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Ocean-bottomseismometers reveal surge
dynamics in Earth’s longest-runout
sediment flows
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Turbidity currents carve Earth’s deepest canyons, form Earth’s largest sediment deposits, and break
seabed telecommunications cables. Directly measuring turbidity currents is notoriously challenging
due to their destructive impact on instruments within their path. This is especially the case for canyon-
flushing flows that can travel >1000 km at >5m/s, whose dynamics are poorly understood. We
deployed ocean-bottom seismometers safely outside turbidity currents, and used emitted seismic
signals to remotely monitor canyon-flushing events. By analyzing seismic power variations with
distance and signal polarization, we distinguish signals generated by turbulence and sediment
transport and document the evolving internal speed and structure of flows. Flow-fronts have dense
near-bed layers comprisingmultiple surgeswith 5-to-30-minute durations, continuing formany hours.
Fastest surges occur 30–60minutes behind the flow-front, providing momentum that sustains flow-
fronts for >1000 km. Our results highlight surging within dense near-bed layers as a key driver of
turbidity currents’ long-distance runout.

Turbidity currents are the longest-runout sediment-driven flows on Earth1,
playing a key role in shaping Earth’s deepest and longest canyons and
forming its largest sediment accumulations2–4. In a few hours, turbidity
currents can transport more sediment mass to the deep sea than the global
annual mass flux from all rivers combined1,5,6. These powerful flows can
reach speeds of 20m s−1 and travel over 1000 kilometers1. They link rivers to
the deep ocean and impact geology, biology, and climate on a global scale7,8.
However, they also pose a major threat as they frequently break seabed
telecommunication cable networks that carry over 95% of global inter-
continental data traffic, underpinning many aspects of daily life such as the
internet, financial markets, and cloud data storage9.

Monitoring turbidity currents had long been considered impractical
due to their destructive and unpredictable nature10. To date, direct mea-
surements are mostly limited to slower (<2–5m s−1), short-runout flows
(<50 km) in shallow waters (<2 km depth) at about 12 sites worldwide1,11–16.
More powerful currents destroyed moored instruments5,13, leading to the
loss of equipment and data. Consequently, measurements of larger, less
frequent turbidity currents—which carve submarine canyons, dominate
sediment and carbon transport to the deep-ocean, and pose the greatest
hazards to cables—are scarce. Previous measurements of such flows have
come fromcable breaks or destroyedmoorings at just two sites5,17, providing

only estimates of flow front (transit) speeds and run-out distances, but
offering limited insight into their internal structure.

Resolving the internal structure of canyon-flushing turbidity currents
is crucial for predicting their dynamics, impact on seafloor infrastructure,
and deposit architecture18–24. Powerful turbidity currents are thought to be
driven by fast, dense near-bed layers12,13,24, but it is uncertain whether these
layers move continuously or surge dynamically, similar to terrestrial debris
flows and snow avalanches23,25,26. This distinction matters because con-
tinuous and surging flows affect sediment suspension, bed friction, and
impact forces on the ground differently—factors influencing erosion, flow
velocity, runout distance, and hazard potential.

On land, remote seismic monitoring has revolutionized our under-
standing of major geohazards such as floods, debris flows, glacial lake
outbursts, and avalanches, by detecting their ground motions via seism-
ometers withmillisecond precision across distances ranging fromhundreds
ofmeters tohundredsof kilometers27–29. These datahave yieldedkey insights
into how ground motion signals are generated at the source, transmitted
through the environment, and ultimately recorded at seismic stations,
thereby advancing process understanding, disaster response, and early
warning systems29. In submarine settings, ocean-bottom seismometers
(OBSs) and hydrophones have occasionally recorded seismic and acoustic
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signals from submarinemassmovements30–33, but their use remains nascent
and often limited to detecting occurrence and overall duration.

Here, we present the first detailed measurements of the internal
structure, speed, and spatiotemporal evolution of dense-frontal cells in
canyon-flushing turbidity currents, thereby going beyond previous mea-
surements restricted to just their front-speed, runout-distance or total
duration5,33. These results were obtained by analyzing seismic signals
recordedbyOBSs positioned safely outside theCongoCanyonandChannel
off West Africa.

Our study has three objectives: first, to understand how turbidity
currents generate seismic signals, testing the hypothesis that these signals
arise from flow turbulence and sediment transport; second, to show how
seismic data can track the location and velocity of these flows, revealing
internal sediment pulses with varying speeds; and third, to underpin a new
view for the structure and internal dynamics of canyon-flushing turbidity
currents based on these findings.

