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Abstract 

 

Fault seal and containment failure analysis of a Lower Miocene 

structure in the San Luis Pas area, offshore Galveston Island, Texas 

Inner Shelf 

 

Johnathon Lee Osmond, M.S.Geo.Sci. 

The University of Texas at Austin, 2016 

 

Supervisor: Timothy Meckel 

 

Faults that displace siliciclastic reservoirs have been observed to either seal 

hydrocarbon accumulations in structural traps or serve as conduits for buoyant fluid 

migration. While many faults located along the Texas Inner Shelf in the Gulf of Mexico 

do provide adequate lateral seals for the Lower Miocene petroleum system, oil and gas 

operators targeting the large antiformal structure roughly 7 mi offshore from San Luis 

Pass have been highly unsuccessful in discovering commercial amounts of methane gas. 

Images interpreted from 12 mi2 of high-resolution 3-D seismic reflection data (HR3D) 

has revealed an apparent gas chimney feature directly above the target structure that 

previously acquired lower-resolution conventional 3-D data failed to identify. 

Furthermore, the available seismic data show that the 55,000 foot-long normal growth 

fault displacing the San Luis Pass structure (Fault A) has propagated into the shallow 

Late Pleistocene (~140 ka) and younger sediment, suggesting recent movement of the 

hanging wall block has occurred. These three observations call into questions the ability 
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for Fault A to properly seal and contain hydrocarbon accumulations, assuming the 

structure was sufficiently charged with methane, similarly to the surrounding Lower 

Miocene structures that have produced. 

An analysis of fault seal and potential containment failure mechanisms affecting 

the San Luis Pass structure is conducted here in order to address how hydrocarbons may 

have escaped into the shallow overburden sediments. 3-D geologic modeling of the 

Lower Miocene 2 (LM2) reservoir interval and Amph. B Shale top seal against Fault A 

yields fill-to-spill closure capacities of approximately 686 ft and 992 ft for the footwall 

and hanging wall closures, respectively. Fault seal membrane limited methane column 

height estimations are 300 ft and 325 ft from footwall to hanging wall, and were obtained 

by way of empirically calibrated equations that attempt to account for capillary entry 

properties of a fault through the estimation of its clay mineral content using the Shale 

Gouge Ratio (clay volume/fault throw). Although capacity estimations appear to be 

geologically reasonable in this region, they fail to explain the lack of hydrocarbons in the 

system, so four potential across-fault migration and leakage scenarios are considered for 

the purpose of determining pathways from the reservoir interval to the shallow 

subsurface. Areas where sandstone on sandstone juxtapositions generally pose the 

greatest risk of across-fault leakage, and 23 individual Lower Miocene 2 and Middle 

Miocene (MM) sandstone units juxtaposed against Fault A are evaluated. 

While the ability of Fault A to seal hydrocarbons may be feasible in static 

conditions, additional mechanisms evaluated using the available data include: top seal 

membrane leakage, top seal mechanical failure and fault reactivation mechanisms. Top 

seal thickness ranges between 500 ft and 1,000 ft in the study area, and analogous Lower 

Miocene mudstones are shown to retain methane columns of about 936 ft. Data 

limitations significantly reduce the ability to thoroughly investigate top seal mechanical 
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failure and fault reactivation at this time, however, apparent vertical displacement 

measurements from overlapping seismic datasets suggest that movement along Fault A 

continued since it originally formed, and that two pulses of increased throw rate may 

have occurred in Early Miocene, and the Pleistocene. The apparent Pleistocene throw 

rates range from 0.010 mm/year to 0.125 mm/year, and are significant because the Early 

Miocene pulse occurred before the formation of the Amph. B top seal. Thus, it is 

interpreted that fault reactivation may represent the primary containment failure 

mechanism for the San Luis Pass structure, and that the increased apparent throw rate in 

the Pleistocene may symbolize a period of hydrocarbon leakage from the LM2 reservoir 

interval. 
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Chapter 1: Introduction 

The identification and understanding of petroleum traps and seals is critical for 

predicting hydrocarbon presence and estimating the amount of accumulation in the 

subsurface. In structural traps (Levorsen, 1967) where the reservoir and seal intervals are 

offset by faults, determining whether the faults serve as conduits or barriers (seals) to 

fluid flow is paramount (Weber et al., 1978; Bouvier et al., 1989; Gibson, 1994; 

Alexander and Handschy, 1998; Davies et al., 2003; Davatzes et al., 2005), as many 

studies show that fault seal integrity varies from basin to basin or structure to structure 

(Jev et al., 1993; Freeman et al., 1998; Jones and Hillis, 2003; Kim et al., 2003; Lyon et 

al., 2005; Tueckmantel et al., 2010). Containment of buoyant hydrocarbons is governed 

by trap geometry (Bailey and Stoneley, 1981; Bishop et al., 1983) and the integrity of the 

top seal and fault seal (Handin et al, 1963; Jaeger and Cook, 1969; Schowalter, 1979) in 

structural traps. These two parameters ultimately control the presence and maximum size 

of a hydrocarbon accumulation within a given geologic structure.  

Not all traps are able to retain their maximum accumulation potential. 

Containment failure of a reservoir can be defined as the event or series of events in which 

a previously or actively charging reservoir is unable to retain hydrocarbons, accumulate 

additional hydrocarbons, or when a reduction of column height occurs (Nicholson, 2012). 

The mechanisms that influence containment failure in faulted reservoirs can be 

categorized into three groups: (A) geometrically limited, (B) capillary entry limited, and 

(C) mechanically limited (Jones and Hillis, 2003; Yielding et al., 2010; Nicholson, 2012). 

These mechanisms can involve top seal or lateral seal elements, and are described in 

Chapter 2. Geometric limits of the trap govern fill-to-spill points and juxtaposition spill 

points of the structure, restrict the volume of accumulating fluids, and can influence the 
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pathway of post-breach hydrocarbon migration from the structure to the subsurface 

(Bishop et al., 1983). Capillary entry limitations of a trap are mainly controlled by the 

seal’s composition and grain size, where clay-rich rocks with small grain sizes are more 

likely to seal buoyant fluids in a reservoir (Downey, 1984). Mechanically limited traps 

are affected by regional and local stress conditions (Barton et al., 1995). The presence 

open fractures, and the potential for fractures or faults to form or reactivate, allow for 

upward migration of buoyant fluids through open conduits (Hooper, 1991; Chen et al., 

2013). Various techniques can be applied in order to identify potential containment 

failure mechanisms prior to drilling a new hydrocarbon prospect, or to reduce uncertainty 

once a field has already been developed to better understand traps and seals within a 

region or geologic setting (Lyon et al., 2005). The later application is particularly useful 

when searching for fault seal trends (Yielding, 2002; Bretan et al., 2003), or for potential 

subsurface CO2 storage sites (Bretan et al., 2011; Nicholson, 2012, Wallace, 2013; 

Wallace, et al., 2014). Thorough analysis of each mechanism is extremely valuable, as it 

can help predict how well a trap can contain buoyant fluids. 

The abundance of faulted reservoirs and subsurface data located in offshore Texas 

State Waters (TSW), Gulf of Mexico, make the region suitable for trap and seal analysis. 

Established Miocene petroleum systems along the Texas Gulf Coast are structurally and 

stratigraphically complex, and structural traps with lateral fault seals contain the majority 

of hydrocarbon accumulations (Bishop, 1977; Galloway, 1989; Seni et al., 1997; Lane 

and Pace, 1998; Loucks et al., 2011; Nicholson, 2012). Since most, if not all operators in 

this region adhere to US standard units, all units reported in this study will respect this 

custom unless other equivalent units are found to be more appropriate. Petroleum 

exploration in TSW has taken place since the late 1930’s (Owen, 1975), and cumulative 

production of hydrocarbons reached over 3.778 Tcf of gas and 45.108 MMbbl of liquid 
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hydrocarbons in 1994 (Seni et al., 1997), particularly from the thick (~5,000-15,000 ft), 

faulted Lower Miocene siliciclastic sediments underlying the entire coastline. Despite 

these numbers, the success of petroleum wells targeting structures in TSW varies, and no 

obvious correlation has been made between trap type and production or other related 

metrics in hydrocarbon-bearing reservoirs (Nicholson, 2012). However, top seal lithology 

and thickness of the Lower Miocene interval are generally considered to be satisfactory 

for containing hydrocarbons, suggesting that containment failure of Lower Miocene traps 

and seals in TSW would be more likely attributed to geometric trap constraints or poor 

fault seal rather than top seal failure.  

Detailed investigation of containment failure mechanisms affecting faulted 

structures in TSW has become increasingly important in recent years. More specifically, 

the potential for offshore CO2 injection and permanent geologic storage (carbon capture 

and storage) has been under evaluation in the Miocene stratigraphy (Nicholson, 2012; 

Meckel et al., 2013; Wallace, 2013; Wallace et al., 2014; Lu et al., in review). To further 

evaluate the suitability of the area for CO2 storage, high-resolution 3-D seismic reflection 

data (HR3D) were acquired in 2012 and 2013 above a number of the potential storage 

sites. Those data provide better imaging of the prospective reservoir and seal systems, 

especially faults, than the prior conventional exploration 3-D seismic data. For one of the 

potential structures in the San Luis Pass area located just south of Galveston Island, the 

high-resolution seismic data revealed a vertically extensive gas chimney feature above an 

apparently breached trap and seal system (Meckel and Mulcahy, 2016). Petroleum wells 

that targeted the San Luis Pass structure were drilled between 1977 and 2010 and are 

unproductive, while wells targeting five structures between 4.5 and 11.5 miles away 

produce hydrocarbons. The gas chimney feature and the regional variation in 

accumulation occurrence indicate that either insufficient hydrocarbon charge locally or 
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containment failure due to poor fault seal could explain the presence of non-productive 

structures in the area. If the non-productive structures are simply from a lack of charge, 

they may present opportunities for CO2 injection and retention, similar to the gas fields in 

the area. However, if the non-productive structures are a result of poor seal, then the 

structures are not suitable for CO2 storage, and the location presents an interesting case of 

complete containment failure in TSW.  

Since the Texas Gulf Coast remains prospective for petroleum exploration and 

CO2 storage, this study investigates potential mechanisms of hydrocarbon containment 

failure related to the leaky faulted structure in the San Luis Pass area. The aim is to 

investigate which mechanism(s) may have caused leakage, and how it may have 

occurred. The findings here yield additional knowledge on local fault seal and 

accumulations in TSW, as well as in similar geologic settings globally, with the intention 

of impacting the development of predictive capabilities for faulted structures in 

siliciclastic systems. Furthermore, this study aims to improve our understanding of the 

fault-slip and its role in forming the Lower Miocene petroleum system in TSW in order 

to aid petroleum exploration and potential CO2 storage evaluation efforts. It is also hoped 

that this work provides context for future studies where faulted structures that leak are 

compared to ones that act as seals. 

To assess the leakage scenario in the San Luis Pass area, containment failure 

mechanisms are assessed methodically using established techniques and the data 

available in the area. The specific mechanisms of containment failure that are evaluated 

include: trap geometry and structural spill, juxtaposition leak, and fault seal membrane 

leak. The primary data available for this study are conventional and high-resolution 3-D 

seismic data and well logs. Initial interpretation of structural (faults and anticlines) and 

stratigraphic (surfaces and lithology) features using the available data provides a geologic 
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framework for calculating fill-to-spill and fault seal membrane limited capacity. The 

feasibility of a given containment failure mechanism affecting the San Luis Pass structure 

is assessed based on the capacity estimates from this study. Mechanisms that yield non-

commercial capacities (near zero) are more likely to be responsible for the leakage 

scenario observed in the study area than mechanisms with higher estimations. 

Determination of trap geometry is dependent on accurate geologic interpretation, and is 

important because volumetric variation affects the overall capacity of a structure and the 

potential migration pathways into the overburden. Fault seal membrane analysis requires 

estimates of clay mineral content within the fault zone, and is dependent on the 

distribution of stratigraphic units and fault throw along a particular fault. Due to data 

availability and time constraints, top seal membrane leak, mechanical top seal failure, and 

aspects of fault reactivation containment failure mechanisms are not directly analyzed 

here. They are, however, discussed later within the context of the fill-to-spill and fault 

seal membrane limited capacity calculations and fault throw measurements from this 

study, and the observations from previous studies. With the support of observations made 

here, a full migration pathway from hydrocarbon source at depth to the shallow 

subsurface can be postulated for the San Luis Pass structure. 

In order to address the topic of potential containment failure mechanisms in the 

San Luis Pass study area, organization of this thesis is as follows. The remainder of this 

chapter provides a more detailed description of the San Luis Pass study area, dataset, 

geologic setting, local petroleum exploration, project motivation, and the hypothesis that 

proposes containment failure of the leaking Miocene structure. Containment failure 

mechanisms are discussed in Chapter 2, along with an explanation of empirical fault seal 

analytical methods and techniques used to address trap geometry, fault juxtaposition, and 

capillary entry limited fault seal in the study area. Chapter 3 provides the general results, 
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observations, and capacity estimates from fill-to-spill, fault juxtaposition, and fault seal 

membrane analyses. The discussion in Chapter 4 compares and contrasts these capacity 

results, then examines possible migration pathways and leakage points when considering 

across-fault leakage. The potential role of remaining containment failure mechanisms and 

other considerations are also discussed, where all the observations from the study are 

compiled in order to propose a full migration scenario from hydrocarbon source to the 

shallow subsurface. Finally, Chapter 5 contains the conclusions of this study, lists the 

new contributions, and provides suggestions for future work. 

STUDY AREA AND DATASET 

San Luis Pass study area was collected just off the coast of Texas, covers roughly 

850 mi2, and is shown in Figure 1.1. The overall region is highly populated, supporting a 

large shipping industry, several refineries and petrochemical plants, as well as local 

tourism. San Luis Pass itself provides a narrow inlet (~3,000 ft wide) for small aquatic 

vessels between Galveston and Follets islands, and connects West Bay with the Gulf of 

Mexico offshore from the mainland. The Texas State Waters boundary (orange line) is a 

territorial border that parallels the Texas coastline 10.357 miles seaward towards the Gulf 

of Mexico, where water depth in most of the study area ranges between 0 and 50 ft. Only 

a small portion of the study area resides in offshore United States Federal Waters to the 

southeast of the TSW border. TSW serves as common mineral ownership lessor, where 

historic and active hydrocarbon exploration has taken place. The San Luis Pass site is 

easily accessible by boat from Freeport, San Luis Pass, and Houston Ship Channel (not 

shown), and does not require lengthy transit times when data acquisition is necessary. 
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Figure 1.1: Map of the study area and the location of available subsurface data in the San 
Luis Pass region, offshore Texas Gulf Coast. Topography and bathymetry 
created from a custom grid of the Coastal Relief Model downloaded from 
NOAA National Centers for Environmental Information website 
(http://www.ngdc.noaa.gov/mgg/coastal/crm.html). 

The data available for interpretation in this study are located just southeast of San 

Luis Pass, and their locations are presented in Figure 1.1. Additionally, Table 1.1 

provides more information about these data, including 2-D seismic reflection lines and 3-

D seismic reflection volumes, CHIRP lines, and wireline well logs. A regional 3-D 

seismic volume (purple outline) obtained from Seismic Exchange, Inc. (SEI) has a 

dominant frequency of about 25 Hz and has a total area of 1150 mi2. A subset of this 

seismic dataset (gray hashed polygon) was depth-converted by Hongliu Zeng at the 

http://www.ngdc.noaa.gov/mgg/coastal/crm.html
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Bureau of Economic Geology for a previous study (Wallace, 2013), tied to well data, and 

used to interpret major structural and stratigraphic features in the study area. A second 

smaller high-resolution seismic volume (HR3D; red outline) acquired in 2013 by the Gulf 

Coast Carbon Center (GCCC) at The University of Texas at Austin is also utilized in this 

study. This shallow seismic dataset has a dominant frequency of about 150 Hz and is 

used to interpret geologic features in detail with the overburden sediments.  

Two forms of 2-D seismic data were acquired by The University of Texas 

Geology and Geophysics Field Course in 2013, 2014, and 2015 aboard the R/V Manta 

(both indicated by yellow lines). The first type are high-resolution (dominant frequency 

~150 Hz), 24-channel, single streamer 2-D seismic reflection data (HR2D) that image 

geologic features within the shallow overburden sediments, while the second type are 

CHIRP data are used to image very shallow geologic features below the seafloor, as 

frequencies range between 700 and 12,000 Hz. Wireline logs (white dots) were purchased 

from IHS, and include gamma ray (GR), spontaneous potential (SP), deep induction 

resistivity (ILD), sonic (DT), and porosity logs (density-porosity and neutron-porosity 

logs). Important stratigraphic tops were picked using well log responses and 

paleontological biomarker data from the Jack Colle Paleontological Database. 

Petrophysical properties derived from well logs were also utilized for creating shale 

volume logs, fault seal calculations, and identifying hydrocarbon-bearing zones. 
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Table 1.1: Description of subsurface data available for this study. These data include 2-D seismic reflection, 3-D seismic 
reflection, CHIRP, and wireline well logs from industry and academic sources. 

  Data Type   Description  Source   Quantity, Length, or Area   Depth of Investigation 

1.) 3-D seismic reflection volume   Texas Offshore Ocean Bottom Cable (OBS) 3-D survey; 
acquired from 1995 to 1999; reprocessed in 2004; 
dominant frequency of 25 Hz 

  Seismic Exchange Incorporated (SEI)   1,150  mi2    0 to 8,000 ms TWT 

2.) 3-D seismic reflection volume   Depth converted Texas Offshore OBS 3-D  survey; 2013   Seismic Exchange Incorporated (SEI)   285 mi2   0 to - 20,000 ft TVDSS 

3.) 3-D seismic reflection volume   San Luis Pass P-Cable high-resolution 3-D (HR3D) 
survey; acquired in 2013; dominant frequency of 150 

 

  The University of Texas at Austin; Gulf Coast 
Carbon Center 

  12  mi2   0 to 3,000 ms TWT 

4.) 2-D seismic reflection lines   High-resolution 2-D seismic (HR2D) surveys; acquired 
from 2013 to 2015; dominant frequency of 150 Hz 

  The University of Texas at Austin; UT Marine 
Geology and Geophysics Field Course 

  91 mi   0 to 2,000 ms TWT 

5.) CHIRP lines   CHIRP surveys; acquired from 2013 to 2015; dominant 
frequency of 6,500 Hz 

  The University of Texas at Austin; UT Marine 
Geology and Geophysics Field Course 

  106 mi   0 to 73 ms TWT 

6.) Wireline well logs   Various purchased LAS files; well completion dates 
range from 1976 to 2010; 132 total wells 

  IHS Incorporated   121total curves( 31 GR, 63 
SP, 25 ILD, 24 DT, 9 DPHI, 9 

 

  Log readings range from 
- 48 to - 16,355 ft TVDSS 
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GEOLOGIC SETTING  

Depositional History 

Sedimentation along the Texas Gulf Coast has been long-lived and diverse. This 

passive margin formed as a result of Middle Jurassic through Early Cretaceous seafloor 

spreading that formed the Gulf of Mexico (Worrall and Snelson, 1989). Early deposition 

of Jurassic evaporites produced a thick layer of salt (Louann Salt) found allochthonously 

and autochthonously throughout the northwestern Gulf of Mexico (Diegel et al., 1995). 

Siliciclastic sediment supply was fairly low during the Late Cretaceous and Early 

Paleocene as the eastward deposition of sediment from Laramide orogenic features in 

Wyoming, Colorado, and New Mexico remained focused within basins of the Cretaceous 

Western Interior seaway (Kauffman, 1977; Swift and Rice, 1984; Galloway et al., 2011). 

Alternating sequences of carbonate and siliciclastic sediment deposition dominated the 

warm, shallow seas in the Northern Gulf of Mexico at this time (Winker and Buffler, 

1988; Galloway, 2008). Eventually, the Laramide basins were filled and bypassed, 

resulting in fluvial-deltaic deposition with high sediment volume accumulation rates (> 

24,000 mi3/Ma) in the Gulf of Mexico starting in the Late Paleocene through Pleistocene 

(Galloway et al., 2011). 

Progradation of siliciclastic sediment from the Oligocene through the Miocene 

formed the important stratigraphic units of the petroleum plays within Texas State Waters 

(Figure 1.2). The sediment wedges sourced from the northwest, north, and northeast 

strike parallel to the Texas coastline, and vary in thickness throughout. The Oligocene 

section is comprised mostly of the Frio Formation (Galloway et al., 1982), however, the 

younger Anahuac Shale interval (Rainwater, 1964; Galloway, 1989) reaches thicknesses 

greater than 1,000 feet, and is associated with a major transgressive flooding event in the 
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Late Oligocene. These Oligocene mudstones are reported to contain low amounts of 

terrestrial organic material (Type III kerogen) by Galloway and others (1982), and 

potentially source Miocene reservoirs upsection.  

Along the Texas Gulf Coast, the Miocene stratigraphy is separated into the Lower 

Miocene 1 (LM1) and Lower Miocene 2 (LM2). This stratigraphy is composed primarily 

of regressive coarse-grained, porous, and permeable sandstones (Figure 1.2). Galloway 

(1989) distinguished LM1 and LM2 using benthic foraminifera associated with maximum 

flooding surfaces (MFS) overlying each unit. Marginulina ascensionensis (Marg. A) 

characterizes the shale package overlying the LM1 unit, while Amphistegina chipolensis 

(Amph. B) characterizes the shale above the LM2 unit upsection. The age of the Lower 

Miocene interval represents roughly 8 million years of deposition from 24 to 16 Ma 

(Galloway, 1989). LM1 and LM2 units are both hydrocarbon reservoir targets in the 

study area, with Marg. A and Amph. B shales serving as regional seals respectively. The 

porous siliciclastic sediments of the Middle Miocene (MM) interval were deposited from 

about 16 to 12 Ma at rates of around (153,500 km3/Ma) (Galloway et al., 2011) and are 

another target for hydrocarbon drilling within TSW. The Textularia stapperi (Text. W) 

foraminifera biomarker (Witrock et al., 2003) can be used to identify the shale unit at the 

top of the MM package, which is also thought to act as a regional seal. Upper Miocene 

(UM) siliciclastics were later deposited until around 6 Ma (Galloway, 2000). Although 

the Middle Miocene has produced hydrocarbons in TSW, the Middle Miocene, Upper 

Miocene, and younger plays are generally pursued further down dip to the southeast in 

United States Federal Waters where they are at greater depths.
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Figure 1.2: Stratigraphic column of important geologic units in Texas State Waters. 
Lithologic tops for various units are interpreted from wireline logs (gamma 
ray in green, deep lateral log in red, and spontaneous potential in blue; 
center) purchased from IHS and Texas Offshore OBS seismic Line 8160 
(right) from SEI. The 6th version of the Stratigraphic Correlation Chart for 
the Gulf of Mexico Basin (GBDS Phase IV, 2004) was used for geologic 
age (m.y.) correlation. Well location indicated in Figure 1.3. 
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Tectonic History and Local Structural Features 

Siliciclastic sediments along the Texas Gulf Coast have undergone considerable 

deformation throughout the Cenozoic. Figures 1.3A and 1.3B shows dip oriented (A-A’) 

and strike oriented (B-B’) cross-sections, interpreted as part of this study, illustrating the 

structural and stratigraphic architecture of subsurface features in the study area, as 

interpreted from the depth-converted regional seismic volume. The Clemente-Tomas 

fault zone (Ewing, 1991; Watkins et al., 1996; McDonnell et al., 2009) is a prominent 

NNE/SSW trending system of normal faults and antithetic faults that displace mostly 

Oligocene and younger sediments within the study area (Wallace, 2013). Formation of 

the Clemente-Tomas fault zone initiated during Late Oligocene through Early Miocene 

time (Bradshaw and Watkins, 1994; Ajiboye, 2011) after the Vicksburg and Frio growth 

fault zones (refer to Appendix A for regional geologic feature locations described in this 

section) (Ewing, 1986) were established landward to the northwest. The large, southeast 

dipping listric growth faults of the Clemente-Tomas fault zone detach along a substrate of 

allochthonous Jurassic Louann Salt bodies (McDonnell et al., 2009) and possibly mobile 

shale (Palmes, 2004) at its base. The faults formed as a result of sediment loading, salt 

evacuation, and basinward gliding induced by gravity (Winker and Edwards, 1983; 

Worrall and Snelson, 1989; McDonnell et al., 2009). The detachment surface of the 

Clemente-Tomas Fault, also referred to as the Miocene detachment (McDonnell et al, 

2010), soles basinward into an older Paleocene detachment surface (McDonnell et al., 

2009). In general, faults associated with the Clemente-Tomas fault zone play an 

important role in controlling hydrocarbon accumulation size and location in TSW.  

Figure 1.4 includes the location of mapped faults displacing the Amph. B Shale lithologic 

surface interpreted from the depth-converted seismic data. The rose diagram in Figure 1.5 
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illustrates the predominant orientation of fault traces mapped at the Amph. B horizon. A 

complex network of antithetic fault splays is also associated with the main Clemente-

Tomas fault zone throughout continental shelf of offshore Texas. The majority of fault 

movement occurred synchronously with the deposition of the LM2 regressive unit, 

increasing the thickness of stratigraphic intervals from footwall to hanging wall blocks. 

Continued southeast progradation of the shelf margin into the Gulf of Mexico basin 

activated the subsequent and further offshore growth fault trends of the Corsair fault zone 

(Bradshaw and Watkins, 1994) and Wanda fault zone (southwest of figures in Appendix 

A) (Morton et al., 1985). Compaction of Miocene strata and continued deposition 

throughout Neogene and Quaternary periods likely allowed for continued displacement 

along the Clemente-Tomas fault zone after the primary deformation events, affecting the 

thickness and distribution of Middle Miocene and younger sediments in area.  

Allochthonous salt bodies are abundant along the TSW boundary and nearby 

onshore areas (Martin, 1978; Lopez, 1995). Most, however, are concentrated within the 

Houston Salt Basin (Seni, 1986) where evacuation tends to localize near the Late 

Oligocene Anahuac shelf edge (McFarlan and Menes, 1991; Sohl et al., 1991; McDonnell 

et al., 2009), which trends along the present-day Texas coastline. Two prominent salt 

structures can be found within the study area. The San Luis Pass Salt Dome (figures 1.3B 

and 1.4) is a salt stock feature that was discovered in the 1950’s (Nettleton, 1957) about 7 

mi offshore. The second salt feature is a triangular salt mound wedged between the 

Clement-Tomas detachment and a large normal growth fault dipping ESE (Figure 1.3A). 

Emplacement of these salt bodies likely occurred during late Eocene to early Oligocene 

time above older Cretaceous and Tertiary breaches. 
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Figure 1.3A: Dip-oriented cross-section interpreted from arbitrary lines within the Texas Offshore OBS 3-D seismic volume. 
The structural and stratigraphic architecture of the San Luis Pass study area is complex, providing structural traps 
for hydrocarbon reservoirs in the area Spontaneous potential logs from wells 42706301770000 to show 
correlation between sand rich intervals (LM2 and MM), and highly negative (permeable) log values.
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Figure 1.3B: Strike-oriented cross-section interpreted from arbitrary lines within the Texas Offshore OBS 3-D seismic volume. 
The structural and stratigraphic architecture of the San Luis Pass study area is complex, providing structural traps 
for hydrocarbon reservoirs in the area Spontaneous potential logs from wells 42706300810000 to show 
correlation between sand rich intervals (LM2 and MM), and highly negative (permeable) log values.
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Figure 1.4: Top of Amph. B surface structure map including faults interpreted from the 
available 3-D seismic data.  

Post-Eocene halokinesis is coeval with the initial movements of the Clemente-Tomas 

fault zone in the Late Oligocene and Early Miocene (McDonnell et al., 2009), forming 

welds, diapirs, domes, and mounds (Worrall and Snelson, 1989; Peel et al., 1995) that 

contribute to the formation of various structural trap types such as anticlines, faulted 

anticlines, fault blocks, and salt-bound features that are targeted for petroleum 

exploration and production in this area. Overpressured shale evacuation may also play a 

similar role in structural deformation in this region (Bruce, 1973; Huh et al., 1996; 

Palmes, 2004), but are not discussed further due to evidence provided by McDonnell and 
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others (2009) suggesting that salt bodies have a greater influence on structures in the 

region than shale.  

The distribution of Lower and Middle Miocene petroleum fields in TSW appears 

to be governed by the regional structures rather than stratigraphy (Nicholson, 2012), 

suggesting that the integrity of faulted traps here likely plays a key role in the success or 

failure of these systems. This observation is reinforced by the lack of any correlation 

between structural trap type and the success of a drilled prospect (Nicholson, 2012). As a 

result, structural features within TSW present an ideal location to study the possible 

mechanisms of containment failure and fault seal.  

 

Figure 1.5: Rose diagram of 9,562 strike orientation measurements from 326 faults 
intersecting the Amph. B interval in the San Luis Pass study area. Faults 
were interpreted using the available seismic data. Mean azimuth is 53.9º, 
and the sampling rate along each fault trace is 250 ft. The cumulative 
number of samples per fault reaches a maximum of 12 in the dataset. 
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Local Petroleum Plays and Exploration 

Petroleum exploration and production within the study area has taken place since 

the 1970s, and has proved to be a significant natural resource. The locations of oil, gas, 

and non-productive (dry) wells here were gathered from the Texas Rail Road 

Commission GIS Database, and have been mapped in Figure 1.6.  

 

Figure 1.6: Map of onshore and offshore petroleum wells located in the San Luis Pass 
study area. A total of 164 wells are shown. Well information acquired from 
the Texas Railroad Commission Public GIS Viewer 
(http://www.rrc.state.tx.us/about-us/resource-center/research/gis-viewers). 

Offshore reservoir targets reside on the hanging wall block of the Clemente-Tomas fault 

zone, and lie within Lower Miocene through Middle Miocene coarse-grained sediments. 

Accumulations are structurally trapped, and well locations tend to cluster around areas 

http://www.rrc.state.tx.us/about-us/resource-center/research/gis-viewers
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with structural highs in the subsurface. The dominant hydrocarbon type reported has been 

gas. About 65.8% and 12.1% of cumulative gas production in TSW through 1994 has 

been produced from Lower Miocene and Middle Miocene reservoirs, respectively (Seni, 

et al., 1997). According to the Texas Railroad Commission GIS Database, 164 well 

locations are located in the San Luis Pass study area. 68.9% of these wells are classified 

as non-productive, 29.9% are classified as gas wells, and 1.2% are classified as oil wells. 

