Sub-decadal submarine landslides are important drivers of deltaic
sediment flux: Insights from the Mississippi River Delta Front
Jeffrey Obelcz1,2*, Kehui Xu1,2, Ioannis Y. Georgiou3, Jillian Maloney4, Samuel J. Bentley2,5, and Michael D. Miner6
Department of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, Louisiana 70803, USA
Coastal Studies Institute, Louisiana State University, Baton Rouge, Louisiana 70803, USA
3
Department of Earth and Environmental Sciences and Pontchartrain Institute for Environmental Sciences, University of New
Orleans, New Orleans, Louisiana 70148, USA
4
Department of Geological Sciences, San Diego State University, San Diego, California 92182, USA
5
Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA
6
Bureau of Ocean Energy Management, U.S. Department of the Interior, New Orleans, Louisiana 70123, USA

1

2

ABSTRACT
Submarine mass failures triggered by energetic forcing events such as hurricanes and earthquakes are relatively well studied due to the potential for infrastructure damage and tsunami
generation; such failures are common on heavily sedimented margins where underconsolidated
deposits are preconditioned to fail. However, studies of seafloor sediment movement between
large events remain scarce. Using repeat bathymetric surveys of the Mississippi River Delta
Front (MRDF), we document substantial seafloor movement in absence of major hurricanes.
About 1 m/yr of deepening was observed within preexisting failures, with downslope sediment
transport on the order of 105 m3/yr. Outside failure features, seafloor depths remained stable
or showed minor (<20 cm/yr) accretion. MRDF volumetric sediment flux during hurricanedriven mass failures is an order of magnitude greater than the annual flux during a quiescent
interval. When normalized by time, however, sediment flux during the quiescent interval (5.5 ×
105 m3/yr) was half that of hurricane-driven mass failures (1.1 × 106 m3/yr). These observations
corroborate our wave modeling results, which infer that even waves of 1 yr recurrence interval
can generate differential seafloor pressures sufficient to trigger submarine landslides; this does
not exclude the possibility of river floods also being agents of failure. These findings indicate
that sub-decadal submarine landslides are important to MRDF dynamics, comparable to the
role of major hurricanes, and observation during seemingly quiescent periods is necessary
to holistically assess sediment flux. The periodicity and prevalence of moderate-scale mass
transport documented here corroborates similar recent studies offshore other deltas globally,
indicating that highstand mass and time budgets of shelf to deep-sea sediment flux, in addition
to organic carbon and bioreactive particles, may need to be revised.
INTRODUCTION
Submarine landslides are processes that transport sediment downslope, can dramatically alter
seafloor morphology, and are important links in
the global source-to-sink sediment system. Large
landslides can transport more sediment in a day
than a decade of global river discharge (Talling,
2014). Submarine landslides have been the subject of numerous studies because they influence
many sedimentary environments worldwide.
Such mass transport occurs at a range of scales
on subaqueous portions of river deltas, including
systems with extensive subaqueous clinothems
that are shaped by waves, tides, and gravity (e.g.,
Amazon, South America; Atchafalaya, USA; Fly,
Papua New Guinea; Yangtze, China) (Denommee et al., 2016), and deltas with more proximal
accumulation within river-dominated systems
(Fraser, Canada; Yellow, China) (Walsh and
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Nittrouer, 2009). Submarine mass failures are
also well documented on the modern subaqueous
Mississippi River Delta Front (MRDF) and can
potentially damage human infrastructure such
as oil platforms and pipelines (Coleman et al.,
1980; Hooper and Suhayda, 2005).
The MRDF is prone to submarine landslides
despite its overall gentle gradient (mostly <1.5°;
Abbott et al., 1985) due to multiple factors,
including rapid deposition of relatively impermeable fine-grained sediment, abundant organic
material, and subsequent biogenic gas production (Anderson and Bryant, 1990; Goñi et al.,
1997). These factors promote oversteepening,
hinder sediment consolidation, and can produce elevated pore pressures that precondition
seabed failure. The northern Gulf of Mexico is
subject to frequent tropical cyclones, and during their passage, wave heights can exceed 15
m (Wang et al., 2005). Cyclic seafloor loadingunloading conditions can exceed yield strength

