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Abstract

An important concept for understanding fluid flow in hydrocarbon fields is that
dynamic mechanisms governed by the stress state present drive oil and gas migration and
accumulation. The principal goals in this dissertation are to constrain the full in-situ stress
tensor and reservoir pore pressure conditions, identify hydrocarbon migration pathways,
and test dynamic processes controlling fluid flow and rock deformation. For this purpose I
analyze various types of downhole measurements from two hydrocarbon producing
sedimentary basins.

In the Santa Maria Basin, on- and offshore California, stress orientations derived from
borehole breakouts and inversion of earthquake focal plane mechanisms indicate a rather
uniform stress field consistent with the regional trend. Analysis of borehole wall images
reveal ubiquitous fractures and faults that exhibit great variations in orientation and
occurrence. These variations can be correlated with changes of lithology and physical
properties. Permeability appears to be enhanced in the vicinity of fractures and faults that
are active and optimally oriented for failure in the current stress field.

In the South Eugene Island 330 field, Gulf of Mexico, drilling induced borehole
breakouts, reveal least principal horizontal stress orientations, that are predominantly
perpendicular to active normal faults. Minimum principal stress magnitudes show
significant scatter revealing fracture gradients that cannot be correlated with previously
published models from this area. Reservoir pore pressures are highly variable and range
from hydrostatic to severely overpressured indicating compartmentalization and
production induced depletion.

Reservoir depletion, pore pressures, and hydrocarbon column heights in individual
reservoirs appear to be a function of stratigraphy. Shallow sands are hydrostatically
pressured, well drained, and normally compacted. Oil and gas columns are long and
controlled by a spill point. At intermediate stratigraphic levels, reservoir sands are
undercompacted, moderately overpressured, and depletion induces stress changes that
follow a stress path along which differential stresses strongly increase. Hydrocarbon
columns are either small and dynamically constrained by reservoir bounding faults or long
and controlled by a spill point. Deep sands exhibit small hydrocarbon columns and severe
overpressured conditions near hydraulic fracturing or active faulting. The sand is extremely
undercompacted and production appears to be accompanied by plastic and viscous
deformation.
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CHAPTER 1

IN-SITU STRESS, PORE PRESSURE, AND
HYDROCARBON MIGRATION AND
ACCUMULATION IN SEDIMENTARY BASINS:
INTRODUCTION
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1.1 Introduction

Fluids play a vital role in crustal processes. In particular circulation of fluids has
important effects on many earth phenomena ranging from transport of chemical
constituents and heat to crustal deformation processes. One of the areas for which aspects
of fluid migration and entrapment is of particular interest is the petroleum industry.
Understanding why and how hydrocarbons move and what controls their entrapment and
accumulation have been issues of preferred attention for many decades.

The pioneering work by Hubbert (1953) laid the foundation for understanding
hydrocarbon migration in normally pressured (shallow) reservoirs (i.e. free-flow systems).
As drilling went deeper into developing increasingly overpressured (i.e., pore pressures
above hydrostatic) fields, Hubbert and Willis (1957) and Hubbert and Rubey (1959)
progressed in applying Terzaghi’s (1924) principle of effective stress to describe and
quantify hydraulic fracturing and lowering the strength of thrust faults by reducing the
basal friction. Powley (1990) and Hunt (1990) were the first to introduce and describe the
concept of compartmentalization in sedimentary basins. Through careful analysis of
downhole pressure measurements, they identified abrupt pore pressure transitions
(vertically as well as laterally) to map areas of distinct pressure regimes within a single
basins. These fluid compartments are bound by seals which in some cases follow the
regional stratigraphy (i.e., shale layers) and in other cases coincide with fault zones that cut
across stratigraphy. Hooper (1991) elaborated further on the roles of faults (in particular
growth faults) for fluid migration. He concluded that flow along these faults is periodic and
changes over time and in space depending on whether they are active or inactive thereby
alternately providing seals for compartmentalization or pathways for fluid flow. This, and
more recent work I introduce below, point towards the strong indication that understanding
the relationship between the state of stress and faulting and pore pressure variations is vital
for fluid flow processes in hydrocarbon bearing fields.

In my dissertation, I analyze various types of downhole measurements from two
hydrocarbon producing sedimentary basins to apply and test some of the fundamental
models and ideas pertaining to the state of stress, rock deformation, and fluid flow. The two
basins are located in tectonically and geologically different regimes. The principal goals in
this study are to constrain the full in-situ stress tensor and reservoir pore pressure
conditions, identify hydrocarbon migration pathways, and infer processes controlling their
accumulation. The benefits from this study will be to better understand the relationships
between pore pressure and in-situ stress and the processes which control hydrocarbon
accumulation and migration, as well as to better define the role of active faulting in oil
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migration, and reservoir compaction and stress changes as a function of depletion.

One chapter in this dissertation (chapter 2) is devoted to the Santa Maria Basin, on- and
offshore southern California. Located in a tectonically transpressive stress regime, this
basin comprises the well consolidated and normally pressured Miocene Monterey
Formation consisting of siliceous shale sequences of various diagenetic stages. The chapter
mostly deals with the aspect of detecting pathways for fluid flow (i.e., fractures and faults)
and their relationship to in-situ stress. The remaining four chapters (3 through 6) deal with
a young hydrocarbon field located in a normal faulting environment on the outer
continental shelf, offshore Louisiana in the Gulf of Mexico. This basin consists of
unconsolidated and overpressured sand and thick shale sequences. In this study, I constrain
the full in-situ stress tensor (chapter 3 and 4), identify reservoir compartments, establish a
conceptual model for controlling maximum hydrocarbon column heights (chapter 6), and

analyze compaction and stress changes as a result of depletion (chapter 5).

1.2 Santa Maria Basin, California

The Miocene age Monterey Formation is prime target for exploration and production
of hydrocarbons in the Santa Barbara channel and further north along the coast offshore
central California. Its siliceous rocks are not only an excellent source for oil and gas but
also provide appropriate traps and reservoirs of high economic value. One important
characteristic of the Monterey Formation is its generally high porosities but relatively low
permeabilities (Isaacs, 1984). For this reason, fractures and faults are of great importance
for hydrocarbon migration and production.

Veins, fractures and faults are abundant in the Earth’s crust and they have long been
known for their potential role of localizing fluid flow. However, not all of them are equally
important. In fact, only a few fractures and faults are usually the primary fluid conduits for
most of the flux in a given volume of rock (Long et al., 1991). Furthermore, faults can act
as seals as well as conduits (Antonellini and Aydin, 1994) and Hooper (1991) pointed out
that this can change over time or in space along the same fault plane. Therefore, identifying
the fractures and faults that are specifically responsible for fluid flow is particularly
important in stratigraphic sequences of low permeability like the Monterey Formation.

Barton et al. (1995, 1997) demonstrated that fluids preferentially flow along active
faults optimally oriented in the current stress field for failure. These findings indicate that
there exists a fundamental relationship between the in-situ state of stress, active fractures
and faults, and fluid flow. While most of their examples involve areas comprised of
crystalline rock, relatively few evidence has been gathered to date in sedimentary basins.
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By studying the in-situ stress field, fractures and faults, and fluid flow in the Monterey
Formation, offshore California, I test whether the hypothesis introduced above also applies
in this sedimentary sequence.

Borehole televiewer data from four wells comprise the primary data set to detect
fracture and faults. I correlate these with other types of well log data, drill stem tests, and
stress orientation from greater depth (i.e., ~ 12 - 15 km) by inverting earthquake focal plane
mechanisms. The primary goal is to look for potential relationships between stress, active
faulting, and fluid flow. The results indicate a rather uniform stress field consistent with the
regional trend. Fractures and faults are ubiquitous and exhibit great variations in orientation
and occurrence that can be correlated with changes of lithology and physical properties.
Permeability appears to be enhanced in the vicinity of fractures and faults that are active
and optimally oriented for failure.

1.3 South Eugene Island 330 Field, Gulf of Mexico

The Gulf of Mexico region is a mature hydrocarbon province that has been the target
of oil and gas exploration and production for almost a century. While early day activities
of the oil industry were confined to the coastal regions, new technological advances
allowed in recent years to push the exploration efforts further offshore, even into the
deepwater province. Today, wells are being drilled in seawater depths reaching 3,000m
resulting in extreme overpressured conditions. On the shelf, new technologies have enabled
the petroleum industry to explore for small and previously often uneconomic plays.

Despite these technological advances, drilling and completion costs remain extremely
high because of high risk and security factors for both human life and material. More
research and technological progress are needed to better understand in-situ reservoir
processes that affect drilling and completion and to further reduce the risks and expenses
in the oil industry. For this reason, many scientists have invested great efforts to do
extensive research in specific reservoirs but also on a regional scale. From the drilling
engineering point of view, improved knowledge in controlling risk factors (specifically
under severe overpressured conditions) related to sanding problems and loss of circulation
and developing tools for stable wellbore design are of great importance - particularly in
deepwater fields where drilling costs per well reach 20 million dollars and more.

Some of the issues that still require better understanding are related to in-situ pore
pressure and its variations (i.e, compartmentalization), the state of stress, and the physical
mechanisms that control them, in particular the ones that govern hydrocarbon migration
and accumulation. In the North Sea, it has been observed empirically that holes are dry (i.e.,
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no hydrocarbons present) below a certain threshold value of the minimum effective
horizontal stress (the minimum principal stress minus the pore pressure) even though good
reservoirs and traps existed. However, this effective stress threshold is not constant across
the entire North Sea but rather shows a regional dependency. In the Central Graben,
Gaarenstrom (1993) observed a threshold value of around 1,000 psi, whereas Borgerud and
Svare (1995) report 3,000 psi for the Halten Terrace (Figure 1.1). If one were to apply the
stress threshold value from the Halten Terrace as a decision criterion for drilling wells in
the entire North Sea, then the reservoirs in the Central Graben with effective stresses
between 3,000 psi and 1,000 psi would have been left unexploited.
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Figure 1.1: Dry and hydrocarbon bearing holes versus minimum effective horizontal stress
in the North Sea. A) In the Central Graben (Gaarenstrom, 1993), dry holes are found
in zones of effective stress below 1,000 psi. B) In the Halten Terrace (Borgerud and
Svare, 1995), dry holes are found where the effective stress is generally below 3,000

psi.
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For the South Eugene Island 330 field, offshore Gulf of Mexico, Flemings et al. (1996)
demonstrated that hydrocarbon column heights and their associated buoyancy in reservoirs
of severe overpressure are balanced by the vertical effective stress (Figure 1.2). Small
hydrocarbon columns correlate with small effective stresses and severe overpressure,
whereas large columns are found in zones of less overpressure and relative higher effective
stresses. This observation suggests that the maximum amount of oil and gas stored in these
reservoirs is in a state of dynamic equilibrium between pore pressure and stress.

A) Fault Dependent Oil and Gas
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Figure 1.2: Hydrocarbon column heights versus depth in the South Eugene Island 330 field
(A) and associated overpressures and effective stresses (B).

These two examples illustrate the need to study characteristics and variability of the
state of stress and pore pressure in hydrocarbon fields to answer critical questions such as:
How are pore pressure and stress related? How do fluids migrate in severely overpressured
compartments? What controls hydrocarbon column height? Since many of the oil and gas
reservoirs are surrounded by overpressured sequences of massive, low permeability shales,
the question of how these fluids can migrate so efficiently over large distance is of
particular interest as well. Also, what roles do faults play in this regard? For
undercompacted and overpressured sands it is also important to understand how the state
of stress changes with changing pore pressure. What mechanisms control reservoir
deformation?

In chapters 3 through 6, I will focus on the South Eugene Island (SEI) 330 field,
offshore Louisiana, in the Gulf of Mexico. This young hydrocarbon field is located on the
outer continental shelf about 100 miles offshore Louisiana (Figure 1.3, inset). It has been
the target of extensive exploration and production. Over 250 million barrels of oil and 2 tcf



Chapter 1 — Introduction 7

of gas have been produced since its discovery in 1972 (Holland et al, 1992). These numbers
make it one of the largest oil and gas producing fields in the US (Schuhmacher, 1993). In
this study, I will focus specifically on the following issues:

e Determination of the full stress tensor and description of its variability at
the reservoir scale

e Pore pressure and stress compartmentalization

e Stress control on hydrocarbon migration and accumulation in overpres-
sured reservoirs and development of an appropriate model

 Reservoir deformation and compaction as a result of depletion

Geologically, the SEI 330 is a “classical” Plio-Pleistocene shelf minibasin dominated
by deltaic deposition. It evolved by mobilization and extrusion of underlying salt sheets
through gravitational loading of rapidly depositing and gulfward progressing sedimentary
sequences (i.e., sand and shale). As a result of the salt evacuation process, the rapid
sediment deposition and subsidence, and gravitational sliding on weak salt layers and
overpressured shales a regional (down to the south) growth fault system developed that
bounds the basin to the north and east (Alexander and Flemings, 1995). To the south, the
minibasin is confined by an antithetic fault system (Figure 1.3). The basin fill reaches up
to 4 km of alternating sand and shale sequences underlain by deep-water turbidites and salt
sheets. High overpressure in the deeper buried Tertiary sediments was provoked by very
high sedimentation rates dumping deep-water, low permeability shales on top of deep basin
fan deposits, thus inhibiting dewatering and fluid migration of these sediments. As a result
of processes related to the salt movements, the sediments were folded into rollover
anticlines that provide ideal traps for oil and gas (Alexander and Flemings, 1995).
Hydrocarbons are produced from over 25 Pliocene-Pleistocene sand layers that are
segmented by faults into at least 100 structurally and stratigraphically individual reservoirs
(Holland et al., 1992). As the hydrocarbons trapped within the reservoirs of the SEI field
are much older than the young sediments, they are believed to have migrated vertically
(perhaps also laterally) over significant distances relatively recently (Holland et al., 1992).
Analysis of the normal fault system with respect to the pore pressure distribution shows that
isobars are highly discontinuous across fault segments suggesting compartmentalization of
individual reservoir pockets (pers. communication to P. Flemings). This indicates the
importance of geologic structures on hydrocarbon entrapment and pressure gradient driven
mechanisms for fluid flow.
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Figure 1.3: Basemap of the South Eugene Island 330 area showing 9 blocks with block 330
in the center. The major north-west trending growth normal fault system (black)
bounds the minibasin, which is located on the hanging wall side (gray area). Dashed
lines A-A’ and B-B’ mark the transects for the cross-sections in Figure 1.4.

Figure 1.4 displays two cross-sections trending N-S and NE-SW through the field (see
Figure 1.3). These exhibit the main basin bounding growth fault system in the middle as it
offsets sand reservoirs in the footwall (to the right) from those in the hanging wall (to the
left). Note, that the structural relief across the fault system increases significantly with
depth while individual sand reservoirs become less continuous. A typical characteristic of
the growth faulting is the increasing stratigraphic offset with depth. For example, the OI
sand is offset by approximately 2,000 feet while the underlying Lentic sand is offset by
approximately 5,500 feet (Figure 1.4A).

Lithological properties are well documented by Holland et al. (1980, 1992). I present
here a brief summary of the most important characteristics. Reservoir porosities are on
average 30%. Permeabilities range from 10 md to over 6 darcys with 80% of the reservoirs
having over 100 md and 20% over 1 darcy. All sands consist of relatively fine grained and
well sorted quartzose to slightly arkosic arenites. Quartz is the predominant mineral (up to
89%) but feldspar and chert can represent as much as 25% of the bulk volume. Clay content
is variable but minor never reaching more than 9% of the bulk matrix. However, the gross
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Figure 1.4: Cross-sections through the SEI 330 field. A) and B) show transects A-A’ and
B-B’ respectively from Figure 1.3 (modified from Alexander and Flemings, 1995).

sedimentary sequence exhibits an increased shale to sand ratio with depth. Beneath the OI
sands (Figure 1.4) the stratigraphy is largely shale dominated, and from the OI sands
upward it is more sand-dominated. Pressures are closely tied to this stratigraphic
architecture. In the shale-prone region, beneath the OI sands, severe overpressuring occurs.
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Because the pressures follow these stratigraphic surfaces, and because there is significant
offset across the growth fault at this depth, overpressures are much deeper in the hanging
wall than in the footwall.

Lithological properties are well documented by Holland et al. (1980, 1992). I present
here a brief summary of the most important characteristics. Reservoir porosities average
about 30%. Permeabilities range from 10 md to over 6 darcys with 80% of the reservoirs
having over 100 md and 20% over 1 darcy. All sands consist of relatively fine grained and
well sorted quartzose to slightly arkosic arenites. Quartz is the predominant mineral (up to
89%) but feldspar and chert can represent as much as 25% of the bulk volume. Clay content
is variable but minor never reaching more than 9% of the bulk matrix. However, the gross
sedimentary sequence exhibits an increased shale to sand ratio with depth. Beneath the OI
sands (Figure 1.4) the stratigraphy is largely shale dominated, and from the OI sands
upward it is more sand-dominated. Pressures are closely tied to this stratigraphic
architecture. In the shale-prone region, beneath the OI sands, severe overpressuring occurs.
Because the pressures follow these stratigraphic surfaces, and because there is significant
offset across the growth fault at this depth, overpressures are much deeper in the hanging
wall than in the footwall.

1.3.1 Synopsis of chapters 3 through 6

In chapter 3, I compile and analyze pore pressure data and least principal stress
measurements from minifracs in fracture completed reservoirs. The measurements show
considerable variability in pore pressure and minimum principal stress and cannot be
correlated with previously published fracture gradient models for this area. Pressure
surveys indicate (severe) overpressures, compartmentalization, and depletion behavior that
is dependent upon stratigraphy.

The main goal in chapter 4 is to constrain the full stress tensor in the SEI 330 field. I
use caliper data from 38 dipmeter logs in vertical and highly deviated wells to identify
drilling induced borehole breakouts. The orientation of the least principal horizontal stress,
Shmin» iS predominantly perpendicular to the active growth faults, which is in agreement
with an extensional, active normal faulting environment. The horizontal principal stresses
are not equal, suggesting a non-isotropic state of stress. Furthermore, effective compressive
rock strength appears to be a strong function of pore pressure.

In chapter 5, I investigate production related pressure transients in three
stratigraphically different reservoir sands. The shallow sand is under hydrostatic
conditions, well drained, and normally compacted. At intermediate stratigraphic levels,
reservoir sands are undercompacted, moderately overpressured, and depletion induces a
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stress change following a stress path that has been observed elsewhere. The deep sand
exhibits severe overpressures and undercompaction. Production appears to be accompanied
by plastic and viscous deformation.

In chapter 6, I introduce a conceptual dynamic capacity model to test whether pore
pressures and hydrocarbon column heights in individual SEI reservoirs are controlled by
the sealing capacity of the fault against which the sand abuts or hydraulic fracturing of the
overlying shale or fault. The deepest reservoir sand is characterized by small hydrocarbon
columns and pore pressure conditions near hydraulic fracturing or active faulting. At
intermediate levels, I find hydrocarbon columns that are either small and in dynamic
equilibrium with the reservoir bounding fault or that are long and static (i.e., pore pressures
below criticality and probably controlled by a spill point). Shallow reservoirs exhibit long
oil and gas columns that are also static and controlled by a spill point.



Chapter 2

RELATIONSHIP BETWEEN IN-SITU STRESS,
FRACTURES AND FAULTS, AND FLUID FLOW IN
THE MONTEREY FORMATION, SANTA MARIA
BASIN, CALIFORNIA

This chapter was published with Colleen A. Barton and Mark D. Zoback as co-authors in the American
Association of Petroleum Geologists Bulletin, v. 81, no. 12 (December 1997), pp. 1975-1999.
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2.1 Abstract

I used borehole televiewer (BHTV) data from four wells within the on- and offshore
Santa Maria Basin, California, to investigate the relationship between fracture distribution,
orientation, and variation with depth and in situ stress. The analysis of stress-induced
wellbore breakouts shows a uniform NE maximum horizontal stress (Sgmax) Orientation in
each well. This direction is consistent with the Sy, direction determined from wellbore
breakouts in other wells in this region, the NW trend of active fold axes, and kinematic
inversion of nearby earthquake focal plane mechanisms.

In contrast to the uniformity of the stress field, fracture orientation, dip, and frequency
vary considerably from well to well and within each well. With depth, fractures can be
divided into distinct subsets on the basis of fracture frequency and orientation which
correlate with changes of lithology and physical properties. While factors such as tectonic
history, diagenesis, and structural variations have obviously influenced fracture
distribution, integration of the in-situ stress and fracture data sets indicates that many of the
fractures, faults, and bedding planes are active, small scale strike-slip and reverse faults in
the current NE trending transpressive stress field. In fact, I observed local breakout
rotations in the wells providing kinematic evidence for recent shear motion along fracture
and bedding-parallel planes. Only in the onshore well do steeply dipping fractures strike
parallel t0 Sypy,ax. Drill stem tests from two of the offshore wells indicate that formation
permeability is greatly enhanced in sections of the wells where fractures are favorably
oriented for shear failure in the modern stress field. Thus, relatively small-scale active
faults provide important conduits along which fluids migrate.

2.2 Introduction

Fractures and faults play an important role in controlling the hydraulic properties of
rocks by providing permeable conduits for fluids. Conversely, the presence of fluids
strongly influences deformation and rupture of rocks by controlling fluid pressure and
geochemical properties within fractures and faults. However, not all fractures and faults
contribute to fluid flow (Long et al., 1991) or are equally important for failure and
deformation processes in the crust. Therefore, the study of orientation and distribution of
fractures and faults and their relation to the current stress field along with their importance
to fluid flow is of great interest.

In general, fracture-enhanced permeability depends on fracture density, orientation,
and most importantly, hydraulic conductivity of the individual fractures and faults present.
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This is especially crucial in hydrocarbon reservoirs with low matrix permeability where
fractures are the primary pathways for oil and gas migrating from the source rocks into their
reservoirs. Hence, it is important to discriminate hydraulically conductive from
hydraulically non-conductive fractures and faults in order to increase the efficiency of oil
production and reservoir development. By studying the distribution and orientation of these
planar features, I seek to understand which types of fractures and faults are most important
for fluid flow and their angular relationship to the regional stress field. In regard to
crystalline rock, Barton et al. (1995) concluded that fractures and faults that are potentially
active in the current stress field are most permeable. In this study, I investigate this
hypothesis in sedimentary rocks of the Miocene Monterey Formation, California, where
fractures are crucial features controlling hydrocarbon migration and diagenetic processes
(e.g. Isaacs, 1984).

In this paper, I utilize borehole televiewer (BHTV) data to detect fractures and to
constrain the orientation of the three principal stress axes from wellbore failure (breakout)
occurrences. I then invert earthquake focal plane mechanisms for the principal stress tensor
and compare the results with the breakout analysis. Finally, drill stem tests (DST) help to

distinguish hydraulically conductive from hydraulically non-conductive fractures.

2.3 Background

The four wells I are investigating are located in the Santa Maria Basin, California.
Three of them are offshore wells drilled by Chevron U.S.A. Inc. within the Point Arguello
field (wells B and C) and near Point Sal in the San Miguel field (well A) (Figure 2.1). Well
D, drilled by UNOCAL Corporation, is the only onshore well used in this study and is
located near Santa Maria in the Orcutt field (Figure 2.1). The target interval for these wells
were the oil reserves of the Monterey Formation, an enormous Miocene sedimentary unit
that was deposited adjacent to the active continental margin into Neogene basins all along
the California Coast. Miocene tectonics were dominated by transtensional faulting
indicated by more or less N trending extensional structures in the offshore Santa Maria
basin (Crain et al., 1985). Complex processes such as wrench-tectonism — involving
transform-faulting — block rotation, and localized rifting had initiated the evolution of small
and deep borderland sub-basins along the California margin (Graham and Williams, 1985),
into which the sediments of the Monterey and younger formations were transported. These
reflect major oceanographic changes in deep-water circulation, the paleoclimate, and
centers of biosiliceous productivity (Behl and Garrison, 1994). The stratigraphy of the
Monterey Formation essentially contains a basal calcareous facies such as limestone or
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dolomite, a middle transitional phosphatic facies such as phosphatic shale, and a thick
upper siliceous facies composed of diatomaceous rocks (Pisciotto and Garrison, 1981)
(Figure 2.2).
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Figure 2.1: Basemap of study area (box) including location of wells studied in this analysis
(A through D), surrounding background seismicity from 1987 to 1995 (Southern
California Seismic Network Catalogue, U.S. Geological Survey field office,
Pasadena), and folds (dashed lines) and Quaternary faults (< 1.6 Ma, solid lines) (from
Jennings, 1975) (SAF: San Andreas Fault, RF: Rinconada Fault, BPF: Big Pine Fault,
SYF: Santa Ynez Fault, APF: Arroyo Parida Fault, SCIF: Santa Cruz Island Faulit,
NFZ: Nacimiento Fault Zone, HFZ: Hosgri Fault Zone).
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Figure 2.2: Generalized lithologic column of the Monterey Fm. (modified from Pisciotto
and Garrison, 1981) showing qualitative time frame and amount of deposition during
major tectonic events. The Monterey Formation was deposited between about 18 and
6 Ma under the influence of intense cold water upwelling, favoring the production of
biogenic calcareous and siliceous facies.

Several aspects about the Monterey Formation are very characteristic and noteworthy:
1) it is both source and reservoir rock for hydrocarbons; 2) matrix porosity is quite high (10-
30%), because of the abundant diatom content (however, matrix permeability is rather low
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because of small grain sizes (Isaacs, 1984)); 3) the formation fluids typically are normal-
or underpressured; 4) although fracture porosity is only a very small fraction of total
porosity, the fractures are very permeable and therefore crucial for oil production (Isaacs,
1984); 5) its lithology has a high lateral and vertical variability. In general, outer basins had
a relatively pure hemipelagic calcareous-siliceous sediment influx reflected by significant
occurrences of cherts, whereas much more terrigenous sediments were deposited in medial
and inner basins, which are void of chert phases (Graham and Williams, 1985; Behl and
Garrison, 1994). High sedimentation rates for all these biogenic sediments introduced rapid
increase in burial temperature and pressure favoring silica diagenesis and maturation of
hydrocarbons.

By Pliocene time, extension ceased and the maximum principal stress direction rotated
clockwise to its current NE orientations (Engebretson et al., 1985; Zoback et al., 1987;
Zoback and Zoback, 1991), introducing a transpressional stress regime to coastal
California, which has persisted to the present. This process uplifted the central California
Coast Ranges and many basins were tectonically inverted changing to shallow and
nonmarine sedimentation styles, depending on their proximity to the coast (Christiansen
and Yeats, 1992). Jackson and Yeats (1982) divided this recent transpressive stress regime
into a pre-Pleistocene gentle-folding stage and a post-Pleistocene phase involving intense
shortening and rapid uplift. These tectonic forces have caused intense syn- and post-
depositional folding and fracturing within the Monterey and younger formations, with
major fold and fault axes generally striking NWN.

The study area is in a transitional region between the rapidly rotating block of the
western Transverse Range to the south and the non-rotating area to the north. Namson and
Davis (1990) describe this region as an active fold and thrust belt, typically involving fault-
bend and fault-propagation faults. In addition, the San Andreas fault is influenced by the
Big Bend south-east of the Santa Maria basin leading to changes in the regional stress
pattern along the fault. These stress variations have been revealed by numerous studies of
earthquake focal plane mechanisms and borehole breakouts (Zoback et al., 1987; Mount
and Suppe, 1987). Localized variations of the horizontal principal stress orientations could
be expected from similar localized variations in the region surrounding the Santa Maria
basin.

2.4 Data and Methods of Analysis

For the three offshore wells, Chevron provided borehole televiewer (BHTV) and
standard logging tool data such as dipmeter, sonic, gamma ray, resistivity, and
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compensated neutron. Mudlogs, lithology descriptions, core analysis results, and formation
permeability values from drill stem tests (DST) were also contributed. For onshore well D,
only BHTV data were analyzed.

The borehole televiewer (BHTV) (first discussed by Zemanek et al., 1970) is a 360°
circumferential acoustic imaging device that can be used to image stress-induced wellbore
breakouts (described below) as well as fractures intersected by the borehole. Chevron and
Unocal recorded the analog BHTV data II are utilizing here on video tape. Data quality is
ranging from poor to excellent, depending on the well. After digitization, I performed a
detailed analysis of both breakouts and fractures for each well utilizing software for
interactive image analysis developed by Barton et al. (1991). I determined orientation, dip,
and width of fractures and breakout widths and azimuths in order to investigate borehole
shape and fracture characteristics with depth. For the fracture study, I considered the
deviation of the wells from the vertical axis and corrected all of the measured fractures for
borehole inclination.

The Pacific Gas and Electric Company (PG&E) provided a data set of earthquake focal
mechanisms covering the southern Santa Maria Basin/Point Arguello area between 34°25'
and 35°00' latitude (Figure 2.3A). Following the BHTV analysis, I used this data set to
verify specifically the orientation and relative magnitude of the regional principal stress
tensor in the study area by performing a focal mechanism stress inversion (FMSI). 1
compared this result with the resulting stress orientation obtained from the BHTV data
analysis.

2.5 Orientation of Regional Stress Tensor

2.5.1 Breakout analysis

Stress-induced wellbore breakouts indicate the orientation of the principal horizontal
stresses in the uppermost crust (Bell and Gough, 1979; Zoback and Zoback, 1980, 1991;
Zoback et al., 1985; Plumb and Cox, 1987; Zoback et al., 1989). When the vertical stress
(S,) is nearly parallel to the axis of a vertical well, breakouts form in the direction of the
minimum horizontal stress, Sy .:,, Where stress concentrations at the borehole wall exceed
the rock strength. Mechanisms that describe the formation of these features are discussed
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Figure 2.3: A) Spatial distribution of selected focal mechanisms (black, solid dots) in the
Pt. Arguello region used for the stress inversion analysis. Also shown are relevant
wells A through D (circles with diamonds), folds (dashed lines), and Quaternary faults
(solid lines) (from Jennings, 1975). B) Lower hemisphere stereonet representation of
P- and T-axis for selected earthquake events used in the stress inversion analysis. S,
S,, and S5 denote resulting principal stress directions of best-fit stress tensor.
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extensively in the literature (Bell and Gough, 1979; Zoback et al., 1985; Zheng et al., 1989).
For each individual well, I used the following approach in order to identify and pick
breakouts from the BHTV images: 1) two clearly discernible borehole elongations (i.e., low
or even zero amplitudes and highly increased radii) with the necessary 180° spacing (Figure
2.4, right), 2) 5 cm-step analysis of borehole cross-sections over the potential breakout
depth interval (Figure 2.4, left), and 3) independent azimuth and breakout width
measurements on both sides of the well from the cross-sectional view. Since the well
deviations are less than 10° in all wells, they should not affect breakout azimuths (Mastin,
1988). 1 omitted depth intervals with missing elongations on one side of the borehole
(possibly due to off-centered tools or key seating). To obtain the mean direction and
standard deviation of the least principal horizontal stress in each individual well, I analyzed
the measurements following a statistical method developed by Mardia (1972). I plotted the
results of this analysis in histograms of breakout azimuth versus cumulative occurrence
(i.e., frequency) in order to identify the well-specific Sy, directions (Figure 2.5).

