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Bathymetric Self-Organization
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Abstract The bathymetry of the northern Gulf of Mexico is strongly influenced by diapirism of subsurface
salt. A competition between salt dynamics and the depositional mechanics of sediment laden density flows over
geological timescales controls the scale of seafloor depressions, which are the dominant bathymetric features of
the margin. Salt domes create topographic highs, and salt removal to the domes creates topographic lows, with
sediment deposition driving the gravitational dynamics. The strength of bathymetric self-organization into
depressions is inferred through analysis of a vast bathymetric data set made public by the U.S. Bureau of Ocean
and Energy Management. Depression geometric scales follow Pareto distributions, and their tail indexes aid
inference of the strength of bathymetric self-organization, with lower tail indexes linked to greater self-
organization. A comparison is made of margin subregions defined by pseudo-flow drainage density maps,
which inversely relates to the pre-deformation thickness of subsurface salt. Tail indexes of distributions
decrease with the thickness of the underlying salt. This is linked to the merger of depressions, which is enhanced
when depressions can grow wider and deeper, as occurs over thick salt fields, and the development of salt
structure. The manner of self-organization results in most of the margin's ponded sediment accommodation
residing in relatively few depressions that have reliefs exceeding 100 m. This relief is sufficient to induce
sedimentation from even the thickest turbidity currents, which can further drive gravitational dynamics. The
bathymetric complexity of depressions is also greatest over regions with the thickest salt, further supporting
enhanced self-organization.

Plain Language Summary Below the seafloor of the northern Gulf of Mexico resides a thick salt
layer, which over geological timescales moves as a fluid in response to the deposition of sediment from above.
Movement of this salt produces seafloor domes and depressions of a range of sizes. This study quantifies the size
of seafloor depressions on the continental slope of the northern Gulf of Mexico. This is accomplished using a
map of seafloor topography generated by the U.S. Bureau of Ocean Energy Management. Distributions of
depression sizes indicate that more large depressions are found on the margin than would be expected from
common distributions classes (e.g., exponential or Gaussian distributions). This suggests that due to salt
migration, small depressions merged with one another to generate larger depressions, which is a type of self-
organization. Seafloor depressions have the potential to slow the downslope movement of sediment avalanches
called turbidity currents, which could cause sediment deposition and the filling of depressions. Our results
suggest that the largest depressions on the margin also produce most of the ponded space to store sediment on
the margin. The scales of these depressions are also large enough to induce sedimentation from almost all
turbidity currents.

1. Introduction

In both terrestrial and marine environments, a morphodynamic feedback system exists, composed of topography,
fluid flow, and sediment transport. These three parameters collectively control the morphology of sediment
routing systems. In discussions of this feedback system, topographic adjustments generally focus on sediment
exchange with a sediment covered bed (Church, 2006; Jerolmack & Mohrig, 2005; McElroy & Mohrig, 2009;
Naden, 1987; Simpson & Schlunegger, 2003; Smith & McLean, 1977). Each component of this morphodynamic
feedback system directly influences the other two components; for example, a reduction in transport slope with
downstream distance induces a reduction in flow velocity and thus sediment transport capacity, resulting in
deposition and alteration of the slope. The gradient of many continental slopes is a direct product of this mor-
phodynamic feedback system, where the dominant sediment transporting flows are turbidity currents (Pratson
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et al., 2007; Pratson & Haxby, 1996). While some continental margins exhibit relatively simple concave up
profiles, others display significant bathymetric complexity (Mosher et al., 2017; Prather, 2003; Pratson &
Haxby, 1996; Thorne & Swift, 1992). This complexity includes nested depressions, or depressions within de-
pressions. The concept of a morphodynamic feedback system takes on new meaning in settings underlain by salt
or uncompacted shale as sediment loading, controlled by sediment supply, can cause ductile substrate defor-
mation over geological timescales, which continues to influence the fluid and sediment transport fields. This
deformation contributes to deviations from the geological concept known as grade, which in terms of sedimentary
dynamics represents the equilibrium profile of a margin, shaped by sediment-transporting flows in the absence of
time-varying subsidence or uplift (Gilbert, 1877; Mackin, 1948; Prather, 2003). This equilibrium state results
from a balance of sedimentation with the production of accommodation. Here, accommodation is the space
available to store sediment below grade, and is formally defined in a volumetric framework (Jervey, 1988).
Quantifying accommodation is analogous to detailing the instantaneous potential for change in an evolving
continental margin. While the concepts of grade and accommodation have been around for decades, few studies
characterize the statistics that describe how accommodation is organized on continental margins that results from
mobile substrates deforming over geological timescales.

Following prior research (Prather, 2003), we recognize a type of accommodation, termed ponded accommoda-
tion, as the space lying within three-dimensionally closed topographic lows on continental slopes whose cap is
defined at the height of the lowest spill point. Ponded accommodation is highly effective at extracting sediment
from turbidity currents as they must traverse flat and/or adverse slopes, which decelerate flows and reduce
sediment transport capacity (Lamb et al., 2006; Patacci et al., 2015). Depressions resulting from diapirism and
formation of other structures on salt canopies form intraslope basins that are large enough to influence the
depositional mechanics of turbidity currents are often termed minibasins by geologists working the Gulf of
Mexico (GoM). Numerical and physical experimental studies suggest minibasins can cause collapse of turbidity
currents, or in some cases induce hydraulic ponding and flow inflation (Bastianon et al., 2021; Dorrell et al., 2018;
Lamb et al., 2004; Patacci et al., 2015; Reece et al., 2024) Hydraulic ponding, a process where flows are trapped
within depressions, initiates when turbidity currents reflect off distal depression walls. Ponding generates low
densimetric Froude number flows with limited ambient fluid entrainment and usually requires depression relief to
be comparable to the thickness of a turbidity current (Lamb et al., 2004; Patacci et al., 2015; van Andel &
Komar, 1969).

