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BACKGROUND 

O i l  sha le can be b road ly  c l a s s i f i e d  as a m i x t u r e  o f  two major  components, t h a t  i s  o r -  
ganic and ino rgan ic  de r i ved  mat ter .  I n  t h e  Green R i v e r  o i l  shales t h e  o rgan ic  p o r t i o n  
i s  u s u a l l y  the minor  cons t i t uen t ,  b u t  may be p resen t  i n  q u a n t i t i e s  v a r y i n g  f r o m  about  
zero t o  as g rea t  as 50 we igh t  percent  w i t h i n  ve ry  smal l  v e r t i c a l  i n t r a v a l s ,  i .e.,  
t h e  varves which d e f i n e  t h e  bedding planes i n  t h e  deposi t .  Obviously because o f  such 
va r ia t i ons ,  sampling and sample p repara t i on  a r e  ext remely impor tan t  i f  r e p r e s e n t a t i v e  
assay data are obtained. However, a ma jo r  p o i n t  t o  be made i n  connect ion w i t h  t h i s  
paper i s  t h a t  w i t h i n  any g iven assay sample t h e  o rgan ic  concen t ra t i on  probably  v a r i e s  
q u i t e  w ide ly  f o r  t h e  i n d i v i d u a l  sha le  a r t i c E .  
f o r  t he  o b s e r v a t i o n t h a t  as a b r m e h e .  t h e  D v r o l v t i c  decomDosition seems 

S t a t i s t i c a l l y  t h i s  probably  accounts 

t o  take  p lace t o  form v o l a t i l e  products  and o rgan ic  resjdue" on the  py'rolyzed s h a l e  i n  
constant  p ropor t i ons  and independent o f  t h e  i n o r g a n i c  m a t t e r  concentrat ion.  

The commonly accepted techn i  ue f o r  c h a r a c t e r i z i n g  o i l  sha le  i n  the  U. S. i s  t he  
Mod i f i ed  F ischer  Assay (MFA)?l). Assay da ta  f rom t h i s  technique a re  u s u a l l y  r e p o r t e d  
i n  terms o f  t he  v o l a t i l e  components as: o i l  y i e l d ,  wa te r  y i e l d ,  and gas p l u s  l oss .  
The r e t o r t e d  sha le  ( o f t e n  c a l l e d  spent sha le )  i s  o f t e n  omi t ted.  However, i t  can be 
accu ra te l y  rees tab l i shed  s i n c e  i t  i s  the  d i f f e r e n c e  between 100 we igh t  pe rcen t  and 
the v o l a t i l e s .  I n t e r e s t i n g l y  the weight  f r a c t i o n  o f  r e t o r t e d  shale i s  p o s s i b l y  t h e  
most accu ra te l y  determined assay q u a n t i t y  s i n c e  i t  i s  done g r a v i m e t r i c a l l y  and does 
n o t  i n v o l v e  condensation, separat ion,  and d e n s i t y  determinat ions as do t h e  l i q u i d  
products. For t h i s  reason the  r e t o r t e d  sha le  ( o r  i t s  analog, the t o t a l  v o l a t i l e s )  
should be o f  g r e a t  va lue i n  making c o r r e l a t i o n s  w i t h  MFA data. I n  t h i s  paper these 
types o f  data a r e  used t o  e s t a b l i s h  r e l a t i o n s h i p s  between t h e  o i l  y i e l d ,  t he  t o t a l  
o rgan ic  mat ter ,  and t h e  organic  res idue  remain ing on t h e  r e t o r t e d  shale.  

