f f i c i e n t l y  be used t o  something on t h e  
4 5 

o rde r  o f  10 o r  10 . The water mass that is carrying the material is 

assumed to be a continuum subject only to laminar flow. All particles are 

assumed to move with the continuum and at its velocity. 

Each p a r t i c l e  has a  de f i ned  l o c a t i o n  and a  f i n i t e  mass q u a n t i t y  

assoc ia ted w i t h  it. The particles are assumed to be independent of one 

another, o r  i n  o t h e r  words any one p a r t i c l e  i s  no t  a f f e c t e d  by t h e  

p r o x i m i t y  o r  behav io r  o f  o thers .  Th is  assumption i s  s t r i c t l y  v a l i d  o n l y  

f o r  d i l u t e  so lu t i ons ,  b u t  i s  approx imate ly  t r u e  f o r  a l l  except ve ry  h i g h l y  

concentrated systems. The p a r t i c l e s  occupy zero volume by d e f i n i t i o n .  

Because of their relatively large mass, the motion of the particles is 

assumed to be governed by Newtonian rather than relativistic mechanics. 

8.1.3 Advect ive Transpor t  

The .advec t i ve  mot ion o f  t h e  p a r t i c l e s  i s  c o n t r o l l e d  by t he  hos t  

medium i n  which t h e y  are immersed. ~t is assumed that the flow 

properties of the host medium (water) are not significantly affected by 

the number or type of particles present. This  s i m p l i f i c a t i o n  i s  

analogous w i t h  t h e  assumptioi t h a t  t h e  momentum and mass balance equat ions 

are decoupled i n  t h e  equation-based approach. Th is  a lso  i m p l i e s  t h a t  t he  

advec t i ve  mot ion o f  each p a r t i c l e  i s  o n l y  a  f unc t i on  o f  t h e  p h y s i c a l  

p r o p e r t i e s  of t he  c a r r i e r  and t he  geometry o f  t he  system. 



The flow properties of the host water body usually are represented as 

a matrix of velocity components. This matrix must represent a mass 

conservative flow field if a proper transport simulation is to take 

place. Of course, this requirement is also necessary when the model is 

developed from an equation-based approach. Several methods are avai 1 able 

for constructing the required flow fields, but most commonly they are the 

result of a flow model simulation. Each particle is allowed to move for a 

time interval, At, as determined by its location in the flow field. For 

best results the time-step size should be restricted so that the maximum 

distance moved by a particle is not larger than the matrix spacing of the 

flow field. 

8.1.4 Dispersive Transport 

The next transport process that must be accounted for is the readily 

observable property usually referred to as diffusion or dispersion, which 

. - results in a net flux relative to the ambient velocity. Dispersive 

transport consists of both mechanical dispersion and molecular diffusion. 

In porous media systems, mechanical dispersion is small-scale advective 

motion. Molecular diffusion takes place in the absence of fluid motion 

when mechanical dispersion ceases. Both have the same net result of 

causing foreign material to spread throughout the medium as the result of 

apparently random movements. 

The particles of mass used to simulate dissolved or suspended 

material are subject to the v a r i o u s  d i s p e r s i v e  m e c h a n i s m s  w h i c h  are 

assumed  t o  c a u s e  s t a t i s t i c a l l y  r a n d o m  d i s p l a c e m e n t s .  View a single 

particle from a Lagrangian frame of reference at position x at t = 0 which 

has moved with the fluid to x' at a later time, t. Its displacement XI-x 

-A is then a random function of time which can be described in terms of a 

spatial probability distribution function, P(x'-x,t). As more steps are 

w taken, the particle trajectory can be described as having the properties 

of a process known in statistics as a random walk. The probability 

distribution of a particle executing random steps is a standard problem of 



p r o b a b i l i t y  theory  ( F e l l e r ,  1957 and Chandrasekhar, 1943). The f o l l o w i n g  

d iscussion i s  based on a  sumnary o f  random walk theory  given by Bear 

(1972) and Csanady (1973). 

