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The composition and y i e l d s  of gases evolved upon hea t ing  t h e  Cold Lake bitumln- 
ous sand samples a t  5 O ,  70'. 95", 130°, 170° and 210°C f o r  5.5 hours each a r e  present- 
ed i n  Table 1. A t  5OC t h e  v o l a t i l e  f r a c t i o n  contalned CH4, CH3CH0, C3H8, i-CqH8, i- 
C4H10, C5 and C6 hydrocarbons. A t  e leva ted  temperatures t h e  following addi t iona l  com- 
pounds were de tec ted :  Gases 
co l l ec t ed  a t  Sac,  which is t h e  formation temperature, a r e  considered to be cons t i tuents  
p r e s e n t  i n  t h e  formation while t h e  o t h e r s  a r e  expected t o  a r i s e  from pyro lys is  of the 
bituminous sand. The y i e l d s  of a l l  products except acetaldehyde increase  with r i s i n g  
temperature, implying t h a t  t hese  a r e  pyro lys i s  products a s  well. 

p l e s  a t  210° and 4OO0C and t h e  r e s u l t s  a r e  given i n  Table 2. 
t i o n  products were n o t  de tec ted  a t  210" because only 100 mg of samples were heated. 

C2H4, C2H6, C3H6, C4H10, 1- and 2-C4H8, CO, COS and H2S. 

The same products were obta ined  by heating Cold Lake maltene and asphaltene sam- 
Most of  t he  decomposi- 

INTRODUCTION 

I 

The major bituminous sand formations i n  Canada a r e  loca ted  wi th in  the  heavy o i l  
b e l t  o f  northern Alberta.. 
Lake, a r e  known t o  be in t e r spe r sed  wi th  occasional smal l  gas pockets ind ica t ing  t h a t  
secondary thermal or microbia l  a l t e r a t i o n s  of the  bitumen have taken place i n  the  re- 
cen t  p a s t  oz may s t i l l  be occurr ing .  The presence of the  v o l a t i l e  mater ia l s ,  t h e i r  
composition and o r i g i n  and t h e i r  continuous formation and escape i n t o  the  atmosphere 
pose challenging problems with regard  t o  t h e  pas t  and cu r ren t  h i s to ry  of t h e  forma- 
t i o n  and t o  t h e  air  q u a l i t y  of  t he  region. 

gases present  i n  the  bituminous sand, of gases  produced i n  the  low-temperature pyroly- 
sis of the  bituminous sand and of t h e  separated asphaltene and maltene f rac t ions .  

The i so top ic  carbon r a t i o s  i n  two of t h e  components of t he  gases and i n  the  d i f -  
f e r e n t  f r ac t ions  of t h e  Athabasca and Cold Lake bituminous sands were measured i n  or- 
de r  to  gain a b e t t e r  understanding of the  a l t e r a t i o n  processes and t h e  ex ten t  of matur- 
i t y  of these depos i t s .  

The two l a r g e s t  r e se rvo i r s ,  known a s  Athabasca and Cold 

For t he  above reasons w e  have undertaken a d e t a i l e d  study of t h e  composition of 

EXPERIMENTAL 

The experimental d e t a i l s  f o r  t h e  co l l ec t ion  and ana lys i s  of gases and the  conver- 
s ion  o f  methane and carbon monoxide t o  carbon dioxide f o r  i so top ic  measurements have 
been described before (1). The s tandard  ex t r ac t ion  procedures f o r  bitumen, asphaltene 
and maltene from the  Athabasca ( 2 )  and Cold Lake (3) o i l  sands were followed. The 
i s o t o p i c  d i s t r i b u t i o n  of carbon i n  bitumen, asphaltene and maltene was  determined a s  
follows. Approximately 5 mg of t h e  des i r ed  f r a c t i o n  weighed i n  a narrow quar tz  tube 
was pushed i n t o  the  cen te r  of a wider quartz tube maintained a t  98OoC ins ide  an e lec-  
tric furnace. 

duc ts ,  mainly carbon d ioxide  and s u l f u r  d ioxide ,  were condensed i n t o  a trap'maintained 
a t  -161OC. Carbon d ioxide  w a s  then removed from su l fu r  d ioxide  by vacuum d i s t i l l a t i o n  
a t  -13OoC and co l l ec t ed  i n  a t r a n s f e r  tube. The i so top ic  r a t i o s  were measured with a 
25 c m  rad ius  90" sec to r  magnetic mass analyzer equipped wi th  a dual co l l ec t ion  system. 
The d i g i t a l  ou tput  w a s  handled with a T I  980 computer. 