Well A, the northernmost well, was logged over a 628 m section and shows fair to good
quality data. I picked breakouts, totaling a length of 20 m, mostly in the upper part of the
well. These reveal a mean Sy .,;,, direction of N143°E with a 13° standard deviation (Figure
2.5, well A). Hence, the mean Sy, orientation is N53°E. In the middle part of the logged
depth interval, breakouts disappear. This could either result from higher natural fracture
density below this depth and an associated decrease of stress concentration around the
wellbore or lithology changes when the wellbore penetrates various and petrologically
distinctly different members of the Monterey Formation; the latter corresponds with rock
strength variations, that also influence breakout occurrence. Gross (1995) studied the
change in mechanical failure as a function of lithology in the Monterey Formation intensely
and found that local stresses and modes of failure (mode I versus shear mode) are different
in hard (<9% weak minerals) versus soft (>22% weak minerals) beds in the Monterey
formation. Well B, also located within the Point Arguello field, was logged over an interval
of 508.5 m. Over long sections in the upper part of the well, the tool appeared to be off-
centered to the East, resulting in larger radii (longer travel-times) to the West. In addition,
the image often displayed repeated traces over short depth intervals (about 0.15 m - 0.3 m)
indicating stick-slip motion of the tool in the wellbore. These logging conditions yield
patchy looking images which can be misleading for breakout measurements. Because of
their ambiguity, I did not use these features for stress analysis. In total, I only picked 125
breakouts, covering 3 m along the borehole and revealing a direction of N126°E for Sy ..,
— N36°E for Sgypax — With a standard deviation of 13° (Figure 2.5, well B). Well C, within
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Figure 2.4: Typical breakout occurrence in well C. The unwrapped borehole wall image on
the right displays the borehole radius as a function of azimuth and depth; it was
converted from the acoustic wave travel-times (green/blue are smallest and orange/
black are largest radii). The breakout interval is clearly discernible as the two parallel,
black, and vertical stripes with a spacing of roughly 180° (purple arrows). A cross-
sectional polar view of the wellbore at x540.6 m depth (black arrow) is shown on the
left. The two gaps in the borehole wall (purple arrow) correspond with the two black,
parallel, and vertical stripes in the right image and are 180 ° apart - a necessary
condition for breakout identification. The two white lines from the borehole center to
its perimeter illustrate independent, one-sided breakout azimuth (132°) and width
(47°) measurements.

the Point Arguello field, was logged over an interval of 640 m with data quality ranging
from good to fair depending on the depth interval. Breakouts are abundant in the upper and
lowermost part of the logged interval. In total, I took 5630 measurements covering a total
depth interval of 107 m and yielding a mean orientation for Sy, of N126°E with a
standard deviation of 8°. This direction corresponds to a Sy, Orientation of N36°E
(Figure 2.5, well C). In the lower part of the upper breakout section, breakouts show a
greater variance over short distances, which could be caused by small faults intersecting the
wellbore (Shamir and Zoback, 1992; Barton and Zoback, 1994). In fact, I can correlate
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Figure 2.5: Breakout azimuth histograms for each well (A - C) present cumulative
distribution of breakouts as a function of their orientation. This type of plot illustrates
the variability and accuracy of the borehole-specific Sy, direction obtained through

the picking process illustrated in Figure 2.4.

local breakout rotations (< 1 m) with planar features crossing the borehole, which most
likely slipped in response to the raised fluid pressure caused by the drilling process (Shamir
and Zoback, 1992). I will discuss the importance of this observation in relation to fracture
type identification and active faulting further below. In the middle section of the well,
breakouts vanish; I attribute this gap to lithological rock strength variations and local stress
reduction (i.e., stress drop) caused by intense fracturing. Well D, within the onshore Orcutt
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oilfield, was logged over 348 m. The data quality is excellent and I detected well-developed
breakouts intermittently throughout the logged interval, covering a cumulative length of 17
m. The corresponding orientation of Sy, is 65° with a standard deviation of 6° (Figure
2.5, well D). Table 1 summarizes the results from the breakout analysis of the four wells
outlined above.

TABLE 1. Summary of Stress Analyses from BHTV Data and Comparison with Results from the
Focal Mechanism Stress Inversion (FMSI) in the Study Area.

Average | Standard | Total Breakout
Well SHmax Deviation Length [m]
A N53°E 13° 20
B N36°E 13° 3
C N36°E 8° 107
D N65°E 6° 17
Earthquake o1 Average Number
Direction Misfit of Events
FMSI 213° 7° 53

*Note the consistency with respect to the orientation of the maximum horizontal principal stress,
Stmax, direction (see also Figure 2.Figure 2.6).

2.5.2 Stress inversion

For the stress inversion I used a methodology that is described by Gephart and Forsyth
(1984) and Gephart (1990). It assumes stress in the region of interest is spatially and
temporary uniform, and the observed slip direction marks the maximum shear stress
direction on each fault plane. The inverse algorithm performs a grid search over possible
stress models to find a best-fit uniform stress tensor with the smallest required total rotation
of all fault planes about arbitrary rotation axes to match observed with predicted slip
directions. The parameter

S,-§,
=== 1 2.
R 5.°S, Eqn. 2.1

provides a measure for the relative stress magnitudes, where S;, S,, and S; denote the
maximum, intermediate, and least principal stress, respectively.

For the study area I would expect two different styles of faulting: strike-slip and
reverse. This constrains the parameter R as follows: For pure strike-slip faulting, S, is the
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intermediate principal stress S,, while for pure reverse faulting, S, is the least principal
stress S3. Since I observe a transpressive stress regime in the study area, I would expect S,
to be the least principal stress S3; i.e.,

SZ _ Sl _ Shmin B SHmax

R N S3_Sl B Sv_’SHmax

Eqgn. 2.2

The earthquake focal mechanisms used in this analysis were recorded by the Central
Coast Seismic Network operated through the Pacific Gas and Electric Company (PG&E).
During the period from 1987 to 1994, 53 focal mechanisms were selected using only events
with the highest levels of confidence. Since these are P-wave mechanisms calculated using
the program FPFIT (Reasenberg and Oppenheimer, 1985), the selection criteria for each
event were the following: (1) at least 15 different seismographic readings and (2)
automated convergence with high confidence levels of the FPFIT-output. The locations of
the 53 selected earthquake events are shown in Figure 2.5A. Their P- and T-axes
distribution (Figure 2.5B) indicate reverse slip to strike-slip faulting (sub-horizontal P-axes
and vertical to horizontal T-axes). The near-horizontal P-axes imply maximum
compression in a NE-SW direction. For the inversion, I treated the focal mechanism data
in two different ways. One was to assume that all events have more-or-less comparable
precisions (i.e., equally weighted). The second way was to assume twice as much weight
for the on- and near-shore events compared to the offshore events. Because of the station
coverage of the seismographic network, I considered on- and nearshore focal mechanisms
to be more reliable in the second approach. For both cases, I started the inversions on coarse
search grids subsequently using finer grids to search more exactly in the vicinity where the
first estimate on the principal stress orientations was obtained. The approach using the
second assumption yielded the most reliable result (i.e., that with the smallest misfit). The
orientation of the maximum principal stress S; was found to be N213°E with a plunge of
2° (Figure 2.7B and Table 1). The results for the orientations of the S, - and S; -axes were
N304°E/26° and N119°E/64°, respectively (Figure 2.7B). However, it is important to note
that the first assumption (giving all focal mechanisms equal weight) had almost identical
results, implying that the stress tensor is not influenced by the differential weighing of the
focal mechanisms. In both cases, the distribution of misfits for individual events did not
suggest a non-uniform stress tensor, neither spatially nor temporally, which would possibly
identify a distinct subset of earthquakes with a different stress tensor. The inversions
yielded R-values between 0.4 and 0.6. Their uncertainty, however, was extremely high.
Because the distribution of T-axes (ranging between horizontal and vertical) implies a
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strike-slip/reverse faulting stress regime, I think the most reasonable result is that R is quite
high; hence, S, =S; (i.€. Sumax > Shmin = Sy ), implying a transpressive stress regime.

2.5.3 Discussion

Figure 2.6 shows the orientation of the maximum horizontal stresses resulting from the
stress inversion (black, bold arrow pair in the box) and the BHTV data breakout analysis
(gray arrow pairs encompassing well symbols) along with the trend of mapped folds and
faults, as well as results from other stress orientation analyses (fine gray symbols) (Zoback
et al., 1987; Mount and Suppe, 1987) in the region around the study area. The box in the
figure outlines the area in which the 53 slip events occurred that were used for the stress
inversion. The maximum horizontal principal stress directions are principally consistent
among the wells, follow the regional trend of NE maximum horizontal stress orientations
(Zoback and Zoback, 1991) and are (sub-) orthogonal to the fold and Quaternary fault axes.
Results on the Sy, Orientation obtained from the extension direction of mode I tensile
fractures in wellcore studies within the Point Arguello field (Sadler, 1990; Narr, 1991)
agree well with my findings. The more locally-derived stress orientations in these studies
follow the broader scale trend. However, the resulting Sy, Orientations, especially for
well D, which is located within the onshore Santa Maria basin (Figure 2.6), reveal slight
deviations. These correlate with structural variations in the study area (Figure 2.6). Faults
and folds at Well A are oriented to the north; near wells B and C their predominant
orientation is toward the NW, and they strike easterly at Well D. I attribute these
observations to the complex history of the Western Transverse Range block translation and
rotation to the south and a non-rotating area to the north (Nicholson et al., 1992).
Consequently, local tectonic, structural, and stress variations were introduced
incorporating not only dextral, sinistral, and oblique reverse faulting but also local normal
faulting (e.g. in the onshore Santa Maria basin) (Namson and Davis, 1990). These
processes have been active since the Neogene and explain the deviations in modern
breakout orientations.

Since the orientation of S; from the earthquake focal mechanism inversion follows the
stress orientations observed in the wellbores, uniform compressive stress orientations
persist throughout the crust to seismogenic depths (~12-15 km) (M. McLaren, pers. com.,
1996). These different methods uniformly reflect the general transpressive stress regime
that has dominated the evolution of the late Cenozoic fold and thrust belt in the southern
Coast Ranges and the Santa Maria Basin (Page, 1981; Namson and Davis, 1990).
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2.6 Wellbore Fracture Analysis

Any dipping planar feature or structure detected by the borehole televiewer (such as a
fracture, fault, or bedding plane) appears as a sinusoid in the image of the borehole wall
(Figure 2.7). I determined azimuth, dip, and apparent aperture for all planar features imaged
in the logs. However, many fractures have immeasurably small apparent apertures due to
the limited resolution of the BHTV (Barton and Zoback, 1992). In practice, hairline cracks,
which are quite common in the Monterey (Sadler, 1990; Gross, 1995, 1993; Gross and
Engelder, 1995), and smooth bedding planes may escape detection by the borehole
televiewer. Wellcores are best suited for a fine scale and detailed kinematic fracture
analysis; unfortunately, this type of data was not available to us. The following results and
discussions are based solely on the population of planar features observed in the BHTV
images. These are macroscopic features with amplified apertures, called apparent

apertures, likely to be caused by spalling associated with mechanical drilling effects.

Amplitude Image Radius Image
Azimuth Azimuth

0 90 180 270 0 90 180 270

x739.00 -3

=
g
= X740.00 -} A .
=4 dl Fracture/
8 e Bedding
Bl Planes
x741.00
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Figure 2.7: Representative BHTV image of well C. Left part shows acoustic wave
amplitude image, where red and purple correlate with highest and lowest amplitudes,
respectively. Right part displays corresponding acoustic wave travel-time image
converted to borehole radii, where purple/blue are smallest and red/black are largest
radii. Arrows point at two dipping planar features such as fractures, faults, or bedding
planes, which are discernible in both images.
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An important task of this study was to distinguish syndepositional features, such as
bedding planes, from post-diagenetic structures, such as fractures and faults. I relied on the
dipmeter logs available for these wells to determine bedding plane directions. The
population of bedding planes was split into different depth intervals according to the
distribution of planar features. I assumed that all planar features that have the same attitudes
as the bedding planes within each of the individual depth intervals were bedding and
interpreted the remaining planar features as fracture and fault planes distinct from bedding
planes. While it may seem here that this treatment of the BHTV fracture data leads us to
neglect bedding plane parallel-interbed slip surfaces (Narr, 1991), which commonly occur
in chert beds, I present below a discussion of both sets of planar features as potential slip
surfaces.

Although a coherent picture of the regional stress field persists in the study area, a
complex distribution of fractures and bedding planes is observed. Fracture and bedding
plane populations are composed of various orientations and, based on the BHTV data, I can
divide them into distinct subsets on the basis of their frequency and predominant strike and
dip directions. Some of the fracture subsets are extension cracks oriented parallel to the
maximum horizontal stress Sy (as will be shown later for well D); others are shear
fractures (inferred from local breakout rotations at the fracture plane imaged by the BHTV
tool), potentially active in the current stress field (including bedding-parallel slip planes);
or cracks that are not related to the current stress field but rather to bedding planes, e.g.,
strike-perpendicular joints, cross joints, or bedding-parallel joints (Gross, 1995). These
observations support the idea that markedly different factors influence the initiation and
propagation of fractures (e.g., Stearns and Friedman, 1972).

2.6.1 Correlation of fractures with other well-log data

Because of the resolution limitations imposed by the BHTV-tool and the lack of
wellcores, it is not worthwhile for us to discuss fracture origin and microscopic
sedimentary features, such as hairline cracks or bedding plane related joints. I focus rather
on broader scale correlations (i.e., fracture zones) using standard logging tools such as
resistivity, gamma ray, neutron porosity, density, and sonic. These tools generally respond
to changes in physical properties of the rocks penetrated by the wells. Figure 2.8 displays
curves from well A as an example of pronounced correlations between standard well-logs,
varying lithologic properties, and occurrences of fractures. The log data were smoothed
twice within a moving window of 3 m, which reduces the spikiness but preserves the
general character and scale of the curves. Note the increase in resistivity, gamma, and

density associated with a general decrease in neutron porosity, and sonic slowness as the
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Figure 2.8: Continued.

fractures dip more steeply and strike predominantly perpendicular to Syax in the
lowermost chert, phosphatic, and lower basal calcareous members. A further comparison
of fracture distribution in each well with major sequence stratigraphy (Figures 1.9 - 1.12)
shows that different subsets of fractures tie with different lithologic units. This apparent
lithology-dependent style of fracturing has been frequently observed in the Monterey
Formation and is widely studied (Pisciotto and Garrison, 1981; Isaacs, 1984; Behl and
Garrison, 1994). It is due either to diagenetic processes and the related embrittlement of
diagenetically mature siliceous rocks (i.e., quartz as siliceous phase throughout the Point
Arguello oil field (Crain et al., 1985), or to differences in physical toughness for different
stratigraphic sequences (i.e., soft beds such as mudstones show widely spaced shear
fractures as opposed to hard beds such as cherts and dolostones with an abundance of joints
(Dunham, 1987; Gross, 1995)). Depth intervals with markedly organized patterns of
fractures are more or less coherent with some standard logging tool responses (Figure 2.8),
indicating that the degree and orientation of fracturing is related to different physical

parameters of the formation.

2.6.2 Fracture and bedding plane orientation and potential slip

surfaces
The orientations of the bedding planes (open tadpoles, Figures 1.9 - 1.11) obtained from
the dipmeter data for the three offshore wells reveal that the dip distribution with depth is
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quite moderate (< 40°) in the upper portions of the wells (approx. 250m). The dip then
gradually increases with depth either to the top or close to the base of the Monterey chert
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Figure 2.9: Fracture and bedding plane distribution and orientation in Well A. A) Tadpole
representation of fractures (solid circles) and bedding planes (open circles) with depth
including major sequence stratigraphy. B) Lower-hemisphere stereographic
projections of poles to all fracture planes. C) Lower-hemisphere stereographic
projections of poles to fracture planes (black dots) and bedding (gray areas) for
individual lithologic sequences. The gray areas denote general orientation and
distribution of bedding planes in this depth interval. Black arrows denote orientation
of Symax Obtained from breakout analysis in this well.
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member where the dips abruptly jump to higher values. Below, bedding planes occur less
frequently and with more dispersed orientations. The scatter in orientation persists to the
bottom of each well. Figures 1.9 - 1.11 show the trends of bedding plane orientations as
both tadpole plots (parts A, open circles) and lower hemisphere stereographic
representations (parts C, gray areas). These observations suggest that during the deposition
of the Monterey chert member the character of sedimentation changed, resulting in changes
of bedding plane orientations. The region around the Santa Maria basin was tectonically
very active during the development of the San Andreas fault to the North; the former
forearc basin and its associated accretionary complex were segmented into many smaller
subbasins (Graham and Williams, 1985). This activity involved complex processes such as
wrench-tectonism, transform faulting, and block rotation (Nicholson et al., 1994). These
tectonic processes certainly had an important influence on depositional environments and
sediment provenances. Soft sediment slumps commonly occurred during this period (S.
Graham, pers. com., 1995), introducing additional variations in bedding plane attitudes.
Hence, I expect significant variations in bedding plane characteristics.

The strikes of the bedding planes are predominantly NNE to NE in well B (gray areas
in stereonets, Figure 2.10C), and NW in well C (gray areas in stereonets, Figure 2.11C),
which matches results found by Narr (1991) from well-core analysis in adjacent wells of
the same oil field less than 5 km away. Inferring from Narr (1991), I can conclude that the
obvious rotation of bedding strikes from generally NE to NW was caused by the Point
Arguello anticline, the main structure in the Point Arguello oil field, which was subject to
tilting and changes in plunge. Because of the spatial proximity to wells B and C, I think the
same or similar structures are responsible for bedding plane rotation between these two
wells. In well A to the North, bedding strikes predominantly N to NW (Figure 2.9C). This
observation differs from outcrop studies of the Monterey Formation at the shoreline in this
area (Gross, 1995), and may be explained by the presence of folds and/or faults as compiled
in a study by Tennysson et al. (1994). In the onshore well D, bedding was identified solely
from the BHTV images since no dipmeter data were available. This is discussed in more
detail below.

An analysis of the fracture and fault plane attitudes separately from the bedding shows
a non-systematic distribution of fractures within each well and laterally among them.
Figures 1.9 - 1.12, parts A, display the fracture planes as black tadpoles, while Figures 1.9
- 1.12, parts C, show lower hemisphere stereonet representation (black dots). Figures 1.9 -
1.12, parts B, represent poles to all fracture planes in lower hemisphere stereonets. Large
variations in both dip and strike are obvious and in strong contrast to the uniform stress field
observed from the breakout and focal mechanism inversion analysis. In well A, fracture
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Figure 2.10: Fracture and bedding plane distribution and orientation in Well B. A) Tadpole
representation of fractures (solid circles) and bedding planes (open circles) with depth
including major sequence stratigraphy. B) Lower-hemisphere stereographic
projections of poles to all fracture planes. C) Lower-hemisphere stereographic
projections of poles to fracture planes (black dots) and bedding (gray areas) for
individual lithologic sequences. The gray areas denote general orientation and
distribution of bedding planes in this depth interval. Black arrows denote orientation
of Spmax Obtained from breakout analysis in this well.
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strikes are generally perpendicular to Sy, With moderate to steep dips (Figure 2.9B). In
the Upper Siliceous Calcareous Member, fracture strikes scatter with no predominant
orientation. Within the Chert Member, however, fracture and fault dips range between sub-
horizontal and sub-vertical; their strikes are oblique or orthogonal to Syp.x. The
Phosphatic Member, in contrast, shows a rather well organized fracture pattern with steep
dip angles striking nearly orthogonal to Sy,,,,. In well B, fractures have subhorizontal to
shallow dips in the upper portion of the well (Figure 2.10A) (showing no change in
character across the Sisquoc-Monterey boundary) and the dips then jump to higher values
at the Upper Calcareous Siliceous Member. In this zone, only four fractures and faults were
detected that strike parallel to Syp,.«. In the Chert Member below, steep dips persist with
strikes mostly parallel to Sy, (Figure 2.10B). Within the Cretaceous, the lower portion
of the well, fractures and faults are abundant and mainly strike oblique or perpendicular to
Stimax- The dips of fractures and faults in well C are generally between 45° to 80°
throughout the well, with highly variable strike orientations (Figure 2.11A). Fracture and
fault density is considerably increased in the lower part of the Sisquoc Formation (between
markers S5 and M1). In the Upper Calcareous Siliceous Member of the Monterey
Formation, increased fracture frequency persists with strikes mostly oblique and
perpendicular to Sy« (Figure 2.11B). In the Chert Member below, fewer fractures and
faults were detected; these are generally oriented to Sy, in an oblique to perpendicular
sense. While I can attribute the variability in fracture type and orientation in the offshore
wells to changes in lithologies and physical properties as suggested above (e.g., Gross,
1995), Stearns and Friedman (1972) also provide explanations related to geologic
structures. Fractures associated with folds and faults are commonly observed in outcrops
and their origins are well understood. Given the complexity and ubiquity of folds and faults
in my study area, structurally related fracturing is another feasibility for appreciable
variability in fracture orientations. In fact, Narr (1991) explains differences in fracture
spacing in the Point Arguello field with a change of plunge of a local fold, the main
structure in the reservoir.

For onshore well D, dipmeter data was not available for discriminating between
bedding and fractures and also not necessary, because BHTV data quality was excellent.
The Monterey Formation is highly fractured over the logged interval and the BHTV data
resolution is high enough for us to discriminate two general trends: moderately to steeply
dipping fractures and subhorizontal bedding planes (Figures 1.12 and 1.13 left). The
orientation of most steeply dipping fractures is approximately sub-parallel to the ambient
stress field (determined by the breakout analysis) as indicated by the bold arrow pair
(Figure 2.12B). Further, they do not seem to offset the subhorizontal set of bedding planes
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Figure 2.11: Fracture and bedding plane distribution and orientation in Well C. A) Tadpole
representation of fractures (solid circles) and bedding planes (open circles) with depth
including major sequence stratigraphy. B) Lower-hemisphere stereographic
projections of poles to all fracture planes. C) Lower-hemisphere stereographic
projections of poles to fracture planes (black dots) and bedding (gray areas) for
individual lithologic sequences. The gray areas denote general orientation and
distribution of bedding planes in this depth interval. Black arrows denote orientation
of Symax Obtained from breakout analysis in this well.
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Figure 2.12: Fracture and bedding plane distribution and orientation in Well D. A) Tadpole
representation of fractures (solid circles) and bedding planes (open circles) with depth
including major sequence stratigraphy. B) Lower-hemisphere stereographic
projections of poles to all fracture planes. C) Lower-hemisphere stereographic
projections of poles to fracture planes (black dots) and bedding (gray areas) for
individual lithologic sequences. The gray areas denote general orientation and
distribution of bedding planes in this depth interval. Black arrows denote orientation
of Syymax Obtained from breakout analysis in this well.
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(Figure 2.13, left). This implies that a subset of the population of steeply dipping fractures
appears to have formed as Mode I fractures (perpendicular to S3 in the Sy - S, plane) within
the ambient stress field. The depth distribution and orientations of fractures in well D are
shown in Figure 2.12A. The relatively shallow dipping bedding planes and mostly steeply
dipping fractures are easily distinguished (see also BHTV image, Figure 2.13). This
observation prevails throughout the whole depth interval studied with the exception of the
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Figure 2.13: Representative BHTV image of Well D. Left: Acoustic wave amplitude
image, where orange and purple correlate with highest and lowest amplitudes
respectively. Right: Corresponding acoustic wave travel-time image converted to
borehole radius, where purple/blue are smallest and yellow is largest radius. Black
arrows point at representative steeply dipping fracture; red arrows point at bedding
planes.
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Sisquoc Formation. The fracture orientations observed in the Monterey Formation in this
well are quite different from the three offshore wells in the sense that they are not obliquely
or perpendicularly oriented to the local Sy, direction but rather parallel with primarily
moderate to almost vertical dips striking to the NE. Structural interpretation of seismic and
well-log data by Namson and Davis (1990) in the Orcutt field - the surrounding area of well
D - shows the presence of the steeply dipping NE-trending, high angle Orcutt fault. The
authors interpreted this faults as a normal growth fault, active during the Miocene and early
Pliocene. In the late Cenozoic, this fault has experienced a period of slight reactivation as
a thrust fault in association with the formation of the Orcutt anticline, which strikes NE to
E at the location of well D. It is feasible, that the subset of steeply dipping and Sgypax-
parallel striking mode I fractures observed in this well are either structural relics associated
with the transtensional faulting during the Neogene or be a manifestation of the bending
processes in the sedimentary layers associated with folding in the current transpressional
stress regime. Both mechanisms for fracture formation are well documented in the
literature (e.g., Stearns and Friedman, 1972). In both cases, I would expect Mode I fractures
to form parallel to the locally NE-striking Orcutt Fault and Orcutt Anticline. Since I only
observe these fractures in the Monterey Formation (Figure 2.12) - the Sisquoc Formation
above shows fracture attitudes that are different (i.e., moderate dips between 30° and 60°
in south-easterly directions) - the former interpretation appears to be somewhat more
plausible. However, it would be then merely fortuitous that the strike of the Mode I
fractures is parallel to the current Sy, direction.

While the pattern and style of deformation in the study area is undoubtedly complex,
the presence of earthquakes (Figure 2.1) is clear proof of ongoing faulting in the Santa
Maria Basin region. In addition, I found evidence for recent slip along fracture and bedding
planes in the BHTV images analyzed for this study. Figure 2.14 presents local breakout
rotations in well C, that are associated with shear motion along small-scale faults. Shamir
and Zoback (1992) and Barton and Zoback (1994) discuss in detail the evolution of these
local rotations. Because of their short wavelength (< 1 m), I believe that these rotations are
drilling induced local slip-events caused by bottom hole stress concentration or in response
to increased pore fluid pressure around the wellbore during excess pumping while drilling
(Shamir and Zoback, 1992). I think, this observation implies that many of the fracture and
bedding planes are in fact potential slip surfaces (i.e., potentially active in the current stress
field) and minor disturbances to the local stresses, such as changing fluid pressures while
drilling, are sufficient to trigger small-scale rupture along these planes. Hence, the breakout
rotations in the vicinity of the planes that slipped are a manifestation of the rupture-related
local stress-drop and stress field change.
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Figure 2.14: Breakout rotations caused by local slip along small-scale faults (i.e., bedding
or fracture planes) that intersect well C (left and right images present two depth
intervals within the Upper Calcareous Siliceous Member of the Monterey Formation
and uppermost Point Sal Formation, respectively. They are the same type of
unwrapped wellbore images as in Figure 2.3. Note the bending of breakouts as they
approach the sinusoidal planes (highlighted as white lines). The left image illustrates
how breakouts rotate and then vanish as they approach the upper fracture plane (x666.8
m), which is a result of slip related stress drop below the rock strength. The two black
stripes running vertically through the image are tool marks caused by the drilling
process; note, they do not obscure the breakouts or slip planes of interest. The right
image shows various depth locations (e.g., x867.25 m, x867.75 m, or x868.0 m; white
sinusoidat lines are not displayed), where breakout rotations occur without discernible
fracture planes. These rotation were likely caused by faults that were not imaged by
the BHTV-tool. The slip planes are annotated by two sets of numbers (e.g., 39/26),
which denote dip and dip azimuth, respectively.

To elaborate further on the idea of potentially active fracture and bedding planes, 1
generated three dimensional Mohr diagrams (shear vs. effective normal stress normalized
by the vertical stress) for the population of bedding planes (Figure 2.15A) and fractures
(Figure 2.15B) imaged in each of the four wells. The purpose of these diagrams is to
identify the planes, which have sufficient shear stress resolved in the current stress field,
such that they could potentially slip. The diagrams were constructed by assuming two
different cases for stress magnitude for comparison. The first case is
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R =

Sz—sl
= 0. Eqgn. 2.3
S,_S, 5 qn

where S3 = S, which is consistent with the results obtained from the earthquake stress
inversion analysis discussed above. The second case is

R =
S;-§,

= 09 Eqn. 2.4

to account for values I would usually expect in transpressive tectonic provinces (strike-slip/
reverse faulting), where Symax > Spmin =S,. To construct these plots, I assumed that
preexisting faults are optimally oriented for failure as the ratio of shear to normal stress
acting on their surfaces is close to a critical value beyond which rupture occurs (Byerlee,
1978; Jaeger and Cook, 1979). To compute the gradient of the maximum principal stress,
I assumed a coefficient of friction of 0.8 (Byerlee, 1978) and hydrostatic pore pressure
(which was observed). Similar to Barton et al. (1995), a portion of the fracture planes in
each well plot within the failure lines, implying that these planes are potentially active in
the current stress field and are likely to rupture. Intriguing, however, is the fact that the
potential activity not only seems to apply to fractures (right sides in Figure 2.15), but also
to bedding-parallel planes (left sides in Figure 2.15) since many of them are also optimally
oriented for shear failure within the current stress field. In fact, the planes presented on the
right image in Figure 2.14 were interpreted as bedding according to the dipmeter data used
to distinguish between bedding and fractures planes; the ratios of shear to normal stress
resolved on these bedding-parallel (Figure 2.14, right) and fracture (Figure 2.14, left)
planes range from 0.54 to 0.75 for R=0.5 and from 0.66 to 0.75 for R=0.9, which indeed
shows that they are potentially active in the current stress field. This observation further
highlights the importance of bedding plane parallel slip surfaces in active deformation
processes in this region, as suggested by Narr (1991). In the offshore wells (A - C), the
poles to the critically stressed planes (bedding and fractures), which plot above the 0.6
failure line, are generally oriented from oblique to perpendicular to the maximum
horizontal principal stress direction (Syma.x) With moderate dips (see stereographic
projections in Figure 2.15). I believe, that these features represent potentially active reverse
and strike-slip faults. In the onshore well D, critically stressed planar features are pre-
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Figure 2.15: Normalized shear versus effective normal stress for all planar features (refer
to Jaeger and Cook, 1979, p. 28, for details of construction of these diagrams);
Coulomb failure lines (black straight lines) for two different coefficients of frictions u
are representative for most crustal rocks. The diagrams show bedding (left) and
fracture planes (right) separately for two different scenarios: i) R = 0.5, ii) R = 0.9.
Lower-hemisphere stereographic projections to the right of each Mohr diagram present
poles to critically stressed fracture or bedding planes. Black arrow pairs denote Sy ..
direction as found from BHTYV analysis in each well. A) Wells A and B. B) Wells C
and D.
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Figure 2.15: Continued.

dominantly oriented oblique to Sy, With mostly sub-horizontal to moderately steep dips.
The population of these planes in the well has different orientations than the steeply dipping
and Syma.-parallel striking fractures discussed above; only for R=0.9 are a subset of these
fractures with a specific range of azimuths potentially active. It is likely that this
observation is further evidence for the currently passive nature of these Mode I fractures,
which were formed during the Neogene, while fractures with shallower dips and Sy ax-
oblique strikes are more favorably oriented for failure in the current stress field.
Comparing both scenarios of Mohr diagrams for any given well (Figure 2.15), one
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notices that the number of critically stressed planes is larger when R = 0.9 (transpressive
stress regimes in which S, ~ S3), because the lower bound stress circle plots above the
failure line. Although the orientation of these planes is more dispersed, the general
direction — from oblique to perpendicular to Sy, — observed in case A (R = 0.5) still
prevails. Dip angles, however, appear to be mostly moderate. This comparison of both
scenarios implies that the result from the earthquake stress inversion analysis, although
different from my expectations, does not obscure my interpretation of the occurrence and

orientation of potentially active faults within the current stress regime.

2.7 Relation to fluid flow

As mentioned above, the Monterey Formation has very low matrix permeability and
fractures are crucial for providing pathways for oil production. This issue has been
frequently addressed in outcrop and well studies that discuss both qualitatively and
quantitatively the occurrence and orientation of fractures most likely involved in fluid flow
(e.g., Sadler, 1990; Narr, 1991; Crain et al., 1985; Isaacs, 1984). For my study, drill stem
test (DST) data and information from mudlog and core analysis reports are used in
conjunction with the fracture analysis to investigate the relationship between fluid
migration paths and the current stress field.

DST data from various depth zones within the BHTV data analysis intervals were
provided for two of the offshore wells - A (Figure 2.16A) and C (Figure 2.16B). In well A,
seven tests determined formation permeability successfully, whereas only two test values
are reported in well C. Formation permeabilities from DST tests do not provide a means of
pointing out individual fractures and their permeability values; rather, they give the average
permeability of the whole DST interval. Figures 1.16 shows depth versus permeability of
the relevant DST tests (highlighted in gray). These are correlated with lower hemisphere
stereonet representations of poles to fracture and bedding-parallel planes (in Figure 2.16
stereonets on the left show all planes, while the stereonets on the right focus solely on
critically stressed planes) in each interval. Unfortunately, DST data are not perfect
indicators of formation permeability and one can only use them as first order
approximations (lost circulation material or acid added to the drillmud can mask the true
formation permeability). However, I nonetheless believe that these data indicate
generalized patterns between fluid flow and the distribution of fractures and bedding-
parallel features.

DST permeability in well A (Figure 2.16A) is quite low within DST-interval 8 (0.1 mD)
(Siliceous-Shale member); although the test interval is thick (more than 200 feet), the frac-
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Figure 2.16: Formation permeability obtained from drill stem tests (DST) compared with
lower hemisphere stereonet projections of poles to fracture and bedding-parallel
planes, as in Figures1.10 and 1.12, for all planes (left) and only critically stressed
planes (right) for A) well A and B) well C. Gray zones bound relevant DST intervals.
Black arrows indicate Sy, direction obtained from breakout analysis in each well.