Results
Turbidity currents in the Congo Canyon and Channel
The Congo Canyon begins within the estuary of the Congo River (Fig. 1),
which ranks second in water discharge and fifth in particulate organic
carbon export among the world’s rivers34. The submarine canyon exhibits
pronounced relief (up to 1200m) along the continental shelf for the first
~150 km. It then transitions into a less-incised deep-sea channel

(250–150mdeep)with depositional levees, which terminates 1100 km from
the river mouth at a depositional lobe. From October 2019 to May 2020,
OBSswere deployed along the canyon-channel system, on terraces or levees
0.5 to 3.0 km outside the canyon-channel axis, at locations OBS1 to OBS10
(Fig. 1). These OBS were complemented by moorings with Acoustic Dop-
pler Current Profilers (ADCPs) deployed inside the canyon-channel-floor5.
For slower turbidity currents (<2–3m s−1) that did not break the ADCP
moorings5, ADCP-derived velocities were compared to seismic data from
adjacent OBS sites, providing benchmarks for the OBS data33. These com-
parisons revealed that the seismic signals originate from the faster-moving
dense frontal zone, which outpaced the slower-moving dilute flow body33.

The ADCP-moorings were subsequently broken by powerful turbidity
currents, including a major canyon-flushing event on January 14–16, 2020.
This event also broke a series of telecommunication cables, disrupting
internet and data transfer across large parts of Africa during the COVID-19
pandemic. A second canyon-flushing, cable-breaking flow occurred on
March 8, 2020. Transit speeds fromcable breaks,ADCPs, andOBSs showed
that the fronts of these turbidity currents traveled at 5–8m s−1over 1100
km5,33, making them the longest-runout sediment flows yet measured in
action on Earth. They eroded ~2.68 km3 of sediment, equivalent to 19–33%
of the global sediment flux from all rivers to the ocean5,35. The terrestrial
organic carbon transported by these two turbidity currents rivals the esti-
mated amount buried globally in oceans each year6. Remarkably, theseflows
maintained near-steady speeds, and the duration of seismic signals changed
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Fig. 1 | Bathymetric map of the Congo Canyon-Channel system and instrument
placement. A Bathymetric map of the Congo Canyon-Channel system, located
offshoreWest Africa (location in inset), showing the placement of instruments in the
canyon (B) and channel (C) sub-arrays. Acoustic Doppler current profiler (ADCP)
moorings (red triangles) were located in the channel axis, where theywere eventually

broken by powerful canyon-flushing turbidity currents (together with the South
Atlantic 3 (SAT-3) andWest Africa Cable System (WACS) cables), whilst the ocean-
bottom seismometers (OBSs; black squares) were located on the canyon terraces and
channel thalweg, out of harm’s way. An, Angola; DRC, Democratic Republic of the
Congo; RC, Republic of the Congo.
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only moderately over these long distances, despite this substantial seabed
erosion5,33. This challenges previous ignition theory that inferred pro-
nounced seabed erosion would cause a turbidity current to become denser
and faster, and lead to yet more erosion and further acceleration19.

The seismic footprint of turbidity currents
We identified turbidity currents by continuous ground motions, with
dominant frequencies ranging between 1–7Hz (Fig. 2). The ground
motions display emergent waveforms, characterized by a gradual build-up
to a peak amplitude later in the signal, followed by a subsequent gradual
decay. Peak vertical ground motion amplitudes varied from 10–7 to
10–5m s–¹, with durations ranging from 30minutes to 14 hours. Hydro-
phones mounted on the OBSs failed to record signals from the turbidity
currents33.

We observed variations in ground motion waveforms and spectral
signaturesbetweendifferent stations andevents, despite generally consistent
patterns. For example, the turbidity current recorded onMarch 8th atOBS4
exhibited a relatively smooth, emergent high-frequency ground motions
with dominant amplitudes confined to the 1–3.5 Hz range (Fig. 2C). The
groundmotions reached its maximum amplitude and spectral frequency of

7Hz within an hour, followed by slow tapering over the next four hours. In
contrast, the same event recorded at OBS6 (Fig. 2D), located 500 km
downslope, initially displayed high-frequency ground motions with weak
amplitudes in the 1–3.5 Hz range, but within 15 to 30minutes, it broadened
to cover 1–5Hz, with substantial amplitude variability. The signal’s power
surged, peaking for 15minutes at a spectral frequency of 7 Hz, before nar-
rowing to 5 Hz and gradually decaying.

