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“It would seem to be unnecessary to argue for the widespread
movement of underground waters under the influence of gravity and
differences of head, yet petroleum geologists, as a rule, appear to have
ignored this movement. The well-known facts of artesian circulation
through distances of hundreds of miles admit of no dispute” (J.L.
Rich, 1921).

ABSTRACT. This paper investigates the role of regional ground-
water flow in the formation of the Alberta heavy oil deposits, a
supergiant oil field containing over 4 x 10" m® (2700 billion barrels)
of bitumen in Upper Devonian carbonates and Lower Cretaceous
sands near the eastern margin of the Western Canada sedimentary
basin. A primary agent in the origin of the oil deposits was the
presence of a gravity-driven groundwater flow system that operated
throughout Tertiary time as a result of foreland basin uplift. Mathe-
matical models of the basin suggest that fluid flow was highly focused
by the Upper Devonian carbonate aquifer which acted as a major
conduit for both long-distance miscible and immiscible oil migration.
Gravity-driven flow and the carbonate aquifer provided the key
mechanism for leaching large volumes of source rock in the Missis-
sippian to Cretaceous section of the foreland wedge and in impelling
separate-phase oil which migrated into the aquifer from underlyin
Devonian beds. The associated effect of groundwater flow on force
heat convection allowed for lateral transport of fluids in the aquifer at
temperatures around 100°C, with raI)id cooling at the discharge end
of the flow system. Numerical simulations of soluble- and separate-
phase migration, demonstrate that over 80 percent of the giant oil
deposit probably accumulated during soluble transport of hydrocar-
bons. Mass balance calculations require oil concentrations on the
order of 1 to 10 ppm for flow periods of 10 to 50 million years.
Transport of large volumes of oil waned in later Tertiary time,
followed by biodegradation and dissolution of the deposit, as the
regional flow was dissipated by further erosion of the landscape.

SYMBOL NOTATION

Roman
a, —geometric coefficient in basis function.
Ao —hydraulic conductance matrix.
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b, —geometric coefhicient in basis function.

B, —buoyancy vector in finite element equation.
C, —geometric coeflicient in basis function.

C —specific heat capacity of solid.

Cy —specific heat capacity of water.

G, —oil concentration in groundwater.

Cp —bulk heat capacity of porous medium.

d —abbreviation for darcy permeability unit.
Dim —hydraulic storage capacity matrix.

D —mass dispersion coefficient for porous media.
E —thermal conduction-dispersion coeflicient.
E, —driving force per unit mass of oil.

E, —driving force per unit mass of water.

F, —lateral heat flux vector.

F —oil mass flux.

g —gravitational constant.

g —gravity force per unit mass.

h,, —hydraulic head at node m in mesh.

h, —petroleum head at the reference state.

h, —hydraulic head at the reference state.

—geothermal heat flux.

—geothermal heat flow at basement unconformity.
—heat flow at node n.

—superscript denoting current time-step level.
—intrinsic permeability tensor.

—hydraulic conductivity tensor.

—effective petroleum conductivity.

—effective hydraulic conductivity.

—subscripts denoting nodes in mesh.

—total mass of oil.

—outward pointing, unit vector normal to boundary.
—number of nodes in finite element mesh.
—subscript denoting oil phase component.
—subscript denoting p-th tracking particle.
—total fluid pressure.

—Peclet number for convective heat flow.
—Darcy velocity of oil.

—Darcy velocity of groundwater.

—lateral hydraulic lux for node n.

—subscript denoting r-th reaction.

—unit vector tangent to boundary.

—rate of r-th biochemical reaction.

—region associated with element.

—thermal conductance matrix.

—uniform random number in the range (0, 1).
—subscript denoting solid phase.

—fractional saturation of oil for multiphase flow.
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S. —fractional saturation of water for multiphase flow.
S, —specific storage coethcient of porous medium.
Som —stream function conductance matrix.

t —time.

T —bulk temperature of porous medium.

T, —temperature at node m.

T, —temperature at water table surface.

Upm —thermal storage capacity matrix.

A —average linear velocity of oil.

2 —average linear velocity of water.

w —subscript denoting water phase.

X, Z —Cartesian coordinates.

Xp Zp —particle coordinates.

Z —elevation head above reference datum.

Greek

a —elastic compressibility of porous medium.

o —logitudinal dispersivity of porous medium.

ar —transverse dispersivity of porous medium.

g —compressibility of water at constant temperature.
r, —rate of oil generation per unit volume.

L, —rate of water generation per unit volume.

A —area of finite element.

At —time step increment in numerical algorithms.
0 —time step weight factor.

A —effective thermal conductivity of porous media.
I —dynamic viscosity of fluid.

o —viscosity of oil.

iy —viscosity of water.

Ero —relative viscosity of oil, u/u,.

[T —relative viscosity of water, u/u,.

Vor —stoichiometric coeflicient.

£ —finite element basis function.

o —fluid density at reference state.

Po ‘—density of oil.

D —density of water.

05 —density of solids.

Dro —relative oil density, (o, — p)/po-

Prw —relative water density, (o, — p)/ P

o, —proportionality constant for oil, K, /g.

g, — proportionality constant for water, K, /g.

z —arithmetic summation symbol.

¢ —effective porosity, intergranular and fracture.
¢ —interpolation function in finite element equations.
G —stream function for groundwater.

v —stream function at node m.



108 Grant Garven—A hydrogeologic model for the

w —salinity of groundwater, as weight percent NaCl.
Q. —boundary associated with finite element.

Mathematical

. a4 9
V  — gradient operator: (a—, 6_)

INTRODUCTION

The concept is well established and documented in modern text-
books on petroleum geology (for example, Tissot and Welte, 1978;
Hunt, 1979) that most petroleum originates in fine-grained sediments
through thermal diagenesis of organic matter followed by primary
migration into carrier beds (or aquifers) and secondary migration to
reservoir traps. Geochemical and thermal aspects of petroleum genera-
tion and alteration are well understood, although the mechanics of oil
migration and accumulation in sedimentary basins remain controversial
(Magara, 1980, 1986). The primary migration of hydrocarbons through
source rocks is thought to occur as separate-phase flow. However, it is
the regional movement during secondary migration that provides the
key transport mechanism required to accumulate hydrocarbons from
dispersed points of origin and focus them into suitable trap environ-
ments (Levorsen, 1967). Depending on geochemical conditions, the
process of secondary migration could involve the transport of hydrocar-
bons as immiscible droplets or stringers, as miscible mass in solution, or a
combination of both. The forces of buoyancy and capillarity play an
additional role in the case of immiscible separate-phase flow.

The concept of long-distance oil migration is applicable to numer-
ous sedimentary basins around the world, especially with respect to giant
fields (Demaison, 1977). Geochemical correlations have verified long-
distance migration as a prevalent process in intracratonic basins such as
the Williston basin (Dow, 1974), the Western Canada basin (Deroo and
others, 1977), the Denver basin (Clayton and Swetland, 1980), and the
Illinois basin (Stueber, Pushkar, and Hetherington, 1987), to name a
few North American examples. Little is known, however, about the
regional-scale mechanics of oil migration and its relation to the tectonic
and hydrogeologic evolution of the sedimentary basins.

Hydrogeologic modeling is presented in this paper to investigate
the role of large-scale regional groundwater flow in the genesis of one of
the world’s largest accumulation of hydrocarbons, the Alberta oil sands
deposits of the Western Canada sedimentary basin. The hydrogeologic
modeling entails the formulation of two-dimensional mathematical
models capable of predicting fluid flow, heat flow, and mass transport
for groundwater and petroleum in a compacted and tectonically stable
foreland basin. Numerical simulations of the paleohydrology of western
Canada are constructed to test competing hypotheses of miscible,
soluble transport and immiscible, separate-phase migration. In both



Jformation of the Alberta oil sands deposits 109

models, regional groundwater flow is assumed to be driven by the
topographic relief created from late Tertiary thrusting and uplift in the
Rocky Mountain foreland. The hydrologic calculations are also used to
infer probable stages in fluid migration and petroleum accumulation
during foreland basin evolution.

HYDRAULIC THEORIES ON THE ORIGIN OF OIL

The importance of groundwater flow in petroleum deposit forma-
tion has been recognized since Munn (1909) proposed the hydraulic
theory of oil and gas accumulation, which was advocated in the geologic
literature into the 1930’s, most notably by Rich (1921, 1931). According
to the theory, disseminated hydrocarbons are focused into carrier beds
or aquifers by circulating groundwater. Entrapment of oil and gas
occurs at positions where the resistance caused by buoyancy and capillar-
ity forces exceed the transport force of the impelling groundwater.
Hubbert (1953) quantified the physical relationship between groundwa-
ter movement and petroleum entrapment and showed the ability of
petroleum-water interfaces to be tilted in structural traps subject to
hydrodynamic conditions. Hubbert’s hydrodynamic theory has seen
widespread application in the exploration and development of oil and
gas fields (Welte and Yukler, 1981; Dahlberg, 1982, Ungerer and
others, 1986; Davis, 1987; and England and others, 1987).

Despite the long history of research, few hydrodynamic studies
have addressed the basin scale hydrogeology of petroleum migration or
implications concerning the history of flow systems. As a result, ques-
tions regarding hydrologic mechanisms of transport and timing of
petroleum accumulation remain largely unanswered. A notable excep-
tion in petroleum migration studies is the work of Téth (1970, 1978,
1980) who advanced the theory that gravity-induced cross-formation
flow is the principal mechanism for the transport and accumulation of
hydrocarbons in geologically mature sedimentary basins. Téth envis-
aged secondary migration occurring soon after the development of
subaerial topographic relief, with migration over tens of kilometers and
preferential accumulation of hydrocarbons in areas of quasi-static and
ascending groundwater flow.

