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ABSTRACT 

This document compiles three research projects investigating subaqueous landslides and 

their deposits (also known as mass transport deposits [MTD]) and the influence of these deposits 

on post-MTD deep-water turbidite systems. It is now widely understood that these deposits 

constitute a major portion (upwards of 50%) of many deep-water systems worldwide. However, 

morphology and topography of MTDs and the influence of MTDs’ surface topography on 

subsequent sediment gravity flow deposits are still understudied and yet to be quantified. In 

addition, the geometric scaling relationships in MTDs need to be continually quantified to 

improve our ability to predict the areal extent and surface characteristics of MTDs. This 

dissertation provides an overview of objectives and brief summaries of key findings in the 

introductory chapter, Chapter 1. This dissertation addresses some of our knowledge gaps by 

quantitatively analyzing how the MTD’s surface topography affects the distribution of overlying 

turbidites in offshore Trinidad in Chapter 2. Chapter 3 addresses the geometric scaling 

relationships of morphological and topographic expressions of subaqueous landslides in the 

northern Gulf of Mexico and southern California to improve the ability of predicting MTD 

morphology and topography. Some of these scaling relationships can be used to predicting the 

nature of post-MTD deep-water deposits as well. Finally, Chapter 4 employs stratigraphic 

forward modeling to investigate how topography affects the distribution and stratigraphic 

architecture of deep-water deposits and compares the modelled findings to understand the nature 

of deep-water deposits overlying MTDs. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Motivation 

The primary motivation of this research is to investigate 1) the morphological and 

topographic characteristics of subaqueous landslides and their resultant deposits (termed as mass 

transport deposits – MTDs; see definition in Cardona et al., 2020), and 2) the influences of mass 

transport deposits on post-MTD emplacement deep-water deposits. 

Subaqueous landslides (also referred to as underwater landslides, submarine landslides, 

or submarine slope failures) are common in a variety of geological settings worldwide including 

passive and active continental margins (e.g., Lee et al., 2009; Twichell et al., 2009; Strozyk et 

al., 2010; Nelson et al.,2011) and intracontinental settings (e.g., lakes – Pan et al., 2019, Daxer et 

al., 2020). Their resultant deposits, MTDs, are an important influence on the behavior of post-

emplacement marine and lacustrine turbidite flows and distribution of deposits. Previous studies 

have observed that MTDs can comprise 50-60% of the entire stratigraphic record in some deep-

water systems (Beaubouef et al., 2003; McGilvery and Cook, 2003; Posamentier and Walker, 

2006). MTDs that are preserved in ancient and contemporary sedimentary records hold a wealth 

of information on Earth history including climate, tectonics, pressure conditions, volcanism and 

sedimentation along continental margins (e.g., Flemings et al., 2008; Chadwick et al., 2012; 

Brothers et al., 2013; McPhillips et al., 2014, Clare et al., 2018). Numerous studies have 

documented the importance of MTDs in hydrocarbon sourcing, acting as reservoirs (Allen et al., 

2013; Meckel, 2011) and sealing (Cardona et al., 2020b; Morley et al., 2014) hydrocarbons. 

Cardona et al. (2016) documented the importance of shearing and clay particle alignment as a 
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measure of seal quality in MTDs. Such alignment reduces the size of pore throats and decreases 

pore connectivity (Cardona et al., 2016). In addition, some MTDs have been documented to 

realign gravity flow pathways (Kobayashi, 2019) and MTDs confined in deep-water channels 

can reflect, deflect, slow, or cause complete bypass of channelized turbidity flows (Ortiz-Karpf 

et al., 2015). Such changes can significantly influence the distribution of sandy deposits in 

channels and may influence the depositional patterns of submarine lobes at the distal end of these 

channels (e.g., Ortiz-Karpf et al., 2015; Corella et al., 2016).   

The investigation and understanding of subaqueous landslides and MTDs remained 

insufficient and challenging for decades, until the advent of advanced seafloor monitoring for 

subaqueous landslides and sediment gravity flows occurrences, high-resolution seafloor 

mapping, the improvement and availability of offshore seismic surveying, and the detailed 

outcrop studies of recent (e.g., Moscardelli et al., 2006; Yamamoto et al., 2007; Posamentier and 

Martinsen, 2011; Clare et al., 2017; Cardona et al., 2020a). Progress in identification and 

interpretation of mass failure deposits has promoted the development of multiple regional 

landslide databases (McAdoo et al., 2000; Lee et al., 2003; Huhnerbach and Masson, 2004; ten 

Brink et al., 2006; Twichell et al., 2009; Urgeles and Camerlenghi, 2013; Clare et al., 2018). In 

addition, 3D seismic surveying and detailed outcrop studies have improved out understanding of 

the architecture of mass failure deposits and post-failure deposits and improved our 

understanding of the influence of MTD emplacement topography on post-MTDs gravity flows 

(e.g., Armitage et al., 2009, Ward et al., 2018).  

Databases on MTDs have allowed many authors to examine relationships between 

sediment character, bathymetry, ignative mechanisms and margin morphology and the size, 

geometry, distribution and architecture of subaqueous landslide deposits (e.g., Huhnerbach and 
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Masson, 2004; Urlaub et al., 2014; Moscardelli and Wood, 2016) However, many of these 

studies employ only a few major parameters (length, area, thickness, and volume) to evaluate the 

morphology of subaqueous landslides. Although these parameters express well-correlated 

relationships, it is hypothesized herein that relationships exist between the geometric nature of 

subaqueous landslides (i.e., length, area, thickness and volume) and the morphology and 

topography of subaqueous landslides (i.e., rugous, blocky, smooth, steep, etc.). In addition to 

simply measuring the geometry of mass failures, there is a need to quantitatively bridge the gap 

between outcrop-based topographic analysis of mass failure top surfaces (e.g., Armitage et al., 

2009), seismic interpretation of mass failure top surface topographic influence (e.g., Ward et al., 

2018), and regional analysis of sediment distribution over seafloor topography (e.g., Steffens et 

al., 2003). In this study, we take an integrated approach to quantitatively evaluate morphological 

and topographic expression of subaqueous landslide deposits and examine the influence of these 

variables on post-MTD emplacement gravity and hemipelagic deposits. We advance the 

understanding and predictability of post-MTD turbidite units’ distribution over MTD top surface 

topography (Chapter 2). We explore the scaling relationships between various subaqueous 

landslide morphological and topographic parameters, and the utility of these relationships in 

other deep-water systems (Chapter 3). Finally, we explore the application of stratigraphic 

forward modeling on understanding the interaction between MTD top surface topography and 

subsequent turbidity currents and their deposits (Chapter 4). Chapter 5 of this dissertation 

summarizes the key observations regarding the role of mass failure morphology and topography 

in revealing the physical nature of mass failure material, and summarize observations regarding 

the influence of mass failure deposits on post-emplacement gravity flows, then suggest several 

ways forward for additional study of this phenomena.  
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1.2 Synthesis of Dissertation Chapters 

The key deliverables of this research are included in three chapters (Chapter 2, Chapter 3, 

and Chapter 4) in this dissertation. Each chapter addresses one topic related to the research 

motivation using different datasets including seismic surveys, seafloor bathymetry, and seafloor 

sediment sampling data, etc. Chapters are summarized below. 

Chapter 2, titled “Quantifying Submarine Mass Transport Deposit Top Surface 

Topography and Its Influence on Post-Emplacement Sediment Gravity Flow Deposits” is based 

on detailed mapping of a mass transport deposit top surface from 3D seismic data collected 

offshore Trinidad and Tobago, and statistical analysis of this top surface map and the deposits 

which overlie it. This chapter emphasizes quantitative understanding of the influence of mass 

transport deposit surface topography and its influence on the distribution and stratigraphic 

architecture of overlying deep-water gravity deposits. This manuscript is being revised after the 

first-round peer review from the journal Basin Research (Deng et al., in revision). The key 

findings of this chapter are: 

• A simple slope map can delineate the boundaries of different spatial zones in 

MTD top surface topography. Terrain Roughness Index (TRI) and Vector 

Roughness Measure (VRM) maps delineate and differentiate MTD undulating 

regions with consistently low topographic variability versus smooth topographic 

areas with sharp occurrences of steep slopes.  

• High TRI and VRM values of the MTD top surface are usually associated with 

convergent, thinning facies in overlying deep-water deposits. High slope values of 

the MTD top surface correspond to more draping facies in the overlying deep-

water deposits. The early stage “healing-phase” deposits normally consist of more 
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convergent facies. The late stage “healing-phase” deposits are dominantly draping 

facies. 

Chapter 3, titled “Morphological Scaling Relationships in Subaqueous Landslides as 

Indicators of Controls on Landslide Morphology and Topography” is based on interpretation of 

the Gulf of Mexico and Southern California bathymetric grids and other publicly available data 

(i.e., seismic data, seafloor sampling data, seafloor bathymetric data). This chapter explores for 

the scaling relationships between subaqueous landslides’ morphologic and topographic 

parameters and their contextualization factors (e.g., sediment composition, flow rheology, 

receiving basin configuration). The key conclusions of this chapter are: 

• Morphological and topographic parameters for siliciclastic landslides express well 

correlated relationships, which can be used to predict morphology and topography 

of these landslides in area with insufficient data coverage if value of one 

parameter is known. 

• Carbonate landslides exhibit very different morphometric and topographic 

characteristics comparing to siliciclastic landslides. 

• Shelf/slope detached subaqueous landslides express much shorter deposit length, 

maximum deposit width, and higher fall height versus runout distance ratio 

comparing to shelf/slope attached landslides. A clear boundary exists between 

these two groups in terms of these morphological parameters. 

Chapter 4, titled “Application of Stratigraphic Forward Modeling to Evaluate the Spatial 

and Temporal Distribution of Deep-water Deposits over Mass-Transport Topography” reviews 

the recent developments of stratigraphic forward modeling and uses the stratigraphic forward 

modeling tool Sedflux to explore the influence of mass transport deposit surface topography on 
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subsequent deposition of turbidite and debrite gravity flows and the geometry and distribution of 

resultant deposits. This work was presented at the 2017 AAPG ACE convention (Deng et al., 

2017). The key takeaways of this chapter are: 

• Proximal topography created by mass transport deposits is a critical element 

influencing the more basin-ward travel of gravity flows. Deep accommodation 

sinks, such as failure-head basins, or very high topographic obstacles in proximal 

locations may “pond” or inhibit basinward movement of post-emplacement 

sediments, in effect sediment starving more basinward depocenters. 

• A single, large depocenter formed on top of a mass failure deposits, where post-

MTD turbidite confined sheets have the space to organize, may be advantageous 

over numerous smaller pods of accommodation.   

• MTDs’ with relatively smooth top topography may be most likely to be overlain 

by smooth sheet-like, “healing-phase” turbidite deposits. In contrast MTDs with 

rough surface topography show more channelized, or possibly slurry flow 

development due to gravity flow inability to organize over chaotic topography.   

• The presence of high roughness a MTD top topography will increasingly inhibit 

post-MTD flows, thieving sediments and limiting basinward movement of 

sediments. 

• Models completed herein show that there are sediments overtopping and being 

deposited within complex topography on the tops of highs, and on the basinward 

slopes of complex topographic highs, but we often cannot see these deposits in 

lower-frequency seismic data. 
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• Although stratigraphic forward modeling is difficult to impossible to accurately 

simulate the entire physics of flow governing sediment movement, stratigraphic 

forward modeling over a number of scenarios can provide insights in to the 

interactions between topography and flow behavior, and improve our ability to 

predict the spatial and temporal distribution of deep-water deposits. Cautions are 

needed for geologists interpreting small-scale bedforms and deposits. 

Chapter 5 synthesizes the key findings of the research projects included in this research 

and discusses future work regarding subaqueous landslide morphometry and topography.  
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CHAPTER 2 

QUANTIFYING SUBMARINE MASS TRANSPORT DEPOSIT TOP SURFACE 

TOPOGRAPHY AND ITS INFLUENCE ON POST-EMPLACEMENT SEDIMENT GRAVITY 

FLOW DEPOSITS 

2.1 Introduction 

The spatial distribution, stratigraphic architecture, and heterogeneity of deep-water 

deposits result from the interplay of external controls on sedimentation in such environments and 

the internal self-organization of these depositional systems (e.g., Stow et al., 1985; Mutti and 

Normark, 1987; Reading and Richards, 1994; Prather, 1998; Richards et al., 1998; Steffens et al., 

2003; Kneller et al., 2009; Straub et al., 2009; Straub and Pyles, 2012; Hajek & Straub, 2017). 

Among the primary proposed influences on deep-water depositional system nature, seafloor 

bathymetry/topography is believed to be of utmost importance (Masson, 1994; Wynn et al., 

2000; Prather, 2003; Grecula et al., 2003; Armitage et al., 2009; Spychala et al., 2017), 

exhibiting a fundamental control on the behavior of sediment gravity flows as well as influencing 

the temporal and spatial distribution of the resultant deposits. The seafloor topography along a 

continental margin can be formed from several tectonic and depositional processes (e.g., 

Schlager and Camber, 1986; Kerans and Fitchen, 1995; Peel et al., 1995; Cooper et al., 1995; Hu 

et al., 2016). During sediment filling of basins, movements of mobile substrates may form 

barriers to subsequent sedimentary gravity flows, causing submarine channels to cease or avulse, 

or sediment fan lobes to deflect and shift (e.g., Sinclair and Tomasso, 2002; Gee and Gawthorpe, 

2006; Kane et al., 2012; Sylvester et al., 2015). Extension and compression in deep-water fold 

and thrust belts may result in temporal and spatial changes in bathymetric highs and lows that 

strongly influence syn- and post-kinematic sedimentary fill (e.g., Morley, 2011). These same 



11 

 

processes may create or remove topographic highs resulting in both opening and closing of 

sediment pathways (Naranjo-Vesga et al., 2020). Seafloor topographic depressions formed due to 

differential compaction of sediments deposited in proximity to and in areas surrounding rigid, 

mass failure slide blocks also play an important role in governing sediment pathways in some 

deep-water sedimentary systems (e.g., Alves, 2015). Some subaqueous/submarine MTDs show 

extremely complex top topography that must be navigated by post-emplacement sediment flows. 

In recent years, the detailed mapping of submarine landslides has revealed the high complexity 

of this top topography (cf. Normark et al., 2004; Greene et al., 2006; Moscardelli et al., 2006; 

Alves, 2010; Moernaut and Batist, 2011; Hill et al., 2017). Seafloor failures can emplace rafted 

blocks that rise hundreds of meters above the surrounding topography, as well as form deep 

extensional lows and compressional thrusts. Such topography, often in a relatively small area, 

instantaneously creates an extremely complex spatial distribution of accommodation for 

sediments in what might have previously been an area of very simple pre-emplacement 

topography. The goals of this paper are 1. to explore the utility of Geographic Information 

System tools for characterizing the top-surface topography and surface complexity of emplaced 

MTDs, 2. to examine the influence of topography on “healing-phase” deposit characteristics, and 

3. to suggest a methodology by which to map top surface topography and predict reservoir 

distribution on similar deposits.  

Subaqueous/submarine mass sediment movements (see definition and classification in 

Mulder and Cochonat, 1996) and their resultant deposits (mass-transport complexes [MTC], and 

mass-transport deposits [MTD]; see definitions in Moscardelli et al., 2006; Cardona et al., 

2020a) constitute a significant quantity (upwards of 50%; Posamentier & Allen, 2006) of the 

global deep-water stratigraphic record. This paper will focus on seismic-scale siliciclastic mass 
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transport deposits (MTDs). Some of the most complex seafloor topography in the world is 

generated through both depositional and erosional mass movements. Topography created on the 

top surface of subaqueous mass transport deposits is progressively “healed” by the subsequent 

deposition of post-emplacement sediments (e.g., Armitage et al., 2009). Herein we refer to these 

post-emplacement deposits as “healing-phase” deposits (HPD). The nature and the texture of the 

subaqueous mass transport deposits top surface exerts a significant influence on the distribution, 

physical properties, and connectivity of post-emplacement “healing-phase” gravity flow 

deposits. Several major hydrocarbon fields produce out of gravity flow sediments that overlie or 

were deposited against mass transport deposits (e.g., the Edop Field, Nigeria – Shanmugam, 

2012; Arctic coast of Alaska, Houseknecht, 2019; offshore Borneo – Algar et al., 2011). 

Discoveries in offshore northwest Borneo suggest many turbidite reservoirs in the region are in 

direct stratigraphic contact with MTDs. They may be either on top of MTDs or fringing the 

edges of MTDs (Algar et al., 2011). Connectivity between ponded turbidites over the MTD’s 

irregular topography can be an important factor influencing hydrocarbon production from these 

ponded turbidite reservoirs (Algar et al., 2011). In the Arctic coast of Alaska, at least one oil 

discovery has been made in ponded turbidites that were formed by subsequent sediment filling of 

irregular topography created by MTD emplacement (Housenecht, 2019). However, rather little 

work has been done considering the “healing-phase” fills that are accommodated and overlie 

these subaqueous MTD’s surfaces (Armitage et al., 2009; Amerman et al., 2011; Kneller et al., 

2016). The slope and roughness of submarine MTD topographies are highly varied. To predict 

the stratigraphic architecture of HPD and accurately assess their hydrocarbon volumes, trap and 

charge risks, or predict their prevalence where seismic imaging is lacking (e.g., Kneller et al., 
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2016) we must define a process to map, characterize and classify the accommodation distribution 

on post-MTD topographies. 

