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ABSTRACT

Hydrocarbons in shallow (< 1 km depth) Pleistocene sand reservoirs of the
Eugene Island 330 field in the northern Gulf of Mexico basin are thought to have
originated from Early Tertiary source sediments at depths of about 4.5 km. Despite the
low permeability of the intervening sediments, hydrocarbons appear to have moved
rapidly through these sediments, which are hypothesized to have occurred as solitary
waves, i.e. discrete pressure pulses, along the Red growth fault system. The purpose of
the present research was to evaluate the mechanics of solitary wave formation and
movement during sedimentation, diagenesis, and source rock maturation in the Eugene
Island hydrocarbon field. A detailed two-dimensional model coupling sedimentation,
compaction, hydrocarbon generation, heat transport, and multi-phase fluid flow predicted
overpressures of 52 MPa by the present day in the hydrocarbon source sediments, with
most of the overpressure caused by compaction disequilibrium and the remainder by
hydrocarbon generation. Movement along the Red growth fault was rapid enough to
cause a pressure decrease of several MPa from the upthrown block to the downthrown
block, consistent with field observations. The average pressure generation rate at the
base of the Red fault during the period of hydrocarbon formation was predicted to be
about 10°° Pa/s. Based on the likely values of fault permeability and the calculated
magnitude of the pressure gradients generated by the compaction-dominated flow regime,
flow velocities on the order of 10° m/Myr would be expected, which is far too low for
hydrocarbons to ascend kilometer-scale distances and accumulate in shallow Pleistocene
reservoirs within the 3.6 million year lifespan of the minibasin.
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To evaluate solitary wave behavior, a separate one-dimensional model was
constructed that used the pressure generation rate determined from the two-dimensional
basin model and solved the continuity equation for a single fluid phase consisting of oil
using an implicit finite difference method over a five kilometer vertical profile. The
calculations showed that solitary waves were only able to form and migrate over a narrow
permeability range of about 10 to 10* m”. Within this permeability range, solitary
waves could reach velocities on the order of 10~ m/yr. For permeabilities greater than
107** m?, fluid pressures diffuse too rapidly from the source region for a coherent wave to
form. For permeabilities lower than 1072 m?, the solitary wave grows to large amplitude
but is effectively immobile over million year time scales. Solitary wave formation and
propagation required high initial fluid pressures in the range of about 91-93% of
lithostatic pressure. When fluid pressure lay outside of this range, then because of the
sensitivity of permeability to effective stress, permeability lay outside of the 107 to
10* m? range such that solitary waves either did not form or formed but did not move
significantly from their source location. As solitary waves ascend, their velocity
increases while their amplitude diminishes and they leave behind a wake of slightly
elevated fluid pressures (typically 1-2 MPa above the initial background values) that
increases the permeability enough to prevent further solitary waves from forming. Thus,
for time spans on the order of the 3.6 million year history of Eugene Island, solitary
waves would not form in succession, which limits their hydrocarbon transport efficacy.
Solitary waves were only able to ascend 1-2 kilometers from their source regions before

their amplitudes diminished to background fluid pressure and porosity values. As they
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ascend their velocity increases from order 0.1 mm/year to order 1 mm/year. Wave
volume was found to increase during the early stages of ascent, peaking after a travel
distance of about 0.5 to 1 km at a pore volume of about order 10° m>. Thus, solitary
waves are unlikely to have charged the shallow Pleistocene reservoirs at Eugene Island
with oil, though it is possible that solitary waves could be important agents of oil

transport in other locations where the reservoirs are more proximal to the source rocks.
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1. Introduction

Hydrocarbon reservoirs and sources are commonly separated by kilom eter-scale
thicknesses of low permeability s ediments that can be traversed by fluids in rem arkably
short periods of time (Holland et al, 1990; Whelan et al, 1994; Losh et al, 1999; Revil and
Cathles, 2002). For exam ple, in the northern Gulf of Me xico basin, most hydrocarbon
production has come from thermally immature Tertiary and Quaternary reservoirs into
which the hydrocarbons have m igrated from sources typically 2 to 4 km deeper shortly
after reservoir deposition and trap for mation (Young et al., 1977; Dow , 1984; Curtis,
1991). In the Eugene Island m inibasin, historically one of the most productive
hydrocarbon fields on the outer continenta 1 shelf of the Gulf of Mexico basin,
hydrocarbons are concentrated in shallow P liocene-Pleistocene sand reservoirs but
migrated from early Tertiary sediments lying at depths of about 4.5 km . These Tertiary
sediments may have been the source of  the hydrocarbons (Holland et al., 1990), or
alternatively, temporary reservoirs that were o riginally charged from deeper Ju rassic-
Cretaceous source sedim ents (Thompson, 1988, 1991; Whelan etal., 1994).
Stratigraphic, structural, and fluid pressu  re relations indicate that the Pliocene-
Pleistocene reservoirs were charged within the past 0.7 m illion years (Holland et al.,
1990; Alexander & Handschy, 1998; Losh et al., 1999), indicating flow rates on the order
of at least 10 m/yr.

However, flow rates could have been m uch greater th an that. For exam ple,
Whelan et al. (2001) docum ented changes in hydrocarbon com position in sh allow

reservoirs at Eugene Island on the order of s everal years, which they attributed to
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recharge from deeper sources with a sm aller contribution from biodegradation. High

fluid flow rates are commonly made possible by the existence of permeable faults, which
in the case of Eugene Island appears principally to be the Red Fault, a major growth fault
bounding the eastern margin of the minibasin (Figure 1). This is supported by a study by
Lin and Nunn (1997), which showed a plum e of low salinity fluid extending along the

Red Fault from depth and protruding into shallower reservoirs.
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Figure 1. Location map of the Eugene Island 330 minibasin on the continental shelf of offshore
Louisiana (Alexander & Flemings, 1995). Line AA' shows the location of the cross-section across

a Red fault and antithetic fault (designated as A and F respectively in the figure) used in the two-

dimensional model.

A further important observation is that fluid flow in the Red Fault appears to have
been transient and episodic rather than steady and continuous. ~ Anderson et al. (1994)
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found that the perm eability of the Red Fault ¢ ould be increased sufficiently to admit
large-scale fluid flow for fluid pressure increases of at least 3.5 MP a above current
values. This led them to suggest a m echanism for fluid flow in whic h fluid pressure
builds at depth over time until a threshold is reached that causes the fault perm eability to
increase enough to allow a transient burst of fluid flow and fluid pressure release, after
which the fault seals and the process repeats.  Losh et al. (1999) identified a therm al
anomaly centered on the Red Fault based on vitrinite reflectance and carbon and oxygen
isotope data. They determined that this anom aly could be explain ed by the ascent of a
short-lived (~150 year-long) pulse of rapidly flowing fluid at a rate of over 300 m /yr that
heated the fault zone by as m uch as 55° C above present-day am bient temperatures.
Further support for this m echanism has come from the num erical modeling work of
Roberts and Nunn (1995), Guerin (2000), and Roberts (2001), though Guerin® s (2000)
work suggested longer tim e scales of flow of 1000 to 5000 years. Revil and Cathles
(2002) suggested that these transient episodes of rapid fluid flow could represent solitary
waves, manifest as regions of elevated fluid pressure and porosity , and first proposed by
Rice (1992) as am echanism for enhanced fluid transport in fault zones with elastic
rheologies. Revil and Cathles (2002) developed an analy tical solution to a dif ferential
equation for flow through porous m edia that allowed them to com pute velocities of
solitary waves. Using values of physical param eters appropriate for Eugene Island, they
found solitary wave velocities on th e order of at least 1 ’s of km/yr to be possib le, with
even higher velocities on the order of 100 s of km/yr more likely. F our-dimensional

seismic reflection data presented by Haney et al. (2005b) m  ay record the ascent of a



solitary wave through the Red fault. The data show a zone of high reflectivity thought to
be associated with anomalously high fluid pressure that moved at an average rate of about
140 m/yr.

Other previous studies have also shown that solitary waves can develop and serve
as important fluid transport agents in sedimentary porous media. Appold & Nunn (2002)
carried out one-dim ensional numerical m odeling of solitary wave for ~mation and
movement in viscous porous m edia saturated with petroleum and under going active
compaction and hydrocarbon generation. In this scenario, solitary waves are manifest as
regions of elevated liquid fraction (fluid-saturated porosity) that ascend due to buoyancy
rather than pressure gradients, and are in itiated by increases in liquid f raction caused by
the conversion of kerogen in the solid matrix to petroleum. Appold & Nunn (2002) found
solitary wave development to be prom oted by high sedimentation rate and total or ganic
carbon content and low matrix shear viscosity. Solitary waves did not always pro vide
enhanced petroleum transport relative to conventional Darcian flow, but only when the
background porosity was low (less than about 1%).