COMPOSITIONAL DIAGRAMS 

The "composi t ional  diagram" (CD)  i s  a u s e f u l  t o o l  f o r  v i s u a l l y  e v a l u a t i n g  o i l  sha le  
assay data -- p a r t i c u l a r l y  t h e  r e l a t i o n s h i p  o f  o i l  y i e l d  t o  the  t o t a l  o rgan ic  m a t t e r  
and the  organic  res idue  l e f t  on r e t o r t e d  shales.  
development o f  t h e  CD p l o t  i nvo l ves  o n l y  s imp le  m a t e r i a l  balances, and s t r a i g h t  f o r -  
ward assumptions t h a t  i no rgan ic  decomposit ion i s  smal l  and t h e  r a t i o  o f  t he  p roduc ts  
t o  t o t a l  organic  m a t t e r  i s  n o t  concen t ra t i on  dependent and remains cons tan t  f o r  a 
g iven assay procedure as fo l l ows :  

The b a s i c  concepts used i n  the  

1. Ma te r ia l  Balances: 

a. Raw shale:  

o rgan ic  ('t) + i n o r g a n i c  ( Y i )  = 100 w t  % 

b. Re to r ted  shale: 

v o l a t i l e s  ('v) + r e t o r t e d  shale ('s) = 100 w t  % 

2. Py ro l ys i s  Mechanism: 

a. Organic m a t t e r  
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Organic ('t) 4 Yolatiles ('v) t Organic Residue ('r) 3)  

volati les ('v) + gas ('g) + water ('w) + oil  ('0) 

b. Volatile matter: 

4) 

3. Assumptions : 

a. Inorganic decomposition negligible.  

Inorganic 4 Inorganic + H ~ O  + co2 
b. Pyrolysis product distribution constant: 

5 

Obviously, neither the organic residue on the retorted shale,  nor the total  organic 
are obtained directly from the MFA. 
then t h e  other i s  easi ly  calculated by equation 3 and these values can be rather 
uniquely determined from the MFA data i f  the assumption of constant product ra t ios  
holds. 
as figure 1. I n  th is  f igure l i ne  i s  representative of equation 1 and gives the 
relationshio between the total  oraanic and the inoraanic matter in the raw shale. A 

However, i f  one of these quantit ies i s  known 

The development of a coordinate system showing these relationships i s  given 

a 
b 
m 
1 
m 

l ine  
which will pyrolyze to o i l  during assay. Another l ine AE can also be drawn which 

can' also be drawn which represents the weigit percent of the organic matter 

represents t h c t o t a l  volat i les  e;olved- d u r i n g  the pyrolysis. 
between l ine  AB ( t o t a l  organic) and l ine 
residue ( B E )  which will be found with the retorted shale. 

Obviously the difference 
( to t a l  volat i les)  must be the organic 

Line E also has a unique relationship t o  the retorted shale value (ys)  since t h e  
- volati le organic must always simultaneously be represented by a point ' G '  on the l i n e  
AB in order t o  f i l l  the requirement of equation 2. By simple geometry i t  follows 
tha t  t h e  l i ne  
1 owing re1 a t i  ons hi ps : 

can be established with a point ' H '  on the l ine E,  giving the fol- 

1. f o r  the organic residue, 

2. the gas and water (plus lo s s ) :  
- 
HG = 

3. and the o i l :  
- 
C D  = 

Figure 1 therefore becomes a diagram on which the relationship of the known values 
( o i l ,  volati les,  o r  residual shale) from a MFA can be plotted and the value of the 
other unknowns (inorganic, total  organic, andorganic residue) can be determined 
directly,  provided the position of the l ines AE and can be reliably established. 
The position of these l ines  can be determined from l i t e r a tu re  data by noting t h a t  --- 
the line AH in figure 1 bears the same relationship between the oi l  and the retorted 
shale as the l ine E does to  the total  volat i les  and the retorted shale. Therefore 
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"a p l o t  of O i l  y i e l d  da ta  ( i n  weight  percent)*  versus the r e t o r t e d  shale ( o r  i t s  analog 
t h e  t o t a l  v o l a t i l e s )  should g i v e  a s t r a i g h t  l i n e  which w i l l  be l i n e  AH. 

Of  these da ta  us ing  t h e  c o n s t r a i n t  t h a t  t he  'y '  i n t e r c e p t  equals 100 we igh t  pe rcen t  
leads t o  an equation: 

Such a p l o t  
A l e a s t  square e v a l u a t i o n  , f o r  a wide range of o rgan ic  con ten t  i s  g iven i n  f i g u r e  2. 

y, = - 1 . 2 8 2 ~ ~  + 100 9)  

I 
8 
E 

The i n t e r c e p t  w i t h  t h e  x a x i s  g i ves  a value o f  78.0 we igh t  pe rcen t  f o r  t h e  v o l a t i l e s ,  

percent  f o r  t he  o i l  as a percent  o f  t he  t o t a l  organic .  