Spectral characteristics of turbidity current sediment transport
We first analyze how turbidity currents generate seismic signals.
Seismic records were analyzed from the same flow for adjacent OBS
at different distances from the canyon axis, such as OBS2 that is 800
meters from the canyon-axis, and OBS3 that is 1600 meters from the
canyon-axis. This analysis assumes consistent signal sources and
ground properties, making distance to the canyon the only variable.
This approach allows us to distinguish between signal sources based
on differences in their spectral signatures29. To interpret potential
signal sources, we compare these signatures to those produced by
turbulent flow36 and fluvial bedload transport37 models applied to the
marine environment (see methods).
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March 8th Event March 8th Event
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Fig. 2 | Seismic signals of Congo Canyon turbidity currents recorded by ocean-
bottom seismometers (OBSs). Examples of seismic signals from the powerful
Congo Canyon turbidity currents recorded by OBSs located at different locations
along their flow path, from stations in the upper canyon (OBS1 and OBS4) and the
deep-water channel (OBS6). A January 8th event recorded at OBS1; (B) January
8th event recorded at OBS4; (C) March 8th event recorded at OBS4; (D) March 8th

event recorded at OBS6. The upper panel for each event displays the
waveform envelope of high-frequency (>10 Hz) vertical ground motion recorded
from approximately 2 hours before the turbidity current. The corresponding
spectrogram is shown in the lower panel. The seismic signals of turbidity
currents reveal a consistent pattern of an emergent phase, followed by a peak
and a decay.
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Our analysis reveals two distinct frequency bands (Fig. 3) from indi-
vidual events at OBS2 and OBS3: a 1–3Hz band likely associated with flow
turbulence, and a 4–6Hz likely linked to sediment transport. This attribu-
tion is based on insights from seismic studies of fluvial sediment
transport29,36–38, which suggest that stations closer to the channel are more
sensitive to higher-frequency signals from sediment transport, with this
sensitivity decreasing at greater distances. Conversely, signals from turbu-
lent flow remain dominant at lower frequencies and persist over greater
distances.AtOBS2 (Fig.3B), the spectra show increasedpower in the 4–6Hz
range, which diminishes at the more distant OBS3 (Fig. 3A). However, the
1–3Hz band remains prominent at both stations, supporting such an
interpretation.

Furthermore, modeling predicts that if the signals were generated
exclusively by a single process, such as turbulence or bedload transport, the
spectral differences between OBS2 and OBS3 would exhibit a monotonous
decrease in seismic power with increasing frequency due to signal
attenuation (Fig. S1). However, the observed spectral differences between
OBS2 and OBS3 show a non-monotonic behavior. There is a distinctive
notch around 4Hz marked by a drop in seismic power, flanked by higher
energy levels (Fig. 3C), deviating from theoretical expectations. This notch
pattern, also observed for the other canyon-flushing turbidity current
(Fig. S2), likely arises from spectral overlap where turbulence and sediment
transport dominate at different frequencies and distances, as suggested by
the physics-based models (Fig. 3D, E).

Detection of multiple surges
These field observations show that the flow front of canyon-flushing tur-
bidity currents consists ofmultiple surges (Fig. 4). Each surge is recorded by
a signal source moving down the canyon, causing the direction from the
OBS to the source to progressively rotate from up-canyon to down-canyon
as the surge passes the OBS location.

The signal sources are located by analyzing the polarization of Scholte
waves emitted by turbidity currents (Fig. S3), which provides the back-

azimuth (BAZ)direction (seeMethods).The source location is then inferred
where this BAZ direction intersects the canyon axis.

For instance, Fig. 4B illustrates the evolution of BAZ during theMarch
8th event. The event was initiated at 4:45 am, indicating the onset of the
flow’s emergent phase. Initially, theBAZshifted from40degrees (northeast)
to 340 degrees (northwest) over 20minutes before returning to the north-
east (Fig. 4A). This oscillating pattern repeated several times, with smaller
azimuthal variations and more substantial shifts during certain moments,
such as the waveform peak when the signal moved towards 40 degrees
(northwest). During the event, the degree of polarization (DOP) increased
from about 0.4 to 0.6 in the emergent phase and subsequently decreased to
below 0.4 as the signal dissipated around 9:30 am. Individual surges last
5–20minutes.

We interpret the systematic evolution in BAZ and DOP as evi-
dence of multiple consecutive sediment surges within the turbidity
current flow. These surges initially approach from the northeast, then
move north, and subsequently shift westward. They are detectable
only within a certain range of the seismometer; stronger surges
extend farther, causing greater BAZ variability. This pattern was
clearly observed during the March 8th event at OBS6, where the
waveform peak was detected up to 5 km away. As the surge moves
out of range, the BAZ gradually shifts upstream, suggesting a new
surge is approaching and becoming dominant, while earlier surges
fade downstream.