Bourlange and Henry (2007) used two-dim ensional numerical modeling to study
solitary wave migration in the Nan kai accretionary wedge in which the porous m edia
were assumed to have an elastic rheology . Using a finite elem ent solution to the
groundwater flow equation, Bourlange and H enry (2007) showed that overpressure
generated at depth along a décollem ent can di ffuse as a discrete plum e rapidly updip,
provided that the hydraulic diffusivity of the décollement is high in absolute terms as well

as relative to the surrounding porous m edia. However, the pressure sur ges that they



generated in their m odels did not have clos ed wave for ms and were not episodic, in
contrast to the indications from the empirical field data cited above, or to the results from
Appold and Nunn (2002) for viscous porous media.

The aim of the present research was to quantify the behavior of solitary waves in
elastic porous media in a sedim entary basinal environment like that of Eugene Island,
where high overpressures are produced by com paction, hydrocarbon generation through
the maturation of kerogen, or gas generation th rough cracking of previously form ed oil.
The specific hypothesis is that solitary waves would be s pawned in the Red faul t and
perhaps other faults where they intersect zones of overpressure. The focus of the research
has been in two principal areas: (1) characterizing fluid pressure evolution in the Eugene
Island minibasin over the course of its form ation; (2) quantifying the size, velocity , and
fluid transport capabilities of solitary waves as a function of the properties of the porous

medium and pore fluid.



2. Geological Setting of South Eugene Island 330

The geology of the Eugene Island m  inibasin has been described in several
publications, including Holland et al. (1990), Anderson et al. (1991), and Alexander and
Flemings (1995), from which the following summary is based. The Eugene Island
minibasin is located in the outer continen tal shelf of the Gulf of Mexico basin,
approximately 270 km southwest of New Orleans. The basin is ellip tical in shape, with
dimensions of about 20x15 kilom eters, and is filled with siliciclas tic sediments of
Pliocene-Pleistocene age. The basin formed as a result of deltaic sediment loading that
caused underlying Late Miocene-age salt to flow into adjacent areas. The evacuated salt
left a topographic low at the surface that could receive sedim ents from the advancing
delta. The evacuating salt also produced four m ajor fault zones along the boundaries of
the basin—normal listric growth faults in the n orth and northeast and antithetic faults in
the south and west. Motion along the growth f aults has produced ro llover anticlines in
the downthrown blocks that have served as the principal traps for hydrocarbons. The
hydrocarbons are concentrated in the eastern  part of the basin in seven Pleistocene
quartzose to slightly arkosic fine-grained sandstone reservoirs. The reservoirs have
porosities averaging about 30%, water saturations between 20 and 40%, and
permeabilities ranging from 10™'* m? to more than 6x10™'> m*>. Mudstone sealing layers
have much lower permeabilities on the order of 10 " m* (Stump & Flem ings, 2002).
Production of hydrocarbons from Eugene Island began in 1972, peaking from 1975-1980
at about 95,000 barrels of oil and 0.482 trillion cubic feet of gas per day , during which
time Eugene Island was the m ost productive hydrocarbon field in the federal outer
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continental shelf (Holland et al., 1990).

The structural and stratigraphic evolution of the m inibasin has been subdivided
into three phases: an early prod elta, an intermediate proximal deltaic, and a late fluvial
phase (Figure 2). The prodelta ph ase is ch aracterized by the d eposition of sh ales,
turbidites, and sands upon a Miocene salt sheet. As this deposition progressed, space for
additional sedimentation was created by withdrawal of the underlying salt sheet. The
Lentic sand is a m ajor reservoir that was dep osited during this phase and is strongly
overpressured (Alexander and F lemings, 1995). During the proxim al deltaic phase,
alternating beds of sand and m ud were deposited in distributary channel, channel-m outh
bar, and delta-front environm ents. In the Eugene Island literature, the principal sand
reservoirs are designated OI, MG, LF , KE, JD, and HB, and are m oderately
overpressured. During the fluvial phase, little accommodation space for further
deposition of sediments was created because by this tim e the underlying salt had been
completely evacuated. This led to a southward progradation of the deltaic system  in
shallow water. The GA sand was d eposited early in this phase when faults in the b asin
were still active. This active faulting provided structural closure to make the GA a good
reservoir, in contrast to the sands th at were deposited later. Sediments deposited during

the fluvial phase are hydrostatically pressured (Lin and Nunn, 1997).
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Figure 2. Evolution of the Eugene Island 330 minibasin from prior to 2.8 Ma to the present time
showing three phases: (a) prodelta (b) proximal deltaic and (c) fl uvial (Alexander & FI emings,

1995).



3. Modeling of Eugene Island Minibasin Evolution

3.1. Theoretical Background

In order to determ ine if overpressures sufficient for the ge neration of solitary
waves could be generated in the Eugene Island m inibasin, the evolution of the m inibasin
from its inception about 3.6 Ma to the present day was m odeled using the BasinMod® 2-
D software. The model reconstructed the chronologic deposition of the major
stratigraphic units, their compaction and heating during burial, the m aturation of kerogen
and formation of oil and methane in presumed hydrocarbon source sediments, changes in
the pore pressure and proportions of water , oil, and m ethane, and the velocities of their
flow.

The model was based on a backstripped cross section of Eugene Island published
by Gordon and Flem ings (1998). Sedimentation rates were com puted from the known
ages and thicknesses of the sedimentary units, corrected for com paction as a resu It of
burial using the approach of Sclater and Christ ie (1980). Fluid pressure as a function of
compaction and heat transport as a function of conduction and advection were computed
following the theory presented by Bethke (1985), with the addition of saturation-
dependent relative p ermeability and capillary pressure relationships to accoun t for the
presence of hydrocarbon fluid phases with water . The formation of hydrocarbons fro m
kerogen was computed using the kinetic model of Sweeney and Burnham (1990) for type
IT kerogen. Hydrocarbons could begin to flow out of their source m edia once their pore
pressures exceeded threshold capillary pressures. The permeability of each lithologic

unit was calculated as a function of its grain size distribution using a modified Kozeny-
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Carman equation (Ungerer et al, 1990).  These grain size values as w ell as other key
model parameters are shown in Table 1. Further details regarding model construction are
described next.

3.2. Model Construction

As noted above, the E ugene Island m inibasin evolution model for the present
study was based on a cross section published by Gordon and Flem ings (1998), extended
to a depth of 5 km (Fig. 3). The cross section was discretized to form a numerical grid
with an average horizontal nodal spacing of 25 m. The vertical nodal spacing was
governed by the sedimentation rate and a time step size selected to be 50,000 years.

Several model scenarios were investigated. The first is referred to as the “base
case scenario” that employs the most likely parameter values for Eugene Island (Table 1).
Parameter values as sho wn in the table, excep t for porosity, permeability, heat capacity,
matrix thermal conductivity and %T OC were based on the em pirical data from Platte
River Associates for various lithological units (BasinMod1-D ®, 2009; BasinMod2-D ®,
2009). Bulk therm al conductivities were calcula ted assuming a geothermal gradient of
33° C/km (Nunn et al., 1984) and a basal heat flux of 60 mW/m”. Thermal conductivities
for shales and sandstones lie in the range from 1to 3 and 2to 4 W m ' K1 respectively
(Anderson et al, 1991). Heat capacities for each of the litho logical units were based on
the data by Robie et al. (1979). Most of the sand reservoirs in the Eugene Island
minibasin have permeabilities that range from 10> m” to 10" m” and porosities that
average about 30% (Holland et al., 1980). S hales are thought to have m uch lower
permeabilities in the range of 10°'" m” at shallower depths to as low as 10> m” at greater

10



depths (Matthai & Roberts, 1996; Gordon and Flem ings, 1998; Guerin, 2000; Roberts,
2001; Revil & Cathles, 2002). In ad dition, model scenarios were computed in which the
permeabilities of the stratigraphic units were all increased by a factor of 10, 100, and
1000, and in which the permeabilities of the stratigraphic units with the exception of the
lower shale were all decreased by a factor of 10 relative to the base case scenario. These
alternate scenarios were in tended to test th e sensitivity of the predicted fluid pressure

evolution to uncertainties in permeability values.
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Figure 3. Model cross-section of the Eugene Island m inibasin along a northeast to southwest
transect shown in Figure 1 (m odified from Gordon and Flem ings, 1998). L abeled light green
layers represent sand reservoirs and purple indicates shale. The light purple layer at the bottom of
the cross section represents a kerogen-rich source r ock for oil and gas. The bold white lines

represents the Red fault sy stem. The yellow patterned region represents salt. The dashed line
below the OI sand represents transgressive Lentic 1 surface described by Alexander and Flemings

(1995).
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The following boundary conditions were applied in all of the models. The bottom
of the model domain was considered to be a no-flow boundary based on the com pacted
nature of the sediments and the possible presence of a salt sill at 5 km depth (Whelan et
al., 1994; Revil and Cathles, 2002). The bottom boundary was also assigned a constant
heat flux of 60 mW/m? (Anderson et al., 1991; G uerin, 2000). The lateral boundaries of
the problem domain were insulating with respect to heat flow but were open with respect
to fluid flow with pressure specified to be hydrostatic. The upper boundary of the model
domain had a constant temperature specified to be 5° C and pressure specified to be
hydrostatic.