Mathemat ica l ly  the r e l a t i o n s h i p s  developed i n  f i g u r e s  1 and 2 g i v e  some i n t e r e s t i n g  
c o r r e l a t i o n s  where 'MI i s  t he  s lope of t h e  l i n e  AE and xo i s  t he  o i l  y i e l d  i n  weight  
percent ,  as fo l l ows :  

J a value o f  22.0 weight  percent  f o r  t he  o rgan ic  res idue,  and a va lue o f  60.8 we igh t  

- 1. To ta l  organic  content :  xt E M2xo = 1 . 6 4 4 ~ ~  

2.  Organic Residue: xr (M2-M)x0 E 0 . 3 6 1 ~ ~  

3. Gas and water: ( xg  + s) 2 -( l+M)xo 0 . 2 8 2 ~ ~  12) 

4. Product  D i s t r i b u t i o n :  a. O i l :  = 1/M2 0.608; b. Residue: 2 =" (1- A) 0.220; 
X t  X t  

c. Gas, Water, and Loss: (x  + x ] (M) - ( M2 ) 0.172 13) 

I t  i s  a l s o  poss ib le  t o  independent ly  check t h e  assumption t h a t  t h e  p roduc t  r a t i o s  t o  
t o t a l  organic  are constant  from l i t e r a t u r e  references.  Table 1 summarizes these data. 

Table 1. D i s t r i b u t i o n  o f  Organic M a t t e r  
Data Source Shale Assay Product  t o  Orqanic Rat ios 

( g / t )  O i l  Gas + Water Vol a t i  1 es Residue I Smith(5)  25. Z a  0.543 0.243 0.785 0.215 
G o ~ d f e l l o w ( ~ )  33.2b 0.569 0.212 0.781 0.220 I' Stanf ie ld( ' )  18-52' 
S tan f i e ld ( ' )  27.7 d 

H ~ b b a r d ' ~ )  78e 

0.614 0.159 0.773 0.228 
0.607 0.161 0.768 0.233 

0.67 m g  ms 9 m g  
0.78 0.22 f rn' (Figure 2, 

0.61 0.17 

a. Data from 8 r e p l i c a t e  samples; b. Data f rom 42 r e p l i c a t e  samples; c .  Averaged da ta  
from 9 samples; d. Data f o r  kerogen en r i ched  
shales (see Table 2 RI4872); f. 
As can be seen from Table 1 ,  t h e  r a t i o s  f o r  t o t a l  o rgan ic  t o  v o l a t i l e s  and t h e  o rgan ic  
res idue a re  e s s e n t i a l l y  constant  w i t h  values o f  about 0.78 and 0.22 r e s p e c t i v e l y  -- 
as had been p red ic ted  from the  da ta  used i n  o b t a i n i n g  f i g u r e  2. 
covers assay data obta ined f o r  kerogen en r i ched  shales and covers a wide range o f  

m, 
Composited sample o f  above 9 samples; e. 

Data cover m u l t i p l e  samples rang ing  f rom 5 t o  93 ga l / t on .  E 
I 

The data o f  Hubbard 

* O i l  y i e l d s  are commonly repo r ted  as (ga l / t on ) .  
they can be converted t o  an approximate weight  percent  us ing  t h e  equa t ion  ( g a l / t o n )  
C 2.61 (weight pe rcen t ) .  

I n  the  absence o f  d e n s i t y  data,  
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concentration. Although i t  i s  not possible t o  make a material balance from these 
data they do show t h a t  the ra t ios  of  o i l  to kerogen (also fo r  water to kerogen) are 
constant over a wide concentration range. 