Velocity transients in surges
By tracking the temporal changes in source locations along the canyon
segments, we can calculate the speed of individual surges. For example,
during theMarch 8th turbidity current at OBS6, surges had speeds ranging
from 5 to 6.3m s–1, averaging 5.6 ± 0.8 m s–1. This average surge speed
closelymatches the flow front’s transit speed of 5.7m s–1 betweenOBS5 and
OBS6, derived from arrival times. This alignment confirms the reliability of
our surge speed measurements.
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Fig. 3 | Spectral characteristics of the March 8th turbidity current recorded at
OBS2 and OBS3. Spectrograms for theMarch 8th turbidity current recorded at (A)
OBS3 and (B) OBS2, and their (C) difference. The OBS stations are located in close
proximity, within <3 km distance from each other, but on opposite sides of the
canyon (Fig. 1B for location). A comparison of the turbidity spectral signatures from
OBS2 and OBS3 reveals two distinct phases: one at 1-3 Hz (P1) and another at 4-
6 Hz (P2). At the larger distance, seismic power is concentrated in the 1–3 Hz phase,

with the 4-6 Hz phase attenuated (A). In contrast, both phases show strong power at
the shorter distance (B). The difference between the spectral signatures from both
stations shows a non-monotonic behavior, with a distinct notch around 3−5 Hz
(D, E). PSDs are generated by combining flow turbulence and sediment (bedload)
transport based on fluvial models from Gimbert et al.36 and Tsai et al.37, using the
source-to-station distances from OBS2 (red) and OBS3 (blue) as input, while
assuming perfectly elastic sediment collisions (see methods).
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We can also track how surge velocities change over time as they pass
fixedOBSpositions, such asOBS6 (Fig. 4). In thefirst 30–60minutes, surges
have lower speeds, averaging 5.2 m s–1 (Fig. 4C). About an hour after the
flow front passes, faster surges reach OBS6 with average speeds of 6.3m s–1.
This time delay of roughly one hour implies the fastest surges occur roughly
19 km behind the front, assuming the front maintains a speed of 5.2m s–1.
Surge speeds then decrease to 5–6m s–1 for the next three hours of the
seismically noisy part of the flow. The later part of the flow did not produce
clear polarized Scholte waves (Fig. S3), making the source trajectories from
the seismic station unclear and leaving their speeds unknown. However,
elevated water temperatures suggest the flow may have continued for days
or weeks33.

The overall seismic waveform—an emergent arrival, a maximum, and
a long decay—is not due to the flow front’s approach, peak proximity to the
station, and subsequent distancing. The flow front passes the OBS6
30–60minutes before the peak seismic energy, which rather corresponds to
the fastest surges. These faster-moving surges likely carry higher sediment
concentrations, contributing to their increased speeds. This pattern aligns
with observations of debris flows, where coarse surge fronts generate
stronger seismic amplitudes than the later, slower parts of the flows39.
Consequently, this also explains why faster surges produce stronger seismic
signals than slower surges, evenwhen these surges come from the sameback
azimuth and thusposition along the canyon-axis. This observation indicates

that the highest sediment concentrations and fastest surges within canyon-
flushing turbidity currents are located a considerable distance (e.g. 19 km)
behind the flow front.

How do pulses originate?
Turbidity currents in the Congo Canyon exhibit pulsing behavior across
different spatial and temporal scales, likely driven by multiple processes. In
the upper canyon, flows with long-duration pulses (2–6 hours) have been
observed33 (Fig. S4), which are thought to originate frommultiple upstream
events at the Congo River mouth (e.g. triggered by spring tides5) or from
multiple landslides along the canyon’s walls in its first 100 km. These pulses
traveleddownstreamat different speeds, coalescing into a single pulse by the
time they reached the deep-sea Congo Channel. Such pulse-amalgamation
has also been documented in the Var Canyon in the Mediterranean Sea16

and in laboratory experiments40.
However, herewe also observe shorter-duration pulses (5–20minutes)

that persist even further downstream in the Congo Channel (Figs. 4, S5).
These shorter pulses may have two possible origins. One possibility is that
these shorter pulses are caused by “external” processes, such as localized
erosion and entrainment of seabed sediment, which create denser and faster
surges inside the flow. This process is similar to that observed in snow
avalanches, where the initial movement triggers further failures along the
margins of the avalanche track26. This model is consistent with patchy
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recorded at OBS 6. A Map showing the location of OBS6 (black square), and
geometry of the adjacent deep-water channel. The location of signal sources is
determined by analyzing the polarization of Scholte waves emitted by the turbidity
current, which provides the back-azimuth (BAZ) direction. The source location is
inferred to be where this back-azimuth direction intersects the canyon axis, such as
at time t1 (yellow lines), t2 (green lines) and t3 (red lines). Changes in source location
through time are used to determine the velocity at which this dominant source
moves down canyon. For instance, the distance moved along the canyon axis is
divided by the difference in time between t1 and t2, or t2 and t3.B (upper panel) Time
series BAZ direction, measured clockwise from north (0° or 360°), indicatesmultiple
sources (surges) that move down the channel. For each surge, the BAZ direction is
from 40°-20° as the surge approaches the OBS station, rotates to 10° as it passes the

