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Abstract

Pore pressures at the crest of two sands in the Popeye/Genesis deepwater Gulf of
Mexico minibasin (GC72/GC205) equal the least principal stress. We interpret that sand
pore pressures, elevated by flow focusing, are dilating fractures in the cap rock, inducing
fluid migration from the crest. These 'leak points' limit the reservoir pressure to the least
principal stress at the crest and ultimately ensure the integrity of the cap rock trapping
the hydrocarbons at the offset Genesis and Popeye fields. An active fault provides a
migration pathway between the crests and the seafloor which is characterized by gas
hydrate deposits and fluid venting from mud volcanoes. Direct pressure measurements
are used to estimate the pore pressures and the least principal stresses are constrained
by leak-off measurements. We infer that in geopressured basins with significant
structural relief where the pore pressures at the structural crest of the reservoir body
equal the least principal stress, fluids expulsion results. With evidence of these
conditions, it is possible to predict the effective-stress state throughout the basin, which
allows for the estimation of trap integrity at subsidiary structures and the design of safe

and economic drilling programs.
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Chapter 1: Preface

This thesis is composed of three chapters. This chapter summarizes the

contents and the contributing parties of the work presented in Chapters 2 and 3.

Chapter 2: Reservoir Pressure and Sea Floor Venting: Predicting trap
integrity in a Gulf of Mexico deepwater turbidite minibasin

The second chapter represents my individual research completed during my time
with the Petroleum Geosystems Initiative (Team 2) and Geofluids Il consortium in the
Penn State Geosciences Department.

Datasets from both Popeye and Genesis fields, Green Canyon 72 and 205, Gulf
of Mexico provide the foundation for a minibasin-scale fluid flow study which illustrate
how fluid expulsion at a minibasin leak-point links hydrocarbon trap integrity and seafloor
expulsion features. The leak-point, defined by the convergence of sand pore pressures
and the least-principal stress, underlies a series of seafloor expulsion features. Fluid
expulsion at this leak-point maintains the trap integrities of the minibasin hydrocarbon
accumulations, produces an inverted overpressure profile through the minibasin sands
and contributes fluids to the overlying seafloor expulsion features. An updated summary
of the expulsion system is included drawing on 3-D seismic data, direct observations
from submersible dives and recent geochemical studies comparing fluids vented at the
seafloor and stored at the Genesis Field.

These observations are used to propose a simple predictive method for mapping
and evaluating protected traps associated with fluid expulsion. The method assumes
particular significance at a time when exploration companies are searching worldwide for

analogies to Gulf of Mexico plays.



Chapter 3: Integration of Geologic Model and Reservoir Simulation, Popeye
Field, Green Canyon 116

The third chapter is an insert of a joint paper submitted and presented by the
Petroleum Geosystems Initiative (Team 2), Penn State University to the Gulf Coast
Association of Geological Societies Annual meeting 2003. The insert is in published
galley format with written permission from the Pennsylvanian State University Thesis
Office.

Well log, engineering, and seismic data were integrated to develop a depositional
model for the Popeye field. The depositional model provides constraints for the sand
distribution interpretations used in reservoir simulations. Integration of seismic mapping
of the complex structure of the field and simulation results elucidate several key geologic
uncertainties which are explored through modification of a base-case model.

The base-case reservoir simulation results in a volume of bypassed reserves
within the compartmentalized reservoirs. The location and amount of un-recovered
reserves differs based on the modeled fault separation between these compartments,
aquifer volume, and the transmissibility of an erosional bounding channel. Reasonable
variations in these geologic model features significantly influence reservoir drainage

behavior.



Chapter 2: Reservoir Pressure and Sea Floor Venting: Predicting

trap integrity in a Gulf of Mexico deepwater turbidite minibasin

Abstract

Pore pressures at the crest of two sands in the Popeye/Genesis deepwater Gulf
of Mexico minibasin (GC72/GC205) equal the least principal stress. We interpret that
sand pore pressures, elevated by flow focusing, are dilating fractures in the cap rock,
inducing fluid migration from the crest. These 'leak points' limit the reservoir pressure to
the least principal stress at the crest and ultimately ensure the integrity of the cap rock
trapping the hydrocarbons at the offset Genesis and Popeye fields. An active fault
provides a migration pathway between the crests and the seafloor which is characterized
by gas hydrate deposits and fluid venting from mud volcanoes. Direct pressure
measurements are used to estimate the pore pressures and the least principal stresses
are constrained by leak-off measurements.

We infer that in geopressured basins with significant structural relief where the
pore pressures at the structural crest of the reservoir body equal the least principal
stress, fluids expulsion results. With evidence of these conditions, it is possible to
predict the effective-stress state throughout the basin, which allows for the estimation of
trap integrity at subsidiary structures and the design of safe and economic drilling

programs.



2.1. Introduction

Seafloor fluid expulsion is associated with petroleum exploration hazards,
economic gas hydrate accumulations, and climate change (Dickens et al., 1997; Lerche
and Bagirov, 1998; Milkov, 2000; Milkov and Sassen, 2001; Etiope and Klusman, 2002).
The seafloor emission of hydrocarbons have been characterized worldwide (Roberts and
Carney, 1997; Milkov, 2000; Somoza et al., 2003). In the study area (Green Canyon,
Gulf of Mexico) seafloor emissions have been compared to their deeper petroleum
system sources in an effort to understand their genesis and migration (Brooks et al.,
1986; Boettcher and Abrams, 2000; Sassen et al., 2003). A commonly cited but rarely
quantified source for these fluid flow systems is fluid expulsion from overpressured
bodies.

Overpressured pore fluids develop in basins where the rate of sedimentation
exceeds the ability of the fluids to freely escape, forcing the pore fluids to support some
fraction of the overlying load (Harrison and Summa, 1991; Gaarenstroom et al., 1993;
Swarbrick et al., 2000). When dipping, permeable sandstone bodies are encased in
overpressured low permeability mudstone a characteristic pressure field develops:
sandstone pore pressures follow the hydrostatic gradient while mudstone pressures
exhibit a steeper (often lithostatic) gradient (Dugan and Flemings, 2000; Yardley and
Swarbrick, 2000; Flemings et al., 2002). This contrast in gradients elevates the pore
pressures at the sand crest relative to the surrounding mudrocks and causes the
convergence of sand pressures and the least-principal stress.

Pre-existing fractures in the top seal of the crest are opened when pore
pressures equal the least-principal stress (Hubbert and Willis, 1972). This increase in
vertical fracture permeability induces fluid migration which continues until pore pressures
fall below the least principal stress and the cap rock re-seals (Cathles and Smith, 1983).
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This episodic fluid expulsion limits pore pressures to the least-principal stress at the
‘leak-point’ and can protect offset, hydraulically connected reservoir volumes by
maintaining effective stresses at their subsidiary crests creating protected-traps (Lupa et
al., 2002).

In this study, we elaborate upon the role of a minibasin leak-point in dynamically
controlling the sand pressures, hydrocarbon trap integrities, and the flux of fluids to an
overlying seafloor expulsion feature. We also propose a simple concept for employing

leak-points as indicators of potential protected-trap hydrocarbon reserves.

2.2. Structure and Geology of the Popeye-Genesis minibasin

The Popeye-Genesis minibasin is located in 2000 ft - 2900 ft (610 m — 880 m)
water depth (Fig. 1a). The north-south oriented Genesis Ridge, which intersects the
southward dipping seafloor (Fig. 1a), is the bathymetric expression of a salt-cored high
that forms the western boundary of the Popeye-Genesis minibasin (Fig. 2b). The
reservoirs within the Popeye-Genesis minibasin are bounded to the west and south by
the salt-cored high, to the north by a regional growth fault, and to the east by a salt diapir
(Figs. 2a and 2b).