Traps in gas fields inside the San Luis Pass study area were reviewed using the 

available 3-D seismic data for this study, and many have affiliated seismic direct 

hydrocarbon indicators (DHI’s) (Blackburn, 1986a; Brown, 2011), mainly in the form of 

amplitude bright spots. Oligocene mudstones are believed to be poor petroleum source 

rocks (Bissada et al., 1990; Hood et al., 2002) landward, suggesting that hydrocarbons 

might be sourced from older organic-rich rocks, although they do not rule out the 

possibility of Oligocene sources. This study subscribes to the interpretation of Galloway 

(1989), that underlying Frio Formation mudstones and the Anahuac Shale are likely the 

hydrocarbon sources for the overlying Miocene reservoirs in the San Luis Pass area and 

much of Texas State Waters. Echols and others (1994) argued that hydrocarbon migration 

from deep source rocks occurred vertically along the Gulf Coast, rather than long-range 

lateral migration. Large-displacement normal faults and fracture systems influenced by 

salt tectonics likely provide the migration conduits in the San Luis Pass area, considering 

the dominance of fault-related traps in the region. While aspects of hydrocarbon source, 

generation, migration, and charge remain somewhat unresolved, a working petroleum 

system has been proven locally, as other play elements (reservoir, trap, seal, etc.) appear 

to be of sufficient quality. However, the large number of dry holes drilled in the area, 

lack of very large (> 1 Tcf) accumulations, and overall maturity of regional development 

has negatively affected active exploration and production in TSW. With this in mind, an 
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improved understanding of the geologic factors controlling the presence and amount of 

hydrocarbon accumulations, especially fault seal analysis, would help reduce uncertainty 

before drilling the structurally complex Lower Miocene reservoirs in TSW. This work 

could also benefit CO2 storage evaluation projects in the region. 

PROJECT MOTIVATION 

Attention has been drawn to the San Luis Pass area for this study due to a 

combination of results from previous studies and recent geologic observations in TSW. 

Total offshore CO2 storage capacity in Miocene reservoirs (Wallace, 2013) has recently 

been under evaluation along the Texas Gulf Coast. Additionally, investigators have 

addressed other geologic aspects that influence CO2 capacity in the region, including top 

seal integrity (Lu et al., in review) and fault seal integrity (Nicot et al., 2006; Nicholson, 

2012). Acquisition and interpretation of new data, specifically the P-Cable 3-D seismic 

reflection dataset in the San Luis Pass area, has provided insight on near-surface features 

(Mulcahy, 2015; Meckel and Mulcahy, 2016). The full suite of seismic data, with varying 

resolution and depth of investigation, along with abundant well log data coverage permits 

a more complete understanding of how faults affect the local petroleum system. In fact, 

interpretation of the available data suggests that the deformed Miocene reservoir interval 

of the San Luis Pass structure appears unable to accumulate significant amounts of 

buoyant fluids. 

Previous Studies 

Notable contributions toward CO2 storage capacity estimates, top seal, fault seal, 

and containment failure, in TSW have been made in recent years. Figure 1.7 provides the 

location of study areas from the following investigators along the Texas Gulf Coast. Lu et 

al. (in review) performed a top seal study of the Amph. B shale unit throughout the Texas 
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Gulf Coast, by conducting x-ray diffraction (XRD) and permeability experiments on core 

samples and by producing well log and 3-D seismic-derived isopach maps. They 

concluded that the Amph. B shale was sufficiently thick (0-5,000 ft) and possessed low 

enough permeability values to effectively seal potential CO2 column heights of up to 240 

ft.  

Nicholson (2012) used an empirical fault seal membrane calibration technique 

developed by Yielding and others (2010) in order to estimate potential fault seal capacity 

for hypothetically CO2 injection in TSW. The technique (described in Chapter 2) 

correlates estimated clay mineral content within a fault (shale gouge) with subsurface 

pressure data from the reservoir interval (RFT tests) or fluid column heights, yielding an 

empirically derived relationship between estimated shale gouge and fault seal capacity. 

The results from Nicholson (2012) showed that fault-bound gas column heights in TSW 

were in agreement with global fault-bound column data compiled by Yielding and others 

(2010), and supported the use of the technique in this setting. Additional analysis by 

Nicholson (2012) produced maximum column height estimations for potential CO2 

injection within a LM2 reservoir interval trapped against two large faults and the San 

Luis Pass Salt Dome. Wallace (2013) mapped an individual sand body within the MM 

interval using well logs and 3-D seismic data to compare dynamic versus static capacity 

models with the injections of CO2 over the faulted, salt-influenced structure about 2 miles 

southwest of the San Luis Pass Salt Dome. However, faults in Wallace’s study (2013) 

were treated as no-flow barriers, and it was concluded that fault seal integrity needed to 

be investigated further in order to obtain more realistic capacity estimates.  
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Figure 1.7: Map of study locations and datasets used by previous workers to address CO2 
capacity and seal quality in Lower Miocene rocks along the Texas Gulf 
Coast. These studies have supplied the groundwork and influenced the 
direction of this study. 

Recent studies have focused on the use of shallow high-resolution seismic data to 

study the overburden structures within the San Luis Pass area. Mulcahy (2015) and 

Meckel and Mulcahy (2016) used seismic attributes to interpret shallow stratigraphy and 

paleogeomorphology, and mapped structures and gas anomalies within those intervals. 

These studies have directed interest toward more detailed fault trap and seal studies, 

especially locations around the San Luis Pass area that were drilled, but were 

unproductive.  
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Evidence for a Containment Failure – San Luis Pass Area, TX 

Three lines of evidence together suggest that significant containment failure of the 

San Luis Pass structure lead to hydrocarbon leakage:  

1. All 13 wells drilled into the San Luis Pass structure, southwest of the San 

Luis Pass Salt Dome, are classified as dry (Figure 1.8). 

2. Faults offsetting the San Luis Pass structure are interpreted to extent into 

the near-sea floor sediments from depths below the LM2 reservoir interval 

(figures 1.9 and 1.10). 

3. Numerous seismic anomalies have been interpreted within the overburden 

sediments above the LM2 reservoir interval (figures 1.10, 1.11, and 1.12). 

This study attempts to address these observations given the complex structural 

setting in the San Luis Pass area, and will focus on fault seal and fault-related 

containment failure mechanisms, as they are viewed to be the determining factor of a 

successful reservoir target in TSW. 

Dry Holes 

The lack of production from 36 wells within the San Luis Pass area is somewhat 

anomalous in geologic setting of the Texas Gulf Coast. 113 dry holes and 49 productive 

gas wells have been drilled within the study area (Figure 1.6). Among the cluster of 

offshore well locations, Figure 1.8 focuses on the abundance of non-productive wells 

located at the crest and flanks of the San Luis Pass Salt Dome and an adjacent salt mound 

structure roughly two miles to the southwest of the dome. The earliest dry hole (API 

42706800030000; Figure 1.8) was drilled in 1977 (8708 ft TD), while the most recent dry 

hole (API 42706302490000; Figure 1.8) was drilled in 2010 (14,000 ft TD). These wells 

targeted various LM1 and LM2 sandstone reservoirs laterally trapped by faults and/or the 

San Luis Pass Salt Dome in updip reservoir sections. Unfortunately, no mud logs were 
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available for this study, so it is unknown if drillers encountered gas or other hydrocarbon 

types in the San Luis Pass structure and San Luis Pass Dome. Most of the surrounding 

structures found throughout TSW and just onshore are associated with some drilling 

success in the Lower Miocene interval. At first glance, there is little evidence to suggest 

that the Lower Miocene petroleum system play elements in the vicinity of the two salt 

structures (Figure 1.8) is different from the surrounding structures. So, the primary 

question is: Are dry holes a result of breached seal or lack of charge? 

 

Figure 1.8: Map showing the location of petroleum wells targeting the structure offset by 
Fault A and adjacent San Luis Pass Salt Dome. Most wells are classified as 
dry or non-productive, with the closest gas-producing wells being about 1.5 
mi to the southeast of the San Luis Pass Salt Dome. Wells 42706800030000 
and 42706302490000 are the oldest and youngest wells drilled into the 
anticlinal structure, respectively. Structural contours of the top of the LM2 
interval are also shown to give structural reference. Contour interval is 250 
ft TVDSS. 
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Near-Surface Faulting 

Deep-rooted normal growth faults and antithetic faults within the San Luis Pass 

area extend vertically well into the overburden sediments. Fault traces mapped at 300, 

100, and 30 ms two-way-travel-time (ms TWT) (blue lines) using the deep Texas 

Offshore OBS 3-D seismic, GCCC P-Cable HR3D, UT HR2D seismic lines, and CHIRP 

lines are illustrated in Figure 1.9. In particular, Figure 1.10 shows Fault A (white line), 

which is a large ESE dipping fault southwest of the San Luis Pass Salt Dome interpreted 

in four seismic cross-sections from three data types. Data resolution increases and depth 

of investigation decreases from left to right in the figure, where each image has a 

corresponding outline color representing their location in other images. At this section 

location (C to C’), Figure 1.10A shows Fault A displacing deeply buried sediments and a 

salt weld is interpreted between the two salt structures at about 3,000 ms TWT (~12,500 

ft TVDSS) along the fault plane. Unfortunately, the ocean-bottom, large offset survey 

style of the OBS 3-D seismic dataset results in poor data coverage through the shallow 

overburden sediments. Using the higher resolution data types where coverage extends up 

into the overburden, the images in figures 1.10B-D zoom progressively closer to the tip 

of Fault A. The CHIRP image in Figure 1.10D shows that Fault A tips out about 2 ms 

TWT below the ocean bottom reflector in recent sediments. Note that the CHIRP data 

consistently images the ocean bottom at about 20 ms TWT (~15 m), and the faults show 

no clear sea floor expression. Images for figures 1.10A through D are enlarged in 

Appendix B. Displacement from the base of Lower Miocene to recent sediments just 

below the sea floor suggests that movement along the fault has been ongoing since the 

Miocene, which likely has implications for fault seal at various stratigraphic levels.  
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Figure 1.9: Map shallow faults interpreted from all available time-domain seismic data 
located throughout the San Luis Pass study area. Faults with offset at depths 
above 100 ms TWT are traced in blue, while faults in black intersect the top 
of the Upper Miocene interval at depth. 
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Figure 1.10: Interpretation of faults and seismic amplitude anomalies with increasing vertical and horizontal resolution. From 
left to right (A to D) in cross-section C to C’: (A) Due to the technique used to acquire the Texas Offshore OBS 
3-D dataset, the apparent tip of Fault A (thin white line) can only be mapped up to about 180 ms TWT, although 
several amplitude anomalies (thick white lines) can identified in cross-section C to C’. Fault A interpreted from 
the GCCC P-Cable 3-D (B; blue rectangle) also shows several amplitude anomalies, as well as Fault A tipping out 
near the ocean bottom reflector. Using the UT CHIRP data (C and D; red and yellow rectangles, respectively), the 
interpretation of Fault A continues to about 22 ms TWT. Images A through C enlarges in Appendix B.  



 29 

Seismic Indication of Subsurface Hydrocarbons 

Evidence of shallow gas accumulations located above the triangular salt structure 

and associated near-surface faults has been interpreted using both the Texas Offshore 

OBS and GCCC P-Cable HR3D seismic datasets. Strong amplitude anomalies (thick 

white lines) are stacked throughout the overburden sediments, suggest the existence of 

several gas accumulations, and have been interpreted in Figure 1.10. A few significant 

anomalies can be found at about 40 and 90 ms TWT within the HR3D volume, around 

300, 700, and 900 ms TWT in both the HR3D and OBS 3-D volumes, and near 1,300 and 

2,100 ms TWT within OBS 3-D seismic volume alone. These amplitude anomalies 

appear related to a larger, vertically extensive gas chimney feature above the San Luis 

Pass structure. The character of this feature is easily imaged using a seismic semblance 

volume (Marfurt et al., 1998) created using the HR3D seismic volume (Figure 1.11), and 

is imaged at depths as shallow as 50 ms TWT. Figure 1.11A shows interpreted seismic 

cross-section D to D’ with the location of the HR3D semblance volume within the OBS 

volume (black rectangle). A larger image (yellow rectangle) of the gas chimney feature is 

on the right-hand side of the figure. Cross-section E to E’ in Figure 1.11B intersects 

section D to D’, and provides a more detailed view of Fault A, the interpreted gas 

chimney, and the San Luis Pass Salt Dome imaged within the semblance volume. The gas 

chimney is located in the hanging wall of Fault A, and several faults with smaller 

amounts of displacement surround the chimney and amplitude anomalies. Figures 1.11A 

and B are enlarged in Appendix B. Mulcahy (2015) mapped the shallowest anomalies 

(Figure 1.12) and concluded that the apparent gas accumulations potentially originated 

from deeper Miocene reservoirs based on the seismic character and arrangement of the 

anomalies. Subsequent sediment coring and gas chemistry analysis are not presented 
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here, but support this hypothesis. Unfortunately, without the benefit of detailed 

bathymetric data from the study area, no sea floor features, such as mud volcanoes or 

pock marks, have been observed. Furthermore, images from the CHIRP data show no 

indication of gas within the water column above the location of the chimney feature. 

However, the proximity of the chimney feature and amplitude anomalies to Fault A and 

other faults is certainly compelling in the context of containment failure, where fault seal 

breach may have caused leakage from this structure.  

 

Figure 1.11: Cross-sections D to D’ and E to E’ of the vertically extensive gas chimney 
feature interpreted from two seismic datasets. (A) D to D’ provides an 
interpreted, dip-oriented view of the Fault A structure using the Texas 
Offshore OBS amplitude volume. Within the zoomed-in image (yellow 
outline) is the location and extent of a semblance volume created using the 
GCCC P-Cable HR3D dataset (dashed black rectangle). (B) E to E’ shows 
the location Fault A, the apparent gas chimney, and the San Luis Pass Salt 
Dome from left to right. Figures A and B are enlarged in Appendix B. 



 31 

 

Figure 1.12: Location of shallow amplitude anomalies mapped by Mulcahy (2015). 
Anomalies (orange polygons) and shallow faults with offset at a depth of 
100 ms TWT (yellow lines) were interpreted from the GCCC HR3D seismic 
volume. 

Hypothesis: Ineffective Fault Seal along Master Fault 

Detailed interpretation of subsurface data within the San Luis Pass area suggests 

that the faults have a major influence on the retention of hydrocarbons in Miocene 

prospects there. The possible leakage or bypass of hydrocarbons in faulted Miocene 

reservoirs in the study area is likely due to containment failure mechanisms. A detailed 

trap and fault seal analysis was undertaken in this study to address the possibility of fault 

related containment failure in non-producing hydrocarbon reservoirs directly below the 

shallow seismic gas anomalies observed in the San Luis Pass area. The goal of this study 
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is to determine which mechanism or combination of mechanisms may explain how the 

Lower Miocene trap and seal was breached, assuming that the targeted Lower Miocene 

reservoirs were initially charged with hydrocarbons (as seems apparent given the 

observed gas chimney; Figure 1.11). An analysis of the San Luis Pass structure will 

improve our understanding of other non-producing structures, in addition to the 

producing Miocene hydrocarbon reservoirs, undrilled prospects, and potential CO2 

storage sights found throughout TSW. 
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Chapter 2: Methodology 

The determination of fault-related mechanisms of containment failure is 

dependent on several important geologic conditions, scenarios, and assumptions. Most 

importantly, it must be recognized that faults have been observed to act as barriers, 

conduits, semipermeable barriers, or a combination of the three toward fluid flow in 

natural geologic systems depending on the subsurface conditions in the area of interest 

(Weber et al., 1978; Bouvier et al., 1989; Hooper, 1991; Gibson, 1994; Alexander and 

Handschy, 1998; Davies et al., 2003; Davatzes et al., 2005; Underschultz, 2007; Chen et 

al, 2013). Understanding how a particular fault may behave is not completely 

straightforward, as a fault may act as semipermeable membrane or some combination of 

the possibilities mentioned above at different depths and different points in geologic time. 

However, significant progress towards understanding and quantifying fault seal in 

petroleum systems has been made over the past two decades (Yielding et al., 2010; 

Underschultz and Strand, 2016). These methods use various subsurface data types to 

assess how a given fault behaves as a seal. Furthermore, it provides a means for 

investigators to predict the sealing capability of faults in other structures in a region 

(Bretan et al., 2003; Bretan and Yielding, 2005; Yielding et al., 2010; Nicholson, 2012). 

The following sections are a summary of various aspects affecting containment 

failure mechanisms in faulted reservoirs, techniques used in fault seal analysis, and how 

these principles are used to address the leaking structure found within the San Luis Pass 

area located in offshore Texas State Waters. Although poor well performance (1), recent 

fault activity (2), and the observed gas chimney feature (3) (Chapter 1) together indicate 

that there are no significant hydrocarbon accumulations within Lower Miocene reservoirs 

and that the structure is leaking, an assumption made in this study is that the reservoir 
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was sufficiently charged. In other words, accumulation transpired when all of the play 

elements (source, reservoir, seal, and trap) of the petroleum system were deposited, and 

hydrocarbon generation and migration occurred (critical moment) (Magoon and Dow, 

1994). While it may be impossible to constrain the ultimate mechanism of containment 

failure, this study aims to identify and investigate a suite of scenarios that are most 

plausible given the geologic environment and data available in the San Luis Pass area. 

FACTORS LIMITING SEAL CAPACITY IN FAULTED RESERVOIRS 

There are six proposed mechanisms of containment failure in fault reservoirs that 

fall under the umbrella of three primary classes. Figure 2.1, modified from Nicholson 

(2012) (similar to Yielding, et al., 2010), illustrates the three classes as geometrically 

limited (A), capillary entry limited (B), and mechanically limited (C). The six 

containment failure mechanisms include; (1) trap geometry and structural spill, (2) 

juxtaposition leak, (3) top seal membrane leak, (4) fault seal membrane leak, (5) top seal 

mechanical failure, and (6) fault reactivation. Mechanisms 1 and 2 are geometrically 

limited, mechanisms 3 and 4 are capillary entry limited, and mechanisms 5 and 6 are 

mechanically limited. These proposed mechanisms will, to the degree possible, be 

examined individually in this study, and the results are used to determine feasible 

scenarios that are supported by the three geologic observations provided in Chapter 1, 

and best fit the geologic setting within the San Luis Pass study area. Unfortunately, not 

all containment failure mechanisms can be thoroughly analyzed here, but considerable 

work is done with respect to mechanisms 1, 2, and 4. Comprehensive examination of 

these three mechanisms will help resolve potential migration-leakage scenarios and 

generate simple methane capacity estimates while also narrowing down the possible 

causes of leakage in the San Luis Pass structure. Indeed, mechanisms 3, 5, and 6 may 
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have a significant influence on the leaking structure, but will only be considered once the 

results pertaining to mechanisms 1, 2, and 4 have been presented and discussed. The 

following six subsections of text will explain the details of containment failure 

mechanisms 1 through 6, and how they reduce reservoir capacity in faulted structural 

traps
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Figure 2.1: Schematic diagram of the 6 potential mechanisms of containment failure in 
faulted siliciclastic reservoirs that limit natural fluid accumulations. 
Containment failure can be broken up into (A) geometrically limited, (B) 
capillary entry limited, and (C) mechanically limited classes. Structural spill 
(1) and juxtaposition spill mechanisms fall into the geometrically limited 
category. Capillary entry limited mechanisms include top seal membrane (3) 
and fault seal membrane leak (4). Mechanically limited containment failure 
occurs through top seal failure (5) or fault reactivation (6). Modified after 
Nicholson (2012).
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Trap Geometry and Structural Spill 

The simplest mechanism of containment failure is through the limitation of trap 

geometry in a fill-to-spill scenario (mechanism 1) (Bishop et al., 1983). Structural spill 

occurs as buoyant fluids, such as hydrocarbons, accumulate within a structural 

compartment to the point that the fluids surpass the volumetric limit of the structure and 

bypass the compartment into the adjacent feature (Figure 2.1A) (Allan, 1989). This is 

governed by orientation, arrangement, and size of the various trap elements in the system 

(Downey, 1984). These trap elements include the top, bottom, and lateral seals in the 

form of rock layers, faults, or other low-permeability features like salt or shale diapirs 

(Magoon and Dow, 1994). The trap elements must be arranged so that they provide a 

three-dimensional sealing surface (Downey, 1984), where upward and lateral 

hydrocarbon migration is impeded by sealing lithologies.  

Trap size and geometry is influenced by the shape of structural closure and the 

trap type, which depends on the presence and arrangement of trapping elements. The trap 

must form a four-way (Alexander and Flemings, 1995), three-way (Demaison and 

Huizinga, 1994), or two-way (Gibson, 1994) dip closure in order for accumulation to 

occur. Four-way dip closures are characterized by antiformal structures in which the top 

seal traps hydrocarbons in all four lateral directions (north, south, east, and west) as beds 

dip away from the apex of the structure. The three-way dip closure is characterized by an 

antiformal feature in which one of its four sides is sealed by a laterally sealing element, 

such as a fault, rather than downward structural dip in that direction. If only two sides of 

the structure are characterized by downward dipping beds, and the other two sides are 

laterally sealed, than the trap is classified as having a two-way dip closure. 

For the purpose of this study, the primary assumption of the trap geometry and 

structural spill containment failure mechanism is that all of the trap elements of the 
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compartment have very low permeabilities or are impermeable. The result of this 

assumption is that any volumetric fluid capacity estimations carried out are the most 

optimistic for the system, but can help determine the maximum capacity benchmark and 

any possible migration pathways after reaching the spill point. 

Juxtaposition Leak 

Juxtaposition leak (mechanism 2; Figure 2.1A) is a step further from structural 

fill-to-spill where the location of individual reservoir and seal intervals within a major 

reservoir unit are displaced and juxtaposed against one another along a fault zone (Allan, 

1989; Chapman and Meneilly, 1990; Knipe et al., 1992a, b). Simple implementation of 

this model assumes top seal elements that lack permeability, but faults in the system are 

intrinsically permeable across the fault. Reservoir on reservoir (e.g., sandstone on 

sandstone) juxtaposition along a fault zone results in the updip transfer of buoyant fluids 

from one side of the fault to the other, depending on the fault type (normal, reverse, etc.) 

and geometry of the beds in the footwall and hanging wall. Seal to seal (shale to shale) 

juxtaposition results in a zone where fluids cannot migrate. Reservoir to seal (sandstone 

to mudstone or vice versa) juxtaposition results in accumulation of buoyant fluids within 

the reservoir layer, but the volume of fluid is limited by the geometry and orientation of 

the juxtaposing units along the fault and possibly the permeability of the fault zone itself. 

Juxtaposition leak may also occur when trapped fluids escape at the tip of a fault where 

the reservoir returns to self-juxtaposition (Allen, 1989), although additional hydrocarbons 

could still be trapped within the overall structure. The permeability of both the fault zone 

and the sealing rock intervals can be adjusted to more realistic conditions at the risk of 

adding complexity to the model. 
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Top Seal Membrane Leak 

Figure 2.1B shows another mechanism of containment failure can occur in 

systems with low permeability, fine-grained top seal rocks (mechanism 3). This scenario 

becomes a possibility if the structural spill point of a reservoir is not reached after 

accumulating buoyant fluids (Schowalter, 1979). The minimum capillary entry pressure 

(Pce) of the top seal lithology governs the maximum potential hydrocarbon column height 

in the reservoir. Trapped hydrocarbons will leak through the top seal interval when the 

buoyancy pressure (Pb) of the fluids overcomes the capillary entry pressure threshold of 

the top seal rock. However, it is theorized that this interval would revert back to a seal 

once the charging period has ceased and enough fluid has migrated from the trap so that 

the hydrocarbon buoyancy pressure is below or at equilibrium with the capillary entry 

pressure threshold of the seal (Thomas et al., 1968). Additional details of the relationship 

between capillary entry and buoyancy pressures are discussed in a later subsection of this 

chapter. 

Fault Seal Membrane Leak 

Leakage through a low permeability fault zone (mechanism 4; Figure 2.1B) is 

similar to the top seal scenario discussed above where hydrocarbon accumulations that 

are smaller than structural spill estimates may be governed by the relationship of fault 

rock capillary entry pressure and fluid buoyancy pressure in the reservoir (Schowalter, 

1979; Downey, 1984; Yielding et al., 1997). An additional consideration made here is 

that the trap’s top seal component is less permeable than the fault zone, meaning that Pce 

of the top seal is greater than the fault Pce. Again, the sealing status of the fault will return 

as buoyancy pressure is reduced below or in equilibrium with the capillary entry pressure 

of the fault rock. 
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Top Seal Mechanical Failure 

Mechanical failure of an otherwise low permeability top seal interval is another 

possible containment failure mechanism (mechanism 5; Figure 2.1C). The three principal 

stress directions in a normal fault regime (Anderson, 1951) are SV > SH > Sh (σ1 > σ2 > 

σ3), where SV is the vertical or lithostatic stress, SH is the maximum horizontal stress, and 

Sh is the minimum horizontal stress. In this scenario, fracturing or faulting may be the 

result of the top seal lithology becoming critically stressed as buoyant fluids accumulate 

in the underlying reservoir. The following equation governs the Coulomb Law of fracture 

criteria for the system: 

σs = σ0 + tanϕ(σn – Pf)  ,      (1) 

where σs is the critical shear stress (psi), σ0 is cohesion strength of the given 

lithology (psi), tanϕ is the coefficient of internal friction, σn represents the normal stress 

on the shear plane (psi), and Pf is the total pore fluid pressure (psi) (Jaeger and Cook, 

1969; Byerlee, 1978). The term, (σn – Pf), represents the effective stress (σe) on the 

system, where the total pore fluid pressure is the summation of the buoyancy pressure 

and the reference pore pressure (Pr; ≥ hydrostatic pressure) at a given depth in the 

reservoir. An increase in total pore fluid pressure from hydrostatic values will influence 

the rock toward mechanical instability. The rock will then fail if the buoyancy and 

reference pressure exert a load on the top seal greater than the overall minimum 

horizontal stress. Brittle deformation of the top seal (fractures or faults) would produce 

connectivity between the reservoir and overlying units. Additionally, tectonic or 

depositional processes, such as folding or compaction, respectively, may also influence 

top seal failure. The top seal mechanical failure mechanism considered here assumes that 

any other sealing elements of a given trap, such as faults, are less permeable than the 

failed top seal interval. 
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Fault Reactivation 

Reactivation slip in preexisting fault zones (mechanism 6; Figure 2.1C) can allow 

leakage of adjacent reservoir hydrocarbon accumulations along or across fault zones 

(Winprut and Zoback, 2000; Lyon et al., 2005; Frohlich et al., 2011). Equation 2 defines 

Byerlee’s Law of reactivation criteria in a faulted system: 

 σs = C + μ(σn - Pf)  ,      (2) 

where C is equal to the cohesion strength of the fault rock (psi) and μ is the coefficient of 

sliding friction. Lithologies within fault zones are generally weak, and cohesion is often 

considered negligible. Equation 2 can be rewritten as: 

 σs = μ(σn - Pf)  ,      (3) 

to account for C ≈ 0. The processes influencing fault reactivation in faulted reservoirs are 

similar to top seal failure mechanical discussed in the previous subsection. Faults can 

reactivate when influenced by tectonic processes and events (Watterson, 1975; Etheridge, 

1986; McClay and Buchanan, 1992), or when the total pore pressure in the charging 

reservoir surpasses the minimum horizontal stress at depth. Generally speaking, faults 

will reactivate at lower pore pressures or differential stress (σ1 – σ3) than required to 

initiate new faults in undeformed rock (Finkbeiner et al., 2001). Fault reactivation may 

occur episodically (Sibson, 1992) or continuously (Frohlich, 1982) through geological 

time after initial failure through tectonic or stratigraphic processes, regardless of fluid 

pressure influences within the reservoir. It must be noted that leakage through fault 

reactivation mechanisms can be difficult to distinguish from leakage by hydraulic 

fracturing during well completions (Wiprut and Zoback, 2000), but is not applicable here. 

Fault reactivation would allow trapped reservoir fluids to escape through faults to 

overlying units, although fluid migration has been documented in faults without the 

influence of slip (Hooper, 1991). 
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WORKFLOW AND MODELING APPROACH 

A workflow was developed to address the potential mechanisms of containment 

failure related to the gas chimney above the faulted structure observed within the San 

Luis Pass study area. The flow chart in Figure 2.2 illustrates the process of geologic 

interpretation, model building, trap geometry and structural spill determination, 

juxtaposition analysis, fault seal membrane evaluation, and containment failure 

assessment carried out in this study. Once more, note that this workflow does not directly 

address top seal membrane leak, top seal mechanical failure, or the potential for fault 

reactivation in current stress conditions (mechanisms 3, 5, and 6; Figure 2.1) due to the 

lack of necessary data and project time constraints. However, aspects of all six 

containment failure mechanisms, including mechanisms 3, 5, and 6, are discussed in 

Chapter 4 using results from previous workers, as well as from observations and 

measurements made using the data from this study. With that in mind, addressing the 

structural spill, juxtaposition leak, and fault seal membrane leak mechanisms (1, 2, and 4; 

Figure 2.1) provides significant insight to how the San Luis Pass structure may have 

failed to trap hydrocarbons. Below is a summary of the individual steps of the workflow 

applied in this study (Figure 2.2).  
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Figure 2.2: Workflow for addressing fault-related containment failure in this study. The 
workflow mainly addresses containment failure mechanisms 1, 2, and 4 
(Figure 2.1), but can still be used to narrow the possible mechanisms 
affecting the accumulation of fluids in a reservoir.  

Geologic Interpretation and Model Building 

Accurate interpretation and modeling of important stratigraphic and structural 

elements is time-intensive, but crucial for achieving reliable results. Table 2.1 lists the 

important interpreted features and other data inputs for the geologic model used to 

evaluate the San Luis Pass structure. Landmark DecisionSpace Desktop (Halliburton) 

software package was utilized for all subsurface data interpretations. Well log and 
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seismic interpretations made by previous workers (Galloway, 1989; Galloway et al., 

2000; Nicholson, 2012; Wallace, 2013) provided the foundation for many interpreted 

surfaces used in this study. The final interpreted surfaces were chosen based on lithologic 

boundaries associated with the previously determined surfaces. Lithologic boundaries are 

favored since the mechanisms of containment failure under investigation are dependent 

on rock properties, rather than biostratigraphic or sequence stratigraphic considerations. 

