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ABSTRACT 

 Optimal exploitation of deltaic reservoirs needs detailed facies and architectural 

element analysis as a base for a comprehensive geological model. To date, very few 

studies have evaluated regional shelf-margin deltaic systems using 3D seismic data and 

3D seismic geomorphologic and seismic stratigraphic analysis. High-resolution 3D 

seismic data, covering an area of 8,000 km2 offshore Louisiana at the modern shelf edge 

of the central northern Gulf of Mexico, was used to reconstruct the distribution and 

evolution of the paleo-Mississippi shelf-margin deltaic system during the last full cycle of 

fall and rise in sea level, which spans the last 125,000 years. Three-dimensional seismic 

geomorphological analysis was complemented with computed seismic attributes, 

including coherence, curvature, spectral components, sweetness, and amplitude gradient, 

with the objective of identifying shelf-margin geological features not typically observed in 

seismic profiles. The results show that salt tectonism in the Gulf of Mexico controlled the 

morphology of the shelf and the slope, forcing the paleo-Mississippi deltaic system to split, 

and concentrate its progradation and deposition in four separate along-strike salt-

withdrawal minibasins. Each minibasin shows different deltaic constructional patterns. 

Progradation and aggradation patterns vary from minibasin to minibasin due to the 

response of the sediment supplied by the paleo-Mississippi delta, variations on sea level, 

the morphology of the seafloor, the arrival angle when the delta reaches the upper slope 

minibasin, and the shape of the minibasin. The 3D reconstruction of the system shows 

lateral variation of the deltaic processes from wave- to fluvial-dominated; wave-dominated 

deltaic strandplains were identified in the western minibasins and fluvial distributary 

channels were recognized in the eastern minibasins. This research highlights the 
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importance of lowstand wave-dominated deltaic strandplains as important elements for 

the transport of sediment from the shelf to the slope in a salt-controlled setting like the 

Gulf of Mexico. The fluvial dominated shelf-margin delta is also related to direct transfer 

of sediment from the shelf to the slope. 
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OVERVIEW 

 

 Deltas are one of the fundamental elements in the construction of sedimentary 

deposits on continental shelves and shelf margins. Deltas that prograde across the shelf 

and reach the shelf break are termed shelf-margin deltas. Shelf-margin deltas are 

considered the main system that directly links and transports sediment from the shelf to 

the slope and deep-water environments.  

It has been well documented that falling sea level is the most common mechanism 

to bring deltas to the shelf margin and to deliver significant amounts of sediment into 

deeper waters (Steel et al., 2003; Johannessen and Steel, 2005; Porębski and Steel, 

2006). However, as a consequence of their intrinsic relationships to sea-level trajectories, 

sediment supply, stratigraphic architecture of shelf-margin deltas, and their association 

with shelf to slope bypass, it may also occur during a highstand of sea level if sediment 

supply is high and/or the shelf is narrow (Einsele, 1996; Burgess and Hovius, 1998; 

Carvajal and Steel, 2006; Uroza and Steel, 2008). The modern Mississippi delta can be 

considered as a shelf-margin delta that is prograding during the present day sea-level 

highstand (Gould, 1970).  

Traditional process-based classifications of shallow-marine settings reflect the 

relative contribution of fluvial, tidal, and wave processes in transporting and depositing 

sediments (Fisher et al., 1969; Coleman and Wright, 1975; Galloway, 1975; Boyd et al., 

1992; Ainsworth et al., 2008; Ainsworth et al., 2011). The river-wave-tide tripartite 

classification of deltas (Galloway, 1975) is based on external morphologies but has led to 

incorrect inferences regarding internal facies distribution within a given deltaic system 

(Lambiase et al., 2003; Fielding et al., 2005; Gani and Bhattacharya, 2005). In recent 
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studies, Bhattacharya and Giosan (2003) demonstrated that deltaic systems are the result 

of mixed processes where depositional environments are not mutually exclusive, but 

rather are the product of interaction among different processes that control them. A model 

for shelf-margin deltas proposed by Steel et al. (2003) and later by Porębski and Steel 

(2006) integrates the deltaic system into a sea-level fluctuation framework. This 

classification relates the deltaic system with the position of sea level over the shelf. In this 

manner, inner shelf deltas relate to highstand sea levels, mid-shelf deltas to falling stages, 

shelf-margin deltas to falling and lowstands, and bayhead deltas to transgressive stages 

of sea level. Mixed processes in shelf-edge deltas are important to understand as these 

could increase the complexity and heterogeneity of the sedimentary architecture in the 

deltaic deposits (Nanson et al., 2013; Vakarelov and Ainsworth, 2013) and directly 

influence the mechanisms of basinward sediment export off the delta front and the 

presence and type of slope and basin-floor sand accumulations. 

 Depositional facies are a significant control on the distribution of petrophysical 

properties in clastic reservoirs, largely influencing the reservoirs capacity to store and 

produce hydrocarbons. Shelf-margin deltas are important petroleum exploration targets 

for several reasons: (1) they commonly have laterally extensive shale seals and expanded 

sandstone reservoirs, (2) are associated with early movement on growth fault structures, 

and (3) are commonly overpressured (Bhattacharya, 2006). In addition, during times of 

sea-level rise and transgression, barrier-lagoon environments influenced by tidal currents 

can also produce large sand bodies (Zaitlin et al., 1998; Kulp et al., 2005). Therefore, 

optimal production of reservoirs related to shelf-margin deltas requires a detailed 

geological model, including depositional facies and architectural elements, to define sand 

distribution, seals, and bypass in a sequence stratigraphic framework.  



3 
 

As deltas reach the shelf edge, they typically become unstable and may be 

affected by syndepositional deformation (Mandl and Crans, 1981). In basins such those 

in central Gulf of Mexico, which are highly affected by salt-tectonics, upper slope 

minibasins control the depocenters of the deltaic systems (Lee, 2010; Perov and 

Bhattacharya, 2011; Conklin, 2015).  

With the objective of understanding the relationships among the different deltaic 

depositional elements in a salt-tectonic controlled system and the influences of the sea-

level variations in the Mississippi shelf-margin deltaic system offshore Louisiana, the 

present study has been divided in three main parts:  

 

Chapter 1: "Workflow for seismic interpretation of shelf to slope depositional 

system" presents techniques that allow identification of geological features not typically 

observed in seismic profiles. Seismic facies analysis and seismic stratigraphic resolution 

were both improved based on increasing the vertical resolution using modern seismic 

attributes computed from the quality-enhanced data. This proved to be decisive for the 

detection of subtle shelf-to-slope channel systems and linear features interpreted as 

deltaic shorefaces.  

Chapter 2: "3D seismic geomorphology and seismic stratigraphy of the Late-

Quaternary shelf-margin deltas offshore Louisiana" demonstrates the evolution and lateral 

variability of the paleo-Mississippi deltaic system during falling of sea level over the last 

125,000 years in an area of about 8,000 km2 located at the modern shelf edge offshore 

Louisiana. Salt tectonism in the Gulf of Mexico controlled the physiography of the shelf 

and the slope, forcing the deltaic system to split, with shelf to slope progradation focused 

in separate salt-withdrawal minibasins located at the shelf break. Four salt-withdrawal 



4 
 

minibasins located at the edge of the shelf record this evolution. 3D reconstruction of the 

paleogeomorphology, architectural elements, and depositional characteristics of the 

paleo-Mississippi delta as it reached the shelf edge are shown. 

 

Finally, chapter 3:  "Wave-dominated lowstand deltaic shorefaces and their link to 

shelf slope sediment transfer: Gulf of Mexico", suggests that in a salt controlled setting 

like the Gulf of Mexico, where the deltaic depocenters are enclosed in minibasins, forced-

regressive shelf-margin deltas can be directly linked to upper slope channels, and 

therefore are an important element for the transport of sediment from the shelf to the base 

of the slope and deeper environments. 
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CHAPTER 1. WORKFLOW FOR SEISMIC INTERPRETATION OF SHELF TO SLOPE 

DEPOSITIONAL SYSTEM 

 

SUMMARY 

 

Seismic attributes facilitate structural and stratigraphic interpretation and form an 

integral part of seismic qualitative analysis. The use of 3D seismic attributes enhances the 

appearance of geological features such as channels, wave-dominated strandplains, faults, 

and mass-transport complexes. Five seismic attributes (coherence, curvature, spectral 

components, sweetness, and amplitude gradients) were evaluated in this study with the 

objective of determining the best way to recognize different architectural elements that 

form parts of the deltaic and shelf depositional systems. Coherence, amplitude gradients, 

and sweetness highlight a series of fluvio-deltaic channel systems and associated 

strandplains deposited along the shelf. Curvature highlights the encasement of subtle 

channel systems and other linear features deposited over the slope that are not apparent 

in the original seismic amplitude data. Co-rendering seismic attributes, especially 

curvature with sweetness or amplitude gradients with sweetness, allows for a more 

integrated geomorphological analysis of the depositional system. The co-rendered 

surfaces allow detecting direct links between shelf wave-dominated shorefaces and slope 

channels, as well as fluvial dominated channels and slope channels.  
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INTRODUCTION 

 

Seismic attributes comprise all the information obtained from seismic data, either 

by direct measurements or by logic- or experience-based reasoning (Taner, 2001). 

Seismic attributes form an integral part of the qualitative interpretation facilitating structural 

and stratigraphic interpretation, and when coupled with an appropriate depositional model, 

often offer clues to lithology type and fluid content (Tebo and Hart, 2005; Carrillat et al., 

2008; Fouad et al., 2009; Adigun and Ayolabi, 2013).  

A good seismic attribute either is directly sensitive to the specific geologic feature 

or reservoir property of interest, or allows us to define the depositional environment and 

therefore, to infer geological features (Chopra and Marfurt, 2005). Chopra and Marfurt 

(2007a) classify the most common and useful seismic attributes into three broad 

categories: (1) those that are sensitive to lateral changes in waveform and structure, such 

as coherence and curvature; (2) those sensitive to thin bed tuning and stratigraphy, such 

as spectral components; and (3) those sensitive to lithology and fluid properties, such as 

amplitude versus offset (AVO) and impedance inversion. Similarly, Brown (2001), suggest 

a classification of seismic attributes based on the fundamental information in the seismic 

data: time, amplitude, frequency, and attenuation.  

Seismic attributes are routinely applied to seismic data to interpolate lithofacies 

seen on sparse well control. They are also used to reconstruct the depositional 

environment and tectonic history providing a means to infer lithology, fractures, porosity, 

and other rock properties.  
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Chopra and Marfurt (2008), Odoh et al. (2014), and Xu et al. (2014) conducted 

studies where seismic attributes enhanced the characterization and interpretation of faults. 

Likewise, Abreu and Ribet (2002), Posamentier and Kolla (2003), and Hart (2008) used 

seismic attributes to map internal reservoir characteristics in deepwater reservoirs. To 

date, very few studies have applied modern seismic attributes to aid the seismic 

geomorphological analysis of shelf-margin deltas (Sylvester et al., 2012). 

In the present study, a full suite of seismic attributes are computed from modern 

3D seismic survey acquired over a salt-controlled minibasin setting in the Gulf of Mexico 

to better illuminate deltaic architectural elements and produce a more robust 

representation of the depositional system, compared to 2D and 3D studies without data 

conditioning and seismic attribute computations (Suter and Berryhill, 1985; Anderson et 

al., 1996; Anderson et al., 2004; Wellner et al., 2004, Anderson, 2005, and Perov and 

Bhattacharya, 2011)  

This chapter presents a general introduction of the data available, the geological 

setting, and the workflow used to generate the seismic attribute computations as results 

of the preconditioned data.  
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GEOLOGIC SETTING 

 

The license for the three-dimensional seismic survey provided to the University of 

Houston by Petroleum Geo-Services (PGS) was acquired along the modern shelf edge, 

offshore Louisiana, in the Gulf of Mexico. The data cover an area of approximately 8,000 

km2, including blocks in the Gulf of Mexico belonging to the south additions of Vermilion, 

South Marsh Island, Eugene Island, Ship Shoal, and northern portions of Garden Banks 

and Green Canyon lease areas. The study is focused on four salt-withdrawal minibasins 

in which a portion of the paleo-Mississippi deltaic system prograded during the last ~125 

ka. (Figure 1.1). The area is highly affected by salt-tectonics that controled the 

development and evolution of the deltaic system through time. 
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Figure 1.1. (a) Regional map of the northern Gulf of Mexico. Area of the 3D seismic survey 
is highlighted by the red shaded polygon. (b) Time-slice at t=2000 ms showing the 
geometry of the 3D seismic data. Colored boxes indicate zoomed images shown in 
Figures 1.3, 1.10 and 1.11 (in green), Figure 1.12 (in blue), Figure 1.14 (in red), and Figure 
1.15 (in orange). Black lines correspond to vertical profiles in Figures 1.4 to 1.88 (AA'), 
Figure 1.13a (BB'), and 1.13b (CC').  
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DATA AND METHODS 

 

The data were imaged using pre-stack Kirchhoff time migration. The original bin 

size of 12.5 by 12.5 m (41 by 41 ft) was decimated after migration to 25 m to 37.5 m (82 

ft to 123 ft) by PGS. The original seismic data have a quarter wavelength tuning thickness 

of approximately 11 m (36 ft), calculated based on a dominant frequency around 35 Hz, 

and using a seismic velocity of 1,550 m/s (5,085 ft/s), as is standard for surficial sediments 

in the region and elsewhere (Wellner et al., 2004). The acquisition parameters are 

summarized below: 

Acquisition Parameters  

Shooting directing  E-W 

Configuration 2 sources-3 streamers  

Maximum offset 6000 m 

Channels 240 

Shotpoint interval  31.25 m per array 

Group interval 25 m 

CMP bin dimension  12.5 x 40 m 

Nominal fold 48 
 

This study focuses on the uppermost 800 ms (two-way travel time) of the seismic 

volume, for the following reasons: (1) the data have broader bandwidth, allowing the 
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resolution of thinner features, and (2) we have excellent understanding of the depositional 

controls of sediment influx and sea-level fluctuations.  

The seismic survey was processed as a “spec” survey with processing parameters 

that balanced the need to map both shallow and deep targets, as well as both structural 

versus stratigraphic features. Three-dimensional seismic attributes were computed using 

the Attribute Assisted Seismic Processing & Interpretation (AASPI) software initially 

developed by the Allied Geophysical Laboratories at the University of Houston and later 

by the AASPI consortium at The University of Oklahoma. 

 

Data Conditioning 
  

 Three-dimensional seismic data are adversely affected by various kinds of 

noise that needs to be addressed during the data conditioning process. Therefore, seismic 

data processing plays a vital role in enhancing the signal-to-noise ratio in order to provide 

better quality data for interpretation.  

We condition the data to improve the resolution of the stratigraphic features 

following the workflow in Figure 1.2. A representative dip-oriented vertical section of the 

seismic was chosen to demonstrate the workflow (see profile location in Figure 1.3). 
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Figure 1.2. Workflow followed in this study for the data conditioning, seismic attributes, 
seismic interpretation, and seismic geomorphological analysis.  
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Figure 1.3. Time-structure of the yellow horizon showing the location of cross-section A – 
A' displayed in Figures 1.4 to 1.8.  
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 Data processing is subjective and depends on the geology and interpretation 

objectives. Data conditioning for the purpose of seismic geomorphological analysis is best 

done by the interpreter, choosing parameters that enhance architectural elements of 

interest. Key post-stack data conditioning tools include footprint suppression, structural 

oriented filter, and spectral balancing.  