All of the models considered hydrocarbons  to have been sourced from  Early
Tertiary sediments over a present-day depth interval of about 4.5 to 4.8 km . Shallower
Pleistocene shales that are in terbedded with Pleisto cene sand reservoirs were prob ably
not good sources for hydrocarbons because of th eir thermal immaturity and low or ganic
carbon content (TOC 0.30-0.80%; Holland et al, 1980). The models assumed the Tertiary
source sediments to contain Type II kerogen w ith a total or ganic carbon content of 5%.
Holland et al (1990) suggested that m aturation of source rock and oil generation in the
Eugene Island 330 fields occurred at depths of 4570 to 4880 m based on a variety of
biomarkers and m aturity indicators, which was the app  roximate source rock depth
interval used in the m odels. The Pleistocene shales in th ¢ models were as signed an
average organic carbon content of 0.55%.

3.3. Results

As noted above, the purpose of the basin modeling was to characterize the

12



evolution of pore pressure at Eugene Island, with a particular focus on the rate of fluid
pressure increase that could be expected in the hydrocarbon source sedim ents near the
Red fault. These predicted rates served as an im portant input for the solitary wave
generation and propagation calculations and are fundamental to the evaluation of whether
or not solitary waves could serve as a mechanism for enhanced hydrocarbon transport.

The simulation results for the base case scenario are shown in Figures 4-8. Figure
4 shows the stratigraphic evolution of the basin at 3.0 Ma, 2.5 Ma, 1.5 Ma, 1.0 Ma, 0.5
Ma and 0 Ma. Sedimentation in the basin began before 3.0 Ma with the deposition of
shale, a source rock for oil and gas, followed by a major salt layer . Continued
sedimentation in the basin between 2.5 and 1.5 Ma resulted in the for mation of the Red
fault. Growth of the fault ceased in the model after 0.5 Ma by which time salt evacuation
and the production of further accommodation space for sedim entation is thought to have
ceased (Alexander and Flemings, 1995). The principal hydrocarbon reservoirs were
deposited alternately with shale layers between 1.5 Ma and 0.5 Ma. Sedim entation in the
model concluded with the deposition of a layer of shale from 0.5 to 0 Ma.

Figure 5 shows a plot of excess pore fluid pressure (i.e. overpressure) as a
function of time. Pore fluid pressure remains near hydrostatic levels throughout the basin
until about 3.0 Ma. By 2.5 Ma, excess pressure s of about 21 MPa have developed in the
lower part of the basin, increasing to abou t 30 MPa by 1.5 Ma.  As fluids are drawn
toward the newly for med Red fault,am ajor permeable conduit, fluid pressures are
locally reduced around the fault. The package of interbedded sands and shales deposited

after 1.5 Ma is overall less compressible than the earlier deposited shales so that much
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Figure 4. Model stratigraphic evolution of the Eugene Island minibasin at (a) 3.0 Ma, (b) 2.5 Ma,
(c) 1.5 Ma, (d) 1.0 Ma, (e) 0.5 Ma, (f) 0 Ma. Light gray and dark gray shades represent sand and
shale, respectively. A zone of intermediate gray shading represents salt and is labeled accordingly.
White regions around the fault at 1.5 and 1.0 Ma represent stratigraphic gaps created in the

model’s attempt to render fault offset.
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Figure 5. Evolution of excess fluid pressure (i.e. ov erpressure) in the Eugene Island minibasin at
(a) 3.0 Ma, (b) 2.5 Ma, (¢ ) 1.5 Ma, (d) 1.0 Ma, (e) 0.5 Ma, (f) 0 Ma for the base case scenario.

Thin black lines represent boundaries between stratigraphic units.
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less overpressuring develops in the younger sediments than developed in the older shales
at comparable depths in their respective burial histories. Fluid pressures in m ost of these
younger sediments remain near hydrostatic throughout the simulations. As the hanging
wall side of the fault is displaced downw ard providing greater accomm odation space for
further sedimentation compared to the footwall side, overpressured sedim ents in the
downthrown block are advected downward and buried more deeply than sediments on the
upthrown block, creating a significant pressure displacement across the fault that has also
been observed in the field (Gordon and Flemings, 1998). Overpressures continue to build
in the lower shale section, though more slowly over tim e as the shale becom es more
compacted. Excess pressure at the b ase of the model near the Red fault reaches 35 MPa
by 1.0 Ma, 47 MPa by 0.5 Ma, and 52 MPa by the present day . Given the low
permeability of 10 2 m? and the pressure gradients predicted in the lower shale, oil
velocities in the lower shale would be no higher than order 10 ® m/Myr. Thus, the model
predicts that the prev ailing fluid flow regim e in the Eugene Island m inibasin under the
base case scenario conditions would have generated flow rates through the lower shale
that are about nine orders of m agnitude too low to allow kilom eter-scale transport of
hydrocarbons from source sediments to reservoirs in les s than one million years, unless
the Red fault served as a much more permeable conduit through the shale.

Figure 6 illustrates the sensitivity o f fluid pressure to variations in p ermeability
and compares fluid pressure-depth profiles predicted by the m  odels to the pro files
observed in the field near the Red fault in  both the upthrown and downthrown blocks.

Overall, the base case model prediction com pares favorably to the observed field data
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(Hart et al., 1995; Revil and Cathles, 2002), which extend to a depth of about 2.5 km
Decreasing permeability by a factor of 10 causes fluid pressu res to deviate in the models
to significantly higher pressures compared to the field data, especially in the downthrown
block. Increasing permeability has am ore muted effect, particularly in the upthrown
block, leading to decreased fluid pressure relative to the field data. At depths below
about 2.5 km in the downthrown block and below about 3.5 km  in the upthrown block,
the model fluid pressure-depth profiles conver ge, indicating that fluid pressure in the
deeper part of the m inibasin is relatively ins ensitive to the variations in perm eability
investigated.

The evolution of tem perature predicted by the m odeling is shown in figure 7.
Temperature decreases relatively linearly with depth from 3.0 Ma to 1.5 Ma, due m ostly
to the effects of conduction. Low tem perature anomalies most visible at interm ediate
depths between 1.5 and 1.0 Ma coincide with a salt layer , whose high therm al
conductivity and low heat capacity causes it to lose heat m ore rapidly than the
surrounding sediments. With the development of the Red fa ult, cooler sediments on the
hanging wall side of the fault on the left side of the model domain are adv ected
downward, resulting in a significant temperature displacement across the fault of as much
as 40° Cby 0.5 Ma.  Although fluid flow is enhanced along the fault relative to the
surrounding sediments, the enhancement is not great enough to cause a perturbation in
temperature along the fault. This conflicts with the findings of Losh et al. (1999), who
claimed that tem perature along the Red fault had been elevated by asm  uch as 55° C

relative to the surroundings. However , this temperature elevation m ay only have been
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transient and could perhaps have been cau  sed by transient, m ore rapidly m oving
phenomena like solitary waves, rather than by continuous com paction-driven flow that

prevailed over most of the minibasin’s history.
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Figure 6. Plots of model (current study) and observed (Revil and Cathles, 2002; Hart et al., 1995)
pore pressures as a functio n of depth for (a) the downthrown side, and (b) the upthrown side of
the Red fault in the Eugene Island minibasin for the present day.
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Figure 7. Temperature evolution in the Eugene Island minibasin at (a) 3.0 Ma, (b) 2.5 Ma, (c) 1.5

Ma, (d) 1.0 Ma, (e) 0.5 Ma, (f) 0 Ma for the base case scenario.

The modeling predicts that temperature in the hydrostatically pressured sediments

at depths of less than 1 .5 km never exceeded 50° C. This indicates that th e shales
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interbedded with the sand reservoirs never becam e hot enough to serve as source rocks
for the Eugene Island hydrocarbons. However , at the present-day 4.5 to 4.8 km depths
suggested by Holland et al. (1990) to have been the source rock interval in the m inibasin,
temperatures reached 150° C to 170° C, which w ould have been high enough to generate
both oil and gas.

