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Abstract

At Green Canyon 65, on the slope of the Gulf of Mexico, rapid deposition of low perme-
ability Pleistocene sediments has resulted in overpressures originating near the seafloor
and increasing at near lithostatic gradients with depth. In the Bullwinkle mini-basin, char-
acterization of sand and shale overpressures, ussity data and wireline prediction,

suggest sand and salt geometry play a role in overpressure distribution and magnitude.
Three 2- and 3-D steady-state flow models are developed to account for the overpressure
and flow phenomena that occur around the J-Sands, a bowl shaped turbidite sand package
located at 3350 m depth. The models illustrate the effect of sand and salt geometry on sand
overpressure, and suggest that an impermeable salt layer beneath the J Sand is controlling

overpressure in both the sand and the Bullwinkle basin.

The flow focusing model is then applied to a trap integrity case study in GC 64. As pres-
sure converges on the least principal stress, processes such as shear failure or hydrofrac-
ture may generate fracture permeability. This enhanced permeability facilitates the
expulsion of hydrocarbons from a reservoir. In the J Boxer sand, pressure at the top of the

hydrocarbon column is within 2.5 MPa of the maximum principal stregs §eismic evi-

dence suggests that gas is being expelled from the top of the sand. | describe with an ana-
Iytical flow model how flow focusing has elevated pressure at the top of structure to within

1 MPa of the minimum principal stress,(&,)- | then discuss the implication of flow

focusing for prospect evaluation and for estimating trap integrity before drilling.
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Chapter 1: Introduction

1.1. Background

Flow focusing occurs when a dipping, hydrologically continuous sand lies between much
lower permeability, overpressured shales. In this environment, the vertical pressure gradi-
ent in the sand is approximately hydrostatic, whilst the pressure gradient in the shale is
typically near the lithostatic gradient. Because of the difference in gradients, sand pressure
at the top of the structure is elevated with respect to the surrounding shale, and pressure
low on the structure is depressed. The pressure difference between the sand and shale low

and high on the structure results in the focusing of flow through the permeable sand.

The groundwork for the flow focusing model was introduced by Traugott (1996). Traugott
(1996) noticed that around dipping, permeable sand lenses, the sand and shale had differ-
ent pressure gradients. Initial attempts to explain this behavior focused upon static influ-
ences such as loading geometry as the key attribute (Stump & Flemings, 2000). Over-
pressure in the shale was expressed as a function of the overlying load. The overpressure

in the sand simply equaled the average shale overpressure bounding the sand.

The dynamic behavior of the system was considered to describe the role of permeability

and fluid flow on the overpressure field (Stump & Flemings, 2000; Yardley & Swarbrick,



2000; Dugan & Flemings, 2000). Flow is driven from regions of high to low pressure. Far
from a sand, flow in the shales is vertical. Near the sand flow is focused by the sand. Flow

is captured from the shales at the base of the sand, focused along the sand, and expelled at
the crest. This behavior decreases shale overpressure at the bottom of structure and
increases shale overpressure at the top, while sand overpressure equilibrates to the average

bounding shale overpressure.

Flow focusing has been suggested as an active process in accretionary prisms, passive
margins and petroleum reservoirs. Within these studies, flow focusing has been used to
explain problems in slope stability and submarine canyon formation, sea floor seeps, trap
integrity and even canyon formation on Mars (e.g. Dugan & Flemings, in press; Saffer et.
al, 2000; and Malin & Edgett, 2000). This thesis attempts to extend the flow focusing
model by describing the hydrologic behavior in the structurally complex Bullwinkle basin

in the Gulf of Mexico. | characterized and modeled flow and overpressure in 2- and 3-D to
explore the effect that permeable and impermeable lens geometry has on flow focusing

and the overpressure fields.

1.2. Overview

The study area is the Bullwinkle salt withdrawal mini-basin, located in blocks Green Can-
yon (GC) 65, 109 and 110, and a portion of the Boxer basin in GC 64 (Figures 1.1, 1.2,
1.3). This area is located at the top of the slope of the Gulf of Mexico in a water depth of

400 m (Figures 1.1, 1.2). The Bullwinkle basin is a prolific oil and gas field comprised of



three individual fields, Bullwinkle, Rocky and the J Boxer. The basin is well studied
(O’'Connell et al., 1996; Holman & Robertson, 1995; Kikani & Smith, 1996; Winker &
Booth, 2000; Best, 2002; Comisky, 2002; Lupa et al., 2002; Swanston et al., 2002) with an
abundance of data, including four 3-D seismic surveys and 70 wells. This wealth of data
and interpretation make it an ideal study area. The sands that are of interest in this study
are the J Sands in the Bullwinkle basin and the J Boxer sand to the west of the basin (Fig-

ure 1.3).

In Chapter 2, | presented an analyzed the effects of geometry and the flow field on sand
overpressure in the Bullwinkle basin and J Sand package. Sand and shale pressure are first
characterized within the basin and the implications of shallow overpressure are explored. |
then described the relationship between sand pressure and the bounding shale pressure at
the J Sand interval. Three numerical steady-state models were developed, a 2-D V-shaped
sand, a 3-D cone shaped sand, and a 3-D cone shaped sand underlain by salt. These quan-
tify observations around the sand, and determine the effects of sand and salt geometry on
pressure in the J Sand package. Finally, | estimated sand overpressure from the surround-

ing shale pressure.

Chapter 3 presents an applied study of the flow focusing model. | focused on the J Boxer
sand adjacent to the Bullwinkle basin in GC 64. The J Boxer is of equivalent age to the J
Sand in Bullwinkle. | first described with an analytical flow model how pressures at the
crests of structures are elevated due to flow focusing. Then | presented a case study of the

J Boxer sand where | interpreted column height to be limited by the stress field. I closed



with a discussion of how the concept of flow focusing can be applied to assess trap integ-

rity before drilling.

This research has addressed the role of sand geometry, impermeable strata and regional
fluid flow in controlling sand overpressure. The results suggest that only a careful evalua-
tion of these constituents will provide an accurate estimate of sand overpressure and trap
integrity, and that sole consideration of the sand body is insufficient to determine the pres-

sure and stress state of the sediments.
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Figure 1.1: Bathymetry of the Gulf of Mexico, south of Louisiana. The

location of the study area is indicated (star). The colorbar is in depth
below the sea surface. Figures 1.1 and 1.2 were made using the free-
ware program Generic Mapping Tool (GMT) and multi-beam bathym-
etry data from NOAA.
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Figure 1.2: Bathymetry of the Bullwinkle basin (see Figure 1.1). The
basin is located in 400 m of water. Black lines show boundaries of the
OCS blocks, which are 3 miles by 3 miles. Two prominent bathymetric
highs are visible to the north. The colorbar is in depth below the sea

surface.
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Figure 1.3: Relative locations of the two study areas. Chapter 2 focuses

on the Bullwinkle basin and the J2 sand. Chapter 3 focuses on the J
Boxer sand in GC 64. This sand is separated from the Bullwinkle basin
by a salt high. Blue lines are structural contours in meters below the

sea surface and black areas are interpreted faults.



Chapter 2: Overpressure and Flow Focusing in the Bullwinkle Field

(Green Canyon 65, Gulf of Mexico)

Abstract

In the Bullwinkle mini-basin at Green Canyon 65, on the slope of the Gulf of Mexico,

rapid deposition of low permeability Pleistocene sediments has generated overpressure
that originates near the seafloor and increases at nearly lithostatic gradients with depth.
The distribution of sand and shale pressure within the basin suggests that the flow field is
influenced by structural and stratigraphic geometry. Two- and three-dimensional steady-
state flow models illustrate the effects of sand and salt geometry on sand overpressure. We
conclude that at Bullwinkle pressure is reduced due to an underlying low permeability salt

body and the 3-D bowl-shape of the basin.



2.1. Introduction

The spatial variation of overpressure in sedimentary basins drives fluid flow and impacts
the state of stress. It is critical to assess the distribution and evolution of overpressure and
stress to understand the migration and entrapment of hydrocarbons and to design stable
drilling programs. One method commonly used to predict fluid pressure is to relate the
consolidation state of the shalesitositu fluid pressure. However, to correctly predict the

pore pressure in reservoirs, fluid flow between shale and sand must be understood (Darby,
Haszeldine, & Couples, 1998; Stump, 1998; Dugan & Flemings, 2000; Saffer, Silver,

Fisher, Tobin, & Moran, 2000; and Yardley & Swarbrick, 2000).

Multiple studies have focused on the effect of high permeability lenses on flow and over-
pressure in basins (Traugott, 1996; Darby et al., 1998; Dugan & Flemings, 2000; Saffer et
al., 2000; Yardley & Swarbrick, 2000; Lupa, Flemings & Tennant, 2002). Flow is focused
through permeable beds from regions of high overpressure to regions of lower overpres-
sure. This focusing reflects the burial history and the permeability structure of the system
(e.g. Dugan & Flemings, 2000). The majority of the flow focusing research has investi-
gated the 2-D flow field. We evaluate the effect of 3-D sand and salt geometries on the

flow field and their influence on sand overpressure.

We study the Pliocene salt withdrawal mini-basin at Bullwinkle (Green Canyon 65), Gulf

of Mexico (Figure 2.1). We first characterize and predict overpressure in the sand and in



the shale across the basin usimgitu measurements and a porosity-effective stress
model. We then develop 2- and 3-D, steady-state flow models that relate sand geometry to
sand pressure. Finally, we model the J Sand package of the Bullwinkle basin to examine

the role permeable and impermeable lenses have on the overpressure and the flow fields.

2.2. Structure and Geology of GC 65 & the J Sand Package

2.2.1. Geology of the Bullwinkle Basin

The Bullwinkle mini-basin lies 250 km to the southwest of New Orleans, Louisiana, USA
(Figure 2.1), and is primarily located in blocks Green Canyon (GC) 65 and GC 109. Two
oil-fields exist in the basin; Bullwinkle to the west and Rocky to the east. The basin is
bounded by salt ridges to the west and southeast and by a salt diapir to the northeast (Fig-
ures 2.2, 2.3). To the northwest the basin is bounded by a normal fault that soles into the
edge of salt and into the top of an evacuated salt ramp (Figure 2.3). The floor of the basin
is marked by the top of salt in some areas and by a salt weld in other areas. The basin is
synclinal in cross section, with major sands having up to 700 m of structural relief (Figure

2.2). In 3-D, the basin has a bowl shape (Figures 2.3, 2.4).

The Bullwinkle mini-basin formed in the Late Miocene - Early Pliocene in a complicated
salt tectonic regime that transitions between the toe of a roho salt system (northwest), the
toe of a stepped counter-regional salt system (eastern salt bodies) and a salt stock canopy

system (southwestern salt body) (Figure 2.3) (Rowan, 1995; 1999). Salt tongues are inter-

10



preted to have encroached from the north, southeast and west, and to have sutured near the
seafloor (Rowan, 1999). Sediment loading and gravitational collapse of the allochthonous

salt formed the bowl-shaped mini-basin.

Deposits in the basin progressed from an early, sand-prone, ponded basin fill to a much
shalier bypass-succession (Prather, Booth, Steffens & Craig, 1998). Prior to salt emplace-
ment and basin formation, deposition rates were less than 1 km/Ma (Table 2.2). During
basin formation, deposition rates varied from 0.24 km/Ma at 3 Ma to almost 4 km/Ma

from 1 Ma to present (Figure 2.5). Faster sedimentation rates in the Late Pliocene and
Pleistocene correspond to a Late Pliocene second order sea level fall and the capture of a
large drainage area by the Mississippi River in the Pleistocene (Prather et al., 1998). The
Late Pleistocene also represents a period of time when the Bullwinkle basin was just west
of the Mississippi delta depocenter (Ostermeier, Pelletier, Winker, Nicholson, Rambow &

Cowan, 2000).