Gas is trapped in the G-sand at the Popeye Field (GC72, 73, 116 and 117) and
oil is trapped in the underlying H/N-sands at the Genesis Field (GC160, 161 and 205)
(Figs. 2a, 2b and 3). The sands have bowl-like, elliptical geometries that are longer in
the north-south direction (10.6 miles or 17 km) than in the east-west direction (5 miles or
8 km) (Figs. 2b and 3). The Popeye/Genesis sands record the proximal part of a larger
sediment fairway that has existed for the last 5 m.y. (Rowan, 1995; Rowan and Weimer,

1998).
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Figure 1: The Popeye-Genesis minibasin is located 140 miles southwest of New Orleans, offshore Gulf of
Mexico. The sidelit bathymetry, mapped from 3-D seismic, displays a series of conical structures in GC204
that are interpreted to be expulsion features. An expanded view of the features in the dashed box is shown

in Figure 10a. Black lines mark the boundaries of Green Canyon OCS blocks.
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Figure 2a: Depth structure to the top of the G-sand with key minibasin bounding features in grayscale.
Cross sections A-A' (Figs. 2b and 8b) and B-B’ (Fig. 5) and the Popeye and Genesis fields are annotated.
The depth conversion procedure used to create all structure maps (Figs. 2a, 3, 4 and 8d) is described in

2.2.1. 2b: Structural cross section A-A' illustrates the synclinal geometry of the reservoir sands and

structural traps of the two hydrocarbon accumulations.
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Figure 3: G- and N1-sand seismic amplitudes extracted at the trough-minima and overlain with depth
contours. The G-sand horizon (gas saturated at Popeye) has been cropped to the south and located over
the N1-sand (oil filled at Genesis) to demonstrate the relative location of hydrocarbons (bright amplitudes) in

the minibasin.

2.2.1. Reservoir characterization and Depositional Setting

Structure maps of the H/N-, G-, and F1-sands were constructed across the
minibasin from 3D seismic and well data (Fig. 4). At the margins of the minibasin, the
sandstones thin and cannot be resolved on seismic data; this resolution limit is mapped
as the spatial limit of the sandstone bodies (Fig. 4). The data upon which the maps are

based are depth-converted using average sediment velocities. These velocities are
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derived from well logs and are generally proportional to the two-way-time from the
seafloor; velocity variation away from well control is contoured parallel to structure to
reflect this increasing-velocity-with-depth trend. Lateral velocity variations between the
Genesis field and the sand crests and a gas wipe out zone in the southwest of the
minibasin (discussed later) are a significant source of potential errors in the depth
conversion (Fig 4). The lateral velocity variation error is estimated by scaling the
difference in sediment velocities from similar sub seafloor depths in the Genesis and
Popeye fields to the lateral offset between the fields (5.6 miles or 9 km). This approach
suggests lateral variation in velocity between Genesis and the sand crests to the
southwest could result in a 400 ft (120 m) error.

The N-sand series are the most significant producing units of the Genesis field
and the deepest in this study. Rafalowski et al. (1994) interpreted the N-sands as
channelized turbidite deposits oriented to the southwest, parallel to the central high
(Figs. 4c and 5). The N-sands have the broadest spatial distribution of the reservoirs,
extending from Popeye in the north, where they correlate to the H-sands (Yuvancic-
Strickland et al., 2003), over the Genesis high to the southern limit of the seismic data
(Fig. 4c). They are thickest to the southwest (Fig. 5) suggesting there was greater
accommodation space in this location during N/H deposition. Channel erosion prior to or
coeval with the overlying G-sand deposition removed a portion of the N-sands in Block
117 (Fig. 4c). The crest of the H/N sandstone is at 8620 ft (2629 m) (Fig 4c, Table 1).

The G-sand overlies the N-sands. It is thickest at Popeye, thins to the
southwest, and is not present over the Genesis high (Fig 4b). Yuvancic-Strickland et al.
(2003) interpreted the massive base of the G-sand to be a sheet sand turbidite deposit
and the overlying, laminated facies to be levee-overbank deposits (Fig. 5). G-sand may

have been confined to the Popeye region through limited local accommodation space or
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limited sand supply at the time of deposition. The crest of the G sandstone is at 10,200
ft (3100 m), significantly deeper than the crest of the underlying H/N sandstone (Fig. 4,

Table 1).
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Figure 4: Sand structure maps of vertical depth to the top of the: 4a: F1-sand, 4b: G-sand and 4c: N1-
sand. The locations of seafloor expulsion features are annotated. Black and white circles mark the
intersection of producing and exploration well paths with the displayed horizon. Well names do not include

block numbers unless the wellpath-horizon intersection is outside the block.
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Figure 5: Correlated well log section from a north-south transect of the minibasin flattened to the base of the
F1-sand (located on Fig. 2a). Sands are correlated by gamma-ray (GR) logs signatures at key well

locations.

Table 1: Estimated overpressures and overburdens

minibasin « Sv @ crests
. Contact P Pw

bocation | Sand | Ty | St | (psi) | (psi) [TVDSS [ sv
(ft) (psi)
Expulsion F1 - 8829 6822 2784 8829 6606
Expulsion G 11795 10184 7236 2567 10184 8111
Expulsion N1 12950 8625 6277 2320 8625 6989
Expulsion N3 13199 9869 6277 2291 9869 7720

The F1-sand is present from Popeye in the north and is mapped to the southern
limit of the data (Fig. 4a). Log signatures are of fining upward sheet sands of consistent
thickness with variable mud content and blocky to serrate character (Fig 5). At Popeye
and Genesis, the F1- and G-sands are separated by over 200 ft (60 m) of increasingly

radioactive sediments topped by marls (Fig. 5). Prather et al. (1998) interpreted a
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similar facies succession of draping hemipelagics as evidence of sediment starving
during sea-level rise and potential healing of local depositional bathymetry to its
equilibrium level. The crest of the F sandstone is at 8830 ft (2690 m) feet, slightly

deeper than the crest of the N1-sandstone (Fig. 4a, Table 1).

2.3. Pressure, Stress and Trap Integrity
2.3.1. Principal Stresses

In passive margin settings, the overburden is generally assumed to be the
maximum-principal stress (oy) and consequently the least-principal stress is oriented
horizontally (o) (Turcotte and Schubert, 2002). The overburden stress (o) is estimated
by integrating the bulk density from wireline density logs (APPENDIX A). The estimated
the overburden at Genesis is 350 psi (2.4 MPa) less than at Popeye because the water
depth is 700 ft (215 m) greater (Fig. 6).

The least principal stress (o}) is estimated from leak off tests (LOT), which are
taken when drilling out of a new casing string (Table 2) (Fig. 6). Successful LOTs record
the pressure value at which fluid flows into the formation through the opening of
formation fractures. These measurements record an upper bound of the least-principal
stress because they may include hoop stress effects or the effects of formation strength
(Hubbert and Willis, 1972). At both fields, the least-principal stress is extremely close to
the overburden (o, / 0, =2 0.95) (Table 2), which indicates that the stress state is nearly
isotropic. Lupa (2002) found similar behavior at the Bullwinkle Field with (o, / 0, 2
0.975). A linear regression of the LOT data vs depth is used to estimate the least

principle stress at any depth (Fig. 6, dashed line).

