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ABSTRACT

The conventional oils of Southern Ontario form three geochemical l y distinct 

groups which are generally stratigraphically coincident. Cambrian-Ordovician and 

Silurian groups probably have local sources but the source of the Devonian group of 

oils is uncertain and probably distant.

Ontario natural gases show considerable geochemical variation without a clear 

distinction between Michigan and Appalachian Basin deposits. The natural gas compo 

sitions, as well as the carbon and hydrogen isotope distributions among hydrocar 

bons, suggest that the natural gas source beds are more mature than the sediments of 

Southern Ontario. This could indicate migration of gases from much deeper in the 

sedimentary basins or could be explained by degassing of dominantly methane and 

helium from the underlying basement rocks. It is also possible that initially-gen 

erated natural gas was not trapped whereas latter-generated gas accumulated. This 

pooled gas would be "temporally mature" even though the source rocks would be ther 

mally immature, as is the situation for the Paleozoic sequence in Southern Ontario.

Geochemical studies of possible oil shale deposits in Southern Ontario have con 

centrated on the Collingwood Formation. Of particular interest is the geochemical 

environment of deposition. Preliminary geochemical and isotopic studies found no 

evidence that the organic richness of these carbonate rocks is associated with the 

onset of major anoxic ocean conditions. More detailed organic geochemical studies, 

utilizing pyrolysis-gas chromatography techniques developed this year, will be 

undertaken to further evaluate the geochemical controls of organic richness of the 

Collingwood and other oil shale deposits.
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INTRODUCTION

This report summarizes studies of the conventional oil and gas pools and the 

unconventional oil shale deposits in southern Ontario. Powell ej: -aK (1984-Appendix 

B) and Barker and Pollock (1984-Appendix A) present the conventional oil and gas 

studies and Barker et al. (1983) discuss possible oil shales. These studies are 

essentially geochemical, and while answers to a number of geological questions have 

been obtained, many Interesting aspects have only been recognized and are under fur 

ther investigation (Macqueen and Powell, 1984; Churcher and Barker, 1934).
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OIL AND GAS DEPOSITS

fi o
Ontario's cumulative oil production from 1863 to 1980 was about 9x10 M . Maxi-

5 3 mum annual production was about 2x10 M in 1966 while recent annual production is

5 3 generally below 10 M . Although this is only a small portion of Ontario's crude

oil consumption, proximity to markets, cheap exploration costs and high quality 

crude oil make Ontario of continuing exploration interest despite the relatively

small volume of hydrocarbon production. Bailey and Cochrane (1984) present an 

optimistic picture of Ontario's conventional oil and gas potential.

Ontario oils are medium gravity and generally of low (less than 1/&) sulphur con 

tent. Three families of crude oils have been identified on the basis of gross com 

position, n-alkane distributions, pristane to phytane ratios, carbon isotope compo 

sition of the saturate and aromatic fractions, distribution of gasoline-range 

hydrocarbons and ring distributions in the aromatic fractions. These families of 

crude oils are largely confined to the broad stratigraphic intervals of the Cambri- 

an-Ordovician, Silurian and Devonian. Two cases of migration from Ordovician 

source rocks into Silurian reservoirs are recognized. The Silurian oils are the 

most geo-chemically diverse, perhaps reflecting numerous distinct, local source 

rock types. Appendix B provides a more thorough discussion of these aspects.

Analyses of rock samples have identified likely petroleum source rocks in Ordovi 

cian and Silurian strata. Cambro-Ordovician oils can be correlated to the Colling 

wood Member of the Lindsay Formation on the basis of geochemical simularities of 

oils and rock bitumen. The Middle Silurian Eramosa Formation and perhaps other, 

local, organic-rich, evaporite-associated carbonates of the Guelph or Salina Forma 

tions are considered to be the source for Middle Silurian reef-hosted oils, based on
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a number of geochemical characteristics but particularly the occurrence of 8 spe 

cific alkylbenzenes in Silurian oils and Eramosa bitumens. Although the Devonian 

Kettle Point and perhaps Marcel l us Formations are excellent potential sources for 

the Devonian oils, they are generally immature to only marginally mature in Ontario 

and so are unlikely source beds unless migration has occurred from deeper, more 

mature areas in the Michigan or Appalachian Basins.

More than 2xl010 M of natural gas has been produced in Southern Ontario since

83 1890. In 1980, 4.45x10 M was produced from reservoirs ranging from Cambrian to

Silurian in age (Booth-Horst and Rybansky, 1982). Lower Silurian sandstones yielded 

54ft and Middle-Upper Silurian reefs yielded about 40% of the 1980 production.

These natural gases generally contain more than 5^K non-methane hydrocarbons and 

so are "wet". ^ is the dominant non-hydrocarbon gas. Gases from the Michigan and 

Appalachian Basins are very similar and can be distinguished only through a ratio 

obtained by dividing the ethane/propane ratio by the isobutane/normal butane ratio. 

Although some of the. chemical and isotopic maturation indicators are contradictory, 

most indicate a very mature to overmature source maturation level. In contrast, the 

enclosing rocks are only immature to marginally mature. This suggests that much of 

the natural gas has been generated outside the sedimentary sequence of southern 

Ontario. Appendix A provides a more complete discussion of the data and the basis 

for these conclusions.

Perhaps the strongest evidence for an overmature source for much of this natural 

gas is the carbon isotope composition of the methane, ethane and propane plus butane 

fractions. James (1983) has provided a useful technique for estimating the thermal 

maturation level of natural gas source beds using the carbon isotopic composition of
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methane, ethane, and propane in the deposit. In southern Ontario, a gas source

maturation level can be estimated from two indicators, the carbon isotope difference

between methane and ethane (Tr ) and between ethane and propane plus butaneL 2- c l

(Tr r ) Figure l compares these indicators of source thermal maturation level.L2t~4 

Scales of source temperature and Thermal Alteration Index (TAI) are shown with the

TAI levels of Ontario sediments taken from Barker e t al. (1983). A few natural 

gases give similar source temperature or thermal maturation indication using James 1 

(1983) calculations, but most gases lie above the 450 correspondence line in Figure 

1. That is, a thermal indicator involving methane often yields a higher source 

temperature than an indicator using ethane-propane plus butane. The ethane-propane 

indicator is generally more reliable, in part, due to the multitude of sources of 

methane and its fugitive nature (James 1983). For Ontario gases, this indicator 

suggests most of the ethane, propane and butane could have been generated from

enclosing sediments. The indicator involving methane (Tr ) consistently indi-L2- c l 

cates source temperatures well in excess of those likely attained by the enclosing

or nearby-sediments.

This inconsistency could be resolved if methane from a more mature source was 

added to wet natural gases generated from local sources. What would be the source 

of this more-mature methane? Methane generated at much higher mai ation levels, 

deeper in the Michigan or Appalachian Basins, would have to migrate more than 200 km 

judging from the rather low maturation levels attained in states adjacent to 

Ontario. Another, somewhat speculative source of mature methane is degassing of the 

mantle or crust (Gold, 1979). This possibility gains some support by the discovery 

of large volumes of meth 2 dissolved in saline groundwaters of the Canadian Shield 

(Fritz, Frape and Barker, current NSERC-supported study). A third option u to
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abandon the model of temperature-control for natural gas isotopic composition and 

turn to a kinetic control of isotope fractionation. In this model (see Appendix A) 

the natural gases in Ontario would represent accumulations of gases derived at low 

temperatures but late in the temporal evolution of the sediments with the earlier- 

formed gases escaping the trapping mechanisms.

None of these three choices is so strongly supported by the data that the others 

can be safely excluded. Ontario gas pools provide an ideal opportunity to test 

these hypotheses and so further research is planned.
A

OIL SHALES

The potential of organic-rich sedimentary rocks to yield oil upon retorting or 

pyrolysis is currently being assessed through the Hydrocarbon Energy Resources Pro 

gramme of O.G.S. Our laboratory has been determining the organic carbon content, 

the yield upon pyrolysis and other assessment parameters for this project. In addi 

tion, grant 114 permitted geochemical studies of the origin and organic-richness 

control for these rocks. These studies have concentrated upon the upper Ordovician 

Collingwood Member of the Lindsay Formation.

Useful indicators of organic matter type, depositional and diagenetic environment 

and thermal maturation level include the distribution of normal alkanes and of the 

isoprenoids (branched alkanes) pristane (C 19 ) and phytane (C 20 ). These are normally 

determined chromatographically following solvent extraction of the sediments and 

extensive preparative liquid chromatography of the extracted bitumen. Our studies 

require many samples to be analyzed and so a more rapid, but still reproducible 

method was required.
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A pyrolysis-gas chromatography method was developed and evaluated (J. Waldron, 

B.Se. project, 1984). About 10 mg of powdered rock is heated from room temperature 

to 3000 C at 400 C7min in an inert (helium) atmosphere. The pyrolysate is trapped on 

Tenax and thermally desorbed into a gas chromatograph. The GC is equipped with a 60 

m capillary column (DB-5) which resolves the components of the pyrolysate which are 

then detected by a flame ionization detector (FID).

Twenty-fi ve samples of the Collingwood Member were examined from the Toronto area 

along the subcrop/outcrop belt through Collingwood, Manitoulin Island, and north 

west to St. Joseph Island. The Carbon Preference Index (CPI) and Odd-Even Prefer 

ence (OEP) varied from 0.80 to 1.30 with a slight preference for odd n-alkanes. In 

all but one case, pristane dominated phytane. Usually pristane and phytane were 

less abundant than the C^ or C-.Q n-alkanes although considerable variation in the 

isoprenoid/n-al kane ratios exists. None of these parameters varied systematically 

with organic richness. Further analyses are underway to provide an adequate data 

base for interpretation of the significance of the observed geochemical variations.

Normal marine limestones of the Lindsay Formation grade upward into organic-rich 

limestones and marls of the Collingwood Member. This Member may represent a major 

shift to widespread anoxic ocean conditions. Such major differences in the diagen 

etic/ depositional environment should be reflected in variations in the types and 

extent of microbial processes in the sediment. In particular, anoxic, organic-rich 

sediments should quickly become strongly reducing and active sulphate reduction and 

methanogenesis should occur. Onset of these types of biological reactions should be 

reflected in a shift in the 13 C/ C ratio of limestones, although the literature is 

contradictory as to what specific change should occur (Keith, 1982).
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The carbon isotope ratio in 15 carbonates from two boreholes near Toronto (SIS-1)

and near Collingwood (CLGD 4b) were determined. All samples are from the Colling-

1 ^ 
wood Member. The 6 i0c values fall within the range for typical marine carbonates

(0-2 07oo) and so they provide no support, but do not disprove, the concept of a 

large-scale anoxic event having produced the organic-rich Collingwood Member.

Berner and Raiswell (1983) suggested that an organic carbon versus pyrite sulphur 

plot might identify normal marine sediments, non-marine sediments (low S/C ratio) 

and axonic, marine sediments (high S/C ratio). Figure 2 is a plot of such data from 

the Collingwood Member, from the overlying Blue Mountain Formation and from the 

underlying Lindsay Formation.

The low S/C ratio for many of the Col l ingwood samples cannot represent terres 

trial input given the Ordovician age of these rocks. Compared to the other Forma 

tions, the Collingwood appears to be enriched in organic carbon without a consistent 

enrichment in sulphur. Thus, neither the carbon isotopes nor the S/C ratio indicate 

a unique, anoxic environment during deposition of this organic-rich marl. Addi 

tional S/C data is being gathered to see if spatial variations occur along the out 

crop belt of the Collingwood. These studies will continue in cooperation with the 

O.G.S. studies of this potential oil shale in an effort to define the environment 

responsible for the accumulation of this organic-rich sediment.
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THE GEOCHEMISTRY AND ORIGIN OF NATURAL GASES IN SOUTHERN ONTARIO

J. F. BARKER' AND S. J. POLLOCK'

ABSTRACT

Up to 1980, about 2.3 x lO 1 " m3 of natural gas was produced from about 15 stratigraphic units of Cambrian to Silurian age in southern 
Ontario. Reservoirs are found in both the Appalachian and Michigan Basin segments of southern Ontario. Lower Silurian sandstones 
yielded 549o and Middle and Upper Silurian reefs about 409fc of production in 1980.

The natural gases are generally wet. with N : being the dominant non hydrocarbon component. Gases from the Appalachian and Michigan 
basins can be distinguished on the basis of a ratio (R) obtained by dividing the ethane/propane ratio by the ratio of isobutane to normal 
butane. An interpretation of the gas chemistry indicates either an immature or a very mature to overmature source. The neighbouring rocks 
are immature to barely mature.

Carbon and hydrogen isotopes generally indicate an overmature source, at least for the methane component of many of these natural 
gases. This is difficult to reconcile with the less mature nature of southern Ontario Paleozoic strata. A reinterpretation of carbon isotope 
ratios, emphasizing kinetic processes, reconciles the apparent overmature isotopic indicators by having gas generation from thermally 
immature but old sources, proximal to the gas pools. Alternatively, migration of methane from sources deeper in the basins or from 
underlying crustal rocks is suggested.

LA GEOCHIMIE ET L'ORIGINE DU GAZ NATUREL DU SUD DE L'ONTARIO

RESUME

Les reservoirs de gaz nature! des bassins du Michigan et des Appalaches du Sud de ('Ontario ont produit 23 milliards de m3 de gaz 
jusqu'en 1980.

Les accumulations d'hydrocarbures sont rlparties dans 15 unites lithologiques distinctes d 'age cambrien a silurien.

Les gres du Silurien inferieur et superieur ont produit a eux seuls respectivement 54^c et 40^- de la production totale de 1'annee 1980.

Le gaz naturel est generalement humide et contient de I'Azote. Le rapport (Ci/C^Mi-CVn-Cj permet de distinguer entre les deux 
bassins d'origine (Michigan ou Appalaches).

D'apres la chimie de ces gaz, les roches-meres sont soit immatures soil supramatures (overmature). Les roches encaissantes sont 
immatures ou marginalement matures.

Les isotopes mesur^s sur le methane indiquent que la pi u part de ces gaz proviennent de source supramature. La difference de maturite 
entre les roches encaissantes paleozoiques et la maturite avancee des roches-meres sont done en apparente contradiction.

En tenant compte de la cinetique de la maturation des hydrocarbures il se pourrait que le gaz puisse avoir etc genere a partir de 
roches-meres immatures, mais tres anciennes, situees a proximite des accumulations. L'alternative serait que le gaz, en particulier le 
methane, provienne de roches-meres plus profondes ou meme du socle.

Traduit par F. Monnier

INTRODUCTION

This study of the geochemistry of natural gases is part of the wealth of readily available subsurface data and accessi-
a more comprehensive investigation of oil and gas, and ble samples, and the Lower Paleozoic age of reservoirs.
sedimentary organic matter, in southern Ontario. In part, Such old reservoirs, especially where they are associated
this study has been undertaken to apply and evaluate with evaporite deposits as in southern Ontario, have not
geochemical tools commonly employed in oil and gas explo- usually been emphasized in comprehensive organic geo-
ration programs. Southern Ontario was chosen because of chemical studies, although they account for about lQ/% of
its relatively uncomplicated stratigraphy and structure, world-wide petroleum reserves in Paleozoic strata.
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A study of the sedimentary organic matter emphasizing 
its thermal maturation history has been published pre 
viously (Legall etal., 1981). Organic geochemical studies 
of oils and potential source rocks are reported by Powell et 
al. (1984   this issue). Some formations contain sufficient 
organic matter to have warranted their evaluation as possi 
ble oil shales (Barker et al., 1982, 1983a, b; Russell and 
Telford, 1983).

The generation of hydrocarbons from kerogen in source 
rocks is usually discussed within the concept of thermal 
maturation of the source material. The relationship between 
type of hydrocarbon produced and thermal maturation is 
presented schematically in Figure 1. Immature kerogen 
has not been heated sufficiently to produce oil, but the 
sediment may contain associated "dry" hydrocarbon gases, 
mainly biogenic methane. At perhaps 40 to 800C maximum 
paleotemperature, the kerogen should have been suffi 
ciently matured to begin producing oil as well as natural 
"wet" gas. At higher paleotemperatures, 120 to 1600C, 
only "dry" gases should be present and liquid hydrocar 
bons are no longer stable; the associated kerogen is consid 
ered overmature. As Figure l indicates, a number of thermal 
maturation indicators are commonly employed. Vitrinite 
Reflectance, Thermal Alteration Index (T.A.I.) and Cono 
dont Alteration Index (C.A.I.) utilize the temperature- 
dependent change in colour or light reflectance of various 
kerogen components. These and other indicators have 
been applied to southern Ontario rocks by Legall et al. 
(1981) and Powell et al. (1984). Generally, Devonian-age 
sediments are immature, underlying Silurian-age materi 
als are immature to marginally mature, while Cambrian- 
and Ordovian-age sediments are marginally mature to mature 
over most of southern Ontario.

THERMAL MATURATION AND HYDROCARBON GENERATION
PETROLEUM GENESIS
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GEOLOGICAL SETTING AND NATURAL GAS DEPOSITS

The geological setting and hydrocarbon occurrences in 
southern Ontario are discussed by Powell et al. (1984   
this issue) and only those aspects pertinent to the major 
natural gas pools are summarized here. The sedimentary 
sequence in southern Ontario extends over about 105 km2 , 
with about one-third of this area beneath Lakes Ontario, 
Erie, St. Clair and Huron. The sequence is at least 1500 m 
thick in southwestern Ontario, but pinches out against the 
Precambrian Shield to the north and northeast. Sedimen 
tary rocks range in age from Late Cambrian to Late 
Devonian. They do not represent a true basin, but rather 
include portions of the Michigan Basin to the west, the 
Appalachian Basin to the southeast, and the broad Algon- 
quin Arch, a northeast-southwest trending structural fea 
ture separating these basins (see Fig. 2). The Arch acted as 
a stable, often positive, hinge between these basins through 
out most of Paleozoic time.

Fig. 1. Thermal maturation levels and hydrocarbon generation from 
source rocks (modified after Hunt, 1979).

Fig. 2. Basinal setting of Paleozoic strata of southern Ontario.

Natural gas has been produced from about 15 Cambrian 
to Silurian stratigraphic units. Natural gas occurs associ 
ated with oil in Devonian strata, but the gas has not been 
produced from these reservoirs. In 1980, about 4.45 x l O8 m3 
of gas was produced. Cumulative gas production between 
1890 and 1980 was 2.3 x 10 10 m3 (Booth-Horst and Ry 
bansky, 1982). Wells offshore on Lake Erie accounted for 
about 61*70 of the 1980 gas production (Booth-Horst and 
Rybansky, op. dr.). In 1980, Silurian reservoirs accounted 
for 97.4*26 of production, with only 1.196 and i.5% coming 
from Ordovician and Cambrian reservoirs respectively. 
Reservoir pressures are low K? x 106 Pa), reflecting their 
shallow depth.

Nine gas pools in Cambrian rocks (four of which are oil 
and gas producing) are recognized in southern Ontario, 
with only the Innerkip pool producing gas in 1980. Poros 
ity pinchout in dolomitic sandstone and faulting have trapped
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oil and natural gases in these transgressive rocks that 
onlap the Arch from the Appalachian Basin.

Gas pools in Ordovician strata are localized in dolomi- 
tized carbonates. Only four gas pools, inactive in 1980, are 
recognized and are located in the northern and northeast 
ern regions of southern Ontario.

The initial transgression of the Early Silurian sea was - 
accompanied by uplift and erosion in the Appalachian 
Basin, providing clastic material which was deposited in 
shallow water in the Ontario portion of both basins and 
across the Algonquin Arch. Sandstones in the southeast 
grade into siltstones, shales and carbonates to the west 
and north. Natural gas is produced from Lower and Mid 
dle Silurian sandstone reservoirs localized by porosity 
pinchout. About 54*26 of Ontario's gas is produced from 
such traps, many located under Lake Erie. Sixteen gas 
pools were recognized in 1980. Significant production is 
limited to the Ontario portion of the Appalachian Basin, 
reflecting the lack of coarse elastics in the Michigan Basin.

