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ABSTRACT

Faults are one of the basic heterogeneities within reservoirs. They may provide 

either a trap or a flow path for hydrocarbons. Fault seal analysis is an important subject in 

order to improve our understanding of fault behavior for both exploration companies and 

researchers in structural geology. Different methodologies have been developed to 

predict the sealing capacity o f faults. However, researchers have paid less attention to 

reservoir compartmentalization by fault seal processes.

Fault seal behavior is related to the sand/shale composition o f the gouge in the 

fault zone, as well as the juxtaposition relationships along a fault. Even though a variety 

of processes control seal behavior, gouge composition is the most important control on 

fault seal.

3D seismic and well log data from the producing Main Pass Block 138 in the Gulf 

of Mexico basin are used to map the 3D geometry of well resolved normal faults and 

Miocene intervals. Log data are used to identify lithologie horizons and to quantitatively 

determine the volume of shale throughout the dataset. Combining the seismic and well 

data, a procedure has been established to determine the geometry of a relatively simple 

salt-related fault system, to assess the controls on fault seal, and to compare them with 

the available pressure and production data.

The significant controls exerted by fault architecture, throw variation along faults, 

shale content within the stratigraphie intervals, fault rock properties, and capillary 

pressure in fault seal analysis are important results o f this study. Even though pressure 

and production data to test predicted fault seal are limited, the aim should be to reduce 

uncertainty and risk in the analysis by testing as many potential variables as possible.

Fault seal analysis characterizes fault properties that affect fluid migration.

Results of fault analysis have important implications for the future exploration and 

development of the Main Pass Block 138 and also for analysis o f analogous fault 

systems, in compartmentalized reservoirs.
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CHAPTER 1

INTRODUCTION 

1.1 General Introduction
Reservoir compartmentalization is currently a key research topic in petroleum

geology. Exploration and development companies are currently spending a great deal of 

time and money developing better reservoir models to enhance production of oil and gas. 

Much of this effort has been focused on improved facies/stratigraphie models; however, 

relatively little attention has been directed towards structural compartmentalization of 

reservoirs by faulting and the processes o f fault seal.

This study takes a relatively simple fault family from the northern Gulf of Mexico 

(GOM) (Figure 1.1) and analyzes fault sealing parameters based on a well constrained 

fault block stratigraphy.

Using pressure and production data from wells in the oil and gas fields within the 

study area, predictions o f fault seal can then be compared to observed reservoir 

compartmentalization.

The most prolific oil and gas producing reservoirs are present in the Miocene 

section in the Louisiana G ulf Coast. Good reservoir parameters (high permeability and 

porosity) over a very large area and through an extremely thick section combine with a 

variety o f structural traps to make the Miocene trend ideal for petroleum accumulation 

(Limes et al., 1959).

1.2 Research Objectives

The objectives of this thesis are:

to analyze a family of salt-related faults in the northeastern GOM from an 

interpreted fault and stratigraphie horizon framework

to develop predictive models for fault seal and reservoir compartmentalization 

and compare them with field pressure and production data

1



2

Fi
gu

re 
1.1

 
- S

tru
ct

ur
al 

su
m

m
ar

y 
ma

p 
of 

the
 n

or
th

er
n 

GO
M 

Ba
sin

. 
Bl

ac
k 

are
as

 a
re 

sh
all

ow
 

sal
t 

bo
di

es
. 

Tic
k 

m
ar

ks
 a

re 
on 

th
e 

do
wn

th
ro

wn
 

sid
e 

of 
m

ajo
r 

gr
ow

th 
fa

ul
ts:

 b
lac

k 
= 

se
aw

ard
 

di
pp

in
g;

 r
ed 

= 
lan

dw
ar

d 
dip

pin
g 

(c
ou

nt
er

-re
gi

on
al

); 
blu

e 
= 

th
ru

st 
fa

ul
ts 

(D
ieg

el 
et 

al.
, 

19
95

). 
□ 

- 
Stu

dy
 

ar
ea



to predict the potential sealing for fluid flow across and along the interpreted 

faults with detailed mapping of stratigraphie horizons and fault planes and 

calculating shale gouge ratio.

The scope of work includes fault and horizon interpretation in LandMark 

platform-Seisworks3D (3D survey interpretation and seismic attributes); integration of 21 

wells with logs in Petra; characterization of fault sealing mechanisms, demonstration of 

the application of techniques in fault seal analysis, in TrapTester, and finally presentation 

of a fault evolution model. The results of this study may have important implications for 

interpretation and analysis of similar fault systems where fault seal properties are less 

well constrained.

1.3 Previous Work

Many researchers and geoscientists in the oil and gas industry studied the GOM 

basin since offshore operations in the Gulf produce a quarter o f the U.S. domestic natural 

gas and one-eighth of its oil (The Minerals Management Service, 2002).

There is a tremendous amount of published information about the northeastern 

GOM. A detailed regional synthesis of the evolution of the middle Miocene in the east- 

central GOM was recently published by Combellas-Bigott et al. (2006). However, the 

study area is a poor fit to generally accepted exploration plays on the continental shelf 

(Fingleton et al., 1999).

Below are brief summaries of northeastern GOM work that are applicable to this

study:

1.3.1 Allochthonous Salt Distribution

Wu et al. ( 1990) interpreted that Middle Jurassic salt o f GOM controls structural 

styles, sedimentation, facies distribution, and hydrocarbon accumulations. Diegel et al. 

(1995), Prather (2000), Winker et al. (2000), and Rowan (2002) discussed how salt 

distribution and geometry can locally or regionally modify the depositional system array 

and override other variables such as relative sea level changes.

3



1.3.2 Regional Distribution of Tertiary Sediments

Rainwater (1964) postulated that the Miocene section of coastal and offshore 

Louisiana is the thickest in the Gulf Coast. Wu et al. (1990) declared that during the Late 

Oligocene-Neogene phase of sedimentation, more than 5 km of clastic sediments 

accumulated in the northeastern GOM. Galloway (2005) recognized the importance of 

the eastern fluvial axis for sediment supply to the northeast GOM during the middle 

Miocene-Pleistocene depositional episodes.

1.3.3 Growth Faults: Geometry and Evolution

Martin (1978) stated that displacements on Gulf Coast growth faults are normal 

and show progressive stratigraphie offset with depth. Worrall et al. (1989) presented 

Louisiana style growth faults that are shorter, dip in various directions, and are intimately 

associated with abundant salt domes offshore Louisiana.

Many studies have examined the geometry of the growth faults (Seglund, 1974; 

Ewing, 1983; Dula, 1991; Vendeville, 1991), growth fault mechanisms, and the interplay 

of growth faulting with salt tectonics and sedimentation (Thorsen, 1963; Bruce, 1973; 

Dailly, 1976; Galloway, 1986; Lopez, 1990; Seni et al., 1989; Vendeville et al., 1987).

Zhang et al. ( 1994) discussed how growth faults play an important role in 

providing sediment accommodation space in migration and trapping of hydrocarbons, 

and that major growth faults usually occur in coherent patterns.

Jackson et al. (1994) and Peel et al. (1995) interpreted three major structural 

mechanisms that control the evolution of salt-related structures in the east-central GOM: 

gravity gliding, gravity spreading associated with linked systems, and differential 

subsidence.

1.3.4 Fault Traps and Fault Seal

Perkins (1961) postulated that sealing faults in the GOM may result from soft 

shale smearing and impregnation of the faulted sandstone face during fault movement. 

Smith (1980) suggested that sealing faults are more common than nonsealing faults in the 

Louisiana Gulf Coast salt basin.

4



Sumner et al. (1991) stated that traps associated with shelf minibasins currently 

produce most of the hydrocarbons of central offshore Louisiana.

Most importantly, Yielding et al. (1997) defined an attribute called shale gouge 

ratio (SGR), which is the percentage of shale or clay in the slipped interval. They stated 

that the relationship between seal capacity and SGR shows that for trapped oil the seal 

threshold of the order of 10-20% SGR. They suggested that ideally, any study that uses 

the attributes such as clay smear potential and SGR in fault seal prediction needs to be 

calibrated by appropriate pressure data.

5



CHAPTER 2

BASIN GEOLOGY

2.1 Study Area and Data Set

The area of study, the Main Pass Block 138 (MP 138), is located to the southeast 

of Louisiana, in the northern Gulf of Mexico (GOM) (Figure 2.1). The MP 138 block 

lies approximately 25 miles (40.2 km) from the Louisiana coastline on the present day 

shelf.

DESTIN
DOME

WEST DELTA z -

MAIN PASS 
BLOCK 138

10 Miles

Figure 2.1 -  Map showing the location of the Main Pass Block 138, Gulf of Mexico 
(Clemenceau, 1995). The block lies on the present day continental shelf, but basinward of 
the middle Miocene shelf margin.

The primary data source for this study consists of 10.46 square miles (27.09 km2) 

of three-dimensional reflection seismic data (Figure 2.2) with 82.02 feet-line-spacing, 

and well log data from a set of 21 wells located within the survey, both provided by the 

Newfield Exploration Company (NEC). Well information included spontaneous potential 

(SP), gamma-ray (GR), and resistivity curves. The wells shown in Figure 2.2 were used
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to tie the seismic interpretation and for some stratigraphie calculations. The company also 

provided previous log interpretation and production data. The McMoran Exploration 

Company provided additional pressure and production data. Directional survey and 

velocity data were obtained from the Minerals Management Service (MMS) website 

(www.mms.gov). 17 wells have directional survey data and 2 wells include velocity 

surveys that were used for time-depth conversion.

Seismic amplitude anomalies within the Main Pass areas are associated with 

faulted structures in middle Miocene sands (deposited 11.6-16 million years ago), 

although several stratigraphie traps formed in sands deposited on a slope and base-of- 

slope setting (Reading et al., 1974). In general, the reservoirs are composed of fine to 

very fine sands and coarse silts with porosities of 21-30% and permeabilities often 

exceeding 1 darcy - i.e., good quality (Fingleton et al., 1999). These sands interbedded 

with shale are laterally continuous and usually have connectivity over long distances.

The uncomplicated geologic condition of the structure and the stratigraphy is 

appropriate to investigate sealing faults. The faults investigated are normal faults. Growth 

occurred along some of them during the time of deposition of the stratigraphie intervals 

interpreted in this study. The field is associated with faulted structures having relatively 

low structural dips.

2.2 Regional Stratigraphie Setting

In this section, the regional stratigraphie setting o f MPI 38 will be briefly 

reviewed with a focus on the Cenozoic setting that is most relevant to this study.

2.2.1 Basement

The landward portion of the G ulf o f Mexico (GOM) basin is situated on a basement of 

deformed Paleozoic rocks which crops out beyond the northern boundary of the basin in 

the Appalachian and Ouachita orogenic belts (Buffler et al., 1985; Rodgers, 1987; Curtis, 

1987; Bally, 1987; Salvador, 1987; Buffler, 1989; Figure 2.3). Pennsylvanian and 

Permian sediments were interpreted to infill a backarc basin (Milliken, 1988) and suggest 

an Upper Paleozoic ancestry o f the GOM basin.

7

http://www.mms.gov


Ml/129
MP 139

G16500 "V"Newfield Exp |
f\ I4-2 \  y

\ M P 1 3 8\ AS _AJ
A?2 /  , A4  A 2 S 1

. A S S T  \  ixf'''© A 1 

/  %  A7  t » A3

MP 137

MP 141
Figure 2.2 - Map showing the location of the seismic volume (yellow) from the Newfield 
Exploration Company (NEC)’s survey used in this study. The map also shows the wells 
(16500A1, A2, A2ST, A3, A4, A5, A5ST, A6, A7, and B l) used to tie and correlate sand 
horizons.

Seaward, the GOM basin is underlain by a transitional and oceanic crust (Buffler 

et al., 1985; Buffler, 1989; Figure 2.3).

2.2.2 Mesozoic

During the early Mesozoic, rifting characterized the initial development and 

opening of the GOM (Salvador, 1987; Pindell et al., 1988). Syn-rift Triassic graben-fill 

red-beds of the Eagle Mills Formation were deposited locally as the oldest Mesozoic 

strata above pre-rift Paleozoic basement during the early stages of extension and rifting 

(Toison et al., 1983; Dobson, 1990). During the Upper Triassic-Lower Jurassic, red beds
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and basalts (Eagle Mills) filled extensional depressions near the northern margin of the 

basin.