12
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Figure 6: Bounding stresses plot showing the hydrostatic pressure (Ps), overburden stresses (ove) and
least-principal horizontal stress (op). The G-sand aquifer (Pw g) pressure is plotted to illustrate

overpressured (P*) nature of the minibasin aquifers.
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Table 2: LOT data summary

Wellname TVDSS (ft) LOT (psi) Sv (psi) Sv-LOT (psi) Normalized
LOT/Sv
117-A4 4265 2755 2871 116 0.96
117-Ad 6331 4466 4742 276 0.94
117-A4 7615 5699 5945 246 0.96
117-A4 9528 7439 7772 333 0.96
117-2 4514 2842 3089 247 0.92
117-2 6821 4684 5191 505 0.90
117-2 8550 6351 6815 464 0.93
117-2 11982 10368 10150 -218 1.02
Popeye 247 0.95
Average
161-1 4491 2712 2828 116 0.96
161-1 6778 4742 4901 159 0.97
161-1 9154 6975 7105 130 0.98
205-2 4442 2639 2784 145 0.95
205-2 4518 2741 2857 116 0.96
205-2 8091 5989 6105 116 0.98
205-2 8812 6685 6786 101 0.99
205-2 8845 6670 6815 145 0.98
205-A2 4806 2987 3103 116 0.96
205-A14 4862 3045 3161 116 0.96
205-A14 6588 4597 4713 116 0.97
205-A14 6703 4713 4829 116 0.98
Genesis 131 0.97
Average
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2.3.2. Reservoir Pressures

We review the extrapolation of reservoir pressures for the N1-sand. A Repeat Formation
Test (RFT) measured the N1-sand pre-production formation pressure within the oil
column at Genesis (8243 psi at 12776 ft) (Fig. 7c, white circle) (Table 3). This pressure
is extrapolated down a static oil gradient (Table 4) to the seismically defined oil-water
contact (OWC) (Fig. 3) (Fig. 7c, solid-thick line). At the OWC (8288 psi at 12950) ft, the
oil pressure (P,) is assumed to equal the water pressure (P,).

The water phase pressure is then extrapolated from the OWC along a hydrostatic
gradient (Table 4) up to the sand crest (8620 ft, 2630 m) and down to the synclinal low
(15200 ft, 4630 m) (Fig. 8a). In this manner, the water phase pressure (P,) is predicted
everywhere within the minibasin. The water-phase overpressure:

P, =P,-F, (1)
(2300 psi, 15.9 MPa) is a useful way to characterize and compare the sandstone
pressures because it is independent of depth (Fig. 7c).

This extrapolation hinges on the assumption that the fluid pressures follow their
respective static gradients and that the hydrocarbon pressures equal the water
pressures at the hydrocarbon-water contact. For the pressures to follow their static
gradients the permeabilities must be high relative to any flow rate being applied. This is
consistent with the 235 to 3000 md core sampled permeabilities from the Popeye and
Genesis reservoir sands and down dip reservoir continuity interpreted along the strike of
the Genesis field from fluid sample comparisons (Rafalowski et al., 1994; Beeunas et al.,
1999; Yuvancic-Strickland et al., 2003). In addition, for the hydrocarbon phase pressure

to equal the water phase pressure at the hydrocarbon-water contact, the sand must
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have relatively large pore throats resulting in a low capillary entry pressure. Analysis of

G-sand cores suggests that the capillary entry pressure is only 5 psi.
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Figure 7: Pressure-depth plots defining aquifer pressures through extrapolation of RFT data for the a: F1-
sand, b: G-sand and c: H- (Popeye) and N-sand (Genesis). Shapes differentiate between specific pre-
production RFTs from Popeye (black) and Genesis (white) fields respectively. Calculated overpressures for

each sand are annotated.
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Table 3: RFT data and structural summary

Field *
Location Sand Fluid (I: ';I; '?:1-)'- C?:St?)‘:t Co(r':)act C(l:;t (E"s’i)
Popeye F1 Water 7932 11184 - - 10810 2784
Popeye G Gas 7923 11234 7997 11795 10856 2567
Popeye H1 Gas 7955 11424 8111 12051 11263 2639
Popeye H3 Water 7966 11476 - - 11099 2480
Genesis N1 Oil 8243 12776 8288 12950 10997 2320
Genesis N3 Qil 8416 13048 8456 13199 12303 2291
Table 4: Fluid density gradients
Fluid Gradient
psi/ft MPa/km
Water column 0.444 10.05
e | ot | 0w
Qil 0.25 5.66
Gas 0.13 2.94

17




‘(ez 614 uo pajeoo|) paloubi si ||y uoglesolpAy ‘sesodind Aejdsip Jo) pajessbbexs ale sassauyoIy) PUBS "UISEQIUILL BU} UIUNIM
uonnguisip ainssaidiaao Jajinbe aAlnuI-iajunoo ayy Buiziseydws pue joid yidap ainssalid Jusoelpe ay) Buijs|eled w-v UoOnoss SS0I0 [BINJONANS
gg 'SUOZLIOY OIWSIaS JO UOISIaAU0D yydep 8y} Woy) jualayul siols pajewjse ay) ssaidxe s)jselo pues ay) Je sieq |eolap 'ssaljs |ediounid
-1se3| 8y} Yum spues-LN pue -| 4 ay} jo sainssaid alod ay) jo sousbiasauoo ayy Bunesnsn joid Yidap-ainssaid ajeos uisequuipy :eg ainbi4

(ed) @inssald

09 0s
|_0 T T T T
16%
14 vLI ¢
>
o
3 oy
OMOO SISINID =3
)
Zle =2 -
e S & OMOO FAIdOd )
g = 1s¢€
= =B
ER
JA3d0Od
6 8L L 9L 0t Ol Joe
- Jeq Joue ydep pejewisy
(BdN) «d | spuwi pues paddewunpaddejy @Wr
107 siseue O
19199 L1109 |2L09 RV F _ _ Sy 162
6 8 L 9

(a (1sdy) aunssalg (e

18



Two different G-sand overpressures are present at Popeye: 2570 psi (17.7 MPa)
in the RA and RN reservoir and 2400 psi (16.5 MPa) in the RM reservoir (Fig. 7b). We
doubt the quality of the RFTs for the RM overpressure because they do not follow the
gas gradient (Fig. 7b). Yuvancic-Strickland et al. (2003) describe the
compartmentalization in the G-sand at Popeye and interpret that the G-sand RM/RN
pressures are transmitted downdip from Popeye through the minibasin aquifer (Fig. 4b).
Finally, the F1-sand overpressure of 2784 psi (19.2 MPa) is defined by independent

RFTs at Popeye (Fig. 8a).

2.3.3. Definition of a Minibasin Leak-point

The shallowest location for each of the reservoir sandstones is in the southwest corner
of the minibasin in Blocks 204 or 205 (Fig. 4). At this crestal location both the F1- and
N1-sand pore pressures approximate the least-principal stress (oy); the F1 is slightly
higher and the N1 pressure is slightly lower (Fig. 8a, Table 1). As a result, the horizontal

effective stress (0%):

o, =0, P, )

is approximately zero o, in both locations. Finkbeiner et al. (2001) reviewed two
processes whereby permeability is increased at low effective stresses: 1) hydraulic
fracturing at zero (Hubbert and Willis, 1972); or 2) coulomb frictional failure along pre-
existing faults at low, but non-zero, effective stress (Barton et al., 1995). Despite the
potential error in our estimates of the sand depth and effective stress state we suggest
that crestal pore pressures are great enough to open hydraulic fractures in the cap rock
and induce fluid expulsion. We term this location the minibasin leak-point.

The minibasin leak-point causes an unusual pressure distribution whereby the

F1-sand overpressure is greater than the deeper N1-sand overpressure (Fig. 8b). The
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crest of the N1-sand is shallower than the crest of the F1-sand (Fig. 8b). As the pore
pressure at both crests approaches the least-principal stress the N1 leak-point is
therefore at a lower pressure than the F1-leak-point (Fig 8a). The model is akin to a tea
kettle boiling: pressure builds up beneath the crest until it reaches a critical pressure that
equals the least principal stress of the overlying rock; thereafter the fluid migrates
vertically through the cap rock and no further pressure can be built up.

The G-sand is not leaking fluid at its crest is at a stable effective stress.
However, it is sandwiched between the overlying, higher pressured, F1 sandstone and
the underlying, lower pressured, N1 sandstone; as a result it has an equilibrated

immediate pressure.