Carbonates of the Guelph Formation formed the major 
barrier reef complex extending around the Michigan Basin 
in late Middle Silurian time (see Fig. 3). Pinnacle reefs, 
with areas of up to 20 ha and relief of up to 60 m, are found 
in a narrow band extending northward from the southern 
end of Lake Huron (see Fig. 3). Pinnacle reef development 
probably occurred around the entire Michigan Basin. In 
Ontario, reef porosity is commonly occupied by gas or oil 
south of about 430N latitude, but is mostly water-bearing 
or salt-plugged to the north. Low-relief ^50 m) patch or 
incipient reefs are also present in the Guelph Formation. 
Although somewhat subdued vertically compared with 
the pinnacle reefs, their generally greater areal extent, up 
to 14,000 ha, makes them major oil and gas reservoirs in 
Ontario. Although the development of these reefs was 
centred upon the Michigan Basin, many of the patch and 
barrier reef reservoirs lie to the southeast of the Algonquin 
Arch, within the Appalachian Basin.

During Late Silurian time, carbonates, evaporites and 
some shales were deposited in the isolated Michigan Basin. 
The basal evaporite unit caps many productive reefs. The 
succeeding carbonate unit (A-1 Carbonate) is involved in 
some reef development, although it is absent or not recog 
nized over some pinnacle reefs. This unit is productive 
when part of some pinnacle reefs or where it is draped over 
lower-relief patch reefs. Overlying anhydrite and halite 
beds cap many reef pools. In the Windsor and Sarnia 
areas, about 2 x 106 m 3 of salt-cavern storage has been 
developed in these rocks, mainly for the temporary stor 
age of chemical feed stocks.

The dolomitized, Guelph and A-1 reservoir rocks 
accounted for about 44^o of Ontario's natural gas produc 
tion in 1980 and are major exploration targets. Over 110 
pools are recognized and 24 were actively producing gas in 
1980 (Booth-Horst and Rybansky, 1982). Many are pro 
ducing from two or more of the Guelph, A-1 and A-2 
reservoirs and some in the Appalachian Basin also pro-

MIDOLE AND UPPER SILURIAN

LAKC

HURON

Fig. 3. Distribution of Middle and Upper Silurian barrier, patch, and 
pinnacle reefs in southern Ontario. Gas analyses of reef pools are given in 
Table 1.

duce from Lower Silurian sandstones. Depleted pinnacle 
reef pools, particularly in Lampton County, are used to 
store western Canadian natural gas piped into southern 
Ontario. In 1980, 15 gas storage pools were in operation, 
with a storage capacity of 5.4 x 109 m3 . Expanded use of 
many depleted Silurian reservoirs for gas storage is 
anticipated, particularly if transmission to the eastern United 
States is undertaken.

SAMPLES AND ANALYSES

Sixty-two natural gas samples were collected from 45 
pools in southern Ontario and six samples from 6 pools 
were collected from adjacent states. Fifty-nine samples 
were obtained at the well-head while three came from 
collection points where production from several wells in a 
field is combined. Initially, samples were collected in an 
inverted glass bottle by water displacement. Most samples 
were collected in a stainless-steel gas-sampling tube or in a 
gas-sampling bag. Previous studies of methane occurrences 
in groundwater found no systematic variation in the isoto 
pic composition of such methane due to sampling technique. 
The locations of southern Ontario samples are shown in 
Figure 4.

The chemical composition of the natural gases was deter 
mined with a Hewlett-Packard 5830A gas chromatograph 
equipped with either a Porapak Q column (0.31 cm x 2.5 m) 
or a molecular sieve 13A column (0.62 cm x 2 m) and a 
thermal conductivity detector. Samples were introduced 
via a 0. l cm3 sample loop. An analyzed gas mixture and 
purified ^99.59^) gases were used for standards. Results, 
as volume percent, are listed in Tables l and 4. Where 
more than trace amounts of oxygen were found, atmo 
spheric contamination was presumed and the gas analysis
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Fig. 4. Location of natural gas samples. Analyses are presented in Table 1.

was corrected by subtracting N 2 in the atmospheric propor 
tion as well as the measured CM Barker etal. 1979). Repli 
cate analyses indicated standard deviations of less than 
1096 of the reported values in all cases and standard devia 
tions of less than 596 were usually found for hydrocarbon 
components.

The carbon and hydrogen isotopic composition of the 
major hydrocarbon fractions (CH4 , C2 H6 , and C}H8 plus 
C4H| 0) were measured on purified CO2 and H 2 gas pro 
duced by using the apparatus illustrated in Figure 5. This 
gas was obtained by first chromatographically isolating 
these components from about 20 cm3 samples by means of 
a Fisher Model 29 gas partitioner equipped with a single 
Porapak Q column (0.62 cm x 2.5 m) and thermal conduc 
tivity detector. As each component was eluted it was 
passed through a quartz tube containing cupric oxide wire 
heated to about 9000C. The CO2 and H 2O produced by 
combustion were swept into glass traps held at liquid N 2 
temperature, where they condensed. Additional sweep- 
gas (9596 He, 596 O2 ) was added just past the partitioner 
outlet to ensure that all the combustion products were 
carried into the cold trap before the next component was 
eluted from the partitioner column. The combustion prod 
ucts from each component were collected in separate traps 
positioned in parallel and each isolated by vacuum stopcocks.

The CO2 was then transferred to a sample vessel by nor 
mal vacuum distillation techniques. Then H 2O was trans 
ferred to another vacuum preparation line, where the H 2O 
was converted to H 2 , without isotope fractionation, by 
circulating the H 2O vapour over uranium foil, held at 
about 7500C.

The carbon or hydrogen isotope composition of the CO2 
or H 2 gas was determined with either a MicroMass 620 or 
930 gas-source, double or triple collecting mass spectro 
meter. Carbon isotope analyses are reported as 8 I3C val 
ues with reference to the PDB carbonate standard (Craig, 
1957) and hydrogen isotope analyses are reported as S2 H 
values referred to the SMO W water standard (Craig, 1957). 
Isotopic ratios are reported as delta (8) values in units of 
per mil (%'c) as defined by the following equation:

8 I3C sampled) =
I3/-/I2/- '-W'r

sample - standard
30 I2C x 1,000

standard

Natural gas hydrocarbons are all enriched in the light 
isotopes ( I2C and 'H) relative to the standards and so have 
negative 8 values. When comparing the isotopic composi 
tions of samples, the terms lighter or heavier are often used 
and indicate relative enrichment in the light or heavy 
isotope respectively.
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HYDROCARBON GASES (VOL. V,) ISOTOPE COMPOSITION (r..)
CH4

NO.

1
2
3
4
5
6
7
8
9

10
11
12
57

FIELD CH4

UPPER SILURIAN
Becher Wa 68.9
Dawn3 83.0
Camden-Gore 83.9
Chatham A3 79.50
Fletcher3
Tilbury 79.1
Morpeth 78.94
Wolfe 78.4
Botany 78.9
Aldborough 84.33
Mosald 82.10
Cowal 81 .68
Mersea3 92.3

C2H6

12.3
7.1
6.4
7.54

3.7
10.63
10.0
5.5
5.77
6.50
6.40
4.18

C3H.

10.4
4.2
3.2
3.88

1.6
4.85
5.5
2.4
2.65
2.94
2.91
1.35

IC4H10

6.5b
6.5b
1.6b

0.57.

0.8b

0.84
1.6b
2.2b

0.33
0.33
0.29
0.07

nC4H10

0.73

1.09

0.65
0.57
0.62
0.17

d/Cn

0.70
0.86
0.88
0.86

0.93
0.82
0.82
0.89
0.90
0.89
0.89
0.94

Cz/Ca

1.2
1.7
2.0
1.9

2.3
2.2
1.8
2.3
2.2
2.2
2.2
3.1

IC4ynC4

0.78

0.51
0.58
0.47
0.41

813C

-51.0
-45.2
-42.9
-47.4
-37.1
-37.8
-40.1
-39.1

-40.2
-41.4
-40.8
-37.2

82H

-231

-171

-193
-163?
-196
-169

C2H. C3 .
813C

-35.1
-32.5
-33.1
-36.5
-34.1
-29.6
-28.1
-27.7

-34.6
-34.5
-33.5
-34.6

82H

-180

-134

-162
-174
-171
-157

813C 82H

-28.3
-27.6
-29.9
-31.1 -142
-30.7

-26.9 -130

-31.1 -143
-31.0 -134
-30.5 -144
-30.4 -142

UPPER AND MIDDLE SILURIAN
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31

Malden 84.60
Chatham 78.8
unnamed" 91 .46
Dawn No. 1 74.7
unnamed 83.76
Tilbury 78.7
Clearville 83.99

MIDDLE SILURIAN
Tilbury 83.45
XandMLO 79.1
D'Clute 80.8
Morpeth 84.61
Becher E 83.4
Dawn3 81.6
unnamed 86.51
PetroliaE3 66.81
unnamed 89.81
Worfolk 88.50
Norfolk 86.41
Wilsonville S 87.40

6.81
8.1
4.80
9.8
7.44
5.3
5.13

4.32
3.7
4.6
5.82
5.9
5.7
5.41
8.18
4.31
4.41
6.70
5.09

2.88
4.3
2.55
6.7
4.10
3.1
1.99

1.55
1.7
2.2
2.01
3.2
4.9
2.92
9.52
2.23
1.40
2.31
1.52

0.23
1.9b

0.43
4.0b

0.87
1.6b

0.17

0.16
0.8b
1.0b

0.31
1.9b
2.0b

0.91
1.36
0.60
0.03
0.05
0.02

0.47

0.44

0.78

0.47

0.47
,

0.47

0.61
3.19
0.51
0.11
0.28
0.18

0.89
0.85
0.92
0.79
0.86
0.89
0.92

0.93
0.93
0.91
0.91
0.88
0.87
0.90
0.75
0.92
0.94
0.90
0.93

2.4
1.9
1.9
1.5
1.8
2.4
2.6

2.9'

2.2
2.1
2.9
1.8
1.2
1.9
0.86
1.9
3.2
2.9
3.3

0.49

0.98

1.1

0.36

0.34

0.66

1.5
0.43
1.2
0.27
0.18
0.11

-41.4
-42.9
-52.3
-36.9
-49.0
-39.9
-39.2

-37.3
-39.0
-40.3
-38.1
-43.5
-49.2
-47.6
-48.8
-52.5
-41.1
-45.4
-42.8

-191

-241

-238

-177

-168

-164

-276
-227
-205
-258
-229

-34.3
-34.8
-35.1
-30.9
-34.0
-34.7
-34.6

-34.1
-35.1
-35.6
-33.1
-32.2
-33.5
-33.2
-38.8
-35.7
-36.7
-38.2
-37.1

-154

-141

-151

-177

-144

-145

-225
-142
-176
-225
-191

-30.5 -142
-31.0

-129
-28.1

-130
-32.2
-30.7 -143

-30.0 -125
-31.7
-31.5
-29.2 - 76?
-28.6
-28.0
-25.4
-32.5 -182
-27.2 -115
-31.6 -132
-32.6 -149
-31.8 -135

MIDDLE AND LOWER SILURIAN
32
33
34
35
36
37
38
39

40
41
42
43
44
45
46

47
48
49
50
51
52

53
54
55
56

Norfolk 89.96
Selkirk
Haldimand 85.18
Haldimand 83.28
Haldimand 83.63
Haldimand 85.02
Haldimand 85.15
Haldimand 83.20
LOWER SILURIAN
Dover L. Erie
Woodhouse 64.3
Haldimand
Halidmand 89.3
Haldimand 82.1
Haldimand 81.6
Haldimand 79.39

MIDDLE ORDOVICIAN
Dover 83.10
Acton
Acton
Acton
Arthur
Egremont

CAMBRIAN
Dover" 82.8
Zone 79.6
Clearville3 81.5
Gobies3 77.4

3.26

3.69
7.43
7.12
6.35
5.04
7.04

4.0

4.1
6.9
6.9
7.99

5.53

4.7
8.0
5.1
8.8

0.92

0.96
2.80
2.66
2.32
1.66
2.74

3.8

2.7
4.7
4.7
4.14

2.58

2.4
6.1
4.7
6.7

0.02

0.07
0.19
0.18
0.16
0.11
0.18

3.9b

3.9b
4.1 b
4.0b

0.31

0.20

1.2b
1.6b
0.4b
5.5b

0.12

0.13
0.48
0.44
0.38
0.34
0.42

0.81

0.67

0.95

0.95
0.88
0.89
0.90
0.92
0.89

0.88

0.89
0.84
0.84
0.87

0.90

0.91
0.84
0.89
0.79

3.5

3.8
2.7
2.7
2.7
3.0
2.6

1.1

1.5
1.5
1.5
1.9

2.1

2.0
1.3
1.1
1.3

0.17

0.54
0.40
0.41
0.42
0.32
0.43

0.38

0.30

-39.2
-44.3
-38.4
-45.8
-45.0
-44.2
-43.6
-45.7

-39.7
-43.6
-39.0
-41.5
-43.8
-44.4
-46.5

-38.5
-39.9
-34.7
-40.3
-38.4
-38.7

-41.0

-38.1
-44.4

-181
-234
-180
-229
-240
-229
-225
-204

-198

-181

-260

-185
-175
-182
-185
-161
-167

-35.5
-37.2
-35.8
-37.1
-37.0
-37.7
-37.1
-38.1

-36.5
-39.5
-36.0
-39.7
-35.4
-34.9
-37.8

-34.5
-33.5
-32.3
-34.5
-32.4
-32.2

-35.6
-31.6
-35.1
-37.4

-135
-189
-152
-197
-190
-207
-201
-248

-172 .

-162

-206

-166
-164
-161
-153
-142
-151

-30.5
-31.7 -148
-30.5 -125
-32.0 -138
-31.7 -139
-31.9 -139
-32.1 -137
-32.1 -146

-31.5 -141
-29.2
-30.4

-30.0
-30.4
-32.3 -137

-31.2 -142
-30.2 -111
-30.0 -106
-30.1 -134
-30.1 -123
-30.1 -125

-32.1

-32.6
-33.2

Table 1 . Hydrocarbon chemistry and carbon and hydrogen isotopic composition of methane, ethane and propane plus butane fractions   Ontario 
natural gases. Samples designated with an "a" are oil-associated. A "b" indicates only total butane was measured.
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Fig. 5. Schematic representation of the apparatus used to isolate 
particular hydrocarbon fractions and to prepare pure C02 and H2 gas for 
mass spectrometry analysis.

The isotope preparation system has been thoroughly 
evaluated and found to yield unbiased analyses with stan 
dard deviations within G.3%0 for 8 I3C and within 6%o for 
82 H. Isotope results are reported in Tables l and 4. Some 
analyses were duplicated and the mean values are reported.

Additional natural gas chemical data were obtained from 
Paper 70-2,. Ontario Dept. of Mines and Northern Affairs 
(1970) and from the files of the Petroleum Resources Section, 
Ontario Ministry of Natural Resources, London, Ontario. 
These data are reported by Nantais (1982). Moses (198U 
reported additional analyses of helium in gas pools of 
southern Ontario. Approximately 180 natural gas analyses 
have been obtained representing 56 of the 145 oil and gas 
fields in southern Ontario.

DISCUSSION OF THE NATURAL GAS CHEMISTRY

The mean and range of concentrations of the major 
hydrocarbons and of the nonhydrocarbon gases are shown 
in Table 2. The gases would be considered wet on the basis 
of the mean concentrations (85*26 CH4, 8.596 other hydro 
carbons). Nonhydrocarbon components make up 6.596 on 
average, with N 2 being the dominant component. Helium 
concentrations are generally *c0.596, but this is apprecia 
bly higher than western Canadian gases, which rarely 
contain more than 0.196 (Hitchon, 1963). The few He 
concentrations in excess of Q.5% have created some explo 
ration interest in southern Ontario (Moses, 1981). Hydro 
gen sulphide (H2S) is present as a trace component in some 
samples; concentrations approaching Q.5% are found in 
only a few Silurian reservoirs in extreme southwestern 
Ontario.

Even within a single pool, considerable variation of 
natural gas chemistry can be found. For example, twelve

samples from the Silver Creek Field (Lake Erie), a reser 
voir in dolomitized, biohermal carbonates of the Middle 
Silurian Guelph barrier reef, show the following ranges of 
concentration: CH4 , 86.996 to 93.496; C2H6 , 2.896 to 4.696;

toO. 1396; N 2 , 2. 896to5.596; total nonmethane hydrocarbons, 
3.496 to 6.296. In Paleozoic rocks there has been consider 
able time for gas generation and accumulation, so that 
these deposits represent the integration of generation, 
migration and trapping processes operating over a very 
long period. The complexity of such processes could pro 
duce the variability of chemistry observed even in one 
"pool".

CONCENTRATIONS (VOL. 07o)
COMPONENT

CH4
C2H6
C3H8
C4H 10
C5H 12
C6H 14
C02
N2
He

Mean
85.0

5.0
2.2
0.9
0.3
0.07
0.1
6.3
0.2

Minimum
68.9

0.01
0.08
0.18

 cO.OI
0.01

 ^0.01
<0.05

0.06

Maximum
93.4
12.4
10.4
6.5

*c0.8
0.23
0.9

21.6
1.26

Table 2. Summary of the chemical composition of natural gases from 
southern Ontario.

INDICATORS OF SOURCE MATURATION LEVELS

Hitchon (1966) Roth (1960), and others have noted a 
relationship between the dominant nonhydrocarbon com 
ponents of natural gases and the basinal positions of the 
fields. Hitchon (1963) presented a gas facies map of the 
Western Canada Sedimentary Basin which indicated the 
association of H 2S with deep, overmature, dry gases of the 
foothills, CO2 with oils and gases, and N 2 with immature, 
dry gases on the eastern margin of the basin. Roth (1960) 
presented a gas facies model for the Appalachian Basin. 
He noted appreciable H 2S concentrations in the dryer 
parts of the basin, especially near the orogenic front, an 
increase in C02 toward the southeast margins, and a gen 
eral increase in N2 in the western parts of the basin. 
Southern Ontario natural gases lie within the N 2 facies, 
characterized by gases generated from thermally imma 
ture sources.

Many researchers have used the C ( AC| -f C 2 -f C3 + 
C4) ratio (termed C|7C n ), or a similar variation, to eluci 
date the thermal maturation level of the source material 
(Bailey et al., 1974; Snowdon and Roy, 1975; Erdman and 
Morris, 1974). The type of source material can also influ 
ence the relative proportion of hydrocarbon gases generated, 
but since marine kerogen (type II) dominates in both basins, 
maturation is considered the major source of variation in 
this ratio for Ontario gases. The ratio of methane to total 
hydrocarbons (C ( to C4 indicated as Cn ) on a volume 
basis, was found to vary from 0.78 to 0.99 in southern 
Ontario gases (Nantais, 1982). Evans and Staplin (1971)
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examined the gas composition of Devonian reservoirs in 
western Canada and found CVCn increased from less 
than about 0.4 to more than 0.7 over the transition from 
oil-prone to overmature, gas-prone areas. On this basis, 
the natural gases in southern Ontario (CVC n > 0.78) 
could have been generated at the mature to overmature 
stage.