2.2.2. Geology of the J Sand Package

The 3.35 Ma J Sand package is bowl-shaped with a diameter of 5 km (Figure 2.4).
Although the five sands (JO, J1, J2, J3, J4) in the J Sand package are not continuous across
the basin, the J2 and JO sands together cover the extent of the basin. They range from
approximately 3250 m true vertical depth beneath the sea surface (TVDSS) to nearly 4000
m TVDSS. The sands pinch out against salt to the south, east and west, and into shale to

the north (Figure 2.3).

11
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Figure 2.1: Bathymetry of the Gulf of Mexico and location of the study
area. Bathymetric contours are in meters (C.l. = 500 m). The Bullwin-
kle basin is located in 400 m of water depth on the slope of the Gulf of

Mexico in Green Canyon 65.
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Figure 2.3Structure map of the top of salt in the Bullwinkle basin

(dark gray) determined from 3-D seismic. Contours are in meters
beneath the sea surface (TVDSS). The mapped extents of the J2 and JO
Sands are indicated with light gray (see Figure 2.4). Heavy dashed
lines indicate the edge of salt beneath the J Sands. Light dashed lines
are the top of salt where salt underlies the J Sand. At the 109-2 well
only 100 meters separate the J Sand from the underlying salt. It is dif-
ficult to delineate the boundaries of the salt diapir to the north, how-

ever, the top lies just several hundred meters below the sea-floor.
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Figure 2.4: Structure map of the J-2 and J-0 sands from 3-D seismic
data. The locations of wells used for transect B-B’ (Figure 2.13) are

indicated by white circles.
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The stratigraphic correlation is taken from Styzen (1996) (Table
2.2).The deposition rate is found by recalculating the stratigraphic
thickness at the time of deposition by assuming a surface porosity of
60%. For example a 1 km interval of sediment that was deposited over
1 Ma and has a 30% average porosity today had a deposition rate = (1
km/1 Ma) x (0.6/0.3) = 2 km/Ma.
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Holman and Roberston (1994), O’Connell, Kohli and Amos (1993), and Flemings,
Comisky, Liu and Lupa (2001) characterize the geology of the Bullwinkle field and the J1-
J4 sands; Kikani and Smith (1996) characterize the Rocky field and the JO sand. The J
Sand package hosts the majority of the hydrocarbon reserves at GC 65 (Holman & Robert-
son, 1994). The sand package is bowl-shaped, and composed of interconnected channel
and sheet turbidite sands that are interbedded with debris flows and shales, and are over-
lain by 150 m of bathyal shales. The sediments in the package coarsen upward with bed-
ding styles that transition from ponded, internally amalgamated sands to channelized
sands, indicating increasing depositional energy higher in the section (Holman & Robert-
son, 1994). The top of the J Sand section is characterized by multiple erosional unconfor-
mities, suggesting a period of sediment bypass in the basin (Holman & Robertson, 1994).
Pressure drawdown at each well followed the same depletion curve during production
(Holman & Robertson, 1994; Kikani & Smith, 1996), which indicates that all the sands

are in pressure communication.

2.3. Pressure Characterization

2.3.1. Sand Pressure

Repeat formation tester (RFT) pressure measurements were taken prior to production in

three wells (Tables 2.3, 2.4, 2.5) (Figure 2.6a). We assume that within the reservoirs the

17



fluid phases follow a hydrostatic pressure gradient, thus the water phase pressure in the

reservoir is described with a single overpressure (P*).
PU=P-p,0z , (2.1)
where P is the fluid pressugg, is water density, g the acceleration of gravity and z is

depth in TVDSS. For example, the J2 Sand has an overpressure of 19.65 MPa (Figure

2.6D).

Sand water-phase pressure ranges from 80% to over 93% of the overburden at Bullwinkle
(Table 2.5) (Figure 2.6a). All sands in the basin have roughly the same overpressure (Table
2.5), with a nearly hydrostatic gradient from sand to sand. Two sands outside the basin, the
| Boxer and the J Boxer (Figure 2.2), have markedly higher overpressure than the sands at

equivalent depth within the basin (Figure 2.6a).

2.3.2. Shale Pressure Prediction

Shale has low permeability which precludes routine measuremensitd pressure.
Instead, pressure is commonly estimated from the compaction state of the shale. We used

wireline data and a porosity-effective stress relation to predict shale pressure.

18
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Figure 2.6: a)In situ pressures of the sands at GC 65. Pressures were
obtained from Repeat formation tester measurements (RFTs). Water,

oil and gas phase ( (black), P, (grey), Ry (dotted)) pressures were

calculated assumingp,, = 1050 kg/n?, p, = 720 kg/n¥, py = 230 kg/n?,
pressure measurements (dots), knowledge of fluid contacts from seis-
mic, and a hydrostatic gradient. The J Boxer and | Boxer sands are
located to the west of the basin (Figure 2.2). Data are referenced to
true vertical depth beneath the sea surface (TVDSS). Pressure is in
MPa and kilopounds per square inch (kpsi). b) Expanded view of the
J2 Sand. Water phase overpressure in the J2 Sand is 19.65 MPa.

19



DT Porosity
200 (us/ft) 100 0.20 0.40

N [
[6;]
T
L)l
)
' [
e
T
(o]
() ssanL

.
T
©

TVDSS (km)
|
&

N
o

35

Figure 2.7: Sonic slowness (DT) in microseconds per foot (us/ft) and
calculated shale porosity from Eq. (2.2) for the 109-1 well (located in
Figure 2.3). The gray area shows the region that is often interpreted to
be normally pressured for pressure prediction. This region is used for
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Porosity was calculated from sonic log data using a relationship developed by Issler

(1992),

o= 1-Bimal (2.2)

At is the matrix travel-timéejt is the sonic travel-time, arfds the acoustic formation

factor. We assumieto be 2.19 for shales (Issler, 1992; Stump & Flemings, 2002). Shale
pressure was predicted at each well using the empirical effective stress-porosity relation-
ship,

_Bv
0= qe ", (2.3)

whereg@is the porosityg, is the reference porosit§,is the shale compressibility arg is
the vertical effective stress (Rubey & Hubbert, 1959; Ham, 1966; Hart, Flemings & Desh-
pande, 1995). Vertical effective stress is

Oy = S~ Pshate > (2.4)

where the density log is integrated to fingd & d Ry 4els fluid pressure in the shale.

Two different approaches are used to consfaindq,, the Shallow Hydrostatic

approach and the Shallow Overpressure approach. For the Shallow Hydrostatic approach,
a normally pressured (hydrostatic) zone was inferred between the onset of logging at 730
m TVDSS (300 meters below the seafloor (mbsf)) and 1350 m TVDSS (920 mbsf) (Figure
2.7). Shale porosity for this zone is calculated from Eq. (2.2). Lithology was filtered for

clean shale by the gamma ray (GR) log; only porosity in clean shale was calculated. To
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constrain effective stressgRein EQ. (2.4) is assumed equal to the hydrostatic pressure

(pw92z). Shale compressibility and reference porosity for Eq. (2.3) are constraingtl with

equal to 3.62 x 18 MPal and@, equal to 40% (Figure 2.8). This approach is similar to

that of Eaton (1975) and Hart et al. (1995).

In the Shallow Overpressure approach, we use RFT measurements to constrain the poros-
ity-effective stress model (Eqg. (2.3)) (Figure 2.6a). Effective stress for the shale overlying

an RFT measurement is calculated from Eq. (2.4), whgig.PB assumed to be equiva-

lent to the sand RFT (Table 2.5). Shale porosity at the sand top is estimated by projecting
calculated shale porosity to the sand-shale interface (Table 2.6:). Error bars in Figure 2.8

correspond to the water phase effective stress at the top and bottom of structure. With this

approach, the shale compressibility is found to equal 3.92KPe L with a reference

porosity of 37.5% (Figure 2.8).

The two approaches produce different porosity-effective stress behaviors (Figure 2.8). The
most striking difference is that the effective stress predicted by the Shallow Hydrostatic
approach at the base of the hydrostatic section (at 920 mbsf) is equal to the effective stress
predicted with the Shallow Overpressure approach in the J Boxer sand (3360 mbsf) (Fig-
ures 2.2, 2.8). However, the shales at the J Boxer are more compacted (28% vs. 32%
porosity). This either means that fheletermined in the shallow section does not apply

for the deeper sediments (cf. Hart et al.,1995) or that the assumption of hydrostatic condi-

tions for 0-920 mbsf (the Shallow Hydrostatic approach) is incorrect.
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Figure 2.8: Relationship of shale porosity (from DT; black diamonds)

to shale vertical effective stress. Vertical effective stress for the Shallow

Hydrostatic approach (sonic log) is determined assuming that the shale

is normally pressured from 300-920 meters below the seafloor (mbsf).

Shale effective stress for the Shallow Overpressure approach is calcu-
lated from the RFT measurements (gray circles), assuming shale over-
pressure is equal to adjacent sand overpressure. The error bars

represent water phase effective stress at top and bottom of the sand.

Regressions of Eq. (2.3) yiel@ = 3.62x10° MPa ! and g, = 40% for the

Shallow Hydrostatic approach, compared to 3.92x18 MPa 't and

37.5% for the Shallow Overpressure approach.
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Shale pressure is calculated by rearranging Eq. (2.3),

Pshale = S\/‘%Elng%g . (2.5)

Shale pressure predicted from the Shallow Hydrostatic approach is lower than measured
sand pressure (Figure 2.9). For example, the pressure mismatch between the predicted
shale pressure and the measured pressure in the F Sand is ~4 MPa (Figure 2.9). The shale
pressures predicted by the Shallow Overpressure approach match those observed in the
sands (Figure 2.9). The Shallow Overpressure approach also predicts that overpressure in
the Bullwinkle basin begins at a very shallow level, reaching a magnitude of 2.5 MPa at

just 600 mbsf (P ~ 0.8 p(Figure 2.10).

We interpret that the Shallow Overpressure approach is correct. Shallow overpressure is
common in areas where the sedimentation rate is high (Dugan & Flemings, 2000; Oster-
meier et al., 2000). Ostermeier et al. (2000) measured overpressure in the mud at the seaf-
loor at Mississippi Canyon 810 (300 km from GC 65; 1100 m of water), which is a region
with a similar Pleistocene to Recent depositional history. Shale is overpressured at the sea-

floor and overpressure reaches 2.75 MPa at 600 mbsf (P ~,0.BI&deling also predicts

that deposition rates of 4 km/Ma of low permeability clay and silt will generate significant

overpressure (Gibson, 1958; Gordon & Flemings, 1998; Dugan & Flemings, 2000).
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Figure 2.9: Comparison of predicted shale pressures from the sonic log
of the 109-1 well to RFT water phase pressures taken in the 109-1 well.
The Shallow Hydrostatic approach (thin dashed line) predicts shale
pressure much lower than observed water phase sand pressure. The
Shallow Overpressure approach (dotted line) is constrained on the

observed values.
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the 109-1 well. Based upon the effective stress - porosity behavior deep
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starting near the seafloor.
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2.3.3. Pressure in the J Sand Package

We predict a spatial variation in the overpressure field surrounding the J Sand based upon
the compaction state of the bounding shale. Shale overpressure at the sand-shale interface
is often difficult to predict because sand content gradually increases near the clean sand,
thus clean shales are not sampled and pressure is not predicted. In addition, a sharp varia-
tion often occurs in the compaction state of the shale as the sand is approached (e.g. Figure
2.11c). To estimate the shale overpressure at the sand-shale interface we linearly extrapo-

late calculated shale overpressure to the sand top (Figure 2.11).