Methods for and examples of assessing the nature of subaqueous topography are lacking 

in the sedimentary geosciences with a few noted exceptions. Galloway et al. (2000) and 

Anderson et al. (2004) synthesized possible drainage scenarios and roughly estimated 

depositional topography over the salt-riddled seafloor of the Tertiary and Quaternary Gulf of 

Mexico. O’Grady et al. (2000) using 2-D longitudinal depth and slope profiles, classified passive 

continental margins into a few simplified morphologic types (i.e., gentle and smooth, sigmoid, 

steep and rough, deep and steep, and stepped margins). The authors then used maps of the 

seafloor to discuss the implications of seafloor topography on the presence of canyons, sediment 

supply pathways, and sediment-fill stratal architecture along these margin types. A pioneering 

study on quantitative analysis of present-day seafloor topography was conducted by Steffens et 

al. (2003) using Geographic Information System (GIS) methodologies and software as a tool to 

delineate drainage trends and accommodation trends of several subaqueous continental margins, 

including the northwest Gulf of Mexico, offshore Angola, offshore Nigeria, and offshore 

Northwest Borneo that they classified in to salt or shale mobile margins. The authors 

documented different preferred regional sediment pathways in shale- versus salt-influenced 

settings, and mapped the nature and distribution of the accommodation in these four settings. 

This paper was a significant advance in the integration of geographic research tools to study 

more ancient geomorphologic systems. More recently, building off of older work (e.g., Kneller et 

al., 1991), researchers have utilized laboratory-scale physical models to exam how individual 

gravity flows interact with both positive and negative bathymetric obstacles (Lamb et al., 2004; 

Violet et al., 2005; Lamb et al., 2006, Toniolo et al., 2006; Maharaj, 2012). Others have used 
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simple physical models to exam the variety of surface topographies that develop over 

subaqueous landslides (e.g., Sawyer et al., 2012), but these later studies have not attempted to 

introduce post-landslide emplacement gravity flow deposits over these top surfaces (i.e., 

“healing-phase” deposits [HPD]). Likewise, the majority of studies mapping modern and ancient 

subaqueous landslides focus on mapping the emplaced landslide deposits (see Clare et al., 2018 

for review), rather than the overlying “healing-phase” deposits. This paper will examine both the 

nature of the subaqueous landslide deposits and its top surface topography, and how this 

topography influences subsequent “healing-phase” top fills. Through the integration of detailed 

surfaces mapped using three-dimensional seismic surveys from offshore Trinidad, geospatial 

data analysis, and statistical analysis, this study seeks to answer the following questions: 1) can 

we quantify the topographic complexity of MTD top surfaces, and can we use such 

parameterized data to identify and characterize topographic features created by MTD 

emplacement? 2) can we use any spatial distribution in these parameterized data to predict the 

characteristics of “healing-phase” gravity flow deposits in various zones of MTDs? and 3) can 

we use spatial distribution in these parameterized data to predict favorable pathways for regional 

sediment transport? To answer these questions, we revisited a suite of existing GIS 

methodologies proposed for bathymetric analyses by Steffens et al. (2003), and further 

developed methodologies that were designed for this study. Application of these tools resulted in 

integrated approaches that allow prediction of the “healing-phase” deposits (HPD) distribution in 

the context of known MTDs’ characteristics, and prediction of MTDs’ character based upon the 

occurrence and nature of overlying HPD. 

2.2 Geological Setting 
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The study area in offshore Trinidad is located on the mid to lower continental slope in the 

Columbus foreland basin, and is 125 km east of the main island of Trinidad and Tobago, West 

Indies (Fig. 2.1a). The oblique convergence of the Caribbean and South American plates since 

the Eocene resulted in a series of foreland basins through time including the Sepur, the Cuban, 

the Hispaniola, Maracaibo, the Eastern Venezuelan, and the Columbus basins; from west to east, 

respectively (Lugo and Mann, 1995; Pindell et al., 1998; Brami et al., 2000; Garciacaro et al., 

2011). The easternmost of these basins, the Columbus basin, is a foreland basin that began to 

form during the middle Miocene to the Pliocene time (e.g., Garciacaro et al., 2011). The 

convergence of the Caribbean, South American, and Atlantic plates led to the mobilization of 

deep mudstones, forming widely distributed mud volcanoes in the Columbus basin (Westbrook 

& Smith 1987; Brown & Westbrook, 1987; Garciacaro et al., 2011). The study area (Fig. 2.1b) is 

characterized by a series of northwest-southeast-striking extensional faults dipping to the 

northeast (Wood, 2000). To the northwest of the study area, some transpressional northeast-

southwest-trending ridges are present, which are trending nearly perpendicular to the extensional 

faults (Fig. 2.1b; Wood, 2000).  

The Columbus basin is bounded by the Amacuro shelf to the south and the East 

Venezuela Basin to the west (Leonard, 1983). Sediments in the Columbus basin come primarily 

from the Orinoco river delta, which has delivered sediments across the Amacuro shelf since the 

Miocene (Wood, 2000; Boettcher et al., 2003). In the Last Glacial Maximum, the Orinoco river 

delta reached the shelf-edge providing high volumes of sediment that filled the Columbus basin 

with over 12,000 meters of Pliocene-Pleistocene-aged clastic sediments that host significant 

hydrocarbon accumulations (Leonard, 1983; Wood, 2000; Warne et al., 2002; Mann et al., 2011). 

In addition to the Orinoco, it has been noted that littoral currents bring fine-grained, suspended 
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sediments from the Amazon River to the study area (Van Andel, 1967; Warne et al., 2002). The 

sediment accumulation rate of the Columbus Basin is estimated to be as much as 5 to 6 meters 

per 1000 years throughout the Pliocene and Pleistocene (Wood, 2000), a very rapid accumulation 

rate. The Pleistocene-Pliocene depositional sequences exhibit an overall progradational pattern 

as the excessive accumulation rate mitigates the basin subsidence rate and eustatic sea-level rises 

resulting in the basin’s overall progradational Pleistocene-Pliocene margin sequence. The deep-

water sedimentation rate in the study area is roughly estimated to be 40-50 m per million years 

which is rapid comparing to the global average sedimentation rate of fewer than 30 m per million 

years (Lyle, 2015). Frequent earthquakes in the Trinidad and Tobago region (i.e., over 200 

earthquakes per year, information from the University of West Indies Seismic Research Centre) 

promote slope mass failures and failures of the prograding delta front. The sediment gravity 

flows triggered by such mass wasting provide relatively continuous, immense sediment supply to 

form the HPD in the study area, making the study area rather an active system than an abandoned 

system during the Pleistocene and Pliocene time.  

This paper focuses on the youngest aged MTD in the study area, the Pleistocene-aged 

MTD1 of Moscardelli et al. (2006) and Ramlal (2013), and the Pleistocene- and Holocene-aged 

deep-water siliciclastic deposits that overlie this MTD.  
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Figure 2.1. a) Geological map of the Caribbean region. (modified from Lugo and Mann, 1995; 

Pindell et al., 1998; Wood, 2000; Moscardelli et al., 2006; Garciacaro et al., 2011, Ramlal, 

2013); The oblique collision of the Caribbean and South American plates creates a series of 

foreland basins: Cuban Foreland Basin (CFB), Hispaniola Foreland Basin (HFB), Maracaibo 

Basin (MB), East Venezuelan Basin (EVB), and Columbus Basin (CB). b) The study area is 

shown located in offshore Trinidad. MTD deposit discussed in this paper is outlined in red. A 

few extensional faults exist in the far north of the study area. 

 

2.3 Dataset and Methods 

2.3.1 Dataset 

A 3D, post-stack seismic reflection dataset imaging the Pleistocene-aged MTD and 

overlying HPD is used in this study. This dataset comprises an approximately 5800 km2 area 

imaging portions of the continental slope to basin floor in offshore eastern Trinidad (Fig. 2.2). 

The dataset extends between 10.035°N and 11.040°N and between 59.236°W and 60.279°W. 

Total imaged depth of the Trinidad dataset is approximately 5000 milliseconds (ms), with a 
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water depth of the modern seafloor from 1000 ms to 1800 ms (750 m to 1350 m). The dataset 

consists of 7406 inlines and 2621 crosslines. The bin size of the dataset is 25 m by 12.5 m. The 

peak frequency across MTD and HPD interval in the dataset is approximately 60 – 70 Hz with a 

frequency spectrum ranging from 10 Hz to 125 Hz. The average vertical and horizontal 

resolution of the seismic data is approximately 10 m. The Trinidad dataset covers almost the full 

extent of the Pleistocene-aged MTD (Fig. 2.2). A 3-D top paleo-bathymetric surface of the MTD 

in this study (cf. Moscardelli et al., 2006; Ramlal, 2013) and a few 3-D seismic horizons 

overlying the MTD were mapped in detail and gridded from the dataset for the study. 
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Figure 2.2. a) The seismic dataset areal extent of this study (outlined in red). The areal extent of 

the Pleistocene-aged MTD in this study is outlined in blue; b) The MTD’s top surface elevation 
map with hillshade. Elevation in milliseconds unit. 
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2.3.2 Methodologies 

Topographic Parameters Computation 

The MTD1 (hereinafter referred to as MTD) top surface (cf. Moscardelli et al., 2006) is 

converted to a raster dataset and the topographic data analysis is performed on these data using 

ESRI ArcMap v10.6 software. The resulting surface analysis maps are each discussed below, 

with first a discussion of how the map was derived followed by an interpretation of information 

provided by the map.  

Slope Map 

Calculation methodology 

Slope maps were generated by calculating slopes between raster cells. For this study, 

each raster cell is 100 m by 100 m. We tested several different grid sizes for calculating 

topographic parameters (i.e., 25 m by 25 m, 50 m by 50 m, 100 m by 100 m, and 200 m by 200 

m). Although the grid size of 25 m by 25 m provides better resolution, we found that the grid 

size of up to 100 m by 100 m, which corresponds to the bin spacing of the mapped MTD top 

surface, is adequate to reveal the general trends and capture subtle small-scale changes of the 

MTD top surface topography in this study. Each raster cell, the slope value is calculated by 

identifying maximum “changes of elevation” values from the processing center raster cell to its 

neighboring cells within a moving window. A window in this study is defined as a 3 by 3 raster 

cell submatrix where a calculation is performed. Therefore, the slope calculation returns the 

localized steepest slope value in an area of 300 m by 300 m since the slope calculation is 

performed in the 3 by 3 window. The slope values range from 0º (level surface) to 90º (vertical 

surface). With 100 m by 100 m bin size slope calculation, the slope map of the mass failures’ top 
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surface is compatible with the bin spacing of the seismic survey and is adequate to delineate the 

local subtle changes of slopes over the mass failures’ top surface (Fig. 2.3a). 

Aspect/Azimuth Maps 

Calculation methodology 

The azimuth/aspect map is created from values calculated by identifying the downslope 

direction of maximum changes of elevation values from the processing center of a raster cell to 

its nearest neighbor cells within a 3-by-3-cell moving window. The azimuth calculation returns 

the azimuth value of localized steepest slope in an area of 300 m by 300 m. The aspect/azimuth 

values will range from 0º to 360º with 0º pointing to the north (Fig. 2.3b). The algorithm used in 

aspect/azimuth calculation is similar to that used to calculate the slope but the azimuth/aspect 

value returns maximum downslope direction as an output. 

Roughness Maps   

Two major roughness/roughness calculation algorithms are performed for this study, 

Terrain Roughness Index and Vector Roughness Measure. These two methods and map results 

are discussed below.  

Terrain Roughness Map 

Terrain Roughness Index calculation methodology 

The Terrain Roughness Index (TRI) that was developed and introduced in Riley et al. 

(1999) has been widely used as a quantitative method of measuring topographic heterogeneity in 

subaerial topography. Briefly, the TRI takes the square root value of the summation of square 
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elevation values of the differences between the center raster cell and its neighboring cells within 

a 3-by-3-cell moving window. The algorithm is expressed below: 

𝑇𝑅𝐼 = √𝛴(𝑥𝑖,𝑗 − 𝑥0,0)2 where 𝑥0,0 refers to the center raster cell and 𝑥𝑖,𝑗 refers to the raster cells 

neighboring the center raster cell within the moving window 

Riley et al. (1999) provide a categorical classification of terrain roughness index in their 

example: a level surface that has 0 – 80 TRI, a nearly-level surface that has 81 – 116 TRI, a 

slightly-rugged surface that has 117 – 161 TRI, an intermediately-rugged surface that has 162 – 

239 TRI, a moderately-rugged surface that has 240 – 497 TRI, a highly-rugged surface that has 

498 – 958 TRI, and an extremely-rugged surface that has 959 – 4367 TRI. However, this 

artificial classification scheme may not be proper in the study area and has been adjusted for 

classifying terrain roughness in this study. In this study, we subdivide ten intervals of TRI values 

with each interval range of 5 TRI that sufficiently delineates the texture of MTD top surface 

(Fig. 2.3c).  

Vector Roughness Map 

Vector Roughness Measure calculation methodology 

Vector roughness measure (VRM) described in Sappington et al. (2007) is a method to 

quantify terrain roughness independent of the slope. VRM is different from TRI because TRI 

doesn’t explicitly provide a measure of topographic aspect and slope gradient, and TRI may have 

a strong correlation to the slope gradients as well, according to the TRI algorithm (Sappington et 

al., 2007). The VRM method measures the dispersion of vectors orthogonal to the land surface 

through decomposing vectors into their x, y, z components, and returns roughness values that are 
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computed from the resultant x, y, and z vectors to the centroids (Sappington et al., 2007). The 

algorithm is briefly described below (see full algorithm detail in Sappington et al., 2007): 

Given a vector of 1 for a cell/pixel in the studied elevation raster dataset, the vector is 

decomposed to x, y, z vectors in a three-dimensional Cartesian coordinate system: 

𝑧 = 1 ∗ 𝑐𝑜𝑠𝛼; 
𝑥𝑦 = 1 ∗ 𝑠𝑖𝑛𝛼; 
𝑥 = 𝑥𝑦 ∗ 𝑠𝑖𝑛𝛽; 

𝑦 = 𝑥𝑦 ∗ 𝑐𝑜𝑠𝛽, where α is the slope value, β is the aspect value. 

 Once x, y, z of all cells/pixels in a 9-cell window are computed, r is computed: |𝑟| = √(∑ 𝑥)2 + (∑ 𝑦)2 + (∑ 𝑧)2 and VRM is computed by using 𝑉𝑅𝑀 = 1 − |𝑟|𝑛  where n is the 

number of cells in this window(𝑛 = 9). 

The VRM method provides a metric for differentiating steep but smooth slopes and very 

undulating areas comparing to the TRI values (Fig. 2.3d). The VRM and TRI values are both low 

in nearly flat areas with gentle slopes. However, the VRM values are very low in smooth areas 

with steep slopes where the surface exhibits relatively high TRI values (Sappington et al., 2007). 

The VRM values are very high in very undulating (rugged) areas where extremely high slope 

may not be exhibited. Such undulating (rugged) areas may serve as areas of ponding for post-

emplacement HPD. The scale of VRM has been normalized between 0 (flat) and 1 (most 

rugged). 



24 

 

 

Figure 2.3. Maps showing spatial distributions of MTD top surface topographic parameters. a. 

MTD top surface slope spatial distribution, b. MTD top surface aspect (azimuth) spatial 

distribution, c. MTD top surface TRI (Terrain Roughness Index) spatial distribution, d. MTD top 

surface VRM (Vector Roughness Measure) spatial distribution. Features exhibited on the MTD 

top surface are sketched in white. 
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Figure 2.4. Series of maps showing aspect (azimuth) spatial distributions on top of the MTD, 

grouped into four bins of four major directions. a. Spatial distribution of northern-oriented aspect 

features on the MTD top surface aspect, b. Spatial distribution of eastern-oriented aspect features 

on the MTD top surface, c. Spatial distribution of southern-oriented aspect features on the MTD 

top surface, d. Spatial distribution of western-oriented aspect features on the MTD top surface. 

Features exhibited on the MTD top surface are sketched in black. 