 

• Footprint suppression 

Marfurt et al. (1998a) define acquisition footprint as any pattern of noise that is 

highly correlated to the geometric distribution of sources and receivers on the earth’s 

surface. For this reason, footprints from different survey sets will exhibit different patterns 

(orientation or direction), different spatial and temporal frequency, and different amplitude 

levels. Because of lateral changes in the velocity of overburden and the increase of fold 

with depth, footprints can change between shallow and deep parts of the data volume. 

The complexity of such noise requires carefully designed time-variant spatial filters with 

detailed quality control (QC) of results. 

Marine surveys often exhibit footprints due to cable feathering and multiple boat 

passes. The post-migration footprint suppression process, developed by Falconer and 

Marfurt (2008), removes noise without affecting the geological signal. This process 

estimated the noise with the adaptive subtraction of kx-ky wavenumbers, and then, the kx-

ky predicted noise is removed from the original seismic data.  

The first step in the workflow is to characterize the noise by generating footprint-

contaminated attributes (e.g., coherency, curvature) from the seismic data. To estimate 

the noise, the footprint is enhanced and stratigraphic signal suppressed by applying a 
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vertical median filter that removes the stratigraphic features. Next, the original seismic 

amplitude and footprint attributes are transformed to kx-ky space. The interpreter 

determines which spectral components of the kx-ky transformed attribute data are footprint 

and mutes corresponding components in the original data to produce the filtered seismic 

data (Figure 1.4). 

 

• Structure-oriented filter 

Following acquisition footprint removal using kx-ky filters, we applied a structure-

oriented filter to suppress random noise with the dip of dominant signal (Figure 1.4). 

Applied in an edge-preserving mode (Davogustto and Marfurt, 2011), the increased 

signal/noise ratio enhances structural and stratigraphic feature such as channels and 

faults. AASPI software provides four different filters including principal component, alpha-

trimmed mean, and lower-upper-median (LUM) filters.  

In this data volume, the principal-component seismic filter appears to produce 

more robust results, preserving small-scale channels and faults. The output of this filter 

was used as the input data for computing all subsequent 3D seismic attributes. 
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Figure 1.4. Line AA' showing  the (a) original migrated seismic data with high frequency 
vertical artifacts which are likely due to migration operator aliasing. (b) The same profile 
after applying, footprint suppression that removed most of the high frequency vertical 
noise. Lateral continuity of the data and vertical fault are enhanced using a principal-
component structural oriented filter. The yellow horizon is the strong reflection displayed 
in Figure 1.3.  
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• Spectral Balancing  

Vertical resolution of the 3D seismic data was improved through balancing of 

spectral components (Figure 1.5), a complex matching pursuit spectral decomposition 

method developed by Liu and Marfurt (2007). This program allows reconstructing the 

spectral components obtained from the spectral decomposition. In this study, a spectral 

balancing factor ε=0.01 was applied using: 

abal (t,f) = aorig (t,f) 
  ( )( , )    ( )   1/2    (Equation 1) 

where abal (t,f) is reflectivity magnitude spectrum, aorig (t,f) is flattened magnitude spectrum, 

Pavg (t,f) is average power at time t for frequency f, and Ppeak(t) is the peak average power 

for all frequencies at time t.  

The data were enhanced by an iterative process of data reconstruction followed 

by structural-oriented filters (Figure 1.6). In addition, the quadrature of the seismic (90 

degrees phase data) was computed with the purpose of improving the visualization of the 

seismic in vertical profiles (Figures 1.7). Figure 1.8 shows the final comparison between 

the original seismic and the conditioned data. 
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Figure 1.5. Line AA' through seismic amplitude volume (a) after structure oriented filtering 
and (b) after spectral components and reconstruction of the data applying a 1% of spectral 
balancing described in equation (1). Note that while vertical resolution increases, the high 
frequency noise is also enhanced.   
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Figure 1.6. Line AA' through the seismic amplitude volume  (a) after spectral balancing 
and reconstruction of the data using 1% spectral balancing, and (b) a second pass of 
principal component structural-oriented filtering. This filter improves the lateral continuity 
of the data.  
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Figure 1.7. Line AA' through the seismic amplitude volume showing the fourth and last 
step for the seismic data conditioning. (a) Spectral enhanced data after structural oriented 
filter and (b) after quadrature computation (90-degree rotation of the phase). The phase 
rotation improves the definition of the prograding clinoforms and topsets (red arrow).  
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Figure 1.8. Line AA' through the seismic amplitude volume showing the comparison 
between (a) the original seismic data show noise artifacts attributed to acquisition of the 
data and (b) after  structural oriented filter, spectral balancing, structural oriented filter and 
90 degree phase rotation. The improvement in the data allows better identification of the 
seismic facies, and helps in the horizon picking.  
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Seismic Attributes 
  
 Seismic attributes computed from the quality-enhanced seismic data were used to 

identify the main geological features and architectural elements in the shelf-margin deltaic 

system. To achieve this objective, coherence, curvature, spectral decomposition, 

sweetness, and spice attribute were computed and applied in this study.  

 

• Coherence and Coherence-type attributes 

Coherence seismic attributes were initially described by Bahorich and Farmer 

(1995) as a measure of lateral changes in the seismic trace pattern. Early algorithms were 

based on a cross-correlation measurement of the neighboring traces (Marfurt et al., 

1998b) followed by later algorithms based on semblance or eigenstructure measures of 

similarity (Gersztenkorn and Marfurt, 1999; Marfurt et al., 1999). 

They can be defined as edge detection seismic attributes that enhances geological 

features that have defined boundaries. Marfurt et al. (1998b and 1999) included 

measurements of similarity along structural dip and amplitude and introduced new 

techniques and processes to compute coherence. Similarity is a coherence attribute that 

expresses how similar two or more traces are to each other either in the crossline or inline 

directions (Marfurt et al., 1998b). This attribute shows how similar the traces are on a scale 

varying from zero to one, where zero is the value attributed to completely dissimilar areas 

while one is attributed to areas with maximum similarity.  

Coherence was computed using the program similarity3d developed at Allied 

Geophysical Lab from the University of Houston. The similarity3d uses algorithms based 
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on the energy ratio coherence (Marfurt, 2006). Inputs for similarity3d are the inline and 

crossline components of reflection dip and the seismic amplitude data (structural-oriented 

filter data).  

Six different coherence-type attributes are obtained from this program, three 

related to similarity of the seismic traces (energy ratio, outer product, and sobel filter), and 

three related to amplitude (energy gradients, total energy, and coherent energy). Beside 

the attributes related to the similarity of the seismic, energy gradients are the most useful 

for the detection of small-scale channels. Energy gradients measure changes in reflectivity 

and are initially computed along the inline and crossline direction; however, a desire 

specific direction can be computed after initial recognition of the data.  

 

• Curvature  

Seismic curvature was defined by Roberts (2001) as the reciprocal of the radius of 

a circle that is tangent to the given curve at a point. The curvature attribute emphasizes 

the positive (antiforms) and negative (sinforms) curvatures, where on a flat surface or in 

inflection zones the curvature is zero. Most-positive and most-negative curvature 

attributes have been demonstrated to be very helpful in prediction of fracture distribution 

and orientation (Blumentritt et al., 2006), carbonate collapse chimneys (Sullivan et al., 

2006), and channel delineation (Chopra and Marfurt, 2007b). 

For curvature computations, I used the program curvature3d that has two modes: 

1) Structural curvature corresponding to the second derivative of the phase of the 

seismic waveforms (first derivatives of structural dip components), and  
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2) Amplitude curvature that is the second derivative of the amplitude (first derivative 

of amplitude gradients).  

The curvature3d has the advantage of computing curvature attributes at long-

wavelength (lower-frequency) and short-wavelength (higher frequency). Inputs for the 

computation are either the inline and crossline dip. At least 14 different types of curvature 

computations were obtained running this software. The most useful curvatures shown in 

this research are the structural most-positive and most-negative curvatures.  

 

• Spectral Decomposition 

Spectral decomposition is an effective method for signal analysis, commonly used 

in seismic interpretation and reservoir characterization. Spectral decomposition 

transforms the data into the frequency domain, and it often becomes easier to identify 

many features that are difficult to delineate in the time domain (Chakraborty and Okaya, 

1995). Spectral decomposition as a tool for seismic interpretation dates back to the 

eighties when Morlet et al. (1982) applied for the first time a short window discrete Fourier 

transform (SWDFT). Partyka et al. (1999) were the first to apply spectral decomposition in 

a 3D seismic data volume. Marfurt and Kirlin (2001) applied the short window discrete 

Fourier transform to directly decompose the seismic signal into Fourier components.  

The spectral decomposition technique in this research was performed using a 

matching-pursuit algorithm described by Liu and Marfurt (2007). The computations 

generated 13 individual frequency cubes from 5 to 65Hz, also other frequency-related 

volumes where available (peak-frequency, pea-magnitude, peak-phase, etc.). With this 
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method, there is an option to reconstruct the data based on the frequency components 

and flatten the spectra to increase the vertical resolution of the seismic, as explained 

above in the data conditioning section. 

• Sweetness  

The sweetness calculation is equal to the amplitude envelope of the original data 

divided by the square root of the instantaneous frequency of the original data (Radovich 

and Oliveros, 1998). This attribute tries to relate the amplitude information to the frequency 

component of the data and the resultant sweetness volume can be used as indicator of 

sandy content or shaly lithologies. Sweetness is a useful attribute for detecting channels 

or other stratigraphic features when those features can be distinguished from a 

‘‘background’’ lithology by a combination of instantaneous frequency and reflection 

strength. Hart (2008) suggested that sweetness attribute can be used as a 

semiquantitative way to predict net-to-gross ratio in channel systems. In this study, 

sweetness calculations were computed using Petrel software. 
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RESULTS 

 

Seismic attributes computed from the pre-conditioned seismic data were used to 

identify the main geological features and architectural elements in the shelf-margin deltaic 

system. To achieve this goal, coherence type attributes, curvature, spectral 

decomposition, and sweetness were computed and applied in this study.  

The systematic analysis of different seismic attributes revealed the presence of 

distinctive architectural elements present in the shelf and deltaic system in the Gulf of 

Mexico. The identification of these architectural elements allows the definition and 

classification of the delta as either fluvial-dominated or wave-dominated. In the study area, 

two general types of deltas were identified based on the external geomorphology of the 

architectural elements: fluvial- and wave-dominated deltas. Fluvio-deltaic shelf-margin 

deltas prograding over two different minibasins that are characterized by the presence of 

fluvial distributary channels that bypass the shelf break and continue into the slope through 

a slope channel system. In an adjacent minibasin, a wave-dominated deltaic system was 

identified and is characterized by lateral continuous wave-dominated deltaic shoreface 

sediments deposited along the strike of the shelf, and directly linked to slope channels 

delivering sediment from the shelf to the slope.  

Vertical seismic profiles after data conditioning produce enhanced resolution 

seismic that helps identify individual seismic facies (Figure 1.9). These facies have a 

distinct expression using different seismic attributes, that when co-rendered and visualized 

in 3D images, highlight different geological features (Figures 1.10, 1.11, 1.12, 1.14, and 

1.15).  
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Figure 1.9. Seismic facies amplitude expression on dip-oriented profiles after conditioning 
of the seismic data.      
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Figure 1.10. (a) Horizon slice 100 ms above the yellow horizon (Figure 1.4) through the 
coherent energy volume computed from the conditioned data. Some residuals in the 
acquisition footprint remain and appear as W – E trending artifacts. (b) Linear features 
along the strike of the shelf are evident. Several small-scale slope channels are also 
identified using this attribute. Location of the image given by the green polygon on Figure 
1.3. 
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Attribute analysis in other areas of the available seismic survey, shown in color 

polygons in Figure 1.1b, shows that attribute extractions such as coherent energy (Figure 

1.10) and co-rendered amplitude gradient and sweetness (Figure 1.11) along the 

interpreted horizons in a minibasin highlight a system of slope channels that converge into 

two main channels at the axis of the minibasin. These channels continue downslope 

transporting sediment to a deeper minibasin. The minibasin was affected by later faulting 

at the base of the slope.  

Seismic curvature attributes (Figure 1.12a) delineated a continuous channel 

system extending from the edge of the shelf onto the slope. The better visualization of this 

channel system on curvature attributes is directly related to differential compaction of the 

channels versus the surrounding facies in the slope of the minibasin. Thus, the most-

negative curvature delineates the channel axis while the most-positive curvature defines 

the overbank deposits. Most-negative curvature also reveals the presence of more slope 

channels coming from shelf and the east side of the minibasin feeding the main axis 

channels, which were not detected by other geometric attributes evaluated in this analysis.  

Moreover, the curvature attribute (Figure 1.12a) was showed to be particularly 

effective in delineating the thalwegs of the channel system. Since these slope channels 

do not produce levee deposits, I interpret them to be bypass channels that transport the 

sediment to the base of the slope.  

Co-rendering various seismic attributes and 3D seismic visualization are important 

interpretation tools that enhance subtle architectural elements in the fluvio-deltaic system. 

Curvature co-rendered with sweetness (Figure 1.12b), amplitude gradient (Figure 1.12c), 

and co-rendered amplitude gradient with sweetness (Figure 1.12d) provided a complete 
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depositional history of the deltaic system from shelf to slope. The former pair of attributes 

clearly highlights the extension channels from the shelf edge into the slope, the later 

provided a detailed image of wave-dominated deltaic shorefaces prograding over the shelf 

edge. Together both sets of co-rendered attributes support an interpretation of a forced-

regressive shelf-margin delta directly linked to the transfer of sediment from the shelf to 

the slope through dozens of slope channels. Beside the wave-dominated deltaic system, 

two fluvial-dominated deltaic systems were identified in adjacent minibasins using seismic 

attributes extracted along a picked yellow horizons (Figure 1.13a and 1.13b). In a second 

minibasin (see Figure 1.1 for location), a deltaic channel system is identified using 

amplitude gradient attributes (Figure 1.14a), co-rendering amplitude gradients with 

sweetness attributes (Figure 1.14b), most-negative (Figure 1.14c) and most-positive 

(Figure 1.14d) curvatures. The channels are well delineated, showing the link between 

the fluvio-deltaic system and the slope channel system. 

