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A PRELIMINARY ASSESSMENT OF THE RELATIONSHIP BETWEEN THE MINERALOGY 
AND DIAGENETIC HISTORY OF FOUR SHALES AND THEIR 

THERMOMECHANICAL PROPERTIES 

O t t o  C. KOPP 
P a t r i c k  J. Mulligan 

Danie l  K. Reeves 

ABSTRACT 

The chemical ,  hydro logic ,  mechanical ,  and thermal  p r o p e r t i e s  
of a r g i l l a c e o u s  material. w i l l  be impor tan t  i n  t h e  g e o l o g i c a l  d i s p o s a l  
of h igh- leve l  r a d i o a c t i v e  wastes. These impor tan t  p r o p e r t i e s  are 
s t r o n g l y  in f luenced  by Ghe mine ra log ica l  composi t ion and previous  
d i a g e n e t i c  h i s t o r y  of the a r g i l l a c e o u s  naaterial. 

Although many a r g i l l a c e o u s  samples  have been analyzed t o  
de te rmine  one o r  more of t h e i r  chemical ,  hydro log ica l ,  mechanical ,  o r  
thermal  p r o p e r t i e s ,  q u a n t i t a t i v e  m i n e r a l o g i c a l  composi t ions are only 
r a r e l y  determined,  and t h e i r  d i a g e n e t i c  h i s t o r i e s  are a s ses sed  even 
less f r equen t ly .  Mine ra log ica l  and d i a g e n e t i c  in format ion  could be 
q u i t e  u s e f u l  i n  explaining how c l ay - r i ch  m a t e r i a l s  behave. A s  more 
in fo rma t ion  becomes a v a i l a b l e ,  i t  may be p o s s i b l e  t o  p r e d i c t  t h e i r  
s u i t a b i l i t y  f o r  g e o l o g i c a l  d i s p o s a l  on t h e  b a s i s  of mine ra log ica l  
composi t ion and previous  d i a g e n e t i c  h i s t o r y .  

A primary purpose of t h i s  s tudy  was t o  develop r ep roduc ib le ,  
q u a n t i t a t i v e  methods t o  determine t h e  bulk minera l  composi t ion and 
d i a g e n e t i c  h i s t o r y  of a r g i l l a c e o u s  rocks and t o  a t t e m p t ,  i n  a 
p re l imina ry  way, t o  e x p l a i n  t h e  thermomechanical behavior  of s e v e r a l  
format ions  t h a t  were being measured by o t h e r s .  

This  r e p o r t  p r e s e n t s  t he  resu l t s  of s e v e r a l  methods of a n a l y s i s  
[ s p e c i f i c - g r a v i t y  de t e rmina t ions ,  water c o n t e n t s ,  chemical ana lyses  by 
X-ray f luo rescence  (XRF) a n a l y s i s ,  q u a n t i t a t i v e  mine ra log ica l  ana lyses  
by X-ray d i f f r a c t i o n  (QXRD),  p r e f e r r e d  o r i e n t a t i o n  ana lyses  by X-ray 
d i f f r a c t i o n ,  and scanning e l e c t r o n  microscopy (SEM) of f r a c t u r e d  
samples]  t h a t  were used t o  s tudy  s e l e c t e d  samples from t h e  Conasauga 
Group, t h e  R h i n e s t r e e t  Sha le ,  t h e  Pierre Shale ,  and t h e  Green River  
Formation t o  determine t h e i r  mine ra log ica l  c h a r a c t e r  and t h e  e f f e c t s  of 
d i a g e n e s i s  on t h e s e  materials. The r e s u l t s  were then  r e l a t e d  t o  
thermomechanical tes t  d a t a  t h a t  were ob ta ined  on samples  from t h e  same 
cores .  

Specif  i c -g rav i ty  de t e rmina t ions  on "as-received" samples ranged 
from 2.00 f o r  t h e  Green River  Formation t o  2.75 f o r  t h e  Rh ines t r ee t  
Shale .  Exposure t o  t h e  atmosphere r e s u l t e d  i n  a small n e t  g a i n  ( M . 5 )  
i n  s p e c i f i c  g r a v i t y  f o r  t h e  Conasauga Group samples and a ne t  l o s s  
(-0.11) f o r  t h e  Pierre Shale  samples.  Water c o n t e n t s ,  determined by 
h e a t i n g  t o  105°C f o r  1 h, averaged 0.8% by weight f o r  t h e  Conasauga 
Sha le ,  R h i n e s t r e e t  Sha le ,  and Green R i v e r  Formation samples.  The 
water con ten t  determined f o r  the P i e r r e  Shale  samples  w a s  12.1 w t  %. 



Mineral  concen t r a t ions  ( i n  weight p e r c e n t )  were determined u s i n  
a modif ied p re s sed  p e l l e t ,  "mat r ix- f lush ing ,"  and r e l a t i v e  i n t e n s i t y  
method. Smect i te  and mixed-layer c l a y s  ranged i n  c o n c e n t r a t i o n  from 
"not de t ec t ed"  i n  t h e  Green River  Formation samples and a Conasauga 
Sha le  s a m p l e  t o  26  w t  % i n  a P i e r r e  Shale  sample. K a o l i n i t e  ranged 
i n  c o n c e n t r a t i o n  from "not de t ec t ed"  t o  1 4  w t  % i n  a R h i n e s t r e e t  
Sha le  sample .  I l l i t e  ranged from "not de t ec t ed"  i n  a Conasauga Shale  
sample t o  36 wt % i n  a R h i n e s t r e e t  Sha le  sample. Mine ra log ica l ly ,  
t h e  P i e r r e  Shale  samples  and t h e  Green River  Formation samples are t h e  
roost homogeneous while  the Conasauga Group samples are t h e  most 
heterogeneous.  

P r e f e r r e d  o r i e n t a t i o n  of c l a y  f l a k e s  was studi.ed us ing  XRD and 
o r i e n t e d  s h a l c  blocks.  Semiquan t i t a t ive  d a t a  were ob ta ined  by 
comparing t h e  i n t e n s i t i e s  of t h e  (001) peaks of i l l i t e  and k a o l i n i t e  
w i t h  t h e  i n t e n s i t y  of t h e i r  combined (920) peak. Comparison of t h e  
r a t i o s  determined f o r  t h e  P i e r r e  Shale and R h i n e s t r e e t  Sha le  samples 
s u g g e s t s  t h a t  t h e  c l a y  f l a k e s  i n  t h e  R h i n e s t r e e t  Sha le  samples are 
more p e r f e c t l y  a l i g n e d  than  those  i n  t h e  Pierre Shale  samples .  By way 
of comparison, po in t  -load index a n i s o t r o p i e s  determined by o t h e r s  f o r  
t h e  Chattanooga Shale  (a Devonian s h a l e ,  which i s  q u i t e  similar t o  t h e  
Kh ines t r ee t  Sha le)  and t h e  P i e r r e  Shale  are 10.5 and 1.8, r e s p e c t i v e l y .  
SEM anaJ.yses subs t a n t i a t e  t h e  high degree of p r e f e r r e d  o r i e n t a t i o n  of 
c l a y  f l a k e s  i n  t h e  Rh ines t r ee t  Shale.  

Using SEM a n a l y s i s  ca l ca reous  and s i l i c e o u s  cements (which 
i n c r e a s e  t h e  s t r e n g t h  of sedimentary rocks) were r e a d i l y  i d e n t i f i e d  i n  
t h e  Conasauga samples as were t r a c e  amounts of p y r i t e ,  i r o n  ox ides ,  
and o t h e r  minera ls  t h a t  were too  low i n  c o n c e n t r a t i o n  t o  be d e t e c t e d  by 
X-ray d i f f r a c t i o n  (XRD). SEM ana lyses  a l s o  made i t  p o s s i b l e  t o  
de te rmine  t h e  l o c a t i o n  of i n d i v i d u a l  phases  (such as t h e  ca l ca reous  
and s i l i c e o u s  cements i n  t h e  Conasauga Group samples and pore spaces  
i n  t h e  P i e r r e  Shale  samples) .  The presence  of a r a g o n i t e  ( o r  f i b r o u s  
c a l c i t e )  and p y r i t e  a long  bedding p l anes  r e v e a l s  passageways f o r  
mig ra t ing  f l u i d s .  Grain s i z e  and shapes a i d  i n  t h e  r e c o g n i t i o n  of 
d e t r i t a l  g r a i n s  of c l a y s ,  q u a r t z ,  and f e l d s p a r s  i n  a l l  samples ,  as 
w e l l  as biotiCt? of p o s s i b l e  vo lcan ic  o r i g i n  i n  a sample of t h e  P i e r r e .  

The r e l a t i v e l y  high u l t i m a t e  s t r e n g t h  of t h e  Green River  
Formation ( 7 4 . 7  MPa), measured by o t h e r s  is due t o  t h e  presence  of >50 
w t  % ca rbona te s ,  which act  l i k e  cement and bind g r a i n s  toge the r .  
Conversely,  the r e l a t i v e l y  low u l t i m a t e  s t r e n g t h  o f  t h e  P i e r r e  Shale  
( 7 . 2  MPa) r e s u l t s  froiu i t s  high w a t e r  con ten t  ( 1 2 . 1  w t  %) and i n f e r r e d  
p o r o s i t y  ( - 2 4 % ) ,  a s  w e l l  as i t s  h igh  c o n c e n t r a t i o n  (-25 w t  X )  of 
mixed-layer c lays .  
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1. INTRODUCTION 

1.1 INTRODUCTION AND PURPOSE 

The technology development desc r ibed  i n  t h i s  r e p o r t  e v a l u a t e s  

shales and o t h e r  a r g i l l a c e o u s  material for  the g e o l o g i c a l  d i s p o s a l  of 

h igh - l eve l  r a d i o a c t i v e  wastes. A primary purpose of t h i s  s tudy  is t o  

develop techniques  f o r  performing q u a n t i t a t i v e  mine ra log ica l  ana lyses  

and a s s e s s i n g  t h e  e f f e c t s  of d i agenes i s .  The i n i t i a l  mine ra log ica l  

composi t ion of sediments  depos i t ed  i n  a b a s i n  and t h e  changes that  

occur red  as a r e s u l t  of d i a g e n e s i s  du r ing  b u r i a l  can exert a s t r o n g  

i n f l u e n c e  on t h e  chemical ,  hydro log ica l ,  mechanical ,  p h y s i c a l ,  and 

the rma l  p r o p e r t i e s  of sedimentary material. 

Based on an e x t e n s i v e  s e a r c h  of the  l i t e r a t u r e  (KOPP 19861, t h e r e  

appea r s  t o  be a pauc i ty  of in format ion  concerning t h e  mineralogy and 

d i a g e n e t i c  h i s t o r y  OE most a r g i l l a c e o u s  s a m p l e s  f o r  which h y d r o l o g i c a l ,  

mechanical ,  and thermal  d a t a  have been obta ined .  

An a t t empt  is made h e r e  t o  relate mine ra log ica l  composi t ions and 

d i a g e n e t i c  i n fo rma t ion  t o  s e l e c t e d  thermal  and mechanical p r o p e r t i e s  

measured by HANSEN (1987) .  For t h i s  purpose,  e i g h t  samples [two each 

from t h e  Conasauga Group, t h e  R h i n e s t r e e t  Sha le  (Devonian),  the Pierre 

Sha le ,  and the Green River  Formation] were s e l e c t e d  f o r  a n a l y s i s .  The 

r e s u l t s  are d i scussed  i n  t h i s  r epor t .  

1 . 2  PREVIOUS STUDIES 

Severa l  rock t y p e s ,  i nc lud ing  both sedimentary and igneous 

rocks ,  have been cons idered  as p o t e n t i a l  h o s t s  f o r  t h e  g e o l o g i c a l  

d i s p o s a l  of r a d i o a c t i v e  waste. Among f i v e  sedimentary rocks t h a t  were 

cons idered  ( sands tone ,  s h a l e ,  l imestone-dolostone,  a n h y d r i t e ,  and 

c h a l k ) ,  s h a l e s  appear  t o  have t h e  bes t  o v e r a l l  combination of  

p r o p e r t i e s  f o r  t h i s  purpose (CROFF, i n  p r e p a r a t i o n ) .  

Sha le s  and o t h e r  c l ay - r i ch  m a t e r i a l s  possess  cer ta in  advantageous 

p r o p e r t i e s  such as low h y d r a u l i c  c o n d u c t i v i t y ,  adequate  thermal  

c o n d u c t i v i t y ,  p l a s t i c i t y  (which can a i d  i n  t he  s e l f - h e a l i n g  of 

f ractures) ,  and good s o r p t i v e  c a p a c i t y  (WEAVER 1976)"  However, a l l  

of t h e s e  d e s i r a b l e  p r o p e r t i e s  may not be p re sen t .  In  a d d i t i o n ,  some 



of t h e s e  same d e s i r a b l e  p r o p e r t i e s  may be a s s o c i a t e d  wi th  o t h e r  

p r o p e r t i e s ,  such as low compressive s t r e n g t h  and the tendency t o  

creep. The e f f e c t s  of e l e v a t e d  temperatures  (due t o  t h e  thermal  

l o a d i n g  imposed by c a n n i s t e r s  that c o n t a i n  r a d i o a c t i v e  waste) ora 

a r g i l l a c e o u s  materials are not thoroughly understood. 

Sha le s  and o t h e r  a r g i l l a c e o u s  materials are mainly composed of c l a y  

mine ra l s  such as members of t h e  i l l i t e ,  smectite (and c l a y - s i z e  

v e r m i c u l i t e ) ,  k a o l i n i t e ,  and c h l o r i t e  groups (SHAW 1965; POTTER 1980). 

Two o r  inare c l a y  mine ra l s  are u s u a l l y  p r e s e n t  i n  a g iven  s a m p l e  and 

mixed-layer c l a y s  are common, e s p e c i a l l y  i n  younger OK less deeply 

b u r i e d  formations.  Clay mine ra l s  i n  t.he s i l t - s i z e  f r a c t i o n  may be 

important  i n  determining t h e  p r o p e r t i e s  of a r g i l l a c e o u s  rocks. Other 

m i n e r a l s ,  i n c l u d i n g  q u a r t z  ca l c i t e ,  dolomite?,  f e l d s p a r s  p y r i t e ,  

z e o l i t e s ,  v a r i o u s  i r o n  and aluminum ox ides  and oxyhydroxides,  etc. ,  

may be p r e s e n t  i n  amounts ranging from <1 t o  50% by weight.  

