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ABSTRACT |

Cretaceous sediments in Alberta are a well known host of,
'heavy oil deposits, containing upvards ‘of 1000 billﬂbﬂ oA
barrels of crude o11 These deposits are cons1dered remnants A?E;
of super- g1ant, conventional oil pools that orxginated lower
in the basin, migrated updip, and were trapped in their
present positions. Exact ages of origin, migration, and
entrapment are unknown but must be post-Cretaceous.

Following emplacement in-situ alteration by both
1norgan1c, and organic processes commenced. Water wash1ng,
oxidation by:dissolved oxygen, afd microoial metabolism were
the main mechanisms, which worked primarily on the lighter
oil fractions. Alteration depended on the ease oE removal
from the parent oil. Using stable rsotope analyses of
formation waters, dissolved bicafbonate ion, methane, carbon
dioxide, and carbonate cements the type and sequence of
alteratlon becomes apparent. R

Original biodegradation via aerobic bacteria
metabolising crude oll (as an energy source),raccompanied by
inorganic alteration, resulted ln production of various
11§£t weight organic byproduct-. Due to the enormous amount
of o0il present all readily available sources of oxygen were
consumed creating anoxic conditions. Anaerobic fermentat1on )
then dominated, as bacterla;utilized the organic byproducts
resulting from(lnitial biodegradation. The fermentation

produced carbon-13 enriched carbon dioxide, and carbon-13

depleted methane. The carbon dioxide euentually precipitated

N



as 'heavy' carbonate cement. 'Light' methane and'heavy;'
bicarbonate étiil exist, sugg;sting the process continues at

present. Oxygen isotope values in the cements yield

information pertaining to the formation waters during

v AR A
o Sal i
. :

h--pxtation.v

Deu;griﬁm ratios of methane and formation

$ ‘ A

rs elucida@ngiiaogess of methane formation. Carbon
. W' Ve W™ : : :

isotope ratios of ¥ b, témer't and bicarbonate ions

AN

clarify the type of biodegradation, and the sequence of
microbial attack. This data‘supports an aerobic-anaerobic -

fermentation_mechanism as responsible for the heavy oil-

'
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A OBJECTIVE = . - ok

1. INTRODUCTION o '

Stable 1sotope ratlos in g1ant heavy o11 deposfts may

reveal clues to, and the nature of the alteratlon processes

?_affect1ng the orlglnal petroleum. By 1sotop;cally exam1n1ng

r‘components 'such as carbonate cement, dlssolved b1carbonate

ion, wdter, methane, and carbon ‘dioxide ‘gas the genetlc
relat1onsh1p between the components becomes clearer. The
role of each component durlng blodegradat;on\w111;become(

clear, and, the1r 1mportance determlned ‘ -

' The results of stable 1sotope technlques w1ll elucidate

“the blodegradatlon prdcess that led to the formatlon of ‘m/{

heavy oil dep051ts. The carbonate cements, prev1ously

estab11shed as - among the most enrlched known

r;(D1m1trakopoulous & Muehlenbachs 1985) can be 1nvestlgated

and expla1ned in l1ght of blodegradatlon. The relat1onsh1ps

7of cement, dlssolved'blcarbonate and carbon d1ox1de w1ll be ,

examlned How does onekphase relate to the: others? Can a

'[common orlgln be found7 i

The 1sotop1c s1gnature of methane should reveal whetherf'

1t was blologlcally or thermally generated 1f b1ogen1c

Lorlg1ns ‘are indicated, any connectlon to carbon ledee (andfl
'eventually heavy carbonate) w1ll be traced Does methane
-generatlon involve carbon,d1ox1de? If so, 'in whdt way are

- the two gases related?



\

Aregthe‘isotopie signatures formation waters
‘mirrored by Cements‘andyor meth?7e? What type of
equilibrium, or non- equ111br1gm, conditions exist? What ties
all these phases and their }sotoplc comp051t1ons together?
Can biodegradat1on accoung,for th1s, or wlll another
mechanism be needed to e, p1a1n alteratlon of petroleum? .
Answers, for all these questlon will be found “through
stable isotope studles. The- degree, t1m1ng and nature of ‘the
.alteratlon can be determlned,wand»gompar1sons to modern day
pactivity made. Aémechanism of formation for\each phase will
he proposed,
nﬂ// T . .; )
Prev1ous wdxk
Crddé oil alterat1on by subsurface waters is well ‘w
ﬁknown,/And has been w1dely 1nvestigated (Welte 1967; Ba1ley
et alr 1973~ Evans et-al. 1971; Jobson et al. 1972 1979°
and/others ) Examination of alterated o1ls has revealed that"
bacter1a1 phy51cal and chemlcal processes of a w1dely
vary1ng nature can work ‘alone or in complex comblnatlons
y1eld1ng the bitumen rema1n1ng today (Bailey et al. 1973)
Alterat1on, whleh—may occur at the 51te of petroleum orlgln,‘L
during mlgratlon, or after entrapment, results in h1gher’
specific gravity, viscosity and pour point; higher nitrogen
'and sdipher content; and hlgher‘optlcal activity than the
tprecursor. Alterat1on may result from thermal maturatlon'
'gas deaspha1t1ng; water act1on via water washlng (wh1ch R

removes‘l1ght hydrocarbons) inspissation’ (evaporat;on of



gases) or‘oxidation; and/or biodegradation (Milner et al.

1977). ‘
.'Carbon~13‘rich diagenetic carbonates have been reported
bf other_authors,(Murata-et al., 1969; Nakai et al. 1975\;
-Deuser 1970; and others', although not in a‘sociation wlth
» heavy 011 deposits. The Alberta deposits are the f1rst
‘\reported case of heavy oids and carbon-13 r1ch carbonates>

bccurgzng together. Dlagenetlc carbonates assoc1ated with

conv nt1onal oil pools generally have very low '3c/'3c -

al os;(Donovan 1974)

Stable 1sotope studies in Alberta have been confined
5primar1ly to the Athabasca deposit, but some Cold Lake
v’gcarbonates were ‘analyzed by D1m1trakopoulous and -
1Muehlenbachs (1985) . These authors related enrichment trends
to depth through and . spatlal distribution surrounding heavy ‘
’011 deposzts. Alberta depos1ts have been compared to other
world occqsfénces of heavy oil and found ﬁn1que in the1r‘

/
carbon 13 enrichment (Append1x 1).

‘[B STUDY AREA 5 L B
The Cretaceous sed1ments in Alberta, conta1ned in the '
dWestern“Canada Sedlmentary Basin, are a well known host of
5lheavy 0il deposlts. The deposits contain upwards of .1000.
b1111on barrels of crude oil,. and cover an area greater than
90 000 square k1I6metres (HlllS 1974) 'Forming a broad
xdlSCOhtanﬂS arc across northern Alberta, the major dep051ts

beg1n w1th Peace vaer, cont1nue_eastward through Wabasca

[ETNN



~and Athabasca before turn}ng south thtough Cold Lake and
Lloydminster. Several smaller deposits continue the trend’
"along the Alberta Saskatchewan border through Chauv1n,

Provost and Suff1eld until they peter out in northern

Montana. (Fig. 1 after Hills 1974). The four largest contaigwM?

the majority of the oil,.

Nearly all the depesitS‘are located in -Cretaceous
strata, mostly in the Mannville Group, with_.a few situated
in the overlying Lower Coldrado Group (Jardine 1974;'Deroo
et al. 1977) One or two pools in Saskatchewan ate found in
MiSsissippian'(Bakken) sands. The deposits are all found at
snallow depths and associated with topographic highs in the
underlying.Paleoaoit unconformity. Original trappiné”

occurred via stratigraphic and structural means (Fig. 2).

C. ORIGIN OF OIL

The bitumen presently comprising the heavy 0il deposits

is the remnants of supergiant conventional‘eil_pools'(Deroe
et al. 1971; Rubenstein etnal. 1§77)J The crude oil giving
-:ise to theae peqls is thought to have(ériginated deeper in
the basin (Deroe‘et al. 1977), and migrated to its present

position before being altered by various means to the

. o ’ - P o . .
.bitumenuos tar seen today. Ages of origin, migration, and ¢

emplacement are unknown but obviouSly post-Cretaceous. The
timing of degradation was after emplacement, although how
" closely remains unknown.. Some clues can be. gleaned to

broadly fix alteration, but the exact age has not yet been

Loa
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D. oéo:.o'cxcan HISTORY |

~ The tecton1c setting responsxble for” the Lower
‘Cretaceous sed1mentatlon was established in the late
Jurassic. Due to uplift of the‘western‘Cordillera via the
Neeedan orogeny, eastward drainage‘and sediment novement was
initiated..Drainage was eastward across western Alberta, and
northerly in-eeetern‘Aloertaatowards the Boreal Sea. Since
‘most of the area west ofnthe Canadian'snield‘was emergant a
major erosional event started result1ng in removal of
several thquand metres of sediment. A series of res1stant
topographlc highs was created in the Devonzan and
'M1551ss1pp1an l1mestone cover1ng most of the ba51n; These
ridges trendknofthwest-southeast across northeastern British
Columbia, north~central Albetta, and southyestern
Saskatchewan. Rellef along thtm may reaeh «59 metres (Rudkin

. "‘o ,11"
Tae

1965; Jardine 1974) , ;1‘25;

' By early Cretaceous sedlment was supplled ‘from the
proto-Cordlllera, and the emergant Canadian Sh1e1d to the
east. Throughout the Cretaceous the rldges controlled an
.exten51ve river system which in turn enhanced relief and
def1n1tlon of-the ridges. This dra;nage system was
vresponsible for Sedinent transbort and deposition.

. In the Apt1an, a slow eustatic rise of the oceans
began, 1n1t1at1ng 1nterplay between fluv1al and mar1ne

deposition env1ronments. This initial transgressior was the



‘£orefunner of a complex tr&nsgressive-régress ve series
culminafingeﬁiﬁh deposition of open marine shales in the.
Albian and Cenomanian. , {

1
B

E. STRA*!GRAPHY AND SEDIMENTOLOGY

The fising marine influence and continued fluvial
depositfon have left the Lower Crétaéeous sediments in
Alberta a confusxng and compl1cated sequenéb There have
bé%n many attempts at unravelilng and separat1ng the variou
formations, groups, and members (Vigrass 1977; Putnam 1982)%
Basically the Lower Cretaceous is divided into fhe Lower and
Upper Mannv111e and the Lower Colorado Groups. In this
‘report a simple strat1graph1c column is employed (Fig. 3

e
/ after Vigrass 1977; Putnam .1982; Gross 1982; Ducharme &

‘Murray 1982).

Athabasca
As shown the Athabasca deposit containé four
formations. The Lower Mannville Group unconformably overlies,
the Devon1an limestone and constltutes the McMurray
Formatlon. The McMurray Formation has been divided 1nto
Lower, Middle and Upper Members. Deposxtlonal environments
T, are: | . |
1. waer McMurray Member Q‘fluvial channels and floodplain;
¢ 2. Middle McMurravaémber - estuarij‘margigal marine with
| fluviai influence;

3. Upper McMurray Member - estuary to nearshore marine
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Figure 3: Stratigra§>hic column for the deposits studied
(after vigrass 1977).



varying from drowned channel éo shoreface and offshore
(Flach & Mossop 1985: O'Daﬁnell & Jodrey 1984). The McMurray
Formation has been ‘investigated- thoroughly as this is where
most of the oil saturated zohes occur. It shows an overall
transgressive sequence with small transgression-regreséion
cycles found throughout the’formation.

Overlyiné the McMurray Formation is the Wabaskaw
Member, a glaucpnitic, marine sand, and the shale Clearwater
Formation. Thegé are indicative of open mar&né conditions.
The 6verlying Grand Rapids Forgation'is a mixture of marine
~and non-marine sands and shales. The entire.succession is
capped. by the'opgn mérine Lower Colorado Group, the Joli Fou
and Pef&can Formations; a series of deep water shales.