The ethane/propane (C^/Cj) ratio in natural gas probably 
reflects both the type of source material and its degree of 
thermal maturation (Heroux #a/., 1979; Erdmanand Morris, 
1974): that is, it probably decreases as maturation increases 
from immature to mature, then increases as overmature 
thermal maturation levels are reached and "dry" gas is 
generated. Migration processes could also affect this ratio. 
The ethane/propane ratio varied from l .3 to 12.8 in the 16 
gases from Cambrian and Ordovician reservoirs. Rather 
different distributions were found for gases from Silurian 
strata on either side of the, admittedly arbitrary, hinge line 
between the two basins shown in Figures l and 6. "Michigan 
Basin" gases had C2^ ratios from 0.5 to 3.2, while 
"Appalachian Basin" gases had C 2^3 ratios from 2.0 to

Interpretation of the C27C3 ratio as a maturation 
indicator thus does not seem reasonable, considering its 
variability even in adjacent gas pools.

Another potentially useful maturation indicator is the 
isobutane/normal-butane (iCVnC4) ratio. Heroux etal. (1979) 
reported that this ratio exceeded l .0 in the absorbed gases 
in Labrador sediments of the immature to marginally mature, 
wet-gas generating zone and that the ratio declined to 
about 0.7 to 0.8 at the beginning of the oil window. Hunt 
(1979) observed that iC4 is usually less than nC4 in older, 
more deeply buried basins, which suggests that the decline 
of this ratio observed by Heroux etal. (1979) may continue 
as thermal maturation increases. Heroux etal. (1979) men 
tioned that others have found that the iCVnC4 is ^.8 in 
gas associated with oil and ^-0.9 in nonassociated gases. 
Gases from Cambrian and Ordovician reservoirs (7 samples) 
have ratios ranging from 0.68 to 0.25. Gases from Silurian 
rocks in the Michigan Basin have ratios greater than 0.78 
and averaging about l .2, while gases from Silurian strata 
in the Appalachian Basin of eastern Lake Erie have ratios 
up to about 10, but averaging about 0.5. Reservoirs very
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close to the hinge line contain gases with ratios from 0.56 
to 0.92, which may represent mixtures from the two basins. 
No consistent decrease in the iC4MC4 ratio with reservoir 
age was found. If lower values of this ratio indicate higher 
levels of thermal maturation, then gases in Silurian rocks 
of the Allegheny Basin were generated at a higher matura 
tion level than gases from Silurian strata of the Michigan 
Basin. Gases from Cambrian-Ordovician reservoirs would 
be among the most mature, generated perhaps from mature 
to overmature sources. This latter possibility is at odds 
with the preceding interpretations of the nonhydrocarbon 
gas composition.

APPALACHIAN BASIN VERSUS MICHIGAN BASIN GASES

A combined ratio, R, was defined by Nantais ( 1982) as: 
R = (C;

The spatial distribution of R values for all reservoirs is 
shown in Figure 6. The values shown are the average value 
for the reservoirs for which appropriate analyses were 
available. Except for a few reservoirs located very near 
the hinge line, reservoirs to the west of the Algonquin 
Arch have R 0. 5, while reservoirs to the east have R 
^.5. Thus, this ratio provides a geochemical distinction 
of Michigan Basin and Appalachian Basin gas pools. 
Although the ratio cannot be related quantitatively to geo 
logical controls, such as sourcerock type or maturation 
level, it does provide an indication of some real differ 
ences in gases from the two basins. It also suggests that 
significant gas migration has not occurred across the hinge 
zone separating these Paleozoic basins. Similar distinc 
tion between the two basins was not found by using parame 
ters such as Ci/Cn, or ethane/propane, N 2 content or 
carbon isotope ratios.

Thus the natural gas chemistry suggests that a slight, but 
significant, difference exists for gases pooled in either the 
Appalachian or Michigan Basin sediments in southern 
Ontario. Some stratigraphic variability occurs, but it is 
inconsistent and usually minor in comparison to the vari 
ability in any single stratigraphic unit. The application of 
various thermal-maturation indicators to these natural gases 
does not provide a consistent definition of the thermal- 
maturation level of the source rocks from which the gases 
were generated. Carbon and hydrogen isotope studies of 
these natural gases will be described below. These studies 
were undertaken mainly because of their potential for 
helping to define thermal maturation levels of natural gas 
source material (Feux, 1977; Schoell, 1980; James, 1983).

DISCUSSION OF THE NATURAL GAS ISOTOPE CHEMISTRY

It has been observed that immature methanes generally 
have 5 nC values less than about -577oo and overmature 
methanes have 8 13C values greater than about -40^( Feux, 
1977). Figure 7 shows the Ontario natural gas methanes. The
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Fig. 7. Ci/Cn ratio and carbon isotopic composition of Ontario natu 
ral gases in relation to world-wide trends (after Stahl, 1974). Source 
maturation scale after Feux (1977).

indicated trends have been taken from Stahl (1974) and the 
mature and overmature ranges are suggested by Feux 
(1977), both based on world-wide studies of natural gases. 
All southern Ontario methanes appear mature to overmature, 
and many fall outside the shaded trends in Figure 7. Although 
the oil-associated methanes span almost the complete range 
of 8 I3C values, they tend to be among the most negative 
and among the wettest (minimum Ci/C,, ) gases. This is 
consistent with the generation of oil-associated gases from 
mature, oil-generating sources and of nonassociated gases 
from generally more mature sources.

Schoell (1980) plots 5 I3C versus 5 2 H for methane to 
identify natural gas methanes of different origins. This 
also helps identify gases that have undergone secondary 
processes or mixing. Figure 8 is such a plot for the south 
ern Ontario natural gases. The fields of this figure are 
delineated according to Schoell (1980). Data from south 
ern Ontario and from Schoell (1980) overlap. There is no 
indication of a significant biogenic component (5 I3C < -63%c, 
82 H bet ween-250ToC and 1757  according to Schoell, 1980) 
in the Ontario methanes. Schoell (1980) found that oil- 
associated methanes usually had 5 I3C and 5~H values less 
than about -359rr and -I60^r respectively. Methanes 
with less-negative isotopic values were dominantly from 
dry gases (C 2 ^ <5%), presumably from mature to 
overmature sources. In southern Ontario, the three oil- 
associated methanes had 5 I3C and 5 2 H values less than 
 479koand  230^-o respectively. If these isotopic parame 
ters reflect differences in thermal maturation level of source 
beds, then the southern Ontario oil-associated gases were 
generated from some of the less-mature sources, while
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most nonassociated gases were apparently generated from 
more-mature sources. Gases from Silurian strata span the 
complete range, although pinnacle or patch reef pools 
have generally more-negative 8 13C and 82 H values and
apparently are the least mature. Gases from Ordovician 
strata appear to be among the most mature in southern 
Ontario. It has been suggested that Ordovician sediments 
are slightly more mature than Silurian sediments (Legall et 
al., 1981). However, sediment thermal maturation levels 
appear to be considerably lower than required to generate 
these natural gases.

-150
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-250
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PINNACLE X PATH 
BARRIER

ORDOVICIAN 
OIL ASSOCIATED

THERMOCATALYTIC 
GASES

-60 -50 
8 I3 C

-40 -30

CH. (0X.o)

Fig. 8. The carbon and hydrogen isotopic composition of methane 
from Ontario gases and their origins and relative thermal maturation 
levels as inferred from Schoell (1980).

The mean values and ranges for chemical and isotopic 
parameters for oil-associated and nonassociated gases in 
Ontario are presented in Table 3. The ranges of isotopic 
composition in ethane (C 2 ) and in the propane and heavier 
group (C3^) are not as large as those for methanes. It 
appears that the isotopic composition of the C3 ± hydro 
carbons is not as sensitive to differences in maturation 
level and/or type of source material as ethane and espe 
cially methane. The mean isotopic values for associated 
and nonassociated Cw , C 2 and C ( fractions (Table 3) 
may indicate that the C^ fractions of associated and 
nonassociated gases have a similar origin, the C 2 fractions 
may have a slightly different origin, and the C, fractions 
may have very different origins. All such differences could 
indicate a more mature source for the nonassociated gases.

Table 3 indicates significant differences for C27C 3 and 
iCVnC4 ratios between oil-associated and non-oil-associated 
natural gases. The former have a higher mean C27C 3 ratio 
and a lower mean iC47nC4 ratio. This could reflect different 
thermal maturation levels of source material, with non-oil- 
associated gases having less mature sources (Heroux et

PARAMETER
Ci/Cn
Cz/Ca
ICVnC4
8 13CcH4(*-)
82HcH4(*o)
5 13CC2(0/^)

5 HcjC&o)
8 13Cc3 -(^oo)
82Hc3*(*.)

OIL-ASSOCIATED
0.90(16)
2.8 (16)
0.47(12)

- 47.0 ( 9)
-229.9 ( 5)
- 35.8 ( 9)
-172 ( 4)
- 30.6 ( 8)
-139 ( 5)

NON-OIL ASSOCIATED
0.91 (39)
2.0 (37)
1.2 (20)

- 41.0 (28)
-190 (19)
- 34.3 (28)
-164 (19)
- 30.3 (26)
-135 (19)

Table 3. Comparison of mean values of selected geochemical parame 
ters in oil-associated and non-oil-associated gas pools in southern Ontario. 
Numbers of samples included in mean calculation are bracketed.

a/., 1979). This contrasts with the implication drawn from 
the carbon isotope ratios. The mean value of C|7Cn , a 
major source-maturation indicator, is essentially the same 
for oil-associated or non-oil-associated gases. This could 
indicate that most natural gases were produced from mature 
source material.

James (1983) has determined the temperature-dependent 
carbon isotope fractionation factors for various hydrocar 
bon pairs. He presents a simple graphical technique to 
ascertain the maturation level of the gas source by consid 
ering the carbon isotopic difference between C2 and C i, C3 
and C2 and C4 and C 3 pairs. This is slightly different from 
the techniques of Stahl (1977) and Fuex (1977), who empha 
sized the absolute 5C 13 value of methane (C,). As James 
(1983) points out, a rigorous interpretation of apparent 
maturation temperatures in terms of maximum burial tem 
perature probably does not adequately consider the time 
factor in organic matter maturation. Thus the LOM scale 
(Hood et al., 1975) or the T.A.I, scale (Staplin, 1969), 
replaces the actual carbon isotope equilibrium temperature- 
scale in James' (l 983) interpretations. As his case histories 
illustrate, the methane-ethane pair often does not indicate 
the same source maturation as the ethane-propane pair. A 
different source of methane and/or bacterial alteration of 
methane could be the cause. James' (1983) approach is 
especially useful for recognizing mixing of gases from 
sources of different maturations.

The apparent maturation temperatures of the sources of 
Ontario natural gases were calculated from the observed 
differences in 5 nC values for the pairs C 2-Ci and C 3 *-C 2 
by using James' (1983) relationship between these isotopic 
differences and temperature. The temperature-dependent 
fractionation factor between methane and ethane (ac ,-c,). 
for example, was calculated by assuming the approximation:

1000 In acvc, ^ 8 I3C(: , - 5 13CC|
Delta values are from Table 1. The apparent source- 
maturation temperature was then calculated from the 
temperature-dependent separation or fractionation fac 
tors by using information from Table 5 and from figure 12 
in James (1983). This was facilitated by constructing curves 
of 1000 l not versus temperature for the pairs C2-C|, C3-C2 
and C4-C 2 . The last "pair" was used by assuming that only
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NO.

58
59
60

61
62
63

FIELD

MICHIGAN BASIN
Leonard (Mich.)a
Albion (Mich.) a
Findlay (Oh)a
APPALACHIAN BASIN
Ravonna (Oh) a
Conneault (Penn.)
Barkeyville (Penn)

AGE

Silurian
Ordovician
Ordovician

Silurian
Silurian
Silurian

CH4

81.2
62.0
59.3

78.6
83.4
88.6

HYDROCARBON GASES (VOL. 7o) 
C2Hg C3Hg IC4Hio "C4nio

4.91
11.0
12.5

4.13
3.81
2.03

2.65
6.25
8.79

1.59
1.05
0.14

0.81
0.61
1.07

0.11
0.03

^.02

0.95
2.22
3.4

0.44
0.90

^.02

c,cn

0.90
0.76
0.70

0.93
0.94
0.98

CARBON ISOTOPE 
COMPOSITION (r..) 

Ci Ca C3 .^

-46.3

-35.2
-39.1
-34.7

-35.0

-37.0
-35.2
-40.4

-31.1

-29.8
-30.8

Table 4. Hydrocarbon chemistry and carbon isotopic composition of methane, ethane and propane plus butane fractions — selected United States 
natural gases. Samples designated with an "a" are oil-associated.

C 3 (propane) and C4 (n-butane) were significant in the 
C3H- component. Then curves of 1000 l not versus tem 
perature were constructed for the C34.-C2 pair by assum 
ing various ratios of C37C4 in the C 3 ^. component. In fact, 
whether the C 3 4. component was propane or was n-butane 
or some mixture was not very significant because of the 
relatively small difference in the isotopic fractionation 
factors between C 3-C 2 and C4-C2 at any temperature. An 
apparent source-maturation temperature was calculated 
for each gas whose chemical analysis included C 3 and C4 
(Table 1).

APPARENT
TEMPERATURES,

SAMPLE

1
2
3
4
7

10
11
12
57
13
14
16
18
19
20
21
22
23
24
25

"C
Ca-C, C

30
60

100
90
70

210
170
160
390
170
140
200
230
250
330
290
250
230

80
30

;3*-C2

30
110
160
50

380
140
140
160
90

120
130
190
210
120
110
150
110
120
130
20

SAMPLE

26
27
28
29
30
31
32
34
35
36
37
38
39
41
44
45
46
47
53
55

APPARENT
TEMPERATURES

C /* 2 t*'

40
100
20

260
160
210
300
390
130
140
180
180
150
280
140
120
130
280
220
350

0C
C — /* 3+^2

20
40
10
60
40
50
70
70
70
60
50
70
40
0

80
110

70
140
140
190

Table 5. Apparent source maturation temperatures calculated from 
the carbon isotope separation (difference) between d-C2 and d-C3 f .

The apparent source-maturation temperatures, calcu 
lated by using both the C 2-C| and C^-C2 pairs, are 
shown in Table 5. As James (1983) cautioned, these appar 
ent temperatures should not be viewed as accurate maxi 
mum maturation temperatures but only as indicators of 
the approximate thermal maturation. In 1996 of the natural 
gases examined, both hydrocarbon gas pairs produced 
essentially the same temperature estimate; 2696 of the 
estimates differed by less than about 3096 of the average,

and in 5596 greater differences were found. In only 4 of 42 
cases did the C2-C| pair produce a lower temperature 
estimate than did the C3 ^.-C2 pair. This is illustrated in 
Figure 9. Few points fall on the 450 equivalence line. Some 
of the lack of agreement could be due to the analytical 
uncertainty of carbon isotope measurements. Representa 
tive temperature estimate error ranges are illustrated in 
Figure 9 by taking the uncertainty in 8 I3C measurements 
as   Q.3%0. Uncertainties are much greater at higher 
temperatures, reflecting the relative insensitivity of isoto 
pic fractionation factors to temperature at higher levels. 

James (1983) has related these isotope separation or 
fractionation, factors to scales of thermal maturation, par 
ticularly the Thermal Alteration Index (T.A.I.) of Staplin 
(1969). Barker et at. (1983a) presented some T.A.I, data 
for southern Ontario sediments which are consistent with 
other maturation estimates (Powell et a/., 1984   this 
issue). This range in T.A.I, of southern Ontario sedi-
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Fig. 9. A comparison of the apparent source maturation tempera 
tures derived from carbon isotope distribution for C2-C 1 and C3 *-C2 
pairs. T.A.I, scale positioned according to James (1983).
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ments is also shown in Figure 9. It is evident that the 
source temperature interpretation of the C3 ^-C2 pair is 
in good agreement with southern Ontario Paleozoic 
sediments, but the C2-C| pair generally indicates a higher 
source maturation level. This evidence reinforces the state 
ment by James (1983, p. 1179), that, kk the best fit is found 
for the ethane-propane separations and, if any single sepa 
ration were to be used, this data pair is recommended." If 
so, then a local source for Ontario natural gases is sug 
gested by a selective application of James' (1983) technique. 

In summary, then, a number of geochemical indicators 
of source maturation level have been applied to Ontario 
natural gases. The presence of N2 as the dominant non- 
hydrocarbon gas suggests an immature source. The pres 
ence of significant quantities of C2 * hydrocarbons indi 
cates a more mature source. The carbon and hydrogen 
isotope compositions of methane indicate a mature to 
overmature source. A consideration of the temperature- 
dependent carbon isotope fractionation between the C2 
and C 3 ^ hydrocarbons suggests that the immature to 
mature sediments in Ontario could have generated these 
gases. However, the carbon isotope fractionation between 
Ci and C2 hydrocarbons suggests an overmature source 
for most natural gases. The following discussion attempts 
to rationalize these differences.

THE ORIGIN OF THE NATURAL GASES

Source maturation indicators derived from the analysis 
of methane, particularly its isotopic composition, consis 
tently indicate a mature to overmature source, while other 
indicators, both chemical and isotopic, indicate an imma 
ture to mature source. Considerable weight must be given 
to the indicators involving methane, because it is the domi 
nant component of Ontario gases. Methane is recognized 
as the most fugitive hydrocarbon, being generated at ail 
levels of source maturation and being the most mobile 
hydrocarbon. It is no surprise, then, that studies by James 
(1983) of specific fields or basins found "anomalies" where 
methane rather than other hydrocarbons was involved.

In the natural gases of southern Ontario, most of the 
differences in source maturation indicators can be rational 
ized by considering some of the natural gases to have been 
generated from local sources at immature to mature ther 
mal maturation levels and some to have been generated at 
overmature thermal maturation levels. This latter compo 
nent would be dominantly methane and would have had to 
migrate from sources outside the southern Ontario sedi 
mentary sequence.

The source of the more mature methane could be deeper 
in the Appalachian and Michigan Basins. Higher matura 
tion is apparently attained in parts of these basins. Epstein 
ei al. (1977) and Harris ei al. (1979) document the high 
thermal maturation levels in the eastern part of the Appala 
chian Basin and, although published thermal maturation 
studies are lacking for the Michigan Basin (Pruitt, 1983),

the 4500 m sediment thickness at its centre is expected to 
have produced greater thermal maturation levels than in 
southern Ontario. Although a detailed study of the natural 
gases in the deeper parts of these basins was not attempted, 
a few natural gases were sampled in order to document 
their maturity. These data are shown in Table 4. Interestingly, 
samples 61 and 63 show a reversal in the usual trend of 
hydrocarbon carbon isotope compositions, having 8 I3 C2 
< 8 I3C |. This normally indicates a more mature source of 
methane that is added to hydrocarbons previously generated. 
The United States portion of the Appalachian Basin does 
contain more mature methane than found in most Ontario 
deposits. This mature methane apparently was not gener 
ated in nearby sediments, because the sediments are only 
at immature to marginally mature thermal maturation lev 
els (Epstein el al., 1977; Harris ei al., 1978). Migration of 
more-mature methane over considerable distances (100- 
500 km?) from deeper in this basin could be the source of 
the more-mature methane in the reservoirs in southern 
Ontario, Ohio and New York.

The recent discovery of mantle- or crustal-deri ved meth 
ane associated with earthquake zones and ocean trench 
systems (Whelan and Craig, 1979) points to an additional 
possible source of overmature methane that has 8 I3C val 
ues generally less negative than about -257oo. Gold (1979) 
suggested that considerable methane exists in the crust 
and that a significant flux into overlyingsedimentary rocks 
is possible. The presence of helium, apparently derived 
from the Precambrian basement, in some natural gas depos 
its in southern Ontario (Moses, 1981) suggests that such 
gas migration and accumulation is at least possible. The 
helium content of Ontario natural gases shows no signifi 
cant correlation with proximity of bedrock or presence of 
major structural features, so this migration and accumula 
tion process does not appear simple. If bedrock methane 
was common in Ontario natural gases, increase in meth 
ane 8 I3C values with increasing He content might be 
expected, since a bedrock origin for He is likely (Moses, 
1981). Helium data were obtained from eleven fields for 
which 8 I3C data were also available. The He data were 
often for samples from wells different from those used for 
8 I3C analysis. No correlation between He content and 
8 I3C was found, so that a possible bednock-source for 
overmature methane is still undemonstrated. A more thor 
ough critical testing of the hypothesis of Gold (1979) seems 
warranted.