DEVIATIONS FROM THE IDEALIZED CASE 

In the  preceding section i t  was shown tha t  a p lo t  o f  assay o i l  y ie ld  from the Green 
River oil  shales as a function of the retorted shale yield s t a t i s t i c a l l y  defined a 
l ine  represented by equation 9. 
recent MFA data do not f i t  the relationship -- an observation which '4 par t ic  larly 
true of some of the b e t t e r  s t a t i s t i c a l  data, i . e . ,  tha t  o f  Goodfellow , Smith!, and 
Hubbard6, as well as t ha t  from commercial laboratories.  
fellow's analysis involved 42 replicate determinations. ) 

I t  is apparent from f igure  3 t ha t  the  deviation from ideal shows a consistently low 
retorted shale y ie ld  (o r  high vo la t i l e  content). 
argued that the problem is  associated w i t h  the decomposition of the inorganic portion 
of the shale and tha t  the assumption of a ' y '  axis intercept of 100 w t  percent i s  n o t  
valid. Further, decomposition of the inorganic portion is  not en t i re ly  unexpected 
since i t  i s  known tha t  a small amount of carbonate decomposition takes place during 
the MFA procedure, e -g . ,  Smith5 reports 0.6 weight percent fo r  a typical 25 gal/ton 
o i l  shale. However, carbonate decomposition will not account fo r  the magnitude of 
observed deviation, par t icu lar ly  fo r  low assay o i l  shales. 

The l a t t e r  i s  shown by examination of the large quantity of assay data from the cores 
obtained i n  d r i l l i n g  exploratory core holes which can be readily obtained by request 
from the Laramie Energy Research Center of ERDA. 
advantage of covering the assay of barren o r  lean shale i n  addition to the very rich 
shales -- something t h a t  i s  not normally done in  routine investigation of o i l  shales. 

Figures 4, 5, and 6 show charac te r i s t ic  CD plots fo r  selected intervals of typical 
cores taken from the o i l  shales i n  the Green River Formation fo r  Colorado, Utah, and 
Wyoming, respectively. As might be anticipated these data show tha t  the retorted 
shale recovery from samples w i t h  zero o r  negligible oil  y ie ld  are typically only 98- 
99 weight percent. 
is associated with water -- not gas as would be the case with carbonate decomposition. 

This l a t t e r  observation suggests tha t  sample preparation, particularly drying, needs 
t o  be reevaluated i n  making the MFA, ( o r  a t  l e a s t  determining and reporting the 'as 
received' o r  total  moisture content of the sample). In discussing the  drying pro- 
cedures used by various individuals one finds considerable variation between labor- 
a tor i  s and more importantly from the procedure i n i t i a l l y  s e t  u p  by Stanfield and 
Frostfl) .  Whereas the l a t t e r  carefully dried the i r  samples and often reported MFA 
data on a 'moisture corrected'  basis -- one nm finds tha t  assays a re  almost univer- 
s a l ly  being done on an ' a i r  dried'  o r  as received basis. 

Failure t o  correct f o r  moisture n o t  only leads to  small inaccuracies i n  the MFA data 
as i s  shown i n  table 2. 
C D  p lo t ,  as shown in f igure  3, where the data i s  also plotted on a moisture-free 
basis and more nearly fits the derived relationship. 

Interestingly,  figure 3 shows tha t  much of  the more 

(As noted i n  Table 1 - Good- 

Therefore, i t  could be eas i ly  

MFA data from core holes has the 

The in te res t ing  observation is  tha t  the dominate vola t i le  loss 

9 
I t  a l so  has a considerable e f f ec t  on the data points of a 
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Table 2. E f f e c t  o f  Using Mo is tu re - f ree  Basis  
On Mod i f i ed  F i sche r  Assay Data 

Assay I t e m  Data Source 

Retor ted Shale 
O i  1 

Water 
Gas (+ l o s s )  

To ta l  

Smi  t h ( 5 )  Hubbard (7)  

A B A B A B 

82.40 83.36 86.28 87.45 86.12 87.23 
12.60 12.75 9.51 9.63 10.06 10.19 
3.85 3.89 2.87 2.91 2.55 2.58 

- ~ - -  -- 

1.15 - 1.38 1.27 - -- -- -- 
100 100 100 100 100 100 

Change i n  O i l  Assay (ga l / t on )+  +0.4 t0 .3 to. 3 

A As repo r ted  
B Mo is tu re - f ree  
t Calcu lated us ing  2.61 t imes d i f f e r e n c e  i n  o i l  present .  

