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Abstract: Understanding fault seal and trap quality is critical for hydrocarbon prospect. 18 

Offshore, these analyses are dependent on the strength of geologic interpretations from 3D 19 

seismic data, but are limited by data resolution, quality, and acquisition style. Although 20 

conventional, industry-standard 3D seismic data are adequate for the deeper petroleum 21 

system, interpretation of overburden features, such as shallow faults and gas chimneys, also 22 

provide valuable insight about containment performance. A potential supplement to 23 

conventional 3D data are high-resolution 3D seismic (HR3D) data, which provide detailed 24 

images of the overburden geology. This study utilizes an HR3D seismic volume in the San 25 

Luis Pass area of the Texas inner shelf over an unsuccessful hydrocarbon prospect. The 26 

HR3D data are integrated with conventional 3D data to interpret geologic features from the 27 

reservoir interval to the seafloor and to aid static post-drill fault seal and trap analyses. We 28 

hypothesize that tertiary gas migration through fault conduits reduced hydrocarbon presence 29 

in the prospective Lower Miocene reservoir, and may have resulted from continued 30 

movement along the intersecting faults. Overall, this study reinforces the importance of 31 

understanding overburden geology and geohistory of faulted prospects, and demonstrates the 32 

utility of pre-drill HR3D acquisition when conducting trap and fault seal analyses. 33 

 34 

Supplemental material: Lower Miocene gas column height and pool depth data from Seni et 35 

al. 1997 and column height estimates from this study plotted in Figure 12 are available at 36 

https://doi.org/xxxx’. 37 

 38 
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Faults can play a key role in hydrocarbon trapping and compartmentalization as they have 39 

been theorized and observed to act as either barriers or conduits to fluid flow in siliciclastic 40 

petroleum systems (Hubbert 1953; Smith 1966, 1980; Berg 1975; Schowalter 1979; Downey 41 

1984, 1994; Watts 1987; Biddle & Wielchowsky 1994; Wibberley et al. 2017). Many 42 

predictive techniques have been developed for analyzing faults and their sealing potential 43 

(Pei et al. 2015), but the quality and accuracy of the results depend greatly on the strength of 44 

subsurface interpretation. Moreover, the interpretation reliability depends on the caliber and 45 

resolution of the available data used to derive it. This is generally true for all workflows used 46 

for prospect evaluation, but is particularly true offshore, where 3D seismic data is important 47 

because wellbore data coverage is often sparse compared to onshore areas. Fortunately, 48 

workflows have become more integrated and seismic technologies continue to improve, 49 

leading to reduced uncertainty and better predictions of fault seal and trap quality. There are, 50 

however, some limitations and important considerations involved with using standard data 51 

types and methodologies. 52 

 53 

Data from conventional (i.e. industry-standard) 3D seismic surveys provide effective means 54 

for interpreting faults and other features offshore, but these surveys are often optimized to 55 

image prospective petroleum reservoirs at depth. A consequence of having seismic 56 

acquisition design focused on the deeper geology is that the ability to characterize important 57 

structural and stratigraphic elements within the overburden strata may be hindered. The 58 

overburden may even be overlooked entirely as a result of acquisition design, poor 59 

interpretation practices, or general disinterest. On the contrary, there are advantages to 60 

conducting detailed interpretation in both the overburden and deeper petroleum system. In 61 

fact, traditional fault seal and trap quality predictions at depth may occasionally be improved 62 

by overburden characterizations that originate from seismic data optimized for it. 63 

 64 

Shallow features such as faults and gas chimneys (i.e. Cartwritght et al. 2007) provide 65 

significant insight towards both fault seal potential and hydrocarbon presence within the deep 66 

petroleum system. For instance, the identification of seeps or gas chimneys in the overburden 67 

above faults can indicate tertiary migration from the reservoir interval (e.g. Heggland 1998; 68 

Cartwright & Santamarina 2015; Simmenes et al. 2017). Imaged gas chimneys or seeps in the 69 

overburden or near the seafloor may be viewed as hydrocarbon indicators if located above a 70 

prospect under evaluation (Heggland 1998). However, identifying these features over a 71 

prospect does not definitively predict whether commercial accumulations exist or not (e.g. 72 

Hood et al. 2002; Logan et al. 2010) as the rate and severity of reservoir leakage may not be 73 

immediately determinable. In the case of CO2 storage prospecting, such evidence of fluid 74 

migration interpreted above reservoir of interest would certainly be negative. 75 

 76 

At reservoir depths, fault seal prediction via lithologic juxtaposition (Allan 1989; Knipe 77 

1997) or shale gouge ratio (SGR) analysis (Yielding et al. 1997; Freeman et al. 1998; 78 

Yielding et al. 2010) is widely used to assess faulted siliciclastic reservoirs. Both of which 79 

are empirically shown to be effective techniques for evaluating fault seal (e.g. Alexander & 80 

Handschy 1998; Yielding 2002; Lyon et al. 2005). Despite their predictive capability, there 81 

remains a risk that these types of trap and fault seal analyses could inaccurately portray the 82 

sealing capacity of faults and the presence of hydrocarbons at depth (e.g. Wibberley et al. 83 

2017). In other words, prediction of fault seal by traditional means may be too optimistic in 84 

certain geologic settings, including areas with extensive overburden faulting and shallow 85 

hydrocarbon indicators (e.g. Norwegian North Sea). Therefore, a combination of shallow and 86 

deep observations may be more appropriate when derisking prospects because it allows for a 87 
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more robust approach towards characterizing the risk of reservoir containment failure due to 88 

faulting.  89 

 90 

One solution to this issue is to acquire high-resolution 3D (HR3D) seismic reflection data, 91 

which provide detailed imaging of shallow overburden geology compared to most 92 

conventional 3D seismic survey technologies (i.e. Petersen et al. 2010). This is because 93 

source frequency content, receiver sampling rate, and bin size of HR3D systems are designed 94 

to increase both the vertical and horizontal resolution. Depth of investigation is reduced to a 95 

maximum of roughly 2 s two-way time (TWT), however, due to the higher frequency content 96 

recorded (Sheriff 1985). HR3D has been proven useful in a variety of instances, including 97 

geotechnical work (e.g. Marsset et al. 1998; Brookshire et al. 2015; Shmatkova et al. 2015), 98 

shallow hydrocarbon accumulation studies (e.g. Planke et al. 2011; Vadakkepuliyambatta et 99 

al. 2015), as well as CO2 storage assessments (e.g. Meckel et al. 2017) and monitoring (e.g. 100 

Koukouzas et al. 2016). The technology is also capable of imaging shallow faults and gas 101 

chimneys (e.g. Meckel & Mulcahy 2016). However, to our knowledge, no published 102 

examples demonstrate HR3D being used in conjunction with traditional trap and fault seal 103 

analyses generated from deep conventional seismic and well log interpretation for the 104 

purpose of derisking tertiary hydrocarbon migration through fault conduits. Given the 105 

different scales of observation that can result from both HR3D and conventional 3D seismic 106 

interpretation, trap and fault seal analyses could benefit from a coupled approach since the 107 

high-resolution data provides more information about the role of faults throughout the entire 108 

stratigraphy than conventional seismic alone. 109 

 110 

To demonstrate the utility of HR3D for fault seal analysis and to achieve a more thorough 111 

evaluation of fault seal and trap potential, we built a local structural model based on 112 

conventional 3D seismic, HR3D, 2D chirp, and well log interpretations from an unsuccessful 113 

structural prospect along the Texas inner shelf. We then conducted a detailed post-drill static 114 

trap and fault seal analysis on the deeper geologic elements to reconcile shallow observations 115 

made from HR3D interpretations in the overburden geology. We interpret that faults may 116 

have allowed tertiary migration of gas into overburden strata from Lower Miocene reservoirs 117 

showing signs of residual charge by integrating all seismic observations with standard top 118 

seal, fill-to-spill, fault juxtaposition, and SGR analyses performed at depth. Furthermore, our 119 

findings support the acquisition and interpretation of HR3D data in structurally complex 120 

offshore areas during hydrocarbon prospect and CO2 storage site evaluation and derisking 121 

phases of a project to avoid drilling nonproductive wells. 122 

 123 

Geology of the San Luis Pass area 124 

 125 

The study area is located 10.6 km south of Galveston Island within Texas’ 16.7 km coastal 126 

zone boundary running along the northwestern inner shelf of the Gulf of Mexico (Fig. 1). The 127 

map in Figure 1 also provides the locations for all available data used for this study, which 128 

includes: 2D and 3D reflection seismic, 2D chirp, and wellbore data. The nearby San Luis 129 

Pass at the southwest end of Galveston Island is a narrow inlet connecting West Bay with the 130 