CARBON ISOTOPES IN METHANE-KINETICORTHERMALCONTROL?
Application of the standard isotopic thermal maturation 

indicators discussed above leads to the conclusion that 
methane, and hence the natural gases in toto, of southern 
Ontario were generated from mature to overmature sources. 
This level of thermal maturation is not attained by sedi 
ments within southern Ontario or even in adjacent por 
tions of the Michigan and Appalachian Basins. Considerable 
migration of natural gases must be evoked to rationalize



324 J.F. BARKER and S.J. POLLOCK

these observations. Perhaps the problem lies with the 
interpretation of 8 I3C and 82H compositions of methane 
only in terms of source rock temperature (thermal matura 
tion level).

The isotopic composition of methane is a function of the 
isotopic composition of the source material, the tempera 
ture at which thermal cracking generates methane, and the 
amount of methane previously generated.

Sackett (1968), Frank and Sackett (1969), Frank et al. 
( 1974) and others have suggested that kinetic isotope effects, 
during the thermal cracking of higher hydrocarbons, are 
an important factor in the determination of the 3C7 I2C ratio 
of natural gases. In this process, I2C- I2C bonds are more 
easily broken than are 13C- I3C bonds, so that gas generated 
by this process is enriched in I2C. Although the magnitude 
of I2C enrichment may be temperature dependent, Frank 
et al. (1974) showed that the isotopic composition of meth 
ane produced by experimental cracking of hydrocarbons 
was only a function of how much methane had been 
generated. The precursor molecules have a definite I2C/ 13 13C 
ratio. As l2C-enriched methane is produced, the organic 
matter reservoir is depleted in I2C. Later methane is pro 
duced from these l2C-depleted molecules and is less 
l2C-enriched than earlier-generated methane. This is often 
referred to as the reservoir effect.

In the following discussion of the possible origin of 
gases in southern Ontario, the carbon source is taken to be 
sedimentary organic matter whose over-all carbon isotope 
composition is assumed to be -309fco (a typical value for 
immature kerogen in southern Ontario). As the hydrogen 
source is more complex (Schoell, 1980), the following 
discussion will concentrate on the origin of the 8 I3C value 
in methane.

Stahl (1974) and others have emphasized the impor 
tance of temperature control on the 5' 3C value for methane. 
In fact. Stahl and Carey (1975) relate the 5 I3 C in methane 
to the temperature-dependent vitrinite reflectance (96 RJ 
of inferred source rocks. A 5' 3C CH4 versus source temper 
ature curve, similar to curve "a" in Figure 10, can be 
constructed from the 8 I3C CH4 versus R plot of Stahl and 
Carey (1975, fig. 4), where R() is converted to temperature 
by the approximations indicated in figure l of Heroux et al. 
(1979). Ontario natural gas methanes would appear to 
have been generated from source rocks in the temperature 
range of 650 to 135 0C, or from source rocks whose R0 
values range from Q.4% to 1.596 (marginally mature to 
overmature). The few R0 values available for southern 
Ontario rocks range from Q.3% to 1.096 (Barker et al., 
I983a and unpublished data) and are consistent with the 
other maturation indications of immature to mature rocks 
(Powell et al., 1984   this issue). Thus, a local source 
could be accepted for some methanes whereas a more 
mature, distal source is required for most methanes.

As the temperature of thermal cracking increases, the 
temperature-dependent fractionation between methane and 
organic matter decreases. Although the methane gener-
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Rg. 10. The carbon isotope composition of methane generated by 
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ated is always enriched in I2C relative to the residual 
organic matter, the extent of this enrichment decreases as 
temperature increases. Unfortunately, the temperature at 
which fractionation between organic matter and methane 
occurs is not known. To compile Figure 10, the fraction 
ation factor methane-C2o alkane (James, 1983) is assumed 
and the 5 13C of methane in equilibrium (at increasing 
temperature) with organic matter having a 5 13 C of   30^ is 
shown by curve "b" in the plot. This assumes a process by 
which methane is generated in equilibrium with the source 
kerogen. If this methane is generated over a very narrow 
temperature interval and is accumulated, then curve "b" 
can be used to establish the thermal maturation level of the 
source of the individual accumulations. Temperatures of 
100-3100C are indicated. This mode of natural gas genera 
tion is unlikely, since the natural gas pools probably repre 
sent gas accumulated fronvsources generating gas over a 
considerable thermal maturation interval.

The pool of methane-precursor carbon atoms is limited, 
so that the carbon isotope composition of both the residual 
carbon and the methane produced can be described in 
terms of fractional distillation by the Rayleigh equation 
(see Hoefs, 1980, p. 10-12). Curve k V in Figure 10 pres 
ents the 8 I3C of methane generated from a pool with an 
initial 8 13C of - 30^ where the generated methane is always 
30^ lighter than the residual pool at any instant. Curve 
"d" presents the I3O I2C ratio of methane generated and 
accumulated from the initial generation up to the indicated 
fraction of precursors remaining. Curve "c" presents the 
isotopic ratio of the methane being generated, while curve
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"d" presents the isotopic ratio of the total methane 
generated. Clearly, the pooled methane is likely to fall 
between curves c and d, with its exact position depending 
on the efficiency of gas escape from source beds and the 
timing and efficiency of trapping. Almost any S I3C of 
methane can be generated with these models, including 
the Ontario natural gas values. Decreasing the fraction 
ation factor over time (perhaps as temperature increases) 
does not prevent the matching of 8 l3Cs of southern Ontario 
methanes.

Thus, it appears that the carbon isotope composition of 
methane in southern Ontario natural gases can be derived 
by both thermal equilibrium and kinetic processes. Tem 
perature of the source materials may be important, and 
temperature-dependent equilibrium fractionation processes 
could produce the observed 8 I3C values in methanes. On 
the other hand, time-dependent kinetic isotope fraction 
ation models also successfully match the observed 8 I3C 
values in methane.

In evaluating the appropriateness of these models it 
must be remembered that the pooled natural gases may 
have been generated from various sources, or a single 
source, over an extended period. The observed isotopic 
ratios for pooled gas represent an integration of the instan 
taneous ratios over the gas generation/accumulation history. 
This does not dispute the observation that natural gas, 
especially methane, generated early in the time-temperature 
evolution of organic matter is more !2C-enriched than late- 
generated methane. It suggests that the effects of tem 
perature-dependent fractionation cannot be isolated from 
the kinetic fractionation and reservoir effects. All will lead 
to a decrease in the 12C-enrichment of methane generated 
over a period of thermal maturation.

CONCLUSIONS

Natural gases in southern Ontario are wet, with meth 
ane comprising an average of 909& of the hydrocarbon 
fraction. The dominant nonhydrocarbon gas is nitrogen. 
Natural gases in the Appalachian Basin and Michigan 
Basin segments are not markedly different. However, the 
ratio of (ethane/propaneVfisobutane/normal butane) does 
show subtle differences on either side of the trend of the 
Algonquin Arch that separates the two basins. This sug 
gests that natural gas formation and accumulation in the 
two basins proceeded under slightly different conditions, 
or from somewhat different sources.

The Lower Paleozoic sediments in southern Ontario 
have attained only an immature to barely mature thermal 
maturation level. The trapped natural gases have some 
characteristics of immature sources, especially the domi 
nance of N 2 over CO2 and H2S. The iCVnC4 ratio and 8 I3C 
and 82 H values of methane are more characteristic of 
generation at mature to overmature levels. An overmature 
source maturation level would require migration of natural 
gas components over hundreds of kilometres from deeper

areas of the Appalachian and Michigan basins, or addition 
of dominantly basement-derived, thermally overmature 
methane to the Ontario gas pools. Alternatively, a reinter- 
pretation of the isotopic maturation indicators, stressing 
the importance of kinetic isotope fractionation processes 
rather than temperature-dependent equilibrium fraction 
ation processes, suggests that isotopically "mature" meth 
ane could be produced in thermally immature source beds 
over an extended gas generation period. This would per 
mit the source material to be thermally immature, yet 
temporally mature enough to have generated isotopically 
"mature" hydrocarbons.

No hypothesis concerning the origin of natural gases in 
Ontario is clearly superior. In fact, this study emphasizes 
the lack of tests, either chemical or isotopic, that yield 
unique models for the origin of these natural gas deposits. 
Further evaluation of both the hypotheses and the tests 
themselves is required before the origin of such natural 
gases can be uniquely defined.

REFERENCES

Bailey, N. J. L., Evans. C. R. and Milner, C. W. B. 1974. Applying 
petroleum geochemistry to the search for oil: examples from the 
western Canadian basin. American Association of Petroleum Geolo 
gists Bulletin, v. 58, p. 2284-2294.

Barker, J. F., Dickhout, R. D., Russell, D. J., Johnson, M. D. and 
Gunther, P. R. I983a. Paleozoic black shales of Ontario   possible 
oil shales. In: Miknis, F. P. and McKay, J. F. (Eds.), Geochemistry 
and Chemistry of Oil Shales. American Chemical Society Sympo 
sium Series 230, p. 119-138.

___, Dickhout-, R. D., Russell. D. J., Johnson, M. D. and Gunther, 
P.R. 1983b. The organic geochemistry of the Ordovician Whitby 
Formation a possible Ontario oil shale. American Chemical Society. 
Division of Fuel Chemistry, v. 28, n. 3. preprints of papers presented 
at Seattle. Washington. March 20-25, 1983. p. 39-44.

.. Macqueen. R. W.. Telford. P. G.. Russell. D. J.. Riediger. C. L.
and Gunther. P.R. 1982. Potential oil shales in southern Ontario. 
International Association of Sedimentologists. Abstracts of Papers. 
Eleventh International Congress on Sedimentology. Hamilton. Ontario. 
August 22-27. 1982. p. 90.

.. Legall. F., Barnes. C. R. and Fritz. P. 1979. Source, correlation.
and thermal maturation history of hydrocarbon mineral deposits of
southern Ontario. Open File Report. Ontario Geological Survey. 44p. 

Booth-Horst. R. and Rybansky, R. 1982. Oil and gas exploration, drilling
and production summary. 1980. Ontario Ministry of Natural Resources.
Oil and Gas Paper 3. 181 p. 

Craig. H.. 1957. Isotopic standards for carbon and oxygen and correction
factors for mass-spectrometric analysis of CO 2 . Geochimica et
Cosmochimica Acta, v. 12. p. 133-140. 

Epstein, A. G.. Epstein. J. B. and Harris, L. D. 1977. Conodont colour
alteration   an index of organic metamorphism. United States Geo 
logical Survey, Professional Paper 995, 27p. 

Erdman, J. G. and Morris, D. A. 1974. Geochemical correlation of
petroleum. American Association of Petroleum Geologists Bulletin.
v. 58. p. 2326-2337.

Evans, C. R. and Staplin. F. L. 1971. Regional facies of organic 
metamorphism. In: Boyle, R. W. and McGerrigle. J.I., (Eds.). 
Geochemical Exploration 1970. Canadian Institute of Mining and 
Metallurgy. Special Volume 11, p. 517-520.

Feux. A. N., 1977. The use of stable carbon isotopes in hydrocarbon 
exploration. Journal of Geochemical Exploration, v. 7, p. 155-188.

Frank, D. J., Gormly, J. R. and Sackett. W. M. 1974. Revaluation of 
carbon-isotope compositions of natural methanes. American Associa 
tion of Petroleum Geologists Bulletin, v. 58, p. 2319-2325.



326 J.F. BARKER and S.J. POLLOCK

    and Sackett, W. M., 1969. Kinetic isotope effects in the thermal 
cracking of neopentane. Geochimica et Cosmochimica Acta, v. 33, p. 
811-820.

Gold, T. 1979. Terrestrial sources of carbon and earthquake outgassing. 
Journal of Petroleum Geology, v. l, p. 3-19.

Harris. A. G.. Harris, L. D. and Epstein. J. B. 1978. Oil and gas data from 
Paleozoic rocks in the Appalachian Basin: maps for assessing hydro 
carbon potential and thermal maturity (conodont colour alteration 
isograds and overburden isopachs). United States Geological Survey, 
MapI-917-E.

Heroux, Y., Chagnon, A. and Bertrand, R. 1979. Compilation and corre 
lation of major thermal maturation indicators. American Association 
of Petroleum Geologists Bulletin, v. 63, p. 2128-2144.

Hitchon, B. 1966. Geochemistry of natural gas in western Canada. Research 
Council of Alberta, Contribution 329, p. 1995-2027.

   . 1963. Geochemical activities of natural gas, part II. Acid gases in 
western Canadian natural gases. Journal of Canadian Petroleum 
Technology, v. 2, p. 100-116.

Hoefs, J. 1980. Stable Isotope Geochemistry. Berlin, Springer-Verlag, 
208p.

Hood, A., Gutjahr, C. C. M. and Hescock, R. L. 1975. Organic metamor 
phism and the generation of petroleum. American Association of 
Petroleum Geologists Bulletin, v. 59, p. 986-996.

Hunt, J. N. 1979. Petroleum Geochemistry and Geology. San Francisco, 
W. H. Freeman and Company, 617p.

James, A. T. 1983. Correlation of natural gas by use of carbon isotopic 
distribution between hydrocarbon components. American Associa 
tion of Petroleum Geologists Bulletin, v. 67, p. 1176-1191.

Legall, F. D., Barnes, C. R. and Macqueen, R.W. 1981. Thermal maturation, 
burial history and hot spot development, Paleozoic strata of southern 
Ontario - Quebec, from conodont and acritarch colour alteration 
studies. Bulletin of Canadian Petroleum Geology, v. 29, p. 493-539.

McKirdy, D. M. and Powell, T. G. 1974. Metamorphic alteration of 
carbon isotopic composition in ancient sedimentary organic matter: 
new evidence from Australia and South Africa. Geology, v. 2, p. 
591-595.

Moses, R. J. 1981. The Occurrence of Helium in Southern Ontario 
Natural Gases. Unpublished B.Se. thesis. University of Waterloo, 
57p.

Nantais, P. T. 1982. Geochemistry of Natural Gases in Southern Ontario, 
Unpublished B.Se. thesis, University of Waterloo, 64p.

Ontario Department of Mines. 1970. Gas Analyses, Ontario Gas Wells. 
Mines and Northern Affairs, Petroleum Resources, Ontario, Paper 
70-2, 194p.

Powell. T. G., Macqueen. R. W., Barker, J. F. and Bree, D.G. 1984. 
Geochemical character and origin of Ontario oils. Bulletin of Cana 
dian Petroleum Geology, v. 32, no. 3, p. 289-312.

Pruitt, J.D.. 1983. Comment on "Comparison of Michigan Basin crude 
oils "by Vogler et al. Geochimica et Cosmochimica Acta, v. 47, p. 
1157-1159.

Roth, E. E. I960. Natural gases of Appalachian Basin. In: Natural Gases 
of North America: a Summary. American Association of Petroleum 
Geologists, MemoirS, p. 1702-1715.

Russell, D. J. and Telford, P. G. 1983. Revisions to the stratigraphy of the 
upper Collingwood beds   a potential oil shale. Canadian Journal of 
Earth Sciences, v. 20, p. 1780-1790.

Sackett, W. M. 1968. Carbon isotope composition of natural methane 
occurrences. American Association of Petroleum Geologists Bulletin, 
v. 52, p. 853-857.

Schoell, M. 1980. The hydrogen and carbon isotopic composition of 
methane from natural gases of various origins. Geochimica et 
Cosmochimica Acta. v. 44. p. 649-662.

Snowdon. L. R. and Roy, K. J. 1975. Regional organic metamorphism in 
the Mesozoic strata of the Sverdrup Basin. Bulletin of Canadian 
Petroleum Geology, v. 23, p. 131-171.

Stahl, W. J. 1974. Carbon isotope fractionations in natural gases. Nature, 
v. 251, p. 134-135.

    and Carey, B. D. Jr. 1975. Source-rock identification by isotope 
analyses of natural gases from fields in the Val Verde and Delaware 
Basins, West Texas. Chemical Geology, v. 16, p. 257-267.

Staplin, F. L. 1969. Sedimentary organic matter, organic metamorphism, 
and oil and gas occurrence. Bulletin of Canadian Petroleum Geology, 
v. 17, p. 47-66.

, Whelan, J. A. and Craig, H. 1979. Methane and hydrogen in East Pacific 
rise hydrothermal fluids. Geophysical Research Letters, v. 6, p. 
829-831.



BULLETIN OF CANADIAN PETROLEUM GEOLOGY
VOL. 32, NO. 3 (SEPT. 1964), P. 289-312

GEOCHEMICAL CHARACTER AND ORIGIN OF ONTARIO OILS 

T. G. POWELL', R. W. MACQUEEN2 , J. F. BARKER2 ANDO. G. BREE2

ABSTRACT
Geochemical analyses have been conducted on 36 oil samples from Devonian, Silurian, Ordovician, and Cambrian reservoirs, and 105 

rock samples from 24 stratigraphic units of southwestern Ontario. Three families of crude oils have been defined on the basis of gross 
composition, n-alkane distributions, pristane to phytane ratios, carbon isotope distributions in the saturate and aromatic fractions, 
distributions of twenty-five gasoline-range hydrocarbons, and ring distributions in the aromatic fractions. The three families of crude oils 
are largely confined to the following broad stratigraphic intervals: Cambro-Ordovician, Silurian and Devonian. The specific family 
compositions permit recognition of two instances in which there has been migration from Ordovician source rocks into Silurian reservoirs. 
Of the three families, the Silurian oils are the most diverse geochemically.

Analysis of rock samples has led to the identification of petroleum source rocks in Ordovician and Silurian strata, and an immature 
potential source in Devonian strata. The source in the Ordovician is the Collingwood Member of the Lindsay Formation. This unit is 
correlated to the Cambro-Ordovician oils on the basis of distinctive geochemical characteristics including an odd-to-even predominance in 
the normal alkanes of the saturated fraction in the range C U-C2(). and carbon isotope distributions in oil fractions and Collingwood kerogen. 
The Middle Silurian Eramosa Formation is considered to be the source for Middle Silurian reef-hosted oils on the basis of a number of 
geochemical characteristics, particularly the occurrence of eight specific alkylbenzene compounds in the aromatic fractions of Silurian oils 
and Eramosa extracts. Devonian rocks in southwestern Ontario are generally immature to only marginally mature, and no specific source 
for the Devonian oils has been identified. The Kettle Point Formation could be an excellent source for the Devonian oils in mature situations 
in the Michigan and Appalachian Basins, but sources within the Dundee and Marcellus Formations cannot be eliminated.

The composition of the Ordovician and Devonian oils is fairly typical of oils derived from marine organic matter, but the composition of 
the Silurian oils reflects the restricted nature of the Eramosa source environment, which is transitional between the open-marine conditions 
of the underlying carbonate platform and the restricted environment in which the overlying Salina evaporites were deposited.

LE CARACTERE GEOCHIM1QUE ET L'ORIGINE DES PETROLES DE L'ONTARIO
RESUME

Des analyses geochimiques ont etc effectuees sur quelques 36 echantillons de petrole de reservoirs du Devonien. du Silurien. de 
rOrdovicien et du Cambrien. et sur quelques 105 echantillons de roches provenant de 24 niveaux stratigraphiques du sud-ouest de 
I'Ontario. Trois families de petrole brut ont e"te" classifie'es selon la composition generate, les distributions de n-alkanes. les rapports 
pristane-phytane, les distributions d'isotopes de carbene dans les fractions et saturees et aromatiques. les distributions de 25 hydrocar- 
bures classes a I'ordre d'essence, et les distributions d'anneaux dans' les fractions aromatiques. Les trois families de petrole brut sont 
limitees en grande partie airx grands intervalles stratigraphiques suivants: le Cambro-Ordovicien, le Silurien et le Devonien. Les 
compositions spe'cifiques de ces families permettent ('identification de deux cas od la migration du petrole a precede de roches meres 
ordoviciennes vers des reservoirs siluriens. De ces trois families, les pe"troles siluriens demontrent la plus grande variete geochimique.