A third minibasin (see Figure 1.1 for location) was interpreted as fluvial-dominated 

shelf-margin delta based on the presence of a series of channels at the edge of the shelf 

that are connected to incised semi-linear slope channels. Integration of different attributes, 

specifically in this case amplitude gradient (Figure 1.15a), most-positive curvature (Figure 

1.15b), most-negative curvature (Figure 1.15c), and co-rendered most negative curvature 

with sweetness (Figure 1.15d), improve the seismic interpretation. In this case each 

attribute highlight individual characteristics for a more complete analysis.  
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Figure 1.11. 3D image of (a) co-rendered amplitude gradient and sweetness attributes. 
Linear features along the strike of the shelf are evident. Several small-scale slope 
channels are also identified using this attribute. (b) Geological interpretation.  
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Figure 1.12. 3D image of horizon slices through (a) most-negative curvature, (b) co-
rendered most-negative curvature and sweetness attributes, (c) amplitude gradient, and 
(d) co-rendered amplitude gradient and sweetness attributes. These images show the 
direct link between deltaic strand plains deposited in the shelf edge and shelf to slope 
channels in the eastern minibasins. Location of the image given by the blue polygon on 
Figure 1.3. 
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Figure 1.13. (a) Line BB' and (b) line CC' through the seismic amplitude volume showing 
the yellow horizon picked and displayed in Figures 1.14 and 1.15 respectively. Location 
of the profiles given by black N-S lines on Figure 1.3 

 

 

 



34 
 

 

Figure 1.14. Horizon slices of yellow horizon (Figure 1.13a) through (a) amplitude 
gradients, (b) co-rendered amplitude gradients and sweetness), (c) most-negative 
curvature, and (d) most-positive curvature. Amplitude gradients highlight subtle fluvial 
channels of the deltaic system and slope channels part of the slope channel belt. 
Curvature helps to visualize faults (red arrow) and the center of the channel belt. Location 
of the image given by the red polygon on Figure 1.1.  
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Figure 1.15. Horizon slices along yellow horizon (Figure 1.13b) through (a) amplitude 
gradient, (b) most-positive curvature, (c) most-negative curvature and (d) co-rendered 
most-negative curvature and sweetness volume. Location of the image given by the 
orange polygon on Figure 1.1. 
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CONCLUSIONS 

 

In seismic geomorphology analysis, the implementation of 3D seismic attributes 

provide the necessary means to obtain additional information from the amplitude seismic 

data. The qualitative information obtained from seismic attribute application can be used 

to identify subtle geological features and increase our capacity to interpret depositional 

processes that can lead to better characterization and modeling of depositional systems. 

The key to obtaining good quality seismic attributes lies in the initial data 

conditioning of the input data. Footprint removal and correct application of structural-

oriented filters provide a better product for attribute computations. Spectral balancing of 

the data using spectral components provide an increase in the vertical resolution of the 

data allowing the identification of seismic facies in vertical profiles.  

In this study, we found that plan view and three-dimensional images of co-rendered 

seismic attributes provide an integrated approach to unravel the internal architecture of 

the deltaic system at the edge of the shelf. We demonstrate the value of co-rendering 

curvature, amplitude gradients, and sweetness attributes for delineating shelf-margin 

deltaic wave-dominated strandplains, and their link with a subtle set of shelf-to-slope 

channels that transported sediment to the slope and base of the slope. 

In two other minibasins, co-rendering attributes allow us to interpret the deltaic 

system as fluvial dominated based on the geomorphology of the fluvio-deltaic channel 

system. These fluvial-dominated shelf-margin deltas are linked to slope-channel systems. 
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The results showed that the most-positive curvature are particularly effective in 

delineating continuous slope channels extending to the edge of the shelf. Amplitude 

gradients and sweetness allow identifying deltaic channels and linear features deposited 

along the strike of the shelf interpreted as wave-dominated shorefaces. Other attributes, 

including amplitude, coherence and amplitude gradients, indicate the presence of gas-

charge, pockmarks, and debris flows. Together, these attributes allow us to interpret subtle 

channel features in the appropriate structural and depositional framework. 
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CHAPTER 2. 3D SEISMIC GEOMORPHOLOGY AND SEISMIC STRATIGRAPHY OF 

THE LATE-QUATERNARY SHELF-MARGIN DELTAS OFFSHORE LOUISIANA 

 

SUMMARY 
 

3D seismic geomorphology, along with seismic stratigraphic studies, have become 

a valuable tool in the identification of architectural elements of different depositional 

systems, both in the analysis of the different depositional processes and in the 

interpretation of the  paleogeomorphologic evolution of sedimentary basins through time.  

To date, most published applications of 3D seismic geomorphology have focused on 

deep-water deposits where most oil companies have current exploration interest. In 

contrast, published 3D seismic geomorphologic studies of shelf and shelf-margin 

depositional systems (e.g., deltas and shoreface) are less common. For this reason, a 

regional high-quality 3D seismic data set, acquired in the Gulf of Mexico, provides a unique 

opportunity to complete a detailed study of shelf and shelf-margin depositional systems. 

The present study shows a regional 3D seismic geomorphologic analysis of the 

paleo-Mississippi shelf-margin deltaic system offshore Louisiana during the last ~125 ka. 

Four salt-withdrawal minibasins located in the study area allowed analysis of the evolution 

and 3D reconstruction of the paleo-Mississippi shelf-margin delta. The paleo-Mississippi 

delta behaves as a large deltaic system that prograded over the shelf and reached the 

Gulf of Mexico shelf margin during the last eustatic falling of sea level (Oxygen Isotopes 

Stages 3 to 2). 
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Salt tectonism in the Gulf of Mexico controlled the morphology of the shelf and 

slope, forcing the large deltaic system to split into several deltaic lobes. The locus the 

shelf-to-slope progradation occurred within individual salt-withdrawal minibasins.  

The geomorphological expression of the shelf-margin deltas and the clinoform 

geometries varies from minibasin to minibasin, due to the response of the deltaic system 

to sea-level fluctuation, the rate of sedimentation, and the subsidence at the shelf and in 

the salt-withdrawal minibasin. In addition, the shape of the minibasin, the morphology of 

the seafloor, and the arrival angle of the prograding shoreline at the shelf edge are factors 

affecting the geomorphology of the shelf-margin delta. 

The deltaic system varies laterally from wave dominated in minibasin 1 and 2, to 

fluvial dominated in minibasin 3 and 4. The results show that seismic geomorphological 

studies complemented with 3 D visualization and modern 3D seismic attributes such as 

amplitude gradients, spectral component, coherence, and curvature volumes, allow 

improved detection of subtle and small-scale geological features, which enables a more 

accurate interpretation of the different processes developed at the shelf break. This allows 

classification of the shelf-margin deltas into either wave-dominated or fluvial-dominated or 

mixed process systems.  
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INTRODUCTION 
 

Optimal exploitation of deltaic reservoirs requires detailed facies and architectural 

element analysis as a basis for comprehensive geological model. Depositional facies are 

a significant control on the distribution of petrophysical properties in clastic reservoirs, 

largely influencing the reservoir’s capacity to store and produce hydrocarbons (Graham et 

al., 2015a; Graham et al., 2015b).  

Detailed analysis of seismic facies is a fundamental approach that helps to infer 

lithology and depositional processes from seismic data (Mitchum et al., 1977b). 

Classification of seismic facies facilitates the identification of architectural elements and 

further interpretation of different depositional systems (Brown et al., 1977; Sangree and 

Widmier, 1977; Rafalowski et al., 1994).  

 In the Gulf of Mexico, during falling stages of sea level in the late Quaternary, 

numerous fluvial systems were able to extend and reach the shelf edge, where shelf-

margin deltaic systems developed (Sydow and Roberts, 1994; Abdulah et al., 2004; 

Anderson et al., 2004; Wellner et al., 2004; Anderson, 2005; Lee, 2010; Perov and 

Bhattacharya, 2011; Conklin, 2015). In the western part of the area covered by the 

available seismic data, the fluvio-deltaic system was interpreted as part of the paleo-

Mississippi river (Suter and Berryhill, 1985; Berryhill and Suter, 1987; Galloway et al., 

2000).  Other studies of late Quaternary deltaic systems in the northern Gulf of Mexico, 

also interpreted the western area as part of the paleo-Mississippi river delta using high-

resolution two-dimensional seismic data and one-dimensional core data tied to local sea-

level curves (e.g., Wellner et al., 2004). These interpretations, although very detailed in 

vertical sections, are based on high-resolution 2D seismic amplitude profiles that are not 
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sufficient to define lateral variations of architectural elements, and do not have the same 

lateral resolution to create a complete three-dimensional model of the deltaic system 

(Cartwright and Huuse, 2005).  

 To date, very few studies have evaluated regional shelf-margin deltaic 

systems using 3D seismic data and 3D geomorphologic and stratigraphic analysis 

(Sylvester et al., 2012), and most of the times are focus in local studies (Lee, 2010; Perov 

and Bhattacharya, 2011; Conklin, 2015). Three-dimensional seismic data provide a more 

complete interpretation and can define the lateral variation of the depositional systems 

based on the sampling of the seismic data that typically have a bin size of 12.5 m (41 ft). 

Common 3D seismic interpretation techniques (e.g., time and stratal slicing) along with 

modern seismic visualization techniques, such as multi-attribute co-rendering and RGB 

attribute displays, allow the interpreter to obtain improved 3D images and consequently 

the ability to produce a more comprehensive 3D interpretation of the data (Chopra and 

Marfurt, 2007b; Guo et al., 2008; Marfurt 2015). 

High-quality 3D seismic data acquired over the shelf margin of offshore Louisiana 

in the Gulf of Mexico provides unprecedented information on the three-dimensional 

distribution of the paleo-Mississippi deltaic system. 

The main objective of this study is to generate a 3D seismic geomorphological 

analysis of the evolution and lateral variation of a section of the paleo-Mississippi deltaic 

system during the last 125 ka. This analysis provides the opportunity to evaluate the 

potential processes and pathways for sediment transfer from shelf-margin deltas to slope 

and deep-water depositional environments in a salt-controlled minibasin setting.  
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Salt-withdrawal minibasins in the Gulf of Mexico are one of the main factors that 

affect the deposition of sediment, since the shelf-margin deltaic depositional systems are 

closely related to minibasin development and sediment filling. In the current study, four 

salt-withdrawal minibasins were chosen in order to compare the development of the shelf-

margin delta within each specific minibasin. In general, each of the four minibasins acts 

as an individual depocenter that has its own size, shape, and slope gradient, and is 

tectonically controlled by salt displacement and remobilization. The external geometries 

of clinoforms vary from minibasin to minibasin, principally due to the response of the paleo-

Mississippi deltaic system to variations on sea level, the angle of arrival of the prograding 

shoreline with respect to the shelf to slope boundary, and the shape of the minibasin.  

Examination of facies architectural elements, using a seismic stratigraphic and 

seismic geomorphological approach, includes seismic attribute analysis of amplitude 

gradients, spectral components, coherence, and curvature volumes. This analysis 

illuminates distinctive architectural elements of the deltaic system, allowing evaluation of 

the lateral variability of the deltaic system along the shelf edge, and the relationship 

between the shelf to slope sediment distribution and transfer as types of deltas vary along 

the strike.  
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GEOLOGICAL SETTING 
 

The study area is located 100 km (62 mi) south of the Louisiana coast, in the 

northern Gulf of Mexico basin and partially covers the modern shelf margin and upper 

slope. Present-day bathymetric depths are between 80 and 300 m (262–984 ft) (Figure 

2.1). 

The structural framework of the Texas-Louisiana area in the Gulf of Mexico is 

controlled by salt tectonics and is characterized by a complex development of local 

deformation due to continuous sediment loading over thick sequences of evaporitic 

deposits (Salvador, 1991; Diegel et al., 1995). The Texas-Louisiana shelf and slope 

irregular bathymetry is a product of vertical salt diapirism that caused numerous uplifts 

and fault-bounded basins (Murray, 1968). The paleo-Mississippi River system has 

contributed sediments to the deltaic plain through phases of fluvial-driven progradation, 

feeding and overfilling shallow bathymetric depressions (salt-withdrawal minibasins) and 

inducing bypass to deep-water environments (Winker and Booth, 2000). Minibasin 

accommodation is controlled by eustatic sea-level fluctuations and geothermal 

subsidence, as well as local subsidence caused by salt withdrawal, large-scale growth 

faulting, and sedimentary compaction (Winker and Edwards, 1983).  

Salt movement is the main control on depositional patterns (Suter and Berryhill, 

1985; Coleman and Roberts, 1991; Rowan, 1995; Morton and Suter, 1996; Rowan and 

Weimer, 1998; Anderson et al., 2004). Salt-withdrawal minibasins in the shelf to slope 

area are the main locus of accommodation where the sediment supplied by the paleo-

Mississippi deltaic system was deposited during the Pleistocene (Alexander and Flemings, 

1995; Galloway et al., 2000; Lee, 2010; Perov and Bhattacharya, 2011; Conklin, 2015).  
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Four salt-withdrawal minibasins, as part of this study, were identified at the edge 

of the shelf, and are from east to west named: Minibasin 1 (MB1), Minibasin 2 (MB-2), 

Minibasin 3 (MB-3), and Minibasin 4 (MB-4), (Figure 2.2).  
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Figure 2.1. (a) Regional map of the northern Gulf of Mexico. The study area is highlighted 
by red filled polygon. The late Quaternary paleo-Mississippi delta mapped by Suter and 
Berryhill (1985) and the western Louisiana delta (WLD) by Wellner et al. (2004) denoted 
by grey polygons are drawn on the map. The modern shelf edge is represented by the 
200 m depth contours. (b) Amplitude time slice at 200 ms showing the geometry of the 
seismic data.  
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Figure 2.2. Time-structure horizon picked along sea floor showing the morphology and 
the location of the four minibasins for this study. Polygons show the boundaries of the 
minibasins in the study. Minibasin 1 (MB1, in red), minibasin 2 (MB-2, in green) minibasin 
3 (MB-3, in orange) and minibasin four (MB-4, in blue). Black lines corresponds to vertical 
seismic profiles in Figures 2.5, 2.7, 2.8, 2.9, and 2.10. 
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DATA AND METHODS 
 

The three-dimensional (3D) seismic data used for this study corresponds to a 

prestack time-migrated seismic survey acquired and processed by Petroleum Geo-

Sciences (PGS) who donated the license for research to the University of Houston. The 

3D seismic data covers an area of approximately 8000 km2 and includes blocks in the Gulf 

of Mexico belonging to the south of Vermilion, South Marsh Island, Eugene Island, Ship 

Shoal, and northern portions of Garden Banks and Green Canyon areas (Figure 2.1). The 

processed seismic data was delivered with a bin spacing of 12.5 x12.5 m (41 by 41 ft). 

Maximum vertical resolution of the 3D seismic volume in the upper most 800 ms is about 

11 m (36 ft), using the dominant frequency of 35 Hz and the average velocity of 1550 m/s 

(5,085 ft/s). The data were processed as zero-phase and displayed as SEG polarity 

standard where positive seismic reflection amplitudes reflect an increase in impedance.  

Three-dimensional seismic interpretation analyses were conducted using Petrel 

and Attribute Assisted Seismic Processing & Interpretation (AASPI) software. The initial 

analysis of the 3D volume was based on time slicing of the original amplitude data and 

geometric seismic attributes. Time slicing of the 3D volume and seismic attributes gave 

an initial idea of the main depositional elements present in the study area. Shelf and slope 

salt diapirs characterize the study region where deltaic clinoforms and mass-transport 

complexes filled the accommodation created in the minibasins.  

This study is focused on the late Quaternary paleo-Mississippi shelf-margin deltaic 

system developed during the last 125 ka, corresponding to Oxygen Isotope Stages 5 to 1 

(Figure 2.3). The seismic section corresponds to the upper two-way travel time 600 ms. 
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Seismic stratigraphic analysis includes seismic facies identification, and divides 

the seismic data into depositional sequences and systems tracts to create a 

chronostratigraphic framework for reservoir prediction. The seismic stratigraphy, seismic 

facies, and chronostratigraphic analyses are based on the approach of Vail et al. (1977), 

and Posamentier and Allen (1999). Likewise, seismic geomorphological analysis is based 

on the approach published by Posamentier and Kolla (2003), Posamentier (2004), and 

Posamentier et al. (2007).  
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Figure 2.3. Oxygen Isotope Stages and inferred sea-level curve from Shackleton (1987). 
Blue line at approximately 120 ka corresponds to the maximum flooding surface (MFS) 
that is the basal surface of the genetic sequence in this study. Also shown, are the systems 
tracts used in Figures 2.7, 2.8, and 2.9. 
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RESULTS 

 
Seismic Stratigraphy Analysis  
 

Seismic Facies 

Seismic facies were defined on the basis of external geometry, bounding surface 

type, seismic reflectivity, reflection continuity, and the relationship to adjacent seismic 

facies (Mitchum et al., 1977a). 