Figure 8 shows the modeled rate of fluid pressure increase over tim e at the base
of the Red fault, including the separate contributions from compaction disequilibrium and
hydrocarbon generation. The total fluid pressure generation rate for the first two m illion
years of the simulation varies for the most part between about 3x10~ and 1.5x107° Pa/s.
Thereafter the pressure generation rate is m ore variable, reaching a m aximum value of
2.2x10°° Pa/s at about 1.25 Ma and 1.8x107° Pa/s at about 0.64 Ma when the contribution
from hydrocarbon generation is highest. However , most of the excess fluid pressure at
Eugene Island is predicted to com e from compaction disequilibrium. This is consistent
with the findings of Ha rt et al. (1995) and Gordon and Flem ings (1998), which indicate
that compaction disequilibrium accounts for about 75 to 94% of present day overpressure
in the m inibasin, respectively, with the rem ainder originating from hydrocarbon
generation. Fluid pressure generation from  hydrocarbon form ation decreases sharply
after its peak around 0. 64 Ma and reaches neg ative values after about 0.4 Ma. These
negative hydrocarbon pressure generation rates are a result of oil m igrating more rapidly

out of the source rock than it is being formed.
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Figure 8. Fluid pressure generation rate over tim e at the base of the Red fault due to com paction
disequilibrium, hydrocarbon generation, and the com bined effects of both processes cal culated

for the base case scenario.

Oil pressure generation rate and temperature were not found to vary significantly
in the models within the range of perm eabilities tested, and thus plots of these results are
not shown. These insensitivities are probably due to the fact that the permeabilities tested
were all low enough such that fluid pressure increase due to com paction and heat

transport due to conduction were unmodified by the effects of advection.
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4. Modeling of Solitary Wave Behavior

Previous research has indicated that solitary w aves can arise and prop agate in
elastic porous media whose perm eability increases sharply with decreasing ef fective
stress (Rice, 1992; Revil & Cathles, 2002;  Bourlange & Henry, 2007). Furtherm ore,
solitary wave behavior is described by conventional pore fluid pressure dif fusion
equations that combine mass balance, fluid and m atrix constitutive relationships, and
Darcy’s law. This theory was applied in th e present study to investigate solitary wave
origin and movement in a one-dimensional vertical profile fully saturated with petroleum
representing the Red fault zon e. The solitary wave calculations were carried out
separately from the Eugene Island m inibasin evolution modeling described above, but
incorporated the average pressure generation rate pred icted by that modeling.  The
principal governing equations used for the solitary wave calculations are presented next.

4.1. Governing Equations

Equation (1) represents the pore pressure dif fusion equation that was used in the
present study, which has been m odified from the form used by Bourlange and Henry
(2007) to include a specific storage term  (S;) more commonly used in hydrogeology

(Freeze & Cherry, 1979; Fetter, 2001; Schwartz & Zhang, 2003; Ingebritsen et al., 2000).
d [k (dP ss dP
E(;(g‘/%?)) = et (1)

Here, k is the perm eability of the porous m edium, P, u, and p, represent pore fluid

pressure, viscosity, and density, respectively, g is gravitational acceleration, ¢ is time, and
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z is the vertical spatial coordinate. This equation was solved assuming that the density of
the pore fluid is constant. The dependence of permeability on effective stress is described
by (Revil and Cathles, 2002):

k = koe ™%/ )
where k, is the permeability at zero ef fective stress, o is an empirical parameter that
represents the influence of com paction on perm eability, and o, is the effective stress.
The specific storage of the porous m edium, S;, is a function of the com pressibility of the
porous medium and of the pore fluid, and is expressed by

Ss =prg(Bp + dBf) (3)
where B}, is the com pressibility of the porous m edium, ¢ is porosity, and fSf is the
compressibility of the pore fluid. Porosity at Eugene Island was found to depend on
effective stress according to the following equation (Gordon & Flemings, 1998)

¢ = poeFroe 4)
where ¢ 1s the porosity at a depth of zero. Petroleum viscosity was allowed to vary with
temperature and was calculated using the following relation obtained from Middleton and
Wilcock (1994),

u = (1.663 x 108)T 3368 (5)
where T is the tem perature of the pore fluid. = The background Darcy velocity wa s
calculated as a function of pore pressure g radient using the variable-density form of

Darcy’s law,

a==3(%~rr9) ©
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4.2. Model Construction

Solitary wave behavior was investigated by solving equations (1)-(6) over a five
kilometer vertical profile saturated with oil representing the Red fault zone using an
implicit finite dif ference method for equation (1) with constant nodal spacing. Four
different scenarios were investigated (T able 2): (1)ab ase-case scenario, (2 ) an
“optimized” scenario thatem ployed model parameter values with in geologically
reasonable ranges that optim ized solitary wave form ation and m igration, (3) a “high
permeability” scenario, and (4) a “low perm eability” scenario. In all of the model
scenarios, the initial p ore fluid p ressure distribution was assigned according to the
equation,

P =Xppgd (7)
where X is a fraction that was set to 0.93 in the base case, high and low perm eability
scenarios, and to 0.95 in the optimized scenario,  p; is the density of the bulk porous
medium, and d is depth, with pressure at depths of zero and five kilom eters remaining
constant over time as Dirich let boundary conditions. The density of the bulk porous
medium was calculated from

pp = dpr + (1= 9)py (8)
where p, represents the density of the solid mineral grain ~ s. The initial perm eability
profile was calculated using equation (2), where the effective stress was calculated from

o, =0 —P 9)
where o7 represents total stress. The total stress could be calculated from equation (7) by

letting or = P and setting X = 1. The initial perm eability profiles for the four model
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scenarios are shown in Figure 9, and the para meter values used to g enerate them are

shown in Table 2.
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Figure 9. Initial permeability profiles used in the base case, optimized, high permeability and low

permeability scenarios.
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In the bas e case scen ario, ky was set equal to 1.1x10
permeability of the upper Red fault during a fluid expulsion event as estimated by Losh et
al. (1999), which is som ewhat lower than the value of ky = 6.68x10™"° m” estimated by
Revil and Cathles (2002). The base case scenario also utilized the & value of 0.25 MPa

estimated by Revil and Cathles (2002) for the Red fault. Porosity in all four s cenarios

was initially set to vary exponentially from 40% at the seafloor to 25% at a depth of 5 km
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according to a best cu rve fitting o f data reported by Hart et al. (19 95). For all four
scenarios, the initial Darcy velocity of oil in  the lower part of the profile is very  low,
ranging from only 4x10* to 4x107°® m/Myr at a depth of 4.5 km where hydrocarbons are
thought to be sourced in the Eugene Island m inibasin. This means that in the absence of
any other more efficient flow mechanisms, hydrocarbons would not yet have had tim e to
ascend the kilometer scale distances needed to reach Plio-Pleistocene reservoirs within
the 3.6 million year lifespan of the Eugene Island minibasin.

A constant pressure generation rate over tim e was centered at a depth of 4.5 km,
decreasing in Gaussian fashion to ef fectively zero in both the upward and downward
directions over a distance of about 200 m  from the m aximum value. The maximum
pressure generation rate for the base, high and low permeability scenarios was 9.59x10
and 1.92x107° Pa/s for the op timized scenario, based on the results of the two-
dimensional basin evolution m odeling described above. Temperature was set to vary
with depth at a gradient of 33° C/km (Nunn et al., 1984) and was held constant over time.

The accuracy of the numerical solution to equations (1)-(9) was found to be very
sensitive to nodal spacing and tim e step size, as illu strated in plots of these param eters
versus wave velocity in figure 10. All of the simulation results reported here are based on
nodal spacing values of 0.1 m and time step sizes of 0.01 yr at which the accuracy of the
numerical solution stabilized.

4.3. Results

Figure 11 shows simulated changes in pore fluid pressure over a depth interval of

2 to 5 km and a time period of one million years for the base case simulation. By 100,000
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Figure 10. Solitary wave velocity as (a) a function of nodal spacing at a constant time step size of

0.01 yr, and (b) a function of time step size at a constant nodal spacing of 0.1 m.
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Figure 11. Plots of fluid pressure as a f unction of depth showing the propagation of a solitary

wave at (a) time = 0, (b) 100,000 years, (c) 500,000 years, (d) 800,000 years, (¢) 900,000 years,

and (f) 1 million years for the base case scenario.

years, a significant perturbation of 1-2 MPa in the initially linear pressure-depth profile is

visible at 4.5 km, corresponding to the location at which the pressure generation source is

centered. Pressure continues to increase at this location over tim e, and by 500,000 years

the zone of elevated pressure has begun to migrate upward as a solitary wave. Sensitivity

analysis showed a key requirem ent for solitary wave formation to be a sufficiently low
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background permeability of the porous medium to prevent pressure in the solitary wave
from dissipating into the surr oundings faster than it is being generated. Noticeable
movement of the solitary wave does not occur until fluid pressure in the wave has
increased enough (to about 7 MPa) and therefore effective stress has decreased enough to
raise permeability significantly above th e background value (see equation 2). As
predicted by Rice (1992), the results of th e present study confirm ed the necessity for
permeability to be a sen sitive function of ef fective stress in order for so litary waves to
form. When a linear relationship between = permeability and ef fective stress was
employed, solitary waves did not form for any model conditions tried.