Gulf of Mexico, and serves as a convenient name for the locality and faulted anticlinal 131 

structure of interest. This location provides a unique opportunity to investigate the interplay 132 

of deeper stratigraphic units of the petroleum system, overburden units, and through-going 133 

structural elements for evaluating deep hydrocarbon prospectivity. 134 

 135 

Cenozoic siliciclastic deposition into the Gulf of Mexico commenced in the Late Cretaceous 136 

to Late Paleocene (Winker 1982; Galloway et al. 1991a; Galloway et al. 2000; Galloway 137 
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2008). Rocks representative of the petroleum system in the San Luis Pass area consist of Late 138 

Oligocene- (O) through Middle Miocene-aged (MM) sandstones, siltstones, and claystones 139 

(Galloway 1989a; Morton & Galloway 1991; Seni et al. 1997) shown in the interpreted 140 

seismic section AA’ in Figure 2. The overburden stratigraphic intervals are comprised of 141 

Upper Miocene (UM) through more recent Pliocene–Holocene (R) siliciclastic sediments 142 

ranging between 880 and 1500 m in total thickness. Besides the location of sedimentary 143 

sources (Galloway 2008), the architecture and distribution of depocenters and petroleum play 144 

elements along the Texas inner shelf are heavily influenced by structural features. These 145 

structures are primarily controlled by normal faulting caused by a combination of regional 146 

gravitational sliding and subsidence into the Gulf of Mexico (Winker & Edwards 1983; 147 

Worrall & Snelson 1989; Bradshaw & Watkins 1994; Huh et al. 1996), and the displacement 148 

and withdrawal of mobile allochthonous salt (Worrall & Snelson 1989; Diegel et al. 1995; 149 

Peel et al. 1995; McDonnell et al. 2009). 150 

 151 

Miocene plays within the Texas inner shelf are dominantly gas-prone, although source rocks 152 

responsible for hydrocarbon generation observed in the northwest portion of the Gulf of 153 

Mexico are somewhat contested. Locally, resistivity log and minor high amplitude seismic 154 

anomalies within reservoir units of the San Luis Pass structure show signs of residual gas 155 

charge, even though drilling of the prospect did not result in any documented hydrocarbon 156 

shows (Osmond 2016). Regional hydrocarbon sources are thought to be either generated from 157 

Oligocene rocks, including organic-rich shales of the Anahuac and Frio formations 158 

(Galloway et al. 1982b; Galloway 1989b), or from Mesozoic to Early Paleogene source rocks 159 

(Nunn & Sassen 1986; Bissada et al. 1990, Hood et al. 2002). Although considering 160 

reservoirs and sources in deeper parts of the Gulf of Mexico, Hood and others (2002) 161 

concluded that subsurface hydrocarbons migrated from lower stratigraphic intervals vertically 162 

via conduits related to salt structures or faults, as opposed to large-scale updip lateral 163 

migration. Moreover, Taylor and Land (1996) came to a similar conclusion about brines 164 

sampled in the Picaroon field in the nearby Corsair Growth Fault Zone. Faults may indeed 165 

provide migration pathways from source rocks regionally, but locally do not appear to 166 

intersect potential sources older than Oligocene or Miocene in age. Therefore, generation and 167 

migration likely originated from Late Paleogene or younger organic-rich rocks proposed by 168 

Galloway (1989b), rather than deeper Mesozoic or Cenozoic sources.  169 

 170 

Coarse-grained, porous siliciclastic intervals provide abundant suitable reservoirs in the study 171 

area, while fine-grained claystones and shales act as extensive regional seals. Reservoir 172 

sandstones and siltstones in the Lower Miocene 1 and 2 (LM1 and LM2; Fig. 2) intervals 173 

have porosities as high as 28% (Seni et al. 1997). These two units are separated by 174 

transgressive fine-grained deposits associated with the Marginulina ascensionensis (Marg. 175 

A) benthic foraminifera biozone, while the LM2 reservoir is overlain by similar 176 

Amphistegina chipolensis (Amph. B) deposits upsection (Galloway 1989b; Galloway et al. 177 

2000). The Marg. A and Amph. B claystone and shale intervals are regionally extensive, 178 

sufficiently thick (< 1540 m), and commonly serve as top and bottom seals for gas fields 179 

along the Texas inner shelf (Lu et al. 2017). Although not a local reservoir target, Middle 180 

Miocene sandstones and siltstones are of good reservoir quality in other parts of the Texas 181 

inner shelf (Seni et al. 1997), and sequence stratigraphic (Hentz & Zeng, 2003) and seismic 182 

interpretation suggests they unconformably overly an upper Amph. B erosional surface. 183 

Mixed siliciclastic sediments of the Upper Miocene through Holocene intervals characterize 184 

the remaining overburden stratigraphy, and individual coarse-grained intervals became 185 

increasingly thinner in time as sediment continued to prograde basinward, the depositional 186 
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environment shallowed, and accommodation space was reduced (Galloway et al. 2000; 187 

Galloway 2008).  188 

 189 

The stratigraphy within the Texas inner shelf and the San Luis Pass structure is pervasively 190 

faulted. Prominent faults are associated with the northeast-southwest trending Clemente-191 

Tomas Fault Zone (Worrall & Snelson 1989; Ewing 1991; Bradshaw & Watkins 1994; 192 

Watkins et al. 1996; McDonnell et al. 2009; Ajiboye & Nagihara 2012), which is 193 

characterized by southeast-dipping growth faults and smaller antithetic faults. These faults 194 

provide numerous structural traps along the Texas inner shelf in the form of half-grabens, 195 

anticlines, and faulted anticlines (Lopez 1990; Seni et al. 1997; Nicholson 2012). The 196 

majority of movement along the Clemente-Tomas Fault Zone commenced in the Late 197 

Oligocene and continued throughout the Miocene (McDonnell et al. 2009; Ajiboye & 198 

Nagihara 2012), however, younger stratigraphic intervals in the overburden also show 199 

evidence of continued deformation after Miocene time (Nicholson 2012; Meckel & Mulcahy 200 

2016; Osmond 2016). Displacement along the primary detachment surface provided 201 

significant accommodation space for Miocene sedimentation on the hanging wall side of the 202 

Clemente-Thomas Fault Zone (Galloway 1982b), while the footwall block is generally 203 

dominated by rocks of the Oligocene-aged Frio formations and overlying Anahuac Shale 204 

(Rainwater 1964; Galloway et al. 1982b; Galloway 1989a). Mobilization of the Jurassic 205 

Louann Salt (J; e.g. McDonnell et al. 2009) and potentially overpressured Cenozoic claystone 206 

bodies (Ajiboye & Nagihara 2012) also influenced structural style along the Texas inner 207 

shelf. The two primary salt bodies within the study area are the San Luis Pass Salt Dome to 208 

the northeast (Nettleton 1957), and a deeper triangular mound located in the footwall of a 209 

large local growth fault (Fault A; Fig. 2) displacing the reservoir and top seal units to the 210 

southwest. The closure generated by Fault A and the deeper salt body defines the San Luis 211 

Pass structure analysed in this study.  212 

 213 

Data set and methods 214 

 215 

Integrated 2D and 3D seismic, 2D chirp, and wireline well log data were used to interpret and 216 

model structural and stratigraphic elements of the San Luis Pass structure in three 217 

dimensions. Two distinct 3D seismic surveys were interpreted using Landmark 218 

DecisionSpace™ interpretation software, and a side-by-side comparison of a single section 219 

from the two data sets is provided in Figure 3 to illustrate the difference in data resolution. A 220 

3D survey known as the Texas Offshore OBS 3D volume for the study area was obtained 221 

from Seismic Exchange, Inc. (SEI). It represents the primary conventional data set available 222 

to industry along the Texas inner shelf. The data has a dominant frequency of roughly 25 to 223 

50 Hz, giving it an approximate lower vertical resolution of around 15 m, assuming a 1500 m 224 

s-1 interval velocity (Meckel & Mulcahy 2016). A 738 km2 subset of the conventional Texas 225 

Offshore OBS data in the San Luis Pass area was converted to depth using sonic and density 226 

well logs from the IHS Markit Database, as wells as checkshot data from TGS NOPEC and 227 

Gulf Coast Velocity Database.  228 

 229 

In 2013, the Texas Bureau of Economic Geology (BEG) acquired a 31.5 km2 HR3D seismic 230 

volume. This HR3D data has a higher dominant frequency of around 150 Hz, which equates 231 

to a vertical resolution of approximately 2.5 m if one assumes as a 1500 m s-1 interval 232 

velocity. Although this improved data resolution is significant, it must be noted that depth of 233 

investigation diminishes with higher frequency seismic data due to natural signal attenuation 234 

(Sheriff 1985), and HR3D imaging in the San Luis Pass is only effective to about 1500 ms 235 

