
LEVERAGING A DEPTH-AVERAGED MODEL OF TURBIDITY CURRENTS TO DEVELOP A 

DIMENSIONLESS FRAMEWORK FOR PREDICTING SUBMARINE FAN MORPHOLOGY AND 

STRATIGRAPHIC ARCHITECTURE 

AN ABSTRACT 

SUBMITTED ON THE SIXTH OF OCTOBER 2O23 

TO THE DEPARTMENT OF EARTH AND ENVIRONMENTAL SCIENCES 

IN PARTIAL FULLFILMENT OF THE REQUIREMENTS 

OF THE SCHOOL OF SCIENCE AND ENGINEERING 

OF TULANE UNIVERSITY 

FOR THE DEGREE 

OF 

DOCTOR OF PHILOSOPHY 

BY 

_____________________________ 
Abdul Wahab 

APPROVED: ________________________ 

Kyle M. Straub, PhD 
Director 

______ ___ 
David C. Hoyal, PhD 

__________________________ 
Mrugesh Shringarpure, PhD 

__________________________ 
Nicole M. Gasparini, PhD 

_________ ____ 
TorBjörn Törnqvist, PhD



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

Submarine fans are crafted by turbidity currents in deep water on continental slopes and 

abyssal plains. Turbidity currents are gravity flows that move downslope due to their excess 

density relative to ambient water from dilute suspension of sediments. Submarine fan 

morphology and their strata are complex and have motivated the development of 

classification schemes by stratigraphers. Prior classification schemes lack predictive 

capability because they do not establish a process-based link with turbidity currents. In this 

dissertation, I establish this link by leveraging a depth-average numerical model for turbidity 

currents that conserves fluids, sediments, momentum, and kinetic energy, in addition to 

modeling bedload transport and substrate cohesion. In the first chapter, I propose a 

classification scheme for fan morphology based on dimensionless parameters that describe 

the fluid and sediment transport fields. I quantify this by measuring rugosity as a proxy for 

morphological complexity. In the second chapter, I generated synthetic seismic surveys for 

select models and compared them to shallow seismic surveys of three modern submarine 

fans. Models are forced with turbidity currents with comparable flow parameters. I show 

similar stratigraphic organization between the model and modern examples of submarine 

fans. In the third chapter, I investigated conditions necessary for initiation, maintenance, and 

termination of submarine channels. I show that while erosion alone is sufficient to initiate 

channels, bedload transport is the most important parameter for channel maintenance. 

Further, the length of channelization in the distributary networks and the number of channel 

bifurcations increases as the densimetric Froude and Rouse numbers decrease. Results in 

this dissertation advances stratigraphic predictions from a priori knowledge of boundary 

conditions and the inversion of paleo-hydraulics from preserved deep-water stratigraphy.
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INTRODUCTION 

Submarine fans are terminal sinks in sediment routing systems and are formed on 

continental slopes and abyssal plains in deepwater settings. They are predominantly crafted 

by a type of sediment gravity flow called turbidity currents, which arguably move more 

sediment than any other transport process and their deposits preserve the thickest sediment 

accumulations on Earth (Talling et al., 2015). These fans can vary in size from 10’s to 1000’s 

of km in the world’s oceans. Submarine fans and the seascapes they produce have been 

studied for nearly a century (Kuenen and Migliotini, 1950; Bouma 1962; Normark 1970; Vail 

1987; Mutti 1992; Hodgson et al., 2011; Hessler and Fildani, 2019; Wahab et al., 2022), as 

they host some of the world’s largest geofluid reservoirs (Weimer and Pettingill, 2007). The 

stratigraphy preserved in submarine fans are of particular interest to climate scientists as 

their deposits hold clues to Earth’s  past episodes of climate change (Covault et al., 2010; 

Hessler and Fildani, 2019). Furthermore, the flows that construct these fans impact global 

climate change through the transport and storage of organic carbon (Galy et al., 2007; Hage 

et al., 2022). Researchers from outside the geoscience community study flows that form 

submarine fans to quantify the frequency and severity of geohazards that threaten subsea 

infrastructure, such as the vast network of seafloor cables that hosts the majority of the 

global data traffic (Heezen and Ewing, 1952; Carter et al., 2014; Stevenson et al., 2018). 

Recently, the importance of fan forming flows to subsea ecosystems, including threats to 

biodiversity from microplastics transported to deep sea communities, have also been 

identified (Kane et al., 2020; Pohl et al., 2020). 

 The stratigraphy of submarine fans is complex and differences in fan strata between 

basins have motivated geoscientists to propose several classification schemes and 
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depositional models (Kuenen and Migliorini, 1950; Bouma 1962, Normark 1970; Mutti and 

Ricci, 1978; Vail 1991; Clark et al., 1992; Richards et al., 1998; Stow and Mayal, 2000; 

Posamentier and Walker, 2006; Shanmugam 2016). These models and classifications helped 

advance our understanding of submarine fan deposits in several basins, but they lack 

predictive capability and carry significant uncertainty from one basin fan example to 

another. This is because the aforementioned efforts did not establish a link between 

submarine fans and their deposits to the fluid and sediment transport physics of the turbidity 

currents that are responsible for crafting them.  

 Turbidity currents are dilute sediment gravity flows that move downslope due to 

their excess density relative to ambient lake or sea water from suspension of sediments 

(Bagnold 1962) and can travel up to 1000’s of km on the ocean floor (Tailing et al., 2022). 

The depth at which turbidity currents traverse makes their direct monitoring challenging 

and measurements we do have sample a relatively limited scope and duration of possible 

field scale flow conditions (Azpiroz-Zabala et al., 2017; Hughes Clarke 2016; Simmons et al., 

2020; Pope et al., 2022). Physical laboratory experiments have provided insight into 

interactions of turbidity currents with an antecedent bed topography (Imran et al., 2002; 

Parsons et al., 2002; Straub and Mohrig, 2008) over short timescales, but we still lack 

experimental methods that can produce self-formed channels by fully turbulent flows, and 

which display sufficient mobility to form a fully dynamic fan surface (De Leeuw et al., 2016; 

Ferguson et al., 2020).  

In this thesis I propose methods to predict the shape and stratigraphic architecture 

of submarine fans. I overcome the direct observational and experimental limitations by 
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leveraging a process based forward numerical model for turbidity currents called EMstrata 

(Halsey et al., 2017). The model is based on the depth-average approximation of flow 

parameters in 3D Navier-Stokes equations of fully turbulent flows (Parker et al., 1986; Imran 

et al., 1998; Pratson et al., 2001; Traer et al., 2018). In addition, the model solves for bedload 

fluxes (Peter and Müller, 1948), erosion rates (Garcia and Parker, 1991), deposition rates 

(Garcia 1994), flocculation of clay particles (Kuprenas et al., 2018, Winterwerp 1998), and 

the influence of cohesion on the underlying deposits (Winterwerp and Kesteren, 2004). 

In the first chapter, I develop a unifying framework to predict submarine fan 

morphology by simplifying critical environmental forcings, like regional slopes and sediment 

properties, through a dimensionless framework defined by the densimetric Froude number 

(ratio of inertial to gravitational forces) and Rouse number (ratio of settling velocity of 

sediments to shear velocity) of turbidity currents. I explore this framework by leveraging 

EMStrata and measure fan rugosity as a proxy for their morphological complexity. I show a 

systematic increase in rugosity by either increasing the densimetric Froude number or 

decreasing the Rouse number of the simulated flows. These changes reflect observed 

gradients in the dynamics of channel migration and help discriminate submarine fans that 

have the potential to impact global climate through sequestration of organic carbon.  

In the second chapter, I compare seismic surveys of three modern seafloor fan 

examples to end-member numerical experiments that are forced with similar forcing 

conditions. I used outputs of the numerical experiments,  such as clay volumes and 

compacted porosities, to generate elastic responses such as Vp, Vs, and ρ, followed by a 1D 

wavelet convolution to generate high-resolution synthetic seismic surveys for comparison 
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of stratigraphic architecture to their modern field counterparts through seismic facies 

analyses. I establish stratigraphic similarity between model-field examples and propose 

generalized and process-informed depositional models for endmember submarine fans. 

Results from this work aid subsurface stratigraphic architecture predictions and the 

interpretation of paleo-environmental conditions from low resolution seismic data of 

ancient fan deposits. 

In the third and final chapter, I explore conditions that are necessary for inception, 

maintenance, and termination of submarine channels. These channels are a key component 

of submarine fan morphology and preserved channel bodies help define their stratigraphic 

architecture. Modern observations of seafloor bathymetry, seismic data, and outcrop images 

point to an array of submarine channel shapes including meandering, distributive, and low 

sinuosity channels. We test two hypotheses, 1) Froude and Rouse numbers of turbidity 

currents set conditions necessary for the inception of self-formed submarine channels, and 

2) Parameters such as, grain size distributions, bedload transport, and influence of cohesive 

sediments, set thresholds for erosion and sedimentation within submarine channels that 

influence their mobility during fan formation. We quantify emergent channel behavior 

including their average total length and hierarchy of branching on the fan surface using a 

novel supervised machine learning approach. Results from this work will aid stratigraphic 

predictions from a priori knowledge of boundary conditions and the inversion of paleo-

hydraulics from preserved deep-water stratigraphy, which will aid the reconstruction of 

environmental signals. 
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Abstract 

Observations of active turbidity currents at field scales offers a limited scope which 

challenges development of theory that links flow dynamics to the morphology of 

submarine fans. Here we offer a framework for predicting submarine fan 

morphologies by simplifying critical environmental forcings such as regional slopes 

and properties of sediments, through densimetric Froude (ratio of inertial to 

gravitational forces) and Rouse numbers (ratio of settling velocity of sediments to 

shear velocity) of turbidity currents. We leverage a depth-average process-based 

numerical model to simulate an array of submarine fans and measure rugosity as a 

proxy for their morphological complexity. We show a systematic increase in rugosity 

by either increasing the densimetric Froude number or decreasing the Rouse number 

of turbidity currents. These trends reflect gradients in the dynamics of channel 

migration on the fan surface and help discriminate submarine fans that effectively 

sequester organic carbon rich mud in deep ocean strata.  

Introduction 
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Submarine fans form on continental slopes and abyssal plains in deepwater settings and are 

the ultimate sinks in sediment routing systems. They are crafted by turbidity currents, which 

arguably move more sediment on Earth than any other transport process and their deposits 

preserve the thickest accumulations of sediment on Earth1. Like deltas, the morphologies of 

submarine fans are quite variable2-4 and largely result from the dynamics of the channels 

which move over their surfaces. Unlike deltas, where we have predictive theory for their 

morphology5,6, we lack a quantitative and physics-informed theory that successfully predicts 

the array of observed submarine fan morphologies. This is critical as the surface dynamics 

that produce these morphologies influence the fidelity of climate change records housed in 

their strata7, the frequency and severity of geohazards that threaten subsea infrastructures 

such as the network of seafloor cables that hosts the majority of global data traffic8-10, and 

voluminous geofluid reservoirs11. In the last few decades, research has focused on the 

influence submarine fans have on global climate. Two avenues along this path are the 

management of marine litter, including the transport of microplastics into deep oceans12, 

and burial of particulate organic carbon13,14.  

 Turbidity currents are dilute sediment-gravity flows in which the driving 

gravitational force is supplied by turbulently suspended sediments15. These currents can 

travel for 102 hours and up to 103 kilometers in deepwater settings (bathymetry ~> 4000 

m)16,17, which makes direct monitoring of modern currents challenging. Further 

complicating the matter, our ability to infer paleo-hydraulic and sediment-transport regimes 

from the strata of ancient fans is limited. While physical experiments provided insight into 

interactions of turbidity currents with an antecedent bed topography18-20 over short 

timescales, we still lack experimental methods that can produce self-formed channels by 



13 
 

fully turbulent flows and which display sufficient mobility to form a fully dynamic fan 

surface21,22.  

These challenges influence the development of forward numerical models of turbidity 

currents and their resulting submarine fans. Some of these models carry large computational 

costs to solve Navier-Stokes equations for complex and fully turbulent turbidity currents. On 

the other side of the spectrum are rules based reduced complexity models, some of which 

have been around for decades but are being refined through field measurements and 

distillation of observations from the high fidelity models23,24. While these reduced 

complexity models generate realistic gross scale compensational stacking patterns and lobe-

scale geometries over an antecedent surface, they do not account for erosion of the 

underlying deposits. The lack of spatial and temporal variations in deposition and erosion 

on the fan surface limit their applicability to unchannelized and purely depositional 

submarine fans.  

We overcome the direct observational, experimental, and modeling limitations that 

prevent us from linking properties of turbidity currents to the complex morphologies of 

submarine fans by leveraging a previously developed, parallel process-based numerical 

model called EMstrata25,26. This model is based on the depth-average approximation of flow 

parameters in 3D Navier-Stokes equations of fully turbulent flows27-30. EMstrata solves 

continuity equations for fluid mass, sediment mass, linear momentum, and turbulent kinetic 

energy for turbidity currents: in addition to erosion and deposition of cohesive sediments31 

and flocculation of mud particles32,33 (see methods). The depth-averaged approximations 

used in this model successfully simulate self-formed channels on fan surfaces that are 

laterally mobile and avulse through time to generate complex submarine fan morphologies. 
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However, the depth averaged approach means the model does not resolve evolution of 

surface morphologies tied to the vertical flow structure (e.g., ripples, dunes, and anti-dunes). 

Further, this modeling approach utilizes top hat functions for flow concentration and 

velocity to determine properties of flows that are stripped by partial confinement, which 

recent work highlights as limitations when modeling the morphodynamics of submarine 

fans. Specifically, it has been shown that use of self-similar shape functions that describe flow 

structure, and which vary as a function of the densimetric Froude Number (FrD) and Rouse 

Number (p), can aid estimation of mass and momentum fluxes34. These limitations noted, 

EMstrata captures rich dynamics of turbidity currents and their resulting deposits with 

reasonable computational costs, allowing investigation of hundreds of models.  

Here, we posit that submarine fan morphology is largely controlled by the 

densimetric Froude (𝐹𝑟𝐷 =
𝑈

√𝑅𝑐𝑔ℎ
; where U is the down system current velocity, R is the 

submerged specific gravity of sediment, c is volumetric sediment concentration, g is 

gravitational acceleration, and h is the current thickness) and Rouse (𝑝 =
𝑤𝑠

𝑘𝑢∗
; where ws is 

the sediment fall velocity, k = von Kármán’s constant, and u* is the flow shear velocity) 

numbers of turbidity currents. More specifically, we hypothesize that flows with low FrD and 

p numbers transport most of their sediment in suspension through a growing network of 

branching channels and generate distributive fan morphologies. Whereas flows with high 

FrD and high p numbers transport sediment in both suspension and bedload through 

networks that are often defined by a single channel that avulses over time to generate a 

radial fan morphology.  
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We initiate simulations by introducing a depth-averaged turbidity current which 

traverses an inlet channel into a square domain that is scaled by the advection length of the 

median grain size in suspension (Fig. 1). The initial surface slope is a dependent parameter 

defined by a choice of FrD, clear water entrainment and drag (see methods). The range of FrD 

explored resulted in models with initial slopes between 0.065o to 3.63o, similar to slopes 

observed on continental margins35. Further, the setup of our numerical experiments is 

designed to explore net depositional submarine fans downstream of canyons or deposits that 

develop downslope of relatively immobile feeder channels. To isolate the influence of flow 

hydraulics and sediment-transport capacity on submarine fan shape and dynamics we 

neglect subsidence and changing climatic forcings (i.e. sea-level, water flux, and sediment 

supply) within model runs. Simulations are stopped after a defined volume of sediment is 

released into the model domain. 

Results 

The dimensionless regime 

Classification systems exist for submarine fans based on characteristics of the terrestrial 

feeder system36, preserved grain sizes37,38, facies associations39-41, and preserved 

morphology42,43. Other studies leverage observations that fans on high slopes (e.g. Squamish 

and Golo fans) are generally small (< 10’s of km) and sandy2,14, intermediate slope fans (e.g. 

Gulf of Cadiz and East Breaks) contain both sand and mud3,44, and fans that form on low 

slopes (e.g. Zaire fan) are large (> 1000 km) and rich in mud content4,45. While the studies 

that underpin these classification systems report correlations for parameters that influence 

fan shape, they generally carry tremendous scatter, which limits their predictive power. 

Many of these classification systems assume links to the hydraulics and sediment-transport 
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capacity of turbidity currents, but we currently lack a predictive framework that explicitly 

links fan shape to flow processes.  

 We propose a dimensionless regime where submarine fan dynamics and resulting 

morphology are defined by two dimensionless variables, FrD and p that weigh competing 

forces in turbidity currents (Fig. 2). The FrD quantifies the ratio of inertial to gravitational 

forces within a flow, while the p describes the ratio of settling velocity of sediments to shear 

velocity in the flow. To implement this regime, we solve for an antecedent slope, which we 

set as our initial bathymetric gradient, from a choice of FrD as function of bed friction and 

clear water entrainment46. We compute for the median grain diameter in suspension at the 

inlet from a choice of p as a function of settling velocity. While FrD and p dynamically change 

over the evolving fan surface, we classify fans based on their inlet FrD and p values. To 

capture a wide range of morphodynamic behaviors, we explore ranges in FrD and p for a 

depth-averaged turbidity current (Supplementary Table 1). To avoid either highly erosional 

or purely depositional flows, we performed sensitivity analyses that guided the range of 

conditions explored. 

End member morphodynamics  

The simulated submarine fans in our regime diagram have morphologies and surface 

dynamics that are defined by FrD and p and display striking similarity to both modern and 

preserved examples of submarine fans (Fig. 3-5). In this section, we focus on endmember 

submarine fans that are crafted by turbidity currents characterized by subcritical (FrD < 1), 

transcritical (FrD ~ 1) and supercritical (FrD > 1) flow and defined sediment-transport 

conditions through p. Each numerical submarine fan defined by the aforementioned 

conditions is then compared to a field counterpart with similar forcing conditions i.e., 
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estimated FrD and p (see methods). We note that the absolute scales of some of our simulated 

fans are small relative to field scale systems, particularly the subcritical end members. This 

is purely a consequence of the input height of our currents and the model stopping condition, 

which was picked to limit computational costs for the hundreds of runs we perform. Thus, 

our goal is not to simulate any particular system, but rather to compare the general 

morphological complexity of field scale fans with modeled fans that share similar forcings as 

defined by FrD and p. To accomplish this, we will also use a dimensionless metric, rugosity, 

to quantify the morphological complexity of submarine fans.  

Our model captures both large and small-scale geomorphic features of subcritical and 

low p fans that are preserved on low slopes (e.g., Zaire4,45) (Fig. 3a-c & supplementary movie 

1). We observe multiple self-formed sinuous channels bound by prominent levees (Fig. 3b-

c). These fans are crafted by channel networks that fluctuate between one-to-many active 

channels. The channels generate a distributive pattern by avulsing at a variety of distances 

from the inlet channel (Fig. 3b-c). While we force the simulations with inlet subcritical (FrD 

< 1) flow, the flow behavior over the emergent fan is not subcritical everywhere on the fan 

surface. For example, on the levees, flow tends to locally change criticality and induce 

formation of cyclic steps47 (Fig. 3d). However, the average flow conditions in the inlet 

channel and the emergent self-formed channels maintain a mean subcritical (FrD < 1) state. 

We observe a hierarchy of bifurcations that help partition flux of sediment and water moving 

through the growing distributive network (Fig. 3b-c). This partitioning is variable and leads 

to the formation of asymmetric branching channels. In these fans, sand is mainly transported 

in channels, while silts and muds are deposited on levees, lobes, and distal parts of the outer 

fan (Fig. 3e).  
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Transcritical and intermediate p submarine fan surfaces (e.g., Gulf of Cadiz and East 

Breaks)3,44 are characterized by self-formed low sinuosity channels that extend in the 

primary flow direction (Fig. 4a-c & supplementary movie 2). The channels are bound by well-

formed levees that help maintain the bypass conditions for most of their simulated time (Fig. 

4d). The channel avulses infrequently after increased aggradation rates within the channel 

causes a decrease in flow confinement. The newly formed channels extend in the major flow 

direction, which eventually leads to an ellipsoidal fan morphology. In this type of fan, sand is 

transported in the channels and deposited on lobes and proximal levees, whereas silt and 

mud are deposited on the distal parts of the fan surface (Fig. 4e).  

