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ABSTRACT 

SLEDZ, J. J., and D .  D.  HUFF. 1981. Computer Model 
f o r  Determining F r a c t u r e  P o r o s i t y  and Pe rmeab i l i t y  
i n  t h e  Conasauga Group, Oak Ridge N a t i o n a l  
Laboratory ,Tennessee.  ORNL/TM-7695. Oak Ridge 
Na t iona l  Labora tory ,  Oak Ridge, Tennessee.  1 4 2  pp.  

J o i n t  o r i e n t a t i o n s  f o r  t h e  s h a l e  and s i l t s t o n e  beds  of  t he  

Conasauga Group w e r e  measured from ou tc rop  exposures  on t h e  Oak Ridge 

Nat iona l  Laboratory Reserva t ion .  The d a t a  c o l l e c t e d  from two s t r i k e  

b e l t s  ( s t r u c t u r a l  t r e n d s )  were analyzed wi th  t h e  use o f  t he  computer 

and subdivided i n t o  i n d i v i d u a l  j o i n t  se t s .  The j o i n t  se t  p a t t e r n s  i n  

t h e  Northern o u t c r o p  b e l t  were too  complex f o r  o r i e n t a t i o n  

p r e d i c t i o n ;  j o i n t  formation i s  be l i eved  t o  be in f luenced  by polyphase 

deformation.  The Southern Conasauga B e l t  c o n t a i n s  an or thogonal  

j o i n t  se t  c o n s i s t i n g  of s t r i k e  and a-c j o i n t s  i n  a l l  ou tc rops  

measured. These a r e  be l i eved  t o  be t e n s i o n  j o i n t s  formed dur ing  

t h r u s t  shee t  emplacement. 

J o i n t  l e n g t h  and spac ing ,  measured i n  t h e  f i e l d ,  were found t o  

be ex t remely  v a r i a b l e  w i t h i n  each exposure and h i g h l y  dependent upon 

s u r f i c i a l  weather ing.  The measurements from a l l  l o c a t i o n s  were 

combined f o r  d e t a i l e d  a n a l y s i s  and t r end  p r e d i c t i o n .  In  t h e  

s i l t s t o n e  b e d s ,  mean j o i n t  l e n g t h  v a r i e d  from 2 cm t o  76 cm with a 

mean range  of 6 t o  45 j o i n t s  per meter. The s h a l e  beds  conta ined  a 

n e a r l y  cons t an t  mean j o i n t  l e n g t h  o f  12 cm with 12 t o  28 j o i n t s  i n  a 

one-meter t r a v e r s e .  Resu l t s  showed t h a t  t h e  j o i n t  l e n g t h  and spac ing  

increased  with i n c r e a s i n g  bed th i ckness  i n  t h e  s i l t s t o n e  , whi le  t h e  

bed t h i c k n e s s  v a r i a t i o n s  i n  t h e  s h a l e  had l i t t l e  e f f e c t  on t h e  j o i n t s .  

V 



A computer model w a s  developed by combining t h e  j o i n t  

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

f i e l d  wi th  subsu r face  d r i l l  c o r e  in fo rma t ion  f o r  t h e  purpose o f  

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

j o i n t  gap width w a s  measured from both o u t c r o p  and subsu r face  samples 

wi th  r anges  from 0.1 mm t o  0.7 mm i n  t h e  s i l t s t o n e s  and l e s s  t han  0.2 

mm i n  the s h a l e s .  The va lue  f o r  t h e  j o i n t  gap width w a s  found t o  be 

t h e  major f a c t o r  i n  t h e  f r a c t u r e  p o r o s i t y  and p e r m e a b i l i t y  

c a l c u l a t i o n .  A gap  width o f  0.19 mm i n  a pure s h a l e  bed had a 

f r a c t u r e  p o r o s i t y  o f  0.09 pe rcen t  and f r a c t u r e  p e r m e a b i l i t y  o f  0.09 

darcy. In  a pure s i l t s t o n e  b e d ,  t h e  p o r o s i t y  and p e r m e a b i l i t y  were 

0.03 p e r c e n t  and 0.001 darcy,  It w a s  determined t h a t  i n c r e a s i n g  t h e  

gap width b y  a f a c t o r  i n c r e a s e s  t h e  f r a c t u r e  p o r o s i t y  by t h e  same 

f a c t o r  and causes  t h e  p e r m e a b i l i t y  t o  i n c r e a s e  by t h e  cube of t h e  

f a c t o r .  

The r e s u l t s  o f  t he  model sugges t  t h a t  t h e  m i g r a t i o n  o f  f l u i d s  

through h i g h l y  j o i n t e d  c l a s t i c  rocks  should be considered when 

d e f i n i n g  groundwater flow p a t t e r n s .  

. 
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CHAPTER I 

INTRODUCTION 

Purpose and Methods 

Ir 
c 

Surface exposures  o f  s h a l e  and s i l t s t o n e  o f t e n  c o n t a i n  abundant 

f r a c t u r e s  and j o i n t s .  J o i n t s  a r e  de f ined  a s  f r a c t u r e s  where t h e  

component o f  displacement  p a r a l l e l  t o  t h e  f r a c t u r e  i s  zero o r  

microscopic  (Hobbs e t  a l .  , 1976).  The j o i n t s  may b e  formed by 

t e c t o n i c  deformation ( P r i c e ,  19661, o r  t hey  may b e  a response t o  

compaction and dewater ing processes  (Nicke lsen  and Hough, 1967) .  The 

de te rmina t ion  o f  a sys t ema t i c  r e l a t i o n s h i p  between j o i n t s  i s  

ex t r eme ly  v a l u a b l e  f o r  t r end  and p r e d i c t i v e  purposes .  Measured j o i n t  

o r i e n t a t i o n s  i n  d i f f e r e n t  ou tc rops  can be d iv ided  i n t o  i n d i v i d u a l  

groups of j o i n t  s e t s  e x h i b i t i n g  s i m i l i a r  o r i e n t a t i o n s  (Babcock, 1973) .  

The j o i n t  sets can be compared and r e l a t e d  t o  t h e  o r i e n t a t i o n  of  t h e  

e x i s t i n g  s t r u c t u r a l  f e a t u r e s  (Murray, 1968); and i f  a r e l a t i o n s h i p  

e x i s t s  between ad jacen t  exposures  i n  a s i n g l e  a r e a ,  t h e  sys t ema t i c  

o r i e n t a t i o n  o f  t h e  j o i n t s  i n  t h e  e n t i r e  a r e a  can be p r e d i c t e d .  

J o i n t  l e n g t h  and j o i n t  spac ing  ( d e n s i t y )  a r e  two important  

parameters  t h a t  can be measured i n  ou tc rops  (Hodgson, 1961).  The 

l e n g t h  and d e n s i t y  o f  t h e  j o i n t s  a r e  p r i m a r i l y  a func t ion  of  t h e  r o c k  

type  and bed t h i c k n e s s .  Data of t h i s  type  can be analyzed and an 

empi r i ca l  r e l a t i o n s h i p  de r ived  fo r  c a l c u l a t i n g  j o i n t  l e n g t h  and 

d e n s i t y  a s  a func t ion  of  t hese  i n t e r r e l a t e d  parameters .  

1 
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By determining t h e  gap width (opening d i s t a n c e )  of i n d i v i d u a l  

j o i n t s  and combining t h e  j o i n t  o r i e n t a t i o n ,  l e n g t h ,  and d e n s i t y  f o r  a 

given a r e a ,  t h e  void  volume of t h e  r o c k  r e l a t e d  t o  j o i n t s  can be 

c a l c u l a t e d .  The volume o r  p o r o s i t y  formed by t h e  f r a c t u r e s  i s  

t y p i c a l l y  v e r y  s m a l l  compared t o  t h e  p o r o s i t y  between t h e  g r a i n s  i n  a 

coarse-to-medium-grained c l a s t i c  rock  ( S t e a r n s  and Friedman, 1972).  

Shale  beds ,  however, c o n s i s t  o f  v e r y  f i n e  gra ined  m i n e r a l s ,  and a 

l a r g e  po r t ion  of  t h e i r  o v e r a l l  p o r o s i t y  i s  provided by t h e  j o i n t s .  

The va lue  fo r  t h e  f r a c t u r e  p o r o s i t y  o f  s h a l e  i s  r e l a t i v e l y  low ( l e s s  

than  0.05 p e r c e n t ) ,  bu t  with t h e  presence o f  j o i n t s  a means i s  

c r e a t e d  fo r  f l u i d  t o  flow through t h e  s t r a t a  (Snow, 1968).  

Pe rmeab i l i t y ,  which is  d i r e c t l y  p ropor t iona l  t o  the  r a t e  of  t h i s  

f low,  may b e  h igh  i f  t h e  j o i n t s  a r e  sys t ema t i c  and form cont inuous 

condu i t s  through t h e  rock .  The de te rmina t ion  of  t he  f r a c t u r e  

pe rmeab i l i t y  i s  important  when cons ide r ing  t h e  amount of  hydrocarbon 

(Regan and Hughes, 1949) o r  groundwater-related r ad ionuc l ide  

mig ra t ion  i n  an o therwise  impermeable r o c k  (Webster , 1976).  

The purpose of  t h i s  s tudy  i s  t o  determine t h e  sys temat ic  

r e l a t i o n s h i p  between j o i n t s  i n  s h a l e s  and s i l t s t o n e s  o f  t h e  Conasauga 

Group on t h e  Oak Ridge Nat ional  Laboratory Reserva t ion  and t o  

c a l c u l a t e  t h e  f r a c t u r e  p o r o s i t y  and pe rmeab i l i t y  o f  t h e s e  rocks .  

Making use of  t h e  computer,  t h e  importance of  each j o i n t  parameter 

may b e  i n d i v i d u a l l y  eva lua ted  and combined i n  an a n a l y t i c a l  model t o  

g e n e r a t e  a q u a n t i t a t i v e  p i c t u r e  of  t he  f r a c t u r e  p o r o s i t y  and 

pe rmeab i l i t y  wi th in  t h e  Conasauga Group. These estimates can  then  be 

used wi th  a gene ra l  groundwater model t o  p r e d i c t  f low i n  a phys ica l  

system. 

1 
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Locat ion  

. 

,- 

'Ihe s tudy  a r e a  i s  loca t ed  i n  t h e  Oak Ridge Nat ional  Laboratory 

Reserva t ion  i n  Roane and Anderson c o u n t i e s  approximately one 

k i lometer  southwest o f  Oak Ridge, Tennessee (F igu re  1). The 

r e s e r v a t i o n  i s  phys iog raph ica l ly  loca t ed  i n  t h e  Val ley and Ridge 

province of t he  Appalachian Mountains. Two major t h r u s t  f a u l t s  , 

which p l ay  an i n t e g r a l  r o l e  i n  t h e  development o f  the  f r a c t u r e s  

s t u d i e d ,  t r a n s e c t  t h e  a r e a  and extend fo r  d i s t a n c e s  o f  over 160 

k i lome te r s  (100 mi l e s )  along s t r i k e .  

Regional Geology 

S t  r a t  ig raphy 

The geology on t h e  r e s e r v a t i o n  c o n s i s t s  o f  a r e p e t i t i o n  of  

Cambrian and Ordovician rocks  wi th in  two major s t r i k e  b e l t s  t h a t  l i e  

p a r a l l e l  t o  t he  t h r u s t  f a u l t s .  A geologic  map of  t h e  a r e a  ( w i t h  t h e  

Oak Ridge Adminis t ra t ion  Grid System superimposed) i s  shown i n  Figure 

2. The o l d e s t  rocks  found i n  t h e  a r e a  a r e  t h e  Lower Cambrian Rome 

Formation, which forms t h e  two major r i d g e s  i n  t h e  r e s e r v a t i o n .  

These r i d g e s ,  P ine  Ridge t o  the  no r th  and Haw Ridge t o  the  sou th ,  

have an average topographic  e l e v a t i o n  of  300 meters (1000 f e e t ) .  The 

Rome Formation i s  composed of  s h a l e  interbedded with sandstone and 

s i l t s t o n e ,  with a t o t a l  s t r a t i g r a p h i c  th i ckness  between 240 and 300 

meters (800-1000 f e e t ) .  Overlying the  Rome Formation i n  g r a d a t i o n a l  

c o n t a c t  i s  t h e  Middle Cambrian Conasauga Group, which i s  composed 

predominantly of s h a l e s  with a few t h i n  beds of  s i l t s t o n e  and 

l imes tone .  The Conasauga Group i s  o f  prime i n t e r e s t  €or  t h i s  s tudy  
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and i s  t h e  rock  u n i t  f o r  which t h e  computer model w a s  developed. The 

Conasauga Group i s  composed of t h r e e  l imes tone  format ions  and t h r e e  

s h a l e  format ions  (F igu re  3 ) .  The lowermost format ion ,  Pumpkin Val ley  

Sha le ,  i s  a h igh ly  ca l ca reous  g l a u c o n i t i c  s i l t s t o n e  in te rbedded  wi th  

s h a l e .  This  i s  exposed i n  road c u t s  a long  t h e  s l o p e s  of t h e  r i d g e s  and 

i s  t h e  format ion  from which a l l  d a t a  were c o l l e c t e d .  Near t h e  top  of 

t h e  Pumpkin Val ley  Shale  t h e r e  i s  a decrease i n  t h e  amount of s i l t s t o n e  

p r e s e n t  and a n  i n c r e a s e  i n  t h e  abundance of s h a l e .  The t h i c k  u n i t  of 

s h a l e  (Roger sv i l l e  and Nolichucky Sha le  Forma t ions ) ' con ta ins  numerous 

i n t e r f i n g e r i n g  beds of l imes tone  be l ieved  t o  be e q u i v a l e n t  t o  t h e  

Rutledge and Maryvi l le  Limestone Formations.  Near t h e  top  of t h e  

Conasauga Group, t h e  s h a l e  beds a r e  less  prominent ,  w i t h  l imes tone  

becoming more abundant u n t i l  a t  t h e  top ,  on ly  l imes tone  i s  p resen t  

(Maynardvi l le  Limestone Formation) .  

The s u r f a c e  exposures  o f  t he  Conasauga Group c o n s i s t  o f  s h a l e  

and s i l t s t o n e  of t h e  Pumpkin Va l l ey  Shale  Formation. Numerous d r i l l  

c o r e s  taken  i n  t h e  Melton Val ley r eg ion  revea led  an e x t e n s i v e  amount 

o f  calcium carbonate  p re sen t  w i th in  t h e  s h a l e s .  These c o r e s  a l s o  

r evea led  t h e  t o t a l  depth o f  weather ing t o  be g r e a t e r  than 30  meters 

(100 f e e t ) ,  which was t h e  depth  o f  t h e  deepes t  c o r e  i n s p e c t e d .  

Overlying t h e  Conasauga i s  t h e  L o w e r  Ordovician Knox Group, 

which c o n s i s t s  o f  massive s i l i c e o u s  dolomi te .  This  is  t h e  t h i c k e s t  

u n i t  i n  t h e  a r e a  with an es t imated  o v e r a l l  s t r a t i g r a p h i c  th i ckness  o f  

900 meters (3000 f e e t ) .  The Knox c o n t a i n s  abundant s o l u t i o n  

channel ing  throughout t h e  r e s e r v a t i o n .  The t o p  o f  t h e  b o x  is 

uneonformably o v e r l a i n  by t h e  Middle Ordovician Chickamauga Group, a 
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Figure  3 .  Generalized 
t r a v e r s e  of 
i s  be l ieved  

5 SHALE 
LIMESTONE 

NOT TO SCALE 

f a c i e s  map of t h e  Conasauga Group i n  west 
Eas t e rn  Tennessee ( a f t e r  Rodgers, 1953) .  
t o  be loca ted  nea r  t h e  c e n t r a l  po r t ion  of 

(W) t o  e a s t  ( E )  
The s tudy  a r e a  
t h e  diagram. 
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thick-bedded l imes tone  with l e n s e s  o f  s h a l e  and s i l t s t o n e .  

North o f  Pine Ridge are exposures  o f  younger rocks  of  ages  t o  

t h e  E a r l y  M i s s i s s i p p i a n ,  bu t  t h e y  a r e  n o t  o f  i n t e r e s t  i n  t h i s  s t u d y .  

De p o s i t i o n a l  H i  s t o r y  

The d e p o s i t i o n a l  environment from Cambrian through E a r l y  

Ordovician t i m e  was t h a t  o f  a g r a d u a l l y  s u b s i d i n g  b a s i n  wi th  westward 

t r a n s g r e s s i o n  of a ca rbona te  s h e l f  ( H a r r i s  and M i l i c i ,  1977). The 

Rome Formation was depos i t ed  on a sha l low ca rbona te  bank o f  t h e  Lower 

Cambrian Shady Dolomite. The i n f l u x  of c l a s t i c  m a t e r i a l  from t h e  

w e s t  supp l i ed  t h e  p e r i t i d a l  environment o f  the  Rome (Samman, 1975). 

The b a s i n  t h e n  g r a d u a l l y  began t o  subs ide  forming a deeper  water 

c o a s t a l  lagoon sequence on i t s  wes tern  edge. With t h e  s h o r e l i n e  t o  

t h e  w e s t  and t h e  ca rbona te  banks m i g r a t i n g  from t h e  ea s t ,  t h e  deeper  

water s h a l e s ,  s i l t s t o n e s ,  and thin-bedded l imes tones  of  t h e  Conasauga 

Group w e r e  depos i t ed  ( M i l i c i  e t  a l . ,  1973).  By t h e  end of  the  

Cambrian Pe r iod ,  t h i s  deeper  water ca rbona te - she l f  sequence 

t r a n s g r e s s e d  westward, cove r ing  t h e  e n t i r e  a r e a  and d e p o s i t i n g  g r e a t  

t h i c k n e s s  o f  t h e  b o x  Dolomite. A f t e r  a s h o r t  per iod  o f  qu ie scence ,  

t h e  ca rbona te  s h e l f  was u p l i f t e d  and exposed, r e s u l t i n g  i n  s u r f i c i a l  

w a t h e r i n g  and t h e  widespread development o f  karst topography. 

During Middle Ordovician t i m e ,  a second t r a n s g r e s s i o n  o f  t h e  

s e a s  occur red  and a deep b a s i n  developed. The i n f l u x  o f  ca rbona te  

and c l a s t i c  material  depos i t ed  t h e  Chickamauga Limestone over  t h e  

submerged Knox Group. The b a s i n  cont inued  t o  f i l l  and by t h e  La te  

Pa leozoic  t i m e ,  a g r e a t  t h i c k n e s s  o f  d e l t a i c  and a l l u v i a l  d e p o s i t s  

w a s  formed. 
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S t  ruc tur  e 

I 

The two major t h r u s t  f a u l t s  t h a t  t r a n s e c t  t h e  s tudy  area a r e  t h e  

Whiteoak Mountain f a u l t  t o  t h e  no r th  and t h e  Copper Creek f a u l t  t o  

t he  south (F igu re  2 ,  p .  5 ) .  The t h r u s t  f a u l t s  c u t  up-sect ion 

northwestward , br ing ing  the  Lower Cambrian Rome Formation over  Middle 

Ordovician Chickamauga Limestone (F igu re  4 ) .  The t h r u s t  f a u l t s  a r e  

n o t  exposed, bu t  t h e i r  o r i e n t a t i o n s  a r e  i n f e r r e d  from the  s t r a t a  a t  

t h e  s u r f a c e .  The d i p  of  t he  rocks a t  t h e  su r face  along the  Copper 

Creek f a u l t  i s  t o  t h e  sou theas t  a t  45-55 degrees  ( O s s i ,  1979) ,  and a t  

depth i s  n e a r l y  h o r i z o n t a l  , forming a bedding-para l le l  f a u l t .  This 

i s  p a r t  of t h e  major decollement of t h e  Southern Appalachian 

thin-skinned orogenic  t h r u s t  b e l t  (Roeder e t  a l .  , 1978a).  The 

h o r i z o n t a l  displacement  o f  t he  t h r u s t  f a u l t  i s  be l ieved  t o  be between 

15 and 20 k i lome te r s  (9-13 m i l e s ) .  

The Conasauga Group i s  exposed i n  two s t r i k e  b e l t s  t h a t  l i e  

p a r a l l e l  t o  t h e  t h r u s t  f a u l t s .  The no r the rn  exposure ,  i n  Bear Creek 

Val ley nea r  t he  Whiteoak Mountain f a u l t ,  w i l l  be  r e f e r r e d  t o  as t h e  

Northern Conasauga Belt. This c o n s i s t s  o f  approximately 460 meters  

(1500 f e e t )  of s h a l e  s t r i k i n g  a t  N59E and d ipping  from 45-60 degrees  

t o  the  s o u t h e a s t .  The Southern Conasauga B e l t ,  which i s  exposed 

south o f  t he  Copper Creek Fau l t  i n  Melton Val ley ,  h a s  a t o t a l  

s t r a t i g r a p h i c  th i ckness  o f  550 meters  (1800 f e e t ) .  These s t r a t a  have 

a mean s t r i k e  of N58E and d i p  from 30-40 degrees  t o  the  s o u t h e a s t .  

The l a t e  Paleozoic  tec tonism of the  Alleghenian Orogeny t h a t  

produced t h e  t h r u s t  f a u l t s  a l s o  produced numerous low ampli tude f o l d s  

which a r e  abundant i n  t h e  a r e a .  These were noted i n  sha l low t r e n c h e s  

dug i n  t h e  a r e a  and are no t  apparent  on t h e  outcrop .  
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CHAPTER I1 

J O I N T  MEASUREMENT AND ANALYSIS 

In t roduc t ion  

c. 

c 

A computer model f o r  f r a c t u r e  p o r o s i t y  and p e r m e a b i l i t y  

de t e rmina t ion  must cons ide r  many d i f f e r e n t  v a r i a b l e s ,  i nc lud ing  j o i n t  

d e n s i t y ,  l e n g t h ,  o r i e n t a t i o n ,  and j o i n t  gap width.  Each o f  t h e s e  

parameters  i s  i n t e r r e l a t e d ,  and f i e l d  measurement o f  them i s  

e s s e n t i a l .  The primary goa l  o f  t h e  c a l c u l a t i o n  i s  t o  p r e d i c t  j o i n t  

o r i e n t a t i o n s  i n  a g iven  a r e a ,  which may be  viewed over  a wide r e g i o n  

on t h e  b a s i s  o f  t h e  t e c t o n i c  f o r c e s  involved i n  t h e i r  format ion .  

S tud ie s  o f  j o i n t i n g  i n  c l a s t i c  rocks  have been p r i m a r i l y  done on 

a r e g i o n a l  s c a l e .  Work by Nickelsen and Hough (1967)  and by Parker  

(1942) i n  t h e  Northern Appalachian mountains r eg ion  of New York and 

Pennsylvania  demonstrated t h a t  t h r e e  t o  f i v e  d i f f e r e n t  j o i n t  sets can  

be  determined by f i e l d  measurement on a r e g i o n a l  s c a l e .  In  t h e  

Western United S t a t e s ,  Hodgson (1961) found a r e g i o n a l  j o i n t  p a t t e r n  

i n  t h e  Cab Ridge-Navajo Mountain a r e a  of Arizona and Utah which 

d i s p l a y e d  'many s imi la r i t i es  t o  those  i n  t h e  Northern Appalachians.  

The sequence of  j o i n t  fo rma t ion ,  i nc lud ing  t h e i r  r e l a t i o n s h i p  with 

t e c t o n i c  s t r u c t u r e s ,  h a s  been s tud ied  i n  d e t a i l  by s e v e r a l  a u t h o r s  

( H a r r i s  e t  a l . ,  1960; Babcock, 1973,1974; C u r r i e  and Reik, 1977).  

Spencer (1959) d iscussed  t h e  geologic  e v o l u t i o n  o f  t h e  Beartooth 

Mountains by t h e  use o f  f r a c t u r e  p a t t e r n s .  Stress systems,  as  

d i sp layed  by j o i n t  s e t s ,  were determined f o r  t h e  Cardium Sandstone i n  

11 
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A l b e r t a  by Muecke and Charlesworth (1966) ,  wh i l e  P r i c e  (1966) 

d i s c r i b e d  a s i m i l i a r  s t udy  i n  t h e  Southern Rocky Mountains. 

The d e n s i t y  of  j o i n t s  i n  s h a l e s  can v a r y  l o c a l l y  w i t h i n  a s i n g l e  

o u t c r o p  as  w e l l  as on a r e g i o n a l  s c a l e  (Nicke lsen  and Hough, 1967).  

This v a r i a t i o n  i s  dependent on bed t h i c k n e s s  as w e l l  a s  t h e  r o c k  type 

(Hodgson, 1961). Wbbs (1972) determined the  r e l a t i o n s h i p  

e m p i r i c a l l y  and suggested t h a t  j o i n t  d e n s i t y  v a r i e s  i n v e r s e l y  wi th  

bed t h i c k n e s s  f o r  a g iven  l i t h o l o g y .  The d e n s i t y  o f  j o i n t s  i s  a l s o  

in f luenced  by t h e  degree  o f  t e c t o n i c  deformat ion  ( P r i c e ,  1967). An 

i n c r e a s e  i n  deformat ion  r e s u l t s  i n  an i n c r e a s e  i n  t h e  abundance and 

d e n s i t y  o f  t h e  j o i n t s .  

The l e n g t h  of  j o i n t s  h a s  n o t  been s t u d i e d  i n  g r e a t  d e t a i l ,  b u t  

i t  i s  b e l i e v e d  t h a t  j o i n t  l e n g t h  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  bed 

t h i c k n e s s  ( P r i c e ,  1966). 

One major f a c t o r  t h a t  i s  d i f f i c u l t  t o  model i s  t h e  degree  o f  

weather ing  t h a t  h a s  t aken  p l ace  on t h e  ou tc rop .  This i s  an impor tan t  

f a c t o r  when c o n s i d e r i n g  both  j o i n t  d e n s i t y  and l e n g t h .  Thin s e c t i o n  

s t u d i e s  o f  t h e  Conasauga Group suggest  t h a t  j o i n t  spac ing  is on a 

microscopic  scale (Krumhansl , 1979) , whi le  s u r f a c e  exposures  c o n t a i n  

a much l a r g e r  spac ing .  The number of  j o i n t s  exposed i n  an o u t c r o p  i s  

d i r e c t l y  r e l a t e d  t o  t h e  amount o f  weather ing .  A q u a n t i t a t i v e  v a l u e  

of  weather ing  is  d i f f i c u l t  t o  estimate,  and t h e  l a c k  of t h i s  

i n fo rma t ion  p l a c e s  a q u a l i t a t i v e  l i m i t  t o  j o i n t  p r e d i c t i o n s .  4 
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Data Co l l ec t ion  

A reconnaissance  of  t he  e n t i r e  r e s e r v a t i o n  was undertaken t o  

provide t h e  necessa ry  informat ion  on t h e  l o c a t i o n  and q u a l i t y  o f  

o u t c r o p s .  The m a j o r i t y  of  t he  outcrops  s tud ied  requi red  ex tens ive  

excavat ion  t o  expose enough su r face  a r e a  f o r  d a t a  c o l l e c t i o n .  These 

exposures  were predominately road c u t s  t h a t  a r e  p a r a l l e l  t o  t he  

s t r i k e  of t he  s t r a t a ,  a l lowing  f o r  measurements on s i n g l e  o r  m u l t i p l e  

bedding-plane s u r f a c e s .  

Eleven outcrops  were s e l e c t e d  for  o r i e n t a t i o n  a n a l y s i s  , four  i n  

t h e  Northern Conasauga Bel t  and seven i n  t h e  Southern Conasauga B e l t  

(F igu re  2 ,  p .  5 ) .  For each ou tc rop ,  a minimum of two s e p a r a t e  

sub- loca t ions  was s e l e c t e d  fo r  excavat ion  and measurments . Enough 

weathered m a t e r i a l  a t  each sub- loca t ion  was removed t o  f a c i l i t a t e  

measurements. The number o f  j o i n t  measurements needed fo r  a v a l i d  

r e p r e s e n t a t i o n  of t h e  j o i n t s  i s  d i f f i c u l t  t o  quan t i fy .  Pincus (1951) 

suggested t h a t  a t  l e a s t  80 j o i n t s  should be measured f o r  

s t a t i s t i c a l l y  v a l i d  r e s u l t s .  Muecke (Babcock, 1973) measured 250-300 

j o i n t s ,  while  Spencer (1959) recorded 100-120; Babcock (1973) 

measured a maximum of 150 j o i n t s  a t  each outcrop .  Based on a 

p re l imina ry  s t u d y ,  t h e  au thor  measured 200 and 240 j o i n t s  from two 

d i f f e r e n t  ou tcrops  and a f t e r  ana lyz ing  t h e  d a t a ,  i t  was decided t h a t  

120 measurements a t  each ou tc rop  would be recorded .  

The o r i e n t a t i o n  of  a l l  j o i n t s  ( s t r i k e  and d i p )  were recorded a t  

each o f  two sub- loca t ions  u n t i l  50-60 j o i n t s  were measured. The d a t a  

from both sub- loca t ions  were combined, r e s u l t i n g  i n  a s i n g l e  sample  

of  j o i n t  o r i e n t a t i o n s  f o r  each ou tc rop  l o c a t i o n .  
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The j o i n t  gap ,  t h e  pe rpend icu la r  opening d i s t a n c e  o f  t h e  j o i n t s ,  

proved d i f f i c u l t  t o  measure q u a n t i t a t i v e l y .  The gap width on t h e  

weathered bedding p lane  s u r f a c e  d i f f e r e d  g r e a t l y  from t h e  gap o f  t h e  

unexposed bed. Because o f  t h i s ,  i t  w a s  decided t h a t  t h e  gap width 

should  n o t  be measured on t h e  o u t c r o p ,  bu t  a range of  v a l u e s  should 

be  recorded  from unweathered m a t e r i a l  conta ined  i n  d r i l l  c o r e s .  

F igure  5 i s  a photograph o f  a s i l t s t o n e  c o r e  t aken  from a depth  o f  23 

m (75 .5  f e e t )  wi th  abundant c a l c i t e - f i l l e d  j o i n t s .  There i s  a v e r y  

wide v a r i a t i o n  i n  t h e  gap width o f  t h e  many j o i n t s  w i th in  t h i s  

sample,  making it d i f f i c u l t  t o  de te rmine  a mean width.  Some o f  t h e  

d i f f e r e n c e s  i n  gap wid th ,  a s  seen i n  t h e  f i g u r e ,  a r e  due t o  t h e  

ob l ique  ang le  of  s e c t i o n i n g ;  t h e  a c t u a l  width , t h e r e f o r e  , was 

measured from e i t h e r  end o f  t h e  c o r e .  The co re  a l s o  d i s p l a y s  

weather ing of t h e  gap  with c a l c i t e  removed by d i s s o l u t i o n .  In t h i s  

ca se  t h e  e f f e c t i v e  gap width i s  a c t u a l l y  t h e  d i s s o l v e d  p o r t i o n ,  b u t  

t h i s  compl ica t ion  cannot  be p r e d i c t e d .  Resu l t s  o f  t he  gap width 

measurements w i l l  b e  d i scussed  i n  t h e  nex t  c h a p t e r .  

O r i e n t a t i o n  and gap width d a t a  can be combined f o r  f r a c t u r e  

p o r o s i t y  d e t e r m i n a t i o n  a s  fo l lows .  F igure  6 i s  a j o i n t  p r o j e c t i o n  

diagram ( c a v a l i e r  p e r s p e c t i v e )  d e p i c t i n g  a j o i n t  s u r f a c e .  The 

o r i e n t a t i o n  a long  a bedding p lane  has  t h e  components o f  s t r i k e  (ol) 

and d i p  (t) o r i e n t e d  wi th  r e s p e c t  t o  t r u e  n o r t h .  By combining t h e  

gap  width (GJ) in format ion  with t h e  t h i c k n e s s  o f  t h e  bed (T) and t h e  

l e n g t h  (L) and width (W) forming a u n i t  volume, t h e  p o r o s i t y  provided 

by t h e  s i n g l e  j o i n t  can be c a l c u l a t e d .  

The l e n g t h  and d e n s i t y  o f  t h e  j o i n t s  were measured a t  l o c a t i o n s  
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Figure 6. Block diagram of a joint projection on a three-dimensional 
surface. The block (cavalier perspective) contains a unit 
volume of width (W), length (L) ,  and bed thickness (T) with 
the joint strike ( H ) ,  dip ( f ) ,  and gap width (GJ) illustrated. 
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N4, S 1 ,  S4, S5,  S7, and S10 (F igu re  2 ,  p .  5 ) .  Each o u t c r o p  was 

c l e a r e d  along a s i n g l e  bedding p lane  s u r f a c e  i n  t h e  same manner a s  

f o r  t h e  o r i e n t a t i o n  d a t a  c o l l e c t i o n .  

There are p r i n c i p a l l y  two methods f o r  de te rmining  t h e  d e n s i t y  o f  

j o i n t s  i n  a g iven  a r e a .  One method i s  t o  determine a l i t h o l o g y  

f a c t o r  ( H a r r i s  e t  a l . ,  1960) by count ing  t h e  number o f  j o i n t s  w i t h i n  

a u n i t  a r e a .  The r e s u l t s  a r e  normalized t o  a datum bed of  a c e r t a i n  

r o c k  type  and t h i c k n e s s .  This method was found t o  be i n a p p r o p r i a t e  

f o r  t h e  s tudy  a r e a  because of  t h e  t h i n  bedding of t h e  s h a l e s  and t h e  

d i f f i c u l t y  o f  exposing a l a r g e  enough s u r f a c e  a r e a  fo r  measurements 

t o  be taken .  The method found to  be most u s e f u l  i n  d e a l i n g  with v e r y  

t h i n  beds i s  t o  determine t h e  f r a c t u r e  number f o r  each r o c k  type  and 

bed th i ckness  ( S t e a r n s  and Friedman, 1972).  Using a b l o c k  diagram 

( F i g u r e  7 1 ,  t h i s  method o f  f i e l d  c o l l e c t i o n  o f  d a t a  can be e a s i l y  

exp la ined .  For each r o c k  type  along a bedding-plane s u r f a c e ,  a 

t r a v e r s e  ( S )  of  a u n i t  l e n g t h  was measured normal t o  each j o i n t  s e t .  

The number o f  j o i n t s  c r o s s i n g  t h e  t r a v e r s e  was counted ,  y i e l d i n g  a 

f r a c t u r e  f requency f o r  v a r i o u s  bed t h i c k n e s s e s .  From t h e  f r a c t u r e  

f requency ,  t h e  d e n s i t y  o f  f r a c t u r e s  wi th in  each u n i t  l e n g t h  measured 

can be  e a s i l y  c a l c u l a t e d .  

The l eng th  (JL) of each o f  t he  j o i n t s  was measured with an 

accuracy  t o  t h e  n e a r e s t  1 .3  cm ( 0 . 5  i n c h ) .  The r o c k  t y p e ,  bed 

th i ckness  ( T ) ,  and j o i n t  l e n g t h s  were recorded a t  numerous s i t e s  

wi th in  each o u t c r o p  l o c a t i o n .  With t h i s  i n fo rma t ion ,  t h e  d e n s i t y  and 

j o i n t  l e n g t h ,  based on j o i n t  s e t ,  l i t h o l o g y ,  and bed t h i c h e s s  can be 

determined.  
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Figure 7. Block diagram displaying joint length and spacing measurements. 
Joint length (JL) and spacing are recorded along traverse (S) 
of a bed thickness (T). 
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Because s h a l e  i s  t h e  predominant r o c k  type i n  t h e  a r e a  and 

l imes tone  was r a r e l y  found i n  o u t c r o p s ,  t h e  m a j o r i t y  o f  t h e  d a t a  was 

c o l l e c t e d  from s h a l e s ;  few d a t a  were c o l l e c t e d  from s i l t s t o n e s ,  and 

none from l imes tones .  The o n l y  s u r f a c e  exposures  o f  l imes tone  w i t h i n  

t h e  s tudy  a r e a  e x i s t e d  i n  a s i n g l e  o u t c r o p  i n  t h e  Southern Conasauga 

B e l t .  The t o t a l  e x t e n t  o f  t h e  exposure was i n s u f f i c i e n t  f o r  any 

d e t a i l e d  o r i e n t a t i o n  a n a l y s i s  t o  be performed. In  gene ra l  , t h e  

j o i n t s  were spaced on t h e  o r d e r  o f  one per m e t e r  wi th  j o i n t  l e n g t h s  

g r e a t e r  t han  t h e  h e i g h t  o f  t h e  exposure (1 .5  m) . 