TWT. However due to the shallow water acquisition style (< 15 m) and low-frequency of the 236 
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Texas Offshore OBS survey, vertical and horizontal data coverage within the first 500 ms 237 

TWT of the subsurface is far more complete in the HR3D compared to the available 238 

conventional volume (Fig. 3). This is not the case in all acquisition settings, but the increased 239 

resolution of overburden strata is a distinctive characteristic of the HR3D volume. In addition 240 

to the two 3D volumes, chirp lines acquired by The University of Texas Institute for 241 

Geophysics (UTIG) between the years 2013 and 2015 penetrate down to 75 ms TWT, and 242 

helped further characterize the shallowest sedimentary section and structural features in the 243 

San Luis Pass area. 244 

 245 

Faults and stratigraphic surfaces were interpreted from the available seismic data, and 246 

structural complexity made structural modeling of the San Luis Pass closure technically 247 

challenging. To make this complexity more manageable, the structural model was simplified 248 

so that only the eight-most prominent faults intersecting the anticline are represented. The 249 

largest fault displacing the San Luis Pass structure (Fault A) is highlighted in this study 250 

primarily because maximum throw along its surface exceeds 365 m, which is nearly an order 251 

of magnitude larger than accessory faults intersecting the structure. The high displacement 252 

magnitude of Fault A is significant because it juxtaposes LM2 reservoir rocks in the footwall 253 

above the Amph. B top seal against MM coarse-grained rocks in the hanging wall (Fig. 2). 254 

This juxtaposition window might provide an easy leakage point for buoyant fluids, which 255 

will be addressed later. Interpretations of Fault A using both conventional and HR3D seismic 256 

data sets were combined in order to accurately portray its geometry in both the deep and 257 

shallow subsurface. Stratigraphic inputs into the 3D geologic model include the top of the 258 

LM1, Marg. A, LM2, Amph. B, MM, and UM horizons interpreted from the conventional 259 

seismic volume. 260 

 261 

Fault seal and trap analyses for the San Luis Pass structure were conducted in four ways. 262 

First, top seal quality was evaluated via seismic isochore mapping and by converting Hg-air 263 

normalized capillary entry pressure (MICP) results conducted by Lu and others (2017) for 264 

CO2 storage capacity estimates in equivalent Lower Miocene fine-grained rocks along the 265 

Texas inner shelf. The overall fill-to-spill closure was subsequently analysed to establish a 266 

maximum structural capacity estimate for Fault A footwall and hanging wall blocks, and to 267 

identify spill points. Three-dimensional juxtaposition analysis (e.g. Clarke et al. 2005) was 268 

then carried out using Badley Geoscience TrapTester© modeling software to understand how 269 

buoyant fluids could potentially reach the sedimentary overburden interval by way of across-270 

fault tertiary migration at sandstone on sandstone (ss-ss) contacts. The 23 total sandstone 271 

units incorporated into the juxtaposition model were interpreted within the LM2 (l1 through 272 

l12) and MM (m1 through m11) intervals using gamma-ray and spontaneous potential log 273 

curves from two wells (4270630174000 and 4270630177000) located in each block displaced 274 

by Fault A (Fig. 4). Gamma-ray (GR) and spontaneous potential (SP) curve cutoff values of 275 

50º API and -60 mV, respectively, were applied to distinguish between individual coarse-276 

grained units of at least 4.5 m thick. Since these units are all outside conventional seismic 277 

resolution, footwall and hanging wall cutoffs for each individual unit were confined between 278 

their respective horizon boundaries in 3D, then superimposed onto Fault A in proportion to 279 

their vertical position within each sedimentary interval. Finally, the extent to which shale or 280 

clay gouge may be affecting the capillary entry properties within the core of Fault A was 281 

predicted through shale gouge ratio analysis (SGR; Fristad et al. 1997; Yielding et al. 1997; 282 

Freeman et al. 1998) in TrapTester. The shale gouge ratio is defined as the sum of the 283 

volumetric concentration of shale or clay (Vsh or Vcl) within a sedimentary interval of interest 284 

(Δz), divided by the throw along the fault displacing that interval (Equation 1).  285 

 286 
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𝑆𝐺𝑅 =
∑(𝑉𝑐𝑙∆𝑧)

𝑡ℎ𝑟𝑜𝑤
     (1) 287 

 288 

No core data were available in the immediate vicinity of the anticline for directly quantifying 289 

clay content (XRD, etc.) within the modeled stratigraphic interval. Additionally, no spectral 290 

gamma-ray logs (K, U, or Th) were available to infer clay types. Instead, clay or shale 291 

volume logs (Vsh) were calculated using Equation 2 and normalized gamma-ray logs from the 292 

two wells in both the footwall and hanging wall blocks. A value of 10º API was employed for 293 

the gamma-ray value for sandstone (GRss), while a value of 90º API was used for pure shale 294 

(GRsh). 295 

 296 

𝑉𝑠ℎ =
𝐺𝑅𝑛𝑜𝑟𝑚−𝐺𝑅𝑠𝑠

𝐺𝑅𝑠ℎ−𝐺𝑅𝑠𝑠
     (2) 297 

 298 

Values of SGR calculated along the modeled surface of Fault A in 3D were then empirically 299 

converted into across-fault pressure difference (AFPD) or equivalent threshold capillary entry 300 

pressures (Pce) for Fault A based on the empirical Equation 3 published by Bretan and others 301 

(2003) for faulted reservoirs at depths less than 3.0 km (C = 0.5).  302 

 303 

 𝐴𝐹𝑃𝐷 = 𝑃𝑐𝑒 = 10(
𝑆𝐺𝑅

27
−𝐶)

    (3) 304 

 305 

The capillary entry pressure values were subsequently compared to simulated gas 306 

accumulations using buoyancy pressure profiles (Bretan et al. 2003; Bretan & Yielding 2005) 307 

for closures on both sides of Fault A. If the buoyancy pressure (Pb) of a trapped fluid exceeds 308 

the Pce curve of the fault rock at any depth along the fault closure, the trapped fluid will 309 

breach the capillary seal at that depth along the fault. Equation 4 expresses the maximum 310 

retainable buoyant fluid column height (H) for Fault A in the LM2 reservoir interval, and is 311 

rearranged based on Equation 3 (AFPD = Pce). 312 

 313 

𝐻 =
𝑃𝑐𝑒

𝑔(𝜌𝑤−𝜌ℎ)
=

10
(
𝑆𝐺𝑅
27

−𝐶)

𝑔(𝜌𝑤−𝜌ℎ)
    (4) 314 

 315 

A density of 1020 kg m-3 and 300 kg m-3 was used for the formation water (ρw or ρbrine) and 316 

methane (ρh or ρCH4), respectively, while the gravitational acceleration (g) is 9.81 m s-2. 317 

Column heights from the fill-to-spill and SGR analyses were finally compared to known gas 318 

accumulations found in faulted reservoirs along the Texas inner shelf in order to demonstrate 319 

the validity of using this technique along the Texas inner shelf (Seni et al. 1997; Nicholson 320 

2012). Overall, the following results provide a sense of the potential hydrocarbon capacity 321 

that operators may have expected to encounter at the San Luis Pass structure before drilling. 322 

Moreover, they help illustrate the usefulness of performing fault seal and trap analysis 323 

together with HR3D interpretation. 324 

 325 

Shallow HR3D seismic and 2D chirp interpretation 326 

 327 

Two important geologic observations in the overburden interval are documented after 328 

interpreting the recently acquired HR3D and 2D chirp data sets. They are presence of (1) 329 

shallow faults and (2) a vertical gas chimney feature located within the upper portion of the 330 

overburden stratigraphy (see Fig. 5). Meckel & Mulcahy (2016) originally reported these 331 

features using the same dataset, and demonstrated that they are unapparent in the available 332 

conventional data prior to acquisition of this new HR3D data. Listric faults of the Clemente-333 
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Tomas Fault Zone extend deep into stratigraphic section locally and dip down further sub-334 

horizontally into the Gulf of Mexico Basin southwestward (Peel et al. 1995; McDonnell et al. 335 

2009; Ajiboye & Nagihara 2012). However, the extent to which these faults extend vertically 336 

below the seafloor is difficult to determine definitively with conventional industry-standard 337 

seismic data. The available Texas Offshore OBS volume often shows evidence for fault 338 

displacements just under 300 ms TWT (Nicholson 2012; about 225 m assuming a 1500 m s-1 339 

velocity), which is also true for Fault A and accessory faults of the San Luis Pass structure 340 

(Fig. 5a). The uncertainty associated with vertical fault tip locations represents a fault trap 341 

and seal risk because faults extending into the overburden may provide tertiary migration 342 

pathways or drilling hazards for field development.  343 

 344 

The overlapping HR3D volume in Figure 5b images Fault A with greater vertical and 345 

horizontal detail the conventional volume, and shows 25 ms TWT displacement along its 346 

surface. Additionally, a chirp section in the same location further refines our interpretation of 347 

