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'Evaluation of the Petroleum Systems by One and Two
Dimensional Numerical Modeling and Geochemical Analysis
in the Area of Most Recent Exploration Wells on the
Deepwater Scotian Slope, Offshore Nova Scotia

Dr. P. K. Mukhopadhyay (Muki), Global Geoenergy Research Limited,
1657 Barrington Street, Suite 427, Halifax, Nova Scotia, Canada,
B3J 2A1

(Contract Number 60127404: Agreement Number 4600007900 of October 2, 2006)

A. EXECUTIVE SUMMARY

This research contract was awarded by the Nova Scotia Department of
Energy to Global Geoenergy Research Limited of Halifax, Nova Scotia to re-
assess the petroleum system risk after a limited success to find oil and gas
within the Scotian Basin, Eastern Canada. Eleven wells were drilled on the
slope, but only Marathon Oil and its partners made a gas and condensate
discovery (30 meters net pay within the middle to Early Cretaceous age
sands — Missisauga Formation) in the Annapolis G-24 well. The contract
research covered the area between the deepwater portion of the Eastern
Margin of the Sable Subbasin to the Central Margin of the Shelburne
Subbasin, where the most recent deepwater wells have been drilled since

2001 (Figure A).

This petroleum system risk assessment has been achieved through a
preliminary evaluation of the geological and geophysical data, the
interpretation of the new and older geochemical data, one dimensional
thermal and pressure modeling of twelve wells (eleven slope and shelf), and
the comprehensive interpretation of two-dimensional migration and phase
separation modeling of five seismic lines using the PetroMod 1D/2D/3D

software (version 9.02) of IES Incorporated of Germany (Figure B).

! Final Report by Global Geoenergy Research Limited on the “Evaluation of the Petroleum Systems by ..... Numerical Modeling and
Geochemical Analysis........ on the Deepwater Scotian Slope, Offshore Nova Scotia (Contract Number 60127404 (Agreement Number
4600007900 of October 2, 2006)



As a requirement of the modeling software, a complete suite of geological,
geophysical, and geochemical parameters have been incorporated as input
parameters. Other than basic geological (lithology, geological age,

structure, etc) and geochemical (heat flow, source rock potential,
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Figure A. Location of the study area showing structural elements of the Scotian Basin
showing location of the salt structures and wells (modified after Wade and MacLean,
1990)

maturation, etc.) data, the software also requires some intricate geological
and geochemical properties for the modeling simulation of five seismic
lines. These properties included the timing of the salt movement (both
diapiric and allochthonous stages), data on the individual faults (opened
or closed), reservoir properties, multi-component kinetics of candidate
source rocks from the Scotian Margin, and the phase behavior of the
individual hydrocarbons. Thus, the hybrid simulator of the petroleum

system modeling deals with the thermal evolution, three-phase (oil, gas,



and water) complex hydrocarbon migration, reservoir saturation histories
through geological time in individual cells, and the eventual mass balance
of expelled and accumulated hydrocarbons within the five two-dimensional
seismic cross sections (A-A’, B-B’, C-C’, D-D’, E-E’; 9a, 9b, 9c, 9d, and 9e;
Figure B).
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Figure B. Bathymetric map of Nova Scotia with locations of the eleven slope and one shelf
wells used for the 1D modeling and five 2-D seismic lines utilized for the 2D modeling

A.1l. Salt Movement and Its Relation to Play Types and

Reservoir Sands

Based on earlier work of Wade and MacLean (1990) and Shimeld (2004),
various phases of vertical intrusion and horizontal extrusion of salt are
observed within the Triassic to recent sediments of the eastern part of the
Sable Subbasin (Salt Subprovince III of Shimeld, 2004). Therefore, the
timing of the salt emplacement within seismic lines A-A’, B-B’ and C-C’, D-
D’, and E-E’ are different. Based on previous studies on the salt

emplacement (Ing et al., 2004; Jackson et al., 2004; Jackson and



Vanderville, 1994; Rowan, 1995, 2002; Young, 2005), the following five

schematic conceptual stages have been identified for the A-A’ and B-B’

seismic lines (Mukhopadhyay et al., 2006). These five conceptual stages

also include the corresponding timing of hydrocarbon emplacement within

various reservoirs which will be evaluated during the two-dimensional

numerical modeling (Figure C):

K/
£ %4

*

X/

Stage 1 (Early to Middle Jurassic): Initiates oil generation from the

Early Jurassic source rock due to a high sedimentation rate and
high heat flow shortly after the rifting within the Scotian Margin
(170-150 Ma). The expelled oil acts as a lubricant, which will
increase the fluidity of the salt. Thus, the active salt diapirism has
been initiated due to the continuation of the high heat flow, the
sedimentation rate, and the high fluidity of the salt during the
Middle Jurassic Period,

Stage 2 (Late Jurassic to Early Cretaceous): Starts the full phase

of oil and gas expulsion from the Early to Middle Jurassic source
rocks due to the high sedimentation rate and heat flow. The oil has
increased the fluidity of the salt for its rapid growth into the main
diapiric stage. At this stage, the formation of sand within the Early
Cretaceous reservoirs could be hindered by the position and
thickness of the diapiric structures as suggested by Waltham and
Davison (2001). Reservoir quality sands could be deposited within

the salt flank or salt top plays during Late Jurassic Period,

Stage 3 (Early to Late Cretaceous): The major phase of oil

expulsion and cracking of oil to gas from the Early Jurassic and
Jurassic Verrill Canyon source rocks is closely related to the high
sedimentation rate and high heat flow. The continuing high
sedimentation rate, heat flow, and fluidity of the salt will mobilize

the basinward leaning of the diapirs and formation of “hourglass”
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salt stocks and salt tongues. At this stage, the downslope
displacement of sediment by sliding on top of the salt body has
created various growth faults, which will accelerate the turbidite
flows. However, counter regional faults over the “hourglass”
structures will create obstacles to turbidite flows (Waltham and
Davison, 2001)”. This period initiates major sand bypassing of the
distorted mini-basins of the upper slope due to the presence of
canopy-like thick and flat salt bodies. Eventually, the reservoir-
quality sands will be deposited within the middle and ultra-deep

slope.

Stage 4 (Early Tertiary): This is the time of salt withdrawal and
formation of major salt tongue and canopies. Major sediment input
and possible formation of deep-water sand reservoirs within the salt
withdrawal area could occur. However, by-passing of sands over the
canopy area could be the major event during this time period. The
oil and gas expulsion is continuing due to moderate to high heat
flow and the high sedimentation rate has continued to mobilize the

major movement of allochthonous salts.

Stage 5 (Late Tertiary): During this stage, the secondary cracking

of oil to gas or condensate occurs from all three major source rocks
(gas from Early and Late Jurassic source rocks and condensate from
the Cretaceous Verrill Canyon source rock). Major gas and
condensate expulsion is initiated due to the continued high
sedimentation rate and higher heat flow on top of the salt. Reservoir
sands develop as turtle structure and turbidite channels. Lower heat
flow within the sub-salt play types in the Early Cretaceous sands are
observed, which would be saturated with hydrocarbons if the sands

are indeed present within those reservoirs. However, most sands on
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top of the allochthonous canopies will still continue to bypass the

upper slope and deposit within the middle and lower slope.

— HF = Heat Flow
= = =
e Sable Subbasin “SST = Sandstone

Stage 5: Late Tertiary

| Stage 4: Early Tertiary

Stage 3: Early to Late Cretaceous High HF

Stage 2: Late Jurassic

Stage 1: Early Jurassic

Figure C. Conceptual model of relationship between the stages of salt emplacement and
various petroleum system parameters such as sand dispersal and heat flow within the
source rocks of the slope region from the Sable Subbasin (after Mukhopadhyay et al., in
press).
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The sedimentation rate and heat flow within the area between the western
part of the Sable Subbasin and the eastern part of the Shelburne
Subbasin (Salt Sub-Province II of Shimeld, 2004) were possibly lower
compared to the Salt Sub-Province III (eastern Sable Subbasin), especially
during the Early Jurassic to Early Cretaceous Periods. The timing of the
main phase of salt diapirism within the seismic lines C-C’ and D-D’ was
considered to be late in geological time (younger than 110 Ma). This
concept has also been applied to the 2D petroleum system modeling of
seismic lines C-C’, D-D’ and E-E’. However, more work is necessary to
understand the timing of salt diapirism of seismic line E-E’ as the diapiric

salt is located within the upper slope.

A recent sequence stratigraphic study (Brent Smith, CNSOPB Confidential
report, 2006) of the Scotian Margin have identified several paleo-submarine
channels within the upper slope region of the area between the Torbrook C-
15 and the Shubenacadie H-100 wells and within the area east of the
Tantallon M-41 well for various time periods (one in Late Jurassic to Early
Cretaceous and the other in the Early Tertiary periods). No major channels
could be located within the Eastern Sable Subbasin area. As the paleo-
submarine channels are the sand transport avenues from the shelf to the
slope region, more reservoir quality sands are expected to be deposited
within the upper slope region of these areas where these paleo-submarine

channels exist.

