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ABSTRACT 

To supplement other waste disposal operations on the Department of 

Energy ( D O E )  Oak Ridge Reservation (ORR), the geohydrology at a 

potential site for shallow-land burial of low-level radioactive waste 

has been characterized. The proposed Solid Waste Storage Area (SWSA) 7 

Is located in Melton Valley east of the current burlal facilities in 

the valley. This report documents the geology, hydrology, and 

background water quallty of the site. 

The geologic investigation was carrled out through field mapping, 

the drilling of three deep core holes, geophysical investigations, and 

chemical analyses. The study area is underlain by the Nolichucky 

Shale, the Maryville Limestone, the Rogersville Shale, and the Rutledge 

Limestone; all are formations o f  the Conasauga Group. Lithologically, 

the formations are variable and range from clean limestones, calcareous 

shales and siltstones, to noncalcareous mudstones. The area is 

structurally complex and small-scale features are common; these include 

several joint systems, small-scale faulting, and folding. Several 

linear features cross the site and appear to be tear faults or fracture 

zones; no offset is apparent across these features, but they do appear 

to be conductors of water in the subsurface. A large-scale thrust 

fault or zone was encountered in one of the core holes. The result of 

this feature is the doubling in thickness of the Rogersville Shale 

beneath part of the site. 

drilling of monitoring wells were analyzed for chemlcal and radionuclide 

Samples of cuttings collected during the 

iX 



exchange p r o p e r t i e s .  The s a p r o l i t e  and unweathered rock  b o t h  e x h i b i t  

h i g h  a d s o r p t i o n  va lues,  b u t  a genera l  decrease i n  Kd c o e f f i c i e n t s  

w i t h  depth i s  noted.  

A c r i t i c a l  f l o w  f lume and seve ra l  temporary gaging s t a t i o n s  were 

i n s t a l l e d  on t h e  s i t e  t o  c h a r a c t e r i z e  t h e  s u r f a c e  water  system. The 

s i t e  i s  d r a i n e d  by a c e n t r a l  stream t h a t  f l o w s  i n t o  Me l ton  Branch. Two 

s m a l l e r  t r i b u t a r i e s  a r e  l o c a t e d  on e i t h e r  s i d e  o f  t h e  s i t e .  The s i t e  

l i e s  w i t h i n  t h e  White Oak Creek watershed, thus d ra inage  f rom t h e  s i t e  

i s  mon i to red  by t h e  e s t a b l i s h e d  system f o r  t h e  d ra inage  bas in .  

A m o n i t o r i n g  w e l l  network o f  18 w e l l s  was i n s t a l l e d  on s i t e  t o  

c h a r a c t e r i z e  t h e  groundwater f l o w  regime and t o  c o l l e c t  d a t a  on t h e  

a q u i f e r  p r o p e r t i e s .  The a q u i f e r  u n d e r l y i n g  t h e  s i t e  i s  r e l a t i v e l y  l ow  

i n  p e r m e a b i l i t y  (2 .57  x 10-5cm/sec), a n i s o t r o p i c ,  and f l o w  i s  

c o n t r o l l e d  by t h e  secondary p o r o s i t y  formed by t h e  p e r v a s i v e  j o i n t i n g .  

The su r round ing  t r i b u t a r i e s  a r e  t h e  l o c a l  d i scha rge  areas f o r  t h e  

groundwater system, b u t ,  based on t h e  water  budget and t h e  g e o l o g i c  

I n v e s t i g a t i o n s ,  i t  appears t h a t  p a r t  o f  t h e  groundwater d i scha rge  may 

d i r e c t l y  e n t e r  Mel ton Branch. Water samples c o l l e c t e d  f r o m  t h e  w e l l s  

and streams i n d i c a t e  t h a t  t h e  s i t e  i s  uncontaminated by su r round ing  

a c t i v i t i e s  on t h e  ORR.  

The geohydro log i c  da ta  c o l l e c t e d  f o r  t h e  s i t e  can be used t o  

a s s i s t  i n  t h e  des ign  and e v a l u a t i o n  o f  t h e  proposed waste d i s p o s a l  

f a c i l i t y  and as i n p u t  f o r  a d e t a i l e d  pathways a n a l y s i s .  T h i s  r e p o r t  

and a companion document (ORNL/TM-9326) on t h e  s o i l s  o f  t h e  s tudy area, 

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

X 



1. INTRODUCTION 

As part of the waste management program of the ORR, a potential 

SWSA is being investigated for future use. The area known as SWSA-7 

lies within Melton Valley, west of the High Flux Isotope Reactor (HFIR) 

facility, on the ORR. Additional low-level radioactive waste disposal 

facilities will be required at Oak Ridge National Laboratory (ORNL) to 

replace current areas (SWSA-6) as they become filled and to supplement 

other waste disposal activities (Central Waste Disposal Facility) when 

they become available. Suitable waste disposal areas on the ORR are 

limited, and after a broad overview of possible locations (Lomenick, 

Byerly, and Gonzales 1983), the Melton Valley location was chosen as 

the prime area for future development. 

The proposed SWSA-7 is underlain by rocks of the Conasauga group. 

Most of the current and past waste disposal operations at ORNL have 

taken place within these same geologic formations. 

include ORNL SWSAs 4-6, the low-level radioactive waste pits and 

trenches, and the hydrofracture facility. Thus, past experience at 

ORNL can be used to develop and manage waste disposal operations at 

this proposed location. 

These operations 

Slte characterization is a critical first step in the development 

of a future waste disposal facility. 

characterization can be utilized to determine background conditions as 

input to pathways analyses and for evaluating the potential use and 

design of the site. 

step in site development, and supplementary data can be collected as 

requlred in the future. 

Data collected during the site 

The characterization phase is generally an initial 

This report documents the characterization o f  
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t h e  geohydrology o f  t h e  proposed SWSA-7. The c h a r a c t e r i z a t i o n  o f  t h e  

s o i l s  o f  t h e  s i t e  has been i n c l u d e d  i n  a separate document ( R o t h s c h i l d  

e t  a l . ,  1984a).  

The Conasauga Group weathers i n  such a f a s h i o n  t h a t  a t h i c k  

residuum i s  n o t  formed. I n  t h e  near sur face,  t h e  carbonate cement 

p resen t  t h roughou t  most o f  t h e  group i s  leached ou t ,  b u t  t h e  bedding 

and s t r u c t u r e s  o f  t h e  o r i g l n a l  rock  a r e  s t i l l  p resen t .  T h i s  upper, 

c h e m i c a l l y  weathered zone i s  g e n e r a l l y  r e f e r r e d  t o  as s a p r o l i t e .  

O v e r l y i n g  t h e  s a p r o l i t e  i s  a t h i n  veneer o f  s o i l  t h a t  i s  g e n e r a l l y  l e s s  

than  1 m ( 3  f t )  t h i c k .  The boundar ies between s o i l ,  s a p r o l i t e ,  and 

unweathered rock  a r e  n o t  d i s t i n c t  b u t  g r a d a t i o n a l  and a r b i t r a r y .  T h i s  

r e p o r t  focuses on t h e  lower two ho r i zons ,  t h e  s a p r o l i t e  and t h e  

unweathered rock .  T h i s  document a l s o  covers t h e  h y d r o l o g i c  regime o f  

t h e  s i t e ,  i n c l u d i n g  t h e  l o c a l  c l i m a t e ,  s u r f a c e  water  and groundwater 

hyd ro logy ,  and water  chemis t r y .  

The c h a r a c t e r i z a t i o n  o f  t h e  geohydrology of a proposed sha l l ow- land  

b u r i a l  s i t e  i s  c r i t i c a l  because t h e  b u r i a l  takes p l a c e  i n  t h e  s h a l l o w  

e a r t h  m a t e r i a l s  and because water  i s  t h e  p r imary  pathway f o r  o f f - s i t e  

contaminant m i g r a t i o n .  The geohydrology d i c t a t e s  how a s i t e  can be 

u t i l i z e d  and how t h e  f a c i l i t y  should be moni tored.  

s i t e  has been i n v e s t i g a t e d  and a d e t a i l e d  geo log ic  map produced. The 

i n v e s t i g a t i o n  i n c l u d e d  f i e l d  mapping, c o r e  d r i l l i n g ,  geophysica l  

surveys, and a topograph ic  a n a l y s i s .  The chemical  and r a d i o n u c l i d e  

a d s o r p t i o n  p r o p e r t l e s  were i n v e s t i g a t e d ,  and da ta  were c o l l e c t e d  t o  

document b o t h  a r e a l  and v e r t l c a l  v a r i a t i o n s .  The h y d r o l o g i c  regime o f  

t h e  s i t e  was a l s o  c h a r a c t e r i z e d .  Data were gathered on t h e  l o c a l  

The geology o f  t h e  
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- .  c l i m a t e ,  s i t e - s p e c i f i c  i n f o r m a t i o n  on stream f l o w  was c o l l e c t e d  th rough  

t h e  i n s t a l l a t i o n  o f  a f lume and temporary gaging s t a t i o n s ,  a water  

budget f o r  t h e  s i t e  was c a l c u l a t e d ,  d a t a  on groundwater l e v e l  

f l u c t u a t i o n s  and a q u i f e r  p r o p e r t i e s  were c o l l e c t e d  th rough  an e x t e n s i v e  

m o n i t o r i n g  w e l l  network,  and background stream and groundwater 

chemis t r y  were determined. 

The c h a r a c t e r i z a t i o n  performed on s i t e  g e n e r a l l y  f o l l o w s  t h e  

fo rma t  as desc r ibed  i n  L u t t o n ,  Malone e t  a l .  (1982) and Lu t ton ,  B u t l e r  

e t  a l .  (1982) .  F u r t h e r  da ta  may be r e q u i r e d  as t h e  s i t e  i s  developed. 

The c h a r a c t e r i z a t i o n  o f  any s i t e  i s  an i t e r a t i v e  process: s i t e  

u t i l i z a t i o n  depends on t h e  s i t e  c h a r a c t e r i s t i c s ,  and proposed des igns 

i n d i c a t e  i f  and where f u r t h e r  da ta  a r e  r e q u i r e d .  
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2 .  SUMMARY 

The proposed SWSA-7 i s  u n d e r l a i n  by rocks o f  t h e  Conasauga Group 

i n  t h e  e a s t e r n  p o r t i o n  o f  Mel ton V a l l e y .  The area i s  c h a r a c t e r i z e d  by 

g e n t l y  r o l l i n g  t o  s teep topography. The s i t e  l i e s  i n  t h e  White Oak 

Creek watershed, and s u r f a c e  r u n o f f  and groundwater d i scha rge  e n t e r  

Me l ton  Branch. The s i t e  i s  d r a i n e d  by seve ra l  f i r s t - o r d e r  t r i b u t a r i e s ;  

these t r i b u t a r i e s  a r e  t h e  p r imary  groundwater d i scha rge  areas f o r  t h e  

s tudy area. 

The s i t e  topography i s  a r e s u l t  o f  t h e  d i f f e r e n t i a l  wea the r ing  o f  

t h e  u n d e r l y i n g  s t r a t a .  The s t r a t a  do n o t  weather t o  a t h i c k  residuum 

b u t  t o  a s a p r o l i t e  t h a t  r e t a i n s  t h e  s t r u c t u r e  o f  t h e  p a r e n t  rock .  The 

s a p r o l i t e  i s  c h e m i c a l l y  leached b u t  i s  s t r u c t u r a l l y  coheren t .  The 

s a p r o l i t e  grades i n t o  unweathered rock ,  and t h e  water  t a b l e  o f  t h e  s i t e  

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

The geology o f  t h e  s i t e  was determined through a s e r i e s  o f  co re  

ho les ,  f i e l d  mapping, and geophysica l  i n v e s t i g a t i o n s .  The s i t e  i s  

u n d e r l a i n  by f o u r  f o r m a t i o n s  o f  t h e  Conasauga Group: t h e  No l i chucky  

Shale,  t h e  M a r y v i l l e  Limestone, t h e  R o g e r s v i l l e  Shale, and t h e  Rut ledge 

Limestone ( f r o m  youngest t o  o l d e s t ) .  The l i t h o l o g y  o f  t h e  fo rma t ions  

i s  ve ry  complex and i s  composed o f  i n te rbedded  l imestones,  shales,  and 

s i l t s t o n e s .  The fo rma t ions  a r e  d i s t i n c t  and can be d e f i n e d  w i t h i n  

cored s e c t i o n s  b u t  a r e  d i f f i c u l t  t o  l o c a t e  i n  t h e  f i e l d  because o f  t h e  

weather ing c h a r a c t e r i s t i c s  o f  t h e  s t r a t a .  

The s t r u c t u r a l  geology o f  t h e  area i s  c o n t r o l l e d  by t h e  l a r g e - s c a l e  

t h r u s t  f a u l t s  i n  t h e  r e g i o n .  Regional  t h r u s t i n g  has r e s u l t e d  i n  

s m a l l - s c a l e  deformat ion w i t h i n  t h e  rock  u n i t s  and a p e r v a s i v e  j o i n t  and 
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fracture system. Folding is common throughout the Conasauga Group, and 

the fold axes generally parallel geologic strike. Jointing and 

fractures follow several orientations ranging from parallel to and 

normal to geologic strike, to orientations at acute angles, to strike. 

Large-scale faulting normal to thrusting also appears to be a 

common feature of the region. Several topographic linears can be 

identified on site that may be faults and/or fracture zones. A strong 

linear that runs through the center of the site was investigated 

through coring, geophysics, and a topographic analysis. The data from 

the core holes indicate that no significant movement has occurred along 

the proposed fault/fracture zone, but the geophysical surveys show that 

the linear may be a conduit for subsurface water movement. 

within the cores were numerous fault zones; these include a major 

thrusting zone that resulted in a doubling of the thickness of the 

Rogersville Shale beneath part of the site. 

Identified 

The chemical and radionuclide adsorption properties of the 

subsurface materials were analyzed by testing drill cuttings from a 

number of borings. A batch methodology was used to determine 

distribution coefficients (Kds) for Sr, I, Cs, Co, Am, and total 

hardness. Chemical analyses on the earth materials included 

exchangeable cations, exchangeable acidity, equilibrium pH, and total 

carbonate content. The 54 samples analyzed included two long boreholes 

sampled at 1.5 m (5 ft) intervals, and five shorter borings that were 

sampled at three different depths. 

indicate that the chemical and adsorption properties of the saprolite 

and the unweathered rock can be differentiated and, in general, that 

The results of the analyses 
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t h e  c a t i o n  and r a d i o n u c l i d e  a d s o r p t i o n  p o t e n t i a l  decreases w i t h  depth 

( a l t h o u g h  t h e  exchange p r o p e r t i e s  a r e  q u i t e  h i g h  th roughou t  t h e  

s e c t i o n s  sampled). 

The c l i m a t e  o f  t h e  s i t e  i s  p a r t i a l l y  c o n t r o l l e d  by t h e  v a l l e y  and 

r i d g e  topography o f  t h e  area. On-s i te  m e t e o r o l o g i c a l  d a t a  were n o t  

c o l l e c t e d ,  b u t  d a t a  were gathered f r o m  su r round ing  m o n i t o r i n g  s t a t i o n s .  

The average annual  p r e c i p i t a t i o n  f o r  t h e  s i t e  i s  es t ima ted  t o  be 

130 cm ( 5 1  i n . ) .  R e g i o n a l l y ,  about 55% of t h e  annual p r e c i p i t a t i o n  

i s  es t ima ted  t o  be l o s t  t h rough  e v a p o t r a n s p i r a t i o n ,  w h i l e  t h e  r e s t  

recharges t h e  groundwater system t h a t  feeds t h e  l o c a l  sur face-water  

system. 

The sur face-water  system was i n v e s t i g a t e d  through t h e  i n s t a l l a t i o n  

o f  a f lume on t h e  c e n t r a l  drainageway o f  t h e  s i t e  and th rough  t h e  use 

o f  temporary gaging s t a t i o n s  on t h e  t r i b u t a r l e s  t h a t  surround t h e  s tudy 

area. Continuous f l o w  d a t a  have been c o l l e c t e d  a t  t h e  f l ume beg inn ing  

i n  January 1983 th rough  1984. The peak instantaneous f l o w  r a t e  

recorded was 370 L/s ( A p r i l  5, 1983) ,  and t h e  mean f l o w  r a t e  was 

determined t o  be 2.70 L/s. Zero f l o w  c o n d i t i o n s  occu r red  on 21 d o r  

about 4.6% o f  t h e  mon i to red  p e r i o d .  The e a s t e r n  t r i b u t a r y  bounding t h e  

s i t e  and t h e  headwaters o f  Mel ton Branch a r e  d r y  f o r  extended p e r i o d s  

o f  t i m e  and can be considered ephemeral n n a t u r e .  The western 

t r i b u t a r y  bounding t h e  s i t e  i s  s t r o n g l y  nf luenced by d i scha rge  f rom 

t h e  H F I R  f a c i l i t y  ad jacen t  t o  t h e  proposed SWSA-7. Based on r e g i o n a l  

s t u d l e s ,  i t  does n o t  appear t h a t  f l o o d i n g  i s  a problem f o r  s i t e  

development. 



7 ORNL/TM-9314 

-. 

.. 

. 
I 

To c h a r a c t e r i z e  t h e  s i t e  hydro logy,  a d e t a i l e d  water  budget was 

performed. 

i n v e s t i g a t i o n s  as w e l l  as f rom r e g i o n a l  es t ima tes .  The budget was 

c a l c u l a t e d  f o r  1983, which had approx ima te l y  1144 mm o f  p r e c i p i t a t i o n .  

I t  i s  est imated 582 mm o f  p r e c i p i t a t i o n  a r e  accounted f o r  by s u r f a c e  

water  and groundwater r u n o f f ,  567 mm were l o s t  f rom t h e  s i t e  th rough  

e v a p o t r a n s p i r a t i o n ,  and t h e r e  was a s l i g h t  d e c l i n e  i n  groundwater 

s torage.  I n  e v a l u a t i n g  t h e  water  budget and t h e  observed sur face-water  

r u n o f f ,  about 12% o f  t h e  o n - s i t e  recharge i s  l e a v i n g  by way o f  

under f l ow .  

Data f o r  t h e  water  budget were gathered f r o m  o n - s i t e  

The groundwater system was eva lua ted  by i n s t a l l i n g  a 

m o n i t o r i n g - w e l l  network on s i t e .  The w e l l s  were used f o r  a q u i f e r  

t e s t i n g  and f o r  water  l e v e l  m o n i t o r i n g .  The average h y d r a u l i c  

c o n d u c t i v i t y  c a l c u l a t e d  f rom t h e  a q u i f e r  t e s t s  was 2.57 x cm/s. 

T h i s  va lue  i s  c o n s i s t e n t  w i t h  o t h e r  da ta  c o l l e c t e d  f o r  t h e  Conasauga 

Group on t h e  ORR.  A q u i f e r  p r o p e r t i e s  n o t  sampled on s i t e  were 

es t ima ted  f rom o t h e r  nearby s t u d i e s  i n  t h e  same fo rma t ions .  I n  

genera l ,  groundwater movement i s  c o n t r o l l e d  by t h e  s t r u c t u r a l  geology 

o f  t h e  s i t e  w i t h  secondary p o r o s i t y  and t h e  s t r i k e  and d i p  o f  t h e  

s t r a t a  p l a y i n g  i m p o r t a n t  r o l e s .  Large-scale s t r u c t u r a l  anomalies a r e  

a l s o  impor tan t ,  such as t h e  observed o n - s i t e  t h r u s t  f a u l t i n g  and t h e  

f a u l t / f r a c t u r e  zones t h a t  a r e  i d e n t i f i e d  on t h e  s tudy area.  Maps o f  

t h e  p o t e n t i o m e t r i c  s u r f a c e  have been produced f o r  h i g h  and low  

groundwater cox ! ! f l ons .  The depth t o  water  i s  g r e a t e s t  beneath t h e  

r i d g e s  and near t h e  sur face i n  t h e  v a l l e y s .  The depth t o  water  ranges 

f r o m  0 t o  15 m ( 0  t o  50 f t ) .  Water l e v e l s  f l u c t u a t e  f r o m  2 t o  5 m 
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( 6  t o  1 5  f t )  over  a y e a r l y  c y c l e .  F l u c t u a t i o n s  a r e  g r e a t e s t  beneath 

r i d g e s  on s i t e .  The groundwater beneath t h e  s i t e  appears t o  d i scha rge  

i n t o  t h e  f i r s t - o r d e r  t r i b u t a r i e s  on and around t h e  s i t e ,  b u t  under f l ow  

i s  l i k e l y .  The f l o w  n o t  seen i n  t h e  smal l  t r i b u t a r i e s  i s  l i k e l y  t o  

d i scha rge  d i r e c t l y  i n t o  Me l ton  Branch. 

To determine background water  chemis t r y ,  two se ts  o f  samples were 

c o l l e c t e d  f r o m  t h e  m o n i t o r i n g  w e l l s  and t h e  major  sur face-water  

dra inages.  

seve ra l  o f  t h e  w e l l s  i n  t h e  n o r t h e r n  p o r t i o n  o f  t h e  s i t e  e x h i b i t  

Ca/SOq t y p e  wa te rs .  Rad ionuc l i de  analyses were r u n  on a l l  samples, 

and i t  was determined t h a t  t h e  s i t e  appears t o  be uncontaminated by 

l o c a l  a c t i v i t i e s  on t h e  O R R .  

The wa te r  on s i t e  i s  g e n e r a l l y  o f  t h e  Ca/HC03 t ype ,  b u t  

The b a s i c  d a t a  c o l l e c t e d  on t h e  geohydro log i c  system o f  t h e  

proposed SWSA-7 can be used t o  a s s i s t  i n  t h e  e v a l u a t i o n  and des ign  o f  

t h e  s i t e .  The d a t a  can a l s o  serve as i n p u t  t o  a d e t a i l e d  pathways 

a n a l y s i s  f o r  t h e  proposed waste f a c i l i t y .  A s  t h e  use o f  t h e  s i t e  

becomes b e t t e r  d e f i n e d ,  f u r t h e r  d a t a  may be r e q u i r e d  t o  supplement t h i s  

i n i t i a l  c h a r a c t e r i z a t i o n .  T h i s  document rep resen ts  a major  p o r t i o n  o f  

t h e  t o t a l  s i t e  c h a r a c t e r i z a t i o n  b u t  should be combined w i t h  assessments 

o f  t h e  s o i l s  and b i o t a  o f  t h e  s i t e .  
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3. GEOLOGY 

3.1 INTRODUCTION 

The ORR l i e s  w i t h i n  t h e  v a l l e y  and r i d g e  phys iog raph ic  p r o v i n c e  

of East Tennessee. D i f f e r e n t i a l  e r o s i o n  o f  t h e  n o r t h e a s t - s t r i k t n g  

Paleozoic  s t r a t a  has i n f l u e n c e d  t h e  topography and i s  l a r g e l y  

r e s p o n s i b l e  f o r  t h e  development o f  t h e  s u b p a r a l l e l  r i d g e s  and v a l l e y s .  

Reg iona l l y ,  t h e  s t r u c t u r a l  s t r i k e  o f  t h e  s t r a t a  ranges f rom about N45 

t o  60"E, and t h e  d i p  ranges f rom 20 t o  40" t o  t h e  southeast .  The area 

I s  c h a r a c t e r i z e d  by a s e r i e s  o f  major t h r u s t  f a u l t s  t h a t  developed 

d u r i n g  t h e  Al legheny orogeny, about 250 m i l l i o n  years ago. A l though 

minor  earthquakes do occur,  t h e  area i s  s e i s m i c a l l y  i n a c t i v e  

(Algermissen and Perk ins  1976) .  

The proposed SWSA-7 i s  l o c a t e d  i n  Mel ton V a l l e y ,  e a s t  o f  SWSA's 4, 

5, and 6.  The v a l l e y  l i e s  w i t h i n  t h e  Copper Creek f a u l t  b l o c k  ( F i g .  1) 

and i s  u n d e r l a i n  by s t r a t a  o f  t h e  m idd le  t o  l a t e  Cambrian Conasauga 

Group. The Conasauga Group c o n s i s t s  o f  s i x  f o rma t ions  t h a t  were 

depos i ted  as p a r t  o f  a major marine t r a n s g r e s s i o n  over  a s u b s i d i n g  

carbonate-rimmed t i d a l  f l a t  (Hasson and Haase 1984).  W i t h l n  Mel ton 

V a l l e y ,  t h e  Conasauga Group i s  approx ima te l y  550 m (1800 f t )  t h i c k  

( F i g .  2 ) .  I t  i s  bo th  i n t r a  and i n t e r f o r m a t i o n a l l y  heterogeneous, 

c o n s l s t i n g  p r i m a r i l y  o f  s i l t s t o n e s ,  a r g i l a c e o u s  l imestones,  ca lcareous 

s i l t s t o n e s ,  and mudstones. The s i x  f o rma t ions  comprise a sequence o f  

a l t e r n a t i n g  l imestones and shales ( F i g .  2 ) .  The proposed SWSA-7 i s  

u n d e r l a i n  by t h e  m idd le  f o u r  fo rma t ions  o f  t h e  Conasauga Group: t h e  



O
RNL/TM

-9314 
10 

I I / I I I 
u" 

\
I

 

Y
 

v
 
0
 

h L
 

v 0 

a, 
W

 
m

 
m

 
W

 
EL 
c
 

W
 

I- W
 
0
)
 

-7
3

 

E
 

Y
 

rd 
0

 

h
 

I 

v, 
3
 

v, 
-0

 
W

 
m

 
0
 

Q
 

0
 

L
 

Q
 

W
 

-c 
c, 
%

 
0
 

c
 
0
 

c, 
rd 
V

 
0
 

W
 

c, 
rd 
E

 
X

 
0
 

L
 

Q
 

Q
 

n
 

-
7
 

n
 

a
 

.
r
 

- .
r
 

a
 

- 0
-J

 

LI 
.
7
 



- _  

-. 

. 

. 

11 ORNL/TM-9314 

ORNL-DWG 83-13887R 

MAYNARDVILLE LIMESTONE 
324ft 198.8 m )  

NOLICHUCKY SHALE 
551tt ( 1 6 Z 9 m )  

MARYVILLE LIMESTONE 
463ft (141.1 m )  

ROGERSVILLE SHALE 
1 3 0 f t  139 .6m)  

RUTLEDGE LIMESTONE 
l O l t t  ( 3 0 . 8 m )  

PUMPKIN VALLEY SHALE 
309ft I 9 4 . 2 m  j 

, 

ROME FORMATION 
6 1 7 f t  (188 .1m)  

- COPPER CREEK FAULT ZONE .- CHICKAMAUGA GROUP 
/ a  ,/ 

F i g .  2. Gcologic column f o r  t h e  Oak Ridge Reservat ion.  
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Nolichucky Shale, the Maryville Limestone, the Rogersville Shale, and 

the Rutledge Limestone (from youngest to oldest). The lowermost 

formation of the group, the Pumpkin Valley Shale, crops out north of 

the proposed site; and the uppermost formation, the Maynardville 

Limestone, crops out south of Melton Branch on Copper Ridge. 

Structural features within Melton Valley are related to fault 

motion along the Copper Creek fault, a regionally significant thrust 

fault that strikes N50 to 60"E and dips to the southeast. Significant 

deformation features within the Conasauga Group include: numerous low 

amplitude folds, small-scale thrust faults, ubiquitous bedding plane 

faults, reverse high-angle faults, and several pervasive joint sets. 

Strata of the Conasauga Group have been studied in Melton Valley, 

primarily because of their relationship to the waste disposal operations 

at ORNL. The waste operations that make use of the Conasauga Group 

include: SWSA's 4 ,  5, and 6; the Low Level Waste (LLW) pits and 

trenches; and the hydrofracture facility. Because o f  this extensive 

use by ORNL, Conasauga Group strata have been the subject of several 

studies which include: McMaster (1963); Lomenick and Wyrick (1965); 

McMaster and Waller (1965); Sledz and Huff (1981); Lomenick, Byerly, 

and Gonzales (1983); Haase (1983, 1984); Olsen et al. (1983); Davis 

et al. (1984); Haase et al. (1984); and Hasson and Haase (1984). 

3.2 WEATHERING CHARACTERISTICS 

The degree of erodibility of the formations comprising the 

Conasauga Group is generally reflected in the topography of the area; 

the ridges are underlain by more resistant formations than the 

valleys. Weather'rng of the Conasauga Group does not produce a thick 
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residuum. 

leach,  l e a v i n g  bedding and s t r u c t u r e s  o f  t h e  o r i g i n a l  rock  m a t e r i a l  

preserved. Th is  c h e m i c a l l y  weathered zone i s  g e n e r a l l y  r e f e r r e d  t o  as 

s a p r o l i t e .  O v e r l y i n g  t h e  s a p r o l i t e  i s  a t h i n  veneer o f  s o i l  t h a t  i s  

g e n e r a l l y  l e s s  than  1 m ( 3  f t )  t h i c k .  S o i l  p r o p e r t i e s  o f  t h e  s i t e  a r e  

desc r ibed  i n  a separate s o i l s  c h a r a c t e r i z a t i o n  r e p o r t  ( R o t h s c h i l d  

e t  a l .  1984a). The boundary between ho r i zons  ( s o i l ,  s a p r o l i t e ,  and 

bedrock) i s  n o t  d i s t i n c t ,  b u t  g r a d a t i o n a l  and a r b i t r a r y .  

Carbonate cements p resen t  throughout  most o f  t h e  group 

The base o f  t h e  c h e m i c a l l y  weathered zone i s  g e n e r a l l y  r e f l e c t e d  

as a c o l o r  change w i t h  depth (brown near t h e  s u r f a c e  t o  gray a t  

d e p t h ) .  The c o l o r  change assoc ia ted  w i t h  t h i s  t r a n s i t i o n  i s  commonly 

found a t  about t h e  same depth as t h e  water  t a b l e .  Wel l  l o g s  i n c l u d e d  

i n  Appendix I1 i n d i c a t e  t h e  approximate depth t o  weather ing.  A s  an 

approx imat ion,  t h e  depth t o  water map ( F i g .  33) can a l s o  be used as an 

i n d i c a t o r  o f  t h e  depth o f  weather ing.  B o t h . t h e  map and t h e  l o g s  

i n d i c a t e  t h a t  t h e  e x t e n t  o f  t h e  weathered h o r i z o n  i s  g r e a t e s t  beneath 

t h e  r i d g e s  as opposed t o  t h e  v a l l e y s .  

Chemical aspects o f  t h e  weather ing process w i l l  be d iscussed 

f u r t h e r  i n  a subsequent s e c t i o n .  Engineer ing p r o p e r t i e s  o f  t h e  

near-sur face m a t e r i a l s  a r e  d iscussed i n  R o t h s c h i l d  e t  a l .  (1984a).  The 

chemical  e x t e n t  o f  weather ing i s  n o t  a d i r e c t  i n d i c a t o r  o f  t h e  p h y s i c a l  

e x t e n t  of weather ing ( c o n s t r u c t i o n  p r o p e r t i e s  f o r  i n s t a n c e ) .  Al though 

t h e  d i s t i n c t i o n  between t h e  s a p r o l i t e  and unweathered rock i s  vague, 

t h e  d i f f e r e n c e s  between t h e  ho r i zons  a r e  impor tan t  chemica l l y ,  

h y d r a u l i c a l l y ,  and g e o p h y s i c a l l y .  
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3.3 STRATIGRAPHY AND LITHOLOGY 

A g e n e r a l i z e d  geo log ic  map o f  t h e  s i t e  i s  i l l u s t r a t e d  i n  F i g .  3. 

I t  i s  based on l i t h o l o g i c  and geophysica l  l o g s  f rom t h r e e  rock  cores 

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

f i e l d  mapping, and geophysica l  i n v e s t i g a t i o n s .  The proposed SWSA-7 i s  

u n d e r l a i n  by f o u r  fo rma t ions  o f  t h e  Conasauga Group: t h e  No l i chucky  

Shale, t h e  M a r y v i l l e  Limestone, t h e  R o g e r s v i l l e  Shale,  and t h e  Rut ledge 

Limestone. The s t r a t i g r a p h i c a l l y  uppermost u n i t ,  t h e  No l i chucky  Shale, 

crops o u t  i n  t h e  channel o f  Mel ton Branch on t h e  southern p a r t  o f  t h e  

s tudy area.  Beneath t h e  No l i chucky  Shale i s  t h e  M a r y v i l l e  Limestone; 

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

o f  t h e  s i t e  and suppor ts  much o f  t h e  h i g h e r  r e l i e f .  The headwaters o f  

t h e  c e n t r a l  d ra inage  on t h e  proposed SWSA-7 a r e  found near t h e  c o n t a c t  

o f  t h e  M a r y v i l l e  Limestone w i t h  t h e  u n d e r l y i n g  R o g e r s v i l l e  Shale.  The 

r e l a t i o n s h i p  o f  t h i s  c o n t a c t  w i t h  t h e  headwaters o f  c r o s s - s t r i k e ,  

f i r s t - o r d e r  t r i b u t a r i e s  has a l s o  been noted i n  Bear Creek V a l l e y  (Law 

Eng ineer ing  1983),  which i s  a l s o  u n d e r l a i n  by t h e  Conasauga Group. 

S t r a t i g r a p h i c a l l y  beneath t h e  R o g e r s v i l l e  Shale i s  t h e  Rut ledge 

Limestone, a r e l a t i v e l y  r e s i s t a n t  u n i t  t h a t  appears t o  h o l d  up t h e  

n o r t h e r n  r i d g e  i n  t h e  s tudy area.  

Because o f  rock  weather ing and a l i m i t e d  number o f  ou tc rops ,  f i e l d  

mapping was o n l y  m a r g i n a l l y  u s e f u l  i n  t h e  p r o d u c t i o n  o f  a geo log i c  map; 

i t  and t h e  l i t h o l o g i c  d e s c r i p t i o n s  depended h e a v i l y  on t h e  cores taken 

on s i t e .  Three NC-slzed rock  cores were ob ta ined  (see  F i g .  25 f o r  

l o c a t i o n s ) ;  two a r e  about 90 m (300 f t )  l o n g  and t h e  t h i r d  co re  i s  

200 m (650 f t )  long .  The co re  ho les  were l o c a t e d :  ( 1 )  such t h a t  a 
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r e l a t i v e l y  comp 

t h a t  v a r i a t i o n s  

e t e  s e c t i o n  o f  t h e  s i t e  geology was ob ta ined  and 

down d i p  and a long  s t r i k e  cou ld  be examined. The 

2) so 

l o n g e r  co re  (C3) was taken down d i p  o f  c o r e  C2, and i t s  g r e a t e r  l e n g t h  

was needed t o  p e r m i t  c o r r e l a t i o n  between h o l e s .  A f t e r  c o r i n g  was 

completed, a s u i t e  o f  geophysica l  l o g s  was run  on t h e  c o r e  h o l e s .  

L i t h o l o g i c  l o g s  f o r  t h e  t h r e e  co re  ho les  a r e  shown i n  F i g s .  4-7, and 

geophysica l  l o g s  a r e  con ta ined  i n  Appendix 11. Logs were a l s o  ob ta ined  

f o r  ho les  completed as m o n i t o r i n g  w e l l s  on s i t e ;  these a r e  i n c l u d e d  i n  

Appendix 11. The l i t h o l o g i c  d e s c r i p t i o n s  t h a t  f o l l o w  a r e  based on 

s i t e - s p e c i f i c  work as w e l l  as a deep co re  h o l e  d r i l l e d  on Copper Ridge 

th rough  t h e  complete Conasauga Group s e c t i o n  u n d e r l y i n g  Me l ton  V a l l e y  

(Haase e t  a l .  1984) .  

3.3.1 No l i chucky  Shale 

The No l i chucky  Format ion u n d e r l i e s  t h e  southern p o r t i o n  o f  t h e  

proposed b u r i a l  area b u t  was n o t  encountered i n  t h e  co re  ho les  d r i l l e d  

on s i t e .  The co re  f r o m  Copper Ridge i n d i c a t e d  an apparent  t h i c k n e s s  o f  

169 m ( 5 5 3  f t )  f o r  t h e  f o r m a t i o n .  

The upper p o r t i o n  o f  t h e  No l i chucky  Shale c o n s i s t s  o f  complex ly  

i n te rbedded  ca lcareous shale/mudstone and l imes tone  l i t h o l o g i e s .  The 

l imestones a r e  t y p i c a l l y  o o l i t i c .  U n d e r l y i n g  these upper beds i s  t h e  

B rad ley  Creek Member, which c o n s i s t s  o f  i n t r a c l a s t i c  and o o l i t i c  

1 g ra ins tones  and a l g a l  packstones . The lowermost p o r t i o n  o f  t h e  

_. 

l c a r b o n a t e  rock  nomenclature i s  g e n e r a l l y  t h a t  o f  Dunham (1962) w i t h  
one excep t ion :  f i n e - g r a i n e d  carbonates a r e  c a l l e d  m i c r i t e s  i n s t e a d  o f  
mudstones t o  a v o i d  con fus ion  w i t h  t h e  f i n e - g r a i n e d  c l a s t i c  sediment 
t h a t  i s  c a l l e d  mudstone. I n  t h i s  r e p o r t ,  mudstone r e f e r s  t o  a c l a s t i c  
r o c k .  

_ -  

a 
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F i g .  4 .  Columnar s e c t i o n  o f  t h e  p o r t i o n  o f  t h e  Conasauga Groups 
pene t ra ted  i n  bo reho le  C1. 
i l l u s t r a t i n g ,  f rom l e f t ,  rock c o l o r ,  bedding and s t r a t i f i c a t i o n  
p a t t e r n s ,  and l i t h o l o g y  (symbols summarized i n  Appendix 11). 
The columnar s e c t i o n  i s  based on d e t a i l  co re  l o g g i n g  a t  1 f t  
i n t e r v a l s .  
footages. 
f o r m a t i o n a l  c o n t a c t s :  MR = M a r y v i l l e  Limestone; 
RG = R o g e r s v i l l e  Shale; RT = Rut ledge Limestone; PV = Pumpkln 
V a l l e y  Shale.  

The column c o n s i s t s  o f  t h r e e  p a r t s  

Numbers t o  t h e  l e f t  o f  t h e  column a r e  downhole 
Arrows t o  t h e  r i g h t  o f  t h e  columns i n d i c a t e  

, 

. 
Y 
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MR 

(f RG 
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F i g .  5. Columnar s e c t i o n  o f  t h e  p o r t i o n  o f  t h e  Conasauga Groups 
pene t ra ted  i n  bo reho le  C 2 .  
i l l u s t r a t i n g ,  f rom l e f t ,  rock  c o l o r ,  bedding and s t r a t i f i c a t i o n  
p a t t e r n s ,  and l i t h o l o g y  (symbols summarized i n  Appendix 11). 
The columnar s e c t i o n  i s  based on d e t a i l  co re  l o g g i n g  a t  1 f t  
i n t e r v a l s .  
footages.  
f o r m a t i o n a l  con tac ts :  
RG = R o g e r s v i l l e  Shale; RT = Rut ledge Limestone; PV = Pumpkin 
V a l l e y  Shale.  

The column c o n s i s t s  o f  t h r e e  p a r t s  

Numbers t o  t h e  l e f t  o f  t h e  column a r e  downhole 

MR = M a r y v i l l e  Limestone; 
Arrows t o  t h e  r i g h t  o f  t h e  columns i n d i c a t e  

Y 
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F i g .  6. Columnar s e c t i o n  o f  t h e  p o r t i o n  o f  t h e  Conasauga Groups 
pene t ra ted  i n  bo reho le  C3 ( 1 0  t o  450 f t ) .  The column c o n s i s t s  
o f  t h r e e  p a r t s  i l l u s t r a t i n g ,  f rom l e f t ,  rock c o l o r ,  bedding 
and s t r a t i f i c a t i o n  p a t t e r n s ,  and l i t h o l o g y  (symbols summarized 
i n  Appendix 11). The columnar s e c t i o n  i s  based on d e t a i l  co re  
l o g g i n g  a t  1 f t  i n t e r v a l s .  Numbers t o  t h e  l e f t  o f  t h e  column 
a r e  downhole footages.  
i n d i c a t e  fo rma t iona l  c o n t a c t s :  MR = M a r y v i l l e  Limestone; 
R G  = R o g e r s v i l l e  Shale; RT = Rut ledge Limestone; PV = Pumpkin 
V a l l e y  Shale.  

Arrows t o  t h e  r i g h t  o f  t h e  columns 
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F i g .  7 .  Columnar s e c t i o n  o f  t h e  p o r t i o n  o f  t h e  Conasauga Groups 
p e n e t r a t e d  i n  bo reho le  C3 (450 t o  649 f t ) .  
c o n s i s t s  o f  t h r e e  p a r t s  i l l u s t r a t i n g ,  f r o m  l e f t ,  r o c k  c o l o r ,  
bedding and s t r a t i f i c a t i o n  p a t t e r n s ,  and l i t h o l o g y  (symbols 
summarized i n  Appendix 11). 
d e t a i l  co re  l o g g i n g  a t  1 f t  i n t e r v a l s .  
t h e  column a r e  downhole footages.  
columns i n d i c a t e  f o r m a t i o n a l  c o n t a c t s :  MR = M a r y v i l l e  
Limestone; RG = R o g e r s v i l l e  Shale;  RT = Rut ledge Limestone; PV 
= Pumpkin V a l l e y  Shale.  

The column 

The columnar s e c t i o n  i s  based on 

Arrows t o  t h e  r i g h t  o f  t h e  
Numbers t o  t h e  l e f t  o f  



21 ORNL/TM-9314 

. .  

-. 

fo rma t ion  i s  composed o f  numerous repeated c y c l e s  o f  sha le  and 

l imes tone .  L imes tone- r i ch  ho r i zons  comprise 20 t o  40% o f  t h i s  lower  

zone, and t h e  remainder i s  composed o f  ca lcareous mudstones and 

shales.  The l imestones i n  t h i s  lower zone a r e  g e n e r a l l y  c a l c a r e n i t e s ,  

o o l i t i c ,  and i n t r a c l a s t i c  packstones t h a t  occur i n  d i s t i n c t  0.3 t o  1 m 

(1- t o  3 - f t )  t h i c k  upward-coarsening c y c l e s .  