As the so litary wave ascends into regions of lower fluid pressure and higher
background permeability, the wave’s amplitude decreases and it leaves behind a wake of
slightly elevated fluid pressure relative to the initial fluid pressure profile. =~ The solitary
wave is able to travel to a depth of about 3.6 km in about 1 million years before the wave
loses its discrete form. Although fluid pressure was continually generated in the source
region centered at a depth of 4.5 km, no further solitary waves were for ~ med over time
spans on the order of millions of years. As noted above, solitary wave form ation is very
sensitive to the initial background f luid pressure and permeability . Fluid pressure and
therefore permeability in the wake in this cas e remain high enough to allow further
pressure increases to dissipate before consolidating into a discrete wave form.

Solitary waves are m anifest as regions of elev ated porosity as well as elevated
fluid pressure, as follows from equation (4 ) and as illus trated in figure 12. Porosity

initially decreases nearly lin early with depthtoam inimum of about 24% at 5 km
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Porosity increases to a maximum of about 5% above the initial background value near the
pressure generation source at 4.5 km. The porosity increase above the initial background
subsequently diminishes with tim e as the so litary wave ascends, leaving a wake of

porosity increase of about 1-2%.
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Figure 12. Plots of porosity as a function of depth showing the propagation of a porosity wave at
(a) time = 0, (b) 100,000 years, (¢) 500,000 years, (d) 800,000 years, (¢) 900,000 years, and (f) 1

million years for the base case scenario.
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The porosity profile can be used to assess the fluid transport capacity of the
solitary wave. Before dissipating com pletely into the surrounding medium , the wave
travels a vertical distance of about 1 km from its source region at a velocity increasing
from about 4x10 ™ to 2.6x10 > m/yr over 500,000 years (Figure 13) due to increasing
permeability with d ecreasing depth. Although wave amplitude decreases as the wave
ascends, the wave’s volumetric flow (calculated assuming a spherical three dim ensional
wave geometry) increases with decreasing dep th because of the rapid ly increasing wave
velocity, until the wave dissipates to background fluid pressure and porosity levels.

In orderto optimize solitary wave formation and transp ort, an “o ptimized”
scenario was sim ulated in which the pr  essure generation rate, sedim ent bulk
compressibility, and su rface temperature were doubled, th e background pressure was
increased slightly from 93% to 95 % of litho static, and the compaction factor (0*) was
decreased from 0.25 MPa to 0.2 MPa relative to the base case scenario values. Compared
to the base case scenario, solitary wave formation and migration are more rapid and the
distance traveled by the wave is greater in the optim  ized scenario, though the wave
dissipates slightly sooner—after about 900,000 years instead of 1 million years (Figures
11, 14). However, after 900,000 years in the optim ized scenario, the wave has ascended
to a depth of about 2500 m , about twice as far as it ascended in the base case scenario.
Correspondingly, the average velo city of the wave in the optim ized scenario is about
0.0019 m/yr, which is approxim ately twice the average velocity of th e wave in the base
case scenario. In addition, the average volumetric flow rate of 940 m*/yr in the optimized

scenario is approxim ately three tim es greater than the average volu metric flow rate
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calculated for the base case scenario.
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Figure 13. Plots showing (a) wave velocity, (b) wave volumetric flow rate, and (c) wave volume

as a function of time for the base case and optimized scenarios.
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Figure 14. Plots of fluid pressure as a function of depth showing the propagation of a solitary

wave at (a) time =0, ( b) 100,000 years, (c) 500,000 years, (d) 700,000 years, (¢) 800,000 years,

and (f) 900,000 years for the optimized scenario.

A “high permeability” scenario was simulated in which k¢ was increased fro m

1.1x107" to 1.1x107"* m* and the rem aining model parameters were left the sam e as in

the base case scenario (Table 2). This order of magnitude increase in permeability with

depth relative to the b ase case scenario (F ig. 9) prevented any solitary waves from
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forming over the one million year duration of the simulation (Fig. 15). Fluid pressure
clearly increases in the source region at a depth of about 4.5 km at early times. However,
the higher fluid pressure dif fuses into the surroundings, form ing a broad plateau of
elevated fluid pressure without ever coalescing into a discrete w ave form. The
permeability in the source region in this scenario is only about 10>* m*, which indicates
that in elastic porou s media solitary waves are only able to form at very low
permeabilities.

A “low perm eability” scenario was sim ulated in which k¢ was decreased to
1.1x10"* m?, keeping the rem aining parameters the same as in the base case scen ario
(Table 2). This resulted in an order of magnitude decrease in perm eability with depth
across the model profile relative to the base case scenario (Fig. 9). Figure 16 shows t hat
a discrete solitary wave develops in the pressure generation source region, growing to
large amplitude without diffusing into the surroundings. However, the wave m igrates
less than 100 meters within two million years of simulation time. The lower permeability
inhibited fluid pressure diffusion, allowing the wave to reach larger amplitude than in the
base case scenario. However, the lower perm eability also slowed the m igration of the
wave enough such that it would not be able to travel the k ilometer-scale distances needed
to reachth e Plio-Pleistocene reservoirs with in the lifetim e of the Eugene Island

minibasin.
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Figure 15. Plots of fluid pressure as a function of depth showing diffusion of high pressure zone
without solitary wave formation after (a) 100,000 years, (b) 300,000 years, (c) 500,000 years, (d)

700,000 years, (e) 900,000 years, and (f) 1 million years for the high permeability scenario.

35



a) 2000 b) 2000~ ¢) 2000
@ | 100,000 years ® 300,000 years © 500,000 years
3000F 3000 3000F
g E E
= = =
5 53 73
a A i A
4000 4000 4000
| | 1 1 1 1 1 1
5000 S0 550 00 60 &0 100
Fluid Pressure (MPa) Fluid Pressure (MPa) Fluid Pressure (MPa)
(d) 2000 (€) 20001 (f) 20001 o
. 700,000 years I 1.2 million years i 2 million years
3000 3000f 30001
E g E |
= = %
& g g
@] ¥ (o] - (=) |
4000 4000 4000
PR (SR T W NSRRI [N S W] o 5000"""""" J
000726 ""%0 80 100 "3 60 80 100 a0 60 80 100
Fluid Pressure (MPa) Fluid Pressure (MPa) Fluid Pressure (MPa)

Figure 16. Plots of fluid pressure as a function of depth showing solitary wave formation after (a)
100,000 years, (b) 300,000 years, (c) 500,000 years, (d) 700,000 years, (¢) 1.2 million years, and

(f) 2 million years for the low permeability scenario.
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5. Discussion

The results presented above indicate that petroleum  -saturated solitary waves
could form and migrate under conditions that could have existed during at least part of
the history of the Eugene Island m inibasin. This range of conditions however is narrow
and likely to have existed only in the lower 1-2 kilometers of the m inibasin during the
latter stages of its history. The principal factor controlling solitary wave formation and
migration is permeability. Foremost, as noted by Rice (1992), perm eability must be a
sensitive function of fluid pressure or ef ~ fective stress f or solitary waves to f orm.
Sensitivity analysis in the present study showed that when perm eability was independent
of or varied linearly with ef  fective stress, solitary waves did not for m. For the
exponential permeability-effective stress relation ship utilized in the p resent models, at
permeability greater than about 10 >* m?, high fluid pressures generated in the pressure
source region in the models dif fused into the surroundings without coalescing into a
discrete, moving wave for m. At permeability lower th an about 10 > m? a high
amplitude wave was able to grow in the pressure source region but it was only able to
move at a rate of 10’ s of meters per million years, too slow to travel the kilom eter-scale
distances needed to reach the shallo w Plio-Pleistocene reservoirs within the lifespan of
the minibasin. The sensitivity of solitary waves to permeability means that they were not
able to ascend more than 1-2 kilom eters before permeability had increased to levels too
high for the waves to continue to exist (Fig. 9). Thus, based on the results of this study ,
solitary waves are unlikely to have been able to deliver oil to any but perhaps the lowest

of the Plio-Pleistocene reservoirs at Eugene Island if the sediments behaved elastically.

37



Other factors were found to af fect solitary wave behavior insofar as they af fect
permeability through equation (2). The compaction factor, o, could not vary from 0.25
MPa by more than a few ten’ s of kPa for solitary waves to form and migrate, otherwise
permeability in the pres sure source region in the m odels would fall outs ide of the id eal
10 to 10* m? range. Sim ilarly, high background fluid pressures between about 91-
93% of lithostatic were needed; otherwise the effective stress would take on a value that
would cause the permeability to lie outside the ideal range.