Conceptual models for the hydraulic theories of petroleum migra-
tion stem from parallel studies on the formation of sediment-hosted ore
deposits such as those of the Mississippi Valley.' Chamberlain (1882) and
Daubrée (1887) first proposed circulating groundwaters as the primary
agent for concentration of metal sulfides in sediment-hosted ore
deposits, as did Van Hise and Bain (1902), Cox (1911), and Siebenthal
(1915) in their pioneering studies of the Mississippi Valley. Later
theories called upon compaction as the hydrologic mechanism for flow
(Noble, 1963; Jackson and Beales, 1967; Dozy, 1970; Sharp, 1978), but

! See the paper by Sverjensky (1986) for a review of the geological and geochemical
setting.
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recently Cathles and Smith (1983) and Bethke (1985) have demon-
strated mass balance problems associated with compaction-driven flow.
Thermally-driven convection may overcome the mass balance problem
of oil and ore deposit genesis (Wood and Hewett, 1984; Rabinowicz, and
others, 1985; Blanchard and Sharp, 1985; Jowett, 1986), if thick
aquifers act as both source bed and reservoir.

Garven and Freeze (1982, 1984a,b) proposed an alternative hydro-
logic model for fluid transport in compacted foreland basins. They
argued for topography-or gravity-driven groundwater flow at the
basin-wide scale as a mechanism for the formation of major ore deposits
in discharge zones at edges of foreland basins and along intracratonic
basin arches. Hydrogeologic models of gravity-driven flow were used in
Garven and Freeze (1984b) to demonstrate a wide range of hydrologic,
geologic, and geochemical conditions favorable for stratabound ore
genesis. Geologic evidence for this hydrologic model comes from
observations on ore mineralization and diagenesis in the midcontinent
ore districts of the United States and in the Pine Point ore district of
western Canada (Garven, 1985, 1986a; Gregg, 1985; Bethke, 1986;
Leach and Rowan, 1986; Hearn, Sutter, and Belkin, 1987; Kaiser and
others, 1987).

It seems reasonable to concede that both oil and ore deposits could
form solely as the result of long-distance, regional groundwater flow in
an uplifted foreland wedge. One goal of this paper is to quantify, in a
hydrologic sense, the genetic link between the formation of oil and ore
deposits in sedimentary basins (Hitchon, 1977; Eugster, 1985; Oliver,
1986). The major goal, however, is to quantify the massive long-distance
migration of oil that was induced by uplift of the foreland in the Western
Canada basin (Demaison, 1977, Garven 1986b).

GEOLOGIC SETTING OF THE OIL SANDS DEPOSITS

Enormous volumes of viscous, low-gravity oil exist in a broad belt
of deposits situated near the eastern edge of the Western Canada
sedimentary basin (fig. 1), a foreland wedge and platform with rocks
ranging in age from Cambrian to Quaternary. Bounded on the east by a
Precambrian shield, the basin stratigraphy is characterized by a blanket
of Cretaceous shale and sandstone unconformably overlying eroded
Jurassic, Triassic, and Paleozoic carbonates, shale, and evaporites which
dip gently toward the Alberta Foothills (fig. 2). The western boundary
of the basin is marked by the edge of the fold and thrust belt of the
Rocky Mountains. Much of the present basin structure owes its origin to
later phases of the Laramide orogeny which culminated during Eocene
time (Porter, Price, and McCrossan, 1982; Beaumont and others,
1985).

Accumulation of heavy oil is concentrated in reservoirs associated
with the pre-Cretaceous unconformity (Vigrass, 1968). An estimated
total of 2 x 10" m® (1350 billion barrels) of oil exist in sands of the
Lower Cretaceous Mannville Group comprising the Athabasca-Wabas-



Jformation of the Alberta oil sands deposits 111

T T T
/ 120° 110° 100°
P Y >
\62 / WESTERN CANADA SEDIMENTARY BASIN 62
4 o

«,_—\_‘ ’l Pine Point Cretaceous Oil Sands Deposits

? Grosmont Carbonate
L so 4

\ ,
\‘ 0,
\

\ ManiTOBA 56° 1

ALBERTA

~56°

LSZ"

Fig. 1. Isopach map of the Western Canada sedimentary basin and location of the
iant oﬁ sands deposits. Eine A-A’ denotes the geologic cross section location of figure 2.
ontour labels represent kilometer thickness of the sedimentary wedge (after Wright,

1984).

ca, Peace River, and Cold Lake deposits (Mossop, 1980). The Athabasca
deposit (fig. 3) forms the largest oil field (1.4 x 10" m®). Information
concerning stratigraphy, lithology, and hydrogeology are summarized
in figure 4 for the Athabasca deposit. Semi-consolidated sands of the
McMurray Formation serve as reservoir rock for the oil in the Atha-
basca deposit with an average pay zone of about 30 m (Mossop, 1980).
Geologic considerations indicate that the oil accumulated in early-
formed stratigraphic and structural traps at the edge of the basin as a
result of long-distance fluid migration (Vigrass, 1968). Little contro-
versy exists with respect to the cause of trapping, but the mechanism
responsible for this massive migration of oil is debated. Subsequent
water washing and biodegradation has further altered and rendered the
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Fig. 3. Expanded view of the geologic habitat of the Athabasca oil deposit. Heavy oil
accumulated in the Lower Cretaceous Mannville sands as a result o? long-distance
migration out of the foreland basin with flow focused in the Upper Devonian carbonate
aquifer (geology after Carrigy, 1974).

hydrocarbons to their present immobile state of high specific gravity
and viscosity (Rubenstein and others, 1977). In addition to the Mann-
ville Group oil sands, another 2 x 10'"' m® of bitumen is present in the
Paleozoic carbonate trend below the pre-Cretaceous unconformity, the
most studied unit being the Upper Devonian Grosmont reef complex
(Hoffmann and Strauz, 1986). The combined total volume of heavy olil
in Alberta is staggering in comparison to oil fields in other parts of the
world. For example, Hunt (1979) reports that Prudhoe Bay contains
reserves of 2.4 x 10° m? (15 billion barrels), and the Persian Gulf
contains an estimated 0.7 x 10'' m® (450 billion barrels).

ON THE ORIGIN OF THE OIL SANDS

A critical question to ponder in any genetic model for a giant oil
field is the origin of the driving mechanism for fluid migration and
timing of accumulation. Numerous theories have been proposed to
explain the origin of the Alberta oil sands deposits. Some of the theories
are based on geological reasoning alone, whereas others include geo-
chemical correlation of the heavy oils with hydrocarbons from other
parts of the sedimentary basin (table 1). According to Hoffmann and
Strausz (1986) the oil-sands bitumen is chemically similar to conven-
tional crude oils from deeper parts of the basin, except for changes
caused by biodegradation and solutioning. They share the view of many
others that the deposits represent the near-surface alteration of a once
conventional (light-gravity) supergiant oil field. The source of hydrocar-
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bons is an unresolved problem. For many years geologists accepted the
Lower Cretaceous shale as the sole source unit based on chemical
correlations, but mass balance calculations have shown that the Mann-
ville Group (fig. 4) could at most account for about 30 percent of the oil
sands deposits, excluding the Grosmont bitumen (Moshier and Waples,
1985). It is now clear that this immense amount of hydrocarbons must
have originated from numerous distant and diverse parts of the basin in
a hydrodynamic system capable of transporting oil not only from mature
parts of the Mannville, but also from deeper organic-rich strata such as
the Jurassic Nordegg shale, the Mississippian Exshaw and Banff shale,
and the Upper Devonian Duvernay shale (table 1). The necessity of
long-distance migration appears to be an accepted condition for the
origin of the Alberta oil sands, although the nature, timing, and driving
force of migration are unknown.

Two types of fluid dynamics models have emerged over the years to
explain the accumulation of the heavy oil deposits. The first model
considers immiscible phase transport of oil during secondary migration
with buoyancy acting as the main driving force. Sproule (1938) and Link
(1951) proposed upward oil leakage through fractures and karst chan-
nels associated with Devonian reef reservoirs with pooling at the land
surface as the Mannville sands were deposited. Demaison (1977) hypoth-
esized separate-phase migration out of the foreland basin in the late
Cretaceous with compaction acting as the driving force for expelling
hydrocarbons from the Lower Cretaceous section. He also noted the
important role of the Cretaceous shale sequence in confining vertical
fluid migration in the Alberta basin. Demaison was also one of the first
to suggest that basin uplift with thrusting and foreshortening could have
initiated a powerful cross-basin groundwater flow system that would
enhance oil migration. Du Rouchet (1985) preferred a somewhat
different scenario of oil migration with separate-phase flow focused
along the sub-Cretaceous unconformity and weathered parts of the
Paleozoic bedrock. He proposed bulk migration from Triassic source
rocks but offered no explanation for the driving mechanism or timing of
oil migration.

The second fluid dynamics model considers miscible transport of
oil in molecular and miscellar solution with sediment compaction and
topography acting as the driving force for regional groundwater flow.
Vigrass (1968) called upon compaction-driven flow with precipitation in
the updip sandstone caused by salinity changes. Jones (1980) estimated
that compaction would be inadequate in light of the high solubility
required (~8,000 ppm). Using the present-day hydrodynamic system
(fig. 5) as a conceptual model, Jones reasoned that only 3 ppm oil in
solution was needed to account for the giant bitumen deposit, assuming

Fig. 4. Lithology and hydrostratigraphy in northeastern Alberta. Limestone and
dolomite in the Upper Devonian constitute the major aquifer in this part of the basin
(geology after Jackson, 1975).