During the transgression-regression sequenceé,‘the
marine boundary seems t6 have been loéated in the Athabasca

r Sands area. Indeed, great debate rages as to whether a

vial, fluvio-lacusterine, fluvial esturine, or tidal

resturine environment dominated (Flach & Mossop 1985;

T

Mossop & Flach 1983; Stewart T9BT; and Nelson & Glaister

1978). Despite debate, a fluvial setting heavily influenced
by marine conditions existed. Most of the heavy oil sands
are closely associated with channels, bars, and (river) sand

lenses of some type.

Cold Lake

At Cold Lake the Mannville sediments are divided into -

two parts, the Lower Mannville Group being comprised of the

“



.

, 10
Lo | ’ |
McMurrdy Formation while the Upper Mannville Group is the

: e:,FLdye; and_Upp$r Grand Rapids Formations. The
“’ . . : » ) . , . : !
McMurfag Formation, confined mostly to the Paleozoic lows,

3 &
JRERD
N

"B NCOn-marine sandstone.
o, '\ :I‘,‘g' : .

Yearvater Formation sands are massive, continuous,
1 3 &; ‘ ”

a marine sequence ranging

tindous,-sporadically.distributed, and lens shaped.

£ ng coﬁ“yy'j ost of the oil. It is
from 7 tomég‘metres—ih'thickness and may be interbedded with
shales. The Upper and Lower Grand Rapids Formation eaeﬁ_
contain sig@ificant oil thicknesses. They are a ngn-marine
sequence of coarse and fine grained sandstones interbedded

N

gith coal horizons.

Lloydminster ‘ _

Although there gre no samples from the Lloydminster.
area in this study, its geology is included because it has
been studied in detail. Understandiqé this pool helps
decipher the smaller, less-well sthdied pools lo‘ated to the
south and east. ‘

In the Lloydminster area the Mannville Group is divided

——into nine informal formations. The Lower Mannville equates
to the Dina Member. The Cummings, Lloydminsger, Rex, General
Petroleums (G.P.), and Sparky MemBers are the Middle
Mannville, while the Waseca, Maclaren, and Colony Members
comprise the Upper Mannville.

The geology of the Lloydminster area is very

complicated due to the extreme lateral and vertical facies



variations. Ths assemblege consists of seemingly random .

juxtaposed sandstones, siltstones, shales, and coals (Putnam
1982) Again, since the sandsténes are the oil bearing )
horizons they have bosn studied csrsfully, especially the
Spsrsy and G.P. Members, Lesser amounts of oil are found in
the Cumm{ngs and prydminster Members (Middle Mannville

' Group),‘!hd.the Upper'Mannville Group.

The Lower Mannville Group sandstones are tabular_bodies
infilling lows in the'Paleozoic\unoontormity. They are
fairly widespread, coarse grained and generally interpreted
as fluvial, valley-fill deposits (Putnam 1982). o

The Middle Mannyille Group is generally a ;>:igsw9ﬁ‘
medium grained sheet sandstones with thick,'lenticular, and
ribbon sandstones and shsles randomly interspersed
throughout. Shales become more prevalent near the top of the
section, with the Sparky being primarily a shale\unit with a
few glauconitic sandstone interbeds. The Middle Manville is
interpreted as a noa;éhore to offshore sequence (Vigrass
1977). The ribbon sandstones represent some type of tidal‘
channel or t1dal creek dep051ts (Putnam 1982). Most workers
agree that maximum marine conditions occurred during Mlddle
Mannvxlle.~ ) .

The Upper Mannv111e Grdﬁp,\compr1sed ma1nly of ribbon
sandstones with fewer sheet sandstones is thought to
indicate a return to mainly fluvgnlncgnditions (vigrass

1977; Putnam 1982). This interprefﬁtion is based on the"

scoured erosional features presenteﬁ by the sands. Topping

A

-



12

the vhole sequence are the Colorado Groub Shales, a thick

marine succession indicating yet another major

transgression,

Provost -

The portion of the Provost oil field_gsudied is also
contained fn Mannville sediments. It is tailar to the
Lloydminster deposit, being a series of étacked channel fill
and sheet sands. The Lower Mannville contains most of the
oil in enormous sand filled channels incised into the
Paleozoic bedrock. They are quite thick, and may stretch for
several kilometres before being truncated.

There are channel and sheet sands at all levels,
ditferent 'members' are separated by thin coal beds.
Relative proportions of channellto sheet sand bodies Are
also used to determine 'members’' and depositional
environments (Gross 1982). Rigorous use of the Lloydminster
names is tenuous owin;‘to the great facies variance,‘and
distance separating the deposits.

The Provost sands are interpreted as successive
erosional drainage channels,'which cut into pre-existing
paralic sands (ibid). This implies ; series of
transgressive-regressive episodes over the area repetitively
drowning anreétablished river system. I1f these marine events

can be correlated to those in other deposits further north

the whole area must be one of low relief and gfadual slopes.

—
—~—
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Cactus Lake

The Cactus Lake heavy oil pool is ninety kilometres
south and.cast of Lloydminster. 1t is unique to this study
ga'it is the only deposit located in both Mississippian and
Cretacedus sediments. The heavy oil is locatediin the Bakken
Formation, a three member Paleozoic sequen?e. The
depositional environm;;ts env{saged are:

1. lowest (Exshaw) shale - shailow mariné basin; -
2. middle (Coleville) sand;tone - tidal flat and sand
. ridgg/bar: ‘
3. top (Upper) shale - shallow offshore shale (Ducharme &

Murray 1961). |

" Overlying the Bakken Formation is the Residual Zone, a -
detritus layer comprised of chert fragments intermixed with
clasts of various other éedimentgry rocks (White 1974). It
is highly‘variable in both content and occurrence over this
area. Designated as a non-marine deposit of rewquedf
underlying material, it has not been traﬁsported fér any =
great distance (White 1974).

The Basal Mannville sand sits unconformably above the
Residual.Zone. It is considered a marine coastal sand
deposited on the Cretaceous unconformity (Ducharme & Murray
1981). They postulate\the‘Basal Mannville Member may in fact
be the G.P. Member of the Middle Mannville Group. Due to its

stratigraphic position and sedimentary environment there is

merit to this theory.



e

The Middle Mannville members, mostly absent due to
non-deposition, are very thin and poorly described. The
Upper Mannville mempers, though present, are not well
documented. The Mannville Formation is o;orlain by the Lower

e

Colorado Group as expected. _ o .o

i
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11. BACKGROUND AND PREPARATION

A. BACKGROUND OF ISOTOPES

G -

L0 S

‘Introductxon to Isotopes RERRATEE B
_ | _ a

Stable 1sotope gebchemlstry has been focussed on l1ght !

L34

elements and the1r 1sotopes. hydrogen (’H H), carbon‘(‘zc,
”C) n1trogen (‘“N 15N),.oxygen @"o,(ﬂ°o), and sulfur
»(325 32S) There are severalrreasons these elements have

been 1nvestlgated 50 thoroughly- . L "(

'1. *4hey are the most commonly occurring.elements,,
2. they occur 1n relat1vely great abundance in nearly all
terrestr1a1 cdmpounds, ’

- 3. 'they are very 1mportant in blologlcal Systems,

— & %

47——4.l they part1c1pa5& in a wide varlety of geochemlcal

react1ons,

5. “thelf relatlve concentratlons can be measured with
analytlc errors much smaller than. natural var1at1ops
(Frltz & Fontes 1980) - | _
'Measurement of 1sotop1c concentrat1ons coupled w1th
comparlsons to - 1nternatlonally recognlzed standards allows?ﬁ
’geochemlsts to reach conclu51ons based on 1sotop1c analyses.
| In order to meaShre 1sotopic concentrat1ons geochem1stsfu

e employ rat1os of the 1sotope of 1nterest (the heav1er one)’

' verSUS thm most commonly occurrzng (l1ghter) 1sotope. Ratios"

"dare used because measurzng-a solute amounts of - 1sotopes is-

d1ff1cul¢ ow1ng to. the very small amounts ofgheavy 1sotopes.f

K

. Led ,-:1-_5» S, . . G . K . R Co
v w . a - . R T



The ratios are expressed in ‘the form:

p R=NN _ Egn. 1 .

;%
"where N, = isotopes of jnterest, and N = the most commonly
, _ J , :

’6ccurring isotope. In order to undersfanq,”and utilize;‘tpe
isotope'fatiq 6f'é’szst$nCe under . scrutiny a comparison |
expression is used:

5x = (Rz/Rs - 1)1000 - Eqn. 2

R, is the isotopi; :étiofof the sample and R, is the
isotop: . ra o of a suitablé'stéhdard. The 5-value is
expresse” i per mill (°/q, or parts béf théUSand):as the
numbers are more éoh§enient to'ﬁse in this form, So) for a
carbpnate sample Equat1on 2 becomes- |

.77 bcar. d (('3C/”Cz)/(”C/‘2C ) - 1)1000 -° Eqn. 2a%=

Oxygen isotopes are expressed ‘°O/‘°O, wh11e hydroéen

1sotopes are given D/H

Standards - .

B The standards used in stable isotope geocheﬁistry are
intér;ationéli§‘recognized. Oxyéen—18 and deuterium are
reported versus v-SMOW, an art\ﬁ1c1al Standard Mean Ocean
Water, distrlbuted by the Internatlonal Atomic Energy Agency
-;n Vlenn?. By def;n1t1on §'%0- = 0 %/oo, 8D = °/oo in

~ V-SMOW éténdard. Carbon-13 is feported»versus PDB, a maring
carbonate standard derived . froﬁ a Bellemnité americaha.fromf
tbe Pee Dee Formatlon found in the southern Unlted States.
Aga1n by - def1n1t10n 5"C =0 °/°° for the PDB standard for
6"0 0°/oo on. the PDB scale is +30 86 °/o00 oON the v- SMOW

g
s



scale, whereas 0°/o0 V-SMOW is =29.94°/ 6o PDB.

The reason for the d1fference between the oxygen- 18 in

water and carbonate ‘has to do with atom1c k1net1cs, whe
the heavier 1sotopes tend to favour the more stable1 ‘ordered
N»phase. Hence carbonate in isotopic equilibrium with water is
enriched in oxygen-18 by approximately 30 °/o0, dependlng on
the temperature of formation of the carbonate.
During the course of the thesis, all oxygen and

deuterium isotope ratios ate reported compéred to the v-SMOW
standard. All carbon isotope ratios are reported versus the '

PDB standard.

-Fractidnatibn of ‘Isotopes

Obv1ously, s1nce 1sotop1c ratlos and comparisons to
standards are 1mportant there must be some processes or
reactions which alter 1sotopébconcentatiohs within-a medium
‘of-ihtétestt Indeed éll\cﬁemical reactions,'aﬁd physical
transformations involving minerals, water and organic
species resu}t an 1sotop1c fract10nat1on to some degree. The
most important ones qgg,klnaxlc effects durlng reactlons or
biglpgical processes ‘causing 1sotop1c fractionation.
_Fract10nat1on can occur in 51mple react1ons, such as watet
evaporat1ng from the ocean, y1e1d1ng water vapour having
8'% = =7 °/s0 (v—SMOW),lor in complex photosynthe51s wh1ch
_leaves'orgaqic ma;%er‘yith'5'3c'from -22 to -35 °/q0 (PDB);

.Similafily othér'proceSses like carbonate dissolution

¢ ' N

and/or reprecipitation, weathering of minerals into clays,
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rainror snou‘fall,‘coral and shellfish growth,

transformation of organic debris into crude oil, biogenic

. : [&]
- formation of methane, breakdown of carbohydrates, and

“burning of fossil fuels all entail isotopic fractionation. -

o

By examining the range of fractionation between two (or

.more) phases of interest, the reactions giving rise to the

fractionation can be determined. Since the extent of all
commonly occurrlng fract1onat1ons have been measured the
reconstruction of past'events, from af 1sotop1c vantage, is

possible.

