December 31, 1990 CPEN FILE

This document was produced
by scanning the original publication.

Ce document est le produit d'une
numeérisation par balayage
de la publication originale.

CHARACTERIZATION AND MATURATION OF SELECTED OIL AND CONDENSATE
SAMPLES AND CORRELATION WITH SOURCE BEDS, SCOTIAN SHELF

P. K. Mukhopadhyay
Global Geoenergy Research Ltd.
P.0O.Box 9469, Station A
Halifax, Nova Scotia
B3K 583

For

Scientific Authority, John A. Wade
Basin Analysis Subdivision
Atlantic Geoscience Centre (GSC)
Bedford Institute of Oceanography
Dartmouth, Nova Scotia
B2Y 442

SSC File No. 0SC90-00245-(014)
Contract No. 23420-0-C070/01-0SC
Financial Codes: 260-120-00000-720104-04W1

260-120-00000-810034-04w1

PN

COSSIZR PUBLIC

2620

GEOLUGICAL sURvVEY

J .
k‘fﬂw\msszow GEOLOGIQUE
OTTAWA '



rlacroix
New Stamp


ABSTRACT

Selected 1light o0il and condensate samples from various
reservoirs (Wyandot, Logan Canyon, and Missisauga Formations) and
five selected source rock extracts were examined by liquid
chromatography, gas chromatography, stable carbon isotope, and GC-
MS of the aromatic fraction.

A complete source rock characterization was made based on
earlier data, which suggests presence of multiple oil, condensate,
and gas—bearing source rocks and possible presence of thin and
local oil-prone source rock associated with the carbonates and
sandstones in the Missisauga Formation and Misaine Member. Based on
the combination of earlier and present data, it is observed that
vitrinite reflectance and fluorescence of organic matter is related
to overpressuring in the sediments. These data suggest the possible
presence of more deeper condensate in the Basin and indicate the

possible timing of onset of overpressuring.

The data acquired by the GC-MS of the aromatic fraction of the
petroleum when compared with stable carbon isotope, light
hydrocarbon GC and 1liquid chromatography data revealed the
following: (a) Cohasset-Panuke-Sable Island oils belong to a non-
thiophenic  (low-sulfur) group and the S. Venture/ Glenelg
condensates belong to a moderately thiophenic group (relatively
high sulfur). Based on Methylphenanthrene Index and the ratio
between chrysene to benzo(a)anthracene, Cohasset-Panuke oils are
less mature than Venture condensates; however, condensates are
formed within the ’0il Window’. Some of the Cohasset and Panuke
light oils are possibly derived from the aquatic source rock of
possible lacustrine origin, (b) According to aromatic gc—ms none of
the source rock extracts are correlatable with any petroleum. On
the other hand, based on stable carbon istope data, Cohasset
extracts are correlatable to some of the Cohasset light oils.
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INTRODUCTION
Administrative Aspect

This research proposal was requested by Supply and Services
Canada, Dartmouth, Nova Scotia on August 14, 1990 at the initiation
of the Basin Analysis Subdivision of the Atlantic Geoscience
Centre, Geological Survey of Canada, Bedford 1Institute of
Oceanography. Global Geoenergy Research Ltd. of Halifax, Nova
Scotia, submitted a financial and work schedule for the research
proposal on August 20, 1990. The proposal was accepted on August
28, 1990. The research work was started September 1, 1990. Canada
Nova Scotia Offshore Petroleum Board (CNSOPB), Halifax, Nova
Scotia, on our request, permitted us to collect thirty crude oil
and condensates, seven unwashed cuttings, and nine core samples
from selected Scotian Shelf wells at the CNSOPB-COGLA Repository at
BIO, Dartmouth, Nova Scotia. According to the contract, liquid
chromatography of thirty crude o0il and condensate samples was done
by Dr. P. K. Mukhopadhyay at the ISPG Laboratory at Calgary,
Alberta. All samples for the liquid chromatography work, were taken
from the ISPG storage facility. '

Basin Analysis Subdivision approached LASMO Nova Scotia
Limited, Calgary, Alberta, to participate in the cost of this
research project. LASMO Nova Scotia Ltd. of Calgary, Alberta,
provided $10,000.00 which was used specifically for the isotope and
aromatic GC—-MS analyses in order to complete a composite organic
geochemical database and facilitate interpretation using some new

geochemical parameters.

Bitumen extraction and liquid chromatography of 5 source rock
samples was subcontracted to SeaTech Ltd., Halifax, Nova Scotia,
SGS Supervision Ltd, Montreal, Quebec provided API gravity of 30
crude oil and condensate samples, Coastal Science Laboratories,
Austin, Texas, USA provided Stable Carbon Isotope of saturate and

aromatic fractions of oils and source rock extracts, and Dr.



Michael Kruge, Southern Illinois University, Carbondale, Illinois,

USA did special aromatic GC—-MS analyses.

This report incorporates some of the data and interpretations
which were generated during earlier research contracts on Scotian
Shelf o0ils and source rocks funded to Geofuel Research 1Inc.,
Sydney, Nova Scotia and Global Geoenergy Research of Halifax, Nova
Scotia (during 1990-1988) by SSC, Dartmouth, Nova Scotia at the
initiation of Basin Analysis Subdivision of AGC-GSC-BIO, Dartmouth,

Nova Scotia.

Scientific Aspect

Twenty-three significant discoveries of crude o0il, condensate
and natural gas have been made in the general Sable Island area of
the Scotian Shelf. Since 1976, a number of publications recorded
various aspects of organic geochemical studies such as source rock
potential and maturation, oil quality, possible migration avenues,
and possible 0il-o0il and oil—-source rock correlation (Barss et al.,
1980; Bujak et al., 1977; Cassou et al., 1977; Rashid and McAlary,
1977; Powell and Snowdon, 1979; Powell, 1982, 1985; Purcell et al.,
1979) . Although these studies did little to solve the regional
complexity of hydrocarbon source rock questions, they opened up new
dimensions of advanced knowledge on source rock and crude oil
geochemistry including fluorescence microscopy and aromatic

biomarker GC—-MS techniques.

Some major problems still unsolved include:
(a) the possible source rock types in various stratigraphic
intervals,
(b) a proper database of organic geochemical properties for the
various crude o0il and condensate samples,
(c) the possible relation between hydrocarbon generation and
overpressuring,

(d) oil/condensate and oil-source rock correlation using aromatic
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biomarkers and isotopes, because of complications with aliphatic
biomarkers resulting from Dbiodegradation and high levels of

maturation.

In order to resolve some of these problems, three projects have
recently been initiated by the Basin Analysis Subdivision of AGC,
Dartmouth, Nova Scotia. This report will incorporate some of these
data. The earlier studies did not include the detailed basic
chemical and organic geochemical analyses (API, liquid
chromatography, selected GC of the saturate fraction, stable carbon
isotope of the saturate and aromatic fractions, and aromatic gc-ms
of crude o0il and condensate samples) and correlation of crude
oil/condensate with the candidate source rocks from 'the Logan
Canyon Formation, Missisauga Formation, Misaine (Abenaki Formation)

Member, and Verrill Canyon Formations.
Objectives
The objectives of this current research project are to determine:

(a) The relationship between fluorescence and vitrinite reflectance

in the overpressured source rock shales,

(b) The maturity (as defined by the aromatic biomarker and stable
carbon istope parameters) of the various source rock extracts and
light oil/condensates. A special emphasis will be given to the
Cohasset/Panuke and Sable Island light oils.

(c) Genetic types of various oils and condensate samples and their

possible correlation with the source rocks.

GEOLOGICAL SETTING
Regional Geology



The Scotian Basin, which lies south of Nova Scotia and
Newfoundland, consists of a number of interconnected depocentres
(subbasins) and a series of flanking, more positive elements.
Separating the two is a basement hinge zone. Studies to delineate
the source rocks for the discovered hydrocarbons have concentrated
on the Sable Subbasin which underlies the general Sable Island area

and the adjacent edge of the LaHave platform (Figure 1).

The Scotian Basin developed as a result of the breakup of

Pangaea and the separation of North America and Africa. Initial

(synrift) sedimentation occurred during the Late Triassic and Early
Jurassic into grabens formed during the rifting phase of breakup.
These fluvial, lacustrine and aeolian sediments are the Eurydice
Formation (Figure 2). In the deeper grabens the Eurydice Formation
contains an evaporite facies and is overlain by large thicknesses
of Argo Formation salt which has mobilized with burial to form the
many diapirs shown as black areas on Figure 1.

The drifting phase of breakup is dated in the sedimentary
record on the Scotian shelf asvbegining during the Early Jurassic.

It 1is expressed as an erosional unconformity (the Breakup

Unconformity) on top of the Argo and Eurydice formations. The first
post—rift units are the clastic Mohican Formation and a local
dolostone facies the Iroquois Formation. Seismic data indicates
that the Mohican Formation is several kilometres thick in this area

of the basin where subsidence across the hinge was very rapid.

The Mohican is overlain by a variety of continental to marine
facies of Middle to Upper Jurassic age. These include the Mohawk
(sandstone and shale); the Mic Mac (sandstone, shale and
limestone); the Abenaki (carbonate bank);.and the Verrill Canyon
(basinal shale). Generalized relationships are illustrated in
Figures 2 and 3. The Mohawk and part of the Mic Mac Formation form
a continental and shallow marine back-bank facies north of the
carbonate bank. East of the bank, the Mic Mac Formation occurs as

a paralic wedge across the entire shelf. The Abenaki carbonate bank
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developed along the hinge zone at the edge of the LaHave Platform
and, in the western part of the area formed a paleo—-shelf edge.
However, as the bank trends northeast toward Sable Island, the
carbonate interfingers with the Mic Mac facies to the east.
Seaward, both formations are replaced by basinal shales of the

Verrill Canyon Formation (Figure 3).

In the Scotian Basin, sedimentation during the Early
Cretaceous was dominated by two very thick formations. A generally
regressive, (progradational) sandstone and shale sequence, the
Missisauga Formation and the transgressive/regressive Logan Canyon
Formation. Both units have their basinal shale equivalents - the
Verrill Canyon Formation and the Shortland Shale. A series of thin
limestone beds within the upper part of the Missisauga Formation,
the "O" Marker, provide a semi-regional seismic marker (Figure 1).
These formations are characterized by very thick sequences of
alluvial to deltaic clastics deposited over a broad area of the
present day shelf. Growth faults are common along the outer shelf
resulting from the accumulation of very thick clastic facies with
unstable salt at depth.

The Late Cretaceous global rise in sea level resulted in two
deeper water formations, the Dawson Canyon marine shale and the
Wyandot chalk. The sands and shales of the Tertiary are included in
the Banquereau Formation which completes the stratigraphic

succession.

Twenty—three wells have discovered hydrocarbons in the Scotian
Basin. Of these two are light o0il, two are o0il and gas, and 19 are
gas and condensate. All of the discoveries are within 100 km of
Sable Island. Hydrocarbons occur in all formations from the Wyandot
to the Mic Mac (Figure 4). Of specific interest in this study is
the source of the light 0il in the Cohasset and Panuke discoveries
and similarities or differences with the o0il and condensates in

other wells.