 

2.4 Results 

2.4.1 Observations from Map Calculations 

Slope map observations 

Slopes across the study area range from a low of 0-2 degree, in the northeast to southeast-

oriented intra-thrust basins of the Darien Ridge Complex (cf. Moscardelli et al., 2008), to almost 

70 degrees along the flanks of some mud volcano complexes. The slope map highlights levee 
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and channel margin slopes of 11–22 degrees, outlining a unique leveed channel complex in the 

northwestern portion of the study area (Fig. 2.3a). This complex can be seen cutting eastward 

across the top of the MTD, and both elements continue beyond the northeastern edge of the study 

area. Several other leveed and un-leveed channel systems can be seen outlined by similar slopes, 

trending eastward across the study area. In addition to channel complexes, regions of mixed 

slope values highlight areas of the MTD top surface where it is characterized by an abundance of 

large rafted blocks (Fig. 2.3a). These areas generate a “mottled” appearance on the slope maps 

(Fig. 2.3a and Fig. 2.6c). Finally, several elongate regions characterized by low, consistent slope 

values parallel the channel complexes, following the channel’s trajectories as they turn to the 

east (Fig. 2.3a). These areas might be regions of topographic smoothing by deposition of post-

emplacement HPDs. Alternatively, these areas may reflect flatter areas of pre-mass failure 

topography, although, in some places, the pre-emplacement topography is very difficult to 

determine.  

Aspect/azimuth map observations 

The azimuth/aspect map of the mass failure’s top surface exhibits a quadri-modal 

distribution. Therefore, we subdivided azimuth values into four categories which represent four 

major directions (Fig. 2.4). The full-aspect/azimuth map insufficiently delineates the 

characteristics of some of the most obvious structures in the study area (e.g., standalone mud 

volcanoes and mud volcano complexes) but the subdivided maps appear to better delineate major 

features on top of the MTD and approximate orientations of post-emplacement sediment 

transport. First, the high frequency of northern- and southern-oriented aspect/azimuth values 

delineate the edges of leveed and un-leveed channels of the HPD. In addition, the spatial 

distribution of the northern- and southern- oriented azimuth values outlines the boundaries of 
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mud volcanoes in the study area, and areas of the mass failure that contain a high concentration 

of rafted blocks. A region of dominant northern- and southern-oriented azimuth values noted in 

the far north of the study area (Fig. 2.4a, Fig. 2.4c) reflects east-west oriented compressional 

faults formed when the mass failure syn-depositionally encountered the Darien Ridge paleo-

topography. These features are expressed as small-scale compressional thrusts on the top of the 

mass failure (Fig. 2.6a). In addition, the cluster of northern- and southern-oriented azimuth 

values adjacent to mud volcanoes implies the presence of structural shearing during the 

deposition of the mass failure. Second, the high frequency of eastern-oriented azimuth values 

(i.e., northeast, east, and southeast) exhibited on the MTD top surface denotes the approximate 

post-emplacement-sediment transport direction. The cluster of western-oriented azimuth values 

found in front of mud volcanoes appears to be formed in the flow as the mud volcanos act as 

buttresses that deflect HPD, or cause HPD to aggrade proximal of the buttress (Fig. 2.4b, Fig. 

2.5a, and Fig. 2.5b). Finally, all four azimuth-orientation categories are widely, and somewhat 

randomly distributed in the regions of abundant rafted blocks (Fig. 2.4). These rafted block 

regions are important to identify due to the obstacles and rough topography they present as post-

emplacement sediments try to navigate the top of the mass failure.   

Terrain Roughness Index map observations 

Roughness topographic parameters appear to be the best metrics to delineate structures in 

the study area (e.g., mud volcanoes and post-emplacement channels). In proximity to mud 

volcanos, the top MTD map exhibits extremely rugged surface character (greater than 25 TRI). 

The roughness of this top surface is slightly higher updip from the mud volcanos than what is 

seen on the downdip sides of mud volcanos, a character difference that is more obvious in distal 

than in the proximal regions of the MTD (Fig. 2.3c). Rough surfaces created by clusters of rafted 
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blocks are present as small patches of intermediate and high TRI values (more than 15 TRI; Fig. 

2.3c). Edges of leveed and un-leveed channels are more clearly delineated in the TRI map. 

Material shearing, occurring as mass failures interact with mud volcanoes, is best illustrated in 

the TRI map (Fig. 2.3c, and Fig. 2.5d). 

Vector Roughness Measure map observations 

 VRM maps are much better at differentiating steep, smooth slopes, and very undulating 

areas of the mass failure top map (Fig. 2.3d). Extreme VRM values are present at mud volcanoes 

in the study area and help outline these features. The VRM map clearly illustrates the differences 

between the landward flanks of stand-alone mud volcanoes and mud-volcano complexes (see 

descriptions below), versus their basinward flanks. VRM values in landward locations are 

normally above 0.004, in contrast to basinward flanks where VRM values are less than 0.002. 

The VRM map is good at delineating “undulations” at the top of the MTD, caused by an 

abundant rafted block (Fig. 2.3d and Fig. 2.6c) or in regions of compressional ridging (Fig. 2.3d 

and Fig. 2.6a). These zones of high vector roughness may prove to be areas prone to post-

emplacement sediment ponding. These maps are the most helpful in visually delineating 

boundaries between different types of topographic zones.  
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Table 2.1. Seismic facies (SF) that are used here to characterize “healing-phase” deposits (HPD) include convergent baselapping 

facies (Cbl), convergent thinning facies (Ct), draping facies (Dr), divergent facies (Di), and finally chaotic facies (Ch). Although 

chaotic facies are highly characteristic of the mass failure deposit, they are a very minor component in the post-emplacement HPD in 

the study area. Convergent baselapping facies, convergent thinning facies, draping facies, and chaotic facies criteria, and their possible 

rock types are adapted from Prather et al. (1998).  
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2.4.2 Zonation of the MTD Top Surface Topography 

Maps derived from analysis of the topography on the MTD top surface and observations 

made using these maps lead us to subdivide the mass failure top surface into four topographic 

zones. These are 1) mud volcano zones, 2) compressional thrust zones, 3) translational zones, 4) 

rafted block zones. The characteristics of “healing-phase” deposits (HPD) in these zones are each 

discussed below. 

2.4.3 Seismic Facies Character of HPD in Topographic Zones 

Seismic Facies Classification Process 

To describe and convey the seismic facies of “healing-phase” deposits (HPD) overlying 

the Trinidad mass failure, we adapt, with some modification, the descriptive classification 

scheme proposed by Prather et al. (1998). Prather et al.’s work, done using data from the U.S. 

Gulf of Mexico, links seismic facies to lithology. Prather et al.’s classification is based on the 

reflector continuity and amplitude, the overall geometry of the reflector package, and the inter-

relationship of reflectors (i.e., terminating, downlapping, onlapping, etc.) with each other and 

with surrounding surfaces. The thickness of seismic facies in this classification can be tens of 

milliseconds. In addition, seismic facies that are unique to this study are added to those termed 

by Prather et al. (Table I) to make up the entire population of seismic facies seen in this study. 

Seismic Facies of HPD in Mud Volcano Zones 

Mud volcanoes in the study area act as obstacles to downslope sediment transport. The 

height of mud volcanoes in the study area can range from 20 ms to over 330 ms (approximately 

15 m to 250 m high). The length of each mud volcano along the flow direction of post-

emplacement sediment fill is ~ 1 – 3 km, and the width perpendicular to the flow direction is 
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approximately 1 – 4 km (Fig. 2.3 and Fig. 2.4). Deep-water sediment-laden gravity flows moving 

over the Pleistocene-aged MTD top surface are easily trapped, or disrupted by the mud 

volcanoes (Fig. 2.5). We classify the mud volcanoes in the study area into two categories; the 

stand-alone mud volcano which is an individual mud volcano that does not have other mud 

volcanoes nearby, and the mud volcano complex which consists of multiple mud volcanoes 

clustered within a limited area. These two types of obstacles affect both the mass failure 

emplacement and subsequent “healing-phase” gravity flows in two different ways, discussed 

below. 

Landward flank of stand-alone mud volcanoes 

 Stand-alone mud volcanoes are located dominantly in the central portions of the study 

area. HPD on the landward flank of the stand-alone mud volcanoes are normally thicker than the 

deposits on the basinward flank of the mud volcanoes. The HPD located at the landward flank of 

the standalone mud volcano comprises several packages of convergent, baselapping seismic 

facies bounded by convergent thinning seismic facies (Fig. 2.5a). Within the study area, these 

facies are commonly overlain by a package of draping seismic facies that range in thickness from 

40-60 ms. 

Landward flank of mud volcano complexes 

The mud volcano complexes are mostly distributed in the distal region of the study area. 

A few of these complexes are located along the post-emplacement sediment gravity flow 

pathway while the others are located off the post-emplacement sediment gravity flow pathway. 

Such lateral relationships may be due to inflation of the MTD against the mud volcanoes, with 

would deflect gravity flows to lower topographic areas. The “healing-phase” deposits overlying 
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the MTD in the landward flank of a mud volcano complex are initially convergent thinning at 

their base but rapidly become convergent baselapping throughout (Fig. 2.5b). These facies 

packages are overlain to the seafloor by draping seismic facies. Similar, draping seismic facies 

fill inter-mud volcano “ponds” within these complexes. Infrequently, these draping facies 

contain small regions of convergent baselapping and convergent thinning facies, indicating some 

periods of gravity flow spilling into these relatively quiescent areas.  

Basinward flank of mud volcanoes  

The depositional sequences of post-emplacement deposits on the basinward flank of mud 

volcanoes are quite different near mud volcanic uplifts located close to submarine channel-levee 

complexes comparing to those located further away from channel-levee complexes. In depo-

locations proximal to the submarine channel-levee complex, the post-emplacement deposits 

found on the basinward flank of proximal mud volcanoes mainly consist of divergent and 

draping seismic facies (Fig. 2.5c), with minor occurrences of convergent baselapping and 

convergent thinning facies in areas where the top of the mass failure has an undulating character. 

These facies are interpreted to comprise channel-levee complex overbank deposits, and could 

present a sandier deposit. Removed from the influence of leveed-channel sedimentation, post-

emplacement HPD on the basinward flank of mud volcanoes commonly show a package of 

draping seismic facies near the top surface of the MTD which is then overlain by several 

convergent thinning facies and/or more draping seismic facies, all suggesting a more quiescent 

sedimentation process. The basinward flanks of mud volcanos overall show more draping facies 

HPD than seen on the more proximal sides of these mud volcano uplifts (Fig. 2.5c). The high 

amplitude and continuity of reflectors in HPD found on the basinward flank of mud volcano 

features suggest a composition of more fine-grained sediments. These locations are removed 
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from the influence of coarser sediments transported by channel-levee systems. These uplifted 

mud volcano areas appear to be simply finer-grained HPD fills that are likely devoid of reservoir 

sands. 

Material shearing between uplifted obstacles 

HPD are prevalent in lows created by MTD shearing during emplacement. A good 

example of this “symbiosis” is found in the southern part of the study area where the MTD flow 

path is constrained between prominent mud volcanos (Fig. 2.3c and Fig. 2.5d). The material 

shears, with the resultant extension forming shallow topographic lows on the top surface of the 

MTD. These lows trap considerable amounts of post-emplacement sediment, averaging 100 ms 

(75m) thick. Post-emplacement HPDs consist of dominantly convergent thinning seismic facies 

near the top surface of the MTD, and are overlain by regional draping facies (Fig. 2.5d). 

Accommodation in this area is abundant enough to see the development of single-thread 

channels on top of the MTD south of this area. These channels have poorly developed levees and 

show little overbank deposition or migratory behavior compared to the channel-levee system in 

the northern part of the study area. Such static behavior of these southern channel systems is 

likely due to the confining nature of the MTD material surrounding the channels.  

Seismic Facies of HPD in Compressional Thrust Zones 

A large zone of compressional thrusting occurs at the top of the MTD in the far north 

regions of the study area (Fig. 2.6a). The thrusts created topographic highs and lows on the top 

surface of MTD. This zone of thrusting was created by the MTD emplacement as the mass 

failure encountered pre-emplacement paleo-topographic highs associated with the paleo-Darien 

Ridge (Fig. 2.3). The post-emplacement HPD overlying the MTD in this area consist mainly of 
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draping seismic facies with minor occurrences of convergent baselapping seismic facies in 

confined topographic lows on top of the mass failure, and minor convergent thinning facies 

occurring in broader topographic lows on top of the deposit. 

Seismic Facies of HPD in Translational Zones 

The mass failure movement created a deep incision into the pre-emplacement substrate 

sediments (Fig. 2.6b), a feature well documented in Moscardelli et al. (2006). This basal incision 

is approximately 60 ms (45 m) deeper than the surrounding paleo-seafloor (Fig. 2.6b). This 

incision ends rather abruptly. Such basal incisions are documented by many authors to mark the 

transformation from the translational domain to the compressional/toe domain of the MTD (cf. 

Bull et al., 2009, Gamboa et al., 2016, Cardona et al., 2020a for zonation in MTDs). The abrupt 

end to this basal incision marks where the mass failure, with sufficient inertial energy, “ramps 

up” from the original basal shear surface becoming “emergent” on the paleo-seafloor (cf. Frey-

Martinez et al., 2006; Moernaut and Batist, 2011). Less laterally confined at this transition, the 

bottom portion of the mass failure begins to lose force and thrusts form along zones of frictional 

freezing at the mass failure front. The “ramped-up” portion of the mass failure materials tend to 

freely spread out in an unconfined manner over the new basal surface (cf. Frey-Martinez et al., 

2006). These areas of deep incisions form zones of accommodation for overlying mass failure 

material, whose compaction in to this basal low creates a topographic low in the top of the mass 

failure. This low on the MTD top surface becomes a preferred pathway and depocenter for post-

emplacement gravity flows. In the study area, HPD are up to 254 ms (approximately 190 m) 

thickness in these areas. HPD in this region are on average 45 m to 60 m thicker than the HPD in 

other portions of the top fill. These ponds of HPD are filled mostly by convergent baselapping 

and convergent thinning seismic facies with a small proportion of divergent seismic facies seen 
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located in regions close to the channel-levee system occupying these under-filled lows. These 

deposits exhibit low-to-intermediate seismic amplitude. Such facies are overlain by draping 

seismic facies with some convergent baselapping/thinning facies present at local topographic 

lows. These regions offer the best opportunity for finding reservoir quality HPD due to their high 

accommodation, and their proximity to shelf- and slope-hosted gravity flows. 

Seismic Facies of HPD in Rafted Block Zones 

 Abundant rafted blocks are present in an elongate-shaped, 20 x 50 km-sized region in the 

middle to distal portions of the MTD compressional domain (Fig. 2.3, and Fig. 2.6c). The rafted 

blocks sub-region is located oblique to the original pathway of the MTD emplacement due to 

flow deflection by mud volcanos (Fig. 2.6c). The rafted blocks create numerous shallow, both 

narrow and broad, topographic lows and highs on the top surface of the MTD. This rough surface 

of the MTD is filled with convergent baselapping seismic facies filling narrow topographic lows, 

and convergent thinning seismic facies filling wide topographic lows (Fig. 2.6c). These facies are 

subsequently overlain by widely-distributed convergent thinning facies and the regional seafloor 

draping facies.   
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Figure 2.5. Series of cross sections with sketches showing characteristics of MTD and HPD in 

each spatial zone. a) Longitudinal cross section of the MTD and HPD on the Landward flank of a 

standalone mud volcano, b) Longitudinal cross section of the MTD and HPD on the Landward 

flank of a mud volcano complex, c) Longitudinal cross section of the MTD and HPD in the 

basinward flank of mud volcanoes. d). Longitudinal cross section of the MTD and HPD in the 

complex material shearing area between mud volcanoes, e) a map showing cross section 

positions in the study area. MTD = mass transport deposit. HPD = “healing-phase” deposit. 
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Figure 2.6. Series of cross sections with sketches showing characteristics of MTD and HPD in 

each spatial zone. a) Longitudinal cross section of the MTD and HPD in the compressional thrust 

zone, b) Longitudinal cross section of the MTD and HPD in the translational zone of the MTD, 

c) Longitudinal cross section of the MTD and HPD in the abundant rafted blocks area, d) a map 

showing cross section positions in the study area. MTD = mass transport deposit. HPD = 

“healing-phase” deposit. 
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2.4.4 Relationship Between MTD Top Surface Topographic Parameters and HPD 

Characteristics 

A dataset comprised of 516 data points documenting the HPD character and spatially 

equivalent topographic parameters of the MTD top surface is collected across the various 

structural and depositional zones of the MTD. Based upon these data, the “healing-phase” 

deposition is seen as occurring in five stages, with each stage comprising nearly 100% deposits 

of a single seismic facies type. These facies reflect changing conditions of “healing-phase” 

deposition and are shown as a series of temporal, facies percentage stacks in Figures 2.7 and 2.8. 

Percentages are normalized to 100% for better visualization (Fig. 2.7 and Fig. 2.8).  

Early “healing-phase” deposition (Stages 1-2 in Fig. 2.7a) consists of dominantly 

convergent baselapping and convergent thinning seismic facies across all zones of the system. A 

few exceptions are present in 1) the landward flank of distal mud volcano complexes, due to 

topographic deflection, and 2) the basinward flank of mud volcanoes, where sediment shadowing 

reduces depositional thicknesses. The frequency of occurrence of draping seismic facies 

significantly increases throughout the study area in the late stages of “healing-phase” deposition 

(Stages 3-5 in Fig. 2.7a). Draping facies are especially prevalent in the landward flank of mud 

volcano complexes and basinward flank of most mud volcanoes (Fig. 2.7c and 2.7d, 

respectively), and in areas of compressional thrusting (Fig. 2.7f). Divergent seismic facies are 

prevalent in areas close to the channel-levee complex most active during the major “healing-

phase” time. Such divergent seismic facies appear to be an indicator of proximity to such active 

sediment sources.  