Within the study area, eight seismic facies were identified using vertical profiles of 

seismic amplitude, 3D seismic visualization of seismic attributes, and seismic 

geomorphological analysis. Depositional environments, processes, and resulting 

depositional elements were interpreted by comparing cross-sectional geometry and plan 

view geomorphological patterns.  

Interpreted seismic facies include: (1) highstand deltaic and shelf deposits, (2) low 

angle normal regressive shelf-margin deltas, (3) wave-dominated forced regressive shelf-

margin deltas, (4) high angle normal regressive shelf-margin deltas (5) transgressive 

marine mud belts, (6) wave-dominated distributary channels and slope channels, (7) mass 

transport complexes, and (8) fluvial-dominated and sandy slope channels. 

 

• Seismic Facies 1 (SF1): Highstand Deltaic and Shelf Deposits 

SF1 is defined by elongated, very low-angle and parallel reflections that downlap 

basinward against the maximum flooding surface. This seismic facies is characterized by 

continuous, concordant high to moderate amplitudes best seen in dip-oriented profiles of 

the seismic lines. Amplitude varies from high in landward regions to moderate to lower 
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amplitudes in the most basinward portion of the clinoforms. In the inner shelf, highstand 

packages may disappear if the fluvio-deltaic channel system erodes these deposits. The 

highstand seismic facies could include mounded reflections in the slope portion of the 

minibasins, and are identified in horizon slices through seismic attributes (Figure 2.4). 

SF1 geometries suggest they were formed by muddy prodeltaic lobes that 

prograded over the shelf and the upper slope of the minibasins. These facies are 

interpreted to be the most distal part of a highstand delta, similar to other late Quaternary 

deltas in Gulf of Mexico (Sydow and Roberts, 1994; Anderson et al., 2004; Wellner et al. 

2004).  

 

• Seismic Facies 2 (SF2): Low-angle Normal Regressive Shelf-margin Delta 

SF2 is characterized by low-angle (maximum 1.5 degrees) and long sigmoid 

parallel clinoforms. However, clinoform shapes vary between sequences along-strike. 

Clinoforms extend downdip for about 10 km in dip direction, and the whole section could 

reach 85 meters thick. Continuous clinoform reflections can pass basinward to disrupted, 

wavy reflections interpreted as small-scale slide/slumps and slope-channel systems 

and/or to chaotic reflection packages interpreted as mass-transport deposits (Figure 2.4). 

In strike-oriented profiles, the clinoforms show low-impedance reflections that are 

continuous and correspond to the most basinward portion of the prodelta. 

Seismic facies 2 is interpreted as a prograding to aggrading lower delta front. Low 

angle clinoforms are considered as being mud prone and to be prodeltaic.  
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• Seismic Facies 3 (SF3): Wave-dominated Forced Regressive Shelf-margin 

Delta 

SF3 is characterized by high-impedance, continuous downstepping clinoforms that 

toplap high-impedance reflections. Dip‐oriented seismic profiles show prograding 

clinoforms that are interpreted as being formed during sea‐level fall (forced regression), 

based on the negative basinward‐stepping shoreline trajectories (Helland-Hansen and 

Martinsen, 1996). In dip-oriented profiles, the clinoforms in this package are 

progradational and appear more oblique than SF2, showing angles of at least 3 degrees. 

Thicknesses of these packages can reach 50 m (164 ft). Strike-oriented views show 

continuous wavy to lenticular reflections interpreted to be small-scale distributary deltaic 

channels (Figure 2.4). Plan view images of attributes extracted along picked clinoform 

surfaces revealed the presence of shelf strike‐oriented linear features that are directly 

linked to a slope-channel system.  

 

• Seismic Facies 4 (SF4): High-angle Normal Regressive Shelf-margin Delta 

SF4 consists of moderate- to high-amplitude, oblique progradational to 

aggradational clinoforms with thickness of approximately 10-40 m (33-131 ft). The high-

angle clinoforms are arranged in packages 1-2 km long in dip view. In some cases an 

abrupt basinward truncation form a steep surface. (Figure 2.4). According to their 

morphology, high-angle clinoforms are considered as more sand prone facies.  

 

• Seismic Facies 5 (SF5): Transgressive Marine Mud Belt 

SF5 is characterized by low-impedance reflections onlapping the previous high-

angle normal regressive shelf-margin delta. Reflections are continuous, conformable, and 
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very low-dip angle (Figure 2.4). Thin, medium- to high-amplitude layers are observed at 

the lower depositional boundary. In strike view, SF5 is characterized by an irregular base 

and concordant top, and shows continuous, low-amplitude, parallel to subparallel internal 

reflections. In plan view, SF5 shows a low-amplitude, laterally extensive geomorphic 

feature paralleling the paleo-shoreline. This facies is interpreted as part of the 

transgressive system tract formed during the rise of sea level corresponding to Oxygen 

Isotope Stage 1. 

 

• Seismic Facies 6 (SF6): Wave-dominated Distributary Channels and Slope 

Channels 

SF6 is characterized by a basal erosion surface overlain by chaotic, moderate- to 

high-amplitude reflections. (Figure 2.4). The basal chaotic facies is often overlain by high-

amplitude, oblique to parallel reflections. SF6 is only observed on the shelf and is 

interpreted as a chaotic, distributary channel-fill.  SF6 consists of small channels formed 

at the edge of the shelf and directly linked to the distributary shelf-margin deltaic channels.   

 

• Seismic Facies 7 (SF7): Mass-transport Complexes 

SF7 reflection packages are only observed in the upper slope and are interpreted 

as mass-transport complexes (Figure 2.4). This seismic facies is characterized low to high 

variable impedance reflections, that are discontinuous and chaotic as observed in strike-

view profiles of the seismic sections. A basal erosion that can be 3 to 4 km wide always 

characterizes the lateral margins of the mass-transport complexes (MTC). Thicknesses of 

the MTC's observed in the study area can reach 150 m thick. Faults occur near the surface 

of the deposit as arcuate fault traces oriented transverse to the flow direction. In some 



54 
 

instances, successive flows can result in laterally directed compression, as observed in 

older deltaic sequences (Perov and Bhattacharya, 2011), (Figure 2.5a). 

Consistency of mass-transport processes in the shelf break suggests interaction 

of different mechanisms. High sedimentation rates, gas-hydrate dissolution, high-

frequency sea-level fluctuations, and a high occurrence of earthquakes have been 

identified as the main factors that trigger instabilities in the outer shelf and upper slope 

area. They have caused episodic gravitational collapses of huge amounts of sediments 

that have been funneled toward deep-marine environments (Armentrout, 2003; 

Moscardelli et al., 2006)  

 

• Seismic Facies 8 (SF8): Sandy Shelf-to-Slope Channels 

SF8 is best observed in strike-oriented views of the east to west seismic profiles, 

where it is defined by high-amplitude discontinuous reflections that lapout against an 

erosional base (Figure 2.4 and 2.5b). Internal reflections are discontinuous and show 

very high impedances compared to adjacent seismic facies. In plan view images of co-

rendered seismic attributes (amplitude gradient and sweetness), SF-8 is identified as 

continuous linear to slightly sinuous channels that are part of a larger slope channel belt 

system (Figures 2.6). These channels are associated with the bypass of shallow marine 

sediments to the upper slope and beyond. On the shelf, the channels are interpreted as 

distributary channels from a fluvial-dominated delta, and reflect unidirectional flows from 

shelf to slope. The upper part of the channel fill contains both high- and low-amplitude 

draping seismic reflections, suggesting finer grained sediments capping a sandy channel 

base. Seismic cross sections through the channel axis show continuous high-amplitude 

reflections suggesting well-connected sandy channel fills. 
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Figure 2.4. Seismic facies SF1 to SF8 recognized on vertical profiles and plan view 
images of the seismic.  
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Figure 2.5. (a) Vertical profile EE' (Figure 2.2) of SF7 showing the development of a MTC, 
and (b) vertical profile FF' (Figure 2.2), showing a slope channel system.  
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Figure 2.6. Horizon slice along sequence boundary shown in Figure 2.9 through amplitude 
gradient and sweetness. Red color indicate high values of sweetness attribute and can be 
interpreted as a sandy lithology.  
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Sequence Stratigraphic Surfaces  
 

 Three sequence stratigraphic surfaces were identified in this study based on lapout 

and truncational relationships (Figures 2.7, 2.8, 2.9, and 2.10). They included a maximum 

flooding surface, a sequence boundary, and a transgressive surface.  

 

Maximum Flooding Surface  

The first Maximum Flooding Surface (MFS) identified in this study is a regional 

surface that covers the whole shelf. This corresponds to Oxygen Isotope Stage 5, 

approximately 125 ka (Figure 2.3) when sea level was about 5 m (16.4 ft) above current 

sea level. At the shelf to slope area in the western minibasin, MFS overlies a shelf-margin 

delta deposited during falling sea level corresponding to Oxygen Isotope Stage 6 (Perov 

and Bhattacharya, 2011; Conklin, 2015). A MFS identified by high-impedance 

characteristics in the shelf area. On the slope the impedance varies depending on the 

underlying sediment. On the inner shelf, the MFS sometimes has been eroded by 

overlying fluvial channels and/or affected by salt tectonics, making it difficult to follow in 

the 3D seismic surface where diapirs intrude the overlying sediment and reach the 

seafloor or near seafloor.  
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Sequence Boundary 

The sequence boundary (SB) is recognized on 3D seismic dip profiles using 

criteria of toplap, downlap, onlap, and erosional truncation. Regionally the sequence 

boundary corresponds to high impedance contrast reflections overlying prodeltaic 

highstand deposits. ((Figures 2.7, 2.8, 2.9, and 2.10)   

The sequence boundary near the shelf edge is characterized by downlapping 

reflections from the lowstand systems tract. Downlapping clinoforms above the sequence 

boundary are differentiated from dowlapping clinoforms in the highstand due to the erosive 

characteristics of the sequence boundary. 

The sequence boundary expression in the seismic data varies from minibasin to 

minibasin due to the shape of the minibasin and their relationship to sea level. From east 

to west, Minibasin 1 (Figure 2.2, red polygon) sequence boundary is easy to identify by 

downlapping clinoforms from the lowstand systems tract. In minibasin 2 (Figure 2.2, green 

polygon), the sequence boundary is identified on the shelf by its high impedance and by 

clinoform progradation of the delta downlapping over the erosive surface. In minibasin 3 

(Figure 2.2, orange polygon), the sequence boundary is highly erosive at the shelf edge 

due to the fluvio-deltaic channel system reaching the shelf break in this river dominated 

minibasin. The sequence boundary in some cases cannot be differentiated from the MFS, 

possibly due to the resolution of the seismic. At the slope the SB is overlain by a base of 

slope channel system.  Minibasin 4 (Figure 2.2, blue polygon) sequence boundary is 

highly erosive and is identified in the shelf by downlapping clinoforms and in the slope is 

overlain by a base of the slope channel system.  
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Transgressive Surface 

The transgressive surface is a regional surface identified in the four minibasins as 

a continuous surface characterized by a high impedance in the shelf due to the contrast 

of sandier sediments from the prograding delta in the lowstand systems tract, and the 

muddier sediments from the transgressive systems tract. At the shelf edge and the slope 

the transgressive surface is characterized by low impedance contrast with the underlying 

prodeltaic muds of the lowstand delta. The surface is merged and difficult to differentiate 

with the maximum flooding surface 2 in the most landward section of the seismic, due to 

either the lack of resolution of the seismic or the absence of sedimentation during the 

transgressive systems tract on the shelf.   
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Figure 2.7. (a) Uninterpreted and (b) interpreted dip-oriented vertical seismic profiles. 
Sequence stratigraphic units correlated to colors on sea-level curve (see Figure 2.3). Pink 
horizon is shown in Figure 2.14 and 2.15. See location on Figure 2.2 (profile AA').  
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Figure 2.8. (a) Uninterpreted and (b) interpreted dip-oriented vertical seismic profiles. 
Sequence stratigraphic units correlated to colors on sea-level curve (see Figure 2.3). See 
location on Figure 2.2 (profile DD').  
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Figure 2.9. (a) Uninterpreted and (b) interpreted dip-oriented vertical seismic profiles. 
Sequence stratigraphic units correlated to colors on sea-level curve (see Figure 2.3). See 
location on Figure 2.2 (profile EE').  



64 
 

 

Figure 2.10. (a) Uninterpreted and (b) interpreted dip-oriented vertical seismic profiles. 
Sequence stratigraphic units correlated to colors on sea-level curve (see Figure 2.3). See 
location on Figure 2.2 (profile HH').  
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Systems Tracts  

Seismic interpretation and age correlation in the study area were based on 

previous published studies done by Berryhill and Suter (1987), Berryhill (1987), and 

Wellner et al. (2004). The locations of the 2D seismic data published in these previous 

studies were identified in the 3D seismic data used for this research (Figures 2.11, 2.12, 

and 2.13) and the surfaces were interpreted regionally by manual picking on the seismic 

followed by a constrained automatic picking.  

Based on seismic facies and identification of key surfaces, the units under study 

can be divided into highstand, lowstand, and transgressive systems tracts (Figures 2.7, 

2.8, 2.9, and 2.10). These are in turn tied to the eustatic sea-level curve, which allows the 

reconstruction of the sequence stratigraphic framework using the north-south-oriented 

cross section from the study area.  

 

• Highstand Systems Tract (HST) (130 to 25 ka) 

The highstand systems tract (HST), deposited from 125 to 30 ka (Figure 2.3) is 

the basal unit in this study, located above MFS. The HST is interpreted as representing 

deposition of hemipelagic to pelagic sediments at the base of the systems tract caused by 

slow rise in sea level followed by deposition of distal prodeltaic muds during the late stage 

of sea-level fall. It spans approximately 95 k.y., during which the deltaic system prograded 

from the maximum flooding surface shoreline corresponding to initial stage of Oxygen 

Isotope Stage 5, to about 90 m below present-day sea level, corresponding to the end of 

Oxygen Isotope Stage 3.  
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• Lowstand Systems Tract (LST) (25 to 10 ka) 

The lowstand systems tract (LST) is deposited above the sequence boundary (SB) 

and could be divided in two parts, the early lowstand systems tract (ELST) and the late 

lowstand systems tract (LLST). The ELST spans approximately 7 k.y. (Figure 2.3) and is 

characterized by a rapid fall of sea level. The ELST is characterized by continuous 

progradation of the deltaic clinoforms and is directly related to bypass of sediment from 

shelf to slope either in fluvial- or wave-dominated shelf margin deltas.  

The LLST formed from approximately 16 to 10 ka (Figure 2.3) and corresponds to 

normal regressive clinoforms denoting progradational to aggradational geometries.  