O r i e n t a t i o n  Analysis  

c, 

b 

4 -  

The d e t a i l e d  de t e rmina t ion  o f  j o i n t  s t r i k e  and d i p  over  a 

s p e c i f i e d  r eg ion  i s  e s s e n t i a l  t o  t h e  p r e d i c t i o n  o f  j o i n t  t r e n d s .  

Measuring j o i n t  o r i e n t a t i o n s  and de termining  t h e  number o f  d i f f e r e n t  

j o i n t  se ts  p resen t  w i l l  p rovide  needed parameters  f o r  input  i n t o  t h e  

computer model. In  t h i s  s e c t i o n ,  a n  a t t empt  i s  made t o  determine i f  

j o i n t  o r i e n t a t i o n  can be r e l a t e d  t o  t e c t o n i c  s t r u c t u r e s  and t o  

deve lop  a sys temat ic  r e l a t i o n s h i p  between j o i n t  o r i e n t a t i o n  and t h e i r  

geographic  l o c a t i o n  wi th in  t h e  s tudy  a r e a .  

Frequency Analysis  

O r i e n t a t i o n  d a t a  c o l l e c t e d  a t  each l o c a t i o n  were processed by 

computer t o  produce jo in t - f r equency  ( r o s e )  diagrams. A FORTRAN 

program (ROSETT), was developed t o  p l o t  t h e  frequency o f  j o i n t s  i n  

t h e  d i r e c t i o n  o f  t h e i r  s t r i k e  (azimuth)  and t h e  j o i n t  s u r f a c e  d i p  

d i r e c t i o n .  The magnitude of  d i p  was n o t  cons idered  i n  t h e s e  

diagrams.  The upper ( n o r t h e r n )  ha1 f c i r c l e  imp l i e s  n o r t h e r n  d i p  
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d i r e c t i o n ,  and t h e  lower ( s o u t h e r n )  ha1 f c i r c l e  r e p r e s e n t s  a sou the rn  

d i p  d i r e c t i o n .  F igure  8 i s  an example of  t h i s  type of  p l o t  wi th  t h e  

primary group o f  d a t a  s t r i k i n g  N75E and d ipping  no r th  and t h e  

secondary group i s  d ipp ing  to  the  south with a N30W mean o r i e n t a t i o n .  

The predominant group c o n t a i n s  over  60  o b s e r v a t i o n s  (OBS)  d i s p l a y i n g  

i t s  h igh  f requency  of o r i e n t a t i o n .  This type of  diagram d i s p l a y s  t h e  

amount o f  d i s p e r s i o n  o f  the j o i n t s  a t  each l o c a t i o n ,  i n  con junc t ion  

with t h e  azimuth f requency  of  t h e  j o i n t s  measured. 

C l u s t e r  Analys is  

A l l  o r i e n t a t i o n  d a t a  c o l l e c t e d  were e n t e r e d  i n t o  t h e  computer 

f o r  t h e  purpose of  ana lys ing  and de termining  c l u s t e r s  o f  i n d i v i d u a l  

j o i n t  set p a t t e r n s .  The computer program used (PATCH) was a 

m o d i f i c a t i o n  o f  two e x i s t i n g  programs w r i t t e n  by Mahtab e t  a l .  (1972) 

and J e r a n  and Mashey (19701, which were o r i g i n a l l y  designed f o r  use 

on c o a l  c l e a t s .  The s t a t i s t i c a l  t echn iques  and c a l c u l a t i o n s  

performed by t h e  c l u s t e r  a n a l y s i s  program w i l l  be b r i e f l y  d i scussed  

below. 

The program d i v i d e s  a uniform hemispher ica l  s u r f a c e  i n t o  100 

equal  a r e a  pa tches  o r  c e l l s  which encompass a t o t a l  of n ine  c i r c u l a r  

bands from t h e  equa to r  t o  t h e  po le .  The j o i n t  normals,  as  c a l c u l a t e d  

by t h e  program, are p l o t t e d  onto t h e  lower hemisphere,  by p r o j e c t i n g  

t h e i r  i n t e r s e c t i o n  wi th  t h e  sphere a s  a p o i n t .  The number o f  

i n t e r s e c t i o n s  w i t h i n  each  pa tch  is  c a l c u l a t e d  and used to  de te rmine  

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

p o i n t ,  sugges t ing  a s i n g l e  p r e f e r r e d  d i r e c t i o n  ( o r  unimodal 

d i s t r i b u t i o n ;  Watson, 1966) o r  t hey  may b e  wide ly  d i s p e r s e d .  The 

The p o i n t s  may c l u s t e r  about a s i n g l e  

? 

I 

' 1  
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Figure 8. Example of a joint frequency diagram. Diagram displays 
62 observations ( O B S )  striking N75E and dipping north 
and 35 observations striking N30W and dipping to the 
south. 
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program u s e s  t h e  Poisson d i s t r i b u t i o n  model,  a t e s t  o f  t h e  l e v e l  o f  

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

de te rmine  i f  c l u s t e r i n g  has  occurred  i n  any a d j a c e n t  pa t ches .  The 

Poisson model has  been demonstrated as  an e f f e c t i v e  method of  

de te rmining  t h e  an i so t ropy  o f  a po in t  diagram ( S t a u f f e r ,  1966) .  When 

a c l u s t e r i n g  of po in t s  t h a t  s a t i s f i e s  t h e  model i s  found,  t h e  u n i t  

v e c t o r s  and t h e i r  d i r e c t i o n a l  c o s i n e s  a r e  c a l c u l a t e d .  The angu la r  

c o o r d i n a t e s  o f  t h e  v e c t o r  can be  determined t o  d e f i n e  a s i n g l e  mean 

u n i t  v e c t o r  f o r  each c l u s t e r .  The F i she r  d i s t r i b u t i o n  t e s t  ( F i s h e r ,  

1953) i s  used f o r  de te rmining  a normal d i s t r i b u t i o n  o f  p o i n t s  on a 

sphere  about t h e  c e n t r a l  a x i s .  

To de te rmine  i f  t h e  d a t a  wi th in  each c l u s t e r  c o n t a i n s  a F i she r  

d i s t r i b u t i o n ,  t h e  ch i -square  goodness-of - f i t  t e s t  i s  a p p l i e d .  This 

t e s t  measures t h e  d ivergence  between t h e  observed f r equenc ie s  and t h e  

Poisson frequency.  The r e s u l t s  w i l l  approximate t h e  f r equenc ie s  

expected i f  t h e  diagram were drawn, a t  random, from a uniform 

popula t ion  ( F l i n n ,  1958).  This  ch i -square  t e s t  has  been used o r  

recommended f o r  f a b r i c  diagrams wi th  v a r i o u s  c e l l  p a t t e r n s  by many 

a u t h o r s  (Winchel l ,  1937; S t a u f f e r  , 1966; V i s t e l i u s ,  1966; Knoring, 

1970; Mahtab e t  a l . ,  1973) wi th  s a t i s f a c t o r y  r e s u l t s .  The c a l c u l a t e d  

ch i -square  must be  less  than  t h e  t h e o r e t i c a l  chi-square determined 

from t a b l e s  f o r  a p o s s i b l e  e x i s t e n c e  o f  a normal F i she r  d i s t r i b u t i o n  

(Knoring , 1970).  

Dispers ion  ( s c a t t e r )  of d a t a  about t h e  mean can be  c a l c u l a t e d  by 

r o t a t i n g  t h e  mean t o  t h e  c e n t e r  o f  t h e  sphere  b e f o r e  de te rmining  t h e  

d i s p e r s i o n .  When t h e  v a l u e  f o r  t h e  d i s p e r s i o n  of  d a t a  about t h e  mean 
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. 

i s  found t o  be s i g n i f i c a n t ,  t h e  d a t a  p o i n t s  tend t o  be t i g h t l y  

grouped around the  mean. A h igh  va lue  of d i s p e r s i o n  sugges ts  a wide 

v a r i a t i o n  i n  t h e  c l u s t e r i n g  of d a t a .  A conf idence  i n t e r v a l  f o r  t h e  

mean o r i e n t a t i o n  can be c a l c u l a t e d ,  bu t  i t s  v a l i d i t y  assumes t h e  

e x i s t e n c e  of a normal d i s t r i b u t i o n .  

Use o f  the  program PATCH al lows j o i n t  c l u s t e r i n g  t o  be 

cons idered  a t  a l l  geographic l o c a t i o n s  and provides  a s t a t i s t i c a l l y  

v a l i d  means of  subdiv id ing  the  d a t a  i n t o  i n d i v i d u a l  j o i n t  s e t s .  

D i  sc u s s  ion 

The a n a l y s i s  and r e s u l t s  of  t he  o r i e n t a t i o n  d a t a  w i l l  be 

d i scussed  i n  two s e c t i o n s  wi th  r e s p e c t  t o  the  Northern and Southern 

Conasauga B e l t .  

Northern Conasauga B e l t ,  The rose  diagrams f o r  t he  d a t a  

c o l l e c t e d  i n  the  Northern Conasauga Bel t  a r e  reproduced i n  Figure 9 .  

Locat ion N 1  through N4 rep resen t  t h e  four  s i t e s  of  j o i n t  measurements 

noted on t h e  sample l o c a t i o n  map (F igu re  2 ,  p .  5 ) .  J o i n t  d a t a  

p l o t t e d  from l o c a t i o n  N 1  appear t o  have a h igh  degree  of v a r i a t i o n  

between j o i n t  measurements, wi th  o n l y  weak evidence f o r  a dominant 

o r i e n t a t i o n  of  j o i n t s .  The o t h e r  l o c a t i o n s  have l e s s  v a r i a t i o n  and 

e x h i b i t  m u l t i p l e  prominent j o i n t  o r i e n t a t i o n s .  In  g e n e r a l ,  t h e r e  a r e  

m u l t i p l e  j o i n t  o r i e n t a t i o n s  o r  s e t s  with azimuths ranging from N-S t o  

n e a r l y  E-W. The m a j o r i t y  of  t he  d i p  d i r e c t i o n s  a r e  t o  the  n o r t h .  

The l e s s e r  number of j o i n t s  with s o u t h e r l y  d i p  d i r e c t i o n s  have 

approximately t h e  same o r i e n t a t i o n  a s  t h e  n o r t h e r l y  d ipping  j o i n t s  

found i n  o t h e r  l o c a t i o n s .  An example of  t h i s  i s  N 2 ,  which has  one 
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se t  s t r i k i n g  N30W and d ipp ing  s o u t h ,  while  N 1  h a s  approximately t h e  

same h igh  frequency o f  o r i e n t a t i o n  (N39W), b u t  t h e  j o i n t s  d i p  i n  t h e  

n o r t h e r n  d i r e c t i o n .  The d a t a  c o l l e c t e d  a t  N 1  were recorded from 

s i l t s t o n e s ,  while  t hose  i n  N2 came from s h a l e s .  This d i p  d i r e c t i o n  

change may be  due t o  a change i n  t h e  competency o f  t h e  rocks  

(Nickelsen and Hough, 1967) and w i l l  be  d i s c u s s e d  l a t e r .  

The r e s u l t s  o f  t he  c l u s t e r  a n a l y s i s  have been reproduced i n  

Table 1, which l i s t s  r e s u l t s  f o r  each sub- loca t ion  o f  t he  four  

n o r t h e r n  l o c a t i o n s .  The d i f f e r e n t  sub - loca t ions  o f  a s i n g l e  l o c a t i o n  

d i s p l a y  r e l a t i v e l y  wide v a r i a t i o n s  i n  mean s t r i k e .  This problem i s  

r e l a t e d  t o  t h e  fewer than adaquate  number o f  measurements used t o  

d e f i n e  a s i n g l e  c l u s t e r ,  a s  d i s c u s s e d  e a r l i e r .  When t h i s  

sub - loca t ion  d a t a  i s  combined i n  s i n g l e  l o c a t i o n s ,  N 1  through N4, 

c o n s i s t i n g  of a minimum of 120 j o i n t s  per  l o c a t i o n ,  comparable 

r e s u l t s  are observed.  Table 2 i s  t h e  summary o f  mean c l u s t e r s  when 

each sub-locat ion i s  combined i n t o  i t s  u n i t  l o c a t i o n .  This d a t a  

c l e a r l y  sugges t s  t h e  e x i s t e n c e  o f  the  two primary j o i n t  se t s  a t  each 

l o c a t i o n  wi th  a t h i r d  set  ev iden t  a t  l o c a t i o n s  N3 and N4. The 

percentage of d a t a  w i t h i n  each c l u s t e r  i s  n o t  s t r i c t l y  r e l a t e d  t o  i t s  

frequency.  A h i g h  frequency o f  c l u s t e r i n g  of  a s i n g l e  set may b e  

r e l a t e d  t o  i t s  e a s e  o f  weather ing along t h e  j o i n t  p l ane .  Such a 

d i f f e r e n t i a l  weather ing process  would expose j o i n t s  o f  c e r t a i n  

o r i e n t a t i o n s  more r e a d i l y  t h a n  o t h e r s ,  and t h e  measured j o i n t  may n o t  

a c t u a l l y  be  p a r t  o f  t h e  most predominant set  formed i n  t h e  rock.  

The percentage of unc lus t e red  d a t a  f o r  l o c a t i o n  N3, i n  t h e  

summary t a b l e ,  i s  much h i g h e r  t han  a t  t h e  o t h e r  l o c a t i o n s .  This d a t a  
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KEY LOCATION SEC STRUCTURE N S D DISP CLUS 

N 1  BCR-EAST A 
USNFFF 

B 

N2 BCR-USNFFF A 

B 

N3 BCR-ZION A 
PATROL R D .  

B 

N4 Y12 A 

F 

G 

BEDDING 
J1 
5 2  
OTHER 
BEDDING 
J1 
5 3  
OTHER 

BEDDING 
J1 
5 2  
OTHER 
BEDDING 
J1 
5 2  
5 3  
OTHER 

BEDDING 
J1 
52  
5 3  
OTHER 
BEDDING 
J1 
52  
5 3  
OTHER 

BEDDING 
51 
5 2  
5 3  
OTHER 
BEDDING 
5 2  
OTHER 
BEDDING 
51 
5 3  
OTHER 
BEDDING 
J1 
5 2  
OTHER 
B E D D I N G  
J1 
5 2  
53 
OTHER 
BEDDING 
51 
52  
5 3  
OTHER 
BEDDING 
51 
5 3  
OTHER 

N49E 
31  N44W 
25 N39E 

N60E 
21 N14W 
23 N56W 
16 

4 

N60E 
19  N26W 
33 N83E 

N58E 
14 N35W 
1 9  N65E 
12 N89W 
1 5  

8 

N42E 
10 N49W 
16  N15E 
1 8  N70W 
16  

N65E 
21 N68W 

4 N14E 
22 N80W 
1 3  

N67E 
4 N04W 
8 N03E 

26 N68W 
8 

N65E 
29 N81E 
11 

N62E 
5 N16W 
8 N62W 
1 

N61E 
17  N23W 
18 N 8 1 E  

7 
N64E 

3 N07W 
3 N06E 

15  N76W 
2 

N63E 
4 N07W 
8 N09E 
4 N80E 
1 

Nb8E 
8 N08W 

10 N88E 
0 

51SE 
73NE 1 3  
40NW 23 

42SE 
78NE 4 4  
52NE 28  

53SE 
66SW 47 
30NW 39 

47SE 
73SW 129 
35NW 4 5  
47NE 14  

47SE 
85SW 35 
43NW 46  
63NE 109 

46SE 
78SW 23 
21NW 169 
51NE 270 

59SE 
64NE 448 
66NW 1066 
31NE 4 5  

60SE 
31NW 19 

66SE 
73NE 6 4  
26NE 5 1  

67SE 
68NE 5 3  
23NW 18 

57SE 
57NE 141 

37NE 29 

6 2SE 
63NE 52 
56NW 27 
38NW 56 

59SE 
73NE 56 

5 8 ~ ~  a 2  

3 7 ~ ~  78 

52 
42 

6 

35 
38  
27 

32 
55 
1 3  

23 
30 
16  
25 

1 6  
27 
30 
27 

35 
7 

3 7  
21 

9 
1 7  
57 
17  

73 
27 

6 
57 

7 

40  
4 3  
1 7  

1 3  
1 3  
65  

9 

24 
47  
24 

5 

44 
56 
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Table 1. ( con t inued)  

The fol lowing legend a p p l i e s  t o  a l l  t a b l e s  i n  t h i s  r e p o r t ,  
but  a l l  o f  t h e  terms do not  occur i n  each t a b l e .  

KEY 

LOCATION 

SEC 

STRUCTURE 

N 

S 

D 

DISP 

CLUS 

CONF 

ou tc rop  l o c a t i o n  

f i e l d  l o c a t  i on  

sub- l o c a  t i o n  

bedding, j o i n t  s e t ,  o r  non c l u s t e r e d  
j o i n t s  

number o f  measurements 

s t r i k e  o f  s t r u c t u r e  

d i p  of  s t r u c t u r e  

d i s p e r s i o n  

pe rcen t  c l u s t e r e d  

cone of confidence of  t h e  s t r i k e / d i p  
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Table 2.  Combined r e s u l t s  of c l u s t e r  a n a l y s i s  o f  j o i n t  o r i e n t a t i o n s  f o r  
a l l  l o c a t i o n s  i n  t h e  Northern Conasauga Be l t  

KEY LOCATION STRUCTURE N S D DISP CLUS CONF 

N 1  BCR-WEST BEDDING 
USNFFF J1 

5 2  
OTHER 

N 2  BCR-USNFFF B E D D I N G  
J1 
5 2  
OTHER 

N3 BCR-ZION BEDDING 
PATROL RD J1 

5 2  
53 
OTHER 

N4 Y 1 2  B E D D I N G  
J1 
5 2  
53  
OTHER 

37 
61 
2 2  

62 
34 
24 

1 2  
40 
15 
53 

22 
107 
42 
30 

N54E 
N59E 
N39W 

N59E 
N76E 
N30W 

N54E 
N14E 
N76W 
N46W 

N64E 
N04E 
N84W 
N13W 

46SE 
4 ONw 
69NE 

50SE 
3 3Nw 
67SW 

45SE 
4 1NW 
55NE 
8 5SW 

6 1SE 
6 2NW 
30NE 
67NE 

18 31 
10 51 

18 

41 52 
47 28 

20 

62 10 
107 33 
37 13  7 / 7  

44 

213 11 2 / 2  
22 53 
44 21 4 / 3  

15 

, 

- .  
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d -  

were c o l l e c t e d  from a 5-cm (2.0-inch) t h i c k  s i l t s t o n e  bed at  one 

sub- loca t ion  (N3-A) and a 1.3-cm (0.5-inch) bed of  s i l t s t o n e  a t  t h e  

o t h e r  (N3-B). 

o f  t he  t h i c k e r  bed being more competent and having a lower va lue  of  

d i s p e r s i o n .  The mean d i s p e r s i o n  a t  N3 sub- loca t ion  A i s  63 whi le  

t h a t  a t  sub- loca t ion  B i s  154. 

This wide v a r i a t i o n  i n  bed th i ckness  may be  t h e  r e s u l t  

Data from each sample l o c a t i o n  were p l o t t e d  a s  po le s  t o  j o i n t  

s u r f a c e s  on t h e  lower hemisphere of  an equal  a r e a  p r o j e c t i o n  and 

contoured using t h e  computer (F igu re  10) .  This g raph ica l  

r e p r e s e n t a t i o n  of  d a t a  c o n s i d e r s  both t h e  magnitude and t h e  d i r e c t i o n  

o f  t he  d i p .  

with d i p s  ranging from 35 degrees  t o  near  v e r t i c a l .  When t h e  d a t a  

a r e  r o t a t e d  to  the  p o s i t i o n  where t h e  bedding becomes h o r i z o n t a l ,  90 

percent  o f  t he  j o i n t s  f a l l  w i th in  t h e  d i p  range  of 80 t o  90  degrees .  

This r o t a t i o n  f l a t t e n s  out  t he  Whiteoak Mountain t h r u s t .  The mean 

s t r i k e  of  t he  j o i n t s  does n o t  appear t o  be analogous i n  a l l  

l o c a t i o n s ,  sugges t ing  t h a t  t h e y  may have a complex mode o f  formation.  

P l o t t i n g  t h e  mean c l u s t e r e d  j o i n t  o r i e n t a t i o n s  f o r  each l o c a t i o n  

The diagrams show broad and h i g h l y  d i spe r sed  g i r d l e s  

onto  t h e  o r i g i n a l  base map d i s p l a y s  t h e  r e l a t i o n s h i p  between t h e  

j o i n t  sets i n  an e a s t  t o  west d i r e c t i o n  (F igu re  11) .  For an i n c r e a s e  

i n  c l a r i t y ,  t h e  j o i n t  o r i e n t a t i o n s  f o r  t h e  Northern b e l t  have been 

p l o t t e d  i n  Figure 1 2  and r e o r i e n t e d  so t h a t  magnetic n o r t h  i s  a t  t h e  

t o p  o f  the  drawing. This diagram c l e a r l y  shows t h e  r e l a t i o n s h i p  

between each j o i n t  set and the  hh i t eoak  Mountain t h r u s t  f a u l t .  The 

ang le  between j o i n t  sets i s  90 degrees  i n  l o c a t i o n s  N3 and N4, 74 

degrees  i n  N2 and 82 degrees  i n  N 1 .  
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OWL-DWG 81-5902 ESD 

N 2  NI N3 N4 

W 
N 

I 
i .e.' WHITEOAK MTN. 

FAULT 

Figure 1 2 .  Summary diagram of  c l u s t e r e d  j o i n t  o r i e n t a t i o n s  i n  t h e  Northern 
Conasauga Be l t .  
outcrop l o c a t i o n s  N 1  through N 4 .  
Mountain F a u l t  i s  a l s o  d i sp layed .  

The diagram d e p i c t s  an east  t o  w e s t  t r a v e r s e  o f  
The s t r i k e  of  t h e  Whiteoak 

. .  . -  -, . . .  
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The assumption t h a t  j o i n t i n g  occurred du r ing  t h e  t h r u s t i n g  i s  

supported by t h e  f a c t  t h a t  upon r e s t o r i n g  t h e  t h r u s t  t o  i t s  pre-ramp 

p o s i t i o n ,  t h e  mean j o i n t s  c l u s t e r e d  n e a r l y  v e r t i c a l .  This assumption 

al lows t h e  de t e rmina t ion  o f  t he  kinematic t ypes  o f  j o i n t s  formed. 

The j o i n t s  p a r a l l e l  t o  t h e  t h r u s t  f a u l t  a r e  c a l l e d  s t r i k e  j o i n t s  and 

t h e  set  normal t o  t h i s  i s  c a l l e d  an a-c set ( P r i c e ,  1966). The 

combination o f  t h e s e  two sets  would be p a r t  o f  a s i n g l e  or thogonal  

set ( S t e a r n s  and Friedman, 1972). The j o i n t s ,  as  seen i n  l o c a t i o n s  

N 1  and N2, are t e n s i o n  f r a c t u r e s  (Hodgson, 1961) where f r a c t u r i n g  has  

occurred a t  r i g h t  a n g l e s  t o  t h e  d i r e c t i o n  o f  t h e  m a x i m u m  s t r e s s .  The 

formation o f  the j o i n t s  can be  explained by c o n s i d e r i n g  t h e  f o r c e s  

o c u r r i n g  du r ing  t h r u s t  s h e e t  t r a n s p o r t .  The a-c j o i n t s  could have 

formed by a compressional f o r c e  a c t i n g  on t h e  t h r u s t  p l a t e  and t h e  

s t r i k e  j o i n t s  may have formed by a warping of t h i s  s h e e t  as it was 

be ing  t r a n s p o r t e d  over  t h e  underlying sediments .  This i s  o n l y  one of  

numerous p o s s i b i l i t i e s  f o r  t h e  formation o f  t h e  j o i n t s  and r e f l e c t s  

the l a c k  o f  c u r r e n t  understanding o f  t h e  s u b j e c t .  

The j o i n t s  a t  l o c a t i o n s  N3 and N4 a re  more d i f f i c u l t  t o  e x p l a i n .  

The or thogonal  s e t  i n  t h i s  c a s e  appea r s  t o  d e v i a t e  from t h e  

o r i e n t a t i o n  o f  t h e  t h r u s t  and may suggest  f o r c e s  with a shea r  a s  w e l l  

as a t e n s i o n  component. They could be r e l a t e d  t o  t h e  t h r u s t i n g  o r  

may have formed during a l a t e r  per iod o f  r e p o s i t i o n i n g  of t h e  t h r u s t  

system, which would o v e r p r i n t  t h e  o r i g i n a l  set .  The Whiteoak 

Mountain t h r u s t  f a u l t  system i s  v e r y  complex and it i s  be l i eved  t o  be 

a polyphase deformation s t r u c t u r e  i n  t h i s  area ( O s s i ,  1979). I f  t h i s  

i s  the case, i t  would e x p l a i n  the wide d i s p e r s i o n  and unsystematic  
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r e l a t i o n s h i p  between t h e  j o i n t s  measured. 

The l a c k  of  exposures i n  t h e  Northern Conasauga Be l t  along wi th  

t h e  complex n a t u r e  of  the  t h r u s t i n g  r e s u l t s  i n  a r e l a t i v e l y  

unsys temat ic  p a t t e r n  of  j o i n t  o r i e n t a t i o n s .  It is  be l i eved  t h a t  the  

p r e d i c t i o n  of  j o i n t i n g ,  based on t h e  few and complex r e s u l t s  

o b t a i n e d ,  would l ead  t o  i n a c c u r a t e  r e s u l t s .  The re fo re ,  t h e  Northern 

Conasauga Be l t  was no t  cons idered  f o r  the  f r a c t u r e  p o r o s i t y  and 

p e r m e a b i l i t y  d e t e r m i n a t i o n .  

Southern Conasauga B e l t .  Data c o l l e c t e d  i n  t h e  Southern 

Conasauga B e l t  is  p l o t t e d  on frequency diagrams ( F i g u r e  13) with  

l o c a t i o n s  S1 through S7 cor responding  to  the  l o c a t i o n s  l a b e l e d  on t h e  

base map ( F i g u r e  2 ,  p .  5 ) .  The rose  diagrams i n d i c a t e  t h a t  some 

sample l o c a t i o n s  c o n t a i n  a l a r g e  s c a t t e r  between measurements, a s  i n  

l o c a t i o n  S1 and S7,  whi le  a few l o c a t i o n s ,  S2 and S5,  have v e r y  low 

s c a t t e r  wi th  we l l  de f ined  m u l t i p l e  prominent j o i n t  o r i e n t a t i o n s .  A l l  

l o c a t i o n s  c o n t a i n  two major j o i n t  s e t s  with s t r i k e s  of  approximate ly  

N30E and N35W and d i p  d i r e c t i o n s  va ry ing  from nor th  t o  s o u t h ,  

Mean c l u s t e r  a n a l y s i s  r e s u l t s  f o r  each sample sub- loca t ion  a r e  

l i s t e d  i n  Table 3 with  a t o t a l  of 930 j o i n t  o r i e n t a t i o n s  r e p o r t e d  a t  

t h e  seven l o c a t i o n s .  The percentage  of d a t a  no t  f a l l i n g  w i t h i n  one 

of the c a l c u l a t e d  c l u s t e r e d  s e t s  i s  low, wi th  a mean v a l u e  of 20 

p e r c e n t .  A t  l o c a t i o n  S6-A, t h e  d a t a  was recorded from a 13-mm 

(0.5-inch) bed of s i l t s t o n e  whi le  S6-B was c o l l e c t e d  from a 6.3-mm 

(0.25-inch) bed of s h a l e .  The s t r i k e  d i r e c t i o n  o f  each j o i n t  s e t  i s  

v e r y  s i m i l i a r  a t  each of  the s u b - l o c a t i o n s ,  b u t  the  j o i n t s  a r e  

d ipp ing  i n  t h e  o p p o s i t e  d i r e c t i o n .  This i s  r e l a t e d  t o  the  s i l t s t o n e  
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Figure 13. Rose diagrams of the Southern Conasauga Belt joint orientations 
for sampling locations SI through S7. 
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Table 3 .  R e s u l t s  of c l u s t e r  a n a l y s i s  o f  j o i n t  o r i e n t a t i o n s  f o r  a l l  
sub - loca t ions  i n  t h e  Southern Conasauga Bel t  

KEY LOCATION SEC STRUCTURE N  S D DISP CLUS 

S i  BMRDEN A BEDDING 
LAm J I  

.J 2 
5 3  
OTHER 

B B E D D I N G  
J I  
52 
3 3  
Wl'HER 

C BEDDING 
J l  
5 2  
5 3  
5 4  
O T H E R  

D BEDDING 
J 1  
3 2  
53  
OTHER 

S 2  BULL BLUFF A BEDDING 

S3  MVR-EAST 

S 4  MVR-HFIR 

S5 MVR-SWSA 

S 6  MVR-WEST 

5 7  WHITE W I N G  
ROAD 

J1 
3 2  
OTHFR 

J1 
3 2  
0TtlER 

B BEDDING 

A BEDDING 
J l  
5 2  
53  
OTHER 

B BEDDING 
J 1  
J 1  
5 2  
OTHER 

A BEDDZNG 
5 1  
5 2  
34 
0 MER 

J l  
3 2  
33 
OTHER 

B BEDDING 

A R E D D I N G  
J1 
J Z  
OTHER 

B BEDDING 
J1 
5 2  
OTHER 

A B E D D I N G  
J1 
5 2  
OTHER 

J1  
5 2  
OTHER 

B B E D D I N G  

A B E D D I N G  
J1 
5 2  
OTHER 

B B E D D I N G  
J 1  
5 2  

31 
1 7  

4 
1 2  

20 
6 

1 9  
1 5  

8 
7 

29 
5 

1 0  

33 
1 3  

9 
5 

N68E 
N32W 
N59E 
N70E 

N66E 
N35W 
N17E 
N71E 

N50E 
N42W 
N02E 
N78E 
N55W 

N50E 
N46W 
N58E 
N66E 

44SE 
81SE 
5 1NE 
3lNW 

37SE 
86SW 
88SE 
44NW 

2 7 S t  
4 5sw 
69NW 
29NW 
82SW 

42SE 
80SW 
7 5NW 
5oNW 

1 7  
61 

440 

1 4 1  
31  
37  

1 5  
260 

4 5  
1 4 4  

1 5  
36 
8 3  

52 
2 8  

7 
1 3  

33 
10 
32 
25 

14 
1 2  
4 9  

8 
17  

55 
22 
1 5  

8 

N53E 40SE 
25 N44W 87NE 290 4 2  
20 N45E 4 7 W  297 33 
I i  2 5  

2 9  N51W 76NE 9 3  4 8  
1 6  N44E 62NW 38 27 
1 5  25 

N52E 40SE 

N76E 
9 N48W 

1 3  N06E 
20 N69E 
1 9  

N55E 
7 N64W 
4 N07E 
8 N31E 

25  

40SE 
73SW 1 7  1 5  
32NW 1 0 4  21 
84SE 187 33 

31  
29SE 
75SW 6 4  18 
50SE 157 10 
3DNW 133 20  

5 2  

1 7  
17  
1 0  
1 6  

7 3  
14 
10 
1 3  

N56E 30SE 
N44W 77SW 1 7  
N25E 87SE 252 
N63W 76NE 8 2  

N60E 33SE 
N27W 83SW 38 
N42E 82SE 71 
N73E 43NW 2 1  

28 
2 8  
1 7  
2 7  

3 8  
23 
1 7  
22 

N50E 42SE 
27 N18W 53NE 47 4 5  
25 N55E 74NW 18 4 7  
8 1 3  

22 N26W 65NE 125 44 
21 N47E 60NW 1 5 3  42 

7 14 

N8OE 41SE 

N37E 40SE 
27 N63W 85SW 1 1 3  37  
24 N38E 4 9 W  56 40 
14 2 3  

12  N47W 78NE 79 20 
33  N51E 65SE 1 7  55 
1 5  25 

N69E 26SE 

NI5E 38SE 
30 N48W 73NE 2 3  50 
14 N66E 55NW 4 5  77  
1 6  27 

24 N46W 76NE 45 40 
1 9  N4iE 67NW 44 32 

N79E 30SE 

O R E R  1 7  2 8  
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hav ing  g r e a t e r  competence t h a n  t h e  s h a l e ,  a s  was noted i n  t h e  

Northern s e c t i o n ,  so  t h a t  it would r e q u i r e  a l a r g e r  s t ress  t o  be 

a p p l i e d  f o r  j o i n t i n g  t o  occur and with an added shea r  component may 

b e  r e s p o n s i b l e  f o r  t h e  d i . f fe rence  o f  j o i n t  d i p .  The summary t a b l e  

(Tab le  4 )  of t h e  c l u s t e r e d  mean fo r  each l o c a t i o n  r e s u l t s  i n  two 

j o i n t  se t s ,  J1 and 3 2 ,  p r e s e n t  a t  a l l  l o c a t i o n s .  Locat ions S l y  S 3 ,  

S 4 ,  and S6 have m u l t i p l e  j o i n t  se t s  with va ry ing  l e v e l s  o f  

d i s p e r s i o n .  In most i n s t a n c e s ,  t h e  two major sets have lower v a l u e s  

o f  d i s p e r s i o n  (most prominent) than o t h e r  sets c l u s t e r e d  at  t h e  same 

l o c a t i o n .  The confidence l i m i t s  about t h e  mean o f  t he  j o i n t s  are 

r e l a t i v e l y  low ( 2  t o  7 deg rees )  when a normal F i s h e r  d i s t r i b u t i o n  i s  

p r e s e n t .  

The contoured equal  area p r o j e c t i o n  o f  t h e  d a t a  ( F i g u r e  14) 

d i s p l a y s  s i m i l i a r  f e a t u r e s  as d i scussed  i n  t h e  frequency diagrams. 

In  l o c a t i o n s  S l y  S5, and S6, r e l a t i v e l y  t i g h t l y  c l u s t e r e d  g i r d l e s  are 

a p p a r e n t ,  wh i l e  i n  l o c a t i o n s  S 3  and S7,  t h e  g i r d l e s  formed are v e r y  

broad and d i s p e r s e d .  The d i p  magnitude,  i n  most c a s e s ,  i s  g r e a t e r  

t han  75 degrees  and i s  independent o f  t he  d i p  d i r e c t i o n .  The two 

major joint se ts  appear i n  a l l  diagrams w i t h  o n l y  s l i g h t  v a r i a t i o n s  

i n  t h e  d i p  d i r e c t i o n  ( S 6 ) .  The mean c l u s t e r e d  o r i e n t a t i o n s  

c a l c u l a t e d  f o r  t h e s e  two sets are j o i n t  s t r i k e s  o f  N45W and N54E and 

d i p  magnitudes o f  83 and 52 degrees  , r e s p e c t i v e l y .  