Reservoir Setting
Cohasset and Panuke fields

The Cohasset and Panuke fields are located approximately 50 km
southwest of Sable Island along the edge of the Abenaki carbonate
pank. The 1light o0il is reservoired in the Logan Canyon and
Missisauga formations. The Logan Canyon Formation consists of four
members representing regional cycles of transgression and
regression (Figure 2). Cohasset field reservoirs are in the lower
part of the Cree Member (Wade and MacLlean, 1990) in a stacked
series of thin, generally coarsening upward bar sands separated by
intervals of marine shale and siltstone. Depositional environment
is broadly interpreted to be lower delta plain. Panuke field
reservoirs are stratigraphically older, occuring in the uppermost
sands of the Missisauga Formation which are complex channel sands.
Trapping mechanism is interpreted to be uplift resulting from Late

Cretaceous movement by diapiric Argo Formation salt.

Venture and South Venture fields

The Venture field lies, immediately east of Sable Island and
South Venture is 5 km to the southeast. The Venture area gas and
condensate reservoirs are in a 1500 m thick sequence of deltaic
clastics in the upper part of the Mic Mac Formation and the lower
member of the overlying Missisauga formation. Generally, the
sequence 1s regressive, in several cycles from delta front/prodelta
at depth to distributary channel sands and bars and occasional back
barrier and lagoon facies. As in most deltaic environments, the
facies are in close association. The trapping mechanism for both

fields is large rollover anticlines.

CRUDE OILS/CONDENSATES AND SOURCE ROCKS

Table la 1lists the analyzed 30 crude o0il and condensate

samples from the 22 boreholes along with their stratigraphic



position, depth, and reservoir temperature and facies. Table 1b
lists the 5 source rock samples from 5 boreholes analyzed for this
contract. It also include another five source rock data which were
studied in an earlier contract. Table 3 shows the list of 34
samples from 10 different boreholes (eight core samples and 26
cuttings) for which wvitrinite reflectance and fluorescence

characteristics have been determined.
Analytical Procedures

For the determination of kerogen type by organic petrography,
three types of sample preparation were used: kerogen smear slide,
whole rock polished pellet, and kerogen polished pellet. We used
incident and transmitted white and blue light excitation. The
terminologies wused for maceral composition and kerogen type
determination, are from Stach et al. (1982, Mukhopadhyay et al.,
(1985), Senftle et al., (1986), Teichmuller (1986), and
Mukhopadhyay (1989). Details on source-rock characterization using
organic facies are shown in Mukhopadhyay and Wade (in press).
Vitrinite reflectance was measured using both whole rock and
kerogen pellets and Zeiss Axioskop with MPM 21 Controller for MPM
03 Photomultiplier.

API gravity was determined using standard formula (API gravity
= 141.5/density at 15°C - 131.5). API gravity of crude o0il and
condensates presented in Table 1 are either from (1) those
determined during drillstem testing or (2) determined by the
subcontractor (3SGS Supervision Inc.) on the samples collected

recently from CNSOPRB Repository at Dartmouth, Nova Scotia.

Rock-Eval pyrolysis was done on selected washed cuttings,
washed/hand-picked cuttings, and from the conventional cores using
Rock-Eval II instrument at the ISPG laboratory at Calgary, Alberta.
Some Rock—-Eval data used here, are determined using an 0Oil-Show

Analyzer, which does not generate S; or oxygen index.
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Bitumen extraction was done using Soxhlet for 24 hours with
dichloromethane. Column chromatography was done using 1:1
silica:alumina column and pentane, pentane+dichloromethane, and

methanol as solvent for saturate, aromatics, and heterocomponents.

'The data on the gas chromatography of the saturate fraction of the

oil/condensates and whole o0il light hydrocarbon fractions were

received from the ISPG laboratory at Calgary, Alberta.

The stable carbon isotope of the saturate and aromatic
fractions of the ©oil/condensate/source rock extracts were
determined under a subcontract by Coastal Science Laboratories at
Austin, Texas, USA. They used V. G. Micromass Mass Spectrometer.
All values reported here are relative to PDB (Pee Dee Belemnite)
standard. The analytical method for the aromatics GC-MS will be
discussed in the ’Biomarker’ chapter of this report.

The temperature data shown in Table la and 1lb were calculated
according to predicted geothermal gradient of Nantais (1983). Some

true measured temperature were also incorporated.
RESULTS AND DISCUSSIONS

Figure 5 shows the location of all the analyzed samples.
According ta stratigraphy, the analyzed samples can be arranged as
follows '(Table la and 1b): one sample of o0il and condensate each
from the Wyandot Formation and Cap Rock Facies; seven crude
oil/condensate samples and four source rock samples from Logan
Canyon Formation or its equivalent; seven oil/condensate samples
from the upper member of the Missisauga; eight oil/condensate and
one source rock from the lower Member of the Missisauga; one
oil/condensate from Missisauga; two oil/condensate and one source
rock from the Mic Mac Formation; two source rock samples from the

Misaine Member of the Abenaki Formation.

Reservoir Temperature/Facies and API gravity/GOR of Petroleum
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Reservoir temperature of the oil/condensate samples varies
between 50°C (Sable Island 3H-58) to 150°C (Venture B-43) (Table
la) . Formation temperature of the source rocks varies between 70°C
(Cohasset A-52) to 170°C (Glenelg J-48 at 5186.7 m and S. Venture
0-59 at 6105 m). The sedimentary facies of the reservoir rock from
the various boreholes show a wide selection from fluvial channel
sand (Panuke B-90, DST #1) to marine distal channel (Alma F-67, DST
#2) (Table la).

Table la lists the API gravity of 30 samples. These data show
a strong decrease in API gravity between API’s determined earlier
{during drilling) compared to recent analysis of storage samples.
This suggests a possible evaporation loss of lighter fractions
and/or possible oxidation and condensation due to biodegradation.
The definition and physical nature of some of the so-called crude
0oils from Cohasset and Panuke structure are questionable. These
crude oils contain very little NSO or asphaltene and according to
their physical appearance, they can be grouped as either condensate

or light oil.

Comparing the reservoir temperature and API gravity, it is
observed that there is no correlation between these two parameters.
At 68°C, 49.2 gravity condensate (Cohasset D—-42, DST #7) 1is seen,
whereas at 135°C, 39.0 API o0il is observed at Chebucto K—-90.

Gas to o0il ratio or GOR is one of the basic parameter used to
differentiate typical oil-reservoirs from gas—-reservoirs. Gas to
0il ratio associated with an o0il reservoir 1is below 10,000. 0il
generated from a source rock of Kerogen Type IIA or IIA-IIB
(Kerogen Type II and II-III of Tissot and Welte, 1984), at its peak
0il window, has GOR values generally less than 1,000. According to
GOR, most of the Cohasset, Panuke and some Sable Island oils should
have generated within the o0il window. Condensates from the Arcadia
J-16, Chebucto, Glenelg J-48, N. Truimph B-52 and G-43 wells are
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oversaturated with gas. They are possibly derived from a matured
terrestrial source rock (beyond 1.0% R,). Condensates from Venture

wells, according to GOR, can be termed as gas—-reservoirs.

Source Rock Evaluation
Kerogen Type By Microscopic Methods

Figure 6—-8 illustrates the petrographic characters of some of
the samples from wvarious boreholes (Alma F-67,Cohasset A-52,
Cohasset D—-42, Evangelene H-98, Glenelg J—-48, Sable Island E-—-48,
and S. W. Banquereau F-34). For details of the petrographic
composition (in volume %), see Mukhopadhyay (1989) and Mukhopadhyay
(1990). For the petrographic features and Kerogen Type of
Louisbourg J-47, S. Venture 0-59, and Venture B-43, see
Mukhopadhyay and Wade (in press) or Mukhopadhyay and Birk (1989).
Except for a few samples in Cohasset D-42, Alma F-67, Glenelg J—-48,
and S. W. Banquereau F-34, the overwhelming majority of the
analyzed samples show abundance of terrestrial macerals like
vitrinite, (both autochthonous and allochthonous), inertinite
(inertodetrinite, fusinite, macrinite etc.), sporinite, cutinite,
and amorphous liptinite IIB and III. As a result, most of the black
shales form either Kerogen Type IIB-III and III (major gas—and
minor condensate—-prone source rocks (Mukhopadhyay, 1989) (Kerogen
Type III of Tissot and Welte, 1984) (Figs. 6e, 6f, 7c, 7d, 7g, 7h,
and 8c) or Kerogen Type IIB (major condensate- and minor gas-prone
source rocks) (Kerogen Type II-III of Tissot and Welte, 1984)
(Figs. 6a, 6b, 6g, 6h, 7a, 7b, 7f, 8b, 8e, and 8g). Only a few
analyzed Dblack shales <contain major marine macerals like
particulate liptinite A, amorphous liptinite IIA and alginite
forming Kerogen Type IIA-IIB (0il & condensate-prone source rocks
(Figs. 6c¢, 6d, 7e, 8a, 8f, and 8h) (kerogen Type of II-III of
Tissot and Welte, 1984). Some rare samples show abundance (>80%)
amorphous liptinite IIA forming Kerogen Type IIA (typical oil-
source rock) (Type II of Tissot and Welte, 1984) (Fig. 8d).
However, none of the analyzed samples show features of total anoxic

environments (prolific oil-source character).
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Some of the samples in Cohasset D-42 and S. W. Bangquereau F-
34, show an abundance of solid bitumen within the matrix amorphous
liptinite (Figs. 8f and 8g). These solid bitumens are generally
nonfluorescent to brown fluorescent, which are possibly formed due

to later gas injection into an oil reservoir.

Kerogen typing by microscopic methods are complicated by the
formation of secondary macerals due to advanced maturation. These
macerals (such as rank-inertinite, solid bitumen, clustered
micrinite, and micrinite; Fig. 6a and 8h) are formed at the expense
of oil-generating liptinites (such as amorphous liptinite IIA,
alginite, cutinite, etc.). This problem is resolved by comparing
different types of microscopic preparation using advanced
microscopic techniques (Dow et al., 1988; Mukhopadhyay et al.;
1985; Senftle et al., 1986; Teichmuller, 1986).

Drilling mud additives (lignite, asphalt, etc.), pipe dopes,
oil-base drilling fluid, and cavings from the younger horizons
created further problems for kerogen typing by microscopic methods.
This problem was partially resolved by hand-picking the cutting
samples and using fluorescence characteristics of these

contaminants.

Kerogen Type By Rock—-Eval pyrolysis

A plot of hydrogen index (mg HC/g TOC) versus oxygen index (mg
CO,/g TOC) illustrates the position of sixty—-one selected samples
from the eight wells (Fig. 9). Similarly, Figure 10, shows a plot
of hydrogen index versus 7T,,,°C of selected samples from eleven
boreholes. The maturation path of Kerogen Types I, II, III, and IV
in Figure 9. and Kerogen Type I, II, and III in Figure 10 are from
Tissot and Welte (1984) and Espitalie et al., (1985). In Figure 9,
most of the Verrill Canyon samples from Alma F-67 and S. W.
Banquereau F-34, lie either close to Type II or within the Type II-

IIT maturation paths of oil-prone source rocks. A vast majority of
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the Cohasset D—42 and Evangeline H-98 Logan Canyon and Missisauga
Formation samples lie within Kerogen Type III gas—prone source
rocks. Some of the Missisauga shales from Sable Island 0-47 and
Logan Canyon shales from Cohasset A-52, lie within Kerogen Type II
and III oil and condensate-prone source rocks. The low oxygen index
of most of the samples from the Missisauga, Abenaki, and Verrill
Canyon Formations suggest possible advanced maturation. On the
other hand in Figure 10, most of the analyzed samples lie in the
Kerogen Type III gas-—-prone source rocks. Only a few samples from
Verrill Canyon Formation of Alma F-67, Glenelg J—-48, and S. W.
Banquereau F-34 lie within Type II oil-prone source rock maturation
path. The maturity determined by T,.,., Suggests that most of the
samples lie within the "oil window" (430 to 465°C). Comparing both
Figures 9 and 10, it is obvious that there are only a few oil-prone
source rock in the Logan Canyon, Missisauga, and Abenaki Formations
within our selected data set. Distal Verrill Canyon shales are

obviously more oil-prone (Mukhopadhyay, 1990).