Note that formation permeability varies over four orders of magnitude.

ture and bedding-parallel planes in this interval do not seem to contribute to fluid flow. In
contrast, lower in the well within the Chert, Phosphatic, and Basal Calcarecous members
(DST-intervals 2 through 7), high permeability values are observed (100 - 2,100 mD). It is
striking that DST 6, with the smallest depth coverage and the lowest fracture and bedding-
parallel plane population, shows the highest permeability (2,100 mD), which is roughly
four orders of magnitude larger compared to DST-interval 8. This suggests that only a few
or even single planar features may be the sole responsible contributors to fluid migration in
certain depth zones. In well C, permeability values between both DST tests vary by over an
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Figure 2.16: Continued.

order of magnitude (Figure 2.16B). DST 2 was conducted within the Chert member
yielding 170 mD, whereas the DST 3 interval is at the transition between Upper Calcareous
Siliceous and Chert members, showing 9 mD as the formation permeability.

In all DST depth intervals, most fracture and bedding-parallel planes strike
perpendicular or oblique to Sgm., and have moderate to steep dips, as indicated by the
stereonet projections accompanying each DST result (Figure 2.16). Clearly, not only
fracture planes are important as permeable fluid conduits, but I must also consider bedding
plane parallel features. In well C (Figure 2.16B), comparison of orientations shows that
more planes (fractures as well as bedding-parallel planes) are critically stressed in the lower
interval (DST 2) than in the upper (DST 3). Referring to Barton et al. (1995), I think this
observation may imply that in the Monterey Formation, critically stressed shear planes are
responsible for fluid flow. Inferring from my discussion above, I can conclude that these
are either reverse or strike-slip faults. This conclusion includes bedding-parallel planes,
since they are also favorably oriented for failure in the current stress field (Figure 2.15).
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Focusing on well A (Figure 2.16A), I observe that permeability values are either similar
or differ by one order of magnitude, with the exception of DST 8, which differs by four
orders of magnitude. In the short DST-interval 6, where the highest permeability was
observed, nearly all fracture and bedding-parallel planes are critically stressed. This zone
includes the lowermost part of the Chert Member, where the fracture planes dip most
steeply and persistently strike sub-perpendicular to Syp,.,. Bedding planes in this interval
have moderate dips and are also oriented nearly orthogonal to the principal maximum
horizontal stress direction. These observations suggest that reverse faults provide highly
permeable fluid migration paths in this depth interval of the Monterey Formation. A similar
interpretation may also apply to DST-interval 3 (second highest formation permeability),
where most fracture and bedding-parallel planes are also critically stressed. However, the
fracture population in this depth zone of the well (Basal Calcareous Member) is much less
organized in orientation than in the DST-interval 6, which may explain the reduced
permeability value. The reason for lower permeabilities within the other test intervals (DST
2,4,5, 7, and 8) could be the smaller percentage of critically stressed planes and their
increased scatter in dip and orientation.

To explain the low permeability value for DST 8 in well A (Figure 2.16A) — despite the
fact that fracture and bedding-parallel planes are well oriented for failure in the current
stress field — I must discuss another important factor controlling permeability. Gross
(1995), Behl and Garrison (1994), Isaacs (1984), Pisciotto and Garrison (1981), and others
have shown that the mechanical behavior of the Monterey Formation is a function of
lithology. Soft rocks, such as shales or opal-A, deform more plastically; hard rocks, such
as dolostones or cherts, are brittle. Hence, the ability of softer and more ductile shales to
keep fractures open as a means to provide fluid migration paths is potentially reduced
compared with more brittle rocks.

In addition to the DST data, results from core analysis of well C within the Upper
Calcareous Siliceous Member and the Chert Member describe the presence of many
hairline cracks, which show fresh oil stains. These small, Mode-I joints obviously could not
be detected by the borehole televiewer due to its limited resolution and the quality of data
recorded in these wells. The question of whether larger and detectable fractures or small
hairline joints act as major fluid conduits may be evaluated by using information from
mudlogs for this well. Near the bottom of the Upper Calcareous Siliceous Member, where
two steeply dipping fractures striking perpendicular to Sy, (presumably thrust faults)
were detected, 80 bbl of drillmud were lost during drilling (Figure 2.16B). Intuitively, it is
unlikely that small hairline cracks controlled by bedding planes are responsible for this
instantaneous loss of circulation fluids. Moreover, the core analysis report describes one
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foot wide zones of highly fractured rubble in the upper chert member striking perpendicular
to SHmax- These were interpreted as fault gouge. Large features such as these are imaged
by the borehole televiewer, which appears to match my observations. These sources of
information further suggest that larger-scale faults predominantly contribute to fluid flow.

In contrast, information about apparent fracture aperture obtained through the BHTV
image analysis does not provide any further explanation of permeability differences over
orders of magnitude in different depth intervals. Obviously, the aperture values do not

necessarily account for hydraulic apertures needed for substantial amounts of fluid flow.

2.8 Conclusions

Breakout analysis from borehole televiewer data in four wells located in the producing
fields of the Santa Maria Basin (on- and offshore) shows a NE orientation for the maximum
principal horizontal stress, Symax, Which is consistent with regional stress data and NW-SE
trending fold axes in central California. In addition, results from focal plane inversion
analysis, which yielded a similar stress orientation, indicates that this consistency persists
throughout the seismogenic zone of the crust. Analysis of fractures in these wells, in
contrast, reveals that fracture orientation and frequency vary markedly within each well and
laterally among them. In each well, fractures can be divided into distinct subsets on the
basis of fracture frequency and predominant strike and dip directions. These subsets of
fractures correlate with changes of lithology, indicating that the degree of fracturing is
related to tectonic history, diagenesis, and structural variations. Using dipmeter data, I
separated bedding-parallel planes from fractures and faults within the three offshore wells
and analyzed both types of planes independently from each other. Three dimensional Mohr
analysis of these planar features suggests that a large percentage of both bedding planes and
fracture and fault planes are critically stressed (i.e., they are favorably oriented for failure
within the current stress field). Thus bedding-parallel slip plays an important role in active
deformation processes within this region. According to their orientation and dip-angles,
these planar features are potentially active reverse or strike-slip faults. In fact, I observed
local breakout rotations in the wells, that correlate with fracture and bedding planes,
providing kinematic evidence for recent shear motion along these planes. In addition,
earthquake activity in the region of the study area is a further demonstration for active shear
deformation and faulting processes. Only in one well, the onshore well D, do steeply-
dipping fractures strike parallel to Sgy.x, implying that they are Mode I extension
fractures.

To establish relationships between fracture orientation and fluid flow, I used drill stem
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test data (DST) results provided for two of the offshore wells. These data showed evidence
that formation permeability is enhanced at depth intervals with brittle lithologies and
critically-stressed fracture and bedding planes that strike perpendicular or oblique to
Stmax- This result implies that the strike-slip and reverse faults penetrated by the wells play

an important role in providing fluid migration paths in these low-permeability rocks.
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CHAPTER 3

LEAST PRINCIPAL STRESS AND PORE PRESSURE
IN SAND RESERVOIRS OF THE SOUTH EUGENE
ISLAND 330 FIELD, GULF OF MEXICO



Chapter 3 — Least Principal Stress and Pore Pressure in SEI 330, GOM 50

3.1 Abstract

From the South Eugene Island 330 (SEI 330) field, offshore Gulf of Mexico, I compiled
and analyzed pore pressure data and least principal stress measurements from minifracs in
fracture completed reservoirs. The measurements show considerable variability in pore
pressure (Pp,) and minimum principal stress (S3 = Sypin)- Spmin Values range from half the
overburden (S,) to roughly 99% of S,. Pore pressures vary from sub-hydrostatic to nearly
95% of lithostatic. Because the majority of the minifracs were conducted in reservoirs with
appreciable production induced depletion, the measured stresses need to be corrected. 1
applied two methods to correct for the depletion effect: (i) a poroelastic model based on
laboratory derived Poisson’s ratio (v) of 0.3, and (ii) the effective reservoir stress path (i.e.,
A = ASpmi/AP,) with a value of 0.81 for one of the reservoir sands.

In general, whether I consider observations from undepleted sands or sands with
appreciable pressure declines and stress changes, the resulting pore pressures and stresses
show effective stress ratios, K, that scatter significantly and do not correlate with
previously published fracture gradient models for this area. The lower-bound value of K is
0.33, which corresponds to the expected value for Coulomb failure for a coefficient of
friction of 0.6 in normal faulting environments. However, in some sands K approaches
unity, thus indicating an essentially isotropic stress field. Hence, the data indicate a highly
variable state of stress that cannot be simply related to depth or pore pressure, but appear
to reflect a complex interaction between deformational processes and material properties.
Correlating K with sonic and gamma ray logs reveals only a very weak dependency of K
on sonic Vp, which could be suggestive of time dependent creep beavior as observed in
laboratory measurememnts.

Analysis of the pressure surveys show uniform pore pressure reduction over time for
most reservoir compartments. This indicates hydraulically contiguous compartments that
correlate with seismically interpreted fault blocks. In the deepest reservoir sand, however,
I observe a non-uniform pressure reduction behavior within individual fault blocks
implying more complex compartmentalization possibly on a sub-fault block scale.

3.2 Introduction

For many hydrocarbon producing fields around the world, there exists a large body of
publications that attempts to predict fracture gradients as a function of depth to drill
optimally stable and safe wellbores. In general, a vast quantity of different types of data
(e.g., formation integrity tests, leak-off tests, loss-circulation reports) from different
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locations is being compiled by various authors to derive and predict a regional fracture
gradient trend. The papers published for the Gulf Coast (e.g., Matthews and Kelly, 1967;
Althaus, 1977, Pilkington, 1978; Brennan and Annis, 1984) provide a good example for the
different types of least principal stress compliations and fracture gradient predicitions that
may exist. In addition, there has been growing evidence recently that hydrocarbon
accumulation and migration are closely linked to the tectonic stress field. Gaarenstrom et
al. (1993) recognized for the Central North Sea that retention capacity and trapping
integrity of individual pressure cells are controlled by the bounding faults and the local in-
situ stress field. Similarly, Grauls and Baleix (1994) attributed the efficiency of
hydrocarbon transfer between pressure compartments along and across faults in a
sedimentary basin in South-East Asia to be a fundamental function of in-situ stresses. These
examples point towards a potentially close relationship between pore pressure and stress.
Therefore, accurate determination of pore pressures, in-situ state of stress, and rock
properties is critical for addressing engineering issues such as borehole stability and sand
production as well as for understanding dynamic constraints on hydrocarbon migration and
fracture permeability.

In this study, I focus on pore pressure survey and fracture completion data from
reservoir sands of the South Eugene Island (SEI) 330 field (see Chapter 1 for geologic
background). Fracture completions have become popular in poorly consolidated sediments
only in recent years; therefore, relatively little data of this kind exists. The availability of
minifrac data from fracture completions and pore pressure history data from pressure
surveys from the SEI 330 field provides an unique opportunity to accurately characterize
in-situ least principal stresses and pore pressures in the hydrocarbon producing sand
reservoirs. There are three clear advantages of this study over previous studies of this type
in the Gulf coast region: (1) The least principal stress data I use come from minifracs
conducted in sands whereas previous studies derived stress data from low quality leak-off
tests that were predominantly measured in shales. (2) The stress measurements in my study
were taken in the same reservoir sands in which pore pressures were measured whereas
previous compilations often compare stress data from shales with pore pressure data from
sands. (3) All of my data come from the same field (and often even the same well) whereas
previous publications reflect regional compilations. Furthermore, pore pressure history
data from numerous production wells allow me to quantify production related pore pressure
reduction and associated stress changes. Since many of the minifracs were carried out in
reservoirs sands that showed significant pore pressure decline, I anticipated associated
stress changes due to poroelastic effects.
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First, I compile all available data from the SEI 330 field. In reservoirs with substantial
pressure decline, I then attempt to restore initial pore pressure and stress conditions.
Subsequently, I compare the results with previously published fracture gradient models
from the Gulf Coast. Finally, I try to correlate the observed state of stress and pore pressures
with well-log data (i.e., sonic and gamma) to explain potential variability.

3.3 Stress and Pore Pressure Data

3.3.1 Minifractures

Twenty fracture completions from 17 production wells from both the minibasin and the
footwall side of the SEI 330 field provide data on the least principal stress. Figure 3.1 shows
a basemap of the field and locates the respective wells that were fracture completed. I used
the pressure records from mini-fracture tests, which are conducted prior to the actual
fracture treatment, to derive the bottomhole closure pressure. I considered this value to
represent the magnitude of the least principal stress (S3 = Sy ,ip) since it is obtained from
the late stage pressure record after the well was shut-in and the pressure has bled off to the
critical point where it can no longer keep the mini-fracture open (Figure 3.2). At this stage
of the minifrac test, pumping has ceased and the fracture has propagated into the formation
away from the hole. Thus, fracture initiation, near wellbore and fluid related friction effects
have dissipated and the pressure should more or less reflect the current least principal stress
in the reservoir. Closure pressure values are then derived from Horner and ./; -plots using
the transient pressure responses recorded during the mini-fracture test. At least two values
for closure pressure were generally obtained in one test, one for each method. In case an
additional step-rate test was run, two more values for Sy.., were available. This enabled
me to define upper and lower bounds for this parameter. Figure 3.3 exhibits an example of
a pressure-time curve and a .+ -plot for one of the fracture completed wells in the footwall
side of the main growth fault system. Table Al (see Appendix) summarizes the data from
the 20 minifrac tests.

Pore pressure values are generally measured before the minifracture test after
perforation. As described in more detail below, I quality controlled these values with pore
pressure history records, which were in fair to good agreement and required adjustments in
13 wells of up to 545 psi (see Table 1 below).
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3.3.2 Pressure Surveys

A comprehensive data base of pressure surveys from over 80 production wells in the
SEI 330 field was available for my study. The surveys were conducted over two decades of
production history and closely monitor the production related pore pressure evolution
throughout the entire SEI 330 field. From the beginning of their operations, pore pressure
measurements have been taken periodically in individual wells and can be integrated into
pore pressure histories for individual reservoir compartments. Analysis of this integrated
data base allows me to calibrate pore pressures obtained from minifracs during fracture

completions and to address issues related to reservoir compartmentalization and production

7AAN
337 1 B)a3s 339
1

'A B Prod. platform

# Borehole path
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~— (4.8 km) = + Integr. density to
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Figure 3.1: Basemap with trajectories of fracture completed wells (gray). The gray dots
mark the exact location of the minifractures along the wellpaths (gray). Production
platforms are shown as black squares labeled alphabetically for each field block. The
gray crosses locate the four wells for which I integrated density logs to calculate
overburden values, Sv. The map is a schematic structure map of the stratigraphic OI-
1 sand level (see figure 1.4). The major north-west trending growth normal fault
system bounds the minibasin, which is located on the hanging wall side. The black
triangles point towards the relative down-thrown side of a normal fault. A-A' and B-
B’ mark the transect of the two cross sections in Figure 1.4.

induced pore pressure depletion. Because each well is shut-in for a certain period of time
prior to the measurement, the production related local pressure depression around the well
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can equilibrate to some extent and the resulting pore pressure value is a close lower bound

to the real pore pressure in the reservoir at the time of the survey.
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Figure 3.2: Bottomhole pressure versus time in a typical minifracture test (modified from
Gaarenstroom et al., 1993).

Pore pressure data in an individual reservoir compartment need to be corrected to a
common datum, because pressure surveys were carried out in multiple wells at varying
depths. In order to accurately determine fluid pressures at a specific datum, precise
knowledge of in-situ fluid density is critical. I integrated reservoir temperatures and API
gravities from the pressure survey reports using formulas published by Batzle and Wang
(1992) to calculate the in-situ, live fluid density (i.e., taking dissolved gas into
consideration). Comparing my results with calculations carried out by Pennzoil, which
used PVT analysis, showed extremely good agreement with errors in fluid density of 5% or
less. When calibrating and adjusting pore pressures from minifrac tests during fracture
completions, I used the most recent (relative to the date of the minifrac) pressure surveys
from the same reservoir fault block. As shown in Table A1, pore pressures for the minifracs
needed to be adjusted in the case of 13 wells. These adjustments were minor to fair in
magnitude with a maximum value of 545 psi in case of the OI-1 FB-C reservoir. Figure 3.4
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displays an example of pore pressure data from the LF sand in fault block B to illustrate the
following: (i) pore pressure decline as a result of production (Figure 3.4A), (ii) how pore
pressures derived from fracture completions were adjusted to those from pressure surveys

(Figure 3.4A), and (iii) how pressure values corrected to a specific datum using the live oil

density method compare to Pennzoil’s pressure data (Figure 3.4B).
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Figure 3.3: Minifracture in well 316/A-3ST displaying shut-in and closure pressures on (A)
pressure-time curve and (B) ./ -time curves. Modified graphs from Pennzoil.
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Figure 3.4: Pore pressure surveys from 7 productions wells in LF sand, FB-B reservoir. A)
Pore pressure history showing pore pressure decline (APp) due to production. The data
were corrected to a datum of 6911 ft. SSTVD, which corresponds to the fracture
completion depth in this reservoir. Notice the uniform pore pressure decline. The open
box with the cross exhibits the pore pressure measured prior to the minifrac in well
330/A-22. This value is adjusted (by 100 psi as labeled) to the most recent pressure
survey in well 330/A-12A carried out in 1992 (inversed, black triangle). B)
Comparison of calculated reservoir pore pressures using the live oil density method
with Pennzoil’s pressure data (derived from PVT analysis). The gray box outlines a
pressure difference of +100 psi, which corresponds to an error of approx. 4%.
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3.3.3 Overburden

Another requirement for this analysis is accurate knowledge of the overburden stress.
The overburden stress was calculated using integrated density logs because I expected low
overburden gradients in the SEI 330 field due to undercompaction and overpressure effects
at depth. Four wells were chosen to represent the overburden gradient with depth (two from
the minibasin side and two from the footwall side; see Figure 3.1). Figure 3.5 displays the
calculated density gradients as a function of depth. In the depth range of interest (i.e., from

Overburden gradient [psi/ft]
0.5 0.6 0.7 0.8 0.9 1

G Ll%lmi}llll!llll IEVERENENI] llllllll LLL I]III
) .
1000 N
] \,
2000 | \
] \
] A
3000 | \
] |y
4000 \
] |
g ] \w
= et | B
S 20007 [
) .
. Nl
A 6000 2
7000
o
B
8000~ bE—
- i
. I
9000 2
] §'|
] S
10,000 -

Figure 3.5: Overburden gradients for four wells used in to calculate the overburden (Sv) at
fracture completion depths in the SEI 330 field. Note for comparison the often
assumed constant gradient of 1 psi/ft.
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4,800 ft. to 7,700 ft.) all four curves essentially overlay showing an average overburden

gradient of approximately 0.919 psi/ft. This is considerably lower than the often assumed
constant gradient of 1 psi/ft (e.g., Althaus, 1977).

3.4 Reservoir pore pressures and states of stress

3.4.1 Effect of production on pore pressures and least principal stresses

The values for pore pressure and Sy, (Table Al) are displayed in Figure 3.6 as a
function of depth and exhibit large variations. I attribute this observation to the fact that
despite their spatial proximity within the same field (Figure 3.1), individual reservoir
compartments with varying pressure and stress characteristics are complied in this graph.
These compartments are either separated by normal faults or pinching out sand lenses
within the basin proper (see cross-section in Figure 1.4). In general, the least principal

stress varies from 66% to almost near lithostatic (i.e., 99%) and pore pressures range from
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Figure 3.6: Average minimum principal stress, Shmin, (A) and average pore pressure (B)
as derived from fracture completions. Error bars denote upper and lower bounds (often
masked by symbol). For both plots the overburden was derived from integrated density
logs. Hydrostatic pore pressure was calculated with a constant brine gradient of 0.465
psi/ft. The seawater depth in the field is 248 feet. The figure also displays the
approximate depth of various sand levels (compare with cross-section, Figure 1.4).

sub-hydrostatic (i.e., 37%) to 95% of S,. Hydrostatic or even sub-hydrostatic pore pressures

correspond with low S; ., values, while high pore pressures correlate with least principal
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stresses that are close to the overburden. This apparent link suggests an intrinsic
relationship between pore pressure and the least principal stress. Likewise, Flemings et al.
(in prep.) observed in a nearby well of the SEI 330 field that with increasing overpressure
the total stresses (Sy = Sgmax» S3 = Shmin) @pproach the overburden (S =S,) in a non-linear
fashion while differential and effective stresses decrease. The increase of overpressure with
depth is a common phenomenon in the Gulf Coast region because it reflects processes of
rapid sediment loading and poorly drained conditions of alternating sand and thick shale
sequences resulting in compaction disequilibrium (Dickinson, 1953; Traugott, 1997). Quite
surprising, however, is the observation of hydrostatic or even sub-hydrostatic pore pressure
conditions at depths of over 5,000 feet SSTVD. Because most of the wells were fracture
completed only very recently in reservoirs that had been under production for up to 25
years, I believe that the pore pressures measured reflect depleted reservoir conditions at the
time of fracture completion. Therefore, these pore pressures and stresses do not represent
the reservoir’s unperturbed (i.e., initial) state and require to be restored. I address the issues

of compartmentilization, depletion behavior, and required corrections next.

3.4.2 Reservoir depletion

The pressure survey data available for this study allow me to investigate pore pressure
histories for most producing reservoirs in the SEI 330 field. Therefore, I can address issues
related to compartmentalization, depletion behavior, hydraulic reservoir communication
across faults, hydrocarbon column heights, and production related pore pressure changes.
In this section, I focus on the latter issue because it is important for identification of
reservoir stress paths and restoration of the initial states of stress. All former issues are
presented in detail in chapters 5 and 6 of this thesis.

The pore pressure surveys show that a large number of fracture completed reservoirs
have experienced (partly significant) depletion due to intensive hydrocarbon production.
The pressure transients of different reservoirs exhibit very different behaviors and appear
to be a function of the stratigraphic level of the sand (see chapter 5). Figures 3.4A and 3.7A
through C present four examples of characteristic transient pore pressure behavior in the
SEI 330 field from three fracture completed reservoirs. The cross-section in chapter 1
(Figure 1.4) helps to locate their relative structural and stratigraphic positions. As indicated,
the pressure values in each of the reservoirs come from various pressure surveys in different
wells, hence, they were datum corrected to be able to compare them.

The KE-1 (Figure 3.7A) and LF (Figures 3.4A and 3.7B) sands are moderately
overpressured (0.62 < A < 0.65; Table A2) and show uniform pressure declines of
approximately 700 psi and 2000 psi respectively. The late stage flattening at pressure levels
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Figure 3.7: Pore pressure depletion in three different reservoir compartments of the SEI 330
field. The data in each of these examples were corrected to a specific datum (as
indicated) to be able to compare pore pressures from different wells (displayed by
different symbols). Pore pressures from corresponding minifracs are shown with open-
crossed squares. The arrows at the depth axes indicate hydrostatic pore pressure (0.465
psi/ft) at the corresponding datum. A) KE-1 sand, FB-B reservoir from the minibasin
side. B) LF sand, FB-A reservoir from the minibasin side. C) L-1 sand, FB-C reservoir
from the footwall side.
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Figure 3.7: Continued.

that are (sub-)hydrostatic indicates that the reservoirs have reached an equilibrium most
probably with their ambient aquifers. The remarkable uniform depletion behavior in all
three reservoirs indicates internal, hydrological contiguous compartments that coincide
with seismically interpreted fault bounded fault blocks. In contrast, the Lentic-1 (or L-1)
sand (Figure 3.7C) reveals severe overpressured conditions (A > 0.8; Table A2) and strong,
non-uniform pressure depletion over ~10 years of production. This behavior suggests
undrained reservoir conditions and possible compartmentalization on a sub-fault block
scale. Additionally, I observe the following: (i) pore pressures in one of the wells surveyed
(crosses in Figure 3.7C) essentially maintain their initial value; (ii) pore pressures measured
at the time of the minifracs indicate the same values when compared with the earliest (i.e.,
initial) pore pressure measurement available for this sand. Given (i) and (ii), there is
evidence that the production related pore pressure change is zero. In chapter 5, I discuss the
possible underlying compaction mechanism that gives rise to this type of behavoir.

In summary, the production related pressure transients exhibit different behaviors as a
function of the stratigraphic level of the reservoir. Intermediate reservoirs are moderately
overpressured and exhibit uniform pressure depletions between 700 psi and 2,000 psi. The
deep L-1 sand is severely undercompacted and overpressured. Non-uniform pressure
transients within the same fault block indicate sub-compartmentilization. In fact, the data

suggest that there has been no pore pressure change despite production.



Chapter 3 — Least Principal Stress and Pore Pressure in SEI 330, GOM 62

3.4.3 Depletions corrections and stress paths

Because of the apparent intrinsic interdependence between pore pressure and stress
observed in Figure 3.6, I also expect stress changes to accompany the observed fluid
pressure reduction (Segall and Fitzgerald, 1998). Since all fracture completions were
carried out at a later stage in the production histories of the SEI 330 sands, the least
principal stresses do not reflect the undepleted (i.e., initial) conditions and need to be
corrected. Estimating the change of least principal stress with the change of pore pressure
(i.e., the stresspath) is generally a difficult task, especially for the poorly consolidated and
highly overpressured sediments of the SEI 330 field. This raises the question of how the
reservoir sands compact as hydrocarbons are being produced. While I also study this issue
in chapter 5, I introduce and present here the results of two ways that appear most plausible
to me in order to correct for the effects of depletion.

First is a method that is based on results from laboratory experiments and the
assumption of a constitutive law for mechanical compaction. Chang and Zoback (1998)
conducted drained, uniaxial compaction tests on core samples from well 316/A-12 (the
footwall side of the basin bounding growth fault system; see Figure 3.1) under zero lateral
strain conditions and measured an average static Poisson’s ratio (v ) of 0.3. Although visco-
elastic creep was observed in the core plugs over short time scales, and although other
publications address the issue of non-linear elastic or even plastic stress relaxation in
sedimentary rocks over geologic times (e.g. Holbrook, 1995), I assume for this correction
method that on the scale of the SEI 330 reservoirs and over the time-span during which oil
and gas have been produced from the field (i.e., max. 20 years), the sediments respond
primarily elastic to the hydrocarbon production. Engelder and Fischer (1994) derived a
formula that accounts for the change of horizontal stress, AS,, with a change in pore
pressure, AP, , using simply the equations of linear elasticity under the assumption of zero
later strain:

I—ZDAP

AS;‘=G1_D P

Eqn. 3.1

where o denotes Biot’s coefficient. I assume o ~ 1 because of the unconsolidated nature
of the reservoir sands the modulus of the solid constituents (excluding pores) is probably
much larger than that of the bulk sand (including pores) (i.e., Kg >> Ky). Since the
reservoirs are believed to exhibit a high aspect ratio of length over width, the overburden S,
does not change. Using the value of 0.3 for v as determined by Chang and Zoback (1998)
in equation 3.1, the change of stress amounts to AS, = 0.571 - AP,.
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The second method bypasses the assumption of a constitutive compaction law for these
soft sediments. I carefully searched leak-off test (LOT) data from wells drilled into initially
undepleted reservoir sands and found one LOT carried out in the LF FB-B reservoir that
obviously fractured the sand reservoir. Given the Sy;, magnitudes from the LOT and
minifrac, I can calculate AS, that corresponds to AP, in this particular reservoir
compartment (Figure 3.8). The ratio of AP, and AS, defines the stress path parameter A
(Addis et al., 1996):

s,

A =
AP,

Eqn. 3.2

Parameter A presents the effective reservoir behavior under loading conditions (i.e.,
increase of effective stress as the pore pressure is drawndown) and a characteristic reservoir
rheology. Note, A does not impose any boundary conditions on the physical behavior of the
reservoir. Because 1 consider only two points along this stress path (initial state and
depleted state at some later time), any intermittent time or pressure dependent compaction
behavior is averaged out and the actual stress path of the reservoir is neglected. In case of
the LF FB-B reservoir, the value for A is 0.81. This value is similar to results found by
Engelder and Fischer (1994) and Teufel et al. (1991). Because this is the only LOT I found
in an undepleted reservoir of all the reservoirs studied, I assume the same value for A for
the remaining reservoir sands with significant depletion history (i.e., they follow the same
stress path) to restore their state of stress.

In order to calculate the least principal horizontal stress change, I used the pressure
survey data to extract current and initial pore pressures within individual reservoir
compartments and calculate AP,,. Figures 3.4A and 3.7B and C serve as examples. Using
equations 3.1 and 3.2, I then calculated the associated least principal stress change and
added it to the Sy;, value from the minifrac test to obtain the unperturbed (i.e., prior to
hydrocarbon production) S;.;, magnitude. Table A2 (see Appendix) summarizes
production related pore pressure changes and associated restored stress values. Notice,
since there is no obvious pore pressure change with production in the Lentic sand (Figure
3.7C) there is consequently no least principal stress change.

Figure 3.9 illustrates the effect of production related pore pressure and stress correction
to initial (i.e., undepleted) conditions. In this figure, pore pressures and least principal
stresses are normalized by the overburden, S,, which removes the explicit depth effect and
yields a dimensionless plot. The diagrams also show lines for three common rock
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mechanical models: (i) The hydrofrac failure limit at which the pore pressure equals the
least principal stress and natural hydraulic fracturing occurs (Hubbert and Willis, 1957; Nur
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Figure 3.8: Pore pressure history from pressure surveys in 7 wells and least principal stress
data (LOT and minifrac) from two wells drilled into the LF FB-B sand reservoir. The
pore pressure data were corrected to a datum of 6911 ft. SSTVD. For reference, I
display the hydrostatic pore pressure (arrow) with a gradient of brine (0.465 psi/ft).

and Walder, 1990). (ii) Frictional failure (i.e., Coulomb failure) for a coefficient of friction
(W) of 0.6 (Zoback and Healy, 1984, 1992). According to this model, the state of stress is in
frictional equilibrium with pre-existing, optimally oriented shear planes and faults (Jaeger
and Cook, 1971; Byerlee, 1978). (iii) The isotropic stress state for which §; = §, (i.e.,
Smin = 5,). Note, that the lines for (i) and (ii) converge as pore pressure increases.

As Figure 3.9A and B show, depending on the magnitude of AP, the correction
generally brings the reservoirs either closer or right on to an isotropic stress state (i.e.,
Shmin/Sy = 1). For the first correction method (i.e., with v = 0.3; Figure 3.9A), the slope of
the stress path is less steep than the frictional failure line for u = 0.6. Hence, the corrected
state of stress in the reservoirs is not only more isotropic but also closer or in frictional
equilibrium. In case of the second method (i.e., with A = 0.8; Figure 3.9B), the stress path
slope is steeper than the frictional failure line distancing the corrected reservoir stress states
further from frictional failure but bringing them even closer to stress isotropy compared to
the previous method. Because the resulting stress state in case of one well (OI-1/FB-C) is
actually above the isotropic stress line (Figure 3.9B), I think that the assumption of a similar
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A value for all SEI 330 reservoirs is incorrect (i.e., too high) for this sand. Since I consider
S, as the maximum principal stress in the normal faulting environment of the SEI field, the
ratio Syin/Sy can never be greater than 1. Stratigraphically, the OI-1 sand is the deepest
and oldest sand of all reservoirs that need to be corrected for depletion. It was deposited in
a different sedimentation cycle than the shallower sands (Alexander and Flemings, 1995)
and, therefore, exhibits variations in composition, pore pressure, and compaction
conditions. Hence, a different value for A (i.e., smaller than 0.81) appears to me quite
plausible. Similarily, three sands in Figure 3.9A are driven below the frictional failure line
toward hydraulic fracturing by the depletion correction using v = 0.3. Because these are the
shallow and relatively clean KE-1 sands, I would expect a steeper stress path (i.e., smaller
V) than the one predicetd using the laboratory measured value for Poisson’s ratio. These
two last observations reveal the problem of the very limited data available to restore the
initial state of stress in the fracture completed reservoirs. This requires me to assume a

similar value for A or v for all depleted reservoirs that require stress correction.
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Figure 3.9: Normalized least principal stress versus normalized pore pressure. The
diagrams display depleted conditions as open triangles, restored conditions as black
triangles, and reservoirs unaffected by production as gray squares. Arrows indicate
individual stress paths (i.e., connect depleted and restored conditions in an individual
reservoir). Hydraulic fracturing, frictional failure for a coefficient of friction (i) of 0.6,
and the isotropic stress state are shown as dashed lines. (A) The original state of stress
was calculated using the assumption of zero lateral strain in the SEI 330 field. (B) The
original state of stress was restored using the stress path parameter A.
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In general, the stress path derived from the lab measurements on Lentic cores is less
steep than the one derived from the field observation in the LF sand (Figure 3.9). I think,
there are two possible explanations for this difference: (i) the LF and Lentic sands are from
two different stratigraphic levles with profound variations in sand consolidation and pore
pressure. As a result, production induced compaction and stress change vary also. (ii)
Consistent with Teufel et al. (1991), field data generally show steeper stress paths than lab
measurememnts because of different boundary conditions (BC). While a strict zero lateral
strain BC can be maintained in the lab, a combined stress-strain BC is probably more likely
in the field. The OI-1and KE-1 cases show that, additionally, the BC in the field probably
vary between different reservoirs resulting in variable stresspaths vary as well.
Nonetheless, I believe the two methods presented most likely serve as upper and lower

bound and the effective stress path for each reservoir sands lies somewhere in between.