2.4. Seafloor Expulsion System

The leak-point of the N1-sand is overlain by a zone of chaotic, low amplitude reflectors
(Fig. 9c). Brooks et al. (1986) mapped this ‘gas wipeout zone’ (GWZ) through GC204,
247 and 248 (south of this seismic dataset).

Spectacular seafloor expulsion features are present above the GWZ (Figs. 9a
and 9b). Two symmetric mounds in the northwest and south center of GC204
(Locations 1 and 3) overlie discrete, vertical GWZs which mask underlying reflectors
(Figs. 9a, 9c and 9d). Location 1 is a shallow (50 ft, 15 m relief), wide (3300 ft, 1 km in
diameter) mound; this contrasts the steep (160 ft, 50 m relief), narrow cone (1400 ft, 425
m in diameter) at Location 3 (Fig. 9a). The seafloor-seismic amplitudes over these
mounds are four to eight times the magnitude of the equivalent surrounding seafloor
muds (Locations 1 and 3, Fig. 9a). Flow-like features, delineated by slightly dimmer

amplitudes (Location 2), emanate from these conical mounds in a radial pattern. Away
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from the mounds they rotate down the bathymetric slope to the south, extending laterally

to the limit of the seismic dataset (over 6 km) (Fig. 9a).

C.1.=0.1 kit

1 mile

erosive flows \,&
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Figure 9a): Amplitude extraction of the seafloor seismic horizon ‘maxima’ over the block GC204 with
bathymetric contours overlain (located on Fig. 1). Structures distinct from the surrounding seafloor (stars1-5)
and their characterizing cross sections C-C’, D-D’ are annotated. 9b): Shallow-time, seismic cross section
C-C’ comparing amplitude magnitude to bathymetric structure (located on Fig. 9a). Locations 1 (see Fig. 9d)
and 3 (mud volcanos) and locations 3, 4 and 5 (mud cones and hydrocarbon seeps) are believed to

represent separate systems.

The remainder of the seafloor features form a composite high to the east of

Location 3; two types of structure are present exemplified at Locations 4 and 5. Location
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4 typifies low relief areas of mottled, bright amplitudes up to 10 times those of the
surrounding mud (Fig. 9a). These bright amplitudes are bounded by lower-amplitude,
high-relief structures (Location 5). Both structures source significantly smaller flow
features than Locations 1 and 3 although it is possible additional flows are present south

of the study area (Fig. 9a).
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Figure 9c): Seismic cross section C-C’ illustrates the proximity of the sand crests, salt related faulting and
overlying seafloor expulsion features (located on Fig. 9a). 9d): Seismic cross section D-D’ illustrates the
deep time structure of the northern mud volcano; note the vertical expulsion pathway

Two studies have sampled the Genesis expulsion features. Brooks et al. (1986)
mapped the GWZ using shallow 2-D seismic data and piston cores. Structure Il gas
hydrates, ice like compounds of hydrocarbons (C4-C,) trapped in a rigid water lattice,
were recovered close to Location 4 and sporadically over the GWZ (Fig. 9a). The larger
molecular content of these thermogenic hydrates indicates they are products of deeper

petroleum systems (Sassen et al., 2001). Boettcher and Abrams (2000) also sampled
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the Genesis expulsion structures with a submersible, defining areas of active (bacterial
mats, live clams and oil and gas saturation) and relict (carbonate blocks, dead clams
and mud mounds) seepage. Oil samples collected from active seeps had similar
molecular characteristics to oils in the N-sand series at Genesis (Boettcher and Abrams,
2000).

Locations 1 and 3 are interpreted to be mud volcanoes exhibiting many features
similar to those described in prior studies. Key features include a conical geometry
produced by accumulation of extruded material (Fig. 9a) (Neurauter and Bryant, 1990;
Milkov, 2000) and vertical, subsurface feeder systems (vertical GWZ) (Figs. 9c and 9d)
(Roberts et al., 2001; Yin et al., 2003). The amplitude supported flows at Location 2
represent the expelled products of the mud volcanoes; these were sampled on a
submersible dive and found to contain highly consolidated mud breccia (Fig. 9a)
(Boettcher, 2003). The depth of exhumation of the expulsion source is unknown;
however foraminifera dated between 3 and 3.9 Ma have been sampled at similar mud
volcanoes 60 miles to the west (CC272) (Kohl and Roberts, 1994).

The composite high adjacent to Location 3 is dominated by relict mud volcanoes
and localized hydrocarbon seeps associated with underlying gas hydrates. The
inactivity of the mud volcanoes (typified by Location 5) is interpreted from the relatively
dim amplitudes and lack of flow features (Fig. 9a). These structures also lack the
distinct vertical GWZs present beneath Locations 1 and 3 and are presumably sourced
by the underlying fault system (Fig. 9b) (Boettcher and Abrams, 2000). The abrupt
transition of seafloor amplitudes observed at Location 4 is typical of gas hydrate
accumulations (Roberts and Carney, 1997) (Fig. 9a). The high reflectivity has been
shown at similar features to occur over well defined zones of seafloor lithiification and

outcropping gas hydrate (Roberts and Carney, 1997). The lithification is produced by
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authigenic precipitation of carbonates from the bacterial degradation of crude oil and gas
(Ritger et al., 1987; Roberts and Aharon, 1994).

The morphological characteristics of the mud volcanoes and gas hydrate
locations may indicate two fluid flow systems. Boettcher and Abrams (2000) noted that
flux varied greatly between major expulsion features and proposed that a background
slow seepage through the area is punctuated by periods of episodic venting. Episodic
venting is consistent with the transient nature of the mud volcano flows (Fig. 9a), and the
steady, slow seepage is evidenced by the presence of gas hydrates which require a
prolific, super-saturated source in a dynamic seafloor location (Egorov et al., 1999).

We propose that the N1-sand leak-point contributes fluids to these gas hydrates
via the overlying active fault system. Fault plane migration is consistent with the
preservation of reflections to the east of this fault plane (FAULT 1), directly overlying the

leak-point, and the GWZ present to the west of the fault plane (Fig. 9c¢).

2.5. Discussions and applications

Fluid expulsion from the crests of the F1- and N1-sands (minibasin leak-point)
constrains the pore pressures and hydrocarbon trap integrities of the minibasin sands.
Fluids also contribute to the overlying Genesis seafloor expulsion features (Fig. 10).

Through the extrapolation of reservoir pressures we observe that the shallower
F1-sand has a greater aquifer pressure than the deeper N1-sand at the same depth; the
G-sand lies stratigraphically between the two and has an intermediate pressure (Fig.
10b). This unusual decreasing-overpressure-with-depth relationship is created by the
shallower location of the N1 leak-point relative to the F1 leak-point (Fig. 10a, Table 1).

Pore pressures at both leak-points intersect the same least-principal stress curve and so
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despite it being stratigraphically deeper position the N1-sand is defined with a lower

overpressure (Fig. 10b).
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Figure 10: Geologic cartoon and parallel pressure depth plot summarizing a): the influences of the sand

crest failure on the control of the minibasin pressure profile and b): flux of fluids to the seafloor expulsion

features.

We conjecture that pore pressures are limited to the least-principal stress by fluid
expulsion at zero effective stresses (Equation 2) when pre-existing fractures in the cap
rock dilate and fluid migrates from the sand crest. Fluid expulsion continues until
pressures deplete and fall below the least-principal stress. This fracturing and re-sealing

becomes cyclic if the sand crest experiences a consistent increase in pore pressures
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through time, either through migrating hydrocarbons and/or increasing overpressures
(Cathles and Smith, 1983). This cyclic expulsion effectively equilibrates the sand crest
pressures to the least-principal stress (Fig. 10a).

Two insights result from this pressure-stress equilibration at the leak-point: 1) the
trap integrity of hydrocarbon accumulations within the sands at greater effective stresses
are protected, and 2) by realizing this equilibration point we can estimate the protected
trap integrities of exploration targets associated with fluid expulsion without direct
pressure data.