A.2. Source Rock Characterization
A.2.1. Organic Facies, Source Rock Potential and Maturation
The current geochemical work on the organic facies, source rock potential,
and maturation indicates the following aspects of the source rock
characterization:

+ The organic petrographic charactization of the sediments from the

Early Missisauga or Cretaceous Verrill Canyon Formation of the

13



Crimson F-81 and Annapolis G-24 wells suggests that they are

derived from a delta front depositional environment and not as

deepwater turbidite derived organic matter. Accordingly, the

morphology of these sediments suggests that these sediments were

deposited in a dysoxic depositional environment forming gas and

condensate prone Type II-III or III source rocks. On the other hand,

similar source rocks from the Weymouth A-45 well and the Tertiary

Banquereau Formation sediments from the Torbrook C-15 well are

organic rich and indicate that they are distinctly derived from a

deepwater marine anoxic depositional environment forming mainly

oil prone and condensate prone Type II and II-III source rocks.
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Figure D. Source rock potential (plot of S, and TOC) with positions of various
sediments from selected Scotian Slope wells. Type I and II - oil prone; Type II-III - gas
and condensate prone; Type III - mainly gas prone; Type IV - mostly non-source rock

or minor gas (modified after Mukhopadhyay et al., 2000, 2003)

s Based on earlier and current research on source rock evaluation of

the sediments from the Scotian shelf and slope wells and the DSDP

wells of the Moroccan Margin and Blake Bahama Basin (Legs 76 and

79), the following stratigraphic units could be projected as potential

source rocks within the Scotian Slope (modified from Mukhopadhyay
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et al, 2000; Mukhopadhyay, 2002; Mukhopadhyay et al., 2003;
Rullkotter and Mukhopadhyay, 1986, Rullkotter et al., 1984):

» Late Triassic/Early Jurassic lacustrine (Sinumarian-
Toarcian: Iroquois/Mohican Formation): organic rich, oil
prone Type I to II; (analogues from other rift basins from
Moroccan onshore and Newark Basin wells). This is a
projected source rock as no analogues has yet been found
from any deepwater wells on the Scotian Margin;

= Middle Jurassic marine (Callovian: Misaine Member):
gas/condensate prone and organic-rich mixed marine and
terrestrial Type II-III and III (analogues from the DSDP well
[Leg 76|, Blake-Bahama Basin and Acadia K-62 well from the
Scotian Slope;

= Late Jurassic marine (Kimmeridgian-Oxfordian: Jurassic
Verrill Canyon Formation), oil-prone, mainly marine Type II
(analogues from the DSDP Leg 79 and various Shelf and Shelf-
Margin wells from the Scotian Basin and the Grand Bank;

= Early Cretaceous marine (Berriasian/Valanginian: Lower
Missisauga or Cretaceous Verrill Canyon Formation)
(Mukhopadhyay et al., 2000, 2003); oil and gas prone Type II,
I[I-1II, and III (analogues from the Annapolis G-24 [GSC data],
Tantallon M-41, and the Weymouth A-45 wells from the
Scotian Slope and DSDP Leg 79);

* Mid-Cretaceous marine (Aptian to Cenomanian; Shortland
Shale or Logan Canyon Formation); gas and condensate
prone Type II-III or III (analogues from the Shubenacadie H-
100 and well from the DSDP Leg 75 and Leg 79);

* Early Tertiary marine (Paleocene-Eocene; Banquereau
Formation), oil and gas prone Type [, II or II-III (analogues
from the Albatross B-13, Annapolis G-24 [GSC data];
Shubenacadie H-100, and the Torbrook C-15 wells).
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% The comparable bottom-hole temperature and maturity of the Early
Jurassic (the Acadia K-62 well only) to Tertiary sediments from
various Scotian Slope wells suggest that (i) the Early to Middle
Jurassic sediments have higher heat flow and maturity compared to
the Cretaceous and Tertiary sediments within the Shelburne
Subbasin and western part of the Sable Subbasin, (ii) higher heat
flow within the Jurassic age sediments from the Shelburne
Subbasin is similar to the Cretaceous to recent sediments from the
eastern Sable Subbasin (area around the seismic lines A-A’ and B-
B’). Therefore, the Early and Middle Jurassic sediments from the
Acadia K-62 and Albatross B-13 wells from the Shelburne Subbasin
and the Early Cretaceous sediments from the Crimson F-81 and
Weymouth A-45 wells from the Eastern Sable Subbasin are mature
and lie within the “Principle Phase of Oil and Condensate
Generation”. All Tertiary sediments from the Torbrook C-15 well and
the Cretaceous or Tertiary sediments from the Shubenacadie H-100,
Albatross B-13, and Shelburne G-29 wells are immature for

hydrocarbon generation.

A.2.2, Source Rock Kinetics

The multi-component kinetics analysis of four hydrocarbon components
for two prolific source rocks (Cretaceous Verrill Canyon — Weymouth A-45
well, 6206m; and Jurassic Verrill Canyon — Alma K-85 well, 3540m) from
the Scotian Margin has documented the following hydrocarbon component
distributions for each source rock, which will be achieved during the
catagenetic transformation of hydrocarbons from the source rock. It will
also illustrate the probable temperature of cracking of each hydrocarbon

components (Ci, Ca to Cs, Ce to C14, and Cis+).
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Volumetrically, the primary cracking of each unit of the Jurassic and
Cretaceous Verrill Canyon source rock will generate the following
percentages of hydrocarbon components:

v Cretaceous Verrill Canyon: 17% normal gravity oil (C;s+), 62% light

oil and condensate (Cs to Ci14); 15% wet gas (C2 to Cs), 6% dry gas or
methane (C;), and

v Jurassic Verrill Canyon: 40% normal gravity oil (Cis+), 47% light oil

and condensate (Cs to C14); 10% wet gas (C2 to Cs), 3% dry gas or
methane (C;).

The computed temperature and maturity of 10%, 50%, and 90%
hydrocarbon expulsion (various components) for the Cretaceous and
Jurassic Verrill Canyon source rocks could be demonstrated as follows
(Table A-1):

Table A-1
Components | Temperature | Temperature Temperature % R, for % R, for 50% % R, for 90%
(°C) for 10% | (°C) for 50% (°C) for 90% 10% Hydrocarbon Hydrocarbon
Hydrocarbon | Hydrocarbon | Hydrocarbon Hydrocarbon Conversion Conversion
Conversion Conversion Conversion Conversion
Cretaceous
Verrill Canyon
Cise 110 125 138 0.63 0.73 0.83
Ceto Cyy 136 151 165 0.81 0.99 1.22
C, to Cs 137 157 176 0.82 1.10 1.43
C 138 162 186 0.83 1.17 1.65
Jurassic Verrill
Canyon
Cise 87 113 140 0.47 0.64 0.85
Coto Cyy 128 144 157 0.75 0.89 1.10
C,to Cs 136 153 169 0.81 1.03 1.30
C 141 165 190 0.86 1.22 1.74

Cis: = normal gravity oil; Cq to Cy4 = light o0il and condensate
C, to Cs = wet gas; C; = dry gas (methane)

The Jurassic Verrill Canyon source rock has documented an early

generation of hydrocarbons (especially the normal gravity oil fraction).

However, the broad spectrum of the activation energy distributions

suggests that it will continue expelling the hydrocarbons much longer in




total geological time periods than the Cretaceous Verrill Canyon source
rock. Therefore, the Jurassic Verrill Canyon source rock will also produce
more secondary gas from the cracking of normal gravity crude oil and light
oil. The overall early generation and expulsion of hydrocarbons from both
source rocks (Jurassic and Cretaceous Verrill Canyon) compared to other
typical Type II source rocks from the various parts of the world
(Kimmeridgian Shale, Woodford Shale, etc.) may indicate the possible
presence of abundant oxygen-functional group compounds within the

kerogen network (derived from the terrestrial organic matter).

A.3. One Dimensional Petroleum System Modeling: Thermal

and Pressure Properties

The one dimensional petroleum system modeling of twelve wells has
established the following aspects of the burial or thermal histories,
hydrocarbon charge, and migration histories:

v' At least three different heat flow zones exist within the Scotian Slope
are as follows:

(a) moderate to low heat flow: area east of the Shelburne G-29
and west of the Evangeline G-98 wells,

(b) moderate to high heat flow: area between the Evangeline H-98
and the Crimson F-81 wells, and

(c) low heat flow: area in proximity to the Tantallon M-41 well.

v' The burial and thermal histories of all twelve wells suggest that only
the Cretaceous Verrill Canyon source rock from the Annapolis G-24
and the Newburn H-23 wells (eastern Sable Subbasin) and the Early
to Middle Jurassic sediments from the Acadia K-62 well (western
Sable Subbasin) have attained the liquid and vapor phases of
hydrocarbon generation (Figure E). As such, the expulsion of

hydrocarbons from various source rocks did not attain the main
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Figure E. Burial history of the Annapolis G-24 well with maturity zones (immature, liquid
or oil, vapor or gas/condensate, and overmature gas)

vapor phase (R, > 1.0%) for the optimum saturation of the
Cretaceous and Tertiary reservoirs until 30 Ma. Therefore, the
“critical moment” of hydrocarbon emplacement within all twelve
wells has either been reached very recently (last 30-5 Ma) or has not
been reached at all. This data clearly indicates that (i) deeper drilling
into the Jurassic Period sediments and (ii) penetrating at least 5000
m of sediment thickness is necessary to get any significant
hydrocarbon saturated reservoirs within the area surrounding these
twelve wells from the Scotian Slope.

v" The modeling pressure data indicates that the sediments below 5000
m within most of the eastern Sable Subbasin wells (Annapolis G-24,
Crimson F-81, Newburn H-23, and Weymouth A-45) are within the
overpressure regime. The deeper sediments within the area between
the Shelburne G-29 in the eastern Shelburne Subbasin and the
Shubenacadie H-100 well in the western Sable Subbasin do not lie
within the overpressure regime. However, some of the younger

sediments (Banquereau Formation) within the western part of the

19



Sable Subbasin slope are situated within an overpressure regime.
This type of overpressure is usually caused by the compaction

disequilibrium of these younger sediments.