3.4.4 [Initial reservoir conditions
In Figure 3.10, I display the restored (i.e., initial) pore pressures in two different ways: A)
pore pressure versus depth to compare it with Figure 3.6A and B) normalized pore
pressures (i.e., A = P,/S,) as a function of depth to better illustrate overpressured conditions
in individual, undepleted sand reservoirs. As with the depleted reservoir pore pressures,
initial pore pressures show significant scatter ranging from slightly to severely
overpressured conditions (i.e., A = 0.58 to A = 0.95). However, in spite of the large
variations, the data suggest to follow one of three trend lines depending upon structural
position and stratigraphic level in the field. While the structural position of the footwall
reservoirs (i.e., the Lentic sands) is quite shallow, stratigraphically they are the deepest
sands and characterized by relatively high shale contents, limited continuity, and poorly
drained conditions (because they were rapidly buried and are overlain by thick shale
sequences). As a consequence, the A trend line (Figure 3.10B) indicates moderate to severe
overpressures. In contrast, stratigraphically shallower sands within the minibasin exhibit
less overpressure because they are more continuous, relatively clean, and characterized by
better drainage (Holland et al., 1992). In particular the shallowest reservoirs are only mildly
overpressured. Deeper minibasin sands are less well drained and consequently exhibit
moderately overpressured conditions.

In Figure 3.11, I converted the production restored stress data to effective stress ratio,
K, which is simply calculated by taking the ratio of the effective least horizontal stress,
Ohmin (Shmin - Pp) over the effective overburden stress, o, (S, - Pp,):
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K - 0hmin
o,

67

Eqgn. 3.3

Notice, for comparison I also display K values for depleted reservoir conditions in the

two figures.
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Figure 3.10: Undepleted (i.e., restored) pore pressures in SEI 330 reservoirs that were
fracture completed. For both plots, the overburden was derived from integrated density
logs. Hydrostatic pore pressure was calculated with a constant brine gradient of 0.465
psi/ft. The seawater depth in the field is 248 feet. The figure also displays the
approximate depth of various sand levels (compare with cross-section in Figure 1.4).
A) Pore pressure versus SSTVD. Error bars denote upper and lower bounds. B)
Normalized pore pressure (A=Pp/Sv) versus SSTVD. Reservoirs from within the
minibasin and the footwall side are denoted as black triangles and black squares
respectively. Pore pressure trends for hydrostatic conditions, the footwall side, and

shallow and deep sand levels in the minibasin are displayed as dashed lines.

Based on previous studies, I would expect K to increase with depth (Althaus, 1977;
Breckels and vanEekelen, 1982; Brennan and Annis, 1984; Mathews and Kelly, 1967;
Pilkington, 1978). However, my data show no clear correlation but rather scatter,
regardless whether I consider depleted (open triangles) or both initial (black squares and
gray triangles) conditions (i.e., v=0.3 and A=0.8). For the two initial states, I find the
majority of the data to be limited by two bounds: (1) K =0.32 and (2) K = 1. The first value
corresponds to frictional faulting theory for a coefficient of friction () of 0.6 (as introduced

above):
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K =% h2i1ep)” Eqn. 3.4

The second value relates to an isotropic stress state in which all differential stresses in
the reservoir sands have dissipated comparable to an ideal fluid. K = 1 is also the upper
bound in a region of normal faulting (like the SEI 330 field), where the overburden, S,, is

the maximum principal stress.
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Figure 3.11: Effective stress ratio, K, versus SSTVD for depleted (open triangles), restored
(gray triangles) and unaffected sand reservoirs in fracture completed wells of the SEI
330 field. “Unaffected” refers to negligible pore pressure reduction. The two dashed
lines show the bounds for Coulomb frictional faulting (K=0.32) and isotropic stress
state (K=1). A) State of stress was restored using a value of Poisson’s ratio (v) of 0.3.
B) The state of stress was restored using a value for the stresspath parameter A (ASh/

APp) of 0.8.

A large number of other studies have shown that the state of stress in most rock types
encountered in the upper, brittle part of the Earth's crust is in frictional equilibrium for p =
0.6 (e.g., Zoback and Healy, 1984, 1992; Barton et al., 1995; Brudy et al., 1997). In
contrast, the stress data from the SEI 330 field suggest that frictional equilibrium for p =
0.6 may only act as a lower bound and the majority of the sand reservoirs are, in fact,
characterized by lower differential stresses (i.e., more isotropic state of stress). Figure 3.12
displays the undepleted conditions in normalized least principal stress versus normalized
pore pressure space. Regardless of whether I consider measurements corrected for
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depletion with A = 0.8 or v = 0.3, I can conceptually characterize the initial reservoir
conditions with the following three classifications: (i) Sands that follow the frictional
failure line for p = 0.6. (ii) Near isotropic stress states (i.e., zero differential stress) implying
almost no strength comparable to a fluid. (iii) Intermediate conditions indicating reduced
strength and low differential stresses. Apparently, the Coulomb model is not appropriate for
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Figure 3.12: Normalized least principal stress versus normalized pore pressure for restored
(i.e., undepleted) reservoir conditions. Black triangles display data restored using the
stress parameter method with A=0.8, gray triangles show restored data with the
laboratory derived Poisson’s ratio of v=0.3. Black squares represent data of reservoirs
unaffected by depletion.

the majority of the reservoir sands (i.e. they are not deforming in a manner described by
frictional failure), which favors the idea of either weak sediments (i.e., pL values that are
considerably lower than 0.6) or mechanisms that allow to dissipate differential stresses. In
fact, laboratory measurements by Chang and Zoback (1998) on unconsolidated sediments
from the same field have shown time-dependent visco-elastic creep and stress relaxation
(i.e., dissipation of differential stress). In a later section of this chapter, I try to verify the
ideas derived from the laboratory measurements by integrating stress data with material
properties obtained from well-logs.
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3.4.5 Comparison with other fracture gradient models

Comparing the South Eugene Island data with three common fracture gradient
regressions from the Gulf of Mexico (Althaus, 1977; Breckels and van Eekelen, 1982;
Brennan and Annis, 1984) (Figure 3.13) demonstrates that there is no obvious correlation
with either the depleted or the initial pore pressures and stresses. I think, this mismatch is
the result of the stress and pore pressure data being exclusively from within sand reservoirs
in one specific Gulf Coast field. The three representative compilations, in contrast, are
empirical regressions based on regional stress data mostly measured in shales. In fact, for
most of the data points the regressions overpredict the stress magnitudes (i.e., Syp;,) in the
sands, which is in agreement with the idea that stresses in shales are generally higher.
However, the trend of the regressions could also indicate creep behavior in shales as
similarily observed in sands by Chang and Zoback (1998). Since the creep was attributed
to the presence of clay, shales can have even lower differential stresses than sands because

of their higher clay content.
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Figure 3.13: Normalized least principal stress versus normalized pore pressure for initial
(i.e., undepleted) reservoir conditions. Hydrofrac, frictional faulting, and isotropic
stress state lines are shown dashed. The four different fracture gradient regressions
were calculated for a reference depth of 6,500 ft. SSTVD and an average overburden
gradient of 0.92 psi/ft. A: Althaus (1977); B&VE: Breckels and vanEekelen (1982);
B&A: Brennan and Annis (1984); P: Pennzoil (unpublished data). A) State of stress
was restored using a value of Poisson’s ratio (v) of 0.3. B) The state of stress was
restored using a value for the stresspath parameter A (ASh/APp) of 0.8.

Among themselves, the regressions also show no obvious match. I attribute this to the
fact that they are not only based on various regional data but also on different data types for
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stress determination. For example, Breckels and vanEekelen (1982) primarily used
formation integrity tests (FITs), which are ambiguous for least principal stress
determination since the reservoir is not fractured. Althaus (1977) and Brennan and Annis
(1984) used circulation losses and leak-off tests (LOTs) respectively. While these tests
usually cause the sedimentary rock to fail, it is not clear whether they reflect the
breakdown, propagation, closure, or some intermittent pressure, which can be very
different.

In summary, I think the regressions prove not to be useful in predicting least principal
stresses in sand reservoirs of the SEI 330 field. Regardless of whether I consider depleted
(not shown in Figure 3.13) or initial (i.e., depletion corrected) conditions, the SEI 330 data
exhibit significant scatter which implies that stresses in these reservoir sands cannot be
related to depth or pore pressure by a simple relation. From my point of view, the SEI 330
data rather reflect a complex interaction between deformational processes (i.e., varying

stress/strain boundary conditions) and material properties.

3.5 Correlation of stress with material properties

In the previous section, initial as well as depleted reservoirs conditions in the fracture
completed sands have shown significant scatter in the state of stress (i.e., effective stress
ratio, K). Essentially independent of pore pressure, structural, or stratigraphic position, the
reservoir sands can experience either stress isotropy, are in frictional fequilibrium, or show
intermediate stress states. In this section, I analyze well-log data (i.e., gamma ray and sonic)
within the fracture completed reservoir sand intervals in order to identify a potential
correlation of material properties with the state of stress. Based on the fact that
unconsolidated, overpressured, and clay bearing sands have shown viscous creep in
laboratory experiments (Chang and Zoback, 1998), I would expect to find a trend by cross-
plotting sonic velocity or gamma ray versus K. These expectations are based on the idea
that with increasing gamma (i.e., shale content) and decreasing sonic velocity (i.e., degree
of undercompaction) the state of stress should be more isotropic (i.e., the effective stress
ratio K approaches unity). In turn, high K values should also reflect a state of compaction
disequilibrium (i.e., low velocity due to high porosity), severe overpressures, and high

gamma as a result of insufficient drainage due to increased shale volume fractions.

3.5.1 Well-log data

Given various types of well-log data from about 30 wells, I selected 8 wells that
penetrated the fracture completed reservoir compartments (i.e., fault blocks) and had good
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quality data of the following types: gamma ray, compressional sonic velocity, resistivity,
and bulk density. Three out of the eight wells were actually fracture completed in the
following reservoirs: OI-1/FB-C (well 330/A-22), LF/FB-B (well 330/A-21), and L-1/FB-
C (well 316/A-12). Hence, the reservoir properties recorded by the well-logs in these
reservoirs directly correlate with the stress state obtained from the fracture completions.
For all remaining reservoirs, I assume that the properties recorded by the well-logs and the
state of stress measured in the minfracs do not change within the same reservoir
compartment and, therefore, can be correlated. With the help of structure maps I obtained
reservoir penetration depths and identified the fracture completed reservoir intervals on the
logs from which I extracted the relevant data. As an example, Figure 3.14 shows the
reservoir intervals penetrated by well 330/A-21. This log does not show the Lentic sand
since it is the deepest reservoir in the SEI 330 field and was not penetrated by this well. The
data used for the Lentic analysis come from wells in SEI block 316 located in the footwall
of the minibasin bounding growth fault system (Figure 3.1). For the log data from any given
reservoir interval, I ran statistical analyses for gamma ray and sonic velocity logs to
determine their average values and standard variations. Table A3 lists mean values of sonic
Vp, gamma ray, and density logs of the eight relevant wells. Error ranges come from
statistical standard deviations, which ranged generally between 3% and 7%.

Sonic velocity

Acoustic velocities are primarily a good indicator for porosity. Measurements by
Wyllie et al. (1956, 1958) already revealed simple, monotonic relationships between
velocity and porosity. Extensive research has been done ever since (see Mavko et al., 1998,
for a review on the most important models). Because overpressured sediments are often
associated with compaction disequilibrium, acoustic velocity measurements can be used to
predict effective stresses and, subsequently, pore pressure (e.g., Hart et al., 1995; Stump et
al., in prep.). Following the ideas presented in these publications, I would thus expect to
find a trend that inversely relates sonic velocities with observed overpressures and effective
stresses.

In Figure 3.15, I display four cross-plots of stress or pressure versus sonic Vp. Figures
3.15A and B show overpressure (i.e., pore pressure in excess of hydrostatic) and effective
vertical stress, respectively. Both graphs exhibit trends as I would expect for the
unconsolidated sediments of the field. Firstly, overpressure increases with decreasing Vp
(Figure 3.15A). Unless secondary fluid generation mechanisms are operative,
overpressured reservoir sands can usually be characterized by relatively high porosity and
undercompaction (Bowers, 1994; Hart et al., 1995). Hence, as I would expect, this trend
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suggests insufficient drainage of pore fluids associated with compaction disequilibrium.
Secondly, effective vertical stress increases with increasing sonic Vp (Figure 3.15B). This
trend reflects the mechanical reduction of porosity with increasing compaction (i.e., burial).
Thus, high velocities coincide with low porosities and low overpressures as the sediment
grains support most of the load (i.e., high effective stresses) and low velocities, in turn,

present undercompacted and overpressured reservoirs with relatively high porosities.
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Figure 3.14: Well-log data from well 330/A-21 including four depth intervals of reservoirs
sands that were fracture completed (gray boxes). Gamma ray and sonic At are
displayed on the left; resistivity and bulk density are on the right.

In contrast, effective horizontal stress data (Figure 3.15C) scatter and show no obvious
trend as a function of sonic Vp. The effective least principal stress appears not to be a
simple function of porosity and overpressure unlike the effective vertical stress. Therefore,
predicting horizontal stresses in SEI 330 reservoir sands with sonic log data seems not
feasible and models imposing zero lateral strain boundary conditions to predict horizontal
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stresses appear not applicable. Similarly, effective stress ratio, K (Egn. 3.3), exhibits no
clear correlation with sonic velocity (Figure 3.15D) which is due to the scatter in effective

horizontal stress. Perhaps, there appears to be a weak trend in the sense that reservoirs with
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Figure 3.15: Mean compressional sonic velocity (Vp) versus (A) overpressure (i.e., pore
pressure in excess of hydrostatic), (B) effective vertical stress, (C) effective horizontal
stress, and (D) effective stress ratio K. The dashed lines in (D) represent an isotropic
stress state where all principal effective stresses are equal, and the Coulomb criterion
for a coefficient of friction (i) of 0.6.
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Figure 3.15: Continued.

higher Vp values tend to have lower effective stress ratios and vice versa (shown as gray

arrow in Figure). This observation may be a hint that overpressured and underconsolidated

reservoirs dissipate differential stresses (i.e., creep) and approach an isotropic stress state

as observed by Chang and Zoback (1998) in laboratory measurements on Lentic core from
the SEI 330 field.
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Gamma ray

A number of publications have postulated that creep (i.e., time dependent strain) is an
important deformation mechanism for compacting sedimentary basins (Holbrook and
Maggiori, 1993; Ostermeier, 1993; Scott et al., 1998). Chang and Zoback (1998) attribute
their observed visco-elastic behavior and time dependent stress relaxation to small amounts
(~10%) of intergranular clay. Therefore, I want to test with gamma ray logs whether there
exists a correlation between the presence of shale (i.e., clay) and the observed stresses in
the fracture completed SEI 330 reservoirs. In other words, if viscous creep as described by
Chang and Zoback (1998) is the responsible mechanism for the observed state of stress in
the SEI 330 reservoirs then sands with high K values should have high gamma and vice
versa.

Plotting overpressure and effective vertival stress as a function of gamma (Figures
3.16A and B) shows a clear trend in the sense that overpressure decreases and effective
vertical stress increases as gamma increases. This correlation is somewhat surprising as I
would expect the opposite trend (i.e., high gamma values at high overpressures and low
effective stress) because as a function of depth and overpressure in the SEI 330 field the
volume fraction of shale increases relative to the volume fraction of sand (Alexander and
Flemings, 1995). However, the described volume fractions in this publication refer to the
gross volume in the field and not to individual reservoirs. In fact, all SEI 330 reservoirs are
relatively clean independent of their stratigraphic position in the field (Holland et al.,
1992). In other words, the net amount of shale increases relative to the net amount of sand
as a function of depth simply because the thickness of the shale layers separating the sand
reservoirs increases. Because with depth the relatively clean sand reservoirs are
increasingly undercompacted and overpressured, the trend in gamma values in Figures
3.16A and B may also reflect a relative increase in porosity (i.e., undercompaction) if I
assume a constant amount of shale. To further explore this idea I cross-plotted in Figure
3.17 GR versus Vp. This plot exhibits an increase in gamma with increasing sonic velocity.
This trend may suggest the postulated porosity and relative gamma effect due to the
unconsolidated nature of the SEI 330 reservoir sediments. In other words, as velocity
increases the sands compact and porosity decreases which increases the relative amount of
shale. I want to emphasize again that this conclusion is based on the assumption of relative
clean and well sorted sands, which were described by Holland et al. (1992) and Alexander
and Flemings (1995).

Figures 3.18A and B show effective horizontal stress and K as a function of gamma.
Like with sonic velociy, the effetive horizontal stress does not exhibit the same porosity
effect as the effective vertical stress but rather scatters (Figure 3.18A). As a result, K
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scatters as well and shows no real trend. From these observations, I conclude that the
measured gamma values do not account for the scatter in the state of stress observed in the
SEI 330 reservoirs.
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Figure 3.16: Mean gamma ray versus (A) overpressure (i.e., pore pressure in excess of
hydrostatic) and (B) effective vertical stress for the fracture completed reservoirs listed
in Table A3.
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Figure 3.17: Mean gamma ray versus mean sonic velocity for the fracture completed
reservoirs listed in Table A3.

3.5.2 Summary

Correlation of sonic and gamma ray log data with overpressure and effective stresses
indicates a porosity trend for both data types. With increasing overpressure and associated
undercompaction (i.e., porosity increase) both sonic Vp and gamma decrease. On the other
hand, with increasing effective vertical stress (i.e., burial) both gamma and Vp increase
wich suggests to reflect the relative mechanical reduction of porosity.

In contrast, effective horizontal stress and effective stress ratio, K, do generally not
reflect any obvious correlation with sonic Vp or gamma. However, there may be a weak
dependency of K to sonic Vp in the sense that reservoirs with higher sonic Vp exhibit
somewhat lower K values (i.e., higher differential stresses). In general, though, it appears
that the effective horizontal stress, hence K, cannot be easily determined with these log
measurements because they either do not capture the viscuous creep and time dependent
stress relaxation as observed in the laboratory or other factors influence K such as varying
stress/strain boundary conditions or different types of rheology.
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Figure 3.18: Mean gamma ray versus (A) effective horizontal stress, and (B) effective
stress ratio K for the fracture completed reservoirs listed in Table A3. The dashed lines
in (A) represent an isotropic stress state where all principal effective stresses are equal,
and the Coulomb failure for a coefficient of friction (i) of 0.6.

3.6 Conclusions

From the South Eugene Island 330 (SEI 330) field, offshore Gulf of Mexico, I compiled
and analyzed pore pressure data and least principal stress measurements from minifracs of
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fracture completed wells. The measurements were made over a depth range of 4800 ft. to
7700 ft. SSTVD (sub-sea true vertical depth) and show considerable variability in pore
pressure (P,) and minimum principal stress (S3 = Sppip)- Shmin Values within sands and
shales range from half the overburden (S,) to roughly 99% of S,,. Pore pressures vary from
sub-hydrostatic to nearly 95% of lithostatic.

Since the majority of the minifracs were conducted in sands with appreciable
production induced depletion, the measured stresses do not reflect the original stress states
in the reservoirs prior to hydrocarbon production and, thus, need to be corrected. I applied
two methods to correct for the depletion effect: (i) a poroelastic model based on laboratory
derived Poisson’s ratio (v) of 0.3, and (ii) an effective stress path model for which I
determined the change of horizontal stress with the change of pore pressure (parameter A)
in the LF reservoir sand to be 0.81. For all other reservoirs that required depletion
correction, I assumed the same stress path.

In general, whether I consider observations from undepleted sands or sands with
appreciable pressure declines and stress changes, the resulting pore pressures and stresses
show effective stress ratios, K, that scatter significantly and do not correlate with
previously published fracture gradient models for this area. The lower-bound value of K is
0.33, which corresponds to the expected value for Coulomb failure for a coefficient of
friction of 0.6 in normal faulting environments. However, in some sands K approaches
unity, thus indicating an essentially isotropic stress field. Hence, the data indicate a highly
variable state of stress that cannot be simply related to depth or pore pressure, but appears
to reflect a complex interaction between deformational processes and material properties.
Correlating K with sonic and gamma ray logs reveals only a very weak dependency of K
on sonic Vp, which could be suggestive of time dependent creep beavior as observed in
laboratory measurememnts.

- Analysis of the pressure surveys show uniform pore pressure reduction over time for
most reservoir compartments. This indicates hydraulically contiguous compartments that
correlate with seismically interpreted fault blocks. In the deepest reservoir sand, however,
I observe a non-uniform pressure reduction behavior within individual fault blocks
implying more complex compartmentalization possibly on a sub-fault block scale.
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3.8 Appendix

TABLE A1l: Pore pressures (Pp) from minifracs and pressure surveys, least principal horizontal stress
(Shmin; from minifrac closure pressures), and overburden (Sv) from SEI 330 fracture
completions. The fluid densities (plive) are the average applied specific live oil densities from
pressure surveys taken in wells drilled into corresponding sand reservoirs. The table lists the
footwall reservoirs first, followed by the shallow and deep minibasin reservoirs.

Well mf::v:ir SSTVD [ft] (nﬁ:il;rac) (pre: oarv) S[};‘:ii]“ [Ssvi] [s:fjfi]
[psi] [psi]

330D-7 | KE-1/FB-EB | 4787.3 2892.0 2888.0 | 3394.0 | 4360.0 | 0.263
316/A-11 OUFB-A 5811.3 4296.0 39220 | 4690.0 | 5433.1 | 0312
316/A-3ST | L-1/FB-A | 74063 6316.0 63160 | 6799.0 | 6833.8 | 0.344
316/A-10 | L-UFBC | 65473 5200.0 49430 | 53100 | 6122.8 | 0.309
316/A-1ST L-1/FB-C 6654.3 5300.0 4982.0 5823.0 | 6223.7 0.309
316/A-12A | LA/FBC | 67143 5468.0 53490 | 5747.0 | 6280.2 | 0.309
316/A-12A | L-1/FB-C | 6805.3 5239.0 53790 | 5727.0 | 6364.8 | 0.309
316/A-12 | L-S/FB-C | 6985.0 6034.0 61370 | 6439.0 | 6480.0 | 0222
330/A-10ST | IC-4/FB-B | 5515.3 3144.0 31440 | 45200 | 4999.6 | 0343
330/A-10ST | IC-4/FB-B | 54493 2803.0 24850 | 4456.0 | 4935.6 | 0343
330/A-8ST | IC-4/FB-B | 5557.3 2539.0 25390 | 4570.0 | 5040.4 | 0343
330/C-12 | KE-I/FB-A | 60373 2998.0 30550 | 3735.0 | 5508.9 | 0.299
330/C-8 KE-I/FBB | 62803 2976.0 29760 | 3770.0 | 57403 | 0314
338/A17 LE/FB-A | 66887 3829.0 3829 | 5078.0 | 6397.9 | 0331
330/A-21 LF/FB-B 6911.3 2472.0 23730 | 43050 | 6355.5 | 0.340
330/B-10ST | NH/FB-A | 69514 | 41992 36760 | 5079.3 | 6406.1 | 0.313
330/C-18 NH/FBB | 68113 1839.0 38390 | 51990 | 6251.5 | 0273
330/A-22 | OLIFB-C | 77213 3187.0 26420 | 5306.0 | 71519 | 0.255
330/A-20ST | OL4/FB-E | 69233 4350.0 43500 | 5062.0 | 6367.0 | 0.303
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CHAPTER 4

CHARACTERIZATION OF THE FULL STRESS TEN-
SOR IN THE SOUTH EUGENE ISLAND 330 FIELD,
OFFSHORE GULF OF MEXICO
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4.1 Abstract

Dipmeter caliper logs from 38 different wells in the South Eugene Island (SEI) 330
field are used to identify stress-induced wellbore breakouts and to constrain in-situ stress
orientation and magnitude. I applied rigorous and conservative criteria to maintain high
levels of confidence and reliability in the analysis. The caliper data analysis yielded
elongations of fair to good quality (poor quality data would not have passed through my
strict selection criteria) in 21 wells that could be considered stress-induced breakouts. Least
principal horizontal stress orientations in near-vertical wells (deviation < 20°) exhibit a
relatively consistent picture for stress orientation in the SEI-330 field. While the stress
directions vary spatially in between fault blocks, the orientation of the least principal
horizontal stress, Sy,;n, 1S predominantly perpendicular to the active growth faults. This is
in agreement with a general extensional environment that is dominated by active normal
faulting. Constraining the magnitude of the maximum horizontal stress (Sgyax) in 2 wells
with appreciable inclination (> 20°) is again consistent with a normal faulting state of stress
in which the overburden S, is the maximum principal stress (i.€., S}, 2 SHmax 2 Shmin )-
The horizontal principal stresses are not equal, suggesting a non-isotropic state of stress.
The pore pressure (P,) conditions at each breakout depth in these two wells indicate severe
overpressures (A = 0.74, 0.95), where the least principal effective stress approaches zero.
The effective compressive rock strength, Cy;, varies by one order of magnitude and is below
average values reported in the literature. I believe that this reflects poor sediment
consolidation under undrained conditions.

4.2 Introduction

Knowledge of the in-situ state of stress in hydrocarbon producing fields is vital not only
for borehole stability and sand production (e.g., Cooper, 1994) but also fluid migration
(e.g., Barton et al., 1995) and fracture completion design (Economides and Nolte, 1989).
For this reason, determination of the in-situ stress tensor has recently received a lot of
attention in many hydrocarbon producing areas around the world (e.g., North Sea
(Fejerskov, 1994; Brudy, 1998; Wiprut and Zoback, 1998), Scotian Shelf (Yassir and Bell,
1994), Gulf of Mexico (Zerwer and Yassir, 1994)). One way to determine the stress field
is to measure the geometry of or image the wellbore wall after a well was drilled. It is well
known that in response to the ambient stress field wellbore walls can fail leading to the
development of characteristic features when the hoop stress around the borehole exceeds
the rock strength in either compression to form breakouts (i.e., stress induced symmetrical
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elongations; e.g., Bell and Gough, 1979; Zoback et al, 1985) or tension to form tensile
fractures (e.g., Aadony, 1990; Brudy and Zoback, 1993). Furthermore, using numerous
observations of breakouts and/or tensile fractures in both vertical and inclined wells along
with pore pressure data, Peska and Zoback (1995) and Zoback and Peska (1995)
demonstrated that it is possible to constrain the full stress tensor (i.e., magnitude and
orientation) and place bounds on mudweight and effective compressive rock strength.

In this study, I comprehensively investigate and characterize the maximum principal
horizontal stress (Symax) based on integration of fracture closure pressure, pore pressure,
and observation of borehole breakouts from dipmeter caliper logs in the South Eugene
Island (SEI) 330 field, offshore Gulf of Mexico (see chapter 1 for a geologic overview). By
implementing these various measurements and observations into a number of models (the
mathematical and physical basis for these models are described in Peska and Zoback, 1995,
and Zoback and Peska, 1995), I constrain both rock strength and the unknown components
of the stress tensor, typical the magnitude of Sy

First, I will carefully describe the conditions how to analyze and interpreted borehole
elongations from caliper data to avoid pitfalls and misinterpretations. Then, I try to explain
the resulting stress orientations in the SEI field in view of geologic structures at different
stratigraphic levels and the overall tectonic regime. Finally, I attempt to constrain
orientation and magnitude of Sy, Using independent observations of pore pressure, the
overburden stress (S,), and the least principal horizontal stress (Sypin)-

4.3 Dipmeter logs and breakout interpretation

Dipmeter tools are frequently used in the petroleum industry to obtain stratigraphic
information (e.g., bedding plane orientation) and to perform structural analysis (e.g.,
identification of unconformities or attitudes of fault planes) of the reservoir rocks in the pay
zone. Because these tools acquire microresistivity values measured at the borehole wall,
direct contact of the tool-pad electrodes with the borehole wall is required (Figure 4.1). For
this reason, dipmeter tool arms - there are commonly four orthogonal arms - are
hydraulically forced against the borehole wall. With this tool arrangement, borehole
diameter can be mechanically recorded during the logging operation and, hence, yield
useful and continuous information on borehole diameter, shape, and orientation over the
logged interval. In general, as the tool is pulled up it can freely rotate given a borehole that
is in-gauge. When the tool encounters an enlargement, however, rotation ceases and the
diameter recordings of the two orthogonal caliper pairs differ (Plumb and Hickman, 1985)
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(Figures 4.2A-E). By applying rigorous criteria (see below), the caliper data can be used to
identify borehole breakouts for analysis of the state of stress.

Variable
Length
Pad

Speed
Electrode

Measurement
Electrode

Figure 4.1: Schematic illustration of a 4-arm dipmeter tool (from Schlumberger, 1986).
Note the four orthogonal caliper pads. Each opposite caliper pair (i.e., C1-3 and C2-4)
measures diameter across the hole.

Stress-induced wellbore breakouts indicate the orientation of the maximum principal
horizontal stress (Sgmax) in the uppermost crust (Bell and Gough, 1979; Zoback and
Zoback, 1980, 1991; Zoback et al., 1985; Plumb and Cox, 1987; Zoback et al., 1989). When
the vertical stress (S,) is nearly parallel to the wellbore, breakouts form in the direction of
the minimum principal horizontal stress (Spni,), Where stress concentrations at the
borehole wall exceed the rock strength (C,). Mechanisms that describe the formation of
these features are discussed extensively in the literature (e.g. Bell and Gough, 1979;
Zoback et al., 1985; Zheng et al., 1989). In inclined wells, where the borehole axis is not
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parallel with any of the principal stresses, the location of the breakouts around the wellbore
rotates and does not indicate the true orientation of Sy,;,. Observation of these breakouts
from various nearby wells, however, can be utilized to determine not only stress tensor
orientation but also principal stress magnitudes (Peska and Zoback, 1995).

Because of their frequent use, dipmeter logs and, hence, caliper data are abundantly
available for most hydrocarbon producing provinces and, therefore, allow one to conduct
detailed stress analysis over large areas using state-of the art software tools. In order to
identify breakout intervals from the caliper data, certain criteria have to be met which
provide a means to distinguish them from other borehole enlargements such as washouts or
key seat. These two latter features (Figures 4.2C-E) are a result of the drilling process and
occur frequently in inclined wells that penetrate poorly compacted and/or overpressured
sediments such as the shales and sands encountered at greater depth in EI-330. Key-seats
are easily misinterpreted as breakouts since they occur due to wear at the high-side of the
hole by the drillpipe resulting in directional enlargements parallel to the hole-azimuth
(HAZ, the direction of the well) while the orthogonal caliper pair can remain in-gauge
(Figure 4.2D and 4.3A). For this reason, it is absolutely necessary to follow strict guidelines
because misidentifications can lead to erroneous interpretations, hence, deceiving results
for the state of stress. The criteria for interpreting an enlarged borehole interval as a
breakout interval are as follows:

* Cessation of tool rotation resulting in a constant pad-1 azimuth (Figure 4.2E).
* Steady and continuous enlargement of one caliper pair, while the second pair is in-

gauge with the bitsize (Figures 4.2B and E).

* The diameter difference between enlarged and in-gauge caliper pair is at least 1 inch.
¢ The enlarged caliper pair is not parallel with the hole-azimuth (HAZ); in other words,
if pad1-azimuth (P1AZ, direction of the tool’s padl, see Figure 4.1) is parallel to

HAZ, then caliper pair 2-4 (C2-4) must be enlarged in order to be a breakout; in turn,

caliper pair 1-3 (C1-3) must be enlarged to be a breakout if P1AZ is at 90 or 270

degrees from HAZ (Figures 4.2E).