The mean azimuth f o r  each c l u s t e r e d  l o c a t i o n  was p l o t t e d  on t h e  

base  map ( F i g u r e  11, p. 3 1 )  and d i s p l a y s  a more uniform sampling 

d i s t r i b u t i o n  i n  t h e  Southern B e l t  than l o c a t i o n s  measured i n  t h e  

Northern Bel t .  The mean o r i e n t a t i o n s  were p l o t t e d  on a diagram 
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Table  4.  Combined r e s u l t s  of  c l u s t e r  a n a l y s i s  of j o i n t  o r i e n t a t i o n s  f o r  
a l l  l o c a t i o n s  i n  t h e  Southern Conasauga B e l t  

KEY LOCATION STRUCTW N S n D T S P  C l m  

S 1  BEARDEN BEDDING 
LAKE J1 

52 
55 
OTHER 

S2 BULL BLUFF BEDDING 

S3 MVR-EAST 

S4 MVR-HFIR 

S5 MVR-SWSA 

S6 MVR-EAST 

J1 
52 
OTHER 

B E D D I N G  
51 
5 2  
54  
OTHER 

BEDDING 
J1 
52 
5 3  
5 4  
OTHER 

BEDDING 
J1 
52 
OTHER 

BEDDING 
J1 
5 2  
5 3  
54 
OTHER 

S 7  WHITE W I N G  BEDDING 
ROAD J1 

52  
OTHER 

N58E 38SE 
78 N40W 83SW 22 33 
46 N54E 49NW 16 19 
24 N73E 32NW 128 10 4 / 4  
91 38 

N52E 40SE 
45 N48W 85NE 53 38 
30 N46E 49NW 165 24 3 /2  
45 38 

N66E 34SE 
16 N54W 74SW 22 16 
18 N68E 85SE 374 18 2 /2  
22 N15E 31NW 70 22 7/4 
45 44 

N57E 32SE 
32 N30W 82SW 29 27 
11 N64E 36W 44 9 

30 N31E 85SE 76 25 
41 34 

6 N60W 77NE 631 5 3 /3  

N64E 41SE 
49 N21W 57NE 46 45 4 / 3  
46 N51E 67NW 24 42 
15 13 

N49E 32SE 
12 N47W 78NE 79 10 
27 N56E 68SE 29 23 
22 N63W 85SE 113 18 
27 N35E 47W 34 23 
32 26 

N76E 34SE 
57 N41W 75NE 27 48 
45 N48E 60NW 20 38 6 / 5  
18 14 
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ORNL-DWG 81-5903 ESD 

s3 s2 SI 

Figure  14. Equal-area p r o j e c t i o n  of po le s  t o  j o i n t  p lanes  f o r  ou tc rop  
l o c a t i o n s  S1 through S7 i n  t h e  Southern Conasauga B e l t .  
N r e p r e s e n t s  the t o t a l  number of measurements contoured a t  
1%, 3 % ,  5 % ,  and 10% i n t e r v a l s .  
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( F i g u r e  15)  r e p r e s e n t i n g  a cont inuous  t r a v e r s e  i n  an e a s t  t o  w e s t  

d i r e c t i o n  of  the base  map. The two major j o i n t  s e t s ,  a s  p l o t t e d ,  

have an a c u t e  a n g l e  of i n t e r s e c t i o n  between 6 9  and 89 d e g r e e s ,  

sugges t ing  t h a t  t h e  j o i n t  s e t s  a r e  o r thogona l .  The diagrams a l s o  

g r a p h i c a l l y  d i s p l a y  t h e  approximate azimuths o f  t h r e e  d i f f e r e n t  

f a b r i c  elements measured wi th in  t h e  s tudy  a r e a  (Ossi,  1979). The 

fo ld  ( F l )  and the  f a u l t  ( T 2 )  r e p r e s e n t  two e a r l i e r  p e r i o d s  of  

deformat ion  o c c u r r i n g  p r i o r  t o  t h r u s t  shee t  emplacement. 

The s t r i k e  j o i n t s  ( p a r a l l e l  t o  the  Copper Creek f a u l t )  and t h e  

a-c j o i n t s  (normal to  t h e  s t r i k e  j o i n t s )  appear i n  a l l  seven 

l o c a t i o n s  with l i t t l e  change i n  o r i e n t a t i o n  a long  the  e n t i r e  

t r a v e r s e .  The or thogonal  s e t  i s  b e l i e v e d  t o  be c r e a t e d  by t e n s i l e  

s t r e s s e s  (Hodgson, 1961) i n  a manner ana lagous  t o  the t e n s i o n  j o i n t  

format ion  d i scussed  f o r  t h e  Northern B e l t .  Loca t ions  S3,  S4, and S6 

c o n t a i n  a secondary j o i n t  s e t  v e r y  c l o s e l y  r e l a t e d  to  the  azimuth o f  

f a u l t  T1. These j o i n t s ,  a long  with t h e  S4 and S6 sets  t h a t  a r e  

p a r a l l e l  t o  fo ld  F2, may be  r e l a t e d  t o  a p r e - t h r u s t i n g  s t a g e  of 

deformat ion .  Due t o  t h e  d i f f i c u l t y  i n  de te rmining  t h e  age 

r e l a t i o n s h i p  o f  j o i n t s  ( P r i c e ,  1967) ,  t h e  m u l t i p l e  j o i n t  s e t s  cou ld  

a l s o  be r e l a t e d  to  a l a t e r  s t a g e  of l oad ing  of t h e  t h r u s t  s h e e t  a f t e r  

i t s  emplacement. 

Data c o l l e c t e d  from the  d r i l l  c o r e s  suppor t  t h e  e x i s t e n c e  o f  t h e  

o r thogona l  s e t .  A d r i l l  c o r e  sample ( F i g u r e  16) taken  a t  a depth  o f  

9 m (29.5 f e e t )  d i s p l a y s  normal j o i n t  se ts  i n  a s h a l e  bed. The 

o r i e n t a t i o n  o f  t h e  j o i n t s  w i t h i n  t h i s  c o r e  i s  n o t  known, a s  no 

s t u d i e d  d r i l l  c o r e s  were o r i e n t e d .  Or ien ted  d r i l l  c o r e s  would have 

_ .  

- .  
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ORNL-DWG 81-5904 ESD 

S6 s3 S I  s2  

: , ,/ COPPER CREEK FAULT T 
N 

. -. FOLD IF21 1 
FAULT IT11 

Figure  15. Summary diagram of c l u s t e r e d  j o i n t  o r i e n t a t i o n s  i n  t h e  Southern 
Conasauga B e l t .  The diagram d e p i c t s  an e a s t  t o  west t r a v e r s e  of  
ou tc rop  l o c a t i o n s  S 1  through S7. The s t r i k e  o f  t h e  Copper Creek 
F a u l t  and two e a r l i e r  ep i sodes  o f  deformation a r e  a l s o  d i s p l a y e d .  



ORNL-PHOTO 2639-80 

Figure 16. Photograph of d r i l l  co re  from t h e  Southern Conasauga 
Bel t  t aken  a t  a depth of 9 m. 
3.5 cm a c r o s s )  d i s p l a y s  two j o i n t s  i n t e r s e c t i n g  a t  90 
degrees  wi th in  s h a l e  beds.  

This co re  (approximately 
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been u s e f u l  i n  t h e  s tudy  t o  e v a l u a t e  o t h e r  parameters  o f  j o i n t s  and 

a l s o  r e l a t e  t h e  su r face  measurements t o  depth .  S l i g h t  weather ing has  

occurred along both j o i n t  p lanes  and i s  d isp layed  by t h e  growth o f  

c a l c i t e  i n  f i l l i n g  the  j o i n t .  

J o i n t  Densi ty  and Length Analysis  

‘Ihe d a t a  c o l l e c t e d  fo r  t he  d e n s i t y  and l eng th  a n a l y s i s  o f  t he  

s h a l e s  and s i l t s t o n e s  were v e r y  d i f f i c u l t  t o  quan t i fy .  The j o i n t  

d e n s i t y  was measured a t  47 d i f f e r e n t  s i t e s ;  a t o t a l  o f  518 j o i n t  

l eng ths  were recorded .  This d a t a  was analyzed using the  S t a t i s t i c a l  

Analysis  System ( S A S )  programming package (Barr  e t  a l . ,  1979).  

Linear  r eg res s ion  a n a l y s i s  was used t o  develop mathematical  

r e l a t i o n s h i p s  e x i s t i n g  between t h e  parameters  ( j o i n t  l e n g t h  d e n s i t y ,  

and bed t h i c k n e s s ) .  Numerous models were app l i ed  i n  o rde r  t o  g e t  t h e  

b e s t  p o s s i b l e  f i t  t o  t he  d a t a .  The r e s i d u a l s  were examined i n  d e t a i l  

(Draper and Smith, 1966) f o r  o u t l i e r  e l i m i n a t i o n  a s  w e l l  as t o  a i d  i n  

producing t h e  b e s t  f i t t i n g  models. 

The r e s u l t s  o f  a l l  o f  t he  app l i ed  methods i n d i c a t e  v e r y  l i t t l e  

c o r r e l a t i o n  between t h e  d i f f e r e n t  parameters  The r-square v a l u e  i n  

many c a s e s ,  was l e s s  than  5 percent  f o r  t h e  b e s t  f i t t i n g  model. The 

major reason  for  t h i s  l a c k  of c o r r e l a t i o n  i s  probably due t o  

d i f f e r e n t i a l  e a t h e r i n g  between outcrops  a s  wel l  as i r r e g u l a r  bed 

th i cknesses  on a l o c a l i z e d  s c a l e .  These two f a c t o r s  can no t  be 

q u a n t i f i e d ,  and t h e i r  es t imated  numerical  impact on t h e  r e s u l t s  i s  

d i f f i c u l t  t o  determine.  

It was f i n a l l y  decided t h a t  t h e  on ly  way t o  handle  t h i s  d a t a  was 



44 

t o  combine a l l  j o i n t  se t s  and l o c a t i o n s  t o g e t h e r  i n t o  a s i n g l e  group.  

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

were t h e  bed th i ckness  and t h e  l i t h o l o g y .  The mean v a l u e s  f o r  a l l  o f  

t h e  d a t a  were c a l c u l a t e d  along with t h e i r  s tandard  d e v i a t i o n s .  This  

r e s u l t  was then  g r a p h i c a l l y  d i s p l a y e d ,  and a p p r o p r i a t e  r e l a t i o n s h i p s  

were developed.  

D i  sc us s i o n  -- 
Bed t h i c k n e s s  i s  t h e  most c r i - t i c a l  parameter i n  r e l a t i n g  l e n g t h  

and d e n s i t y  o f  j o i n t s .  The graph o f  j o i n t  l e n g t h  v e r s u s  bed 

th i ckness  i n  s h a l e  ( F i g u r e  17) i s  p l o t t e d  with each po in t  

r e p r e s e n t i n g  50-150 measurements. The mean p l u s  and minus one 

s t anda rd  d e v i a t i o n  u n i t  i s  p l o t t e d  t o  d i s p l a y  t h e  range  of  d a t a  

measured. The l e n g t h  o f  t h e  j o i n t s  i n  t h e  s h a l e  appear  t o  be 

independent o f  bed th i ckness  with a mean j o i n t  l e n g t h  v a l u e  o f  

approximate ly  12 cm ( 5  inches )  f o r  bed t h i c k n e s s e s  ranging  from 2 t o  

11 mm (0.08 t o  0 . 4  i n c h e s ) .  The d e n s i t y  o f  j o i n t s  i n  s h a l e  ( F i g u r e  

18) d i s p l a y s  a dec rease  i n  t h e  number o f  j o i n t s  with i n c r e a s i n g  

t h i c k n e s s .  For a 2-mm bed t h i c k n e s s ,  t h e r e  a r e  approximate ly  27  

j o i n t s  per  me te r ,  wh i l e  a t  an 11-mm t h i c k n e s s ,  d e n s i t y  d e c r e a s e s  t o  

10  j o i n t s  w i t h i n  a one meter l e n g t h .  

By p l o t t i n g  t h e  j o i n t  l e n g t h  v e r s u s  j o i n t  d e n s i t y  f o r  each  of  

t h e  t h i c k n e s s e s  measured (T), t h e  r e s u l t s  show a poor ly  de f ined  

r e l a t i o n s h i p  ( F i g u r e  19) .  The t h i c k e r  beds  have s l i g h t l y  s h o r t e r  

j o i n t  l e n g t h s  t h a n  t h e  t h i n  beds .  The important  f a c t o r  t o  be 

cons idered  when d e s c r i b i n g  t h i s  p l o t  i s  t h e  a c t u a l  mean range  of 

d a t a .  For j o i n t  l e n g t h s  r ang ing  from 10 t o  1 2  cm ( 2 . 5  t o  5 i n c h e s ) ,  

_ .  

. 
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Figure  1 7 .  J o i n t  l e n g t h  v e r s u s  bed t h i c k n e s s  i n  s h a l e  beds of t h e  
Conasauga Group. The d a t a  p l o t t e d  r e p r e s e n t s  400 
measurements. 
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Figure  18. Number of  j o i n t s  pe r  meter v e r s u s  bed t h i c k n e s s  
beds o f  t h e  Conasauga Group. 
31 measurements. 

in s h a l e  
The d a t a  p l o t t e d  r e p r e s e n t s  
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j o i n t  d e n s i t y  r anges  between 10 and 15 j o i n t s  per me te r .  This i s  a 

r e l a t i v e l y  narrow band o f  r e s u l t s  which i s  s i g n i f i c a n t  and can be 

cons idered  i n  t h e  model. 

"tie s i l t s t o n e  d a t a  g r a p h i c a l l y  d i s p l a y s  d e f i n i t e  t r e n d s  with 

changing bed t h i c k n e s s .  J o i n t  l e n g t h  i n  t h e  s i l t s t o n e  ( F i g u r e  20)  

i n c r e a s e s  with an i n c r e a s e  i n  bed t h i c k n e s s .  The 76-mm ( 3  i n c h e s )  

bed t h i c k n e s s  r e p r e s e n t s  23 percen t  o f  the  s i l t s t o n e  d a t a ,  so the  

t r end  i s  v e r y  s i g n i f i c a n t .  J o i n t  d e n s i t y  h a s  an i n v e r s e  r e l a t i o n s h i p  

with bed t h i c h i e s s  ( F i g u r e  21) .  An i n c r e a s e  i n  bed t h i c k n e s s  r e s u l t s  

i n  a dec rease  i n  t h e  d e n s i t y  o f  j o i n t s  p r e s e n t .  

P l o t t i n g  t h e  j o i n t  d e n s i t y  a g a i n s t  t h e  l e n g t h  of  j o i n t s  f o r  each 

t h i c k n e s s  va lue  ( T )  y i e l d s  a sys t ema t i c  r e l a t i o n s h i p  ( F i g u r e  2 2 ) .  

The t h i c k  beds of  s i l t s t o n e  have v e r y  few long j o i n t s ,  whi le  t h e  

t h i n n e r  beds have abundant s h o r t  j o i n t s .  This i s  a v e r y  s i g n i f i c a n t  

r e l a t i o n s h i p  and is analagous t o  t h a t  d i s c u s s e d  by many a u t h o r s  when 

r e a s u r i n g  d a t a  i n  t h i c k  c l a s t i c  u n i t s  ( P r i c e ,  1966; Nicke lsen  and 

Hough, 1967 ) . 

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

Comparison o f  the  r e s u l t s  o f  the  d a t a  c o l l e c t e d  i n  t h e  s h a l e  and 

s i l t s t o n e  beds  r e v e a l s  a v e r y  i n t e r e s t i n g  r e l a t i o n s h i p .  For example, 

by s e l e c t i n g  a mean bed t h i c k n e s s  o f  10 mm (0 .4  i n c h e s ) ,  t h e  

i n f l u e n c e  of  l i t h o l o g y  on j o i n t  l e n g t h  and d e n s i t y  can be examined. 

This r e p r e s e n t a t i v e  bed i s  r e l a t i v e l y  t h i n  f o r  a s i l t s t o n e ,  as  seen 

i n  t h e  f i e l d ,  b u t  i t  provides  a means o f  comparison between t h e  two 

l i t h o l o g i e s .  

The mean j o i n t  l e n g t h  i n  a 10-mm bed of  s h a l e  is 1 2  cm (4.7 

, 

_ I  

c 
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Figure 20. Joint length versus bed thickness in siltstone beds of 
the Conasauga Group. The data plotted represents 105 
measurements. 
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Figure  21 .  Number o f  j o i n t s  pe r  meter v e r s u s  bed t h i c k n e s s  i n  
s i l t s t o n e  beds o f  t h e  Conasauga Group. 
d a t a  p l o t t e d  r e p r e s e n t s  11 measurements. 

The j o i n t  
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Figure  22 .  J o i n t  l e n g t h  ve r sus  number of  j o i n t s  pe r  meter i n  
s i l t s t o n e  beds o f  t h e  Conasauga Group. 
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i n c h e s )  and i n  t h e  same bed th i ckness  o f  s i l t s t o n e ,  t h e  j o i n t  would 

have a mean l e n g t h  o f  o n l y  6 cm ( 2 . 4  i n c h e s ) .  The s h a l e  bed would 

c o n t a i n  15 of  t h e s e  12-cm j o i n t s  f o r  each meter t r a v e r s e d  while t h e  

s i l t s t o n e  j o i n t  d e n s i t y  i s  30 j o i n t s  per  meter .  In t h e  s h a l e  bed ,  

t he  j o i n t  d e n s i t y  and l e n g t h  i s  lower than  measured i n  t h e  s i l t s t o n e .  

Such o b s e r v a t i o n s  may b e  r e l a t e d  to  t h e  v a r i a t i o n s  i n  t h e  b r i t t l e n e s s  

o f  beds  i n  d i f f e r i n g  l i t h o l o g i e s .  Sha le  beds  are normal ly  d u c t i l e  

and tend t o  f low under s t ress  ( H a r r i s  e t  a l . ,  1960).  The same amount 

o f  stress app l i ed  t o  t h e  s i l t s t o n e s  may r e s u l t  i n  b r i t t l e  f r a c t u r i n g .  

P r i c e  (1966)  sugges t s  t h e  b r i t t l e n e s s  o f  a r o c k  may b e  a func t ion  o f  

t h e  amount o f  s t r a i n  energy  o r i g i n a l l y  s t o r e d  w i t h i n  t h e  r o c k ;  t h e  

s t r a i n  energy  s t o r e d  i n  t h e  s i l t s t o n e  i s  g r e a t e r  under equal  stress 

c o n d i t i o n s  than  t h a t  conta ined  i n  t h e  s h a l e .  

An i n c r e a s e  i n  bed t h i c k n e s s  r e s u l t s  i n  a dec rease  i n  j o i n t  

d e n s i t y  and ,  i n  t h e  s i l t s t o n e s ,  a n  i n c r e a s e  i n  j o i n t  l e n g t h .  This  

can be  expla ined  by t h e  f r i c t i o n a l  f o r c e s  a c t i n g  along a bedding 

p lane  ( P r i c e ,  1966) .  The t h i c k e r  b e d s ,  be ing  more competent ,  w i l l  

have less i n t e n s e  f r i c t i o n a l  f o r c e s  a c t i n g  on them, and t h e  developed 

j o i n t s  W i l l  i n c r e a s e  i n  l e n g t h  r a p i d l y .  The t h i n  beds c o n t a i n  l a r g e  

f r i c t i o n a l  f o r c e s  a c t i n g  on them and r e s u l t  i n  t h e  formation o f  many 

s h o r t  j o i n t s .  This r e l a t i o n s h i p  i s  noted i n  t h i c k  c l a s t i c  rocks  o f  

d i f f e r i n g  l i t h o l o g i e s  ( H a r r i s  e t  a l . ,  1960).  

Resu l t s  

J o i n t  l e n g t h  and d e n s i t y  a n a l y s i s  show t h a t  t h e  v a l u e s  o f  t h e s e  

p r o p e r t i e s  i n  t h e  s i l t s t o n e s  a r e  q u i t e  dependent upon changes i n  bed 

t h i c k n e s s ,  while i n  t h e  s h a l e s ,  j o i n t  l e n g t h  and d e n s i t y  respond 

_ -  
L 



5 3  

-. 

somewhat more independent ly  t o  t h e  bed th i ckness  change. The 

problems t h a t  may a f f e c t  t h i s  independent r e a c t i o n  o f  s h a l e  

parameters  t o  changes i n  bed th i ckness  a r e  numerous; t h e  primary 

parameters  a r e  d i scussed  below. 

One o f  t h e  most obvious f a c t o r s  a f f e c t i n g  t h e  r e s u l t s  i s  t h e  

p r e c i s i o n  o f  bed th i ckness  measurements. The s h a l e  beds a r e  

d i s c o n t i n o u s  and v e r y  t h i n l y  bedded, so t h a t  o n l y  an average 

t h i c h e s s  could  be recorded .  The i n f l u e n c e  o f  weather ing is 

impor t an t ;  and al though i t  cannot  be q u a n t i f i e d ,  when t h e  d a t a  from 

d i f f e r e n t  s i t e s  i s  combined, i t  may e x p l a i n  t h e  wide ranges  i n  

r e s u l t s .  

The ques t ion  o f  what c o n s t i t u t e s  a bed i n  a s t ress  f i e l d  is  

ano the r  important  problem. The s h a l e s  may have r eac t ed  to  t e c t o n i c  

p r e s s u r e s  a s  a u n i t  and no t  a s  i n d i v i d u a l  beds (Hodgson, 1961).  The 

d a t a  was measured from a s i n g l e  bedding p lane  with t h e  t o t a l  e x t e n t  

o f  t h e  j o i n t s '  p e n e t r a t i o n  i n t o  t h e  s t r a t a  n o t  determined.  This 

e f f e c t  i s  important  when cons ide r ing  t h e  b r i t t l e n e s s  o f  i n d i v i d u a l  

beds.  The s h a l e  beds i n  some s i t e s  may have been more b r i t t l e  t han  

i n  o t h e r s ;  i . e . ,  t h e i r  responses  t o  t h e  same t e c t o n i c  stresses 

d i f f e r e d .  

j o i n t s  t han  t h e  l ess  b r i t t l e  ones ( H a r r i s  e t  a l . ,  1960).  Combining 

a l l  o f  t h e  d a t a  would r e s u l t  i n  a w i d e  range  of  d e n s i t y  v a l u e s .  

The more b r i t t l e  beds  would have a h i g h e r  d e n s i t y  o f  

The above problems may have a l l  played an important  r o l e  i n  

modifying t h e  d a t a  measured i n  t h e  f i e l d .  I n  an a n a l y t i c a l  model , 

though,  quan t i fy ing  t h e  r e s u l t s  i s  e s s e n t i a l .  It i s  be l i eved  t h a t  

t h e  t r e n d s  produced from t h e  c o l l e c t e d  d a t a  a r e  t h e  same a s  what 
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might be  seen i n  t h e  f i e l d  at  any one l o c a t i o n ,  so t h a t  t h e  r e s u l t s  

o f  t h i s  d a t a  r e l a t i n g  l e n g t h  and d e n s i t y  o f  j o i n t s  t o  bed t h i c k n e s s  

i n  both s h a l e s  and s i l t s t o n e s  w i l l  be  used i n  t h e  model. 

Summary 

J o i n t  o r i e n t a t i o n s  were measured from s u r f a c e  exposures  o f  t h e  

Conasauga Group along t h e  two major s t r i k e  b e l t s .  Ihe d a t a  were 

analyzed with t h e  a i d e  of  t h e  computer,  and t h e  j o i n t s  were 

subdivided i n t o  i n d i v i d u a l  s e t s .  

The Southern Conasauga B e l t  d i s p l a y e d  a s i n g l e  or thogonal  j o i n t  

se t  with one group o f  j o i n t s  p a r a l l e l  t o  t h e  s t r i k e  o f  t h e  rocks  

( s t r i k e  j o i n t s )  and t h e  o t h e r  group normal t o  t h e s e  (a-c j o i n t s ) .  

The j o i n t  se t  was appa ren t  a t  a l l  l o c a t i o n s  and was found t o  d i p  i n  a 

n e a r  pe rpend icu la r  d i r e c t i o n  t o  t h e  s t r a t a .  The mode o f  formation o f  

t h e  j o i n t s  i s  be l i eved  t o  be r e l a t e d  t o  t e n s i o n  developed i n  t h e  

rocks  d u r i n g  the  t h r u s t i n g  e v e n t .  

J o i n t s  i n  t h e  Northern Conasauga Belt w e r e  measured and m u l t i p l e  

j o i n t  se t s  w e r e  determined t o  r e f l e c t  a complex mode o f  o r i g i n .  

These j o i n t s  were b e l i e v e d  t o  be a r e s u l t  o f  t h e  polyphase 

deformation o f  t h e  t h r u s t  s h e e t .  

The r e s u l t s  o f  t h e  o r i e n t a t i o n  a n a l y s i s  i n  t h e  Southern 

Conasauga B e l t  were found to  be a p p l i c a b l e  t o  p r e d i c t i o n  and w i l l  be  

used i n  t h e  computer model. 

J o i n t  l e n g t h  and d e n s i t y  measurements proved t o  be v e r y  

s e n s i t i v e  t o  s u r f i c i a l  weather ing e f f e c t s  a long with bed t h i c k n e s s  

measurements. The r e s u l t s  f o r  t h e  i n d i v i d u a l  j o i n t  sets proved 

c 



, 

55  

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

u n i t  f o r  t rend  de te rmina t ion .  The s h a l e  beds were found t o  respond 

independent ly  t o  changes i n  bed t h i c k n e s s .  This i s  be l i eved  t o  be  

r e l a t e d  to  t h e  competency o f  t h e  beds a long  with t h e  weather ing 

f a c t o r .  In  t h e  s i l t s t o n e  beds ,  t h e  j o i n t  l e n g t h  i n c r e a s e s  and j o i n t  

d e n s i t y  d e c r e a s e s  with i n c r e a s e s  i n  t h e  bed th i ckness  v a l u e s .  



CHAPTER I11 

COMPUTER MODEL AND RESULTS 

In t rod uc t i o n  

l h e  d e t e r m i n a t i o n  o f  t h e  f r a c t u r e  p o r o s i t y  and t h e  parameters  

c o n t r i b u t i n g  t o  i t s  c a l c u l a t i o n  a r e  a pr imary c o n s i d e r a t i o n  o f  t h e  

model. F r a c t u r e  p o r o s i t y  i s  de f ined  as t h e  r a t i o  o f  t h e  volume 

c r e a t e d  by t h e  j o i n t s  t o  t h e  t o t a l  volume of  t h e  rock.  This 

c a l c u l a t i o n  has  been used by many a u t h o r s  with d a t a  c o l l e c t e d  

p r i m a r i l y  from subsu r face  d r i l l  c o r e s  (Rabcock, 1978; Pa r sons ,  1966; 

Snow,  1968).  Many assumptions are normally r e q u i r e d  t o  o b t a i n  v a l u e s  

f o r  t h e  v a r i o u s  pa rame te r s  involved i n  t h e  c a l c u l a t i o n  because d r i l l  

c o r e  a n a l y s i s  a l o n e  cannot  p rov ide  s u f f i c i e n t  d a t a .  The model 

developed h e r e ,  however, w i l l  combine t h e  d a t a  from d r i l l  c o r e s  with 

t h a t  c o l l e c t e d  a t  t h e  s u r f a c e  t o  approximate the f r a c t u r e  p o r o s i t y  i n  

t h e  Conasauga Group a t  t h e  Oak Ridge Nat ional  Laboratory Rese rva t ion .  

The f r a c t u r e  p o r o s i t y  i s  n o t  the o n l y  p o r o s i t y  p r e s e n t  i n  t h e  

r o c k s .  P i r son  (1953) desc r ibed  two o t h e r  t y p e s  o f  p o r o s i t y  t h a t  may 

b e  developed.  Primary p o r o s i t y  i s  i n t e r g r a n u l a r  p o r o s i t y  which i s  

caused by void spaces  between c o n s t i t u e n t  m i n e r a l  g r a i n s .  A 

secondary type o f  p o r o s i t y  i s  v e s i c u l a r  p o r o s i t y  caused by l each ing  

and weather ing of t h e  r o c k  nea r  t h e  ground s u r f a c e .  The f r a c t u r e  

p o r o s i t y  i s  a l s o  considered a secondary p o r o s i t y  because it i s  

c r e a t e d  a f t e r  the r o c k  w a s  d e p o s i t e d  and l i t h i f i e d .  The combined 

e f f e c t s  o f  t h e  t h r e e  t y p e s  o f  p o r o s i t y  i s  t h e  p r o p e r t y  that  i s  
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normally measured i n  t h e  l a b o r a t o r y  o r  f i e l d  and c a l l e d  t o t a l  

p o r o s i t y .  The model developed i n  t h i s  s t u d y  a t t empt s  t o  q u a n t i f y  t h e  

f r a c t i o n  o f  t h e  t o t a l  p o r o s i t y  t h a t  i s  caused by j o i n t s  w i t h i n  t h e  

rocks  . 
Permeab i l i t y  due t o  f r a c t u r i n g  is  ano the r  important  p r o p e r t y  

t h a t  can be considered by a q u a n t i t a t i v e  approach. Pe rmeab i l i t y  i s  a 

measure o f  t h e  r e l a t i v e  ease  with which f l u i d s  pass  through a porous 

m a t e r i a l  (Davis ,  1969). Even when t h e  v a l u e  of t he  t o t a l  p o r o s i t y  i s  

v e r y  low, p e r m e a b i l i t y ,  due l a r g e l y  t o  f r a c t u r i n g ,  can be r e l a t i v e l y  

h i g h  a s  compared with un f rac tu red  rocks with s i m i l i a r  t o t a l  p o r o s i t y  

v a l u e s  ( S t e a r n s  and Friedman, 1972). A s  an example, d i f f e r e n t  r o c k  

t y p e s  o f  t h e  Santa Maria D i s t r i c t  i n  C a l i f o r n i a  i l l u s t r a t e  t h e  

importance o f  f r a c t u r e  induced p e r m e a b i l i t y  t o  the  formation o f  s i t e s  

s u i t a b l e  f o r  petroleum accumulation (Regan and Hughes, 1949). The 

rocks  i n  t h a t  s t u d y  a r e a  c o n s i s t e d  p r i m a r i l y  o f  c h e r t  and s h a l e ,  bo th  

o f  which had v e r y  low p o r o s i t i e s  as measured from d r i l l  c o r e s ,  and 

were g e n e r a l l y  considered t o  be impermeable. The presence o f  

abundant f r a c t u r e s ,  however, p rov ide  s u f f i c i e n t  p e r m e a b i l i t y  t o  a l l o w  

hydrocarbon accumulation t o  occur t o  t h e  degree t h a t  o i l  could be 

produced from these  rocks  on a commercial s c a l e .  

The p resen t  s t u d y  i s  n o t  concerned with t h e  r e s e r v o i r  p o t e n t i a l  

o f  t h e  Conasauga Group, b u t  r a t h e r  i s  d i r e c t e d  toward c a l c u l a t i n g  a 

mean v a l u e  f o r  t h e  f r a c t u r e  p e r m e a b i l i t y  i n  t h e  Southern Conasauga 

Belt. The pe rmeab i l i t y  t h a t  i s  c a l c u l a t e d  h a s  a magnitude 

( c o n d u c t i v i t y )  and a mean d i r e c t i o n  o f  flow. Previous s t u d i e s  i n  t h e  

Conasauga Group suggest  a pr imary d i r e c t i o n  o f  ground water f l o w  
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p a r a l l e l  t o  t h e  s t r i k e  o f  t h e  s t r a t a  (Webster ,  1 9 7 6 ) .  The flow pa th  

i s  thought t o  be p r i m a r i l y  a long bedding plane s u r f a c e s  and s h a l e  

p a r t i n g s  with o n l y  a low pe rcen tage  o f  fl-uid flowing a t  o b l i q u e  

a n g l e s  t o  t h e  s t r i k e .  The s t r i k e  j o i n t s ,  a s  d j s c u s s e d  e a r l i e r ,  can 

p rov ide  a d e f i n i t e  condu i t  f o r  f l u i d  m i g r a t i o n  wi th in  t h e  s t u d y  a r e a .  

The t o t a l  groundwater f low may w e l l  be  a combination o f  t h e  

p e r m e a b i l i t y  a long j o i n t  and bedding plane s u r f a c e s  i n  t h e  s t r a t a .  

Overview 

'Ihe F r a c t u r e  Flow Modeling System IFRAFLO) i s  a group o f  

computer programs designed f o r  c a l c u l a t i n g  t h e  f r a c t u r e  p o r o s i t y  and 

p e r m e a b i l i t y  w i t h i n  t h e  Southern Conasauga B e l t .  Ttie model developed 

c o n t a i n s  many i n t e r r e l a t e d  p a r t s  i l l u s t r a t e d  i n  a s i m p l i f i e d  flow 

c h a r t  ( F i g u r e  23).  Options a v a i l a b l e  range from the  development o f  

three-dimensional (3-D) diagrams o f  e l e v a t i o n  o r  p o r o s i t y  s u r f a c e s  t o  

a t a b u l a r  l i s t i n g  of t he  c a l c u l a t e d  f r a c t u r e  p o r o s i t y  and 

p e r m e a b i l i t y  (FRAFLO). Af t e r  s e l e c t i n g  an o p t i o n  , geograph ica l  

c o o r d i n a t e s  o f  t h e  e n t i r e  s t u d y  area are r e q u i r e d  (TOPMAK), from 

which t h e  s u r f a c e  e l e v a t i o n s  can be computed (BLIMAT) . I f  t h e  o p t i o n  

s e l e c t e d  is  a 3-D p l o t  o f  t h e  e n t i r e  a r e a ,  t h e  d a t a  would be 

manipulated (MATFIX) and t h e  p l o t  produced (PLOSOU). 

S e l e c t i o n  o f  a p a r t i c u l a r  s i t e  o f  i n t e r e s t  w i t h i n  t h e  Southern 

Conasauga B e l t  can be  made and t h e  s u r f a c e  e l e v a t i o n s  f o r  each 

c o o r d i n a t e  e x t r a p o l a t e d  (CELL). I f  a 3-D p l o t  o f  t h e  s u r f a c e  

e l e v a t i o n s  f o r  t h e  s i t e  o f  i n t e r e s t  i s  r e q u i r e d ,  t h e  computer w i l l  

p rov ide  t h i s  type of  g r a p h i c a l  d i s p l a y  (PLQCEL). 

c 
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Determina t ion  of  t h e  p o r o s i t y  and p e r m e a b i l i t y  r e q u i r e s  e n t e r i n g  

t h e  depth  below t h e  ground s u r f a c e  a t  t h e  po in t  i n  space where t h e  

c a l c u l a t i o n  i s  t o  be performed. By s e l e c t i n g  t h e  n e a r e s t  d r i l l  c o r e  

a v a i l a b l e ,  t h e  subsu r face  in fo rma t ion  conta ined  i n  t h i s  c o r e  can be 

e x t r a p o l a t e d  f o r  t h e  s e l e c t e d  s i t e  o f  i n t e r e s t  (CORFIX). The 

parameters  c o n t r i b u t e d  from f i e l d  measurements i nc lude  j o i n t  

o r i e n t a t i o n s  (ORDAT) and t h e  mean d e n s i t y  and l e n g t h  o f  t h e  j o i n t s  

( D E N L E N ) .  The o t h e r  parameters  t h a t  need to  be determined a r e  t h e  

r o c k  c o n s t i t u e n t s  (RCKTYP) bed t h i c k n e s s  (THKCAL) and t h e  s i z e  of  

t h e  gap between t h e  j o i n t  p l anes  (GAPSET). By combining the  

parameters  mentioned above p o r o s i t y  and p e r m e a b i l i t y  r e s u l t i n g  from 

t h e  j o i n t s  can be c a l c u l a t e d  (PORCAL). A mean v e c t o r  d i r e c t i o n  o f  

t h e  pe rmeab i l i t y  i s  c a l c u l a t e d  us ing  t h e  j o i n t  o r i e n t a t i o n s  (PRMVEC) . 
The r e s u l t s  o f  t h e  p o r o s i t y  and p e r m e a b i l i t y  c a l c u l a t i o n s  can be  

d i sp layed  g r a p h i c a l l y  (PLOCEL) o r  i n  a t a b l e  form (TABPOR). 

S p a t i a l  and L i tho log ic  C a l c u l a t i o n s  

Each subrou t ine  w i l l  be  desc r ibed  i n  d e t a i l  with a d i s c u s s i o n  o f  

r e q u i r e d  assumptions and a lgo r i thms  d e r i v e d .  The e n t i r e  model i s  

w r i t t e n  i n  FORTRAN f o r  a Decsystem 10 computer. 

o f  t h e  program has  been provided i n  Appendix A and a use r  gu ide  o f  

t h e  model i n  Appendix B. A f u r t h e r  d i s c u s s i o n  o f  t h e  f i l e  s t r u c t u r e s  

and common v a r i a b l e s  used a r e  l i s t e d  i n  Appendix C and w i l l  n o t  be  

d i s c u s s e d  i n  t h e  t e x t .  

A complete l i s t i n g  



61 

, 

Model Requested (FRAFLO) 

FRAFLO i s  t h e  main program f o r  t h e  e n t i r e  computer model,  The 

primary purpose i s  t o  determine t h e  op t ion  r eques t ed  and t o  c a l l  a l l  

s u b r o u t i n e s  r e q u i r e d  t o  produce t h e  r e s u l t s .  