The Marg. A, LM2, and Amph. B surfaces were chosen as the surfaces representing the 

primary reservoir interval base, reservoir interval top or seal interval base, and seal 

interval top, respectively, in this location. This decision is based on the producing 

intervals in gas wells found in close proximity to the structure under investigation (Figure 

1.6). Lithologic properties, thickness, and spatial arrangement of MM sediments are also 

considered heavily for determining potential accumulations and migration pathways once 

hydrocarbons surpass the Amph. B Shale. The lithologic boundaries were first interpreted 

on well logs, and later tied to seismic reflections in the depth-converted dataset where the 

boundaries of seismic facies and well picks were in agreement (Figure 1.2). The LM2 

reservoir interval is associated with log facies consisting of thick sections of low gamma 

ray (API °) and negative spontaneous potential (mv) log readings separated by thin zones 

of high gamma ray and more positive spontaneous potential log readings. Seismic facies 

(Damuth, 1975; Mitchum et al., 1977; Sheriff, 1980; Damuth and Olson, 2001) that are 

generally parallel to divergent reflection wedges or fills with continuous to weakly 

continuous amplitude continuity are correlated with the LM2 interval (Figure 1.3). The 

LM2 interval is interpreted to be composed of relatively thick zones of sandstone or 

siltstones with thinner mudstone or shaley intervals in between. The Amph. B seal 

interval is associated with log facies consisting of generally high gamma ray and more 

positive spontaneous potential values.
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Table 2.1: List of geologic model inputs for the San Luis Pass area. 

  Data Type   Description   Source   Quantity   Depth Range (ft TVDSS) 

1.) Geologic surfaces   Horizons interpreted using the OBS depth-converted 3-D seismic reflection 
data; used for throw calculations and stratigraphic constraint on Fault A; 
LM1, Marg. A, LM2, Amph. B, MM, UM 

  3-D seismic reflection volume   6   - 2,510 to - 11,070 

2.) Fault surface   Fault A; normal listric growth fault dipping eastward; over 1,200 ft of throw   3-D seismic reflection volume   1   - 310 to - 16,590 

3.) Vsh well logs   Shale volume calculated using GR wireline logs located in the footwall and 
hanging wall of Fault A; used for SGR calculation for fault membrane seal 
analysis on Fault A; API 42706301740000 and 42706301770000 

  Wireline well logs   2   - 700 to - 14,000 

4.) Geologic tops   Tops for major geologic units (6) mapped tied to seismic and minor sand 
and shale units interpreted from wireline log data for both LM2 (l1-l12) and 
MM (m1-m11) intervals; used for structural juxtaposition analysis of 

  

  Wireline well logs   52   - 3,000 to - 10,740 
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The seismic facies correlated with the Amph. B has parallel to irregular reflection 

configuration, discontinuous continuity, and form wedges or fills. This interval is 

interpreted to be associated with tight mudstone and shale lithologies, with occasional 

sandstone intervals. Additionally, previous workers (Lu et al., in review; Figure 1.7) 

described and correlated core and thin-section data to wireline log data from Lower 

Miocene intervals, and support the interpretations made here in the San Luis Pass area. 

Similar log-to-seismic correlations were done with underlying and overlying stratigraphy, 

and their importance is taken into account throughout this study.  

Over 370 faults were mapped within the entire study area using all available 

seismic reflection data (Figure 1.4). Most faults were interpreted using amplitude 

volumes in the OBS 3-D seismic reflection data from SEI. Faults were mapped where 

offset amplitudes and polarity reversals were observed in the data. Moreover, some faults 

were mapped in multiple datasets (e.g., Fault A; Figure 1.10). Such fault interpretations 

were later combined to incorporate the full surface area of each fault at those locations in 

the study area, particularly in the shallow overburden, where the OBS 3-D volume is 

lacking. Semblance seismic attribute volumes (Marfurt et al., 1998) were utilized to aid 

amplitude-based interpretations of faults and amplitude anomalies associated with the 

interpreted gas chimney in the HR3D volume (Figure 1.11). Fault A is a large, listric 

growth fault adjacent to the triangular salt structure described in Chapter 1, and 

represents the primary fault structure in this study. The investigation of possible 

containment failure mechanisms is carried out on Fault A because of the fault’s large 

size, substantial offset, intersection with multiple data types, proximity to the interpreted 

gas chimney, near-surface expression, and the poor performance of surrounding wells.  

For simplicity, only key geologic features and data were used as inputs for the 

model used to address containment failure mechanisms in the San Luis Pass study (Table 
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2.1). The majority of the geologic modeling here is achieved using TrapTester 6.1 

(Badley Geoscience), although structural spill is addressed using DecisionSpace 

software. Log curves from two wells (API 42706301740000 and 4270631770000) were 

incorporated into the models to provide additional lithologic detail and important 

petrophysical properties for the stratigraphic intervals (Figure 2.3; enlarged in Appendix 

B). The proximity of the two wells to Fault A, their position on both sides of the fault, the 

length of logged interval per well, and a suite of gamma ray, spontaneous potential, and 

resistivity per well influenced their inclusion into models. Well 42706301740000 was 

drilled into the footwall block of Fault A, while Well 4270631770000 was drilled about 

19,100 ft away in the hanging wall block. Twenty-three sandstone units within the LM2 

(l1-l12) and MM (m1-m11) stratigraphic intervals were interpreted from normalized 

gamma ray and spontaneous potential logs. These units are laterally continuous in the San 

Luis Pass study area, and can be correlated across Fault A. Permeable zones (fluid-

bearing) were initially identified using an SP cutoff of -60 mv or less. A gamma ray 

cutoff of 50º API or less was then applied in order to identify clean sandstone (low clay 

mineral abundance) units. A minimum vertical thickness of 30 ft was implemented for 

the 23 sandstone units for modeling purposes. Overall, the LM2 sandstone units are 

generally thinner, and more clay-rich than the sandstone units of the MM interval, 

impacting potential juxtaposition relationships and leakage points. Fault A is modeled in 

three dimensions with top surfaces of the LM1, Marg. A, LM2, Amph. B, MM, and UM 

intervals (Figure 1.2) and log picks of all surfaces, including the LM2 and MM sandstone 

intervals (l1-l12 and m1-m11). With the geologic framework in place, further analysis can 

be carried out on the potential mechanisms of containment failure through various 

methods and techniques. 
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Figure 2.3: Wireline well log cross-section F to F’ showing sandstone and mudstone 
intervals interpreted from gamma ray and spontaneous potential logs in two 
wells on both sides of Fault A. Sandstone units from the LM2 interval (l1-
l12) and MM interval (m1-m11) are separated by the thick Amph. B Shale. 
Wells 42706301740000 and 42706301770000 are also used for shale 
volume calculation and the geologic model created for fault seal membrane 
analysis. Cross-section F to F’ enlarged in Appendix B. 

Trap Geometry and Structural Spill Determination 

Traps in the San Luis Pass study area are faulted or fault-bound, and determining 

potential spill points is an important initial step towards analyzing containment failure in 

a given system. Locating structural spill points for the hanging wall and footwall blocks 

of Fault A provides a simple means of calculating maximum fluid column height and 

yields an initial determination of the potential origins of updip fluid migration from the 

trap towards the surface. Trap geometry and structural spill locations are analyzed 
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through accurate mapping of traps after careful examination of thickness and architecture 

of the reservoir and seals. Geometric calculations and analysis in this study were 

performed using DecisionSpace computer software. 

Fault A is the largest fault offsetting a NW-SE trending, doubly plunging 

anticline, and sets up the overall geometry of the trap under investigation. Structural spill 

points on the footwall and hanging wall blocks were calculated by locating where the 

reservoir-top seal surface (LM2-Amph. B) transitions from dipping away from the 

laterally sealing fault, to a horizontal orientation, to dipping toward the fault. This dip 

transition zone (zero slope) of the sealing surface represents the location where vertically 

migrating fluids begin to flow laterally away from the trap, instead of into the trap, when 

the trap has been completely filled.  

The shallowest point of the dip transition zone serves as the base of the 

hydrocarbon column and the spill point of the trap. The LM2 surface dips away from 

Fault A throughout the fault zone, and the apex of the Fault A trap is located where the 

LM2 surface terminates against Fault A at its highest point, serving as the top of the 

maximum column height. The LM2 termination against Fault A is also the LM2 footwall 

cutoff along the fault plane. The Marg. A surface represents a potential bottom sealing 

surfaces and restricts column heights to the vertical distance between the top seal and the 

bottom seal. However, the LM2 interval thickness along Fault A ranges roughly from 

about 880 to 2,030 ft, and structural dip of LM2 is too gentle for the Marg. A surface to 

affect fill-to-spill capacity. 

A similar description of trap geometry can be made about the hanging wall block 

with alteration of fault cutoff nomenclature from footwall cutoffs to hanging wall cutoffs 

where applicable. It is important to note that structural spill and maximum column height 

in this study are calculated from assuming complete lateral and/or vertical connectivity of 
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the LM2 interval. That is, for simplicity, the column height is calculated from the apex to 

the spill point of the trap, regardless of the individual layers of sandstone and shale at all 

scales within the LM2 interval. 

Juxtaposition Analysis 

The juxtaposition of reservoir and seal units across a given fault can be analyzed 

using two simple yet informative techniques. 1-D representation of fault juxtaposition 

(Knipe, 1992a, 1997) provides a preliminary means of modeling subsurface layers along 

the footwall and hanging wall at a certain point (core or wireline logs) with increasing 

hypothetical throw from left to right in each diagram (Figure 2.4). This type of 

juxtaposition diagram can be modified to model various properties of the important layers 

along a fault plan such as lithology type, reservoir quality, and porosity. A disadvantage 

of this technique is that it fails to account for differences in stratigraphic thickness from 

footwall to hanging wall blocks, much like in geologic settings with ubiquitous growth 

faulting (TSW, Figure 1.4). As mentioned above, two well locations (Figure 2.3) are used 

to construct juxtaposition diagrams in order to analyze various properties of the LM2 and 

MM intervals with increasing hypothetical throw along Fault A. One well is located on 

the footwall block (API 42706301740000), whereas the other penetrates the hanging wall 

block (API 42706301770000). These logs will ensure that the stratigraphic properties of 

each fault block are independently examined. 
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Figure 2.4: Schematic representation of juxtaposition diagrams. The 3-D idealized 
representation of increased fault displacement from the tip of a fault is 
illustrated on the left, while an isometric view of the fault plane is provided 
on the right. Modified after Knipe (1997). 

Allan (1989) provided a practical means of quantitatively illustrating the 

juxtaposition of reservoir and sealing units along a fault plane in two dimensions (Figure 

2.5). A fault plane map, or Allen diagram, superimposes mapped stratigraphic footwall 

and hanging wall cutoffs onto isometric strike projections of the fault plane of interest, so 

the juxtaposition of the various stratigraphic units can be visualized and the dip-slip 

component of displacement can be quantified. This kind of analysis can also be carried 

out using 3-D software, with the added benefit of visualizing and evaluating multiple 

faults intersecting a number of reservoirs (Harris et al., 2002; Lyon et al., 2005; Bretan et 

al., 2011). For intervals within seismic resolution, this method more accurately represents 

stratigraphic thickness changes across faults while also quantifying increments of 

displacement by comparing offset between footwall and hanging wall cutoffs (discussed 

in Chapter 4). Careful application of this model is required when the important layers, 
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such as alternating sandstone-shale bodies, are thinner than reliable seismic resolution, 

and cannot be directly mapped onto the fault via seismic amplitude mapping.  

 

Figure 2.5: Schematic illustration of hypothetical across-fault migration. Carrier beds, 
spill points, and fluid accumulations are displayed in isometric fault plane 
section view to the left, while predicted trap distribution of four sandstone 
reservoirs at fill-to-spill are in map view to the right (upper red 
accumulation not shown in section view). Redrawn and modified after Allan 
(1989). 

Twelve LM2 (l1-l12) and eleven MM (m1-m11) reservoir sandstones were picked 

using wireline logs from the 2 selected wells (Figure 2.3). These thinner, yet critical, 

units are constrained between well log picks that correlate with the major stratigraphic 

horizons (LM1, Marg. A, LM2, Amph. B, MM, and UM) mapped within the depth-

converted OBS 3-D seismic volume. Each individual sandstone unit was superimposed 

onto the Fault A plane proportionally to where they reside in the wells and within the 

study area. The footwall and hanging wall cutoffs from all stratigraphic intervals mapped 

were used to analyze juxtaposition along Fault A via Allen diagrams. Furthermore, in 

addition to the methods documented by Knipe (1997) and Allan (1989), 2-D dip-oriented 

cross-sections through the intervals of interest were used to visualize juxtaposition spill 

potential in the San Luis Pass structure. 
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Fault Membrane Seal Evaluation Techniques 

A variety of quantitative techniques for addressing fault seal in siliciclastic 

sequences have been evaluated for over two decades (Yielding et al., 2010). It has been 

demonstrated that increased clay mineral content (mainly phylosilicate minerals) within a 

fault zone increases a fault’s ability to inhibit hydrocarbon migration across or along it by 

way of reduced pore throat size and permeability from reservoir to fault zone. The 

distribution of clay-rich (mudstone or shale) and clay-poor (sandstone) intervals 

displaced along a fault zone directly affects the amount of clay material that can be 

integrated into the fault zone. The clay material from the shale intervals is integrated into 

the fault zone as the fault blocks are sheared against one another, where the amount of 

throw also influences the fault’s clay mineral content at any given point. With this in 

mind, fault seal algorithms attempt to accurately predict and incorporate the amount of 

clay or fine-grained material within a fault zone as throw increases, but without directly 

measuring fault properties in the subsurface.  

Fault seal data must be calibrated to the reservoir, field, or at the very least, to the 

basin in which the fault is located in. If known column heights, or in situ pressure data for 

a reservoir across both sides of a fault are correlated to fault seal algorithm values 

calculated on the fault at corresponding depths, the maximum hydrocarbon column 

heights that other faults in the area can accommodate in water-wet systems can be 

predicted considering capillary effects. This empirically derived fault-limited column 

height can further be evaluated versus other calculated potential column heights, such as 

fill-to-spill column heights or those in related structures. Below is a description of fault 

seal membrane and how it is addressed for the San Luis Pass structure. 
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Capillary Entry Pressure and Buoyancy Pressure 

The relationship between capillary entry pressure and buoyancy pressure should 

be visited before discussing the details of fault seal membrane analysis carried out in this 

study. Membrane seal (top seal or fault) is generally dependent on the capillary affects 

between a wetting phase (water or brine) and a non-wetting phase (hydrocarbon) in 

petroleum systems. For a non-wetting phase fluid to invade a water-wet porous material, 

the capillary entry pressure (Pce,; psi), or the pressure of the wetting phase fluid must be 

overcome by the non-wetting phase fluid. This is governed by Equation 4: 

 Pce = 2σcosθ/r  ,     (4) 

where σ is the interfacial tension (mN/m) between the two fluid phases, θ is the contact 

angle between the two fluid phases and the porous medium (degrees), and r is the mean 

interconnected cylindrical pore throat radius (μm) (Purcell, 1949; Schowalter, 1979) 

(Figure 2.6). The Pce value of a rock is inversely proportional to the pore throat size, 

allowing for fine-grained rocks (mudstones or shales) to generally have greater values 

than rocks with larger grains, and subsequently, larger pore throats.  

Hydrocarbon fluids are less dense than the water or brine fluid phase of the 

petroleum system, and exert a buoyant force as they migrate vertically and horizontally. 

The buoyancy pressure (Pb; bars) is given by the equation: 

  Pb = (ρw – ρh)gH  ,      (5) 

where ρw is the reservoir pore water density (kg/cm3), ρh is the reservoir 

hydrocarbon density (kg/cm3), g is the acceleration due to density (9.81 m/s2), and H is 

the hydrocarbon column height in meters (1 m = 3.281 ft) (e.g., Schowalter, 1979; 

Jennings, 1987). The value of Pb for a given hydrocarbon column increases as it 

accumulates in a reservoir, if it is located at a deeper depth, or if the density contrast 

between the wetting phase and non-wetting phase increases (Figure 2.7). That being said, 
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Pb within a given hydrocarbon column increases towards the shallowest depth point, with 

the pressure being highest at the top of the fluid column. 

 

Figure 2.6: Schematic diagram of capillary entry illustrating the associated parameters 
needed for Equation 4. The non-wetting phase (hydrocarbon) enters a pore 
within solid media that is saturated with the wetting phase (water or brine), 
has a pore throat radius (r), and a fluid contact angle (θ). From Schowalter 
(1979), modified from Nicholson (2012). 

Reservoir fluids trapped by membrane seals at a given column will be at static 

equilibrium when Pce = Pb, that is, assuming no additional hydrocarbon charge. The 

membrane seal will fail if the pressure from the non-wetting phase surpasses the capillary 

entry pressure threshold of the sealing rock (Pb > Pce) as the reservoir continues to charge, 

allowing hydrocarbons to infiltrate the seal to some degree, depending on hydrodynamic 

conditions (Schowalter, 1979; Watts, 1987; Underschultz, 2007). The apex depth (highest 

column Pb) is of great importance, particularly for top seal membrane investigations, but 

Pce heterogeneities in the seal rock (top seal or fault) may provide other points where the 

membrane seal will fail before reaching an otherwise maximum column height. It must 

be noted that the buoyancy pressure is also dependent on fluid properties including 
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temperature, pressure, and salinity, which vary with depth (Firoozabadi and Ramey, 

1988; Argaud, 1993; Chalbaud et al., 2006, Chiquet et al., 2007b). This, however, will 

not be considered due to time and data constraints, as well as brine/methane being the 

only wetting/non-wetting phase investigated in the same structure in the San Luis Pass 

area. 

 

Figure 2.7: Hypothetical buoyancy pressure with increasing depth (ft TVDSS). Pressure 
vs. depth is plotted on the left comparing CO2 and CH4 pressure gradients to 
a hydrostatic gradient. A plot buoyancy pressure of CO2 and CH4 with 
increasing depth is depicted on the right. ρCO2 = 0.70 g/cm3 and ρCH4 = 0.15 
g/cm3. Modified from Nicholson (2012). 

Fault Seal Algorithms and Shale Gouge Ratio (SGR) 

Schematic representation from Yielding and others (2010) of three fault seal 

algorithms is illustrated in Figure 2.8, and fall into two categories (Yielding et al., 1997): 

smear factors and gouge ratio. Clay Smear Potential (CSP) (Bouvier et al., 1989; 

Fulljames et al., 1997; Lehner and Pilaar, 1997) and Shale Smear Factor (SSF) (Lindsay 

et al., 1993) are smear factors that consider the smearing of clay or shale beds along a 

fault plane. CSP of a point between two offset clay layers is the square of the layer 

thickness over the distance from a point to the proximal clay layer. Higher CSP values 

suggest higher clay smear potential and increased distance produces a waning of clay 
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smear away from the clay layer, favoring larger clay layer thicknesses. The SSF 

algorithm calculates a throw to layer thickness ratio for a single bed, and only varies 

laterally with changes in throw values for a given bed (Yielding et al., 2010). High values 

of SSF suggest Lower intact smear potential at a point. 

 

Figure 2.8: The three primary fault-seal algorithms. After Yielding et al. (1997), redrawn 
from Yielding et al. (2010). 

Shale Gouge Ratio (SGR, Yielding et al., 1997; Freeman et al., 1998) attempts to 

describe fault rock composition by averaging the clay mineral content of shale layers that 

have been displaced at any point along the fault. Shale Gouge Ratio is given by the 

following equation: 

SGR =Σ(VclΔz)/throw ,     (6) 

where Vcl is a percent or ratio (0-100% or 0-1.0) of clay minerals in the stratigraphic 

section, Δz is interval thickness (ft), and throw is the dip-slip magnitude of the fault (ft). 

Yielding et al. (2002) qualitatively established that points along a fault with SGR values 

less than 15-20% were often associated with leaking reservoirs in North Sea fields 

(Figure 2.9), and should be used as cutoff values in that basin. In contrast, increasing 
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SGR values above 50% may provide little added seal capacity to a given fault as clay 

smear becomes uniform along the fault (Yielding et al., 2010). The two inputs necessary 

for Shale Gouge Ratio calculations include data that sufficiently describes the amount of 

shale within the stratigraphic section and throw values calculated along the fault of 

interest. It is also important that the interpretation of geologic features in the subsurface is 

as accurate as possible. 

Direct measurements of clay minerals within a fault zone or displaced shale beds 

(Sperrevik et al., 2002) are typically absent in most exploration datasets, so a reasonable 

alternative must be used. Shale volume logs (Vsh) are calculated from standardized 

gamma ray wireline logs within the area of interest, as they provide a close 

approximation of clay mineral abundance. High gamma ray values indicate shale beds 

with high clay content, while low gamma ray values suggest clean sandstone beds with 

low clay content. This study uses the following equation to normalize gamma ray logs for 

interpretation and modeling purposes: 

 GRnorm = (GRmax – GRmin)(GR – GRss)/(GRsh – GRss)  , (7) 

where the normalized gamma ray log is GRnorm, GRmax and GRmin represent the maximum 

and minimum gamma ray values, respectively, for the specific log curve, GR is the 

gamma ray value at a given depth for the specific log curve, GRss is the value arbitrarily 

given to the new log representing pure sandstone intervals, and GRsh is the value 

arbitrarily given to the new log representing pure shale (all API °). Here, GRss is set equal 

to 10°, and GRsh is equal to 90°. The normalized gamma ray log is then converted to a 

shale volume log (Bhuyan and Passey, 1994; Schlumberger, 2000): 

  Vsh = (GRnorm – GRss)/(GRsh – GRss)  ,    (8) 

where GRnorm is equal to the normalized gamma ray value at a given depth in the log (API 

°) and Vsh is given as a percent or ratio. The use of the Vsh log ensures a continuous 
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estimation of clay mineral content through the interval of interest, and is calculated in the 

two wells adjacent to Fault A in this study (Figure 2.3). 

 

Figure 2.9: Fault seal calibration via qualitative Shale Gouge Ratio (SGR) observations 
for leaking vs. non-leaking faults in the Brent Province, northern North Sea. 
Red bars represent the range of calculated SGR values for individual faults 
that seal hydrocarbons, while green bars are from faults that do not seal. 
Yellow bars are from two faults that have hydrocarbons on both sides of the 
fault, but with oil-water contacts at slightly different depths. A qualitative 
SGR threshold between 15% and 20% can be observed between leaking 
(SGR < 15%) and sealing (SGR > 20%) faults. From Yielding (2002). 

Throw calculations based on faults and horizons interpreted using depth-

converted 3-D seismic data provide the best results for calculating SGR for subsurface 
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faults. Horizon surfaces juxtaposed against Fault A produce mappable footwall and 

hanging wall cutoffs (Figure 2.5). The dip-slip component separating the two cutoffs for 

each surface along the fault is calculated and superimposed onto the fault, providing the 

throw values needed for the SGR calculation along the entire fault zone. Where surfaces 

are mapped along the fault, values are contoured, and fall to zero at the tips of Fault A in 

all directions. Six surfaces (Figure 1.3 and Table 2.1) are used to calculate throw along 

Fault A. 

Fault Seal Calibration 

Fault seal calibration is critical in order to assess and predict fault seal capacities, 

and falls into two categories. Firstly, deterministic approaches (e.g., Gibson, 1994; 

Sperrevik et al., 2002) require the values of capillary entry pressure thresholds and 

permeability of faults rocks to be directly measured from samples extracted from the fault 

itself (well core or outcrop samples). The threshold values are subsequently extrapolated 

to corresponding points along the fault of interest where fault seal algorithms have also 

been calculated to establish calibration. The second type is an empirical fault seal 

calibration (Yielding et al., 1997; Harris et al., 2002; Yielding, 2002; Bretan et al., 2003; 

Lyon et al., 2005), which requires SGR to be calculated on faults that are known to be 

sealing hydrocarbons in water-wet systems. The measured column heights or pressure 

differences measured from repeat formation testers (RFT) at various points across the 

fault (data from both fault blocks) are related to the SGR values at matching depths, 

allowing SGR to correspond to seal capacity within a particular field or region.  

SGR vs. the across fault reservoir pressure difference has been compared in 

various fields around the world by Yielding et al. (1997), Yielding (2002), and Bretan et 

al. (2003) in order to derive a global fault seal calibration database. Originally, across 
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fault pressure difference was calculated using pressure gradients from subsurface 

measurements at matching depths throughout the reservoir, regardless of the fluid type on 

either side of the fault (water or hydrocarbon). Underschultz (2007) used hydrodynamic 

principles to compare seal capacity in fault blocks with different hydraulic heads, and 

concluded that the hydrocarbon pressure (Pb) should be compared to the formation water 

pressure from the side of the fault with highest hydraulic head (maximum Pce) in order to 

account for hydrodynamic flow. Yielding and others (2010) further refined the fault seal 

after considering hydrodynamic principles provided by Underschultz (2007), and is 

shown in Figure 2.10. Points represent Pb values from reservoirs with hydrocarbons 

contained by fault seal membranes, and their corresponding SGR values at depth along 

the sealing fault (Pb ≤ Pce). The dashed lines represent proposed linear seal-failure 

envelopes for reservoirs at less than 3.0 km (< 9,842 ft; blue), 3-3.5 km (9,842 – 11,483, 

red), and greater than 3.5 km (> 11,483 ft; green). It is important to note that the fault seal 

envelopes also depend on fluid properties (Firoozabadi and Ramey, 1988; Chalbaud et 

al., 2006), depth at the time of faulting (related to effective stress) (Sperrevik, 2002; 

Takahashi, 2003), and reservoir hydrodynamics (Watts, 1987; Underschultz, 2007; 

Underschultz and Strand, 2016). Overall, the data suggests an increase in seal capacity 

with increasing depth and SGR. Again, SGR values greater than 50% show little increase 

in seal capacity, while values between 10-20% appear to represent areas of a fault with 

low clay mineral content and the capillary seal would be insufficient to trap 

hydrocarbons. When calibrated to a particular area of interest, the plot in Figure 2.10 also 

provides a means to estimate the maximum buoyancy pressure with the following 

equations that relate to the seal-failure envelopes: 

  (< 3.0 km) Pb = 0.175(SGR) – 3.5  ,    (9) 

  (> 3.5 km) Pb = 0.15(SGR) + 1.9  ,    (10) 
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where Pb is bars and SGR is equal to the calculated SGR value along the fault. Converted 

to psi (1 bar – 14.503 psi), the equations become: 

(< 3.0 km) Pb = 2.538(SGR) – 50.76  ,   (11) 

  (> 3.5 km) Pb = 2.175(SGR) + 27.55  ,   (12) 

 

Figure 2.10: Empirical fault seal calibration database from various siliciclastic 
hydrocarbon fields worldwide. Datapoint colors represent maximum burial 
depth, where blue < 3 km, red = 3-3.5 km, and green > 3.5 km. Fault seal 
failure envelopes for each depth range are linear. From Yielding and others 
(2010). 

No subsurface pressure data or fault rock samples are available for any faults 

within the San Luis Pass study area, however, an empirical approach was conducted by 

Nicholson (2012) to assess fault seal membrane capacity for Lower Miocene faults in 
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TSW (Figure 2.11), despite an absence of detailed fault mapping and reservoir properties 

(pressure). The results from four TSW fields with known methane column heights were 

compared to the results from Yielding et al. (2010), correlating with calculated Pb and 

SGR datapoints below the fault seal envelopes, and supporting the use of Equation 9 for 

estimating maximum buoyancy pressure and fault seal membrane capacity for TSW 

reservoirs less than 3 km depth. Equation 11 will be useful for comparing the potential 

fill-to-spill capacity to fault seal membrane capacity, as the LM2 reservoir interval at 

Fault A occurs just above the 3 km mark. 

Wells penetrating the LM2 reservoir on the hanging wall and footwall blocks of 

the Fault A structure were unproductive hydrocarbon producers, and no known column 

heights have been reported for these reservoirs. In order to compare fill-to-spill capacity 

to fault seal membrane capacity, a capillary entry limited (Figure 2.1B) hydrocarbon 

column height related to Fault A must be estimated. Equation 13 (Jennings, 1987; 

Schowalter, 1979) utilizes fluid properties at reservoir conditions and across fault 

pressure difference or buoyancy pressure to estimate potential hydrocarbon column 

heights: 

  H = Pb/0.433(ρw – ρh)  ,     (13) 

where H is the hydrocarbon column height in meters (1 m = 3.281 ft), Pb is the buoyancy 

pressure in the reservoir (psi), ρw is the reservoir pore water density (kg/cm3), and ρh is 

the reservoir hydrocarbon density (kg/cm3). Bretan and others (2003) applied Equation 13 

to across fault pressure differences calculated empirically from SGR (similar to equations 

9 and 10). Here, Equation 9 is used to produce an estimate of buoyancy pressure, 

assuming a once hydrocarbon-bearing reservoir, from SGR values calculated along Fault 

A, and a fault seal membrane limited column height is determined. 
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Figure 2.11: Calibrated Lower Miocene fault seal and top seal for hydrocarbon fields in 
TSW. Datapoints and failure envelopes have been converted to Hg-Air 
normalized capillary entry pressure (MICP) in psi, and are plotted against 
SGR for their corresponding fault. Blue triangles represent reservoirs at 
depths ≤ 3.0 km, while green triangles are from reservoirs ≥ 3.0 km. For 
column heights that lack SGR calculations, points from those fields are 
plotted along the vertical axes on the right. Top seal values (gray circles) 
were derived using MICP results from core samples extracted from Well 
42703401260000 (Lu et al., in review) near Matagorda Island, TX. 
Modified after Nicholson (2012). 

Buoyancy Pressure Profiles Along Faults 

Buoyancy pressure profiles provide a practical means of estimating hydrocarbon 

column heights based in faulted traps (Bretan et al., 2003, Bretan and Yielding, 2005; 
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Underschultz, 2007; Underschultz and Strand, 2016). Figure 2.12A depicts a reservoir 

intersected by a fault with a hydrocarbon column increasing from point 1 to point 3 on 

the left side, and only water on the right. Figure 2.12B provides a plot of SGR values 

calculated along the fault within the reservoir interval at depth, with the lowest SGR 

value highlighted by the thick black line. Calibrated SGR values are then converted to 

capillary entry pressure values (Figure 2.12C) using Equation 9, and the buoyancy 

pressure within the reservoir with the increasing hydrocarbon column height (1-3) are 

plotted using Equation 13. The buoyancy pressures from columns 1 and 2 are small 

enough that they remain smaller than the calculated threshold Pce along any point of the 

fault. However, column 3 becomes large enough that Pb intersects a minimum threshold 

Pce (thick black line) of the fault at depth, and represents the maximum column height of 

the reservoir. The depth matching the point at which the buoyancy pressure profile 

intersects the threshold capillary entry pressure of the fault yields the location where 

breach would occur along the fault. 