The main fea tures  of the problem can be understood most simply by the  

ana lys is  o f  a  random walk i n  one dimension w i t h  each step having a  u n i t  

length  and the p r o b a b i l i t y  of a  step i n  e i t h e r  d i r e c t i o n  being e x a c t l y  one 

h a l f .  Thus, assuming a  p a r t i c l e  i s  re leased a t  the  o r i g i n  o f  an a r b i t r a r y  

coordinate system, i t  could be a t  any o f  the  po in ts :  

a f t e r  N steps. 

The problem then i s  determining w i t h  what p r o b a b i l i t y  a  p a r t i c l e  

reaches a  g iven p o i n t  m when -N m +N. That p r o b a b i l i t y ,  denoted by 

P(m,N), can be ca l cu la ted  by enumerating a l l  of the  poss ib le  outcomes o f  a  

random walk cons i s t i ng  of N steps and determining which ones o f  those w i l l  

r e s u l t  i n  the p a r t i c l e  f i n i s h i n g  up a t  p o i n t  m. 

The p r o b a b i l i t y  of any one sequence o f  N backward and forward steps 
N  

i s  given by (1/2) . The requ i red  p r o b a b i l i t y  i s  t he re fo re  t h i s  value 

times the number o f  d i s t i n c t  sequences which w i l l  l ead  t o  the  p o i n t  m 

a f t e r  N steps. I f  the number of forward steps taken i s  f and the  number 

o f  backward steps b, then i n  order f o r  the  p a r t i c l e  t o  a r r i v e  a t  m a f t e r  N 

steps, the  f o l l o w i n g  r e l a t i o n s h i p s  must be t rue :  

which y i e l d s  

The number o f  d i f f e r e n t  sequences cons i s t i ng  o f  e x a c t l y  f forward and 

b  backward steps i s :  

therefore : 



which i s  known as a B e r n o u l l i  d i s t r i b u t i o n  (Chung, 1974). 

For modeling la rge-sca le  ground-water f l o w  the  case o f  most i n t e r e s t  

occurs f o r  very  l a r g e  N. For t h i s  case the  r e s u l t  f o r  P(m,N) can be 

s i m p l i f i e d  by making use o f  S t i r l i n g ' s  formula (Chung, 1974): 

A f t e r  some a lgebra ic  manipulat ion (Chung, 1974), Equation (8.4) 

reduces t o :  

which i s  a Gaussian o r  normal d i s t r i b u t i o n  w i t h  standard dev ia t i on  h. 
The convergence o f  t h e  B e r n o u l l i  t o  t he  Gaussian d i s t r i b u t i o n  i s  q u i t e  

r a p i d  as N increases. For example, the  d i f f e rences  are w i t h i n  a few 

percent f o r  N=10 except a t  t he  extremes o f  t h e  d i s t r i b u t i o n s .  

The " d i s c r e t e n  d i s t r i b u t i o n  expressed by Equation (8.6) can be made 

C O ~ ~ ~ ~ U O U S  by assuming that the individual steps are small compared to 

the length A x  over which we may want to define particle concentrations. 

If the step length is R, which is assumed to be characteristic of a 

particular medium, then: 

where x  i s  the displacement f rom the  o r i g i n .  The t o t a l  p r o b a b i l i t y  o f  

f i n d i n g  a p a r t i c l e  over a range Ax, centered a t  x, i s  then approximately:  

The fac to r  2 i s  i n  the  denominator because the d i s c r e t e  neighbor ing 

p r o b a b i l i t y  p o i n t s  are always separated by two step lengths. I n  a 

d i f f u s i n g  c loud o f  independent p a r t i c l e s ,  having t o t a l  mass Q, t he  

f r a c t i o n  o f  t he  m a t e r i a l  contained w i t h i n  t he  range Ax i s  then g iven by: 

t o t a l  mass /xiii2Ax = Am = Q*P(m,N) - Ax 2 2 

X-1   AX 



which can be expressed i n  terms o f  concent ra t ion  as: 

The t o t a l  number o f  steps, N, may be r e l a t e d  t o  a d i f f u s i o n  time, t, 

i f  t h e  p a r t i c l e  i s  assumed t o  undergo n displacements per  u n i t  t ime: 

t = N/n (8.11) 

and a "d i f fus ion  ve loc i ty , "  u, can be def ined as: 

De f i n ing  a d ispers ion  c o e f f i c i e n t ,  D, as: 

D = +ink2 = ue CL~/T I  

y i e l d s :  

This  equat ion i s  recognizable as a Gaussian d i s t r i b u t i o n  w i t h  standard 

deviat ion,  2Dt, and a l so  as a s o l u t i o n  t o  t he  c l a s s i c a l  one-dimensional 

d i f f u s i o n  equat ion (Cars1 aw, 1959, and Crank, 1956). The above arguments 

have been extended t o  t h ree  dimensions f o r  a homogeneous i s o t r o p i c  system 

by Scheidegger (1954), y i e l d i n g :  

which i s  a s o l u t i o n  t o  the  three-dimensional d i f f us ion  equation. 