Determine Coord i n a  t e s ( TOF'MAK) 

T h i s  s u b r o u t i n e  i s  used t o  c a l c u l a t e  t h e  c o o r d i n a t e s  ( l a t i t u d e  

and l o n g i t u d e )  and s u r f a c e  e l e v a t i o n s  f o r  any po in t  w i t h i n  t h e  e n t i r e  

Southern Conasauga B e l t .  

The contoured base map was used t o  provide t h e  n e c e s s a r y  s u r f a c e  

e l e v a t i o n s  f o r  t h e  model. The s u r f a c e  p r o j e c t i o n  o f  t he  Southern 

Conasauga B e l t  w a s  pho tograph ica l ly  e n l a r g e d ,  and an o v e r l a y  w a s  

placed on each square o f  t he  Oak Ridge Admin i s t r a t ive  (ORA) g r i d .  

This  u n i t  square w a s  d iv ided  i n t o  361 subsquares  each r e p r e s e n t i n g  a 

s u r f a c e  o f  approximately 80.16 meters (263 f e e t )  on a s i d e .  The 

s u r f a c e  e l e v a t i o n s  f o r  t h e  c e n t e r  o f  each o f  t he  subsquares  was 

i n t e r p o l a t e d  from the  topographic  map f o r  t h e  e n t i r e  Southern 

Conasauga Belt w i t h i n  t h e  r e s e r v a t i o n  boundar i e s ,  These topographic  

d a t a  were coded and recorded i n  a f i l e  (STOPO.DAT) f o r  permanent 

s t o r a g e .  

The subrou t ine  TOPMAK r e a d s  t h e  f i l e  STOPO.DAT and conve r t s  t h e  

coded d a t a  i n t o  l a t i t u d e ,  l o n g i t u d e ,  and s u r f a c e  e l e v a t i o n s  f o r  each 

subsquare.  L a t i t u d e ,  as  a p p l i e d  i n  t h e  model,  r e p r e s e n t s  north-south 

ORA g r i d  c o o r d i n a t e s  and t h e  east-west ORA g r i d  c o o r d i n a t e s  a r e  

e q u i v a l e n t  t o  l o n g i t u d e .  This d a t a  i s  then  recorded i n t o  a temporary 

d i s k  f i l e ,  CONTUR.DAT, and s t o r e d  f o r  l a t e r  use i n  t h e  model. 
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Bui ld  Matrix (BLDMAT) 

The coord ina te  and e l e v a t i o n  d a t a  must  be i n  a sys temat ic  form 

t o  be used i n  t h e  model. This sub rou t ine  t a k e s  t h e  d a t a  s t o r e d  i n  

t h e  f i l e  CONTUR.DAT and b u i l d s  a r e c t a n g u l a r  ma t r ix  encompassing a l l  

l o n g i t u d e  and l a t i t u d e  v a l u e s  recorded i n  t h e  a r e a .  The a r r a y  

c r e a t e d  i s  dimensioned a t  190 ( l o n g i t u d e )  by 38 ( l a t i t u d e )  with a l l  

38 p o s i t i o n s  o f  t he  l a t i t u d e  r equ i r ed  to  be f i l l e d .  The range of  t h e  

l o n g i t u d e  v a l u e s  i s  from 20000 t o  70000 and the  l a t i t u d e  range i s  

from 13000 t o  23000. La t i t udes  loca t ed  o u t s i d e  of  t he  Southern 

Conasauga B e l t ,  bu t  w i th in  t h e  r e c t a n g u l a r  matrix,  are given a zero  

e l e v a t i o n  va lue  of 600. This va lue  i s  r equ i r ed  f o r  a p p l i c a t i o n  o f  

t h e  p l o t t i n g  subrou t ines .  The d a t a  conta ined  in  t h e  m a t r i x ,  a long  

with i t s  s u r f a c e  e l e v a t i o n s ,  a r e  output  i n t o  a new temporary f i l e ,  

SLALO.DAT, and t h e  o ld  f i l e  CONTUR.DAT i s  d e l e t e d .  

Manipulate Data (MATFIX) - 
Data for  a 3-dimensional p l o t  must be manipulated i n  o rde r  t o  

produce t h e  r equ i r ed  format f o r  t h e  p l o t t i n g  subrou t ine .  This 

sub rou t ine  b u i l d s  an a r r a y  c o n s i s t i n g  of 190x38 elements by f i l l i n g  

each a r r a y  p o s i t i o n  with t h e  r equ i r ed  s u r f a c e  e l e v a t i o n  fo r  i t s  

p a r t i c u l a r  l o c a t i o n  wi th in  t h e  m a t r i x .  This r e s u l t s  i n  a 3-axis 

c o o r d i n a t e  system which can be g r a p h i c a l l y  d i s p l a y e d .  The e l e v a t i o n s  

f o r  each member of  the  a r r a y  a r e  w r i t t e n  i n  a temporary f i l e ,  

SMAT.POT. The d a t a  s t o r e d  in  t h i s  f i l e  can be p l o t t e d  i n  a 3-D 

diagram, o r  a t  a f u t u r e  t i m e  a contour  p l o t t i n g  subrou t ine  can be  

developed t o  produce a topographic  map o f  t he  a r e a .  
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P l o t  A l l  Cells (PLOSOU) --- 
This subrou t ine  r e a d s  t h e  f i l e  SMAT.POT i n t o  an a r r a y  and 

o u t p u t s  a 3-D s u r f a c e  e l e v a t i o n  diagram of t h e  e n t i r e  Southern 

Conasauga B e l t .  This diagram has been reproduced i n  Figure 24 a t  a 

reduced s c a l e .  The s u r f a c e  e l e v a t i o n s  range from 600 f e e t  (base  map 

e l e v a t i o n s  are i n  f e e t )  a t  t h e  base  t o  1100 f e e t  a t  t h e  uppermost 

s u r f a c e .  The l o n g i t u d e  i s  a w e s t  (0.0) t o  east  (200.0) t r a v e r s e  o f  

t h e  r e c t a n g u l a r  g r i d  system. The i n d i v i d u a l  squa res  ( c e l l s )  

r e p r e s e n t  an 80.16 m (263 f e e t )  l eng th  on each s i d e .  For example, 

t h e  low s u r f a c e  e l e v a t i o n  d e p i c t e d  by t h e  c e l l s  a t  a l o n g i t u d e  o f  

100.0 (47000)  i s  t h e  f l o o d p l a i n  developed by t h e  Clinch River .  

The p l o t t i n g  package DISPLA (ISSCO, 1975) i s  r e q u i r e d  f o r  any 

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

Bui Id  Sub area ( CELL) 

Given t h e  c o o r d i n a t e  f o r  a po in t  l o c a t e d  w i t h i n  t h e  s t u d y  a r e a  

and t h e  s i z e  o f  t he  subarea r e q u e s t e d ,  s u b r o u t i n e  CELL w i l l  c a l c u l a t e  

t h e  l o c a t i o n  c o o r d i n a t e s  and s u r f a c e  e l e v a t i o n s  f o r  a l l  p o i n t s  wi th in  

t h e  suba rea .  The subrou t ine  r e q u i r e s  t h e  inpu t  o f  t he  l o n g i t u d e  and 

l a t i t u d e  v a l u e s  for a s i t e  o f  i n t e r e s t  t ha t  i s  l o c a t e d  w i t h i n  t h e  

Southern Conasauga B e l t  along with t h e  number o f  d i v i s i o n s  on t h e  

developed subarea ( c e l l )  edge. This i n fo rma t ion  i s  used t o  determine 

t h e  s i z e  and number o f  d i v i s i o n s  o f  t h e  c e l l  edge,  which h a s  a t o t a l  

l e n g t h  o f  80.16 m (263  f e e t )  on a s i d e .  I f  t h e  number o f  d i v i s i o n s  

r eques t ed  is  10, t h e n  each s u b c e l l  c r e a t e d  w i l l  be  approximately 8 m 

( 2 6  f e e t )  on a s i d e  (80.16/10=8.16). The minimum s i z e  t h a t  can  be  

c a l c u l a t e d  f o r  each s u b c e l l  is 1.52 m ( 5  f e e t ) ,  which would r e s u l t  i n  
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Figure 24.  Surface elevation of the Southern Conasauga Belt. 
vertical exaggeration is 0.017. 
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5 2  d i v i s i o n s .  

By using an a lgo r i thm t o  determine a l l  p o s s i b l e  c o o r d i n a t e s  

e x i s t i n g  w i t h i n  t h e  s tudy  a r e a ,  t h e  c e l l  c o n t a i n i n g  t h e  point  o f  

i n t e r e s t  i s  determined.  This c e l l  c o n s i s t s  o f  one set  o f  

c o o r d i n a t e s ,  analogous t o  those c r e a t e d  by TOPMAK, i n  each o f  i t s  

fou r  c o r n e r s .  The nex t  procedure i s  t o  r ead  t h e  f i l e  SLALO-DAT an;? 

o b t a i n  t h e  s u r  f ace  e l e v a t i o n s  f o r  t h e s e  four coord h a t e s .  This 

i n fo rma t ion  w i l l  be  used t o  c a l c u l a t e  t h e  e l e v a t i o n  €or each subcel l  

formed. 

Each s u b c e l l  c o o r d i n a t e  i s  c a l c u l a t e d  , and two e q u a t i o n s  , a s  

l i s t e d  below, a r e  used f o r  t h e  i n t e r p o l a t i o n  o f  s u r f a c e  e l e v a t i o n s  

f o r  each p o i n t  (Davis ,  1973) .  The technique used has  been proven 

e f f e c t i v e  f o r  t h e  c r e a t i o n  o f  contour  maps from d a t a  recorded i n  a 

g r i d  p a t t e r n .  

Equation 1 c a l c u l a t e s  t h e  d i s t a n c e  from the  c e n t e r  o f  each 

s u b c e l l  t o  t h e  four c o r n e r s  o f  t he  c e l l .  

The e l e v a t i o n  f o r  t h i s  newly c r e a t e d  s u b c e l l  is  determined b y  

d i v i d i n g  t h e  d i f f e r e n c e  between each o f  t he  e l e v a t i o n s  by t h e  inverse 

d i s t a n c e  t o  t h e  four c o r n e r s .  

This r e s u l t s  i n  a weighted average e l e v a t i o n  based on th;? t ~ l e v d t  ltji?, 
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of  a l l  four  c o r n e r s  o f  t h e  c e l l .  The process  i s  cont inued  f o r  each 

s u b c e l l  with t h e  c o o r d i n a t e s  and s u r f a c e  e l e v a t i o n s  w r i t t e n  and 

s t o r e d  i n  t h e  f i l e  CELL.OUT. 

P l o t  Cel l  (PLOCEL) -- 
The s u r f a c e  e l e v a t i o n  f o r  each s u b c e l l  can be p l o t t e d  on a 3-D 

diagram r e p r e s e n t i n g  t h e  e n t i r e  c e l l .  Examples o f  t h e  s u r f a c e  

e l e v a t i o n  p l o t s  were c a l c u l a t e d  f o r  s u b c e l l  increments  o f  15 (F igu re  

25) and 25 (F igu re  26) d i v i s i o n s  wi th  a t o t a l  s u r f a c e  o f  79.25 m (260  

f e e t )  on  a s i d e .  The maximum and minimum l o n g i t u d e ,  l a t i t u d e ,  and 

s u r f a c e  e l e v a t i o n  a r e  determined and p r i n t e d  out  on t h e  p l o t s .  The 

l o n g i t u d e ,  a t  t h e  zero va lue  of t h e  a x i s ,  i s  t h e  minimum long i tude  

(32236) ,  and t h e  maximum l o n g i t u d e  (32496) i s  r ep resen ted  a t  t h e  

maximum va lue  on t h e  l o n g i t u d e  a x i s .  The same r e l a t i o n s h i p  e x i s t s  

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

v e r t i c a l  a x i s ,  f o r  each s u b c e l l  coo rd ina te  was determined us ing  t h e  

known e l e v a t i o n  o f  t h e  four c o r n e r s .  The v e r t i c a l  exaggera t ion  can 

be  i n d i v i d u a l l y  c a l c u l a t e d  and w i l l  be  d i f f e r e n t  f o r  each p l o t  

depending on t h e  range  o f  e l e v a t i o n s  i n  t h e  c e l l .  

The package DISPLA c o n t a i n s  a l l  o f  t h e  p l o t t e r  sub rou t ine  c a l l s  

with t h e i r  r e q u i r e d  arguments so t h e i r  use w i l l  n o t  b e  d i s c u s s e d .  

Determine Rock Type (CORFIX) -- 
The subrou t ine  CORFIX determines  t h e  r o c k  t y p e ,  a t  a s p e c i f i e d  

d e p t h ,  from d r i l l  co re  d a t a  a t  a l l  s u b c e l l  l o c a t i o n s .  The two 

e x t e r n a l  i n p u t s  r equ i r ed  fo r  t h i s  sub rou t ine  a r e  a d r i l l  h o l e  number 

and t h e  depth  from t h e  s u r f a c e  where t h e  p o r o s i t y  and p e r m e a b i l i t y  
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SURFACE ELEVATION PLOT 

LONGITUDE MIN- 31184 
LONGITUDE MIX-  31441 
LATITUDE MlN- 19077 
LATITUDE tlRX- 19337 

Figure 25. Cell plot of surface elevations at 100 subcell locations. 
The cell represents an increment value of 15. 



F i g u r e  26. C e l l  p l a t  o f  su r f ace  e l e v a t i o n s  a t  676 subcell locations. 
The c e l l  represents an increment value  of 25. 
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c a l c u l a t i o n  i s  t o  be made. The Southern Conasauga B e l t  c o n t a i n s  

e i g h t  d r i l l  h o l e s  cored a t  v a r i o u s  l o c a t i o n s  throughout t h e  r e g i o n  

( F i g u r e  2 ,  p .  6 ) .  One of  t h e  ma jo r  problems e x i s t i n g  when using t h e  

d r i l l  h o l e  d a t a  i s  the l a c k  o f  over1,qp between each s e c t i o n  o f  c o r e .  

This i s  due t o  t h e  wide spacing between d r i l l  tiol-es along with t h e i r  

v e r y  sha l low t o t a l  depth (30 .48  m; 109 f e e t ) .  I f  an a t t e m p t  i s  made 

t o  produce a geologic  column o r  cross  s e c t i o n  based s t r i c t l y  on d r i l l  

co re  in fo rma t ion  , approximatel  y 45 percen t  o f  t h e  Conasauga Group i n  

t h e  s e c t i o n  would bc m i s s i n g .  This v a l n e  i s  c a l c u l a t e d  by p r o j e c t i n g  

t h e  mean d i p  o f  t he  s t r a t a  t o  t-he su r face  while assuming a l a c k  o f  

l i t h o l o g i c  change along s t r i k e  over t h e  area.  The absence o f  

d e t a i l e d  subsurface in fo rma t ion  i n t r o d u c e s  a d e f i n i t e  u n c e r t a i n t y  t o  

t h e  r e s u l t s  o f  t he  model. 

Rock type and bed th i ckness  a r e  v e r y  important  i n  f r a c t u r e  

p o r o s i t y  c a l c u l a t i o n s ,  and a p t e r i t i . i l l v  l a r g e  e r r o r  i s  caused by t h e  

s c a r c i t y  o f  t h i s  d a t a .  The e i g h t  d r i l l  c o r e s  i n  t h e  Southern 

Conasauga B e l t  were t h e  o n l y  c o r e s  logged i n  s u f f i c i e n t  d e t a i l  f o r  

q u a n t i t a t i v e  a p p l i c a t i o n .  The logged information d i v i d e s  each 15.24 

cm ( 6  i nch )  i n t e r v a l  i n t o  i t s  percentage of  s i l t s t o n e ,  s h a l e ,  

l imes tone  , and g l a u c o n i t e  a These four components w i l l  h e r e a f t e r  be 

r e f e r r e d  t o  as t h e  rocks '  l i t h o l o g i c  c o n s t i t u e n t s .  A few o f  t h e  

c o r e s  were in spec ted  , and t h e  accuracy o f  logging and i n t e r p r e t a t i o n  

checked and found t o  be r easonab ly  p r e c i s e ,  b u t  n o t  without some 

d i f f i c u l t i e s .  Many of  the  c o r e s  were b a d l y  broken sugges t ing  

d i f f i c u l t y  i n  logging of t he  destroyed areas;  b u t ,  i n  s e v e r a l  

i n s t a n c e s ,  d a t a  was recorded f o r  t h e s e  vo id  areas.  Some o f  t he  
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s a n p l e s  were checked regard ing  t h e  accuracy  of  t he  l i t h o l o g i c  

i d e n t i f i c a t i o n ;  i t  w a s  found t h a t  many l imes tone  beds  were 

i n c o r r e c t l y  recorded a s  s i l t s t o n e  , and t h e  abundance of  calcium 

carbonate  i n  t h e  rocks  was g e n e r a l l y  underes t imated .  

Data from t h e  co re  l o g s ,  r e g a r d l e s s  o f  t h e i r  accuracy ,  were 

en te red  i n t o  t h e  computer with t h e  mean percentage  of each l i t h o l o g i c  

c o n s t i t u e n t  recorded  a t  30.48 cm (one f o o t )  i n t e r v a l s .  These d a t a  

were reformated by t h e  computer program STRAT t o  produce t h e  proper  

format r equ i r ed  by t h e  model. The r e s u l t s  o f  a l l  c o r e s  f o r  t he  

Southern Conasauga Bel t  were w r i t t e n  i n  t h e  permanent f i l e  COEE.DAT 

t o  be used i n  t h e  c a l c u l a t i o n s .  The reques ted  d r i l l  h o l e  logg ings  

a r e  read i n t o  an a r r a y  and used fo r  a l l  rock  type  de te rmina t ions .  

Addi t iona l  assumptions were r equ i r ed  when using the  d r i l l  h o l e  

in fo rma t ion .  The s u r f a c e  e l e v a t i o n s  and c o o r d i n a t e s  o f  each d r i l l  

h o l e  were recorded p r i m a r i l y  from l o g g e r ' s  n o t e s ,  bu t  i n  some c a s e s ,  

i t  was necessa ry  t o  i n t e r p r e t  t h e  informat ion  from the  base map. 

Dips  o f  t h e  beds  were recorded on l o g s ,  and a mean d i p  f o r  each co re  

was c a l c u l a t e d .  This i s  o n l y  an e s t i m a t e  o f  t he  d i p  o f  t he  s t r a t a ,  

bu t  it i s  be l i eved  t o  be a c c u r a t e  enough f o r  use  i n  t h e  model. The 

d r i l l  c o r e s  used wre pro jec t ed  t o  t h e  r equ i r ed  depth and l o c a t i o n  

f o r  l i t h o l o g i c  c o n s t i t u e n t  de t e rmina t ion .  Li thology was assumed t o  

be cons t an t  a long t h e  s t r i k e  of  t he  r o c k ;  hence t h e  l a t i t u d e  i s  t h e  

de te rmining  f a c t o r  o f  t he  l i t h o l o g y  c a l c u l a t e d .  This i s  a c r i t i c a l  

assumption t h a t  i s  r e q u i r e d  and r e s u l t s  i n  a d e f i n i t e  weala-tess i n  t h e  

v a l i d i t y  of t h e  model r e s u l t s .  An i n c r e a s e  i n  d r i l l  co re  informat ion  

added at  a l a t e r  t i m e  w i l l  r e s u l t  i n  a dec rease  i n  t h e  e f f e c t  o f  t h i s  
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broad g e n e r a l i z a t i o n .  Homogeneous l i t h o l o g y  a long  s t r i k e  i s  a 

necessa ry  assumption t h a t  i s  used i n  t h e  c a l c u l a t i o n s .  

The depth o f  i n t e r e s t  i s  t h e  subsur face  depth with t h e  s u r f a c e  

topography cons idered .  I f  t h e  depth o f  i n t e r e s t  i s  4.56 m ( 1 5  f e e t ) ,  

t h e  c a l c u l a t e d  depth i s  4.56 m below t h e  su r face  topography. This 

imp l i e s  t h a t  t h e  su r face  developed i s  n o t  a h o r i z o n t a l  plane but  an 

undula t ing  su r face  which should be considered dur ing  i t s  a p p l i c a t i o n .  

The s u b c e l l  l a t i t u d e  and t h e  depth o f  i n t e r e s t  a r e  used t o  

p r o j e c t  t he  co re  informat ion  along the  mean d i p  t o  t h e  subsur face  

l o c a t i o n .  With t h e  use of simple t r i gonomet r i c  f u n c t i o n s ,  t h e  

l i t h o l o g y  a t  t h i s  new l o c a t i o n  can be c a l c u l a t e d .  I f  t h e  co re  i s  t h e  

c o r r e c t  l eng th  and the  p r o j e c t i o n  o f  t he  s t r a t a  i n t e r s e c t s  t h e  

s u b c e l l  l o c a t i o n  a t  t h e  depth  o f  i n t e r e s t ,  t h e  l i t h o l o g y  measured 

from the  co re  can be recorded .  

Each s u b c e l l  l o c a t i o n  and su r face  e l e v a t i o n  i s  read  from the  

f i l e  CELL.OUT, and the  p r o j e c t i o n  c a l c u l a t i o n  i s  c a r r i e d  out  t o  

determine i f  t h e  s e l e c t e d  d r i l l  co re  can provide  l i t h o l o g i c  

informat ion .  I f  t h e  p r o j e c t i o n  r e s u l t s  i n  a l a c k  of  i n t e r s e c t i o n  a t  

t h e  depth  of i n t e r e s t ,  o r ,  i f  t h e  co re  d a t a  for t h e  i n t e r v a l  is 

m i s s i n g ,  a miss ing  va lue  code of -99 i s  recorded fo r  t h e  depth and no 

f u r t h e r  computations a r e  performed for  t h a t  s u b c e l l  l o c a t i o n .  I f  t h e  

co re  i s  a p p l i c a b l e  and t h e  d a t a  from the  l o g s  c o n t a i n  a measured 

i n t e r v a l  and not  a miss ing  u n i t ,  t h e  l i t h o l o g y  i s  determined f o r  t h e  

s u b c e l l  l o c a t i o n .  The model c a l c u l a t e s  t h e  amount of  s i l t s t o n e ,  

s h a l e ,  and l imes tone  f o r  a 30 .48  cm (one f o o t )  i n t e r v a l  determined by 

t h e  p r o j e c t i o n .  The percentage of g l a u c o n i t e  i s  combined with t h e  
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s i l t s t o n e  va lue  r e s u l t i n g  i n  a t o t a l  percentage  of s i l t s t o n e .  

P o r o s i t y  and Pe rmeab i l i t y  Ca lcu la t ion  

Tne p o r o s i t y  and pe rmeab i l i t y  a r e  c a l c u l a t e d  by t h e  sub rou t ine  

PORCAL ( s e e  F igure  27 f o r  flow c h a r t ) .  The c o o r d i n a t e s ,  d e p t h ,  and 

1 i t h o l o g i c  c o n s t i t u e n t s  t h a t  a r e  used t o  c a l c u l a t e  t h e  p o r o s i t y  and 

pe rmeab i l i t y  a r e  those  obta ined  p r i m a r i l y  from t h e  sub rou t ine  CORFIX. 

Rock Name (RCKTYP) 
..-I__- I_ 

This subrou t ine  de te rmines  a name f o r  t h e  r o c k  based on t h e  

percentage  of i t s  c o n s t i t u e n t s  supp l i ed  by CORFIX from t h e  d r i l l  c o r e  

r e s u l t s  The q u a n t i t y  o f  s i l t s t o n e  , s h a l e ,  and l imes tone  w i t h i n  t h e  

vock i s  used to  c a l c u l a t e  a l i t h o l o g i c  name. A s p e c i f i c  r o c k  name i s  

determined i f  t h e  co re  sample c o n t a i n s  a minimum of  50 pe rcen t  o f  any 

one c o n s t i t u e n t .  The r o c k  is  denoted as mixed i f  t h e r e  i s  no 

component g r e a t e r  than  50 p e r c e n t .  

Gap Width (GAPSET) -- 
T h i s  s u b r o u t i n e  de t e rmines  a numerical  v a l u e  f o r  t h e  j o i n t  gap  

The s i z e  of t h e  gap w i d t h  f o r  each  r o c k  type  a t  a s p e c i f i e d  dep th .  

between j o i n t  p l anes  i s  determined by a mathematical  f u n c t i o n  

r e l a t i n g  t h e  i n i t i a l  gap t o  dep th .  This c a l c u l a t i o n  i s  r e q u i r e d  f o r  

each r o c k  type  wi th  t h e  assumption t h a t  bo th  j o i n t  se t s  c o n t a i n  t h e  

same gap s i z e .  This assumption i s  fo rced  by t h e  l a c k  o f  f i e l d  d a t a  

suppor t ing  any d i f f e r e n c e  i n  gap width o f  each j o i n t  s e t .  

pr imary parameter  i n  t h e  c a l c u l a t i o n  o f  j o i n t  gap  i s  t h e  i n i t i a l  gap 

width.  The gap width a t  t h e  s u r f a c e  i s  v e r y  d i f f i c u l t  t o  measure i n  

'he  
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t h e  f i e l d  and i t s  d e t e r m i n a t i o n  w a s  a t tempted from d r i l l  c o r e s .  The 

range i n  gap width v a l u e s  measured i n  t h e  d r i l l  c o r e s  was 0 .7  t o  0 .1  

mm i n  t h e  s i l t s t o n e s  and from 0 .2  t o  l e s s  than 0.1 mm i n  t h e  s h a l e s .  

This wide range suggested t h a t  a more r e f i n e d  e s t i m a t e  o f  t he  gap 

width would be b e t t e r  determined us ing  known measurements o f  

c o n d u c t i v i t y  recorded i n  t h e  f i e l d ,  The r e l a t i o n s h i p  between t h e  gap 

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

Reduction o f  gap width with i n c r e a s i n g  depth i s  ano the r  c r i t i c a l  

f a c t o r .  A 1 p e r c e n t  d e c r e a s e  i n  gap width f o r  each one meter  

i n c r e a s e  i n  dep th  i s  t h e  r e l a t i o n  t h a t  i s  used (Davis ,  1969) .  In  

unconsol idated sed imen t s ,  t h i s  f a c t o r  would be much h ighe r  and depend 

s i g n i f i c a n t l y  on  overburden p r e s s u r e s  o f  t he  o v e r l y i n g  sediments In  

t h e  c o n s o l i d a t e d  sediments  o f  t he  Conasauga Group, t h e  j o i n t s  are 

n e a r  v e r t i c a l  r e s u l t i n g  i n  v e r y  l i t t l e  c l o s u r e  by compaction with 

i n c r e a s e  i n  d e p t h .  A 1 pe rcen t  r e d u c t i o n  i n  gap a t  t h e  sha l low 

dep ths  appea r s  t o  be a v a l i d  f i r s t  approximation.  

Bed 'Ihickness (THKCAL) - 
The s u b r o u t i n e  THKCAL c a l c u l a t e s  a bed t h i c k n e s s  va lue  f o r  each 

l i t h o l o g y  o f  t he  i n t e r v a l  l e n g t h  o f  c o r e .  

The major assumption i s  t h a t  t h e  s t r a t a  was i n i t i a l l y  d e p o s i t e d  

with a bed t h i c k n e s s  t h a t  can  be p r e d i c t e d  by a mathamatical  

d i s t r i b u t i o n .  Analysis  o f  t he  d a t a  c o l l e c t e d  i n  t h e  f i e l d  sugges t  

bed t h i c k n e s s  may conform t o  a normal o r  t d i s t r i b u t i o n  ( N e t e r  e t  

a l . ,  1978).  The d i f f e r e n t  bed t h i c k n e s s  v a l u e s  recorded from t h e  

d e n s i t y  o f  j o i n t  measurements were p l o t t e d  on a frequency diagram 

( F i g u r e  2 8 ) .  A t o t a l  o f  31 d i f f e r e n t  beds were measured i n  f i v e  

I 
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Figure  28. Frequency d i s t r i b u t i o n  of  bed t h i c k n e s s  va lues  i n  s h a l e  
beds measured w i t h i n  t h e  s tudy  a r e a .  
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d i f f e r e n t  bed th i ckness  i n t e r v a l s .  The p l o t  was c r e a t e d  o n l y  f o r  t h e  

s h a l e  beds due t o  t h e i r  l a r g e  abundance i n  t h e  sample popu la t ion .  

The frequency d i s t r i b u t i o n  cu rve  c o n t a i n s  a c a l c u l a t e d  mean bed 

th i ckness  v a l u e  of 6.48 mm ( 0 . 2 6  inches)  wi th  a s tandard  d e v i a t i o n  o f  

2.87. The p l o t  appea r s  t o  be c l o s e l y  r e l a t e d  t o  a normal 

d i s t r i b u t i o n .  I f  t h i s  assumption i s  c o r r e c t ,  two s tandard  d e v i a t i o n  

u n i t s  about t h e  mean wi1.1 r e s u l t  i n  c o n s i d e r a t i o n  o f  95.4 pe rcen t  o f  

t h e  t o t a l  popu la t ion .  

The subrou t ine  uses  a mean and s tandard  d e v i a t i o n  va lue  f o r  each 

r o c k  type  which can be i n i t i a l l y  c a l c u l a t e d  from an e s t ima ted  minimum 

and maximum bed t h i c k n e s s .  The t o t a l  t h i c k n e s s  o f  c o r e  i n  t h e  

c a l c u l a t i o n  i s  t h e  30.48 cm (one f o o t )  l eng th  supp l i ed  by t h e  

sub rou t ine  CORFIX. The t h i c k n e s s  f o r  each r o c k  type  i s  based on t h e  

percentage  of  t he  p a r t i c u l a r  l i t h o l o g i c  c o n s t i t u e n t s  p r e s e n t .  I f  t h e  

t o t a l  t h i ckness  o f  c o r e  i s  30.48 cm and 5 0  percen t  o f  t h e  rock  

c o n s i s t s  o f  s h a l e ,  t h e  t o t a l  t h i c k n e s s  o f  t h e  s h a l e  beds   thin t h e  

co re  would be  15.24 cm. 

The f a c t  t h a t  a normal d i s t r i b u t i o n  occur s  i s  n o t  a s  c r i t i c a l  as  

t h e  e x i s t e n c e  o f  some type  of  d i s t r i b u t i o n .  I f  t h e  beds  e x h i b i t e d  a 

random t h i c k n e s s  d i s t r i b u t i o n ,  a random number g e n e r a t o r  t o  p r e d i c t  

t h e  bed t h i c k n e s s  v a l u e s  would b e  r e q u i r e d  and d u p l i c a t i o n  o f  t h e  

r e s u l t s  would be  imposs ib l e .  

The method used t o  deve lop  t h e  sys t ema t i c  r e l a t i o n s h i p  o f  

c r e a t i n g  a d i s t r i b u t i o n  i s  complex. The normal d i s t r i b u t i o n  cu rve  

w a s  d i v i d e d  i n t o  seven equa l  u n i t s  wi th  t h e  minimum ( u n i t  11, mean 

( u n i t  4 1 ,  and m a x i m u m  ( u n i t  7 )  bed t h i c k n e s s  de te rmined .  The v a l u e s  



f o r  t h e  remaining u n i t s  a r e  c a l c u l a t e d  while  r e t a i n i n g  an equal  bed 

th i ckness  va lue  berween each unit. 

The major problem i n  programming this  d i s t r i b u t i o n  i s  t o  consume 

t h e  e n t i r e  bed th i ckness  by s u b t r a c t i n g  the  c a l c u l a t e d  u n i t  v a l u e s  

from t h e  t o t a l  t h i c k n e s s ,  while  r e t a i n i n g  the  d i s t r i b u t i o n .  This i s  

v e r y  d i f f i c u l t ,  and t h e  procedure used o n l y  approximates  a normal 

d i s t r i b u t i o n ,  wi th  v a r i o u s  non-zero v a l u e s  f o r  t h e  c a l c u l a t e d  

skewness and k u r t o s i s  a s  a r e s u l t .  

A primary f a c t o r  i n  c r e a t i n g  a d i s t r i b u t i o n  from the  e x i s t i n g  

d a t a  i s  t h e  i n i t i a l  bed t h i c k n e s s .  It i s  v e r y  d i f f i c u l t  t o  r e t a i n  a 

d i s t r i b u t i o n  when t h e  i n i t i a l  bed th i ckness  i s  sma l l .  The use o f  

t h i c k  u n i t s  would a l l e v i a t e  t h i s  problem, a l lowing  m u l t i p l e  groups o f  

beds t o  be cons ide red ,  r e s u l t i n g  i n  t h e  formation of  a complete 

d i s t r i b u t i o n .  

The method used i n  t h e  program i s  t o  cons ide r  t h e  t o t a l  bed 

th i ckness  and s u b t r a c t  each bed th i ckness  u n i t  from t h i s  u n t i l  t h e  

t o t a l  t h i c k n e s s  remaining i s  zero o r  l ess  than  t h e  minimum u n i t  

t h i c k n e s s .  The mean va lue  i n  t h e  program w i l l  always have t h e  

h i g h e s t  f requency.  Each i n d i v i d u a l  c a l c u l a t e d  bed th i ckness  va lue  i s  

w r i t t e n  i n t o  an a r r a y  and used i n  t h e  model. 

J o i n t  O r i e n t a t i o n  (ORDAT) 

Regression a n a l y s i s ,  us ing  t h e  program SAS (Barr  e t  a l . ,  1 9 7 9 1 ,  

was app l i ed  t o  j o i n t  o r i e n t a t i o n  d a t a  i n  an a t t empt  t o  q u a n t i f y  t h e  

r e l a t i o n  o f  s t r i k e  and d i p  o f  t h e  j o i n t s  with changes i n  long i tude .  

A b e t t e r  approximation f o r  t h e  o r i e n t a t i o n s  of  t h e  s t r i k e  and a-c 

j o i n t s  could  be made i f  r e g r e s s i o n  techniques  are a p p l i e d .  A f i r s t -  
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o r d e r  l i n e a r  r e g r e s s i o n  model was app l i ed  t o  t h e  s t r i k e  and d i p  o f  

t h e  j o i n t s  a t  each l o c a t i o n  with l o n g i t u d e  a s  t h e  independent 

v a r i a b l e .  Equat ions f o r  t h e  s t r i k e  and d i p  o f  each j o i n t  se t  were 

determined and used i n  t h i s  s u b r o u t i n e .  Given t h e  l o n g i t u d e  of  t h e  

s u b c e l l  and t h e  j o i n t  se t  o f  i n t e r e s t ,  t h e  mean o r i e n t a t i o n  o f  each 

j o i n t  se t  can  be de te rmined .  

Densi ty  - and Length (DENLEN) 

The subrou t ine  DENLEN c a l c u l a t e s  t h e  mean j o i n t  l e n g t h  and t h e  

number o f  j o i n t s  w i t h i n  t h e  s u b c e l l  a r e a  f o r  each bed th i ckness  and 

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

between t h e  j o i n t s  d i scussed  i n  t h e  prev ious  c h a p t e r ,  A f i r s t - o r d e r  

l i n e a r  r e g r e s s i o n  a n a l y s i s  was app l i ed  t o  t h e  j o i n t  l e n g t h  and 

d e n s i t y  d a t a  a s  a func t ion  o f  bed t h i c k n e s s  f o r  each r o c k  t y p e .  The 

d a t a  f o r  t h e  l e n g t h  o f  j o i n t  measurements d i sp l ayed  v e r y  low r -square  

v a l u e s  sugges t ing  t h e  l a c k  o f  a s t r o n g  c o r r e l a t i o n  between t h e  

parameters .  This was d i scussed  e a r l i e r  ( s e e  p.  4 3 ) ;  a p r e d i c t i v e  

model based s o l e l y  on t h e  j o i n t  l e n g t h  d a t a  c o l l e c t e d  i n  t h e  f i e l d  

would be i n a c c u r a t e .  

The e q u a t i o n s  developed f o r  t h e  j o i n t  d e n s i t y  r e l a t i o n s h i p s  

d i sp l ayed  r-square v a l u e s  f o r  s h a l e  o f  3 5 . 8  percen t  and s i l t s t o n e  

7 9 . 4  p e r c e n t .  This i s  a r easonab le  c o r r e l a t i o n  between t h e  

pa rame te r s ,  sugges t ing  t h a t  t h e  e q u a t i o n s  f o r  j o i n t  d e n s i t y  a s  a 

func t ion  o f  bed t h i c k n e s s  can be  used i n  t h e  model. 