The fourth point is particularly critical and requires careful analysis of the data because it
helps to distinguish between breakouts and key seats. Many case studies reported in the
literature in the past but also more recently have shown that by applying less rigorous
criteria (i.e., specifically by relaxing the third criterion listed above) for selecting and
categorizing breakouts drastically increases the potential for interpreting other types of
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Figure 4.2: Illustration of typical caliper log data and various elongations as detected by a
4-arm caliper tool (from Plumb and Hickman, 1985). A: Cross-section (left) of an in
gauge hole with a nearly circular shape (i.e., no elongations); both caliper pairs record
more or less a diameter that is equal to the bit size of the hole (right). B: Borehole
breakout with one caliper pair locked into the elongation (cross-section on left); this
results in a diameter recording that is larger than the bit size (right); the second pair
records a diameter approximately equal to the bit size. C: Borehole washout where
both caliper pairs record diameters that are significantly larger than the bitsize. D:
Cross-section (left) of key seat, which is a one sided borehole wall elongation in an
inclined well; because one caliper pair records a larger diameter while the second is in
gauge (right), this feature can easily be interpreted as a breakout and data monitoring
caliper and borehole orientations are required to resolve this ambiguity.
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Figure 4.2: (Continued). E: Caliper orientation vs. depth (left) and diameter vs. depth
(right) of breakouts and washouts; notice, how caliper orientation data can facilitate
resolving the ambiguity between true, stress-induced borehole breakouts and other
types of borehole elongations.

borehole elongations as breakouts. This results in questionable and ambiguous stress
orientations and large spatial variations (e.g., Yassir and Zerwer, 1997). Also, vertical or
near-vertical wells are commonly thought not to be subject to key seating. Only very
recently, however, analysis of North Sea data have shown that key seat is even likely to
occur ubiquitously in wells with less than 5 degree inclination (own unpublished
observation).

For this reason all borehole enlargements I found and analyzed including those from
vertical or near-vertical wells, were subject to the set of criteria outlined above. Figure 4.4A
is a typical example of key-seat encountered in the suite of dipmeter logs and illustrates the
problem discussed above. I believe that it is absolutely necessary to apply rigorous
selection criteria for breakouts. These guarantee high levels of confidence when attempting
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to understand and predict stress related mechanisms for hydrocarbon accumulation and

migration.

4.4 South Eugene Island data set

I was able to analyze caliper data from 38 dipmeter logs acquired in South Eugene
Island (SEI) blocks 316, 330, 338, and 339 (Figure 4.3). I present a detailed listing of the
various caliper logs, the log type, the depth interval covered, and comments regarding the
analysis in Table A1 in the appendix. Table A2 summarizes breakout occurrences for each
well if any were observed.

The caliper data were generally provided on two tracks (Figures 4.4A and B): the two
orthogonal bit sizes (C1-3 and C2-4) are plotted on one track along with a gamma ray (GR)
log supplementing the acquisition. The second track displays borehole drift (i.e., HAZ,
P1AZ, and borehole inclination INC) as tadpoles with two tails of different length. The
short tail indicates P1AZ, while the long tail shows HAZ. In contrast to the continuous
caliper curves, the tadpoles cannot be presented continuously over the logged intervals,
thus, requiring a certain spacing in between. This presentation style has the disadvantage
that there is no information on borehole drift at potential breakout intervals if they occur in
between two adjacent borehole drift tadpoles. This problem became particularly obvious in
well EI 338/A-21ST4 where I found a tadpole spacing of 100 ft. (see Table Al).

I estimate that the accuracy with which caliper data can be read from paperlogs is on
the order of 15 degrees for angular parameters (i.e., INC, P1AZ, and HAZ) and within the
range of 0.2 inches for the caliper diameters (i.e., C1-3 and C2-4). These errors have to be
added to the general standard deviations of the resulting breakout data.
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Figure 4.3: Basemap showing dominant structures of study area at level of GA-sand (refer
to Figure 1.4) and trajectories of wells with available dipmeter logs. The thick, dashed
line A-A’ shows the approximate trend of the cross-section in Figure 1.4. This map was
generated by combining Pennzoil’s (blocks 329 and 330) and Texaco’s (blocks 338 and
339) depth structure maps from 3-D seismic data interpretations of the GA sand level
to obtain maximum structural coverage of the area. The map marks in black the
intersections of basin bounding normal faults, which are vertical projections of the
fault plane, with the GA horizon; the sides of relative downthrown sand sections are
indicated with black triangles along the fault plane. Dashed lines mark inferred
continuation of the faults. Locations of platforms, exploration wells, and borehole
paths were obtained from Texaco’s and Pennzoil’s deviation data. The location of two
salt diapirs was obtained from Alexander and Flemings (1995).



Chapter 4 — Characterization of the full stress tensor in SEI 330, GOM

A) Key-seat in well 330/#11
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Figure 4.4: A: Examples of a typical key-seat in well 330/#11. The upper boxes display
typical 4-arm dipmeter logs analyzed in this study. The track on the left shows borehole
drift in tadpole style: the body indicates well-inclination, the short and long tails
display P1AZ and HAZ respectively. The next track exhibits caliper size of caliper
pairs C1-3 (long dash) and C2-4 (short dash). The solid line is the gamma ray (GR) log.
The lower boxes show a schematic wellbore cross-section with caliper numbers on the
left and on the right are lower hemisphere stereonet projections of wellbore (HAZ) and
pad-1 (P1AZ) azimuths. Note, that P1AZ and HAZ are orthogonal (see stereonet) with
C2-4 as the larger caliper; hence, the well is elongated in direction of its deviation (i.e.,
approx. N190E), where key-seats occur.
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B) Breakout in well 330/#11
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Figure 4.4: (Continued). B: Examples of a typical breakout (marked in gray) in well 330/
#11. The upper boxes display typical 4-arm dipmeter logs analyzed in this study. The
track on the left shows borehole drift in tadpole style: the body indicates well-
inclination, the short and long tails display P1AZ and HAZ respectively. The next track
exhibits caliper size of caliper pairs C1-3 (long dash) and C2-4 (short dash). The solid
line is the gamma ray (GR) log. The lower boxes show a schematic wellbore cross-
section with caliper numbers on the left and on the right are lower hemisphere stereonet
projections of wellbore (HAZ) and pad-1 (P1AZ) azimuths. Note, P1IAZ and HAZ are
neither parallel nor orthogonal but at approx. 30 degrees from each other (see stereonet
below); since C1-3 is larger than C2-4, the breakout is at P1AZ (i.e., approx. N160E).

4.5 Results and findings

Table A2 shows that only a small number of relatively reliable breakouts I observed in
the caliper data from the 38 wells. I rank the quality of the selected breakouts to be fair or

good because poor quality elongations would not pass through my rigorous selection
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criteria described earlier. However, by means of the world stress map criteria (WSM;
Zoback and Zoback, 1991) the observed breakout intervals receive, with a few exceptions,
a low quality ranking (i.e., D or E). This low ranking is a reflection of the sparse and short
(a few tens of feet on average) breakout intervals observed within the wells studied. I
believe, the following three explanations for the limited and low quality data (by means of
the WSM criteria) are most plausible: (i) the hoop stress around the wells is too low to
exceed the compressive rock strength (i.e., Sgmax - Spmin 1S small and the rock is not failing
to form breakouts), (ii) key seats and/or washouts are sufficiently ubiquitous to entirely
mask stress induced breakouts (Figure 4.4A), or (iii) breakouts have formed but were not
wide enough to be detected by the pads of the dipmeter tools. Revisiting Table A1, one
notices that wells with no observed breakouts are either in-gauge (i.e., vertical wells) or
contaminated by potential key seats because they were deviated. Since I think that the
criteria applied to the borehole elongations observed are sufficiently rigorous and
conservative, I am sure that any identified breakout (Figure 4.4B) truly reflects the state of
stress in the EI area (in spite of the low ranking by the WSM criteria) and I will use them
in the following analysis.

The observed breakout intervals occur over a fairly wide depth range (i.e., between
1600 ft. and 8130 ft. sub-sea total vertical depth, SSTVD) corresponding to the
hydrostatically pressured HB and the hard-geopressured Lentic sand levels (Figure 1.4). It is
important to note that breakouts can occur in deep, severely overpressured sediments. To
find an explanation, I need to consider and compare two competing factors. Generally
stresses rapidly increase with depth eventually reaching magnitudes at which compressive
borehole failure occurs (Moos and Zoback, 1990). If, in addition, the rock is overpressured,
like in the Gulf of Mexico, its strength is reduced due to undercompaction. This state of
unconsolidation enhances the potential for compressive failure at the borehole wall and,
therefore, breakouts are even more likely to occur. However, at the same time total
differential stresses (i.€., Sgmax - Shmin)> Which control the magnitude of the hoop stress
around the borehole wall, become very low at severe overpressures, because both the least
and maximum horizontal principal stresses approach the overburden. Hence, the hoop
stress around the borehole wall may fall below the compressive rock strength decreasing
the likelihood for breakouts occurrence. Obviously, in the wells studied the former two
factors appear to have dominated and favored breakout development in the deep,
overpressured zone. Because sediments cored from reservoirs at this level show essentially
no cementation (pers. com. to P. Flemings), a very low rock strength appears to be the
responsible factor which allows even small differential stresses to cause compressive
borehole wall failure.
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4.6 Stress orientation

4.6.1 Overview

Depending on the inclination of the boreholes, there are two different ways to get the
orientation of the stress tensor from wellbore breakout observations. In near-vertical wells
with inclinations less than 20°, breakout directions indicate directly the orientation of the
least principal horizontal stress (Sy,;n) as described above. In highly deviated wells (i.e.,
inclinations greater than 20°), in contrast, breakouts rotate away from the S; ..., direction
(Mastin, 1988) obscuring the true principal horizontal stress directions. However, stress
orientation can be obtained from this type of breakouts given independent sources for Sy i,
and pore pressure (Pp) (e.g., Peska and Zoback, 1995). While I devote an entire section
below to discuss the latter issue in detail, I summarize the results for both approaches in the
following paragraphs of this section. In Table A2 I indicate the wells with an appreciable
amount of inclination (i.e., greater than 20°) with a star in the first column to distinguish
them from the near-vertical wells (no star). However, in the following figures, I display the
stress orientations for two highly inclined wells (316/A-12 and 330/A-22, see Table A2)
because only in these two cases, the breakouts occurred in sand intervals for which I had
independent and reliable pore pressure and stress data available to constrain the full stress
tensor.

Plotting the stress orientations from each individual well on a structure map enables me
to compare these with the general structure in the SEI field and the resulting S;,,,.., direction
found in another study in this area by Zoback and Peska (1995). Note, that I assume that
the overburden (S,) is a principal stress axis. I think that this may be a reasonable
assumption because vertical fractures were observed in the core (Losh, in press) and
formation micro imager (FMI) data (Peska and Zoback, 1995) from the Pathfinder well,
which is located within the same area (well 330/A20ST in Figure 4.3).

4.6.2 Expectations on the state of stress

In the context of Anderson’s faulting theory (Anderson, 1937) principal stresses in
extensional regions are approximately horizontal, less in magnitude from the vertical stress,
and cause active faults to slip, which are oriented more or less perpendicular to Sy, the
least principal horizontal stress. In this context, the least principal stress direction helps to
distinguish between currently active and inactive faults by literally pointing towards the
former. I would expect this to hold true also in the extensional environment of the Gulf of
Mexico. In fact, Zoback and Peska (1995) conducted a detailed stress analysis of good
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quality data in the Pathfinder well (well 330/A20ST in Figure 4.2) and demonstrated that
the Sy i direction is perpendicular to the major growth fault suggesting that it is active and
dominates the stress field in its vicinity.

Because of the extremely variable geologic structures (both laterally and vertically), the
presence of salt diapirs, and the spatially dispersed data throughout the field, I examine the
resulting Sy i, directions in three different structural levels (GA, LF, and Lentic sands,
Figure 1.4). Figures 4.5A-C display the resulting stress directions obtained from breakouts
in wells with less than 20° inclination in red and from breakouts in wells with an inclination
greater than 20° in green. Note, the arrows point outwards in the direction of S,;,, which

is also the azimuth of the mean breakout direction.

4.6.3 GA Sand

The GA sand (Figure 4.5A) is the shallowest sand studied (4,150 ft. to 5,500 ft.
SSTVD). It is characterized by near-hydrostatic pore pressures (i.e., A = Py/S, = 0.465) and
the values for the effective stress ratio, K (Ghmin/Ov), range from 0.46 to 0.61. At this
structural level, there are two major fault sequences: (i) the regional, NW-SE striking
growth fault through block 330 and (ii) the counterregional, SW-NE striking fault through
blocks 338 and 339. Also, the map shows many smaller scale normal faults resulting in a
rather complex structural distribution of the SEI field. See Alexander and Flemings (1995)
for a more detailed discussion on structure and stratigraphy. The borehole breakout
orientations are varied but suggest that the Sy ,;, directions are perpendicular to the main
basin bounding growth fault system. Particularily in the south, S ;, directions are more or
less perpendicular to the NE-SW striking main normal fault. In well 339/B-1 the stress
orientations are dominated by the more distant NW-SE striking main basin bounding
growth fault. I believe that the minor faults close to those two wells are currently inactive
and do not contribute to the state of stress in the field. This explanation has the interesting
aspect that the resulting Sp,;, directions from my breakout study would always point in the
direction of active faults which are also believed to be potential hydrocarbon migration
pathways (e.g., Hooper, 1991; Barton et al., 1995). The stress orientation observed in the
north of block 330 (well 330/#6) could be induced either by the small fault splay to the east
of the main fault or perhaps by the salt diapir in the northeast corner of block 330. I believe
these strong variations in stress orientations could be an indication of relatively low

horizontal stress anisotropy.
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Figure 4.5: A: Basemap of the GA sand horizon displaying Sy, directions resulting from

the borehole breakout observations. We only display fair and good quality breakouts
because lower quality data are not considered in this study. Dashed line A-A’ shows
approximate transsect of cross-section from Figure 1.4. Refer to Figure 4.3 for well
trajectories, location of exploration wells, and how these maps were generated.

4.6.4 LF Sand

The LF sand (Figure 4.5B) is the intermediate sand studied (6,000 ft. to 7,600 ft.
SSTVD) and characterized by moderate overpressures (i.e., A = 0.64). K ranges from 0.71
to 0.75. The structural maps show the main basin bounding growth fault sequence along
with some minor antithetic normal faults. The inferred southward extension of the main
growth fault into block 339 (dashed in the figure) is based on maps shown by Alexander
and Flemings (1995). Three wells exhibit Sy ., directions that are (sub-)perpendicular to
the nearest normal fault, which is in agreement with my expectations. In block 338, the
stress orientation in the well that is furthest to the west appears not to be influenced by the
smaller scale, proximal normal faults but rather the distant main basin bounding fault
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system. Perhaps, in this case, the minor fault is inactive and does not contribute to the
current state of stress and, hence, may also not be important to fluid flow.

B)

Shmin near the LF level
[A=0.64, K =0.71-0.75]

315 316

Shmin direction in a wellbore
section with inclination < 20°

# Production platform
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Figure 4.5: (Continued). B: Basemap of the LF sand horizon displaying Sy, directions
resulting from the borehole breakout observations. We only display fair and good
quality breakouts because lower quality data are not considered in this study. Dashed
line A-A’ shows approximate transsect of cross-section from Figure 1.4. Refer to
Figure 4.3 for well trajectories, location of exploration wells, and how these maps were
generated.

4.6.5 Lentic Sand

The Lentic sand (Figure 4.5C) is the deepest reservoir in the SEI field (6,500 ft. to
11,200 ft. SSTVD) and characterized by extremely overpressured conditions (i.e., 0.85 <A
< 0.95), which is also reflected in the values for K (0.74 - 0.84). The structural map portrays
a very complex picture of normal faults at this level. However, the main basin bounding
growth fault striking through block 330 and an antithetic normal fault through blocks 315
and 316 are still obvious.
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Figure 4.5.: (Continued). C: Basemap of the Lentic sand horizon displaying Spmin
directions resulting from the borehole breakout observations. We only display fair and
good quality breakouts because lower quality data are not considered in this study.
Derivation of stress direction in the highly inclined 316/A-12 well is described in detail
below. The stress direction in the Pathfinder well (well 330/20ST) (Zoback and Peska,
1995) is shown for reference. Dashed line A-A’ shows approximate transsect of cross-
section from Figure 1.4. Refer to Figure 4.3 for well trajectories, location of
exploration wells, and how these maps were generated.

The Sy, directions of well A20ST (Pathfinder well) (Zoback andPeska, 1995) in
block 330 is perpendicular to the main normal fault as I would expect. In contrast, Sy .,, in
the inclined well in block 316 (A-12, gray arrow) parallels an antithetic normal fault. It
remains unclear to me why there exists such a discrepancy in the orientation of Sy ..
between the two proximal wells in block 316 given their similar stratigraphy and pore
pressure conditions. Perhaps, the near isotropic state of stress in this severely overpressured
environment that allows localized stress perturbations to be responsible for seemingly
random breakout orientations.
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4.6.6 Summary

The results presented above show that the state of stress in the SEI field is characteristic
of an active normal faulting environment, where, in general, the least principal stress is
perpendicular to the main basin bounding and smaller scale normal faults. However, I can
identify appreciable variations induced by either salt diapirs or relatively small horizontal
stress anisotropy, which could be similar to results published by Yassir and Zerwer (1997).
In some cases, the stress orientation may also reflect the influence of more distant faults
because proximal faults could be inactive. This suggests that the observed Sy ,,;, directions
always point towards the currently active faults because they dominate the local state of
stress in their vicinity. Since the active faults are also believed to provide pathways for fluid
flow (e.g., Hooper, 1991; Barton et al., 1995), the stress directions obtained from this study
could also point towards potential migration pathways in the SEI field. Currently inactive
faults, in contrast, do not influence the state of stress in the area and are also considered to
be unimportant for fluid flow. The results hold for three different stratigraphic levels with
extremely high structural variability and are also independent of pore pressure conditions,
which vary between hydrostatic and severely overpressured. This conclusion is also
consistent with results from the stress analysis in the Pathfinder well (Zoback and Peska,
1995) and with Anderson's faulting theory (Anderson, 1937) as described above.

4.7 Constraining the full stress tensor and compressive
rock strength

4.7.1 Overview

In this section I attempt to constrain the full stress tensor and rock strength (i.e.,
effective uniaxial compressive rock strength, Cy) from wellbore failure in deviated
boreholes by using specific stress models that were described in detail by Peska and Zoback
(1995) and Zoback and Peska (1995). Similar to the analysis in the Pathfinder well (well
330/A-20ST in Figure 4.3) (Zoback and Peska, 1995), I utilize borehole breakout
observations in inclined wells (i.e., inclination >20°) in association with independent pore
pressure, least principal stress, and maximum principal stress measurements in order to
determine Sy, magnitude and Cy. As mentioned above, two wells qualify for this type
of analysis (330/A-22 and 316/A-12, see Table A2) because in these two cases, the
observed breakouts occurred in reservoir sands for which I have independent and accurate

least principal stress magnitude (S;) data from minifrac measurements available.
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4.7.2 Assumptions and in-situ pore pressure and stress values

For this analysis I assume that the effective stress ratio [K = (Spmin-Pp)/(Sy-Pp)]
(Finkbeiner et al., 1996) is constant between the depth of the stress/pore pressure
measurements and the depth of the observed breakout, and that the overburden (S,) is a
principal stress axis. Again, this latter assumption is based on the fact that vertical fractures
were detected in the core of the Pathfinder well (well 330/A-20ST in Figure 4.3) (Losh, in
press) and FMI logs (Peska and Zoback, 1995). Hence, the problem of constraining the full
stress tensor is reduced to two unknowns: magnitude and orientation of Syy,..,. Table A3
summarizes the input parameters and modeling results of the stress tensor analysis for the
two highly deviated wells. I obtained the overburden (S,) by integrating density logs. Note,
at the breakout depths in the two wells I observe severely overpressured conditions with
A=0.74 in well 330/A-22 and A=0.96 in well 316/A-12 (Table A3).

4.7.3 Parameters and modes for constraining the full stress tensor

The input consists of assumed and in-situ measured values of various parameters at the
observed breakout depth. These parameters are: wellbore azimuth (Azi) and deviation
(Dev), pore pressure (Pp), mudweight (Pp,; assumed to be equal to Pp), least principal
horizontal stress (Spn;n; from minifrac), coefficient of internal friction (IntFric; assumed to
be 1), Poisson’s ratio (PoisRat; assumed to be 0.25; although the analysis is essentially
independent of this parameter), breakout azimuth (aziBO) measured counterclockwise
from the bottom of the well in a coordinate frame that has one principal axis parallel-
downward to the borehole axis. For the breakout width (wBO) I assumed a minimum value
of at least 20° (otherwise the dipmeter tool would not have detected the breakout) and a
maximum value of 90°, which corresponds to half of the wellbore’s circumference that has
failed in compression (any larger value for wBO would lead to a washout which I would
discard from the analysis). Because breakout width is a function of compressive rock
strength (Zoback et al., 1985; Vernik and Zoback, 1992), the two bounding wBO values
enable me to deduce lower and upper bound for Cy,.

Given these input parameters, constraining the stress tensor can be carried out in two
different modes:

(i) ranges of maximum principal horizontal stress magnitudes (Sygp,.x) and orienta-
tions (aziSH); this requires the specification of a magnitude value for Sy ;. from
an independent measurement (e.g., minifrac, leak-off test, or formation integrity
test).

(ii) ranges of Syin and Symax Magnitudes, which requires specification of stress ori-
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entation from an independent observation (i.e., from a breakout observed in a near-
vertical well nearby).
After performing a grid search in between these different stress ranges, the outputs render
possible stress tensor values for aziSH versus Sy, in case (i) and Syp;, versus Sy .. in
case (ii) that are consistent with the observed borehole breakouts. These results are gray
color coded as a function of critical Cy values for which compressive borehole failure

would occur under conditions consistent with the in-situ observations.

4.74 Constraining Sy, magnitude

Figure 4.6 shows results of mode (i) runs. The gray areas indicate all possibilities of
SHmax Magnitudes and azimuths plus the associated C, values so that breakouts can occur
that are consistent with the given borehole deviation and stress and pore pressure data at the
observed breakout depths. Given that S, and Sy,,,;, were obtained from independent data
and the assumption that the S, is a principal stress, I can find the two missing stress
components (i.€., Symax Magnitude and azimuth) in the following way in case of well 330/
A-22 (Figure 4.6A): the grayish area pinches out towards 7,125 psi and S, is an upper
bound; therefore, Syy,,« ranges from 7,125 psi to 7,549 psi at azimuths from 145° to 170°,
which constrains the full stress tensor. Effective rock strength, Cy, in this case, ranges from
approximately 3,300 psi to 3,700 psi. I determined the stress tensor for well 316/A-12 in a
similar fashion (Figure 4.6B and Table A3).
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Figure 4.6: A: Well 330/A-22 near the Lentic sand. Resulting ranges of Sy,, magnitudes
and orientations and associated compressive strength values, Cy, from stress tensor

modeling consistent with breakout occurrence and in-situ pore pressure and stress
conditions. The annotated values for Sy, and S, come from independent

measurements and provide lower and upper bounds respectively to determine Syjya,

magnitude and orientation. Notice, this plot presents the result for a breakout width
(wBO) of 90° (assumed maximum); corresponding results for wBO=20° (assumed
minimum), which only affect the value of for Cj, are shown in Table A3. The
abbreviation "BO" in the legend stands for breakout.
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Figure 4.6: (Continued). B: Well 316/A-12 near the Lentic sand. Resulting ranges of Sy«
magnitudes and orientations and associated compressive strength values, Cj, from
stress tensor modeling consistent with breakout occurrence and in-situ pore pressure
and stress conditions. The annotated values for Sy, and S, come from independent
measurements and provide lower and upper bounds respectively to determine Sypyay
magnitude and orientation. Notice, this plot presents the result for a breakout width
(wBO) of 20° (assumed minimum); corresponding results for wBO=90° (assumed
maximum), which only affect the value of for Cy, are shown in Table A3. The

abbreviation "BO" in the legend stands for breakout.

106

Since I already discussed the resulting stress orientations in Figs. 4.5A - C, I focus in

the following paragraph on the stress magnitudes. Figures 4.7A and B show plots from

mode (ii) runs. In these cases, the gray areas represent possible combinations of Cy and

stress magnitudes for breakouts to occur that are consistent with the in-situ observations.

Since these figures plot stress on both axis, they do not provide any further information on

SHmax azimuths, but can be used to constrain Sy, magnitudes by specifying Sypax

orientations obtained independently from breakout observations in nearby wells (noted in
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the labels of Figures 4.7A and B). Using S;;, and S, magnitudes as previously, I can
demonstrate that the Sy, magnitude is bound by intersecting the dashed Sy, lines with
the gray areas. I find for the Sy, magnitudes the following values: a range from 7,180 to
7,300 psi in case of well 330/A-22 (Figure 4.7A) and ~ 6,315 psi in case of well 316/A-12
(Figure 4.7B). As the figures in both cases also show, the S, magnitude plots to the right of
the gray areas indicating that it is the maximum stress. Because I assume that S, is a
principal stress, I can identify Sy, as the intermediate principal stress, S, and Sy, as
the least principal stress, S3. The results from these two figures confirm a normal faulting

environment where Sv = SHmax = Shmin .
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Figure 4.7: A: Well 330/A-22 near the Lentic sand. Resulting Sy, magnitude and
associated compressive strength values, C, from stress tensor modeling consistent

with breakout occurrence and in-situ pore pressure and stress conditions. The
annotated values for Sy ., and S, come from minifrac and density log measurements

respectively and provide lower and upper bounds to determine Sg,,,,, magnitudes. The
independent Sy, orientation is from well 330/A-20ST (Pathfinder; Zoback and

- Peska, 1995). Notice, this plot presents the result for a breakout width (wBO) of 90°
(assumed maximum); corresponding results for wBO=20° (assumed minimum),
which affect the value of C, are shown in Table A3.
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Figure 4.7: (Continued). B: Well 316/A-12 near the Lentic sand. Resulting Sy,
magnitude and associated compressive strength values, C;, from stress tensor
modeling consistent with breakout occurrence and in-situ pore pressure and stress
conditions. The annotated values for Sy, ;;, and S, come from minifrac and density log
measurements respectively and provide lower and upper bounds to determine Sy,
magnitudes. The independent Sy, orientation is from the same well at shallower
depth and near vertical inclination. Notice, this plot presents the result for a breakout
width (wBO) of 90° (assumed maximum); corresponding results for wBO=20°
(assumed minimum), which affect the value of C,, are shown in Table A3.

4.7.5 Implications for the state of stress in the SEI field

An important result is that Sy ;. and Syp,.« Values are not equal even at depths of severe
overpressure. This finding clearly indicates that the state of stress in the SEI field is not
isotropic and differential stresses can exist in the principal horizontal stress plane. This is a
particularly interesting point because it is commonly assumed that S; .;, equals Sy .y in
the Gulf of Mexico. This assumption resulted in the use of uniaxial strain models to predict
stresses and to describe fracture gradients in reservoir sands (e.g. Daines, 1982). In fact,
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considering that breakouts did form in the SEI field is in itself sufficient evidence that
differential principal horizontal stresses have to exist for the development of hoop stress
around the wellbore; this is a necessary condition for stress induced breakouts to form.
Nevertheless, the variations in the stress orientations seen at the GA level (Figure 4.5A) and
in other studies (Yassir and Zerwer, 1997) suggest that the overall horizontal stress
anisotropy is relatively small.

4.7.6 Implications for rock strength in the SEI field

Constraining the stress tensor from Figures 4.6 and 4.7 also provides values of effective
uniaxial compressive rock strength, C, (Table A3). Knowledge of C, greatly facilitates the
assessment of borehole stability in deviated wells given in-situ pore pressure and stress
conditions. I find that in the two cases considered the values for C vary by approximately
one order of magnitude and are below the average range of effective compressive strengths
for sands (Lockner, 1995). I attribute this to the overpressured conditions in-situ. Especially
in case of the extremely overpressured Lentic sand Cg is very low (~ 350 psi). This is
consistent with the previous argument: in spite of the near isotropic stress state and the,
consequently, almost vanishing hoop stress around the borehole, the effective rock strength
had to be sufficiently low for breakouts to form. This low C value not only reflects the
undrained conditions (i.e., vanishing effective stresses) and poor sediment consolidation
in-situ but also implies that minor load changes (e.g., caused by production related pore
pressure drawdown) could induce failure. As a result, wellbores may become very unstable
possibly leading to borehole wall collapse and sand production. In terms of reservoir
behavior, nearly zero effective stresses accompanied by very low compressive rock
strength imply that the sediments are in a state of incipient failure and become ’leaky’ (i.e.,
are characterized by increased permeability) (Grauls and Baleix, 1994).

4.777 Summary

I constrained the full stress tensor in two highly deviated wells (i.e., inclination > 20°)
of the SEI field using breakout observations that occurred in sands along with independent
information on in-situ pore pressure and stress. As expected, the results indicate an active
normal faulting environment in which the overburden is the maximum principal stress (i.e.,
Sv 2 SHmax 2 Shmin). In addition, the state of stress in the principal horizontal stress
plane appears to be anisotropic (i.e., SHmax # Shmin). I also obtained values of uniaxial
compressive rock strength, Cy, and find that under moderate to severe overpressures C is
highly variable (by one order of magnitude) but below average rock strength values
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reported in the literature. This suggests that the sediments in the environment of
approaching zero effective stress are highly susceptible for compressive failure potentially
leading to wellbore collapse and poor reservoir sealing, which can result in enhanced

permeability and fluid leakage.

4.8 Conclusions

Rigorous and conservative analysis of caliper logs from 38 different wells in the SEI-
330 field yielded elongations in 21 wells that I consider stress-induced breakouts. These
breakouts can be characterized by fair to good quality (poor quality data would not have
passed through the strict selection criteria). Plotting the stress directions from breakouts in
12 near-vertical wells (deviation < 20°) on a basemap exhibits a relatively consistent
picture for stress orientation in the SEI-330 field. While the stress directions vary spatially
in between fault blocks, the orientations of the least principal horizontal stress, Sy, are
predominantly perpendicular to the minibasin growth fault trends. This is in agreement
with the fact that the state of stress in the SEI-330 field is extensional and dominated by
active normal faulting. If, in fact, active faults are pathways for fluid migration, then the
observed Sy, directions could be used as a tool to point out the faults that currently
conduct hydrocarbons. However, I also observed considerable scatter, that I attribute to
relatively low horizontal stress anisotropy and inactive faults suggestive that do not play an
important role in the current in-situ stress field.

Observation of wellbore breakouts in sand intervals from two wells with appreciable
inclination (> 20°) is suitable to constrain the magnitude of the maximum horizontal stress
(Stmax) and effective uniaxial compressive rock strength (Cg). The in-situ pore pressures
at each breakout depth in the two wells indicate highly overpressured conditions (A = 0.74,
0.94). Nonetheless, the results are again consistent with my expectations and indicate a
normal faulting state of stress in which the overburden S, is the maximum principal stress
(i.e., Sv =2 SHmax 2 Shmin). The horizontal principal stresses are not equal, suggesting a
non-isotropic state of stress. The effective rock strength, Cy, varies by one order of
magnitude and is below average values reported in the literature. I believe that this reflects
poor sediment consolidation under undrained conditions suggesting a state of incipient
failure potentially leading to leaky sediments (i.c., enhanced permeability) in hydrocarbon
reservoirs and stability problems in boreholes (e.g., sand production).
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4.10 Appendix
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PRODUCTION RELATED RESERVOIR DEPLE-
TION AND ASSOCIATED EFFECTS IN THE SOUTH
EUGENE ISLAND 330 FIELD, GULF OF MEXICO
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5.1 Abstract

Production related pressure depletion in three stratigraphically distinct reservoir sands
of the South Eugene Island (SEI) 330 field exhibit significant variations. With production
shallow sands experience hydrostatic conditions, appear to be well drained, and normally
compacted. At intermediate stratigraphic levels, reservoir sands are undercompacted and
moderately overpressured. With production, pore pressures decline drastically suggesting
that the sand grains are capable of supporting the induced differential stresses. The change
in the least horizontal stress with changing pore pressure is 0.81 implying an increase of
differential stresses. Multiple wells that penetrate the same sand within the same fault block
exhibit uniform pressure changes indicating a hydraulically continuous compartment. The
sand in the deepest stratigraphic level is severely undercompacted and overpressured. Non-
uniform pressure changes suggest compartmentalization on a sub-fault block scale. Pore
pressures in this sand either maintains its initial value in a given well or decreases and then
increases again. Laboratory measurements indicate that increasing differential stress
resulting from production may cause plastic and viscous deformation at the effective stress

levels of the deep reservoirs.