The lower c o n t a c t  o f  t h e  Nol ichucky Shale w i t h  t h e  M a r y v i l l e  

Limestone i s  g r a d a t i o n a l  over about 15 m ( 5 0  f t ) .  Th is  zone i s  

c h a r a c t e r i z e d  by i n c r e a s i n g  carbonate con ten t  w i t h i n  t h e  No l i chucky  

Shale.  I n t r a f o r m a t i o n a l  conglomerates a r e  r a r e  i n  most o f  t h i s  

i n t e r v a l ,  and t h e  base of t h e  i n t e r v a l  i s  marked by a r a p i d  i n c r e a s e  i n  

t h e  i n t r a c l a s t  con ten t  o f  t h e  l imestones and a decrease i n  t h e  amount 

o f  mudstone. 

3.3.2 M a r y v i l l e  Limestone 

The c o r i n g  on t h e  s tudy area d i d  n o t  cover t h e  e n t i r e  M a r y v i l l e  

Limestone, b u t  C3 d i d  p e n e t r a t e  t h e  lower  h a l f  o f  t h e  f o r m a t i o n .  Based 

on t h e  d r i l l i n g  on Copper Ridge, t h e  f o r m a t i o n  i s  about 141 m (463  f t )  

t h i c k .  Th is  va lue I s  somewhat l a r g e r  than  t h e  t r u e  t h i c k n e s s  because 

o f  i n t e r n a l  de fo rma t ion  t h a t  i s  common w i t h i n  t h e  f o r m a t i o n .  

The upper p o r t i o n  o f  t h e  M a r y v i l l e  Limestone i s  c h a r a c t e r i z e d  

by beds o f  ' f l a t  pebb le '  o r  i n t r a c l a s t i c  conglomerates.  These beds 

a r e  found i n  o t h e r  p a r t s  o f  t h e  Conasauga Group b u t  n o t  t o  t h e  same 

e x t e n t  as i n  t h e  M a r y v i l l e  Limestone. In terbedded w i t h  t h e  

conglomerat ic  beds a r e  beds o f  ca lcareous mudstones, ca lcareous 

wackestones, c a l c a r e n i k e s ,  and f o s s i l i f e r o u s  p e l l e t  packstones. The 

t 
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s t r a t a  a r e  commonly l e n t i c u l a r l y  t o  wavy bedded. The abundance o f  

i n t r a c l a s t i c  conglomerate beds decreases w i t h  depth f r o m  about 

80 t o  40%. 

The lower  p a r t  o f  t h e  M a r y v i l l e  Limestone a r e  c h a r a c t e r i z e d  by 

t h i n l y  bedded ca lcareous mudstones t h a t  a r e  i n t r a s t r a t i f i e d  w i t h  

o o l i t i c  and f o s s i l i f e r o u s  wackestones and packstones, c a l c a r e n i t e s ,  and 

ca lcareous s i l t s t o n e s .  The l imes tone  l i t h o l o g i e s  occur  i n  5 t o  20 cm 

( 0 . 2  t o  0.7 f t )  beds compr i s ing  upward-coarsening c y c l e s .  These c y c l i c  

beds a r e  t h i n n e r  b u t  s i m i l a r  t o  those found i n  t h e  No l i chucky  Shale. A 

complete d e s c r i p t i o n  o f  these c y c l i c a l  beds can be found i n  Haase 

e t  a l .  (1984) .  

The lowermost 1 5  m (50  f t )  o f  t h e  f o r m a t i o n  a r e  c h a r a c t e r i z e d  by 

an i n c r e a s e  i n  t h e  ca lcareous mudstone c o n t e n t  and a p r o p o r t i o n a l  

decrease i n  t h e  t h i c k n e s s  and number o f  l imes tone  beds ( F i g .  6 ) .  The 

c o n t a c t  w i t h  t h e  R o g e r s v i l l e  Shale i s  p laced  beneath t h e  lowermost 

oo id -bear ing  upward coarsening c y c l e .  

3.3.3 R o g e r s v i l l e  Shale 

The t h i c k n e s s  o f  t h e  R o g e r s v i l l e  Shale i n  C1 and C2 i s  37 m 

(121 f t )  and 38 m (124 f t ) ,  r e s p e c t i v e l y .  T h i s  i s  comparable t o  t h e  

39.6 m (130 f t )  measured w i t h i n  t h e  Copper Ridge co re  h o l e .  The 

t h i c k n e s s  o f  t h e  f o r m a t i o n  i n  C3, app rox ima te l y  62 rn (205 f t )  i s  a lmost  

double t h a t  observed i n  C1 and C2. T h i s  ab rup t  t h i c k n e s s  i n c r e a s e  i s  

due a p p a r e n t l y  t o  an i m b r i c a t i o n  o f  t h e  R o g e r s v i l l e  Shale a s s o c i a t e d  

w i t h  a s e r i e s  o f  t h r u s t  f a u l t s  t h a t  can be observed w i t h i n  t h e  C3 

co re .  The uppermost l imes tone  u n i t  observed w i t h i n  t h e  R o g e r s v i l l e  
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Shale i s  commonly seen throughout  East Tennessee and i s  known as t h e  

C r a i g  Member (Hasson and Haase 1984). 

Member ranges i n  th i ckness  f rom 3 t o  4 m (10 t o  12 f t ) .  

A t  t h e  s tudy s i t e ,  t h e  C r a i g  

L i t h o l o g i c a l l y ,  t h e  R o g e r s v i l l e  Shale c o n s i s t s  p r i m a r i l y  o f  

noncalcareous mudstones, c a l c a r e n i t e s ,  and subarkos ic  s i l t s t o n e s .  A 

d i s t i n c t i v e ,  massive red  mudstone can g e n e r a l l y  be found immediate ly  

u n d e r l y i n g  t h e  C r a i g  Member and serves as an e x c e l l e n t  marker bed on 

t h e  ORR. G laucon i te  p e l l e t s  a r e  common i n  t h e  s i l t s t o n e s  th roughou t  

t h e  f o r m a t i o n  and l o c a l l y  may comprise 10 t o  30% o f  a s i l t s t o n e  

h o r i z o n .  Al though g l a u c o n i t e  can be found i n  t h e  M a r y v i l l e  Limestone, 

zones o f  such h i g h  con ten ts  a r e  n o t  e x t a n t .  Carbonates w l t h i n  t h e  

f o r m a t i o n  occur ma in l y  i n  t h e  C r a i g  Member, which i s  comprised o f  an 

upward-coarsening c y c l e .  The c y c l e  begins w i t h  ca lcareous s i l t s t o n e s  

t h a t  g r a d u a l l y  coarsen t o  o o l i t i c  and i n t r a c l a s t i c  l imes tones .  

The lower  c o n t a c t  o f  t h e  R o g e r s v i l l e  Shale w i t h  t h e  Rut ledge 

Limestone i s  ab rup t  and i s  d e f i n e d  by a sharp t r a n s i t i o n  f rom mudstone 

hav ing  minor amounts o f  in terbedded s i l t s t o n e  t o  c a l c a r e n i t e s ,  s i l t y  

wackestone, and m i c r i t e .  The c o l o r  change a t  t h e  c o n t a c t  i s  a l s o  

d i s t i n c t ,  changing f rom t h e  red-gray mudstones o f  t h e  R o g e r s v i l l e  Shale 

t o  t h e  l i g h t  gray t o  g ray  l imestones ar;d s i l t s t o n e s  o f  t h e  Rut ledge 

Limestone. 

3.3.4 Rut ledge Limestone 

Complete s e c t i o n s  o f  t h e  Rut ledge Limestone were r e t r i e v e d  f rom 

a l l  t h r e e  co re  ho les  on s i t e .  The apparent t h i cknesses  o f  t h e  f o r m a t i o n  

a r e  38 m (123 f t ) ,  40 m (130 f t ) ,  and 39 m (127 f t )  f o r  ho les  C1 t o  C3, 

r e s p e c t i v e l y .  These va lues compare w e l l  w i t h  t h e  down-the-hole 
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t h i c k n e s s  of 31 m (101 f t ) ,  observed i n  t h e  Copper Ridge bo reho le .  A 

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

d i v i d e s  t h e  Rut ledge Limestone i n t o  an upper and lower  l i m e s t o n e - r i c h  

p a r t  as w e l l  as t h e  c e n t r a l  c l a s t i c  u n i t .  

p e r s i s t  t h roughou t  t h e  ORR (Haase 1984) .  

T h i s  d i v i s i o n  seems t o  

The l imestones i n  t h e  upper p a r t  o f  t h e  f o r m a t i o n  a r e  p r i m a r i l y  

m i c r i t e s ,  p e l l e t  wackestones and packstones, and s i l t y  c a l c a r e n i t e s .  

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

c o n s i s t  o f  red-brown, red-gray,  and g ray  mudstones and shales 

c o n t a i n i n g  laminae and lenses o f  subarkos lc  s i l t s t o n e .  The lowermost 

p o r t i o n  o f  t h e  Rut ledge Limestone c o n s i s t s  o f  wackestones and 

c a l c a r e n i t e s .  The l imestones a r e  i n te rbedded  w i t h  shales and mudstones 

s i m i l a r  t o  those found i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  f o r m a t i o n .  

These l i t h o l o g i e s  combine t o  f o r m  a sequence o f  t h r e e  g r a y  

l imes tone  ho r i zons  separated by t w o  red-gray mudstone-r ich h o r i z o n s .  

Th is  i n t e r v a l  i s  r e f e r r e d  t o  as t h e  " t h r e e  l imes tone  beds" by deLaguna 

e t  a l .  (1968)  and i s  a good marker h o r i z o n  t h a t  i s  apparent on 

geophysica l  l o g s  (Appendix 11). 

The c o n t a c t  between t h e  Rut ledge Limestone and t h e  Pumpkin V a l l e y  

Shale i s  g r a d a t i o n a l  and i s  c h a r a c t e r i z e d  by a decrease i n  t h e  carbonate 

c o n t e n t  of t h e  s t r a t a .  The c o n t a c t  i s  p laced  a t  t h e  bot tom o f  t h e  

lowermost l imes tone  h o r i z o n  o f  t h e  " t h r e e  l imes tone  bed" h o r i z o n .  

3.3.5 Pumpkin V a l l e y  Shale 

A s h o r t  s e c t i o n  o f  t h e  Pumpkin V a l l e y  Shale was encountered a t  t h e  

bot tom o f  t h e  t h r e e  co re  ho les ,  and, I n  p a r t ,  t h i s  c o n t a c t  was used as 

a b a s i s  f o r  t o t a l - d r i l l i n g  depth.  A l though t h e  Pumpkin V a l l e y  Shale 

. .  

J 
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does n o t  a c t u a l l y  c rop  o u t  i n  proposed waste s to rage  areas, i t  does 

u n d e r l i e  and bound t h e  s tudy s i t e  ( i t  c rops o u t  n o r t h  o f  Me l ton  

V a l l e y  D r i v e ) .  

The p o r t i o n  o f  t h e  f o r m a t i o n  t h a t  was encountered c o n s i s t s  o f  

red-brown, red-gray,  and gray mudstones and shales in terbedded w i t h  

subarkos ic  s i l t s t o n e s .  

3.4 STRUCTURE 

The geo log ic  s t r u c t u r e s  w i t h i n  t h e  proposed SWSA-7 appear t o  be 

s i m i l a r  t o  those o f  o t h e r  areas i n  Mel ton V a l l e y  u n d e r l a i n  by s t r a t a  

o f  t h e  Conasauga Group. The s t r u c t u r a l  geology o f  t h e  s i t e  was 

i n v e s t i g a t e d  by d e t a i l e d  f i e l d  mapping, co re  l o g g i n g ,  and geophyslca l  

i n v e s t i g a t i o n s .  I n  genera l ,  sma l l - sca le  f o l d s  a r e  common th roughou t  

t h e  area, and j o i n t i n g  i s  pe rvas i ve .  These sma l l - sca le  f e a t u r e s ,  i n  

combinat ion w i t h  l a r g e r  o n - s i t e  f a u l t s ,  a r e  l i k e l y  t o  c o n t r o l  water  

movement. 

3.4.1 Folds and F r a c t u r e s  

Al though outcrops on s i t e  a r e  scant ,  seve ra l  f o l d s  were mapped, 

most be ing  on t h e  e a s t e r n  r e g i o n  o f  t h e  s i t e .  They a r e  a l l  r e l a t i v e l y  

smal l  sca le,  b e i n g  seve ra l  meters i n  wavelength and ampl i tude.  S tud ies  

elsewhere i n  Mel ton V a l l e y  (e .g. ,  Davis and S t a n s f i e l d  1984) suggest 

t h a t  f o l d i n g  i s  l i k e l y  t o  be encountered throughout  t h e  proposed b u r i a l  

ground. Such f o l d s  can a f f e c t  groundwater movement, e s p e c i a l l y  where 

they  a r e  very t i g h t  and f r a c t u r e d  as documented a t  LLW Trench 7 t o  t h e  

west o f  t h e  proposed SWSk-7 (Olsen e t  a l .  1983). An ove r tu rned  and 

f a u l t e d  f o l d  i s  exposed i n  t h e  s i d e w a l l  o f  Mel ton Branch; t h i s  s t y l e  of 

s t r u c t u r e  w i l l  have t h e  g r e a t e s t  impact on groundwater movement. 
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F r a c t u r i n g  and j o i n t i n g  w i t h i n  t h e  Conasauga Group a r e  ex tens i ve ,  

and seve ra l  j o i n t  se ts  can be d e f i n e d .  J o i n t  o r i e n t a t i o n s ,  measured 

m a i n l y  w i t h i n  t h e  Pumpkin V a l l e y  Shale i n  Me l ton  V a l l e y  (S ledz  and 

H u f f  1981),  i n d i c a t e  t h a t  a t  l e a s t  two major  j o i n t  se ts  e x i s t ;  one i s  

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

i t .  S i t e - s p e c i f i c  d a t a  on f r a c t u r e / j o l n t  o r i e n t a t i o n s  were o b t a i n e d  

f r o m  t h r e e  ou tc rops  on t h e  proposed SWSA-7. The d a t a  a r e  presented as 

lower  hemisphere p r o j e c t i o n s  o f  po les  t o  j o i n t  p lanes ( F i g .  8), and t h e  

l o c a t i o n  o f  t h e  s i t e s  i s  shown on t h e  g e o l o g i c  map ( F i g .  3 ) .  

Data f r o m  Sledz and H u f f  (1981) i n d i c a t e  t h a t  i n  t h e  Me l ton  V a l l e y  

ou tc rop  b e l t  o f  t h e  Conasauga Group on t h e  ORR,  j o i n t s  p a r a l l e l  t o  and 

normal t o  ( a  t o  c j o i n t  s e t )  g e o l o g i c  s t r i k e  predominate; such j o i n t s  

formed by ex tens ion .  However, an o r thogona l  j o i n t  s e t  r e s u l t i n g  f rom 

shear f o r c e s  4 s  a l s o  recogn izab le .  Orthogonal  j o i n t i n g ,  a p p a r e n t l y  t h e  

r e s u l t  o f  shear ing,  a l s o  occurs w i t h i n  t h e  Bear Creek V a l l e y  o u t c r o p  

b e l t  o f  t h e  Conasauga group (S ledz  and H u f f  1981 and R o t h s c h i l d  e t  a l .  

1984b).  J o i n t i n g  r e s u l t i n g  from shear s t resses  causes j o i n t s  t o  f o r m  

a t  acu te  angles t o  t h e  p r i n c i p a l  d i r e c t i o n s  o f  s t r e s s  r a t h e r  than  

p e r p e n d i c u l a r  t o  such d i r e c t i o n s  as i n  e x t e n s i o n a l  j o i n t i n g  (Hobbs, 

Means, and W i l l i a m s  1976).  The p r i n c i p a l  d i r e c t i o n  o f  s t r e s s  i n  t h e  

s tudy area must have been p e r p e n d i c u l a r  t o  s t r i k e ,  p a r a l l e l  t o  t h e  

d i r e c t i o n  o f  t h r u s t  mo t ion .  The exac t  n a t u r e  and h i s t o r y  o f  j o i n t i n g  

w i t h i n  t h e  rocks i s  d i f f i c u l t  t o  determine because o f  t h e  l o n g  and 

complex d e f o r m a t i o n a l  h i s t o r y  o f  t h e  r e g j o n .  The o r i e n t a t i o n  o f  j o i n t s  

i s  l i k e l y  t o  va ry  across s t r i k e  becauce o f  ramping o f  t h r u s t  b locks  
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F i g .  8 .  Lower hemisphere equal  a r e a  p r o j e c t i o n s  o f  p o l e s  t o  j o i n t  
p l a n e s .  
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between t h r u s t  b locks  and near sma l l - sca le  s t r u c t u r a l  f e a t u r e s ,  such as 

t e a r  f a u l t s  o r  f o l d s .  The d a t a  f r o m  Sledz and Hu f f  (1981) i n d i c a t e  

t h a t  even a l o n g  s t r i k e  f r a c t u r e  o r i e n t a t i o n s  a r e  h i g h l y  v a r i a b l e .  

A t  S i t e  A on t h e  proposed SWSA-7, two j o i n t  se ts  predominate, a 

s e t  t h a t  s t r i k e s  between N70 and 9O"W, and a s e t  t h a t  s t r i k e s  about 

N20"W. The s e t  s t r i k i n g  N20"W d i p s  a t  a ve ry  h i g h  ang le  ( c a  80" ) ;  t h e  

second s e t  d i p s  about  50" t o  t h e  NE. The approximate s t r i k e  and d i p  o f  

bedding a t  t h i s  s i t e  i s  N55"E and 35"SE, r e s p e c t i v e l y .  A t  S i t e  6, two 

j o i n t  se ts  a r e  a l s o  recognized.  One j o i n t  s e t  s t r i k e s  about N30"W and 

d i p s  a t  a h i g h  angle;  t h e  second s e t  s t r i k e s  between N70 and 90"E and 

d i p s  approx ima te l y  63"NW. The o r i e n t a t i o n  o f  bedding a t  t h i s  s i t e  

averages N40"E, d i p p i n g  26"SE. A t  S i t e  C,  t h e  two j o i n t  se ts  s t r i k e  

about N20 t o  40"W and N20 t o  30"E and d i p  about 66"NE and 74"NW, 

r e s p e c t i v e l y .  The average s t r i k e  o f  bedding a t  S i t e  C i s  N89"W, hav ing  

a d i p  o f  37" t o  t h e  south.  

A t  each o f  t h e  t h r e e  l o c a l i t i e s  w i t h i n  t h e  s tudy s i t e ,  t h e  j o i n t  

se ts  fo rm an approximate ang le  o f  120" between t h e i r  s t r i k e  d i r e c t i o n s .  

Th is  ang le  i s  app rox ima te l y  b i s e c t e d  by t h e  o r i e n t a t i o n  o f  bedding a t  

each r e s p e c t i v e  l o c a t i o n .  Such a r e l a t i o n s h i p  i n d i c a t e s  an o r thogona l  

j o i n t  s e t  a t  each s i t e  t h a t  formed under shear. Data a r e  l i m i t e d ,  

however, and v a r i a t i o n s  occur th roughou t  t h e  s i t e ;  t h e r e f o r e ,  

i n t e r p r e t a t i o n  o f  j o i n t  da ta  i s  tenuous. I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  

cons is tency  of t h e  r e s u l t s  f r o m  S i t e s  A and 6, a l though  an apparent  

r o t a t i o n  o f  t h e  da ta  occurs a t  S i t e  C .  T h i s  r o t a t i o n  can be c o r r e l a t e d  

t o  a s h i f t  of t h e  o r i e n t a t i o n  o f  bedding a t  t h a t  s i t e .  The s h i f t  i n  

bedding may be a r e s u l t  of f o l d i n g  near t h e  s i t e  o r  p o s s i b l y  a r e s u l t  
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o f  t h e  e x i s t e n c e  o f  movement a long  a t e a r  f a u l t  on s i t e  ( see  n e x t  

s e c t i o n ) .  S i t e  da ta  a r e  c o n s i s t e n t  w i t h  Sledz and H u f f  (1981) ;  

measurements a t  t h e i r  nea res t  l o c a l i t i e s  t o  t h e  proposed SWSA-7 

( S i t e s  S3 and S6) y i e l d  ve ry  s i m i l a r  r e s u l t s  t o  those presented 

p r e v i o u s l y .  S i t e  d a t a  do n o t  i n d i c a t e  a prominent j o i n t  s e t  p a r a l l e l  

t o  s t r i k e ;  however, f i e l d  measurements do suggest t h e  presence o f  an 

a d d i t i o n a l  j o i n t  s e t  p a r a l l e l  t o  bedding p lanes.  T h i s  s e t  was n o t  

measured because o f  t h e  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  bedding p lane  

sur faces and j o i n t  su r faces .  Core r e t r i e v e d  f rom t h e  s i t e  a l s o  

i n d i c a t e d  t h e  presence o f  bedding p lane  j o i n t s  o r  bedding p lane  

p a r a l l e l  f a u l t s .  

3.4.2 Large-Scale F a u l t i n g  and Geophysics 

The steep topography and l i n e a r  v a l l e y s  on t h e  proposed SWSA-7 

suggest t h a t  t h e  area may be u n d e r l a i n  by a s e r i e s  o f  f a u l t s  o r  

f r a c t u r e  zones. Tear f a u l t s  o r i e n t e d  p e r p e n d i c u l a r l y  t o  r e g i o n a l  

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

H y d r a u l i c  F r a c t u r i n g  F a c i l i t y ,  which i s  2 .5  km ( 1 . 5 5  m i l e s )  west o f  t h e  

s tudy s i t e  (Haase, unpub. d a t a ) ,  and such f a u l t s  m igh t  be expected on 

s i t e .  Four l i n e a r  f e a t u r e s  ( p o s s l b l e  f a u l t s )  a r e  shown on t h e  s i t e  

geo log i c  map ( F i g .  3 ) .  I d e n t i f i c a t i o n  i s  based on photo l l n e a r s  

i n t e r p r e t e d  f rom a i r  photos.  

f e a t u r e s ,  a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  prominent l i n e a r  f e a t u r e  

through t h e  c e n t e r  o f  t h e  s i t e  was c a r r i e d  ou t .  

mapping o f  t h e  s i t e ,  geophysica l  surveys were run, cores taken,  and a 

topographic  a n a l y s i s  o f  t h e  area made. 

To g a i n  a b e t t e r  understanding o f  these 

A f t e r  genera l  geo log i c  
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3.4.3 F i e l d  Mapping 

S t r u c t u r a l  f i e l d  mapping on s i t e  i s  l i m i t e d  by t h e  number o f  

ou tc rops .  Data a r e  t o o  l i m i t e d  t o  d e l i n e a t e  any systemat ic  v a r i a t i o n s  

i n  t h e  a t t i t u d e  o f  bedding over t h e  area. 

o f  bedding range f r o m  N19"E t o  N85"W, and d i p s  va ry  f r o m  50"SE t o  

27"NW. The mean s t r i k e  and d i p  o f  bedding on s i t e  i s  N58"E, 23"SE 

( r e p r e s e n t s  t h e  mean o f  29 measurements). 

Measurements o f  t h e  s t r i k e  

3.4.4 Cor inq  

The c o r i n g  program was l a i d  o u t  w i t h  two purposes i n  mind: t h e  

f i r s t  was t o  d e f i n e  t h e  s t r a t i g r a p h y  o f  t h e  s i t e ,  and t h e  second was t o  

examine if any s t r u c t u r a l  o f f s e t  e x i s t s  on oppos i te  s ides  o f  t h e  c e n t r a l  

drainageway To c a r r y  o u t  t h e  f i r s t  t a s k ,  a p a i r  o f  ho les  on t h e  west 

s i d e  o f  t h e  s i t e  were d r i l l e d  ( C 2  and C3); these ho les  were o f  

s u f f i c i e n t  ength so c ross  c o r r e l a t i o n s  c o u l d  be made and most o f  t h e  

s e c t i o n  was encountered. The n o r t h e r n  two ho les  (C1 and C 2 )  were 

d r i l l e d  a long  s t r i k e  on o p p o s i t e  s ides  o f  t h e  no r th -sou th  t r e n d i n g  

v a l l e y .  I f  any o f f s e t  was caused by f a u l t i n g ,  i t  should be apparent 

w i t h i n  these c o r i n g s .  A l l  t h e  ho les  were d r i l l e d  t o  a s u f f i c i e n t  

depth such t h a t  i d e n t i f i a b l e  and c o r r e l a t a b l e  c o n t a c t s  o r  beds were 

encountered. The co re  ho les  were a l l  logged a f t e r  d r i l l i n g  (work was 

performed by Tennessee V a l l e y  A u t h o r i t y  under In te ragency  Agreement 

DE-AI05-830R21386) t o  a l l o w  geophysica l  p r o p e r t i e s  o f  t h e  s t r a t a  t o  

be s t u d i e d  and t o  s e t  up a d a t a  base so t h a t  f u t u r e  b o r i n g s  can be 

g e o p h y s i c a l l y  logged w i t h o u t  c o r i n g  and so c o r r e l a t i o n s  s t i l l  can be 

made. 
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The l i t h o l o g i c  l o g s  f o r  t h e  co re  ho les  a r e  shown i n  F igs .  4-7 

(geophys ica l  l o g s  a r e  i n c l u d e d  i n  Appendix 11). The l o g s  o f  ho les C 1  

and C2 i n d i c a t e  t h a t  no s i g n i f i c a n t  o f f s e t  has occurred between 

oppos i te  s ides  of t h e  c e n t r a l  drainageway. T h i s  conc lus ion  i s  based on 

u s i n g  fo rma t ion  boundar ies as marker ho r i zons  and comparing r e l a t i v e  

e l e v a t i o n s  between t h e  ho les .  Both C 1  and C2 encountered t h r e e  

fo rma t ion  boundar ies,  and b o t h  showed a lmost  i d e n t i c a l  f o r m a t i o n  

th i cknesses  f o r  t h e  R o g e r s v i l l e  Shale and t h e  Rut ledge Limestone. 

W i t h i n  each c o r e  ho le ,  f a u l t s  c o u l d  be i d e n t i f i e d .  T h i s  i s  ve ry  

d r a m a t i c a l l y  i l l u s t r a t e d  i n  C3, where t h e  R o g e r s v i l l e  Shale i s  g r e a t l y  

t h i ckened  i n  comparison t o  C 1 ,  C2, and o t h e r  b o r i n g s  on t h e  O R R .  Based 

on t h e  l i t h o l o g y ,  t h e  R o g e r s v i l l e  S e c t i o n  appears t o  repea t  i t s e l f  

s t a r t i n g  a t  a p o i n t  app rox ima te l y  110 m (360 f t )  deep. F a u l t s  i n  

b o r i n g  C3 have been i d e n t i f i e d  a t  depths i n  meters ( f t )  o f :  26 (84 ) ,  

37 (121),  42 (138),  45 (147),  64 (210) ,  66 (217) ,  73 (241) ,  88 t o  90 

(289 t o  294), 93 (305),  97 (318),  103 (338) ,  116 (381) ,  120 t o  121 

(393 t o  395), 122 t o  124 (400 t o  405), 142 (467) ,  148 (485) ,  151 (494), 

156 (513),  191 (626),  193 (632) ,  and 197 (646) .  The 88 t o  90-m (289 t o  

294 f t )  and 122 t o  124-111 (400 t o  405 f t )  i n t e r v a l s  a r e  major f a u l t  

zones w i t h  s i g n i f i c a n t  d i s t u r b a n c e  t o  t h e  rock .  The c a l i p e r  l o g  f o r  C3 

shows a ve ry  l a r g e  s p i k e  a t  a depth o f  about 123 m (402 f t ) ,  i n d i c a t i n g  

t h e  f a u l t e d  m a t e r i a l  i n  t h a t  zone i s  s o f t  and f r i a b l e .  Therefore,  t h i s  

zone i s  probab ly  open t o  some e x t e n t  and may be a conductor  o f  

groundwater. I n  b o r i n g  C1, f i v e  p o s s i b l e  f a u l t s  were i d e n t i f i e d .  None 

o f  t h e  f a u l t s  appeared t o  be ex tens i ve ,  and t h e  deepest o f  t h e  f e a t u r e s  

was a t  a depth o f  53 m (174 f t ) .  F i v e  p o s s i b l e  f a u l t s  were a l s o  
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i d e n t i f i e d  i n  b o r i n g  C2, none o f  which were major  f e a t u r e s .  The 

deepest f a u l t  zone encountered was a t  t h e  bot tom o f  t h e  co re  h o l e .  One 

f a u l t  zone, a t  25 in (83 f t ) ,  d i d  cause a s p i k e  on t h e  c a l i p e r  l o g  f o r  

b o r i n g  C2. 

Format iona l  c o n t a c t s  i d e n t i f i e d  i n  t h e  co re  ho les  were used t o  

produce t h e  g e o l o g i c  map o f  t h e  s i t e  ( F i g .  3 ) .  The geometry o f  t h e  

bedrock on t h e  s i t e  was determined u s i n g  t h e  R o g e r s v i l l e  Shale/Rut ledge 

Limestone and t h e  Rut ledge Limestone/Pumpkin V a l l e y  Shale c o n t a c t s  i n  

s imp le  t h r e e - p o i n t  analyses.  These analyses i n d i c a t e d  t h a t  t h e  

f o r m a t i o n  c o n t a c t s  a r e  o r i e n t e d  a t  N59'E, 23'SE and N61°E, 24'SE, 

r e s p e c t i v e l y .  These l a r g e - s c a l e  o r i e n t a t i o n s  agree w i t h  t h e  l i m i t e d  

s u r f a c e  measurements taken  and w i t h  r e g i o n a l  da ta .  The t h i r d  

l i t h o l o g i c  c o n t a c t  encountered i n  t h e  co re  holes,  t h e  M a r y v i l l e  

L imes tone /Rogersv i l l e  Shale c o n t a c t ,  c o u l d  n o t  be analyzed because o f  

t h e  s t r u c t u r a l  d i s t u r b a n c e  and t h i c k e n i n g  observed i n  b o r i n g  C3. 

3.4.5 Sur face  Geophysics 

To complement t h e  downhole work performed on s i t e ,  a s e r i e s  o f  

s u r f a c e  geophysica l  surveys were performed. The p r imary  o b j e c t i v e s  

o f  t h e  program were t o :  ( 1 )  d e t e c t  any anomalous c o n d i t i o n s  t h a t  may 

be i n d i c a t i v e  o f  seepage pathways f o r  groundwater ( c a v i t i e s ,  f a u l t s ,  

o r  f r a c t u r e  zones), ( 2 )  determine t h e  depth t o  sound rock,  and 

( 3 )  determine t h e  geophysica l  p r o p e r t i e s  o f  t h e  va r ious  rock  types 

on s i t e .  The focus o f  t h e  surveys was t o  i n v e s t i g a t e  t h e  c e n t r a l  

drainageway o f  t h e  s i t e .  The f i r s t  survey run  on t h e  s i t e  was an 

e lec t romagne t i c  survey. A f t e r  t h i s  i n i t i a l  survey, a d d i t i o n a l  

surveys were performed i n  c o o p e r a t i o n  w i t h  t h e  U.S. Army Corps of 
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Engineers,  Waterways Exper imenta l  S t a t i o n  (per formed under In te ragency  

Agreement #DE-AI05-830R-21384. Resu l t s  a r e  r e p o r t e d  i n  L l o p i s  e t  a l .  

1984 and reproduced i n  t o t a l  w i t h i n  t h i s  r e p o r t ) .  The second phase o f  

surveys i n c l u d e d  se ismic r e f r a c t i o n ,  h o r i z o n t a l  e l e c t r i c a l  p r o f i l i n g ,  

v e r t i c a l  e l e c t r i c a l  sounding, spontaneous p o t e n t i a l  (SP), and 

e lec t romagne t i c  ( E M ) .  

3.4.5.1 Very Low Frequency-Electromagnet ic R e s i s t i v i t y  Survey 

The i n i t i a l  e lec t romagne t i c  survey r u n  on s i t e  was an i ns t rumen t  

t h a t  uses t ransmiss ions  f rom ve ry  low Frequency (VLF) antennae l o c a t e d  

around t h e  c o u n t r y  as an energy source. E lect romagnet ic  surveys a r e  

used t o  d e t e c t  s u b t l e  changes i n  l o c a l  magnet ic f i e l d s  a long  a survey 

l i n e .  These changes o r  anomalies a r e  a r e s u l t  o f  t h e  response of  l o c a l  

conductors i n  t h e  subsurface t h a t  a l t e r  f i e l d s  generated by man-made 

o r  n a t u r a l  c u r r e n t s ,  depending on t h e  r e c e i v e r  b e i n g  used. These 

conductors can range f rom man-made o b j e c t s  (such as meta l  p i p e s )  t o  o r e  

bodies.  Responses may a l s o  occur near f a u l t  zones i f  t h e  f a u l t  a c t s  as 

a conductor;  t h i s  may occur i f  m i n e r a l i z a t i o n  occurs w i t h i n  t h e  f a u l t  

o r  f a u l t  zone, o r  i f  s i g n i f i c a n t l y  more water i s  moving w i t h i n  t h e  zone 

because o f  'increased p o r o s i t y  i n  comparison t o  t h e  su r round ing  r o c k .  

Th is  method has been used i n  t h e  p a s t  p r l m a r l l y  as a t o o l  f o r  t h e  

l o c a t i o n  o f  conduc t i ve  o re  bodies (Pa te rson  and Ronka 1969), and 

e lec t romagne t i c  techniques i n  genera l  a r e  commonly used f o r  t h e  

i n v e s t i g a t i o n  and d e l i n e a t i o n  o f  conduct ive,  subsurface plumes o f  

contaminated groundwater (e .g. ,  S l a i n e  and Greenhouse 1982) .  The 

genera l  t h e o r y  o f  VLF-EM w i l l  n o t  be d iscussed i n  t h i s  document, b u t  

f u r t h e r  i n f o r m a t i o n  on t h e  technique can be found i n  Geonics L t d .  
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(1979) .  The advantages o f  VLF-EM over  o t h e r  geophysica l  methods a r e  as 

f o l l o w s :  t hey  a r e  ex t reme ly  r a p i d ,  r e q u i r e  ve ry  l i t t l e  manpower, a r e  

inexpensive,  and i n t e r p r e t a t i o n  and m a n i p u l a t i o n  o f  t h e  raw da ta  i s  

s imple and r a p i d .  

S i x  VLF-EM survey l i n e s  were r u n  on t h e  proposed SWSA-7; t h e i r  

l o c a t i o n s  a r e  shown i n  F i g .  9. The r e s u l t s  o f  t h e  survey a r e  shown i n  

F i g .  10. The d a t a  have been mathemat i ca l l y  f i l t e r e d  p r i o r  t o  

p r e s e n t a t i o n  u s i n g  t h e  method desc r ibed  i n  Fraser  (1969) .  F i l t e r i n g  

serves seve ra l  purposes: (1) i t  s h i f t s  t h e  f i e l d  d a t a  so  t h a t  anomalies 

a r e  i n d i c a t e d  by peaks i n  t h e  da ta ,  ( 2 )  i t  f i l t e r s  o u t  genera l  

background noise,  ( 3 )  i t  f i l t e r s  o u t  most t opograph ic  e f f e c t s ,  and 

( 4 )  i t  f i l t e r s  o u t  l a r g e - s c a l e ,  deep conductors .  The l o c a t i o n  o f  

VLF-EM anomalies a r e  shown i n  F i g s .  9 and 10. A ve ry  s t r o n g  p a i r  o f  

l i n e a r  f e a t u r e s  can be seen i n  t h e  da ta ,  and a t h i r d  f e a t u r e  may be 

p resen t  on t h e  western p o r t i o n  o f  s i t e .  Other f e a t u r e s  m i g h t  occur on 

t h e  s i t e  b u t  were n o t  encountered because o f  t h e  l i m i t e d  e x t e n t  o f  t h e  

survey. The r e s u l t s  appear t o  i n d i c a t e  t h a t  t h e r e  i s  a subsur face 

conductor t h a t  runs i n  o r  p a r a l l e l  t o  t h e  c e n t r a l  drainageway on s i t e .  

These anomalies a r e  l i k e l y  t o  be caused by a f r a c t u r e  zone t h a t  i s  a 

conductor o f  groundwater.  Note t h a t  t h e  approximate depth o f  

i n v e s t i g a t i o n  u s i n g  t h i s  techn ique  i n  t h i s  area i s  20 t o  30 m (65 t o  

100 f t )  ( u s i n g  a r e s i s t i v i t y  o f  95 ohm/m (320 ohm/f t )  as determined by 

t h e  e l e c t r i c a l  su rveys ) .  That i s ,  t h e  zone o f  i n f l u e n c e  i s  r e l a t i v e l y  

deep b u t  does i n t e g r a t e  a l l  anomalies o c c u r r i n g  t o  t h a t  depth.  
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. _  3.4.5.2 Spontaneous P o t e n t i a l  Survey 

A f t e r  t h e  VLF-EM survey, a more i n t e n s i v e  geophysica l  

i n v e s t i g a t i o n  was c a r r i e d  o u t  on t h e  proposed SWSA-7. The l o c a t i o n  o f  

t r a n s e c t s  across t h e  s i t e  a r e  shown i n  F ig .  11. The survey l i n e s  were 

l a i d  o u t  t o  i n v e s t i g a t e  t h e  p o s s i b l e  f a u l t  zone runn ing  th rough  t h e  

c e n t e r  o f  t h e  s 

one survey l i n e  

boundary o f  t h e  

o r  a l l  o f  t h e  s 

t e .  I n  a d d i t i o n  t o  examining t h e  c e n t r a l  s t r u c t u r e ,  

( S i t e  1) crossed a p o s s i b l e  s t r u c t u r e  on t h e  e a s t e r n  

s i t e .  Four methods o f  i n v e s t i g a t i o n  were used a t  some 

t e s ;  these i n c l u d e d  e l e c t r i c a l  r e s i s t i v i t y ,  se ismic 

r e f r a c t i o n ,  spontaneous p o t e n t i a l ,  and e lec t romagne t i cs .  The procedures 

and i n t e r p r e t a t i o n  methods used i n  these surveys a r e  d iscussed i n  

d e t a i l  i n  T e l f o r d  e t  a l .  (1976) ;  Engineer Manual 1110-1-1802 

(Department o f  Army 1979).  

Two SP survey l i n e s  were run,  and t h e i r  l o c a t i o n s  a r e  shown i n  

more d e t a i l  i n  F i g .  12.  Both survey l i n e s  a r e  l o c a t e d  a t  S l t e  4 and 

serve as d u p l i c a t e s  f o r  t h e  area. The o b j e c t i v e  o f  t h e  SP survey was 

t o  d e t e c t  p o t e n t i a l  d i f f e r e n c e s  ( v o l t a g e s )  on t h e  s u r f a c e  generated by 

f l o w i n g  water  i n  t h e  subsurface. The mechanism by which t h i s  technique 

works (SP)  i s  reviewed in T e l f o r d  e t  a l .  (1976) and Cooper e t  a l .  

(1980) .  The f i e l d  procedure c o n s i s t e d  o f  emplacing e l e c t r o d e  a r r a y s  i n  

a p r o f i l e  p a t t e r n  and measuring vo l tages  between each o f  t h e  e l e c t r o d e s  

i n  t h e  a r r a y  and a re fe rence  e l e c t r o d e .  The r e f e r e n c e  e l e c t r o d e  was 

p laced i n  an area away f rom t h e  a r r a y  a t  a l o c a t i o n  where t h e  p o t e n t i a l  

remained cons tan t  r e l a t i v e  t o  t h e  a r r a y .  The e l e c t r o d e  a r r a y s  c o n s i s t e d  

o f  1.2-m- ( 4 - f t - )  l o n g  copper rods t h a t  were d r i v e n  i n t o  t h e  ground 

about 0.5-m (1-1/2 f t )  a t  6-m ( 2 0 - f t )  spacings. The r e f e r e n c e  
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e l e c t r o d e  was connected t o  t h e  a r r a y s  by 18-gauge, m u l t i s t r a n d  copper 

w i r e .  Spontaneous p o t e n t i a l  measurements were then  ob ta ined  by 

connec t ing  c l i p  leads o f  a d i g i t a l  m u l t i m e t e r  (50  Megaohm i n t e r n a l  

r e s i s t a n c e )  t o  b o t h  t h e  r e f e r e n c e  e l e c t r o d e  and t h e  measurement 

e l e c t r o d e .  The a r r a y  l e n g t h  f o r  SP-1 was 158 m ( 5 2 0  f t )  and was 146 m 

(480 f t )  f o r  SP-2. Severa l  measurements a t  each SP a r r a y  were made 

i n t e r m i t t e n t l y  d u r i n g  t h e  p e r i o d  o f  September 21-30, 1983. Each s e t  o f  

measurements ( b o t h  a r r a y s )  took  about 1 h. 

The r e s u l t s  o f  t h e  SP surveys can be examined i n  two ways: as a 

p r o f l l e  a t  a g i v e n  t i m e  o r  as a t i m e  sequence b e f o r e  and a f t e r  a s torm 

event .  Areas on t h e  s u r f a c e  under which water  i s  moving should y i e l d  

n e g a t i v e  v o l t a g e  anomal ies.  Changes i n  subsur face f l o w  r e s u l t i n g  f r o m  

a s torm event  o r  pumping should a l s o  r e s u l t  i n  n e g a t i v e  changes i n  

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

surveys a r e  presented i n  Appendix I i n  b o t h  t a b u l a r  and g r a p h i c a l  

form. For a r r a y  SP-1, f i v e  r e l a t i v e  n e g a t i v e  reg ions  occur ,  t hese  

are:  S t a t i o n  1+80, S t a t i o n  3+40, S t a t i o n  4+20, S t a t i o n  5+20, and 

S t a t i o n  6+00. The f i r s t  s e t  o f  read ings  (0900 on September 21, 1983) 

a r e  considered r e f e r e n c e  readings ( p r i o r  t o  r a i n ) .  A heavy r a i n f a l l  

occurred f r o m  0930 t o  1600 on September 21. Four prominent  n e g a t i v e  

anomalies a r e  seen i n  t h e  s t a t i c  p r o f i l e s  f o r  a r r a y  SP-2. They a r e  a t  

S t a t i o n  1+80, S t a t i o n  3+00, S t a t i o n  3+80, and S t a t i o n  5t80 t o  6+00. 