Oxygen was flowed through t h e  system a t  a r a t e  of 7 cm3/min. 
Oxidation of t h e  ma te r i a l  w a s  complete within 20 minutes and t h e  oxidized pro- 

RESULTS AND DISCUSSION 
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The y i e l d s  of products a t  400" a r e  much l a rge r  than those a t  210OC. 
some products  a r e  markedly a f f e c t e d  by t h e  r eac t ion  volume or more l i k e l y  by the  pres- 
s u r e  i n  t h e  system; f o r  example, t h e  y i e l d s  of ethylene,  propylene, propane and but- 
ane a r e  enhanced a t  lower pressures .  
a t  400°C w a s  29.9 and 34.5%, r e spec t ive ly ,  independent of pressure.  

hydrocarbons p re sen t  i n  t h e  Cold Lake depos i t  i s  g r e a t e r  than 'chat i n  t h e  Athabasca 
formation (1). On t h e  o the r  hand, t he  y i e l d s  of carbon monoxide and carbon dioxide 
a r e  much smaller i n  t h e  Cold Lake samples than those i n  t h e  Athabasca deposi ts .  
These r e s u l t s  seem t o  imply that thermal o r  microbial  degradat ion of t h e  Cold Lake 
bitumen has occurred to  a l e s s e r  ex ten t  than t h a t  i n  t h e  Athabasca deposi ts .  

Kinet ic  ana lys i s  of t h e  d a t a  i n  Table  1 yielded Arrhenius parameters for t h e  de- 
composition. They a r e  given i n  Table 3 along with those obtained from t h e  Athabasca 
study (1) f o r  comparison. Since t h e  Arrhenius parameters a r e  favorable  f o r  a s l o w  but  
s i g n i f i c a n t  r a t e  of product formation a t  t h e  ambient temperature of t h e  r e se rvo i r ,  it 
follows t h a t  these ma te r i a l s  were produced i n  t h e  formation by t h e  s l o w  py ro lys i s  of 
t h e  bituminous sand. The low values  of t h e  a c t i v a t i o n  ene rg ie s  estimated f o r  product 
formation i n  the  Cold Lake samples a r e  s imi l a r  t o  those measured f o r  t h e  Athabasca 
bitumen. These l o w  values  may be a t t r i b u t e d  t o  t h e  c a t a l y t i c  e f f e c t  of t h e  mlneral  
matter p resen t  i n  t h e  sample. 

ca and Cold Lake bituminous sands have been measured and a r e  reported in Table 4. The 
6Cl3* values  a r e  corrected f o r  t h e  017 con t r ibu t ion  and a r e  quoted r e l a t i v e  t o  t h e  
Chicago PDB standard.  

from bituminous sand, asphal tene and maltene a t  d i f f e r e n t  temperatures,  show a grad- 
u a l  increase with r i s i n g  temperature. Those values  f o r  Athabasca bitumen and t h e  sep- 
a r a t e d  asphal tene and maltene f r a c t i o n s  a r e  t h e  same, 6cL3 = -29.6 ? 0.10/~~ a f  980' where- 
as t h e  corresponding values  for Cold Lake maltene, asphal tena and bitumen a r e  -31.6, 
-30.0 and -30.3 r e spec t ive ly .  It i s  wo'rth noting t h a t  t h e  6C13 values  obtained from 
t h e  Cold Lake samples a r e  s l i g h t l y  smaller than t h e  corresponding ones from t h e  Athas 
basca bitumen. 
Lake bitumen has occurred t o  a l e s s e r  e x t e n t  than i n  t h e  Athabasca bitumen. 

maltene m y  be due t o  mixing through migration and carbon i so tope  exchange react ions.  
Our va lues  of 6C13 = -29.6 and -30.7 f o r  t h e  Athabasca and Cold Lake bitumens respec- 
t i v e l y  a r e  very c l o s e  t o  those obtained f o r  d i f f e r e n t  f r a c t i o n s  of Saskatchewan and 
Alberta  conventional o i l s  (Mississ ipian a d Devonian) which range between -30.6 and 
-26.6 ( 4 ) .  The s u l f u r  i so tope  r a t i o s ,  S33/S32, of seve ra l  Saskatchewan crude o i l s  
and t h e  Athabasca bitumen a r e  a l s o  very s i m i l a r  ( 5 ) .  