 Supercritical and high p submarine fans (e.g. Squamish fan)2 are characterized by a 

self-formed single low-sinuosity channel (Fig. 5a-b & supplementary movie 3). At the 

channel-lobe transition the flow undergoes a hydraulic jump, where the increased flow 

height and loss of turbulence lead to deposition of sediments in the form of cyclic steps48-50 

(Fig. 5b-d). These cyclic steps migrate upstream in the channel until the flow confinement 

decreases and an avulsion is triggered. This type of fan is predominantly sandy because flow 

shear stresses inhibit deposition of silt and mud (Fig. 5e). The absence of flux partitioning at 

the channel-lobe transition and avulsions triggered in a single channel system that visits 

many locations through time induces an overall radial fan shape.  

Submarine fan shape and texture 

The shape of submarine fans and the size of the particles they house provide insight into the 

hydraulics and sediment-transport capacity of the flows that constructed them. Here we 

focus on the planform complexity of submarine fans and use regional bathymetric slopes (or 

slope estimates for paleo-fans) and deposit grain sizes to constrain the FrD and p responsible 
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for constructing a given fan. First, we quantify the rugosity of submarine fans as a proxy for 

the complexity of their morphologies (Fig. 6a). Contrary to deltas, where the shoreline 

represents an important contour for delta front deposition6, there is no established contour 

that reflects the influence of forcing conditions on submarine fan shape. We overcome this 

by utilizing a deposit thickness contour that delineates the depositional midpoint in 

submarine fans. Specifically, we use a mass-balance transformation51, which measures 

downstream distance in terms of sediment mass lost to deposition in a basin. We define a 

dimensionless mass extraction parameter, , as: 

 χ(𝑟) =  
1

𝑉𝑠,𝑏
∫ 𝐵(𝑟)𝐻𝑠(𝑟)𝑑𝑟

𝐿

0

 (Eq. 1) 

Where Vs,b is the total volume of sediment stored in the basin, L is the total downstream 

length of a basin, B is the basin width at a radial distance measured from the end of the 

entrance channel r, and Hs is the average thickness of preserved strata along a strike transect 

defined by r. The value of χ ranges between 0 and 1, for instance, a value of 0.5 implies that 

half of the sediment stored in a basin is upstream of that location. We compute for a 

semicircle with an origin at the end of the inlet channel and a radius equivalent to χ = 0.5. We 

contour the fan based on the mean deposit thickness on this semi-circle and evaluate its 

rugosity as, 

𝑅(𝜒 = 0.5) =  
1

𝑁
∑

|𝑟𝑐−𝑟𝑚𝑖𝑑|

𝑟𝑚𝑖𝑑

𝑛
𝑖=1                        (Eq. 2) 

where 𝑁 is the number of deposit thickness maps (see Supplementary Note 1), 𝑛 is number 

of x-y locations on the semicircle, 𝑟𝑐 is the radial distance between the origin of the semicircle 

and an x-y location on the mean thickness contour, and 𝑟𝑚𝑖𝑑  is the radius of the χ = 0.5 

semicircle (Fig. 6a). We exclude models that exhibit near complete sediment bypass. 
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The simulations show a systematic increase in planform roughness, quantified 

through rugosity, as one explores from the low FrD and high p corner of the regime diagram 

towards the high FrD and low p domain (Fig. 6b). We interpret the joint influence of FrD and 

p on fan rugosity as thus. Given fans of constant FrD, decreasing p results in longer transport 

distances for particles in suspension, allowing active and relatively stable channels to quickly 

prograde. In addition, decreasing p leads to more poorly sorted sediments, due to our inlet 

suspension criteria (see methods). Like prior research on deltaic channels6, we propose that 

an increase in sorting promotes more frequent and asymmetric channel bifurcations, leading 

to multiple active channels. While this increase in active channels facilitates the delivery of 

sediment to more fan locations, the stable and asymmetric nature of these channels results 

in jagged contours with high rugosity values.  

Traversing our regime along paths of constant p but increasing FrD corresponds to 

higher shear velocities for flows of equivalent thickness at the inlet, which inhibits 

deposition of silts and finer sands and promotes the maintenance of fewer active channels. 

These channels terminate in a single large mouth bar deposit covered with backstepping 

cyclic steps. This promotes channel mobility through infrequent avulsions caused by the loss 

of confinement due to the backstepping bedforms. As a result, fan rugosity increases due to 

the elongation of the relatively active few channels, contrary to the processes responsible for 

increasing rugosity through decreasing p. However, as FrD increases past criticality sediment 

bypass conditions are reached and further increases in FrD produce unfavorable conditions 

for channel initiation and maintenance. 

Surface and subsurface predictions  
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While rugosity alone is not a unique indicator of FrD and p, fan rugosity coupled with 

knowledge of one of these parameters allows for the estimation of the other. For example, 

the rugosity of modern submarine fans can be estimated with high resolution bathymetric 

and shallow seismic surveys, whereas for ancient fan deposits it can be estimated with 

industry-grade 3-D seismic surveys. FrD can then be estimated with the regional 

(paleo)slopes and existing empirical functions for drag coefficients and clear water 

entrainment46, as implemented in our model. Fan rugosity and FrD can then be used to invert 

for the p of the inlet flow to a fan. Furthermore, sediment sizes suspended in the inlet flow 

can be estimated from knowledge of the feeder channel depth. This would involve estimating 

the shear velocity of the inlet flow from channel depth and FrD, followed by use of the p to 

solve for sediment sizes in transport through a settling velocity.  

Alternatively, estimates of flow p in a fan feeder channel coupled with fan rugosity 

allows for the inversion of FrD. Here, the challenge is to estimate a paleo-flow p of the feeder 

channel. This can be done with access to statistics of deposit grain sizes, for example from 

core measurements. This would entail using an assumption that the largest preserved 

particles met a Shield’s criterion, which could be used to invert for a shear velocity. The p 

can then be calculated with a characteristic settling velocity of the median particle size in 

transport. To accomplish this, we found and utilized an empirical relationship (see methods) 

between fan rugosity and a ratio formed by the sizes of the median particles in transport to 

the median size in the deposit (Fig. 7a-b).  

In the last decade measurements of active flow processes in submarine channels, 

which were once rare and largely limited to cable breaks, are becoming more common. This 
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data is aiding our characterization of these important transport processes and 

parameterization of numerical models. However, data collection is still limited to systems 

that are active today and limited to several highly instrumented settings16,52,53. The regime 

space we propose allows formative flow conditions to be inferred in settings where we still 

lack active flow measurements, which could aid geohazards risk assessment and estimation 

of organic carbon fluxes and reservoirs in the deep ocean. 

Discussion 

Defining conditions that lead to the diversity of submarine fan morphologies found on the 

ocean floor opens the potential for inversion of fan form for paleo-environmental 

reconstructions and prediction of their future role in the global carbon cycle. We l ink the 

complexity of submarine fan form to critical dimensionless parameters that are proxies for 

the gradients of continental margins and the particle sizes in transport. However, we note 

these dimensionless variables are constructed with important dimensional parameters (e.g. 

current thickness, mean velocity, and diameter of particles in transport). Further, we note 

that many large fan systems, including the Zaire4,45, Indus54, and Bengal fans13, are found on 

low gradient margins and house fine-grained deposits. In contrast, many steep margin and 

sandy systems are small in scale2,53. This dimensional correlation between fan size, margin 

gradient and preserved deposit texture might point to important contributions from the 

dimensional parameters housed in the FrD and p. To test the importance of scale on our 

results, namely the dimensionless regime, we ran sensitivity tests in which a suite of fans 

were generated (Fig. 8 a-c). These runs had different combinations of input flow thickness 

(Fig. 8 b), velocity (Fig. 8 c), and particle sizes, but shared equivalent FrD and p. The results 

of these tests support our hypothesis that submarine fan complexity is set by the FrD and p 
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of the turbidity currents that formed them. While gradient and particle sizes delivered to a 

fan are correlated to a fan’s size, the complexity of its shape is set by flow and sediment-

transport fields. Specifically, FrD influences the morphology of a submarine fan by setting 

thresholds in erosion and deposition in combination with a choice of p. A component of the 

correlation between fan size, gradient, and particle sizes can also be explained from our 

dimensionless parameters. For example, a flow that is characterized by low FrD and p 

generates a fan surface that is large in scale due to increased advection lengths of the median 

grain sizes in suspension, compared to a fan that is formed by flows that have a higher FrD 

and p. We show this scale difference in the simulated fans of our regime diagram (Fig. 2) 

where subcritical fans (FrD < 1) reach up to 40 kms of downstream length as compared to 

some supercritical fans (FrD > 1) that are less than 10 km in downstream length.  

Turbidity currents are intermittent phenomena16,17, with current heads that are often 

characterized by higher shear stresses than the body of the flows. We explore the sensitivity 

of submarine fan morphology to intermittent flows (see methods and Fig. 9 a-b). We find that 

flow intermittency does not significantly influence fan rugosity, with values changing due to 

flow intermittency by 2-10%. However, we note that intermittent flows built relatively 

deeper channels. Intermittent flows introduce relatively more frequent current heads that 

possess relatively higher shear velocities, which help maintain sediment in suspension. This 

phenomenon suppresses sedimentation rates within channels and could potentially impact 

the frequency or magnitude of avulsions on submarine fans and the resulting stratigraphic 

architecture. We show that flow intermittency appears to be a second order control on fan 

shape, when compared to the influence of FrD and p (Fig. 9 a-b & supplementary movie 4-6).  
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Our last sensitivity analysis centers on the role of cohesive sediment on fan shape. 

This is motivated by studies of other depositional forms, for example deltas, where sediment 

cohesion has been linked to the rugosity of shorelines6 . We investigate this by varying the 

input mud content in the flow and examine how the percent of the total sediment 

concentration comprised of clay particles influences the absolute magnitude of the resulting 

morphology metrics (Fig. 10). We find that while changing mud content over a range of 5-

60% of the input flux did change the specific placement of channels and lobes, it only 

produced modest changes in fan rugosity (at most 17% from our base case models). As such, 

a third axis defined by mud content could be generated for the regime diagram implemented 

here to account for erosion and deposition dynamics imparted by the cohesive fraction of 

the sediment concentration. However, this third axis is likely less significant for fan rugosity 

than the axes defined by FrD and p.  

 For turbidity currents to propagate any significant distance, they must generate 

enough turbulence to enable suspension of sediments15,55. We minimize deposition of 

sediment at the inlet-fan transition by enforcing a constraint on the largest sediment size 

(D99) at the inlet, such that ws,D99 <= u*.  This constraint leads to emerging trends in sorting, 

which becomes a parameter dependent on choices of FrD and p at the inlet (Supplementary 

Fig. 1). We find that sorting influences the fraction of a fan surface covered by active channels 

and the style and rate of channel mobility. Submarine fans constructed by low FrD and p, 

coupled with poor sediment sorting, show a higher degree of channelization and 

development of distributary networks. The development of these complex networks can be 

linked to the wide range of settling velocities for the particles in transport, which leads to 

spatially variable deposition and erosion rates. This generates multiple nucleation sites for 
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channel initiation and the formation of mouth bars that drive channel bifurcation (Fig. 3c). 

We note that both degree of channelization and the distributary nature of the emergent 

channels decreases when FrD and p increase, as flows become well sorted. In these fans, the 

incoming flows rapidly become purely depositional, suppressing the growth of complex 

channel patterns. We note that at extremely high FrD values channelization is lost as most 

sediment bypasses the domain, hindering levee development that confines flows (Fig. 2). 

Future investigations could explore different criteria to define input grain size distributions, 

for example, keeping sorting constant across a spectrum of FrD and p, which may possibly 

quantify further the influence of sorting on emergent patterns of channel networks on the 

fan surface. 

 While the Knapp-Bagnold criteria aids in reducing deposition downstream of the inlet 

channel, we note that in some models (Low FrD and high p) produce high initial deposits near 

the end of the inlet channel. This results in a steepening of the fan relative to the initial 

domain slope that was defined through a choice of FrD (Fig. 6a). Much of this steepening is 

associated with deposition that constructs topography necessary to confine flows early in 

the simulations. However, even after construction of confining topography, models had 

steeper slopes than defined with the FrD closure, which is independent of p. This highlights 

the need for development of relationships to predict bypass slopes that incorporate FrD, p, 

and sorting within turbidity currents and which could refine our regime diagram. While 

deposit slope does evolve over the course of the simulations, we note that FrD and p do not 

spatially evolve significantly within the entrance channel (Supplementary Fig. 2-6). This 

lends support to our argument that FrD and p conditions in canyons or relatively immobile 
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channels control the morphology of submarine fans and the properties of the flows in their 

emergent channels.   

Deepwater submarine fans are the ultimate sink in routing systems and their complex 

morphologies have been described through a hierarchy of landforms56, which can be linked 

to a hierarchy of features preserved in their strata57,58. Further, recent work suggests that 

differences in migration rates of features across hierarchical levels controls the degree to 

which scales of stratigraphic features (i.e. preserved channel body thickness) resemble 

common scales of surface features (i.e. channel depth)59. This complex stratigraphic 

hierarchy can develop even under constant environmental forcing, as we show with our 

model, due to intricate feedback mechanisms between flow and antecedent bed surfaces 

(autogenics). These autogenic processes and their stratigraphic products makes restoration 

of signals of paleo-environmental significance challenging60,61. The model leveraged in this 

study produces intricate autogenic behavior and a hierarchy of landforms on the fan surface, 

all with different migration rates, which vary as a function of FrD and p of turbidity currents 

(supplementary movie 1-3). For instance, we show that low gradient fans with relatively low 

p promotes a distributive network of channels that delivers sediments to many locations on 

the surface of a fan. The complexity of these networks is not constant over a model run and 

varies as channels avulse and new channels evolve with different initial conditions. As such, 

networks can vary in number of active distributaries anywhere between one to many. This 

intricate and rather dynamic style of autogenic behavior challenges stratigraphers’ ability to 

decipher signals of environmental significance from preserved fan strata, such as from 

outcrops and seismic volumes. We also show that high gradient fans crafted by high FrD tend 

to localize deposition in and at the terminus of a single channel network. This style of 
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deposition at the channel-to-lobe transition facilitates choked flow conditions and triggers 

an avulsion, which results in a shift of locus of deposition on the fan surface. This autogenic 

configuration reduces the area on the fan surface that is active at any one time. The lack of 

compensational stacking over these meso-timescales likely imparts significant hiatuses in 

the fan strata, reducing the temporal completeness of preserved records. The flows that craft 

these single channel networks also efficiently bypass clay particles that carry sedimentary 

signals7. Combined, periods of depositional stasis on the fan surface and bypass of fines likely 

limits our ability to leverage high gradient strata for paleo-climatic inversions. The observed 

complexity in the migration dynamics of channels that emerges as a function of FrD and p 

also likely limits our ability to leverage some reduced complexity models for deciphering 

signals of climatic and tectonic significance from ordered submarine fan strata. This is due 

to the limited range of autogenic processes currently produced by some models, which often 

do not contain rules to describe threshold changes in autogenic processes as a function of 

flow and sediment-transport conditions24 , as we highlighted in this study.  

Results from our dimensionless regime diagram have implications beyond predicting 

the morphology of submarine fans and the inversion of fan form for paleo-environmental 

conditions. We show that submarine fans crafted by turbidity currents that are traversing 

relatively low gradients and transporting fine particles in suspension can efficiently trap 

more mud compared to fans crafted by turbidity currents traversing higher gradients with 

relatively coarse particles in suspension (Supplementary Fig. 7). We highlight that flows with 

subcritical FrD and low p favors higher settling rates for sediment that are less than 62.5 m 

in diameter, due to the relatively low shear velocities that characterizes these systems. A 

high fraction of sediment in the mud size range (< 62.5 m) consists of clays whose mineral 
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surface properties62 favors adsorption of particulate organic carbon, which can be preserved 

if rapidly buried to only several cms of depth. This suggest that subcritical fans on low slopes 

in deepwater settings are favorable spots for sequestering large volumes of organic carbon 

via increased burial rates of mud supplied by turbidity currents. The higher trapping 

potential and preservation rates of organic carbon in these fans13 likely buffers long term 

atmospheric CO2 levels and can significantly impact global climate change on geological 

timescales. 

We conclude that the remarkable diversity of submarine fan morphology on the 

modern ocean floor can be generated solely by changing critical dimensionless variables that 

describe the flow and sediment-transport fields of turbidity currents. This unifying 

framework ties transport processes to fan form and is defined by the FrD and p of turbidity 

currents. Our results demonstrate the utility of leveraging a process-based forward model, 

which accounts for all important turbidity current forcing mechanisms, for simulation of 

complex and geologically realistic submarine fan morphology. Finally, the controls on fan 

complexity, highlighted in our regime space, will aid inversion of fan form for paleo-

environmental conditions and help identify those fans that act as critical reservoirs in Earth’s 

carbon cycle.   
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Methods  

Flow-forcing and sediment-transport parameters. In the interest of capturing a range of 

morphodynamic behaviors within submarine fans that are defined by different slopes and 

mean grain sizes, we propose a dimensionless regime space. This is achieved by defining the 

horizontal axis of the regime space as FrD, which quantifies the ratio of inertial to 

gravitational forces within a turbidity current. It is calculated as  𝐹𝑟𝐷 =  𝑢 √𝑅𝑔𝑐ℎ⁄ , using 

depth-average values for important forcing variables within the flow, such as velocity (𝑢), 

concentration (𝑐), and height of the current (ℎ). We set c = 5% , ℎ = 5 𝑚,  𝑅 = 1.65, and 𝑔 =

9.8 𝑚/𝑠2 at the inlet, and therefore, by varying FrD we only vary the velocity magnitude at 

the inlet. We compute for an antecedent slope 𝑆 = ((𝑒𝑤 + 𝑐𝑑) ∗ 𝐹𝑟𝐷
2 + 0.5 ∗ 𝑒𝑤), as a 

function of friction at the bed and clear water entrainment from a choice of FrD, where 𝑒𝑤  is 

the clear water entrainment coefficient, calculated from the FrD46, and 𝑐𝑑 is the coefficient of 

friction with a fixed value of 0.004. This initial slope is non-erodible. On the vertical axis, we 

define the 𝑅𝑜 = 𝑤𝑠 (𝑘 ∗ 𝑢∗)⁄ , which quantifies the ratio of settling velocity of sediments (𝑤𝑠) 

to shear velocity (𝑢∗) in the flow, where k is von Kármán’s constant.  

Input grain size distribution and criterion for suspension. We compute the mean settling 

velocity of sediments < 𝑤𝑠 > from a choice of p using the Dietrich63 method, which then 

allows us to indirectly compute for the grain sizes in suspension (Supplementary Fig. 1a). 

We compute a lognormal distribution sampled by 10 quartz sediment sizes with 5 m clay 

particles (10% of the total sediment concertation) added to the final sediment mixture. We 

compute sorting (Supplementary Fig. 1b) for this log normal distribution by leveraging the 

Shields curve of suspension, such that 𝐷99 or finer sediment sizes will honor the Bagnold 

Criterion15.  
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Scaling of the simulation domain. We scale the simulation domain by leveraging a modified 

version of the advection length, 𝑙𝑎 = < 𝑢 >∗ ℎ𝑐 𝑤𝑠⁄ , which describes the minimum 

horizontal distance over which the mean grain size within a flow can be transported before 

making contact with the bed64. In this formulation, <𝑢 > is the depth-average velocity of the 

flow at the inlet, ℎ𝑐  describes the height of the center of mass within a turbidity current. This 

height is calculated as, ℎ𝑐 = ℎ ∗  (0.5 ∗ 𝑧𝑐 + 0.25(1 − 𝑧𝑐)), where ℎ is the height of the 

current at the inlet, and zc is the normalized distanced from the bed to the maximum 

volumetric concentration in the flow, and is set to 0.9 when 𝐹𝑟𝐷 < 0.5 and 𝑧𝑐 = 0.09 ∗ 𝐹𝑟𝐷
−2.8 

when 𝐹𝑟𝐷 > 0.565. 