Fault A in figures 5c and 5d. The chirp data has a vertical resolution of approximately 0.25 348 

m, assuming a 1500 m s-1 seismic velocity, and vertical offset along Fault A can be observed 349 

to about 2 ms (about 1.5 m) below the ocean floor. A similar observation has been made from 350 

several accessory fault splays of the anticline and greater San Luis Pass area. The sediments 351 

imaged by the available chirp data are Pliocene to Holocene in age (Osmond 2016; Anderson 352 

et al. 2018), suggesting that movement along Fault A has occurred recently. Again, it must be 353 

reiterated the coarse resolution of the conventional seismic and older data available to 354 

operators in this region at the time of drilling likely made it impossible to determine the exact 355 

depth in which the San Luis Pass faults tip out near the surface. Knowledge of these shallow 356 

faults and their recent movement during prospect risk assessment would likely have been 357 

valuable to operators prior to drilling. 358 

 359 

The second prominent feature observed exclusively from the overlapping HR3D volume is a 360 

vertically extensive, chaotic seismic facies interpreted to be a gas chimney (Meckel & 361 

Mulcahy 2016). The aerial extent of this apparent chimney feature is approximately 1.14 362 

km2, and is conspicuously located in the shallower stratigraphy above the crest of the San 363 

Luis Pass hanging wall closure. The exact depth of origin for the anomaly is cryptic, 364 

however, as HR3D image quality decays near this depth. Despite this shortcoming, the 365 

chimney feature can be interpreted just below the MM surface at a depth of 1200 ms TWT 366 

and possibly deeper. The vertical nature of the interpreted feature is interesting because 367 

several faults intersect the overburden section, and one might expect migrating fluids at this 368 

interval to travel upward along permeable zones of a given fault (i.e. Roberts et al. 1996; 369 

Løseth et al. 2009). Instead, the inferred vertical migration pathway from the MM interval is 370 

independent of fault locations, suggesting that permeabilies along these faults are equal or 371 

less than those associated with the undeformed host rock sediments in the overburden at these 372 

depths. However, migration through the fault zones cannot be ruled out because the apparent 373 

vertical nature of the chimney feature may also be due to acoustic blanking from gas-bearing 374 

units (Cartwright et al. 2007; Cukur et al. 2013b) at very shallow depths alongside the faults 375 

(Meckel & Mulcahy 2016). These could mask true geometry of acting fault conduits. Overall, 376 

the interpreted gas chimney feature suggests that hydrocarbons may have escaped the LM2 377 

reservoir interval or deeper, posing a serious trap and seal risk for the San Luis Pass structure. 378 

There is no indication of the chimney within the Texas Offshore OBS volume or available 379 

logs along the Texas inner shelf, and we assume that operators were unaware of its existence. 380 

If the chimney feature in fact represents buoyant thermogenic hydrocarbons migrating to the 381 

overburden from depth, it is important from an exploration perspective to understand how 382 
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operators could have perceived hydrocarbon presence in the LM2 reservoir interval before 383 

drilling and how hydrocarbons could migrate vertically into MM or younger units via faults. 384 

 385 

Top seal and fill-to-spill capacity 386 

 387 

An analysis of top seal quality and fill-to-spill capacity was undertaken to determine 388 

maximum structural capacity of the San Luis Pass structure. Firstly, isochore thickness of the 389 

regional Amph. B seal was mapped throughout the study area from depth-converted horizons, 390 

where thickness ranges from over 320 m to as thin as 122 m. The vertical thickness and 391 

horizontal continuity of the Amph. B top seal suggests that it is of sufficient quality (i.e. 392 

Downey 1984, 1995). MICP measurements by Lu and others (2017) were collected from core 393 

samples of analogous Lower Miocene fine-grained rocks in two offshore wells approximately 394 

120 and 240 km away from the San Luis Pass structure. Converting their laboratory 395 

measurements from CO2 to CH4 capacity, we estimate that fine-grained Lower Miocene units 396 

from one well could retain methane columns of approximately 285 m. A gas column of this 397 

size m was certainly not encountered by operators targeting the San Luis Pass structure, but 398 

the result implies that top seal quality is indeed suitable for significant hydrocarbon 399 

accumulation in the LM2 reservoir. 400 

 401 

The geometry, fill-to-spill capacity, and potential spill points of the San Luis Pass structure 402 

were also analysed to better understand the most optimistic accumulation scenario. This was 403 

achieved by modeling the LM2 interval top surface, Fault A, and associated faults mapped 404 

within the depth-converted conventional volume. Here, the LM2 surface represents the 405 

interface between the LM2 reservoir and Amph. B top seal, and is treated as impermeable 406 

barrier. Furthermore, Fault A was arbitrarily treated as impermeable, producing two reservoir 407 

compartments on the footwall and hanging wall of the fault. Modeled hydrocarbon column 408 

heights are approximately 209 and 302 m for the footwall and hanging wall, respectively. 409 

The 93 m difference between footwall and hanging wall fill-to-spill capacity is mainly due to 410 

the intersection location of Fault A with respect to the geometry of the greater anticline. If 411 

maximum top seal capacity previously determined from the analogous Lower Miocene 412 

claystones and shales is indeed reasonable, it is interesting that the maximum fill-to-spill 413 

capacity for the San Luis pass structure is only about 17 m larger. However, top seal capacity 414 

limits maximum fill-to-spill capacity (Sawamura & Nakayama 2005). This means the 415 

maximum hanging wall column height can only reach 285 m before the top seal reaches its 416 

capillary entry pressure limit, rather than the 302 m fill-to-spill limit. Nevertheless, the 417 

primary leakage points in a fill-to-spill scenario are located in the western edge of the 418 

footwall closure, and at the saddle in northeastern part of the hanging wall closure. An 419 

operator conducting similar top seal and fill-to-spill analyses to ours may have been 420 

encouraged to test the structure given the estimated size of the trap. In fact, nine wells tested 421 

the San Luis Pass fill-to-spill closure (Fig. 6), but accumulations close to our estimates were 422 

not encountered. This reinforces the risk of over-relying on conventional interpretation 423 

techniques for evaluating field prospectivity. 424 

 425 

Fault juxtaposition of reservoir and sealing units 426 

 427 

A three-dimensional fault juxtaposition model (3D Allan diagram; Allan 1989; Bouvier et al. 428 

1989; Clarke et al. 2005) was developed for Fault A and the San Luis Pass structure (Fig. 7) 429 

from seismic horizon surfaces, the Fault A interpreted surface, and the 23 sandstone and 430 

claystone and shale units interpreted from two wireline well logs discussed earlier. The 431 

purpose of modeling the juxtaposition of coarse- and fine-grained bodies against Fault A was 432 
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to identify areas of potential leakage along the fault, estimate accumulation sizes, and 433 

determine hypothetical hydrocarbon migration pathways from the base of the LM2 reservoir 434 

interval into the overburden seciton. The idealized progression for vertical hydrocarbon 435 

migration within sandstone units originates at depth, and moves vertically through a series of 436 

ss-ss contacts along Fault A. The model assumes that buoyant hydrocarbons in permeable 437 

sandstone units (l1 through l12 and m1 through m11) juxtaposed against Fault A can move 438 

freely from one side of the fault to the other if it promotes continued vertical migration. 439 

Individual fine-grained units and the Amph. B interval in the model are treated as 440 

impermeable contacts, governing the direction of vertical and horizontal hydrocarbon 441 

migration, and allowing for accumulation to take place. Leakage points are mapped on the 442 

diagram in Figure 7 according to the highest structural point of the shallowest ss-ss 443 

juxtaposition for any given carrier bed. The possibility for vertical migration along Fault A 444 

itself was ignored in this analysis. 445 

 446 

Overall, the fault juxtaposition model suggests that hydrocarbons would either freely migrate 447 

across Fault A or accumulate within the various three-way closures in both fault blocks. 448 

Estimated column heights range from nearly zero to over 274 m (i.e. fill-to-spill values), 449 

while the minimum producing accumulation reported in fields along the Texas inner shelf is 450 

approximately 9 m (Seni et al. 1997). These accumulations would develop in both the LM2 451 

and MM intervals, resulting from hypothetical tertiary migration originating at depth and 452 

continuing on through subsequent carrier beds upsection. The hypothetical origin of four key 453 

migration scenarios mapped in Figure 7 start from three distinct LM2 carrier beds. These 454 

beds of origin include the basal l12 sandstone, the l7 sandstone associated with high wellbore 455 

resistivity readings and a high amplitude seismic anomaly, and the uppermost l1 sandstone.  456 