The analysis on Fault A is carried out for the LM2 and MM reservoirs with 

consideration for methane-brine fluid systems only, although seal capacity can be 

estimated on reservoirs with multiple intersecting faults, with hydrocarbons on both sides 

of a fault, and on reservoirs with multiple hydrocarbon phases (e.g., gas and oil) with 

sufficient subsurface pressure data (Underschultz and Strand, 2016). Potential 

hydrocarbon columns are calculated assuming that the buoyancy pressure is calculated 

from the largest hydraulic head side of the fault, and that footwall and hanging wall 

estimations are independent from each other in the absence of pressure data in the San 

Luis Pass area. The estimated fault seal membrane limited methane capacity of Fault A 

are subsequently compared to the fill-to-spill estimates in order to determine how they 

may differ if hydrocarbon charge was sufficient. If fault seal membrane limited methane 
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capacity estimates are significantly lower than fill-to-spill or near zero, this analysis may 

provide a potential reason for the gas chimney and amplitude anomalies found above the 

San Luis Pass structure. Conversely, large methane capacity estimates may suggest that 

fault-membrane seal of Fault A is adequate enough that top seal membrane leak, 

mechanical failure of the top seal, or fault reactivation (mechanisms 3, 5, and 6; Figure 

2.1) are more likely containment failure mechanisms. In the latter case, the feasibility of 

mechanisms 3, 5, and 6 affecting the leaking San Luis Pass structure are discussed in the 

context of the capacity results from this study in the next chapter. 

 

Figure 2.12: Schematic diagram of fault seal and associated buoyancy pressure profiles. 
(A) A faulted reservoir increases in hydrocarbon charge left of the fault 
from column height 1 to 3, while water resides on the right side. (B) 
Calculated SGR (gray zone) for the fault zone varies with depth. Minimum 
SGR is highlighted by a black line. (C) Minimum converted SGR values 
estimate the potential Pce threshold of the fault (black line). Increasing 
column height from 1 to 3 increases the amount of Pb exerted on the fault. 
The point at which the hydrocarbon Pb profile intersects the Pce threshold of 
the fault at column height 3 (Pb = Pce) represents the maximum column 
height that the fault can support. Modified after Bretan and Yielding (2005).  
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Chapter 3: Results 

Analyses of trap geometry and structural spill, juxtaposition leak, and fault seal 

membrane leak mechanisms of containment failure (1, 2, and 4; Figure 2.1) for Fault A in 

the San Luis Pass area are presented in the following sections of this chapter. As a 

preliminary assessment, the fill-to-spill structural closures for the footwall and hanging 

wall blocks are determined in order to identify the maximum potential column heights for 

the LM2 reservoir interval. These column heights represent the maximum capacity 

estimates for the two traps given their respective geometries. From there, juxtaposition 

analysis in 1-D and 3-D is carried out in order to understand potential sandstone on 

sandstone juxtapositions and migration pathways between the individual sandstone units 

of the LM2 and MM intervals. Finally, the results of fault seal membrane analysis 

through use of the Shale Gouge Ratio (SGR) algorithm are presented. The results include 

Fault A throw determination in three-dimensions, shale volume calculations in 1-D and 

3-D, SGR in 1-D and 3-D, 3-D SGR conversion to threshold capillary entry pressure, and 

fault seal membrane capacity estimates for hypothetical methane charge using a 3-D 

model and buoyancy pressure profiles. Results from the three analyses will later be used 

to hypothesize potential leakage scenarios, and propose the likely mechanism(s) of 

containment failure that influenced leakage and poor hydrocarbon production observed 

from the San Luis Pass structure offset by Fault A (Chapter 4). 

TRAP GEOMETRY AND STRUCTURAL SPILL RESULTS 

The structural spill potential of the Fault A structure in the San Luis Pass study 

area is a preliminary assessment of containment failure based on trap geometry, and 

serves as a benchmark for subsequent analyses. Additionally, fill-to-spill column heights 

provide the maximum potential capacity estimates of a trap, and their associated spill 
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points have been calculated for both sides of Fault A. The structure map generated in this 

study in Figure 3.1 represents the top of the LM2 reservoir interval, and illustrates the 

aerial extent of the eastern footwall and western hanging wall closures of the Fault A 

anticline trap. Note that these calculations are performed as if the LM2 reservoir were 

sufficiently charged with buoyant hydrocarbons, such as methane for the case considered 

here. Additionally, fill-to-spill results assume that the Amph. B top seal interval and Fault 

A are impermeable to hydrocarbon migration. The individual compartments created by 

smaller faults that link with Fault A and offset the LM2 interval are also considered 

impermeable, and only influence the geometry of the footwall and hanging wall closures. 

In other words, the maximum size of the two closures associated with the greater faulted 

anticline structure is the primary focus for this result. However, the influence of the 

smaller faults on trap geometry in either fault block plays a role in the capacity and 

containment failure assessment.  

Fill-to-spill column height estimations differ greatly between the footwall and 

hanging wall closures against Fault A. The footwall closure is outlined in blue, and is 

characterized by a closure height of roughly 686 ft, an apex located at -5,782 ft TVDSS 

(blue square), and a gas-water contact (GWC) at -6,468 ft TVDSS. A column height of 

992 ft has been calculated for the hanging wall closure (red outline), with an apex located 

at -6,180 ft TVDSS (red square) and GWC at -7,172 ft TVDSS. The depth of the 

structural closure for the hanging wall is approximately 306 ft deeper than the footwall 

structure. Considering the offset along Fault A, the two closures are juxtaposed against 

each other along Fault A in a zone between the hanging wall apex (red square; -6,180 ft 

TVDSS) and the footwall base (-6,468 ft TVDSS), totaling 288 ft in vertical relief.  
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Figure 3.1: Map of modeled LM2 fill-to-spill limited column heights and spill points for 
the San Luis Pass structure. The blue and red contours represent the aerial 
extent of the footwall and hanging wall closures, respectively. Blue and red 
squares mark the location of the corresponding closure apex for each fault 
block. Black contours and rainbow color-fill provide structural detail for the 
top of the LM2 reservoir interval with a contour interval of 100 ft TVDSS. 
Well 42706301770000 (model well for the hanging wall) is outside the field 
of view to the south. 

Upon further inspection, it is evident that the two fill-to-spill columns may be 

laterally offset to the left across Fault A by a distance of about 3,800 ft from apex to apex 

of the two closures. This suggests a generalized oblique slip vector trend of 

approximately 006º, although no definitive piercing points can be identified using the 
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available 3-D seismic data. This apparent lateral offset may in fact represent the strike-

slip component of Fault A’s displacement, but could also be a product of differential 

movement of the salt body found deep below the reservoir interval, affecting the 

geometry of the two closures. It is unclear when lateral displacement may have initiated, 

but if movement along Fault A is oblique, it may have an effect on the fault’s ability to 

seal hydrocarbons. The equation for SGR (Equation 6; Chapter 2) only considers the dip-

slip (throw) component of displacement, as it attempts to estimate the amount of shale 

content (or clay minerals) entrained within the fault zone. Vertical displacement of 

alternating sandstone and shale layers distributes host-rock content above and below their 

source beds as fault blocks move past each other. As a result, clay minerals sourced from 

shale beds increases clay minerals entrained within the fault zone vertically, particularly 

where sandstone beds are juxtaposed along the fault, hindering across-fault leakage. 

Alternatively, pure lateral displacement of siliciclastic strata would only distribute shale 

content along their self-juxtaposed source layers, and have little effect on distributing 

shale content vertically against coarser-grained, permeable intervals. However, this is 

only true in the absence of more complicated geologic features (e.g., intersecting faults, 

folds, and channel bodies), and although the geology of the San Luis Pass structure is 

indeed complex, a more detailed structural and stratigraphic model based on more well 

data and higher resolution 3-D seismic data extending into the deep Lower Miocene units 

is needed to address lateral offset sufficiently. Regardless of the previous statement, it is 

important to keep in mind that a primary goal of this study is to assess the potential for 

Fault A to keep fluids from leaking from one block to the other. Therefore, only the dip-

slip component that characterizes Fault A is considered here since it is viewed to impart 

the greatest influence on distributing shale content along the fault zone despite the role of 

strike-slip on the system, supporting the use of Equation 6. 
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Potential spill points for both fluid columns also differ from one closure to 

another (Figure 3.1). The footwall spill point occurs at the western part of the trap where 

the anticline reduces dip magnitude, and the LM2 beds begin to slope up towards the 

Clemente-Tomas fault zone. The hanging wall spill point is located to the northeast of the 

trap where the closure decreases dip away from the apex and the LM2 interval slopes 

upward in the opposite direction towards the San Luis Salt Dome. The type of spill in the 

hanging wall closure is slightly different from the footwall spill point in that it is also 

dependent on the shape of Fault A, which creates a potential guiding barrier to fluids. 

With the structural spill results in place, the fault juxtaposition and membrane seal 

analysis results are presented. 

JUXTAPOSITION ANALYSIS RESULTS 

Juxtaposition of individual sandstone and mudstone or shale units along Fault A is 

investigated using 1-D juxtaposition diagrams (Knipe, 1997) and 3-D Allan diagrams 

(Allan, 1989). The distribution of 23 sandstone units (l1-12 and m1-11; Figure 2.3) in 

both fault blocks may govern the potential migration pathway of buoyant methane 

entering the LM2 and MM intervals. It is assumed that hydrocarbons originate from deep 

sources surrounding the San Luis Pass structure, and enter sandstone units at the base of 

the LM2 interval (l12) from nearby normal faults (Echols et al., 1994). 1-D diagrams 

(Figure 3.2) are based on the generalized wireline log interpretations discussed in Chapter 

2, and model the juxtaposition relationships of different units with a hypothetical increase 

in fault throw. They provide an initial result that can be used to visualize potentially 

significant juxtaposition relationships between the units of interest, without intensive 

modeling efforts. However, the 1-D models fail to consider any variation in bed thickness 

laterally. 3-D diagrams (Figure 3.3), on the other hand, utilize the surfaces mapped using 
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seismic volumes (Table 2.1), and interpolate the distributions of various sandstone units 

proportionally between them. This result is time-intensive, but is useful in that the 

juxtaposition of important beds can be studied in a context that is unique to the Fault A 

structure. 

From this point forward, a set of abbreviated terms are used on occasion for the 

sake of avoiding lengthy sentences while maintaining clarity. For juxtapositions, 

sandstone is denoted as ss, while ms will stand for mudstone or shale. This will lead to 

sandstone on sandstone, sandstone on mudstone, mudstone on sandstone, and mudstone 

on mudstone terms becoming ss-ss, ss-ms, ms-ss, and ms-ms, respectively. Furthermore, 

the terms footwall and hanging wall will sometimes be referred to as FW and HW, 

respectively. In particular, fault block abbreviation will typically be used to describe 

sandstone units located on different sides of Fault A. 

Juxtaposition Diagrams 

It is important to understand the amount of throw required for individual beds to 

become juxtaposed against one another along a fault. Figure 3.2 shows 1-D juxtaposition 

diagrams for the two modeled wells within the San Luis Pass area (Table 2.1). Units l1-

l12 and m1-m11 are treated as porous sandstone reservoir rocks (yellow) while the Marg. 

A, Amph. B and units between the 23 sandstones are considered to be impermeable 

mudstone are shale (brown) in the lithology log. Horizontal patterns in the Juxtaposition 

column represent hanging wall strata, and are hung at a fixed datum with increasing fault 

throw. The diagonal patters represent the same units, but with increasing throw (0 to 

1,200 ft based on seismic mapping results) and depth on footwall from left to right. 

Depths and displacements in which ms-ms juxtaposition would occur are colored black, 

while ss-ss juxtapositions are colored light yellow. If sandstone on the footwall is 
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juxtaposed against mudstone or shale on the hanging wall (ss-ms), those points in the 

diagram are colored purple. Depths and displacements where mudstone or shale on the 

footwall is juxtaposed against sandstone on the hanging wall (ms-ss) are colored gray. 

Hypothetical offset in the sediments on the footwall side of Fault A, and are intersected 

by Well 42706301740000 are modeled in Figure 3.2A, while sediments on the hanging 

wall side and intersected by Well 42706301770000 are modeled in Figure 3.2B. 

Overall, it appears that the potential for the Amph. B interval to trap fluids in 

juxtaposed sandstone units is great, even with throw values around 1,200 ft. In Figure 

3.2A, the Amph. B Shale on the hanging wall is capable of sealing l1 through a very small 

upper portion of l10 on the footwall with around 910 ft of throw. Additional throw 

juxtaposes upper LM2 sandstones with lower MM sandstones. The FW Amph. B Shale 

would be capable of sealing lower portions of m5 though m11 sandstones on the hanging 

wall with 910 ft of throw. Juxtaposition modeled in Figure 3.2B indicates that the HW 

Amph. B interval would require throws greater than 1,200 ft in order to seal the maximum 

number of FW LM2 sandstone units. It is likely, however, that it could seal all FW 

sandstone units at about 1,500 ft of throw (not shown). Similarly, more than 1,200 ft of 

throw would be required for the FW Amph. B to seal the maximum number of lower MM 

sandstone units on the hanging wall, but would extend into the m4 and m3 units. Over 

1,200 ft throw would also be needed to juxtapose LM2 with MM units in Figure 3.2B. 

The difference in sealing potential of the Amph. B unit between figures 3.2A and 3.2B is 

a result of increased stratigraphic thickness observed in the wells from footwall to 

hanging wall strata across Fault A. The relationship can be complex, but thicker units will 

generally require more throw to juxtapose the same number of units in a thinner section 

of rock. Enlarged diagrams are provided in Appendix B. 
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Figure 3.2: 1-D fault juxtaposition diagrams for (A) well 42706301740000 on the footwall block and (B) 42706301770000 on 
the hanging wall block of Fault A in the San Luis Pass study area. In the Juxtaposition column, a hypothetical 
increase in throw from left to right provides an initial result for analyzing sandstone on sandstone (s-s; light 
yellow), mudstone on sandstone or sandstone on mudstone (m-s or m-s; gray or purple, respectively), and 
mudstone on mudstone (m-m; black) juxtapositions. See text for discussion. Diagrams enlarged in Appendix B. 
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Despite its usefulness, 1-D juxtaposition analysis can be flawed when considering 

sedimentary thicknesses in different normal fault blocks and the throw magnitudes 

required for certain s-s juxtapositions. The thickness of alternating sandstone and minor 

mudstone units varies with depth where the two wells penetrate the footwall and hanging 

wall blocks in Figure 3.2. MM sandstones are thicker than LM2 sandstones in both wells, 

while mudstone thickness between sandstone units varies greatly throughout the 

sedimentary section. Moreover, LM2 and MM sandstones and mudstones increase in 

thickness from Well 427063017400000 to Well 42706301770000. This has implications 

towards the amount of displacement needed to fully juxtapose one sandstone in the 

footwall with the next overlying sandstone in the hanging wall (e.g., footwall m6 with 

hanging wall m5). The thinner the mudstone interval between two sandstone units, the 

less throw is required to cause full ss-ss juxtaposition. Furthermore, less throw is required 

if at least one of the sandstone units are exceptionally thin. That being said, it can be 

observed in Figure 3.2A that full l8-l7 juxtaposition requires the least amount of throw in 

the LM2 interval, while m4-m3 requires the least in the MM interval. The maximum 

throw required for immediate sandstone juxtaposition is 150 ft for l11-10 and 220 ft for 

m7-m6. In Figure 3.2B, it only takes 65 ft of throw to cause full l6-l5 juxtaposition, and 

91 ft of throw to cause m11-m10 juxtaposition. Throw values needed to fully juxtapose 

FW l9 to HW l8 is approximately 225 ft, while 192 ft would juxtapose FW m5 with HW 

m4. Since 1-D analysis does not directly assess thickness changes from footwall to 

hanging wall, and throw varies spatially along Fault A, a 3-D approach that considers 

these characteristics will now be presented. 
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3-D Allen Diagram 

Although 1-D prediction of hypothetical juxtaposition provides meaningful first-

order insights, the current state of juxtaposition relationships along Fault A can be more 

accurately quantified in a three-dimensional sense using Allan diagrams (Allan, 1989). 

Figure 3.3 shows a 3-D perspective of Fault A looking slightly downward and to the 

WNW onto its hanging wall side. The mapped area represented by the model is 

approximately 36.4 mi2. Dotted footwall and solid hanging wall cutoff lines are drawn 

onto Fault A for all modeled horizon surfaces (Table 2.1). Additionally, all 23 sandstone 

units have been superimposed onto Fault A in proportion to their thicknesses within the 

FW and HW blocks according to the two modeled wells (Table 2.1). Areas of ss-ss 

juxtaposition are colored black on Fault A. Footwall sandstone on hanging wall mudstone 

or shale juxtapositions (ss-ms) are colored pink, whereas footwall mudstone or shale on 

sandstone juxtapositions (ms-ss) are light blue. 

Sandstone on sandstone juxtapositions appear to be more common in the MM 

interval than the LM2 interval. Increased throw at the center of Fault A, indicated by 

large vertical cutoff separations, typically reduces the chance of juxtaposed sandstones. 

Self-juxtaposition of the various sandstone units only occurs at or near Fault A’s lateral 

fault tips. In general, beds along the southern tip of Fault A dip basinward away from the 

overall structure, potentially bringing hydrocarbons into the system and the Fault A 

closures from faulted sources at depth (Echols et al., 1994). Outside and to the east of the 

Fault A closures, beds are tilted upward and against the San Luis Pass Salt Dome (Figure 

3.3), potentially affecting migration into these closures from the east. The left-lateral 

offset between the hanging wall and footwall antiformal crests is also apparent in Figure 

3.3, where pink hanging wall sandstones reside slightly higher and to the left of the blue 

footwall sandstones. Most of the juxtaposed LM2 sandstones within the fill-to-spill 
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closures can be found between l1 and l8 sandstone units in the hanging wall, and between 

l3 and l12 sandstone units in the footwall. The only region where LM2 sandstone is 

juxtaposed against MM sandstone is where the FW l1 is against the HW m12 to the upper 

left of the hanging wall antiform in Figure 3.3. This region is critical as it may provide a 

potential migration pathway for hydrocarbons to work their way up from the deeper LM2 

interval to the MM interval in the San Luis Pass area by alternating between FW and HW 

sandstones. Sandstone on sandstone juxtaposition in the MM interval directly above the 

LM2 fill-to-spill closures occurs between m1 and m10 units in the hanging wall, and 

between m3 and m11 units in the footwall. Fault seal membrane analysis can now be 

carried out with the sandstone and mudstone juxtaposition relationships in place for Fault 

A. 
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Figure 3.3: 3-D Allan model for juxtaposed LM2 and MM sandstone units against Fault 
A. Footwall (dashed lines) and hanging wall (solid lines) cutoffs for each 
modeled surface indicate the point in which they intersect Fault A (gray).  
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FAULT SEAL MEMBRANE RESULTS 

In order to perform a calibrated fault seal membrane analysis and estimate 

associated potential column heights using Shale Gouge Ratio, fault throw and shale 

content must first be modeled for Fault A. Throw magnitudes are derived from FW and 

HW cutoff separations (for the mapped horizons), and honors the typical normal fault 

model in which maximum displacement located at the center of the fault decreases to 

zero at the tips (Watterson, 1986; Walsh and Watterson, 1989). Shale volume logs have 

been calculated for the two modeled wells using equations 7 and 8 (all described in 

Chapter 2), and have been superimposed proportionally onto Fault A in both fault blocks. 

Those inputs are used to calculate Shale Gouge Ratio according to the Equation 6 

expressed in Figure 2.8. From those results, empirical equations 5, 11, and 13 are used to 

estimate potential capillary entry limited column heights for closures on both sides of 

Fault A. Calibration of Equation 11 was established globally by Yielding and others 

(2002), and later by Nicholson (2012) specifically for faults located in TSW. 

3-D Throw Model 

Throw magnitude along Fault A has been modeled, and is displayed in Figure 3.4. 

Cool colors represent regions of small throw values, while hot colors are areas of large 

throw values. Two prominent regions of dip-slip values greater than 500 ft occur along 

Fault A below the MM interval; one along the NW/SE trending portion of the fault and 

the other along the E/W trending portion of the fault. It has been shown that faults will 

generally have displacement values that decrease to zero with distance from the center of 

the fault (Watterson, 1986; Walsh and Watterson, 1989). The double bull’s-eye pattern 

exhibited by Fault A’s throw values suggests that the two portions of the fault may have 

once been individual fault zones that coalesced (Cartwright et al., 1995) at some point 
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during the Neogene. Throw magnitudes are greatest in the NW/SE trending portion of the 

fault, with values of approximately 1,250 ft. The two zones of considerable throw, 

however, are not uniform bull’s-eye patterns. Throw appears to be greatest within the 

individual hanging wall and footwall cutoff separations of LM1 and LM2 intervals, but 

are partitioned by lower values in the region where the Marg. A Shale has been 

displaced. There are several possible geologic explanations for this result, assuming that 

the mapped cutoffs are as accurate as possible and honor the available subsurface data. 

Differences in slip rate or sedimentation rate, for example, may be the most feasible 

explanations. A simple interpretation is that the dip-slip rate along Fault A slowed 

between the LM1 and LM2 deposodes. However, providing an in-depth analysis of local 

slip rates is beyond the scope of this work, but basic calculations could be valuable for 

evaluating other containment failure mechanisms, such as fault reactivation over time 

(containment failure mechanism 5). It is also important to note that 3-D seismic data 

quality at the crest of each of the two closures is low (chaotic reflection configuration 

with discontinuous reflection continuity and dim amplitude strength), making accurate 

and precise horizon mapping difficult. Great care was taken while interpreting surfaces at 

each structural crest to minimize the effect of inaccurate surface cutoff mapping on Fault 

A throw calculations. Now that throw values have been mapped along the entire Fault A 

surface, shale volume information from the two characteristic well logs on either side of 

the fault is required in order to provide the subsequent SGR calculations in this study.
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Figure 3.4: 3-D fault throw model for Fault A. Throw magnitude is calculated using 
mapped footwall and hanging wall cutoffs shows a bull’s-eye pattern in the 
center of Fault A, and indicates a maximum throw of about 1,250 ft. See text 
for throw pattern discussion.
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Shale Volume Calculations 

Shale volume logs have been calculated for wells 42706301740000 and 

42706301740000 in the San Luis Pass area using equations 7 and 8 on gamma-ray 

wireline log values. The Vsh log serves as a close approximation of clay mineral content 

for this particular section of strata since no direct measurements or values from core 

plugs were available at this time. Structural cross-section G to G’ in Figure 3.5 show 

shale volume values (%) in both footwall and hanging wall sections (left and right). 

Lower Vsh percentages represent intervals of low shale (or clay mineral) content, such as 

clean sandstones, and infer high porosity, large pores, and high permeability. Higher 

values of Vsh represent values of high shale content, and infer low porosity, small pore 

throats, and lower permeability zones, as expected for good seal rocks. In the absence of 

core samples, no specific Vsh cutoff range for sandstone or mudstones is used here, 

although the logs themselves are the products of normalized gamma ray logs discussed in 

Chapter 2. The upper section of LM1, all of LM2, and all of MM intervals are 

characterized by Vsh percentages under 50%, while lower sections of LM1, all of Marg. 

A, and all of Amph. B have values greater than 50%. 

1-D Shale Volume Models 

Shale volume at ss-ss juxtapositions along a fault with increasing hypothetical 

fault throw was modeled using detailed logs for wells 42706301740000 and 

42706301770000 in order to represent potential values from FW and HW blocks (Figure 

3.6) more accurately than the generalized result in Figure 3.2. Juxtapositions with higher 

(brown) shale volume values are expected to have higher amounts of shale or clay 

mineral content within the fault zone, reducing the pore throat radii and increasing the 

capillary entry pressure of the fault rock, representing better seal quality. Lighter zones of 
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juxtaposition (light yellow) are viewed to have the opposite characteristics and may serve 

as potential leak points along a fault zone. Areas where sandstone is juxtaposed against 

mudstone (ss-ms or ms-ss, gray) or ms-ms juxtaposition (black) are assumed to be 

sealing, as such situations have been shown to seal hydrocarbons (Smith, 1966; 1980), 

and are preferred over potential s-s juxtaposition seals (Davis and Corona, 2015).  

 

Figure 3.5: Calculated shale volume (Vsh) well log cross-section G to G’ for wells 
42706301740000 and 42706301770000. Vsh logs were calculated using 
normalized gamma ray wireline logs. Clean, shale-free (low clay content) 
points on the curve are color-filled yellow, and shale-rich (high clay 
content) points are colored brown. Note the extended length of logged 
section in Well 42706301770000 compared to Well 42706301740000. 
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Figure 3.6A (enlarged in Appendix B) provides Vsh values for an offset footwall 

section. Shale content in the LM2 interval ranges from 9.0% to 93.1%, while MM strata 

have values between 4.0% and 81.7% overall. Juxtaposition of l10-l9 and m7-m8 units 

provide the lowest Vsh zones. Visual inspection of the model suggests that shale content 

is higher in the upper sandstone units of LM2, but is distributed vertically more 

uniformly in MM intervals. The juxtapositions with the largest shale volume numbers are 

between the l4 and l1 sandstone units in the LM2 interval, and the m11 and m6 units in 

the MM interval. Figure 3.6B shows values from Well 42706301770000 that vary 

slightly compared to those from Well 42706301740000, ranging from 10.3% to 68.4% in 

the LM2 interval and 0.0% to 75.5% in the MM interval. The lowest Vsh values occur 

between the juxtaposition of l10-l9 and self-juxtaposition of m4, while the highest occur 

at l6-l5 and m9-m8 juxtapositions. Generally speaking, higher shale content appears to be 

concentrated in the upper units of LM2 and lower units of MM intervals. 

No obvious relationship between throw and Vsh is observed in either of the 

models in Figure 3.6, however, shale volume values are effectively higher in the footwall 

section model (Figure 3.6A). A visual comparison of the Vsh logs in both plots indicates 

that the hanging wall section contains a cleaner, low shale volume reading (cutoff value) 

than the footwall section. The 1-D models fail to account for this and any thickness 

changes in either the horizontal footwall or diagonal hanging wall units. To address this, 

the 3-D Vsh model in the next subsection of text considers heterogeneities in both sides of 

the Fault A, allowing for more accurate shale volume calculation for SGR analysis of the 

fault zone itself. 
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Figure 3.6: 1-D fault juxtaposition diagrams showing combined Vsh values at s-s juxtapositions with increasing hypothetical 
throw for wells (A) 42706301740000 and (B) 42706301770000 that intersect the LM2, Amph. B, and MM 
intervals. Values along the Vsh log for each well are located on the left side of each diagram, and color-filled dark 
gray. In the Juxtaposition column, areas of 0% Vsh are yellow, while areas of 100% Vsh are brown. Zones of s-m 
or m-s juxtaposition are colored gray, and m-m juxtapositions are black. Diagrams enlarged in Appendix B. 
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3-D Shale Volume Models 

Shale volume logs from wells on both sides of Fault A provide the remaining 

information necessary for Shale Gouge Ratio calculation. Properties from logs have been 

calculated and superimposed onto Fault A proportionally to where they reside in the 

stratigraphic section on either side of the fault (Figure 3.7; enlarged in Appendix B), 

guided in three dimensions by horizons surfaces tied to their corresponding well picks. 

The Vsh log for Well 42706301740000 only contains data between the upper portion of 

LM1 and the top of MM intervals, while the Well 42706301770000 log includes readings 

from lower portions of the Pliocene section and deeper into the LM1 interval (Figure 

3.5). Therefore, values from Well 42706301770000 in the hanging wall are substituted 

for missing data in the footwall section of the model where available (Figure 3.7A). 

As expected after reviewing the results in Figure 3.5, the lowest Vsh values (light 

yellow) occur in the LM2 and MM intervals, while higher values (brown) represent 

portions of the LM1, Marg. A, Amph. B, UM, and overburden sections. A downward 

shift in these relative values can be observed from Figure 3.7A to 3.7B, representing 

footwall and hanging wall sections against Fault A, respectively. In Figure 3.7A, for 

example, high Vsh values can be observed just below the orange dotted line of the Amph. 

B Shale footwall cutoff. Note that the Vsh values do not change along any stratigraphic 

interval. In other words, the shale volume may vary in three dimensions, but does not 

within a given stratigraphic level (i.e., half-way through m5 at any point in the model). 

This is due to the use of only one well on each side of the fault, with the assumption that 

each well is characteristic of the entire footwall or hanging wall block. For the level of 

inquiry here this seems appropriate. Shale Gouge Ratio can now be calculated in 1-D and 

3-D for Fault A now that the Vsh and throw parameters have been determined. 
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Figure 3.7: 3-D shale volume (Vsh) models for intervals on both sides of Fault A. Vsh values on the footwall block (A) and 
hanging wall block (B) are derived from wells 42706301740000 and 42706301770000 (enlarged in Appendix B). 
Note how values in the hanging wall have been shifted downward along Fault A compared to the footwall. 
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1-D Shale Gouge Ratio Models 

Shale Gouge Ratio provides a means of empirically approximating shale or clay 

mineral content within a fault zone, and can be used to estimate fault seal membrane 

capacity when calibrated to local hydrocarbon systems known to be laterally sealed by 

faults. One-dimensional SGR models were constructed in order to understand and predict 

the behavior of both footwall and hanging wall stratigraphic sections of Fault A while 

increasing hypothetical fault throw. Figures 3.8A and 3.8B show the overall SGR 

distribution in wells 42706301740000 and 42706301770000, respectively. As noted in 

Chapter 2, SGR values less than 0.2 (20%; green and yellow colors) were shown by 

Yielding et al. (2002) to be associated with leaky or non-sealing faults, while values of 

0.5 (50%; red color) or higher tend to represent areas of potentially sufficient fault seal 

(recall Figure 2.9). A striking decrease in SGR values can be observed when comparing 

Figure 3.8A to Figure 3.8B, particularly within the MM interval. In Well 

42706301740000 (Figure 3.8A), a throw magnitude of about 49 ft in the l9 sandstone unit 

is required to produce SGR values over 0.2 for the entire interval. The m6 unit requires 

nearly three times the amount of throw (140 ft) than the LM2 interval to reach safer SGR 

values. The entire LM2 interval in Well 42706301770000 (Figure 3.9B) only requires 

about 40 ft of throw to surpass the 0.2 SGR mark, given its overall shale volume content. 

