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0118 and of1 fractiens were oxidised for carbon isotope analysis using
& wat oxidation and Carius tube procedure. The methods gave accurate
1sotope values 'to within + 0.20/00. A method was also ‘developed for
the sequential oxidationpf the methane, ethane and propane component's
of a aatural gas. The cgrbon del values of thu three un"in homo-
logs were reproducible to within + 0.29/00.

¢

The variation in the saturate, aromatic, maltene, NSO and sulphur

abundances for the Leduc and Kgg River oils is c 1led ynarkedly by a
.closed number syﬁtem effect. A Q-mode factoww the ofl

fraction and of1 sulphur data fuggists that meturatfon and sulphur-

fzation are the main processes which affect the composition of the

Leduc and Keg River oils. The Leduc oils frem the Homeglen-Rimbey-

Redyater, wiubome-ouhml and Stettler-West Drumheller hydrodynamic
systems form one oil fau‘ily which can be subdivided into three groups.
Group B ofls have a composftion that s controlled minly by

maturation. This contrasts with the Group C ofls whose composition 1s

predominantly related to sulphurization. The third group of ofls, A,‘

is essentially a subgroup of B and has been displaced up-dip from

deeper, hotter, reservoirs by migrating gas.

iv
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urbo.a isotope .mun of the Leduc ofls, thelr 'utunto ah croMGc
fractions, and the methane, ethane and propane compenents of the Leduc
asturs) gnuiliri.r}' as & function of maturation. The magnitude aff
renge fn the of) ml" methane carbon del values {ndicate that the Leduc
hyérecardons have b«n dtrind from nrino organic uttor of Devonian
age. A distinction cannot be made lnmm the Lgduc ml Keg River oils
~using the carbon fsotope values of the ofls or of1 frpctions. There-
fore, either the Ledyc angd Keg River ofls Nave very similar sources, or
cardon fsotoim are not sufited to some of) eomla?ion problems. The
order .of C12 - enrichment for the Leduc and Keg River natural gas
components 1s: 13 (methane) < C13 (ethane) < C13 (propane). These
three gas components were all more Cl2 . enriched than the associated
oils. Plots of 913 (o“n;) and €13 (propane) vs. C;/Cy *.Cz ratios
discrininafe between Leduc pﬁiols in the Homeglen_-Rimbey-Redute_r system
an& Leduc pools in the other two syste‘ns. The discriminatory ability
My result from migration isotope and gas composition frac_tionation
" effects. The observed trends in the Leduc hydrocarbons of C13 .
enrichment in methane and C12 - enrichment in the associated o1 and
saturate and aroutic‘on fractions, as the degree of nturati.on
increases, are considered to be interrelated effects which result from .I”'

the maturation of petroleum in a closed or quasi-closed system.

Variations in the sulphur isotope composition of the Leduc ofls are
controlled by the maturation and sulphurization processes. Both the

magnitude and direction of sulphur fsotope enrichment for Co-produced




» , ®
Leduc sulphur samples s compatible with an equilidrium 1sotope

onchange reaction with hydrogen sulphide. The significant Yinear
cofPelation between the S34 values of hydrogen sulphide and reservoir
temperature, for Leduc pools, can be uplainod.using 8 closed systqn{
model. As a consequence of this model, it is belfeved that hydrogen
u\pMdo,in the Leduc reservoir system is produced from the reduction
of sulphate lining vugs and pores. The sulphate reduction reactions
are probably abiogenic and are analogous to those descrided by Toland
(1960). Although i1t cannot bde conclusively demonstrated that the
Toland reaction is responsidle for the generation of significant quan-
tities of hydrogen sulphide in the reservoir system, this reaction has
the potential to generate an abundance of sulphur compounds.

vi .
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An Overview

As early as 1958, ng‘. et al. (1958) demonstrated that sulphur
fsotopes could be used to distinguish between ofls from different
source rocks. However, Vredenburg and Cheney (1971) and Orv
(1974) clearly established that 91! sulphur t{sotope composition
was not only a function of source, but also a function® of
maturation. Furthermore, the available l1tc;ature on the subject
provides no single answer regarding time of ol sulphurization.
1f ofl is sulphurized in the reservoir, fts sulphur isotope compo-
sition weuld Se characteristic of the reservoir sulphur source and
not necessarily the oil source. Therefore, the situation could
arise where oils from different seurce rocks‘have‘the same sulphur
{sotope composition. The,us§ of sulphur 1sogopés to corrvelate
between crude oils is therefore problematic and requires clarifi-

cation.

The variation of the sulphur isotope composition of hydrogen
sulphide in natural gases as a function of reservoir temperature
and the related property of reservoir maturity is now well docu-
mented (Vredenburg and Cheney, 1971; Orr, 1974; Orr, 1975; Burnie,

1975; Hitchon et al., 1975). However, at thé inception of this




thesis, the documentation was far less complete. Prior to & pub-
Ytcation by Orr (1974) hydrogen sulphide in the resarvolr system
was believed to be produced by w\pmu,-“;uc’ng 'bacuru and/or
generated by the desulphurization of petrelewdl. However, biogenic
hydrogen sulphide cannot be produced 1_n sbundance at temperatures
1n excess of 60°C (Jobson, 1976). Furthermore, oils are ?orc

resctive to sulphur compounds at Nigher reservoir tcmpontu'

which appears to _.nndict the dowlphu'rt-uuon concept.
(1974) proposed a two part mode! for the generation of hy

sulphide. At low reservoir temperatures, hydrogen sulphide 4" w .

be produced by sulphate reduaing bacteria. At hi r Qe A
temperatures (80 to 120°C) hydrogen sulphide was pﬁate

generated by a Toland-type abiotic reduct fon of sulphate by hydro-
gen sulphide (sec Toland, 1960) for which there was no sulphur
{sotope fractionation. Therefore, the observed variation in the
sulphur tsotope composition of hydrogen‘Sulphide (Orr, 1974) had
to be produced during the associate& oil sulphurization reactions.
However, experimental data from Husain (1967) indicated that the
reduct ion of sulphate by hydrogen sulphide has an accompanying
sulphur isotope fract fonation effect of 1.022. furthermore,
preliminary results from this thesis showed that there was no
correlation between 8534 (of1) and 8534 (H2S). A model for the

generation of hydrogen sulphide in the reservoir system has to be

constructed to resolve the aforement ioned contradictions.




Carbon fsotope data from ofls, ef) fractions and the methane,
othene and propane components of sssociated and non-gssociated
netura! gases can provide information regerding ofl to o011 corre-
lations, o011 and gas source rock environment (martne or non-
marine) and the degree of maturity of the hydrocarbon deposit and
source rocks.

Silverman (1964) used carbon fsotopes to distinguish between
marine and non-marine ofls of Tertiary age. However, Galimov
(1973) found the carbon fsotope composition of marine and non-
marine Carboniferous ofls to be indistinguishable. Stahl (1977)
noted that the carbon isotope composition of methane associated
with mature ofls, whose source rock was marine organic matter, was
a;ound -450/00. VYith progressive maturation *his methane became
more C13 . enriched, attaining ;n average carbon del value near
-309/00 in overmature (metamorphosed) reservoirs. The average
carbon isotope value for methane derived from marine source rocks
fs about 13 to 14 per mi) moré enriched in C12 than the average
carbon isotope composition of methane gas derived from non-marine
or paralic organic matter. Degens (1969) documented a cyclic-
temporal.yariation in the carbon fsotope composition of crude oils
ranging in age from the Tertiary to the Cambrian. Koons et al.
(1974) discr{hinated between oils'from different source rocks
using a plot of 4Cl3 (saturates) versuys sCl3 (aromatics). Stah!

(1977) distinguished between oils from different source rocks



vsing petroleum type-curves. No:nnr. Koons gt 41. (1974) and
Foun (1977) found veriations in the carben fsetope cemposition of
whole ofls and of! fractions thet could be releted to utunuoni
Therefore, saturate versus aromatic fsotope plots ere preferred
since they are suited to the definition and correlation of of!

femilies.

The veriation in the sbundance of the saturste, sromatic, ssphal-
tene and NSO of! frections can be used to characterise processes
such a3 maturation, hnmlim and dlodegredation (Evam R 1.,
1971; Milmer ot al., 1977). By analysing of1 sulphur contents, ,
the sulphurization process can be documented to sb' degree (Mo et
al., 1974). Unfortunately, the ol) fraction and sulphur percen-
tage data are influenced markedly by the closed number system
effect (Chayes, 1960, Chayes, 1962; Chayes, 1970). It {s there-
fore preferable to use these analyses as part of a Q-mode factor
analysis data metrix and use the extracted factors to study the
varfous processes that affect of!l conpoiitton. However, the

extracted factors are st1ll'affected. to some degree, by closure.

The chromatagraphy of the saturate ofl fraction can be used to
distinguish between biodegraded and non-biodegraded ofls (Winters
and Williams, 1969; Jobson et al., 1972; Bailey et al., 1973).
Generally, non-biodegraded oils have a saturate profile with an

abundance of Cig5+ peaks on a broad semi-circular napthenic base.



L
Strengly diodogroded of s are w.pm Yy ¢ saturete prefile

consisting of o fow heavy (Cage) pereffin pochs ond prencunced
pristons ond piyytone anlp which ore porched o8 o compressed ond
posked napthenic bese.

0118 ond geses can nnrxuuci changes 1n thetir composition and
undergo certon ond sulphur 1sotepe frectiomnation s o nun.ov
the physical end chemica!l processes that offect them during
aigretion (Sfivermen, 1965, Colosbe gt o)., 1966; Colomdo ot 4l.,
1969, Stanl, 1977, Mileer, 1977). Current cpinten considers
afgretion isotope frectionstion to have on effect of mo more than
1 te2 per of) on the cardon ond ;ulphur fsotope composition o.f
naturel gas (Manl, 1977, Feur, 1977, Krouse, personal communice-
tion). For ofls which migrete as slugs (see Levorsen, 1967) any
migration carbon 1sotope frectionatien should be minimal. Silver-
men (1965) gouulaud 4 migration fractiqgation effect of sround
0.40/9. for ofls migrating up dip I1n the Quiriquire field In Vene-

2vela.

Therefore, the fnitial objectives of this research were to study
the msturation, migration and alteration® Nistory of Nydrocarbons ,

define their source (and its age), and correlate Detween pools and

*Alteration in this thestis denotes a varfation ia pooled of| composi-
tion which results from processes such as sulphurization f8easphal-
ting, weter-washing and biodegradation, whose effects are not solely
temperature dependent.
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o) famtlites vsing graviamtric, chremstogrephic and perticulerly
the carten ond suiphur 1setepe anglyses of ofls, il frections,
ond 2000cioted ond non-0090Ci 0ted ABture! gases.

Geolegic Setting
Te slhieve the above chjectives, on applicodle flold lecstion with
odoquate sanpling (3 ‘meuiory.

The ol and ges bearing reefs of the Upnr' Devonfan Leduc For-

astion 1n contral Alderts were wall suited to this study. Three

ﬂltiut.wmmic wystems, which contain ofls oend gases with
comtresting e.ﬂitions; con be @fined within the Leduc reser-
veir (see Nitchon, 19695, 1969D). Ot In the Momeglen-Rimdey-
Redwater system is generally low tn sulphur, Ras a variadle
(generally high) APl gravity, ts satursted with gas snd hes osso-
clated geses low.in hydrogen sulphide. [m contrast, the ofl fn
the other two hydrodynamic systems (the Wimdorne-Duhsme! and
Stettler-West Drumheller trends) has generelly much higher sulphur
comtents and its asseciated ges containg an sbundance of hydrogen
sulphide. The three Rydrodynsmic systems extend down dip and
therefore have pools subjected to a range of reservoir tempera-
tures (60° to 90°C). AVl of the pools in the three hydrodynamic

systems contain matyre hydrocarbons. However, individual Leduc



pools at H-ahnatﬁan,_StracHan, Ricinus, Pine Creek, and Pine North-

. west cdntafn overmature ary sour gases. Gussow (1954) dgcumented'
tHe process of gas displacemant in the Rimbey-Meadowbrook Leduc
reef trend. Consequently, fhe bulk <composition and stable isotope
cong'oir Leduc oils and gases may be affected not only by

maturation and sulphurizatinn, but also by migration and gas deas-

phalting (see Evans et al., 1971).

Road access to the wellheads of the Leduc pools was excellent, and
the majority of the pools were still on production. This facili-
tated sample acquisition. A vast amount of data has been
coneéted on the h_ydroc?arbon and formation water composition; on °
pool physical properties ‘such as pressure, temperature and depth;
and on pool areas and hydrocarbon reserves in the Leduc system.
This information is easily accessible in the files of the Energy
Resources Conservation Board in Calgary, Alberta. A portion of
this data is published in Summaries by White (1960), Century
(1966) and Larson (1969). Furthermore, the geology of the Leduc

system is well known (see McCrossan and Glaister, 1964).

0i1 and associated gas sartlples were also taken from Keg River
reefs at the Rainbow and Zama fields in Northwestern Alberta. The
_source of- the hydrocarbons and sulphur for the Middle Devonian Keg
River pools was believed to be different from the Leduc system.

Therefore the use of oil composition data and the stable isotope

’



values of oils, ofl fractions and gas components to correlate

between o0ils and oil families could be assessed.

c) Required Analytical Procedures
*
To meet the research objectives, a large number of analyses were
necessary. The traditional method of dydrocarbon oxidation to
carbon dioxide* (for carbon isotope analysis) 1s lengthy (a time
in excess of 2 hours per oxidation is required) and {s therefore
not suited to batch sample precessing. Alternate hydrocarbon
oxidation methods have been described by Calvin et a]. :949)
which were adapted in this thesis to stable isotope pru ~d.rcs to

L
routinely process large numbers of samples.

The methane, ethane and Prepane natural gas components were
required for isotope analysis, Therefore, a chromatograph-combus-
tion system had to be designed to separate relatively large
natural gas samples into their paraffin hoﬁologs and combus{
these, in sequence, to carbon dioxide and water. In order to

minimize the time taken to run each gas sample, the capacity of

the system had to be optimized so that generally one run per gas

*This method utilizgs 4 copper oxide furnace and Toepler pump circula-
tion system (refer to Craig, 1953 and Stahl, 1967).
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sample would be required to generate enough carbon dioxide for the
carbon isotope analysis of the methane, ethane and propane compo-

nents.

Those analytical methods specifically devised and adapted to meet.
the needs of this research are described for the reader in Part I
of this thesis. Dther more standard procedures are only briefly
described, but referenced, in Part I in order to provide the back-
ground for a discussion on the accuracy and reproducibility of the

data derived using these methods. The formulae for the reagents

used are listed in the appendix,

Coda

Over the rather lengthy period which this thesis has extended
(1970 to 1978) aspects of jts original objéctives have been pub-
lished by other researchers (see Orr, 1974; Orr, 1975; Hitchon
et al., 1975 and Krouse, 1977). However, my interpretation of
these "cormon objectives" is different, and in some cases the

documentation is more detailed than in the published literature.
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EXPERIMENTAL PROCEDURES, ANALYSIS OF ERROR AND hELEVANT'DlSCUSSIONS

i

Section 1: Gas, 0i1 and Water Sampling Procedures

Co-produced gas, oil and water samples were taken at wellhead in 0.5
litre 1800 psig stainless“steel sample bombs. Gas was transferred from
the sample bombs to specially made 300 ml glass storage containers (see
Figure I-1) using the apparatus ’shown in Figure I-2. Reactive sulphides
in the gas were sampled using a cadmium acetate trap. 01l and water
samples were poured from the sample bombs into 12& m! flasks, capped

with parafilm, and stored under refrigeration.

The gas transfer procedure was rapid and requiré& no elaborate apparatus
(see Figure 1-2). A 2-inch long, 1/4-inch 0.D. piece of alum;'num tubing
was connected to the sample bomb using a 1/4-inch Swagelock fitting.
The gas storage conta‘iner was then pumped to high vacuum (pressures of
less than 10-4 torr) flamed out and the two-way stopcock rotated from

the AC to ghe BC flow position (see Figure I-3). Oné end of a short
piece of tygon tubing was then attached to the aluminum t;be and the
other end to the "C" outlet of the two-way 'stopcock. A second piece of

tygon tubing was then used to attach the "B" outlet to an L-shaped 8 mm

Y



FIGURE ) - 1 .
®
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0.0. glass tube which was then submerged in a J cm by 20 cm test-tude
containing 0.15 M cadmium acetate soluuo:. The naturs) gas was then
bubbled through the cedmium acetate trap at & slow even rate of about
one bubble per second. During this period, the gas transfer line was
flushed of any air. When a time of three minutes had elapsed or & cad-
mfum sulphide precipitate had formed which was equivalent to 40 to 200
mg of silver sulphide, the cadmium acetate trap was removed from the
flow path by disconnecting the tygon tubing at the “8° outlet of the
two-way stopcock. The gas flow rate was then incressed and the two-way
stopcock rotated to the AC flow position. The gas container was then
filled until the pressure bufldup caused leakage around the tygon-alu-
minum seal. At this point, the two-way stopcock was rotated to the BC
flow position anq the storage container removed from the transfer appar-
atus. The remainder of the gas in the sample bomdb was exhausted to
atmosphere in the fume cabinet. When the pressure in the sample b’omb
r:uched atmospheric values, the liquid contents were poured into 125 ml
erlenmeyer flasks and stored under refrigeration. During the liquids'
transfer period, the gas storage container was cooled in a dewar of
1iquid nitrogen. At liquid nitrogen temperatures the vapour pressure of
methane and ethane was so low that the two-way stopcock could be drawn
off ‘;Q sample container using an oxymethane torch without causing any
"reaction of the sample at the heated glass surface. Once the stopcock
was drawn off, the gas storage container became a perfectly sealed ves-
sel in which the gas sample could be stored indefinitely and remain

uncontaminated. The gas sample could be removed for analysis by break-

ing the glass seal at the end of the container.

\
;!
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Sectjon 2: xtraction of Sylphyr ounds from Natural @ nd

e)

Formation Waters

: .
" »

Recovery of Sulphides From Natura) Gases

Reactive sulphides such as hydrogen sulphide, polysulphides, thi-
ols, and some organic mono and disulphides were extracted as a
group from naturql gases by bubbling the sour gas through a 0.15 M
cadmium acetate solution. The experimental apparatus and tech-
niques used are described in Chapter I, Section 5 and Chapter [,
Section 3. For natural gases in which the hydrogen sulphide com-
ponent was abundant enough, this sulphide was recovered using
chromatographic procedures outlined in Chapter I, Section 5.

Gaseous and vapbur phase organic mono and disulphides and thiols
contribute an uncertain, but generally considered to be small, sul-
phide content to an associated gas. For example, Vredenburgh and
Cheney (1971) report an abundance of 15 grains per 100 SCF of com-
bined thiol, alky! sulphide, carbon disulphide and carbonyl syl-
phide, as compared to a hydrogen sulphide content of 3 to 4% for
some assoctfated Wind River Basin gases. However, it is highly
probable that, depending on factors such as the presence of native
sulphur in the reservoir, formation temperature and pressure,
wellhead temperature and pressure, and the abundance of the Cg com-

ponent in the natural gas, hydrogen sulphide together with an abun-

16



dance of coexisting polysulphides could be sampled st the we!)head
(Ryne, 1968 and Muller and Hyne, 1969). Further, the 1sotope com-
position of these gaseous sulphides, possidle reactions that cause
sulphur 1sotope froctlonatlop between these compounds, the varis-

tion of this fsotope fractionation with temperature, and the fac- -

tors which control the abundance of these sulphides are not known.
Therefore, 1t was necesssry to estadlish the validity of the com-
monly used assumption (refer to Thode et al. 1958; Yredendurgh and
Cheney, 1971; Hitchon et al. 1975 and Orr, 1974) that the sulphyr
1sotope composition of the Qtal sulphide precipitate, collected
from a natural gas using cad;iua scetate solution, was equivalent
to the sulphur isotope composittom of the hydrogen sulphide com--
ponent. In Table I-1 is a comparison of the sulphur fsotope com-
position of the total sulphide precipitate and the chromatographed
hydrogen sulphide component from severa) gas and ofl pools in
Alberta. For the non-assoc_iated gases (refer to Levorsen, 1967) in
Table I-1, the sulphur iso‘to;;e composition of the hydrogen suTphide
gas is the same, within error, as the sulphur isotope composition
of the total sulphide precipitate. This implies that either hyd-
rogen sulphide is the only reactive sulphide of any abundance in
the gas phase or that the gaseous phase sulphides in these natural
gases have the same sulphur isotope composition. For the associ-
ated gases (refer to Levorsen, 1967) from Buffalo Lake and Bashaw
D-3 pools, the difference in sulphur isotope composition of the
hydrogen sulphide gas and the total sulphide precipitate, respec-

tively 0.7% and 1.1%e is significantly larger than error. This im-

17



TABLE 1-1
(

COMPAR[SON OF SULPHUR ISQTOPE VALUES

FOR TOGRAPHED NYDROGEN SULPHIDES
AD SULPHIDE PRECIPITATES FROM MATURAL GASES
M a3 -

-y Chromsto- Tota!

" graphed Sulphide Type
Sample Description L3 Precipitate of Gas
Ricinus 7-13-36-10 WSM +20.4%. +20.3% non-associated
Ricinus 10-33-36-10 WSM +20.4%. +20.4%. non-associated

" Pine Northwest (MBOG, Separator) +23.0%. +23.0%. non-associated

Pine Creek 10-16-58-19 WSM +22.2%. +22.2%. non-associated

Pine Creek 10-23-57-19 WSM +£2.0%. +22.2% non-associated
Pincher Creek PC-73-61 (GOC) +15.7%. +15.8%. non-associated
Harmatten 10-11-32-3 W6M +22.4%. +22.6%¢ non-associated

Wimborne (Aggregate sample

from wells 4-1-33-26 WaM +16.3%. +16.3%. associated
and 7-26-33-26 W4M)

Erskine 8-26-39-21 W4M +15.1%. +15.2%. associated
Clive (Aggregate sample from

wells 16-29-40-24 W4M and +15.5%. +15.7%. associated
12-35-39-2]1 W4M) )

Buffalo Lake 4-35-39-21 WaM +14. 7%, +15.4%. associated

Bashaw 10-6-42-22 WM +14.7%. +15.8%. associated

%
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plies that
conpounds or polysy
two pools. The fact thet sssocieted geses froe Wimborne, Crskine

am comtemt of erganic sulphide
within the selution gos phese frem these

ond Clive have very similar sulphur fisotope velves for hydrogen
sulphide gas and tota! suiphide precipitete indicetes thet & sour
ges In sssociation with o swiphurous of! phase is not the sole cri-
terfon for incorporating isotopically 'amumr sulphides imto the
solution gas phase. Therefore, inferences regarding the reservolr
sulphur system from the sulphur uot'opo composition of the tota!
sulphide precipitete from solution geses mst recognize that this
de) value is not necesarily equivalent to the de) value of the hyd-
rogen sulphide component of the natural gas. These de! values may
differ by 1 per mil or wore. Also, the tota) sulphide precipitate
sulphur isotope values from associated and non-associated gases may

not be readily comparable.
Recovery of Sulphur Compounds From Formation Water

Water was decanted from ofl and solution gas samples from Bashaw,
New Norway and Erskine and from gas samples from Pine Creek, Beaver
River and Sylvan Lake. Each water sample was stored in one or wore

1)‘.1 Erlenmeyer flasks and capped with parafilm.

During and after the recovery of the Jater samples from the gas
bombs from Pine Creek, Beaver River and Sylvan Lake, a rapid out-

gassing of sour natural 'gas was observed, as well as the formation




of o yellow-groen crystelline crust ot the weter-atr 'merface,
Neng Of the weters fram these three we!ls showed ony Tynde') of-
foct, 1ndicating a fine suspension of astive Sulphur. After pye
water sales stopped out-gesting, o 10 ml aliquot wes teken from
eoch ond mizgd with 1 st of 0.15 N cedmium ocetite selutton, No
yellow-orange cadmium sulphide precipitate wes observed te form 1A
either the Pine Creek or Beaver River water semplos. Dtissolved
sulphide wos recovered fram the Sylvem Late sample by adding two
successive 10 m| aliquers of 0.13 M cadmtum ocotote solution to o
290 m semple of water. After th@.eadditien of edch sViquot of
cedniua acetate solution, the sulphide precipitoete® wes allowed to
settle and the cadmfum-sylphide-free weter wis decanted off.
Litt)e further CdS was precipitated on the addition of the second
10 o} aliquot. Around 150 m of sulphide-precipitate-free water
was decanted off for sulphate fon recovery. Np sttempts were made
to vary the Eh or pH of the wster samples to try ond extract c.ny
more sulphides than could be precipitated from s combination of |
ol of 0.15 M cadmium acetate solution in 10 el of water or 10 @ of
cadmivm acetate solution in 250 ml of water followed by another 10
@l aliquot in roughly 200 sl of water. A 125 m! aliquot of water
was taken from each of the three water samples from Sylvan Lake
(processed v&."‘anr fiver and Pine Creek and placed in a 250
m! beaker, capped with parafila, in preparatfon for sulphate ton

recovery.
°

* This precipitate may contain 7énor amount of (4S04.




The ye\longreen crystalline crust was removed from the surface of
the Beaver River, Sylvan Lake and Pine Creek water samples and
washed in a coarse filter paper with n-pentane. This washing pros

cedure removed a film of hydrocarbon that made preparation of the

.crust for x-ray analysis quite difficult. A portion of the crust -

was then placed in ‘dn extract thimble and was continuously washed
with insecticide grade benzene in a soxhlet apparatus for a 24-hour
period. The crystals that remained in the extract thimble were
w-rayed and identified as célcite and quartz'. No sulphates were
detected. The benzene in the soxhlet reservoir was evaporated at
Yow heat and clear yellow crysta]s with a prismatic habit were
recovered. These were x-rayed and identified as native sulphur and

4
stored for sulphur isotope analysis.

Water samples taken from Erskine, Bgshaw and New Norway D-3 reser-
voirs all showed a pronounced Tyndall effect. Only the 10 ml ali-
quot from Erskine gave a cadmium sulphide precipitate. No crystal-
Tine crust formed on these three water samp’lies. The colloidal sus-
pens‘lbns in the Bashaw and New Norway waters remained stable
throughout the period of time allotted for water sulphate recovery
and the samples were therefor‘e not analysed. The colloids were
suspected to be native sulphur since the water had 'a sulphurous
odor, a very light milky colour, and the minute amount of flocked
substance from the Erskine sample had a light yellow colour. These
uaters appeared to be saturated with native sulphur and could be

1nvolved with the following reactions suggested by Berner (1963):

21
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HaS —» HS= + H*

HS- —» H* + §-2

§2 —55° + 2"

The polysulphide reaction suggested by Hyne (1968) may also be in-
volved. That is:

H2Sx+1 —> HaS + Sx

The products from the dissociation of the polysulphide could then
participate in the aqueous reactions proposed by Berner (1963).
Another cause for the formation of native sulphur in the crystal-
line crust éould be the oxidation of the out-gassed hydrogen sul-
phide by air oxygen at the air-water interface.

The procedure used for sulphate ion recovery was essentially that
described by Maxwell (1968). Several points about the procedure
are worth noting. Prior to the beginning of the chemical treatment
of the 125 ml aliquot of water, it was filtered through a white
Schleicher and Schuell filter paper into a 400 ml beaker. The
filter paper was then washed 12 times with distilled water. This
procedure_ removed any solids from the water sample. Methyl orange
fndicator was then added to the lution and it was acidified with
concentrated hydrochloric acid and then heated until all efferves-

cence stopped. This procedure not only removed bicarbonate and

carbonate fons and their complexes, but also removed any aqueous’

'
hydrogen sulphide and bi-sulphide ions. Rather than retain iron or

22
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other common transition metals in solutioq‘in their reduced state
or as & citrate complex, they were removed as their insoluble hyd-
roxides using an excess of concentrated ammonium hydroxide. The
sulphate ion was precipitated by bringing the acidified solution to
a bofl and adding two 20 ml aliquots of 2-1/2% barium chloridé
solution. After the addition of each aliquot of barium fon, the
bofling so\ution'was stirred vigorously for two minutes. The
barium sulphate precipitate was lét stand over night prior to its
recovery by filtration. These last two procedures produced rea-
sonable coarse barium sulphate crystals and therefore more accurate

sulphate analyses.

2
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Section 3: Extraction of 011 Sulphur and Its Preparation for

I sotope Analysis

Total Sulphur Extraction From 0i1ls

Sulphur was quantitatively extracted from HpS - free ofls using the
technique outlined in the Parr Oxygen Bomb instruction manual No.
130 published by the Parr Instrument Company, Moline, I1linois. In
this method, a 0.7 to 0.9 gm oil sample was explosively combusted
fn 25 to 27 atm. of oxygen gas. All sulphur compounds within‘the
ofls were oxidized to sulphate and recovered as BaSO4 using a 2% to
5% BaCl; solution. Procedures for quantitative recovery of the sul-
phate ion using the barium sulphate method are described by Maxwe}
(1968). o o

The reproducibility of sulphur percents deterhic'ing this meth-
<;d was calculated as the variance of replicate analyses. For sul-
phur percents with 3 or fewer analys:;, the variance was estimated
by assuming normality and multiplying the range by an appropriate
constant (see Dixon and Massey, 1969). Reproducibility was ‘excel-
lent, but it was a-function of per cent sulphur. The histogram in
Figure I-4 shows that two populations of mean sulphur percents can
be defined by noting the fraction of sulphur percents per histogram
Interval whose variance is less than or equal to 0.03. The vari-

ance of the two populations so defined is substantially different.
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b)

The reproducibility of any total sulphur analysis whose sulphur
value is in the range of 0.10 to 0.90 percent inclusive u}'r‘oughl‘y
the same, but different from the common variance of any p\nnysis
whose sulphur value exceeds 0.90 per cent. These two variances can
be estimated using a pooling technique outlined by Johnson and
Leone (1964). The standard deviation associated with any sulphur
analysis whose sulphur percent lies within the range 0.10 to 0.90
fnclusive is 0.01. The standard deviation for analyses whose sul-

phur percents exceed 0.90 was calculated to be 0.0@,

Conversion of Sulphate to Silver Sulphide

Barium sulphate obtained from the Parr Bomb combustion of crude
oils was converted to AgyS using a wet reduction orocedure. The
silver sulphide was then recovered and stored to be burned to sul-

phur dioxide for sulphur isotope analysis.

In the reductfon procedure around 50 mg of barium sulphate was re-
duced to hydrogen sulphide by boiling the sulphate with 50 ml of a

solution consisting of HI (SG=1.7), ccncentrated HC1 and H3POz (50%)

mixed in volumetric proportions of 2.039 HI:3.328 HCL:1 H3P02. The '

reduction was carried out in a 200 ml round bottom flask which was
connected to a nitrogen flow line in series with a reflux conden-
ser, a distilled water scrubber and a cadmium acetate solution ad-

sorber. During the boiling, HC1, HI and H3PO; vapours were returned




to the round bottom flask by condensation and gravity fall along
the siges of the reflux condenser. Any reagents which escaped from
the reflux condenser were removed from the gas flow by the distil-
led water scrubber. Therefore, the product hydrogen sulphide was
carried through the system in a flow of nitrogen to the cadmium
scatate trap where it was quantitatively precipitated as a bright
yellow orange sulphide free from reducing solution contaminatian.
The H2S-free nitrogen was exhausted to the atmosphere. A time of

90 minutes was adequate to reduce all sulphate to hydrogen sulphide
and precipitate this as cadmium sulphide. This time period was,

however, dependent on the nitrogen carrier gas flow rate and the

grain size of the barium sulphate. Finer grain sizes resulted in °

faster dissolution rates and shorter reaction times. An optimum
flow rate of one bubble per second was found. This flow rate
results in a bright yellow-orange CdS precipitate. Dark orange

colours fndicate a much too slow flushing rate.

The sulphate reduction reaction is reasoiab]y complex with the re-
duction of sulphate to hydrogen sulphide probably being a first
order reaction (C. E. Rees, personal communication). Hydriodic
acid !s the active reducing agent, converting SO.;'2 fons to H2S and
ftself in turn being oxidized to free iodine. The hypophosphorous
acid reacts with the free jodine converting it back to 1-2 which can
rereact with 504‘2 fons. Mydrochloric acid acts as a solvent for

sulphate 1ons"d a source for hydrogen ions.
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By titrating the cadmium sulphide precipitate with a 0.8 N silver
nitrate solution and boiling the mixture, the original fino-grnin;d
precipitate was converted to an easily-filteradle, coarse-grained
silver sulphide curd. The silver sulphide was recovered using a
fine or medium sintered glass vacuum filter. During the filtra-
tion, the AgsS was washed with concentrated NHeOM to remove any
contaminant AgCl and then washed several times with distilled
water. The relatively pure silver sulphide was then dried in its
filter crucible at 100°C to 120°C for a period of an hour or so.
Specifications for the reagents used in this reduction procedure
can be found in Appendix I. Further descriptfon of the reduction
procedure can be found in Harrison and Thode (1957) and Pepkowitz
and Shirley (1951),

S reduced S
s axidise

and ranged from 80% to 95% with a2 mode at 89% and a mean at 88%

Yields (gm x 100) were generally much less than 100%
(see Figure 1-5). Such variable ylelds did not affect the sulphur
fsotope value - of the sulphide or sulphate outside of the mass
Spectrometer analytical error, which is +0.2%. This statement can
be supported by referring to Table I-II. The calculated standard
deviation of the five replicate sulphur analyses of the barium
sulphate laboratory standard is 0.1%. Though the yields range from
84% to 95%, the error in the sulphur isotope analyses of the stan-
dards is not greater than that produced by the mass spectrometer,
The sulphur fsotope composition of the lead sulphide laboratory
standards (see Table I-11) further emphasizes this point. In the
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TABLE 1-11

YIELDS AND SULPHUR ISOTOPE AMALYSES FOR REPLICATE SULPHATE
AND SULPHIDE REDUCTIONS

Sample Description

B8aS04 Lab. Standard
B8aS04 Lab. Standard
BaSO4 Lab. Standard
BaS04 Lad. Standard
BaSO4 Ladb. Standard
PbS Ladb. Standard

PbS Lad. Standard

Semple
Preparation
Reduced to AgpS
Reduced to Ag2S
Reduced to AgpS
Reduced to Ag2S
Reduced to AgpS
Reduced to AgpS

Burned directly
to 502

Reduction 02

Line Burn 534
Yield Yields cor
95% 100% +2,.5%
8512 100t +2.8%.
8A% 100% +2.6%¢
901 100% +2.6%.
89?2 100% +2.7%.
82% 100% -5.8%.
N.A. 991 -5.7%



c)

and this then burned to In the second analysis, a semple of

first analysis the PbS sﬁud was converted to silver sulphide
the PbS standard was burned directly to sulphur dioxide leaving out
the intermediate reduction step. The del! values of both lead sul-
phide samples agree within the error of the mass spectrometer des-

pite the 17% difference in conversion yields.

Conversfon of Silver Sulphide to SO;

Stlver sulphide, obtained from the wet reduction of sulphate was
converted to SO using the copper oxide method. This method has
been discussed by Fritz et al. (1973) and Robinson and Kusakabi
(1978). Generally, 0.042 gm of AgyS were intimately mixed with
0.1000 gm of purified red copper oxide by gently grinding both
together in a quartz mortar. The weights of oxidant and sulphide
were chosen to assure a molar oxygen to sulphur ratio of not less
than 4:1 and not more than 5:1. The cuprous oxide was purified by
heating it to 500°C under high vacuum for a period of 24 hours.
The cuprous oxide and silver sulphide mixture was loaded into a
1-1/2 em x 9 mm silica glass cylinder and contained by loosely
plugging both ends of the cylinder with quartz glass wool. The
loaded cylinder was then placed inside of a quartz glass combustion
tube and the silver sulphide oxidized to SO under vacuum at tem-

peratures in excess of 1000°C for a perfod of 20 minutes. A mixture

Jl



yd
of 02, CO2, H20, and SO was obtained from the cﬂéuon. Water

was removed from the gas mixture during combustion freezing CO;
end 507 through an acetone-dry-ice cold trap to o cold finger at
11quid nitrogen temperatures. Oxygen was removed by pumping the
system to high vacuum after the combustign was over and a1l the CO;
and S0 were frozen down into the N2 cold finger. Carbon dioxide
was separated from sulphur dioxide by & vepour pressure distilla-
tion technique. The frozen mixture of CO; and 502 was warmed to the
temperature of & n-pentane liquid-crystal slush. This slush was
prepared by mixing n-pentane and 1i1quid nitrogen in a dewar. At
this temperature, -132°C, sulphur dioxide has a very law vapour
pressure (10-16 mm Hg) ghile carbon dioxide has an appreciably
higher vapour pressure (1 mm Hg). Therefore, the CO2 can be re-
moved by freezinc it over intg an evacuated cold finger at N; temp-
eratures without removing a significant amount of the S02. The
purified sulphur dioxide was then freeze-transferred to a mercury
manometer where the number of moles of gas was measured. The gas

was then transferred to a glass breakseal container for storage.

According to J. Monster (personal communication) and Fritz et al.
(1973), silver sulphide is the easiest sulpride to burn and the

. gms SO> sulphur
combustion yields, that is, oms suTphide suTphur x 100, are con-

stantly close to 100%. Figure 1-6 is a histogram of yields. Ffor
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the 140 wiphidées combusted, the meen yleld ts 998 ond the uu‘or’
Geviation wprenimately I Aa onelysis of Feitz gt gl'e 1973 date
shows thet replicete fsotope enelyses of ¢ stlver sulphide stan-
¢ard, durned with on encest of onident over o renge of temperetures
frem §00°C to 1100°C ond with o range of ylelds of %A% to 104%,
ogreed vithin the error of the mess spectrometer, whfch {8 40. 8%,
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Section 4: Oxidation of 0ils for Carbon Isotépe Analysis

a)

Introduction o

Oils and their saturate and aromatic fractions were oxidized‘to,

v . ~

carbon dioxide and water using a wet oxidation procedure and a’

Carfus tube-cupric dxidq technique. The basic concepts for these

two methods are odtlined in a book by Ca¥vin et al. (1949). These -

concepts were adapted to stable iéotopg preparatipn'and extraction
procedures and the two oxidation techniques were devised as alter-
nates to the high temperature copper oxide combustion furnace met-

hod for the oxidation of liquid hydrocarbons. Descriptions of the
; :

s copper ‘oxide combustion furnace method can be found in Stahl (1967)

(-3

and Craig (1953). Carbon isotope analyses of interlaboratory o1l

. standards and NBS oil standard No. 22, oxidized using the Cafius

tube and wet oxidation procedures, agree within error with the.sC13*
ana1yses of these same standards oxidized by,the more commonly used ~
copper oxide furnace method. 5C13 values ‘9{ carbon d1ox1des deri-
ved from both the Carius tube -cupric oxide and wet nx1dat1on met -

‘hods have an associated le error of 0.2%..