The r e f e r e n c e  r e a d i n g  f o r  t h i s  a r r a y  i s  cons idered t o  be t h a t  taken a t  

1330 on September 30, 1983 ( 8  d a f t e r  a major  r a i n f a l l  e v e n t ) .  
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. _  The p a r a l l e l  SP a r r a y s  [18 m (60  f t )  a p a r t ]  were r u n  t o  t e s t  t h e  

cons is tency  o f  t h e  da ta  i n  t h e  area. I t  was found t h a t ,  i n  genera l ,  

t h e  da ta  between t h e  a r r a y s  do correspond ve ry  w e l l .  

d a t a  f o r  September 21 t o  22, 1983, show a genera l  t r e n d  i n  t h e  readings 

i n  t h e  n e g a t i v e  d i r e c t i o n .  A f t e r  September 22, 1983, t h e  readings 

become more p o s i t i v e .  Thus, t h e  da ta  suppor t  t h e  hypothes is  o f  

increased f l o w  i n  t h e  subsur face i n  d i s c r e t e  pathways and t h e  f a c t  t h a t  

these pathways a r e  cont inuous across bo th  a r r a y s .  The l o c a t i o n s  of t h e  

t h r e e  l a r g e s t  anomalies a r e  i n c l u d e d  i n  F i g .  1 7 .  

Note t h a t  t h e  

3.4.5.3 Elect romagnet ic  R e s i s t i v i t y  Survey 

EM surveys were conducted a t  S i t e s  3 and 4 ( F i g .  11)  on t h e  

proposed SWSA-7, and t h e i r  l o c a t i o n s  a r e  shown i n  F igs .  12 and 13. The 

o b j e c t i v e  of t h e  EM surveys was t o  measure t e r r a i n  c o n d u c t i v i t y .  The 

t h e o r y  and approach used i n  t h e  VLF-EM survey i s  s i m i l a r  except t h a t  

t h e  energy source i s  a hand-held t r a n s m i t t e r .  A t r a n s m i t t e r  c o i l  t h a t  

generates an a l t e r n a t i n g  c u r r e n t  a t  an audio f requency i s  p laced on t h e  

ground, and a s h o r t  d i s t a n c e  away a r e c e i v e r  c o i l  i s  p laced  on t h e  

ground. Measurements were made a t  va r ious  i n t e r c o i l  spacings and i n  

b o t h  t h e  v e r t i c a l  ( c o i l s  f l a t  on t h e  ground) and h o r i z o n t a l  ( c o i l s  

v e r t i c a l )  d i p o l e  c o n f i g u r a t i o n s .  The ins t rumen t  used was t h e  EM-34, 

manufactured by Geonics L td .  More d e t a i l e d  i n f o r m a t i o n  r e g a r d i n g  t h e  

t h e o r y  and use o f  t h i s  i ns t rumen t  can be found i n  M c N e i l l  (1980) .  

The survey l i n e s  a t  b o t h  S i t e s  3 and 4 were 158 m (520 f t )  long,  

and readings were taken j t  12-m ( 4 0 - f t )  i n t e r v a l s .  Readings were taken 

a t  i n t e r c o i l  spac ing o f  10, 20, and 40 m (33, 66, and 131 f t )  i n  b o t h  

t h e  v e r t i c a l  and h o r i z o n t a l  d i p o l e  d i r e c t i o n s .  The r e s u l t s  o f  t h e  EM 
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surveys a r e  i n c l u d e d  i n  Appendix I. The h o r i z o n t a l  d i p o l e  readings f o r  

S i t e  3 show a ve ry  d i s t i n c t  i n c r e a s e  i n  c o n d u c t i v i t y  near t h e  c e n t e r  o f  

t h e  survey l i n e .  The v e r t i c a l  d i p o l e  readings do n o t  show t h i s  t rend ,  

b u t  t hey  do show a genera l  decrease i n  c o n d u c t i v i t y  w i t h  i n t e r c o i l  

spac ing and, t h e r e f o r e ,  w i t h  depth o f  i n v e s t i g a t i o n .  No c l e a r  anomalies 

were observed i n  t h e  da ta  f rom S i t e  4; b u t  again,  a genera l  decrease i n  

c o n d u c t i v i t y  w i t h  depth can be seen. The anomaly seen a t  S i t e  3 i s  

i n c l u d e d  i n  F i g .  17. 

3.4.5.4 E l e c t r i c a l  R e s i s t i v i t y  Surveys 

R e s i s t i v i t y  surveys were r u n  a t  S i t e s  1, 3, and 4 ( F i g s .  12 and 

1 3 ) .  Two types o f  surveys were conducted: a v e r t i c a l  r e s i s t i v i t y  

sounding (Schlumberger a r r a y )  and a h o r i z o n t a l  r e s i s t i v i t y  p r o f i l e  

(Wenner a r r a y ) .  Both survey types a r e  d iscussed i n  d e t a i l  i n  Engineer 

Manual 1110-1-1802 (Department o f  Army 1979) .  B r i e f l y ,  t h e  Schlumberger 

a r r a y  c o n s i s t s  o f  two p o t e n t i a l  e l e c t r o d e s  separated by a d i s t a n c e  IS' 

and two c u r r e n t  e l e c t r o d e s ,  each a t  a d i s t a n c e  ' L '  f r om t h e  c e n t e r p o i n t .  

Soundings a r e  performed by expanding t h e  c u r r e n t  e l e c t r o d e s  a l o n g  a 

l i n e  about t h e  c e n t e r p o i n t .  The survey r e s u l t s  i n  a v e r t i c a l  p r o f i l e  

o f  r e s i s t i v i t y  v a r i a t i o n  w i t h  depth.  The Wenner a r r a y  c o n s i s t s  o f  two 

c u r r e n t  and two p o t e n t i a l  e l e c t r o d e s  p laced a long  a l i n e  w i t h  a space 

' A '  between each. I n  genera l ,  f o r  a g i v e n  ' A '  spacing, t h e  r e s i s t i v i t y  

d e t e r m i n a t i o n  i s  i n f l u e n c e d  by a l l  m a t e r i a l s  more sha l l ow  than  a depth 

' A ' .  R e s i s t i v i t y  p r o f i l i n g  i n v o l v e s  moving t h e  e n t i r e  Wenner a r r a y  

a l o n g  a l i n e ,  keeping ' A '  cons tan t ,  and d e t e r m i n i n g  h o r i z o n t a l  

v a r i a t i o n s  o f  r e s i s t i v i t y  f o r  a g i v e n  depth h o r i z o n .  
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I n  t o t a l ,  t h r e e  r e s i s t i v i t y  soundings were performed and t h r e e  

h o r i z o n t a l  p r o f i l e s  were conducted; t h e  r e s u l t s  o f  these a r e  i n c l u d e d  i n  

Appendix I. The soundings a t  S i t e  1 (RS-1 and RS-2) were cen te red  a t  

S t a t i o n s  Ot60 and 8+20. Assuming a t h r e e - l a y e r  case, a computer code 

was used t o  c a l c u l a t e  l a y e r  th i cknesses  and corresponding r e s i s t i v i t i e s .  

The r e s u l t s  a r e  shown i n  Table 1. I n  genera l ,  t h e  soundings i n d i c a t e  a 

r e l a t i v e l y  h i g h - r e s i s t i v i t y  s u r f a c e  zone 0.9 t o  1.2 m ( 3  t o  4 f t ) ,  

u n d e r l a i n  by a t h i c k  5.2 t o  16.8 m (17 t o  55 f t )  low r e s i s t i v i t y  zone 

and a h i g h e r  r e s i s t i v i t y  zone a t  depth.  These zones p robab ly  rep resen t  

unsa tu ra ted  s o i l  and weathered rock ,  s a t u r a t e d  weathered rock ,  and 

s a t u r a t e d  unweathered rock .  The h o r i z o n t a l  p r o f i l e  a t  S i t e  1 (RP-1) 

used two ' A I  spacings: 6.1 and 12.2 m ( 2 0  and 40 f t ) .  The d a t a  

ob ta ined  f r o m  t h e  12.2-111 ( 4 0 - f t )  spac ing show minor  f l u c t u a t i o n s  i n  

r e s i s t i v i t v  a l o n g  t h e  p r o f i l e ,  hav ing  va lues o f  r e s i s t i v i t y  c e n t e r i n g  

around a va lue  o f  100 ohm-m (330 ohm-f t ) .  The d a t a  f r o m  t h e  6.1-m 

( 2 0 - f t )  spac ing show much more s c a t t e r .  The d l f f e r e n c e s  between t h e  

two spacings m i g h t  be exp la ined  by t h e  h i g h l y  v a r i a b l e  n a t u r e  o f  

near-sur face m a t e r i a l s  [ l e s s  t h a n  6.1 m ( 2 0  f t ) ]  because o f  v a r y i n g  

s o i l  t y p e  and t h i c k n e s s .  

The h o r i z o n t a l  p r o f i l e  a t  S i t e  3 (RP-3) was conducted u s i n g  

spacings o f  6.2 and 12.2 m ( 2 0  and 40 f t ) .  The r e s u l t s  f o r  t h e  6.1-m 

( 2 0 - f t )  spac ing i n d i c a t e  a prominent  l ow  between S t a t i o n s  3 t 4 0  and 4 t 4 0  

and a h i g h  a t  S t a t i o n  6+10. The 12.2 m ( 4 0  f t )  spacing p r o f i l e  showed 

l e s s  v a r i a t i o n  i n  r e s i s t i v i t y ;  however, a l ow  i s  i n d i c a t e d  a t  

S t a t i o n  3+80. Depth of water  i n  t h i s  a rea  i s  deep; t h e r e f o r e ,  t h e  
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Tab le  1. Layer  t h i c k n e s s  and c o r r e s p o n d i n g  r e s i s t i v i t i e s  

Depth t o  t o p  o f  Apparent  
Layer  i n t e r f a c e  r e s i  s t i  v i  t y  

m f t  ohm-m ohm-f t 

L i n e  RS-1 
1 
2 
3 

L i n e  RS-2 

- L i n e  RS-3 

1 
2 
3 

0 0 
1 3 

1 8  58 

0 0 
1 . 2  4 
6.5 21 

0 0 
1 3 
2.7 9 

28 91 

449 
95 

182 

301 
63 

118 

21 2 
23 
82 

352 

1473 
31 2 
598 

988 
207 
388 

694 
76 

270 
1155 
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v a r i a t i o n s  i n  r e s i s t i v i t y  a r e  p robab ly  t h e  r e s u l t  o f  v a r i a t i o n s  i n  t h e  

e x t e n t  of rock  wea the r ing  ( l o w  r e s i s t i v i t y  zones i n d i c a t i n g  g r e a t e r  

wea the r ing ) .  T h i s  wea the r ing  may be a r e s u l t  o f  f a u l t i n g  o r  j o i n t i n g .  

The res  s t i v i t y  p r o f i l e  a t  S i t e  4 (RS-3) was cen te red  about  

S t a t i o n  4tOO Assuming a f o u r - l a y e r  case based on i n s p e c t i o n  o f  t h e  

sounding curve,  t h e  th i cknesses  and r e s i s t i v i t i e s  shown i n  Table 1 can 

be c a l c u l a t e d .  The a d d i t i o n a l  l a y e r  i n  t h i s  p r o f i l e  i s  p robab ly  t h e  

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

s i t e .  That i s ,  t h e  l a y e r s  rep resen t :  unsa tu ra ted  s o i l  ( a l l u v i u m ) ,  

s a t u r a t e d  a l l u v i u m ,  s a t u r a t e d  weathered rock,  and s a t u r a t e d  unweathered 

rock.  Note t h e  s i g n i f i c a n t  depth o f  wea the r ing  a t  t h i s  s i t e  [about  

28 m (91 f t ) ] .  The r e s u l t s  o f  t h e  h o r i z o n t a l  p r o f i l i n g  a t  t h i s  s i t e  do 

show s l i g h t  v a r i a t i o n s ,  b u t  no prominent  anomalies a r e  p resen t .  The 

v a r i a t i o n s  t h a t  occur p robab ly  r e f l e c t  v a r i a t i o n s  i n  t h e  overburden 

m a t e r i a l .  

3.4.5.4 Seismic R e f r a c t i o n  Surveys 

The l o c a t i o n  o f  t h e  t e n  r e f r a c t i o n  survey l i n e s  a r e  shown i n  

F i g s .  12 and 13 (Rl-R10).  A l l  r e f r a c t i o n  l i n e s  were 76 m (250 f t )  l o n g  

hav ing  3-m ( 1 0 - f t )  geophone spacings, w i t h  t h e  excep t ion  o f  R-10, which 

was 114 m (375 f t )  l o n g  and used 4.6-m ( 1 5 - f t )  geophone spacings. The 

surveys were conducted u s i n g  two 12-channel seismographs coupled 

t o g e t h e r  t o  form a 24-channel system. 

were 0.25-kg (112-1b) TNT-equivalent two-component e x p l o s i v e s .  

Shotholes were approx ima te l y  0.6 m ( 2  f t )  i n  depth.  

Energy sources f o r  t h e  survey 
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. .  
Basic da ta  acqu i red  from seismic r e f r a c t i o n  surveys a r e  

c o n v e n t i o n a l l y  d i s p l a y e d  as t ime-d i s tance  p l o t s .  The da ta  f o r  a l l  

l i n e s  a r e  d i s p l a y e d  i n  Appendix I .  The seismograph records were 

analyzed t o  determine t h e  t i m e  o f  f i r s t  a r r i v a l  o f  t h e  compression ( P )  

wave a t  each geophone l o c a t i o n ,  and then  t h e  t ime-d i s tance  p l o t s  

prepared. S t r a i g h t - l i n e  segments were f i t  t o  t h e  da ta  and analyzed 

u s i n g  s tandard procedures g i v e n  i n  T e l f o r d  e t  a l .  (1976) and Engineer 

Manual 1110-1-1802 (Department o f  Army 1979) t o  y i e l d  v e l o c i t i e s  and 

depths t o  i n t e r f a c e s  between m a t e r i a l s  o f  d i f f e r i n g  v e l o c i t i e s .  

I n t e r p r e t e d  p r o f i l e s  f o r  t h e  t h r e e  s i t e s  a r e  shown i n  F igs .  14-16. The 

r e s u l t s  f r o m  S i t e  1 i n d i c a t e  t h r e e  d i f f e r e n t  v e l o c i t y  l a y e r s  as shown 

i n  F i g .  14. The f i r s t  l a y e r  corresponds t o  a s o i l  cover and has a 

v e l o c i t y  between 440 and 550 mps (1450 and 1800 f p s ) .  The second l a y e r  

p robab ly  rep resen ts  t h e  weathered bedrock o r  s a p r o l i t e  and has 

r e l a t i v e l y  cons tan t  v e l o c i t y  rang ing  between 1400 and 1480 mps (4600 

and 4850 f p s ) .  The t h i r d  l a y e r ,  unweathered bedrock, has a v e l o c i t y  

t h a t  ranges between 3400 and 3630 mps (11,150 and 11,900 f p s ) .  The 

easternmost survey l i n e  on s i t e  i n d i c a t e d  t h a t  o n l y  two l a y e r s  were 

p resen t :  s o i l  and unweathered rock .  Based on t h e  t ime-d i s tance  p l o t s ,  

de lays were noted a t  S t a t i o n s  7t00, 9+90, and 3t00, which may be 

i n d i c a t i v e  o f  rock  f r a c t u r e s  o r  depress ions.  

Three r e f r a c t i o n  l i n e s  were r u n  a t  S i t e  3, and t h e  i n t e r p r e t e d  

r e s u l t s  a r e  shown i n  F i g .  15. Three v e l o c i t y  zones a r e  i n d i c a t e d  by 

t h e  da ta  and a r e  s i m i l a r  i n  n a t u r e  t o  those desc r ibed  f o r  S i t e  1, 

except t h a t  t h e  v e l o c i t i e s  were s l i g h t l y  h i g h e r  i n  t h e  two s h a l l o w  

zones. The da ta  f o r  t h e  unweathered bedrock l a y e r  a t  t h i s  s i t e  shows a 

. 
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genera l  i nc rease  i n  v e l o c i t y  towards t h e  e a s t .  Th i s  may be an a r t i f a c t  

o f  t h e  changing o r i e n t a t i o n  o f  t h e  survey l i n e  (due t o  i t s  r e l a t i v e  

o r i e n t a t i o n  t o  j o i n t i n g )  o r  may be a r e s u l t  o f  changes i n  l i t h o l o g y .  

Severa l  smal l  anomalies can be seen i n  t h e  de lay  t imes f o r  t h e  survey 

l i n e s  a t  t h i s  s i t e .  

The r e s u l t s  o f  t h e  t h r e e  r e f r a c t i o n  l i n e s  a t  S i t e  4 a r e  presented 

i n  F i g .  16. The d a t a  i n d i c a t e d  two d i f f e r e n t  v e l o c i t y  zones a t  t h i s  

s i t e .  These v e l o c i t i e s  averaged 450 and 3340 mps (1475 and 10,950 f p s )  

which correspond t o  overburden m a t e r i a l  ( s o i l  and a l l u v i u m )  and 

bedrock.  Two anomalies i n  t h e  f o r m  o f  de lay  t imes appear t o  be i n  t h e  

a rea  o f  S t a t i o n s  1+50 and 3+30. These may be a r e s u l t  o f  f r a c t u r e  

zones o r  depress ions.  

Note t h a t  t h e  r e s u l t s  o f  t h e  seismic and r e s i s t i v i t y  surveys 

d i f f e r .  I n  p a r t ,  t h a t  i s  because 'unweathered r o c k '  f o r  e l e c t r i c a l  

response may be q u i t e  d i f f e r e n t  f rom t h a t  f o r  se ismic response. The 

r e s u l t s  o f  t h e  surveys a t  S i t e s  1, 3, and 4 a r e  summarized i n  F i g .  17. 

I n  genera l ,  no major f a u l t s  o r  anomalies a r e  apparent f rom t h e  data,  

b u t  seve ra l  s m a l l e r  anomalies were encountered d u r i n g  t h e  i n v e s t i g a t t o n  

The anomalies were most apparent i n  t h e  surveys i n v e s t i g a t i n g  

e l e c t r i c a l  p r o p e r t i e s  o f  t h e  subsurface m a t e r i a l s ,  which may i n d i c a t e s  

t h a t  f r a c t u r e  zones, as opposed t o  f a u l t s ,  may be p resen t  and r e s u l t  

i n  sha l l ow  zones o f  more h i g h l y  weathered, t h e r e f o r e  porous, m a t e r i a l s .  

The ack o f  response i n  t h e  se ismic surveys i n d i c a t e s  t h a t  no 

s i g n  f i c a n t  o f f s e t  i s  p resen t  a long  any s t r u c t u r e s ,  which i s  c o n s i s t e n t  

w i t h  t h e  f i n d i n g s  f rom t h e  co re  ho les .  The r e s u l t s  a r e  a l s o  c o n s i s t e n t  

w i t h  t h e  VLF-EM survey; a t  l e a s t  one zone th rough  t h e  c e n t r a l  p a r t  o f  
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t h e  s i t e  appears t o  be a subsurface conductor o f  water .  A l i n e  

connec t ing  t h e  easternmost anomaly a t  S i t e  4 th rough  t h e  anomalous zone 

a t  S i t e  3 t o  t h e  western anomaly a t  S i t e  1 corresponds w i t h  t h e  western 

l i n e a r  i n  t h e  c e n t r a l  d ra inage  seen i n  t h e  VLF-EM d a t a .  The r e s u l t s  a t  

S i t e  1 a l s o  i n d i c a t e  t h a t  a f r a c t u r e  zone may occur a l o n g  t h e  base o f  

t h e  s teep r i d g e  c o u n t i n g  t h e  e a s t e r n  p o r t i o n  o f  t h e  proposed SWSA-7. 

Th is  f e a t u r e  c o i n c i d e s  w i t h  t h a t  seen i n  a i r  photos ( F i g .  3 ) .  

3.5 TOPOGRAPHIC ANALYSIS 

The ve ry  r e g u l a r  geometry o f  t h e  proposed SWSA-7 s i t e  and Mel ton 

V a l l e y ,  i n  genera l ,  may be a r e s u l t  o f  f a u l t s  o r  f r a c t u r e  zones t h a t  

a r e  a l i g n e d  a t  an acu te  ang le  t o  geo log i c  s t r i k e .  That i s ,  t h e  NW-SE 

t r e n d i n g  v a l l e y s  a r e  ve ry  r e g u l a r  i n  shape and o r i e n t a t i o n ,  and they  

r u n  a t  an ang le  w i t h  t h e  genera l  r i d g e  a l ignment  o f  t h e  area.  To 

assess t h e  r e g u l a r i t y  o f  t h e  topography, two topographic  c ross  s e c t i o n s  

were made ( F i g .  1 8 ) .  Both cross s e c t i o n s  run  eas t  t o  west on t h e  ORNL 

g r i d  system (approx ima te l y  a long  geo log ic  s t r i k e ) .  The two s e c t i o n s  

c ross  t h e  proposed SWSA-7 s i t e  and r u n  t h e  l e n g t h  o f  t h e  v a l l e y .  The 

n o r t h e r n  cross s e c t i o n  f o l l o w s  t h e  N18,OOO ORNL g r i d  l i n e  f rom E24,000 

t o  E37,OOO. The second cross s e c t i o n  f o l l o w s  t h e  N17,000 g r i d  l i n e  

f r o m  E23,000 t o  E38,OOO. 

The most s t r i k i n g  f e a t u r e  o f  t h e  cross s e c t i o n s  i s  t h e  r e g u l a r i t y  

o f  t h e  s lopes.  

f a c i n g  s lopes.  Th is  r e l a t i o n s h i p  i s  borne o u t  i n  t h e  da ta  presented i n  

Table 2, which i n d i c a t e s  t h a t  t h e  e a s t - f a c i n g  slopes a r e  about 10" 

s teeper  than  t h e  wes t - fac ing  s lopes.  These r e s u l t s  a r e  n o t  d i r e c t  

i n d i c a t i o n s  o f  f r a c t u r e  zones o r  f a u l t s ,  b u t  t hey  do seem t o  suppor t  

The eas t  f a c i n g  slopes a r e  much steeper  than t h e  west 
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. .  Table  2 .  Topographic a n a l y s i s  

Cross S1 ope No. o f  Mean o f  Standard 
sect ion  ( f a c i n g )  measurements s 1 ope d e v i a t i o n  

N17,000 e a s t  1 2  17 .25  5 .66  
N17,OOO west 14  9 . 2 6  3.41 

N18,000 e a s t  18  19 .10  5 .40  
N18,000 west 20 1 0 . 8 0  3 .60  
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t h e  hypo thes i s  t h a t  t h e  v a l l e y s  a r e  s t r u c t u r a l l y  c o n t r o l l e d ,  t hus  

e x p l a i n i n g  t h e i r  u n i f o r m  na tu re .  That i s ,  t h e  s lopes may be c o n t r o l l e d  

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

two f r a c t u r e  s e t s .  

3.6 RADIONUCLIDE ADSORPTION CHARACTERISTICS 

A b a s i c  q u e s t i o n  t h a t  must be addressed by any s i t e  

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

o t h e r  contaminants,  w i l l  move f r o m  t h e i r  i n i t i a l  p o i n t  o f  c o n t a c t  w i t h  

e a r t h  m a t e r i a l s  t o  t h e  b iosphere  by way o f  t h e  h y d r o l o g i c  system. One 

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

t h e  degree o f  a d s o r p t i o n  t o  t h e  s o i l  o r  rock  a t  t h e  d i s p o s a l  s i t e .  The 

a d s o r p t i o n  p r o p e r t i e s  o f  t h e  s o i l s  on t h e  proposed SWSA-7 have been 

addressed i n  a separate volume ( R o t h s c h i l d  e t  a l .  1984a). To assess 

t h e  p r o p e r t i e s  o f  t h e  s a p r o l i t e  and unweathered rock  zones on t h e  s i t e ,  

a t o t a l  o f  54 samples were c o l l e c t e d .  Most o f  t h e  samples co l e c t e d  

comprise two s u i t e s  o f  samples taken w i t h  depth f r o m  two r e l a  i v e l y  

deep h o l e s .  The remainder o f  t h e  samples were taken a t  t h r e e  depth 

increments f r o m  f i v e  d r i l l  ho les .  

The samples were c o l l e c t e d  i n  c o n j u n c t i o n  w i t h  t h e  i n s t a l l a t i o n  o f  

m o n i t o r i n g  w e l l s  f o r  t h e  s i t e .  The samples analyzed a r e  grab samples 

o f  d r i l l  c u t t i n g s  t h a t  were blown f r o m  t h e  bo reho le  d u r i n g  t h e  d r i l l i n g  

process.  An a i r - r o t a r y  r i g  was used f o r  d r i l l i n g ,  and samples were 

c o l l e c t e d  a t  app rox ima te l y  1.5-m ( 5 - f t )  i n t e r v a l s .  The samples analyzed 

have a l l  been s ieved and o n l y  t h e  f iner- than-2-mm p o r t i o n  used f o r  

a n a l y s i s .  A b a t c h  methodology was used t o  determine t h e  Kds f o r  

. .  

. .  

* , 5 8 C ~ ,  241Am, and t o t a l  hardness (CatMg). The 
8!jSr, 12!iI 134cs 
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. .  

- .  

d e t a i l s  of t h e  methodology used have been d iscussed i n  t h e  s o i l s  

c h a r a c t e r i z a t i o n  r e p o r t  f o r  t h e  proposed SWSA-7 ( R o t h s c h i l d  e t  a l .  

1984a) and w i l l  n o t  be d iscussed i n  t h i s  r e p o r t .  

D e t a i l e d  v e r t i c a l  p r o f i l e  samples were c o l l e c t e d  and analyzed f o r  

w e l l  s i t e s  1 and 10. The r e s u l t s  o f  these analyses a r e  presented i n  

F igs .  19 and 20. V a r i a t i o n s  w i t h  depth a r e  t h e  r e s u l t  o f  wea the r ing  

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

i n c l u d e d  i n  Appendix I1 as i s  t h e  approximate e x t e n t  o f  wea the r ing  i n  

each h o l e .  I n  b o t h  boreholes,  a decrease i n  t h e  Kds f o r  Sr,  Cs,  and 

hardness can be seen; these  t rends  a r e  p robab ly  a d i r e c t  r e s u l t  o f  t h e  

e x t e n t  o f  weather ing a t  each s i t e .  The Kds f o r  t h e  o t h e r  i s o t o p e s  a r e  

more c o n s i s t e n t  throughout  t h e  p r o f i l e  w i t h  t h e  excep t lon  o f  t h e  f i r s t  

sha l l ow  sample ( s o i l ) .  More v a r i a t i o n  i s  e v i d e n t  i n  bo reho le  1 than  

bo reho le  10; t h i s  i s  because o f  t h e  h e t e r o g e n e i t y  o f  t h e  rock  

encountered. 

Three depth increments f rom f i v e  boreholes were sampled and 

analyzed ( w e l l  s i t e s  2, 11, 12, 13, and 1 4 ) .  The r e s u l t s  o f  these 

p r o f i l e s  a r e  presented i n  Table 3. W i th  t h e  excep t ion  o f  w e l l  13, a l l  

t h e  samples were c o l l e c t e d  i n  t h e  weathered zone o f  rock .  Wel l  13 was 

completed i n  r e l a t i v e l y  unweathered sha le  and l imes tone  o f  t h e  

No l i chucky  Shale fo rma t ion .  W i t h i n  these s h o r t  p r o f i l e s ,  s i m i l a r  

t rends  f o r  t h e  l onger  p r o f i l e s  can be observed; because o f  t h e  l a c k  o f  

weather ing,  t h e  analyses f o r  Well 13 show much Jess v a r i a t i o n  w i t h  

depth.  



ORNL/TM-9314 58 

C 

10 

n 

EI 
9 e n 

Y 

20 

30 - 

ORNL-DWC-84 -9809 

I " ~ " " " I " " " " ' ~ ' .  . . . . .  . . . . . . . . . . . . . . . . . . . . . .  
2 3 4 5 6 0 1 

h c ( J t d )  

. .  

F i g .  19. Kds vs depth f o r  c u t t i n g s  sampled d u r i n g  d r i l l i n g  o f  Wel l  1.  
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T a b l e  3.  R a d i o n u c l i d e  exchange p r o p e r t l e s  o f  r o c k  samples 
f r o m  t h e  proposed SWSA-7 

Kd s 
We1 1 Depth 

number M f t  S r  c s  co  I Am hardness 

. .  

2 1 . 5  5 403 
4.6 1 5  48.4 
7.6 25 70.5 

11 1 . 5  5 1030 
4.6 1 5  151 
7.6 25 188 

12  1 .5  5 95.6 
4.6 15  102 
7.5 25 89.3 

13  1 . 5  5 49.2 
4.6 1 5  27.1 
7 .6  25 37.6 

1 4  1 . 5  5 119 
4.6 1 5  42.0 
7 .6  25 88.4 

53000 
53000 
53000 

27800 
40400 
53000 

53000 
53000 
53000 

53000 
14000 
11 600 

52000 
53000 
53000 

149 

2930 

424 
6640 
5200 

2960 
4970 
2540 

2420 
2030 
21 40 

203 
1370 
1160 

25.7 
43.6 
62.9 

4.8 

32.4 
5.2 
3.9 

4.3 
10 .3  

8.4 

14 .3  
12.7 
10.6 

10.1 
8.1 

17.6 

4490 
1750 

30000 

5070 
30000 
30000 

30000 
30000 
25200 

25200 
30000 
30000 

91 70 
30000 
191 00 

108.1 
40.8 
35.8 

409.0 
125.0 
115.0 

80.8 
49.0 
55.3 

53.5 
27.1 
41.9 

88.1 
245.0 

60.8 
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I n  genera l ,  i t  can be concluded t h a t  t h e  weathered rock  and t h e  

unweathered rock  have d i f f e r e n t  exchange p r o p e r t i e s  and should be 

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

between these zones a r e  d iscussed f u r t h e r  i n  t h e  f o l l o w i n g  s e c t i o n  on 

chemical  p r o p e r t i e s .  Note t h a t  t h e  samples c h a r a c t e r i z e d  a r e  t r e a t e d  

( s i e v e d )  and do n o t  n e c e s s a r i l y  rep resen t  f i e l d  c o n d i t i o n s .  I n  t h e  

f i e l d ,  t h e  a c t u a l  rock  s u r f a c e  a c c e s s i b l e  f o r  exchange w i l l  be 

predominant ly  l i m i t e d  t o  t h e  w a l l s  o f  f r a c t u r e s .  The s u r f a c e  area o f  

analyzed samples i s  l i k e l y  t o  be g r e a t e r  t han  t h a t  f o r  i n  s i t u  samples; 

t h e r e f o r e ,  samples p robab ly  rep resen t  maximum values f o r  Kds. I n  

a d d i t i o n ,  t h e  samples rep resen t  t h e  b u l k  chemis t r y  o f  t h e  rock;  w i t h i n  

a s i n g l e  f r a c t u r e ,  t h e  w a l l  chemis t r y  may d i f f e r  f rom t h e  b u l k  

chemis t r y .  I n v e s t i g a t i n g  t h e  d i f f e r e n c e s  between f r a c t u r e  w a l l  and 

b u l k  sample p r o p e r t i e s  i s  beyond t h e  scope o f  t h i s  s tudy and i s  

t e c h n i c a l l y  p rob lemat i c  because o f  t h e  d i f f i c u l t y  i n  c o l l e c t i n g  

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

3.7 CHEMICAL PROPERTIES 

The chemical  n a t u r e  o f  e a r t h  m a t e r i a l s  on t h e  proposed b u r i a l  s i t e  

c o n t r o l  n o t  o n l y  t h e  water  q u a l i t y  i n  t h e  subsur face b u t  a l s o  t h e  

chemical  r e a c t i o n s  t h a t  may be expected w i t h  i n t r o d u c e d  contaminants.  

The chemical  n a t u r e  o f  t h e  rocks on s i t e  a r e  a d i r e c t  i n d i c a t i o n  o f  t h e  

e x t e n t  and t y p e  o f  weather ing processes t h a t  have occurred.  

t h a t  were c o l l e c t e d  f o r  Kd analyses were a l s o  analyzed f o r  va r ious  

chemical  p r o p e r t i e s .  The analyses i n c l u d e d  exchangeable c a t i o n s ,  

exchangeable a c i d i t y ,  e q u i l i b r i u m  pH, and t o t a l  carbonate c o n t e n t .  

The samples 
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The methods used f o r  chemical  analyses a r e  d iscussed i n  t h e  s o i l s  

c h a r a c t e r i z a t i o n  r e p o r t  f o r  t h e  proposed SWSA-7 ( R o t h s c h i l d  e t  a l .  

1984a).  The samples analyzed were c o l l e c t e d ,  t r e a t e d ,  and handled i n  

t h e  same way as were t h e  Kd analyses.  The d a t a  f o r  t h e  two boreholes 

examined ( w e l l  s i t e s  1 and 10)  a r e  presented i n  F igs .  21 and 22 and 

Table 4 .  The r e s u l t s  show t h a t  t h e r e  i s  a dec reas ing  c a t i o n  exchange 

c a p a c i t y  ( C E C )  w i t h  depth.  Based on t h e  behav io r  o f  t h e  major  c a t i o n s ,  

i t  appears t h a t  Ca i s  t h e  dominant element on t h e  c a t i o n  exchange 

complex. 

i n d i c a t i o n  o f  wea the r ing  o f  t h e  carbonate cement o f  t h e  r o c k .  The 

weather ing process r e s u l t s  i n  an i n c r e a s e  i n  exchangeable a c i d i t y  o f  

t h e  e a r t h  m a t e r i a l s .  The s o i l  samples on s i t e  con ta ined  e s s e n t i a l l y  

no CaC03 ( R o t h s c h i l d  e t  a l .  1984a); t h i s  i s  a l s o  t h e  case i n  t h e  

near -su r face  s a p r o l i t e .  Below t h e  zone o f  weather ing,  t h e  carbonate 

c o n t e n t  i s  c o n t r o l l e d  by t h e  rock  l i t h o l o g y .  Th is  r e l a t i o n s h i p  can be 

seen i n  a comparison o f  t h e  rock  chemis t r y  d a t a  w i t h  t h e  l i t h o l o g i c  

l ogs  (Appendix 11). 

The t o t a l  amount o f  CaC03 i n  t h e  samples i s  a d i r e c t  

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

(Tab le  5 )  e x h i b i t e d  s i m i l a r  t rends  as t h e  l onger  p r o f i l e s ;  b u t ,  because 

most o f  t h e  samples were from t h e  s a p r o l i t e  o r  weathered zone, l e s s  

v a r i a t i o n  w i t h  depth i s  apparent.  As  w i t h  t h e  Kd analyses, t h e  

chemical  analyses f o r  Wel l  13 show l i t t l e  v a r i a t i o n  because o n l y  

unweathered rock  was encountered. 
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F i g .  21. Chemical p r o p e r t i e s  vs depth f o r  c u t t i n g s  sampled d u r i n g  
d r i l l i n g  o f  W e l l  1 .  
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F i g .  22. Chemical p r o p e r t i e s  v s  depth f o r  c u t t i n g s  sampled d u r i n g  
d r i l l i n g  o f  Wel l  10. 
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Tab le  4.  Chemical p r o p e r t i e s  o f  c u t t i n g s  t a k e n  d u r i n g  
d r i l l i n g  o f  w e l l s  1 and 10 

- W e l l  1 W e l l  1 0  

Depth PH CaC03 Depth PH CaC03 
m f t  (%I  m f t  

1 . 5  5 6.5 
3.0 1 0  6.7 
4.6 1 5  6.7 
6.1 20 8.0 
7,6 25 7.3 
9.1 30 7.6 

10.7 35 7.6 
12.2 40 7.6 
13.7 45 7.8 
15.2 50 7.7 
16.8 55 7.7 
18.3 60 7.7 
19.8 65 7.6 
21.3 70 7.7 
22.2 73 7.4 
24.4 80 7.6 

0.2 
0.1 
0.3 

10.5 
7.1 

35.6 
10.8 
11.1 

7.9 
2.0 
2.0 
2.0 
1 .9  
1.1 
1.3 
0.9 

1 . 5  5 5 . 4  0.2 
3.0 1 0  7.7 6.4 
4.6 1 5  7.7 18.2 
6.1 20 7.7 27.9 
7.6 25 7.6 21.9 
9.1 30 7.7 5.4 

10.7 35 7.6 27.2 
12.2 40 7.3 25.8 
13.7 45 7.4 18.9 
15.2 50 7.4 16.7 
16.8 55  7.6 10.6 
18.3 60 7.6 7.3 
19.8 65 7.8 6.7 
21.3 70 7.8 9.1 
22.9 7 5  7.8 18.9 
24.4 80 7.9 26.8 
25.9 85 7.8 26.2 
27.4 90 7.8 26.2 
29.4 95 8 .0  22.3 
30.5 100 7.7 26.0 
32.0 105 7.9 11.7 
33.5 110 7.7 21.0 
35.0 115 7.9 10.9 



Tab le  5. Chemical p r o p e r t i e s  o f  rock  samples f r o m  proposed SWSA-7d 
0 
70 z 
r 
\ 
-4 Exchangeable A v a i l a b l e  

-1 

P 

C 
Locat  1 on Depth T o t a l  
( W e l l  I D )  M ( f t )  Caa Mga Naa A c j d i t y a  CECa pH XCaC03 hardness Mn Fe 

2 1.5 ( 5 )  
4.6 (15 )  
7.6 (25 )  

11 1 . 5  ( 5 )  
4.6 (15 )  
7.6 (25 )  

12  1.5 ( 5 )  
4.6 (15 )  
7 .6  ( 2 5 )  

13 1.5 ( 5 )  
4.6 (15)  
7.6 (25 )  

14 1 .5  ( 5 )  
4.6 (15 )  
7.6 (25 )  

2.6 
6.1 

13.0 

4.2 
19.0 
22.0 

12.0 
8.5 
8.3 

16.0 
9 .6  

10.0 

4.5 
6.7 
5.2 

1.8 
3.3 
6.3 

4.0 
0.65 
0.53 

5 . 5  
6.2 
5.6 

1.7 
2.0 
2.9 

12.0 
14.0 
12.0 

0.00 
0.36 
0.51 

0.30 
0.10 
0.06 

0.05 
0.18 
0.18 

0.01 
0.03 
0.08 

0.30 
0.68 
0.26 

20.0 24.4 4.5 
11 .2  21.0 4.6 

2.1 21.6 7.7 

8.4 16.9 4.9 
1.4 21.5 7.7 
1.5 24.6 7.9 

1 .4  19.2 7.6 
1 .6  16.5 7.9 
1 . 8  15.8 8.0 

1 .o 18.6 8.0 
1 .2  12.9 7.6 
1.1 14.6 7.6 

5.0 21.5 6.8 
3.2 24.4 7.1 
5.1 22.4 7.2 

0.3 
0.0 
0.2 

0.0 
20.4 
11.5 

0.7 
1 .o  
1 .3  

2.0 
14.3 

7.1 

0.1 
0.1 
0.0 

20 
116 
266 

10  
80 

100 

110 
150 
126 

164 
21 4 
160 

92 
42 

140 

825 
1650 

5 50 

61 5 
535 
990 

447 
160 
231 

540 
450 
268 

137 
425 
91 5 

405 
825 
297 

382 
160 
261 

232 
136 
192 

308 
443 
390 

4 4  
100 
355 

m m 

Meq/100 mg. a 

bMg CaC03/L. 

Mg/Kg . 
d M a t e r i a l  f i n e r  t h a n  2 mm. 

C 

I '  , ' 3  , 
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. .  

Based on the chemical and Kd analyses, the conclusion can be drawn 

that the rock formations underlying the proposed SWSA-7 generally 

become less active for cation and radionuclide adsorption with depth. 

values o f  kd were generally still quite high at depth though not as 

large as those for the near-surface samples. These data indicate that 

three chemical and physical zones can be identified in the earth 

material profile for the site: soil, saprolite, and unweathered rock. 

. 
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4. HYDROLOGY 

41.1 INTRODUCTION 

The proposed SWSA-7 l i e s  w i t h i n  t h e  White Oak Creek watershed i n  

Mel ton V a l l e y .  The d ra inage  f r o m  t h e  area e n t e r s  Me l ton  Branch by way 

o f  seve ra l  f i r s t - o r d e r  t r i b u t a r i e s  t h a t  bound and b i s e c t  t h e  s i t e .  The 

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

s t r a t a ,  a l t h o u g h  Me l ton  Branch f o l l o w s  t h e  s t r i k e  o f  t h e  Conasauga 

Group. Because o f  i t s  l o c a t i o n  i n  t h e  White Oak Creek watershed, 

s u r f a c e  r u n o f f  f rom t h e  s i t e  e n t e r s  t h e  e s t a b l i s h e d  env i ronmenta l  

m o n i t o r i n g  system f o r  t h e  watershed. 

C h a r a c t e r i z a t i o n  o f  t h e  h y d r o l o g i c  regime on s i t e  i s  a c r i t i c a l  

f a c t o r  t o  s i t e  development and p roper  s i t e  maintenance. The most 

i m p o r t a n t  pathway i n  a humid environment f o r  contaminants t o  reach t h e  

b iosphere  f r o m  sha l l ow- land  b u r i a l  f a c i l i t i e s  i s  l i k e l y  t o  be th rough  

t h e  hydro o g i c  system. The h y d r o l o g i c  system o f  t h e  proposed SWSA-7 i s  

c o n t r o l l e  by t h e  l o c a l  and r e g i o n a l  geology: weather p a t t e r n s  a r e  a 

r e s u l t  o f  t h e  v a l l e y  and r i d g e  topography o f  t h e  area; t h e  streams 

su r round ing  t h e  s i t e  a r e  a good example o f  t r e l l i s  d ra inage  t y p i c a l  o f  

t h e  phys iography o f  t h e  area; and groundwater f l o w  p a t t e r n s  a r e  

dominated by t h e  g e o l o g i c  s t r u c t u r e  o f  t h e  s j t e .  