TABLE 1

Theories on the origin of the oil sands deposits

Scale
Authors Source Rocks Nature of Migration of migration
1. Ball (1935) Cretaceous shale Separate phase Local
2. Sproule (1938) Paleozoic reservoirs Separate phase, vertical leakage in frac- Local to regional
tures
3. Hume (1947) Cretaceous sands Derived in situ Local origin
4. Link (1951) Middle and Upper Devonian Separate phase, vertical leakage Local to regional
reefs
5. Corbett (1955) Cretaceous sands Derived in situ Local origin
6. Gussow (1956) Paleozoic, deep basin Separate phase, alteration en route Long distance
7. Hodgsen and Hitchon (1965) Quaternary soils Derived locally, conversion to heavy oil Local
8. Vigrass (1968) Lower Cretaceous Compaction waters, miscellar solution Long distance
9. Demaison (1977) Lower Cretaceous Separate phase, compaction Long distance
10. Derco etal. (1977) Lower Cretaceous and Paleo- Unspecified, but correlation with Mannville Long distance
zoic
11. Hunt (1977) Mesozoic shales Compaction waters, molecular solution Long distance
12. Jones (1980) Lower Cretaceous, jurassic Regional groundwater flow, molecular Long distance
shales solution
13. Leenheer (1983) Lower Mississippian Unspecified, but correlation with Exshaw Long distance
14. Hitchon and Filby (1984) Upper Devonian shale Unspecified, but trace element correlation
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. Hitchon (1984)

. Moshier and Waples (1985)

. du Rouchet (1985)

. Hoffmann and Strausz (1986)

. Garven (this paper)

Upﬁer Devonian, Cretaceous
shales

Paleczoic and Mesozoic
Triassic and Devonian shale

Paleozoic and Mesozoic

Paleozoic and Mesozoic

Regional groundwater flow, gravity-drive

Unspecified, but showed Mannville incapa-
ble alone

Separate phase flow along sub-Cretaceous
unconformity

Flow in the Paleozoic carbonates, biode-
gradation

Regional groundwater flow, %ravity drive,
both miscible and immiscible transport

Long distance
Long distance

Long distance
Long distance
Long distance

Long distance
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the flow system operated for 50 million years. Hitchon (1984), Beau-
mont and others (1985), and Majorowicz and others (1985) have also
acknowledged the importance of topography-driven flow in controlling
not only oil migration (fig. 6) but also patterns of heating and oil
generation.

QUANTITATIVE EVALUATION OF REGIONAL OIL TRANSPORT

Hydrogeologic experiments of hydrothermal fluid flow can be
constructed to quantify the role of gravity-driven groundwater flow in
the migration and accumulation of hydrocarbons in the Western
Canada sedimentary basin. The experimental procedure involves con-
struction of a mathematical model from a conceptual model of the
geologic system.

I. Conceptual Model

The structural and geologic style of the Western Canada basin can
serve as a generic model of a mature basin uplifed by geodynamic forces
and beginning a phase of subaerial erosion (fig. 7). Meteoric infiltration
sustains the sedimentary pile such that recharge balances groundwater
discharge across the basin, and the water table assumes a subdued
configuration replicating the topography. Groundwater recharge is
concentrated in the elevated parts of the basin where fluids descend to
great depth acquiring salinity and heat along the flow path. Major
aquifers focus regional flow laterally to discharge areas near the edge of
the basin where the brines cool on ascending and mix with shallow-
circulating groundwater.

Hydrocarbons enter the flow system in two ways: (1) as a soluble
component leached from source regions within the thermally mature
portions of the section and precipitated out in regional discharge areas
for physiochemical reasons, and (2) as an insoluble component trans-
ported in separate-phase as petroleum droplets or continuous slugs. In
case (2), buoyancy would force the transport of petroleum to hug the
tops of regional aquifers, and trapping would occur wherever or
whenever the forces of buoyancy and capillarity exceeded the impelling
force of the groundwater flow (Hubbert, 1953: Téth, 1980). The flow
paths inferred here (fig. 7) assumes a negligible hydraulic gradient
orthogonal to the topographic slope, an assumption aided by the large
ratio of length to width in foreland basins (fig. 1). Fluid circulation is
bounded along the width of the basin by the fold and thrust belt on one
side, which would create a near vertical barrier, and by the erosional
edge of the sediments on the other side. The depth of regional flow is
mapped at the crystalline basement contact, although there is no
hydrologic reason why basinal brines could not circulate in the weath-
ered and jointed zone near the unconformity.

The model portrayed above is similar in concept to the hydrologic
theories noted earlier, except that greater emphasis has been placed on
the role of groundwater flow, the nature of petroleum transport, and
the scale of migration. The model is unconventional in two areas with



CONCEPTUAL MODEL FOR REGIONAL TRANSPORT

OIL SANDS
DEPOSIT

1000
]

1000 —

2000 —

3000 —

METERS

4000 — - Iﬁaﬁ‘;/’/” a0

5000 —

Fig. 7. Conceptual model of gravity-driven groundwater flow in a compacted and uplifted foreland basin. Descending groundwater in the
elevated portion of the basin leaches soluble oil near deeply buried source rock with focused transport into regional aquifers. Separate-phase oil
enters aquifers but from below and is impelled by the groundwater system. Accumulation of giant oil deposits occurs in the discharge end of the
regional flow system because of oil precipitation on cooling and trapping as a separate phase. The shale aquitard is impermeable to
separate-phase oil but not to groundwater.
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respect to the accepted theory on petroleum formation and migration
(Tissot and Welte, 1978: Magara, 1986): (1) it does not call upon
compaction as the mechanism driving flow; (2) it supports the possibility
for soluble petroleum transport in long-distance migration (Price,
1976). The mass balance problems of compaction have already been
described by Jones (1980) and Garven (1985) for the case of the Western
Canada basin. Great debates exist on the viability of transporting
hydrocarbons in solution because of the limited solubility under reser-
voir conditions (fig. 8), especially for the heavier compounds common in
crude oils (McAulifte, 1980). However, given the range of solubilities
possible, it seems plausible that miscible transport has played an impor-
tant role in the formation of the oil sands.

11. Mathematical Formulation

Multiphase fluid flow, heat transfer, and chemical mass transport
are satisfactorily treated with continuum theory for porous media (Bear,
1972), although limitations always exist in the representation of frac-
tured rock and the scale effect of heterogeneities in sedimentary basins
(Garven, 1986a). Table 2 summarizes the mathematical model con-
structed for this study. The dependent variables in eqgs (1) through (10)
include: reference state hydraulic head h, and petroleum head h,,
elevation above reference datum Z, Darcy velocity of groundwater q,
and oil q,, average linear velocity of groundwater v, and oil v,, fluid

200
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2 o0 Wyoming Farmers Whole Oil
S
>
= Alaska
=
g
100
6: Reedy Creek
%]
= .
8 Union
8 50 —
o L.A. State &
5] Amoseas
0 T T T T T |
50 75 100 126 150 175 200 225

TEMPERATURE (°C)

Fig. 8. Solubility of crude oils in dilute water as a function of temperature (after
Price, 1976).
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TABLE 2
Transport equations

Darcy’s law
G = — Koo (Vh, + 0,,VZ) = v 0y
9o = Kyt (Vh, + 0,,9Z) = v¢ )
Conservation of fluid mass

¥¢0.S.) AT

=V - (puqu) = w 3
(Pug) - =2 ®)
3(@p.S,,
~V - (g - 25 @
at
Conservation of groundwater vorticity
v.| X v 90 5
K| Ko T T8 ®)
Conservation of hydrothermal energy
aT
V - [EVT] — pocugu * VT = [pucud + pc(l — ¢)] a0 (6)
Conservation of soluble oil mass
aC,
V- [DVC,| = vy - VC, = —= + > vuR, (7
Conservation of insoluble oil mass
v gm, 8
v . -
o+ Vm, = — &
Egquations of state
pu = p(pyTow) and g, = u(p,T,w) 9
po = po(psTow) and  p, = po(p,T,w) (10)

generation rate for water I, and oil T, saturation content of water S,
and oil S,, groundwater stream function ¥, groundwater temperature
T, concentration of aqueous oil C,, rate of reaction of aqueous oil R,,
mass of oil in separate phase m,, fluid pressure p, and groundwater
salinity w. Hydrogeologic properties that must be specified are the
hydraulic conductivities of the rock for water K,, and oil K,, porosity ¢,
thermal conductivity-dispersion coefficient E, specific heat capacity c,
and the solute dispersion coefficient D. Fluid density p and viscosity u are
dependent functions of pressure, temperature, and salinity. Other
variables and parameters are defined in the symbol notation list.
Regional fluid flow in the conceptual model of the mature foreland
basin is considered as a steady-state flow problem, and therefore the
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transient terms in eqs (3) and (4) can be neglected. The steady state
assumption implies that the water-table configuration remains in a
similar form over long periods of geologic time (Freeze and Wither-
spoon, 1967). Moreover, transient pore pressures caused by compac-
tion, uplift, and erosion are assumed to have dissipated (Neuzil and
Pollock, 1983 Neuzil, 1986). Local transients induced by changes in the
water saturation S,, would occur in regions of separate oil-phase accumu-
lation, but we will assume these transients have a negligible effect on
groundwater flow at the basin scale. The amounts of fluid generated
from the release of water by clay mineral reactions T, and from the
conversion of kerogen to oil T, are taken here to be negligible in
comparison to the immense volume of groundwater driven across the
basin by topography. The treatment of multiphase flow incorporates
nonlinear effects into (3) and (4) because of the dependency of the
permeability and hydraulic conductivity on the relative saturation con-
tents of the fluids. The nonlinear condition can be relaxed, if it is
assumed that the separate-phase oil exists as small discontinuous glob-
ules and slugs in an otherwise water-saturated, very permeable media
(Hubbert, 1953). Under these conditions, capillary forces are very small
and petroleum migration is dominated by the impelling force of the
groundwater, modified by the effects of buoyancy. Eq (2) in table 2 can
be simplified by following the approach of Hubbert (1953, eq 41) and
defines:

Eo=g+%(Ew—g) (11)

where, E, is the driving force of the oil, E, the driving force of the
groundwater, and g is the gravitational body force (0, 0, -g), all per unit
mass of fluid. The respective fluid flow rates can be expressed as
(Hubbert, 1953, eq 17):

q. = o.,.E, (12)
and
9 = oK, (13)
where ¢ is a proportionality constant (K/g). It follows from (11) that:
Pu
9o = %o g+p_(Ew - g)] (14)
and therefore,
pwgo pw
o= ——q, — o.gl— — 1 15
4 poo'wcl g(po ) ( )

Assuming the effective intrinsic permeabilities of the aquifer are the
same for water and oil, eq (15) can be reduced to a form written as a
function of the water velocity and buoyancy effect:
My, w — Po
%= G+ K(p—p—)VZ (16)
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Keep in mind that eqs (11) through (16) are strictly valid only for oil
migration in a permeable aquifer, and they would not hold for less
permeable strata where forces of capillarity dominate (Anderson,
1987).