M E Y E K  (1983) compares s e v e r a l  p r o p e r t i e s  (e.g. , hydraril ir 

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

s t r e n g t h )  f o r  c l a y  s p e c i e s  such as i l l i t e ,  k a o l i n i t e ,  and smeetite and 

t h e i r  admixtures wi th  wa te r ,  q u a r t z  sand,  and o t h e r  materials. RTEKE 

(1974) p rov ides  comprehensive d a t a  concerning t h e  changes i n  

h y d r o l o g i c a l ,  mechanical,  p h y s i c a l ,  and thermal  p r o p e r t i e s  t h a t  take 

p l a c e  as a r g i l l a c e o u s  sediments a r e  buried.  Many r e p o r t s ,  

proceedings,  and papers  d i s c u s s  m i n e r a l o g i c a l  changes t h a t  t a k e  p l a c e  

d u r i n g  t h e  b u r i a l  of a r g i l l a c e o u s  sediments.  Even so,  most of t h e  

a v a i l a b l e  l i t e r a t u r e  docs __ not addres s  the r e l a t i o n s h i p s  between 

m i n e r a l o g i c a l  composi t ion,  d i a g e n e t i c  h i s t o r y ,  and the  propcrLies t h a t  

w i l l  determine whether a s p e c i f i c  material is s u i t a b l e  f o r  u se  i n  t h e  

g e o l o g i c a l  d i s p o s a l  of high-level  r a d i o a c t i v e  waste. 

DEL,AGUNA (1968) provides  adequate  m i n e r a l o g i c a l  d a t a  and 

o t h e r  i n fo rma t ion  on p e r m e a b i l i t y  and ian-exchange c a p a c i t y  t o  

demonstrate  t h e  i n f l u e n c e  of mine ra l  composition on t h e s e  p r o p e r t i e s  

(KOPP 1987). More r e c e n t l y ,  HANSEN (1987) p rov ides  t h e  r e s u l t s  of 
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s p e c i f i c  thermomechanical tests (unconfined compression, i n d i r e c t  

t e n s i o n ,  point- load index ,  c r eep ,  s l a k e  d u r a b i l i t y ,  and s w e l l  t e s t s )  

f o r  s e l e c t e d  samples of t h e  P i e r r e  Sha le ,  Green River  Formation, 

R h i n e s t r e e t  Sha le ,  C a r l i l e  Sha le ,  and Chattanooga Shale.  The Hansen 

r e p o r t  i nc ludes  q u a n t i t a t i v e  mine ra log ica l  composi t ions f o r  e i g h t  

samples of t h e  P i e r r e  Shale ,  and one sample each of t h e  Carl i le  Shale ,  

Conasauga Group, Chattanooga Shale, Green River  Formation and 

R h i n e s t r e e t  Shale.  The mine ra log ica l  ana lyses  were performed by B. L. 

Davis,  I n s t i t u t e  of Atmospheric Sc iences ,  South Dakota School of Mines 

and Technology, Rapid C i ty ,  South Dakota, u s ing  t h i n - l a y e r  a e r o s o l  

samples (DAVIS 1982 and 1984). Davis '  method and results w i l l  be 

compared wi th  the method and r e s u l t s  desc r ibed  i n  rihis r e p o r t ,  

A more complete d i s c u s s i o n  of prev ious  a t t empt s  t o  o b t a i n  

QXRD a n a l y s i s  and a s t a t i s t i c a l  e v a l u a t i o n  of t h e  methods used t o  

p repa re  and ana lyze  t h e  samples  i n  t h i s  s tudy  a r e  g iven  by MULLIGAN 

( 1987). 
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2. NETBODS 

2.1 STANDARDS AND SAMPLES 

I n  o r d e r  to perform the  QXRD ana lyses  d i s c u s s e d ,  i t  w a s  

necessary  t o  use a number of minera l  s t anda rds .  Most of t he  c l ay  

mine ra l  s t a n d a r d s  were purchased from t h e  Clay Mineral  Soc ie ty .  
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The o t h e r  mine ra l s  used f o r  r e f e r e n c e  p a t t e r n s  came from t h e  

c o l l e c t i o n s  i n  t h e  Department of Geological  Sciences o r  were 

purchased from Ward's Na t iona l  Science Establ ishment  i n  Rochester ,  

New York. A l i s t  of t h e  s t a n d a r d s  used i n  t h i s  s t u d y  i s  given i n  

Table  1. Note t h a t  completely pure minerals  are t h e  excep t ion  r a t h e r  

t h a n  t h e  ru l e .  Each mineral  was analyzed us ing  XRD t o  confirm i t s  

i d e n t i t y  and t o  determine whether any i m p u r i t i e s  were p resen t .  This  

i n fo rma t ion  is g iven  i n  MULLIGAN (1987) .  

The sedimentary rock samples,  which wcre analyzed by QXRD and 

o t h e r  t echn iques  d e s c r i b e d  below, were s u p p l i e d  by T. W, Modge, Jr. 

(ORNL).  Offcut..; of t h e  samples analyzed by NANSEN (1987) were not 

a v a i l a b l e  ; however, e i g h t  samples were s e l e c t e d  f o r  a n a l y s e s  from t h e  

a v a i l a b l e  C O K ~  a t  ORNL. The samples  are l i s t e d  i n  T a b l e  2 w i th  b r i e f  

d e s c r i p t i o n s  iaf t h e i r  p h y s i c a l  c h a r a c t e r i s t i c s .  

2 .2  S P E C I F I C  GRAVITY 

S p e c i f i c  g r a v i t y  is a dimensionless  q u a n t i t y  t h a t  g i v e s  the 

d e n s i t y  of a subs t ance  r e l a t i v e  t o  t h e  d e n s i t y  of pure water a t  a 

s p e c i f i e d  t empera tu re ,  u s u a l l y  20°C ( a l though  o t h e r  temperatures  may 

be used ) .  

measured i n  grains p e r  cub ic  c e n t i m e t e r  a t  20°C f o r  most subs t ances  

can be converted d i r e c t l y  t u  s p e c i f i c  g r a v i t i e s  w i thou t  i n t r o d u c i n g  

any s i g n i f i c a n t  e r r o r s .  (Note: numer i ca l ly ,  va lues  of s p e c i f i c  

g r a v i t y  are e q u a l  t o  d e n s i t i e s  measured i n  grams p e r  cub ic  cen t ime te r . )  

Since t h e  d e n s i t y  of water a t  20°C i s  0.998 g/cm3, d e n s i t i e s  

S p e c i f i c  gravi. t i .es can be determined f o r  s e v e r a l  k inds  of 

s a m p l e s ,  depending on the m t e r i a l  a v a i l a b l e  and t h e  in fo rma t ion  

sough t :  "as-received,  "'air-dried "oven-dried" ( a t  a s p e c i f i e d  

t empera tu re ) ;  and even t h e  s p e c i f i c  g r a v i t i e s  of t h e  g r a i n s  can be 

deterrni.ned. I n  t h i s  s t u d y ,  t h e  as-received and a i r - - d r i e d  s p e c i f i c  

g r a v i t i e s  of bulk samples are of i n t e r e s t  bec.aiise t h e s e  va lues  m y  

p rov ide  i n f  ormatii c m  r e l a t e d  t o  t h e  m i n e r a l o g i c a l  a n d l o r  chemical 

composi t ion,  t h e  e x t e n t  of compaction, and t h e  e x t e n t  t o  which pores are 

v a c a n t ,  f i l l e d  wi th  f l u i d s ,  or  f i l l e d  w i t h  mine ra l  mttet .  

T h e  s p e c i f i c  g r a v i t i e s  of coherent. rocks w i t h  low p o r o s i t i e s  can 

be determined us ing  t h e  same t echn iques  as f o r  o t h e r  s o l i d s ;  however, 

c l a y s  and s h a l e s  may r e q u i r e  s p e c i a l  hand l ing  because of t h e i r  f r a g i l e  
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Table 1. Standards used t o  e s t a b l i s h  r e l a t i v e  i n t e n s i t y  r a t i o s  

Clay Mineral  Soc ie ty  Standards 

I M t - 1  
KGa-1 
KGa-2 
NG- 1 
SCa-2 
SWa-1 
swy-1 

Non-c l a y  M i  ne ra Is 

A l b i t e  
Aragoni te  
C a l c i t e  
Calcite 
Dolomite 
P y r i t e  
Quartz 
Quartz 

I l l i t e ,  Montana 
K a o l i n i t e ,  Georgia ( w e l l  c r y s t a l l i z e d )  
K a o l i n i t e ,  Georgia (poor ly  c r y s t a l l i z e d )  
Nont r o n i t e ,  Germany 
Smect i te ,  C a l i f o r n i a  
Smect i te ,  Washington 
Smec t i t e ,  Wyoming 

Keystone, South Dakota 
Somerset,  England 
Chihuahua, Mexico 
Locat ion  unknown 
Sussex, New Jersey 
Locat ion  not known 
Braz i 1 
Locat ion  not  known 

Note: Standards  were not a v a i l a b l e  f o r  c h l o r i t e ,  ini.xed-l.ayer 
c lays ,  and uncommon minera ls  such as dawsonite.  



Table 2. Samples analyzed 

I___ _ _ _  . _______ .. ~ . . ~  .. 

OWL i d e n t i f i c a t i o n  Our I D  number D e s c r i p t i o n  - ~ ______ -___ 

Conasauga Group cs 1 Righly v a r i a b l e  s h a l e ,  
Bear Creek Val ley s i l t y  and c a l c a r e o u s ;  
ORNL, GW-137 l i g h t  gray (N7) t o  medium, 
(513.5 t o  514.0 f t )  da rk  gray (N4); wavy t o  

i r r e g u l a r  bedding, not  
obvious upon breaking. 

Conasauga Group cs2 S h a l e ,  dark g ray ;  p a r t  nodu la r ,  
Bear Creek Val ley l i g h t  gray (N7); i n  p a r t ,  
ORNL,  GW-139 f i n e l y  laminated ; s h a l e - r i c h  
(725 t o  725.9 f t )  p o r t i o n s  c o n t a i n  micaceous 

material . ;  S O ~ W  f r a c t u r e  
p o r o s i t y .  

Devonian Shale DS 1 Very f ine -g ra ined  s h a l e ;  
( R h i n e s t r e e t  Sha le )  o l i v e  black (5Y2/1); very 
West V i r g i n i a  f i n e  p a r a l l e l  l amina t ions  
DR/86/181 w i t h  minor s i l t ;  r i c h  i n  
(5256 f t )  o r g a n i c  matter. 

Devonian Shale  DS2 Very f i n e - g r a i n e d ,  laminated 
( R h i n e s t r e e t  Sha le )  s h a l e  w i t h  numerous 
West V i r g i n i a  s i l t  p a r t i c l e s ;  medium 
DR/ 8 6 / 26 2 g ray  (N3); r i c h  i n  o r g a n i c  
(5231 f t )  matter . 

Pie r re  Shale  PS 1 Very f ine -g ra ined  s h a l e ;  
Mobridge Member no obvious l amina t ions  ; 
DW-84-20(U14) o l i v e  black (5Y2/1) t o  
(312.3 1:o 312.8 ft) brownish black (5YR2/ 1 )  ; 

con t  a i n s  s i It -as i z  e g r a  i. n s  
and micaceous f l a k e s .  

P i e r r e  Shale  PS2 S i l t y  shale wi th  no obvious 
Mobridge Member laminat  i o n s  ; medium 
DH-84-20(U14) da rk  gray (N4), but v a r i a b l e  
(314.4 t o  314.9 f t )  i n  c o l o r ;  e a s i l y  broken wi th  

concho ida l  f r a c t u r e .  
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Table  2 
( con t inued)  

--II_ 

ORNL i d e n t i f i c a t i o n  Our I D  number Descr iDtion 

Green River  Fm. GRl  F ine ly  lamina ted  and c o l o r -  
Parachute ,  CO banded mar ls tone  ( ? > ;  
GR/86/V17-0 g r a y i s h  brown (5YR3/2) t o  
(11.79 t o  12 ft) medium brown (5YR3/4); 

r e l a t i v e l y  homogeneous, but  
c o n t a i n s  f ine-grained drusy 
c r y s t a l s  a long  lamina t ion  
s u r f  aces and c o a r s e r  c r y s t a l s  
a long  c leavage  su r f  aces. 

Green e v e r  Flu. GR2 F ine ly  laminated and c o l o r  
Parachute ,  CO banded mar ls tone  (? ) ;  
GR/86/V17-0 wi th  pods of o rgan ic  d e b r i s ;  
(12.5 t o  12.75 f t )  f a i r l y  homogeneous ; g r a y i s h  

brown (5YR3/2) t o  dusky 
brown (5UR2/2); c o n t a i n s  drusy 
c r y s t a l s  along fractures.  
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c h a r a c t e r  and tendency t o  s l a k e  when immersed i n  water. TA o r d e r  t o  

overcome t h e s e  problems, each sample w a s  coa ted  w i t h  p a r a f f i n  b e f o r e  

immersion i n  water t o  determine i t s  volume. 'The procedure i s  

d e s c r i b e d  i n  Appendix A. 

2.3 WATER CONTENT 

Determinat ion of t h e  water con ten t  is a r e l a t i v e l y  s imple 

procedure.  A s m a l l  q u a n t i t y  of t h e  sample ( u s u a l l y  5 t o  10 g ) ,  which 

h a s  been crushed t o  "pea" s i z e  (approximately 2 t o  5 mm i n  d i a m e t e r ) ,  is 

weighed t o  t h e  n e a r e s t  0.01 g i n  a beaker of known weight.  I n  an 

a t t e m p t  t o  remove onLy t h e  pore water, t h e  sample is hea ted  i n  an oven 

a t  105°C f o r  1 h, removed, and reweighed. Some workers p r e f e r  t o  h e a t  

t h e  sample f o r  24 h a t  105°C; however, extended h e a t i n g  may a l s o  d r i v e  

water out  of i n t e r l a y e r  sites. The water content: is ca l cu l - a t ed  from t h e  

weight  l o s s  du r ing  t h i s  procedure.  

There are s e v e r a l  problems w i t h  t h i s  de t e rmina t ion .  I f  t h e  

sample has been exposed ( a i r  d r i e d )  f o r  any l e n g t h  of t i m e ,  i t  may 

have a l r e a d y  l o s t  par t  (or  n e a r l y  a l l )  of the mois tu re  con ta ined  i n  

i t s  pores ,  depending on t h e  s i z e s  of t h e  pores  and the  degree t o  which 

they are in t e rconnec ted .  Clay-rich samples are more d i f f i c u l t  t o  work 

w i t h  because some c l ay  mine ra l s  ( e s p e c i a l l y  smectites, v e r m i c u l i t e s ,  

and mixed-layer c l a y s )  may hold a s i g n i f i c a n t  f r a c t i o n  of t h e  water 

con ta ined  i n  t h e  sample i n  i n t e r l a y e r  si tes ( w i t h i n  t h e  c l a y  f l a k e s )  

r a t h e r  t h a n  i n  i n t e r g r a n u l a r  pore spaces .  The amount of water r e l e a s e d  

from such s i tes ,  a f t e r  h e a t i n g  f o r  t h e  p r o s c r i b e d  t i m e  a t  105"C, is 

a f f e c t e d  by f a c t o r s  such as the s i z e  of t h e  c l a y  g r a i n s ,  t h e i r  

m i n e r a l o g i c a l  composition, and the n a t u r e  of t h e  i o n s  i n  t h e  i n t e r l a y e r  

si tes.  Even s o ,  t h e  de t e rmina t ion  is worth t h e  small e f f o r t  involved. 