CONTAT, Main Pass

DEPTH TO BASEMENT 
AND CRUSTAL TYPES 

GULF OF MEXICO BASIN

Figure 2.3 - Map of the Gulf of Mexico region showing: 1. generalized depth to basement 
in km; 2. distribution of four crustal types: continental, thick transitional, thin, transitional 
and oceanic crust; and 3. known distribution of middle Jurassic pre-marine evaporites 
(Louann Salt and equivalent rocks) (stippled area). Basement includes oceanic crust plus 
all rock lying below (older than) pre-marine evaporites. Circled numbers refer to major 
named basement highs, lows, basins, arches, etc. (from Buffler, 1989).

The syn-rift middle Jurassic Werner Formation and Louann Salt are evaporite 

deposits that formed during the initial transgression of marine water into the GOM 

(Salvador, 1987). Evaporites discordantly overlie pre-existing graben systems (Milliken, 

1988). Overlying the salt are the Upper Jurassic sandstones (Norphlet) and limestones

9



(Smackover) that are conformably overlain by Upper Jurassic evaporites and red beds 

(Buckner) and followed by deltaic and marine shelf sandstones, shales and carbonates 

(Wu et al, 1990). The distribution of the late Jurassic post-rift deposits of the Norphlet, 

Smackover, Haynesville and Cotton Valley was affected by basement paleotopography 

(Mancini et al., 1980; Dobson, 1990; Dobson et al., 1991).

By the end of the Jurassic, rift-related tectonism had largely ceased (Winker et al., 

1988). Large, shallow-marine shelf areas developed around the GOM, encouraged by 

relative tectonic quiescence, slow subsidence within the deeper basin, warm water 

conditions, and cyclic transgressive flooding of low-relief coastal areas (Montgomery et 

ah, 2002).

Synthesis of a large body of work has established the setting and character of 

Lower Cretaceous strata in the northern Gulf. Deposits in this trend can be described as a 

series of stacked, prograding, individual carbonate platforms separated by deeper water 

facies, commonly transgressive shales, or sandstones (Scott, 1993; Yurewicz et al.,

1993).

Lower Cretaceous rocks (Figure 2.4; Winker et ah, 1988) form an onlapping 

sequence over the Pre-Cretaceous unconformity and extend landward to rest on Paleozoic 

rocks well beyond the peripheral faults of the northern coastal province (Cook et ah, 

1975).

The shallow-marine platform carbonates and related sediments of early 

Cretaceous (Barremian-Albian) age extend for more than 4800 km (2983 mi) around the 

GOM, forming one of the world’s great carbonate buildup trends (Scott, 1993; Yurewicz 

et ah, 1993).

A mid-Cenomanian unconformity (MCU) (Buffler et ah, 1980; Buffler, 1983; 

Buffler et ah, 1985; Winker et ah, 1988; Figure 2.4) separates rocks of Lower from those 

o f Upper Cretaceous age. The Upper Cretaceous is extremely starved beyond the middle 

Cretaceous shelf margin in the northeastern GOM (Wu et al, 1990).

2.2.3 Cenozoic

The Cenozoic -especially Miocene- sediments are of particular importance as they 

are the reservoir rocks in this study area.
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The Cenozoic sedimentary fill of the northern GOM basin contains thick, 

reservoir-rich successions deposited in both constructional and destructional slope 

systems (Galloway et al., 2000). The Gulf Coast Cenozoic stratigraphie nomenclature is 

shown in Figure 2.5 (Williamson, 1959). The Miocene section, which is focused on in 

this study, is highlighted.

EAST TEXAS & 
W EST LOUISIANA

Figure 2.4 - Stratigraphie nomenclature and seismic stratigraphy geometry of the Upper 
Mesozoic platform (unshaded) to basin (shaded) transition for eastern Texas and western 
Louisiana (from Winker et al., 1988).

Factors that have had a major control over Tertiary sedimentation in offshore 

Louisiana are

1. the volume or source of the sediments derived in great quantities from all over 

much of North America and deposited in a giant delta growing gulfward (Russell, 

1936).
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2. the shape and position of the basin relative to the source areas of sediment 

(Kupfer, 1974).

3. the types of subsidence that have occurred within the basin. All of these have 

influenced the regional patterns that dominate the Gulf Coast (Kupfer, 1974). 

Thick overall regressive sequences were deposited during late Paleocene-early

Eocene (Wilcox), mid to late Oligocene (Frio), Miocene and Plio-Pleistocene, as the 

transgressive sequences were deposited during mid-Eocene (Claiborne), Lower 

Oligocene (Vicksburg) and Upper Oligocene to early Lower Miocene (Anahuac). The 

Cenozoic shelf margins (Martin, 1978; Winker, 1982) indicate the shifting of major 

depocenters in the northern GOM. Outer shelf and slope destruction and rétrogradation 

characterized much of the east-central margin (Galloway, 2002; Figure 2.6). Martin 

(1978) and Winker (1982) show that there was very little Cenozoic sedimentation until 

Miocene southeast of the Mississippi Delta.

During the late Oligocene-Neogene phase of sedimentation, more than 5 km of 

clastic sediments accumulated in the northeastern GOM (Wu et al., 1990). The thickest 

accumulations of Cenozoic sediment are found in depocenters (Murray, 1952) that 

formed along the shelf edges of each deposit!onal stage of Tertiary and Quaternary time 

(Hardin, 1962; Kupfer, 1974).

Hardin (1962) stated that “Although the deposit!onal axes o f each depositional 

stage show a progressive seaward migration during the Cenozoic, centers of maximum 

deposition also migrated eastward in response to a shift o f sediment supply from the 

ancestral Rio Grande-Nueces River system in southern Texas to Mississippi River 

distributaries in Louisiana.”

Thus, thickest accumulations o f Lower Tertiary strata are in the Rio Grande 

embayment and southern Louisiana; Pliocene deposits are under the central shelf; and 

Pleistocene sediments are present along the outer-shelf and upper-slope region (Hardin, 

1962; Shinn, 1971; Woodbury et al, 1973).

2.2.4 Source Rocks of the northern GOM

Sassen (1990) and Hood et al. (2002) identified that the youngest source rocks in 

the northern GOM are Midway, Wilcox, and Sparta shale beds in the strata of Lower
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Tertiary, centered on the Eocene. No important Oligocene or younger source rocks have 

been identified. The second source interval identified is in Upper Cretaceous strata, 

centered on the Turonian. The third source rocks on the GOM Slope are interpreted to be 

uppermost Jurassic, centered on the Tithonian (Hood et ah, 2002).

The lime mudstone beds of the Upper Jurassic Smackover Formation have been 

documented to be an effective regional source rock in the northern GOM (Oehler, 1984; 

Sassen et ah, 1987; Claypool et ah, 1989).

Hydrocarbons from a Triassic lacustrine source have been interpreted along the 

bounding faults of the northern GOM (Hood et ah, 2002).

2.3 Regional Structural Setting

In this part, regional structure will be discussed, again focused on structural 

evolution during the Cenozoic.

2.3.1 Mesozoic Tectonics

The origin o f the GOM basin consists of phases of crustal extension and thinning, 

of rifting and sea-floor spreading, and of thermal subsidence (Nunn, 1984).

The main period of rifting that created an extensive set of deep grabens separated 

by elevated horst blocks (Hossack et ah, 1993) occurred in the middle Jurassic, followed 

by oceanic spreading in the middle of the basin continuing possibly into the late Jurassic 

(Peel et ah, 1995).

A late Jurassic phase of sea-floor spreading and oceanic crust formation is 

typified by an extensive marine transgression as a result of crustal cooling and 

subsidence. Subsidence continued into the early Cretaceous, and a carbonate shelf margin 

developed along the tectonic hinge zone of differential subsidence between thick 

transitional crust and thin transitional crust (Sawyer et ah, 1991).

This depositional pattern was interrupted by a time of igneous activity and global 

sea-level fall during the late Cretaceous (mid-Cenomanian) that produced a major drop in 

sea-level and resulted in the exposure of the shallow Cretaceous platform margin that 

rimmed the Gulf (Salvador, 1991).
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PGa-MN D eposystem s
Main P a s s  138 Fluvial sy s te m  

Bed load dom inated fluvial 
Mix-load dom inated fluvial 
S uspended-load  dom inated
Delta sy s tem  

J H  Fluvial-dominated delta 
8  W ave-dom inated  delta

S h o re -zo n e  system

■ Shelf sy s te m  
Siliciclastic shelf 
C arb o n a te  shelf 
Slope sy s tem  jndifferenticted 
P rogradational delta-fed apron 
P rogradational m uddy delta-fed apron  
P rogradational san d y  delta-fed 
P rogradational shelf-fed apron 
P rogradational delta-fed apron 
C a rbona te  ram p

a Sand-rich  fan 
S a n d y fa n  

I I N ondeposition

}  J  ,1 v a ro o n a te  ram p 
v f c v  B y p ass  s lope

Subm arine canyon fill 
|  M agaslide 

Starved  basin 
Basin floor apron

■ ■ j  S andy  basin  floor apron 
M ass tran sp o rt com plex  

I  C ontourite drift 
Basin  floor 
Muddy fan

Figure 2.6 - Depositional systems of the early Pliocene. Red dots show general location 
of depocenters (Galloway, 2002).

2.3.2 Cenozoic Tectonics

There appears to have been no extension or contraction of the subsalt basement of 

the northern GOM basin during the Cenozoic. Since the margin is bounded both updip 

and downdip by regions without Cenozoic deformation, pin lines for regional section 

restoration can be placed through both ends of the section (Peel et ah, 1995).

The most significant lateral variations in the northern Gulf margin are (1) the 

thickness of the Cenozoic sediment sequence and the age of maximum sediment input 

(e.g., Galloway et ah, 1991; Pulham et ah, 1994); (2) the amount of salt present in the 

section; (3) the extent of major salt canopies and the age of their emplacement; (4) the 

extent to which the salt canopies have been consumed by salt-withdrawal basins; and (5) 

the extent and age of movement of large-scale linked systems of extension and 

contraction (Peel et ah, 1995).

Three major structural mechanisms control the evolution of salt-related structures 

in the east central GOM: gravity gliding, gravity spreading associated with linked 

systems, and differential subsidence (Jackson et ah, 1994; Peel et ah, 1995). Gravity is
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the main driving force that formed most of the structures in the GOM (Wu et ah, 1990). 

However, the continental margin of the northern and eastern Gulf is composed of a large 

accumulation of Mesozoic and Cenozoic sediments deposited in a relatively stable (but 

incessantly subsiding) tectonic environment that produced little in the way of dynamic 

deformation. Minor structural forms, such as salt diapirs, syndepositional gravity faults, 

shale uplifts, and large scale slumps constitute the principal deformational features in the 

young sedimentary prism and, for the most part, are contained wholly within it (Martin, 

1978) (Figure 2.7; Diegel at ah, 1995).

One regional seismic line (Line 1) has been selected among six interpreted lines 

from the Peel et al. (1995) publication (Figure 2.8). The regional scale profile presented 

(Figure 2.9) is based primarily on the interpretation of a grid of seismic data across the 

shelf and slope of offshore Louisiana.

The geologic model extends down to the top of the basement (Figure 2.9; Peel et 

ah, 1995). Below the limit of seismic and well data, interpretation of the deep structure 

was based on gravity and magnetic data, and geometric constraints provided by section 

balancing and restoration (Peel, 1993).

Palinspastic reconstruction of a sub-regional scale cross section (Line 2) through 

coastal southeastern Louisiana illustrates the evolution of the eastern sector of the 

province during the Cenozoic (Figure 2.10, see Figure 2.8 for location). The present-day 

cross section shows a minibasin bounded to the south by a large displacement counter- 

regional fault, and bounded to the north by a smaller displacement down-to-the-south 

growth fault. Both of these faults sole-out within the Paleogene section, well above the 

Jurassic salt horizon. South-leaning salt domes occur along the counter-regional fault east 

and west out of the plane of the section (Schuster, 1995). The soling horizon connects the 

shallow counter-regional fault to a deeper counter-regional fault to form a stepped- 

counter-regional system (Schuster, 1993; 1995). The large apparent extension above the 

soling horizon is much greater than the extension in the Mesozoic and Paleogene section. 

