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INTRODUCTION 

Many s o c i a l ,  p o l i t i c a l ,  e c o l o g i c a l  and economic f a c t o r s  combine t o  make pre-  
d i c t i o n s  rega rd ing  t h e  da te  o f  s i g n i f i c a n t  commercial shale o i l  p roduc t i on  ve ry  
uncer ta in .  
known, s c i e n t i s t s  and engineers have a r e s p o n s i b i l i t y  t o  develop f a c t u a l  i n f o r -  
mation rega rd ing  o i l  sha le  u t i l i z a t i o n  i n  o rde r  t h a t  t e c h n i c a l  i n f o r m a t i o n  w i l l  
n o t  be t h e  de lay ing  f a c t o r  i n  u t i l i z a t i o n  o f  o i l  sha le  when r e q u i r e d  by o u r  
na t i on .  T h i s  paper i s  one a d d i t i o n  t o  t h e  t e c h n i c a l  data base needed f o r  sound 
u t i l i z a t i o n  o f  o i l  sha le .  

A l though t h e  a c t u a l  da te  f o r  commercial shale o i l  u t i l i z a t i o n  i s  un- 

A f t e r  o i l  shale has been r e t o r t e d  i n  s i t u ,  t h e  l o n g  t e r m  hazard t o  t h e  sur-  
face environment w i l l  be the  p o s s i b i l i t y  o f  ground water  movement through t h e  o i l  
shale t o  l each  va r ious  s o l u b l e  s a l t s  f rom t h e  spent shale. The poss ib le  env i ron -  
mental hazard d i v i d e s  i t s e l f  i n t o  two major  aspects. One aspect  regards t h e  geo- 
l o g i c a l  d e t a i l s  o f  t h e  p a r t i c u l a r  i n  s i t u  r e t o r t i n g  s i t e ,  i n  p a r t i c u l a r  t h e  amounts 
and q u a l i t y  o f  ground water  which m igh t  f l o w  i n t o  t h e  p rev ious l y  r e t o r t e d  zone . 
and subsequently have an o p p o r t u n i t y  t o  reach t h e  sur face.  
f a c t o r s  can be eva lua ted  b e s t  by h y d r o l o g i s t s ,  i f  t h e y  have a v a i l a b l e  i n fo rma t ion  
rega rd ing  i n t e r a c t i o n s  between p rev ious l y  r e t o r t e d  o i l  shale and t h e  i nvad ing  
ground water. 

The present  research  i s  aimed a t  a systemat ic  development o f  i n f o r m a t i o n  
desc r ib ing  t h e  l e a c h i n g  o f  s o l u b l e  s a l t s  f rom r e t o r t e d  o i l  shale by ground water. 
The t o t a l  s tudy  i n c l u d e s  determin ing t h e  amounts o f  m a t e r i a l  made a v a i l a b l e  f o r  
l each ing  by t h e  r e t o r t i n g  process, and a l s o  t h e  r a t e s  a t  which l each ing  may occur. 
The present  paper p r i m a r i l y  cons iders the  amounts o f  m a t e r i a l  made a v a i l a b l e  f o r  
l each ing  as a r e s u l t  o f  r e t o r t i n g  o i l  shale under v a r i e d  cond i t i ons .  Work now i n  
progress i s  e v a l u a t i n g  t h e  r a t e s  a t  which l each ing  may occur. 

These s i t e  dependent 

EXPERIMENTAL PROCEDURES 

One sample o f  o i l  shale was employed i n  t h i s  i n v e s t i g a t i o n  so t h a t  t h e  t o t a l  
data s e t  rega rd ing  q u a n t i t i e s  o f  m a t e r i a l s  t o  be leached f rom t h e  o i l  shale, and 
leach ing  r a t e  s t u d i e s  t o  be conducted i n  f u t u r e  work w i l l  be on a c o n s i s t e n t  basis. 
The s l a b  o f  o i l  sha le  was f i r s t  d r i l l e d  t o  remove cores f o r  f u t u r e  l each ing  r a t e  
s tud ies,  and t h e  remainder o f  t h e  s l a b  was crushed f o r  use i n  t h e  t e s t s  repo r ted  
here. The s l a b  was f rom t h e  R i f l e ,  Colorado,mine, b u t  i t  was n o t  i d e n t i f i e d  f u r -  
t he r .  