Throw values need to be drastically higher for the MM interval, especially between the 

m6-m1 sandstone units, which require throw magnitudes of over 723 ft to meet the 

criteria set by Yielding and others (2002). However, the 3-D throw model results in 

Figure 3.4 suggest that 700 ft of throw along many points of Fault A is not uncommon, 

and good SGR could be achieved over much of the fault surface. 

jkhlkjhlkjhlkjhlkjhlkjhkk
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Figure 3.8: 1-D fault juxtaposition diagrams showing SGR values with increasing 
hypothetical throw for wells 42706301740000 (A and C) and 
42706301770000 (B and D) that intersect the LM2, Amph. B, and MM 
intervals. The upper diagrams (A and B) show results regardless of 
juxtaposition relationships, while the lower diagrams (C and D) only show 
SGR results for s-s juxtapositions. Poorer seal values are more prominent in 
the MM interval compared to the LM2. Enlarged diagrams in Appendix B. 
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With the exception of the upper portion of the MM interval in the hanging wall section, 

the LM2 and MM intervals reach SGR values between 0.3 and 0.4 after about 488 ft of 

throw, increasing the ability for Fault A to have high membrane seal capacity. 

A striking decrease in SGR values can be observed when comparing Figure 3.8A 

to Figure 3.8B, particularly within the MM interval. In Well 42706301740000 (Figure 

3.8A), a throw magnitude of ~49 ft in the l9 sandstone unit is required to produce SGR 

values over 0.2 for the entire interval. The m6 unit requires nearly three times the amount 

of throw (140 ft) than the LM2 interval to reach safer SGR values. The entire LM2 

interval in Well 42706301770000 (Figure 3.9B) only requires about 40 ft of throw to 

surpass the 0.2 SGR mark, given its overall shale content. Throw values need to be much 

higher for the MM interval, especially between the m6-m1 units, which require throw 

magnitudes of over 723 ft to meet the criteria set by Yielding et al. (2002). However, the 

3-D throw model results in Figure 3.4 suggest that 700 ft of throw along many points of 

Fault A is not uncommon, and good SGR could be achieved over much of the fault 

surface. With the exception of the upper portion of the MM interval in the hanging wall, 

the LM2 and MM intervals reach SGR values between 0.3 and 0.4 after about 488 ft of 

throw, increasing the ability for Fault A to have high membrane seal capacity. 

Areas of ss-ss juxtaposition pose the biggest risk of across-fault leakage. Figures 

3.8C and 3.8D superimpose areas of ss-ms or ms-ss (gray) and ms-ms juxtapositions 

(black) onto the 1-D models of SGR and increasing fault throw for both wells in the 

study. Any juxtaposition against mudstone or shale is considered completely sealing here. 

For the Well 42706301740000, SGR values of 0.2 or less only occur when sandstone 

units are self-juxtaposed. Sand unit FW l9 (horizontal) and HW l6 (diagonal) 

juxtaposition represents the last zone with values less than 0.3 SGR with increasing throw 

in the LM2 interval. The last zone of 0.3 SGR values in the MM interval is at the 
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juxtaposition of m7 and m6. Only a few regions of ss-ss achieve SGR’s of 0.5 or more, 

mostly in the upper portions of LM2 and MM. A noteworthy observation from Figure 

3.8C is that SGR values greater than or equal to 0.5 occur where MM units in the hanging 

wall are juxtaposed against footwall LM2 sandstones.  

Unlike in Well 42706301740000, Figure 3.8D shows that although SGR values 

less than 0.2 only occur in areas of self-juxtaposition within the LM2 interval of Well 

42706301770000, nearly 500 ft of additional throw is required in the upper portions of 

the MM interval to surpass the limiting SGR mark. Values of 0.2 or lower are possible 

when the m3 and m4 units in the footwall are juxtaposed against m2 in the hanging wall. 

This result suggests that there may be poor fault seal membrane in the upper MM 

sandstone juxtapositions where throw is below 650 ft. Juxtaposition of FW l11 and HW 

l9 in the hanging wall represents the last zone with SGR’s of less than 0.3 with increasing 

throw in the LM2 interval. Most juxtapositions in the MM interval never reach values 

over 0.3. The best SGR values occur in the upper units of LM2 and lower units of MM 

intervals, where throws are less than 700 ft. The 1-D models in Figure 3.8, however, only 

show calculated SGR using the well data with a range of hypothetical throws. A 

representation of SGR using the unique values of shale volume and throw modeled along 

Fault A in needed to properly asses potential capacity and leak points in the subsurface.  

3-D Shale Gouge Ratio Model 

 A 3-D model of Shale Gouge Ratio calculated along Fault A is shown in Figure 

3.9. The shale volume values from the footwall and hanging wall 3-D models (Figure 

3.7A and B; enlarged in Appendix B) were each taken and divided by the throw 

magnitude 3-D model at corresponding points to calculate SGR values for both fault 

blocks. The arithmetic mean between the two sets of values yields average SGR values 
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for Fault A in the 3-D SGR model. Figure 3.9A displays SGR where Vsh data were 

available. Gray values symbolize null SGR values where there is no Vsh data. Values of 

0.5 or higher (red color) dominate regions of Fault A where shale volume and throw were 

significant, suggesting large amounts of shale or clay material entrained into the fault 

rock. These areas are generally associated with areas of the fault that have been in contact 

with the LM1, Marg. A, Amph. B, UM, and overburden intervals. The lower SGR values, 

especially values less than 0.2 (yellow and green colors) are found closer to the lateral 

tips of Fault A, particularly in the regions associated with the LM2 and MM units. Areas 

closer to the LM2 fill-to-spill closures in the center of the fault typically show SGR 

values greater than 0.3, suggesting that seal may be sufficient enough for Fault A to 

contain fluids. The MM interval immediately overlying the closure also shows promising 

SGR values, with the exception of the upper portions, which exhibits values less than 0.2. 

In general, it appears that SGR decreases from the LM2 to the MM interval, but are 

significantly higher in the UM and overburden sections of the fault. 

In order to investigate SGR values where sandstone on sandstone juxtapositions 

dominate, their locations and values have also been modeled in Figure 3.9B. Three 

significant observations can be made here. Firstly, nearly all of the LM2 sandstone 

juxtapositions possess SGR values greater than 0.2, particularly at the crest of the 

hanging wall fill-to-spill closure. The second observation is that although the MM unit 

juxtapositions at the center of the fault have promising SGR values, they become less 

favorable for fault seal membrane laterally away from the structure and towards the fault 

tips. Lastly, the small l1-m11 juxtaposition exhibits SGR values over 0.5, suggesting that 

this critical juxtaposition may have favorable fault seal characteristics. Now that the SGR 

fault seal algorithm has been calculated, the question still remains as to how large a 

methane column Fault A could secure before it leaks via capillary effects. 
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Figure 3.9: 3-D average SGR models for Fault A. (A) The model on the left shows SGR results calculated for the entire Fault 
A surface where wireline log data was available. (B) The model on the right only shows SGR results at s-s 
juxtapositions against Fault A, since s-s juxtapositions pose the highest risk for leakage. SGR color scale is 
similar to that in Figure 3.8. Individual SGR models are enlarged in Appendix B. 
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3-D Threshold Capillary Entry Pressure Model 

The empirical relationship between the SGR algorithm and the fault’s ability to 

seal hydrocarbons through capillary effects of a water-wet system (discussed in Chapter 

2) will now be applied to the Fault A system. Figure 3.10 shows the results of converting 

SGR values along Fault A (Figure 3.9) to the threshold capillary entry pressure (Pce) of 

the fault rock using Equation 11 for reservoirs less than 3.0 km (~ 9,842 ft) depth. Again, 

the global results of Yielding et al. (2010), and those of Nicholson (2012) in TSW 

support the use of Equation 11. Cool colors represent areas of low Pce values (poor 

sealing capability), while warm colors represent high values. The higher values suggest 

areas of high clay mineral content (high SGR), where the fault could seal large columns 

of buoyant fluid against a water-wet fault rock, assuming the buoyancy pressure of the 

fluid does not exceed the Pce of the fault. Gray values are null values. 

For Fault A, the modeled Pce reaches a maximum value of about 200 psi, where 

the lowest values resided around the LM2 and MM intervals, and the highest are deep in 

the LM1 section. The area associated with the LM2 hanging wall closure possesses 

values of about 40 psi (cyan color), while the footwall has higher values around 80 psi 

(green color). The implication of these results is that Fault A may be able to seal a 

slightly larger methane column in the LM2 footwall closure, where it is greatly 

influenced by the Amph. B Shale. The MM as a whole interval has the lowest threshold 

capillary entry pressure, but is more favorable directly above the LM2 closures. This 

result is consistent with SGR and Vsh models in previous subsections, and suggests that 

hydrocarbons reaching the MM sandstones are less likely to accumulate large fluid 

columns against Fault A compared to deeper units (LM2). Above the MM interval, the 
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observable increase in Pce values might mean that Fault A could hold hydrocarbon 

columns in consolidated sediments. 

 

Figure 3.10: 3-D estimated threshold capillary entry pressure (Pce) model for Fault A. 
Values of Pce range from 0 to 200 psi where cool colors represent low Pce 
while warm colors represent high Pce. The lowest values tend reside within 
the LM2 and MM reservoir intervals, indicating larger fault rock pore 
throats (larger grain size) in those regions along Fault A. ρCH4 = 0.30 g/cm3 
and ρbrine = 1.02 g/cm3. 
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Estimated Fault Seal Membrane Column Heights 

To compare the potential for geometrically limited containment failure with 

capillary entry limited containment failure (Chapter 2) of the San Luis Pass structure, the 

fault seal membrane columns for the footwall and hanging closures associated with Fault 

A must be calculated. Figure 3.11 is a 3-D model of estimated fluid columns based on 

empirical fault seal membrane analysis. Here, results in Figure 3.10 are used as inputs for 

Pce in Equation 13 (Chapter 2), providing methane column estimates (H; ft) for Fault A. 

As discussed in Chapter 1, the primary hydrocarbon produced in TSW is gas; therefore, 

methane (CH4) is used as the buoyant fluid for the following calculations. Since regions 

of ss-ss juxtaposition pose the highest leakage risk in the system, only those zones are 

shown for LM2 and MM sandstone units in Figure 3.11. The methane column values 

range from about 0 to 350 ft, where warm colors represent small columns and cool colors 

are large columns. Again, gray portions of Fault A symbolize null values. 

Most LM2 sandstone juxtapositions can only be found in the hanging wall 

closure, and column height is estimated to vary from top to bottom of the reservoir 

interval. The upper portion shows values as high as 325 ft (green color), but fall to about 

82 ft (yellow color) at the base of the closure. The apex of the LM2 footwall closure is in 

contact with the MM sandstones in the hanging wall, however, methane column potential 

in this zone show the highest values within the entire model, with a maximum of 349 ft 

(purple color). Fluid column estimates for the MM sandstone units reach close to zero 

near the lateral tips of Fault A, but are much higher in the region directly above the LM2 

closures. The potential MM columns could reach about 176 ft (green color), according 

the results of the analysis.  



 97 

 

Figure 3.11: 3-D estimated fault seal membrane limited CH4 column height (H) model for 
s-s juxtapositions along Fault A. Column height values vary between 0 and 
about 350 ft, where the highest values (cool colors) can be found at the FW 
l1 and HW m11 juxtaposition, and the lowest (warm colors) are where the 
MM interval is intersected by the southern portion of Fault A. 

Buoyancy pressure profiles were discussed at the end of Chapter 2, and provide a 

simple means of estimating fault seal membrane limited column heights. Figure 3.12 
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shows the vertical pressure profiles for closures in the footwall and hanging wall of Fault 

A (east and west, respectively). A range of Pce values characterize the fault surface 

laterally along a given depth. However, the minimum Pce value for that depth represents 

the weakest point in the fault seal membrane. Consequently, extracting these minimum 

values over the area along which the two LM2 fill-to-spill closures are juxtaposed against 

Fault A provides the threshold Pce (dark blue curves) for the fault zone at various depths. 

The vertical extent to which the threshold Pce curves are show on either side of the fault is 

governed by the top of the LM2 reservoir interval where the Amph. B top seal halts 

upward gas migration, as well as the base of the structural closure (Figure 3.1). In 

addition to threshold Pce, the pressure profiles show the maximum Pb calculated for 

methane column heights in the footwall (light blue curve) and hanging wall (red curve) 

closures. Generally speaking, the pressure exerted by buoyant fluid increases 

proportionally with the height of the accumulating fluid column. The point of maximum 

Pb a hydrocarbon column is always at the top of the reservoir-seal interface, constraining 

the maximum potential column height. Recall that capillary entry limited containment 

failure (class B) occurs at points along the fault where the two pressures are about equal 

(Pce ≈ Pb; Chapter 2), meaning that the Pb is larger than what the fault can sustain. 

Column height is therefore limited by the threshold Pce value at any depth along Fault A’s 

surface. Using the buoyancy pressure profiles, points of leakage in each closure can be 

identified where the Pce and Pb curves intersect. Interestingly enough, the only 

intersection on either side of the fault occurs at the top of LM2 interval, suggesting that 

clay mineral content along Fault A is sufficient enough to seal gas accumulations in each 

fill-to-spill closure. It also indicates that few resolvable weak points exist along Fault A, 

and fault seal membrane capacity for the LM2 interval is only dependent on the 

properties of the fault rock at the top of the reservoir. 
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Figure 3.12: Buoyancy pressure profiles and CH4 column height estimations calculated for Fault A. The maximum fault seal 
membrane limited column height (ft) for a given fault is governed by the Pb (psi) of the accumulating reservoir 
fluid (methane) and the minimum Pce (psi) along the fault (empirically derived from converted SGR calculations 
here). When the fluid Pb curve intersects Pce curve of the fault (Pb = Pce), leakage will occur at that depth.  
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Considering the closure apexes in Figure 3.1, the estimated potential maximum 

fault seal membrane column height for methane in the LM2 footwall closure is 330 ft at -

6,112 ft TVDSS, while the hanging wall column can be an estimated 325 ft at -6,505 ft 

TVDSS. This result is consistent with the observation made in Figure 3.10 that higher Pce 

values in the footwall closure would lead to slightly larger column height estimations 

than that of those in the hanging wall. The map in Figure 3.13 illustrates the areal extent 

of the potential fault seal membrane closures for methane in the LM2 footwall (red 

hatched polygon) and hanging wall (light blue hatched polygon) closures. Contrary to 

Figure 3.1, Fault A is considered to be semi-permeable in Figure 3.13, as closure area is 

now dependent on the capillary entry properties of the Fault A. Small faults intersecting 

the LM2 reservoir interval in the two closures, are still considered impermeable. It is 

evident that the closure area of the hanging wall structure is drastically smaller than that 

of the footwall structure. This is likely due to the arrangement of the smaller, 

impermeable faults mentioned above that some influence on the two overall trap 

geometries and potential accumulation volumes. With the results of geometric and 

capillary entry limited containment failure analysis in place, it is now possible to discuss 

the possible scenarios that may have influenced the poor well performance (lack of 

economically producible gas), as well as the gas chimney observed around the San Luis 

Pass structure, which were described in Chapter 1. 
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Figure 3.13: Map of modeled LM2 fault seal membrane limited closures for the San Luis 
Pass structure. The blue and red hash-filled contours represent the aerial 
extent of the footwall and hanging wall closures, respectively. Blue and red 
squares mark the location of the closure apex for each fault block. 
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Chapter 4: Discussion 

The investigation of structural spill, juxtaposition leak, and fault seal membrane 

leak containment failure mechanisms (1, 2, and 4; Chapter 2) affecting the San Luis Pass 

structure reveals several interesting observations with respect to retention estimates, 

migration pathways, as well as top seal membrane leak, top seal failure, and fault 

reactivation mechanisms (3, 5, and 6) potentially influencing leakage. A summary of 

primary observations from prior chapters follows here. Methane column heights 

estimated from empirical analysis of capillary entry limited fault seal (Fault A) are 

significantly smaller than geometry limited estimates for closures in the footwall and 

hanging wall blocks. However, the smaller columns correlate well with other known 

accumulations in TSW at similar depths, supporting the use of SGR for fault seal analysis 

in the region. An evaluation of potential migration pathways originating from the base of 

the LM2 interval is shown to be problematic through strict across-fault leakage. 

Nevertheless, were hydrocarbons to have reached the MM interval through some 

mechanism, migration to the surface appears feasible. Unfortunately, estimated methane 

columns related to the proposed migration pathways, as well as the other estimates from 

this study, do not agree with the unproductive nature of wells penetrating this structure, 

suggesting that other containment failure mechanisms may be responsible for leakage 

here. Despite a lack of appropriate data necessary for addressing the full spectrum of 

potential containment failure mechanisms, a brief look into the possibility of mechanisms 

3, 5, and 6 as being potential causes of leakage at the San Luis Pass structure will follow. 

The sealing capacity of Fault A also depends on fault rock type associated with the fault 

zone at various depths, and must be considered before an overall assessment is made. A 

full migration sequence is then proposed for the Lower Miocene petroleum system for the 
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San Luis Pass structure, taking into account the analyses performed in this study and the 

effects of other containment failure mechanisms, particularly fault reactivation. Finally, 

the possible sources of variability, uncertainty, and error that impact this analysis are 

described. 

FILL-TO-SPILL CAPACITY VS. FAULT MEMBRANE SEAL CAPACITY ESTIMATES 

Overall, the fill-to-spill estimated methane accumulation size is much larger than 

the fault seal membrane estimation. The map in Figure 4.1 outlines the areal extent of 

modeled fill-to-spill and fault seal membrane limited methane accumulations for the LM2 

reservoir interval in the San Luis Pass structure. Additionally, Table 4.1 tabulates column 

height, aerial extent, and approximate gross rock volume (GRV = total rock and fluid 

volume associated with a postulated accumulation in a geologic trap; James et al., 2013) 

for the footwall and hanging wall closures in each type of scenario. The difference 

between the two column height estimations in the footwall closure is about 356 ft, while 

it is twice as large in the hanging wall at 667 ft. This difference represents about 51.9% 

and 67.2% of their respective fill-to-spill values. A 76.5% (1540.1 acres) decrease in 

aerial extent is observed between the fill-to-spill and fault seal membrane limited 

estimates in the footwall block. The acreage in the hanging wall decreases significantly 

by about 94.7%. Specific reservoir properties for the LM2 interval, such as formation 

volume factor and recovery factor, are unavailable from field analogues in the region, but 

GRV are calculated to compare closure volumes. The GRV between the two footwall 

estimates decreases from about 20.2x109 to 1.9x109 ft3, a 90.8% loss in volume. GRV in 

the hanging wall decreases by 98.6% when considering the difference between fill-to-

spill (30.6x109 ft3) and fault membrane seal (0.4x109 ft3) estimates. 
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Figure 4.1: Map comparing LM2 fill-to-spill and fault seal membrane limited closures of 
the San Luis Pass structure. It is apparent that fault seal membrane analysis 
significantly reduces CH4 capacity in the case of Fault A. Note that the 
interpreted gas chimney is located just above the hanging wall fill-to-spill 
closure, as indicated by the shaded polygon. 
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Table 4.1: Summary of CH4 column height (ft), aerial extent (acres), and gross rock 
volume (GRV; ft3) results for fill-to-spill limited and fault seal membrane 
limited estimates in footwall and hanging wall closures along Fault A. 

Footwall Closure 

Fill-to-Spill Model Fault Seal Membrane Model 

Gas column height (ft): 686   Gas column height (ft): 330 

Structural closure aerial extent (acres): 2,012   Structural closure aerial extent (acres): 472 

Total estimated gross rock volume ( ft3):  20,242,000,000   Total estimated gross rock volume ( ft3): 1,864,600,000 

          
Hanging Wall Closure  

Fill-to-Spill Model  Fault Seal  Membrane Model  

Gas column height (ft): 992   Gas column height (ft): 325 

Structural closure aerial extent (acres): 2,146   Structural closure aerial extent (acres): 114 

Total estimated gross rock volume ( ft3): 30,630,000,000   Total estimated gross rock volume ( ft3): 425,750,000 

 

Several interesting observations can be made of the accumulation size estimated 

for the footwall and hanging wall. Most notably, although the fill-to-spill estimates 

increase from footwall to hanging wall closures, smaller fault membrane seal capacity 

parameters reside in the hanging wall compared with the footwall. For these reasons, 

column height is only estimated to be about 5 ft greater in the footwall, however, the 

aerial extent of the fault seal membrane limited accumulation is over four times larger 

than in the hanging wall. This increase in values from hanging wall to footwall yields a 

contrast in total estimated GRV of over 1.4x109 ft3. It is now apparent that the trap 

geometry plays a significant role in the capacity estimates of the San Luis Pass structure, 

where compartment size is dependent on the architecture of the trap. Here, only seven 

accessory faults were included in the structural model used for capacity calculations, and 

the addition or subtraction of faults intersecting the LM2 interval may lead to some 

variability in these results. However, it is worth mentioning that although no commercial 

amount of hydrocarbons were produced from closures on either side of Fault A, the gas 
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chimneys interpreted from seismic anomalies overlying the LM2 interval are located in 

the hanging wall block where estimated fault membrane seal capacity is smaller (Figure 

4.1). The location of the chimney at ~700 ms TWT is also located above the hanging wall 

apex, as indicated by the shaded polygon in the figure. 

Given these capacity estimates for the Fault A structure, it is important to provide 

analogues from other gas accumulations found in TSW in order to compare and test the 

validity the results of this study. The plot in Figure 4.2 compares the potential gas column 

heights of this study to oil and gas column data from 29 fault-bound Lower Miocene 

reservoirs from Seni and others (1997) (yellow dots on inset map to the right of figure; 

larger map in Appendix B; data in Appendix C), and compiled by Nicholson (2012). 

Known gas column heights (black solid dots) range from 30 ft to 810 ft, with an average 

height of about 266 ft. The minimum and maximum pool depths are -4,134 and -18,800 ft 

TVDSS, respectively, where the average depth is around -10,015 ft TVDSS. The data 

show that there is a linear trend in the maximum column height possible with depth in the 

TSW data, which supports the conclusions of Sperrevik et al. (2002) and Yielding et al. 

(2010) that the capacity of fault-bound siliciclastic reservoirs increases with depth. To 

plot the results from this study, an average pool depth of -6,477 ft TVDSS was calculated 

for the estimated column heights of the two Fault A closures by dividing the sum of the 

shallowest depth located at the apex of the footwall closure and deepest point found at the 

base of the hanging wall fill-to-spill closure by two. When fill-to-spill estimates for the 

footwall (blue solid dot) and hanging wall (red solid dot) are plotted against known 

column heights, the two points are tremendous outliers compared to the known columns 

of a similar depth range. In fact, the hanging wall fill-to-spill estimate is about 182 ft 

larger than the largest confirmed column height of the Seni et al. (1997) dataset, which is 

also located about 10,000 ft deeper. Moreover, the footwall fill-to-spill column estimate 
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lies just under the largest confirmed column height. In contrast to the fill-to-spill gas 

column height estimates, the fault seal membrane limited estimates (hollow blue and red 

dots) are in good agreement with the larger known gas column heights in TSW at similar 

depths. The two calculated column values are only about 30 ft larger than the closest 

analog site on the plot (Brazos 70A TW1; ~60 mi southwest) , where the confirmed 

average pool depth is found about 308 ft deeper at -6,785 ft TVDSS. Similarly, mercury 

intrusion capillary pressure (MICP) tests conducted by Berg and Avery (1995) on fault 

rocks sampled from growth faults about 100 miles inland showed that Tertiary faults 

along the Texas Gulf Coast could trap oil columns of about 320 ft. This, along with the 

strong correlation from Figure 4.2 supports the use of empirical methods for fault seal 

analysis and capacity estimation (Yielding et al., 1997; Harris et al., 2002; Yielding, 

2002; Bretan et al., 2003; Lyon et al., 2005) carried out in this study. However, the 

apparent lack of abundant hydrocarbon accumulations in the LM2 interval and the 

overlying gas chimney interpreted using 3-D seismic data suggests a possible leakage 

scenario, so potential migration pathways and leakage points in the Fault A structure 

must be considered.
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Figure 4.2: Plot of LM2 estimated gas column heights vs. depth (ft TVDSS) for the San Luis Pass structure compared to data 
from faulted Miocene reservoirs located in TSW (Seni et al., 1997). Black solid circles are columns reported for 
TSW fields, while solid blue and red circles are fill-to-spill limited, and hollow blue and red circles are fault seal 
membrane limited columns for the footwall and hanging wall closures along Fault A, respectively. Average pool 
depth for the San Luis Pass structure is -6,477 ft TVDSS. Seni et al., (1997) data locations are yellow dots on the 
inset map to the right (larger map in Appendix B). Seni et al., (1997) data listed in Appendix C.
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DETERMINATION OF HYDROCARBON PRESENCE IN LM2 SANDSTONE UNITS 

Before any potential migration pathways and leakage points can be postulated, it 

is imperative to determine whether any hydrocarbons have reached the San Luis Pass 

structure at one time or another. One way of determining whether hydrocarbons are 

present within the reservoir interval is through formation evaluation using wireline well 

logs. Indication of hydrocarbon presence within any of the LM2 reservoir sandstone units 

(l1-l12) would justify further analyses, particularly of potential migration and leakage 

scenarios originating in the LM2 interval given that Fault A may have the ability to retain 

methane columns in the order of hundreds of feet. The left side of Figure 4.3 provides 

wireline logs from Well 42706301080000 (yellow filled symbol on map to the right) with 

spontaneous potential (SP; left; blue line) and deep lateral resistivity (RLD; right; red 

line) curves through the lower portion of the LM2 interval in the hanging wall block of 

Fault A. Sandstone units l7-l8 are shown having highly negative SP values, where these 

units are thought to be relatively permeable and fluid saturated. At this location, l9 

possesses SP values closer to the mudstone baseline (around -20 mv; brown), suggesting 

a lower permeability at that depth. Resistivity curve values greater than 2 Ωm are 

interpreted to be above the baseline value of mudstone (or shale) intervals, and are color-

filled red. Wells in the area were drilled with water-based mud, and RLD values lower 

than the mudstone baseline in highly negative SP zones (permeable and clay free zones 

interpreted as clean sandstone units) suggest packages of brine-saturated (saline) rocks. If 

resistivity values are greater than the mudstone baseline, two basic interpretations can be 

made depending on the SP log reading. Firstly, if the SP curve shows highly negative 

reading, a high resistivity response suggests that resistive hydrocarbon fluids may have 

saturated the pore-space. If the SP values are closer to 0 mv (locally) and the resistivity 

curve is above the mudstone baseline, the readings may be attributed to a rock with lower 
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porosity or permeability (tight), and resistivity has increased because there is more 

resistive rock material and less space for fluids to occupy. The lowest sandstone interval 

showing some indication of hydrocarbon presence in the wireline log data is located in 

the lower half of the HW l7 unit in Well 42706301080000 (left; Figure 4.3). Two 

potentially permeable sandstones characterize this zone with SP values between -70 and -

80 mv, and deep resistivity values just above the mudstone baseline at about 3 or 4 Ωm 

near the peaks of the SP readings. These two sand packages are fairly small, with the 

lower package being about 10 ft thick and the upper package at roughly 15 ft thick. The 

two underlying sandstone units show different log character. The highly negative 

(sandstone) packages within unit l8 are correlated with low RLD values, suggesting 

brine-saturated zones. Neighboring wells with GR logs show low values for the l9 

sandstone unit, and were correlated to the interval shown in Figure 4.3. The HW l9 unit 

in this particular location is characterized by SP values around -40 mv, which may mean 

it is a package with relatively lower permeability, possibly due to higher amounts of clay 

minerals within the pore space. The RLD values for l9 are the highest sampled in the 

well, reaching a maximum of about 14 Ωm. This correlation supports the interpretation 

that the l9 zone is fairly tight, and is unlikely to be hydrocarbon bearing.  

In addition to the observations made in Well 42706301080000, the right side of 

Figure 4.3 presents a 3-D seismic depth slice supporting potential hydrocarbon presence 

at the approximate level of -7,440 ft TVDSS where the HW l7 unit was penetrated by the 

well (area and depth delineated in green). The white dry well symbol represents Well 

42706301740000 used for the footwall block in the model described in previous chapters, 

while yellow dry well symbol represents the location of Well. 

Lkj;lkj;lkj;lkj;lkj;lkj;lkj;lkj;lkj 
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Figure 4.3: Signs of hydrocarbon bearing LM2 sandstones in Well 42706301080000 and OBS 3-D seismic data. (A) Highly 
negative spontaneous potential readings (mv) and deep lateral resistivity readings above the shale baseline (> 2 
Ωm; color-filled red) in LM2 units, particularly HW l7, demonstrate packages of potential gas-bearing 
sandstones. (B) A depth slice at about -7,440 ft TVDSS (green line or outline) runs through the HW l7 unit at the 
well location (yellow dry hole symbol), and is surrounded by a high amplitude anomaly ~140.4 acres in area. 
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In addition to the observations made in Well 42706301080000, the right side of Figure 

4.3 presents a 3-D seismic depth slice supporting potential hydrocarbon presence at the 

approximate level of -7,440 ft TVDSS where the HW l7 unit was penetrated by the well 

(area and depth delineated in green). The white dry well symbol represents Well 

42706301740000 used for the footwall block in the model described in previous chapters, 

while yellow dry well symbol represents the location of Well 42706301080000 in Figure 

4.3. The discontinuous character of the reflectors within the depth-converted OBS 3-D 

seismic reflection time slice illustrates the thoroughly faulted nature of the Fault A 

structure, where Fault A is delineated by the white line, and accessory faults of the 

structure are traced in black. Of great significance is the highly positive amplitude value 

(orange) anomalously surrounding the well at the same level of the l7 unit. This anomaly 

takes up an area of about 140.4 acres, and is in close proximity to Fault A. It is 

interpreted here that methane saturation within the HW l7 sandstone unit at this depth 

could be causing the observed seismic anomaly depicted in Figure 4.3. It also must be 

noted that although this observation may correlate to a potential hydrocarbon presence, it 

does not confirm nor deny the presence of a large accumulation. The presence of gas has 

a profound effect on acoustic impedance (z = ρυ) (Brown, 2011), where the density (ρ) 

and velocity (υ) of the gas-bearing interval is drastically smaller than that of the overlying 

and underlying rock layers, even in small concentrations. In other words, a small 

hydrocarbon presence could produce the seismic response illustrated in Figure 4.3. 