B. ISOTOPES OF INTEREST

As mentioned, stable isotope studies of phases

assogiated with heavy oil deposits help unravel their origin

¢ .
and history. Geochemical and isotopic studies are routinely

. ; 4 .
performed in petroleum research in order to reconstruct the

source, generation, migration and alteration history of

hydrocarbons (Fuex 1977). Other useful 1nformatlon that may

be galned from stable isotope techn1ques are recogn1t1on of

| bacter1a1 degradat1on maturlty of methane produc1ng

sources, character1zat1on of, and differentiation between
various crude o1ls (Stahl 1977). So, since different
processes affect different elements, through isotopic

examination, the geologic history of an oil pool can be

r
o

pieced together.
Analysis of three isotope pa1rs,"'=c/1zc 1%0/1%0, and
D/H will elucidate the h1story of the deposzt under study.

¥
I,
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| Examination of the system wate:—eemeﬁt—dissqlved bicarbonate

-

~gas w111 rebeal method of, conditions present dufing,.ahdu

timing of alteration. Ultimately, greater understandiﬁg of-

formation and emplacement of tar sands will be gained.

" B
RN

o

Carbon : | o ' o
Analysis for §'°C of cements, dissolved bicarbonate
‘ionsL carbonbdioxide,’and methene‘will_heip resgive several
problems. Firstly, what is the @ource of carbon in‘the
‘cement and dissolvedrbicssbonate? The 5'2C of each will
vd1st1ngu1sh between either dlssolut1on of pre-existing .
carbonate,M;r a.source of new carbon dioxide such as the
biodeg sdtion or inorganic oxxdat1on, as giving rise to
these phases. If .the first case exisgs iSotopic‘eguilibrium
between cement'ahd bicarbonate will be,recognizeble; if the .
seccndlcase is true.then no equilibrium will be fqund;
~ Secondly was carbon in the carbon dioxide and methane
in isotopic equiliBqum and if so, were they generated
s1mu1taneously? If they are in equ111br1um, differences in
"C/"C of methane and carbon dioxide may reflect the
‘temperature of format1on for the gases, and by extension the
carbonate-cements. Aga1n,‘what is the source of carbon 1n |
the gases? Source of ca:bon in the gases w1ll‘be indicated

,by thezr 6"C¢ The degree of the isotopic fractionation will

.: pxnpoxnt the process that gave rise to them.3

Y
(YR
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Oxygen 1sotope ratios of the. cements and formatxon
waters indicate the hlstory of the depos1ts. The 6"0 oﬁ:'
waters will 1dent1fy whether formation waters are
predom1nanx1y connate or meteor1c. By comparing the "gxu}p
of the water and.the cement, the state of equ111br1um, or
non;equilibrium, conditions is established. 1f equilibrium
existsathe éements’formed'late in the deposit‘s a?story.blfc

Qonfequilibrium is found then the cements formed before the

g 3

present’ waters infiltrated. This will giye a- rough idea of
the Eigingvof alteration. The changea, if any, in the source
of the Qaters with time .will also become apparent when the
5'%0 of the Sements are measured since oxygen-18 S

. incorporated into the carbonate 1s assumed to‘equilibraté

withegwater prior to precipitation, . ~

Deuterium‘ ‘

Deuterium ratioe of water and methane are helpful in
several waYS. Firstly they help determine present~aay |
formatlon water or1g1ns. The 6D of methane also indicates
its or1glns. By compar1ng D/H of methane to D/H of formatlon

water, the process of methane formation becomeS\clearer

4(Schoeli'1980) Is b1odegradat1on, sulfate reduct1on, or

thermal crack1ng the formatlon process? What, if any, o

isotopic equ111br1um conditions were present dur1ng methane
7format1on? Measur1ng ‘the D/H of the phases w111 ansver these

queries.

;
L ° .

-
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As is ushal in isotopic studies‘comparisons with other .

workers data are 1nc1uded In order to understand the: rat:gf
collected for this the51s the work of other authors is

!

»1ncorporated.‘

a2

C. SAMPLE ACQUISITION

Source

-

In order to 6btain sahples’for research several oil'
companies were approachedt Of these Esso Resources, Mﬁrphyn
0il and Gas, and P;Ef07Canada’all of Calgary; and 5ynérude
Ltd. of Edmonton Supplied material. SampleS‘ffom AthabéSca,
Leming (Cold Lake), Lindbergh, Provost and Caétuj/;ake were
prov1ded They consisted of: ' | n
1;-'pr1mary formatlon waters, from wells that had been
produc1ng for several months in order to avoid dr1111ng
fluid contam1nat10n of the samples-

2. core samples fr?m various wells, usually an attempt wés
made to match water sémplés and core;

3. gas samples which were‘obtained.from heavy oil deposits
with enough gas pre;enf‘to sample without difficulty.

In all over fifty sahples‘of all typés'were received.

Esso Resburces}Supplied water and gas.samples‘from
producing we;is at their Cold Lake project. The wéter |
.samples~§ere collected in}250 millilitre bottles from
dewate:ihg'drums at fhe‘well-head. Gas samples were

collectedin'sgylmillilitre gas cylinders at bpergtingm‘

[N
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temperatures and pressures.

'@ Murphy Oil provided water from separator tanks (near
well-head) in sealed one litre bottles, from which

'bicarbonate ion was precipitated. They also sent plug
samples (3 cm. by 3 cm. by 6 cm.) of oil sand ore. All

. !
sampléﬂ were from Lindbergh, a soutRern extension of the

3
k4

Cold Lake deposit.
Petro-Canada sent suites of waters from both Provost
and Cactus ﬁ:ke (saskatchewan Heavy 0il Project or SﬁOP)
. deposits. One litre bottlesjwe:e usgd, with theAggmples
~ taken from éeparator tanks. Bicarbonéte ions were
precipitated from both suites.
~Syni;rude's Edmonton office supplied powdered carbonate
cement §émples from several drill holes located on their oil
lease in the Athabasca ﬁéavy 611 depdéit. In addition six
" water samples were.collectea by the author. Bicarbonate ions:
were p:ecipitaﬁeé £rom these samples also. f%t?

D. TREATMENT

Water
All wate =s.mp.s: wmre treated in.two ways. First they
were analyzed :or xwv:en-18.accqrding tor the technique
described‘b&_Epstexn and Mayeda (1953). Approximately ﬁen!
" millilitres of water wéré pipetted into sample tubes. All
‘gaseégoriginallyvpreSent wére fémoved.by‘alterna;elyJ"”

fréeziné the samples in a dry ice/alcohol bath, evacuating
W ¢ . . : —

P

2
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4

the gases and thawing again. The cycle was repeated thce,
exceptzng gas rich samples which required a third cycle,‘to
ensure complete degassing.

Following degassing an aliquot}of carbon dioxide,
ranging from eight to twelve millilitres (3.59 X 16“ to'
5.39 X 10-* M), of known isotopic composition was frozen in,
The sample; were placed in a shaker bath of water to
equilibrate at 25.3°C for a minimum of twelve hours. After
equilibration the carbon dioxide waslextracted By freezing
the gas into a sample tube. Isotopic ratios of oxygen-18
vere measured on a V. G. Isotope (Model 602D) mass
spectrometer.

'Secondly D/H Qere determined using the method of
Friedman-(1953). Very small (10-20 microlitre) samples of
water were injected into a vacuum line, and reduced by
passing the vapor thrdugh an uranium oven at 800°C. The
resulting hydrogen was pumped into sample tubes using a
’Tnglef pump, and analyzed on a second V. G. Isotope mass
‘spectrometer.

In addition‘?so millilitres of each water‘;ample were
reacted with approximately 160 millilitres of 1,0>M_barium
chloride solution in order to precipitate any\djssolved
bicarbonatevion. Preeipitation, in sealed vessefé\ was
allowed to continue for six to fourteen hours depeﬁding on

-

extract the maximum amount of b1carbonate from solutlon. TH%”

yield. Smaller yeilds vere reacted longer in order to -~

precipitate was filtered through 0.7 micron filter paper and
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dried in an oven at 110°C for four to six hours. After
drying and degassing the samples were powdered, and portions
weighed for reaction and analyéis. Sample sizes of 0.5 to
1.5 grams were used. | |

The weighed samples were placed in two chambered
reaction tubes with 100% phosphoric acid iﬁ one chémber, and
precipitate in the other. Following twelve hours of
outgassing on a vacuum line the tubes were placed in a
25.3°C bath, and the reactions gtarted by mixing the acid
and precipitate, Immersion of the reaction tubes in the bath
rangedhfrom éight to fourteen hours to ensure tﬁe complete
reaction took pIace at constant temperature. The carbon
dioxide ;eleaged was frozen out vié liquid nitrogen and the
non-condensible gases purged. The carbon dioxide was_.
transferred to sample tubes for analysis on the mass

spectrometer. Both '3C/'2C and '®0/'®0 ratios were recorded.
Cements

kThe carbonate cements were contained in plug samples of
heavyboil ore, necessitating separation of cement anq
bitumen prior to analysis. Ten gram portions were separated
for cleaning and any consolidated samples Wére pulverized{
Cleaning‘involved\soéking weighed samples in organic
solvents such as chloroform, acetone and/or methanol.
Usually six and fen washings in chloroform removed all the
‘bitumen. Samples containing more bitumeh required gwovmore

washings. Clean samples were dried in a vacuum oven for at
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least twelve hours to remove any traces of chlorofoggg

After drying, two to thro§~gram samples of sediment and K
_cement -were placed in reaction tubes as before. Experience
dictated sample size as cement was poo}ly developed in most
cores, resulting in low carbon dioxide yields. Reaction,
immersion in a constant temperature bath; and collection
followed desc‘t.i\b.ed procedures. ' ™

Six powdered samples from Athabasca were treated simply
by weighing 0.5 gram samples and treating them as ag;ve,

since no cleaning or crushing wastrequired. All carbonate

samples were anaalyzed for both ' C/'*C and '*0/'%0 ratios.

Gases

The six gas samples were collected in 500 millilitre
cylinders by the author. Three were from gas producing
wells, two werg\vént gases from heavy oil wells undergoing
steam injection, and,one was from an observation well,
Production well gas”was assumed dry and coﬁlboéted without . ay
tréatment, whereas .vent and observation weil gases were
passed through[a dry icé/alcohol trap to ensure they were
dry, 3 '
Gas samples were comQUSted in a flow-through oven at
800°C. A quartz tube was packed with cdiber oxide, and
platinum to act as a catalyst. The ends were stoppered with
glass wool. Samples of 50, or 75 millilitres were injected
through a septum at oﬂe end, and a liquid nitrogen.trap

. . L 4 .
collected carbon dioxide and water vapor after combustion.
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~

Samples were run to completion, monitored by a very accurate
pressure gauge,

Once combustion was complete the water and carbon

dioxide were separated and cleaned. The water was reacted

with uranium while the carbon dioxide was analyzed without

further treatment to measure the isotopes ®f interest.
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In this qhaptcr the data generated for this ltudy are

presente& The isotope data, listed area by area, will be
explained, ‘the significance of the ratios of different

phases examined, relationships of phases to ;ach other as  ~___
highlighted by isotopic data are discussed. In addition_- \///
other information gleaned, sqch as equilibrium conditions,

timing of alteration and isotope sources are explained.

Athabasca

The Athabasca samples, provxded by Syncrude consisted
of water, prec1p1tated bicarbonate, and carbonate cement.‘n“~\~
The waters were col;lected from dewatering wells around the
open pit periﬁeter, bicarbonate ions weré’;wecipitated as
described earligr. Tﬁe powdered carbonate samples were ’
provided by A. Brack. ‘ |

. The iéotope rétios for the waters fall within two

distinct groups each showing good internal consistancy. The
first group, KLR TW 23 to 26 have averége ratios of
6'%0 = -24.2 + 0.4 °/o0, 6D = -187.9 % 2.3 °/4o, while the
.sécond, KLR TW 27 and 28, have averages of 6'%0 = -21.0 ¢
0.2 °/60, 6D = -167.3 ¢ 1.1 ;/oo..These are very close to
ratios reported by Wallick and Dabrowski (1982) for two
‘aquifers in the Athabasca depos1t. They reported the Methy
Aquifer, located beneath the Prairie Evaporite, as having

average ratios of 6'%0 = -24.1 ¢ 0.4 °/oo, 8D = -173,0 ¢

4.9 °/00. Wateérs in the Basal Aquifer, foﬁnd in the McMurray

27
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Formation, average §'%0 = -21.4 ¢ 1.3 °/,,, 8D - -158,3 ¢

8.2 °/o0. It would seem samples from both flow systems:were

obtained for this study.