Samples t h a t  have been a i r  d r i e d  t y p i c a l l y  show l i t t l e  weight l o s s ,  as 

do  t h e  samples t h a t  have been thorough1.y compacted as a r e s u l t  of deep 

b u r i a l  o r  having been e x t e n s i v e l y  cemented. On t h e  o t h e r  hand, 

g e o l o g i c a l l y  younger fo rma t ions  t h a t  were never  deeply b u r i e d  may 

c o n t a i n  >25% water by weight. 
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The amount of water l o s t  du r ing  h e a t i n g  may y i e l d  some pre l iminary  

in fo rma t ion  concerning t h e  amount of pore space  i n  t h e  sample and may 

provide  c l u e s  t o  t h e  r e l a t i v e  s t r e n g t h  of t h e  material du r ing  handl ing  

and excava t ion  o r  t h e  p o s s i b l e  release of water dur ing  t h e  thermal  

load ing ,  which would be imposed by nearby r a d i o a c t i v e  c a n n i s t e r s .  

2.4 X-RAY FLUORESCENCE ANaYSIS  

XRF a n a l y s i s  is a nondes t ruc t ive  X-ray method €or  de te rmining  t h e  

chemical  composi t ion of a wide range of materials. Each sample, which 

w a s  p rev ious ly  a i r  d r i e d  a t  105°C f o r  1 h,  is i r r a d i a t e d  wi th  a beam 

of primary X-rays, producing a spectrum of secondary X-rays. The 

spectrum of secondary X-rays is recorded and analyzed t o  determine t h e  

e lements  p r e s e n t  i n  t h e  sample and t h e i r  concen t r a t ions  i n  weight 

percent .  The method is  r e l a t i v e l y  r ap id  (as many as 24 samples and/or 

s t a n d a r d s  can be analyzed o v e r n i g h t )  and g ives  r ep roduc ib le  r e s u l t s  

(each  t i m e  samples are ana lyzed ,  3 o r  4 s t anda rds  are analyzed as 

unknowns and t h e  r e s u l t s  checked a g a i n s t  t h e i r  known composi t ions) .  

Elements l i g h t e r  than  sodium cannot be analyzed d i r e c t l y .  

In combination wi th  XRD a n a l y s i s ,  c e r t a i n  chemical  e lements  can 

be r e l a t e d  t o  t h e  minera ls  t h a t  are present .  For example, t h e  common 

mine ra l s  i n  s h a l e s  t h a t  c o n t a i n  potassium a r e  K-feldspars ,  micas,  and 

members of t h e  i l l i t e  and v e r m i c u l i t e  groups. I n  many g e o l o g i c a l l y  

o l d e r  s h a l e s ,  t he  dominant minera l  is i l l i t e  and t h e  amount of t h i s  

c l a y  p r e s e n t  is c l o s e l y  r e l a t e d  to t he  amount of K20 p r e s e n t  i n  t h e  

sample analyzed.  Large concen t r a t ions  o f  CaO are most l i k e l y  due t o  

c a l c i t e ,  a r a g o n i t e ,  o r  dolomite ,  a l though some may be p resen t  i n  

smectites. The a n a l y t i c a l  program c a l c u l a t e s  t h e  sum o f  t h e  weight 

p e r c e n t s  of a l l  t h e  elements  ana lyzed ,  provid ing  a c l u e  t o  t h e  

q u a n t i t y  of any material t h a t  was not  analyzed (e.g., d i s c r e t e  wa te r ,  

carbon d iox ide ,  and o rgan ic s  ). 

In t h e  p re sen t  s tudy ,  no a t tempt  w a s  made t o  determine t h e  

s o r p t i o n  c h a r a c t e r i s t i c s  of t h e  samples. This  is b e s t  done by 

de termining  s o r p t i o n  c o e f f i c i e n t s  (Kds o r  Rds); however, XRF can be 

used t o  estimate t h e  ca t ion -  and anion-exchange c a p a c i t i e s  of c lays ,  
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s h a l e s ,  s o i l s ,  and similar g e o l o g i c a l  material, us ing  barium chlor ide . .  

The procedures  are d e s c r i b e d  by MONGER (1986). 

2,5 X-RAY DIFFRACTION ANALYSIS 

XRD has been one of t h e  most wi-dcly used methods of mine ra l  

i d e n t i f i c a t i o n  s i n c e  t h e  1930s. It is e s p e c i a l l y  v a l u a b l e  i n  t h e  

i d e n t i f i c a t i o n  of c l ay  minerals  because t h e i r  f i n e  g r a i n  s i z e  and l a c k  

of d i s t i n c t i v e  p h y s i c a l  p r o p e r t i e s  make i t  v i r t u a l l y  imposs ib l e  t o  

d i s t i n g u i s h  t h e s e  rninerals i n  hand specimens. The b a s i c  t echn ique  is 

s o  f a m i l i a r  t h a t  no a t t empt  w i l l  be made t o  d e s c r i b e  t h e  method i n  

t h i s  r epor t .  

XRD was the primary a n a l y t i c a l  method used t o  determine t h e  

mine ra l s  p r e s e n t  i n  t h e  ORNL samples analyzed i n  t h i s  s tudy.  The 

m i n e r a l o g i c a l  a n a l y s e s  were performed on bulk samples (pack mounts) ; 

p r e s s e d  p e l l . e t s ;  p re s sed  p e l l e t s  w i th  Linde C corundum (1 i.[rn9 nominal; 

a l p h a  f o r m ,  99.98% pur i - ty ;  Union Carbide Corpora t ion ,  Coatings S e r v i c e  

Dep t . ,  1550 Polco St. I n d i a n a p o l i s ,  EN 4 6 2 2 4 )  as an  i n t e r n a l  s t a n d a r d ;  

p re s sed  pel.!.ets w i th  Linde C corundum i n t e r n a l  s t a n d a r d ,  which were 

s p i k e d  w i t h  known qua iz t i t i e s  of q u a r t z ,  c a l c i t e ,  or  dolomite;  and 

e l u t r i a t e d  s l i d e s  (prepared by s e t t l i n g  s a m p l e s  from water suspens ions  

o n t o  glass  s l i d e s ) .  I n  a d d i t i o n ,  cu t  blocks of r e p r e s e n t a t i v e  s h a l e  

sawples were used f o r  p r e f e r r e d  o r i e n t a t i o n  ( f a b r i c )  a n a l y s i s  u s i n g  MZD. 

2.5.1 Mine ra log ica l  Aoal.ysis -...-.-..-.___I-_- 

MULLIGAN (1987) p rov ides  a d e t a i l e d  d i s c u s s i o n  of t h e  development 

of QXRD and d e s c r i b e s  t h e  methods used f o r  ana lyz ing  t h e  samples 

l i s t e d  i n  Table 2 ,  Sect.i.on 2.1. The. method invo lves  s e v e r a l  forms of 

a n a l y s i s .  A hand--ground, pack-mount sample w a s  analyzed i n i t i - a l l y  t o  

determine t h e  mineral  phases p r e s e n t  and t h e  p o s i t i o n s  of t h e i r  m ~ ~ t  

i n t e n s e  peaks. R e l a t i v e  i n t e n s i t y  r a t i o s  (RIKs 1 w n r e  determined 

u s i n g  p res sed  p e l l e t s  prepared from 3.000 g of sample and 1.000 g of 

Linde C corundum. A s  o r i g i n a l l y  proposed, R I R ,  t h e  r a t i o  of t h e  most 

i n t e n s e  peak of a mineral to the  i n t e n s i t y  of t h e  most i n t e n s e  peak o f  

corundum, w a s  determined us ing  a sample c o n t a i n i n g  e q u a l  amounts of 

t h e  mine ra l  and corundum ( a  50:50 r a t i o  by weight) .  We found t h a t  
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u s i n g  a 75:25 r a t i o  of sample t o  corundum inc reased  the  i n t e n s i t i e s  

f o r  the  mineral peaks,  whi le  s t i l l  p rov id ing  adequate  i n t e n s i t i e s  f o r  

t h e  s t r o n g e s t  corundum peak a t  0.2085 nm. RLR values  f a r  s t ~ w e r d  

minerals are compared i.n Sec t ion  3 , 4 ,  

A second p e l l e t  of each sample was prepared  us ing  q u a r t z  as a 

s p i k e  I n  t h e  fo l lowing  p ropor t ions :  Linde C corundum, L.000 g ( 2 5 2 6 ;  

q u a r t z ,  0.808 g (20%);  and t h e  sample ,  2,200 g (,55%), ‘In a d d i t i o n ,  

ca lc i te  was added as a s p i k e  t o  samples CSl, CS2,  PSI ,  and PS2, and 

dolomi te  w a s  added as a s p i k e  t o  s a m p l e s  GRl  and GR2 in the same 

propor t ions .  These sp iked  samples were used t o  e s t i m a t e  the 

c o n c e n t r a t i o n s  of quartz and/or  ca lc i te  and dolomi te  i n  each oE the 

samples through l i n e a r  r e g r e s s i o n  a n a l y s i s  (MULLIG 

P e l l e t s  are prepared  from p rev ious ly  ground powders ~ w h l  :la are 

c a r e f u l l y  mixed and ground t o g e t h e r  (us ing  Freon as a grinding a i d )  i n  

a Shat terbox and p res sed  a t  207 MPa (30,000 p s i ) ,  The s a m p l ~  p l u s  

corundum pel le ts  are used t o  determine R I R s  for t h e  mineral  phases 

p r e s e n t .  This in fo rma t ion  is used t o  c a l c u l a t e  t h e  quantities of each 

mineral  phase p r e s e n t  u s ing  the method of &‘HUNG (19743 and 1974 tp ) .  

DAVIS (1982 and 1984) uses  a s imilar  method ( the  r e l a t i v e  iiat.ensiPty 

method, RIM) i n  which unolriented s a m p l e s  ob ta ined  by t r app ing  

spray-dr ied  powders on f i b e r g l a s s  f i l t e r s  are X-rayed” A nT%Jor 

advantage of  Davisv method is  the a b i l i t y  t a  c a l c u l a t e  the  amc~imt of 

amorphous m a t e r i a l  p r e s e n t  u s ing  X-ray a b s o r p t i o n .  D a v i s  ’ teehniqame 

however, has  s o w  disadvantages :  t h e  unor i en ted ,  spray-dr ied  samples  

have very law packing d e n s i t i e s ,  reducing  d i f f r a c t i o n  i n t e n s i t i e s ,  and 

w r r e c t i s n  f a c t o r s  must be a p p l i e d  t o  compensate f o r  the  d j f f e rcn t ;  

amounts a1 powder t rapped  each time a new sample is preparrd. .  ‘I’he 

r_Pshniqur desc r ibed  by MLJLLTGAN (19813 cannot be used in its prc>sent 

form t o  determi ne wi th  assurance t h e  amount of amotplious m a t e r i a l  

p r e s e n t  

I n  a d d i t i o n  to the bulk and p res sed  p e l l e t  samples, elutl-iaccd. 

sli.des were also X-rayed. These samples are enriched i n  tht. e2:ily-size 

f r a c t i o n  and are inore h igh ly  o r i e n t e d  than p res sed  pelEeta ,  Tie c l a y  

mineral. phases can be f u r t h e r  analyzed and subjpc ted  %Q both 

g l y c o l a t i o n  and heat  t r ea tmen t  t o  d i s t i n g u i s h  Mj nor amounts of 
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i n d i v i d u a l  c l a y  minera l  s p e c i e s  p re sen t .  E l u t r i a t e d  s l i d e s  

a re  e s s e n t i a l  f o r  d i s t i n g u i s h i n g  c e r t a i n  c l a y  mine ra l s ,  such as 

c h l o r i t e .  Perhaps t h e  g r e a t e s t  d i f f i c u l t y  i n  u s i n g  RIK-based methods 

o f  QXRU i s  t h a t  c l a y  mine ra l s  vary so much i n  t h e i r  degree of 

c r y s t a l l i n i t y  and chemical  composi t ion (mixed-layer c l a y s  and s o l i d  

s o l u t i o n s  are very common). I n  most a n a l y s e s ,  an  R I R  va lue  is 

a s s igned  t o  each minera l  phase ,  and t h a t  va lue  is used t o  c a l c u l a t e  

t h e  q u a n t i t y  o f  each minera l  p re sen t .  However, t h e  p r e s e n t  s tudy  has  

shown t h a t  RIRs f o r  i n d i v i d u a l  specimens w i t h i n  a group (such as t h e  

s tnec t i t e  group) may vary by a f a c t o r  oE 5 t o  6 times (e .g. ,  f o r  f o u r  

smeclite s t a n d a r d s ,  t h e  RZKs ranged from 1.4 t o  8.1). The lack  of 

r e p r e s e n t a t i v e  s t a n d a r d s  f o r  some minera ls  (e.g., c l ay - s i ze  c h l o r i t e ,  

c l a y - s i z e  veriui c u l i t e ,  and dawsoni te)  made it imposs ib le  t o  de te rmine  

t h e i r  R I R s .  The concen t r a t  ion va lues  f o r  c h l o r i t e  were determined us ing  

t h e  method of G R I F F I N  (1970). No a t t empt  w a s  made t o  q u a n t i f y  dawsonite.  

No a t t e m p t  was made i n  t h i s  s t u d y  t o  de te rmine  t h e  lower l i m i t s  

o f  d e t e c t i o n  f o r  i n d i v i d u a l  minera ls .  PAWLQWSKI (1987) determined 

lowel- l i m i t s  of d e t e c t i o n  f o r  s e v e r a l  phases:  0.5% f o r  q u a r t z ,  

c a l c i t e ,  and dolomi te ;  7% f o r  i l l i t e ;  and 40% f o r  g l a s s .  

2 .5 .2  P r e f e r r e d  O r i e n t a t i o n  ( F a b r i c )  Analys is  IJsing XRD 
C---.-.-.l__l _I___._ 

In  s e v e r a l  p rev ious  r e p o r t s  (summarized by KOPP 1986) ,  s h a l e  

p r o p e r t i e s ,  such as mechanical s t r e n g t h ,  h y d r a u l i c  c o n d u c t i v i t y  

and thermal. c o n d u c t i v i t y ,  are shown t o  vary wi th  tes t  d i r e c t i o n  ( i . e - ,  

whether  t h e  p rope r ty  i s  measured para]-lel t o  o r  pe rpend icu la r  t o  t h e  

bedding) .  The r e p o r t e d  va lues  may d i f f e r  by more than  an o r d e r  of 

inagnitude. HANSEN (1987) r e p o r t s  t h e  average poin t - load  index  f0.r 

P ie r re  Shale  pe rpend icu la r  t o  bedding as 0.27 MPa atid p a r a l l e l  t o  

bedding as 0.13 ma, g i v i n g  t h e  index  an "aniso t ropy"  oE two. For 

s a m p l e s  o f  t h e  Chattanooga Shale ,  t h e  average  index  strength p a r a l l e l  

t o  bedding is 0.32 MPa, whi le  t h e  average  index  s t r e n g t h  pe rpend icu la r  

t o  bedding is  3.37 MPa, g i v i n g  t h e  index  an a n i s o t r o p y  of 10.5. 