Here, the statistics of minibasins along the northern Gulf of Mexico are quantified to understand the scales of
depressions that are important for this type of accommodation. For example, does ponded accommodation
predominantly exist in a few large minibasins or in smaller depressions, of which there are many. Additionally,
distributions of depressions geometric scales offer insights into the self-organization of bathymetry and how this
self-organization changes as either a function of water depth or original thicknesses of subsurface salt. Given the
scales of depressions on the margin and the complexity of the subsurface geology (Hudec, Jackson, & Peel, 2013;
Kilsdonk et al., 2010; Pilcher et al., 2011), we envision this self-organization occurring over the geological
timescales (i.e., >1 Myrs).

Organization of depressions through movement of subsurface salt has been inferred by imaging of strata beneath
and around minibasins that suggest patterns of minibasin subsidence can be influenced by neighboring minibasins
(Hudec et al., 2009) if they develop sufficiently close to one another. This is supported by dynamics captured in
numerical and physical experiments, in which strata can be rotated due to spatial variations in the salt flow field,
inducing temporal and spatial gradients in minibasin floor subsidence (Callot et al., 2016; Fernandez et al., 2020).
Given the spatial configuration of sediment loading, these interactions can even lead to depression merger through
time, resulting in aerially extensive minibasins. In addition to depression merger, the size and location of de-
pressions (specifically the larger depressions) has been linked to the structure of allochthonous Sigsbee salt
canopy (Kilsdonk et al., 2010; Pilcher et al., 2011). We emphasize that this subsurface salt structure is also
partially the result of sediment loading over the evolution of the GoM and thus is part of the self-organization of
bathymetry.

We ask how the statistics of depressions change (a) along an east to west transect that runs roughly parallel to the
regional slope from thin to thick and back to thin subsurface salt and (b) as a function of water depth. This
quantification helps define the roughness scales that turbidity currents interact with as they move down the GoM
margin. These roughness elements slow the downslope progression of turbidity currents resulting in sediment
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deposition that fills accommodation, bringing the margin closer to grade (Alexander & Morris, 1994;
Mackin, 1948; Nasr-Azadani & Meiburg, 2014; Soutter et al., 2021). Deposition then further drives the unique
morphodynamic feedback system of salt provinces as the resulting deposition has the potential to induce further
salt withdrawal and minibasin subsidence.

2. Background
2.1. Bathymetric Impacts of Mobile Salt Substrates

Gravity-driven salt diapirism plays a crucial role in shaping the geomorphology of the passive northern GoM
continental margin (Worrall & Snelson, 1989). In regions underlain by mobile salt substrates, differential sedi-
ment loading can cause ductile substrate deformation over geological timescales (Gemmer et al., 2004; Schultz-
Ela et al., 1993). This deformation results in the upward migration of salt bodies, leading to the formation of salt
domes and canopies (Peel, 2014). Horizontal salt movement can be driven by pressure gradients, governed by the
competition between Couette and Poiseuille flows along compressional margins (Ings & Beaumont, 2010).
Ultimately, mobile salt influences seafloor geomorphology that feeds back on the fluid and sediment transport
fields of turbidity currents (Peel, 2014; Reece et al., 2024).

2.2. Geologic Setting: Northern Gulf of Mexico

The history of the GoM basin is analogous to other passive margins underlain by thick salt deposits that date to the
early Mesozoic era, such as those found in the South Atlantic salt basins, Red Sea, and southern Moroccan/
Scotian margins (Rowan, 2022). During this time, fault bounded basins formed across what is now a 400 km wide
zone, resulting from the rifting of the supercontinent Pangaea (Pindell & Dewey, 1982). Salt deposition began
around 160 million years ago (Ma), giving rise to the Louann Salt formation (Bird et al., 2005). Prior to
deformation, the Louann Salt was estimated to be at least 3—4 km thick near its center (Hudec, Norton,
et al., 2013), corresponding to the present-day Fill and Spill region of the northern GoM minibasin province. The
formation stratigraphically pinches out toward the eastern and western basin boundaries (Hudec, Norton,
et al., 2013; Salvador, 1991; Steffens et al., 2003). Movement of the Louann Salt controls much of the region's
modern topographic variations and complexity (Andrews, 1960; Hudec, Jackson, & Peel, 2013).

Sediment influx from the hinterland played a crucial role in shaping the evolution of Louann Salt into its current
configuration (Jackson & Seni, 1983). Density contrasts between the encapsulated salt and the surrounding clastic
sediment matrix generated buoyant forces, facilitating upward salt mobility (Martinez, 1991). Salt migration was
not purely vertical, but also occurred laterally (Ings & Beaumont, 2010). This lateral migration was driven by a
combination of salt evacuation beneath zones of sediment deposition (Gemmer et al., 2004), associated pressure
differentials (Ings & Beaumont, 2010), and gravitational forces that moved much of the salt down dip toward the
Sigsbee Escarpment (Humphris Jr, 1979).

Many rivers transport sediment from the terrestrial to the ocean along the northern GoM margin, the largest being
the Mississippi River, which transports a sediment load of 210 million metric tons per year to the northern GoM
(Blum & Roberts, 2009). A summation of the modern loads of the largest nine rivers suggests an approximate
delivery of 234 million metric tons per year to the northern GoM (Milliman & Syvitski, 1992). Much of this
sediment is deposited on the continental shelf but may be delivered through turbidity currents to canyons that
dissect the continental slope and to open slope settings, with significant episodes of slope sediment deposition
occurring over the last 160 Ma (Galloway, 2008). While much of sediment delivered to the slope by the Mis-
sissippi River is funneled down canyon systems (Galloway et al., 2000), sediment supplied by the smaller coastal
systems helps construct shelf-edge deltas and delivers sediment to the upper continental slope.