L'analyse des echantillons de roches a aboutti a ('identification de roches meres dans les strates ordoviciennes et siluriennes, et a 
('identification d'une source potentielle non-maturee dans les strates de"voniennes. La source ordovicienne est le Membre de Collingwood 
de la Formation de Lindsay. Gette unite est mise en correlation avec les petroies cambro-ordoviciens a cause de caracteristiques 
geochimiques distinctes. y inclus une predominance impaire-paire des alkanes normaux de la fraction saturee dans la serie C t4-C,n , et les 
distributions d'isotopes de carbone dans les fractions de petrole et de kerogene de Collingwood. La Formation d'Eramosa du Siiurien 
moyen est consideree comme etant la roche mere des petroles dans les recifs, ce qui est indique par un bon nombre de caracteristiques 
geochimiques, en particulier la presence de huit composes d'alkylbenzene specifiques dans les fractions aromatiques des petroles siluriens 
et des extraits de la Formation d'Eramosa. Les roches de"voniennes du sud-ouest de I'Ontario sont generalement non-maturees a 
partiellement maturees, et Ton n'a pas encore identifie une source specifique pour les petroles dans les roches de" voniennes. La Formation 
de Kettle Point pourrait etre une excellente source de petrole de'vonien extrait des zones maturees des bassins de Michigan et des 
Appalaches, cependant, les sources pre"sentes dans les formations de Dundee et de Marcellus ne meritent pas ('exclusion totale de 
consideration seVieuse.

La composition des petroles ordoviciens et devomens s'accorde en general avec cede des petroles typiques qui proviennent de ma tie re 
marine et organique, tandis que la composition des petroles siluriens correspond a la nature restreinte du milieu des roches meres
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d'Eramosa, ce qui 6tait un milieu de transition entre les conditions marines de la plate-forme carbonated sous-jacente, et le milieu restreint 
ou se sont depos&s les evaporites superposes de la Formation de Salina.

Traduit par L. Machan-Gorman

INTRODUCTION

Although potential hydrocarbon resources in southern 
Ontario are small by western Canada standards, recent 
rising oil and natural gas prices, inexpensive exploration 
costs, and proximity to markets all result in continuing 
interest in the area. Despite a 125-year history of hydrocarbon 
exploration, some 67 onshore oil fields have actively pro 
duced oil in the past 30 years. Indeed, the Oil Springs field 
discovered in 1858, and the Petrolia field discovered in 
1862, are still in production in the 1980s, and there is 
sizeable natural gas production from the offshore area 
beneath Lake Erie (Booth-Horst etal; 1983; Rybansky and 
Trevail, 1983).

The objectives of this study are:
1. To establish the organic geochemical character of a 

representative suite of oils from reservoirs of Cambrian, 
Ordovician, Silurian and Devonian ages.

2. To examine the organic carbon content of possible 
source rocks and the geochemical character of solvent- 
soluble organic matter (extracts) from these rocks.

3. To assess the origin of Ontario oils, using oil-source
correlation techniques.

To meet these objectives, we have analyzed oils from 25 
of the 67 recently or currently productive onshore oil 
pools in Ontario, and have analyzed 105 samples of poten 
tial source rocks from a wide variety of geographic set 
tings and stratigraphic levels. The earlier work on organic 
maturation levels by Legall etal. (l 981) provided a general 
framework within which the oil and extract data could be 
compared. A summary of findings on the nature and occur 
rences of Ontario natural gas appears in Pollock et al. 
(1982) and Barker and Pollock (1984); similar data for oil 
are in Charbonnier et al. (1969).

ONTARIO: BIRTHPLACE OF THE PETROLEUM INDUSTRY

Recorded history of Ontario petroleum occurences began 
in the early 1800s with reports of the "gum beds" of 
Enniskillen Township, Lambton County. These "gum beds" 
were seeps from shallow reservoirs of Devonian age, and 
were first reported on scientifically by Hunt (1850) and 
Murray (1852), both engaged in field studies for the newly 
founded Geological Survey of Canada (1842) under the 
direction of William E. Logan. The firs't registered oil 
company in North America (and possibly in the world) 
was that founded by the Tripp brothers, incorporated in 
1854 as the International Mining and Manufacturing 
Company, with the goal of producing asphalt from the 
Lambton County seeps (Gray, 1970). In 1856, J. M. Wil 
liams purchased that company, which subsequently became

the first integrated oil company in North America, with 
exploration, production, refining and marketing facilities 
  all based on the "gum beds" of Enniskillen Township. 
In 1858, a year before the well-known Drake well was 
drilled in Pennsylvania, Williams dug and drilled the first 
oil well in North America, discovering crude oil at Oil 
Springs (Gray, 1970; Gould, 1976). Although these early 
activities in Lambton County mark the beginning of the oil 
industry in North America, they were soon outstripped by 
developments in Pennsylvania and elsewhere in the United 
States. Lambton County remains of historical significance 
today because it is the birthplace of the petroleum industry.

STRATIGRAPHY, STRUCTURE AND REGIONAL MATURATION 
SETTING

Rocks of Cambrian to latest Devonian age make up the 
sedimentary succession in Ontario (Fig. 1). These rocks 
are essentially undisturbed, resting on an irregular Pre 
cambrian surface. All the oil produced to date from south 
ern Ontario was derived from rocks of southwestern Ontario, 
where the Paleozoic sequence ranges in thickness from 
about 1460 m in the central Lake Erie area to about 760 m 
in the Niagara Peninsula region (Sanford,.1962; Brigham, 
1971).

The Algonquin and Findlay Arches, northeast-southwest 
trending positive features separated from each other by 
the Chatham Sag (Brigham, 1971), tend to divide the Ontario 
Paleozoic succession into two parts. One part continues 
westward and northward from these arches into the Michi 
gan Basin, whereas the other continues southward and 
eastward into the Appalachian Basin (Fig. 2; see also 
Legall et al, 1981). The regional dip of Ontario strata into 
these basins is about 6-9 m7km( Winder and Sanford, 1972).

Despite limited surface exposures in southern Ontario, 
the Paleozoic succession is well known, mainly as a result 
of the long history of hydrocarbon exploration. All strati 
graphic units appear to be of shallow platformal origin   
essentially carbonate sequences punctuated by minor ter 
rigenous units. An exception to this pattern is the promi 
nent evaporite sequence (Salina A-G; Fig. l) which developed 
in Late Silurian time in southern Ontario as part of the 
Michigan Basin succession. The Queenston shale (Upper 
Ordovician) and the Kettle Point - Port Lambton shales 
(Upper Devonian) represent increased periods of clastic 
deposition resulting from uplift of the Appalachian Oro 
genic belt during the Taconic and Acadian orogenic events 
respectively. The relative stability of the Michigan Basin 
appears responsible for the remarkable lateral continuity 
of most Paleozoic formations into southwestern Ontario. 
In contrast, abrupt lateral facies changes are common as
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the Ontario Paleozoic succession is traced southward and 
eastward into the Appalachian Basin. The widespread 
regional unconformities in southern Ontario (Fig. l) appear 
closely related to periodic uplift and tectonic activity within 
the Appalachian Orogen. Further details of the geology of 
southern Ontario are available in work by Sanford (1967, 
1969), Beards (1967), Winder and Sanford (1972), and Hutt 
etal. (1973).

The stratigraphic chart (Fig. l) lists units in common use 
in the subsurface of southwestern Ontario. Certain of the 
named rock units of Figure l have been divided and named 
differently by other workers. For example, the Middle 
Silurian Eramosa unit of Figure l has been recognized as 
the uppermost member of the Lockport Formation (Bolton, 
1957; Liberty and Bolton, 1971), or as the lowermost mem 
ber of the overlying Guelph Formation (Sanford, 1969; 
Winder and Sanford, 1972). Winder and Sanford (ibid.) 
treated the unit as the Eramosa Formation. Whatever the 
specific stratigraphic assignment and rank, the Eramosa 
appears to be present in proximity to the oil-bearing Guelph 
reefs of the subsurface (Sanford, 1969), a point of considera 
ble significance to the genesis of the Silurian oils as dis 
cussed below.

Through study of colour alteration of two kinds of 
microfossils, conodonts and acritarchs, Legall etal. (1981) 
outlined two regimes of thermal alteration in southwestern 
Ontario. The first extends from the top of the Paleozoic 
succession to about the level of Middle Ordovician (Trenton) 
strata, and represents an organically immature to m'argin- 
alty mature zone. The second thermal alteration facies 
extends from Middle Ordovician strata to the base of the 
Paleozoic succession, and represents the organically mature 
zone. These data suggest only limited petroleum-generating 
potential from suitable source rocks down to the level of 
the Middle Ordovician.

HYDROCARBON OCCURRENCES AND PRODUCTION, SOUTHERN 
ONTARIO

Commercial hydrocarbon production to date in Ontario 
has come exclusively from the southwestern part of the 
province, where most of the Paleozoic succession has 
been preserved. Hydrocarbons have been or are produced 
from about 15 stratigraphic units of Cambrian to Devonian 
age, as seen in Figure l. Ontario's cumulative oil produc 
tion from 1863 to 1981 is about 9 million m3 . In 1981, oil 
production from each system was: Devonian, 37.4^c: Silurian, 
47.496; Ordovician, 2.O*^; Cambrian, 13.296   figures that 
are approximately representative of the 1976-1981 period 
(see Rybansky and Trevail, 1983). Also in 1981,9896 of the

Fig. 1. Composite stratigraphic column for Toronto-Windor area, 
southwestern Ontario. Solid circles indicate present or former oil production, 
asterisks present or former gas production. After Rybansky and Trevail 
(1983).
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natural gas produced came from Silurian rocks, with the 
remainder from Ordovician and Cambrian rocks (Rybansky 
and Trevail, ibid.). Lambton County (Fig. 3), where the oil 
industry began, still produced 51.996 of the total provincial 
oil production in 1981, followed by Elgin County with 
31. 1*?6. All oil production is onshore, whereas natural gas 
production is both onshore and offshore beneath Lakes 
Erie and St. Clair. Exploration and production develop 
ments for 1981 are summarized by Booth-Horst et al. 
(1983).

CAMBRIAN DEPOSITS

Commercial hydrocarbon production is derived from 
dolomite and dolomitic sandstones that occur on the south 
eastern flank of the Algonquin Arch bordering the Appala 
chian basin. Of the seven producing fields in 1981 (Rybansky 
and Trevail, 1983), three (Willey, Clearville and Gobies, 
Figs. 2,3) were sampled for this study. The Willey field is a 
fault trap, whereas the others are all stratigraphic traps 
occurring at the updip truncated edges of Cambrian strata 
flanking the south side of the Algonquin Arch.

ORDOVICIAN DEPOSITS

Ordovician rocks occupy over 5096 of the sedimentary 
volume of southern Ontario (Sanford, 1962). Unfortunately, 
these rocks appear to lack suitable reservoirs, as only 
small volumes of hydrocarbons have been found. All oil 
production to date is from nine small fields developed 
within the Black River and/or Trenton Groups (Fig. I), 
which comprise the Middle Ordovician carbonate succes 
sion. Six of these fields were in operation in 1981. All 
production was or is from dolomitized zones within the 
carbonate sequence. The dolomitized zones are associ 
ated with gently folded or faulted structures, or (less 
commonly) occur as stratigraphic traps (Rybansky and 
Trevail, 1983). Of the nine fields discovered to date, five 
are located in Essex County (Figs. 2, 3) where the Middle 
Ordovician sequence reaches its maximum burial depth in 
Ontario.

SILURIAN DEPOSITS

About half of the oil production and more than 9096 of 
the gas production to date in Ontario has come from Silurian 
rocks. Nearly all the oil production has come from upper 
Middle Silurian reefal carbonates of the Guelph Formation, 
and closely associated overlying, lowermost Upper Silurian 
carbonates of the A l and A2 carbonate members of the 
Salina Formation (Fig. 1; Rybansky and Trevail, 1983; 
also see Koepke and Sanford, 1966). Sanford (1969) recog 
nized four facies belts within the Guelph: a lagoonal belt 
bordering the Appalachian Basin and, in succession from 
east to west, barrier, patch and pinnacle reef belts. The

last three belts are continuous around the marginal areas 
of the Michigan Basin, and are productive of oil and gas. 

Some 46 oil or oil- and gas-bearing pools have been 
discovered in Silurian rocks in Ontario. In 1981, 27 pools 
were still in production, although many involved produc 
tion from a single well (Rybansky and Trevail 1983, table 
17). Some of the larger Silurian pools in production in 1981 
include Becher West, Brooke, Corunna, Dawn, Grand 
Bend, and Plympton (Fig. 2).

DEVONIAN DEPOSITS

Since the original liquid petroleum discovery of Oil 
Springs in 1858, some 24 Devonian oil pools have been 
found, all of them located in dolomitized zones within 
Middle Devonian carbonates of the Dundee or underlying 
Lucas Formation (Fig. 1). Seven of these pools were still 
producing in 1981: Rodney, Wallacetown, Bothwell- 
Thamesville, Oil Springs, Petrolia (the second oil pool 
discovered in Ontario, in 1862) Wilsoncroft and Glencoe. 
Curiously, only two of these pools produced both gas and 
oil, and neither pool is currently in production. It is puz 
zling why so little natural gas occurs with Devonian oil 
pools, in contrast to Silurian pools, many of which pro 
duced both oil and gas (see Rybansky and Trevail, 1983, 
table 17, for data to 1981).

SAMPLE SELECTION

OILS

Acquisition of oil samples for this study began in April, 
1978 with the help of the staff inspectors of the Petroleum 
Resources Section, Ministry of Natural Resources, London, 
Ontario. Samples were limited to pools in production over 
the past five years. Of the 36 oils analyzed, 34 were from 
producing fields (two samples are oil shows), and have the 
following distribution: 6 hosted by Devonian rocks, from 6 
different wells in 4 pools; 18 hosted by Silurian rocks, from 
17 different wells in 15 pools; 6 hosted by Ordovician 
rocks, from 6 different wells in 3 pools (and one show); 6 
hosted by Cambrian rocks, from 6 different wells in 3 
pools (and one show).

Samples were collected in glass screw-top jars at the 
well-head and were retained sealed until analysis. Loca 
tions of the 25 pools and 2 oil-show samples are shown in 
Figures 2 and 3 and in Table 4 (Appendix). The suite 
analyzed is considered to be representative of the pools in 
production over the past five years.

POTENTIAL SOURCE ROCKS

Possible source-rock samples were obtained from petro 
leum exploration borehole cores (stored mainly at the 
Petroleum.Resources Laboratory in London) and from 
suitable outcrops. Locations of the boreholes and out-



294 T.G. POWELL, R.W. MACQUEEN, J.F. BARKER and D.G. BREE

8
2
2
O 
c 
o

•o
(O

CD
Q. 

CO

o
o •o
CO
Jg o

e* 
S



GEOCHEMICAL CHARACTER AND ORIGIN OF ONTARIO OILS 295

crops sampled are shown in Figure 3 and Tables 5 and 6 
(Appendix). Some 69 rock samples were taken from 34 
subsurface exploration borehole cores, and 36 outcrop 
samples were collected from 6 localities (Table 1) for a 
total of 105 samples analyzed. Except for the dark-grey to 
black shale or argillaceous carbonate units such as the 
Kettle Point, Marcellus, Eramosa and Collingwood, rocks 
with more than Q.5% organic carbon apparently are rare: 
only 41 of the 105 samples analyzed have organic carbon 
contents in excess of Q.5% (Table 1).

Many of the samples with organic carbon contents in the 
range 0.3 to G.5% were found to be contaminated with 
core-box wax (Snowdon and Powell, 1978) and thus could 
not be considered from a source-rock standpoint.

Two of the units for which limited analytical data are 
presented here, the Kettle Point (Devonian) and Collingwood 
(Ordovician), are at present the subject of separate studies 
designed to evaluate their future potential as oil shales, 
and thus more analytical data are available than are pre 
sented here. Some reference is made to the characteristics 
of these samples, however, to provide supporting evi 
dence for the results given in this paper.

The hierarchy of analyses is as follows. All rock sam 
ples were screened for organic carbon content. Rocks 
with values in excess of G.3% organic carbon were extracted.

Stratigraphic 
Unit

DEVONIAN

Port Lambton 
Kettle Point 
Hamilton Gp.

Marcel Tus 
Oundee/Onondaqa 
Detroit River Gp.

Lucas
Amherstburg 

Bois Blanc 
Devonian Undivided

Location 
Surface Subsurface

Bass Islands
Sa 1 i na
Guelph
Lockport-Amabel Gp.

Eramosa
Rochester
Irondequoit

Guelph-Lockport undiv.
Reynales
Cataract

Cabot Head

0
0
0

26
0
0
0
0

0

ORDOVICIAN

Collingwood
Trenton Gp. 

Cobourg 
Kirkfield

Black River Gp. 
Coboconk 
Gull River 
Shadow River 
Undivided

Ordovician Undiv.

Undivided

TOTALS

'Q.5% 
Org C

All extracts were fractionated into hydrocarbon types, but 
data obained on extracts of less than 40 mg were consid 
ered suspect. Screening of saturate fractions by gas chro 
matography removed those samples contaminated with 
core-box wax. Kerogen was isolated from selected sam 
ples of stratigraphic intervals showing promise for source 
rock potential. Analytical results from individual samples 
are not tabulated but may be examined at the Institute of 
Sedimentary and Petroleum Geology, Calgary, on request.

METHODS

Methods for the analysis of oil samples were essentially 
those used previously (Snowdon and Powell, 1979, 1982; 
Powell, 1982).

The relative concentrations of 25 gasoline-range hydro 
carbons' in the oils were determined by utilizing a strip 
ping technique (Thompson, 1979; Schaefer ei a/., 1978) 
and modified as described by Snowdon and Powell (1982). 

•The paraffin indices of Thompson (1979) were calculated 
from the relative concentrations of these components as 
follows:
Paraffin Index I = ———(2 methylhexane * 3 methylhexane)___ 
(Isoheptane value) (dimethylcyclopentane isomers: Ic3, It3, It2)
Paraffin Index II = 
(Heptane value)

'fa heptane in compounds eluting between 
cyclohexane and methylcyclohexane

Asphaltenes were separated from the oil fraction boiling 
above 2100C by addition of pentane and filtration. The 
de-asphaltened samples were separated into saturates, 
aromatics and resins respectively. The saturated and aro 
matic hydrocarbons were analyzed by capillary gas 
chromatography.

Mass spectrometer analysis of the aromatic hydrocarbons 
was achieved by utilizing a combined gas chromatograph - 
mass spectrometer (GC-MS) technique, and the distribu 
tion of 16 classes of aromatic/thiophenic compounds2 was 
determined by ASTM Method D3239-76 (Powell, 1982).

Table 1.
Ontario.