A fluid potential per unit weight, or petroleum head h,, can be
calculated from the groundwater potential field by modifying Hubbert’s
original equation for the petroleum force potential per unit mass
(Hubbert, 1953, eq 40). The result becomes:

ho=&.hw—(u)z ar)
pO pO

where the symbols are defined as before. The petroleum head and the
oil velocity vector are easily computed with (17) and (16), once eqs (1)
and (3) are solved. Pathlines for groundwater flow are conveniently
represented by the stream function ¥ (discharge rate per unit width) in
eq (5) which is derived from the circulation of inhomogeneous fluid flow
(Bear, 1972, p. 241).

Eq (6) accounts for thermal conduction in the rock and water and
for convective and dispersive heat transfer caused by groundwater flow.
Heat transport associated with advection of oil or with chemical reac-
tions is assumed to be insignificant. Equation of state (10) allows for the
modeling of both free and forced convection with (3) or (5) because of
the coupling with (6) through water density. For the case of long-term
steady flow in the sedimentary basin, the heat transport equation can be
simplified to a steady form by eliminating the transient term (Garven
and Freeze, 1984a).

Conservation of soluble oil mass in the flowing groundwater is
described with a form of the advection-dispersion equation (7) modified
for dissolution-precipitation reactions and biodegradation. The solute
transport equation accounts for both advection and mechanical disper-
sion of the dissolved oil in the aquifer. In theory, eq (7) could be used to
model the primary migration of oil by diffusion from kerogen-rich
source beds. Separate-phase oil migration could be rigorously modeled
by the simultaneous solution of egs (1) to (4), provided the characteristic
curves relating permeability and capillary pressure versus fluid satura-
tion contents are known for all rocks in the basin (Peaceman, 1977). As
that approach is outside the scope of the paper, eq (16) provides a
suitable alternative for the problem at hand. Discrete volumes of oil can
still be tracked in the flow system by solving for the rate of oil mass
advection with (8) which represent a continuity form of the Buckley-
Leverett equations (Bear, 1972).

The final step in formulating the mathematical model is specifica-
tion of boundary conditions. Table 3 outlines the boundary surface
conditions for the conceptual model in mathematical notation, where n
is the outward pointing unit vector, r is the surface tangent unit vector, q
is the Darcy velocity, J is the conductive heat flux, and F is the
dispersive-diffusive mass flux. The water table is a surface of free mass
flow, and it is isothermal and isobaric. Near vertical hydraulic divides



formation of the Alberta oil sands deposits 125

TABLE 3

Mathematical boundary conditions

Surface Hydraulic Thermal Oil Mass
h,=2Z
Water table and T=T, v.nVC=0
1
— KV¥}|.n=-Vh,-r
IK|
Basin edge g-n=0and¥ =0 -n=20 F-n=0
Thrust front q-n=0and¥ =0 .n=0 F.n=0
Basement gq-n=0and¥ =0 J-n=J F.n=0

would be created at the leading edge of the fold and thrust belt and at
the feather edge of the platform: therefore they are modeled as no-flow
boundaries for fluids, heat, and mass transport. The basement uncon-
formity also serves as a barrier to fluid flow and solute mass transport,
but heat flow from the underlying crystalline crust enters at a nearly
constant rate.

1I1. Numerical Formulation

Numerical solutions are required for the mathematical model due
to the absence of closed-form analytical solutions for the coupled fluid
flow, heat, and mass transport problem. Details concerning the numer-
ical methodology can be found in the appendix. Although simplifica-
tions are required in the scale of discretization of the geologic frame-
work, numerical methods provide the most practical means of obtaining
solutions to the transport equations for two-dimensional flow in sedi-
mentary basins. The geologic cross section is first discretized, and the
appropriate material properties and boundary conditions are specified.
A salinity-depth profile is specified and initial conditions for the fluid
properties are determined from the conductive temperature field.
Water density and viscosity are computed from fitted equations of state
(Kestin, Khalifa, and Correia, 1981). The finite element method is used
to solve the coupled groundwater flow, stream function, and heat
transport equations. With the hydraulic heads computed, petroleum
(oil) heads are calculated with eq (17) and the Darcy velocity vectors for
the two fluids are then computed with (1) and (16). Hydrocarbon mass
transport is simulated with a moving-particle random-walk method, with
advection and dispersion for the miscible case, but only advection for the
immiscible case. The particle-tracking technique can also model changes
in petroleum mass caused by oil generation and biodegradation along
the flow path, although no reactions are considered in the present
study.

IV. Numerical Simulations

A series of paleohydrologic simulations are presented here to
investigate the role of regional groundwater flow in the transport and
accumulation of hydrocarbons in the giant oil sands deposits of the
Western Canada sedimentary basin. Firstly, the hydrodynamic setting is
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calculated for steady-state representations of the groundwater and oil
flow fields, as well as for the thermal regime in the basin (figs. 9-16).
Secondly, a mass transport simulation is described for oil migration in
aqueous solution in a regional aquifer (fig. 17). Finally, mass transport
simulations are presented for oil migration as separate-phase slugs (figs.
19 and 20).

Hydrogeologic model.—The paleogeologic section representing late
Eocene time extends west-east from the present-day foothills to the
Precambrian shield (fig. 9A). This line of section roughly coincides with
A —A’in figure 1, the direction of the inferred topographic gradient and
known direction of fluid flow in the Holocene system (Hitchon,
1969a,b). The modeled basin extends laterally for 724 km, and thick-
ness ranges from over 6100 m at the thrust front to about 500 m at the
eastern margin. The configuration of the water table is taken as a linear
decline for purposes of simplicity with a slope of 0.2 percent from west
to east. This slope probably represents a minimum value based on the
present topography (fig. 2) and estimates of erosion that followed the
Laramide orogeny (Hacquebard, 1977; Nurkowski, 1984).

Nine hydrostratigraphic units are used to characterize the regional
hydrogeology of the foreland basin (fig. 9A). This subdivision is largely
based on the stratigraphy and lithology (McCrossan and Glaister, 1964;
Porter, Price, and McCrossan, 1982) and hydrogeology (Hitchon,
1969a,b; Toth, 1978; Garven, 1985). Assumed paleovalues of the
controlling parameters are listed in table 4 for each hydrostratigraphic
unit. Weathered and dolomitized carbonates of Upper Devonian age
(unit 4) constitute a major regional aquifer in the basin model, as does
the Middle Devonian Keg River Formation (unit I). A horizontal
hydraulic conductivity K = 200 m/yr (k = 650 millidarcys, md) is
assumed for both aquifer units, a reasonable value for the regional
permeability of vuggy and fractured carbonates in the Western Canada
basin (Thomas, 1962; Garven, 1985, 1986a). The Lower Cretaceous
Mannville sands (unit 9) would also constitute a very permeable aquifer,
but as they are the host for the oil deposits, only a moderate hydraulic
conductivity of 30 m/yr is assigned. Carbonates and sandstone of the
Mississippian-Permian sequence (unit 6) are assigned a similar perme-
ability, because du Rouchet (1985) proposed that these rocks acted as
carrier beds for oil accumulation in the Peace River deposit. All the
shale-type units are potential source rocks for petroleum and are
assigned a vertical hydraulic conductivity on the order of 107! m/yr
(0.03 md) or less for the regional scale. A value of 107° m/yr is assigned
to the bedded evaporites of the Elk Point Group (unit 2). Estimates of
porosity, specific storage, hydraulic anisotropy, thermal conductivity,
and dispersivity are derived from the data compilations in Téth (1978),
Freeze and Cherry (1979), Garven and Freeze (1984b), and Garven
(1985, 1986a). Shales of the Mannville Group (unit 8) are permeable to
groundwater and brine flow but are assumed to be impermeable to
separate-phase oil migration because of capillarity forces created by the
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change in lithology at the shale/sand interface (see eq 37, Hubbert,
1953).

Discretization of the hydrostratigraphy is accomplished using 1534
finite elements (fig. 9B). One result of the numerical scheme (see app.) is
that functions such as hydraulic head and temperature are continuous
from element to element, but flux terms such as the Darcy velocity and
the Fourier heat flow become discontinuous on element boundaries.
The grid used here is designed to reduce this error by increasing the
mesh resolution in areas of steeply changing hydraulic and thermal
gradients.

Figure 9C to F displays the computed fluid flow fields using the
model parameters in table 4. The groundwater flow field is influenced
by both the temperature and salinity field of the basin. One limitation of
this numerical model is that salinity of brines are not allowed to be
influenced by the flow field. In figure 9D the salinity field is fixed at a
constant linear gradient such that the salt concentration reaches a
maximum of 40 percent equivalent weight NaCl at the deepest point in
the basin. Groundwater descends over about half the basin width and
turns to ascend at around the 300 km scale mark on the horizontal axis
(hg. 9D) Average linear velocities of the groundwater on the order of
107! m/yr or less occur in the regional recharge area, but focusing on
flow in the Upper Devonian aquifer allows for lateral velocities as high
as 8 m/yr near the sub-Cretaceous unconformity. This converts to a
Darcy flow rate of 1. 6 m/yr in the Upper Devonian aquifer. Darcy flow
rates of 107! and 107° m/yr are predicted for the Middle Devonian Keg
River Formation aquifer and Elk Point Group aquitard, respectively.
Ascending groundwater crosses the Cretaceous shale over a large area at
diffuse rates of 1072 m/yr.