Seve ra l  f a c t o r s ,  p r i m a r i l y  t h e  degree  of p r e f e r r e d  o r i e n t a t i o n  of  

t h e  cla)7 g r a i n s  (bu t  a l s o  o t h e r  f a c t o r s  such as t h e  degree  of 



-1 5- 

cementation) m y  be respons ib le  f o r  the  d i f f e r e n c e s  i n  shale 

p r o p e r t i e s  wich direction. In order  co determine any such 

r c l a t ionsh ips  several  samples were cu t  into "L-~hapect '~ blacks, one 

l eg  a t  which. is e s s e n t i a l l y  p a r a l i d  to the  bedding arid t h e  other 

i s  essentially perpend icu la r  t o  the bedding,, The procedures f o r  

c u t t i n g  khe blocks are descr ibed in Appendix D. 

Each leg sf the L-shaped b10t:k was X-rayed, one paral le l .  t o  

t h e  bedding and the o t h e r  pe rpend icu la r  to the  beddingo TIM+ XKD 

pa t t e rns  were ~ffensurcd and the i n t e n s i t i e s  of two (or mre)  clay 

peak,. w i t h  kn~wi-t c rys ta lkagraphic  o r i e n t a t i o n s  parallel  t o  the 

basal planes (the 001 planes)  and at a h igh  angle  to t he  basal plane 

( such  as the 020 p l a n e s )  were detesmi~azd. Lxatensity ratios were 

c a l c u l a t e d  f o r  the '"parallel-to-bcdding'l and "perpendicular - to-  

Seddi ng" or ienrae ions  and compared w i t h  each other. The re,sreltrs suggest 

t h a t  XRD sf or i en ted  blocks can provide s e m i  q u a n t i t a t i v e  information 

~oncc.rrning the degree of preferred orientation 05 t-he ctay gra ins  in a 

c lay- r ich  rock. T t a i s  ianCormation may be iaseful in  p r e d i c t i n g  the 

degree of va~-iat ior i  of c e r t a i n  mechanzcal h y d r o l ~ g i ~ ,  o r  thcraal 

p r o p e r t i e s  w i t h  d i r e c t  ',on* 

2 a 6 ~~~~~~~~ ELECTRON FDSCROSCOPH 

SEM imkes it poss ib l e  t o  ro;3gn:ify images of a13.rf8.ces u.p Lo 

100 3 ocaox or mcjre$ although f o r  m o s t :  purposes  * lower mgapi.f:i.eatLons 

s u f f i c e q  F r a c t u r e d  bkoeks from each s a m p l e  were prepared ;gild carbor, 

coated t u  provide a$equc?t:e electrical ca,ndu<:tiv:t.ty. Details of t h e  

method are  g iven  by MULLLGAN 4: 19t.37). Semiquantitative chem-iicab 

anal-yses (sodium is the  Xighcest: element t h a t  can he de tec t ed )  can be 

obtained r e a d i l y  f o r  selected gra ins  or surface areas. If des i r ed ,  

quanticacive a n a l y t i c a l  da.ta can be obtained,  but  t h i s  procetl'urc? 

requires much mre t i m e e  Since  one of the g o a l s  of this s tudy  was ti:, 

examine the cb.anges t h a t  occ1.tr d u r i n g  diagenesis (such as 

reorientation of gra ins  recrystal l izat i .on,  arid cementa t ion)  a 

decis:i.orn was made t o  use moat of tiie avaiI.abLe ins t rumenta l  tiise f u r  
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t h e  examination of d i a g e n e t i c  f e a t u r e s  , and only r a p i d ,  s e m i q u a n t i t a t  i.ve 

chemical ana lyses  were made of s e l e c t e d  g r a i n s .  

T e n t a t i v e  i d e n t i f i c a t i o n  of i n d i v i d u a l  mine ra l  g r a i n s  was based on 

a v a i l a b l e  in fo rma t ion ,  i n c l u d i n g  t h e  s i z e  and shape of t h e  g r a i n ,  t h e  

major e lements  p r e s e n t  ( u s i n g  s e m i q u a n t i t a t i v e  a n a l y s i s )  , and p r i o r  

knowledge o f  t h e  bulk mineralogy of the rock ob ta ined  u s i n g  XRD. 

Examples are given i n  t h e  Resu l t s  and Discussion s e c t i o n ,  and 

a d d i t i o n a l  examples are d e s c r i b e d  by MULLIGAN (1987) .  

3. RESULTS AND DISCUSSION 

3.1 SPECIFIC G U V I T I E S  

S p e c i f i c  g r a v i t i e s  were determined f o r  r e p r e s e n t a t i v e  bulk samples 

from each of t h e  e i g h t  co res  s e l e c t e d  f o r  a n a l y s i s .  The s p e c i f i c  

g r a v i t i e s  were measured twice. The f i r s t  d e t e r m i n a t i o n  w a s  made on 

material  t h a t  was k e p t  i n  s e a l e d  p l a s t i c  bags wh i l e  t h e  samples were 

be ing  d i v i d e d  f o r  t h e  s e v e r a l  ana lyses  performed i n  this study.  The 

second d e t e r m i n a t i o n  was made on samples that  had been exposed t o  t h e  

al raosphere f o r  a p e r i o d  o f  1.47 x l o6  s ( 1 7  d ) .  

noL a n t i c i p a t e d  t h a t  t h e  e f f e c t s  of exposure t o  a i r  would go t o  

completion i n  t h i s  b r i e f  time, the r e s u l t s  of t h e  second d e t e r m i n a t i o n  

are compared wi th  t h e  r e s u l t s  of the f i r s t  de t e rmina t ion  110 r e v e a l  t h e  

.general e f f e c t s  of exposure on r ep resenLa t ive  s h a l e  samples. 

AI-though i t  was 

N o ~ e  t h a t  o n l y  t h e  P i e r r ?  Shale  c o r e s  had been s t o r e d  i n  

c o n t a i n e r s  s e a l e d  with wax t h a t  would reduce the evapcarat i-ve l o s s  of 

water. It was expected t h a t  changes i n  s p e c i f i c  g r a v i t y  as a r e s u l t  of 

mo i s tu re  loss ( o r  g a i n )  f o r  samples CS1, CS2,  DSl, DS2, G K 1 ,  and GR2 

would be minimal because t h e s e  samples had been b u r i e d  more deeply ar~d 

s u b j c c t e d  t o  more compaction, reducing t h e  amount of p o r e  space 

p r e s e n t .  The d a t a  are g iven  i n  Table 3. S p e c i f i c - g r a v i t y  changes 

less than - +Q.O2 are probably not  s i g n i f i c a n t ,  but l a r g e r  changes are 

thought  t o  r e s u l t  from a c t u a l  changes i n  t h e  moi s tu re  con ten t  of t h e  

samples exposed to a i r .  Nei t h e s  t h e  Rliinestreet Shale  samples (DS1 

and DS2) nor t h e  Green River Formation samples (Gki and GK2) r e v e a l  
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cs 1 
cs2 

051 
us2 

PSI. 
P62 

GR 1. 
GR2 

2 , ? 3  
2.71 

2.75 
2.74 

2 - 1 3  
2, I 1  

2 * 0 2  
1*96  
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Table 4 ,  Water Contents  

_____._ _1--1_ 

Weight pe rcen t  water 
( l o s s  at 105°C) 

I_ ~~ .- .- _II- 

l__ Sample 

CSl 
cs2 

OS 1. 
DS2 

PSI 
PS2 

GRP 
GR2 

0.6 
0.9 

1.4 
0.9 

12. I 
1 2 . 1  

0. e 
0.6 

The icean (XI l o s s  o f  water f o r  s i x  of t h e  samples (CS1, CS2, DS1, 

DS2 GR1,  and G R 2 )  i s  0.8% by weight. and t h e  s t a n d a r d  d e v i a t i o n  (SK) 

i s  0.3, sugges t ing  that  even t h e s e  a i r - d r i e d  samples s t i l l  r e t a i n e d  

small amounts of pore water  artd/or r e l e a s e d  small  amounts of i n t e r l a y e r  

water he ld  by minor amounts of smectites p resen t .  WANSEN (1987) r epor t s  

average i n i t i a l  water c o n t e n t s  f o r  t h e  R h i n e s t r e e t  Shale and Green River  

Formation as 1.5 and 0.5%,  r e s p e c t i v e l y .  These values are i n  good 

agreement wiebh t h e  d a t a  r epor t ed  i n  Table 4 .  

The water l o s s  determined f o r  t h e  P i e r r e  Shale samples ( P S l  and 

PS2) i s  much g r e a t e r  (average water con ten t  = 12. I w t  XI. Tfie 

p resence  of water m y  be an  important  f a c t o r  i n  c o n s i d e r i n g  any 

geol-ogical material  f o r  use as a hos t  r e p o s i t o r y .  IIANSEN (1987) 

r e p o r t s  i n i t i a l  water c o n t e n t s  f o r  s e v e r a l  members of t h e  P i e r r e  Shale  

(based on samples of unknown s i z e  hea ted  a t  105°C f o r  24 h ) ,  ranging 

from 12.4 t o  22.3%;. Based on t h e  r e l a t i v e l y  high pore water c o n t e n t ,  

i t  may be i n f e r r e d  t h a t  I;he P i e r r e  Shale is r e l a t i v e l y  weak 

mechanically.  The P i e r r e  S’nale w i l l  be s u b j e c t  t o  changes i n  water 
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c o n t e n t  and may shrink or swell, depeirding on t r m p e r a t u r e ,  humidi ty ,  and 

i o n i c  envi ron~enr t  o r  c a t i o n  s a t u r a t i o n  eonditions. The e f f e c t s  of 

thermal. loading an expandable clay minerals as a result of emplaced 

waste cann i s t e r s  will need t o  be investigated because pore f l u l d s  and 

water conta lned  in the  interlayer site are l i k e l y  to be released when 

they are hea ted ,  

I f  t h e  s p e c i f i c  gravity of: t h c  a i r -d r i ed  bu lk  Pierre Shale sarupPes 

tested is approximately 2,O and an assumptian is m d e  t h a t  a l l  of the 

water released a t  105°C (1 h) f i l l e d  the a v a i l a b l e  p o r e  space, tkien a 

sample containing 12. w t  % water w o u l d  have a p o r o s i t y  af approximately 

24X,  and  R s:amnple c o n t a i n i n g  about  2 2  wk X water would have d p o r o s i t y  

of approximate ly  442,  Note t h a t  acco rd ing  eo BURST (19691 porosities 

>so% Eire known to Q C c U r  cB".ly -fn l.?Xt<fs vtrry t : k X C ?  t o  tin@ sedirnt?nt-Wl3ter 

interface.  The amount of pore water gene ra l ly  decreases t o  (30% by the 

time the sppcific g r a v i r y  of a mud has increased t o  2,0, Based on t h e  

i n i t i a l  water con ten t s  determined by MANSEN (i1981$, it appears that F O ~ C  

of t h e  water released during hea t ing  at. 10'6°C must have  corne f rm the 

interlayer sLtes in clay mineral.;. Theccfot-e, i n i t i a l "  w a t e r  cr:ntr;nts 

cannot be used w i t h  certainty t o  detPrla"!:e abso lu te  v a l u e s  of porosiey. 

I *  

Based on the r e l a t i v e l y  large water less  &ai-ing h e a l i n g  and wcighL: 

l o s s e s  Char occur w h e n  samples of the Pierre S h a l e  are  expnqed b-o t h e  

atmosp\aere (Table 3 ,  Sect ion  3 ,  I ) ,  i t  ajapears tbar, t)ltl P i e r r ~  S b l e  has 

s i g n i f i c a n t l y  grsater effective p o r o s i t y  th;m the ocher samples 

a lld Eye ed 4 
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and DS2). Typ ica l  a n a l y t i c a l  p r e c i s i o n s  o r  s t a n d a r d  errors of 

c a l i b r a t i o n  ( s e e  Table B . 2 ,  Appendix B )  range from 0.05% f o r  K20 Lo 

0.29% f o r  S i 0 2  (one s t a n d a r d  d e v i a t i o n )  f o r  major elements.  

Comparison o€ the a n a l y s e s  f o r  the e i g h t  samples p r e s e n t e d  i n  

Appendix C r e v e a l s  some d i s t i n c t  chemical s i g n a t u r e s  t h a t  r e s u l t  from 

d i f f e r e n c e s  of t he  m i n e r a l o g i c a l  composi t ions of t h e  f o u r  formations 

analyzed. The Conasauga Group samples ( C S 1  and CS2) c o n t a i n  l a r g e  

amounts o f  C a O  (14.78 and 10.53%, r e s p e c t i v e l y )  because Qf t h e  

r e l a t i v e l y  l a r g e  amounts of ca l c i t e  p r e s e n t  i n  t h e s e  samples. Na20 

c o n c e n t r a t i o n s  are 2.00 and 2.152, and K 2 0  c o n c e n t r a t i o n s  are 1.91 and 

3 .  O O Z Y  r e s p c r t i v e l y .  l’nese a l k a l i s  luay be con ta ined  w i t h i n  t h e  

mixed-layer,  i l l i t e - s m e c t i t e  c l a y s  and f e l d s p a r s  r evea led  by a n a l y s i s  of 

o t h e r  samples analyzed by XXD. The d i s t r i b u t i o n  of ca l c i t e ,  q u a r t z ,  and 

t h e  c l a y  minerals i n  t h e  Conasauga Group samples i s  not  uniform. The 

t o t a l  c a l c u l a t e d  va lue  is 7 9 . 2 ! %  f o r  CS1 and 87.97% f o r  CS2. 

The Khines t cee t  Shales  (DS1 and DS2) are c h a r a c t e r i z e d  by h i g h e r  

conceni. r a t  i ons  of K20 (4.62 and 4* 6 3 % ) ,  lower concent r a t i o n s  of Na20, 

and h i g h e r  c o n c e n t r a t i o n s  of Al2Q3 r t : l a t ive  t o  t h e  c o n c e n t r a t i o n s  0f 

S i O z ,  which is L y p i c a l  of i l l i t e - r i c h  samples. C a O  c o n c e n t r a t i o n s  are 

o n l y  0.26 and 0.36% because of the g e n e r a l  absence of ca rbona te  g r a i n s  

o r  cement i n  t h e s e  sanpIps. I r o n  (expressed i n  terms nE Fe203) i s  

p r e s e n t  i n  g r e a t e r  amounts t han  i n  the Conasauga Group s a m p l e s ,  and t h e  

s u l f u r  c o n c e n t r a t i o n  i n  DS1 is 1.86%. I r o n  and sulFur occur i n  p y r i t e ,  

which was d e t e c t e d  i n  the SEM 2nalyses but not i n  the  XRD p a t t e r n s .  