combinations. 
and r e t o r t i n g t i m e  (2  l e v e l s :  
These r e t o r t i n g  temperatures represent  a range o f  temperatures from a low tempera- 
t u r e  a t  which kerogen begins t o  decompose a t  a reasonable r a t e  t o  h i g h  temperatures 
a t  which carbonates decompose and o t h e r  r e a c t i o n s  i n  t h e  m ine ra l  m a t t e r  may occur. 
Actual  i n  s i t u  r e t o r t i n g  may employ very l o n g  r e t o r t i n g  t imes; however, experimental 

Data rega rd ing  t h e  sha le  sample a re  g i ven  i n  Table I. 

The shale was r e t o r t e d  i n  a randomized experiment w i t h  f a c t o r i a l  t reatment  
The f a c t o r s  were temperature ( 4  l e v e l s :  430,483, 630, and 78OOC) 

15 and 30 hours) .  Two r e p l i c a t i o n s  were made. 
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expediency necess i ta ted  r a t h e r  sho r t  r e t o r t i n g  t imes i n  t h i s  i n i t i a l  s e t  o f  e x p e r i -  
ments. 

One sequence o f  t e s t s  as 
described above was conducted w i t h  a slow purge o f  a i r  through the  o i l  shale t o  
burn carbon f rom t h e  spent shale and p rov ide  an o x i d i z i n g  environment. 
t h e  a i r  f l o w  purged carbon d i o x i d e  from t h e  o i l  shale as carbonates decomposed t o  
f a c i l i t a t e  f u r t h e r  carbonate decomposit ion. 
Po r t i ons  o f  o i l  sha le  which m igh t  have been burned by a i r  t o  energ ize the  i n  s i t u  
r e t o r t i n g  process. I n  a second s e r i e s  o f  t e s t s ,  no gas purge was used du r ing  
r e t o r t i n g  o f  t h e  shale which r e s u l t e d  i n  r e s i d u a l  carbon on t h e  spent shale, and 
reducing atmosphere about t h e  spent sha le  d u r i n g  r e t o r t i n g .  These two s e r i e s  of 
t e s t s  a re  d i s t i n g u i s h e d  as Air-Yes and Ai r -No i n  t h e  t a b u l a r  data. 

R e t o r t i n g  o f  t h e  sha le  was accomplished i n  a v e r t i c a l  s t a i n l e s s  s t e e l  t ube  
43 cm long  and 1.4 cm I D .  The c e n t r a l  p o r t i o n  o f  t h i s  tube conta ined 50 g o f  o i l  
shale. A 1/16 i n c h  swaged magnesia Type K thermocouple was centered i n s i d e  t h e  
tube. 
c e n t r a l  p o r t i o n  o f  t h e  r e t o r t i n g  apparatus. 
purged i n t o  the  t o p  of  t h e  apparatus a t  a r a t e  o f  0.25 l / h r .  Gases and o i l  were 
produced f rom t h e  bottom o f  t h e  tube i n t o  a con ta ine r  w i t h  a water l e g  seal so 
a i r  cou ld  never c o n t a c t  t h e  sha le  i n  those t e s t s  conducted i n  t h e  absence o f  a i r .  
A c l o s e - f i t t i n g  e l e c t r i c  furnace was p laced around t h e  tube. Power i n p u t  t o  t h e  
furnace was ad jus ted  by a P I D  t ype  c o n t r o l l e r  ac tua ted  by t h e  i n t e r n a l  thermo- 
couple. 
ope ra t i ng  temperature. 