For discrete globules or stringers of oil, the flow field is greatly
modified due to the effect of buoyancy (fig. 9E and F). The oil phase is
assumed to have a constant density of 850 kg/m and viscosity of 2 x
107 Pa-s in this simulation. No corrections have been made for
temperature or pressure on oil viscosity or density for this first-order
model. The Darcy velocity of oil reaches a maximum of 0.8 m/yr in the
Upper Devonian aquifer, where there is about a three-fold increase in
the vertical component of flow relative to the groundwater case (fig. 9F).
The petroleum flow field (fig. 9F) shows only the potential for oil
migration under the influence of buoyancy and hydraulic drive. Neglec-
tion of capillarity in the mathematical model (table 2) restricts realistic
predictions to flow in the Devonian aquifers only. For example, upward
pointing velocity vectors in the vicinity of the Mannville sands imply the
potential for upward flow, but capillarity forces would effectively pre-
vent upward migration of oil into overlying shale and therefore provide
the trap for oil accumulation (Vigrass, 1968).

Figure 9, G and H, illustrates the predicted groundwater flow
pathlines and temperature field. Groundwater flow is stongly focused by
the Upper Devonian aquifer, as noted earlier, and this in turn affects
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sedimentary basin.
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Fig. 9. (continued)

heat transport due to forced convection. Total groundwater flow across
the basin is about 710 m®/yr per meter width in this simulation, with 80
percent of this flow focused through the aquifer along the sub-
Cretaceous unconformity and across the Mannville sand unit. Forced
convection by the regional flow system elevates temperature relative to
the conductive field in the discharge area and depresses temperatures in
the recharge area (fig. 9H and I). The effect of convection is noticeably
large in the region of greatest discharge at the sub-Cretaceous unconfor-
mity (fig. 9]), which could become a zone of intense deposition of oil
from solution (Wood and Hewett, 1984).

Parametric study.— A sensitivity study also was undertaken to exam-
ine the effects of reasonable variations in the model parameters on fluid
flow and heat transport in the Western Canada basin. In figure 10 the
hydraulic conductivity of the Upper Devonian carbonate aquifer (unit 4)
is varied over three orders of magnitude. The presence of this high
permeability unit is clearly visible by the focusing and crowding of flurd
flowlines (fig. 10F), but the focused pattern becomes diffuse as the
permeability contrast with the surrounding shale and carbonates is
decreased for lower ranges in the hydraulic conductivity (fig. 10A).
Although the recharge/discharge character of the flow system still

1
750
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Fig. 10. Effect of aquifer permeability on regional groundwater flow. Parameter K is
the horizontal component of the_ hydraulic conductivity for the Devonian aquifers.
/yr in simulations A and B, 50 mz/yr in C and D, and

Streamline contour interval is 25 m?
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Fig. 11. Effect of aquifer permeability on regional heat flow. Fluid flow Ea[terns are
identical to those of figure 10. A heat flux of 70 mW/m? is applied along the basement in
all simulations.
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Fig. 12. Heat flow along the top surface of the numerical grid. Parameter K,
represents the horizontal component of hydraulic conductivity in unit 4 (Upper Devonian
aquifer). The plotted curves are computed from the heat flow distribution of figures 9H
and 11F. Groundwater flow reduces heat flow in the recharge end of the basin and
increases heat flow relative to conduction in the discharge end of the basin.

exists for the lower permeability range (fig. 10A, B, C), massive trans-
port of hydrocarbons would only be effective where sufficient hydraulic
contrast exists to focus fluid migration.

The higher rates of groundwater flow associated with the higher
range of hydraulic conductivity (fig. 10D, E, F) result in a greater
disturbance of heat flow across the sedimentary basin (fig. 11). Quantita-
tive representation of the ratio of advective to conductive heat transport
can be expressed as a Peclet number P..? For figure 9H the P, = 0.3,
whereas for figure 11F the P, = 1.5 for a ten-fold increase in aquifer
permeability. The disturbance in heat transport caused by regional
groundwater flow can be visualized also as anomalies in near-surface
heat flow (fig. 12), which largely reflect the subsurface recharge/
discharge patterns of groundwater flow (Hitchon, 1984). Heat transport
is dominated by conduction in the cases of low-permeability diffuse flow
in which no anomalies would appear.

The rate of groundwater flow across the basin is not solely
controlled by the hydraulic characteristics of the aquifer focusing flow.
In figure 9G the streamline pattern is constrained also by the permeabil-
ity of stratigraphic units surrounding the Devonian aquifers. Figure 13
displays a series of simulation results in which the hydraulic conductivity
of the less permeable strata have been decreased by factors ranging from
2 to 50, relative to the hydraulic parameters of figure 9. Total flow
through the basin varies from about 600 m®/yr per meter width in
figure 13A to less than 150 m®/yr in figure 13E. Lowering the aquitard
permeability even further results in unstable flow conditions as thermal-
ly-driven free convection begins to occur within the aquifer.

2p, = [pwcw(%]/])\e(L/H)] where Q is the total groundwater discharge, X is thermal
conductivity, L is basin length, and H is mean depth (van der Kamp, 1984)
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Fig. 13. Effect of aquitard permeability on groundwater flow. Parameter K, is the
ratio of the hydraulic conductivity of the non-aquifer strata in the simulation to the
base-case simulation hydraulic conductivity of table 4 and figure 9. The streamline
contour interval is 50 m?/yr in each graph.
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The topology of flow patterns in a sedimentary basin is also
controlled by the degree of hydraulic anisotrophy in the principal
permeabilities. The anisotropy ratio K, /K, can range up to several
orders of magnitude (Freeze and Cherry, 1979), depending on lithologic
variations and the scale of hydrologic analysis (Garven, 1986a). An
anisotropy ratio of 100 was used to compute the flowlines of figure 9G.
Other numerical simulations have been performed for a wide range of
ratios by simultaneously altering the vertical permeability in all strati-
graphic units (fig. 14). Higher values of K, /K, (larger vertical perme-
ability) result in a slight increase in vertical flow, while lower values
suppress vertical flow and increase lateral discharge. The net effect on
regional oil migration is likely to be small, given the small changes
imposed on flow rates and patterns. The coupled effect on heat trans-
port, however, can be more important as even modest increases in
vertical flow can have a pronounced effect on heat flow (fig. 15).

Several other factors affect regional groundwater flow and heat
transport in sedimentary basins, but space does not permit for the
display of the multiple permutations and combinations of parameter
ranges plausible in this model for the Western Canada basin. Garven
and Freeze (1984a, b) illustrate a full spectrum of simulations for other
controlling factors such as basin geometry, heterogeneity in permeabili-
ty, and surface topography. Even the heat flux prescribed along the base
of the numerical model is unknown of course for our paleogeothermal
conditions. Majorowicz and others (1985) have estimated possible
ranges for basement heat flow in Alberta that can provide a range of
values for the numerical model (fig. 16). In this case, changes in basal
heat flow scale nearly linearly.

Despite inherent uncertainties of parameter estimation, determin-
istic modeling of flows in sedimentary basins provide one useful tool for
comparing various mechanisms of oil migration. The hydrogeologic
model presented above for the Western Canada basin is based on a
geologically well-constrained stratigraphic, hydraulic, and thermal
framework. The general pattern of gravity-driven groundwater flow in
the basin is reasonable for Tertiary time, and this flow system more than
likely played a major role in the regional transport of hydrocarbons. In
the sections to follow, mass transport simulations are presented as
probable scenarios for oil migration, using the hydrogeologic parame-
ters from figure 9 as one representative case for comparison purposes.

Solute transport model.—The first transport mechanism to be evalu-
ated involves the case of miscible migration of oil in aqueous solution
(fig. 17A-F). Hydrogeologic conditions are identical to those of figure
9D and G. Mathematically characterized particles are used here to track
advection and dispersion of soluble hydrocarbons entering the Upper
Devonian aquifer in the recharge part of the basin. A cluster of particles
is released at a point (denoted with the diamond symbol in fig. 17) in the
upstream end of the flow system, and it disperses into a cloud as the
particles are entrained into the aquifer. The point of release is purely a



STREAM FUNCTION

8-
R A. Ky/Kz = 25

w ©

T

5 A

o

s 4

o

g A

%,
0 T T 7 T T T T T T T T T T T 1
[ §0 100 150 200 250 300 350 400 450 500 §50 600 650 700 750
8-

KILOMETERS

T T T T T T T —T T T T T 1
Q 50 100 150 200 250 300 350 400 450 500 550 800 850 700 750

1 C. Ky/Kyz = 250

KILOMETERS
>
1

24
o T T T T T T T T T T T T T T 1
o] 50 100 150 200 250 300 350 400 450 500 550 800 850 700 750
8
i D. Ky/Kz = 500
o 87
@
N
I
3 47
Q
=
x 5
¢ T T T Y T T T T T T T T T )
0 £0 100 150 200 250 300 350 400 450 500 550 600 650 700 750
8 4
] E. Ky/Kz = 1000
e

KILOMETERS
IS
1

T T T T T T T T T T T 1
[ 50 100 150 200 250 300 350 400 450 500 650 600 650 700 750
KILOMETERS

Fig. 14. Effect of basin-scale anisotropy in hydraulic conductivity on groundwater
flow. Streamline contour interval is 50 m2/yr.
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heat flux of 70 mW,/m?is applied along the basement in all simulations.
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Fig. 16. Effect of basement heat flux on temperature in the western Canada basin
model.

mathematical device, but it serves to mark hydrostratigraphic unit 5
(Banff and Exshaw Formations) as one possible source bed. A more
detailed simulation would have particles released from numerous loca-
tions all along the inflow side of the Upper Denovian aquifer, since
dissolution of hydrocarbons could occur from any of the overlying strata
within the “oil window” of descending flow (fig. 9G, H). Based on figure
9H, all the Mississippian to Jurassic strata and parts of the Lower
Cretaceous could have acted as potential source rock for hydrocarbon
generation and therefore subjected to dissolution by descending
groundwater. The transient evolution of the dispersing particle cloud
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Fig. 17. (continued)

(fig. 17A to F) demonstrates the probable paths and rates of mass
transport for oil generated deep within the basin. Based on the sensitiv-
ity results given earlier, this general transport pattern for soluble oil
migration would hold over a wide range of aquifer /aquitard permeabil-
ity situations, although the specific rates of oil transport would scale
near linearly with the hydraulic conductivity of the Upper Devonian
aquifer. No attempt has been made at this stage to incorporate the
geochemistry of oil dissolution, precipitation, or biodegradation into the
transport model, because so little is known about the thermodynamics
and speciation of hydrocarbons in basinal brines (Shock, 1987). Nev-
ertheless, it is clear from the hydrodynamic model that large parts of the
Middle to Upper Devonian and Cretaceous are unlikely contributors of
soluble oil for the formation of the giant oil sands deposits. A fluid
particle entering the foreland would descend across the low permeabil-
ity Cretaceous-Mississippian strata acquiring salinity and hydrocarbons
with depth. Particle temperature would rise along the flow path from
20°C at the water table to about 120°C near the top of the Upper
Devonian aquifer. Once in the aquifer, the particle would travel laterally
across the basin in a near isothermal state until discharging into the
Mannville sands (fig. 18).