Chandrasekhar (1943) has shown fo r  a general, three-dimensional 

Markovian random walk t h a t  t h i s  p r o b a b l i s t i c  approach can be connected 

d i r e c t l y  t o  the  d i f f u s i o n  equat ion w i thou t  having t o  enumerate a l l  

poss ib le  sequences o f  displacements. A b r i e f  summary o f  Chandrasekhar I s  

arguments i s  presented by Csanady (1973) showing t h a t  the  asymptot ic (N+w) 

temporal t r a n s i t i o n  p r o b a b i l i t y  o f  t h e  random walk problem has a form 

i d e n t i c a l  t o  the c l a s s i c a l  d i f f us ion  equation. 



In Scheidegger's (1954) formulation the motion of a particle through 

a specific medium was assumed to be made up of a sequence of straight 

elementary displacements of equal duration in which the direction and 

length of each displacement take on random values. However, his model 

does not take into account the observed difference in rate of dispersion 

with respect to the directions longitudinal and transverse to flow. De 

Jong (1958) shows that for a homogeneous system the longitudinal 

dispersion can generally be expected to be five to seven times larger in 

the pores oriented in the direction of flow. However, when irregularities 

are present in the system this ratio is not readily predictable or 

quantifiable. 

The most important point to be gained from this very brief discussion 

of the statistical description of dispersion is that the rms 

(root-mean-square) distance an ensemble of parcels undergoing a random 

walk will move during a time step, At, can be expressed (for the 

one-dimensional case) as : 

based upon the result shown in Equation (8.14). Similar displacements 

will also occur in the other spatial directions. The numerical analog 

adopted for the dispersion portion of the direct simulation model approach 

is based on Equation (8.16) and is similar to Scheidegger's approach with 

the extension that the rates of dispersion are allowed to differ with 

respect to the 1 ongitudinal and transverse flow directions. 

8.1.5 Total Particle Movement 

To sumnarize particle movement, a particle of mass is defined that is 

assumed to be subject to displacements resulting from both advective and 

dispersive mechanisms during a given time step. If a large number of 

particles are released at a concentrated location after several time 

steps, an ellipsoidal cloud will result with a center point moving with 

the average flow velocity and the major semi-axis coincident with the 

direction of flow. 



Another s i g n f i c a n t  p o i n t  t o  note i s  t h a t  based upon the  assumptions 

presented above, t he  motion o f  a  p a r t i c l e  i s  dependent o n l y  on the  na ture  

o f  the  f l ow  system and not  on the type o f  species being t ransported.  This 

suggests t h a t  each p a r t i c l e  can be tagged w i t h  more than one mass quan- 

t i t y ,  each represent ing  a  d i f f e ren t  species. By computing the  movement o f  

one se t  o f  p a r t i c l e s ,  the  t ranspor t  o f  several  species can be s imulated 

simultaneously w i t h  considerable savings i n  computer t ime. 

8.1.6 Concentrat ion D i s t r i b u t i o n  

A t  the  end o f  any desi red t ime step, t he  s o l u t i o n  can be h a l t e d  and 

the  amount o f  mass r e s i d i n g  w i t h i n  any def ined volume can be tabu la ted  

y i e l d i n g  an average concentrat ion value f o r  the  volume. The s o l u t i o n  can 

then cont inue t ranspor t i ng  each p a r t i c l e  f rom where i t  was halted, stop- 

p ing  again t o  compute another concentrat ion d i s t r i b u t i o n  when desired. 

This  procedure i s  completely mass conservat ive as opposed t o  some e a r l i e r  

Lagrangian s o l u t i o n  techniques such as the  P I C  method (Pinder and Cooper, 

1970) which tagged each p a r t i c l e  w i t h  a  concentrat ion r a t h e r  than a  mass. 