A.4. Two Dimensional Petroleum System Modeling:

The review of the two dimensional petroleum system modeling of the five

seismic lines (A-A’, B-B’, C-C’, D-D’, and E-E’) from the Scotian Margin has

documented the following salient features of the hydrocarbon migration,

reservoir saturation, and reservoir properties:

A.4.1. Eastern Sable Subbasin (lines A-A’ and B-B’)

R/
L4

X/

The best Cretaceous to Miocene reservoir sands (derived as a result
of modeling) could be located either within the northwestern side of
the salt growing area or within the distal margin towards the
southeastern side of these two lines. A typical example would be the
Early Cretaceous sand packages (reservoir) within the Annapolis G-
24 well. The lack of similar Early Cretaceous reservoir within the
Crimson F-81 well could be inferred as being located within the
southeastern side of the leaning diapir during the Early to Middle
Cretaceous time. The slight variation in maturity between these two
wells may support this concept. The sediments within the area
between Annapolis G-24 and Crimson F-81 wells were situated
within a salt withdrawal stage around 130-110 Ma. Accordingly,
most of the turbidite sands have bypassed the upper slope
(allochthonous salt affected areas) to the lower slope in a water-
depth deeper than 2500m,

Two to three phases of hydrocarbon expulsion (170 Ma, 130 Ma, and
30-0 Ma) could be documented within various parts of seismic lines

A-A’ and B-B’,

As discussed earlier, most of the earlier generated C15+ oil was cracked

to dry gas. Accordingly, a volume expansion of expelled hydrocarbons
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occurred around 110 Ma within the Cretaceous sediments due to the
high maturity (>1.15% Ro) of the Early Jurassic and Jurassic Verrill
Canyon source rocks. This volume expansion of the fluids could have
triggered the overpressure within the existing reservoirs since 55 Ma.
The hydrocarbon migration vectors above the Early Cretaceous
Annapolis G-24 reservoir clearly indicate a hydrocarbon leak from the
top of the reservoir (Figure F). This leaking is possibly created due to

the diffusion and buoyancy of low molecular weight reservoir
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Figure F. Line A-A’ — Saturation of various reservoirs with API gravity, possible GOR, and
Hydrocarbon component tracking (in molar fraction) of Early Cretaceous turbidite
reservoir of the Annapolis G-24 well.

hydrocarbons. However, the reservoir hydrocarbons are being
replenished due to the input of the liquid phase hydrocarbon migration
from the oil prone Cretaceous Verrill Canyon source rock (Figure F).
Therefore, the overpressure within the Early Cretaceous reservoir of the
Annapolis G-24 well is being maintained. All Jurassic and Early

Cretaceous reservoirs within both seismic lines (A-A’ and B-B)) lie
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within an overpressure regime. Most Miocene reservoirs are mostly

either under normal pressure or have a mild overpressure,

% All reservoirs contain more than 85-90% dry gas with 10-15% of wet
gas and condensate. The Early Cretaceous and Late Jurassic
reservoirs (mostly conceptual) have an API 64.8° and a GOR of 183.1

m3/m3 (Figure F).

A.4.2. Western Sable Subbasin — Eastern Shelburne Subbasin (seismic
lines C-C’, D-D’, and E-E’

v/ Salt diapirs are located on the landward side of the seismic line E-E’
and on the deeper basinward side of the other two lines (C-C’ and D-
D’). Accordingly, a well defined deepwater channel reservoir could be
located within the basinward side of the seismic line E-E’, (beyond
the salt diapirs). All resulting reservoirs (derived from the modeling
results within the sand-rich units) within the seismic lines C-C’ and
D-D’ occur either as an anticlinal play type (related to the basement
structures) or occur as salt-top and salt-flank play types within the
upper to middle slope,

v' The timing of the rapid salt diapiric growth within the seismic lines
C-C’, D-D’ and E-E’ coincides with the timing of the major expulsion
of the liquid hydrocarbons from the Early Jurassic and Jurassic
Verrill Canyon source rocks (around 110 Ma). The migration of Cis+
oil from the Early Jurassic source rock has started around 130 Ma.

v' Two phases of hydrocarbon migrations are documented from the
Early Jurassic and Jurassic Verrill Canyon source rocks in the
seismic line E-E”: (i) the expulsion of the Cis+ 0il and Ce to Ci4 light
oil and condensate occurred around 130-110 Ma; and (ii) the
expulsion of both primary or secondary gas expulsion happened
between 75 Ma and 55 Ma due to the cracking of Cis+ 0il from both

those two source rocks. The reservoirs were saturated with
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hydrocarbons between 75 Ma and 55 Ma within the seismic line E-
E’,

One phase of hydrocarbon expulsion (light oil, gas and condensate)
could have started since 75 Ma within the seismic lines C-C’ and D-
D’. Within the seismic lines C-C’ and D-D’, the full hydrocarbon
saturation of various reservoirs (derived from modeling sand-rich
zones) has started comparatively later (than the line E-E’) and in
between 75 Ma and 5.3 Ma,

Within all three seismic lines, the Jurassic, Cretaceous and the
Tertiary reservoirs were being replenished with oil from the
Cretaceous Verrill Canyon source rock and gas from the Early
Jurassic and Jurassic Verrill Canyon source rocks,

All turbidite channels (one on line D-D’ and one on E-E’ — identified
in Figure 9e) and salt-flank or salt-crest (top) (two within line D-D’,
identified in Figure H) reservoirs have more than 90% hydrocarbon
saturated (Figure G),

The genetic fingerprinting on the source rock to reservoir
hydrocarbon composition suggests that all reservoir hydrocarbons
(Late Jurassic, Early Cretaceous, and Early Miocene) are genetically
related to the Early Jurassic and Jurassic Verrill Canyon source
rocks within the seismic lines E-E’. All reservoirs within seismic line
E-E’ show more than 95% dry gas. The reservoir hydrocarbons on
this line have an API of 50°-58° and GOR of 343-158 m3/m3.

The genetic fingerprinting on the correlation of the source rock to
reservoir hydrocarbon composition within the seismic lines C-C’ and
D-D’ suggests that all reservoir hydrocarbons have some
contributions from all major source rocks (Figure G). Most of the
Cretaceous and Tertiary reservoirs within these two seismic lines (C-
C’ and D-D’) contain mixtures of 10-20% light oil (C10 and Czo), 20-
30% condensate, and 50-70% dry gas. The reservoir hydrocarbons
have an API of 48° to 59° API and GOR of 71 to 84 m3/m?3 (Figure G)
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v' The Early to Middle Cretaceous and the Tertiary reservoirs of these
three seismic lines within the normal or mild overpressure regime.
Most Jurassic reservoir hydrocarbons are situated within an
overpressure regime. The amount of overpressure in all three
seismic lines within this region is much lower compared to the

seismic lines A-A’ and B-B’.
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A.5. Mass Balance of Reservoir Hydrocarbons

The major interest of the two-dimensional petroleum system modeling is to
achieve a mass balance of hydrocarbons within the area surrounding the
five major northwest-southeast seismic lines (A-A’, B-B’, C-C’, D-D’, and E-
E’). This mass balance of hydrocarbons includes as follows: (i) how much
mass of hydrocarbons have been generated and expelled from three major
source rocks (Early Jurassic, Jurassic Verrill Canyon and Cretaceous
Verrill Canyon); (ii) what volume or mass of hydrocarbons have

accumulated within various reservoirs; and (ii) what volume or mass of
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hydrocarbons have been lost during migration (from the source rock to the
reservoir through the carrier bed) or lost due to the secondary cracking of
liquid hydrocarbons to gas or the loss due to the stability of the seal rock.
The mass balance data for all five seismic lines indicates that the three
major source rocks (as discussed earlier) have contributed more than 90%

of the total hydrocarbon masses accumulated within various reservoirs.

Lines A-A’ and B-B’ are from the eastern part of the Sable Subbasin slope
area, which are associated with the complex salt canopy structures. Lines
C-C’ and D-D’ are from the western section of the Shelburne Subbasin or
within the western part of Sable Subbasin and are associated with salt
diapiric structures. The mass balance of hydrocarbons for all five seismic
lines is summarized in the following Table B-1 (masses calculated within a

kilometer radius area; eg. Figure H):

Table B-1
Seismic Total Mass Total Mass Total Mass Total Mass Each Source How the HC lost from Main
Line Generated Expelled Accumulated in | Lost from Rock Reservoirs Reservoirs for
(10°Kg (10°Kg Reservoirs (10)° | Reservoirs Contribution (%) Accumulated
(Mtons)/m’ (Mtons)/m’ Kg (Mtons)/m® (10°Kg Hydrocarbons
(Mtons)/m’ (%)
A-A’ 6861.64 6382.1 488.5 5893.6 65JVC/CVC 30 | *Vertical Seal 60% Late
EJ *Sec. Cracking Jurassic
B-B’ 8227.6 7292.31 709.14 6583.2 60 JVC/CVC 18 | *Horizontal/vertical 45% Middle
EJ *Sec. Cracking Misssauga
30% Late
Jurassic
c-C 2926.12 2340.24 508.9 1831.26 40 JVC/CVC 30 | *60% Vertical Seal 50% Late
EJ *Sec. Cracking Jurassic
D-D’ 3451.1 2290.4 888.1 1402.3 40 JVC/CVC 30 | *70% Vertical Seal & 35% Middle
EJ Horizontal Seal Paleocene
35% Late
Jurassic
E-E’ 9074.32 8043.48 574.13 7469.34 38 JVC/CVC 45 | 60% Sec. Cracking 80% Early
EJ 30% horizontal Miocene &
Middle
Cretaceous

EJ = Oil Prone Early Jurassic Lacustrine Type I and II; JVC = Oil Prone Jurassic Verrill Canyon Marine Type II; CVC =
Qil Prone Cretaceous Verrill Canyon Marine Type II; HC = hydrocarbons; Sec. Cracking = Secondary cracking of oil to

dry gas in reservoir or carrier bed or within source rock and related volume expansion

* Reservoirs = except the Early Cretaceous reservoir within the Annapolis G-24 well, all other reservoirs are conceptual

reservoir derived from the modeling data

Using the similar basic geological, geophysical, and geochemical input

parameters for all five seismic lines, the mass balance of hydrocarbon

data suggests that the seismic line D-D’ area would be the best
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suitable exploration target area because of the ratio of the total

accumulated hydrocarbons and hydrocarbon losses (Figure H).

Within line D-D’, the Late Jurassic or Early Cretaceous reservoirs,
which occur as salt-top or salt-flank plays and the Tertiary reservoirs
as salt-top or turbidite channel plays should be the best future
exploration targets (Figure H). The expected reservoir hydrocarbons
within line D-D’ would be 60-70% dry gas, 20-30% condensate, and
10-20% light Oil (C10 to C20 normal alkanes).