Maturation by Vitrinite Reflectance and T,..

Table 3 and Figure 11 shows the vitrinite reflectance and
fluorescence data of 26 washed cutting samples (kerogen plugs from
M. P. Avery) from S. Venture 0-59 and S. W. Bangquereau F-34 and 8
selected core samples (whole rock plugs) from 8 boreholes. Based on
the present and earlier data (Mukhopadhyay and Wade, in press;
Mukhopadhyay, 1989), the o0il window (0.5% R,) in the Sable Subbasin
and surrounding area starts around 2500 to 2600m, but ends (1.4%
R,) Dbetween 4,400 to 5,600 m depending on the occurrence of
overpressure. The maturation data based on vitrinite reflectance
and T,,, (Rock-Eval pyrolysis) generally corrlate well when Kerogen
Type II-III and III are used. Using T,,, the o0il window lies
between 430 and 465°C. Comparing the T,,, and vitrinite reflectance,
it is observed that these two parameters correlate well when core

or hand-picked cuttings samples are used. A core sample from
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Cohasset A-52 (2275 m) shows a T,,, of 430°C, which has a reflectance
0f 0.5%. Another hand-picked cuttings sample from Cohasset D—-42 at
4425 m (14520’) shows a T,,, of 461°C, which has a reflectance of
1.36%. Most washed cuttings, which are not hand-picked, show

anomalously low T,,, due to the presence of contaminants.

Source—-Rock Potential

Comparing both Rock—-Eval pyrolysis and microscopic analyses of
these selected samples, the source rock potential can be assigned
to the following:

(a) Presence of multiple mature source rocks of Kerogen Type IIA
(oil-source), IIA-IIB (oil-condensate-source), IIBR (condensate—gas-—
source), IIB-III (gas—condensate source), III (gas-source), and IV
(non—source rock) below 2,200 m. However, in the distal Verrill
Canyon Formation, the overwheming majority of the analyzed mature
source rocks are of Kerogen Type IIB, IIB-III, and III.

(b) Possible presence of thin and local oil prone, mature Kerogen
Type IIA-IIB in the Logan Canyon, Missisauga, Abenaki (Misaine
Member) Formations, which could be the source for Cohasset and
Sable Island light oils.

THE RELATION BETWEEN OVERPRESSURING AND MATURATION PARAMETERS

An extensive area with wvery high overpressures has been
encountered within thick, normally compacted, sandstone and shale
sequences in the Abenaki and Sable Subbasins (Fig. 12). More than
40 wells have drilled into this system. Analyses of the Scotian
Shelf occurrences indicate that rapid burial or shale diagenesis is
not the sole cause of the overpressure. The top of the
overpressured system is generally shallowest and youngest to the
southwest (Aptian/Barremian at 3000-3500 m) and deepest and oldest
to the northeast (Callovian and older at >4800 m). This pattern is

attributed to the propagation of the overpressure through the many
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listric normal faults which cut the section.

In most wells, the top of the overpressure is manifested by a
sharp increase in pressure gradient through a transition zone and
then a return to a lower gradient once the top of full overpressure
is reached. In the Venture Field the total overpressure zone 1is
more than 1200 m thick and its base has not been encountered. The
maximum overpressure encountered in this area is 118,000 kPa at a
depth of 5700 m.

In most of the boreholes, which encountered overpressuring,
vitrinite reflectance profile shows a kinky appearance with a sharp
increase in reflectance gradient. This abnormality in vitrinite
reflectance 1is possibly caused due to perturbation of the thermal
gradient caused by heat transfer processes associated with the
development of abnormal pressure. Conductive heat transfer may be
considered as the major processes of the vitrinite reflectance
gradient kink, which is related to the top of the overpressuring
(Law et al., 1989). Figure 13 shows the relationship between
vitrinite reflectance, depth (m), and pressure (KPa) from two
boreholes on the Scotian Shelf (S. Venture 0-59 and Louisbourg J-
47); in both boreholes, the kink in vitrinite reflectance gradients
are quite obvious. However, in Louisbourg J-47, the top of the
overpressure is directly related to the sharp increase in vitrinite
reflectance, whereas, in S. Venture 0-59, the change in vitrinite
reflectance gradient started 300-400 m deeper than the top of the
overpressure. This may suggest that in S. Venture 0-59, the top of
the overpressure was deeper and propagated through time. This
supports the view of Wade and MacLean (1990), who assumed that
original top of the overpressured system was deeper and

subsequently forced upward.

The cause of overpressuring in the Scotian Shelf is not yet
been resolved. Mudford and Best (1989) emphasized that

disequilibrium compaction 1s responsible for much of the
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overpressuring at least in the Venture Gas field. On the other
hand, Wade and Maclean (1990) suggested that recent active gas
generation would result overpressuring. Wade and Maclean (1990),
however, also interpreted that hydrocarbon generation from Middle
Jurassic source rocks associated with rapid burial could have
caused excessive thermal expansion of fluids and increased the
level of overpressuring. This view was supported by Jansa and Urrea
(1990), who emphasized that the formation of dynamic diagenetic
barriers within the zone of peak gas generation helps retard the
diffusive migration of hydrocarbons and other fluids expelled

during shale diagenesis resulting in pressure build up.

Considering a possible relationship between gas generation and
overpressuring in the Scotian Shelf, we plotted the depth of 1.0%
R, (starting of the peak gas generation, Tissot and Welte, 1984)
and the depth of the overpressuring from some selected boreholes
(Fig. 14). In most of boreholes in the Sable Island area, the top
of the overpressure zone is shallower than the 1.0% R,. In the
eastern part of the Sable Subbasin, the top of the overpressure
zone 1is deeper than 1.0% R,. This possibly suggests that
overpressuring is older in the eastern part than the Subbasin. We
did not observe any overpressuring where 1.0% R, is shallower than
4000m. The relationship between these two parameters (top of
overpressure zone and vitrinite reflectance) is still unknown and

at present is under study.

Earlier studies on organic facies and maturation show
fluorescence of organic matter both in the kerogen concentrate and
some core samples, which are close to and Dbeyond 1.4% R,
(Mukhopadhyay and Wade, in press). These sediments are either
overmature or near the end of the "oil window" and should not show
any exinite fluorescence (Stach et al., 1982). Since most of the
earlier analyzed samples were cutting samples and can be
contaminated by cavings or drilling mud additives, we studied

fluorescence on eight core samples collected from depths below 5000
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m. Table 3 shows the fluorescence characteristics of 34 samples; 8
are core samples. According to the reflectance data, only two
samples (S. Desbarres 0-70: R, = 1.61 - overmature; W. Chebucto K-
20: R, = 1.37 - near end of o0il window) are suitable for this
special study. The sample from S. Desbarres 0-76, which has the
highest reflectance, shows distinct vyellow to red groundmass
fluorescence. Some degraded phytoplanktons (amorphous liptinite)
also shows red fluorescence. The W. Chebucto K-20 sample shows very
strong yellow (oil-like) fluorescence of the groundmass. It
definitely shows at least one large alginite grain with red
fluorescence. These data suggest a retardation of alginite
fluorescence and possible extension of the o0il window due to
overpressuring. The groundmass bitumen was not changed to pyro-
bitumen, which suggests that overpressured rocks possibly retain
the "live oil-like substance" still in their matrix. The alginite
fluorescence can also be caused by secondary infitration of these

"live bitumens" into the alginite.

GENESIS OF THE LIQUID HYDROCARBONS AND OIL-SOURCE CORRELATION

Liquid and Gas Chromatography of Crude/Condensates and Source—-Rock
Extracts

The gross composition of all the analyzed light oils and
condensates shows that all these samples contain more than 95%
hydrocarbons and mostly less than 5% nonhydrocarbons. This 1is
substantially lower than the average composition of crude oils
(Tissot and Welte, 1984) and may suggest that either these oils are
derived from mature source rocks, .whereby most of NSO and
asphaltenes are cracked, or that all of these "o0ils" can only be
termed as condensates. However, for our general use, we call them

light o0il and condensate.

Liquid chromatographic data of the light o0ils and condensates
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suggest that these samples can be genetically classified into three
groups: (a) samples which have more than 70% saturate fraction;
typical examples are Cohasset and Sable Island light oils, (b)
samples which have more than 60% aromatic hydrocarbons and very low
saturate aromatic ratio; typical examples are Chebucto K-90,
Banquereau C-21, N.Truimph B-52 condensates, (c) samples which have
more or less equal amounts of saturate and aromatic fractions;
typical examples are S. Venture 0-59, DST#10, Primrose N-50, DST#1,
Sable Island E-48, DST#16. This abundance of aromatic hydrocarbons
in some petroleum may be caused by either biodegradation (selective
removal of saturates) or generation from terrestrial organic

matter.

Figures 16a through 16g show gas chromatograms of the saturate
fraction of some of the selected o0il samples. The n-alkane
distribution pattern of all samples show a very similar trend. All
the 1light o0il or condensate samples have predominantly low-—
molecular weight hydrocarbons (less than C,,) and peak of the n-
alkane distribution lies either at C,;;, or C,s. These n-—-alkane
distribution patterns suggest their possible origin from a marine
organic matter. High pristane/phytane ratios (>2.5) in the same
samples (Cohasset A-52, DST#2 & 3; Panuke B—-90, DST #1; Thebaud C-
74, DST # 4) suggest oxidation due to either biodegradation in the
reservoir or derivation from a source rock which was partially
oxidized. Saturated hydrocarbon biomarkers 1like triterpane or
sterane between C,; and C,; are either absent or present in very

minor amount.
Stable Carbon Isotope of Saturate and Aromatic Fractions

Stable carbon isotopes have been widely used as a tool for
0il-0il and oil-source rock correlation (Tissot and Welte, 1984;
Sofer, 1984; Sofer et al., 1986). Tables 2a and 2b show the stable
carbon isotope data of the saturate and aromatic fractions of the

light oil/condensate and source-rock extracts. These data are
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plotted in the Figures 17a, 17b and 17c. The dividing line drawn in
Figure 17a and 17c is from the linear equation evolved by Sofer
(1984) to distinguish between waxy (terrestrial) and nonwaxy

(marine) oils, which is as follows:
del®C,,, = 1.14 del®cC,,, + 5.46.