 457 

Assuming ample hydrocarbon charge, migration continuing on from the basal l12 sandstone 458 

unit in either the footwall or hanging wall block would eventually move upward into the l3 459 

sandstone in the footwall block (red dashed path line), where it is juxtaposed against the 460 

Amph. B shale in the hanging wall. Several hydrocarbon columns accumulating in 461 

stratigraphically lower sandstone bodies along the way would be filled until fluid contacts 462 

reached juxtaposition points that promoted further migration. Ultimately, a fill-to-spill 463 

scenario would develop within the l3 sandstone because no other ss-ss juxtapositions that 464 

allow for continued vertical migration exist directly upsection along Fault A. A similar 465 

outcome can be deduced from a migration pathway originating from the l7 sandstone (blue 466 

dashed path line). This is mainly due to the geometry of the trap and the thickness of the 467 

Amph. B top seal associated with the San Luis Pass structure. In fact, the model indicates that 468 

the only carrier bed in the LM2 reservoir interval that lies structurally higher than the Amph. 469 

B shale is the l1 sandstone in the footwall block juxtaposed with the hanging wall m11 470 

sandstone. This specific ss-ss juxtaposition represents the only point of the structure where 471 

hydrocarbons could migrate into the MM overburden section at ss-ss contacts (green dashed 472 

path line). If migration were to somehow continue on from the footwall l1 carrier bed into the 473 

MM interval, then several additional sub-fill-to-spill and fill-to-spill fluid accumulations 474 

(some overlapping across Fault A) would result in MM sandstones before finally migrating 475 

out and into the UM interval (pink dashed path line). 476 

 477 

Indeed, a potential leakage pathway from the reservoir interval into the overburden 478 

stratigraphic section would place higher risk on drilling the San Luis Pass structure. The 479 

LM2-MM juxtaposition at the top of the structure is only about 58 m in structural height, 675 480 

m from end to end, and 8 m in maximum height, but is large enough to raise concern of a 481 

potential leakage scenario. According to our HR3D interpretation, the base of the gas 482 
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chimney footprint is roughly 305 m above the apex of the l1-m11 sandstone contact. Given 483 

the structural geometry of the MM interval, however, horizontal migration to a point directly 484 

underneath the footprint does not appear feasible at the current state of the structure except up 485 

smaller faults conduits. Despite the potential for across-fault leakage at numerous points 486 

along Fault A, the range of resulting accumulations would likely be enticing to operators, 487 

although the nine dry holes intersecting the overall structure suggest at least the larger 488 

estimates were not encountered. A remaining possibility is that fault gouge and capillary 489 

entry pressure properties of the fault zone influence the seal quality of Fault A. 490 

 491 

Shale gouge ratio and column height predictions from buoyancy pressure profiles 492 

 493 

To account for potentially enhanced capillary entry pressure properties of Fault A related to 494 

fault gouge, we modeled SGR and converted calibrated values into refined gas capacity 495 

estimates for the San Luis Pass structure. Since no hydrocarbon column was observed or 496 

encountered, and local reservoir pressure data (e.g. LOT, RFT, etc.; Jev et al. 1993; Yielding 497 

et al. 1997; Bretan et al. 2003; Yielding et al. 2010) were unavailable for this study, other 498 

forms of calibration were necessary to support the use of empirical conversions from SGR to 499 

hydrocarbon column heights (Bretan et al. 2003; Bretan & Yielding 2005; Yielding et al. 500 

2010). Previous work by Nicholson (2012), however, determined that the methods originally 501 

proposed by Bretan and others (2003) Yielding and others (2010) were valid after comparing 502 

SGR values and gas column heights along faults that were known to be sealing along the 503 

Texas inner shelf. With that in mind, it seems reasonable to utilize empirical SGR analysis to 504 

evaluate membrane fault seal quality in the Texas inner shelf and for Fault A and the San 505 

Luis Pass structure. 506 

 507 

Our 3D SGR model presented in Figure 8 was generated for Fault A using Equation 1. Shale 508 

volume logs from two wells located on both sides of Fault A provide values for the 509 

numerator of Equation 1, while throw values ranging from 0 to approximately 366 m in the 510 

denominator were derived from vertical distances calculated along the fault according to 511 

footwall and hanging wall cutoffs from interpreted horizon surfaces. SGR values ≤ 0.2 are 512 

generally considered areas of potentially poor fault seal (Yielding 2002). In our Fault A 513 

model, these areas tend to be localized near the horizontal tips of Fault A where throw values 514 

are low, and where thick intervals of coarse-grained LM2 and MM reservoirs are juxtaposed 515 

against one another. In contrast, values > 0.2 SGR generally reside towards the center of 516 

Fault A, and zones of Amph. B and Marg A interval juxtaposition. Note how higher SGR 517 

values are concentrated at the crest of the LM2 reservoir, suggesting favorable shale gouge 518 

within the area of closure along Fault A. Furthermore, SGR modeled at the depth of LM2 519 

appears to be higher than those calculated at the MM interval. This result suggests that fault 520 

gouge may be less favorable for capillary entry limited seal of hydrocarbons upsection. 521 

 522 

The Fault A SGR 3D model was subsequently converted to approximate threshold capillary 523 

entry pressure values needed for a column of gas to breach the fault and migrate out of the 524 

LM2 reservoir interval. The model in Figure 9 shows values of Pce calculated along Fault A 525 

using SGR and Equation 3. Modeled Pce ranges between 0 to 1.4 MPa, and the pattern along 526 

Fault A mimics that of the SGR model in Figure 8, as expected. To estimate the maximum 527 

gas column heights that could be trapped against Fault A, Pce was extracted from Fault A 528 

within the zone of closure for both the footwall and hanging wall. The lowest value of Pce for 529 

a given depth located anywhere along a fault are represent the points of poorest fault seal 530 

quality, regardless of its location laterally within the closure (Bretan et al. 2003). Hence, all 531 

points except for the minimum value of Pce for any depth along Fault A were removed and 532 
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minimum values are plotted in Figure 10 for the LM2 reservoir in both footwall and hanging 533 

wall closures starting at -1762 and -1884 m true vertical depth subsea (TVDSS), respectively.  534 

 535 

In order to estimate the maximum allowable gas column heights (ρCH4 = 300 kg m-3, ρbrine = 536 

1020 kg m-3), Pb of each gas column (Equation 4) was plotted alongside the minimum Pce 537 

curve. The Pb of the gas column cannot exceed the Pce threshold of the fault rock because this 538 

would allow for gas to overcome the sealing capability of the fault and breach the seal. Given 539 

the two modeled curves, any point of intersection represents the depth (and location in 3D) 540 

along the fault at which the seal would be compromised. Coincidentally, this occurs at the 541 

very top of each closure where minimum Pce is highest, allowing for fairly large gas columns 542 

of approximately100 m in the footwall and hanging wall blocks. Another interesting 543 

observation is that both gas columns are at least 52% smaller than their corresponding fill-to-544 

spill capacities. Despite the sizeable decrease in estimated gas capacity for the San Luis Pass 545 

structure, accumulations in excess of 99 m vertically could provide attractive prospects for 546 

operators working in the region. However, these estimates may still be optimistic if the trap 547 

was somehow breached. In the case of Fault A and the San Luis Pass structure, this scenario 548 

appears possible. Out of the nine dry holes drilled into the structure, one well did test the very 549 

edge of the footwall gas column estimated from SGR analysis. Furthermore, the modeled 550 

LM2-MM across-fault leakage point and the gas chimney interpreted from HR3D seismic 551 

data also support the existence of a leakage scenario. 552 

 553 

Combining HD3D interpretation with traditional seal and trap analyses 554 

 555 

The results from post-drill HR3D interpretation combined with traditional static fault seal and 556 

trap analyses of Fault A and the San Luis Pass structure lend themselves to a more complete 557 

assessment of prospect risk. Table 1 summarizes the evaluation of quality and risk of fault 558 

seal and trap elements on the basis of providing a qualitative grade (good/low, poor/high, or 559 

mixed) for the result of each analysis performed. It also highlights whether the seven analyses 560 

were performed in either deep or shallow subsurface geologic environments. Most of our 561 

analyses or interpretations were performed for the deep subsurface environment, and all stem 562 

from more traditional data and analyses types, such as SGR analysis from conventional 3D 563 

seismic and wireline log data. Interpretations from HR3D and 2D chirp provide the only 564 

shallow subsurface assessments, but demonstrate great value in the prospect derisking 565 

process within this study and possibly others. Our conventional fault seal and trap analyses 566 

generally point to good fault seal and trap quality, contrary to HR3D observations and the 567 

lack of success by operators after drilling the structure. Overall, shallow analyses support an 568 

interpretation that tertiary gas migration from the San Luis Pass structure likely occurred 569 

through fault conduits, which contradicts the conclusion  resulting from traditional deep 570 

dataset analytical approaches. Below is a more detailed consideration of how HR3D can 571 

enhance fault seal and prospect analyses. 572 

 573 

Support for good fault seal and trap quality/low risk 574 

 575 

Three of our analyses lead to findings of good trap quality or low risk seal for the San Luis 576 