The section is balanced by including an isolated salt body at the soling horizon. This 

structure evolved in two distinct phases: (1) extrusion of an allochthonous salt body near 

the seafloor in Paleogene time followed by (2) evacuation o f that salt body to form a

16



minibasin floored by a salt weld and bounded by salt-withdrawal faults and leaning salt 

domes along the counter-regional fault (Figure 2.10; Diegel et al., 1995).

In order to understand the structure of the MP blocks, it is necessary to accept that the 

area may have some different structures than the other areas that show “typical” salt- 

related structural features of the continental shelf in the GOM, especially in terms of 

counter-regional faults and salt structures. Since the seismic volume does not include 

intervals as old as Mesozoic, salt interpretation is not possible. However, interpreted 

smaller displacement “growth” faults are very common in MP 138.
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Figure 2.8 - Location of regional seismic line 1 (Figure 2.9) and line 2 (Figure 2.10) used 
for structural restoration by Diegel et al. (1995). Onshore area is shaded. Hatched line 
denotes Lower Cretaceous shelf edge and Florida Escarpment offshore (Peel et al., 1995).

Pliocene
A n a lo g o u s  p o s itio n  to  M P 1 38

M ississippi 
Fan Foldbelt

Canopy VIL ine 1

Eocene - M iocene

Basement & Synnft 1 0 0 k m

Pleistocene Recent
Pliocene
Miocene
Eocene Oligocene

Cretaceous

Jurassic

Figure 2.9 - Regional seismic line 1, shown with 5:1 vertical exaggeration. Dotted lines 
show lower limit of seismic data. Inverted black triangle shows location of shoreline. See 
Figure 2.8 for location (Peel et al., 1995). Analogous position to the study area is 
highlighted.
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Line 2 Analogous position to MP 138
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_
Figure 2.10 - Reconstruction of a stepped counter-regional system formed by evacuation 
of an isolated allochthonous salt body (Diegel et ah, 1995). UM — Upper Miocene, MM = 
Middle Miocene, LM = Lower Miocene, Pg = Paleogene. See Figure 2.8 for location. 
Analogous position to the study area is shown in Line 2.
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CHAPTER 3

SEISMIC AND WELL LOG DATA ANALYSIS 

3.1 Overview

Gamma Ray (GR), Spontaneous Potential (SP), and resistivity logs from 21 wells 

provided by the Newfield Exploration Company (NEC) (with only limited marker data) 

were interpreted and correlated. Electrical logs were then integrated with the 3D seismic 

data using check-shot surveys. The seismic volume was interpreted in order to determine 

the structural geometry of the faulted Cenozoic intervals.

The final correlation of 15 lithologie horizons included the major producing sands 

throughout the block. All the logs and tops were loaded in geoPLUS Corporation’s Petra 

Software which was used to create V-Shale (VSH) logs in order to construct a more 

detailed correlation and determine sand/shale ratios.

Finally, all the depth horizons and faults interpreted in Landmark’s Seisworks3D 

and the VSH logs from Petra were loaded into Bad ley Geoscience's TrapTester software 

for fault seal analysis.

3.2 Well Log Data Analysis

21 wells were analyzed within the survey in order to determine the lithology of 

Cenozoic rocks in the hydrocarbon system. Stratigraphie tops were initially picked based 

on the NEC’s interpretation, and stratigraphie correlation was refined by tying all well 

logs across the 3D seismic volume. In some cases, this led to shifting the initial NEC 

picks by up to 110 ft.

The horizons interpreted and correlated include: (from top to bottom) p ll, pl2, 

pl3, B ull, BIB, Top Miocene (TM), M l, M2, M3, M5B, M6, M7, M8, M9, and Mi l .  In 

this study, “pi” refers to intervals of Plio-Pleistocene age, and “M” refers to sandstones of 

Miocene age, which are of particular interest as potential reservoir targets. Bull and BIB 

are the Neogene intervals adapted from the NEC’s interpretations, but not focused on in 

this study. The age relationships and confidence in pick and correlation along the wells
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where the NEC’s picks come from can be seen in Table 3.1. The M l and M9 sands are 

considered as particularly important potential reservoirs by the company (Figure 3.1).

Pick Name Age Wells Pick Confidence Correlation

Confidence

B ull* Pleistocene 16500A-4 High High

BIB* Pliocene 16500A-4 Moderate High

TM* Late M. Moderate Moderate

M l Late M. 16500A-4, B -l, 2191-1 Moderate Moderate

M2 Late M. 2191-1,2191-2 Low Moderate

M3 Early Late M. 16500A-4, 5699A-2ST Low Moderate

MSB Late Middle M. 16500A-4ST High Moderate

M6 Middle M. 16500A-4ST, A-5ST1 High Moderate

M7 Early Middle M. High High

M8 Late early M. High Moderate

M9 Early M. 16500A-4ST High Moderate

Table 3.1 - Table showing the age relationships and confidence in interpretation and 
correlation. For pick confidence, “low” represents 70-110 ft, “moderate” represents 40-70 
ft, and “high” represents 0-40 ft offset between NEC’s interpretation and the one used in 
this study and also between the seismic and well log data. Correlation confidence is a 
measure o f how confidently horizons could be picked across the 3D seismic volume 
away from well data. The picks with * were not correlated in Petra.

3.3 Seismic Data Analysis

Seismic interpretation was developed through analysis of the 3D seismic data 

volume using Landmark’s SeisWorks3D software. Faults and horizons were interpreted 

every 20 inline and cross line, and improved by time slice correlations where necessary.

Since seismic lines at a scale of 1:1 are impractical to interpret, the 3D seismic 

volume was interpreted at approximately 2:1 (vertical to horizontal scale). The seismic 

line presented in Figure 3.2 is N-S oriented Line 620 within the survey.

The first step in this analysis was to interpret the faults. The area is defined by six 

main fault zones and all o f the faults in the area are normal faults. Figure 3.3 shows that 

the main faults have a northeast-southwest strike. The main faults can also be seen on the 

time image at 1400 ms (Figure 3.4).
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Figure 3.1 -  Figure showing the Ml and M9 reservoir sands (yellow) marked on the well 
logs by the NEC. The net gas pays for the Ml interval are 11’ in the well 16500B-1 and 
20’ in the well 16500A-2 and the net oil pay for the M9 interval is 37’ in the well 
16500A-4ST. The thicknesses of the Ml reservoir are 84’ in the B-l well and 74’ in the 
A-2 well. The M9 thickness is 134’ in the A-4ST well. Red represents gas, whereas green 
shows oil intervals.

Necessary corrections based on deviated well data on the NEC’s log 

interpretations were made for the horizons marked clearly by the company. Eiowever, 

new interpretations and correlations were developed for the remaining stratigraphie tops, 

and the wells were tied to the seismic profiles. In preparation for the horizon 

interpretation, directional and velocity survey data obtained from Minerals Management 

Service (MMS) website (www.mms.gov) were loaded into the software. Both data sets 

are included in an Excel spreadsheet in Appendix A. The final step was to interpret the 

horizon geometry in Seisworks3D. The confidence values for interpreted horizons are 

shown in Table 3.1.

Even though the limited velocity data caused some difficulties in tying logs to 

seismic, the interpretation and correlation in this study are generally compatible with 

those of the NEC. Velocity data were available for 2 of the 21 wells in the study. For the 

remaining 19 wells, the velocity data from the closer of the two wells with data were used 

(Figure 3.5).
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Figure 3.2 -  Figure showing the position of each horizon with major faults picked in 
time. Line 620 displayed in SeisworkSD. Scaling is the same as it was during the 
interpretation (2:1-vertical to horizontal). See the map on the right for the location of the 
line. The quality of the seismic data decreases below approximately 2000msec TWTT.
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Figure 3.3 -  Orientation of all the main faults in the study area is NE-SW.
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Figure 3.4 -  A time slice map (1400 ms) showing the main faults (dotted lines) with NE- 
SW strike.

25



1670

1690 — -tStitr hsèv-—M

1710 GUU38
2191-3 ■> 1730

;'4.j

" >:-i

1800 -— >— ;
2 191-6

CHÊnf2
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Figure 3.5 -  A seismic base map displayed in the Kingdom Software 8.1 showing the two 
wells with velocity data used for depth conversion.

3.4 Depth Conversion

The seismic data in time required conversion to depth using TDQ software for use 

in TrapTester software. Landmark's TDQ software offers a straightforward method for 

constructing 3D velocity models, and for performing time-to-depth or depth-to-time 

conversions. Two types of models were used:

1. Velocity models: The TDQ model, which is one of the velocity models that 

OpenWorks supports.

2. Time-Depth Volume: A set of x-y-z points within a volume that can be 

interpolated using the triangulation method in this study. Triangulated volumes can be 

generated from TDQ models.

A TDQ velocity model consists of vertical time-depth functions that operate on 

time-depth input data. For each input data point, TDQ determines the depth equivalent by 

interpolation of the time-depth volume.

All the horizons and faults in time converted to depth in TDQ. The Ml horizon in 

depth is shown in Figure 3.6. The depth converted horizons did not tie to the well depths 

perfectly; misties range from 10 to 60 ft for all the wells in this study.
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The input data were imported from time-depth tables stored in an OpenWorks 

database. The horizons and faults in depth were then exported to ASCII files for use in 

TrapTester.

Color Bar

Figure 3.6 -  Ml depth horizon contoured in feet. The horizon gently dips to the southeast 
and is cut by the NE-SW trending fault family.

3.5 Shale Volume Calculation

In order to calculate the volume of shale (VSH), VSH logs were created using 

PETRA® software, a product of the geoPLUS Corporation. Petra transforms raw well 

data into meaningful reservoir parameters (www.geoplus.com), including VSH logs.

The first step in the VSH log creation process was normalization of gamma-ray 

(GR) log curves. The scale range (high-low) method was used to normalize GR logs. 

This method adjusts log curves to a common scale range by stretching or compressing

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 

27 GOLDEN, CO 80401

http://www.geoplus.com


curves using high or low range values. The cleanest sand is assigned a value of 150, 

while the hottest shale is assigned a value of zero.

The second step was to convert the normalized gamma ray log for each well into a 

VSH log using the following equation in Petra’s log calculation module:

VSH Gamma Ray Count - Sand Value 
Shale Value - Sand Value

Gamma Ray Count = the gamma ray count at depth (api)

Sand Value = the minimum gamma ray count in the well (api)

Shale Value = the maximum gamma ray count in the well (api)

VSH = Volume of shale at that depth (%) (Jackson, 2007).

The third step was to smooth the VSH logs using Petra’s transform function, 

which requires defining a minimum number of three filter points with the triangular 

smoothing function. After testing several values, 41 was determined to be the appropriate 

number of filter points for the purpose of this study. This third step removes some of the 

details in the stratigraphy but retains sufficient detail for fault seal analysis. Figure 3.7 

shows the steps in the process of normalization and smoothing.

The tops of all sand, shaly sand, and shale intervals, including major producing 

sands on smoothed VSH logs, were used as correlation markers to create a stratigraphie 

framework for use in TrapTester. Within each well, marker horizons are added as picks 

based on the identification of unit tops in the log data to enhance the lithologie 

information between the mapped seismic horizons (TrapTester manual, 2005).

One of the essential inputs into TrapTester for Shale Gouge Ratio (SGR) 

calculation is a representative stratigraphie column for the reservoir interval (Jackson, 

2007). The following sand, shaly sand, and shale cutoff values in the VSH logs were 

determined based on the sand and shale cutoffs on GR curves used in the NEC’s 

presentation.
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0 <  X  < 60% -» SAND 

60% < x < 65% SHALY SAND 

65% < x < 100% SHALE

W ell # 1 : 2 1 9 1 -1  

G R N o rm a lized  G R V SH S m o o th e d  VSH

Top Miocene

M1

M2

M3

MSB

]  S an d sto n e  I I Shaly sand Shale

Figure 3.7 - Illustration of the necessary steps for the creation of a VSH log for Well 
2191-1 (displayed in Petra software). The normalization and smoothing processes remove 
some detail in the stratigraphy however, a simplification of the stratigraphy is necessary 
for efficient manipulation in TT.

In preparation of the analysis in TrapTester, the tops of all the intervals in the 

smoothed VSH logs needed to be marked, named, and correlated. Since even the 

smoothed VSH logs were detailed and difficult to correlate, only 12 wells shown in 

figure 3.8 were used for correlation. Because of the same reason, only the intervals 

between Ml and M9 were correlated in this study. The cross section in figure 3.9 shows 

the GR, VSH, and smoothed VSH logs (See also the cross section at a larger scale in 

Appendix C).