 

• Transgressive Systems Tract (TST) (10 ka to present) 

The transgressive systems tract began to form around 10 ka (Figure 2.3) and is 

characterized by an increase of the rate of relative sea-level rise leading to 

retrogradational clinoform stacking. In most of the area it is recognized by clinoforms 

onlaping the late lowstand systems tract. At landward positions, the TST is thinner or 

absent and not easily distinguished due to the lack of resolution of the seismic.  
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Figure 2.11. Shelf-margin deltaic systems redrawn from Berryhill and Suter (1987).  3D 
seismic data in the background. Black lines show profiles correlated between Berryhill and 
Suter's (1987) profiles, and this study. Seismic interpretation by Berryhill and Suter (1987) 
and correlations to 3D seismic are shown in Figures 2.12 and 2.13. 

 

 
 
 



68 
 

 

Figure 2.12. Correlation between Berryhill and Suter (1987) 2D seismic profile GG' and 
the PGS 3D seismic data. (a) Uninterpreted profile from Berryhill and Suter (1987), (b) 
interpreted profile from Berryhill and Suter (1987), (c) uninterpreted vertical profile at the 
closest location corresponding to the 2D line, (d) interpreted profile, and (e) sea-level 
curve with approximate position of the  units mapped by Berryhill and Suter (1987). See 
location in Figure 2.11. 
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Figure 2.13. Another example of the data correlation between published 2D seismic 
profiles by Berryhill and Suter (1987) and the 3D seismic data used in this study. (a) 
Uninterpreted profile from Berryhill and Suter (1987), (b) interpreted profile from Berryhill 
and Suter (1987), (c) non interpreted vertical profile at the closest location corresponding 
to the 2D line, (d) interpreted profile, (e) sea-level curve with approximate position of the  
units mapped and the corresponding North America glacial stages used by Berryhill and 
Suter (1987). See location in Figure 2.11. 
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DISCUSSION 
 

Tectonic and Stratigraphic Analysis of Minibasins 
 

The series of minibasins studied correspond to shelf and upper slope areas 

dominated by salt tectonics and characterized by subsidence-driven accommodation. The 

seafloor surface on the seismic data reflects the intense influence of salt tectonics with the 

presence of numerous salt massifs and diapirs surrounding the minibasins and in some 

cases reaching the modern seafloor surface. Two main styles of shelf to minibasin 

connectivity were recognized and are directly related to the minibasin shape. The first type 

corresponds to the two western minibasins (Figure 2.2) that show a wide connection 

between shelf and slope. The second type corresponds to the two other minibasins in this 

study that present a narrow shelf to slope connection where the sediment is transferred 

through narrow incised channels. 

Minibasin 1 (MB1): corresponds to the same minibasin previously studied by Lee 

(2010), Perov and Bhattacharya (2011), and Conklin (2015). This minibasin exhibits a 

semicircular geometry (Figure 2.14) surrounded by two large diapirs at the west and east 

creating a minibasin that bypassed sediment to the deeper slope in northwest to southeast 

direction. MB1 is about 15 km wide along the slope and developed large vertical normal 

faults landward affecting shelf deposits. Plan-view images of the seismic data show curved 

faults at the edge of the shelf.  Smaller scale normal faults are located at the bottom of the 

minibasin and interpreted to be related to salt tectonics. This minibasin is the least 

structurally affected by salt tectonics and piercing diapirs, and allow identification of the 

complete sequence from MFS to current seafloor. The most important characteristic of 



71 
 

this minibasin is the presence of a forced-regressive wave-dominated shelf-margin delta 

that prograded from the shelf into the slope showing the linkage of wave-dominated 

shorefaces to upper slope channels. This connection allows a direct transport of sediment 

from the shelf to the slope without the presence of fluvial tributary channels. Seismic 

attributes are extracted along the pink horizon in Figure 2.7.  

Minibasin 2 (MB2): is about the same size as MB1 (Figure 2.15), 13 km wide. It 

is affected by the presence of two large diapirs, one at the western side of the minibasin 

that corresponds to the eastern diapir in MB1. Another diapir is observed northeast of the 

minibasin affecting the deltaic system at the shelf edge and the clinoform shape and 

geometry. Clinoforms in MB2 are characterized by higher angle, continuous reflections. 

Above the sequence boundary a series of linear slope channels are detected using 

curvature seismic attributes. These channels appear to be connected to a large 

continuous amplitude observed along the strike of the shelf. I interpret this amplitude 

anomaly as part of the same wave-dominated delta observed in MB1. Small distributary 

channels in the strandplains are observed by applying amplitude gradient attributes.  

Minibasin 3 (MB3): is characterized by an elongated geometry (Figure 2.16), and 

is highly affected by salt diapirs. MB3 is very narrow at the shelf to slope boundary, about 

2 to 3 km wide. Three large diapirs control the shape of the minibasin and extension of 

the shelf to slope linkage. The shape of the minibasin changes at the base of the slope to 

about 8 km wide. This minibasin, in contrast to MB1 and MB-2, is dominated by a fluvial 

system. Small distributary channels are detected at the shelf edge using amplitude 

gradient attributes. The link between the shelf and the slope via fluvial feeder system is 

evident, and a large system of slope and deep-water channels are clearly observed using 
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amplitude gradients and sweetness attributes. This minibasin follows the fill-spill 

depositional process (Prather et al., 1998) and is linked to two intraslope minibasins to the 

west and to the east, not observed in this data. Co-rendering both amplitude gradient 

attribute along with sweetness allowed us to interpret the channels as a sandy system. 

Minibasin 4 (MB4): is located at the eastern side of the study area, and shows an 

elongated external geometry about 8 km wide at the shelf break location (Figure 2.17). 

Two large diapirs control the shape and structure of the minibasin. A large curved normal 

fault, with at least 60 of meters throw, controls the deposition in the minibasin. A diapir at 

the western side of the minibasin constrains the size of the minibasin to 5 km wide and 

increases its size when reaching the base of the slope to 9 km wide. The shelf-margin 

deltaic system at this minibasin is characterized by the presence of a large system of 

distributary fluvial channels at the edge of the shelf that are linked to a highly incised 

system of linear and incised slope channels. The incised slope channels are linked to 

base-of-slope deep-water deposit.  

Most-negative and most-positive curvature attributes extracted along picked horizon 

(approximately early lowstand systems tract Figure 2.10b) delineate the presence of the 

slope-channel system and the lobate geometry of the base of the slope deep-water 

deposit. Co-rendering most-negative curvature and coherent energy allow identification of 

this system in 3D view images of the seismic.  More detailed close-up of the fluvial 

distributary channels and their link to the slope channel system is shown in Figure 2.18. 
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Figure 2.14. (a) Horizon slice 100 ms above the yellow horizon in minibasin 1 (Figure 2.4) 
through the coherent energy volume computed from the conditioned data. Some residuals 
in the acquisition footprint remains and appears as W – E trending artifacts. (b) Linear 
features along the strike of the shelf are evident. Several small-scale slope channels are 
also identified using this attribute. Location of the image given by the green polygon on 
Figure 2.2. 
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Figure 2.15. 3D image of horizon slices from minibasin 1 and 2 through (a) most-negative 
curvature, (b) co-rendered most-negative and sweetness attributes, (c) amplitude 
gradient, and (d) co-rendered amplitude gradient and sweetness attributes. These images 
show the direct link between deltaic strand plains deposited in the shelf edge and shelf to 
slope channels in the eastern minibasins. Location of the image given by the blue polygon 
on Figure 2.2.  
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Figure 2.16. 3D images of horizon slice from minibasin 3 (Early lowstand in Figure 2.9). 
Through (a) co-rendered amplitude gradient and sweetness. Amplitude gradient highlight 
subtle fluvial channels components of the deltaic system and slope channels part of the 
slope channel belt. Location of the image given by the orange polygon (MB3) on Figure 
2.2. (b) Horizon slice interpreted.  
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Figure 2.17. 3D image of horizon slices from minibasin 4 (early lowstand in Figure 2.10) 
through (a) amplitude gradient, (b) most-positive curvature, (c) most-negative curvature, 
and (d) co-rendered most-negative curvature and sweetness volume. Red arrows indicate 
the presence of a fluvial channel system located at the edge of the shelf that is connected 
to a series of slope channels. Location of the image given by the blue polygon on Figure 
2.2. 
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Figure 2.18. 3D image of horizon slices from minibasin 4 (early lowstand in Figure 2.10) 
through (a) co-rendered amplitude gradient and sweetness volume. (b) Horizon slice 
interpreted. 
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Shelf-margin Deltaic Seismic Geomorphology  
 

 Seismic attribute pattern recognition was used to identify different architectural 

elements and geological features. The recognition of the different geological features and 

architectural elements permit development of a comprehensive 3D model designed to 

understand the history and processes involved in the depositional system.  

Time-structure maps were generated for the main regional stratigraphic surfaces 

picked along the 3D seismic (MFS, SB, TS, and current sea floor). In general the time-

structure maps do not show much variation on the structure through time, and bathymetric 

lows and highs are constant along the survey (Figures 2.19, 2.20, 2.21, and 2.22). In 

addition, time-structure maps were used to generate isochron maps that in this study 

correspond to the different systems tracts. Isochron maps allow the identification of the 

depocenters and the distribution of the sediment in the shelf and in each of the minibasins 

in the study area.   

The geomorphologic expression of the linear features in minibasins 1 and 2 are 

interpreted as wave‐dominated deltaic shorefaces that prograded over the shelf edge 

during a forced‐regression of sea level, acting as linear‐source that fed dozens of tributary 

slope channels (Figure 2.15). The slope-channel system is characterized by several 

tributary channels, each about 100 m wide, that converge into a main channel at the axis 

of the minibasin. Wave-dominated deltas formed at the shelf-edge are commonly related 

to flat and positive shelf edge trajectories where the sediment is redistributed along the 

strike of the shelf and little sediment is transported into the slope (Bullimore et al., 2005; 

Uroza and Steel 2008). However, the results in the present study show that wave‐
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dominated deltas can be related to negative shelf edge trajectories formed during forced-

regressive stages of sea level.  
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Figure 2.19. (a) Time-structure map of the current sea-floor bathymetry of the study area, 
black dashed line in MB1 corresponds to (b) representative dip-oriented profile. Top light 
blue horizon corresponds to the current sea floor. 
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Figure 2.20. (a) Time-structure map of the transgressive surface, black dashed line in 
MB1 corresponds to (b) representative dip-oriented profile. Green horizon corresponds to 
the transgressive surface (TS). 
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Figure 2.21. (a) Time-structure map of the sequence boundary, black dashed line in MB1 
corresponds to (b) representative dip-oriented profile. Red horizon corresponds to the 
sequence boundary (SB). 
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Figure 2.22. (a) Time-structure map of the maximum flooding surface, black dashed line 
in MB1 corresponds to (b) representative dip-oriented profile. Basal dark blue horizon 
corresponds to the maximum flooding surface (MFS) 
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The forced regressive system tract is marked by basinward downstepping of the 

deltaic strandplains. When sea level is close to the shelf edge, and the deltaic shorefaces 

(strandplains) are in contact with slope, these deltaic shorefaces start to feed the slope. 

In these cases, wave‐dominated shelf-margin deltaic shorefaces are an important element 

that can supply sediment from the shelf to the slope and deep‐water environment. 

 Minibasins 3 and 4, are characterized by fluvial-dominated system (Figures 2.16, 

2.17, and 2.18).  Several studies have shown that falling sea level generates a prograding 

deltaic-shelf margin that is fed by distributary channel discharge plus the products of 

erosion of the increasingly emergent inner shelf. Transport of fluvial-derived sands from 

the shelf to deep-water occurs preferentially during periods of falling-stage and lowstand 

(Posamentier et al., 1988; Posamentier and Vail, 1988; Posamentier and Kolla, 2003), 

and it is generally considered that lowstand shelf-edge deltas are the main driver for the 

delivery of sand to the slope and basins (Suter and Berryhill, 1985; Mellere et al., 2002; 

Porębski and Steel, 2003; Steel et al., 2003; Plink-Björklund and Steel, 2005; Porębski 

and Steel, 2006).  

The regional framework of the paleo-Mississippi shelf-margin delta in the study 

area is similar to other shelf-margin deltas deposited during the same span of time (Suter 

and Berryhill, 1985; Wellner et al., 2004).  

For this research, three key surfaces are used to identify the evolution and 

development of the paleo-Mississippi deltaic system in the last 125 ka in the study area 

(Figures 2.23, 2.24, and 2.25). In general terms, the paleo-Mississippi deltaic system can 

be described as a large deltaic system that prograded over the northern Gulf of Mexico 

shelf since the last 125 ka corresponding to the last highstand of sea level at Oxygen 
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Isotope Stage 5. During Oxygen Isotope Stage 5, sea level started to drop, forcing the 

deltaic system to become broader, covering a more extended area along the shelf, and 

prograde over the exposed shelf.  

Salt tectonics controlled the seafloor morphology, and the morphology of the shelf 

seafloor controlled deltaic progradation, creating avenues that confined the fluvial system 

over the shelf and at the shelf edge. 

During the early falling stage of sea level, about 100 m below current sea level, the 

paleo-Mississippi delta prograded over the shelf, but most of the sediment became 

entrapped within intrashelf minibasins without reaching the slope. MB1 appears as the 

only minibasin that receive of sediment corresponding to prodeltaic deposits (Figure 

2.23). In contrast, during the lowstand (Figure 2.24), when the sea level was at about 120 

m below current sea level, the deltaic system prograded over the shelf into all four 

minibasins in this study. Minibasins 1 and 2 show the development of a series of 

strandplains related to the large deltaic system. Minibasin 3, due to its narrow morphology, 

displays a direct link between the deltaic distributary channels and the slope, creating a 

slope fan with several slope channels identified using co-rendered amplitude gradient and 

sweetness seismic attributes. Minibasin 4 as well as minibasin 3 show a series of deltaic 

channels that reached the shelf to slope boundary and become incised slope channels 

that transport the sediment from the shelf to the slope (Figures 2.17 and 2.18).  

In other areas of the study, a large lobe of the paleo-Mississippi delta prograded 

between minibasins 3 and 4 but without reaching the shelf edge. This lobe prograded over 

a large intrashelf minibasin controlled by a large north-south normal fault in an angle of 

almost 90 degrees (Figure 2.20).   
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During the transgressive and high stand systems tract, when sea level started to 

rise, the paleo-Mississippi delta started to retreat to its current position and the shelf was 

dominated by prodeltaic mud deposits expressed by continuity of the seismic attributes 

(Figure 2.25). 
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Figure 2.23. Horizon slice along (a) the SB surface through amplitude gradient and 
sweetness, and (b) interpretation showing the approximate position of the deltaic system 
during the early lowstand. (c) Eustatic curve showing in orange the position of sea level 
(approximately - 100 m below current sea level). 
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Figure 2.24. (a) Horizon slice approximately located at the late lowstand through 
amplitude gradient and sweetness. (b) Interpretation showing the approximately location 
of the deltaic system. (c) Eustatic curve showing in yellow that sea level was -120 m below 
current sea-level position. Wave-dominated deltas were deposited to the western side 
(MB1 and MB-2) and fluvial-dominated delta to the eastern side of the image (MB3 and 
MB4). 
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Figure 2.25. Horizon slice along MF2 (current sea floor) through (a) amplitude gradient 
and sweetness. (b) Interpretation of the sedimentation patterns during highstand showing 
the shelf with no evident deposits of deltaic sediments in this area. (c) Eustatic curve 
showing in blue the sea-level position. 
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Late-Quaternary Paleo-Mississippi Deltaic System: Evolution and Lateral 

Distribution 

 

Detailed mapping and analysis of a series of horizons (Figures 2.23, 2.24, and 

2.25) allow reconstruction of the evolution and lateral distribution of the different elements 

present during the deposition of the paleo-Mississippi deltaic system during the last 25 ka. 