Figure 17b plotted the isotopic data only from the analyzed light
oil and condensate samples. The best-fit linear equation for these

samples is as follows:
del®®C,,, = 1.078 del®®C,,, + 3.54

Sofer (1984) from the "Y" intercept defined two distinct linear
equations, one for waxy (terrestrial) and another for nonwaxy
(marine) crude oils. The best—-fit linear equation from the Scotian
Shelf light o0il and condensate samples (Fig. 17b) is very close to
the nonwaxy oils as defined by Sofer (1984).

The position of the samples in Figure 17b, shows a broad
variation of isotopic composition between -28%. to -26%. for the
saturate fraction and between -28%. to -24%. for the aromatic
fraction. The plot suggests two possible clusters indicating
presence of two oil families. The first group contains samples 1,
6, 7, 8, 16, 20, 25, 28, and 29. Most of the o0il samples from
Cohasset & Panuke, one sample each from Sable Island, Olympia, and
Thebaud belong to this group. The second group contains samples 2,
3, 9, 14, 15, 18, 24, and 26, which are from N. Truimph B-52, S.
Venture 0-59, Arcadia, and Venture B-43. Two samples from Primrose
and Sable Island are not clustered in any of these groups, so also
one sample each from Olympia and Citnalta. This third group of
samples occurs more towards the positive part of the saturate
isotope suggesting more marine or non-waxy origin of these oils or
condensates. Sample 11 (Cohasset A-52, DST#5) is totally different

from all other samples. Sofer (personal communication, 1990)
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suggested that maturation trend points toward the positive part of
the isotope data. Accordingly, Cohasset A-52, DST#5 is the least
mature and Glenelg J—48, DST#9 shows the highest maturity.

Figure 17c shows the isotopic composition of’the source rock
extracts from the analyzed five samples and our earlier data
(Mukhopadhyay, 1989). The vitrinite reflectance data of these
samples also corroborates the maturation trend as suggested Dby
Sofer (personal communication, 1990). However, they do not match
the possible maturation of the oils. According to these data, only
sample b’ (Cohasset D—-42, 4410 m) may support some correlation
with the .0ils in Cohasset and Panuke field. Sample ’'d’ (Alma F-67,
4500m) 1s isotopically totally different from any of the petroleum
or source rock extracts. This abnormality is possibly caused by

contamination of base-o0il during drilling with oil-base mud.

~In summary, the 1isotope and 1liquid chromatography data
indicate: (a) the presence of two 0il families separating Cohasset—
Panuke o0ils from the Venture condensates, (b) A part of these oils
are possibly derived from nonwaxy source rocks (lacustrine and
marine), (c) the analyzed source rocks do not correlate properly

with the 0il or condensates.
Biological Markers: Aromatic Hydrocarbons

In the last two decades, great advances have been made in the
application of biological marker compounds to the determination of
maturity and organic facies of sedimentary organic matter. However,
these compounds, generally polycyclic alkanes, cannot always
present a complete picture. For example, maturation indicators
based on the saturate hydrocarbons are ineffective in samples at

mid to late o0il window maturity levels.

The aromatic fractions in fossil fuels provide many additional
clues. A wide variety of polyaromatic compounds has been documented
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in fossil fuels (Later et al., 1981; Radke et al., 1984b; Rowland

et al., 1984; Whitehurst et al., 1982; White and Lee, 1980).
Distribution of these compounds have been shown to be sensitive to
maturation (Alexander et al., 1983; Radke, 1987; Radke et al.,
1980; 1982a; 1982b; 1984a; 1986) . In particular, the
methylphenanthrene Index (MPI) of Radke and Welte (1983) has been
proven useful in maturity assessment, particularly in the middle to
late o0il window range. More recently, Kruge and others (1989;
1990a; 1990b) have documented the maturation and organofacies
sensitivity of a series of polyaromatic molecular markers in marine

shale extracts, coal extracﬁs, and coal pyrolysates.

Some of the probable Scotian Shelf source rocks and condensate
lie or derived in/from the late catagenetic stage (>1.0% <2.0% R,)
(source rock data, this report; Snowdon and Powell, 1979; Powell,
1983; Mukhopadhyay and Wade, 1990). Aromatic biomarkers of selected
Scotian Basin o0ils, condensates, and source-rock extracts were,
therefore, analyzed by gas chromatography/mass spectrometry (GC/MS)
to determine levels of thermal maturation and, as far as possible,
to correlate the oils and condensates with one another and with

candidate source rocks.
The analyzed aromatic fraction of five oils, five condensates
and four source rock extracts are listed in Table 4 . The location

of these fractions are shown in Figure 18.

Instrumentation

The aromatic fractions were analyzed by a Hewlett Packard
5890A gas chromatograph, coupled to an HP 5070B Mass Selective
Detector at the Geochemistry Laboratory of the Southern Illinois
University at Carbondale. The GC was held at 100°C for 10 min.,
then raised to 300°C at 3°/min., where it was held for 5 minutes.
A 25 m OV-1 column with»O.Z mm inside diameter and 0.33 um film
thickness was employed. The mass spectrometer was run in selective

ion monitoring mode, collecting data on the following ions: m/z 91,
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156, 162, 168, 169, 170, 182, 184, 192, 196, 198, 202, 206, 212,
216, 220, 228, 230, 231, 242, 252, 253, 256, 268, 282, 296, and
310, which are either the molecular ions of the most common
polyaromatic compounds or are principal fragment ions of aromitized
biomarkers, such as steriods. Two samples were rerun using full
scan mode, to confirm that all principal aromatic peaks were being
recorded. Quantitations were done on the molecular ions of the
compounds of interest, using the selected ion monitoring data and
the Hewlett Packard data system.

A total of 79 GC peaks representing polyaromatic compounds
were recognized and quantified individually in each of the fourteen
samples, along with ca. 25 additional peaks (varying from sample to
sample), which were quantified cdllectively’on m/z 206, 242, and
256 mass chromatograms. The polyaromatic peaks are often clusters
of isomers that cannot be specifically identified due to the
similarity of their mass spectra and the lack of commercially
availlable authentic standards. However, most of the members of each
cluster can easily be separated by GC. For example, we can
recognize 10 principal Cé4-substituted naphthalene peaks, but
absolute structural assignments cannot be made. Variations in peak
distributions from sample to sample can nevertheless provide much
useful information. A variety of peak ratios were computed,

principally to illustrate maturation differences.

Due to great number of chromatograms generated.from this large
data set, visual comparisons were not sufficiently effective for
petroleum—-to-petroleum or petroleum—to—source rock correlation. To
develop signatures for each sample, the main peaks of each of the
principal isomer clusters were chosen (Figures 19-21). These peaks
were then quantitated and raw peak area data was normalized to the
most intense peak in each cluster. The normalized data for each ion
cluster could then be presented in simple graphic form. Figure 22
illustrates these first three steps in data reduction. The curves

for each of the isomer groups can then be chained together in a
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single plot, the composite polyaromatic Trace (CPT), serving as an

aromatic "fingerprint"™ for each sample (Figure 23).

For purposes of sample correlation, we employ a method which
combines graphical and computational techniques. The CPT diagram of
any sample can be subtracted from that of any other, since each of
the constituent cluster curves are normalized to a maximum value of
1.0. If a cluster curve of one sample is similar to that of the
other, the curve remaining after subtraction will be near zero
(Figure 24a). The remainder from the subtraction of dissimilar
cluster curves will show high amplitude fluctuations (Figure 24Db).
Entire CPT diagrams can be readily compared to one ancother by the
subtraction method.

Maturity Determinations

The Methyl Phenanthrene Index (MPI) of Radke and Welte (1983),
a well established maturity parameter, can be computed as follows:

) 1.5 (3-mPH + 2-mPH)
(Phenanthrene + 9-mPH + 1-mPH)

where "mPH" stands for methylphenanthrene, such that the parameter
increases with increasing maturity. Phenanthrene is quantitated on
m/z 178 mass chromatograms and the methylphenanthrenes, on m/z 192.
Our results show that most of the Nova Scotian samples fall into
the range of 0.7 to 0.9, the exceptions being Sample 8 (1.25) on
the upper end of the MPI-scale (Table 4).

At post—-o0il generation levels of maturation, the MPI wvalues
actually decrease (Radke and Welte, 1983), even though 2- and 3-
mthylphenanthrenes continue to increase relative to the 1- and 9-
methyl isomers, due to the increase predominance of phenanthrene at
the high levels of maturity. Thus, the ratio of Z-methyl to 1-
methylphenanthrene was computed to have an additional maturity

parameter and to be able to check for the retrograde MPI condition.
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The results of the calculation of this ratio are in basic agreement
with the MPI, except that oil sample 5 is added to the low maturity
group and extract samples 12 and 13 are placed in the high maturity
group. The core of the moderately mature petroleums is still
present. Figure 25a 1s a crossplot of the MPI with the 2-/1
methylphenanthrene ratio. Samples 11 and 4 are clearly the in the
low maturity field according to both ratios and Samples 14 and 8
are high. Samples 1, 2, 3, 6, 7, 9, and 10 (Table 4) are
indisputably in the middle range, corresponding to near peak or
peak 01l window levels of maturation (eguivalent vitrinite
reflectance of ca. 0.8%, Radke et al., 1984a). The designation for
Samples 5, 12, and 13 are less straightforward, but they are
probably also not far off from a mid oil window range.

For yet a third maturation parameter, the ratio of chrysene
to benzo (a) anthracene is used, shown to be an effective parameter
which increases with maturation within the oil window from ca 0.5
to 1.0 (Kruge et al., 1989). The tetraaromatic chrysene has a ring
offset in the middle of its structure, whereas benzo () anthracene
has 3 rings in a straight row with an offset between the third and
fourth rings, giving it greater instability. Thus,
benzo (o) anthracene is preferentially lost relative to chrysene as
maturation increases. The ratio confirms that Sample 11 is the
least mature and Samples 14 and 8 are the highest. The Samples 1,
3, 6, and 12 are shown to be at intermediate maturity levels,
whereas samples 7, 9, and 13 are moderately higher and samples 2,
4, 5, and 10 are lower than the core mid-range group. Cross-
plotting this ratio with the MPI (Figure 25b) shows that among the
mid-range group, oil samples 2, 3, 4, and 5 are overall lower than
petroleum samples 1, 6, 7, 9, and 10 and extract samples 12 and 13.
Extract sample 11 is clearly the lowest maturity of all samples, in
the early stages of o0il generation. Extract sample 14 and
condensate sample 8 are indisputably the highest, at late or post

0il window maturity levels.
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Polyvaromatic Heterocatomic Compound Content

The concentrations of dibenzothiophene and its homologous are
extremely variable in the suite of samples. This is exemplified by
the ratio of dibenzothiophene (peak labelled DBT on the m/z 184
trace in figure 19) to the sum of dibenzothiophene and all
tetramethylnaphthalenes (peaks labelled Cl to C10, m/z 184).
Dibenzothiophene is the dominant m/z 184 peak in extract Samples 12
and 14 and 1is also strong in Sample 13. In contrast,
dibenzothiophene is not detectable in o0il Samples 2, 3, 4 and 5.
The remaining petroleum samples and rock Sample 11 have
intermediate dibenzothiophene contents, as indicated by -values of

the ratio around 0.1.