The sur face-water  and groundwater systems were i n v e s t i g a t e d  as 

p a r t  of t h e  s i t e  c h a r a c t e r i z a t i o n .  Data f o r  t h e  u l t i m a t e  source o f  

water  on t h e  s i t e ,  t h e  l o c a l  c l i m a t e ,  were gathered f rom l o c a l  

m o n i t o r i n g  s t a t i o n s .  The sur face-water  system on t h e  proposed waste 

f a c i l i t y  was mon i to red  by way o f  a f lume ' i n s t a l l e d  on t h e  c e n t r a l  

drainageway on s i t e  and supplemented by temporary gaging s t a t i o n s  on 
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t h e  t r i b u t a r i e s  surrounding t h e  s i t e .  

c o l l e c t e d ,  and i n  combinat ion w i t h  c l i m a t i c  and s o i l s  data,  a water  

budget f o r  t h e  s i t e  was c a l c u l a t e d .  The groundwater system was 

i n v e s t i g a t e d  th rough  t h e  i n s t a l l a t i o n  o f  a m o n i t o r i n g - w e l l  network on 

t h e  s tudy area. Water- leve l  f l u c t u a t i o n s  were moni tored over  seve ra l  

seasons, and d a t a  on a q u i f e r  p r o p e r t i e s  were c o l l e c t e d .  

t h e  groundwater system i s  c o n t r o l l e d  by t h e  secondary p o r o s i t y  o f  t h e  

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

Flow d a t a  f r o m  t h e  streams were 

I n  genera l ,  

W d r o l o g i c  systems on t h e  ORR have been i n v e s t i g a t e d  f o r  a v a r i e t y  

o f  reasons, and some o f  t h e  s t u d i e s  germane t o  t h i s  i n v e s t i g a t i o n  

i n c l u d e :  McMaster (1967),  Sheppard (1974),  Webster (1976),  H u f f  e t  a l .  

(1982),  Law Eng ineer ing  (1983),  R o t h s c h i l d  e t  a l .  (1983),  and Davis 

e t  a l .  (1984) .  

4.2 CLIMATE 

A t  t h e  proposed SWSA-7 s i t e ,  no c l i m a t i c  measurements have been 

made t o  date;  so t h e  f o l l o w i n g  synopsis was d e r i v e d  f r o m  observa t i ons  

made i n  d i f f e r e n t  p a r t s  o f  t h e  Oak Ridge area. The wind da ta  t h a t  

f o l l o w s  were measured a t  t h e  30-m ( 9 8 - f t )  e l e v a t i o n  o f  a m e t e o r o l o g i c a l  

i n  Be the l  V a l l e y  (Tower B o f  ORNL m o n l t o r i n g  ne twork ) .  P r e c i p i t a t i o n  

has been c o l l e c t e d  i n  t h e  Oak Ridge township by t h e  N a t i o n a l  Weather 

S e r v i c e  s i n c e  1947. The town i s  s i t u a t e d  about 1 5  km ( 9  m i l e s )  t o  t h e  

n o r t h  o f  t h e  SWSA-7. A more d e t a i l e d ,  b u t  s h o r t e r ,  m e t e o r o l o g i c a l  da ta  

base has been developed a t  t h e  exper imenta l  watershed a t  Walker Branch, 

about 5 km ( 3  m i l e s )  t o  t h e  n o r t h .  

. 
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The c l i m a t e  i s  c l a s s i f i e d  as humid s u b t r o p i c a l ;  t h e  Cumberland 

P la teau  i s  t o  t h e  no r thwes t  and t h e  Smoky Mountains t o  t h e  southwest, 

t e n d i n g  t o  reduce t h e  i n t e n s i t y  o f  s to rm a c t i v i t y .  Wind d i r e c t i o n s  a r e  

h i g h l y  c o n d i t i o n e d  by t h e  r i d g e - v a l l e y  topography, as can be i n f e r r e d  

by t h e  wind roses i n  F i g .  23. When s y n o p t i c  weather p a t t e r n s  a r e  n o t  

dominant, u p - v a l l e y  winds come f r o m  t h e  west-southwest d u r i n g  t h e  

dayt ime. A t  n i g h t ,  down-val ley winds f r o m  t h e  n o r t h e a s t  a r e  most 

common. These b i d i r e c t i o n a l  t r e n d s  a r e  apparent  i n  F i g s .  23b and c 

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

p e r i o d  f rom mid-morning u n t i l  l a t e  a f t e r n o o n .  S t a b l e  c o n d i t i o n s  occur 

a t  n i g h t  and d u r i n g  ove rcas t  days. Table 6 c l a s s i f i e s  t h e  a v a i l a b l e  

r e c o r d  f o r  1983 a c c o r d i n g  t o  s t a b i l i t y  w i t h  71% o f  t h e  o b s e r v a t i o n s  

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

F igu res  23d-f group wind d i r e c t i o n  a c c o r d i n g  t o  season. The 

s t r o n g e s t  winds occur i n  t h e  w i n t e r  and s p r i n g ,  whereas l i g h t  winds 

p r e v a i l  i n  t h e  summer. F a l l  c o n d i t i o n s  a r e  i n t e r m e d i a t e  between those  

o f  summer and w i n t e r .  

4 2.1 P r e c i p i t a t i o n  

From 1947 t o  1978, t h e  mean annual p r e c i p i t a t i o n  a t  t h e  Oak Ridge 

township was 137 cm (54  i n ) .  Regional  t r e n d s  suggest t h a t  t h e  average 

a t  t h e  SWSA-7 may be about 7 cm ( 3  i n )  l e s s .  Month ly  r a i n f a l l  i s  

h l g h e s t  d u r i n g  t h e  p e r i o d  o f  December th rough  March, when e x t r a t r o p i c a l  

storms a r e  most f r e q u e n t ,  and aga in  i n  J u l y  because o f  f r e q u e n t  

thunderstorms.  October i s  t h e  d r i e s t  month. Mean annual  s n o w f a l l  i s  

25 cm ( 1 0  i n ) .  D a i l y  p r e c l p i t a t i o n  f o r  Walker Branch Watershed i s  

g l v e n  i n  F ig .  24.  
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ANNUAL WINO ROSE (S/8S - 2/84 ) FOR TOWER B 

A W A L  WINO ROSE (S/83-2/84) FOR TOWER B (STABLE CONO.) 

ORNL/TM-9314 

AWUAL WIND ROSE (3/83-2/84) FOR TOWER B (UNSTABLE CONO.) 

F i g .  23. Annual and seasonal  w ind  roses f o r  ORNL Tower B under v a r y i n g  
c o n d i t i o n s .  
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SEASONAL WIND ROSE (SPRING 108s) FOR TOWER B 

SEASONAL WIND ROSE (FALL 198s) FOR TOWER B 

SEASONAL WIND ROSE (SUMMER 1985)  FOR TOWER E 
ll 

M 

SEASONAL WINO ROSE (WINTER 1 9 8 5 )  FOR TOWER B 

- -  .. 

F i g .  23 .  C o n t ' d  
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Table 6. Wind stabillty-class frequencies [measured 
at 30 m (98 ft), ORNL Tower 8, 19831 

. .. .- 

Very unstable 

Uns tab 1 e 

Slightly unstable 

Neutral 

Slightly stable 

Stable 

Very stable 

Total record 

Class Duratl on Frequency 
(h) 

A 

8 

C 

D 

E 

F 

G 

279 

559 

1087 

21 51 

1698 

582 

21 7 
-- 

6571 

4.2 

8.5 

16.5 

32.7 

25.8 

8.8 

3.3 

100 
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4.2.2 Recharge 

An e s t i m a t e  o f  t h e  annual r a t e  o f  recharge t o  t h e  w a t e r t a b l e  

a q u i f e r  can be ob ta ined  f rom r e g i o n a l  measurements o f  p r e c i p i t a t i o n  

and s t reamf low.  Because o f  deep weather ing th roughou t  t h e  reg ion ,  

i n f i l t r a t i o n  i s  l a r g e ,  and t h e  percentage o f  r a i n f a l l  r each ing  t h e  

stream as q u i c k  f l o w  i s  p robab ly  sma l l .  Assuming t h a t  percentage t o  

be n e g l i g i b l e  and u s i n g  t h e  annual r e g i o n a l  r u n o f f  va lue  o f  61 cm 

(24  i n ) ,  an upper l i m i t  on t h e  average recharge r a t e  i s  45% f o r  t h e  

r e g i o n  i n  genera l .  

4.2.3 E v a p o t r a n s p i r a t i o n  

Using t h e  same approach and assuming no accumulat ion o f  s t o r e d  

water ,  t h e  annual e v a p o t r a n s p i r a t i o n  I s  es t ima ted  t o  be 76 cm ( 3 0  i n )  

o r  about 55% o f  annual p r e c i p i t a t i o n .  Seasonal v a r i a t i o n  corresponds 

t o  t h e  growing season w i t h  t h e  maximum i n  l a t e  summer and t h e  minimum 

i n  m id -w in te r .  

SWSA-7 p robab ly  does n o t  e x h i b i t  s i g n i f i c a n t  l o c a l  v a r i a t i o n s  i n  

e v a p o t r a n s p i r a t i o n .  The main channel i s  o r i e n t e d  no r th -sou th ,  t hus  t h e  

a d j o i n i n g  slopes f a c e  e a s t  and west t o  t h a t  exposure t o  s o l a r  r a d i a t i o n  

i s  rough ly  un i fo rm.  Consequently, e v a p o t r a n s p i r a t i o n  i s  expected t o  be 

u n i f o r m  a l s o .  The eas te rn  subwatershed has predominate ly  n o r t h -  and 

sou th - fac ing  slopes so some d i f f e r e n t i a l  d r y i n g  o f  t h e  s o i l s  w i l l  occur 

t h e r e .  
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4.3. SURFACE WATER 

4.3.1 Drainage Map and F low-Moni tor ing S i t e s  

The d e t a i l s  o f  t h e  sur face-water  dra inages i n  and around t h e  

proposed SWSA-7 a r e  shown I n  F i g .  25. A l so  shown a r e  t h e  l o c a t i o n  o f  a 

f lume t h a t  was i n s t a l l e d  i n  l a t e  f a l l  1982 and s i t e s  s e l e c t e d  f o r  

i n t e r m i t t e n t  m o n i t o r i n g  o f  f l o w s  t o  a i d  i n  t h e  genera l  s i t e  hyd ro logy  

c h a r a c t e r i z a t i o n .  The SWSA-7 f l ume s i t e  was s e l e c t e d  t o  a l l o w  

measurement o f  f l o w s  from t h e  p r imary  area proposed f o r  f u t u r e  d i s p o s a l  

o p e r a t i o n s .  

f o r  t h e  s i t e .  A l so  t h e  d a t a  c h a r a c t e r i z e  t h e  expected ranges o f  f l o w s  

An t h e  bas in .  The l a t t e r  da ta  a r e  i m p o r t a n t  f o r  des ign  o f  a more 

permanent f low-measur ing and f l o w - m o n i t o r i n g  i n s t a l l a t i o n  a t  a l a t e r  

s tage o f  s i t e  development and f o r  c h a r a c t e r i z a t i o n  o f  e r o s i o n  

p o t e n t i a l .  The temporary s i t e s  ( C ,  0, E )  were s e l e c t e d  t o  p r o v i d e  

supplementary i n f o r m a t i o n  on t h e  u n i f o r m i t y  o f  r u n o f f  p r o d u c t i o n .  Data 

w i l l  a l s o  p r o v i d e  a l i m i t e d  b a s i s  f o r  des ign  o f  w e i r s  o r  f lumes f o r  

The d a t a  a r e  t h e  b a s i s  f o r  e s t i m a t i o n  o f  a water  budget 

mon 

4.3 

4.3 

t o r i n g  purposes i f  needed a t  t h e  t i m e  t h e  s i t e  i s  used. 

2 Flow Measurements 

2.1 SWSA-7 Flume I n s t a l l a t i o n  and Opera t i on  

f l ume i n s t a l l e d  a t  SWSA-7 was s p e c i a l l y  designed t o  a l l o w  The 

accu ra te  

a genera 

measurement o f  f l o w  over a wide range o f  c o n d i t i o n s .  It i s  i n  

c l a s s  o f  complex shaped, c r i t i c a l  f l o w  f lumes.  The lowes t  

s e c t i o n  i n  t h e  f lume i s  i n  t h e  f o r m  o f  a V-shape so  t h a t  smal l  f l o w  

changes correspond t o  e a s i l y  measured changes i n  water  l e v e l .  A t  

h i g h e r  f l o w s ,  w a t e r - l e v e l  changes a r e  sma l l  f o r  s i m i l a r  r e l a t i v e  

i nc reases .  The c a l c u l a t e d  r a t i n g  t a b l e  f o r  t h e  f lume i s  g i v e n  i n  

- .  

. 



N1 0 

7 7  ORNL/TM-9314 

ORNL-DWG 84-1376 

0 100 200 - 
meters 

STREAM CHANNEL 

CONTOUR ELEVATION ( m )  

(OAK RIDGE ADMINISTRATIVE GRID) 

50  OBSERVATION WELL 

Clx CORE HOLE 

m FLUME 

A TEMPORARY GAGING SITE 

F i g .  25.  L o c a t i o n  o f  h y d r o l o g i c  o b s e r v a t i o n  p o i n t s  and co re  ho les .  
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Table 7, a l t h o u g h  b e t t e r  r e s o l u t i o n  i s  used f o r  c a l c u l a t i o n s .  The 

computer program used t o  develop t h e  r a t i n g  t a b l e  was taken  f r o m  a 

paper by Replogle (1975) .  The f lume was designed t o  ensure t h a t  

submergence would n o t  be a problem a t  any f l o w  w i t h i n  t h e  des ign  range, 

and v i s u a l  i n s p e c t i o n  d u r i n g  s torm events has v e r i f i e d  t h a t  submergence 

does n o t  occu r .  Submergence he re  r e f e r s  t o  "drowning" o r  backwater 

would cause a e f f e c t s  f rom l i m i t e d  downstream channel c a p a c i t y  t h a t  

change i n  t h e  r a t i n g  cu rve  f o r  t h e  f lume.  

Data a t  t h e  s i t e  a r e  c o l l e c t e d  u s i n g  a Manning f ow t o t a l i z e r  

(D ippe r  model ) .  Records c o n s i s t  o f  a c i r c u l a r  c h a r t  t h a t  c o n t a i n s  a 

cont inuous pen t r a c e  o f  pe rcen t  o f  maximum f l o w  r a t e  vs t i m e .  These 

values a r e  r e l a t i v e  t o  a maximum stage h e i g h t  s e t t i n g  t h a t  i s  

p e r i o d i c a l l y  checked and can be manual ly  r e s e t .  Char ts  a r e  c o l l e c t e d  

weekly.  A t  t h e  t i m e  t h e  c h a r t s  a r e  changed, t h e  s tage h e i g h t  i s  

i ndependen t l y  measured and recorded, and when f l o w  i s  low enough, a 

v o l u m e t r i c  f l o w  measurement i s  a l s o  made. A s  a component o f  f i e l d  

v e r i f i c a t i o n  o f  t h e  computed r a t i n g  curve,  t h e  corresponding computed 

and v o l u m e t r i c a l l y  measured f l o w  r a t e s  have been compared. A summary 

o f  t hose  comparisons i s  g i v e n  i n  Table 8 and i s  p l o t t e d  i n  F i g .  26. 

Genera l l y ,  t h e  r a t i o  o f  values es t ima ted  f rom c h a r t  readings t o  those  

measured v o l u m e t r i c a l l y  averages 1.33 f 0.32 ( n  = 37) .  However, t h e  

measured va lues a r e  b iased  toward lower  f l o w  r a t e s  where e r r o r s  

expressed as a f r a c t i o n  o f  observed f l o w  tend  t o  t h e  l a r g e s t .  Because 

of t h e  n o n l i n e a r  c h a r a c t e r  of t h e  r a t i n g  r e l a t i o n s h i p  ( s t a g e  vs f l o w ) ,  

sys temat i c  e r r o r s  a r e  u s u a l l y  b e t t e r  expressed i n  terms o f  a s tage  

s h i f t .  T h i s  i s  s imp ly  t h e  c o r r e c t i o n  t h a t  must be added t o  t h e  . 



- , . ,I' 

Table 7. A computed rating table for the critical-flow flume at the proposed SWSA-7 

Flow Rate ( L / s )  

Proportlonal parts ( c m )  
Stage 
(cm) 0 1 2 3 4 5 6 7 8 9 

~~ -~ 

0 0.0 .002 0.02 0.07 .16 0.29 0.47 0.70 0.99 1.33 

10 1.75 2.23 2.80 3.45 4.19 5.04 5.97 7.01 8.16 9.42 

20 10.8 12.3 13.9 15.6 17.5 19.5 21.6 23.9 26.3 28.8 

30 31.5 34.3 37.2 40.3 43.5 46.9 50.4 54.1 58.0 62.2 

40 66.7 34.3 37.2 40.3 32.5 46.9 50.4 54.1 58.0 62.2 

50 128 136 145 158 162 172 181 190 200 21 0 

60 220 2 30 241 252 262 274 285 297 309 322 
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T a b l e  8. A compar ison between computed and measured f l o w s  and 
s t a g e  h e i g h t s  f o r  t h e  f l u m e  a t  t h e  proposed SWSA-7 

Measured Measured Computed Computed Rat1  ng 
f l o w  head f l o w  head s h i f t  

Date ( L i s )  (cm) ( L IS  1 (cm) ( cm> 
- 
10-1 8-82 
11 -02-82 
11 -09-82 
11 -1 8-82 
11 -29-82 
11 -29-82 
01 -06-83 
01 -1 3-83 
03-1 8-83 
03-31 -83 
04-29-83 
05-06-83 
05-1 2-83 
06-1 0-83 
06-29-83 
0-1 - 0 6 - 8 3 
07- 1 3- 83 
0'7 - 2 0 - 8 3 
08-04-83 
08-26-83 
09-1 5-83 
09-22-83 
10-1 4-83 
11 -09-83 
11 -1 6-83 
11 -23-83 
11-30-83 
12-1 5-83 
12-22-83 
01 -05-84 
02-02-84 
01 -24-84 
03-01 -84 
03-08-84 
03-1 6-84 
03-23-84 
03-30-84 

-34  
2.62 

.72 
4.70 

11.61 
8.39 
2.05 
2.73 
0.83 
0.78 
1 .95  
1.31 
1.63 

.68 

.49 

.41 

.25 

.36 

.17 

.22 

.10 

.12 
-18 
.30 
.57 
.46 

1.32 
2.54 
8.25 
1.43 
1.12 
2.39 
3.55 
2.20 
4.01 
4.41 
5.77 

5.4 
12.3 

7 .O 
14.6 
21.9 
18.6 
11.6 
13.0 

8.4 
7 .O 

11 .o 
9.7 

10.5 
7.8 
7.5 
6.8 
6.0 
6.0 
5.1 
5.4 
4.3 
4.2 
5.4 
6.8 
7.0 
6.5 
9.3 

12.2 
20.0 
10.0 
10.0 
11.4 
13.3 
11.4 
15.0 
14.7 
16.2 

.36 
2.98 

.70 
4.69 

13.74 
8.90 
2.56 
3.45 
1.12 

.70 
2.23 
1.62 
1.98 

.92 

.84 

.65 

.47 

.47 

.31 

.36 

.20 

.18 

.36 

.65 

.70 
-58  

1.45 
2.92 

10.80 
1.75 
1.75 
2.45 
3.66 
2.45 
5.04 
4.77 
6.17 

5.3 
12.3 

7.1 
14 .6  
20.6 
18.2 
10.7 
11.9 

7.5 
7 . 3  

10 .4  
8.9 
9.7 
6.9 
6.1 
5.7 
4.7 
5.4 
4.1 
4.5 
3.4 
3.6 
4.2 
5.1 
6.5 
6.0 
9 .0  

11.6 
18.1 

9 . 3  

11.3 
13.1 
10.9 
13.8 
14.3 
15.8 

8 .4  

- .1 
0 

+ .l 
0 

-1.3 
- .4 
- .9 
-1 .l 
- .9 
+ .3  
- .6 
- .8 
- .8 
- .9 
-1.4 
-1.1 
-1.3 
- .6 
-1 .o 
- .9 
- .9 
- .6 
- .8 
-1.7 
- .5 
- .5 
- .3 
- .6  
-1.9 
- .7 
-1 .6  
- .1 
- .2  
- .5 
-1.2 
- . 4  
- . 4  

. .  

.. 
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measured head t o  o b t a i n  an a d j u s t e d  head va lue  f o r  use w i t h  t h e  

computed r a t i n g .  Est imated r a t i n g  s h i f t  values a r e  a l s o  shown i n  

Table 8 .  A sys temat i c  b i a s  appears t o  be p resen t  t h a t  t r a n s l a t e s  i n t o  

a s tage s h i f t  o f  about -0.7 cm ( -0.02 f t )  f o r  most f l o w s .  For 

computat ional  purposes, t h e  r a t i n g  s h i f t  c o r r e c t i o n s  may be expressed 

as, : 

A 

H = H - 0.7 f o r  H 2 5.7 cm 

6 

H = H - 0.7 - 0.174*(5.7-H) f o r  H 5 . 7  cm, 

,. 
where H i s  measured head, and H i s  t h e  a d j u s t e d  head t o  be used 

w i t h  t h e  t h e o r e t i c a l  r a t i n g  t o  o b t a i n  f l o w  r a t e .  These equa t ions  

were d e r i v e d  f r o m  a p l o t  o f  t h e  e m p i r i c a l  and t h e o r e t i c a l  r a t i n g  

curves.  

The s h i f t  c o r r e c t i o n  f o r  t h e  computed r a t i n g  curve has been f a c t o r e d  

i n t o  a l l  f l o w  c a l c u l a t i o n s .  I t  r e s u l t s  i n  about a 10% decrease i n  

computed f l o w  volumes when compared t o  unadjusted da ta .  

Computer d a t a  p rocess ing  begins w i t h  an i n p u t  o f  f l o w  r a t e  

expressed as a f r a c t i o n  o f  t h e  maximum f l o w  s e t t i n g .  It c o n v e r t s  t h e  

f r a c t i o n  o f  maximum f l o w  t o  a corresponding stage h e i g h t ,  a p p l i e s  t h e  

s t a g e - s h i f t  c o r r e c t i o n  p r e v i o u s l y  desc r ibed ,  then recomputes an a b s o l u t e  

f l o w  r a t e  u s i n g  t h e  t h e o r e t i c a l  r a t i n g  t a b l e .  The da ta  a r e  s t o r e d  I n  

b r e a k - p o i n t  format .  That means t h a t  any s i g n i f i c a n t  changes i n  f l o w  

r a t e  r e s u l t  i n  a t r a n s i t i o n  p o i n t  b e i n g  recorded ( b r e a k - p o i n t ) .  Values 

between break p o i n t s  a r e  determined by l i n e a r  i n t e r p o l a t i o n .  The 

cont inuous b reak -po in t  d a t a  a r e  i n t e g r a t e d  over t i m e  t o  o b t a i n  d a i l y  

. .  

- .  
_.  

and month ly  t o t a l s ,  and i n d i v i d u a l  s t o r m  event records a r e  a v a i l a b l e  
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f o r  hydrograph a n a l y s i s  i f  so d e s i r e d .  A l l  d a t a  a r e  s t o r e d  i n  SYSTEM 

1022 da ta  base management f i l e s ,  and so f tware  has been developed t o  

a l l o w  genera t i on  o f  mean h o u r l y  f l o w  va lues,  d a i l y  and month ly  

summaries, and a s s o c i a t i o n  o f  water  chemis t r y  analyses w i t h  s p e c i f i c  

f l o w  r a t e s .  T h i s  c o l l e c t i o n  o f  programs has been used t o  generate 

month ly  summary t a b l e s  t h a t  a r e  l i s t e d  i n  Appendix 111. 

An overv iew o f  t h e  t a b u l a t e d  r e s u l t s  i s  g i v e n  i n  Table 9, which 

i n c l u d e s  d a i l y  maximum and minimum f l o w s ,  mean d a i l y  f l o w  r a t e ,  and 

month ly  f l o w  volume t o t a l s .  I n  a few ins tances ,  where equipment 

problems occurred o r  t h e  f lume c a p a c i t y  was b r i e f l y  exceeded, records 

have been es t ima ted  u s i n g  da ta  taken a t  a nearby s t a t i o n .  Such 

es t ima tes  have been necessary f o r  a p e r i o d  o f  l e s s  than  1% o f  t h e  

r e c o r d  i n t e r v a l .  

4.3.2.2 Peak Flows 

Work by Sheppard (1974) i n  Oak Ridge catchments, such as White Oak 

Creek, which i n c l u d e s  t h e  SWSA-7 area, produced t h e  r e l a t i o n s h i p  

0.8 p2 Q = 4.7 A 

where Q = peak f l o w  r a t e  ( c f s ) ,  

2 A = catchment area ( m i l e  ) ,  

P = dormant season 48-h d u r a t i o n  p r e c i p i t a t i o n  ( i n ) .  

The r e l a t i o n s h i p  should o n l y  be used f o r  3 5 P 5 10 i n .  For 

recu r rence  i n t e r v a l s  o f  2, 5, 10, 50, and 100 years,  t h e  expected 48-h 

r a i n f a l l s  a r e  app rox ima te l y  5.1, 6.3, 6.9, 8.4, and 9.1 i n . ,  

r e s p e c t i v e l y .  I f  Sheppard's r e l a t i o n s h i p  i s  used on t h e  0.08 m i l e  

SWSA-7 catchment, t h e  r e s p e c t i v e  f l o w s  a r e  16.2, 24.7, 29.7, 44.0, and 

2 
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T a b l e  9 .  Overv iew summary o f  mean m o n t h l y  f l o w  c o n d i t i o n s  
a t  t h e  SWSA-7 f l u m e  (1983-1984) . .  

F low volumes F low r a t e  Maximum Minimum 
Year Month (m3) (cm) ( L I S )  ( L I S  1 ( L I S  1 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1983 

1984 

1984 

Jan 

Feb 

Mar 

AP r 

May 

June 

J u l y  

Aug 

Sept  

oc t 

Nov 

Dec 

Jan 

Feb 

6,327 

15,780 

4,126 

21,870 

13,447 

2,317 

667 

397 

237 

1,285 

3,475 

15,138 

8,838 

7,894 

3.00 

7.48 

1.96 

10.36 

6.37 

1.10 

0.32 

0.19 

0.11 

0.61 

1 .65  

7.17 

4.19 

3.74 

2.36 

6.52 

1.54 

8.44 

5.02 

0.89 

0.25 

0.15 

0.09 

0.48 

1.34 

5.65 

3.30 

3.15 

3.21 

46.82 

6.00 

113.41 

40.57 

3.82 

0.52 

0.28 

0.35 

1.79 

15.77 

24.27 

13.06 

14.95 

1.75 

1.68 

0.84 

1.52 

1.10 

0.40 

0.00 

0.00 

0.00 

0.00 

0.03 

0.92 

0.95 

0.90 

Peak i n s t a n t a n e o u s  f l o w  r a t e :  370 L / s  ( e s t i m a t e d ;  Apr 5, 1983) .  
Calendar  year  1983 mean f l o w  r a t e :  2.70 L / s .  



85 ORNL/TM-9314 

. 

51.6 c f s ,  f 45%. For re fe rence  purposes, t h e  peak instantaneous f l o w  

i n  1983 was es t ima ted  t o  be 13.1 c f s  (370 L/s) .  That va lue  was d e r i v e d  

by e x t r a p o l a t i n g  t h e  r i s i n g  and f a l l i n g  l imbs  o f  t h e  p o r t i o n  o f  t h e  

hydrograph t h a t  was n o t  o f f  sca le .  The es t ima ted  peak f l o w  r a t e  

corresponds t o  a recu r rence  i n t e r v a l  o f  about 1 . 5  years and should have 

r e s u l t e d  f rom about 11.6 cm (4 .6  i n . )  o f  p r e c i p i t a t i o n .  Ac tua l  48-h 

t o t a l  r a i n f a l l  was 8.6 cm (3.4 i n )  a t  Walker Branch Watershed, which i s  

t h e  neares t  s t a t i o n  where records a r e  a v a i l a b l e .  For a 8.6 cm 

(3.4 i n . )  48-h d u r a t i o n  event,  t h e  expected peak f l o w  would be 7.2 f 

3.2 c f s .  Given t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  e s t i m a t i o n  

equa t ion  and w i t h  t h e  approximated peak f l o w  r a t e ,  these r e s u l t s  

suggest t h a t  peak f l o w s  f o r  a s p e c i f i c  recu r rence  i n t e r v a l  may be 

computed s a t i s f a c t o r i l y  u s i n g  t h e  e s t i m a t i o n  equat ion.  However, as 

a d d i t i o n a l  da ta  a r e  gathered, t h e  est imates can be r e f i n e d .  

Regarding f l o o d i n g  o f  t h e  s i t e ,  t h e  Oak Ridge S a f e t y  Ana lys i s  Data 

Report  by F i t z p a t r i c k  (1982) con f i rms  t h a t  t h e  proposed SWSA-7 s i t e  i s  

h i g h e r  i n  e l e v a t i o n  than  t h e  h i g h  water  l e v e l  f o r  t h e  p robab le  maximum 

f l o o d  f o r  t h e  area. Thus, i n u n d a t i o n  o f  t h e  d i s p o s a l  s i t e  would n o t  be 

expected t o  occur.  

4.3.2.3 Flow D u r a t i o n  

Al though l e n g t h  o f  reco rd  da ta  a r e  l i m i t e d ,  a l l  a v a i l a b l e  d a i l y  

f l o w  r a t e  da ta  have been analyzed t o  p r o v i d e  a s t a t i s t i c a l  d i s t r i b u t i o n  

o f  observed f l o w  r a t e s .  Summaries o f  t h e  cumu la t i ve  d i s t r i b u t i o n  o f  

f l o w  f o r  b o t h  t h e  t o t a l  r e c o r d  and f o r  ca lendar  year 1983 a r e  as 

f 01 1 ows : 
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Flow r a t e  (L/s) 

Cumulat ive 
p e r c e n t i l e  

Calendar year T o t a l  r e c o r d  
1983 12/82 - 3/84 

100 
99 
95 
90 
75 
50 
25 
10  

5.8 
4.6 

113.4 
31 .9 
10.1 

4.8 
2.3 
1.1 
0.26 
0.10 
0.0 
- 

113.4 
26.2 
10.7 

5.1 
2.5 
1.5 
0.40 
0.13 
0.04 
0.0 

The cumu la t i ve  f l o w  d u r a t i o n  cu rve  f o r  t h e  f u l l  p e r i o d  o f  r e c o r d  i s  

shown g r a p h i c a l l y  I n  F i g .  27. Note t h a t  f o r  t h e  a v a i l a b l e  r e c o r d  

(December 17, 1982 - March 1 5 ,  1984),  zero f l o w  c o n d i t i o n s  occurred on 

21 d o r  4.6% o f  t h e  t ime .  A l l  o f  those dates were i n  ca lendar  year 

1983, so t h e  f requency o f  occurrence was 5.8%. The dates were 

d i s t r i b u t e d  between l a t e  J u l y  and e a r l y  October. 

4.3.2.4 Temporary M o n i t o r i n g  S t a t i o n s  

I n  a d d i t i o n  t o  t h e  f lume a t  t h e  main t r i b u t a r y  f r o m  t h e  proposed 

SWSA-7 s i t e ,  temporary f low-measur ing s t a t i o n s  were s e t  up a t  t h r e e  

o t h e r  s i t e s  shown i n  F i g .  25.  To o b t a i n  f l o w  measurements a t  these 

s i t e s ,  t h e  s t ream c r o s s - s e c t i o n a l  area was determined f rom wa te r  dep th  

a t  5-cm ( 2 - i n . )  i n t e r v a l s  across t h e  channel .  The maximum s u r f a c e  

v e l o c i t y  was determined by measur ing t h e  t i m e  r e q u i r e d  f o r  a smal l  d i s k  

o f  paper t o  f l o a t  a known d i s t a n c e  a l o n g  t h e  stream. E m p i r i c a l  

c o r r e c t i o n  f r o m  maximum-surface v e l o c i t y  t o  mean-section v e l o c i t y  was 
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made u s i n g  r e s u l t s  f r o m  independent s t u d i e s .  E r r o r s  i n  d i scha rge  

measurement u s i n g  t h i s  method a r e  g e n e r a l l y  w i t h i n  about 25% and t h e  

l a r g e s t  f r a c t i o n a l  e r r o r s  occur a t  t h e  l owes t  d i scha rge  r a t e s .  Table 10 

p resen ts  r e s u l t s  o f  these s t u d i e s .  The va lues shown i n  t h e  t a b l e  

p r o v i d e  a genera l  p a t t e r n  o f  f l o w  r a t e s  t o  be expected a t  these s i t e s .  

Perhaps t h e  most i m p o r t a n t  conc lus ions  a r e  t h a t  b o t h  s i t e s  4C and 

4D cease t o  f l o w  i n  J u l y  ( e a r l y  summer), and f l o w  does n o t  r e t u r n  u n t i l  

November o r  December, depending on e a r l y  w i n t e r  r a i n f a l l  t o t a l s .  A t  

s i t e  4E, f l o w  i s  s t r o n g l y  i n f l u e n c e d  by re leases  f r o m  nearby r e a c t o r  

o p e r a t i o n ,  and t h e  water  d ischarged was observed t o  be c o n s i d e r a b l y  

warmer than o t h e r  streams i n  t h e  area.  No d i r e c t  temperature 

measurements were made, however. C o n t r i b u t i n g  areas were 15.5 ha and 

55.9 ha f o r  s i t e s  4C and 4D,  r e s p e c t i v e l y .  A l though t h e r e  i s  

c o n s i d e r a b l e  v a r i a b i l i t y  i n  r u n o f f  pe r  u n i t  area among s i t e s  f o r  a 

g i v e n  d a t e  a t  t h e  h i g h e s t  observed f l o w s  (4/7/83), t h e  r u n o f f  pe r  u n i t  

area 1s e s s e n t i a l l y  t h e  same a t  s i t e s  4C and 4D. However, r u n o f f  pe r  

u n i t  area a t  t hese  two s i t e s  on t h a t  d a t e  i s  about 60% g r e a t e r  than 

t h a t  measured a t  t h e  SWSA-7 f lume.  T h i s  may r e s u l t  f rom d i f f e r e n c e s  i n  

r u n o f f  dynamics on t h e  va r ious  bas ins,  measur ing i n a c c u r a c i e s ,  o r  a 

combinat ion o f  b o t h  f a c t o r s .  

4.4 THE WATER BUDGET 

The water  budget p rov ides  a conven ien t  way t o  c h a r a c t e r i z e  t h e  

h y d r o l o g i c  regime o f  a p a r t i c u l a r  area.  I n  t h e  f o l l o w i n g  e x e r c i s e ,  t h e  

budget i s  used t o  determine,  i n  a t  l e a s t  a rough fash ion ,  whether o r  

n o t  t h e r e  i s  s i g n i f i c a n t  f l o w  t h a t  i s  n o t  be ing  measured a t  t h e  f lume 

( i . e . ,  groundwater l o s s  t o  e i t h e r  Mel ton Branch o r  a deeper a q u i f e r ) .  
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. -  .. Table 10. Intermittent measurements of flow on SWSA-7 streams 

Flows at monitoring sites 

4c 4D 4E SWSA-7 
Date Q / s  Q/s/km2 Q / s  %/s/km2 Q / s  !Us/km2 Q / s  Q/s/km2 

3/18/83 2.2 14.2 14.0 25.0 - - -  -_ -  0.98 4.6 
3/23/83 --- 11.5 20.6 30.6 45.4 1.25 5.9 
4/07/83 717 49.7 25.7 46.0 57.0 84.6 6.20 29.4 
6/08/83 0.35 2.2 2.14 3.8 18.1 26.8 0.97 4.6 
6/19/83 0.02 0.1 0.49 0.9 2.3 3.4 0.49 2.3 
7/13/83 0 0 0 0 10.3 15.3 0.36 1.7 
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To accompl ish t h i s  o b j e c t i v e ,  t h e  budget was c a l c u l a t e d  u s i n g  t h e  

s tandard method o f  Thorn thwa i te  and Mather (1957) as r e p o r t e d  by Dunne 

arid Leopold (1978, Chaps. 5 and 8 ) .  The approach was t o  answer t h e  

q u e s t i o n  i n d i r e c t l y  because t h e  key parameters cou ld  n o t  be es t ima ted  

f r o m  t h e  l i m i t e d  da ta .  F i r s t ,  t h e  water  budget was computed many t imes  

f o r  d i f f e r e n t  parameter va lues,  and an o p t i m a l  combinat ion was 

i d e n t i f i e d .  When t h e  o p t i m a l  parameters d i d  n o t  agree w i t h  e i t h e r  

l ' im i ted  measurements o r  suggested p u b l i s h e d  va lues,  reasonable 

"compromise" va lues were des ignated and used t o  c a l c u l a t e  t h e  wa te r  

budget, a l l o w i n g  t h e  computed r u n o f f  t o  be compared t o  obse rva t i ons  a t  

t h e  we1 r .  

4,,4.1 Method 

The water  budget f o r  June 1982 th rough  February 1984 was computed 

u s i n g  t h e  program WATERBALANCE desc r ibed  i n  Appendix I V .  I n  i t ,  

p o t e n t i a l  e v a p o t r a n s p i r a t i o n  ( P E T )  i s  c a l c u l a t e d  by t h e  techn ique  o f  

Thorn thwa i te  u s i n g  mean month ly  temperatures,  which, i n  t h i s  case, were 

d e r i v e d  f rom measurements a t  t h e  100-m tower near Be the l  V a l l e y  Road 

( tower  C ) .  Based on PET and month ly  p r e c i p i t a t i o n  measured a t  

Walker Branch Watershed, t h e  model c a l c u l a t e s  t h e  a c t u a l  

e v a p o t r a n s p i r a t i o n  (AET) and, subsequent ly,  t h e  r u n o f f .  

The t h r e e  key parameters i n  t h e  model a r e  

t h e  r a t i o  o f  d i r e c t  r u n o f f  t o  p r e c i p i t a t i o n ,  F; 

t h e  d e t e n t i o n  s to rage  f a c t o r ,  F1; and 

t h e  a v a i l a b l e  water c a p a c i t y .  AWC. 
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The r a t i o  F approximates t h e  r e l a t i v e  source area w i t h i n  t h e  watershed. 

I t  was s e t  a t  5%, which y i e l d e d  reasonable r e s u l t s  i n  t h e  summer when 

groundwater c o n t r i b u t i o n  t o  s to rm f l o w  was i n s i g n i f i c a n t .  The f a c t o r  

F1 rep resen ts  t h e  p r o p o r t i o n  of s to red  water  delayed u n t i l  n e x t  month's 

r u n o f f .  I n  a l a r g e  watershed, i t  i n c l u d e s  s to rage  i n  l akes  and 

marshes, and i t  i s  u s u a l l y  s e t  a t  0.5. For smal l  watersheds, such as 

SWSA-7, i t  rep resen ts  t h e  delayed r e l e a s e  o f  groundwater s torage,  and 

i t  i s  expected t o  be l e s s  than  0.5. Because i t  must be d e r i v e d  

e m p i r i c a l l y ,  F1 was c a l i b r a t e d  u s i n g  t h e  known month ly  r u n o f f  va lues.  

The AWC i s  t h e  maximum water s torage i n  t h e  r o o t  zone t h a t  i s  

a v a i l a b l e  f o r  e v a p o t r a n s p i r a t i o n .  I n i t i a l l y ,  i t  was t r e a t e d  as an 

unknown, s i m i l a r  t o  F1, and a l l owed  t o  va ry  between 150 and 400 mm. 

ed by Thorn thwa i te  and Mather 

Table 11; however, o t h e r  

ng depths t o  be t o o  l a r g e ,  as 

These a r e  t h e  l i m i t s  o f  t h e  values sugges 

(1957) f o r  deep roo ted  p l a n t s  as shown i n  

researchers have found t h e  suggested r o o t  

was t h e  case here.  

4 . 4 . 2  Computed Water Budget 

As an i n d i c a t o r  o f  goodness -o f - f i t ,  t h e  r o o t  mean square ( r m s )  

e r r o r  between t h e  c a l c u l a t e d  and observed month ly  r u n o f f  va lues was 

used t o  o b t a i n  op t ima l  parameter values. The response s u r f a c e  shown i n  

F i g .  28 i n d i c a t e s  t h a t  t h e  month ly  water budget i s  s e n s i t i v e  t o  bo th  F1 

and AWC and t h a t  t h e  model y i e l d s  t h e  b e s t  r e s u l t s  f o r  F1 = .15 and 

AWC = 400 m ~ .  

The AWC was a l s o  c a l c u l a t e d  independent ly  based on s o i l  m o i s t u r e  

r e l a t i o n s h i p s  and t h e  es t ima ted  depth o f  t h e  r o o t  zone. For 

f i n e - t e x t u r e d  s o i l s ,  such as those i n  SWSA-7, t h e  a v a i l a b l e  water  



Tab le  11. Suggested a v a i l a b l e  water  c a p a c i t i e s  (condensed f r o m  Thorn thwa i te  and Mather 1957) 

A v a i l a b l e  wa te r  Root i ng A v a i l .  Water Cap. 
c o n t e n t  dep th  o f  r o o t  zone 

V e g e t a t i o n  S o i l  t e x t u r e  ( %  volume) (m) (m) 

Deep r o o t e d  c rops  F i n e  sand 
( a l f a l f a ,  p a s t u r e  grass ,  F ine  sandy loam 
shrubs) S i l t  loam 

Clay loam 
Clay 

Orchards 

Mature  f o r e s t  

F ine  sand 
F ine  sandy loam 
S i l t  loam 
Clay loam 
Clay 

F ine  sand 
F ine  sandy loam 
S i l t  loam 
Clay loam 
Clay 

10  
15 
20 
25 
30 

1 0  
15 
20 
25 
30 

1 0  
1 5  
20 
25 
30 

1 .oo 
1 .oo 
1.25 
1 .oo 
0.67 

1.50 
1.67 
1.50 
1 .oo 
0.67 

2.50 
2.00 
2.00 
1.60 
1 .17 

100 
150 
250 
250 
200 

150 
250 
300 
250 
200 

250 
300 
400 
400 
350 
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F i g .  28. Response s u r f a c e  f o r  t h e  water  budget. Contour l i n e s  
rep resen t  t h e  r o o t  mean square e r r o r  (RMSE) f o r  t h e  month ly  
r u n o f f .  The parameters a t  X were used i n  t h e  subsequent 
a n a l y s i s .  (Because t h e  observed r u n o f f  values were l a t e r  
found t o  be s l i g h t l y  i n  e r r o r ,  t h e  RMSE a r e  s l i g h t l y  
i naccu ra te ,  b u t  a check i n d i c a t e d  t h a t  t h e  r e l a t i o n s h i p  among 
parameters i n  n o t  a f f e c t e d . )  
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c c ~ n t e n t  o f  t h e  s o i l  can be es t ima ted  as t h e  water  h e l d  between p ressu re  

p o t e n t i a l s  of -100 t o  -15,000 cm ( -40  t o  -5900 i n . )  because o f  a v a i l a b l e  

da ta ,  t h e  lower  l i m i t  was changed t o  -10,000 cm (-3900 i n . ) .  From t h e  

m o i s t u r e  c h a r a c t e r i s t i c s  f o r  t h e  s i x  main s o i l  types i n  t h e  watershed 

r e p o r t e d  by R o t h s c h i l d  e t  a l .  (1984a),  t h e  mean a v a i l a b l e  water  c o n t e n t  

was determined t o  a depth o f  1 m ( 3 . 3  f t ) ,  s l i g h t l y  deeper than  t h e  

e r t l m a t e d  0.9-m ( 3 - f t )  r o o t  zone f o r  Walker Branch Watershed. By 

w e i g h t i n g  t h e  va lues f o r  each s o i l  t y p e  acco rd ing  t o  area, t h e  AWC 

based on measured s o i l  p r o p e r t i e s  i s  162 mm ( 6 . 4  i n . ) ,  w e l l  below t h e  

op t ima l  va lues l i s t e d  above. 