Boundary conditions. The evolution of topography is solved on a flat non-erodible surface 

with a triangular irregular network (TIN) grid of 50 m x 50 m and 1 m in vertical. For post-

processing we interpolate the data onto a Cartesian grid. The entrance channel and upstream 

boundary walls are closed (and reflect flows), whereas the side and downstream boundaries 

are open and allow flows to exit the domain. We implement a model stopping condition by 

fixing the total volume of sediment released into the domain at 1.25x1011 cubic meters. As a 

result, subcritical cases require longer computation run-time due to relatively low velocity 

magnitudes, whereas supercritical simulations take relatively shorter times, given the rapid 

delivery of the set amount of total sediment volume.   

Simulator. EMstrata uses a four equation model27 that solves for bedload fluxes66, erosion 

rates67, deposition rates68, flocculation of clay particles32,33, and the influence of cohesion on 

the underlying deposit31. Models are solved using a finite volume method with a dynamic 

time step that is a function of grid spacing, flow velocity, and wave speed. The finite volume 
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method captures discontinuities in the turbidity current flow such as the head of the 

turbidity current or a hydraulic jump. For our base case scenario of steady currents, once the 

current is released into the domain it contains a head that propagates through the model 

domain and eventually exits the simulation domain. This head develops due to sharp spatial 

gradients in hydrostatic pressure and shear stresses between cells that have near zero 

velocity or concentration, and those characterizing the current front. The model then 

simulates the body of the current until a new head originates from a node where the system 

undergoes an avulsion. The amount of morphodynamic work by the head and the body of 

the turbidity current is controlled by empirical closures66-68 that are function of shear 

stresses within the flow. A more detailed description of the depth-averaged theory, 

governing equations and analyses of their approximate analytical solutions, and a choice of 

the numerical solver is published in prior studies25,26.  

Sensitivity of submarine fan shape to intermittent turbidity current flow. We explore the 

sensitivity of submarine fan morphology to intermittent flows. We choose four model runs 

that represented endmember behavior in the regime space (Figure 9 & supplementary 

movie 4-6). We set simulations by allowing 5 days of active flow discharge followed by 1 day 

of no flow discharge conditions to allow any remnant current or sediment load to bypass the 

domain before the next flow event. For these intermittent runs we did not vary any flow 

forcing conditions from our base case continuous flow simulations. The simulations with 

intermittent flows also had the same stopping conditions as the base case model runs, where 

a decided amount of sediment volume was released into the model domain. 
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Estimation of Froude and Rouse numbers for modern submarine fan examples. We 

estimated the FrD and p for flows delivered to the Zaire fan using published data of currents 

in the upstream canyon52. We approximate a FrD = 0.13 – 0.21 based on the measured 

average current velocities (U = 0.6 -1.0 m/s), the average sediment concentration (c = 

0.02016), and the average height of the current (h = 64.8 m). We also estimated the p = 0.0035 

- 0.0057 for the Zaire fan based on settling velocities (ws = 8.62E-05 m/s) of median grain 

sizes (d50 = 12 um) coupled with estimates of shear velocity (u* = 0.0379 – 0.0632 m/s) by 

assuming a uniform drag co-efficient (cd = 0.004) at the bed. We compare this field example 

to a modeled submarine fan that has a FrD = 0.45 at the inlet, which is slightly higher than 

what we estimated for the Zaire system, as this is the smallest FrD value modeled in our 

regime. We do acknowledge that our approximations of FrD and p for the Zaire system is an 

estimate base on limited active turbidity current data. For the intermediate gradient model-

field comparison, we use the EastBreaks fan from basin IV of the Brazo-Trinity system 

offshore Texas. No direct measurements of flows exist for this locality. As such, we estimate 

FrD using Latent-Hyper cube sample of velocity, concentrations, and height of the current. 

We choose flow variables from this sample space that closely matched the seismic attributes 

of the EastBreaks fan. The estimates for height = 9m, velocity = 2.8 m/s, and a concentration 

of 0.05 yield FrD = 1.05. We estimate a p = 0.24 based on median grain sizes of 200 um from 

available sediment core data. For the high gradient model-field comparison, we use the 

Squamish fan system in British Columbia. We estimate the FrD (1.05 - 2.36) for this system 

based on active measurements of three flow events with sustain mean body speeds of 3.0 

m/s69 (personal communication with Juan J. Fedele), current height of 10 m (approximated 

from channel-cross profiles53, and reasonable choices for concentration of sediments (1-
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5%). We estimate p = 0.267 – 0.336 based on shear velocity (u* = 0.150 - 0.1897 m/s) and 

settling velocity (ws = 0.202 m/s) of D50 = 225 um from samples taken in the turbidity current 

during active flow70.  

Inversion to median grain sizes in transport. Our method to invert for fan forming flow 

FrD from p and fan rugosity takes advantage of deposit grain size statistics. We highlight a 

gradient in our regime diagram of a ratio between median particle sizes in transport to the 

median particle sizes preserved in the fan, GSRatio. This gradient is in the same direction as 

the observed gradient in fan rugosity as a function of FrD and p. An empirical relationship 

was then fit to allow for estimation of GSRatio from fan rugosity (Fig. 7).  

Data availability 

The entire raw dataset (100’s of model runs) utilized in this campaign exceeds 100 terabytes. 

We therefore provide subsampled and processed thickness maps of four model runs that are 

used to compute for rugosity of simulated submarine fans are available on Figshare at 

(https://doi.org/10.6084/m9.figshare.21126169). The measured rugosity on this 

subsampled data may vary slightly from the values reported for the same models in the 

manuscript due to calculations performed on relatively fewer thickness maps 

(Supplementary Note 1). However, the authors confirmed that resulting gradients in 

rugosity across the regime diagram do not change. Therefore, this minimum dataset covers 

the different corners and gradients of the regime diagram and is sufficient to interpret, verify 

and extend the research in this manuscript. Additional model outputs could be made 

available upon reasonable request to the authors. The field data used for comparison to 

endmember model runs are third party datasets and are available upon request and 
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permission from third party owners (see citations in the manuscript for identity of third-

party owners) 

Code availability  

The code utilized to measure rugosity from thickness maps presented in this manuscript is 

available on Figshare (https://doi.org/10.6084/m9.figshare.21131260). The software 

(EMstrata) utilized in this study for simulating submarine fans is not available for public for 

propriety reasons. However, the software leverages an established numerical model that has 

been previously published on (see manuscript for specific citations). Important forcing 

parameters explored in this study are detailed in Supplementary Table 1. 
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Figures 

 

Figure 1 | Numerical setup. a, Schematic cross-section of a turbidity current with important 

depth-averaged terms highlighted in red. b, Example of a model domain [50 x 50 km] with a 

flat non-erodible slope. Black lines trace upstream boundaries of domain that are closed and 

reflect flow, whereas blue lines trace boundaries that are open and allow the flow to exit the 

domain.  
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Figure 2 | Dimensionless regime diagram. A subset of simulated fans displays different 

planform morphologies that result from defined combinations of FrD and p. Note that range 

of fan thicknesses displayed in color and the horizontal scale vary between models. White 

bars denote 10 km of length and colored bars represents deposit thickness in meters. Models 

in the last row have domain size of 55 x 50 km whereas the remaining models have a domain 

size of 35 x 30 km. Additional variables are listed in Supplementary Table 1.  
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Figure 3 | Comparison of a simulated subcritical fan to the modern Zaire fan system, offshore 

Congo. a, Deposit thickness map of the modern Zaire fan system generated using ZaiAngo 

surveys4. b, Deposit thickness (m). c, Velocity field on the active fan surface. d, FrD state on 

the active fan surface. e, Grain sizes on the active fan surface.  The subcritical fan simulation 

is characterized by a distributive transport pattern, multiple active and sinuous channels, a 

hierarchy of bifurcations, and overall mud rich deposit that resembles the Zaire fan4 (a). For 

the evolution of this modeled subcritical submarine fan see supplementary movie 1.  
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Figure 4 | Comparison of a simulated transcritical fan to the Quaternary East Breaks Basin-

IV submarine fan, offshore Gulf of Mexico. a, spectrally decomposed seismic horizon of the 

East Breaks Basin-IV submarine fan. The yellow dotted lines highlight channelized bodies 

that prograded into Basin-IV. b, Deposit thickness (m). c, Velocity field on the active fan 

surface. d, FrD state on the active fan surface. e, Grain sizes on the active fan surface.  The 

transcritical fan simulation (b-e) shows a sinuous channel that progrades into the basin (b-

c), formation of cyclic steps on the active lobe surface (b), and distribution of grain sizes on 

the active fan surface (e). For the evolution of this modeled transcritical submarine fan see 

supplementary movie 2.  
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Figure 5 | Comparison of a simulated supercritical fan to the modern Squamish fan, offshore 

British Colombia. a, Bathymetry map of the modern Squamish fan53. b, Deposit thickness (m). 

c, velocity field on the active fan surface. d, FrD state on the active fan surface. e, Grain sizes 

on the active fan surface. The supercritical fan simulation (b-e) shows characteristic cyclic 

bedforms (a) formed due to hydraulic jumps, a single active and low-sinuosity channel (c), 

and sand rich deposit (e) that resembles a high slope modern fan53 (a). For the evolution of 

this modeled supercritical submarine fan see supplementary movie 3.  
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Figure 6 | Morphology of simulated fans. a, Deposit thickness maps for select submarine fans 

show contour used to measure rugosity. The white semicircle defines a distance from the 

inlet upstream of which half of the sediments in the model domain are stored. The black 

contour is computed for a mean elevation along the semicircle. Color bars denote thickness 

[m]. Slopes reported were measured from the entrance channel to the end of the deposit on 

down system transects. So is the antecedent slope (o) and S(o) is measured at the end of the 

model run.  b, Matrix shows computed rugosity for all models. White area represents models 

in which input sediment largely bypassed model domains. Symbol correspond to rugosity 

measurements for fans displayed in Fig. 6a.   
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Figure 7 | Empirical relationship between ratio of median (d50) grain size in transport at the 

inlet to median grain size preserved in the deposit and fan rugosity. a, Matrix shows grain 

size ratio (Gs_ratio) computed for all models with a significant deposit. b, A logarithmic trend 

is fit to the scatter plot of Gs_ratio and fan rugosity. This trend line allows for estimation of 

mean grain sizes in suspension for a given FrD and p value.  
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Figure 8 | Sensitivity of submarine fan shape to dimensional scales in Froude number (FrD) 

of the flow at the inlet. a, Simulated submarine fans in this row display our base case scenario 

where at the inlet we fix the height of the current (h) and volumetric concentration of 

suspended sediments (c). So by varying Froude number of the flow, we only vary the mean 

velocity (u) at the inlet.  b, In this row, we show the resulting submarine fan morphology by 

doubling the height of the current (h) and reducing the concentration (c) by half to keep 

equivalent dimensionless value for FrD c, In this row, we increase the mean velocity (U) of 

the current at the inlet by proportionally increasing the height of the current (h) and 

concentration of suspended sediments (c). We show that while the precise morphology of 

the simulated fans changes as a result of the variation in the dimensional scales, the overall 

shape remains similar and shows strong dependence to unique dimensionless values of FrD 

and p of turbidity current at the inlet. All models have identical grid dimensions [35x30 km] 

and color bars denote thickness [m].    
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Figure 9 | Sensitivity of submarine shape to intermittent turbidity current flow. a, Simulated 

submarine fan morphologies from base case continuous flow conditions as a function of 

unique combinations of FrD and p. b, this row shows simulated submarine fans with 

intermittent flow conditions. The white semicircle defines a distance from the inlet upstream 

of which half of the sediments in the model domain are stored. The black contour is 

computed for a mean elevation along the semicircle. Color bars denote thickness [m]. Note  

that the relative to the base case simulation the absolute difference in measured rugosity 

ranges from 2% to at most 10%. Simulation domain is 30x30 km. 
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Figure 10 | Sensitivity of submarine shape to ranges in mud content. Matrix shows the 

influence of cohesion on the resulting fan morphology by increasing input mud content from 

5 to 60% at the inlet for subset fans from the regime diagram. Note the final morphology in 

these models might be different i.e., placement of channels and lobes on the fan surface, 

however the overall shape remains similar. Color bar denotes the thickness of the fan at the 

end of the simulation.  
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Supplementary Materials 

Supplementary Table 1| Select model variables used in this study.  
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Supplementary Figure 1| Select parameters design for the dimensionless regime. a, Median 

grain sizes, b. Sorting, c, Maximum grain size, d, Inlet shear velocity.  
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Supplementary Figure 2| Streamwise trends in flow hydraulics and bed surface properties 

within the inlet channel at the end of a Subcritical (FrD < 1) and low p simulation. a-b, Maps 

show deposit thickness and velocity magnitude within the active inlet channel. The inlet 

channel is 5km in streamwise and 500 m in cross-stream length. Flow starts at the inlet at 

3.5 x 104 m. c, 1D plots of bed surface elevations, bed slopes, velocity magnitude, Rouse and 

Froude numbers are extracted from the active inlet channel shown in a&b. Further 

information on boundary conditions for this simulation are displayed adjacent to case ID 21 

in supplementary Table 1.  
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Supplementary Figure 3| Streamwise trends in flow hydraulics and bed surface properties 

within the inlet channel at the end of a Subcritical (FrD < 1) and high p simulation. a-b,  Maps 

show deposit thickness and velocity magnitude within the active inlet channel. The inlet 

channel is 5km in streamwise and 500 m in cross-stream length. Flow starts at the inlet at 

3.5 x 104 m. c, 1D plots of bed surface elevations, bed slopes, velocity magnitude, Rouse and 

Froude numbers are extracted from the active inlet channel shown in a&b. Further 

information on boundary conditions for this simulation are displayed adjacent to case ID 71 

in supplementary Table 1. 
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Supplementary Figure 4| Streamwise trends in flow hydraulics and bed surface properties 

within the inlet channel at the end of a Transcritical (FrD ~ 1) and low p simulation. a-b, Maps 

show deposit thickness and velocity magnitude within the active inlet channel. The inlet 

channel is 5km in streamwise and 500 m in cross-stream length. Flow starts at the inlet at 

3.5 x 104 m.  c, 1D plots of bed surface elevations, bed slopes, velocity magnitude, Rouse and 

Froude numbers are extracted from the active inlet channel shown in a&b. Further 

information on boundary conditions for this simulation are displayed adjacent to case ID 26 

in supplementary Table 1. 
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Supplementary Figure 5| Streamwise trends in flow hydraulics and bed surface properties 

within the inlet channel at the end of a Transcritical (FrD ~ 1) and relatively high p 

simulation. a-b, Maps show deposit thickness and velocity magnitude within the active inlet 

channel. The inlet channel is 5km in streamwise and 500 m in cross-stream length. Flow 

starts at the inlet at 3.5 x 104 m.  c, 1D plots of bed surface elevations, bed slopes, velocity 

magnitude, Rouse and Froude numbers are extracted from the active inlet channel shown in 

a&b. Further information on boundary conditions for this simulation are displayed adjacent 

to case ID 36 in supplementary Table 1. 
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Supplementary Figure 6| Streamwise trends in flow hydraulics and bed surface properties 

within the inlet channel at the end of a Supercritical (FrD > 1) simulation. a-b, Maps show 

deposit thickness and velocity magnitude within the active inlet channel. The inlet channel 

is 5km in streamwise and 500 m in cross-stream length. Flow starts at the inlet at 3.5 x 104 

m. c, 1D plots of bed surface elevations, bed slopes, velocity magnitude, Rouse and Froude 

numbers are extracted from the active inlet channel shown in a&b. Further information on 

boundary conditions for this simulation are displayed adjacent to case ID 99 in 

supplementary Table 1. 



61 
 

 
 

Supplementary Figure 7| Preservation of mud across the dimensionless regime. Matrix 

shows preservation of total mud content in all simulated submarine fans. The white region 

denotes models that are predominantly sandy and did not deposit any significant mud 

content.  
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Abstract 

Outcrops, cores, well-logs, and seismic data generally provide a limited scope or vertical 

resolution for interpretation of submarine fan stratigraphic architecture. We leverage a 

depth-averaged numerical model for turbidity currents that generates realistic and plausible 

stratigraphic realizations for several modern submarine fans. We use modeled outcomes 

such as clay volumes and compacted porosities to generate elastic responses such as Vp, Vs, 

and ρ, followed by a 1D wavelet convolution to generate high-resolution synthetic seismic 

surveys for comparison of stratigraphic architecture to modern field counterparts through 

seismic facies analyses. We establish stratigraphic similarity between model-field examples 

and propose generalized and process-informed depositional models for endmember 

submarine fans. Results from this work aid subsurface stratigraphic architecture predictions 

and the interpretation of paleo-environmental conditions from low resolution seismic data 

of ancient fan deposits. 
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Introduction  

Submarine fans are crafted by turbidity currents on continental slopes and abyssal plains in 

deepwater settings. The complex stratigraphic architecture of their deposits has motivated 

geoscientists for nearly a century to develop predictive techniques and depositional models 

for their preserved grain sizes, facies associations, and fan morphology (Kuenen and 

Migliorini 1950; Bouma 1962, Normark 1970; Mutti and Ricci 1978; Vail 1991; Clark et al., 

1992; Richards et al., 1998; Stow and Mayal 2000; Posamentier and Walker 2006; 

Shanmugam 2016). These models and classification schemes help explain the character of 

submarine fan deposits in several basins but carry significant uncertainty. This is because 

prior efforts did not fully establish a link between submarine fans and their deposits to the 

fluid and sediment transport properties of the turbidity currents responsible for crafting 

these fans.  

Turbidity currents move downslope due to their excess density relative to ambient 

lake or sea water from suspension of sediments (Bagnold 1962) and can travel 100’s of km  

on the ocean floor (Talling et al., 2022). The fans constructed by these flows impact global 

climate through the transport and storage of organic carbon (Galy et al., 2007; Hage et al., 

2022). Recently, the importance of these flows to subsea ecosystems, including threats to 

biodiversity from microplastics delivered to fans in deep oceans, were also identified (Kane 

et al., 2020; Pohl et al., 2020). Further, the stratigraphic architecture of their deposits hold 

clues to Earth’s response to past episodes of climate change (Covault et al., 2010; Hessler and 

Fildani, 2019) and set the quality of massive geofluid reservoirs (Weimer and Pettingill, 

2007). The prediction of submarine fan subsurface architecture remains a challenge to 

stratigraphers because we have relatively few measurements of the active flow processes 
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that craft them and measurements we do have samples a relatively limited scope and 

duration of possible field scale flow conditions (Azpiroz-Zabala et al., 2017; Hughes Clarke 

2016; Simmons et al., 2020; Pope et al., 2022;).  

The best datasets available to explore the three-dimensional architecture of 

submarine fans come from reflection seismic surveys. While use of seismic surveys coupled 

to observations from cores and wireline logs have improved our understanding of fan 

architecture in several basins (Richard et al., 1998; Pirmez et al., 2000; Babonneau et al., 

2010; Straub and Pyles, 2012; Jobe et al., 2017; Sweet et al., 2020), it is still challenging to 

link stratigraphic measurables to the processes that generated them. Even more challenging 

is using these attributes to guide development of theory that would allow us to predict 

stratigraphic attributes at sites lacking seismic surveys. This uncertainty is partially linked 

to the resolution of most seismic profiles (30-75 Hz), which is often tuned to aid visualization 

of targets at depths greater than 1 km (Prather et al., 2000; Stright et al., 2014; Nielson et al., 

2017; Pimberton et al., 2018). These frequencies and common seismic velocities through 

deepwater strata result in relatively coarse vertical resolutions compared to scales of 

hierarchical stacking patterns (McHargue et al., 2011, Straub and Pyles, 2012). Coupled to 

this is a relative lack of physics-based numerical models that can generate stratigraphic 

architecture like what we observe in seismic surveys. Such models, if properly validated, 

would allow us to link forcing conditions to surface dynamics to stratigraphic architecture. 

Here, we demonstrate the use of a physics-based numerical model, EMstrata (Halsey et al., 

2017; Wahab et al., 2022), with forcing conditions motivated by field observables. This 

model generates strata with similar architecture as observed in high resolution seismic 

surveys from end-member continental slope environments. The model stratigraphy is 
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compared to field scale seismic surveys through use of the stratigraphic model outputs, such 

as porosity and shale volume, as inputs to a rock-physics and forward seismic workflow. 

Similar seismic architecture observed in our model-field comparisons then allows us to infer 

the turbidity current dynamics and surface processes likely responsible for crafting 

submarine fans.  