of underconsolidated, gas-charged sediments,
resulting in failures (Prior and Coleman,
1984). Most studies to date document seafloor
movement caused by major hurricanes (Landsea, 1993) of category 3 or greater (Bea and
Aurora, 1981; Wang et al., 2005; Walsh et al.,
2006; Hitchcock et al., 2008), with few studies
addressing sub-decadal triggering events such as
river floods, non-major hurricanes, and tropical
storms (Son-Hindmarsh et al., 1984; Allison et
al., 2005). Analytical modeling of major tropical storm waves by Henkel (1970) and Bea and
Aurora (1981) evaluated potential failures based
on the assumption of sinusoidal waves. These
studies did not account for effects of nonlinear waveforms, where the transition from wave
crest to trough occurs across a shorter horizontal
distance than in a linear waveform. To assess
the magnitude of sub-decadal mass failures
compared with those triggered by decadalscale events, we use nonlinear wave modeling
in combination with data from three MRDF
bathymetric surveys collected during a quiescent period (with respect to tropical cyclones:
October 2005 to June 2014) and during one
interval that captures major hurricanes (March
1979 to October 2005).
GEOMORPHIC SETTING
MRDF geomorphic features were first
described by Coleman et al. (1980) as characteristic of river-dominated deltas. Mudflow
gullies are elongate seafloor depressions tens
of kilometers long, hundreds of meters wide,
and tens of meters high. Mudflow lobes form at
downslope termini of mudflow gullies and have
similar dimensions to gullies, but positive relief
(Prior and Coleman, 1978). Mudflow gullies and
lobes are typically concentrated in the delta front
(0.5°–1.5° slope, ~5–80 m water depth); the prodelta is downslope of the delta front and has a
smaller gradient and greater distance from the
distributary mouth that results in far less seafloor
disturbance (Coleman et al., 1980).
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Figure 1. Base map showing survey area, Mississippi River Delta front, offshore Louisiana,
USA. Bathymetry from Coleman et al. (1980);
isobaths are at 25 m intervals. SWP—Southwest Pass; SP—South Pass; PAL—Pass A
Loutre. Blue (for 2005), green (for 2009), and red
(for 2014) polygons are spatial extents of bathymetric grids used in this study. Pink dashed
rectangle demarcates extent of Figure 2.

Clare et al., 2016) is necessary to truly understand mudflow kinematics.
The absence of large hurricanes during the
2005–2014 period of our study (significant wave
height Hs << 10 m) suggests that the seafloor
movement observed in bathymetric data was not
triggered by major hurricane waves. Simulated

89˚27'0"W

N
M

G

G

G

M'

G

-3.5

N'

Change in Depth (m)

GSA Data Repository item 2017227, methodology and supplemental figures, is available online at
http://www.geosociety.org/datarepository/2017/ or on
request from editing@geosociety.org.
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DISCUSSION
This study confirms that appreciable MRDF
seafloor movement occurred between October
2005 and June 2014 in the absence of major hurricanes. The snapshot nature of bathymetric surveys does not elucidate whether observed movement was triggered by smaller-scale impulse
events, such as extratropical cyclones, tropical
storms, or river floods, or whether sediment
exhibited continuous creep-like motion under
the influence of gravity, as has been suggested
(Adams and Roberts, 1993). Repeat geophysical surveys can quantify seafloor movement and
numerical models can provide a simplified idea
of triggering mechanisms, but in situ observation of gully/lobe rheology akin to the Fraser
River Delta Observatory (Prior et al., 1989;
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RESULTS
MRDF sub-decadal–scale mass failures
transported on the order of 106 m3 of sediment
between 2005 and 2009 in the study area (comparable to sub-decadal failures on other deltas
worldwide; Table 1); the volume of sediment
transported by major hurricanes in the study
area during 1979–2005 is on the order of 107 m3.
Normalized for time between surveys, annual
transport during a quiescent period (5.5 × 105
m3/yr for 2005–2009) is ~50% of that during a
period that contained major hurricanes (1.1 ×
106 m3/yr for 1979–2005).
Outside mudflow features, the seafloor
showed small positive elevation change (Fig. 2),
which was generally within the uncertainty
range (±0.5 m for 2009–2005 DoD) and rarely
exceeded 1 m. The most drastic deepening (+4 m)
occurred in shallow (15–40 m) parts of mudflow
gullies (Fig. 3A), while the largest shoaling (−3.5
m) was observed in a narrow band at the mudflow lobe downslope terminus. Minimal lateral
movement (<200 m) of the gully/lobe “footprint”