Solitary wave behavior was also found to be sensitive to the value of  the bulk
compressibility, . Inall ofthem  odels presented above, a relatively high bulk
compressibility of 10 Pa™' was used, consistent with semi-consolidated clay (Domenico
and Mifflin, 1965). Increasing the bulk com pressibility by an order of magnitude caused
a corresponding increase in the specific storage, Ss, and decrease in the hydraulic
diffusivity,

K
D=y (10)

where K = kp;g/u is the hydraulic conductivity . Sensitivity analysis showed that this
lower hydraulic dif fusivity allowed the solitary wave to grow to lar  ge amplitude by
inhibiting the diffusion of high fluid pressure from the pressure source region. However,
as for the “low permeability” scenario discussed above, the solitary wave did not m ove a
significant distance over time scales of m illions of years. Conversely, decreasing the
bulk compressibility by an order of magnitude caused the hydraulic diffusivity to increase
correspondingly, which caused high fluid pressure generated in the source region to

diffuse into the surroundings without forming a coherent, mobile solitary wave.
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In contrast to viscous porous m edia in which trains of waves with successively
smaller amplitudes are formed (Appold and Nunn, 2002), for the elastic porous m edia in
the present models only a single wave was form ed over million year tim e scales from
each pressure-porosity p erturbation. This reduces the oil transport potential of solitary
waves in elastic porous m edia relative to viscous porous m edia. Nonetheless, solitary
waves in elastic porous media can be significant agents of oil transport, though probably
not to the degree needed to account for the volum e of oil in the Eugene Island reservoirs.
The predicted solitary wave velocities of order 10 ™ to 10> m/yr (Fig 13a) are 8 to 9
orders of magnitude greater than would be expected in the background flow regim e.
Volumetric flow rates o f order 10° m’/yr for lengths of time on the order of 10 ° years
could thus transport volumes of oil of order 10 ° m’. For the approxim ately 100 million
m’ (645 million bbls) of oil estim ated originally to have been contained in the E ugene
Island reservoirs (Holland et al., 1990), hundreds of solitary waves of this size would
have been needed to deliver the estimated amount of oil from the source region. B ased
on the present m odeling results, it is unlikely that solitary waves could have been
generated with this frequency at Eugene Island.

Solitary wave velocities much greater than those found in the present study have
been reported from analytical solutions to differential pore fluid mass balance equations

similar to equation (1). Using the following equation,

v= (22 (M) a N

1 G(aef)— G(oe,)
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Rice (1992) predicted solitary wave velocities (v) of order 10" to 10° m/yr to be possible

in the San Andreas Fault zone. In equation (1 1), g, and g, s Tepresent effective stress

immediately in front of the wave and behind the wave, respectively , F represents

permeability as a function of effective stress as shown in equation (2), and G represents a

porosity-effective stress relationship. Revil and Cathles (2002) defined G as
G=¢=do(1-pBpoe) (12)

and predicted solitary wave velocities of order 10 * to 10° m/yr to be possible in the Red

fault at Eugene Island using an equation of the form,

1-¢o) 9ko(pg—pPf)
= 1
v ( bo ) UBpoo (13)

where gy is an “effective stress shock” that is not explicitly defined.

The reason for the low wave velo cities predicted in the current study canbe
understood by considering equa tion (11). When effective stress is high, which is
expected at great depths even for relatively high degrees of overpressuring, then the
permeability (F) is driven to low values. Because of the hig h sensitivity of permeability
with respect to ef fective stress in equation (2 ), solitary wave velocity would tend to
increase rapidly with decreasing depth. However as discussed above, as perm  eability
increases, hydraulic diffusivity increases su ch that fluid pressure d iffuses into the
background before a solitary wave can coalesce and m igrate, unless the pressure
generation rate increases correspondingly . Based on the present m  odeling, it seems
unlikely that pressure generation would have exceeded rates of order 10~ ~° Pa/s in the
hydrocarbon source region at Eugene Island, such that solitary waves are unlikely to have

been able to reach velocities higher than the ord er 10~ m/yr velocities modeled. These
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model velocities are also in good agreem ent with those obtained from Rice’s (1992)
analytical solution when the effective stress values corresponding to the boundaries of the

wave in the model (Fig. 17) are employed in equation (11).
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Figure 17. Plot of ef fective stress as a function of depth at time = 300,000 years for a base case
scenario in which significant perturbation in the effective stress profile occurred at oil source

depth of 4.5 km due to solitary wave formation.

Although solitary waves are unlikely to have been im portant mechanisms of oil
transport between the hypothesized source region at 4.5 km depth and the principal
reservoirs at Eugene Island for sedim ents with elastic rheology, it is possible that they

could be important in other locations where the distance between the hydrocarbon source
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region and reservoir is smaller. However, the narrow range of low per meabilities needed
for their form ation and m igration indicates th at they are likely tob e relatively rare
phenomenon. Solitary waves m ay be better transport agents for m ethane, whose lower
density and viscosity might lead to significantly greater wave velocities and is a sub ject

that should be investigated in future research.
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6. Conclusions

Two-dimensional numerical modeling of sedimentation, compaction, hydrocarbon
generation, fluid flow, and heat transport in the Eugene Island m inibasin indicate that
Early Tertiary hydrocarbon source sediments would have experienced pore fluid pressure
increases averaging about 10°® Pa/s, building to excess flui d pressures of about 52 MPa
by the present day . Most of this excess fluid pressure was predic  ted to be caused by
compaction disequilibrium with the remainder caused by hydrocarbon form ation. Based
on extrapolations from empirical data in the upper 2.5 km of the present day m inibasin
using equation (2), perm eability in the hydrocarbon source region aro und 4.5 to 4.8 k m
depth was predicted to be very low , between about 10 > and 10 2* m”. At such low
permeabilities, fluids in the hydrocarbon source region would have been essentially
immobile over the 3.6 million year lifespan of the m inibasin, with predicted flow
velocities only on the order of 10~° m/Myr or less. Oil saturated solitary waves, however,
could travel m uch faster through such low  permeability material, with predicted
velocities on the order of 10— m/yr, about nine orders of magnitude greater. Solitary
waves could only form when the pressure generation rate in the hydrocarbon source
region was high com pared to the pressure dif fusion rate as governed by the hydraulic
diffusivity, which in turn was governed prim arily by variations in permeability . When
permeability in the source reg ion was greater than about 10 >* m? then high fluid
pressures generated there dif fused into the background before coalescing into a mobile

2 m?, ahigh am plitude

solitary wave. When permeability was lower than about 10
solitary wave formed but it did not move m ore than a few tens of m eters over million
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year time scales. The necessary permeability range was reached in the source region only
at high degrees of overpressuring between about 91 and 93% of lithostatic. As a solitary
wave ascended to shallower depths where perm eability was higher, the wave’s amplitude
decreased in size until it finally completely dissipated into the background within 1-2 km
of travel distance, leav ing a wake of sligh tly elevated fluid pressure. This wake of
elevated fluid pressure prevented further solitary wave formation over the lifespan of the
minibasin, making solitary wave formation a one-time event. The infrequency of solitary
wave formation, coupled with the short dist ances that they are able to travel and

relatively small volumes indicates that oil satu rated solitary waves are unlikely to have
played an important role in char ging the shallow Pleistocene reservoirs at Eugene Island.
Solitary waves could perhaps be efficient more important mechanism for oil transport in

other locations where reservoirs and source rocks are separated by less than a kilometer.
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APPENDIX A. Tables showing parameter values used in models

Table 1. Thermal and lithological param eters used in the B asinMod® 2-D software for

base case scenario simulations.

Model lithology

Sandstone

Upper shale

Lower shale

Evaporite

Initial porosity
(fraction)

0.3

0.25

0.25

0

Porosity reduction
factor

1.75x10°*

3.0x107*

3.0x 107

0.05

Matrix density
(g/cm’)

2.64

2.6

2.6

2.15

Kozeny-Carman grain
size (mm)

0.09037

4.02x 107"

1.33x 1077

4.0x107*

Initial vertical
permeability (m?)

10*13

10*18

1.1x102%

1.0x 102!

Vertical: horizontal
permeability

0.4

0.2

0.2

Permeability
reduction factor

Matrix thermal

conductivity
(Wm 'K

3.34

1.82

1.82

5.4

Vertical: horizontal
matrix thermal
conductivity

1.55

1.55

1.55

1.55

Matrix heat capacity
(kIm”> K"

2800

2100

2100

1750

Fracture gradient
factor

0.2

0.8

0.8

0.9

Irreducible water
saturation

0.1

0.8

0.8

% TOC

0.55

0.55
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Table 2. Parameter values used in the solitary wave calculations.

Parameters

Base case
scenario

Optimized
scenario

High
permeability
scenario

Low
permeability
scenario

Pressure generation
rate (Pa/s)

9.59 x 107’

1.92x10°¢

9.59 x 1077

9.59 x 107’

Surface permeability,
ko (m°)

1.1x10"

1.1x10"

1.1x10 "2

1.1x10"

Bulk compressibility,
By (Pa’')

1.0x10°8

20x10°8

1.0x10°%

1.0x10°%

Compaction factor,
o (MPa)

0.25

0.2

0.25

0.25

Seafloor temperature

9]

5

10

5

5

Background pressure
(% of lithostatic)

93%

95%

93%

93%

Density of oil
(kg/m’)

800

Grain density
(kg/m’)

2650

Oil compressibility
(Pa)

50x10"°

Geothermal gradient
(°C/km)

33

Surface porosity
(fraction)

0.4
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APPENDIX B. Fortran code for 1-D solitary wave calculations

TITLE: One-dimensional solitary wave model

This program calculates the fluid pressure as a function of depth

using the modified pore pressure diffusion equation proposed by
Bourlange and Henry (2007). Permeability in the model is dependent
on the effective stress from the relation proposed by Rice (1992).