The presence of abundant p y r i t e ,  as w e l l  as o r g a n i c  ma%erial (which 

could no t  be d e t e c t e d  by e i t h e r  the XRE o r  t lac  YRD methods u s e d ) ,  w i l l  

h e l p  t o  mai  nitah redtticing c o n d i t i o n s  i n  nn aqueous environment... Note 

t h a t  t h e  t o t 2 1  c a l c u l a t e d  va lues  (100.41 and 96.88%, r e s p e c t i v e l y )  are 

thought  t o  be a r e s u l t  of t h e  n e a r - t o t a l  absence of carb- vna te s .  

Chemical a n a l y s i s  of the* Chattanooga Shale  (CHAT1 1 sample r e v e a l s  t h a t  

i t  i s  r i c h  i n  i r a n  (3 .96%)  arid s u l f u r  (8.80%) i n  p y r i t e  and 

s u l f u r - b e a r i n g  o rgan ic s .  This sample of the ChaLLirnooga Shale  may be 

r i c h e r  in o r g a n i c s  ( i t s  t o t a l  c a l c u l a t e d  va lue  is only 84.072)  t h a n  t h e  

R h i n e s t r e e t  Shale  (DS1 and W 2 ) .  
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The P i e r r e  Shale  (PSL and PS2) c o n t a i n s  h ighe r  concen t r a t ions  of 

Fez03 (6.95 and 5.71%) and S (1.07 and 2.08%) due, i n  p a r t ,  t o  t h e  

p re sence  of p y r i t e  but lower c o n c e n t r a t i o n s  of K20 ( 2 . 3 9  and 2.17%) 

t h a n  the R h i n e s t r e e t  Shale  (4.62 and 4.63%). The r e l a t i v e l y  high 

c o n c e n t r a t i o n s  of CaO (6.50 and 6.29%) are t h e  r e s u l t  of t h e  presence 

of ca l ca reous  and a p a t i t e - b e a r i n g  f o s s i l s ,  as w e l l  as o t h e r  carbonate  

g r a i n s .  The t o t a l  c a l c u l a t e d  values  (84.14 and 85,68%) are lower than  

t h o s e  of t h e  Rh ines t r ee t  Shale ,  which is thought  t o  r e s u l t  from t h e  

larger amounts of carbonates  and mixed-layer (and/or  s m e c t i t i c )  c l a y s  

p r e s e n t  i n  t h e  Pierre Shale.  

The Green River  Formation samples ( G R l  and G R 2 )  show t h e  lowest  

t o t a l  c a l c u l a t e d  va lues  of any of the e i g h t  samples analyzed (59.67 

and 55.63%) because of t h e  l a r g e  q u a n t i t i e s  of carbonates  and o rgan ic  

compounds p resen t .  The U. S. Geologica l  Survey s t a n d a r d ,  SGRl  , 
(Appendix B,  Table B.5) g ives  a t o t a l  c a l c u l a t e d  va lue  of 57.75%, 

which ag rees  c l o s e l y  wi th  t h e  t o t a l  c a l c u l a t e d  va lues  obta ined  f o r  

samples  GR1 and GR2. Both Green River  Formation samples are 

r e l a t i v e l y  low' i n  K2O (1,lO and 0.85%) and Fe2O3 (1.97 and 2.26%) and 

r e l a t i v e l y  high i n  CaQ (17.48 and 9.98%) and MgO (4 .74 and 4 .55%)  

compared wi th  most of t h e  o t h e r  samples ana lyzed ,  except  f o r  CS1 and 

CS2, which a l s o  c o n t a i n  high concen t r a t ions  of CaQ, XRD ana lyses  of 

t h e  Green River  Formation samples r e v e a l  t h e  presence of both c a l c i t e  

and dolomite.  

3 . 4  QUANTITATIVE MINERALOGICAL ANALYSES 

An i n i t i a l  g o a l  w a s  t o  d e v i s e  a QXRD method, u s ing  count ing  rates 

determined by accumulat ing 10,000 counts  (1% r e l a t i v e  e r r o r )  or a 

maximum count ing  t i m e  of 100 s f o r  minor phases.  The i n i t i a l  

de t e rmina t ions  of l i n e a r  l ea s t - squa res  f i t s  u s ing  q u a r t z  s p i k e s  w e r e  

very s u c c e s s f u l  and l ead  t o  the  conclus ions  (MULLIGAN 1987)  t h a t  It is 

p o s s i b l e  t o :  ( 1 )  prepa re  p e l l e t s  t h a t  a r e  s t a t i s t i c a l l y  uniform i n  

composi t ion;  ( 2 )  p repare  r e p l i c a t e  pe l l e t s  from the  same s t a r t i n g  

materials; ( 3 )  c o r r e c t  count ing  r a t e s  f o r  d i f f e r e n t  c lay-mineral  

matrices ( k a o l i n i t e ,  i l l i t e ,  and s m e c t i t e )  u s ing  an Fn te rna l  s t anda rd  
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(Linde C corundum powder); and ( 4 )  use  the l i n e a r  r e l a t i o n s h i p  between 

count ing  r a t e  and c o n c e n t r a t i o n  t o  c a l c u l a t e  concen t r a t ions  from 

RTRs .* 

Mhen a l l  of t h e  ana ly t i - ea1  d a t a  were c o l l e c t e d  and reduced using 

t h e  method by CHUNG (1374a and 1974b),  t h e r e  were two major problems. 

F i r s t ,  t h e  diffractorneter  used i n  t h i s  s tudy  was not  computer 

c o n t r o l l e d  and could no t  c o l l e c t  counts  €or  f i x e d  t i m e  i n t e r v a l s  over  

predetermined 20 i n t e r v a l s +  I n s t e a d ,  i t  w a s  necessary  t o  USE t h e  

l a r g e s t  a v a i l a b l e  r e c e i v i n g  s l i t  (nominal ly ,  4" but  t h e  a c t u a l  

subLended ang le  is only 0.6") and manually s e t  t h e  p o s i t i o n  of t he  

d e t e c t o r  t o  rececve t h e  grcrntest. count ing  late f o r  each i n d i v i d u a l  

peak. This  meant t h a t  very narrow, wel l -def ined  peaks inc luded  

background count5 from t h e i r  f lanks ,  whi le  f o r  very broad peaks,  many 

of t h e  counts  fell.  o u t s i d e  the  angu la r  range of t h e  r e c e i v i n g  s l i t  and 

were l o s t .  The d i f f e r e n c e s  i n  t he  widths of peaks gene ra t ed  by 

w e l l - c r y s t a l l i z e d  minerals (such as q u a r t z  and k a o l i n i t e )  and poor ly  

c r y s t a l l i z e d  minera ls  (such as some sruectites and mixed-layer c l a y s )  

were beyond ou r  a b i l i t y  t o  c o r r e c t .  The second major problem c o u l d  

a f f e c t  t h e  r e s u l t s  not: j u s t  of t h i s  s tudy  but  work done by Davis or 

any o t h e r  r e s e a r c h e r s  u s ing  QXRD. It is concerned with the 

c a l c u l a t i o n  of Lhe RLK c o n s t a n t s  r e l a t i n g  count ing  rates and 

c o n c e n t r a t i o n s  of phases i n  a mixture.  R l R s  f o r  d i f f e r e n t  specimens 

of t h e  same minera l  s t a n d a r d s  might d i f f e r  by more than  an o r d e r  of 

magnitude, a s  i n  t h e  case of some smee t i t e s .  Even f o r  b e t t e r  

c r y s t a l l i z e d  c l a y  mi~ierals (such as t h e  k a o l i n i t e s ) ,  RIRs might d i f f e r  

by a f a c t o r  of 2. 

To ovprcome t h e  f i r s t  d i f f i c u l t y ,  p rev ious ly  nnn XRD p a t t e r n s  of  

pres sed  p e l l e t s  (used t o  iden t iEy  t h e  phases p resen t  and i o  determine 

t h e  p o s i t i o n s  of peaks and background used t o  t ake  couutr;) were 

reexamined. The areas under Irhe peaks of i n c e r e s t  were measured by 

t h e  t r i a n g l e  method ( i . e * ,  mu l t ip ly ing  t h e  peak h e i g h t s  by t h e i r  

wid ths  a t  h a l f  t h e i r  h e i g h t ) .  These peak areas were used t o  assess 

the r e l a t i o n s h i p  between t o t a l  counts and minera l  phase concen t r a t ions .  

The r e s u l t s  looked promising,  so the  peak areas were measured again 

us ing  a Nurnonics Model 1224 e l e c t r o i i i e  d i g i t i z e r ,  which gave even 

b e t t e r  r e s u l t s .  
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The RIRs determined i n i t i a l l y  by count ing ,  t hose  determined by 

u s i n g  t h e  t r i a n g l e  method, and t h o s e  obta ined  us ing  t h e  e l e c t r o n i c  

d i g i t i z e r ,  are compared i n  Table  5, which a l s o  inc ludes  t h e  R I R  values 

of DAVIS (1984) and PAWLOWSKI (19851, a s  r epor t ed  by DAVIS (1987). 

Note t h e  wide range of R I R  va lues .  Of course ,  i n d i v i d u a l  r e s e a r c h e r s  

would u s e  t h e i r  own R I R  va lues  t h a t  had been determined from 

s t a n d a r d s  prepared  i n  a s p e c i f i c  manner, u s ing  s t anda rd  i n s t r u m e n t a l  

s e t t i n g s ,  e tcI  S t i l l ,  under carefully c o n t r o l l e d  c c n d i t i o n s ,  

d i f f e r e n t  va lues  were obta lned  f o r  some minera ls  (e.g., 6.9 and 8.6 

f o r  two k a o l i n i t e s ;  1.4, 4 . 4 ,  5 , 6  and 8.1 f o r  f o u r  smectites). When 

two o r  more R I R  va lues  were a v a i l a b l e ,  they  were averaged before  

be ing  used t o  c a l c u l a t e  concen t r a t ions .  

The minera l  concen t r a t ions  were c a l c u l a t e d  us ing  Chung's method 

(CHUNG 1974a and 197421) and t h e  equat ion:  

i =1 

where 

[Xi] = t h e  c o n c e n t r a t i o n  of t h e  phase i n  t h e  sample ,  and 

R i  = t h e  r e c i p r o c a l  of RIR (CHUNG 1974a) determined as:  

[XI  s t anda rd  . Ii 

I s t anda rd  
Ki =: 

[ X i 1  

where 

Ii = i n t e n s i t y  of mineral. peak. 

Table  6 r e p o r t s  t h e  concen t r a t ions  of t h e  minera ls  i d e n t i f i e d  i n  

samples  CS1,  CS2, DS1, DS2, PS1, PS2, GR1,  and GR2 and compares t h e s e  

va lues  wi th  t h e  concen t r a t ions  r epor t ed  by HANSEN (1987) f o r  samples 
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Table 5. Comparison of r e l a t i v e  i n t e n s i t y  r a t i o s  (RTRs) 

Rei-ative i n t e n s i t y  r a t i o s  
__I__. . ---_ __ ~ . .  ___.. 

Mineral  Counting" TrianP1eb D i g i t a l c  Davis Pawlowskie 
~ --__ -- ~ - ---c__ 

A l b i  Le 2.9 3.6 3.9 1.5-2.1 9.0 

- - A r  a go n i. t e 0.7 1.7 1.4 

Calci te  2.0; 3.1 3 . 8 ;  3 .9  3.6;  3.8 6.0 17.4 

Do l o  m i  t e 2.0 4.3 4.4 4.2 32.4 

I l . l i t e  2 . 5  6 .2  4.7 1 . 8  0.4 

K a o l i n i t e f  4 - 3 ;  8.5 6.5; 11.2 6 . 9 ;  8 .6  2.4 1.2 

- .- P y r i t e  6.4 6 .8  7 . 3  

Quartz 10.14;  12.3 1 . 5 ;  2 . 1 8  2.1; 2.58 8.4 11.4 

Smecti teh 0 . 1 ;  0 . 3 ;  1 . 4 ;  5 . 5 ;  1 . 4 ;  4.4;  1.5 0.5 
1 . 0 ;  1 . 3  6 . 0 ;  10.5 5 .6;  8.1 

a13ased on count ing rates us ing  a nominal 4" r e c e i v i n g  s l i t .  
bBased on peak areas us ing  t h e  t r i a n g l e  method. 
"Rased on peak a r e a s  us ing  Numonic d i g i t i z e r .  
dDAVIS ( 1 9 8 7 ) ;  c o r r e c t e d  t o  3 : l  r a t i o  of sample t o  corundum. 
ePAbJLOWSKI ( 1 3 8 5 ) ;  c o r r e c t e d  t o  3 : l  r a t i o  of sample  t o  corundum. 
fTwo d i f f e r e n t  s t a n d a r d s  used.  

c a l c u l a t i n g  mineral concen t r a t ions .  
gThe 0.427 nm peak was used. The 0.334 nm peak was of f  the 

c h a r t  and i t s  area could not be measured. 
llFour d i f f e r e n t  s t a n d a r d s  used. 

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

Average R I R  was used i n  

The average RLR was used f o r  
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Table  6. Mineral  c o n c e n t r a t i o n s  (wt X) f o r  s e l e c t e d  samples 

A l b i t e  
C a l c i t e  
C hlo r i t e 
Dolomite 
I l l i t e  
K a o l i n i t e  
P y r i t e  
Quartz  
M/L c lays"  

22 
31 

-c 

Devonian sha le  -____I DS 1 - 

A l b i t e  
Ca l c i t c  
C h l o r i t e  
Dolomite 
I l l i t e  
K a ?  1 i n i  t e 
Pyrite 
Q u a r t z  
M/L c lays"  

7 

9 

36 
14 

- 

- 
28 

6 

13 
35 

9 

11 
5 

19 
8 

I 

- 

DS 2 

10 

13 

12 
7 

51 
7 

- 
I 

I 

(24.0)b 

20.4 

53.4 
0.0 
2.2 

(24.0)b 
0.0 

(0.O)d 

(0.O)d 

Hansen 

( 20.6)b 
(25.4)d 
20.1 

(25.4)d 
31.0 

0.0 
0.4 

(20.6)b 
0.0 

- -_ . 