f e red  t o  a 250 m l  po l ye thy lene  b o t t l e  and 200 ml o f  deminera l ized and deion ized 
water added. The r e t o r t e d  shale and water were mixed together  f o r  15 hours by 
r e v o l v i n g  t h e  b o t t l e  a t  160 RPM w h i l e  t i l t e d  a t  a 45 degree angle. The samples 
were a l lowed t o  s e t t l e  f o r  5 hours and t h e  c l e a r  water  decanted from t h e  shale. 
P r i o r  t o  a n a l y s i s  by atomic absorpt ion spectroscopy t h e  samples were f i l t e r e d  
through Whatman No. 42 f i l t e r  paper, and measurements made o f  t h e  pH and conduc t i -  
v i t y .  

t o  be generous f o r  e x t r a c t i o n  o f  the o i l  sha le fragments which were l e s s  than 2 mm 
i n  diameter. 
o f  a i r  f o r  15 hours a t  483°C and ex t rac ted  by t h e  p r e v i o u s l y  s t a t e d  procedure 
except the  pH and c o n d u c t i v i t y  were measured as a f u n c t i o n  o f  t ime.  These r e s u l t s  
a r e  shown i n  F igu re  1. 
v a t i o n  a f t e r  one hour o f  leaching.  A d d i t i o n a l  s o l i d s  were e x t r a c t e d  du r ing  t h e  24 
hour p e r i o d  o f  t h e  t e s t .  
i n  d i sso l ved  s o l i d s  i n d i c a t e d  t h e  complex i ty  o f  t h e  t o t a l  problem which i s  be ing  
addressed i n  t h e  l each ing  r a t e  s tud ies  now i n  progress.  The a d d i t i o n a l  v a r i a b l e  
of e x t r a c t i o n  t ime  was n o t  considered f u r t h e r  i n  t h i s  paper. 

i n  those cases when atomic adso rp t i on  was n o t  e f f e c t i v e .  
Table I. 
1. 
respec t i ve l y .  

Two extremes o f  gaseous environment were employed. 

I n  a d d i t i o n ,  

Th is  t e s t  p a r t i a l l y  s imulated t h e  

A h o r i z o n t a l  screen at tached t o  t h e  thermocouple supported t h e  shale i n  t h e  
For  one s e r i e s  o f  experiments, a i r  was 

Approximately 0.5 hours was r e q u i r e d  t o  heat  t he  apparatus t o  the  des i red  

A f t e r  r e t o r t i n g ,  t h e  shale was a l lowed t o  cool  t o  room temperature, then t r a n s -  

’ 
These r e s u l t s  a r e  repo r ted  i n  Table 111. 

The 15 hour t ime  used f o r  e x t r a c t i o n  o f  t h e  o i l  shale wi th  water  was thought  

To conf i rm t h i s  assumption, o i l  sha le  was r e t o r t e d  i n  t h e  absence 

Most o f  t h e  s o l i d s  were ex t rac ted  p r i o r  t o  t h e  f i r s t  obser- 

The r a p i d  e x t r a c t i o n  o f  s o l i d s  fo l l owed  by a slow increase 

The raw sha le  was analyzed f o r  severa l  elements by c o l o r m e t r i c  procedures 
These data a re  g i ven  i n  

V ,  Be, Sn, and Sb were determined by t h e  methods descr ibed i n  Reference 
As, B, and Se were determined by methods descr ibed i n  References 2, 3, and 4, 

P r i o r  t o  a n a l y s i s  the shale was d iges ted  i n  HF. 

EXPERIMENTAL RESULTS 

Data f o r  t h e  32 r e t o r t i n g  and e x t r a c t i o n  experiments a r e  r e p o r t e d  i n  Table 111. 
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These r e s u l t s  were analyzed b y  s tandard ana lys i s  o f  var iance procedures, AOV. 
s i g n i f i c a n c e  l e v e l  o f  Q = 0.05 was se lec ted  f o r  i n t e r p r e t a t i o n  o f  t h e  AOV r e s u l t s .  
S i g n i f i c a n t  v a r i a t i o n s  i n  t h e  r e s u l t s  a r e  i n d i c a t e d  i n  the l e f t  column i n  rega rd  t o  
r e t o r t i n g  t ime, Tm, r e t o r t i n g  temperature, Tp, and t h e  t ime temperature i n t e r a c t i o n ,  
TT . 