The model assumes oil saturated domain with a constant fluid pressure
at zero and five kilometers as a Dirichlet boundary conditions.

anaaaa A

INTEGER NNODES, P1, PRTSTP(10), SIMPRO, TIMSTP, ITOP, IPK, IBOT,
+ NMTOUT TPRIVL

PARAMETER (P1=1000000)

DOUBLE PRECISION DELZ, DELT, PERMEA(P1), GRAVAC, VISLIQ(PI),
SIMLNS, DEPTH(P1), Z(P1), ZMAX, DENLIQ,
LODIAG(P1), MNDIAG(P1), UPDIAG(P1), LOAD(PI),
PRSNEW(P1), FLUPRE(P1), TIME, DENBLK(P1),
PERMEO, SIGSTR, DARVEL(P1), EFFSTR(PI),
TOTSTR(P1), PRETOP, PREBOT, SIMLNY, BKGPRE(PI),
CMPBLK, CMPFLD, POROS(P1), SPECST(PI),

PORBOT, PORTOP, WAVTOP, WAVBOT, WAVEPK(2),
WAVLEN, WAVVOL, PI, PORSUM, WAVPOR, WVPVOL,
WAVVEL, WAVTIM, WAVVFL, MAXPRE, STEMP, TEMP(P1),
PREGEN(P1), DENGRN, DELPOR(P1), EFFPRE(PI),
LITHFR, PREMAX

e S e i e S

OPEN (UNIT=12, FILE="solwave-flux-node-data', STATUS="UNKNOWN')
OPEN (UNIT=13, FILE="solwave-flux-time-data', STATUS="UNKNOWN")

10 FORMAT(A45, 2X, A10)

20 FORMAT(A28, 1X, A12, 1X, A23, 1X, A24, 1X, 420, 1X, A25, 1X, A5,
+ IX, A25,1X, A17, 1X,A24,1X,421)

30 FORMAT(A9, I8, 1X, A22, 1X, 14, A7)

40 FORMAT(A22, ES.2, /)

50 FORMAT(A24, 1X, A18, 1X, A15, 1X, A25, 1X, A23, 1X, A18, 1X, A28,
+ 1X, A24, 1X, A35)

60 FORMAT(9(E15.7, 2X))

70 FORMAT(AS, I5)

C  Define parameter values (SI units)

NNODES = 50000
PERMEO = 1.1D-13
SIGSTR = 0.25D+06

51



C

GRAVAC = 9.81D+00
DENLIQ = 0.8D+03
DENGRN = 2.65D+03
ZMAX = 5.0D+03
DELZ = ZMAX/(NNODES-1)
CMPBLK = 1.0D-08
CMPFLD = 5.0D-10
STEMP = 0.05D+02

PI = 3.141592654D+00
PREMAX = 9.59D-07
LITHFR = 0.93D+00

Define simulation length in years

SIMLNY = 1.0D+06

SIMLNS = SIMLNY*3.1536D+07
TIMSTP = 1.0D+08

DELT = SIMLNS/TIMSTP

WRITE(*40) ' Delta t (vears) ="', DELT/3.1536D+07
WRITE(*,40) ' Nodal Spacing (m) ="', DELZ

Define time steps for which output is to be printed to nodal output file

PRTSTP(1) = TIMSTP/10
PRTSTP(2) = 2*TIMSTP/10
PRTSTP(3) = 3*TIMSTP/10
PRTSTP(4) = 4*TIMSTP/10
PRTSTP(5) = 5*TIMSTP/10
PRTSTP(6) = 6*TIMSTP/10
PRTSTP(7) = 7*TIMSTP/10
PRTSTP(8) = 8*TIMSTP/10
PRTSTP(9) = 9*TIMSTP/10
PRTSTP(10) = TIMSTP

Define number of time steps for which output is to be printed to time output file
NMTOUT = 20
Define time step interval for which output is to be printed to time output file
TPRIVL = TIMSTP/NMTOUT
Assign initial parameter values
DO I =1, NNODES
...define elevation and depth
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Z(l) = (I-1)*DELZ
IF (I .[EQ. NNODES) THEN
DEPTH(I) = 0.0D+00
ELSE
DEPTH(I) = ZMAX - Z(I)
ENDIF
...assign initial porosity (Hart et el, 2005)
POROS(I) = 0.4D+00*(EXP(-0.1D-03*DEPTH(I)))
...compute initial bulk density
DENBLK(I) = (1 - POROS(1))*DENGRN + POROS(I)*DENLIQ
...compute total stress
TOTSTR(I) = DENBLK(I)*GRAVAC*DEPTH(I)
...compute specific storage
SPECST(I) = DENLIQ*GRAVAC*(CMPBLK + POROS(I) *CMPFLD)

...assign initial pressure generation rate and fluid pressure

PREGEN(I) = PREMAX/(DCOSH((DELZ*(I-1) - DELZ*NNODES/
1.0D+01)/3.0D+01))

FLUPRE(I) = LITHFR*DENBLK (1) *GRAVAC*DEPTH(I)
...assign a reference unperturbed background fluid pressure
BKGPRE(I) = LITHFR*DENBLK (1) *GRAVAC*DEPTH(I)
...compute effective stress
EFFSTR(I) = TOTSTR(I) - FLUPRE()
...compute permeability (Revil & Cathles, 2002)
PERMEA(I) = PERMEO*(EXP(-EFFSTR(I)/SIGSTR))

...compute subsurface temperature(Geothermal gradient = 33 Degree
Celsius/km)(Holland et al, 1990, Gordon & Flemings, 1998))

TEMP(I) = STEMP + 0.33D-01*DEPTH(I)
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C

...compute fluid viscosity (Middleton & Wilcock, 1994)
VISLIQ(I) = (1.663D+06)*((TEMP()+ 2.73D+02)**(-3.37D+00))
END DO
Calculate initial Darcy velocity

DO I=1, NNODES-1
DARVEL(I+1) = -(PERMEA(I+1)/VISLIQ(I)) *((FLUPRE(I+1) -
+  FLUPRE(I))/DELZ - DENLIQ*(-1.0D+00*GRAVAC))
END DO
DARVEL(1) = DARVEL(2)

Write header for TECPLOT-formatted nodal output file

WRITE(12,10) 'TITLE = "1D implicit fluid pressure solution.”’,
+ 'node data"'

WRITE(12,20) 'VARIABLES = "Elevation (m)",’, ""Depth (m)",’,
""Fluid Pressure (MPa)",", ""Darcy velocity (m/yr)",’,
""Permeability (m2)",', ""Effective stress (MPa)",",

""Porosity (%)",", ""Specific storage (1/m)",",
""Temperature(C)",",""Fluid Viscosity(Pa.S)",",

""Bulk Density(Kg/m3)"'

+ 4+ + + +

Write header for TECPLOT-formatted time output file

WRITE(13,10) 'TITLE = "1D implicit fluid pressure solution.”’,
+ 'time data"

WRITE(]3,50) "VARIABLES = "Time (yl") /I’ r’

+ HVWave bO[tOm (m) H, V, IHWave tOp (m) N’ !’