We find that near the top of structure (wells A-3-BP, 110-SOI1, A-1) shale overpressure
increases linearly into the sand (e.g. Figure 2.11a). Shale overpressure in these wells is
lower than sand pressure at the sand-shale interface. At the bottom of structure, shale pres-
sure in most wells decreases into the sand at a short wavelength (wells A-4-BP, A-5-BP,
GC-65-1 and GC-65-1-ST) (Figure 2.11). In these wells, the extrapolated shale overpres-

sure is higher than sand overpressure.

Everywhere shale is penetrated by a well, porosity is approximately constant above the

sand. This results in a predicted lithostatic shale pressure gradient with depth along the top

of the sand (Figure 2.12). Wells that overly the salt tend to fall below the trend (e.g. wells
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A-36, 109-2). The different pressure gradients in the sand and the shale lead to higher
shale pressure than adjacent sand pressure at the bottom of the structure and higher sand
pressure than shale pressure at the top of the structure (Figure 2.12). At a depth of 3575 m

TVDSS, shale pressure and sand pressure are equal.

A shale overpressure cross-section is constructed from six wells in the basin (Figure 2.13).
Similar to Figure 2.12, at top of structure, bounding shale overpressure is less than sand
overpressure, while at base of structure it is higher than sand overpressure (Figure 2.13).
The shale overpressure gradient above the limbs (10.5 MPa/km) is higher than that above
the center of the sand (7.0 MPa/km). Beneath the J Sand at the 109-1 well, which lies

between the two salt bodies, the overpressure gradient is greatest (~20 MPa/km).

The relationship between a dipping permeable sand and a less permeable bounding shale
has been well-studied (e.g. Traugott, 1996; Stump & Flemings, 2000; Yardley & Swar-
brick, 2000; Lupa et al., 2002). The overpressure behavior in this system has been attrib-
uted to a combination of loading geometry and flow focusing through the sand. The
permeable sand focuses fluid from low on structure to high on structure. This elevates
pressure high on structure and diminishes it low on structure. We developed steady-state

flow models of the J Sand to explore this behavior.
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Figure 2.11: Predicted shale overpressure at a) the A-3-BP well; b) the
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ence.

29



3.2

3.4

Depth (km)
w
D

w
©

4.2

Overpressure (MPa)

: 3
Overpressure (kpsi)

18 19 20 21
® a Shale
3 3 Pressure
b | | : - 11
e A3sP |
~ ’ |
*SJ A1l :
> o ‘ R
110-SOI-1 ~ ~¢ ;
. ~ .
,,,,,,,,,,,,,,,,,,,,,,,,, N o
o~ 109-1
A2BP ~ _ o  SC651 [ 125
- ¢ A-4-BP =
’ :
A-5-BP T < * —~
~ «GC-65 ST-1 A,
""""""""""""""""""""""""""" ’\\\— \':;
: A-36 o T)
J Sand 109-2
_Overpressuref [ 13
| oa'
I I :I I I
2.6 2.8 3.2
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A-36 wells overlie salt. The penetrations are located in Figure 2.3. The

overpressure trends a-a’ and b-b’ are shown in later figures.
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Figure 2.13: Overpressure cross-section through the Bullwinkle field
along B-B’ (located in Figure 2.4). Wells bores are indicated by vertical
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from 10.5 MPa/km at the A-3-BP to 7 MPa/km at the 109-2. A very

l

high overpressure gradient exists beneath the sand at the 109-1 well,
20 MPa/km. The shallower I3A and 110 sands are at a higher overpres-

sure than the deeper J Sands.
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2.4. Model

A steady-state, finite-difference flow model was developed to simulate flow and overpres-
sure in the Bullwinkle basin. The model solves the diffusion equation in either 2-D carte-

sian or 3-D radial coordinates (Appendix A) (Figure 2.14). Vertical shale permeability of
1x1021 m?, horizontal shale permeability of 1x1®m?, isotropic sand permeability of

1x1012 m? and an isotropic salt permeability of 1x28m? were assumed (Neuzil, 1994;

Stump, 1998; Best, 2002).

Three models were developed: (1) a 2-D V-shaped sand (2-D Model), (2) a 3-D cone-
shaped sand (3-D No Salt Model) and (3) a 3-D cone-shaped sand with an underlying salt
body (3-D Salt Model) (Figure 2.14). For all models shale overpressure was set to 14.52
MPa at 3020 m depth and 30.16 MPa at 4670 m depth, which set the far-field shale over-
pressure gradient to 9.6 MPa/km. The structural low of the modeled sand was placed at
3640 m depth, equivalent to the bottom of the J Sand package. The structural high of the
sand, at 4050 m depth, was calculated by setting the average depth of the 3-D cone-shaped
sand equal to the average depth of the J Sands (Table 2.7). The tops of some of the mem-
bers of the J Sand package are higher, but the sands are not continuous around the basin at

shallower depths (Figure 2.4).
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Figure 2.14: A synclinal shaped basin is modeled in 2-D as a V-shape
and in 3-D as a cone. Because of the symmetry of the modeled geome-
tries, no flow occurs across the center of the basin. Thus, the model
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bottom boundary conditions are constant pressure boundaries. The
side boundaries are no flow. The sand and salt bodies are placed

against the left boundary, which represents the center of the basin.
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In the 2-D Model, sand overpressure is a constant 21.7 MPa (Figure 2.15). In the shale,
overpressure contours are sub-parallel to sand structure (Figure 2.15a). The overpressure
in the bounding shale is equal to sand overpressure everywhere on structure. At the top of
the structure, shale overpressure is elevated with respect to the far-field shale overpressure.
At the bottom of the structure, in the cusp or ‘V’ of the sand, shale overpressure is
depressed with respect to the far-field shale overpressure (Figure 2.15b). Above the sand,
the vertical shale overpressure gradient is highest at the top of structure and decreases
toward the middle of the sand (Figure 2.15a, b). Beneath the sand, the vertical shale over-
pressure gradient is highest in the middle and decreases outward. A vertical well penetrat-
ing the apex of the sand would encounter a high shale overpressure gradient above the
sand (16.5 MPa/km), followed by a lower gradient beneath the sand (2.4 MPa/km) (Figure
2.15b). A well penetrating the structural low of the sand would encounter a shale overpres-
sure gradient of 1.6 MPa/km above the sand, and a much higher gradient (20.5 MPa/km)

beneath the sand (Figure 2.15b).

The high overpressure gradient from low to high on structure drive flow focusing through
the sand. Flow is driven from regions of high overpressure to regions of low overpressure
(Figure 2.15a). Far from the sand flow is vertical, but near the high permeability sand the
flow field is perturbed. Streamlines converge into the base of the sand and diverge from the
top; this process records the capture of fluid at the base of structure, focusing of fluid
along the sand, and expulsion of fluid at the apex. Minimal flow occurs in the shale above

the cusp of the sand because the sand has diverted the majority of the fluids upstructure.
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are shown at the top of Figure 2.15a.
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The flow behavior in the shale corresponds to the overpressure field; where shale overpres-
sure gradients are high, higher fluid flow occurs; where shale overpressure gradients are

low, little flow occurs (Figure 2.15a).

The 3-D No Salt model predicts a similar overpressure behavior to the 2-D Model (Figures
2.16a, b). The sand overpressure is constant (21.1 MPa), which is 0.6 MPa lower than pre-
dicted in the 2-D Model. A well drilled at the apex of the sand would encounter a shale
overpressure gradient of 13.8 MPa/km above the sand. At the bottom of structure, above
the cusp of the sand, the modeled shale overpressure gradient is 1.1 MPa/km, whereas

beneath the cusp, the modeled shale overpressure gradient is 25.1 MPa/km (Figure 2.16b).

The addition of a very low permeability salt beneath the sand disturbs the regional over-
pressure field. Sand overpressure in the 3-D Salt Model is 0.6 MPa lower than predicted
by the 3-D No Salt Model (20.5 MPa) (Figure 2.16c). Above the sand, the overpressure
gradients are lower relative to the 3-D No Salt Model, 11.9 MPa/km at the top of structure
and 1.0 MPa/km above the cusp. At the edge of salt, the overpressure gradient (21.4 MPa/
km) significantly exceeds the far-field gradient (9.6 MPa/km). A vertical well penetrating
the cusp of the sand and salt would record an overpressure jump in excess of 5 MPa across

the salt body (Figure 2.16c¢).
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In our models, overpressure and flow are controlled by the far-field overpressure gradient
and the permeability architecture (e.g. Stump & Flemings, 2000; Yardley & Swarbrick,
2000; Lupa et al., 2002). We impose a constant far-field gradient, therefore differences in

the permeability structure of the models dictate the different sand and shale overpressures.

Flemings, Stump, Finkbeiner, and Zoback (in press) define how undrained systems have
sand overpressure equal to the average of the bounding shale overpressure. Lupa et al.
(2002) showed that simple, linear geometries at steady-state flow conditions also have this
behavior. We show that this is approximately the case for an isolated sand, whether V-
shaped or cone-shaped (Figure 2.17); however, the method breaks down when a salt layer

IS present.

A larger percentage of the 3-D sand is shallower than the 2-D sand because of its cone-
shaped geometry (Figure 2.17). The average depth of a 3-D cone-shaped sand lies 1/3 of
the way down from top of structure (3777 m depth in our model), while the average depth
of a 2-D sand is at the midpoint (3845 m depth in our model) (Figure 2.17). This differ-
ence in geometry lowers sand overpressure 0.65 MPa in the 3-D model (Figure 2.17).
Sand and far-field shale overpressure are approximately equal at the average depth for the
2-D Model and the 3-D No Salt Model. They are not equal at exactly the average depth
because the shale in the cusp of the sand is isolated and is unable to recharge after draining
into the sand. At steady-state, this lowers the average bounding shale overpressure and

lowers sand overpressure.
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Figure 2.17: Comparison of the sand overpressure and geometry of the
three models. On the left is a overpressure-depth plot illustrating the
relationship of sand overpressure to the far-field gradient (thin dashed
line) and the average sand depth (white circles). On the right, the
cumulative percentage of area is plotted against depth. The 2-D sand
(solid line) has half of its area above the midpoint and half below, thus
the average depth (50% cumulative area) is at the midpoint. The 3-D
cone shaped sand has more area above the midpoint than below,

resulting in an average depth 1/3 of the way down from top of struc-

ture.
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In the 3-D Salt Model, the effect of sand geometry is overshadowed by the effect of the
very low permeability salt layer. Between the sand and the salt, no overpressure gradient
exists. No flow occurs into the sand where it is underlain by salt. Directly beneath the cen-
ter of the salt body, the shale overpressure gradient is ~3 MPa/km and little flow occurs.
The very high shale overpressure gradient at the edge of the salt dictates a high fluid veloc-
ity around the edges of the salt body. As fluids migrate upward, the low permeability salt
deflects fluids laterally, and shields the sand from receiving flow from the underlying
higher overpressured shale (Figure 2.16c¢). This decreases the overpressure of the bound-
ing shale and reduces sand overpressure (Figure 2.17). The flow focusing effect is also
diminished, as the sand only receives fluid flow above the top of salt (~3800 m depth).
Less fluid is focused upstructure and expelled at the crest, decreasing the shale overpres-

sure gradient at the top of structure (Figures 2.16c).

2.5. Discussion

Model results predict that sediments above a salt body have a lower overpressure and a
lower overpressure gradient than those that are not underlain by salt (Figure 2.16). This is
supported in the Bullwinkle basin where sand overpressure is lower than it is at an equiva-
lent depth outside the basin (Figure 2.6a). Overpressure from sand to sand follows a lower
gradient inside the basin than outside. The salt (Figure 2.3) partially shields the overlying
sediments above, resulting in the lower overpressure inside the basin relative to outside.
This suggests that at a regional scale, very low permeability layers control overpressure.