We build on the work of Wahab et al. (2022) that linked submarine fan planform 

shape to dimensionless numbers that describe the fluid and sediment transport fields of 

turbidity currents. Here we link the surface processes that result from specific pairs of the 

dimensionless numbers to their resulting stratigraphic stacking patterns. This guides the 

development of generalized process-based depositional models that aid the prediction of 

stratigraphic architecture at sites that lack high resolution seismic profiles and improve our 

ability to invert stratigraphic architecture for paleo-environmental forcings. 

A depth-average model for turbidity currents 

Recent advances in computer processing speeds allow for the complex physics of turbidity 

currents to be solved in reasonable computational time with numerical models that produce 

strata from evolving surface processes. These models can now generate multiple realizations 

of stratigraphy from geological processes (Miller et al., 2008; Hawie et al., 2018; Wahab et 

al., 2022). Such forward models help bridge the gap between datasets that vary in 

dimensionality and resolution, as models store at high resolution the variables necessary to 

characterize lithostratigraphy. We leverage a forward and physics-based stratigraphic 

model, EMstrata, to produce stratigraphic realizations of submarine fans. Numerical 

experiments are forced with inlet flows whose fluid and sediment transport fields produce 

pairs of dimensionless parameters that are similar to a set of key modern field examples. 
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EMStrata is based on depth-average approximations of flow parameters in the Navier-Stokes 

equations of fully turbulent flows (Parker et al., 1986). The model’s finite volume method 

solves governing equations for continuity of fluid mass, sediment mass, linear momentum, 

and turbulent kinetic energy. Further, any emerging discontinuity in turbidity currents, such 

as the dynamics found in the head of a current or due to hydraulic jumps are accounted for. 

In addition, the model solves for important sediment-transport parameters such as erosion 

and deposition of sediment, flocculation of mud particles, bedload fluxes, and influence of 

cohesion on the underlying deposits (see methods for additional details).  

Prior work with EMstrata documents how the model produces realistic and fully 

dynamic submarine fan surfaces. Specifically, Wahab et al. (2022) simplified critical forcing 

parameters such as regional slopes and properties of sediments to show that two 

dimensionless parameters (densimetric Froude (FrD) and Rouse (p) numbers) critically 

influence the morphology of submarine fans. FrD measures the ratio of inertial to 

gravitational forces and p weighs the ratio of sediment settling velocity to shear velocity of 

the flow. This dimensionless framework highlighted endmember modern submarine fans 

that were likely constructed by subcritical (FrD < 1), transcritical (FrD ~ 1), and supercritical 

(FrD > 1) flows. Here, we compare seismic facies of three modern field examples to synthetic 

seismic facies obtained via forward seismic models of strata produced by EMStrata 

experiments that are forced with comparable flow conditions as their field counterparts.  

Synthetic seismic surveys for end-member model runs 

Synthetic seismic surveys from endmember models are constructed in several steps. First, a 

compaction model (Yang and Aplin, 2004) is used to compute porosity from clay volumes 

preserved in the synthetic strata. Next, a shale volume is computed from preserved grain 
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sizes that are less than 62.5 um. We leverage a rock physics model to estimate elastic 

properties including compressional velocity (Vp), shear velocity (Vs), and density (ρ) from 

porosity and shale volumes in the synthetic strata (Xu and White, 1995; Xu and Payne, 2009). 

The elastic responses for the layered synthetic strata are then used to compute for reflection-

coefficients. In the second step, an input wavelet is convolved with the reflection co-efficient 

series to generate synthetic seismic traces for the layered strata (Fig. 1) (see methods for 

further details) with frequency similar to their field counterpart mean peak frequency 

values. We then compare the seismic responses of our modeled fans to seismic surveys of 

three modern fans that sample endmember forcing conditions. Comparable seismic 

stratigraphy in field-model pairs gives confidence in linking observed stratigraphic stacking 

patterns to the surface dynamics responsible for constructing them.  

Examples of modern submarine fans for comparisons to endmember models 

There is an established relationship between the size and texture of submarine fans with 

their antecedent gradients (Haughton 2007). For example, in high gradient (slope >1o) 

systems fans are generally small (< 10’s of km), proximally thick, and predominantly sandy 

(i.e., Squamish (Vendettuoli et al., 2019) and Golo (Gervais et al., 2004; Sømme et al., 2011; 

Sweet et al., 2020) fans) (Fig. 2a). Fans that are formed on intermediate gradients (slope 0.5o-

1o) are of intermediate size (up to 10’s of km) and generally preserve a mixed fabric (i.e., 

Basin-IV of the Brazos trinity system (Prather et al., 2012) and Speculobe in Gulf of Cadiz 

(Habgood et al., 2003)) (fig. 2b). Finally, on low gradients (slopes < 0.5o), fans are often quite 

large (~100’s of km) and are predominantly composed of fine grain sizes (i.e. , Zaire 

(Babonneau et al., 2010), Bengal (Galy et al., 2007), and Indus (McHargue and Webb, 1986) 

submarine fans) (Fig. 2c).  
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Due to uncertainties resulting from inversion of the fluid and sediment transport conditions 

of the field scale systems, we do not generate new models forced with the inverted turbidity 

current properties. Rather, we leverage existing model runs from the study of Wahab et al. 

(2022) that have similar pairs of FrD and p as measured and/or estimated dimensionless 

numbers from the field scale systems. Specifically, we make sure to compare Froude sub, 

trans, and super critical field fans to sub, trans, and super critical model fans, respectively. 

Inversion for FrD and p for field scale systems utilize data from available cores, regional 

slopes, and when possible measurements from active flows. We note from the study of 

Wahab et al. (2022) that small differences in FrD do not drive large differences in fan shape, 

so long as fans are correctly identified as either Froude sub, trans, or super critical. 

Golo Submarine Fan: 

For a high gradient system (Fig. 3), we explore the Golo submarine fan. This fan is a relatively 

small (~15 kms of streamwise length) and sandy deposit along the eastern Corsica margin 

in the Mediterranean Sea (Sweet at al., 2020). The shelf up-dip of this fan is narrow (~12 km 

wide) and its fluvio-deltaic plains are traversed by rivers that transport relatively coarse 

sand and gravel. The sediments are directly fed to short canyon heads and shelf-edge gullies 

during episodes of relative sea level fall that exceed ~40 meters (Somme et al., 2011). The 

most recent terminal lobe complexes were deposited on high gradients (~1°) (Deptuck et al., 

2008; Somme et al., 2011; Sweet et al., 2020; Hamilton et al., 2017). The stratigraphic 

architecture of this lobe complex was imaged by a dense network of high resolution (mean 

peak frequency of ~300 HZ) 2D seismic surveys (spaced every 5-800 meters) and was 

directly sampled by sediment cores to depths below the seafloor up to 126 m. These cores 

were collected during the Sigolo surveys (Bruno, 2008).  



69 
 

 We estimate a supercritical FrD of 1.75 for the Golo fan based on channel slopes and 

normal flow assumptions (Hamilton et al., 2017). From published core data, we estimated p 

to be ~0.110 based on a preserved median grain size of 178 um and estimates of shear 

velocity from knowledge of FrD. The model fan selected for comparison to the modern Golo 

fan has an inlet FrD equal to 1.17 and p equal to 0.21. The dimensional variables that result 

in these values include mean velocity (u = 2.4 m/s), current height (h = 5 m), concentration 

(c = 5%), and median grain size (D50 = 265 um). The slope (S = 0.75o) is computed for the 

antecedent surface from the choice of FrD at the inlet. The simulation domain is scaled by a 

modified version of the advection length of median grain sizes in suspension (Wahab et al., 

2022). The evolution of topography is solved on a triangular irregular grid with a median  

node spacing of 50 m. We neglect external boundary conditions such as sea-level 

fluctuations, subsidence, and tectonic forcings to explore the influence of flow forcing 

conditions and their emergent behaviors on the resulting submarine fan deposits.  

Basin-IV Submarine Fan of the Brazos-Trinity System: 

For an intermediate gradient field-model comparison, we select the upper Basin-IV fan of the 

Brazos-Trinity system (Fig. 4). This fan was deposited during the Quaternary in a Gulf of 

Mexico salt-withdraw minibasin, offshore of the Brazos and Trinity Rivers (Winker 1996; 

Badalini et al., 2000; Prather et al., 2012; Pirmez et al., 2012). The upper fan deposit in the 

terminal Basin-IV is 75 meters thick and measures 16 km in streamwise length and 8 km in 

strike. This system is imaged by a high resolution 3D seismic survey (mean peak frequency 

of ~200 HZ) and was sampled by a dense network of gravity piston cores (Prather et al., 

2012). Bathymetric surveys show relatively steep gradients (~1o) in the proximal part of the 

basin that transition to lower gradients (~< 0.5o) in the basin center, followed by a gradient 
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reversal resulting from subsurface salt dynamics. The stratigraphic architecture is 

characterized by submarine channel bodies bound by prominent levee deposits that extend 

into the basin before transitioning to lobes with several small distributary channel bodies 

(Fig. 4a).  

 Due to lack of modern turbidity current measurements in Basin-IV, we leverage a 

latent-hyper cube sample (Mckay et al., 1979) for important parameters such as flow velocity 

and current height and ran sensitivity analyses to match maps of fan thickness. We estimated 

input flows that had transcritical FrD of approximately 1.04, calculated with estimated flow 

mean velocity (u = 2.8 m/s), current height current (h = 9 m), and a reasonable concentration 

(c = 5%) of suspended sediments. From this choice of FrD we compute an antecedent slope, 

𝑆 = ((𝑒𝑤 + 𝑐𝑑) ∗ 𝐹𝑟𝐷
2 + 0.5 ∗ 𝑒𝑤), as a function of clear water entrainment 𝑒𝑤  (Parker and 

Garcia, 1987) and an estimate of the coefficient of friction of the bed, 𝑐𝑑. The estimated slope 

for this model is 0.460. Similarly, we estimate p as 0.24 based on measurements of preserved 

grain sizes (D50 = 200 um) from core data and estimation of shear velocity from the estimated 

FrD and an estimate of Cd.  

Modern Zaire Submarine Fan: 

 For a low gradient system, we select the modern Zaire fan (Fig. 5), which is mature and large 

(>1000 km in streamwise direction) in scale. The fan developed on the continental slope and 

the basin floor of the West African passive margin with perennial sediment input from the 

Congo River. A modern deepwater sinuous channel that is hundreds of kilometers long feeds 

terminal lobes and is directly linked to the Congo River via a deeply incised submarine 

canyon (Savoye et al., 2009; Babonneau et al., 2010). Numerous abandoned channels on this 

fan system indicate a long history of progradational growth from the slope to the abyssal 
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plain. The most recent and distal terminal lobe complexes developed on a low gradient 

(about 0.05°) basin floor (Babonneau et al., 2010). The stratigraphic architecture of the 

modern Zaire lobe complex is imaged by a high resolution (mean peak frequency of ~120 

HZ) seismic survey comprised of tightly spaced 2D lines and accompanying piston cores 

which were acquired during the ZaiAngo surveys in the early 2000s (Babonneau et al., 2010). 

This architecture is characterized by lobes and lobe complexes that prograde into the basin 

(Bonnel 2005). The central portion of these lobe complexes are dominated by distributary 

channel bodies filled with sands, while silt and muddy sediments are preserved on distal 

parts of the lobes (Fig. 5a). 

 We estimate FrD for flows that crafted the Zaire fan to be 0.13-0.21 from published 

measurements of modern flows (Azpiroz-Zabala et al., 2017; Simmons et al., 2020). Similarly, 

we estimated p to be 0.0035-0.0057 based on published grain size data and estimation of 

shear velocity from the estimated FrD and an estimate of Cd (see methods). We compare the 

seismic facies from the modern Zaire fan to a subcritical model (FrD = 0.45) with p = 0.078. 

This initial surface is non-erodible and has a slope of 0.065o, which is estimated FrD as 

function of ew and cd.  Dimensional variables such as height of the current (h = 5 m), average 

current velocity (u=0.91 m/s), concentration of suspended sediments (c = 5%), specific 

gravity (R = 1.65), and gravitational acceleration (g = 9.8 m/s2) set the FrD value at the inlet 

of the simulation domain. Similarly, p is set by median grain sizes (D50 = 200 um) in 

suspension via the sediment settling velocity and shear velocity (u* = 0.06 m/s2) of the flow. 

The resulting fan shape and texture of the deposit share similarities with the modern Zaire 

lobe complex (Fig, 5b). 

Results 
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Seismic stratigraphy, including derivative measurements such as reflection termination 

patterns and geometries aid interpretation of subsurface lithology. We analyze seismic 

facies, which are reflection groups resulting from distinct rock properties relative to adjacent 

strata (Mitchum 1977) from three modern submarine fans. We compare these seismic facies 

to synthetic seismograms generated from model runs that are forced with comparable 

dimensionless parameters (i.e., FrD and p, see methods) and modeled with similar mean peak 

frequencies. We use this comparison to establish stratigraphic similarity between field 

examples and counterpart numerical experiments. This allows us to use the temporal 

evolution of the models to describe likely flow processes and depositional mechanisms 

responsible for crafting the observed stratigraphic patterns. 

High gradient field-model comparison 

In dip, seismic reflectors from the Golo fan show abundant lobe shaped (convex up) 

geometries that compensationally stack in the proximal fan (Fig. 6a). In strike, we observe 

seismic reflectors that are parallel to subparallel and display onlapping geometries against 

the antecedent slope (Fig. 6c). These geometries are overlain by seismic reflectors that 

downlap against the antecedent slope. These seismic facies suggest an early retrogradation 

phase that is followed by fan progradation. We observe a similar stacking pattern in the 

synthetic seismic data for the counterpart submarine fan model (Fig. 6b, 6d).  

The evolution of the flow field and morphology of the supercritical fan is 

characterized by flow in low sinuosity channels. At the channel to lobe transition the flow 

frequently undergoes a hydraulic jump, were cyclic steps form as result of increased flow 

height and turbulence loss. Bedforms migrate upstream on the fan surface and within the 

channel which results in loss of flow confinement, which eventually triggers an avulsion. We 
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note that the fan is predominantly sandy because of high shear stresses on the fan surface 

and within the channels that prohibits deposition of silt and mud (Fig.3b). There is no flux 

partitioning at the channel to lobe transition and the channel network at the time of avulsion 

is commonly characterized by a single channel. These morphodynamics limit channel 

extension and progradation of the fan, resulting in short, but thick submarine fans that are 

sandy.  

Intermediate gradient field-model comparison 

In dip sections, the Basin-IV fan has distinct seismic facies that onlap the antecedent 

depositional surface (Fig. 7a). Onlap geometry suggests an early stage of retrogradation, 

before progradation commenced. The seismic reflectors above the backstepping units show 

parallel to subparallel reflectors that downlap on the antecedent surface with a geometry 

that indicates fan progradation (Fig. 7a). In contrast to the field example, we note that our 

model fan only contains evidence of progradation via downlapping seismic facies in the dip 

direction (Fig. 7b). This difference might be due to the initial surface on which the numerical 

experimental fan grew, which had a constant down-basin slope, in contrast to the bowl like 

geometry of the basin IV antecedent slope. In strike, the Basin-IV seismic stratigraphy has 

several reflection terminations with concave up geometries and erosional bases that indicate 

channel bodies (Fig. 7c). The reflectors adjacent to interpreted channel bodies are concave 

up and divergent on both sides indicating the preservation of well-developed levees. Maps 

of deposit thickness and net-to-gross (1- fraction of grains that are less than 62.5 um) in 

Basin-IV fan indicate that channel bodies mainly preserve sand, whereas silt and mud are 

deposited on distal levees and lobes (Fig. 4).  We observe similar concave-up geometries and 
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adjacent downlapping reflectors from strata constructed by well-developed channel-levee 

complexes in strike sections of the submarine fan numerical experiment (Fig. 7d). 

The evolution of the transcritical submarine fan model is characterized by self-

formed low sinuosity channels that extend in the primary flow direction (Fig. 4b). The 

channels develop prominent levees, which help maintain bypass conditions for most of the 

flow simulation. Channels avulse infrequently, but at a variety of locations on the fan surface. 

This results in proximal stratigraphy with clusters of channel bodies.  

Low gradient field-model comparison 

Proximal portions of a seismic dip line from the modern Zaire fan have reflection 

terminations that are subparallel to discontinuous (Fig. 8a). Several reflectors have concave 

up geometries, where the base of the reflectors truncate underlying reflectors. These types 

of concave up reflection packages that truncate other reflectors indicate an erosional surface 

at the base of a channel body (Fig. 8a). Further downstream on the dip line, concave up 

reflectors decrease in number and the seismic facies transition into sigmoidal and 

downlapping seismic geometries. These geometries generally indicate paleo-progradation 

of a sedimentary package into the basin (Fig. 8a). Here the lack of concave up reflectors, 

compared to proximal regions, indicate a channel to lobe transition. Further downstream on 

the dip line the reflectors become sub-parallel, suggesting relatively uniform sedimentation 

from suspension fallout. This type of seismic facies implies an overall progradation of the 

submarine fan into the basin with downstream grain size fining. A similar facies trend is 

observed in a series of strike transects. Here we highlight a proximal transect, where more 

clustered concave up geometries indicate frequent channelization of the proximal fan (Fig. 

8c). The concave up geometries are adjacent to relatively diverging and downward thinning 
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reflectors that downlap, indicative of prominent levees. The synthetic seismic facies from the 

modeled submarine fan shows similar seismic facies along dip and strike directions (Fig. 8b, 

8d), suggesting that the Zaire modern fan was crafted by a similar set of processes.  

The stratigraphy of the low gradient submarine fan model was built by several 

channel-levee networks that fluctuated between one to several active channels. This 

generated a distributive network due to channels that avulsed at a variety of downstream 

locations (Fig. 5b). This distributive pattern is hierarchical and partitions the flux of 

sediments and water moving over the fan surface. This flux partitioning is variable and leads 

to a complex growth of the fan. Sand is mainly transported and preserved in the channels, 

while silt and muds are deposited on levees, distal lobes and outer parts of the fan. Overall, 

this type of fan grows through several episodes of basin-ward progradation. 

Discussion 

Numerical models of submarine fans that produce comparable stratigraphic architecture as 

imaged in the shallow subsurface of modern fans, when forced with comparable input flows, 

lends credibility for their use in examination of the processes that build fan strata. These 

models help bridge the gap between the scales and dimensions of data typically available for 

interpretation of submarine fan strata. Upon establishing stratigraphic similarity via high-

resolution seismic surveys, the knowledge of the temporal model evolution allows one to 

link stratigraphic architecture to the suite of flow dynamics and surface processes that 

construct fans. This linked framework opens a potential for improving our generalized and 

process-informed depositional models for endmember submarine fans (Fig. 9). Ultimately, 

this will aid in prediction of subsurface architecture and inversion of submarine fan strata 

for paleo-surface processes and environmental forcings.  
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Depositional model for a high gradient fan system 

We develop a process-informed depositional model for submarine fans that form on high 

gradients with the temporal evolution of our high gradient numerical model. This 

depositional model is characterized by a fixed feeder channel that evolves from a gully-type 

erosional feature on a continental margin (Deptuck and Sylvester 2018) (Fig. 9a). The 

resulting fan is constructed by single-channel networks that are relatively short, have low-

sinuosity, and rapidly loses confinement near their terminus. The fan grows through a series 

of progradational and retrogradational events (Fig. 9 a). Channels undergo frequent 

avulsions, which delivers sediments to many proximal locations on the fan surface. This 

morphodynamic behavior generates a thick sandy fan with an overall radial morphology that 

does not prograde far into a basin (Fig. 9a). This system also produces characteristic 

bedforms, including cyclic steps and antidunes near the channel-lobe transition and on 

levees (Fildani et al., 2006). The high gradients facilitate transport and deposition of coarse 

particles, resulting in a fan that is predominantly sandy.  

Depositional model for an intermediate gradient fan system 

The process-informed depositional model for an intermediate gradient submarine fan 

includes low-sinuosity channels that can prograde into basins (Fig. 9b). The channels are 

bound by prominent levees that help maintain bypass conditions. The channels avulse 

infrequently, and newly formed channels continue to prograde in the primary downstream 

flow direction, which produces an elliptical fan morphology. The well-formed channel-levee 

system facilitates fan growth through several phases of progradation (Baldani et al., 2000). 