HPD character exhibits a relation with the nature of the underlying MTD top surface, as 

represented by values seen and previously interpreted in slope, TRI, and VRM topographic 
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parameters. Many convergent baselapping and convergent thinning facies in the “healing-phase” 

deposits, occur in areas of low slope, low TRI, and low VRM categories (Fig. 2.3 and Fig. 2.8). 

These areas are usually adjacent to spots of high slope, high TRI, and/or high VRM values on the 

topographic maps. Graphs shown in Figure 2.8a suggest that decreases in the topographic slope 

of the MTD top surface are coeval with slight increases in the percentage of draping facies. 

However, there is a dramatic decrease of draping facies in both early and late stages of “healing-

phase” deposition with increasing VRM and TRI values (i.e., rougher surfaces, Fig. 2.8b and Fig. 

2.8c). Convergent baselapping and convergent thinning seismic facies are still occurring in areas 

of very high VRM and TRI values, indicative of HPD seismic reflectors that are thinning 

towards or terminating against topographic highs.  

2.5 Discussion 

In this section, we discuss the applications and implications of topographic analysis on 

understanding the distribution and stratigraphic architecture of HPD, with observations that are 

applicable to other deep-water depositional systems. First, we discuss how our approach and 

results allow for a better description of MTD surface topographic complexity. Second, we 

evaluate the relations between these topographic parameters and HPD characters. In addition, we 

discuss the possible relationships between HPD seismic character and lithology. We investigate 

the potential post-emplacement modification of MTD top surface topography which may affect 

the analysis. Finally, we discuss the implications of this study for hydrocarbon exploration.  
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Figure 2.7. Series of graphs showing the distribution of “healing-phase” deposits (HPD) in 
various zones of the larger study area. Color bars reflect the percentages of the section composed 

of HPD from different stages of sedimentation, from stratigraphically oldest (Stage 1, red) to 

youngest (Stage 5, dark blue). Although sample numbers in each geomorphologic province vary, 

the sample size of each stage in each area has been standardized to 100% for comparison. a. 

HPD totaled for the entire study area, b. HPD found on the Landward flank of standalone mud 

volcanos, c. HPD found on the Landward flank of mud volcano complexes, d. HPD found on the 

basinward flank of mud volcanoes which include standalone mud volcanoes and mud volcano 

complexes, e. HPD found in the complex material shearing area between mud volcanoes, f. HPD 

found in the compressional thrust zone, g. HPD ponded in the translational domain of the MTD, 

and h. HPD found in the abundant rafted block area. Cbl = convergent baselapping seismic 

facies, Ct = convergent thinning seismic facies, Dr=draping seismic facies, Di = divergent 

seismic facies. 
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Figure 2.8. Series of graphs showing HPD distribution within each category of slope, Terrain 

Roughness Index (TRI), Vector Roughness Measure (VRM) values. Color bars reflect the 

percentages of the section composed of HPD from different stages of sedimentation, from 

stratigraphically oldest (Stage 1, red) to youngest (Stage 5, dark blue). Samples in each stage 

have been normalized to 100% for comparison. a. Stage 1-5 HPD distribution in each slope 

category, b. Stage 1-5 HPD distribution in each TRI category, Cbl=convergent baselapping 

seismic facies, Ct=convergent thinning seismic facies, Dr=draping seismic facies, Di=divergent 

seismic facies. 
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2.5.1 MTD’s Topographic Influence on HPD 

Our assessment of MTD top surface topographic influence on HPD estimates the 

relations between MTD surface topography and HPD occurrence and seismic facies 

characteristics (Fig. 2.7 and Fig. 2.8), the latter of which we believe to be associated with 

sedimentology of the facies (Table I). These results utilize seismic facies work from Prather et al. 

(1998) to bridge observations on HPD from field analysis (e.g., Armitage et al., 2009) and 

regional observations regarding surface accommodation over MTDs (e.g., Kneller et al., 2016 

and this study). The scale of the rafted blocks in our study corresponds to third-tier topography 

(hundreds of meters or more) scale on MTD top surfaces as defined by Armitage et al. (2009). 

Numerous rafted blocks in the study area bound localized depressions on top of the MTDs. 

These depressions create various sized areas of accommodation and present various heights 

which trap and/or confine the post-emplacement turbidity currents (i.e., high frequencies of 

convergent baselapping and convergent thinning facies). In proximal regions, the force of the 

initial mass failure creates deep incision at its base (up to ~250 m). However, the mass failure 

continues basinward, leaving underfilled proximal accommodation which forms a large “low 

spot” in the MTD top topography that ponds post-emplacement sediment gravity flows during 

the early stages of HPD sedimentation (i.e., more convergent baselapping facies in Stage 1 in 

Fig. 2.7h). Mud volcanoes tens of meters to hundreds of meters high are unique features that are 

not common to other HPD studies (e.g., Armitage et al., 2009, Kneller et al., 2016). Upon 

impacting these mud volcano highs, the mass failure material “inflates” or rises behind the 

obstruction before moving around and sometimes over it. Post-emplacement flows tend to either 

bypass these regions of mass failure thickening and mud volcano obstacles and/or lapout onto the 

proximal topography leaving a high percentage of convergent thinning and convergent 
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baselapping facies in the HPD intervals (Fig. 2.7b, and Fig. 2.7c). In areas of larger-scale 

shallow, hummocky MTD top surface topography (i.e., hundreds of meters to more than two 

thousand meters relief) created by compressional thrusts over pre-emplacement topography and 

complex material shearing between mud volcanoes (Fig. 2.7e, and Fig. 2.7f), post-failure 

deposits fill these complex regions of disparate accommodation with convergent thinning facies 

rather than convergent baselapping facies during the early stage of “healing-phase” deposition.  

2.5.2 Lithologic Seismic Facies 

 Correlating MTD top surface HPD seismic facies using modified Prather et al (1998) 

criteria enables interpretation of HPD facies composition. The link between seismic facies and 

lithology is not a simple one, being influenced by the nature of the shelf, and the nature of 

systems feeding gravity flows in a basin; i.e., the density of the flows.  Prather et al. (1998), 

utilizing log and core data from the deep-water deposits in the U.S. Gulf of Mexico (GOM) 

basin, suggest convergent baselapping seismic facies to be composed of interbedded deep-water 

sandstone and mudstone and convergent thinning seismic facies to be composed of thin-bedded 

deep-water sandstone and mudstone. Draping facies, in the Gulf of Mexico, mainly consist of 

fine-grained deep-water deposits (e.g., siltstone, claystone) resulting from pelagic settling or 

slow deposition from muddy dilute turbidity currents (e.g., Prather et al., 1998, Weimer and 

Slatt, 2004). The divergent seismic facies in the U.S. GOM basin is noted by multiple studies to 

be comprised of mudstone and thin-bedded sandstone deposited from low-density turbidity 

currents (e.g., Weimer et al., 2006). In the Trinidad study area, sediments are likely muddier than 

the Neogene of the Gulf of Mexico, however divergent seismic facies correspond to what is 

interpreted by seismic geomorphology (Wood and Mize-Spansky, 2009) to be leveed over-bank 

deposits, and likely are composed of coarse-grained sands and silts. Convergent baselapping 
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seismic facies in Trinidad dominate the earliest stages of “healing-phase” fill and are ponded in 

low accommodation areas. Convergent thinning seismic facies tend to dominate areas of highly 

complex topography, where gravity flows are inhibited, but not “ponded”. Both of these seismic 

facies are likely “sandier” than surrounding facies. 

The seismic facies/composition of these post-emplacement deposits can be linked back to 

MTD top surface characteristics and their distribution. Combining TRI and VRM sufficiently 

locates undulating areas of the mass failure top surface that may not have high slope values, and 

smooth areas with higher slope values. The HPD over complex, higher slope value areas consist 

of higher percentages of convergent thinning facies and lower percentages of convergent 

baselapping facies. Slope calculation is a good tool for identifying areas with extreme slope 

values that likely contain convergent baselapping facies. Draping facies occur more frequently in 

the late stage of HPD sedimentation when most prominent features on the MTD top surface 

topography may have been “healed” by earlier HPD sedimentation (Stage 3-5 vs. Stage 1-2 in 

Fig. 2.7).  

2.5.3 Static versus Evolving Topography 

It is generally accepted that depositionally formed seafloor topography may be modified 

by subsequent sediment loading (e.g., Slingerland et al., 1994), erosional unloading (e.g., 

Rowley et al., 2013), and post-formation tectonic processes (e.g., Loncke et al., 2006). 

Therefore, evaluating the degree of post-emplacement modification of MTDs’ top surface 

topography is critical to understand and quantitatively assess the interaction between 

emplacement MTDs’ surface topography and gravity flows occurring immediately following 

mass failure emplacement. Mud volcanoes in the study area were present prior to the 

emplacement of the Pleistocene-age MTD and were active during post-emplacement deposition 
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up to the present day. The stratal geometries of post-emplacement HPD against the mud 

volcanoes exhibit onlap, stratal thinning towards the mud volcanoes, and upward dragging close 

to the mud volcanoes. Similar seismic geometries in “healing-phase” deposits are documented 

adjacent to shale diapirs in offshore Nigeria (e.g., Cohen and McClay, 1996). Such stratal 

geometries indicate that the mud volcanoes are active and growing during post-emplacement 

sedimentation, acting as continuous obstacles to post-MTDs sediment flows. In the Trinidad 

study area, little evidence is present to indicate a significant amount of post-emplacement 

deformation of the MTD’s surface topography between the time of mass failure emplacement 

and the Holocene time of post-emplacement “healing-phase” deposition. Therefore, other than 

adjacent to active mud volcanos, little modification of the MTD surface has occurred post-

emplacement.  

2.5.4 Implication for Hydrocarbon Exploration  

Mass transport deposits are often interbedded in basin fills with more conventional 

gravity flow turbidites, the latter of which can be targeted for reservoirs with commercial 

hydrocarbon accumulation. Mass failure deposits can form the bottom, top and lateral seals to 

traps in these deep-water settings (e.g., Thunder Horse field in the Gulf of Mexico – Henry et al., 

2018; Jubilee Field in the Gulf of Mexico – Cardona et al., 2020b). Similarly, several fields have 

documented reservoir potential and hydrocarbon production in post-emplacement turbidites that 

are deposited over the top of the complex top topographies formed by mass transport deposits 

(e.g., Winker, 1996; Houseknecht, 2019; Algar et al., 2011). These studies suggest ponded 

turbidites over rugose topography on top of MTDs and infilling of turbidites in the scars left by 

mass failure have better reservoir potential. Our study relating MTD’s surface topographic 

parameters to post-MTD HPD characteristics provides a tool for predicting spatial distribution of 
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potential sandy turbidite units in “ponds” on top of MTDs where dominant convergent seismic 

facies are present, and assessing the spatial proximity and interconnectivity of these units.  

2.6 Conclusions 

Subaqueous/submarine mass-transport deposits (MTD) typically create some of the most 

complex seafloor topography in the world. This complexity makes it very difficult to examine 

and predict the influence of such topography on post-emplacement deep-water “healing-phase” 

deposits (HPD) that overlie MTDs. We compute and test a number of topographic parameters 

including slope, aspect, TRI, and VRM of the upper surface of a large mass-transport deposit in 

eastern offshore Trinidad. We examine, interpret and map the nature of the MTD top surface and 

mass failure material, and we examine, interpret and map the seismic facies of “healing-phase” 

deposits immediately overlying the top of the MTD. Select topographic parameters in this study 

enable us to outline and differentiate the topographic features occurring on top of the MTD, 

describe scales of surface roughness over the MTD top surface topography, illustrate the spatial 

distribution of these topographic features, and enable identification of favorable pathways for 

regional sediment transport (Table II). The MTD’s top surface aspect map is sufficient to 

delineate the preferential sediment pathways for post-emplacement sediment gravity flows (Fig. 

2.4, Table II). A simple slope map can delineate the boundaries of different spatial zones in 

MTD top surface topography (Fig. 2.3, Table II). TRI and VRM maps delineate and differentiate 

undulating regions of the MTD that show consistently low topographic variability, versus 

smooth topographic areas of the top surface with sudden occurrences of steep slopes (Fig. 2.3, 

Table II). The spatial distributions of these topographic parameters can be used to evaluate the 

potential for the topography to influence post-emplacement gravity flow pathways, and to predict 

the spatial distribution and characteristics of “healing-phase” deposits. High TRI and VRM 
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values of the MTD top surface are commonly associated with convergent thinning seismic facies 

in post-emplacement healing phase deposits. High slope values of the MTD top surface 

correspond to draping seismic facies in the healing phase deposits. Within the healing phase 

deposits, the early stage “healing-phase” deposits normally consist of more convergent facies 

and the late stage “healing-phase” deposits are dominantly draping facies. 

Our results bridge the 2-D, outcrop-scale topographic analysis of mass failure top 

topography and regional-scale 2D or 3D, continental margin-scale topographic analysis. It is 

apparent that the highly complex topography generated by mass failure emplacements impacts 

“healing-phase” deposits. The techniques proposed herein are meant to provide a rapid mean by 

which these surfaces can be mapped and assessed to predict post-emplacement sediment 

pathways and the nature of sediments that are smoothing this topography (e.g., Naranjo-Vesga et 

al., 2020), and to de-risk post-emplacement turbidites reservoirs. 
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Table 2.2. Summary of topographic parameters calculation, properties, and best uses for 

understanding mass transport deposit surface topography and predicting “healing-phase” deposit 
distribution.  
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CHAPTER 3 

MORPHOLOGICAL SCALING RELATIONSHIPS IN SUBAQUEOUS LANDSLIDES AS 

INDICATORS OF CONTROLS ON LANDSLIDE MORPHOLOGY AND TOPOGRAPHY   

3.1 Introduction 

Subaqueous landslides and their resultant deposits hold a wealth of information on the 

history of climate, tectonics, pressure conditions, volcanism, and sedimentation along continental 

margins (e.g., Krastel, et al., 2001; Flemings et al., 2008; Strozyk e al., 2010; Chadwick et al., 

2012; Brothers et al., 2013). In addition, subaqueous landslides may generate tsunamis that result 

in human injuries and fatalities, and destruction of both marine and coastal installations (e.g., 

Tappin et al., 2014). Morphology and contextualization of subaqueous landslides provide 

evidence and information to evaluate tsunami generation potential (Murty, 2003; ten Brink et al., 

2006; Harbitz et al., 2014), hydrocarbon sealing potential (Cardona et al., 2020), and gas 

hydrate/past climate (e.g., Bouriak et al., 2000) along many of the world’s marine margins. 

However, comprehensive study of marine subaqueous landslide morphology and depositional 

architecture remained challenging until the development in the 1980’s of high-resolution seafloor 

mapping and 3D seismic survey. These technologies have allowed for development of multiple 

regional and global landslide morphometric databases (McAdoo et al., 2000; Lee et al., 2003; 

Huhnerbach and Masson, 2004; ten Brink et al., 2006; Twichell et al., 2009; Urgeles and 

Camerlenghi, 2013; Clare et al. 2018). These data and subsequent databases have allowed many 

authors to examine relationships between sediment character, bathymetry, ignative mechanisms 

and margin morphology and the size, geometry, distribution and architecture of subaqueous 

landslide deposits. Some of the influences on subaqueous landslide character are proposed to be 

the sediment composition and volume of failure source sediments (Mohrig et al., 1998; 
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Huhnerbach and Masson, 2004; Elverhoi et al., 2010; Sawyer et al., 2012), the length, height, 

and gradient of head scarps (McAdoo et al., 2000; Micallef et al., 2008; Katz et al., 2015; Urlaub 

et al., 2015), characteristics of the evacuation area (Hill et al., 2017), the nature of the landslide 

failure as either shelf/slope attached or detached (Moscardelli and Wood, 2016), and the pre-

landslide seafloor topography (Frey-Martinez et al., 2006; Moernaut and Batist, 2011). Taking 

these factors into consideration, predicting morphology, run-out behavior and final deposit 

architecture of subaqueous landslides can be very challenging. Scaling relationships between 

some of these factors and the morphometrics of subaqueous landslides have been widely 

investigated in recent studies to classify types of such landslides (Micallef et al., 2008; Moernaut 

and Batist, 2011; Moscardelli and Wood, 2016), infer the causal mechanisms (Moscardelli and 

Wood, 2016), and infer the boundary conditions that are prone to trigger landslides (Huhnerbach 

and Masson, 2004). However, most previous studies on subaqueous landslides predominantly 

employed a few major parameters including length, area, thickness, and volume to characterize 

morphology of the landslides. Although these morphological parameters exhibit well-correlated 

power law relationships (e.g., landslide volume versus area, area versus length, thickness versus 

volume), many other parameters can be related to the morphology and topography of subaqueous 

landslides (e.g., Legros et al., 2002; Elverhoi et al., 2012; Crosta et al., 2018). The latter 

parameters may be used to predict landslide properties for scientific and societal purposes.  In 

this paper, we revisit published metrics for assessing morphology and topography of 

subaerial/subaqueous landslides as well as those of other associated deep-marine deposits 

(volume and area of failure scarps and the volume frequency distribution of subaqueous 

landslides – ten Brink et al., 2006; length, area, thickness, volume of submarine landslide 

deposits – Moscardelli and Wood, 2016; center of mass of subaerial and subaqueous landslides – 
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Legros, 2002; runout length, deposit length, slope, head scarp characteristics, deposit 

characteristics, etc. of subaqueous landslides, Clare et al., 2018; roughness of mass transport 

deposits surface – Deng et al., in revision), and apply these metrics on subaqueous landslides 

mapped from publicly available data. In addition, we compare our study; geographically focused 

in the U.S. Gulf of Mexico and offshore southern California, with well-studied landslides in 

other geographic locations. Our study explores best parameters for differentiating subaqueous 

landslides within various geological contextualization (i.e., fall height of failures, tectonic 

settings, sediment composition of failure materials, failure flow rheology, etc.), and evaluates the 

utility of these relationships in other geographic locations with poor data coverage.  