Line D-D’
NNW o 20 40 60 80 100 km SSE
0

TWT " Possible Reservoir Unit

Figure H. Seismic line D-D’ (Eastern Shelburne Subbasin) with selected formation
boundaries, faults, salt diapirs, and possible reservoir units (depth in ms)
In spite of huge masses (or volumes) of expelled hydrocarbons within the
seismic lines A-A’ or B-B’ and E-E’, the accumulated hydrocarbons within
various reservoirs are much lower than the seismic line D-D’. This is

caused by the major hydrocarbon losses through the vertical or lateral seal
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and the timing of secondary cracking of oil to gas, which are possibly
related to the complex salt structures. The Late Jurassic deepwater sands
within the seismic line C-C’ could be a secondary target within the
Western Sable Subbasin because of the moderate expelled and
accumulated reservoir hydrocarbons. The reservoir hydrocarbon
composition should be similar to the seismic line D-D’ as both areas lie

within the low to moderate heat flow regime.

The following three exploration targets could be recommended within
the eastern part of the Sable Subbasin:

1. The Late Jurassic channel deepwater play type within a present
day water depth o 500-2500 m,

2. The Middle to Early Cretaceous deepwater or delta-front
channel play type. This target should occur within the shelf side
of the complex canopy system and be restricted to a present
depth of less than 2000 m,

3. The Late Jurassic to Early Tertiary deepwater turbidite channel
sands beyond 2500 m water depth depth.

The expected reservoir hydrocarbons within seismic lines A-A’ and B-
B’ could contain greater than 80-90% dry gas, 10-20% condensate,
and 0-10% light oil. Sub-salt reservoirs may contain more than 30-

40% condensate and light oil.

More work is necessary to predict any exploration risk within the seismic
line E-E’. The expected reservoir hydrocarbons within the line E-E’ would
be more than 90% dry gas because of the high heat flow in this region due

to its closeness to the Jurassic and Cretaceous volcanic activities.
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A.6. Exploration Risk

A comprehensive petroleum system risk analysis of the 2D numerical
modeling of five seismic lines identified the following risk factors:
v Viable petroleum system is dependent on the heat flow, timing of
salt movement, and sand dispersal especially within the mini-
basins of the Eastern Sable Subbasin,

v Least Risk for Drilling: The Middle Cretaceous to Early Tertiary

turbidite fans and Late Jurassic-Early Cretaceous salt-flank or
salt-crest plays (depths between 1500 - 2500 m water depth) on
seismic lines D-D’ and E-E’ will have the lowest risk for future
exploration within the Scotian Margin. Probable reservoir
hydrocarbon will be as follows: 43-56° API gas (>60%), condensate
(10-30%), and light oil (10-20%). Late Jurassic reservoirs may
contain 90% dry gas

v Moderate Risk for Drilling: The Early Cretaceous turbidite fan or

delta-front plays and Late Jurassic channel sand plays on the
northwestern side of allochthonous salts (within a water depth of
500 - 2000 m) on the seismic lines A-A’ and B-B’ will have
moderate risk for future exploration within the Scotian Margin,

v High Risk for Drilling: The Miocene and Early Cretaceous turbidite

fan plays within the allochthonous salt-related deepwater areas of
the eastern portion of the Sable Subbasin (between 500 — 2500 m
water depth) will have the highest risk for future exploration within
the Scotian Margin,

v Expected Pore Pressure of Reservoir Liquid: Tertiary — Normal to

mild overpressure especially within the Eastern Sable Subbasin;

Late Jurassic to Early Cretaceous - overpressure
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B. RECOMMENDATIONS

The Phase I petroleum system risk assessment indicates a major gap in
knowledge on the relationship between the timing of the salt movement,
deepwater sand dispersal, the histories of the hydrocarbon generation-
migration-entrapment, and the stability of the seals. Therefore, the
following future work is highly pertinent and recommended:

% Completion of a Phase II study of this project using two dimensional
petroleum system modeling for another fifteen to twenty 2-D seismic
lines (depth converted and interpreted). This work should be
performed in conjunction with the identification of various
reservoirs, play types and their relationship with the timing of the
salt movement,

* Re-evaluation of the basement structures and establish a basement
fracture map of the Scotian Slope,

¢ Analysis of the biostratigraphy of at least two to three wells from the
Sable Subbasin (recent wells) or purchase already existing
proprietary confidential data from a service company,

% Analysis of vitrinite reflectance of the Annapolis G-24, Newburn H-
23, and the Tantallon M-61 wells after the solvent extraction of the
synthetic oil-base drilling mud,

¢ Procurement of the interpreted seepage data from the Satellite Image
analysis and the Scotian Slope surface geochemical studies. This
data will be incorporated with the Phase II petroleum system risk

assessment work in conjunction with the two dimensional numerical

modeling of fifteen to twenty seismic lines.

Using these diversified parameters of the petroleum systems, the contract
research has completed the Phase I study of the risk assessment and the
evaluation of the hydrocarbon prospectivity of the study area within the

Scotian Slope, Offshore Nova Scotia, Eastern Canada. Considering the vast
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aerial extent of the target area, lack of dense grid of 2D petroleum system
modeling, absence of any detailed work on the timing of the salt movement,
and the lack of properly defined (based on sequence stratigraphic
interpretation) defined traps and reservoir units, the conclusion of this report
(Phase I) should be considered preliminary. For complete appraisal of the
petroleum system risk and identification of the future drilling targets within

the Scotian Margin, Phase Il research is highly pertinent.
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Evaluation of the Petroleum Systems by One and Two
Dimensional Numerical Modeling and Geochemical Analysis
in the Area of Most Recent Exploration Wells on the
Deepwater Scotian Slope, Offshore Nova Scotia

1. INTRODUCTION

The Scotian Basin is one of the major passive margin Triassic-Quaternary
depocenters in Eastern Canada (Figure 1a). This basin, within Nova
Scotia’s provincial jurisdiction, extends from the Laurentian Subbasin in
the east to the Yarmouth Arch on the United States-Canada border in the
west. The aerial extent for the exploration areas of the deepwater Scotian

Basin is approximately 150, 000 square kilometers.

The Scotian Basin has attracted petroleum exploration activity since 1959,
when Mobil started its first aeromagnetic survey (Wade et al., 1989). The
first offshore well Tors Cove D-52 (located in the eastern Scotian Basin)
was drilled in 1966 on an anticline (top of a salt diapir). From 1966 to
1990, approximately 167 wells have been drilled in the Scotian Slope
region (Figure 1b). During that time, only five wells (Acadia K-62, Albatross
B-13, Shelburne G-29, Shubenacadie H-100, and Tantallon M-41; Figure
la) were drilled in the Scotian Margin and no significant quantities of
hydrocarbons could be detected in this region. Twenty-two wells have been
classified as ‘significant’ discoveries of hydrocarbons in the Scotian Basin.
Within this discovered petroleum, two wells contain light oil, two have light
oil and gas, and 18 other wells have gas and condensates. All these
discoveries are within the Scotian Shelf in less than 200m water depth and

within a 100 kilometres of the Sable Island area (Figure 1b).
From 1990 until the present time, another phase of renewed interest has

resulted in the drilling of 37 additional wells that include both exploration

and production wells (current total: 204 wells; CNSOPB Website, 2006).
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From 1990 to 1994, exploration and development activities were
concentrated over the Cohasset and Panuke fields within the LaHave
Platform of the Scotian Basin. Lasmo Oil Company and its partners (Nova
Scotia Resources and PanCanadian Oil & Gas Company) developed the
Cohasset and Panuke fields and the production of light crude oil started in
1992. Since 1995, ExxonMobil (Mobil Oil Canada Ltd.) and its major
partners (Shell Canada and Imperial Oil) commenced the initiative for the
development of the Venture, Thebaud, Alma, South Venture, and the
Glenelg fields within the Scotian Shelf (Figure 1b). In 1999, a significant
discovery of gas and condensate was made by PanCanadian Energy
(currently EnCana) within the Jurassic carbonate bank reservoir (Abenaki
Formation). This discovery was made by the Panuke J-99 well located on
the eastern part of the Jurassic Carbonate Bank. The Deep Panuke Field
is still currently on hold and could be under consideration for future

development.

Renewed interest in hydrocarbon exploration in the deepwater offshore
Nova Scotia in late 2001 resulting from successes in other global
analogous deepwater areas resulted in the drilling of six wells since 2001
(Annapolis B-24 /G-24, Balvenie B-79, Crimson F-81, Newburn H-23,
Torbrook C-15, and Weymouth A-45; Figure 1a). However, only the
Annapolis G-24 well, Marathon Oil and its partners made a gas and
condensate discovery in the Mississauga sands (Middle to Early
Cretaceous) (Figure 1c). Approximately 30 meters of net pay was
encountered over two zones in the Missisauga sands. None of the other
deepwater wells drilled in the Scotian Slope encountered any significant
hydrocarbons although some of these wells (Balvenie B-79 and Newburn
H-23) indicate some condensate and gas saturation in thin sandstones

and carbonates (for reference, see well history reports for each well).
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1.1. Administrative Aspects

The proposed project was initiated by the Resource Assessment and
Royalties Division of the Nova Scotia Department of Energy in June 2005.
Accordingly, a public tender for the submission of proposals to “Evaluation
of the Petroleum Systems By 1D and 2D Numerical Modeling and
Geochemical Analysis in the area of most recent exploration wells on the
deepwater Scotian Slope, offshore Nova Scotia” was advertised at the
Public Tender Office in late September 2005. Global Geoenergy Research
Ltd of Halifax, Nova Scotia submitted a comprehensive research proposal in
response to the “Request for Proposal” (Tender Number 60127404) from
the Nova Scotia Procurement Branch of the Public Tender Office for the

Nova Scotia Department of Energy.

The project was awarded to Global Geoenergy Research Limited and work
commenced on November 2, 2005. The time schedule of the contract work
was eventually delayed by six weeks due to a delay in securing the
1D/2D/3D petroleum system modeling license from IES Incorporated,
Aachen, Germany in November 2005 and the acquisition of the five 2D
seismic lines from the Canada Nova Scotia Offshore Petroleum Board
(CNSOPB). The original submission date of the final report (April 15, 2006)
for this project has been extended until May 31, 2006 based on an
approved request (dated April 12, 2006) from Global Geoenergy Research
Limited.