was observed from 2005 to 2014 (Fig. 3B). Seafloor movement during 1979–2005 exceeded
10 m in the gully/lobe complexes, and downslope
progradation of mudflow lobes exceeded 1 km
(Walsh et al., 2006).
Our modeling shows that smaller nonlinear
waves (4.5–6.5 m) with a return period of 1 yr
produce pressure differentials comparable to
larger hurricane waves (8.5–10.5 m) that were
evaluated using the linear theory (Fig. 4B).
Local wave heights remained near their boundary value (~6.5 m) and experienced little transformation in depths of >20 m, but reduced to ~6
m in depths of <20 m (Fig. 4A).
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METHODS
The study site is an ~55 km2 area ~10 km
southwest of Southwest Pass (Fig. 1). Water
depth spans 15–80 m and covers delta front and
prodelta environments. Data used include: single-beam bathymetry of Coleman et al. (1980),
multibeam bathymetry collected in October
2005 by Walsh et al. (2006), multibeam bathymetry collected by Fugro Geoservices Inc. (Lafayette, Louisiana) in February 2009, and interferometric swath bathymetry collected for this study
in June 2014. No hurricanes of category 3 or
greater passed within 100 km of the MRDF during the 9 yr period from October 2005 to June
2014 (NOAA, 2016), while the 1979 and 2005
surveys bracket two major (category 3–5) hurricanes: Ivan (in 2004) and Katrina (in 2005).
Bathymetric data were gridded to 25 m2 horizontal resolution and subtracted from one another,
producing difference of depth (DoD) grids. The
cut/fill tool in ESRI ArcGIS v. 10.1 (http://www.
esri.com/arcgis/about-arcgis) was used to assess
volumetric flux between surveys.
To evaluate wave forcing on failures, a nonlinear wave model was used to propagate waves over
the study area and calculate local wave properties
and pressure gradients under the influence of 1
yr return-period waves. Results and observations
from Guidroz (2009) were used to generate
Stokes waves at the marine boundary using the
Fenton (1999) approach. Model results were
then compared with an earlier linear-wave-model
approach (Henkel, 1970). For further details, see
the GSA Data Repository1.
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Figure 2. Difference of
depth calculated by subtracting the 2005 (Walsh
et al., 2006) digital elevation model (DEM) from
the 20 09 DEM (Fugro
Geoservices, Lafayette,
Louisiana). Cell size is 25
m2. Red values indicate
depth increase and blue
values indicate depth
decrease (depth notation
is down-positive). Yellow
pixels are values within
uncertainty range (95%
confidence interval, ±0.5
m). Dashed lines and bold
letter “G”s mark mudflow
gullies delineated in 2009
survey data. Lines M-M′
and N-N′ show extents
of Figures 3A and 3B,
respectively.
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TABLE 1. COMPARISON OF DELTAIC SUBMARINE LANDSLIDES
Foreset
gradient

Presumed failure trigger(s)

Time between
surveys

Magnitude
of volume
transported
(106 m3)

Magnitude
of vertical
change
(m)

Fraser River Delta

1°–3°

~2 mo

0.075–1

4–12

McKenna et al. (1992)

Squamish River Delta

3°–6°

Current undercutting, cycling loading via
earthquake, storm waves leading to liquefaction
Summer freshet flood

24 h

>0.02

1–12

Ogooué River Delta
Mississippi River Delta front

3°–8°
<0.5°

1 yr
4 yr

0.02–2
2.2

4–15
1–4

Mississippi River Delta front

<0.5°

Oversteepening
River flood, tropical storm or extratropical cyclone
passage
Major hurricane passage (2005 Katrina)

Hughes Clarke et al.
(2014); Clare et al. (2016)
Biscara et al. (2012)
This study