C a l c u l a t i o n  o f  t h e  p red ic t ed  j o i n t  l e n g t h  i s  accomplished by 

us ing  t h e  r e l a t i o n s h i p  o f  j o i n t  l e n g t h  a s  a func t ion  of  t h e  j o i n t  

d e n s i t y  and bed t h i c k n e s s .  These developed equa t ions  d i sp layed  

... 
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r - squa re  v a l u e s  o f  99 .1  pe rcen t  f o r  the  s i l t s t o n e  beds and 9 8 . 4  

percen t  f o r  s h a l e .  The h i g h  c o r r e l a t i o n  of  t h e  r e g r e s s i o n  a n a l y s i s  

i m p l i e s  a v e r y  s t r o n g  r e l a t i o n s h i p  between t h e  parameters .  

Determination o f  the  j o i n t  l e n g t h  by t h i s  method r e s u l t s  i n  inc reased  

accuracy  o f  t h e  p red ic t ed  r e s u l t s  and does n o t  r e j e c t  t h e  f i e l d  

measurement f o r  j o i n t  l e n g t h .  The mean l e n g t h  and d e n s i t y  o f  j o i n t s  

can be c a l c u l a t e d  for  each  r o c k  t y p e .  

For each o f  the r e g r e s s i o n s ,  t h e  mean v a l u e  of a l l  measurements 

c o l l e c t e d  was used r e s u l t i n g  i n  a v e r y  small  number o f  d a t a  p o i n t s  

u t i l i z e d  i n  t h e  a n a l y s i s .  For t h i s  r e a s o n ,  a f i r s t - o r d e r  r e g r e s s i o n  

was t h e  h i g h e s t  o rde r  model used i n  t h e  c a l c u l a t i o n s .  The e q u a t i o n s  

developed w i l l  predominantly e x p l a i n  t h e  d a t a  and cons ide r  o n l y  a 

minimum amount o f  n o i s e .  The d a t a  f o r  each i n d i v i d u a l  j o i n t  set was 

examined, and v e r y  low c o r r e l a t i o n s  e x i s t e d  f o r  e i t h e r  set a t  t h e  

same l o c a t i o n .  It was dec ided  t h a t  t h e  mean r e s u l t s  o f  t h e  combined 

j o i n t  se ts  would g i v e  a b e t t e r  e s t i m a t e  of  the  parameters .  

The va lue  for  the  mean j o i n t  l e n g t h  and t h e  t o t a l  d e n s i t y  o f  

j o i n t s  w i t h i n  t h e  s u b c e l l  must be de te rmined .  The a r e a  of the  

s u b c e l l  can be c a l c u l a t e d ,  and i t s  r e l a t i o n s h i p  t o  t h e  a r e a  c r e a t e d  

by t h e  j o i n t s  o f  a mean l e n g t h  can be d e r i v e d .  

The l a s t  r equ i r ed  parameter f o r  the  model i s  t h e  t o t a l  number o f  

j o i n t s  w i t h i n  t h e  s u b c e l l  a r e a .  This v a l u e  was c a l c u l a t e d  by 

assuming t h e  j o i n t s  t o  be a l l  o r i e n t e d  p a r a l l e l  with t h e  s i d e s  o f  the  

s u b c e l l .  The problem with t h i s  assumption i s  t h a t  a p o r t i o n  of the  

j o i n t  may l i e  o u t s i d e  t h e  c e l l .  

because t h e  a c t u a l  j o i n t  l e n g t h s  a r e  v e r y  s m a l l  compared to  t h e  t o t a l  

This i s  n o t  c r i t i c a l ,  however, 
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s i z e  of  t h e  s u b c e l l  a r e a ,  and t h e  o v e r l a p  can be  cons idered  

n e g l i g i b l e .  Each t r a v e r s e  o f  j o i n t s  w i t h i n  t h e  s u b c e l l  was be l i eved  

t o  abut  a g a i n s t  ano the r  i n  t h e i r  j o i n t  l e n g t h  component. It i s  v e r y  

d i f f i c u l t  t o  determine t h i s  f a c t o r  from f i e l d  o b s e r v a t i o n s ;  bu t  i n  a 

q u a n t i t a t i v e  model , t h i s  assumption should  p r e d i c t  r easonab ly  

a c c u r a t e  r e s u l t s .  

A l l  o f  t h e  f a c t o r s  were combined and t h e  number o f  j o i n t s  o f  a 

mean l e n g t h  w i t h i n  t h e  e n t i r e  s u b c e l l  a r e a  was c a l c u l a t e d .  This 

c a l c u l a t i o n  i s  performed fo r  each bed t h i c k n e s s  and rock  type  and 

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

P o r o s i t y  and Pe rmeab i l i t y  C a l c u l a t i o n  (PORCAL) 

The r e s u l t s  from t h e  p r e v i o u s l y  d i scussed  s u b r o u t i n e s  are 

combined i n  t h e  program f o r  t h e  c a l c u l a t i o n  o f  t h e  f r a c t u r e  p o r o s i t y  

and p e r m e a b i l i t y  o f  each i n d i v i d u a l  s u b c e l l .  The e x t e r n a l  d a t a  

ob ta ined  from subrou t ine  C O R F I X  c o n s i s t s  o f  t h e  l a t i t u d e  and 

l o n g i t u d e  of  t h e  s u b c e l l ,  t h e  depth  o f  i n t e r e s t ,  and t h e  l i t h o l o g i c  

c o n s t i t u e n t s  o f  t h e  c o r e .  The i n i t i a l  procedure i s  t o  de te rmine  a 

r o c k  name f o r  t h e  co re  i n t e r v a l  of  i n t e r e s t  (RCKTYP). The percentage  

o f  l imes tone  i s  n o t  used i n  t h e  c a l c u l a t i o n ,  b u t  i t s  presence  i s  

noted  and it w i l l  be  cons idered  a s  having an absence o f  f r a c t u r e  

p o r o s i t y  and pe rmeab i l i t y .  

The mean gap width and t h e  volume c r e a t e d  by t h e  j o i n t  gap  f o r  

each r o c k  type  must be de te rmined .  The gap width f o r  each  r o c k  type  

i s  c a l c u l a t e d  by t h e  sub rou t ine  GAPSET. The t h i c k n e s s  o f  each 

i n d i v i d u a l  bed is  c a l c u l a t e d  and s t o r e d  i n  an a r r a y  (THKCAL). 'Ihe 

i n d i v i d u a l  j o i n t  set  o r i e n t a t i o n s  (ORDAT) a r e  determined with each  
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c o n t a i n i n g  a volume c r e a t e d  by t h e  s t r i k e  and d i p  o f  t h e  j o i n t  p l a n e .  

D i f f e r e n t  bed t h i c k n e s s  v a l u e s  w i l l  have a d i f f e r e n t  d e n s i t y  and 

l e n g t h  o f  j o i n t s  a s s o c i a t e d  with them. The volume o f  t h e  gap can be  

c a l c u l a t e d  from t h e  d a t a  with i n d i v i d u a l  volumes summed up f o r  each 

bed ,  j o i n t  s e t ,  and rock  t y p e ,  r e s u l t i n g  i n  a numerical  va lue  fo r  t h e  

t o t a l  volume contained i n  t h e  j o i n t s .  

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

is t h e  r a t i o  o f  t h e  volume formed by t h e  j o i n t s  t o  t h e  t o t a l  volume 

o f  t he  cube d e f i n i n g  the  s u b c e l l .  The cube volume c o n s i s t s  o f  t h e  

product o f  t h e  s u b c e l l  l e n g t h ,  w id th ,  and t h e  sum t o t a l  o f  t h e  bed 

t h i c k n e s s  v a l u e s .  The equa t ion  used f o r  t h e  p o r o s i t y  c a l c u l a t i o n  i s :  

L I T H = ~  J S E T = I  j = i  
6 =  

The f r a c t u r e  p e r m e a b i l i t y  can be determined by i n i t i a l l y  

c a l c u l a t i n g  t h e  i n t r i n s i c  p e r m e a b i l i t y  from which t h e  c o n d u c t i v i t y  

can be d e r i v e d .  I n t r i n s i c  p e r m e a b i l i t y  i s  de f ined  as t h e  

p e r m e a b i l i t y  of  a medium which i s  independent o f  t he  f l u i d  p r o p e r t i e s  

governing t h e  flow (Todd, 1959)  and can be c a l c u l a t e d  by t h e  

fol lowing e q u a t i o n ;  

I n t r i n s i c  p e r m e a b i l i t y  i s  a func t ion  o f  f r a c t u r e  p o r o s i t y  and average 

spacing of t h e  j o i n t s .  This equa t ion  w a s  o r i g i n a l l y  designed f o r  
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spac ing  o f  j o i n t s  i n  d r i l l  c o r e s  (Snow, 1968) and was modif ied f o r  

use i n  t h e  c a l c u l a t i o n s .  Sa tu ra t ed  h y d r a u l i c  c o n d u c t i v i t y  i s  

c a l c u l a t e d  from the  i n t r i n s i c  p e r m e a b i l i t y  by cons ide r ing  t h e  

s p e c i f i c  weight and t h e  v i s c o s i t y  o f  t h e  f l u i d  of  i n t e r e s t .  

V 
C = K- 

c1 
( 5 )  

The f l u i d  used f o r  t h e  c a l c u l a t i o n  i s  water  a t  a tempera ture  o f  15.6" 

C e l s i u s  (60"  F a r e n h e i t ) .  

A l l  r e s u l t s  a r e  s t o r e d  i n  a f i l e  POROS.DAT wi th  each r eco rd  

r e p r e s e n t i n g  a d i f f e r e n t  s u b c e l l .  

Flow D i r e c t i o n  (PRMVEC) - 
Determinat ion o f  t he  mean d i r e c t i o n  o f  f l u i d  f low through t h e  

j o i n t s  i s  an impor tan t  f a c t o r  when p r e d i c t i n g  groundwater flow. This 

sub rou t ine  de t e rmines  t h e  mean d i r e c t i o n  and magnitude of  f low i n  t h e  

combined j o i n t  s e t s .  

Each j o i n t  o r i e n t a t i o n  can b e  cons idered  a s  a u n i t  v e c t o r  with 

t h e  d i r e c t i o n  o f  f low r e l a t e d  t o  t h e  d i p  and s t r i k e  of  t h e  j o i n t  

p l ane .  The j o i n t  s e t s ,  f o r  a p a r t i c u l a r  l o n g i t u d e ,  a r e  c a l c u l a t e d  

us ing  t h e  sub rou t ine  ORDAT. From t h i s  i n fo rma t ion ,  u n i t  v e c t o r s  f o r  

each j o i n t  se t  can be de te rmined ,  r e s u l t i n g  i n  a v e c t o r  

r e p r e s e n t a t i o n  o f  t h e  j o i n t  p l ane .  The mean u n i t  v e c t o r  i n  t h r e e  

c o o r d i n a t e  space can be  de r ived  by us ing  v e c t o r  a d d i t i o n  o f  t he  j o i n t  

s e t s .  The magnitude of  t h i s  v e c t o r  a s  w e l l  a s  t h e  d i r e c t i o n  r e l a t e d  

t o  t h e  o r i e n t a t i o n  o f  t h e  s t r i k e  and d i p  o f  t h e  j o i n t s  can be  

c a l c u l a t e d .  With t h i s  i n fo rma t ion ,  t h e  d i r e c t i o n  o f  f l u i d  m i g r a t i o n  

, 
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through t h e  j o i n t s  i s  e s t ima ted .  

Pl o t Poro s i t  y ( PLOCEL) 

The r e s u l t s  o f  t h e  f r a c t u r e  p o r o s i t y  c a l c u l a t i o n  can be  output  

i n  a three-dimensional  s u r f a c e  p l o t .  The d a t a  a r e  r ead  from f i l e  

POROS.DAT and s to red  i n  a v a r i a b l y  dimensioned a r r a y .  The method i s  

analogous t o  t h e  s u r f a c e  e l e v a t i o n  p l o t  with t h e  excep t ion  o f  t h e  

depth  o f  i n t e r e s t  va lue  recorded on t h e  p l o t .  An example o f  t h e  

p o r o s i t y  c a l c u l a t e d  f o r  an increment o f  10 i s  reproduced i n  F igure  

29. The p l o t  r e p r e s e n t s  a depth  o f  4.56 m ( 1 5  f e e t )  below t h e  

s u r f a c e  and d i s p l a y  t h e  range of  p o r o s i t y  determined throughout t h e  

c e l l .  

Table Resu l t s  (TABPOR) 

A t a b l e  l i s t i n g  t h e  f r a c t u r e  p o r o s i t y  and pe rmeab i l i t y  

c a l c u l a t i o n  can be c r e a t e d  by t h e  sub rou t ine  TABPOR. The d a t a  i s  

read  from the  f i l e  POROS.DAT and output  t o  t h e  l i n e  p r i n t e r  (Tab le  

5 ) .  I f  a void was recorded i n  t h e  f i l e  r e p r e s e n t i n g  a l a c k  o f  c o r e  

a v a i l a b l e  fo r  t h e  c a l c u l a t i o n  , t h e  s u b c e l l  c o o r d i n a t e s  a r e  n o t  

l i s t e d .  The f i l e  POROS.DAT i s  n o t  d e l e t e d  so t h e  d a t a ,  conta ined  i n  

t h e  f i l e  and not  t a b u l a r i z e d ,  can be  used f o r  a l t e r n a t e  purposes .  

Resu l t s  

The c a l c u l a t e d  f r a c t u r e  p o r o s i t y  i s  a func t ion  o f  t he  rock  t y p e ,  

bed t h i c k n e s s ,  j o i n t  l e n g t h  and d e n s i t y ,  j o i n t  o r i e n t a t i o n ,  and t h e  

j o i n t  gap width with each parameter a f f e c t i n g  t h e  c a l c u l a t i o n  t o  a 

d i f f e r e n t  degree .  In  t h e  fol lowing d i s c u s s i o n ,  a n  a t t empt  W i l l  be  
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ORNL-DUG. 80-1334lK 

FRACTURE POROSITY PLOT 

AT DEPTH OF 5.0 VETERS 
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Figure  29.  F r a c t u r e  p o r o s i t y  s u r f a c e  c a l c u l a t e d  f o r  each s u b c e l l  
l o c a t i o n .  
and 10 increments .  

The d a t a  i s  c a l c u l a t e d  f o r  a dep th  of  5.0 m 
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made t o  d e s c r i b e  t h e  most i n f l u e n t i a l  parameters  i n  t h e  f r a c t u r e  

p o r o s i t y  and pe rmeab i l i t y  c a l c u l a t i o n .  

Rock type i n f l u e n c e s  most of  t h e  pa rame te r s ,  with t h e  i n d i v i d u a l  

e f f e c t s  between each of  t h e s e  parameters  d i f f i c u l t  t o  e v a l u a t e .  The 

c a l c u l a t e d  model bed t h i c k n e s s  v a l u e s  a r e  unique for  each r o c k  type  

and c o n t a i n  a p a r t i c u l a r  percentage  of l i t h o l o g i c  c o n s t i t u e n t s .  Rock 

c o n s t i t u e n t s  a r e  assumed g r a d a t i o n a l  i n  10 pe rcen t  i n t e r v a l  u n i t s  

from a pure s h a l e  end member t o  a pure s i l t s t o n e .  A comparison 

be t  ween two l o c a t  i o n s  c o n t a i n i n g  i d e n t i c a l  1 i t h o l o g  i c  c o n s t i t u e n t s  

can be made by n e g l e c t i n g  t h e  bed t h i c k n e s s .  

The r e l a t i o n s h i p  between t h e  l e n g t h  and d e n s i t y  o f  j o i n t s ,  a s  

d i scussed  i n  t h e  prev ious  c h a p t e r ,  i s  unique for  a g iven  bed 

t h i c k n e s s  and rock  t y p e .  A bed composed of  20 pe rcen t  s i l t s t o n e  and 

80 p e r c e n t  s h a l e  i n  two d i f f e r e n t  l o c a t i o n s  has  a l l  parameters  equal  

with t h e  excep t ion  of  t h e  j o i n t  gap width and t h e  j o i n t  o r i e n t a t i o n .  

I f  t h e  gap width remains c o n s t a n t  a t  each l o c a t i o n  (same d e p t h ) ,  t h e n  

t h e  e f f e c t  o f  j o i n t  o r i e n t a t i o n  on p o r o s i t y  can be cons ide red .  

V a r i a t i o n  i n  j o i n t  o r i e n t a t i o n  with l a r g e  changes i n  l o n g i t u d e  

has  l i t t l e  e f f e c t  on t h e  c a l c u l a t e d  f r a c t u r e  p o r o s i t y .  This 

r e l a t i o n s h i p  can be examined by keeping a l l  parameters c o n s t a n t  and 

va ry ing  t h e  l o n g i t u d e  w i t h  a mean gap width of 0.1921 mm of both rock 

t y p e s  ( s h a l e  and s i l t s t o n e ) .  The f r a c t u r e  p o r o s i t y  v a r i e s  

approximate ly  0.001 percent  f o r  each 4270 m (1400 f e e t )  change i n  

l o n g i t u d e .  This i s  cons idered  to  be a v e r y  small  v a r i a t i o n  i n  

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

Decrease i n  p o r o s i t y  wi th  i n c r e a s i n g  depth i s  based on t h e  j o i n t  
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gap width  dec rease .  The g r e a t e s t  p o r o s i t y  dec rease  o f  c l a s t i c  

sediments  i s  soon a f t e r  d e p o s i t i o n  i n  t h e  upper few t e n s  o f  meters 

depth  (Reike and C h i l i n g a r i a n ,  1974).  Major processes  r e s p o n s i b l e  

f o r  p o r o s i t y  r educ t ion  a r e  mechanical  compaction and dewater ing.  

rocks  i n  t h i s  s tudy  were p rev ious ly  l i t h i f i e d ,  deep ly  b u r i e d ,  and 

brought  t o  t h e  s u r f a c e  by  t e c t o n i c  a c t i v i t y .  Such t e c t o n i c  a c t i v i t y  

h a s  been shown t o  reduce t h e  g r a d i e n t  o f  p o r o s i t y  dec rease  with 

dep th .  Calcu la ted  f r a c t u r e  p o r o s i t y  o f  t h i s  s tudy  d e c r e a s e s  by a 

t o t a l  o f  8 .2  percent  f o r  each 15.2 m ( 5 0  f e e t )  i nc rease  i n  dep th .  

The 

The e f f e c t  o f  j o i n t  d e n s i t y  and l e n g t h  can be determined by 

cons ide r ing  t h e  f r a c t u r e  p o r o s i t y  o f  v a r i o u s  l i t h o l o g i e s  ( s i l t s t o n e  

and s h a l e )  wi th  a f ixed  gap width o f  0.1921 mm a t  4.56 m ( 1 5  f e e t )  

depth .  Under t h i s  assumption,  a pure s h a l e  has  a f r a c t u r e  p o r o s i t y  

o f  0.088 p e r c e n t ,  and a rock  c o n s i s t i n g  of 100 pe rcen t  s i l t s t o n e  has  

a f r a c t u r e  p o r o s i t y  o f  0.030 p e r c e n t .  The range  i n  c a l c u l a t e d  

p o r o s i t y  f o r  each percentage  of  s h a l e  and s i l t s t o n e  i s  shown i n  

Figure 30.  The va lue  fo r  t h e  maximum p o r o s i t y  i s  n o t  t h e  pure s h a l e  

end member a s  might be expec ted ,  bu t  i s  a v a l u e  of  30 percen t  

s i l t s t o n e  and 70 pe rcen t  s h a l e .  The p o r o s i t y  v a l u e  c a l c u l a t e d  a t  

t h i s  p o i n t  i s  0.102 percent  which is  a 16 pe rcen t  o v e r a l l  i n c r e a s e  

from t h a t  o f  t h e  pure s h a l e .  The expected f r a c t u r e  p o r o s i t y  i s  

be l i eved  t o  be h ighe r  i n  t h e  s h a l e s  than  i n  t h e  s i l t s t o n e  beds  

(Davis ,  1969).  The r e s u l t s  ob ta ined  from t h e  model can be expla ined  

by p l o t t i n g  t h e  bed t h i c k n e s s ,  j o i n t  l e n g t h  and j o i n t  d e n s i t y  f o r  

s h a l e  and s i l t s t o n e  on t h e  same graph ( F i g u r e  31 ) .  me j o i n t  l e n g t h  

f o r  t h e  s h a l e  and s i l t s t o n e  beds  have o p p o s i t e  d i r e c t i o n  o f  slopes 
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which w i l l  r e s u l t  i n  t h e  t h i n n e r  beds of s h a l e  con ta in ing  a l a r g e r  

p o r o s i t y  v a l u e  than  t h e  t h i c k  beds .  The problem i s  i n  t h e  o v e r l a p  

a r e a  where t h e  bed th i ckness  of  s i l t  i s  v e r y  low ( less  than  25 mm) 

and t h e  s h a l e  beds  a r e  r e l a t i v e l y  t h i c k  ( g r e a t e r  than 6 mm). There 

i s  a much h ighe r  d e n s i t y  of  j o i n t s  i n  t h e  s i l t  than  i n  t h e  s h a l e  a t  

t h i s  t h i c k n e s s  i n t e r v a l  which r e s u l t s  i n  a l a r g e  c a l c u l a t e d  void 

va lue  ( p o r o s i t y ) .  A t  a va lue  of  30 percent  s i l t ,  t h e  t o t a l  

c a l c u l a t e d  bed th i ckness  i s  91 mm (0.30*304.8=91); and when t h e  bed 

th i ckness  d i s t r i b u t i o n  i s  a p p l i e d )  t h e  t h i c k n e s s  va lues  a r e  v e r y  low. 

The presence o f  v e r y  t h i n  s i l t s t o n e  beds i n c r e a s e s  t h e  j o i n t  d e n s i t y  

a long  with t h e  c a l c u l a t e d  void volume. This va lue  i s  h ighe r  than 

e x h i b i t e d  i n  a pure s h a l e  and r e s u l t s  i n  t h e  l a r g e r  v a l u e s  of  t he  

c a l c u l a t e d  f r a c t u r e  p o r o s i t y .  This r e s u l t  i s  probably  r e l a t e d  t o  t h e  

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

wi th in  a 3 0 4 . 8  mm l a y e r ,  a s  d i scussed  l a t e r  i n  t h i s  s e c t i o n .  

The va lue  fo r  t h e  j o i n t  gap width can be v a r i e d  and i t s  e f f e c t s  

on t h e  f r a c t u r e  p o r o s i t y  noted by ho ld ing  a l l  o t h e r  parameters  

c o n s t a n t .  The range of gap width v a l u e s ,  measured by Snow (1968) i n  

t h e  upper 9 m ( 3 0  f e e t )  of an igneous rock  body i n  Colorado, 

from 0.075 mm t o  0 .4  mm. A gap width o f  0.3842 mm was used 

model f o r  both t h e  s i l t s t o n e  and s h a l e  t o  compare i t s  e f f e c t  

f r a c t u r e  p o r o s i t y  with t h e  r e su l t s  desc r ibed  e a r l i e r  (F igu re  

The mean f r a c t u r e  p o r o s i t y  v a l u e s  c a l c u l a t e d  ranged from a m 

were 

n t h e  

on t h e  

30 ) .  

nimum of 

0.059 pe rcen t  (100 percent  s i l t s t o n e )  t o  a maximum of 0.204 percent  

( 3 0  pe rcen t  s i l t s t o n e ) .  Comparing t h i s  d a t a  with t h e  p o r o s i t i e s  

c a l c u l a t e d  at  0.1921 mm gap width shows a doubl ing  of t he  f r a c t u r e  
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p o r o s i t y  with a doubl ing of  t he  gap width.  

The i n t r i n s i c  pe rmeab i l i t y  c a l c u l a t e d  by t h e  model is a f f e c t e d  

by t h e  same parameters  a s  t h e  f r a c t u r e  p o r o s i t y .  The pe rmeab i l i t y  

(Equat ion 4 )  cons ide r s  t h e  f r a c t u r e  p o r o s i t y ,  j o i n t  l e n g t h ,  and j o i n t  

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

The predominant e f f e c t s  o f  t he  parameters  on t h e  i n t r i n s i c  

pe rmeab i l i t y  c a l c u l a t i o n  can be i n t e r p r e t e d  by us ing  g raph ica l  

t echn iques .  F rac tu re  p o r o s i t y  fo r  j o i n t  gap widths  o f  0.1921 mm and 

0.0961 mm (F igu re  3 2 )  e x h i b i t s  r e l a t i o n s h i p s  dependent on t h e  vary ing  

percentages  o f  s i l t s t o n e  and s h a l e .  The major f a c t o r  a f f e c t i n g  t h e  

f r a c t u r e  p o r o s i t y ,  a s  determined i n  t h e  prev ious  s e c t i o n ,  was t h e  gap 

width.  The c a l c u l a t e d  i n t r i n s i c  pe rmeab i l i t y  appears  t o  be dependent 

on t h e  l i t h o l o g i c  c o n s t i t u e n t s  t o  a g r e a t e r  degree  than  t h e  

c a l c u l a t e d  f r a c t u r e  p o r o s i t y .  The h i g h e s t  p o r o s i t y  va lue  , c o n s i s t i n g  

of 30 percent  s i l t s t o n e ,  does n o t  occur a t  t h e  maximum pe rmeab i l i t y .  

The maximum pe rmeab i l i t y  i s  a t  90 percent  s h a l e  and 10 pe rcen t  

s i l t s t o n e ,  while t h e  minimum pe rmeab i l i t y  i s  100 percent  s i l t s t o n e .  

This can be  expla ined  by us ing  a s imula t ion  run for  a gap width va lue  

of  0.1921 mm (F igu re  33) .  However, by i n c r e a s i n g  t h e  t o t a l  bed 

th i ckness  (TT), a more ex tens ive  d i s t r i b u t i o n  o f  i nd iv idua l  bed 

t h i c k n e s s e s  i s  allowed and a t rend  toward a l i n e a r  r e l a t i o n s h i p  o f  

f r a c t u r e  p o r o s i t y  ve r sus  l i t h o l o g y  r e s u l t s .  A t  3.05 m (10 f e e t )  

t o t a l  t h i c k n e s s ,  t h e  r e l a t i o n s h i p  i s  n e a r l y  l i n e a r  with expected 

va lues  f o r  t h e  a c t u a l  f r a c t u r e  p o r o s i t y  determined.  The i n t r i n i s i c  

pe rmeab i l i t y  c o n t a i n s  a l i n e a r  r e l a t i o n s h i p  with a s imil iar  i n c r e a s e  

i n  t o t a l  bed th i ckness .  
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Figure  3 3 .  E f f e c t s  o f  i n c r e a s i n g  t h e  t o t a l  bed t h i c k n e s s  ( T T )  on 
t h e  p o r o s i t y  and p e r m e a b i l i t y  c a l c u l a t i o n .  J o i n t  gap 
width i s  0.1921 mm. 
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The r e s u l t s  of  t h e  two graphs  d i s p l a y  t h e  range of  expected 

f r a c t u r e  p o r o s i t i e s  (0 .07 percent  t o  0.09 p e r c e n t )  and i n t r i n i s i c  

p e r m e a b i l i t i e s  (0 .02  darcy  t o  0.09 darcy)  t h a t  may b e  found a t  a 

depth  o f  4.57 m wi th in  t h e  s i t e  of  i n t e r e s t .  The r e s u l t s  imply t h a t  

with an i n c r e a s e  i n  s h a l e  c o n t e n t ,  t h e  c a l c u l a t e d  i n t r i n s i c  

pe rmeab i l i t y  i n c r e a s e s .  J o i n t  l eng th  and d e n s i t y  d a t a  a r e  cons idered  

i n  both t h e  pe rmeab i l i t y  and p o r o s i t y  c a l c u l a t i o n s ,  and t h i s  reduces  

the importance of  bed th i ckness  on t h e  c a l c u l a t i o n  and i n c r e a s e s  t h e  

e f f e c t  o f  t h e  j o i n t  l eng th  and d e n s i t y  parameters .  

The gap width o f  t he  j o i n t  i s  t h e  major f a c t o r  i n  t h e  

pe rmeab i l i t y  c a l c u l a t i o n ,  and i t s  e f f e c t  can be i l l u s t r a t e d  by t h e  

fo l lowing  equa t ion ;  

(GJ)I = @ ) I 3  

Inc reas ing  t h e  gap width by a f a c t o r  (1) r e s u l t s  i n  t h e  i n t r i n s i c  

pe rmeab i l i t y  i n c r e a s i n g  by t h e  cube of t h i s  f a c t o r .  This 

r e l a t i o n s h i p  can be i l l u s t r a t e d  by cons ide r ing  t h e  pe rmeab i l i t y  and 

l i t h o l o g y  r e l a t i o n s h i p s  (F igu re  3 2 ) .  The slope of t h e  l i n e  

r e p r e s e n t i n g  the  pe rmeab i l i t y  a t  t h e  l a r g e r  gap width is  much g r e a t e r  

than  t h e  s lope  r e p r e s e n t i n g  the  smal le r  gap width.  This imp l i e s  t h a t  

an i n c r e a s e  of  gap width i n  s h a l e  beds  w i l l  r e s u l t  i n  a v e r y  l a r g e  

i n c r e a s e  i n  t h e i r  pe rmeab i l i t y .  The gap width f o r  both l i t h o l o g i c  

types  i s  doubled so t h a t  t h e  pe rmeab i l i t y  i n c r e a s e s  by a f a c t o r  of 

approximate ly  e i g h t .  This equa t ion  h o l d s  t r u e  fo r  a l l  v a r i a t i o n s  i n  

percentages  o f  l i t h o l o g i c  c o n s t i t u e n t s .  The va lues  f o r  t h e  

c a l c u l a t e d  i n t r i n s i c  pe rmeab i l i t y  a r e  wi th in  t h e  range of  t he  average  

L 
c 
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p e r m e a b i l i t y  measured i n  v e r y  f i n e  sands ,  s i l t s ,  and c l a y s  (Viessman 

e t  a l . ,  1972; Freeze and Cherry,  1979).  

The c a l c u l a t e d  hydrau l i c  c o n d u c t i v i t y  i s  a m u l t i p l e  o f  t h e  

i n t r i n s i c  pe rmeab i l i t y .  The c o n d u c t i v i t y  was measured i n  s h a l e  beds  

i n  t h e  Southern Conasauga Belt (Luxmoore, 1980) and can be used t o  

v e r i f y  t h e  v a l u e  of t h e  mean gap width.  The f i e l d  d a t a ,  a t  a 

p a r t i c u l a r  sampling l o c a t i o n ,  suggested a mean v a l u e  f o r  t h e  

c o n d u c t i v i t y  o f  2 cm per day which t r a n s l a t e s  t o  a s u r f a c e  gap width 

o f  0.2 mm. The va lue  of t he  gap used i n  t h e  model f o r  both r o c k  

t y p e s  i s  i d e n t i c a l ,  b u t  from d r i l l  co re  d a t a ,  t h e  range  of  gap v a l u e s  

a c t u a l l y  measured was less than  0 .2  mm i n  s h a l e  and 0.7 t o  0 . 2  mm i n  

t h e  s i l t s t o n e  beds .  The va lue  fo r  t h e  gap r equ i r ed  t o  compute 

measured c o n d u c t i v i t y  v a l u e s  i n  t h e  f i e l d  is wi th in  t h e  range  of  t h e  

gap width measured. This would suggest  t h a t  a l a r g e  po r t ion  o f  t h e  

pe rmeab i l i t y  i n  t h e  rocks  may b e  due t o  t h e  j o i n t s .  

Observat ions i n  t h e  f i e l d  suggest  t h a t  t h e  j o i n t  gap widths  i n  

s h a l e  beds a r e  smaller than  i n  s i l t s t o n e  beds .  The model can be  

c a l i b r a t e d  by r eco rd ing  t h e  c o n d u c t i v i t y  measured i n  s i l t  r i c h  and 

s h a l e  r i c h  r o c k  t y p e s  i n  t h e  f i e l d  and a d j u s t i n g  t h e  gap  width v a l u e s  

acco rd ing ly .  The gap width v a l u e s  de r ived  would then  r e s u l t  i n  a 

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

The major assumption r equ i r ed  i n  t h e  pe rmeab i l i t y  c a l i b r a t i o n  i s  

t h e  e x i s t e n c e  o f  cont inuous  p a r a l l e l  j o i n t s  c o n t a i n i n g  equal  gap 

widths  a long  t h e  e n t i r e  l e n g t h  o f  t h e  j o i n t .  This i s  t h e  i d e a l  ca se  

i n  t h e  model and w i l l  r e s u l t  i n  t h e  maximum va lue  fo r  t h e  

pe rmeab i l i t y  t o  be c a l c u l a t e d .  I f  t h e  i n i t i a l  gap width i s  assumed 
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t o  be  s m a l l ,  t h e  model c o n s i d e r s  t h i s  v a l u e  t o  be t h e  mean s i z e  of  

t h e  gaps i n  each  of  the  j o i n t s .  The l a r g e  weathered j o i n t  gaps and 

t h e  f i l l e d  j o i n t s  a r e  combined t o  form t h i s  mean gap va lue  used i n  

t h e  model. 

Summary 

An a n a l y t i c a l  model was found to  be v e r y  u s e f u l  for  the  

de t e rmina t ion  o f  f r a c t u r e  p o r o s i t y  and p e r m e a b i l i t y  i n  t h e  Southern 

Conasauga B e l t .  Systematic i n v e s t i g a t i o n s  o f  t h e  e f f e c t s  o f  each 

parameter involved i n  t h e  c a l c u l a t i o n  allowed the  importance and 

i n f l u e n c e  t h a t  each i n d i v i d u a l  parameter had in  de te rmining  f r a c t u r e  

p o r o s i t y  t o  be e v a l u a t e d .  

J o i n t  gap width was found to  have t h e  g r e a t e s t  i n f l u e n c e  on t h e  

p o r o s i t y  and p e r m e a b i l i t y  c a l c u l a t i o n .  An i n c r e a s e  i n  t h e  t h e  gap 

width by a given amount i n c r e a s e s  t h e  p o r o s i t y  by t h e  same amount, 

and r e s u l t s  i n  t h e  p e r m e a b i l i t y  i n c r e a s i n g  by t h e  cube of the  amount. 

The bed t h i c k n e s s ,  j o i n t  l e n g t h ,  and t h e  d e n s i t y  o f  the  j o i n t s  a r e  

c l o s e l y  r e l a t e d  to  t h e  l i t h o l o g y  of  t h e  rock.  Each o f  t h e s e  f a c t o r s  

were found t o  c o n t r i b u t e  a small  amount i n  t h e  c a l c u l a t i o n s .  

V a r i a t i o n  o f  j o i n t  o r i e n t a t i o n  with changing l o n g i t u d e  was found to  

be t r i v i a l  i n  t h e  Southern Conasauga Belt. 

Ca lcu la t ed  f r a c t u r e  p o r o s i t y  decreased  by 8 .2  pe rcen t  f o r  each 

15 .2  m i n c r e a s e  i n  dep th .  A t  a depth  o f  4.56 m ( 1 5  f e e t )  from the  

s u r f a c e ,  t h e  r ange  i n  p o r o s i t y  va lues  was 0.03 pe rcen t  t o  0.10 

pe rcen t  with an i n i t i a l  s u r f a c e  gap v a l u e  of 0.10 mm. The i n t r i n s i c  

p e r m e a b i l i t y  c a l c u l a t e d  ranged from 0.002 t o  0.10 darcys f o r  t h e  
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r o c k s  w i t h  t h e  i d e n t i c a l  gap width v a l u e s .  

Percentage of s i l t s t o n e  was a major f a c t o r  i n  t h e  degree o f  

p o r o s i t y  and p e r m e a b i l i t y  c a l c u l a t e d .  In g e n e r a l ,  t h e  h i g h e s t  vdl i ies  

i n  bo th  c a l c u l a t i o n s  were f o r  100 pe rcen t  s h a l e  beds  and t h e  l o w e s t  

v a l u e s  were t h e  100 pe rcen t  s i l t s t o n e  beds with a l i n e a r  r e l a t i o o s h j u  

f o r  t h e  i n t e r m i t t a n t  r o c k  t y p e s .  