)

13

(o]

Sample . | i

5

-1) 1000 °/os
Standard )

+ cC13 * (

ﬂ’_’|ﬂ (a)
—
N ow
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¢ b)

A Y

Wet Oxidation Procedure

Th; wét .oxidation procedure was designed for the low temperature

-oxida'tion of.crude oils, tars, pyrobitumens, and natural gases. In

this method about 3 mg of oil or hydrocarbon equivalent was weighed

out 1n’a specially made glass button (see Figure [-7). The glass

-button and contaimed oil were theq carefully dropped to the base of

the main chamber of a K-shaped reaction vessel (see Figure 1-8).
The s’{de arm portion of the reaction vessel was then partially fil-
led with 3 to 5 ml of a modified Van Slyke-F@lch oxidizing re'agent
(s;e Appendix I and Calvin et al. 1949). The reaction vessel was
then attached to the vacuum line (see Figure I-9) by a reagent re-
sistant teflon ultra torr union and the contained oil sample was
frozen down using a dewar of liquid nitrogen. After a freezing
period of 2 minutes, the reaction vessel was evacuated, first to a
low vacuum and then to high vacuum. Ouring this period the oxidiz-
ing solution continually outgassed. Evacuation was stopped when
the reagent showed no visible signs of outgassing. This took ap-
proximately 15 to 30 minutes. Over this period, the liquid nitro-
gen dewar ar;gund the oil had to be continually topped up to avoid
loss of the more volatile portion of the oil. After evacuation,
the portion of the reaction vessel attached to the vacuum line was
drawn off using an oxy-methane torch. Three to six oils could be
processed simultaneously through this stage. Next, the reaction
vessel was removed from the liquid nitrogen dewar and allowed to

come to room temperature. The oxidizing solution was then tipped
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fnto the oi). Reaction of the reagent with the af) was immediate
and quite r;p!d as the solution was gently heated and sWirled over
a bunsen flame. After a heating period of 2 to 5 minutes a1}
resction had ceased and the reagent took on a chromium 111 green
colour. Since the reaction vessels were completely vacuum tight,
they could be set aside until enough of) samples had been processed

to warrant beginning the CO2 extraction phase.

Twenty-four o1 samples were oxidized before the carbon dioxides

were extracted. The vacuum line illustrated in Figure 1-9 was

designed to extract and purify the carbon dioxides from three re-’

action vessels simultaneously. Provision was made in the apparatus
to expand it to ultimately prosess the gases from six reaction
vessels. Each reartion vessel was andified for extraction (see
Figure 1-10) and connected to the vacuum 1ine using 1/4-inch teflon
ultra torr unions. The entire line was then pumped down to a
vacuum of less than 1 x 10-4 torr. The extraction portion of the

line was then isolated, the seals on the three reaction vessels
broken, and the carbon dioxide gases plus contaminants allowed to
expand through a dry ice-acetone trap to a liquid nitrogen trap,

where the carbon dioxide was frozen out. Any SC3 (from the oxidiz-

ing solution) and water remained in the acetone-dry ice trap. After

5 minutes of freezing, the liquid nitrogen trap was topped up and
the line was opened to low vacuum. Once a good low vacuum was
reached, the reaction vessels were isolated from the extraction

line and the line was then pumped to a high vacuum. At this point,
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oxygen produced from the oxidation reaction was removed. These two
pumping periods totalled sbout ten minutes. Pumping for too long &
time may cause {sotope fractionation, as carbon dioxide has a fin-
fte, though small, vapour pressure at liquid nétrogen temperatures.
The system was then fsolated from the vacuum pumps and the liquid
nitrogen dewar removed from the nested coils. These were then
warmed to room temperature and then refrozen to liquid nitrogen
temperatures. This step was necessary to remove any oxygen trapped
in the solid CO2 structure. Once refrozen, the solid carbon diox-
{de was briefly pumped to Mg'h vacuum. This pumping perfod was
monitored on the vacuum gauge and little econtaminant oxygen was
detected. After this final purification step, the 1iquid nitrogen
dewar was removed from around the nested coils and they were warmed
to .room temperature. Each of the three carbon dioxide samples were
then freeze transferred in turn to a mercury manometer, where their
STP volume was measured, and then transferred to a breakseal for
storage.

‘ .

The Yow temperature of the oxidation r'eaction. as well as the very
powerful nature of the Van Slyke-Folch reagent, made it extremely
improbable that any carbon monoxide was produced during the oxida-
tion reaction. No water or sulphur dioxide was detected in several
samples of the purified carbon dioxide gas scanned on the 12-inch
gas soJrce mass spectrometer. Nitrogen oxide impurities were not
rigorously sought; however, using colour as a qualitative criterion,

no NX03, NO2, N204, or NO3 could be detected. Sxe any combined
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nitrogen should be retained in the sulphuric acid solution as ammo-
nium sulphate, no nitrogen oxides should have been produced. B8lank
runs using only the oxidizing solution showed no extraneous carbon

dioxide contamination.

Percentages of carbon in the ofl samples were calculated from the
STP volume measurements. A maximum possible relative error( due to
®easurement uncertainties was calculated to be +4%. Duplicate
analyses of oil sample carbon percents and their s(l3 values quoted
to POB are shown in Table I-III. Too great a difference in repli-
cate carbon percentages such as in GOC Zama 12-21 (see Table I-I1I)
indicates extraction and/or sample preparation error. This dif-
ference did not, however, affect the carbon isotope resiﬂts. The
pooled estimate n} standard deviations (Johnson and Leone, 1964,
and Dixon and Massey, 1969) calculated for the duplicate carbon
.percentages and 13 values are, respectively, 2% and 0.2%.. A
rigorous investigation of the accuracy of the quantitative carbon
determination for o0ils was not done. However, Table I-1V lists
carbon yields determined using the wet oxidation procedure for a
non-volatile solid cadmium acetate (Cd[CH3C00];). The mean yield
was 92.1% and the associated standard deviation was 1.8%. The low
yillds are not surprising. As a rule, carbon dioxide is very dif-
ficult to remove from solution even in an acid medium. For
example, low yields are a common occurrence in the phosphoric acid
treatment of calcite for carbon isotope measurements of carbonates

(Or. D. C. Herrick, personal communication).
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TABLE 1-111

DUPLICATE CARBON PERCENTS AND oC13 VALUES

FOR OILS OXIDIZED USING THE W

Sample Description

10t Big Lake 9-26
10€ 81g Lake 13-25
GOC Zama 12-21

10€ Virgo 5-11

10E Leduc 8-9

60C Erskine 6-19

GOC Stettler 16-9

GOC Stettler 12-3

Carbon Percent Pooled SD = 2%

sCPgs Pooled SD = 0.2%e

Carbon Percent

77.0%
76.6%

77.0%
76.6%

63.5%
73.1%

13.1%
77.4%

75.2%
74.0%

69.0%
70.8%

713.9%
5.9

72.4%
72.6%

ET OXIDATION METHOO

s

'27051.
°2705$.

-2701‘0
‘27.1‘.

-27.9‘0
’28.0$0

-28.4%.
’28.‘1.

'28.5*.
‘280‘1.

-27.3%.
-27.9%.

-27.8%.
-27.5%

-27.5%.
-27.1%.
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TABLE 1-1V %
REPLICATE CARBON YIELDS FOR Cd(CH3C00)7 i
94.0 88.00 95.1
92.5 92.0 92.8
92.4 93.0 %0.4
90.5 92.0 91.4
93.0 93.0 .
90.0 9.1 |
N 16
Mean = 92.1%

Standard Deviation = 1.8%

TABLE -V \

MEAN sc},ga VALUES FOR THE IMPERIAL OIL LABORATORY STANDARDS

Mean GC:,SB Standard :35” 31‘01 ‘

Standard No. Value Deviation N PDB ue
57898 -30.7%. 0.19%. 9 -30.41.
58396 -28.9%. 0.26%. 6 -28.3%.
58461 -28.9%. 0.25%. 9 -28.7%.

028509 -26.8%. 0.18%. 12 -26.61%.



c)

The {sotope reproducibility and accuracy of tho wet oxidation pro- I
cedure was determined by doing replicate extractions and Moton
ratio measurements on four oils odtained from the luporul 01l
Company in Calgary. The carbon tsotope ratio of these ofls had l
been determined several times on carbon dioxides derived using the 1
copper oxide furnace combustion method. Table [-V 1ists the sgans |
of replicate carbon isotope analyses of these of) standards togeth- ° *"
er with the mean ¢C13 values determined by Imperial 011 Research in . -
Calgary. Except for ofl 58396, the carbon isotope analyses of L ' | ’
these ofl standards, processed using the wet oxidation procedure, |
agree with the Imperial 011 data within the determined reproduci-
dbility of 0.2%e. This reproducibility was calculated by pooling
the standard deviations determined for the means of each of the
four ofl standards. It agrees with the standard deviation deter-
grined by pooling the estimated standard deviations of the duplicate
of1 analyses. O0fl 58396 was the most volatile o~ o¢ the four
standards and loss of the light ends to atmosphere defore closure

of the oxidation system was probably responsible for the discrepancy

in the sCl3 values. Generally, carbon dioxide derived using the wel
oxidation procedure contains slightly more c12 than carbon dioxide

generated using the copper oxide furnace combustion technique.

Carius Tube-Cupric Oxide Oxidation Method

The Carius tube oxidation method oxidized refined ofls and the satu-

rate and aromatic fractions of oils using powdered cupric oxide at



K |

600°C. The resction veste! usad 1n this method consisted of o
breaksed! made from 12 wm 0.0. pyrex with two side arms blown on
(see Figure 1-11). About 150 mg of purified copper (11) oxide was
poured to the base of the resaction vessel, through the lower side
avm, uiing @ specially made smal) funnel. The uppermost portion of
the lower side arm was then drawn of f and this brutgu\ wes
sttached to the extraction line using @ teflon vlitra torr union.
Both the breakseal and cupric oxide were then outgassed to high
vecuum and the breakseal was chocto‘ for leahs to atmosphere.
Three to six Carius tubes-breakseals could be procouod simultane-
o;sﬂy through this stage. After the outgassing step was completed,
the breakseals were removed from the vacuum line and loaded with
about 3 mg of ofl. To do this, the lower side arm was opened and
narrow eye drgpper containing the oil sample was lowered %o a point
just above the black copper oxide reagent. One approximately 3 mg
drop of oil was allowed to fall directly onto the cupric oxide.
The lower side arm was then drawn off quite close to the sides of

the Carfus tube (see Figure 1-12). The Carfus tube was, then

)}

e —

attached to the vacuum line and the otl sample frozen to Hﬁgid'

nitrogen temperatures. After a freezing period of 2 Mhut!s "the“
vapour pressure of the o) was reduced suff: ciently t-o bevn t}te.
evacuation of the Carius tube to high vacuum. {n, three to fix
breakseal-Carius tubes cdyld be processed througg.tplgk sttgq:‘“f'-‘

ter being pumped to high vacuum, each Carius tube was renovca from

the vacuum line by drawing off the upper side arm at it hickenco

portion (see Figure 1-11). The Carius tubes were theh ved from
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their 1iquid nitrogen dewars and allowed to come to room tempera-
]

ture. Any loose cupric oxide was distributed evenly through the

breakseal. Six Carius tubes were then placed on 2 specially made

that there was

asbestos stand in a muffle furnace and arranged S
‘minima1 touching of their parts. The furna then heated to
600°C and the reaction let run for ‘a period hours. Shorter
reaction‘times tended to produce more ¢12 . enriched carbon dioxide
(see Figure 1-13). After the 24 hour oxidation period was Over,
the Carius tubes were removed from the furnace while the pyrex was
¢till soft and placed to cool on an asbestos mat. Since the
f!action temperature was about 20°C hotter than the yielding point
of pyrex, the reaction vessels were expanded outwards by the
pressure of the oxidation products. The oil sample size (3 mg) and
‘the 1nterna1 volume of the Car1us tube (12 std. cc) were chosen SO
" that the pressure of the reactants and products would not greatly
exceed one atmosphere at 600°C. Therefore, as long as the reaction
vess;1s were not overloaded they remained intact and none of the
oxidation products leaked to atmosphere. In the case where a small
ol sample was run, the sides of the Carius tube collapsed together
There was, however, still enough free space to allow the removal of
the reaction pf&ducts.

The oxidation products, carbon dioxide and water, were extracted
from the carius tubes, separated and purified, using the same ap-

paratus and procedure as was used for the wet oxidation method.

One further step was necessary; that was the water frozen down 1in

50
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ih“lcetone-dry fce cold trap hid to be transférred to a breakseal

to be stored for Nydrogen-deuterium analysis.

For carbon dioxides produced by the Carfus tube ﬁethod, error in

sC13 analyses due to the production of carbon monoxide and conta-
atnation by atmospheric carbon dioxide had to be assessed.
Thernodynamié calculations (see Appendix I1) show that the equili-
prium partial pressure of carbon monoxide in the reaction vessel at
600°C was negligible, approximately 7 x 10-30 atm. The fractiona-

tion factor for the reaction:
c13g + 120, = 120 + c130;

is 1.018 St 600°C (Urey, 1946; Bottinga, 1968; Schwartz et al.

1969). Assuming that the average Devonian ofl GC;SB value is

approximately -28%e (Degens, 1969) and using the method described
by Ohmoto (1972), the calculations presented in Appendix Il show
that the disparity between. the sc13 values of CO and CO2 is not

great enough for the mole fraction of carbon monoxide produced to

cause the sC13 value of the carbon dioxide to be significantly dif-
ferent from the sc13 value of the. total carbon oxidized, that is,

the sCl3 value of oil.

&
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'Calcuhtions in Appendix 111 show that the small amount‘Of {sotopi-

cally heavy atmospheric carbon dioxide that was frozen down with
the of1 sample did not appreciably affect the del value of the car-
bon dioxide produced from the combustion of the of1. The contamin-
ant CO2 was frozeﬁ out from a 25 cc volume which included the
Carius tube reaction vessel and a portfon of the vacuum line. In
the calculations, it was assumed that the air occupying f.his volume
contained 0.03 vol.% COp and that the del value of the COz was -7.1
per mil PDB. The smallest ofl sample oxidized, 4.46 x 10-5 moles
of carbon dioxide whose del value was -28%¢ PDB, would be contami-
nated by 3.09 x 10-7 moles of atmospheric COz. The del vatue of
of the carbon diexide mix was calculated to be -27.9 per mil. Con-
sideriné 13 analytical error of +0.2%, then this del value is not
significanﬂy different from the del value of the carbon dioxide
produced solely from the oxidation of the oil sample. If very
sﬁa'll samples are to be oxidized using the Carius tube method, care
should be taken to reducé atmospheric contamination. The effect of
a&ospheric water on the hydrogen-deuterium ratio of the oil sample
was not calculated. However, it will depend on the absolut.;
humidity and the effect could be substantirah

The carbon isotope accuracy and reproducibility for the Carfus tube

oxidation method was determined by analyzing ten preparations of

NBS 0il1 Standard #22 {see Table 1-VI). The mean carbon isotope del

value was -29.6%« and the standard deviation of the ten analyses
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TABLE 1-V]

CARBON ISOTOPE ANALYSES OF N8$ OIL MNO. 22

Run Number

A9-4
A10-1

$4-5

$s-1
$10-6
Cl

c2

c3
c1l

13
Cppp

«29.6%¢
-29.7%¢

-29.3%¢

.290“.
-290“0
-29.4%.

-29.5%.

-29,.5%¢
-290”0
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SD = +0.2%e

13
Accepted Cppp * -29.4%.
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was 0.2%. In view of the analytica) crrors:)agrooment with the
accepted del! value for NBS 011, which is -29.4%., is good. How-
ever, 1t appears that, 1ike the wet oxidattion method, the Carius
tube technique produces slightly C12 - enriched carbon dioxide.
@

It is necessary to point out that the Carius tube method was used
fn this work to oxidize only the saturate and aromatic fractions of
oi1s. The more complex NSO and asphaltene compounds were separated
out using 11quid chromatography (see this chapter, Section 6). NBS
Standard #22 is a refined lubricating of1 which also contains no
NSO or asphaltene fractions. Consequently, the ability of the
Carfus tube method to ox1&1ze whole ofls to give a carbon dioxide,
whose del ;QIuc is reproducible and accurate by comparisqn to the

copper axide combustion furnace method, is untried.
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Section 5: Separation and Combustion of Natural Gas Components

3)

Introduction

A sample consisting of 4 standard cc of natural gas was chromato-
grcphed using a 6-foot glass column packed with porapak-Q. The in-
dividua\ hydrocarbon pep&s up(}.o and including C3 were directed to
a flow path through a coiper oxide furna.ce at 800°C (see Figure
1-14). Each hydrocarbom component was burned in sequence and the
combustion products transferred in their turn to a vacuum line.
Here, carbon dioxide and water were separated, purified and trans-
ferred to glass breakseals for isotope analysis. The non-hydro-
carbon gases Ng, CO2, HpS, and H20 were diverted past the furnace

tube to a sample outlet. Nitrogen, carbon dioxide and water were
exhausted to the atmosphere. Hydrogen sulphide was recovered as a
cadmium sulphide precipitate, converted to silver sulphide and then
burned to sulphur dioxide for sulphur isotope analysis. Sample
size, helium carrier gas flow rate and combustion tube length and
temperature were chosen to assure total combustion of the
hydrocarbon gases to water and carbon dioxide. The helium carrier
gaé flow rate and gas sample size were also chosen so that there
was adequate separation between gas peaks to allow the transfer of
each hydrocarbon's combustion pr'oductsoto the vacuum portion of the

flow 1ine without overlap with the combustion products from other

hydrocarbon gases or interference from the non-hydrocarbon peaks.

e e -—



b)

Gas Chromatograph Design

The natural gases to be analysed contained both hydrocarbon and
non-hydrocarbon components. As a result it was necessary to choose
a column-active solid and detector that wouid resolve and detect
N2, 02, CO7, H2S, H20, and the hydrocarbon gases up to and includ-
fng C3Hg. To further complicate the chromatograph design, hydrogen
sulphide was present in the natural gas samples in concentrations
up to 55 volume percent. Theref.orwe, a corrosion resistant detector

and flow line was required. Although H2S remains inert to a stain-

less steel or copper flow line in the absence of water, it was

found to be virtually impossible to guaintain anhydrous conditions.:

Consequently, an all glass chromatograph system was designed (see
Figure 1-14), The only portion of this system that was metal, and
was exposed to HpS, was the detector unit. Its volume, however was
cemparatively small and loss of hydrogen sulphide by reaction with
the stainless steel detector hoc.ing would produce negligible error
in the analysis for the size of the gas sample run. Since both
hydrocarbon and non-hydrocarbon gases were being analysed, it was

necessary to use a thermal conductivity detector. The detector

filaments were made of nickel and were therefore reasonably resiféz "

tant to hydrogen sulphide. Porapak-Q was chosen as the packing for

the glass columns. This active solid does not resolve nitrogen

-

from oxygen and it was therefore not possible to routinely check
for atr contamination in the samples. On the @her hand, the
',

resolution of the combined N>-0; peak and the CH4.§€$§, C2He, was
2
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excellent. Helium was used as & carrier gas because of it
inertness, high degree of purity (99.99%), much greater therma)
conductivity than the hydrocarbon and non-hydrocarbon gases, and
1ts absence or extremely low abundance in the sample gases to be
analysed. The carrier gas was purified further dy passing it
through an on-11ine composite trap in which carbon dioxide and water
were removed. This trap consisted of a 30 x 3.5 cm glass tube
packed with 15 cm of 20-30 mesh ascarite, at the up flow end, and
15 cm of MCB anhydrone, at the downflow end.

Despite the high degree of purity of the helium carrier gas, an im-
purity of less than 1/10,000 caused significant contamination when
a liquid nitrogen cold trap was placed in the flow system. To
define the nature of the contaminant, a dewar of liquid nitrogen
was applied to the combustion products U-tube (see Figure 1-14) and
purified helium was passed Shrough the system for a period of 5
minutes. The contaminant was then transferred to the vacuum line
where its vapour pressure and colour were recorded. Its clear
coloJr and vapour pressure of 18 mm Hg at 22°C suggested that it
was water. No significant quantity of carbon dioxide was found in
the contaminant. The quantity of this contaminant that would be
frozen down with the combustion products, from the burns of the in-
dividual hydrocarbons, would depend on the length of the freezing
period. This period of time was, on the average, 1.6 +0.1 min.,
3.9 0.4 min. and 14.8 +2.1 min. for methane, ethane and propane,

respectively. If this contaminant were water, its effect on the
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hydrogen isotopes of the hydrocarbon gases would depend on the

®agnitude of the value aw and on Kyc. where aw s defined as:

a" ° Dnydrocarbon water = OContaminant water

and X, 1s defined as:

X . moles contaminant water
WC  moles cqntaminant water + moTes water of combustion

The larger the aw and X, factors, the more serious would be the
effect of the contaminant on the H/D ratio of the hydrocarbons. !n
& natural gas, the order of components methane, ethane and propoane
fs that of decreasing relative abundance and increasing length of
time over which their products of combﬁst1on were frozen down. As
8 result, the H/D ratio of methane should be least affected by the
contaminant as compared to ethane or propace. The impurity in the
helium carrier gas did not affect the C12/C13 ratios of the hy dro-

carbon gases.

txperiments were completed to define the gas sample sfze, the
chromatograph column length- and temperature, carrier gas flow rate,
and the thermal conductivity cell conditions which would result in
the adequate separation and quantitative detection of the natural
98s components in as short a time as possible. Relatively large

gas samples had to be run in order to collect enough combustion
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preducts for isotope analysis from only ene or Do UAS oN.t \n

ges. since each nydrocarbon peek was being combusted on “'L' 113
was necessary separate the gis components enough to s) low zho
complete combustion of @ nydrocardon peak, the collection-of 1ts
combustion products and the transfer of these to the vacuum line
without any interference from the other 943 components. The co}-
ditions which met these requirements are 1isted in Table {-v1l. A
typica) chromatogram of a & standard cc natural ges sample 13
f1lustrated in Figure 1-15. Average retention times for the Qa3
components are 1isted in Tadle 1-vilt. 1In Tedle 1-VIll, the ob-
served trend of an increasing standard deviation for the reteation
times, with {ncreasing length of retention time, ts a resylt, in
part, of inv:ocise controls on column temperature and carrier gas
flow rate. The columns were brought to 35°C just prior to each run,
by filling their glass-kapok fnsulating housings with an appropri-
ate mixture of hot and cold water (see Figure 1-14). The gas flow
rate was set just before sample injection at around 60 ml per mi-
nute. As the run progressed, column temperature gecreased and flow
rate therefore increased. Retentidn properties of the column would
adjust accordingly (Beckman Chromatograph Manual). At the end of
the run, the column temperature was generally at 25°C to 30°C and
flow rates were at 50 to 60 m1 per minute. Another factor affec-
ting the retention time standard deviation was the abundance of &
component . It was found that as component abundance increased, its

‘retention time decreased. This last factor probably had the
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Carrier Gn‘:'
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[
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.
B
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4
1

CMROMATOGRAPH SPECLF ICATIONS

¢
41. .

Yyr - 8 mn 0D 1tenderd we)l pyres

Velve Type - Two way low vecuus ground glads stop-
cocks. Aplezon N vacuum grease was

[ 4 used o3 & seal-ludricant.

Type - Melium
"“'1" - ”09”
Flow Rate - 85 to 60 @l per sinute

Type - 8 = (0D standard wal) By rex

Length - 6 feet .
Packing - Porapek type Q, 50-80 mesh R
Temperature - 30°C to 35°C

Type - Therma)l conductivity cell

Temperature - Room (22°C to 23°C)

Bridge current - 150 aA

Specifications - 4 filament Gow-Mac type W-1 with
- nickel detector elememts

Héwlett-Packard mode! 71018
.\

Type - 9 w» 0D standard wal! Silica glass

Length - 48.5

Temperature - 780°C to 800°C

Oxidant type - (u0 99.95% pure

Oxidant charge - 1% cm centra) length of the furnace
totle 3/4 filled with dlack copper
oxide

(

'!thunt Average w:ge . -20.2%°

4 sgandard cc
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NATURAL GAS CHROMATOGRAM
1
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TABLE 1-VIII

SELECTED RETENTION TIMES.

.

¥

[Retention Times are qdbted in minutes.)

Sample Description N2
10€ Yekau Lake 1.32
8-4-52-26 WaM

GOC Zama 12-21-117-4 W6M 1.18
GOC Zama 4-36-116-6 WOM 1.26

Amoco Beaver River #B-1 1.24
GOC Virgo 5-27-114-5 W6M 1.25
Aquitaine Ricinus 1.25
7-13-36-10 W5SM
60C Zam& 7-7-116-5 W6M 1.19
10t Acheson 4-10 . 1.25
olden Spjke 10-27 1.18
0t Big Lake 1.25
. 9-23-53-26 WaM
GOC So. Calmar 1.26
8.2-49-27 WM
GOC Mesterase Carl 12 1.14
GOC Swanspn Stettlier 1.10
16-16-38-20 waM _
GOC West Drumheller 1.23
12-7-30-21 WaM
Sunoco Matmo 1.22
5-14+44-22 WAN o !
GOC Erghine w 47
©g-13-39-21 waM -
Aqui.ain Strachan 7-32 Y 30
GOC New Norway 1
11-36-44-22 wWaM’
HBOG Sylvan Lake 1.22
Cond. gas
Tex. Can. Ltd. Bonnie 1.14

Glen #CRB-10

A

Av. retention times (mins) 1.22
§tandard Deviation (lo) 0.04

N =20

CHg CO2
1.89 3.62

1.65 2.95
1.57 2.69
1.61 3.07
1.62 3.09
1.65

3
1.62 2
1.94 3
1.79 3
1.76 3
1.72 3.29

1.46 3.09
1.50 3.00

1.62 3.01
1. 57 3.14

- ﬁ-ﬁl 72 315

1.80 3.583
1.82 3.22

1.58 3.38
1.65 - 3.31

1.68 3.21
0.13 0.20

Mg H0  Hzs

9.29

8.28
7.98
8.83
1.87

8.36,

1.63
10.24
9.76

1.95

8.18

1.73
8.38

8.03
8.03
4503
9.53
7.94
9.37

8.66

8.50
0.75

14.49
12.12

12.48

12.99

. 12.76

13 23

P

CaHg
52.08

50.46
47.30

4532

'/12 ’& 43” I‘

15. 83
15.12
12.32
12.59

11.64

11.95

13,31

13.19
1.32

»
13

12.99

12.36

- 13.54

12.92
12.83
[ 4

61.88

58.96
45.42
49.56

43.20
51.20

46.18
48.84

12.304948.22°

14.49
12.76

14.49

-
-
-

-~

12.90
0.39

61.16
43.60

59.60
56.40

50.85
6.16"

JRPYTAS
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greater effect on the standard deviation since increasing flow rate

and decreasing column temperature ¢an be opp%sing factors.

Gas Component Combustion System Design

.

A combustiqn system was designed so that, on one pass through the
furnace, :'4 standard cc natural gl!'; sample (that was entrained in
a helfum carrier gas flowing at a rate “of 50 to 60 ml perlminute)
would be combusted to water and carbon dioxide with near 100% éffi-
ciency. Although testing was not “exhaustive, the combustion tube
design and oxidant configuration found to be effective is shown in
Figure 1-16. The free space over the copper kll) oxide reagent al-
lowed nearly Jnimpeded gas flow. The roughness of the oxidant's
surface and convection within the furnaceytube resulted in suffi-
cient turbulent mixing to combust no less than 99..981. of the meth-
ane component of a natural gas laboratory s'tandard and 100%'~of the
less abundant ethane and propane homologs. Chromatograms of this
natural gas standard run before and after combustjon are shown in
Figures I-17 and [-18. Fisher reagent grade black copper oxide
powder (Cu0) with a purity of 99.95% was used as the oxidizing
agent. Its performance at combustion temperatures of 790°C to
800°C was found" to besbetter than red copper oxide (Cup0) powder.
The copper\(l?)‘oxide reagent was calcined at 500°C in a pyrex tube
that was continuously evacuated to pressures of less than 10-4 torr
for a period of w-th;s., This procedure ensured that no impurity

that’ could oxidize to carbon dioxide and water r;m_ﬂned in the

65
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FIGURE | - 16 v

OXIDAYION TUBE DESCRIPTION
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oxidizing agent.

tube charge was heated to reaction temperature 1n the helium flow
for & perfod of one hour. Blank Tuns confirmed that ‘the purified
'Ebpper oxide reagent added no.water or carbon “dioxide contamin‘ant
to the coubustion system. A combustion temperature of 800°C was
used since it was 1n a ran* recommended for efficient hydrocarbon

coabustion (Calvin et al. 1”9).

Experiments were completed to detemipo the oxidation efficiency of

-6‘ s
Also, prior to the first combustion of each day, U\Q Cu0 combustion

the copper (I1) oxide reagent. Afte%“n burns of 4 standard cc

,.')_ natural gas samples, the efficiency 'the oxidizing reagent re-
mained at a level greater than 99.98% (refe?' to Table I-IX). The
oxidant was examined and found towbe expended, Ry reduction to
cuprous oxik and other copper sut:—oxides, only ar‘a Jtob :m
'Iength pt the up-flow end of the combustion tube. Comsequently the
combustfion ‘tube was turned around and used for another ten runs
with an equally high level of oxidation efficiency. After this, a
new combustion tube was used. The old one was cleaed and re-
charged. The number of oxidations ‘required to redyce the efficien-
cy of the combustion tube to a leved that would produce a signifi-
cant error in the carbon and vhydrogen isotope analyses was not
determined. However, an oxidatton efficiency of 99,.98% for methane

~ produced no carbon fsotope error. In the tests run to determine

the oxidation eﬁficiency of the copper oxide furnace, complete

@.‘ N | : ) -

e



@

TABLE I-1X |
| | » .
. ‘t OXIDATION EFFICIENCY OF THE CUO FURNAGE
Uncombus ted Fraction
Combustion Sample Gas Methane Pgak Methane P,ak Methane
Order Volume Area (1in¢) ' Ungombusted
a4 .
» r 1 4 std. cc. 40 in.2 not determined
: 2 4 std. cc. 0 in.2 not determined
3 4 std. cc.) < 40‘4n.2 not determined
. *a 4 std. cc. 40 1n.2 mt determined
' : + -8 std. c¢. 40 in.2 not determined
‘- 3"'","?.?.“";.’*'
L " 6 “4 std. cc. 40 n.2 none det@led 0.00
| ? 4 std. cc. 40 4n.2 none dﬁ?c“m 0.00
' .- - Ve -
8 4 std. cc. . 40 in2 B.01 1n.2 <1/4,000
9 4 std. cc. W, in.2 <0.01 in.2 <1/4,000
10 4 n%. cc. 40 §n.2 <0.01 1n.2 <1/4,000
Q
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natural gas samples were combusted and the effluents from the
furnece tube chromatographed. (Qf the ten tests done on the fina)
furnace design, the worst yields observed for the oxidation of the
methane component were better than 99.98%. No uncombusted C2Hg or
C3Mg could be detected (refer to Figure 1-18). ODuring the routine
combustion of the natural gas samples, only the chromatographed
hydrocarbons were oxidized. The performance of the combustion tube
lhould therefore be equal to, if not better than, its test perfor-
‘ i to the smaller volume of hydrocarbom being oxidized.

0~ &
A
Chmw Design Rnstr1ctions
. »
The led chromatograph system is illustrated in Figure 1-14.
T“ d g]ass twp-way stopcocks were found to be the main weak

ns‘ the flow line design. These stopcocks were greased with

Aphhn type-N compound and when flow pressures of 15 to 20 psig

were ruch;d at a room temperature of 22°C, 'the stopcocks leaked to
atnotphere’ When room temperature climbed to 27°C, which for-
t‘q_nately was seldom, the apiezon grease had a vastly reduced vis-
cosity-and the stopcocks would not function at pressures greater
then 2 t_e 3 psig. The other weak point in the chromatogragh design
was the comection of the quarty glass furnace tube to the pyrex
flow 1ine. This seal was made with 1/4-inch ultra torr unions. As
long'as the glass surfaces at the joins were clean, not damaged and‘
of the proper diameter (9 mm), the seal. did not leak at the flow

°
pressures used.

Nn
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Hel tum carrier gas flow rates of 55 to 60 ml per minute were
achieved at a tank outlet pressure of 5 to 10 psig as a result of
the column length, type of packing, column temperature, and the
furnace tube design. This pressure is well within the strain
1imits of the glass line and stopcock design. The low flow
pressures ptm.ittcd the joining of the metal thermal conductivity

4
cﬂ.l ports tQ the glass flow line with wire clamped tygon tubing.

~* The alternate join would have been a more expensive, less strain

resistant kovar seal. nght comections bctmﬁ' the flow line and
the sample injection U-tubes could also be made with tygon tubing
as a fesult of the low flow pressures.

Gas Sample Injection

Gas from a glass storage container was transferred to an injection
U-tube using the vacuum expansion technique outlined in Appendix
IV. The contained gas sample was then injected into the chromato-
graph sysfem by diverting the flow path through thg U-tube accord-
ing to the procedure given in Appendix V. Air contamination of the
sample using the eutlined transfer and injef:tion procedures should
be minimal. However, if the nitrogen, carbon dioxide and water
contents of the gas sample were reqzired in the analysis, the

precise extent of the air contamination qwould have to be deter-

mined.
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Gas Component Combustion

The following procedure was developed to recover the products from
the combustion of the hydroccrbohr}oQononts of o Mtural gas.
Just prior to the appesrance of a hydrocarbon peak on the recorder,
& dewar of l{quid nitrogen was applied to the combdustion products
U-tube (see Figure 1-14). As the hydrocarbon component was oxf-
dized in the futnace to carbon dioxide and water, the helium carri-
er gas flushed these combustion products through to the U-tube
where they were frozen out. The carrier gas passed through ’n
U-tube and was exhausted to atmosphere through two-way stopcock 1
fsee Figure [-14). gHowever, part of the water precondensed onto
the sides of the glass line down flow from the furnace tube. This

water was tcansferred to the combustion products cold trap by

11ghtly flaming the sides of the line with ethane torch.
Bnce all of the’ combustion products had bde
U=tube, high vacuum“ two-way stoﬂgck 2 was tur:ned, isolating the
cold trap from the flow line and diverting the gas flow from-the
furnace tube through stopcock 20 to atmosphere. Two-way stopcock P
was then turned to the CB flow position, isolating the U-tube from
the atmogphere. In the combustion of methane, the transfer of
water and carbon dioxide to the U-tube cold trap had to be rapid in
order to avoid any contamination from the closely following carbon
dioxide gas peak. On the ave¢age, this transfer had to be com-
pleted in less than 1-1/3 minutes. By flaming the glass flow line,

this was entirely pessible. The methane component + carbon dioxide

sferred to the

13
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pesk separstion in the column was therefore critical. Secause of
the rapidity of the methane combystion products transfer, the
transfer was probably not complete. However, nO messuradble error
was 1ncufrod in the carbon isotope analysis as @ result of .tMs
(see Tadble 1-X). Ample time wis availadle for near 100% transfer

of carbon dioxide and water from the combustion of ethane and

propane.
Isolatfon and Purification of the Combustion Products

Water and carbon dioxide were transferred from the cold trap in the
chromatograph flow line to the vacuum line where they were isolated
and purified using the vacuum transfer and distillation procedures
outlined in Appendix VI. Since the vacuum 1ine was designed to
have storage capacity, th:(volume of combustion products could be
augmented from multiple Burns of the same gas. Therefore, a paraf-
fin homolog of low abundance could be snalyted isotopically. As @
rule, one standard cc of carbon dioxide (44.6 micromoles) was the
smallest sample that coulw‘ be run reproducibly on the mass spectro-
meter. In practice, a 4 s_tandard cc volume of natural gas always
gave at least one stan;iard cc of carbon dioxide from the c.oubustion
of the methane component. WUsually, the cambustion of ethane also
gave one standard cc of carbon dioxide on one run. As a rule, twe
to three & standard cc natural gas samples had to be run to get one

standard cc of carbon dioxide from the combustion of the propane

homolog.
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\\ \ \i‘- ' The vecuum eatraction 1ine used to purify and 1solete the comdus- -
tion products (see Figure [-19) was made principally from 9 mm oo
pyrex tubing and was designed to be quite compact in erder !o"_
aininize the freeze t.n::m path |onqt.m. Only Ace Glass Company .
Mgh vacuum teflon stopcocks were used. Purified Sardea dtexide

and vater sanples were stored in glass breakseals for C13/C12 ond
D/H ratio measurements. ,‘
hA) Carbon lsotope Reproducidility and Accuracy of the Copper
Oxide Combustion Furnace Method
Reproducibilities of ol g‘olucs for carbon dioxide obtained from
the oxidation of methane, ethane and propane using the copper oxide
' ﬂ;rm.nthod were est imated by pooling the standard deviations
co!'m“tcd from carbon fsotope analyses of ropHcati gas sample
combystions. The mathematical procedure used is outlined in books
by 01;on cnd.msscy (1969) and Johnso.n and Leone (1964). Table

v

T2 1-X Vsts the ¢C13 vatuves for nplicct; burns of gas samples. T
pooled standard deviations of carbon del values are: ?or methane,
0.1%.; for ethane, 0.2%e; Qr‘;d for propane, 0.2%.. Since only two
replicate analyses were run for the ethane and propane homologs,
the true reproducibility of these 6C13 values may be higher or
lower by 0.1%.. '

9
' The accuracy of the cC13'mlys_e; of the gases 1s wot well known.
No intemlaboratory r\m-pch “',g’stcwarf igauﬂablc. However,

3 “ - . -
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TABLE I-X

L 3

CARBON .ISOTOPE ANALYSES OF OUPLICATE BURNS OF METHANE, ETHANE .

