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SUMMARY 

Although the retorted, or processed, shale represents the 
largest by-product from oil shale retorting operations, results 
from detailed studies indicate that it can be managed in an 
environmentally acceptable manner. Laboratory and field tests 
have demonstrated the following properties: 
using normal vehicular traffic; cementation strength to 1480 kPa, 
using only retorted shale and optimum water; permeabilities as low 
as 1 x lo-’ cm/s, using proper handling techniques. 
tests have shown that dusting, auto-ignition, and leaching pose no 
special problems. These research results indicate that properly 
managed retorted shale exhibits the properties of a low-grade 
cement. Thermal reactions occurring during retorting and the 
chemical composition of retorted shale are related to the cement- 
like physical properties. 

compaction to 1600 kg/m3, 

In addition, 

INTRODUCTION 

In the quest for alternate energy sources, oil shale appears 
particularly attractive because of the large domestic deposits and 
because the retorting process produces liquid and gaseous fuels 
directly. However, the retorting process also produces large 
quantities of retorted shale which could pose a potentially 
adverse environmental impact if not disposed of properly. A 

mature, million-barrel-per-day oil shale industry would produce 
over 125 million Mg of retorted shale during each day of operation. 
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During t h e  P a r a h o  o p e r a t i o n s  a t  t h e  U. S. Department o f  Energy 

Anvi l  P o i n t s  O i l  S h a l e  Research F a c i l i t y ,  t h e  p o t e n t i a l  problem of  

r e t o r t e d  s h a l e  d i s p o s a l  w a s  recognized .  A seven-s tage  r e t o r t e d  
s h a l e  r e s e a r c h  program, j o i n t l y  suppor ted  by t h e  U. S.  Bureau o f  

Mines, w a s  c a r r i e d  o u t  u s i n g  b o t h  l a b o r a t o r y  and f i e l d  s t u d i e s  
(Hol tz ,  1 9 7 6 ) .  H i g h l i g h t s  of t h i s  r e t o r t e d  s h a l e  r e s e a r c h  program 

showed t h a t  r e t o r t e d  o i l  s h a l e ,  produced by t h e  Paraho p r o c e s s ,  

can  be  e f f e c t i v e l y  compacted and handled to  produce s t r o n g  and 

w a t e r  impervious s t r u c t u r e s  (Heis tand  and H o l t z ,  1 9 8 0 ) .  These 

d e s i r a b l e  p r o p e r t i e s  of  Paraho r e t o r t e d  s h a l e  are b e l i e v e d  due t o  
t h e  format ion  of a low-grade cement by thermal  r e a c t i o n s  which 

o c c u r  dur ing  r e t o r t i n g .  

In  t h i s  p a p e r ,  t h e  c h e m i s t r y  of  Paraho r e t o r t e d  s h a l e ,  t h e  

n a t u r e  o f  t h e  thermo-chemical r e a c t i o n s  t h a t  can  c o n t r i b u t e  t o  i t s  
cement - l ike  p r o p e r t i e s ,  and  t h e  chemis t ry  o f  t h e  l e a c h a t e s  o b t a i n e d  

from p e r m e a b i l i t y  s t u d i e s  w i l l  b e  p r e s e n t e d .  Although C i v i l  

e n g i n e e r i n g  i n f o r m a t i o n  now e x i s t s  which p e r m i t s  t h e  d i s p o s a l  of 
r e t o r t e d  s h a l e  i n  a n  envi ronmenta l ly  a c c e p t a b l e  manner, a b e t t e r  
unders tanding  of t h e  thermal  r e a c t i o n s  of r e t o r t i n g  and t h e  
chemical  composi t ion  of r e t o r t e d  s h a l e  may s u g g e s t  changes i n  

r e t o r t i n g  o p e r a t i o n s  which would f u r t h e r  l e s s e n  any p o s s i b l y  

a d v e r s e  envi ronmenta l  impact .  