Pass structure. Results from top seal, fill-to-spill closure, and SGR are mapped in Figure 11. 577 

In general, they predict and support large potential accumulations on both sides of Fault A if 578 

it were adequately charged. Top seal and fill-to-spill maximum column height estimates are 579 

considerable, and constrain accumulation sizes to roughly 205 and 285 meters between Fault 580 

A footwall and hanging wall blocks, respectively. Our SGR model reduces the overall 581 

capacity predictions, but estimates are within reason for fault-bound Lower Miocene traps 582 
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along the Texas inner shelf. The plot in Figure 12 provides gas column height data from 583 

Lower Miocene reservoirs known to be sealed by faults plotted against their individual pool 584 

depth from Seni and others (1997). Of note is the increase in column height with pool depth 585 

(i.e. Hornbach et al. 2004), implying better capacity potential, and perhaps fault seal trend 586 

with depth (i.e. Gibson 1994; Yielding 2002). These data suggest there may be a limit to 587 

capacity for a given depth along the Texas inner shelf.  588 

 589 

For the San Luis Pass structure displaced by Fault A, our fill-to-spill and SGR column height 590 

estimates were also plotted using an average calculated LM2 pool depth of -1974 m TVDSS. 591 

Both footwall and hanging wall fill-to-spill estimates are wildly outside the observed trend of 592 

observed column heights along the Texas inner shelf. Therefore, we deem it unlikely that 593 

accumulations approaching fill-to-spill quantities for individual San Luis Pass closures are 594 

feasible. Column height predictions limited by our SGR analysis, on the other hand, plot 595 

within reason compared to the observed maximum gas capacity boundary. These estimates 596 

still remain fairly high compared to other trapped gas columns in the region (< 91 m), and 597 

although encouraging in terms of prospect risk, may actually be somewhat generous. Outside 598 

of the primary Lower Miocene reservoirs, our SGR results show that fault rocks associated 599 

with Fault A also possesses adequate capillary entry pressure seal potential in overlying 600 

stratigraphic units. High values of Pce were generally predicted along fill-to-spill closures at 601 

every interval, meaning that hydrocarbons reaching these points in the structure show some 602 

potential to be retained at economic levels.  603 

 604 

Mixed support from juxtaposition analysis 605 

 606 

Fault juxtaposition analysis from our 3D structural model resulted in mixed support with 607 

respect to the ability for Fault A and the San Luis Pass structure to retain sizeable gas 608 

accumulations. Four near-fill-to-spill accumulations were predicted from our model within 609 

the l6, l3, m11, and m1 sandstone units juxtaposed against the thick Amph. B interval and 610 

thinner fine-grained units. Two of these large accumulations (in l6 and l3) could only 611 

transpire if migration originated from porous and permeable units below the l2 unit or from 612 

fault conduits, and would only reside in the footwall of Fault A. For the two fill-to-spill MM 613 

sandstone predictions (m11 and m1), migration spawning from the footwall l1 sandstone unit, 614 

any MM unit, or fault conduits could make it possible to achieve such accumulations. In 615 

contrast to the LM2 fill-to-spill predictions, the m11 and m1 fill-to-spill accumulations would 616 

only occupy the hanging wall side of Fault A, similar to the gas chimney body interpreted 617 

from the HR3D volume. Despite the result from our juxtaposition analysis, we determined in 618 

the previous section that column heights between SGR and fill-to-spill estimates (99 and 285 619 

m) are not observed in Lower Miocene reservoirs along the Texas inner shelf at this depth, 620 

and are improbable. Aside from these large, and potentially economic predictions, most other 621 

accumulations resulting purely from sandstone-shale juxtapositions are very small and would 622 

be risky compartments to target. 623 

 624 

The most significant ss-ss contact determined by the San Luis Pass structural model is at the 625 

juxtaposition of the footwall l1 and hanging wall m11 sandstone units. This is because it 626 

represents the only location in which hydrocarbons trapped in the LM2 interval could migrate 627 

into the MM interval aside from leaking vertically through fault conduits or laterally at self-628 

juxtaposing stratigraphic levels. The contact is also located close to the base of the gas 629 

chimney observed from HR3D data. Although the Amph. B shale interval is thick and 630 

extensive, throw along Fault A exceeds its thickness at the crest of the structure, and poses a 631 

serious risk towards containment failure for prospects in the LM2 reservoir. Mitigating this 632 
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risk are the SGR results discussed previously, as decreased permeability via clay or shale 633 

gouge within the fault zone would improve fault seal and trap quality for Fault A. In fact, the 634 

largest Pce values predicted at ss-ss contacts against Fault A are located at this relatively small 635 

LM2-MM sandstone juxtaposition, effectively increasing the potential column height from 636 

near 0 to > 100 m. This could be a similar situation to what was determined by Knott (1993) 637 

in the North Sea, where 90% of faults that seal Brent Group reservoirs exhibit throw 638 

magnitudes greater than reservoir interval thicknesses (< 300 m). Moreover, the effect of 639 

fault gouge could enhance the fault seal quality at all other ss-ss juxtapositions to > 27 m 640 

column heights, and many would likely be viable prospects, although Smith (1980) found 641 

that Louisiana Gulf Coast Salt Basin faults that self-juxtapose a given reservoir unit have a 642 

tendency not to seal. Therefore, we propose that leakage to rocks above the MM interval is 643 

possible through ss-ss juxtapositions along Fault A, or through vertical fault conduits.  644 

 645 

Support for poor fault seal and trap quality/high risk 646 

 647 

Interpretation of the HR3D seismic volume and chirp lines, as well as a post-drill review of 648 

the wells targeting closures on either side of Fault A contradict results from our fault seal and 649 

trap quality assessments performed using conventional 3D seismic data. Firstly, we return to 650 

the observation that Fault A and several subsidiary faults appear to tip out a meter or two 651 

below the seafloor, indicating that faults have moved fairly recently in geologic time 652 

(Holocene). Regardless of whether they are extensions of the deep-seated faults or developed 653 

within the overburden and later propagated to connection with the deep-seated faults, 654 

identification of such faults add risk to prospects because they provide potential vertical 655 

migration conduits from the reservoir level to the seafloor (i.e. Ostanin et al. 2013). In 656 

addition to shallow fault tips, the interpreted gas chimney above the hanging wall closure 657 

apex is discouraging for establishing deep accumulation presence. The imaged size of the 658 

chimney feature is fairly large, but it is impossible to constrain the approximate volume of 659 

gas it may represent with the data available. Therefore, we do not make an attempt quantify 660 

the amount or rate of gas originating or migrating from the San Luis Pass structure. We do, 661 

however, place high risk on fault seal and trap quality on the structure simply based on the 662 

imaged size and presence of the chimney feature, which may not have been discovered 663 

without the benefit of the HR3D volume. 664 

 665 

Post-drill analysis indicates that the nine wells that tested the fill-to-spill closure are all 666 

classified as non-productive according to records obtained from the Railroad Commission of 667 

Texas Public (2017) GIS Viewer. Non-productive wells intersecting fill-to-spill closures 668 

maintain that corresponding hydrocarbon accumulations, such as those predicted by our fill-669 

to-spill, juxtaposition, or SGR analyses, do not currently exist. This further confirms our 670 

findings from Figure 12 that no gas accumulations reported since 1997 along the Texas inner 671 

shelf at depths around -2000 m TVDSS exceed 91 m in column height. The results do not, 672 

however, dismiss the possibility that these closures could have been fully charged at one 673 

point during the structure’s history. One of the nine wells indeed tested the very edge of our 674 

SGR-limited closure on the footwall side of Fault A, but no operator has penetrated through 675 

the very crest of either. We were not able to obtain formation test data or direct information 676 

on hydrocarbon shows for any of these wells. Furthermore, Anderson and others (2017) were 677 

unable to confirm whether the origin of hydrocarbons producing the chimney was 678 

thermogenic or biogenic in nature based on seafloor sediment samples collected over shallow 679 

HR3D high amplitude anomalies. They attributed background methane concentrations and 680 

compositions measured from the sediment samples to their inability to penetrate and sample 681 

below a laterally continuous clay layer overlying the mapped anomalies. However, as 682 
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mentioned previously, there is evidence of residual hydrocarbon charge based on resistivity 683 

kicks in several porous sandstone reservoir units, high amplitude anomalies in the 684 

conventional seismic volume, and the interpreted gas chimney from the HR3D volume. 685 