The v a r i a t i o n  of t h e  C13/C12 r a t i o s  with temperature f o r  methane, a py ro lys i s  
product,  can be explained i n  terms of t h e  s e l e c t i v e  breaking of weaker C-C bonds a t  
lower temperatures a s  a r e s u l t  of t h e  k i n e t i c  i so tope  e f f e c t .  It has  been reported 
t h a t  methane produced by t h e  b a c t e r i a l  degradation of o i l  has much lower 6C13 values  
than those obtained i n  t h e  p re sen t  work (6) .  It  is  poss ib l e  t h a t  t h e  maturi ty ,  reser-  
voir temperature and t h e  s t r eng th  of t h e  C-C bonds cleaved a r e  t h e  primary f a c t o r s  
inf luencing t h e  i s o t o p i c  d i s t r i b u t i o n  of gases i n  t h e  bituminous sand. 

The y i e l d s  of 

The t o t a l  weight loss of asphal tene and maltene 

From comparison of t h e  r e s u l t s ,  it is  apparent t h a t  t h e  amount of s a tu ra t ed  

The carbon isotope r a t i o s ,  C13/CI2, of d i f f e r e n t  f r a c t i o n s  obtained from Athabas- 

The 6C13 values  obtained f o r  methane and carbon monoxide which were co l l ec t ed  

This may imply t h a t  b io log ica l  and/or chemical degradation of Cold 

The homogenization of t h e  carbon isotope r a t i o s  i n  the  bitumen, asphal tene and 
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TABLE 1 

Composition of Gases Evolved f rom the Cold Lake Oil Sand 
as a Function of Temperature.a 

5OC 7OoC 95OC 13OOC 17OoC 210'C 
~ ~~~ 

Methane 12.1 
Ethylene n.0.b 
Ethane n.0. 
Acetaldehyde 9.0 
Propylene n.0. 
Propane 3.49 

&Butene 25.6 
n-Butane n.0. 
Butenes n.0. 
Pentanes & Pentenes 1.34 

2,860 
n.0. 

'6 
Carbon monoxide 
Carbonyl sulphide n.0. 
Hydrogen sulphide n.0. 

i-Butane 3,49 

37.1 
3.17 
7.16 
54.5 
4.13 
10.2 
5.52 
34.9 
63.8 
90.0 
5.34 
3,780 
74.2 
3.63 
n.0. 

62.5 
9.7 
13.5 
146.6 
12.0 
16.7 
6.68 
38.2 
71.3 
147.4 
16.04 
4,120 
231.2 
10.2 
n.0. 

191.5 
39.8 
26.3 
84.0 
68.1 
153.7 
8.42 
62.2 
79.8 
152.2 
36.6 
4,450 
879.2 
27.7 
c85.0 

570.0 
192.7 
28.4 
18.8 
n.d.' 
n.d. 
13.9 
127.2 
130.5 
152.4 
62.1 
4,620 
1,840 
50.5 
<160 

3,800 
449.0 
452.0 
7.22 
494.0 
n.d. 
n.d. 
104.0 
246.3 
521.4 
231.0 
4,950 
4,790 
195.2 
(1,930 

a-The sample was heated for 5.5 hours at each temperature. 
Yields are expressed in units of mol/kg oil sand. 
Not observed. 
Not determined. 
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TABLE 2 

Composition of Gases from Cold Lake Maltene 
and Asphaltene .a 

Maltene Asphaltene 
210°D 4OOoc 400°b 21ODD 4OOoc 400'' 

Methane 
Ethylene 
Ethane 
Acetaldehyde 
Propylene 
Propane 
&Butane 
+Butene 
n-Butane 
Butenes 
Pentanes E, Pentenes 
c6 

Carbon monoxide 
Carbon dioxide 
Carbonyl sulphide 
Hydrogen sulphide 
Oxygen 
Nitrogen 

c7 

d n.0. 
71.0 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
n.0. 
16.0 
769.0 
n.0. 
n.d. 
135.4 
n.0. 
n.0. 
8.00 
17.90 

140,000 
5,440 
115,000 
n.0. 
19,700 
77,800 
152.0 
17,700 
18,600 
55,500 
69,100 
77,300 
50,900 
n.d. 
529.0 
60.0 
<47,200 
n.0. 
n.0. 