Sampling and distribution, potential source rocks, southern

1 These were, in order of evolution:
1) isopentane
2) n-pentane
3) 2.2-dimethylbutane
4) cyclopentane
5) 2.3-dimethylbutane
6) 2-methylpentane
7) 3-methylpentane
8) n-hexane
9) methylcyclopentane

10) benzene
11) cyclohexane
12) 2-methylhexane
13) l, l-dimethylcyclopentane

2 Monoaromatics:
1) alkylbenzenes
2) naphthene benzenes
3) dinaphthenebenezenes, 

Diaromatics
4) naphthalenes
5) a group comprising acenapthenes, 

dibenzoferans and biphenyls
6) fluorenes, Triaromatics 
9) pyrenes

14) 2,3-dimethylpentane
15) 3-methylhexane
16) Ic3-dimethylcyclopentane
17) It3-dimethylcyclopentane
18) It2-dimethylcyclopentane
19) n-heptane
20) Ic2-dimethylcyclopentane
21) methylcyclohexane
22) 2.5-dimethylhexane
23) 2.4-dimethylhexane
24) 2.2.3-trimethylpentane
25) toluene

10) chrysenes, Penta-aromatics
11) perylenes
12) dibenzanthracenes, 

Thiopheno-aromatics
13) benzothiophenes
14) dibenzothiophenes
15) naphthobenzothiophenes
16) unidentified aromatics
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To facilitate comparison of a large number of variables 
in a larger number of samples, the gasoline-range data and 
the aromatic data were subjected to cluster and factor 
analysis to determine if significant groupings or correla 
tions could be macle. The computer programs used for this 
comparison are those published and discussed by Davies 
(1973) and modified by K. N. Nairn (Geological Survey of 
Canada, Calgary) to run on available hardware.

The procedures for organic-carbon apalysis, extraction 
and fractionation of hydrocarbon fractions, kerogen isola 
tion and elemental analysis were essentially those used by 
Powell (1978, 1982). Rock samples were extracted for 24 
hours by using an extraction mixture of chloroform/methanol 
(87/13). The extract was treated with n-pentane to remove 
asphaltenes and the de-asphaltened extracts separated into 
saturates, aromatics and resins respectively. The satu 
rated and aromatic hydrocarbons were analyzed by capil 
lary gas chromatography.

An electronic digital integrator was used to measQre the 
area and hence relative concentration of individual compo 
nents in the gas chromatograms. The ratio of odd to even 
carbon-numbered n-aikanes can be calculated for each 
n-alkane by using the method of Scalan and Smith (1970). 
The ratio is termed the OEP value and is obtained by 
applying the formula:

OEP = Q + 6Q+2 + Cj.
4C.+ , +4Q.J

Cj is the relative weight percent of an n-alkane containing 
i carbon atoms per molecule. The ratio incorporates the 
weight percent of five consecutive alkanes centred about 
the n-alkane containing i -f 2 carbon atoms. Only the OEP 
value for nC )6 was calculated in this study.

Kerogen was isolated from selected rock samples by 
digestion with hydrochloric and hydrofluoric acids, and 
the subsequent kerogen fractions were analyzed for ele 
mental carbon, nitrogen and hydrogen.

The oil fractions and kerogen samples were prepared for 
isotopic analysis by a procedure developed for cellulose 
carbon isotope analysis by Aravena (1982) at the Univer 
sity of Waterloo. Briefly, the samples were combusted in a 
Parr bomb at elevated temperatures in an oxygen atmo 
sphere. The produced C02 was separated from other gases 
by distillation methods in a vacuum line. The C02 samples 
were then analyzed on a Micromass 903 triple collector 
mass spectrometer. The isotopic compositions were referred 
to the PDB isotopic standard in the d' 3C notation via a 
laboratory reference gas

d' 3c = "q' zC sample
IJO' 2C PDB std. -l x lOOOf0/,,,,)

Fourteen replicate analyses of a standard lubricating oil 
showed that the analytical reproducibility is ±0.22(V0o or 
one standard deviation.

GEOCHEMISTRY OF OILS 

GROSS COMPOSITION

Ontario oils are of medium to high gravity (API 31-42) 
with low-to-intermediate sulphur contents (<\%) (Char- 
bonnier etal., 1969). In the samples selected for this study 
there is no systematic variation in the proportion of gasoline- 
range hydrocarbons (9^2100C) with either basin position 
or stratigraphic age. There are, however, variations in the 
composition of the fraction boiling above 2100C (Fig. 4; 
Table 2). With the exception of two samples hosted by 
Silurian rocks (Fletcher Pool; 22, 23), the oils from Cam 
brian and Ordovician strata are richer in saturated hydro 
carbons than the oils from Silurian or Devonian rocks. 
Further, there is evidence to suggest that the two anoma 
lous Silurian samples belong to the Cambro-Ordovician 
group and are unlike the other Silurian samples. The higher 
content of saturated hydrocarbons in the oils from Cam 
brian and Ordovician strata may indicate that they are 
more mature than the oils in Silurian and Devonian rocks, 
although differences in the nature of the source environ 
ment also can give rise to similar variations.

The Cambrian, Ordovician and Devonian samples show 
little variation within each age group whereas the Silurian 
oils show a wide variation. Silurian samples with a lower 
content of saturated hydrocarbons are located east of 
Sarnia (samples 10, 11 A, l IB, 19, 20, 21; Fig. 2), and are 
apparently less mature than the remainder of the Silurian 
oils. As we shall see, this variability is characteristic of the 
Silurian oils.

Fletcher

60

DEVONIAN 
•SILURIAN 
'ORDOVICIAN

CAMBRIAN

** Aromatics

GROSS COMPOSITION ONTARIO OILS

Fig. 4. Ternary diagram showing variations in gross composition 
^210" C fraction) of Ontario oils.
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GROSS 
COMPOSITION

1/2 
1/2

l IB 
12

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
3

GASOLINE 
RANGE

1/3B 
1/3B
1/38 
l/38 
1/38 
1/38

1/3A 
1/38 
1/3A 
l/38 
1/38 
1/38

1/3A 
1/3A
1/3A 
1/38 
1/38 
1/38

2A 
1/3A 
2A 
28 
28 
nd 
2A

28 
1/38 
1/38

SATURATES AROMATICS CARBON 
ISOTOPES

CLASSIFICATION

2
2/3 
2 
2 
2 
2

2
1/3 
2 
2 
2 
2 
2 
2

2
2
2
2
2
2
1/3? 
1/3?

2A
2/3
2A
28
28
28
2A
2A
2A

not determined

Table 2. Assignment of oil samples to oil families on the basis of 
individual chemical parameters.

GASOLINE-RANGE HYDROCARBONS

To facilitate comparison of the concentration of the 25 
compounds in 34 oil samples, cluster and factor analyses 
were run on the gasoline-range data. The cluster analysis 
dendrogram is shown in Figure 5. Cluster D (Fig. 5) con 
sists entirely of Silurian samples. Cluster C consists of 
four Ordovician and two Cambrian samples. Clusters A 
and B consist of a mixture of all oil samples. Examination 
of the factor analysis data shows that much of the variance 
between samples can be accounted for by the relative 
amount of lower-molecular-weight hydrocarbons (C5-C6) 
compared with heavier components (C7-C8). This differ 
ence can be attributed to evaporative loss, problems in 
collection, or perhaps secondary migration, but is not 
genetic in origin. In order to overcome this problem, only 
the compounds eluting from the gas chromatographic col 
umn after, and including, cyclohexane (C6H| 2) will be 
considered (see Methods for compound list).

The normalized composition of C7 compounds is illus 
trated in a ternary diagram in Figure 6. Four compositional 
fields describe the data set. With four exceptions, the 
Silurian samples fall into two subgroups (I and H) which 
are richer in branched components than the remainder. 
The two Silurian subgroups have a similar proportion of 
branched components which are richer in nC7 than the 
others. Thompson (1979) has defined two Paraffin Indices 
(see Methods) which change systematically with maturation.

In his studies, Paraffin Index I (Isoheptane Value) and 
Paraffin Index II (Heptane Value) have ranges of about 
0.75 to 6.0 and about 5 to 30 respectively, between the 
immature and overmature zones. The initial values and 
maturation pathway are determined by the organic matter 
type (Thompson, 1983). The paraffin indices for the Ontario 
oils are plotted in Figure 7. According to these criteria, the 
Silurian oils in subgroup I are more mature than those in 
subgroup II (Fig. 6). The more mature samples, with the 
exception of Grand Bend (14), are located immediately 
south of Sarnia, (samples 7, 9, 12, 13, 16, 17, 18; Fig. 2), 
whereas the less mature samples are located east of Sarnia 
(samples 10, 11, 19, 20,21; Fig. 2). This indicates a local 
variation in maturation level of the source, a variation that 
was not detected in the regional maturation study undertaken 
by Legall et a/. (1981).

CLUSTER ANALYSIS ONTARIO OILS -GASOLINE RANGE

CORRELATION COEFFICIENT 
0.5 0.6 0.7 0.8 0.9 1.0

a DEVONIAN 
. SILURIAN 
' ORDOVICIAft 
t CAMBRIAN

Fig. 5. Dendrogram of cluster analysis of oils and condensates based 
on 25 gasoline-range hydrocarbons.

COMPOSITION OF C7 COMPOUNDS ONTARIO OILS

SO 40 30 2O 10
o DEVONIAN
• SILURIAN
•ORDOVICIAN 

CAMBRIAN

 BRANCHED

SO 60 70 SO 90

Fig. 6. Ternary diagram showing normalized composition of C 7 
gasoline-range compounds. Group l oils comprise samples 7, 9,12,13, 
14,16,17 and 18; Group II oils comprise samples 10,11,19,20 and 21.
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PARAFFIN INDICES ONTARIO OILS

o DEVONIAN 
. SILURIAN
* ORDOVICIAN
- CAMBRIAN

33 Cl

32 CUarvlll* 
'—*0 31 Goblas

C
8 Mosa

10 20 30 

HEPTANE VALUE

Fig. 7. Paraffin Indices for Ontario oils. See Figure 6 for identity of 
samples in groups l and II.

The Cambrian and Ordovician samples are distributed 
between subgroups III and IV in Figure 6 and are depleted 
in branched paraffins compared with the Silurian groups. 
Again, the differences between the two subgroups can be 
attributed to differences in maturation (Fig. 7), but there is 
no clear-cut geographic separation of less-mature from 
more-mature samples. Indeed, two samples from the 
Clearville field (32 and 33) show different apparent matura 
tion levels whereas two samples from the Gobies field (30 
and 31) have very similar values (Fig. 7).

All the Devonian samples show similar gasoline-range 
compositions to those of the less-mature Ordovician and 
Cambrian samples (subgroup IV in Fig. 6) and cannot be 
distinguished from them on the basis of gasoline-range 
composition.

The Silurian samples that occur in groups III and IV 
(Fig. 6); (samples 8, 15, 22, 23) lie on the southern flank of 
the Algonquin and Findlay Arches, whereas the remain 
der of the Silurian oils lie on the northern side, on the 
margin of the Michigan Basin (Fig. 2). In contrast to the 
northern Michigan Basin - associated area, this southern 
area contains the Cambro-Ordovician accumulations. The 
similarity of the gasoline-range composition of these Silurian 
oils to that of the Cambro-Ordovician oils suggests the 
possibility of migration into Silurian reservoirs of oils from 
underlying Ordovician source rocks, a point that is dis 
cussed in the following section.

SATURATED HYDROCARBONS

The gas chromatograms of the saturate fractions (Fig. 8) 
can be used to divide the oils into three groups that are 
broadly related to the stratigraphic occurence of their 
reservoirs, namely Devonian, Silurian and Cambro-

Ordovician. There are several exceptions, Mosa (8), Sta 
ples (15) and Fletcher (22,23), all of which occur in Silurian 
reservoirs and are discussed below.

Save for these exceptions, the Silurian oils (e.g. Sample 
14, Fig. 8) are distinctive, characterized by an uneven 
distribution of n-alkanes and a high content of cyclic 
components, particularly in the sterane-triterpane region. 
The distribution of n-alkanes shows maxima at nC^ or 
nC|4 and/or nC22- The pristane-to-phytane ratios are very 
low (0.47 to 0.66) and the phytane-to-nC 1 8 ratios are greater 
than one. These features are typical of oils generated from 
organic matter deposited in extremely reducing conditions, 
usually in carbonate-evaporite sequences, and in the upper 
half of the oil window (Macqueen and Powell, 1983; Tissot 
and Welte, 1978). Silurian oils in the United States portion 
of the Michigan Basin show similar features (Vogler ei al. , 
1981; Illich and Grizzle, 1983).

The Devonian oils (e.g. Sample 4, Fig. 8) show a more 
conventional saturated hydrocarbon distribution. They 
are characterized by a smooth distribution of n-alkanes 
and a smooth naphthenic envelope. The pristane-to-phytane 
ratios are in the range 1.37 to 1.45, and the isoprenoids 
pristane and phytane are present in much lower concentra 
tions than the n-alkanes.

Oils occurring in Ordovician and Cambrian reservoirs 
(e.g. Samples 28 and 31; Fig. 8) also have a unique distribu 
tion of saturated hydrocarbons. Their pristane-to-phytane 
ratios are similar to those of the Devonian oils, but they 
show a marked odd-to-even predominance of the n-alkanes 
in the range nC )5 to nC|7.

These differences between the groups of oils are illus 
trated in Figure 9 by a plot of pristane-to-phytane ratio 
against the nC| 6 OEP value. With a few exceptions, sam 
ples from different rock units fall into different composi 
tional fields. The Silurian Fletcher samples (22, 23) are 
clearly associated with the Cambro-Ordovician group. The 
Mosa sample (8) occupies an intermediate position between 
the Silurian and Cambro-Ordovician groups, suggesting a 
mixture. The Staples sample (15) falls outside the main 
Silurian group in having a high OEP value but a low 
pristane-to-phytane ratio, suggesting it may have a unique 
source facies. If it had been a mixture of Silurian and 
Cambro-Ordovician oils it should have had a higher pristane- 
to-phytane ratio, similar to that of the Mosa oil.

Analysis of selected gasoline-range data suggests that 
there are maturity differences within genetic groups. These 
differences can also be reflected in the ratio of isoprenoids 
to n-alkanes (e.g.. Snowdon and Powell, 1982). However, 
determination of the relative degree of maturity can be 
made only within genetic groups, since the nature of the 
source can also control the input of isoprenoids and 
n-alkanes. The ratio of phytane to nC )8 is plotted against 
the Isoheptane value for the gasoline-range data in Figure 
10. Within the Silurian group those oils located east of 
Sarnia (samples 10, 11, 19,20,21; Fig. 2) have higher ratios 
of isoprenoids to n-alkanes, indicating lower maturation
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Fig. 8. Representative saturate fraction gas chromatograms of Ontario oils.

levels than those of oils to the south (samples 7, 9, 12, 13, 
16. 17, 18; Fig. 2). This is the same relationship as was 
observed with the Paraffin Indices. The data for the 
Devonian, Ordovician and Cambrian oils are less clear- 
cut. Within the Devonian group, samples l, 2 and 3 have 
the highest ratios of phytane to nC )8 , indicating a lower 
maturity level than that of the remainder. This difference, 
however, does not correspond to the variation in paraffin 
indices noted above. The Ordovician and Cambrian sam 
ples show little variation in pristane-to-n-alkane ratios and 
cannot be related to differences in maturation level. Previ 
ous work (Snowdon and Powell, 1982) has suggested that 
this parameter is relatively insensitive to maturation in the 
lower half of the oil window and in samples with initially 
low content of isoprenoids.

AROMATIC HYDROCARBONS
The cluster and factor analysis of the data from the 

GC-MS aromatic group analysis is ambiguous. The cluster 
analysis data show that there is a high degree of similarity 
among all samples, although many of the Silurian samples 
form distinct clusters. Examination of the factor analysis 
(Factor Scores, Fig. 11) shows that the greater part of the 
variance can be attributed to the content of alkylbenzenes 
versus the content of the other main components (naphthene- 
and dinaphthenebenzenes naphthalenes, acenaphthenes 
plus dibenzofurans, fluorenes and phenanthrenes) in Fac 
tor II; and the content of naphthalenes and benzo- and 
dibenzothiophenes versus the content of naphthene and 
dinaphthenebenzenes in Factor III. Some of the Silurian 
samples show high negative factor loadings in respect of
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Fig. 10. Phytane-to-nda ratio versus Isoheptane Value for Ontario 
oils. See Figure 6 for identity of samples in groups l and II.

Factor II, indicating that they are rich in alkylbenzenes. 
However, many also have values close to zero, indicating 
lower alkylbenzene contents. Cambrian, Ordovician, 
Devonian and some Silurian samples have high to interme 
diate positive factor loadings for Factor II, showing that 
the other principal components listed above are more 
important than the alkylbenzenes. Many of the Silurian 
samples show positive factor loadings for Factor III, indi 
cating a higher content of naphthalenes and thiopheno- 
aromatics. Other Silurian samples have slightly negative 
loadings for this factor. These Silurian samples are ones 
identified as being rich in alkylbenzenes in Factor II. In 
contrast, the Cambrian and Ordovician samples have inter 
mediate negative factor loadings for Factor II.

Some of these variations are illustrated graphically in 
Figure 12 by a plot of alkylbenzenes versus thiopheno- 
aromatics. The Silurian samples form a discrete group 
which show a wide variation in the content of alkylbenzenes 
and thiophenoaromatics. High contents of alkylbenzenes 
are usually encountered in very mature oils and conden- 
sates (Tissot and Welte, 1978) as a result of thermal crack 
ing reactions. In the Silurian oils, however, the high content 
is due to a high proportion of a few very specific alkyl 
benzenes (Figs. 12 and 13; sample 20), ranging in carbon 
number from nC i3 to nC2 |. A base peak at 133 in the 
individual mass spectra of these peaks indicates three 
methyl substituents in addition to an alkyl substituent. 
The gas chromatographic retention times indicate that 
they do not form a homologous series, and may indicate 
branching in the side chain. These components are present 
in all the oils in the Silurian group in Figure 12. They are 
present in lower concentrations in the more sulphur-rich 
Silurian samples (e.g. Brigden Field, sample 16; Figs. 12, 
13) which have correspondingly higher contents of substi 
tuted naphthalenes. These alkylbenzenes are probably 
derived from specific biological precursors in the source 
rock.

For a given content of thiophenoaromatics, the Devonian, 
Cambrian and Ordovician oils have a much lower content 
of alkylbenzenes as compared with the Silurian oils (Fig. 
12). None of the specific alkylbenzenes found in the Silurian 
oils are present in the Devonian, Ordovician and Cam 
brian oils (Fig. 13, Samples l, 29). The Devonian oils tend

FACTOR II FACTOR III FACTOR II FACTOR III
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Fig. 11. Q-mode varimax factor loadings and factor scores for 16 
aromatic families and thirty-two samples. 1) alkylbenzenes; 2) naphthene- 
benzenes; 3) dinaphthenebenzenes; 4) naphthalenes; 5) a group com 
posing acenaphthenes, dibenzofurans and biphenyls; 6) fluorenes; 7) 
phenanthrenes; 8) naphthenephenanthrenes; 9) pyrenes; 10) chrysenes; 
11) perylenes; 12) dibenzanthracenes; 13) benzothiophenes; 14) 
dibenzothiophenes; 15) naphthobenzothiophenes and 16) unidentified 
aromatics.



GEOCHEMICAL CHARACTER AND ORIGIN OF ONTARIO OILS 30!

ALKYLBEN2ENES VS THIOPHENO-AROMATICS

a DEVONIAN 
* SILURIAN 

ORDOVICIAN 
CAMBRIAN

46 

THIOPHENO-AROMATICS

Fig. 12. Percent alkylbenzenes versus percent thiophenoaromatics 
in aromatic fractions of Ontario oils and condensates.

to have a lower proportion of thiophenoaromatics than the 
Cambro-Ordovician group (Fig. 12, and see Factor HI in 
Fig. 11). They are also distinguished by having relatively 
featureless gas chromatograms when compared with the 
Cambro-Ordovician Group (Fig. 13, cf. samples, l, 29).

Again, the Silurian sample from the Mosa field (sample 
8) is anomalous and occupies an intermediate position in 
Figure 12. The sample from the Staples field (sample 15) 
groups with the other Silurian oils.