29



16500A-6
1650Û-A5ST2

I 16500A-4ST 
m*A4
2191-1 /

16500-A1
•165Q0A-7

16500A-3

Figure 3.8 - Map showing the wells that intersect the main faults and those used for 
correlation in Figure 3.9.
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3.6 Preparation of Shale Gouge Ratio Calculations

The Shale Gouge Ratio (SGR) calculation is an algorithm to predict the 

proportion of shaly material in the fault zone. It was defined in publications by Fristad et 

al. (1997), Yielding et al. (1997) and Freeman et al. (1998). At each point on the fault 

surface, the algorithm calculates the net content of shale/clay in the volume of rock that 

has slipped past that point on the fault (Figure 3.10; Yielding et al., 1997; Freeman et al., 

1998).

The Shale  G o u g e  Ratio algorithm

breccia throw = t

V c l 5 ,  A z 5

shale sm ear

SGR =I(Vsh AZ)/1x100% 
(i.e. % clay in slipped interval)

cataclastic  d e f m bands

from Walsh et al. (1998)

Figure 3.10 - Definition of the SGR. At any point on the fault surface the SGR is equal to 
the net shale/clay content of the rocks that have slipped past that point. If lithotypes are 
incorporated into the fault zone in the same proportions as they occur in the wall rocks, 
then SGR is an estimate of the fault-zone composition (Yielding et al., 1997; Freeman et 
al., 1998).

TrapTester software was used for SGR calculations and fault seal analysis in this 

study. Badley Geoscience’s TrapTester software (TT) (www.badleys.co.uk): 

visualizes 3D data volume and seismic slices on faults and horizons, 

generates linked fault networks and computes complex 3D framework models, 

analyzes fault structure —e.g. displacement, linkage, etc., 

predicts the seal capacity on fault surfaces,
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estimates fault-zone composition (e.g. shale gouge ratio) and pressure data 

calibration; predicts fault-zone properties, column heights, and hydrocarbon contacts, 

estimates trap potential.

The following section of this chapter explains the process in preparation of the 

SGR calculations:

Initially, all the horizons and faults in depth were loaded as point sets, and 

surfaces were created in the TT software in order to process horizon and fault surface 

modeling. Since some of the Allan lines (horizon cutoffs) crossed each other at some 

points, and in order to have an intelligent modeling of horizon-fault intersections and a 

gapless 3D framework, polygons were created and modified (Figure 3.11).

5699-1, 16500-A2, 16500-A2-ST2, 16500-A4, 
16500-A4 ST1, 16500-A6

p|2 f4 f2

M2 M3

South view

Figure 3.11 - All horizon surfaces modified for visualization. The main faults and the 
wells used for the calculations in TT are shown.

Second, all the wells with their X, Y, and Z values with their directional survey 

data and VSH logs were loaded into the software. They can all be found as LAS files in 

Appendix A.
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Third, in order to calculate SGR within fault zones by using smoothed VSH logs 

from the following 9 wells, the stratigraphie correlations between the wells were entered 

into the software. Wells 2191-1, 2191-3, 5699-1, 16500-A2, 16500-A2-ST2, 16500-A4, 

16500-A4 ST1, 16500-A6, and 16500-A7 were selected (Figure 3.11). In the Data 

Manager, "marker" horizons were created for each stratigraphie change mapped out in the 

cross section in Petra. They then needed to be arranged in the correct stratigraphie order. 

As the marker horizons were created, the lithological information indicated by each 

marker was entered into the software—i.e., shale, shaly sand, or sand.

Inasmuch as the well picks were not compatible with the seismic horizons, the 

well logs needed to be modified during this step. However, in order to modify the wells 

without losing the data at the bottom of the well, the total depths of the wells were 

adjusted by adding the same dip and azimuth values for any deeper point in the deviation 

data.

The interval between the two well picks needed to match the interval between the 

same two depth-converted horizons. In order to accomplish this match, the logs were 

modified using TT’s functions such as stretch, move, and rescale.

For example, as seen in the figure 3.12, the depth of M6 is 6300 ft; however, it is 

supposed to be 6255 ft according to the seismic interpretation. In order to match the two 

interval tops, the interval on the log was moved to the shallower depth by TT’s move 

function. Therefore, the mistie is 45 ft for this interval in this well. It is possible to define 

that the misties are around 45-100 ft for the other intervals in this well. The remaining 

wells contain misties between the well picks and seismic horizons from 10 to 200 ft.

This modification procedure keeps the lithology and relative thicknesses between 

the tops and horizons the same; it simply scales them to match the depth-converted 

horizons, which usually contain errors.

The last step before SGR calculations was to synchronize the isochors at the fault 

surface. This is simply to tie all the marker horizons to the faults to include a refined 

stratigraphy in the calculations.
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Figure 3.12 - An example of the steps in the modification of the VSH log for Well 
16500A5-ST2. The position of M6 horizon was modified in TT as described in the text.
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CHAPTER 4

FAULT SEAL ANALYSIS

In this chapter, following a general overview of fault seal analysis, I will describe 

the procedures used to analyze the faults and interpret the results o f fault seal analysis in 

the Main Pass 138 area using TrapTester software.

4.1 Overview

Differentiating between sealing and non-sealing faults is a major problem in 

petroleum exploration, development, and production (Smith, 1966).

Faults may control petroleum migration and entrapment in several ways. They 

may be sealing, thereby forming part of the trap closure and serving to compartmentalize 

reservoirs (e.g., Smith, 1980; Harding et ah, 1989; Bouvier et ah, 1989; Jev et ah, 1993; 

Knott, 1993). Alternatively, they may be permeable, allowing cross-fault fluid flow 

where sands are juxtaposed (e.g., Smith, 1980; Allan, 1989; Broussard et ah, 1995; 

Alexander et ah, 1998). Finally, faults and associated damage zones may also serve as 

vertical conduits, whereby petroleum migrate up from deep source intervals into 

shallower reservoirs (e.g., Hooper, 1991; Anderson et ah, 1994; Flemings et ah, 1994).

Several attributes presented and developed by multiple authors propose that fault 

sealing capacity can be predicted quantitatively. These attributes are:

- Clay Smear Potential (CSP):

Bouvier et ah (1989) described the CSP as the relative amount of clay that has 

been smeared from individual shale beds at a certain point along a fault plane.

Fulljames et ah (1997) presented this equation:

VSH -  Y  (Shale Bed Thickness)2 ^  ^
(Distance from Shale Bed)

This is valid when distance from the source bed is less than fault offset. For a 

point within the offset between an upthrown shale bed and corresponding downthrown 

bed, the distance from the bed that is closest to the point and the bed thicknesses are used 

in the equation 4.1 (Figure 4.1; Yielding et ah, 1997).
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distance

Clay Sm ear Potential 
0 5 P _  y j  thickness

distance

Figure 4.1 - Figure showing the clay smear potential (CSP) algorithm expressed by 
Bouvier et al. (1989) and Fulljames et al. (1996) (Yielding et al., 1997).

- Smear Factor:

Yielding et al. (1997) suggested that CSP can be considered as one example of a 

generalized smear factor (Figure 4.2) given by:

Smear Factor = V  B_ed Thickn6ss)"_  (4 2)
(Distance from Shale Bed)'"

The exponents m and n can be regarded as additional variables whose values may 

be justified by experimental or observational studies (Yielding et al., 1997).

- Shale Smear Factor (SSF):

Lindsay et al. (1993) proposed a shale smear factor (Figure 4.3) to constrain the 

likelihood of shale smear continuity. SSF models the profile of abrasion type of smears. 

The abrasion type shale smear occurs as thin films on sandstone fracture surfaces, 

whereas the shear zone type smear is thickest near the source layer and reduces towards 

the region midway between the hangingwall (HW) and footwall (FW) cutoffs (Lindsay et 

al., 1993). They concluded that smaller values o f SSF are more likely to correspond to 

continuous smears and therefore to a sealing layer on the fault surface.
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AZ

distance

Sm ear Factor 
V  thickness"

distance

Figure 4.2 - Figure showing the smear factor algorithm by Yielding et al. (1997).

SSF _ Fault Throw
Shale Layer Thicness

Az

throw

Shale Sm ear Factor 
SSF = throw 

thickness

Figure 4.3 - Figure showing the shale smear factor (SSF) algorithm by Lindsay et al. 

(1993).

(4.3)
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- Shale Gouge Ratio (SGR):

Yielding et al. (1997) define SGR simply as the percentage of shale or clay in the 

slipped interval. If the stratigraphie breakdown is by individual beds, equation 4.4 is valid 

(Figure 4.4a); whereas the breakdown is occurred by reservoir zone, equation 4.5 should 

be used (Figure 4.4b, Yielding et ah, 1997).

V  (Shale Bed Thickness)
SGR = ^ ----------------------------   x 100% (4.4)

Fault Throw

V [(Zone Thickness) x (Zone Clay Fraction)!
SGR =  — ------------   x 100% (4.5)

Fault Throw

throwthrow
| Shale Gouge Ratio

| EfVcfAz) x100% 
I throw

Shale Gouge Ratio 

Ithickness x100%
throw

Figure 4.4 - Figure showing the shale gouge ratio (SGR) algorithm by Yielding (1997). a. 
Calculation for explicit shale/clay beds in an otherwise shale-free sequence; Az is the 
thickness of each shale bed b. Calculation for a sequence of reservoir zones; Az is the 
thickness of each reservoir zone and Vci is the clay volume fraction in the zone.

4.2 Methodology

Since detailed lithological information for each sequence was available for each 

zone (from Yielding et ah, 1997), SGR was preferred over CSP, Smear Factor, and SSF 

to predict the seal capacity of the faults in this study. Moreover, since the sequence is
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either simple, blocky sand-shale or heterogeneous, the SGR calculation would be better 

suited for fault seal analysis as in the studies from Niger Delta, North Sea, and offshore 

Trinidad by Yielding et al. (1997).

In order to calculate SGR, cutoff values for the intersection depths between the 

wells and the faults were first determined in TT. Then, the faults that intersected the wells 

were entered in the well editor (Figure 4.5).
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Figure 4.5 - Major faults (FI and F5) that intersected the wells in the well editor. Wells 
16500-A4, 16500-A2, and 2191-1 were displayed in TT.
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In order to model the attributes on fault surfaces with the two different gouge 

controls, curve and zonal attributes were created and the results from the two were 

compared.

First, XT’s “Curve Mapper” (CM) function was used to map VSH curve attributes 

along the faults. “CM” uses a combination of VSH curves from well logs and polygons 

generated from only mapped horizons to produce upthrown and downthrown property 

maps on fault surfaces. These maps incorporate the vertical and lateral variation in VSH 

in isochored intervals with the difference that the spatial variation is observed at the 

resolution of the well curve (TT Manual, 2005).

The CM settings determine which categories of intervals from the currently 

loaded wells are used to map any of the curve attributes and their derivatives between 

horizon intervals on a fault surface. The CM function includes the following criteria:

1. Top and base o f interval at the fault are both defined in the well.

2. Either top or base of interval at the fault is defined in the well. The marker that is 

missing in the well is implied from the position of a deeper or shallower well pick.

3. Neither top nor base of interval at the fault is defined in the well. Both markers 

missing in the well are implied from the position of deeper and shallower well picks.

4. Either top or base of interval at the fault is defined in the well, but the well 

contains no other relevant markers. The interval is implied from the apparent thickness 

observed at the fault.

5. Both top and base of the interval at the fault are missing in the well. The interval 

is implied from the apparent thickness observed at the fault and referenced to either a 

deeper or shallower well pick.

Although the first criterion is suggested by the software, the other 4 were selected 

once more detailed results were obtained in the SGR calculations.

After curve attributes, zonal attributes were created for each stratigraphie interval 

using the zonal VSH ratio values created for or assigned to each horizon interval (both 

mapped and isochored) to model these on the fault surfaces. In order to compute zonal 

gouge ratios, each interval needed to have a single VSH ratio in all wells between 0 (0% 

shale) and 1 (100% shale). For this purpose, zonal attribute values were calculated as the
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mean value of the well log, and by selecting the peak (maximum) (Figure 4.6.a) and 

trough (minimum) (Figure 4.6.b and 4.6.c) log value in each interval. Meanwhile, 0.65 

was input as the cutoff value for shale in order to determine which log values were 

treated as shale (greater than the cutoff value).

a.16500-A7 b.16500-A6 C.16500-A4ST

M1

m
Z o n a l  A t t r i b u t e s

i • Min value for 
% shale=0.655

Figure 4.6 - Zonal attribute values presenting a. the peak (maximum) values; b. and c. the 
trough (minimum) values in each interval within the wells 16500-A7, 16500-A6, and 
16500-A4ST.