5.2 Introduction

Hydrocarbon production from oil and gas fields can significantly reduce the pore
pressure in a reservoir if no adequate pressure support is provided naturally by an aquifer
(feeding the reservoir), a gas cap (expanding as the fluids are being produced) or through
water injection. If the reservoir is poorly consolidated and overpressured the sediments can
compact during production and, as a consequence, change permeability and due to
poroelastic effects, the state of stress within and around the reservoir (Teufel et al., 1991;
Engelder and Fischer, 1994; Segall and Fitzgerald, in press). Depending on the state of
consolidation and material properties of the reservoir sands, compaction can either be
elastic, plastic, or a combination of both. As a result of the sediment compaction and the
accompanying stress changes the pore pressure in the reservoir can be maintained or even
increased driving production. Furthermore, the hoop stress around wells penetrating the
compacting reservoirs changes, potentially leading to wellbore stability problems such as
sand production. General well and fracture completion designs for boreholes being drilled
into already depleted sands need to account for these stress changes to adjust mudweights,
wellpaths, and fracture gradients accordingly.
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The importance of these issues has greatly increased in recent years since many wells
are now being drilled horizontally and in often extremely overpressured reservoirs in which
minor pore pressures variations could induce significant changes in mechanical reservoir
behavior. While the amount of reliable and high quality data is still sparse, a number of
recent publications have addressed production induced reservoir compaction behavior,
associated stress paths, and matrix permeability changes for a few hydrocarbon producing
fields along the Gulf Coast and in the North Sea (e.g., Salz, 1977; Teufel et al., 1991;
Engelder and Fischer, 1994; Santarelli et al., 1998).

In this chapter, I present production related pore pressure depletion curves in three
reservoir sands from the South Eugene Island (SEI) 330 field. For a general geologic
overview of the SEI field refer to chapter 1. Specifically, I focus on the differences in
depletion behavior in order to assess variations of sediment compaction and possible
associated stress changes (i.e. stresspath) within a single field. The pore pressure data I use
come from pressure surveys taken in over 80 production wells located in blocks 330 and
316 of the SEI field (see Figure 1.4). The three reservoir sands are the GA-2 (shallow level),
the LF (intermediate level), and the Lentic (deep level) (see cross-section in Figure 1.4). 1
describe and discuss each sand individually in stratigraphic order. In each case, I first
provide a brief depositional and lithologic description. Subsequently, I present the pore
pressure survey data, from which I compile depletion curves for each reservoir undergoing
production. As described in chapter 3 (section 3.3.2), I followed a method published by
Batzle and Wang (1992) to correct pore pressure measurements from various wells in each
reservoir to a given datum (usually the center depth of perforation in case one of the wells
was fracture completed). Finally, I discuss the pressure history and its impact on potential

stress changes and sand compaction behavior.

5.3 GA-2sand

5.3.1 Overview

The upper stratigraphic level I study is the GA-2 sand, one of the youngest and shallowest
producing reservoirs in the field (see cross-section in Figure 1.4). The average depth to its
top is about 4,400 ft. sub-sea true vertical depth (SSTVD). This sand interval was deposited
in fluvial channels and at the deltaic mouth during sea level lowstands when the shelf was
above sea level (Alexander and Flemings, 1995). The sand can be quite massive (up to
400ft.) and is comprised of relatively fine grains with little cement (Holland et al., 1992).
Structurally, the GA-2 sand is highly continuous divided only by the main basin bounding
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growth fault into footwall and minibasin side (Figure 5.1). Production is mainly controlled
by a strong water drive from the aquifer below. The logs in Figure 5.2 indicate that the
sediments surrounding the GA-2 contain relatively little shale (GR-track) and they lay on
a normal compaction trend (At-track) implying sufficient drainage for the pore fluids to
escape as the sediments are being buried.
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Figure 5.1: Structure map of the GA-2 sand in SEI fault block 330. Depth contours are in
feet SSTVD. Wellpaths of boreholes (thin dashed lines) from which we obtained pore
pressure data were drilled from platforms B and C (shown as white rectangles). The
points of reservoir penetration are indicated as crosses along wellpaths. Medium
dashed line displays the interpreted oil-water contacts (O/W). The associated depth
intervals in the reservoir filled with oil are shown in gray. Thick dashed line exhibits
assumed permeability contrast. This structure map was generated from Pennzoil’s 3-D
seismic data interpretations. The normal faults are vertical projections of the fault
plane onto the Lentic horizon; the sides of relative downthrown sand sections are
indicated with black symbols along the fault plane. Locations of platforms, exploration
wells, and borehole paths were obtained from Pennzoil’s deviation data.
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Figure 5.2: Gamma ray (GR, left track) and sonic log (At, right track) of well 331/4#1. The
depths (in SSTVD) where the well penetrates the four reservoirs presented in the study
are labeled accordingly. Along the sonic log, notice the normal compaction trend
(<5400 ft. SSTVD), the first velocity reversal (~6,000 ft. SSTVD), and the second
velocity reversal (~ 8,800 ft. SSTVD) indicating compaction disequilibrium and
overpressured conditions (Bowers, 1994; Hart et al., 1995).
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5.3.2 Pressure history

Figure 5.3 displays production induced pressure evolution in the GA-2 sand as compiled
from 5 production wells. Initially, the reservoir pressure was slightly above hydrostatic (i.e.,
~about 250 psi). In February of 1995 cumulative production accounted for almost 30 mbbls
of liquids (oil and water), and 13 mmcf of gas. Despite oil production the pressure-time
curve is rather flat indicating insignificant pressure decline from slightly above to
approximately equal to hydrostatic levels (assuming brine with an equivalent density of
0.465 psi/ft). Because pore pressures are essentially hydrostatic and the reservoir shows
rather small depletion, I consider the GA-2 sand a normally compacting reservoir (as seen
from the sonic log) with aquifer support that is in communication to the surface.
Furthermore, the sand appears to be well drained, i.e. fluids can freely escape at any time
during loading and compaction. In other words, the grains of the GA-2 sand support the
load of the overburden and production does not induce any stress changes on the system.
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Figure 5.3: Pore pressure depletion in the GA-2 reservoir. The graph is compiled with
pressure surveys from 5 different wells (as labeled) and corrected to a datum of 4,100
ft. SSTVD. The change in pore pressure, APp, is 250 psi. The reference hydrostatic
pore pressure was calculated using an equivalent gradient of 0.465 psi/ft.
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54 LF sand

S5.4.1 Overview

The LF is representative of the intermediate stratigraphic level. It was deposited in a
shallow deltaic environment (Alexander and Flemings, 1995) and is characterized by
moderate overpressures. This is also expressed in the sonic log, where the sand lies below
the first velocity reversal (indicating a deviation from the normal compaction trend) (Figure
5.2). The LF is very fine grained, extremely clean, and cementation is more uniform
compared to other reservoir sands (Holland et al., 1992). Hydrocarbons are produced
through a combination of gas-cap expansion and aquifer drive from below. The thickness
of the LF sand increases towards the west but is only up to 100 ft. in SEI blocks 330 and
331. Its top is between 6,200 ft. and 7,500 ft. SSTVD on average. Within the minibasin (SEI
blocks 330 and 331), the LF sand is offset by subsidiary faults sub-dividing it into several
fault blocks (FB). Figure 5.4 displays the structure map of the JD sand, which was
deposited above the LF during the same sedimentation cycle (Figure 1.4). The structures at
this stratigraphic level are very similar to those of the LF sand and therefore an adequate
representation (no digital structure map is available for the LF sand).

5.4.2 Pressure history

Production from the LF sand has been quite significant. By February 1995 cumulative
production was almost 15 mbbls of liquids and just over 15 mmcf of gas in FB-B, and over
6 mbbls of liquids and over 8.5 mmcf of gas in FB-A. Figure 5.5 displays the corresponding
pressure histories. Initial pore pressure conditions indicate moderate overpressures (A =
0.59 and 0.64). The sand can be characterized by compaction disequilibrium and undrained
reservoir fluids that support a fraction of the overburden load. As a consequence of
production, both reservoirs experienced drastic, but uniform pressure declines between
1,500 and 1,800 psi. In FB-A, the pore pressures drops to about 2,000 psi and then exhibits
a late stage “recovery” of approximately 400 psi to 2,400 psi. In FB-B pore pressures
decline and then remain essentially constant at about 2,400 psi. The approximately flat
nature of both curves suggests an equilibrium state between the compartments and the
aquifer feeding the LF sand. Note also that the late stage equilibrium pore pressure of 2,400
psi in both LF reservoirs is about 800 psi below hydrostatic. I interpret this fact to be the
result of the isolating nature of the compartmentalization resulting from the lack of
communication with the surface.
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The uniform depletion behavior in each of the two reservoirs indicates that the
production induced pressure changes spread pervasively through this sand in each fault
block. Thus, fault blocks A and B, which were interpreted from seismic data, coincide with
two hydrologically continuous compartments (i.e. bounded by subsidiary faults).
Furthermore, initial and final pore pressures are approximately equal and the shape of the
depletion curves look essentially similar. It is likely, that the two compartments are in
hydraulic communication across the fault block bounding normal fault. Alexander and
Handshy (1998) came to the same conclusion with a geochemical analysis of the pore fluids
in the SEI 330 reservoirs. In fact, the pressure “recovery” seen in fault block A corresponds

to an increase in pressure to that in fault block B.

Fit. BL"AA"
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Figure 5.4: Structure map of the JD sand. Depth contours are in feet SSTVD. Medium
dashed lines display the interpreted fluid contacts (O/W: oil-water; G/O: gas-oil). The
associated depth intervals in the reservoir filled with oil/gas are shown in dark/light
gray. See Figure 5.1 for more details of how this structure map was generated.
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Figure 5.5: Pore pressure depletion in the LF sand, FB A and B. Both graphs are compiled
with pressure surveys from 6 different wells (as labeled) and corrected to a datum of
6,900 ft. SSTVD. The change in pore pressure, APp, is ~1,540 psi in FB-A and ~1,800
psi in FB-B. The reference hydrostatic pore pressure was calculated using an
equivalent gradient of 0.465 psi/ft.

5.4.3 Depletion related stress changes

The pressure decline in both LF reservoirs implies that the load carried previously by the
pore fluid is transferred to the sand matrix. The matrix of the LF sand apparently has
sufficient stiffness to support the additional load, probably resulting from the relatively
uniform cementation described above (Holland et al., 1992). It is likely that there is an
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elastic pore compaction effect that is not recorded in the pressure data. As a consequence
of this loading process, effective and differential stresses in both reservoir sands increase
(Addis et al, 1996). For the reasons addressed in the introduction of this chapter and the
issues discussed in chapter 3, it is of interest to analyze the stress path the LF reservoirs
followed in response to the depletion. Since I have two stress tests available for the LF sand
in FB-B at the initial and the depleted state of the reservoir (see chapter 3.4.3, Figure 3.8),
I can determine its effective stress path as described by parameter A (Addis et al., 1996):

A= — Eqn 5.1

Theoretically, the parameter A can vary between 0 and 1. Although Santarelli et al. (1998)
argue that values of 0 and 1 for A have been observed in the North Sea, the compilation by
Addis (1997) shows that A generally ranges between 0.2 ad 0.8. In the case of the LF/FB-
B reservoir, A is to 0.81 (chapter 3.4.3), which is high but within the range reported by
Addis (1997). As in Figure 3.9, Figure 5.6 displays in normalized Sy, versus P, space the
stresspath for the LF FB-B reservoir. If p was 0.4, pore pressure and stress conditions in
the depleted LF sand would be in frictional equilibrium. Thus, production could be
inducing fault slip.
However, I doubt that a very clean and uniformly cemented sand like the LF has low
coefficients of friction. Laboratory measurements on sandstones revealed values for p that
are generally above 0.6 (Byerlee, 1978; Zoback and Healy, 1984). Furthermore, a few field
studies on the state of stress in sedimentary formations (Zoback and Healy, 1984) also
suggest higher shear strengths (i.e., i ~ 0.6 rather than 0.4). Therefore, I think a higher
frictional value is more reasonable (i.e., i = 0.6). Hence, depletion of the LF sand increased
the differential stress and brought the reservoir closer to frictional failure (because the
stresspath is a little bit steeper than the line for frictional failure for L = 0.6) but it probably
has not reached it.

The stress path can also be expressed in terms of the effective stress ratio K, which

relates to A as follows (the derivation is shown in the appendix):

_Aoc,

A=1-K=1 Ao

Eqn. 5.2

Given A = 0.81 for the LF FB-B reservoir, K equals 0.19, which is rather low. Figure 5.7
displays the stress path in terms of K and illustrates how depletion drives the state of stress
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away from the isotropic stress line leading to an increase in differential stresses. This
process could eventually lead to shear failure.

Teufel et al. (1991) found a similar low values for K in the North Sea Ekofisk field. In
contrast, uniaxial laboratory measurements on Ekofisk chalk revealed considerably higher
K numbers (i.e., 0.4 - 0.5). Teufel et al. (1991) attribute this unequal change of effective
stresses between field and laboratory to differences in boundary conditions. In laboratory
measurements strict stress or strain boundary conditions can be achieved. In the field,
however, combined stress-strain boundary conditions are very likely which result in rapidly
increasing deviatoric stresses (perhaps because the reservoir rocks can deform more
plastically).

—
|

Figure 5.6: Normalized least principal stress versus normalized pore pressure. The diagram
displays initial (black triangles) and depleted (open triangles) conditions of the LF FB-
B reservoir. The arrow indicates the effective stress paths annotated by the value for
the A parameter. Hydraulic fracturing, frictional failure for two coefficient of frictions
(1 = 0.4 and 0.6), and the isotropic stress state are shown as dashed lines.
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Figure 5.7: Diagram of effective vertical stress versus effective horizontal stress displaying
the stress path of the LF FB-B reservoir in result of production related 1,800 psi
depletion. The black and open triangle show initial and depleted states respectively.
The arrow indicates the effective stress path annotated by the value for the effective
stress ratio, K The isotropic stress path is shown as well.

5.5 Lentic sand

5.5.1 Overview

The Lentic-1 (or L-1) is stratigraphically the deepest reservoir in the SEI 330 field and
lies well below 10,000 ft. SSTVD within the minibasin (see cross-section in Figure 1.4). It
was deposited in an outer continental shelf to continental slope environment (Alexander
and Flemings, 1995). The internal structure of this sand is complex, highly discontinuous,
and its structural details are generally poorly understood because the quality of seismic
reflection data deteriorates at this level.
The Lentic sand is relatively clean (not very different from shallower reservoir sands), very
fine grained, and its thickness is quite variable but no more than 100 ft. However, the
gamma ray log in Figure 5.2 exhibits rather thick, low permeability volumes of shale in the
strata surrounding the Lentic. Laboratory analysis of Lentic core (C. Chang, pers. com.)
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Figure 5.8: Structure map of the Lentic reservoir sand on the footwall side of the SEI 330
field. Depth contours are in feet SSTVD. Wellpaths of boreholes from which we
obtained pore pressure and stress data were drilled from platform A in block 316 (small
white square) and are shown as thin dashed lines with points of reservoir penetration
(crosses along wellpaths). Thick dashed lines display interpreted fluid contacts in the
individual fault blocks (O/W: oil-water; LKO: lowest known oil). The associated depth
intervals in the two reservoirs filled with oil are shown in gray. Thick “T”’-dashes in
fault block A exhibit assumed permeability barriers. See Figure 5.1 for more details of
how this structure map was generated.

indicate that although the sand is deeply buried, it is extremely undercompacted with
almost no signs of cementation and experiences severe overpressures in-situ. This is likely

to be a consequence of the rapid deposition and burial of thick shale sequences during basin
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evolution and the associated insufficient sediment drainage (Holland et al., 1992; Alexander
and Flemings, 1995). The resulting overpressured conditions are reflected in the sonic log
in Figure 5.2, where the sand is found near the bottom of the well below the second velocity
reversal.

I compiled pressure data from wells drilled on the footwall side in SEI block 316, where
the sand lies above 7,000 ft. Figure 5.8 displays the dominant structural features in the
southwest corner of SEI 330 block 316 and adjacent blocks. There are two NE-SW striking
normal faults and subsidiary fault splays against which the Lentic sand abuts. A roughly E-
W striking antithetic normal fault sub-compartmentalizes the sand into fault block A and
fault block C. This antithetic normal fault does not entirely separate fault blocks A and C.
Pennzoil geologists suggest complete closure and hydraulic decoupling between the two
reservoirs is achieved by a permeability barrier (shown as thick “T”’-dashes in Figure 5.8)
further downdip to the east in fault block A.

5.5.2 Pressure history

The Lentic sand is an oil reservoir with minor amounts of gas. By February of 1995,
production from the Lentic sand totalled at nearly 0.5 mbbls of water and oil and 0.1 mmcf
of gas in FB-A. In FB-C, production was somewhat higher: almost 1.5 mbbls of liquids and
0.5 mmcf of gas. Figure 5.9 displays the pressure histories for both fault blocks A and C
corresponding to this production. Pore pressures prior to depletion were 85% and 86% of
the overburden for FBs A and C, respectively.

In FB-A (Figure 5.9A), I had pore pressure surveys from three wells. Initially, there was
only one well, A-3, producing from this reservoir. After shut-in in 1993, because
production had become uneconomical, two more wells came into production: the A-3ST in
1994 and the A-13 in 1995. The corresponding pressure history displays an initial pore
pressure decline by about 1,400 psi over the first 5 1/2 years of production. After the A-3
had been shut-in, the pressure suddenly rose by about 1,750 psi (indicated in the figure) to
nearly 6,200 psi (measured in the A-3ST; black square), which is higher than the initial pore
pressure value. At this point, the A-3ST was fracture completed and the pore pressure
measurement taken during this process (about 12 days after the pressure survey; open
square with cross) confirmed the high pore pressure in the reservoir. Subsequently, the
pressure dropped sharply to about 4,200 psi - a little bit lower than the last minimum
(dashed line) - before it increased again.

In FB-C pressure surveys from 6 wells were available to monitor pore pressure during
a production period of about 10 years (Figure 5.9B). The six pressure curves show non-

uniform pressure depletion within the reservoir. The pore pressures in well A-4 remain high
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and fluctuate about the initial value of about 5,400 psi (upper dashed line). Pressures in well
A-1, in contrast, decline by about 1,100 psi to approximately 4,300 psi (lower dashed line)
and then fluctuate around this value. In well A-8, the pressure sharply declines to the lower
dashed line value (~4,300 psi) and then increases again by 400 psi. In well A-10, pressures
decline to ~4,300 psi and then remain essentially constant. After fracture completion in
1994, well A-12 exhibits the same high initial pore pressures as measured in wells A-1 and
A-4 about 10 years before; subsequently, the pressure declines significantly to about 3,700
psi.

The pore pressures in the six production wells of FB-C exhibit a compelling behavior:
either they remain more or less unchanged at initial values (~5,400 psi) or decline to about
4,300 psi and then level off or increase again. I believe these peculiar trends bound by the
two pore pressure values (dashed lines in Figure 5.9B) indicate the presence of a
mechanism that increases and maintains high pore pressure. Furthermore, the non-uniform
trend among the production wells suggests hydraulic compartmentalization on a sub-fault

block scale (i.e., smaller than the structural resolution of the seismic data).

5.5.3 Mechanisms for maintaining high pore pressures

Figure 5.10 presents in a simple diagram illustrating the sources or mechanisms that I
suggest are responsible for maintaining or recovering high pore pressures in the two Lentic
reservoirs. Basically, there exist two types of sources: internal and external. External
sources include fluid migration mechanisms such as active faulting and aquifer support; in
addition there exist also capillary forces. The necessary condition to maintain or increase
pore pressure in a reservoir is that the fluid volume produced from the reservoir has to be
smaller or equal to the fluid volume migrated into the reservoir (i.e., AV, 2AV ;).
Internal pressure sources involve reservoir compaction (i.e., change of porosity). This
compaction can either be elastic, viscous, or plastic. Elastic compaction results in an equal
change of porosity volume to fluid production volume (i.e., A® = AV ,,,,) if the reservoir
pore pressure remains constant and there is no other mechanisms operating. Viscous creep
or plastic compaction, in contrast, results also in a pore pressure increase, because the pore
volume reduced can be larger than the fluid volume produced (i.e., AQ 2 AV, ;).

5.5.4 Laboratory measurements

In this section, I use data from laboratory measurements to complement the field data
described above, and help explain the peculiar production induced pore pressure response
in the two Lentic reservoirs. The measurements were made on plugs taken from a core of
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well 316/A-12 (FB-C; Figure 5.8) that penetrates the Lentic sand. The plugs were subjected
to uniaxial strain under drained and undrained conditions. For more details on test
procedure and data acquisition refer to Chang and Zoback (1998). In the following, I

discuss results from the evolving stress states in these plugs.
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Figure 5.9: Pore pressure depletion in the Lentic sand, fault blocks A and C. The pressure
data in FB-A were corrected to a datum of 7,400 ft. SSTVD and in FB-C to 6,800 ft.
SSTVD. The open squares with crosses show pore pressures determined during
fracture completions, while all other data (black symbols) come from repeated
pressure surveys. The reference hydrostatic pore pressure was calculated using an
equivalent gradient of 0.465 psi/ft.
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Lentic sand
pressure sources

Internal External
(Compaction Drive) (Dynamic Migration)
Pressure maintenance (AVin 2 AVprod.)
elastic compaction -
(Ad = AVprod.) Capillary forces
Fault seal

Pressure increase
viscous/plastic compaction

(Ad > AVprod.) Aquifer support

Figure 5.10: Diagram to visualize two types of sources potentially responsible for pore
pressure maintenance or even increase in the Lentic sand. (A®: change of pore volume;
AVrogt volume of fluids produced; AVj,: volume of fluids migrated into the
TEServoir).

Undrained testing -

The undrained tests were designed in an attempt to simulate qualitatively the
production history in the Lentic sand, FB-A (Figure 5.8). The test procedures are explained
in detail by Chang (1998). Reproduction of the reservoir pore pressure response (Figure
5.9A) in the lab can help to better understand the mechanics that accompany production in
the highly overpressured and undercompacted Lentic sand.

Figure 5.11 shows the acquired data consisting of two curves: the differential load and
the pore pressure. In a first step of the test, the differential stress on the sample was
increased by raising the axial load and then held constant for the remainder of the
experiment (step function loading). Even though not realistic, this process might simulate
the initial burial of the reservoir under undrained conditions. The sample was then given
sufficient time to achieve pore pressure equilibration imitating the initial in-situ conditions
in the reservoir. In response to the step load, the pore pressure exhibits a strong increase
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together with oscillations. After about 7 hours into the experiment, the oscillations cease
and the pore pressure continues to rise monotonically. Pore pressure had equilibrated after
18 hours and production was simulated by opening a valve and “producing” a fraction of
the pore fluid. The system was immediately shut-in again afterwards. This step simulates
the actual production process. As a result of the drastic pore pressure drop, the load
previously carried by the fluid is transferred to the sand matrix, which increases the
differential stress on the grains. The response of the system following the simulated
production shows that immediately after shut-in, the pore pressure starts to recover with

time by increasing steadily for 17 hours until the experiment is terminated.
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Figure 5.11: Differential load and pore pressure versus time for the undrained laboratory
test on the Lentic sand.

This behavior confirms observations Chang and Zoback (1998) made in previous
experiments on samples not only from the Lentic sand but also from the Wilmington Field,
California, which is also unconsolidated. The Lentic sand is behaving in a visco-elastic
fashion most likely due to the presence of small amounts of intergranular clay. Chang and
Zoback (1998) modeled this behavior using a standard linear solid. The time dependent
creep of grains allows for dissipation of excess differential stresses (i.e., stress relaxation)
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imposed on the grains by additional load that the matrix is not capable to sustain. During
this process, the pore volume is reduced and if the fluids cannot drain, pore pressure starts
to increase. The result from this undrained loading experiment suggests that the pore
pressure increase in the Lentic sand in FB-A after well A-3 was shut-in (Figure 5.9A) can
be related to time dependent creep, stress relaxation, and associated pore volume reduction
of the sediment matrix.

Drained testing

Figures 5.12 through 5.14 display the data from the drained test in ways that are
frequently being used in soil mechanics: stress versus strain (Figure 5.12), effective mean
versus differential stresses (Figure 5.13), and effective vertical versus effective horizontal
stress (Figure 5.14) (Muir-Wood, 1991; Atkinson, 1993). Note that because this test was
run under drained conditions, effective stresses equal total stresses. Unfortunately,
meaningful porosity data accompanying the stress-strain measurements were not available.
Consequently, I am not able to provide plots of porosity (or void ratio) versus mean
effective stress - a potentially useful way to understand the mechanics of unconsolidated
sediment compaction.

The stress versus strain graphs in Figure 5.12 indicate a strong compactional and non-
linear elastic behavior of the Lentic sand. The general concave-up character (particularly
reflected in Figure 5.12A) of the curves reflects virgin (i.e., initial) compaction of a weak,
unconsolidated sediment (Atkinson, 1993). I consider the Lentic sand to be such a
sediment, given the fact that it is extremely undercompacted (i.e., porosity ~35%) and
shows essentially no signs of cementation. However, there also appear to be at least two
yield points at which the sample has a local effective stress peak indicating a maximum
sustainable load on the grains at that stage. The peaks are followed by short declines in
effective stress which may indicate grain rearrangements accompanied by sudden volume
change. Subsequently, effective stresses increase steeply which I interpret as periods of
post-yield compaction resulting from steady volume change by continuous grain
rearrangement (Jones, 1994).

Figure 5.13 displays the data from the same test in a graph of effective vertical versus
effective horizontal stress which offers the possibility to look at the stress path. An
important parameter in this regard is the effective stress ratio K, (i.e. effective horizontal
versus effective vertical stress, 6;/0,). It is considered a material constant for most
uncemented sediments and describes the stress path under uniaxial strain conditions (which
are relatively easy to achieve in the laboratory). For the Lentic sand, Ky = 0.38, which is
within the typical range for one-dimensional consolidation (i.e., virgin or initial
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compaction) of an uncemented sand (Karig and Hou, 1992; Jones, 1994). The figure also
exhibits local slope changes in response to the material yielding and sudden volume
change. The local values show a significant increase in effective horizontal stress as a result
of the yielding process. For a perfectly plastic yielding process (so called critical state) doy/
do,, should approach 1. Subsequent to yielding, the material follows again the K = 0.38
trend for initial compaction.
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Figure 5.12: Stress versus strain in the L-1 sand FB-C measured in a specimen taken from
the 316/A-12 core (Chang and Zoback, 1998). A: effective vertical stress versus strain;
B: effective horizontal stress versus strain.

A third way to view the data is by plotting mean effective stress versus differential
stress (Figure 5.14). This type of plot is usually called p-q plot in soil mechanics (e.g.,
Muir-Wood, 1991). The data exhibit a general trend (thin dashed line) that follows the
virgin compaction stress path K identified previously in Figure 5.13. At low effective
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mean stresses (i.e., < 300 psi), the data plot slightly above this trend and may indicate some
overconsolidation at stress states the Lentic sand experienced before. At effective mean
stresses of ~300 psi and 1,300 psi, the plot reveals “flat spots” where the differential stress
remains essentially constant. Again, these spots identify the yield points (arrows). The
curved, dashed lines display the associated Roscoe surfaces (also called end-caps) and
exhibit the state of sudden pore volume change and sediment compaction (Atkinson, 1993).
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Figure 5.13: Effective horizontal versus effective vertical stress of the Lentic sand (well
316/A-12, FB-C; Figure 5.8). K denotes the effective stress ratio. Local slope changes

as a result yield are indicated by their doy/do, value.

The gray squares in Figure 5.14 are the field measurements of pore pressure and stress
for the two pore pressures that I specified as upper and lower bounds when viewing the
pressure histories of the Lentic sand in FB-C (dashed lines in Figure 5.9B). They represent
either the initial state (P, = 5,400 psi) or a lower limit (P, = 4,300 psi) to which three of the
pressure curves (wells A-1, A-8, and A-10) appear to converge. The error bars were
calculated from the uncertainties in pore pressure and stress measurements and variations
(i.e., fluctuations) observed in Figure 5.9B around the two bounding values. The derivation
of the state of stress from the field data, at the two given pore pressure values, is given in
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the appendix to this chapter. It is interesting to observe that the depicted bounding field
conditions plot either right at (P, = 5,400 psi) or within the error range of (P, = 4,300 psi)
the identified yield points of the laboratory sample. This observation suggests that the
observed plastic deformation in the laboratory may be able to explain the pressure history
behavior seen in the field data. When fluid production depletes the reservoirs and induces
loading, the Lentic sand in the field cannot sustain the increased differential stresses (i.e.,
> 1,200 psi). As a result, the sand follows a virgin compaction trend that is associated with
grain rearrangements (rotations, reshuffling etc.) leading to continuous and at times even

sudden loss of volume. These processes can either maintain or raise the pore pressure.
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Figure 5.14: Effective mean versus differential stress of the Lentic sand (well 316/A-12,
FB-C; Figure 5.8). Yield points are shown with arrows. The two dashed lines indicate
the Roscoe surface at which pore collapse occurs. The dashed line following the
general trend is the stress path K as identified in Figure 5.12. The two gray squares
with error bars exhibit two stress states in the Lentic sand, FB-C, corresponding with
the two pore pressures identified in Figure 5.9B (dashed lines).

5.5.5 Implications

In-situ, the Lentic sand is highly overpressured and extremely undercompacted. This is
aresult of the undrained conditions the sand has been exposed to since it was deposited and
burial began. The pore fluids never expelled from the system, hence, the sand never
compacted or cemented, and is in a state of incipient failure as it was right after deposition.
The pressure data from the field show that the sand grains cannot sustain shear stress higher
than ~1,200 psi. The laboratory measurements provides evidence that in response to

reservoir depletion and the resultant matrix loading, the reservoir responds in two ways: (i)
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instantaneous virgin compaction and plastic deformation and (2) time dependent viscous
creep and stress relaxation. Most probably, these two processes operate simultaneously in
the reservoir reducing the pore volume. If fluids are being produced from the reservoirs,
instantaneous effects such as compaction and pore volume reduction and time dependent
viscous creep continuously accompany production. If production is shut-in, only viscous
effects dissipate any excess differential stress. Because the sand is largely undrained the
pore fluid pressure increases (A® > AV ,,,,; Figure 5.10). These processes either maintain
or even increase pore pressure if the change in porosity is equal or greater than the fluid
volume produced from the reservoirs (A® 2 AV ,,,,; Figure 5.10).

As a result of these findings, I suggest that the total strain (€) in the reservoir induced

by production can be written as the sum of the following three components:

e=¢c+e"+¢" Eqgn. 5.3

where €°, €P, and €' denote elastic, plastic, and viscous strain respectively. To give a
quantitative example, I assume that the pore pressure increase (AP,) of 1,750 psi in the
sealed Lentic sand, FB-A, after shut-in (Figure 5.9A) is the result of pore volume reduction
from the processes described above. The fluid strain in the undrained reservoir is:

¢ =5 = —2 = 0,024 Eqn. 5.4

where AV, V, and Ky denote change in volume, total volume, and the bulk modulus of the
fluid respectively. Using a value of 0.5 GPa for K¢ (Batzle and Wang, 1992), I obtain ef =
0.024. The elastic strain (€°) can be calculated in a similar fashion:

£ = 2L = =27 = 0.0046 Eqn. 5.5

where AG, and K denote the change in mean effective stress and bulk modulus of the
reservoir matrix respectively. I calculated Ac,, from the field data (= 1,085 psi = 7.5 MPa)
taking the change in fluid pressure (APp) and a change in horizontal stress (poroelastic
behavior with v = 0.3; Eqn. 3.2) into account. Chang and Zoback (1998) determined K for
the Lentic sand to be 1.6 GPa. The resulting value for €° equals 0.0046, i.e. about 19% of
el. This simple calculation shows that within the assumptions made, a combination of
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plastic and viscous deformation (€P and € respectively) accounts for 80% of the total strain
on the fluid (sf).