.

TABLE 1: Isotopic analyses o?'samples from the Athabasca

heavy 0il deposit. N
FORMATION _WATER . Ba(OH); PRECIPITATE
Sample No. §'to0 6D Sample No. 6§'3C
KLR T™W 23  * -23.91 -186.2 KLR TC 23 _ +20.92
-23.86 .
KLR TW 24 -24,07 -186.8  KLR TC 24 +20.89
—186.6
KLR TW 25 = -24.24 -188.3 . KLR TC 25 +22.75,
' ~24.19 , \
L3
KLR TW 26 -24.92  -191.7 KLR TC 26 +20.24
KLR TW 27 ™\20.77 -168.5 KLR TC 27 _— -
-20.86
KLR TW 28 -21,21  -168.1 KLR TC 28 +15,90

Water reported vs. v-SMOW, precipitate vs., PDB standards.

The first group of waters (KLR TW 23 to 26) plot on the
meteoric water line when a modified 'North Amgrican'
equation is applied (Fritz & Fontes 1980, p.32). (Figure 4)
These waters are sbbstantially lighﬁet@ignggigj9xygen-18 and
" deuterium than modern day meteoric water (6"6 - =23 °/s0,
6D = -165 °/oo v-SMOW). This difference betweén the §'*0 and
6D values in the two waters shows they are not rela;gd} that
is the Methy Aquifer does not contain médern meteoric water,
The depleted nature of waters KLR TW 23 - 26 imply the
_aquifer was recharged under colder climatic conditions,

ﬁgssibly during the the Pleistocene or earlier (Wallick &
l .

\

LN



Dabrowskl 1982). L

The other waters (KLR ™ 27 and 28), pre5umeably Basal

| Aqu1fer samples plot slightly off the meteorlc water l1ne.

" KLR TW 27 and 28 have 810, —'—21 0 % 0.2 /o0, 8D '= -167 3

| 'f1.1 /oo, BaSal Aqulfer waters average 6"0 -21 4 % 1 3'

°/°°, 5D = -158'3 i 8.2 /oo, and present day meteorlc water .

have §'%0 =‘—23 /oo, 8D = ~165 °/oo (v-SMOW). These

-agroundwater samples C1 Sely resemble meteor1c water, ‘50

o

‘recharge 1s fa1r1y rapld The var1at1on in 1isotope rat1os

s could be due to seasonal varlatlons of 1nput, 51nce w1nter

prec1p1tatlon 1s 1sotop1cally depleted compared to summer

=D

“ralnfall

P

The 6'3C of dlssolved blcarbonate are extremely h1gh

'g.w1th KLR TC 23 to 26 hav1ng 6’3C rang1ng from +20.24 to

422,75 °/o, (PDB), and KLR TC 28 having 8'C = +18, 90 /5o

(PDB, T%BLE I) The prec1p1tated b1carbonate 13C/"C follows

" the same pattern as 6"0 of waters, show1ng d1fferent
;isotop1c sxgnatures dependlng on the water group exam1ned

‘ghe"’c/‘zc of KLR TC 23 - 26 group is 5 - 6 °/oo higher

b

than KLR TC 28 k

Thﬂse h1gh '3¢c waters are be1ng pumped from the oil

sands and thg b1carbonate ratzos reflect carbon d1ox1de

produced in the dep051t The only source of carbon: appears

to be the b1tumen (6"C > =30 °/oo) so a .complex mechanlsmi

- of formatron is requ1red for generat1on,of enriched carbon

dioxide from such a precursor.

- ol .

-
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The first group‘of precipitated carbonate, KLR TC 23«

‘26 are (if the assumpt1on of ancient waters 1s correct)

5}

strong ev1dence that the process respon51ble for enrichment

of carbon-13 has. been occurring for a long time. The lower

rat1o of KLR TC 28 probably result from the m1x1ng of

: b1carbonate from ‘two sources. Modern recharge, whlle ‘

replenlshlng the groundwater,. hastto pass through a

considerable thickness of muskeg, which is largely composed

of rotting organic matter. Carbon dioxide derived from

;,dorganics has a §'°C of -25 to‘~30,,so mixing this carbon

‘dioxide with petroleum derived carbon dioxide wiil 1ower”the

13¢/12C of the dissolvedfbicarbonate.'If any precipitation

is occurring the resultant carbonate will.be'isotopically'

‘heavier than its predecessor, while the remaining dissolved

\

, bitarbonate will be lighter than the ions infiltrating

:originally.

TABLE I1:

Isotoplc analyses of carbonate cements from the

Athabasca heavy oil deposit.

,Sample-No}‘
" KLR TC 17 .

. KLR TC 18
KLR TC 19
~ KLR TC 20

i

KLR TC 21

KLR'TC 22

9gﬁ'b”c reported vs. PDB, 8'% reported vS. v- SMOW standard.

§'3C

V+15.63_
+15.08

+12, 98
415 39,

42,91
©+2.94

+16.03

+18. .92

8'%0 /

+19.27.

+19.02
+19,01
+19.24 77\

+24.01
+23,42

+18.91

+18.54

am
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The'carbonate cements removed from core are also -
iaotopically'enrichedebut display lower "C/"C than preaent
day bicarbonate 1ons. Using calc1te b1carbonate equa}1br1um
data»(Emr1ch et al. 1970) at 10°C calc1te should . %

2.5 /o0 enr1ched compared to co- ex1stant b1carbonate. Theﬂg
difference at Athabasca is -5.53" /oo, signifying the |
bicarbonate "is heavier. Oeviouslyfthe dissolved bicarbonate
and cement are not in isotopic)equilibrium, ye&gtheir
uniqdely>high 13¢ natu}e implies a commonvsource.

‘Not onlygﬁs the earbon'not‘in‘equilibrium, bﬁt the
oxygen-18 found in the cement is not in equilibrium with the.

‘ exygen-18 in the waters. Again using published'data (O'Neil'

""'al. 1971), the cements present in the" Athabasca deposit

ormed in equ111br1um with water with isotopic ratios of

-6"0 = =12 to :if°/oo dependlng on the temperature (from 5
to 20 °C). This is obviously neither seawater (619 = 0

©/00) nor meteoric water presently found in the Athabasca

‘area. The §ater is envisaged as connate, or modified
seawater incorporated during‘sedimentation 50 these are
dlagenetlc, not dep051t10nal, cements. |

ThlS 1mp11es the cements formed fa1rly early dur1ng ‘the
history of the Athabasca 0il deposit. Th;s is cons1stant

Qith the model of biodegradatioﬁeproposed for.oil sand
fermation discthed.later. In addition there seems to be no
(or very limited) cement dissolution-reprecipitation in this
area, or the two sets of '3C/'*C data would be‘closer in

value.
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There‘is one anbmdlous carbonsfe sample, KLR TC 20,
.showxng much d1££qrent isotope" rat1os for both ~oxygen- 18 and.,
‘carbon 13 Thxs partlcular sample, from both
vsedlmentolog1ca1 (Brack pers. comm, ) and isotopic data, must
\have ﬁq;med from a m1xture of bicarbonate 1ons. ' One source
‘is the enr1ched b1carbonate, while the majority are
bicarbonaté ions derived from the underlying Devonign
‘limésténe. Mixing would Iower the '3C/'?C compared to the
other samples. The a@omolous '80/'%0 ratio is due to the
highér o£ygen-1§ of formation water which carried the
- dissolved limestone'into its present position. Formation
waﬁgrs from the undefiying;Methy Aquifer are postulated‘as

the carrier of the dissolved Paleozoic limestone.

Cold Lake ' | ' .’/Q

R Tﬁe Cold Lake samples, next’mqst numerous, are water,
precipitated bicafbohate, and methane, which reveal evenil
m§;e about the nature of heavy oil fcrmatioﬁ.’The methane
was collééted from two-soufces, naturai gas prodﬁction wells
‘vand»(enhénced,reqovery) héayy oil wells. The latter afe
called venf gases, and were téken from,steémvinjection
»sites. Saﬁples were taken from both the Clea;water and Grénd
Rapids Fofmations; . ;

- 0il field'waters from Cold Lake also reveal two flow
systems, This is not suprising since KLR TW 33 and 35 are
from ﬁhe Clegrwater‘Formatidn; KLR TW 31'origina£ed"in the

Grand Rapids. What is curious is that KLR TW 1 and KLR TW
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35, being from the same well, éhow depletion with time of
both oxygen-18 and deuterium, The samples were collected
about two years apart. Bearing in mind the steam injection
"o¢cufring in this area it would seem théAEOtmatibn'watersv'
havé.been mixihg with.the steam. o =

B 4

" TABLE III: Isotop1c analyses of samples from the Cold Lake
heavy o1l deposit.. .

FORMATION WATER : Ba(OH)z PRECIPITATE

Sample No. 't . 8D. . Sample No. §'3¢C

KLR TW 1 -17.31  -139.6 KLR TC 23 +19,53

Clearwater -17.28 +19.60
;. -17.23 e | |

KLR TW 31 -17.48 -149.3

Grand Rapids =-17.55 '

KLR TW 33 -15.65 -129.6

- Clearwater: -15.63
KLR TW 35 -15.44 -127.8
Clearwater

| Water reported vs. v-SMOW, precipitate vs. PDB standards.

Taken together, oxygen and deuterium data indicate
vater éligh;ly shifted from the meteoric water line.
.Fdrméﬁion waters are generally shifted, so this is not
‘unexpected. Cold Lake formation"water§ are just off the
- meteoric water line, close to the Albefta basin trend
(Hitchon & Friedman 1969). Evolved formation waters
generally plot quite far off the meteoric water line, since
they tend: to become enriched in both oxygen- 187and deuterium
with time. In thié?case there must be a strdng influence of
'evolvéd' formétion vater, mixing with ihjection“steam vhich’

- |\

\
oo
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leads to;greate; depletion..As a result the waters plot
close to toe meteoric water line, .

o) ‘ Unfortunately there was not enougﬁéwater to precipitate
bicerbonate ion, exqepting the first semple, KLR TC 1. This
saﬁple shows extremely‘high "C‘enrichment,ﬂelthougﬁ,not as
high as the Athabasca deposit. Again-é link to petroleum as

. . , S _
the source of carbon in the dissolved bicarbonate must be

T

‘postulated.

TABLE IV: Isotoplc analyses of samples from the Cold Lake
heavy o0il deposit. ‘

'METHANE FORMATION WATER

Sample No. §'3C 6D Sample No. 8D

KLR TG 1 -61.69 -295.4 KLR TW 1 -139.6

Clearwater ;0 -269.7 . Clearwater : ‘

| ~ -269.2 o | ?

KER TG 29 -48.11 -309.5 ,
" Clearwater : -310.0 i : - o

KLR TG 34 - -60.21 =-323.6 KLR TW 35 -127.8

Clearwvater -57.48 -319.9 Clearwater

KLR TG 36 -26.57 -316.6

Clearwater -24.90 -311.8

KLR TG 37 -59.01 -337.6

Clearwater -60.80 ,

KLR TG 30  -58.85 -268.4 KLR TW 31 -149.3

Grand Rapids -55.52 -269.8 @ Grand Rapids

'3C ratios reported vs. PDB, D ratios reported vS. v-SMOW.

The '3C/'3C and D/H in the methanes place .them very
close to depleted biogenic methanes reported by Schoell

(1980). He proposed a 8"C of -64 °/o0 as the def1n1ng value.

for pure, blogen1c methane. There is, however, a scatter 1n
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the data, approximately 35 °/o, for carbon-13 and 65 °/o0
'for deuterium. The production wells (KLR TG 1, 30, 34) all
lie ver; close to 'pure biogenic' gas values (Fig;ys after
Schoell 1980). Vent gases (KLR TG 29, 36) on the cher hand, .
shéw a widgr rangéyof ratios. Vent gases generally have
greater depletion of deuterium than p;dductioﬁ gases, and
have relatively enriched '3c/'?C.