The total contract price is $120,000.00 + HST. However, $27,750.00 has
been allotted from the contract price for various geochemical analysis
(multi-component kinetics of two candidate source rocks, TOC, Rock-Eval
pyrolysis, and). Global Geoenergy Research Limited has subcontracted
most parts of the geochemical work (multi-component kinetics, TOC, and

Rock-Eval pyrolysis) to Humble Geochemical Services (Humble Instrument
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& Services Inc.) in Humble, Texas, USA. Global Geoenergy Research
Limited has performed the vitrinite reflectance analysis for the project in

its headquarters in Halifax, Nova Scotia.

1.2. Implications of the Project

The major geological framework of the Scotian Slope is similar to the
deepwater Gulf of Mexico, offshore Morocco, and the West African margin
as all these basins have been affected by salt tectonics and major growth
faults. However, specific geological parameters (thickness of Pliocene-
Pleistocene sediments, difference in heat flow histories, etc) of the Scotian
Slope are quite dissimilar to the other deepwater basins. Compared to the
deepwater GOM and the West African Margin but the Triassic to early
Cretaceous sediments from the Scotian Slope are more similar to the
Moroccan deepwater sediments (Figures 2a and 2b). The vast amount of
geological and geophysical information and interpretations that are
currently available within the public domain as publications and reports
are mostly concentrated within the shelf part of the Scotian Basin (Jansa
and Wade, 1975; Mukhopadhyay et al., 1995; Wade and MacLean, 1990;
Wade et al., 1995; Welsink et al., 1989). Only a few publications are
available on the deepwater Scotian Basin (Geological Survey of Canada
Basin Database, 2006; Hogg, 2001; Kidston et al., 2002; Mukhopadhyay et
al., 2000, 2002, 2003; Mukhopadhyay and Wade, 1993; Mukhopadhyay,
2000; Shimeld, 2004). In 2002, the Canada Nova Scotia Offshore
Petroleum Board (CNSOPB) published an in-depth study on the resource
estimation of the Scotian Slope based partially on the study of analogues
from other Atlantic Margin basins and 1D petroleum system modeling
(Kidston et al., 2002). The hydrocarbon reserve estimation by the CNSOPB

is mainly based on the probabilistic methods.
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This report will include a combination of existing and new data from
geological, geophysical, and geochemical sources to help the petroleum
industries highlight the risks associated with oil and gas exploration and
identify various reservoir properties before drilling (including reservoir
saturation, composition of the hydrocarbons, reservoir pressure, and
temperature) within the deepwater Sable Subbasin and surrounding
deepwater areas offshore Nova Scotia. Future companies interested in the
deepwater Scotian Basin will receive valuable information to achieve their
prospect evaluation based on a better understanding of the petroleum

system elements before drilling very expensive and high risk wells.

1.3. Scope of the Contract

Although there has been extensive 2-D and 3-D seismic acquisition
programs over the past several years, the petroleum industries have
recently halted additional drilling within the Scotian Slope while they
assess the new geological information acquired from the recently drilled
wells and re-assess the data. Based on consultation with industry, the
Nova Scotia Department of Energy initiated this contract to develop a
better understanding of the geological processes to better identify
prospective areas. This report examines the latest geosciences data (mostly
from the well history reports and recent publications) to better understand
the petroleum systems in selected areas of the Scotian Slope. However,
this report could not use various biostratigraphy and geochemistry
completed on recent deepwater wells by the petroleum industry as this

data will not be public until 2008-2010.

The report will cover various selected areas between the eastern part of the
Sable Subbasin (Tantallon M-41 well) and the central part of the
Shelburne Subbasin (Shelburne G-29 well) of the Scotian Margin (Figure

1a). This type of work is very important as similar integrated studies on
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petroleum system risk assessment have resulted in major discoveries for
other Atlantic Margin basins (deepwater Brazil, West Africa, and Gulf of

Mexico) in the recent past.

This contract report will incorporate the evaluation of the deepwater oil and
gas prospects based on the petroleum system risk assessment (Magoon and
Dow, 1994; Mukhopadhyay et al., 2003). A petroleum system (Magoon and
Dow, 1994) is a composite geological system that includes integration of all
available geological, geophysical, and geochemical elements and processes
including structural reconstruction play types, reservoir and traps,
hydrocarbon charge and migration, and accumulation related to existing oil
and gas entrapment. The petroleum system model is a dynamic earth
system model as it provides a complete record through geological time. The

models are mostly comprised of merged petroleum systems.

The contract has established a comprehensive understanding of how the
ambient conditions of the petroleum system within a selected area of the
deepwater Sable and Shelburne subbasins have changed over geological
time. The objective of the project is to evaluate a full n-component, three
phase, one and two dimensional modeling of the ‘petroleum system’
incorporating various geological, geophysical, and geochemical data. One
dimensional (1-D) modeling will be used for the initial assessment of the
burial and maturation histories of the basin and timing of hydrocarbon
expulsion (using multi-component kinetics) from the existing 11 slope
wells and one shelf well Evangeline H-98. Two-dimensional modeling (2-D)
of five seismic lines will determine the migration fairways, the relationship
between phase migration with reservoir saturation and compositions,
reservoir pressure/temperature conditions, seal rock stability, and risk

assessment for potential reservoirs.
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The proposed research has evaluated geologically macro-, micro-, and
molecular levels of the petroleum system risk assessment as the target
basin has major risks involving reservoir formation, timing of hydrocarbon
migration, seal stability, etc. Therefore, it will also exhibit the following
parameters:

v' Constraints of the heat flow, temperature, hydrocarbon movement in
the area where salt tectonism is pervasive.

v Geological implications of salt tectonics and its relationship to the
transportation of turbidite sands and the anoxicity of the source
rocks in mini-basins and other deepwater areas (a theory on the by-
passing of sands surrounding the mini-basin),

v' Fingerprinting of hydrocarbon migration from source to reservoir
units via carrier beds, and

v" Hydrocarbon seepage from the reservoir and the stability of vertical

and horizontal seals along five analyzed seismic sections.

1.4. Work Schedules

The analytical part of the contract was conducted over the last five months
commencing on November 2, 2005. The schematic below in Table C

illustrates the major work flow and timelines:
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Table C

Monthly Work Accomplishment

Scheduled Work Nov Dec Jan. Feb. Marc April May
05 05 06 06 06 06 06

Geological Data Collection
Geophysical Data Collection
Geochemical Data Collection
1D Modeling

2D Modeling

Data Compilation
Final Report Writing

Table A. Chart shows the work flow and schedule for the project

2. GEOLOGICAL FRAMEWORK

The Scotian Basin contains Mesozoic-Cenozoic sedimentary rocks, which
are up to 16 km thick. It developed during the break-up of the
Supercontinent Pangaea in the Late Triassic to Early Jurassic (~230-190
Ma) Period as North America separated from Africa (Jansa and Wade,
1975; Welsink et al., 1989; Wade and MacLean, 1990; Louden 2002). In
the Nova Scotia Margin, the extrusive volcanism in the southwest during
the Bajocian age (example; Georges Bank) to non-volcanic margin in the
northeast (example: Sable Subbasin) as seen through the East Coast
Magnetic Anomaly documents the boundary between the continental and
oceanic crust (Dehler et al, 2004; Funck et al., 2004; Louden et al., 2005;
Wu et al., in press). Prior to rifting, the Essaoiura Basin from Morocco
was juxtaposed with the Scotian Basin (CNSOPB, 2005, ONAREP, 2000)
(Figure 2a). At approximately 225 Ma, a part of the Pangean
Supercontinent (part of Nova Scotia and Morocco’s margins), which was
situated within a paleo-latitude of 10-20° drifted northward. During that
period of the Mesozoic era, a thermal uplift occurred within the Nova

Scotia-Newfoundland area of Pangaea resulting in the development of a
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rift valley system (Wade et al., 1989, Wade and MacLean, 1990). This rift
valley system eventually separated North America from Africa during the
early Jurassic. The subsidence history of the Scotian Basin and Labrador
Shelf indicates that these regions underwent extension during rifting in
the Early Jurassic and Late Cretaceous and has since subsided passively
due to conductive cooling of the lithosphere (Royden and Keen, 1980).
Renewed tectonism during the Sinumarian period resulted in the complex
faulting and erosion of Late Triassic-Early Jurassic sediments forming

Break-Up Inconformity (Wade and MacLean, 1990).

The Scotian Basin extends for a distance of 1200 km along the
continental margin of Canada south of Nova Scotia and Newfoundland.
Rifting of Pangaea through the Late Triassic and early Jurassic opened up
a thick sequence of sedimentary strata in a series of interconnected
subbasins or grabens and ridges or platforms which include the following
structural elements: Abenaki Subbasin, Burin Platform, Canso Ridge,
LaHave Platform, Mohican Graben, Orpheus Graben, Sable Subbasin,
Shelburne Subbasin, and South Whale Subbasin (Fig. 1b). Smaller
isolated basement lows (Naskapi and Mohican grabens) were also formed

during the rifting.

The Scotian Slope covers an area of about 150,000 square kilometers,
which includes three major subbasins within the Nova Scotia territorial
region: Laurentian, Sable, and Shelburne (Wade and McLean, 1990)
(Figures la and 1b). Most of the Jurassic-Tertiary sediments of the slope
area of these three subbasins have been penetrated by the Early Jurassic
Argo salt in various forms excluding diapirs, canopies, etc (Figures 1b and

2a).

The synrift facies, the Eurydice Formation is Late Triassic to Early

Jurassic in age (Scythian to Sinemurian). This formation overlies the Pre-
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Mesozoic basement, and contains fluvial, lacustrine, and aeolian
sediments. The Eurydice Formation in the deeper grabens consists of
evaporite facies, which is overlain by similar facies of the Argo Formation
from Ladinian to Sinemurian age (Fig. 2a; Wade and MacLean, 1990;
Wade et al., 1995). The synrift Eurydice and Argo Formations may be up
to 10 km thick in the Orpheus Graben, 5 km in Abenaki Subbasin and 3
km in the Sable Subbasin (Wade et al., 1995).