3.2 Data and Methods 

We use the 12m resolution northern Gulf of Mexico (GOM) modern seafloor bathymetry 

grid derived from 2D and 3D seismic data from the Bureau of Ocean Energy Management 

(BOEM), and the offshore southern California (OSC) seafloor bathymetry grids from the United 

States Geological Survey (USGS) for mapping out subaqueous landslides based on the 

topography created by the landslide failure and emplacement. The southern California seafloor 

bathymetry grids cover the Santa Barbara Channel with 10m resolution and the Inner Continental 

Borderland with 25m resolution. Seismic cross-sections from the USGS National Archive of 

Marine Seismic Surveys (NAMSS) cross many of the subaqueous landslides mapped at the 

seafloor surface, and interpretations of these cross-sections provide a third dimension (two-way 

travel time — TWT) to this study. We use the average velocity of 1,500 m/s of compressional 

wave speed near the seafloor to approximate the thickness of mapped subaqueous landslides 

(e.g., Tsuru et al., 2019). We use seafloor sample data of the landslide source areas from US 

Seabed database to interpret the sediment composition and spatial variability of sediment 
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characteristics of mapped subaqueous landslides. The database contains surficial and sub-bottom 

data from physical sampling and descriptions of images/videos. We use the grain size and grain 

size standard deviation data from the lab-based analytical dataset located within the source areas 

in this study (Fig. 1b-d). 

Morphological parameters of subaqueous mass failures collected in this study include 

failure scarp perimeter, slope gradients, runout distance, length, and deposit width of each 

landslide (measured from the bathymetric data) and the thickness of the landslides (measured 

from interpreted seismic data). These measurements were collected using the methodology of 

Clare et al. (2018).  We apply a simplest method to estimate the volume of each landslide by 

multiplying the average thickness interpreted from the seismic data and the area interpreted from 

the bathymetry data. We use the derived power law equation in this study to estimate volumes 

for landslides with insufficient seismic data coverage (for methodology, see Moscardelli and 

Wood, 2016). In addition, we label the mapped subaqueous landslides as either shelf/slope 

attached or detached using criteria in Moscardelli & Wood (2016), and perform K nearest 

neighbors (KNN) classification with neighbor size of 8 to find the best decision boundary 

between these two groups of landslides. 

We compute the ratio between fall height and the landslide runout distance (𝐻/𝐿 ratio) to 

estimate the mobility of landslides (e.g., Scheidegger et al., 1973; Johnson & Campbell, 2017; 

Crosta et al., 2018). Fall height; 𝐻, is measured as the vertical difference between the elevation 

of the landward most point of the failure scarp and the elevation of the seafloor at the most distal 

point of landslide emplacement. Runout distance; 𝐿, is measured as the planform distance 

between landward most point of the failure scarp and the distal most point of landslide 

emplacement (sensu Crosta et al., 2018). 
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We compute average roughness using the terrain roughness index (TRI) by Riley (1999) 

on mapped landslide rasters to characterize surface topographic complexity after mass failure 

emplacement (Deng, et al., in revision; see Chapter 2 for details). The algorithm is expressed as 𝑇𝑅𝐼 = √∑(𝐸𝑖,𝑗 − 𝐸0,0)2 where 𝐸0,0 refers to elevation of the center raster cell and 𝐸𝑖,𝑗 refers to 

elevations of the raster cells neighboring the center raster cell within a moving window. High 

TRI values equate to high roughness of the mass failure surface.  
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Figure 3.1. a) Geographic locations of the subaqueous landslides that are mapped and analyzed 

and the subaqueous landslides from literature for comparison used in this study; n=number of 

subaqueous landslides; b) The northern Gulf of Mexico bathymetric grid used in the study; 86 

subaqueous landslides are mapped. 7 sediment source regions in the northern Gulf of Mexico 

margin are subdivided (modified from Anderson et al., 2004). RG=Rio Grande source region, 

BC=Brazos-Colorado river source region, TS=Trinity-Sabine river source region, WL=West-

Louisiana source region, MD=Mississippi Delta source region; AL=Alabama-Lagniappe source 

region; FL=Florida source region. n=Number of US Seabed samples used in this study (Fig. 

3.1b-d); c) The bathymetric grid used in the study that was collected in the Santa Barbara 

Channel, Southern California; 3 subaqueous landslides are mapped. 2 sediment source regions in 

this area are subdivided to infer sediment sources for mapped landslides. GA=Gaviota Slide 

source region, GO=Goleta Slide source region; d) The Bathymetric grid used in the study that 

was collected in the Inner Continental Borderland, Southern California; 1 subaqueous landslide 

is mapped. 1 sediment source region in this area is outlined. SP=San Pedro Shelf Slide source 

region; e) schematic diagram of morphological parameters related to subaqueous landslides 

collected in this study. WD=max width of deposit, LD=length of deposit, TD=thickness of 

deposit, AD=area of deposit, L=runout distance of landslide, and H=fall height of landslide. 
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Figure 3.2. a) Grain size boxplot of subaqueous landslide sediment sources of subdivided regions 

in southern California and northern Gulf of Mexico (Fig. 3.1b-d). VFS=Very fine sand, FS=Fine 

sand, MS=Medium sand, CS=Coarse sand, VCS=Very coarse sand, GR=Gravel; b) Grain size 

standard deviation of subaqueous landslide sediment sources showing different grain size sorting 

subdivided regions in southern California and northern Gulf of Mexico. STD=Standard 

deviation; c) Cross-plot of landslide volume versus area showing a well-correlated relationship in 

this study. C.I.=Confidence Interval. Colors represent different source regions in Fig. 3.2a-b for 

Fig. 3.2c-d. Data from Moscardelli & Wood (2016) is shown in the context for comparison (Fig. 

3.2c-d); d) Cross-plot of landslides deposit lengths versus areas showing a strong correlation in 

this study; e) Cross-plot of landslide deposit max width versus area showing a weaker correlation 

when comparing to volume versus area and deposit length versus area in this study. 
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3.3 Observation 

3.3.1 Failure Source Characteristics 

 The sediment grain size and sorting within different GOM and OSC subaqueous landslide 

source regions in this study are summarized with boxplots (Fig. 3.1b, Fig. 3.2a-b). Most of the 

source sediments fall in the range of silt and clay grain sizes except 1) the Florida (FL) source 

region which comprises carbonate grains with dominant medium sand and fine sand grain sizes, 

2) the Alabama-Lagniappe (AL), West Louisiana (WL), San Pedro Shelf slide (SP), and Gaviota 

slide (GA) source regions which contain a high component of very fine sand grain sizes. The 

sorting of the source grain sizes in most source regions are in the standard deviation range of 

1~2, which is classified as moderately sorted to poorly sorted (Fig. 3.2b). The sediments in the 

Rio-Grande and Brazos-Colorado source regions have a sorting value of over 3 and can be 

classified as very poorly sorted (Fig. 3.2b).  
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3.3.2 Morphometry of Subaqueous Landslides 

The deposit length 𝐿𝐷, area 𝐴𝐷, volume 𝑉𝐷 of subaqueous landslides in this study fall 

well into the middle range of the subaqueous landslides’ morphometric parameters summarized 

in Moscardelli & Wood (2016) (Fig. 3.2c-d; data without available parameter values in 

Moscardelli & Wood, 2016 are excluded). Strong power-law relationships exist between these 

parameters in this study regardless of tectonic settings and sediment source characteristics (𝑉𝐷 =0.015 ⋅ 𝐴𝐷1.29,  𝑅2 = 0.95, 𝑛 = 39; 𝐿𝐷 = 1.36 ⋅ 𝐴𝐷0.57,  𝑅2 = 0.87, 𝑛 = 90), which are 

consistent with the relationships proposed by Moscardelli & Wood (2016). Landslide deposit 

max width (𝑊𝐷) and deposit area (𝐴𝐷) expresses a weaker power-law correlation (𝑊𝐷 = 1.22 ⋅𝐴𝐷0.43,  𝑅2 = 0.69, 𝑛 = 90) than area, volume and length variables. The cross-plot between 

deposit max width (𝑊𝐷), deposit length (𝐿𝐷) indicates a wide range of ratios between these two 

parameters. These complications when examining and predicting mass failure widths are in part 

due to the data from carbonate mass failures.  Much of the upper range of 𝑊𝐷/𝐿𝐷 ratios (as high 

as 10:1) are formed by carbonate mass failures. Carbonate mass failures show 𝑊𝐷/𝐿𝐷 ranges 

between 10:1and 1:1. These very wide, very short carbonate mass failures tend to “apron” the 

slope and toe of the margins, a phenomenon also observed by Janson et al. (2010) and Le Goff et 

al. (2020) (Fig. 3.2a). Carbonate failures are characterized by extremely high fall height and very 

low runout distance, as shown in Fig. 2b.  With the exception of carbonate mass failures, the 

majority of subaqueous landslides in this study have 𝑊𝐷/𝐿𝐷 ratios between 1:1 and 1:4.  

With the exception of silt/clay-rich failures which show longer runout and overall are 

morphologically longer deposits (Fig. 3.1a, Fig. 3.2a-b), subaqueous siliciclastic failures tend to 

show little correlation between their source-region sediments and their morphometrics.  

However, there does seem to be a relationship between the location of initial failure and the 
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morphometrics of the failures.  Shelf- or slope–attached and detached landslide groups show 

clear boundaries in cross-plots of 𝑊𝐷 and 𝐿𝐷 and 𝐻 and 𝐿 (Fig. 3.2a-b). The detached landslides 

(e.g., in salt-withdrawn minibasins) usually stay close to the toe of the failure slope without 

traversing further into the deepest parts of their depositional basins. This truncated run-out 

occurs, although there appear to be no significant topographic barriers to their runout. The 

detached landslides runout distance, deposit width, and deposit length do not express direct 

relationships to the sediment source characteristics (Fig. 3.1a-b). 

3.3.3 Scaling Relationships in Landslides Morphology and Topography 

Our morphometric/topographic database analyses demonstrate that relatively strong 

power-law correlations exist between landslide morphological and topographic expressions. 

Statistical analysis of 𝐻/𝐿 ratio and landslide morphometrics (𝑉𝐷 , 𝐿𝐷 , 𝑊𝐷 ,  𝑇𝑅𝐼𝑎𝑣𝑔) shows that 𝐻/𝐿 ratio has a strong (𝑅2 = 0.66), inverse power-law scaling with 𝑉𝐷. The general trend 

between 𝐻/𝐿 ratio and 𝑉𝐷 is confirmed in previous studies as well (terrestrial and extraterrestrial 

landslides—Johnson & Campbell, 2017, Crosta et al., 2018; submarine mass transport 

deposits—De Blasio & Elverhoi, 2011). The 𝐻/𝐿 ratio shows a strong (𝑅2 = 0.64), inverse 

power-law scaling with 𝐿𝐷 and a weaker (𝑅2 = 0.54), inverse power-law scaling with 𝑊𝐷. In 

addition, the 𝐻/𝐿 ratio shows a strong (𝑅2 = 0.72), positive power-law relationship with 

depositional surface topographic complexity, average 𝑇𝑅𝐼. No significant correlations exist 

between downslope deposit width changes, downslope deposit thickness changes, headscarp 

perimeter, and the 𝐻/𝐿 ratio, with 𝑅2 typically less than 0.1. Lack of correlations between 

headscarp perimeter and landslide morphological parameters suggest that aerial extensiveness of 

the headscarp may not be used as an indicator of failure size. However, failure size may be 
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related to the uppermost scarp location, shelf- or slope-attached or detached, and failure size is 

correlated to runout in siliciclastic failures, but not carbonate failures.  
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Figure. 3.3. a) Cross-plot of the subaqueous landslides fall height; 𝐻 versus runout distance; 𝐿 

showing different 𝐻/𝐿 ratios versus characteristics of sediment sources for those failures. Colors 

represent different source regions in Fig. 3.2a-b. The dashed line shows the boundary between 

shelf- and slope–attached and detached landslides; b) plot of landslide length versus width, 

C.I.=Confidence Interval. The dashed line shows the boundary between shelf- and slope–
attached and detached landslides; c) plot of 𝐻/𝐿 ratios versus deposit max width showing a clear 

power-law correlation (2 carbonate landslides and 7 other landslides with insufficient data 

coverage are excluded for best fitting in Fig. 3.3c-f.); d) plot of 𝐻/𝐿 ratios versus deposit volume 

showing a strong power-law correlation. Ancient carbonate landslide data from Janson et al. 

(2010) is shown in the context for comparison.; e) plot of 𝐻/𝐿 ratios versus deposit length 

showing a strong power-law correlation. f) plot of 𝐻/𝐿 ratios versus landslide surface terrain 

roughness index (TRI) showing a strong power-law correlation. 
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3.4 Discussion 

3.4.1 Factors Influencing Landslide Morphology 
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Authors have suggested a number of variables influencing the morphometry of mass 

failures. Here, we focus on fall height, sediment composition, sediment nature (i.e., sorted or 

unsorted) and sediment volume. The Seabed dataset may not fully represent compositions of the 

entire failure source sediments as the sampling is limit of seafloor penetration depth. 

Morphological scaling of subaqueous landslides (Fig. 3.1c-d, Fig. 3c-f) express a high degree of 

correlation in spite of the wide range of regional tectonic settings and depositional system 

characteristics represented by the data. However, data indicate that fall height and failure volume 

of subaqueous landslides are two primary factors influencing landslide morphological 

expressions, confirming observations by Johnson & Campbell (2017). The effect of sediment 

composition and nature on mass failure character and behavior is more complicated. 

Morphometric data show that carbonate landslides have significantly different morphology than 

siliciclastic landslides (Fig. 3.2a-b, Fig. 3.3). The carbonate nature of their composition and the 

sand-sized nature of their grains is likely less of an influence on their morphology than the shape 

of the margin across which they emplace.  High fall heights and steep slope topography that 

transitions rapidly to a flat abyssal plain (typical of rimmed carbonate margins) promotes 

confinement of mass failures and short run-out distances. These bathymetric conditions are 

known to exist along carbonate rimmed margins (Playton et al., 2010 and this study), in lakes 

(Sammartini et al., 2020), and in submarine salt minibasins (this study).  High silt and clay 

percentage (> 50%) in failure masses may promote long runout distance as shown by long 𝐿𝐷 

and 𝐿 of landslides in RG, BC, and MD source regions; observation supported by flume 

experiments documented in Elverhoi et al. (2010). However, failures sourced from the coarser-

grained WL and AL regions show various runout distances, deposits max width, and deposit 
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length suggesting that sediment source characteristics may have less influence on runout distance 

than has been suggested.  

Shelf and slope attachment of landslides is another highly influential factor in landslide 

morphology as indicated in Figures 3.2a-b.  Such failures are much larger than those hosted from 

detached sources. It is likely that shelf/slope attached landslides receive semi-continuous shelf-

sourced sediments providing larger sediment volumes (Moscardelli & Wood, 2016). This factor 

affects the volume of the failure mass and thus the ultimate size, shape and distance of runout. 

3.4.2 Factors influencing Landslide Surface Topography 

𝐻/𝐿 ratio and 𝑇𝑅𝐼𝑎𝑣𝑔 show a strong, positive correlation, meaning that highly rugged 

landslides have high 𝐻/𝐿 ratios or shorter runout distances. Higher TRI values in landslides have 

been documented in association with an abundance of rafted blocks (Fig 3.5. see chapter 2; Deng 

et al., in revision). Landslides with shorter runout distances stand closer to the slope and are 

likely to contain more intact rafted blocks than landslides with longer runout. The initial slope 

failure may transform its flow rheology along its long-run-out pathway as it entrains increasingly 

more fluid from the ambient water and material gets disaggregated or included in the flow (Piper 

et al., 1999; Gee et al., 1999). The long runout distance and increasing disaggregation of the 

failure material might contribute to the TRI decrease on the surface of landslide deposits. These 

observations suggest the primary factors that affect landslide surface topography and its 

complexity are the competency of the material comprising the slide, the runout distance, and the 

characteristics of the pre-landslide or landslide adjacent topography. Carbonate composition may 

enhance the competency of the original slide material, and the topography will encourage erosion 

into the substrate as the failure impacts the base of slope.  All lead to very short run out of 

carbonate mass failures, limiting transport disaggregation of the elements and leading to the high 
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roughness values of high H/L failures.  The 𝐻/𝐿-𝑇𝑅𝐼𝑎𝑣𝑔 relationship may be used to predict the 

flow rheology at the time of landslide emplacement.  