As a result, the fan deposit undergoes frequent erosion and reworking by channels that are 
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bypassing during these progradational phases. This type of fan preserves sand in channels 

and lobes whereas silt and mud are deposited on distal levees and lobes.  

Depositional model for a low gradient fan system 

 The process-informed depositional model for submarine fans that form on low gradients 

include feeder channels linked to long-established terrestrial drainage systems that are 

connected to oceanic basins by a point source. An example might be a river that delivers 

sediment directly to a submarine canyon incised into the shelf (Bonnel 2005; Savoye et al., 

2009; Babonneau et al., 2010; Jobe et al., 2011; Paul et al., 2013; Fildani 2017; Fisher et al., 

2021) (Fig. 9c). The fan is constructed by multiple long-lived high-sinuosity and meandering 

channels. Channel networks fluctuate between one-to-many channel networks throughout 

the fan growth. The channels bifurcate at a range of distances downstream of the main feeder 

channel (Flood et al., 1991), which partitions the flux of sediment and water moving through 

the growing distributive network. This portioning of fluxes is variable and leads to the 

formation of asymmetric channel branches and spatial variability to the supply of sediment 

to the fan surface. The multi-channel network facilitates fan progradation along many axes, 

producing a more radial fan. However, while the number of active channels on the fan surface 

increases with a drop in slope gradient, channels are stable resulting in relatively jagged 

contours along the front of these fans (Wahab et al., 2022). The low gradient of these systems 

does not facilitate easy transport of sand, except where flows are relatively thick along the 

thalweg of channels. As a result, sand is mainly transported in channels, whereas silt and 

mud size particles are deposited on the levees, lobes, and distal fringes of the fan. 

Gradient control over submarine fan growth 
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Turbidity currents move large volumes of sediment on Earth, especially when they are linked 

to well established and large continental drainage systems (Galy et al., 2007; Talling et al., 

2022). In general, observations suggest that deposition from turbidity currents reduces the 

gradient of continental slopes over geological time (Prather 2003; Pyles et al. 2011). For 

example, the longest-lived submarine fans are also the lowest gradient fans (i.e., Zaire fan, 

Indus, and Bengal fan (Babonneau et al., 2010; Kolla and Coumes 1987; Spie 2009). Fan 

forming flows adjust to the emergent depositional gradient of the slope, resulting in deposits 

that have measurable gradients in grain size or stratigraphic architecture moving up section. 

This suggests that mature and large-scale submarine fans can be explained by combining the 

proposed fan models over several phases of fan growth (Fig. 10).  

The evolution of a large-scale submarine fan, like the Zaire fan, likely starts with the 

inception of channels from erosional gullies on high continental gradients (Deptuck and 

Sylvester 2018). These channels are fed by linked fluvio-deltaic systems where supercritical 

flows develop and transport sediments. The end of channels has small mouth bar deposits 

or small lobes where characteristic supercritical bedforms form, including antidunes and 

cyclic steps due to hydraulic jump conditions. The mud is deposited further downslope as 

sediment blankets on the distal fringes of mouth bars or lobes, where flow velocity 

significantly drops aiding settling of silt and mud size sediments. Larger channel-levee 

systems develop as the fan growth continues. Deposition resulting from these larger 

channel-levee systems further reduces the depositional gradient and results in development 

of highly sinuous submarine channels (Peakall et al., 2000; Wynn et al., 2007). Processes that 

drive fan growth during this phase shift towards those linked to low gradients, with a key 

result being the development of numerous distributary channels. With time, a mature 
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submarine canyon develops through continuous incision of the upper shelf (Ferry et al., 

2004; Babonneau et al., 2010). The submarine canyon feeds large distributive channel-levee 

networks, delivering sediment to the abyssal plains. Sand accumulates mostly in channels 

and on proximal levees, whereas silts and muds are deposited on distal levees, distal lobes, 

and outer parts of the fan front. Here big levees will aggrade as meandering channels grow 

on top of earlier terminal lobes deposits, and occasionally a nodal avulsion locally increases 

the gradient, which can for a short time alter the morphodynamics to those characteristics 

of steeper (and older) systems (Kolla 2007).  

The above growth trajectory characterizes a passive margin system. However, 

tectonic uplift or subsidence can accelerate or reverse the temporal evolution of submarine 

fans by altering bathymetric gradients. For example, the Golo fan has not transitioned into a 

largescale distributive system with time due to high bathymetric gradients sustained by 

active tectonics and a relatively smaller sediment routing system (Sømme et al., 2011; Sweet 

et al., 2020). Similarly, in the case of Golo, external factors such as enhanced sediment supply 

through a single and fixed-point source can also accelerate this fan growth (Covault and 

Graham 2010; Ferguson et al., 2020).  

Our approach can be used to aid prediction of stratigraphic architecture for deep time 

deposits located at great depths, including those that house hydrocarbon reservoirs or that 

might be used for CO2 sequestration. To accomplish this, several optimization steps are 

needed. These include high confidence estimates of flow conditions that feed submarine fans, 

use of appropriate antecedent surfaces extracted from seismic data, a rock physics model 

that is calibrated with depth for compaction and fluid saturations, and a more realistic 

wavelet scaler to match target seismic amplitudes. Additionally, a model that can account for 
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deposition of hemipelagic fallouts during punctuated flow events is needed. Hemiplegic 

fallouts generally drape the sandy deposits (Figure 6 a&c) and provides a change in 

impedance contrast, which we are not able to achieve in this study.  High resolution synthetic 

seismic surveys from this approach could help the interpretation of stratigraphic 

architecture that is below seismic tunning at these depths.  

Summary and wider implications 

Submarine fans are the ultimate sink in sediment routing systems and their complex growth 

and stratigraphic architecture have been rigorously studied for nearly a century. We show 

that synthetic seismograms generated from stratigraphy that is an output of a process based 

numerical model contain similar seismic facies as observed in modern submarine fans. This 

supports use of the numerical model for exploration of likely surface processes responsible 

for their growth. This information is used to develop process-based models for the growth 

of submarine fans, which distill key characteristic observations from the numerical models. 

The primary variable that controls the stratigraphic architecture of our numerical 

experiments, and thus our process-based models, is the depositional slope. This linked 

framework has implications beyond the interpretation of stratigraphic architecture on 

seismic data. For example, this framework aids inversion of ancient submarine fan deposits 

for paleo-environmental conditions, which will aid the interpretation of climatic change 

signals housed in their strata across geological time. 
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Materials and methods 

Seismic data analyses 

We leverage cores, well logs, and 2D and 3D seismic surveys for grain sizes, paleo-channel 

depths, detailed mapping of stratigraphic surfaces, seismic facies, and stacking patterns. This 

data was imported to a Petrel® digital workspace to compute for and produce maps of fan 

thickness and net-to-gross (fraction of strata in a deposit with median grain size equal to or 

larger than sand, 62 mm). We used standard interpolation (kriging) methods in Petrel to 

produce deposit thickness and net-to-gross estimates in areas where well log and cores were 

sparse. 

Selection criterion of comparison of field examples to numerical models of submarine 

fans 

We estimated the FrD and p for field examples using published data on turbidity current flow 

properties and sediment-transport parameters. We then compared these field examples to 

numerical models of submarine fans that are forced with similar FrD and p at the inlet to 

model domains. For the Zaire fan example, we estimated the FrD to be between 0.13 – 0.21 

based on average sediment concentrations of 2% (Azpiroz-Zabala et al., 2017), an average 

flow height of 64 m in the proximal canyon-fan transition area, and measurements of mean 

flow velocities of 0.6-1.0 m/s (Simmons et al 2020). We estimate p to be 0.0035-0.0057 by 

computing a settling velocity of 8.62x10-5 m/s using the Dietrich formulation (Dietrich, 

1982) and median grain size of 12 um. The shear velocity is estimated as between 0.037-

0.063 m/s by assuming a drag co-efficient of 0.004 (Parker et al., 1986). These FrD and p 

guided our selection of a numerical model that is similarly forced with a subcritical FrD = 0.45 

and p= 0.078. We acknowledge that our approximations of FrD and p for the Zaire system are 

estimates based on limited active turbidity current flow data.  
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We estimated the FrD to be 1.05 for the upper fan in Basin IV of the Brazos-Trinity 

system. Here, we highlight that there are no measurements of active flows for this system. 

So, we leverage a latent-hyper cube sampling technique (McKay et al., 2000) to estimate flow 

velocity and ran several sensitivity analyses to reasonably match Basin IV stratigraphic 

attributes such as thickness. From this we estimate a velocity of 2.8 m/s, current height of 9 

m, and a reasonable sediment concentration choice of 5% (Simmons et al. , 2020). We 

estimate a p = 0.24 based on median grain sizes of 200 um from propriety sediment core data 

(ExxonMobil internal report).  We compare this to a submarine fan model with a FrD = 1.0 

and p = 0.124. 

 For the sandy Golo submarine fan, we estimate an average FrD = 1.75 based on data of 

channel slopes and normal flow assumptions (Hamilton et al., 2017). From published core 

data, we estimated p to be 0.110 based on a preserved median grain size of 178 um and 

estimates of shear velocity from knowledge of FrD (ExxonMobil Internal report). The model 

selected for comparison to the modern Golo fan has an inlet FrD of 1.36 and p equal to 0.170. 

We acknowledge that the FrD and p of our model are not an exact match to the field 

counterparts. Here our goal was to explore general stratigraphic attributes resulting from a 

super critical fan, rather than aiming for a simulation of the exact conditions at each site 

(Wahab et al., 2022).  

Numerical model  

We leverage a depth-average model for turbidity currents that solves for four conservation 

equations (Parker et al., 1986), bedload fluxes (Peter and Müller, 1948), erosion rates (Garcia 

and Parker, 1991), deposition rates (Garcia 1994), flocculation of clay particles (Kuprenas et 

al., 2018, Winterwerp 1998), and the influence of cohesion on the underlying deposits 
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(Winterwerp and Kesteren 2004). A more detailed description of the depth-averaged theory, 

governing equations and analyses of their approximate analytical solutions, choice of the 

numerical solver, experimental design and boundary conditions is published in prior studies 

(Halsey et al., 2017, Halsey and Kumar 2019, Wahab et al., 2022). 

Forward seismic modeling 

We generated synthetic seismograms of strata from select submarine fan models and 

compare these to modern field counterparts. First, we compute for porosity from volume of 

clay particles using a compaction model (Yang and Aplin 2004) and shale volumes from the 

preserved grain size distributions in the synthetic stratigraphy. Next, we use a rock physics 

model to compute for elastic responses, such as bulk density (rho), compressional velocities 

(vp), shear wave velocities (Vs) from the above-mentioned inputs. The rock physics model 

utilized here is based on the published Xu-White formulations (Xu and White, 1995; Xu and 

Payne, 2009), which computes the elastic parameters, including P- (𝑉𝑝), S- (𝑉𝑠) velocities and 

density. The Xu-White model is implemented in three main steps (see Figure 1): (1) mixing 

minerals using the average of the Hashin-Shtrikman or Voig-Ruess bounds (Mavko et al., 

2009); (2) adding porosity using the differential effective medium theory (Kuster and 

Toksoz 1974); and (3) adding fluids using the Gassmann theory (Gassmann 1951). Elastic 

parameters are dependent on outputs that characterize the modeled geological strata, 

including compacted porosity, net to gross, and volume of clay (Vclay). Next, a 1D 

convolution model is used to compute synthetic seismograms by convolving reflection 

coefficients and a zero-phase Ricker wavelet with mean peak frequencies of the targeted 

examples. For near or normal incidence, the reflection coefficient is calculated as the ratio of 

the difference of the product of velocity and bulk density to the sum of the product of velocity 
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and bulk density across interfaces. For non-zero incidence, approximate expressions for the 

reflection coefficients are used (Aki and Richards, 2002).  
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Figures 

 

Figure 1. Workflow for forward seismic modeling. This workflow generates synthetic seismic 

surveys in several steps. First, synthetic stratigraphy from a select model is used to generate 

shale volume and porosity volume using a compaction algorithm (Yang and Apl in 2004). 

These volumes are used as input to a rock physics model that provides elastic outputs such 

as Vp, Vs, and Density (Xu and White, 1995; Xu and Payne, 2009). The elastic properties are 

used to compute the reflectivity series which are then convolved with a zero-phase Ricker 

wavelet to generate the final synthetic seismic survey of a desired frequency.   



100 
 

 

 

Figure 2. Relationship between antecedent gradient and submarine fan size and texture. a) 

A coupled schematic diagram and a map of deposition rate (generated from repeat 

bathymetric survey of the modern seafloor) of the Squamish example indicates that 
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submarine fans formed on high gradients (slope >1o) are generally small and sandy (from 

sediment samples) (Vendettuoli et al. 2019). b) A schematic map is coupled with an RGB 

blending horizon map (Othman et al. 2016) of the Basin-IV upper fan to highlight that a fan 

that is formed on intermediate gradients (slope 0.5o - 1.0o) can grow up to 10’s of km and 

their deposits preserve both sand and mud (Pirmez et al. 2012; Prather et al. 2012). c) A 

schematic is coupled with a thickness map of a submarine fan that is formed on low gradients 

(slope <0.5o) that can grow up to a larger size and preserve mud rich deposits (Bobanneau 

et al. 2010).  
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Figure 3. Comparison of the Quaternary Golo submarine fan to a high-gradient submarine 

fan numerical experiment. a) Maps show deposit thickness (contour interval is 10 m) and 

net-to-gross trends (contour interval is 0.1) in the Golo fan. The black dashed lines represent 

location of the seismic lines in Fig.  6a and 6c.  The red dotted lines represent mapped channel 

bodies that are overlain on the net-to-gross map. b) Maps of deposit thickness and net-to-

gross of high gradient submarine fan numerical experiment. 
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Figure 4.  Comparison of the upper submarine fan in Basin IV of the Brazos-Trinity system 

to an intermediate-gradient submarine fan numerical experiment. a) Maps show deposit 

thickness and net-to-gross trends in the upper fan. The black dashed lines represent location 

of the seismic lines in Fig. 7a and 7c. The dotted lines represent mapped channel bodies 

interpreted in seismic volume. b) Maps of deposit thickness and net-to-gross for an 

intermediate gradient submarine fan numerical experiment. 
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Figure 5. Comparison of the modern Zaire lobe complex to a low-gradient submarine fan 

numerical experiment.  a) Maps show deposit thickness and net-to-gross trends in the 

modern Zaire lobe complex. The black dashed lines represent location of the seismic lines in 

Fig. 7a and 7c.  Block dots on the map represent mapped channel locations. b) Maps of 

deposit thickness and net-to-gross resulting from a low gradient model.  
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Figure 6. Comparison of seismic lines collected from the Quaternary Golo fan to a synthetic 

seismic survey generated from a modeled submarine fan. a) Dip seismic line from the Golo 

system shows onlapping reflector terminations (highlighted in blue) against the basal 

surface. Deposits of fans resulting from turbidity currents are separated by drapes of 

hemipelagic sediments, made semi-transparent here. These drapes are overlain by reflector 

terminations with downlapping geometries.  b) Dip view from the synthetic seismic line 

shows similar stacking patterns as observed in a, minus the hemipelagic drapes. c) Strike 

view of the Golo seismic line shows compensational stacking of lobes (highlighted in blue). 

d) Strike view from synthetic seismic survey shows similar lobe stacking pattern as observed 

in c. 
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Figure 7. Comparison of seismic lines from Basin IV of the Brazos-Trinity system to a 

synthetic seismic survey generated from model stratigraphy. a) Dip view of the basin IV 

seismic line shows onlapping reflection terminations (highlighted in red) against the basal 

surface in the upper fan strata, which are overlain by reflectors with downlapping 

geometries (highlighted in blue). b) Dip view of the synthetic seismic survey only shows 

downlapping reflection terminations (highlighted in blue) against the basal surface. The lack 

of onlapping geometries in the synthetic surveys is due to fan growth on a constant slope 

that is relatively lower than the proximal input slope in Basin-IV c) Strike view of the basin 

IV seismic line shows clustered concave-up reflectors (highlighted in blue) adjacent to 
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diverging reflector terminations (highlighted in green). d) Strike view of the synthetic 

seismic data show similar seismic facies as observed in c. 

 

 

 

 

 

 

 

 

 



108 
 

 

 

 Figure 8. Comparison of seismic profiles collected from the modern Zaire fan to synthetic 

seismic of numerical experiment. a) Dip view of the Zaire seismic line shows proximal 

concave up geometries of reflectors (highlighted in red) that transition into laterally 

extensive and near horizontal reflectors (highlighted in blue) in the downstream direction.  

b) Dip oriented synthetic seismic profile from the model fan shows similar seismic facies as 

observed in a. c) Strike view of the Zaire seismic data shows clustered concave-up reflectors 

(highlighted in red) adjacent to diverging reflector (highlighted in blue) terminations. d) 

Strike view of the modeled synthetic seismogram shows similar seismic facies as observed 

in c. 
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Figure 9. Depositional models for endmember submarine fans as a function of antecedent 

gradient. a) Schematic 3D representation of a continental margin and a submarine fan that 

developed on a high antecedent gradient. This fan is characterized by a relatively short 

length with proximally thick deposits and a high sand content. b) Schematic 3D 

representation of a submarine fan that grows on an intermediate gradient through several 

episodes of progradation into the basin. c) Schematic 3D representation of submarine a fan 
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that is formed on a low antecedent gradient. This fan is characterized by numerous 

distributive and meandering submarine channels with well-formed levees that can extend 

for 100’s of km into the basin.  
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Figure 10. The evolution of a continental margin and its impact on submarine fan growth.  

The phase diagram shows the influence of system-wide sediment accumulations and 

antecedent gradient on the evolution of several known examples of modern submarine fans. 

The Golo fan continues growth on a high gradient due the influence of active salt tectonics 

that maintains overall high slope in the basin. Whereas Basin-IV and Zaire fan transition from 

initial growth on a high gradient to a more mature and distributive fan. This transition in 

gradient occurs because of system wide sediment accumulations in the basin that ultimately 

lowers the slope. 
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Supplementary materials 

 

 

Supplementary Figure 1. Uninterpreted comparison of seismic lines collected from the 

Quaternary Golo fan to a synthetic seismic survey generated from a modeled submarine fan. 

See Figure 6 for detailed captions.  
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Supplementary Figure 2. Synthetic stratigraphy colored by the 50th percentile of the 

preserved grain sizes in the deposit. a) Dip section of stratigraphy from which synthetic 

seismogram in Fig, 6b was generated, b) Cross-section of stratigraphy from which the 

synthetic seismogram in Fig. 6d was generated. 
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Supplementary Figure 3. Uninterpreted comparison of seismic lines from Basin IV of the 

Brazos-Trinity system to a synthetic seismic survey generated from model stratigraphy. See 

Figure 7 for detailed captions. 
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Supplementary Figure 4. Synthetic stratigraphy colored by the 50th percentile of the 

preserved grain sizes in the deposit. a) Dip section of stratigraphy from which synthetic 

seismogram in Fig, 7b was generated, b) Cross-section of stratigraphy from which the 

synthetic seismogram in Fig. 7d was generated.  
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Supplementary Figure 5. Uninterpreted comparison of seismic profiles collected from the 

modern Zaire fan to synthetic seismic of numerical experiment. See Figure 8 for detailed 

captions. 
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Supplementary Figure 6. Synthetic stratigraphy colored by the 50th percentile of the 

preserved grain sizes in the deposit. a) Dip section of stratigraphy from which synthetic 

seismogram in Fig, 8b was generated, b) Cross-section of stratigraphy from which the 

synthetic seismogram in Fig. 8d was generated. 
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CHAPTER 3: Inception, Maintenance, and Termination of Submarine Channels 

Abstract 

Channels are a key component of submarine fan morphology, and their deposits are critical 

architectural elements of deep-water strata. Submarine channels guide fan forming turbidity 

currents that influence the surface dynamics that construct submarine fans in deep-water 

settings on continental slopes and abyssal plains. Modern observations of seafloor 

bathymetry, seismic data, and outcrops point to an array of submarine channel shapes 

including meandering, distributive, and low sinuosity channels. Here we focus on 

distributive and low sinuosity channels and leverage a depth-average model for turbidity 

currents to explore controls on their inception, maintenance, and termination. We expand 

on previous numerical work that explored the very early stages of channel inception. We 

leverage the dimensionless framework from chapter 1 and test the hypotheses that bedload 

transport, erosion, grain size distributions, and bed cohesion set gradients in channel 

mobility during fan formation. We quantify emergent channel morphology including the 

total length of channels active on a fan at a given time and the complexity of channel 

branching on the fan surface using a novel computer vision algorithm. Results from this work 

aid stratigraphic predictions from a priori knowledge of boundary conditions and the 

inversion of paleo-hydraulics from preserved deep-water stratigraphy, which will aid the 

reconstruction of environmental signals.  