5.6 Discussion

The pore pressure histories in the three stratigraphic levels GA-2, LF, and Lentic
exhibit marked differences. From shallow to deep, the SEI 330 field can be characterized
as a system in which the reservoirs become increasingly overpressured and
undercompacted. Because of the stratigraphic dissimilarity, individual sands show
different pore pressure and sand compaction responses to hydrocarbon production. In
Figure 5.15, I summarize in a diagram the differences in compaction behavior between the
three stratigraphic levels. I schematically view each sand reservoir as being contained in a
sealed box that is exposed to an overburden load (S,) and has an outlet pipe with a valve
for the pore fluids to drain (Figure 5.15 top).

The shallow GA-2 sand (Figure 5.15A) is well drained (open valve), hydrostatically
pressured, and normally compacted. Compartmentalization does not exist at this level. As
a result, production induces only minor pore pressure changes and no load change on the
reservoir grains.

The intermediate LF sand (Figure 5.15B) is moderately overpressured,
compartmentalized, and slightly undercompacted. Initially, the reservoir valve is closed
and only production drains pore fluids out of the compartments. Production causes marked
pressure declines and significantly raises the load on the reservoir grains. Because of
uniform grain cementation, this increase in overburden load is well supported by the
matrix, thereby increasing the differential stress and bringing the sand closer to frictional
failure. It is very likely that linear elastic effects (elastic pore volume compaction)
accompany the production process. However, this is not obvious from the pressure data.

The Lentic sand is severely overpressured and undercompacted showing essentially no
intergranular cementation. Pressure histories demonstrate that the reservoirs are
compartmentalized on a sub-fault block scale. Production induces very little change in pore
pressure. Either pressures remain approximately at initial values or decrease somewhat and
then increase again. After shut-in of a depleted reservoir pore pressure rises again. These
observations indicate that the sands fails (i.e. yields) as it is being loaded during depletion.
In response, it starts to follow a virgin compaction curve. This process is characterized by
non-linear elastic effects such as plastic and viscous deformation and results in pore volume
reduction and fluid compression (i.e., increasing the pressure). Elastic effects appear to
play only a minor role.
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Figure 5.15: Schematic summary of pore pressure and grain load behavior in the three
reservoirs sands GA-2 (A), LF (B), and Lentic (C). The valve shown in the top figure
indicates drainage or production from the reservoirs. The valve indicator in the figures
A) - C) below indicates black for a closed valve and white for an open valve. Notice,
for the Lentic sand (C), there are two scenarios displayed (i and ii).
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In figure 5.15C, I show two scenarios: (i) Pressure drop followed by an increase. This
curve simulates the behavior observed in FB-A (Figure 5.9A), where after production shut-
in viscous relaxation dissipates differential stresses in the matrix and raises the pore
pressure. In this case, the valve is open only during a short production period. (ii) Pressure
drop followed by fluctuations around a constant value. This curve imitates the behavior
observed in FB-C (Figure 5.9B) representing virgin compaction and yielding during
production. In this scenario, the valve is closed up to production begin and then remains
open. Curve (ii) could also be shown without the initial pressure drop to acknowledge the
pressure response in well A-4 (Figure 5.9B).

The pore pressure evolution in FB-C (Figure 5.9B) and the associated plastic behavior
at equivalent effective stress levels as observed in the laboratory indicate a progression
from one yield point to the other. Perhaps these yield points indicate as equilibrium states
in the reservoir that is governed by viscous and plastic deformation. This is an intriguing
observation, which may have broader implications. Numerous studies have shown that the
crust when comprised of crystalline rocks is in frictional equilibrium (e.g., Zoback and
Healy, 1984, 1992; Brudy et al., 1997). These rocks are well consolidated and sustain
significant shear stresses (and stress is “locked-in” to the rock). Poorly consolidated and
overpressured Lentic-type sediments from the Gulf of Mexico, however, appear to behave
differently in the sense that they do not follow Mohr-Coulomb theory (see chapter 3). In
terms of rheology, these sands and shales are quite different because they cannot sustain
large differential stresses (they “flow”). It would be very interesting to test whether other
sedimentary basins around the world that are also characterized by soft sediments due to
rapid deposition and burial behave in a similar fashion. Perhaps, this would allow to
establish states of equilibria for crustal rocks and sediments as a function of rheology (i.e.,
cemented versus unconsolidated).

5.7 Conclusions

The production related pressure transients exhibit different behaviors for reservoirs at
different stratigraphic levels. Shallow sands (i.e., GA-2) are at hydrostatic conditions and
appear to be well drained and normally compacted. At intermediate stratigraphic levels,
reservoirs (i.e., LF) are undercompacted and moderately overpressured. With production,
pore pressures decline significantly suggesting that the sand grains can support the
additional, induced differential stresses. The change in horizontal stress with changing pore
pressure indicates a value for the stress path parameter A of 0.81. This value is high but has

been observed in other fields around the world (e.g., Ekofisk) and can be explained by
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combined stress-strain boundary conditions. Multiple wells that penetrated the LF sand
exhibit uniform pressure transients within the same fault block. I interpret this as evidence
for a hydraulically continuous compartment. The deep Lentic (or L-1) sand is severely
undercompacted and overpressured. Non-uniform pressure transients within the same fault
block indicate sub-compartmentalization. During production pore pressures in the Lentic
sand either maintain their initial values or decrease and then increase again. Laboratory
measurements indicate that both plastic and viscous mechanisms operate at in-situ effective
stress levels. Upon production, the reservoir matrix follows a virgin compaction stress path
with occasional events of sudden pore volume collapse. Following production shut-in, the
sand exhibits a steady pore pressure recovery that can be explained by viscous stress

relaxation and associated pore volume reduction.

5.8 Acknowledgments

I would like to thank Pennzoil, Shell, Texaco, and Chevron for generously providing
the data used in this analysis. Peter B. Flemings and Beth B. Stump provided invaluable
help and suggestions during the preparation and revision of this manuscript. Gilbert Palafox
and Carl Chang conducted the laboratory experiments on the Lentic sand and provided the
resulting data. This project is funded by the Gas Research Institute under contract number
5095-260-3558 and the Stanford Rock and Borehole Geophysics (SRB) Consortium.

5.9 Appendix

5.9.1 Relation between effective stress path (A) and stress ratio (K)

The effective stress ratio can expressed as:

Ac, _ (8%—P°)—(§W-P)

K = = - -
Ac, (8%, -P°')-(S',-P'))

Eqn. 5.Al

where superscripts d and i refer to depleted and initial states respectively. Assuming that

the total vertical stress is constant during production, equation 5.A1 reduces to:

=Sdh—sih"'Pip‘Pdp:ASh_APP: _&z 1—-A Eqn. 5.A2

K .
P, - pdp -AP, AP,
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5.9.2 Derivation of the state of stress in the Lentic sand, FB-C

The upper pore pressure value reflects the initial conditions (i.e., P, = 5,400 psi; Figure
5.9B). Pore pressure measurements taken during four fracture completions carried out in
1994 in the Lentic sand show approximately the same pore pressure as the initial value
(Figure 5.9B). Thus, I used the average least principal stress values obtained from the
minifracs as representative for the state of stress at initial conditions (Table A1).

For the lower bound pore pressure value, I had to account for the pore pressure decline
in the reservoir (i.e., AP, = 1,100 psi). I assumed that this change in pore pressure is
accompanied by a change in the state of stress. Chang and Zoback (1998) determined in
laboratory measurements an average Poisson’s ratio (v) for the Lentic sand of 0.31. Using
the poroelastic model for uniaxial conditions (chapter 3, equation 3.1), I calculated the

change of stress (AS;,) with the change of pore pressure (APp) (Table Al).

TABLE Al:

ASh Shmin Omean Cdiff
Pp | SSTVD | Sv | AP, | (v=0.31) | (ave.) | Omean | error | Odiff | error

[psi] | [feet] | [psi] | [psi] [psi] [psi] | [psi] | [psi] | [psi] | [psi]

5400 | 6,800 6250 O 0 5652 | 451 | 295 | 598 | 250

4,300 1,110 506 5,146 | 1,214 1,104




CHAPTER 6

STRESS, PORE PRESSURE, AND DYNAMICALLY
CONSTRAINED HYDROCARBON COLUMNS IN
THE SOUTH EUGENE ISLAND 330 FIELD, GULF OF
MEXICO

This chapter will be submitted this month (August 1998) to the American Association of Petroleum
Geologists Bulletin with Beth B. Stump, Peter B. Flemings, and Mark D. Zoback as co-authors.
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6.1 Abstract

Hydrocarbon phase pressures at the peak of two severely overpressured reservoirs in
the South Eugene Island 330 field, Gulf of Mexico, converge on the minimum principle
stress of the bounding caprock. I interpret the system is dynamically constrained by the
stress field present through either fault slip or hydraulic fracturing. In two fault blocks of a
shallower, moderately overpressured reservoir sand, hydrocarbon phase pressures are
within a range of critical pore pressure values for slip to occur on the bounding growth
faults. I interpret that pore pressures in this system are also dynamically controlled by the
critical value for slip to occur on the bounding growth faults. I introduce a dynamic capacity
model to describe a critical reservoir pore pressure value that corresponds to either the
sealing capacity of the fault against which the sand abuts or the pressure required to
hydraulically fracture the overlying shale or fault. This critical pore pressure is a function
of the state of stress in the overlying shale and the pore pressure in the sand. I require that
the reservoir pore pressure at the top of the structure is greater than in the overlying shale.
The four remaining reservoirs studied in the field exhibit reservoir pressures well below
critical values for dynamic failure and are, therefore, considered static. All reservoirs that
are dynamically constrained are characterized by short oil columns, whereas the reservoirs
with static conditions have very long gas and oil columns.

6.2 Introduction

A number of young and rapidly formed sedimentary basins exist around the world in
which significant amounts of hydrocarbons have migrated considerable vertical distances
through thick sequences of low permeability shale (e.g., offshore Nigeria, offshore Gulf of
Mexico, offshore South-East Asia; Nehring, 1991; Holland et al., 1992; Grauls and Baleix,
1994). In this paper, I introduce a conceptual model, that I call the dynamic capacity model,
to formalize two dynamic mechanisms (hydraulic fracturing and flow along active shear
fractures) by which hydrocarbon migration in these sedimentary basins may occur by
enhanced fracture permeability. For both of these dynamic mechanisms fluid flow is
governed by fracture permeability and to quantify them precise knowledge of in-situ state
of stress and pore pressures conditions is required.

Faults have long been known to act as conduits for fluid flow (see review by Hickman
et al., 1995). Hooper (1991) raised the possibility that in many hydrocarbon reservoirs
faults may seal or conduct fluids at different times (or space) along the same fault plane. In
the past, it was argued that the sealing or non-sealing capacity of a fault is dependent only
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upon the capillary properties of the fault gauge zone or the caprock (e.g., Smith, 1966) and
leakage (i.e., fluid migration) is largely dominated by Darcian flow within the matrix.
However, in the limit, if permeabilities are very low and capillary entry pressures become
extremely high (e.g., shales) different mechanisms must provide enhanced permeability for
fluids to migrate efficiently. Watts (1987) argues that in this scenario seal failure may occur
by hydraulic fracturing. More recently, numerous publications have given the issue of
fracture permeability controlling hydrocarbon entrapment and migration more importance.
Leach (1993a-c) argues that hydrocarbons in South Louisiana Tertiary sediments have
migrated vertically along faults by means of periodic hydraulic fracturing. Gaarenstrom et
al. (1993) recognized more explicitly that faults control pressure distribution and
compartmentalization in the Central North Sea. Similarly, Grauls and Baleix (1994)
attributed efficient transfer of liquid hydrocarbons in a sedimentary in South-East Asia to
the presence of faults and fractures. These publications specifically argue that stress is an
important factor for fluid flow and point toward the importance that knowledge of the in-
situ state of stress is vital for a fundamental understanding of distribution and prediction of
pore pressures in sedimentary basins. However, they all presume that natural hydraulic
fracturing is the dominant mechanisms for providing the necessary fracture permeability.
In this scenario, pore pressures are required to be as high as the least principal stress in the
overlying strata (Nur and Walder, 1990).

Alternatively, fracture permeability can also be enhanced by shear failure along active
faults. Sibson (1992) proposed episodic fluid flow along rupturing faults associated with
vein deposits in a “fault-valve” fashion. Barton et al. (1995) present strong evidence from
wells drilled in crystalline rock to argue that faults, which are optimally oriented for shear
failure (i.e., critically stressed), have increased permeability and conduct fluids. Non-
critically stressed faults, in contrast, do not provide fluid migration pathways. Ingram and
Urai (1997) argue in a general sense that this mechanisms may also be operative in
sedimentary basins and, more specifically, Engelder and Leftwich (1997) propose it for
fluid migration in the oil and gas fields of South Texas.

With the dynamic capacity model introduced in this paper, I further investigate both
dynamic mechanisms (hydraulic fracturing and failure along shear fractures) to find out
whether reservoir pore pressures, hydrocarbon columns, and fluid flow could be controlled
by fracture permeability in a state of dynamic equilibrium with the ambient state of stress.
To know if either of the two mechanisms are operative accurate knowledge of the state of
stress and pore pressure conditions is needed in both shale units and sand reservoirs. 1
outline the required in-situ conditions for each mechanism and carefully test the model in

eight reservoirs of the South Eugene Island (SEI) 330 field, Gulf of Mexico. Pore pressures
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and hydrocarbon column heights in moderately and severely overpressured reservoirs of
the SEI 330 field appear to be limited by the stress field present.

6.3 Dynamically constrained hydrocarbons

Figures 6.1A through C summarize three possible hydrocarbon migration scenarios by
establishing relationships between reservoir sand pore pressures and in-situ state of stress
in the ambient shales. Two of the mechanisms discussed (Figures 6.1A and B) are dynamic
(i.e., involve sudden failure of the sealing cap rock) while the third one is static (Figure
6.1C). Mohr circles characterize the stresses in the caprock at the point where the sand is
juxtaposed against shale and possibly a bounding fault. A necessary condition for either of
the two dynamic mechanisms (Figures 6.1A and B) to be operative is for the pore pressure
in the sand to be higher than in the overlying shales because it is the pressure in the
underlying sands that has to induce failure in the shale for fluid flow to occur.

Areas undergoing rapid sedimentation like the Gulf of Mexico are often characterized
by a normal faulting environment where the overburden is the maximum principal stress
(i.e., Shmin < SHmax < Sv). In such areas the pore pressures in compacting shales are
generally expected to be higher than in adjacent sands units because of their low
permeability and relatively poor drainage during compaction. However, there have also
been models published predicting the contrary (i.e., pore pressures in sands are higher than
in adjacent shales) under appropriate circumstances. The so-called centroid is such a model
in which at the top of a tilting, water-filled, sand-layer higher pore pressures develop than
in adjacent, impermeable shales. This phenomenon is achieved by structural relief that
induces differential sediment loading. The centroid model was first introduced by
Dickinson (1953) and further elaborated on by England (1987) and Traugott and Heppard
(1994), who coined its name. Stump et al. (in prep.) describe and quantify this model and
apply it to the sedimentary sequences of the SEI 330 field.

The dynamic capacity model is a modified version of the centroid model. I not only
consider relative values of pore pressures in sands and adjacent shale units but also takes
into account the ambient state of stress in the shales that might control dynamic
mechanisms for fluid migration and accumulation. There are two important differences
between the centroid model and the dynamic capacity model. First, the centroid model
focuses on a water filled sand lens or the water phase pressure in a sand sense. In the
dynamic capacity model I consider the pore pressure as measured in the reservoir (Ppss)
regardless of whether it is the water or a hydrocarbon phase. Hence, PpSs at the top of the
structure accounts not only for the pressure difference between sand and shale due to
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structural relief (as prescribed by the centroid model) but also for the hydrocarbon
buoyancy effect. As aresult, the pressure difference between sand and shale is even greater.
Second, I consider dynamic mechanisms for fluid flow. These mechanisms allows me to
establish bounds for the maximum column heights supported by the system since it is the
sealing capacity of the overlaying caprock or the fault against which the reservoir abuts that
controls a critical pore pressure in the sand.

Figures 6.1A and B exhibit a state of dynamic equilibrium in which the pore pressure
in the sand (Ppss) has reached a maximum possible value. I call this maximum pressure
value the dynamic capacity of the reservoir (Pp"m). Beyond this critical pore pressure,
failure would occur allowing fluids to escape. In Figure 6.1A this mechanism is hydraulic
fracturing (e.g., Hubbert and Willis, 1957; Nur and Walder, 1990) where the pore pressure
has to overcome the least principal stress in the shale (ShminSh) for the seal to breach the cap
rock. The second dynamic fluid flow mechanisms is by frictional failure along optimally
oriented, pre-existing faults when the shear stress resolved along the fault overcomes its
frictional resistance and the fault slips (Figure 6.1B). For this mechanism, the critical pore
pressure in the sand is not required to be as high as the least principal stress in the overlying
shale (PpCrit < ShminSh). Shear failure has been associated with dilatancy (pore-volume
increase due to the formation of microcracks) resultant permeability increase and fluid
expulsion along fault zones (e.g., Makurat, 1985; Antonellini and Aydin, 1994). Also,
geometric irregularities along the fault plane tend to cause areas of opening at the time the
fault slips.

The third scenario (Figure 6.1C) shows pore pressures that are considerably lower than
the critical value Ppcrit and I consider these reservoirs not to be filled to their dynamic
capacity. The sand pore pressure can be greater or less than that of the bounding shale,
because the reservoir is in a relatively static state not involving any dynamic failure
mechanisms. In this case the sand could still be filling, it could be leaking or the column
height could be spill point controlled.

Iillustrate the dynamic capacity model in the light of a sand reservoir that is filling over
time with oil or gas until the hydrocarbon column has reached a specific height (Figure 6.2).
The maximum column the reservoir sand can support depends on (i) the initial water phase
pressure in the reservoir, (ii) the mechanisms by which fluids migrate, and (iii) the density
of the hydrocarbon phase. When the reservoir sand has a low initial water phase pore
pressure a large hydrocarbon column can accumulate before the dynamic capacity (i.e.,
Ppcrit) is reached (Figure 6.2A). When the reservoir sand has a high initial water phase pore
pressure the dynamic reservoir capacity is reached at a much earlier time (t,; assuming

equal filling rates) and a significantly smaller hydrocarbon column develops (Figure 6.2B).
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Figure 6.1: The dynamic capacity model. Left: tilting sand lens that is filled surrounded by
shales. Middle: pore pressures and stresses as a function of depth for this reservoir

system. Shale pressures (PpSh, black triangle) follow the lithostatic gradient (i.e.,
overburden) recording undrained conditions. Sand pressures (Ppss) record hydraulic
communication and have the pressure gradient of the fluid phase. The centroid is the
depth at which the shale pore pressure (PPSh) equals the sand pore pressure (P,™)

(Traugott and Heppard, 1994). Right: Mohr diagrams illustrate relative pore pressures
and stress conditions at the top of the sand lens (i.e., the sand-shale interface). Total
stresses are plotted and S, denotes the overburden stress. A) Migration by hydraulic

fracturing. Ppss > PpSh and equals the least principal stress in the shale (ShminSh). B)

Migration by fault leakage. P,** > PpSh and equals the critical pore pressure (Pp““) for
which the reservoir bounding fault starts to slip (indicated by the Coulomb friction line
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touching the Mohr circle for a coefficient of friction of ). Notice, in contrast to case
(A), Ppcrit is lower than S % yet, P,* is at dynamic capacity. C) Migration
controlled by a spill point or leaky seal. P,** < Ppc”'t (i.e., not in dynamic equilibrium)

and can either be above or below PpSh.

A) y Filling | B) Filling
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<«—Depth
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Figure 6.2: Conceptual model of filling of a sand reservoir with hydrocarbons (gray
columns) as a function of initial water pressure (black) and time. The critical pore

pressure (i.e., Ppcrit; wide gray line) is the maximum capacity of the reservoir where
dynamic fluid flow mechanisms are invoked (hydraulic fracturing or fluid flow along
active faults). A) Initially low reservoir water phase pore pressure, Ppssl, allows
development of a large hydrocarbon column over time (t; through t4) before dynamic

capacity (Ppcm) is reached. B) Initially high reservoir water phase pore pressure (P,*,
> Py allows only a small hydrocarbon column to accumulate and dynamic

equilibrium (Ppm") is reached at an earlier time (t,).

Since Pp‘:rit has to be equal to ShminSh for hydraulic fracturing to occur the resulting
hydrocarbon column is largest in this case as opposed to fluid flow along active faults, for
which a smaller column accumulates because Ppm‘< ShminSh. Conversely, if the reservoir
has not reached its dynamic capacity because the observed hydrocarbon column is small
and not in dynamic equilibrium, I can conclude that the reservoir is either still filling or has
a spill point (i.e., statically controlled fluid flow).
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Thus, I believe hydrocarbon column heights are potentially controlled by the state of
stress at the reservoir-fault contact in a manner that when the pore pressure at the top of the
sand (P,**) reaches the value required for the fault to fail in the shale (Ppcm) either by slip
(Figure 6.1B) or by hydraulic fracturing (Figure 6.1A) an episode of fluid flow occurs. In
this scenario, the reservoir has reached its maximum hydrocarbon column and is at
dynamic capacity (i.e., the hydrocarbon column in the reservoir is in dynamic equilibrium
with the state of stress in the overlying shale caprock).

6.4 The South Eugene Island 330 Field

6.4.1 Overview and data

I apply the dynamic capacity concept outlined above to the SEI 330 field. This field is
a large hydrocarbon producing area in the Gulf of Mexico located about 160 km offshore
Louisiana (Holland et al., 1990) (Figure 6.3A). Since 1972 over 250 million bbl (barrels)
of liquid oil and 1.2 Tcf (trillion cubic feet) of gas have been produced (Schuhmacher,
1993) from over 25 different sands layers segmented by shales and normal faults into at
least 100 structurally or stratigraphically distinct reservoirs (Figure 6.3B). The
hydrocarbons produced from this thermally immature field are older than the reservoirs and
are believed to have migrated vertically over significant distances (Holland et al., 1990).

This giant oil and gas field is a Plio-Pleistocene age salt-withdrawal minibasin bounded
to the north and east by a regional (down to the south) growth fault system and to the south
by an antithetic fault system (Alexander and Flemings, 1995). Beneath the OI sands the
stratigraphy is largely shale dominated, and from the OI sands upward it is more sand-
dominated. Pressures are closely tied to this stratigraphic architecture. In the shale-prone
region, beneath the OI sands, severe overpressuring occurs. Because the pressures follow
these stratigraphic surfaces, and because there is significant offset across the growth fault
at this depth, overpressures are much deeper in the hanging wall than in the footwall
(Gordon and Flemings, 1998).

Structure maps based on 3-D seismic and wireline data (provided by Pennzoil, the
operator of blocks 330 ad 316) enabled me to analyze eight reservoirs from three different
sands in five separate fault blocks. The three different sands are the Lentic (footwall, fault
blocks A and C), the OI-1 (minibasin, fault blocks A, B, C, and E), and the JD (minibasin,
fault blocks A and B) (Figures 6.3A and B) (see Alexander and Flemings, 1995, and
Holland
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Figure 6.3: A) Basemap of the SEI 330 field outlining the minibasin and the footwall
separated by the basin bounding growth fault system. The dashed line C-C' marks the
transect of the cross-section in (B). Cross-sections along transects A-A’ and B-B’ are
shown in Figures 6.10 and 6.11, respectively. B) Cross-section through the SEI 330
field along transect C-C' shown in A. Reservoir sands are displayed in gray labeled
accordingly with their names; dashed lines are the corresponding flooding surfaces
(modified from Gordon and Flemings, Basin Research, Pennsylvania State Univ.).
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et al., 1992, for detailed discussion). I determined the depths of the structural highs in each
of the 8 reservoirs from the structure maps and associated column heights using additional
information on fluid contact levels (i.e., oil-water and gas-oil contacts). The data extracted
from these maps are summarized in Table Al. The reservoir tops of the stratigraphically
highest sand (the JD) shale out, while the structurally highest points of the deeper sand
reservoirs (OI-1 and Lentic) abut against growth faults.

To determine in-situ pressure and stress, I used a data base consisting of downhole
measurements from nearly 50 wells (provided by Pennzoil, Texaco, and Shell). These
measurements include repeated pressure surveys (including in-situ temperature and oil
gravity values), sonic logs, and leak-off tests (LOTs) and formation integrity tests (FITs)
(Finkbeiner et al., 1996). I used the earliest pressure records in the reservoir sands to get the
pore pressure conditions prior to production while the reservoir was still in an undepleted
state (Table A2). Shale pressures (PpSh) were calculated from a porosity-effective stress
method based on sonic log data (Hart et al., 1995; Stump and Flemings, 1997; Stump et al.
1998). For each fault block a pressure value was determined for any sonic log that
penetrated the shales bounding the reservoirs (Table A3). A linear regression was fit to the
data in each fault block to estimate the pressure within the caprock (Table AS). The
minimum principal stress in the caprock (ShmmSh) was determined based on LOT and FIT
measurements (Table A4). In contrast to LOTs, FITs do not hydraulically fracture the
formation, hence, they generally present a lower bound for the minimum principal stress
(Gaarenstrom et al., 1993). I linearly regressed the data to extrapolate ShminSh on the
structural high (Table AS).

Given pore pressures at some level within the reservoir sand, I calculated fluid densities
and extrapolated the reservoir pressures to the structural tops. Some reservoirs have both
oil and gas columns. In this case, I calculated the pressure using the oil gradient in the oil
column between oil-water and gas-oil contacts and the gas gradient above the gas-oil
contact to the top of the sand. I followed the approach of Batzle and Wang (1992) to obtain
the live oil density (i.e., with the maximum gas dissolved) based on the in-situ reservoir
temperature and API number of the oil. Oil gradients range from 0.2 psi/ft (= 4.52 MPa/
km) to 0.34 psi/ft (= 7.68 MPa/km) (Table A2). I assumed a constant gradient of 0.1 psi/ft
(= 2.26 MPa/km) for the gas gradient which is a reasonable assumption as verified from
calculation of gas densities along structures using PVT data. The resulting fluid columns
heights and pressures are then simply obtained by calculating the depth intervals from the
fluid contacts (e.g., water-oil or oil-gas) to the top of the structure and using the respective
fluid gradients (Tables A1 and AS5).
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The overburden stress (Sy) was derived by integrating density logs to account for
undercompacted and highly overpressured sediments. The average density values from
integration at the depths of interest resulted in gradients for all wells that range between
0.92 psi/ft and 0.93 psi/ft (Table A5). These values are significantly lower than the often
assumed constant gradient of 1 psi/ft.

6.4.2 Characterization of pore pressure and stress conditions

The three sands investigated in this study (Lentic, OI-1, and JD sands; Figure 6.3B) cap
three depositional cycles in the SEI 330 field and exhibit characteristic pore pressure and
stress conditions. For each reservoir from these three stratigraphic layers 1 carefully
examine pore pressures at their structural tops, in-situ stress of the overlying shale caps, and
hydrocarbon column heights. This information is summarized in Tables Al through AS.
Subsequently, I analyze our results in view of the dynamic capacity model presented above.

First, I calculate the critical pore pressure value (Ppcm) based on Coulomb frictional
failure theory:

crit Shmin.vh - f(l‘t)'sv
P = Eqn. 6.1
’ - F(u) 4

where f(u) = [JW’+1+p]" and W the coefficient of friction. I calculate an upper and
lower bound for Ppcrit using two different values for p that seem reasonable for the SEI 330
field: (i) u = 0.3 (lower bound) and (ii) p = 0.6 (upper bound) (Table A6). The lower
bound results from laboratory experiments with clay under undrained conditions (e.g.,
Wang et al. 1979, 1980; Wood, 1990). The upper bound, in contrast, is a typical value found
in field measurements in many areas around the world (e.g., see reviews in Zoback and
Healy, 1984, 1992; Brudy et al., 1997). Second, I compare the pore pressure at the top of
each reservoir sand to the range of Ppcrit values and draw some implications about fluid
flow and the observed hydrocarbon column heights in each of the eight reservoirs. To
evaluate how close the hydrocarbon column is to dynamic failure in a reservoir, I introduce
a new parameter, the dynamic capacity stress ratio (Cayn):

Cdyn = Shmin > Eqn. 6.2
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Cdyn resembles the effective stress ratio X = (S,.." - P, /(S,- P,y for shales. K has
been given substantial attention in the literature (e.g., Pilkington, 1978; Traugott, 1997)
since it describes the fracture gradient, an important parameter for drilling operations.
However, there is one important difference between K and Cayn: for the dynamic capacity
concept the driving parameter to invoke dynamic failure in the overlying shales is the
critical pore pressure in the sand reservoir (Ppcrit). Therefore, with Cyyp, I consider the
reservoir pore pressure at the top of the structure (Ppss) and the least principal stress in the
shale (Spi™™). In case of hydraulic fracturing (Figure 6.1A), Ppcrit = Spmin™" and hence,
Cayn = 0. In case of fluid flow along active faults (Figure 6.1B), Ppcrit < Spmin™ and, hence,
C4» %0 depends upon the coefficient of friction, u. Given u=0.3 and pu=0.6 (upper and
lower bound) I display the Cayn values for each reservoir in Table A5. For comparison,
Table AS lists also the corresponding K values in the overlying shales. Table A6 shows the
critical Cyy,, values (Cayp™) evaluated using P, for p=0.3 and p=0.6 for which the
bounding faults would slip.

6.4.3 The Lentic sand

The Lentic sand is the deepest reservoir sand in the SEI 330 field. It was deposited in
an outer continental shelf to continental slope environment (Alexander and Flemings,
1995). Pore pressures prior to depletion are around 90% of the overburden. The data used
for our study come from SEI 330 block 316 - the footwall side - of the minibasin bounding
growth fault system (Figure 6.3A). There are two NE-SW striking normal faults and
subsidiary fault splays against which the Lentic sand abuts (Figure 6.4). A roughly E-W
striking antithetic normal fault sub-compartmentalizes the sand into fault block A and fault
block C. This antithetic normal fault does not entirely separate fault blocks A and C.
Pennzoil geologists suggest complete closure and hydraulic decoupling between the two
reservoirs is achieved by an apparent permeability barrier (shown as thick “T”-dashes in
Figure 6.4) further downdip to the east in fault block A. The Lentic sand has 500 ft. to 900
ft. of structural relief within each fault block (Figure 6.4). The highest points of the
reservoirs abut the normal faults near the southern lease boundary. In fault block A, I used
the ‘lowest known oil’ level as the oil-water contact to calculate the oil column. In both
fault blocks, oil columns are less than 600 ft. (Table A1, Figures 6.5C and D).

Least principal stress magnitudes (Spm,"") in the shales are derived from three different
types of measurements conducted in the immediate vicinity of the Lentic sand (Table A4).
The FIT and hydraulic fracture were carried out on the footwall side in block 330 just to the
southwest of the area shown in Figure 6.4. The LOT comes from well 316/A-12 in fault
block C (Figure 6.4). The hydraulic fracture test from well 330/A-20ST (Flemings et al,
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1996) should accurately reflect the state of stress in the shale just above the Lentic sand.
The state of stress in the shale on top of the Lentic sand obtained by a linear fit through the

given data points suggests a near isotropic stress state (i.e., ShmmSh ~ Sy)-

N |Scale [feet]:
| e——— eee——
$ 0 1000 2000 3000 4000 5000

Figure 6.4: Structure map of the Lentic reservoir sand showing dominant structural
features in the southwest corner of SEI 330 block 316 and adjacent blocks. Depth
contours are in feet SSTVD (sub-sea true vertical depth). Wellpaths are displayed as
thin dashed lines with points of reservoir penetration (crosses along wellpaths). Thick
dashed lines display interpreted fluid contacts in the individual fault blocks (O/W: oil-
water; LKO: lowest known oil). The associated depth intervals in the two reservoirs
filled with oil are shown in gray. Thick *“T”’-dashes in fault block A exhibit assumed
permeability barriers. The hatched fault segments (white) indicate potential slip areas
along which fluids could migrate (see text). This structure map was generated by
Pennzoil based on 3-D seismic and log data. The normal faults are vertical projections
of the fault plane onto the Lentic horizon; the downthrown side of the fault is marked
by black ticks.
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Pore pressures in the Lentic sand reach greater than 90% of the overburden stress (0.92
< Ay < 0.96; Tables A2 and A5, Figure 6.5B). Water phase pore pressures at an equivalent
depth do not match between fault blocks A and C indicating compartmentalization (Figure
6.5C). In footwall block C, PpSS at the top of the structure is within approximately 0.69 MPa
to 1.38 MPa (= 100 psi to 200 psi) of the least principal stress in the shale (Spmin™) (Figures
6.5A and B). The pore pressure at the top of the reservoir in footwall block A is also high
but only within 1.82 MPa (= 264 psi) of Ppcrit for u = 0.3 and within 2.97 MPa (= 430 psi)
of Spmi,™ (Figures 6.5B and 6.6).