3.4.3 Predictability of Landslide Morphology and Topography 

The derived empirical relationships in previous studies and those strengthened and 

observed through this study provide a tool for predicting the morphology and topography of 

subaqueous landslides in situations, where sometimes only the value of one parameter is known. 

Fig. 3.4 shows an example of post-dicting the ranges of landslide morphological and topographic 

parameters from given 𝐻 𝐿⁄  ratios. The process is performed by taking log transform of the 

measured data and finding the best fitting curves (i.e., log(𝑊𝐷) = −0.63 ⋅ log(𝐻 𝐿⁄ ) − 7.36, 𝑅2 

= 0.60; log(𝐿𝐷) = −0.94 ⋅ log(𝐻 𝐿⁄ ) − 7.35, 𝑅2 = 0.69; log(𝑉𝐷) = −1.92 ⋅ log(𝐻 𝐿⁄ ) − 3.51, 𝑅2= 0.66; log(𝑇𝑅𝐼𝑎𝑣𝑔) = 0.88 ⋅ log(𝐻 𝐿⁄ ) − 6.24, 𝑅2 = 0.73). These scaling relationships 

enable prediction of the morphology and topography of subaqueous landslides where insufficient 

data coverage exists (see Moscardelli and Wood, 2016). Average TRI can be computed using 

mapped mass failure surfaces from seismic data. Data show that TRI values of over 50 relate to 

an abundance of rafted blocks in the failure tops. TRI values of less than 50 suggest few to no 

rafted blocks. 𝐻 𝐿⁄  ratios can be calculated from landslide surface extent, interpreted from 

modern bathymetric grids, and may be made stronger through the use of observation in outcrop 

and seismic studies.  
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Figure. 3.4. Schematic diagram showing predicted subaqueous landslide morphometry and 

topography and 80% prediction intervals of the parameters using the derived empirical 

relationships in this study. When 𝐻/𝐿 ratio increases from 0.05 to 0.2, the predicted volume of 

landslides shows more than 10x decrease. The predicted deposit length shows 4x decrease and 

deposit max width shows about 2.5x decrease. Similar trend appears in some predicted values with 𝐻/𝐿 ratio increases from 0.2 to 0.5.  
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Figure 3.5. a) landslide with well-developed thrusts in its top surface and a TRI value of 21.6 

possesses few to no rafted block; b) landslide with TRI value of 124.4 showing abundant rafted 

blocks in its top surface. 

 

3.5 Conclusion 

This study documents the morphometric and topographic trends of numerous subaqueous 

landslides in the Quaternary-age sediments in the U.S. GOM and OSC, and analyzes scaling 

relationships between their morphometrics and contextualization variables (sediment source type 

and characteristics, failure initiation location, tectonic settings, seafloor failure slope). We 

compare and contrast these analyses to derive trends, allowing us to predict failure characteristics 

that are often beyond the extents of imaging data. This study shows that: 

1. Both siliciclastic and carbonate subaqueous landslides have well-correlated 𝐴𝐷-𝑉𝐷 (𝑅2 = 

0.95), 𝐴𝐷-𝐿𝐷 (𝑅2 = 0.87) relationships, and a weaker 𝐴𝐷-𝑊𝐷 (𝑅2 = 0.69) relationship. 

2. Siliciclastic landslides have consistent 𝐻 𝐿⁄ -𝑊𝐷 (𝑅2 = 0.54), 𝐻 𝐿⁄ -𝐿𝐷 (𝑅2 = 0.64), and 𝐻 𝐿⁄ -𝑉𝐷 (𝑅2 = 0.66) relationships across various tectonic settings and failure source 

regions.  

3. Carbonate landslides on carbonate-slope have high 𝑊𝐷/𝐿𝐷 and 𝐻 𝐿⁄  ratios and tend to 

emplace close to the slope and toe of the margins.  
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4. The cross correlation between 𝐻 𝐿⁄  and 𝑇𝑅𝐼𝑎𝑣𝑔 (𝑅2 = 0.72); with the later as an indicator 

of surface complexity, indicate the planform morphometry of siliciclastic subaqueous 

landslide may be used to predict the surface topographic complexity of subaqueous 

landslides.  

5. We interpret that fall height, failure volume, shelf- and slope-attached and detached 

nature, and failure sediment composition of landslides are the primary factors influencing 

the morphological and topographic expressions of landslides, but it is difficult to 

differentiate which variable is primary, secondary and so on.  

6. Variations in grain size distribution and the failure headscarp dimensions are poor 

predictors of landslide morphometry and topography.  

7. The power-law and invert power-law scaling provides tools to estimate morphometric 

and topographic ranges of siliciclastic subaqueous landslides. Applications of these 

empirical relationships include subaqueous geohazard assessments, prediction of the 

spatial extent of a sealing mass failure in the subsurface, and prediction of the influence 

of landslide surface topography on overlying deep-water deposits.  
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CHAPTER 4 

APPLICATION OF STRATIGRAPHIC FORWARD MODELING TO EVALUATE THE 

SPATIAL AND TEMPORAL DISTRIBUTION OF DEEP-WATER DEPOSITS OVER MASS-

TRANSPORT TOPOGRAPHY 

4.1 Introduction 

Submarine mass movements are very common along oceanic continental margins 

worldwide and are one of the most important processes shaping these regions (e.g., Chaytor et 

al., 2009; Lee, 2009; Twichell et al., 2009; Urgeles & Camerlenghi, 2013). Such processes 

transport an enormous amount of sediment from the continental slope to the continental rise and 

the abyssal plain annually although specific calculation is lacking. Sediments which begin their 

downslope journey as plastic rheology debris flows will often transform in to hybrid debris-

turbidity flows contributing to the submarine turbidite lobes budget of a basin (Middleton and 

Hampton, 1973). These mass failure deposits create complex seafloor morphology, revealed 

through high-resolution seafloor bathymetry and sub-bottom profiler data, and in both 2D and 

3D seismic data. This complex seafloor topography becomes the surface across which post-mass 

transport deposits (MTDs) emplacement gravity flows must travel and accumulate.  

The distribution of deep-water deposits is greatly influenced by topography. In general, 

turbidity currents can run up, reflect, or deflect when they encounter topographic obstacles. The 

most important factor to influence the run-up height of a turbidity current is its flow thickness 

(Muck and Underwood, 1990). Muck and Underwood (1990) estimate a turbidity current can run 

over an obstacle if the flow thickness of the turbidity current exceeds two thirds of the obstacle 

height. The runup height of a turbidity current also depends positively on the Froude number of 
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the flow (Dorrell et al., 2018). Using the runup height estimation equation in Dorrell et al. (2018) 

and the laboratory and field turbidity current Froude number range (0.19~3.65) summarized in 

Sequeiros (2012), the maximum runup height of a turbidity current can be slightly larger than the 

flow thickness to up to 5.4 times of the flow thickness. In contrast to a turbid gravity flow, the 

runup height of a debris flow, although similarly positively related to velocity, is inversely 

related to gravity and the Froude number (Iverson et al., 2016). Reflection and deflection of 

sediment gravity flows against topographic obstacles is common in deep-water environments 

(Clayton, 1993; Edwards et al., 1994; Kneller and McCaffrey, 1999). Reflection of a sediment 

gravity flow occurs when height of the obstacle is much larger than the flow thickness while 

deflection of a sediment gravity flow occurs when the internal Froude number of the flow is 

small (Kneller and McCaffrey, 1999). Reflection of turbidity currents against topographic 

obstacles can cause basal layer reversal and inflation of the suspension cloud, which may result 

in thick mud caps, repetitive sedimentary structures, poor grain size grading, changed directions 

of paleocurrent indicators, etc. in the deposits (Patacci et al., 2015). However, the inflation of the 

flow cloud will enable it to climb obstacles that would otherwise be too high to overcome. In 

contrast, flow behavior of debris flows against topographic obstacles may include “freezing” of 

the basal shear layer and a motion reversal of the debris flow upper layer. However, the 

sedimentological indicators of debris flow reflection against topographic obstacles are not well 

documented compared to indicators in turbidity current deposits. 

Many previous studies using outcrops and seismic data have addressed the influence of 

MTD-related topography on deep-water deposit architecture (e.g., Armitage et al., 2009; Alves, 

2010; Kneller et al., 2016; Ward et al., 2018; Kremer et al., 2018). In this research, we apply 

stratigraphic forward modeling to predict the distribution of turbidites; termed “healing phase” 
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top fill turbidites (HPTF; Wood et al., 2014), over several different types of complex topography 

created by the emplacement of different mass transport deposits. Further we compare these 

modeled stratal architectures with healing phase deposits over mass failures from real world 

basins imaged using seismic data to arrive at improved recognition criteria for these deposits, 

their distribution and their lithologic nature.  

Stratigraphic forward modeling is a tool that has been widely used to address various 

geological problem since the growth of computational power and numerical optimization 

routines. Many authors have used stratigraphic forward modelling tools to simulate the 

depositional sequences along simplified two-dimensional continental margin profiles and to 

evaluate various controlling factors on stratal geometry and termination styles (e.g., Sea level – 

Spencer and Demicco, 1989; Bice, 1991; Read et al., 1991; Steckler et al., 1993; Ross et al., 

1995; Subsidence – Steckler et al., 1993; Sediment supply – Jervey, 1988). More recently, 

researchers incorporated fluid physics laws and physical experimentally-derived parameters to 

simulate sediment-laden flows over designed topography (e.g., Flemings and Grotzinger, 1996; 

Syvitski et al., 2001; Griffiths et al., 2001; Hutton et al., 2008; Salazar et al., 2018; Salles et al., 

2018). Some modeling packages have been further developed into commercial software that is 

used to predict the distribution and sedimentary properties of hydrocarbon-bearing reservoirs 

(e.g., Dionisos – Granjeon, 2014). Recent researchers employ advanced computational fluid 

dynamics (CFD) modeling tools, such as MassFlow-3D (FlowScience, www.flow3d.com), to 

simulate natural-scale turbidity currents over designed 3D topography and compare their results 

with real-world, tectonically-controlled deep-water sedimentary basin fills (Ge et al., 2018; 

Howlett et al., 2019). These researchers reveal the hydraulic and depositional responses of 

unconfined turbidity currents flowing against topographic barriers created by tectonic activities, 

http://www.flow3d.com/
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where such turbidity currents may redirect to different depocenters, or reverse direction to feed 

sediments to subsequent gravity flows.  All of these methods provide mixed success at recreating 

real-world processes and deposits, and often are run over very simplified topographic surfaces.  

We employ a two-dimensional stratigraphic forward modeling package in this research, 

Sedflux (Syvitski and Hutton, 2001), to simulate sediment gravity flows (turbidity currents and 

debris flows) over a series of regional-scale topographic profiles, with varying complexity. In 

addition, we compare the resultant depositional patterns with real-world deep-water deposits 

occurring over mass transport deposits (MTDs). The four real-world examples in this study use 

cross-sections showing the 2D top structure topography over mass failures as mapped by 

colleagues in offshore Brazil (Fig. 4.2a, see Alves et al., 2015), in offshore Israel (Fig. 4.2b, see 

Frey-Martinez et al., 2006), in offshore western Canada (Fig. 4.2c, see Mosher et al., 2010), and 

the Mafia slide in the Tanzania margin (Fig. 4.3, see Maselli et al., 2020). We compare the 

modelled, sediment-fill results with true fill thicknesses and seismic stratigraphic patterns 

mapped in the overlying fill to evaluate the effectiveness of the model in accurately depicting the 

2D architecture of strata overlying mass failures, and to assess the possible nature of those 

deposits. The goals of this chapter are to 1) characterize the deep-water deposits over MTD 

surface topography and evaluate factors influencing its character, and 2) explore the applicability 

of stratigraphic forward modeling for predicting the nature and distribution of deep-water 

sediments over MTD surface topography.  

4.2 Data and Methods 

We employ the stratigraphic forward modeling tool Sedflux to simulate sediment gravity 

flows and their deposits over a number of simplified topographic profiles to characterize the 

behavior of sediment gravity flows when they encounter a variety of complex topographic 
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barriers that characterize MTD top surfaces. Sedflux is a comprehensive basin-filling modeling 

package developed by the Institute of Arctic and Alpine Research (INSTAAR) in the University 

of Colorado (Boulder), which simulates the generation and transport of terrestrial sediments to 

shallow marine and deep marine environments (Syvitski and Hutton, 2001). Sedflux builds shelf 

stratigraphy and computes slope stability to determine the location and volume of sediment 

failures. Materials that are predicted to fail are initiated as rotational slumps and either treated as 

a turbidity current or a debris flow moving downslope which depend on the clay-size grain 

percentage in the failure materials (user-defined; Syvitski and Hutton, 2003). These generated 

sedimentary gravity flows carry sediments to the basin floor. The failed materials are transported 

as turbidity currents if the clay-size grain percentage is less than or equal to the user-defined 

threshold. Otherwise, the failed material is transported as debris flows. In this research, we set 

the clay-size grain percentage threshold to 17% which tends to generate approximately 50% 

debris flows and 50% turbidity currents in the simulation.  

 The Sedflux accumulates terrestrial sediments on a slope of 1.5 degree (Fig. 4.1) by 

simulating river plumes using HydroTrend (Morehead et al., 2003) and diffusing seafloor 

sediments on the slope. With the accumulation of sediments on the slope, the Sedflux modeling 

tool examines possible elliptical failure surfaces for stability (Syvistki and Hutton, 2003). 

Syvitski and Hutton (2003) characterize the stability of possible failure surface using its factor of 

safety, 

𝐹𝑡𝑜𝑡𝑎𝑙 = ∑ [𝑏𝑖(𝑐𝑖+(𝑊𝑖𝑏𝑖 −𝑢𝑖)𝑡𝑎𝑛∅𝑖) 𝑠𝑒𝑐𝛼𝑖1+𝑡𝑎𝑛𝛼𝑖𝑡𝑎𝑛𝜑𝑖𝐹𝑡𝑜𝑡𝑎𝑙 ]𝑛𝑖=0 ∑ 𝑊𝑖𝑠𝑖𝑛𝛼𝑖𝑛𝑖=0        (4.1) 

where 𝑏 is the width of a failure decollement at the head, 𝑐 is the cohesion of the sediment in and 

around the failure scarp, 𝑊 is the weight per unit depth of this sediment, 𝑢 is the pore pressure in 
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sediments surrounding the failure scarp, ∅ is the sediment friction angle, 𝛼 is the slope of the 

failure surface, and 𝐹𝑡𝑜𝑡𝑎𝑙 is the factor of safety calculated for the potential failure area. Sedflux 

builds deposits on the shelf and slope, and computes all possible failure surfaces to determine the 

locations and volumes of failed mass.The failure model is  

The nature pore pressure 𝑢 is determined using the method in Gibson (1958),  

𝑢𝑖 = 𝑦′𝑧𝑖𝑎𝑖           (4.2) 

𝑎 = 6.4 (1 − 𝑇16)17 + 1        (4.3) 

 𝑇 ≡ 𝑚2𝑡𝐶𝑣           (4.4) 

where 𝑦′ is the submerged specific weight of the sediment, and 𝑧 is the depth below the seafloor. 𝑇 is a constant determined by sedimentation rate 𝑚, time of deposition 𝑡, and the consolidation 

coefficient for the sediments 𝐶𝑣. The equations listed above using the Gibson (1958) method 

discuss the ideal scenario of 100% clays and provide a rough prediction of the pore pressure. 