 

 

 



119 
 

Introduction 

Submarine channels are an integral morphological element of submarine fans and the flows 

that craft them play an important role in ocean ecosystems by transporting sediments and 

nutrients into deep oceans (Meiburg and Kneller 2010, Peakall and Sumner 2015, Azpiroz-

Zabala et al., 2017; Hage et al., 2019). The mobility of submarine channels in net 

aggradational settings can produce fans more than 100 kms in length and with thicknesses 

in excess of 100’s of meters, especially on lower slopes (McHargue and Webb 1986; 

Babonneau et al., 2010; Galy et al., 2007). While initial exploration of submarine fan 

processes was motivated by the high quality and massive geofluid reservoirs they house 

(Weimer and Pettingill, 2007), recent studies highlight the geohazards they pose and their 

importance to the functioning of ecosystems and global climate. Channelized flows are also 

studied for their impact on global climate as they transport significant volumes of particulate 

organic matter (Galy et al., 2007; Hage et al., 2020; Cunningham et al. 2023; Talling et al., 

2023). Flows confined by channels can also attain and maintain swift velocities that threaten 

subsea infrastructure, including subsea cables that transport the vast majority of data 

transferred between continents (Heezen and Ewing 1952; Carter et al., 2014; Stevenson et 

al., 2018; Talling et al., 2022). Channelized submarine flows also deliver microplastics into 

deep oceans where they threaten marine biodiversity (Kane et al., 2020; Pohl et al., 2020). 

Finally, channelized submarine fan deposits preserve the thickest accumulations of strata on 

Earth (Talling et al., 2015). This strata contains signals of paleo-environmental change, 

which if properly decoded could aid reconstruction of the Earth-system responses to 

episodes of climate change (Covault et al., 2010; Hessler and Fildani, 2019). 
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Like terrestrial rivers, submarine channels are bound by natural levees (Deptuck et 

al., 2003; Kane et al., 2007; Straub et al., 2008; Hodgson et al., 2011; Sylvester et al., 2011; 

Jobe et al., 2020), tend to become distributive near their terminus (Bobonneau et al., 2010; 

Pyles et al., 2014), can be highly sinuous (Clark et al., 1992; Peakall et al., 2000; Sylvester and 

Covault, 2016), and display a downslope fining trend in the size of sediment in transit (Droz 

et al., 1996). Both rivers and submarine channels craft large-scale landforms. In the case of a 

river, channelized flow entering a quiescent body of water like an ocean or a lake undergoes 

a spatial reduction in flow velocity, which drives net depositional conditions that craft deltas 

(Gilbert 1885; Davis 1889; Galloway 1975; Syvitski and Kettner, 2011; Ganti et al., 2016). In 

the case of submarine channels, large-scale fans result from the lateral motion of channels 

on continental slopes and abyssal plains (Bouma 1962; Normark 1970; Mutti and Lucchi 

1978; Stow and Mayall 2000; Hodgson et al., 2006). Sediment is transported in these 

channels predominantly by turbidity currents, which move downslope as a function of the 

gravitational pull on the excess density due to entrainment of sediments (Bagnold 1962). In 

these settings deposition is promoted by the concave up profile of many continental margins 

and the entrainment of clear water into turbidity currents, which reduces current density 

and decelerates flows (Parker et al., 1986, Sequeiros et al., 2009). Submarine channel levees 

are much thicker than their terrestrial river cousins and can be as tall as the channels are 

deep (Damuth et al., 1988; Kostic and Parker 2006; Mohrig and Buttles 2007; Straub and 

Mohrig 2008; Talling et al., 2015; de Leeuw et al., 2018; Jobe et al., 2020).  

Subsurface and outcrop studies have quantified channelized submarine fan deposits 

(Clark et al., 1992; Gardner et al., 2000; Abreu et al., 2003; Deptuck et al., 2003; Bobonneau 

et al., 2010). However, such studies provide limited insight into the inception and dynamics 
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of submarine channels. To complement these static measurements, several research 

campaigns collected and analyzed active flow data in submarine channels (Azpiroz-Zabala 

et al., 2017; Hughes Clarke 2016; Simmons et al., 2020; Pope et al., 2022). While important 

for understanding the flow dynamics over event timescales, most of these campaigns have 

yet to collect data over sufficient durations to characterize the morphodynamics of fans that 

dictate the resulting stratigraphic architecture. Attempts to study these processes at 

laboratory scale with physical experiments have generally been unable to produce self-

formed channels from flows that are unequivocally turbidity currents and display sufficient 

mobility (lateral channel migration and avulsions) to form a fully dynamic fan surface 

(Parsons et al., 2002, Rowland et al., 2010; Cantelli et al., 2011).  

Several studies point out that submarine channel initial confinement is generally 

linked to an initial phase of erosion or deposition from turbidity currents (Kostic and Parker 

2006; Eggenhuisen et al., 2011 Fildani et al., 2013; De Leeuw et al., 2016). Here we highlight 

the work of De Leeuw et al. (2016) who were able to produce a self-formed channel at a 

laboratory scale. This study showed that turbidity currents can self-channelize both by 

erosion and deposition from suspended load. However, the length of the emergent channel 

was less than 10 times its width and the experiment did not extend to timescales necessary 

to quantify channel migration rates or observe avulsions. As such even this seminal study 

explored a limited range of morphodynamic conditions necessary for maintenance of 

submarine channels.  

Given the difficulty of collecting data that is of sufficient duration to explore the 

process of submarine channel initiation, maintenance and termination, the community 
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leverages numerical models. Research in this area accelerated after the publication of the 

seminal governing depth-average equations for turbidity currents from RANS equations 

(Reynolds 1895; Parker et al., 1986). Two early studies that successfully achieved channel 

shapes used a numerical model with the depth-average equations for turbidity currents 

(Bradford 1996; Imran et al., 1998). The emergent channels in these studies did not avulse 

or craft stacked morphologies that are observed on modern examples of seafloor fans. The 

limited duration explored with these models was due to computational constraints at the 

time. Further both studies only simulated supercritical (FrD > 1) currents, and the model 

used lacked important processes such as, bedload transport, development of bed cohesion, 

flocculation of in-transit clay particles, and transport of polydisperse grain sizes. Halsey and 

Kumar, (2019) used a model, EMstrata, that also leverages the depth-average governing 

equations for turbidity currents. This study produced channels, but the simulations lacked 

bedload transport and were not run long enough to create a dynamic submarine fan surface.  

Other computationally efficient models rely on reduced complexity formulations of 

the underlying physics of gravity flows in conjunction with rules-based algorithms that 

approximate sediment transport fields and turbidity current dynamics (Teles et al., 2016; 

Burgess et al., 2019). While these models are efficient in generating geologically realistic and 

gross-scale depositional behaviors, such as compensational stacking of lobe complex 

geobodies over an antecedent surface, they do not generate channels or account for erosion 

by a turbidity current and therefore are limited to unchannelized and purely depositional 

submarine fan deposits (Burgess et al., 2019). Another widely used model, Dionisis flow, 

solves non-linear diffusion equations and as such bypasses formal treatment of fluid 

dynamics (Carson and Kirkby 1972; Begin 1988). While this model produces channelized 
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stratigraphy (Hawie et al., 2018), the lack of flow dynamics prevents the exploration and 

quantification of the morphodynamic conditions necessary for inception and maintenance 

of submarine channels.   

Here we also leverage EMstrata, which is based on the governing depth-average 

equations of Parker et al. (1986). This model is parallelized and can solve for sediment fluxes 

in bedload and suspended load, entrainment of clear water, development of bed cohesion, 

and flocculation of clay sized particles in transport (Fig. 1 and see methods for more details 

on the model). We solve the governing equations using the finite volume method that 

accounts for any emerging discontinuity in turbidity currents, such as the dynamics found in 

the head of a current or due to hydraulic jumps or an avulsion (see methods). Prior work 

with EMstrata documents how the model produces realistic and fully dynamic submarine 

fan surfaces. Specifically, using this model Wahab et al. (2022) simplified critical forcing 

parameters, such as regional slopes and properties of sediments for turbidity currents to 

show that two dimensionless parameters (densimetric Froude (FrD) and Rouse (p) numbers) 

critically influence the morphology of submarine fans. FrD measures the ratio of inertial to 

gravitational forces and p weighs the ratio of sediment settling velocity to shear velocity of 

the flow. This dimensionless framework highlighted endmember submarine fans that are 

constructed by subcritical (FrD < 1), transcritical (FrD ~ 1), and supercritical (FrD > 1) flows, 

which closely resemble the morphologies and architecture of several modern submarine 

fans (see chapter 1 and 2 for more details).  

We build on the Wahab et al. (2022) framework and posit that parameters such as, 

bedload transport, erosion, grain size distributions, and bed cohesion set gradients in 
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channel mobility during fan formation. To test this hypothesis, we designed and ran several 

generations of model runs (totaling 150 model runs) and quantified emergent channel 

network behaviors, including average length of channelization and prevalence of 

bifurcations on the fan surface (Table 1 and supplementary Table 1 for more details). 

Results 

Erosion and deposition of a monodisperse grain size:  

We explore channelization on submarine fans in six generations of numerical experiments. 

Generations vary in the algorithms included in the solver (i.e., bedload transport, flocculation 

of sediment, development of bed cohesion) and the complexity of the input sediment 

distribution.  Numerical experiments from generation 1 explored turbidity currents and the 

evolution of topography with a model that only accounted for deposition (eq. 3.7) and 

erosion (eq. 3.9) of a monodisperse grain size in suspension (Fig. 2; Supplementary Figure 

7). This generation does not solve for bedload transport. 

Experiments that are forced with low p and low FrD initiated channels but could not 

maintain these over the duration of the experiment and eventually transitioned into 

unchannelized sheet flows (Fig. 3a-b and see case 1-2,6-8,11-14,16-19,21-24 in 

Supplementary Figure 7). For models that share a constant input p, increasing FrD past 

criticality (~1) inhibits flows from crafting channels that can migrate and avulse, as 

deposition is limited to production of levees (Fig, 2 and see case 4,5,9,10,15,20,25 In 

Supplementary Figure 7). Further, we observe that the location where flows lose 

confinement and transition into unchannelized sheet flow is tied to the input p.  
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For experiments that share a constant FrD, decreasing p improves the ability of flows 

to self-channelize. Here, we note that as p decreases, for experiments with high FrD (> 1), the 

spreading angle of the flow increases downstream of the inlet channel. This suggests that 

such conditions have low capacity to self-channelize (se case 5,10,15, 25 in Supplementary 

Figure 7). The longest channel with well-defined levees in generation 1 resulted from a 

model that was forced with a transcritical FrD (~1) and low p (see case 3 In Supplementary 

Figure 7). In this experiment sediments bypassed the proximal portion of a self-formed 

channel with no in-channel deposition. Sediments were then deposited at a channel to lobe 

transition (Fig. 2 and case 3 in Supplementary Figure 7). All experiments in this generation 

lacked lateral channel mobility and sufficient in-channel aggradation to setup avulsions. As 

a result, all experiments in this generation failed to develop a dynamic fan surface.  

Erosion, deposition, and bedload transport of a monodisperse gain size distribution:   

The model for generation 2 experiments is identical to generation 1, except for the 

implementation of bedload transport via eq. 3.12 (Fig. 4-5; Supplementary Figure 8). 

Channels that emerged in these experiments maintained their form as the channel bed 

aggraded and migrated until an avulsion was triggered, which resulted in the formation of 

new channels (Fig. 5 a-b, Supplementary Figure 8). The only experiments that did not 

generate dynamic channels were forced by supercritical FrD (>1) and mostly low p (see case 

3-5, 7-10, 13-15, 19-20, 25 in Supplementary Figure 8). 

As the FrD increased to 1, for experiments that share the same input p, channel lengths 

increased. Further increase in FrD into supercritical territory resulted in channels formed 

through the development of levees, but no in-channel deposition (Fig. 4. And Supplementary 
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Figure 8). Here we note that dynamic channels (i.e., channels that  avulsed, bifurcated, or 

were lateral mobile) only emerged in experiments that were forced with subcritical FrD (< 

1.0). In these experiments, flows are generally net depositional and construct multiple self-

formed channels bound by prominent levees. Distributive networks emerge as channel 

bifurcations developed (see case 1-2, 5-6, 11-12, 16-18, in Supplementary Figure 8). In this 

generation, experiments forced with near critical FrD (~1) produced the longest channels. 

These channels are bound by well-formed levees that prograded through time, in some cases 

outside of the experimental domain (see case 3, 8, 13 in Supplementary Figure 8), which 

prevented avulsions.  

As p increases, for experiments that share the same FrD, the length of channels 

generally decrease (Supplementary Figure 8). Similar to generation 1, as p decreases for 

supercritical experiments, the  flow spreading angle increases downslope of the inlet 

channel, which reduces the likelihood of channel development (see case 4-5,9-10,15,20,25 

in Supplementary Figure 8). Further, we observe that traversing the regime space in 

generation 2 from low FrD and p toward high FrD and p, corresponds with an increase in 

channel incision, and a reduction in channel mobility (i.e., no avulsions).  

Erosion, deposition, and bedload transport of a polydisperse grainsize distribution: 

The models for generations 3 and 4 are identical to generation 2, except that they solved for 

erosion and bedload transport of a polydisperse grain size distribution (Fig. 6-7 and 

Supplementary Figure 9-10). We conduct experiments with a total of 20 grain sizes, 

implementing a uniform size distribution in generation 3 and a log-normal distribution in 

generation 4. The median grain size is computed as function of the settling velocity of the 
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suspended sediments via choice of a p (eq. 3.8). The lower bound of this distribution is set 

by a clay particle size of 5 um and the upper bound (d99) is computed, such that the average 

settling velocity of the mixture is consistent with the input p (see methods). The majority of 

the experiments in generations 3 and 4 formed channels that were mobile and produced 

dynamic fan surfaces. The lone exceptions were experiments with supercritical FrD and low 

p (see Fig. 6-7 and Supplementary Figure 9-10), which also had high shear velocities, were 

generally net erosional, and efficient bypassed fine sediments out the distal edge of the 

model domain. 

 In experiments with a polydisperse sediment size distribution (either uniform or log-

normal), we observe similar trends in channel initiation and maintenance. Given constant p, 

we find that increasing FrD generally leads to net erosional flows and a decrease in channel 

mobility. In experiments where the FrD is kept constant, increasing p leads to net 

depositional flows and relatively short channels. The spreading angle of flows downstream 

of the entrance channel, for high FrD, are generally less when forced with a log-normal 

particle size distribution (compare cases 4-5,9-10,15,20 in Supplementary Figure 9 and 10). 

Further, we note that for the same FrD and p, experiments forced with a uniform distribution 

of sediment sizes produced the longest channels, and consequentially the largest dynamic 

submarine fan surfaces (compare Supplementary Figure 9 and 10).   

Erosion, deposition, and bedload transport of a polydisperse grainsize distribution 

accounting for flocculation of clay particles and bed cohesion: 

The models for generations 5 and 6 are like generation 3 and 4, except in both generations 

we solve for flocculation of clay particles and bed cohesion via equations 3.15 and 3.18. 
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These experiments produced similar channel dynamics as those seen in generations 3 and 4. 

(Fig. 8-9 and Supplementary Figure 11-12). The inclusion of flocculation and bed cohesion 

do not significantly change conditions necessary for channel initiation or the migration 

dynamics and as such the morphology of the fans are not significantly different from those 

in generation 3 and 4. Differences we did note, which result from modeling flocculation and 

bed cohesion, include fan fronts and lobes that grew thicker and more laterally extensive for 

supercritically forced experiments in generations 5 and 6, compared to generations 3 and 4.  

Prevalence of bifurcations and length of channel networks:  

We leverage novel computer vision algorithms (see methods for more details) to quantify 

emergent channel network complexity, including average length of channel networks and 

prevalence of bifurcations on the fan surface. Here we restrict our calculations to generation 

2, generation 3, and generation 4 runs only (Fig. 10 a-b). Generation 1 failed to channelize in 

the majority of the experiments and generation 5 and 6 did not present significant difference 

in channel initiation and migration dynamics to those present in generations 3 and 4. 

Further, runs in generation 2, 3 and 4 that did not craft a dynamic fan surface are also 

excluded from this. Numerical experiments that did form a dynamic submarine fan surface, 

either via avulsion or bifurcating channels in generation 2-4, show similar gradients in FrD 

and p space for number of channel bifurcations total network length (Fig. 10 a-b). Given 

experiments with constant p, increasing FrD generally leads to fewer bifurcations and shorter 

channels. Number of channel bifurcations and length of channelization also decrease for 

experiments with constant FrD but increasing p at the inlet. Traversing the regime space 
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diagonally from high FrD and p to low FrD and p, corresponds to an increase in the number of 

channel bifurcations and length of channelization.  

Discussion 

Influence of FrD and p on the shape of channels and channel networks: 

A critical aspect of this study is the exploration of an inlet FrD and p on the shape of channels 

and the networks they formed. Thus, the model generations produced included experiments 

that spanned a range of these dimensionless parameters (Supplementary table 1). This range 

and the rules deployed resulted in overlap between some of our models and the conditions 

and rules used in previous studies that explored submarine channel development in 

numerical experiments (Bradford 1996; Imran et al., 1998; Halsey and Kumar 2019). 

However, given the numerical methods employed in EMStrata and advancements in 

compute power, we can solve the evolution of submarine fans over much longer timescales 

than these earlier studies. These longer run times allowed channels to grow, bifurcate, and 

avulse as fans grew (Fig. 3-9). A key difference in this study to previous numerical campaigns 

is the inclusion of subcritical flow conditions, which generally did not channelize in earlier 

studies that lacked algorithms for bedload transport (Bradford 1996; Imran et al., 1998). 

While differences exist between experiments that share a constant FrD and p, but are from 

different generations, we do note some general trends. First, we explore the impact of 

increasing FrD in experiments that share the same p. Low FrD flows tend to produce the most 

complex networks, with more frequent bifurcations (Fig. 10a); supplementary figure 8-12). 

This is likely due to the low inertia of these flows, which results in high spatial flow 

deceleration and thus complex patterns of deposition that can nucleate bifurcations (Hay 

1982; Imran et al. 1998; Halsey and Kumar 2019). As FrD increases towards criticality, 
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channels tend to elongate and the frequency of bifurcations drops as flow inertial increases 

and spatial deceleration decreases, driving longer particle advection scales (Fig. 3-9; 

supplementary figure 8-12). This trend continues until flows have so much inertia at high 

FrD that sediment dominantly bypasses the domain, with only limited channel development 

due to proximal levee deposition (Halsey and Kumar 2019). Migrating through the regime 

diagrams along an axis with constant FrD but increasing p results in channels that are shorter 

and less complex (i.e., fewer total bifurcations; Fig. 10a-b; supplementary figure 8-12). The 

decrease in channel length is a result of transporting coarser sediment as p increases (Fig. 

10b). These coarser grains are harder to advect long distances before deposition (Ganti et 

al., 2018), thus shutting down channel extension by levee progradation.  