Stump et al. (in prep.) derived shale pore pressures in three wells just above the Lentic
sand (Table A3). The shale is also highly overpressured (Ag, = PpS]“/Sv ranges from 0.81 to
0.83, Table A3). However, the magnitudes are less than in the sands (i.e., Ay < Agg)
indicating that pore pressures in the sand reservoirs below are about 9% higher (Figure
6.5C). As stated above, this is a necessary requirement for dynamic capacity mechanisms
to operate in the reservoirs because it is the reservoir pore pressure that drives the overlying
shale to failure.

As a result of the high overpressure in the shale, the near isotropic stress state, and low
effective stresses, K is rather high (~0.9; Table AS). This is recorded in Figure 6.6 by the
fact that the shale stress gradient line is 90% of the distance between the shale pressure and
the overburden. This trend is typical for severely overpressured and undrained sediments
of the Gulf Coast and has been reported in numerous publications (e.g., Althaus, 1977
Pilkington, 1978). Since overpressures at the top of the Lentic reservoirs are even more
severe (i.e., P, is close to Shmin™™), I would expect Cgyn to approach zero or Cdyncrit (Table
A®6) to indicate the proximity to dynamic failure. However, I find that Cgy, rather scatters
between 0.46 and 0.76 (Table A5). Since the differential stress (SV - Spmin™) is so close to
zero, the variations in Ppss are responsible for the significant scatter in Cgyyy,. Therefore, the
proximity of the oil columns to dynamic failure in this case is quite difficult to assess using
Cayn-

However, it is clear from Figures 6.5A and B and Figure 6.6 that the pore pressures are
close to both hydraulic fracturing and fault slip. In view of the dynamic capacity model, 1
find that the pore pressures in both fault blocks are not only near or within the lower and
upper bound of Ppcrit but also approach the hydraulic fracture limit (Table A6) suggesting
near dynamic failure conditions (i.e., slip along active faults as well as hydraulic fracturing)
(Figures 6.5A, 6.5B, and 6.6).
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Figure 6.5: In-situ pore pressure and stress conditions at the top of the eight reservoirs in
three SEI 330 sands. The abscissa displays the three sands in stratigraphic sequence.
A: Tendency for hydraulic fracturing indicated by the difference between least
principal stress in the shale (Syp;, ") and reservoir pore pressure (P,*) to display the
tendency for hydraulic fracturing. B: Tendency for fault slip shown as normalized
reservoir pore pressures Ag. The dashed lines indicate lower and upper bound of
critical pore pressures (Pp“i‘) within the range of coefficients of friction () between
0.3 and 0.6 respectively. C: Hydrocarbon (black column) and water (gray column)
phase pore pressure at top of the reservoirs. The difference between both indicates
hydrocarbon column height. The white column displays the water phase pore pressure
at a sand specific reference datum (i.e., JD: 5,500°; OI-1: 6,000’; Lentic: 6,500’
SSTVD). The cross shows the shale pressure (PPSh) at the top of the reservoirs. D:
Column heights for hydrocarbon phases. E: Effective stress ratio K of the shale
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caprock at the reservoir-cap interface. F: Dynamic capacity stress ratio, Cgyp, as
defined with equation (2) to display the tendency for fault slip. The two dashed lines
indicate the two critical Cgy,, values evaluated using Ppc‘it for both L = 0.3 and 1 = 0.6.
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Figure 6.6: Pressure and stress state of the Lentic sand (located in Figure 6.4). Least
principal stresses in shales (ShmjnSh) are from leak-off tests (LOT) and formation
integrity tests (FIT). I also display shale pore pressures (PpSh) (calculated using the
porosity-effective stress method (Hart et al., 1995; Stump et al., 1998)) and reservoir
pore pressures (P,). The black squares represent P, at the top of each sand (black
for oil phase, gray for gas phase) calculated by using live oil gradients (Table A2).
Solid lines represent hydrostatic and lithostatic gradients and the dashed lines are
linearly regressed gradients for PpSh and ShmmSh. The gray area paralleling the shale
pore pressure and overburden trends indicates the range of critical pore pressures (for

0.3 < u < 0.6; equation 1) for which the caprock reaches its frictional limit, the
reservoir bounding fault slips, and the reservoir is at dynamic capacity.
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6.4.4 The OI-1sand

The OI reservoirs are among the most productive in the EI-330 field and were deposited
near the shelf margin of the ancestral Mississippi delta system - a much shallower
environment than the Lentic sand (Figure 6.3B) (Holland et al., 1992). The OI sequence is
comprised of four individual sand cycles that are separated by transgressive shales
(Alexander and Flemings, 1995). I focus our analysis on the reservoirs of the uppermost
sand, the OI-1. The OI-1 is bounded by a concave shaped, predominantly NW-SE striking
sequence of normal faults that constitute the main basin bounding growth fault system in
the SEI 330 field (Figure 6.7). On the downthrown side within the minibasin, several
approximately E-W striking normal faults subdivide the system into at least 5 different fault
blocks that are sequentially labeled “A” through “E”. The offset along these normal faults
is approximately of 100 ft. (antithetic and subsidiary faults) to 800 ft. (main basin bounding
growth fault) (Figure 6.7).

Fault blocks A, D, and E exhibit small oil columns (dark gray) of between 500 ft. and
550 ft. In contrast, the total column heights in B and C are quite large (2,100 ft. and 1,500
ft. respectively) and characterized by long gas (light gray) and relatively short o0il columns
(Table A1, Figure 6.7). The OI-1 is moderately to severely overpressured with Ay varying
from 0.77 to 0.83 (Table A2, Figures 6.5B and 6.8B).

There are significant differences in the hydrocarbon phase pressures and the water
phase pressures in the different OI-1 reservoirs. The hydrocarbon phase pressure at the top
of the structures in fault blocks B, C, and E are apparently equal whereas the oil phase
pressure at the top of fault block A is significantly higher (Figure 6.5C, black bars). This is
true even though the column heights are much larger in fault blocks B and C and the
structural tops in fault blocks B, C, and E are at different depths (Table Al). Furthermore,
if I look at the water pressure at an equivalent depth, I see that there are sharp differences
(Figure 6.5C, white bars). Pressures in fault blocks B and C are 500 to 700 psi lower than
in fault blocks A and E.

Predicted shale pore pressures (PpSh) as derived from the linear regressions exhibit
moderate overpressures (Ag, ranges from 0.69 to 0.76,Tables A3 and AS5). In all cases, at
the peak of the structure, the shale pressure is less than the sand pressure (this is a necessary
prerequisite for the dynamic capacity model). Furthermore, shale pressures mirror the
water phase pressures recorded in the sand. At a given depth shale pressures are lower in
fault blocks B and C than in fault blocks A and E (Figure 6.5C).

The least principal stress in the shale (ShmmSh) lies approximately 80% of the distance
between the shale pressure (PPSh) and the overburden (S,) (Figures 6.8A-D) which
corresponds to a stress ratio K of around 0.8 (Figure 6.5E). This trend is well established
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in fault blocks A and B where multiple stress measurements were made in the vicinity of
the OI-1 horizon. The ShminSh trend is largely inferred in the adjacent fault blocks C and E
because there is only one LOT available (Table A4).

In all fault blocks, hydrocarbon phase pore pressures at the peak of the OI-1 structure
are lower than the least principal stress in the shale (i.e., the difference between ShminSh and
PpSS is not zero, Figure 6.5A). Consequently, the reservoirs are not at hydraulic fracturing
conditions (Figure 6.1A). However, the OI-1 reservoir in fault blocks A and E are clearly
within or at the window of critical pore pressures for frictional failure indicating dynamic
equilibrium (Figures 6.5B, 6.8A, and 6.8D). The reservoir pore pressure in fault blocks B
and C, in contrast, are below the PpCrit window (Figures 6.5B, 6.8B, and 6.8C) suggesting

they are not dynamically controlled.
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Figure 6.7: Structure map of the OI-1 reservoir sand for fault block 330 and parts of
adjacent fault block 331. Depth contours are in feet SSTVD. Wellpaths are shown as
thin dashed lines with points of reservoir penetration (crosses along wellpaths). Thick
dashed lines display interpreted fluid contacts in the individual fauit blocks (O/W: oil-
water; G/W: gas-water; LKO: lowest known oil). The depth intervals filled with oil
and gas are shown in dark ad light gray, respectively. The hatched fault segments
(white) indicate potential slip areas along which fluids could migrate. Figure 6.4
caption describes how this map was generated.
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Figure 6.8: Pressure and stress state of the OI-1 (located in Figure 6.7) and JD (located in

Figure 6.9) sands in minibasins fault blocks A (A), B (B), C (C), and E (D). Refer to
Figure 6.6 caption for more details.
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In the OI-1, I also identify an interesting correspondence between aquifer pore
pressures and column heights. Low shale and sand aquifer pressures are associated with
large hydrocarbon columns (fault blocks B and C), whereas fault blocks A and E exhibit
relatively high aquifer pressures and short oil columns. Figures 6.2A and B provide an
explanation for this scenario. In environments of high initial aquifer pressures, the
difference between Ppcrit and PpSS is small, the reservoir supports less buoyant hydrocarbon
phases, and Ppcrlt can be reached much quicker (Figure 6.2A). Conversely, if initial aquifer
pressures are relatively low, the difference between Ppcnt and P,* is large, the reservoir
supports a long hydrocarbon column (i.e., oil and gas), and Ppcrlt could be reached at a later
time (Figure 6.2B).

The fact that such drastic differences in sand and shale pore pressures can exist in
adjacent fault blocks of the same sand (i.e., the OI-1) is very interesting but also quite
puzzling. Since water phase pore pressures in fault blocks B and C are similar, they are
hydraulically connected to the same aquifer but decoupled from fault blocks A and E as
inferred from the large pressure contrast. Because the shale pressures adjacent to the OI-1
reservoirs show similar contrasts, the same mechanisms operating in the sands probably
also affected the shales. I believe, therefore, that during burial and structural evolution of
the OI-1 sand a very effective compartmentalization process allowed hydraulic decoupling
of the aquifer in these fault blocks and substantial different aquifer pore pressure regimes
to develop. Pressure compartmentalization in sedimentary basins as observed in the OI-1
sand is described with numerous case studies by Powley (1990) and Hunt (1990).

Both effective stress ratios K and Cgyp, are quite variable on top of the OI-1 (Table A5,
Figures 6.5E and F). These variations are the result of variations in both shale and reservoir
pore pressures rather than differential stresses (i.e., Sv - ShminSh), which are quite constant
throughout the OI-1. K ranges from 0.78 to 0.86. The variations in Cyyy, range from 0.51 to
0.74. The Cgy, values in fault blocks A and E are close to the lower Cayn™" bound (0.55)
for p = 0.3 (Table AS) and also indicate the proximity to dynamic failure of the
corresponding hydrocarbon columns. In fault blocks B and C, Cyyy, is quite high (0.61 and
0.74) supporting the observation that the corresponding hydrocarbon columns are not close
to dynamic failure.

6.4.5 The JD sand

The JD sand is the youngest and shallowest sand considered in this study (Figure 6.3B).
It constitutes the top level of a 4th order depositional cycle (i.e., top level) of four separate
sands (MG through JD; Figure 6.3B) that were deposited in a proximal deltaic environment
(Alexander and Flemings, 1995). The JD is structurally less complex than the deeper OI-1
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or Lentic (Figure 6.9). The main structural feature is the NW-SE striking basin bounding
growth fault system. On the downthrown side (i.e., minibasin), two more or less E-W
striking antithetic normal faults subdivide the sand into three distinct fault blocks. In this
paper, I focus on fault blocks A and B.
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Figure 6.9: Structure map of the JD reservoir sand for fault block 330 and parts of adjacent
fault blocks 331, 337, and 337. Depth contours are in feet SSTVD. Wellpaths are
shown as thin dashed lines with points of reservoir penetration (crosses along
wellpaths). Thick dashed lines display interpreted fluid contacts in the individual fault
blocks (O/W: oil-water; G/W: gas-water). The depth intervals filled with oil and gas
are shown in dark ad light gray, respectively. Figure 6.4 caption describes how this
map was generated.

In both fault blocks A and B the JD has relatively large gas columns (891 ft. and 960 ft.
respectively) and short oil columns (129 ft. and 21 ft. respectively; Table A1, Figures 6.8A
and B). Initial reservoir pore pressures indicate soft overpressures (A¢; = 0.66 and 0.61;
Tables A2 and A5, Figure 6.5). At an equivalent depth, water phase pressures are equal to
within 120 psi (Figure 6.5C). Pore pressures in the shales (PpSh) adjacent to the JD generally
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compare with the pore pressures in the reservoirs (Table A3, Figures 6.8A and B). The Ay,
values at the top of the JD (obtained by fitting a linear trend through the provided PpSh data)
are slightly lower than in the reservoir just below (Ag, = 0.61 and 0.66 versus Ay, = 0.68;
Table AS, Figures 6.8A and B).

Since no LOT were run in the shales adjacent to the JD sand, I did not have any direct
measurements of least principal stress magnitude available. In order to obtain ShminSh
values for the shales adjacent to the structural top of the sand reservoirs, I used linear
regressions to extrapolate upward from deeper LOTs and FITs (Table A4). In fault block
A, T used a LOT carried out near the MG sand (Figure 6.8A) and in fault block B a FIT
conducted near the LF sand (Figure 6.8B). These tests came form within the same
depositional cycle and follow more or less the same trend as the LOTs and FITs from the
deeper OI-1 sand.

The reservoir pore pressures in the two JD reservoirs are similar and, therefore, in
hydraulic communication across the normal fault separating the fault blocks (Figures 6.8A
and B). Despite the long hydrocarbon columns and the associated large buoyancy effects,
pore pressures are significantly lower than the range of critical pore pressures for dynamic
capacity (Table AS, Figure 6.5B).

The effective stress ratios K and Cgy, are comparable in both fault blocks. In
comparison to the deeper levels, K is lower than near the OI-1 and Lentic, while Cgy, is
higher. In fault block A, K = 0.78 and Cgy,, = 0.77 and in fault block B K = 0.79 and Cyy,,
= 0.74 (Table A5 and Figures 6.5E and F). These values reflect the similar pore pressure
conditions in both sands and shales and indicate that the hydrocarbon columns in the

reservoirs are currently not at failure conditions (Table A6, Figures 6.8A and B).

6.5 Discussion and implications

The ranges of critical pore pressure represent the crucial point for the dynamic capacity
model because they indicate the points of dynamic equilibrium for which failure and fluid
migration would occur (either the reservoir bounding faults slip or the caprocks
hydraulically fracture) and, hence, limit the maximum column height (i.e., pore pressure)
in a reservoir. I summarize and display all critical information pertaining to the eight
reservoirs in Table A5 and Figure 6.5 respectively. In view of the dynamic capacity model
I utilize these results in this section to infer the specific mechanisms responsible for the
observed hydrocarbon column heights (i.e., pore pressure) and migration in each reservoir.

In the Lentic footwall sand the state of stress is nearly isotropic and differential stresses
are very small. As a result, it is difficult to discern between the two dynamic mechanisms
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hydraulic fracturing (Figure 6.1A) or slippage along reservoir bounding faults (Figure
6.1B). Because reservoir pressures in both Lentic fault blocks A and C are very high and
close to or within the range of Ppcrit, both mechanisms can be invoked in order to explain
the observed column heights. Thus, the Lentic reservoir appears to have reached its
dynamic capacity, the oil columns are at maximum height, and a dynamic fluid flow
mechanism appears to be operating, but it is not clear which. Any further increase in pore
pressure would cause either the reservoir bounding fault to slip or hydraulic fracturing to
occur to release the excess pressure. The hatched segments along the faults in Figure 6.4
are the areas along which I could envision potential fault slip and hydrocarbon migration.
Finkbeiner and Zoback (1998) identified these same faults as potentially active structures
controlling the local stress field based on the observation of borehole breakouts near the
Lentic level. Furthermore, I observe rather small oil columns. Following our discussion for
Figure 6.2B, initial water phase pressures (i.e., before the sand started filling with oil and
gas) in the two reservoirs were quite high as well allowing only limited volumes of
hydrocarbons to accumulate before critical pore pressures are reached and failure occurs. I
illustrate this idea in Figure 6.5C, where the difference between the water (gray) and
hydrocarbon (black) phase pore pressures indicates the pressure induced by the buoyant
hydrocarbon columns. This difference is rather small in case of the Lentic sand.

The OI-1 sand within the minibasin shows two interesting things: (i) Fault blocks A and
E (Figures 6.5, 6.8A, and 6.8D) exhibit relatively high pressures at their tops and short oil
columns. Pore pressures are either well within or just about to reach dynamic equilibrium.
This indicates the two reservoirs are at their dynamic capacity (i.e., the oil columns have
reached their maximum height) as controlled by the ambient state of stress and dynamic
mechanisms for hydrocarbon migration and accumulation are operating today in this part
of the reservoir. The hatched segments along the faults in Figure 6.7 are the areas along
which I could envision potential fault slip and hydrocarbon migration. Finkbeiner and
Zoback (1998) identified these same faults as potentially active structures controlling the
local stress field based on the observation of borehole breakouts. Again, initial aquifer pore
pressure conditions were quite high in the past, allowing only relatively small amounts of
oil to accumulate, thus limiting the oil column height at present (Figures 6.2B and 6.5C).
(ii) In fault blocks B and C, the columns are much longer and pore pressures are (just)
below dynamic equilibrium. Pore pressure data suggest that fault block B is in hydraulic
communication with C (Figure 6.5C). I believe, the columns in fault blocks B and C are
static and controlled by the presence of a spill point (i.e. leakage below dynamic capacity
is reached). In fact, this spill point exists downdip and to the west in fault block C and is

approximately equivalent to the mapped oil-water contact implying that hydrocarbons can
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migrate westward into the 331 structure (Figure 6.7) (Rowan et al., in press).The long oil
and gas columns in these two fault blocks (B and C) reflect relatively low initial pore
pressures in the past. allowing for large oil and gas columns to develop (Figures 6.2A and
6.5C).

In the JD sand, the hydrocarbons are not in dynamic equilibrium. That is, the pressure
and stress relations are such that neither the cap-rock seems ready to hydrofrac nor do the
bounding faults seem ready to slip (Figures 6.5, 6.8A, and 6.8B). Thus, neither dynamic
mechanism can be invoked to explain the observed column heights in this sand and I
consider them as being static. In other words, viewed dynamically, the reservoirs have not
reached their dynamic capacities and there could be more oil and gas being stored in each
of these sands than is observed. The JD sand is also spill point controlled. It is located to
the south and west out of the structure (Rowan et al., in press). This spill point would allow
fluids to migrate westward into SEI block 331. Because fault blocks A and B are
hydraulically connected, the column height in fault block A is also limited by this spill
point. Initial pore pressures in the JD sand were relatively low allowing long hydrocarbon
columns to develop (Figures 6.2A and 6.5C).

Our preferred interpretation is that the hydrocarbon columns are dynamically
constrained today. In the Lentic horizon, pressures and stresses are so close that I cannot
differentiate whether flow is controlled by frictional failure or hydrofracture. However, at
the OI-1 level, it is clear that two reservoir bocks do not reach hydrofracture conditions but
are within a window where frictional failure may be occurring. I do recognize that a second
interpretation is plausible. Namely, those reservoirs with pressures below the hydrofracture
condition are not dynamically constrained by the stress field today. It is possible leaking is
occurring by cross-fault flow today or as the system evolved (Aexander and Handshy,
1998). It is also possible the system was once at fracture limit and subsequently pressure
have dissipated.

Another possibility is that reservoirs with sub-critical pore pressures (and long
hydrocarbon columns) might have been filled to dynamic capacity (i.e., critical pressures)
in the past and then either bled off at a later stage or when the stresses increased with burial
no further filling (i.e. pressure increase) occurred. As a consequence, pore pressures were
driven away from their critical values and are below failure today. Even though there is no
direct evidence to test these concepts in the SEI 330 field, especially the latter point is
interesting to consider because for the past 1 Ma the SEI 330 minibasin is believed to be
relatively inactive (the sub-basin salt has entirely withdrawn and only very little sediments
are currently being deposited). As a result, only small amounts of deformation have

occurred at very shallow levels (i.e. in the hydrostatically pressured zone above the
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reservoirs I studied) accommodating sediment compaction and compaction driven fluid
flow (Alexander and Flemings, 1995). At greater depth (i.e. below the JD level), however,
deformation has essentially stalled along the basin bounding growth faults, which favors
the concept of faults currently acting as seals rather than conduits inhibiting fluid flow and
reservoir filling. Obviously, this idea does not work for the Lentic sand which is close to
dynamic capacity since the least principal effective stress is almost zero.

Based on the dynamic capacity model, the cross-sections in Figures 6.10 and 6.11 (see
transects in Figure 6.3) summarize our view of current hydrocarbon migration in the SEI
330 field. The deep Lentic sand (here shown on the minibasin side in Figure 6.10)
experiences severe overpressures close to the minimum principal stresses in the overlying
shales. From these deep levels, hydrocarbons migrate upward into the OI sands by
hydraulic fracturing (indicated as “Migration Mech. I” in the figure) or along the basin
bounding growth fault (indicated as “Migration Mech. II” in the figure). Depending on the
minibasin fault block, the OI-1 sand above offers two possibilities for fluid flow: (i) in fault
blocks A, D, and E (Figure 6.10) pressures are sufficiently high to cause the reservoir
bounding faults to slip and to provide valves and pathways for hydrocarbons to migrate
further up (indicated as “Migration Mech. II” in the figure). (ii) in fault blocks B and C
(Figures 6.10 and 6.11), however, the reservoir pore pressures are below dynamic
equilibrium and column heights appear to be spill point controlled (indicated as “Migration
Mech. IIT” in the two figures). All shallower sands (i.e., the JD cycle and above; Figures
6.10 and 6.11) exhibit pore pressures far from dynamic equilibrium. I believe that fluids
either simply leak out of these sands driven by their own buoyancy or the sands
communicate hydraulically across faults due to small offsets along these structures
(indicated as “Migration Mech. III” in the figures).

6.6 Conclusions

I introduced the dynamic capacity model to describe two dynamic mechanisms that
may control hydrocarbon migration and column heights by enhancing fracture permeability
I applied this conceptual model to eight sand reservoirs from three depositional cycles
(Lentic, OI-1, and JD) in the South Eugene Island 330 field. Analysis of pore pressure and
stress data from vertical and deviated wells into these reservoirs show highly variable pore
pressures and least principal stresses. Hydrocarbon column heights appear to be controlled
by different mechanisms in different parts of the reservoir suggesting varying mechanisms
for fluid flow. In the deepest, severely overpressured Lentic sand, pore pressures are close

to the least principal stress indicating that either natural hydraulic fracturing or fluid flow
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2500

Figure 6.10: Cross-section along transect B-B’ (Figure 6.3A). This cross-section was
generated from 3-D seismic surveys. Positive high amplitudes are shown in black,
negative high amplitudes are white. Various reservoir sands are shown within SEI 330
fault block B. The white normal fault displays the main basin bounding growth fault
(Figure 6.3A). “Migration mech. I, “Migration mech. II”’, and “Migration mech. III”
refer to fluid flow by hydraulic fracturing (Figure 6.1A), active faulting (Figure 6.1B)
and spill point or leakage (Figure 6.1C), respectively. TWT is two-way travel time.
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Figure 6.11: Cross-section along transect A-A’ showing fault blocks A through E of the
minibasin side (Figure 6.3A). Refer to Figure 6.10 caption for more detail.

along active faults may occur. The moderately overpressured OI-1 sand indicates two
interesting points: (i) the oil columns in fault blocks A and E are short and exhibit high
pressures close to the values expected for dynamic controls on column heights. Thus, I
believe that the OI-1 sand in these two reservoir compartments is at dynamic capacity today
and that column heights are controlled by active faulting along the reservoir bounding
growth faults (i.e., pore pressures and fluid flow are controlled by the pressure at which
fault slip and allow hydrocarbons to migrate). (i) The OI-1 reservoirs in fault blocks B and
C exhibit very long hydrocarbon columns and pressures are below dynamic equilibrium.
There is good evidence that this sand is spill point controlled and hydrocarbons can escape
into the westward structure of the OI-1. Pore pressures in the slightly overpressured JD
sand are well below critical values for dynamic fluid flow even for low coefficients of
friction. I suggest that either the sands are in a state of being filled, or the hydrocarbon
accumulation is controlled by spill points or leaky seals, or the reservoirs were at dynamic
capacity in the past and subsequent stalling of basin activity drove pore pressures away
from the critical, dynamic value.
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6.8 Nomenclature
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Parameter Description Units
Cayn Dynamic capacity stress ratio unitless
Cdynm't Dynamic capacity stress ratio at critical pore pressure (Pp"ri‘) unitless
FIT Formation integrity test n/a
K Shale effective stress ratio unitless
Ash Normalized shale pressure [PpSh/Sv] unitless
ASS Normalized reservoir pressure [P5%/S,] unitless
LOoT Leak-off test n/a
Migration | Fluid migration by hydraulic fracturing (Figure 1A) n/a
Mech. I
Migration | Fluid migration by frictional failure along active faults (Figure 1B) n/a
Mech. II
Migration | Fluid migration by leakage or spill point (Figure 1B) n/a
Mech. 11
ppcrit Critical hydrocarbon phase reservoir pore pressure psi
ppsh Shale pore pressure psi
Ppsh gradient | Shale pore pressure gradient from linear regression psi/ft
ppss Hydrocarbon phase pore pressure in the reservoir psi
Ppss 1 Hydrocarbon phase reservoir pore pressure at time 1 psi
ppSS ) Hydrocarbon phase reservoir pore pressure at time 2 (time 2 > time 1) psi
ShminSh Minimum principal horizontal stress in shale psi
ShmjnSh gra- Shale minimum principal stress gradient from linear regression psi/ft
dient
ShminYS, | Normalized minimum principal stress in shale unitless
SHmax Maximum principal horizontal stress psi
SSTVD Sub-sea true vertical depth feet
Sy Overburden (vertical principal stress) psi
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Table A2
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Table A3

Table A3: Pore pressures in shales adjacent to the SEI 330 reservoirs studied.
Pore pressure is normalized by the overburden (Ash=Ppsh/Sv). Shale pore
pressures were calculated using the porosity-effective stress method based
on sonic log data (Hart et al., 1995; Stump and Flemings, 1997; Stump et al.,
1998). The paths for the wells indicated are displayed in Figures 4, 7, and 9.
The overburden was calculated by integrating density logs (provided by
Pennzoil and Texaco).

Closest sand | Fault block wen  |SSTVD| R 1, b s
[ft] [psi] e
Lentic Footwall | 316/A-1 | 6562 | 4881 0.81
316/A-6 | 6996 | 5263 0.82
316/A-12 | 6673 | 5123 0.83
OI-1 A 330/B-13 | 7425 | 5224 0.76
B 331/#1 8301 | 5279 0.69
331/A-4 | 8673 | 5831 0.72
C n/a n/a n/a n/a
E 330/A-20ST | 6666 | 4450 0.72
D A 330/B-13 | 6050 | 3560 0.64
338/45 6699 | 4252 0.64
B 330/A-20ST2 | 6389 | 3465 0.59
330/A-22 | 6460 | 3630 0.61
331741 6401 | 3773 0.64
C n/a n/a n/a n/a
E 330/A-23 | 6090 | 3756 0.66
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Table A4

660 Y619 oRJOIPAH YEIL LS0Z-V/0g€E

101 SLT9 LOT LT99 6H#/0EE

86°0 L8LS onua| LId 80+9 CI-V/91E | Tremiood

60 0995 1-10 LOT 0059 LS9-V/OEE q

e/u e/u e/u e/u e/u e/u 0

L6'0 v1+9 1-10 LOT 6SIL 8-D/0€€

260 8YLS Eig LId 69L9 S-V/0EE

60 1659 I-10 LI 8L 11-V/0€€E d

16°0 208S I-10 LI LL89 91-D/0EE

60 069¢ €O 1071 659 TI-D/0E€

6'0 LY8S I-10 LO1 LIL9 01-D/0€€

$6°0 €89 I-10 LOT L99L L-9/0E€

60 SSL9 1-10 L4 9LLL T-4/0€€ \4
“Shys s | [18d] (MM | puesisesol) odA], [¥] AALSS TN 00[q neq




181

Chapter 6— Dynamically constrained hydrocarbon columns in SEI 330, GOM

Table AS

€90 60 | 16VS
L8O 1087 | LY'O 91LS | 960 | L6SS | L¥8S 0S€9 o-gd ‘11
680 | ¢80 8C°0 CeCC | 9L°0 €60 099 | T6°0 | YLI9 | 6£L9 oleL V-9 ‘T-T | Temiood
8L0 | €ELO Y1 Levy | LSO 0’1 C8LS | 98°0 | ¢OES | 6719 00L9 1-10 qd
98°0 | 8S0 S0 696¢ | L0 0’1 86€9 | 8L0 | S6CS | $8L9 0SeL I-10 9
€8°0 | €90 c16g | 19°0 06LS | ¥8°0 | SOCTS | L9TI9 0TL9 I-10
6L0 | 190 SL0 ceee | vLO 0’1 8¥8F | 89°0 | SLSE | €8CC 008¢ ar g
9L°0 | IL0 vLSY | 160 C66S | 98°0 | OVSS | 8CH9 0769 I-10
8L°0 | 990 €60 | 00SE | LLO 760 9¢6v | 89°0 | €£79¢ | 6T¢ES 008¢S ar A\
[3/1sd] [13/1sd]
worpess | % | worpess | [ [rsd] | [1sd] | [1y] QALSS Jo01q
p: | gs¥ | URP d Py | JUSIp uruy ss¥ d A pueg
d 1 ys d U | gs S ss d S do) pueg Jneq
s ys

Y90[q }nej [enplAIpul yoes ul
P pue ¢ S3[qe], ul pajsI| sanjeA 3Y) 3ulssaa3a1 Apreaul] £q Sa[eys Ul SJUIIPeI3 pue san[ea ?mm& saanssaad axod pue

A__wEE:mv sassax)s [edpurad jsedf pajenoreds apg 3J/1sd 1°( Jo syudipeas sed ‘A1essadau a1dYm ‘pue (Zge) Suepn

pe d1z)eg Aq yoeoxdde ay) SUIMO[[OJ SIJISUIP [I0 IAI] SUISN PIALIIP 3IIM A%..& saanssaxd axod pueg *(0dexa],

pue jrozuusg Aq papiaoad) s3of £ysuap Suneadaur Aq UIPINGIIAO0 YY) PIAR[NI[EBI IAA *[ I[QEL UI S& dures )
aJe SaINJoNI)s 3y} Jo doj 3y, *paIpn)s SII0AIISAI O¢E TAS Y Jo doyayy e ( (,°d —“§)/(,°d — "*S) = ¥ ) OIJRI SSAIJS

3A103YJ0 I[eYys pue ‘(7 uonenba Suisn pajemores) APy ogea Lypedes JrureuAp “sassa)s ‘saanssaad axod SV IqeRL,




Chapter 6— Dynamically constrained hydrocarbon columns in SEI 330, GOM 182

Table A6

Table A6: Critical reservoir pore pressures (Ppcr it calculated with equation 1) and
critical effective stress ratios for dynamic capacity (Cdyn“it, calculated with

equation 2 using Ppc"it) at the top of the SEI 330 reservoirs studied.

i p crit crit p it crit
Fault | Reservoir | Top of structure P Cayn P Cayn
block sand SSTVD [ft] psi] | 03| P =06
(1=03) (n=06)
A JD 5800 4452 0.55 4756 0.32
OI-1 6920 5452 5786
B ID 5800 4307 4640
OI-1 6720 5322 5612
C OI-1 7350 5916 6221
E OI-1 6700 5336 5612
Footwall | L-1, FB-A 7310 6438 6540
L-1, FB-C 6350 5554 5655
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