AND PROPAME GASES

v WELL NAME
NELL NAME

10E Woodbend 8-5 .sep. gas

GOC West Druwheller
12-1-30-21 WaM

‘ 130G Sylvan Lake

Shell Canada Wimborne

7-26-33-26 W4M
HBOG Pine Creek 10-16-

HﬁOG Pine Creek 10-23-

HBOG Pine N.W.
¢

Shell Can. Harmatten
10-11-32-3 S5M

Aquitain-Ricinus
‘7~13-36-10_H5M

Aquitain Ricinus
10-33-36-10 W5M

Aquitain Strachan 10-21

Amoco Beaver River #A2
#A3

#AS

#81

Y #82

)

-41.2%.
"!o“.

‘3909’.

-40.1%.
. »
'36.61.

‘36:5%.

‘37.01.
'37.0‘0

’3309’0
-33.8%.

-3lu1$.
'3102‘.

“005%‘
“0.51.

. -40.1%

"001‘.
-36.8%.

-36.8$.

‘3008’.
-31.0%.
-30.8%.
-3009,.
-31.0%.
-31.0%.
-31.0%.
-31.110
-30.8%.
-30.8%.

oC13cHy oclic3Hg
| -34.5%.

-3‘.5$.

“320310

‘32.0’.

sC13c,Hg

-3°o‘$.
-3006$.

-3602$.
‘3600‘.

n
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the carbon {sotope valves deuﬁin“ for chromatographed methane
gas from the D-3 reefs aTong the Homeglen R1m§-kodnur trend can

be compared with values quoted by Amoco l?fbduction Research Centre,
l_werhl 011 Enterprises Ltd. and R..Krduse, U‘nivorﬂw of Calgary.

Asloco gives a value of -52.8%s for methane separated from Redwater

- — et

solution gas. Analyses of Redwater ules'gas’ done 1N this thesis .
,shouqa value of -53 51« for the sCl3 of the methane component. Im-
perin 011 quotes a value of -42,6% for methane gas from the D-3

st Leduc. This study found\valuns of 43.8%., -43.6%¢ and -43. sso

for the carbon is0 lue\s of methane gas from the adJocent

Leduc reefs at Acheson, Yekau LA nd Ho{dbend respecthqely. R. »
Krouse quotes values of -52%. and -42.5% for the carbon nﬂ values

of methane gas from the St.]A\bert Big Lake and Straqhan/0-3 reefs, .
respectively (seg Hitchon et al., 1975). This thesis reports scld
values of -45.6%. and -36.8}.‘ for methane gas from these same two

D-3 reservoirs.
<

The agreement between the carbon isotope analyses of chromato-

e i e SV

graphed methane gas and the ¢C13 values of the distilled methane
component determined by Amoco and Imperial 0il1 is good. However,
the average o.;ﬂfference, 0’,9‘.’ between the isotope analyses is
significant. Furthermr%e, the chromatographed methane {s more
c12 _ enriched. These facts suggest that the two procedures used
to sepa’r:ate and combusk. the methane component may not be"'equivﬂent,
Both Amoco and IuiperiaI 011 distilled the methane component from a

natural gas under vacuum, by circulating it through a cold trap at



ank was then mixed with okygen.and ci rcqlatodl hrough a copper.
offde furnace, set at 700°C, for a period of hours (see Stahl,
1?67). Colombo it._a_'l_ ’('1966) reports'up to 2 /3/1- fractionation
e‘ffect-incugnd thro”ghl the incomplete reoﬁery of a chromato-
gkapheg methane gay. Tnis effect '\1:. of’én order of sagnitude
similar to the uiscy‘/epa.ncy bctneh the dfl values determined on
'mthane gas separ/iated by the chromto*raphy and distillation
procedures. A n‘n'thon.uéh comparu/bn Ntnm';hc prbbosus
should be made. The reason for the {;onsiderable difference,
.aiproximately S per nril, between the ca"bon del v&lues. quoted by
R. Krouse and those given in this t,hesi{j is uncertain.* This .
1_5/&1ty does not, ther, 1nva11date;,any conclusions based on
trends, since each laboratory is st.’ndardized internally. No
qgr don isotope values for the ethane and propane components were
av‘arﬂable for comparison. Presumal{ly the accuracy. of. the sCl3
analyses for these homologs is similar to, if not better than, that

of methane.

+ A more thorough comparison of the sC13 values for methane gas from
Homegl en-R imbey-Redwater pools analysed for this thesis, with the data
published by H. R. Krouse (see¢ Hitchon et al., 1975 - slide 12) estab-
lishes this difference at an average value of 8 per mil. Agreement .
between methane carbon del! values reported in this thesis and thos :
analysed by H. R. Krouse, but not reported in Hitchon et al. (1975),™
was possible (H. R. Krouse personal communication).

14
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a) Uiquid Chromatography of 011s

Crude ofl samples were separated into their asphntcm. benzene

'olubic"asphaltem. amtic, saturste, soluble NSO. and Mulublo |
_ns0 fractions® nm thé procedyre dagcribed by Jobsen. p& ')
(1972). , This method 13 quite similar to that used bygnporu\ OH’

Research Laboratories, Ca1gary. Alberta. In this method 0.50 gram

samples of crude oil were 'topped" in preweighed 150 m beak

ers for

] pe‘r1od ¥ 19 hours. The topping procedure removed the more vol-

atile C15 fractian of the 0i1 by heating the sample to 40°C in 2

forced draft oven. On the average, the of1 samples lost between

30% and 40% of their protopped night and some of the high API gra-

vity ofls lost as much as 4% of -this weight. Topped ofl weights
]

were generally found to be stable to within 4% over & period of 4

months. - The asphaltene poi-tion of the topbed oi1 was precipitated

by adding 10 ml of n-pentane. The peht\ane solubles and asphaltene

precipitate were then t‘nnsferred to alcmx 15 cm column of

Fisher Scientific Co. Hyflo Super Cel suspended in n-pentane. . This
/

A

-
4
0
yd
7/

+ The NSO fraction consists of polar organic mYQCules containing

oxygen, sulphur and nitrogen atoms,



column wes then devaloped with 10 w! of n-pentane followed by 40 m)
of bonzene to elute, cpepectively, the' Geadpaltened of} snd @he
benzene soludle asphy) (maltenes). The waight of the benzene-
insoludle aspha) tenes rouining on the column n‘s calculated by
difference. Forty n/or- less of the deasphaltened of) was then
fractionated by adsorption chromatography uing a dual phase 1 om x-
Oem eoim coauin/ng 10 40.2 g of activated 28-200 mesh Matheson
silica ool in the half, and 10 40.2 g of activated Matheson
F-20 slumina gl u/ e wyer um) 'Suth phases were suspended in

n-pentane. The pJnuM-dusle tened of1 solution was transferred

to the top of thJ dual phase column usirfy a pasteur pipette and
8llowed to run imo the alumina gel. Any deasphalfened oii coating
the column sidos above the@luming gel phase was washed fnto the
column using a shall volume (approximately 5 ml) of pentane. The

column was then eluted sequentially with 65 ml of 'puune. 100 m!

of benzene and 100 m) of a 1:1 benzene-methano! solutioa. Devel-
opment with 65 ml of pentane was usually suff\i“ciu{t to conpl'etel y
elute the saturates from the column. However, 1if t)* pentane solu-
tion coming off m column still had significant color, further 10
m) pentane washes were necessary. The benzene and benzene-methano!
solvents coming off the dual phase column contained the arontic_
and NSO fractions respectively. However, a small amount of the NSO
fraction was eluted by the benzene solvent. rConseduently. the

column was developed with no more than 100 "} of benzene. The sum

of the saturate, aromatic and soludble NSO fnc"tions subtracted from

the weight of the deasphaltened of) represents ihe weight of the
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b)

| -/,. | | ,

*

mmm e m nc Mn« of the veriovs oii frac-
tions has been nponﬁ () -q ummp of the t‘opnd ol th'.
In seme imtonces. \\M sum of tho percent teturates, sromatics,
m's ond umltm ucudod 1008. Two factors S8y have caused
tMs. First of o\, water can be {ncorporated iato the pentane-
saturate and pomm-duuhﬂtoud ol) u‘\nhns by condensation
areund the stopcocl utlot at the base of” the coluun. caused by
cooling from pontam cv.ontioﬁ. This ntu. when incorporated
1me LB selutten, formp . u-mm. phase covered with an ofl
m- and does ot easily evaporate. second of cl’. the nnuno.

. mun qﬁhumthami solvents may not have been completely

evaporated. mﬂny, after evaporating the so\unontmtaining

the of fraction 40 dpyness 4h a fume cabinet, & further.247t0\72

hours of vacuum desiccation gave 2 water and solvent Ree ot

fraction.

A1l solvents used in the 1iquid chrmtography of the oils were of
insecticide grade and gave no interferi ng peaks over the C1§ toO C3s
saturate chlin length.

Gas-Liquid Chromatography of the Saturate Fraction

From 0.2 to 0.3 microlitres of a benzem-satur;te solution contain-
ing 40 micrograms of saturates per microlifrg was analyzed using @
Varian Aerograph Chromatograph model 1740-1. The chromatograph was
equipped with a flame fonfzation detector and 'a 20 foot (1/8 inch
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o .
faner dinlgr) tﬁiul’it steel columa conteining 63 OV-101 syup-
ported en chromosord N. Eech column wes conditioned st 325°C for o
period of 72 hours prior to use. A1) carrier gases were purified
by passing them through a trap made of SA Mydro Purge aoh.culor
sie¢ves prior to'uumg them .through the 'colwn or detector. To
avoid the prodlem o}. carbonization of the flame fontzation unit,
the 1nft1a] column temperature wes set at 100°C and after the in-
Jection of the semple, the temperature was programmed to increase
8t & rete of 20°C .per minute te 150°C. At this ‘temperature the
solvent peak passed through the detector. The temperature was theh

Mnmd to increase to a maximum of 300°C at a rate of 12°C per

mteute. The injection block temperatyre was set at 300°C and gas
flow rates were set as follows: nritrogen cbrricr gas flow rate,
12 0 ml per minute; hydrogen fldw rate, 15.0 m! per minute; air

flow rate, 300 ml per minute. >

The time of appearance of the solvent peak to the appearance of the
n-C33 peak was tpproximately 25 minutes. A typical chromatogram of
the saturate fraction is shown in Figure 1-20. The overall outine
of the chromatogram is one of n-par;ffin and ;sopanfftn peaks,
showing varying degrees‘ of separation, perched on an app'roximtely
semicircular cycloalkane base. With the except ioMof the fsopre-
noids pristane and phytane (1-C17 and i-C;g) the tseparaffins have
4 subdued profile. With time, the quality of the 0V-101 column

Hegraded from exposure to the benzene solvent, and fts resolving

power declined to the point where pristane and phytane could no

L
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Tonger be resolved from their norma) paraffin isomers n~C17?
”‘C‘.o

Error Calculations for the Liquid and Gas<l iquid Chromatographe
Analyses

A .

The reproducibility of the ofl fraction percems wes datermined by
pooling the best estimate of standard dcviitiom calculated from
replicate analyses of of) fractions (refer to Dixon and Massey,
1969 and Johnson and Leone, 1964). These pooled standard dovie-

tions are shown in Table [-X1.

For the less sbundant ofl fractions, the maltenes and NSO's, the
pooled standard deviations are about 163 of an average analysisy
For the more abundant saturate and aromatic fractions, their pooled
standard deviations are about 43 of an average analysis. Conse-
quently, the oil fraction amlyses\dt&rlimd by ngld chromato-

graphy are only semiquantitative. .

Chromatograms from the analysis of the saturate fraction of ofls,
using the 0V-101 column, were compared to standard saturate pro-
files of biodegraded oils in order to qua\itativqiy assess biode-
gradation. Therefore, an analysis of error was not done. Provided
that the chromatograms were run within the same week, duplicate
analyses had very similar profiles. buc to poor sample storage,

duplicate analyses run:-a few months apart showed sl§n1f1cmt dif-
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. Section 2: Sulphur Isotope Correction and Calibratfon Equations*

Due to the size of the Faraday cups and the slit arrangement within the

collector of the mass spectrometer", the measured sulphur dioxide beam

mass 66 . .
mass 64 '+ mass O Masses 66, 65 and 64

consist of the following molecules:

" {ntensity ratio, or R66  is

64: $32016016
65: $33016016 32016017 32917016
66: $32016018 $32018016 $3317016 33016017, $340160¥5, $32017017

The beam intensity ratio can be expressed in terms of its component
masses-ions as:

R66 = 532016018 + §32018016 4+ §33p016017 4+ 33017016 4+ 32017017 4+ $34g16p16
s33plogle 4 ¢32plopgl/ 4+ g32gl7pl6 4 532016016

l'lo

Dividing both numerator and denominator by $32016016 equation 1 simpli-
fiés to: - o N

18 , ,533 l7 , 1742 , s34
P Al M) (A | ’
g{*%*l 1-2.

-

*.The theoretical development of the oxygen correction equation closely
follaws the arguments used in the Thode Laboratory Report 442
McMaster Umvers1ty.



’
Rearranging equation 2 giv_es the desiréd sulphur isotope ratio §34/532

* .

7 33 gl7 , ol
1”.,,56[“;52 zn_l_ zgl_s_+z§.§ gﬁ+(gl_§)2]

1-30

»As a result of the order of magnitude of the ratios, second order terms

. cpn be considered of negligible magnitude. Therefore, equation 3 be-

comes:

{

s34 _ .66 s33 17, _ ,0l8 '
s g - A e

-v
P

/

Due to factors inherent in the design of the mass spectrometer, only a -

value proportional to R66 wasA measured. Therefore, equation 4 must be

modified to:
s34 _ KR66 [1.4 33 . 17:| _ »0l8
% o A - B 1-5.

where k is a constant which corrects for source ionization peculiarities

etc. and should have a value close to unfty \avoid calculating k,

" each gas sample was run against a standard gas and the result expressed

as a ratio of S34/532 valyes for the sample and standard. That is:

(gg)x kR66 [1 + (532) + 2(037) 3 . (018,

. 016 x 16 X
(53%) xa66 [1 + (5_33_) +2(017) y . (018, 1-6
;s S §32 s 016 s 016 s

L 2

91

o



The subscripts X and S designate sample and standard values, respec-
tively., Since the constant k has the same value in both numerator and

denominator in equation ‘, it cancels. Let the terms:
534/532 = R34

§33/932 . g33
017,016 = R17
018,916 . Rl8

Making these substitutions and dividing by RS‘. equation 6 becomes:

, 1
18 |
RC (1 + R3S + )71 - 2R

,_;%; - 6 R§® 1-7.
R

8 NN
1 +r$ e md’ - 28 :
§®
The value RSG/RS5 is the raw isotope measurement obtained from the mass

,

spectrometer. Therefore, to convert the raw R§6[Rgs ratio to a R%"/Rg4

value, it is necessary to know the R33, R17 and R18 values for the sam-
ple and standard, and the R66 ratio for the standard. These oxygen and
sulphur isotopic ratios should be known exactly for the standard, and

only approximately for the sample.

R§7 is related to R%s through the following eqdation: 1,{,
17 18 .
RX R™ 1/2

(see Craig, 1957) 1-8.
U LR .

RiB is related to Rgd through a similar relationship:
RYS Ryt 172
BTy (see Thode Report #42) 1-9.
R ad



.

‘R33 34

Tnts con be rewritten as: Az’ Sp-s 1-10.
| 2
Where,  4SLS -_[Eg; - 11 1000 k 1-11.
R |
RN
Let, 1 eRE A -3 1-12.
- |

Using eqqations 10, 11 and 12, equatiom 7 can pbe modified to:

8
" e m)l-2 R .
estis e ol W -
- . R 1-13.

R

Therefore, ravw R)6(6/Rg6 ratios ¢eterm1ned from the mass spectrometer can}

be corrected to 65355 values using equation 13. Depending on the mass

spectrometer design and the type of inlet system used, peak tailing and .

inlet "cross talk" corrections may also be required (see Deines, 1970).

1t was not necessary to make these corrections for the instrument used
in this work. In order to make 1nter1ab9rato;y comparisons and to re-
port data in literature, the 65%55 values (where S designates 3 parti- -
cular laboratory standard) nqst be changed to del values referred to the
{nternational standard Canon Diablo troilite (coT). This conversion fis

done using equations 11 and 14.

34
R v
RS RCOT
R%ﬁt §s known precisely as 4.499437 x 10-2 (Thode report #42).

9
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Considerable time was spent trytng to determine the R17 and R18 a1 e
for the line standard. Several fluorinatfon experiments were unsuccess-
ful and educated estimates of R17 and 18 proved unsatisfactory. Conge-
.quontly. raw mass spectrometer data could not be corrected using
equatfon 13. Instead, a plot of .ﬁfs' vs. ’;S'!ay was made for several
MBS and laboratory sulphur standards (see l"J!;.o 11-22).

A Teast squares best fit to the data gives the equation:
lsgfcg'r = 1.138 cgfs + 43 ' 1-18.

]
A

The ‘error of the slope and y;fntercept is 0.01 and 0.1, respectively.
GS:X”-CDT values for the laboratory standards were provih_ by the Thode
leboratory at McMaster University. Table T-X11I Hsts-.'ﬁq"d_ata used °n

J
Figure I-22.

The reproduq@b_ility of the sulphur isotope analyses is given as the
pooled standard deviation of replic’te .runs on the NBS and laboratory
standards. This value is iO.l!o, and incorporates alj] uncertainty whith
may be introduced by sample inhomqgeneity, irregularities in chemical .
Preparation and errors in mass spectrometric measurements. 66 yalyes

for the Fisher ZnS standard had a much larger standard deviation, 0.4%e.

o

6 -
* c)stfs' Efg_s- 1] 1000
" .




v -

TABLE 1-XII

»

-
" DATA POR THE SULPHUR CORRECTION AND CALIBRATION EQUATION

.7 |

‘so o

‘2.6 ’lo‘ '3,“ ‘ 6.76 1096 gi 120 ('bS)

-200 ’lo‘ '3092 70“ 10” L 06

.207 ’lo‘ ‘3.7‘ 7029 10” _N - 8

277 4 23,78 7.29  1.96 ‘Sp = 0.1%

2.5 414 -3.50 6.25 -1.96

2.5 +.4 -35 6.5 1.9 V4. 141 ]

2.4 +1.4 3,36 2.76_ 1.96 " Sp = 0.1%.

’ “206 ’lo‘ . '3.“ 076 1.“ )

3.3 0.6 .98 10.89 0.% gg 200 (Sulphur)

-3.2 +0.6 -1.98 10.4 0.36 = -3,3%

-3.3 +0.6 -1.98 10.89 0.36 N=9

-3.3 +0.6 -1.98 10.89 0.36 Sp = 0.1%

3.4 +0.6 -2.04 11.59 0.36

-3.4 +0.6 -2.04 11.56 0.36 Y34 =« 0.6%

3.4 +0.6 -2.06 11.56 0.36 Sp = 0.1% .
’3.4 +006 -?.0‘ 11056 0.36

'3.‘ +006 - .04 11056 0036

-:5601 ;50_‘0 -18006 _166. ’ I 3. 2‘ SUM

-8.6 -5.5 +47.30 73.96  30.25 ;‘8 ster Ag2S 3&2"""“

-8.5 . -5.5 +46.75 72.25  30.25 = -8.5% = -5.5%
-8.5 -5.5 +46.75 72.25 30.25 Sp = 0.1%e = 0.1%

958 -15.5 <+140.80 7218.46  90.7/5 SUM _

+15.6 +21.7 338.52 243.3 470.89 Yégher ZnS Standa

+15.4 +21.7 334,18 237.16 470.89 = +15.27%¢ = +21.7%0
+15.7 +21.7 340.69 246.49 470.89 = 0.4% Sp = 0.2%e

+14.8  +21.7 321.16 219.04 470.89 - 5 | .
+14.9 +21.7 323.33 222.01 470.89 o
+75.40 +108. . . J

. +10.6 +16.3 172,78 112.36 265.69 % 11 Can. Wisborpe AgaS '

+10.6 +16.3 172.78 112.36 265.69 = +10.56%¢ Yg = +1653%¢
+10.7 +16.3 174.41 114.49 265.69 Sp = 0.1% Sp = 0.1%. '
+10.5 +16.3 171.15 110.25 254.69 N =5 é

+10.4 +16.3 169.52 108,16 265.69

¥57. . 5 52 1328.45 SUM

-3.5 0 0 12.25 0 Troilite

-3.5 0 0 12.26 0 6 = -3.43% Y66 = 0%

-3.3 0 0 10.89- O Sp = 0.1%c Sp = 0.1%e

N=3

IO 0 0 35,39 0 SON

‘4. e
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s> 1138 8" +43
K- 2 X=48




[0
Such variability sppeared to be the reésult of sample 1numnn01‘ty.

Since equation 15 fs Deth a mess correction and calfbration equatfon,
the calculated csi‘.cm values are reasonadly accurate. -

97



Section 3: Carden [setope Correction Cquetion

An oxygen correction ewquation for carvon 1sotope enalyses 1 discussed
b Cratg (1967). Wewever, the collector it drrangement used by Craig
vas different from that 1n the mess spectremeter used f4r this thesis.
Crefg’'s collector gathered only fons of mass 44 ond mass 45. fonge-
Wently, the measured ratio, M5, pq only to be corrected for an‘ol?
contridution. The collector s11t and Faraday CUp arrangement 1n the
Unfversity of Alberts Pitysics Department mess tpectrometer resylted in
the siwlun.mus collection of masses (44 + 46) and mass 45, Therefore,
the measured ratfo, R4S, nad to be corrected for not only gn 0!’ contri .,
bution, but also for an ol8 contribution. >

For this thests, the measureq R4S ratio was defined as:

R4S . beam fntensity of mess 45
Beas Tntensity of Taass 9 = i)

Following Cratig's 1957 derivation, R4S cun be expressed in terms of

molecular species es:

R4S . cl3o16016 . 1216417
LY L) LIPS v L7y B CIRITpIT RENL 2 4 1-16.

Due to the extremely low abundance of 017, the c12917p17 contribution to

the mass (44 « 46) beam intensity need not be considered. Equation 16



then becomes:

ot e ¢l3gléglé o-cﬂo“ol‘; : 117,
c °c MR -

Dividing both the ruserator and dencminator of equation 17 by cl216plé

gives:

The 81 1owing ratios were defined after Craig, ﬁ b .

13 16918 1617 c13g16917
13 ™ c . '13 ™ o 9 . Rl’ - o . 4 nl,.a" [ )
U » R e oregre ¢ 4 CTZTeoTS
Substituting these terms fnto equation 18, it becomes:
4 . |13 ® l" )
RE o T RITRTT | | 1-19.
-’y

Rearranging equation 19 gives:

ll3 ° .45 (1 + g}& . Rl3.al7] - '17 1-20.

the term R13-R17 in equation 20 {s around 1x10-5,

NN

Since t’o magni tude of
0-2, the former term can be omitted without

w13
and RT3 {5 approximately Ixl




ony serious loss of accuracy to the R13 value. Therefore, equation 19
con be written os: "

R13 4 al? . '
'“'xoa“ \’

Since the isotopic measurements are mede relative to o standard, eque-
tion 21 must be modified to:

The subscripts S and X designate the standard and semple, respectively,
Yalues for R13, R17 and R18 were known precisely and the denominator in
equation 22 {s therefcre a corstant which is *ermed K* fn the fo!lowing

equation.,
.ol endy) | 123
R 1+rf8 x° o

Rearranging terms, equation 23 becomes:
. 5
RE3 = ko1 a}s)ﬁég -y’ 1-24,
R

R18 can be approximated from the measured ratio n}‘n? without any seri-

ous error. R17 can be derived from the relationship that:

i’ . Ll_lfll/z (Cratg, 1957)
rd7 g 1-25.




Making the substitution that ‘. It 1o eguation 29 gives:

ot o . | .

3;.4&- | -

It should be noted, at this petnt, that the terms R17 and RIS ysed 1n
this derivation are not egivelent to the ewrrently used R17 sag n18

. terminology. . °

™R fs: ‘é’.u'm'ﬁ:'d&nﬂ vege

? 17036 | ol? 17 :
™) (Y |
ond Nrats gl'&' y gﬂ’ curremt usage . ,
C.

18016 18 17915 17 (Garlick, 1969)
lufoct.n’-a“-ﬂnmdﬂr;gn-ﬂn ,

0 0 0 0
Values of R17 and R18, as defined by Craig (1957) for the Physics de- ,

partment carbon dioxide Vine standard are listed in Tadle [-XIII.

R17 and R18 values for the sample gases wiried depending on the method

used to oxidize the hydrocarbon, However, the standerd daviation asso-

clated with mean R17 and R18 values for carbon dioxides derived from a

specific oxidation method was Qgenerally small enough to permit the use ‘
of mean R17 and R18 values in the oxygen correction equation. The mean

R17 and R18 values for carbon éfoxide 9as produced from the oxidation of

oil components and natural gases using Cu0 and for carbon €foxide de-

rived from the wet oxidation of whole oils using the liquid method are
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| glven tn Toble 1-R111. The stanterd doviasfon for the mon 60 veluss

for corbgn dlonideg darivad frem oits gl gases entdtand by Dlask aager
mpuinmurtumuwm~“~ the seme,
sbont 3 per o). Hase men!” sad 299 values Sare wend 1n the exygen
correstion aquetions, this 3 por 1) stenderd deitetien wyld preduce o
ferther wnasrtainty 1n the «Chls veluse of mpprentastely 0.1%.. The
stonderd davistion of o010 values for carben dlentdes prepered by the
the wet anidetion muthed wee cons iderobly lorger, .n-w: Me. Wy
vsing the meen R17 volue 10°the’ enpgen correction cquatfen for these of)
earhen dienidas, this Mie wamartpiaty weuid pretum shemt & G.25. orver
1n sddition to the 0.13¢ ingtrument errer.

The follewing equations were wsed To coerrect rew &5 volves te oC13
values quated with respect to the Chicago POB standard.
. .

1. Carfus tube ouauo;‘mm oxygen correction equation:
4

«oes - 1018.91 h— - 1067.19
s

2. Cu0 furmace combust anhed exygon correct ion equatien:
3
«i2ree - nu.um - 1006.94

3. Wet onfdation method oxygem cerrection equatiom:
Corben diexides prepared by the wat onidation athed were ana-
lysed vsing the mass spectrometer of the Unfversity of Weterloe

rd
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in Ontario. The 6xygen correction chuatioq; derived were simi-
lgr to that given by Craig (1957), which is: \
«}lpop = 1.0676 45 - 0.0338 4018
} yncert;inty in a 0C13 analysis can Pe represented by an équation
that involves the sum of the mass spectrometer error, and the variability
fn the ¢12/c13 and 018/016 ratios due.to the preparation procedure. To
-a first approximation this uncertainty is the sum of the computed stan-
dard deviation of one analysis (instrument error) plus the standard de-
viation associated with the average R18 value, both propagated through
oxygen correctiog equation (Baird, 1962). However, the best estimate of
the overall uncertainty in a 6Cl13 value associated with a particular oxi-
dation method would be the reproducibility, that is, the standard devia-
tion of &C13 analyses of many-carbon dioxides prepared from one large
homogenous ofl or natural gas sample. In this thesis, the best estimate
of the reproducibility was determined by pooling the standard deviations
from replicate sC13 analyses of different hydrocarben samples prepared
by the same oxidation method. The pooled standard deviation for 6Cl3
analyses associated with the Carius tube oxidation method, the Cu0 fgrn-
ace combustion procedure and the wet oxidation tgghgique is 0.2%o, G:I%o
and 0.2%., respectively. A fyfrther discussion of error in §C13 values
qsd a dt}cussion of their accuracy can be found in Chapter I-1 in the

sections where each hydrocarbon procedure is presented.



PART II
o

THE GEOCHEMISTRY OF HYDROCARBONS

IN THE DEVONIAN OF ALBERTA
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CHAPTER 1

INTRODUCTION - THE LEDUC REEF SYSTEM, SAMPLE PROGRAMME AND OIL SULPHUR-
IZATION REACTIONS

Section 1: Geology and Geochemistry of the Leduc Reef System

A summary of the geology of the D-3 reefs/jg presented in the publi-
cation by McCrossan and Glaister (1964). Otgé(kuseful papers on the
Leduc system can be found in Clark (1954), in Oswald (1967) and in the -
publication by Davies (1975). The following is a brief summary of the

Leduc system based on the above literature.

The oil bearing Leduc reefs in central Alberta form S part of a
carbonate shale sequence which was deposited during an Upper Devonian
transgression that began at the onset of Beaverhill Lake deposition and

continued until the end of Ireton shale time.
The Cooking Lake Formation from which the Leduc, or D-3, reefs~grew is

a broad shallow-water carbonate platform which extends from Montana,

northwards and westwards into central Alberta and merges further to the
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north with the Qrossmnt Formation. The Cooking Lake is approximately
200 ft. thick in the study area, between the Rimbey-Meadowbrook and
Stettler-81g Valley 9-3 reef chains (see Figure Il - 1), and it
thickens to the south forming a reefal carbonate, the Cairn, which
attains a thickness of up to 600 ft.. Laterally the Cooking Lake
gr into the shales and shaly carbonates of the Duvernay and the
CQ‘\ent Perdrix Formations. Cooking Lake deposition occurred in
relatively shallow water, and consisted of beddefi aphanitic, fine- and
medium-grained limestones and thin stromatoporoid - rich beds which

formed mainly biostromes as well as bioherms. Where the biostromal and

biohermal zdnes grew targe enough to form shoals, they became the Toci

for later Leduc reef growth. Several pr'ominent shoals, which prtﬁab‘l‘y'

mark an eastward prograding Cooking Lake bank-shale basin margin,
localized the growth of the D-3 yeefs along the Rimbey-Meadowbrook reef
chain; ‘the Bashaw carbonate bank and its northern extension, the
Malmo-New Norway-Duhamel-Erskine reef chain; the irimborne-Three Hills
reef chain and the Stettler-Big Valley D-3 reef trend (see Figure IT -
1). To the south and southeast of the Stettler-Big Valley D-3 trend,
the interreef shaly facies passes into the southérn Alberta shelf

carbonate facies.

The Redwater D-3 reef is a comph%structure in which three vertical
zones can be recognized (Klovan, 1964 - see also Figure I1 - 2). The
lowermost unit, or root zone, is the Cooking Lake shoal equivalent and

is roughly 300 ft. thick. The Middle Leduc unit is around 500 ft.

|
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FIGURE 11-1
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thick and records both carbonate development as well as a Duvernay

shyle influx. None of the Upper Leduc reef zones can be recognized in
tM: yite The Upper Leduc unit is an a) gn-strontoporolid-conl-
calcaronife composite in which ofganic-reef, fore-reef and back-reef
facies have developed (Klovan, 1964). This upper unit is approximately
150' thick. , | o

. \ |
As the Upper Devonian transgression progressed; Leduc reef d‘:_vclopnnt
s terminated by an influx of the Ireton green shales which form the

y rock of the D-3 ofl and gas pools.

The D-3 reef chains in central Alberti can be grouped into three hydro-
dynamic systems separated by aquitards (Hitchon, 1969a, 1969b; Alberta
011 and Gas Conservation Board Report #70-22, 1970). These three
systems probably r\esult from coounication between D-3 reefs through
the underlying dolomitized Cooking Lake shoals which have regional
extent. The intershoal areas are low porosity, impermeable Cooking
Lake pelmicrites and fine-medium grained bedded ﬂmestones which grade
into anhydritic dolomites further to the south and east. The '1owest
and highest fluid potential systems are the Rimbey-Meadowbrook reef
trend, 1nc1ud1ng the Redwater D-3, and the Stettler-Big Valley reef
‘chain respectively. An intermediate system comprised of the Bashaw-
Duhamel reefs including the Wimborne-Three Hills trend is also
recognized. In this thesis the three hydrodynamic systems are referred

to as the Homeglen-Rimbey-Redwater, Wimborne-Duhamel! and Stettler-West
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Orumheller reef trends follewing, in general, the terminology used fn
the Alberta 011 and Gas ‘Consorvation Board Report #70-22 (1970).

“ '
The mean, range and standard deviation for.mt pay thicknon.,avonge
porosity, average maximum permeability, av;ragc water saturation and
productive pool area for 18 Leduc reef pools are summarized in Table I!
= I. The pay thicknesses and productive areas have skewed frequency
distributions with the assymetry towards the higher values. Leduc
'nunoin contain roughly S1% of recoverable of! rveserves found in
Alberta prior to December 31, 1959. The largesf Leduc of! pool
discovered to date is Redwater which contains approxﬂute!y 700,000,000
stock tank barrels of recoverable oil. .
Papers discussing the geochemistry and occurrence of D-3 natural gases
have been published by Hitchon (1963a, 1963b, 1964, 1968), Shaw (1967)
and Prather and McCourt (1968). Deroo et al. (1977) published a geo-
chemical study on ofls in the Western Canada Sedimentary Basin which
identified the source rocks of the D-3 0ils to be the marine Ireton and
Duvernay shales. Except for the pioneering work on the sulphur
fsotopes of the Cretaceous, D-2 and D-3 oils, associated gases and
formation waters by Thode et al. (1958) nothing more had been published
on the stable isotopes of the Leduc system when this thesis was
inftiated. Subsequently, papers and abstracts by Orr (1975), Ber-:0n
(1975) and Hitchon £t al. (1975) documented the effect of maturat -

the sulphur and carbon fsotopes of D-3 natural gases., More ' o

111




Krouse (1977) has pudlished o summiry paper {n which the sulphyr
{sotopes of the Leduc natura) geses ave ¢iscussed with reference to the
processes of inorganic and bactertal sulphate reduction. Literature on

the geochemistry of the Leduc formation waters has been pubdlished by
TABLE Il - |

Reservofr Statistics for D-3 Pools (Grand Averages)

Standard
< __Meen Deviation Range
Net Pay Thickness 102 ft. 126 ft. 9 ft. (Bashaw) to
478 ft. (Golden Spike)
Average Porosity 8% 2% 4.5% (New Norway) to
10.8% (Biq Lake)
Maximum Permeabdility 753 md 431 115 (New Norway) to
1,938 md (Westerose)
Average Water Saturation 172 7% 6% (Bonnie (;‘len) to
i 351 (Golden Spike)
Productive Area 6,164 Ac 9,983 Ac 140 Ac. (New Norwa})

to 37,040 (Redwater)

e

Mitchon (1964), Hitchon and Friedman (1969), Hitchon et al. (1971) and
Van Everdingen (1968). The relationship between hydrocarbon occur-

rences and formation waters was investigated by Hitchon and Horn

11?2
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(1974). The authors found thet waters associated with producing and

aon-producing wells were different, in o mtivariate sense, and could

be ¢istinguished with o 9% cortainty.



Section 2: Spmple Locqtions

.

|
01) and gas semples were token from wellhead (where possidble) from the

following Leduc and Keg River pools: Acheson (AS), \Inhw (oW), 039
Lake (BL), Bonnte Glen (BG), Buffalo Lake (8K), Clive (CV), Erskine
(ER), Glen Park (GP), Golden Spike (GS), Leduc Wooddend (WB), Malmo
(M), New Norway (NN), Stettler (ST), Sylvan Lake (SL), West Orumhe!ler
(WD), Westerose (WR)/ Hl.worm (WM), Wizard Lake (ML), Yekau Lake (YL);
Zoms Keg River 6-23-116-4 W6 (KR 6), 7-7-116-5 W6 (KR 7), 4-36-116-6 W6
(KR 4), 12-21-117-4 W6 (KR 12), 2-25-117-5 W6 (KR 2); Virgo Keg River
4-6-115-5 W6 (KR 46), S-119415-5 W6 (KR 51), 5-27-114-5 W6 (KR 52); and
Rainbow Keg River 8-32-111-7 W6 (KR 8). Coproduced water samples wire
collected only from pools at-Zase (RR 12), Erskine, West Drumheller,
Bashaw and New Norway. Non-assqciated gases were sampled from the D-3
at Harmatt;n (HN), Pine Creek (PC), Pine Northwest (PN), Ricinus (RC),
Strachan (SN) and from the Nahanni formation (Lower Keg River equiva-
lent) at Beaver River in,agrtheastern British Columbia. Thg bracketed
letters after each pool name are abbreviations used to reference the
pools in many of the diagrams of this thesis. With the exception of
Beaver River (coordinates 59°58' N. Lat., 124°17° W. Long.) the coor-
dinates of the above listed pools can be referenced {m enclosure la and

the pools located on enclosure 1b.
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[ ‘taction 3: An 4 ’ r

The -‘ of the American Petroleum Institute Research Project 148 hes
)

resy in the f1solatjon and identification of meny of the classes of,

ond meny of the individua) sulphur compounds in crude ofl fractions
#oRVing delow 250°C. Research reported by Dean and Whitehead (1967),
Thompson et al. (1965) and Bestougeff and Jolly (1967) discusses the
sulphur compounds in the higher dofling fractions of crude ofls and
shale oils. More recent reviews of ﬁtroloun sulphur compounds have
been prepared by Drushel (1970) and Mehmet (1971). In & summary by
Speers and Whitehead (1969) the following sulphur compound groups have
been identified in crudc’oﬂ{: native sulphur, restricted to crude
oils whose temperaturgs nro\hu than ghout 100°C; thiols, most .
sbundant in ofl fractions boiling below 150°C, thisalkanes and *
cycloalkylthiulunes..of minor importance in this boiling range;
thiacycloalkanes, dbi and tricyclothiaalkanes and thiophenes (most
abundant in distillate fractions boiling up to 260°C); and benzothio-
phenes, abundant in fractions boiling above 250°C. Except for the
thienothiophenes and sin;le dlkyl-disulphides -few other sulphur
compounds containing two sulphur atoms per molecule have been
fdentified. Genera) structures for the various organo-sulphur groups
and structures for specific sulphur compounds are {1llustrated in Speers
and Whitehead (1969), Mehmet (1971) and Ho et al. (1974). To date,
there have been more than 200 ofl sulphur compounds identified and

- these fall into some 13 classes.