The higher '3C/'%C of vent gas a+e attr?ﬁu;ed to steam
injection. Inﬁection probably triggers two processes. The
first is thermolysis, whereby light gaseous hydf&carbons are
driven off from heavy 0il sands by heat. Laboratory
experiments on tar sands havé.shown themolysis is effective
at tempreatures as low as 25°C (Strausz et al. 1977, qﬁa et
al. 1979). Methane produced had 8"qi= -39.3 and -43.dv°/oo
| respquivelg in the studies. Both dgglt with Athabasca tar
‘sand bitumen with an average §'°C = =29.6 °/go.

A fﬁ the Cold Lake deposit,, steam injection could produCe»
methane by thermolysis. Jha et al. (1979)}stat"§s time
passed'the kinetic isotqpe effect (between gases and
bitumen) will lessen, so the-methane should become !
progressively enriched. This mechéniém may account for the
relatively high '’°C/'*C seen in‘KLR‘TG 29 and 36, since the |
Leming Cold Lake deposit undergoes steam injection for as
‘long as two months before the wells are pumped out. Such a

long'heating episode could free 'enriched’ methane or other

gases, which would raise the "C/"C‘of‘phe gases present,

s
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Steam injection also seems to cause a release of carbon
dioxide (See Table V). Thds carbon dioxide must be dernived
from either the carbonate cement (via dissolution), or from
the dissolved bicarbonate ion, both of which are enriched jn
carbon-13. This enriched carbon dioxide mixes with the.
depleted carbon dioxide producéd from methane combustion,
leading to the relatively high carbon-13 ratios of the vent

gases (KLR TG 29, 36).

TABLE V: Mole percentages of gas samples with §'°C ratios
from the Cold Lake deposit. '

Sample No. 13¢ CH, Co, C.+  0,,N,,CO
" PRODUCTION GASES | -
[ 4 R

KLR TG 1 -61.69 98.01 0.49 0.05 1.46

KLR TG 30 -58.85 95.39 0.13 1.85 2.63

KLR TG 34 -60.25 91,25 0,45 0.13 B.18
KLR TG 37 -60.80 98.58 0.08 0.34  0.00
VENT GASES ‘

KLR TG 29 -48.11 76.72 18.09 «8.47 4.73

- KLR TG 36 -24.90 22.14 68.91 8.74 0.22

All §'3C ratios reported vs. PDB standard.

Schoell (1980) states/signfficant amounts of C,+
gaseous hydrocarbons will raise '3C/'23C and lower ﬁ/H in
methane. The C,+ factions are produced by abiogenic means.
The miiture of carbon dioxide from different sources will
also change th§ isotopic ratios, as explained. Some
contamination of the methane is probable, accounting for the

ratios listed in Table IV,



Lindbergh

The Lindbgrgh deposit, located eighty kilometres south
of the Lemimg, Cold Lake area, is coﬁsidered part of the
same deposit. Unfortunately far fewer samples were received

for analysis from this area.

TABLE VI: Isotopic analyses of water samples from the
Llndbergh heavy o11 pool. -

Sample No. 8"0 6D
KLR TW 2 -12.61" -110.6
KLR TW 3 =-9.31 -98.6

Water ratios reported vs. v-SMOW standard.

- The waters in this dep051t lie slightly off the
meteoric water line, again among the Alberta Ba51n formatlon
waters (Hitchon & Friedman 1969). These have not been
significantly affected by either meteoric water or steam
injection as at Leming,Wbut are envisaged as more gr.less
typical Alberta formation waters.

f"V}

TABLE VII- Isotopxc analyﬁfs Sf carbonate samples from the
Lindbergh heavy oil pool : ‘

CARBONATE CEMENT ‘Ba (OH) ; PRECIPITATE
Sample No. §'3¢ 6§10 Sample No. 8'3c
KLR TC 4 (2) +13.88 ' +17.91 KLR TC 2 +10.53
KLR TC 4 (4) -2.71 +19.89 ‘
KLR TC 5 (4) +17.54 +18.32 KLR TC 3 -2.47
KLR TC 5 (5) +10.31 +22.08 )

KLR TC 5 (6) +15.01 +19.81

'3C ratios reported vs. PDB standard, '%0 reported vs.
v-SMOW. Numbers in brackets indicate samples taken from the
same core, but at differing depths. For exact locations see



40

Appendix 1,

The precipitated bicarbonate ions (Table VII) show two
very different ratios. KLR TC 2 is moderately enriched,
wvhile KLR TC 3 is depleted. It would seem that in the
Lindbergh area a greater amount of bicarbonate derived from
inorganic or p;imary carbonate is present and mixing-with
the high carbon-13 bicarbonate. The §'®C show the
precipitated bicarbonate and cement the two phases are not
in isotopic equilibrium. The cements, with one exeption, all
‘show moderate to high enrichment in carbon-13 and oxygen-18.
'As‘in the case of Athabasca, these probably formed fairly
early during the deposit's history.

The wide variation in '*C/'23C probably reflect
incorporation of séme‘earlier carbonate either from the
Paleozoic unconformity or carbonate that was formed during
the Cretaceous. KLR TC 4 (4) shows a possible marine
carbonatg. »

The "O/"O\of the cements are similar to those found
in Athabasca. They precipitated in the same type of‘water; a
brackish connate water or a méteorically modified connate
water. Precipitation occurred relatively quickly after

depoéition, and emplacement of the oil,

Provost and Cactus Lake
The Provost and Cactus Lake deposits are examples of
heavy oil pools that have isotopic ‘ratios widely varient

from the previously discussed deposits. Both deposits are

2R
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umaller and located at deeper depths than the other

deposits. They make an interesting tomparxson to the larger

L4

pools.

‘4:;! V!ll° Isotopic analyses of samples from the Provost
heavy oil deposit.

FORMATION WATER : Ba(OH),; PRECIPITATE

Sample No. §'%0 8D Sample No. §'3c

KLR TW 12 -11.45 -107.3°  KLR TC 12 -21.31
-11.46

KLR TW 13 -11.55 -107.3 KLR TC 13 -19.93

KLR TW T4 -11.40 -108.0 KLR TC 14 -20.63

KLR TW 15 . -11.41 -109.5 KLR TC 15 -20.16
-11.28

KLR TW 16 -11.16  =-107.5 KLR TC 16 -20.06

Water reported vs. v-SMOW, precipitate vs. PDB standard.

I3

The waters from Provost l1e off the meteorlc vater

11ne, as discussed earlier near Alberta Basin formation

‘waters (Hitchon & Fr;edman 1969). The '%*0/'%0 are

considerebly enriched compared to the Athabasca andrébld

Lake samples, shg'ipg less influence from Recent meteoric

CY

vater, and more 'evolution' (Clayton et al. 1966; Hitchon &

Friedman 1969). This is ‘expected considering-the-deeper
source of the formation waters. |

The precipitated bicarbonate values, in marked contrast

" to all other observed, show remarkably consistant, depleted

ratios. This is the usual trend that has been reported in

sediments surrounding conventional oil pools (Donovan 1974).

——

. Petroleum is considered the source of the carbon, but the

fr
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TABLE IX: Isotopic analyses: of samples from the Ca &ﬂ@,ﬁbﬁ“”
oil deposit. /W
% e "‘w .' S
FORMATION WATER ' Ba(OH), PRECIPITATE
. Sample No. 6'%0 8D Sample No. '
KLR TW 6 -10.64 -95.1 KLR TC 6 -8.52
KLR TW 7 -9.58  -94.2 KLR TC 6 -8.56
-9.72
- . ’y . t ‘ : ‘
KLR TW 8 -10.65 -95.6 kiR 7c 8 -5.88
KLR TW 9 -10.,22 -93.5 KLR TC 9 -15.66 *
-10.33 ’ | a
. ' l.:/ - .
KLR TW 10 -10.47 -95.8 KLR TC 10 g v W
- -10.56 ‘ ,‘ - b 3
KLR TW 11 -10.47  -95.3 KLR 7§ 11 -10.01 "’

Water reported vs. v-SMOW, precipitate vs PDB standagd.

The Cactus Lake samples exhibit a similiar contrast to
the larger aepOSits. The water sampies show the mosé
enriched '*0/'%0 and D/H of the samples studied. This water
has been unqﬁfected by meteoric water and plots well off the
meteoric water line (Craig 196?):within the Alberéa Basin
ratios. As is the cage with the Provost water, this is an
evolved fogTation water (Hitchon & Friedman 1969).

The '3C/'?C of precipitated bicarbonate show a wide
range (from §'3C = -15,66 to -5.88 °/,, PDB) and relative
depletion when compared to otbﬁr data gengrated for'this
study. This deposit is a small oil field cont;ined within

Mississipian and Cretaceous’'sediments. There is plenty of
\ ’ : '

<O

e
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' M1351351pp1an 11mestone avallable for dxssolutlon, and a
.'m1x1ng of carbonate der1ved b1carbonate and depleted carbon .
dxoxxde could ea51ly nge rise to the 1sotop1c rat1os

‘measured. The depleted carbon d1ox1de is thought to have

'?orlgxnated from petroleum in the same manner as that at

l_PrOVOSt,_bUt via a different pathway than the large tar

«

sangs.
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IV. DISCUSSION -

»

A. BIODEGRADATION
| Hav1ng presented 1sotope data collected from heavy 011,
dep051ts, and having referred to blodegradatxon as . . |
respon51bLe,fthe need to describe this process ar1ses{ What

is biodegradation?‘How does it proceed? What are its

effects?

ity

Slmply stated b1odegradat10n is a process whereby
various types of bacterla metabolize crude‘01l as an energyg

source to sustain 11fe, grow and reproduce. In rea11ty

o

. biodegradation is a very complexaiubject, not fully

understood, needing specific criteria and environments to

B3

'succeed. These criteria are: asuitable temperature, between
:20° and 65° C; an okygen supply; and petroleum containing’no
poisons to pacteria, such as‘HzS. An obvious,prerequisite is
a steady influx of water to transport both bacteria, and

‘nutrients once the bacteria become established. Harwood

i B . - . ) 9

{1973) also asserts aerobic ‘as opposed to anaerobic,
bacterla are respon51ble for petroleum blodegradatlon.
Aerobic bacterla require oxygen in order to surv1ve, wherea§ @ﬁﬁ

™ . .
'"anaeroblc bacteria cannot tolerate its presence. LR

\ E
Bacterla consume. crude 011 COmponents sequentlally, v
]f:a ." ) ’ .

dependlng on thelr ease of removaPﬁ

..:"

from the parent. The

& ) Tl “’ 9
Sequence i R “u’_ :

¢

Normal baraff1ns C,o—C1. .

e

Gases Cz Cs

4
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Paraffins Cs-C,
- Iso- paraf£1ns Ci=C,2.
Aromatlcs , o
Cycloalkanesf
N-5-0 Compounds
Isoprenoids
Cyclic Isoprenoids
‘(Perryd&'Cerniglia 1973; Hunt 1979).
Bacterial consumption results in metabolic byproducts
‘including organic-acids; hydroperoxides, aldehydés,
alcoho}s??ﬁetones, esters,'and carbon dioxj arwood 1973;

. ZoBell '1973). A non- degraded portion, al'

s, usovally
con51st1ng of carbon 13 enrlched ar yclic
1sopreno1d compounds I . -
Dur1ng b1odegradat1on mlcrobes preferenglally attack
'the smaller chaln members ef each factlon, worklng toward -
: the larger molecules (Stahl 1980) They also preferent1ally
‘consume 1sotop1cally lighter molecules so the byproducts,
and any carbon ledee produced at thlS Juncture is
rsotoplcally depleted (Stabl 1980; see Figure 6, a).,More-
idurable (and larger) alkanes_areieventually consumed so |
byproducts and Carbonddioxide become lncreasingly neavy witn
txme (see Figure 6, b) The N- S 0 compounds (including
:asphalt1c and naphthaltlc factlon) left are slightly
; enr1ched in carbon 13 as the 1sotop1cally llghter aromatlc

} - Wl
to N S O fractlon are consumed " .4' )

LT
S GO
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Figure 6: In1ta1l aeroblc\bibdegradat1on of conventlonal oil
as envisaged for Alberta heavy oil deposits.
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‘Since no low carbon-13 carbonates vere observed in the
heavy oil’deposit=5tudied there appears to have beenhno
carbonate prec1p1tat1on from the oarbon d1ox1de produced
‘from aerobic degradatlon of the crude 0il (see F1gure 6).