24 yr

28

3–12

Location*

References

Walsh et al. (2006); this
study

Note: Comparison of worldwide submarine landslides studied via repeat bathymetric surveys. Relevant parameters including foreset gradient, triggering factors, and
volume displaced by failures are included.
*River locations: Fraser and Squamish—British Columbia, Canada; Ogooué —Gabon, Africa; Mississippi—Louisiana, USA.
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Figure 3. A: Profile M-M′ across survey area showing change in gully depth between surveys.
Gully depth decreases in westernmost gully, but increases in all other gullies. B: Width of
Mississippi River delta front gully plotted against distance from origin along profile N-N′.
Note this origin is not head of gully, but shallowest depth common to all three data sets. See
Figure 2 for locations of profiles M-M′ and N-N′.
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peak pressure differentials at the seabed (ΔP
~35 kPa) in the study area generated by 1 yr
waves (Hs ~6.5 m; Fig. 4B) reached similar peak
conditions to those produced by simulated hurricane waves, suggesting that movement can be
triggered by 1 yr waves if nonlinear effects are
considered. In depths of 14–50 m, 1 yr nonlinear
waves (~6.5 m; Fig. 4A) produce pressure differentials that exceed pressure differentials of
linear waves simulated for hurricanes by >15%.
Regardless of the exact triggering factor(s),
sub-decadal–scale MRDF submarine landslides
mobilize volumes of sediment comparable to
those of more catastrophic counterparts, when
averaged over multi-decadal time scales. While
the calculated volume fluxes are not precise due
to large uncertainties and assumptions (see the
Data Repository), they agree with results from
another recent study (Kelner et al., 2016) that
indicates that smaller, sub-decadal landslides
provide major forcing for shelf-to-slope sediment flux as important as larger, better-studied
catastrophic landslides. Submarine landslides
are also an important conduit for shelf to deepsea transport of organic carbon, heavy metals,
and bioreactive particles (Panieri et al., 2012);
the fact that these landslides occur more frequently than previously conceived on margins
as disparate as the northern Gulf of Mexico and
southern France (Kelner et al., 2016) suggests
that the presently accepted flux estimates for
these materials are probably incomplete in other
locations as well.
This study documents depth change and
substantial (105 m3/yr) volumetric flux within
MRDF mudflow gully-and-lobe complexes
during a relatively quiescent period of oceanwave climate. These failures may be triggered
by extratropical cyclones, tropical storm passage, or river floods (Prior and Coleman, 1981);
nonlinear wave modeling results presented here
demonstrate that storms with a return interval of
at least 1 yr could cause such failures. Regardless of the forcing mechanism, volumetric analysis of sediment displaced during the 2005–2009
quiescent period indicates that “fair weather”

3

subaqueous MRDF movement may be an important driver of sediment transport comparable to
the better-studied major hurricane-forced failures. These findings have widespread mass-flux
implications not only for the MRDF, but also for
margins worldwide because the present understanding for event-scale dispersal of sediment,
organic carbon, and bioreactive particles from
shelf to deep sea may be skewed toward lowfrequency, high-magnitude events. These results
also underscore the need for in situ monitoring
programs in tandem with sub-annual repeat surveys in order to elucidate the drivers, periodicity,
and magnitude of sediment flux on the MRDF
and other deltas worldwide.
ACKNOWLEDGMENTS
Study collaboration and funding were provided by
the U.S. Department of the Interior, Bureau of Ocean
Energy Management, Coastal Marine Institute, Washington, D.C., under Cooperative Agreement number
M13AC00013. Geophysical data acquisition was supported by the Field Support Group of Coastal Studies
Institute of Louisiana State University. We are grateful
to J.P. Walsh of East Carolina University (North Carolina, USA) and Kerry Behrens of Fugro Geoservices,
Inc. (Lafayette, Louisiana) for bathymetric data collected in 2005 and 2009, respectively. We thank the
State of Louisiana Optical Network Initiative (LONI)
system for providing computational resources. Walter
Guidroz also provided insight to our study. We are grateful for the useful comments and suggestions from James
Spotila, Peter Talling of the National Oceanography
Centre (UK), Harry Roberts and Peter Clift of Louisiana State University, and two anonymous reviewers.
REFERENCES CITED
Abbott, D.H., Embley, R.W., and Hobart, M.A., 1985,
Correlation of shear strength, hydraulic conductivity, and thermal gradients with sediment disturbance: South Pass region, Mississippi Delta:
Geo-Marine Letters, v. 5, p. 113–119, doi:10
.1007/BF02233936.
Adams, C.E., and Roberts, H.H., 1993, A model of
the effects of sedimentation rate on the stability
of Mississippi Delta sediments: Geo-Marine Letters, v. 13, p. 17–23, doi:10.1007/BF01204388.
Allison, M.A., Sheremet, A., Goñi, M.A., and Stone,
G.W., 2005, Storm layer deposition on the Mississippi-Atchafalaya subaqueous delta generated
by Hurricane Lili in 2002: Continental Shelf Research, v. 25, p. 2213–2232, doi:10.1016/j.csr
.2005.08.023.
Anderson, A.L., and Bryant, W.R., 1990, Gassy sediment occurrence and properties: Northern Gulf of
Mexico: Geo-Marine Letters, v. 10, p. 209–220,
doi:10.1007/BF02431067.
Bea, R.G., and Aurora, R.P., 1981, A simplified evaluation of seafloor stability: Paper 3975 presented
at Offshore Technology Conference, Houston,
Texas, 4–7 May, doi:10.4043/3975-MS.
Biscara, L., Hanquiez, V., Leynaud, D., Marieu, V.,
Mulder, T., Gallissaires, J.M., Crespin, J.P.,