The post-rift sediments begin with the clastic Mohican Formation
(Sinemurian to Bajocian age) and a local dolostone facies, the Iroquois
Formation from Sinemurian to Pliensbachian in age (Figures 1c and 2b).
The Mohican Formation is overlain by a variety of continental to marine
facies, which are Middle to Late Jurassic in age. These include the
continental Mohawk Formation (sandstone and shale; Bathonian to
Oxfordian age) and the shelf area, the deltaic Mic Mac Formation
(sandstone, shale and limestone; Bathonian to Tithonian age), a
carbonate bank facies of the Abenaki Formation (carbonate and
calcareous shale: Bathonian to Kimmeridgian in age) with its four
members (Artimon, Baccaro, Misaine, and Scatarie), and a basinal shale
facies of the Verrill Canyon Formation (Bathonian to Kimmeridgian)
within the Scotian Slope (Figures 1c and 2b). None of the recently drilled
slope wells have penetrated any Jurassic aged sediment. No deepwater
basinal facies sediments have been observed in the Acadia K-62 and
Albatross B-13 wells as they are associated with the Jurassic Carbonate

Bank.

During the Early Cretaceous, a widespread regression was initiated which
resulted in a much larger fluvial-deltaic system (major sandstone and
shale sequence) termed the Missisauga Formation (Berriasian to Aptian
age). The rapid deposition and increased sedimentation resulted in the

migration of the delta and also growth faults that stepped progressively
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seaward as the delta prograded. The overall trend of marine regression
and deltaic sedimentation continued until the end of Barremian. However,
a high order transgressive event during the Hauterivian is easily identified
by the “O” marker, an oolitic limestone unit (Wade and MacLean, 1990;
Shimeld, 2004). This middle member extends from the shale unit to the
base of a series of limestone beds, which is a typical lithological marker
(“O” marker). The maximum thickness of the Missisauga Formation is
about 2100 m in the Sable Subbasin. Locally, on the LaHave Platform, the
carbonate facies of the Abenaki Formation is flanked and overlain by the
typical Missisauga clastics (Wade et al., 1989). In the distal part of the
delta and the slope regions, the sand and shale facies of the distal
Missisauga Formation and the shale and siltstone facies of the Verrill
Canyon Formation are continued. In the Annapolis G-24, Newburn H-23,
and Weymouth A-45 wells, the Missisauga age equivalent sediments
(Aptian and older, Wade and MacLean, 1990, Wade et al., 1995) were
encountered below 4332 m, 4570 m, and 5108 m, respectively (see

Chapter 3 of this manuscript).

The Missisauga Formation is overlain by the regressive and transgressive
Logan Canyon Formation (sandstone and shale; Aptian to Cenomanian
age). The Shortland Shale is the deeper water basinal facies of the Logan
Canyon Formation and exceeds more than 2000 m in thickness along the
shelf-break areas (example: Evangeline H-98) (Wade and MacLean, 1990).
The thickness of the Logan Canyon Formation varies from 1600 m in the
Sable Subbasin to 1000 m in the Abenaki Subbasin to 500 m on the
LaHave Platform (Wade et al., 1989). The type section of the Logan canyon
Formation can be seen in the Cree E-35 well. The upper part of the
trangressive Logan Canyon Formation is overlain by another transgressive
sequence of the Dawson Canyon Formation (Turonian to Santonian age),
which consists of up to 300 m of mainly marine shale. The transgressive

Dawson Canyon Formation is overlain by a limestone and chalk facies,
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the Wyandot Formation (Santonian to Maastrictian age) that has an

average thickness of 135 m and is overlain by the Banquereau Formation.

The deep-water shale facies of the Banquereau Formation includes strata
ranging from Campanian to Maestrictian and to the Eocene age. Overlying
regressive facies were formed during the erosion and reworking of the
Cretaceous facies due to tectonic tilting of the Scotian Basin in the Late
Tertiary. Regression and progradation in the Late Tertiary and Quaternary
have formed the present day Scotian Shelf and Slope (Wade et al., 1989).
The maximum thickness of the Banquereau Formation occurred in the
outer shelf and slope areas, which exceeded 2000 m in places
(Shubenacadie H-100 well). The Banquereau Formation sediments are
overlain by unconsolidated glacial till, glaciomarine silts, and marine

sediments that were deposited during the Quaternary Period.

The Scotian Basin (offshore Nova Scotia) and the Essaoiura and Tarfaya
basins (offshore Morocco) have a close similarity in tectonic and
stratigraphic evolution through time prior to rifting. A comparable
evolution of the salt basins and the stratigraphic chart of the Nova
Scotian and the Moroccan offshore successions are illustrated in Figures
2a and 2b. In the Moroccan Margin, the opening of the Atlantic was
preceded by Triassic-early Jurassic rifting followed by massive regional
subsidence during the Jurassic and much of the Early Cretaceous

(ONAREP, 2000).

3. SOURCE ROCK EVALUATION - CURRENT CONTRACT

3.1. Introduction

The most common ingredient of a petroleum source rock is to identify its
organic richness or total organic carbon (TOC) content. Organic carbon is

composed basically of three components: (1) oil and gas already formed; (2)
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insoluble organic matter (kerogen); and (3) dead carbon, which has no

potential for hydrocarbons.

It is the organic matter type that determines the type of product that will
predominate during decomposition. The variability of the organic matter
type depends on the original biomass that was ultimately condensed into a
macromolecule of insoluble organic matter or kerogen. Kerogen type is a
function of chemical composition and structure. Basically, there are oil
and gas prone components in kerogen. Type I (mainly anoxic lacustrine
and marine algal remains) and II (marine biodegraded algal sometimes
mixed with terrestrial or lacustriane algal/higher plant components)
kerogens have predominantly oil prone kerogen, whereas Type III kerogens
(mainly terrestrial humic and lipid components) have predominantly gas
prone kerogen (Tissot and Welte, 1979; Hunt, 1996; Mukhopadhyay and
Wade, 1990; Peters et al., 2005).

Type IV kerogens are non-source rocks or they do not generate enough
hydrocarbons. However, in most basins of the world, a majority of
deepwater source rocks in the world include some mixtures of Type II and
Type III kerogens forming mainly light oil, condensate, and gas (Hunt,

1996; Mukhopadhyay et al., 2003).

The generation of oil and gas and the conversion of oil to gas are described
by primary and secondary hydrocarbon cracking reactions, respectively.
Primary products include oil and associated gas both resulting in the
decomposition of kerogen (the primary macromolecular structure of
organic matter). Secondary gas or non-associated gas is derived from
primary products, i.e. oil. Yields are also a function of primary and
secondary cracking reactions, which are dependent on thermal exposure

or thermal maturity.
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3.2. Samples and Source Rock Analysis

Thirty samples from four wells (Alma K-85 — one sample; Annapolis G-24 —
one sample; Torbrook C-15 - 7 samples; and Weymouth A-45 - 21
samples) have been analyzed for Rock-Eval pyrolysis and total organic
carbon (TOC) (Tablel). The two samples from Alma K-85 (Jurassic Verrill
Canyon) and Annapolis G-24 (Cretaceous Verrill Canyon) were selected for
multi-component kinetics analysis [components: Ci, C2 to Cs, Ce to Ci4,
Cis+; (Table 1)]. All thirty samples were collected as unwashed cuttings.
Similarly, thirty samples from three wells (Crimson F-81 — 4 samples;
Torbrook C-15 - 7 samples; and Weymouth A-45 — 19 samples) have been
analyzed for vitrinite reflectance measurements (Table 2). One sample from
the Newburn H-23 well has also been collected from a sidewall core at
5962.8 m. This sample was not analyzed due to possible low organic

matter content.

Two samples selected for multi-component kinetics analysis are organic-
rich (Alma K-85: 2.43% TOC - Jurassic Verrill Canyon Formation and
Annapolis G-24: 4.56% TOC - Cretaceous Verrill Canyon Formation; Table
1). Based on the hydrogen potential (S2 and hydrogen index), only the
Alma K-85 sample is considered to be a mixed oil/gas prone source rock
[Figures 3a (i to iii)]. In spite of low calculated maturity (VRo for Alma
sample is 0.49% and 0.60% for the Annapolis G-24 sample), both samples
have already expelled a moderate amount of hydrocarbons suggesting an

early generation of oil in both samples.

All seven samples from the Torbrook C-15 well are moderately organic rich
(1.46 to 1.85% TOC — Table 1). Similarly, based on the So and hydrogen
index values, all seven organic rich shale samples (Miocene to Eocene age)

from the Torbrook C-15 well have moderate to high hydrocarbon potential
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(hydrogen index: 233 to 287 mg HC/g TOC). Based on various Rock-Eval
pyrolysis plots, these sediments are considered to be mixed oil and gas
prone kerogen Type II-III source rocks [Figures 3b (i, ii, and iii)]. The
production index data suggests that all samples have low hydrocarbon

expulsion suggesting an immaturity of these sediments.

With the exception of one sample (depth: 5760 m — 0.92%), all samples
from the Weymouth A-45 well are moderately organic rich and show
mostly 1-2% TOC (Table 1). Sediments beyond 6182m show moderately
high S> (mostly greater than 3.5 mg HC/g of rock) and hydrogen index
values (249-346 mg HC/g TOC) suggesting elevated hydrocarbon potential.
Accordingly, the Cretaceous Verrill Canyon sediments (of Hautervian age)
from 6206 m to 6520 m in the Weymouth A-45 well have the highest
hydrocarbon potential. These sediments are considered to be mixed oil and

gas prone kerogen Type II-III source rocks [Figures 3c (i to iv)].

3.3. Multicomponent Kinetics and Hydrocarbon Expulsion
The kinetics determination is the rate of conversion of hydrocarbons in
geological time and temperature from the insoluble part (kerogen) of the
source rock. In most of the numerical simulation models of the geological
systems, the rate of conversion of kerogen in the source rock to petroleum
uses a series of first order parallel, stoichiometric thermal cracking
reactions (Peters et al. 2005). Therefore, in a laboratory simulation, the
timing and amount of each molecular component or components of
expelled hydrocarbons could be documented analyzing the distribution of
activation energies and a single Arrhenius factor, which are used to
calculate kerogen decomposition rates using rate equations and an
assumed first order reaction (Jarvie and Lundell, 2003). As the slight
variations of organic facies can bring high uncertainties for the timing and
amount of hydrocarbon expulsion from a single source rock, multiple

component kerogen kinetic measurements have been performed on two
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source rocks to yield a more reliable evaluation of uncertainty in
numerical simulations of petroleum generation. The detailed procedure for

the multi-component kinetic determinations is illustrated (Appendix A-2).