750
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Fig. 18. Traces of the fluid particle temperature and pressure along the transport
path shown in figure 17.

Separate-phase transport model.—The second transport mechanism
to be investigated involves the case of immiscible oil migration in
separate-phase (fig. 1I9A-F). As in the previous case, numerous migra-
tion scenarios can be investigated with the numerical model. Once again
a set of mathematical particles are released from a specified source area
in order to track the path and rate of regional migration. Transport of
separate-phase oil is driven by both the impelling force of the groundwa-
ter flow and the body force of buoyancy (fig. 9F). Oil released at a source
bed (denoted by the diamond symbol) within the lower part of the
Upper Devonian aquifer (fig. 19A) slowly rises to the top of the aquifer,
where it is forced to pool due to the extensive, low permeability
Mississippian strata which act as a barrier for upward oil migration. The
oil slug migrates over 100 km laterally after 50,000 yrs of groundwater
flow (fig. 19B) and over 400 km after 150,000 yrs of transport (fig. 19F)
where it reaches the Mannville sands. The viscosity and buoyancy effects
cause the oil slug to migrate at a rate less than half that of oil in solution.
A model allowing for temperature corrections to oil viscosity might
predict a slower rate of petroleum migration as the oil becomes more
viscous along its flow path (Levorsen, 1967, p. 547). The temperature at
the top of the Upper Devonian aquifer (fig. 9H) ranges between 120°C
at the deepest part of the basin to 80°C just inside the Mannville sand
unit, with the cooling rate comparable to that shown i in figure 18. Oil
viscosity would increase from about 2 x 107> to 3 x 107 Pa-s over this
temperature range (Streeter and Wylie, 1975, p. 717). Therefore,
transport times for separate-phase oil migration could be as much as
three times those for aqueous transport because of viscosity effects
alone.

Scenarios of buoyancy-driven oil migration restrict the possible
source rocks contributing to accumulation in the Mannville sands to
strata either within the Upper Devonian aquifer (Wabamun, Winter-
burn, Woodbend, Grosmont Formations) or immediately below it (Du-
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vernay, Ireton, Beaverhill Lake Formations). Oil generated in the
Mississippian to Lower Cretaceous sediments would appear to have little
opportunity to enter the Upper Devonian aquifer under separate-phase
flow, given the hydrodynamic pattern and buoyancy forces depicted in
figure 9F. Oil generated within the Lower Mississippian section (Exshaw
and Banff Formations) could migrate literally and upward toward the
sub-Cretaceous unconformity, most likely along the Mississippian-
Permian unconformity surface (fig. 20). The transport rates shown here
are slower because of the lower hydraulic conductivity assumed for the
rocks comprising hydrostatigraphic unit 6 (table 4). Fluid migration
under this scenario would result in accumulation of the oil sands deposit
in the Peace River area (Vigrass, 1968; du Rouchet, 1985).

V. Discussion of Results

Post-Laramide uplift of the Western Canada sedimentary basin
triggered the creation of a topography-driven hydrodynamic system
capable of transporting large volumes of groundwater across the fore-
land platform. This low system provided the necessary mechanism for
transporting and accumulating the immense amount of oil preserved
today in the Mannville Group sands at the eastern edge of the basin. The
modeling simulations show the ability of the Upper Devonian carbon-
ates to act as a regional aquifer in focusing groundwater flows on the
order of 10® to 10* m®/yr (per meter width) across the Mesozoic and
Late Paleozoic shale sequence in the foreland, which provided a source
of soluble hydrocarbons. Maximum groundwater flow rates of 1 to 20
m/yr could have been generated in the regional aquifer, just beneath
the Mannville sand reservoir. Regional groundwater flow would have
had a major influence on heat flow in the basin, possibly providing
nearly isothermal conditions for transport in the Upper Devonian
aquifer.

In the soluble-phase transport model, hydrocarbons formed dur-
ing subsidence of the foreland bulge were later dissolved in small
quantities by the newly created regional flow which transported oil
updip to the discharge end of the flow system. Figure 21 summarizes the
parameter sensitivity study (fig. 10) and gives mass balance calculations
estimating the duration of solute transport required to account for the
known volume of oil in place at the Athabasca deposit, assuming a
plausible range of oil concentration. For example, a flow rate of 1 m/yr
with oil concentration change of 20 ppm would require 50.million years
of transport, while a flow rate of 20 m/yr with 5 ppm oil would only
require 10 million years.

The cause of oil precipitation or deposition in the Mannville sands
is unknown, but the concentration effect of converging flow lines (fig.
9G) and change in temperature (fig. 9G, J) could have played major
roles. Changes in groundwater salinity could provide an additional
explanation (Vigrass, 1968). A similar scenario of thermally-controlled
deposition from solution was proposed by Wood and Hewett (1984) and
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Fig. 19. Separate-phase transport model for long-distance immiscible transport of
hydrocarbons in the Upper Devonian aquifer. Buoyancy forces cause the free oil to hug
the top surface of the aquifer and pool in the Mannville sand unit at the basin margin. The
oil phase has a constant density of 850 kg/m?® and viscosity of 2 x 10* Pa - s.
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Fig. 19. (continued)

by Rabinowicz and others (1984). Two problems exist in a thermally-
controlled precipitation model. Firstly, the rate of oil deposition may be
small if the solubility-temperature curves of Price (1976) are indicative
of aqueous transport of hydrocarbons in the Alberta basin. However,
large quantities of brines have traversed the sub-Cretaceous unconfor-
mity, and with gravity-driven flow there is little problem in satisfying
mass balance constraints (fig. 21). It is also likely that temperature
changes were not solely responsible for oil deposition, as equilibrium
conditions could just as easily been perturbed by other changes in fluid
or rock composition. Secondly, with the known temperature effect of o1l
solubility (fig. 8), one might also expect the molecular composition of
exsolved hydrocarbons to be of similar type as the source phase (McAu-
liffe, 1980; Wood and Hewett, 1984). However, this may be a premature
conclusion given our limited understanding of the aqueous geochemis-
try of petroleum and of the effects of biodegradation in a basinal-brine
environment.

In the separate-phase transport model, hydrocarbons formed dur-
ing early subsidence would migrate under the forces of buoyancy and
capillarity up into more permeable lithologic units. Most of this primary
migration would probably occur through fracture networks (Palciauskas

750
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Fig. 20. Separate-phase transport model for immiscible transport of hydrocarbons in
the Mississippian-Permian hydrostratigraphic unit. Oil generated within the lower Missis-
sippian as a separate-phase would be partly dissolved by descending groundwater, with the
remaining volume migrating updip and accumulating in the Peace River deposit.

and Domenico, 1980; du Rochet, 1981; Magara, 1981; Ozkaya, 1988).
With the advent of the topography-driven flow system, immiscible oil
slugs could be driven laterally across the basin, primarily along the tops
of regional aquifers. One simulation demonstrates the possibility for oil
to migrate out of Devonian shale up into the Upper Devonian aquifer,
where it is driven toward the Mannville sands but at a rate two to three
times slower than that of oil in aqueous solution. The Mississippian
through Lower Cretaceous section is another possible source of hydro-
carbons, but it is difficult to conceive of a separate-phase flow mecha-
nism that could transport oil downward into the Upper Devonian
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Fig. 21. Mass balance diagram summarizing possible scenarios of Darcy flow rates
and oil concentration in basinal brines for the Athabasca oil deposit (oil in
place ~ 1.4 x 10" m®). The calculations assume an effective flow area swath of 320 km
wide by the thickness of the Upper Devonian aquifer. The region boxed-in by the thick
line represents geologically reasonable parameter ranges for topography-driven flow.

aquifer. A more likely situation for the post-Devonian rocks is the
upward flow of hydrocarbons into thinner Mississippian and Triassic
aquifer zones associated with unconformities. Regional groundwater
flow would then drive the free oil updip toward the sub-Cretaceous
unconformity with accumulation in the Peace River area (fig. 20).
Upward migration of oil globules in the Mississippian to Lower Creta-
ceous section would also provide abundant opportunity for extensive
dissolution of hydrocarbons by the descending groundwater flow, and so
the actions of both transport mechanisms could be complementary.
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The relative timing and fraction contribution by separate-phase
transport to overall accumulation in the oil sands deposits are somewhat
speculative due to uncertainties in the rate of hydrocarbon generation
and primary migration. Massive and continuous oil-phase migration is
unlikely to have been widespread because of the low organic content
(0.5-2.0 percent) of most of the potential source rocks in the Western
Canada basin (Deroo and others, 1977; Moshier and Waples, 1985).
Exceptions to this generalization, however, include the thin Devonian
Duvernay and Jurassic Nordegg shales (fig. 6) which may contain up to
several wt percent organic carbon. Upper Devonian shale of the Beaver-
hill Lake, Duvernay, and Ireton Formations are juxtaposed to contrib-
ute the most oil for the Grosmont-Athabasca deposits through separate-
phase migration, based on the hydrodynamic pattern of petroleum (fig.
9F) and the thermal profile (fig. 9H). Potential petroleum flow rates on
the order of 107® m®/m?® . yr are predicted for the source beds below the
Upper Devonian aquifer, but these calculations do not account for the
effects of capillarity. Indeed, the numerical model computed flow rates
for the basin shales three to four orders of magnitude higher than the
rate of oil generation thought to occur in shales (England and others,
1987). Better model calculations would clearly require that effects of
capillarity be included for simulating primary oil migration in the shale
source rocks.