The paleo-Mississippi deltaic system provided a continuous deposition of sediment during 

the duration of the last lowstand of sea level (approximately 15 k.y.). The deltaic system 

infilled four shelf-to-slope salt-withdrawal minibasins in the study area. The large deltaic 

system show a complex lateral distribution of deltaic architectural elements implying the 

presence of different process affecting the along-strike deposition. Lateral distribution is 

observed by the presence of a river-influenced deltaic system prograding over the eastern 

minibasins, MB3 and MB4. This portion of the delta is directly related to a series of 

prograding wave-dominated strandplains that prograde over the western minibasins, MB2 

and MB1. The oblique progradation of the paleo-Mississippi delta cause the deltaic system 

to reach the shelf edge first at the western minibasin starting at MB4, then MB3, MB2, and 

finally MB1.  

Sea-level fall plays the main role in the progradation of the delta to become a shelf-

margin delta; however, the morphology of the shelf, were composed of a series of 

intrashelf minibasins, also affect the deposition in the slope. Thus part of the sediment 

within the deltaic system remain trapped in the intrashelf minibasins located between 

minibasins 3 and 4. In addition, a series of salt diapirs cause the deltaic system to prograde 

either over the western minibasin (MB4 and 3) or the eastern minibasin (MB2 and 1). 

Another important factor is the shape of the minibasin: narrow and elongated minibasins 



91 
 

are most likely to encase the deltaic lobes of the main river delta and becoming fluvial-

dominated shelf-margin deltas (minibasin 3 and 4) with a direct link to slope-channel 

systems. By comparison, wide minibasins are more open to the ocean and probably more 

affected by waves and to the lateral re-distribution of the sediment. If relative sea level 

falls below the shelf edge, the prograding wave-dominated strandplains can become 

incised, and can be cannibalized by gullies that link these deposits to slope channels, as 

seen in minibasin 1 and 2. Giosan and Bhattacharya (2003) presented some examples of 

modern deltas showing lateral variation from river- to wave-dominated in the same deltaic 

complex.  

In a regional stratigraphic framework, the shelf-margin deltaic system can be 

related to previous studies located in the same area (Suter and Berryhill, 1985; Lee, 2010; 

Perov and Bhattacharya, 2011; Conklin, 2015), and west of the study area (Wellner et al., 

2004; Anderson et al., 2005).  Wellner et al. (2004) study produced a robust 

chronostratigraphic framework based on a dense 2D seismic grid and more than hundred 

platform boring analysis. Their study locates the western Louisiana delta (WLD) at the 

shelf margin before the maximum lowstand (Oxygen Isotope Stage 2), this delta is 

interpreted as a part of the Mississippi deltaic system that prograded during the highstand 

(Oxygen Isotope Stage 3) due to the continuous sediment supplied by the Mississippi 

River. During the Oxygen Isotope Stage 2, the WLD did not continue its progradation and 

avulsed to the east where this research is focused.  

Based on the chronostratigraphic framework stated by Wellner et al. (2004) and 

the observations in this research, the deposition in the study area can be related to the 

same large paleo-Mississippi deltaic system that shifted to the east during the falling stage 
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of sea level (Oxygen Isotope Stage 2). Considering the morphology and size of the 

Mississippi River during the Holocene (Frazier, 1967; Boyd et al., 1989) (Figure 2.26), it 

is very possible that the paleo-Mississippi delta could have prograded over the shelf and 

cover the complete exposed shelf during the last maximum lowstand, and prograde over 

multiple minibasins at the shelf edge (Figure 2.26).  

The Isochron map of the highstand (Figure 2.27) shows the main depocenters 

located at the center of the study area. Depocenters are related to the presence of 

intrashelf minibasins that entrapped the sediment delivered by the deltaic system, 

impeding the delta from reaching the shelf edge. The general geometry of the highstand 

isochron map show an obliquity to the shelf edge of about 45o, implying a direction of 

progradation form northeast to southwest; however, at the western minibasin (MB1) a 

prograding prodeltaic lobe (SF-1) is identified to be deposited above highstand deposits 

coming from the oblique prograding shelf deposits. This prodeltaic lobe is interpreted to 

be distal part of a delta prograding from northwest to southeast, this delta being outside 

of the study area. This prodelta is overlain by the sequence boundary  

During the lowstand (Oxygen Isotope Stage 2), the main depocenter (Figure 2.28) 

migrate to the west in the same oblique angle of 45o but still delivering sediment into MB3 

and MB4. This relationship allows interpreting the paleo-Mississippi deltaic system as a 

large delta formed by different lobes that deliver sediment into different minibasins at the 

same time. One important observation in the west side of the study area is the presence 

of prograding deltaic strandplains that lie directly over the shelf-to-slope break on MB1. 

Detail analysis of these strandplain revealed negative shoreline trajectories related to a 

forced regression and thus, sea-level fall. This latter fact allow me to locate these deposits 
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above the sequence boundary, during the early lowstand of sea level (Oxygen Isotope 

Stage 2), and most probably at the maximum lowstand of sea level (120 m below current 

sea level). After the lowstand deposition, a transgressive wedge starts to onlap sediments 

from the lowstand and filling the minibasins; some intrashelf minibasins at the center of 

the study area also capture some transgressive sediments. Transgressive sediments 

appear to cover the entire shelf but main depocenters are located in the minibasins 

(Figure 2.29).    

This study provides a new detailed analysis of the lateral distribution of the deltaic 

facies in a larger paleogeographic context. Previous paleogeographic studies in the study 

area (Suter and Berryhill, 1985; Berryhill, 1987; Berryhill and Suter, 1987) showed a 

reconstruction based on 2D lines, and did not identify the presence of laterally continuous 

wave-dominated strandplains, their relation to slope channels, and the presence of river-

dominated shelf-margin deltas. Their interpretation only permitted identification of a series 

of prograding deltaic lobes with no lateral distribution or internal definition of architectural 

elements. 

 In hydrocarbon exploration and exploitation, the identification of the different 

elements in the depositional systems provides the geomodeler the possibility to define 

geobodies for the construction of geocellular static models. If the distribution of the facies 

is defined by the seismic data, better estimations of reservoir properties (porosity, 

permeability, and water saturation) could be estimated. These reservoir properties lead to 

more accurate reservoir volumetric analysis and reserve estimation. 
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Figure 2.26. (a) Interpreted map of the paleo-Mississippi shelf-margin deltaic system 
during the last lowstand of sea level. (b) Detailed fluvio-deltaic system in yellow, strike-
oriented black lines are the strandplains, slope channels in dark grey, and diapirs in black. 
Also showing previous interpretations (light grey) by Suter and Berryhill (1985). 
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Figure 2.27. (a) Isochron map showing the highstand systems tract time-thickness, black 
dashed line in MB1 corresponds to (b) representative dip-oriented profile. Isochron 
thickness is between maximum flooding surface (basal dark blue horizon) and sequence 
boundary (red horizon). 
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Figure 2.28. (a) Isochron map showing the lowstand systems tract time-thickness, black 
dashed line in MB1 corresponds to (b) representative dip-oriented profile. Isochron 
thickness is between sequence boundary (red horizon) and transgressive surface (green 
horizon). 
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Figure 2.29. (a) Isochron map showing the transgressive systems tract time-thickness, 
black dashed line in MB1 corresponds to (b) representative dip-oriented profile. Isochron 
thickness is between transgressive surface (green horizon) and current sea floor (top light 
blue horizon). 



98 
 

CONCLUSIONS 
 

Wave-dominated and fluvial-dominated deltas have been identified in a series of 

four minibasins on the Louisiana shelf margin. Clearly distinguishable differences between 

the two delta types are observed. The most important difference is the fluvial-dominated 

deltaic lobe is directly linked to the slope of the minibasin, and during lowstands the deltaic 

sediment is transported into the slope. Wave-dominated deltas can be considered linear 

sources for sediment into the minibasin. The amount of sediment funnelled by the wave-

dominated delta into the minibasin will depend on the minibasin shape and the 

progradation of the strandplains at the shelf-to-slope edge. Prograding wave-dominated 

shorefaces at the shelf edge collapse due to gravity and the high amount of sediment 

loading.  

 Three-dimensional images of co-rendered seismic attributes provided additional 

information that allows interpretation of the shelf-margin paleo-Mississippi deltaic system 

during the last falling stage of sea level. The combination of different seismic attributes 

clearly shows a wave-dominated system characterized by extensive shelf-sand belts that 

are stepping basinward. The sand-belt geometry shows deposition oblique to the strike of 

the shelf edge. 

Wave-dominated deltaic bodies are expressed on the seismic data by basinward 

downstepping elongate sand bodies deposited in a NW - NE direction, that contrast with 

the main E-W shelf-edge strike orientation. 

The angular configuration of the sand body produces a differential approach of the 

delta margin with respect to the shelf edge. In this case, the easternmost portion of the 
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sand body reaches the shelf edge when the westernmost portion remains on the shelf. At 

the point when the wave-dominated deltaic shorefaces reach the first minibasin, the 

sediment is trapped.  

Fluvial-dominated deltas are point sourced and deliver sediment directly to the 

slope without much reworking along the shelf.  

Both shelf-margin deltaic lobes come from the same drainage basin of the paleo-

Mississippi River, but the way the lobes reach and develop over the shelf edge depends 

on the morphology of the shelf and their arrival to the minibasin. 

The paleo-Mississippi River prograded over the shelf from NE to SW. The 

shoreline advanced at an angle to the shelf edge, creating different timing for the deltaic 

clinoforms to prograde over the shelf to slope. Each minibasin shows different deltaic 

constructional patterns. Progradation and aggradation varies from minibasin to minibasin 

due to the response of the paleo-Mississippi deltaic system to variations of sea level, the 

morphology of the seafloor that is related to lobe avulsion close to the shelf edge, the 

arrival angle when the delta reaches the upper slope minibasin, and the shape of the 

minibasin.   

This study provided a regional interpretation of the paleo-Mississippi shelf-margin 

deltaic system offshore Louisiana. The four minibasins present different deformation 

styles, shapes, and control the deposition of the shelf-margin deltas. 

Future research should include regional interpretations of deeper shelf-margin 

deltas, interaction of sediment loading, and salt tectonics.  

 



100 
 

CHAPTER 3.  WAVE-DOMINATED LOWSTAND DELTAIC SHOREFACES AND 

THEIR LINK TO SHELF SLOPE SEDIMENT TRANSFER: GULF OF MEXICO 

 

SUMMARY 

Detailed 3D seismic facies and seismic geomorphologic analysis of a high quality 

3D seismic survey shows a stepped forced-regressive wave-dominated delta that 

prograded over an upper slope salt-withdrawal minibasin offshore Louisiana, Gulf of 

Mexico. The deltaic system is interpreted to be a lobe of the late Quaternary Mississippi 

delta that reached the shelf edge during the last falling stage of sea level (25 ka).  

Delta-front sediments reworked by ocean waves created a series of prograding 

wave-dominated deltaic shorefaces, identified as wide linear features in 3D view images 

of the seismic data, organized along strike of the paleo-shelf edge. Wave-dominated 

deltaic shorefaces are intercalated with numerous tributary channels that transport the 

sediment reworked along the shelf onto the slope. Channels observed in the wave-

dominated coastline become slope-tributary channels that form a series of confluence 

channels that feed a larger slope channel located at the center of the minibasin. Three-

dimensional seismic data, 3D seismic attributes, and 3D seismic geomorphologic 

analyses allow the imaging, detection, and interpretation of a direct link between deltaic 

shorefaces and small-scale tributary channels. 

Shelf-margin deltaic models hypothesize that shelf-margin wave-dominated deltaic 

shorefaces are not directly linked to the slope, and are unlikely to transport significant 

sediment from the shelf to the upper slope. The observations and interpretations in this 

study contradict this hypothesis, and show extensive of coastal channels in the wave 
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dominated deltaic shorefaces that are directly linked to upper slope channels, and 

therefore represent an important element for the transport of sediment from the shoreline 

and shelf into deep-water environments.   
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INTRODUCTION 

 

Shelf-margin deltas are deltas that reach the shelf-slope break. Shelf-margin 

deltas also include systems that prograde close to, but do not necessarily overspill the 

shelf to slope break. Sea-level fluctuations and sediment supply are important factors that 

control the position of depositional systems over the shelf. Shelf-margin deltas prograde 

basinward and reach the shelf edge either due to falling of sea level (Porębski and Steel, 

2003; Porębski and Steel, 2006) or high sedimentation rates during highstand 

progradation (Einsele, 1996; Burgess and Hovius, 1998; Uroza and Steel, 2008). Thus, 

shelf-margin deltas may occur during highstand, or early and late stages of lowstands of 

sea level, depending on the relationship of sea-level fall, accommodation, and sediment 

supply. 

Shelf-margin deltas are economically important as they form significant 

hydrocarbon reservoirs in southern Australia (Krassay and Totterdell, 2003), Sakhalin 

Island in Russia, (Lindquist, 2000), West Siberian Basin, (Ulmishek, 2003), and in the 

U.S., the Lewis Shale/Fox Hill Formation (Hettinger and Roberts, 2005). Shelf-margin 

deltas also form the main link that allows sediment to be transferred from shelf to slope 

and to deeper water depositional systems. 

Optimal production of reservoirs related to shelf-margin deltas requires a detailed 

geological model of sand distribution, seals, and bypass, preferably interpreted within a 

sequence stratigraphic framework, since this analysis allows accurate interpretations of 

depositional setting and predictions of lithofacies geometries (Lawrence, 2003).  
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Outcrop studies of shelf-margins (e.g., Steel and Olsen, 2002; Steel et al., 2003; 

Carvajal and Steel, 2009) and seismic data (e.g., Bullimore et al., 2005; Perov and 

Bhattacharya, 2011, Conklin, 2015) identify fluvial-dominated deltas as the main systems 

that transport the sediment most efficiently from the shelf to the slope through tributary 

channels. In contrast, wave-dominated deltaic systems developed at the edge of the shelf 

are thought not to deliver significant sediment onto the slope (Deibert et al., 2003). Instead, 

the sediment is reworked and deposited along strike, and typically only enters the deep 

water if longshore system encounters an entrenched canyon head (e.g., Burke 1972; Piper 

and Normark, 2001; Covault et al., 2007). 

Outcrop studies of deltaic systems provide bed-scale details and geometries, but 

are often limited to two-dimensional exposures (Bhattacharya and MacEachern, 2009; Li 

et al., 2012; Ahmed et al., 2014). Even where outcrop exposures approximate three-

dimensions of a system (e.g., Howell et al., 2008), it is often impossible to determine the 

geometries and accurate classification of deposits up-dip and down-dip from the outcrop.  