Furthermore, the deep resistivity reading in Well 42706301080000 is far smaller than log 

values observed in productive wells in the surrounding area (e.g., Well 

42605301690000). In the case of the San Luis Pass structure, it is difficult to establish the 

extent and timing of hydrocarbon charge with the limited data available. However, even a 

small hydrocarbon presence provides evidence for a previously charged system. 



 113 

Therefore, hanging wall sandstone unit l7 is treated as the lowest known hydrocarbon-

bearing zone for subsequent migration pathway and leakage point analysis. In addition to 

HW l7, other potential carrier beds within the LM2 interval that are deemed feasible will 

also be considered since hydrocarbon presence has been indicated. 

ACROSS-FAULT MIGRATION POTENTIAL THROUGH SANDSTONE JUXTAPOSITIONS 

Across-fault migration analysis will now be conducted given that it is plausible 

that the San Luis Pass structure underwent hydrocarbon charge to some degree. Analysis 

of across-fault migration potential provides a means for determining likely migration 

pathways between sandstone units on the footwall and hanging wall blocks of a fault 

(Allan, 1989). It is assumed here that zones of sandstone on sandstone (s-s) juxtaposition 

are the most likely locations for across-fault migration of buoyant hydrocarbon fluids. 

For simplicity, zones with sandstone on mudstone (s-m) or mudstone on sandstone (m-s) 

juxtapositions are considered as adequate seals (Smith, 1966; 1980), and possibility of 

up-fault migration is ignored during the across-fault analysis described below. For this 

discussion, the idealized sequence for vertical migration of a buoyant fluid within a given 

sandstone unit originates at low elevations of the reservoir, and a given fluid volume at a 

lower density than the subsurface water or bine will proceed updip until it reaches the 

mapped three-way closure (Allan, 1989) at the apex of the antiform against Fault A for 

that unit. From the closure apex, the manner in which buoyant fluid can migrate across 

Fault A from one fault block to another at s-s juxtapositions is dependent on whether the 

fault is treated as permeable or semi-permeable. Unrestricted across-fault migration and 

leakage occurs at s-s juxtapositions as if they are completely permeable zones, meaning 

that buoyant fluids can leak across Fault A as soon as they reach an s-s juxtaposition at 

the apex of the closure. Capillary entry limited across-fault migration and leakage is 
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dependent on capillary entry properties of the fault zone at s-s juxtapositions. 

Hydrocarbons will only be allowed to leak across Fault A at s-s juxtapositions once a 

sufficient column height is attained within the carrier bed. For both conditions, s-m and 

m-s juxtapositions are considered impermeable, and allow for accumulation within a 

carrier bed until reaching the nearest s-s juxtaposition. In such situations, however, an 

additional hydrocarbon column is required in order for fluids to migrate across the fault at 

lower s-s juxtapositions when leakage is limited by the capillary entry pressure properties 

of the Fault A instead of migrating freely at those points. Unrestricted and capillary entry 

limited across-fault migration and leakage conditions will now be discussed in the two 

following subsections. 

Unrestricted Across-Fault Migration and Leakage of Buoyant Fluids Through 
Sandstone on Sandstone Juxtapositions 

Given the importance of s-s juxtapositions for across-fault migration and leakage, 

an analysis of unrestricted fluid migration pathways originating in key LM2 sandstone 

units (l1-l12) is carried out here. It must be emphasized that no direct evidence 

supporting any specific migration scenario has been observed for the San Luis Pass 

structure. The approach undertaken in this subsection is meant to consider multiple 

migration scenarios for the purpose of understanding potential migration and leakage 

processes and deducing the likelihood of occurrence. For this analysis, across-fault 

leakage can occur freely at the upper-most s-s juxtaposition associated with a carrier bed. 

Figure 4.4 shows the 3-D Allen model of Figure 3.3 for Fault A on the left with a red 

rectangular outline highlighting the zone of interest. The upper-right portion of Figure 4.4 

provides an enlarged view of the uninterpreted model in isometric projection (i.e., 

Yielding et al., 1997) for scaling purposes (enlarged in Appendix B). The same 

perspective is shown in the lower right (also enlarged in Appendix B), where potential 
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migration pathways are illustrated and interpreted. Important carrier beds are shown in 

pink (footwall), blue (hanging wall), and green (l7 units). Sandstone on sandstone 

juxtapositions are indicated in yellow, highlighting zones of potential leakage. Upside 

down triangles are used to mark points of across-fault leakage and locations where 

specific migration pathways terminate. 

Migration Scenario 1 (red dashed arrow) originates in the l12 carrier bed, for the 

sake of considering a prolonged migration scenario from the deepest LM2 sandstone unit. 

This scenario assumes hydrocarbon charge somehow reached the lowest LM2 sandstone 

unit from faulted organic-rich sources at depth around the San Luis Pass structure. Since 

the HW l12 unit (blue) is not juxtaposed with another sandstone unit updip, the FW l12 

unit (pink) was chosen as the carrier bed, even though hydrocarbons could also migrate 

from the southeast (hanging wall). It is indeed possible that migrating hydrocarbons from 

the lower levels of the hanging wall block could have leaked into the FW l12 through 

self-juxtaposition near the tip of Fault A to the left (south) in the diagram in Figure 4.4, 

supporting analysis from FW l12. Leak points for this scenario are represented by black 

triangles, and after migrating updip to the apex of the footwall closure, the fluids could 

leak into the hanging wall where FW l12 is in contact with HW l3 against Fault A. From 

there, the fluids would likely migrate to the s-s juxtaposition between the HW l3 and FW 

l6 LM2 sandstone units. Note how there is no s-s contact near the apex of the FW l6 

carrier bed. Assuming the s-m juxtapositions are completely sealing, it would require a 

charge and subsequent gas column of nearly 300 ft within the FW l6 unit to reach the 

nearest s-s juxtaposition (location I) downdip from the closure apex. If true, the fluids 

could leak into HW l1, and again into the FW l3 unit where the fluids could reach the 

apex (red and blue triangle) to remain trapped as there are no longer any s-s 

juxtapositions at shallower depths. Lk;jlkj;lkjsdlk;fjasd;lkfjasd 
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Figure 4.4: Potential free across-fault migration pathways and leakage points of buoyant fluids through s-s juxtapositions 
against Fault A. On lower the right (enlarged in Appendix B) is an annotated interpretation of Migration Scenario 
1 (red dashed arrow) and 2 (green dashed arrow), a Full Migration Scenario (magenta dashed arrow), and a 
Migration Scenario from HW l7 unit (blue dashed arrow). The lower tips of black and white triangles represent 
across-fault leakage points for migration from FW l12 or HW l7 and FW ll sandstone units, respectively. Colored 
triangles represent the final elevation of buoyant fluid migration, and their colors match their corresponding 
migration scenario (dashed arrows). Roman numerals indicate important leakage locations described in the text. 
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This is a significant initial result because it demonstrates that a potential migration 

scenario originating from the stratigraphically lowest possible LM2 sandstone unit leads 

to trapping of a potentially significant fluid column within the FW l3 unit, and 

approaching fill-to-spill estimates. Furthermore, if we consider the stratigraphically 

lowest sandstone unit with potential hydrocarbon presence to be located in l7 in the 

hanging wall (Figure 4.3), we see that the migration pathway (blue dashed arrow) from 

that carrier bed (green) could also lead to trapping in the FW l3 unit. This would require 

an additional leakage point (location II) than Migration Scenario 1. Unfortunately, there 

is no evidence supporting any observable accumulation in that location. It may also be 

true that leakage and accumulation could occur at less critical s-s juxtapositions not 

shown here, but are relatively unimportant for migration. Overall, four leakage points are 

needed in Migration Scenario 1 to reach the l3 sandstone unit along Fault A starting from 

FW l12, while five are needed from the HW l7 hydrocarbon bearing unit. 

In order for migrating hydrocarbons to reach the MM interval from the LM2 

interval, a leakage point must exist where sandstones of the stratigraphically lower LM2 

unit are juxtaposed against MM sandstones. The only such instance occurs between the 

FW l1 and HW m11 juxtaposition described in Chapter 3. For this unique leakage point 

to be utilized, a second migration pathway (Migration Scenario 2; green dashed arrow) 

with leak points (white triangles) must be analyzed. Starting from the FW l1 carrier bed, 

the buoyant hydrocarbon would migrate updip towards the apex of the LM2 footwall 

closure. The critical s-s zone is located just below the apex (location III), so a small 

amount (65 ft) of hydrocarbon would need to accumulate within FW l1 before reaching 

its downdip juxtaposition leak point. Once across Fault A to the hanging wall, the fluid 

could migrate to the apex of the HW m11 carrier bed. Note that at this depth, the 

geometry of the overall San Luis Pass structure is much broader than at deeper depths, 
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and has lower dip values. As a result, the lower structural relief in shallower sections 

increases the surface area of s-s juxtapositions, affecting the distribution of potential 

leakage points. The location of the nearest s-s contact against Fault A (location IV) is to 

the far right (north; ~14,000 ft) of the diagram from the closure apex in FW m11. This 

implies that migration into the FW m11 sandstone from the HW m11 sandstone would 

require the HW m11 to be charged thoroughly, resulting in potential column heights in 

excess of 410 ft. However, this does not consider the fact that the HW-FW m11 s-s 

juxtaposition is approximately 160 ft deeper than the previous leak point between the FW 

l1 and HW m11 sandstones. This is indeed problematic, but does not rule out further 

upward migration through the MM interval, as it may require a very large accumulation 

shared by the HW m11 and FW l1 sandstone units, and is not necessarily restricted to 

HW m11. Again, this has not been observed in the data. 

Continuing on from the s-s juxtaposition between the HW m11 and FW m11 

sandstone units (location IV), the buoyant fluids would migrate updip to the apex of the 

FW m11 closure, where it could leak freely into the HW m6 unit. Within the HW m6, the 

fluids would accumulate, and the hydrocarbon-water contact (HWC) would come into 

contact with the HW m6 to FW m9 juxtaposition zone downdip approximately 2,500 ft 

northward (right). Next, a relatively straightforward progression of leakage point at 

shallower juxtapositions could allow for hydrocarbons to migrate to the upper sandstone 

units of the MM interval with little associated trapping and pooling of fluids. The other 

sandstone units include m7 through m2 on the footwall, and m5 through m1 on the 

hanging wall. The last critical juxtaposition for leakage to occur into the hanging wall 

closure is between the FW m4 and HW m1 units. Immediate leakage back into the 

footwall could then transpire at the carrier bed’s apex into FW m3 (green triangle). 
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In order for methane to fully migrate from the LM2 interval to the upper-most 

sandstone units of the MM interval, a combination of Migration Scenario 2 (green 

triangle) with the Complete Migration Scenario (magenta dashed arrow) is required. The 

necessary sequence of events starting from the end of Migration Scenario 2 (green 

triangle) is similar to the situation described above in carrier bed FW m11, involving a 

shared accumulation in multiple carrier beds. At the top of the MM interval, the nearest 

potential leakage point (location V) that could provide a pathway into the overlying FW 

m2 sandstone unit is at a deeper depth (350 ft). It is roughly 12,700 ft to the north, and 

would enter from the HW m1 sandstone unit. The hared accumulation would reside 

between the m3 through m5 units in the footwall, as well as the m1 and m2 units in the 

hanging wall. Once crossing Fault A from HW m1 to FW m2, no other s-s juxtapositions 

can be located along Fault A outside of the tips of the fault, where all units are self-

juxtaposed. In total, Migration Scenario 2 requires fourteen leakage points in order to 

reach the FW m3 sandstone unit along Fault A starting from FW l1. That is ten more than 

is possible to reach FW l3 in Migration Scenario 1. The various differences between all 

four migration scenarios are summarized in Table 4.2.  

It is worth mentioning that once reaching the upper MM sandstone units in the 

footwall where juxtaposed against UM sediments, little is known of their migration 

pathway with regards to across-fault leakage along Fault A. Overall, it is assumed that 

migration could continue to occur across s-s juxtapositions at shallower depths, 

particularly if they provide a ‘path of least resistance’ compared to other potential 

pathways. Another possibility is that sediments are poorly consolidated or lithified so that 

direct upward migration may be feasible. The vertical character of the gas chimney 

anomaly described in Chapter 1 (Figure 1.11) and the poorly lithified core samples 

observed by Lu et al. (in review) suggest that this may be the case. Here, it is assumed 
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that upward migration takes place once reaching the upper most MM sandstone units 

given these observations and the analysis of this study. Now that the likely migration 

pathways and leakage points have been determined, further analysis will evaluate the 

necessary methane column heights needed when considering capillary entry properties of 

Fault A. 
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Table 4.2: Seven observations tabulated from the four potential migration scenarios analyzed for Fault A in the San Luis Pass 
area. In general, more carrier beds and leakage points are observed from left to right (Migration Scenario 1 to the 
Complete Migration Scenario). 

  Observation Migration Scenario 1 Migration Scenario from HW l7 Migration Scenario 2 Complete Migration Scenario 

1.) Footwall Carrier Beds: 3 3 8 9 

2.) Hanging Wall Carrier Beds: 2 3 7 8 

3.) Total Leakage Points: 4 5 14 15 

4.) Initial Across-Fault Leakage Point: FW l12 to HW l3 HW l7 to FW l12 FW l1 to HW m11 FW l1 to HW m11 

5.) Final Across-Fault Leakage Point: HW l1 to FW l3 HW l1 to FW l3 HW m1 to FW m3 HW m1 to FW m2 

6.) Final Accumulation Elevation (ft TVDSS): - 6,052 - 6,052 - 4,060 - 6,081 

7.) Migration from LM2 to MM: No No Yes Yes 
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Capillary Entry Limited Across-Fault Migration and Leakage of Methane Through 
Sandstone on Sandstone Juxtapositions 

Potential column heights based on the results from Chapter 3 will now be 

evaluated in the context of leak points and carrier beds associated with Migration 

Scenario’s 1 and 2 (Figure 4.4) in what is assumed to be a water-wet fault zone in Fault 

A. The left side of Figure 4.5 shows the SGR-derived, capillary entry limited methane 

column height estimations at s-s juxtapositions along Fault A from Figure 3.11. Zooming 

in on the same region as in Figure 4.4 (red rectangle), the upper-right portion of Figure 

4.5 shows the uninterpreted model, while the lower right provides the results from the 

potential column height analysis (both portions enlarged in Appendix B). Estimated 

column heights (ft) are labeled adjacent to their corresponding sandstone unit, where 

footwall columns are labeled on the left side of the column, and hanging wall columns 

are labeled on the right side. These results rely on the same set of conditions used for the 

migration and leakage point analysis described in the previous subsection. For instance, 

s-m and m-s juxtapositions are still completely sealing, and can seal fill-to-spill 

accumulations. The significant difference of this analysis is that leakage at s-s 

juxtapositions is now dependent on the estimated buoyancy pressures necessary for fluids 

to pass from one side of Fault A to the other. In other words, instead of the unrestricted 

leakage scenarios described above, methane must now accumulate and reach a critical 

buoyancy pressure in order for across-fault leakage to occur. In cases where the carrier 

bed is not in contact with another sandstone unit at the apex of its closure, and is 

juxtaposed against a mudstone, the fluid column needed to reach the nearest s-s 

juxtaposition downdip is added to the estimated column height required to breach Fault A 

at that juxtaposition. Situations in which sandstones are juxtaposed against mudstones 

will occasionally yield column height estimations that are much larger than the fault seal 
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membrane limited results presented in Chapter 3, but are still geologically feasible 

considering the fill-to-spill estimations and the conditions of this analysis. 

Table 4.3 provides the tabulated range of potential methane column heights within 

footwall and hanging wall sandstone units for Fault A. In the lower right part of Figure 

4.5, methane column height estimations for Migration Scenario 1 are shown in dark red 

and light red for the footwall (pink outlines) and hanging wall (blue outlines) carrier 

beds, respectively. The average column height is ~364 ft, and the smallest estimated 

column height reaches about 150 ft, which can be found in the FW l12 sandstone unit. 

Once methane reaches the FW l6 unit, which is juxtaposed against the Amph. B Shale, it 

must accumulate a column that is approximately 300 ft before reaching the nearest 

downdip s-s juxtaposition between FW l6 and HW l1. The estimated capillary entry 

pressure properties of Fault A at this location requires an additional column height of 

about 240 ft, resulting in a total column height of around 540 ft for leakage to proceed. 

Once methane reaches the FW l3 units via Migration Scenario 1, gas would be allowed to 

reach fill-to-spill column height estimates of around 660 ft in the footwall. The fill-to-

spill estimate, however, is roughly 310 ft larger than the column height estimate at the 

apex of the FW l3 unit. When restricting the origin of the migration pathway to the 

lowest known sandstone unit in the LM2 interval, an additional column height estimate is 

required for Migration Scenario 1. The blue polygon is the methane column necessary for 

across-fault leakage to take place from the HW l7 unit (green outline) to the FW l1 unit if 

migration originates in the HW l7 unit (see Figure 4.3). This column accumulation in the 

HW l7 carrier bed could reach a height of 130 ft before completing Migration Scenario 1. 
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Figure 4.5: Potential capillary entry limited CH4 accumulations by way of across-fault migration and leakage through s-s 
juxtapositions against Fault A. Accumulations resulting from Migration Scenario 1, 2, and from HW l7 (Figure 
4.4) are shown in red, green, and blue, respectively. CH4 column heights are generally larger in LM2 sandstone 
units compared to MM units. Fluids that are able to reach the top of the MM interval (FW m3) are interpreted to 
escape into the shallow overburden. See Appendix B for zoomed-in version of lower right portion of figure. 
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The methane column height estimations resulting from Migration Scenario 2 are 

generally smaller than those resulting from Migration Scenario 1, and are highlighted in 

dark green (footwall) and light green (hanging wall) carrier beds in Figure 4.5. This is 

likely due to the lower Vsh values affiliated with the MM interval, which influence the 

estimated shale gouge, and ultimately, Fault A seal capacity in these upper units. The 

average column height is about 164 ft, which is over 100 ft smaller than the average 

column heights estimated for Migration Scenario 1. Beginning in the FW l1 unit, 

migrating methane accumulates at the apex of the LM2 closure since it is juxtaposed 

against the Amph. B Shale, reaches a column of about 50 ft before the gas-water contact 

(GWC) arrives to the s-s juxtaposition with HW m11 downdip, and accumulates an 

additional 350 ft (~400 ft total) before leaking across Fault A. Once in the HW m11 unit, 

the methane column must reach a height of approximately 410 ft to reach its self-

juxtaposition point ~14,000 ft to the north of the hanging wall apex. Low SGR and throw 

values at this s-s junction yields column height estimations around 30 ft, and results in a 

total column height within the HW m11 carrier bed of about 440 ft before self-

juxtaposition leakage occurs into the footwall unit. This presents the unique situation 

mentioned in the previous subsection where the nearest downdip s-s juxtaposition leading 

to a shallower and/or stratigraphically younger sandstone unit is actually lower than the 

previous juxtaposition that fed the carrier bed. For simplicity, it is assumed here that 

when the HW m11 sandstone unit is charged enough that the GWC reaches the previous 

s-s juxtaposition, the gas will only retreat back into the previous carrier bed (FW l1) if the 

GWC reaches a depth in which the Pb of the fluid column overcomes the Pce of Fault A at 

that particular juxtaposition. Since the GWC of the methane column required for leakage 

between HW m11 and FW m11 does not reach the same depth as the GWC of the column 

in the FW l1 unit (previous carrier bed), a methane column height of ~440 ft in the HW 
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m11 carrier bed is feasible for self-juxtaposition leakage to the north. However, 

Underschultz and Strand (2016) noted that understanding the hydrodynamic properties of 

the reservoir is critical for analyzing hydrocarbon columns found juxtaposed against each 

other along a fault zone. In the absence of pressure data for this study, further 

consideration of hydrodynamics will not be carried out. 

Table 4.3: Table of capillary entry limited across-fault migration column heights (ft) and 
their statistics based on migration scenarios 1, 2, and the scenario from the 
HW l7 sandstone unit. Column heights tend to be larger in the LM2 
sandstone units compared to the MM units. Additionally, footwall column 
heights are the largest overall. 

Migration Scenario 1 or from HW l7   

Footwall Sandstone Unit   Estimated Column Height (ft)   Hanging Wall Sandstone Unit   Estimated Column Height (ft) 

l12   150   l7   130 

l6   540   l3   230 

l3   660   l1   240 

Total Column Height (ft):   1,350   Total Column Height (ft):   600 

Mean Column Height (ft):   450   Mean Column Height (ft):   200 

  
Migration Scenario 2 

Footwall Sandstone Unit   Estimated Column Height (ft)   Hanging Wall Sandstone Unit   Estimated Column Height (ft) 

l1   400   m11   440 

m11   130   m6   150 

m7   100   m5   100 

m6   110   m4   90 

m5   105   m3   115 

m4   120   m2   115 

m3   160   m1   160 

m2   180   Total Column Height (ft):   1,055 

Total Column Height (ft):   1,305   Mean Column Height (ft):   167 

Mean Column Height (ft):   163         

              
Footwall And Hanging Wall Comparison  

Parameter   Footwall   Hanging Wall   Overall 

Minimum Column Height (ft):   100   90   90 

Maximum Column Height (ft):   660   440   660 

Total Column Height (ft):   2,655   1,655   4,310 

Mean Column Height (ft):   241   177   210 
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Methane migration and leakage from the FW m11 sandstone unit follows a fairly 

simple upward pathway as described in the previous subsection, where columns are 

unlikely to reach heights greater than 180 ft, even when s-s juxtapositions are found 

slightly downdip from closure apexes. Eventually, the methane could easily reach the FW 

m3 sandstone unit via the s-s juxtaposition between it and the deeper HW m1 unit. From 

there, a rather unlikely accumulation and leakage scenario is required for methane to 

migrate to the FW m2 sandstone unit from remaining MM units given the geologic 

conditions found near the top of the MM interval along Fault A. Instead, across-fault 

leakage from the FW m3 unit into UM units in the hanging wall could yield a potential 

avenue for methane to reach the last two MM sandstone units in the footwall (m2 and m1) 

once the methane column reaches a height of about 180 ft in FW m3. However, 

considering the core sample observations made by Lu and others (in review) and the 

depth at which the gas chimney can be observed within the HR3D volume (Figure 1.11), 

it is assumed that methane reaching the FW m3 sandstone unit has the potential to 

migrate vertically into shallow overburden strata (UM and younger), and no further 

analysis is presented.  

Now that simple across-fault leakage, migration, and column height potential has 

been analyzed, it is apparent that pure juxtaposition and the fault seal membrane limited 

capacity estimations along the Fault A are still unable to explain the lack of hydrocarbons 

trapped in the LM2 reservoir at this location. A significant result from this analysis is that 

methane migration originating below the FW l1 sandstone unit is virtually unable to 

reach the surface until they reach fill-to-spill capacity in the FW l3 and l2 units. Leakage 

at the lateral tips of Fault A could potentially shift the observed location of the gas 

chimney from its current position. A second noteworthy conclusion is that if able to 

migrate from the FW l1 unit, the methane would be able to reach the upper sandstones of 
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the MM interval before continuing to freely migrate upwards into the shallow overburden 

strata. Although complete migration and leakage is possible, fault seal membrane 

analysis suggests that minimum accumulations as low as 90 ft should be trapped against 

Fault A. Although drastically lower than fill-to-spill or other fault seal membrane 

estimates, 90 ft methane column heights are likely to be commercially producible in 

TSW, especially if there is potential for stacked pay in other units. It is worth mentioning 

again here that there is no evidence for such accumulation at depth within the San Luis 

Pass structure. That being said, investigation of containment failure mechanisms 1, 2, and 

4 (Chapter 2) for Fault A has now concluded. Overall, these analyses suggest that some 

other containment failure mechanism (3, 5, and/or 6) may be responsible for the leakage 

scenario found at the San Luis Pass structure in TSW. The following section of text will 

visits the other possibilities given the available data and observations made in this study, 

and is used to propose a primary failure mechanism and leakage scenario. 

OTHER POTENTIAL CONTAINMENT FAILURE MECHANISMS  

The primary goal of this study was to investigate possible containment failure 

mechanisms that may have influenced the apparent leakage scenario interpreted from 

high-resolution 3-D seismic within the San Luis Pass structure, mainly through 

considering the potential for structural spill (1), juxtaposition spill (2), and fault seal 

membrane leak (4) failure mechanisms. The results discussed in the above sections 

describe potential leakage scenarios, but do not explain the lack of commercial 

accumulations trapped against Fault A., assuming the system underwent charge at some 

point in geologic time, as was previously justified using log and seismic data. The 

remaining containment failure mechanisms include top seal membrane leak (3), top seal 

failure (5), and fault reactivation failure (6). Again, these mechanisms were not directly 
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analyzed earlier in this study because fault seal was initially viewed to have the greatest 

influence on the presence of hydrocarbon accumulations in TSW. However, a discussion 

of their role in the San Luis Pass area is certainly valuable for understanding potential 

migration processes in general, as well as specifics of the San Luis Pass setting. The 

following text presents a few key observations pertaining to the remaining containment 

failure mechanisms (3, 5, and 6), helps refine the analyses of this study, and provides a 

framework for establishing a dominant containment failure scenario for the San Luis Pass 

structure. 

Potential for Top Seal Membrane Leak 

Top seal membrane leak of the Amph. B Shale in the San Luis Pass area is viewed 

to be an unlikely containment failure mechanism based on the mapped vertical thickness 

of the interval along the hanging wall of the Clemente-Tomas fault zone, and the seal 

capacity of Lower Miocene mudstones determined by Lu and others (in review) along the 

Texas Gulf Coast. The map shown in Figure 4.6 displays the calculated gross vertical 

thickness of the Amph. B interval within the study area, and was generated by extracting 

the vertical distance between the top surfaces for the Amph. B and LM2 intervals mapped 

using the depth-converted Texas Offshore OBS 3-D seismic volume. Thin areas 

represented by cool colors and thick areas by hot colors. In general, the region occupied 

by the estimated footwall and hanging wall accumulations is associated with mudstone 

thicknesses between about 500 and 1,000 ft. It is important to remember that the vertical 

and horizontal resolution of seismic reflection data is equal to λ/4 (Sheriff, 1985), where λ 

represents the seismic wavelength (ft). The equation for wavelength is given as υ/f 

(Sheriff, 1985), where υ is the interval velocity (ft/s), and f is the data frequency (Hz). 

The vertical and horizontal resolution of the OBS 3-D seismic data is over 80 ft when 
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considering an interval velocity of 8,200 ft/s (~2,500 m/s) converted from DT logs (~122 

μs/ft) and data frequency of 25 Hz at this depth. Given the poor seismic data resolution, 

some error is involved with the gross vertical thickness calculation, particularly around 

faults and the San Luis Salt Dome where thicknesses decrease to zero. However, the large 

thickness and regional extent of the Amph. B top seal in the San Luis Pass study area is 

an encouraging result in opposition of potential top seal membrane leak; especially since 

top seal thickness can indeed be used as a relative measure of seal quality in most 

geologic environments, although increased thickness does not directly translate into 

increased top seal capacity (Downey, 1984; Underschultz, 2007; Underschultz and 

Strand, 2016). A noteworthy feature that is observable from the thickness map (and 

Amph. B structure map; Figure 1.4) is the large erosional channel to the SSE of Fault A in 

the footwall block. The southern tip of Fault A appears to share the same trend as the 

channel, which likely focused flow southeastward into the Gulf of Mexico basin. It is 

difficult to constrain the relationship between Fault A and the channelized feature due to 

data resolution issues, but similarly thick areas of Amph. B Shale can be found on both 

sides of the channel, even on the hanging wall block of the fault. This suggests that Fault 

A propagated through this erosional surface after the channelized feature had formed 

since the fault appears to have had little influence on the geomorphology and path of the 

channel. Thickness of the Amph. B interval is a few hundred feet thinner within the 

channelized feature, and may present a slightly higher top seal leakage risk than 

surrounding areas. However, the Amph. B thickness values within the channelized feature 

are very similar to those found at the Fault A closures to the NNW, which likely pose a 

nearly identical risk for fault seal membrane leakage. Although, top seal thickness 

provides a reasonable first-pass analysis for an area of interest, a far better technique for 
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determining top seal quality involves MICP tests and x-ray diffraction mineral 

composition analysis of rock samples collected within the interval of interest.  

 

Figure 4.6: Amph. B top seal vertical thickness map for the San Luis Pass study area. 
Thickness is calculated between the top surfaces of the Amph. B and LM2 
intervals interpreted from 3-D seismic, and values range between 0 and 
about 1,050 ft. The location of estimated fluid columns and the gas chimney 
feature are also included for reference. 

Lu et al. (in review) present data and analyses for core samples from 3 wells 

along the Texas Gulf Coast in order to derive top seal capacity estimates, and address seal 

quality for potential offshore CO2 storage sites in Miocene sediments.  
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Two of the three wells (wells 42703401260000 and 42708303160000, High Island and 

Matagorda Island offshore areas, respectively; Figure 1.7) contained Lower Miocene 

mudstones in which XRD was carried out to determine the their mineral composition. 

Furthermore, MICP tests were run on core samples in order to calculate potential top seal 

column heights. As mentioned in previous sections of this chapter, Lu and colleagues (in 

review) observed poorly consolidated and lithified sediments from the core samples, and 

only one core possessed a mudstone interval suitable for MICP analysis (Well 

42703401260000, -10,578 ft TVDSS). Table 4.4 summarizes the results from both the 

XRD and MICP analyses carried out on 2 sandstone and 6 mudstone samples. 

Permeability of the mudstones ranged from about 0.0002 and 0.1 md, while total clay 

mineral content varied from 10.3% to 38.7%. Lower Miocene mudstones also contain 

carbonate material between 14.0 and 26.5%. Mercury injection capillary entry pressures 

ranged from 137 to 2,146 psi, where the highest values were associated with mudstone 

samples. Lu and colleagues (in review) converted Pce values from the tested samples to 

CO2 column height estimates, with a maximum column height of roughly 243 ft. In order 

to compare the maximum estimated CO2 column height for Lower Miocene mudstones to 

the fault seal limited estimates in this study, the maximum measured mercury-air Pce is 

converted instead to methane (CH4) Pce using a variation of Equation 4, where σ = 50 

dynes and θ = 0º for methane gas, and methane column height is subsequently estimated. 

Using the Pce for methane, the maximum estimated methane column height for the tested 

Lower Miocene mudstone samples from the Well 42703401260000 core is about 936 ft. 