Another heterocatomic compound group 1is the dibenzofuran
homologous series. There 1s agaln considerable variation in
relative concentrations of the dibenzofurans. This may be expressed
by the ratio of the three methyldibenzofuran peaks (labelled MDBF
on the m/z 182 chromatogram in Figure 21) to the dimethybiphenyl
isomers shown in the same chromatogram as peaks D1 through D6.
Condensate Sample 8 has a value of 0.09 for this ratio, the lowest
in the sample set. Samples 2, 3, 4, and 5 have values between 0.2
and 0.3. The remaining petroleums and the extracts have higher

values, ranging between 0.4 and 0.6.

Figure 26 is a crossplot of dibenzothiophene and dibenzofuran
ratios. Several groupings are apparent on this chart. 0il Samples
2, 3, 4, and 5 plot closely together, defining a non-—-thiophenic,
moderately furanic sample type. Among the samples richer in furans,
extract Samples 12 and 14 stand out as being exceptionally
thiophenic. Petroleum Samples 1, 6, 7, 9, and 10 also plot closely
together with high furan c¢ontent, but moderate organo-sulfur
contents. Extract Sample 13 and low maturity extract Sample 11 plot
near this last petroleum group, but somewhat enriched in
methyldibenzofurans and dibenzothiophene. The high maturity
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condensate Sample 8 plots alone, with moderate furan and thiophene
contents. These hetercatomic parameters reflect the degree of
incorporation of sulfur and oxygen into the organic matter of the
petroleum source rocks, which in turn reflects the depositional

environment and the diagenetic history of the organic matter.

On the basis of these data, we can provisionally group the
petroleums into a thiophenic (i.e moderately sulfur-rich) and
furanic group (Samples 1, 6, 7, 9, and 10) and into a non-
thiophenic (low-sulfur) and low furanic classification (Samples 2,
3, 4, and 5). Condensate Sample 8 matches the sulfur content of the
higher sulfur group, but lacks their high furan content. It still
may be included in the sulfur group with its lack of furans
explained by its extraordinarily high maturation level. The extract
Samples 12 and 14 are exceptionally rich in thiophenic sulfur in
spite of their elevated maturity levels and as such resemble high
sulfur marine organic matter. Extract Samples 11 and 13 more
closely resemble the thiophenic petroleum samples in their
thiophene and furan contents. The moderately thiophenic petroleum

can be designated as "Group 1" and the non-thiophenic as "Group 2".

Since there is the possibility of an early Mesozoic rift basin
in the area of the wells (Lorenz, 1988), it 1is interesting to
compare the Nova Scotian crude oil and condensates with extracts of
organicrich syn-rift lacustrine rocks of the Newark Supergroup.
Group 1 o0ils are indeed similar in thiophene distribution to the
Jurassic lacustrine black shales of Connecticut. Group 2 oils are
not similar, but could conceivably be source from low sulfur
nonmarine source rocks. Group 2 oils do not resemble land plant-
derived material (i.e. they are not coal like), since their m/z
178 and 192 traces show vary 1little, if any, anthracene and
methylanthracene. Anthracenes are present in coal extracts with
ranks ranging from pre to mid o0il window and as such are excellent
molecular markers for terrestrial organic matter (Kruge et al.
1990a) . The S. Venture 0-59 and Cohasset D-42 extracts are also
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dissimilar to the Connecticut specimens, instead resembling marine

source rocks in the sulfur content.

Distribution of Polvaromatic Hydrocarbon Isomers

To further test the wvalidity of this classification, the
distributions of eight polyaromatic hydrocarbon isomer groups were
examined. These include diaromatic compounds, namely six
dimethylnapthalene peaks (m/z 156), ten peaks of trimethyl and
other possible C3-substituted naphthelene (m/z 170), ten peaks of
tetramethyl and other possible C4d-substituted naphthalenes (m/z
184), and six dimethylbiphenyl isomers (m/z 182). Also there are
the condensed tetraaromatics pyrene and fluoranthene (m/z 202),
along with eight unidentified, but consistently appearing peaks on
the same chromatograms, seven m/z 216 peaks, collectively
identified as methylfluorene, methylpyrene, and/or benzofluorene
isomers, and eleven dimethylfluorene, dimethylpyrene and/or
methylbenzofluorene peaks on m/z 230. Four m/z 252 peaks, probably
isomers of the pentaaromatic hydrocarbon benzo(a)pyrene complete
the list. All these peaks are illustrated on appropriate partial
mass chromatograms in Figure 1-3. Triaromatic hydrocarbons such as
the isomers of methyl and dimethylphenanthrene were not used due to
the known sensitivity of the isomer distributions to maturation,
particularly the methyl homologues (Radke and Welte, 1983). Linear
tetraaromatic hydrocarbons (chrysene isomers) were discussed above
as maturation indicators and so were not used for correlation
purposes, although in future studies, higher chrysene homologues

may be employed.

For each of the 14 samples, as stated in the Instrumentation
Section, these 54 peaks were quantitated and their peak areas were
normalized, so that the most intense peak in each of the eight

isomer clusters was assigned a value of 1.0. All 8 normalized
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cluster curves of a sample can be displayed on one Composite
Polyaromatic Trace (CPT), as with the example in Figure 4. To
facilitate correlation, it is expedient to go one step further. The
CPT of one sample can be subtracted from that of another and the
remainders plotted. If the correlation 1is a good one, the
remainders will be closed to zero. Graphically, the trace will meet
the horizontal axis. If the match is poor, the subtracted trace
will deviate widely from the zero line. Figure 24 illustrates this
principle, using the trace of only one ion, m/z 170 for simplicity.
When the m/z 170 cluster trace of Sample 1, a member of petroleum
Group 1, is subtracted from that of Sample 10, also part of Group
1, the remainder trace is so close to zero across its length, that
it is difficult to distinguish it from the horizontal axis. In
contrast, subtracting the same cluster trace of Sample 1 from that
of extract Sample 14 yields high amplitude deviations on the zero
line, indicating a lack of correlation. The fit can also be
expressed mathematically, with the parameter, o (alpha), defined as
the average of the absolute values of all points in a subtracted
trace. For the simple example in Figure 24a, o = 0.02, indicative
of an excellent correlation, whereas in figure 24b, o = 0.29

demonstrating a poor match.

The CPT of Sample 1, as a representative of Group 1 petroleum,
was subtracted from the CPT of all other petroleum samples. The
resulting remainders are displayed graphically in Figure 27. The
other Group 1 petroleums (Samples 6, 7, 8, 9, and 10) show CPT
remainders that for the most part, rest close to the zero mark.
Samples 7 and 10 are especially good matches with Sample 1. With
Sample 6 there is significant devaition only for two m/z 230 peaks
(curve G). Samples 8 and 9 show particular divergent from null
value in curve E, the m/z 202 trace. This trace has a somewhat
lower confidence level, due to presence of unknown compounds, not
normally seen 1in the aromatic fractions processed 1in this
laboratory. For Samples 6 through 10, o wvalues are 0.06, 0.05,

0.09, 0.08 and 0.06, all indicating reasonable correlation.
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The results of the subtraction of the CPT of Sample 1 from
those of the Group 2 oils show considerably more divergent (figure
27) . Moderate amplitude are present in all curves, except for curve
D m/z 182. It 1is interesting to note that the shape of the
sibtracted curve D 1s about the sample in the Group 2 profiles,
suggesting the correctness of maintaining the Group distinction -
they all diverge from Sample 1 in the same fashion. There are high
amplitude digengences as well in traces E and H (m/z 202 and 252).
Numerically the deviation of Samples 2, 3, and 4 from Sample 1
ranges from o values of 0.13 to 0.14. Sample 5 is somewhat more

divergent, as a = 0.17.

To test the wvalidity of Group 2 designation, the CPT of its
Sample 4 was subtracted from that of other (Figure 28). The CPT
remainder of Sample 2 shows only low amplitude deviation from ﬁhe
zero line. Its D trace (m/z 192) matches so well that it nearly
indistinguishable from the axis. With o = 0.06, it correlates well
overall with sample 4. Most of the variability of sample 3 is with
four peaks in the E trace (m/z 202) and two in the H trace (m/z
252) . The high amplitude divergence of these six peaks 1is
sufficient to drive the a value up to 0.11. Sample 5 exhibits a
broad-based moderate divergence, especially among the naphthalenes
(A, B, and C traces) and again m/z 202 and 252, accounting for the
moderately high o value of 0.12. Dimethylbiphenyls and the
substituted tetraaromatics (traces D, F, and G) though are quite
close to the axis, indicating that Sample 5 bears both significant
differences and similarities to Sample 4. Discounting the suspect
m/z 202 trace, it can be concluded that Samples 2, 3, and 4 are
reasonably similar to one another and Sample 5 is somewhat more
distant related.

The subtractive technique can also be applied to oil-source
correlation. The CPT of o0il Sample 1 was subtracted from that of
the four candidate source rock extracts (Figure 29a). The CPT

remainder of Sample 11 shows high amplitude divergence across its
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length, with o = 0.23. The variability is moderated in the
naphthalene and pentaaromatic traces in Samples 12, 13, and 14
perhaps reflecting maturation-related isomer redistribution.
However, Samples 13 and especially 14 show increased amplitude in
the tetraaromatic traces, giving both high & scores of 0.21. Sample
12 with a moderately high o value of 0.16, still correlate poorly
with oil Sample 1. In correlating the extracts with Group 2 oils,
through subtraction of the CPT of Sample 4, the resulting o scores
are also high, ranging from 0.17 to 0.23, indicating poor
correlation, not unexpected from due to their vastly different

organo—-sulfur contents.

Examination of Figure 29a reveals similarities in the shapes
of the constituent curves of the composite traces remainders of the
extracts, for example, curves B and F in Samples 13 and 14. The CPT
of Sample 13 was subtracted from those of the other extracts to
evaluate these similarities more directly (Figure 29b) . Moderate to
high amplitude variations in the remainder trace of Sample 11 and
& score of 0.018 indicate a lack of correlation, probably
exacerbated by the low maturity of this sample. Sample 12 and
especially Sample 14 show only moderate amplitude deviations across
their length and have correspondingly'moderate a (scores) of 0.14
and 0.10 respectively indicating some similarity with Sample 13.
This assessment is made without knowledge of the stratigraphic
relations of these samples or of any similarities their

depositional environments may have had.

CPT diagrams were. not made for the Newark Supergroup
lacustrine rocks discussed above, but visual comparison were made
of their chromatograms with those of the Nova Scotia Offshore
samples. The Group 1 petroleums match only in some categories and
the Group 2 oils match poorly. This is not a thorough comparison
and the concept should be persued further, ideally using the

molecular markers in the saturate fractions as well.
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Light Hydrocarbon Gas Chromatography

Figure 30 shows the distribution of light hydrocarbons from
three selected crude o0il and condensate samples from three
boreholes. One of them (S. Venture DST #11) does not belong to to
our studied sample set. These data was received from Dr. M. G.
Fowler, ISPG, GSC, Calgary, Alberta. These data shows the presence
of several saturate and aromatics 1light hydrocarbons such as
toluene, nC,;, methylcyclohexane in these three samples. Toluene is
generally derived and dominant in the terrestrial organic matter
and is generally absent in lacustrine or marine aquatic organic
matter. Figure 30 shows the absence of toluene in Cohasset D-42
(DST #7) sample suggesting possible aquatic origin of this oil; N.
Truimph B-52 (DST #4) sample, in contrary, shows an abundance of
toluene suggesting terrestrial origin of this o0il. S. Venture
condensate with a mixed toluene and methylcyclohexane is possibly

derived from a mixed marine and terrestrial. organic matter.
SUMMARY AND CONCLUSIONS

Source—Rock—-Characterization

According to our existing data based on advanced microscopic
techniques, Rock-Eval pyrolysis, and Elemental Analysis of various
organic—-rich sediments, the following characteristics on the

various source rocks could be established.