EXPERIMENT DESIGN 

Because  t h e  d i s p o s a l  of  r e t o r t e d  s h a l e  i s ,  u l t i m a t e l y ,  a 

f i e l d  e x e r c i s e ,  t h i s  paper  w i l l  d i s c u s s  t h e  exper imenta l  d e s i g n  

(and d a t a )  from f i e l d  s t u d i e s  which have been c a r r i e d  o u t .  

Laboratory e x p e r i m e n t a t i o n  and d a t a  w i l l  be  used  t o  complement t h e  

r e s u l t s  of f i e l d  s t u d i e s .  Two f i e l d  s t u d i e s  w e r e  c a r r i e d  o u t  

d u r i n g  t h e  Paraho r e s e a r c h  o p e r a t i o n s .  These r e t o r t e d  s h a l e  f i e l d  

s t u d i e s  i n c l u d e d  compaction s t u d i e s  and p e r m e a b i l i t y ,  or  i n f i l -  
t r a t i o n ,  s t u d i e s .  

' I  
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The f i e l d  compaction s t u d i e s  w e r e  c a r r i e d  o u t  i n  a r e l a t i v e l y  

f l a t  area, 2-3 km from t h e  r e t o r t i n g  o p e r a t i o n s  (see F i g .  1). The 

compaction s i t e ,  measuring 55  m wide by 1 2 0  m long ,  w a s  d i v i d e d  

i n t o  two s e c t i o n s .  I n  one s e c t i o n  t h e  r e t o r t e d  s h a l e  w a s  p l a c e d  

dry ;  i n  t h e  o t h e r ,  optimum water  w a s  added b e f o r e  p lacement .  The 
mater ia l  was hauled d i r e c t l y  from t h e  r e t o r t e d  s h a l e  d i s p o s a l  

system and spread  a s  soon a s  p o s s i b l e .  N o  problems w i t h  d u s t i n g  
or a u t o - i g n i t i o n  w e r e  no ted .  The m a t e r i a l  was spread  i n  20-30 c m  
l a y e r s  and s u b j e c t e d  t o  v a r i o u s  compact ive e f f o r t s .  Approximately 

1 2 0 0 0  m3 (15000 Mg) of r e t o r t e d  s h a l e  was used i n  these f i e l d  
compaction s t u d i e s .  

The f i e l d  i n f i l t r a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  n e a r  the 
r e t o r t i n g  o p e r a t i o n s .  Two sha l low ponds w e r e  c o n s t r u c t e d  u s i n g  

t e c h n i q u e s  developed d u r i n g  t h e  ear l ie r  f i e l d  compaction s t u d i e s  

(see Fig.  2 ) .  Both ponds were c o n s t r u c t e d  o u t  of  Paraho r e t o r t e d  

s h a l e  p laced  i n  l a y e r s  t o  a n  o v e r a l l  t h i c k n e s s  a b o u t  1 m .  Both 

ponds had s l o p i n g  s i d e w a l l s  t o  o b v i a t e  w a l l  e f f e c t s  and t o  
e l i m i n a t e  any wall-bottom i n t e r f a c e .  One pond was c o n s t r u c t e d  

w i t h  d r y  r e t o r t e d  s h a l e  u s i n g  l i g h t  compaction. The o t h e r  pond 
w a s  c o n s t r u c t e d  o f  r e t o r t e d  s h a l e ,  mixed w i t h  optimum w a t e r ,  and 

p laced  u s i n g  heavy compaction. A f t e r  c o n s t r u c t i o n ,  bo th  ponds 

w e r e  f i l l e d  w i t h  water  and t h e  i n f i l t r a t i o n  ra tes  w e r e  measured 
u s i n g  s t a f f  gauges and f lows  through t h e  d r a i n  l i n e s .  