Basins that overly salt will have lower pressures than similar basins not overlying salt.
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In our models, a high shale overpressure gradient is observed above the sand crest, with a
lower shale overpressure gradient in the center (Figure 2.16). The Bullwinkle well data

has a similar behavior. For example, the overpressure gradient at the A-3-BP well is 1.5
times greater than deeper in the 109-2 well (Figure 2.13). Therefore, we interpret that the J
Sand is capturing flow at the center, focusing flow laterally upstructure, and expelling flu-

ids at the crest.

The underlying salt also modifies the flow and overpressure behavior around the sand. The
3-D Salt Model predicts an amplified shale overpressure gradient (21.4 MPa/km) at the
edge of a salt body (Figure 2.16). At the 109-1 well, which is located off the edge of two
salt tongues (Figure 2.3), the shale overpressure gradient beneath the sand is 20 MPa/km
(Figure 2.13). The 3-D No Salt Model predicts a much lower gradient (~10 MPa/km) for
the same location. This suggests salt shields the majority of the sand from fluid flow,

diverts fluids laterally and elevates overpressure between the salt bodies at the 109-1 well.

In the modeled well profiles, overpressure is continuous from the shale into the sand (Fig-
ure 2.16). Porosity-based predictions, however, suggest an abrupt overpressure jump is
present at the J Sand-shale interface (Figure 2.11a). The mismatch above the depth where
sand and shale overpressure are equal (~3575 m) may be due to unloading (Yardley &
Swarbrick, 2000; Flemings et al., in press). Flow focusing elevates pressure at the top of
structure, which decreases effective stress. Porosity loss due to compaction is irreversible,

so there is no corresponding porosity increase during unloading. If unloading has
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occurred, our effective stress-porosity model under-predicts pore pressure (e.g. Bowers,

1994).

Below 3575 m TVDSS careful examination shows that sand and shale pressure may be
equal at the sand-shale interface. The mismatch between overpressure predicted by the
well data and known sand overpressure is because near the sand, shale pressure changes
rapidly in the vertical direction (Figures 2.11c, 2.15b). Shale overpressure at the sand-
shale interface is estimated over a large vertical depth range, which does not capture the
rapid variation in shale overpressure and results in an overestimate of the bounding shale
overpressure (e.g. Figure 2.11c). The large vertical overpressure gradient near the sand is
an effect of anisotropy in the shale. Horizontal shale permeability is greater than the verti-
cal shale permeability, so shale preferentially drains horizontally rather than vertically.
Thus, far from the sand in the vertical direction, shale overpressure does not reflect sand
overpressure. Alternatively, the mismatch may indicate that the shales are still draining

and that the overpressure and flow fields are still evolving.

To ascertain the implications flow focusing and flow shielding have for sand pressure pre-
diction, we predicted J Sand pressure from its geometry and the surrounding shale pres-
sure (i.e. independent of flow) and compared our prediction to measured J Sand pressure.
All five hydraulically connected sands in the Bullwinkle basin (J0O-J4) were used to esti-

mate sand overpressure (Table 2.7).
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Figure 2.18: Discrepancy between the J Sand overpressure measured
by RFT measurements (a-a’) and that estimated from the bounding
shale overpressure and sand geometry (f-f"). The J Sands have an aver-
age depth of 3785 m TVDSS (Table 2.7). Sand overpressure is overesti-
mated by 2 MPa when we assume shale overpressure and sand
overpressure are equal at the average depth. Observed sand overpres-

sure and far-field shale pressure are from Figure 2.12.

Average depth for the J-sand package in Bullwinkle is 3785 m TVDSS (Figure 2.18). Sand
pressure is assumed to equal the bounding shale pressure at the average depth (Figure
2.18). Estimated sand overpressure from geometry (Flemings et al., in press) is 21.6 MPa,
almost 2 MPa greater than measured water phase overpressure in the J Sands (19.65 MPa).

This is similar to the 3-D Salt Model, where sand overpressure would be overpredicted by
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1.2 MPa if the far field shale pressure and sand geometry are used to predict sand pressure
(Figure 2.17). This implies that in a complex geological setting, stratigraphic geometry
alone is not sufficient to characterize sand overpressure and that the effect of the flow field

and impermeable lenses must be considered.

2.6. Conclusions

The distribution of sand and shale overpressure within the Bullwinkle basin suggests that
overpressure and fluid flow are controlled by structural and stratigraphic geometry. The
flow focusing model applies, but the 3-D sand geometry and the underlying low perme-
ability salt modify overpressure and fluid flow. Around the J Sand package, overpressure is
controlled by the flow behavior between the high permeability sand and the surrounding
lower permeability sediments. The underlying salt reduces fluid flow and pressure source
to the J Sand, so the overpressure in the J Sand package is lower than geometric analyses
predict. Additionally, the shallower depth distribution of the 3-D bowl-shaped sands

results in a lower sand overpressure as the sands are dominantly charged by lower over-

pressured shale.

Dynamic predictions of overpressure from fluid flow modeling provide insight into the
petrophysical behavior of the sediments in the Bullwinkle basin. Simple, steady-state
models illuminate the fluid flow processes that control porosity and compaction behavior
around the J Sand package. This provides an important link between traditional methods

of pressure characterization and numerical modeling. The models also show how the
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stress state in the sand and shale change, producing different porosity and permeability

behavior than previously thought (Flemings et al., 2001).

Finally, a detailed understanding of the depositional history, regional geology and fluid
flow are key to successful pressure prediction. In areas of rapid sedimentation, shallow
overpressure precludes traditional pressure prediction techniqgues when a model is con-
strained in the shallow subsurface. Additionally, estimation of sand pressure is not accu-
rate if only sand geometry and bounding shale pressure are used to constrain sand
overpressure. Overpressure prediction from geometry provides an upper bound for sand
overpressure in the salt-seated Bullwinkle basin, but a simple flow model that includes the

dynamic effect of the flow field is more effective in matching sand pressure (Figure 2.19).
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Figure 2.19: Comparison of actual sand overpressure (a-a’) to modeled

results (Figure 2.17) and the sand overpressure estimated from geome-

try (Figure 2.18). The models approximate the geometry of the J Sand

package by having an equivalent average depth. The shallow, discon-

tinuous portions the J Sand (Figure 2.4) are not included in the models.

The 3-D Salt Model (e-e") gives a better prediction of sand overpres-

sure than one that only considers the sand geometry and surrounding

shale overpressure (f-f").
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Table 2.1: Nomenclature

Variable Description Unit
B Shale compressibility M-1LT2
f Acoustic formation factor
g Acceleration of gravity LT2
¢ Porosity
(0% Reference porosity
k Permeability L2
Ky Horizontal permeability L2
k, Vertical permeability L2
D Normalized pore pressure ratio
M Viscosity ML -1T1
P Pressure ML -T2
Pw Water phase pressure ML 172
Po Oil phase pressure ML 112
Py Gas phase pressure ML 172
p* Water phase overpressure ML 172
r Radius L
Pw Brine density ML -3
Po Oil density ML -3
Pg Gas density ML -3
oy Vertical effective stress ML 172
S, Vertical stress, overburden ML 172
At Sonic travel-time TLL
Ata Shale matrix sonic travel-time TLL
z Depth L
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Table 2.2: Time-Stratigraphic Correlation (Styzen, 1998)

Surface Name Marker Type Age (Ma)
1 PM 4 Globorotalia Foraminifera 5.15
menardiicoiling
change
2 PM 1R Globigerina Foraminifera 4.2
nepenthes
3 NPM O Reticulofenestra Nannofossil 3.64
pseudoumbilica
4 NP 3.3 Sphenolithus neoa- Nannofossil 3.47
bies
5 NP 3 Discoaster tamalis  Nannofossil 2.78
6 NP 2.9 Discoaster surcu-  Nannofossil 2.55
lus
7 NP 1.78 Discoaster brouw- Nannofossil 1.95
eri
8 NP 1.68 Helicosphaera Nannofossil 1.41
sellii
9 NP 1.55 Pseudoemiliania 3 Nannofossil 1.02
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Table 2.3: RFT Measurements

Sand Well RF('I'\'/I ESSS' Frrli\/Ds gtsh) Phase
109-1 44.0 2824 Gas
G 109-1 46.8 2999 Water
G2 109-1 52.2 3109 Water
I3A 109-1 56.6 3422 Water
110 109-1 58.7 3594 o]]
J2 109-1 58.5 3656 Oil
J2 109-1 58.6 3668 Qil
J2 109-1 58.7 3675 Ol
J2 109-1 58.6 3673 Oil
J4 109-1 58.7 3717 Water
J4 109-1 58.8 3725 Water
J2 109-1ST 57.2 3463 o]]
J3 109-1ST 56.7 3491 Gas
115 64-1-BP 62.3 3505 Gas
J 64-1-BP 68.9 3768 Gas
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Table 2.4: Sand Characteristics

Sand Top (m) Bottom (m) OWC (m) GOC (m) GWC (m)
2758 2926 - - 2883
G - - - - -
G2 2871 3493 - - -
I3A 3277 3770 3391 3351 -
110 3353 3901 3658 - -
J2 3307 3962 3784 - -
J3 3353 3962 3612 3503 -
J4 3292 3901 3613 - -
115 3429 3783 - - -
J Boxer 3560 4267 - - 3930
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Table 2.5: Sand Water Phase Pressure and Overpressure

Water Phase Water Phase

Sand RFT Depth Pressure Overpressure Lithostat
(m TVDSS) (MPa) (MPa) (MPa)
2824 43.54 13.83 53.99
G 2999 46.82 15.27 57.74
G2 3109 52.20 19.50 60.09
I3A 3422 56.56 20.56 66.96
110 3594 58.54 20.73 70.79
J2 3656 58.07 19.61 72.20
J2 3668 58.26 19.68 72.44
J2 3675 58.31 19.65 72.60
J2 3673 58.24 19.60 72.55
J4 3717 58.74 19.65 73.49
J4 3725 58.81 19.64 73.66
J2 3463 56.15 19.72 67.86
J3 3491 56.24 19.52 68.49
115 3505 - - 70.95
J 3768 68.36 28.73 75.70
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Table 2.6: Shale Porosity-Effective Stress Above RFT Measurements

Sand Effective Shal_e
Stress (MPa) Porosity
10.45 0.240
G 10.92 0.250
G2 7.89 0.270
I3A 10.40 0.247
110 12.25 0.230
J2 14.13 0.220
J4 14.75 0.215
J2 11.71 0.235
J3 12.25 0.225
J 8.08 0.280

52



Table 2.7: Average Sand Depth and Overpressure

g MED ovepresare  Pocee o
(MPa)
J1 3765 21.49 0.15
J2 3785 21.63 0.31
J3/J4 3815 21.94 0.23
JO 3765 21.47 0.31
Average 3783 21.63
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Chapter 3: Overpressure and Trap Integrity on the Slope of the GOM

3.1. Introduction

A major exploration challenge is to successfully predict the presence of an effective seal.
Due to their low permeabilities, high capillary entry pressures and lateral continuity,
shales generally form excellent traps. However, even in a shale-rich environment, trap
integrity may be compromised by excess fluid pressure. As pressure converges on the least
principle stress, processes such as shear failure or hydrofracture may generate fracture
permeability (Finkbeiner et al, 2000; Ingram & Urai, 1997). This enhanced permeability
facilitates the expulsion of hydrocarbons from a reservoir. We describe with a flow model
how pressures at the crests of structures are elevated due to flow focusing. We then docu-
ment an example in the deepwater GOM where column height may be limited by the
stress field. We close with a discussion of how trap integrity can be estimated ahead of the

drillbit.