Fau t ion  must be used i n  a r b i t r a r i l y  app ly ing  a mo is tu re - f ree  bas is  t o  MFA da ta  s i n c e  
water  o f  p y r o l y s i s '  i s  de r i ved  from t h e  r o l y t i c  decomposit ion o f  t h e  o rgan ic  mat- 

t e r .  The q u a n t i t y  o f  ' p y r o l y s i s  wa te r '  (g) w i l l  be p r o p o r t i o n a l  t o  the  t o t a l  o rgan ic  
content; 0.077 (xo )  t o  es t ima te  i t s  value) 
whereas, t he  mois ture i n  the sha le  decreases w i t h  i n c r e a s i n g  o rgan ic  con ten t  ( i .e.,  
r e f e r  t o  f i gu res  4, 5, 6). 
l i t t l e  o r  no change i n  MFA 

I t  i s  the re fo re  suggested t h a t  those i n v o l v e d  i n  e v a l u a t i n g  o r  s t a n d a r d i z i n g  t h e  MFA 
procedure take note o f  t h i s  problem. C e r t a i n l y  t h e  r e l a t i o n s h i p  between d r y i n g  tech-  
nique and water  y i e l d  needs t o  be evaluated -- and perhaps a much more d e t a i l e d  s tudy  
should be made determin ing t h e  r e l a t i o n s h i p  between water  y i e l d  and r e t o r t i n g  
temperatures. 

( t he  author  uses t h e  r e l a t i o n s h i p  (%) 

Therefore, i t  i s  n o t  uncommon f o r  assay data t o  show 
wa te r  y i e l d  as a f u n c t i o n  o f  o i l  y i e l d .  

INTERPRETATION OF TGA DATA 

Figure 7 shows a t y p i c a l  TGA t r a c e  f o r  t he  p y r o l y s i s  o f  a sample o f  Colorado o i l  s h a l e  
i n  a CO atmosphere. TGA does n o t  g i ve  o i l  y i e l d ,  and unless the v o l a t i l e s  are recov-  
ered an$ analyzed i t  i s  d i f f i c u l t  t o  g e t  such data d i r e c t l y .  On t h e  o t h e r  hand, t h e  
data does r e a d i l y  l end  i t s e l f  t o  analyses on a CD p l o t  s ince  the  v o l a t i l e  con ten t  i s  
determined r a t h e r  p r e c i s e l y  by TGA. (w i n  f i g u r e  1 )  i s  known f o r  t he  p a r t i c u l a r  shale i n  ques t i on  the  o i l  y i e l d  can be 
est imated from the  ' x '  i n t e r c e p t  o f  t h a t  l i n e .  

I n  t h e  event  t he  r e l a t i o n s h i p  o f  t h e  o i l  y i e l d  t o  t h e  t o t a l  v o l a t i l e s  i s  n o t  known 
f o r  t he  TGA sample a second da ta  p o i n t  can be ob ta ined  by o x i d i z i n g  t h e  r e s i d u a l  or- 
ganic ma t te r  (F igu re  8 )  a t  t h e  p y r o l y s i s  temperature ( t o  min imize carbonate decompo- 
s i t i o n ) .  The t o t a l  v o l a t i l e  d a t a c a n  then be used t o  e s t a b l i s h  a p o i n t  on the  o i l  
versus i no rgan ic  boundary l i n e  (AD i n  f i g u r e  1) and t h e  y i e l d  est imated aga in  from 
the ' x '  i n t e r c e p t  o f  t h a t  l i n e .  These da ta  a r e  shown p l o t t e d  on a composi t ional  
diagram as f i g u r e  9. The F i sche r  assay o i l  y i e l d  p r e d i c t e d  f rom t h e  da ta  f rom f i g -  
u re  7 would be 34.5 gal / ton.  That, based on da ta  f rom f i g u r e  8, i s  33.4 g a l / t o n  
(assuming G/T 
aged 33.38 gal / ton.  