RESULTS AND DISCUSSION 

Compaction. The f i e l d  compaction s t u d i e s  confirmed e a r l i e r  

l a b o r a t o r y  s t u d i e s  r e g a r d i n g  t h e  e f f e c t  o f  compact ive e f f o r t ,  
m o i s t u r e  a d d i t i o n ,  and ag ing  on d e n s i t y  and s t r e n g t h .  Shown i n  

F i g u r e  3 i s  t h e  r e l a t i o n s h i p  of  compact ive e f f o r t  and added 
mois ture  on t h e  d e n s i t i e s  o f  r e t o r t e d  s h a l e .  A t  l eas t  t h r e e  

in-p lace  d e n s i t y  measurements w e r e  made i n  each  l a y e r .  R e s u l t s  
show t h a t  d e n s i t i e s  averaging  1500  kg/m3 c a n  b e  achieved .  
s t r e n g t h  of t h e  compacted r e t o r t e d  s h a l e  was measured u s i n g  

The 
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unconfined compression (ASTM 1 9 7 6 ) .  The r e l a t i o n s h i p  between t h i s  

s t r e n g t h  d a t a  and added m o i s t u r e  a t  v a r i o u s  seasoning  t i m e s  a r e  

shown i n  F i g u r e  4. The remarkable  s t r e n g t h  i n c r e a s e  o b t a i n e d  wi th  
t h e  a d d i t i o n  o f  optimum water i n d i c a t e s  t h e  o c c u r r e n c e  of some 

sort of cementing r e a c t i o n .  F u r t h e r  ev idence  o f  t h i s  cementing 
r e a c t i o n  is a p p a r e n t  where t h e  compress ive  s t r e n q t h  g a i n s  

w i t h  ag ing .  Aging 60 days  a f t e r  t h e  a d d i t i o n  of optimum water  

produced compressive s t r e n g t h s  o f  n e a r l y  1500  kPa. 

I n f i l t r a t i o n .  I n f i l t r a t i o n  d a t a  f o r  t h e  t w o  ponds a r e  l i s t e d  

i n  Table  1. Also l i s t e d  a re  i n - p l a c e  and c o r e  d e n s i t i e s ,  m o i s t u r e  

c o n t e n t s ,  and compress ive  s t r e n g t h s .  These d a t a  show t h a t  Pond I 

( h i g h  compaction, optimum w a t e r )  was w e l l - c o n s t r u c t e d .  D e n s i t i e s  

matched t h o s e  a c h i e v e d  i n  e a r l i e r  l a b o r a t o r y  and f i e l d  compaction 

tests. The s t r e n g t h ,  measured i n  a c o r e  sample ( 1 4 8 0  k P a ) ,  

exceeded t h o s e  a c h i e v e d  d u r i n g  t h o s e  ear l ie r  t es t s .  The f i e l d  
p e r m e a b i l i t y ,  as  measured by s t a f f  gauge ,  ( 4  x cm/s) ,  when 

c o r r e c t e d  f o r  i n i t i a l  a b s o r p t i o n  and normal e v a p o r a t i o n ,  

approaches t h e  v a l u e  o b t a i n e d  from a n a l y s i s  o f  t h e  c o r e  ( 6  x 

c m / s ) .  A c t u a l  i n f i l t r a t i o n  from t h e  h i g h l y  compacted pond shows 

t h e  permeat ion r a t e  t o  be 3 x c m / s .  

Pond 11, r e c e i v i n g  o n l y  l i g h t  compaction and n o  added w a t e r ,  

showed a p e r m e a b i l i t y  rate o f  2 x c m / s .  Although t h e  

p e r m e a b i l i t y  of t h i s  m a t e r i a l  i s  q u i t e  h i g h ,  e f f l u e n t s  could  be  

c o n t a i n e d  i n  a d i s p o s a l  a r e a  u s i n g  p r o p e r l y - p l a c e d ,  wel l -cons t ruc-  

t e d  m a t e r i a l  such a s  used i n  Pond I .  Even though t h e  l o o s e l y  

compacted Pond I e x h i b i t e d  a h i g h  p e r m e a b i l i t y  r a t e ,  an 

a d d i t i o n a l  f i e l d  exper iment  i n d i c a t e d  t h a t  p e r m e a b i l i t y  may n o t  

pose a s e r i o u s  problem. A f t e r  Pond I1 ( l i g h t  compaction) had 

d r i e d  thoroughly  f o r  s e v e r a l  months f o l l o w i n g  t h e  f i e l d  i n f i l t r a -  