Protection of the N1-hydrocarbon trap is illustrated by considering a reduction in
the effective stress of the system. This can be achieved by increasing the sand
overpressure or reducing the least-principal stress and will result in fluid expulsion until
the aquifer system (P,) is re-equilibrated with the least-principal stress (Fig. 11a). The
effective stress state of the hydrocarbon trap is directly linked with this equilibration and
so the trap integrity (0’htrap) is intrinsically protected (Fig. 11a).

The concept of protection of subsidiary structures through fluid expulsion is
useful. By assuming equilibration of leak-point pore pressures and the least-principal
stress we can reverse extrapolate from the leak-point to the subsidiary trap crest
providing a simple ‘quick look’ estimate of the trap integrity. This method does not
require direct pressure data from the sands and can be completed with an

understanding of the depth structure and least-principal stress.
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Figure 11a: Analyzing the variation in horizontal-effective stress at the leak-point for the N1-sand. The
hydrocarbon trap has significantly greater effective stress than the sand crest. 11b: Mapping the horizontal-
effective stress across the N1-sand with TVDSS contours overlain. This image illustrates the susceptibility of
sand to failure spatially identifying likely leak-points and protected traps (diagonal pattern). 11c: 3-D image
of the N1-sand structure with its amplitude extraction overlain shows that the protected limb is filled to the
spill point. Bright aquifer values (residual amplitudes) in the failing limb of the sand indicate it has

experienced hydrocarbon fill and has since failed protecting the reserves at Genesis.
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We can improve our location and quantification of protected traps and leak-points
by spatially mapping the horizontal-effective stress (Equation 2) across sand structure;
this was completed for the N1-sand (Fig. 11b). Analysis in map view allows for the
incorporation of changes in the least-principal stress that are not possible in the
traditional pressure-depth plot (Fig. 11b). We assume least-principal stress behaves in a
similar fashion to our extrapolated overburden (APPENDIX A) (Fig. 6).

Changes in least-principal stress from the point of original calculation (Genesis)
are proportional to changes in water depth from the same location (no lateral change in
sediment density). For this reason the effective stress does not exactly follow sand
structure (Fig. 11b). The Genesis field bounding fault separates the deep, higher
effective stresses (cooler colors) of the Genesis Field ‘protected limb’ from the lower
effective stresses (warm colors) of the leak-point associated ‘failing limb’ within the N1-
sand (Figs. 11b and 11c). The southern tip of this fault creates the structural closure for
the subsidiary protected trap at Genesis (diagonal lines, Fig. 11b). In reality this
protected limb is filled to this spill point with bright, large amplitudes clearly delineating
an OWC parallel to structure (Fig. 11c).

The expulsion of fluids from this system is evidenced by an area of seismic
amplitudes brighter than the average aquifer amplitude. These residual hydrocarbon
amplitudes are present down dip of the OWC and orient up the failing limb to the
interpreted leak-point (Fig. 11c). Hydrocarbon accumulation within the failing limb
indicates the system was previously at greater effective stresses. The expulsion of this
significant volume is potentially related to the opening of the Genesis fault system or
increased overpressuring during burial. Sassen et al. (2003) interpret a late gas charge
to the region through comparison of gas stored in the Genesis N-sands and gas venting

at the seafloor 20 miles to the south. This late gas charge at or near the current burial
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depth flushed the reservoirs displacing the orginal biodegraded gas (Sassen et al.,
2003). This was presumably enough charge to create recent fluid expulsion at the leak-
point sourcing significant volumes of fluids to the shallower seafloor system.

Fluids migrating from the deeper petroleum system would likely focus along an
active fault plane (FAULT 1), adjacent to the minibasin leak-point. Boettcher and Abrams
(2000) identified the seafloor expression of this fault system as the charge pathway for
actively venting seeps and found fluids sampled at these seeps were molecularly similar

to those stored in the N1-sand at Genesis.

2.6. Conclusions
Hydrocarbon trap integrity at the Genesis and Popeye fields is protected by fluid
expulsion at a leak-point in the southwest of the minibasin. Equilibration of N1-sand crest
pressures with the least-principal stress at this leak-point protects the hydrocarbon trap
integrity of the Genesis Field 3 miles (5 km) to the north. Similar failure F1-sand at a
deeper location creates an unusual decreasing-pressure-with-depth profile. The G-
sandstone has a deeper crest than both the F1- and N1-sandstones with pore pressures
significantly lower than the least-principal stress; we infer pore pressures equilibrate
between the overlying F1- and underlying N1-sands. In this manner fluid expulsion at
the leak-point indirectly protects the trap integrity at Popeye 8 miles (13 km) to the north.
Physical evidence for fluid expulsion and contribution to the overlying seafloor
features include a residual hydrocarbon seismic signature, an active migration pathway
between the two systems, compositional similarities between fluids expelled at the
seafloor and those produced from the Genesis field (Boettcher and Abrams, 2000) and a

late gas charge story which corroborates a recent venting history (Sassen et al., 2003).
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Trap protection by this leak-point equilibration process is used to suggest a
simple methodology for the prediction of the location and integrity of protected traps in

frontier exploration settings.
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2.7. Appendix A: Estimation of Overburden Stresses

The overburden stress (o0,) was estimated between 2000 and 4400 feet at Popeye,
where there was no bulk density logging data, by assuming an empirical porosity-

effective stress relationship:

§=ge , 2)
where ¢ is the porosity, @, is the reference porosity, 8 is the compressibility, o, is the
vertical stress, and P, is the hydrostatic pressure (Rubey and Hubbert, 1959; Ham,
1966; Hart et al., 1995; Flemings et al., 2002). To calculate P, a water density (p,) of
1024 kg/m? (salinity = 35,000 ppm) was assumed whereas within the sediment column,
a water density of 1070 kg/m® (salinity = 100,000 ppm) was assumed. The
compressibility constant (8 = 3.13x102 MPa™) and reference porosity (¢o = 0.42) were
defined by a log-linear regression of ¢ vs o, with the shallowest wireline bulk density
data available (between 4400 and 6000 feet) (e.g. Hart et al. (1995)). Elsewhere in the

minibasin, (Genesis and the expulsion feature), density below the seafloor was assumed

to vary with subsea depth in the same manner as at Popeye.
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Table 5: Nomenclature

Variable Description Dimensions
B Compressibility MILT2
constant
g Accelerathn due to LT2
gravity
Porosity -
?, Reference Porosity -
P, Pore Pressure ML'T?
Py Water phase pressure ML T2
P, Oil phase pressure ML'T?
Py Gas phase pressure ML'T?
Ph Hydrostatic pressure MLT?
P* Overpressure ML'T?
Ow Water/brine density MmL3
oy Ma>l<|m.um vertical- ML
principal stress
o Ho.rlzc.)ntal least- ML T2
principal stress
o Horizontal effective MLT2

stress
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ABSTRACT

Small variations in fault length, channel permeability, and aquifer volume defined in our
geologic model of the G-sand strongly influence flow characteristics, and hence the predicted
recovery from the RA reservoir in the Popeye field (Gulf of Mexico, GC 72/116). A history-
matched base-case reservoir simulation, with structure and rock properties derived from the
geologic model, results in a volume of bypassed gas-condensate in the RA reservoir. Turbidite
gravity flows entered the basin from the north and deposited amalgamated sheet sands. This
was overlain by channels that bypassed the Popeye area, depositing interbedded very fine-
grained sands and silts in levee-overbank environments. A channel and impermeable faults
compartmentalize the G-sand into four gas-condensate reservoirs (RA, RB, RM and RN). By
increasing the distance between two faults separating the RA and RB reservoirs, decreasing the
RA aquifer volume, or increasing channel permeability in the reservoir model, flow characteris-
tics in the RA reservoir change. These changes, which reflect the geologic uncertainties in our

interpretation, result in economically significant differences in total recovery.