With t h e  use o f  t h e  model,  t h e  f r a c t u r e  p o r o s i t y  and 

p e r m e a b i l i t y  can be c a l c u l a t e d  f o r  a s p e c i f i c  l o c a t i o n  wi th in  t h e  

Southern Conasauga B e l t .  



CHAPTER I V  

CONCLUSION 

Jo i t o r i e n t  t i  a n a l y s i s  r evea led  t h e  presen e o f  two d i s t i n c t  

sys t ema t i c  j o i n t  se ts  i n  t h e  Southern Conasauga B e l t .  One s e t ,  t h e  

s t r i k e  j o i n t s ,  a r e  p a r a l l e l  t o  t he  s t r i k e  of t h e  bedding,  and t h e  

second s e t ,  a-c j o i n t s ,  a r e  normal t o  t h e  s t r i k e  j o i n t s .  J o i n t s  

compose a s i n g l e  or thogonal  s e t  p re sen t  a t  a l l  l o c a t i o n s  i n  t h e  

Southern Conasauga Bel t  and a r e  be l i eved  t o  be r e l a t e d  to  t h e  

p r i n c i p a l  t h r u s t i n g  event  t h a t  occur red  i n  t h e  r eg ion .  The Northern 

Conasauga B e l t  e x h i b i t s  an unpred ic t ab le  j o i n t  p a t t e r n  because of 

polyphase deformation t h a t  i n f luenced  t h e i r  formation.  

The a n a l y s i s  o f  t he  j o i n t  l eng th  and d e n s i t y  d a t a  i n  s i l t s t o n e  

sugges ts  t h a t  j o i n t  l eng th  i s  d i r e c t l y  p r o p o r t i o n a l  and d e n s i t y  i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  bed t h i c k n e s s .  The same parameters  

examined i n  t h e  s h a l e  beds sugges t  t h a t  j o i n t  d e n s i t y  i s  i n v e r s e l y  

p r o p o r t i o n a l  to  bed th i ckness  ; j o i n t  l e n g t h  i s  independent o f  bed 

t h i c k n e s s .  The e f f e c t s  o f  s u r f i c i a l  weather ing ,  however , c r e a t e  

l a r g e  d e v i a t i o n s  i n  t h e  measurements,  a s  d i sp l ayed  i n  a l l  r e s u l t s .  

A computer model w a s  developed t o  s imula t e  i n  a t  l e a s t  a 

s emi -quan t i t a t ive  fash ion  f r a c t u r e  p o r o s i t y  and pe rmeab i l i t y  f o r  a 

p o r t i o n  o f  t h e  Conasauga Group wi th in  t h e  Southern Conasauga B e l t .  

The most important  f a c t o r  i n  t h e  c a l c u l a t i o n  i s  t h e  gap wid th ,  which 

i s  a l s o  the  most d i f f i c u l t  t o  measure.  

combining pe rmeab i l i t y  measurements recorded i n  t h e  f i e l d  with gap 

width d a t a  i n  d r i l l  c o r e s  t o  develop a range of v a l u e s  f o r  t h e  gap.  

The gap i s  determined by 
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I n c r e a s i n g  j o i n t  gap width by a given f a c t o r  w i l l  i nc rease  t h e  

p o r o s i t y  by t h e  same f a c t o r  and inc rease  t h e  pe rmeab i l i t y  by t h e  cube 

o f  t h e  f a c t o r .  Pure s h a l e  beds g e n e r a l l y  c o n t a i n  t h e  l a r g e s t  

f r a c t u r e  p o r o s i t y  and pe rmeab i l i t y ,  whi le  t h e  pure s i l t s t o n e  beds  

have t h e  lowes t .  

The r e s u l t s  o f  t he  computer model must be used with c a u t i o n .  

There a r e  a few assumptions t h a t  were r equ i r ed  with l i t t l e  o r  no 

suppor t ing  f i e l d  ev idence ;  and i f  t h e  model is  n o t  used c a r e f u l l y ,  

t h e  r e s u l t s  may be  i n a c c u r a t e .  The major problematic  assumptions 

a f f e c t i n g  the  model a r e  l i s t e d  below: 

1. All d a t a  were c o l l e c t e d  from t h e  Pumpkin Val ley  Shale  Formation 

of  t h e  Conasauga Group. The j o i n t  o r i e n t a t i o n ,  d e n s i t y ,  and l eng th  

measurements may be  d i f f e r e n t  i n  t h e  o t h e r  members wi th in  t h e  a r e a .  

2. The c o l l e c t e d  d a t a  were a l l  from weathered zones a t  s u r f a c e  

ou tc rops .  F i e l d  v e r i f i c a t i o n  should be made fo r  e x t r a p o l a t i o n  t o  t h e  

un we a t  h er ed b ed roc k . 
3 .  Presence o f  l imes tone  w i l l  cause s e r i o u s  d i s c r e p a n c i e s  from 

the  a c t u a l  c o n d i t i o n s  e x i s t i n g  wi th in  t h e  subsu r face .  Data on 

l imes tone  beds should be implemented a t  a l a t e r  t i m e  for any broad 

a r e a  use .  

4 .  The most important  l i m i t a t i o n  o f  t h e  model is  t h e  assumption 

of  t he  e x i s t e n c e  of  a homogeneous l i t h o l o g y  a long  the  s t r i k e  of t h e  

s t r a t a .  This can cause s e r i o u s  problems i f  a t t e m p t s  a r e  made t o  

apply  t h e  model a t  l a r g e  d i s t a n c e s  from e x i s t i n g  d r i l l  h o l e s .  This 

problem may dec rease  i n  importance with an i n c r e a s e  i n  d r i l l  co re  

informat ion .  
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I f  t h e  computer model i s  used with c a u t i o n ,  i t  may p rov ide  v a l i d  

numerical  r e s u l t s  f o r  t h e  e x i s t i n g  subsu r face  f r a c t u r e  p o r o s i t y  and 

p e r m e a b i l i t y .  The same methods used i n  developing t h e  model 

presented h e r e  should be a p p l i c a b l e  i n  o t h e r  areas c o n t a i n i n g  h i g h l y  

j o i n t e d  r o c k s ,  b u t  would r e q u i r e  f i e l d  v e r i f i c a t i o n .  

1 -  . 
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A P P E N D I X  A 

FORTRAN PROGRAM 

0 0 0 1 0  
0 0 0 2 0  
0 0 0 3 0  
0 0 040 
O O C 5 0  
O O O C O  
0 0 0 7 0  
00080 
0 0 0 9 0  
0 0 1 0 0  
00110 
00 120 
0 0 1 3 0  
0 0 1 4 0  
00  1 5 0  
00160 
0 0 1 7 0  
00180 
00 190 
0 0 2 0 0  
0 0 2 1 0  
0 0 2 2 0  

0 0 2 4 0  
0 0 5 5 0  
0 0 2 6 0  
0 0 2 7 0  
0 0 2 8 0  
0 0 2 9 0  
OO?OO 
00310 
00120  
00330 
0 0 7 4 0  
O O Z J O  
00360 
O O t 7 0  
00380 
I) 0 '90 
0 0 4 0 0  
0 0 4 1 0  
0 0 4 2 0  
0 0 4 3 0  
00440  
00450 
0 0 4 6 0  
0 0 4 7 0  
00480 
0 0 4 9 0  
o o c o o  
0 0 5 1 0  
0 O c 1 2 0  
00530 
00540 
0 0 5 5 0  
00560 
00570 
0 0 5 0 0  
0 0 5 9 0  
oo(500  

00230 

C 

1 0 0 0  

I O  

1 0 0 1  

1 0 0 2  

2 0  

C 

5 0  

55 

C 

C 

1 0 0  

C 

150  

PROGRAM F R A F L O  

F P A C T U P E  FLOW M O D E L I N G  S Y S T E M  
M A I h L I N E  P R O G k A M  WHICH C A L C U L A T E S  T H E  F R A C T U R E  
P R O S I T Y  A N D  P E R M E A B I L I T Y  C F  POCKS. 
F O R  USERS G U I C E  AND ANY 110 I N F O R M A T I O N  AND 
S U H R O U T I N E S  R E Q U I R E D  F O H  LCADING..  SEE ; 
S L E D Z  A N 0  HUFF ( 1 9 8 0 ) e .  O P N L  P U B L I C A T I O N  OR 
S L E D Z  ( 1 9 8 0 ) .  . . Y S  T H E S I S  A T  U N I V E R S I T Y  OF T E N N E S S E E  

W R I T T E N  B Y  J I M  S L E D Z  3/21/80 
M O O I F I E O  B Y  J I M  SLEDZ 6/29/80 

C O M H O N / K E E P / I h C R E . D E P T H . S I L G A P r S H A G A P  
COMMON/UORK/NPf i I  N * I O T T Y  * I N T T Y .  I U N I T  1 . I U E I I T E .  I U N I T 3  

MAX O I H E N S S O N  F O R  P L O T S  ( P L O C E L )  

D I M E N S I O N  A R A V (  5 3 . 5 3 ) . I W O R K ( 2 2 0 )  

D A T A  I U N I T l / P O /  I U N I  12 /21  / I U N I T 3 / 2 2 /  
D A T A  N P R I N / 6 / .  ~ S W T H / O / r I O T T Y / S / . I N T T Y / 5 /  

W R I T E (  I O T T Y . 1 O C O )  
FORMAT(  / / a  WELCOME T O  T H E  F R A C T U R E  FLOW M O D E L I N G  S Y S T E M ' /  1 

KNT=O 
C O N T I N U E  
W R I T E (  I O T T Y .  1 O C l  1 
F O R M A T ( '  O P T I O h ;  G'O) 
R E A D ( I N T T Y . l O O ~ . E F ? R = 2 0 )  I A N S  
F O R M A T ( I 2 )  

I F ( I A N S . L T . 0 )  60 TO 999 
I F (  I A N S . G E - 1  .PND.IANS.LE.4) GO T O  50 

C A L L  ERROR( 1 . $ l o )  

C O M P L E T E  SURFACE 3-0 

IF (KNT.GT.0)  GO TO 55 
K N T = K N T + l  
C A L L  TOPMAK 
C A L L  B L D M A T  
I F ( I A N S . G T . 1 )  GO TO 1 0 0  
CALL M h T F I X  
C A L L  P L O S O U  
KSWTH=--I 

GO T O  10 

S U P F A C E  3-0 O F  C E L L  

C A L L  C E L L ( L A T . I R A Y D M . I P L O D M )  
I F ( I A N S . G T . 2 )  GO TO 150 
C A L L  P L O C E L (  I COHK.IRAYDM.ARAY . I P L O D M * O )  
K S W l H = - 1  

GO T O  10 

C E L L  F R A C T U R E  FOPOSI  T Y  

C A L L  CORFIX 
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O O C l O  
O O C 2 0  
00630 
0 0 6 4 0  
o o c c o  
OOC60 
OOC70 
00680 
O C 6 9 0  
0 0 7 0 0  
0 0 7 1 0  
0 0 7 2 0  
0 0 7 3 0  
0 0 7 4 0  
0 0 7 5 0  
0 0 7 6 0  
0 0 7 7 0  
0 0 7 8 0  
0 0 7 9 0  
OOt?OO 
O O e l O  

OO(330 
0 0 E 4 0  

o o e 2 0  

o o e s o  
o o e 6 0  
o o e 7 0  
o o e a o  
o o e 9 0  
O O F O O  
0 0 s  10 
00920 
00S30 
0 0 5 4 0  
0 0 9 5 0  
0 0 9 6 0  
0 O S 7 0  
00580 
0 0 4 9 0  
0 1000 
01010  
0 1 0 2 0  
0 1030  
0 1 0 4 0  
0 1050 
01060  
0 1070 
0 1 0 9 0  
01090 
0 1100 
0 1  110 
0 1 1 2 0  
0 1  130 
0 1 1 4 0  
0 1  150 
0 1160 
01170 
0 1180 
0 1 1 9 0  
0 1 2 0 0  

I F (  IANS.EO.4) C A L L  T A U P O U (  $ 1 0 )  
C A L L  PLOCELC I k O P K . I P A Y D M . A P A Y . I P L O D M . 1 )  
K S  W TH=- 1 

GO TO 10 

C E N D  I T  A L L  

999 C O N T I N U E  
I F (  KSWTH.LT. 0 )  C A L L  D O N E P L  
OPEN(  U N  I T= I U N  I T  1 .F I LE= ' S L  ALO. D A T  ' 1 
C L O S E ( U N I T = I U h I T l  . D I S P O S E = ' D E L E T E '  ) 
C A L L  E X I T  

E N D  

S U B R O U T I N E  EPRCR(N.* )  

C S U E R O U T I  NE O F  ERROR COMMANDS 
C W R I T I E N  B Y  J I M  S L E D Z  3/21/80 
C M O D I F I E D  B Y  J I M  S L E D Z  7/9/80 

C O H M O N / W O R K / N P & I N . I O T T Y ~  I N T T Y  

I F ( N  .EQ. 1 WR I T € (  I O T T Y  1000 1 
I F (  N.EQ. 2 )  WR ITE  ( I  O T T Y  s 1001 1 
IF (  N.EQ.3) W R I T E (  I O T T Y  .1002)  
I F ( N .EQ. 4 )  WR I T E  ( I O T T Y  s 1003 1 

R E T U R N  1 

1 0 0 0  F O P M A T ( '  A V A I L I B L E  O P T I O N S  ARE;'/. 
1 ' I C O M P L E T E  S U R F A C E  3-D' . /  
2 @ 2 C E L L  S U R F A C E  3 - D m / r  
4 1 3 C E L L  F R A C T U R E  P O R O S I T Y  3 - D ' r / s  
5 ' 4 C E L L  F R A C T U R E  P O R O S I T Y  T A B L E ' . / *  
7 ' - 1  E N D ' . / )  

1001 FOUMAT(  * A V A I L A B L E  C U R E S  A R E i ' / . I X .  
1 '  
2 ' I  - O R 1 2  - ( 2 0 8 7 0 r 1 9 3 1 5 ) ' / ~ 1 X .  
3 ' 2  - O R 1 3  - ( 2 1 3 9 7 ~ 1 9 2 8 9 ) ' / . 1 X *  
4 '3 - O R 1 4  - ( 2 2 2 4 0 ~ 1 5 0 0 1 ) ' / ~ 1 X m  
5 ' 4  - O R 1 5  - ( 2 5 7 1 1 * 1 8 3 7 3 ) ' / . 1 X ~  
6 '5 - O R 1 7  - ( 2 5 9 2 2 q 1 6 9 7 6 ) ' / . 1 X .  
7 '6 - O R 1 8  - ( ? 5 8 4 3 . 1 7 8 4 6 ) ' / . 1 X *  

L U NG L A T  ' / * 1 X 

e '7 - 0 ~ 1 9  - ( 2 6 5 2 e . i 6 8 4 s ) * / . i x .  
S '8 - O R 2 0  - ( 3 5 5 5 3 r 1 7 5 8 2 ) ' / )  

1002 F O R C A T ( / . '  ** L A T I T U D E  OUT O F  RANGE...REENTER * * ' / I  
1003 F O R H A T ( / .  ' *+  L O N G I T U D E  OUT O F  RANGE...REENTER * * ' / I  

E N D  

S U B R O U T I N E  TOFMAK 

C S U B  U S E D  T O  CCNVERT D A T A  PECQRDED FROM TOP0 
C MAP TO X.Y.2 COORDINATES. 
C W P I T T E N  B Y  J I C  S L E O Z  2 /18 /80  
C M O D I F I E D  B Y  J I M  S L E D Z  5/7/80 
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O l i l O  
0 1 2 2 0  
0 1 2 3 0  

0 1 2 5 0  
01260 
0 1 2 7 0  
0 1280 
0 1290 
0 1300 
01310 
01320 
0 1 3 3 0  
0 1 2 4 0  
0 1 3 5 0  
0 1 3 6 0  
0 1 3 7 0  

0 1 3 9 0  
0 1 4 0 0  
0 1  4 1  0 
0 1 4 2 0  
0 1 4 3 0  
0 1 4 4 0  
0 1 4 5 0  
0 1 4 6 0  
0 1 4 7 0  
0 1 4 8 0  
0 1 4 9 0  
0 1 5 0 0  
0 1 5 1 0  
0 1520 
O l E 3 0  
0 1 E 4 0  
0 1 z 5 0  
0 1 E E O  
0 1 5 7 0  
0 1 E 8 0  
0 1 5 9 0  
0 1600 
O l e l o  
0 1 6 2 0  
o l e 3 0  
O l ( 2 4 0  
0 1CCO 
01660 
O l e 7 0  
01680 
O l e 9 0  
01700 
0 1 7 1 0  
0 1 7 2 0  
0 1730 
0 1 7 4 0  
0 1 7 5 0  
0 1 7 6 0  
0 1 7 7 0  
01780 
0 1 7 9 0  
01800 

n 1 2 4 0  

o i z a o  

C 

10 

C 

C 

C 

25  

99 

1 0 0  
101 

CCMMON/WOHK/NFRIN. I O T T Y .  I N T T Y  I I U N I T 1  s I U N I  T 2  
D I M E N S I O N  I R A V (  31) 

O P E N ( U N I T = I U N I T  1 . F I L E = ' S T @ P f l .  D A T  * .ACCESS='SEQ I N '  
OPEN(  U N I T Z I  U N I T 2  .FI L E =  'CCNTUReDAT * .ACCESS='  SEQOUT'  

R E A D  L A T I T U D E  . L O N G I T U D E  F O P  E A C H  E L E V A T I O N  

R E A C ( I U N I T l . I C O . E N D = 9 9 )  I R A Y  

C A L C U L A T E  L O N G I T U D E  AND L A T I T U D E  

LONG=(  I RAY (3) *1000+132) +( I RAY ( 4  )*263) 
L A T = (  I R A Y  ( 1 * 10 00+132) +(  I GAY ( 2  1 *263 ) 

C A L C  E L E V A T I O C  

DO 25 J=5.31 
I F ( I R A Y ( J ) . E P . O )  GO TO 10 
I F  ( I R A Y  ( J) L T  e 2  0 1 
IF (  I R A Y (  J) o L T . 3 0 )  
I F (  I R A Y  ( J )  .LT  . loo)  

I R A Y  ( J)= ( ( I P A Y  ( J 1-1 0 1 * 10 + l o 0 0  
I R A Y (  J)=  ( (  I R A Y  (J ) -20)  * l o )  +1100 
I RAY ( J ) = I R A Y  ( J )  *10 

W R I T E  A L L  INFC 

Y R I T E ( I U N I T 2 . 1 0 1 )  L O N G . L A T . I R A Y ( J 1  
I R A Y < 2 ) = I R A Y (  Z ) + l  
I F (  I P A Y ( 2 )  OLE -18)  L A T = L A T + 2 6 3  
I F (  I R A Y ( 2 )  o G T  - 1 8 )  L A T = (  ( I R A Y (  1) +5) *1000+132)+ ( (  I R A Y ( 2 )  

1 -19)*263)  
C O N I  INUE 

C L O S E  ( UNI T = I  U h I  T 1) 
C L O S E ( U N I T = I  U h I  1 2 )  

P E T C P N  

FORCAT(  3112) 
F O P M A T ( 2 ( 1 5 * 2 X )  ,141 

END 

S U B R O U T I N E  B L D M A T  

SUB T O  FILL 3 E  C E L L S  WITH AN E L E V A T I O N  U S I N G  T H E  
OUTPUT OF 'TOFMAK'.  
SUB U S E S  A N  E L E V A T I O N  OF 600 WHEN C O O R D I N A T E S  
L I E  O U T S I D E  ThE STUDY APEA. 

M O D I F I E D  B Y  J I M  S L E D Z  5/7/80 
W R I T T E N  B Y  J I M  S L E D 2  3/5/80 

C O M H O N / Y O R K / N F R I N s I O T T Y  I N T T Y  . I U N I T l  e I U N I T 2  s I U N I T 3  
D I M E N Z I O N  I P A Y (  Z 8 )  

DATA J K N T / O /  K N l / O / s  J / O /  J L O N G / 6 9 8 6 6 / .  I K E Y / O /  

OPEN(  UNIT=[ UNI  1 2  F I L E Z ' C  ONTUG. D A T  ' * A C C E S S = ' S E Q I  N'  



111 

_ -  
i 

- _  

o l e l o  
o l e 2 0  
0 1  e 3 0  

o i e s o  
Q l e 6 0  
o I e 7 0  
01 e a o  

0 1 E 4 0  

0 1  E 5 0  
0 1 5 0 0  
0 1 5 1 0  
0 I 5 2 0  
0 1 5 3 0  
0 1 S O 0  
O l S C O  
01960 
0 1570 
01580 
0 1 4 9 0  
02000 
0 2 0 1 0  
0 2 0 2 0  
02030 
0 2 0 4 0  
0 2 0 5 0  
0 2 0 6 0  
0 2 0 7 0  
02 0 80 
0 2 0 9 0  
0 2 1 0 0  
O i l 1 0  
0 2  120  
0 2 1 3 0  
0 2  140 
0 2 1 5 0  
0 2  160 
0 2 1 7 0  
0 2  180 
0 2 1 9 0  
0 2 2 0 0  
0 2 2 1 0  
0 2 2 2 0  
0 2 2 3 0  
0 2 2 4 0  
0 2 2 5 0  
0 2 2 6 0  
0 2 2 7 0  
0 2 2 8 0  
0 2 2 9 0  
02300  
0 2 2 1 0  
0 2 3 2 0  
0 2 ? 7 0  
0 2 3 4 0  
0 2 2 5 0  
023.50 
0 2 2 7 0  

0 2 3 9 0  
0 2 4 0 0  

0 2 2 e o  

C 

5 

10  

C 

7 

I 1  

1 2  
I01 

C 

15 

C 

C 

C 

2 5  

C 

ge  

99 

OPEN ( U N I T =  I UN I T 2 .  F I LE= ' S L  A L  0- 0 AT ' * ACCESS= ' S EQ I N O U T  ' ) 

A L L  P O S S I B L E  L A T I T U D E S  

DO 5 J O = l 2 . 5 0  
J1 I=JO-11 
I F (  JO.LE.18) I R A Y ( J I 1  
I F (  JO-GT. I8.AhD. JO-LE 
I F (  JO.GT.37) I R A V ( J 1 1  
C O N 1  I N U E  

J=J+I 

PEA0 I N  D A T A  

R E A D (  I U N I T 2 . 1 0 1  .END=98)  

=IO 132+( J0*263) 
37) I P A Y (  J l l  )=15132+(  (J0-19)*263) 
=20132+(  ( J O - 3 8  )*263 

LONG.LAT.1 
IF(LONG.EQ.JLCNG) GO T O  12 
I F ( J . G T . 3 8 )  GC TO I 1  
00 11 K K = J . 3 8  

J K N  T=JKNT+ I 
C O N T I N I I E  
I F (  IKEY.EQII)  GO TO 99 
J= I 

WR I TE(  I U N I  1 3  10 I 1 J L O N G  I RAY ( K K  1 I I ZERO 

K N l = K N T +  I 
F O R M A T ( 2 (  I 5 . 2 X )  , 1 4 1  

CHECK FOR L A T I T L O E  MATCH 

I F (  IRAY(J ) .EQ.LLT.OP.J .GE.38 )  GO T O  25 

ZEPO E L E V A T I O N  LT 600 F E E T  

I Z E R O = 6 0 0  
I L A T =  I R A Y (  J)  

W R I T E  E A S E  L I N E  D A T A  

W R I T E (  I U N I T 3  s 10 1) LONG I L A T  s I ZERO 
J=J+I 
J K N T =  J K N T + 1  
GO TO 15 

W R I T E  A C T U A L  OATA 

W R I T E (  I U N  1 1 3 ~ 1 0  1) LONG * L A T .  I 
JLONG=LONG 
J K N T =  J K N T + I  
GO TO 10 

F I N  I S H  

C L O S E ( U N 1  T= I UNI  12.01 SPOSE = D E L E T E  1 
I K E Y = I  
GO T O  7 
C L O S E ( U N 1  T = I  U h I  T 3 )  
RETURN 
END 



1 1 2  

0 2 4 1 0  
0 2 4 2 0  
0 2 4 3 0  
0 2 4 4 0  
0 2 4 5 0  
0 2 4 6 0  
0 2 4 7 0  
0 2 4 8 0  
0 2 4 9 0  
02500 
O > f 1 0  
0 2 5 2 0  
0 2 E 3 0  
0 2 E 4 0  
0 2 5 5 0  
02560 
0 2 5 7 0  
0 2 E 8 0  
0 2 5 9 0  
0 2 c o o  
0 2 6 1 0  
0 2 e 2 0  
02C30 
0 2 6 4 0  
0 2 6 5 0  
02660 
0 2 t 7 0  
02C80 
0 2 € 5 0  
0 2 7 0 0  
0 2 7 1 0  
0 2 7 2 0  
0 2 7 3 0  
0 2 7 4 0  
0 2 7 5 0  
0 2 7 6 0  
0 2 7 7 0  

0 2 1 9 0  
0 2 E 0 0  
0 2 8 1 0  
0 2 8 2 0  
02@30 
O2E40 

0 2 7 ~ 0  

0 2 e s o  
o z e e o  
02@70 
0 2 8 0 0  
0 2 E 9 0  
0 2 9 0 0  
O i S 1 0  
02920 
0 2 5 3 0  
O i F 4 0  
0 2 F S O  
0 2 s e 0  
0 2 S 7 0  
0 2 5 8 0  
02590 
0 3 0 0 0  

c 
c 
c 
C 

C 

100 

10  
2 0  

c 

101 
4 0  

C 
c 
C 
C 

c 

100 
2 0  

C 

S U B R O U T I N E  M A T F  I X  

D E S I G N E D  T O  ARRANGE D A T A  F O R  3-0 P L O T T I N G  F R O M  D A T A  
T A K E N  F R O M  * B L D b A T . M O L '  
W R I T T E N  B Y  J I M  CLEDZ 3 /5 /80  

M O D I F I E D  B Y  J I M  S L E D Z  5/7/80 

C C M M O N / W O R K / N F R I N ~ I O T T Y . I N T T Y . I  U N I T 1  . I U N I T 2  
D I M E N S I O N  I R A Y (  190r38)  

OPEN(  U N I T = I U N I  T 1.F I L E = ' S L A L O .  D A T  * s ACCESS= ' S E Q  I N  * 1 
OPEN( L N I T = I U N I  T Z . F I L E =  # S C A T .  POT' .  A C C E S S = *  SEQOUT ) 

S E T  U P  M A T P I X  - L O N G B L A T  B Y  E L E V A T I O N  

00 20 L O N G = l -  1 9 C  
00 10 L A T = l r 3 8  
R E A D ( I U N I T I . 1 0 0 )  I E L A V  

F O R M A T (  1 4 X . 1 4 )  
I R A Y ( L 0 N G s L A T  )= I E L A V  

C O N T I N U E  
C O N T I N U E  

W R I T E  M A T R I X  I N  NEW F O R M A T  T O  D I S K  

00 4 0  L O N G = l . l P C  
WR I T E  ( I U N I T 2  s 1 0  1) 
FORMAT ( 19 I 4  / s I 5 I 4 1 
C O N T I N U E  
C L O S E  ( U N I  T = I  U N  I T I  1 
C L O S E ( U N I T = I U N I  1 2 )  

( !PAY(  LONG. L A T  1 S L A T =  1.38) 

R E T  CRN 
E N 0  

S U B R O U T I N E  P L O S C U  

R E A O S  E L E V A T I O N  D A T A  FROM F I L E  'SMAT.POT* a A F T E R  
P R O C E S S I N G  B Y  H A T F I X .  A N D  MAKES A 3-0 P L O T  OF I T  
W R I T T E N  B Y  J I M  CLEDZ 3/5/80 

MODIFIED B Y  JIM SLEDZ 5/7/ao 

CCMMON/WOPK/NFP I N. I OTTY.  I N T T Y .  I UNI 1 1  
D I M E N S I O N  ZMAT(  190.38) . I W O R K ( 1 0 0 0 )  

R E A 0  E L E V A T I O N  L A T A  F R O M  F I L E  

OPEN( U N I T = I U N I T  l . F I L E = ' S M A T .  POT'.  A C C E S S = ' S E Q I N '  
DO 20 L O N G = 1 , 1 9 C  
R E A D (  I U N I T 1 . 1 0 0 )  ( Z N A T ( L O N G . L A T ) , L A T = 3 8 . 1  s - 1 )  

FORMAT( 19F4.0. /  .19F4.0) 
C O N T I N U E  
C L O S E ( U N 1  T = I  U N I  11 . D I  S P O S E = ' D E L E  TE ' 
P L O T  I N  3-D 

C A L L  C A L C H P  
C A L L  B G N P L ( -  11 
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- _  

.- 

03010 
0'020 
07030 
03040 
0 3050 
0 3 OfO 
03070 
03080 

0 2  100 
0 3  110 
0 3 1 2 0  
0 3  130 
C 3 140 
03 I F 0  
03 160 
02 170 
0'180 
03 190 
03200  
0 3 2 1 0  
0 2 2 2 0  
0 3 E 3 0  
03240 
0 3 2 5 0  
03260 
03270 
0 3 i e O  
03290 
03300 
0 2 3 1 0  
O ? J 2 0  
0 3 3 3 0  
0 3 3 4 0  
0'350 
03560 
0 3 3 7 0  
0 3 3 f l o  
03390 
0 3 4 0 0  
0 3 4 1 0  
0 2 4 2 0  
03430 
0 1 4 4 0  
03450 
02460 
03470  
0 3 4 8 0  
0 3 4 9 0  
0 3 5 0 0  
0 2 5 1 0  
O?'E20 
0 3 530 
0 3 5 4 0  
0 3 5 5 0  
O3'E€O 
03570 
02580 
02590 
0 7 c o o  

o z o q o  

C 
C 
C 
C 
C 
C 

C 

1 

1000 

1 0 0 1  

2 

1002 

1003 

C 

C 

C 

C A L L  B - C A L E ( 5 - s l . )  
C A L L  NORPDP 
C A L L  PAGE(  110 r l 1 )  

C A L L  T I T L 3 D (  'SOCTHERN CONASAUGA RELT'.23.10..9.)  
C A L L  A X E S J D t  .LOhG I T U D E  ' .Q ' L A T I T U D E  * e 8  * ' E L E V A T I O N '  9 10.. 8 .6.) 

C A L L  VUANGL(8C-• .45..20.) 
C A L L  G P A F 3 D t  190..20..0..0-.3..38. .600..100..1100.)  
C A L L  SURMAT(ZMAT.1  ,190.1 . 3 8 * I W Q R K )  
C A L L  E N D P L (  0) 

END 
R E T L R N  

SUBPOUT INE C E L L  ( L A T I T .  I D 1  MEN .MDI  MEN) 

G I V E N  THE M I N I W M  L A T I T U D E  AND L C I N C I T U D E  F O P  C E L L  AND 
THE NUMBER O F  C I V I S I O N S  PER EDGE OF C E L L .  W I L L  CALC.  
THE C O O R D I N A T E S  AND E L E V A T I O N S  F O R M I N G  T H E  C E L L .  
O U T P U T S  P E S U L T C  TO F I L E  CELL.OUT 
W R I T T E N  B Y  J I M  S L E D Z  3/6/80 

M O D I F I E D  R Y  J I M  S L E D Z  7 / 2 0 / 8 O  

C CM MON/KEE P / I hC RE 
CCNMON/ WORK/NFRINs  I O T T Y  I N T T Y  . I  U N I  T 

D I M E N S I O N  I E L (  4 )  r D I S T ( 4 1  
D A T A  I E L / 4 * O /  

I N P U T  PARAMETEFS.  L A T I T U D E  AND L O N G 1  UDE IS MIN.  O F  C E L L  

C O N T I N U E  
W R I T E (  I O T T Y  1000 ) 
FORMAT(  ' C O O P D I N A T E S  A P E  OPA G P I D  S Y S T E M * / . '  L A T I T U D E ;  ' S j  
P E A O (  I N T T Y  100 1) 
FORMAT(  1 5 )  

I F (  L A T I  T.LT. 0 .OR . L A 1  I T.GT. 20000 1 
C O N 1  I N U E  

L A T I T  

C A L L  E P P O P  (3 b 3  1 )  

W R I T E ( I O T T Y I L O C ~ )  
F O R M A T ( '  L O N G I T U D E ;  ' S )  
R E A D ( I N T T Y . 1 0 0 1 )  LONG 

I F (  LONG .LT. 2OOOO.OP. LONG. G T . 7 0 0 0 0 )  C A L L  ERROR (4.52) 
W R I T E (  I O T T Y . l O C 3 )  
F O R M A T ( *  D I V I S I O N S  O N  C E L L  EDGE : 'I) 
R E A D (  I N T T Y  100  1) 

I N C R E = 2 6 3 / L O I  V 
L D I  V 

C E L L  D I V I S I O N I  OF 5 F € E T  I S  MAX. 

I F (  INCPE.GT.52) I N C P E z 5 2  

F I N O  L O N G I T U D E  B Y  S T A R T I N G  AT 20132 AND WORK THE WAY UP 

DO J J -20 .65 .5  
00 4 K Z 1 . 1 9  
KEYLOG=(  J * l O O C + 1 3 2 ) + ( ( K - 1 ) * 2 6 3 )  

F I N O  THE LOWFP AND U P P E P  L O N G I T U D E S  

IF(KEYLOG.GT.LONG) GO TO 15 
LONCN=KEYLOG 
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O'C 10 
0 3 € 2 0  
02C30 
02C40 
0 3 c s o  
0 : € E o  
0 3 C 7 0  
o 2 c e o  
0 3 C 9 0  
0 ' 7 0 0  
0 1 7 1 0  
0 - 1 7 2 0  
03730 
0 3 7 4 0  
0 ? 7 C O  
03760 
02770 
0?7rj0 
03790 
03eoo 
o z e i o  
0 2 e 2 0  
o z e z o  
03e40 
03eso 
oze60 
o z e 7 0  
ocleeo 
03f?90 
03500 
03910 
0 3520 
03530 
03940 
03950 
03560 
03F70 
01900 
03990 
04000  
0 4 0 1 0  
0 4 0 2 0  
0 4 0 3 0  
0 4 0 4 0  
0 4 c 5 0  
0 4 0 6 0  
0 4 0 7 0  
0 4 0 8 0  
0 4 0 9 0  
0 4 1 0 0  
0 4  110 
0 4 1 2 0  
0 4 1 3 0  
0 4  140 
04150 
0 4 1 0 0  
0 4  1 7 0  

04190  
0 4 Z O O  

04ieo 

4 
3 
15 

C 

3 E  
3 0  
5 0  

C 

45 
1 0 0 5  

C 

51 

C 

C 

C 

52 

C 

1 

C 

C O N T I N U E  
C O N  7 I N U E  
L O N L P = K  EYLClG 

F I N O  T H E  U P P E E  AND LOWER L A T I T l J D E S  

DO 30  J J - : 1 0 . 2 E . 5  
DO 35  KK::l*l9 
K E Y L A T = f  . ? J * l O C 0 + 1 3 2 ) + (  ( K K - 1  )*243) 
I F ( K E Y L A T I G T . L A T I T I  GO TO 50  

L A  T CN =K E Y L  A 1 
CON 1 I N U E  
C O N T I N U E  
L A T U P = K E Y L A T  

FIND T H E  E L E V A T I O N S  FOR THE LOWER AND U P P E R  L O N G  AND L A T  

O P E N  ( UNl  T = 1  UNI  T 1  .FILE= ' SLALO.DAT ' * A C C E S S = *  S E Q I  N' 
R E A D  I I U N I T l  1005. E N D = 5 1 )  
F O P M A T ( P ( I 5 . 2 X ) .  1 4 )  

I L O N G  * I  L A T  I E L E V  

FOUR CORNERS O F  C E L L  ARE 4 12.1.3 ( C L O C K - U P P E P  L E F T - S T A P T  ) 

I F  ( I L O N G  .Ea .LOhDN.AND. I L A 1  E O a L A T D N  1 
I F ( I L O N G  .EO. L U h D  N .AND I L A T  - EQ. L A T U P  1 
I F (  I L O N G - F Q  .LOhUP.AND. I L A T .  EO. L A T D N )  
I F <  I L O N G  .EO .LOhUP.AND I L A T  .EO.  L A T U P )  
GO T O  45 
C L O S E  I U N I T = I  U N  I T  1 

I E L  (1 1 = I E L E V  
I EL ( 2 )= I E L E V  
I E L  (3)= I E L E V  
I EL (4  )= I E L E V  

C A L C U L A T E  T H E  E X T R A P O L A T E D  E L E V A T I O N S  F O R  T H E  C E L L  ( D A V I S - P . 3 1 6 )  

O P E N ( U N I T = I U N I T l  . F I L E = ' C E L L . O U T '  .ACCESS='SEQOUT'  1 
KNT=O 

K N T = K N T + 1  
DO 7 5  J=LONDN.LONUP. INCPE 

DO 6 0  K = L A T D N . L A T U P t I N C R E  

I N C R E M E N T A L  D I C T A N C E  OF P O I N T  ( J . K )  T O  E A C H  CORNEFi 

D I S T (  1 ) = ( ( L O N O h -  J ) * * 2 + ( L A T D N - K )  **2)**0.5 
D I  S T (  2 ) = 1  ( L O N D h -  J) * *2+ (  L A T U P - K )  **2 1 **0.5 
D I  S T  ( 3 ) =  ( ( L O N U F -  J )**2+ E LATON-K) **2 1 *+0.5 
D I S T  ( 4 ) =  ( ( L O N U P -  J ) * * L + ( L A T U P - K  **2)  * * 0 . 5  

CHECK I F  D I V I O I N G  B Y  ZERO 

DO 5 2  J O = l . 4  
I F (  D I S T (  JD 1 .E C. 0. ) 
CON T I NU€ 

01 S T  ( JD)  = I  

T O T A L  E L E V A T I  O h  

.- 

-. 