As defined earlier, two prolific source rocks (Cretaceous and Jurassic
Verrill Canyon) from the Scotian Margin have been selected for multi-
component kinetics determination. Four groups of hydrocarbon
components have been analyzed: (C: [dry gas]; C2 to Cs [wet gas]; Ce to C14
[condensate — light oil]; Cis+ [normal gravity to heavy oil].

As the Cretaceous Verrill Canyon sample from the Annapolis G-24 well
has shown anomalous S; and S» in two different measurements during
Rock-Eval pyrolysis, another sample from the Weymouth A-45 well was
selected for multi-component kinetics analysis after scrutinizing the Rock-
Eval pyrolysis data. The hydrocarbon potential and total organic carbon
data from these two samples was used for the kinetic analysis from the
Weymouth A-45 (6206 m — Cretaceous Verrill Canyon) and Alma K-85
(3520 m — Jurassic Verrill Canyon) has been illustrated in Table 3a and

4a. The replacement sample has a better hydrocarbon potential.

The kinetics analysis from four hydrocarbon components (Ci, C2 to Cs, Ce
to Ci4, and Cis+) of two samples suggest that both Cis+ 0il and Ce to Ci4
condensate fractions from the Cretaceous Verrill Canyon (Weymouth A-45,
6206 m) have higher activation energy distributions and corresponding
timing of hydrocarbon expulsion than the sample from the Jurassic Verrill
Canyon (Alma K-85, 3520 m) (Tables 3b and 4b; Figures 4a (i) and 4a (iii)
and 4b (i) and 4b (iii). The main activation energy distributions of Cis+ oil
and condensate (Ce to Ci4) fractions from the Cretaceous Verrill Canyon
source rock are centered at 48-51 and 52-54 Kcal/mole, whereas some of
these fractions in the Jurassic Verrill canyon source rock is concentrated
at 43-47 and 49-52 Kcal/mole (Tables 3b and 4b). The pyrolysis-gas

chromatographic compositional grouping of expelled hydrocarbons from
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both samples suggest that the volumetrically primary cracking of each
unit of Cretaceous Verrill Canyon source rock will generate 17% normal
gravity Cis+0il, 62% Ces to C14 condensate and light oil; 15% C> to Cs wet
gas, 6% methane (Ci) [Figure 4a (ii))]. On the other hand, Jurassic Verrill
Canyon source rock will generate 40% normal gravity Cis+0il, 47% Cs to
C14 condensate and light oil; 10% Cs to Cs wet gas, 3% methane (Ci)
[Figure 4b (ii))]. The normalized kinetics calculation from the primary
cracking of kerogen suggests that the Cretaceous Verrill Canyon source
rock has 10% inert carbon, whereas the Jurassic Verrill Canyon consists

of less than 5% inert component.

The computed temperature (°C) and vitrinite reflectance (% Ro) at onset
(10%), 50% and 90% hydrocarbon conversion from the Cretaceous and

Jurassic Verrill Canyon source rocks have been documented in Table A-2:

Table A-2

Components | Temperature | Temperature | Temperature % R, for % R, for 50% | % R, for 90%
(°C) for 10% | (°C) for 50% | (°C) for 90% 10% Hydrocarbon | Hydrocarbon
Hydrocarbon | Hydrocarbon | Hydrocarbon Hydrocarbon | Conversion Conversion
Conversion Conversion Conversion Conversion

Cretaceous

Verrill Canyon

Cise 110 125 138 0.63 0.73 0.83

Ceto Ciy 136 151 165 0.81 0.99 1.22

C, to Cs 137 157 176 0.82 1.10 1.43

C, 138 162 186 0.83 1.17 1.65

Jurassic Verrill

Canyon

Cise 87 113 140 0.47 0.64 0.85

Ceto Cyy 128 144 157 0.75 0.89 1.10

C, to Cs 136 153 169 0.81 1.03 1.30

G 141 165 190 0.86 1.22 1.74

Cys5+ = normal gravity oil; C4 to C4 = light oil and condensate

C, to Cs = wet gas; C; = dry gas (methane)

The kinetics modeling data suggests that the Jurassic Verrill Canyon
source rock generates the oil fraction earlier than the Cretaceous Verrill
Canyon source rock. On the other hand, the Cretaceous Verrill Canyon

source rock generates gas fractions earlier than the Jurassic Verrill
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Canyon source rock. The definition of the primary decomposition of the
kerogen is strictly based on the differences in reaction kinetics resulting
from inherent compositional differences in organic matter. The inherent
differences in organic matter composition are possibly caused by the
nature of sediment transport. These reactivity differences in the rates of
kerogen decomposition can result in different levels of conversion at
equivalent thermal exposure (Jarvie et al., 2003). This may affect the
timing of onset and peak hydrocarbon generation for individual source
rocks. This data suggests that the Cretaceous Verrill Canyon source rock
has started generating oil around 110-120°C and at a maturity of 0.63 and
0.73% Ro, whereas the hydrocarbon expulsion from the Jurassic Verrill
Canyon source rock is at 87 to 134°C and at a maturity of 0.75 and 0.89%
Ro. The early generation of oil from both the Jurassic and Cretaceous
Verrill Canyon source rocks compared to typical Type II source rocks
(Kimmeridgian or Woodford Shale, etc.) may indicate possible abundance
of an oxygen-functional group of compounds derived from the terrestrial
organic matter input also visualized from the organic petrological studies

(Jarvie et al., 2003, Mukhopadhyay, 2000).

3.4. Vitrinite Reflectance Analysis

Thirty organic rich sediments from the Crimson F-81, Torbrook C-15 and
Weymouth A-45 were selected for vitrinite reflectance measurement. The
maturity of all four Early Cretaceous sediments (6025 m to 6740 m) from
the Crimson F-81 well lie between the early to late phase of oil generation
and early phase of gas generation (0.65% to 0.94% VRo) (Table 2).

All seven Tertiary (Miocene to Eocene) samples from the Torbrook C-15
well are immature for hydrocarbon generation and have a low thermal
gradient (slope: y =3.861.8Ln(x) + 7141; Figure 5B). The organic rich
sediments from the Weymouth A-45 well (Figure 5C) up to 5501 m

(Cenomanian to Barremian) are immature for hydrocarbon generation
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similar to the Tertiary sediments from the Torbrook C-15 well. However, all
other source rocks between 5760 m and 6520 m are mature for liquid
hydrocarbon generation. The amorphous organic matter rich and oil prone
Cretaceous Verrill Canyon source rocks between 6206 m and 6520 m lie

within the principle phase of hydrocarbon generation.

3.5. Organic Facies and Source Rock Potential

The visual kerogen and Rock-Eval pyrolysis data from all Cretaceous
(Missisauga and Cretaceous Verrill canyon formations) samples below
5750 m depth from the Weymouth A-45 well, all five Tertiary Banquereau
formation samples from the Torbrook C-15 well (Eocene to Miocene age),
and one Jurassic Verrill Canyon sample from the Alma K-85 well contain
abundant framboidal and fine grained pyrite and marine amorphous fluffy
lipid components (biodegraded algal). This organic matter is partially
mixed with terrestrial components (vitrinite and inertinite) forming oil and
gas prone Type II-III source rocks (Figures 5d and 5e). This data suggests
that these sediments were deposited in a partially anoxic depositional
environment. The autochthonous and allochthonous terrestrial ligno-
cellulose components (vitrinite and inertinite) of the Type II-III source
rocks from the Torbrook C-15 and Weymouth A-45 wells suggest that they
were derived from turbidity induced flow from the shelf. The amorphous
organic matter of the Cretaceous Verrill Canyon source rocks (Type II-III)
from the Weymouth A-45 well shows distinctive features of a deepwater
organic facies due to the presence of fecal pellets of zooplanktons and
more well preserved vitrinite grains. Morphologically, these sediments are
similar to the Cretaceous Type II and II-IIl source rocks from various Deep
Sea Drilling Project Sites from offshore Morocco and Blake Bahama Basin
(DSDP Leg 76 and Leg 79; Rullkotter et al., 1984 and 1986, Rullkotter and
Mukhopadhyay, 1986). The anoxicity was developed on typical deep

marine depositional settings due to a relationship between the higher
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influx of terrestrial organic matter and the lower consumption of organic

matter by bacteria.

Visual kerogen analysis of most organic matter within all four samples
from the Crimson F-81 well and in one sample from the Annapolis G-24
well indicates that they contain low framboidal pyrite and abundant
terrestrial organic matter because of the recycled and rounded grains
vitrinites, semifusinite, and exinite (oxidized spores and resins). Therefore,
they form mainly gas (with some condensate) prone kerogen Type III or II-
IIT source rocks. This type of organic association is quite typical of a
sedimentary setting in a deltaic front and shallow upper slope areas where
deltaic organic matter usually deposits in a dysoxic deepwater

environment (Tables 1 and 2; Figure 5f).

Various plots of Tmax (maturation) versus S; or production index values
from the Rock-Eval pyrolysis have been used to define the generated
hydrocarbons within the source rocks. However, all four recently drilled
wells on the Scotian Slope (Annapolis G-24, Crimson F-81, Torbrook C-15,
and Weymouth A-45) were drilled with synthetic oil based mud additives.
Unfortunately, some of the anomalous nature of the S; fraction of these
organic-rich sediments from these wells could be related to oil
impregnation, which could be derived from the synthetic oil based mud
additives. Therefore, all interpretations related to the S; fraction should be
taken with extreme caution. Similarly, the maturity data might be partially
suppressed due to the base oil contamination, in spite of using common

extraction procedures.

The organic facies, hydrocarbon potential, and maturity of the five selected
wells (Alma K-85, Annapolis G-24, Crimson F-81, Torbrook C-15, and
Weymouth A-45) that were analyzed for the current contract can be

summarized as follows:
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K/
A X4

*0

*0

All sediments from the Torbrook C-15 and Weymouth A-45 wells
are kerogen Type II-III source rocks and were deposited in a
partially anoxic deepwater depositional environment. Early
Cretaceous Verrill Canyon (Hauterivian age) sediments below
6206m from the Weymouth A-45 well are considered to be mature
oil-prone source rock. All Tertiary sediments from the Torbrook C-
15 well are immature for hydrocarbon generation.