P i e r r e  Shale  
(Mobridge ._._.I I--__c Nember ) PS1 ~ _̂ II.II-____._.___._.._._._._____l.ll_ PS2 Hansenf 

A l b i t e  
Aragoni te  
C a l c i t e  
Chlorite 
Dolomite 
Illite 
Kaol ini t e 
P y r i t e  
Quartz  
MIL clays" 

9 
7 

23 
-c 

14 
3 
2 

18 
26 

6 
7 

24 

- 
1 3  

4 
l 

20 
24 

(14.6-32. 9)b 
(19.1-56.5)d 
(19.1-56.5)d 

0.0-2.3 
(19.1-56.5)d 

3.5-13,G 
1.9-8.7 
0.6-1.1 

13.1-25.1 
(14.6-32. 9 ) b  
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Table 6 
( con t inued)  

Hans ena _____-.__- Green River F o r m t i o n  GR1 6 R 2  ___- __l_l__-_I 

A l b i t e  
C a l c i t e  
C h  l o  r i t e 
Dolomite 
I l l i t e  
K a o l i n i t e  
P y r i t e  
Quartz 
M/L clays" 

1 2  
1.3 

(31. 3Ib 
(50. 5Id 

0,o 
(50. 5)d 

3.9 
0.0 
0.0 

(31. 3)b 
0.0 

"HANSEN (1'387). 
bQuartz and f e ldspa r s  are combined as "non-clay d e t r i t a l . "  
'A dash means "not de t ec t ed . "  
d A l l .  ca rbona te  minera1.s are coiubined and r e p o r t e d  in 

ellansen does not r e p o r t  v a l u e s  f o r  mixed-layer c l a y s  but does 

fHansen r e p o r t s  minera l  compositions f o r  two samples of the 

a s i n g l e  
concent ration value. 

r e p o r t  c o n c e n t r a t i o n s  f a r  smectite ( rnsn tmor i l lon i t t~) .  

Mobridge Hembes oE the  Pierre Shale. 
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The R h i n e s t r e e t  Shale  samples are similar i n  composition t o  t h e  

s i n g l e  sample r e p o r t e d  by HANSEN (1987), a l though  DSl and DS2 appear  

t o  c o n t a i n  more q u a r t z  and f e l d s p a r .  K a o l i n i t e  and mixed-layer c l a y s  

were i d e n t i f i e d  i n  our  samples,  which are e s s e n t i a l l y  ca rbona te  f r e e .  

C h l o r i t e  is p r e s e n t  i n  a l l  samples .  Sample DS1 appea r s  t o  be a t y p i c a l  

s h a l e ,  wh i l e  DS2 might be more p rope r ly  c l a s s i f i e d  as a s i l t y  s h a l e  o r ,  

pe rhaps ,  as a s i l t s t o n e .  

The two P i e r r e  Shale  samples analyzed (PSI and PS2) are very 

c l o s e  i n  composition and t h e i r  ana lyses  (Table 6 )  f a l l  w i t h i n  t h e  

range r e p o r t e d  f o r  two samples by W S E N  (1987),  f o r  example, q u a r t z  

and f e l d s p a r  f o r  PS1 is 27% and € o r  PS2 i s  27%. HANSEN (1987)  

r e p o r t s  a rangt? of 14.6 t o  32.9% f o r  lion-clay d e t r i t a l s .  K a o l i n i t e  

c o n c e n t r a t i o n s  f o r  PSI and €52.  are 3 and 4 % ,  r e s p e c t i v e l y ;  HANSEN 

(1987) r e p o r t s  a range of k a o l i n i t e  c o n c e n t r a t i o n  of 1.9 t o  8.7%. 

The P ie r r e  Shale  c o n t a i n s  t h e  highest .  c o n c e n t r a t i o n s  of sniectites 

and /o r  mixed-layer i l l i t e / s m e c t i t e  c l a y s ,  as w e l l  as t h e  h i g h e s t  

c o n c e n t r a t i o n  of p y r i t e  i n  any of t h e  samples analyzed. Aragoni te  is 

p r e s e n t  i n  both samples. The P i e r r e  Shale  is m i n e r a l o g i c a l l y  d i f f e r e n t  

from t h e  Conasauga Group samples and t h e  Rhinestreet Shale  and can be 

expected t o  behave d i f f e r e n t l y  from t h o s e  formations.  The presence of 

abundant p y r i t e  i n  a g e o l o g i c a l  material may he lp  t o  ma in ta in  reducing 

c o n d i t i o n s  i n  f l u i d s  t h a t  pas s  through i t .  

The mineral  c o n c e n t r a t i o n  va lues  f o r  t h e  Green River  Formation 

samples ,  GR1 and G R 2 ,  agree reasonably w e l l  w i th  t h o s e  r e p o r t e d  f o r  a 

s i n g l e  sample (NANSEN 1987),  i n c l u d i n g  t h e  t o t a l  f o r  q u a r t z  p l u s  

f e l d s p a r ,  and i l l i t e  concen t r a t ions .  The g r e a t e s t  d i f f e r e n c e s  appear  

t o  be t h e  h i g h e r  c o n c e n t r a t i o n s  determined f o r  dolomite  and l a c k  of 

i n fo rma t ion  about the  o rgan ic s  p r e s e n t  (and rare mine ra l s  such as 

dawsoni te) .  'The Green River  Formation is  t h e  most d i f f e r e n t  of a l l  

t h e  formations analyzed. Its clay mi.nera1 c o n t e n t  i s  very smal l ,  and 

t e c h n i c a l l y ,  t h e  formation i s  not a s h a l e  ( a l though  l o c a l l y  some s h a l e  

beds may be p r e s e n t ) .  Thermomechanical i n v e s t i g a t i o n s  of t h e  Green 

R ive r  Formation r e v e a l  t h e  p o t e n t i a l  l o s s  of s t r e n g t h  (and release of 

v o l a t i l e s )  when t h i s  material is hea ted  (HANSEN 1987). 
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Too few samples have been analyzed thus  Far t o  adequate ly  s t a t e  

t h e  o v e r a l l  p r e c i s i o n  o€ t h e  technique  desc r ibed  p r e v i o u s l y ,  however, 

i t  is p o s s i b l e  t o  g ive  some estimates oE t h e  p r e c i s i o n  ( s t a t e d  i n  

r e l a t i v e  e r r o r ,  R.E.) of some aspects of t h e  method (MULLIGAN 1987): 

1. Based on r e p l i c a t e  ana lyses  of t h e  same p e l l e t  i n  s i x  

d i f f e r e n t  o r i e n t a t i o n s ,  t h e  p r e c i s i o n  s t a t e d  i n  terms of R.E. (one 

s t a n d a r d  d e v i a t i o n )  as a r e s u l t  of sample inhomogeneity ranges from 

0.2% f o r  q u a r t z  i n  a k a o 1 i n i t e : q u a r t z  mixture  t o  2.1% f o r  q u a r t z  in  an 

i l l i t e  :qua r t z  mixture. 

2. Based on d u p l i c a t e  pe l l e t s  prepared  from t h e  same s t a r t i n g  

material, the R.E., as a r e s u l t  of sample p r e p a r a t i o n ,  is es t ima ted  t o  

be <3.0% (0.5% f o r  d u p l i c a t e  k a o 1 i n i t e : q u a r t z  p e l l e t s  and 3.0% f o r  

d u p l i c a t e  i l 1 i t e : q u a t t z  p e l l e t s ) .  

3.  The R.E. f o r  t ak ing  counts  on i n d i v i d u a l  peaks is 

s t a t i s t i c a l l y  r e l a t e d  t o  t h e  t o t a l  number o€ counts  taken. For 

example, i f  10,000 counts  are accumulated,  t h e  R.E. is 1%. If  only 

100 counts  are accumulated,  t h e  R.E. i s  10%. 

4 .  An a t t e m p t  was made t o  a s s e s s  t h e  R.E. as a r e s u l t  of 

measurement of peak areas us ing  t h e  Numonics d i g i t i z e r .  Two peaks,  a 

r e l a t i v e l y  small, but  sha rp ,  q u a r t z  peak and a l a r g e r ,  but  broader ,  

smectite (SWal) peak were each nieasured t e n  times and t h e  mean va lues  

and s t anda rd  d e v i a t i o n s  c a l c u l a t e d .  The resul ts  were as fo l lows:  

a. Quartz x = 1 .30 ,  Si = 0.04, R. E. = 3.71%; and 

b. Smect i te  X = 2.66, '33 = 0.02, R. E. = 1.03%, 

sugges t ing  t h a t  t h e  s i z e  of the  peak a r e a ,  r a t h e r  than  its shape,  

de te rmines  t h e  p r e c i s i o n  of r epea ted  measurements of an enc losed  area. 

3.5 PR!ZFEKRED ORIENTATION ANALYSES USING XRD 

An a t tempt  w a s  made i n  t h i s  s tudy  t o  q u a n t i f y  t h e  degree of 

p r e f e r r e d  o r i e n t a t i o n  of i n - s i t u  c l a y  minera l  g r a i n s  i n  i n d i v i d u a l  
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sample p ieces .  "L-shaped" b locks  were c u t ,  trimmed, and ground (see 

Appendix D)  t o  f i t  t h e  a v a i l a b l e  d i f f r a c t o m e t e r  sample holder .  Each 

specimen was X-rayed twice, c o l l e c t i n g  i n t e n s i t y  d a t a  f o r  peaks l y i n g  

between 2 and 62" 20 f o r  both p a r a l l e l  t o  and pe rpend icu la r  t o  t h e  

bedding planes.  A t  t h e  t i m e  t h e  d a t a  were c o l l e c t e d ,  t h e  ground 

s u r f a c e s  were i d e n t i f i e d  only by a l e t t e r  'larr o r  "b." After t h e  XRD 

p a t t e r n s  were run,  t h e  b locks  were broken and examined t o  de te rmine  

which s u r f  ace was p a r a l l e l  t o  and which w a s  pe rpend icu la r  t o  t h e  

beading. Xn every  case, t h e  r e l a t i v e  i n t e n s i t y  d a t a  f o r  t h e  c l a y  

peaks f i t  t h e  expected p a t t e r n ,  i.e. , t h e  b a s a l  X-ray r e f l e c t i o n s  

(001) ( c h a r a c t e r i s t i c  of l a t t i c e  p lanes  p a r a l l e l  t o  t h e  c l a y  f l a k e s )  

were enhanced r e l a t i v e  t o  t h e  (020) r e f l e c t i o n s  (a s e t  of p l anes  

e s s e n t i a l l y  a t  90" to t h e  clay f l a k e s )  f o r  the  sample s u r f a c e  c u t  

p a r a l l e l  t o  bedding. Examples ot  t h i s  c o n t r a s t  i n  i n t e n s i t i e s  are 

shown i n  F i g -  1 f o r  a sample of R h i n e s t r e e t  (Devonian) Shale  and Fig. 2 

f o r  a s a m p l e  of P i e r r e  Shale.  

The i n t e n s i t y  d a t a  f o r  s e v e r a l  s a m p l e s  (one block from CS2 and two 

b locks  each from DS1, DS2, P S I ,  and PS2) are compared i n  Table 7. Data 

from samples CS1,  GR1, and GR2 a r e  omi t ted  because the samples are so  

r i c h  i n  q u a r t z  and carbonates  t h a t  they do not  c o n t a i n  s u f f i c i e n t  

q u a n t i t i e s  of c l a y  minera ls  t o  provide  u s e f u l  da ta .  An a t t empt  i s  made 

h e r e  t o  compare t h e  Rlninestrcet  Sha le  and t h e  P i e r r e  Shale.  The r a t i o  

of t h e  i n t e n s i t y  of t h e  1.00 nm i l l i t e  peak and 0.45 nm ( i l l i t e  

p l u s  k a o l i n i t e )  peak f o r  t h e  Kh ines t r ee t  Sha le  averages  37.2 (E = 7 . 4 ) ,  

whi le  t h e  same r a t i o  f a r  t h e  much younger (and less  deeply b u r i e d )  

P i e r r e  Shale  averages  10.5 (Sx = 6 . 3 ) ,  sugges t ing  t h a t  t h e  i l l i t e  f l a k e s  

i n  t h e  Rhinestreet  Shale  are b e t t e r  o r i e n t e d  than  those  i n  t h e  P i e r r e  

Shale .  A similar  comparison 01 t he  0.72 nm ( k a o l i n i t e )  and 0.45 nm 

( i l l i t e  p l u s  k a o l i n i t e )  peaks g i v e s  an average of 49.7 (SF" = 19.5)  f o r  

t h e  R h i n e s t r e e t  Sha le  and a n  average  of 8.4 (SZ = 1.8) f o r  t h e  P i e r r e  

Sha le ,  a l s o  sugges t ing  t h a t  t h e  o r i e n t a t i o n  o f  t h e  k a o l i n i t e  € l a k e s  is 

more p e r f e c t  i n  t h e  R h i n e s t r e e t  Shale.  

HANSEN (198?) r e p o r t s  an  index  of an i so t ropy  f o r  t h e  Devonian 

Chat Lanooga Shale  ( s i m i l a r  t o  the Devonian K h i n e s t r e e t  Sha le)  
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Fig .  1. X-ray d i f f r a c t i o n  p a t t e r n s  of samples of Devonian Shale 
(DS1): ( a )  cut e s s e n t i a l l y  p a r a l l e l  t o  t h e  bedding p l a n e s ;  (b) cut 
e s s e n t i a l l y  p e r p e n d i c u l a r  t o  t h e  bedding planes.  The i l l i t e  peak is 
1.00 nm ( O O l ) ,  0.72 run is t h e  (001) k a o l i n i t e  peak, and 0.45 nm is t h e  
(020) peak fo r  both i l l i t e  and k a o l i n i t e .  
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Fig.  2. X-ray d i f f r a c t i o n  p a t t e r n s  of samples  of Pierre  Sha le  
(PS2) :  ( a )  c u t  e s s e n t i a l l y  p a r a l l e l  t o  t h e  bedding p l a n e s ;  ( b )  c u t  
e s s e n t i a l l y  p e r p e n d i c u l a r  t o  t h e  bedding p l a n e s .  
1.00 nm ( O O l ) ,  0.72 m is  t h e  (001) k a o l i n i t e  peak,  and 0.45 nm is  the 
(020)  peak f o r  bo th  i l l i t e  and k a o l i n i t e .  

The i l l i t e  peak i s  
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Table  7. Resu l t s  of p r e f e r r e d  o r i e n t a t i o n  s tudy  us ing  
X-ray d i f f r a c t i o n  

Sample I D  R a t i o  1.00;0.45 nm R a t i o  0.72:0.45 nm 
peak i n t e n s i t i e s  

-II_-.- 

peak i n t e n s i t i e s  --_____-. number ~ _ _ _  

cs2 1 14.8 38.6 

DS11 
DS12 

DS2 1 
DS22 

43.3 
28.6 

33.5 
43.4 

- 
DS r a t i o s :  x = 37.2 

sx = 7.4 
-_ 

PS11 
PS12 

PS2 1 
PS22 

9.0 
19.7 

5.7 
7.5 

71.9 
a 

42.2 
35.1 

- 
x = 49.7 

Sx = 19.5 

6 . 6  
8.8 

7.5 
10.8 

- - 
x = 8.4 

Sx = 6.3 Sx = 1.8 
I 

PS ratios; x = 10.5 - 

-.--I_I___.--._- _____ ___ __ 

aCould not calculate t h i s  r a t i o  because of the  l o w  
i n t e n s i t y  of one of t h e  peaks. 
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of 10.5 and an  index  oE an i so t ropy  f o r  t h e  P i e r r e  Shale  of 1.8, 

s u g g e s t i n g  t h a t  t he  mechanical s t r e n g t h  of t h e  Chattanooga Shale  is 

approximately s i x  t i m e s  more a n i s o t r o p i c  than  t h e  mechanical s t r e n g t h  

of t h e  Pierre Shale.  The X-ray i n t e n s i t y  va lues  ob ta ined  i n  t h i s  s tudy  

a l s o  g ive  h ighe r  r a t i o s  € o r  t h e  R h i n e s t r e e t  Sha le  than  f o r  t h e  P i e r r e  

Shale .  Although f u r t h e r  s tudy  is needed t o  confirm t h e s e  r e s u l t s ,  it 

appea r s  t h a t  XRD f a b r i c  a n a l y s i s  can be used t o  estimate t h e  r e l a t i v e  

a n i s o t r o p y  of s h a h  p r o p e r t i e s  (mechanical ,  hydro log ic  and the rma l )  as a 

r e s u l t  of t h e  degree of p r e f e r r e d  o r i e n t a t i o n  of c l a y  minera l  f l a k e s .  