In contrast, 3D seismic data, along with detailed seismic stratigraphy and 

geomorphology techniques, allow three-dimensional imaging and mapping of depositional 

systems and their evolution through time, albeit within the limitations of seismic resolution 

(Carter, 2003; Posamentier and Kolla, 2003; Perov and Bhattacharya 2011; Reijenstein 

et al., 2011). Two-dimensional seismic lines, borehole, and outcrop data used for 

correlations could give erroneous interpretations due to coarsely spaced 2D data. Even if 

they are closely spaced, 2D high–resolution profiles do not have the same lateral 

resolution as a 3D seismic survey.  
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Several studies have applied 3D seismic geomorphological analysis to deep-water 

systems, where there is extensive exploration interest (Posamentier, 2004; Saller et al., 

2004; Adeogba et al., 2005; Gee and Gawthorpe, 2006). However, to date, few published 

3D seismic studies analyze deltaic, shelf, and shelf-margin environments compared to 

studies of deep-water environments (Perov and Bhattacharya, 2011; Sylvester et al., 

2012).  

In the current study, the use of three-dimensional seismic data along with modern 

geometric seismic attributes allowed analysis of the 3-D seismic geomorphology and 

internal seismic facies architecture within a sequence-stratigraphic framework of a shelf-

margin delta prograding in a salt-withdrawal minibasin. The results show a shelf-margin 

deltaic strandplain system prograding over the shelf to slope in a salt-withdrawal 

minibasin. Lowstand channels formed within the wave-dominated strandplain, create a 

link between the shelf and the slope, and represent an important element for the transfer 

of sediment from shelf-to-slope and deepwater environments.  Based on these results, a 

new model for wave-dominated deltas at the edge of the shelf is presented where stepped 

forced regressive deltaic shorefaces are directly linked to a series of slope channels that 

transported sediment from the shelf to the base of the slope in a salt-withdrawal minibasin. 

 
GEOLOGIC SETTING 

 

The study area is located in the northern Gulf of Mexico, approximately 100 km 

(62 mi) south of the Louisiana coast (Figure 3.1), and partially covers the shelf edge and 

the upper slope of a salt withdrawal minibasin. Present-day bathymetric depths are 

between 80 to 300 m (262–984 ft). The mapped area is about 830 km2 (Figure 3.2). 
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The northern Gulf of Mexico originated during middle Jurassic rifting and 

subsequent separation of the North and South America tectonic plates (Salvador, 1987). 

Evaporites, that have played a continuous role in the structure of the northern Gulf of 

Mexico, were deposited during the rifting phase (Salvador, 1991; Diegel et al., 1995). 

Following plate separation and extensive salt deposition, a passive margin formed, fed by 

clastic deposits coming from inland and locally covered by in-situ development of 

carbonate sediments (Winker and Buffler, 1988; Marton and Buffler, 1999). During the 

Cenozoic, uplift in the continental interior generated a continuous delivery of sediment that 

contributed to the progradation of the Gulf of Mexico passive margin (Winker, 1982; 

Galloway et al., 1991; Galloway, 2005;). This study focuses on late Quaternary strata that 

were highly influenced by strong climatic variations, which caused an increase of sediment 

transported by river delta systems. The accumulations of sediment in the Gulf of Mexico 

produced differential loading and remobilization of the previous salt deposits, creating 

numerous salt-withdrawal minibasins that acted as loci of deposition for the paleo-

Mississippi delta through the late Quaternary (Galloway et al., 2000). During the late 

Quaternary, glacio-esustatic changes in sea level played a direct role in the 

accommodation and accumulation of sediment in the northern Gulf of Mexico. During 

abrupt sea-level falls, deltaic systems were forced to move basinward to the edge of the 

shelf, creating a direct link between the shelf and the slope. High rates of deposition by 

deltaic systems perched at the edge of the shelf and sudden sea-level variations provoked 

failure and subsequent gravity movement of significant volumes of sediment along the 

slope (Moscardelli et al., 2006; Uroza and Steel, 2008).  
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Figure 3.1. Regional map of the northern Gulf of Mexico, approximately 100 km (62 mi) 
south of the Louisiana coast . The study area is highlighted by the green polygon (Figures 
3.2 and 3.6a); the paleo-Mississippi delta mapped by Suter and Berryhill (1985) and the 
western Louisiana delta (WLD) by Wellner et al. (2004) is drawn on the map. The modern 
shelf edge is represented by the 200 m (dashed line). Water depths range from 80 to 300 
m (262 to 984 ft). 
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Figure 3.2. . Time-structure map of the maximum flooding surface corresponding to the 
green polygon in Figure 3.1 and yellow horizon in line AA' and BB' (Figures 3.4 and 3.5). 
Black lines show the locations for other cross-sections displayed in Figures 3.9, 3.10, 3.11, 
3.12, and 3.14. 
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DATA AND METHODS 

 

The main data used in the study consist of 830 km2 of prestack time-migrated 3D 

seismic data acquired and processed by Petroleum Geo-Sciences (PGS) and licensed for 

academic purposes to the University of Houston. The 3D seismic data include Gulf of 

Mexico lease blocks belonging to the Vermilion south addition, and northern portions of 

the Garden Banks area. The study is focused on a salt-withdrawal minibasin (Figure 3.2) 

in which a portion of the paleo-Mississippi deltaic system prograded during Oxygen 

Isotope Stages 5 to 1 (Berryhill and Suter, 1987; Wellner et al., 2004) (Figure 3.3). This 

interval corresponds approximately to the uppermost 600 ms (two-way travel time) of the 

seismic volume. The original seismic data have a vertical resolution of approximately 11 

m (36 ft), calculated based on a dominant frequency around 35 Hz and using a seismic 

velocity of 1550 m/s (5,085 ft/s) (Wellner et al., 2004). The zero-phase seismic data were 

processed with a bin size of 12.5 m (41 ft) and sample increment of 4 ms. The seismic 

data are presented using the American polarity display, where an increase in the 

impedance yields a positive amplitude and a decrease in the impedance yields a negative 

amplitude.  

Seismic interpretation analyses were conducted using the Attribute Assisted 

Seismic Processing & Interpretation (AASPI) software initially developed by the Allied 

Geophysical Laboratories at the University of Houston and later by the AASPI consortium 

at The University of Oklahoma. Seismic stratigraphic interpretations and seismic facies 

analysis were accomplished based on observations of stratal geometries and 

incorporation of sequence stratigraphic principles, developed by Vail et al. (1977), 
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Mitchum et al. (1977a), Posamentier et al. (1988), Posamentier and Vail (1988), and Van 

Wagoner et al. (1988a), 

Seismic facies were analyzed in both dip- and strike-oriented profiles as well as 

plan views of time and stratal slices through the 3D seismic amplitude and attribute 

volumes. Seismic facies units were defined as mappable, three-dimensional units 

composed of groups of reflections with defined characteristics that can be differentiated 

from the neighboring facies units. These characteristics are analyzed and defined based 

on their seismic reflection character and configuration, amplitude and frequency content, 

external geometry, stratal terminations, and relationship with the surrounding seismic 

facies (Mitchum et al., 1977b). In the absence of core and well-log data for calibration, the 

seismic analysis is the only way to infer the lithologic characteristics of the different 

elements. Attribute expression of the different seismic facies was performed based on the 

attribute extractions along picked horizons. 

 For the seismic geomorphologic analysis, the interpretations followed similar 

approach shown in recent publications (Posamentier et al., 2007; Wood, 2007) using 

seismic attribute pattern recognition to identify the presence of different architectural 

elements and geological features.  

 Integration of attribute extraction of stratal and horizon slices of the seismic data 

provided a seismic geomorphological plan view of the different seismic facies, present in 

the system. Moreover, these two approaches combined offer a more detailed identification 

of the architectural elements, and the interpretation of the depositional processes involved 

in their deposition. Vertical and plan views of the seismic facies were compared with 

ancient and recent analogs. The recognition of different geological features and 
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architectural elements permits development of a comprehensive 3D model designed to 

understand the history and processes involved in the depositional system. 

The quality of the seismic data in general is good, but show a mild acquisition 

footprint (east-west stripping pattern) in the shallower target area for this work. This noise 

was partially resolved applying a processing workflow using a kx-ky transform adaptive 

subtraction technique (Falconer and Marfurt, 2008). In addition, an edge-preserving 

structure-oriented filter was applied to view the continuity of the data and aid in the 

detection of faults. The new 3D filtered volume was used to compute the volumetric 

geometric attributes resulting in better imaging of the attributes. 

Additional spectral component attributes were computed using a matching pursuit 

method for spectral decomposition (Liu and Marfurt, 2007). The objective of this analysis 

is increase the vertical resolution through balancing of spectral components. The vertical 

resolution showed 80% increase, after the spectral decomposition (initial vertical 

resolution: 11 m; final vertical resolution: 6 m). Then, the increased vertical resolution 

seismic data (Figures 3.4 and 3.5) were used for the analysis of seismic facies and 

sequence stratigraphy.  

 The most useful 3D seismic attributes for the analysis and interpretation of the 3D 

seismic data included amplitude gradients, curvature, coherence-type, and sweetness. 

Co-rendering different attributes significantly improved the visualization and detection of 

the different elements present in the system. Amplitude-gradient computations measure 

trace-to-trace variations and are sensitive to lateral changes in amplitude (Marfurt, 2006). 

This attribute allowed identification of subtle channels not visualized using the raw 

amplitude data. Other attributes used successfully are coherence-type attributes that 
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measure the similarity between waveforms or traces (Gersztenkorn and Marfurt, 1999), 

and were used to define the presence of faults, diapirs, and in some cases channel edges 

and pot-marks. The sweetness attribute is computed by dividing the envelope of the 

original seismic amplitude data by the square root of the instantaneous frequency, and 

relates the amplitude information of the seismic to the frequency (Radovich and Oliveros, 

1998). High sweetness values are indicators of sand content and low sweetness values 

indicate shaly lithologies (Hart, 2008). Finally, 3D seismic curvature attributes (Al-Dossary 

and Marfurt, 2006) were computed, and the most-positive and most-negative attributes 

were found to be the most useful identifying subtle channels. 

Age dating and correlation of the 3D seismic data are essential procedures to 

understand the evolution of the system and its relationship to the sea-level fluctuation. 

Oxygen isotope dating for the late Quaternary provides high-resolution curves as a proxy 

for global sea-level variations (Shackleton, 1987). However, due to the impossibility of 

obtaining shallow core data and well-logs for this research, the data in this study were 

correlated to previous studies by Suter and Berryhill (1985), Berryhill, (1987), Berryhill and 

Suter (1987), and Wellner et al. (2004), and tied to overlapping published 2D seismic 

interpretations to the 3D seismic used in this study (Figure 3.6 and 3.7).  
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Figure 3.3. Oxygen Isotope Stages and inferred sea level curve from Shackleton (1987). 
Blue line at approximately 125 ka corresponds to the maximum flooding surface 1 (MFS) 
and is the basal surface of the genetic sequence in this study. Also shown the systems 
tracts used in Figures 3.10, 3.11, 3.12 and 3.13.  
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Figure 3.4. Dip-oriented seismic profile AA' showing the quality improvement of the 
seismic data after conditioning. (a) Original data are contaminated by steeply dipping 
artifacts attributed to acquisition and processing of the data. (b) After applying footprint 
suppression, spectral enhancement and structure oriented filtering. The seismic data 
phase was rotated 90 degrees to improve the visualization. See Figure 3.2 for location. 
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Figure 3.5. Strike-oriented profile BB' showing the quality enhancement after data 
conditioning. (a) Original data and (b) enhanced data after data conditioning. Red arrow 
indicates an erosive surface better defined after the data conditioning. See Figure 3.2 for 
location.  
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Figure 3.6. Berryhill and Suter's (1987) sequence stratigraphic interpretation of late 
Quaternary shelf-margin deltas offshore Louisiana. (a) Seismic time slice at 2 sec showing 
profile locations, (b) interpreted deltaic system correspond to (c) Oxygen Isotopes Stages 
4 to 1 based on their interpretations, and the Oxygen Isotope Stages correlation to the 
North American glacial stages used in their interpretations. Due to the lack of access to 
well-log information, and core data in this area, the dating correlation was based on the 
interpretation made by Suter and Berryhill (1985), Berryhill, and Suter (1987).  
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Figure 3.7. Correlation between Berryhill and Suter (1987) 2D seismic profile FF' and the 
PGS 3D seismic data. (a) Uninterpreted profile from Berryhill and Suter (1987), (b) 
interpreted profile from Berryhill and Suter (1987), (c) uninterpreted vertical profile at the 
closest location corresponding to the 2D line, (d) interpreted profile, (e) sea-level curve 
with approximate position of the  units mapped by Berryhill and Suter (1987).  

 

 

 



117 
 

RESULTS 
 

Seismic Facies Analysis and Attribute Expression of Geomorphic Features  

In this study, six different seismic facies units were recognized based on 

observations made from vertical-oriented profiles and plan-view images of the amplitude 

data and the different computed geometric volumetric attributes. 

 

• Seismic Facies 1A and 1B: Highstand Deltaic and Shelf Deposits 

 

 Seismic facies 1A (SF1-A) (Figure 3.8) consist of clinoforms showing continuous 

to subparallel, and very low angle (less than 1O) sigmoidal reflections in dip-oriented views. 

Clinoform impedances vary from medium impedance landward to lower impedance 

reflections basinward. They downlap over a continuous and regional high impedance 

reflection, which represents the Maximum Flooding Surface (MFS) that overlies an older 

deltaic system described by Perov and Bhattacharya (2011). Clinoforms extend for at least 

20 km (12.4 mi) basinward, with a thickness of at least 30 m (98 ft). In strike-oriented 

views, reflections are parallel, comformable, continuous, and onlap the edges of the 

minibasin at the basinward portions of the clinoform. 

Seismic facies 1B (SF1-B) (Figure 3.8) seen in dip and strike views of the seismic 

sections consists of mounded reflections that prograde over the slope. In dip- and strike-

oriented views, they appear as low impedance, continuous, bidirectional downlapping 

reflections that are onlapped by reflections forming SF1-A. In 3D view images, the SF1-B 

is expressed as large convex basinward bulges deposited over a concave surface. 
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The geometries and low impedance of seismic facies 1A and 1B, suggest that they 

were formed as muddy prodeltaic lobes that prograde over the shelf and the upper slope 

of the minibasin. These facies are interpreted to be the most distal part of a highstand 

delta, similar to other late Quaternary deltas in Gulf of Mexico (Anderson et al., 2004; 

Wellner et al., 2004). 

 

• Seismic Facies 2: Low-angle Normal Regressive Shelf-margin Delta 

Seismic facies 2 (SF2) (Figure 3.8) shows variable impedance changes from low 

through medium to high in a basinward direction. Clinoforms are sigmoidal to oblique in 

shape and downlap onto underlying seismic facies SF-1A and SF1-B. This seismic facies 

is differentiated from SF1 by the higher dip (maximum 1.5o) and greater impedance 

contrast. Clinoforms extend about 10 km (6.2 mi) and the whole package is about 85 m 

(246 ft) thick. Changes in impedance contrast from high to medium to low are interpreted 

to indicate changes in lithology from sandier delta-front facies to the muddier prodeltaic 

facies deposited basinward at the bottomset of the delta clinoforms.    

 

• Seismic Facies 3: Wave-dominated Forced Regressive Shelf-margin Delta 

Seismic Facies 3 (SF3) (Figure 3.8) consists of high impedance, continuous 

downstepping clinoforms that toplap a very high impedance reflection. In dip-oriented 

profile, the clinoforms in this facies show progradational negative trajectories more oblique 

than in the underlying SF2, with clinoform dip angles of at least 2 degrees. The thickness 

of these facies can reach 50 m (164 ft).  