Since throw is the vertical distance between the upthrown (footwall) and 

downthrown (hangingwall) polygons, TT automatically calculates throw with no need of 

another property. However, the fault zone properties function was used to define the 

properties (Table 4.1) required to calculate a range of fault zone attributes including 

SGR, SSF, CSP, fault zone permeability, threshold capillary pressure, hydrocarbon 

column height, and hydrocarbon contact depth.
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Fault zone properties Source

Fluid densities (lb/ft3) Oil:43.7

Gas: 18.72

Water:64.613

Uplift correction (ft) 0 Bretan et al. (1999) & 

Sperrevik et al. (2002)

16.4 Simms et al. (2007)

Threshold capillary pressure p  _  jq (SURy'27-C) Bretan et al. (2003)

Fault zone permeability

logKpz -  -4SGR -  1/4 log(D) 
* (1 -S G R )5

Manzocchi et al. 

(1999)

K f z =  ai*exp {[a2SGR + 
a3*Zmax +  (a4*Zf +  &5)(1 - 
SGR)7]}

Sperrevik et al. (2002)

Fault zone thickness Tfz=aDb (a=0.005 b= l) Manzocchi et al. 

(1999)

VSH Cutoff 0.65 NEC Interpretation

Table 4.1 - Fault zone properties affected attributes such as SGR, SSF, CSP, and 
hydrocarbon column height, and hydrocarbon contact depth.

Fluid densities: The settings provide the variables used to compute the 

hydrocarbon column height and hydrocarbon contact depth. Fïydrocarbon column heights 

can only be modeled for a particular oil or gas density at a time. Hydrocarbon density 

was set to either oil (approx. 43.7 lb/ft3) or gas (approx. 18.72 lb/ft3).

Uplift correction is used when calculating fault zone capillary threshold pressure, 

hydrocarbon column height and hydrocarbon contact depth in the depth-dependant 

equations of Bretan et al. (1999) and Sperrevik et al. (2002). This is the vertical distance 

required to return any point to its maximum burial depth. The default setting is 0 ft, 

corresponding to the sequence now being at its maximum post-faulting burial depth (TT 

Manual, 2005). However, Simms et al. (2007) indicate that the maximum amount of 

uplift experienced within the Mississippi Fan is approximately 5m (16.4 ft).
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Threshold capillary pressure: Bretan et al. (2003) suggested using equation 4.6 to 
convert SGR to fault zone capillary threshold pressure:

P =  10 (4.6)

The default value for d is 27. With the uplift correction set to 0, the value of C in 

the equation to convert SGR to P is set according to the current burial depth:

Burial depth < 10000ft —► C = 0.5 

10000 < Burial depth < 11500ft — ► C = 0.25 

Burial depth > 11500ft k C = 0 

C was assigned as 0.5 in this study as all burial depths are smaller than 10,000 ft.

Fault zone permeability: The equation 4.7 by Manzocchi et al. (1999) where the 

relationship between SGR and fault zone permeability take into account the fault 

displacement (D), without considering the depth at time of faulting or the maximum 

burial depth (TT Manual, 2005).

logKpz = -4SGR -  1/4 log(D) * (1 -  SGR)5 (4.7)

Threshold capillary pressure (Pf) and fault zone permeability (KFz) are calculated 

and used to calculate hydrocarbon column height and hydrocarbon contact depth with 

equation 4.8 by Sperrevik et al. (2002) combining equations 4.9 and 4.10 by Leverett 

(1941) and Smith (1966).

K FZ= a,*exp {-[a2SGR + a3*Zmllx + ( a Æ  + a5)(l - SGR)7]} (4.8)

(ai=80000, a2=19.4, 33=0.00403, 34=0.0055, and a5=12.5)
P f = 3 1 .8 3 8 * K /^  (4,9)

H = ------------   (Leverett, 1941; Smith, 1966) (4.10)
0.433(pw-ph)

where the relationship between SGR and fault zone permeability takes into account the 

burial depth at time of faulting (Zf) and maximum burial depth (Zmax), while displacement 

is not considered (TT Manual, 2005).

P ch w  = Hydrocarbon capillary pressure 

H= Hydrocarbon column height (feet) 

pw = Water density (g/cm3)
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ph= Hydrocarbon density (g/cm3)

Capillary pressure conversion: The pressure conversion was used to specify the 

conversion factor from mercury in air to hydrocarbon in water when using the Sperrevik 

et al. (2002) algorithm. The common conversion factors of 0.1 for oil/water and 0.2 for 

gas/water were used when calculating fault zone capillary threshold pressure and fault 

zone permeability attributes on fault surfaces (TT Manual, 2005).

Fault zone thickness: With the default settings, the fault zone thickness is the 

harmonic average thickness calculated as a function o f the displacement using this 

equation by Manzocchi et al. (1999):

Tfz=aDb (a=0.005 and b = l)  (4.11)

VSH Cutoff: This setting determines which VSH ratio values from a well log 

curve are assigned as shale (non reservoir) and hence provides shale bed thicknesses 

which are used to compute the (curve) SSF and (curve) CSP attributes. The default 

setting is 0.5. However, the VSH cutoff value was.determined as 0.65 from the NEC’s 

presentation as described in Chapter 3. So, any VSH ratio values from a log curve greater 

than 65% are assigned as shale.

Then, TT calculated first throw and then the attributes such as juxtaposition, 

hangingwall (HW) and footwall (FW) attributes, curve SGR, and zonal SGR by 

synchronizing them on the fault surfaces.

4.3 Results

The study includes 8 main Miocene sandstones with interbedded shales and 6 

main faults with throws from 50 to 500 ft. The range for throws can be seen in Figure 4.7 

and 4.8. For all the faults, upper parts show smaller throw ranges. FI is the fault showing 

maximum (max) throw values i.e., 450-500 ft shown with red colors in figure 4.8 within 

the M7, M8, and M9 intervals, whereas the max throw on f6 was observed as 280 ft for 

the M8 interval. F2 has a max throw value o f 450 ft (orange) and f3 has a 350 ft (green)
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max throw within the M7 interval. The max throw for f4 ranges up to 200 ft, whereas F5 

has a max throw value of 400 ft.

i
%

South view

Figure 4.7 - Figure showing the range for throws of the main faults. See also Figure 4.8 to 
see each fault separately.

Colxrrftdd Valves

-■ no o

2 0 t  :

3 : : :

- -  4 Ù L . C

-4 50C.0

■ Strike v iew

Figure 4.8 - Figure showing the range for throws of the main faults in detail. The purple 
and bluish colors represent smaller values, whereas the yellow and red colors represent 
greater throw values.
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With detailed compositional data for all stratigraphie units, the SGR was 

calculated to provide estimation for the composition of the fault zone (fault zone % 

shale).

Although there are different opinions about the relationship between SGR values 

and the seal capacity of a fault, the following by Yielding (2002) were followed in this 

study.

Zones on the fault surface where SGR is:

- less than 15% allow leakage,

- between 15% and 20% have a greater potential to seal because of the high 

pressure difference, and

- greater than 20% support sealing.

Figures 4.9, 4.10, and 4.11 show the fault seal and leak observations from the 

faults 3 ,1 , and 5 in the Main Pass Block 138. The color differences represent a range of 

(curve) SGR on individual faults. The faults are characterized as ‘sealing’ (red) or 

‘leaking’ (green) depending on the suggestions from the paper by Yielding (2002). SGR 

values of 15-20% provide a threshold between sealing and leaking behavior.

Colour :Hcwe
sgrT%>,

0.0 -’ Leaking 

• 20  0 >,

■ 6 0  o ^Sealing
70 o (>20%)

- to o .V

Figure 4.9 - The greater SGR values (>20%) are shown in orange and red, while the 
lower SGR values (<20%) are shown in yellow and green on the fault surface 3.

In all but the middle and deepest portions, fault 3 has moderate to high SGR 

values i.e., it has a sealing ability, since higher SGR values indicate greater seal potential 

between juxtaposed sands, due to shale gouge in the fault zone. SGR values below 15% 

represent juxtapositions and throws at which there is the potential for across-fault 

leakage. There is less leaking ability along fault 1 (Figure 4.10) than there is along fault
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3, while the fault 5 has more leaking potential (Figure 4.11). Fault 1 has a larger throw of 

up to 500 ft implying that the fault does support more potential as a static seal.

S3r7%) ,
o o i  Leaking

Figure 4.10 - The sealing portions are shown in orange and red, while the leaking parts 
are shown in yellow and green on the fault surface 1.
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Figure 4.11 - Sealing and leaking potentials on the fault surface 5.

Figures 4.12.a, b, and c show the fault seal and leak observations from the faults 

2, 4, and 6 in the Main Pass Block 138. Orange and red parts of a fault are characterized 

as sealing and green parts are considered as leaking depending on the suggestions from 

the paper by Yielding (2002).
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Figure 4.12 - The sealing portions are shown in orange and red, while the leaking parts 
are shown in yellow and green on the a. fault surface 2, b. fault surface 4, and c. fault 
surface 6. Whereas the significant parts of M9 on f2 and M3 on f6 are leaking, most of 
the interval portions on f4 have a great potential of sealing. However, there is no 
sufficient well data to have a safe prediction.

After all curve SGR variations, the zonal SGR distributions were displayed in 

Figure 4.13. Since all the faults have orange and red colors, they totally support sealing. 

Therefore, there is no leaking portion on them according to this zonal model, unlikely the 

curve model.

The SGR distribution on the modeled fault surface also can be used to predict 

fault zone permeability (Gibson, 1998; Manzocchi et al., 1999). For these calculations, 

the equation 4.7 by Manzocchi et al. (1999) and equation 4.8 by Sperrevik et al. (2002) 

were used as described in the previous section of this chapter. The fault zone 

permeability distribution of fault 3 is displayed in Figure 4.14.
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Figure 4.13 - Figure showing the zonal SGR distributions on all the fault surfaces. Since 
the orange and red colors represent great sealing potential, there is no leaking portion on 
any faults according to the zonal computations, unlikely the curve model.

4.4 Interpretation and Discussion

Since the zonal attributes use the mean values from the VSH curves, they gave 

less detailed and low confidence results. In order to avoid uncertain conclusions, it is 

safer to use curve attributes.

Throw range of a fault is important for fault seal analysis since the SGR is a 

function of throw. Thus, the high throw areas correspond to the high SGR values, 

(comparing Figures 4.8, 4.9, 4.10, and 4.11).

Comparison of the SGR (Figure 4.9) and permeability distributions on fault 3 

(Figure 4.14) shows that lower fault zone permeability indicates greater fault seal 

potential. This confirms the relationship between the permeability and the sealing 

potential described by Yielding et al (1999).
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Figure 4.14 - Calculated fault zone permeabilities (in milliDarcies) on the fault 3 surface 
using a. the Sperrevik et al. (2002) b. Manzocchi et al. (1999) method. A permeable fault 
zone (purple) signifies a leaking portion (compare with figure 4.8).

Green areas in the figures 4.9, 4.10, 4.11 and 4.12 represent very low SGR, and 

are expected to low zone permeability, whereas red areas have high SGR values, and low 

fault zone permeability. Faults with small throw values have a heterogeneous distribution 

of SGR. Conversely, faults with larger throw values have a more uniform and higher 

SGR range (Yielding et ah, 1999).

On the other hand, any well that intersects or is on the HW or FW of the faults 2, 

4, and 6 is not available in this data set. Even though the results from those faults were 

presented here, in order to make a more reliable interpretation for these faults, additional 

well data are needed.

Petroleum accumulations require hydrocarbons to be contained in porous and 

permeable reservoirs, and to be entrapped by a seal. SGR is the most effective attribute in 

determining the fault sealing capacity. It is possible to determine quantitatively not only
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the sealing potential, but also the strength of the seal. Fundamentally, the quality of a seal 

is determined by the minimum pressure required to displace connate water from pores or 

fractures in the seal (Downey, 1984).