INTRODUCTION

Numerous reservoirs are found in turbidite deposits within minibasins on the continental slope
of the northern Gulf of Mexico deep-water (Fig. 1). In this tabular-salt minibasin province,
intraslope minibasins develop from salt withdrawal due to sediment loading (Diegel et al., 1995).
The resultant bathymetry focuses gravity flows into these areas of localized accommodation
(Rowan and Weimer, 1998). This depositional process accumulated the high quality sands de-
scribed at Bullwinkle (Holman and Robertson, 1994), Genesis (Rafalowski et al., 1994), Mensa
(Pfeiffer et al., 2000), Mars (Mahaffie, 1994), and Auger fields (Booth et al., 2000; McGee et al., 1994).

Characterizations of the Weyburn (Elsayed et al., 1993) and Ram-Powell (Lerch et al., 1996)
tields and a depositional model for the Bullwinkle field (Holman and Robertson, 1994) were created
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Figure 1: A) The Popeye field is located 140 miles southwest of New Orleans in 2000 ft of water. B)
Structure map of vertical subsea depth (TVDSS) to the top of the G-sand in the minibasin. This map was
created by mapping the trough minima of the G-sand reflector and depth-converting it using known
penetration depths at well locations. C) Expanded view of structure map, focused on the Popeye field. Line
A-A’is displayed on Figure 3; A-A’, B-B’, and C-C’ are displayed on Figure 7.

by integrating seismic, well, core and production data. These analyses served as a foundation for
reservoir simulations. At Mensa, integration of engineering data into reservoir simulations further
refined the geologic model (e.g. Pfeiffer et al., 2000).

This study incorporates geological, geophysical and engineering data to characterize the G-sand
reservoir at Popeye. The reservoir is complicated by lithologic variation, fault compartmentaliza-
tion and an erosional channel. Reservoir simulations are used to refine our geologic model and
identify a volume of bypassed reserves. Modification of uncertain geologic properties affects the
producibility of these reserves.

GEoLOGIC OVERVIEW

Regional Setting

Popeye is a subsea development located in Green Canyon Blocks 72, 73, 116 and 117 (Fig. 1). It
is in the northern, proximal, part of a larger minibasin (Figs. 1B, 1C) that includes the Genesis field
(GC 205/161) on the western flank of the minibasin (Varnai, 1998; Rafalowski et al., 1994). Gas and
condensate are produced from the late Pliocene (Fig. 2) G-sand reservoir, at 11,500 ft (3505 m) depth
(Fig. 1). Production from the four G-sand reservoir compartments (RN and RM in the west, RA and
RB in the northeast) (Fig. 3) is tied back to the Cougar platform in South Timbalier Block 300, 24
miles (38.6 km) to the north.

The Popeye field is situated between a salt-stock system to the west and an extensional salt
tongue to the east (Weimer et al., 1998). The field is on the southern downthrown side of a regional
growth fault (Fig. 3). The RM and RN reservoirs are bounded on the west by a normal fault that
dips to the southwest. Smaller faults and a channel compartmentalize the G-sand into four reser-
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Figure 2: Gamma-ray (GR) and resistivity (ILD) logs for the 116-1 well (located in Figure 1).
Biostratigraphic markers and correlated extinction ages (Styzen, 1996) are shown. The projection of the
Pliocene-Pleistocene boundary is estimated.

voirs (Fig. 3). Large negative amplitudes delineate gas accumulations in the structural highs of
these compartments; the gas-water contacts (GWCs) are generally parallel to depth-structure
contours (Figs. 3, 4).

The G-Sand

Well-log data reveal that the G-sand reservoir consists of laminated facies (G,) and an underly-
ing massive facies (G,,) that averages 75 ft (22.9 m) in gross thickness (Fig. 5). The G, is a very fine-
grained, high porosity sandstone that is interbedded with silty shale (Fig. 5; Table 1). The G, is a
fine-grained, clean sandstone with no internal structure and moderate sorting (Table 1). It has a
clean, blocky log signature with a sharp base (Fig. 5).

Table 1. G, and G,, Rock Properties

Facies Bedding Net-to-Gross (%) Sand Grain Size Sand Porosity (%)  Sw (%)

GL cm scale beds 11-79 very fine 25-30 13 - 40
GM massive 88 - 100 fine 30-35 6-15

The G, is mostly shale in the RN reservoir and has the most sand in the RA reservoir (Fig. 5).
The G, in the RM compartment becomes sandier with depth, indicated by a ramped log signature
(Fig. 5B). Across much of the RA compartment, the G, is capped by a clean, 10-ft sand (Fig. 5, red
arrow). Beneath this sand, the G, also has a ramped signature (Fig. 5C). Velocity and density are
highest where the G, is shaliest (RN) (Fig. 5A) and lowest where the G, is sandiest (RA) (Fig. 5C).
As a result, the G, has the highest acoustic impedance in the RN reservoir, is intermediate in the RM
reservoir, and is lowest in the RA reservoir.
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Figure 4: A) Seismic cross-section A-A’ (located in Figure 1). Reds are negative values (troughs) and blues
are positive values (peaks). The aquifer area between the RN and RA reservoirs exhibits a chaotic,

discontinuous, low amplitude response. The HO, H1, and H2 sands cannot be distinguished in seismic data
and are mapped as the H-group sands. B) Structural cross-section along A-A’. The erosional channel is the

western limit of gas accumulation in the RA/RB reservoirs.

53rd Annual Convention # Baton Rouge, Louisiana 921



Yuvancic-Strickland et al.

RHOB
16 G/CC 2.4
TVDSS | TWT GR ILD DT Synth Ext
FT SEC 20 GAPI 110{0.1 OHM-M 100|250 US/FT 50]-0.5 0.5(-30 30
A) RN, 116-2
- 11700 4 , )
" T 3.800 A
- 11800 7 % f G.
L 3.820 -
L ] ; \ \ Gm
F 11900 4 3.840 + g é
MRES
B) RM, 116-A2 0.1QHM-M 1000
L 11600 4 i /
L 3.760 -
L 3.780 -
L 11700 - N\ Gu
L 4 3.800 A \ \
.y NEE
- 11800 ’—‘ : } )
L 3.820 -
SRES
C) RA, 72-A1 0.1 OHM-M 1000
L 11200 - /
L 3.640 -
11250 L 'L
L 11300 1 J
3.660 ? i 6,
L 3.670 X
- 11350 1 3.680 2 g \ \ Gm
L 11400 4 3.690 % igi ?% / )

Figure 5: Seismic and log response (located in Figure 1C) in each compartment. The synthetic (Synth) and
extracted (Ext) seismograms are zero-phase and were created with a 12-Hz Ricker wavelet. The extracted
seismograms were shifted up 46 ms at well 116-2, 116 ms up at well 116-A2, and 58 ms up at well 72-A1
relative to the synthetic seismograms, due to poor velocity control. The correlatable sand body discussed in
text is identified by red arrows on GR log. A) The G, is not imaged in the RN reservoir. B) In the RM
compartment, the trough is broad and asymmetric. C) The entire G-sand is imaged with a strong trough at
the top and a strong peak at the base.
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The relationship between seismic loop and sand geometry varies across the field. In the RN
reservoir there is little impedance contrast between the G, and the overlying shales, and a strong
contrast between the G, and G, (Fig. 5A). As a result, the G, is not seismically imaged and the G,
drives the seismic response. The G,, is also below tuning thickness (~80 ft or 24 m), so the seismic
trough is above the top of the G, and the seismic peak is below the G,, base. In the RM compart-
ment, the thick G, that shales upwards produces synthetic seismograms that show a broad, asym-
metric trough whose minima is below the top of the G, and a narrow peak that aligns with the base
of the G, (Fig. 5B). Although the RM reservoir has more sand in the G, than the RN reservoir,
amplitudes of the RN and RM reservoirs are comparable. The RA reservoir has the greatest imped-
ance contrast between the G, and the overlying shales due to the capping sand, and the smallest
impedance contrast between the G, and G, (Fig. 5C). Seismograms in the RA show symmetric
troughs that align with the top of the G, and peaks that align with the base of the G,. The RA
compartment has the most negative amplitudes in the field.