+ ""Wave peak position (m)",", ""Wave velocity (m/yr)",’,
+ /I'Wave leng[h (m) H) r, '"/h)e}"age waveporosity (%) (/, /}
+ rr

+

""Wave pore volume (m3)",",
""Wave volumetric flow rate (m3/yr)

"

WRITE(13,70) 'ZONE, I=", NMUTOUT+1

C  Write initial conditions to TECPLOT-formatted nodal output file

TIME = 0.0D+00

CALL TECWRT(Z, DEPTH, FLUPRE, TIME, NNODES, DARVEL, PERMEA,
+ EFFSTR, POROS, SPECST, TEMP, VISLIQ, DENBLK)

C  Solving for the Implicit Finite Difference Solution obtained from the

54



C

C

Pore Pressure Diffusion equation from Bourlange and Henry(2007)
...Define upper and lower boundary conditions

PREBOT = FLUPRE(1)
PRETOP = FLUPRE(NNODES)

PORBOT = POROS(1)
PORTOP = POROS(NNODES)

WAVVEL = 0.0D+00

DO 500 N = 1, TIMSTP
TIME = N*(DELT/3.1536D+07)
DO = I, NNODES

IF (1.EQ. 1) THEN
LOAD(I) = PREBOT
MNDIAG(I) = 1.0D+00
UPDIAG(I) = 0.0D+00

END IF

IF (I .EQ. NNODES) THEN
LOAD(I) = PRETOP
MNDIAG(I) = 1.0D+00
LODIAG(I) = 0.0D+00

END IF

IF ((1.GT. 1) .AND. (I .LT. NNODES)) THEN
LODIAG(I) = PERMEA(I)/(DELZ*DELZ)
MNDIAG(I) = -2.0D+00*PERMEA(I)/(DELZ*DELZ) -
+ (PERMEA(I+1) - PERMEA(I))/(DELZ*DELZ) -
+ SPECST(I) *VISLIQ(I)/(DENLIQ*GRAVAC*DELT)

UPDIAG(I) = PERMEA(I)/(DELZ*DELZ) +
+ (PERMEA(I+1) - PERMEA(I))/(DELZ*DELZ)

LOAD(I) = DENLIQ*GRAVAC*((PERMEA(I+1) - PERMEA(1))/DELZ)
- SPECST(I)*VISLIQ(I)*FLUPRE(I)/(DENLIQ*GRAVAC*DELT)
+ - SPECST() *VISLIQ(I) *PREGEN(I)/(DENLIQ*GRAVAC)

+

ENDIF

END DO
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CALL TRIDIA(LODIAG, MNDIAG, UPDIAG, LOAD, NNODES, PRSNEW)

Update fluid pressure, effective stress, permeability
and calculate change in porosity from Hart et al (1995)

DO I=2, NNODES-1

FLUPRE(I) = PRSNEW(I)
EFFPRE(I) = EFFSTR(I)

IF (FLUPRE(I) .LT. BKGPRE(I)) THEN
FLUPRE(I) = BKGPRE(I)

END IF

EFFSTR(I) = TOTSTR(I) - FLUPRE(I)

PERMEA(I) = PERMEO*(EXP(-EFFSTR(1)/SIGSTR))

DELPOR(I) = - PORTOP*CMPBLK*(EXP(-CMPBLK*EFFSTR()))
+ *(EFFSTR(I) - EFFPRE(I))

END DO
DO 110 I=1, NNODES
C Update porosity
POROS(I) = POROS(I) + DELPOR(I)
C Update bulk density
DENBLK(I) = (I-POROS(1)) *DENGRN + POROS(I)*DENLIQ
C Update specific storage
SPECST(I) = DENLIQ*GRAVAC*(CMPBLK + POROS(I) *CMPFLD)
C Compute Darcy velocity

IF (I .LT. NNODES) THEN

DARVEL(I+1) = -(PERMEA(I+1)/VISLIQ(I)) *((FLUPRE(I+1) -
+ FLUPRE(1))/DELZ - DENLIQ*(-1.0D+00*GRAVAC))

END IF

110 CONTINUE
DARVEL(1) = DARVEL(2)
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C  Check to see if wave flux-related data should be sent to time output file

IF ((TIMSTP .LE. NMTOUT) .OR. (MOD(N,TPRIVL) .EQ. 0) .OR.
+ (N.EQ. TIMSTP) .OR. (N .EQ. 1)) THEN

C  Find bottom of wave by comparing current fluid pressure to
C  background fluid pressure

1=1

120 IF ((FLUPRE(I) - BKGPRE(D)) .GT. 0) THEN
WAVBOT = Z(I)
IBOT =1
ELSE
I=I+]
GO TO 120
END IF

C  Find peak of wave by locating maximum fluid pressure
MAXPRE = FLUPRE(I) - BKGPRE()

130 IF ((FLUPRE(I) - BKGPRE(I)) .LT. MAXPRE) THEN

WAVEPK(2) = Z(I-1)
IPK = I-1

ELSE
MAXPRE = FLUPRE(I) - BKGPRE(I)
I=1+]
GO TO 130

END IF

C  Find top of wave by comparing current fluid pressure to background
C  fluid pressure: top defined by location where fluid pressure is
C  less than 0.1% greater than the background fluid pressure

140 IF (FLUPRE(I) .LT. 1.001D+00*BKGPRE(I)) THEN
WAVTOP = Z(I)
ITOP =1
ELSE
I=[+]
GO TO 140
END IF

C  Compute wave length
WAVLEN = ABS(WAVTOP - WAVBOT)
C  Compute wave volume, assuming spherical geometry
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WAVVOL = (4.0D+00/3.0D+00) *PI*(WAVLEN/2.0D+00) **3
Compute the weighted average porosity of the wave
PORSUM = 0.0D+00
DO I = IBOT, ITOP
PORSUM = PORSUM + POROS(D)*(Z(I) - Z(I-1))
END DO
WAVPOR = PORSUM/WAVLEN
Compute the wave pore volume
WVPVOL = WAVVOL*WAVPOR
Compute wave velocity
IF (N .GE. 2) THEN
WAVVEL = (WAVEPK(2) - WAVEPK(1))/(TPRIVL*DELT)
ELSE
WAVVEL = 0.0D+00
END IF
Set current wave peak location to old wave peak location

WAVEPK(1) = WAVEPK(2)

Compute the length of time needed for the wave to traverse its
wavelength

WAVTIM = WAVLEN/WAVVEL
Compute volumetric flow rate of wave
WAVVFL = WVPVOL/WAVTIM
Write flux-related data to time output file
WRITE(13,60) TIME, WAVBOT, WAVTOP, WAVEPK(2),
+ WAVVEL*3.1536D+07, WAVLEN, WAVPOR, WVPVOL,
+ WAVVFL*3.1536D+07
END IF

Check to see if results should be printed to nodal output file
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IF ((N.EQ. PRTSTP(1)) .OR. (N .EQ. PRTSTP(2)) .OR. (N .EQ.
PRTSTP(3)) .OR. (N .EQ. PRTSTP(4)) .OR. (N .EQ. PRTSTP(5))
.OR. (N .EQ. PRTSTP(6)) .OR. (N .EQ. PRTSTP(7)) .OR.

(N .EQ. PRTSTP(8)) .OR. (N .EQ. PRTSTP(9)) .OR.
(N .EQ. PRTSTP(10))) THEN

+ 4+ o+ +

CALL TECWRT(Z, DEPTH, FLUPRE, TIME, NNODES, DARVEL, PERMEA,
+  EFFSTR, POROS, SPECST, TEMP, VISLIQ, DENBLK)

ENDIF
C Report simulation progress at 5% increments

SIMPRO = TIMSTP/20

IF (MOD(N,SIMPRO) .EQ. 0) THEN

WRITE(*,30) ' Timestep', N, ‘completed. Simulation’,
+  100*N/TIMSTP, '% done.’
ENDIF
500 CONTINUE

STOP
END

SUBROUTINE TRIDIA(4, B, C, E N, X)

C This is the Thomas algorithm solution for tri-diagonal matrices given by Wang &
Anderson (1982)

INTEGER N, NU, P1
PARAMETER (P1=1000000)
DOUBLE PRECISION A(P1), B(P1), C(P1), X(P1), F(P1), ALPHA(PI),
+ BETA(PI), Y(P1)
ALPHA(1) = B(1)
BETA(1) = C(1)/ALPHA(1)
Y(1) = F(1)/ALPHA(I)
DOI=2, N
ALPHA(I) = B(I) - A(I)*BETA(I-1)
BETA(I) = C(I)/ALPHA(I)

Y(I) = (F(I) - A *Y(I-1))/ALPHA(I)
END DO
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Begin backward substitution from last row
X(N) =Y(N)
NU = N-1
DO I=1, NU
J=N-1
X(J) =Y(J) - BETA(J)*X(J+1)
END DO

RETURN
END

SUBROUTINE TECWRT(Z, DEPTH, FLUPRE, TIME, NNODES, DARVEL, PERMFEA,
+ EFFSTR, POROS, SPECST, TEMP, VISLIQ, DENBLK)

Subroutine to write results to TECPLOT-formatted output file
INTEGER NNODES, P1
PARAMETER (P1=1000000)
DOUBLE PRECISION Z(P1), DEPTH(P1), FLUPRE(PI), TIME, DARVEL(PI),
+ PERMEA(PI), EFFSTR(P1), POROS(P1), SPECST(P1), TEMP(PI),
+ VISLIQ(P1), DENBLK(P1)

10 FORMAT(A13, ES.3, 1X, A7, 1X, A4, 16, A2)
20 FORMAT(11(E15.5,2X))

WRITE(12,10) 'ZONE T = "', TIME, 'vears",", 'l = ', NNODES
DO = 1, NNODES
WRITE(12,20) Z(I),DEPTH(I), FLUPRE(I)/1.0D+06,
+ DARVEL(I)*3.1536D+07, PERMEA(I), EFFSTR(I)/1.0D+06,
+  POROS(I)*100., SPECST(I), TEMP(I), VISLIQ(I), DENBLK(I)
END DO

RETURN
END
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