At present, much of the Louann Salt is allochthonous, or moved from its original state and emplaced above
stratigraphically younger strata (Wu et al., 1990), and is relatively thin along the northern portion of the conti-
nental margin. The Louann Salt thickens in the direction of the Sigsbee Escarpment, which is the leading edge of
the migrating salt (Slowey et al., 2003). As the Louann Salt flowed and deformed, it formed localized accom-
modation for sediment deposition, some of which are now the targets for geofluid exploration (e.g., hydrocarbons
in their gas and liquid forms, as well as CO,, and water; see Mohriak et al., 2012; Stricker et al., 2018;
Prather, 2003). Many of the large modern minibasins appear to have sunk into structural lows in the base of the
salt canopy (Pilcher et al., 2011).
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Figure 1. (a) BOEM's northern Gulf of Mexico deepwater bathymetry data set (Kramer & Shedd, 2017), displayed with WGS84 projection. The data set is a grid created
from 3D seismic surveys and is comprised of 1.4 billion 12.19-by-12.19 m cells. Shaded relief overlays colored bathymetry and is vertically exaggerated by a factor of
five. (b) ArcGIS Pro extracted local depressions with their shaded relief (polygons) in the northern GoM using BOEM's bathymetry data set. The data set covers much of
the northern GoM continental margin with much of it underlain by the Louann Salt mobile substrate. Four regions (colored) follow those outlined by Steffens

et al. (2003), as they overlap with the BOEM bathymetry data set.

Regional mapping shows that most of the mature minibasins are salt welded, indicating that they cannot sink
further into the underlying salt and can no longer create additional ponded accommodation because pressure
gradients have caused all the salt beneath subsiding minibasins to be evacuated (Colling et al., 2001;
Galloway, 2008; Hudec, Jackson, & Peel, 2013; Ings & Beaumont, 2010). These mature minibasins dominantly
occur on the upper slope in the central portion of the minibasin province of the northern GoM, here termed the Fill
and Spill region. Additionally, mapping the top of salt within this Fill and Spill region suggests that salt welded
minibasins occur more often on the continental slope, closer to the continental break and the sediment supply off
shelf-edge deltas, than toward the Sigsbee Escarpment (Colling et al., 2001). This is linked to muted topography
across the upper slope of the central minibasin province as mud belts from shelf-edge deltas can heal minibasin
topography without further salt withdrawal subsidence. This allows slope profiles to form that are nearly the same
grade as the unconfined eastern GoM slope.

3. Data and Methods
3.1. BOEM Bathymetry Data Set

This study leverages a bathymetric data set of 1.4 billion cells that are 12.19 X 12.19 m (Figure 1) (Kramer &
Shedd, 2017). This data set was created by the Bureau of Ocean and Energy Management (BOEM) using a mosaic
of 3-D seismic surveys over a 233,099 km? region and has an average vertical error of 1.3% of water depth, WD,
which ranges from 40 to 3,380 m. The data set was used to extract minibasin reliefs, planar surface areas, and
volumes across the entire northern GoM margin and then for subregions of the margin (Figure 1). Prior
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quantification of ponded accommodation on the northern GoM margin by Steffens et al. (2003) used a bathy-
metric map with a 200-250 m node spacing, thus a resolution ~16-20 times coarser than the BOEM data set.

3.1.1. Definition of Subregions Along a Slope-Parallel Transect

The primary goal of this study is to characterize distributions of depression geometry over a wide range of scales
and to quantify the complexity of these depressions. To achieve this, we quantify and compare accommodation
statistics in four subregions of the northern GoM margin. Steffens et al. (2003) defined these subregions through
analysis of a drainage density map. This map was produced by a drainage path analysis that routes pseudo-flow
down steepest paths of descent. These four subregions correlate with Louann Salt substrate thicknesses and are
presented here by decreasing underlying salt thicknesses: Fill and Spill, Complex Corridors, and Unconfined
Linear Pathways (Figure 1) (Steffens et al., 2003). Here, the seafloor character of these subregions is attributed to
underlying salt dynamics driven by differential sediment loading (Gemmer et al., 2004), and pressure gradients
resulting from lateral salt sheet movement in a compressional toe-of-slope environment (Ings & Beau-
mont, 2010). Movement of the mobile Louann Salt is largely responsible for the length and complexity of
drainage pathways (Steffens et al., 2003). The Fill and Spill subregion is defined by drainage pathways that are
generally <20 km long before terminating in local depressions. These paths often cluster within and near indi-
vidual salt withdrawal intra-slope basins. Flanking the Fill and Spill subregion is the Complex Corridors West and
Complex Corridors East subregions. These are characterized by more continuous but complex drainage corridors,
with maximum dip extents of ~60 km; similar to Smith's (2004) “connected tortuous corridors.” East of the
Mississippi Canyon, Steffens et al. (2003) defined an Unconfined Linear Pathway subregion that contains dip-
oriented drainage paths up to ~130 km in length. This drainage texture occurs in a graded unconfined slope
setting with little or no salt substrate.

To assess the importance of the exact boundaries drawn by Steffens et al. (2003), we investigate how adjusting
boundary locations between the four subregions alters the statistical analyses. This is accomplished with two
adjustment scenarios. For the first scenario, the Fill and Spill regional boundaries are expanded by 50 km (>>
typical minibasins diameters) to ensure the sampling of additional minibasins over the thickest region of salt,
while all other regions are shrunk. The Fill and Spill region is centrally located, sharing boundaries with all other
regions making it a prime candidate to alter all boundaries for additional analyses. For the second scenario, the Fill
and Spill regional boundaries are shrunk by 50 km, while all other regions are expanded.