No simple correlation between seismic attributes (e.g. amplitude and loop thickness) and log
properties (gross thickness, net thickness, and net-to-gross ratio) of the G-sand or its individual
facies was found. The only general trend is that the thick, clean sands of the RA compartment have
brighter amplitudes. As a result, there was no consistent way to use seismic attributes to map the
thickness or quality of the G-sand away from the well penetrations.

Repeat formation tests (RFTs), taken prior to production, were used to characterize Popeye
reservoir pressures (Fig. 6). Gas-phase pressures were extrapolated vertically from their well
locations along a gas gradient (0.13 psi/ft, 5.7 MPa/m) to each components GWC and reservoir
crest. Pressures within the aquifer were assumed to follow a hydrostatic gradient (0.465 psi/ ft, 20.5
MPa/m) with the water pressure equal to the gas pressure at the GWC. The RA and RN water
pressures are similar. In contrast, the RM aquifer pressures are approximately 150 psi (1.03 MPa)
lower (Fig. 6). The pre-production RM pressures do not follow a gas gradient and we debate the
quality of these data.

Pressure (psi)
7700 7800 7900 8000 8100 8200

crest of RA

11200 O~

crest of RM
crest of RN

TVDSS (ft)
/
/

11600 e

Well RFTs:
® 72-2

12000 - 731

4 116-2

+ 116-1

Figure 6: Initial pressures in the G-sand at Popeye. Gas pressures (red) and inferred aquifer pressures (blue
solid lines) intersect at mapped GWCs. The RA and RN have similar aquifer pressures whereas the RM
reservoir has a lower aquifer pressure.

53rd Annual Convention # Baton Rouge, Louisiana 923



Yuvancic-Strickland et al.

GEOLOGIC OBSERVATIONS AND DEPOSITIONAL MODEL

The RA and RB reservoirs contain the thickest G, deposits; the G, is thickest in the southwest
area of the field (Figs. 7, 8). The G,, is thickest along a northwest-southeast trend through the RA
and RB reservoirs (Figs. 7A, 7B). The G, thins from the southwest to the northeast decreasing away
from the RM reservoir (Figs. 7C, 7D, 8A, 8C). In the RA reservoir, the G,, has the lowest gamma-ray
values, velocity, density, and the brightest amplitudes (Fig. 5C), which indicate the G, is cleaner
here than elsewhere in the field.
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Figure 7: Net and gross G-sand thicknesses based on well data, seismic reflection character and depositional
model. A and B) Net and gross G,, distributions are similar due to the high G,, net-to-gross ratio. C and D)
Thickest net and gross G, are located in the RM reservoir.

A sand body is correlated across the RA, RN, and RM reservoirs within the G, facies (Figs. 5, 8).
This sand is observed at the top of the G, within the RA reservoir, and is thinner and located in the
middle of the G, in the RM and RN reservoirs (Figs. 5, 8). The G, below this sand body has constant
thickness from northeast to southwest across the field (Fig. 8A).

Due to the variability of seismic attributes in relation to G, and G,, thickness and sand quality,
sand distribution maps were largely based on well penetration information, a depositional model,
and general trends in the seismic response. The lithologic and pore fluid variations of the G-sand
and resulting seismic response are reflected in map view (Fig. 3). Aquifer regions contain small
amplitudes with coherent reflections south of the RB and RM compartments. However, the aquifer
region between the RA and RN reservoirs has a chaotic, discontinuous seismic reflection (Fig. 4).
The G-sand seismic loop thins, amplitudes decrease, and the reflection becomes less continuous
down to the south and east in the minibasin.
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Positive amplitudes (Fig. 3) show a small channel of different lithology running through the
center of the field. This indicates the channel was filled by sediments post-dating the G-sand with
higher acoustic impedance properties. A seismic reflection isochron map between the G-sand and
the underlying H-Sands reveals the geometry of a channel within the G-sand entering the basin
south of the RM reservoir, oriented northwest southeast (Fig. 9).

Interpretation

The difference in sand thickness trends between the G, and G, are interpreted to record two
different depositional mechanisms. Gravity flows at G-sand time entered the basin north of well
A1ST and deposited thick sheet sands (Figs. 10, 11). We infer low-relief bathymetry within the
slope accommodation space slowed gravity flows, depositing sand while finer-grained sediments
continued downslope. The localized linear pattern of the thickest G,, occurrences (Figs. 7A, 7B)
indicates that the G,, was deposited in a bathymetric low, produced either by erosion from prior
flows or the flows themselves. Abrupt changes in local gradients, such as the northern growth fault
(Fig. 3), have been shown to cause incision and flow confinement (Friedmann et al., 2000).

After the local accommodation space was filled with the G, sediment entry into the minibasin
changed. The G, was deposited by levee-overbank sedimentation from the channel south of the
RM reservoir and by channels traveling through the central part of the field (Figs. 7, 11). The
chaotic nature of the G-sand reflection indicates that post-depositional erosion of the G,, by chan-
nels bypassing this area disrupted sand continuity (Figs. 10, 11). The vertical position of the
correlatable sand within the G, (Fig. 8) indicates that overbank sedimentation from the channel
south of the RM reservoir provided the last significant G, deposits in the Popeye area (Figs. 8, 11).

Features interpreted at Popeye are consistent with nearby fields and regional trends. The
Genesis field, seven miles south of Popeye, contains sinuous, elongate channels that trend north-
west to southeast in reservoir sands (Rafalowski et al., 1994), indicating a consistent sediment
transport direction through this area. Winker and Booth (2000) describe how in a proximal, typi-
cally bypass facies assemblage area of a minibasin, ponded sediment such as the G,, can accumu-
late. A small change in relief south of the Popeye reservoir area induced sand to drop from gravity
flows, depositing the G,, (Fig. 10). Once slope equilibrium was reached, levee deposits covered the
area forming the G, .

Prather et al. (1998) suggests that a lithologic transition analogous to the G, -to-G, change
records the natural fill progression of accommodation in a slope minibasin. Alternatively, a eustatic
interpretation suggests that rapid sea level fall forced erosion of the shelf, sourcing the turbidite
sheet sands on the continental slope. This is followed in late lowstand by deposition of finer sedi-
ments in channel-levee complexes (Posamentier et al., 1991; Carminatti and Scarton, 1991).

PropucTtioN HISTORY

Production from Popeye began in January 1996 from wells A1BP and A2BP. As of June 2003, the
field produced 329 billion cubic feet (BCF) of gas from 5 wells. The A3 well went online in January
1998, has produced 68 BCE, and currently produces 20 million standard cubic feet per day
(MMSCEF/D) (6/25/03). The A1BP well was shut-in due to completion problems in January 1999
after producing 47 BCE. It was replaced by well A1ST which produces 59 MMSCF/D (6/25/03)
and has produced 75 BCF (6/25/03). In April 2002, the A2BP well was shut-in due to water pro-
duction; it produced 125 BCE. At this time the A4 well came online, now producing 29 MMSCF /D
(6/25/03) with cumulative production of 17 BCF (6/25/03).

RESERVOIR SIMULATION
Base-Case Model Description

A three-dimensional, compositional reservoir simulator is used to match production and pres-
sure data. The G, and G,, are represented by separate layers; each layer has its distinct and constant
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rock properties (Table 2), relative permeability curves, and is divided into 10,000 grid blocks. Layer
thicknesses are derived from Figure 7, structural geometry from Figure 3, and relative
permeabilities from a database constrained by absolute permeability and fluid type. Core experi-
ments provide capillary curves, used to determine initial water saturations (Fig. 13B) and a compac-
tion model (Ostermeier, 1993; Ostermeier, 2001).