This method considers that the consolidation of sediments is one-dimensional, and assumes 

constant sedimentation on an impermeable base (i.e., no groundwater flow) and constant 

compressibility (Gibson, 1958). In this study, the sediment failures routine is computed to 

determine locations and volumes of sediment failures every 20 model years. The cohesion of 

sediments 𝑐 is set to 1000Pa. The coefficient of consolidation 𝐶𝑣 is set to 10-8 m2/s. In the 

sedimentary systems which contain a mixture of sands, silts, and clays, the consolidation 

coefficient is higher than that of 100% clays. It takes more time to reach the critical conditions of 

failure based on the equations above (i.e., longer periods between failures). Therefore, the 

volume of the initial failures can be larger.  
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 The turbidity currents prescribed based on clay content are modeled using the three-

equations described in Parker et al. (1986) and Pratson et al. (2000). The debris flows prescribed 

based on clay content are modeled using the algorithms described in Jiang & LeBlond (1992) 

and Imran et al. (2001). The turbidity currents and debris flows are computed using fluid 

continuity and conservation of momentum equations. The equations for turbidity currents are 

expressed as, 

𝜕𝑈𝜕𝑡 = 𝑔0 sin(𝛽𝐶) − 𝐸+𝐶𝑑ℎ 𝑈2 − 𝑔0 (𝑒𝐶−1𝑒−1 ) cos(𝛽𝐶) 𝑡𝑎𝑛∅       (4.5) 

𝜕𝑄𝜕𝑥 = 𝐸𝑈𝑊𝐹          (4.6) 

𝜕𝐽𝑖𝜕𝑥 = 𝐸𝑅𝑖 − 𝐷𝑅𝑖 = (𝐶𝑑𝜌𝑓𝑈2−𝜎𝑏𝜎𝑎 (𝜑𝑖𝑊𝐹𝑑𝑎𝑦 )) − 𝐷𝑅𝑖, 𝑓𝑜𝑟 𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑙𝑜𝑎𝑑     (4.7) 

𝐷𝑅𝑖 = { 0 𝑖𝑓 𝑈 > 𝑈𝑐𝑟𝜆𝑖𝐽𝑖𝑈 (1 − 𝑈2𝑈𝑐𝑟2 )  𝑖𝑓 𝑈 ≤ 𝑈𝑐𝑟 , 𝑓𝑜𝑟 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑛 𝑜𝑓 𝑖 − 𝑡ℎ 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒     (4.8) 

𝑈𝑐𝑟 = 𝑤𝑠/√𝐶𝑑         (4.9) 

Where 𝑈 is the vertically integrated downslope velocity, 𝑔0 is reduced gravity of the flow in 

water, 𝛽 is slope, 𝐸 is the entrainment coefficient, 𝐶𝑑 is the drag coefficient, ℎ is flow thickness, 𝐶 is bulk volume concentration of sediment computed for each grain size, 𝑊𝐹 is the width of 

flow, 𝜌 is ambient fluid density, 𝜌𝑓 is the density of flow, 𝐸𝑅𝑖 is the averaged erosion rate for the 

i-th grain size, 𝐷𝑅𝑖 is the rate of deposition for the i-th grain size, 𝑈𝑐𝑟 is the critical velocity for 

deposition, and 𝑤𝑠 is the settling velocity of the i-th grain size. The initial velocity of a turbidity 

current in the model is determined by the slope, reduced gravity of the flow, entrainment rate, 

and drag coefficient (Skene et al., 1997). Reduced gravity of the flow is determined by the failed 
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mass and artificially-defined initial concentration of the flow. The slope failure material is not 

treated directly into a turbidity current. The model uses an initial concentration (9% by volume) 

of the gravity flow to establish flow height for the turbidity current (Syvitski and Hutton, 2003). 

Such turbidity current can be classified as a low-density turbidity current. The gravity drives the 

turbidity current moving basinward. The turbidity current stops travelling downslope when all 

momentum of the flow is consumed with evolving boundary conditions. In this study, the drag 

coefficient 𝐶𝑑 is set to 0.004 (Dade et al., 1994). The ratio of entrainment coefficient to drag 

coefficient is 0.43 (Mulder et al., 1998). Therefore, the entrainment rate 𝐸 is set between 0.0015 

and 0.002.  

The equations for debris flows are, 

𝜕𝐷𝜕𝑡 + 𝜕 [𝑈𝑝𝐷𝑝 + 23 𝑈𝑝𝐷𝑠] = 0       (4.10) 

23 𝜕(𝑈𝑝𝐷𝑠)𝜕𝑡 − 𝑈𝑝 𝜕𝐷𝑠𝜕𝑡 + 815 (𝜕(𝑈𝑝2𝐷𝑠)𝜕𝑥 ) − 23 𝑈𝑝 (𝜕(𝑈𝑝𝐷𝑠)𝜕𝑥 ) = 𝐷𝑠𝑔 (1 − 𝜌𝑤𝜌𝑚) 𝑆 − 𝐷𝑠𝑔 (𝜕𝐷𝜕𝑥) −
             2 𝜇𝜌𝑚 (𝑈𝑝𝐷𝑠 ) , 𝑓𝑜𝑟 𝑠ℎ𝑒𝑎𝑟 𝑙𝑎𝑦𝑒𝑟          (4.11) 

𝜕(𝑈𝑝𝐷𝑠)𝜕𝑡 + 𝑈𝑝 𝜕𝐷𝑠𝜕𝑡 + (𝜕(𝑈𝑝2𝐷𝑝)𝜕𝑥 ) − 23 𝑈𝑝 (𝜕(𝑈𝑝𝐷𝑠)𝜕𝑥 ) = 𝐷𝑝𝑔 (1 − 𝜌𝑤𝜌𝑚) 𝑆 − 𝐷𝑝𝑔 (𝜕𝐷𝜕𝑥) −
             𝜏𝑦𝜌𝑚 , 𝑓𝑜𝑟 𝑝𝑙𝑢𝑔 𝑓𝑙𝑜𝑤 𝑙𝑎𝑦𝑒𝑟          (4.12) 

Where 𝐷 is the total depth of the debris flow that equals to 𝐷𝑠 plus 𝐷𝑝, 𝑈𝑝 is the layer-averaged 

velocity of the upper plug flow layer, 𝑈𝑠 is the layer-averaged velocity of the lower shear layer, 𝑆 

is the slope, 𝜌𝑚 is the density of debris flow, 𝜌𝑤 is the density of ambient water, 𝜏𝑦 is yield 

strength, and 𝜇 is kinematic viscosity. The equations for modeling the debris flow dynamics do 

not include equations for erosion. Therefore, the modeled debris flows do not erode the seafloor. 



92 

 

The grain size of the debris flow deposits equals to the homogenized grain size of failure 

materials (Syvitski & Hutton, 2003). The prescribed debris flows based on clay content over 

20% in this study can be classified as clay-rich debris flows (e.g., Zakeri et al., 2010).  In 

Sedflux, viscosity is artificially set to 0.5 for numerical stability, and the kinematic viscosity 

(0.083 in Sedflux) is ignored.  High viscosity typically leads to lower velocity of debris flows, so 

the debris flows modelled in Sedflux move more slowly and the sediments carried by the debris 

flows may be deposited more landward. The model uses yield strength of 100 Pa but higher yield 

strength allows prescribed debris flows moving basinward as a block and later as a flow 

(Syvitski & Hutton, 2003). The total depth of a debris flow is determined by the failed mass 

thickness, and the velocity of the flow is determined by the failed mass, reduced gravity of the 

flow, fluid pressure, and friction.  

 The compaction of the resultant deposits is modeled by changing porosity of sediments 

with an increase of sediment load on top (Bahr et al., 2001),  

𝜕𝜙𝜕𝜎 = {−𝑐(𝜙 − 𝜙𝑚𝑖𝑛) 𝑖𝑓 𝜙 ≥  𝜙𝑚𝑖𝑛0 𝑖𝑓 ≤  𝜙𝑚𝑖𝑛       (4.13) 

where 𝜙 is the porosity, 𝜎 is the sediment load, and 𝜙𝑚𝑖𝑛 is the minimum porosity of sediments 

under most compaction. The model uses 𝜙𝑚𝑖𝑛 = 0.3 − 0.5 for sands and 𝜙𝑚𝑖𝑛 = 0.2 − 0.5 for 

silts and shales (Bahr et al., 2001).  

For this study, we used five grain sizes ranging from 1 micron (clay grain size) to 200 

microns (upper fine sand grain size) for sediment input. The compaction coefficient and 

diffusion coefficient inversely correlate to the grain size. Erosion rate and grain density increases 

with larger grain size. Each model runs 50,000 years with static sea level and the designed 

topographic profiles (Fig. 4.1). This study focuses on understanding the interaction between 
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sediment gravity flows (turbidity currents and debris flows in Sedflux) and topography. 

Therefore, we insert the designed topographic profiles from 10km to 50km in Model A-F which 

receive the prescribed sediment gravity flows and their deposits. The simulation results consist of 

deposits from either turbidity currents or debris flows over the topographic profiles of interest in 

this study. Since the volume and location of each failure is identical, the topographic profiles 

receive a series of sediment gravity flows with various sizes in 50,000 model years. The time 

period between two sediment gravity flows is inconsistent. This scenario is similar to real-world 

deep-water depositional systems. However, this limits the ability of using Sedflux to investigate 

the influence of flow properties (i.e., flow sediment concentration, flow velocity, etc.) on gravity 

flows interacting with topographic obstacles.  

4.3 Results 

Several variables influence the nature of topography over mass failures. These include 

the frequency and spatial distribution of topographic highs (negative accommodation) and lows 

(positive accommodation), the magnitude of highs and lows, the orientation and continuity of 

highs and lows and the “ornamentation” of highs and lows, meaning the roughness of the surface 

caused by smaller highs and lows occurring on the surface at a variety of scales.    

Low roughness, or a smooth mass failure top surface is the most easily modeled and 

traversed by post-emplacement gravity flow, which is represented in this study by Model A. 

Such smooth tops are not uncommon (Figure 4.2a). The single small obstacle depicted in Model 

B is often seen in the occurrence of small rafted blocks or post-MTD mud volcanos that might 

characterize a mass failure top (Figure 4.2b). Large isolated obstacles protruding from the tops of 

mass failure deposits are common and are seen globally in mass failures due to the rafting of 

large blocks within the failure material. Upon emplacement the failure material compacts around 
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the blocks leaving them protruding from the flow and creating significant (> 100m) highs in the 

failure top surfaces (Fig. 4.2c). This topography is represented in Model C. Model D illustrates 

the occurrence of a simple dual mini-basin scenario separated by a topographic high. Such 

undulations on the top of mass failures are due to thickness differences and compaction 

differences of the failed material (Fig. 4.2d). Models E and F illustrate sediment transport over 

highly complex mass failure top topography where highs and lows are abundant, and may vary 

dramatically in their geometry and roughness. These surfaces are some of the most typical of 

mass failures worldwide (Figs. 4.2e and 4.2f).  

4.3.1 Modeling Gravity Flows Over Different Topographic Cases 

Six simplified 2D topographic profiles were constructed over which to simulate deep-

water gravity sedimentation, and include, 1) relatively flat basin floor topography, 2) basin floor 

topography with a small flow barrier, 3) basin floor topography with a large flow barrier, 4) 

long-wavelength undulated basin floor topography, and 5) short-wavelength undulated basin 

floor topography, and 6) an irregularly rugged undulated basin floor topography (Fig. 4.1). 

Shortening the wavelength of undulations on the topographic profiles (profiles 4 and 5 above, 

respectively) increases the roughness of the topographic profiles (Fig. 4.1d to Fig. 4.1e). The 

irregular rugged undulated basin floor topographic profile (example 6, above; Fig. 4.1e) is 

created by adding topographic undulation on the short-wavelength undulated basin floor 

topographic profile (Fig. 4.1d). These profiles are created to test the influence of topographic 

roughness on trapping sediment gravity flows.  
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Figure 4.1. Sedflux simulations over designed topography. a) Simulation result over a relatively 

flat topographic profile, b) Simulation result over a flat topographic profile with a small-size 

(35m tall) topographic barrier, c) Simulation result over a flat topographic profile with a large-

size (225m tall) topographic barrier, d) Simulation result over a long-wavelength 

(wavelength=20km) undulated basin floor topographic profile, e), Simulation result over a short-

wavelength (wavelength=5km) undulated basin floor topographic profile, f) Simulation result 

over an irregularly rugged undulated (wavelength=5km) topographic profile. Color bar represent 

grain size (φ) scale. VE=Vertical Exaggeration. 

 

4.3.2 Observation 

The simulation result using relatively flat basin floor topography (Fig. 4.1a) acts as a 

base-line to reference relative to results over the more complex topographic profiles (Figs. 1b-

1e).   This simplistic topography shows most thicknesses accumulated at the change in dramatic 
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change in slope (2° to 0°) that is set at 10km basinward of the the initiation point of flow from 

the failures (IP). The coarsest sediments are deposited within 12 km of the IP and the remaining 

finer grained sediment deposit thins consistently, if not slightly exponentially to approximately 

42km basinward of the IP.  

Sediment gravity flows over a seafloor with an isolated small obstacle located 30km 

basinward of the IP, tend to be able to overcome that feature with little impact on the flow (Fig. 

4.1b). Sediment thickness distributions are not appreciably altered from those observed in the 

simple seafloor case, but some fine-grained sediment is “armored” against the front and top of 

the obstacle (Fig. 4.1b).  

Sediment gravity flows encountering a large-size isolated obstacle (i.e., 200 m high, or 

approximately 10 to 100 times of the flow thickness in the simulation) located ~16 km basinward 

of the IP (Fig. 4.1c) show more dramatic evidence of topographic influence on the flow and 

subsequent deposits. The suspended sediment portions of the flow are stripped off (sensu 

Prather, 2003) and although not deposited directly on the seaward side of the obstacle, they 

accumulate in accommodation basinward of the seaward side of the obstacle, and they armor the 

landward side of any more basinward obstacles (Fig. 4.1c). In addition, there is evidence of flow 

refraction with accumulation of a ~15m thick coarser-grained bed of material immediately 

landward of the large obstacle between 12km and 16km at the depth of 250m, and a second lense 

of coarser-grained material deeper in the landward accumulation at the depth of 200m. Nearly 

70m of sediments accumulate landward of the obstacle, diminishing the height of the obstacle to 

~ 130 m before the finer grained material are stripped off of the flow and moved basinward. This 

suggests that the flow heights were at least ~ 130 m as they encountered the obstacle.  
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The fourth model scenario shows a seafloor with multiple undulations, developing two 

mini-basins, one ~ 25m deeper than the seafloor at the base of slope whose axis is ~ 17km 

basinward of the IP, and a second one that is similarly ~ 25m deeper than the seafloor at the base 

of slope, but whose axis is ~ 37km basinward of the IP. These two mini-basins are separated by a 

broad symmetrical anticlinal high that is ~ 45m higher than the base of the mini-basins, with an 

anticlinal axis located ~ 27km basinward of the IP. The second mini-basin is bounded in the 

seaward side by a seafloor whose elevation is equal to the height of the anticlinal structure 

effectively flanking the more basinward mini-basin in the seaward direction (Fig. 4.1d). 

Sediment distribution in this model is more continuous than in previous examples, with flows 

draping the top of the anticlinal high and gradational changes from coarser to finer grained flow 

deposits occurring throughout the fill of the proximal mini-basin. As relief between the proximal 

mini-basin and the anticlinal high is diminished by mini-basin filling, coarser-grained flows fill 

the seaward portion of the proximal mini-basin and extend completely over the anticlinal high, 

spilling down into the second mini-basin. The sediment in the proximal mini-basin is ~ 50m 

thicker than that in the second mini-basin. Volumetrically, sediment fill within the more 

basinward mini-basin is much less than what was seen in Model C (Fig. 4.1c), as the 

comparatively-wide, proximal mini-basin is able to accommodate sediment shed from flows that 

gradually lose momentum against the landward side of the anticlinal flank. Coarser-grained 

deposits in the basinward mini-basin appear to be late-stage deposits, occurring as the landward 

mini-basin topography is “healed” and coarser-grained flows are able to traverse basinward.  

The final two topographies used for simulation of gravity flows are similar in that they 

both express five mini-basins separated by five anticlinal uplifts, and mini-basin (mb) and 

anticlinal axes on both topographies are similarly positioned relative to the IP (the axis of mb1 is 
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at 13 km, mb2 is at 20km, mb3 is at 25km, mb4 is at 34km and mb5 is at 37km basinward of the 

IP; the axis of anticline an1 is at 17km, an2 is at 23km, an3 is at 28km, an4 is at 34km and an5 is 

at 42km basinward of the IP). However, they differ from each other in a) the amount of relief 

between mini-basin floor and anticlinal tops, with this difference in Model E (Fig. 4.1e) as being 

55m and the difference in Model F (Fig. 4.1f) being 105m, b) the elevation difference between 

the initial base of slope seafloor and the mini-basin depths with this difference in Model E being 

30m and this difference in Model F being 60 m, and finally c) they differ in the degree of 

roughness imprinted on the basic topography, with Model E showing less relief and a smoother 

topography than Model F (Figs 4.1e and 4.1f).  

Model F shows the dominant amount of sediments trapped in mini-basins mb1 and mb2, 

proximal of anticline an2 (Fig. 4.1f). Gradational coarser-grained deposits extend from the toe of 

slope out in to mb1 with a few moderately coarse-grained deposits occurring in mb2. This 

proximal accommodation traps the majority of sediments with a decreasing volume of sediments 

occurring in mb3, mb4 and mb5, respectively. All three of the anticlines bounding the more 

basinward mini-basins; i.e., an3, an4, and an5, show an armoring of sediments occurring along 

their landward flanks and fine-grained sediments fill and spill their way basinward in ever 

decreasing volumes. As the accommodation in the proximal mini-basins (mb1 and mb2) is filled, 

a late-stage coarse-grained flow can be seen traversing basinward over the entire system.  