3.1.2. Definition of Subregions Defined by Water Depth

Given the gravitationally driven movement of the Louann Salt toward the south, with the leading edge at the
Sigsbee Escarpment in ultra-deep water, this study explores how the statistics of seafloor depressions vary as a
function of water-depth. Specifically, we define four water depth bins, 57-1,000 m, 1,001-1,600 m, 1,601—
2,000 m, and 2,001-3,379 m and compare statistics between bins. Note, these depth ranges are not uniform, but
rather were selected to visually capture a similar number of depressions for comparison purposes. Placement of
depressions into one of the four water depth bins is based on the maximum bathymetry (lowest elevation) of a
depression.

3.2. Primary Depression Extraction

The full BOEM bathymetric data set was used to quantify distributions of depression geometric scales. An
ArcGIS Pro Sink geoprocessing function (Mark, 1988) was employed to identify and extract sinks (topographic
lows) within the raster data set. Sinks were identified by detecting bathymetric lows and expanding upward and
outward in search of a spill point. Sinks were extracted from the raster data set with areas greater than 1 km* and
maximum reliefs exceeding 5 m. The area cutoff value was set to be much more than the area of an individual
pixel, and thus avoid apparent depressions that result from pixel-to-pixel error in the BOEM map. The 5 m relief
cutoff value is less than the absolute vertical resolution of much of the data set, reported as 1.3% of water depth
(Kramer & Shedd, 2017). However, most of this error is associated with merging seismic data sets collected in
different years by different geophysical companies, resulting in cross-survey offsets. As a result, accuracy varied
between surveys, but within survey precision is generally well below 1.3%. Given that most depressions are
contained within the footprint of individual seismic surveys, geometric statistics can generally be accurately
estimated for depressions with reliefs less than the reported absolute bathymetric error. Post-extraction analysis
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suggests consistent probability scaling of depression geometry begins for depressions larger than the 5 m limit,
which we take as an indication of precision in defining geometry statistics.

The ArcGIS Pro Sink function identifies maximum depths within neighboring cells that have higher elevations.
Next, a filling process occurs to determine the maximum area of each identified depression, which is set by the
planar area contained below the depression spill point (Planchon & Darboux, 2002). Outputs from this sink
extraction process are polygons that cover the surface area of each local depression (Mark, 1988). Lastly,
bathymetric data underlying each of the polygons was saved as a raster file, allowing bathymetry to be analyzed
for volumetric calculations below each surface area polygon. Extracted depressions were then sorted into sub-
regions. The Steffens et al. (2003) subregions were replicated in ArcGIS Pro as polygons that overlap the extent of
the BOEM bathymetry data set (Figure 1) allowing depressions to be tied to subregions. Geometric statistics are
generated for: (a) Maximum relief, defined as the greatest vertical relief between the depression floor and spill
point, (b) planar nominal diameter, defined as the average diameter of the horizontal surface resulting from a filled

depression, and calculated as:
A
p=3,/2 W
V3

where A is the planar surface area of a depression, (c) planar surface area, defined as the area of the horizontal
surface resulting from a filled depression, and (d) ponded volume, defined as the volume between the seafloor and
the horizontal surface resulting from a filled depression.

3.2.1. Depression Density Calculations

To compare the abundance of depressions between subregions, a depression count was made for each of the
Steffens et al. (2003) subregions. A comparison of depression density, DD, between regions was accomplished

with three methods. The first normalized depression counts, nD, by the planar area of a subregion, A pregion

np
DDormalized = Ai B @)

subregion

and as such did not factor in the planar area of individual depressions. The second method calculated the fraction
of a region covered by enclosed depressions, Ry, by summing all depression planar surface areas in a subregion,
A, and dividing by the subregion's planar area, Agpregions

Dy

Rf’c A
subregion

3)

3.2.2. Ponded Accommodation Statistics

A final method to compare the density of depressions in subregions calculates the average thickness of ponded
accommodation in a subregion, PA ,,, by summing the ponded accommodation of all depressions in a subregion,
PA, and normalizing by the subregion's planar area.

2 PA;

PA, =
Asubregion

4)

Next, to quantify the importance of large versus small depressions in the total ponded accommodation of a region,
plots of the fraction of a subregion's ponded accommodation (a function of primary depression volumes, V)
residing in depressions that exceed a given maximum relief, R,

2 Vp(R>1)

FA(R>r) = Zn VD 5
i=1 i

©)

nominal planar diameter, D,
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Iq

Figure 2. Schematic diagram showing topographic nested level hierarchy of seafloor depressions. Black dotted lines
represent spill point heights for each level. Red dotted lines indicate primary depressions that contain lower nested level
depressions. Level 3 is the highest level in this schematic with the lowest hierarchy the base Level 1 depressions. Regional
slope is from left to right and is annotated as an arrow on the schematic diagram. Note: Level 1s are abbreviated as “L1” on
the diagram.

>y Vp(D>d)

Fy(D>d) = 0 , (6)
A Zi:l VD,
area, A,
Z"’lzl VD(A > a)
FA>a) = =Fr——, (M
A Zi:l VDA
and/or volume, V,
LV (V>
Fy(v > ) = 2= /o> V) ®)

Z?:l VDA ,

are generated. This analysis was also conducted for the full northern GoM data set.