197,000 
42,100 
95,000 
n.0. 
82,700 
si, goo 
n.d.e 
13,900 
52,400 
61,900 
75,900 
71,200 
10,500 
n.d. 
615.0 
44.0 
<33,400 
438.0 
107.0 

65.5 
16.2 
11.1 
6.91 
7.60 
9.10 
n.0. 
n.0. 
14.3 
8.13 
314.0 
38.2 
n.0. 
340.0 
369.0 
n.0. 
<51.1 
6.94 
17.9 

167,000 
10,200 
104,000 
n.0. 
31,000 
67; 200 
259.0 
8,600 
20,800 
47,700 
59,700 
53,500 
36,400 
n.d. 
2,900 
<0.1 
<86,900 
n.0. 
n.0. 

151,000 
25,900 
97,000 
n.0. 
44,300 
73,500 
n.0. 
6,780 
33,800 
49,700 
58,400 
61,200 
6,600 
3,990 
1,850 
24.0 
<89,400 
16.5 
94.6 

a The samples we;e heated f o r  20 hours. Yields a r e  expressed i n  u n i t s  lo-' mol/g. 
The volume of t h e  c e l l  was 155 cm3 and contained 4100 mg mater ia l .  
The volume of t h e  c e l l  was 1.0 cm3 and contained 15  mg of maltefie o r  5 mg of 
asphaltene.  
Not observed. 

e N o t  determined. 
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TABLE 3 

Arrhenius Parameters for Pyrolysis 
of Bituminous Sand 

A Ea k50c - ~. 

Product [ (5.5h)-1kg-11 [kJ/mOll [ (5.5h)-lkg-l] 
Cold Lake Athabasca Cold Lake Athabasca Cold Lake Athabasca 

~ 

1.7~10' 3.6~10' 53.8 56.9 
2.1~10~ 5.2~10~ 52.0 49.3 

CH4 
C2H4 

?-C4H8 3.6~10~ 1.6~10~ 31.0 28.4 

co 7.9~10~ 1.1~10' 39.3 36.8 
cos 1.9~10~ 5.0~10~ 37.7 48.5 

C3H6 5. 3x107 7. 9x108 46.8 57.7 

z - c ~ H ~ O  3.0~10~ 8.2x1~4 21.3 34.7 

~~ ~~~~ ~~ 

1.7~10-1 7.6~10-~ 
4.4~10-~ 2.8xlO-* 
9.4~10-~ 1.2x10-* 
6. 0x10-1 7.3~10-~ 
3. 1x10-1 2.5~10-~ 
3.6 13.2 
1.8~10-1 4.0~10-~ 

TABLE 4 

Isotopic Patios for C13/C12 in the Fractions 
of Alberta Bituminous Sand 

Temperature Bituminous Sand 
OC Fraction 

6cI3 (per mil) 
Athabasca Cold Lake 

95 Bituminous Sand, CH4 + C02 -48.8 (l)a 
210 Bituminous Sand, CH4 + co2 -41.1'2.3(4) 

210 Bitumen + Sandb 
210 Bituminous Sand, CO + C02 -32.0+2.4(4) -37.3 (1) 

CH4 + C02 -47.8t0.9 (3) 
co -+ co2 -29.0 (1) 

400 Maltene, CH4 -f C02 -41.9 (1) -44.3 (1) 
400 Asphaltene, CH4 -f C02 -45.520.1 ( 2 )  -44.3kO. 1 ( 2 )  
980 Maltene, Total C -f C02 -29.7+0.1(3) -31.650.1 (3) 
980 Asphaltene, Total C + C02 -29.5+0.1(3) -3O.Ok0.3 (3) 
98 0 Bitumen, Total C + C02 -29.6+0.1(3) -30.320.4 ( 2 )  

a Numbers in brackets indicate number of analyses. 
Sand recovered after the extraction of oil from the Athabasca bituminous 
sand was mixed with bitumen in the proportion estimated in the bituminous 
sand. 
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