4

Braccini, E., and Garlan, T., 2012, Submarine
slide initiation and evolution offshore Pointe
Odden, Gabon: Analysis from annual bathymetric
data (2004–2009): Marine Geology, v. 299–302,
p. 43–50, doi:10.1016/j.margeo.2011.11.008.
Clare, M.A., Hughes Clarke, J.E., Talling, P.J., Cartigny, M.J.B., and Pratomo, D.G., 2016, Preconditioning and triggering of offshore slope failures
and turbidity currents revealed by most detailed
monitoring yet at a fjord-head delta: Earth and
Planetary Science Letters, v. 450, p. 208–220,
doi:10.1016/j.epsl.2016.06.021.
Coleman, J.M., Prior, D.B., and Garrison, L.E., 1980,
Subaqueous sediment instabilities in the offshore
Mississippi River delta: U.S. Department of the
Interior, Bureau of Land Management Open-File
Report 80.01, 60 p.
Denommee, K.C., Bentley, S.J., Harazim, D., and
Macquaker, J.H., 2016, Hydrodynamic controls
on muddy sedimentary-fabric development on
the Southwest Louisiana subaqueous delta: Marine Geology, v. 382, p. 162–175, doi:10.1016/j
.margeo.2016.09.013.
Fenton, J.D., 1999, Numerical methods for nonlinear waves, in Liu, P.L.-F., ed., Advances in
Coastal and Ocean Engineering: Singapore,
World Scientific, v. 5, p. 241–324, doi:10.1142
/9789812797544_0005.
Goñi, M.A., Ruttenberg, K.C., and Eglinton, T.I.,
1997, Source and contribution of terrigenous organic carbon to surface sediments in the Gulf
of Mexico: Nature, v. 389, p. 275–278, doi:10
.1038/38477.
Guidroz, W.S., 2009, Subaqueous, hurricane-initiated
shelf failure morphodynamics along the Mississippi River Delta Front, north-central Gulf of
Mexico [Ph.D. thesis]: Baton Rouge, Louisiana
State University, 355 p.
Henkel, D.J., 1970, The role of waves in causing submarine landslides: Geotechnique, v. 20, p. 75–80,
doi:10.1680/geot.1970.20.1.75.
Hitchcock, C., Angell, M., Givler, R., and Hooper, J.,
2008, Transport and depositional features associated with submarine mudflows, Mississippi Delta,
Gulf of Mexico: Gulf Coast Association of Geological Societies Transactions, v. 58, Paper 801–9.
Hooper, J.R., and Suhayda, J.N., 2005, Hurricane Ivan
as a geologic force: Mississippi Delta Front seafloor failures: Paper 17737 presented at Offshore
Technology Conference, Houston, Texas, 2–5
May, doi:10.4043/17737-MS.
Hughes Clarke, J.E., Vidiera Marques, C.R., and Pratomo, D.G., 2014, Imaging active mass-wasting
and sediment flows on a fjord delta, Squamish,
British Columbia, in Krastel, S., et al., eds.,
Submarine Mass Movements and Their Consequences: Switzerland, Springer International
Publishing, Advances in Natural Technological
Hazards Research, v. 37, p. 249–260, doi:10.1007
/978-3-319-00972-8_22.
Kelner, M., Migeon, S., Tric, E., Couboulex, F.,
Dano, A., Lebourg, T., and Taboada, A., 2016,
Frequency and triggering of small-scale submarine landslides on decadal timescales: Analysis of
4D bathymetric data from the continental slope
offshore Nice (France): Marine Geology, v. 379,
p. 281–297, doi:10.1016/j.margeo.2016.06.009.