Regardless o f the attributes analyzed, any fault seal capacity prediction requires 

calibration with the appropriate pressure data. Thus, the fault sealing predictions were 

calibrated with the available static pressure data as discussed in the following chapter.
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CHAPTER 5

PRESSURE DATA CALIBRATION AND HYDROCARBON COLUMN HEIGHT

ESTIMATION

After describing the methods selected to calibrate pressure data, this chapter 

compares available pressure data with the results of the fault seal analysis presented in 

the previous chapter. Two methods for hydrocarbon height prediction in TrapTester (TT) 

software are also discussed.

A sealed fault is commonly characterized by multiple recognizable differences in 

properties between either side of a fault, such as volume of shale, permeability, capillary 

entry pressure, delta pressure, hydrocarbon column height, and fluid type (Yielding, 

1997). In order to determine whether faults are sealing based on shale gouge ratio 

methodology, the differences in shale volume and permeability across the fault surfaces 

were calculated in the previous chapter. This chapter will further explore differences in 

pressure and hydrocarbon height values and their implications for fault seal calibration.

5.1 Introduction

Pressure data are crucial for the calibration o f fault seal estimates described in the 

previous chapter.

In order to correctly interpret the variation in shale gouge ratio (SGR), it is 

important to review the threshold values on all o f the faults in the field, as these SGR 

calculations provide a calibration. It is also possible to calculate the SGR for faults that 

have not been drilled in one or both walls, and to predict whether the fault is likely to be 

able to support a pressure difference and hence trap hydrocarbons (Freeman et ah, 1998). 

The pore pressure differences associated with the different contacts give calibration 

points for estimating the fault seal capacity (i.e., the capillary entry pressure of the fault 

zone, which supports the buoyancy force generated by the hydrocarbon column) 

(Yielding et ah, 1999). Effective seals for hydrocarbon accumulations are typically thick, 

laterally continuous, ductile rocks with high capillary entry pressures (Downey, 1984).

An essential element of the fault seal analysis methodology is to calibrate the 

fault-seal attribute, taken as a proxy for fault-zone composition, at faults where the
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sealing behavior can be demonstrated using pressure data from wells on either side of the 

fault (Fristad et al., 1997; Yielding et al., 1997).

5.2 Simple Pressure Calibration

Three pressure profiles were constructed from the available static pressure data 

(P) from particular depths (Z) with pressure gradient (G) values from three wells 

provided by the McMoran Exploration Company and Newfield Exploration Company 

(NEC). The wells with the pressure data and the related 3 faults are shown in figure 5.1. 

The data for well 16500-A1 in the HW of the fault 3 is shown in figure 5.2, for well 

16500-A4ST in the FW  of the fault 3 or HW of the fault 1 is in figure 5.3, and well 

16500-A6 in the FW o f the fault 1 or HW of the fault 5 is in figure 5.4. The detailed data 

files can be found in Appendix B.

The produced fluid present in each interval was determined from the pressure 

gradients in the graphs, which were derived by linear regression of the pressure-depth 

data points (Bretan et ah, 2005). The default gradient values in TT shown in Table 5.1 

helped to define the fluid types for each interval.

P ressure  G radien t (psi/ft)
Gas 0.1348
O il 0.3152
W ater 0.4421

Table 5.1 -  The default pressure gradient values for different fluid types in TT.

Since the faults 2, 4, and 6 did not have the available pressure data to calibrate the 

fault seal prediction, the calibration was performed for the faults 1 and 3. For a more 

detailed calibration, these data will be used in the one of the following sections.

The relationship between fault seal capacity and pressure was evaluated using a 

simple plot of available pressure and depth data from the 3 wells, i.e., 16500A1, 

16500A4-ST, and 16500-A6) (Figure 5.5).

According to Fristad et al. (1997)’s methodology, plotted pressure data indicate 

that the f3 and fl faults are sealing to hydrocarbons because neither the gas pressures nor 

the oil pressures equalized across the fault.
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Figure 5.1 -  Map showing the locations of the 3 faults (fl, 13, and f5) and 3 wells 
(16500-A1, A4ST, and A6) with available pressure data.
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Figure 5.2 -  Plot showing the pressure data provided for well 16500A1. The fluid level 
was determined as 4283 ft with a simple extrapolation. The fluids were defined based on 
the gradient values in Table 5.1. See Figure 5.1 for location of the well.
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Figure 5.3 -  Plot showing the pressure data provided for well 16500-A4ST. Fluid levels 
were determined as 3392 ft for gas-oil contact (GOO) and 6500 ft for oil-water contact 
(OWC) with a simple extrapolation. The fluids were defined based on the gradient values 
in Table 5.1. See Figure 5.1 for location of the well.
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Figure 5.4 -  Plot showing the pressure data provided for well 16500A6. Fluid level was 
determined as 3050 ft with a simple extrapolation. The fluids were defined based on the 
gradient values in Table 5.1. See Figure 5.1 for location of the well.
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Figure 5.5 -  Plot showing the pressure trends from the 16500A1, 16500A4-ST, and 
16500-A6 wells which did not equalize at any point. See Figure 5.1 for location of the 
wells.

5.3 Methodology in TrapTester

The pressure data describe the gas/fluid pressure regimes within reservoir 

compartments in terms of gradient (dP/dZ or gravity * density) and pressure (P) at a 

particular depth (Z) (TT manual, 2005). Separate pressure profiles can be defined for the 

footwall (FW) and hangingwall (HW) blocks of a fault in the TT software. Actual well 

pressure data are then used to test the sealing characteristics of the faults.

The unit for pressure was set as pounds-force/sq.inch (psi) in order to have an 

appropriate match between the units of other parameters such as UTM-X, UTM-Y, depth, 

and distance units set as feet (ft).

5.4 Capillary entry pressure calibration

Bretan et al. (2003) calibrated SGR against across-fault pressure difference 

(AFPD) observed in subsurface hydrocarbon traps. Maximum values of AFPD (in bar, 1 

bar = 14.5 psi) define a fault seal failure envelope given by:
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AFPD = 10 (SGR/27"C) (5.1)

At burial depths less than 9850 ft, C is 0.5. For burial depths between 9850 and 

11,500 ft, C is 0.25. When burial depth exceeds 11,500 ft, C is 0. The value o f AFPD is 

assumed to represent the threshold capillary pressure (TCP) (Bretan et ah, 2003). As 

shown by the TCP range with the SGR distributions on fault surface 3 in figures 5.6 and 

fault surface 1 in figure 5.7, across-fault seal potential increases with TCP. However, as 

SGR values are greater than 50%, the TCP values are overestimated. Therefore, the 

statement that TCP increases with increasing SGR up to 50% would be more reasonable 

(Figure 5.8).

A general trend of decreasing fault rock permeability, and, hence, increasing 

capillary entry pressures with increasing shale content exists (Bretan et ah, 2005). 

However, this trend is valid when permeability values are between 0.01 and 0.1 md in 

this study (Figure 5.9).

5.5 Buoyancy Pressure Calibration

Buoyancy pressure is defined as the difference in pressure between the 

hydrocarbon phase and the water phase on the same side of the fault measured at the 

same depth on the fault plane. The calibration for a block requires pressure data from at 

least one well (TT Manual, 2005).

The pressure gradient graphs were developed from the data shown in the previous 

section of this chapter by a simple extrapolation, as shown in the Figure 5.2, in order to 

define the pressure values for gas/oil/water for all the intervals, including the intervals 

with no currently available data.

In order to create different pressure profiles, the horizons were assigned as 

pressure compartment boundaries, after setting the pressure values by using the 

extrapolated graphs for three wells. The pressure profile for well 16500A1 in the HW of 

fault 3 is shown in Figure 5.10. The same process applied to the remaining wells with the 

data; i.e., well 16500A4ST and well 16500A6.

In order to introduce the FW and HW pressure profiles to the relevant fault 

surfaces, the wells with the data were assigned to the fault planes in TT (Table 5.2).
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Figure 5.6 -  Figure showing (a) Threshold Capillary Pressure (TCP) and (b) Shale Gouge 
Ratio (SGR) distributions on fault 3. The portions with smaller SGR values (shown in 
green) are expected to leak in (b) match with the minor pressure values (shown in red) in 
(a).

In preparation for modeling the fluid pressure attributes in the volume editor, fault 

attributes were synchronized, and display method and color scale were set. After the 

computations, the buoyancy pressure distribution for HW of fault 3 was displayed in TT 

(Figure 5.11).

Buoyancy pressure distribution shows the sealing capacity of a fault; i.e., the 

areas with greater buoyancy pressure should have a great potential of sealing capacity. 

This pressure difference should be expected to be greater than 1000 psi for a fault to seal. 

If it is smaller than 100 psi, that zone of the fault has a high potential to leak (J. 

Miskimins, 2007, personal communication). However, neither fault 3 nor fault 1 had this 

capacity to seal according to the model in TT.
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Figure 5.7 -  Figure showing (a) Threshold Capillary Pressure (TCP) and (b) Shale Gouge 
Ratio (SGR) distributions on fault 1. The portions with greater SGR values (shown in 
red) are expected to seal in (b) match with the greater pressure values (shown in purple) 
in (a).

F requency  (%)

(Curve) SGR (umtless) (Cu-ve) SGR (unitless)

Figure 5.8 - Plot showing TCP increasing with SGR for fault 3. (a) When SGR values are 
greater than 50%, the TCP values are overestimated (b) TCP increases with increasing 
SGR up to 50% reasonably.
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No correlation between the SGR and buoyancy pressure is apparent in any of the 

plots from the three wells in this study. Increase in SGR may reflect an increase in 

maximum supportable buoyancy pressure at SGR values between about 30% and 60% 

(Figure 5.12). More data are required, however, to define individual seal-failure 

envelopes for oil and gas (Bretan et al., 2003).
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Fault-zone permeability (Manzocchi et al.) (MilliDarcies)
0.060 0.070 0.090 0.090 0.1000.020 0.0300.010

Figure 5.9 - A general trend of decreasing fault rock permeability and increasing capillary 
entry pressures when permeability values are between 0.01 and 0.1 md for fault 3.

5.6 Pressure Calibration Results

While it is possible to compute the delta pressure, buoyancy pressure, and 

capillary entry pressure, Bretan et al. (2003) suggested SGR values should be calibrated 

against the difference in pressure between the hydrocarbons trapped at the fault and water 

in the fault zone (buoyancy pressure) rather than across-fault pressure difference (AFPD).
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Figure 5.10 -  The pressure compartment boundaries created according to the extrapolated 
pressure/depth data for Well 16500-A1. The GWC was created at 4276.6 ft close to the 
contact in the Figure 5.2 (4283 ft). The horizons with the black lines on the left were 
defined as pressure boundaries.

Fault Plane Footwall Hangingwall
FI 16500A6 16500A4-ST1
F3 16500A4-ST1 16500A1
F5 - 16500A6

Table 5.2 -  The wells with pressure data assigned to the relevant fault planes in TT.

Leakage of hydrocarbons through the fault zone takes place when buoyancy 

pressure exceeds the pressure required for hydrocarbons to enter and pass through the 

largest interconnected pore throat in the seal (displacement or capillary entry pressure) 

(Bretan et al., 2003).

Since the gas-water or oil-water contacts are shallower than the intervals 

concentrated on this study, no significant relationship can be observed with the available 

pressure data.
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Figure 5.11 -Figure showing (a) the buoyancy pressure differences in green and bluish 
colors and the areas without any differences in red (b) SGR distribution on fault 3. 
Because of the lack of data below Top Miocene (TM) horizon from the well 16500-A4, 
only between pl3 and TM intervals, pressure differences were displayed.

According to the buoyancy pressures shown on the fault surface 3 in Figure 

5.11 .a, the greatest pressure difference (approximately 600 psi) is at the upper boundary 

of the BIB interval. Therefore, the fault may have a great sealing potential only in this 

zone. Moreover, the pressure difference between 40 and 200 psi between BIB and TM 

horizons. Thus, this suggests it may seal in this zone. However, the pressure tests in the 

model do not match with the fault seal analysis using SGR described in the previous 

chapter. There may be three reasons for this mismatch:

1. The SGR distribution was defined primarily using the well log data. Since the 

intervals below the Ml horizon were focused on in this study, the remaining intervals 

were not interpreted on the well logs except in three wells. However, no marker horizons 

were interpreted above M 1 horizon. Therefore, no detailed stratigraphie correlation was 

made for these intervals.
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2- Since all the hydrocarbon-water contacts were defined above the M 1 horizon, 

reliable results could not be obtained for the deeper intervals.