3.2.3. Nested Depression Hierarchy

A nested-level hierarchy analysis was utilized to quantify the propensity for depressions to be nested within larger
depressions, which is a proxy for topographic complexity. This analysis was completed for all subregions of the
northern GoM. A Python package named Lidar (Wu, 2021), developed for terrestrial settings, was used to
delineate nested level depressions from the ArcGIS Pro Sink raster output using a 5 m minimum depth, and a 5 m
slicing interval (i.e., vertical spacing between successive layers used in analysis) (Wu, 2021; Wu et al., 2019).
This algorithm follows a similar methodology to Le and Kumar (2014). First, base level depressions (lowest
depressions in the hierarchy) are identified by the lowest elevation cells relative to their surrounding cells and
tracked up to a localized rim with one cell acting as a spill point. Depressions below this spill point are considered
Level 1 depressions (Figure 2). Two Level 1 depressions that share a common spill point merge above into a Level
2 depression. Level 2 depressions that share a spill point with other Level 2 or Level 1 depressions continue to
grow up the hierarchy chain to become Level 3 depressions. The depression with the highest level of hierarchy is
referred to as the “primary depression.” This process continues until a regional spill point is reached, in which
flow stripped from the upper portions of partially confined turbidity currents would descend the regional slope
until another primary depression is reached (Figure 2).
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A 4. Results
é | /L'_‘A\ lA 4.1. Depression Densities
% 2000k / \ | The Fill and Spill region has the largest number of primary depressions with a
o / \ total count of 2,914, in a subregion with an area of 107,142 + 498 km?
E - / \ E (Figure 3), thus an approximate density of 2.45 X 1072 depressions/kmz.
S / \ . . . . .
5 1000l / \ ] Depression density decree;ses in the Complex Corridors Regions to the
2 / \ west (n = 163; 4.60 X 10~ depressions/km?) and east (n = 53; 3.17 X 10~
2 L/ \ ] depressions/km?) of the Fill and Spill region. The Unconfined Linear Path-
A )/\r R /\ ways region has 160 primary depressions, and the lowest depression density
0 X of 1.69 x 10 depressions per km? (Figure 3). Utilizing the planar areas of all
E X 1.0_8 A\ . . depressions, the fraction of each subregion covered by depressions is esti-
g 2 /L'_é\ B mated. This follows a similar, but accentuated, trend as the depression den-
2 i / \ T sity. 45% of the Fill and Spill region is covered by depressions, decreasing to
.g / \ 5% and 2% in the West and East Complex Corridors regions, respectively.
§ 15r // \ i Finally, only 0.5% of the Unconfined Linear Pathway Region is covered by
g, . .
ﬁ L p \\ ] depressions (Figure 3c).
° / \ The average thickness of ponded accommodation highlights the ability of
E 0.5F A A : mobile salt beneath the Fill and Spill Region to generate significant space to
g - - — A store sediment (Figure 3d). The Fill and Spill region is on average covered by
Z Ol— : : 136 m of ponded accommodation, which falls to between 0.2—1.0 m over the
1 —r . . . Complex Corridors regions and further down to only 0.03 m over the Un-
- C confined Linear Pathways subregion (Figure 3d).
g g 0.8} ;
§° % 0.6l | 4.2. Depression Distributions
“— Q
g 2 A Probability of exceedance was calculated for maximum relief, nominal planar
% % 0.4F v N A diameter, area, and volume of depressions. This was done first for the entire
E ﬁg 0.2 P 7 N northern GoM, and then for each of the four subregions, and for each of the
g T VZ N N 1 four water depth classifications (Figures 4 and 5). In all distributions, data
0 A . /\_ _ A follow an approximate log-log linear decay over most of the parameter space,
which spans several decades for each geometric variable. This log-log linear
—100F T A T -I_D| decay transitions to an approximate exponential decay for extremely large
E, s depressions, when considering the full margin, the Fill and Spill region, or for
k) g / N \ all water depth ranges. However, the log-log linear decay is not perfect. For
% E 10 y 7 \ example, when considering the whole margin, a kink exists in the decay of all
% g / \ four geometric parameters (e.g., near 50 m for the depression relief distri-
R g 1k A \ . bution), with a higher power-law slope transitioning to a lower slope as
:Lc;JJ § \ depression scale increases, suggesting enhanced organization of large, rela-
§ 3 0.1 A - tive to small, depressions at the scale breaks. While we observe evidence of
< % ' =< this kink, we are unaware of a distribution class that contains two power-law
= L L L ﬁ scaling regimes and a truncation parameter. As such, this analysis charac-
West CC Fill & Spill East CC ULP terizes the distribution shape using both a Pareto distribution and a truncated
Region Pareto for all data sets.

Figure 3. Plots showing regional variations of (a) number of depressions
extracted, (b) number of depressions per m>, (c) fraction of region covered
by depressions and (d) average thickness of ponded accommodation in a

region.

Power-law distributions, which follow a log-log linear decay in the proba-
bility of exceedance of a random variable are a common occurrence in a wide
array of natural phenomena, including earthquake magnitudes, sizes of cities,
daily fluctuations in the size of financial market indexes, and biological
populations (Bak & Tang, 1989; Clauset et al., 2009; Gabaix et al., 2003;

Kagan, 2010; Newman, 2005; White et al., 2008). This distribution class can indicate underlying processes or

mechanisms that give rise to rare but impactful entities or events (Pinto et al., 2012). The Pareto is a common
power-law distribution, which is characterized by a probability of exceedance of the form
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Figure 4. Plots showing probability of exceedance for depressions greater than a specific value for the full northern GoM
depression data set, where (a) is maximum depression relief, (b) is nominal planar depression length, (c), is depression planar
area, and (d) is depression volume. Note, the data set is plotted in log-log space, and both the fitted Pareto (solid lines) and
truncated Pareto distributions (dashed lines) are overlayed.
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Figure 5. Plots showing probability of exceedance for depressions greater than a specific value for subregions along the west to east regional transect (a—d) or as a
function of water depth (e-h), where (a, e) are for maximum depression relief, (b, f) are for nominal planar depression length, (c, g) are for depression planar area, and
(d, h) are for depression volume. Note, data sets are plotted in log-log space and both the fitted Pareto (solid lines) and truncated Pareto distributions (dashed lines)
are overlayed.
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Table 1 r\*
Table Showing Estimated Parameters for Pareto and Truncated Pareto Fits P(X>x) = (;) ©)
for the Entire Northern GoM Data Set
A \Y4 D L where x is the random variable, y is the minimum possible value of the random
p 5.49 % 10~ 334 %10~ 842 x 10! 1.10 % 10° variable, and « is the exponent of the power-law decay, also known as the tail
v 176x 1071 137x 100 637x10°  202x10°  ndex (Newman, 2005).
Residual  9.08 x 107" 9.01 x 107! 8.69 x 10~ 9.08 x 10~ Results for the full margin, the Fill and Spill Region, and for all water depth
« L 478x 107! 198 x 10~1 458 % 10~"  9.57 x 10~ ranges, suggest that at exceptionally large scales the probability of exceed-
truncate: - - : *
, 7 86 % 10° 101 % 10° 6.00 X 10° 1.00 X 10° ance decreases with exponential trends (Figures 4 and 5), suggesting a finite
runcated 1'10 0 2 ‘80 Lot ’ 10 3‘ 3 5 10° size influence on the shape of the distribution. This trend can be well
0 .10 X .80 x 7.71 x 73 X