Therefore, i f  the  p o s i t i o n  of t h e  o i l  y i e l d  l i n e  

2.61 w t  %). F i sche r  assay o f  f o u r  samples o f  t h i s  m a t e r i a l  aver- 

CORRELATIONS WITH TOTAL ORGANIC MATTER 

F igu re  10 shows da ta  for t h e  t o t a l  o r  a n i c  mat ter .as a f u n c t i o n  of t h e  o i l  y i e l d  as 
repo r ted  i n  the l i t e r a t u r e  (3,4,5,8,93 toge the r  w i t h  t h e  c o r r e l a t i o n  curve d e n v e d  
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t o  f i t  these data b y  t h e  i n v e s t i g a t o r s  o f  t he  USBM3. Obvious ly  these l a t t e r  data do 
n o t  f i t  t h e  r e l a t i o n s h i p  suggested by equat ion 0, no r  do they seem t o  f i t  t h e  more 

used i n  us ing  t h e  o l d e r  l i t e r a t u r e  data f o r  t o t a l  o rgan ic  content  and i t s  c o r r e l a t i o n  
p a r t i c u l a r l y  as they  m igh t  apply  t o  making energy balance c a l c u l a t i o n s .  

SUMMRY 

A composi t ional  d iagram has been developed which prov ides a v i s u a l  means o f  evaluat ing 
o i l  shale assay da ta  f o r  t h e  Green R ive r  o i l  shales.  O f  p a r t i c u l a r  va lue  i s  the 
a b i l i t y  t o  est imate t h e  t o t a l  o rgan ic  and o rgan ic  res idue i n  the py ro l yzed  shale from 
Modi f ied F i sche r  Assay data. 
f o l  1 ows : 

1. 
2. 
3. 
4. 

p r e c i s e  determinat ions o f  Smith5 and Goodfel low 4 . For t h i s  reason care shou ld  be 

For approximate purposes these r e l a t i o n s h i p s  a r e  as 

To ta l  Organic = 1.644 x (MFA o i l  y i e l d )  
Organic Residue = 0.361 x (MFA o i l  y i e l d )  
(Gas + Water + Losses) = 0.282 x (MFA o i l  y i e l d )  
Water (from p y r o l y s i s )  = 0.077 x (MFA o i l  y i e l d )  

The composit ional d iagram can a l s o  be used t o  evaluate TGA (Thermogravimetric.Ana1- 
y s i s )  data f o r  o i l  sha les  i n  o r d e r  t o  es t ima te  t h e  o i l  y i e l d .  
as a too l  f o r  e v a l u a t i n g  exper imenta l  r e t o r t i n g  data,  p a r t i c u l a r l y  f o r  bench sca le  
and p i l o t  p l a n t  r e t o r t s  where m a t e r i a l  ba lance data on the  feed and r e t o r t e d  shales 
can be accu ra te l y  asce r ta ined .  

It i s  a l s o  reconmended 
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F igu re  1. Development o f  t he  Composit ional Diagram 

* FROM R I  4471 Ill 
o FROM R I  4825 121 
d FROM R I  4451 141 
0 FROM A I  6676 (51 

F igu re  2 .  Re la t i onsh ip  between O i l  Y i e l d  and 
Retor ted Shale Y i e l d  
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n .1 

OIL YIELD WT.% 

Figure 3. Composit ional Diagram Showing Dev ia t i on  
From I d e a l  Case 

USBM -AEC COREHOLE #2 
1206'--1339.2' 

Figure 4. CD P l o t , f o r  USBM-AEC Corehole #2 
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UTAH -GULF #1 
745.4'845.4' 

Figure 5. C D  P l o t  o f  Utah-Gul f  Evacuat ion #1 1 
WYOMING COAEHOLE X 1  

488.8' - 611.4 

Figure 6. CD P l o t  o f  Wyoming Corehole #1 
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Figure 7. Typical TGA Trace for  Colorado 

Oil Shale 



Figure 9. Typical CD Plot fo r  TGA Data o f  Colorado 
Oil Shale 
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Figure 10. Relationships between Oil  Yield and 
Total Organic Matter 
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