The total generative capacity of the Devonian shale section can be
estimated, knowing the organic-carbon content, the oil-generative capa-
bility of the kerogen, and the thermal maturation achieved by the
organic matter (Moshier and Waples, 1985). Assuming a 200 m average
thickness over a source area of 300 km by 300 km gives a total rock
volume of 1.8 x 10'* m®. Using a total organic carbon content average of
about 0.5 percent, a hydrocarbon-generative capacity of kerogen of 0.1
kg/kg of organic carbon (Deroo and others, 1977) and a fractional
conversion of 50 percent result in a maximum of 10'° m® of oil generated
from the Upper Devonian shales, about one-tenth of the estimated
volume of oil in the Athabasca deposit. A similar contribution from the
Upper Devonian carbonate aquifer itself given twice the area and half
the organic content could double the possible source capability. There-
fore, separate-phase oil migration from the Upper Devonian alone is
capable of explaining only a fraction of the oil preserved in the
Mannville sands.

COMMENTS ON THE ROLE OF TRANSIENT FLOW

The Western Canada sedimentary basin underwent two major
periods of subsidence during its tectonic evolution (Bally, Gordy, and
Stewart, 1966; Porter, Price, McCrossan, 1982; and Beaumont and
others, 1985). The earliest period occurred in the Late Precambrian to
Paleozoic when the basin developed as a continental shelf and platform
of a passive margin extending to the west. The Permian to Middle
Jurassic wedge of multiple unconformities (fig. 2) represents the closing
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stages of this phase. The latest period of subsidence is recorded as a
series of shale and molasse sediments derived from overthrust sheets
which formed during the accretion of allochthonous terranes onto the
western margin of North America. This period of compression and
thrusting was most active in the Cretaceous through Eocene time with
culmination of the Laramide orogeny. Beaumont (1981) describes the
foreland subsidence as the result of flexural downwarping of the
lithosphere due to the loading of the crust by overthrust sheets to the
west. Following the Laramide orogeny, flexural relaxation of the litho-
sphere resulted, because erosion of the mountain belt removed part of
the original load. Subaerial erosion, interrupted briefly by continental
glaciations in the Pleistocene, is still continuing to the present time.
The tectonic history of the foreland and platform provides a
reasonable framework for conceptualizing the hydrologic evolution of
the Western Canada basin (fig. 22). In the Late Paleozoic, compaction of
marine sediments provided the sole mechanism for driving fluid flow in
the subsiding basin (Bredehoeft and Hanshaw, 1968). The exact flow
patterns and rates are unknown for this stage, but it is likely the flows
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Fig. 22. Schematic of fluid-flow evolution in an evolving foreland basin, such as the
Western Canada sedimentary basin. (A) Late Paleozoic stage is 2 passive margin where
flow is dominated by thermal{ -driven convection and compaction. (B) Late Tertiary stage
represents the period soon after tectonic compression and flexural uplift. Gravity-driven
flow dominates with regional migration of brines and hydrocarbons. (C) Present-day fluid
flow pattern is strongly partitioned and weakened by erosion of topography.
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were dominantly upward at maximum rates of 107> m/yr or less, based
on theoretical calculations of compaction in sedimentary basins (Sharp,
1978; Bethke, 1985: Shi and Wang, 1985). A more important mecha-
nism of mass transfer in this period of basin evolution may have been the
convective circulation of thermally-driven flow. Figure 23A and B show
one simulation example of paleoflow in the Western Canada basin prior
to the Laramide orogeny, with the same hydraulic properties of table 4.
Groundwater circulates more vigorously in the thicker part of the basin
and across several stratigraphic units, but most of the fluid flow is
confined to the Ug)per Devonian aquifer where Darcy velocities reach a
maximum of 107" m/yr. Vertical flow rates are smaller, yet sufficient
enough to perturb the geothermal gradients in the shelf region (fig.
23B). However, only a small part of the basin is exposed to fluid flow,
and no regional mechanism exists for transportmg large volumes of
basinal brines or hydrocarbons to the eastern margin.

Tectonic compression and thrusting during Mesozoic time would
have initiated a second-phase of compaction-driven flow from the
orogenic belt, possibly in the manner hypothesized by Oliver (1986)
with focusing of fluid flow in front of thrust sheets. The effect of
compression and thrusting on the hydrodynamics of foreland basins has
just begun to be quantified. Bethke (1986b) estimated maximum flow
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23. Hydrogeologic model of steady-state flow in a compacted margin and
contmental platform. Fluid flow is solely driven by density gradients.
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rates of only 107? m/yr based on rates of crustal plate convergence,
whereas Ge and Garven (in press) have computed transient flow rates of
107 to 1072 m/yr based on coupled stress—strain—flow models of a
foreland thrust. Despite the low groundwater flow rates, this stage of
basin subsidence and compression was perhaps the most conducive for
oil maturation because of the depth of burial in the foreland wedge
(Beaumont and others, 1985). It is possible that this stage in basin
development also enhanced primary migration of hydrocarbons down
into the Devonian aquifers so that later solution and separate-phase oil
was driven updip by gravity-driven flow. The volume of hydrocarbons
driven by compression and compaction is likely to have been small,
however, in light of the flow calculations by Ge and Garven (in press).
Subsequent uplift and erosion of the Rocky Mountain fold and
thrust belt resulted in widespread emergence of the basin foreland and
platform and the creation of a topography-driven flow system (fig. 22B).
Figures 24 and 25 show the transient evolution of fluid flow and heat
transport predicted with the numerical model, assuming an instanta-
neous regression of the Cretaceous-Tertiary seaway with basin uplift.
Both the hydraulic and thermal systems evolve to a steady pattern after 1
million years of flow, although the temperature field requires a longer
period of dissipation because the thermal diffusivity coefhicient is two
orders of magnitude smaller than the hydraulic coefhcient in the
transport equations (table 2). Fluids traversing the basin soon after uplift
would be initially cool in the regional discharge area and later heat up
due to the effect of forced convection. Figure 26 documents the detailed
transitions of the fluid velocity and temperature for a single point in the
Upper Devonian aquifer at x = 500 km (fig. 9A), which is in the
discharge end of the flow system and directly below the Mannville sand
reservoir. The horizontal component of the Darcy velocity rises to a
steady value of 1.6 m/yr after only 1000 yrs of flow, while the vertical
component takes a period of 100,000 yrs to reach steady state. Varia-
tions in the vertical velocity component result from buoyancy-driven
transients associated with the evolving temperature field and from
vertical heterogeneities in the permeability field. This effect on the
vertical velocity component feeds back into the energy equation
through the convection terms in eq (6), which in turn have a pronounced
effect on the temperature of the fluid discharging into the Mannville
sands (fig. 26B). The magnitude of the observed thermal pulse directly
varies with the aquifer hydraulic conductivity. For example, a hydraulic
conductivity of 800 m/yr produces a thermal pulse of similar duration as
the case for 200 m/yr (fig. 26B), but fluid temperatures climb to 150°C
in the regional discharge area (Garven, 1988). The marked variation in
temperature between 100,000 and 200,000 yrs (fig. 27) could help
explain the range in fluid-inclusion temperatures observed in hydro-
thermal minerals associated with base-metal ores (Sverjensky, 1986).
The role of fluid transients in oil migration is unclear. J.R. Wood
(personal commun.) has offered the suggestion that thermal transients
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induced by flow may help explain organic maturation anomalies
observed in certain intracratonic basins such as the Michigan basin
(Cercone, 1984; Vugrinovich, 1988). The thermal transients illustrated
in figure 25 could have a profound effect on the organic maturation of
sediments as the pulse traverses the basin.

Based on the tectonic history of the basin, the gravity-driven flow
system could have operated for as long as 50 million years, transporting
hydrocarbon-bearing groundwater and impelling separate-phase oil
through the Upper Devonian aquifer with deposition and pooling in the
Mannville Group sands. Separate-phase oil probably migrated upward
into the regional aquifer from underlying Devonian shale, but a large
percentage of the giant oil sands accumulation must have resulted from
soluble transport of hydrocarbons generated within Mississippian to
Cretaceous strata in the foreland bulge at the recharge end of the flow
system. Concentration effects may have forced a lot of oil in solution to
form a separate phase along the updip portion of the aquifer, such that
most of the oil arrived as an immiscible fraction at the sub-Cretaceous
unconformity. By Late Pliocene time, differential erosion developed an
incised surface drainage system that dissipated the regional flow into
local flow systems (fig. 22C). Numerical simulations of the present-basin
configuration suggest flow rates of 1 m/yr in the most permeable
aquifers and a temperature field that is a subdued relict of mid-Tertiary
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time (fig. 28). The Holocene groundwater flow is more than adequate
for redistributing petroleum as documented by Téth (1980), although
the regional mechanism originally present for transporting large vol-
umes of oil toward the basin margin no longer existed. The develop-
ment of local flow systems represented a period of biodegradation and
dissolution of the oil sands deposits by shallow-circulating groundwa-
ter.