Two important caveats about this comparison are that (1) wells 42703401260000 and 

42708303160000 are approximately 75 miles and 150 miles, respectively from the San 

Luis Pass study area, and (2) that the samples tested by Lu and others (in review) were 

from depths over 3,000 ft deeper (further basinward), and stratigraphically older (LM1) 
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than the Amph. B interval found in the San Luis Pass study area. Since the rocks may 

have slightly different properties, and are under different pressure and temperature 

difference (deeper and hotter), this estimate only yields a loose comparison of top seal 

quality in Lower Miocene mudstones along the Texas Gulf Coast. Of great importance, 

however, is the similarity between the fill-to-spill column height (~992 ft) estimate 

calculated for the San Luis Pass structure and the converted Lower Miocene top seal 

column height (~936 ft). This result suggests that under ideal trap and charge conditions, 

the Amph. B interval in the San Luis Pass area could potentially seal methane columns 

approaching fill-to-spill estimates of the footwall and hanging wall closures. Despite this, 

it is clear that top seal was compromised by intersecting faults, and potentially induced 

leakage via fault zone conduits. 

Table 4.4: Summary of Lower Miocene top seal rock properties, XRD mineralogy, and 
MICP results from Lu and others (in review) for 6 mudstone core samples 
extracted along the offshore Texas Gulf Coast. Maximum estimated top seal 
membrane column heights are bold, where the result for CO2 is in black, 
while the converted CH4 result from this study is in red. 

  Parameter   Value Range 

1.) Depth (ft TVDSS):   -10,578 to -10,609 

2.) Porosity (%):   3 to 11 

3.) Permeability (md):   ~0.0002 to ~0.1 

4.) Pore throat diameter (µm):   ~ 0.0034 to ~ 1.5 

5.) Total clay (%):   10.3 to 38.7 

6.) Calcite (%):   14.0 to 26.5 

7.) Quartz+albite+K-feldspar (%):   43.5 to 63.1 

8.) Illite+smectite alignment (mrd):   1.74 to 4.81 

9.) Chlorite+kaolinite alignment (mrd):   1.72 to 3.33 

10.) Mercury injection capillary entry pressure (psi @ 270° F):   137 to 2,146 

11.) CO2 column height (ft):   13 to 243 

12.) Converted maximum CH4 column height (ft):   936 
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Mechanical Top Seal Failure Potential 

The potential for mechanical failure of the Amph. B Shale is relatively strong 

given the influence of mobile salt and growth faulting on the sediments in TSW and the 

San Luis Pass study area. Unfortunately, no image logs, dip meter data, or core samples 

are available for wells in the immediate study area, limiting the avenues of analysis to 3-

D seismic attributes (Roberts, 2001; Chopra and Marfurt, 2006; Lynn, 2016). Using the 

OBS 3-D depth-converted seismic survey (Table 1.1), seismic attribute volumes were 

generated for most negative curvature, most positive curvature, and semblance in order to 

detect and evaluate systematic fracture trends or anomalies within the data. Despite this 

effort, no observable systematic fracture pattern can be documented for the San Luis Pass 

structure aside from a variety of large-scale accessory faults intersecting the structure. 

The lack of detectable fracture sets within the seismic data, however, is somewhat 

inconclusive since fractures within the Amph. B Shale are likely to be below seismic 

resolution (80 ft vertically and horizontally), and their presence cannot be exclusively 

ruled out after seismic attribute analysis. That being said, it may be feasible that fracture 

networks or accessory faults have allowed fluid leakage to occur from the LM2 reservoir 

sandstones to the overburden sediments (gas chimney) given that no significant 

hydrocarbon accumulations exist. Acquisition of the above mentioned data types is 

needed to adequately assess the presence of fractures within the Amph. B interval, and the 

potential for mechanical top seal failure cannot be completely ruled out as containment 

failure mechanism. 

Fault Reactivation Assessment 

Continued movement of strata along Fault A may have played an important role 

in creating the leakage scenario observed at the San Luis Pass structure. Reactivation can 

be induced by several different processes including regional tectonic activity (Watterson, 
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1975; Etheridge, 1986; McClay and Buchanan, 1992), natural accumulation of buoyant 

fluids in a reservoir (Sibson, 1992; Finkbeiner et al., 2001; Haney et al., 2005), as well as 

fluid injection (Healy et al., 1968; Raleigh et al., 1976; Zoback and Harjes, 1997) or 

related processes. In the absence of rock strength tests (triaxial shear) from core samples 

and pressure data (leakoff tests) from intersecting wellbores at this time, little can be 

done to test rheologic properties of the fault rock, quantify the current stress state, or 

address fault reactivation potential with increased fluid pressure in various stratigraphic 

layers. With a similar dataset, however, Nicholson (2012) used TSW fault data to provide 

a crude fault reactivation assessment for two faults (A Fault and B Fault) intersecting the 

LM2 interval on the southeastern flank of the San Luis Pass Salt Dome (east of this study 

area), which was studied as a potential offshore CO2 storage site. Since SH could not be 

modeled, two extreme stress conditions (normal fault regime) were modeled (Figure 4.7), 

where SH = Sh (left), SH = Sv (right), and orientations of both faults (blue and red poles) 

were plotted on lower hemisphere projections. Nicholson’s (2012) results are certainly 

useful for avoiding fault reactivation during CO2 injection, but he also concluded that 

minimum pore fluid pressure elevations required for fault reactivation were ~2,500 psi, 

which are nearly two orders of magnitude higher than is required for fault seal membrane 

leakage through increased Pb against Fault A. Overall, it seems most likely that natural 

fluid accumulations within the San Luis Pass structure were unable to induce movement 

along faults in the region. Continued regional faulting and halokinesis in TSW 

throughout the Neogene, however, may have overshadowed any influence that increased 

pore fluid pressure in the LM2 reservoir may have had on fault reactivation.  
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Figure 4.7: Fault slip stability plots for hypothetical CO2 injection into an LM2 reservoir 
bound by two faults flanking the San Luis Pass Salt Dome. SH (psi) was 
unknown, and SH = Sh (left) and SH = Sv were modeled to show the two 
possible stress condition extremes instead. Model depth is -6,600 ft TVDSS, 
and poles to the planes of A Fault (blue diamonds) and B Fault (red crosses) 
are plotted on lower hemisphere projections. Note how the minimum 
pressure required for failure is almost two orders (~2,000 psi) of magnitude 
larger than required for estimated fault seal breach from this study. From 
Nicholson (2012). 

While specifics on the local stress conditions through geologic time and the 

compressive strength of major rock units are unknown, some intriguing observations 

regarding Fault A’s reactivation history can be made with the addition of the new high-

resolution shallow 2-D and 3-D seismic datasets used in this study. Many faults in the 

San Luis Pass area show signs of slip in shallow subsurface data types (HR3D, HR2D, 

and CHIRP), suggesting that not only did displacement occur, but that the faults were 

recently active in this region (Chapter 1; Figure 1.10). Measuring strain rates at different 

stratigraphic intervals would permit testing of whether or not Fault A has moved 

incrementally through time. If Fault A is a product of an incremental brittle deformation 
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history, then non-zero strain rate measurements would suggest that the fault behaved in 

strain-weakening fashion (Fossen, 2010) and was reactivated over time. Local throw rates 

have not been well documented in and around the San Luis Pass area, but some 

preliminary results gathered from four locations along Fault A from this study are 

presented in Figure 4.8, and later in Table 4.5. The four locations were chosen on the 

basis of data overlap with Fault A, meaning that the conventional OBS 3-D, CHIRP, and 

either the P-Cable 3-D or UT 2-D high-resolution seismic datasets were all available and 

utilized for fault offset analysis. Currently, only the OBS 3-D seismic volume has been 

depth-converted, so measurements were instead gathered in the time-domain in order to 

maintain continuity among the datasets.  

Interpreted seismic cross-section I to I’ on the left side of Figure 4.8 provides an 

example of one throw rate measurement location (matching black dot on inset map). As a 

first step, vertical displacement was determined by measuring the difference in two-way-

time (ms TWT) between the footwall and hanging wall cutoffs of 7 horizons along Fault 

A where age of the surface is approximated using the sixth version of the Stratigraphic 

Correlation Chart for the Gulf of Mexico Basin (GBDS Phase IV, 2004) and upper 

Quaternary UC1 and UC2 (Late Pleistocene) surfaces from Mulcahy (2015). 

Furthermore, the interval interpreted to be Lower Quaternary (LQ) in age, is likely 

comprised of the Early Pleistocene (~1.6 Ma) Lissie and Willis stratigraphic units of the 

Chicot aquifer (Doering, 1935; Baker, 1979; Young et al., 2012). It is important to keep 

in mind that displacement of Lower Miocene strata occurred syn-depositionally in TSW, 

as sedimentary growth packages (Shelton, 1984; Lopez, 1990) can be observed in the 

hanging wall blocks of the Clemente-Tomas fault zone and Fault A, particularly in the 

LM1 packages (Figure 1.3). In some localities, hanging wall sediments are over three 

times thicker than those in the footwall (Ajiboye, 2011; Nicholson, 2012). To account for 
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throw magnitude accumulating through geologic time (and increasing depth), the total 

throw from the overlying horizon is subtracted from any given horizon to obtain the 

amount of throw that occurred before the deposition of the interval above the horizon in 

question (e.g., MM throw minus UM throw). The difference in approximate age between 

a horizon and its overlying horizon is acquired similarly for the purpose of determining 

the amount of elapsed time between the emplacements of the two surfaces. From there, 

the calculated throw is divided by the elapsed time for each horizon, and a rate (ms 

TWT/year) is generated at 7 different surfaces in all four locations (black, red, blue, and 

green dots). The 28 resulting throw rates for all horizons and locations are also plotted 

with depth in Figure 4.8 (raw data plotted in Appendix D), corresponding to the 

approximate depth (ms TWT) of the footwall cutoff for each measurement, and providing 

a simple graphical representation of throw rate through time. In general, the rates at each 

location correlate well with one another. The data show that throw rates during the 

deposition of Lower Miocene sediments (Marg A. through Amph. B) approached about 

5.0x10-5 ms/year, and decreased to less than 2.0x10-5 ms/year throughout the remainder 

of the Miocene epoch, and into the Pleistocene. Rates calculated from the Upper 

Quaternary UC2 and UC1 (~140 and ~20 ka, respectively) (Simms et al., 2007; Mulcahy, 

2015) horizons are as high as 1.5x10-4 ms/year, and indicate a substantial apparent 

increase since the Early or Middle Pleistocene.  
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Figure 4.8: Apparent Fault A throw rate measurements from overlapping seismic datasets available within the San Luis Pass 
study area. Seismic cross-section I to I’ (Location 1; black solid circle) provides one of four measurement 
locations (1, 2, 3, and 4; black, red, blue, and green solid circles, respectively). Overlap of the conventional OBS, 
HR3D, and CHIRP datasets provide the maximum amount of datapoints when combined. Throw (ms TWT) is 
converted into a rate for each mapped surface (Lower Miocene through Quaternary) using corresponding ages 
(m.y.) from the 6th version of the Stratigraphic Correlation Chart for the Gulf of Mexico Basin (GBDS Phase IV, 
2004), and plotted against depth (ms TWT). Plot curves are colored with respect to their respective locations.
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These throw rate results are intriguing locally, but in order for them to have 

significance towards regional throw rates along the Gulf Coast, they must somehow be 

converted to a more universal unit of measurement. Table 4.5 shows the various throw 

measurements and their subsequent rates calculated in the time domain (ms TWT/year) 

for Figure 4.8. The furthest column to the right includes the same throw rates that were 

converted into the depth (or length) domain (mm/year). To achieve this result, a constant 

conversion velocity of 2,500 m/s (8,200 ft/s) was applied to each of the 28 measurements. 

The converted rates range from 0.003 mm/year to 0.188 mm/year, and averages about 

0.041 mm/year overall. The average rates for the two observed pulses in the Early 

Miocene (Marg A.) and Quaternary (LQ, UC1, and UC2) are 0.033 mm/year and 0.078 

mm/year, respectively. It has been established that fault movement along the Texas Gulf 

Coast commenced during the Early Miocene (Bradshaw and Watkins, 1994), correlating 

with the observations made from the Marg. A surface in Figure 4.8 and Table 4.5. 

However, since containment failure could only occur after the emplacement of the Amph 

B. Shale interval, the second larger pulse in Fault A throw during the Late Pleistocene 

holds more significance for this study. 
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Table 4.5: Converted apparent throw rates for Fault from values calculated in Figure 4.8 using a 2,500 m/s constant velocity. 
Vertical displacement measurements from locations 1 through 4 have been correlated to 7 geologic surfaces, to 
obtain apparent throw rates in ms TWT/year. The constant velocity was chosen arbitrarily for the LM2 interval 
using sonic log measurements in the area. Surfaces ages are approximate. Note the apparent increase in throw rate 
during the Late Pleistocene. 

Measurement Location   Data Source   Stratigraphic Horizon   Apparent Throw (ms)   Approximate Age (a)   Apparent Throw Rate (ms/year)    Converted Apparent Throw Rate (mm/year @2,500 m/s) 
Location 1   CHIRP   Upper Quaternary (UC1)   2   20,000   1.00E-04   0.125 

    HR3D   Upper Quaternary (UC2)   8   140,000   5.00E-05   0.063 
    HR3D   Lower Quaternary (LQ)   26   1,600,000   1.23E-05   0.015 
    HR3D   Upper Miocene (UM)   60   6,000,000   7.73E-06   0.010 
    OBS 3-D   Middle Miocene (MM)   104   12,000,000   7.33E-06   0.009 
    OBS 3-D   Amph. B   124   15,500,000   5.71E-06   0.007 
    OBS 3-D   Marg. A   220   18,250,000   3.49E-05   0.044 
                          

Location 2   CHIRP   Upper Quaternary (UC1)   3   20,000   1.50E-04   0.188 
    HR2D   Upper Quaternary (UC2)   4   140,000   8.33E-06   0.010 
    HR2D   Lower Quaternary (LQ)   18   1,600,000   9.59E-06   0.012 
    OBS 3-D   Upper Miocene (UM)   33   6,000,000   3.41E-06   0.004 
    OBS 3-D   Middle Miocene (MM)   46   12,000,000   2.17E-06   0.003 
    OBS 3-D   Amph. B   69   15,500,000   6.57E-06   0.008 
    OBS 3-D   Marg. A   86   18,250,000   6.18E-06   0.008 
                          

Location 3   CHIRP   Upper Quaternary (UC1)   3   20,000   1.50E-04   0.188 
    HR2D   Upper Quaternary (UC2)   11   140,000   6.67E-05   0.083 
    HR2D   Lower Quaternary (LQ)   26   1,600,000   1.03E-05   0.013 
    OBS 3-D   Upper Miocene (UM)   56   6,000,000   6.82E-06   0.009 
    OBS 3-D   Middle Miocene (MM)   110   12,000,000   9.00E-06   0.011 
    OBS 3-D   Amph. B   114   15,500,000   1.14E-06   0.001 
    OBS 3-D   Marg. A   250   18,250,000   4.95E-05   0.062 
                          

Location 4   CHIRP   Upper Quaternary (UC1)   2   20,000   1.00E-04   0.125 
    HR2D   Upper Quaternary (UC2)   11   140,000   7.50E-05   0.094 
    HR2D   Lower Quaternary (LQ)   30   1,600,000   1.30E-05   0.016 
    OBS 3-D   Upper Miocene (UM)   78   6,000,000   1.09E-05   0.014 
    OBS 3-D   Middle Miocene (MM)   110   12,000,000   5.33E-06   0.007 
    OBS 3-D   Amph. B   121   15,500,000   3.14E-06   0.004 

    OBS 3-D   Marg. A   166   18,250,000   1.64E-05   0.020 
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Unfortunately, no published Quaternary throw rates are readily available for the 

Texas Gulf Coast. However, Paine (1993) estimated long-term (~100,000 year) vertical 

subsidence rates to average about 0.05 mm/year around Copano Bay, Texas (~130 mi 

southwestward) using observable elevation differences between Pleistocene-age sediment 

packages and established paleo sea level estimations. Throw rates along the Louisiana 

Gulf Coast, on the other hand, have been more sufficiently documented in the published 

literature. Roland and others (1981) found that throw rates through the entire Pleistocene 

averaged ~0.04 mm/year in southern Louisiana. Note how both the work of Paine (1993) 

and Roland et al. (1981) compare nicely with one another, but are nearly half the average 

Late Pleistocene throw rate of 0.078 mm/year calculated for Fault A. More recently, Shen 

and coworkers (2016) used field measurements and optically stimulated luminescence 

(OSL) dating of core samples to obtain mean throw rates of 0.02 to 0.07 mm/year in 

offset Late Pleistocene sediments (between ~27-135 ka) and 0.22 mm/year for offset 

Holocene sediments (~2.8 ka) along the Tepetate-Baton Rouge fault zone in southern 

onshore Louisiana (~275 mi northeastward). The converted throw rates of the UC2 

surface (~140 ka) for Fault A range between 0.010 and 0.094 mm/year (average of 

~0.063 mm/year), and closely resemble those of Shen and others (2016) (0.03-0.04 

mm/year) that are close in age (~115-135 ka). Unfortunately, no age constraint is 

currently available for the Holocene-age sediments imaged by any of seismic data within 

the San Luis Pass area. For the closest horizon available, however, UC1 surface (~20 ka) 

throw rates vary between 0.125 and 0.188 mm/year, and average about 0.156 mm/year 

for Fault A. These values are slightly lower than the mean Holocene throw rates collected 

by Shen and others (2016), but are within the same order of magnitude, which is 

encouraging. 



 143 

If this approach for estimating strain rate for Fault A is reasonably accurate (at 

least in a qualitative sense; see caveats below), the two observed pulses in throw rate for 

Fault A during the Early Miocene and Late Pleistocene might have significant 

implications towards the development of the San Luis Pass petroleum system, and more 

specifically, fluid containment. Firstly, it can be recognized that continued movement 

along Fault A has taken place since the Lower Miocene, behaving in a strain-weakening 

fashion. This finding is significant because continued fault movement, whether it be 

episodic (Sibson, 1982) or continuous (Frohlich, 1982), may have allowed for 

hydrocarbon expulsion from the LM2 interval via up-fault migration in high permeability 

fault zones that were a product of continued slip. The fault seal analyses performed in this 

study generally assume a static fault trap scenario, meaning no displacement or additional 

hydrocarbon charge has occurred much long after the critical moment of the petroleum 

system. Active fault zones have not been directly addressed by previous workers (i.e., 

Bretan et al., 2003; Yielding et al., 2010), and static geologic conditions could potentially 

be a fundamental limitation of SGR-based empirical fault seal membrane analysis. Up-

fault migration would likely reduce potential column height estimations from this study, 

and an intricate assessment of fault seal in a dynamic system (either punctuated or 

continuous slip) would be impossible as the timing of fault movement, sediment 

deposition, hydrocarbon migration, and charge are very poorly constrained. A second 

implication deduced from the throw rate plot in Figure 4.8 and Table 4.5 is related to 

when the majority of buoyant fluids may have been expelled after containment failure 

commenced. Since the Amph. B interval represents the regional top seal for the LM2 

reservoir in TSW, and it was deposited towards the tail end of the Late Miocene, it is 

likely that any hydrocarbon migration into the LM2 interval at that time could have 

escaped freely. If migration persisted after the Late Miocene, and the LM2 interval 
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experienced hydrocarbon charge, fault reactivation, particularly after the Early or Middle 

Pleistocene, may have provided the mechanisms for containment failure of the San Luis 

Pass structure. Determining the timing of hydrocarbon generation, migration, and charge 

are outside of the scope and feasibility (data availability) of this study, but if the two 

LM2 closures were somehow charged sometime after the deposition of the Amph. B 

Shale package, leakage induced by fault reactivation may have happened sometime 

during the Late Pleistocene when throw rates were at their highest (up to ~0.188 mm/year 

around 20 ka). It is therefore possible that the apparent increase in fault throw rate during 

the Quaternary period is what may have led to containment failure and the formation of 

the gas chimney interpreted above the San Luis Pass structure. If true, an average 

approximate vertical gas migration velocity of about 1.18 mm/year can be calculated by 

dividing the depth between the LM2 reservoir apex in the hanging wall and the sea floor 

(-6,180 ft TVDSS or ~1,884 TVDSS m) over the apparent onset of increased fault throw 

starting in the Early Pleistocene (LQ surface; ~1.6 m.y.) or Middle Pleistocene. Although 

crude, this potential average rate is indicative of migration controlled by the 

permeabilities and capillary entry properties of the overburden sediments (compaction 

mechanism; Matthews, 1999). 

Although little was done in this study to investigate the possibility of either 

episodic or continuous fault movement and its potential driving mechanism, some 

inferences can be made from previous studies within the literature. Thicknesses of Lower 

Miocene sedimentary packages in the Bayou Herbert area of Louisiana (~190 mi to the 

northeast) have shown polycyclic growth along the hanging wall of growth faults 

(McCulloh, 1988). This behavior was also exhibited in well logs penetrating fault blocks 

in various fault zones (Eocene through Miocene in age) along the southern Texas Gulf 

Coast and southern Louisiana Gulf Coast (Edwards, 1995). Furthermore, Cartwright et al. 
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(1998) described Late Pleistocene to Holocene polycyclic fault movement along faults in 

the Wanda fault zone (over 200 mi southwest), attributing the 40-50 k.y. cycles to 

sedimentary loading (Lowrie, 1986) related to regressive-transgressive cycles. The work 

produced by Shen and others (2016) show that the increase in fault slip observed within 

the Tepetate-Baton Rouge fault zone correlate well with periods of seal level increase. 

They suggest that fault slip accelerated during sea level highstands (increased sediment 

load and water column), and slowed during lowstands (decreased sediment load and 

water column) in the Quaternary, influencing load on the basal detachment in the region. 

These studies all suggest that fault movement along the Texas and Louisiana Gulf Coast 

(onshore and offshore) is less continuous, and more cyclic, implying more punctuated 

displacement histories for faults in the region. This does not completely rule out 

continuous fault displacement in the San Luis Pass area, since the plot in Figure 4.8, 

albeit poorly constrained, suggests continued average movement rates throughout the 

Neogene and Quaternary. It is important to mention that, no historic major earthquakes 

have been reported for the Gulf Coast (Frohlich, 1982; Nunn, 1985; Dokka et al., 2006) 

as the sediments are likely too poorly lithified to experience frictional failure processes. 

Also, no information could be found relating to damaged infrastructure or equipment 

(e.g., oil and gas rigs or pipelines) within the San Luis Pass study area, but aseismic 

movement has been documented in southern Louisiana (McCulloh, 1988). Furthermore, 

if the poorly lithified sediments observed by Lu and others (in review) in offshore core 

samples are valid for the overburden sediments in the San Luis Pass area, aseismic 

movement along faults is feasible based on friction studies conducted by Marone and 

colleagues (1990). As for the driving mechanism of continued fault movement, it is also 

difficult to attribute either a depositional or tectonic process directly towards the 

increased throw rate observed in the Late Pleistocene sediments offset by Fault A at this 
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time. Arguments for sediment loading induced by fluctuations in sea level in the region 

are convincing, and may provide some explanation for the increase. However, in none of 

the studies mentioned above are the faults directly in the vicinity of salt structures as the 

San Luis Pass structure is. Halokinesis, may be a strong contributor towards the increased 

movement, but no explanation can be offered as to why the salt may have begun to move 

so quickly in recent times. The same can be said for large-scale structures (e.g., 

detachment faults and salt sheets at depth and further basinward. Since more information 

on sea level influence on Pleistocene deposition and the movement of larger structural 

features at depth in the San Luis Pass area is needed, no clear cause of fault movement 

indicated by Figure 4.8 at this locality can be made here. It is merely conjecture that 

increased movement along Fault A since the beginning of the Late Pleistocene (~125 

k.y.) may be driven by sea level fluctuations and caused the initial containment failure of 

the San Luis Pass structure since it would be expected that the same processes would also 

affect other faulted reservoirs in the region. 

A few important details must be kept in mind after reviewing and interpreting the 

throw rate data plotted in Figure 4.8 and listed in Table 4.5. First, horizon ages have not 

been well constrained by rock samples collected at depth in this location. Without 

accurate correlation between ages and horizon surfaces, all ages and subsequent rates are 

approximate. Secondly, vertical displacements estimated using seismic data in the time 

domain for Figure 4.8 are not exceptionally precise because seismic velocity is 

anisotropic vertically and horizontally, and varies with depth and changes in rock and 

fluid properties. Natural variations in seismic velocity in different stratigraphic intervals 

have an effect on throw measurements, which may increase or decrease from layer to 

layer. Moreover, the use of a single, unconstrained constant velocity for acquiring throw 

rates in mm/year (Table 4.5) for all depths drastically oversimplifies the subsurface 



 147 

geology of the San Luis Pass study area. The results in Table 4.5 are meant to give 

context to other throw rate calculations along the Gulf Coast, and are preliminary, but 

more work is needed in order to provide a more accurate throw rate conversion. It must 

also be noted that using different datasets for acquiring throw rates may also affect the 

results, since all data were collected using different techniques and equipment, altering 

data properties.  

Revisiting the plot in Figure 4.8, good data correlation can be found between most 

of the plotted points, but the results at the top (UC1) and bottom (Marg. A) depths of 

measurement, however, show some divergence from each other. This divergence may be 

a product of geologic heterogeneity along Fault A at different locations, or could simply 

be a result of interpretation error. It is concerning that a reduced data correlation is 

observed at depths (times) where the data show high throw rates, but it is difficult to rule 

geologic phenomena or measurement error as a cause for the discrepancy at this time. 

Out of the four measurement locations, the UC2 and Marg. A measurements from 

Location 2 (red dot) disagree most with points from the other three locations that are in 

close proximity to one another. Location 2 resides in the northern portion of Fault A. As 

discussed in Chapter 3 (Figure 3.4) this portion of the fault may actually be a linked fault 

segment, and may have a different slip history than the southern portion of Fault A. 

Although intriguing, there may be a few geologic reasons behind the large throw rates 

derived from the Late Pleistocene-age UC2 and UC1 horizons. Sediments located less 

than 3,200 ft below the sea floor are unlikely to be well cemented, compacted, and 

lithified. Slow velocities are associated with unconsolidated sediments, where two-way-

travel times for those intervals are larger. As a result, apparent thicknesses and measured 

throw values may be larger in seismic data that have not been converted to depth. That 

being said, the high throw rates calculated above the LQ horizon lack precision to some 
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degree, and it is clear that further investigation is required to refine the throw rates 

presented here for Fault A. However, it is abundantly clear from the observations at 

various resolutions (3-D seismic, HR2D, CHIRP) that Fault A has displacements from 

the very recent past (~20 ka) into the Miocene. Given the inability to explain leakage 

through containment failure mechanisms 1-5, the dynamic movement of faults 

(mechanism 6; fault reactivation) in the San Luis Pass area presents a suitable and 

plausible explanation for the leakage scenario observed, and presents an exciting research 

avenue for future investigators. 

FAULT ROCK TYPE CONSIDERATIONS 

Fault rock properties vary horizontally and vertically along a fault zone (Yielding 

et al., 2010), and those variations must be considered given the results from this study in 

order to narrow down a potential overall migration pathway(s). Figure 4.9 (Yielding et 

al., 2010) provides a graphical representation of fault rock type with increasing clay 

mineral content and burial depth at the time of faulting. The left portion of the figure is 

characterized by deformation band faults (Aydin, 1978), and consist of disaggregation 

zones or cataclasites. Qualitatively, disaggregation zones and cataclasites are fault rocks 

with low amounts clay minerals entrained within them (Fisher and Knipe, 2001; 

Sperrevik et al., 2002; Fossen, 2010). Formation of disaggregation zones occurs under 

low confining stress, while added burial depth (> 1 km) increases pressures and promotes 

cataclasis within the deformed zone. The properties associated with disaggregation zones 

tend to resemble those of the host rock in which permeability of the rearranged grains are 

slightly affected. Cataclasites have experienced grain-breaking, which reduces porosity 

and permeability, as smaller fragments are able to fill pore spaces. Quartz cementation 

has been documented in the North Sea and South America to occur at depths greater than 
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9,840 ft (~ 3 km), where sediments are subject temperatures above 194º F (90º C; Fisher 

et al., 2003). The LM2, Amph. B, and overburden units from this study are generally 

shallower than this depth, and if above holds true for TSW, quartz cementation is less 

likely to degrade fault rock permeability compared to clay growth, which can happen at 

shallower depths (Dunoyer de Seooszac, 1970). Increasing the clay mineral composition 

within the host rock produces either clay smears or shale smears within the fault zone 

when displaced. Clay smears are generally thickest near the source bed, and taper out 

from the source bed with increasing vertical displacement along the fault zone, creating a 

wedge shape through ductile processes (Weber et al., 1979; Lehner and Pilaar, 1997; 

Aydin and Eynal, 2002; van der Zee and Urai, 2005; Eichhubl et al., 2005). Shale smears, 

on the other hand, are sourced from more lithified strata at depth, and are typically 

uniform in thickness compared to clay smears (Lindsay et al., 1993). Childs and others 

(2007) pointed out that disruptions within shale smears and clay smears can yield 

potential weak points along the fault with increasing fault displacement. 

Phyllosilicate-framework fault rocks (PFFR’s; Fisher and Knipe, 1998), also 

known as clay matrix gouge or shaley gouge (Gibson, 1998), are of intermediate clay 

composition between 15% and 40%. Nicholson (2012) compared the MICP results from 

three different studies (Gibson, 1998; Sperrevik et al., 2002; Eichhubl et al., 2005) in 

order to correlate SGR fault seal calibration results for Lower Miocene faults in TSW to 

those from cataclasites, disaggregation zones, shale smears, or PFFR’s. It was concluded 

that most results from the Lower Miocene calibration fell within PFFR range of clay 

volume and mercury-air injection pressure, suggesting that the expected fault rock type 

within fault zones located in TSW is likely phyllosilicate-framework fault rock. In the 

absence of core samples in the San Luis Pass study area, it is assumed that the majority of 

fault rock distributed along Fault A can be classified as PFFR for depths less than 3,280 
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ft (~1 km). PFFR’s in TSW resemble the sheared siliciclastic zones (silt and clay 

composition between 22% and 66%) of Berg and Avery (1995), and could possess 

permeabilities between 0.01 to 0.1 md. The upper portion of the MM interval above the 

San Luis Pass structure lies just below this depth, and it is possible that fault rocks with 

poor sealing properties (disaggregation zones) are dominant in these overburden 

sediments, creating potential fluid leakage pathways through these likely more permeable 

fault rocks. It also must be mentioned that since the fault system is apparently still active, 

the depth of sediment burial at the time of faulting is poorly constrained and continues to 

evolve with continued fault displacement. It remains unclear how fault reactivation alters 

fault rock type and properties through time at location, but the overprinting of fault zone 

structures within sandstone-rich sequences located in southeast Utah has been found to 

either enhance or degrade fault rock porosities, permeabilities, and mechanical properties 

systematically (Davatzes and Aydin, 2003; Davatzes et al., 2005). It is possible that 

additional displacement and burial may increase the amount of clay minerals and reduce 

porosity and permeability within the fault zone, and fault rocks may perform as better 

seals with increasing depth when they undergo further diagenesis and alteration. The 

opposite may also be the case, as fault movement may incorporate more sandstone rich 

material into the fault zone if the strata are more coarse-grained, or the overprinting of 

fault structures (i.e. joints) increases fosters conduit development (Davatzes et al., 2005). 