nearest point to the OBS, and then decreases below 350° as the surge moves away
from theOBS station. Time-lines (vertical red lines; times = 1 to 6) refer to snap shots
of flow structure subsequently depicted within FigureC. (middle panel) The Degree
of Polarization (DOP) corresponding to these BAZ estimations shows high values
during the flow, indicating stable and reliable signal polarization for most of the
signal (>0.4). (lower panel)Groundmotions of the vertical component of the seismic
waveforms recorded at OBS 6 for the March 8th 2020 turbidity current showing the
derived speed structure in the colored background. The interstation transit speed
and seismically derived mean speed plotted above as a bar. C Snapshots of the flow
structure reveal that the leading edge of theflow exhibited slower speeds compared to
the trailing surges. The fastest surge occurred approximately 18.7 kilometers behind
the leading edge and was 21% faster. These surges lasted for approximately
five hours.
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erosion by these turbidity currents in the Congo Canyon and Channel5,35

and suggests that some surges originated via failures triggered
30–60minutes (or 9–19 km) behind the flow front.

Alternatively, surges may arise “internally” from small initial pertur-
bations that grow over time25,41. For example, instabilities (called roll waves)
form in thin and fast flows of water when the flow becomes supercritical,
with Froude number exceeding one25,42. Surges also form via internal pro-
cesses within high-sediment concentration flows. For example, surges are
ubiquitous within subaerial debris flows, both in the field and large-scale
experiments23,25. These debris flow surges arise from slight variations in
grain size distribution, which affect granular friction and pore pressure,
influencing flow speed and discharge, and amplifying initial
disturbances23,25. Debris flow surges also amalgamate as they runout at
different speeds, growing in size and duration. Similar pulsing also occurs in
dry granular flows, arising via local grain entrainment from the underlying
bed in erosion-deposition waves43.

This ‘internal’ model is favored here as it better explains the quasi-
uniform spacing of surges in the Congo Canyon, which is consistently seen
at multiple OBS sites and in multiple turbidity currents (Fig. S5-6). In
contrast the ‘external’ model would likely produce surges that were more
randomly spaced and less consistent across different flows.

Pulses sustain flow front
The observed differences in surge speeds suggest that faster-moving surges
tend to catch up with slower-moving flow fronts (Fig. 4C), supplying
additional sediment and momentum. This process may play a key role in
driving the turbidity current front downslope and sustaining its excep-
tionally long runout distance (>1000 km; Fig. 5).

Traditionally, turbidity current front speeds have been modeled based
on a local balance between gravitational driving forces (related to flow
thickness, excess density, sediment concentration, and seabed gradient) and
frictional forces at the flow front10. However, our findings suggest that this
perspective omits a critical factor: momentum transfer fromwithin the flow
itself. Specifically, faster-moving, higher sediment concentration ‘internal
surges’ candeliver additionalmomentum to theflow front. Thismechanism

implies that front speedsmay be influenced not only by local force balances
but also by the internal structure and dynamics of the turbidity current.

The transfer of sediment into the flow front via surgesmay also explain
why the Congo Canyon flushing flows sustained the near-uniform front
speeds over hundreds of kilometers despite prodigious erosion5,33, by
counterbalancing the loss of sediment through mixing with surrounding
seawater, deposition, or other processes.

Why are the fastest pulses so far behind the flow front?
It is expected that the front of a turbidity current is slower than the body, as it
experiences greater friction while displacing surrounding seawater, partly
due to more vigorous mixing near the front. In small-scale laboratory
experiments, turbidity currents typically have a front speed that is ~30–40%
lower than the body’s speed10, consistent with our observations from the
Congo Canyon where the front speed is 20–40% slower than themaximum
internal surge speed (Figs. 4, S5–6).

However, in laboratory experiments, themaximum speed occurs just a
few seconds behind the flow front, corresponding to a distance of only a
couple of flow thicknesses. In contrast, the maximum surge speeds in these
canyon-flushing flows occur much further behind the front, with a time lag
of 30–60minutes.Assuminga front speedof~5.2m s–1, this time lag equates
to adistance of~9–19 km.Givenaflow thickness of~100–120m(channel is
100m deep at OBS644), this distance of 9–19 km corresponds to 75–190
times the flow thickness. Even in previously monitored slower (<2m s–1)
CongoCanyon flows12, themaximum speed occurs 10–30minutes after the
flow front—about 1.2 km behind the front—equivalent to ~60 flow thick-
nesses behind the front.

This indicates that maximum flow speeds occur much further behind
the front in Congo Canyon turbidity currents than in laboratory flows,
suggesting substantial differences between field-scale and laboratory flows,
including potentially greater frontal mixing and friction in the Congo
Canyon flows.