 The influence of bedload in suspended load dominated flows: 

The largest change in fan morphology, due to algorithms included in a model generation, 

came from either the inclusion or exclusion of bedload transport (eq 3.12) (Kumar and 

Zaretskiy et al., 2019). This might be surprising, given that turbidity currents by definition 

transport most of their sediment in suspension (Bagnold 1962). This suspended load gives 

turbidity currents their excess density and moves the center of mass of this driving 

gravitational force away from the bed (Sequeiros 2010a), which further enhances transport 

rates. The fraction of sediment transported via turbidity currents in the form of bedload is 

poorly constrained, but one experimental study quantified it at less than 10-4 (Straub et al., 

2008). It is reasonable to assume that this value is generally less than 1% for field scale 

conditions. While bedload is a small fraction of the total load in turbidity currents, evidence 

for the importance of bedload transport can be found in bedforms covering modern channel 

beds and preserved in the rock record (Rijn et al., 1984; Nelson et al., 1995; Fedele et al. 
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2016). A link between bedload transport in turbidity currents and the development of 

bedforms was made by Sequeiros et al. (2010b), who found important dynamic feedbacks 

between bedforms and the hydraulics of turbidity currents. However, the importance of 

bedload on channel and channel network development has to our knowledge not been 

quantified. The importance of bedload on channel form and channel network structure has 

extensively been studied in the terrestrial (see Church, 2006 and references therein). This 

work highlights that the short transport lengths associated with bedload transport lead to 

frequent bed elevation adjustments, even if the overall sediment transport rates are low. In 

contrast, sediment traveling in suspension typically travels down system many channel 

widths between bed exchange events [Bagnold 1962; Ganti et al., 2018]. This infrequent bed 

interaction reduces the importance of this mechanism of transport to the morphology of 

alluvial networks. Our results suggest a similar importance of bedload transport for the 

maintenance of submarine channels and the morphology of their networks.  

We note that earlier numerical studies on the conditions necessary to initiate 

submarine channels did not include algorithms for bedload transport (Bradford 1996; Imran 

et al., 1998; Halsey and Kumar 2019). Some of the conditions explored in these earlier 

studies are reproduced in our generation 1 models (Table 1; Fig. 2 and supplementary figure 

7). For example, the channel forms that develop from supercritical (FrD >1) flows in 

generation 1 (Fig. 2) craft similar channel forms as seen in the modeling studies of Imran et 

al. (1998) and Bradford (1996). At subcritical (FrD <1) and transcritical (FrD~1) flows, 

channels that did develop early in the simulations failed to maintain confinement for any 

significant duration (Fig. 2-3). The deposition that occurred from suspension fallout in these 

models was generally patchy and highly heterogenous, which led to topography 
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characterized by small length scale roughness (Fig. 3a-b). This rough surface topography 

tends to facilitate flow acceleration and erosion where the gradients are steep and deposition 

where gradients are low (Inman et al., 1976; Stacey and Bowen 1988; Sequeiros et al., 2009). 

However, the highly transient nature of these topographic highs and lows on the fan surface 

hindered the ability of incoming flows to maintain channel forms (Fig. 3b). The occasional 

long channels that are seen in generation 1 develop where deposition from suspended load 

is suppressed due to low input p, typically linked to fine sediments (Fig. 2 and see case 3 in 

supplementary figure 7). In such experiments, the flow can keep the majority of their 

sediments in suspension avoiding the development of transient topographic instabilities. 

This result indicates that while submarine channels can form from deposition and erosion of 

a single grain size in suspension, they cannot be maintained for subcritical (FrD <1) and 

transcritical (FrD ~1) flow conditions (Fig. 2, Fig. 3a-b) without the inclusion of a bedload 

flux algorithm.  

We find that inclusion of a bedload flux algorithm is important for both channel 

initiation and maintenance (eq. 3.12; Fig.4-5 and supplementary figure 8). Regarding 

channel initiation, inclusion of a bedload flux algorithm is tied to development of scours, as 

gradients in bedload flux develop over minor bed roughness elements. This helps to nucleate 

channels and drive channel extension through bed scour through a positive feedback loop 

(Covault et al., 2014; Hamilton et al., 2015; Rowland et al., 2010). As channels extend and 

channel slopes decrease, mouthbar deposition initiates primarily due to high spatial 

gradients in bedload fluxes, which drives channel bifurcation and the development of 

complex networks. Eventually channel extension lowers slopes to such a degree that 

significant deposition at a channel-lobe transition triggers in-bed aggradation, again largely 
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resulting from spatial gradients in bedload, which ultimately results in channel avulsion. All 

these dynamics come about in a model that is layer averaged and thus cannot produce dunes 

and bars that result from the vertical flow structure. We imagine that these bed and bar 

forms would only increase spatial gradients in bedload fluxes in real world systems, thus 

enhancing the importance of bedload to the development of submarine fans. Further, 

bedload transport is critical in migration dynamics of submarine channels (Sanders and 

Middelton 1965; Das et al., 2004; Sequeiros et al., 2010; Kane et al., 2010; Hamilton et al., 

2017). For example, the migration of sinuous channels are critically linked to erosion along 

cutbanks and transport of this material near the bed to the inner banks of bends (Abad et al., 

2011). Taken as a whole, our results hint towards the universal importance of bedload 

transport to the morphology of channels and the structure of channel networks, whether in 

subaerial or submarine settings. 

Secondary controls on the morphodynamics of submarine channel networks: 

 While the inclusion of a bedload flux algorithm was the single most important 

variable explored for channel and channel network development, quantifiable differences 

did result from the class of grain size distribution implemented and to a lesser extent the 

inclusion of flocculation and bed cohesion algorithms (Table 1; supplementary Figure 1-2). 

We note that complex and polydisperse distributions of sediments in transport reduced the 

downstream extension of channels and the resulting planform size of submarine fans (Fig. 

6-9, Supplementary Fig. 9 -12). In these experiments, coarse grains settle proximally within 

channel fills, limiting downstream channel extension (Halsey and Kumar 2019), and the 

finest grains in transport bypass channel tips, resulting in sheet-like pro-channel mud 

aprons. Here we note that channel lengths were usually greater in experiments forced with 
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a uniform sediment size distribution compared to a lognormal grain size distribution 

(compare experiments in Fig. 7-8). More fine grains are incorporated in the uniform 

distribution, which helps flows maintain their driving force via sediment suspension and 

therefore achieve longer downstream extension (compare experiments in supplementary 

Figure 9 and 10). Experiments with a single grain size produced the longest channels in this 

study (Fig. 4, Fig, 10b and supplementary Figure 8). Such flow tends to keep that single grain 

size in suspension within the channel, with deposition primarily occurring on levees as the 

flow decelerates from lateral spreading. This works to stabilize channels as deposition on 

levees and in far-field sites lengthens the time between avulsions that are setup due to 

channel superelevation (Jobe et al. 2020) or channel back-filling (Hamilton et al., 2017). As 

a result, channels can prograde, sometimes out of the model domain (Fig. 4, Supplementary 

Fig. 8). This result suggest that the longer submarine channel systems, some of which extend 

for 100’s of kms, might be tied to flows that have very well sorted grain size distributions 

(Picot et al., 2016; Bobanneau et al., 2010).  

Adding algorithms to account for flocculation (eq 3.14) and development of bed 

cohesion (eq 3.18) did not result in clear differences in the morphology or dynamics of the 

channel networks (Fig. 8-9). This might partially be explained by the fact that all experiments 

were run with 10% mud in the sediment mixture. The lack of mud preserved in most 

experiments suggests that the input mud content was not sufficient to influence channel 

behavior, possibly because the simulated flows were efficient at eroding and bypassing mud 

size particles out of the simulation domain. Thus, additional runs with incrementally higher 

mud content in the input sediment mixture could more fully explore the influence of 

flocculation and cohesion on submarine channel morphodynamics.  
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Conclusions 

We explored morphodynamic conditions for the inception, maintenance, and termination of 

submarine channels by leveraging a forward physics-based numerical model for turbidity 

currents. Results highlighted here have implications for how to model the development of 

submarine fans which sequester vast amounts of organic carbon [Galy et al., 2007; Hage et 

al., 2020; Cunningham et al. 2023; Talling et al., 2023] and house diverse ecosystems that are 

vulnerable to pollutants delivered by turbidity currents [Kane et al., 2020; Pohl et al., 2020]. 

Our results demonstrate the utility of leveraging a process-based model which accounts for 

important physics at play in turbidity currents and the deposits they produce, including 

bedload transport, the distribution of particles in transport, flocculation, and the 

development of bed cohesion. We highlight the following three points: 

1) The inclusion (or lack thereof) of a bedload flux algorithm was the single most 

important choice made for the resulting morphology of submarine fans. This 

highlights that while the flux of sediment near the bed might be a small fraction of a 

turbidity current’s total flux, it is critically important to crafting the texture of 

submarine fans. 

2) Systematic changes in the length of submarine channels and the complexity of 

channel networks are tied to the densimetric Froude and Rouse numbers of the 

turbidity currents that build submarine fans.  

3) The shape of a grain size distribution released into a submarine fan has secondary 

controls on channel length and network complexity. Here we highlight differences in 

modeling fan development with a single grain size vs. a distribution of sizes. Flows 
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characterized by single grain size (analogous to a very well sorted grain size 

distribution in the field) generated longer channels with less network complexity, 

compared to fans constructed by a distribution of grain sizes.  
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Methods 

Numerical Model and Design 

We leverage a forward and a parallel numerical model, EMstrata, that solves four depth-

average equations for turbidity currents (Parker et al., 1986). These equations assume the 

representation of flow velocity components (𝑢 𝑎𝑛𝑑 𝑣), concentration of sediments (𝑐), and 

turbulent kinetic energy (𝑘) as follows, 

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = 𝑈(𝑥, 𝑦, 𝑡)𝑓𝑢(𝜁)   3.1 

𝑣(𝑥, 𝑦, 𝑧, 𝑡) = 𝑉(𝑥, 𝑦, 𝑡)𝑓𝑣(𝜁)   3.2 

ℎ(𝑥, 𝑦, 𝑧, 𝑡) = 𝐻(𝑥, 𝑦, 𝑡)𝑓ℎ(𝜁)  3.3 

𝑐(𝑥, 𝑦, 𝑧, 𝑡) = 𝐶(𝑥, 𝑦, 𝑡)𝑐(𝜁)   3.4 

𝑘(𝑥, 𝑦, 𝑧, 𝑡) = 𝐾(𝑥, 𝑦, 𝑡)𝑓𝑘(𝜁)   3.5 

Where 𝜁 =  𝑧 ℎ(𝑥, 𝑦, 𝑡)⁄  and ℎ is the depth-average height of the current. The depth-average 

approach means that the model does not resolve vertical flow structures and processes such 

as flow stripped by partial confinement. Here we utilize a top hat function  𝑓(𝑢,𝑣,ℎ,𝑐,𝑘)(𝜁),  

similar to Parker et al. (1986) to account for flows stripped by partial condiment. We note 

that this shape function  𝑓(𝑢,𝑣,ℎ,𝑐,𝑘)(𝜁) may not accurately represent the vertical profiles of the 

flow variables. However, the depth average equations will in general account for their 

dynamic evolution in space and time. This assumption poses limitation to the ability of the 

model to resolve surface morphologies that are tied to the vertical flow structures, such as 

ripples and dunes. Recent literature has proposed more sophisticated shape functions that 

vary as a function of the FrD and p and can aid estimation of mass and momentum fluxes 
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(Dorrell et al. 2014). These limitations noted, EMstrata captures rich dynamics of turbidity 

currents and their resulting deposits with reasonable computational costs, allowing 

investigation of hundreds of models. 

With the abovementioned assumptions, the governing equations for a 2D turbidity 

current driven by sediments of various sizes, can be written in following Eulerian form,  

𝜕𝑄

𝜕𝑡
+  

𝜕𝐹

𝜕𝑥
+ 

𝜕𝐺

𝜕𝑦
= 𝑆,                      (3.6) 

where, 

𝑄 = 

⌊
 
 
 
 
 

ℎ
ℎ𝑢
ℎ𝑣
ℎ𝑐𝑖

ℎ𝑘
𝜂𝑖 ⌋

 
 
 
 
 

,   F = 

⌊
 
 
 
 
 
 

ℎ𝑢

ℎ𝑢2 + 
1

2
𝑔𝑅ℎ2 ∑𝑐𝑖

ℎ𝑢𝑣
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ℎ𝑢𝑘
𝑞𝑏𝑖
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,  𝐺 = 

⌊
 
 
 
 
 
 

ℎ𝑣
ℎ𝑢𝑣

ℎ𝑣2 + 
1

2
𝑔𝑅ℎ2 ∑𝑐𝑖

ℎ𝑣𝑐𝑖

ℎ𝑣𝑘
𝑞𝑏𝑖

𝑦
⌋
 
 
 
 
 
 

. 

The right-hand term S is defined as,  

𝑆 =

⌊
 
 
 
 
 
 
 𝑒𝑤√𝑢2 + 𝑣2

−𝑔𝑅ℎ(∑ 𝑐𝑖)
𝜕

𝜕𝑥
∑𝜂𝑖 − 𝑐𝑑𝑢√𝑢2 + 𝑣2

−𝑔𝑅ℎ(∑ 𝑐𝑖)
𝜕

𝜕𝑦
∑𝜂𝑖 − 𝑐𝑑𝑣√𝑢2 + 𝑣2

𝐸𝑖 − 𝐷𝑖

𝑃 −  𝜖
1

1−∅
(𝐸𝑖 − 𝐷𝑖) ⌋

 
 
 
 
 
 
 

. 

Here, ℎ is the depth-average thickness of a turbidity current, 𝑢 and 𝑣 are velocity components 

in x, y directions, 𝑐𝑖  is the volumetric concentration of ith sediment type, 𝑘 is the turbulent 

kinetic energy, 𝜂𝑖  is the deposit thickness of ith sediment, g is acceleration due to gravity (9.81 

ms-2), R is the  relative sediment density, for quartz (1.65), 𝑞𝑏𝑖
𝑥 and 𝑞𝑏𝑖

𝑦
 are bedload fluxes in 
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x, y directions, 𝑒𝑤  is the clear water entrainment rate, 𝑐𝑑  is the drag coefficient and set to a 

value of 0.004, 𝐸𝑖is the sediment resuspension flux for the ith  sediment, 𝐷𝑖  is the sediment 

deposition flux for the ith sediment, 𝑃 −  𝜖 are production and dissipation of turbulent kinetic 

energy in the fourth equation in Parker et al. (1986), and ∅ is the sediment layer porosity.  

 The closed system of equations in 3.6 requires additional closure terms. For 

entrainment of clear water into the turbidity current we use the following relationships 

(Parker et al., 1987),  

𝑒𝑤 =  
0.075

√(1 + 𝑅𝑖2.4)
 ,     𝑅𝑖 =  

1

(𝐹𝑟𝐷)2 
  𝑎𝑛𝑑       𝐹𝑟𝐷 =  

(𝑢 + 𝑣)

√𝑅𝑔ℎ ∑ 𝑐𝑖

 

Where is the Ri is Richardson number, which is the inverse of the square of FrD. The 

deposition rate of the ith sediment from suspension is calculated as follows, 

𝐷𝑖 = 𝑟0𝑐𝑖𝑤𝑠𝑖   (3.7) 

𝑟0 is computed from Garcia (1994) as, 

𝑟0𝑖 = 0.4 (
𝑑𝑖

𝑑𝑔
)

1.64

+ 1.64,   𝑑𝑔 =  (∏ 𝑑𝑖

𝑛

𝑖=1
)

1
𝑛

 

where  𝑑𝑔 denotes the geometric mean size of the suspended sediment mixture. The settling 

velocity 𝑤𝑠𝑖  of the ith sediment from suspension is measures using the Dietrich method 

(Dietrich 1982) as follows, 

𝑙𝑜𝑔10𝑊∗ = −3.76715 + 1.92944𝑙𝑜𝑔10𝑑∗ − 0.09815(𝑙𝑜𝑔10𝑑∗)
2 − 0.00575(𝑙𝑜𝑔10𝑑∗)

3

+ 0.00056(𝑙𝑜𝑔10𝑑∗)
4,                    (3.8) 
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𝑊∗ =  
𝑤𝑠𝑖

3

𝑅𝑔𝑣
,          𝑑∗ = 

𝑅𝑔𝑑𝑖
3

𝜈2
 

Where 𝑑𝑖  is particle size and 𝜈 is the kinematic viscosity (1.5e-6m2/s). The 

erosion/resuspension rates are modeled as a turbulent diffusive transport as follows, 

𝐸𝑖 = 𝐷𝑇(𝑝𝑖𝑐𝑏𝑖 − 𝑐𝑖)/ℎ            (3.9), 

where 𝐷𝑇  is the turbulent diffusivity, 𝑐𝑏𝑖  is the near bed concentration of ith sediment in the 

eroded (fluidized) bed, and 𝑐𝑖  is ith depth average concentration of sediments. 𝐷𝑇   is 

computed as follows, 

𝐷𝑇 =  
ℎ

(1 + 3.33𝑅𝑖)1.5
√𝑘 

We use the Garcia and Parker (1991) formulation for the near bed concentration of 

sediments 𝑐𝑏𝑖  as follows, 

𝑐𝑏𝑖 =  
1.3 ∗ 10−7𝑍𝑖

5

1 + 
1.3
0.3

∗  10−7𝑍𝑖
5
,       𝑍𝑖𝜅

𝑢8

𝑤𝑠𝑖

𝑓(𝑅𝑒𝑝𝑖) (
𝑑𝑖

𝑑50

)
0.2

 

where 𝑑50 is the median grain size of the deposited sediment, 𝜅 = 1 − 0.288𝜎𝜙 accounts for 

the non-uniformity of the deposited sediments, and 𝜙 is the sorting parameter. The function 

𝑓(𝑅𝑒𝑝𝑖) is given as follows, 

𝑓(𝑅𝑒𝑝𝑖) =  {𝑅𝑒𝑝𝑖
0.6, 𝑖𝑓 𝑅𝑒𝑝𝑖  ≥ 2.34 𝑜𝑟 0.586𝑅𝑒𝑝𝑖

1.23𝑚 𝑖𝑓 𝑅𝑒𝑝𝑖 < 2.34.  (3.10) 

So, the final form of the sediment entrainment flux in eq (3.9) is computed as follows, 

𝐸𝑖 = 
√𝑘(𝑐𝑏𝑖 − 𝑐𝑖  )

(1 + 3.33𝑅𝑖)1.5
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The governing equations and their closure terms are solved using a finite volume method 

with a dynamic time step that is a function of grid spacing, flow velocity, and wave speed. 

The finite volume method captures discontinuities in the turbidity current flow such as the 

head of the turbidity current or a hydraulic jump. Once a current is released into the domain 

it contains a head that propagates through the model domain and eventually exits the 

simulation domain. This head develops due to sharp spatial gradients in hydrostatic 

pressure and shear stresses between cells that have near zero velocity or concentration, and 

those characterizing the current front. The model then simulates the body of the current until 

a new head originates from a node where the system undergoes an avulsion. The amount of 

morphodynamic work by the head and the body of the turbidity current is controlled by 

empirical closures (Meyer_Peter and Müller, 1948; Garcia and Parker, 1991; Garcia 1994) 

that are functions of shear stresses within the flow. A more detailed description of the depth-

averaged theory, governing equations and analyses of their approximate analytical solutions, 

and a choice of the numerical solver is published in prior studies (Halsey et al., 2017, Halsey 

and Kumar 2019, Wahab et al., 2022). 

 We design several generations of numerical experiments to explore the influence of 

grain size distribution, bedload transport, and cohesive sediment transport on submarine 

channel dynamics (Table 1; Supplementary Table 1). Within each generation that is defined 

by the above constraints, we also vary the flow FrD and p of the input flow to the simulation.  

10% of the input sediment mixture is mud for all model runs. To this end, we design a model 

for generation 1 experiments that accounts for erosion and deposition of sediments from a 

mixture that contains a single grain size. All simulations in generation 1 and others described 
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below are stopped when a defined volume of sediment is released into the simulation 

domain. 

 In generation 2, we use the same forcing criterion as above, except add an algorithm 

to model bedload transport. This mode of transport in turbidity currents accounts for 

saltation, rolling, sliding, and traction of sediments near or slightly above bed. Here we use 

the bedload formulation form Meyer-Peter and Müller (1948), which is given as,  

𝛷 = 3.97 (𝜏∗ − 𝜏𝑐
∗)(√𝜏∗ − 𝜏𝑐

∗),    𝜏𝑐
∗ = 

1

2
(0.22𝑅𝑒𝑝

0.6 + 0.06 ∗ 10−7𝑅𝑒𝑝
0.6

)  3.11 

We reformulate this equation to consider a mixture of sediments as follows, 

𝑞𝑏 = ∑ 𝑞𝑏𝑖
𝑥,𝑦

𝑖 = ∑ 𝑝𝑖√𝑅𝑔𝑑𝑖
3𝛷(𝜏𝑖

∗ − 𝜏𝑐𝑖
∗

𝑖 )  3.12 

where 𝑝𝑖  is the fraction of the ith sediment in the transported layer (Kumar and Zaretskiy et 

al., 2019). 