Briefly revisiting Figure 4.2, note how only two accumulations from the Seni et 

al. (1997) data (black solid dots) are located above -5,000 ft TVDSS (-4,134 and -4,999 ft 

TVDSS). The 4,000 depth may, in fact, represent the principal depth in which sediments 

(in deformed or undeformed rocks) have undergone diagenesis sufficiently enough to trap 

hydrocarbons over geologic timescales in TSW. 
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If correct, migrating hydrocarbons (or CO2) reaching this depth in the overburden could 

likely reach the sea floor with little stratigraphic or fault rock resistance. It must be stated 

that fault zones have complicated architectures and facies (Braathen et al., 2009), and 

different fault rock types may indeed be distributed unevenly along the core of Fault A, 

as well as within the fault’s damage zone. However, the sheared siliciclastic zones 

studied by Berg and Avery (1995) were cored in parts of faults associated with 

considerable fault drag of the top seal mudstones.  

 

Figure 4.9: Schematic plot of the primary fault types associated with siliciclastic 
sequences. Clay mineral content, depth of burial at the time of faulting, and 
post-faulting temperature history control the generation of different fault 
rocks. From Yielding and others (2010). 
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The lithology and sealing properties of these sheared zones were observed to be 

fairly constant throughout their cored thicknesses. If rocks within the Fault A damage 

zone are indeed similar to those studied by Berg and Avery (1995) (likely PFFR’s), then 

perhaps PFFR’s may be distributed somewhat uniformly as fault gouge throughout the 

Fault A damage zone. Fault rock heterogeneity along a fault has implications towards the 

potential weak points that are undetectable with the available data, as they may be less 

prominent as originally speculated. It may also now be less important to identify 

heterogeneities in the fault rock since it is now apparent that the sediments displaced by 

Fault A have been moving continuously since the faults formation.  

PROPOSED SCENARIOS OF CONTAINMENT FAILURE FOR THE SAN LUIS PASS 
STRUCTURE 

In-depth investigation of containment failure mechanisms 1, 2, and 4 brought 

forth capacity estimates of a static fault seal environment, but fails to account for 

dynamic aspects of an active fault system. Fill-to-spill and fault seal membrane column 

height estimations disagree with the observations made at the San Luis Pass structure, 

and even the smallest accumulation estimations (~30 ft columns) likely approach 

economic levels for producers in TSW. If top seal thickness and membrane seal estimates 

based on data from Lu and others (in review) in deeper Lower Miocene mudstones are 

reasonable enough to use for the Amph. B interval, there should be little chance of top 

seal containment failure through capillary entry processes. Little can be said about 

fracture presence or potential of any interval cut by Fault A, but their presence may be 

inferred based on the large number of mappable faults intersecting the overall structure. 

Although factures could provide conduits for leakage, diagenetic closure of those 

fractures through clay mineral growth could impede that process in a static system. 

Therefore, the results from this study suggest that some form of fault reactivation within 
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the San Luis Pass structure may have provided the most feasible mechanism of 

containment failure if movement along faults has indeed taken place episodically or 

continuously since the Early Miocene.  

In an effort to understand potential migration pathways from source depth to 

shallow subsurface for the San Luis Pass structure, a simple interpretation is provided at 

current geologic conditions from seismic section H to H’ in Figure 4.10 (enlarged in 

Appendix B). Two key wells intersecting the cross-section are 42605301690000 (right; 

west) and 42706302210000 (left; east). Red square symbols adjacent to the borehole (red 

line) represent approximate depths which produce hydrocarbons. According to the Texas 

Railroad Commission, Well 42605301690000 produced about 1.87 Bcf of gas and some 

condensate from a depth of -6,330 ft TVDSS between 2005 and 2011, while Well 

42706302210000 produced about 76 Mmcf of gas and some condensate from 1998 until 

2000 from a depth of about -12,500 ft TVDSS. These two wells are roughly 2 or 3 miles 

from the San Luis Pass structure, and the hydrocarbons produced were likely sourced 

from organic-rich Oligocene (Galloway et al., 1982; Galloway 1989) or possibly LM1 

mudstones located below the gas window (~250º F). Based on bottom hole temperatures 

(BHT) readings from the two wells and a surface temperature of about 78º F, 

temperatures greater than 250º F lie below -14,200 ft TVDSS 1.21º F/100 ft) to the west 

and -9,700 ft TVDSS (1.77º F/100 ft) to the east, in the footwall and hanging wall blocks 

of Fault A, respectively. This suggests that the gas window isotherm is much deeper near 

Well 42605301690000 (west) than it is in Well 42706302210000 (east), and is possibly 

related to the location of the Louann Salt body, as evaporites conduct heat more 

efficiently than siliciclastic rocks (Selig and Wallick, 1966). Potential migration 

pathways for these two wells are illustrated by the red dashed arrows (Figure 4.10), and 

generally follow the direction of upward dipping reflectors until they reach the depth of 
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closure where the well has produced from. If a fault interferes with the direct updip 

migration of gas, it is treated as an up-fault conduit for fluid migration until it reaches a 

seemingly permeable zone with a high seismic amplitude signature, or intersects a 

reflector associated with the producing interval at depth. Based the analysis from these 

two wells, full gas migration pathways for the structure offset by Fault A can now be 

postulated. 

 The green dashed lines depicted in Figure 4.10 show the proposed gas migration 

pathways from the base of the San Luis Pass structure to the Upper Neogene aged 

sediments in the overburden. From similar depths below the gas window for wells 

42605301690000 and 42706302210000, gas sourced from LM1 mudstones migrate updip 

towards Fault A in both the footwall and hanging wall blocks. The interpreted pathway to 

the LM2 fill-to-spill closure on the footwall (blue outline) can be described by the 

following sequence of events. Carrier sandstone beds in the LM1 may have directed gas 

towards Fault A, but southeastward dipping faults intersecting the LM1 interval could 

have intercepted most of the buoyant fluids, and directed them upsection. Antithetic 

faults may have provided the final conduits into the LM2 interval as gases could have 

bypassed the relatively thick Marg. A Shale before reaching the footwall closure. Across-

fault leakage from the mudstone-rich LM1 interval on either the footwall or hanging wall 

blocks of Fault A may also have provided a migration pathway into the LM2 interval 

from the FW LM1, to the HW LM2, to the FW LM2 interval. This is unlikely, however, 

without some up-fault component since across-fault analysis from the base of the LM2 

interval does not support migration into the upper LM2 sandstone units in the footwall 

(Figure 4.4). For the hanging wall closure, fluids likely migrated updip in close proximity 

to Fault A until reaching the first of many antithetic faults associated with the large listric 

fault. Some fluids may have bypassed this particular fault to reach subsequent antithetic 
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faults upsection, but in general, it is very possible that these faults are the primary 

leakage conduits for charging the LM2 reservoir from LM1 sources. Once the gas has 

passed through the Marg. A interval, the strong seismic amplitudes located at the base of 

the LM2 interval may indicate that the lower sandstone units (i.e., l7; Figure 4.4) are 

relatively gas saturated along the flanks of the structure, and that gas may have migrated 

into the LM2 reservoir at this stratigraphic level. As the gas reaches the crest of the 

structure at lower LM2 levels, the strata are once again intersected by westward dipping 

antithetic faults, where gas may be allowed to migrate through up-fault conduits until 

they reach the hanging wall fill-to-spill closure (red outline). Any remaining fluids 

migrating upwards along Fault A would also bypass the Marg. A interval and reach the 

top of the LM2 reservoir. Interestingly enough, the high amplitude reflectors located at 

the lower portions of the LM2 interval are nearly transparent with increasing proximity of 

Fault A. It is interpreted here that this transparent region is indicative a gas-deprived zone 

along Fault A, meaning that gas either leaked out or was never able to accumulate there. 

Once above the Amph. B regional top seal, up-fault leakage may persist, although 

some of across-fault leakage may also influence the charge of temporary reservoirs in the 

overburden (MM, UM, and R intervals) at times when the fault is moving. If leakage is 

strictly through up-fault conduits, the extent to which the migration is dependent on 

capillary entry pressure or hydrodynamic controls is unclear, but in a potentially dynamic 

system as this, it is plausible that the conduits caused by fault reactivation allow flow 

rates to be higher than unaltered fault rock. No gas chimney is observed in the footwall 

block, suggesting that any gas generated in the footwall block migrated across Fault A 

into the hanging wall block at points where faults in the footwall intersect Fault A. 

Extensive faulting in the hanging wall block has created a complex network of grabens 

and half-grabens, providing multiple up-fault migration conduits.
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Figure 4.10: Proposed full gas migration pathways for the San Luis Pass structure in 
seismic cross-section H to H’. Producing wells 42605301690000 and 
42706302210000 are shown, where hydrocarbons were produced at about -
6,330 and -12,500 ft TVDSS (red squares), respectively. The gas window to 
the west (~ -14,200 ft TVDSS) is much deeper than to the east (~ -9,700 ft 
TVDSS), and the updip and up-fault migration pathways toward the two 
producing wells are shown with red dashed arrows (red dashed arrows). 
Green dashed arrows illustrate the possible migration pathways for the San 
Luis Pass structure. Also annotated are the locations various amplitude 
anomalies (white lines). See Appendix B for enlarged version of figure. 
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Furthermore, the closure apex in the MM interval is highly faulted, and most gas reaching 

the MM interval in the hanging wall is thus interpreted to remain in the hanging wall 

block of Fault A for the remaining phases of gas migration. At some point within the UM 

or younger strata, up-fault migration may give way to upward migration through 

sediments rather than faults. It was discussed in a previous section that no sizable 

accumulations at depths shallower than -4,000 ft TVDSS have been produced from in 

TSW (Figure 4.2). The capillary entry pressure thresholds of poorly consolidated 

sediments in the UM interval are probably much lower than those in deeper strata, and 

increasing methane buoyancy pressures in temporary overburden reservoirs may provide 

a leakage mechanism when gas is trapped at shallow depths. Although shallower than -

4,000 ft TVDSS. A particularly strong amplitude anomaly can be observed at about -

2,500 ft TVDSS around the top of the UM interval in Figure 4.10. This may represent the 

last significant staging sandstone package (note low GR and negative SP values around -

2,700 ft TVDSS in Figure 1.2) before migrating gas reaches the shallow overburden. 

Based on the shape and location of gas chimney observed in the HR3D dataset, methane 

reaching the R interval within the center of the graben structure associated with Fault A 

could migrate freely upsection either through strata, or through fractures that are 

unresolvable with seismic, rather than directly up along the seismically mappable faults.  

Ultimately, Fault A may not directly influence all leakage scenarios at depth, but 

certainly plays an indirect role, especially once methane has migrated past the Amph. B 

Shale. Fault A is the master fault for the San Luis Pass structure, and continued 

movement along it influences displacement of smaller fault blocks in the hanging wall, 

contributing to up-fault leakage conduits in this dynamic system. Containment failure 

through fault reactivation (mechanisms 6) is concluded to be the most significant 

mechanism, while trap geometry structural spill, juxtaposition leak, top seal membrane 
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leak, fault seal membrane leak, and top seal mechanical failure (mechanisms 1 through 5) 

are unlikely contributors, although further work is needed to constrain the potential for 

mechanical top seal failure within the Amph. B regional seal.  

SOURCES OF VARIABILITY, UNCERTAINTY AND ERROR 

Table 4.6 provides a list of potential sources of variability, uncertainty, and error 

involved in this study, as well as ways to reduce such problems through data acquisition. 

In general, the results are dependent on available geologic data, but also data resolution, 

interpretation, techniques used, and a general lack of useful data types. The geology of 

the San Luis Pass structure is fairly complex, so accurate and consistent data 

interpretation is critical for reliable results. Lateral heterogeneities in stratigraphy, such as 

small-scale channel bodies, are poorly represented in fault seal analysis, and undoubtedly 

affect the sealing properties of faults. Fault A was chosen for analysis in the San Luis 

Pass area due to its size and observed Quaternary offset, but conducting a similar 

workflow on smaller faults associated with the structure would provide a more complete 

geologic framework, and shed light on their influence on leakage and gas chimney 

formation. Furthermore, seismic and wireline log data types possess different scales of 

vertical and horizontal resolution, and must be considered while making observations and 

geologic interpretations. Reducing the potential for misinterpretation through human 

error is also extremely important, and requires periodic review and evaluation throughout 

the life of the project. 

Unfortunately, fault seal analysis using SGR only considers the clay mineral 

content within fault cores, ignoring the effect of the fault’s damage zone on potential 

leakage. Accurate estimation of clay entrained within a fault core is dependent on fault 

size and layer thickness.
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Table 4.6: Sources of variability, uncertainty, or error affecting the results of containment failure analysis in the San Luis Pass 
study area. Results are generally dependent on the geology, data resolution, interpretation accuracy, analytical 
technique, and data availability. 

  Source of Variability, Uncertainty, or Error Comment Suggested Data Acquisition to Mitigate Source 

  Geologic     

1.) Vertical and horizontal stratigraphic heterogeneity Changes in stratigraphic thickness, sedimentary facies, rock properties, and sedimentary structures  Seismic inversion for modeling of petrophysical  properties and facies 

2.) Fault zone variability Fault zones of Fault A and surrounding faults are likely more complex than the plane model used here High resolution 3-D seismic or core data through fault zone 

3.) Geologic age constraints Only crude geologic age constraints are available for sediments and their corresponding seismic horizons Biostratigraphic analysis of core samples or isotopic dating methods 

        
  Data Resolution     

4.) Seismic  vertical and horizontal resolution Vertical and horizontal resolution of 3-D seismic data varies significantly from point to point New higher resolution 3-D seismic  

5.) Wireline log vertical resolution Vertical resolution wireline log data varies from well to well Core sample data correlated to log readings 

        
  Interpretation     

6.) Human Error Misinterpretation through carelessness or misunderstanding Periodic review and critical evaluation through the life of the project 

        
  Technique     

7.) Shale volume log calculation method No core samples, plugs, or cuttings are available to constrain clay content or composition for Vsh logs Run XRF, SEM, and petrographic analysis on core or plug samples 

        
  Lack of Data     

8.) Full suite of time-depth converted seismic datasets True depths and vertical character of geologic features are approximate Additional sonic, check-shot, or VSP data for improved conversion  

9.) Mechanical properties of important lithologies Difficult to estimate mechanical strength of important rock units Triaxial compression strength tests on core plugs 

10.) Reactivation potentials of faults Amount of pore pressure or stress needed to reactivate faults  Run leakoff tests, image logs for in situ stress data 

11.) Subsurface pressure and fluid data Unable to constrain hydraulic properties of reservoir units for constraining hydrocarbon column height RFT data needed from wells penetrating  both fault blocks 

12.) Mudlog or petroleum show data from wells No true indication of hydrocarbon presence from the wellbore of penetrating wells Gas readings, or cut from mudlogs, or oil staining in core samples 
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Clay material in faults with large throw values (> 300 ft) has been adequately estimated 

in the subsurface and outcrop. Problems arise, however, when faults have small throws, 

as SGR may be underestimated due to thick clay smear caused by thinly bedded 

mudstones (~3-6 ft) (Eichhubl et al., 2005). It has also been documented that SGR 

calculations are overestimated from zones where fault throw is substantially smaller than 

sandstone layer thickness (Nicholson et al., 2012). Blocks of undeformed host rock 

within the fault core (Loveless et al., 2011) may also provide weak points for across-fault 

or up-fault leakage (Wehr et al., 2000; Færseth et al., 2007). Nicholson (2012) pointed 

out that faults with traces less than 650 ft and small fault throws are likely missing from 

the analyzed data, as seismic resolution controls interpretation detail. Although these 

small faults may not be vertically extensive, they may provide connectivity between 

formations. 

Reliable SGR calculation is dependent on accurate interpretation of subsurface 

data, but variability in shale volume calculations has strong implications towards 

obtaining accurate results (Bretan et al., 2003; Yielding et al., 2010). Not all logs in the 

study area were collected using the same acquisition standards, as values depend on 

vendor equipment, specifications, and techniques. Furthermore, results from GR log 

normalization and Vsh log calculation can vary from region to region as rock properties, 

such as mudstone mineralogy, may be drastically different. The technique or equations 

used for these logs may also affect SGR calculations, and no standard has been set at this 

time. Finally, among other suggested data, acquiring core in sandstone and mudstone 

intervals of the San Luis Pass area would help calibrate not only shale volume 

calculations, but could also provide valuable mineralogical data, and rock strength data 

for further containment failure mechanisms analysis.  
  



 161 

Chapter 5: Conclusions 

An assessment of fault seal and potential containment failure mechanisms was 

carried out in order to better understand the apparent leakage scenario observed in the 

complex Lower Miocene structure located within the San Luis Pass area of the Texas 

Inner Shelf. Overall, the results from this study also have broader implications towards 

hydrocarbon exploration and CO2 sequestration projects, particularly within the inner 

shelf of the Gulf of Mexico. Operators originally drilled the faulted San Luis Pass 

structure for potential gas accumulations, but were highly unsuccessful. The structure 

later showed some promise as a suitable CO2 storage site, but observations made using 

the recently acquired P-Cable HR3D, most notably the apparent gas chimney feature, 

have decreased the structure’s initial attractiveness. Furthermore, near-sea floor fault tips 

mapped over the San Luis Pass structure suggested that the faults were recently active. 

This prompted questions pertaining to the structures ability to trap and seal buoyant fluids 

of any kind, as well as to what the mechanism controlling the apparent leakage may have 

been, assuming the system was sufficiently charged with hydrocarbons at one time or 

another. 

Thorough analysis into the potential for structural spill, juxtaposition leakage, and 

fault seal membrane leakage mechanisms was the primary focus of this study due to data 

limitations and time constraints, but yielded useful information for constraining the 

dominant containment failure mechanism for the system. For the two large-scale closures 

bound by Fault A, fill-to-spill closure analysis ultimately proved to be the most 

unrealistic of the three primary assessments, but provided the maximum possible 

capacities attainable for the system. Empirically derived fault seal membrane capacity 

estimates took into account the potential amount of shale (clay) material within the fault 
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zone through the use of the Shale Gouge Ratio and mapped fault throw values in order to 

consider the capillary entry properties of Fault A. Those results were more reasonable 

(hundreds of feet less) compared to fill-to-spill estimates and known accumulations from 

gas producing fields in TSW. However, both methods produced capacity estimations that 

would likely be commercially producible if encountered in Lower Miocene sediments. 

Since no such accumulations exist in the San Luis Pass structure, intricate analysis of 

potential migration and leakage pathways via across-fault juxtaposition of Lower 

Miocene 2 and Middle Miocene (MM) against Fault A followed the initial closure 

capacity estimates. While migration from deep LM2 carrier beds, including a potentially 

hydrocarbon bearing sandstone unit (HW l7), to the shallow overburden sediments 

appears only to be feasible through structural spill, gas migrating from the upper most 

LM2 sandstone unit (FW l1) would likely reach the surface through across-fault 

migration given enough fluid charge. Accounting for capillary entry properties of Fault A 

allowed for a more in-depth investigation of potential accumulations during across-fault 

migration, but all column height estimations would also likely be commercially 

producible.  

After a rigorous analysis of the three aforementioned containment failure 

mechanism, most capacity estimations were found to be within reason, geologically 

speaking. However, the lack of hydrocarbons in the San Luis Pass structure could not be 

adequately explained though these processes. Therefore, the likelihood of top seal 

membrane leak, mechanical top seal failure, and fault reactivation was addressed to the 

degree of feasibility that the available resources allowed. Top seal thickness of the Amph. 

B Shale interval was shown to be sufficient and laterally extensive in TSW, and 

converted CO2 to CH4 capillary entry limited capacity estimates from previous work done 

on deeper Lower Miocene mudstones in the region suggests that top seal values are 
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similar to fill-to-spill estimates for the San Luis Pass. No systematic facture systems 

could be observed through seismic attribute analysis in the study area, and the lack of 

data at finer scales (such as core samples) leaves the possibility of top seal mechanical 

failure as being a primary mechanism of containment failure as inconclusive. A detailed 

evaluation of fault reactivation risk in the current regional stress state is not feasible at 

this time for the San Luis Pass structure, but the recently displaced sediments imaged at 

the shallow subsurface, along with fault throw rates calculated for Fault A suggest that it 

has remained active, and that reactivation has occurred from the Early Miocene to at least 

the Late Pleistocene. Although the manner (episodic or continuous) and process behind 

the continued slip is not well understood, active movement of faults intersecting the San 

Luis Pass structure could allow for hydrocarbon leakage through permeable fault zone 

conduits. Given the circumstances and results mentioned above, the most likely 

containment failure mechanism affecting the San Luis Pass structure is interpreted to be 

fault reactivation, and potential migration pathways from Oligocene and Lower Miocene 

sources to the shallow overburden sediments were postulated. 

The San Luis Pass structure exemplifies the complexity of fault-bound traps in 

TSW, and demonstrates the value of investigating potential containment failure 

mechanisms before drilling a hydrocarbon prospect or sequestering CO2 in subsurface 

reservoirs. Containment failure analysis of potential structural spill and trap geometry, 

juxtaposition leak, and fault seal membrane leak (mechanisms 1, 2, and 4, respectively) 

shows that Fault A could retain commercial amounts of methane gas, despite the lack 

thereof. In fact, empirical fault membrane seal analysis using SGR appears to yield 

optimistic to unreliable capacity estimates in potentially active or recently active fault 

environments, highlighting a possible limitation of such analysis outside of static 

environments, and emphasizing the importance of understanding a basin’s geologic 
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history. Given the unlikelihood of mechanisms 1, 2, and 4, it is suggested that more 

analysis be conducted in order to adequately address the potential for top seal membrane 

leak, mechanical top seal failure, and fault reactivation (mechanisms 3, 5, and 6, 

respectively) in the San Luis Pass area. Intriguing is the possibility that movement along 

Fault A may have increased in the Quaternary, as it may have allowed for up-fault 

hydrocarbon leakage to occur. The fault throw rate results, although crude, agree with 

those provided by other workers along the Gulf Coast, especially in southern Louisiana. 

Unfortunately, mechanism controlling the fault movement interpreted in the San Luis 

Pass area remains unresolved at this time. Moreover, the manner of continued slip 

(episodic or continuous) is also highly speculative. However, non-zero throws are 

observed at all measured stratigraphic levels, and studies by other workers have tied 

Quaternary fault movement to sea level and sediment loading fluctuations. Beyond the 

scope of this study was an investigation of fault dynamics for this structure, but a 

thorough comparison between it and the surrounding productive structures may 

illuminate some underlying differences. 

Supplementing more conventional 3-D seismic data with HR3D data acquisition 

is viewed to be critical when analyzing structurally complex prospects where fault seal 

may pose a serious risk to success. Play analysis of the San Luis Pass structure and 

generalized comparisons to nearby analogues along TSW would suggest that the faults 

intersecting the structure could seal ample amounts of hydrocarbons. However, the 

HR3D seismic acquired in the San Luis Pass area highlights an apparent gas chimney 

feature, calling into question the ability for this structure to adequately trap hydrocarbons, 

let alone injected CO2. Unfortunately, dozens of wells targeting this structure did not 

encounter commercial amounts of hydrocarbons, and it is likely that the majority of these 

wells would not have been drilled if the operators had HR3D data illuminating the gas 
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chimney used in this study, due to the high risk of leakage. It is equally likely that future 

offshore CO2 storage ventures will avoid the San Luis Pass structure as a potential 

injection site. It would be beneficial for future workers to search for other potentially 

active faults in TSW (and other regions) through the collection and interpretation of 

additional high-resolution seismic and other data types (i.e., seep information, core 

samples, etc.). If no fault-bound accumulations are associated with an active fault(s) 

(similar to Fault A) in the region, a potential conclusion may be that active faults inhibit 

hydrocarbon accumulation in TSW when all other play elements (besides seal) are 

believed to be in place. Conversely, the San Luis Pass structure may represent a unique 

containment failure system if some fault-bound accumulations are associated with active 

faults, where either further containment failure analysis of the structure is in order, or a 

lack of charge into the structure may be a more realistic conclusion. Overall, it is 

advantageous to recognize potentially active fault systems when exploring for 

hydrocarbons or CO2 storage sites in order to reduce costs and optimize time. New 

technologies, most notably HR3D, provide a relatively inexpensive means of doing so 

before investing heavily in a project. 

Lastly, a summary of noteworthy contributions produced from this thesis is listed 

below: 

• A detailed structural and lithostratigraphic study of the San Luis Pass area 

including over 370 faults, 9 seismic surfaces, and 52 different stratigraphic 

tops 

• Identification and mapping of fault tips in the shallow overburden using 

overlapping seismic datasets with varying levels of vertical and horizontal 

resolution 
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• Comparison between dry petroleum wells targeting the San Luis Pass 

structure and producing wells that penetrate the surrounding structures in 

offshore Texas State Waters 

• Structural closure, spill points, aerial extent, maximum column height, and 

gross rock volume estimates for the two closures on the footwall and 

hanging wall of Fault A 

• Empirically derived capillary entry limited capacity estimates using the 

Shale Gouge Ratio for the two closures of San Luis Pass structure 

• Analysis of 23 Lower Miocene 2 and Middle Miocene sandstone units 

juxtaposed against Fault A leading to 4 postulated across-fault migration 

pathways, 20 leakage points, and 21 resulting carrier bed column heights 

• Investigation of potential hydrocarbon-bearing zones using formation 

evaluation and seismic amplitude analysis techniques for the Lower 

Miocene 2 reservoir and overburden intervals 

• 28 apparent fault throw measurements and converted throw rates for 7 

Early Miocene through Late Pleistocene surfaces displaced at 4 locations 

along Fault A  

• Proposed mechanism of containment failure for the San Luis Pass 

structure (fault reactivation) and potential migration pathways from 

Oligocene and Lower Miocene source rocks to the shallow overburden. 
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Appendix A 

Regional geologic features described in Chapter 1: Tectonic History and Local 

Structural Features. 

 

Figure A.1: Paleo-shelf edge locations from Galloway et al., 2000. Allochthonous salt 
structures found onshore and within the Gulf of Mexico Basin. Extent of the 
Houston Salt Basin (Seni, 1986) mapped based on data from Martin, 1978 
and Lopez, 1995 where teeth point downslope. 
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Figure A.2: Regional growth fault zones along the Texas Gulf Coast from Ajiboye, 2011. 
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Appendix B 

Enlarged portions of various figures for additional detail and clarity. 

 

Figure B.1: From figures 1.10A and B. 
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Figure B.2: From figures 1.10C and D. 
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Figure B.3: From Figure 1.11A. 
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Figure B.4: From Figure 1.11B.
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Figure B.5: From Figure 2.3. 
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Figure B.6: From figures 3.2A and B. 
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Figure B.7: From figures 3.6A and B.
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Figure B.8: From Figure 3.7A. 
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Figure B.9: From Figure 3.7B. 
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Figure B.10: From figures 3.8A and B. 
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Figure B.11: From figures 3.8C and D. 



 180 

 

Figure B.12: From Figure 3.9A. 
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Figure B.13: From Figure 3.9B. 
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Figure B.14: Figure 4.2 inset map.  
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Figure B.15: Upper-right portion of Figure 4.4. 
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Figure B.16: Lower-right portion of Figure 4.4. 
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Figure B.17: Upper-right portion of Figure 4.5. 
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Figure B.18: Lower-right portion of Figure 4.5. 
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Figure B.19: From Figure 4.10. 
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Appendix C 

Seni et al., (1997) Lower Miocene gas accumulation data for Texas State Waters 

used in Figure 4.2. 

Table C.1 

  Reservoir Location   Average Pool Depth (ft TVDSS)   Gas Column Height (ft) 

1.) High Island Block 24L GP   7,962   100 

2.) West Cameron 66 HG   6,505   30 

3.) Brazos Area 446-L SE-4 4200 SD   4,134   750 

4.) Middle Bank Reef 6000 Reservoir   6,631   175 

5.) Block 440 B Sand FBB   8,125   360 

6.) Block 440 B Sand FBD   8,125   200 

7.) Eugene Island 24 1500   14,928   275 

8.) Vermilion Block 14 Cib Op   10,268   75 

9.) Matagorda Island 703 FT   8,947   200 

10.) South Marsh Island 241 B2   7,011   60 

11.) Matagorda Island 604 6550   6,697   160 

12.) Mustang Island 805 LMA1   9,388   415 

13.) Matagorda Island 527 E   9,103   350 

14.) Shipwreck L-1 Reservoir   8,289   300 

15.) Shipwreck L-1 Reservoir   8,289   70 

16.) Main Pass 73   13,375   160 

17.) Galveston 393 BH-15   6,125   40 

18.) Matagorda Island 4A 5050   4,999   60 

19.) Brazos 70A TW1   6,785   300 

20.) Sabine Pass 10 MP3   11,832   375 

21.) Mustang Island 31A 9700   9,114   433 

22.) West Cameron 68D   16,350   260 

23.) South Marsh Island 9   15,664   810 

24.) Mustang Island 31A MP4   11,930   500 

25.) OCS Matagorda Island 668 KQ   11,056   300 

26.) East Cameron 60 PQ   14,100   624 

27.) Vermilion Block 14 Rob Sands   13,224   125 

28.) Eugene Island 136 PP   18,800   470 

29.) Matagorda Island Block 668 11800 Sand   11,641   382 
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Appendix D 

Interval fault throw rate (ms TWT/year) vs. approximate geologic age of mapped horizons from Figure 4.8. 

 

 

Figure D.1
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