A 

For t h e  two r e t o r t i n g  t imes examined, 15 and 30 hours, l i t t l e  e f f e c t  o f  r e -  
t o r t i n g  t ime was shown on t h e  amounts o f  each element leached from t h e  o i l  shale. 
The t o t a l  amount o f  d i s s o l v e d  s o l i d s  was n o t  i n f l u e n c e d  by r e t o r t e d  t i m e  as de te r -  
mined by t h e  AOV a n a l y s i s .  The r e s u l t s  i n  Table I11 i n d i c a t e  t h a t  t h e  amounts o f  
severa l  elements d i s s o l v e d  were dependent on r e t o r t i n g  t ime by the  AOV technique,  
K, Mg, S r ,  Zn, and Cd when r e t o r t e d  i n  t h e  presence o f  a i r .  Standard a n a l y s i s  o f  
covar iance procedures, ANCOVA were a p p l i e d  t o  t h e  experiments conducted i n  t h e  
presence o f  a i r .  When leacha te  pH was used as t h e  cova r ian t ,  t h e  apparent depen- 
dency on r e t o r t i n g  t i m e  rega rd ing  t h e  amounts o f  Mg d i sso l ved  was e l im ina ted .  
s e t  o f  data i n d i c a t e d  t h a t  t h e  o n l y  s i g n i f i c a n t  i n f l u e n c e  on t h e  amount o f  magne- 
sium d i sso l ved  was pH o f  t h e  e x t r a c t .  
i n d i c a t e d  t h a t  pH o f  t h e  l eacha te  i n f l uenced  t h e  amounts o f  Fe and A1 ex t rac ted ,  
and perhaps t h e  amounts o f  Zn, as might  be expected. The ANCOVA t e s t s  i n d i c a t e d  
t h a t  on l y  the  amount o f  K leached was c l e a r l y  dependent on r e t o r t i n g  t ime.  

This 

The ANCOVA examination o f  t h e  data a l s o  

R e t o r t i n g  temperature was t h e  major v a r i a b l e  i n f l u e n c i n g  t h e  amounts o f  mate- 
r i a l  ext racted.  
two h ighes t  temperatures was n o t  great .  
temperature, 780°C f o r  t h e  l onges t  p e r i o d  o f  t ime, 30 hours, r e s u l t e d  i n  l e s s  o f  a 
p a r t i c u l a r  element b e i n g  leached from t h e  o i l  shale, f o r  example S r  and Zn. 

The d i f f e r e n c e  i n  t h e  amounts e x t r a c t e d  a f t e r  r e t o r t i n g  a t  t h e  
I n  some cases, r e t o r t i n g  a t  t h e  h ighes t  

The r e l a t i v e  amounts o f  m a t e r i a l  leached i n  the  absence o r  presence o f  a i r  
were n o t  examined by s t a t i s t i c a l  methods, b u t  it appears obvious t h a t  l e s s  mate- 
r i a l  was leached a f t e r  r e t o r t i n g  i n  t h e  absence o f  a i r  a t  t h e  two lower  r e t o r t i n g  
temperatures employed. Th is  e f f e c t  i s  n o t  j u s t  a f u n c t i o n  o f  pH as shown i n  F igure 
2, s ince  t h e  samples r e t o r t e d  i n  t h e  presence o f  a i r  had a lower  pH, b u t  a l a r g e r  
amount o f  s o l i d s  were d i sso l ved .  The X-ray d i f f r a c t i o n  s tud ies shown i n  Table I 1  
show no major a l t e r a t i o n  o f  t h e  c r y s t a l l i n e  m a t e r i a l  due t o  r e t o r t i n g  a t  t h e  lower  
temperatures e i t h e r  i n  t h e  presence o r  absence o f  a i r .  The X-ray d i f f r a c t i o n  data 
shown i n  Table I 1  show t h e  p roduc t i on  o f  a new m ine ra l  phase, h y d r o t a l c i t e ,  
Mg6A12C03(0H)16 4H20, a t  t h e  most severe r e t o r t i n g  cond i t i ons .  