Averaging a  se t  of concentrat ions t o  c a l c u l a t e  an o v e r a l l  c e l l  concentra- 

t i o n  can o f t e n  lead t o  ser ious mass conservat ion problems. 

8.1.7 Source/Sink Terms 

The simple i n j e c t i o n  o r  withdrawal of contaminants from the  system i s  

e a s i l y  simulated by adding or removing p a r t i c l e s  a t  appropr ia te  loca-  

t i ons .  Other types o f  source/sink mechanisms such as r a d i o a c t i v e  decay 

o r  chemical reac t i on  r e q u i r e  t h a t  t he  mass q u a n t i t i e s  associated w i t h  each 

p a r t i c l e  be adjusted or  r e d i s t r i b u t e d .  

P r i o r  t o  the computation of one of the  more complex types o f  non- 

conservat ive mechanisms i t i s  u s u a l l y  most convenient t o  conver t  t h e  

p a r t i c l e  l o c a t i o n  d i s t r i b u t i o n s  i n t o  a  se t  of concentrat ion d i s t r i b u -  

t ions .  New concentrat ions f o r  each subd iv i s ion  are ca l cu la ted  from a  

r e a c t i o n  r a t e  o r  e q u i l i b r i u m  type of r e a c t i v e  submodel. The concentrat ion 

change w i t h i n  each summation i n t e r v a l  (Ax, ~ y ,  Az) f o r  each species i s  

accounted f o r  by app rop r ia te l y  ad jus t i ng  the  mass q u a n t i t i e s  associated 

w i t h  each parce l  w i t h i n  the  i n t e r v a l .  



8.1.8 Boundarv Cond i t ions  

The boundary c o n d i t i o n s  f o r  the  d i r e c t  approach model can be 

s p e c i f i e d  q u i t e  e a s i l y .  Two d i s t i n c t  t ypes  can be i d e n t i f i e d :  

1. Free f l o w  boundary - any p a r t i c l e  t r anspo r ted  ou t  o f  t he  system 

across t h i s  t ype  o f  boundary i s  assumed t o  have e x i t e d  f rom t h e  

system. New p a r t i c l e s  w i t h  app rop r i a te  mass are c rea ted  a t  i n f l o w  

boundaries. 

2. R e f l e c t i n g  o r  no f l o w  boundary - any p a r t i c l e  encounter ing t h i s  t ype  

o f  boundary i s  r e f l e c t e d  back i n t o  t he  system. 

Assumptions f o r  t h e  V e r t i c a l l y  Averaged Vers ion 

The preceding d iscuss ion  descr ibes the  assumptions i n  the  c u r r e n t  

v e r t i c a l l y  averaged vers ion  o f  MMT-DPRW w i t h  one except ion.  Local  

r educ t i ons  on a q u i f e r  th ickness  should h i nde r  h o r i z o n t a l  spreading and 

increases i n  th ickness  should inc rease  t he  spreading r a t e .  I n  a  f u l l y  

three-d imensional  model t h i s  i s  taken care o f  by s p e c i f y i n g  t he  a q u i f e r  

t op  and bottom as r e f l e c t i n g  boundaries. However, i n  t he  2-D v e r t i c a l l y  

averaged ve rs i on  the  p a r t i c l e s  do n o t  have v e r t i c a l  coord ina tes  assoc ia ted 

w i t h  them t h a t  cou ld  make use o f  t h i s  boundary cond i t i on .  

Fo r tuna te l y ,  i t  i s  s t i l l  r e l a t i v e l y  easy t o  account f o r  t h i s  

phenomenon i n  t h e  2-D model. I n  Equat ion (8.1) t h i s  spreading r a t e  
D k  

adjustment i s  computed by t he  Ti OH V p  term. Care fu l  examinat ion o f  

Equat ion (8.1) i n d i c a t e s  t h a t  t h e  n e t  r e s u l t  o f  t h i s  term i s  t o  inc rease  

o r  decrease t he  pore v e l o c i t y ,  V. Consequently, the v e r t i c a l l y  averaged 

model f o r m u l a t i o n  approx ima tes  these s p r e a d i n g  r a t e  p e r t u b a t i o n s  b y  add ing  

a  D/H ( V H )  component t o  e a c h  v e l o c i t y  vector o f  the f l o w  f i e l d .  