I n  l i g h t  o f  t h e  d i f f e r e n t  es t ima tes  o f  AWC f rom o p t i m i z a t i o n ,  p o i n t  

measurements o f  s o i l  p r o p e r t i e s ,  and Table 11, a compromise va lue  o f  

2130 mm (7 .9  i n . )  was se lec ted .  Wi th  F1 = .20, t h e  water  budget was 

computed. 

The month ly  components p l o t t e d  i n  F i g .  29 i n d i c a t e  t h a t  d u r i n g  t h e  

summer, when PET r a t e s  a r e  h i g h  and below-average p r e c i p i t a t i o n  occurs,  

month ly  stream f l o w  decreases t o  near zero;  and indeed, p e r i o d s  o f  

no - f l ow  were observed. Dur ing  t h i s  p e r i o d  t h e  observed and computed 

f l o w s  a r e  i n  good agreement. 

Dur ing  t h e  nonsummer months, a c t u a l  e v a p o t r a n s p i r a t i o n  i s  

e q u i v a l e n t  t o  t h e  p o t e n t i a l  r a t e ,  and stream f l ows- -bo th  c a l c u l a t e d  and 

observed-- increase r e l a t i v e  t o  summer va lues.  However, observed f l o w s  

a r e  s i g n i f i c a n t l y  l e s s  than  computed ones. Th is  i s  a sys temat i c  b i a s  

t h a t  appears i n  a l l  t h e  s i m u l a t i o n s  rega rd less  o f  t h e  parameter va lues 

used i n  t h e  model. For increased AWC, t h e r e  i s  a moderate decrease i n  

computed r u n o f f ;  and thus,  t h e r e  i s  b e t t e r  agreement, b u t  t h e  b i a s  

remains . 
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N a t u r a l l y ,  t h e  b i a s  i s  a l s o  e v i d e n t  i n  t h e  annual water  budget f o r  

1983 l i s t e d  i n  Table 12 .  The d i f f e r e n c e  i n  computed and observed r u n o f f  

i s  179 mm (7 .9  i n . )  o r  16% o f  t h e  annual p r e c i p i t a t i o n .  To p u t  t h e  

s imu la ted  r e s u l t s  i n  a r e g i o n a l  p e r s p e c t i v e ,  t h e  s imu la ted  

r u n o f f - p r e c i p i t a t i o n  r a t i o  i s  51%, which compares f a v o r a b l y  w i t h  t h e  

r e g i o n a l  r a t i o  o f  45% mentioned p r e v i o u s l y  i n  Sect.  4.2. Based on 

measurements f o r  1983, t h e  r a t i o  f o r  SWSA-7 was o n l y  35%. Therefore,  

i t  i s  reasonable t o  conclude t h a t  t h e r e  i s  groundwater f l o w  f r o m  t h e  

watershed t h a t  i s  n o t  measured. 

4.4.3 D iscuss ion  

There a r e  seve ra l  i m p o r t a n t  sources o f  u n c e r t a i n t y  t h a t  should be 

reviewed b e f o r e  e s t i m a t i n g  t h e  bounds on groundwater l o s s .  The f i r s t  

source i s  model e r r o r .  The model used i s  a d m i t t e d l y  s l m p l i s t i c ;  

f u r the rmore ,  i n  some l y s i m e t e r  s t u d i e s ,  t h e  method o f  Tho rn thwa i te  f o r  

d e t e r m i n i n g  PET has been shown t o  s i g n i f i c a n t l y  underest imate measured 

va lues ( A S C E  1973),  a l t hough  these s t u d i e s  were conducted I n  

environments d i f f e r e n t  f rom t h e  humid e a s t e r n  U n i t e d  S ta tes  where t h e  

model was developed. The c a l c u l a t e d  m id -w in te r  month ly  PET r a t e s  o f  

l e s s  than  10 mm/month a r e  u n r e a l i s t i c a l l y  low, e s p e c i a l l y  when computed 

i n t e r c e p t i o n  l osses  f o r  Walker Branch Watershed average about t h a t  

l e v e l  ( H u f f  e t  a l .  1977).  Consequently, t h e  t o t a l  PET f o r  December, 

January, and February was a d j u s t e d  f o r  10 t o  30 mm (0 .4  t o  1.2 i n . ) .  

Al though PET may be underest imated a t  o t h e r  t imes o f  t h e  year ,  t h e r e  

a r e  no o b j e c t i v e  methods f o r  a l t e r i n g  t h e  model. 
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Table 12. Computed 1983 water  budget f o r  SWSA-7 

1 1 4 4  

Sur face r u n o f f  57 
Groundwater r u n o f f  525 
(Observed t o t a l  r u n o f f  = 403 mm) 

Actual  ET 567 

Change i n  s o i l  m o i s t u r e  s torage 0 

- -5 Change i n  groundwater s torage -- 

T o t a l s  1144 1144 
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As  f o r  AWC, t h e  "compromise" va lue  o f  200 mm (7.9 i n . )  may be t o o  

sma l l .  Us ing t y p i c a l  m o i s t u r e  c h a r a c t e r i s t i c s ,  t h e  a v a i l a b l e  water  

con ten t  f o r  s i l t  loams and c l a y  loams a r e  0.33 and 0.23, r e s p e c t i v e l y  

(Clapp and Hornberger 1978).  

r o o t  depth i s  ma in ta ined  a t  1 m, t hen  AWC i s  app rox ima te l y  275 mm 

(10.8 i n . ) .  

I f  a s imp le  mean va lue i s  chosen and t h e  

Wl th t h e  a d j u s t e d  PET and new AWC, t h e  a d j u s t e d  r u n o f f  i s  542 mm 

(2!1.3 i n . )  o r  47% o f  t h e  annual p r e c i p i t a t i o n .  T h i s  e s t i m a t e  seems 

reasonable because i t  i s  i n  c l o s e r  agreement t h e  r e g i o n a l  

r u n o f f - p r e c i p i t a t i o n  r a t i o .  Consequently, t h e  groundwater l o s s  i s  

139 nun (5.5 i n . )  o r  about 12% o f  t h e  p r e c i p i t a t i o n .  T h i s  e s t i m a t e  i s  

based on a s i m p l i s t i c  model, and i t  should be used c a u t i o u s l y .  

Never the less,  i t  i s  a p p r o p r i a t e  t o  i n v e s t i g a t e  t h i s  apparent  l o s s  f r o m  

t h e  watershed. T h i s  i n v e s t i g a t i o n  should i n c l u d e  t h e  f o l l o w i n g :  

( 1 )  mon i to r  groundwater l e v e l s  i n  a l l u v i u m  a t  t h e  o u t l e t  t o  SWSA-7; 

( 2 )  measure, t o  t h e  e x t e n t  p o s s i b l e ,  t h e  depth and h y d r a u l i c  

c o n d u c t i v i t y  o f  t h e  i n f i l l  t o  e s t i m a t e  f l o w s ;  ( 3 )  i n v e s t i g a t e  Me l ton  

Branch f o r  p o s s i b l e  subsur face i n p u t s ;  ( 4 )  i n v e s t i g a t e  f r a c t u r e  p a t t e r n s  

f o r  p r e f e r e n t i a l  f l o w  paths ( see  Geology s e c t i o n ) ;  ( 5 )  determine AWC 

based on i n - s i t u  m o i s t u r e  measurements u s i n g  neu t ron  probes; and 

( 6 )  compare weekly r a i n f a l l  I n p u t s  t o  those measured a t  Walker Branch. 

4 I .  5 GROUNDWATER 

The c h a r a c t e r i z a t i o n  o f  t h e  groundwater f l o w  system on proposed 

SWSA-7 i s  c r i t i c a l  t o  t h e  proper  use o f  t h e  s i t e .  I n  genera l ,  t h e  

depth t o  water  w i l l  determine how and where waste b u r i a l  may t a k e  

p lace .  I n  a d d i t i o n ,  chemical  t r a n s p o r t  w i t h i n  t h e  groundwater f l o w  
i 
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, .  

- -  
8 -  
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system i s  an ex t reme ly  impor tan t  pathway f o r  waste m i g r a t i o n .  As  p a r t  

o f  c h a r a c t e r i z a t i o n ,  a m o n i t o r i n g - w e l l  network was i n s t a l l e d .  The w e l l s  

were used t o  m o n i t o r  w a t e r - l e v e l  f l u c t u a t i o n s  throughout  t h e  year,  

determine a q u i f e r  p r o p e r t i e s ,  and c o l l e c t  b a s e l i n e  water chemis t r y  da ta .  

4.5.1 Mon i to r i nq -We l l  Network 

For t h e  purpose o f  e v a l u a t i n g  t h e  groundwater f l o w  system and 

de te rm in ing  a q u i f e r  p r o p e r t i e s ,  a network o f  18 m o n i t o r i n g  w e l l s  was 

i n s t a l l e d  on t h e  s tudy 

F i g .  25, and t h e  d e t a i  

i n  Appendix 11. 

The monitor ing-we 

t h e  p o t e n t i a l l y  usable 

s i t e .  The l o c a t i o n s  o f  t h e  w e l l s  a r e  shown i n  

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

1 network i s  i n  t h e  fo rm o f  a r i n g  surrounding 

area on s i t e .  Two areas a r e  inst rumented w i t h  

t h r e e  c l o s e l y  spaced w e l l s  t h a t  can be used f o r  l a r g e - s c a l e  a q u i f e r  

t e s t i n g .  The w e l l s  va ry  s l i g h t l y  i n  c o n s t r u c t i o n ,  i n  p a r t i c u l a r :  some 

o f  t h e  w e l l s  a r e  15.2 cm ( 6  i n . )  i n  d iameter  and o t h e r s  a r e  10.2 cm 

( 4  i n . )  i n  d iameter ;  and some w e l l s  have m u l t i p l e  l e v e l  screens, w h i l e  

most have j u s t  a s ing le-screened i n t e r v a l .  The w e l l s  a r e  a l l  

c o n s t r u c t e d  o f  P V C .  The boreholes i n  which t h e  w e l l s  were i n s t a l l e d  

were d r i l l e d  u s i n g  a i r  r o t a r y ,  water r o t a r y ,  o r  auger d r i l l  r i g s  

(Appendix 1 1 ) .  P r i o r  t o  w e l l  i n s t a l l a t i o n ,  t h e  boreholes were c leaned 

by c i r c u l a t i n g  d r i l l i n g  f l u i d .  The w e l l s  were completed by b a c k f i l l i n g  

t h e  annulus su r round ing  t h e  screened i n t e r v a l s  w i t h  c l e a n  sand, s e a l i n g  

t h e  screened i n t e r v a l  w i t h  b e n t o n i t e ,  b a c k f i l l i n g  t h e  annulus t o  w i t h i n  

seve ra l  meters o f  t h e  ground s u r f a c e  w i t h  d r i l l  c u t t i n g s ,  and f i n a l l y  

emplacing a c o l l a r / s u r f a c e  seal  w i t h  cement (see Appendix I1 f o r  d iagram 

o f  w e l l  comp le t i on  techn ique) .  A f t e r  i n s t a l l a t l o n ,  t h e  w e l l s  were 
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developed by over  pumping and by r a p i d l y  removing water  and entrapped 

s j l t  and c l a y  u s i n g  an a i r  compressor. A measur ing p o i n t  f o r  each w e l l  

was determined and was surveyed f o r  exac t  l o c a t i o n  and e l e v a t i o n  

( T a b l e  1 3 ) .  

Dur ing  d r i l l i n g ,  c u t t i n g s  were c o l l e c t e d  f rom each w e l l  a t  

app rox ima te l y  1.5-m ( 5 - f t )  i n t e r v a l s .  The c u t t i n g s  and genera l  

obse rva t i ons  made d u r i n g  d r i l l i n g  were used t o  c o n s t r u c t  t h e  l i t h o l o g i c  

l o g s  f o r  t h e  d r i l l  ho les  i n c l u d e d  i n  Appendix 11. The d r i l l  c u t t i n g s  

were a l s o  used f o r  t h e  chemical  and r a d i o n u c l i d e  a d s o r p t i o n  t e s t i n g  

d iscussed i n  p rev ious  chap te rs .  A l so  i n c l u d e d  i n  Appendix I1 a r e  

geophysica l  l o g s  f o r  each o f  t h e  w e l l s  t h a t  were taken  th rough  t h e  

c a s i n g  a f t e r  t h e  w e l l s  were completed. Severa l  o f  t h e  boreholes were 

d r i l l e d  so t h a t  e n g i n e e r i n g  p r o p e r t i e s  o f  t h e  near -su r face  e a r t h  

m a t e r i a l s  cou ld  be determined; these d a t a  a r e  d iscussed i n  t h e  s o i l s  

c h a r a c t e r i z a t i o n  r e p o r t  f o r  t h e  s i t e  ( R o t h s c h i l d  e t  a l .  1984a).  

F i v e  o f  t h e  m o n i t o r i n g  w e l l s  were completed w i t h  m u l t i p l e - s c r e e n e d  

i n t e r v a l s .  Each i n t e r v a l  i s  i s o l a t e d  w i t h i n  t h e  annulus o f  t h e  

borehole.  

by u s i n g  a s t r a d d l e  packer system o r  semipermanent s i n g l e  packers.  

These w e l l s  can be used t o  determine v a r i a t i o n s  i n  water  l e v e l s ,  

a q u i f e r  prope t i e s ,  and water chemis t r y  w i t h  depth.  W i thou t  t h e  

i s o l a t i o n  o f  n d i v i d u a l  zones, t h e  w e l l s  can be considered i n d i c a t i v e  

o f  t h e  e n t i r e  v e r t i c a l  e x t e n t  o f  screen coverage. The u t i l i t y  o f  these 

w e l l s  w i l l  be demonstrated i n  a subsequent s e c t i o n .  

One o r  more of t h e  zones can be i s o l a t e d  w i t h i n  t h e  c a s i n g  