Possibly this is due to low' pH (3 or 4) conditions resultzng
from the-oxidation of petroleun‘by bacteria"(ZOBell 1973),
or from the 92 conditions of any connate brines present. If
connate brine was present and mixed withxinfiltrating |
meteoric water, then the newly formed format1on water would
'be undersaturated in bzcarbdnate, not perm1tt1ng
prec1p1tat1on of carbonate. |
The effect of biodegradation is to lower API gravity,
raise N-S—O’ratios, and increase»viscosity)(évans et al.
1971;‘Mf1ner et al. 1977). Biodegradation has been
assoqiatedﬁgith the formation of most of the heavy oil
deposits in Alberta (Deroo et al. 1977)._Since
,biodegradation entails such large scale'alteration of
petroleumﬁ evidence of its occurrance should be apparent in
the host sedlment. In partxcular, stable 1sotopes of
carbonate cement, dissolved b1carbonate ion, and formation
fluids should reflect the alterat1on process. |
Thevresults presented earlier i&able IIy”YI) seem
contradictary. As seen in Figure 6,“isotopica11§ depleted
carbon dioxide shouid have been produced but“nasfnot. Even .
.large carbon fractionation during-precipitation cannot,‘
account'for the enrichment»actually.measured. A'method,

therefore,‘of increasing‘theycarbon-13'£raction must be



‘proposed.

B. ENRICHMENT MECHANISMS /

iSQ£opically heavy carbonate héve been reported from
around the'§or1d; They are mostly, but not exclusively,
diagenetic, or secondary in nature. A;'Ehch they reflect the
13C/\"C of éncient carbon dioxide, 6; other parent material,

Several mechanisms have been proposed as causing enrichment.

Gaseous Exchange
Isotopic exchange between carbon dioxide and methane

has been suggested by several investigators as a means of
carbon-13 enrichment of carbonates, especially within
organic rich sediments. Miocene shales of the 'Monteray
Formation (California)‘designated as oil source rocis, have
8'2C = -25 to +21 °/o, (Murata et al. 1969). Organic rich
shales of the Permian Irati Formation (Brazil) have
§'3C ="—{7.4 to +18.3 °/,, (DeGiovani et al. 1974). Permian
‘carbonates in Australian coals have reported
8'3C = -26.5 iq +24 °/o, (Gould & Smith 1979). These (and
othefs) are attributed to isotopic exch‘ange,.z

'Although '3c/'%C of naturally‘dccurriné, co-existant
carbon dioxide and methane follow theoréticakgfractionation
curves (Bottinga 1969), Gglimov (1969) stated this exchange
did not occur. High temperature work (Sackett & Chung 1979),
and further low temperature studies (Clgypdol.& Kaplan 1974;

and others) have shown no exchange between the two gasq?;
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.0 o \
"~ even in long duration experiments. Hence, this mechanism .

could not have caused high carbon-13 carbonates.

Dissqlutiqn—Reprecjpitation
| d}ssolution of pre-existihg marine carbonate, mixing of
bicarbonate ‘ions from different sources, and reprecipitation
hés been proposedsas another mgthod of enriching carbonates
(Deines et al. 1974- Nakai et al. f935' Allan & Matthews
1977). Th1s mechaglsm 1nvolves an initial invading water,
w1t‘ an 1sotop1cally depleted b1carbonate ion derlved from
-reduced organ1c matter  or atmospherxc carbon d10x1de, com1ng
- 1nto cqntact with 'a carbonate sequence{ Dissolution of the
pre-existing carbonate leads to mixing, with attendant
Aenfiéhment of the dissolved bicarbonate. Subsequent
reprecipitation énriches the surroﬁnding rock in carbon-13.
Problems with this mech&hism arise in'determining how a
fbrmétion water already safurgled in biganbénate ion can
dissolve, ané then réprecipitate cafbonatg (Carothers &
Kharaka 1980). | |

Dissolution-reprecipitation leading to enrichmeﬁt is.
dealt.with in different ways. Deines‘et al, (1974) mea§ured
bicarbonate in infiltraﬁing sur face, and local Spring‘and
well, waters. Infiltrating waters carriéﬁ,bicarbonaté with
A6‘5C-= -27 °/¢o,‘whereas spring/well waters had bicarbonate
5'3C = -12 to -13 °/g0.

After recharge‘watgr reached the water table, it

dissolved metastable marine carbonates (§'3C = 0 to +2
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°/00), theréby facilitating isotope exchange. N
Réprecipitation of bicarbonate as stable carbonate occurred,
with the remaining aqueous Sicarbpnate enriched relative fb"
the infiltrating ions, seen by‘coméZring the two §"f
values, ~ ¥

Nakai et al, (1975) invoke a similiar mechanism for
enriched carbqnatesi!ound in Antarctic laké sediments, but
with an important difference. Periodic drying and flooding
of the lake is involved. An initial ‘drying allowed
deposition of an origfnai&carbonate, which waé partially
dissolved by the_next flooding. Isotopic exchange between.
atﬁﬁspheric carbon dioxidg, and—dissolved bicarbonate
occurfed before the second evaporation initated
precipiéatioh of (noﬁ) heavier carbonate. Repeated
Afloodingievaporation evenfs and atmospheric exchange are
thought tg\bave enriche@“the carbonate to a maximum of
§'3C = +12 ‘5\)(\90.

Allan & MSEthews_(1977) ;resent data from the vadose
and phreatic zonég }n Holocene carbonate terrane, Barbados.
As meteoric water }hvades the vadose zone it acquires
dissolved bicarbonate with an isotopic signature similiar to
reduced organic‘mattér;\The water continues infiltration,

J%iésolving metastable marine aragonite and/or high magnesium
calcite, and preéipitating table, low magnesium calcite.
Near the top of the vadose zéne there was isotopic exchange
with atmospherié.cafbon dioxide which helped 'buﬁfér' the

slightly depleted '°C/'%C. As the water percolated deeper,
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atmosbheric exchange ceased so the '3C/'?C of the dissolved
“ bicarbonate increased. Once the vadose‘phreafic boundary was
reached, the water was in contact wifh‘grOundwatE} saturated
wifh diéso;ved marine bicarbonate, exchange QCCurred, and
dissolved bica;bonaté acquired a slight'positive §'3C of up
to 5 °/oo.
This pfocess cannot be responsible for the heavy

carbonates found in this study because:

1. it cannot account for the large enricHhént ratios seen
with&ut a pre-existing, very enr}chq@»carbon source;

2. there is not énough carbonate in the deposits to undergo

~ extensive exchange with diésolved bicarbonate;
; 'waterg already saturated in bicarbonate will not be

prone to dissolve more;

4. the meésured’isotopic ratios (of the deposits) does not

support establishment of equilibrium between cementS‘ahd

bicarbonate at presentL

Migration Effects

Isotopic fractionation during migration or diffusion of
gases from the source areé to itsutrapped position waé .-
considered a dominant feature in isotopic enrichment
(Colombo et al.»1965). Isotopically lighter molecules were
‘thought fo move through the porous media morevquickly than
the heavier fractions,’thereby creating fractionation.
Although experimentél evidence supporgéh this hypothésis,

actual field studies found the reverse is true (Galimov

P

\

1
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1969). This mechanism could not be operative in this study,

as the gas present has not undergone long distance-

migration.

Limited Catbén Reservoir

| Quaternary dolomites from the continental margin of the
nonheastern United States have range of §'3C from -64 to
+21 °/o0 (Deuser 1970). The mechanism for producing such
vastly different '’c/'*C, often found in the same rock,
involves bacteria1 decomposition of a limited carbon
reServoir. Initially tﬁe bacteria consumed isotopically
‘light material, prodﬁcing depleted carbon dio#ide (and
eventually carbonate) while ehriching the residual matter.
As time paésed more of this residue was consumed, leading to
thg precipitation of heavier and heavier carbonates. This
process, able to account for extremelyldepleted and enriched
carbonates in'close proximity,” has limited application to
the.Alberta oil sands. It provides a mechanism of producing
more enriched éarbonates as time passes, this seems to occur
at both Athabasca, and Cold Lake especially when '3C/'2C of
éement and bi;arbonate ion are compared. It cannot, however,
be applied outright. \
| As well as the individual problems discussed in .each
mechanism above, they all share one trait which makes.tbem
unSuitagle for explaining the enrichéé carbonates reported.

All involve cogeneration of depleted carbonate as an

integral part of the process. Since no depleted carbonates
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are found in the large deposits, the mechanisms cannot be
appliedﬁ The two smaller deposith; Provost and Cactus Lake,//
are thought to have different geologic histories, and
therefore have undergone less complicated alteration. This

is described fully later,

C. PREFFERRED MECHANféL

As mentioned the large tar sand depos{ts under
ihvestjgaéion‘have undergone biodegradation which
preferentially removed both isotopically light, and easily

metabolized alkanes, in sequential order. This process has

» as an end result:

1. Bitumenous remnants,
2. Light weight metabolic byproducts,
3. Low carbon-13 carbon dioxide.

In order to produce methane gas, fermentation 6£‘thé
byproducts by anaerobic bacteria is envisaged. Fermentation
yields isotopically fractionated carbon-13, with depieted
methane and enriched carbon dioxide. The fractionation
factor variés depending on the byproduct, and fermentation
pathway involved (Rosenfeld & Silverman 1959; Games et al.
1978; Fuchs et al. 1979; and others). Temperature will algo
affect the size of the fractionation. ,

| There are several reasons for accepting fermengétion as
a viable means of alteration. Given the vast size qhd
petroleum content of the Alberta heavy oil deposgés, aerobic
bacteria utilized equally vast amounﬁs of oxygén‘@uring

» * ' ] . ‘ L ‘\\
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initial b“i'odegfgdl_tion.";oxic conditions suitable for
anaerobic microbes likély resulted. Secondly, anaerobic

microbial met§£y1i3¢g‘

%ihe.only means of producing biogenic
methane (Brock et al. i984) in large qQuantities As seen in
‘large 0il sand deposits. As stated, bacterial fermentation

causes large carbon isotope fractionations in the resulting

carbon dioxide and methane. A fourth, less important, factor

~

is that anaerobic-bacteria cannot directly atta¢k and
utilize.hydrocarbons as an energy source (ZoBell 1973;
Harwood 19731,'a1though aerobic bacteria can and do. Since
aerobic bacteria cahno} produce methane; a two step proéess
is needed to acco the large heavy oil deposits and
'biogenic methane seen% "

The first step is biodegradation by aerobic bacteria as
outlined earlier. The second step involves fermentation of
the byproducts by anaerobic bacteria to produce the methane
and bicérbonate (via carbon dioxide), and to create the

K N . ”
carbon fractionations encountered.

. D. METHANOGENESIS vs. SULFATE REDUCTION

Anaerobic sulfate reducing bacteria ufilizing.