Accord! woes of sulphur conpounds as00c! a%ed
vith o cruge of) o 190 90000 of orgente astemerphise (refer to
Staplin, 1969 ong [vens g3 g). 1971). Fras & statfetical treatment of
o world wige semple pepulation of crude oils, the suthers cencluded
that famature ofls were characterized by greater comtents of the
relatively unstadle swiphur compounds such 08 nenthiophenic sulphides
and benzothiophenes. Mature cn‘s were merked by o DUREINCE of the
aore stable sulphur compounds such as didbenzethiophenes ond lesser
ampunts of the wnstadle mtoﬂn.ﬂc organe-sulphides. One growp of
Rgh grevity msture crudes wes 8830cioted with wdstantie) amevats ofF
mm\l; genersted Yydrogen sulphide and lay edjacent te reserveirs
containing thermally metamorphosed Nydrocardons. Although the tots!
sulphur content of the group was low, its sulphur compounds were char-
acterized by an abundance of the resctive mercaptans. The “altered”
crude ofls contained & sulphur compound distridution intermediate to
the mature and fsmature Qroups. 4

In natural gases, the dominant sulphur compounds are hydrogen sulphide
and various polysulphides (Hyne, 1968; Muller and Hyne, 1969 and Swift,
1976). Other sulphides such as COS, CSp and mercaptans do occur but
they are not abundant. For example, Nyne (personal communication)
\poru less than 0.05% COS and CSp contents fer Alderta natural gases.
Vredendburg and Cheney (1971) report siwilar low sbundances for thiols,
alky) sulphides, carbon disulphide anl carbony) sulphide in Wind River
basin natural gases.

“
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Total sulphur contents within erude of 14 oand matura) gages ore -

verfeble, Leversen (1967) and Mo gg gl. (1974) report o range fn
Wiphur eontont 1n petreloum frem 0.018 te U5, Sulphur contents within
hoevy ofls and asphaits con enceed 8. [n neturs! geses the s\ phyr
content, o8 volume percent hydrogen sulphide, ranges free nl, ¢t
trese, to 001 1n soms of the thermal)y metamorphosed reserveirs 1n the
festhillg bdelt of the Alderten cordilleras. Generally, netura) geses
containing mare than ! vol. § Rydrogen sulphide are classed as sour
90808, Crude ofls whese sulphur comtent exceeds 0.8% are clossed as
Meh sofohur of1s, Wile crufs with sylphur Yess then 0.5% are clessed
o8 low suiphur oils. The petroleums studied for this thesis fall fmto
both of these groups. Crude oi's sempled from the Homeglen-Rimbdey-
Redwater D-3 reefs are without exception low swiphur ofls, while crudes
frem the D-3 reefs along the Wimborne-Duhame! and Stettler D-3 reef
trends are both high and low sylphur otls Naving o meximum sulphur
content of sdout 33 (refer to Teble I! - [I; White, 1960 opd Century,
1966). Natural geses studied for this thes!s were both sweet and sour
having & maximum hydrogen sulphide comtent of 523 (refer to Tadle I -
11).

The reaction of selphur compounds with Nydrocardons 1s essentfally an
oxidation process. Elements! sulphur can adstract hydrogen from
organic compounds producing fragments which uitimately give stable
products by aront!utloi;, ring closure or dimerization (Pryor, 1962).
The oxidation of the orginic gubstrate is balanced by the reduction of

o
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sulphur to hydrogen sulphide. Depending on the completeness of the
oxidation reaction, sulphur may become incorporated into the hydro-
carbon products. Pryor (1962) gives several examples of dehydroge-

nation reactions by elemental sulphur, for example:

O ‘ I

Cyclohexane
CH — CH3 —_—
” —_ s (Trithione Formation)
, .
Trithio
Olefin ne
CH
3 CH =CH
/ Sg
2 b (Dimerization)
Aty Aromatic 1, 2 - Diphenylethylene
CH CH '
2 2 Sg @ ll (Thiophens Formation)
(3 . |
CH3 CH3

Tghene

n - butane
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Some other general Wydrocarbon-sulphur reactions are given by Orr
(1974). Rates of the hydrocarbon oxidation process using aqueous
sulphur compounds are temperature and pH dependent. Faster reaction
rates are favored by higher temperatures and increased hydrogen fon
contents. At temperatures of 200-300°C uncatalysed hydrocarbon
oxidations by sulphur coapounds are rapid. These are not realistic
reservoir temperatures in most petroliferous sedimentary basins and
reactions in the natural milieux will therefore be siower and less
complete. ,Pol}su'lph“e gxidants. such as sulphanes (HS,), are capadble
of oxidising saturated aliphatic and alkylaromatic hydrocarbons to
carboxylic acids. 1In the following example a substituted methy)

aromatic is oxidised to a carboxylic acid and amides using an Yqueous

ammonium polysulphide solution:

R
Substituted  Substituted
Mathyl benzene Benzoic Acid

At temperatures lower®than those required for complete 6xidation,
organo-sulphur compounds can be isolated from polysulphide reactions

(Pryor, 1962).
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Expo;imnts by Bestougeff and Combaz (1973) showed that the sulphur-
1za'~tf1on of petroleum is chemically possible at all stages of f{ts
formation and entrapment. The reaction of sulphur and especially
hydrogen sulphide with petr61eum compounds, was found to be quite
seﬁctive, ind therefc;re the degree of sulphurization would be quite
variable and dependent on the crude ofl composition. ‘During the
sulphurization of crude oil by hydrogen sulphide, elemental sulphur whs
formed and'could then react further with the petro!eum} compounds.
Natural catalysts such as shales and montnzzrﬂlonite enhanceq the
sulphur reactions which were performed at temperatures in the range of

50 to 100° Celsius over reaction times of 5 to 6 hours. The authors

found that the heavy distillation residues of crude oils wére the most’

easily sulphurized compounds due to their high contents of hetero-
atomics. Presumably thqirNgh reactivity to sulphur is a result of

the low activation energ\es associated with a simple exchange of N or 0

atoms for S. Gousseva and Faingerch (1973) noted that the secondary‘

sulphurization 6'{ crude oils produced regular changes in their
composition. For example, asphaltene contents were increased, a high
asphaltene to resin rati& was noted, the oily portion had an increased

content of aromatics and the API gravity of the crude was decreased.

Experimental work.on the Hydrocarbon-Sulphate-Reduced sulphur species
system by Toland (1960) gives considerable insight into the petroleum
reservoir sulphurization process. Toland reaffirmed that organic

compounds including saturated hydrocarbons could be oxidised to car-
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boxylic acids by lower valence state sulphur compounds such s

elemental S (Sg), aqueous polysulphides (HSp=» Sn~2i Ha2Sp) sulphite
(503-2) and thiosulphate (5203-2). However, he noted that these
aqueous oxidat’lon reactions were interrelated and ‘that the following
equilibrium cqnstant could be written to express their dependence:
K= (NzS)3 ‘(Sdrz) (H*)2. This constant corresponds to the general

reaction:
4S° + MH0®23HpS + HaS04 -1

Polysulphide, sulphir, sulphite and thiosulphate oxidations were there-

fore found to be dependent on the pH and hydrogen sulphide concentra--

tion. Furthermore, sulphate, according to reaction . 1, could act
as in oxidising agent. Toland found that sdlphat'e alon_g would not
oxidise organic matter over the time span of his experiments. But,
through a reaction like equation 11 -1 lower valence state sulphur
compounds could reduce sulphate to compounds such as sulphite and thio-
sulphate which would then oxidise the organic matter. The products of
the oxidatiéh were generally carboxylic acids, carbon dioxide and some
other lower valence state sulphur compounds such as elemental sulphur
and hydrogen sulphide or other related sulphides and polysulphides.
According to equation I1 - 1 lower pH's and higher partial pressures of
hydrogen sulphide (lower valence state sulphur compound) favor sulphate
feduction and the f?mation of reduced sulphur species. Furthermore,

any one of the 10w4r valence state sulphur compounds formed by the
'1

i.
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reductipn of sulphate and/or the conct;aitom oxidation of hydrocarbon
could mn;ct with sulphate regenerating the reduction process. The
rexction then is (as Toland noted) similar to being sutocatalytic. Mis
sulphate reductions and hydrocarbon oxidations were done in an aqueous
medium at ton_lpontuns around 300°C. At temperatures below 300°C
reactions ,mri extremely slow. But in terms of geological time, lower

temperature oxidations would certainly be siqnifﬂ:ant (Toland, 1960).

Implfcit in the hydrocarbon oxidation reaction using sulphate, as
described by Toland (1960), are two steps: the ifnitiation; and the
oxidation. In the fnitiation reaction sulphate is reduced by a lower
valence state ISulphur species producing an oxygenated reduced-valence
'state sulphur compound. A possible initiation react'ion is:

S04 + 2H* + H2S ——sH2S703 + H20 Il - 2 Tolard (1960)

!

HpSO3 + S°

The 'second step, the oxidation, involves &he reaction of Sulphi_te Wr
thiosulphate and elemental sulphur from reaction II - 2.w1th hydro-
carbon, producing carboxylic acids, carbon dioxide, organo-sulphur com-
pounas, aromatics and sulphides. Examples of the oxidation reaction

’ «

are:

2HY + CaH2n+2 + HS03 —— Cn_i H2n-1CO0H + Hp0 + H,S.
(n-paraffin) (sulphite) (fatty acid)
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Toland concluded hig 1960 péper by alluding that the initfation and

oxfdation reactipns co(ld be responsidle for the gemeration of sour

gases and high sulphur de ofls 1n the reservoir gystem.

\
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CHAPTER 11

GEOCHEMISTRY OF D-3 0ILS

gection 1: 011 Composition

01) samples were taken at wellhead from D-3 pools along the Homeglen-
R {mbey-Redwater, Wimbor ne-Duhamel and stettler-West Drumheller reef
trends. For comparison, several ofl pools {n the Middle Devonian Keg
River Formation at lama were sampled. The oils were toppi._:d and
qa\ysed using the 11quid chromatographic techniques discussed in Part
1, Chapter 1 of this thesis. Sulphur contents were determined on the
untopped oils using the Parr Oxygen Bomb procedure outlined in Part 1,
Chapter 1. The sulphur percentages were not adjusted to topped oil
values. Table 11 - 111 lists the raw average saturate, aromatic,
maltene*, NSO* and sulphur percentages for the pools sampled. The pre-
cision of these analyses is discussed in Part 1, Chapter I. A well by
well summary of single and replicate analyses of crude ofl compo-

sitions is presented in Appendix VII.

*Maltenes are the benzexe soluble portion of the asphaltene fraction.

\

*The NSO fraction contains nitrogen/sulphur\\and oxygen compounds .
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The odjective of the of) anslysis was met teo classeify tgo oils
sccording to thetlr chromatographic fraction dbundances but to m.vuo
crude 011 fractions whose cardben 1totope bundance could be datermined
and to fselate the saturate fractien so et the extent of dio-
gegradation of the ot pool could be sseessed. nu'onr. ¢ Q-mode
factor enalysis of the chromatographic fraction dats end the of)
sulphur conteats has provided considerable insight into ofl origin oané
alteration hHurus. Sefore diqcutttng the results of this factor
analysis 1t 1{ necessary to comment on the prodlem of date interpre-

tation in closed number Systems.
a) Closed Wumber Systems

When quantities are normalized®, any significant increase in the

abundance of one component of & tystee will result in a decrease in the
normalized abundances of the other cosponents even though their values
prior to norwmalization may not have changed. This type of spurious
negative correlation between norma! 1204 .urubln has been produced bdy

the requirements of the closed systes and has been discussed dy Chayes

-
*Here the normalization procedure refers to the mathematical transfor-
mation of sbundances to a constant sum which is usually 1 or l%

Such systems are said to be closed.

1



(1960, 1962, 1970). Therefore, relationships Gterained detwoen
veriebles 1n clesed nuaber tysteas, whether edserved by scoetter
¢lagrems, correlation conffigionts or other means, 88y At be gonuing,
byt produced by the constraints of the constant sum. As neted by
Kiosch (IS76) 18 15 G1FF1CUIL or Tapessible 0 Gocide what pavi i
spurious. A gualitetive u;t that deteratnes 1f changes {n the
abundance of a particuler vartadle in o closed mumder uno‘n ere
satursl or artifical 1s Geveloped in the fellowing discussion,

Consider a system consisting of a vert les whose measured adundances

are A, 5, C, 0, (... n. Twe semples in thl@systen are defined by the

© abundances:
Seomple 1: Ay, "eeee W
Sample 2. Az, esss MY
The norma)ized abundances in Semple 1 are defined o3: .-
LT W A -
L I T TR v
" ° bt
W’ Ci ¢ ccce oy ‘
Wa1 © n

Ry +8¢C1 ¢*....*
Where Mgy * Ng) * Mgy ¢ .... * Ny ° 1.0
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In a similar way the normalized abundances for sa;ple 2 can be defined.
~Also for sample 2:
Na2 + Ng2 + Nc2 + «cvo + Np2 = 1.0

L

1f the abundances of the variables in sample 1 and sample 2 have the
following relationships: .
A} > A2; By = B2; C1 =C2; ... ny = n2

then the inequalities: .

Ng1 < Ng2; Mc1 < Nc2i -.-« Mn1 < Nn2
are art1f¥c1a1, having been'produced by the normalization calculation.

Let Ay # B8] +Cp + coee # 1 .1
Ay B2 +C1 * ..o vt M I -3,

where M is the fraction that sysiem 2 is smaller than systeml,

Since Np) £ AL © and, Np2 = A2
¢ Al +B1 +C) +....t g R2 + By + Cp +ouuut M2
then Naj = M.A) . 7
‘e R : 1 -4
Also, Ng1 = M; Nc) = M, cmoe; an, =M ¢ " _
Np2 Nc2 Nn2 I -5
by

In the case where the abundance of more than one variable in sample 1

changes, equation Il - 5 must be modified to exclude the changed

variables and equatian 11 - 4 must be rewritten. If both Aj and By °
1 Wi

. vary then: . ,
Ay + 8 . NA1 + Ngj . 1

K2 +8B2 Naz +Ngz M 11 -6

4’;
g
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Using equations I1 - 4 to Il - 6 the artificial variation of any com-
_ponent fn a closed system can be qualitatively assessed. For example,
consider the normalized abundances in Table II - 1V, Sample 1 is
described b} the average normalized abundances of the saturate,
aromatic, maltene and sulphur components from the Westerose oil.
Sample 2 is defined by these four cdmponents from the Big Lake oil.
These two oils represent samples from a high temperature and low tem-
perature pool, r;spectively. al;ng the Homeglen-Rimbey-Redwater D-?
reef trend. The saturate content of the Westerose Oiijs markedly

TABLE II - 1V
Normalized Average 0i1 Compositions for D-3 Pools

Saturate Aromatic Maltene Sulphur Reservoir

Pool 1 g % % Temp °C

., Westerose D-3 71.5 26.4 1.8 0.3 82°C
Big Lake D-3 56.0 39.9 3.6 0.5 58 °C
Buffalo Lake D-3 3.2 55.5 5.5 3.1 57°C
Wizard LakewD-3 64.2 31.5 4.1 0.2 72°C

v

higher thar® the saturate content of the Big Lake o0il, while the
aromatic, maltene and sulphur contents in the Westerose of) are much

lTower. It is possible that the normalized abundances of the Westerose
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ofl fractions were produced by increasing only the saturate content of
the Big Lake ofl through a process such as thermal maturation. Let the
normalized amundances of the saturates, aromatics, maltenes and sulphur
be Np, Ng Nc and Np. Then, by using equation 11 - 5 the M values for
these four variables from the Big-Lake ofl (sample 2 equivalent) and
Westerose of1 (sample 1 equiva]ént) were calculated and listed in Table
I1 - V. From these M values, Aj/A2 ratios were determined from
equation II - 4 using the calcualted Na1/Na2 ratio of 1.28. When the

precision of the aromatic, maltene and sulphur analyses js considered
TABLE II - ¥ .

Closed System Faclors Calculated from Phe Composition of the Big Lake

and West:orose 01ls.

Component M | SYLY:

Aromatics 0.662 1.93 Naj/Na2 = 1.28
Maltenes 0.500 2.56 a

Sulphur 0.600 2.13

(SD.M = 0.05 to 0.20; see F;art I, Chapter 11) the difference in the M
ratios in Table II - V is not sighificant. Consequently the variation

{n the 'Wed agomati¢, sal¥ene and sulphur abundances between the
o, . .
¢k

@
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. v
Big Lake and Westerose oils may only be the result of the conxrunts

of the closed number system, and not genuine. The ‘utura;te content of
the Big Lake of1 need only be increased by a factor of around 2.2 to
produce the observed ?;anges in the abundance of the other three
compounds. If a similar comparison is made between the 1o sulphur Big
Lake of1 and the high sulphur Buffalo Lakel oil (refer to Table Il - IV
and Table It - VI the disparity between the saturate, aromatic and
maltene contents can also be exphined by the ‘closed number system.

o,

The saturate cad

he Big Lake 0i1 need only be reduced by a
TABLE II - VI

Closed System Factors Calculated from the Composition of the Big Lake

and Buffalo Lake Oils. ' N
) 6“

Component ) M L SYLY
L
Aromatics 0.723 2,14 NA1/Na2 = 1.55
Maltenes 0.654 2.37
Sulphur ' 0.161 9.60 e

factor of about 2.3 to cause the observed changes, within the error bof
analysis, in the normalized aromatic and maltene contents of the
Buffalo Lake oil. On the other hand, such a large disparity in the

normalized abundance of the sulphur variable tn these ofls cannot be

~
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explained by the constni.ts of the constant sum. The guffalo Lake of)
may therefore have received & mtnd ‘{ncrement in n: sulphur con-
tent.

Not all of the oil pair comparisons show such a high degree‘o'f
dcponden.ce oh the closed system effect. The comparison between the
norwmalized abundances of the saturate, aromatic, maltene \nd sulphur
.coqomnts in the Big Lake and Hiurd Lake ofls is an example. Not one
of the M factors listed in Table 11 - VII {s similar within a

reasonable value of analytical precision. In this case, a&s noted Uy
TABLE II - VII >

Closed System Factors Calculated from the comPosition of the Big Lake

and Wizard La}ke 01ls. *

Component ~ :4 A1 /A2
‘ o
Aromatics 0.790 1.45 Na1/Np2 = 1.18
» Maltenes 1.140 1.00
Sulphur 0.400 2.86

Miesch (1976), the amount of varfability in the data accounted for by

the closed number system is uncertain.
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In the above comparisons between the Big Lake and Westerose dils and
the Big Lake and Buffalo Lake ofls, a variation in ihe ut.urite’ content
by @ factor of around 2X was required to produce the observed vkrution
in the normalized abundancesoof the other variables. If variatiions in
the saturate content of such a magnitude are possible, t}wn the
hypothesis that much of the varfability in the data is causeci by the
closed number system effect, together with.the analytical précision,
cannot be rejected. This implies, but does not prove, that tb'?ere may
be no natural variability in the components whose M values ar* equal.
If a factor 6\' 2 1s not a reasonable value, then there is a dégree of

genuine variability in the components with equal M values, though the

amount of thi§ variability fis dncertain.

These oil pair -comparisons point out t‘hat the variability of the oil
fraction data could be controlled almost completely by the variability
of one or two components (saturates and sulphur) through the closed
number system effect. Consequently inferences of the role of processes
such as maturation, biodegradation, sulphurization and deasphalting

based on correlations amongst oil fraction data are of uncertain

value.
b) Q-Mode Factor Analysis of the 0i) Fraction Data.

Q-Mode factor analysis (refer to Joreskog et gl.» 1976) is a multi-

13



variate technique that is not greatly affected by the closed nunbcr'

system problem (Miesch, 1976) and, therefore, 1s well suited to the
interpretation of constant sum chemical analyses. This method
cllasslfies objects (.smples) in terms of fundamental characteristics
(factors) which have been derived from measurements o% variables which
characterize the object. However, the processes (geochemical) which
are responsible fg;- the classification cannot necessarily be directly
inferred from the Q-mode analysis.

A data matrix consisting of 5 of1 composition variables and 51 ofl
samples was constructed for Q-mode factor analysis (see Table 11
- II1). The 5 composition variables were the contents of saturate.s.
aromatics, maltenes, NSO's and tota)l sulphur in the ofl samples. The
47 oils consisted of sing]e'pool samples, duplicate and triplicate
samples from a single well sample and samples taken from more than one
well in the same pool. O0il saqﬂes were taken from Upper Devonian D-3
pools along the Wimborne-Duhamel, Homeglen-Rimbey-Redwater and
Stettler-West Drumheller reef trends. For comparison, a fourth suite
of of) samples was takert from the Middle Devonian Keg River pools at
the Zama-Yirgo field in N.W. Alberta. From what is known about the D-3
Formation hydrodynamics (Hitchon, 1969, 1969b and 1971) and the closely
related phenomenon of oil migration, and from a study of ofl-source
rock correlations (Deroo et al. Q977) it is very likely that the Leduc
ofls have had a common source. The marked differences in the D-3 oil

compositions noted by Hitchon (1964) and observed in this study (see

%.

|
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Table Il - I11) can therefore be attributed to alteration factors that
affected these oils during generation, primary migration, secondary
migration, or during their period of residence in the reservoir trap.
It has been assumed that the ofl source does not have a large inherent
nrubillity. 8y including the Keg Rilver ofls, a suite of samples whose
source was probably different from the D-3 oils was introduced to the
data matrix. It was expected that the Q-mode analysis would define a
source factor, and one or two factors related to oil metamorphosis by
processes such as maturation, biodegradation, deasphalting (refer to
Evans et al. 1971) and sulphurization (refer to Pryor, 1962).
i []

The technique used in the Q-mode factor analysis to define the symme-
trical similarity matrix, H, from the percentage range scaled row
.aarmalized data matrix, W (refer to Joreskog et al. 1976) was the
cosine theta index described by Imbrie and Purdy (1962). This index
emphasizes proportions and not magnitudes. The cosine theta index is
suited to the measurement of similarities between the row vectors of
the W matrix when 'tbh';‘v'air'iables (columns) represent chemical
compositions. Q-mode analysis classifies samples according to their
similarities with reference to a minimum number of extracted factors.
The Q-mode program used was CABFAC which has been described by Klovan
and Imbrie, 1971.

1%



In Table Il - YIII the eigenvalues for the principle cosponents
solution are listed. Figure 11 - 3 11lustrates a plot of normalized
varimax factor components for three factors extracted from the scaled

TABLE I - VIII

Eigen Values

No. Eigenvalue Cum. Variance
1 35.8469 76.27
2 9.3131 96.09
3 1.1635 98.56
. 0.3742 99. 36

percentage range row normalized matrix of.oil samples and compositions.
The communalities for the three factor varimax factor component matrix
(refer to Table II - IX) were all in excess of 92% and generally in
excess of 97%. The communality is a gauge of the ability of the chosen
x factors, here 3, to reproduce, in x factor space, the position of the
scaled row normalized object, represented in n variable space, where x
fs usually less than n. The larger the communality, the more exactly
1s the original object described by the factors. In Figure I1 - 3 the

oil samples plot as a continuum between Factor I and Factor Il, with
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TABLE 11 - IX

Varimax Factor Matrix for Three Factors

Well

8L 13-1
8L 13-2

Comm.
.9161
.9531
. 9834
. 9897
. 9984
.9723
.9793
. 9941
.”29
« 9961
<9934
. 9907
. 9946
9993
. 9854
. 9955
9737
.9993
. 9988
. 9946
. 9960
.9830
.9781
.9823
.9910
.9851
9625
.9873
.9917
.9998
.9982
L] 995 7
.9983
9773
.9904
. 9969
.9823
.9910
. 9946
.9914
. 9980
. 9646

.6470
.6523
.6564
9624
9657
.9038
<9424
.9597
9254
-9490
.7867
. 7885

.8648
.8493
.8826
.9618
.9891
9772
.9811
.9795
.5914
.5853
.4305
.1151
.8596
.1930
.1833
019‘2
.1657
1762
1777
.1780
.1988
.1778
1717
.1991
.7323
.9786
. 9836

.8484

1

. 7006
.7132
.7221
. 2505
.2537
« 3655
. 2838
.2680
. 3626
3118
.5670
.5729
.5534
.4716
.4622
. 4205
.0370
.0956
. 2089
.0160
.0526
+7950
. 7969
.8894
.9789
.4576
.9578
+9754
.9764
.9859
9805
.9818
. 9829
.9596
.9735
.9833
.9678
.6675
.1473

.3807
.3136
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TABLE 11 - IX (Cont'd)

KR 2
KR S1
KR S2
GP 4
¢ S-1
6P S-2
w10

Yariance

Cum. Var.

.4128
3793

42.484
95.816

143



o sVight tendency to plet in Facter 111 space. Since replicate
analyses of of) samples gnd ansiyses of more Wen one wel) fred & poo!
Rave been included in the data metrin, approaimpte confidence arees can
be Gafined. These are represented by dashad o))ipseids in Figure 1! -
3. 01) samples that Vie within an ellipsoid connot, with any
confidence, be said to be from ¢iffereit poels. Comvarin the single
pool and enalytical veriadility, only the Wimborne olls, ”uniy the
Sashew of!1 and al) dut two Keg M’nr on))u\ot off the Factor 1 -
Factor 1! join in the positive Factor 111 quadramt. Within the limits

9
- of single pool @ata verishility, Wizerd Loke, Slen Park, Gelden Spike

(
and Big Lake oils plot off of the Factor I - Factor Il Join in the
negative Factor 111 quadrant. The remaining ofls plot along the Factor

L}

1 - Factor !l join,

[

c) Interpretation of the Q-Mode Factors

An interpretation of the three factors extracted from thc 0-3 ofl

fraction data s essentially a Qﬂnition of the altcntlo,n-’rocuns

L ¥
that have affected the oils and a definition of un oin’, soncc.,

vé
B

interpretaticn of the factors is facilitated thrbu’ Olt sctﬂ d

matrix (see Table Il - X). According to Jorgskog n al .({176) ﬁc
varimax factor ]“de':“. A, can be ch&ﬁk’ ow.. tmo.ct‘g

t

,?"

the scaled percentage rahge cpw normalized uta trin I ahe tbq et :"cﬁ‘!
- “ 2
‘

varimax factor scores pokrix, F. That is: A (11 - 7),A)so‘. "
W= AF' (I - 8) where F' s the transpose of the 2.  Theretore "
"" ‘
). r :
% .
4

=

;"'\:..

- - e
-

A



DS
.

the position of the origina) rew norms!ized object 1n m veriadble apéce

con b referenced exsctly n » factor space vhon the communalities are '

oqual to unity, thet 1y whan 811 of the factors ore uted. "When the
commnalities ore less than wnity, that s when only & fev of the
extracted factors are vsed, .:ho following relationship epplies:
3- ” (1 - 9. :\s o satris which approaimstes the ezact ¥ matrein
ml 14 ¢ metrin of rotsted factor losdings which correspond to the
reduted matriz of facter scores, ? T™he larger the cosmmunal ity of the
sstrin of factor loadings, the better i3 the approaisat ion of the ¥
astein by the matria, Q The factor reduced equivalent to equation
1 - 714 :- ; (1 -9 It 18 this equation that ‘can be used to
{nterpret the mpaning ?f the fayors fvea the factor scores matrin,
fquation (11 - 9) states that the verisax uc;or loadings for =
factors, Ner@x {3 3, con be calculated by the matrix sultiplication of
the scaled percentage range row normalized date matrix for n variadbles,

¥, by the reduced factor scores matrix, '

Referring to the 'F. matrix for 3 factors, in TadbYe 11 - X, 1t is
appcArtnt that the position of we § vartable of! sample 18 3 factor
space, with reference to the 'Hr.‘st factor, i3 controlled mainly by the
saturate factor score. The maltenes and NSO's have ohly @ minor {input
to the Factor 1 loading and the sulphur and aromatic contents have an
even smaller contribution. In Figure 11 - & the varimax Factor 1
loadings have been plotted versus pr.tsont day reservoir temperature.

Three ofl groups }an be ¢efined based on relative data grouping and

(

18



VARIMAX FACTOR [ COMPONENTS

FIGURE 11 -4

PLOT OF VARIMAX FACTOR 1 LOADINGS
ves FORMATION TEMPERATURE
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"o ® 17
TABLE II.- X

‘ .
Yarimax Factor Scores Matrix

4

or Scores | ®

v Variable ' 1 ' 11 111
Saturates 0.974 -0.144 0.175
Aromatics 0.026 0.693 0.271
Maltenes 0.138 ' 0.379 -0.437
NSOs 0.174 0.517 -0.529
Sulphur -0.038 0.466 0.652

have been designated as: Group A, Group B and Group C. On the basis
of other parameters such as n-C1g/n-C31 ratios and sulphur and carboh

tsotope data, the West Drumheller oil will be classed with Group C
oils. - Group B 0ils have a statistically significant positive linear
correlation between Factor 1 values and present day reservon\/tempera-
ture [for a sample (N) of 13, the correlation coefficient (r) is 0.95]
which suggests that Factor I reflects the maturation process. Little
confidence can be p]aéed.in the apparent negative correlation between
Group C Factor I vah{es and present day reservoir temperature. The
Group C samp.le size (5 oil pools) is too small, anﬁ the variability in
the' data too low to do a méaningfﬂ statistical analys1§. Group A c;ils

’ 1
have a large varimax Factor 1 component but have no correlation of this

¢



component with reservoir temperature. The fact that these ofls would
have to be shifted to higher reservoir temperatures to plot with Group
B 1s interesting. If Factor I d;:; represent the maturation process,
then the Group A ofls have matured at reservo1r temperatures greater
than their present values. Group A 0ils might have been affected by
geothermal anomalies (hot spots) that have since subsided. An analysis
of the state of maturation of ¢he kerogen tn thg shales fapping the
Group A reservoirs could support or negate this contention. An equally
possible and preferab]e.explanation fs that the Group A ofls are up dip
accumulations of ofl which has been displaced from deeper, hotter, D-3

traps by gas. Gussow (1954) convincingly argued that this spill point

migration process occurred in the D-3-Cooking Lake reservoir along, the-

Homeglen-Rimbey-Redwater trend. Figure Il - 5 is a plot of the sgaled
percentage range row normalized* saturate contents versus present day
reservoir temperature for the D-3 oils. The same 3 oil groups are
defined, but the correlation of the saturate content with reservoir

temperature for the Group B 0ils is much better than the correlation of

" the varimax Factor I component with present day reservoir temperature.

.’

s

,!
*The percent range row normalization scaling calculation is an option

in the Q-mode factor analysis programme, CABFAC (Klovan and Imbrie,

1971). This procedure has been discussed by Miesch (1976).
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™~ SCALED NORMALIZED Olk SATURATE CONTENTS

av

FIGURE 1 - B

PLOT OF THE SCALEO NORMALIZED OIL ‘¢
SATURATE CONTENT v& FORMATION TEMPERATURE
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A

éf Factor 1 does represent the mtuntion process. plotting the Factor
1 varimax components against a mturetion parameter deﬁncd from the
composition of the oils should result in a significant positive
correlation and Group A oi1ls should be incorporated into Group B.
Group C oils should remain a distinct group since their compositions
ar; controlled almost entirely by Factor II. The maturation parameter
defined for this plot (see Figure II - 6) was the n-Cyjg/n-C3) ratio for
normal paraffins isolated from the saturate fraction using an (iV 101
column (refer te Part I Chapter 1). The n-Cy6 and n-C3] peak heights
above the napthenic enveiop of the chromatogram were measured and the
ratios calculated. The varfability in the data due to analytical crro#
and pool inhomogeneities {s reflected by the spread of the replicate’
‘\data poini.s for, the Erskine, Stettler, Big Lake, Glen Park, Wizard Lake
and ipbdbend pools (see Figure 11 - 6). Matuntion affects the
n-paraffin homologs by decreasing their chain length, that is, cracking
the alkane moigcuiés (McNab et al. 1952; Morrison and Boyd, 1968). As
a result the —!i:-Clsln-Cn ratio will increase with increasing inten-

sity of mturaﬁion or with increasing length of exposure to a certain
level of maturation. In the reservoir, ofl is matured in a time;_tem-
perature framework and the n-C1g/n-C31 ratio will be controlled 6;

both temper;ture apd length of exposure of the oil to a specific
temperature or temperature gradient (Connan, 1974). In Figure 11 - 6
the n-L16/n-C31 ratio has been plotted versus the varimax component

for Factor I. Growp A oils have merged with Group B and the combined

150
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PARAFFIN FRACTION n-C_/n-C_, RATIO
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FIGURE Il -8
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f
group (Group B') shows a statistically significant positive correlation

with temperature. Group C ofls remain a distinct group, and the West
Orumheller o1l has been 1ncluded with this group. .
Thggor scores for Factor 1! (see Table II - X) show that the
leading of ofl compositions onto the second factor is controlled almost
equally by the aromatic, NSO, total sulphur and maltene variables. The
saturate factor score produces only a minor negative loading of the
s§turate contents onto Factor I1I. Published data by Toland (1960),
Pryor (1962), Bestougeff and Combaz (1973) and Gousseva and Faingerch
(1973) indicate that Factor 1] may reflect the sulphurization process
of a crude ofl and the related hydrogen sulphide generation‘reaction
within the reservcir trap. These authors provide experimental: evidence
that shows the sulphurization of a crude ofl results in an increase in
1ts sulphur content as well as increases in .its aromatic, NSO and.
asphaltene abundances (refer to Part II, Chapter I). These same four
o1l fractions are emphasized by the Factor II Scores. The Stettler,
Erskine and Buffalo Lake cils which have the highest Factor II values,
also have the highest o1l sulphur coq}ents and the highest volume
percentage of hydrogen sulphide in their sAAution gases (see Table II -
II). This is consistent with the o011 sulphuyrization reactions

discussed by Toland (196C) and Pryor (1962). ’

* "



A satisfactory 1ntorprctation of the third factor cannot be given. The
largest factor scores for Factor |1l (refer to Table Il - X) are the
m!t“ and NSO values (ne.iu) and the sulphur value (positive).

Consequently, Factor Il may be related to the deasphalting (see Evans
et a1. 1971) and the sul‘phuriution processes. Three of the five Keg
River oils plot in the positive Factor I1l quadrant which suggests that
Factor IIl may in part ro;;rcscnt oi1 source. However, the D-3 Wimborne
‘sqgples also plot in the positive Factor III quadrant, and two Keg
River ofls plot alongj* Factor I - Factor Il join., Either the Keg
River and D-3 ofls M:e 2 very simildr source or the oil fraction
abundances cannot be used to discriminate between oils from different

sources.

Because the ofl composition matrix reduces to essentially a two factor
,iystem, the varimax factor loadings matrix is closed. As a result
Factor 1 and Factor Il have a built in negative correlation which is
unrelated to natural variations in the ofls’' compositions. The plot of
the oil samples as a continuum between Factor I and Factor Il in Figure
Il - 3 is a direct result of this closure. Furthermore the correlation
between Factor | and parameters such as reservoir temperature,
n-C1e/n-C31 ratio, etc. could be made, but in a negative sense, using

Factor Il (see Figure Il - 7). However, these Factor ! or Factor II
plots define separate oil groups which do not form opposite ends of a

continuous trend. Furthermore, the interpretation of the factors in
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terms of the factor scores is st111 valid in spite of the closure of
the factor loadings matrix. Therefore, the interpretation of Factor |
and Factor 11 as a reflection of the maturation and sulp\uriunon
processes, respectively, is still valid.

L]

d) Biodegradation of D-3 and Keg River O1ils

The bacterial alteration of the D-3 and Keg River oils cannot be
excluded as a process which has affected the composition of these oils
on the basis of the above factor analysis. Biodegradation through a
closed number syétem effect, increases the contents of aromatics,
aspha]tene‘s and sulphur in an ofl at the expense mainly of the
n-paraffins which are preferentially metabolised by the bacteria
(Jobson et al. 1972). To some extent, asphaltenes are generated during
biodegradation (Bailey et al. 1973). Sulphur can also be produced, as
hydrogen sulphide, by the symbiotic association of the anaerobic
sulphate reducing bacteria with the aerobic oil degrading bacteria.
Therefore Factor Il with its near equal emphasis on the aromatic,
asphaltene, NSO and sulphur components could also reflect biodegrada-
tion. Furthermore, the, nearly complete control of Factor I by the
saturate oil component could be argued as a case for the bacterial
alteration process since the n-paraffin portion of the saturates fis

preferentially utilized by the bacteria.

188



There are ether variables which make unacceptable the irnterpretation of
Factor [ and Factor 11 as o reflection of biodcgrfdctloa. Figure Il -
8 11lustrate a comparison of n-paraffin profiles for oils which have
decreasing Factor [ contents and for oils which have undergone
progressively greater degrees of biodegradation. The abundant C;3 to
Cag n-paraffin peaks, the relatively low C30* n-paraffin contents and
the relatively broad-low napthenic base regardless of the Factor [
value for the D-3 ofls are in marked contrast with the biodegraded
oils. The degraded ofl profiles (reproduced from Jobson et al. 1972)
show increasingly depleted n-Cy3 to h-czo contents, increasing contemts
of C30’ n-paraffins and a shortening and peaking of the napthenic
envelop as the extent of bacterial alteration intensifies. No oil for
which a saturate profile was run for this thesis, including the Keg
River oils, showed conclusive evidence of biodegradation. Phytane, an
{soprenoid, is an organic fossil (Barghoorn et al. 1965 and Eglington
and Murphy, 1969) producgd directly from one of the more complex
biological molecules. It is not a product of the multist_ep petroleum
maturation reactions. Its branched structure gives phytane a
resistance to Sacterial consumption and as a result the peak height of
phytane grows relative to n-Cjg as the oil becomes progressively more
biodegraded. Therefore a plot of the Phytane/n-Cig ratio for bacteri-
ally altered oils should show significant trends. In Figure Il - 9 the
Phytane/n-Cig ratio has been plotted versus the varimax Factor 1 com-
ponent. The correlations defined are statistically significant. The

same two oil groups defined by the n-Cjg/n-C3; vs. Factor [ plot (see
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Figure 11 - 6) are @afined in th’nmlﬂ;'ouw ¢ agrom,

Sroup §° ofls shew the expected result of an incress ing Phytand/n-Cyg
retie with ﬁen«" Fector | eon'ot Miwever Group C otls which
howe the lowest n:tor I content, ond hence could hm undergone the
westest extent of Mo‘nndltion show chuun th/n-cu ratios

Mt%hcnuqn mm I values. This 1s comtrary te the rolouomMp .

expected from the dlodegradation of these cryde ofls. Unfortunately,
the Phyteme/n-Cig ratio 1s sensitive to .tpu"on.. and theluepstive
correlation of this retie with Factor ! values s also ﬂn!’.pudic-
teble from the thermsl alteratien of the cruds ofls. WRY! experimen-
tat d:ta are compiled which mrm‘criu biodegredation and meturation
processes using the slopes, intercepts and topologies of the
vma»‘}'@—c,, scatter diagrams, such plots are only_speculative and
Qofh 1ntonchus i ve.