All Regions Data Set

described by a truncated Pareto distribution of the form

Note. A, Area; V, Volume; D, Depth; and L, Length. Row variables are

defined in text.

a (x—nt _ v—a)

POC>0) = (10)

where v is the truncation parameter or the upper bound on the random variable, « is the tail index and y is the lower
bound on the random variable x (Aban et al., 2006; Ganti et al., 2011). Free parameters that define the Pareto and
truncated Pareto fits were found using the maximum likelihood estimation method (Aban et al., 2006) (Figures 4
and 5, Tables 1 and 2).

A comparison of the tail index as a function of the dimensionality of the depression scale (maximum relief or
nominal planar diameter [L], area [Lz], and ponded volume [L3]) and subregion show the following trends.
Generally, as the dimensionality of the scale increases, the tail index decreases (Figure 6). Tail indexes range from
1.06 to 2.05 for maximum depression diameters, which drops to 0.84—1.76 for depression reliefs, then down to
0.53-1.02 for depression areas, and then to 0.33-0.82 for depression volumes. Next, for all geometric scales, the
Fill and Spill region has the lowest tail indexes, which increase as one traverses into the Complex Corridors
Regions, and then into the Unconfined Linear Pathway subregion (Figure 6).

The tail index of a Pareto distribution carries significance for our ability to characterize the mean state of a random
variable. When o > 2, the distribution possesses a statistical mean (Newman, 2005). However, when a < 2, a
distribution lacks a statistical mean (Deluca & Corral, 2013), as the possibility of sampling a parameter of near
infinite size is statistically significant. Distributions with tail indexes <2 are often discussed as having “heavy
tails,” as extremely high parameter values are more probable than in a normal distribution (Kolmogorov &
Bharucha-Reid, 2018). Truncated Pareto distributions with tail indexes <2 also are considered to possess heavy-
tails, even though finite size effects prevent the sampling of near infinite values (Deluca & Corral, 2013). A key
result here is the presence of @ < 2 in almost all dimensionality scales of the northern GoM depressions, which
also occurs in all subregions and water depth ranges (Figures 4-6). Tail indexes reported above are from the
standard Pareto distribution fits. However, we note that tail indexes generated from truncated Pareto fits are
always less than those estimated from Pareto distributions (Table 2). Given that some of our distributions appear
well fit by truncated Paretos, this further supports the characterization of most all geometric data sets as heavy-
tailed.

Plots of the fraction of ponded accommodation housed in depressions exceeding a given scale (either maximum
relief, planar diameter, area, or volume) highlight the importance of large depressions to the total ponded ac-
commodation on this margin (Figure 7). Trends for all four parameters follow a very slow decay with increasing
depression scales, but with very rapid fall-off at large depression scales. To highlight the importance of large
depressions, we find that 90% of the ponded accommodation on the northern GoM margin resides in volumet-
rically the largest 147 of the 3,290 identified depressions. These depressions all have maximum reliefs greater
than 273 m.

4.3. Nested Complexity

Quantification of depression nested complexity highlights potential relationships between depression scales and
topographic complexity. The Fill and Spill region, which had the largest depression scales and heaviest distri-
bution tails, stands out as the most complex. The depression with the most complexity in this region has 37 nested
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Figure 6. Data defining how power-law tail index (a) varies across (a) slope
parallel transect and (b) for different water depth bins, which include relief,
nominal planar diameter, planar area, and volume. Whiskers on error bars in
subplot (a) represent minimum and maximum tail indexes for subregions
based on the analysis of the expanded or shrunken subregions.

depression scales, a result that highlights that larger depressions typically
have more hierarchical levels (Figure 8a). The Complex Corridors West re-
gion, which holds the second-highest degree of nested depression complexity,
had a maximum of 11 level depression scales in a single primary depression.
The Complex Corridors East region is characterized by a maximum of 5 level
depression scales. The Unconfined Linear Pathways region has the least
complexity of all subregions, with a maximum of 3 level depression scales.

Distributions of nested levels in depressions by subregion also follow power-
law decay in probability of exceedance (Figure 8a) and these distributions in
the Fill and Spill and Complex corridors have heavy tails (Figure 8b) with the
lowest tail-index in the Fill and Spill subregion. Confirmation of distribution
class is difficult for the Unconfined Linear Pathway subregion, as we observe
a maximum of 3 nested levels, but the tail index for this region might be as
high as 2.26.

5. Discussion
5.1. Basin Scale Ponded Accommodation

Large topographic depressions have the capacity to trap turbidity currents on
their downslope traverse of continental margins (Lamb et al., 2006), inducing
the accumulation and retention of sediment, nutrients, and pollutants (Galy
et al., 2007; Kane et al., 2020; Talling et al., 2023). Results reveal that a
significant portion of the ponded accommodation on the northern GoM is
concentrated in a small subset of the very largest depressions. For example,
90% of the ponded accommodation on the margin resides in the deepest 147
depressions, which all have reliefs more than 273 m. This relief is likely
sufficient to trap the largest turbidity currents that move down the GoM
margin.