3.2. Flow Focusing

When a dipping, hydrologically continuous sand lies between much lower permeability,
overpressured shales, flow focusing occurs (Figure 3.1) (Dugan & Flemings, 2000; Yard-

ley & Swarbick, 2000). In this environment, the vertical pressure gradient in the sand is
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approximately hydrostatic, whilst the pressure gradient in the shale is typically near the
lithostatic gradient (Figure 3.1). Because of the difference in gradients, pressure at the top
of the structure is elevated with respect to the surrounding shale, and pressure low on the
structure is depressed. Along a vertical profile penetrating the very center of the sand,
pressure remains unchanged (Figure 3.1b). The pressure difference between the sand and

shale low and high on the structure drives flow focusing.

The white stream lines in Figure 3.1 depict flow focusing. Flow is driven from regions of
high to low pressure. In the undisturbed state (along the edges of the Figure 3.1), flow is
nearly vertical in the shales. However, near the sand, stream lines converge into the bottom
of reservoir and diverge from the top, recording capture of the flow at the base, focusing of
flow along the sand, and expulsion of flow at the crest. This flow modifies the pressure
state near the sand. Average sand pressure equilibrates to the average bounding shale pres-
sure, while shale pressure decreases at the bottom of structure and increases at the top.In
the subsurface, flow focusing is likely to occur where a ‘binary’ permeability condition
exists, e.g. a darcy-range permeability sand surrounded by nano-darcy permeability
shales. Because the sand focuses flow, it is crucial that the sand be hydrologically continu-
ous horizontally and vertically. We study flow focusing around a continuous, turbidite

sheet sand deposit in the deepwater Gulf of Mexico.
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Figure 3.1: Pressure (color and contours) and streamlines (white
arrows) around a dipping sand (left). Shale contours dip into the bot-
tom of the sand and are elevated at top of the sand. Along a vertical
profile passing through the center of the sand, the pressure gradient is
equal to the far field gradient. Fluid enters the bottom of the sand and
is focussed along the sand to its crest (black arrows), where it is
expelled. The pressure depth plot (right) for the two wells drilled at
middle (dashed line) and top of structure (dotted) show very different
pressure gradients in the sand and the shale. The vertical pressure gra-
dient in the sand (blue line) is much less than that in the shale. A pres-
sure gradient of 20.8 MPa/km is assumed far from the sand and the

pressure at the center of the sand is assumed to equal 69.1 MPa.
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3.3. Case study of the J Boxer Sand

We apply this simple 2-D model to a case study of trap integrity on the slope of the GOM,
in blocks GC 64 and 65 (the Bullwinkle region) (Figure 3.2). Located in 400 m of water,
the Bullwinkle mini-basin is bounded by salt ridges to the west and southeast, with a
smaller salt high to the northeast. Along the flanks of the basin, a myriad of normal faults
splay off the top of salt. In a west-east cross section, the sands of the Bullwinkle region

have a synclinal shape, with nearly 600 m of structural relief (Figure 3.3).

The sediments are clastic deposits of Plio-Pleistocene age and younger. Clay-rich mud-
stones are prevalent in the basin, and separate major sands by as much as 150 m. The sed-
imentation rate over the past 3.5 Ma has been rapid, averaging around 2 km/my (~2 mm/
yr). This high sedimentation history has resulted in little lithification of the sediments and

significant generation of overpressure (Holman & Robertson, 1994).

The J Boxer is the principle sand of this case study (Figure 3.3). Based upon 3-D seismic
data, the sand has nearly 600 m of structural relief, varying from3550 m depth to over
4100 m (Figure 4). These depths are approximate, as the bottom of the structure lies near
the edge of our seismic volume, and the top of the sand may be obscured by the salt body

or tuning effects.
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Figure 3.2: Bathymetric map of the slope of the Gulf of Mexico off-
shore Louisiana. The Bullwinkle Region is located by the red star. The
study area is block GC 64 and GC 65 at the top of the slope in approx-
imately 400 m water depth.
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Figure 3.3: Cross section interpreted from depth converted 3-D seismic
data. The west-east section runs across the edge of the Bullwinkle
basin. The sands (yellow lenses) in the region are synclinal with as
much as 600 m of structural relief. The J Boxer sand lies to the west of

the Bullwinkle basin.
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From an amplitude extraction map of the J Boxer sand, we interpret a 300 m hydrocarbon
column trapped by a three-way fault closure at the top of structure (Figures 3.3, 3.4). This
interpretation is confirmed by three well penetrations which record the presence of gas

either by shows or production (Figure 3.4).

Repeat formation tests (RFTs) taken in the gas leg of the J Boxer sand at the GC 64-1-BP
well constrain the pressure in the reservoir (Figure 3.5a). The water phase pressures and
the gas pressures are calculated assuming a pressure gradient in the water leg equal to the
brine gradient (10.5 MPa/km), and a gradient in the gas column of 2.25 MPa/km (Figures
3.5a). At the top of structure, the gas phase pressure equals 97% of the overburden, and the
overburden exceeds the gas phase pressure by only 2.4 MPa (Figure 3.5a, b). This differ-
ence between the overburden and pore pressure is referred to as the vertical effective

stress.

We predict shale pressures using sonic log velocities. The sonic log of the GC 64-1-BP
well, which penetrates the sand just above the midpoint of the structure, is used for the
prediction (Hart et al., 1995). This approach relates the consolidation state of the shale,
estimated from the velocity, to the shale pressure through a porosity-effective stress

model. This model has been applied successfully in the petroleum industry for decades

(e.g. Ham, 1966; Eaton 1975), and is well constrained in the Bullwinkle region.
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Figure 3.4: Amplitude extraction of the J Boxer sand. Well penetra-
tions are located with white dots. Total structural relief of the sand is
~600 m. The gas-water contact is interpreted to lie at 3840 m depth
(red dashed line).

61



Depth (km)

Pressure (MPa) Pressure (MPa)

65 70 75 80 65 70 75 80
. . . . v T T T 11
\
3.4} Overburden I N Minimum Principle Stress
-~ N\ |- Shale Pressure Gas Phase at top of structure
I . ‘._ \
o, = 2\.43 MP — — Mud Pressure ,f’ressux N
3.6[ = RFT
's..~ . ‘.. 112
c'..' . 9
... ., (D
. =l
3.8} y : =
...... Sand Thickness %
,, lat Penetration Z
J Sand 1
4.0 Water Phase
Pressure % \ |
: \\ »'.\.S\\s\o \O
a) Case Stydy | AN b) Model N
9 10 11 12 9 10 11 12
Pressure (kpsi) Pressure (kpsi)

Figure 3.5: a) Pressure-depth plot around the J Boxer sand in GC-64.
Predicted shale pressures (dotted line) from well GC 64-1-BP are
shown along with the measured pressure and mud pressure. At mid-
structure, sand and shale pressures are equal. At top of structure, the
vertical effective stress is 2.43 MPa, with gas phase pressure equaling
97% of the overburden. b) Pressure-depth behavior predicted by the
analytic model around the J Boxer sand. At top of structure, 0.76 MPa
separate the gas phase pressure from the least principle stress, indicat-
ing the column is likely stress controlled. Also, as observed at the J

Boxer sand, shale pressure equals sand pressure at mid-structure.
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At GC 64-1-BP, shale pressures are predicted to parallel the overburden (Figure 3.5a, b).
Near the midpoint of the structure, predicted shale pressures match the reservoir water
phase pressure. However, at the crest of the structure, shale pressures are predicted to be
4.8 MPa lower than the sand pressure, while at the bottom the inverse is true. These results
are consistant with the flow focusing model (Figure 3.1), and suggest flow focusing is con-

trolling the pressure in the sand and bounding shale.

Wireline data and leak off tests (LOTSs) constrain stress state at the J Boxer sand. Overbur-
den is calculated by integrating bulk density wireline data (Figure 3.6). Over the depth
interval of the sand, the overburden gradient, referenced from the sea-surface, is 19.9
MPa/km. The minimum principle stress is estimated from LOTs. These data all lie near or
at the overburden stress, indicating a near isotropic stress state (Figure 3.6). No leak off
tests were measured deeper than 2750 m below the mudline. Due to the high degree of
scatter and lack of LOTs at the depth of the J, it is difficult to constrain the least principle

stress.

When leak off test data are inconsistent, least principle stress is commonly approximated
by assuming a constant stress ratio. The stress ratio relates the horizontal effective stress to
the vertical effective stress (Pilkington, 1978). In the Bullwinkle region, this only provides

a rough estimate of least principle stress, as the relationship to the overburden is likely not
constant near a dynamic salt dome. The shale pressure at top of structure and the overbur-

den are used to calculate least principle stress assuming a stress ratio of 0.7.

63



Pressure below rggdline (MPa)

5 75

AY { T T T T 4

3\ \ = Leak Off Tests

moN \\'1 """" Coo — - — Hydrostatic Pressure|

N N j —— Overburden
= | Y N 3 + RFT 16 ¥
SAP \Nom _ _ Minimum LOT =
o) o Vo N \” Trend =)
= ‘ \ N ‘ : o
= \ S |1 g
S ) N ‘
e A @‘ N ' 1g =
= [ v 3
o) SN ‘ c
© A | g
o SN . >
N ' ' . ' @
2 3k e . | U N1 =
8 |@Fsand | 103

@J2Sand | \ ‘ }

@115 Ssand : : !

F@JSand v SRR VRS @\ N\

1 1 AN | : 1 : 1 AN 12

2 4 6 8 10

Pressure below mudline (kpsi)

Figure 3.6: Pressure-depth plot illustrating the stress and pressure
state of some major sands in the Bullwinkle region. Pressure in the
sands are constrained by repeat formation tests (RFTs). Least princi-
ple stress is estimated from leak off tests (LOT). The minimum LOT
trend represents the lowest estimated value of the least principle stress.
Although no LOT measurements exist at the J Boxer sand (4) depth,

we interpret a stress by assuming that the gas column is stress limited.
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We specify an overburden gradient of 19.9 MPa/km to top of structure and far field shale
pressure gradient of 20.8 MPa/km. The model predicts that at the top of the sand, flow
focusing has elevated bounding shale pressure (see Figure 3.1). This elevation in pressure
leads to a shift in the modeled least principle stress at top of structure. With this shift, gas
phase pressure at the top of the reservoir is estimated to be about 0.7 MPa less than the

modeled least principle stress (Figure 3.5b).

3.4. Discussion

Although the mudrocks in the Bullwinkle region form effective seals, as the substantial
discovery made at Bullwinkle indicates, some evidence for hydrocarbon loss exists. This
includes fluid expulsion features on the sea-floor and zones of seismic washout overlying
some of the reservoir sands (Figure 3.7). Two mechanisms for fluid expulsion that we con-
sider are dilatant hydrofracture and shear failure along pre-existing faults (Finkbeiner et
al., 2000). Both mechanisms are triggered as the hydrocarbon phase pressure converges on
the least principle stress. As hydrocarbons charge the sand, fluid pressures at top of struc-
ture are gradually raised due to the incoming flux of gas and the lower fluid pressure gradi-
ent of the gas (Schowalter, 1976). The height of the hydrocarbon column will be

controlled by flow along the fracture; at high enough pressures, the fracture may slip or
dilate, allowing hydrocarbons to escape (Figure 3.8). This reduces the pressure at top of

structure and reseals the trap.
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Figure 3.7: Example of seismic washout that is interpreted to be indic-
ative of gas along a N-S seismic profile. The gas decreases the imped-
ance contrast between the sediments resulting in a light area with no
reflectors on seismic data. We interpret that the gas has leaked from

the underlying J Boxer sand.
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Figure 3.8: Cartoon charge history of the J Boxer sand. As gas charges
the sand, pressure at the top of the structure is increased because of the
lower pressure gradient of the gas (2,3). At some critical pore pressure

the fault or fracture will dilate and allow gas to escape (3).
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At the J Boxer sand one hypothesis is that the column height is being stress controlled in
this fashion. Although the pressure at top of the gas column does not reach the least princi-
ple stress, the small effective stress at top of structure and the fact the trap is not filled to
spill can be interpreted to mean that the column is stress-controlled. The large structural
relief of the sand and the flow focusing effect drive the sand pressure towards trap failure
as high pressures from deep are transferred upstructure. Any additional hydrocarbon input
into the sand results in fluid expulsion, with gas phase pressure initiating hydraulic frac-

ture or sheatr failure.