Furthermore, surrounding structures in the area have produced commercial amounts of gas, 686 

making it unlikely that secondary migration from the source bypassed the San Luis Pass 687 

anticline and salt dome entirely. Four wells run through the gas chimney within overburden 688 

stratigraphy, but we were unable to acquire logs for this interval to assess the distribution of 689 

gas throughout the chimney. 690 

 691 

Without the knowledge afforded to us by wells penetrating the structure, HR3D provides the 692 

most decisive evidence that fault seal and trap quality of the San Luis Pass structure is poor. 693 

Predictions from juxtaposition analysis combined with SGR analysis places some risk on the 694 

structure for containment failure, but not without some appreciable amount of hydrocarbon 695 

retention in most scenarios. That being said, we find that without the aid of the HR3D data, 696 

fault seal and trap quality along with other elements of the petroleum system would be 697 

considered sufficient enough to drill closures on either side of Fault A. This provides some 698 

reasoning to why the San Luis Pass structure was drilled on multiple occasions. However, we 699 

present these findings with respect to the application of current technology and analytical 700 

techniques. To avoid unjustified speculation, it must be noted that all nine wells penetrating 701 

fill-to-spill closures were drilled before 1982, meaning that they were likely drilled without 702 

the assistance of 3D seismic surveys. Furthermore, the wells predate the advent of published 703 

fault juxtaposition or SGR analyses, so the only means of evaluating fault seal and trap 704 

quality at that time may have be though mapping the extent and thickness of the Amph. B top 705 

seal, the structure of the fill-to-spill closure, or 2D seismic direct hydrocarbon indicators. At 706 

present, conventional fault seal and trap analyses fail to accurately predict the ability for the 707 

San Luis Pass structure to hold sizeable gas accumulations, and the characterization of 708 

geologic features in the overburden section using HR3D dataset provides a reasonable 709 

connection between geologic history, potential gas leakage through fault conduits, and dry 710 

wells penetrating the structure. 711 

 712 

Possible causes of containment failure via fault conduits 713 

 714 

We have made a reasonable case that the lack of hydrocarbons encountered by wells 715 

penetrating the San Luis Pass structure is likely a result of leakage from the Lower Miocene 716 

reservoir trap at depth. If the regional charge affecting the surrounding fields applied to this 717 

structure similarly, we propose that leakage was most likely facilitated by hydrocarbons 718 

migrating through faults displacing the reservoir interval. Faults could have influenced 719 

leakage in several ways, but none of the mechanisms modeled and assessed by our traditional 720 

fault seal and trap analyses provide a convincing explanation for non-producing wells and the 721 

observed chaotic chimney feature from the HR3D volume. Our data do show, however, that 722 

Fault A and other associated faults have slipped in recent geologic history (e.g. Fig. 5). 723 

Yielding (2002) showed that understanding the faulting and burial history of a prospect is 724 

necessary when evaluating potential fault seals, as these parameters affect the sealing 725 

properties of fault rocks. Burial history of rocks along the Texas inner shelf since Early 726 

Miocene time is fairly well constrained (Milliken et al. 1981; Winker 1982; Lopez 1990; 727 

Galloway 2000), but recent normal movement along faults offshore in this region has now 728 

been demonstrated in this study, and may negatively affect fault seal quality. Punctuated and 729 

continued growth along faults can influence tertiary migration up fault conduits as 730 

deformation in the fault zone can temporarily increase permeability (i.e. Sibson 1981, 1992, 731 

1994; Cartwright et al. 2007) compared to faults that have undergone prolonged undisturbed 732 
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cementation (Fisher & Knipe 2001; Fisher et al. 2001, 2003) or other fault seal processes (i.e. 733 

Pei et al. 2015). Lyon and others (2005) suggested that movement along critically stressed 734 

faults in the Otway Basin of South Australia might have led to the depletion of a previously 735 

charged prospect over geologic time. Given near-surface fault tips that constrain timing of 736 

latest movement to recent deposition, and the presence of the chimney feature above the 737 

structure, we suggest that a similar scenario transpired at the San Luis Pass area, and the 738 

primary mechanism for leakage through faults conduits is by movement along them.  739 

 740 

Although Fault A was the focus of this study, it may not be the principal fault facilitating 741 

hydrocarbon migration. The LM2-MM juxtaposition zone is near, but not directly underneath 742 

gas chimney footprint, and it does not seem that migration to its current location is easily 743 

feasible based on seismic interpretations. The chimney does appear to be suspiciously above 744 

the crest of the hanging wall closure where numerous smaller faults are located. Therefore, 745 

migration through smaller faults at the structural crest may be more likely, even though 746 

displacement along them does not exceed the thickness of the Amph. B seal (i.e. Fig. 7). 747 

Moreover, we do not dismiss the possibility of small-scale mechanical top seal failure (i.e. 748 

Ingram et al. 1997) as seismic data quality is poor at the crest of the structure, and 749 

mechanical or hydrodynamic properties of the Amph. B shale were not assessed. Further 750 

work on smaller faults intersecting the LM2 and Amph. B intervals needs to be done to 751 

estimate their capillary entry seal potential via SGR analysis. However, since HR3D 752 

observations suggest that some of these faults are active to some degree, then capillary entry 753 

affects may be irrelevant. That being said, our understanding of fault stability and 754 

geomechanics for reservoir and seal layers, as well as faults of the San Luis Pass structure 755 

could greatly be improved by detailed local stress and slip potential analyses if the 756 

appropriate data became available. 757 

 758 

A comprehensive understanding of potential underlying mechanisms causing recent 759 

movement along Fault A and subsidiary faults was beyond the scope of this study, but 760 

general mechanisms for local fault movement and vertical fluid migration are proposed here. 761 

A combination of subsidence and halokinesis of local salt bodies (see Fig. 2) are likely the 762 

primary mechanisms for recent fault slip and propagation in the San Luis Pass structure, as 763 

both are ongoing processes observed throughout the Gulf of Mexico Basin that influence 764 

faulting (e.g. Worrall & Snelson 1989; McBride 1998; Meckel et al. 2006; Kolker et al. 765 

2011; Shen et al. 2016). With respect to how fluids could have migrated from the LM2 766 

reservoir into the overburden geology, we go back to what was interpreted in from the HR3D 767 

data (see Fig. 5). The fault displacements imaged within Holocene and older overburden units 768 

above the LM2 closure suggest that faults were recently critically stressed to some degree 769 

and frequency. Overall, we propose that fluids may have escaped from the LM2 reservoir 770 

along critically stressed vertical fault conduits during or soon after fault movement (i.e. 771 

Sibson 1992, 1994; Barton et al. 1995). This hypothesis agrees most with the findings from 772 

our fault and top seal analyses, post-drill assessment, and HR3D interpretations compared to 773 

a potential scenario of repeated reservoir charge and expulsion after fault or top seal capillary 774 

entry pressure limits were reached (i.e. Schowalter 1979; Watts 1987; Fisher et al. 2001). Yet 775 

it remains uncertain at this time whether fault movement has occurred episodically or 776 

continuously, the LM2 interval may have experienced more than one episode of leakage (i.e. 777 

Lyon et al. 2005) because gas charge in surrounding fields along the Texas inner shelf is 778 

relatively abundant (Seni et al. 1997), although less so close to the study area. Nonetheless, 779 

the benefit of adequately characterizing the geologic history (fault history; i.e. Yielding 2002) 780 

of a prospective area by examining the entire stratigraphic interval using HR3D seismic data 781 

has been demonstrated here. 782 
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 783 

Wells testing the San Luis Pass structure were unsuccessful after what was presumably only 784 

an assessment of features in the deep subsurface by operators. Recently, Lyon and colleagues 785 

(2005) were proponents of evaluating faults in both shallow and deep geologic environments 786 

when reviewing hydrocarbon prospects. The research presented here supports their 787 

conclusion, as our work suggests that assessing the full stratigraphic column leads to a more 788 

robust understanding of the geologic and structural history for an area of interest. With 789 

regards to fault seal and trap derisking, we find that collection and interpretation of HR3D 790 

seismic data over hydrocarbon or CO2 storage prospects or developing fields may be 791 

advantageous before drilling. Additionally, HR3D may have applicability to other areas of 792 

prospect development, such as identifying drilling hazards or evaluating burial history for an 793 

area. Similar work in producing Lower Miocene fields along the Texas inner shelf or similar 794 

geologic settings could improve our understanding of fault seal and trapping in active fault 795 

settings, and provide further support for HR3D data usage in the derisking process. 796 

 797 

Conclusions  798 

 799 

We have shown (1) the value of combining interpretations and analyses from both deep and 800 

shallow subsurface environments as well as (2) the utility of shallow HR3D seismic data for 801 

fault seal and trap assessment and derisking. For the failed San Luis Pass structural prospect 802 

along the Texas inner shelf, our post-drill results from traditional analytical techniques using 803 

conventional 3D seismic and well log data sets were compared to observations from novel 804 