Ponding, which promotes sediment deposition, is thought to occur for flows
that are capable of traversing the floor of minibasins and which have com-
parable thickness to the minibasin relief (Lamb et al., 2006). This creates a
unique feedback as minibasins fill with sediment. During filling the width of
low sloping minibasin floors increases, which can drive ponding of the mud
component of turbidity currents, while the depositional mechanics of sand
resemble unconfined conditions (Prather, 2020). While no active turbidity
currents in GoM minibasins have been measured, turbidity currents have been
recorded in other settings; for example, in the Monterey Canyon (Xu
et al.,, 2004) and in the Zaire submarine channel (Talling et al., 2022).
Recorded flows at these sites have not exceeded 60 m. Self-formed and
aggradation channels along other margins, for example, Amazon (Pirmez &

Imran, 2003) and Bengal (Kolla et al., 2012) submarine channels, can have reliefs in excess of 100 m, suggesting

some flows that are at least this thick. Along the northern GoM margin, self-formed and aggradational channels up
to 40 m deep have been observed entering or traversing minibasins (Panel B of Figure 10, Badalini et al., 2000).
Experiments suggest that turbidity currents can have thicknesses that are 1.3 times the depth of the channel that is
guiding them and still act as channelized flows (Mohrig & Buttles, 2007). Taken together, these findings suggest

that most, if not all, flows that might interact with the current GoM minibasins will have thicknesses less than the

relief of depressions that house most of the current ponded accommodation on the margin. Thus, most of the
current ponded accommodation in the northern GoM has the potential to either cause turbidity currents to collapse
or hydraulically pond, specifically for the muddy components of flows.

5.2. Bathymetric Self-Organization

A self-organized interplay between sediment loading, minibasin development, and salt mobility crafts the ba-
thymetry of the northern GoM (Colling et al., 2001). Self-organized systems are ones linked to the spontaneous
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greater than a specific value for the full northern GoM data set, where (a) is
maximum depression relief, (b) is nominal planar depression length, (c) is
depression planar area, and (d) is depression volume.

emergence of a large-scale pattern through small-scale interactions between
components of a system (Ashby, 1947; Hallet, 1990; Sornette, 2006). For salt-
provinces, the pattern is the field of large-scale depressions (minibasins) that
developed from differential loading of an initial salt sheet, where even minor
spatial variations in loading or variations in initial salt thickness could set off
a positive feedback loop where a change leads to further similar changes
(Markovié & Gros, 2014). As a result, some depressions grow faster than
others, resulting in depression capture and spatially variable rates of salt
convection and expulsion.

An attribute of self-organized systems is their resiliency to perturbations,
linked to an ability to self-repair. This is attributed to external drives and
internal dynamics competing on similar time scales (Markovi¢ & Gros, 2014).
In the northern GoM, the external driver can be thought of as glacio-eustatic
sea-level changes, resulting in depositional episodes on the slope that are
sufficiently separated in time to allow for the salt to deform in response
(Hudec & Jackson, 2007).

Bathymetric self-organization in salt provinces has been linked to the coa-
lescence of hierarchically-scaled adjacent minibasins (Colling et al., 2001).
While interaction of minibasins with one another has been hypothesized from
subsurface imaging and explored in numerical and physical experiments
(Callot et al., 2016; Fernandez et al., 2020), quantitatively linking these in-
teractions to self-organization of the bathymetry is limited. However, self-
organized systems often display power-law scaling of elements in the sys-
tem, where the weight of the distribution tail is linked to the degree of self-
organization (Markovié¢ & Gros, 2014). We highlight the relatively consistent
decay in probability of the depression on geometric scales over several orders
of magnitude, for example, 1->10° km? for planform area (Figure 4). This
consistent scaling suggests self-organization that is scale independent up to
the truncation scale, or at least the lack of an obvious length scale that sep-
arates, for example, depressions which form from ductile salt flow from fault
bound depressions. For minibasins, this self-organization can be thought of as
follows: Coalescing of small-scale depressions into larger depressions re-
distributes probability within a distribution from small to large scales, in
essence adding weight to the distribution tail. As such, the Pareto tail-index
should inversely scale with the strength of self-organization in bathymetry
toward larger depression scales. While depressions grow through deformation
facilitated by ductile salt flow coupled with depression merger, it is worth
highlighting that the largest depressions along the northern GoM are spatially
located above structural lows in the underlying salt canopy, suggesting that
deep structure impacts the specific location of the largest depressions and
possibly their current size (Hudec, Jackson, & Peel, 2013).

We observe a change in self-organization from East to West across the
northern GoM, but do not see a consistent change as a function of water depth
(Figure 6; Table 2). More specifically, results herein suggest an increase in
self-organization over the Fill and Spill subregion relative to neighboring
subregions. This is due to the exceptionally low distribution tail-indexes over
the Fill and Spill region, relative to all other regions.