An alternative hypothesis is that the J Boxer sand is not leaking, and is a portion of a more
complicated structure, such as a protected trap (Mann & Mackenzie, 1990). For example,
consider a protected trap where one limb of a charged sand is structurally higher than
another (Figure 3.9). Although the limbs are hydraulically connected, very different col-
umn heights may exist in the two structures. In the larger, more promising limb, water
phase pressures are ~0.7 MPa less than the least principal stress. A 45 m gas column can
be held by this structure; additional hydrocarbon input breaches trap integrity and hydro-
carbons escape. However, because the smaller limb is structurally lower, the water phase
pressure at the top of this structure is much less than the fracture pressure (Figure 3.9).

This secondary structure is able to fill to its spill point, and hold a gas column of 225 m.
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Figure 3.9: A schematic cross section of a protected trap and its pres-
sure-depth plot. Although the limbs are hydraulically connected, the
larger limb is unable to hold a significant hydrocarbon column as
higher pressures are transferred from the base to the top of the struc-

ture. Because of this, the water phase pressure (Be,) at top of struc-

ture is only 0.7 MPa from the fracture pressure. Any additional
hydrocarbon input will result in shear failure or hydraulic fracturing,
and the expulsion of hydrocarbons. The deeper, smaller limb is able to
fill to the spill point. The water phase pressure at the top of the smaller
structure is 2.75 MPa lower than the fracture pressure because of the

low pressure gradient within the sand.
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It is straightforward to apply the flow focusing concept to assess maximum column height
and trap integrity. In the exploration of frontier basins, the use of seismic and analog data
can provide all the information necessary to perform the analysis. Structural relief can be
estimated from seismic data. Shale pressure can be estimated from the seismic interval
velocities, and as our case study suggests, sand pressure can be estimated using the shale
pressure at mid-structure. The overburden stress can be estimated from either analog data

or velocity. Least principle stress estimates can be made using a constant stress ratio.

If seismic coverage is minimal, but nearby well control is available, ertrs#u data or

wireline measurements can be used to estimate sand pressure and the overburden. Repeat
formation tests or calculated shale pressures from the sonic log can be used to estimate
sand pressure. The density log can be integrated to find the overburden. Fracture pressure
can be estimated from leak off test data or by assuming a stress ratio. Finally, if a leak

point can be found in an extensive sand body, it is only necessary to constrain the overbur-
den, stress ratio and the height of the stress controlled column to estimate column height
anywhere in the sand. Fracture pressure and sand pressure can be backed out from these
data. Once the fracture and sand pressure are known, trap integrity can be predicted for

secondary structures.
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3.5. Conclusions

A simple analytical flow model combined with a case study offshore GOM illustrates the
importance of flow focusing when assessing hydrocarbon column heights and trap integ-
rity. In a clay-rich, highly geopressured environment, subtle changes in the reservoir orien-
tation can lead to significant variation in the sand pressure, and thus the column height
trapped within a reservoir sand. By channeling fluids from the shales low on structure to
high, flow focusing elevates pressures on top of structure, often bringing pressure peril-
ously close to the least minimum stress. However, by understanding the structure of the
sand body and how to best estimate sand pressure from shale pressure predictions, one can
account for this effect in their risk assessment. As the petroleum industry moves to deeper
and more technically challenging targets, flow focusing may prove a critical tool in risk

analysis.

71



Appendix A: Geometrical Sand Pressure Prediction Method

A.1l. Introduction

Steady-state fluid flow modeling (Stump & Flemings, 2000; Lupa et al., 2002; Chapter 2)
suggest that sand overpressure is closely related to its geometry and the surrounding shale
pressure, and can subsequently be predicted from them. We use 3-D seismic data to esti-
mate sand geometry and estimate sand overpressure. We then compare this estimate to

measured sand pressure data from RFTs (Repeat Formation Tests).

We consider the hydraulically connected J Sand package in the Bullwinkle basin (JO-J4)
and the J Boxer for this exercise (Holman & Robertson, 1994; Kikani & Smith, 1996). The
Bullwinkle sands were mapped using Geco-Prakla’s 1995 3-D survey by Alastair Swan-
ston (Swanston, 2001), and the J Boxer by myself using the Bull35 3-D survey. In the sur-
vey, Swanston (2001) was not able to pick separate reflectors for the J3 / J4 sands and the
120 / JO sands. We simplify this by assuming that the J3 and J4 are of equivalent size, and
the reflector represents their average depth and assume the 110/J0 reflector is one hydrauli-

cally connected sand.
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A.2. Average Sand Depth

The average depth of each sand is calculated using the Landmark utilities Zmap and TDQ.
The sands are first depth converted using check shot data in TDQ, and corrected using

well penetrations with Zmap. Average sand depth is found by gridding the data and taking
the average of the nodes (Table A.1) (Figure A.1). The J Sand package in the Bullwinkle

basin has an average depth of 3785 m TVDSS and the J Boxer, 3900 m TVDSS.

A.3. Sand Overpressure Prediction

Pressure in the sand is estimated from the surrounding shale pressure. It is desirable for
this step to have seismic overpressure cube around the sand. This allows the average over-
pressure to be found in much the same way as the average sand depth was found, by
extracting an overpressure horizon and averaging it. However, a seismic overpressure cube

is unavailable in our basin. Instead we use the overpressures predicted from well data.

For the J Boxer, we have a shale pressure estimate at only 1 well, the GC-64-1-BP. Pre-
dicted shale pressure equals water phase sand pressure near the midpoint of the sand. If the
geometry of the sand is used to estimate pressure within the sand, we find a similar result
(Figure 2). We estimate a sand overpressure of ~29 MPa compared to the measured over-

pressure of 28.7 MPa.
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Figure A.1: Examples of areal depth distribution for the a) J2 Sand
and b) J Boxer Sand. The sand horizon were gridded into equal area
sections in map view to find average depth. The J2 sand has an average

depth of 3.8 km TVDSS, and the J Boxer of 3.9 km TVDSS (Table A.1).
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For the J Sands in the Bullwinkle basin, we found an overpressure datum from a group of
wells. From this datum, we extrapolated the overpressure at the average depth of the sand

using the far-field overpressure gradient,

= Eﬂ:h ,
SandP) = PU, ium* O3 Dfarfiemzsa”d' (A.1)

This approximates the original shale pressure condition below flow focussing occurs. One
assumption of this method is that all the surrounding shale has been able to flow into the

sand and that its pressure is recharged from the far-field throughout the basin history.

The overpressure datum is set at 2750 m TVDSS. Overpressure at this depth varies from a
maximum of 12.5 MPa to a minimum of 11.2 MPa, with an average of 11.7 MPa. The
overpressure gradient suggested by the well data is 9.62 MPa/km (90% of overburden gra-
dient). We estimate a shale overpressure between 21.47 MPa to 21.6 +/- 0.7 MPa at the
average depths of the J Sands (Table A.1). Weighting the sands by their size and averag-
ing, we estimate a J Sand overpressure of 21.63 MPa. Measured water phase sand over-
pressure is 19.65 MPa (Figure 3). In terms of mudweight, using this method of estimating
pressure, we would overestimate sand pressure near the top of structure at 3350 m by 0.5
ppg. There are two obvious possibilities for this mismatch; the sands are mapped incor-
rectly or the pressure prediction is wrong. However, we are confident that the mapping is

correct and in our pressure prediction.
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sand pressure is equal to shale pressure at the sand’s average depth.
Shale pressure is predicted from the GC-64-1-BP well using the Shal-
low Overpressure approach (see Chapter 2).
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tion that sand and shale pressure are equal at the average depth does

not work for the J Sands.
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An alternative possibility is that the mismatch is due to the hydrogeologic behavior of the
basin. We are able to effectively predict pressure from geometry in the J Boxer, but not the
J Sands. The J Boxer lies in a relatively simple geologic setting compared to the J Sands,
which are underlain by salt. The shale may not be recording the pressure effect of salt.
Instead the shale may still be draining where we constrain shale pressure. Unfortunately
we do not model the time dependant behavior of the basin, so we can no make firm con-
clusions. Further work would include modeling the basin with a time dependant model

and including bed parallel anisotropy to constrain the behavior of the shale above the sand.

A.4. Conclusions

Sand pressure predicted from sand geometry is much higher than that observed for the J
Sands in the Bullwinkle basin. The method used may be too simple, as it doesn’t consider
much of the geological complexity of the basin or the dynamic flow behavior around the

sand. In more complex geologic settings, pressure prediction by this simple method may

not be effective.
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Table A.1: Average Sand Depth and Overpressure

Sand Average Depth Estimated Percentage of Total
(m TVDSS) Overpressure (MPa) Area
J1 3765 21.49 0.15
J2 3785 21.63 0.31
J3/J4 3815 21.94 0.23
Jo 3765 21.47 0.31
J Sand Average 3785 21.63 -
J Boxer 3900 28.97 1
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Appendix B: Derivation of the Cylindrical LaPlace Equation and Finite

Difference Approximation

B.1. Derivation of the Cylindrical LaPlace Equation

To represent the Bullwinkle basin, we construct a steady state fluid flow model using the
radial diffusion equation. To derive the radial diffusion equation, we build upon first prin-
ciples assuming a constant fluid density, isotropic and heterogeneous permeability and dr,
dz are constant in time (Figure B.1). Water is the only phase present in the system. From

Darcy’s Law, we can solve for the volumetric water flux in the radial and vertical direc-

tion.
_ k oPU
Q = —u2nrdz T (B.1)
and
_k oPU
Q, = —u2nrdr 3 (B.2)

Conservations of mass dictates that the time rate of change of mass in a certain volume is

the difference between the flux entering the volume and the flux leaving the volume, or

TROCM = Fluxin , - FluxOut ,. (B.3)
In Eq. (B.3),
TROCM = ‘Wp (B.4)
Fluxin, , = Q,p+Q,p, (B.5)
and
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Fluxout , = Qrp+sz+(Qrp) a(gép)dZ ' (B.6)

If Q; andQ, are substituted from Egs. (B.1) and (B.2) into the definitioTRGCM,

FluxIn, ,, andFluxOut ,, then equation (B.3) equals

2T[de qu a andr qu
op2rrdrdze _ q% cp%

ot

dz|. (B.7)

Simplifying this in two steps, and assuming porosity is approximately constant, we find

op _ oPLH, oPLH
"ot ~ ar or O Kaz oz (B.8)
and then,
2
p _ - 150roP0  OPO  ora o°PLD
P = = o +Kr ar2+K620P +Kr 6225 (B.9)
where
kpg
K = ==, B.10
m (B.10)
and
or _
3 - 0. (B.11)

This yields the diffusion equation used for our steady state flow model,

2
0 0, KoPO
0 = KIPD, (PO, KoPD (B.12)

or? 622 roor

81



Qout, Qout,
Qin, | Qin,
\¢-- . dr
Qout > I
dz|” ~ Qout
Qout
Qin, Qin,

Figure B.1: The geometry and the variables considered in the radial
flow solution. The model assumes radial symmetry with flow in both

the vertical and radial directions.
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B.2. Finite Difference Approximation

To model Eg. (B.12) we use a finite volume approximation (Figure B.2). Once again we
only consider the water phase and assume radial symmetry. Since this is a radial solution
with flow possible in only the radial and vertical directions, we have three possible areas in
our finite volume for flow to pass through. These areas are the back, the front and the

equivalent areas of the top and bottom.