HR3D data, 2D chirp, and results from wells testing the structure. This study had the benefit 805 

of taking place after wells were drilled, but overall, our traditional analyses near reservoir 806 

depths were at odds with interpretations within the shallow subsurface environment and the 807 

lack of hydrocarbons encountered by nine wildcats. 808 

 809 

Static fault seal and trap analyses conducted for the deep subsurface environment were overly 810 

optimistic. Top seal, fill-to-spill, and SGR analyses predicted seal and trap quality to be low 811 

risk elements, while juxtaposition analysis showed mixed results. Fill-to-spill closures on the 812 

footwall and hanging wall sides of Fault A were estimated to possibly be as large as 200 and 813 

300 m, respectively. Several fill-to-spill traps were identified via juxtaposition analysis, but 814 

are much too large compared to known fault sealed traps located along the Texas inner shelf. 815 

Furthermore, the nine wells penetrating these closures did not encounter commercial gas 816 

accumulations, but conventional 3D seismic and well logs show some sign of hydrocarbon 817 

charge at the LM2 reservoir interval. Capillary entry pressure limited column height 818 

predictions based on empirical SGR and buoyancy pressure profile analyses show that gouge 819 

associated with Fault A would be adequate to seal up to 100 m of gas against it, even at a 820 

significant LM2-MM sandstone on sandstone juxtaposition point located along Fault A. 821 

These results are reasonable when compared to other regional Lower Miocene fault traps, but 822 

operators only tested the periphery of our SGR predicted footwall column.  823 

 824 

Shallow fault tips and the vertical gas chimney features interpreted from shallow HR3D data 825 

indicate that fault seal and trap quality is poor and risk is high. These observations align with 826 

drilling results, and suggest that the lack of hydrocarbon accumulation is potentially due to 827 

leakage through fault conduits, but not necessarily only through Fault A itself. Alternatively, 828 

leakage through smaller faults at the crest of the LM2 hanging wall closure may be more 829 

plausible given the location of the chimney feature footprint. HR3D and 2D chirp lines image 830 

Fault A and subsidiary fault tips only a couple meters below the seafloor, implying recent 831 

offset. If movement along these faults was prolonged over geologic time, then fault slip may 832 
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have provided the mechanism of containment failure as opposed to fill-to-spill, juxtaposition 833 

leak, or by surpassing fault rock capillary entry pressures.  834 

 835 

Overall, we conclude that acquisition and interpretation of shallow HR3D data adds valuable 836 

insight towards static fault seal and trap assessment and prospect derisking, particularly in 837 

structurally complex areas. Unfortunately, traditional fault seal and trap analyses do not 838 

accurately predict the lack of accumulations trapped within the San Luis Pass structure, 839 

highlighting the benefit of HR3D imaging capabilities. The high-resolution nature of HR3D 840 

data illuminates shallow features that may be cryptic or unapparent when interpreting only 841 

conventional 3D data, and therefore, HR3D can help add a more complete account of features 842 

throughout the entire stratigraphic column. More importantly, pre-drill acquisition of HR3D 843 

data can greatly improve interpretations of geologic history in a region of interest, which 844 

remains a critical aspect of hydrocarbon prospect and CO2 storage site evaluation. 845 
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Figure captions and tables 1269 

 1270 

Fig. 1. Map of the study area and the location of available subsurface data in the San Luis 1271 

Pass region, Texas inner shelf. Topography and bathymetry created from a custom grid of the 1272 

coastal relief model downloaded from the NOAA National Geophysical Data Center (2001; 1273 

doi: 10.7289/V5QJ7F79). 1274 

 1275 

Fig. 2. Dip-oriented cross-section AA’ interpreted from an arbitrary line within the 1276 

conventional Texas Offshore OBS 3D seismic volume. The structural and stratigraphic 1277 

architecture of the San Luis Pass study area is complex, providing structural traps for 1278 

hydrocarbon reservoirs in the area. Spontaneous potential logs included to show correlation 1279 

between sand-rich (LM2 and MM) and clay-rich (Amph. B) intervals. 1280 
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 1281 

Fig. 3. Visual comparison between conventional Texas Offshore OBS 3D and HR3D seismic 1282 

volumes and their resolutions. In general, fault interpretations are improved using the HR3D 1283 

volume above 500 ms TWT. 1284 

 1285 

Fig. 4. Wireline well log cross-section BB’ showing sandstone and claystone or shale 1286 

intervals interpreted from gamma ray and spontaneous potential logs in two wells on both 1287 

sides of Fault A. Sandstone units from the LM2 interval (l1 through l12) and MM interval 1288 

(m1 through m11) are separated by the thick Amph. B Shale. Wells were also used for shale 1289 

volume (Vsh) calculation in SGR analysis. 1290 

 1291 

Fig. 5. Interpretation of faults with increasing vertical and horizontal seismic resolution. 1292 

From left to right (a to d) in cross-section CC’: (a) Texas Offshore OBS 3D volume, the 1293 

apparent tip of Fault A (thin white line) can only be mapped up to about 180 ms TWT; (b) 1294 

HR3D volume, Fault A tipping out near the ocean bottom reflector and gas chimney imaged; 1295 

(c and d) the interpretation of Fault A continues to about 22 ms TWT. 1296 

 1297 

Fig. 6. Map showing the location of petroleum wells targeting the fill-to-spill LM2 closures 1298 

offset by Fault A and associated faults, as well as footwall and hanging wall spill points. 1299 

Most wells are classified as dry or non-productive, with the closest gas-producing wells being 1300 

about 7.1 km to the east of the San Luis Pass hanging wall closure. Wells 42706800030000 1301 

and 42706302490000 are the oldest and youngest wells drilled into the anticlinal structure, 1302 

respectively. 1303 

 1304 

Fig. 7. Fault A 3D juxtaposition model illustrating potential across-fault migration pathways 1305 

and leakage points of buoyant fluids through ss-ss juxtapositions along Fault A. The lower 1306 

right diagram has annotated interpretation of migration scenarios and leakage points. Colored 1307 

triangles represent the final elevation of buoyant fluid migration, and their colors match their 1308 

corresponding migration scenario. FW refers to units in the footwall of Fault A, while HW 1309 

refers to units in the hanging wall. 1310 

 1311 

Fig. 8. 3D SGR model for Fault A. Values were calculated using wells 4270630174000 and 1312 

4270630177000 on both sides of Fault A and fault throw modeled from horizon 1313 

footwall/hanging wall cutoffs. 1314 

 1315 

Fig. 9. 3D threshold capillary entry pressure (Pce) model for Fault A. Values of Pce. The 1316 

lowest values tend reside within the LM2 and MM reservoir intervals, suggesting larger fault 1317 

rock pore throats (larger grain size) in those regions along Fault A. ρCH4 is equal to 300 kg m-1318 
3, while ρbrine is equal to 1020 kg m-3. 1319 

 1320 

Fig. 10. Buoyancy pressure profiles and gas column height estimations calculated for Fault 1321 

A. The maximum fault seal membrane limited column height for a given fault is governed by 1322 

the Pb of the accumulating reservoir fluid (gas) and the minimum Pce along the fault 1323 

(empirically derived from converted SGR calculations here). When the fluid Pb curve 1324 

intersects Pce curve of the fault (Pb equal to Pce), leakage will occur at that depth. Location of 1325 

profile indicated by the black square on map. 1326 

 1327 

Fig. 11. Map comparing LM2 fill-to-spill and fault seal membrane limited closures of the San 1328 

Luis Pass structure. It is apparent that fault seal membrane analysis significantly reduces gas 1329 
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capacity in the case of Fault A. Note that the interpreted gas chimney is located just above the 1330 

hanging wall fill-to-spill closure, as indicated by the shaded polygon. 1331 

 1332 

Fig. 12. Plot of LM2 estimated gas column heights vs. pool depth for the San Luis Pass 1333 

structure. Predicted results from this study are compared to data from faulted Lower Miocene 1334 

reservoirs located along the Texas inner shelf (Seni et al. 1997). Data from known traps form 1335 

an apparent seal capacity trend for the region. Average pool depth for the San Luis Pass 1336 

structure is -1974 m TVDSS. Seni et al. (1997) data locations are yellow dots on the inset 1337 

map to the right. 1338 

 1339 

Table 1. Fault A seal and trap quality/risk assessment by analysis type and geologic environment 

Good/low risk Mixed Poor/high risk 

Top seal* Juxtaposition* HR3D interpretation† 

Fill-to-spill closure*  2D chirp interpretation† 

Shale gouge ratio*  Well logs and production* 

*Analysis from deep geologic environment 

†Analysis from overburden geologic environment 
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