_. 
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-- s 

- .  

0 4 2 1 0  
04220  
0 4 2 3 0  
0 4 2 4 0  
0 4 2 5 0  
0 4 2 6 0  
0 4 2 7 0  
0 4 2 8 0  
0 4 2 9 0  
0 4 1 0 0  
0 4 3 1 0  
0 4 3 2 0  
r J 4 3 3 0  
0 4  2 4 0  
0 4 3 5 0  
0 4 1 6 0  
0 4 2 7 0  
0 4 3 0 0  
0 4 2 9 0  
0 4 4 0 0  
0 4 4 1 0  
0 4 4 2 0  
0 4 4 3 0  
0 4 4 4 0  
0 4 4 5 0  
0 4 4 6 0  
0 4 4 7 0  
0 4 4 8 0  
0 4 4 9 0  
0 4 5 0 0  
04510 
0 4 5 2 0  
0 4 5 3 0  
0 4 E 4 0  
0 4 5 5 0  
0 4 E t 0  
0 4 5 7 0  
0 4 5 0 0  
0 4 5 9 0  
04E00 
0 4 6 1 0  
0 4 C 2 0  
0 4 6 3 0  

0 4 6 5 0  
0 4 t C O  
0 4 6 7 0  
0 4 6 8 0  
0 4 6 9 0  
0 4 7 0 0  

04710  
0 4 7 2 0  
0 4 7 3 0  
0 4 7 4 0  
0 4 7 5 0  
0 4 7 6 0  
0 4 7 7 0  
0 4780 
0 4 7 9 0  
0 4 8 0 0  

0 4 ~ 4 0  

t ooe 
6 0  
7 5  

C 

C 
C 
C 
C 
C 

C 

C 

1 0 1  
t o o  

C 

A N E L = T E L E V / P E C C I  S 
W R I T E  ( IUN I T 1 e t Cod ) J s K e A NEL 

F O R M A T ( 2 ( 1 5 * 2 8 )  e F 7 . 1 )  
C O N 1  INUE 
C n N T  INUE 
C L O S E (  U N I T =  I UN I T  1 

D I M E N S I O N  SETLP F O R  3-0 P L O T  

J1 N C = K N T  
101 MEN=( J I  N C )  * 4 + 5  
M D I M E N Z  J I N C  

R E T U R N  
END 

S U B R O U T I N E  P L O C E L ( A W G R K . M . A R A Y . N I K E Y )  

P L O T S  ANY C E L L  U S I N G  D I M E N S I O N S  N X N  I N T O  A 3-0 
P L O T  OVER A 6 X E  I N C H  AREA 

K E Y  G T  ZEPO F C P  F P A C T U P E  P O P O S I T Y  P L O T  

M O D I F I E D  B Y  J t M  S L E D Z  6 / 2 9 / 8 0  
WRITTEN BY JIM SLEDZ 3 /25 /ao  

COMCON/KEEP/ I hC R E  .DEPTH 
C C M H O N / W O P K / N F P I N . I O T T Y ~ I N T T Y  . I U N I T t  

D I M E N S I O N  A R A Y ( 1  ~N.I:N).AWORK(I:M).I?AK(l50) 
D A T A  I P L T / - - I /  

I F  ( K E Y  .Ea. 0 )  O F E N C U N I  T=I UNI T I  . F I  LE= ' C E L L .  OUT ' * ACCESS=@SEO I N '  1 
IF (KEY.GT.0)  GPEN( U N I T = I U R I T t  .F ILE='POROS.DAT' .  A C C E S S = ' S E P I N '  1 

J O M  IN= IO 000 0 
JOMA X=O 
J A M  IN=100000 
J A M A  X=O 

EMAX-0.0 
EM IN=10000.  

l N C R E M E N T  O F  F L O T f I N C  C E L L  

A P N  l = F L O A T  (N) 
I P L T = I P L T +  1 

P E A 0  D A T A  T O  B E  P L O T T E D  AND F1L.L ARAY W I T H  E L E V A T I O N S  

00 2 0  L O N G = t r N  
D O  I5 L A T = N . l e - I  
I F ( K E Y . E Q . 0 )  R E A D ( I U k I T 1  . I  00) JO. J A - A H A Y  ( L O N G . L A T )  

I F (  K E Y  - G T .  0 ) 
F O R H A T ( 2 ( I S . l X )  .23X,F6.3) 

FE AD( I CJNI T 1.101 1 JO. JA.  ARAY ( L O N G  .L AT 1 

F O R H A T ( Z (  I 5 . 2 X  I F7.1 ) 

C A L C U L A T E  M A X  AND M I N  O F  L O N G  AND L A 1  

EL E V=AR AY ( L O N  6 ,  L A T  1 
IF(JO.GT.JOMAX) J O M A X = J O  
I F (  JO.LT.JOHIN I J O M I N = J O  
I F ( J A  .GT . J A  M A  X 1 JAMA X = J A  
I F ( J A . L T . J A W I N  I J A M I N = J A  

... 
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0 4 E 1 0  
04E20 
0 4 e 3 0  
04E40 

04E60 
04E70 
0 4 e 8 0  

0 4 e 5 0  

0 4 e c j o  
04500 
0 4 s 1 0  
04920 
0 4 5 3 0  
04940 
9 4 5 5 0  
0 4 5 6 0  
0 45 7 0  
04980 
04590 
O F 0 0 0  
0 5 C l O  
0 5 0 2 0  
05030 
0 5 0 4 0  
05050  
O C , O 6 0  
0 5 0 7 0  
05880 
0 5 0 9 0  
05100  
O E l l O  
0 5 1 2 0  
35130 
0 5 1 4 0  
O E  150 
05160 
0 5 1 7 0  
0 5 1 8 0  
0 5  190 
05200  
0 5 2 1 0  
0 5 2 2 0  
0 5 2 3 0  
0 5 2 4 0  
05250 
05260 
0 f i 7 a  
o e 5 e o  
05290 
0 5 3 0 0  
05310 
0 5 3 2 0  
0 5 3  30 
0 5 2 4 0  
0 2 3 5 0  
0 5 3 e o  
05370 

0 5 t F O  
0 5 4 0 0  

0 5 t e 0  

1 5  
2 0  

C 

25 

30 

C 

35 

I F ( EM IN. GT . E L  EV ) E M  I N=E L E  V 
I F (  EMAX.LT. EL EV 1 E M A X = E L E V  

CONT I N U E  
C O N T I N U E  

C L O S E (  U N I T =  I U h I  T 1 ) 

3-D P L O T  

C A L L  CALCMQ 
C A L L  BCNPLC I P L 1 )  

C A L L  N O B P D P  
C A L L  P A G E (  15. I 1  1 
I F ( K E Y . G T . 0 )  GO TO 2 5  
C A L L  T I T L J D (  'SURFACE E L E V A T I O N  P L O T ' . 2 2 . 1 0 . ~ 9 . )  

A X E S 3 D (  'LCNG I T U D E  ' v 9.  ' L A T I T U D E  '. C A L L  
I 8 .  ' E L E V A T I O N  * '9 ~ 9 -  * 9 ~ 9 .  ) 

GO 7 0  3 0  
C A L L  T I T L 3 D (  ' F P A C T U P E  P O R O S I T Y  P L O T m . 2 2 . 1 0 .  e9.1 

C A L L  A X E S 3 D <  'LCNGITUDE'.9.'LATITUDEa* 
I B. 'FRACTURE P C R O S I T Y  '.17.9-.9..9.) 

C A L L  MESSAG( ' A T  D E P T H  O F  ' *12.4.0.8.9) 
C A L L  R E A L N O ( D E P T H . 1  ' A B U T ' s ' A B U T ' )  
C A L L  MESSAG( ' M E T E R S ' . ~ I ' A B U T ' .  ' A B U T ' )  

C A L L  V U A N G L ( 8 5 .  .45.*20.) 
C A L L  
C A L L  S U R H A T < A R L Y  vl.N.1 .N.AWORK) 

G P A F 3 D (  0. * ' S C A L E  9 s A P N T  '0. ' S C A L E ' .  A P N T  . E M I N  s ' S C A L E ' ,  E U A X  1 

IF(N.GE.20) G C  T U  35 
C A L L  DA Ski 
C A L L  N O H I D E  

C A L L  SURHAT(ARLY.1 .N. I  .NsAWORK) 

SET UP L E G E N D  C N  P L O T  

H A X L  I N=L I NE ST ( I P A K  9 150.2 0) 
C A L L  L I N E S (  ' L O F G I T U D E  M I N =  t ' . I P A K * L )  
C A L L  L I N E S (  ' L O F G I T U D E  MAX= S * . I P A K . 2 1  
C A L L  L I N E S (  ' L A I I T U D E  M I N =  S ' . I P A K s 3 )  
C A L L  L I N E S (  ' L A l I T U D E  MAX= S ' e I P A K . 4 1  
C A L L  S T O R Y (  IPAK.4.4.5.7.9) 
C A L L  I N T N O (  JOHIN.6.4.8.5) 
C A L L  I N T N O C  JOMPX mb.4.8-3 1 
C A L L  I N T N O (  J A M  IN s 6 - 4  8.1 1 
C A L L  I N T N O (  J A M A X  ~6.4.7.91 
C A L L  E N D P L l  I P L 1 )  
R E T U R N  
E N D  

S U B R O U T I N E  C O F F  I X 

C A L C U L A T E  I F  COFE F I T  W I T H I N  A C E L L  -- R E A D  D A T A  N E C E S S A R Y  
F R O M  'CORE.OAT' E X T R A P O L A T I N G  S E C T I O N  TO I N T E R S E C T  A T  
REQUESTED D E P T H  

D E P T H  = D E P T H  OF I N T E R E S T  
I R O C K =  X OF L I T H Q l O G Y  

W P I T T E N  B Y  J I M  :LED2 3/5/80 
MODIFIED BY JIM SLEDZ 7 / - r / 8 0  

C O U M O N / K E E P / I  FCRE.DEPTH 

'- 

I 

I z 



0 5 4 1 0  
0 5 4 2 0  
0 5 4 3 0  
0 5 4 4 0  
0 5 4 5 0  
0 5 4 6 0  
0 5 4 7 0  
OS480 
0 5 4 9 0  
0 5 5 0 0  
0 5 5  LO 
0 5 5 2 0  
0 5 5 3 0  
0 5 5 4 0  
0 5 5 5 0  
0 5 5 6 0  
0 5 5 7 0  
0 5 5 8 0  
05590 
O E € O O  
056 10 
0 5 € 2 0  
05C30 
051540 
0 5 6 5 0  
0 5 6 6 0  
O E C 7 0  
0 5 6 8 0  
0 5 6 9 0  
0 5 7 0 0  
0 5 7 1 0  
0 5 7 2 0  
05730  
0 5 7 4 0  
0 5 7 5 0  
0 5 7 6 0  
0 5 7 7 0  
55780 
0 5 7 9 0  
05.500 
O E t l O  
0 5 8 2 0  
O C E 3 0  
0 5 @ 4 0  
0 5 E 5 0  
0 5 . 5 6 0  
0 5 e 7 0  
Osee0 
0 5 e 9 0  
0 5 5 0 0  
O E S l O  
05920  
0 5 5 3 0  
05540  
0 5 s 5 0  
05960  
0 5 9 7 0  

05590 
0 6 0 0 0  

05qeo 

11 7 

CONMON/WORK/NFR I N . 1 0  TTY . I  N T T Y  t I U N I T l  I U N I T 2 .  I U N  I T 3  
01 M E N S I O N  I C O R E  (8.7). I V A L U E ( 2 0 0 )  I HOCK ( 3 )  r T H K (  1 0 0 )  

C CORE I N  T H E  FORM; LONG .LAT. SURFACE . B A S E . D I P . L E N G T H . F I L E  L O C  
C CORES ARE I N  F I L E  A S ;  O R ~ ~ . C C R ~ O R ~ ~ . C O R I O R ~ ~ ~ C O R ~  
C OR 1 5.COR .OR 1 7 .COR, OR 18 .COR I O R 1 9  .COR s O R 2  0. COR 

D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  

( I C O P E (  1 e J 1 JZ1.7 
( I C O R E (  2 J 1 s J=l  s 7 1 /3 1 3 9 7 . 1 9 2 8 9 . 8 2 4 . 7 2 5  s 30.99 I 100/ 
( I C O R E  ( 3  * J 1 J=1.7) 1 3 2 2 4  0.19001 840.741.33.99 I 199/ 
( I C O R E ( 4 .  J ). J=l.7 ) /35711*  10373.872.773.29.99.29€3/ 
( I C O R E (  5 .  J JZl.7 1 / 3 5 9 2 2 . 1 6 9 7 6 . 8 4 0 . 7 4 1  ,391 99 3971 
( ICOREC 6. J 1 s J=l  7 )  / 3 5 8 4 3 . 1 7 8 4 6 . 8 6 5  r 7  31 29 1 3 4  v 4 9 6 /  
( I C O R E (  7 s  J 1 J=l  7 )  /3652 8 s  1 6 8 4 5 . 8 7 9 . 7 7 9  e 4 3  s 100.630/ 
( I C O R E (  8 * J I J=l .  7 ) /  35553 17582 s 870.7 70 2 7 100 e 7  30/ 

/30870 193 15.81 5.7 16 - 3  3.99 s 1/ 

C 

2 

1 0 0 5  

1 O O €  

1 0 0 7  

1 o o e  
C 

C 

5 

C 

7 
1 0 0 4  

I N P U T  CORE NUMBER 

C O N 1  I N U E  
W R I T E ( I O T T Y I ~ C O S )  
F O P M A T (  ' DPILL HOLE NUMBER (1-8) ; ' S )  
R E A D (  I N T T Y . l O C 6 1  I H U L E  
I F (  1HOLE.LT. 1 .OR. IHOLE.GT.8 )  C A L L  E R R O R ( 2 . S 2 )  
FORMAT(  I 1  
WRITE(  I D T T Y  s 1 C07 1 
FORMAT(  ' D E P T H  ( M E T E R S )  OF I N T E R E S T  ; 'SI 
R E A D (  I N T T Y  1008 1 
FOP MAT( F7 2 1 

D E P T H  

CHANGE D E P T H  10 F E E T  

D E P = O E P T H * 3 . 2 €  
KEYDEP= [ F I X (  D E P )  
I F (  DEP-KEYDEP.GT.O.5) K E Y D E P = K E Y D E F + l  

D E T E R M I N E  L O C I T I O N  OF CORE OF I N T E R E S T  

OPEN(  UN I T = I U N  I T 2  . F I L E = * C O R E . D A T  ' s A C C E S S = * S E Q I N *  1 
DO 5 J = l . I C O R E ( I H O L E . 7 1  
P E A D ( I U N I T 2 * 1 C 0 4 1  T S T  
C O N T I N U E  

P E A D  E N T I R E  CCPE I N T O  A N  ARAY 

DO 7 J = l . I C O R E ( I H O L E . 6 )  
R E A D ( I U N I T 2 . 1 C 0 4 )  I V A L U E ( J 1  
C O N T I N U E  
F O P M A T ( 3 X .  1 8 )  
C L O  C E (  U N I  T =  I U h I  T 2 )  

C C A L C U L A T E  O I S T A h C E  F R O M  B A S E  OF C O R E  T O  S U R F A C E  

I CDRLN= I C O R E (  I H O L E  9 6 )  

SLOFE= I CORLN/COSD(  D I P )  
OIP=ICORE( I~OLE. 5) 

C C A L C U L A T E  T O T A L  S U R F A C E  L E N G T H  ( P R O J E C T I O N )  

T L E N G  7= SLOPE * SI hD ( D I  P I 

C D A T A  F R O M  D E S I R E D  C E L L  
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O t C l O  
0 6 0 2 0  
0€030 
O t 0 4 0  
Ot050 
06060 
06070 
o e o a o  
0 6 0 9 0  
OB 100 
06110 
06 1 2 0  
O C 1 3 0  
O C  1 4 0  
O C 1 5 0  
06 1 6 0  
O t  170 
O € l 8 O  
0 6  190 
O C 2 0 0  
0 6 2 1 0  
O f 2 2 0  
0 € 2 3 0  
06240  
o e 2 c o  
0 6 2 6 0  
0 6 2 7 0  

O t 2 9 0  
o c 3 0 0  
0 6 2 1 0  
0 6 3 2 0  
06330  
0 6 3 4 0  
O t ? E O  
O C 3 6 0  
0 € ? 7 0  
06280 
0€390 
0 6 4 0 0  
0 6 4 1 0  
0 6 4 2 0  
O t 4 3 0  
06440  
O t 4 5 0  
0 6 4 6 0  
Of470 

O C 4 9 0  
06C,OO 
0 6 5 1 0  
O t 5 2 0  
06530  
O C E 4 0  
O t E 5 0  
06560 
0 6 5 7 0  
OCS80 
0 6 5 S O  
06600 

o t z e o  

0 ~ 4 8 0  

O P E N (  UN I T = I  U N I T 2  *F I L E = ' P O R O S .  O A T ' .  ACCESS= ' S E O O U T '  1 
O P E N (  U N I T = I U N I  T l . F I L E = * C € L L . O U T ' .  A C C E S S = ' S E Q I N '  1 

1 0  R E A D (  I U N I T 1 . 1 0 0 1 . E N D = 9 0 )  L O N G v L A T s T E L E V  
1 0 0 1  F O P M A T ( 2 (  1 5 ~ 2 x 1  rF7.l)  

C 

C 

C 

C 

C 

C 

2 0  

C 

C 

2 3  

C 
C 

C 

NOT R E P R E S E N T E D  B Y  T H E  CORE 

I F (  I C O R E (  I H O L E . i ) . L E . L A T )  G f l  TO 20  

C A L C U L A T E  D I S T A N C E  BETWEEN 2 P O I N T S  

T P D  I S T =  I C O P E (  IHOLE I 2 ) - L A T  

E L E V A T I O N  OF CUR I N T E R E S T  

P T E L E V = I F I X (  T E L E V 1 - K E Y D E P  

D E T E R M I N E  NEW T O P  AND BOTTOM OF CORE 

COP TOP= ( T P D  I S l * S I N D (  D I P )  1 / C O S D (  D I P ) +  I C O R E  ( I H O L E  ~ 3 )  
CORBAS=COR T O P - I  C O R L N  

P O I h T  OUT OF FANGE 

I F (  COPTOP.LT.FTELEV.AND.COPBAS.GT.PTELEV) GO T O  50 
I D 1  ST=CORTOP-FTELEV 
GO TO 23 

D I S T A N C E  FROM L A T  TO F U R T H E S T  CORE L A T .  

S L E N G T = A B S ( L  AT- I C O R E (  I H O L E  e 2 1  ) 

D E P T H  OF C O P E  W t E N  PPOJECTED TO S U R F A C E  

NDEPTH= ( I C O R L h * (  T L E N G T - S L E N G T )  1 / T L E N C T  
N E W S U R = I C O R E (  IHOLE.  31+( I C O R L N - N D E P T H )  

I D  I ST=NEW SUR- I E  LE V A + K E Y D E P  

CORE NOT R E P R E S E N T E D  

I F (  ID1 S T O L E .  0.0P. I D I S T - G T .  I C O R L N )  GO T O  50 

C A L C U L A T E  'x O F  EACH L I T H O L O G Y  F P O M  COPE 
D A T A  I N  T H E  F C R M  OF 8 7 6 5 4 3 2 1  

I S I L T = I V A L U E (  I D I S T ) / 1 0 0 0 0 0 0  
I S T E P l - I V A L U E  ( I D I S T )  -( I SI L T t l  000000) 
I S H A L = I S T E P I  / 1 0 0 0 0  
I S T € P l = I S T E P I - (  I S H A L * 1 0 0 0 0 )  
I GLAUCS I S T E P  1 / I  00 
I L S = I S T E P I - ( I I L A U C * l O O )  
I R O C K ( 1  ) = I S I L l + I G L A U C  
[ROCK(  2 1 =I SHA L 
I R O C K ( 3  ) = I L S  
I F ( I P O C K ( 1 )  .EC.O.AND.IPOCK(21~EO.O.AND.IROCK(3).EQ.O~ GO TO 50 

C A L C U L A T E  P O R C S I  TY AND P E R H E A B I  L I  TY 

ADEP=DEP TH 

- : 
* 

.. 

- . 

1 . 
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. .  . 
.. 
.- 

1. 

1 -  

O E t l O  
06620 
06C30 
06640  
o c e 5 0  
o e e c o  
Oet70 

06690 
0 € 7 0 0  
06710 
06720 
OC730 
0 6 7 4 0  
0 6 7 5 0  
06760  
06770  

06790 
0 c e 0 0  

O € E 2 0  

o c e a o  

0 6 7 8 0  

0 6 e i o  

0 ~ e 3 o  
o c e 4 o  

o d e 6 0  
o e e 7 0  
o c e a o  
06890  

O t E 5 0  

06500  
06910 
0 6 5 2 0  
06930 
O C S 4 0  

06500 
06970  

oes90 
07000  
0 7 0 1 0  
0 7 0 2 0  
0 7 0 3 0  

0 7 0 5 0  
07060 
0 7 0 7 0  

07090  
07100 
07110 
0 7  1 2 0  
0 7 1 3 0  
07140 
0 7  1 5 0  
07160  
0 7  I70 
07180  
0 7 1 9 0  
0 7 2 0 0  

o c s 5 0  

0 6 9 8 0  

0 7 0 4 0  

o 7 o a o  

GO T O  5 5  
5 0  ADEP=-99. 
5 5  C O N T I N U E  

C A L L  P O R C A L t  L C N G a L A T  ,ADEP. IHOLE * I R C C K )  
GO TO I O  

C F I N I S W  

90 C L O S E ( U N I T =  I UP.1 T 1. D I SPO 5E = ' D E L E T E  * 1 
C L O S E ( U N I T = I U h I  72) 

P E T U P N  
END 

S U B R O U T I N E  R C K T ~ P ( I R O C K I L N A M )  
C D E T E R M I N E S  T Y P E  OF ROCK B A S E D  ON PERCENTAGE OF C O N S T I T U E N T S  

C M O D I F I E D  B Y  J I M  S L E D Z  5 / 7 / 8 0  
C WRITTEN B Y  JIM SLEDZ 3/5/80 

D I M E N S I O N  I R O C K ( 3 )  . L I T H ( 7 1  

D A T A  ( L I T H ( J ) * J = I  . 7 ) / ' S I L T  * . ' S H A L E ' . ' L I M E  * *  
1 * SL-SH * , * S L - L  L * . ' S H - L S '  ' H I X E D ' /  

C CHECK I F  POCK C C N T A I N S  AT L E A S T  7 0 %  OF ONE COMPONENT 

DO I O  JZ1.3 
I F ( I R O C K ( J ) . G E . 7 )  GO T O  15 

1 0  C O N T I N U E  
GO TO 25 

1 5  L N A M = L I T H ( J )  
P E  TUP N 

C ROCK C O N T A I N S  BETWEEN 50 E 70% OF COMPONENTS 

2 5  L N A M = L I T H (  1 )  
IF(IROCK(Il.L7~5) GO TO 30 
IF( I R O C K ( 2 ) . G E . 3 )  L N A M = L l l H ( 4 )  
IF( I R O C K ( 3 ) . G E . 3 )  L N A N = L I T H ( S )  
R E T U R N  

30 L N A Y = L I T H (  2 )  
I F ( I R O C K ( Z ) . L l . S )  GO TO 35 
IF ( I R O C K (  3 .GE.3 1 L N A M Z L I  T H ( 6 )  
RETURN 

C POCK A M I X T U R E  CF A L L  COMPONENTS 

35 L N A Y = L I T H ( 3 )  
IF( I P O C K ( 3 1  .L7.5) L N A M = L I T H ( 7 )  

R E T U R N  
EN 0 

SUBRO UT I N E  G A P S  ET ( L N U N  SUMG AP ) 

C SUB T O  O E T E P M I N E  THE W I D T H  OF THE GAP FOR A G I V E N  
C ROCK TYPE AND DEPTH. 
C W R I T T E N  B Y  J I M  S L E D 2  2/22/80 

.r 
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0 7 2 1 0  
0 7 2 2 0  
0 7 2 3 0  
0 7 2 4 0  
0 7 2 5 0  
' 3 7 2 6 0  
0 7 2 7 0  
0 7 E E O  
0 7 2 9 0  
0 7 7 0 0  
0 7 2 1 0  
0 7 2 2 0  
0 7 2 ' 3 0  
0 7 7 4 0  
0 7 2 5 0  
9 7 3 6 0  
0 7 7 7 0  
0 7 ' 3 0 0  
0 7 3 S O  
0 7 4 0 0  
0 7 9 1 0  
0 7 4 2 0  
0 7 4 3 0  
0 7 4 4 0  
0 7 4 5 0  
0 7 4 6 0  
0 7 4 7 0  
0 7 4 0 0  
0 7 4 9 0  
0 7 5 0 0  
' 3 7 5 1 0  
0 7 5 2 0  
0 7 5 3 0  
0 7 5 4 0  
0 7 5 5 0  
0 1560 
0 7 E 7 0  
0 7 5 8 0  
0 7 5 9 0  
0 7 6 0 0  
0 7 C I O  
0 7 t 2 0  
0 7 6 3 0  
0 7 € 4 0  
0 7 6 5 0  
0 7 6 6 0  
0 7 6 7 0  
0 7 6 8 0  
0 7 t 5 9 0  
0 7 7 0 0  
0 7 7 1 0  
0 7 7 2 0  
0 7 7 3 0  
0 7 7 4 0  
0 7 7 5 0  
0 7 7 6 0  
0 7 7 7 0  
0 7 7 0 0  
0 7 7 9 0  
07EOO 

C 

C 
C 

C 
C 

C 

1 0  

c 

MODIFIED nY JIM SLEDZ 7 / 9 / 8 0  

COMHON/KEEP/IhCRE.DEPTH.SILGAPISHAGAP~SHAGAP 
D I  M E N S I D N  S G A F ( 2 )  . G A P J N T (  2 )  

GAP S l A R T I N G  b I C T H  -- U N I T S  ARE I N  M M  
GAPS ARE F O R  S I L T s S H A L E  

D A T A  ( S G A P ( J )  . J = l  .2)/0.2.0.2/ 

E Q U A T I O N S  F O R  GPP W I D T H  R E L A T E D  T O  D E P T H  
1% DECREASE W I T H  E A C H  1 M E T E 6  D E P T H  ( D A V I S . 1 9 6 9 )  

D A T A  G A P J N T / O  .01.0.01/ 

I D E P = I F  I X ( D E P 1 H )  

C A L C U L A T E  NEW G A P  AT D E P T H  KEYOEP 

S I L G A P = S G A P (  I )  
SHAGAP=SGAP(  2 1 
SUMGAP=SGAP( L F U M  1 
DO 10 J = l r I D E P  
S U M G A P - S U M G A P - S U M G A P * G A P J h T (  LNUM)  
C O N T I N U E  
IF (SUMGAP.LT .  C. SUMGAP=O. 

R E T U R N  
EN 0 

S U B R O U T I N E  OROAT(  LONG N.STR.01 P )  

C A L C U L A T E S  S T R I K E  AND D I P  OF J O I N T  S E T  ( N )  G I V E N  
LONGITUDE.... E C U A T I O N  IS O F  THE FORM B O + E l X  F O R  
S T P I K E . D l P  BY P E G P E S I O N  
S T R X K E  U S E D  IS E X -  N45E-45 AND N45W-135. 

THE TWO MAJOR J O I N T  SETS AGE U S E D  I N  T H E  C A L C U L A T I O N S  

M O D I F I E D  B Y  J I M  SLEDZ 4 / 1 / 8 0  
W R I T T E N  BY J I M  f L E D Z  2 /22/80 

D I M E N S I O N  S E T J N l (  2.4) 

D A T A  
D A T A  ( S E T J N T ( 2 .  J) ~ J ~ 1 ~ 4 ~ / 6 2 ~ 1 7 9 4 0 5 ~ ~ ~ 0 0 0 1 8 5 4 ~ 8 2 ~ 4 1 8 0 4 8 9 ~  

( S E T J N T t  1 * J) J = l ~ 4 ) / 1 5 5 ~ 1 2 1 6 3 ~ - 0 ~ 0 0 0 3 4 5 3 . 6 0 . 5 5 7 3 0 3 . 0 . 0 0 0 3 8 4 9 /  

1 - . 0 0 0 4 0 3 1 2 /  

C A L C  S T R I K E  AND D I P  

V A R S T R = S E T J N T (  N . I  1 + S E T  J N T (  N.2) *LONG 
VARD I P = S E T J N T  ( N .3) +SET J N T  ( N  * 4 *LONG 

5TR= VAR STR 

D I P = V A R D I  P 

P E T U P N  
E N D  

I F  (VAGSTR.CT e 1  BC. STR=VARSTP-180 .  

-I 

- 1  

-. 
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._  

0 7 9 1 0  
O l e 2 0  
0 7 8 3 0  
0 7 f 4 0  
0 7 e 5 0  c 
0 7 e 6 0  c 
0 7 e 7 0  c 

0 7 e q o  c 
0 7 9 8 0  c 

0 7 9 0 0  C 
0 7 4 1 0  C 
0 7 4 2 0  
3 7 9 3 0  
0 7 4 0 0  
0 7 9 5 0  C 

07970  
07990 
0 7 F 9 0  

O e O l O  

07960 c 

o e o o o  

o e o z o  
08030 
o e 0 4 0  
o e o 5 0  

o c o a o  c 
o e 0 9 0  

0 8 C 6 0  
OEO7O 

0 8 1 0 0  
O R 1 1 0  
0 8 1 2 0  5 
o e i z o  
o e i 4 o  c 

o e  1 6 0  
0 8 1 7 0  

0 8 1 5 0  C 

0 8  1 8 0  
08 190 

0 8 2 1 0  

0 8 2 3 0  C 
0 8 2 4 0  
0 e 250 
O e 2 6 0  
0 8 2 7 0  

o e 2 9 0  10 

0831') c 
0 8 3 2 0  
08230 12 
08??90 

o e z o o  

o e 2 2 0  

o e z f l o  

oezoo  

oe3c .o  
o e 3 6 0  c 
o e 2 7 0  
o e z e o  

0 8 4 0 0  
0 8 ' 1 9 0  

S U B R O U T I N E  THKCALC TMAX.L ITH.THK.  J T O T )  

SUB TO C A L C U L P T E  BE0 T H I C K N E S S  B A S E D  ON T H E  M E A N  AND S T O  
O E V .  OF T H I C K P E S S .  SUB ASSUMES A NORMAL D I S T R I B U T I O N  O F  
T H I C K N E S S .  TMAX IS T H E  MAX T H I C K N E S S  OF L I T H O L O G Y  ( L I T H )  
FOR B E D O I N G  D E T E R M I N A T I O N .  THK I S  AN ARAY O F  B E 0  T H I C K N E S S  
A N 0  J T O T  I S  TI-€ NUMBER OF BEOS U S E 0  
W P I T T F N  RY JIlv S L E O Z  3/30/80 
M O O I F I E D  B Y  J I M  S L E O Z  5/7/80 

D I M E N S I O N  l M N S T O ( 3 . 2 )  . S U M T H K ( 7 )  .THK(  100)  

D A T A  I S  MEAN'  5TO-DEV F O P  S I L T . S W A L E . L I M E S T O N E  
L C  ASSUME A S  V E A N - 6 " ~ M I N . - - 3 "  

D A T A  ( T M N S T O (  1. J ) . J = 1 . 2 ) / 4 6 . 0 0 t 2 0 . 0 0 /  
D A T A  ( T M N S T D (  2. J ) . J = l . 2 ) / 6 . 4 R s 2 . 9 7 /  
D A T A  (TMNSTDC J ) . J = 1 . 2 ) / 1 5 2 . 4 . 7 2 . 3 9 /  

T H l  CK=TMAX 

J K N T =  1 
J T O T = O  

TSUII=O. 0 

FILL ARAY W I T +  Z E R O ' S  

DO E J Z = l * I O O  
T H K (  JZ)=O.  0 
C O N T I N U E  

T H I C K N E S S  I S  WEAN P L U S  AND M I N U S  2 STD.OEV U N I T S  (95.4% O F  POP.) 
A N 0  T H I S  O I V I C E D  I N T O  6 U N I T S  

TMPLUS=TMNSTD ( L I T H .  1 )+2 . * T H N S T O ( L I  TH. 2) 
T M M I N = T M N S T O (  L I T H . 1  )-2. + T M N S T D ( L I T H . 2 )  
C T H K = ( T M P L U S - l M M I N )  /6.0 
SUMTHKt  1 ) = T # Y I N  
SUM=TMM I N  

F ILL  I N  I N C U E V E N T S  A T  MIN=l .MEAN=4.MAX=7 

00 1 0  J = 2 * 7  
SUMTHK( J ) = S U M S C T H K  
SUM=SUMTHK( J) 
TSUM=SUM+TSUM 
C O N T I N U E  

CHECK I F  T H I C K N E S S  IS ENOUGH FOP C O M P L E T E  D I S T P I B .  

l L E F T = T H I C L - T S U M  
I F ( T L F F T . L T . O . 0 )  GO TO 35 

FILL I N  W I T H  CYCLE OF C O M P L E T E  O I S T P I B U T I O N  

00 15 Jz1.7 
T H I  CK=THICK-SCMTHY(  J) 
T H K (  J K N T ) = S U H l H K (  J) 

.- 
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o e 4 i o  
oe420 I5 
O R 4 3 0  
Oe440 

Oe460 
Oe470 3 5  
0 8 4 8 0  40  

o e a s o  c 

oe490 
o e s o o  c 

o e 5 2 0  
o e 3 3 0  

OeElO 

0 8 5 4 0  
O8f50  
0 8 5 6 0  

O @ E 8 0  

O 8 t O O  
0 8 6 1 0  c 
0 e c  2 0  

0 e ~ 7 o  

oe59o 

o e c 3 0  7 5  
o e c 4 0  

o e e c o  c 
o e c 7 0  
o e m o  

o e 7 i o  

o e 7 3 0  
0 8 7 4 0  c 
oe750 

o e 7 7 0  

o e 7 9 0  
o e e o o  
o e e i o  
o e e 2 0  
oeE3o 
o e e 4 0  
o e e 5 0  c 
o e e 6 0  c 
0 ~ e 7 o  c 
o e e a o  c 
oae9o c 

o e q i o  c 
0 e 5 2 0  

O e t 5 0  

Of5690 
08700 

0 8 7 2 0  8 0  

08760  

087eO 

08900 c 

09930 
08940 
o e s s o  
o e s 6 0  c 
o e w o  
oe98o c 
oeqqo 
osooo 

J K N l = J K N T +  1 
C O N 1  INUE 
GO T O  1 2  

TRY MEAN.MIN.  AND MAX 

l N U M = 4  
T L E F  T = T H  I C K- S UMTHK ( I NUM 

NO T H I C K N E S S  LEFT....KEEP T R Y I N G  

I F ( l L E F T . L T . O . 0 )  GO TO 75 
T H I C K = T L E F  T 
T H K (  J K N T  ) = S U M l H K (  I NUM) 
J K N  T= J K  NT+ 1 
I F ( I N U M . E Q . 7 )  GO T O  75 
I NUN=lNUM-3  
I F (  I N U N - L T . 0 )  I N U M = 7  
GO TO 4 0  

TRY TO FILL I h  MORE T H I C K N E S S  U N I T S  S T A R T I N G  AT MAX. 