i 

i 



Table 13. Monitoring well survey data 
~~~ ~ 

Mea sur i ng 
Elevation o f  point Ground 
top of casing ORNL Length aboveground elevation 

Well number ( m )  ( ft) north i ng east i ng (m)  (m) ( m) 

7-1 
7-1 (old) 
7-2 
7-2 (old) 
7-3 
7-3 (old) 
7-4 
7-4 (old) 
7-5 
7-5 (old) 
7-6 
7-7 
7 -8 
7 -9 
7-1 0 
7-10 (old) 

7-11 (old) 
7-1 1 

7-1 2 
7-1 3 
7-1 4 
7-1 5 
7-1 6 
7-1 7 
7-1 8 

ClC 
c 26 
c 36 

282.363 
282.540 
274.591 
213.774 
275.778 
275.598 
277.340 
277.413 
264.506 
263.921 
251.800 
246.934 
243.475 
256.667 
274,239 
273.605 
269.630 
269.137 
273.264 
243.855 
274.354 
275.499 
217.843 
276.15 
274 341 

270 
280 
272 

926.388 
926.968 
900.890 
898.210 
904.784 
904.194 
909.908 
910.148 
867.802 
865.884 
845.802 
81 0.152 
798.802 
845.364 
899.734 
897.654 
882.614 
884.994 
896.535 
800.050 
900.1 12 
903.869 
91 1 .558 
905.890 
900.726 

887 
91 8 
89 1 

17940.447 
1791 7.1 63 
17938.852 
17942.368 
17034.558 
17039.184 
16930.31 6 
16955.131 
16678.694 
16658.029 
16308.837 
16055.724 
16314.777 
16771 .390 
1721 5.092 
1-1208.870 
17145.1 1 1  
11 156.904 
18037.992 
161 59.569 
18070.91 3 
18068.81 5 
18064.71 2 
16887.568 
16858.11 7 

17,830 
17,945 
17,220 

34551.350 
34544.283 
351 14.641 
351 06.392 
35534.531 
35537.31 3 
351 58.225 
351 66.586 
34885.187 
34909.884 
34841 .713 
34706 3 0 3  
331 81 .638 
33663.520 
33799.048 
33786.706 
341 91 .334 
341 90.298 
3561 4.705 
33757.81 2 
34863.308 
34822.896 
34724.681 
351 12.520 
35236.032 

34,915 
34,580 
33,830 

37.32 
9.83 
30.33 
9.80 
27.79 
9.30 
28.51 
10.42 
30.52 
9.80 
9.80 
8.90 
9.88 
9.87 
38.02 
9.78 
27.54 
9.82 
21.34 
9.92 
22.50 
21 .51 
22.05 
21.39 
20.85 

(92.5) 
(91.5) 
(197.9) 

0.69 
0.45 
1.02 
0.43 
0.81 
0.51 
0.87 
0.50 
0.89 
0.69 
0.45 
0.56 
0.54 
0.60 
1.05 
0.46 
0.83 
0.46 
0.66 
0.75 
1.10 
.73 
.62 
.63 
.70 

0 
0 
0 

281.61 

273.57 

274.97 

276.47 

263.62 

251.35 
246.37 
242.94 
257.07 
213.19 

268.80 

272.60 
243.11 
273.25 
274.71 
217.22 
275.49 
273.84 

270. 
280 
272 

CLocatlons and elevations are approximate. 
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4.5.2 A q u i f e r  P r o p e r t i e s  

I n  o r d e r  t o  assess t h e  r a t e  and d i r e c t i o n  o f  water  and/or s o l u t e  

movement i n  t h e  subsur face,  c e r t a i n  p r o p e r t i e s  o f  t h e  g e o l o g i c  media 

must be known. These p r o p e r t i e s  i n c l u d e :  h y d r a u l i c  c o n d u c t i v i t y ,  

a q u i f e r  t h i c k n e s s ,  s to rage  c o e f f i c i e n t ,  p o r o s i t y ,  d i s p e r s i v i t y ,  and an 

understanding o f  t h e  h e t e r o g e n e i t y  o f  t h e  f l o w  system. I n  genera l ,  t h e  

Conasauga Group i s  l o c a l l y  heterogeneous, b o t h  l i t h o l o g i c a l l y  and as an 

a q u i f e r .  The p r i m a r y  p o r o s i t y  o f  t h e  group i s  q u i t e  low; t h e r e f o r e ,  

t h e  secondary p o r o s i t y  ( f r a c t u r e  system) c o n t r o l s  groundwater f l o w  i n  

t h e  subsurface. 

To determine t h e  h y d r a u l i c  c o n d u c t i v i t y  (K) o f  t h e  subsur face 

m a t e r i a l s ,  s l u g  ( i ns tan taneous  d isp lacement)  t e s t s  were conducted i n  

12 o f  t h e  m o n i t o r i n g  w e l l s .  The p r i n c i p l e  behind t h e  s l u g  t e s t  i s  t h a t  

by m o n i t o r i n g  t h e  decay i n  water l e v e l s  w i t h i n  a w e l l  f r o m  t h e  

instantaneous i n j e c t i o n  o f  water  ( o r  d isp lacement  o f  w a t e r ) ,  t h e  

h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  a q u i f e r  can be determined. T h l s  t e s t  i s  

p a r t i c u l a r l y  s u i t a b l e  f o r  l o w - p e r m e a b i l i t y  rocks,  such as those  o f  t h e  

Conasauga Group. S l u g  t e s t s  have a s h o r t  r a d i u s  o f  i n f l u e n c e ;  t h a t  i s ,  

t h e  h y d r a u l i c  c o n d u c t i v i t y  values a r e  o n l y  a p p l i c a b l e  t o  t h e  zone 

immediate ly  su r round ing  t h e  w e l l  screen o r  open i n t e r v a l .  The r e s u l t s  

of t h e  s l u g  t e s t s  a r e  g i v e n  i n  Table 14 ,  w i t h  t h e  geometr ic mean o f  t h e  

values be ing  2.57 x cm/s. The a n a l y s i s  used t o  determine 

h y d r a l u i c  c o n d u c t i v i t y  i s  t h a t  o f  Hvo rs lev  (1951) .  T h i s  va lue  i s  

r e l a t i v e l y  low, b u t  i s  reasonable f o r  a f r a c t u r e d  media. 

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

s i t e  i s  ex t reme ly  impor tan t ,  b u t  o t h e r  a q u i f e r  c h a r a c t e r i s t i c s  must 

a l s o  be known. Few o f  these o t h e r  c h a r a c t e r i s t i c s  were measured on 

. 
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Table 14. Hydraulic conductivity ( K )  from slug tests 

Results o f  slug test 
( K  i n  cm/s) 

Test 2 Test 3 K (avg.1 Well Number Test 1 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
1 1  
12 
13 
14 

3.86 x 

2.17 
3.06 
1.05 
3.76 

9.50 
2.29 
6.80 x 

1.30 
9.16 
8.55 
8.21 x 

8.02 
2.80 

3.92 

1.29 

6.37 

1.34 x 
1.18 

3.86 x 

5.10 
2.98 
1.05 
3.84 

1.12 
2.29 
6.59 

1.42 

2.36 1.47 
1.13 x 

8.21 x 

Geometric mean 2.57 x low5 cm/s 
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s i t e  b u t  were e x t r a p o l a t e d  f r o m  o t h e r  d a t a  f o r  t h e  Conasauga Group. To 

t e s t  t h e  a p p l i c a b i l i t y  o f  o f f - s i t e  da ta ,  a comparison o f  h y d r a u l i c  

c o n d u c t i v i t y  d a t a  f r o m  v a r i o u s  s i t e s  was made. Table 1 5  l i s t s  h y d r a u l i c  

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

Conasauga Group. The d a t a  i n d i c a t e  t h a t  t h e  v a r i a b i l i t y  o f  t h e  s t r a t a  

th roughou t  t h e  ORR i s  q u i t e  low, l e s s  than  one o r d e r  o f  magnitude, w i t h  

t h e  e x c e p t i o n  of va lues ob ta ined  s o l e l y  f r o m  w e l l s  completed i n  

unweathered rock  i n  t h e  Bear Creek V a l l e y  B u r i a l  Grounds. The geology 

throughout  Bear Creek V a l l e y  and Me l ton  V a l l e y  a r e  so s i m i l a r ,  b o t h  

l i t h o l o g i c a l l y  and s t r u c t u r a l l y ,  i t  can be expected t h a t  a q u i f e r  

p r o p e r t i e s  w i l l  n o t  va ry  g r e a t l y  f r o m  one area t o  another .  T h i s  i s  

horne o u t  by t h e  h y d r a u l i c  c o n d u c t i v i t y  data.  The a c t u a l  f l o w  systems 

w i l l  va ry  f r o m  one s i t e  t o  another  because o f  d i f f e r e n c e s  i n  topography 

and because o f  l a r g e - s c a l e  p e r t u r b a t i o n s  i n  t h e  a q u i f e r  ( f a u l t s ,  f o l d s ,  

s o l u t i o n  a c t i v i t y ,  and t h e  presence o f  sur face-water  b o d i e s ) .  

An i m p o r t a n t  c h a r a c t e r i s t i c  o f  t h e  groundwater f l o w  system i s  t h e  

a c t u a l  t h i c k n e s s  o f  t h e  a q u i f e r ( s ) .  I n  t h e  case o f  t h e  Conasauga 

Group, t h i s  i s  d i f f i c u l t  t o  d e f i n e .  The a q u i f e r  i s  a cont inuum f r o m  

near -su r face  m a t e r i a l s  ( s a p r o l i t e )  t o  g r e a t  depth.  A decrease i n  

a q u i f e r  p e r m e a b i l i t y  w i t h  depth appears t o  be p resen t  ( T a b l e  1 5 ) ,  b u t  

t h e r e  i s  no c l e a r - c u t  boundary between permeable and impermeable 

s t r a t a .  The d i f f e r e n c e s  between s a p r o l i t e  and unweathered rock  a r e  n o t  

g r e a t  enough t o  des igna te  them as separate a q u i f e r s .  The genera l  

decrease i n  p e r m e a b i l i t y  w i t h  depth i s  probab ly  a r e s u l t  o f  a 

combinat ion o f  two f a c t o r s :  (1)  t h e  e f f e c t  o f  wea the r ing  decreases 

w i t h  depth and ( 2 )  t h e  number and e x t e n t  o f  unhealed f r a c t u r e s  



' lable 15. Hydrau l i c  c o n d u c t i v i t y  da ta  f o r  t h e  Conasauga Group on t h e  ORR 

Loca t ion  

Geometric 
No. o f  mean 

measurementsa ( K  i n  cm/s) Comments Source 

ETFb, Melton V a l l e y  36 6.31 x 10-5 

SWSA-7, Melton V a l l e y  12 2.57 x 10-5 

BCVBGC, Bear Creek Va l l ey  26 8.2 x 10-5 Weathered rock 
and a l l u v i u m  

BCVBGC, Bear Creek Va l l ey  35 1.3 x 10-6 Unweathered 
rock 

011 landform, Bear Creek V a l l e y  12 1.2 x Weathered rock 

Bear Creek V a l l e y  16 1.7 x 10-4 

Davis e t  a l .  1984 

( t h i s  r e p o r t )  

Bechte l  Na t iona l ,  I n c .  
1984a 

Bechte l  Na t iona l ,  I n c .  
1984a 

Bechte l  N a t i o n a l ,  I n c .  
1984b 

Law Engineer ing 1983 

S l u g  and packer t e s t s .  

bEnglneered t e s t  f a c i l i t y .  

%ear Creek V a l l e y  B u r i a l  Grounds. 

-I 

0 
wl 
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decreases w i t h  depth.  A t  depth,  i n d i v i d u a l  s t r u c t u r e s  a r e  l i k e l y  t o  

c o n t r o l  subsur face movement o f  water  i n  c o n t r a s t  t o  t h e  p e r v a s i v e  j o i n t  

system found neare r  t o  t h e  ground su r face .  The f a u l t  zone encountered 

i n  co re  h o l e  C3 a t  a depth o f  123 m (402 f t )  i s  a zone i n  which water  

11; l i k e l y  t o  move. I n  genera l ,  t h e  a q u i f e r  system u n d e r l y i n g  t h e  

proposed SWSA-7 i s  a cont inuum w i t h  depth,  b u t  most o f  t h e  water  

movement p robab ly  occurs w i t h i n  t h e  t o p  50 t o  75 m (165 t o  245 f t ) .  

T r a n s m i s s i v i t y  ( h y d r a u l i c  c o n d u c t i v i t y  x a q u i f e r  t h i c k n e s s )  has 

been determined a t  seve ra l  s i t e s  u n d e r l a i n  by t h e  Conasauga Group. 

T r a n s m i s s i v i t y  ( T )  and t h e  s to rage  c o e f f i c i e n t  ( S )  a r e  g e n e r a l l y  

determined a t  t h e  same t i m e  th rough  t h e  a n a l y s i s  o f  a l a r g e - s c a l e  

plumping t e s t .  A pumping t e s t  r u n  a t  t h e  Engineered Tes t  F a c i l i t y  (Davis  

e t  a l .  1984) l o c a t e d  on SWSA-6 determined an a q u i f e r  t r a n s m i s s i v i t y  o f  

app rox ima te l y  3.7 m /d ( 4 0  f t  /d) and a s to rage  c o e f f i c i e n t  o f  

0.01. The average T va lue  determined f rom a pumping t e s t  i n  Bear Creek 

V a l l e y  (Law Eng ineer ing  1983) was 0.32 m /d (34.8 f t  /d ) ,  and t h e  

average va lue  o f  S was 0.003. The cone o f  dep ress ion  around t h e  pumping 

w e l l s  i n  b o t h  pumping t e s t s  i n d i c a t e d  t h a t  t h e  a q u i f e r  was a n i s o t r o p i c  

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

(eas t -wes t )  t o  s t r i k e  normal ( n o r t h - s o u t h )  was found t o  be approx ima te l y  

3 : l  f o r  b o t h  t e s t s .  T h i s  r a t i o  i s  based s o l e l y  on t h e  d i r e c t i o n  o f  

s t r i k e  and does n o t  t a k e  i n t o  account a q u i f e r  d i p .  The r a t i o  o f  

maximum ( a l o n g  s t r i k e )  t o  minimum (normal t o  s t r i k e  p lane)  c o n d u c t i v i t y  

i s  l i k e l y  t o  be h i g h e r .  Data r e p o r t e d  i n  Webster (1976) i n d i c a t e  t h a t  

t h e  a n i s o t r o p y  r a t i o  f o r  t h e  Conasauga Group may be as h i g h  as 10 t o  

2 2 

2 2 
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20 : l  i n  some areas. The values o f  S i n d i c a t e  t h a t  t h e  f o r m a t i o n  has a 

r a t h e r  low storage c a p a c i t y  f o r  an unconf ined a q u i f e r  b u t  n o t  as low as 

a t r u l y  c o n f i n e d  a q u i f e r .  

To e s t i m a t e  t h e  v e l o c i t y  of groundwater movement, t h e  e f f e c t i v e  

p o r o s i t y  o f  t h e  a q u i f e r  must be known. 

i n  seve ra l  ways, such as:  ( 1 )  l a b  measurements, ( 2 )  t r a c e r  t e s t s ,  

( 3 )  f i e l d  es t ima tes ,  and ( 4 )  est imates based on S va ues. The p o r o s i t y  

i n  t h e  rocks u n d e r l y i n g  t h e  s i t e  can be d i v i d e d  i n t o  p r imary  and 

secondary openings. The p r imary  p o r o s i t y  i s  compose o f  pore spaces 

between g r a i n s  o f  t h e  rock .  The t o t a l  p r imary  p o r o s i t y  i s  l i k e l y  t o  be 

q u i t e  h igh ,  b u t  i t  i s  n o t  e f f e c t i v e  i n  t r a n s m i t t i n g  water .  The 

secondary p o r o s i t y  i n  t h i s  case i s  p r i m a r i l y  open f r a c t u r e s .  The t o t a l  

secondary p o r o s i t y  i s  l i k e l y  t o  be low, b u t  t h e  f r a c t u r e s  a r e  ve ry  

e f f e c t i v e  i n  t r a n s m i t t i n g  water .  Law Eng ineer ing  (1983) r e p o r t s  an 

e f f e c t i v e  p o r o s i t y  o f  0.002 based on a t r a c e r  t e s t  r u n  i n  Bear Creek 

V a l l e y .  Based on measurements o f  f r a c t u r e s ,  S ledz and H u f f  (1981) 

r e p o r t  a f r a c t u r e  p o r o s i t y  o f  0.0007. Based on t h e  range o f  s to rage  

c o e f f i c i e n t s  f o r  t h e  Conasauga Group, these low p o r o s i t y  va lues a r e  

reasonable.  Based on t r a c e r  t e s t s ,  groundwater v e l o c i t i e s  w i t h i n  t h e  

Conasauga Group have been found t o  range f rom 0.6 t o  18 m/d ( 2  t o  

60 f t / d )  [Law Engineer ing (1983) and Webster ( 1 9 7 6 ) l .  To e s t i m a t e  t h e  

t r a v e l  t i m e  of a contaminant w i t h i n  groundwater, t h e  mechanical  

d i s p e r s i o n  o f  t h e  a q u i f e r  must be known. Law Eng ineer ing  (1983) 

r e p o r t s  a d i s p e r s i v i t y  o f  3 m ( 1 0  f t )  based on t h e  Bear Creek V a l l e y  

t r a c e r  t e s t .  

Th i s  p o r o s i t y  can be determined 
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4.5.3 Groundwater Flow System 

I n  o r d e r  t o  assess t h e  d i r e c t i o n  and r a t e  o f  groundwater movement, 

a's w e l l  as d e t e r m i n i n g  temporal  v a r i a t i o n s  i n  t h e  f l o w  system, 

w a t e r - l e v e l  measurements were gathered f r o m  t h e  m o n i t o r i n g - w e l l  network.  

Wate r - l eve l  measurements were taken  on a weekly b a s i s  f r o m  a l l  w e l l s ,  

and c e r t a i n  w e l l s  were equipped w i t h  cont inuous s t r i p  c h a r t  r e c o r d e r s .  

The r e s u l t s  o f  t hese  measurements a r e  presented as hydrographs i n  

Appendix V .  

The hydrographs show t h a t  annual water  f l u c t u a t i o n s  range between 

2 t o  5 m ( 6  t o  15 f t )  and t h a t  f l u c t u a t i o n s  a r e  g r e a t e s t  below r i d g e s  

where groundwater i s  deep and l e a s t  where i t  i s  shal low.  Shor t - te rm 

f l u c t u a t i o n s  ( response t o  p r e c i p i t a t i o n  even ts )  a r e  more apparent  on 

t h e  hydrographs o f  s h a l l o w  w e l l s .  Wel l  6 shows a r a p i d l y  f l u c t u a t i n g  

system; i t  appears t h a t  t h i s  w e l l  i s  c o n t r o l l e d  by a s o l u t i o n  c a v i t y  

system. I n  genera l ,  t h e  water  l e v e l s  a r e  h i g h e s t  i n  l a t e  s p r i n g  and 

lowes t  i n  t h e  f a l l .  

Severa l  o f  t h e  w e l l s  have undergone some ex t reme ly  r a p i d  and l a r g e  

f l u c t u a t i o n s  ( such  as t h e  4-m ( 1 3 - f t )  drop i n  water  l e v e l  seen i n  

Wel l  1 7 ) .  These r a p i d  f l u c t u a t i o n s  a r e  n o t  e a s i l y  exp la ined ,  b u t  t h e  

dates when they  occur seem t o  c o i n c i d e  w i t h  i n j e c t i o n s  o f  waste a t  t h e  

H y d r o f r a c t u r e  F a c i l i t y .  The H y d r o f r a c t u r e  F a c i l i t y  i s  2.5 km 

(1.5 m i l e s )  t o  t h e  west o f  t h e  proposed SWSA-7 i n  Me l ton  V a l l e y .  The 

w e l l s  t h a t  do respond i t  appears a r e  a l l  r e l a t i v e l y  deep, b u t  t h e  same 

w e l l s  do n o t  respond t o  a l l  i n j e c t i o n  events .  The cause and response 

o f  these r a p i d  f l u c t u a t i o n s  need t o  be s t u d i e d  f u r t h e r  t o  b e t t e r  

understand t h e  groundwater f l o w  system i n  Mel ton V a l l e y .  
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Inc luded  i n  t h e  Appendix V a r e  t h e  hydrographs f o r  t h e  upper- and 

lower-screened i n t e r v a l s  i n  Wel l  13 ( t h e  w e l l  was equipped w i t h  a packer 

between t h e  upper and lower screen) .  The d a t a  f rom t h i s  s i t e  i n d i c a t e  

t h a t  a s t r o n g  upward g r a d i e n t  e x i s t s ;  t h a t  i s ,  water i s  d i s c h a r g i n g  

i n t o  t h e  c e n t r a l  creek on s i t e .  Water- leve l  r e v e r s a l s  do occur w i t h i n  

t h i s  w e l l ,  and these a r e  p robab ly  assoc ia ted  w i t h  recharge events .  

The w a t e r - l e v e l  d a t a  were used t o  c o n s t r u c t  t h r e e  maps f o r  t h e  

s i t e .  The f i r s t  map i s  t h e  p o t e n t i o m e t r i c  s u r f a c e  under h i g h  

groundwater c o n d i t i o n s  ( F i g .  30) .  The map i n d i c a t e s  t h a t  water  i s  

h i g h e s t  beneath t h e  r i d g e s  on s i t e  and t h a t  water  d ischarges i n t o  t h e  

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

groundwater movement would be normal t o  p o t e n t i o m e t r i c  con tou rs .  I n  

t h e  case o f  an a n i s o t r o p i c  a q u i f e r  (such as a t  t h e  s tudy s i t e ) ,  t h e  

d i r e c t i o n  o f  f l o w  w i l l  be a t  some ang le  t o  p o t e n t l o m e t r i c  con tou rs .  

Data f o r  low groundwater c o n d i t i o n s  a r e  presented i n  F i g .  31. The 

groundwater f l o w  system does n o t  appear t o  vary g r e a t l y  throughout  t h e  

yea r .  

I t  i s  i m p o r t a n t  t o  d e f i n e  t h e  boundar ies o r  d i scha rge  areas o f  t h e  

groundwater f l o w  system. The sha l l ow  creeks su r round ing  t h e  proposed 

SWSA-7 appear t o  be t h e  major groundwater d i scha rge  areas, b u t  based on 

t h e  geo log ic  and geophysica l  i n v e s t i g a t i o n s  on s i t e ,  under f l ow  i s  

l i k e l y  t o  occur beneath these f i r s t - o r d e r  creeks.  Th is  s i t u a t i o n  i s  

supported by t h e  water budget presented e a r l i e r .  Most o f  t h e  

groundwater beneath t h e  s i t e  i s  l i k e l y  t o  d i scha rge  i n t o  Mel ton Branch, 

e i t h e r  i n d i r e c t l y  by way o f  t h e  f i r s t - o r d e r  creeks,  o r  d i r e c t l y .  The 

n a t u r e  o f  t h e  groundwater d i scha rge  areas should be taken i n t o  account 
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F i g .  30. P o t e n t i o m e t r i c  s u r f a c e  a t  t h e  proposed SWSA-7 f o r  A p r i l  27, 
1983, r e p r e s e n t i n g  h i g h  groundwater c o n d i t i o n s .  
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F i g .  31 .  P o t e n t i o m e t r i c  s u r f a c e  a t  t h e  proposed SWSA-7 f o r  
November 1 1 ,  1983,  r e p r e s e n t i n g  low groundwater c o n d i t i o n s .  
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i n  d e s i g n i n g  a m o n i t o r i n g  program f o r  t h e  s i t e  i n  t h e  f u t u r e .  The 

n a t u r e  o f  any deep groundwater movement was n o t  i n v e s t i g a t e d ,  b u t  i t  i s  

apparent f r o m  t h e  g e o l o g i c  l o g s  t h a t  deep zones o f  water  movement a r e  

l i k e l y  t o  occur .  The t o t a l  f l o w  i n  these  zones i s  p robab ly  ve ry  low; 

t h e r e f o r e ,  t hey  a r e  o n l y  a concern f o r  contaminant m i g r a t i o n  i f :  

(111 waste i s  emplaced a t  a g r e a t  depth,  o r  ( 2 )  waste I s  p laced  i n  an 

area where a major  g e o l o g i c  s t r u c t u r e  crops o u t ,  r e s u l t i n g  i n  a d i r e c t  

subsur face pathway. 

The depth t o  groundwater i s  c r i t i c a l  f o r  d e s i g n i n g  a sound 

waste-d isposal  f a c i l i t y .  F i g u r e  32 shows t h e  depth t o  water  under h i g h  

groundwater c o n d i t i o n s ;  t h a t  i s ,  t h i s  map shows t h e  minimum depth t o  

water  as determined f r o m  t h e  f i e l d  measurements. On a s h o r t - t e r m  

b a s i s ,  water  may r i s e  h i g h e r  i n  response t o  s torm events .  

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

i s  presented i n  t h e  c ross  s e c t i o n s  i n  F i g .  33. The water  t a b l e  i s  

g e n e r a l l y  a subdued r e f l e c t i o n  o f  t h e  topography o f  t h e  s i t e .  The 

c ross  s e c t i o n s  a l s o  show t h a t  t h e  water  t a b l e  i s  g e n e r a l l y  l o c a t e d  near 

thle boundary between t h e  s a p r o l i t e  and unweathered rock .  

The q u a l i t y  o f  p o t e n t i o m e t r i c  s u r f a c e  maps i s  l i m i t e d  by t h e  

number of d a t a  p o i n t s ,  t h a t  i s ,  t h e  number o f  w e l l s .  To a i d  i n  f i l l i n g  

i n  m i s s i n g  data,  e i t h e r  on s i t e  o r  o f f  s i t e ,  t h e  r e l a t i o n s h i p  between 

w a t e r - l e v e l  and topograph ic  e l e v a t i o n s  was determined. T h i s  

r e l a t i o n s h i p  i s  presented i n  F i g .  34. The r e l a t i o n s h i p  between t h e  two 

v a r i a b l e s  i s  good, and, f o r  a g i v e n  e l e v a t i o n ,  t h e  depth o r  e l e v a t i o n  

o f  t h e  p o t e n t i o m e t r i c  s u r f a c e  can be es t ima ted .  There a r e  seve ra l  
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F ig .  33. Hyd ro log i c  c ross  sec t i ons  a long  ORNL g r i d  l i n e s  N18,000, 
upper, and E35,000, lower ,  th rough t h e  proposed SWSA-7. 
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F i g .  34. P l o t  o f  topographic  e l e v a t i o n  v s  mean maximum water  l e v e l  f o r  
w e l l s  on t h e  proposed SWSA-7. 
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o u t l i e r s  on t h e  p l o t  i n  F i g .  34 such as w e l l s  10, 11, and 12.  The 

v a r i a t i o n  o f  these w e l l s  f r o m  t h e  l i n e a r  r e l a t i o n s h i p  f o r  t h e  s i t e  i s  

p robab ly  because o f  t h e i r  c l o s e  p r o x i m i t y  t o  s teep topograph ic  f e a t u r e s .  

4.5.4 Water Chemistry 

To determine t h e  chemis t r y  o f  s u r f a c e  waters and groundwaters 

t h e  proposed SWSA-7, two se ts  o f  samples were c o l l e c t e d .  The samp 

were analyzed f o r  major  anions and c a t i o n s ,  t r a c e  me ta l s ,  and 

r a d i o n u c l i d e s  (Appendix V I ) .  Samples were c o l l e c t e d  f rom each we1 

on 

es 

( a f t e r  w e l l  development and p u r g i n g ) ,  f rom t h e  o n - s i t e  f lume, and f r o m  

Me l ton  Branch ( s o u t h  o f  Wel l  8 ) .  

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

uncontaminated, w i t h  t h e  e x c e p t i o n  o f  t r a c e  amounts o f  t r i t i u m .  There 

a r e  a l s o  no i n d i c a t i o n s  o f  con tamina t ion  based on t h e  me ta l s  

c o n c e n t r a t i o n s  o f  t h e  samples. 

I n c l u d e d  i n  Appendix V I  a r e  t h e  number and percentages o f  

e q u i v a l e n t s  f o r  t h e  major  anions and c a t i o n s  f o r  each sampl ing l o c a t i o n .  

Severa l  t r e n d s  can be gleaned f rom t h e  data.  F i r s t ,  t h e  s u r f a c e  waters  

and groundwaters on s i t e  a r e  p redominan t l y  o f  t h e  Ca/HC03 t y p e .  

Second, t h e  nor thernmost  w e l l s  on s i t e  have much h i g h e r  SO4 and t o t a l  

d i s s o l v e d  i o n  c o n c e n t r a t i o n s  than  t h e  o t h e r  sampl ing l o c a t i o n s .  T h i s  

t r e n d  may be t h e  r e s u l t  o f  t h e  l e n g t h  o f  t h e  f l o w  p a t h  o f  t h e  

groundwater sampled a t  each w e l l  o r  may be a r e s u l t  o f  v a r i a t i o n s  i n  

rock  chemis t r y  su r round ing  those sampl ing s i t e s .  The da ta  a r e  l i m i t e d ;  

t h e r e f o r e ,  no f i r m  conc lus ions  can be drawn about groundwater f l o w  

paths o r  s p a t i a l  and temporal  v a r i a t i o n s  o f  water  chemis t r y .  

- _  

. 
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5. SUPPORTING PROJECTS 

. 

5.1 CLEAR-CUTTING EFFECTS ON WATER BUDGET 

A s  a p a r t  of t h e  SWSA-7 c h a r a c t e r i z a t i o n ,  an exper iment t o  

determine t h e  e f f e c t s  o f  v e g e t a t i o n  removal ( c l e a r - c u t t i n g )  on t h e  

water  budget i s  underway. The p r imary  o b j e c t i v e  o f  t h i s  work i s  t o  

determine t h e  magnitude o f  changes i n  recharge t o  t h e  groundwaters and 

t h e  assoc ia ted  r i s e  i n  w a t e r - t a b l e  e l e v a t i o n s  t o  be expected. T h i s  

s tudy i s  o f  s p e c i a l  importance f o r  areas where depth t o  t h e  water  t a b l e  

i s  a pr ime determinant  o f  usable d i s p o s a l  area.  For example, a t  SWSA-1 

under mixed hardwood-forest  cover,  r o u g h l y  h a l f  o f  t h e  t o t a l  area i s  

n o t  a v a i l a b l e  f o r  belowground d i s p o s a l  o r  s torage o f  wastes because o f  

h i g h  w a t e r - t a b l e  c o n d i t i o n s .  E a r l i e r  h y d r o l o g i c  s i m u l a t i o n  s t u d i e s  i n  

s i m i l a r  c l i m a t i c  and edaphic s e t t i n g s  suggest t h a t  conve rs ion  o f  mixed 

hardwoods t o  grass cover ,  which i s  t y p i c a l  o f  developed d i s p o s a l  s i t e s ,  

c o u l d  r e s u l t  i n  as much as a 25% inc rease  i n  recharge t o  t h e  a q u i f e r  

system. For t h e  p o r o s i t y  and permeabl l  t y  t h a t  i s  t y p i c a l  o f  t h e  

Conasauga Group, t h e  increased recharge c o u l d  r e s u l t  i n  as much as a 

2-m ( 6 . 6 - f t )  r i s e  i n  mean w a t e r - t a b l e  e e v a t i o n ,  assuming t y p i c a l  

topographic  c o n d i t i o n s .  I t  i s  expected t h a t  such a r i s e  i n  water  t a b l e  

would r e s u l t  i n  f u r t h e r  r e d u c t i o n  o f  s i t e - u s a b l e  area.  C u r r e n t l y ,  t h e  

i n f o r m a t i o n  and s i m u l a t i o n  models a r e  a v a i l a b l e  t o  e x p l o r e  t h e  q u e s t i o n  

o f  w a t e r - t a b l e  r i s e ,  and such work w i l l  be con t inued  as p a r t  o f  a 

l o n g e r - t e r m - c h a r a c t e r i z a t i o n  e f f o r t  f o r  Conasauga Group fo rma t ions .  

However, p r e d i c t i o n s  must be compared w i t h  a c t u a l  f i e l d  obse rva t i ons  

b e f o r e  t h e  methodology can be eva lua ted .  Thus, a c l e a r - c u t t i n g  

exper iment i s  underway a t  t h e  SWSA-7 s i t e .  The f i r s t  s tage i n c l u d e s  
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deve lop ing  b a s e l i n e  measurements o f  w a t e r - t a b l e  f l u c t u a t i o n ,  

water-budget components, and c o n t r o l  s i t e s  f o r  pos t - t rea tmen t  

comparisons. A s e t  o f  f o u r  sha l l ow-mon i to r i ng  w e l l s  has been 

e s t a b l i s h e d  a t  t h e  planned c l e a r - c u t t i n g  s i t e ,  and da ta  a r e  b e i n g  

gathered t o  r e l a t e  w a t e r - t a b l e  e l e v a t i o n  t o  c l i m a t e  and l e v e l s  i n  

nearby ( c o n t r o l )  w e l l s .  I t  i s  a n t i c i p a t e d  t h a t  a smal l  s i t e  o f  about 

1 ha w i l l  be c l e a r e d  and r e p l a n t e d  i n  grass cover .  These d e t e r m i n a t i o n s  

o f  r i s e  i n  w a t e r - t a b l e  e l e v a t i o n  assoc ia ted  w i t h  c l e a r i n g  w i l l  be made 

and compared t o  p r e d i c t i o n s  t h a t  a r e  t o  be developed p r i o r  t o  t h e  

t rea tmen t .  

I t  i s  a n t i c i p a t e d  t h a t  t h e  r e s u l t  o f  t h i s  work w i l l  p r o v i d e  a 

genera l  methodology f o r  use i n  assess ing t h e  e f f e c t s  o f  s i t e  

development on usab le  area.  

5 .2  HYDROLOGIC MODELING 

A s  p a r t  o f  t h e  h y d r o l o g i c  c h a r a c t e r i z a t i o n  o f , t h e  s i t e ,  a computer 

model i s  be ing  developed t o  s i m u l a t e  groundwater f l o w  and mass 

t r a n s p o r t .  I n i t i a l  model ing e f f o r t s  have used t h e  computer code FEWA 

(Yeh and H u f f  1983) t o  s i m u l a t e  s t e a d y - s t a t e  groundwater c o n d i t i o n s .  

The same code w i l l  be used t o  s i m u l a t e  t r a n s i e n t  f l o w  c o n d i t i o n s ,  and 

e v e n t u a l l y  a code t o  s i m u l a t e  mass t r a n s p o r t  i n  t h e  groundwater system 

w i l l  be used. The computer model t i e s  t o g e t h e r  many aspects  o f  t h e  

s i t e - c h a r a c t e r i z a t i o n  work on t h e  proposed SWSA-7 and w i l l  be an a i d  t o  

s i t e  u t i l i z a t i o n  and des ign,  as w e l l  as i n d i c a t e  where d a t a  gaps may 

l i e .  

- _  
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5.3 SUBSURFACE TRANSPORT RESEARCH 

As  p a r t  o f  a separate research a c t i v i t y  o f  t h e  Environmental  

Sciences D i v i s i o n ,  a smal l  watershed on t h e  proposed SWSA-7 i s  be ing  

s tud ied .  The s tudy i s  d i v i d e d  i n t o  two t a s k s :  hydrogeochemical 

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

i n  c o n t r a s t i n g  watersheds. The f i r s t  t a s k  i n v o l v e s  d e t a i l e d  computer 

model ing t h a t  w i l l  combine geochemical and h y d r o l o g i c  processes. The 

second t a s k  i n v o l v e s  f i e l d  research  on two smal l  watersheds, one o f  

which i s  on t h e  proposed waste f a c i l i t y .  Hyd ro log i c  p r o p e r t i e s  o f  t h e  

s o i l s  and s a p r o l i t e  w i l l  be measured, and t h e i r  s p a t i a l  d i s t r i b u t i o n  

determined. D e t a i l e d  m e t e o r o l o g l c a l  da ta  w i l l  be c o l l e c t e d ,  and 

sur face-water  f l ows  w i l l  be measured. The f i e l d  s t u d i e s ,  i n  

combinat ion w i t h  i n - s i t u  t r a c e r  t e s t s ,  w i l l  be used t o  model t h e  s i t e  

and t o  i n v e s t i g a t e  t h e  ongoing hydro log ic /geochemical  processes. 

The da ta  c o l l e c t e d  w i l l  be d i r e c t l y  a p p l i c a b l e  t o  t h e  proposed 

SWSA-7 s i t e ,  and t h e  processes i n v e s t i g a t e d  w i l l  be an i m p o r t a n t  

c o n t r i b u t i o n  t o  c u r r e n t  and f u t u r e  waste d i s p o s a l  ope ra t i ons  on t h e  ORR. 
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APPENDIX I ( c o n t i n u e d )  

SP MEASUREMENTS (MILLIVOLTS), SP-2, SITE 4, SWSA-7 
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APPENDIX  I ( c o n t i n u e d )  
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APPENDIX  I (continued) 

U cc 
1 
t .c 
0 

> 
t- 
H > 
H 
I- cn n cn w 
PL 

. 

L 

60 0 2 0 f t  A-SPACING 

- El 4 0 f t  A-SPACING 

4 
WELL 

OEl  100 200 300 400 500 600 70 

DISTANCE, f t  

_ -  

H o r i z o n t a l  R e s i s t i v i t y  P r o f i l e  (Wenner A r r a y ) ,  RP-3, S i t e  3, SWSA-7 



141 

APPENDIX I (continued) 

ORNL/TM-9314 

LLY 

1000 

Vertical Resistivity Profile (Schlumberger Array), RS-3, 
Centered on Station 4 + 1000, Site 4 ,  SWSA-7 



ORNIJTM-9314 

3----. 88 160 248 328 480 1 488 

142 
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A P P E N D I X  I ( con t inued)  
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APPENDIX  I (contlnued) 
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APPENDIX I ( c o n t i n u e d )  
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APPENDIX  I 1  

LITHOLOGIC AND GEOPHYSICAL WELL LOGS AND 
WELL COMPLETION DATA 

ORNL-DWG 84-1788 

/LOG OF ANNULUS 

CEMENT 

CUTTINGS 

EXTRA FOOT OF BENTONITE ( I F  TOP SCREEN) 
- - - - 1 FOOT BENTONITE (PELLETS) - 1 FOOT SAND 
- - 
- QUARTZ PEA GRAVEL 

CUTTl NGS 

1 FOOT BENTONITE (PELLETS) 
- - - - 1 FOOT SAND - 

- QUARTZ PEA GRAVEL - 20 SLOT PVC, SPIRAL WOUND SCREEN 
( 4  INCH) 

\ - l o  INCH HOLE 

TYPE 1 - AS ABOVE 

TYPE 2 - SEAL ABOVE SCREEN IS COMPOSED OF 
BENTON IT  E / CUTTl NGS MIXTURE 

M o n i t o r l n g  We l l  Comple t ion  
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COLOR 

0 WHITE: N9 TO NB 

MEDIUM GRAY: N7 TO N5 

DARK GRAY: N4 TO N3 

BLACK: N2 TO N1; ALSO ALL ' HUES WITH VALUE 2.5 OR LESS '' 10R ' I3  TO ' I 8  
MAROON TO MAROON-BROWN: 

MAROON TO GRAY: 5R ' I 3  
TO * I8 

GRAY TO GRAY-GREEN: 5GY 
TO 'I..; IOGY; 5G *I1 TO *I4 

GRAY TO MAROON-BROWN: 5R *I1 I' TO *12; 1OR ' It TO ' I 2  

GRAY TO BROWN: 5YR ' I * *  TO 
31... lOYR 51.. TO '1.. 

10 GRAY TO TAN: 5YR 8J.* TO 6/..; 
lOYR TO 61..; 5YR *I1 

* REPRESENTS VALUES WITHIN 
THE RANGE 3 TO 8 

'* REPRESENTS CHROMAS WITHIN 
THE RANGE 1 T O 6  
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A P P E N D I X  I 1  ( c o n t i n u e d )  

SYMBOL KEY 

STRUCTURES 

CONTINUOUS PARALLEL 
LAMINATION 

DISCONTINUOUS PARALLEL 
LAMINATION 

 MASSIVE TO POORLY LAMINATED 

h/l WAVY LAMINATED 

LENTICULAR BEDDING 

b' FLASER BEDDING 

CROSS BEDDING 

A CURRENT RIPPLED 
LAMINATION 

MICRO HUMMOCKY 
CROSS-STRATI F ICATION 

OOIDS 

@ INTRA CLASTS 

BRECCIA 

MOTTLED, IRREGULAR BEDDING 

BIOTURBATION 

ALGAL BIOHERMS 

. -  

ORNL-DWG 83-12596 

LITHOLOGY 

SILTSTONE 

SANDSTONE 

MUDSTONE 

SILTY MUDSTONE 

CALCAREOUS MUDSTONE 

LIMESTONE 

DOLOSTONE 

SHALEY LIMESTONE 

SILTY LIMESTONE 

GLAUCONITIC 

TRACE FOSSILS 

NO CORE RECOVERY 

* -  

Symbol Key 
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A P P E N D I X  I1 (con t inued)  
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COMPLETION: TYPE 1 - SEE FIG. 
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A P P E N D I X  I 1  (con t inued)  

ORNL-DWG 83-f8725 

GEOPHYSICAL LOGS" 

6 
WELL 

v ) >  0 loo 0 rood 0 300, 