Material such as t h e  Pierre Shale ,  wi th  low degrees  of p r e f e r r e d  

o r i e n t a t i o n ,  should  behave i n  a more i s o t r o p i c  manner than  format ions  

such  as t h e  R h i n e s t r e c t  Sha le  wi th  h igh  degrees  of p r e f e r r e d  

o r i e n t  a t  ion. 

3 . 6  RESULTS OF SEM ANALYSES 

S L M  is  an  i n v a l u a b l e  technique  f o r  s tudy ing  f ine-grained 

a r g i l l a c e o u s  material, provid ing  s e v e r a l  ki-nds of in fo rma t ion  t h a t  

would be d i f f i c u l t  t o  o b t a i n  by o t h e r  means. Seve ra l  examples are 

desc r ibed  t o  i l l u s t r a t e  some of t h e  k inds  of t e x t u r a l ,  m i n e r a l o g i c a l ,  

and chemical  i n fo rma t ion  t h a t  can be obtained.  MULLIGAN (1987) 

d e s c r i b e s  a d d i t i o n a l  sub-samples w i t h i n  t h e  f o u r  format ions  examined. 

Figure 3 (sample (31, perpend icu la r  t o  bedding)  i l l u s t r a t e s  a 

r e l a t i v e l y  l a r g e  (approximately 35-urn-diam. ) muscovite g r a i n ,  which 

appears  t o  be d e t r i t a l .  Note t h e  more poor ly  c r y s t a l l i z e d  c l a y s  above 

and t o  t h e  l e f t  of t h e  d e t r i t a l  g ra in .  Based on XRD, these are p o s s i b l y  

mixed-layer ,  i l l i t e -smect i te  clays.  To t h e  r i g h t  of and below t h e  

d e t r i t a l  g r a i n ,  ca lc i te  (based on XRD a n a l y s i s  and well-developed 

rhombohedral. c l eavage )  is p r e s e n t  as an impor tan t  c o n s t i t u e n t .  The 

p re sence  of abundant. ca lc i te  cement may r e s u l t  i n  i nc reased  mechanical 

s t r e n g t h ,  decreased  h y d r a u l i c  c o n d u c t i v i t y ,  and decreased  p l a s t i c i t y .  

The presence  of abundant ca lc i te  cement may a l s o  r e v e a l  t h e  presence  of 

former passageways through which f l u i d s  moved. 
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F i g .  3. SEM photograph of a relatively large detrital  muscovite 
( i l l i t e )  grain. Sample CS1, perpendicular to the bedding. A 
semiquantitative chemical analysis of the grain reveals the presence 
of S i ,  A l ,  K, Fe ,  and T i .  
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Figure 4 (sample CS2, para l l e l  t o  bedding) i l l u s t r a t e s  a 

s i l t - e i z e  d e t r i t a l  grain of quartz (approximately 15 pm diameter), 

surrounded by numerous grains of clays. The clay grains appear t o  be 

rather  poorly c rys ta l l ized  and "wispy," and appear t o  be compacted or 

cement is obvious .* rand ther  

be d e t r i t a l  q 

diameters 13 

of submicrometer (ftamboidal?) c rys ta l s  of an iron-oxide phase (the 

chemical analysis reveals the presence of abundant i ron but no 

sulfur) .  The or ig in  of these c lus te rs  is not known, since many of the 

dark-colored Devonian Shales are thought ta have formed under reducing 

conditions, which would not favor the formation of iron oxides. 

Perhaps t h i s  sample came from a core taken from a depth at which 

groundwater could introduce dissolved oxygen, converting previously 

ex is t ing  pyr i te  t o  iron oxides, or perhaps some pyr i te  w a s  oxidized 

a f t e r  the core was taken. 

Figure 7 (Sample PS2, perpendicular t o  bedding) shows one of 

numerous areas lying along bedding planes containing what appear t o  

be secondary mineral phases. The fibrous phase appears t o  be e i the r  

aragonite or f ibrous calci te , 'based on its shape and major Ca i n  the 

chemical analysis,  which a l so  reveals small amounts of phosphorous and 

sulfur.  Minor amounts of Aragonite was detected by the XRD analyses. 
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Fig. 4. SEM ogtaph o€ a silt-size, detrftal quartz grain. 
Sample CS2, patallel t o  the bedding. 
analysis of the grain reveals that Si is the major element present. 

A semiquantitative c W c a l  
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Fig. 5. SEM photograph of a s i l t - s i z e ,  derrital albite  grain. 
Sample DS2, parallel to  the bedding. 
analysis of the grain reveals that S i ,  A l ,  and Na are the major 
elements present. 

A semiquantitative chemical 
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Fig. 7. SEM photograph of aragonite or fibrous calcite  grains. 
Sample PS2, perpendicular to the bedding. 
analysis of the grains reveals that Ca is  the major element present 
with smaller amounts of P and S. 

A semiquantitative chemical 
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a p a t i t e  and/or gypsum may be present. 

low spec i f ic  gravity and appears t o  be more porous than the other 

shales tested. The presence of secondary phases along bedding planes 

suggests tha t  f l u ids  had passed along these openings and local ly  

The Pierre  Shale has a rather  

deposited new mineral phases. Whether or not f l u ids  can still pass 

along such planar o p d a g s  laght be 811 iaportank coneideration i n  s i te  

s elect ion. 

, 

,dsaaple PS2-, perpe iculat to bedding) 1 
another bedding surface in  the earn -le ~ b l  shown i n  Fig. 7. Note 

the  numerous clusters of Eramboidal ,pyt mme euhedral pyr i te  

crystals .  me diiips'itson surfaces took place 

under reducing ow;. hence, this aateriat BI&]P have been formed 

a t  the t i m e  the 

conditions or is. The presetqe of abundant 

su l f ides  in ge d help t o  maintaEn reducing 

conditions i f  ctiwi wastes e r e  later ied 

i n t o  them. 

soluble valence, states. . 

fng deposited-under anoxic 

',',Y- 

!R+s would help fm keep the r&h we ions in less 

Figure 9 (sample PS2, perpeiid ar to bedding) show 'a 'very 

large (approximately 100 urn across) b i o t i t e  f lake set i n  a matrix of 

very fine-grained clays and other unidentified ndneral phases. 

Petrographic evidence , such as the well-preserved r igh t  edge , suggests 

t ha t  it was transported by the wind. It was probably introduced during 

a volcanic ash fall .  Note the general lack of preferred or ientat ion of 

the  fine-grained matrix mterial. 

4. FURTHER DISCUSSION AND CONCLUSIONS 

Selected samples of the Conasauga Group, Rhinestreet Shale, 

P ie r re  Shale, and Green River Formation were analyzed by several  

techniques to  determine t h e i r  mineralogical compositions and to  assess 

the  e f fec ts  tha t  diagenesis may exhibit  on the thermomechanical 

properties of these materials. Although equivalent samples were not 

avai lable ,  eight samples (two from each formation) were selected from 
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Fig. 8 
Sample PS2, 
analysis of 

. SEM photograph of framboidal and euhedral pyrite grains. 
A semiquantitative chemical perpendicular to  the bedding. 

the grains reveals that Fe and S are the major elements 
present. 

- 3 - ':I In , li 

- a x  r : # ' ,  
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Fig. 9. SEM photograph of a relatively large, possibly wind-blown 
grain of biotite.  Sample PS2, perpendicular to the bedding. A 
semiquantitative chemical analysis of the grain reveals that S i ,  Al, 
K ,  Mg, Fe, and Ti are present. 

P 
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the  same s u i t e  of cores from which samples f o r  thermomechanical tests 

had been chosen. 

Mineral concentrations fo r  Pierre  Shale and Green River Formation 

samples are i n  agreement with the ranges of values obtained fo r  samples 

of those formations by HANSEN (1987). 

were the greatest-  differences i n  mineralogical composition came from 

the  Conasauga Group. 

The results of thermomechanical tests f o r  the Rhinestreet Shale, 

Pierre Shale, and Green River Formation show tha t  the "average ultimate 

s t rengths  of these formations range fram 7.2 MPa f o r  the Pierre  Shale t o  

94.8 MPa for the  Green River Formation. 

information obtained i n  the study with the data on ultimate strength 

The samples f o r  which there 

A t t e m p t s  t o  relate the 

(HANSEN 1987)- should be made with caution. The ult imate s t rength of 

the Green River Formation may be a resu l t  of its high coacentration of 

dolomite and calcite, which act l i k e  cement t o  hold individual mineral 

grains together, o r  it could be a t t r ibu ted  t o  the  presence of organic 

compounds i n  pore space. cote that the average ultimate s t rength of 

the  Rhinestteet Shale increases from 58.7 MPa at  room temperature to  

74.7 MPa at 150°C (because of the loss  of minor pore- f lu ids  present, 

according t o  HANSEN 1987), while tha t  of the Green River Formation 

decreases to  24.7 MPa, which is thought to  result from the softening 

and vo la t i l i za t ion  of organic compounds present (HANSEN 1987). The 

lower ultimate strength of the Pierre Shale compared with that  of the 

Rhinestreet Shale is thought to  be a resu l t  of i ts  higher water 

content and the presence of very fine-grained, mixed-layer clays and 

smectites i n  the Pierre  Shale. Several s tudies  c i ted  by MEYER (1983) 

i l l u s t r a t e  the role  of water and smectite i n  lowering s t rength 

properties i n  laboratory samples. The Pierre contains the highest 

concentration of smectites and/or mixed-layer clay minerals and the 

highest concentration of pyr i te  among the samples analyzed. 

observations reveal mineral matter (such as aragonite and pyr i te )  

SEM 

along the bedding planes of the Pierre Shale samples. 
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P r e f e r r e d  o r i e n t a t i o n  a n a l y s i s  of t h e  R h i n e s t r e e t  Sha le ,  u s ing  

XRD, sugges t s  t h a t  i t s  mechanical p r o p e r t i e s  w i l l  depend on whether t h e  

p r o p e r t y  is measured p a r a l l e l  t o  o r  pe rpend icu la r  t o  t h e  bedding 

d i r e c t i o n  of t h e  sample. P r o p e r t i e s  t h a t  may be in f luenced  by t h e  

degree  of p r e f e r r e d  o r i e n t a t i o n  of c l a y  f l a k e s  (e.g., mechanical 

s t r e n g t h ,  h y d r a u l i c  c o n d u c t i v i t y ,  and thermal  c o n d u c t i v i t y )  should be 

less a f f e c t e d  by o r i e n t a t i o n  i n  t h e  P i e r r e  Shale  than  i n  format ions  such 

as the  Rh ines t r ee t  Shale  wi th  i t s  high degree of p r e f e r r e d  o r i e n t a t i o n .  

The Pierre Shale  is mechanical ly  weak (average u l t i m a t e  s t r e n g t h  

7 .2  MPa) and may be s u b j e c t  t o  s w e l l i n g  o r  s h r i n k i n g  depending on t h e  

c o n d i t i o n s  of temperature and humidity.  HANSEN (1987)  r e p o r t s  t h a t  

t h e  s l a k e  d u r a b i l i t y  of t h e  Pierre Shale  (19  t e s t s )  ranged from "low 

t o  medium" whi le  t h e  R h i n e s t r e e t  Shale  ( t h r e e  t e s t s )  and t h e  Green 

R ive r  Formation ( t h r e e  t e s t s )  both ranked "extremely high." The l ack  

of d u r a b i l i t y  of t h e  P i e r r e  Shale  is due t o  i t s  l ack  of compaction and 

cementa t ion  ( a s  shown by i t s  high p o r o s i t y  and low s p e c i f i c  g r a v i t y ) ,  

as w e l l  as i t s  smectite and mixed-layer c l a y  conten t .  Smect i te  and/or  

mixed-layer c l a y s  (approximately 26 w t  % i n  one of t h e  P i e r r e  Shale  

samples  ana lyzed)  may release water i f  they are thermal ly  loaded 

because of t h e  r ad iogen ic  hea t .  

The Green River  Formation is m i n e r a l o g i c a l l y  and l i t h o l o g i c a l l y  t h e  

most d i f f e r e n t  from t h e  o t h e r  format ions  t e s t e d .  Its c l a y  minera l  

c o n t e n t  is <5%, and i t  is dominated by dolomite  and c a l c i t e .  

Thermomechanical t e s t i n g  of t h e  Green River  Format i on  r e v e a l s  t h e  

p o t e n t i a l  loss  of s t r e n g t h  (and r e l e a s e  of v o l a t i l e s )  when t h i s  

material r i c h  i n  o rgan ic  ma t t e r  is heated.  

I n  g e n e r a l ,  QXRD can be an important  source  of informat ion  

concern ing  any c l ay - r i ch  material t h a t  might be cons idered  as h o s t s ,  

b u f f e r ,  o r  b a c k f i l l  material f o r  t h e  g e o l o g i c a l  d i s p o s a l  of h igh- leve l  

r a d i o a c t i v e  waste. The k inds  and amounts of c l a y  minera ls  p r e s e n t ,  as 

w e l l  as t h e  presence  of o t h e r  minera ls  such as z e o l i t e s  and s u l f i d e s ,  
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w i l l  i n f l u e n c e  t h e  s o r p t i o n  c o e f f i c i e n t s  and oxida t ion- reduct ion  

behavior  of t h e s e  formations.  The r e s u l t s  of QXRD should be combined 

w i t h  o t h e r  methods, such as p r e f e r r e d  o r i e n t a t i o n  a n a l y s i s  and SEM 

a n a l y s i s ,  which can provide informat ion  concerning g r a i n  s i z e s  and 

s i z e  d i s t r i b u t i o n ,  g r a i n  shapes and o r i e n t a t i o n s ,  and t h e  presence of 

cements and t h e i r  mine ra log ica l  c h a r a c t e r i s t i c s .  
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Appendix A 

PROCEDURE FOR THE DETERMINATION OF S P E C I F I C  GRAVITIES OF SHALES 

AND OTHER FRAGILE OR POROUS MATERIAL 

1 .  S e l e c t  a sample of t h e  material t o  be t e s t e d  t h a t  is f r e e  from 

l o o s e  s u r f a c e  material, jagged edges,  i n d e n t a t i o n s ,  etc. The 

sample should  weigh a t  least  5 g and, i n  g e n e r a l ,  less than  50 g 

f a r  convenience i n  handl ing-  

2. Weigh t h e  sample t o  t h e  n e a r e s t  0.01 t o  0.001 g. ( I n  most 

c a s e s ,  weighing t o  0.01 g is s u f f i c i e n t  because o t h e r  sou rces  of 

small e r r o r s ,  e.g., l o s s  of sample whi le  handl ing  wi th  f o r c e p s ,  

t r apped  a i r  a t  t h e  s u r f a c e ,  e t c . ,  a r e  l i k e l y  t o  keep t h e  

p r e c i s i o n  of t h e  de t e rmina t ion  t o  - +0.01 u n i t s  of spec i f ic  

g r a v i t y .  ) 

3. Using f o r c e p s ,  d i p  one end of t h e  sample  i n t o  molten p a r a f f i n  

(M.P. approximately 60°C). It m y  have t o  be dipped a few times 

t o  g e t  a t h i n  c o a t i n g  on t h e  end. After t h e  p a r a f f i n  has cooled,  

t u r n  t h e  sample around and d i p  t h e  o t h e r  end t o  get it completely 

enclosed.  