(a) There are multiple mature source rocks of Kerogen Type IIA
(oil-source), IIA-IIB (oil-condensate prone), IIB (condensate—gas
prone), IIB-III (gas—condensate prone), IIT (gas prone), IV (non-
source), below a depth of 2200 m. However, except in the distal
Verrill Canyon Formation, the overwhelming majority of the analyzed
samples are Kerogen Type IIB, IIB-III, and III (Kerogen Type IIA,
IIA-IIB, IIB, IIB-III are equivalent to Kerogen Type II, II-III,
ITI respectively of Tissot and Welte, 1984).
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(b) Thin and local oil-prone mature source rock of Kerogen Type
IIA-IIB in the Logan Canyon (or its equivalent Shortland Shale),
Upper Missisauga, and Abenaki (Misaine Member) Formations, could be
the source for light oils in Cohasset, Panuke and Sable Island

Structures.

(c) The base of the ’0il Window’ (1.4% R,) varies between 4400 m at
Cohasset D—-42 to 5700 m at S. Venture 0-59. Vitrinite reflectance
is related to lithologic association and thermal conductivity/heat

flux related to overpressuring.
Relation between Overpressuring and Maturation Parameters

{a) Below the top of the overpressure zone, vitrinite reflectance
shows sudden increase in gradient (’kinky’ appearance). Conductive
heat transfer may be considered as the major process associated
with the development of abnormal pressure. The relation between top
of overpressure and vitrinite reflectance ’'kink’ suggests that in
some boreholes the overpressure is older than the present "top’ and

migrated through time.

(b) The relation between 1.0% R, (onset of major gas generation)
and the top of the overpressure suggests a possible relationship

between gas generation and overpressuring.

(c} In the overpressure =zone, organic matter (especially the
groundmass) preserves fluorescence suggesting the presence of ’/live
0il or bitumen’ in the so-called overmature zone or near the base
of the o0il window (1.3 to 1.7% R,). This suggests the possible
presence of more condensate and light o0il between 4500 to 6000 m
depth in the Scotian Basin, if suitable reservoir and seal are

present.

Quality, Maturation and Genesis of Petroleum
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The limited analysis of various light o0il and condensate samples
suggest the following:

(a) There is no relationship between the API gravity and reservoir
temperature, According to the overwhelming dominance of
hydrocarbons (>95%), all the liquid hydrocarbon samples should be
considered as condensate or light oil. This may also suggest a
possible gas injection at a later phase into an o0il reservoir,

which reduces the asphaltene and heterocomponents in the petroleun.

(c) Based on liquid chromatography and stable carbon isotope data,
the petroleum samples can be divided into two families. Family I is
high aliphatic-rich and possibly less mature; most of the Cohasset-—
Panuke oils, and some of the Sable Island o0ils belong to this
family. Family 2 contains high aromatics and possibly more mature;
S.Venture 0-59, Glenelg J-48, Chebucto K-90, Arcadia J-16, Venture
B-43, N. Truimph B-52, belong to this family. Two Sable Island and
Primrose oils belong to neither of these families. At this stage,
it is not evident whether they can be grouped into another Family
or not. According to the maturity trend based on isotopes, Cohasset
A-52, DST #5 is the least mature and Glenelg J-48, DST #9 is the

most mature.

(d) . The methylphenanthrene Index and the ratio of chrysene to
‘benzo (o) anthracene from the aromatic GC-MS indicate that most of
the petroleum samples have a maturity level corresponding to the
middle of the o0il window (MPI: 0.7 to 0.9). Accordingly, Cohasset-—
Panuke-Sable Island petroleums are less mature than the S. Venture,
Venture, and other samples. Cohasset A-52, DST #5 has the lowest
maturity and the South Venture 0-59 (DST#5) condensate has the
highest maturity.

(e) Based on aromatic GC-MS data, the petroleum may be classified
as "moderately thiophenic" Group 1 (Chebucto K-=90; N. Truimph B-52;
Olympia A-12, DST#5; Glenelg J-48, DST#8; and both S. Venture 0-59
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samples) and as "non-thiophenic" Group 2 (Cohasset D—-42, DST#7,
Cohasset A-52, DST#5, Sable Island 3H-58, DST#5, Panuke B-90,
DST#1) . Group 1 classification is supported by the similarity in
the distribution of polyaromatic hydrocarbon isomers among its
members. Group 2 shows more variability, although the two Cohasset
petroleums correlate very well. Some of the Group 2 petroleums are
possibly derived from lacustrine source rocks, which can be
developed with the Logan Canyon and Missisauga lower delta plain

environments.

(f) Light hydrocarbon gas chromatography data clearly differentiate
the Cohasset D=42 light oil from N. Truimph B-52 condensate based
on the ratio of toluene and methylcyclohexane. Cohasset o0il is most
probably originated from aquatic source rock and N-Truimph is from

terrestrial source.
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LIST OF TABLES & FIGURES
Table

la. List of crude oil/condensate samples showing borehole number,
stratigraphy, age, reservoir temperature, reservoir facies and API
gravity data.

1b. List of source rock samples showing borehole number,
stratigraphy, age, formation temperature, depositional facies, and
total organic carbon content (wt %).

2a. Ligquid chromatography and carbon isotope data of
oil/condensate.

2b. Liquid chromatography and carbon isotope data of source rock
extracts.

3. Vitrinite reflectance and fluorescence data of source rocks.

4. List of samples used for aromatic gc-ms analysis.

Figures

1. Depth to basement and major tectonic elements. Contours in
kilometres subsea (after Wade and MacLean, 1990).

2. Generalized stratigraphic column of central Scotian Shelf (after
Wade and MacLean, 1990).

3. Generalized facies distribution — Mic Mac and Abenaki Formations
and equivalents (after Wade and MacLean) .

4. Significant discoveries in Scotian Shelf. Small numbers indicate
the hydrocarbon-bearing formation(s) (after Wade and MacLean,
1990) .

5. Location map of all the boreholes, which were used for the all
types of geochemical analysis on source rock and crude
oil/condensates.

6. Photomicrographs for source rock analysis from the Cohasset
boreholes.

a. Inertodetrinite, rank—-inertinite, rank-cutinite, rank—amorphous
liptinite IIB and macrinite. Cohasset D-42, 4386.1 m. kerogen
concentrate, incident white light. X500. Kerogen Type IIB
(condensate—gas source rock)

b. Inertinite, vitrinite, sporinite, cutinite. Cohasset D-42,
4386.1 m. kerogen concentrate, transmitted white 1light, X200.
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Kerogen Type IIB (condensate—gas source rock)

c. Rank-amorphous 1liptinite IIA, particulate liptinite A, and
vitrinite, Cohasset D-42, 4410.5 m. kerogen concentrate,
transmitted white 1light.. X200. Kerogen Type IIA-IIB (oil-
condensate source rock)

d. Rank—amorphous liptinite IIA, clay minerals, and bitumen with
framboidal pyrite, Cohasset D-42, 4425.7 m. whole rock, incident
white light. X500. Kerogen Type IIA-IIB (oil-condensate source
rock) .

e. Inertodetrinite, macrinite, vitrinite (allochthonous and
autochthonous), amorphous liptinite IIB (in the middle), oxidized
sporinite, Cohasset A-52, 2138 m., kerogen contrate, incident white
light., X500. Kerogen Type IIB-III (gas source rock).

f. Vitrinite, sporinite, alginite, and oxidized framboidal pyrite,
Cohasset A-52, 2138 m., whole rock, incident white light. X500.
Kerogen Type IIB-III (gas source rock).

g. Vitrinite, oxidized sporinite, oxidized pyrite, Cohasset A-52,
2275 m., whole rock, incident white light. X500. Kerogen Type IIB
(condensate—gas source rock).

h. Vitrinite, particulate liptinite A, amorphous liptinite IIB, and
inertinite. Cohasset A-52, 2275 m., kerogen concentrate,
transmitted white 1light. X200. Kerogen Type IIB (condensate—gas
source rock).

7. Photomicrographs for source rock analysis from the boreholes
Evangeline H-98, Sable Island E-48, and Cohasset D—-42,

a. Sporinite, partially Dbiodegraded particulate liptinite A
(dinoflagellate), vitrinite, and amorphous liptinite IIA.
Evangeline H-98, 2335 m, kerogen concentrate, transmitted white
light. X200. Kerogen Type IIB (condensate-gas source rock).

b. Particulate 1liptinite A (acritarch etc.), vitrinite, and
amorphous liptinite IIB. Evangeline H-98, 2335 m, kerogen
concentrate, transmitted white 1light. X200. Kerogen Type TIIB
(condensate—gas source rock).

c. Vitrinite, 1lignite contamination (large dark grain), and
liptodetrinite. Evangeline H=98, 4760 m, kerogen concentrate,
transmitted white light, X200. Kerogen Type III (gas source rock).

d. Vitrinite, 1lignite contamination (trimacerite grain), clay
minerals, and oxidized pyrite. Evangeline H-98, 4760 m, whole rock,
incident white light, X500. Kerogen Type III (gas source rock).

e. Amorphous liptinite IIA mixed with mineral bituminous groundmass

44



and partially oxidized framboidal pyrite. Evangeline H-98, 4910 m,
whole rock, incident white light, X500. Kerogen Type ITA-IIB (oil-
condensate source rock).

f. Vitrinite, sporinite, amorphous liptinite IIB, and inertinite.
Evangeline H-98, 5020 m, kerogen concentrate, transmitted white
light, X200. Kerogen Type IIB (condensate-gas source rock).

g. Vitrinite, amorphous liptinite IIB, particulate liptinite A
(dinoflagellate?; partially biodegraded), Sable Island E-48, 2490.2
m, kerogen concentrate, transmitted white light, X200. Kerogen Type
IIT (gas source rock).

h. Saprovitrinite and partially oxidized framboidal pyrite.
Cohasset D-42, 2319.6 m, whole rock, reflected white light, X500.
Kerogen Type IIB-III (gas—condensate).