DISCUSSION OF RESULTS 

These r e s u l t s  show the  i n f l u e n c e  o f  se lec ted  r e t o r t i n g  cond i t i ons  on t h e  
amounts o f  m a t e r i a l  leached f rom o i l  shale by pure water. 
assoc iated w i t h  o i l  s h a l e  depos i t s  a l ready con ta ins  l a r g e  amounts o f  d i sso l ved  
s a l t s ,  up t o  40,000 ppm ( 5 ) ,  con t ras ted  t o  t h e  maximum o f  1800 ppm observed i n  
these t e s t s .  The i n t e r a c t i o n s  o f  these r e a l  ground waters  w i t h  o i l  sha le  w i l l  be 
considerably  d i f f e r e n t  t han  observed i n  these t e s t s  w i t h  pure water; however, t h e  
t e s t s  w i t h  pure water  p r o v i d e  more rep roduc ib le  and r e a d i l y  i n t e r p r e t a b l e  r e s u l t s .  
Tests a re  now i n  p rog ress  us ing  ground water. 

Much o f  t h e  ground water 
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TABLE I 
Proper t i es  o f  t h e  O i l  Shale I n v e s t i g a t e d  

P r i n c i p a l  minera l  species present  (Please see Table 11) 
F i scher  Assay Y i e l d  (ga l / t on )  19.1 

Ana lys i s  f o r  Selected Meta ls  

Metal Method Amount Present De tec t i on  L i m i t  
PPM i n  Shale i n  Shale PPM 

Be C o l o r i m e t r i c  Trace 0.2 
V Col o r i  m e t r i  c Absent 0.5 
C r  AAS 
Fe AAS 
N i  AAS 
cu AAS 

Absent 
3.68 
Trace 
0.16 

Ag AAS Absent 
Cd AAS Trace 

AAS Absent 
Col o r i  me t r i  c 

Hg 
B 
Pb AAS 0.49 
As Co 1 or  ime tri c Absent 
Sb C o l o r i m e t r i c  Absent 
Se C o l o r i m e t r i c  Absent 

Screen Ana lys i s  o f  Crushed O i l  Shale 

Screen Mesh W t %  Screen Mesh 
(US Std. )  Reta ined ~ (US Std. )  

+16 32.0 60 
24 13.9 115 
32 14.1 250 
42 12.2 Pan 

0.005 
0.1 
0.01 
0.003 
0.005 
0.003 
1 .oo 
2.00 
0.04 
8.00 
0.05 
0.04 

W t %  
Reta ined 

10.8 
10.8 
4.0 
2.5 

69 



TABLE 11. Mineralogical Phases i n  Raw and Retorted O i l  Shale by X-ray D i f f rac t i on  

~~ ~ ~ 

Retort ing Conditions Minerals and t h e i r  r e l a t i v e  percentages 

(Raw Shale) 

Yes 15 
Yes 30 
Yes 15 
Yes 30 
Yes 15 
Yes 30 
Yes 15 
Yes 30 

No 15 
No 30 
No 15 
No 30 
No 15 
No 30 
No 15 
No 30 

25 

430 30 
430 25 
483 30 
483 30 
630 25 
630 20 
780 30 
780 40 

430 20 
430 20 
483 20 
483 20 
630 25 
630 25 
780 35 
780 35 

30 

30 
30 
30 
35 
10 
10 
15 
10 

30 
30 
30 
30 
15 
25 
10 
10 

10 

+ 
+ 
+ 
+ 
20 
20 
10 
10 

5 
5 
5 
5 

25 
20 
20 
10 

15 

20 
20 
20 
15 
20 
10 
5 

10 

20 
20 
20 
20 
15 
20 
10 
10 

- 

10 
10 
10 
5 

- 

5 
+ 
5 

10 

10 

10 
10 
10 
10 
+ 
10 

10 
10 
10 
10 
5 

+ 
+ 
+ 

10 

i o  
10 
10 
10 
10 

5 
30 
25 

10 
10 
10 
10 
10 
10 
20 
25 

+ indicates t race quant i ty;  - indicates not detectable I 
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