The morphology of the organic matter within the Cretaceous Verrill
Canyon (Early Missisauga Formation) source rocks from the
Crimson F-81 and Annapolis G-24 wells suggest that they are
derived from a delta front depositional environment. On the other
hand, similar source rocks from the Weymouth A-45 well indicate
that they are distinctively deepwater marine organic facies.

All four analyzed sediments from the Crimson F-81 well and
sediments below 5760 m in the Weymouth A-45 well are mature
for oil and gas generation.

The S: and Production Index values from the Torbrook C-15 well
indicate the low maturity of these sediments. On the contrary,
moderately low production index values within the mature (>0.5%
VRo) kerogen Type II-III (amorphous organic matter rich) source
rocks from the Weymouth A-45 well suggest the possible expulsion

of hydrocarbons from these sediments (Figure 3c [v]).

4. PETROLEUM SYSTEM MODELING

The space-time-continuum of generation, expulsion, migration, and
accumulation of hydrocarbons involves many complex, dynamic,
multivariate processes that are used in basin analysis. Moreover, the
interrelated chain of processes leading to the end product ‘petroleum’ is
highly nonlinear. Therefore, any predictive interpretation and ‘hypothesis

testing’ concerning the formation and occurrence of petroleum makes it

53



absolutely necessary to retrace back to the changing ambient conditions

and to reconstruct the important parameters. The ‘basin simulation or

basin modeling’ would be the best choice for predicting the hydrocarbon

phase, property and composition in a complex reservoir situation.

Therefore, an accurate numerical modeling of the petroleum system is

pertinent to tracing back the geological and thermal histories of various

parts of the basin. The petroleum system provides a complete record of the

sedimentary and hydrocarbon emplacement histories of any specific region

through geological time.

The following parameters illustrate the comparable features of one, two,

and three dimensional petroleum system modeling:

Q

Q

Q

Q

The one dimensional modeling is essential for the initial
assessments, calibration, and reconnaissance work in an known
(using the wells already drilled) or unknown terrain (projected as a
1D dummy well),

The two dimensional modeling is essential for the reconnaissance
based on 2-D seismic and geological sections, and for semi-
quantitative assessments of the reservoir hydrocarbon saturation,
pressure, timing of migration, and volume,

The three dimensional modeling is essential for all quantitative
assessments of the hydrocarbon volume within the reservoirs, and
All dimensions are essential for the petroleum system modeling and
must be fully integrated. The three dimensional modeling will not
replace one dimensional or two dimensional similar to as the 3-D

seismic will not replace the 2-D seismic interpretations.

Petroleum systems modeling is used to provide a basic framework for

integrated earth models and to calculate and predict temperature and

pressure, hydrocarbon charge components, migration through geological

time, the assessment of target reservoir hydrocarbon saturation, and
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hydrocarbon volume assessment. It also includes the understanding of
complex oil and gas properties such as hydrocarbon composition,
fingerprinting of multi-component hydrocarbon distributions of various
source rocks, and reservoir hydrocarbon properties (gas and oil ratios, API
gravities, bubble point curves, etc.) in complex deepwater petroleum
systems. A complete review of various attributes of the petroleum system
modeling (especially the multi-component migration components) has been
illustrated in details in Appendix C. The details of various modeling
parameters have been discussed with 1-D and 2-D modeling sections of

this manuscript (Chapters 5 and 6)

The report comprises an integrated study of petroleum system risk analysis
within a target area between the deepwater portions of the Sable Subbasin
and Shelburne Subbasin in order to identify potential hydrocarbon areas
that can be targeted by future exploration. This will delineate future oil
and gas exploration strategies (Figure 6). An integrated petroleum system
risk assessment requires a complete appraisal of four modular elements of
the petroleum system: (1) geological and geophysical; (2) geochemical; (3)
hydrocarbon emplacement; and (4) hydrocarbon survival (Mukhopadhyay et
al., 2003) (Figure 6). The work on the geological and geophysical component
encompasses all studies related to litho- and chrono-stratigraphic
boundaries, structural complexities, sequence stratigraphy, and defining
traps, seals, and play type sizes. The geochemical component includes
defining source rock potential, maturation, fingerprinting the timing and the
amount of each individual or group of hydrocarbon components released
from individual source rocks (Figure 6). The precise identification of
hydrocarbon emplacement within individual traps and their compositional
variations is documented by one- and two-dimensional petroleum system
modeling that requires the input of geological, geophysical, and geochemical
components. The hydrocarbon survival component is usually documented

from a combined analysis of seal stability and seepage. This work is
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accomplished through systematic studies of stability of individual reservoir
hydrocarbons from the 2D numerical modeling of seal leakage. The
hydrocarbon survival components analyzed by seepage through their surface
and subsurface expressions by satellite imagery, the geochemistry of upper
layers, and the identification of seismic anomalies could not be documented
in this report. This data was either not available or had to be purchased.
Therefore, no interpretation could be included in this report because it is

confidential at the time of this report.

4.1. Modeling Input Database: Introduction

The rifting on the Scotia Margin during the Late Triassic to Early Jurassic
Period (230 Ma to 190 Ma) may have initiated the formation of various
fault-controlled half grabens including Mohican, Naskapi, Orpheus, etc.,
(Figure 7a). The rifting is later succeeded by three main basement
subsidences during Jurassic, Cretaceous, and Tertiary Periods (Jansa and
Wade, 1975; Welsink et al, 1989; Wade and MacLean, 1990). These
subsidences created two major subbasins in the east (Abenaki, Sable) and
one in the west (Shelburne) of the shelf-slope region in the Scotian Basin

(Figure 7b).

This study will include the histories of the petroleum system development
from the Late Triassic (Norian: 210 Ma) to Recent (0 Ma) deepwater
sediments of the Sable Subbasin and Shelburne Subbasin. The study area
for this contract is from the eastern to the western part of the Scotian
Slope: from the east of the Annapolis B-24 well in the Sable Subbasin to
the Shelburne G-29 well within the Shelburne Subbasin (Figure 7b). The
report includes the hydrocarbon risk analysis through petroleum system
numerical modeling (one dimensional modeling of 12 wells and two
dimensional modeling of five seismic lines) using all geosciences related

information within the study area. These wells include Acadia K-62,
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Albatross B-13, Annapolis G-24, Balvenie B-79, Crimson F-81, Evangeline
H-98 (shelf well), Newburn H-23, Shubenacadie H-100, Shelburne G-29,
Tantallon M-41, Torbrook C-15, Weymouth A-45. The 2-D seismic lines are
A-A’, B-B’, C-C’, D-D’, and E-E’ (Figure 7c). Although the Evangeline H-98
well is not situated in the slope region of the Scotian Basin, it was
analyzed because of its proximity to the Newburn H-23 well and contains
some deepwater facies within the Missisauga Formation. This contract also
included 1D modeling of the Tantallon M-41 well and 2D modeling of
seismic line E-E’ located in the western part of the Shelburne Subbasin

and is not within the study area (Figures 7b, 7c, and 7d).

As a requirement to build the complete geological history for the numerical
simulation, the database for integrated petroleum system modeling
includes various geological, geophysical, and geochemical elements (Figure
8a). The geological and geophysical database includes the following:

» formation boundaries,

» possible lithology or lithology mixes for each stratigraphic unit,

» sequence stratigraphic boundaries (paleochannel erosion and
formation of submarine fans during low sea-level, onlap, erosion
etc.),

» defining the timing of erosion, paleowater depths, and
paleotemperature (through time) from biostratigraphic analysis,

» defining heat flow in relation to basement fracture and oceanic
crust, and

» designating the hydrocarbon reservoirs and their proper seals in

relation to various play types, etc.
The geophysical database requires the following parameters:

v' seismic sequence boundaries, seismic velocities of each

individual stratigraphic sequence for time-depth conversion
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(depth-converted seismic section preferred), and seismic
stratigraphy,
v the timing of salt emplacement, play types, reservoirs, and
seals, etc.
The geochemical database includes the following:
+ defining source rock intervals and hydrocarbon
potential,
% present day maturity profile,
* nature and timing of hydrocarbon expulsion using
multi-component kinetics, and
+ oil and gas properties for each individual source rock
based on compositional analysis by pyrolysis-gas

chromatography (Figure 8a).

4.2. Geological and Geophysical Input Data

Of the twelve wells evaluated in this study, two wells (Albatross B-13 and
Shelburne G-29) lie within the Slope area of the Shelburne Subbasin; three
wells (Torbrook C-15, Acadia K-62, and Shubenacadie H-100) are within the
slope area between the Shelburne and Sable subbasins; six wells
(Evangeline H-98, Newburn H-23, Weymouth A-45, Balvenie B-79,
Annapolis G-24, and Crimson F-81) are within the slope areas of the Sable
Subbasin (near Sable Island); and one well (Tantallon M-41) lies within the

slope area between the Sable and the Laurentian subbasins (Figures 7b, 7c,

and 8b).

For one and two dimensional modeling, the formation boundaries and age of
each stratigraphic and lithological boundary have been assigned from the
well history reports for individual wells. The assignment of various
stratigraphic nomenclatures from each individual well has been established

using earlier publications (Wade and MacLean, 1990; Wade et al., 1995) and
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by the author’s personal discussions with John Wade from the Geological
Survey of Canada (Figure 8c). Published biostratigraphic data from the
Geological Survey of Canada Basin Database and the recent data from
various Open File Reports from the Geological Survey of Canada have been
utilized for chronostratigraphic age definition of each stratigraphic unit. The
age, paleo-waterdepths, paleo-temperature, unconformities at various
intervals have been established after discussions with various
biostratigraphers and geologists in Nova Scotia (Pierre Ascoli, Frank
Thomas, Rob Fensone, and John Wade from the Geological Survey of
Canada and Jason Crux from Crux Biostratigraphic Consulting), by utilizing
Geological Survey of Canada O