CARBON ISOTOPE DATA

A plot of the 5 I3C saturate versus 8 I3C arorhatics for 
each oil shows that the oils again fall into three distinct 
groups related to the stratigraphic age of the reservoir 
(Fig. 14). The Cambro-Ordovician oils are tightly grouped, 
and oils from the Devonian also form a distinct group. Oils 
from the Silurian reservoirs fall in a separate field but are 
very variable. A further subdivision of the Silurian oils is 
possible, with oils 20, HAand 19 forming a separate group 
characterized by heavier aromatic fractions. These sam 
ples also contain the highest content of alkylbenzenes of 
all the Silurian oils (Fig. 12).

Another way of examining the isotopic data is by the 
"isotopic type-curve" (Stahl, 1978). The 5 I3C values of 
crude oil fractions commonly increase systematically from 
saturates, most depleted in 5 I3C, through aromatics, res 
ins and asphaltene^. When crude oil fractions are equally 
spaced in this order and plotted against 5 I3C values, either 
a linear or curvilinear relationship may be observed: this is 
the isotope type-curve. Type curves for selected Ontario 
oil fractions are shown in Figure 14. The type curves also

suggest a three, and possibly four, part genetic grouping 
for the oil samples. Each genetic group has its own type- 
curve pattern (Fig. 14). Variations in the patterns are 
noticeable within each group, with the Cambro-Ordovician 
and Devonian oils tending to have less variation than the 
Silurian oils. The Cambro-Ordovician type curves overlap 
those of the Silurian oils, but the standard deviation values 
for the 5 I3C measurement of each fraction of the Cambro- 
Ordovician oils is very close to, or less than, the experi 
mental error (see Methods). This suggests that these 
Cambro-Ordovician oils are one distinct group generated 
from one source. The Silurian oils show a much greater 
degree of variation (Fig. 14) but are distinguished in their 
type curves from the Cambro-Ordovician group by being 
isotopically lighter in the saturate fraction (Fig. 14). The 
standard deviations of the measurements on the Silurian 
oils are well beyond the analytical error. The isotopic 
diversity of the Silurian oils is therefore a real characteristic. 

The Devonian samples characteristically are isotopi 
cally lighter than the other samples, with the individual 
fractions showing little variation in isotopic composition. 
Standard deviations for the Devonian samples are gener 
ally close to the analytical error.

FAMILIES OF CRUDE OILS

Table 2 lists the oil samples and their assignment to one 
of three genetic families: Devonian (family 1), Silurian 
(family 2), and Cambrian-Ordovician (family 3). The assign 
ment is made on the basis of the various analytical data 
obtained. The fact that these genetic groupings are based 
on a wide variety of compositional properties is a measure 
of the distinctiveness of oils from each genetic grouping. 
The Silurian samples are in general the most distinctive in 
practically all types of analysis. As noted above, however, 
there are several exceptions. Silurian samples from the 
Mosa (8) and Fletcher (22,23) fields are clearly anomalous. 
The former is a mixture of oil derived from the Silurian 
(family 2) and from the Cambro-Ordovician (family 3), 
whereas the Fletcher samples appear to be exclusively of 
the Cambro-Ordovician type (family 3).

Compositional variations within the Silurian oils of fam 
ily 2 permit further subdivision into two groups, 2A and 2B 
(Table 2), indicating differences in maturity. Subgroup 2A 
oils are more mature and are located immediately south, 
and one sample to the northeast, of Sarnia. The remainder, 
subgroup 2B, are less mature. Despite the over-all similar 
ity of the Silurian oils, there is a wide variation in their 
compositions, particularly in the distribution of carbon 
isotopes and aromatic compounds. The Staples sample 
(15), although belonging generally to the Silurian group, 
forms a separate category of its own (2C). These varia 
tions suggest that the Silurian oils were locally derived 
from a source that itself varied in composition. If the oils 
had migrated from some distance, with a common source 
and maturation history, they would be expected to be 
more homogeneous.



302 T.G. POWELL, R.W. MACQUEEN. J.F. BARKER and D.G. BREE

SILURIAN PLYMPTON FIELD SAMPLE 20 SILURIAN BRIGOEN FIELD SAMPLE le

DEVONIAN RODNEY FIELD SAMPLE 1

* ORDOVICIAN GREY COUNTY SAMPLE 29

Fig. 13. Representative aromatic fraction gas chromatograms of Ontario oils. Peaks A to H are alkylbenzenes (C 13 to C2i); 1-2 are methyl 
naphthalenes; 3-7 are dimethylnapthalenes; 8 is methyl biphenyl; 9 is ethyl methyl napthalene; 10-13 are trimethyl napthalenes.

The Devonian and Cambro-Ordovician samples are mark 
edly different in both gross composition and isotopic 
composition, and have subtle differences in the composi 
tion of their saturate and aromatic fractions. It is therefore 
clear that the Devonian and Cambro-Ordovician oils fall 
into two separate families. This is in contrast to the results 
of Vogler et al. (1981), who suggested that the Devonian 
and Ordovician oils in the United States portion of the 
Michigan Basin belong to a single genetic family, separate 
from the Silurian oils which form a second genetic family. 
They require that oils be generated in Ordovician beds 
with a portion of the oil migrating upward into'Devonian 
strata. Since only limited mixing of Ordovocian and Silurian 
oils has occurred, it was postulated by Vogler et al. ( 1981) 
that the Devonian oil migrated up through Silurian strata 
before the Silurian oil was emplaced. This is inherently

unlikely, given the existence of abundant Silurian evapo 
rite beds which would tend to seal the Devonian rocks off 
from underlying older stratigraphic levels. The conclu 
sions reached herein — that the Devonian oils are a sepa 
rate genetic family from the Cambro-Ordovician oils — 
are based on a wider variety of analyses and a larger 
sample base than those of Vogler et al. (1981), and are 
consistent with the observed stratigraphic relationships. 
The conclusions reached herein from organic geochemistry 
of the oils show that a separate source exists for each 
period from the Cambro-Ordovician through the Silurian 
to the Devonian. A recent comment by Illich and Grizzle 
(1983) on the paper by Vogler et al. also demonstrates the 
existence of three genetic families of oil in the Michigan 
Basin, using some of the geochemical criteria used in this 
paper.
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MATURATION SUMMARY

Legall e r al. (1981) conducted a thermal maturation study 
of Paleozoic strata in southwestern Ontario based on 
conodont and acritarch colour alteration. They concluded 
that strata of Devonian, Silurian and Late Ordovician age 
are immature, or at the incipient stage of oil generation, 
having reached maximum temperatures of close to 600C. 
Middle and Lower Ordovician strata were suggested to be 
located within the upper part of the oil generation window 
(Legall era/, ibid.).

By the criteria of Powell (l 978), the extract data obtained 
in this study generally confirm the conclusions of Legall ei 
al. ( 1981). Samples from the Kettle Point Formation (Upper 
Devonian) are immature to marginally mature, on the

basis of their low proportion of hydrocarbons in the extract, 
generally low yields of hydrocarbons (Fig. 15), and prepon 
derance of isoprenoids over n-alkanes in the saturate frac 
tion gas chromatograms (Powell, 1978). Samples from the 
Silurian are marginally mature to mature. The Eramosa 
samples from the Rockwood, Steetly and Guelph quarries 
(Fig. 3; Table 6 — Appendix) have between 25 and 40*?6 
hydrocarbons in the extract, and the saturate fraction gas 
chromatograms show a high proportion of isoprenoids and 
steranes and triterpanes, indicating that these samples are 
only marginally mature, not having reached the main phase 
of oil generation. The Eramosa Formation would be more 
mature in the subsurface to the southwest. Ordovician 
samples generally have a high proportion of hydrocarbons 
in the extract ^40*26) and mature saturate hydrocarbon 
distributions, indicating that they are in the main phase of 
oil generation.
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SOURCE-ROCK POTENTIAL

Generally the Paleozoic rocks of southwestern Ontario 
are relatively lean in organic matter. Of the 105 samples 
analyzed from more than 20 discrete stratigraphic units, 
only 42 have organic carbon values in excess of Q.5% 
(Table 2; Fig. 16). The relatively rich samples ^ l .096) are 
confined, with few exceptions, to three stratigraphic 
intervals: Kettle Point Formation (Devonian), Eramosa 
Formation (Silurian) and the Collingwood Member (Ordo 
vician) (Fig. 16). The Kettle Point and Collingwood are 
potential "oil shales" and are currently being investigated 
from this viewpoint (Barker et al., 1983). Although most 
reported source rocks have organic carbon values in excess 
of l .596 (Tissot and Welte, 1978), it is generally accepted, 
although not proved, that rocks with organic carbon con 
tents as low as Q.5% could be source rocks. In addition, 
however, the organic matter in potential source rocks

must have yielded sufficient hydrocarbons for migration 
to occur. For mature source rocks, Powell (1978) classi 
fied the source quality of the organic matter on the 
hydrocarbon yield, in milligrams per gram organic carbon, 
as follows: 0-30, nil; 30-50, fair; 50:80, good; 80-150, excel- 
lent(Fig. 15). Values above 150 milligrams per gram organic 
carbon usually indicate staining, particularly in samples 
with a low organic carbon content.

The samples from the Kettle Point Formation are very 
rich in organic carbon (4 to 89fc in this study, but values as 
high as 12.59^ have been recorded — unpublished results 
of oil shale study), but have low hydrocarbon yields because 
they are immature (Fig. 15). The atomic H/C ratios of 
kerogen isolated from three of these samples are l .08, l. 17 
and 1.17, indicating that the organic matter is of Type II 
and that the Kettle Point Formation could be an excellent 
source rock if more deeply buried, such as in the Appala 
chian Basin or Michigan Basin to the south and west 
respectively.
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Fig. 16. Distribution of organic carbon in stratigraphic units of south- 
em Ontario.

Five of the nine samples from the Dundee or Dundee/ 
Onondaga Formations are stained" with migrated hydro 
carbons (Fig. 15). Two others have yields of hydrocarbons 
in excess of lOO mg per gram organic carbon, and a high 
proportion of hydrocarbons in the extract (55 to 6096). 
Given the over-all maturation level of the Devonian, these 
also could be stained, especially since the Dundee Forma 
tion is the main Devonian hydrocarbon reservoir. However, 
the possibility that a source exists within the Dundee 
Formation cannot be discounted from these data. Two 
samples from the Marcellus Formation have good yields 
(Fig. 15) and intermediate carbon contents (0.74andO. 9196; 
values up to 896 have been recorded in the oil shale study) 
and could represent a hydrocarbon source if of greater 
maturity.

Most of the samples from the Salina Formation have 
organic carbon contents below Q.3% (Fig. 16). Of the few 
samples with values above Q.3%, only one has an organic 
carbon value above 0.596 and a moderate hydrocarbon 
yield (Fig. 15).

In contrast, the Eramosa samples have organic carbon 
contents ranging up to 3.1596 and hydrocarbon yields rang 
ing from fair to excellent (Figs. 15, 16). Several samples 
are stained with migrated bitumen, and discrete accumula 

tions of bitumen occur in the Rock wood, Guelph and 
Steetly quarries. Migration of bitumen from organic carbon- 
rich carbonate rocks at low levels of maturation may be 
typical of Paleozoic carbonate source rocks (see Macqueen 
and Powell, 1983). All the Eramosa samples were obtained 
from surface outcrops, so that higher hydrocarbon yields 
could be expected from the more deeply buried equivalents. 
The atomic H/C ratios of kerogen isolated from four sam 
ples range from l. 13 to l .34, indicating type II kerogen and 
confirming the excellent source-rock potential of this unit. 

Among the Ordovician samples, only those of the 
Collingwood show evidence of good source-rock potential. 
The organic carbon values of this unit range up to 5.6896 in 
this study, but values as high as 1196 have been recorded 
(unpublished results of oil shale study) and the hydrocarbon 
yields vary from fair to excellent (Figs. 15, 16). Atomic 
H/C ratios of kerogens from near-surface samples are l .08 
and 1.17, whereas that of a deeper subsurface sample is 
0.90. This lower value reflects the higher maturation level 
of the Ordovician strata attained on burial.

OIL - SOURCE-ROCK CORRELATIONS 

SILURIAN - FAMILY 2

The Silurian oils are chemically the most distinctive of 
the three families found. They show unique characteris 
tics in the gasoline, saturate and aromatic fractions. There 
is, however, considerable diversity in composition. Varia 
tions in the heavier components of the gasoline range, and 
in saturate fraction compositions, can be attributed to 
maturation differences, but variations in gross, aromatic 
and isotopic compositions are probably due to variations 
in source character. Given the stratigraphic position of the 
Guelph reservoirs, the only potential source candidates 
are the Lockport-Guelph carbonate platform, the Eramosa 
Formation (consisting of intermittent bituminous dolo 
mite occurring between patch and pinnacle reefs), and 
organic-rich zones within the overlying Salina evaporites.

The low pristane to phytane ratios (0.4-0.6) and high 
isoprenoid contents of the Silurian oils are typical of oils 
derived from sources in highly reducing carbonate-evaporite 
environments (Tissot and Welte, 1978). Only rock sam 
ples from the Salina and Eramosa Formations show the 
distinctive saturate-fraction gas chromatograms character 
istic of the Silurian oils (Fig. 17). Any contribution from 
the Salina Formation is likely to be minimal because of its 
very poor hydrocarbon source-rock potential (Figs. 15, 
16). The Eramosa Formation shows the necessary source- 
rock characteristics, and examination of the aromatic frac 
tions from both the Eramosa and the Salina Formations 
shows that only the Eramosa contains the distinctive 
alkylbenzenes that are characteristic of the Silurian oils 
(Fig. 18; cf. Fig. 13).

The isotopic type-curves have also been used for oil 
-source-rock correlation. Extrapolation of the type curve
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Fig. 17. Representative saturate fraction gas chromatograms of rock extracts.

down to the kerogen level (x axis in Fig. I4C-D) should 
give a 5 I3C value close to that found in a kerogen if this 
kerogen is genetically related to the oil. If the difference 
between the projected kerogen 8' 3C value and the observed 
8 I3C value is less than two standard deviations, a genetic 
relationship is possible (Stahl, 1978). Extrapolated values 
are shown in Table 3.

There is little isotopic variation in the kerogens from all 
the potential source kerogens in southwestern Ontario 
(Table 3), so that it is difficult to use isotopic data for a 
definitive oil-source correlation. By this technique, one- 
third of the extrapolated kerogen values for the Silurian 
oils overlap the measured values for the Eramosa kerogens, 
and one-third are within 0.3(Voo of one end of the spectrum 
of the kerogen values. This is consistent with an origin for 
the majority of the Silurian oils in the Eramosa, but is not 
conclusive because of the over-all similarity of kerogen 
8 I3C values.

The variability in composition of the Silurian oils can be 
extreme even on a local scale. The oil from the Petrolia 
field (l l A) has the highest content of alkylbenzenes and is 
isotopically the heaviest of all the Silurian samples (Fig. 
14), whereas the oil from the nearby Brigden field (16) is 
relatively depleted in alkylbenzenes (Fig. 12) and is isotopi 
cally light (Fig. 14) — yet these fields are less than 20 km 
apart (Fig. 2). The Silurian oils occur in local Guelph 
Formation patch and pinnacle reefs capped with evaporites. 
The only reasonable explanation for such variability is 
that the oils were derived from source beds immediately 
surrounding the reef, and that these source beds are varia 
ble in character. The Eramosa Formation is described as 
an "inter-reefal facies" and consists " . . . for the most 
part of medium to dark brown sucrosic dolomites that are 
locally bituminous and cherty" (Sanford, 1969; Winder 
and Sanford, 1972). Its position in the stratigraphic chart, 
where it is shown as underlying the Guelph Formation, is
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Devonian
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2
3
4
5
6

Silurian

Source Kerogen 
Extrapolated

Voo

-30.8
-31.8
-30.2
-31.0
-30.8
-30.9

8*
O

9
10a
11
11
12
15
16
17
18
19

22b

23

-30.0
-29.7
-29.8
-30.4
-29.2
-29.6
-30.7
-29.8
-30.6
-29.2
-30.0
-29.0
-28.2
-29.7
-29.8

Formation

Kettle Point

Eramosa

Kerogen
Measured
* 13 C Voo

-30.4
-29.9
-30.7
-30.6

Mean -30.4 r 0.41

Oil
Sample

Cambro
Ordovician

25
26
27
28
29
30
33
34
35

Source Kerogen
Extrapolated

5 13 C Voo

-28.0
-29.0
-29.6
-30.1
-29.8
-29.8
-29.7
-30.4
-29.8

-30.4
-31.1
-30.0
-30.7 

Mean -30.5 t 0.46

Formation

Col lingwood

Black River
Cobourg

Kirkfield
Shadow Lake

Kerogen 
Measured
6 13 C Vo.

Mean

-30.9
-30.2
-30.3
-30.8
-31.2
-31.3
-31.4
-31.1
-31.1
-31.4
-31.0
-30.5
-23.0
-26.3
-19.7

  0.41

a - Mixed Source
b - Ordovician Source

Table 3. Comparison of extrapolated 8 13C values for kerogens from isotope type-curves of oils and measured 813C values of kerogens from potential 
source rocks.

therefore anomalous. The organic geochemistry of the 
Eramosa Formation, notably the saturate fraction, sug 
gests that it represents a transition from the more open 
marine conditions of deposition of the underlying carbon 
ate into the restricted conditions of evaporitic deposition 
of the overlying Salina. As such, it may represent the 
meso-saline phase of deposition, which has been favoured 
as an environment of deposition for petroleum source 
rocks (Kirkland and Evans, 1981). The Eramosa Forma 
tion is probably stratigraphically equivalent to the Cain 
Formation (Briggs etal. , 1980), which represents the transi 
tion phase in the United States portion of the Michigan 
Basin. Topographic variations may have caused the 
develpment of local conditions of extreme salinity and 
anoxia, which allowed the development of small-scale 
organic facies variations and hence variations in the com 
position of the derived oils.

CAMBRO-ORDOVICIAN — FAMILY 3

The Cambrian and Ordovician oils show distinctive char 
acteristics in their saturate, aromatic and isotopic compo 
sitions. The only potential source unit identified in this 
study is the Collingwood Member of the Lindsay Forma 
tion (terminology of Russell and Telford, I983). The char 
acteristic feature of the saturate fractions of these oils is 
the odd-to-even predominance of the n-alkanes in the 
range nC M to nC2o- Many of the Ordovician rock samples

extracted in this study show similar features (Fig. 17), 
including those from the Collingwood. The aromatic frac 
tions of the Cambro-Ordovician oils are dominated by 
substituted naphthalenes, as are the extracts from the 
Collingwood (c/. Figs. 13, 18).

The predicted 5 I3C kerogen values derived from the 
isotopic type-curves for the Cambro Ordovician oils are 
listed in Table 3. They all fall within the range determined 
for kerogen samples obtained from the Collingwood samples, 
but outside the values obtained for other Ordovician samples.