Model F is the most topographically complex model run and illustrates the impact of 

topographic roughness on gravity sediment movements (Fig. 4.1f). A much lower volume of 

sediments occur in mb3, mb4 and mb5 fills in Model E than in Model F. Numerous coarse-

grained deposits are trapped in the basal fill of mb1 due to the increasing roughness of the basal 

topography. Likewise, the height of roughness features on the tops of anticlines prohibits 
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sediments from moving basinward and preferentially trap the finer-grained sediments that are 

stripped from the flows as they traverse the topography.  

4.3.3 Interpretation 

The complexity of the seafloor topography and slopes influences the dynamics of the 

modelled sediment gravity flows by influencing the layer-averaged velocity of the flows in the 

Sedflux simulations, which ultimately influences deposition rates. Increased deposition rates in 

proximal locations will thieve sediments from the flow, decreasing flow volumes and heights and 

making it increasingly difficult for the flows to maintain their density and overcome obstacles. 

Some key interpretations from the numerical experimental models include:  

1. The height of seafloor obstacles relative to the flow heights is a very important variable 

as it will dictate the portion of the flows and the nature of flows that are able to move 

basinward of obstacles. The sediment gravity flows can be obliquely deflected when they 

encountered seafloor obstacles but 2D Sedflux is not capable of simulating this scenario. 

2. Highly complex (high roughness) topography is more likely to trap sediments in proximal 

locations. However, any sediments in more basinward locations will occupy the deepest 

areas of accommodation or be armored to the landward side of obstacles.  

3. Relative percentages of coarser-grained material will decrease basinward in initial flows, 

but may increase again as proximal topography is “healed” (sensu Prather, 2003). 
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Figure 4.2. a) Seismic profile of translational and compressional regimes of the MTD and the 

overlying deep-water deposits along the main direction of mass movement (Figure modified 

from Frey-Martinez et al., 2006; seismic data collected in offshore eastern Mediterranean). 

TB=Topographic Barrier; b) Seismic cross section of the MTD that contains rafted blocks 

(Figure modified from Alves, 2015; seismic data collected in the Espirito Santo Basin, SE 

Brazil). B=Slide block. The yellow horizon represents the reflector “healing” all slide blocks 
(B1-4). The green horizon represents the reflector “healing” B1-3; c) Seismic cross section of the 

upslope portion of the Shelburne MTD in the western Scotian slope (Figure adapted from 

Mosher et al., 2010). Orange arrows mark the slumped buttresses created on top of the MTD. 

Note the large headscarp left by mass failure emplacement creates deep accommodation that 

traps a large of sediments on top of the proximal topography.  
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Figure 4.3. a) Along-strike seismic cross section of the Mafia slide in the Tanzania margin 

(Maselli et al., 2020). Green lines mark the interval of MTDs (Fig 4.3a, 4.3c). Note the sheet-like 

“healing-phase” deposits drape over relatively flat mass failure top topography; b) Well log that 

ties to seismic data penetrating the MTDs interval (brown-colored interval) and the overlying 

deep-water deposits above the purple line (Maselli et al., 2020). M=Miocene, NN=Nanofossils; 

c) Along-strike seismic cross section of the Mafia slide in the Tanzania margin (Maselli et al., 

2020). Note the rolling topographic highs and lows created on top of the MTDs that are filled by 

post-MTD “healing-phase” turbidites. The undulated MTD top topography is similar to the 
topographic profile in Fig. 4.1e.  

 

4.4 Discussion 

In the discussion, we compare the modelled results and their key observations with real 

world examples from literature, examine the possible controlling factors that influence the 

distribution of deposits from turbidity currents and debris flow over complex topography, and 

comment on the advantages and limitations of stratigraphic forward modeling on predicting 

distribution and stratigraphic architecture of deep-water deposits over complex topography. 

4.4.1 Real World Examples and Models Comparisons 
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The simulated distribution of post-emplacement sediments are compared with 2D seismic 

profiles over mass failures and post-emplacement top fills. Figure 4.2a shows sedimentation over 

a massive seafloor failure occurring in the Cretaceous margin of offshore Israel (modified from 

Frey-Martinez et al., 2006). There the post-failure flows are deposited in and around obstacles 

protruding from the mass failure. Flows appear to navigate smaller obstacles (TB1, 2, 4, 5, 7 in 

Fig. 4.2a inset), flowing both over and around them but to be buttressed by larger obstacles 

(TB3, 6, 8 in Fig. 4.2a inset), depositing on the updip side of these features. Such different 

behaviors may be used to estimate the range of maximum runup height and thickness of the 

flows in a study area (Alves, 2015). Fig. 4.2b provides an example with complex topography 

“healed” by post-failure flows similar to the Model E-F results. In this scenario, the post-failure 

flows are able to overcome smaller obstacles (e.g., B1 in Fig. 4.2b) but unable to overcome some 

of the larger obstacles (e.g., B2-3 in Fig. 4.2c). The green horizon laps out basinward on block 

B3 and forms the top of the proximal fill behind blocks B1, B2 and B3. That unit “heals” the 

topography behind B1-3, and sediments spill basinward of block B3. It is possible that many 

post-failure flows during deposition of the green line were trapped behind B3 with some flows 

overspilling B3 and filling the accommodation between B3 and B4. This relationship suggests 

that the fill between B3-4 is stratigraphically older than the top portion of Unit B fill (between 

the yellow horizon and the green horizon) in the more proximal location. Unit C forms to fill 

topography above the mass failure, onlapping in successive fill stages, only after the topography 

between the blocks is filled (Fig. 4.2b). 

Sheet-like post-failure flows occur over many mass failures exhibiting limited top 

topography as modelled in Figure 4.1 Model A. Figure 4.3a shows such a deposit in offshore 

Tanzania. Well data through the post-emplacement top fill of this mass failure reveal the sandy-
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muddy interbedded nature of these sheets (Figure 4.3b – Well 2 log). In contrast, post-

emplacement deposits over highly undulatory topography over the same mass failure (Figure 

4.3c), show isolated pods of low amplitude, somewhat chaotic material. It is possible that the 

undulatory topography with accommodation pods of small size (i.e., 200-300 m wide and 20-30 

ms deep) simply does not provide the conditions for post-emplacement gravity flows to form 

confined sheets.  Such healing phase deposits may prove of limited reservoir quality. In contrast 

to the high frequency, small-scale accommodation scape of the Tanzania mass failure top 

surface, failure topography documented in offshore Nova Scotia by Mosher et al. (2010) shows a 

large head-scarp, triangular basin 10+ kilometers side and over 500 ms deep that trapped early 

post-failure gravity deposits (Figure 4.2c). These deposits are likely sandy due to their proximity 

to the shelf edge, and their high amplitude nature. They are forming sheet-like seismic facies in 

an accommodation sink that is large enough to allow gravity flows entering it to organize in to 

confined sandy sheets. Such high and rugged topography (similar to that modelled in Fig. 4.1 

Model C) inhibits sediments moving downslope and traps a large amount of the post-

emplacement deposits close to the shelf. In addition, the sheer size of the basinward slump 

buttress, means that these sandy sheets terminate on the landward side of the buttress, with a 

slight landward tilt to the strata, possibly forming hydrocarbon trapping positions along the 

landward margin of this slump buttress. Erosion of any sediment overtopping this high likely 

happened on the lee face of the slumped buttress (orange marks in Fig. 4.2c).  

The Sedflux simply diffuses coarser-grained sediments proximally and finer-grained 

sediments distally in the model results. This situation may be due to employment of simplified 

topographic profiles in this study as well. This scenario may not usually be similar to the real-

world examples. Studies suggest that there is a general tendency showing higher percentage of 
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sand-size sediments are present in basin floor deposits comparing to the slope channel deposits 

(18% sand in basin floor vs. 13% sand in slopes) except for the ponded slope systems (Prather et 

al.,2017). This general tendency may be due to the repetitive processes of bed reworking, 

erosion, bypass happening in the slope channel systems (Hubbard et al., 2014). However, the 

exception, ponded slopes tend to trap enormous sandy sediments in the “ponds” and reduce these 

sediments moving downslope to the basin floor (Prather et al., 2017).  

4.4.2 Stratigraphic Forward Modeling Application and Limitation 

Sedflux provides a tool to model the implications on flow behavior (i.e., flow reversal, 

“freezing”, overrunning against obstacles) of sediment gravity flows and the spatial and temporal 

distribution of their resultant deposits on a natural scale. Although the simulations have only two 

dimensions and cannot simulate lateral diffusion of sediment gravity flows in three dimensions, 

the observations from 2D model results imply the distribution of deep-water deposits against 

topographic barriers with various characteristics, which can be used to predict real-world deep-

water deposition with scarce data coverage. However, stratigraphic forward modeling tools have 

limitations on 1) reproduction of complex scenarios influenced by multiple controlling factors, 

and 2) perfectly matching real-world geological data. These difficulties are not unique to 

Sedflux, but are common issues in other models because the fluid physics equations used in the 

models can approximate the behavior of sediment gravity flows but may not capture the full 

physics of such flows. Some variables in the fluid physics equations used in Sedflux are 

estimated through sediment experiments (e.g., Parker et al., 1986). The Sedflux simulations 

involve tuning of many parameters. A small change of one parameter value can lead to a 

completely different simulation result. This phenomenon is known as geomorphologic 

divergence (Schumm, 2006). Likewise, two different results can occur from the completely same 
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parameter inputs, a phenomenon known as geomorphologic convergence. Finally, when looking 

at ancient preserved deposits, it is often difficult to infer the boundary conditions that existed 

during sediment transport and deposition, complicating the ability of the numerical model to 

exactly simulate any specific real-world geologic deposit. Numerical and physical models should 

be considered “qualitative” simulations of real-world processes and resultant deposits. Therefore, 

simulating sediment gravity flows over designed topography, observing spatial and temporal 

distribution of the resultant deposits through a number of numerical experiments, and comparing 

the results with examples with geological data coverage is a better way of applying stratigraphic 

forward modeling to investigate flow behaviors of sediment gravity flows interacting with 

obstacles. This method helps reduce the difficulty of generating model results that perfectly 

match the stratigraphic record of interest. In addition, observations through numerous numerical 

experiments may have a more universal application. 

4.5 Conclusions 

Submarine mass movements typically create complex topography which has significant 

influences on post-MTD sediment gravity flow movements, and spatial and temporal distribution 

of their resultant deposits. Stratigraphic forward modeling provides a tool to investigate the 

manner in which gravity flows react to types of mass failure top topography, and helps us 

predicting the distribution and nature of the resultant deposits. Some specific conclusions 

reached through this study: 

1. Proximal topography is critical and deep accommodation sinks, such as failure-head 

basins, or very high topographic obstacles in proximal locations may capture or inhibit 

basinward movement of post-emplacement sediments, in effect sediment starving more 

basinward depocenters (e.g., Model C).  
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2. A single, large depocenter formed on top of a mass failure deposits, where post-

emplacement turbidite confined sheets have the space to organize (e.g., Model D), may 

be advantageous over numerous smaller pods of accommodation (e.g., Model E).   

3. Mass failure’s with relatively smooth top topography may be most likely to be overlain 

by smooth sheet-like, healing phase turbidite deposits. In contrast mass failures with 

rough surface topography show more channelized, or possibly slurry flow development 

due to gravity flow inability to organize over chaotic topography.   

4. The presence of higher frequency complexity in a top topography will increasingly 

inhibit post-emplacement flows, thieving sediments and limiting basinward movement of 

sediments (Model F). 

5. Models show that there are sediments overtopping and being deposited within complex 

topography on the tops of highs, and on the basinward slopes of complex topographic 

highs, but we often cannot see these deposits in lower frequency seismic data. 

6. Finally, although numerical modelling is a good starting point to better understand how 

post-emplacement gravity flows will react to topographic features developed on mass 

failures, it is difficult to impossible to accurately model the entire physics of flow 

governing sediment movement in these setting, therefore a word of caution must be 

employed when looking at very small scale (10m or less) bedforms and deposits.  
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CHAPTER 5 

CONCLUSION 

Subaqueous mass failures occur, and their deposits are found in every ocean and paleo-

ocean on Earth. The failed material must traverse a variety of submarine topographies before it is 

emplaced as a deposit, and my work suggests that these topographies influence the morphology 

and nature of the final deposit (see Chapters 2 and Chapter3, this work). Likewise, my work 

suggests that the complexity of the top surface topography of a mass failure influences the 

distribution and nature of the post-emplacement healing phase gravity flow deposits (see 

Chapters 2 and 4, this work).  

Chapter 2 in this research uses 3D seismic data to develop methodologies to quantify the 

nature of mass failure top surfaces in a muddy mass failure, offshore Trinidad and Tobago, West 

Indies. Likewise, this chapter examines the influence of topography on spatial and temporal 

distribution of the post-MTD-emplacement deep-water deposits. The work in Chapter 2 

demonstrates the application of slope, aspect, Terrain Roughness Index (TRI), and Vector 

Roughness Measure (VRM) on delineating features on the mass failure top surface. In addition, 

this work statistically relates the distribution of seismic facies in the overlying deposits to the 

spatial distribution of these metrics. High TRI and VRM values of the mass failure top surface 

are usually associated with convergent thinning seismic facies in the overlying deposits. The 

percentage of convergent seismic facies increases with increasing TRI and VRM, and are noted 

in other basins to be associated with sandy turbidite deposits (Prather, 2003). These derived 

relationships can help predict the distribution of sandy units overlying mass failures. Algorithms 

are provided in Chapter 2 for applying these techniques. Employing machine learning 

approaches (e.g., supervised and unsupervised machine learning) to classify different features 
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expressed on top of MTDs is a direction of future work for Chapter 2. Since we don’t have 

enough training data for supervised learning, we are planning to work on a color-based 

segmentation of features on the topographic maps to test the application of machine learning 

approaches in identifying and differentiating topographic features and zones on top of MTDs. 

Chapter 3 in this dissertation presents work on analyzing morphological and topographic 

parameters of subaqueous landslides in two different basins; the Gulf of Mexico and offshore 

southern California. I demonstrate scaling relationships between landslide deposit max width, 

deposit length, fall height, runout distance, volume, area, shelf/slope–attached/detached context 

and surface roughness. This work demonstrates application of these relationships to predict the 

morphology and topography of siliciclastic landslides. In addition, this work compares carbonate 

versus siliciclastic mass failures in terms of fall height, runout distance, deposit max width, and 

deposit length. Carbonate landslides tend to “apron” the slope and toe of the margin without 

traversing further downslope, as opposed to siliciclastic failures which show must longer run-out 

distances. Carbonate failures tend to contain a larger abundance of “blocks” compared to long-

run out siliciclastic failures, in part due to the increased abrasion and deformation of material 

over longer run out distances. Likewise, headscarp perimeter length does not appear to be a 

consistent predictor of morphology in either failure type.  

Chapter 4 employs 2D stratigraphic forward modeling to evaluate the influence of 

topographic features created by mass faulure emplacement on subsequent debris flow and 

turbidite gravity flow deposition. This work then compares the results with some well-known 

real-world examples of failures and their post-emplacement top fills. In this work, I see that the 

type of proximal topography created by the mass failure is critical in how flows distribute 

themselves basinward, and how those flows deposit across the accommodationscape. Deep 
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proximal accommodation sinks, such as failure-head basins, or very high topographic obstacles 

will “pond” sediments or inhibit sediments moving further basinward, respectively. The presence 

of higher-frequency complexity in mass failure surface topography can increasingly inhibit 

subsequent flows, thieving sediments and limiting basinward movement of sediments. Models 

show sediments overtopping highs often trapped in within complex topography on the tops of 

highs, or on the basinward-facing slopes of complex topographic highs, in accommodation 

pockets of fairly thin and small size. Such observations emphasize the importance of interpreters 

recognizing the limitations of their data to resolve such deposits. In addition, this work suggests 

that models cannot accurately simulate the entire physics of sediment gravity flows, but 

simulations on various scenarios still provide insights into the implications of various scales of 

topography on spatial and temporal distribution of deep-water deposits. 

To further the research related to the influence of topography on sediment gravity flows, I 

am planning to employ 3D gravity flow models to generate a number of simulations with various 

parameter values using Flow3D. The advanced computational fluid dynamics software, Flow 3D 

provides a tool to model three-dimensional natural-scale surge-like turbidity currents. The 

software package has a better control on turbidity current initial sediment concentration, current 

velocity, current thickness, grain size distribution of carried sediments, and is able to simulate 

the turbidity currents over three-dimensional topography comparing to Sedflux.  This work will 

provide insight to understand the interaction between such turbidity currents and topographic 

obstacles with various geometries and sizes and spatial distribution of sediments over such 

topography. This work can be a good addition to Chapter 4 for publication since it addresses how 

topography affect turbidity currents in a 3D domain and extend the limitations of stratigraphic 

forward modeling tool Sedflux stated in Chapter 4. Likewise, a series of physical models 
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employing gravity flows over various topographic substrates might lend insight in to the 

questions posed herein.  Additional work on subaqueous gravity flow population morphometrics, 

source sediments and seafloor nature from other basins will continue to expand our 

understanding of the variables that most influence subaqueous mass failure nature and improve 

our ability to predict their behavior and deposits.  