Y w c 3  ( L o  

2 - 1  (counts /s 1 (counts /s 1 c o  o r  

y- y RESISTANCE 

(a, 
i 2 5  
v) 

DRILLING DATA 
DATE: 9 - 8 2  
HOLE SIZE : 10" 
DRILLING FLUI.0: AIR 
CUTTINGS SAMPLED AT 5' INTERVALS 

WELL DATA 
CASING : 4" SCH. 40 PVC 
SCREEN(S1: 20 SLOT PVC SPIRAL-WOUND 
COMPLETION : TYPE 1-SEE FIG. 

.- 

_ .  

Wel l  7-2 GeoDhvsical Loas* 
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APPENDIX  

- .  

I1  (cont inued)  

ORNL-DWG 83-!8724 

GEOP. IYSICAL LOGS * 
O K  
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CI 
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40 - 0, 
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70 - 

80 - 
I 

0 too 0 to00 230 530 
y - y  RESISTANCE 

(counts/s) (counts/s) 
Y 

( a )  

DRILLING DATA 
DATE: 6-82 (?) 
HOLE SIZE: 6" 
DRILLING FLUID: AIR 

CASING : 4" SCH. 40 PVC 
WELL DATA 

WELL 

SCREEN(S): HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE 2 - S E E  FIG. 

Well 7-3 . 
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APPENDIX I1 (continued) 

ORNL-DWG 83-18723 

WELL GEO PHY s IC AL LOGS * 
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Y y - y  RESISTANCE 
(cou n t s/s 1 ( cou n ts/s 1 ( a )  

DRILLING DATA 
DATE: 6-82 
HOLE SIZE:  6"  
DRILLING FLUID: A I R  

WELL DATA 
CASING : 4" SCH. 40 PVC 
SCREEN(S): HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE 2 -SEE FIG. 

. 

. 
Well 7-4 
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APPENDIX  I1 (cont inued)  
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ORNL-DWG 83-f8722 

GEOPHYSICAL LOGS" 

8 
W E L L  

r 
0 

03 1 
Ul- 0 ( c o u n t s /s 1 (count s/s 1 U I  

y-y RESISTANCE % 0 Y 
( a )  

Z k  
C - I  
v) 

DRILLING DATA 
DATE : -6-82 
HOLE SIZE : 6" 
DRILLING FLUID:  A I R  

CASING : 4 " S C H . 4 0  PVC 
SCREEN(S1: HAND-SLOTTED SCH. 40 PVC 
COMPLETION: T Y P E  2 - S E E  FIG. 

WELL DATA 

Well 7-5 
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A P P E N D I X  I1 (continued) 

ORNL-DWG 83-48721 

GEOPHYSICAL LOGS* 

Y 
( c  o u n t s /s ) 

WELL 

v 

100 0 4000 -23080 -22780 

Y - Y  RES I S TA NC E 

(a) ( c  ou n ts/s 1 

DRILLING DATA 
DATE: 6-80 (? )  
HOLE SIZE: 8" 
DRILLING FLUID: 

CASING : 6" SCH. 
'WELL DATA 

WATER 

40 PVC 

_ -  c 

SCREEN(S) : HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE 2-SEE FIG. 

Well 7-6 

. 
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APPENDIX I1 (cont inued)  

ORNL-DWG 83-48749 

GEOPHYSICAL LOGS* WELL 

(counts/s) (counts/s> (a)  

DRILLING DATA 
DATE: 6 -80  (?I 
HOLE SIZE: 8" 
DRILLING FLUID : WATER 

WELL DATA 
CASING : 6" SCH. 40 PVC 
SCREEN(S): HAND-SLOTTED SCH.40 PVC 
COMPLETION: TYPE 2- SEE FIG. 

Wel l  7-7 
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A P P E N D I X  I 1  (continued) 

ORNL-DWG 83-18720 

GEOPHYSICAL LOGS* WELL 
0 

?J 20 
C3 

30 
0 100 0 1000 300 600 

Y Y - Y  R ES I S TA N CE 

DRILLING DATA 
DATE : 6- 80 ( ? )  
HOLE SIZE: 8" 
DRILLING FLUID: WATER 

CASING : 6"SCH. 40 PVC 
SCREEN(S) : HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE 2-SEE FIG. 

WELL DATA 

Well 7-8 

(coun ts/s ( co u n t s /s 

.- 

.. 
c 
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ORNL-DWG 83-48748 

GEOPHYSICAL LOGS * WELL 

f 

Y 
100 0 4000 -22950 -22650 

Y - Y  RES1 STANCE 

(counts/s) (a) ( c o u n t d s )  

DRILLING DATA 
DATE: 6-80 (?)  
HOLE SIZE: 8" 
DRILLING FLUID: WATER 

WELL DATA 
CASING : 6" SCH.40 PVC 
SCREEN(S): HAND-SLOTTED SCH.40 PVC 
COMPLETION: TYPE 2 -  SEE FIG. 

Well 7-9 
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A P P E N D I X  I 1  ( c o n t i n u e d )  

.. 
ORNL-DWG 83-f8717 

GEOPHYSICAL LOGS" - 

I 6 1  
I 

1 
A I  

[Lv) >. 0 100 0 1000 70 370 o w  c3 
-le 0 3  s Y 7-7 RESISTANCE 
VI- 0 

U I  (coun t s / s )  (counts/s) ( R )  

v) 
DRILLING DATA 

DATE: 9 -82  
HOLE SIZE : 10" 
DRILLING FLUID: AIR 
CUTTINGS SAMPLED AT 5' INTERVALS 

CASING : 4" SCH. 40 PVC 
WELL DATA 

SCREEN(S1: 20 SLOT PVC SPIRAL-WOUND 
COMPLETION: TYPE { -SEE FIG. 

Well 7-10 

WELL 
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A P P E N D I X  I1 (continued) 

ORNL/TM-9314  

ORNL-DWG 83-t8716 

5 

'1 

GEOPHYSICAL LOGS * 
J 

i 
I A I  1 

V 

0 100 0 1000 400 400 
7- y RESISTANCE 

(coun ts/s) (counts/s) 
Y 

(a 1 

DRILLING DATA 
DATE: 9-82 
HOLE SIZE: 10" 
DRILLING FLUID: AIR 
CUTTINGS SAMPLED, 

WELL DATA 
T 5  INTER VAL S 

CASING : 4 "  SCH. 40 PVC 
SCREEN(S) : 20 SLOT PVC SPIRAL- WOUND 
COMPLETION: TYPE 4-SEE FIG. 

Well 7-11 

WELL 
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APPENDIX  I1 (conttnued) 

ORNL-DWG 83-t87f5 

GEOPHYSICAL LOGS * 

0 400 0 I000 0 300 

Y y - y  RESISTANCE 

(count s/s 1 (count s/s 1 ( a )  

WELL 

DRILLING DATA 
DATE: 9 - 8 2  
HOLE SIZE : I O "  
DRILLING FLUID: AIR 
CUTTINGS SAMPLED AT - 5' INTERVALS 

CASING : 4"SCH. 40 PVC 
WELL DATA 

SCREEN(S): 2 0  SLOT PVC SPIRAL-WOUND 
COMPLETION: TYPE 1 - SEE FIG. 

Well 7-12 
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ORNL-DWG 83-18713 
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R E S I S TA N C E 

( a )  
Y Y-Y  

( c o u n t s/s 1 ( co u n ts/s 1 

DRILLING DATA 
DATE: 9-82 
HOLE SIZE : 10" 
DRILLING FLUID: AIR 
CUTTINGS SAMPLED AT 5' INTERVALS 

WELL DATA 
CASING : 4"  SCH. 40 PVC 
SCREEN(S): 20 SLOT PVC SPIRAL-WOUND 
COMPLETION: TYPE 1 - SEE FIG. 

WELL 

1 
Well 7-13 
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APPENDIX  I1 (cont inued)  

ORNL-DWG 83-18714 

GEOPHYSICAL LOGS* 
h A 

I "  I I V  I I 

i i 
WELL 

0 400 0 f000 90 390 
Y y-y  RESISTANCE 

(c o u n t s/s 1 ( c o u n ts/s 1 ( a )  

DRILLING DATA 
DATE: 9 -82  
HOLE SIZE : IO" 
DRILLING FLUID: AIR 
CUTTINGS SAMPLED AT- 5' INTERVALS 

CASING : 4" SCH. 40 PVC 
WELL DATA 

SCREEN(S): 20  SLOT PVC SPIRAL-WOUND 
COMPLETION: TYPE 1-SEE FIG. 

c 

Wel l  7-14 
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A P P E N D I X  I 1  ( c o n t i n u e d )  

OR N L- DWG 83- I87 12 

GEOPHYSICAL LOGS* 

O! 

-r- 

70 7 

W E L L  

0 100 0 1000 30 330 
y-y  RESISTANCE Y 

( c o u n t s/s (co u n t s/s (a) 

DRILLING DATA 
DATE:  4-83 
HOLE S I Z E :  8" 
DRILLING FLUID: AIR 

CASING : 6" S C H . 4 0  PVC 
SCREEN(S1: HAND-SLOTTED SCH.40 PVC 
COMPLETION: T Y P E  1 - S E E  FIG. 

WELL DATA 

Well 7 - 1 5  
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A P P E N D I X  I 1  ( c o n t i n u e d )  

ORNL-DWG 83-f874f 

GEOPHYSICAL LOGS* 

f 

i 
[ A I  1 A I  

0 100 0 1000 120 420 
y - y  RESISTANCE Y 

(counts/s) (counts/s) (8) 

WELL 

DRILLING DATA 
DATE: 4-83 
HOLE SIZE:  8" 
DRILLING FLUID: AIR 

CASING : 4"SCH. 40 PVC 
SCREEN(S): HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE f - SEE FIG. 

WELL DATA 

Well 7-16 
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A P P E N D I X  I 1  (continued) 

O R N U T M - 9 3 1 4  

ORNL-DWG 83-f8710 

GEOPHYSICAL LOGS* 

f 

0 100 0 too0 110 410 
Y y- y RESISTANCE 

(coun ts/s 1 (counts/s) (a) 

DRILLING DATA 
DATE: 3-63 
HOLE SIZE: 8 "  
DRILLING FLUID: AIR 

CASING : 6"SCH. 40 PVC 
WELL DATA 

SCREEN(S1: HAND-SLOTTED SCH. 40 PVC 
COMPLETION : TYPE 1 -SEE FIG. 

WELL 

Well 7-17 
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A P P E N D I X  I1 (cont inued)  
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ORNL-DWG 83-f8709 

GEOPHYSICAL LOGS* > 

0 100 0 1000 230 530 
7-7 RESISTANCE Y 

( a )  (coun ts/s) (counts/s) 

DRILLING DATA 
DATE: 3 -83  
HOLE SIZE: 8" 
DRILLING FLUID: AIR 

CASING : 4"SCH. 40 PVC 

WELL DATA 

SCREEN(S1: HAND-SLOTTED SCH. 40 PVC 
COMPLETION: TYPE 1 -SEE FIG. 

Wel l  7-18 

WELL 
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APPENDIX I1 (continued) 

ORNL/TM-9314 
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ORNL-OWG 83-18862 

G E O P H Y S I C A L  A N O M A L Y  L O G S  
z 0 c( 

SONIC CRLIPER GRMMR-GRMMR GRMMR RESISTRNCE NEUTRON 
5 w MICROSEC 
J W 

9 2 6 . 0  

E 8 0  

E 3 0  

7 8 0  

P m -  

730 

680 

6 3 0  
H 121.1 

INCHES 
53 

COUNTSISEC COUNTWSEC onns 
-300  - 

t 
i- 
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COUNTS/SEC 
11 30 

Corehole C1 
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APPENDIX  I1 ( c o n t i n u e d )  

GEOPHYSICAL A N O M A L Y  L O G S  
ORNL-DWG 84-13(30 

CALIPER GRMMR-GRMMR G R M W  RESISTRNCE NEUTRON 
COUNTS/SEC COUNTS/SEC OHMS COUNTS/SEC 

a0 

.. 

Corehole C2 
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APPENDIX I 1  ( c o n t i n u e d )  
ORNL-DWG 83-18861 

GEOPHYSICRL RNOMRLY LOGS 

DIWIC a x -  CA.IWIIII uma NBI- l ~ m ~ y  

m . m  
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Corehole C3 
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A P P E N D I X  I 11  

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

ORNL/TM-9314 
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A P P E N D I X  I 11  

MONTHLY S U M M A R I E S  OF H Y D R O L O G I C  C O N D I T I O N S  
c, a]: TIC : SWSA-7 

MI:)NTI-I A N D  YEAR : J ~ ~ I ~ J ~ P Y  1.7383 

1. / Q 1 /' 11.783 
1. / (1 2 / A, 4 $3 3 
1. / 0 3; 5. Y83 
1. / 0 4 / 1 . 9 8 3  
s / 0 5 / 1. 9 El 3 
1. / (1 c,/ 1.983 
1./07/1.983 
i / 0 ti3 / 1.5) E3 3 
1. /' 0 Y / 5. 9 f n  
1. / 1. 0 / 1. ?til3 
1. / 1. 1. / 1. 9 8 3 
A. / 1. 2 / 1 9 E3 J 
s / 1.3 / 1.9 $3 3 
i/5.4/5.'383 
s / 1.5 / 5. (7 I3 3 
1 / 1. c, / 1. 9 t3 3 
I / 1. '7/ 1. V 8 3  
1. / f.8/ 1.9t33 
1. / 1. v /  5.483 
1. / X? 0 / i 9 til J 
i / 2 1. / 1. Y 13 3 
1. // 2 2 // 1. 9 t3 3 
i / '23/  1.YI33 
s / :.:? 4 / 1 9 CI 3 
5. / 2 5 ,/ 1. cr' El 3 
1. / 2 b / 1.9 k3 3 
1./27/1983 

1. / 3  (I /' 1 . 9 8  3 
i / 3 1. / 1. cr' 13 3 

M C i  N 'T H I... Y 'T (3 7' A I.. 

n B :; E R u A 'r :I: C) N I) A 'T' A 

F-L..I.IMf: 7 

0 3 :? 7 . 3 0 
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1) n '1' E: 

:.:? / 0 i // 1. 983 
2 / Q 2 / 1. 9 8 3 
2,' 0 3/ 1. 983 
;.:? / 0 4 / 1. 9 8 J 
2 / I1 5 / 1.9 13 3 
2 / 0 0 // 9.9 8 3 
2 / 0 7 / 1. Y 13 3 
2 / (I t3 / 1. 9 t3 3 
2/ f) Y/' 5.9 83 
2? / i 0 / 1. '9 ti3 3 
2 / 1. 5. /' 1.9 8 3 
2 / 1 ;:? / 1. '3 8 3 
2 /  ?. 3 / 1 . 9 8 3  
2/s. 4/'5.983 
2? / i 5 / 1. '9 8 3 
2/ 1. (3 / 1 (?El 3 
2 / 5 . 7  i' 1. 'i' 8 3  
2 1' 1.8 / 1. Y $33 
2/ 19 / j. '383 
2 / 2 I1 / 1.9 I3 3 
2/ 2 1. / 1. 13 3 
2 / 2 2 / i 9 I:) 3 
2 /~ 2 3 /  1.9 t33 
2 / 2 4 / 1.9 El 3 
2 / 2 5 / 5. Y 8 3 
2 / 2 h /' 1. (9 E 3 3  
2 / ;.:? 9 / I (9 8 3 
2 / I? 13 / 1.9 t3 3 

M I:) (4 T t.1 I... Y '1' [:I "I' A I... 

OB $3 E R V A'T I ON D A 'I' A 

I> A :E I... Y 1: L.0 W M t P 4 j 

3 5 6 .  4 7  
4 0 4 5 . 6 4  

7 7 I . 5. 2 
4i2.63 
323 . 03 
407. 92 
s12. 82 
.> / I .  30 
435.04 
1.493 . cr3 
2S.82. 1.4 
bE19. Y4 
4;?b . 02 
3 1. tr . 1. 2 
;;I '7 j, . 'it & 
2 1. b . '7 '3 

*-I;? 4" 
1. b 4 . 0 2 
157 . 28 
1 4 2 . 5 b  
1 3 t3 . 2 4 
iCj8 . 0 0  
287. 10 
2 9 2 . 2 5 
;? ;.;! . '2 0 
21.b. 0 0  
i 54 . 0 4 
1.45 . 22 

0- I.. 

/ > .  .3 

1.5'7 t3 iI . 1.3 

. 
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FLUME 7 

1.23 . 48 
i1.4 . 3 0  

'3 9 . 4 0 
Y 5 . 2 9 

s 1. 0 . Ob 
2'7 1. . 5s 
1.73 . 74 
s €19 . 2:; 
154 . 2& 
I 4 5 . 2 2 
s 32 . 7 3  
1. i 3 . 5 s 
79.09 
7 0 . 0 (1 
f ,.> . 9 El 
7 h  . 54 
7 2 . 4 3  
:7y . 9;:: 
7 2 .  (17 

2 1. 0 . 9 2 
55.8.47 
196. Sb 
1. 1. s . 9 h 

t3 E$ , f..! 4 
6 3 . 4 3  
4FJ . '71 

254  . 77 
s 53 . 3 2  

C? 1. . 0 1. 
62 . 3 cr' 
'78 . 98 

-I '7 

4 :I. 2 (2 . 3 8  

CIJS'T'ISM REPlI:IR'T' E Y  I ) .  D .  IILJF'I::' 
E: N v :I: li (:1 N M 1;:: N 7' A I... s l:: :r EN c 1; s n I v I !3 I c) N 
(:I A I( R :I: Xj [:;E: N A T I 0 N PI L I-. A 13 0 R A 'I' (:I li Y 
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A P P E N D I X  I 1 1  (continued) 

E;i:'rE: S W S A - . . ~  
M(3NTt.I AND YEAR : A p r i l ,  1.9 $3 3 
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A P P E N D I X  I 1 1  (continued) 
B I T E  : !3WSR-7 
PI I:) NT t.1 AN I[) YE A I? : J II  n e 6.9 13 ;;5 

xj A 'r' E 

M I:NT 111 ... Y 'TCI'T' AI- 

* -  
I 

FI...1JME 7 

85 . 2:!t3 
'74 . ps 
h b .  46 

329 . 7 0  
B Y .  14 
8 4 . 6 7  
i 0 2 . 2 4  

t34.74 
/ 3 . 5 t 3  
58 . Y 9  
4'7. 81 
37. El4 
4 3  . 92 
5'3 . El0 
67 .04  

w 7 . 5 2 
1. A. 8 . 9 8 

'34.7Y 
76.54 
4 Y . 0 0  
9 3 . 0 6 
b8 . 0 El 
4 8  . h7 
3 P . 9 b 
48 . 85 
cj 2 . 8 2 
7 2 .  i 4  
47 . I70  
3 4 . 78 

a-, . 

775 . A n  
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A P P E N D I X  111 ( c o n t i n u e d )  

c-; :r. 'r E 
M(:lNTt.I ANI) Y E A R  : J'u 11. v 1. Y I 3  3 

:;; w s A .... 7 

_ -  

(:I B s ET R v A 1 I In N I) A T  A 

1) A 'I' E 

7 / 0 1. / 1.9 8 J 
7 /  I1 2/ 1. (303 
7 / n 3 / 1. V H  3 
7 /  0 4 / 1 9 1 3 3  
7 // 0 5 / f Y €j:3 

7 /  0 8 /  1.983 
7 / 0 '3 / 1. 9 El 3 
7 /  5. 0 / 1. 983 
7 / 1 i / 5. (3 I 3  ::3 
7 / 1. 2 / 1 9 13 3 
'7 / 1. 3 / 1. '3 fil J 
7 / 1.4 / 1.9 El 3 
7 /  5. 5 / 1. 9 8 3 
7/ 5. h i  9.983 
7 / 1 7 / 1.9 13 3 
7 / 5. I3 / 5 . 5 )  8 3 
7 / 1. 'is / 1 . 9  13 3 
7 / 2 I1 / 1. (3 f 3  3 
'7 / 2 1. / 5. '9 $3 3 
7 / 22 / 1.9 8 3 
7 / 2 3 / 1. 9 8 :3 
'7 /' :.:? 4 / 1. '3 (3 3 
7 / 2 5 / 5  vu33 
';7 / ;.? b / 5. Y 8 3 
7/2?!';p/i';y'133 

'7 / 3 I1 // 1.9 13 3 
- ? / 3 S . / S . ~ i s E l ~ ? !  

M I:) N ?  H I... Y 1 ('1 T A L  

FLUME: 7 

34.5b 
3 4 . 5 b 
34 . 56 
38 . 03 
42 . 02 
40.1.8 
3 3 . 7 11 
34.4s)  

. 8'7 
1. E3 . :.:? i.2 
1 7  . 5'7 
21 . 4 6  
1. y , 5 

8 . 4 2 
17.32 
1. 1. . El6 

8 . 6 4  
i 8 . Y 0 
4 4 .  '78 
25 . 4 2  
2 0 . 4 A. 
14.15 

7 . 9 0  
4 . 3 2? 
33.34 
23 . 83 
14.98 

0 .  no 
0 . 0 0 
0 . 0 0  
1.3 . (3 4 

&hb . VI-) 
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A P P E N D I X  I 1 1  (continued) 

1) A '1' E 

M (3 N'TH L Y  'T O'T A I_. 

Fl..\.lME. 7 

1.9 . 2 b 
22 . 5 4 
z 4 . 1. ;? 
.1. b . 90 
9 . '34 
3 . 0 2 

t i .  on 
(5 . 0 0 
0 .  (10 

1.2 , 38 
1.7 . ;.? 8 
17.28 
1. '7 . 2 I3 
1.7 . 2 13 
1 7 . 2 8 
1 7 . ;I! 1 
1.7 . 2 8 
1.7 . 28 
17.28 
17.2?8 
f .7  . 28 
1. '7 . 2 8 
1.7 . 2 13 
1.7 . z 8 
1. 5. . 1:,3 
3.46 

2 ;.:? . 3 Y 
8 . 96 
0 . 0 0  
0 . 0 0 

n . 0 (1 

3'9'h . 5 1 

t 
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MCI N’T HI ... Y TU ’I‘ A 1.. 
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5.33 
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.- 

A P P E N D I X  I 11  (continued) 
s I 'IT: : t;!Al,lSA-.7 
MC1NTI-I AND YEAR : Nnvenher 1.9 8 J 

- -  
OEEiEWUAl :I:ClN D A T A  

1) A 'I' E FI."lJME: 7 

;?2 . Y'7 
24 . :;I:; 
;.I.? !5 . 7 8 
4Y. 7s  
2'3.20 
32 . ?& 
3 6 . 3 2 
39 . I39 
3 5 . 1. 11 
20.46 
2 2  . 93 
i 7 . 2 $3 
j. 7 . 2 8 
1.7 . El b 

1. 0 8 . 22 
3 7' . 4,s 
1. '7 . ;.: 8 

h . 7 3  
2 . 7 4  

1.3 1. . 1. I 
6 8 . 5 8  
:3 1. . 2 i 

i 0 b .  96 
40 C I  . 12 
I [I 3 . t, 0 
SO . 1.6 

34h . 2 1  
5.3 h 2 . El S) 

i 8 4  . t36 
i Oh . 323 

3 4 '7 5 . 1.7 
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A P P E N D I X  I 11  (cont inued)  

!ti:F.'lE : sw:;n--7 
MI:INlI-I A N D  YEAR : 1)ec:eMber~ 1.9 8 3 

X) A '1 E: 

ilE1N'r'HL.Y 'T'C)'I 'AL, 

- -  
c1 BS El? v A'T' :I: 11 N D A T A  

F I... u M 1::: 7 

n.51.37. h 4  

, 
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A P P E N D I X  111 ( c o n t l n u e d )  

S :I: TE: : $USA-9 
M(3N'Tt.l ANI) YEAR : Jan ~ i a r  y 1.9 8 4 

I)A:I:L.Y I-'I ... C)W I M * % 3  1 

i / I1 1. / 1 9 I3 4 
J. / 0 2 / 1. Y 13 4 
3. / 0 3 / 6 . 9  8 4 
5. / (1 4 / :I. 9 8 4 
1. / 0 5 / 1.9 t3 4 
i / 0 &/  1 Y 84  
1. / 0 9 / i 984 
1. / 0 I1 f 1.9 (3 4 
i / (i (is / 1 Y lii 4 
1. / I 0 / i '38  4 
I / 1 1. / 1. 9 t3 4 
1. / 1.2 /' 5. Y IS 4 
1. / 1 3 / 1.9 t3 4 
1 / 14/ :I 'is84 
i/1.5/4.984 
1 / 1 6/ I 9 13 4 
i /' f. '7 / 1 7 13 4 
1. / 1. (3 / j. 9 I1 4 
1 / 19/ 1 984 
Si;?(j/:l.W14 
1. / 2 1 / 1 9 I3 4 
J. / ;;.? 2 / i 9 13 4 
1. i :.? 3 / i 'is 8 4 
1. /' ;? 4 / 1. (2 13 4 
i / ;.I! 5 i 1. '3 t3 4 
1. / i! 0 / I (3 8 4 
I / '27/1 984 
1 / 2 13 / j. P El 4 
1. / 2 9 / 1.9 El 4 
i / 3 0 / i (is 13 4 
i / 3 5. / i 78 4 

M(3 N 'THL. Y 'r'C)T A I... 

5.67 . 33 
1. 4 8 . 3 2 
141. Y 8  
135. 50 
i 2.7 . 8 0 
1 1 5 . 7 0 
1. 0 ;rl . 7 1. 
89 . E$9 
82.40 

1.4'9 . 5 5  
287 . 2 4  
24Y . 91 
2 3 0  . 0 0  
;.:? i 1 . s 8 
i T 2  . 35 
i 8 0 . 0 5  
15h . 42 

1. i ;! 8 . 5 b 
/ :3Y . 87 
:.2 7 0 . '7 y 
134. 1.7 
1.h 0 . SZ! 
2?4Y .34 
8 0 5 . 72'7 
(379 . 3 0  
51'3 . 2 3  
385. 4s 
2 F3 (1 . 3 3 
2 4 5  . 23 
2 ? i  3 . 3 4  
1.8i . 44 

m.7 1"' 
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XjATE::. R I:; s I? G 3 R v ri: Ii A I:; I: 

0 . 0 0  
b . 27 
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0 . 0 ti 
0 . 11 0 
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0 . I) ti 
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0 . i3 4 
2 . 0 3 
0 . 0 0 
( I .  0 0  
0 . II 0 
0 . 0 ti 
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0 . 0 0 
0 . 0 n 
0 . 2 6  

1. 0 . 42 
0 . I1 ti 
0 . 0 11 
0 .  # t i  
0 . 0 (1 
0 . il 0 
0 .  t i0  
0 . 0 0 
3 . 3 6 
0 . 9'0 
0 . [I 0 

0 . 0 0 
6.83. 
u . O O  
0 . 0 0  
0 .  0 0  
0 . 1) 0 
0 . 0 0  
0 . 0 0 *** *** 
0 . 0 (3 
;3 . 4 1. 
0 .  I10 
0 . 0 0 
0 . 0 0 
0 . 0 0  
0 . 0 0 
0 . 0 0 
0 . 0 0 
0.39 

1. 0 . 5 3  
0 . 0 0  
0 . 0 I) 
0 .  t i (1  
0 . 0 0 
11 . 0 I) 
n . 0 0 
0 . 0 0  
3 . 0 4  
1. . s 2 
11 . I) 0 
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1) h 1 1;:: 

M (3 NT t.1 I-. Y 1 O'r' A I-. 

*** 
t%* 
tt* *** *** 
1** *** 
(1 . 0 0 
0 . 0 0 

2.? 4 . 4 b 
4 . 5 1. 
u . 0 0  
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0 .  0 u  
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APPENDIX 111 (continued) 

.- 

_ -  

x )  A 'T 1:: 

0 . 0 0  
0 . 0 0 
0 . 0 0  
( 1 . 0 0  
8 . t3b 
5 . 0 2 
(1 . I) 0 
1. . 11. 6 
0 .OO 
0 . 2 3 
0 . 0 0 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 (I 
0 . 0 0  
(1 . 0 0 
1. . 29 
0 . i.2 b 

2 0 . '36 
0 . ';?5 
0 .  00 
0 . (1 0 
0 . 0 0  
( 1 . 0 0  
1. . $12 

1 3 .  i t 3  
0 . 0 0  
0 . 0 0  
0 . 0 0  
(1 . 5 1. 

0 . 0 0  
0 . 0 0  
0 . 0 0  
0 .  0 0  
8 . 4 2  
5 . 6 2  
0 . 0 0  
I . 0Fl 
0 . 0 0  
0.37 
0 . 0 il 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0 
0 . 0 0  
0 .  00 
I .  28 
0 . 2 6  

2 0 . 8 3 
0 . 0 1. 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
i . 8 0  

1 2 . 9 4  
0 . 0 0  
0 . 0 0  
0 . 0 0  
(1 . 5 I) 

'3 3 . 1. h 54 . 2 4  '33 . 7 1. 
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APPENDIX 111 (continued) 
$;]:'lE : 

MON'T'I-I AND YEAR : Apr i.1 1.9 8 3 

1) R T lii: R G  1. I? I; 3 

!I . 1) 0 
:I 2 . 2 2 
2 . 1.7 
0 . 2 b 

t34.95 
0.51 
0 . 0 0 
a . i C.) 

2 5 . 1 4  
i . !I 2 
i) . 0 0 
0 . 0 0 
0 . 0 0 
!I . 0 iI 
0 . 0 11 
0 . 0 0  
0 . 0 11 
'7 . 3'7 
n . 0 0 
0 . I) 0 
0 . 11 (1 
1 . s i  

:I. '7 . 5 ::: 
2 . 2?0 
0 . 5 ;:? 
0 . I) 0 
0 . 0 0 
0 . 0 0 
0 . 0 0  
0 . 2h 

0 . 3 u 
1. ;.? . (.J 8 

1. . '?8 
!f . 26 

8 0 . 2 s 
0 . 0 u 
0 . I1 0 
4 . 57 

24, . 4;3 
1. . & !I 
0 . 0 0  
0 . 0 0 
0 . o u  
0 , 0 0 
0 . 0 0 
(1 . !I I) 
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APPENDIX I V  
PROGRAM WATERBALANCE 

Documentation f o r  t h e  WATERBALANCE Program 

An i n t e r a c t i v e  program WATERBALANCE computes t h e  main components o f  

t h e  water  budget. It uses t h e  techniques o f  Thorn thwa i te  and Mather 

(1957),  as desc r ibed  i n  Chapter 8 o f  Dunne and Leopold (1978).  The 

purpose o f  t h i s  s e c t i o n  i s  t o  b r i e f l y  d e s c r i b e  t h e  s a l i e n t  aspects o f  

t h e  model, s p e c i f i c  c a p a b i l i t i e s  o f  t h e  coded ve rs ion ,  and i n p u t / o u t p u t  

s p e c i f i c a t i o n s .  

The mass balance equa t ion  f o r  watershed hyd ro logy  can be w r i t t e n :  

P = SRO i- GWRO + AET + SM i- GWS 

where 

P = p r e c i p i t a t i o n ,  

SRO = s u r f a c e  ( q u i c k )  r u n o f f  

GWRO = groundwater r u n o f f  

AET = a c t u a l  e v a p o t r a n s p i r a t l o n  

SM = change i n  s o i l  m o i s t u r e  s to rage  

GWS = change i n  groundwater s to rage  

w i t h  a l l  terms hav ing  u n i t s  o f  mm i n  t h e  model. No d l s t l n c t i o n  i s  made 

between e v a p o r a t i v e  l osses  f rom t h e  s o i l ,  p l a n t s  o r  i n t e r c e p t i o n  s torage.  

The key assumptions o f  t h e  model are:  

1. The month ly  p o t e n t i a l  evapora t i on  (PET)  can be determined f rom mean 

month ly  temperatures.  

2.  Du r ing  t h e  d r y  months t h e  water  r e t a i n e d  i n  t h e  s o i l  a g a i n s t  t h e  

e v a p o r a t i v e  demand i s  a s imple f u n c t i o n  o f  t h e  accumulated s t r e s s  and 

t h e  a v a i l a b l e  water  c a p a c i t y  (AWC) o f  t h e  s o i l .  The accumulated 

s t r e s s  i s  determined by t h e  f l r s t  occurrence o f  a n e g a t i v e  (P-PET)  

and a subsequent summation o f  t h i s  q u a n t i t y  t h roughou t  t h e  d r y  season. 
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3 .  A smal l  p o r t i o n  o f  t h e  p r e c i p i t a t i o n  i s  rou ted  d i r e c t l y  t o  t h e  

stream w i t h o u t  s i g n i f i c a n t  s to rage  t i m e  I n  t h e  s o i l .  I n  t h e  model, 

t h i s  p o r t i o n  i s  g i v e n  by t h e  parameter F. 

4 .  A p o r t i o n  o f  t h e  water  s t o r e d  i n  t h e  watershed, o t h e r  than  t h a t  

s t o r e d  i n  t h e  r o o t  zone, i s  s u b j e c t  t o  a de lay  mechanism. I n  t h e  

model, t h i s  i s  parameter F1, and i t  s p e c i f i e s  t h e  f r a c t i o n  o f  water  

a v a i l a b l e  f o r  r u n o f f  t h a t  i s  delayed u n t i l  t h e  n e x t  month. 

I n p u t  and Output 

The r e q u i r e d  i n p u t  i s  month ly  p r e c i p i t a t i o n  and e i t h e r  month ly  PET 

va lues o r  month ly  temperatures.  I f  s u p p l i e d  t h e  l a t t e r ,  PET i s  

c a l c u l a t e d  i n t e r n a l l y .  Temperatures may be i n  C e l s i u s  o r  Fahrenhe i t ,  

and a l l  amounts must be I n  mm. The model r e q u i r e s  12 months o f  

cont inuous d a t a  b u t  can use a l o n g e r  reco rd .  I t  has a wrap-around 

f e a t u r e  whereby t h e  i n i t i a l  s torages f o r  t h e  f i r s t  month i n  t h e  

s i m u l a t i o n  a r e  equated t o  t h e  p reced ing  month o f  t h e  l a s t  year o f  

record,  e.g. ,  i f  t h e  f i r s t  month o f  r e c o r d  i s  June, t hen  i n i t i a l  

s torages a r e  g i v e n  by t h e  r e s i d u a l  s to rage  computed f o r  t h e  l a s t  May i n  

t h e  reco rd .  T h i s  f e a t u r e  r e q u i r e s  t h e  model t o  l o o p  th rough  some 

sequences more t h a n  once. 

The model a l s o  accepts  month ly  va lues o f  r u n o f f  f o r  comparat ive 

purposes. For each ca lendar  year ,  t h e  sum o f  e r r o r s  ( c a l c u l a t e d  minus 

oblserved) i s  computed, and t h e  r o o t  mean square e r r o r  f o r  t h e  e n t i r e  

reco rd  I s  a l s o  computed. M i s s i n g  va lues o f  r u n o f f  must be denoted by 

any n e g a t i v e  number. 
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Month y values can e i t h e r  be i n p u t  i n t e r a c t i v e l y  du r ing  program 

execut ion,  o r  they can be inc luded i n  .the code as data statements. O f  

course, t h e  l a t t e r  f ea tu re  requ i res  t h a t  t h e  source code be recompiled 

w i t h  the  updated values. 

The necessary parameters a re  AWC, I-, and I.1 whlch are  descr ibed 

above arid i n  t h e  main t e x t  o f  t h i s  repo r t .  I n  add i t i on ,  t he re  are  

o ther  model parameters t o  i d e n t i f y  t he  year and month o f  t h e  f i r s t  data 

increment and others t o  i n d i c a t e  whether the PET r a t e  i s  i n p u t  d i r e c t l y  

o r  must be computed from temperature. 'I'hese model parameters a re  

requested by t h e  i n t e r a c t i v e  model which suppl ies a b r i e f  d e s c r i p t i o n  

before each request.  Output ' Is w r i t t e n  t o  FORTRAN u n i t s  6 and 40, 

a l l o w i n g  one t o  make an e x t r a  f i l e  t o  be ou tpu t  as a hard copy a f t e r  

the  i n t e r a c t i v e  session i s  over.  

The ensuing pages l i s t  the program code and output  f rom . t yp i ca l  

sessions. l h e  examples inc lude one f rom SWSA-7 and another d i r e c t l y  

f rom Dunne and Leopo.ld (1978). The reader i s  s t rong ly  advised t o  

consu l t  t he  l a t t e r  re ference f o r  d e t a i l s  o f  t h e  technique. 
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C PROGRAM WATERBALANCE 
C PROGRAM CORRESPONDS TO CHAPTER 8 I N  DUNNE AND LEOPOLD. 
C I T  I S  ESSENTIALLY THE METHOD OF THORNTHWAITE, AND I T  
C REQUIRES AT LEAST ONE YEAR OF PRECIP AND TEMP (OR PET) 
C DATA. I T  CYCLES AROUND SO THAT CONDITIONS PRIOR TO THE 
C F I R S T  MONTH ARE EQUIVALENT TO THOSE AT THE END OF THE PRECEDING 
C: MONTH OF THE LAST YEAR I N  THE DATA SET. I N  T H I S  WAY, THE 
C THE PROGRAM CAN ACCOMMODATE MORE THAN 12 MONTHS OF DATA. 
c: 
c: 

DIMENSION TEMP(50),P(50),A(lO),STE(lO),AVT(lO),PET(50) 
DIMENSION WASR(50),ACPWL(50),SM(5O),DELSM(5O),AET(50) 
DIMENSION SMDF(50),SMSR(50),TOTAL(50),GWS(50),GWRO(50) 
DIMENSION OBSRO(50),PS(50),OF(50),ERROR(50) 
DIMENSION TAR(5O) 

C 
C 
C T H I S  DATA I S  FOR SWSA-7. ONE CAN EITHER ENTER DATA THROUGH 
C DATA STATEMENTS OR V I A  THE TERMINAL. 

DATA FlV/O.,.O5,.10,.15,.20,.25,.30,.35,.40,.45/ 
DATA AWCV/100.,125.,150.,175.,200.,225.,250.,275.,300., 

DATA TEMP/77.9,73.9,69.4,59.4,45.7,34.4, 
1 325 . ,350 . ,375 . ,400 . /  

1 35.4,38.6,47.7,51.2,63.8,71.5,77.9,79.2,69.4 
1 ,59 .4 ,45 .7 ,34 .4  
2 ,35 .4 ,38 .6 /  

137.9,110.3,53.7,162.2,163.5,67.1,41.8,37.6,48., 
11 13 .4 ,135 .2 ,173 .  ,62. ,89. / 

1 1.9, l  .1 ,6 .1 ,16 .5 ,71  .7,41 .9 ,37 .4 ,6* -1 . /  

DATA P/152.,119.,110.,56.,177.,176., 

DATA OBSR0/6*-1.,30.,74.8,19.6,103.6,63.7,11.,3.2, 

C 

C 
C HEADING AND DATA INPUT. 

DATA SP,SPS,SAET,SOBSRO,SOF,SGWRO,SERR,STOT/8*0./ 

WRITE( 6,1000) 
WRITE( 40,1000) 

11300 FORMAT('1WATER BUDGET PROGRAM'/' FROM DUNNE AND LEOPOLD,' 
1 , I  WATER I N  ENVIRONMENTAL PLANNING,1978. ' /  
2 ' PROGRAM WRITTEN BY R.B. CLAPP, MARCH 1 9 8 4 ' / / )  

C INPUT 
WRITE( 6,1001 ) 
WRITE( 40,1001 ) 

1001 FORMAT( ' INPUT AWC,F,Fl -- WHERE'/ 
1 AWC=AVAILABLE WATER CONTENT ' /  
2 ' F=DIRECT RUNOFF COEFFICIENT (SUGGEST O.)'/ 
3 I Fl=PORTION OF RUNOFF DELAYED ONE MONTH (0.  TO . 5 ) ? ' )  

READ(S,*)AWC,F,Fl 
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3000 
C 

1002 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 

3001 
C 
C 
C 
C 

1 0 0 3  

1 0 0 4  

1 0 0 5  

1006 

C 
C 
5 

WRITE(6,3000)AWC,F,Fl 
WRITE(40,3000)AWC,F,Fl 
FORMAT( / '  ECH0 '3F10 .3 )  

WRITE( 6 ,1002)  
WRITE( 40 ,1002)  
FORMAT(/' INPUT NM,IREAD,IPET,IFAHR,IFIRST,IYEAR,IOUT -- WHERE'/ 
' NM=NUMBER OF MONTHS I N  THE ANALYSIS ' /  
' IREAD=O FOR DO NOT READ DATA,=l FOR READ DATA' /  
' IPET=O FOR USE TEMP TO CALCULATE PET, ' /  

' IFAHR=O IF TEMP DATA ARE I N  DEGREES FAHRENHEIT,' 
/ '  =1 I F  TEMP DATA ARE I N  DEGREES CENTIGRADE' 
/ '  IF IRST=INDEX OF F I R S T  MONTH(EX. 3=MARCH)'/ 
' IYEAR=DATE OF FISRT YEAR(EX. 1983) '  
/ '  IOUT=O FOR NO OUTPUT FROM SUBR. SMOIST' 
/ '  1 FOR INTERMEDIATE OUTPUT?') 
READ(5,*)NM,IREAD,IPET,IFAHR,IFIRST,IYEAR,IOUT 
WRITE(6,3001)NM,IREAD,IPET,IFAHR,IFIRST,IYEAR,IOUT 
WRITE(40,3001)NM,IREAD,IPET,IFAHR,IFIRST,IYEAR,IOUT 
FORMAT(/' ECH0 '815)  

I =1 FOR USE PET VALUES DIRECTLY' /  

I F  (1READ.EQ.O)GO TO 5 
WRITE( 6 ,1003)  
WRITE( 40 ,1003) 
FORMAT(/' INPUT PET OR TEMP, NM VALUES')  
READ(S , * ) (TEMP( I ) , I= l  ,NM) 
WRITE(6,1004)(TEMP( I )  ,I=l ,NM) 
WRITE( 40 ,1004)  (TEMP( I ) ,  1=1 ,NM) 
FORMAT(/' ECHO' 1 2 F 1 0 . 2 )  
WRITE(6 ,1005)  
FORMAT(/' INPUT PRECIP, NM VALUES I N  MM') 
WRITE( 4 0 , 1 0 0 5 )  
READ(S , * ) (P ( I ) , I= l ,NM)  
W R I T E ( 6 , 1 0 0 4 ) ( P ( I ) , I = l  ,NM) 
W R I T E ( 4 0 , 1 0 0 4 j ( P ( I ) , I = l  ,NM) 
WRITE( 6,1006) 
WRITE( 40 ,1006)  
FORMAT(/' INPUT OBSERVED RUNNOFF, NM VALUES, NEG.=NO OBS' )  
READ( 5, * )  (OBSRO( I ) ,  1=1 ,NM) 
WRITE(6,1004)(OBSRO( I) ,I=l ,NM) 
WRITE( 4 0  , I  0 0 4 )  (OSSRO( I )  ,I=l ,NM) 

CONTINUE 
C CONVERT TO DEGREES CENTIGRADE, IF NECESSARY 
C 

IF( IFAHR.EQ.l  .OR.  IPET.EQ.1)GO TO 4 
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DO 3 I = l , N M  
TEMP( I )  =( TEMP( I )  - 3 2 .  ) "5. /9. 3 

4 CONTINUE 
C 

IF( 1PET.EQ.O)GO TO 1 
DO 11 1=1 ,NM 
PET( I )=TEMP(  I )  

11 TEMP( I) =O. 
GO TO 2 2  

1 CALL POTET(TEMP,PET,NM) 
2 2  CONTINUE 
C 
C SPECIAL LOOPING------- 
C I F  SPECIAL LOOPING IS REQUIRED TO REPEAT THE COMPUTATIONS 
C PUT THE DO LOOP HERE. 
C DETERMINE INFILTRATED PRECIP(PS),OVERLAND FLOW (OF) ,  
C WATER AVAILABLE FOR SURFACE RUNOFF (WASR) FOR EACH MONTH 
C 

DO 6 I = l , N M  

OF( I ) = P (  I)*F 
P S ( I ) = P ( I ) * ( l . - F )  

6 WASR( I )=PS( I ) -PET(1 )  
C (MAXDEC) IS THE INDEX OF THE LAST DECEMBER I N  THE F I L E  TO BE 
C USED I N  A WRAP AROUND FASHION FOR ANTECEDENT CONDITIONS I N  
C F I R S T  JANUARY. 
C PROGRAM AMMENDED TO START AT ANYMONTH AND WRAP AROUND,THEREFORE 
C MAXDEC IS THE INDEX OF THE ( I F I S R T - 1 )  MONTH OF THE LAST YEAR. 

C 
C CALCULATE ACCUMULATED POTENTIAL WATER LOSS (ACPWL) 

MAXDEC=12* IF IX(  FLOAT( NM)/12.)  

C T H I S  
JAN 
C NOTE 

7 
C 

REPEAT DO LOOP ENSURES THAT (ACPWL) IS-ACCUMULATED FROM DEC TO 

THAT ACPWL CAN BE CHANGED I N  SUB. SMOIST FOR A SPECIAL CASE. 
DO 7 JCOUNT=1,2 
DO 7 I = l , N M  
I M 1  =I -1  
I F (  I . E Q . l )  I M 1  =MAXDEC 
IF( WASR( I )  . GE .O. ) ACPWL( I )  =O. 
IF(WASR(I).LT.O.)ACPWL(I)=ACPWL(IMl)+WASR(I) 
CONTINUE 

C COMPUTE S O I L  MOISTURE (SM) 

C 
C COMPUTE CHANGE I N  S O I L  MOISTURE (DELSM) 

CALL SMOIST(SM,WASR,ACPWL,NM,AWC,MAXDEC,IOUT) 

DO 10 I=2,NM 
DELSM( I )  =SM( I) -SM( 1-1 ) 

1 0 CONTINUE 

C 
C COMPUTE ACTUAL EVAPOTRANSPIRATION (AET)  

D E L S M ( l ) = S M ( l ) - S M ( M A X D E C )  

DO 2 0  I = l , N M  
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L 

, 

IF(WASR( I )  .LT.O.)AET( I ) = P S (  I )+ABS(DELSM( I)) 
IF(WASR(I).GE.O.)AET(I)=PET(I) 
IF(AET(I).GT.PET(I))AET(I)=PET(I) 

C 
C COMPUTE SOIL MOISTURE D E F I C I T  (SMDF) 

IF(AET(I).LT.PET(I))SMDF(I)=PET(I)-AET(1) 
IF(AET(I).GE.PET(I))SMDF(I)=O. 

C 
C COMPUTE S O I L  MOISTURE SURPLUS (SMSR) 

IF(SMDF(I).GT.O.)SMSR(I)=O. 
IF(SMDF(I).EQ.O.)SMSR(I)=PS(I)-AET(1)-DELSM(1) 

2 0  CONTINUE 
C 
C F I N D  F IRST MONTH WITH POSIT IVE S O I L  MOIST. SURPLUS (SMSR) 

DO 3 0  I=2,NM 
IF(SMSR(1- l ) .EQ.O.  .AND. SMSR(I).GT.O.)GO TO 4 0  

30 CONTINUE 
4 0  IF(SMSR(MAXDEC).EQ.O. .AND. SMSR( l ) .GT .O. ) I= l  

C 
C COMPUTE TOTAL AVAILABLE RUNOFF (TAR) ,  GROUND WATER RUN 
C OFF (GWRO), AND GROUNDWATER STORAGE (GWS). 
C NOTE THAT I N  ORIGINAL ARTICLE (GWS) IS CALLED 'DETENTION' 

C ****I IS ADJUSTED TO CYCLE STARTING WITH I = I S T A R T  

I S T A R T = I  

DO 45 IC= l ,NM 

I = I S T A R T + I C - 1  
I F ( I . G T . N M ) I = I - N M  

C 
I F (  I C .  EQ . I  )TAR( I) =SMSR( I )  
I C 1  =I-1 
I F (  I . E Q . l )  I C 1  =MAXDEC 
I F (  I C  .GT. 1 )TAR( I) =SMSR( I)+GWS( I C 1  ) 
GWRO( I )  =TAR( I )  *( 1 .-Fl) 
GWS(I)=TAR(I)-GWRO(1) 

45 CONTINUE 
C 
C COMPUTE TOTAL RUNOFF(T0TAL) AND ERROR (ERROR) 

SUM=O . 
IERR=O 
DO 50 I = l , N M  
TOTAL( I ) = O F (  I)+GWRO( I )  
ERROR( I ) =-99. 
IF(OBSRO(I) .LT.O.)GO TO 50 

IERR=IERR+l  
SUM=SUM+ERROR(I)**2 

ERROR(I)=TOTAL(I)-OBSRO(1) 

50 CONTINUE 
C 
C 

C 

(RMSE) IS  ROOT MEAN SQUARED ERROR. 
RMSE=SQRT(SUM/IERR) 
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C OUTPUT SECTION. 
C 

WRITE(6,2000)IFIRST,IYEAR 
WRITE(40,2000)IFIRST,IYEAR 

2 0 0 0  FORMAT( '1  WATER BUDGET (SEE PAGE 240 ,  I N  "DUNNE+LEOPOLDI') I / 
1 ' STARTING MONTH l 1 2 ' ,  YEAR ' I 4 /  
1 ' I I M  PS PET WASR ACPWL SM',  
1 ' DELSM AET SMDF SMSR TAR GWRO GWS'/) 

C 
I M Z I F I R S T - 1  
DO 101 I = l , N M  
I M= I M+l  
IF( I M .  € 9 . 1 3 )  I M = l  
WRITE(40,2001)I,IM,PS(I),PET(I),WASR(I),ACPWL(I),SM(I), 

1 DELSM(I),AET(I),SMDF(I),SMSR(I),TAR(I),GWRO(I),GWS(I) 
C 
101 WRITE(6,200l)I,IM,PS(I),PET(I),WASR(I),ACPWL(I),SM(I), 

C 
1 DELSM(I),AET(I),SMDF(I),SMSR(I),TAR(I),GWRO(I),GWS(I) 

WRITE( 6 ,2020)  
WRITE(40,2020)  

2 0 2 0  FORMAT('1MONTHLY AND ANNUAL AMOUNTS1// 
1 '  I I M  PRECI TEMP PET ET SURRO GWRO TOTAL ' ,  
1 ' OBSRO ERROR'/) 

C 
I M Z I F I R S T - 1  
I Y = O  
DO 1 0 2  I = l , N M  
I M= IM+1  
IF( I M .  EQ .13) IM=1  
WRITE(40,2030)I,IM,P(I),TEMP(I),PET(I),AET(I),OF(I),GWRO(I), 

1 TOTAL(1) 
1 ,OBSRO(I) ,ERROR(I)  

1 TOTAL(1) 
1 ,OBSRO(I),ERROR(I) 

2 0 3 0  FORMAT( ' ' ,12,13,8F6.O,F6.1) 
2 0 0 1  FORMAT( ' ' , I 2 ,  I 3  ,12F6 .O) 
C 
C SUM ANNUAL AMOUNTS 

WRITE(6,2030)I,IM,P(I),TEMP(I),PET(I),AET(I),OF(I),GWRO(I), 

SP=SP+P( I )  
SPS=SPS+PS( I) 
SAET=SAET+AET(I)  
IF(OBSRO(I).GE.O.)SOBSRO=SOBSRO+OBSRO(I) 
SOF=SOF+OF(I) 
SGWRO=SGWRO+GWRO(I) 
STOT=STOT+TOTAL(I) 
IF(ERROR(I).NE.-99.)SERR=SERR+ERROR(I) 
I F ( I M . L T . 1 2  .AND. I .NE.NM)GO TO 2 5 0  
I Y  =I Y + l  
I Y  EAR1 = IYEAR+IY-1  
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_ -  

I 

WRITE(6,8000)IY,IYEAR1,SP,SP,SPS,SAET,SOF,SGWRO,STOT,SOBSRO,SERR 
WRITE(40,8000)IY,IYEARl,SP,SPS,SAET,SOF,SGWRO,STOT,S~BSRO,SERR 
SP=O. 
SPS=O. 
SAET=O. 
SOBSRO=O. 
SOF =O . 
SGWRO=O. 
SERR=O. 
STOT=O . 

2 5 0  CONTINUE 
8000 FORMAT(/' ANNUAL TOTALS YEAR= ' I2 /  

1 ' I 4 /  
1 ' PRECIP= 'F8 .2 '  INFTRED PRECIP= 'F8.2  
1 , '  ACTUAL ET= ' ,F8 .2 , / '  SURF RO= 'F8 .2 , '  GW RO=',F8.2,  
2 ' TOTAL R O = ' F 8 . 2 '  OBS. RO='F8.2 '  ERROR='F8.2/ / / )  

I 

C 
102 CONTINUE 
C 

WRITE(6,2040)AWC,F,Fl,RMSE 
WRITE(40,2040)AWC,F,Fl,RMSE 

2 0 4 0  FORMAT(' AWC=',F6.0,' D IR .  RUNOFF FACTOR=',F6.3, 
1 ' GRDWTR DETENTION FACTOR=',F6.3' ROOT MEAN SQ ERR=' 
2 ,F10.4)  

C 
C END B I G  LOOP----- 

SERR=O. 
999 CONTINUE 
0 0 2 8 1  c ----------- 
00282 END 

SUBROUTINE SMOIST(SM,WASR,ACPWL,NM,AWC,MAXDEC,IOUT) 
C 
C PURPOSE-- TO DETERMINE THE S O I L  MOISTURE (SM) GIVEN 
C THE ACCUMULATED POTENTIAL WAT. LOSS (ACPWL) AND THE 
C AVAILABLE WATER CONTENT (AWC). THE ELEVEN SEMILOG 
C RELATIONSHIPS SHOWN I N  F I G .  8.3 ARE USED TO DETERMINE 
C 'WATER RETAINED I N  THE SOIL ' (WRS) .  EACH RELATIONSHIP 
C CORRESPONDS TO A PARTICULAR (AWC) SO F IRST THE TWO 