(Y]
. .

n..‘h s other evidence which f1adicates that biodegradation is an
wluly process in the D-3 and Kog River reef system. ln a paper by
WinCers and Willtams (1969), thc Bell 8reek of! pool was stated to Mvo

‘ _bnmq«b’oded pr'nclpall) by aerobes along the contact of the norma! .

M) ﬂold brim Oith an Influx of fresh oxygenated water. Such a
hydroqwc sitmm does not exist in the D-3 reservoir along either
f.;n. the three reef trends sampled (Nitchon, 1969a and 1969b) or 1in the
: Keg River reefs at the Zams ang Virgo fields. It fs even more unlikely
flﬂnt the D-3 po\ols and Xeg River pools can support a sulmsc rodfu:ing

bacteria population since these microbes require a temuous symbiotic
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existance with‘lerobes, as the sulphate reducers cannot wetaboi_ize
.',crude oi1 (Harwood, i.973 and Jobson, 1976). Furthermore, the sulphate
‘_reg)ucing strains cyltured from crude oils are dormant or killed at
temperatures near %0°C. The lowest temperature pools studied, West
Drumheller, Buffalo Lake and Big Lake have a present day reservoir

-

temperature near this 1imit. |
¢) 011 Families

An ofl family was defined by Marzec et al. (1971) as a group of crude’
oils which has undergone the same chemical metamorphism (maturation)

* and have been derived from the same souree rocks. Although the
preceding factor analysis did not adequately discriminate betweep Keg‘
River and D-3 giis a substantial Factor 11I loading did separate three

. of the five Keg River oils from the ‘majority of the D-3 oils. However,
the tdentification of oils from‘d'ifferent sources using this factor
analzi s was not satisfactory. Data reported by Deroo et al. (1977)
indidai:e that the ofls from the Homegien-’Rimbey-Redwater trend were
derived from the s;urrounding Ireton and[\Durernay shales. Since the
Wimborne-Duhamel and Stettler-West Drumheller reefal pools have a
"sinilar geological setting,'their oils were probably Qenerated from
these same source rocks. Furthermore, the D-3 reservoirs along these
three reef trends have aquitards betueen them (Hitchon, 1969a and
1969b) and any significant secondary .hydrocarbon migration between the
?_ trends-wouid' therefere be inupno’bable; Conseqdenti,y. the classification

\l

-



of the sulphur—poor ofls from the Hinb'orno-buhanl‘/pools with the
nglen-nim_y-aeoda.ur ofls to form Group B' 1s évidonco that ‘thou
two reef trends contain ofls which have been derived from the same
source rocks. Jhe ét;ntinuu: of Group B' and Group C oils along the

Factor I - Factor Il join (see Figure II - 3) is the result of the

closure of the varimax factor loadings matrix, and the probable .

circumstance that these two ofl groups are cegenetic but. diffcr 1;|
composition due to varying extents of ntuntion and squhuriution
It 1s thereforc 1i{kely that the D- 3 ofls from the Honeglen-kinbey-

‘Redwater, Wimborne-Duhamel and Stettler-Wimst Dry)ﬂlf ri.t;.nnds
form che ofl fmﬂy "

161
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Section 2: Sulphur lsotopes of 0-3 and Keg River 0ils °

 J

The total sulphur content of the D-3 and Keg Rivér oils was
quaﬁtitativﬂy extracted using the Parr Bomb procedure described in
Part i, Chapt;r I of this thesis. The extracted sulphur was then
R converted to silver sulphide and oxidised to sulphur dioxide for
| sulphur 1sot0pe analysis (see Part I, Chapter 1). The sulphur {isotope
data ar.’ffgport.d in the 534 notation .and listed in Table Il - XI, s34
is definéd as:

[

s = 534/532 sample - 1Y 1000

§34/532 styndard

and has unite of ;)er mil (©/00). A1l sulphur isotope del values
\ are quoted with respect to the mgteoﬂte standard Canyon Diablo
troflite. A summary of sulphur isotope caliBration and correction
proceduires and measurement reproducibility and accuracyR+s given in
Part I; Chapters 1 and II of this thesis..
> -
Figure II - '10 illustrates the sulphur isotope distribution for o.ﬂ
sul‘phur exfncted from the Upper Devonian D-3 and Miédle Devonian Keg
River oils. Statistica]ly speaking, the mean 8534 values of the sample
- ofl populations tahen from the Homeglen -Rimbey-Redwater, Wimborne-
Duhamel and Siettler-uest Drumheller D 3 poo1s are not significantly

different.  The mean sulphur isotope value and standard deviation

et —
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FIGURE 11 - 10

SULPHUR 1SOTOPE VALUES FOR DEVONIAN OI€S
IN ALBERTA
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determined from 19 D-3 ofls in this study is ¢+ 13.7, & 3.49/00. This

mean value is comparable to the sulphur {sotope composition for 10
Leduc reef ofls, from the same of1 population, determined by Thode
ot al. (19%8) to be + 12, ¢ 1.80/00. The mean and standard deviation

for the Middle Devonian Keg River oils uwlod. at the lama-Virgo field
fs + 0.3, & 1.80/00. Statistically speaking, the sulphur {sotope compo- ’
sition of the Keg River and D-3 ofls is different. In Figure Il - 11 '
the sulphur tsotope composition of the oils hqs been plotted against

.!:c‘w l_ component. Group C and Group 8' oils are defined as

Q« gmn-u - 6) with the exception that the Malmo o1 s in-

\

. ¢l < uith Group C.* A fourth group of oils, D, from 0. Middle
‘~... D mi,cn Ku‘aiv,v formtion s also defined. The statistically
si ®nt negative linear correlations between §534 and Factor [ for
Gr and Group C cuils can de interpreted to indicate that the
u&”on in the sulphur isotopic content of of! sylphur is controlled ’ <
“ruion and sulphurization.

” ‘ [N
’ « a7 P
Since fhc 0-3 oil_sample‘ population was chosen to include extreme
. st.nes of gaturaﬁon and sulphurfzation, the fact that the D-3 sulphur
, 1.39t9ge populatfon fs statistically different from the Keg River 4534
po;;ﬂation is.a good indication that the sulphur source for the Keg
- Mver_'a;;dhb-B oils is different. Furthermore, the simt¥Pity in the

\J
- sulphur {sotdpe composition between the Group C ofls and Group B' ofls
- indicates that the oils‘ from the Homeglen-Rimbey-Redwater, Nimberne-
Duhamel dnd Stettler-West Drumheller reef trends have the same general
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FIGURE M - H

PyO1 OF FACTOR NTENT
gmo XeG RIVER ENTE

16.0-

‘-." '

4.0+

:o.“

-1.0-




v

sulphur source. .

According to Thode et al. (l!u)\end Tho;o and Qon’s_tor (1965) the
sulphur source for crude ofl s 'zun sulphate. Through the process of
bacterial sulphate reduction, eontemporaneous ocean sulphate 1s reduced
to hytfog;n sulphide which can then inmtéract with organic matter in the
source udﬁonts during very early diagenesis, producing immature
organosulphyr compou:ds. The definition of an absorbded hydrogen
sulphide phase 1n source rocks by Le Tran (1971) and Le Tnn ot al.
(1973) suggests that the sulphur.iution.of olls could eccur during
thoi; genesis o‘r 4 mre fevorable temperature range. (80 - 175°C).
Possible source§ of the absorbded hydrogen sulphige are: early
baCterhl.sulphate. reduction (Thede et al. 1958; Thode and Monster,

1965); thermal decomposition of originall -rich plant material
(Le Tran, 1921); and abtogenic chemical ons between hyd(_o'gen

sulphide, hydrocarbons and';ore-nter sulphate during petroleum®

. . - am s
genesis. However, as. noted by Bestougeff and Combaz TT1973) the

sulphurization of petroleum is chemically possible at al1 stages"of its
formation and entrapment. The ability of hydroc}rbons. aqueous
sulphate and -hydrogen sulphide to participate in a Toland type chemical
reaction (Toland, 1960; see alsg Part TI, Chapter I and Part 11,
Chapter I1I) and generate an abundance of reactive reduced valence
state sulphur compounds gives the of) sulphurizat fon process an equal
probability of occurring in either the source rocks or in the

reservofir, Furthermore, oils frem the same family (see Part I,
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Chapter 11, Section 1d) cen Mve o wide range (149/00) tn ulnu'r
fsotope composition (see Figure 11 - 10) due to maturati®n and
sulphurization reactions. Consequently, wsing the %34 yvalue "na
ofls to define & petroleum source or to relate crude ofls from &n ane
source could be misleading. For exemple, there i3 Vittle difference,
on & statisticel basis, between the sulphur fsotope fregquency dinr,*-
butions for the Middle Dovout’n Keg River oils from the Zama-Virgo
field (mean = 0.39/¢0, SD « 1.8) and for the Upper Cretaceous ofls
(mean = 2.99/00, SO * 1.9) amalysed by Thode st al. (1958). However,
the conclusion, based on sylphyr fsotope similarity, that the Upper
Cretaceous and Middle Deventan of1s have the same source recks weuld be
premsture due to the fact that the two ofls are separated geograph-
icatly by some 500 miles ond separated stratigraphically by two major
aquitards, the Boavorv.ml Lake - Ireton shales and Muskeg evaporites.
The sulphur fsotope cgmposition of a statistically meaningful sample
population of cru«.‘oﬂs 1s best used in coann;Hon with other
Parameters (see Erdman and Morris, 1974)' for the correlatiom of crude

ofls,

The relationship defined in Figure 11 - 1] is@ decreasing 6534 varue

with increasing Factor 1 conteat for Group B"and .G"oup Colls. Using
the correlation equations calculated for the plot of F;cu( 1 against
present day reservoir temperature (see Figure 11 - &) tﬁo sul}hur

1sotope values of the Group B' and Group C ofls can be related to an

m
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: average temperature® which is solely o meturation paremster. The q- '
relation cosfficiem (r) for the Vinear cerrelatien of (93 mmz the,
average msturetien t'utun (NET) 18 =0.28 fu' the Growp B’ du
+0.09 for the Group C otls (see Figure II - 12)
for the Group C ofls 1s statistically sigaific

1y the cerrele
o %W
confidence. The positive correlation between ¢$34 and the metu
paremster (AMT) for the Group C ofls sgrees with the trend ;
Orr (1974) who noted an increase in mean $M value s o' @
maturity incressed. The Group C oils and the Paleozoic lli asin
ofls, analysed by Orr (1974), ard Mgh sulphur varieties v
. 1n excess of 0.95. With the exceptien of the Wimborne peel, Greup §'
o1ls have sulphu? contents less than 0.9% and generally less than 0.5%.°
Therefore the different correlations between ¢S34 and average
.uﬁ-uon tenperature, obgerved.for the l1ow sulphur Group B' and Nigh
suWr Group C oils, suggedts that these two groups have undergone
different u\pmriutton-hwipmriqtion ructions and/or experienced

wy dlffcroni.oulpmrixatlon - desulphurization histories.
hd B N (]
o

+The equations used to calculate the average maturation tmiitun
(AMT) are: '
1) AMT = 62.04 Factor 1 + 19.38 - Group '
@ _ 2) AMT = 11.66 Factor | ¢ 63.?3 Group C

(scc Figure ll-‘)
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Ihe squhuMution.and desulphurizatien reactions and concomitant

sulphur 1sotop\ fractionations for a cryde ofl are of unknown .com-

plexity. _The reaction rates, reacting species and produéti. reaction -

pechanism and isotope fraction,tion factors involved, are ‘only known in

general. ln'Figufe 1 -13 and Figure 11 - 14 general reaction paths

are outlined for the oi1 sulphur system.

/ )

174,

In the source rocks 2 vir1ety of inorganic sulphur compounds’

(sulphurizing reagents) can be produced by two main classes of
reactions, biodegradation and maturation (refer to Figure 11 - 13).
During the, early staﬁes of source rock diagenesis, at temperatures less

tﬁan 60°C,

Oppenheimer and Broneer, 1963) wou\d‘generate-primar%1y hydrogen
sulphig€ which through a series of secondary reactions could produce
reducgd tran51t1on metal cations, bisulphide, nat1ve sulphdr and
polysulphides (Berner,‘1963). These sulphur compounds can then react
with organic matter to.produce a variety of immature sulphyr species
cha:@cterized by nonth10phen1c sulphur compounds and benzethiophenes
(Ho et al. 1974). The sulphur isotope composition of the immature
organosulphur compounds would be a function of the §534 value of the
source sulphate, the kinetic isotope ‘fractionation factor established
during the biological reduction of sulphate (Harrison and Thode, 1957,
Kemp and Thode, 1968), the equilibrium fractionétion factor established
between the HpS, HS~™, HaSp, S8 species at reservoir temperature

(Bernerg 1963; Sakai, 1968), the mole fraction of the various

he bacterial.reduction of pore water sulphate (refer to.

\J,\

a
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FIGURE 1-13 / |
GENERALIZED SOURCE ROCK SULPHUR SYSTEM |
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~ sulphuriziny reagents (Ohmoto, 1972) the gulphur 1sotope fractionation

factor(s) (§t
resction(s) which produced the qrganic sulphur compounds and the extent
of depletion of the source sulphur (sulphate) supply. J'portion of the
biogenico”y derived sulphUrizing agents could DL tained as an

sbsorbed phase (Le Tran, 1971 Le Tran et al. 1973) or as an unstable

transition metal sulphide (Berner, 1962, 1964, 1967, 1969, 1970) whic,h

could serve as a potential sulphur source for later;- (Mgﬁer
th;eratur.e) reactions. At higher suurce (enperatures (greuter than
60°C) a Toland type reaction betweer; sulphate and hydrogen sul;;hide
(Toland, 1966) would produce au abundance of sulphurizing reagents
(HoS, H28503. H2S03, Sg, H2Sp) which are capable of reacting with

qrganic matter and.newa formed hydrocarbons to pfoduce immature or
mature (depending on source Atenperatur:e) sulphur compounds (refer to Ho
et a1, 1974). The controls on the sulphur isotope composition of the
organosulphur compounds are essentially the same as those for the
biogenetically related orgg_npw‘lphur species except that the
fractiqnation factor for the initfal reduction of sulphate is not
established through biodNemical reaction mechanisms. The magnitude of
the fractionation factor may be essentially the same since both involve
kinetic reduction mechanisms with probably similar rate contr‘oning
steps (Harrison and Thode, 1957). Since the reactiqn rates/for the
generation of the sulphurizing reagents and organosulphur compougds are
temperature dependent (doubling or tripli'ng for about every 10°C
fncrease in temperature) the mole fraction of sulphur spucies pl:oduced

servoir temperature) for the kinotic or cquﬂibriunw
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>and fts sulphur uotqpc composition would bo temperature apondcpt.
Some of— tho.or.cmulpmf'cmoubds in the source have been inherited
from the original organic matter. Their sulphur.hotopo compasition
would be close to the contemponmoui sed ‘nw sulphate value (Kap\an
- gt al. 1963; mcﬁ,‘?qss). As a result, the svlphur isotope compo-
sition of the petroleum phase collecting in the nurvvoir. Jéct after
' primary migration, would be an avefage value determined by the lS?‘
value of esth érganosulﬁ’ur ’spcdo"i present d}mu by 1“-\*;
fraction. Since the organosulphur species, its mole fraction and its
su\ﬁhur isotope composifion vary with source temperature, the overal)
sulphur isotope composition of this of1 phase would vary as the source
tenperaiure changetf with increasing overburden thickness and
;%creasingly heat flux relatsd to geosymclinal - subduction zone
activity. o

Once in the reservoir system the crude ofl phas; 1s.free to mg{ate and
collect in a suitatile trap to }fom an-oil pool. If the ofl phase' forms
a *slug"” (refer to Levorsen, 1967) its sulphur isotope composition
.defi;»ed in the source should be retained throughout the secondary
migration stage. However if the orginos(slphur compounds migrate as
micells or in some solubﬂi'zed molecular form (refer to Baker, 1967;
and Price, 1976) further sulphur isotope fractionation could result
from diffusion.* The concepé of an initial sulphur isotope compos i~

tion for an ofl pool is useful but {1lusory since oil accumylation in a

trap can be a continuing process correlative with the period of time

+ According to H. R. Krouse {personai communication), any oil sulphur

isotope fractionation which results from micellar diffusion should be

minimal.

n
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required to pifi the source resks ‘threugh the ofl ‘géndration window

(refer to Biederman, 1976). Also, after the dource has passed 1ty ofl
mntlon capacity, on can be udistributod within the reservoir
through displacement by gas migrating up dip fron the lntmorphond
source rocks (refer to Gussow, 1954). The of1 pools that are affected
by gas displacement probadly form a ninority; for culp‘h. of the 18
kD-) An“ peols suplod in ﬁu study, only S show ovidonco of gas
atipTiA. Then, 1n a geheral seme, the fm?n ™ value of o
ol poel 1s achieved during the period of t

most significant

accumulation of organosulphur compounds. This probably coincides with

the maximum phase of 611 generation - migratton in the "source. The
concept of an initial sulphur 1s®ope couﬁosition is made even more
nopulo&s byin in situ reaction, agcompanied by sufphur isotope
fractionation effects, between mydrocarbons and sohrce-der!nd
sulphanes during or before the arrival of the organosulphur compounds

from the souvce. N

Once the ofl pool has achieved its 1n1th1 sulphur 1sotope composition,
this can he mdified within the reservoir - trap by three main types of
reactions (refer to Figure 11 - 14). These are:

1) biogenic sulphurization reactions
2) abiogenic sulphurization reactions
3‘) desulphurization (thermal decomposition) reactions

178
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"PIGURE 11 - 14
GENERAL 1 2ED RESERVOIR summ SYSTEM
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If :onmm t:nuturn yere low (less tham 60°C) and the hydro-
dynamics of the reservoir system suitable (vefer to Wiaters and
ﬁl"us. 1969) bactertal hydrogen ,ulpMdo and related ol;untal
sulphur and -sulphim could be produced. "The resultant ructnqs
between these sulphurizing agents and petroleum would produce a variety
of organosulphur compounds characteristic of the altered ofl group
defined by Ho ,_g‘_gl. (1974). The 4534 value of the bacterial hydrogen
sulphide would, on ‘the average, be seme 409/00 11ghter (more $32 en-
riched) than the parent sulphate (M. R. Krouse, personal communica-
tion). Equilibrium reactions between HpS, HS-, Sg and polysulphide
(Berner, 1963) could produce a further 120/00 $32 enrichment (Sakat,
1968; Tudge and Thode,v 1950). Therefore, on the average, sulphurizing
rngents soc.ne §20/00 lighter than th.e parent sulphate woyld be ex-
pected from the bacterial sulphur system.* Further sulphur: isotope
fractionation fs quite probable during the oil sulphurization reactions
by biogenic sulphur, but the magnitude of these fractionation factors
fs not known. At reservoir temperatures ove.r & range from
approximately 60 to 17S'C', a reaction between sulphate and hydrogen
solphide (Toland, 1960) s capable of producing a varfety of sulphur-
121ng reagents (HS203, HpS03, Sg, H2S, st‘n). The reaction between
these and petroleum would produce an ofl enriched M"tronatics, total
sulphur and asphaltenes (Pryor, 1962; Gousseva and Fainguerch, 1973).
Rates of a chemical reaction are related exponentially to temperature
through the relationship between the rate constant and temperature

defined in the Arrhenius equation (refer to Barrow, 1966). Therefore,

* Bacterial sulphide also exhibits a Targe range in 8534 valyes.



for a reaction between petroleum and o swiphurizing ru". the types,
mole fnctions and sulphur isotope compositions of the organowlphur
coapounds produced would depend signif icamtly on reservolr temperature.

The sulphur isotope composition of the tota! of} u‘alphur would dcpondl

°
on the mole fraction and sulphur 1sotope composftfon of the source-

fnherited and newly
proltfic mtur
‘rmlt in the ¢

oduced organosulphur compounds. However, the

ohnd reaction (Toland, 1960) would eventually
la 0' tha tota! of! wiphur being comtrolied,

f the
[}

through dilution, by the sulphyr isotope ce
organosulphur compounds produced by the reservoir s 2ation
reactions. In the case where no sulphate occurs in the reservoir, any
sulphuriution of the of 1 phase would result from a ruction with the
H2S - HaS, - Sg group of reagents which have migrated from the source.

However, the very reactive nature of these compounds together with an
abundance of reactive sites (transition metal cations, clay mineral
surfaces, unsaturated organic compounds) within the source rocks could
result in the retention of most of the source-generated sulphurizing
reagents. Therefore, the sulphur system history of ofls which are pre-
cluded from participating in a "Toland type® reaction is probably domi-
nated by the thermal decomposition of source-inherited organosulphur
compounds and the transformation of these into m'e.stafne sulphur com-
pounds suited to Mg:er temperatures. The tyﬁ of organosulphur com-
pounds which charact‘erizo Crude ofls undergoing desulphurization reac-

tfons are probably typical of the mature and mercaptan rich oil groups
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discussed by Ho ¢t al. (1974). The swipur fsetope eqoﬂﬂoa of oils
undergoing desulphurization would depend on the 0834 value of the

source inhdrited organosulphur campounds, the mole fraction of the &
sulphur compounds present, the sulphur isotope fractionation factors
for the varioud desulphurization reactions and the fuctio: of sulphur

Tost, as insoluble NSO compounds and geseous sulphides, from the ofl.

In the preceding discussion of the of1 sulphur system, »thc point was

made that the isotope composition of ofl w\pﬁur should dbe a function ‘

of reservoir temperature due to the control that temperature has on the
reaction rates and isotope fractionation factors of the sulphurization
and desulphurization reactions. Consequently, for the Group C oils
(West Drumheller, New Norway, Stettler, Buffalo Lake and Erskine) the
excellent positive linear correlations between .53‘ and AMT (see Figure
11 - 12) and .S“ and Factor | (see Figure Il - 11) together with the
low content of Factor I for these oils suppc:rts the concept of pn oi]
composition controlled by sulphurization reactions. The lnabi{ity of
the plot of ¢34 vs present day reservoir temperature to define ol
groups A, B or C (see Figure 11 - 15) and, for the Group B' oils, the
independent relationship between 4534 and AMT (see Figure Il - 12) s
not consistent with a stnightforn?d relationship between the
sulphurization process and reservoir temperatore. A final synthesis of
the of) sulphur system will be presented following the discussion of

theesulphur isotopes of the natural gases in the next chapter.
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o1 m!u ond their satyrate ond ardmatie: froctions wore esmverted to
cordbon mm- for ‘evhen 1oetepe mlnh. nin the wet uuouu
and Cortus Whe mathods dgecridbed in Port |, m I Cortom festepe
rotios ore glwn as «C13 velune referanced to the Chicoge steadard

Balemnitella amaricang from the Wpper Cretecosus Poe Dse Formatien.
€13 1s Gafined ae:

* . : 5 Y
. : e

£13 -(5135" mu - 1) 1000 and has ua'ts of
C13,¢12 seanderd

\

per mi1 (9/00). A summary of the «€!3 values for the D-) and Keg
River oils 1s given in Appendix Il - Il. Cardon iset calidration
and correction procedures, and messurement reproducidility accwracy
are discussed in Part I, Chapters | and 1 of this thesis. | Since the
carbon isotope determination for whole ofls was finished pﬁlor to the
completion of the sample prograsme, 6nly a portion of the wells have
whele of! £13 valyes. b

The mean and range of cirh' mm;pc analyses (-28%/00 and -27.29/0e

to -28.79/00) for oils from the Upper Devonian D-3 and Middle Devenian
Keg River formations (refer to Figure Il - 16) fndicate that these ofls
have been mm.utcd from marine source rocks (Stlverman, 1964

Sflverman, 1967) of Devonfan age (Degens, 190’.). This conclusion 1s 1n
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Yished ty those etter three precusses. ) '- L |
' Spesking strictly fn terms of -bnuu.- (] dum. ntﬁnlo for the |
carben isotape @Ifference BeRNSee She Sremtic and Saturete fagetions
1s provided ty & ponere! mturetion cqmtion @fined by Rezntkev (1967)
as:
_ thythones—oParaffias ¢ Aremtics

A gyathesis of Wis m;iu weing _ﬂnt order limlc resctions hes
successfully Gaternined the chemical age of o crude of ) (Rezafkev,
l!tr;.vm Q!l- 1977). 1In view of Wi mturetion cqwtion, s were
assningful carbon isetepe relationship between the i) frections couwld
be @fined by considering the sapthenss oad peruf¥ing saparétely rather
then as their grouped fractien, the satuvetes. Amalysis of the
saturate fraction reselts in the combisstion of a resctont (nepthese),
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whose original «l3 value was probably close to the whole of1 value,

.

with a C12 - enrfched product (paraffin). The resulting carbon isotope

vnue is therefore orny an average reflecting both reactants and

products. However, this value is still sensitive to the factors which
affect the fractionat'lon of carbon 1sotopes mring maturation. Due to
time restrictions and analytical prob1ems, the saturatge' fraction was

not split fnto its napthene and paraffin portions.

[

In Figure II - 17 the plot of the difference in 13 vatues between the

saturate and aromatic oil fractions against Factor I 011 contents shows
the variation of a carbon isotope quasi-enrichment factor with degree
of maturation. - The enrichment factor (a) is defined as:

spp = & - 8 /1 + 65 (Bottinga, 1968)
T000

The approximation 8p.g = GA‘- g can be used without incurring signifi-
cant error. Since the sC13 value of the saturate fraction and not the
paraffin or napthene group was used, ASAT-ARM is sensitive to mole

fractions of napthenes and paraffins and as a result cannot be directly
related to the isotope fractionation factor . Therefore this carbon
{sotope enrichment factor represents only findirectly an average of

several kinetic and/or equilibrium fractionation factors defined by the

chemical reactions implied in the generdl oil maturation equation:

“defined by Reznikov (1967). The carbon 1sé>tope enrichment factor (3)
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FIGURE It - 17

PLOT OF BCY (SATURATES) - BCP'(AROMATICS) vs
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is related to the isotope fractionation factor («) through the

following equation:

a = 1000 (¢ - 1)
According to the thermodynamic principles discussed by Urey (1947),
Tudge and Thode (1950), Harrison and Thode (1957) and Sakai (1968) the

magnitude of the isotope fractionation factor d\fminishos with.

fncreasing reaction temperature in both equilibrium and kinetic
systenms, “In Figure 1I - 17 the carbon fisotope enrichment factor
between the saturate and aromatic oil fractions has been plotted

against the varimax Factor I content of the Devonian oils studied. The

. resulting significant positive linear correlation (r = 0.44, N = 34)-

indicates that the chemical reactions that produced the C12 earichment

in the saturate fraction probably conform to thermodynamic principles,

in agreement with Reznikov (1967). However, the scatter of data in
Figure Il - 17 is so great that the carbon isotope ‘values from the
entire Devon‘ian oil population are of little value for the
identification of possible chemical reaction paths that could have
caused the obsé—rved isotope fractionation between the saturate and
aromatic oil fractions. If the data fr.om Group B' oils are trea '
separately (see Figure II - 17) the scatter of the plotted values is
narrow enough to give tolerable standard errors for the estimated
Factor I contents (+ 0.0766) and carbon isotope enrichment factors

(+ 0.499/00). The correlation between the carbon isotope enrichment

factors (Y) and varimax Factor I contents (x), (x = 0.112Y + 1.071 and
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Yo 4,387x - 5.588))1s satisfactory enough for the Group ‘t oils
(r=0.70, N = 18) ¢
effects involy uration process from a theoretical and
exper;mnntaI approach u a simplified mode! such as the one defined

by Reznikov N . p;

\

In Figures II - 18, I1 - 19 and II - 20 the §C13 values of. the saturate
and a;;matic of1 fractions and 4C!3 valye of the whole oil have been
plotted agfjnst factor 1. Both of? fractioﬁs and the whole oil,
particularljhfoﬁ the Group B crudes, show a significant enrichment in
€12 with increasing extents of maturat ion (cqqtent of Factor I). Using
a semi-theoretical argumént Silverman (196;, 1967).conc1uded that
cracking of source organic matter shoqu produce €12 . enriched hydro-
carbons (especially methane) and a heavy (cl3 . enriched) condensed
residue. Due to a cldgéd system effect (refer to Broecker and Oversby,
1971 and Kemp and Thode, 1968) progressive maturation of the source
would produce hydrocarbons that were successively more C13‘enriched
compared to earlier produced varieties (Silverman, 1967). Furthermore,
data from experiments by Sackett (1968), Sackett et al. (1968), Frank
and Sackett (1969) and Frank et al. (1974) in which crude 0ils were
cracked to meth;ne gas, indicate that the carbon.isotope fractionation
factor for a temperature range of 100° to 200°C is approximately 1.062,
methane gas being enriched in clz, Carbon isotope analyses on progres-

sively more mature sulphur rich oils from the Big Horn Basin, reported

by Orr (1974), indicate a 13 enrichment of the whole oil with

ry and determine the 1§6tope fractionation
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increasing nt;nt of maturation which supports the aferementioned
theoretical and oxpori.mul conclusions. Therefore, for the Group 8°
ofls, the observed C12 enrichment of the whole of1s with progressive
meturation does not conform to the accepted trend (C13 enrichment). A
Cl2,enrichment of an of) could be achieved if appreciable methane was
not produced during maturation (and therefore C12 vetained in the of1)
and the isotopically heavy condensed éyc[ic products, or a portion of
thes, iroctp#taton within the rescrv&!r by a process such as §;s
deasphaiting. 'h; decliine of the meltene content of the D-3 oils with
ifncreasing inftia) gas to 61] ratio (GOR) values supports the gas
deasphalting process (see Figure I1 - 21). In Figure Il - 22 the
$C13 values of the whole of) have been plotted against initial GOR
values. The.obsekved ¢C12 enrichment in the ofls with increasing v
solution gas content, for the Group 8' crudes, suggests that gas
deasphalting could produce the positive correlation between clz
content and maturation by the precipitation of the C13 - enriched
complex residue. Implicit in this argument fs a positive correlatién
between GOR and maturation. This correlation although valid (see
Figure Il - 23) 15 probably indirect and relatgd not to gas production
by the maturation of pool@d hydrocarbons but to gas production from the
maturation of the source rocks: and subsequegt- up dip migration. The
magnitude of the initial GOR {s therefore relitcd‘lo the proximity of

an of) pooi to the metamorphosed source rocks. This type of argument

is indfrect and will be reviewed when the carbon isotopes of the

C1. C2 and C3 gases are discussed in Chapter III.



.
¢ . 198

PIGURE Il - 21

PLOT DF INITIAL GOR ve % MALTENES
¢ s
[}
1308
o - “
) Oomor » oiLs
Q@wor c 018
1080
@ ©° .
g ™ d
J L 4
q -
z o © .
@ o ®
Lo I ‘g ©° @ °
O
200
¢ T LA T T T T
[ 1.8 2.0 3.0 4.0 9.0 [ 3 ]

% MALTENES



(%)

3C"

FIGURE N . 22 , .
mvogs S?stnou 0IL) s INIYIAL OOR

. %
- >

INITIAL GOR

[ ]
N . . .
.”l“
[ 3
-27.8
. 3
o o ©
®
-Z0.0-J o)
o © ° o
-29.0
Oonovr 9 01LS
.mrcogu



INITIAL GOR (CF/881.)

197

1200 =
FIGURE 1) - 23 - ‘
PLOT OF THE PARAFFIN n-C,/n-C, RATIO \.
ve INITIAL GOR FOR D-3 OILS |
1100 ~
OGROUP B' OILS
@CAOUP C OILS
1000
q o
e - ° °
TR (o)
700 -
o
o (o}
00 -
o)
S88 ©
; e ©
400 ©
P o
o
et 71 T T T T 1T T T T T T 1
[ ] 5.0 €.0 8.0 10.0 12.0 14,0 18.9

PARAFFIN n-C,/n-CxRAT]OD



The range of 4C13 values for the whele #i1s (see Figure 11 - 16) fs

" 1.49/00 and can b attriduted te msturstien. This ronge CGROSEPESSSS
peerly 273 of the varfation i the entire Devonian oC13 of) pepulation
¢o?1and by Degens (1909). Furthermore, the eyerles of the oC13 whole
of) pepulations for the D-3 and Keg River otls (see Figure 11 - M)
makes 1t impossidle to discrintnate between these ofls using oc13
values, a correlation technique seggested by Erdman cnl Morris (1974).
According to Koons ¢t al. (1978) a plot of «C13y o (0o s
€13 Sat.untu can be M to discriminate between of) families. This
plot (see Figure 11 J 20) Aoes net distinguish Between the Keg River
and D=3 of1s. These authors also noted that the range in ¢C13 values
for the aromatic of! fraction was greater than that &-tv.oc utuntu.-'
The standard deviation of C13 values for the saturate and aromatic
fractions for the Devonian oils studied in this thesis, respectively
0.89/00 and 0.49/00, supports this concluston. A comparison of the
standard deviations of oC13 values for the whole ofl (SO = 0.6), aroma-
tic fraction (SD = 0.8) and saturate fraction (SO = 0.4) indicates that
the saturate fraction data shows least variancd and is therefore best
suited to of! correlation problems, in agreement with Fuex (1977).
However, due to the significant linear relationships between maturation
and the o13 values of the whole of1s, and the saturate and aromatic
fractions, documented in this thesis and by Koons et al. (1974), {1t {s

necessary, when correlating oils, to define an oil family (refer to

Marzec et al., 1971) and its «13 varfation and then correlate on the
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CHAPTER 111
& STABLE ISOTOPE COMPOSITION OF D-3 NATURAL GASES

.Section 1: Introduction

Natural gas samples were taken from U. Devonian Leduc Formation oil and
gas pools along the Hoéeglen-Rimbey—Redwater, Wimbor ne-Duhamel and
Stettler-West Drumheller geef trends as well as from o0il pools in the
M. Devonian Keg River formation at the Rainbow-Zama-Virgo field in N.W.
Alberta. The gases, with the  exception of the Sylvan Lake, Westerose
and Wimborne samples, were dissolved in oil and recovered by expansion
using the procedure outlined in Part I, 6ﬁab£er I of this thesis. None
of the D-3 or Keg River pools sampled along the thrée reef trends or at
~the Rainbow-Zama-Virgo field contained metamorphosed hydrocarbon assem-
blages (refer to Evans et al. 1971). Hydrocarbon accumulations at this
stége of thermal alteration generally consist of dry gases with signi-
ficant concentrations of hydr ogen sQ?phide. D-3 gas pools containing
\~main1y pethane and hydrogen sulphide were sampled at Harmattan,
Strachan, Ricinus, Pine Creek and Pine N.W. (see Enclosures la and 1lb).
Some miscellaneous gas samples were taken from the Rundle Formation at

Harmattan, Lookout Butte and Pincher Creek, from the Halfway Sandstone

at Aitken and Wildmint, from the Viking Sandstone at Giroux Lake and
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from the Nahanni Formation at Beaver River. Only the analyse§ of the

A

Beaver River gﬁs have been included with the D-3 and Keg River data.
v

Since the majority of solution gas égmples taken were sour, that is
contain hydrogen sulphide in amouhts greager than one mole percent, the
entire solution gas content of the ofl Samﬁleﬁtould not be recovered
and 2 homogeneous sample then transferred to storage\bottles using a
mercury piston technique. Such a transfer %rocedure wauld result in a
significant loss of the-hydrogen sulphide gas component by a reaction
with the mercury to form metal sulphides. It is unlikely that the
expansion transfer technique used recovered a sample !hoce major
component analysis was representative of the entire s;z'o on gas.
However, the isotopic composition of the methane, ethane, |, ro%ane and
hydrogen sulphide components would probably be representative since
none of these gas components underwent a phase change during transfer.
Furthermore, no part of the transfer path was narrow enoudh to allow
molecular flow, the gas flow. was turbulent and the flow path short,
therefore avoidin§ diffusion isotope fractionation. Unfortunately the
sample programme was not designed to ascertain if there was a
significant (e, greater than analytical error) isotope difference
between gas that remafned dissqlved in the oi1 and gas that was
released during transfer. In the majority of cases, the solution gas
content of the oil was small enough to allow nearly complete transfer
of the gas, or at least the taking of a homogeneous sample large enough

for isotope analysis.
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One potential extraction problem as yet unsolved, is the difference
between the sulphur' fsotope value of the total gaseous sulphide
recovered as a cadmium sulphide precipitate and the sulphur isotope
value of the hydrogen sulphide component of the natural gas isolated
using a Porapak-Q co]unin (see Part 1, Chapter 1). Only three of twelve
comparisons between total reactive gaseous sulphide and hydrogen
sulphide sulphur isotope. values (refer to Table I - 1) showed
differences greater than analytical error (which is _4_c0.2°/oo). The

mean, range and standard deviation of the 12 isotope differences are
respectively: 0.3%/00, 1.19/00 and 0.49/00. In the three comparisons

where there was a significant difference, the hydrogen sulphide gas

component was always more $32 enriched. This suggests that the chrofa-

tographic separation could have caused this isotope 'discrgpancy as well
‘as any "natural" cause. Many researchers assume, without proof, that
there is an equivalence between the total gaseous sulphide and the
hydrogen sulphide component. This assumption will also be used in this
thesis. However, if the observed sulphur isotope discrepancy is not
due to analytical prob]ems,' then any model éonstructed using the

assumption that the sulphur isotope composition of the total reactive

gaseous sulphide is equivalent to *the sulphur isotope composition of

the hydrogen sulphide component will predict an improper relationship
roughly 25% of the time (ie 3/12).