Ain, = 21 | —%Ar%ﬁz, (B.13)
_ 1
Aout = 21‘[%”- +§Argﬁz (B.14)
and
A, = 2mr; ;ArAz. (B.15)

After Ertekin (2001), we use the harmonic averages of the hydraulic conductivity for the

adjacent volumes to solve for the conductivity in and out of the volumes.

1 _ 11 1 o 1 _1g1 1 0
= = + , = =— + (B.16)
1 _ 11l + 1 g 1 _1g1l + 1 [

Kin, ~ ZEKi,j Ki,j_lﬂ’ Kout, 2D<i,j KHHD

(B.17)

To approximate the right side of Eqg. (B.12) we use the law of Conservation of Mass for

2
Il
each term. For the radial darcy flow temm(?—Pz ., we set

or
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P -P 0
FluxIn—FluxOut = Kin, Ain 3 s PR - Kout,Aout & aual ZEI”’JD
‘0 Ar? 0 Ar O
(B.18)
9°P0l
For the approximation of the vertical darcy flow ter—- :, we set
07’
FluxIn—FluxOut = Kin,A,(3 THi- > —PHg IF-KoutA, D gl [I ’+1D (B.19)
‘0 AZ O Ar? O
. . . : KopL :
Finally, to approximate the velocity decrease due to radial spreareifsg-, ;, we set

Fluxin— FluxOut =

Kin Ain, (P 1 j =Py jg KoutAout P i —Pi.q i (B.20)
5 (B.

O O 0
r,’j—%Ar ar i, | +%Ar ar

Combining the Egs. (11.6), (11.7) and (11.8) and rearranging we find

%(m Ain, + Kouterutr Kin, A, + KoutAiz,

= (Pi j) (B.21)
g Ar? NG
Kin_ Ain Kin, Ain, D in Ain Kin Ain, H
r r r r r r r
* 1 2+ 1 2D +(Pio1 g Ar2 1, 20
riler—éAr jAr 2Ar 0 O ri,jAr—iAr O
] .
outerutr Kout Aout, Kin, A,
*(Piyy J)a( 2 1 ZE”(Pi,j—l)g_z%
O Ar ri,jAr + SAr°0 Az
[(Kout,A,00
+(Pi,j+1)|]—2[|
0 Az O

This is the equation used in the radial flow model.
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Figure B.2: Assumptions and geometry for the finite difference

scheme.
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Table B.1: Appendix Nomenclature

Variable Description Unit
[0} Porosity
Ain, Cross sectional area in r direction into finite vol- L2
ume
Aout, Cross sectional area in r direction out of finite vol- L2
ume
A, Cross sectional area in z direction in and out of L2
finite volume
Ar Finite step in r direction L
Az Finite step in z direction L
dr Incremental lengths in r direction L
dz Incremental length in z direction L
k Permeability L2
K Hydraulic conductivity LT
Kin,Kout, Hydraulic conductivities going into and out of LT!
finite volume in r direction
Kin,,Kout, Hydraulic conductivities going into and out of LT
finite volume in z direction
Kij Hydraulic conductivity at node i, | LT1
H Fluid viscosity MLt
g Acceleration of gravity LT2
P Pressure ML 1712
Pc Pressure at midpoint between two nodes ML 172
p* Overpressure ML 1712
P*ii Overpressure at node i, j, where i is ML -T2
Qrz Volumetric water flux in r and z directions L3171
p Fluid density ML3
T Radius to node i, L
TROCM Time rate of change of mass MT1
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Table B.1: Appendix Nomenclature

Variable Description Unit
u Radial fluid velocity LTL
w Vertical fluid velocity LTL
We Stokes stream function
z Depth L
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Appendix C: Derivation of Radial Stream Function

C.1. Stokes Stream Function

To explore the flow regime of the Bullwinkle basin, we calculated streamtubes in 3-D. We
followed Phillips’ (1991) derivation of the Stokes stream function to solve for the stream-

tubes. In cylindrical coordinates, the incompressibility condition is,

10 lov 6W

S T TR PR (C.1)

If flow is axially symmetric, the basic assumption of our 3-D flow model, there is no flow

in the® direction, e. gf =0 ,and

= 29 (ru)+ €2

This is satisfied by the functiapy, the Stokes stream function, such that

_ 10y _10yg

This velocity in the radial and vertical direction is related to the gradient of the stream

function in the perpendicular direction, decreasing with increasing radius. From Darcy’s

law, we also know the velocity is proportional to the overpressure gradient.

_ kopU
T (C.4)
If we substitute Eq. (C.4) into Eqg. (C.3),
_koPU _ 19y
Woz ~ ror (€.5)
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overpressure is related to the stream function. More importantly, the solution for the over-

pressure field (Appendix B) can be used to solve for the stream function, where

w0 _
and,

J’r-E%P—ZDaz = [rwoz = [ou = ¢ . (C.7)

C.2. Finite Difference Solution

To apply Eq. (C.7) to our flow model, it is necessary to consider that permeability changes
halfway between each finite difference point, at the edge of each finite volume. To account
for this, we solve for the pressure at the horizontal edges of each finite v&lohe (

From Darcy’s law and conservation of mass, we know that the flux just before and after

the boundary are equal, and as area is constgnitj,. Thus

PPl o KerPe-Por (C.8)
y |

MmO az 0T y0 gz O

Rearranging and solving fétc*, we find

pe = Pkt Paky) (C.9)
ki + Ky ' '
or in terms of our matrices,
Pk P R )
PC[LJ' = ki'j +ki+1'j . (ClO)

Velocity is then calculated using Eq. (C.4) from each horizontal finite volume boundary to

the underlying node,

89



Equation (C.7) states that the stream function is the simply integral of the velocity in the
radial direction, which for our finite difference solution is equivalent to the summation of

each row of nodes in the radial direction. The solution can be visualized by simply con-

touring the stream function.
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	Repeat formation tester (RFT) pressure measurements were taken prior to production in three wells...

	, (2.1)
	where P is the fluid pressure, rw is water density, g the acceleration of gravity and z is depth ...
	Sand water-phase pressure ranges from 80% to over 93% of the overburden at Bullwinkle (Table 2.5)...

	2. 3.2. Shale Pressure Prediction
	Shale has low permeability which precludes routine measurement of in situ pressure. Instead, pres...
	Figure 2.6 : a) In situ pressures of the sands at GC 65. Pressures were obtained from Repeat form...
	Figure 2.7 : Sonic slowness (DT) in microseconds per foot (us/ft) and calculated shale porosity f...
	Porosity was calculated from sonic log data using a relationship developed by Issler (1992),

	. (2.2)
	Dtma is the matrix travel-time, Dt is the sonic travel-time, and f is the acoustic formation fact...

	, (2.3)
	where f is the porosity, f0 is the reference porosity, b is the shale compressibility and sv is t...

	, (2.4)
	where the density log is integrated to find Sv, and Pshale is fluid pressure in the shale.
	Two different approaches are used to constrain b and f0, the Shallow Hydrostatic approach and the...
	In the Shallow Overpressure approach, we use RFT measurements to constrain the porosity-effective...
	The two approaches produce different porosity-effective stress behaviors (Figure 2.8). The most s...
	Figure 2.8 : Relationship of shale porosity (from DT; black diamonds) to shale vertical effective...
	Shale pressure is calculated by rearranging Eq. (2.3),

	. (2.5)
	Shale pressure predicted from the Shallow Hydrostatic approach is lower than measured sand pressu...
	We interpret that the Shallow Overpressure approach is correct. Shallow overpressure is common in...
	Figure 2.9 : Comparison of predicted shale pressures from the sonic log of the 109-1 well to RFT ...
	Figure 2.10 : Predicted pressure in the shallow section of the 109-1 well from the Shallow Overpr...

	2. 3.3. Pressure in the J Sand Package
	We predict a spatial variation in the overpressure field surrounding the J Sand based upon the co...
	We find that near the top of structure (wells A-3-BP, 110-SOI1, A-1) shale overpressure increases...
	Everywhere shale is penetrated by a well, porosity is approximately constant above the sand. This...
	A shale overpressure cross-section is constructed from six wells in the basin (Figure 2.13). Simi...
	The relationship between a dipping permeable sand and a less permeable bounding shale has been we...
	Figure 2.11 : Predicted shale overpressure at a) the A-3-BP well; b) the A-1 well; and c) the A-4...
	Figure 2.12 : Predicted shale overpressure above the J-Sand (black diamonds) and water phase over...
	Figure 2.13 : Overpressure cross-section through the Bullwinkle field along B-B’ (located in Figu...
	2. 4. Model
	A steady-state, finite-difference flow model was developed to simulate flow and overpressure in t...
	Three models were developed: (1) a 2-D V-shaped sand (2-D Model), (2) a 3-D cone- shaped sand (3-...
	Figure 2.14 : A synclinal shaped basin is modeled in 2-D as a V-shape and in 3-D as a cone. Becau...
	In the 2-D Model, sand overpressure is a constant 21.7 MPa (Figure 2.15). In the shale, overpress...
	The high overpressure gradient from low to high on structure drive flow focusing through the sand...
	Figure 2.15 : a) Overpressure and flow in the 2-D Model. The thin dotted black lines are overpres...
	The flow behavior in the shale corresponds to the overpressure field; where shale overpressure gr...
	The 3-D No Salt model predicts a similar overpressure behavior to the 2-D Model (Figures 2.16a, b...
	The addition of a very low permeability salt beneath the sand disturbs the regional overpressure ...
	Figure 2.16 : Overpressure predicted in a permeable sand and surrounding shale based on three geo...
	In our models, overpressure and flow are controlled by the far-field overpressure gradient and th...
	Flemings, Stump, Finkbeiner, and Zoback (in press) define how undrained systems have sand overpre...
	A larger percentage of the 3-D sand is shallower than the 2-D sand because of its cone- shaped ge...
	Figure 2.17 : Comparison of the sand overpressure and geometry of the three models. On the left i...
	In the 3-D Salt Model, the effect of sand geometry is overshadowed by the effect of the very low ...
	2. 5. Discussion
	Model results predict that sediments above a salt body have a lower overpressure and a lower over...
	In our models, a high shale overpressure gradient is observed above the sand crest, with a lower ...
	The underlying salt also modifies the flow and overpressure behavior around the sand. The 3-D Sal...
	In the modeled well profiles, overpressure is continuous from the shale into the sand (Figure 2.1...
	Below 3575 m TVDSS careful examination shows that sand and shale pressure may be equal at the san...
	To ascertain the implications flow focusing and flow shielding have for sand pressure prediction,...
	Figure 2.18 : Discrepancy between the J Sand overpressure measured by RFT measurements (a-a’) and...
	Average depth for the J-sand package in Bullwinkle is 3785 m TVDSS (Figure 2.18). Sand pressure i...
	2. 6. Conclusions
	The distribution of sand and shale overpressure within the Bullwinkle basin suggests that overpre...
	Dynamic predictions of overpressure from fluid flow modeling provide insight into the petrophysic...
	Finally, a detailed understanding of the depositional history, regional geology and fluid flow ar...
	Figure 2.19 : Comparison of actual sand overpressure (a-a’) to modeled results (Figure 2.17) and ...
	Table 2.1: Nomenclature

	b
	Shale compressibility
	M-1LT2
	f
	Acoustic formation factor
	g
	Acceleration of gravity
	LT-2
	f
	Porosity
	f0
	Reference porosity
	k
	Permeability
	L2
	kx
	Horizontal permeability
	L2
	kz
	Vertical permeability
	L2
	l*
	Normalized pore pressure ratio
	m
	Viscosity
	ML-1T-1
	P
	Pressure
	ML-1T-2
	Pw
	Water phase pressure
	ML-1T-2
	Po
	Oil phase pressure
	ML-1T-2
	Pg
	Gas phase pressure
	ML-1T-2
	P*
	Water phase overpressure
	ML-1T-2
	r
	Radius
	L
	rw
	Brine density
	ML-3
	ro
	Oil density
	ML-3
	rg
	Gas density
	ML-3
	sv
	Vertical effective stress
	ML-1T-2
	Sv
	Vertical stress, overburden
	ML-1T-2
	Dt
	Sonic travel-time
	TL-1
	Dtma
	Shale matrix sonic travel-time
	TL-1
	z
	Depth
	L
	Table 2.2: Time-Stratigraphic Correlation (Styzen, 1998)