These unique field observations underpin a new view of the internal
structure and dynamics of exceptionally large canyon-flushing turbidity
currents (Fig. 5). Canyon-flushing turbidity currents consist of a series of

Fig. 5 | Surge dynamics of canyon-flushing tur-
bidity currents.Canyon-flushing turbidity currents
consist of surges lasting 5–30 minutes, persisting for
many hours and extending tens to hundreds of
kilometers. The fastest surges, which carry the
highest sediment concentration, occur
30–60 minutes behind the flow front and can be as
far as 20 km back(t0). These higher sediment con-
centration pulses eventually overtake the front (t1),
playing a key role in supplying sediment and
momentum to sustain the exceptionally long runout
distances (>1000 km) of these seafloor flows.
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pulses lasting 5–20minutes, with the fastest pulses occurring 30–60minutes
behind the flow front. These fast pulses generate the strongest seismic sig-
nals, indicating higher sediment concentrations, and play a crucial role in
transferring momentum to the flow front, driving the current forward over
exceptionally long distances. The pulses are likely generated spontaneously
through the amplification of small initial perturbations, similar to
mechanisms observed in subaerial debris flows23,25. The widespread pre-
sence of these pulses suggests a high sediment concentration at the base of
the flow.

Theoccurrenceof surgeshas important implications for themagnitude
and duration of impact forces on seabed cables, explaining why these cables
often break. As seen with snow avalanches26, the maximum speed of surges
can be much higher than that of the flow front. Calculating impact forces
based on frontal speedsmay, therefore, significantly underestimate the peak
loading that cables experience.

Methods
Seismic data collection
Eleven ocean-bottom seismometers (OBS) were deployed along the Congo
Submarine Canyon and Channel in September-October 2019, organized
into canyon and channel sub-arrays (Fig. 1). Nine of the OBSs were
recovered, and recorded data for approximately 9–10 months. Each OBS
was equipped with three-channel Sercel L28-LB geophones, positioned
600–2900 meters from the center of the canyon-channel, on flat canyon
terraces or overbank areas outside the channel. The sampling frequencywas
1 kHz for all stations, except for OBS 3, which sampled at 250 Hz. The
corresponding seismic traces were detrended, and instrument responses
were removed to obtain velocity units (m s−1) using the open-source Python
framework ObsPy45. The data were band-pass filtered between 0.02 and
25Hz, then down-sampled to a rate of 50 Hz (Nyquist frequency of 25Hz).
The horizontal components of the OBS seismometers were oriented to
geographic north and east, with their alignment derived using the polar-
ization characteristics of seismic waves46,47 from independently located
earthquakes. The estimated uncertainty in this alignment is ±11.5 degrees.

Spectrograms and waveform envelopes
Spectrograms are generated using Welch’s48 method with 300-second win-
dows and 50% overlap. The probability spectral density (PSD) is presented in
decibels (dB), relative to velocity (10*log10[(m

2 s–2) Hz–1]). Turbidity currents
are visually identified on OBS spectrograms by distinct high-frequency
vertical ground motions, with predominant power between 0.5 and 10Hz.
Signal-to-noise ratios for these events vary between 5 and 30 dB above
ambient noise (Fig. S7). Lower ratios are primarily observed in the upper
canyon region, influenced by seismic noise from anthropogenic sources such
as shipping and drilling, which also generate high-frequency noise.

The amplitude of turbidity current signals is represented by the
envelope of high-frequency vertical ground motions (filtered between 0.5
and 10Hz) and smoothed with a 1-minute sliding window. The waveform
onset shows a gradual increase in both frequency and amplitude (Fig. 2),
tapering off before after peak values. High-frequency components diminish
first, followed by a gradual reduction in lower frequencies. The detection of
turbidity currents by the OBS is further validated by ADCP-mooring
measurements, identified by an abrupt increase in near-bed velocity above
background levels33.

Seismic characterization of turbidity currents
Once a seismic signal is identified as a turbidity current, it is further char-
acterized.This process is illustratedusingdata fromOBS6 for theMarch8th,
2020 event (Fig. 4), and involves several stages:

Stage 1: Polarization analysis. We conducted a frequency-dependent
polarization analysis49 on the three-component turbidity current signals to
determine polarization attributes, namely the degree of polarization (DOP),
vertical to horizontal phase difference (phiVH), and back azimuth (BAZ)
across the 1–10Hz frequency band. The approach follows established
methods from ambient noise studies in various environments that have

characterized particle motions from natural sources50–52. In our analysis, we
use 150-second sub-windows with 50% overlap to compute polarization
attributes, allowing detailed characterization of the evolving signal sources.

The back azimuth (BAZ) represents the trajectory of incoming seismic
waves,measured in the horizontal plane and expressed in degrees relative to
true north. It provides key information about the signal source’s location
relative to the seismic station.