-

hydrocarbons as an energy source also produce carbon dioxide

7

that is isotopically heavier than the material being

o
»

‘consumed. Sfudiéi in southeastern Saskaptchewan (Bailey et
al. 1973), have reported sulfate reducing bacteria
associatéd with biodegraded petroleum. Bicarbonate ion is 8

0>/¢,¢, enriched compared to the crude oil from which it was

)

N
R
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togﬁzd. Interstial bﬁcarbonateldata from marine sedimegts
(Presley & Kaplanf1968), has been interpreted by others
(Carothers & Khafaka 1980), as § to 6 °/oovenriched in
carbon-13 over .the originol organic matter. Could this
process be responsible for the enrichment.in heavy carbon
measured in the tar sands? ' o | .
| Sulfate reducing and methanoébnicvbacteria compete for
usable byproducts, and hydrogen within the same ecological
'gniches (Brock et al, 1984, p. 418). Since the sulfate
reducers ;rq more efficient, and can scavaée and utilize
ﬁydrogen at\much lower concentrations than methanogens, the
former grow at the expense of the latter. In addition, H S

,,.

is produaeg a. Qp;son to most methanogenlc bacteria

9 “;5“ ; R
:o‘asggethggﬁﬁgnn 3
. o ‘ \3

1cen$rat10ns have not been reported in sediments
"&s‘- ;
vgkpxng dzssolyed subfate (Claypool & Kaplan 1974). The

‘ca diﬁosxt contalns sulfate levels of 14 mg/l or less

ABasal Aquxfer, and accord1ng to sulfur-34 ratios

3
;"~, ‘ S e

0. 81gn of sdﬁfur reduc1ng bacter1a (Wa¥€1ck &
o ' e A |
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Dabrowski 1982). - : "
E. THE FERMENTATION MECHANISM )

Carbon

Carbon isotope fractionation during mechane productxon
" was 1n1t1ally 1nvestxgated by Rosenfeld and Silverman
(1959). They reported anaerobic bacteria, metabolizing
methanol, produced a very carbon-13 depleted methane, and a

very carbon-13 fnriched carbon 8feside. Beginning with

methanol of §'*C = -16,3 V. efobic bacteria yielded
methane ,as depleted as_ >8’3 &,u"and carbon dioxide with

§'3C = =1.2 %40 at 30° C. The ftactzonat1on recorded was
”

roughly 80 °/q°.

Susequent work vas undertakeh by other investigators.
Nakai (1961) foﬁnd a 76 °/oo fractionation ‘between carbon "
dioxide and metﬁéne when acetate was enaefobically v
metabolized. Two'gets of workers found a carbon-13
fractionation of dlose to 40 °/o0 in methane produced via
cdrbon dioxide reduction (Fuchs et al. 1279; Games et al,
1978). In all cases the fraetionation effeqt will increase -
at lowotemperature and decrease at higher'tdmperatures.

The actd;i pathway of fermentation depends 02 t%e
byproducts and bacteria gyailable (Brock et 212 1984, P.
417). Very few light weiéht organic molecules have been
igentified»as suitable for direct methenogenesis by~bacteriac

(ibid, p. 715). They include formate (HCO;H), methylamine
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‘(CH,QNH ) dimethylamine'(tCHg)z-NH) trimethylamine
((CH ); N), carbon monoxide, carbon dlox1de, acetate
r;(CH,CO,H), and methanol (CH,OH) (1b1d p- ' 715). Over 200 -
plus species of m1cro-6rganrsms are known to degrade
petroleum (1nclud1ng yeasts and fungi), w1th bacterla
‘compr151ng four famxlles conta1n1ng a total of twelve genera'
(Brock et al ,4&84 p. 716). A laige variety of bacterla, |
_therefore, are capable of methanogehe51s. Desplt% thzs»
morpholog1cal d1ver51ty all methanogen1c bacterla seem very
,s1m111ar in phys1ology and b1ochemlstry (ibid. ) ‘f\‘

Three main pathways of methanogenes1sohave been\
\

identified. One 1s the convers1on of methanol. to methane v1a
the react1on- . ; . = ";/m" fi
- 4CH30H - 3cu. #CO, + 2H,0 F/Jq.n,.‘s.'
vith‘a correspond1ng carbon fractlonatioanalue‘of 80\°/°o :
,(at 30°C) between carbon dlox1de and methane (Besenfeld &
, S1lverman 1959) |
‘w'iu Anbther is the kermentat1on of acetate by the react1on-:
CH1COLH = CH,y + co,r._ o el Bqn. 4
" with a -carbon fract1onat10n of 76 °/oo at 30°C between the |
.’carbon dioxide and methane (Naka1 1961). ‘ R ‘"',”‘ 5_7'
‘ The third mechan1sm is carbon ledee reduction,"
another two step process One set of anaezoblc bacter1a
_ferment ‘the byproducts to hydrogen and carbon dldxlde (and
ﬁacetate depend1ng on the - startlng mater}al) Methanogenlc
bacterla then reduce the carbon d1ox1de via: | |

Y , 2 : > - :
. COz + 4Hg>v= CH:-. + Hzo o I ‘ o Eqn. '5 .
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Ps‘The accompanying carbon ﬁractionation"is a0 /00 at 40°C

. ‘between carbon dioxide and methane (Gamesbet al. ‘1978)‘

K low temperatures the authors expect the fract1onat1on would
be greaterr Durxng the last react1on, the amount of carbon
dlox1de reduced is governed by the avamlabxllty of hydrogen.
If for some reason, hydrogen generat1on is suppressed the

'_other two processes may become’ more 1mportant Hydrogen :
becomes available from the reductlon of the byproducts 1nto
forms SUrtable for methanogene51s./’

.bther fermentation pathways qave a}so been'suggested
such as:L»c . o /
: L R _ S

CH,CC0- + Hzo = HCO; + CH. | . Eqn. 6

_Wlth an attendﬁnt enr1chment of earbon—13 in the blcarbonate

ion of 60 °/oo at 60°C (Carothens & Kharaka 1980). This ¢”

reaction, however, waS’der1ved' n the basis of formation
. . ]

vaters beingYEEpletéi in acetate, and biologically may not
h S R . R ,
i , :

be strictly valid, : /

At thlS po1nt, the b1odegradét10n envxsaged forx.- large"

r 3"

Alberta tar sands is presented 1n Figure 7u

t

'/ There appears to have been no carbonate prec1p1tated
Cfromqthe early_carbon d10x1dé. If»every‘alterat1on step
. initially uses isotopicallyllight mat?rial, the residual

'.gets heavier and heavier unxil a maximum enrichment‘is

wreached Based on the isotopic'ratios,measured\for methane -

and bacarbonate (- 60 °/oo and +17 °/°°) the carbon ledee

'1n equ1lzbr1um with the b1carbonate must have a

1’613c,-r10 °{}o (Mook et al. 1974) ‘gﬁls 1s'a 70"°/oovshift

4‘?‘-,:" : P
N .

-
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w{ dependent on the type of microbes, and the environment. ,15
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;

during methanogene51s, wh1ch is w1th1n the range dhscussed

earl1er. ' : W §
S .

There has been an attempt in the literature to pxnpo1nt »
one exclusive methanogen1c process responslble for bxggen:c
methane deposits, be it carbon dioxide'reduction, or‘direct'
anaerobic fermentation. Each has an attendant carbon- 13

fract10nat1on. Methanogenes1s, for thlS report, is

. 4w
con51dered the metabolic conversion of a precursor_ into

R B
- \i

methane, and some other products, as shown in Equatlons 3”to

I

fesay
bV

o

a.

5. The processes have an equaf chance of occurr1ng,‘ -

.present. The products of methanogenesis will, of course,

) ) a . . . ?
reflect the isotopic comp051tlon of the precursor,
Fermentat1on may- breakdown the light weight organlc. ?g“

molecules listed above into carbon d10x1de, v1a the .

reaction: R L ,,0 | ,
2Hzo + ca;co H = 2co2 + 4H, < . gqn?‘7
MethanogeneSrs;ﬁthrough carbon d1ox1de reduction takes place.
vias e o , )
> . COp"+ 4H, = CH, + 2H,0 = =~ . ' Eqn. "5

This creates another two step process during” fermentatlons

o . u/

and methanogene51s, one generatlng carbon . dlox1de,vthe other

generates methane. Methane produced-dlrectly through

;fermentatiQngreguites a,single step. In order to

differentiate-bEtweeh the two types of methanogenesis, D/H

ratios must'be_caref“lly examined.’
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| Although the 1sotop1c fract1onat1on of deuterium has

‘not been 1nvestlgated ‘as thoroughly as that of carbon, aome
1mportant trends have been ‘established. Most of the work has
.been done»by 5choell (1980), and Whiticar et al. (1986).
Those papers form the bas1s of th1s section, |

Schoell (1980) observed deuter1um is fract1onated
approx1mately three to four times (3-4X) more than carbon in
biogenic methane. He was thus able to outltge maximum' s13c
and §D of -64 and -150 °/°o respect1vely;Jas“houndarles for
biogenic gas. These.l1m1ts can be app11ed to 'pure' biogenic
gas that has not beeh oontaminated.by, or mixed»with}either
methane from otherrsouroes, othér hydrocarbons, or:carbon
‘d1ox1de as ment1oned in the previous chapter.

Further khcestlgat1on revealed an equ111br1um
relatxonsh:p between deuter1um of biogenic methane and water

&

;,present during methanogene51syithls relatxonsh1p is
expressed: o ° &

| . 8D, =.8D2'--160 (£10) °/;°‘ . ‘, Egn. 8‘P
where 1-= CH. and 2 = H,O0. The slope of the equation shows‘
‘all the _hydrogen in the methane is derived from assoc1ated
water, or that durl metabolism 1nterreact1ve groups
(within bacteria) a;e‘1n isotopic equ1liht;um with water.
:Based on preaioua ih?ormatioh (Brock et al. 1984), about
methanogene51s, the latter 1s probably true.

Cold Lake gas and water samples originating in the sa%e

wells, wh1ch weif collected for th1s study follow th1s ) ,\
N

~



‘relationship in only one case - ng,‘ 'P:;m and KLR TW-1, In '(i @
the other two cases of methane an ater”or1g1 atxng in the ‘d
- same well (KLR TG 30 - gas, KLR TW 3} - wagerj[and KLK/TG 34 ~
- gas, KLR TW 35 - water), the relat1onsh1p is invalid. Thzs
1mp11es, as exp1a1ned, ‘an 1mpure b1ogen1c methane (see
Figure 8,9 after Schoell 1980; 1982), w1th_steam 1n3ection
trﬁggering thermolysis of low deuterium, gaseous’
hydrocarhons.‘ o o
Interegtingly, if Equation 8 is valid‘(that is
- slope = 1),‘then all the hydrogen in bacterially produced
methane has’equilibrated‘witn;'or been derived-directly
from, the surrounding formation'waters. Schoell (1980)
proposes, if Equation 8 holds, that carbon dioxide reduction
must be the prominant process of methanogenesis, since all
the hydrogen in the reaction: ”
CO, + 4H; = CHy + H;0 o  Ean. 5
is derived from sources 'external' to the'precnrsor.
Noncompllance w1th Equation 8, where the slope 1s lees

than 1, 1nd1cates fermentation domlnates such that'

he
by

CH,CO;H = CH, + CO, |  Ean’ 4

4CH,;OH =~3CH.f+ CO, + 2H,0 : Eqn. 3 4
In these two qjigs hydrogen required to produce methane is -
contalned w1th1n the precursor mater1al, and methane . .
formation occurs via hydrogenation of CH,;- radicals. Thnsy

hydrogen atom from external' sources is needed In

r P per (Wh1t1car et al L?BG) Equat1on 8 is. used td@

"differentlate Between methane formed by fermentatzon and

S B
N T @
N » B .

-
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methanogenesis thfough-carbon dioxide reduction. In this
~ case, measurement of - 6D c%n ppint out not only boigenic
methane, but the procass of methanogehesis.

‘In areas where férmentation‘is the oniy methanogenic
process Equation 8 will have a slope of 0.25 (from 1 of 4
hydrogens). So, if Equation 8 islapplied to data gathered
from a methane in~a-heavy 0oil pool, and the slope ia betwaen
0.25 and 1 both types of methane formation are occurring.
The cloaenéss to one endpoint or another is inaicative of
which process domfnates. Isotapic ratios outside the maximum

limits indicate methane production by abiogenic means, with

‘thermolysis being ‘likely in the Cold Lake deposit.

Oxygen . : 4

a Oxygen isotppe/ratios of cemetns will indicate the
hisfory of heavy;oil‘deposigs. Since oxygen-18 in the
cements will have equilibrated isotopically with the
formation water present during precipitation the source and
type of formation water becomg appearant. Oxygen raﬁios of
present day waters can-be used to determine its source.