3- The pressure data provided by the companies may not be sufficient for the 

pressure calibration in fault seal analysis in this model.
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Figure 5.12 -  No significant relationship between buoyancy pressure and SGR 
distribution for well 16500A1 in the HW of fault 3. Increase in SGR may reflect an 
increase in buoyancy pressure at SGR values between about 30% and 60%.

5.7 Hydrocarbon Column Height Estimation

The empirical relationship between the fault-zone composition (SGR) and the 

capillary entry pressure of the fault zone (AFPD) can be used to derive the potential 

hydrocarbon column heights that each part of the fault may be able to support (Childs et 

al., 2002) by equation 5.2 (Schowalter, 1979; Watts, 1987).

H = d P / g ( p w- p h) (5.2)
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H is the hydrocarbon column height (in meters; 1 m = 3.2808 ft), dP is the AFPD 

or buoyancy pressure (in bars; 1 bar =14.5 psi) where there is a common aquifer 

estimated using equation 5.2, pw is the pore-water density and ph is the hydrocarbon 

density (in kg/m3; 1 kg/m3=0.062 pet), and g is the acceleration caused by gravity (in m s 

2; 9.81 m s-2= 32.185 f  s '2) (Bretan et al., 2003). For example, a seal capacity of 10 bar 

(145 psi) corresponds to an oil column of up to 400 m (1312.32 ft) (oil density of 0.75 

g/cm3=46.82 pcf) or a gas column of up to 130 m (426.5 ft) (gas density of 0.25 

g/cm3= 15.61 pcf) (Yielding et al., 2002).

Column height values were plotted in TT using the assumed seal-failure 

envelopes calculated in equation 5.2 (Bretan et al., 2003). Figure 5.13 shows the column 

height vs. SGR plot for well 16500-A1 in the HW block of fault 3.

(Curve) SGR klni-.less)______

Figure 5.13 -  Plot showing the relationship between hydrocarbon column heights 
calculated with the method by Bretan et al. (2003) and SGR distribution for well 
16500A-1 in the HW block of fault 3. Hydrocarbon column heights are increased with 
increasing SGR. However, column height values are reliable when SGR is between 15 
and 40%.

The hydrocarbon column height predictions are t instable when SGR values are 

approximately between 15-35 % (P. Bretan, 2008, personal communication). According 

to this statement, hydrocarbon column heights could be between 100 and 600 ft.

The software includes another hydrocarbon column height prediction using a 

method by Sperrevik et al (2002) as described in Chapter 4. This method also showed 

that predicted hydrocarbon column heights increased by increasing SGR (Figure 5.14). 

However, the SGR values greater than 40% are not reasonable. TT overestimates column
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height predictions for bigger SGR ranges. As a result, according to their method, the 

hydrocarbon column heights should distribute between 150 and 450 ft.

(Curve) SGR (Unitless)

Figure 5.14 - Plot showing the relationship between hydrocarbon column heights 
calculated using the method by Sperrevik et al. (2002) and SGR distribution for well 
16500-A1 in the HW block of fault 3. Hydrocarbon column heights are increased by 
increasing SGR.

Estimating hydrocarbon column heights using fault seal attribute data ultimately 

depends upon the geologic parameters input into the model, in particular pressure data, 

volumetric shale fraction (VSH) of the intervals, 3D mapping, reservoir geometry, and 

zonal properties around the fault (Bretan et al., 2003).

In terms of these properties, there are some uncertainties such as VSH determined 

based on cutoff values and pressure data. Moreover, there may be errors in mapping the 

reservoir geometries since simple time depth conversion was used to convert the time 

horizons as well as the assumptions on fault zone properties.
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5.8 Calculating Gas in Place by the Volumetric Method

No meaningful results could be obtained by pressure calibration for fault seal 

analysis, due to the lack of pressure data as described in the previous section of this 

chapter. Therefore, volumetric estimation was earned out in order to compare the results 

of fault seal analysis with recovery factor prediction.

Volumetric estimations for the M9 producing horizon in the hangingwall blocks 

of fault 3, 1, and 5 were carried out with equation 5.3 by Craft and Hawkins (1959):

v =  cpx A x h x ( l - S w )  (5 3)

The bulk reservoir volume (V) is commonly expressed in cubic feet. The gas pore

volume is related to the bulk or total reservoir volume by the average porosity ( ̂  ) and

the average connate water (Sw). According to Fingleton et al. (1999), the^ was assumed 

as 25% and the Sw would be accepted as 40% for the Main Pass Block 138. Gas volume 

factor (Bg) is expressed in units o f cubic foot per standard cubic feet (RCF/SCF). 0.004 

RCF/SCF was used for Bg (J. Miskimins, 2008, personal communication).

The areas of all of the fault blocks (Figure 5.15) were determined as 2,613,600 

cubic feet. Net pay thickness (h) for the M9 horizon was assumed as 10 ft. The original 

gas in place (OGIP) was calculated by equation 5.3.

OGIP = 0-25 x 2613600 x 10 x(1 0.4) = g80 100 MCF 
0.004x1000

The cumulative production for fault block 1 was determined as 153,653 MCF 

using the production data for well 16500A1, which is located in the hangingwall (HW) of 

fault 3. The total cumulative production for fault block 2 was calculated as 705,043 MCF 

using the wells 16500A1 and 16500A7 located in the HW of fault 5. Finally, the 

production for fault block 3 was estimated as 115,234 MCF using the 16500A2ST well in 

the HW of fault 5. The production data for all available wells can be found in Appendix 

B. The recovery factories (RF) were determined by equation 5.4.
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DC- CumulativeProduction 
“  OGIP

RF = - ^ 0 . 1 5 7  = 15.7% (faultblock 1)
980,000

RF = = 0.7194 = 71.94%  (fault block 2)

115 234
RF = ’ = 0 .1 1 8  = 11.8% (fault block 3)

980,100

In the full system, total volume is split between the various fault blocks. The fault 

block 2 does produce much more than the others. The block 1 may be leaking because of 

the large difference in the RFs. The block 2 might be sealing, since the RF value is within 

the range common for gas and the RF for block 3 is smaller than that. The block may be 

leaking for the same reason as the block 1 however, in order to have more certain results, 

the production data from the footwall block of fault 5 should be evaluated.

Moreover, according to the fault seal analysis using SGR, the HWs of fault 3 and 

5 along the M9 interval should leak, whereas the HW of fault 1 along the same sand is 

expected to seal (Figure 5.16).

Accordingly, the results from the volume estimation analysis match with those 

from the fault seal analysis using SGR method. However, in order to confirm the 

estimation, more data are needed such as porosity, water saturation, and gas volume 

factor as well as more production data; in fact, fewer assumptions should be made.

68



Figure 5.15 -  The areas used for the volumetric estimations of the block 1 using 
production data from well 16500A1, the block 2 with wells 16500 A4ST and A7, and the 
block 3 with well 16500A2ST.

Colour:Add

■ Sealing

-  —
Figure 5.16 -  The leaking portions in the M9 interval on fault 3 and 5, whereas the 
sealing parts on fault 1, determined by SGR method, which match with the results from 
volumetric estimation.
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CHAPTER 6

DISCUSSION

Reservoir geometries and shale volumes were defined through stratigraphie and 

structural interpretations, using seismic data and wireline logs. In this chapter, the 

integration of interpretations will be used to understand the fault growth process, fault 

zone characteristics, and finally the results of fault seal analysis with pressure calibration 

previously discussed.

6.1 Seismic and Log Interpretation

There is a significant evidence for normal faulting in the area as described in 

Chapter 3. Whereas no reverse or thrust faults were encountered in the seismic volume, 

six main NE-SW striking (average 047°) normal faults (Figure 6.1) were interpreted in 

this study and considered regional faults formed as a result of salt evacuation, gravity 

gliding, and syndepositional subsidence.

Fault or ientation  plot 
N

% of scrapie (X)

w 270-

Figure 6.1 -  Rose diagram showing all the 6 faults with NE-SW (average 047°) strike for 
all the Miocene intervals.

Intervals of Plio-Pleistocene and Miocene age were interpreted for this study. 

Seismic interpretation indicated that the Miocene beds were the thickest in the Main Pass
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Block 138. Although the Miocene beds older than M9 sand (at least up to M13) were not 

interpreted in this study, NEC’s interpretations indicated that additional Miocene 

horizons were present deeper in the block (Figure 6.2).

The results from the seismic interpretation may confirm previous work indicating 

at least that small part of the continental margin of the northeastern Gulf is composed of a 

large accumulation of Cenozoic sediments deposited in a relatively stable but incessantly 

subsiding tectonic environment (Martin, 1978).

While it was not encountered in the available data form Main Pass Block 138, the 

Jurassic salt of GOM controlled the structural styles, sedimentation, facies distribution, 

and hydrocarbon accumulations (Wu et al., 1990). Most faults in the area are related to 

deformation of the Upper Jurassic Louann Salt (Buffler, 1989; Salvador, 1991a). Faults 

form in response to vertical movement (caused by downward salt withdrawal or upward 

diapirism) and to lateral translation above salt (Rowan et al., 1999).

The faults may be classified as shale-detached, since they are basinward-dipping 

and strike parallel to the shoreline. The landward-dipping ones may be called as counter- 

regional faults. Different faulting processes related to varying conditions during 

deformation, in turn, affect the sealing capacity of fault families (e.g., Knipe, 1992).

Major regional-scale structural processes on the margin include the formation of giant 

allochthonous salt bodies and updip extension in the form of growth faulting (Peel et al., 

1995).

The published cross section (Figure 2.9), which is the closest one to the study 

area, shows a minibasin bounded by a large displacement counter-regional fault, and a 

smaller displacement down-to-the-south growth fault (Peel et al., 1995). Down-to-the- 

south growth faults are dominant in the block.

6.2 Fault Growth Process

Fault length and maximum displacement profiles help to define fault growth 

processes. It is well known that in the case o f idealized, spatially isolated extensional 

faults, the displacement of strata across the fault plane ranges from zero at the fault tip to 

a maximum value (Dmax) near the middle o f the map-view length (L) of the fault (e.g.,
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Walsh et al., 1987; Dawers et al., 1993; Schlische, 1995; Nicol et al., 1996a). Extensional 

faults typically show Dmax/L ratios ranging from 0.01 to 0.1 (Stewart, 2001).
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Figure 6.2 -  Seismic line showing the interpreted Plio-Pleistocene, interpreted and 
uninterpreted Miocene beds and faults 1, 2 and 3.

Throw profiles for the six main normal faults in this study were used to determine 

the throw distribution along individual fault traces. The throw profiles were consistent 

with the standard bell-shaped profiles defined by Cowie et al. (1992). This confirms that 

the throw reaches its maximum value in the center of the fault and its minimum values at 

both ends (Figure 6.3). Maximum throw vs. fault trace-length plots show that D/L range 

between 0.1 and 0.01 for all the faults (Figure 6.4) therefore, showing that they sit with 

the common D/L range for extensional faults.

Since shale gouge ratio (SGR) is a function of throw, the regions with higher 

throw values should have higher SGR. The leaking portions (green) in the SW and NE
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parts of the fault have relatively lower values. However, no significant correlation is 

apparent in Figure 6.3, since the middle segments have more leaking capacity with high 

throw values. Conversely, if  one fault has relatively higher throw values than another, 

sealing capacity of that fault should also be greater (Figures 4.8, 4.9, 4.10, and 4.11).

In the seismic interpretation, a fault interpreted as a single fault maybe an array of 

faults in reality. This situation would cause different throw distributions and juxtaposition 

sets, which impact sealing capacity. The array would have smaller throw values than the 

single one obtaining the cumulative throw. According to Knipe (1997), it is much easier 

to identify any potential problems caused by seismic resolution on juxtaposition 

diagrams. These diagrams could be developed in order to reach more certain results in the 

future.

6.3 Potential Errors in Fault Zone Attribute Calculations

Fault zone properties were used to define the variables (Table 4.1) required to 

calculate a range of volume of shale (VSH), SGR, shale smear factor (SSF), clay smear 

potential (CSP), fault zone permeability, threshold capillary pressure (TCP), hydrocarbon 

column height, and hydrocarbon contact depth.