C 'BOUNDING' RELATIONSHIPS GIVEN THE ACTUAL AWC ARE 
C IDENTIF IED,  WRS IS DETERMINED FOR BOTH FUNCITONS, 
C THEN THE ACTUAL WRS IS DETERMINED BY LINEAR INTERPOLATION 
C OF THE LOG VALUES. 
C 

DIMENSION SM(NM),ACPWL(NM),WASR(NM) 
DIMENSION X 2 ( 1 1 )  ,Y2 (11 )  ,AWCV(11) 
DATA X2/70.,195.,302.,460.,580.,730.,1060.,1350.,3*1400./ 
DATA Y2 /8*1 . ,2 .8 ,6 .0 ,11 .5 /  
DATA AWCV/25.,50.,75.,100.,125.,150.,2O0.,250.,300., 

1 350. ,400. /  
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C 
C F I N D  INDICES ( J , J + l )  OF BOUNDING FUNCTIONS. 

DO 10 J=1,10 
IF(AWC.GE.AWCV(J) .AND. AWC.LT.AWCV(J+l))GO TO 20 

1 0 CONTINUE 
2 0 CONTINUE 
C 
C PRINT HEADING FOR OUTPUT 
C THE OUTPUT I S  INTENDED TO ALLOW CHECKING OF THE RELATIONSHIP 
C OF THE S O I L  WATER RETAINED ( S M ( 1 ) )  AS A FUNCTION OF (AWC) 
C AND (ACPWL) . 

IF(IOUT.NE.O)WRITE(6,3000) 
IF(IOUT.NE.O)WRITE(40,3000) 

3 0 0 0  FORMAT('1CHECK SM(1) AS FUNCTION OF AWC AND ACPWL'/) 
C 
C 
C REPEAT I N  ORDER TO ACCUMULATE S O I L  MOISTURE ACROSS DEC/JAN 

C REPEAT FOR ALL  MONTHS 

C 

DO 200 JCOUNT=l , 2  

DO 2 0 0  I = l , N M  

IF(ACPWL(I).GE.O.)SM(I)=AWC 

I F (  I. EQ. 1 ) I M 1  =MAXDEC 
SM( I) =WASR( I) +SM( I M 1 )  
IF(SM(I).GT.AWC)SM(I)=AWC 

I M 1  = I - 1  

C 
C THE FOLLOWING SECTION PERTAINS TO THE SPECIAL CASE 
C 
C 
C 
C 
C 
C 
C 
C 

1 
2 

C 
C T H I S  
C 

1 

1 

WHERE THE S O I L  MOISTURE (SM) I S  NOT COMPLETELY 
F I L L E D  ( L T  AWC) AT THE END OF THE WET SEASON. 
FOR T H I S  CASE, THERE I S  SOME I N I T I A L  STRESS 
AT THE BEGINNING OF THE DRY SEASON, THUS 
(ACPWL) I S  RECALCULATED BASED ON THE COMPUTED 
S O I L  MOISTURE. T H I S  FEATURE HAS NOT BEEN FULLY 
TESTED BUT I T  DOES CONFORM WITH THE SECOND EXAMPLE 
GIVEN BY DUNNE AND LEOPOLD. 
I P = I + l  
I F ( I . E Q . N M ) I P = l  
I F (  .NOT. (WASR( I) .GT.O. .AND. 

WASR(IP).LE.O. .AND. SM(I) .LT.AWC)) 
GO TO 99 

ROUTINE I S  THE REVERSE OF THE ONE BELOW, I . E . ,  
HERE ACPWL IS DETERMINED FROM SM. 
ACPWLX=ACPWL(I) 
WRSL=ALOGl O( SM( I) ) 
AJ=(WRSL-ALOGlO(AWCV(J)))*X2(J)/ 

(ALOGlO(Y2(J))-ALOGlO(AWCV(J))) 

( ALOGl O( Y2( J + 1 )  )-ALOG1 O( AWCV( J + 1 ) )  ) 
AJ1=( WRSL-ALOG1 O( AWCV( J+1) ) ) *X2( J + l  ) / 

W 1 = (  AWC-AWCV( J) ) /( AWCV( J + 1  )-AWCV( J)  ) 
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* -  

I 

w2=1 .-w1 
A=AJ*W2 t AJl*Wl 
ACPWL( I) =-A 
WRITE(6,4000)I,SM(I),ACPWLX,ACPWL(I) 

4 0 0 0  FORMAT(/' SPECIAL CASE: END OF WET SEASON AND SM IS1 , 
1 ' L T  AWC'/ '  PROG. CYCLES TWICE TO INCORPORATE THE ' ,  
2 ' CHANGES TO ACPWL.'/ 
3 ' MONTH=' IZ '  SM= 'F7 .1 '  OLD ACPWL='F7.1' NEW ACPWL='F7.1) 

C 

101 II=II+l 

CHANGE SUBSEQUENT VALUES OF ACPWL TO ACCOMMODATE NEW ACPWL(1) 
II=I 

I F ( I I . G T . N M ) I I = I I - N M  
I 1 M 1  =I 1-1 
I F (  I I M l  .EQ.O)I IMl=MAXDEC 
IF(ACPWL(II) .EQ.O.)GO TO 102 
ACPWL(II)=ACPWL(IIMl)+WASR(II) 
GO TO 101 

GO TO 100 
1 0 2  CONTINUE 

C END OF SPECIAL CASE. 
C 
99 CONTINUE 

C 
C THE ACTUAL LOG10 (WRS) WILL BE INTERPOLATED BETWEEN 
C (WRSLJ) AND (WRSLJ l )  
C ( A )  I S  THE ABSOLUTE ACCUMULATED POT. WATER LOSS 

IF(ACPWL(I) .GE.O.)GO TO 100 

A=-ACPWL( I) 
WRSLJ=( (ALOGlO(Y2( J))-ALOGlO(AWCV( J ) ) ) / X 2 (  J)) 

WRSLJl=( (ALOGlO(Y2(  Jt1))-ALOGlO(AWCV( J + l ) ) ) / X 2 (  J+1)) 
1 

1 

*A t ALOG10( AWCV( J ) )  

*A t ALOGl O( AWCV( J t 1  ) ) 
C 
C ARITHMETIC WEIGHTS 

W 1 = (  AWC-AWCV( J )  ) /( AWCV( J + 1 )  -AWCV( J) ) 
w2=1 .-w1 
WRS=lO. **( WRSLJ"W2 + WRSLJl *W1 ) 
SM( I) =WRS 
GO TO 100 

C 
100 CONTINUE 

IF(SM(I) .EQ.AWC) GO TO 1 5 0  
IF(IOUT.NE.O)WRITE(4O,lOOO)I,J,AWC,Wl,W2,WRSLJ,WRSLJl,WRS,SM(I) 

IF(IOUT.NE.O)WRITE(6,lOOO)I,J,AWC,Wl,W2,WRSLJ,WRSLJl,WRS,SM(I) 
1 ,ACPWL( I )  

1 , ACPWL( I ) 
1000 FORMAT(' I J AWC W 1  W2 WRSLJ WRSLJ1 WRS SM ACPWL1,2I3,9F8.2) 
150 CONTINUE 
200 CONTINUE 

END 

SUBROUTINE POTET(TEMP,PET,NM) 
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C PURPOSE-- TO CALCULATE POTENTIAL EVAPOTRANSPIRATION (PET)  
C FROM TEMPERATURE DATA FOR ALL MONTHS USING THORNTHWAITE 
C METHOD. 
C 

DIMENSION TEMP(NM),PET(NM) 
DIMENSION AVT(10)  ,A(10)  ,STE(10)  

WRITE ( 6,1000) 
WRITE( 40 ,1000)  

C 

1000 FORMAT('1PARAMETERS AND CALCULATED PET USING THORNTHWAITE'/) 
C 

I Y = O  
I = O  

STEMP=O. 
STE( I Y )  =O. 
IM=O 

2 I Y = I Y + l  

C 
1 I= I+1  

I M= I M+ 1 
STEMP=STEMP+TEMP(I) 
STE( I Y ) = S T E (  IY)+(TEMP(  1 ) / 5 . ) * * 1 . 5 1 4  
IF( I .EQ.NM.OR.  IM.EQ.12)GO TO 3 
GO TO 1 

C 
3 AVT( IY)=STEMP/ IM 

A(IY)=.000000675*STE(IY)**3 
1 - . 0 0 0 0 7 7 1  *STE( I Y )  ""2 
2 + .01792*STE(  I Y ) + . 4 9 2 3 9  

C 

C 

C LAST STATEMENT SETS STE FOR PARTIAL YEAR AT PREVIOUS VALUE 

C 

IF ( I . LT .NM)GO TO 2 

I F ( I Y . G E . 2  .AND. I M . L T . l 2 ) S T E ( I Y ) = S T E (  I Y - 1 )  

I F ( I Y . G E . 2 .  .AND. I M . L T . l 2 ) A ( I Y ) = A (  I Y - 1 )  

DO 10 I = l , I Y  
WRITE (6,109O)I,AVT(I),STE(I),A(I) 
WRITE ( 4 0 , 1 0 9 0 ) I , A V T (  I) ,STE( I) ,A( I) 

10 CONTINUE 
1 0 9 0  FORMAT(' YEAR= ' , I2 , '  AVE.TEMP=',F6.2, '  ANNUAL HEAT INDEX'  

C 
C CALCULATE PET 

1 , ' = ' , F 8 . 3 , '  A EXPONENT=',F6.2) 

DO 80 I = l , N M  
IY=IFIX((FLOAT(I)-.O5)/12. + 1.) 
PET( I) =16. *( 10. *TEMP( I ) / S T E (  I Y )  ) * * A (  I Y )  
WRITE(40,1099)I,IY,TEMP(I),PET(I) 

80 WRITE(6,1099)I,IY,TEMP(I),PET(I) 
1099 FORMAT(' MONTH=' , I2 , '  YEAR= ' , I2 , '  TEMP=',F6.2,  

1 ' PET= ' ,F6 .1)  
END 
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WATER BUDGET PROGRAH EXAMPLE I .  
PRON DUNUE A N D  LEOPOLD, WATER I N  ENVIRONnENTAL PLAIINING, 1978. 
PROGRAI URITTEN BY R.B. CLAPP, MARCH 1 9 8 4  (Dunne and Leopold, 1978, pp. 238-244). 
INPUT A W C , P , ~ I  -- WHERE 
AUC=AVAIIABLE WATER COUTEUT 
F'=DIRECT UUUOFF COEFPICIEUT (SUGGEST 0.) year i s  a r b i t r a r i l y  set to 9999. 
F l = W R T I D l  OF RUNOFF DKLAYED OUE NOUTH (0. TO . S ) ?  
ECBO 200.000 0.000 0.500 I Echo pr ints  o f  data entered a t  the terminal. 
IUPUT In ,IREAD, IPET, I P A H R , I ~ R S T , I Y  EAR , 1 0 0 ~  -- WHERE 

Water Budget for  Kericho, Kenya 

Note that  data are long-term averages so that  the 

UlFUUlBER OF lONTES 111 THE AIALYSIS I ,  

I R X A D - 0  mR DO UOT READ DATA,=l FOR READ DATA 
I P B T M  ?OR USE TEHP TO CALCULATE PlT. 

I?AHE=O IF TEIP DATA A R B  I U  DEGREES FAIiRENIiEIT, 

I?IRST=IUDEX OF FIRST I O R B  (EX. 3=NARCE) 
IIEAR=DATE OF FISUT Y E A R ( B 1 .  1983) 
I O O T t O  FOR NO OUTPUT F R O l  SUBR.  S l O I S T  

ECHO 1 2  1 1 0 1 9999 0 

L1 ?OR USE P A  VALUES DIRECTLY 

= I  I? T E I P  DATA ARB I1 DERBES CENTIGRADE 

1 FOR IUTERIEDIATE OUTPUT? 

IUPUT PET OR z m p ,  un VALUES 
ECHO 138.00 138.00 150.00 108.00 114.00 i i ~ ~ o o  io8.00 
IUPUT PREIP, an VALUES IU I n  

IUPUT OBSERVED BDUUOPI.  un VALUES. UEG.=UO OBS 
ECBO 65.00 95.00 155.00 270.00 250.00 155.00 150.00 

ECBO -1.00 -1.00 -1.06 -1.00 -1.00 -1.00 -1.00 

108.OD 114.00 126.03 114.00 132.00 

180.00 155.00 140.00 130.00 95.00 

-1.00 -1.00 -1.00 -1.00 -1.00 

P 



WATER BUDGET (SEE 
STARTIIW; NONTH 1, 
I Ill PS P E T  
1 1 65. 138. 
2 2 95. 138. 
3 3 155. 150. 
4 4 270. 108. 
5 5 250. 114. 
6 6 155. 114. 
7 7 150. 108. 
8 8 180. 108. 
9 9 155. 114. 
10 10 140. 126. 
1 1  1 1  130. 114. 
12 12 95. 132. 

PAGE 240.11 
IBIB 9999 
WASR ACPWL 
-73. -110. 
-43. -153. 

5. 0. 
162. 0. 
136. 0. 
41. 0. 
42. 0. 
72. 0. 
41. 0. 
14. 0. 
16. 0. 

-37. - 3 1 .  

" DUN NE+LEOPO LD") 

SI 
115. 
93. 
98. 

200. 
200. 
200. 
2 00. 
200. 
2 00. 
200. 
200. 
166. 

DELSU 
-51. 
-22. 

5. 
102. 
0. 
0. 
0. 
3. 
0. 
0. 
0. 

-34. 

AET S l D P  
116. 22. 
117. 21. 
150. 0. 
108. 0. 
114. 0 .  
114. 0. 
108. 0. 
108. 0. 
114. 0 .  
126. 0. 
110. 0. 
129. 3. 

S USR 
0. 
0 .  
0 .  
60. 

136. 
4 1. 
42. 
72. 
41. 
14. 
16. 
0. 

TAR 
12. 
6. 
3. 

60. 
166. 
124. 
104. 
124. 
103. 
66. 
49. 
24. 

G Y R O  
6. 
3. 
2. 
30. 
83. 
62. 
52. 
62. 
52. 
33. 
24. 
12. 

GWS 
6. 
3. 
2. 

30. 
83. 
62. 
52. 
62. 
52. 
33. 
24. 
12. 

D 
U 

This t a b l e  corresponds t o  t h a t  published u 
on page 240 i n  the reference.  A l l  un i ts  2 
are  mn. 0 

x 
U 

c) 
0 
3 s 
3 
c 
rD n 

I .  



ANAOAL 
T E l P  

0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  

AMOUNTS 
PET ET SURRO 

138. 116. 0. 
138. 117. 0. 
150. 150. 0. 
108. 108. 0. 
114. 114. 0. 
114. 114. 0. 
108. 108. 0. 
108. 108. 0. 

GURO 
6.  
3. 
2. 

30. 
83. 
62. 
52. 
62. 

TOTAL 
6. 
3. 
2. 

30. 
83 - 
52 - 
62. 

62. 

OBSRO ERROR 
-1. -99.0 
- 1 .  -99.0 
-1. -99.0 
-1. -99.0 
-1. -99.0 
-1. -99.0 
-1. -99.0 
-1. -99.0 

Sumnary Table f o r  Example I .  HONTBLT AND 

1 1 65. 
2 2 95. 
3 3 155. 
4 4 270. 
5 5 250. 
6 6 155. 
7 7 * 1 9 .  
8 8 180. 
9 9 155. 0. 114. 114. 0 .  52. 52. -1. -99.0 

I In PRECI 

10 10 140. 0 .  126. 126. 0. 33. 33. -1. -99.0 0 
1 1  11 130. 0. 114. 114. 0. 24. 24. -1. -99.0 No e r r o r  was ca l cu la ted  because no values o f  observed 2 
12 12 95. 0. 132. 129. 0 ,  12. 12. -1. -99.0 r u n o f f  were i npu t .  
ANNUAL TOTALS TEAR= 1 

PRECIP= 1840.03 INFTBED PRECIP= 1800.00 ACTUAL ET= 1417.91 
SURF BO= 0 .00  GW BO= 420.57 TOTAL R O s  420.57 OBS. RO= 0.00 ERROR= 0.00 
AUC= 200. D I P .  RUNOFF FACTOR= 0.000 GRDUTR DETENTION FACTOR= 0.500 ROOT MEAN SQ ERR=******+*** 

/ I  99 99 

X 

< N 
H 

h) 
h 4 
c) 

.. 
A 
3 
c 
(0 n. 



WATER BOIDGET PROGRAH 
PROM DONNE A N D  LEOPOLD. WATER I N  ENVIRONHENTAL PLANNING, 1978. 
PROGRAH WRITTEN BY R . B .  CLAPP. HARCH 198U 
INPUT AYC,P,Pl  -- WHERE 
AIC=AVAIIABLE WATER CONTENT 
P=DIRECT ROUOPF C O E P ? I C I E N T  (SUGGEST 0.) 
P l = P O R T I o Y  OF RONOPP DELAYED ONE MONTH ( 0 .  TO .5)? 
ECHO 275.000 0.050 0.200 
INPUT UHJREAD, I P E T .  I?AHR,IFIRST,IYEAR,IOOT -- WHERE 
NH=NOHBER OF MONTHS I N  THE ANALYSIS 
IREAD=O FOR DO NOT READ DATA.=l FOR READ DATA 
IPET=O FOR USE TEMP TO CALCULATE PET. 

=1 FOR USE P E T  VALUES DIRECTLY 

=1 I F  TEHP DATA ARE I N  DEGREES CENTIGRADE 
IFAHR=O IF TEHP DATA A R E  IN DEGREES FAHRENHEIT,  

IPXRST=INDEX OF F I R S T  HONTH (EX. 3=HARCH) 
IPEAR=DATE OF P I S R T  YEAR (EX. 1983)  
IOOT=O FOR NO OUTPUT PROH SOBR. SHOIST 

ECHO 2 0  0 0 0 7 1982 0 
1 FOE INTERHEDIATE OUTPUT? 

Example 11. 
Water Budget f o r  SWSA-7 

The s p e c i a l  c o n s t r a i n t  on mid-winter  PET was n o t  s p e c i f i e d  
i n  t h i s  example so t h a t  t h e  values computed here  vary  
s l i g h t l y  w i t h  those g iven i n  t h e  main t e x t .  

v 

a 
X 
l-4 

H 

-a. 
1 
E 
rD n 
v 



PARAHETEBS A N D  CALCULATED PET USING THORNTHPAITE 
YEAR= 1 AVE.TEHP= 13.19 A N N U A L  HEAT I N D E X =  60.581 A EXPONENT= 1.45 
Y E A R =  2 AVE.TEHP= 12.78 A N N U A L  HEAT INDEX= 60.581 A EXPONENT= 1.45 
IOUTR= 1 TEAR= 1 TEllP= 25.50 PET= 127.7 
MONTH= 2 Y E A R =  1 TEHP= 23.28 PET= 111.9 
MONTH= 3 Y E A R =  1 TEHP= 20.78 PET= 95.0 
IOUTH= 4 TEAR= 1 TEIP= 15.22 PET= 60.6 
MONTH= 5 Y E A R =  1 TEHPZ 7.61 PET= 22.3 
HOUTH= 6 Y E A R =  1 TEHP= 1.33 PET= 1.8 
HONTH= 7 Y E A R =  1 T 1 I P  1.89 PET= 3.0 
HOUTH= 8 Y E A R =  1 TEIP;;  3.67 PET= 1.7 
MOUTH= 9 YEAR= 1 .TEMP= 8.72 PET= 27.1 
IOUTE=lO Y E A R =  1 TEIP= 10.67 PET= 36.2 
HONTA=11 Y E A R =  1 TEHP= 17.67 PET= 75.1 

IONTH=l3 YEAR= 2 TEIP= 25.50 PET= 127.7 
HONTH=14 Y E A R =  2 TEMP= 26.22 PET- 133.0 
IONTH=15 YEAR= 2 TEHP= 20.78 PET= 95.0 
HOliPE= 16 TEAR= 2 TEHP= 15.22 PET= 60.6 
llOUTH=17 TEAR= 2 TEHP= 7.61 PET= 22.3 
HOBTH=l8 YMR= 2 TEHP= 1.33 PET= 1.8 
I O Y T E = 1 9  l U R =  2 TEIP= 1.89 PET= 3.0 
IONTfl=20 YEAR= 2 TElP= 3.67 PET= 7.7 

HONTH=l2*YEAR= 1 T E H P  21.94 PET= 102.8 

PET values generated from temperature data. 

n -  
c , *  
0 
1 
r+ 

1 
c 
m n 



WATER BUDGET (SEE PAGE 240, I N  "DUNNE+LEOPOLD") 
STARTING MONTH 7, YEAR 1982 
I IH PS P E T  W B R  ACPPL SH DELSM AET 
1 7 144, 128. 17. 0. 254. 17. 128. 
2 8 113. 112. 1. 0. 255. 1. 112. 
3 9 105. 95. 10. -12. 264. 10. 95. 
4 10 53. 61. -7. -20. 255. -10. 61. 
5 11 168. 22. 146. 0. 275. 20. 22. 
6 12 167. 2. 165. 0. 275- 0. 2. 
7 1 36. 3. 33. 0. 275. 0, 3. 
8 2 105. 8 .  97. 0. 275. 0. 8. 
9 3 51. 27. 24. 0. 275. 0. 27. 

10 4 154. 36. 118. 0. 275. 0. 36, 
11 5 155. 75. 80. 0. 275, 0. 75. 
1 2  6 64. 103. -39, -39. 237, -38. 102, 
13  7 40. 128. -88. -127. 171. -66. 106. 
14 8 36. 133. -97. -224. 119, -52. 88. 
15 9 46, 95. -49. -274. 99. -20. 66. 
16 10 108. 61. 47. 0. 146, 47. 61. 
17 11 128. 22. 106, 0. 252, 106. 22. 
18 12 164, 2. 163. 0. 275. 23. 2. 
19 1 59, 3. 56. 0. 275, 0. 3. 
20 2 85. 8, 77. 0. 275. 0. 8. 

SMDP 
0.  
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0, 
C. 
0. 
1, 

22, 
45. 
29 - 

0. 
0. 
0. 
0. 
0. 

SHSB TAR GWRO GWS 
-0 . 4. 3. 1. 
-0. 1. 1. 0. 

0. 0. 0. 0. 
2. 2, 2, 0. 

126. 126. 101. 25. 
165. 191. 152. 38. 

33. 71. 57. 14. 
97. 111. 89. 22. 
24. 46. 37. 9. 

118. 127. 102. 25. 
80. 106. 84, 21. 

0 .  21. 17. 4. 
0. 4. 3, 1. 
0. 1. 1. 0- 
0. 0. 0, 0- 

-0, 0. 0. 0. 
0. 0. 0. 0. 

140. 140. 112. 28. 
56, 84. 67, 17, 
77. 94. 75. 19. 

> 
V 
TI m z 
0 

x 

< N  
W 

n O  
n 
0 
3 

U 

X 



Sumnary Table for Example 11. 

* 
-0 
-0 
m z 
0 

x 
8-4 

IONTHLY AND ANNUAL AIOUNTS 
I In PRECI TENP PET ET SURRO GYRO TOTAL OBSRO E R R O R  
1 7 152. 25. 128. 128. 8. 3. 11. -1. -99.0 
2 8 119. 23. 112. 112. 6. 1. 7. -1. -99.0 
3 9 110. 21. 95. 95. 6. 0. 6. -1. -99.0 
4 10 56, 15. 61. 61. 3. 2. 5. -1. -99.0 
5 11 177. 8. 22. 22. 9. 101. 110. -1. -99.0 
6 12 1X. 1. 2. 2. 9. 152. 161. -1. -99.0 

ANNUAL TOTALS YEAR= 1 

P R E C I P =  790.03 INPTRED PRECIP= 750.50 ACTUAL ET= 419.23 
SURF BO= 39.50 GU RO=' 259.23 TOTAL BO= 298.73 OBS. RO= 0.00 ERROR= 0.00 

19 82 

7 1 38. 2. 3. 3. 2. 57. 59. 30. 28.8 
8 2 110. 4. 8. 8. 6. 89. 95. 75. 19.7 
9 3 54. 9. 27. 27. 3. 37. 40. 20. 20.0 

10 4 162. 11. 36. 3 6 .  8. 102. 110. 104. 6.2 
1 1  5 164. 18. 75. 75. 8. 84. 93. 64. 29.0 
12 6 67. 22. 103. 102. 3. 17. 20. 11. 9.3 
13 7 42. 25. 128. 106. 2. 3. 5. 3. 2.3 
14 8 38. 26. 133. 88. 2. 1. 3. 2. 0.7 
15 9 48. 21. 95. 66. 2. 0. 3. 1. 1.4 
16 10 113. 15. 61. 61. 6. 0. 6. 6. -0.4 
17 11 135. 8. 22. 22. 7. 0. 7. 17. -9.7 
18 12 173. 1. 2. 2. 9. 112. 121. 72. 49.0 
A l i N U U  TOTALS YEAR= 2 

P R E C I P E  1143.70 INFTRED PRECIP= 1086.52 ACTUAL ET= 594.47 
SURF BO= 57.19 GR RO= 502.16 TOTAL BO= 559.34 OBS. RO= 403.20 ERROR- 156.14 
19 1 62. 2. 3. 3. 3.  67. 70. 42. 28.3 
20 2 89. 4. 8. 8. 4. 75. 79. 37. 41.9 
ANNUAL TOTALS YEAR= 3 

P R E C I P =  151.00 INPTRED PEECIP= 143.45 ACTUAL ET= 10.71 
SURF RO= 7.55 Gll  RO= 142.02 TOTAL BO= 149.57 OBS. BO- 79.30 ERROR= 70.27 
AYC= 275. DIR.  RUNOFF FACTOR= 0.050 GRDYTR DETENTION FACTOR= 0.200 ROOT BEAR SQ ERR= 23.3655 

19 83 

19 84 

< N 

n 2 

zt 
n 
0 
3 

3 
C 
(0 n 
u 
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A P P E N D I X  V 

MONITORING-WELL HYDROGRAPHS 

ORNL/TM-9314  
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, 

A P P E N D I X  V 

MONITORING WELL HYDROGRAPHS 

Key t o  Hydrographs 

WELLID = Wel l  Number 

SCRDEP = Screen Depth: 1 i s  shal low screen 

2 i s  deep screen 

blank i s  a l l  zones 

. 
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A P P E N D I X  V (cont inued)  

H E A D  
2 6 3 .  g o -  

2 6 3 .  10-  

2 6 2 . 8 0 -  

2 6 2 . 5 0 -  

2 6 2 . 2 0 -  .-. 
_I cn z 
v) 2 6 1 . 9 0 -  
v 

111 
w k- w 
2 

2 6 1 . 6 0 -  z 

3 
I 2 6 1 . 3 0 -  
0 

5. 2 6 1 . 0 0 -  0 

rY c 
W 

c 
Z 
W c 
2 2 6 0 . 7 0 -  

TER LEVEL ELEV 

2 6 0 . 4 0 -  

2 6 0 .  10- 

2 5 9 . 8 0 -  

WELLIO=18 A G E = .  S C R D E P = .  

- 
" I ' - T F  " " " ' I " ' " ~ 1 '  I 

2 5 9 . 5 4 ,  I , ,  , , , , , , , I ,  , , , , , , , , , , , - ,  

10RPR83 30M9Y83  1 9 J U L 8 3  C17SEP83 Z i B C 7 9 3  l i i I l E C 8 3  rJt IFEB3Ll 2511HH84 

D A T E  

L E G E N D :  WFLL IO 1 9  

. 
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APPENDIX V (cont inued)  

2 6 5 . 0 0 -  

26U.00- 

2 6 3 . 0 0 -  

2 6 2 . 0 0 -  

ORNL/TM-9314 

I- w 
I ' 2 6 0 . 0 0 1  

3 
1 

0 
W 
2 
I- z 
W 

2 5 9 . 0 0 1  

0 

6 258.00- 
a 

2 5 7 . 0 0 -  

256.00- 

7 c 

* 
c 

WATER LEVEL ELEVATION VS TI 
WELLIO=17 R G E = .  S C R O E P = .  



ORNL/TM-9314  

HERD 
266.50- 

266.00- 

265.50- 

265.00- 

264.50- - 
J wl 
I 
v 

V, 264.00- 

z 
263.50- 

E 
z 
3 
I 263.00- 
0 

$ 262.50- 
w 

t- 
2 
w 
t- 
0 a 262.00- 

261.50- 

2 6 1 . 0 0 -  

260.50- 

238 

A P P E N D I X  V (continued) 

WATER LEVEL ELEV TION vs TI 
WELLID=16 FIGE=.  S C R D E P = .  " 

I, 
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A P P E N D I X  V (con t inued)  

H E A D  
265.50- 

265.00- 

2611. 50- 

2611.00- 

263.50- 
h 
_1 
v) 
5 

v, 2 6 3 . 0 0 -  cc 
W 
I- W 
s 

v 

262.50- z 
3 

262.00- 
- cc 
I- w 

261.50- 
I- 
2 
w +- E 261.00- 

260.50- 

260.00- 

2 5 9 . 5 0 -  

ORNL/TM-9314  

-- 

WATER LEVEL ELEVATION VS TI 

c 

WELLID=15 A G E = .  S C R O E P = .  

J 

2 5 9 . 0 0 -  1 
10RPR83 30MRY83 19.JUL83 07SEP83 2 7 f l C T 8 3  16DEC83  OLIFEB8Y 25MAR81( 

O R T E  

L E G E N D :  WELLID 15 
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H E R D  
2 6 3 . 0 0 -  

2 6 2 . 0 0 -  

2 6 1 . 0 0 -  

A 
_1 2 2 6 0 . 0 0 -  
v 

v, 
K 
W c 
W 
2 

2 5 9 . 0 0 -  z 
3 
I 

0 e 2 5 8 . 0 0 -  

Q 
W 
2 

b- z 
W c 
2 2 5 7 . 0 0 -  

2 5 6 . 0 0 -  

240 

A P P E N D I X  V (continued) 

E R  LEVEL ELEVATION VS TI 
WELLID=111 R G E = .  SCRDEP=. 

2 5 5 1 . 0 0 4 ~  , , , , , , , , , I , , , , , , , , , I , , , , , , , , , , , , , , , , , , , 
I ' " " " " I  

22SEP82 3 1 D E C 8 2  10RPR83 1 9 J U L 8 3  270CT83 OtiFEB8LI l Y M R Y 8 1 - I  

D R T E  

111 LEGEND: WELLID __ 
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APPENDIX V (cont lnued)  

243.00- 

2 4 2 . 9 0 -  

2 Y 2 . 8 0 1  

ORNL/TM-9314 

i 

v, 
CY 
W + 
W 
2 2112.60- 
z 
3 = 2 Y 2 . 5 0 {  
I! 
CY c 
W 
2 
0 
F 242.40- 
Z w + 
0 a 

2112.30: 

-- 

WATER ZEVEL EEEVATI pJ vs TI[ 

t 

WELLID=13 R G E = .  SCROEP=2 

2 4 2 . 0 0 4 , , , , -  

1 G N U V 8 3  
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H E R D  
2 4 2 . 7 2 -  

2 4 2 . 7 0 -  

2 4 2 . 6 7 -  

2 4 2 . 6 5 -  

2 4 2 .  G2- 

2 4 2 .  G O -  

2 4 2 . 5 7 -  

2 4 2 . 5 5 -  

2 ' 42 .52 -  

2112.50- 

2 ' 4 2 . 4 7 -  

2112.45- 

2 4 2 . 4 2 -  

242 .? j !L  

242  

A P P E N D I X  V ( c o n t i n u e d )  

1 " " " " " " " " I ' " " / " ' ~ ' ' ' ' ~ l ~ ~  , / I , , , , , ,  , ' , I , ' , , ,  

1GNC1V83 O l j O E C 8 3  260ECb3 15JRN8'1 04FER81-I 2 4 F E B P 4  l S Y R R 8 4  O l l R P R 8 4  

. 
c 

LEVEL ELEV TION vs TI 
WELLIO=13  AGE=. SCRDEP=l 



c 

243 

APPENDIX V (continued) 

ORNL/TM-9314 

TEE LEVEL ELEV vs TIME 
WELLIU=13 R G E = .  S C R U E P = .  

O 2 S E P 8 2  O l N O V 8 2  310EC82 01MAR83 3 0 Q P R 8 3  2 9 J U N 8 3  28QlJG93 2 7 0 C T 8 3  

D F l T E  

L E G E N D :  W E L L I D  13 
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H E R D  

266.50- 

266.00; 

265.50- 

265.00- 

26'4.50; 

26'4.00< 
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2 6 3 . 0 0 7  

262.50- 

262.00; 

2G 1.50- 

APPENDIX  V (continued) 

1 ' " " ' ' 1 ' " ' " ' ~ ' /  ~ " " ' " " " " " ~ 1 ~ ~ " " " ' 1 ~ ' ' ~ ' ~ ' '  

TER LEVEL ELEV 
WELLID=12 f l G E = .  S C R D E P = .  

9 
I 

W 
I- 
O 
a 

7 
2 i S k P 6 2  jlUEC62 1 0 R F R a 3  19JUL83 2 7 0 C T 8 3  OIIFEBGLI I I IP iHYBLI  

U R T E  

L E G E N O :  \.IELLIO 12 
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A P P E N D I X  V ( c o n t i n u e d )  

2 5 4 . 7 5 -  

2 5 4 . 5 0 -  

2 5 4 . 2 5 -  

25U.00-  

ORNL/TM-9314 

253 .75-  - 
1 
v) 
H 
v 

v, 2 5 3 . 5 0 -  
CY 

E 

9 
z 

2 5 3 . 2 5 -  z 

I 2 5 3 . 0 0 -  
0 
E w 

2 5 2 . 7 5 -  
+- 
Z w 

252.50: 

2 5 2 . 2 5 -  

WATER LEVEL EEEVAT ON vs TI 
WELLID=11 A G E = .  S C R D E P = .  

2 5 2 . 0 0  V 
1 " ~ ' ~ ~ ~ ~ ' 1 ' ~ ~ " ~ ~ ' ~ I ' " ~ ' ~ ~ ' 1 ~ ' ~ ~ ' ~ ' ~ ' 1 ~ ' ~ ~ ' ~ ~ ~ ' 1 ~ ' ~ ~ ~ ~ ~ ~ ' 1  

2ZSEP82 3 1 D E C 8 2  10APR83 19JUL83 2713CT83 0 4 F E B 8 4  14MRY81-I 

D A T E  

L E G E N D :  W E L L I D  1 1  



Ol?NL/TM-9314 

2 5 3 . 5 0 <  

_I 
v, z 
v 

v, 2 5 3 . 0 0 <  

E 
I 

2 5 2 . 5 0 4  

9 
I 
0 
E 2 5 2 . 0 0 4  

0 

& 2 5 1 . 5 0 -  
a 

W z 
I- 
Z 
W 

2 5  1 . 0 0 1  

250.50, 

2 5 0 .  o o -  

246 

- 
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APPENDIX  V ( c o n t i n u e d )  

WATER LEVEL ELEVATION VS TI 
WELLID=lO R G E = .  S C R O E P = .  



, 

WATER 
H E R D  

2 5 1 . 0 0  

2 5 0 . 1 5  

2 5 0 . 5 0  

2 5 0 . 2 5  

2 5 0 . 0 0  

2119.75 

2119.50 

2 4 9 . 2 5  

2119.00 

21-18.75 

2118.50 

247 

A P P E N D I X  V ( c o n t i n u e d )  

LEVEL ELEVATIQN 
WELLID=9 R G E = .  S C R D E P = .  

ORNL/TM-9314  

26N(3''8 1 1'4JUN82 31DECE2 1 3 J L L 8 3  0 q F E D  3L! 

D R T E  

L E G E N D :  WELLID 9 
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H E R O  
2 4 3 . 5 0 -  

2 4 3 . 0 0 -  

2 4 2 . 5 0 -  

2 Y 2 . 0 0 -  

2 4 1 . 5 0 -  

241 .00 -  

2 4 0 . 5 0 -  

240.00- 

239 .50 -  

2 3 9 . 0 0 -  

2 3 8 . 5 0 -  

2 3 8 . 0 0 -  

2 3 7 . 5 0 -  

248 

r 

APPENDIX  V (continued) 

WATER LEVEL ELEVATION VS TI 
WELLIO=8 R G E = .  S C R O E P = .  

_ ( 1 1 1 1 1 1 1 " ' ' I ' " " ' ' " l  - 237.001 ~ , , , , , , , , , , , , , , , , , 

2 G N O V B  1 1 I I JUN82  3 1 0 E C 8 2  1 9 J U L 8 3  0 4 F E B 8 Li 

O R T E  

8 L E G E N D :  W E L L I D  ~ _ _ _ _ _  

c 



_- 

HEAD 
2 5 7 . 0 0 -  

2 5 6 . 0 0 {  

2 5 5 . 0 0 {  

25U. 00-  - 
_J 
v) 
2 

v, 2 5 3 . 0 0 -  
E 

v 

E 

9 
z 

2 5 2 . 0 0 -  z 

I 

WATER 

2 5 1 . 0 0 1  L 
2 
Q + z 
W + 2 5 0 . 0 0 <  
a 

249 

A P P E N D I X  V (cont inued)  

ORNL/TM-9314  

v s ' b ' l  ME 
WELLID=G FIGE=. SCRDEP=. 

k::: i 
J 

2 Y S . O O . l  
1 ~ ' ~ ' ~ ~ ' ~ ' / ~ ~ ' ~ ~ ~ ~ ' ~ 1 ~ ~ ' ~ ~ ~ ' " I ' " ' ' ~ ' ' ' 1 ~ '  

2GNOV81 l Y J U N 8 2  3 1DEC82 19JuLa3  OLiFEaGY 

OFITE 

LEGEND:  WELLID G 



OR!NL/TM-9314 

H E A D  - 

255.00{ 

2 5 4 . 5 0 -  

254.00: 

3 2 5 3 . 5 0 -  
cn 
2 

cn 
LY 

v 

2 5 3 . 0 0 1  
2 
z 
9 I 252.50; 
0 

g 252.00j 

LY c w 

2 
w 

a 6 
2 5 1 . 5 0 -  

2 5 1 . 0 0 1  

250.50- 

2 5 0 . 0 0 -  

250 

APPENDIX  V (continued) 

WATER LEVEL ELEVATION V 
WELLID=5 R G E = .  S C R D E P = .  

J , , , , , , , 
l " " " " ' ~ ' ' ~ ~ ' ~ ' ' ~  I ' " 1  I ' m , ,  1 ' 1  1 I , ,  3 , / r  

03RUGa2 llNOv82 1 9 F E B a 3  3 0 M f l i 8 3  0 7 S E P 8 3  l i jOEC63 25I.IHH8Y 

D R T E  

5 LEGEND: WELL10 -____ 
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APPENDIX V (con t inued)  

K w 

T 
L 

260.00i 

3 
I 
0 

2 5 9 . 0 0 <  
W 
2 
I- 
Z 
W 

0 

6 zsa.00- 
a 

257.00- 

256.00- 

ORNL/TM-9314 

WATE 
265.00 

264.00 

LEVEL ELEVATION VS TI 
WELLID=4 RGE=. S C R D E P = .  

'- 

I 



ORNL/TM-9314 

2 6 4 . 0 0 {  

2 6 3 . 0 0 -  

262.00; - 
J 
In 
I 
v) 261.00 '  
CY w 

2 ' 260.00{ 

v 

L 

3 
I 
0 

2 5 9 . 0 0 -  
w 
T 
+ 
Z 
W 

0 

6 258.00: 
a 

2 5 7 . 0 0 -  

2 5 6 . 0 0 7  

2 5 5 . 0 0 -  

252 

APPENDIX  V (cont inued)  

I I I I I I / I , / I I I , , , r , , , I , / , , , , , , , l , , , , I 1 1 1 , I , , , , , / / , , I , , , , / ~  

03RUG62 11NOV62  1 S C E E 8 3  3 0 P R Y Z 3  0 7 S E P 3 3  1 6 C E Z 8 3  55:l f lE8'4 

WATER LEVEL ELEVATION VS TI 
WELLIO=Q A G E = .  S C R D E P = .  

H E A D  
2 6 5 . 0 0 4  
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APPENDIX V (contlnued) 

H E A O  

267.50;  

2 6 7 . 0 0 4  

2 6 6 . 5 0 -  

3 2 6 6 . 0 0 -  
v) 
I 

v, cc 
W t; 2 6 5 . 5 0 -  
H 
z 
2 I 2 6 5 . 0 0 <  

0 

$ 2GU.504 

v 

cc 
t 
W 

+ 
Z 
W 

a SI 
2GU. 00- 

2 6 3 . 5 0 -  

2 6 3 . 0 0 -  

ORNL/TM-9314 

WATER LEVEL ELEVATION VS TI 
W E L L I D = l  R G E = .  S C R O E P = .  

J , , , , , , , , ,  , , , , , , , , ,  , , , , ,  , , ,  , , , , , , , , .  , , , , , , , , ,  , , , ,  , ,  

2 2 S E P 8 2  3 1 D E C 8 2  l G R r ' F i 8 3  19JUL63 2 7 d C T d 3  Gt lFESaLI  ILiI4R I d l i  

n R T E  

L E G E N D :  WELLID 1 
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APPENDIX V (continued) 

WATER LEVEL ELEVATI vs TIME 
WELLIO=3 F IGE=.  S C R O E P = .  

H E R O  
3 

7 
l Y J U N 8 2  2 2 S E P H 2  3 1 0 E C a 2  1 U A F H i 3 3  l S l ~ U L 6 3  2711C183 C L i F t B d 4  1 4 i I H T 8 4  

O R T E  

3 L E G E N D :  WELL10 ~~ 
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APPENDIX V (contlnued) 

HERO 
265 .50 -  

265 .00 -  

264 .50 -  

2 6 4 .  00-  

263 .50 -  
h 
1 
v) z 
v, 263 .00 -  
v 

E 
c w 
z 

262.50-  z 
3 
I 262 .00 -  
II 

El 2 6 1 . 5 0 -  

E 
t- w 

t- z 
w 
t 
2 2 6 1 . 0 0 -  

260 .50 -  

260 .00 -  

259.50-  

ORNL/TM-9314 

. 
WELLID=2 R G E = .  S C R O E P = .  

2 5 9 . 0 0  
1 ~ " " ' " 1 ' ' " " ' ' ' l " " " ~ ' ' ~ ' "  1 ' " ' " " ' 1 " ' " " ' ' ~  

2ZSEP82 31DEC82 10RPR83 19JUL83 27UCT83 OLIFEB94 l l lMRY84 

D A T E  

LEGEND: WELL10 2 
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A P P E N D I X  V I  

WATER CHEMISTRY DATA 

ORNL/TM-9314 
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259 ORNL/TM-9314 

Water C h e m i s t r y  Data 

Wel l  2 Wel l  4 Wel l  5 Wel l  3 
10/83 2/83 

Wel l  1 
2/83 10/83 2/83 10/83 2/83 10/83 2/83 10/83 

Wel l  6 
2/83 10/83 

Wel l  9 W e l l  8 
2/83 10/83 2/83 10/83 2/83 1 0/83 

Wel l  7 

A1 

B1 

K1 

M1 
Hn l  

Na 

s i1 B 2  

S r l  

1 

1 
Ca 

Fe 

1 

so,; 
NO 

NO;' 

F1 

C l l  

B r l  

I1 

A1 k a l  i n 1  t y 3  

Gross a 

3H4 

'Osr4 
137,.,4 

P041 

4 

6 0 ~ 0 4  

to. 058 

to. 076 

120 

0.25 

5 

34 

0.66 

55 

9.0 

0.32 

226 

t 4  

t 2  

(1 

7 

t O . 5  

t 4  

t 0 .5  

338 

1 +l 

lOk30 

.50k. 2 

< .06 

< .07 

0.121 

to. 076 

166 

to. 02 

15.4 

70.5 

to. 001 

63.2 

9.14 

0.503 

380 

t5 

t 1  

9 

tl 

(5 

t O . l  

293 

4 . M  . O  

57k61 

.10-1.15 

< .4 

< .5 

(0.058 

t0 .076 

52 

0.074 

4 

17 

0.02 

45 

3.0 

0.33 

139 

(4 

t 2  
tl 

6 

t0.5 
(4 

t0.5 
162 

.5k.7 

28k31 

.27-1.23 

.l O k .  06 

.77k.12 

0.412 

to. 456 

225 

t 0 . 1 2  

(24 

149 

0.183 

58.6 

3.19 

0.902 

830 

(5 

(1 

21 

<1 

(5 

t O . l  

334 

5.4k6.1 

57-161 

.l Ok.15 

(1 

(1 

to. 058 

(0.076 

100 

0.079 

3.4 

24 

0.028 

16 

5.4 

0.24 

75 

(4 

(2 

tl 

2 

t0.5 
(4 

t0.5 
296 

.8*.8 
48+32 

.03-1.12 

0.57+0.41 

.14+.06 

0.078 

to. 076 

76.9 

to. 02 

(4 

35.9 

tO.OO1 

10.4 

5.15 

0.305 

64 

(5 

tl 

3 

(1 

t5 

t O . l  

21 6 

3.8f4.1 

11 0+60 

.20+. 15 

< .7 

< .8 

0.078 

t0 .076 

69 

0.1 

3.5 

10 

0.084 

10  

5.3 

0.13 

14  

(4 

t 2  

(1 

2 

t0.5 
(4 

to. 5 

264 

.7k.6 

4 8 i 3 2  

< .1 

< .04 

3.0k.2 

0.074 

t0 .076 

78.8 

to. 02 

4.41 

23.7 

to. 001 

5.97 

5.9 

0.264 

16  

t 5  

(1 

4 

(1 

(5 

t O . l  

6 . M  .2 

9 4 i 6 2  

. 2 3 t  .16 

< . . 6  

(1 

to. 058 

to. 076 

51 

0.071 

3.3 

13  

0.22 

11 

4.9 

0.2 

17 

(4 

t 2  

(1 

1 

t0.5 
(4 

t O . 5  

204 

.4+.7 

48k32 

.21 f .16 

< .02 

0.35k0.32 

0.11 

t0 .076  

73 

t0.02 
6.14 

21.1 

t o .  001 

6.77 

6.24 

0.333 

15 

(5 

(1 

2 

(1 

(5 

t O . l  

21 6 

1.2k2.8 

75k60 

.19k.18 

< .5 

< .7 

0.083 

t0 .076 

63.4 

t o .  02 

(4 

6.94 

0.211 

2.52 

5.09 

0.111 

14 

t 5  

tl 

1 

(1 

(5 

t O . l  

234 

12k8 

11 Ok60 

.11+.15 

< .4 

< . 5  

0.079 

0.093 

26 

0.11 

4.5 

8.3 

0.027 

53 

5.3 

0.35 

12 

t 4  

t 2  
(1 

7 

t0.5 

t 4  

t 0 . 5  

202 

.6k.7 

28t31 

.08+.15 

t . 0 2  

.070k.030 

0.068 

0.46 

8.99 

to. 02 

15.5 

11.1 

t o .  001 

116 

6.79 

0.66 

14 

t 5  

(1 

7 
(1 

t 5  

t O . l  

257 

23k8 

75k60 

.15k.18 

.35k. 35 

t 5  

to. 058 

to. 076 

50 

0.15 

3.4 

6.3 

0.062 

7.2 

5.3 

0.14 

6 

(4 

t 2  

(1 

2 

t0.5 
t 4  

t0.5 
162 

.3*.6 

48k32 

.16k.  1 6  

t . 0 6  

t . 0 7  

0.077 

to. 076 

44.8 

t o .  02 

(4 

8.97 

to. 001 

4.48 

6.38 

0.187 

t 5  
(5 

(1 

2 

(1 

t 5  

t O . l  

21 6 

1.8k3.3 

75k60 

.29*.  20 

t .8 

t 1  

0.093 

to. 076 

38 

0.2 

2.9 

4.8 

0.055 

6.3 

6.0 

0.064 

6 

(4 

t 2  
(1 

2 

t 0 . 5  
(4 

t0.5 
134 

.4*.6 

(30 

.1 Ok.14 

< .05 

t . 0 7  

0.073 

to. 076 

45.3 

t0 .02 

(4 

6.24 

0.669 

2.34 

7.86 

0.062 

(5 

t 5  
(1 

1 

(1 

t 5  
t O . l  

133 

2.5k2.9 

130k60 

.17t.17 

t .6 

(1 

W m L  
1 

2Si0, r e p o r t e d  as S i  

L 
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Melton Branch SWSA-7 
Central  d ra inage  

(f lume) 
(South  o f  
SWSA 7 i n p u t )  Well 18 Well 17 

10/83 10/83 10/83 10/83 10/83 
Well 13 Well 14  Well 15 Well 16 Well 10 Well 11 Well 12 

2/83 10/83 2/83 10/83 2/83 10/83 2/83 1 0/83 2/83 10/83 

All 

8l 
Ca’l 
Fe 
K1 

w1 

Si1S2 

- so 
4~ 

N02 
F’ 

1 

1 
1 

Hn 

Na 

1 Sr 

. N O g l  

Cll 
8 r l  

I1  

P041 

A1 k a l l  n1ty3 
Gross a 
3H4 

4 

1 37cs4 

6 0 ~ 0 4  

t 0 . 0 5 8  

t o .  076 
120 
0.16 
6.4 

42 

0 .4  
87 

8.5 
0.68 

264 
<4 
t 2  
t l  

2 
t 0 . 5  

(4 
t0.5 
340 

1 k1 

t 3  
.12k.14 
< .06 
< .07 

t o .  348 
t o .  456 
81.4 
t 0 . 1 2  
t 2 4  
60.5 
t o .  006 
35.2 

5.27 
0.51 

21 0 
(5 
t l  

1 
<1 

t 5  
t O . l  

289 
4 . 2 i 3 . 8  

75k60 
0.52.14 

< .6 
< .1 

t o .  058 
t0 .076  
86 

0.045 
3 . 3  
9 
0.012 
9 .4  
5 .5  
0.18 
16  

(4 
(2 

<1 

4 
t0.5 
(4 
(0.5 

172 

.4k.6 

lOk30 
.09k.  1 3  

t.05 
t . 0 7  

0.084 
(0.076 

89.7 
(0.02 
4.38 

10.5 
t o .  001 

7.62 
6.33 

0.207 
15 

(5 
t 1  

3 
(1 

t 5  
t o . 1  
222 
3.9k4.1 

75t60 
.70f .  25 
(1 

t 1  

to. 035 
< O .  046 

240 
0.33 

19 
110 
0.47 

200 
8.4 
2.4 

1255 

(4 
t 2  
<1 
11 
t0.5 
( 4  
t0.5 
21 1 

2k  2 
(30 

. 2 7 t .  16 
t . 0 5  

. l  1 f .08 

0.459 
to. 456 
2 78 
t 0 . 1 2  
48 
144 
t o .  006 
152 
2.44 
2.71 

1280 
(5 

<1 

13 
(1 
(5 

<o. 1 
286 
5.3k6.5 
t 6 0  

.14*.15 

< .9 
(1 

t o .  058 
to. 076 
25 
0.04 
3 . 3  

11 
0.015 

23 
7.4 
0.66 

1 3  

t 4  
(2  
<1 

2 
t0.5 
(4 
t 0 . 5  

146 
.8*..8 

(30 
.29*/1816 
t .07 

.12*.09 

0.0855 
t0 .076 

38.1 

t o .  02 
9.63 

14.2 
tO.OO1 
26.8 

8.66 
0.727 

31 
t5 

(1 

2 
(1 

t5 

t 0 . 1  
161 
3.5%3.9 
(60 
.09 % . 1 7 

< .6 
t . 8  

t o .  058 

t 0 . 0 7 6  
110 

0.26 
6 . 2  

56 
0.31 

84 
8 
0.67 

41 0 
(4 
<2 
<1 

3 

t0.5 
(4 
t0.5 
255 

1 *  1 
10+30 

.11*.16 
< .05 

. l  Ot .07 

0.091 
t O  .076 
69.. 4 
t o .  02. 
8.64 

38.1 
to. 001 
15.4 

5.23 
0.335 

110 

(5 

(1 

4 
(1 

t 5  

tO.l  
166 
3 .0f3 .6  
(30 
1 . 3 i . 3  
< .6  
t . 6  

0.364 
t o .  456 
141 
t0 .12  
t 2 4  
82.6 
t o .  006 

20 
5.19 
0.696 

370 
t5 

t l  

3 
t l  

t 5  

tO. l  
298 
1 .121 .8  
(30 
.05+. 15 
< . 3  
< . 5  

0.128 
t0 .076  
97.9 
t o .  02 

9.15 
51.9 
tO.OO1 

17.5 
5.29 
0.429 

‘110 

(5 
(1 

5 
(1 

<5  
t O . l  

208 
2 . 2 2 2 . 4  

8231 
.04k.14 

t . 0 3  
t . 4  

0.090 
to. 076 
52.6 
t 0 . 0 2  

5.41 
19.9 
t o .  001 
6.17 
5.75 
0.196 

26 

<5  

(1 

5 
<1 

(5 

t o . 1  
1 5 4  

3.6k4.5 
Et31 

.48+. 23 
t . 3  
<5 

0.097 
<O .,076 
69 
<0.02 
8.13 

36.2 
to. 001 
13.5 
5.35 

0.33 
33 
(5 

<1 

7 

(1 
(1 

(0.1 
232 

t o .  058 
t o .  076 
39 
0.097 
2 .9  
5 . 3  

0.027 

10  
2.7 
0.084 

14 
<4 

t 2  
<1 
4 

t o .  05 
< 4  

t 0 . 5  

130 
3.62.4.4 .3+ .4  

(30 8 7 f 3 4  
.22*.17 .10+.12 

t . 3  < .5 
<.06 < . 6  

0.179 
t o .  076 
44 
0.0512 
5.09 
5.21 

t0.001 

2.88 
3.15 
0.0884 

13 
(5 
(1 

2 

t 1  
(5 
t 0 . 1 4  
108 

3.5f4.2 
37k32 

. 2 5 t .  19 
< .5 
t . 6  

< O .  058 
t0 .076 
32 
0.12 
2.9 
5.3 
0.19 

10 
3.5 
0.075 

17 

(4 

t 2  
(1 

2 
(0.05 
(4  

(0.5 

108 
.4+.4  
67t33  
.06k.12 

0.084 
t0 .076  
58.5 
(0.02 

5.65 
7.23 

tO.OO1 
4.76 
5.39 
0.122 

14 

<5 
<1 

2 
<1 
(5 
t o .  22 
146 
4.8k5.0 
27232 
.32k.19 

.091t.971 < .7  
0.87t .081 q . 9  
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Milliequivalents/llter (avg) 

We1 1 Ca Mg Na K HCO3 c1 so4 Anion Cation Total 

1 

2 
3 
4 
5 

6 
7 

8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

F1 ume 
Melton 
Branch 

7.15 
6.93 
4.42 
3.70 
3.10 
3.17 
0.87 
2.37 
2.08 
5.04 
4.39 
12.95 
1.58 
4.49 
7.05 
4.90 
2.63 
3.45 
2.26 
2.08 

4.28 
6.80 
2.45 
1.38 
1.40 
0.57 
0.80 
0.63 
0.45 
4.20 
0.80 
10.41 
1.03 
3.86 
6.77 
4.25 
1.63 
2.97 
0.51 
0.43 

2.57 
2.25 
0.57 
0.35 
0.39 
0.11 
3.67 
0.25 
0.19 
2.66 
0.37 
7.65 
1.08 
2.16 
0.87 
0.76 
0.27 
0.59 
0.32 
0.28 

0.26 
0.36 
0.09 
0.10 
0.12 
0.05 
0.26 
0.09 
0.09 
0.39 
0.10 
0.86 
0.17 
0.19 
0.31 
0.12 
0.07 
0.10 
0.11 
0.10 

6.31 0.23 
4.96 0.38 
5.12 0.07 
5.28 0.08 
4.20 0.04 
4.68 0.03 
4.59 0.20 
2.96 0.06 
2.67 0.04 
6.29 0.04 
3.94 0.10 
4.97 0.34 
3.07 0.06 
4.21 0.10 
5.96 0 ~ 0 8  
4.16 0.14 
3.08 0.14 
4.64 0.20 
2.54 0.06 
2.38 0.08 

6.31 
10.09 
1.45 
0.31 
0.33 
0.15 
0.27 
0.11 
0.11 
4.94 
0.32 
26.41 
0.46 
5.42 
3.85 
1.77 
0.27 
0.34 
0.32 
0.28 

12.85 
15.43 
6.64 
5.68 
4.58 
4.85 
5.06 
3.13 
2.83 
11.27 
4.36 
31 .71 
3.58 
9.73 
9.90 
6.07 
3.49 
5.18 
2.92 
2.75 

14.26 27.11 
16.34 31.77 
7.55 14.18 
5.52 11.20 
5.00 9.58 
3.90 8.75 
5.60 10.66 
3.34 6.48 
2.81 5.64 
12.28 23.55 
5.666 10.02 

31.87 63.58 
3.86 7.44 
10.69 20.42 
15.00 24.90 
10.03 16.10 
4.60 8.09 
7.11 12.29 
3.21 6.13 
2.89 5.63 
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Ca Mg Na K HCO3 so4 c1 

0.50 

0.42 

0.59 

0.67 

0.62 

OS81 

O * l b  

0.71 

0 . 7 4  

3.41 

6 - 7 0  

0.41 

0.41 

0.42 

0.47 

0.49 

0.57 

0.49 

0.71 

0.72 

0.30 

0.42 

0.33 

0.25 

0.28 

0.15 

0.14 

0.19 

0.16 

0.34 

0.14 

0.33 
0.27 

0.36 

0.45 

0.42 

0.35 

0.42 

0.16 

0.15 

0.18 

0.14 

0.08 

0.06 

0.08 

0.03 

0.66 

0.08 

0.07 

0.22 

0.07 

0.24 

0.28 

0.20 

0.06 

0.08 

0.06 

0.08 

0.10 

0.10 

0.02 

0.02 

0.01 

0.02 

0.02 

0.01 

0.05 

0.03 
0.03 

0.03 
0.02 

0.03 

0.04 

0.02 

0.02 

0.01 

0.02 

0.01 

0.03 

0.04 

0.49 

0.32 

0.77 

0.93 

0.92 

0.96 

0.91 

0.95 

0.94 

0.56 

0.90 

0.16 

0.86 

0.43 

0.60 

0.69 

0.88 

0.90 

0.87 

0.07 

0.49 

0.65 

0.22 

0.06 

0.07 

0.03 
0.05 

0.04 

0.04 

0.44 

0.07 

0.83 

0.13 

0.56 

0.39 

0.29 

0.08 

0.07 

0.11 

0.10 

0.02 

0.02 

0.01 

0.01 

0.01 

0.01 

0.04 

0.02 

0.01 

0.00 

0.02 

0.01 

0.02 

0.01 

0.01 

0.02 

0.04 

0.04 

0.02 

0.03 
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