The oxygen isotope ratios for the carbonate cemahts are
within ﬁhe range of diagenetic, or secohdaryfcarbohate. g
'Slnce Athabasca cements have §'%0 = +18.54 to +19,.27 (except
one sample), and Lindbergh cements have 6"0 = +17 91 to
+22.,08, they are out;1de the range of marine carbonates\

(Fxgure 10). The carbonate cements precipitated in an

environment with a strong fresh water influence, and are not
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“marine, The carbonates have a very restricted oxygen-18
‘renge, but the formation waters examined range from 6'%0 =
-9 to -24 °/,0. It seems the carbonates formed under
particular eonditions, at about the same time in each
deposit’é history. The water present was likely a modified
qgnnate water, so the carbonate formed fa1rly early after
oil entrapment, once blodegradetxon was esté%l1shed.

The only exceptions, KLR TC 20 (Athabasca)Jand
KLR TC 4 (4) Cold Lake) have a marine '°C/'2C and possibly a
matching '®0/'%0. fhe most.likely explanation for these
ratios is a mixture efgprinary and enriched bicarbonate has

been incorporated during the cemente formation.

F. PROVOST AND CACTUS LAKE

These deposits/ene very different in isotopic and
volumetric -terms from tne other deposits studied. They are-
: envisaged as heving undergone different alteration pathways.
Like cérbonates associated with other heavy oil deposits
world wide (ﬁingham Appendix I), and conventional oil pools
(Donovon 1974), Cactus Lake and Provost show carbon-13
deplet1on in their carbonates. Although these pools have
undergone aerobic blodegradatzon, there is no isotopic
evidence suggesting fermentation was established. Either
anonic'conditions faileé to develoﬁ?;due to the deposits
being too small or recharge (of oxygenated formation water)
too rapid, or sulfate reduction dominated. Isotopic

signatures of water, however, do not indicate rapid fecharge
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of meteoric waters. ,

Other possibilities include inorganic processes such as.
water washing, inspissation and inorganic oxidation as
degrading the oil in associatioh with aerobic bacteria
(Mi}nef et al. 1977). These processés would yield heavy oil
without the enriched carbonate of the larger deposits,
Although the }atter processes Seem more likely;'based on
isotopic information, without further sampling it is
difficuit to postulate greater detail about the foipation of

the smaller dggosits.

-
© : jas’



V. CONCLUSIONS

A. SUMMARY

Isotopic study of heavy oil deposits in Alberta allows
several conclusions to be drawn, Examination of the phases,
utilizing three isotopic pairs traces history and formation
processes of each deposit. Biodegradation, the envisaged
process, leaves distinct isotbpic~signatures as it
" progresses. Using isotopes the biodegradation model can be
refined, and the process delineated with greater clarity. IA
addition, stable isotopes offer an elegant and precise means
of the monitoring progression of biodegradation.

The heavy oil pools of the Ld;;f.Cretaceous'are
conventional .oils biodegradatedybYVaerobic bacteria,
followed by anaerobic microbes. Aerobic bacteria metabolize
the crude oil beginnin§ with easily’feméued, and -
isotopically light fractidns. Mﬁtabolic products are light
weight organic compounds, bitumenous reﬁnants, extremely
carbon-13 depleted carbon diox§Ee, and an isotopically
enriched residue. As time passes the isotobically enriched
residue is consumed, leading to -heavier byproducts ind
carbon dioxide. Since aerobic bacteria consume oxygen during
biodegradation, anoxic conditions result'in the large
;.deposits. |
Fermentation of thé byproducts occurs after anoxic

conditions develop, with methanogenesis occurring via three’

main pathways. These are methanol or acetateiconveréion, or i

b
< ”

\
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carbon dioxide sgd0cti. The final products are carbon-13

depleted methane nand carbon-13 enriched carbon dioxide, Tﬂe
carbon dioxide eventually precipitates as heavy carbonate
cement .- Fermentation, as opposed to other formation - A
processes, ig likely, as evidenced byfiﬂi{lerge quanBities of
methane present in the major depos1ts. 4

Pure biogenic methane ﬁg defined by Schoell (1980) was

not obtained. Cold Lake samples showed '°C/'3C outside the

limits proposed. Contamination. by C,+ fractions is f ‘5?
postulated. Other workers (Jha et al. 1979; Strausz et al ! rté'
1977), have shown thermolysis releases casbon-13; r1ch _' fﬁff#i;?
gaseous hydrocarbons from bitumenous sand at lows_h &g‘ %;f
temperatures. Schoell (1980) states C,+ gases are | _gi;i;j
isotopically enriched relative to methane, hence ;ﬁ;s»:; k
"mechanism could give rise to the data geneeated ‘.{{;;; fjg:

Throughout biodegradation 1sotop1c enrxchmept of tbe

4

remaining material occurs. This is illustratéd by tﬁe u

dissolved bicarbonate in the Athabasca depos1t showind.énl

,_

5.6 °/00 enrichment over the carbonate cement. The -‘Sfjﬂ.‘i
t 5

non-equilibrium would indicate the cement formed relétively ?';

early 1n the depos1t s h1story, before enr1chment tdok
place. Further support is given by non-equ111br1um.betyeen‘
the oxygen-18 of the cements and formatidnry?ters,.1edding
credence to the earlier formation of diagedetic cedents._
Presence of very enr1ched blcarbonate and depleted methane

=

1nd1cate fermentat1on continues at present. . .

e e
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Comparison qf smaller deposits to major ones shows a

®
dxfferent b1odegradation histjry. Thire were no enriched

blcarbonates found. Reasons for th1s may include failure of
anox1c cond1txons to develop due to rapid recharge, or the
small size of the deposits, so only aerobic becter1a

flour1shed PreSence of sulfate reducing bacteria dominating

9
petroleum degradation or inorganic alteration may have

played an important role. Isotopic signatures of components
in small deposits are similiar to those of conventional

. pools.

B. PRACTICAL APPLICATIONS
. K ! o . : .
This work should have practical Spin-offs. Recently the

‘use of bacter1a to clean up ref1ned and erude petroleum
spglls has gained popular1ty Use of stable 1sotopes to

monitor the amount ana Ievel of biodegradation is very easy,
g
especially in cases where the contamxnatlon‘has reached the

.

' water table. The "C/"C of dissolved bicarbonate would be '

an elegant 1nd1cator of" the blodegradat1on process.

4 .

Compan1es 1nyolved in heavy ‘0il recovery could use
stable isotope-data to help monitor and model reservoir
conditions. Certain useful Quegaﬁons may be answered. Does

the bztumen undergo further chemical transformation as steam
) .
'is ‘injected? If so what gasesé?re produced, or exsolved and .

could they be used advantageously? Carbon dxox1de gas may

affect v15c051ty. Isotope data, especxally from waters,_

. -

could indicate cross formation leakage, revealing . s

R L . :-“, ’ . - T
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,., effect1veness of pressure,1nduced fracture of host rock Iﬁ'f
add1tzon changes 1n rese(volr characterlst1cs may be ”»y
predzcted W111 carbon dxoxide gas‘eventually prec1p1tate, .1s,

V'if clogg1ng pore throats and reduc1ng permeab111ty7 Will, in U
fact permeab1l1ty be enhanced by carbonate dlssolutlon? -t

Stable 1sotope data could address these problems.

o ' : . T 13

)

C FURTHER WORK . - .
i Lt B :
Although thls the51s has ukravelled some of the mystery '

surroundlng m1crob1al degradatlon, ‘much further worb 1s

'_'?needed This work could approach the problem from sevenal

/ . d1rect10ns. The\nature of aerob1c alteratlon of crude o1l 1s
. ‘3 N
of 1nterest. The 1sotop1c fract1onatlons, order of removal
N

of l1ght welght fractlons, and the degradat;on pathways %11 -ﬁ%

Q.need 1nvestlgatlon. The bacterla, Ld/or biomass. of present
day tar sands could be 1dent1f1ed for use 1n thls step

Fermentat;on of any aerob1cally produced byproducts,

; 4” the carbon fractlonatlons, and var1ous types of the

'*' Eermentat1on need determlnxng on a local bas1s. Agaln

1sotop1c ‘and . chemical changés need chartlng, and more data

for,gasZwater b1carbonate sys{ems is needed Ideally a long

term study of the blodegradat1on of conventxonal oil. through

%b1tumen, w1th attendant 1sotop1c changes, chem1cal phases -1
‘K“‘ 3

tf 1nvolved wlth aIteratlons and the phy51$él parameters .
. o Sl
, _r_qulred would help decrpher the formatlon of heavy 011

L , . R I &
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. More 1nvest1gatlon 1nto thermoly51s, the gases it

produces, and the role they may play is app?bpr1avek An

1ndepth long term stable 1sotope study, alone or in

N
Ao

¥
o

1

conaunt1on w1th the other Ideas mentloned coupled with gas
chromatograph%\and mlcroblolog} oﬁ‘each stage of alteratlon
. > :
afrom,c nvégrldhal 01l to bitumenuwould go 2 long way to
.. T

-_i§ fosc1nat1ﬂg problem.x

LR ‘ﬁﬂ4

resolv1ng'
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VII. appmmxx 1
This table contains 1sotopic data presented at the
Canadxan Society of Petroleum Geologists Annual Meeting,

198%, in a paper ent1t1ed 'Blodegradatxon Fermentation: A
.
mechapism for "C-r1ch secondary carbonates associated with

heavy 0115 of the Lower Cretaceous of Alberta by R.

Dxmxtrakopoulos, K. Muehlenbachs, and L . Rlngham., ).,§§

%Lﬁ‘ H L

TABLE X: Isotoplc analyses of carbonates asgociated with
heavy oil dep051ts outside Alberta. -

o

Sample Location §13¢. 4§19 .
T, LA )

Canadian’ Arctic ° 3.57 . 25,24

Canadian Arctic = '3.91 - 25, @% ”

Canadxan Arctic’ ' -1.84 §§§ .55

Zaire " ; -11,37 %48, 5;

Brazﬂ.a o =18, 41 23.7%

Caleorn1a N 1,79 22.85

- Samples analyzed by L. Ringham.

All carbon-13 reported vs. PDB, oxygen-18 vs. v- SMOW
standards. : L

., -

T



Isotopic data listed belew were reported in

Dimitrakopoulos &‘Muehlenbachs.(IQBS). These are mean values

calculated from individual wvells, in three diftoreh&

.

deposits.

~°”TABL& X1: Mean values of carbonates from 1nd1vxdual wells in.

Cretaceous heavy oil deposits, Alberta.

-Sample Location Well Namé\\ §'°C
Atbabasca (7-21-90-9W4) PL 5-2 8,07
PC 110 - 5.20

Lake (8-1-64-3W4) NWR Co, . .
McWood Cold 3.50
. zthel_ggke 5.46

,,,
. y

Lloyd. (2-26-51-1wd) * H. Durness 1 2.23

-~n%‘k“ ’“QK"(',.};J # Qald #\T“\ 1.89

’a
/

' A carbon=13 reported vs. .PDB, oxygen 18 vs. v- SMOW
” stahdards. .

5190
22.62

- 22,66

23.88
21.86

24.38
23.26

1?
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The 1sotop1c ratiog$of the heavy oil ttactions lioted

below were measured in 1982 by the German Geologic Survey'

for Dr. K. Muehlenbachs. o e
~ S

TABLE XII: Isotopic analyses of heavy oil fractions from
Alberta  heavy o1ls.

Sample Location Fraction~ §'3c
Mobil Ethel Lake Sattrates -30.4 -
Aromatics . -30.5 .
( * Resins - -30.4 R AN
Athabasca Saturates ‘,,30 5
. Aromatics’ -30.5 c .
Resins . -30. 4
. - ) : ’*'{'ﬁ !
Aberfeldy Saturates -30.4
’ , Aromatics © -30.1 Wy
Resing =~ -29.8 LN
Asphaltenes -290\9
Buffalo Creek - Saturates -30.7
. Aromatics -30.3
W - Resins -30.3
All: 1sotop1c rpt1ps reporred vs. PDB standard.
» oo . /‘7 -.* . | .. \