DO e o  ~ 2 = 7 . 1 . - 1  
TLEFT=THICK-Sl .MTHK( J2)  

TO L A R G E - e - e K E E P  T R Y I N G  

I F ( T L E F T . L T . O . 0 )  GO T O  80 
T H I  C K = T L E F T  
T H K (  J K N T ) = S U M T H K ( J 2 )  
J K N T = J K N T +  1 
CON 1 I NUE 

S T I L L  H A V E  A V f l I L A B L E  BED T H I C K N E S S  L E F T  

I F ( T H I C K . G E . T P M I N )  GO T O  75 
J T O  T= J K  NT- 1 
R E T U R N  
END 

SURROUT INE D E h L E N (  I L f T H t T H I  C K s T  J N T S - T J L E N )  

SUB T O  C A L C  J C I N T  D E N S I T Y  AND L E N G T H  B A S E D  ON 
R E D  T H I C K N E S S  AND L I T H O L O G Y  
U N I T S  ARE I N  CH. 
T J N T S Z  NO. OF J O I N T S  I N  AREA OF A SQUARE I N C R E  X I N C R E  
T J L E N = L E N G T H  C F  E A C H  OF T H E S E  J O I N T S  
W R I T T E N  BY J I V  SLEDZ 3/30/80 
M O D I F I E D  B Y  J I M  S L E D Z  6/29/80 

C O M M U N / K E E P / I  h C R E  
D I  M E N S I  ON T O D E N <  2.2 1 TO SUM ( 2 9 3 1 

D A T A  I N  S I L T . M A L E  

R E G R E S S I O N  I S  DEN=BO+Bl ( T H I C K )  

D A T A  ( T O D E N (  1 .J) tJ=lt2)/38.33324.-0.49109/ RSQUARE=79 .4% 

. .  
-c 

. 
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+. 

1 

09010 
0 5 0 2 0  

0 5 0 4 0  
09050 
0 9 0 6 0  
0 5 0 7 0  
0 4 0 8 0  c 
0 5 0 9 0  
09100 1 0  

0 5 1 2 0  
0 5 1 3 0  C 
0 9 1 4 0  

09  160 
09 170 

09 190 
0 9 2 0 0  
053210 

0 9 2 3 0  C 
0 4 2 4 0  
09 2 5 0  
05E60  
09 2 7 0  
09280 c 
0 9 2 9 0  
os300 
09210 
09320 C 
09330 
0 4 3 4 0  
0 5 2 5 0  
09380 c 
09370 
0 5 3 8 0  
0 9 2 9 0  
0 9 4 0 0  
0 9 4 1 0  
09 4 2 0  
0 9 4 3 0  
0 9 4 4 0  
0 9 4 5 0  
0 5 4 6 0  
09470 
0 5 4 8 0  
O F 4 9 0  C 
09100 C 
0 9 5 1 0  c 

09530 
0 9 5 4 0  
0 4 5 5 0  
0 5 5 6 0  
0 5 5 7 0  
0 9 E 8 O  
0 4 5 9 0  
0 9 6 0 0  

09030 c 

n g i i o  

0 9 1 5 0  

o s i a o  c 

o s 2 2 0  

n 9 5 2 0  c 

D A T A  ( T O D E N I 2 r J )  r J = l  . 2 ) / 2 2 . 5 6 1 1 7 r - 1 . 0 5 3 6 2 /  RSQUARE=35.8% 

R E G R E S S I O N  IS J L E N = B O + B l ( O E N ) + 8 2 ( T H I C K )  

D A T A  (TOSUM( 1 s J 
D A T A  ( T O S U M (  2 r J )  .J=l . 3 ) / 1 0 . 5 1 2 2 6 . 0 . 1 R B t 7 1  . - 0 . 1 9 6 3 4 1 /  R S = 9 8 . 4 %  

J=l 9 3 1 / - O m  75308 .O e0328 4 e 0 . 5 8 6 3 8  1 / R S = 9 9  1 X 

C A L C U L A T E  D E N Z I T Y  F R O M  T H I C K N E S S  

C M I N C P Z  I N C P E *  1 2 * 2 . 5 4  
SJOEN=TODEN(ILITH.I)+TODEN(ILITH~2)*THICK 

C A L C U L A T E  L E N C T H  F R O M  ABOVE 

T J L E N = T O S U M (  I L I T H . 1  )+TOSUM( I L I T H * 2 ) * S J D E N  
1 + T O S U M ( I L I T H . 3 ) * T H I C K  

CHANGE U N I T S  10 CM 

T J O E N = S J D E N / l  C. 
I F ( T J D E N . L T . 0 )  T J D E N Z O  

APEA O F  J O I N T S  AND T O T A L  AREA OF C E L L  

A H E A J = T J L E N * C E I  NCR 
T A R E  A=CH I NCR+CM I NCR 

NUMBER O F  J O I h T  AREAS I N  T O T A L  APEA 

A REA S J= T A R E  A /  AR E A  J 

J O I N T S  PER AREA 

A R E A P J = C M I  N C R I T  JDEN 

T O T A L  NUMBER C F  J O I N T S  I N  APEA 

T J N T S = A R E A  S J *  A R E A P J  

I F (  7JNTS.LT.O.) T J N T S = l .  
1 F ( T J L E N  .L T 0 1 T J L E  N = l  
R E T b R N  
END 

S U O P D U T I N E  PPWVEC( J S E T . L O N G ~ T H I C K ~ T O T L E N . V D I l ? X r V O I R Y V D I R Z )  . 

C A L C U L A T E S  T H E  MEAN D I R E C T I O N  V E C T O P S  F R O M  EACH 
J O I N T  SET F O R  A T O T A L  OF 5 P O S S I B L E  J O I N T  SETS 
W R I T T E N  B Y  J I M  SLED2 4 / 1 9 / 8 0  
M O D I F I E D  B Y  J I M  S L E D Z  6/21/80 

D I M E N S I O N  
SVECX=O .o 
SVECY=O .o 
S V E C Z = O  .o 
DO 10 J = l . J S E l  
J N T = J  

VEC)I( 5). VECY (5) V E C Z (  5 1 

C A L L  O P D A T (  L O F G  s JNT. S T P  IK D I  P )  
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0 S t 1 0  
0 9 C 2 0  
0 4 C 3 0  
09640 
0 9 € ! 5 0  
0 9 6 6 0  
O S 6 7 0  
O S C 8 0  
09C90 
0 9 7 0 0  
0 5 7 1 0  
OF720 
O S 7 3 0  
0 4 7 4 0  
0 5 7 5 0  
O S 7 6 0  
0 9 7 7 0  
0 9 7 8 0  
OF790 

0 9 E l O  
09eoo  

0 9 e 2 0  
o s e 3 o  

o q e s o  
0 9 8 4 0  

0 9 E 6 0  
0 9 E 7 0  

09890 
0 9 5 0 0  
0 9 9  10 
0 9 9 2 0  
099 3 0  
09940  
0 4 5 5 0  
0 ’ 3 S 6 0  
09970 
OSFRO 
0 9 5 9 0  
1 0 0 0 0  
1 0 0 1  0 
1 0 0 2 0  
1 0 0 3 0  
1 0 0 4 0  

1 0 0 6 0  
10070  
1 0 0 8 0  
I c o g 0  
10100  
10110 
10120  
101’0 
1 0 1 4 0  
l O l S 0  
10160 
1 0 1 7 0  
10180  
1 c 190 
1 0 2 0 0  

ose80  

I o a s o  

C VEClCJP P E P P E S E N T A T I O N  OF J O I N T  P L A N E  

V E C X (  J N T ) = T O T L E N * S I N D ( 9 0 . - S T R I K )  
VEC V ( J N  T )=TOT LE N/C 0 SO ( 90 - S TR I K 8 
V E C Z (  J N T )  = T H I  C K S S I  N D <  90.  -01  P )  

C 

1 0  CON 7 I N U E  

C VECTOR COMPONEPJrS O F  T H E  SUM OF TIIE J O I N T  P L A N t S  

DO 15 K = I . J S E l  
SVECX=S VECX+ V EC X ( K  1 
S VECY= SVEC Y + V EC Y ( K 1 
S V E C Z = S V E C Z + V E C  2 t K )  
CON T I N11 E 1 5  

C 
C 

C 
C 
C 
C 

C 

C 

C 

C 

VECTOR M A G N I T U D E  AND D I R E C T O N  C A L C U L A T E D  W I T H  U N I T S  
CHANGED TO D E G P E E S  

VECMAG=SQRT ( S V E C X * * 2 + S V E C Y  * * 2 + S V E C Z * * 2  1 
VD I R X = 1 8 0 .  *( 5 \ECX/VECMAG) / 3 . 1 4 2  8 
V D I R Y = 1 8 0 . + (  S E C Y / V E C M A G ) / 3 . 1 4 2 8  
V D I  R Z = l 8 0 .  *( S \ECZ/VECMAG) /3.142 8 
R E T U R N  
END 

S U B R O U T I N E  POFCAL(LONG.LAT.ZDEPTH. IHOLE. IROCK)  

C A L C U L A T E S  T O T &  F P A C T U P E  P O P O S I T Y  
G I V E N  T H E  L A T I T U D E  AND ROCK C O N S T I T U E N T S  (FROM P I R S O N .  1975) 
W R I T T E N  B Y  J I M  S L E D 2  3/5/80 

M O D I F I E D  B Y  J I M  S L E D Z  6/29/80 

C OM W O N / K E E P / I  h C  RE 
C O M H O N / W O R K / N F R I N s I N T T Y *  I O T T Y .  I U N I T 1  . S U N I T 2  
D I M E N S I O N  I R O C K (  3) . T H K (  100)  
C U B L I N =  I N C P E  
C U B  b I D= I N C R E  

T H I C K N E S S  I N  NM 

TMA X = 1 2 .  t25.4 

F L U I D  IS WATEF. ( 6 0  DEG- F )  D A T A  T A K E N  FROM C H O W ( 1 9 6 4 )  

V l S C O S = 2 . 3 5 9 E - 5  L B  S E C / F T * * 2  
S P E F W T = 6 2 . 3 6 6  L B / F T  4;+3 
WA 1 EP=SPEF W T / \ I  SCOS 

I F ( Z 0 E P T H . L T . C )  GO T O  50  

D E T E R M I N E  ROCK NAME 

C A L L  R C K T Y P (  I F O C K s L N A M )  

P E S E T  A L L  V A P I A B L E S  

THKTOT=O.O 



1 2 5  

I -  

C 

c 

I -. 

1 0 2 1  0 
1 0 2 2 0  
1 0 2 3 0  
1 0 2 4 0  
I 0 2 5 0  
1 0 2 6 0  
1 0 2 7 0  
1 0 2 8 0  
I0290 
10'00 
1 0 ? 1 0  
1 0 ' 2 0  
1 0 3 3 0  
1 0 3 4 0  
10 3 5 0  
10360 
1 0 1 7 0  
10.80 
1 0 3 9 0  
1 0 4 0 0  
1 0 4 1 0  
1 0 4 2 0  
1 0 4 3 0  
1 0 4 4 0  
1 0 4 5 0  
1 0 4 6 0  
1 0 4 7 0  
1 0 4 8 0  
1 0 4 Y O  
10100 
l 0 5 l O  
1 0 5 2 0  
10530 
1 0 5 4 0  
1 0 5 5 0  
1 0 5 6 0  
1 0 5 7 0  
l O C 8 0  
1 0 1 9 0  
1 0600 
l o e l 0  
1 0 6 2 0  
lot30 
1 0 6 4 0  
I 0 6 5 0  
1 0 6 6 0  
1 0 6 7 0  
1 o e e o  
1 0 6 9 0  
1 0 7 0 0  
10710 
1 0 7 2 0  
1 0 7 3 0  
1 0 7 4 0  
10750  
1 0 7 6 0  
1 0 7 7 0  
1 0 7 8 0  
10790 
1 o e o o  

C 

C 

C 

C 

C 

C 

5 
1 0  
3 0  

C 

C 

VOL GAP= 0.0 
TFPOH=O .O 
AVGAP=O.O 
B J L  EN=O -0 
D E N  TOT=O. 0 
NBEOS=O 

C A L C U L A T E  FOR EACH L I T H O L O G Y  T Y P E  

DO 3 0  J T = 1 . 2  
L I T H Y P =  J T  
I F (  I R O C K ( L 1 T H Y P )  a L E . 0 )  GO T O  30 
C A L L  G A P S E T ( L 1 T H Y P J G A P )  
A G A P = T G A P / 3 0 4  e 8  

C A L C U L A T E  T H I C K N E S S  AND GAP F O P  E A C H  BED B A S E D  ON X L I T H  

T H I  C K = ( F L O A T (  I F O C K ( L 1 T H Y P )  1 *0.1) * T N A X  

AVGAP=AVGAP+(  AGAP* ( F L O A T (  I ROCK(  L I T H Y P )  
N B E D S = J  TOT+NBEDS 

C A L L  T H K C A L ( T t I C K . L I T H Y P . T H K ,  J T O T )  
*O. 1 ) ) 

C A L C U L A T E  F O P  E A C H  J O I N T  SET 

DO 10 JzI.2 
J S E T = J  

C A L L  O R D A T ( L 0 N G  .JSET.STR.DIP)  

E A C H  BED T Y P E  

DO f: KO=1 I J T 0 7  
C A L L  D E N L E N (  L I T H Y P . T H K (  KO 1 . T D E N s T J L E N )  

CHANGE A L L  U N I T S  TO F E E T  

A T H I K = T H K (  K O )  j 3 0 4 . 8  
A J L E N = T J L E N / 3 0 . 4 e  
A D E N = T D E N / 3 0 . 4 8  
B J L E N = A  J L E N + B  J L E N  
DENTOT=DENTOT +ADEN 

C A L C U L A T E  VOLLME OF I N D I V I D U A L  J O I N T  G A P  

VOL JNT= AGAP * A  J L E N *  ( A T H I  K /COSD (90 . -D I  P 1 ) 
VOLGAP=VOL J N T I A O E N + V O L G A P  
T H K T O T = T H K T O T + A T H I K  
C O N T I N U E  

C O N T I N U E  
C O N T I N U E  

T O T A L  F R A C T U R E  F D R O S I T Y  

TFPCR=VOLGAP/  ( C U B L I  N * C U B W I  D+THKTOT ) * l o 0  
AVGGAP=AVGAP*204.8  

P E R W E A B I L I T Y  l lND C O N D U C T I V I T Y  B A S E D  ON SNOW (1968) 

T J P B E D = D E N T O T / F L O A T (  N B E D S )  
T P E f i H = (  ( C U B L I h * C U d W I D / T  J P R E D )  * *2*  ( ( T F P O R / 1 0 0 .  )**3) 1/12. 
T D A R C Y = T P E R M / l .  0 6 2 E - 1 1  
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i o e i o  
1 o e z o  
i o e z o  

I o e 5 0  
1 O e 4 0  

1 0 8 6 0  
1 0 E 7 0  

1 G E 9 0  
1 0 9 0 0  
l O F l O  
I0920 
1 0 4  3 0  
10940 
loss0 
1 0 9 6 0  
10570 
10980 
1 0 9 9 0  
1 l C O O  
1 1 0 1 0  
11025  
1 I020 
1 1 0 4 0  
I 1 0 5 0  
1 1 0 6 0  
I 1  0 7 0  

1 1 0 9 0  
1 1  100 
11110 
11120 
11 130 
11140 
11 I C 0  
11 160 
11 170 
11 I80 
11 190 
1 1 2 0 0  
I 1 2 1 0  
1 1 2 2 0  
11230 
1 1 2 4 0  
1 1 2 5 0  
11260 
i 1 2 7 0  
1 1 2 8 0  
I 1 2 9 0  
111-00 
1 1 1 1 0  
I1320 
11330 
1 1 3 4 0  
1 1 ? ! 5 0  
11360 
I 1 3 7 0  
1 1 2 e o  
11190 
I 1 4 0 0  
1 1 4 1 0  
1 1 4 2 0  

1 o e a o  

1 i o e o  

TCOND=TPER M * Ir ATER 
T C H  DAY= TCDNO * 2 6 3 3 4 7 2  0 

C P E R M E A B I L I T Y  C I R E C T I O N  V E C T O H S  

C A L L  PRMVEC ( J  S E T  .LONG. THKTOT.  BJLEN.VX.VY .VZ 1 
4 

C W P I T E  T O  F I L E  

W R I T E  ( I UNIT  2 s 100 1) 
. A V G G A P r T F P O R  .TOARCY TCMOPY * V X .  VY V Z  * (I ROCK ( J )  s J=1.3) 
R E T L R N  

L O N G  e L A T  .L N A H  Z D E P T H  , I  H O L E  
1 

C NO DATA F O R  P C R O S I T Y  C A L C U L A T I O N  

5 0  L N A N =  * VOID 
WR I TE( I UN 112. 10 0 1) 
F O R M A T {  2 (  15.1 X I  r A 5 s l X  .F7.2 1 X * I  2.1 XsF5.4 .3(  1 X  rF6.3) 

L O N G  L A 1  s L N A H  
1001 

1 3 ( 1 X . F 6 . 2 )  .3( 1x112))  
R E T U R N  
E N 0  

S U B R O U T I N E  T A E P O R ( * )  

C 
C 
C 

C 

1000 
1 
2 
3 
9 
2 
3 
4 
E 
e 
€ 

C 

1 0  

1 
1 0 0 1  
1002  

99 

SUB TO P R I N T  CUT F R A C T U R E  P O R O S I T Y  D A T A  FROM F I L E  'POROS.DAT' 
W R I T T E N  B Y  JIW SLED2 3/30/80 
M O D I F I E D  B Y  J I M  S L E D 2  7 / 1 1 / 8 0  

C C H M O N / K E E P / I  hCHE.DEPTH. SI LGAP. SHAGAP 
C C H  NON/WOPK/NFP I N. I O T T Y  I N T T Y  . I U N I  TI 

O P E N ( U N 1  T = I  U N I T  1 .FILE= 'POROS. O A T  'i ACCESS= ' S E O  I N' 

P P I K T  H E A D I N G  

W R I  T E  ( N P R I  N i 1 CO 0 1 
FORMAT(  '1' .// a 1  OX. ' F P A C T U R E  P O R O S I T Y  A N D  P E R M E A B I L I T Y  L I S T I N G '  

1 X . ' A T  D E P T H  ' .//. 
1 3 X . ' S U R F A C E  GAP W I D T H  ( M M )  ' r 2 X .  ' S I L T -  ' .F5 .3r3X. 'SHALE-  
F 5 . 3 . / / / r 3 X i '  O R A  G R I D  S Y S T E M ' s I S X  

D E P T H  s S I L G A P  v S H A G A P  

'. F7 i i  1 X i  'METERS 

s ' J O I  N T  ' 2 X .  ' F R A C T U R E  ' s 4 X  s * I N T R I  N S  I C  ' .5X ' H Y D R A U L I C ' ,  / 
2x1  ' L O N G I T U D E  '. 2 X s ' L A T I T U D E '  * 2 X  s ' L I T H O L O G Y a  13X.  ' G A P ' s 3 X .  
' P O R O S I T Y ' . 3 X . ' P E R M E A B I L l T Y  ' 
. 2 X  . 'CONDUCT1 bI TY'./ 
- 1  X ' (EAST-WE ST)  (NOR-SOU 1 ' 1 3 X  

' (  MH) ' .2X. ' ( P E R C E N T  1 ' * 4X. ' ( D A R C Y )  ' .7X. ' (  CM/OAY 1 ' s  
1.1 x.7a( * - * ) I  

A L L  D A T A  F O L L C W S  

READ( I U N I T l  s l C O l . E N D = 9 9 )  LONG.LAT.RCK.AGAPsTPOA.TPER.TPER.TC0N 
IF (RCK.NE. 'VOID '1  W f i I T E ( N P R I N . 1 0 0 2 )  LONG.LAT.RCK.AGAPITPOR . T P E R  .TCON 
F O P  MAT(  2 (  IS 1 X )  v A 5  1 2X .F 5.4.3 ( 1 X F6.3) ) 
F O R M A T (  3X. 1 5 s  € X *  15.6 X A 5 . 4 X  9F5.4.2X e F 6 . 3  s 7 X  s F 6 . 3  s 8 X  I F6.3 
GO T O  1 0  

C L O S E (  UNIT=  I U h I  T 1) 

P E T L P N  1 
E N D  
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APPENDIX B 

USER'S GUICE 

I 



1 2 8  

APPENDIX B 

USER'S G U I D E  

The user  i npu t  t h a t  i s  r e q u i r e d  f o r  t h e  F r a c t u r e  Flow Modeling 

System (FRAFLO) w i l l  be  d i scussed  below. The use r  should be f a m i l i a r  

w i th  a l l  c a l c u l a t i o n s  and terminology involved p r i o r  t o  us ing  t h e  

system. 

The program i s  designed t o  o p e r a t e  from a remote t e r m i n a l  o f  a 

D i g i t a l  (DEC) System KL-10 computer a t  Oak Ridge Nat ional  Laboratory 

f a c i l i t y .  This program may b e  run i n  b a t c h  mode wi th  minor 

m o d i f i c a t i o n s  , and t h e  u s e r  should c o n s u l t  programming a s s i s t a n c e  fo r  

t h e s e  changes.  

To i n i t i a l i z e  the program from t h e  monitor  mode, t h e  u s e r  t ypes  

i n  t h e  command: 

.RUN FRAFLO 

Upon the  execu t ion  of t h i s  s t a t e m e n t ,  t h e  program w i l l  respond wi th :  

WELCOME TO THE FRACTURE FLOW MODELING SYSTEM 

OPTION: 

The o p t i o n  mode i s  t h e  po in t  i n  t h e  program where any o f  t h e  

o p e r a t i o n s  may be r eques t ed .  The use r  i s  placed i n  t h i s  mode upon 

program i n i t i a l i z a t i o n  and a f t e r  e x e c u t i o n  of  a s e l e c t e d  o p t i o n .  The 

o p t i o n s  a v a i l a b l e  are d i s p l a y e d  by inpu t  o f  a c a r r i a g e  r e t u r n :  

I 
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" 
e -  

l. 

.- 

I 

b 

OPT I O N ;  
AVAILABLE OPTIONS ARE ; 

1 COMPLETE SURFACE 3-D 
2 CELL SURFACE 3-D 
3 CELL FRACTURE POROSITY 3-D 
4 CELL FRACTURE POROSITY TABLE 
-1 END 

Each o p t i o n  w i l l  be i n d i v i d u a l l y  d i scussed  along wi th  any input  

r e q u i r e d  f o r  t h e  execu t ion  of  a r e q u e s t .  A n e g a t i v e  i n t e g e r  as  an 

o p t i o n  w i l l  r e s u l t  i n  t h e  t e rmina t ion  of the program and r e s t o r i n g  

t h e  use r  t o  t h e  monitor mode. 

Op t ion= 1 

The s e l e c t i o n  of t h i s  o p t i o n  produces a complete 

three-dimensional diagram of the s u r f a c e  e l e v a t i o n s  f o r  t h e  e n t i r e  

Southern Conasauga Bel t  (F igu re  24, p .  64).  This diagram d i s p l a y s  

a l l  o f  the a v a i l a b l e  c e l l s  t h a t  may be  c r e a t e d  by t h e  program. The 

on ly  o t h e r  i npu t  reques ted  is a f i l e  name f o r  the  genera ted  p l o t  

f i l e  : 

ENTER NAME FOR POP FILE.  
(EXTENSION .POP W I L L  BE ADDED) 

The name can be any s i x  alpha-numeric c h a r a c t e r s  wi th  t h e  d e f a u l t  

va lue  of FOR24 used if no name i s  en te red  ( c a r r i a g e  r e t u r n ) .  Upon 

comple t ion ,  t h e  p l o t  f i l e  w i l l  be w r i t t e n  onto the  u s e r s  d i s k  a r e a  

and t h e  use r  w i l l  be r e tu rned  to  the  o p t i o n  mode. 

Option=2 

A three-dimensional p l o t  o f  s u r f a c e  e l e v a t i o n s  f o r  an i n d i v i d u a l  

c e l l  can be produced wi th  o p t i o n  2 (F igu re  25, p. 6 7 ) .  Af t e r  t h i s  
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s e l e c t i o n ,  t h e  program w i l l  r e q u e s t  t h e  u s e r  t o  input  a se t  o f  

l o c a t i o n  c o o r d i n a t e s  and t h e  s i z e  of t h e  c e l l  t o  be c r e a t e d ;  

COORDINATES ARE ORA GRID SYSTEM 
LATITUDE ; 
LONGITUDE ; 
DIVISIONS ON CELL EDGE ; 

, 
i 

The c e l l  c o o r d i n a t e s  a r e  any c o o r d i n a t e s  w i t h i n  t h e  Southern 

Conasauga B e l t .  These a r e  based on t h e  ORA Grid System wi th  t h e  

l a t i t u d e  r e p r e s e n t i n g  t h e  nor th-south  c o o r d i n a t e s  and l o n g i t u d e ,  t h e  

eas t -wes t  c o o r d i n a t e s .  The l a t i t u d e  v a l u e s  can be any va lue  w i t h i n  

t h e  range  of 0 t o  20000 and the  range  of a l lowab le  long i tude  v a l u e s  

a r e  from 20000 t o  70000. The inpu t  o f  a c o o r d i n a t e  o u t s i d e  e i t h e r  

range  w i l l  r e s u l t  i n  t h e  e r r o r ;  

LONGITUDE OUT OF RANGE. . . . .REENTER 
OR 
LATITUDE OUT OF RANGE......REENTER 

The d i v i s i o n s  on a c e l l  edge a r e  based on t h e  number o f  

d i v i s i o n s  o f  t h e  t o t a l  c e l l  edge l e n g t h  o f  80.16 m (263 f e e t ) .  The 

number inpu t  i s  t h e  number o f  d i v i s i o n s  subd iv id ing  t h e  c e l l  l e n g t h  

c r e a t i n g  sma l l e r  s u b c e l l s .  I f  t h e  d i v i s i o n  was 10, t h e n  each s u b c e l l  

c r e a t e d  would be about 8 m ( 2 6  f e e t )  on a s i d e .  The maximum 

a l lowab le  number of  d i v i s i o n s  i s  52 which w i l l  c r e a t e  s u b c e l l s  wi th  

1.54 m (5 f e e t )  s i d e  l e n g t h s .  

A f t e r  t h i s  d a t a  i s  i n p u t ,  t h e  program w i l l  r e q u e s t  t h e  name of 

t h e  p l o t t i n g  f i l e ,  a s  d i scussed  i n  t h e  prev ious  s e c t i o n ,  and w i l l  ’. 

write  t h i s  f i l e  on to  t h e  d i s k  a r e a  whi le  r e t u r n i n g  t h e  u s e r  t o  t h e  

o p t i o n  mode. 
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The t h i r d  o p t i o n  i s  a r eques t  f o r  a three-dimensional p l o t  o f  

t h e  c a l c u l a t e d  f r a c t u r e  p o r o s i t y  f o r  an i n d i v i d u a l  c e l l  (F igu re  29, 

p. 84) .  The r e q u i r e d  input  f o r  t h i s  o p t i o n  i s  t h e  l a t i t u d e ,  

l ong i tude  , and c e l l  increment as d i scussed  above. An a d d i t i o n a l  

input  o f  t he  d r i l l  h o l e  number i s  r e q u i r e d  and w i l l  be used t o  o b t a i n  

l i t h o l o g y  in fo rma t ion  f o r  a l l  c a l c u l a t i o n s .  

DRILL HOLE NUMBER (1-8) ;  

I f  a c a r r i a g e  r e t u r n  o r  a number o u t s i d e  of t he  range i s  e n t e r e d ,  a 

l i s t i n g  of a l l  a v a i l a b l e  d r i l l  h o l e s  and t h e i r  c o o r d i n a t e s  a r e  

d i sp l ayed .  

AVAILABLE CORES ARE; 
LONG , LAT 

1 - OR12 - (30870,19315) 
2 - OR13 - (31397,19289) 
3 - OR14 - (32240,19001) 
4 - OR15 - (35711,18373) 
5 - O R 1 7  - (35922,16976) 
6 - O R 1 8  - (35843,17846) 
7 - OR19 - (36528,16845) 
8 - OR20 - (35553,17582) 

The c o o r d i n a t e s  are of  t he  a c t u a l  d r i l l  h o l e  l o c a t i o n s .  The l a t i t u d e  

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

c o r e  number r e p r e s e n t i n g  a l a t i t u d e  va lue  v e r y  n e a r  t h a t  o f  t he  c e l l  

l o c a t i o n .  The model c o n s i d e r s  t h e  d i p  o f  t he  s t r a t a  as w e l l  as t h e  

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

The depth o f  i n t e r e s t  f o r  t h e  c a l c u l a t i o n  t o  be performed i s  t h e  

nex t  ques t ion  t o  be answered: 

DEPTH (METERS) OF INTEREST; 
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This dep th  i s  t h e  depth  below the  a c t u a l  ground s u r f a c e  a s  determined 

from a topographic  map. An example of t h i s  i s :  i f  t h e  e n t e r e d  depth  

was 15 ,  t hen  t h e  c a l c u l a t i o n  would be performed a t  15 meters  below 

t h e  ground s u r f a c e  f o r  each i n d i v i d u a l  s u b c e l l .  

I f  t h e  d r i l l  co re  provides  no l i t h o l o g i c  in fo rma t ion  f o r  any 

s u b c e l l s ,  t h e  d a t a  w i t h i n  t h e  f i l e  POROS.DAT w i l l  c o n t a i n  v o i d s  and 

no r e s u l t s  w i l l  be p l o t t e d .  

The use r  w i l l  be r eques t ed  t o  input  t h e  p l o t  f i l e  name, a s  

p r e v i o u s l y ,  and t h e  u s e r  w i l l  be r e t u r n e d  t o  t h e  monitor mode upon 

p l o t  comple t ion .  

Opt ion=4 

The t a b u l a t i o n  of the  c a l c u l a t e d  d a t a  r e q u i r e s  t h e  same answers 

t o  t h e  q u e s t i o n s  d i scussed  i n  o p t i o n  3 with  t h e  excep t ion  of the p l o t  

f i l e  name. The output  f i l e  w i l l  be w r i t t e n  t o  t h e  use r ' s  d i s k  a r e a  

wi th  the  e x t e n s i o n  of LPT and can be p r i n t e d  a t  t h e  u s e r ' s  

convenience.  

Mul t ip l e  Requests 

I f  m u l t i p l e  r e q u e s t s  a r e  made, t h e  p l o t  f i l e  w i l l  c o n t a i n  a l l  of 

t h e  p l o t s  and t h e  .LPT f i l e  w i l l  c o n t a i n  a l l  of t h e  t a b l e s  s e l e c t e d .  

The only  r e s t r i c t i o n  e x i s t i n g  i s  t h a t  t h e  d a t a  s t o r e d  i n  f i l e  

POROS.DAT w i l l  c o n t a i n  r e s u l t s  o f  the  most c u r r e n t  c a l c u l a t i o n s .  I f  

t h e s e  d a t a  a r e  r e q u i r e d  f o r  any a l t e r n a t e  u s e ,  t h e  f i l e  should be 

renamed a f t e r  e x i t i n g  from t h e  program f o r  each r e q u e s t  a l lowing  f o r  

t h e  p r e s e r v a t i o n  of the r e s u l t s .  
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TABLES 

Table C - 1 .  L i s t i n g  o f  commonly used v a r i a b l e  names i n  t h e  FRAFLO program 

NAME 

N P R I N  

INTTY 

IOTTY 

I U N I T  

LONG 

U T  

I N C  RE 

KEYDEP 

IROCK 

LNAM 

s ILGAP 

SHAGAP 

AVGGAP 

mAx 

THK 

vx 

TFPO R 

T M R C Y  

TCMDAY 

DE SCRIPT1 ON 

pr i n t  i n g  dev ice 

i n  put d ev i c  e 

ou t put d ev i c  e 

f i l e  u n i t  number 

1 ong i t  ude 

1 a t i  t ud e 

inc remen ta l  d i v i s i o n s  o f  c e l l  

dep th  o f  c a l c u l a t i o n  

pe rcen t  1 i t h o  log  i c  cons t i t  uent s 

l i t h o l o g y  name 

s u r f a c e  j o i n t  gap width i n  s i l t s t o n e  

s u r f a c e  j o i n t  gap width i n  s h a l e  

mean subsu r face  j o i n t  gap width 

t o t a l  bed t h i c k n e s s  

i n d i v i d u a l  bed t h i c  kness 

u n i t  d i r e c t  i o n  v e c t o r  

f r a c t u r e  p o r o s i t y  

i n t r i n s i c  p e r m e a b i l i t y  

h yd ra u l  i c  c ond uc t i v  i t y 

-a 

7 

. 
4 

t 
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Table C-2. D e s c r i p t i o n s  o f  f i l e s  used i n  t h e  FRAFLO program 

FILE NAME FORMAT -- 
STOPO.DAT 

21 2 
21 2 
2712 

CORE. DAT 

I3 
I8 

CONTUR. DA T 

I 5  
I 5  
I 4  

SLALO. DAT 

I 5  
I 5  
I 4  

SMAT. DAT 

CELL. OUT 

I 5  
I 5  
F7.1 

DE SCRIPT ION 

Source f i l e  o f  coded s u r f a c e  
e l e v a t i o n s  
L a t i t u d e  code 
Longitude code 
E leva t ion  code 

Source f i l e  of  coded d r i l l  
c o r e s  
Subsurface dep th  
Percent  s i l t s t o n e ,  s h a l e y  
g l a u c o n i t e  and l imes tone  

Sur f a c e  e l e v a t i o n s  and 
c o o r d i n a t e s  
c r e a t e d  i n  sub: TOPMAK 
Longitude 
La t it ude 
Sur f a c e  e l e v a t i o n  

A l l  Goordinates  and e l e v a t i o n s  
i n  r e c t a n g u l a r  area 
c r e a t e d  i n  sub: BLDMAT 
Longitude 
La t it ude 
Sur f ace  e l e v a t i o n  

Surface e l e v a t i o n  f o r  each 
c o o r d i n a t e  
c r e a t e d  i n  sub:  MATF'IX 
Sur face  e l e v a t i o n  

Ca lcu la t ed  s u b c e l l  coord i n a t  es 
and s u r  f a c e  e l e v a t i o n s  
c r e a t e d  i n  sub: M A T F I X  
Long it ude 
L a t i t u d e  
Sur f ace  e l e v a t i o n  

. 
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Table  C-2. ( con t inued)  

FILE NAME FORMAT .DESCRIPTION -- 
POROS. DAT 

I 5  
I 5  
A5 
F7.2 
I 2  
F5.4 
F6.3 
F6.3 
F6.3 
F6.2 
F6.2 
F6.2 
I 2  
I 2  
I 2  

A l l  model r e s u l t s  
c r e a t e d  i n  sub: PORCAL 
Lo ng it ud e 
L a t i t u d e  
Rock name 
Depth of  c a l c u l a t i o n  
D r i l l  c o r e  used 
Mean gap width 
F r a c t u r e  p o r o s i t y  
In  t r i n i s  i c  permeab il it y 
Hy d ra u l  i c  c ond uc t i v  i t  y 
X-unit v e c t o r  
Y-unit v e c t o r  
Z -un i t  v ec  t o  r 
Pe rcen tage  of s i l t s t o n e  
Pe rcen tage  of s h a l e  
Pe rcen tage  of l imes tone  w -  

. 
'Ir 
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