In generations 3 and 5, we introduce a uniform grain size distribution with 20 total 

sediment sizes and solve for erosion, deposition, and bedload transport (supplementary 

Figure 1). We compute the uniform distribution of sediments as a function of d50 and d99. In 

generations 4 and 6 we introduce a log-normal distribution (supplementary Figure 2); we 

compute the grain size distribution as a function of the d50 and sorting. Here sorting is 

computed using the Folk criterion (Folk, 1966) as follows, 

𝑠𝑜𝑟𝑡𝑖𝑛𝑔 =  
∅16+∅84

4
+ 

∅95−∅5

6.6
  3.13 

 where ∅ represents grain size percentile. For both distributions, we iteratively solve for the 

d50 and d99, such the settling velocity 𝑤𝑠𝑖  of the average grain size in the distribution is 
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consistent with settling velocity of the Rouse number and the d99 does not exceed a value of 

1 mm. Finally, we compute for equispaced grain diameters to achieve the final distribution 

of the sediment mixture.  

In generations 5 and 6, we implement a model for flocculation of clay particles 

(Kuprenas et al., 2018, Winterwerp 1998) and a cohesive transport model (Winterwerp and 

Kesteren 2004), while keeping all other forcing conditions the same as generations 3 and 4. 

The equation for solving for a diameter of a floccule is given by Kuprenas et al., 2018 as, 

𝜕𝐷

𝜕𝑡
=  

𝑘𝐴
𝑗

𝑛𝑓

𝐷𝑝
𝑛𝑓−3

𝜌𝑠
𝐺𝐶𝐷𝐴−𝑛𝑓 −

𝑘𝐵
𝑗

𝑛𝑓
𝐷𝐺 (

𝐷−𝐷𝑝

𝐷𝑝
)
𝑝

(
𝜏𝑡

𝜏𝑦
)

𝑞

  3.14 

where 𝐷 is the diameter of the floccule, 𝐷𝑝 is the primary clay particle size (5um), 𝐶 is the 

mass concentration, 𝜌𝑠 is the density of the primary clay particle, G = √∈/𝜈  where ∈ =

0.09𝑘1.5/ℎ, 𝑘 is the turbulent energy term, 𝜏𝑡 =  𝜇𝐺  is the turbulent induced stress on the 

floc size, 𝜏𝑦 = 𝐹𝑦/𝐷2 is the strength term for each floc size, 𝜇 = 0.001 is the dynamic viscosity 

of the fluids, 𝐹𝑦 = 1𝑒 − 10 is the floc yield force, 𝐾𝐴 is a Collison term for flocs , 𝐾𝐵  is a term 

for break efficiency of flocs, and p and q are power coefficients (Winterwerp 1998). To solve 

for the erosion and deposition of the mud size particles, we implement the depth-average 

volumetric concentration (c) of mud and number density (n)of floccules as follows, 

𝜕ℎ𝑐

𝜕𝑡
+ 

𝜕ℎ𝑐𝑢

𝜕𝑥
+ 

𝜕ℎ𝑐𝑣

𝜕𝑦
=  −𝐷 + 𝐸                                       (3.15) 

𝜕ℎ𝑛

𝜕𝑡
+ 

𝜕ℎ𝑐𝑛𝑢

𝜕𝑥
+  

𝜕ℎ𝑐𝑛𝑣

𝜕𝑦
=  𝐴ℎ + 𝐵ℎ − 𝐷𝑛 + 𝐸𝑛          (3.16) 

where, 
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𝐴 = 𝑘𝐴
𝑗
𝐺𝑉𝑝 (

𝐷

𝐷𝑝
)

3

𝑛2 ,        𝐵 =  𝑘𝐵
𝑗
𝐺 (

𝐷 − 𝐷𝑝

𝐷𝑝
)

𝑝

(
𝜇𝐺

𝐹𝑦
𝐷2

)

𝑞

𝑛. 

The deposition rate is computed as follows, 

𝐷 = 2.04𝑣𝑠𝑐                          (3.17)  

where 𝑐 is volumetric concentration of mud size sediments, and 𝑣𝑠 is the settling velocity of 

floccules. The diameter of the floc is calculated from n and c using the following equation, 

𝐷 = (
𝑐

𝑉𝑝𝑛
)

1/𝑛𝑓

𝐷𝑝 

this diameter value a settling velocity 𝑣𝑠 is computed using eq. (3.8). The erosion and 

deposition rates for the floccule number density n follows 

−𝐷𝑛 + 𝐸𝑛 =  −(𝐷 + 𝐸).
1

𝑉𝑝
(

𝐷

𝐷𝑝

)

−𝑛𝑓

 

So, the final form of the eq. (3.16) is implemented as follows, 

𝜕ℎ𝑛

𝜕𝑡
+ 

𝜕ℎ𝑐𝑛𝑢

𝜕𝑥
+ 

𝜕ℎ𝑐𝑛𝑣

𝜕𝑦
=  (𝑘𝐴

𝑗
𝐺𝑉𝑝 (

𝐷

𝐷𝑝
)
3

𝑛2)ℎ + (𝑘𝐵
𝑗
𝐺 (

𝐷−𝐷𝑝

𝐷𝑝
)

𝑝

(
𝜇𝐺
𝐹𝑦

𝐷2

)

𝑞

𝑛) ℎ − (𝐷 +

𝐸).
1

𝑉𝑝
(

𝐷

𝐷𝑝
)
−𝑛𝑓

  3.18 

Channel Tracking Criterion 

We track channels once every 40 hours into each simulation. This process is carried out in 

several steps (supplementary Figure 3), which are described below. 
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Pre-processing: We track channels in each simulation using the sediment load property 

(hc). This property is a product of the height (h) [m] of the current and concentration (c) 

[1/1] of suspended sediments in the flow at any given cell [m2]. First, we interpolate this 

property onto a Cartesian grid. Next, we apply an image processing algorithm that enhances 

the contrast in the sediment load property. We achieve this by applying a contrast-limited 

adaptive histogram equalization (CLAHE) on an input image (Zuiderveld 1994). This method 

enhances the contrast of an image by applying histogram equalization to local regions of the 

image, rather than the entire image at once. Next, we a apply a Gabor filter (Gabor 1946; 

Sahoo et al., 2018) which helps in highlighting edges, curves, and linear features of different 

orientations and scales. This filter is a combination of a Gaussian function and a sine or cosine 

wave function. By varying the orientation and frequencies, this approach highlights different 

types of features from the image.  

Tracking: Channel tracking is initiated by defining the starting coordinates, which are set to 

the source coordinates of the inlet channel. We ignore tracking in the inlet channel itself, and 

only start this process at the inlet to main domain. For all model runs in this study, we use a 

minimum threshold of hc at 0.0625 i.e., 25 % of the hc value at the inlet. To track channel like 

features, we first compute the Hessian matrix of the sediment load property every 40 hours. 

The Hessian matrix is a square matrix of second-order partial derivatives of a function with 

respect to its variables (Duda and Hart 1973; Forsyth and Ponce 2002). This matrix is 

commonly used in image processing to detect and analyze features such as edges, and 

ridgelines (Voorn et al., 2013; Jin et al., 2021). The ridgelines resemble the morphology of 

branches in a tree leaf, river networks on a continent or submarine channels in deepwater 

settings. We compute the Hessian matrix using a Gaussian filter with a specified 2D kernel 
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(Jin et al., 2021; Malladi and Sethian 1995; Zhu et al., 2017). The kernel value controls the 

size of this filter and is used to adjust for the size of the features that are detected. We 

performed sensitivity analyses to choose an optimum kernel value of 12 such that it will 

allow detection of channels of various sizes in the simulations.  

Once a channel feature is identified close to the starting point, an intensity cross-

section profile of the hc property is calculated. This cross-section profile consists of uneven 

data points and is often noisy.  We apply a low-pass Savitsky-Golay filter to smooth this 

profile to allow for a cleaner fit of the data in the following steps (Jardim and Morgado-Dias, 

2020). The Savitsky-Golay filter smooths the noise in the cross-section profile by fitting a 

series of polynomial curves to the data and then uses those curves to estimate the underlying 

hc data. A probability density function is applied to the intensity profile of the hc cross-

section to determine the total number of peaks. If there is only one peak (e.g., within a 

channel), then a unimodal Gaussian distribution fit is applied (Supplementary Figure 4). 

Conversely, if the data is defined by two peaks (e.g., at a channel bifurcation node), then a 

bimodal distribution Gaussian fit is applied (Supplementary Figure 5). We implement the 

choice of the optimal fit to the data by measuring the mean squared error (MSE) of the fit for 

both unimodal and bimodal Gaussian distributions. When both fits can be applied to the 

distribution (i.e., the MSE is not zero), we calculate the overlap coefficient of the two 

distributions. The value of this coefficient ranges between 0 (no overlap) and 1 (complete 

overlap). If the overlap coefficient is less than 0.2 (i.e., 20% overlap), the bimodal 

distribution is chosen because the two distributions are sufficiently different 

(Supplementary Figure 5). Otherwise, a unimodal distribution is chosen because it is a 

simpler model and there is not enough evidence to support the use of a more complex 
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bimodal fit (Supplementary Figure 6). The peak of the model fit is then used to continue 

tracking the channel or the x-y coordinates of the branches. The algorithm iteratively 

updates the width of the hc cross-section, azimuth angle, current position of the channel 

centerline, and applies a Boolean mask to the region already tracked to avoid redundancy. 

Once the value of the peak of the distribution is smaller than then minimum predefined hc 

threshold the channel tracking is terminated.  

Branching Criterion:  We implement a minimum length threshold to keep, or prune tracked 

branches throughout the tracking process. This criterion is implemented to isolate instances 

during a model run where flow stripping occurs. Such phenomenon usually occurs over short 

distances. Here, we remove channel branches that are shorter than 250 m. We apply this 

branching criterion across all models runs irrespective of their forcing conditions.  

Channel Network Statistics: We measure two statistics to quantify the distributary network 

structure and the degree of total channelization in model runs that are defined across a 

spectrum of flow forcing conditions. First, we measure the number of channel bifunctions. 

This metric is essentially nodes within the simulations where the sediment load property at 

a given x-y location is defined by a bimodal distribution (Supplementary Figure 5). At these 

sites the channel splits into two branches. We measure all such bifurcation points every 40 

hours into the simulations for all model runs explored in this study. Finally, we computed 

the arithmetic mean of the measured bifurcations. Next, we compute the total length of 

channels in the domain every 40 hours into the simulation. This is achieved by measuring 

the Euclidean distance across all x and y coordinates that defines the channels and their 
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branches. Finally, we compute the average of this length scale to quantify the degree of 

channelization across a model run.   
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Figures 

 

Figure 1: Schematic of bedload and suspended load transport in a turbidity current. In 

bedload transport, a grain of sediment can skip, saltate, slide, or roll over the active bed. 

Flocculation is a process where clay particles stick together to form larger particles 

‘floccules’ that can eventually breakdown into smaller floccules. Once this sediment is 

deposited from suspension a deposit can stiffen through cohesive strengthening. 
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Table 1: Numerical design for simulations investigated in this study. For more details 

on input conditions see supplementary Table 1. 
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Figure 2. Sediment thickness at the end of generation 1 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 3. The channel maintenance in experiments that model erosion and deposition from 

suspension, but do not model bedload transport, flocculation, or bed cohesion. a, Maps of a 

single model from generation 1 show deposit thickness at various times into the simulation 

forced by FrD (0.46) and p (0.195). Note the lack of channel formation in the deposit thickness 

maps. b, Maps show velocity magnitude at the active surface at the same time as the maps 

above. Note that the velocity field indicates the absence of any channelized flow. Model 

dimensions are 25 x 20 km.  
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Figure 4. Sediment thickness at the end of generation 2 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 5. The impact of bedload transport on channel maintenance. a, Maps of a model from 

generation 2 show deposit thickness at various times into a simulation forced by FrD (0.46) 

and p (0.195). Note the development of a channel in the deposit thickness maps. This model 

is forced with similar boundary conditions as displayed in Fig. 3 except for the addition of 

bedload transport. b, Maps show velocity magnitude at the active surface at the same times 

as the maps above. Note that the velocity field indicates the presence of distributive channel 

flow. Model dimensions are 25 x 20 km. 
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Figure 6. Sediment thickness at the end of generation 3 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 7. Sediment thickness at the end of generation 4 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 8. Sediment thickness at the end of generation 5 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 9. Sediment thickness at the end of generation 6 model runs. A subset of simulated 

and self-formed submarine fans forced by unique combinations of FrD and p. Colored bars 

represents deposit thickness in meters. Models have a domain size of 25 x 20 km. Additional 

variables are listed in supplementary Table 1. 
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Figure 10. Number of channel bifurcations and length of channelization across models from 

generations 2, 3, and 4. a, Matrix shows average number of bifurcations over the course of 

model runs, where bifurcations are counted every 40 hours into the simulation. b, Matrix 

shows the average length of channels present on an active surface over the course of the 

model runs, where total length of channelization is measured every 40 hours into the 

simulation. White regions represent models in which input sediment largely bypassed model 

domains and thus channelize was not sufficient to craft a dynamic fan surface. 
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Supplementary Materials  

Case   FrD p Slope 
(deg) 

u 
[m/s] 

d50 
[um] 

sorting Ws 
[m/s] 

Duration 
[sec] 

u* 
[m/s] 

d98 
[um] 

1 0.46 0.078 0.066 0.93 65 1.2 0.005 5403382 0.059 465 

2 0.73 0.078 0.200 1.47 74 1.5 0.007 3404871 0.093 796 

3 1 0.078 0.470 2.01 77 1.7 0.010 2485556 0.127 1247 

4 1.36 0.078 1.209 2.74 74 2.1 0.013 1827615 0.173 2124 

5 1.6 0.078 2.092 3.22 69 2.3 0.016 1553472 0.204 2972 

6 0.46 0.1 0.066 0.93 82 1.1 0.006 5403382 0.059 465 

7 0.73 0.1 0.200 1.47 97 1.3 0.009 3404871 0.093 796 

8 1 0.1 0.470 2.01 104 1.5 0.013 2485556 0.127 1247 

9 1.36 0.1 1.209 2.74 105 1.9 0.017 1827615 0.173 2124 

10 1.6 0.1 2.092 3.22 101 2.1 0.020 1553472 0.204 2972 

11 0.46 0.15 0.066 0.93 117 0.8 0.009 5403382 0.059 465 

12 0.73 0.15 0.200 1.47 145 1.1 0.014 3404871 0.093 796 

13 1 0.15 0.470 2.01 164 1.3 0.019 2485556 0.127 1247 

14 1.36 0.15 1.209 2.74 177 1.5 0.026 1827615 0.173 2124 

15 1.6 0.15 2.092 3.22 179 1.7 0.031 1553472 0.204 2972 

16 0.46 0.195 0.066 0.93 146 0.7 0.011 5403382 0.059 465 

17 0.73 0.195 0.200 1.47 186 0.9 0.018 3404871 0.093 796 

18 1 0.195 0.470 2.01 216 1.1 0.025 2485556 0.127 1247 

19 1.36 0.195 1.209 2.74 242 1.3 0.034 1827615 0.173 2124 

20 1.6 0.195 2.092 3.22 252 1.5 0.040 1553472 0.204 2972 

21 0.46 0.24 0.066 0.93 173 0.6 0.014 5403382 0.059 465 

22 0.73 0.24 0.200 1.47 225 0.8 0.022 3404871 0.093 796 

23 1 0.24 0.470 2.01 266 1.0 0.031 2485556 0.127 1247 

24 1.36 0.24 1.209 2.74 307 1.2 0.042 1827615 0.173 2124 

25 1.6 0.24 2.092 3.22 326 1.4 0.049 1553472 0.204 2972 

Supplementary Table 1. Select common variables used in this study. FrD = Densimetric 

Froude Number; p = Rouse Number; u = Mean velocity at the inlet; d50 = Mean sand 

diameter; Ws = Mean settling velocity of suspended material at the inlet; Duration = Total 

simulation time on a supercomputer; u* = Mean shear velocity at the inlet; d98 = Maximum 

sand diameter 
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Supplementary Figure 1: An example of a uniform grain size distribution.  

 

Supplementary Figure 2: An example of a log-normal grain size distribution. 
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Supplementary Figure 3. Example of channel tracking in a simulation. a, Sediment load 

(height*concentration) data is interpolated from a triangular irregular network (TIN) to a 

Cartesian grid. This model is from generation 3 and is forced with a FrD (0.46) and p (0.1). 

Red arrow shows primary flow direction. b, A Gabor filter is applied to smooth and enhance 

the sharpness of the data. This step helps in determining channel edges due to the sharp 

contrast with the non-channelized background (see methods). c, The channels are tracked 

using the peak of the fitted distribution every 40 hours into the simulation. d, Small channel 

branches that are tracked because of partial flow stripping from the main channel network 

are removed.    
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Supplementary Figure 4. Fitting a unimodal distribution using the sediment load property. 

In this example the tracking workflow approximates the sediment load data through a 

unimodal distribution based on the closeness of the fit.  Left plot: Image displays the 

interpolated sediment load property. Red arrow indicates the primary direction of the flow. 

Color bar represents sediment load value. Red curve outlines the cross-section where a 

channel is being tracked. Right plot: Plot of the probability density function (red) of the 

sediment load from the cross-section in the left image. The dotted black line is unimodal 

distribution fit to the data.  

 

 



177 
 

    

 Supplementary Figure 5. Fitting a bimodal distribution using the sediment load property.  In 

this example, the tracking workflow approximates the sediment load data through a Bimodal 

Gaussian distribution based on a low overlap coefficient (0.09). Left panel: Image of the 

interpolated sediment load property. Red arrow indicates the primary flow direction. Color 

bar represents sediment load value. Red curve outlines the cross-section where a channel is 

being tracked. Right panel: Plot of the probability density function (red) of the sediment load 

from the cross-section in the left panel. The dotted black line is a bimodal distribution fit to 

the data. The closeness of the fit and the low overlap value suggest that the two distributions 

are sufficiently different from one another. The workflow picks the peak of each distribution 

to track channel branches (see methods for more details).   
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Supplementary Figure 6. Determining a distribution fit. In this example the tracking 

workflow approximates the sediment load data through a Unimodal Gaussian distribution 

based on high overlap coefficient (0.25). Left plot: Image is plotting an instance of the 

interpolated sediment load property. Red arrow points to the primary direction of the flow. 

Color bar represents sediment load value. Red curve outlines the cross-section where 

channel is being tracked. Right plot: Plot of the probability density function (red) of the 

sediment load from the cross-section in the left image. The dotted black line is unimodal 

distribution fit to the data. The fit suggest that the two distributions are not sufficiently 

different from one another.    
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Supplementary Figure 7. Generation 1 deposit thickness maps at the end of each numerical 

experiment. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m. See Supplementary 

Table 1 for more details.  
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Supplementary Figure 8. Generation 2 deposit thickness maps of all models runs at the end 

of the simulation. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m. Similar case numbers 

as Supplementary Figure 7 and see Supplementary Table 1 for more details.  
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Supplementary Figure 9. Generation 3 deposit thickness maps of all models runs at the end 

of the simulation. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m. Similar case numbers 

as Supplementary Figure 7 and see Supplementary Table 1 for more details.  
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Supplementary Figure 10. Generation 4 deposit thickness maps of all models runs at the end 

of the simulation. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m.  Similar case numbers 

as Supplementary Figure 7 and see Supplementary Table 1 for more details.  
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Supplementary Figure 11. Generation 5 deposit thickness maps of all models runs at the end 

of the simulation. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m. Similar case numbers 

as Supplementary Figure 7 and see Supplementary Table 1 for more details.  
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Supplementary Figure 12. Generation 6 deposit thickness maps of all models runs at the end 

of the simulation. Column represents increasing FrD from left to right and rows represents p 

increasing from bottom to top. Color bar is for deposit thickness in m.  Similar case numbers 

as Supplementary Figure 7 and see Supplementary Table 1 for more details.  