8.2 MMT DATA REQUIREMENTS 

The data requi rements o f  t he  MMT-DPRW model can be l i s t e d  as f o l l ows :  

ground-water v e l o c i t y  f i e l d  

r e t a r d a t i o n  c o e f f i c i e n t  

d i s p e r s i o n  



leach rate 

initial inventory 

half-lives for all nuclides 

mapping of parent-daughter relationships. 

The MMT model requires a velocity field describing the flow patterns 

of the transporting media (water) as input data. The velocity 

distributions are usually derived from a hydrodynamic numerical model, a 

physical model, and/or an extensive field measurement program prior to 

running the contaminant transport simulation. The most common practice is 

to use the VTT model output as a direct input to the MMT model. 

Dispersion is simulated by using random numbers between 1 and -1, 

multiplied by a length factor characteristic of the dispersion constant 

and the time step. The retardation coefficient, K, is calculated from the 

distribution coefficient, KD(V/m), and the soil-to-solution ratio, 

B(m/V), by Equation (8.17): 

The initial inventory is a measure of the initial quantities of 

contaminants either entering the system from a source or which exist from 

the system. The factor controlling the rate of entry of contaminants into 

the system from a source is the leach rate. 

The approach to developing a ground-water mass transport model for a 

region is to: 

obtain flow and boundary information from the VTT ground-water 

simulation 

determine important contaminants 

determine initial concentrations and inputs of the contaminants 

within the region 

obtain contaminant-related data (retardation coefficient, dispersion 

coefficient, reaction rates, other soi 1-contaminant interactions) 

calibrate and validate the model with a known result at a time later 

than that associated with the initial concentrations. 



9.0 DEVELOPMENT OF MMT MODEL FOR THE 300 AREA 

9.1 MMT DATA REQUIREMENTS 

9.1.1 Boundary and Flow Data 

The boundary cond i t i ons  obta ined from VTT are used t o  c rea te  the  

boundary cond i t i ons  f o r  MMT. An impervious boundary i s  one t h a t  r e f l e c t s  

the  parce ls  back i n t o  the f l o w  f i e l d .  A boundary t h a t  a l lows f l o w  t o  

leave the  f l o w  system destroys parce ls .  The b a s a l t  outcrops throughout 

the  Hanford S i t e  ac t  as impervious o r  r e f l e c t i n g  boundaries, w h i l e  the  

Columbia R iver  i s  a  d e s t r u c t i v e  boundary. The he ld  nodes surrounding the  

300 Area modeled reg ion  c o n s t i t u t e  a  d e s t r u c t i v e  boundary. 

The f l o w  data rece ived from VTT i s  i n  t he  form o f  p o t e n t i a l s ,  

permeab i l i t i es ,  and storage c o e f f i c i e n t s .  The x,y v e l o c i t y  f i e l d  used by 

MMT i s  then ca l cu la ted  us ing  Darcy's law i n  two dimensions from the  data 

i n  t he  VTT f i n i t e  d i f f e r e n c e  g r i d .  

9.1.2 I m ~ o r t a n t  Contaminants 

The important  cons t i t uen ts  t o  be modeled are chosen by two methods. 

The f i r s t  t e s t  i s  based on t h e  t o x i c i t y  o f  t he  c o n s t i t u e n t  t o  t he  

environment. The second t e s t  i s  based on a  non- tox ic  contaminant which 

has a  s i g n f i c i a n t  e f f e c t  upon the  movement o f  a  t o x i c  contaminant. For 

t he  purposes o f  the s imu la t ions  reported, o n l y  t he  f i r s t  t e s t  was used 

because the  concentrat ions o f  t he  important  t o x i c  contaminants are low 

enough t o  neg lec t  i n t e r a c t i o n s  between cons t i tuen ts .  