	1
	PM 4
	Globorotalia menardii coiling change
	Foraminifera
	5.15
	2
	PM 1R
	Globigerina nepenthes
	Foraminifera
	4.2
	3
	NPM 0
	Reticulofenestra pseudoumbilica
	Nannofossil
	3.64
	4
	NP 3.3
	Sphenolithus neoabies
	Nannofossil
	3.47
	5
	NP 3
	Discoaster tamalis
	Nannofossil
	2.78
	6
	NP 2.9
	Discoaster surculus
	Nannofossil
	2.55
	7
	NP 1.78
	Discoaster brouweri
	Nannofossil
	1.95
	8
	NP 1.68
	Helicosphaera sellii
	Nannofossil
	1.41
	9
	NP 1.55
	Pseudoemiliania 3
	Nannofossil
	1.02
	Table 2.3: RFT Measurements

	F
	109-1
	44.0
	2824
	Gas
	G
	109-1
	46.8
	2999
	Water
	G2
	109-1
	52.2
	3109
	Water
	I3A
	109-1
	56.6
	3422
	Water
	I10
	109-1
	58.7
	3594
	Oil
	J2
	109-1
	58.5
	3656
	Oil
	J2
	109-1
	58.6
	3668
	Oil
	J2
	109-1
	58.7
	3675
	Oil
	J2
	109-1
	58.6
	3673
	Oil
	J4
	109-1
	58.7
	3717
	Water
	J4
	109-1
	58.8
	3725
	Water
	J2
	109-1ST
	57.2
	3463
	Oil
	J3
	109-1ST
	56.7
	3491
	Gas
	I15
	64-1-BP
	62.3
	3505
	Gas
	J
	64-1-BP
	68.9
	3768
	Gas
	Table 2.4: Sand Characteristics

	F
	2758
	2926
	-
	-
	2883
	G
	-
	-
	-
	-
	-
	G2
	2871
	3493
	-
	-
	-
	I3A
	3277
	3770
	3391
	3351
	-
	I10
	3353
	3901
	3658
	-
	-
	J2
	3307
	3962
	3784
	-
	-
	J3
	3353
	3962
	3612
	3503
	-
	J4
	3292
	3901
	3613
	-
	-
	I15
	3429
	3783
	-
	-
	-
	J Boxer
	3560
	4267
	-
	-
	3930
	Table 2.5: Sand Water Phase Pressure and Overpressure

	F
	2824
	43.54
	13.83
	53.99
	G
	2999
	46.82
	15.27
	57.74
	G2
	3109
	52.20
	19.50
	60.09
	I3A
	3422
	56.56
	20.56
	66.96
	I10
	3594
	58.54
	20.73
	70.79
	J2
	3656
	58.07
	19.61
	72.20
	J2
	3668
	58.26
	19.68
	72.44
	J2
	3675
	58.31
	19.65
	72.60
	J2
	3673
	58.24
	19.60
	72.55
	J4
	3717
	58.74
	19.65
	73.49
	J4
	3725
	58.81
	19.64
	73.66
	J2
	3463
	56.15
	19.72
	67.86
	J3
	3491
	56.24
	19.52
	68.49
	I15
	3505
	-
	-
	70.95
	J
	3768
	68.36
	28.73
	75.70
	Table 2.6: Shale Porosity-Effective Stress Above RFT Measurements

	F
	10.45
	0.240
	G
	10.92
	0.250
	G2
	7.89
	0.270
	I3A
	10.40
	0.247
	I10
	12.25
	0.230
	J2
	14.13
	0.220
	J4
	14.75
	0.215
	J2
	11.71
	0.235
	J3
	12.25
	0.225
	J
	8.08
	0.280
	Table 2.7: Average Sand Depth and Overpressure

	J1
	3765
	21.49
	0.15
	J2
	3785
	21.63
	0.31
	J3 / J4
	3815
	21.94
	0.23
	J0
	3765
	21.47
	0.31
	Average
	3783
	21.63

	Chapter 3: Overpressure and Trap Integrity on the Slope of the GOM
	A major exploration challenge is to successfully predict the presence of an effective seal. Due t...
	When a dipping, hydrologically continuous sand lies between much lower permeability, overpressure...
	The white stream lines in Figure 3.1 depict flow focusing. Flow is driven from regions of high to...
	Figure 3.1 : Pressure (color and contours) and streamlines (white arrows) around a dipping sand (...
	We apply this simple 2-D model to a case study of trap integrity on the slope of the GOM, in bloc...
	The sediments are clastic deposits of Plio-Pleistocene age and younger. Clay-rich mudstones are p...
	The J Boxer is the principle sand of this case study (Figure 3.3). Based upon 3-D seismic data, t...
	Figure 3.2 : Bathymetric map of the slope of the Gulf of Mexico offshore Louisiana. The Bullwinkl...
	Figure 3.3 : Cross section interpreted from depth converted 3-D seismic data. The west-east secti...
	From an amplitude extraction map of the J Boxer sand, we interpret a 300 m hydrocarbon column tra...
	Repeat formation tests (RFTs) taken in the gas leg of the J Boxer sand at the GC 64-1-BP well con...
	We predict shale pressures using sonic log velocities. The sonic log of the GC 64-1-BP well, whic...
	Figure 3.4 : Amplitude extraction of the J Boxer sand. Well penetrations are located with white d...
	Figure 3.5 : a) Pressure-depth plot around the J Boxer sand in GC-64. Predicted shale pressures (...
	At GC 64-1-BP, shale pressures are predicted to parallel the overburden (Figure 3.5a, b). Near th...
	Wireline data and leak off tests (LOTs) constrain stress state at the J Boxer sand. Overburden is...
	When leak off test data are inconsistent, least principle stress is commonly approximated by assu...
	Figure 3.6 : Pressure-depth plot illustrating the stress and pressure state of some major sands i...
	We specify an overburden gradient of 19.9 MPa/km to top of structure and far field shale pressure...
	Although the mudrocks in the Bullwinkle region form effective seals, as the substantial discovery...
	Figure 3.7 : Example of seismic washout that is interpreted to be indicative of gas along a N-S s...
	Figure 3.8 : Cartoon charge history of the J Boxer sand. As gas charges the sand, pressure at the...
	At the J Boxer sand one hypothesis is that the column height is being stress controlled in this f...
	An alternative hypothesis is that the J Boxer sand is not leaking, and is a portion of a more com...
	Figure 3.9 : A schematic cross section of a protected trap and its pressure-depth plot. Although ...
	It is straightforward to apply the flow focusing concept to assess maximum column height and trap...
	If seismic coverage is minimal, but nearby well control is available, either in situ data or wire...
	A simple analytical flow model combined with a case study offshore GOM illustrates the importance...

	Appendix A: Geometrical Sand Pressure Prediction Method
	Steady-state fluid flow modeling (Stump & Flemings, 2000; Lupa et al., 2002; Chapter 2) suggest t...
	We consider the hydraulically connected J Sand package in the Bullwinkle basin (J0-J4) and the J ...
	The average depth of each sand is calculated using the Landmark utilities Zmap and TDQ. The sands...
	Pressure in the sand is estimated from the surrounding shale pressure. It is desirable for this s...
	For the J Boxer, we have a shale pressure estimate at only 1 well, the GC-64-1-BP. Predicted shal...
	Figure A.1 : Examples of areal depth distribution for the a) J2 Sand and b) J Boxer Sand. The san...
	For the J Sands in the Bullwinkle basin, we found an overpressure datum from a group of wells. Fr...
	. (A.1)
	This approximates the original shale pressure condition below flow focussing occurs. One assumpti...
	The overpressure datum is set at 2750 m TVDSS. Overpressure at this depth varies from a maximum o...
	Figure A.2 : Estimated water phase pressure for the J Boxer sand compared to that calculated from...
	Figure A.3 : Comparison of measured water phase pressure in the J Sand package and the pressure e...
	An alternative possibility is that the mismatch is due to the hydrogeologic behavior of the basin...
	Sand pressure predicted from sand geometry is much higher than that observed for the J Sands in t...
	Table A.1: Average Sand Depth and Overpressure

	Appendix B: Derivation of the Cylindrical LaPlace Equation and Finite Difference Approximation
	To represent the Bullwinkle basin, we construct a steady state fluid flow model using the radial ...
	, (B.1)
	and
	. (B.2)
	Conservations of mass dictates that the time rate of change of mass in a certain volume is the di...
	TROCM = FluxInr,z - FluxOutr,z. (B.3)
	In Eq. (B.3),
	, (B.4)
	, (B.5)
	and
	. (B.6)
	If Qr and Qz are substituted from Eqs. (B.1) and (B.2) into the definitions of TROCM, FluxInr,z, ...
	. (B.7)
	Simplifying this in two steps, and assuming porosity is approximately constant, we find
	, (B.8)
	and then,
	, (B.9)
	where
	, (B.10)
	and
	. (B.11)
	This yields the diffusion equation used for our steady state flow model,
	. (B.12)
	Figure B.1 : The geometry and the variables considered in the radial flow solution. The model ass...
	To model Eq. (B.12) we use a finite volume approximation (Figure B.2). Once again we only conside...
	, (B.13)
	(B.14)
	and
	. (B.15)
	After Ertekin (2001), we use the harmonic averages of the hydraulic conductivity for the adjacent...
	, (B.16)
	, . (B.17)
	To approximate the right side of Eq. (B.12) we use the law of Conservation of Mass for each term....
	. (B.18)
	For the approximation of the vertical darcy flow term, :, we set
	. (B.19)
	Finally, to approximate the velocity decrease due to radial spreading, :, we set
	. (B.20)
	Combining the Eqs. (II.6), (II.7) and (11.8) and rearranging we find
	(B.21)
	This is the equation used in the radial flow model.
	Figure B.2 : Assumptions and geometry for the finite difference scheme.
	Table B.1: Appendix Nomenclature


	Appendix C: Derivation of Radial Stream Function
	To explore the flow regime of the Bullwinkle basin, we calculated streamtubes in 3-D. We followed...
	. (C.1)
	If flow is axially symmetric, the basic assumption of our 3-D flow model, there is no flow in the...
	. (C.2)
	This is satisfied by the function ys, the Stokes stream function, such that
	, . (C.3)
	This velocity in the radial and vertical direction is related to the gradient of the stream funct...
	. (C.4)
	If we substitute Eq. (C.4) into Eq. (C.3),
	(C.5)
	overpressure is related to the stream function. More importantly, the solution for the overpressu...
	(C.6)
	and,
	. (C.7)
	To apply Eq. (C.7) to our flow model, it is necessary to consider that permeability changes halfw...
	. (C.8)
	Rearranging and solving for Pc*, we find
	, (C.9)
	or in terms of our matrices,
	. (C.10)
	Velocity is then calculated using Eq. (C.4) from each horizontal finite volume boundary to the un...
	. (C.11)
	Equation (C.7) states that the stream function is the simply integral of the velocity in the radi...
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