t i o n  tes t ,  a s p e c i a l  test  w a s  conducted.  The s u r f a c e  was sprayed 
w i t h  17,400 9, of  water t o  r e p r e s e n t  a r a i n f a l l  of 5 cm i n  30 

minutes .  N o  e f f l u e n t  o c c u r r e d  f o r  n e a r l y  one f u l l  day .  A small 
seepage began t h e  second d a y  and cont inued  f o r  two d a y s .  Only 7 R 
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were collected from the drain pipe. Essentially all of the simu- 
lated rainfall was lost to absorption and subsequent evaporation. 
This indicates that leaching and permeability may not be a 
problem for Paraho retorted shale, even when lightly compacted, 
because even heavy rainfall will not penetrate the pile to 
significant depths. 

Chemical and Physical Properties. Paraho retorted shale is 
described according to standard soils classification as a 
silty-gravelly material (Rolt, 1976). A size distribution diaqram 
is presented in Figure 5 .  Some of the favorable properties of the 
retorted shale is attributed to this size distribution - like a 
good aggregate mix, this material has the proper ratio of fines to 
larger sized pieces so that the voids between the larger pieces 
are filled with fines. This relationship increases density, 
promotes strength, and reduces dusting and erosion. The chemical 
composition of retorted shale depends on the composition of the 
raw shale and the retorting process. The mineral composition of 
the Green River shale used in the Paraho operations consists of a 
complex mixture of minerals. These include: carbonates ( 5 0 % ) ,  

clays (40%), quartz (8%), and sulfides and others ( 2 % ) .  The 
principal carbonate mineral undergoing thermal reactions during 
the normal retort conditions are dolomite (CaC03-MgC03), or more 
properly ferroan (CaC03-Fex, Mg1-~C03) where a portion of the 
magnesium is replaced by iron. It is believed that ferroan under- 
goes the following chemical reaction during normal retorting 
conditions: 

(1) Ferroan + Heat + Calcite (CaCO3) + Magnesia (MgO) 
I + FeO + C02 

The mean chemical analysis of Paraho retorted shale is 
presented in Table 2. Although it is important to know this 
chemical composition, it is not helpful in assessing the compo- 
nents responsible for the cement-like properties. Much emphasis 
has been placed upon the formation of reactive oxides, such as 
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f r e e  l i m e  and magnesia ,  from c a r b o n a t e  decomposi t ion.  Although 

f r e e  l i m e  can  be formed under l a b o r a t o r y  c o n d i t i o n s  (Heis tand ,  

J o n e s ,  Morriss, 1 9 7 8 ) ,  it h a s  n o t  been d e t e c t e d  i n  t h e  r e t o r t e d  
s h a l e  used i n  t h e  f i e l d  s t u d i e s .  Although f r e e  l i m e  was n o t  

d e t e c t e d ,  magnesia (MgO) h a s  been found i n  Paraho r e t o r t e d  s h a l e .  

S u l f u r  m i n e r a l s ,  known t o  e x h i b i t  cement - l ike  p r o p e r t i e s ,  have 

been found i n  Paraho  r e t o r t e d  s h a l e  (Hol t  1 9 7 6 ) .  These i n c l u d e :  

a n h y d r i t e  (CaS04), b a s s a n i t e  (CaS04.0.5H20), gypsum (CaS04-2H20). 

These s u l f u r  m i n e r a l s  p r e s e n t  i n  t h e  r e t o r t e d  s h a l e  may be t h e r e  
a s  a r e s u l t  of  t h e  r a w  s h a l e  composi t ion  or  as  a r e s u l t  of  

a b s o r p t i o n  of  hydrogen s u l f i d e  by t h e  r e t o r t e d  s h a l e .  I t  i s  
be l ieved  t h a t  t h e  magnesia  and s u l f u r  m i n e r a l s  are r e s p o n s i b l e  

f o r  t h e  cement - l ike  p r o p e r t i e s  of  t h e  Paraho r e t o r t e d  s h a l e .  