DEVONIAN — FAMILY l

The Devonian oils show distinctive characteristics in 
their saturate, aromatic and isotopic compositions. The 
Kettle Point Formation has been identified as an immature 
potential source rock and is stratigraphically higher than 
the reservoirs (Fig. 1). The predicted kerogen 8 I3C values 
derived from the isotope type-curves listed in Table 3 are 
consistent with the observed values for the Kettle Point 
Formation, but the pristane-to-phytane ratios of several 
Kettle Point samples are slightly higher than those observed 
in the Devonian oils (e.g., Fig. 17). The low ratio of 
isoprenoids to n-alkanes in the Devonian oils suggests that 
they were derived from a mature source outside the study 
area (Figs,. 8, 10). All the Devonian samples examined in 
this study are immature or marginally mature, and thus 
could not have been the source in the study area. Further,



308 T.G. POWELL, R.W. MACQUEEN. J.F. BARKER and D.G. BREE

SILURIAN ERAMOSA MBR ORDOVICIAN COLLINGWOOD MBR

Rg. 18. Aromatic fraction gas chromatograms of samples from the Eramosa Member and Collingwood Member; peaks A-H are alkylbenzenes 
(C 13-C2 i); 1-2 are methyl napthalenes; 3-7 are dimethy(naphthalenes; 8 is methyl biphenyl; 9 is ethyl methyl naphthalene; 10-13 are trimethyl 
naphthalenes.

none of the Devonian extracts show the rather featureless 
distribution of aromatic hydrocarbons characteristic of 
the Devonian oils (Fig. 13). The Kettle Point and/or Mar- 
cellus could be potential sources in the adjacent down-dip, 
more mature areas but, in the case of the Kettle Point 
Formation, it is difficult to envisage a migration pathway 
to stratigraphically lower reservoirs.

SUMMARY

Crude oils in southwestern Ontario can be divided into 
three families, which in general are related to the strati 
graphic levels of their respective reservoirs, namely Cambro- 
Ordovician, Silurian and Devonian. Each oil family has a 
distinctive organic geochemical composition, enablingclear 
separation of any one from the others. Because family 
compositions are distinctive, it is clear that there are two 
anomalies in the stratigraphic distribution of oils studied. 
Oil in the Silurian-aged Fletcher reservoir belongs to the 
Cambro-Ordovician family, and oil in the Silurian Mosa 
reservoir is a mixture of Cambro-Ordovician and Silurian 
derived oils.

The Silurian oils are chemically the most distinctive. 
They are enriched in branched components in the gasoline- 
range fraction. They have low pristane-to-phytane ratios 
(•ci), high contents of acyclic isoprenoids, uneven distri 
butions of n-alkanes, and distinctive isotopic and aromatic 
compositions. These characteristics are typical of oils occur 
ring in carbonate-evaporite environments. The Silurian 
oils have been correlated to the Eramosa Formation, an 
organic-rich dolomite unit that occurs in interreefal posi 
tions between Lockport and/or Guelph Formation patch 
and pinnacle reef reservoirs. The Eramosa has organic 
carbon contents ranging up to and locally in excess of 
3.096, fair to good hydrocarbon yields in extracts from 
relatively immature samples obtained from quarries, and

kerogen atomic hydrogen-to-carbon ratios typical of type 
II organic matter. The basis for the correlation between 
Silurian reef- hosted oils and the Eramosa is the composi 
tion of the saturate fraction, the isotopic composition, and 
the presence of eight distinctive alkky (benzene compounds 
in the aromatic fractions of both oils and rock extracts. 
The Eramosa was probably deposited in a meso-saline 
environment. Silurian oils are quite variable in gross and 
aromatic composition, and are isotopically heterogeneous. 
This variability is related to variations in organic source 
input and organic preservation in this meso-saline environ 
ment, and the fact that individual Silurian pinnacle and 
patch reef reservoirs have derived oil from only the locally 
surrounding source. Silurian oils from immediately south 
of Sarnia and from the Grand Bend field are more mature 
than those occurring east of Sarnia.

The Cambro-Ordovician oils are separated from the 
Devonian oils because of their distinctive odd-to-even 
predominance in n-alkanes in the range nC|4 to nC| 9 , their 
unique isotopic composition, and the presence of large 
concentrations of alkyl naphthalenes in the aromatic fraction. 
Cambrian-hosted oils cannot be separated from Ordovician- 
hosted oils: they form one distinctive family. The Colling 
wood Member of the Lindsay Formation is the only high- 
quality source rock recognized in the Ordovician from the 
seven stratigraphic units examined. It is mature through 
out the study area. It has organic carbon contents ranging 
up to 11.0 percent, good to excellent hydrocarbon yields, 
and the less mature samples have kerogen atomic hydrogen- 
to-carbon ratios in excess of l .0, indicating hydrocarbon- 
prone organic matter. The basis of the oil-source correlation 
is the close comparison of the saturate and aromatic 
compositions, and the similar distribution of carbon iso 
topes in the oils and the Collingwood kerogen. On the 
basis of gasoline-range composition, there is some sugges 
tion of variations in maturation levels of the Cambro-
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Ordovician oils, but there is no systematic distribution of 
apparently more mature from less mature samples. The 
Collingwood appears to have been the source of both 
Ordovician and Cambrian oils: no separate Cambrian source 
has been discovered.

The Devonian oils have a smooth distribution of n-alkanes 
but pristane-to-phytane ratios similar to those of the Cambro- 
Ordovician group. They have a unique isotopic composition, 
and the gas chromatograms of the aromatic fraction are 
featureless in comparison with those of Silurian and Cambro- 
Ordovician oils. Devonian rocks in southwestern Ontario 
are immature or only incipiently mature. The Kettle Point 
Formation has high organic carbon contents (up to 12.5*26) 
and high kerogen atomic H/C ratios, indicating that it 
could be an excellent source if more mature. Kerogen 
isotopic data suggest it could be a source for the Devonian 
oils. The Devonian oils appear to have migrated from a 
more mature regime, probably located downdip within the 
Michigan Basin to the west. Isolated samples from the 
Dundee and Marcellus formations have organic carbon 
contents in the range 0.5 to l .096 and 0.5 to S.0% respectively, 
and good to excellent hydrocarbon yields, but no positive 
correlation with the Devonian oils has been discovered.

FURTHER WORK

A problem worthy of additional study includes work on 
the detailed distribution and geochemical variation within 
rocks of the Eramosa Formation, particularly in proximity 
to Guelph reefs. Such study bears on the compositional 
variations and origin of the reef-hosted oil, and may shed 
light on the puzzling problem of why some Guelph pinna 
cle reefs contain oil, whereas others host natural gas, salt 
water or salt. A second problem involves determining the 
sources for the Devonian oil, which at present constitutes 
more than one-third of the annual oil production in Ontario 
and made a greater contribution in the past. A third prob 
lem concerns the relationship between the distribution of 
oil and natural gas and the nature of their reservoirs, 
migration paths and origins: specifically, why are Silurian 
reservoirs commonly rich in natural gas whereas Devonian 
reservoirs are almost natural gas - free? These and other 
problems are logical extensions of our studies and are of 
interest to further hydrocarbon exploration and, potentially, 
to secondary and tertiary recovery schemes now being 
contemplated for southwestern Ontario reservoirs.
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APPENDIX

Well Nan
Stratigraphic Depth In 

Unit, Age Metres
Stratigraphic Depth In 

Unit, Age Metres

1

2

3

4

5

6

3

9

10

11A

118

12

13

14

15

16

17

Richfield (incomplete)

Bothwell De 1 Si tier

unknown

Petrol ia Bear Creek No. 8

Fairbanks (composite of
close wells)

Jacques and Son No. 1
Enniskillen 4-17-X

Colonial Petroleum No. 1
Dawn 7-33- M

i.'nion Mosa No. 10-i
U.S.

Becher ( incomplete)

Critchfield Brooke
( incomplete)

Ram 15 Enniskillen
No. 1-17-X

Ram 15 Enniskillen
No. 1-17-X

unknown

Becher West

Grand Bend

unknown

Canadian Delhi No. 29
Brigden No. 1

Husky Dawn 2-28-1 1

Rodney

Bothwell -
Thamesvi 1 le

Petrol la

Petrol ia

Oil Springs

Petrol ia

Dawn

Mosa

Becher

Brooke

Petrol ia East

Petrol la East

Corunna

Becher West
8 Pool

Grand Bend

Staples

Brigden

Dawn 156

Lucas (D)

Dundee (D)

Dundee (D)

Dundee/Lucas

Dundee/Lucas

Dundee/Lucas

Guelph (S)

Sal ina A, ,
Guelph (S)

Sal ina A, ,
Guelph (S)

Sa 1 i na A , ,
Guelph (S)

Guelph (S)

Guelph (S)

Salina A,,
Guelph (S)

Salina A, ,
Guelph (S)

Guelph (S)

Guelph (S)

Salina A, ,
Guelph (S)

Guelph (S)

117.4

114.3

140.2-
146.3

(D) 114.3

115.8-
(0) 118.9

(D) 143.3

594.4-
600.5

454.8-
458.1

563.9

554.7-
579.1

603.5

640.7-
646.2

exact depth
unknown, interval

655-747

exact depth
unknown, interval

556-606

exact depth
unknown, interval 

538-567

352-
353.6

638.9-643.1
679.7-685.2

592.2-598.9

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Bluewater True
Warwick 6-17-IV

Bluewater Plympton
5-19-VI

Consol idated Delhi
Brooke 8-5-XII

Consumer Gas Co.
No. 33407

Consumer Gas Co.
No. 33408A

Imperial Oil No. 726 -
Imperial Harvest
Submarine Colchester
South No. 8

Consol idated West
Petroleum No. 104 -
J. E. Sovran No. 2

Gel Mcvittie No. 2
Gosfield South 6-FWD

Gel No. 6
Fox 2 - Gosfield
South 4 - FWCD

Imperial Oil No. 753

Mm. L. Forrest - E.
Hind No. 1 (oil show)

Gobies Burford

unknown

Clearvi 1 le-Murphy

unknown

unkown

Real Oil No. 10
4-501 -VI 1 1

Warwick

Plympton

Brooke

Fletcher

Fletcher

Colchester

Malden

Gosfield South

Gosfield South

Colchester

(oil show)

Gobies

Gobies

Clearville

Clearville

Willey

(oil show)

Guelph (S)

Guelph (S)

Salina A i ,
Guelph (S)

Guelph (S)

Guelph (S)

Cobourg (0)

Sherman Fall

Sherman Fall

Trenton (0)

Trenton (0)

Shadow Lake

Cambrian

Cambrian

Cambrian

Cambrian

Cambrian

Cambrian

608.7-613.3
616.9-619.4

725

514.5

424.4-
446.0

416.4-
446

652.3

(0) 670.3

732.4-
(0) 734.6

731.5-
739.1

651.1-654.1
659.9-662.9

333.8-
(0) 336.8

887-891.5

exact depth
unknown, interval

891-907

exact depth 
unknown, interval

1188-1206

1205.5

1079-1101.9

1180-1183

Ladysmith Mcclure 
18 Moore 8-20-IV Ladysmith

683.4- 
688.9Guelph (S)

Table 4. Well locations for oil samples. D = Devonian, S = Silurian, O = Ordovician, C = Cambrian.
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Number

36

37

38A

386

39

40

41

42

43

44

45

46A

46B

47

48

49A

49B

50

51

52

53

54A

S4B

54C

540

55A

558

55C

56

57

58

59A

59B

59C

Well Name

Putnam Bedasti

Erco No. 4

Imerpial -Bluewater
Dunwich 5-21-II (904)

Imperial -Bluewater
Dunwich 5-21 -I I (904)

Kewanee Gobler No. 31

Imperial Oil No. 718
Imperial Submarine
Colchester South No. 6

Consumers No. 32261
Wainfleet 3-13-II

Imperial et al.
No. 813 - Re i me r No. 1

Imperial Oil No. 646 -
Imperial-Union Dominion"A" Gore

Sloan and Zook ~
North Gillies No. 10

Imperial 525 -
Grand Bend No. 1

Consumers 13351A
Lake Erie 223-H

Consumers 13351 A
Lake Erie 223-H

Consumers No. 12044

Consumers No. 16060

Imperial Oil Ltd. 644 -
J. H. Bayer No. 1

Imperial Oil Ltd. 644 -
J. H. Bayer No. 1

Murray Little No. 1

Ontario Hydro OA-12-1
Darlington

Ontario Hydro BM-2-3
Douglas Point

Ontario Hydro WT-2-1
Wesleyville

Argor 65-1

Argor 65-1

Argor 65-1

Argor 65-1

Home CDR Union
Bosanquet 3-18-IV

Home CDR Union
Bosanquet 3-18-IV

Home CDR Union
Bosanquet 3-18-IV

Union Gas Dawn No. 185 -
N.F. and V.O. Wilson
No. 2

I.O.E. Moore No. 2
XIIA (870)

Imperial 576 - Union
Strangway No. 1

Rcaloil No. 9 Malden
7-63-VI

Rcaloil No. 9 Malden
7-63-VI

Rcaloil No. 9 Malden
7-63-VI

County/Township

Kent/Raleigh

Haldimand/
Sherbrooke

Elgin/Dunwich

Elgin/Dunwich

Brant/Burford

Essex/Colchester
South

Niagara/
Wainfleet

Essex/
Gosfield South

Kent/Romney

Middlesex/Mosa

Huron/Stephen

Kent/Lake Erie

Kent/Lake Erie

Hastings/
Tyendenaga

Northumberland/
Murray

Manitoulin/
Bidwell

Manitoulin/
Bidwell

York /Markham

Durham/
Darlington

Bruce/Bruce

Northumberland/
Hope

Lambton/Moore

Lambton/Moore

Lambton/Moore

Lambton/Moore

Lambton/
Bosanquet

Lambton/
Bosanquet

Lambton
Bosanquet

Lambton/Dawn

Lamb ton /Moo re

Lambton/
Plympton

Essex/Maiden

Essex/Maiden

Essex/Maiden

Stratigraphic
Unit. Age

Dundee (0)

Irondequoit (S)

Marcellus (D)

Gull River,
Coboconk (0)

Cambrian

Cobourg (0)

Reynales (S)

Collingwood (0)

Shadow Lake (0)

Dundee (D)

Rochester (S)

Guelph (S)

Guelph (S)

Kirkfield (0)

Shadow Lake (0)

Collingwood (0)

Collingwood (0)

Collingwood (0)

Collingwood (0)

Devonian

Ordovician

Port Lambton (D)

Kettle Point (0)

Salina A, (S)

Salina A, (S)

Gull River (0)

Shadow Lake (0)

Cambrian

Guelph-Lockport (S)

Dundee (D)

Guelph-Lockport (S)

Collingwood (0)

Collingwood (0)

Collingwood (0)

Depth In
Metres

118.6-118.9

210-210.3

70.7-71

1094.2-
1094.5

882.4-882.7

666-
666.3

188.1-
188.4

701-
701.3

1083.6-
1083.9

101.5-
101.8

597.1-
597.4

502.3

509.6

21-21.3

162.8-
163.1

119.5-
121.3

120.1-
120.4

*
129.5-129.8

32-
32.3

11.6-
11.9

27.4

70.1-73.2

91.4-91.7

637.6-637.9

717.2-717.5

1202.7-
1203

1221.3-
1221.6

1231.4-
1231.7

559.3-
559.6

144.5-
144.8

719-
719.3

634-
637

637-
640.1

640.1-
643.1

Number

60A

608

60C

61A

61B

- 61C

610

62A

62B

63A

638

63C

64A

648

65A

65B

66A

668

66C

66D

66E

67

68

69A

69B

69C

690

69E

69F

69G

69H

691

69J

69K

Well Name

Dow Harwich 3-18-1 II

Dow Harwich 3-18-1 1 1

Dow Harwich 3-18-1 1 1

Consumers 33203
Aldborough 2-13-V

Consumers 33203
Aldborough 2-13-V

Consumers 33203
Aldborough 2-13-V

Consumers 33203
Aldborough 2-13-V

Kent Ram
Romney Gore 8-1

Kent Ram
Romney Gore 8-1

Chatham No. 2
woodhouse 1-9- 1 1

Chatham No. 2
Woodhouse 1-9- 1 1

Chatham No. 2
Woodhouse 1-9- 1 1

Dome Pan American
Sarnia P-3

Dome Pan American
Sarnia P-3

Shell Canada 3
Moore 5-68-RF

Shell Canada 3
Moore 5-68-RF

Imperial 80S
Enniskillen 1-20-V

Imperial 805
Enniskillen 1-20-V

Imperial 805
Enniskillen 1-20-V

Imperial 805
Enniskillen 1-20-V

Imperial 805
Enniskillen 1-20-V

Ontario Hydro
Lennox Addington LUS 1-3

US Steel DDK No. 1-
J.H. Lawrence No. 1

Consumers Fletcher
33406

Consumers Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

Consumer Fletcher
33406

County /Township

Kent/Harwich

Kent/Harwich

Kent/Harwich

Elgin/
Aldborough

Elgin/
Aldborough

Elgin/
Aldborough

Elgin/
Aldborough

Kent/Romney

Kent/Romney

Norfolk/
Woodhouse

Norfolk/
Woodhouse

Norfolk/
Woodhouse

Lambton/Sarnia

Lambton/Sarnia

Lambton/Moore

Lambton/Moore

Lambton/
Enniskillen

Lambton/
Enniskillen

Lambton/
Enniskillen

Lambton/
Enniskillen

Lambton
Enniskillen

Stratigraphic
Unit, Age

Kettle Point (D)

Kettle Point (D)

Marcellus (D)

Bass Blanc (0)

Collingwood (0)

Kirkfield (0)

Coboconk (0)

Collingwood (0)

Cobourg (0)

Cabot Head (S)

Cabot Head (S)

Cabot Head (S)

Salina C (S)

Salina C (S)

Salina C (S)

Salina B (S)

Salina G (S)

Salina G (S)

Salina F (S)

Salina C (S)

Salina C (S)

Collingwood (0)

Haldimand-Norfolk
Charlotteville

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent/Tilbury
East

Kent Tilbury
East

Kent Tilbury
East

Kent Tilbury
East

Rochester (S)

Dundee (0)

Lucas (D)

Amherstburg (D)

Bass Islands (S)

Salina (S)

Salina (S)

Salina (S)

Salina (S)

Salina (S)

Guelph (S)

Guelph (S)

Depth In
Metres

47.9-50

50-52.1

95. 1-97. f

309.6-
310.5

875-
877

1019-
1023

1023-
1028

817.2-
817.8

825.7-
826.6

325.8-
328.9

328.9-
330.7

330.7-
332.8

607.8-
608.1

611.4-
611.7

584.3-
584.

587-
587.3

322.5-
322.8

340.5-
340.8

350.5-
350.8

424.9-
425.2

438.9-
439.2

32-
32.3

338.3-
338.6

114.8

145.5

165

253-
253.5

325.8

350

366.4

399.1

415.8

488.9

499

Table 5. Well locations for rock samples. D = Devonian, S = Silurian, O = Ordovician, C = Cambrian.
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DEVONIAN 
Locality 70

Locality 71

SILURIAN 
Locality 72

Locality 73

Locality 74

Locality 75

ORDOVICIAN 
Locality 76

Haldimand-Norfolk County

Kettle Point Formation Lambton County 
Samples 70A, 70B — shale outcrops

Dundas, Onondaga Formations
Norfolk quarry, near Port Dover
Samples 7IA-E are bitumen-rich limestones,
within basal 14m of Dundee Formation
Sample 71F is bitumen-rich limestone 2m below tip
of Onondaga Formation

Eramosa Formation Wellington County
Guelph Correctional Institute Quarry, east
side of city of Guelph
All samples within top 6m of Eramosa Formation
Samples 72A, B, C, D, E, F, G,

K, M, N, P ^ dolomite 
Samples 72H, I, J, Q, R - bitumen 
Samples 72L, O ^ dolomite A bitumen

Eramosa Formation 
Steetley quarry, 3 km northwest of Dundas 
All samples from top 3m of Eramosa Formation 
Samples 73A, B, C = bituminous dolomite 
Sample 73D ^ bitumen

Eramosa Formation Wellington County 
Rockwood quarry, l km southwest of Rockwood 
Sample 74A = bituminous dolomite

Eramosa Formation
Swift's Brook drill core locality
Samples 74A, B, C = dolomite

Collingwood Member, Lindsay Formation Grey County
Shoreline exposure near Craigleith
Samples 76A, B = shale outcrops, middle part of
member

Hamilton-Wentworth County

Table 6. Outcrop and quarry locations for rock samples.