Sulphur isotope and carbon isotope values for total reactive gaseous

sulphide, hydrogen sulphide and the methane, ethane and propane natural
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gas homologs are listed in Table II - XII and Table Il - XVI respec-
tively. Analytical errors and {sotope corr;ction equations are dig:
cussed in Part I, Chapters I Ad 11. The chromatographic techniques
used to isolate and prepare the gas components for isotope analysis are

discussed in Part I, Chapter I of this thesis.
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Section 2:

8) Sulphur Isotope Distribution for Sour D-3 and Keg River Natural

Gases

The variation in sulphur isotope composition for solution gases,
"non-assocfated gases and related sulphur’species from the Upper
Devonian D-3 and Middle Devonian Kep River formations fs 11lustrated in
Figure II - 25. Scerﬂ important facts are shown in this diagram. ‘

: !
First, the sulphur isotope gompositian of the Keg River sour solution
gas fs, on the average, more S32 enriched than the D-3 solution gas,
though both sulphur isotope pc;pulations overlap to some degree. In
Part 11, Chapter I1, the sulphur isotope composition of the Keg River
ofls was found to be significantly more $S32 enriched than the D-3 oil
samples. Therefore, the sulphur isotope data from both of? and
solution gas samples indicates that the sulphur source for the D-3 and

Keg River reservoirs is different. Furthermore, the Middle Devonian

Keg River sulphur source is lighter (more-S32 enriched) than the Upper

Devonian source. If evaporite sulphate is the source of sulp_hdr fn
these reservoirs, then the sulphur isotope data for the ofls and gases
predicts the expected trend. That is, the Middle Devonian evaporite
sulphate 1is thter.‘than thé Upper Devonian sulphate. Thode and

Monster (1965) and Orr (personal communication, 1977) give average

| oy
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) : .
sulphur del valuss for Middle and Upper Devonian sulphate of +189/00

and 25.00/90 ns&tﬂn!y. The differance between the mean sulphur
isotoPe values o(;ho 0-3 and Keg River solution gases (8.40/00) 13
quite similar to the difference in mean sulphur isotope values between
the Upper Devonian and Middle Devonian evaporite sulphates (79/00).
This suggests t.ha:..an intimate relationship could exist botwo' the
total reactive gaseous sulphide and evaporite sulphate.

Smdéa mean sulphur isotope ulh of the non-associated (meta-
norpboud). gases (+21.9%/00) 13 nurly‘ the accepted isotope value of
ﬁvoni an sea water sulphate (+22.49/00, see Thode and Monster, 1965).
The heaviest sulphur isotope value of the non-associated gases
(23.09/00) is 0.69/00 heavier than the Devonian sea water‘sulphaté del
value and only 2.00/00 lighter than the mean Upper Devonian reservoir
sulphate value (Av. §534 = 425.00/00). 1f evaporite fulphate is the
source for natural gas hydrogen sulphide, then the hydrogen sulphide
from the metamorphosed natural gas appears to be derivedk from sulphate
through a chemical reaction that involves little or no sulphur 1sot6p¢
fractionation (see Orr, 1974). Alternatively, the metamorphosed D-3
reservoirs could act as closed chemical systems and the trapped
hydrogen sulphide could then represent a gas accumulation from the near
complete reduction bf the source sulphate supply. IR this alternate
c‘ase, a large sulphur isotope fractionation factor could be involved in
the sulphate reductfon reaction. However, the magnitude of this

fractionation factor can be determined directly from the measurement of
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the sulphur fsotope compasition of the hydrogen sulphide Qs only
during the very 1n;tul stages of sulphate n‘uct!én (xemp and Thode,
1968).

: vy

The mean sulphur‘do\ value of the Upper Devonian of1 field brine
sulphate (+21.49/00)* {ndicates that these sulphates have probadbly been
derived from Upper Devonian evaporites (Av. ¢34 « 425.00/00) within the

Leduc reservqir system.

Two samples of coexisting reactive gaseous sulphide anc e\o.untn

sulphur (Sg), suspended in coproducetf oi1field brine, were sdotained

from D-3 reservoirs. The difference in the measured sulphur {sotape

composition of the elefental sulphur suspension and reactive gas,eoug.
sulphide was 0.80/00 fo&@e Sylvan Lake sample and 2.80'00 for the

Pine Creek sample (See Table Il - ¥1{). Tudge and Thode (1950)
calculated the equilibrium fsotope fractionation between hydrogen
sulphide and elemental sulphur (Sg) to be 3.09/00 at both 0°C and 25°C.
The elemental sulphur was enriched in the heavier isotope. The gas and
sulphur samples collected for this thesis were separated for isotope
analysis at room temperature (22°C). Since the sulphur isotope value

of the Pine Creek elemental sulphur (+25.09/00) is 2.8 per mi) heavier

*Thode and Monster (1965) noted that brine sulphate could be 1.69/00
lighter than coexisting crystalline gypsum.
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(sore $34 onri s%0¢ resctive wiphide® (+22.29/00)
18 15 posaidle What Whese ve wiphur phases ore 10 oauiiibrivm Soth e
the sample besd ongd 1n the reserveir. For the Sylven Lake semple, the
avch sme)ler isetepe ¢ifference (+0.09/00) Detwoen olemanta! wiphur
(¢S4 o ¢10.30/00) and connisting resctive gasecus wiphide

(48 o +17.89/00) may represent equilidrium froctionation that wes
estadlished ot reserveir tempersture (79°C) and then saintoined. At
sny rete, Doth the magnitude oand dgivection of sulphur fsetope
earichaent 1n the twe 0-3 sulphur ;aq\n 1s compatidle with on
:qd"Mn isetepe enchenge reection detween lydregen s iphide ond
elementa) sulphur (Sg).

d) Tempersture lependengy of the Sulpbur !sotope Composition of Sour
Natura! Gases - The Closed System Model
o
In Figure 11 - 26 the sulphur isotope composition of the reactive
gaseous sulphide (RGS) has been plotted versus present day reservoir
tesperature. The correlation coefficient (r) for this plot is 0.954.
Therefore, the hypothesis that the sulphur de) value of the RGS s

iwm of presemt day reservoir temerature can be rejected at the

*The chromatographed hydrogen sulphide chmnt of the Pine Creek gos
has & de) value of +22.00/00.
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5% level of significance. The correlation equation of present day

" reservoir tenperature versus 653451s: . :
. RG A - .

TEMP. (°C) = 7.34 534 - 36.79

‘ RGS | . _

The standard error for the e sti.mated temperature is 7°C.

) » <
It is possible to construct a chemical model which can be fit, with
sou:.degree of.sucqess, to the sulphur isotope composdtion of the
reactive gaseous sulphide and present day reservoir temperature data.
In this model reservoir sulphate (.anhydrite) is reduced to hydrogen
sulphide through Toland (1960) reactions which function in a closed
chemical system. The chemical reactions were assumed to be one way,
first order kinetic, and t‘he sulphur isotope fractionation factor
1nvolved was chosen as a constant whose value fis 1.022 1in agreement
with work published by Harrison and Thode (1957) and Husa-‘ln (1967).
The sulphur isotope composition of D-3 reservoir sulphate was selected
to be +ZQ from data collected by Orr (personal cofmunication,

1977). e critically evaluating this model it is fecessary to
¢

4]
develop it mathematically and point out its utility.

-

HThe mathematics of the closed system model were «developed by Rayleigh
(1896). Once any chemical system becomes closed, no reactants ~or pro-
ducts may enter or leave. The system is self contained. As a result
the fraction of reactant converted to product can be calculated from

the initial isotope composition of the reactant and the isotope
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-%"; compps?tidl of the remaining reactant or accumulated product at some
o point in the reaction. For an irreversible first order kineth
, }reduction reaction such as R—P, a rate constant K can be defined.

Let thn‘amount of the reactant (R) and product (P) containing the most

abundant isotope. be respectively R' and P'., And, let the amount of

reactant (R) and product (P) containing the least abundant isd
respectively R" and P". Due to the mass differences between the ti
isotopes, fhe molecular species ébntaining the two isotopes will ha
different vibrationa] frequencies, and rotational and translation‘
motions. As a result the rates of reduction (characterized by K) will
"+ be different for R' and R". *If R’ represents the concentration of the
Tight isotope and R" represents the concentration of the heavy isotope,
then K' is greater than K*. ‘According to Harrison and Thode (1957) the
ratio of thg r;te constants (K'/K") can be equated to the isotope
+ fractionation factor (see also Bigeleisen, 1949). From the two
1sotopic reactions:
R'_K5p!
R*.K% p*

- the following rate equations can be written:
+ dP"' = K'R"
dt

+ dp” = KNRII
dt .



It follows that:

N

0.
[ 4

R
R

3
|

11 - 10

Tne concentration of the remaining reactant (R) can be expressed in

terms of the {nitial concentration of the reactant (Ro) and the product

Substituting this expression into equation

(). That is, R =Ro -P.

11 - 10, it can be rewritten as:
®' =K' Ro’ - p'
F T FRo - P

Since K' = g, then ®' = o (Ro' - P')
K v o -

" Im-1

" Therefore, du' = - #®' and du* = - &P

Therefore, - 9&' = a- @_"
u u"

Expressing this in integral form:
t' = af du”
] hams

Inu +C' = alln ut + C")

'3y

- —— -

b e A



The constants can be evaluated at lnu+Csesp
Inu =nu'yg= (Inu*-n u"o) . I - 12

Raking the substitutions outlined in equatfon Il - 11, equation Il - 12
becomes In (Ro' - P') - In (Ro' - Po') = .[(lnRo'-P“)-ln(Ro“-Po")]

Since Po' = 0 and Po" = 0
Then, In (Ro' ~ P') - In Ro' = al1n(Ro"-P") - 1nR0"]

Also, In Ro' - P' =, 1n Ro" - P"
Ro Ro

Simplifying further: 11n(1 - P') =1n(1 - P")
a Ro' Ro"

Subtracting In FB' from each side:

) % .
l - p*
1 (1-P')-1n p'a) g Eg.)
n -P'Y-1n pP' = 1n (RO '
e Ro' Ro' , o'

Since P' and Ro' represent the most abundant fsotope then the ratio P

‘ro‘v
approximates to a good degree the fraction of reactant converted to

product.
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Mmeein(l - PP ‘
¥ Ko"/Ro' 11 -1

The expression P"/P' can b expressed in terms of the & notation. ¢ ¢

0 /RO
ﬁs defined as:

) 4a-8 = (Ra/Rg - 1) 1000 (see Bottinga, 1969)
Where s5.p is the isotope co«ﬁosition of substance A with respect to
substance B and Ry and Rg are the isotope ratios af substances A and B.

Also, Ra/Rg = a and & -\IOOO(e - 1) (Bottinga, }969). Therefore,
4 = 1000 (R, - 1) N

R; .
As a result, &= &

The expression P°/P' ,iin equation Il - 13, can be written as:
Ro"/Ro' :

In view of the preceding discussion:

P*/P' = 1 + &_po/1000 I1 - 14
Ro"/Ro’ °

Also, P"/P' =1+
Ko™ /Ro' 1000 11 - 15



substituting for P'ﬁ'.. equation 11 - 13 becomes:

n(1-f) - Wnf = n () -1- )
3 7 e

Tnersfore 1 In(1-f) -1nf = 1n 1-f -
1 r  wiw

This axpression can be simplified furt r to:
1-1
s o <1000 (1-0) [0 - -
T

11 - 16
Tne relationship between the fraction of reactant converted to pro?uct
and temperature can be dexived from the first order rate equation.
-.R' =K'R '
-
Rearranging: - R' = K'dt ‘
""0

Integrating this expression:

R t A
;7 R'=K' s dt
Ro* K to
Therefore -1n R' =K't
. )
[ ]
Since R' = 1-f
Ro™ '
-1n (1-f) =K't
Therefore 1 = eK.t or, f = 1-_e"'(.t
I-¥ 11 - 17

- According to Arrhenius theory, the rate constant (K) s a function of

the pre-exponential factor (A), the activation enérgy (Ea) and the

absolute temperature (T). More precisely: K-Ae’E‘/Rt Where R is the




[}
1deal gas constant whose value s 1.9872 cal/degree mole. Substltutiv_n
this expression for K into equation II - 17 gives:

Therefore:
, . -tA .-h/RTﬂ”-Ea/RT
A -tAe e :
a® -1000 ¢ (e -1)
-ta
1.¢"the
This simplifies to:
. | -tA .-Ea/RT -Ato'E‘ AT
s -1000 (ea” = - ) I1 - 18

-té
1-.'tA.

Equation 11'4*18 can be stated in terms of the sulphur isotope compo-'
sitfon of hydrogen sulphide in the reservoir system. The difference
(a) between the isotope composition of the cumulative hydrogen sulphide
(product) and the inftiat fsotope composition of the sulphate
(reactant) is dependent on the fraction (f) of sulphate reduced to
hydrogen sulphide which is in turn depen&nt on time (t) and absolute
tempent\ure (T). Ea, A and a are constants and have values specified
by the, ;ate condrolling step. Therefore, for a series of contempora-
neous closed sulphur systems that are -closely associated with
progressively deeper (hotter) hydrocarbon accumulations, the 4sotope

coﬁposition of hydrogen sulphide will be a function of reservoir

temperature’

Ny



I Figure 11 - 27 the sulphur fsotope difference, (a) between hydrogen
sulphide and initia\ sulphate has been plotted versus the fragtion of
sulphate converted to Rydrogen sulphide (f). This plot shows that as f
spprosches 1, the sulphur isotope composition of hydrdgen sulphide
spproaches the initial isotope composition of sulphate. 'And. where f
spproaches zero, the sulphur isotope composition of hydrogen sulphide
approaches the value 1000 (o - 1). If o is specified as 1.022 and the
inftia) sulphur isotope composition of sulphate is 025°/06. then the

de! value of hydrogen sulphide should range from +250/00 to ¢39/00,

referred to Canyon Diablo troflite. This range ‘includes the 0-3 sour
gas sulphur isotope date (see Figure I1 - 25). Equation 11 - 18 also
Indicates that no correlation need occur between the sulphur isotope
composition of h,ydrogen’suiphide and its mole percent or between mole
pefcent hydrogen sulphide and reservoir temperature. This results from
the fact that these variables correlate with the fraction of reservoir
sulphate reduced to hydrogen sulphide. Th.orefore. for pools with
relatively small amounts of initial reservoir sulphate, relatively
small volumes of hydrogen sulphide will occur in the gas cap regardless
of reservoir temperature. However, the general statement that the most
1ikely place to find large concentrations of hydrogen sulphide is in
deeper hotter pools is valid since these pools would have the greatest
amount of sulphate reduced to hydrogen sulphide. In Figures Il - 28
and 11 - 29 the poor correlation between mole percent hydrogen sulphide

and reservoir temperature, and mole percent hydrogen sulphide and its

sulphur isotope composition is apparent (see also Krouse, 1977).

e e el < M I e
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FIGURE il - 27
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Since no valtues for [a and A are known for the mtiv wiphate to
Rydrogen sulphide in the hydrocarbden systes, these con be estimated
frc-‘m wiphur isotope composition of RGS and reservoir temperature
data. Two linear simultaneous equations of the form:

na-fa sngy *
m

InA -Ea *InkKy
M

con be solved. K can be evaluated through the following relationship:
Ke-Iln(l -1), where f 1s the fraction of sulphate reduced to hydro-
—_——

gen sulphide and t is thy Tength of time (seconds) taken by the
chemical reaction to achieve a given extent of completion (f). F {3
related to the sulphur isotope difference between inftial sulphate and
M2S product (a) through equation II - 16. Using the following values:
e ® 1.022; t = 2.0512 x 1015 gecs (65 myrs); Ty = 306.9°; Ty = 315.5°%;
4 = 15.03; a2 = 13.28; Ea and A were determined to be: 4.85 K cal and
9.782 x 10-13 respectively. Ea and A were calculated in order that
equation 11 - 18 could be plotted. No firm chemical interpretation
should be made, regarding the sulphate reduction process, based on
these values of Ea and A. The applicadility of the closed system mode)
to the D-3 reservoir is simply not known. [f the closed system mode)
did apply, then the values for Ea and A would represent only average
values whose relationship to the actual ul:es are uncertain as a

result of fluctuations in reservoir temperature over geologic time



(refer to Derco ot 8\ 1977). 11 the calculated values ore represents-
tive of the correct velues for Lo oand A, for the reguction of sulphate
L0 Wy drogen wiphide, then the on.ru of sctivation {8 low but the
entropy Of dctivation (which 18 8 function of A) is o0 low that the
reduction precess {8 qite slovw. A Yow energy of ocuuuon. which
favors & repid chemical resction, coupled with oA ynfavoradle ontropy
for the activated ¢ lex, which retards the chemical reaction, {9
usually cMncuruu(c of steeric Mu‘ruco. not uncommon {n organic

resctions.

In Figure 11 - 30 equation I1 - 18 has been plotted using the
calculated valves for €a and A, The 0-3 reactive gaseouvs sulphide date
Rave boen plotted for reference. Cquation 11 - 18 plots on elongated S
shape with its linear portion passing throughe the D-3 RGS point
scatter. An attespt was made to obtain the best f1t of equation Il -
18 to the D-3 RGS sulphur isotope and reservoir temperature dats vsing
the Bio-Med nonlinear .\ust squares computer program BMDO7R, The
program did not converge. However the linear ter® representating the
{nitia) sulpmur isotope composition of reservoir sulphate remained
constant at +259/00. The program did not converge probably becsuse

there was no data over the curved portion of equation 11 - 18 (see
Figure 11 - 30). During fitting, small varfations in the inttial
sulphur isotope composition of reservoir sulphate caused the nonl {near
portions of the closed system curve to pass into the linear data field,

and as 3 result the meen square deviation of the data from the best fit

L
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curve 1ncreased markedly. Therefore, the program could decide on a
best fit value for the “initial sulphur 1sotope composition of nservoir
su1phate quite qu‘lckl_y. However, once the best fit curve was
positioned within the linear data field, no further reduction in the
mean square deviation could be achieved by varying fa, A, t or T. TMs
conclusion is easily domonstrated {_or the reservoir 1empe.rature
uruble. A series of §S34 (RGS) vs (Present Day Reservoir Temperature

+ AT) data were fit with a linear equation of the form Y=mx + b, aT

b -

" was varied from 0 to 50°C at 10°C intervals. No variation in the mean -

square deviation of the §534 (RGS) variable, outside of analytical error,
(#0429/00), was obserge'd (see Table Il - XIII). '

L

TABLE II - XIII

s .
.Mean Square Deviations for §S34 (RGS)

AT ' Mean Square Deviation (5534 vs. 1/T °K) .
<o 0.9075°/00 -
) 10 ‘ .'0.9095°/oo
g , 20 0.90810/00
30 0.9076%/00 -
40 ~0.91149/00 5 . )
50 0.9065%/00 '

.
\ it
- a

From Figure II - 30 it can only be concluded that the closed sybtem
mode) is capable of exp1a1mng the observed hnear relat1onsh1p between

the sulphur isotope composnnon of the reactive *gaseous sulphide and

o *

L




reservoir temperature.

Other op;:)lysfem chemical models have linear relationships between the
natural logarithm of the isotope fractionation factor (a), which is
approximated by a*, and reservoir temperature. For example, the plot
of a (sulphate-hydrogen sulphide) versus the inverse of absolute
temperature for an eqd11ibrium reactian between sulphate and hydrogen
sulphide is linear (Sakai, 1968). Also, the theoretical variation of
the natural logarithm of the kinetic isotope fractionation facter for
the reduction of sulphate to hydrogen sulphide m;y be a linear function
of the inverse of absolute temperature (Harrison and Thode, 1957).
However, experimental data reported by Harrison and Thode (1957) and
Husain (1967) show that the kinetic isotope fractionation factor
involved in the reductibn of sulphate to hydrogen sulphide is constant
over a temperature range from 18°C to 60°C. Because of the small
temperature range (56°C to 124°C) over which a varies, for the D-3 RGS
data, the plot of avs. T (°C) for the equilibrium and theoretical
kinetic pode]s has an apparent linear relationship. In Figure Il - 3]
exfmp]es of the open system equilibrium model, the theoretical kinetic
model, and the é?bérimenta] kinetic isotope model have been plotted in

avs. T-1 space. For comparison, the D-3 RGS data are 1ncl&ded.—
’

*A = ( a~ 1) 1000
Also a4 « 1000 Yna

230
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In order for the RGS data to coincide approximately with tho"

equilibrium plot, rosirvoir temperatures would have to be increased to
& range of some 300 to 600°C. A coal rank study by Haquebard (in Deroo
et al. 1977) indicates that m:i,mm D-3 reservoir temperatures probably
did not exceed present day values by more than 30°C (see ?1gure IT -
32). The range of maximum reservoir temperatures for the D-3 pools
studied in this th‘esis is approximately 80 to 160°C. 1t is therefore

not 1ikely that the equilibrium model applies to the D-3 sour gas

systes. The similar sijad B theoretical kinetic plot to the D-3
RGS data suggests that the‘lav\vrﬁt:ion of a kinetic 1sotope fractionation
factor with reservoir téuperatur'e may be responsible for t;ne RGS
fsotope trend. Simply not enough is known about the kinetics of
sulphate reduction in the hxdrocarbon system to identify the reaction

responsible for the observed linear trend of the sulphur isotope

composition of RGS versus reservoir temperiture.

A_]though the closed system kinetic reduction of sulphate cannot be
shown to be the reaction responsible for the genération of sour gases
in the D-3 reservoir, a further evaluation of the model gives some
insight into sour gas production in the hydrocarbon system. Sulahate
lining vugs and pores in the D-3 reservoir rock was chosen as the
sulphur source in the closed system model. Alternate sources such as
biogenic HZS, source derived hydrogen. sulphide, hydrogen sulphide from
the thermal alteration of crude oils and brine sulphate were

considered, but are not believed to be major contributors of hydrogen

232
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ESTIMATED MAXIMUM RESERVOIR TEMPERATURE (°C).

FROM COAL RANK DATA ( Deroco et al..1977)

FIGURE i - 32
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sulphide to the D-3 system as a whole, for the following reasons.

If brine sulphate were utilized to produce hydrogen sulphide, the
chemical system could not be ccloud. Hitchon (1969a) and Hitchon
(1969b) demonstrated that the D-3 ofl field brines formed three
separate hydrodynamic systems with basin ufde communication within each
system. As a2 resul.t ti»e sulphate supply to the Rydrocarbon poolsl would
be nsentﬁ\ly unlimited. Brine sulphate is therefore a very real
sulphur source \;1_th ¢ ubiquitous distribution (see Table II - XIV).
However, the distribution of sour gas within the D-3 reservoir’is
restricted.. D-3 of) pools along the Stettler-West Drumheller and
Wimborne-Duhamel reef trends contain, almost without exception,
spprecifable contents of hydrogen sulphide in their solution gases and
gas caps. For the poolsrsampled along these trends, the hydrogen
sulphide content varied from 1% to in excess of 13%. In contrast the
hydrogen sulphide content of the D-3 o011 pools along the Homeglen-
Rimbey-Redwater system does not exceed 5% and s commonly 0% to trace.
For example, 0i1 Fields of Alberta (1960) reports 0% hydrogen sulphide
for the D-3 pools at Acheson, Yekau Lake, Golden Spike, Woodbend,
Wizard Lake and Glen Park.

A kinetic study of the reductioh of sulphate using hydrocarbon, by
Dhannoun and Fyfe (1972), indicates that over 3 temperature range of
50°C to 200°C the reaction s quite slow. The half life for the
reaction at 100°C is 2.62 x 1022 years (see Appendix 1X).
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TABLE Il - XIV

Sulphate Concentration* of 0-3 Formation Waters

(V]
Sulphate (Conce)ntration
1

Poo)

Big Lake 895
Acheson 467
Yekau Lake 430
Woodbend 1242
Golden Spike 425
Wizard Lake 293
Glen Park 411
gonnie Glen 412
Sylvan Lake Not Availadble
Westerose 295
West Drumheller 974
New Norway 1126
Buffalo Lake 0.2
Bashaw d 414
Erskine 513
Stettler 596
Malmo 584
Clive 434
Wimborne 472

Although this reaction is slow it could produce enough hydrogen.

sulphide to initiate a more rapid Toland (1960) type reaction. The
Toland reaction will go {n both acid and basic media (refer to Toland,
1960) but achieves its greatest potential at low bﬂ's. Therefore, any

sy‘sten which has sulphate in contact with hydrocarbon has the ability
®

*Data has been taken from 011 Fields of Alberta (1960), 011 Fields of
Alberta Supplement (1966) and Hitchon et al. (1971).

\
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to generate hydrogen sulphide. The limited area of the hydrocarbon -

water interface together with the observation that interchanges acros;‘

it are often restricted by pore throat plugging due to calcite
cementation (Racz, 1972) and gas deasphalting makes this interface
unfavoraﬁ"lo for the production of significant volumes of hydrogen

sulphide in comparison to the hydrocarbon pore system.

The relative area of the pore system in contact with hydrocarbon is
many times greater than the area of the hydrocarbon - water'interface.
Communication between the hydrdcarbon and the D-3 reservoir rock
(1imestone or dolomite) in the pore systes is through a layer of
pendant water of variable thickness which wets the pore surfaces.
Secondary anhydrite or gypsum coating the pore surfaces could restrict
the operation of the carbonate buffer. The reaction between sulphate
1_ons fn the pendant water and dissolved hydrocarbon could then provide
enough hydrogen sulphide to initiate the Toland reaction which would
further lower the pH of the‘ pere water to some low equilibrium or
steady state value which-ﬁvérs a more rapid sulphate reduction.
Hydrogen sulphide production would stop or become vastly decreased when
most of the sulphate coating the pore surfaces was reduced, allowing
contact of the carbonate reservoir with the acid pore water, raising
the pH. A closed system sulphur isotope effect would be observed in
the hydrogen sulphide product {if the rate of sulphate fon exchange
between tRe pendant water and the anhydrite in the pore coating was

much greater than the rate of sulphate reduction. This would in effect

&
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produce & sulphate pore coating whose outer surface had the same

sulphur isotope composition as the aqueous sulphate fon.

In Figure 11 - 33 the. sulphur isotope composition of ofl sulphur has
been plotted against the sulphur isotope composition of RGS for the D-3
011 pools. Only the Group C pools show a correlation between these
variables. This correlation is consistent with the conclusion that the
Group C oils have undergone sulphurization. As a result, the gaseous
sulphur system in the West Drumheller, Erskine, Stettler and Buffalo
Lake pools may have lost sulphur to thelir oils and are therefore not
closed systems. The effect of the sulphur loss on the sulphur isotope
composition of RGS would depend on the fraction lost. The Group B'
pools show a random \scatter of data points in Figure II - 33 and the
D-3 gas pools at Strachan, Ricinus, Harmattan, Pine Creek and Pine N.W.
were probably never associated with an oi1 phase. Therefore the D-3
pools studied probably never recetved a significant contribution of
sulphur from the thermal alteration of a sulphurous oil phase. The
sulphur content within the D-3 oils studied is regarded as a proiuct of
sulphurization by hydrogen sulphide, polysulphides and native sulphur
and not as a source for those compounds (see Ho et al. 1974). It is
unlikely that over the range of maximum reservoir temperatures attained
by the D-3 oils (85 - 110°C; see Deroo et al. 1977) that desulphur-
fzation would occur. In general, crude oil should be more reactive to
"sulphur" (HpS, HpSy, Sg) as reservoir temperature increases. Further-

more, many- reactions between organic compounds and “sulphur® proceed

2y
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FIGURE 11 - 33
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-over a temperature range of 100 - 300°C forming stable organosulphur
compounds sdch as dibenzothiophenes and thiols (Pryor, 1962). The
difference in correlations between the sulphur fsotope composition of
RGS and of) sulphur in Figure Il - 33 can be interpreted as the result
of L difference fn activation energies between the pil sulphurization
and hydrogen sulphide generation reactions together with a limited,
composition dependent, capacity of a crude oIl to react with sul phur.
At lower temperatures it is unlikely that the ofl sulphur and gas
sulphur systems can interact sufficiently to saturate the reactive
sites (some hydrocarbons and heteroatomic compounds; see Bestougeff and
Combaz, 1973) within the oil. However, the two systems can 1‘rr.'teract.
provided that reservoir temperature is not too low, and as a resuli the
sulphur- isotope composition of the gas and oil sulphur systems should
be interdependent. Group C oils can be cited as an example of this low
temperature case. At higher reservoir temperatures the reactive sites
in the oil would soon become saturated and the oil and gas sulphur
syst’ems could further 1nt'erqct only on a very limited basis at these
comparatively lew temperatures. The gas sulphur system could however
continue to evolve through a Toland type reaction. A sulphur {isotope
dependence between the gas and oil sulphur systems should only be
observed at an early stage prior to or just after the oils became
saturated with sulphur. The Group B' oils may be an example of a
mature stage of this second case and therefore show no sulphur isotope
dependence between RGS and oi) sulphur. Because of the limited

experimental data on the interaction of the oil and gas sulphur
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systems, the sbove discussion s speculative, and based n!‘ny on the
experiments of Bestougeff and Combaz (1973) and dats from Pryor
(1962).

-

In the opinion of Orr (1975) and Kaniwisher and Ostlund '(ﬁ‘duun.

1962) hydrogen sulphide which has been generated in the source by diem.

processes as early biogenic sulphate reduction, therma! degradation of
sulphurous organic matter or inorganic sulphate reduction, has 1it Vo
potential to migrate to the reservoir. This conclusion is based on the
reactivity of H2S, HS® and s=2 te 1ron in the source shales (see a1so0

Berner, 1969). Not until all ferrous and ferric fron in the shales and

along the primary migration paths has been reacted to form any of the.

Mtermediate unstable iron sulphides such as mackinawite, greigite or
pyrrhotite (Berner, 1962, 1964 and 1967) would reactive sulphide
migrate to the reservoir.‘ Furthermore, the comparatively rapid
conversion of these intermediate iron sulphides torefractory pyrite
(Berner, 1970) stabilizes shale sulphide preventing much desulphuri-
zation as source temperature increases. The identification of an
adsorbed hydrogen sulphide phase in source rocks by Le Tran et al.
(1973) suggests }hat it is possible to saturate all iron with sulphide
and retain hydrogen sulphide ais a weakly bonded compound to clay
mineral surfaces. As formation temperature increases, this adsorbed
sulphide .phase may be released from the source rocks. The volume of
adsorbed hydrogen sulphide that could migrate to the reservoir fis

uncertain., O%)s that are sulphurized in the source and then migrate to
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the reservoir could give W their sulphur as gaseous sulphide during
organic metemorphise. Wowever, 1t 13 ualikely thet ory of the 0-3 ot |
vpools studied have experienced temperatures nigh ‘enough to have
undergone desulphurization. '

4

The lack of significant depletion of the D-3 of) n-paraffing together
with unfavorably Mgh present day reservoir temperatures suggests that

the biological reduction of brine sulphate 1@ not o précess that could
%pﬁpﬂ!cut volumes of Ntog;n sulphide and related sulphide
compounds 1n the D-3 reservoir system studied (see Port 11, Chapter 11, .
Section 1).

The sulphur fsotope fractionation factor for the kinetic reduction of
sulphate in the closed system mode! was chosen as 1.022 on the basis of
experimental work reported in papers by Harrison and Thode (1957) and
Husain (1967). Both these papers demonstrated that FM fsotope
fractionation effect is apparently ingependent of temperature.

Harrison and Thode (1957) {dentified this fractionation effact with @ 1"..,. A
. “ L S .‘.
rate controlling step of the first S-0 bond rupture of q]gh«lu o, “"-.‘\ }
3 . Al N .

. AR A "
produce sulphite. Data reported by Husain and Krouse !l’“)jatg " *’gf .

-
: N R ¢
particularly relevent to the Toland (1960) reaction. Qs\i‘n and Krouse* AN
' . * o~ s LA
(1976) studied the sulphur uoh fractionation effecte®’ § vo\vécm R
\ . <Y ‘e ] LN ‘:r
the reduction of sulphate by hyd'ogen sulphide in sulpfurgc acid , - ;‘
,‘,’ ) . . “-
solutions at pH values less than 1. These solutions we h more- A
. 2 - !

actd than the media used by Teland, and no organic matter w luded. ' ¢
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The results reperted by Nusain ond Kreuse (1976) con be enplained in
terms of Yo nuuoin éiscussed by Toland (1960) a\though the 0.‘
products (30g and 3°) are not these cbsacved by Telgnd (NS, 8¢, care
benylic acids ond CO2). The ¢ifferency in the preducts 18 prebodly the
resuits of the eaclusion of orgenic matter from the chemical aystems
studied by Wusain eond Krouse (1976). Accerding to Tolend (1960)
sulphate reduction proceeds through the following two resctions:

s0q ¢ Mps Asld, $203° ¢ W20 1n-1
Nedive

s [ J 0. [ ] ‘.m

o ey !

Dats from Nusain and Krouse, (1976) show that the sulphur n'oto'po
fractionation effects that m'h associated with these two equations
are consfistent with Bne way kinetic oxidation - reduction reactions and
not equilibrium exchange resctions as proposed Oy Toland (1960). Since
no orgcm‘c matter was included in the experiments by Musain and Krouse
(1976), Toland's sulphite reduction reaction (S03° ¢ organic matter —»

NS ¢ COp ¢ cardoxylic acids - see also Part 11, Chapter 1 of this
thesis) could not occur. A posslbfc‘ s»#ututc N;CHOR is: "

s03° ¢+ 2u* _Acid, 507 ¢ M0 1 -2
Nedium

This 1s consistent with the fact that SOz, like Co2, s 8 wesk oacid
gas. MWusain and Krouse (1976) reported that elemental sulphur was
enriched in sulphur 38 by 3.79/00 with respect to hydrogen sulphide,

™~
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and sulphur dioxide was enriched in sulphur 32 by 17.99/00 with respect
to ;he.jnitisl sulphate composition. The isotope ‘enrichment for the
kinetic .r'educti’on of sulph‘ate ‘reported by Harrison and Thode 15
229/00 (the product H2S being enriched 1n §32), Therefore, S02 derived
from the reduction of sulphate by hydrogen sulphide is some 4,19/00
more enriched in. s34 than would be expectéd from Harrison and Thode's
data. When the compounded error of analysis (+ 0.49/09) is considered,
this difference is indistinguishable 1‘n magnitude and‘ sign from the

-y
§32 eqrichment in the native sulphur associated with the sulphur

dioxide. Therefore the sulphur’isotope results from Husain and Kro'use
(1976) can be interpreted to indicate that sulphur dioxide sulphur has
been derived mainly from sul_phate through a reduction reaction with an
associated fractionation factor of 1.022. Hydrogen sulphide sulphur

has been incorporated mainly into the ‘elemental sulphur product.

Sulphur dioxide and elemental sul‘phur contain minor amounts of h_ydrogen’

" sulphide and sulphate sulphur, respectively, through the thiosulphate

decomposition reaction. That is, there is a sulphur fractionation

factor of about 1.004 for equation II - 20. Husain (1967) and Husain

and Krouse (1976) proposed similar conclusions.

It is ap)parent that the use of one isotope fractionation factor in the
simple g:losed system model does not adequately describe the isotope
behavior of the sulphur system. A further kinetic fractionation may
occur when the thiosulphate ion decomposes to native sulphur and

sulphite. Furthermore, isotope exchangd.reactions between HpS, SO3*
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and'5203' are possible (Husain, 1967). The closed system isotope model
developed in this thesis is a simple treatment of a potentially complex

hydrocarbon-sulphur system. At its very best, this model may only.k

describe an avérage behavior.

| c) The Hydrocarbon Sulphur Sygtem - A Model for the generation of HpS

The design of a general model for the generation of hydrogen sulphide

in the reservoir systemiand the sulphurization of crude oils is

‘ compl icated by a multipliéity of sulphur sources and the complex nature

of the organosu]phﬁr system reactions. Considerable emphasis in this
thesis has been placed on reservoir sulphate, through the Toland
reactfon, as the major source for sulphur compounds. .Other sources for
sulphur in 0i1 and gas pools have been proposed. .Le Tran (1971) and Le
Tran et al. (1973) concluded from a study of Cretaceous source rocks in
the Aquitaine Basin, that the sulphur content of the oj]s and ;atural
gases was derived from the desulphuriiation of original marine organic
matter. As an examp]e,‘Le Tran (1971) cited data pub1‘ished by Bowen
(1966) which indicated that some marine algae contain up.to 9% su]phbr.
Le Tran 3& al. (}973) concluded that the majority of the hydrogen
sulphide.was produced from the Cretaceous source shales during the main
phase of gas generation which occurred at present day reservoir
temperatures between 110°C to 120°C. TYhese authors also demonstrated

that the source rocks contained hydrogen sulphide that was not fixed by
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transition metal cations but was weakly bonded to clay mineral
o
surfaces. This gas acted as a source.of sulphur during p\rimary

‘migration. Granch and Posthuma (1973) cencluded from a study of

NY
Venezuelan oils and source rocks that oils generated from sulphurous -

source rocks should contain sulphur in varying amounts dependent on the
intensity of maturation of the sOur{:e sediments. Hitchon (1968)
proposed that the hydrogen sulphide content of the Leduc D-3 reefs was
derived from the maturat"lon of the source rocks (Ireton and Duvernay
shales). The sulphur content in these shales was presumed to have been
generated from bacterial sulphate reduction at an early stage of
deposition. Ho et al. (1974) and Evans and Staplin (1971) concluded
that the thermal maturation of oil pools, whose ;ulphur contents are
unstable at higher reservoir temperatures, could generate substantial
concentrations of hydrogen/sulphide. The biodegradation of crude oil
by sulphate redu‘cing bacie&ﬂa has been proposed as a sulphur source for
shallow reservoirs (Bailey et al. 1973). Studies by Postgate (1960,
19657, Truding'er ;e_ti_a_]_. (1972) and by Orr (1973) indicate that sulphate
reducing bacteria metabolize low mcﬂecular weight alcohols and acids as
well as molecular r\!qrpgen. These compour“are all products which are
geherated from tWe fermentation of carbohydrates by other anaerobic
microorganisms. Harwood (1973) and Jobson (1976) concluded that

sulphate reducing bacteria cannot metabolize crude oiT directly, but

utilize the metabolic products generated by aerobes and other anaerobes

which can degraqe the oil. Therefore, biogenic sulphide generated from

the metabolism of crude o0il is restricted to shallow low temperature
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(<60°C) reservoirs whose hydrocarbons are being actively degraded by a

population of aerobic and anaerobic non-sulphate reducing bacteria.