Table 2. Constant Property Values Assigned to Simulation Layers in Reservoir Model.

Layer Porosity (%) k, (mD) k (mD) Sw_ Sg  Initial Compressibility
(1/psi)
G, 25 500 0.1 0.143 0.021 22.21*10°
G, 30 1200 500 0.119 0.022 22.21*10°

The four hydrocarbon compartments are assumed to be in pressure communication through a
common down-dip aquifer (Fig. 6). The G-sand is represented by six equalization regions com-
posed of four reservoir compartments and two aquifer regions, each with different initial composi-
tions, PVT properties, and GWCs (Fig. 13A). Grid boundaries and faults are assumed to be imper-
meable (Figs. 13A, 13B).

An Equation of State (EOS) model is created for each reservoir compartment based on fluid
samples taken from producing wells. These EOS models are simplified into a set of six pseudo-
components whose properties are varied to match the behavior of the original fluid samples in PVT
experiments, using a process similar to that of Coats (1985).

The history match for the field is based on bottom-hole pressures, daily production rates, and
cumulative production. History matching was an iterative process of modifying the geologic
model, the GWCs, and aquifer support. The historical data are matched for the field, with the gas
rates specified (Fig. 12).

The reservoir model is used to predict future well performance. The most intriguing result of
the base-case simulation is that a pocket of gas will not be produced south of the A1ST well in the
RA reservoir (Fig. 13C). The A1ST well is offset 900 ft (274 m) southwest and 80 ft (24 m) deeper
than the crest of the RA anticline. A cluster of faults is oriented parallel to the anticline; these faults
slow fluid flow through the area which causes the development of two primary flow paths (Fig.
13A). Pathway A develops just up-dip from the RA-RB bounding fault and Pathway B is north of
the fault cluster. In this initial simulation, Pathway B dominates and well A1ST waters out before
the gas, structurally beneath the well, is produced (Fig. 13C).

Modifications of the Base-Case Model

Simulations were performed to understand how 1) flow path constriction into the RA reservoir,
2) aquifer thickness, and 3) channel permeability, affect the drainage behavior. Each of these prop-
erties was varied and history matches were obtained, allowing for comparisons of unproduced
reserves in the RA reservoir. Pathway A runs between the two faults that separate the RB and RA
reservoirs (Fig. 13A, purple arrow). If the separation of these two faults is increased, then aquifer
support to the RA reservoir is increased and flow along Pathway A dominates (Fig. 13A). As a
result, more of the gas pocket is produced by the present well than in the base case scenario (Table
3). If the thickness of the northeast portion of the RA reservoir, represented by a dim amplitude
area, (Figs. 3, 13) is decreased by 50%, the flow along Pathway B is reduced and more of the gas
pocket can be produced by the present wells (Table 3). Finally, if the channel west of the RA reser-
voir is only partially sealing (transmissibility multiplier of 0.01) there is added water drive from the
west. This eliminates the pocket of bypassed reserves south of the A1ST; reserves remain north of
the A1ST well (Table 3).
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Table 3. Difference in RA Reservoir Production for Simulations
with Uncertain Reservoir Properties.
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Simulation Initial Gas Volume in RA Production from RA Difference
Reservoir (MMSCEF) Reservoir (MMSCF)
Base Case 304,867 219,989 84,887
Fault Separation 304,867 224963 79,913
Increase
Decrease in RA 285,698 227,773 57,925
Aquifer Thickness
Channel 304,867 218,959 85,917
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Figure 8: Stratigraphic cross-sections flattened to the G-sand base. A) G, thickens to the southwest, closer to
the channel that sourced levee deposits. B) Although well 72-A1ST is closest to sediment-entry point, the
thickest G,, accumulations occur in RB, possibly due to preexisting bathymetry. C) G, deposits thicken

towards the channel that enters basin south of RM reservoir. Sections are located in Figure 1.
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Figure 9: Isochron map in two-way time (ms) between the G-sand and underlying H-sands. A channel
bypassing the Popeye area at G-sand time enters the basin south of the RM reservoir, providing significant G,
sediments to the RM reservoir.
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Figure 10: Interpreted features of the G-sand. The colored arrows identify sediment-entry points in our
depositional model.

These simulations illustrate that uncertainty in the geologic model propagates to uncertainty in
reservoir performance. Simulations show that future pressure measurements from well A1ST
should distinguish between the four simulation scenarios, however, the down-hole and tubing head
pressure gauges have failed and a special effort would be required to obtain these data. In addition,
a more detailed analysis of fault throw might be used to better constrain zones of fault imperme-
ability. Unfortunately, there are no well penetrations in the aquifer east of the RA to better constrain
the thickness. Finally, while it is geologically reasonable that the channel is impermeable, further
investigation using time-lapse seismic or well test analysis might verify fluid displacement and
determine the permeability of the channel.

928 GCAGS/GCSSEPM Transactions # Volume 53 «# 2003



Yuvancic-Strickland et al.

SwW NE

1
D B Gy, sourced
GC160 ‘ GC116 ‘ GC72 ‘ GC73 from north
Al) of 72 area

\_/ els

w MG, hn
bypass channels Sediment-

mappable channel Enfry paink 2000’

A2)

— 4

%fﬁ\/

chaotic seismic facies
—

well 116-A2 well 72-A1BP

B 1) Gy, sourced N S
from northwest

F
\ GC161 ‘ GC117 ’ GC116 ‘ GC72

Y. G, deposits sourced
“from west (out of plane)

B2) mappable channel
G, sourced from north e —_:_;7,;_,

chaotic seismic facies

Figure 11: Model of G-sand deposition, in strike view (A, B) and dip view (C, D). A, C) Sediment enters

basin as sheet flows from an area north of well 72-A1ST (Fig. 10). Successive flows into the basin
amalgamate, forming the G,,. B, D) The sediment-entry point switches to the central portion of the field and

channels bypass the Popeye area. Levee deposits accumulate across the field, thickest in the southwest.

Bypassing channels incise deposits and create a chaotic seismic signature. Sediment input ends and the G-

sand is capped by mud. The locations of cartoon cross-sections are in Figure 10.
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Figure 12: History match for the Popeye field from January 1996 to December 2002.
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Figure 13: A) Equalization regions and boundary conditions for the Popeye reservoir simulator. The
hydrocarbon bear regions are 1, 2, 4, and 5; 3 and 6 are aquifer regions. B) Initial gas saturation in the G,,
layer (01/01/1996). Initially there is 761 BCF gas in place. C) Final gas saturation of the G,, layer using the
current producing wells (09/01/2001). Notice the pocket of non-produced hydrocarbons to the west and south
of the A1BP well.

CONCLUSIONS

Well log, engineering, and seismic data were integrated to develop a depositional model. The
massive facies (G,,) was deposited by gravity flows that entered the basin north of the RA reservoir.
These amalgamated sheet sands were overlain by laminated sands (G,) and silts deposited by
levee-overbank sedimentation from bypass channels. This depositional model provides constraints
for the sand distribution interpretations used in reservoir simulations.

The base-case reservoir simulation results in a volume of bypassed reserves within the RA
reservoir. The simulated location and amount of unrecovered reserves can differ based on the
modeled fault separation between the RA and RB reservoirs, RA aquifer volume, and channel
transmissibility. Expanding the distance between the two faults separating the RA and RB reser-
voirs or decreasing the RA aquifer volume increases the volume of bypassed reserves, while in-

930 GCAGS/GCSSEPM Transactions # Volume 53 «# 2003



Yuvancic-Strickland et al.

creasing the channel permeability changes the location of unrecovered reserves. These reasonable
variations in the geologic model significantly influence reservoir drainage behavior.
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