8. Photomicrographs for source rock samples from the Verrill Canyon
Formation of three boreholes.

All photomicrographs are in incident white light. Magnification
X500.

a. Amorphous liptinite IIA and pyrite. Alma F-67, 4625 m, kerogen
concentrate. Kerogen Type IIA-IIBR (oil-condensate source rock).

b. Amorphous liptinite IIA and mineral bituminous groundmass and
pyrite. Alma F-67, 5040 m, whole rock. Kerogen Type IIB
{condensate—-gas) .

c. Vitrinite, meta-sporinite, and amorphous liptinite IIB, and
pyrite. Glenelg J-48, 4620 m, kerogen concentrate. Kerogen Type III
(gas source rock).

d. Amorphous liptinite IIA changed to granular vitrinite, amorphous
liptinite IIA (without change), mineral-bituminous groundmass, and
pyrite. Glenelg J-48, 4940 m, whole rock. Kerogen Type IIA (oil
source rock).

e. Meta-alginite, vitrinite, inertinite, rank-sporinite, and
pyrite. Glenelg J-48, 5180.7 m, kerogen concentrate. Kerogen Type
ITIB (condensate—gas).

f. Mineral-bibuminous broundmass with amorphous liptinite TIIA,
solid bitumen, and pyrite. S. W. Banquereau F-34, 6260 m, whole
rock. Kerogen Type IIA-IIB (oil-condensate source rock).

g. Large solid-bitumen with amorphous liptinite IIA, pyrite, and
other minerals. S. W. Banquereau F-34, 6305 m, whole rock. Kerogen
Type IIB (condensate—gas source rock).

h. Clustered micrinite (secondary maceral) from amorphous liptinite
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ITIA and pyrite. Thebaud P-84, 4045 m, kerogen concentrate. Kerogen
Type IIA-IIB (oil-condensate source rock).

9. A plot of hydrogen index versus oxygen index showing position of
selected samples (from eight boreholes) within the various kerogen
maturation paths (after Espitalie et al., 1985).

10. A plot of T, (°C) versus hydrogen index showing position of
selected samples (from eleven boreholes) within various kerogen
maturation paths (after Espitalie et al., 1985).

11. A plot of mean randon vitrinite reflectance (% R°) and depth
(m) from two Scotian Shelf boreholes (S. Venture 0-59 and S. W.
Banquereau F-34).

12. Contour diagram showing the top of the overpressure in the
various Scotian Shelf boreholes (after Wade, in press).

13. A plot of mean random vitrinite reflectance, depth (m), and
formation pressure from two Scotian Shelf boreholes (S. Venture
0-59 and Louisbourg J—47). Data and plot from M.P. Avery (A.G.C.).

14. A plot of various Scotian Shelf boreholes showing the depth (m)
of 1.0% R, (mean randon vitrinite reflectance) (starting of the main
phase of gas generation) and the depth (m) of the top of the
overpressure.

15. Location map of various Scotian Shelf boreholes, where analysis
for stable carbon isotope of saturate and aromatics fractions were
done.

16. Gas chromatograms of the staurate fraction of various crude oil
and condensate samples: (a) Cohasset A-52, DST #5, (b) Cohasset A-
52, DST #2, (c) N. Truimph B-52, DST #4, 3771~3777 m., (d) N.
Truimph G-43, DST #1, 3835-3846 m, (e) Panuke B-90, DST #1, (f)
Thebaud C-74, DST #9, 3865-3888 m, (g) Thebaud C-74, DST #4.

17. A plot of del®C (stable isotope of carbon) of saturate and
aromatics fractions of:

(a) crude o0il, condensate, source rock extracts without lebels. The
dividing line showing the position of marine and terrestrial source
of these extracts (after Sofer, 1984)

(b) crude oils and condensates with lebels. The dividing straight
line is the best-fit line for linear equation: y = 1.07826 +
3.54538. The dividing dashed line is the line drawn after Sofer
(1984) :

Y (del®®C,,, = 1.074 X (del®®C_,) + 5.46
(c) crude oil, condensate, and source rock extracts with lebels for
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the source rock extracts. The dividing line is the line drawn after
the linear equation of Sofer (1984) as given in figure 17b.

18. Location map of various Scotian Shelf boreholes, where analysis
for aromatic GC-MS was done.

19. Mass Chromatograms of the isomers of the naphthalene
homologues. Peaks used in the study are labelled and molecular
structures are shown. ‘

20. Mass chromatograms of the isomers of selected tetraaromatic
compounds and their homologues. Peaks used in this study are
labelled and molecular structures are shown.

21. Mass chromatograms of the isomers of dimethylbiphenyl,
methyldibenzofuran and selected pentaaromatics. Peaks used in the
study are labelled and molecular structures are shown.

22. Examples of data preparation. Each individual are shown along
with the figure.

23. Example of a Composite Polyaromatic Trace (CPT) of normalized
isomer clusters. Each cluster is normalized to a maximum of 1, as
shown in Figure 22. See Figure 19 for key peaks in traces A-C,
Figure 20 for traces E-G, and Figure 21 for traces D and H.

24. Example of the computation of polyaromatic Trace remainders,
(a) From subtraction of traces of 1like samples, (b) From
substraction of dissimilar samples.

25. Maturity crossplots: (a) The ratio of 2-methylphenanthrene to
l-methylphenanthrene and Methylphenanthrene Index; (b) The
chrysene/benzo (&) anthracene ratio and the Methylphenanthrene Index.
The clarification of the symbols are in the figure.

26. Crossplots of the ratio of the sum of methyldibenzofuran
isomers to the sum of dimethylbiphenyl and methyldibenzofuran
isomers (qguantitated on m/z 182 chromatograms) and the ratio of
dibenzothiophene to the sum of tetramethylnaphthalenes plus
dibenzothiophene (m/z 184). Symbol keys are in the figure 26.

27. Composite Polyaromatic Trace remainders of "Group 2" oil
samples after the subtraction of the trace of Sample 4. Sample
numbers are shown to the left of each trace. See Figure 5 for key
to curves A through G. Scales are the same for each trace.
Horizontal axis is the zero line.

28. Composite Polyaromatic Trace remainders of oil and condensate
samples after the subtraction of the trace of Sample 1. Sample
numbers are shown to the left of each trace. See Figure 5 for key
to curves A through G. Scales are the same for each trace.
Horizontal is the zero line. (a) Group 1 petroleums, (b) Group 2
petroleumnms.
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29a. Composite Polyaromatic Trace remainders of rock extract
samples after the subtraction of the trace of Sample 1. Sample
numbers are shown to the left of each trace. See Figure 5 for key
to curves A through G. Scales are the same for each trace.
Horizontal axis 1is the zero line.

29b. Composite Polyaromatic Trace remainders of rock extract
samples after the subtraction of the trace of extract Sample 13.

30. Light hydrocarbon gas chromatograms of the whole oil/condensate

samples from Cohasset D—-42, DST #7, S. Venture 0-59, DST #11, N.
Truimph B-52, DST #4 (Fowler, personal communication).
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Table la,

Borehole No.
and
Test No.

List of crude

ail/condensate samples showing borehole

number, stratigraphy, age,

and API data.

Formation
{Age)

Depth
()
{ft)

reservoir temperature, facies

Heservoir
Temp
(Celsius)

fleservoir
Facies

Gas/0il
Ratio
[GOR)

Alma F-87
(DST47)

Alma F-67
{DST#2)

. Arcadia J-16

{DSTHY)

Janquereau
¢-21
(DST42)

Chebucto K-90
(DSTH#4)

Citnalta [-5Y
{DSTH2)

Cohassef A-bi
1DST45)

Gohasset A-52
(DSTH2)

Cohasset D-42
[DST#T)

Cohasset D-42
(PT43)

Glenelg J-48
{08T49)

Upper
Hississauga
{Barremian}

Hississauga
(Barrenian}

HicHac
{Bathonian-
Tithonian)

Uppar
Hississauga
(Barremian}

Upper
Hississauga
{Barremiant

Liower
Hississauga
(Tithonian)

Logan Canyon
[Albian)

Logan Canyon
{Albian/
Aphian)

Lagan vanvaon
falhian]

lipper
Yississauga
{Barremian)

Logan Canyon
{Aptian-
senomaniani

lpper
Hississauga
iBarremian|

2872-2890

3026-3032

$857-4869

3585-13598

$227-4218

1951-3957

2149-2183
(19D -
1888-91]

2397-2341
AAE
2043-48)

1861-1865
(R107-5121"1

2248-2255

(T376-7339"1

06 1-3064

HY1-7495

108

!

—
-

135

135

69

B3

30

104
{9841

Marine
channel -
beach

Harine
distal
channel

Delta -
shallow
marine

Delta plain
- fluvial
channel

Delta
front

Lower
delta
plain

Lower
delta
plain

Lower
delta
plain

Lower
delta
plain

Flavial

Harine
channel
or tan

Yarine
channel

41,

34,

42,

57.

50,

oo

41,3 63,200

29,7 4,190,474

29.7 10,000
29,0 129,783
- 13,348
4486 -
43,4 i1
{14 [
113 5
.2 72,81
Ly 190



30, Triumph
B-52
(DSTH4)

¥.Triumph
(-43
(DSTH1)

Olympia A-12
[DST43)

Olympia A-12
(DSTH5)

Panuke B-90
{DSTHL)

Primrose A-4l
(DSTH2)

Primrose N-50
{DSTHL)

Sahle Is.
g-41
[DST#i4)

Sable Is.
g-48
[DST35)

Sanle Is,
JH-58
[DST#4)

S,Venture
0-54
{DSTHLL)

S.Venturs
0-£g

LDSTHN

Thehaud C-T4
POSTHY

lpper
Hississauga
{Berriagian-
Valanginian)

Upper
Hississauga
(Barremian)

Lower
Hississauga
(Tithonian)

Lower
Hissigsauga
{Tithonian)

Hississauga
{Upper Ybr.
(Barrenian)

Wyandot
{Hid
Campanian}

Cap-rock
Facies (7)

Logan Canyon
{Aptian-
Cenomanian)

Logan Canyon
(Aptian]

Logan Canyon
{Aptian]

Lowar
Hississauda
[Berriastian-
Valanginiani

Lowar

Hississauda
(Tithonian-
Berriasian]

Hississauga
iLr, Hbroy

tTithonian-
Berriansian:

JTM-31M

3835-3848

4526-4518

4664-4678

2293-2299
(TVD:
2271-17)

1512

(4960")
1643-1669
(5390-5415")

1460-1461
14790-4795")

12262239

1632-1633
(TVD:1435-
1435.5
(4701-4710")

§255-4287

5035-5uh0

i19

130

135

5

81

50

50

145

Delta
front

Delta
front

Tidal/
lagoonal

Distal
channel
bar

Fluvial

Shallow
marine

Shallow
marine

Lower
delta
plain

Shallow
marine

Dalta
front

Distal
channel

Distal
channel

41.1

45.3

7.2

55.0

36,8

84.0

4.9

50,9

45,0

36,3

32

42,4

.
<
j 3

0.7

230,769

197,140

7,035

5,610

33,923

6,600

§7,014

$1.500



Theband C-74
{DSTH#4)

Venture
B-52
(DSTHL3)

Venture
B-13
{DSTHIT)

Venture
g-41
{05742

Intrepid
[J ‘3 U
[PTE3Y

Hississauga
(Lr, ¥br.) 4508-4521
{?Tithonian)

Lover
Hississauga  4920-4925
(?Tithonian)

Lower

Hississauga  4475-448%
(Berriasian-
Valanginian)

HicHac 5478-5498
{TXinmeridgian]

J341-3845

135

150

Barrier
bar

Distal
channel

Delta

front
distributary
channel

Delta
front

8.8

44.0

39.5 99,3588

30,7 1,000,800

2.0 46,875

40,5 86,288

1% = AP[ determined after drilling
TYD = True vertical depth

2% = APl determined on samples collected f{rom
COGLA, Dartmouth, H.§. in 1990



Table 1b, List of source rock samples showing borehole
number, stratigraphy, age, formation temperature,
depositional facies. and total organic carbon
content (wth) & vitrinite reflectance