A1l of the above proposed sources for sulphur and sulphurization
reactions (with the exception of bacterial sulphate reduction) have the
potential to provide enough sulphur ;.o account for the contemts of
hydrogen sulphide and organosulphut compounds in the D-3 pools. The
arguments used in this thesis to support the Toland reactioniin favor
of the others are not conclusive. Even the correlation between the
fsotope composition of RGS and D-3 reservoir temperature does not
conclusively demonstrate t‘pe'_ occurrence of a temperature dependent
1sotope effect-associfated with thé generation of hydrogen sulphide in
the ofl pool. This correjation Could result from a diffusion isotope
fractionatipn incirred during éhe updip migration of hydrogen sulphide
generated in the metamorbhosed zone from sulphurous crude oils and/or
sulphur rich organic source matter. Several facts must be established
before the D-3 sulphur source and the sulphurization process can be
tdentified.

First, if the source rocks are the sulphur source, a potentia?l for
these to generate sulphur must be established as'wen as a 'an"between
the source and reservoir sulphur systems. This can bé done by
measuring the content of the fixedﬂsu'lphide (acid soluble sulphur),
elemental sulphur, sulphate, wangtulphui' and adsorbed hydfogen
sulphide (see Le Tran, 1971) in.fthe source rocks and correlating these

o

¥
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values with the sulphur content 1n the adjacent gas and oil pools. A
sulphur {sotope comparison of the various source and oil-gas pool

sulphur compounds would provide valuable supporting evidence.

. Second, if the maturation of the oil phase 1s to provide a pool with
| ‘hydrogen sulphide and more mafure (thermally stable) organosulphur
"¢ompounds, it must be demonstrated that the of1 has undergone thermal
“ﬂtention greater than that experienced during its sulphurization. l;\
t!la.cau of the D-3 pools studied, their period of mst’ intenstve
thermal alteration was probably reached during their primary géneration
from the Ireton and Duvernay sha1es in the Upper Cretaceous (Deroo
et 01. 1977)' Subsurface temperatures since then have been lower
mainly due to denudation. It is therefore difficult to argue that the
In situ maturation of .a sulphurous ofl1 is responsible for the
generation of Hy S, HS-, Hp S!,, and Sg in the D-3 system. Sulphur
1sqtope- and of1 composition data, reported in this thesis, sup'pon.'t
su1phuf“’lzation of the ofls rather than desulphurization. o
K
Finally, if the ToTand reaqtion does occur in the reservoir system, so
caHed: native state cores from the producing zone of sour pools sh0u1:1
have irreducible pore waters that contain substantial ameunts of
sulpha.t!, sulphite or thiosulphate and carboxylic acids. The sour oils
should’ have much higher contents of organic acids than sweet oils from

the saué family and 1eve1 of maturity. Furthermore, carbon dioxide in

r LY
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the jas cap and solution gas phase should have 1ts ¢C13 and 4018 values
measured and compared to the ¢C13 and 4018 values of, respectively,
hydrocarbon, and sulphate 1ining pores and vugs and in formation
waters. A close similarity in thcso isotope values would be a strong
argument in favor of the Toland reaction.

Hydrogen sulphide, bisulphide, sulphide, elemental sulphur, sulphanes
(hydrogen polysulphides), sulphitg and thiosulphate can be cons{dered
as the major {norganic products from desulphurization reactions. Ho et
al. (1974) discuss the behavior of organosulphur compound groups dyring
the thermal alteration of sulphurous crude ons.' The variou\wjano-
sulphur products result from efither transformatians from less ‘stabile to
more stable sulphur compounds or from sulbhuﬁzation reactions
resulting from the interaction of crude oil with the inorganic sulphur
products. The abundance of the inorganic sulphur compounds in the
reservoir and source rocks is dependent on the type of sulphur source,

the nature of the desulphurizatsion reactions, and on the Ehjand pH of

the system.

A piper by Boulegue (1973) outlined the following sulphur system
reaction scheme (see Figure Il - 34a). This diagram can be modified to
include hydrogen sulphide, the effect of the partfial oxidation of
bisulphide or HpS by ferric iron and the .generﬂ effects of the

variatior;s of Eh and pH (see Figure Il - 34b). The interaction of

hydrogen sulphide, polysulphide, bisulphide and elemental sulp“

"l . “ »
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FIGURE 11 - 34 -A
SULPHUR SYSTCM REACTION SCHEME 1
(AF1ER BOWLEGUE.1973)" ‘

FIGURE |11 -34 -8
SULPHUR SYSTEM REACTION SCHEME 11
(MODIFLED SCHEME [
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results in the. stablization of Eh and pH through either steady state or
equilibriud feactions (Berner, 19'.« Boulegue, 1973). Hyne (1968),
Muller and Hyne (1969) and Swift (1976) have demonstrated that
elementa) sulphur, hydrogen sulphide and sulphanes (mainly Hy Sg)
coexist in sour gas reservoirs. It is therefore likely that the
" oxidation-reduction potential and the hydrogen fon content of sour gas
rcsorvg(fs fs stabilized at some equilibrium or steady state reducing
and acidic value. :
-,
b4

The reaction scheme in Fighre 11 - 34b can be expanded and rewritten ®©0
form a general model which demonstrates the potential of a Toland type
reaction to generate hy8rogen sulphide and related sulphur compounds in
a Nydrocarbon bearing reservoir (see Figure I1 - 35). 1In this model,
an {nitial amount of hydrogen sulphide reacts with reservoir sulphate
to generate thiosulphate which disproportionates to sulphite and native
sulphur. The oxidation of hydrocarbon by sulphite-thiosulphite
produces hydrogen sulphide, carboxylic acids, carbon dioxide,
organosulphur compounds, asphaltenes, aromatics and elemental sulphur.
Elemental sulphur (Sg) is an important product capable of reacting with
the obls, sulphurizing them further, and capable of reacting with
hydrogen sulphide forming sulphanes which interact to stabilize the Eh
and pH of the reservoir system. Since hydrogen sulphide is both a
reactant and a product, the reaction is se}f perpetuating until the
sulphate pore coating is depleted enough to give the acid pore waters

access to the limestone reservoir rock. As a result, the effect of the
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sulphur system buffer dinln?shu and the pH of the system increases
(see Garrels and Christ, 1965) stabilizing the remaining sulphate. In
Figure 11 - 35 the carbonate-hydrogen ion {nteraction is dashed to
{ndicate the uncertainty of the effectiveness of the carbonate buffer
due to & partial or complete dolomitization of the reservoir rock or
due to the isolation of a limestone reservoir rock from formation
fluids by silica, anhydrite ar {nsoluble residues lining vugs and pore

surfaces.

Most of the factors (1isted at the top of Figure 11 - 35) that are
required to inftiate the Toland reaction can be achieved easily 1n the
D-3 reservoir system. Deep formation waters have generally low oxygen
contents (negative Ehs) and the sulphate concentration in the D-3 ofl
.fieltL brines (see Table 11 - X1V) should be high enough to support a
Toland-type reaction. The pH of the D-3 reservoir waters has been
reported by Hitchon et al. (1971) to vary between 5.98 and 7.31 for 18
D-3 pools sampled. However, the authorsa@noted that these values may
not be indicative of the true pH of the formation waters. The initial
concentration of hydrogen sulphide could be generated from the
reduction of sulphate by organic matter (Dhannoun and Fyfe, 1972) or
fr migration of hydrogen sulphide, bisulphide and sulphanes
mged mring the thermal maturation of the source rocks. This
lttter/inpﬁur source is of uncertain vnue due to the high reactivity
of the sulphides to transition metal cct1ons (Orr, 1975). Since the
conditions required for the initiation of the Toland sulpha?, reduction

¢
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FIGURE 11 - 38

REACTION SCHEME 111 -
THE TOLAND MDDEL FOR THE GENERATION OF
SULPHUR COMPOUNDS IN THE HYDROCARBON RESERVOIR SYSTEM
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reaction are apparont]y easily attainable in the D-3 reservoir system,
the observation that many of the oi! pools along the Homeglen-R imbey-
Redwater reef trend contain very low to zero contents of hydrogen
sulphide and organosulphur compounds s difficult to explain. One
solution to this problem has been presented in this thesis. That fis,
the sulphate reduction reaction is restricted to reservoirs that have
sulphate lining pores and vugs. This anhydrite layer would provide a
source of sulphur in intimate contact with the hydrocarbon phase and

restrict the operation of the carbonate buffer.

The occurrence of sul‘phur wells in the Panther Dome area of the
Albertan foothills provides an example of the near complete oxidatio‘n
of a natural gas pool by Toland type reactfons (see Hunt, 1975). Dry
gas pools in the metamorphosed facies have hydrocarbon assemblages
which generally consist of 98% methane and 1 to 2% ethane. Hydro?en
sulphide contents may vary from nil to as high as 86% (by volume) of
the total gas (Larson, 1969). Carbon dioxide is often a camparatively
abundant associated gas (Evans and Staplin, 1971; and Hitchon, 1963).
Examples of ga; analyses from metamorphosed reservoirs~ are shown in
Table Il - XV. The following Toland reactions may occur in the sour

met amor phosed dry gas reservoirs:
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H® o NS ¢ S04 — W2 S2 03 * N0

I .

S ¢+ Np $03
CHg ¢ H2S203 —= 2MpS ¢ (02 ¢ W20
CaMg ¢ M50 —» S ¢ 202 ¢ M0 ¢+ S
Sg ¢ H2S = W2 $9

These reactions tﬁou that the entire hydrocarbon content of a gas pool
can be oxidised producing sulphur deposits consisting of elemental
sulphur, hydrogen sulphide, sulphanes and carbon dioxies.

TABLE Il - XV

Natural Gas Analyses (Yolume 3) from Metamorphosed Reservoirs

Pool Panther River Pine Creek Beaver River

Well Description 5-19-30-10w5 2-10-58-19W5 Pan Am A-2 d-73-K
Producing lone Devonian Leduc (Devontan) Nahanni (Devonian)
Hydrogen - -
Methane 24.55 67.74 89.65
Ethane 0.18 0.57 0.15
Propane 0.06 0.15

Isobutane Trace 0.04

n-Butane Trace 0.06

{-Pentane Trace 0.03 0.01
n-Pemtane Trace 0.03

Hexames Trace

Heptanes* 0.16 0.3%
Octanes*

Nitrogen 0.84 0.61 4.77
Helium - -
Carbon Dioxide 3.79 4.88 5.04
Hydrogen Sulphide 70.42 25.54 0.38

Totals 100.00 100.00 100.00
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In conclusion, the Teland noeuoa cannet be mlutn"ﬁ‘bi‘
as respensidia for the production of major amsunts of hyérogee q)mla

and sulphur compounds 1a the D-3 reterveir aystes. Wrm
reaction forme & redex couple which ever geologic time has tnil

potential to generete an abundance of wwlphur compounds over a feirly .
wide range of reservoir temperstures. The resction is self mbm... \

and can estadlish 1ts own favorable chemical enviroament through hakt

sulphide equilidria.
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The carben fsetepe cmg‘u» of the methane, Athane ond prepine

\

‘ contents of D-3 nature) gasls 13 u-oﬁn'm Figure 11 - 36 and Todle

1l - IVl (see alse Appendis VII1). Analyses fros the Lower: Devonian
Keg Mn'r fomuo'ot the Ralndow and lems of) flelds and from the.
minlntolo'mm Formation at Alunr River have been iIncludgd for
cemparison. 1,
< ..

On the averege, p-) |Methane, ethane and prepane are more oar)ch“ in
C12 than the average msseciated of 1ty WL, G.1 ond 4.2 per of)
respectively. For every naturs! 9as andlysed the trend (noted by
Silvermen, 1863) 13 (methane) <il3 (ethane) <13 (propane) was

ehserved. Mn'r_sqs of this treand [that is, 13 (propane) <13

o (ethane) or 13 Nithane) <iC13 (methane)] predicted from theoretical

.

calculattops by Smith et al. (1971) and noted by Eréman and Norris
mgu. were not observed in this study.

.~

. " Co '

tn éubqa}isot{odcowonuon gf sethane s generally considered to
-’nf_lo'sl‘ .thlo‘hﬂ:n or tprrestrid) origin (Stenl, 1977) of the source
r(n':l'or‘ganic satter ag.“ the maturation fadex of the ¢gas source
(uc'r;g'g.’,xbn); In Figure 11 - 37 the carben isotope composition of

methane has been plotted against the maturation-seasitive retio

A ]
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x2 &
C1/Cy + C2* (see Feux, 19?77) for the -3 natural gases. With the
exception of the Redwater and West D}umhollur mghanes the remdining
D-3 methanes, including the Beaver River Nahanni samples, plot along a
cont inuous curve of increasing maturity, or an increasing C1/Cy + C2 »

ratio. Natural &nos 11ke those from Strachan, Ricinus, Harmattan and
Beaver River, whose carbon 1lotope del values lie between -40 to
-2§9/00 and whose hydrocarbon €omposition consists of methane in

excess of 951. are classed & deep dry gas. These gases are believed

to mve been produced from ov8rmature source rocks rphosed

ofl pools. The 'e'“"“‘! D-3 gases have methane values.

that range fw 58°/oo to -40°/oo and contain s Umes of

Co* hydrocarbons. Such gases ed as gases usociated with oil

generation and- are consider en produced from mature source

rocks or from the raturation o e oi1. A third group of natural

. L
‘se; termed shallow dry gases, cont
The carbon 1sotop3 values of the methame range from -759/00 to

in excess of 98% methane.

-580/00. This gas is believed to be produced by methane generating

bacteria (Feux, 1977). A subgroup, te?mé*ed gases (see Harwood,
1973), possesses characteristics from both the shallow-dry gases and
gase associated with oﬂ generatio‘n. The‘\vlest Drumheller and Redwater
natw] ,gq‘s have been phced in this subgroup due to their deviation

from the main 0-3 plot in Figure I1 - 37. However, their propanes plus

——— .,' . _ \
*C] = Methane; Cs# gthane and C3 = Propane '
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content and their methane carbon isotope values place them in the group
of gases associated with 411 mmntién. West Orumhe!ler and Redwater
natura) gases have gore methane am8 1ighter (more C12 - iﬁr‘shod)
methane de) values than the other D-3 gases associated "i‘vtth ol
genecskson. These compositions could de achieved b‘y iixing
biologically and thermally goncrafed methanes. However, the hijn
salinities of the D-3 formation waters at West Drumheller and Rcuvater«
{respectively 113,200 and 101,61 ppm T.D.S.) and their reservolr
pressures (refer to 011 and‘611?Conservntion Board of Alberta,
publicatiom #70-22, 1’97('))'clus these pools with the deep basin D-3
reef systems. It is possible that the We ,°0rughe11¢r and'ﬂedwator
tural gases have been produced by a d1§
:pposed to bfological) low menture"'reac"pn wgich generates larger
quantities of more C12 - enriched methane. Stah! (1974) is of the
same opinion, however his study reJected’ the use of sowtion gases..
Therefore, at 2 @Cl ¢ C2 ratio of araund 0. 70 and carbo‘1 values
near -46.0°/oo the basic mature of the thermochemical methane genera-
téon reaction may change. The mixed gas subgroup may be produced by
this hypothesized low temperature thermochemical reaction”although
truly mixed biological and thermal gas deposits probablywdo exist
(Harwood, 1973). '
FYIN
An?thcr interpretation of the relationship of the Redwatzr and West
Drunheller‘patural gases to the other D-3 gases can be given,in terms

of’ nigntion. These-two pools are the shallowest of the D-3 pools

--\.. . . * L

L]
rent thermochemical (as .
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studied. As @ result they have the t reservoir temperatures and
have probably had the longest migration .paths trom thé pas source in
the metamorphosed zone, com\ dip, to the reservoir trap. The ong
sigration path would produce & matural gas ot bulk composition would
be cosparatively enriched in pethane and C12. er reservoir
temperatures, comparatively lower volumes of thonu gas would be
produced by the in situ safuration of the associated ol phase, which
u*llutc tho migrated 9as. *Mnfon any W;ltﬁn fractionation
c"octs wou\d In mos t ch\y observed in the Redwater mq West
%ﬂ As shown in Hun 11 - 37 the Mest Drumheller and
Redwater mturn gases have ¢ owantive\y morg C12 - &Qchod methane.

'¢\
v

e - e..\_‘._.

According to Stahl (1975, 1977) methane derived from the maturation of

organic matter from sapropﬂic marine environments ts 10-15 per mil.

more enriched in G n pethane derived from continental organic
matter. The uniform plot of the carbon isotope composition of D-3
pethanes in Figure II - 37 and the range of sC13 (methane) suggests
that the D-3 natural gases have been derived from marine source rocks

fn agreement with Deroo et al. (1977). ‘"
.'
four D-3 pools 1n.Figun 11 - 37 fal) off the main «C13 (methane) vs.
C1/Cy + C2 trend, outside thg error of analysis (o &CHe * 0.29/00,
o 83/C, + Cg = +0.03). These pools are Leduc Woodbend, Yekau Lake,
Acheson and Clive. The ofls in these pools have been chssed as Group

A ofls (see Part 11, Chapter 11) which were {nterpreted to have been

. L)

w
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matured in deeper pools and migrated up dip to their present position
after being disp\acod'by gas. The carbom isotope composition of the
methane from these four pools s too C13 - enriched compared to 1ts
€C1/Cy ¢ C2 ratio versus the other D-) samples.

The very uniform plot of ¢C13 (methane) vs. C1/C) + C2 suggests that up
dip gas migration has either a very strong or very slight influence on
the cardon 1,:090 composition of methane and the bulk composition of
D-3 m 4-:. The latf.or opinion is preferred siWce only 4 pools
(Clive, Y 4 Lgio.’me Woodbend and Acheson) are anomalous in tymir
011 and Aﬂ_tn. Atcording to Alekseyev et al. (1972) the
:‘.ﬁt‘ai b‘" 'Pr,cti‘;}ofc the carbon isotopes of natural gas during

migration ist, primarily through the processes of diffusion,

[ |
ab_sgrptie’
the cpf m,-;

tion and degassing and phase transitions. However, in
Feux (1976) any migration fractionation effect should be
&“wo‘-‘ﬂﬂi_iq the migrating front. Once the g4s collects in the

“reservoir trap, successive migrating fronts will be more C13 - enriched

producing an agghegate gas whose carbon isotope value s little
:"f.ﬂnnt from premigration values. However, if a significant portion
of the mfgratfng ges s lost at some stage, then isotope differences
could be obdbservegd .in the pools along the -1gntion route. If ﬂf'lon
nigﬂtion is an 1wortant carbon tsotope fractfonation process, then
t!n task of sorting maturation effects from migration effects becomes
quite difficult. And, the use of ¢Cl13 values of the methane, ethane

and propane copponents as a geochemical invdex would be of dudbious

7 ¢




value.
’

The carbon 1sotope composition of the ethane and Propane gas components
have been plotted versus the C1/Cy + C2 ratio in Figures 11 - 38 and II
- ¥ respecti®ely. The ethane and propane plots show d1m1nish1ng
cl2 Gpntents w1th fncreasing Cl/Cl + C2 ratios as does the methane date

1n Plgure Il - W. Hovaor. unlike the methane plot which shows one
| continuous function, the ethane and propane datl‘!iscrininate between
the Nonoglcn-l'mbcy~kodnater and the group‘d Wimborne-Duhame! and
Stcttl’-lmt Orumhel ler associated g9ases. The best separation is
achieved using the ethane versus C1/C1 + C2 plot. It 1s worthwhile to

speculate on the reason for the ¢C13 and C1/Cy + C, data for ethane and °
propane being able to discriminate between D-3 hydrodynamic systems
‘while methane doe; net. Provided thet all three gas compon06;s were
generated in the source over the same period of tfme, then thefr
migration paths from the source to the reservoir should be the same
within any one system. It is possible that the‘aoneglen-k1mbey-
Redwater, Wimborne-Duhame! and Stettler-West Drumheller hydrodynamic
systems have migration paths whose Ieng}hs and fractionation
Capabilities are different. As a result, a plot of parameters such as
the carbon isotope value of a 2" co:ponent versus a gas bulk
composition factor such as the C;/C, + C2 ragio should show the effects
of the different nigr:tion paths.' However, if migration fractio;ation

were an important factor, methane should be increasingly more abundant

the further a pool is along the migration path. The C1/Cy + C2 ratio
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trend shows the exact opposite. Ome mere peimt s werth noting, ond
that i3, the Stettler-test Drumheller and Wighorane-Ouhome! nmuuq
goses comain uptﬂuu\wo hydv ogon umm then the umutdv

geses froh the Homeglen-Rimbey-Redwater hydrouuﬂc systea,

Consequently the of! sulphurizatien reaction end the ﬁmn Sl pht
penerat ion mechanism may be responsible for the discriminetory adi
of ethane and propane in Figures 11 - 38 and 11 - 39. Methane 0&1
predominantly a product of maturation, whereas significant quantit
of ethane and propane could be produced by carboxylic acid form
011 sulphur compound production and cyclization reactions resu
f-emsof) -'s'sl»m interactigas and of) oxidatien by suiphite and
tviosulphate radicals.’ The mﬁor 1s aware of no experimental evidence
to sugpert this contention. v
oy
. '0 .

The trend=shown in Figure 11 - 37, where the 13 content of methane
increases as the natural gas becomes drier,(increasing Cy/C) 4C2),
germrally .mp,u to be the result of matyration (see Feux, 1977 and
Stchl 1977). TM shape of this curve (excluding the Redwster and uﬂ
Drmllir data) s similar to a closed system plot of 4 vs. f (see
Part 11, Chapter III). Mowever Figure Il - 37 1s not a s!.plllcloscd

systes plot conforming to the equation:

1 .
‘:13--10001-! 1-10 <1 +&3
cn‘ souwrce, t = 0
..'» » Y r a
“‘.‘(; ‘. . :_‘ / .
' . Y |
a2




where f 13 the frection of source carben converted to mhgne ond ¢ 11
the fractionation fagtor.

SN s
For axample, C/Cy ¢ Cg 13 oaly .r.u"u\ te 7 (the frection of
orgenic mettex eoamd te mthane) and e propertienality relatione
ship s virtuplly undef inable due to the wy side reqctions which
produce Imermediate organic campeunds when the Source {terogen or ot)
1s matured. Cach of these intermediste compounds fs thermodynanically
upsteble compared te methane, but esch cdipeund containg & portion of
the source cardbon and has an fsotope co-oouuon'cMronu by the
tRe) carben relessed frem the source material and the isetepe frac-

t'onstion factor(s) involved in the formatfen and destruction d the .

compound. Furthermore, o, the fragtionstioh factor v;oﬂn quui mark-
edly with tesperature (Frank ond Seckett, 1969). And, o is depeadent
on the pcni!t erganic carbon compos ition and tts' extent of thermal
degradation (see Sackett, 1968; Seckett gt al. 1968 end Frank ® 9.
1974). | '

e lsotopo composition of methane may be coo'ur.ol\od 1n part by am
cqoﬂlbﬁu- with mhoo dioxidn. Methane urbon 1:. on the avgvage,
33 times more abundant tMn carbon diexide carbon 1n the D-3 peols

[ N , ‘v
.———-—4——;4 ’ '(‘
*This figure .is based on gas b 1g8l) provided by thetrargy. Wp{
Cmntln Beard, White (1960) ni Larson (1969).
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stuaiod. oxcept for the . Stett\or and West Orumheller gases which

contafn mr\ carbon dioxide by a factor of about 7. 1If all the carbon,

'dioxido in the 0-3 natun'l gase* were derived frdh marine limestone,”

whose average sC13 45 0.00/00, and if this were mixed and equilibrated
4, ]

with average D-3 methane, whose eC13 value is -44.50/00, then methane

would become more enriched in C12 by 0.19/00 and carbon dioxide woutd

becqme more enriched fn C13 by 3.40/00"at 100°C (refer %o Ohmoto, 1972
and Bottinga, 1969). As 3 resulf_nthane - carbon dioxide 1sotop'e
exchange equilibria would produce only a s"light effect on the '1sotopé
composition of methane. Furthermare, as reﬁ)rted by Bottinga (1969),
‘t cannot be conclusively demonstrated that low tempgrature methane -
carbon dioxide equilibria occur. The 1sotope composition of D-3
l‘methane 1’_s probably the result of kinetic 1sotope effects assocfated
with the thermal cracking of the carbon source together with a closed
sys;’.em ‘or partially closed system isotqpe effect which relates the
carbon del value of :he product to the fraction of source materd al

cracked. ﬁixing of methane generated from the in situ thermal cracking

- of ofl with methane migrat'lng up dip from deeper source beds would also

have some control on the isotope composition of this gas. Presumably
the deviation of the methanes from the Leduc Woodbend, Yekau Lake,
Acheson and Clive D-3 pools from the main plot in Figure 11 - 37 is a

result of this latter mixing process.

In Figures Il - 40, II - 41 and 11 - 42 the difference in isotope

9
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a.mmm Setweon -nlun ond mm. nethane oulmon and otnns
and pnmw hve been pmm nr‘n the' c;/c; +Cs nuo. Therd 1s.n0
| tween m cardon uomo differences and c;/c; + C

mnfon.(mn ey h n nutionMp at all
*between the gountion of sethane, ethamne and propane. This i3
wnlikely siaco 1" three ‘0 Mcq: of the thermal cracking o' more
*m Th’mdﬁt rhon feétope ﬂfﬂr-
ences pr».bly ruuns frou m coq\ox interrelationship of tho
" warious ho,ton fractionation ef fects ,mt are dnvolved in the mu:uq
side reactions of the mu/g/w ss. It is mlikﬂy that
such a systu could be descrfed by a simple difforonco of/tvo
variables plotted against a u'tq,n_ti_o»,pannter. ‘. o

- . -

-/

» ‘.

In Part 11, Chapter 11 the-relationship of the C12 content of the D-3

ofls, and of the ntunt.e and crmuc fnctions to the degree of
_ saturatfon, was found to e an increasing C12 content with increasing |
maturation. This trend was noted to be the reverse of the thoo;oticgl
relationship defined by Silverman (1964) which has been supported

data from Orr (1974). 1In Figures 11 - 43 and 11 - 44 the pool averag
carbon isotope ulud of methane have been plotted versus the po '
average carbon fsotope vﬂuss for the whole of) and aromatic tion

respectively. In both figures, c13 (nmm') shows 3 significant

negative linear relatfonship to the carbon isotope value of the related .

of1 and ofl fraction for the‘Honeglen-kinbey-.!tednt:r poo\s.‘ Not

N

I
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enough data are availeble to assess the msthane - whole of! relation-
ship for m Sutt\or-\mt Orusheller and Winborne-Duhamel trends. The
\Mworm-ouhu! gystem, with the ncoptun of the New Norway pool,
shows 2 negetive curvilinear relationship between ,the carbon isotope '
value of methane and the §C13 value of the aramatic o® fraction. If
these relationships the result of cause and effect, then the of)
and gemetic fract reases their C12 comtent at the expense of the
sssetiated m The carbon isotepe value of ethane

shows 3 s'i.nﬂcr negat ive relationship only in the {mbey-

Redwater system (refer to Figure 11 - 4s).

These negative isotope correlations could have been produced by 2
closed system isotope effect with a variable fractionation factor (‘).
Frank and Sackett (1959) calculated viretic carhon isotope fraction-
ation factors for the pyrolysis of neopentane. At temperatures near
100°C e is around 1,100, and it declines to values near 1.030 at
tesperatures in excess of 300°C. If such large variations in «* occur
during the maturation of a 1iquid as complex as crude otl then the
negative relationship between the carbon isotope value of methane and
crude oil can be understood. Consider the simple model where neo-
pentane is pyrolysed to methane, and no long-1i{ped reaction intermedi-
ates are produced. The difference (a) between the inftial 13 value

of neopemtane and‘its carbon isotope com tion at some later stage
during the pyrolysis is giveg by the equati.on: //

2= (fa-1-1)1000

*4 Here s is only an average value which describes the overall behavior
of the system.
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Where f 15 the -nq't*o! vepyrelysed neepenmtand. The difference 1n the
\

1sotepe wmu of methane and thh o813 valus of the inttial nee-

pentase s releted to f thmgn the following equation:

: 1-1
‘ S L )

4o 00 1 K/ e

) =
I Fiqure 11 - 46 the logarithm of the absolute value of & (sathane)
'u;l_l a‘(monﬂnm) m\'. e 1.100, 1.060 and 1.030 have beon pletted
versus f. ¢ (mathane) values are maun.‘ but have been censidered as

sitive quantity to fatt1itate tM.lmri.ﬂnic transform. In Figuwe
110°47 4 (methane) has, been plotted versus & (neopentame) for f (0.70,
0.60, 0.40) and a{1.100, 1.060, 1.030). For this particular case, as f
and o dtcr(asod with increasing tntonsity of maturation, the carbon
{sotope cemposition of the 1iquid beceme more €12 . enriched as the gas
became more C13 - enriched. " A similar carbon {sotope trend s
observed in the D-3 for the Homeglen-Risbey-Redwater reef pools.

v

In Part .11, Chppter 1], Section 3 of this thesis, the trend of
increasing C12 content of the of! with increasing degree of maturation
W explatined on the basis of gas dusphﬂ;ing. In this section, f{t
has btcn demonstrated that such 2 nlatioﬁsMp could be produced by the
in situ closed system thermal decomposition of an oil pool. Depending
on the probability that is assigned to the existence of a mtun\'

closed system and on the likelihood that « varies significantly with



.'S ' . "

T pounan.-a B
"ot oh.oyun ¢ POR T
PYROLYSIS OF NEOPENTANE
. [ ]
3.0

A Xy ey

LoG 1 A

\. s, - on et ).000

eSS
. ,~ - ‘ \ e 1,098

1o / . A

. v v \J | J v A v v L}
. ) 0.7 0.2 0.3 0.4 09 .6 0.7 6.0 0.9 1.0

f(FRACTION OF NEOPENTANE UNPYROLYSED)

\. . oL oo 1,100 °



’
VR ¥ R |

.

B g e -

=

-
\J
w

’

A (PENTANE ) %

ant,



" ‘ ?
‘ / Lot : ; ’ C

b o samexe sepsestnde . : gmz‘“m ' Y . :
| e aaieh eguttid 29 Sebervelebes: uphginttes’ e 0y Shher o
y e @ries fontepes & U o} o g Wipies. Bue of meegpity, R

: rajoste oy gy \00Rs oF &) or 58 oF0er the oft goe! e

" forend (Ve dgubi. i rostiy oft oaf Gs mommlation 0
v e o g sregy, sinet iy e s # eretten
Y Po GURs & 2 @osi-closed wrtes 1

- e ot o) om

olgretion. e  of B (N0ed witen enly woseninett the
) Seharter of the quari-closed qysten Bt thy wppretantion eeld be
1000 GASugh %0 fastaste gueere? SIERIR. N0 ver. staple sespentase
mte] Gmmstrotes tht 10 o sevtes of Slosed ystam which waderge
o -gregress lve- asturt fon, .ﬂm”.ph—-mcl, onriched
‘uhwmh-ﬂw ta C13, An amslogous grstem my extst
ta the 0-3 reservelr. | ] .

edrfchment of o of) with incressing meturity reseits free
dossphalt ing.



CONCLUSIONS .

5-1) 011 fraction'(saturate, aromatic, maltene, NSO) and oil sulphyr
abundances are effected, markedly by data-c]gsure.
. ' J

/
{

- 2) A Q-mode factor analysis of oi1 sulphur percentages and otl
fraction data for Leduc and keg River oils identifies two main

;;' processes which affect the composition of the ofls: maturation and

sulphurization.

3) A graph of Factor I loadings versus present day reservoir tempera-
ture defines three groups of Leduc oils which have been designated as
Groups A, B, C. Grcup B oils san be interpreted as oils whose
composit1on is ma1n1y contro]1ed by maturation. Group C oils can be
1nterp:eted as oils whose compos1t1on is control]ed mainly by sulphur-
ization, Group A ofls aqe essentially Group B oils which have ‘been

displated up-qip from deeper,'hotter,.feservoirs by migrating gas.
4)' Gas-liquid chromatography of the saturate oil fraction for the

Leduc and Keg River oils shows no evidence that these oils have been

biodegraded.

5) Leduc oils from the Homeglen-Rimbey-Redwater, Wimborne-Duhamel and

Stettler-West Drumheller reef trends probably form one oil family.
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6) The mean and range of carbon fsotope analyses (fospectivo\y
.280/00 and -27.2 5 <28.79/00) for ofls from the Leduc and Keg River

formations indicate that these oils have been generated from marine

_source rocks of Devonian age.

7) -ecld analyses of Leduc oils and their saturate and aromatic frac-
tions, indicate a significant enrichmpent in c12 with increasing matura-
tion. This C12 enrichment trend is contrary to the accepted trend of

increasing C13 content as tye ofls become_incréasingly uorf/znture.

8) The carbon isotope values for the Keg River and Leduc oils overlap

to such an extent that the two {sotope populations are indistinguish-

able. Furthe plot of scl3 (aromatics) versus sC13 (saturates)

does not discriminate hetween Keg River and D-3 oils. Therefore,
efther the Keg River and Ledut~aqjls have very similar source organic
matter, or carbon isotopes are not to some oil correlation

problems.

9) Carbon isotope values for the methane, ethane and propane raffin

homologs are more c12 enriched than their assocfated oils.

10) The trend sC13 (methane) < sC13 (ethane) < sc13

observed for every Leduc and Keg River natural gas analysed.

-

3 !
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11) A plot of ;13 (mathane) versus. the C1/Cy ¢ C2 ratio defines a
continuous curve which has a marked-slope reversal at a carbon del
value of about - 469/00. This slope reversal suggests that there are
two fundamentally different thermochemical iethane generation

reactions.

12). Two classes of Leduc hydrocarbons can be recognized from 413

(methane) values. These are mature and overmature (metamorphosed).

13) The range of carbon del values together with the continuous curve
defined by the/ccl3 methane) versus C1/C; + C2 ratio suggests that
th23 natural. gases haw'le been derived from marine source rocks.
14) The effects of migration isotope fractionation on 'the carbon
/f’sotope values of D-3 natural gases cannot be easily assessed.
(However plots of sC13 (ethane) and sC13 (propane) versus the

C1/Cy + C2 ratio discriminate the Homeglen-Rinbey-Red«ater trend gases
from the natural gases of the other two Leduc hydrodynamic systems.
This discriminatien may result from fractionation during migration.

15) Tba)}e is no correlation of the difference between the cax;n
{sotope composition of methane and ethane; ethane and propane; and
methane and propane with the C1/C; + C2 ratio. This probably results

from the complex\and 1rre\!ersib1e nature of the maturation reaction.
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16) The observed trends of c13 .nr1cﬁ§.nt in methane and C12 enrich-
~llﬂt of the associated oil, and of1 fraction with increasing maturity, .
can be oxplaihcd using a closed system maturation - {sotope
fractionation model. |
s : ' \
177 Leduc Group B' and Group C ofls have a statistically significant
negative linear correlation between 4s34 (o1) and Factor I loadings.
@ ﬁsﬂf, 't';\e variation in the sulphuv: {sotope composition of oil
7\ sulphur is probably.controlléd by maturation.aﬁd sulphurization

actions.

18Y 0ils from the same family can have a wide range (149/00) in

sulphur isotope composition.

19) Due to the statistically significant relationships between
534 (o0i1) vs. maturation; and sC13 (o0i1), ¢C13 (saturates) and sc13
(aromatics), vs. maturation, it is necessary to define ofl families and
their isotope variation and then correlate between the families, not
between the individual ofls.

20) Sulphur isotope values from oil and solution gas samples indicate
that the sulphur source for the Leduc and Keg River pools is

different.
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21) The difference between the mean ¢ s34 values for Keg River and
Leduc solution gas (-8.49/00) i3 quite similar to the ‘difference
between the mean sulphur de) values for Hiddlc Devonfan and Upper
Devonian evaporites (-7. 09/00). This relationship supportt the
accepted opinion that evaporites associated with the oﬁs “ gases are

“the sulphur source. /\

22) Both the ngn!tudo and direction of sulphr isotope enr{ chment for
co-produced D-3 sulphur samples is compatible with an pquilibrium
{sotope exchange reaction with hydrogen sulphide. ' |

23) The significant 1inear corro\atidn between the sulphur del values
of reactive gaseous sulpﬂ/de\(primrﬂy HoS) and present day re‘[voir
tempergture can be—-expiained using-a closed system su\phate,.nﬁ\ion

!

model.

24) Hydrogen su]phide in the Leduc reservoir system is believed to be
produced by the reduction of Upper, ngonian sulphate (1ining the vugs

and pore spaces of D-3 pools) through Toland type chemical reactions.
{

L]

25) The Toland reaction“can explain the oxidation of an overmature dry
gas deposit to an accumulation of elemental sulphur, hydrogen sulphide,
sulphanes and carbon dioxide.

LN - v — -3 -%y



26) Althetii the Toland mcﬂu annot be mtmmy mstnud‘

as responsidble for the production of 'm jor amounts of vqm wiphide

and sulphur compounds in ﬂn D-3 reservoir system, this' mction forls.-
8 redox couple which [over geologic time) hes w_ potential t¢ generste

an abundance of sulphur compounds over a- fairly wide range of reservoir

temperature. The mﬂion i3 self wsuining and an uubluh 1ts own

fuoublo d\c-icn mvtromnt through umm mﬂibru.