9.1.3 I n i t i a l  Concentrat ions and Sources 

For many t ranspo r t  s imu la t ions  i t  i s  necessary t o  know the  i n i t i a l  

concent ra t ion  o f  a  p a r t i c u l a r  contaminant i n  the  ground water and the  

l o c a t i o n  and r a t e  o f  i n p u t  o f  t h a t  contaminant t o  the  system. The i n i t i a l  

cond i t ions  are normal ly  obta ined by sampling observat ion w e l l s  w i t h i n  t he  

model region, contour ing the  data, and i n p u t t i n g  the  d i g i t i z e d  contour 

sur face t o  t he  model. Contaminant sources are i d e n t i f i e d  by sampling the  

recharge t o  the  ground water and i n p u t t i n g  contaminant concent ra t ion  data 

a t  t he  proper l o c a t i o n s  i n  t h e  model. 



9.1.4 Contaminant Related Data 

The contaminant-related data used f o r  t he  300 Area model inc luded 

d i s t r i b u t i o n  c o e f f i c i e n t  (Kd) and d ispers ion  c o e f f i c i e n t .  These values 

are normal ly  obta ined exper imenta l l y  f rom labo ra to ry  tes ts .  

9.2 CALIBRATION AND VALIDATION 

The t ranspor t  model can be c a l i b r a t e d  against observed contaminant 

movements by a l t e r i n g :  

v e l o c i t y  f i e l d  

r e t a r d a t i o n  c o e f f i c i e n t s  

d ispers ion  c o e f f i c i e n t s .  

The best  way t o  a l t e r  t he  v e l o c i t y  f i e l d  i s  t o  r e c a l i b r a t e  the  VTT 

model. Therefore, assuming VTT i s  c a l i b r a t e d  t h e  v e l o c i t y  f i e l d  need n o t  

be a1 tered. A l t e r i n g  r e t a r d a t i o n  c o e f f i c i e n t s  re ta rds  o r  hastens move- 

ment. Changing t h e  d ispers ion  c o e f f i c i e n t s  e i t h e r  increases o r  decreases 

spread o f  the component o f  i n t e r e s t .  Therefore, i f  t he  component has 

moved too  f a r  i n  a  g iven t ime period, then increas ing  the  r e t a r d a t i o n  

c o e f f i c i e n t  would slow i t down, w h i l e  i f  the  contaminant a f fec ted  too  

l a rge  an area w i t h  respect  t o  a  known r e s u l t ,  then decreasing the  d isper -  

s ion  c o e f f i c i e n t s  w i l l  decrease the  area l  spread o f  contaminant. 

9.3 MMT TEST CASE 

The pr imary a p p l i c a t i o n  o f  the  MMT Model i n  the 300 Area w i l l  l i k e l y  

be the  s imu la t ion  o f  p o i n t  source acc identa l  s p i l l s  o f  contaminants. A  

r a d i o a c t i v e  waste was a c c i d e n t a l l y  s p i l l e d  i n  mid January 1979 near the 

325 Bu i ld ing .  This  s p i l l  was used t o  demonstrate the  use o f  t he  MMT 

t ranspor t  model as a  t e s t  case scenario. Z- 

The rad ioac t i ve  isotopes and t h e i r  i n i  t i a1 inven to r i es  were i d e n t i  - 
4 

f i e d  f r ~ m  a  sample o f  t h e  waste mater ia l .  The t o t a l  i nven to r i es  used i n  

t h e  model were ca l cu la ted  from an est imate t h a t  approximately 4,000 ga l l ons  - . 
(15,140 1) o f  f l u i d  were acc iden ta l l y  discharged from the  t r a n s p o r t i n g  

pipe. The isotopes contained i n  the  waste, i n i t i a l  inventor ies ,  



half-lives, retardation coefficients, and uncontrolled water radiation 

standards are shown in Table 9.1. For all cases a beta of 4.3 glml and a 

dispersion length of 25 ft (7.62 m) were used. Only the isotopes that 

would have a measurable inventory (as determined from their retardation 

coefficient to half-life relationship) were actually run in the transport 

simulation. 

The transient hydrologic model was used to predict a water travel 

time from the 325 Building to the Columbia River of approximately 

6 weeks. This travel time was calculated starting from the last week in 

January with the 1978 hydrologic model. A comparison of the Columbia 

River flow measurements and the discharge to the process water trenches 

for January 1979 versus January 1978 showed the levels to be very 

similar. Since all other model input parameters are identical for both, 

the 1978 model was used to simulate the flow in 1979. A conservative 

estimate was made that the water moved through the partially saturated 

zone in 10 days and entered the ground water according to a nearly normal 

distribution. 