Landsea, C.W., 1993, A climatology of intense (or
major) Atlantic hurricanes: Monthly Weather Review, v. 121, p. 1703–1713, doi:10.1175/1520
-0493(1993)121<1703:ACOIMA>2.0.CO;2.
McKenna, G.T., Luternauer, J.L., and Kostaschuk,
R.A., 1992, Large-scale mass-wasting events
on the Fraser River delta front near Sand Heads,
British Columbia: Canadian Geotechnical Journal, v. 29, p. 151–156, doi:10.1139/t92-016.
NOAA (National Oceanic and Atmospheric Administration), 2016, Record of Gulf of Mexico hurricanes
between 2005 and 2014: Miami, Florida, Hurricane Research Division, Atlantic Oceanographic
& Meteorological Laboratory, National Oceanic
and Atmospheric Administration: https://coast
.noaa.gov/hurricanes/ (accessed 1 October 2016).
Panieri, G., Camerlenghi, A., Cacho, I., Sanchez Cervera, C., Canals, M., Lafuerza, S., and Herrara,
G., 2012, Tracing seafloor methane emissions
with benthic foraminifera: Results from the Ana
submarine landslide (Eivissa Channel, western
Mediterranean Sea): Marine Geology, v. 291–294,
p. 97–112, doi:10.1016/j.margeo.2011.11.005.
Prior, D.B., and Coleman, J.M., 1978, Submarine
landslides on the Mississippi River delta-front
slope: Geoscience and Man, v. 19, p. 41–53.
Prior, D.B., and Coleman, J.M., 1981, Resurveys of
active mudslides, Mississippi Delta: Geo-Marine
Letters, v. 1, p. 17–21, doi:1 0. 1007/BF02463296.
Prior, D.B., and Coleman, J.M., 1984, Submarine
slope instability, in Brunsden, D., and Prior, D.
B., eds., Slope Instability: Chichester, UK, John
Wiley and Sons Ltd., p. 419–455.
Prior, D.B., Suhayda, J.N., Lu, N.-Z., Bornhold, B.D.,
Keller, G.H., Wiseman, W.J., Wright, L.D., and
Yang, Z.-S., 1989, Storm wave reactivation of a
submarine landslide: Nature, v. 341, p. 47–50,
doi:10.1038/341047a0.
Son-Hindmarsh, R., Ploessel, M.R., and Hughson,
A.A., 1984, Time-lapse high-resolution seismic
surveys in the Mississippi Delta mudflow area,
offshore Louisiana: Paper 4754 presented at Offshore Technology Conference, 7–9 May, Houston, Texas, doi:10.4043/4754-MS.
Talling, P.J., 2014, On the triggers, resulting flow
types and frequencies of subaqueous sediment
density flows in different settings: Marine Geology, v. 352, p. 155–182, doi:10.1016/j.margeo
.2014.02.006.
Walsh, J.P., and Nittrouer, C.A., 2009, Understanding
fine-grained river-sediment dispersal on continental margins: Marine Geology, v. 263, p. 34–45,
doi:10.1016/j.margeo.2009.03.016.
Walsh, J.P., et al., 2006, Mississippi Delta mudflow
activity and 2005 Gulf hurricanes: Eos (Transactions, American Geophysical Union), v. 87,
p. 477–478.
Wang, D.W., Mitchell, D.A., Teague, W.J., Jarosz, E.,
and Hulbert, M.S., 2005, Extreme waves under
Hurricane Ivan: Science, v. 309, p. 896, doi:10
.1126/science.1112509.
Manuscript received 15 October 2016
Revised manuscript received 4 April 2017
Manuscript accepted 13 April 2017
Printed in USA

www.gsapubs.org | Volume 45 | Number 7 | GEOLOGY