: Y ‘

N

Closed systems (meant in thc mathematical and the chemical-Raylefgh

//‘“ sense) appur to have a urled effect on the variation gn the

composition ef the Devonfan Leduc ofls and natural gases. Isotope
models based on the closed system explain the varfation fn the sulphur
Asoiope conposithp of reactive gaseous sulphide and the general
varfation in the carbon fsotope composition of the Leduc ofls and
assocfated natural gases. Also, much of the variation in Leduc of]
fraction percentages may be due to changes in only the saturate epntent
and dta closure. | -‘ . “
"It 1s important to recognize the effects of mathematical and chemiqsY
;:losure on information from anylgoochnical system. Once™3his s done,’
genuine varfations in the geochemical information from a system can be
fdentified with probable chemical processes.
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APPENOIX | . : ! 9

REAGENTS

1. Reductng Solution
473 mi W1 (S.8 = 1.7) o -J
722 m concentrated HC! ‘
232 m1 H3POp (50%)

Botl for 45 minutes.

-

2. Cadmium Acetate Solution
61.5. gm Cadmium acetate
+ 500 m! Acetic acid (17 N)
~ 2000 m distilled water

3. Silver Nitiate Solutfon (0.5 N)
170 gm AgO3 \

2000 ml of choride free distilled water .

Store in a colored glass bottle to avoid the photo-decomposition of

the solution to native silver. §
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4 Yy SIy't‘ Folch Oxidizing Solution
. 639 g Croy |
18 I a5z H3PO4
664 m! fuming sulphuric acid
¢
Heat this mixture to 150°C, stirring frequently until all of the
Cr03 1s dissolved. Allow the mixture to cool in a covered con-

3
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CALCULATION OF THE EFFECT OF THE PRODUCTION OF GARBON MONOXIDE
ON THE C13 VALUE OF CARBON DIOXIDE

For the reaction:
CO.+ 2 CuOaRC0y + Cu0 . Pe=1atm
T = 600°C A-1.

the equilibrium constant is defined as: °

C0» x aCu
Kooy ® __.z_ﬂz . A-2.
®U 200 x (acu0) :

Assuming ideal gas conditions, then: .

o PCO2 . aCup0
K - A"3o
¢ b0 (acw0)?

Both Cu20 and CuO are solids and their activities are, by convention,
considered to be unity. Therefore,

Kequ * ;.g%z | A-4,

From classical thermodynamics:

N Kequ " '—%1.» + constant A-5S.

For reaction 1, the constant in equation 5 can be evaluated at 25°C

However, H? for reaction 1 has to be evaluated at 600°C. H} is re

lated’to the;::dj(h; capacity of the reaction ( C3) through t
following re ship: 4



wl. * .C‘ - Pe]lata A-S.
[ J

The standard heat capacity for a reaction at any temperature can be
calculated from an equation of the form:
5 = a0 ¢ ad x 1037 ¢ 4c x 10572 Pelata A-7.

where aCf 13 Qﬁmd as the difference between the heat capacities of
the reactants and products. The parameters {n equation 7 are calculated
from oquations of o stetlar form for the resctants and products. That
1s:

Cp = a+bx10°3 + ¢ x1057-2 Pe1lata A-8.

Partially integrating equatfon 6 gives:

SHp-= aCg dT ¢+ constant A-9.

Substituting equation 7 into equation 9 and integrating produces:
AHS = aaT + ab x 10-312 . acx105 + constant A-10.
r —2 X —T_

Helgeson (1969) provides heat capacity equations for CO, CuO, Co2, and

Cu20. Using these, the standard heat capacity for reaction | was deter-
i(“mined to be:

~aCp = 9.41 + 2.02x1073T - 1,95x1057-2 A-11.



Taorefere, A :
olp = 9,417 (hmxo-lri o 1.9521087°1 + constant R StE
Ve

&

At 298° the mstan?’n equation 12 has & u\w of -36998.23 calories.

Therefore,

ANg 9,417 + 1.01x10°3712 « 1.95x10571-1 + 36998.23 A-13,
Cvaluating equation 13 at §13%, the heat of reaction for reaction 1 has
s value of -27790.21 calories. Sudstituting this number 1nto equation §

gives:

. 211%.21 1 _
Vo8 Kequ * 17387 x 2,303 * 873 * comtemt A-14.

In order to evaluate the constant in equation 14, the equilidbrium con-
stant for reaction 1 must be determined at 298°k. Assuming fdealality,

nk - -AG. -15.
[ 3 equ T A-15
For reaction 1, aG® = -66070 calories

Therefore, 109 Kequ * nwﬁ% = 48.4454

Therefore, Keq, (P = 1 atm., T = 298°K) 3x1048




Submituting this velue inte miiu §, then the constant 1n equatieon
14 has & value of 23.91040. Therefore, solving oquation 14 at T'= 873
and P = 1 atm. gives & value of 7.484x10%0 for the equilfbrive constant

of reaction 1.

Assuming that the wapour pressure of Cu0 and Cu0 are ainiml) at 600°C,
then: .
Protsl ® PCO2 ¢ PCO = 1 atm.’ ' A-16.
Kequ " gl 7110-% . 12

’

The similtaneous solution of equattens 16 and 17 gives a value of 7x10-30
ata. for the partial pressure oi ca®™on monoxide at reaction tempera-

tures and pressures.

The internal volume of the reaction system fs appro.xunte!y 12.3 cc.
Using the ideal gas law (PY/2 RT), the number of moles of carbon mon-
oxide and carbon dioxide were .cncuhted from their partial pressures to
be 1.20x10-32 and 1.72x10-4, respectively. Converting these to mole

fractions, then Xcoz » 1 and Xco * 6.96x10-38. Here, X designates male
fraction. Using a relationship similar to the one defined for sulphur

by Ohmoto (1972), then:

13 '
«h3iar carbon * X0, + b3, *+ %o - ol A-18.




-

) )
Ag 0°c the equi}ibrium carben 15otepe frectiomstion factor Betuesh co
vt COp 1.3.010 (Vrey, 1984; Doxtings, 1900, ond Scrlerus, 1, A
copting | the average C13 velue of COp Gerived Wy eni@izing Osventon
of1 18 -21-8%0" (Dagens, 1909), then CO 18 oqui VIbrivs with the COp wil)

hove A 13 value of -46%e. Substituting the @) velves and mle frec-
/

{

3 . -3

< carven * -8 ¢ 266.94a10-%) /

1

tions. Inte oguation 18 gives:

Therefores, tha-male frectien of cethon monenide produced uun'r-
Carius wbe onidation reaction 1/1-'. great onnugh to neglite the relo-
tionship thet, within .mﬂ-u‘o\. error:

cRar oxtdized carden ‘&
and therefore,

taz . OCH\




CALORATION OF ™ME 190TOPC EFFECT OF CONTANINANT .
ATWOSPMERIC CARBON DIOXIBE On TE OIL VALWE OF
CARBON DIORIDE PRODUCED 8Y ™I CARIUS TUBL OXIDATION OF OILS

Atmssphoric carben ¢lenide wes frozen down ente the of! feprepnited cup-
ric eide Guring the freazing peried prier to the secend evecuistion of

carius twbe (refer to Chagter 1, Sactiem 8). This corben dioatde
i' wes utncu; from sbout & 25 cc velume which included the resction

vesse! and part of the extraction apparatus. If all of the cardon
dlonice In this volume wes frezen out, and 1f 1t can be assumed that at
one Rmosphere presouily and 25°C the air containg 0.03 volume percent
cardbon dioxide, then the mumber of moles of M-ﬁ.uut cordon dioxide
can be calculated as: . ’

P

moles contemtnant COp o 9:023.1.0:0003 , 2o8 . 5,067 x 1077

The smallest of) sample oxidised gave 1 standard cc of cardbon dioxide

\dtcr complete combustion, or 4.464 x 10-5 mole C02. After combustion,
the total mumber of moles of carbon diexide 1A the reaction vesse! i3
therefore, 4.497 x 10-5. Converting jo mole fractions, thes:

X0, of combustion ® 0-993 and Xyemospneric COp * 0.007



»

whore 1 dostgrates mele frostien. WIth referense te Ghmsto (1972):

"Wyt . 'og-cod. SHpocesd. * ‘0p-ata. Slp-ota. A-22.

Asouning thet «Clyqq.00p Mes the velue of Lost Pecifie oir, which is
“A.1% PEB ond sssuming thet the @81 velus of the corbew @lexide preliuced
fren the esmbustion of *- ol) s 208, then these valuss tegather with
the mle frections can be subetituted 1ate eguation A-22. The selwntien
of eguation A-22. givas & wiue of -27.98e. Considering thet the emelyt-’
181 orver {3 +0.28., then the «f¥ value of the mixture con be acospted
o8 the £13 velue of the carben ¢lexide @rived from the cortus tube
oxidation of the ofl.




APPENDIX 1V

SAMPLE GAS TRANSFER PROCEDURE

Refer to Figure A-1

1.

2.

3.

5.

Place a steel weight gently over the breakseal of the glass storage
bottle and fuse the storage bottle onto the gas transfer line using

an oxygen-methane torch.

Turn both of the tuo-ua;‘greased stopcocks of the injection U-tube

to the A to B flow position. Connect the U-tube onto the transfer

dpparatus at the ultra torr union outlet.

o]

Open stopcock 1 and pump the line down to high vacuum by opening

stopcock 2.

Once high vacuum is reached, close stopcock 1 and shatter the glass
breakseal using the steel weight. The sample gas will expand up to

stopcock 1.
Close stopcock 2.
Gently secure the sample U-tube against the ultra torr union. This

ﬁrevents the U-tube from being blown out by excessive gas pressure

when stopcock 1 {s opened.
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* SAMPLE TRANSFER APPARATUS
&
TO VACUUM
ONE WAY TELFON
HIGH VABUUM 5 MM. 2
BORE $TOPCOCKS emmp- %" ULTRA TORR UNION .

$TC1

STAINLESS STEEL WEIGHT

SAMPLE INJECTION

U-TUBE
(4 $TD. CC VOLUME)

GLASS SAMPLE STORAGE TUBE
(270 STD. CC VOLUME)
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7. Open 3topcock 1. Gas now will expand into the injection U-tube.

After equilibrium is reached, close stopcock 1.

The sample U-tube and vacuum line now contains an aliquot of gas ‘at.
a pressure in excess of one atmosphere. As a result, the U-tube

contains a gas sample whose volume {s greater that 4 std. cc.

8. Rotate injection U-tube stopcock, STC-1, to the B to C flow posi-
tion. During the rotation the U-tube was momentarily exposed to
atmosphere, through the A to C path, and its pressure therefore

reduced to ambient values (app. 1 atm.). The U-tube and its con-

tained 4 std. cc. gas sample can now be taken to the chromatograph -

for injection.

" _This expansion transfer procedure was developed to replace the more com-

monly used mercury Toepler pump technique because of the high hydrogen
sulphide contents of many of the naturg1 gases to be analysed for this
thesis.
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APPENDIX V )
SAMPLE GAS INJECTION PROCEDURE
Refer to Figure A-2 and Table A-1

1. Using tygon tubing of an appropriate inner diameter, attach the
fnjection U-tube to chromatograph port 1 or port 2, whichever is

part of a backflushing system.

Consider column 2.-(C2 in Figure A-2) to be Backflushing. Taﬁle A-1
14sts the appropriate flow positions for the two-way stopcocks of
the chromatograph system. Before the gas sample can be introduced
to the flow system, air must be purged from the by-pass flow line

between stopcocks 15 and 13 and the sample U-tube stopcocks. To do

*
e '

A. Divert the helium backﬂq‘h flow from column C2 by turning

this:

stopcock 12 to the (closed) A to C flow position.

8. Turn stopcocks 14 and 15 to the B8 to C flow positign. Air be-
' tween stopcock 15 and the U-tube is now flushed to atmosphere
by a rapid helium flow. After 20 seconds stop the helium flow
by placing your finger over the end of the U-tube stopcock
outlet to atmosphere. With flow stopped, quickly turn this
U-tube stopcock to the A to B flow position. In every case,
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FIGURE A2

NATURAL GAS COMPONENT SEPARATION AND COMBUSTION APPARATUS

Tov
’ ‘ YO VAGUUM scqam o
BUSTION s
E:mﬁn > » '
L0 5 Q- e COy REMOVAL
PURNACE — RUN AT c ' U-TUSE
w
70 ATMOSPHERE ¢ » \ A cprTATION
p&‘v'uno AN 4 vt
A Low m.er_ - - PROM He PURIFIER"
YO ATMOSPHERE ‘ TH ATMOSPHERE
PLEXIBLE
( A TYGON
TUSING
s CYLINDRICAL »
GLASS - KAPOX .
€1 )COLUMN 1O a N
SAMPLE PORT 1 Q) weu PORT 2
? :
. ’ 12 !
’ *

e BACKFLUSH mLEY
" B

’ e FORWARD FLOW INLEY

LEGEND

UTC: ULTRA TORR CONNECTOR (%"

D : THERMAL CONDUCTIVITY DETECTOR

C : ¢ POROPAC Q COLUMN - \
STANDARD WALL 8 MM OD PYREX ~_

@ : 2 MM 2WAY GROUND GLASS STOPCOCK ’

FLOW LINE MADE OF 8 MM 00 PYREX '
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TABLE A-l . -

List of Stopcock Settings for the Chromatograph and Combustion Apparatus

\

(Refer to Figure A-2)

Column 1 - forward flow Gelumn 1 - backflush, and
through the furnace tube, Column 2 - forward flow
.and Column 2 - backflush through the furnace tube
Stopcock Stopcock Stopcock Stopcock
Number Flow Path Number Flow Path
1 AtC 1 AtoC
4 . B toA 2 B toA
3 Closed to Flow 3 A toC
4 AtoC 4 C'to 8
§ Bte € s Closed %o Flow
6 Closed to Flow 6 Closed to Flow
7 : AtoB 7 Closed to Flow
8 AtoC 8 Bt(
9 AtoB 9 CtoB
10 BtoA 10 8B toC
11 Bto C 11 B to A
12 B to A 12 AtoC
13 Closed to Flow 13 Ctob
14 Closed to Flow 14 Closed to Flow
15 Closed to Flow 15 B to A
16 AtoB : 16 AtoC
17 AtobB 17 At
18 o Ctob 18 Ct8s
19 Closed to Flow 19 Closed to Flow
20 Closed -to Flow 20 Closed to Flow



.4

2.

5.

the built wp pressure at the finger exceeded one atmosphere
and therefore none of the 988 sample was lost during the ro-
tation of the U-tube stopcock.

C. Rotate stopcock 15 to the A to C position.

D. Rotate stopcocks 14 and 13 to the A toB8 flow position. Air
s now flushed from the line between stopcock 13 and the other
U-tube stopcock. Again, after 20 seconds stop the helium flow
using your finger and quickly rotate the U-tube stopcock to
the 8 to C position.

€. Turn stopcock 13 and 14 to the A to C flow position. The

sample is now ready to be injected into chromatograph column
ca.

Change column C2 to & forward flow status and column C1 to a back-
flush status (see Tadble A-1).

b :
Bring column C2 to a temperature of 35°C using an appropriate hot

and cold water mixture.

Adjust the helfum flow to 60 wl /min,

\
Chedfithe furnace tesperature to mike certain that it is in a range
from 750°C to 800°C. The furnace gene“ral*y took 2 hours to reach a




319
) . . v .

tesperature of 800°C. This heating was done from 6:00 -

a.m. Agn the Yine was not in use. A timer was used

to turn the fyrnace on in the sorni ng.

6. Flush the sample from the injection U-tube fnto C2 by simultane-
ously turning stopcocks 13 and 15 to the C to 8 and B to A flow
positions, respectively.

The sample injection s recorded on the chromatograph chart as a re-
corder pen deflection caused by 3 gas pressure surge created by stop-
ping, then starting the helium flow as two-way stepcocks 13 and 15 were
rotated. .



APPENDTX VI

™C PROCEDURE FOR THE ISOLATION AND PURIFICATION OF COMBUSTION PROOUCTS
Refer to Figure A-3

Prior to running & g8 sample in the chromatograph, open stopcocks Ve,
V3, V4, V7, ¥8, V9, Y11, and V12. Stopcocks V1 and v10 should be
closed. Pump the entire 1ine to high vacuum. Repair any leaks at this
time, as there is very little time for repairs during runs.

Once the water and carbon dioxide from the oxidation of a gas component
are frozen over into the combustion products U-tube, the purification

\procedure can begin. -
1. Divert the helfum flow from the furnace through stopcock 20 to
atmosphere by turning stopcock 2 to the B to A flow position (see
F‘QH‘Q A‘3)0

2. Close vacuum stopcocks V2, V7, V9, and vi1. Open V5 and close V6.

3. Top up the nitrogen in the dewar around the combustion products

cold trap. Open stopcock V1.

4. Open two-way stopcock 1 to the C to B position. Helium is now

pumped out of the combustion products U-tube by tow vacuum. Once a
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PIBSURE A-)

COMBUST ION PRODUCTS SEPARATION LINE

70 CO
REMOVAL U-TUBE

é vi2 TWELVE BREAKSEAL MANIFOLD

vo Ce-0m

TO COMBUSTION
ATMOSPHERE| Y19 PRODUCTS COLD TRAP
rm’
v
i1 \
uT2 un T~

~ LEGEND
® .5 MM TEFLON HIGN VAC-STOPCOCK
GSC : GAS STORAGE CONTAINER

UT :U-TUBE COLD TRAP
M :MERCURY MANOMETER

YG :VACUUM GAUGE



9.

10.

\

goed low vacuum {3 d, close VS and open V6. Pump the combus-
tion products U-tu neer high vacum.

Apply o dowar of liquid "“'W'ILKU'WN 1. Close V3.

Remove the dewar of 1iquid nitrogen from the combustion products
cold trap and gently warm this to room temperature. To eid the
transfer of combustion products to U-tube 1, gently flame the glass

1ine along the transfer path.

Once transfer is complete, clese V1. The vacuum line s now iso-

lated frem the chromatograph\line. . .

Turn two-way stopcock 1 to the A to C flow position and stopcock 2
to the B to A flow position. This diverts the helium flow from the
furnace twbe back through the combustion products U-tube to atmo-
sphere. Close stopcock 20 (see Figure A-3). Combustion products

from another hydrocarbon component are now ready to be trapped.

Slowly open ¥3 and gradually pump on the frozen down water and car-
bon dioxide, in U-tube 1, to high vacuum. This removes any impuri-
ties that were frozen down as a clathrate with the combustion pro-

ducts in the first cold trap.

Close V3 and open Vil.




11,

13.

14,

18.

16.

e v

Remove the Viquid nitregen dowar frem U-tube lbﬂn the ll-u_bg
to room tempersture. Apply Shis devar of 1iquid nitrogen to U-tube
2. Place & dawar containing an acetone-dry ice slush en U-tude 1.
After all of the water {s frozen m'luto U-tudbe 1, close VB and
open V1. Monitor the COz transfer to U-tube 2 with the vacwue

gauge.

When the vacuum reading is steady at near high vacwum, driefly open
V8 and close it. Close V7. o

/

| o'

. o

Remove the acetone-dry ice and Viquid nitrogen dewars from U-tude 1
. "'

and U-tube 2. Warm these U-tubes to room temperature. har |

Place a cold cup of Yiquid nitrogen on the manemeter cold finger.
Close V12 and V11, Open V8 and transfer the €02 in U-tubé %2 to

sercury manometer. Monitor this transfer with the vacuum oa‘ugo.

When the transfer is complete, close the manometer stopcock and
open VIR and V1l. Remove the manometer cold cup and warm the cold
finger to room temperature. Record the mercury level. If the
volume of COp is less than 1 std. cc., transfer both the water and
CO2 to gas storage container GSC2. If the CO2 is equal to or in

excess of 1 std. cc., the gas can be freeze transferred from the

sanometer through V12 to a breakseal.



17, mucogmmnuumnamm\.umu rom,
off, the water in U-tube 1 con b0 transforved ¢irectly %0 8 dredk-
ses) for sterege.

w.uswuac:wuumum-mumm rva ofter
the first u.\:)m boon )y processed.

Vocwum stopcocks V10 and V19 remsin closed throughout the selation and
purification precedures, ™hese lh’.pch connect the chrematogreph line
to the vecwus .1ine and Serve to transfer the COp component of the matur-
) gas to the vacewa line for purification and storage for isetopic
anslysis. The cerben dienide compenent wes generelly toe low in sbun~
dance 1n the natura) gas semples to warrent consideration in this study.

o




a 69 X e »1s
e "% $° 'y X 4 1°€$
! e o's €c Q@ 0°v§ WMUZ--12-1  €-Q  OW pueziA
e % Iy e 1'e 8°05 w215 (2-01
rn " "o 0t *® o
"o ”1e . 1y re §°05 WU2-15-92-21 §-0  Onids wap|e9
o 1'e 9 X s X ] we2-15-5-9
X 98 'R I ez €°ss
"¢ % 9 0"y n 0°($ "92-05-6-9
" "% o9 "2 orn 'es MOZ-08-C-C1  €-0 PUOPOOA PO
I ] Y "2 > 65 »2-25-9-8  £-0 ow mw,
s L% s €2 €65 wez-25-01-y  ¢-d VOSaYOY
(R "% e 9°C ”es oL W92-C5-92-6
26 e 6 X 92 6"t
ot 1% ¢ o} o°cc $ we2-€5-€2-€1  €-0 ow 648
namm T8l 68  wRllu Jiisesw  neaqes  w)3ee (1A PLo13 - 1084

150 podie] gy )0 Beweds8¢ @ W possaudx ] sash oy Jusuodmo) |10

11A ¥ )pudddy



326

-

w,mﬂ
X .

6°6 1°06 g°11 . 1°6 9ty 9°62 .

8°6 2°06 8°01 9°G A £°1¢ yMOZ-6£-61-9 ¥

6°6 1°06 2ot 9°S £°EY 0°1€

8L 2°2 6°8 6°S 1°6¥ £°2¢ pM02-6€-L-2 5 €-0 : JgpMmgu

0°el 0°88 19 1°2 L°92 1°€S yM22-2¥-9-01 £-a meyseg

4 ¢

9°21 v(8 L1t e 4 1°¢cy £°82 “YAIZ-66-GE-y  €-0 @7 olejyng

"6 9°06 1 L€ £°G€ 2°0y yM22-pH-9€-11 £-a AemION MON

2°6 8°06 6 6°¢ L°2¢ g°sy HMI2-0€-1-21

6°01 1°68 6 6°2 8°1¢ 0°S¥ PMIZ-0€-T-1T  €-Q 49 |3ywnaQ 1SN

9°G y 6 6°€ 81 AR 2 -€°99

9°11 y'88 0y i 6°12 1°19 yugz-9p-€-¢  €-0 950433 SIN

yME-LE-LT-0T

1°¢l 6°98 LS 12 1°v2 0°SS pME-LE-02-0T £-a e ueA£s

9°9 » €6 L'y 6°1 G v2 £°29

L9 - £°€6 0°¢ 81 0°92 629 YRL2-LY-9-¥1 ua 9 ajuuog

o°11 0°68 £°L 0°'¢ 6°62 8°26 :

e 9°26 6°9 8°¢ G512 v vs YML2-69-2-G )

6°9 1°€6 £°9 1°¢ 9°82 1°SS yuiZ-6v-2-% €-0 Med U9
pIsA|evy N OSN - (oW 2}39W0y ?3e4n3es u0j3e307 (LA PL3td - 1004

ION

€.



A,
| A8 9°%6 1°L 8°t 0° (¢ L9 IMS-LT1-G2-2 ,
0°9 0°v6 €L Lt 0°8t 0°S¥ IMP-LT1T1-T12-21
9 8°¢t6 2°6 6°¢ 0°6¢ L2y IMp-911-£2-9 J3ALY B3y wwez
- - s¥sALeuy (40 43A4Y b3y -
9°01 68 9°y 1°1 6°82 8°9S PM92-tE-£T1-01 .
st S°(8 €°S 6°0 8°6¢ 5°6S
26 8°06 PN 9°1 1°62 8°6S PM92-EE-T1-9 £-a UIOQUIN
8l 2°68 Ly 8°1 LAY £°9S MPe-0y-EE-21
6°01 1°68 6’y L°1 9°¢¢ 6°6S rYE-0p-62-9T VvE-Q L)
9°6 ¥°06 L8 0°¢ £°0¢t b8y L4744 A A%t £-a oMl oW
6 w.ow 8°11 L9 9° 1y S 0t v:owrmm-munwﬁ
€21 L8 8 11 L A8/ 9°'1d 6°6¢ PM0O2-8E£-6-91
9°01 ¥°'68 6°21 $°9 IR 8°8¢
] L°06 L £°L 8°0y 6°62 ¥MOC-8E-E-C1 £-a 493338
» :
26 8°06 821 £°S 6°2v 8762
¢°6 8°06 1°€1 6°"y 6'cy 6°62 YM1C-6E-9¢-8 >
L°01 £°69 1 AR R ' 6°2¥ 8°0¢t PATZ-6E-E1-8 £-0 3 RSAI
pasAiawy €30} OSN I} oW J}3vwody ajednyes .po*uaooa LISA PL3t4 - 004
N - :

LY

L2 3



328

‘aniea paSNfpY,

1°€1 6°98 Ly 1°2 1°2¢ »0°8Y 9NS-STT1-T1:6§
6°11 1°88 6°S 81 0°2¢ v8y ING-¥TT-(2°§ +43A1Y 63 06447
.,
> p,u0J - uou»hra&o 43A1Y B3y
pasAewy (0o} oSN Y J)30m04y aneinyes Vo307 | L9 = PL3}4 - (004



329

”

-

PIS 213/¢19

*(00/g) L}m 49 Jo S3jun sey 31 0001 1 - ILMWPs 31d/gyg = g1 ST PWLIP S} o1

‘pavpumys g0d 06RIIYD I 03 DU U} UIAS BJe SINLTA 120 LIV,

L J
2°82- £°62-  ¥°82-
L°06- 2°¥E- S°Er  £°82- 2'62-  §°82- ¥192-05-6-8
9°0t- §°¥E- §°82- - 2°82-
p°0E- §°¥E- 8ty ZTee- §°62-  9°82- ¥M92-15-6-8
. £°82- .
€'82-
£°06- 1°¥E- ¥EF  6°L2- 3s01  2°ge- 99 #M92-05-€-€T €-0 PuaGpooN Hnpa
0°2¢- 8°¥E- 9°ty-  €°82- §'62-  §°82- £9 YM92-25-¥-8 €-0 07 nexas
 TTeE- 2UsE- 8'ey- 2eR- v'6z-  §'ez- 09 ¥M92-25-0T-y . €0 uosYIY
) €92 3 r 1762- U(2-
9°1e- 8%E- §°S¥- m.z-w,;é- 1°L2- YM92-€5-52-€ 1
= §°L2-
t2e- §°SE- 'Sy 6°SZUik . Vs §ULT- 8S YA9Z-€5-92-€1 €-a aye1 618
B9 23 M) sojavwosy saeames (10 O, dwdl  u0j3djudsag (LK JweN (004
€1 e 1.4 3 CLN ) EL N Stk .

22509 pue $|}0 P3IL}I0SSY URJUOAIQ JO ,$3d0I0S] UOQUR)

I11IA xjpuaddy

sareT




uwuﬁ

a
. . '\
0°9¢- ‘
2°9¢- 0°6€- 1°25-  (°(2- € o¢- - YAT2-0€-1-21 :
9°66- €°8€- ¥°1S-  @°L2- 6°62- - LS yA12-0€-T-T1 £-Q 43| (oYmRLg ISIN
1°260- §°SE- Lo - - - 9 PUR(3A}L] 1SN 09
1°62- #°€6- 1°Sy- - - - 21 14®) *3S3n 909
- - - 1°82- y°62- YR8Z-9Y-E-¥
- - - 0°82- €°62- v°82- 28 ddwes Ludyeg £-0 ITGAN SN
£°6- 0°2- ¥y - - £ £%
-, £°2- 2°1v - - - 6L 3| dwes J0yvavdas €-a e ueA LS
\ 6°L2-
. D.. | A A §°62- '
! 6°CE- L°v  1°82- 6°62- - Ll L WML L9941 £€-0 M99 djuuog
6°92- 1°62-
2°L2- L°82- e -
PIE- G°SE- 8°Mr- 8°92- 1°62-  6°L2- YNLZ-69-2-6
v 1°T€- 9°66- T°sy-  2°[2- 6°82- 1°82- ¥erc- e~ PAL2-69-2-) £-a wed U9
4 §°L2- - £°82- :
(2)6°62- 6°SE- 1°Sy-  S°[2- £°62- £°'82- 2L YM(2-89-12-1 €-0 YWY PARZIN
1°26- 1°S€- 65y  §°92- L'82- 2°L2- YML2-16-£2-01
- - - v92- 6°82- : _
- - - 2°92- $°82- ¥°L2- L9 M 2-15-92-21 €-¢  dxids uap|09
SEy My M sojmmouy  sawumes (40 9, dwdi  uoj1diudsag (LN swey (004
(3 ColE 3 Co A 4 £ (3 ol (3 Colll Adatdd

PR VUL




n-

8°CE- 6°LE- 6°0- YA22-9¥-£2-2
8°€C- (°LE- 0°SY- - 0°0¢- - £9 YR2Z-Y-YI-§ €0 om| oy
- - - - ﬁ.@Nt -
6°ve- L7898 19 yU92- L°82- - YA02-8E-91-91 mn/(\\\\
§° (2~
0°SE- 6°9¢- €°9v  [°92- 162  @°L2- YR02-8€-6-91
0°L2- §°L2-
- - - s ¢2- 0°62-  1°Le- £9 Yho2-8E-£-21 £-0 413I0§
6°92- .
2%~ 9°SE- ST 0°(2- e-62-
1°62- - YA1C-6€-92-8
§°2- 2°9%- 8°r R- 8°82- - yATIZ-6€-€1-8
LR- 6°¢2-
T°2e- 9°s€- 9°2r  8°92- 8°82- ¢ &2 YH02-6€-61-9
2°92-
© . TR
0°2¢- 9°St- S°Tr 9z s°g2- 9°92- 29 ¥MOZ-6E-(-¢ €-a RS
0°1E- 1°9%¢- 0°Er  ('R- 9°62- - 19 ¥NZZ-2¥-9-01 £-0 megseq
§°§2-
0°EE- 8°9¢ L'ty 8°¥2- L-62- -, s YAIZ-6E-SE-Y €-0 ¥ owyyng
8°6€- L°8C- 6°SY  €£°L2- v82- - 85 YR2Z-¥y-9€-T1 €-0 .  Kemion may
WEY M M sop3emosy  seqeumes (40 O, dedl  w0j3d}adsag ([N Juen (004
e a¥ (4 Cf €19 gt JioMesdy \

e ——

s
5

P

> S
-5

IS

I




332

2
_ 8°82-
- - - 0°82- L°62- 9°82- 9ML-TT1T-2-8 48ay 63y moqujey
(L)€°ve- 0°8E- S°6E- L°L2- £°62- 2°82- 9NG-STT-£2-§
y-82-
- - - 6°L2- 6°62-  v°82- 9MG-SIT-T1-6
L°62- 9°82-
62 L°6E- 9°15- ©°W- 0°0¢- - 8°82- IMG-STT-9-¥ 43aLy Ooy eBujp
L°26- 6°66- ([°SS- L°L2- 2°62- o..._~- 9NG-LT11-62-2 ° “
0°vE- SO 8°v 8°(2- 6°82- 6°L2, oMy-LTT1-12-21
p°2- 2°8C- 86  9°(2- L'82- 6°L2- 9N9-911-9€-
r°EE- 2O 6°05- - - 1°82- 9NS-9T1-(-L
- - - € L2- 2°62- - 9MY-911-€2-9 43A4y Bay wwe7
- - 1°00
- - 6°6¢- - - - YM9Z-E£-92-1
- - - 0°82- 1°62- - M92-tE-£1-01
0°62- -
- -~ - 2°82- 1°62- - yM9Z-€€-11-9
- L2 vor - - - 6L YM9Z-EE-T-Y £-0 U4Oqu| N
0°l¢- #°§€- 2°2r (°L2- y62- - YRy2-0y-€€-21
°0€E- 9°vE- LTIV 6°Le- 9°62- - 99 YRY2-0¥-62-91 t-a AL
T Oy M) M sopvmouy  snywumes (10 7, dwd]  u0jId1aISAQ | L3N amey (004
€1® a¥® e® (3 Cod €1 g1 410193y

ey

w».

o
.




AN

1°0%-
1°0%-
S°0y-
S 0¥

611

{at

1]

174

Lot

SHE-2E-T1-01

SMOT-9E-EE-0T
SROT-9€-ET~L

€-a RN W id

&

£-0 ¥9934) W4

£-0 °3 vejymmiey

£-0 ueyoerils

€-a SOy

"o
€19

$2)0W0Ly  SIIRIRINS

Uo EP ‘
Mﬁu. 410A 4953y

¥0}1d}42%3Q | L9M

WEN 004

SISPY PIIL4I0SSY-UON UR LUOAS] 0 $3d070S] u0q.ie)

111A xipuaddy




b}

L3

- - w0t

= T e 24

- - (1 ) §

.- 18

=< -- o°te-

-= - o°1¢- SY

- —-  §0f-

= o ot £V

=< -- o°te-

- - 8-oe- |74 v "y odowy JUURGEN J43A}Y A3ARIQ
) My Nho  sdmosy  sneumes (10 5, dea]  u0}3d14I580 1IN swen 1004
€1P® 1 * a¥ eI e19? cIa?  4I0auasay

L]

8
)
i

P
¢




3

- - 9°6¢- Y 99-9 Kemj oH ujwpi)n
== 0°1E- @2y 88 19-€L-2d 3 puny X9931) 4|4
§°(2- 6°2¢- ('Ir 88 85-£L-d 31puny 313ng IN03001
2°82- ¥°0E-  2°Sr 88 GME-2€-11-01 vo3IN(3 3 urIewIey
$°82- ¥°0¢- 1°gs- i SMI2-99-6-¥ bujxiA xnoii9
8- L1~ 2 1 #€-0 S Amaj ey udyl)y
W M Mp s wwony  smmes ()0 Do dWa}  woj3djids3aQ (N JweyN (004
0 S 3 € B 4 € €1 c1? €137 4j0AIISIY

<7

SISPY SNOJUP| (IS JO $3d0I0S] UOQIR)

I1IA xjpuaddy

Fa

-

O P
. Ll

e
-

LI N
ALy = TERE

NN

-

wtt




APPENODIX IX

CALCULATION OF THE ACTIVATION ENERGY AND PRE-EXPONENTIAL FACTOR
FOR THE REDUCTION OF SULPHATE BY NYDROCARBON

The following calculations used experimental data from Dhannoun and Fyfe
(1972). Thay studied the reaction of gypsum with trimethyl pentane at
temperatures in the range of 340°C to 380°C. Table A-2 Yists the frac-
tion of sulphate remaining after specified lengths of time at the temp-
eratures of 370°C and 380°C.

Assuming that this reaction is first order, then the follawing rate

equations apply:
dc

- u = K¢ A-19
t = ekt ({ntegrated form of equation A-19) A-20
ke - ‘—'t'—f- (logarithmic transform of equation A-20) . A-21

Where K and C are, respectively, the rate constant and the concentra-
tion. f is the fraction of reactant remaining and t is the time in

seconds.

The rate constants in column 3 of Table A-1]1 were determined using equa-

tion A-21. The constant values of K after a reasonable extent of

3%



resction supports the assvspation that the reaction rete 1s‘ﬂnt order
(Barrow, 1964). Average rate conStants were cateulofed }n- K's ot
times past 600 secs. ot 390°C and past 1000 secs. at 370°C. Kgy.370 and .
Kqy,300 were datermined to be 6.265 x 10-9 and 1.193 x 10°9, respectively.
substituting these two valves ‘vuh their appropriate wﬂt‘c’n. into
the linear logaritheic transforms of the Arrhenius ;quw. "
mA- % e Ink), two simultanecus equations in two unknowns were de-
fined. The solution of these two equations gave the following u\ue'
for the activation energy (Ea) and the pn-.nponntu\ tactor (A) for ‘
the reduction of sulphate by trimsthy) pentane:

€a = 54,000 calories

A = 1.171 x 1010
where A i3 the pre-exponential factor

Ea is the activation energy

K {s the rate constant S .
R fs the gas constant, whose value s 1.9872 ca./deg.-mole {

\
T $s the temperature in *Kelvin

Such values for E4 and A would not result in the production of signifi-
cant quantities of Nydrogen sulphide at tesperatures common to the Leduc
reservoirs, that is tewperatures of less than 150°C, over geologically

~aeahtnaful periods of time. For exasple, the extent of sulphate reduced
to hy n sulphide over & period of time from the Cretaceous to the

N
A

J

/




TABRLE A-11
[ ]
BATA FRON SHANNOUN ND FYFE (1972)
. N

Temperature » 30°C ,t ’
Vime | Frection of Resctant Left X

600 0.9999979 ., 3.600 x 10-9

1080 0. m’ 9.629¢ x 10-9

1300 0.999902¢ 1.2064 1 10-0 |

1000 0.999981? 1.0167 x 10-8

2220 0.9999687 1.0099 x'10-8

2700 0.9999729 1.0037 x 10-8

3000 0.9999669 1.1034 x %0-8

3900 0.9999438 . 1.2788 x 10-8
4320 0.9999449 1.2788 x 10-8
4800 0.9992390 1.2813 x 10-8
5100 0.9999396 1.1043 x 10-8

. Kav.300 ° 1.1933 x 10-8 -
Tesperature = 370°C A g~

600 0.9999968
1200 0.9999961
1800 0.9999961
2400 0.9999068
3000 0.9999651
3900 \.mm
4320 0.9999744
4800 " 0.9999648
5760 0.9999657

7200 0.9999356



"

present (130 & yeers) ot o tempereture of 100°C con 0o ea'culated veing
omuations A-30 and A-81. w,uuummum-&h« AL
¢ Ere common reserveir tempevetire of 100°C and over the seme ported of

tiae, virtvally nene of the swiphate weuld be reduced.
@