Many s t u d i e s  have been c a r r i e d  o u t  concern ing  t h e  a n a l y s i s  of  

l e a c h a t e s  from r e t o r t e d  s h a l e .  R e s u l t s  from t h e s e  s t u d i e s  are  
h i g h l y  dependent  upon t h e  procedure  t h a t  i s  employed. L i s t e d  i n  

Table  3 are some of t h e  l e a c h a t e  d a t a  o b t a i n e d  d u r i n g  t h e  r e t o r t e d  

s h a l e  s t u d i e s .  The d a t a  show t h e  v a r i a t i o n s  o b t a i n e d  from v a r i o u s  

test  procedures .  F o r  t h e  m o s t  p a r t ,  t h e  l e a c h a t e  c o n s i s t s  of t h e  
major components i n  r e t o r t e d  s h a l e  (see Table  2 ) .  A s  t h e  compac- 

t i o n  i s  i n c r e a s e d ,  t h e  column experiments  show t h a t  t h e  l e a c h a t e  

c o n c e n t r a t i o n  i s  i n c r e a s e d ,  b u t  t h e  t o t a l  amount leached  i s  
d e c r e a s e d .  A l s o ,  t h e  l e a c h i n g  d i m i n i s h e s  as  t h e  l e a c h a t e  i s  
r e c i r c u l a t e d  which would i n d i c a t e  t h a t  l e a c h i n g  should  n o t  

proceed t o  g r e a t  d e p t h s  i n  a r e t o r t e d  s h a l e  d i s p o s a l  a r e a .  

Batch exper iments  i n d i c a t e  t h a t  a b o u t  1 w t %  o f  m a t e r i a l  i s  
e x t r a c t e d  from t h e  r e t o r t e d  s h a l e :  t h i s  m e e t s  e s t a b l i s h e d  

e n g i n e e r i n g  s t a n d a r d s  ( H o l t z ,  1976) .  Data shown i n  Table  3 

c o n s i s t s  of  ma te r i a l s  which c a n  c o n t r i b u t e  t o  s a l i n i t y ,  t o x i c  

e lements  had n o t  been c o n s i d e r e d .  More r e c e n t l y ,  t h e  U. S.  

Environmental P r o t e c t i o n  Agency h a s  proposed an e x t r a c t i o n  

procedure  t o  d e t e r m i n e  hazardous w a s t e s  (EPA, 1 9 7 9 ) .  R e s u l t s  

o b t a i n e d  us ing  t h e  proposed EPA e x t r a c t i o n  procedure  are  shown i n  

Table  4 f o r  b o t h  Paraho raw and r e t o r t e d  s h a l e s .  The low 
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c o n c e n t r a t i o n s  shown i n  Table  4 i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  are 

n o t  hazardous w a s t e s  a s  i n d i c a t e d  by t h e  U .  S .  EPA. These l o w  
c o n c e n t r a t i o n s  o f  t o x i c  m a t e r i a l s  found i n  l e a c h a t e s  from Paraho 

r e t o r t e d  s h a l e  u s i n g  t h e  proposed U .  S .  EPA e x t r a c t i o n  procedure  

would n o t  be i n c r e a s e d  t o  hazardous l e v e l s  i f  a l l  of  t h e s e  

m a t e r i a l s  p r e s e n t  i n  t h e  r e t o r t e d  s h a l e  (see Table  2 )  w e r e  
s o l u b i l i z e d .  

CONCLUSIONS 

D e t a i l e d  l a b o r a t o r y  and f i e l d  s t u d i e s  have shown t h a t  Paraho 
r e t o r t e d  s h a l e  can be  compacted e a s i l y ;  i s  n o t  s u b j e c t  t o  d u s t i n g ,  

e r o s i o n ,  or a u t o - i g n i t i o n ;  and c a n  be handled  t o  c r e a t e  s t r u c t u r e s  
o f  v e r y  l o w  p e r m e a b i l i t y .  A b a s i s  f o r  t h e s e  b e n e f i c i a l  p r o p e r t i e s  