As described in Chapter 4, default values were commonly used in the absence o f 

available data to determine fault zone properties. Assuming no light/heavy gas or oil 

exists, the anticipated fluid densities were used, inasmuch as it was not possible to apply 

separate hydrocarbon densities for each interval. However, pressure data suggest that 

multiple densities exist across oil and gas bearing intervals.

Uplift correction value did not make any significant difference in the fault seal 

analysis, applying 2 different values, that are the default value (0) and 16.4 ft from the 

publication by Simms et al. (2007).

The cutoff values determined based on NEC interpretation were used. The shale 

cutoff value (0.65) was not overestimated from fault seal analysis results based on SGR 

calculations. Moreover, usage of the default value (0.5) might have caused an 

overestimation of fault seal in the analysis, since with this cutoff value, more shale 

content would be obtained and greater sealing potential for a fault. As a result, the 

determined shale cutoff value was effective in this study.
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Figure 6.3 -  Figure showing the relationship between fault throws, fault-trace lengths, 
and SGR distributions on fault 1.
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Figure 6.4 -  Plot showing maximum throw vs. fault trace-length ranging between 0.1 and 
0.01 for all the faults. It shows that the faults sit with the common D/L range between for 
extensional faults.

6.4 Fault Zone Characteristics

Different lithologies will make different contributions to the fault zone 

composition, depending on the throw and lateral variation in VSH. Furthermore, the 

depths of the reservoir intervals and their juxtapositions across the fault, relative to 

pressure gradients, will vary depending on fault throw (Bretan et al., 2003).

The method employed recognizes that fault seal capacity is related to the 

percentage shale in a sequence which has slipped past a point on a fault, termed SGR by 

Yielding et al. (1997).

The VSH, SGR, throw, juxtaposition relationships, and pressure gradients were 

examined in this study. From the detailed well log interpretation, the main faults have 

outstanding sealing potential based on high SGR values. However, certain parts of the 

faults have the capacity to leak (Figure 6.5).
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A fault is expected to have a continuous clay smear at SGR equals or greater than 

20 % (Sperrevik et ah, 2000; Yielding, 2002). Sperrevik et al. (2002) found that fault 

gouge with a high clay proportion is the most effective inhibitor of hydrocarbon flow.

It was generally clear that the parts of a fault with lower shale content were 

leaking (Figure 6.5). This proves that VSH is the most important factor on fault seal 

analysis.

The results for faults 3, 1, and 5 were more reliable than the findings for faults 2, 

4, and 6, since there were no available well data on both walls of the faults 2, 4, and 6.

Inasmuch as the zonal attribute calculations returned questionable results (Figure 

4.13), the curve attributes were considered more relevant and effective in this study. 

Therefore, all the attributes discussed in this part including SGR are curve attributes.

Comparison of the SGR (Figure 4.9) and fault zone permeability (Figure 4.14) 

distributions on the faults confirmed the relationship between these attributes described 

by Yielding et al (1999). Thus, lower fault-zone permeability indicates greater SGR i.e., 

fault seal potential.

The accuracy of mapping the stratigraphie horizons, the fault zone location, and 

the cumulative throw distributions are critical in the evolution of the geometrical 

distribution of seals in fault zones (Knipe et al., 1998).

M l sand is producing gas in FW of 12 and HW of f3, whereas M9 sand is 

producing oil in HW of H. As seen in figures 6.6 and 6.7 the gas and oil are trapped on 

these blocks whereas the remaining blocks seems to become a migration pathway. Even 

though the volumetric gas estimation (not oil) was carried out for M9 interval, the results 

from the estimation match with the outcome from the NEC’s presentation. Therefore, the 

HWs of fault 3 and 5 along the M9 sand may leak, whereas the HW of fault 1 along the 

same interval is expected to seal.

From the pressure data, the presence of gas-bearing units above the reservoir 

intervals in this study may suggest that some vertical leakage occurred. However, in 

order to clarify this, more data are required such as data from the wells in figure 6.6 that 

could not be used for correlations and calculations in this study.
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Figure 6.5 -  Figure showing the relationship between the VSH log from the well 
16500A1 in the HW of fault 3, SGR, and sealing or leaking potentials on fault 3. The 
leaking zones include more sand content, whereas sealing parts contain more shale 
content.
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Figure 6.6 - The data showing the seismic anomalies with the thickness and gas pay for 
Ml interval in wells 16500-B1 and A2. See Ml sand amplitude map showing B1 well 
producing 0.6 Bcf and A2 well producing 0.45 Bcf. (modified from the NEC’s 
presentation).

M P138 A-4ST
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Figure 6.7 - The data showing the seismic anomalies with the thickness and oil pay for 
M9 interval in the well 16500-A4ST. See M9 sand amplitude map showing A4ST well 
producing 1.1 MMbo (modified from the NEC’s presentation).
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Fault membrane seals are either juxtaposition seals, where reservoir units are 

juxtaposed against tight, non-reservoir units or fault rock seals, where the fault rock 

petrophysical properties control the column height (Bailey et al., 2005). Since there is a 

significant amount of difference in throw values for all the faults, the reason for that 

would be the difference in juxtaposition. Again here juxtaposition diagrams would be 

helpful for further evaluation.

Areas of self juxtaposition are potential across-fault hydrocarbon migration 

pathways; however, seal failure occurs as the intervening fault rocks have suitable 

properties such as capillary pressure. Moreover, when a fault cuts into the surface, the 

fault may have a great potential to leak. Then again, there are a lot of coexisting controls 

on fault sealing. In order to reduce the uncertainty in the analysis, the goal should be 

testing as many controls as possible.

6.5 Pressure Data Calibration

In order to correctly interpret the SGR range, it is essential to review the threshold 

values on all faults in the field that are known to seal, as these SGR calculations provide a 

calibration.

Inasmuch as no pressure data from any well on both sides of the faults 2 ,4 ,5 , and 

6 were available, the pressure analysis was carried out for the remaining faults, i.e. faults 

1 and 3.

According to the methodology by Fristad et al. (1997), since neither the gas 

pressures nor the oil pressures matched across the fault, pressure data indicate that the 

faults 3 and 1 are sealing to hydrocarbons (Figure 5.4).

Across-fault seal potential increases with TCP. However, SGR needs to be great 

enough (>35%) to affect TCP or in the sealing parts there is a relationship between SGR 

and TCP (Figure 5.7 and 5.8).

Buoyancy pressure distribution relates the sealing capacity of a fault. Thus, the 

areas with greater buoyancy pressure (>100 psi, preferably >1000 psi) should have 

greater sealing potential. However, neither fault 3 nor fault 1 had this capacity to seal 

according to the pressure model in TT. When SGR values are about 50% (Figure 5.12), 

increasing SGR might reflect an increase in buoyancy pressure. However, in order to
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define a relationship between pressure and sealing potential of a fault and individual seal- 

failure envelopes for hydrocarbons (Bretan et al., 2003), more data are required.

As a result, since inefficient pressure data were available from the faults 1 and 3, 

no significant correlation between the fault seal analysis by the SGR method and pressure 

calibration could be established (Figure 5.11).
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

A relatively simple fault family and considerable oil and gas producing Miocene 

beds were interpreted in the Main Pass Block 138 (M PI38). 6 major normal faults were 

analyzed by shale gouge ratio (SGR) algorithm in this study.

Fault seal analysis techniques helped to understand fault properties that influence 

fluid migration. Results o f fault analysis may have important implications for the future 

of the field and also for analysis of similar fault systems.

7.1 Conclusions

1- All the major faults interpreted in the M PI38 are normal growth faults with a 

northeast-southwest strike developed in a salt-detached extensional setting.

2- No salt was interpreted in this study since only the Cenozoic intervals were 

focused on in this study; but regional data implies that faulting is controlled by salt 

withdrawal.

3- Throw range o f the faults that is important for fault seal analysis is from 50 to

500 ft.

4- All the major faults are mainly sealing based on fault seal analysis using SGR 

method. However, there is more leaking ability along fault 3 than there is along fault 1, 

while the fault 5 has significant leaking potential. Fault 1 has a larger throw implying that 

the fault does support more potential of a static seal.

5- Although the well data were not sufficient to make a definite statement about 

fault 2, 4 , and 6, they may have great sealing potential, as well.

6- Shale content is the most important factor on SGR calculations, consequently 

on fault seal analysis, since the parts obtaining more shale have more sealing capacity.

7- The important effects of throw on SGR determination and SGR on fault zone 

permeability, threshold capillary pressure, and hydrocarbon column height were 

determined.
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8- Inasmuch as the pressure data from the wells on both sides o f the faults were 

available, the data were analyzed for faults 1 and 3.

9- According to the simple pressure calibration method, the 2 faults (fl and 13) 

have a great potential of fault seal. The production data from wells 16500A1,

16500A4ST, and 16500A6 confirm the result for fl; however, they conflict with the one 

only for M9 on 13, since this fault may have a great capacity o f leakage according to the 

volumetric estimation.

10- The buoyancy pressure calibration was carried out for the intervals shallower 

than M l, i.e., p ll, pl2, pl3, Bull, BIB, and TM. Due to the fact the gas/water, gas/oil, and 

oil/water contacts were a lot shallower than the reservoirs in the pressure data, it was not 

possible to create any hydrocarbon, therefore buoyancy pressure in both sides o f the 

faults in the deeper parts in TT, in order to analyze fault seal.

11 - Because of the insufficient pressure data, no significant correlation was 

obtained between SGR and buoyancy pressure calculations.

12- Hydrocarbon column heights were predicted by Bretan et al. (2003) method 

as between 100 and 600 ft and by Sperrevik et al. (2002) method as between 150 and 450 

ft.

13- According to the volumetric estimation results, the M9 interval is expected to 

leak on the fault surfaces 3 and 5, whereas it may have a great sealing capacity on fault 1.

7.2 Potential Sources of Error

1- The fact that the validity of the NEC’s picks was unclear may have contributed 

the low confidence in the stratigraphie interpretation.

2- Since the velocity data used for time-depth conversion was insufficient and 

simple conversion was used in TDQ tool, the depth surfaces loaded to the TT may have 

contained some error. The mi sties between the wells picks and the depth surfaces range 

from 0 to 70 ft.

2- Normalization and smoothing processes of the VSH logs removed some of the 

details which affected the calculation of SGR.

3- The well log curves modified to get a match in picks on logs and the seismic 

picks in TT may cause some error.
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4- During fault seal analysis, the curve mapper functions were assumed.

5- Insufficient data needed to be used for pressure calibration for fault-seal 

analysis.

6- Most of the default values used for fault zone properties are from the studies in 

North Sea, which are not necessarily valid for GOM.

7.3 Recommendations for Future Work

1- Since it is very important to have good quality seismic data, interpretation, and 

mapping o f horizons and faults, improperly mapped displacements would result in SGR 

calculations and fault seal predictions containing errors. A more detailed seismic 

interpretation could be developed (e.g. Pre-Cenozoic).

2- If some core data could be obtained to analyze, clay content can be used for 

future research to get more reliable results since volume of shale is the most important 

control on the seal capacity of a fault.

3- The well logs that were not used for correlation can be included for fault seal 

analysis for more detailed results. More importantly, wells that intersect faults 2, 4, and 6 

could be obtained and analyzed if  any exists to identify the sealing capacity of these 

faults.

4- Fault zone properties are an important input, but are not available for the 

analysis. The information about the fault zone materials and hydrocarbon properties is 

not available. It would be possible to define more characteristics of the faults with those 

properties included.

5- Pressure data were available for only 3 wells in the study area. Moreover, they 

were obtained from one particular day instead of from a whole month or a year. This 

limited data prevented the study from reaching more certain results. More extensive 

pressure data would be helpful to calibrate fault seal analysis more effectively.

6- Many researchers have discussed the importance of burial depth at the time of 

faulting and the subsequent burial history on fault seal development. For future research, 

fault seal prediction may be more realistic with burial history information.

7- Production data from 4 wells were used to estimate gas volume for M9 horizon 

on the 3 fault blocks (blocks 1, 2, and 3). If the updated production data from all available
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wells are used for all producing horizons with more certain porosity and water saturation 

values and gas volume factor, more reliable estimation results can be obtained for the 

analysis.

8- How the fact that a fault cuts into the surface affects the fault behavior to 

hydrocarbon sealing could be investigated with more available data for further research.
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