Three-dimensional view images of the topset high impedance reflection of the 

downstepping clinoforms revealed the presence of strike-oriented linear features, tens of 
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kilometers long, and 200 m (656) wide deposited along the shelf edge. Thicknesses of 

these linear features reach about 10 m (33 ft). The linear features are interpreted as wave-

formed strandplains. 

In addition to the strike-oriented strandplains at the edge of the shelf, a series of 

small channels formed perpendicular to the strike-oriented linear features. Co-rendering 

seismic attributes such as sweetness and amplitude gradient, highlight an erosive channel 

system interfingered with the strike-oriented features at the shelf edge that continue into 

the slope. 

These prograding clinoforms are interpreted as forced regressive wave-dominated 

deltaic strandplains based on the negative trajectories (downstepping) of the clinoforms 

observed in dip-oriented profiles. In addition, based on their 3D geomorphological 

expression, seismic facies 3 is interpreted as a deltaic wave-dominated strandplain 

created by wave action that prograded over the shelf edge. 

 

• Seismic Facies 4: High-angle Normal Regressive Shelf-margin Delta 

Seismic Facies 4 (SF4) (Figure 3.8) consists of low to medium impedance, 

oblique, offlaping progradational to aggradational clinoforms (Figure 3.9). Clinoforms in 

this facies show both increase in dip angles (2 to 2.5o) and height (10 to 15 m) with respect 

to previous SF3. Changes in progradational to aggradational stacking patterns (positive 

shoreline trajectories) imply the presence of a shelf-margin deltaic system prograding 

during a time of stillstand of sea level followed by an initial rise of sea level. The deltaic 

system continues delivering sediment into the slope.   

 

 



120 
 

• Seismic Facies 5: Transgressive Marine Mud Belt 

Seismic facies 5 (SF5) (Figure 3.8) is characterized by low-impedance reflections 

onlapping SF4. Reflections are continuous, conformable, and show a very low dip angle 

of less than 1 degree. Based on the onlapping characteristics of the clinoforms and the 

low impedance characteristics, this facies is interpreted as part of the transgressive 

system tract during the rise of sea level corresponding to Oxygen Isotope Stage 1. 

 

• Seismic Facies 6: Shelf-edge to Slope Channels 

Seismic facies 6 (SF6) consists of discontinuous, wavy reflections with high 

variable impedance observed in interpreted and strike-oriented profiles (Figure 3.8). In 

3D images of the seismic, this seismic facies appears as linear features developed normal 

to the shelf break, and are interfingered to SF3, better seen in strike-oriented view (Figure 

3.8). When reaching the slope these channels converge to the axis of the minibasin 

forming a large-scale set of channels. Impedances at the slope also vary from channel to 

channel. This facies is interpreted as channels related to the shelf-edge strandplains and 

are directly linked to the slope-channel system.  

Variation in impedances in the channel system along the slope could imply 

variations in lithologies, where higher impedance contrast may represent sandier 

sediments. In most of the cases, these channels seem to continue into the slope to a 

deeper minibasin, not seen in this data; however, in certain cases, these channels show 

small pocket deposits in the middle slope that can be interpreted as slope scours that trap 

sediment on the slope.  
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Figure 3.8. Seismic facies SF1 to SF6 recognized on vertical profiles and plan view 
images of the seismic. See text for details.  
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Figure 3.9. (a) Uninterpreted and (b) interpreted profile CC' (see Figure 3.2 for location) 
exhibiting a negative clinoform trajectories (downstepping) shown by the blue arrow, 
followed by positive trajectories of the clinoforms shown by the pink arrow. Red lines 
correspond to small-scale collapse failures at the edge of the delta. 
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INTERPRETATION 

 

Sequence Stratigraphic Analysis  

Three significant stratigraphic surfaces were identified based on their lapout and 

truncation relationships. The studied interval is floored by a maximum flooding surface 

(MFS) followed by a sequence boundary (SB), and a transgressive surface (TS). 

 

Maximum Flooding Surface 

Maximum flooding surface 1 (MFS) (Figures 3.10, 3.11, and 3.12) forms a 

smooth, continuous, high-amplitude reflection that lies directly below prodelta muds of 

SF1. The low-amplitude character of SF1 is indicative of muddy distal marine facies and 

the lateral persistence of this low-angle downlapping facies suggests that they belong to 

the highstand systems tract. The high-amplitude reflection of MFS overlies a previous 

shelf-margin delta, interpreted by Perov and Bhattacharya (2011) to have been deposited 

during Oxygen Isotope Stage 6. In contrast, the low-impedance portion of the MFS 

overlies a transgressive marine mud belt. This surface is formed during the maximum 

transgression of the underlying shoreline and results from deposition of very fine-grained 

suspended hemipelagic and pelagic sediment. This type of sedimentation is typical during 

times of highstand and is often identified by its high impedance reflection. 
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Sequence Boundary 

Sequence boundary (SB) (Figures 3.10, 3.11, and 3.12) is identified based on the 

presence of downlapping reflections over a previous highstand muddy prodelta. The 

erosive characteristic of this surface is not well expressed in the whole area; however, it 

can be recognized in certain dip-oriented profiles, and plan-view interpretations.  

 

Transgressive Surface  

Transgressive surface (TS) (Figure 3.10, 3.11, and 3.12) is characterized by a 

change in its impedance contrast from low impedance in the basinward portion of the 

surface to a high-impedance reflection in the topset of the surface. This surface covers 

the normal-regressive shelf-margin delta, but cannot be differentiated from the other 

surfaces in the most landward portion of the data, due to the lack of vertical resolution. 

 

 

 



125 
 

 

 
Figure 3.10. (a) Uninterpreted and (b) interpreted dip-oriented vertical seismic profile AA' 
(see location on Figure 3.2). Sequence stratigraphic units correlated to colors on sea-level 
curve (Figure 3.3). Dashed pink horizon is shown in Figures 3.15 and 3.16.  
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Figure 3.11. (a) Uninterpreted and (b) interpreted strike-oriented vertical seismic profile 
BB' (see location on Figure 3.2). Strike-profile location is closer to the shelf. Notice the 
presence of small-scale channels corresponding to shelf-to-slope channels related to 
wave dominated strandplains. Channels can reach up to 200 m wide and 20 m thick. 
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Figure 3.12. (a) Uninterpreted and (b) interpreted strike-oriented vertical seismic profile 
DD (see location on Figure 3.2). Sequence stratigraphy units and main surfaces. Strike-
profile shows a more distal location at the slope compared to Figure 3.11. Notice erosion 
by the slope channel system above the early lowstand systems tract. 
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Systems Tracts  

Three main systems tracts, a highstand systems tract, a lowstand systems tract 

and a transgressive systems tract, are defined based on the seismic facies analysis and 

the previously defined sequence stratigraphic surfaces.  

 

• Highstand Systems Tract (130 ka to 25 ka) 

The highstand systems tract (HST) (Figures 3.10, 3.11, and 3.12), deposited 

above MFS, and is characterized by a continuous high impedance reflection. Seismic 

facies SF-1A and SF-1B are deposited in this systems tract, and are interpreted to be 

formed by deposits coming from prodelta muds and hemipelagic sediments. The 

highstand systems tract starts at 125 ka above MFS (Figure 3.3), but the sedimentary 

deposition in the study area is probably restricted to the end of Oxygen Isotope Stage 3, 

approximately 30 ka as seen in the Wheeler diagram (Figure 3.13). Sediment deposition 

before approximately 30 ka is probably restricted to the inner shelf and taking into account 

that sea level at maximum flooding surface 1 (125 ka) is located close to the present-day 

sea level.  

 

• Early Lowstand Systems Tract (25 ka to 16 ka) 

The early lowstand systems tract (ELSTT) (Figures 3.10, 3.11, 3.12) is deposited 

immediately above the highstand systems tract and is formed by seismic facies SF-2 

showing a normal regressive delta that started the progradation during a rapid fall of sea 

level around 25 ka. Around 20 ka, a reduction in the rate of sea level fall (Figures 3.3 and 

3.13) caused the delta to slowly prograde over the shelf margin and the upper slope until 

about 18 ka. The initial falling stage of sea level drop was followed by a sudden increase 
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in the rate of sea level fall around 18 ka and extended during 2 k.y. (Figure 3.13). This 

episode of sudden increase in the rate of sea level fall, forced the shoreline to advance 

basinward to the edge of the shelf (Figures 3.10, 3.11, and 3.12). This systems tract was 

deposited during Oxygen Isotope Stage 2 (Figure 3.3). Seismic facies SF-2 and SF-3 

characterizes this systems tract showing seaward thinning, and downstepping clinoforms 

with negative trajectories (Figure 3.9a and 3.9b). Clinoforms and formation of shelf to 

slope gullies and slope channels are indicative of a drop of sea level, close to the shelf to 

slope margin (Figure 3.8).  

 

• Late Lowstand Systems Tract (16 ka to 10 ka)  

The late lowstand systems tract (LLST) (Figures 3.10, 3.11, and 3.12) consists of 

normal regressive to aggradational deltaic clinoforms corresponding to SF-4 (Figure 3.8) 

and is characterized by positive trajectories (Figure 3.9a and 3.9b) associated with an 

initial sea-level rise during the latest stage of Oxygen Isotope Stages 2 (Figures 3.3 and 

3.13). 

 

• Transgressive Systems Tract 

The transgressive systems tract (TST) (Figures 3.10, 3.11, and 3.12) corresponds 

to SF-5 deposited during Oxygen Isotope Stage 1 (Figure 3.3). This stage is characterized 

by a rapid rise of sea level (Figures 3.3 and 3.13) producing retrogradation of the 

shoreline. The transgressive systems tract is bounded at the top by modern sea floor. The 

modern-day transgressive deposits lie landward of the study area.  
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Figure 3.13. Schematic Wheeler diagram of the deltaic system tied to eustatic sea level 
curve from Shackleton (1987). Systems tracts are colored and main surfaces are labeled. 
Maximum flooding surface (MFS) does not appear in the chronostratigraphic chart.  
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Syndepositional Deformation  

Growth faults in the Gulf of Mexico have been studied extensively (e.g., Lopez, 

1990; Cartwright et al., 1998; Brown et al., 2004). Two large salt diapirs constrain the 

boundaries of the minibasin, and both appear as zones of chaotic reflection that are 

onlapped by the deltaic system. A series of growth faults are observed at the most 

basinward portion of the minibasin related to salt movement and sediment loading (Figure 

3.14). 

Syndepositional deformation in the deltaic system is associated with sediments 

deposited during the normal regressive stage of sea level when the deltaic system is 

steeper and strongly aggradational (Figure 3.9).  Syndepositional growth faults during 

times of high sedimentation rates and low sea levels have been already reported in the 

same minibasin but at older levels by Lee (2010), Perov and Bhattacharya (2011), and 

Conklin (2015). In addition, some small-scale intra-deltaic syndepositional deformation is 

observed during the forced regressive systems tract and is interpreted as the product of 

the interaction of high sedimentation rates and gravity-driven small-scale growth faulting. 

The small-scale growth fault interpreted in the 3D seismic appears to affect the 

wave-dominated shorefaces. Failure of the complete deltaic system is probably caused 

by the interaction of high sediment rates, salt tectonics, and gravity-driven faulting. Failure 

in the wave-dominated system at the edge of the shelf appears to be one of the causes 

for the link between the shelf and the slope. This failure allows the deltaic strandplain 

channels to connect with upper slope channels.  
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Figure 14. (a) Uninterpreted and (b) interpreted vertical seismic profile EE' (Figure 3.2) 
showing the presence of normal growth faulting at the shelf portion of the delta and at the 
base of the slope of the delta. Internal small-scale intra-deltaic deformation is observed at 
the base of the forced regressive clinoforms.  
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DISCUSSION 

 

Shelf-margin Wave-dominated Strandplains Sediment to Slope Bypass  
 

Wave-dominated lowstand downstepping shorefaces at the edge of the shelf are 

identified using detailed analysis of seismic facies and 3D seismic visualization of modern 

seismic attributes (Figures 3.8, 3.15, and 3.16). Mapping of each downstepping 

shoreface allowed identification of numerous interfingered channels, probably because of 

small-scale landward knickpoint migration of the small slope channels. This interfingering 

indicates a direct link between strandplain shorefaces and slope channels/gullies that 

converge at the center of the minibasin to form larger and wider slope channels. These 

slope channels continue into the base of the slope and into a deeper minibasin not 

observed in the available 3D seismic data.  

 Dozens of slope channels are correlated to the forced-regressive stage of sea 

level during Oxygen Isotope Stage 2, and indicate direct transport of sediment from the 

shelf to the slope. Thicknesses of the shelf to slope channels range from 10 to 20 m deep 

and 100 to 200 m wide. Incision of these channels are observed from the shelf edge and 

increasing basinward implying continuous bypass of sediment into deeper minibasins. The 

presence of a wave-dominated deltaic strandplain at developed at the edge of a 

minibasins produces a focusing of the dispersed sediment into the minibasin. Additionally, 

the fact that sand flowing down these channels are derived from wave-reworked 

strandplains could imply a cleaner sediment that could improve the reservoir quality of 

sediments transported throughout the slope when compared to river-derived sediments.  
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Figure 3.15. (a) Horizon slice of pink horizon (Figure 3.10) through the coherent energy 
volume. Some residuals in the acquisition footprint remains and appears as W – E trending 
artifacts. (b) Interpreted horizon slice showing linear features along the strike of the shelf 
(E-W) are interpreted as deltaic strandplains. Several small-scale slope channels are also 
identified throughout the slope and in some cases forming slope scours trapping sediment 
on the slope (red arrow).  
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Figure 3.16. 3D image of horizon slice of pink horizon (Figure 3.10) showing (a) co-
rendered amplitude gradient and sweetness attributes. Linear features along the strike of 
the shelf are interpreted as prograding strandplains over the shelf edge. Several small-
scale slope channels are also identified using this attribute. (b) Geological interpretation. 
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CONCLUSIONS 

 

Analysis of a 3D seismic volume offshore Louisiana shows a shelf-margin deltaic 

strandplain system prograding over the shelf to slope in a salt-withdrawal minibasin. The 

study section records a complete genetic sequence including a highstand, a lowstand, 

and a transgressive systems tract. Correlation with Quaternary sea-level curves show that 

the forced-regressive wave-dominated shelf-margin deltaic shorefaces prograded over 

the shelf edge during the last falling stage of sea level (18 ka) 

A series of small shelf-edge lowstand channels formed within the wave-dominated 

strandplain, likely resulting from knickpoint migration. These channels create a link 

between the shelf and the slope, and represent an important element for the transfer of 

sediment. 

Detailed seismic interpretations, aided by seismic attribute analysis, shows the 

transfer of sediment between a series of strandplains and slope channels. These 

strandplains, developed at the edge of the shelf and interpreted as formed by waves, thus 

are part of a larger wave-dominated deltaic system. 

Co-rendering complementary seismic attributes highlight geological features not 

visible using the original seismic data. These attributes facilitates geomorphological 

analysis of wave-dominated strandplains and slope channels in 3D views of the seismic 

data.  

Strandplains components of wave-dominated shelf-margin deltas can directly 

transfer sediment from the shelf to the slope. In a confined salt-withdrawal minibasin, a 

rapid fall in sea level can cause wave-dominated shorefaces to downstep basinward. 

Extensive smaller shelf-edge gullies and channels converge downdip into a slope channel 
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system that allows bypass of sediment from the shelf to the slope without additional 

longshore transport. 
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