9.3.1 MMT Transport Simulation Results 

In order to properly represent the transport, the model should be run 

until all isotopes have either reached the Columbia River or have decayed 

to zero mass. For this scenario, a simulation time of 500 years was 

sufficient. 

A lower limit for concentration of ~Cilrnl was selected for 

display of results on the basis that this value is at least 100 times 

smaller than the maximum permissible concentration for water (U. S. ERDA, 

1975) in uncontrolled areas for all the radioactive isotopes released by 

this spill. 

The results of the transport simulation are summarized in Table 9.2. 

The table shows the arrival times at the river boundary of the peak 

concentrations for each isotope exiting. The table also shows maximum 

isotopic concentration in the ground water, ICRP maximum permissible 

drinking water concentration (MPC) for each isotope, and the ratio of 

model-predicted maximum concentration to MPC. A plot of the maximum 
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I so tope - 

Sb-125 

Pu- 238 

Pu- 239 

Sr-90 

Eu- 154 

Eu-1 55 

Pm- 147 

Am- 24 1 

CS-1 34 

CS-1 37 

Ce- 1 44 

TABLE 9.2. Summary o f  t h e  Transport  Model 

Uncontrol  1 ed Peak A r r i v a l  Time Ra t io  o f  
Water (years)  Model Pred ic ted Model Pred ic ted 

Rad ia t ion  Standard (b lank  means iso tope Maximum Ground-Water Maximum 

(cG)* decayed before  i t  Concentrat ion Concentrat ion 
(yCi / m l  ) reached t h e  r i v e r )  ( yCi /m1) t o  CG 

* U. S. Energy Research and Development Admin is t ra t ion ,  1975 



concentration (pCi/ml) in the ground water versus time for each exiting be 

nuclide is shown in Figures 9.1 through 9.5. Only 5 of the isotopes 

reached the river via the ground water with any reportable concentration. - I 

Of these 5, only the Strontium-90 is close to MPC, its concentration being 

25% of MPC. A1 1 remaining isotopes are all at least 65 times smaller than 

MPC. In general, the transport model results indicate that due to either 

a short half-life or a high retardation coefficient, this accidental spill 

poses little or no threat to the environment. 



KO = 1.00 ML/G HflLF-LIFE=2.7000E+00 YEARS BETA= 4.3 G/ML 
I N I T I A L  INVENTORY=9.4897E-02 CURIES. PRESENT INVENTORY=8.2983E-02 CURIES. 

ISOTOPE SB125 TIME VS CONCENTRATION 



YD= 100.00 ML/G HALF-LIFE=8.6400E+01 YEARS BETA= 4.3 G/ML 

INITIAL INVENTORY =3.3453E- 01 CURIES. PRESENT INVENTORY =2.3591€-01 CURIES. 
ISOTOPE PU238 TIME VS CONCENTRATIUN 

TIMECYEARSI 



KO= 100.00 ML/G HALF-LIFE=2.4390E+04 YEARS BETA= 4.3 G/ML 
INITIAL INVENTORY=l.3640E-01 CURIES. PRESENT INVENTORY=l.3618E-01 CURIES. 

ISOTOPE PU239 TIME VS CONCENTRATION 



KO= 100.00 ML/G HFtlF-LIFE=2.7700E401 YEARS BETA= 4.3 G/ML 

INITIAL INVENTORY=1.0214E+00 CURIES. PRESENT INVENTORY=3.4865E-01 CURIES. 
ISOTOPE SR90 TIME VS CONCENTRATION 



kD= 108@.00 HLIG HALF-LIFE=4.5800E+02 YEARS BETA= rL 3 G/ML 
I N I T I A L  INVENTORY=1.9499E+06 CURIES. PESENT INVENTORY=1.9151E+06 CURIES. 

ISOTOPE AM241 TIME VS CONCENTRATION 
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APPENDIX 

WATER-TABLE ELEVATION-VERSUS-TIME HYDROGRAPI-I PLOTS 
FOR THE 29 OBSERVATION WELLS I N  THE 300 AREA 
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