Depth Formation
Formation (m) Temp T0¢ o
Barehole No, (Age} (ft) (Celsius) Facies {wth)
a, Cohassef Logan 2275.7% Shallow marine
A-52 {anyon {TVD:1992) 70 “(partially 2.88 .50
{74lbian) anoxic)
b, Cohasset Abenaki- $410-4413 Deep marine
p-42 Hisaine (14470 147 {partially 0.33 1.3
(Bathonian) 14430} anoxic)
¢. S.Venture HicMac Prodelta
0-59 {?0xfordian-  6105-6110 170 {partially 2.5 1,47
Kimmeridgian] anoxic)
4. Alna Yerrill Deep marine
F-57 fanyon §500 160 {partially 2.70
{t’retaceous) anoxic)
2, Glenely Verrill Deep marine
J-18 £anyon 5136.17 170 {partially 1.29 1.87
[Crataceous) (163) anoxic]
«xf Cohassef  Abenaki- Deep marine
b-42 Hisaine 1425 147 shelf .85 1,36
(Bathonian! {14520 {partially
anoxic)
¥3¢ Cohagsset  Logan 2215 Shallow
4-51 fanyon ldeviated marine .59 boad
{4ptian- depthi {partially
Soniacian! 2035 frrae anoxic)
fepthi
2¥h dyangeline Shortiand [eep marine
H-34 Shale 5030 {partially 2.06 1.52
iAlbian- anoxic)
Turonian!
tx{ fable s, Lodan 2490 Shallow
£-48 fanvon FRETHT aarine 2.81 .56
i{partially
oxidized)
¥xi vable Is, Lr.Hississauga 3849 Prodelta
0-47 fBarriasian-  {1253000 tpartially 2,00 9.85
Valanginiani agici



Table Za.

Borehole No. Component Analysis % of oil Dal C-13
and Sample mmmmeemmmmmeeceeeeeceooocomiien ceeo oo

Test No. Type % sat. % Arom  %NSO+Asph Sat/Arom Sat Arom
Alma F-67 Light oil 83.8 13.4 2.8 6.20 -36.9 -25.2
[DSTH#M) -condensate
Alma F-07 Light 72.9 24,3 2.8 300 =274 -25.%
1DSTHZ) oil
Arcadia J-16 Light oil - - - - -26.6 -24.8
{D§THY) -condensate

Banquereau Light oil 373 0.1 2.8 0.62 -26.9 -25.2
G-l -condensate

(DST#2) (%)
Chebucto K-90 Light 330 63,1 3.4 .50 -26.1 -4
[D8T4#4) oil

Gitnalta [-59 Condensate h9.5 35.38 3.1 1.0t -28.7 =259
1hsTEL)
Dohasset 4-52 Light ail 7.5 3.9 3on 380 -28.4 =217
(hSTH5) -condensate

Cohassef A-52 Condensate 334 136 30 .ol -27.1 -25.4
RN -light oii

Cohassen D-42 Light oil 17.3 17,2 5.4 $,50 =370 -25.1

tDST4T -condensate

Cohasser D-42 Light oil .1 2d.d 3.7 3,30 =470 =25
(PTE3)

Glenely J-48 tondensate 4.9 il b0 §.44 -55.4 -3
(D814

slenelg J-48 Light otl 3,4 b7 2.9 i34 -0l =24
1DS§THE) -congansate

Liquid chromatography and carhon isatope data of
gil/condensate and source-rock egxbracts,



N, Triumph Light o1
B-52 -condensate
(DSTH#)

N.Triuaph Light oil
G-43 -condensate
[DSTHL]

dlympia A-12 Light oil
(DSTHR) -condensate
Olympia A-12 Condensate

(D§THE) -light oil

Light oil
-condensate

Panuke B-90
(BSTHL

Primrose A-41 Light oil
{DSTH2)

Primeose ¥-50 Light oil
{DSTHL)
Sahle Is. Light oil
f-48
[p8T4i6)
sable [s, Condensate
E-48

(8T

Jable is. vl
M-8
1P, Test $#4)

S.Yenture Dondensate
(=59

tDSTHIY

S.ienture Condensate
n-5d

[osTeni

Light eil

-congensate

Thepand ©-74
LisTid

56,

54,

58,

1,

50,

55,

—~a
oo

54,

i,

879

0.5

15,7

o

o

(3

2

.86

140

1.50

-28.

=27,

28,

-1

-2,

-2,

[

-4,

=25,

-25.8

=24

-25.

AT



Thebaud C-74 Condensate 56,9 29,6 3.5 2.0 <266 -24.7
(DST#4]

Yenture vondensate 52.4 44,8 3.0 11T -26.5 =253
B-52

(DSTHL3Y

Yenture Condensate 52.1 44,5 3.4 117 -27.1 -25.9
B-13

{D8T#L

Janture Light oil h7.8 37 0.§ 213 1 T T
B-43 -condensate

103742}



Tabie 2b. Liquid chromatography and carbon isotepe data of
source-rock samples.

Borehole No, Brtumen Component Analsis % of oil Dei C-13
and Sample Extract — ==eswosmmmmrmommocommioecieiieoe s mmm oo
Depth (m} Type {mg/g TOC) % Sat. % Arom  %NSO+Asph Sat/Aron Sat Aronm
1.Cohasset Core 393.0 4.4 32.7 26,9 1.23 -29.2 -27.5
A-52

{2275.75)

b.Cohasset Core 19,0 54.8 22.6 22,6 2.4 =372 -35.8
D-42
{4419}

o
i
L
=3
—

¢, S.Venture Cuttings 103.0 18.9 3.5 19.8 1.5% =37
0-59
161051

d.4lna Cuttings 3340 36,7 37.8 25.5 .97 -28.5 =240
p-57
{45000

e.Glenely Core Wi 20 2L S L2528 -t
J-48
(51

5.7y

f.Conassettd¥) Gurtings H0 23.5 tH. 1 bhl.4 1.59 =257 -25.,0
b-47

RENENN

g.0ohassat(¥%) Core AR be. 8 1.4 25.1 5,50 -25.3 =353
A-53
12275}

Ladt.

=284

[
=2
i
35
—a
s

AT

(=3

h,Evangeline Tuttings 10,1 B8 . 11
H-48{*x]

i.3aple Is, cuttings 134 .8 0.5 8.7 1.5 -28.9 AN
B-d8if3)
AR

1.3anie Is, cuttings Ll 56,4 111 A 3.0 =309 AN
n-59i%%)
(3844}

ELEN

x*  Pata from sarlier report Nukhopadhyay



able 2. Vitrinite Reflectance and Fluorescence data of 3ource Rocks
Borehole No and Depth Yitrinite Reflectance Fluorescence Chsarvabions
Sample Type {m Rao otd. Dav.

4. Banquereau F-34

Cuttings 635.9 0.22 .02 Greenish yellow for sporimite
Cuttings 10800 0,32 0,04 Golden yellow for alginits
tuttings 1595.0 0,44 .03 Yellow for spariniie
Cuttings 616.0 0,43 0,06 Yellow liptodetriniis;
Luttings 3205.0 9,32 0,03 Yellow for sporinite
futtings 3725.0 .34 0,05 Orangs for spovinits ¥ algl
Luttings 40835.0 0,62 0,08 Orange for phytoclasts
Cuttings 4620.0 4,37 0.4t Homfluorescent
Cuttings 3l60.0 1,01 0.09 Red for graundmass
cubtings S760,0 L0 G.15 Nonfluorescent o arangs
Luttings 3960.0 1,380 9,08 nnf‘Uﬂrnscent to ved graun
Luttings 51400 1.73 4,23 b: ai
futtings 6305.0 130 0.23
Louishourg Cura 447.2 1,20 0,15
j-47 di
Tantallon M-d1 fare 3306.8 .82 4.03 G lxptnﬂef; it veliow o
ovange groundmass
Yaniyre B-52 Lare ¢.33 0,07 Orangs groundmass;yeiiow vim within
dolomite and foraminifsral test
W, Yenture H-31 Lore 3ia7.d 3,95 Intense diffuse orange-brown {av
gra unjna & 1 p:;aetrxnlte
tr 1§

GYOUnRdmass

3. res 0-76 ¢ ¥355.0 Load fad phyboclast & yeliow/orange grounda
frcadia J-16 75,3 1,22 frange cutinite & groundmass
W Chebucko K-20 33679 1,37 {irange phytso bk oyellaow - orangs
- groundmass
3. {t, 24 fellow to red sparinite
.23 YEIIQN phytaclasts
4.35 Yallow-orange spovinite
3.40 Honfluorascent to yellow sporinite
4,57 4,06 Moriluor P oboored sparinite

HEGD
4,03 Br:nqa a
S 5
Geug
P
Lt
44
1470
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Overlay of VR data from two Scotian Shellf wells
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B2 B4
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TETRAMETHYLNAPHTHALENES
G5 C10 and DIBENZOTHIOPHENE
OO
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Figure 19 Masschromatograms of the isomers of naphthalene
homologues. Peaks used in the study are labelled and molecular
structures are shown.
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Mass chromatograms of the isomers of selected tetraaromaitc
compounds and their homologues. Peaks used in the study are labelled
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and molecular structures are shown.
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M/Z 252 — Sample 1

BENZO[a]PYRENE & ISOMERS

Mass chromatograms of the isomers of dimethylbiphenyl, Figure 21
methyldibenzofuran and selected pentaaromatics. Peaks used in the
study are labelled and molecular structures are shown.



Example of data preparation.

a) Original partial mass chromatogram
of m/z 170, showing the distribution of
trimethylnaphthalene isomers.

Intensity —

1.2E+7
1.OE+7

b) Quantitation results of the 8.0E+6

principal trimethylnaphthalene

peaks. 6.0E+6

Peak Area

4,0E+6
2.0E+6

0.0E+0

1.00 -+
090 =+
0.80 +

0.70 +
¢) Normalized quantitation
results (most intense peak is 0.60 +
assigned a value of 1). 0.50 +

0.40 +
Figure 22 0.30

020 +
0.10 -+
0.00
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Figure 25

Maturity crossplots. a) The ratio of 2-methylphenanthrene to
1-methylphenanthrene and the Methylphenanthrene Index. b) The
chrysene/benzo[a]anthracene ratio and the Methylphenanthrene Index.
Symbol key: = Group 1 petroleums. XGroup 2 petroleums. O Rock extracts.
Sample numbers are indicated next to the symbols.



DBT

DBT + X TMN

Crossplots of the ratio of the sum of methyldibenzofuran isomers
to the sum of dimethylbiphenyl and methyldibenzofuran isomers (quantitated
on m/z 182 chromatograms) and the ratio of dibenzothiophene to the sum of
tetramethylnaphthalenes plus dibenzothiophene (m/z 184).

Symbol key: s Group 1 petroleums. X Group 2 petroleums. o Rock extracts.
Sample numbers are indicated next to the symbols.
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Figure 27

Composite Polyaromatic Trace remainders of "Group 2" oil samples
after the subtraction of the trace of Sample 4. Sample numbers are shown to the
left of each trace. See figure 5 for key to curves A through G. Scales are the same
for each trace. Horizontal axis is the zero line.
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