4 .  Re-weigh t h e  pa ra f f in -coa ted  sample and determine t h e  mass of t h e  

p a r a f f i n  by d i f f e r e n c e .  

5. I f  t h e  s p e c i f i c  g r a v i t y  of t h e  p a r a f f i n  is not  known, i t  may be 

determined by measuring i ts  weight loss  i n  e t h a n o l  (S.G. = 0.9893) 

o r  methanol ( S . G .  -I 0.7914). P a r a f f i n  u s u a l l y  has  an S . G .  i n  t h e  

range of 0.896 t o  0.925. The S.G. of t h e  p a r a f f i n  used i n  our 

tests is 0.902 ( d e n s i t y  = 0.902 g/cm3). 

6. Determine t h e  volume ( i n  cub ic  c e n t i m e t e r s )  of the p a r a f f i n  

c o a t i n g ,  u s ing  t h e  r e l a t i o n s h i p :  

7. Using a s t a n d a r d  s p e c i f i c - g r a v i t y  balance,  determine t h e  weight 

loss  of t h e  pa ra f f in -coa ted  sample  i n  d i s t i l l l e d  water a t  20°C. 

The weight IOSS ( i n  grams) i s  due t o  t h e  volume a€ the  d i sp laced  
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water and, hence, t h e  volume ( i n  cubic  c e n t i m e t e r s )  of t h e  sample 

and i t s  p a r a f f i n  coa t ing .  

8. Sub t rac t  t h e  volume of t h e  p a r a f f i n  c o a t i n g  p rev ious ly  determined 

( s t e p  6 )  from t h e  volume of t he  coated sample. The d i f f e r e n c e  i s  

equa l  t o  t h e  o r i g i n a l  volume of t h e  uncoated sample. 

9. The s p e c i f i c  g r a v i t y  of t h e  uncoated sample can be qu ick ly  

determined by d i v i d i n g  t h e  mass of t h e  o r i g i n a l ,  uncoated sample  

( i n  grams) by t h e  volume ( i n  cub ic  c e n t i m e t e r s )  of t he  uncoated 

sample determined i n  s t e p  8. In  e f f e c t ,  t h e  mass and volume of 

t h e  p a r a f f i n  coa t ing  have been removed. The only f u n c t i o n  of t h e  

c o a t i n g  is t o  p r o t e c t  t h e  sample from p e n e t r a t i o n  by t h e  water o r  

s l a k i n g .  
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Appendix B 

INFORMATION CONCERNING THE X-RAY FLUORESCENCE ANALYSIS 

Table B. 1. A n a l y t i c a l  c o n d i t i o n s  

c_- I_-- -.-I 
Condition KV VA F i l t e r  Anode Elements 

1 10.0 150 Open Rh N a 9 ,  
Si02, 
CaO 

2 30.0 250 cu W Ti02, 

3 45.0 175 I n  W Ba 

4 40.0 175 In W Rb, S r ,  Z r  

Table B.2. C a l i b r a t i o n  range o f  s t a n d a r d s  and s t a n d a r d  e r r o r s  of 
c a l i b r a t i o n  

~ 

Element o r  oxide  Range (wt %> Standard  e r r o r a  ~ 

Na20 

A1203 
Si02 
p2°5 
S 

CaO 

MgO 

K20 

Ti02 
C r  
MnO 

Fe203 
Ba 
Rb 
S r  
Z r  

0.08 - 10.40 
0.04 - 4.50 
5.76 - 20.64 

28.29 - 68.46 
0.097 - 0.687 
0.010 - 1.89 
1.04 - 11.20 
0.12 - 20.71 
0.010 - 1.61 
0.0016 - 0.0438 

0.10 - 8.58 
0.0112 - 0.1800 
0.0035 - 0.0368 
0.0055 - 0.0445 
0.0059 - 0.0790 

0.0023 - 0.1149 

0.24 
0.16 
0.21 
0.29 
0.009 
0.009 
0.05 
0.07 
0.023 
0.0041 
0.0083 
0.10 
0.0082 
0.0010 
0.0013 
0.0014 

a I n  weight p e r c e n t  (one s t a n d a r d  deviation). 
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Table  B. 3. R e p l i c a t e  ana lyses  of s t anda rds  analyzed as unknowns 

-̂-_ _--_____ 
- Sample DKTS - Sample SCOl 
Ca lcu la t ed  va lue  STD va lue  Ca lcu la t ed  va lue  STD va lue  

% % % % 
l___l-. 

E 1 eme n t  
--f 

Na 20 
MgO 
*12O3 
Si02 
p2°5 
S 

K20 
CaO 
T i 0 2  
C r  
MnO 

*e2O3 
Ba 
Rb 
S r  
Z r  

0.27 
1.86 

15.96 

0.28 
0.04 
4.81 
0.12 
0.70 
0.0267 
0.0475 
7.33 
0.1992 
0.0242 
0.0098 
0.0269 

61.60 

0.23 
1.86 

16.07 
62.85 

0.29 
0.02 
4.87 
0.14 
0.71 
0.0267 
0.0471 
7.45 
0.1754 
0.0234 
0.0101 
0.0278 

0.49 
2.36 

13.65 
60.66 

0.17 
0.08 
2.62 
2.55 
0.60 
0.0095 
0.0618 
5.09 
0.0661 
0.0125 
0.0181 
0.0184 

0.83 
2.40 

13.96 
62.75 

0.19 
0.07 
2.65 
2.58 
0.61 
0.0093 
0.0610 
5.14 
0.0601 
0.0120 
0.0183 
0.0178 

-.-.__ Sample S G R l  Sample SO2 -____ -__--_I_- I_ 

Calcu la t ed  va lue  STD va lue  Calcu la ted  va lue  STD va lue  
E l  erne n t % % % % 

Na 20 

A1203 
Si02 

MgO 

p2°5 
S 

K 2 0  
CaO 
Ti02 
C r  
MnO 
Fe2O3 
Ba 
Rb 
Sr 
Zr 

2.35 
4.37 
6.96 

27.26 
0.28 
1.89 
1.70 
8.82 
0.35 
0.0066 
0.0485 
3.58 
0.0609 
0.0093 
0.0450 
0.0056 

2.48 
4.49 
7.24 

28.28 
0.30 
1.89 
1 . 7 2  
8.88 
0.34 
0.0056 
0.0485 
3.65 
0.0416 
0.0091 
0.0450 
0.0056 

2.51 
1.00 

15.38 
52.69 
0.68 
0.03 
2.38 
2.73 
1 .41  
0.0057 
0.0934 
7.79 
0.1230 
0.0065 
0.0346 
0.0810 

2.55 
1.03 

15.27 
53.43 
0.68 
0.02 
2.39 
2.74 
1.43 
0.0051 
0.0942 
7.88 
0.1107 
0.0072 
0.0343 
0.0790 
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Appendix C 

CHEMICAL COMPOSITIONS OF SAMPLES 

- 
Sample CS1 Sample CS2 

c a l c u l a t e d  va lue  c a l c u l a t e d  va lue  

---- % .- 
% - I 

Element 

N a  20 
MgO 
A1203 
Si02 

p2°5 
S 

CaO 
Ti02 
C r  
MnO 

K 2 0  

Fe 2O3 
%a 
Rb 
Sr 
Zr 

2" 00 
2.35 
7.76 

46.63 
0.22 
0.12 
1.91 

14.78 
0.37 
0.0016 
0.1465 
2.90 
N.D,a 
0.0043 
0.0233 
0.0223 

2.15 
2.33 

14.37 
49.46 

0.31 
0.54 
3.00 

10.53 
0.61 
0.0070 
0,1571 
4.46 
N.D.a 
0.0085 
0.0210 
0,0236 

Sample DS1 Sample DS2 Sample CHAT1 
c a l c u l a t e d  va lue  c a l c u l a t e d  va lue  c a l c u l a t e d  va lue  

% % 
-I 

% ~ - -  E l e  me n t ___I_--. 

Na20 

A12°3 
Si02  

MgO 

p2°5 
S 

K20 
CaO 
Ti02 
Cr 
MnO 
Fe2°3 
%a 
Rb 
Sr 
Z r  

1.29 
1.85 

23.97 
57.94 

0.38 
1.86 
4.52 
0.26 
0.96 
0.0107 
0.0344 
7.11 
0.0703 
0.0237 
0.0163 
0.0153 

1.32 
1.66 

21.33 
60.58 

0.17 
0.25 
4.63 
0.36 
0.87 
0.0104 
0.0482 
5.54 
0.0484 
0. 0231 
0.0144 
0.0146 

2* 1 9  
2.17 

12.47 
44.48 

1.08 
8.80 
2.13 
N . D e a  
0.7624 
0.0043 
0.0246 
9.95 
N . D . ~  
0.0114 
0.0086 
0.0281 

aNot determined. 
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Appendix C 
(cont inued)  

Sample PS1 Sample PS2 
c a l c u l a t e d  va lue  c a l c u l a t e d  va lue  

Element % % 

Na20 

A12°3 
Si02 

p2°5 
S 

CaO 
Ti02 
C r  
MnO 
Fe2°3 
Ba 
Rb 
Sr 
Z r  

MgO 

K 2 0  

1.45 
2.37 

14.65 
47.56 

0.40 
1.07 
2.39 
6.50 
0.60 
0.0099 
0.0914 
6.95 
0.0300 
0.0093 
0.0291 
0.0139 

1.81 
2.11 

15.50 
48.66 

0.62 
2.08 
2.17 
6.29 
0.59 
0.0098 
0.0476 
5.71 
0.0346 
0.0086 
0.0313 
0.0135 

Sample G R I  Sample GR2 
c a l c u l a t e d  va lue  c a l c u l a t e d  va lue  

- E 1 erne n t % % 

Na 20 
Mg 0 

Si02 
p2°5 
S 

Ca 0 
Ti02 
C r  
MnO 
Fe203 
Ba 
Rb 
Sr 
Zr 

Z03 

K 2 0  

1.85 
4.74 
5.78 

25.57 
0.27 
0.47 
1.10 

17.48 
0.28 
0.0005 
0.0442 
1.97 
0.0368 
0.0036 
0.0857 
0.0005 

1.55 
4.55 
6.46 

27.84 
0.72 
0.94 
0.85 
9 .98  
0.31 
0.0032 
0.0416 
2.26 
0.0418 
0.0054 
0.0800 
0.0011 
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Appendix D 

PREPARATION OF 1 1 ~ - ~ ~ ~ ~ ~ ~ 8 1  BLOCKS 

L-shaped b locks  were c u t  Erom s h a l e  f ragments  t h a t  were 

approximate ly  3.5 t o  5 cm i n  d iameter  (or a long  an edge). Two 

i n t e r s e c t i n g  p l anes ,  one e s s e n t i a l l y  p a r a l l e l  t o  t h e  most obvious 

bedding or  l amina t ion  p lanes  and t h e  second a t  90" t o  the f i r s t ,  vert: 

chosen and marked. Two s u r f a c e s  were c u t  along these p lanes ,  u s ing  an 

Sic-impregnated c u t t i n g  wheel. The remainder of t h e  block was then  

trimmed i n t o  a r e c t a n g u l a r  block approximately 1.5 cm x 1.5 cm x 2 can 

a long  i ts  edges. Two a d d i t i o n a l  cuts were made below the  " p a r a l l e l  LO 

bedding" and "perpendicular  t o  bedding" surf aces formed by the  f i r s :  

two c u t s ,  approximately 0.6 cm below t h e  s u r f a c e ,  forming a n  L-shaped 

b lock  (Fig.  D - l ) *  

L -2cm -4 
Fig. D-1. Sketch of Eabr ica ted  "L-shaped" block. 

The rough, sawed s u r f a c e s  were ground (dry) on emery g r i n d i n g  

pape r s ,  u s ing  s u c c e s s i v e l y  f i n e r  papers  down t a  #a20 g r i t  (very  f i n e )  

backed by a f l a t  g l a s s  p l a t e  t o  remove s u r f a c e  material that m y  have 

been damaged by hea t  du r ing  t h e  sawing process and s a w  marks. During 

t h e  trimming and g r i n d i n g  process, the bedding plane features clscd t o  

keep t r a c k  of t h e  o r i e n t a t i o n s  of the surfaces t o  be X-rayed were 
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sometimes masked; however, be fo re  t h e  samples were X-rayed, each 

s u r f a c e  w a s  g iven  an i d e n t i f y i n g  le t te r .  A f t e r  t h e  i n t e n s i t y  data 

were ob ta ined ,  t h e  block was broken so  t h a t  t h e  p o s i t i o n  of t h e  

bedding p l anes  could be p o s i t i v e l y  determined. In  every  case, t h e  

X-ray i n t e n s i t y  d a t a  f o r  (002) r e f l e c t i o n s  were enhanced f o r  t h e  p lane  

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

Note t h a t  t h e  blocks used i n  t h i s  p re l imina ry  s tudy  were c u t ,  

trimmed, and ground u s i n g  hand-held t o o l s .  When t h e  b locks  were 

broken open, i t  was noted t h a t ,  i n  some cases, t h e  f i n a l  s u r f a c e s  were 

off by perhaps as much as 5" from t h e  d e s i r e d  d i r e c t i o n s .  I f  t h e  

in fo rma t ion  ob ta ined  by t h i s  technique  should  prove t o  be v a l u a b l e ,  

t h e  procedure could  be improved s i g n i f i c a n t l y  by u s i n g  machine t o o l s .  

As a f i r s t  approximation, t h e  hand-cut samples r evea led  l a r g e  

d i f f e r e n c e s  i n  t h e  i n t e n s i t i e s  of c l a y  minera l  peaks,  which appear t o  

be d i r e c t l y  r e l a t e d  t o  t h e  degree  of p r e f e r r e d  o r i e n t a t i o n  of t h e  c l a y  

mine ra l  f l a k e s  i n  t h e  sample,  
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