The vertical to horizontal phase difference (phiVH) characterizes the
phase relationship between the vertical and horizontal components of the
seismic signal, with values bounded between−90° and 90°. We analyze the
absolute phase angle difference, as the magnitude of this shift provides a
clearer interpretation of polarization, focusing on the extent of the phase
shift rather than its direction—whether the horizontal component leads or
lags the vertical. This helps in identifying the type of seismic waves, as
different wave types exhibit distinct phase relationships between the vertical
and horizontal components (see Stage 2).

TheDegree of Polarization (DOP) ranges from0 to 1,with 0 indicating
unpolarized or isotropic wave motion, and values near 1 suggesting more
linear or elliptical polarization53. A higher DOP reflects a wavefield domi-
nated by a single component, indicating a coherently propagating seismic
wave with greater directionality. This metric can therefore be used to gauge
confidence in the derived BAZ.

Stage 2: Wave type and quality assigned. Seismic signals must exhibit
sufficient polarization and Scholte wave-like characteristics to derive their
back azimuths. Scholte waves are typically identified by their 90-degree
phase lag, and we classify signals with a phase lag between 70° and 90° as
Scholte wave-like. A phase lag between 30° and 70° suggests a mix of wave
types, such as a combination of body and surface waves. Phase lags near 0°
are often associatedwith bodywaves and are excluded from further analysis.

A signal’s arrival is defined by a coherent increase in energy, exhibiting
the expected polarization and phase shift characteristics of Scholte waves,
distinctly different from background seismic signals, which typically show
lower amplitude, randompolarization, andunclearphase relationships.Our
focus is on characterizing the dominant signal sources from turbidity cur-
rents, rather than capturing particlemotion from all seismic energy sources.
We identified sufficiently polarized Scholte waves emitted by the turbidity
currents, typically in the 4–6Hz band (Fig. S3).

Stage 3: Evolving location and speed of turbidity current signal sources
along the canyon-channel. To determine the location of the dominant
turbidity current signal source along the sinuous canyon-channel axis and
track its evolution over time, we projected BAZ trajectories derived from
sufficiently polarized high-frequency Scholte waves onto the line of steepest
descent along the canyon axis, assuming the turbidity current remains
naturally confined to this path.

From these projections,we calculated the speedof thedominant source
along the canyon axis. Additionally, oscillations in the polarization attribute
direction were observed, which we infer to represent the propagation of
multiple flow pulses. As one pulse moved away from the receiver, the back
azimuth gradually veered down-flow. A subsequent, stronger pulse from
up-flow caused the back azimuth to shift back toward the up-flowdirection,
indicating the arrival of the new dominant source.

This analysis also helped define the effective detection range of seismic
stations for turbidity currents, allowing us to determine the distance at
which these flows can be detected and located by seismic sensors, within
canyon segments approximately 3–7 km from the measurement location.

Models of seismic signal generation from turbulent flow and
sediment transport
To investigate whether the seismic signals from turbidity currents arise from
flow turbulence, sediment transport within the flow, or both, we analyze
seismic records from stations at varying distances from the canyon. This
allows us to distinguish signal sources based on differences in their spectral
signatures29. We then compare these signatures to those predicted by models
of turbulent flow36 and bedload transport37 from river systems, applied here to
the marine environment, to inform interpretation of potential signal sources.
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Bothmodels are physically based and capture the first-order processes
generating ground motion detectable by seismic stations. The bedload
transport model37 links seismic noise generation to sediment transport,
where individual particles impacting the riverbed create force impulses that
generate Rayleigh waves. These impacts, modeled as elastic contact pro-
blems, occur at random intervals and are influenced by factors like grain size
and flow conditions. The model computes the total seismic noise power
spectral density (PSD) by summing these impacts and assumes that the
sediment transport rate determines the frequency of impacts, with seismic
energy proportional to sediment flux.

The turbulent flow model36 attributes seismic noise to fluctuating
forces from turbulent water flow. Pressure and shear stresses exerted on the
riverbed by turbulence cause vibrations that propagate as Rayleigh waves,
detectable by nearby seismic stations. The magnitude and characteristics of
these forces depend on key hydraulic parameters, including water depth,
bed roughness, and flow velocity—where flow velocity itself is influenced by
the river’s slope, channel roughness, and flow depth. Themodel treats these
forces as stochastic processes to reflect the inherent randomness of turbu-
lence. By integrating the contributions of these forces over a range of fre-
quencies, the model calculates the Power Spectral Density (PSD) of the
resulting seismic noise, establishing a quantitative link between river flow
properties and their seismic signatures.

Implementing these models requires setting or estimating various
parameters, including fluid properties, sediment characteristics, bed
conditions, and the medium for seismic wave propagation. Due to the
limited constraints on certain sediment transport parameters, particu-
larly sediment flux, for Congo Canyon turbidity currents5,12, we relied on
empirical data and best estimates from terrestrial studies to address
these gaps.