can  be found,  i n  p a r t ,  by an examinat ion  of t h e  chemical  and 
p h y s i c a l  p r o p e r t i e s  of t h e  r e t o r t e d  s h a l e .  However, more s t u d i e s  

a r e  needed t o  f u r t h e r  d e f i n e  t h e s e  chemica l  and p h y s i c a l  
p r o p e r t i e s .  R e s u l t s  from t h e s e  a d d i t i o n a l  s t u d i e s  can  f u r t h e r  

reduce t h e  p o s s i b i l i t y  of any p o t e n t i a l l y  a d v e r s e  impact  from 

r e t o r t e d  s h a l e  d i s p o s a l .  
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Moisture, w t %  

D e n s i t y ,  B o t t o m  kg/m3 
3 

Side kg /m 

S t rength ,  kPa 

P e r m e a b i l i t y ,  cm/sec x 

TABLE 1 

F I E L D  INFILTRATION ANALYSIS 

P o n d  1 
I n i t i a l  C o r e s  

22.1 18.5 

- 

1488 1697 

1395 

1482 

0.3 0.6 

TABLE 2 

RETORTED SHALE COMPOSITION 

A. Major E l e m e n t s  

E l e m e n t  

A 1  

ca 
Fe 

K 

B. T r a c e  E l e m e n t s  

E l e m e n t  

A s  

B 

B a  

C d  

C r  

cu  

Hg 

Wt% 
4.6 

12.6 

2.3 

1 . 4  

PEE 
6 2  

140 

530 

1 

38 

5 1  

0.02 

E l e m e n t  

M g  

Na 

S i  

T i  

E l e m e n t  

Mo 

N i  

P b  

Sb 

S e  

Sn 

V 

Z n  

Pond 2 
I n i t i a l  

0.0 

1466 

2000 

Wt% 
4.3 

2 .o 

17.3 

0.2 

ppm 
35 

35 

33 

3 

2 

< 2  

108 

8 3  
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TABLE 3 

FIELD LEACHATES 

Material 

L e a c h a t e  V o l u m e ,  R 
PH 

C a l c i u m  

M a g n e s i u m  

Sodium 

Potassium 

S i l i con  

Sulfate  

C h l o r i d e  

A l k a l i n i t y  (as CaC03) 

A r s e n i c  

B o r o n  

Cadmium 

L e a d  

Mercury 

M o l y b d e n u m  

A r s e n i c  

B a r i u m  

Cadmium 

Chromium 

Mercury 

L e a d  

S e l e n i u m  

S i l v e r  

L o o s e  F i l l  

250,000 

10.4 

mg/R 

480 

2.6 

1,740 

161 

3 

1,112 

651 

1.9 

5.8 

1.7 

< 0.005 

0.07 

0.012 

1.7 

TABLE 4 

LEACHATE DATA 
EPA EP TEST (RCRA) 

C o m p a c t e d  

1500 

11.4 

m g / R  

55 

1.4 

3510 

91 

3.3 

1314 

112 

454 

3.9 

1.7 

0.005 

0.07 

0.010 

4.3 
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FIGURE 1 
FIELD COMPACTION S I T E  

FIGURE 2 
FIELD INFILTRATION SITE 

I 

POND 2 POND 1 
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1600 
FIGURE 3 

DENSITY 

Density 
b/m3 

Compactive E f f o r t  
MN/m3 

1360 
1.5 4.5 7.5 

F I G U R E  4 
1.4 UNCONFINED COMPRESSION 

Optimum 
Moisture 

Compressive Strength I kPa 

Moisture 

\ c 

:\\ 0.5 Moisture 

I Seasoning tlrs. \ 
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F I G U P S  5 
G R A D A T I O N  RESULTS 

Sand I Gravel 
Fine 1 Medium 1 Coarse 1 Fine 1 Coarse 

, 

80 

Passing After  
Compaction 

60 K 
As 

3eceived 
-/-- 

J 

20 

P a r t i c l e  Size,  mm 

0.15 0.59 2.4 9.5 38.1 
I I 
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