CONCLUSION

The Western Canada sedimentary basin provides an excellent
example of the close relationship between tectonics, hydrogeology, and
the formation of large oil and ore deposits in foreland basins. Compres-
sion and thrusting along the western margin of the continent eventually
led to flexural uplift of the foreland and platform in post-Cretaceous
time. As a result of uplift, a gravity-driven groundwater flow system was
created that focused Hluids across the basin through the Upper Devonian
carbonate aquifer, with upward discharge rates of 1 to 10 m/yr across
the Mannville Group reservoir sands at the eastern margin. The super-
giant oil sands deposits formed as a direct result of the Tertiary-age flow
system. Hydrogeologic and mass balance considerations suggest that at
least 80 percent of the accumulated oil was transported in solution from
Mississippian to Cretaceous source rocks located within the foreland
wedge. Miscible transport could have formed the giant oil sands deposits
in less than 50 million years, assuming concentrations on the order of 10
ppm and precipitation caused by cooling and concentration effects in
the discharge area. Separate-phase, immiscible oil transport as globules
and slugs could have contributed a maximum of about 20 percent of the
accumulated oil volume, but only from the Upper Devonian strata.
Separate-phase migrations in the Mississippian to Cretaceous section are
more likely to have formed the Peace River deposit because of buoyancy
effects than to have contributed directly to the massive deposits near the
edge of the basin. Transport and accumulation of large oil volumes
waned in Pliocene time, due to the dissipation and partitioning of the
regional flow system by erosion.

ACKNOWLEDGMENTS

I am indebted to Laurence Vigrass for sharing his expertise on the
geology of the oil sands deposits and the Western Canada sedimentary
basin while he visited Johns Hopkins University during a 1985-1986
sabbatical. Mark Person helped the author formulate the numerical
algorithm for petroleum migration. Discussions on the origin of oil with
Everett Shock, Dimitri Sverjensky, and Jim Wood benefitted the devel-
opment of the research. Chris Neuzil provided much insight on the
transient nature of groundwater flow in sedimentary basins, and Edward
Bouwer supplied useful information on the effects of biodegradation of
hydrocarbons in the subsurface. Hugh Ellis contributed thoughtful
comments for improving an early draft of the manuscript. The author is



158 Grant Garven—A hydrogeologic model for the

also grateful to Antonio Lasaga and Carl Steefel for their perceptive
reviews.

The work reported in this paper was supported by grants from
Conoco Inc. and the National Science Foundation (EAR-8409609).
Computational support was provided through equipment grants from
Texaco, Inc. and the National Science Foundation (EAR-8553019).

APPENDIX
Numerical formulation of the transport equations

The models of regional groundwater flow and oil migration are based on numerical
simulations with the hybrid finite element and particle tracking code OTLGEN, which was
developed for this study. Because the fluid flow, stream function, and heat transport
equations (table 2) are of the same form, a common numerical solution procedure was
used. The irregular geometry of the basin and hydrostratigraphy (fig. 9A) makes the use of
the finite element method most suitable. As a first step in the procedure, the flow domain
is discretized into a set of triangular elements defined by nodal coordinates (fig. 9B). By
assuming an unknown function ® - #(x, z, t), where & stands for either the head h,, the
stream function ¥, or temperature T, we can write a trial solution for the differential
equations as:

o~d= i ®.£.(x, 7) (A1)

where N is the number of nodal points in the grid, ®, are the unknown coefficients, and &,
are linearly independent basis functions (Huyakorn and Pinder, 1983). The element basis
functions are defined by

£(x,2) = 2% (a, + b,x + ¢,2) (A2)

where A is the element area and n = 1,2,3. The coefficients in (A2) are given by the local
coordinates of the element nodes as:

A, = XoZy — XgZy b, =25 — 73 €] =Xz — Xy

Ay = XgZ] — X;23 Do =123 — 7, € =X; — X3

a3 =X12p — Xp2; Dby =12, -2, =% — X
and

2A = coby — ¢;by

In the Galerkin finite element approach, the trial solution (interpolation formula) is
substituted into the differential equation and a weighted integral over the flow domain R is
formed to minimize the residual error. Egs (3), (5), and (6) are transformed as a result of
this operation to:

S [ {7 - (Kol Th + 00¥2D)] — g, %} S £ dR -0 (A3)
ff v | X L vi|sg®l s ar-0 (A4)
R K| o 8 ax "

ffR lv - [EVT] - pucug, - VT — Cy ‘Z—T] S£,dR =0 (AB)
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for n = 1,2,..., N. The specific storage coefficient in (A3) is derived for the elastic
properties of the porous media as S; = p,g(e + ¢8). The bulk heat capacity in (Ab) is
represented by the term Cg = [p.c ¢ + pc(l — @)

Using Green’s second identity (Kreyszig, 1972) and replacing the integration over
the region as a summation over the finite elements, the equations become:

> Z;f_/‘; Koyt VEn - VE, dRe:| hy + 3 fj; Koup, 0. VZ - VE, dR®
+ Z[Z S L. oSkt dR*]% - X [ o ntdw (a6)

X[ %M&n - sndR']wm=

dp., . K )
‘Zf/,: 85, fndR +Zfﬂ, IKIuwW-nsndQ (A7)

Z Z fA: (EvEm . VE,. + PuCuQw * ng . En) dchl Tm

+ ;[Z fj; Cazmén]%=;fm EVT - ng, d2°  (A8)

The integrals over the element boundaries Q° represent the flux or natural boundary
conditions (table 3). After evaluating the integrals, eqs (A6) to (A8) can be rewritten in
matrix notation:

dh,,
Amh + Dip —2=Q,  mn=12_..,N. (A9)

where

A"m = Z ﬁ:_;%n; (Kxxbnbm + Klzcncm)

1
- ifn=m
Do = 9 £.S.A -
e

R H #
2 ifn#m

PubrwPrw n
Qn == Z 2 (Kzzcn) - Z q;

and for the stream function equation
Som ¥ = B, mn=1,2,...,N. (A10)

where

22

Bw | Bobm  CyCy
S = Ay )
o 24/;[1(" tX ]

Pumgbm  Blu,
Bom LT
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and for the heat equation

dT,

R"mT,,,+U"m—d[—‘“=F,, mn=1,2,...,N. (A11)
where
1 PuCu
R, = — [E..b,b E b, N
nm ; 4A[ xx~n~m + ucncml + 6 [qx m + qlcm]
1
— ifn=m
Upm = 0_ CgA -
¢ — ifn#m

12

F, = —Z%

For steady-state problems, eqs (A9) and (A11) can be simplified by setting D, and
U,m equal to zero. Otherwise the time derivatives can be expanded with finite difference
approximations:

-

.

1 1
OA,. + At Do [t = Qo = [(1 ~ ©)A,m — A D, | by, (A12)
L 4 L J
and
[ 1 ] k+1 [ 1 ] k
ean + 'A—[ Upn| T = F, - (1 - G)an - E Unm Ta (AIS)

in which @ is the time-stepping weight, and the subscript k refers to the current time level.
In a fully implicit scheme @ = 1.0, and in the Crank-Nicolson scheme © = 0.5 (Huyakorn
and Pinder, 1983).

Each equation in the system (A9) to (A11) represent N equations in N unknowns,
which can be directly solved using Gaussian elimination. On boundaries of constant stream
function and temperature, ¥, and T, are known, therefore the equations of these nodes
can be removed from the matrices. On boundaries of prescibed fluid and heat flow, q, and
J. are inserted into the appropriate terms in the integrals. On the water-table surface, the
hydraulic head is set equal to the elevation of the node, and the stream function condition
is satisfied by setting B} equal to the hydraulic head difference between the nodes on either
side of node n on the boundary (Frind and Matanga, 1985). Note that in order to solve
(A11) the Darcy velocity components must first be evaluated. Substituting the interpola-
tion formula (A1) for hydraulic head into Darcy’s law (1) yields:

3
e Hrw
4= - JZ) [2 A (Kxxbjhj)] (A14)
2| ptrw
q - - JZ.: o (Rugh) + Kotowpn (A15)

where the summation is over the three nodes in the element. Once the hydraulic heads are
computed, the Darcy flux is calculated for each element with (A14) and (A15), and the
results substituted into (A11). The fluid flow and heat transport equations are solved by
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updating pressure and temperature coefficients between time steps and iterating until the
normalized temperature change between subsequent iterations is no greater than one
percent at any node. Steady state models only require one set of iterations because
time-stepping can be eliminated.

Numerical solutions of the oil mass transport equations, (7) and (8), are based on
particle-tracking techniques and the stochastic theory of random walks (Bear, 1972).
Source beds are represented by releasing several hundred mathematical particles. Each
particle is assigned a mass, and they are assumed to move independently. The particles are
tracked across the finite element grid with an algorithm that ensures they are also properly
reflected at impermeable boundaries. During a time step, the p-th particle is advected
according to the magnitude of the average linear velocity of the fluid in the element. New
particle positions are computed in a simple fashion:

xp*h = xb + v, - At (A16)

7t =75 + v, - At (A17)

This time stepping process is repeated as necessary. For the case of soluble petroleum
transport, particle positions after each advection step are modified with a random walk to
simulate hydrodynamic dispersion in porous media. Random-walk displacements can be
calculated from the root-mean-square distance of the particle ensemble and a uniform
probability distribution (Ahlstrom and others, 1977). The dispersive steps are expressed
as:

A%, = V24D,At - (0.5 — R) (A18)
Az, - J24D.Ac - (0.5 — R) (A19)

where A% and Az are the displacement along and transverse to the local fluid flow
direction, D; and D are the longitudinal and transverse dispersion coefficients, and R is a
pseudo-random number in the range (0, I). Concentrations are easily computed for each
element in the mesh by enumerating the mass of particles in each element and dividing by
the area. A major advantage of the particle-tracking method is that it does not experience
problems of numerical dispersion or oscillation so common with finite element and finite
difference techniques.
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