Observations reported here support, but do not confirm, minibasin interaction
and merger to form larger depressions. These observations add to previous

studies that explored minibasin interactions, including findings from offshore Angola that show minibasins

geometries suggestive of fossilized interactive dynamics in numerous two-way travel time structure maps and

seismic sections (Ge et al., 2019). The merging of minibasins is thought to be closely tied to locations with thick
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greatest underlying salt thickness has direct implications for increasing the
sediment trapping potential of minibasins, furthering the positive feedback

loop. Not only are the tail-indexes less over the Fill and Spill subregion, but
this region also has the largest and most complex depressions (Figure 8). A
future avenue of research to confirm depression growth through merger in the
northern GoM includes use of publicly available three-dimensional reflection
seismic data. Case studies of specific minibasins might yield evidence frozen
in the stratigraphic architecture of depression growth through merger.

| The size of minibasins, for either the Fill and Spill subregion or the full
margin, appear to be limited by a finite size effect (Figures 4 and 5). The upper

Nested complexity levels

o' limit on minibasin size is quantified by the truncation parameters (v) (Tables 1
and 2). We again highlight that the spatial location of the largest depressions

in the GoM can be tied to the underlying structure of the salt canopy, which

i 1B might support v being set by deep-seated salt structure (Hudec, Jackson, &
Peel, 2013; Pilcher et al., 2011). However, we note the following: a global
compilation of geometric data that describes lobe-shaped bodies (LBs),
P including lobe elements, lobes, and lobe complexes, in both unconfined and

_ 7 confined regions (Pettinga et al., 2018) show maximum LB area of approx-

A ] imately 10° m>. This scale is approximately the truncation parameter for the

-~ depression area in our database. This suggests an alternate hypothesis to

~ ~
\A/ explain the magnitude of v. Specifically that v is set by the size of LBs that

7 form from deposition of turbidity currents at the terminus of channels and
load the margin in regions of sufficiently low slope to initiate turbidite
deposition, coupled to sufficient subsurface salt that can be evacuated to
generate a depression in response. If depressions grow with a self-similar
form, then the area truncation scale would also limit the depression relief,

) nominal diameter, and volume distributions. This hypothesis is supported by

O 1 1
West CC Fill & Spill
Region ceeds the planform size of a sediment load placed on a proxy salt sheet (Callot

four regions in the study.

East CC ULP physical experiments, where surface depression size rarely significantly ex-

etal., 2016). Support for a self-similar form of depression as a function of size
can be found in an approximate linear growth of depression relief with
diameter, with a best-fit scaling of relief being 0.014 times nominal diameter
(Figure 9). However, we recognize difficulty in identifying the direction of
the cause-effect relationship in this argument. For LBs to form, the margin's gradient must drop below grade,
which leads to the following question. What process initially moved the margin out of grade? In the GoM, this
might be linked to stepped Early Paleogene margin topography, which evolved into the current ponded slope
(Galloway, 2008) due to early salt migration coupled with growth fault activity. In this scenario the initial size of
depressions might be capped by the scale of the steps on the margin, if the step scale was less than the size of LBs
in unconfined settings. Depressions then could evolve through time due to the depositional mechanics of un-
confined turbidity currents and the subsurface salt dynamics. Alternatively, it might be coincidence that the
maximum size of unconfined LBs is similar to the truncation scale of depression diameters and the maximum
depression scale might be set by structural lows that evolved in the salt canopy (Kilsdonk et al., 2010; Pilcher
et al., 2011).

5.3. Significance of Minibasin Size and Nested Complexity

Findings here suggest a correlation between minibasin size and nested complexity in the northern GoM, which is
most noticeable in the Fill and Spill region (Figure 8). As the size of primary depressions increases, an increase in
the number of nested levels is found. This suggests that turbidity currents must interact with multiple roughness
scales within the largest minibasins. This increased complexity implies that sediment transport involving flows
running up adverse slopes must frequently translate kinetic energy into potential energy, thus losing their

REECE AND STRAUB

15 of 19

95UBD17 SUOWILIOD 3A1IE81D) 3|qeatdde ay) Ag peusenoB a.1e sajorue YO 9sN JO SaINJ 10} Aeiq18uljuO AS|IM UO (SUONIPLOD-PUB-SWIBILID"AB 1M Ale.q 1 |Bul|Uo//StY) SUONIPUOD PUe SIS | 8U1 39S *[6202/T0/02] Uo Areiqiauliuo AS|Im * lunH AISeAIUN sUeINL - qrienss 31AY AQ 92/ T2000Y202/620T 0T/10p/wod Ae | AkeiqiputjuosqndnBe;/sdny wouy pepeojumod ‘T ‘G202 ‘T62669T2



ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2024JC021726

T T sediment transport capacity. Adding more complexity (e.g., numerous
counter slopes) leads to enhanced ponding of turbidity currents, and thus
sedimentation processes, compared to cases where primary depressions

'g‘ consist of a single level of complexity.
Py
2 102 6. Conclusions
[}
Qé This investigation of the northern GoM bathymetry quantifies distributions
.g that describe the scales of depressions that house accommodation for sedi-
5 ment, with implications for depositional mechanics of turbidity currents and
é the self-organization of depression in salt provinces. Key findings include:
~ 10! 1) Results find that 90% of the ponded accommodation in the northern GoM
resides in the volumetrically largest 147 of the 8,153 identified de-
] pressions, with maximum reliefs greater than 273 m. Most of the ponded
103 104 accommodation in the northern GoM is capable of inducing deposition
Depression Nominal Diameter [m] from the full range of turbidity current sizes that might flow down the
northern GoM margin.
Figure 9. Scaling of depression nominal diameter to maximum depression 2) Self-organization of bathymetry in the northern GoM bathymetric data set
relief. is supported by heavy-tailed distributions of depression geometries. The
weight of distribution tails, as quantified through Pareto tail-indexes, is
greatest over the Fill and Spill region. This region was originally underlain by the thickest salt deposits. This
suggests depression interaction over time, including depression growth through mergers. At the regional scale,
these distributions are truncated, which suggests a finite size effect. We hypothesize that the maximum scale of
turbidite lobes sets the truncation scales of minibasins.

3) The Fill and Spill region in the northern GoM reveals a clear association between minibasin size and nested
complexity, with the largest minibasins exhibiting the greatest nested complexity. Turbidity currents entering
the largest minibasins thus encounter a range of roughness scales, many of which are sufficient to induce
hydraulic ponding of flows and reduce sediment transport capacity.
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