We set the flow height to 50m and sediment flux to 0.4 m² s–1. The
specific sediment density was defined as 2650 kgm–³, the fluid density as
1024 kgm–³, and the canyon slope as 0.5 degrees. A log-normal, raised-
cosine grain size distribution37 was used, with a mean grain diameter of
0.02m and a standard deviation of 0.5. The ground quality factor was set to
40, and the Rayleigh phase wave velocity to 300m s−1.

We modeled source-to-station distances of 800 and 1600m to reflect
seismic data from OBS2 and OBS3, respectively. Assuming consistent
conditions within this channel segment, all parameters were kept constant
except for the distance from the source. Model spectra were then generated
for sediment transport and flow turbulence, both individually and com-
bined (Fig. S1).

Understanding the seismic signals generated by turbidity currents
requires reconciling key differences between theoretical models and the
complexities of real-worldflows. For instance,while the turbulentflow36 and
bedload transport37 models assume Rayleigh waves without a water layer,
Scholte waves are present in our marine setting. This discrepancy could
introduce slight differences in waveform characteristics, such as seismic
amplitude. However, these differences are not expected to fundamentally
alter the qualitative comparison of spectral shapes and trends.

Additionally, the Congo Canyon turbidity currents likely featured a
wide range of grain sizes and potentially contained near-bed layers with
much higher (>20–40% volume)5,12 sediment concentrations than rivers.
These dense near-bed layers may resemble debris flows or hyperconcen-
trated flows more than typical bedload fluvial transport, leading to devia-
tions from themodels’ assumptions. For example, grain collisions in higher
sediment concentration flows may be buffered by elevated pore pressures
and exhibit prolonged, inelastic behavior23,54,55.

Given these complexities, our approach focused not on achieving
precise quantitative matches between seismic observations and model
outputs, but on highlighting key processes. Specifically, we sought to illus-
trate how sediment transport and turbulence distinctly influence seismic
signal strength and frequency range as the distance from canyon axis to
receiver increases. This comparison supports the idea that two distinct
processes—sediment transport and flow turbulence—generate seismic
signals in turbidity currents.

Sediment transport in turbidity currents is more complex than these
models suggest, involving processes beyond perfectly elastic collisions. We
hope this analysis encourages future research to better understand sediment
transport in turbidity currents and the nature of these flows.

Data availability
The raw OBS seismic data used to record turbidity currents in this
study are available at the British Oceanographic Data Centre (BODC)
with no access conditions (https://doi.org/10.5285/1D4A3BF0-FEAB-
465C-E063-7086ABC0EF74)56.

Received: 12 November 2024; Accepted: 14 February 2025;

References
1. Talling, P. J. et al. Detailedmonitoring reveals the nature of submarine

turbidity currents. Nat. Rev. Earth Environ. 4, 642–658 (2023).
2. Talling, P. J. et al. Key future directions for research on turbidity

currents and their deposits. J. Sediment. Res. 85, 153–169 (2015).
3. Harris, P. T. & Whiteway, T. Global distribution of large submarine

canyons: Geomorphic differences between active and passive
continental margins.Mar. Geol. 285, 69–86 (2011).

4. Peakall, J. & Sumner, E. J. Submarine channel flow processes and
deposits: A process-product perspective. Geomorphology 244,
95–120 (2015).

5. Talling, P. J. et al. Longest sediment flows yet measured show how
major rivers connect efficiently to deep sea. Nat. Commun. 13, 4193
(2022).

6. Baker, M. L. et al. Globally significant mass of terrestrial organic
carbon efficiently transported by canyon-flushing turbidity currents.
Geology 52, 631–636 (2024).

7. Canals, M. et al. Flushing submarine canyons. Nature 444, 354–357
(2006).

8. Galy, V. et al. Efficient organic carbon burial in the Bengal fan
sustained by the Himalayan erosional system. Nature 450, 407–410
(2007).

9. Carter, L., Milliman, J. D., Talling, P. J., Gavey, R., &Wynn, R. B. Near-
synchronous and delayed initiation of long run-out submarine
sediment flows from a record-breaking river flood, offshore Taiwan.
Geophys. Res. Lett. 39 https://doi.org/10.1029/2012GL051172
(2012).

10. Kneller, B. & Buckee, C. The structure and fluidmechanics of turbidity
currents: a review of some recent studies and their geological
implications. Sedimentology 47, 62–94 (2002).

11. Khripounoff, A. et al. Direct observation of intense turbidity current
activity in theZaire submarinevalley at 4000mwater depth.Mar.Geol.
194, 151–158 (2003).

12. Azpiroz-Zabala, M. et al. Newly recognized turbidity current structure
can explain prolonged flushing of submarine canyons. Sci. Adv. 3,
e1700200 (2017).

13. Paull, C. K. et al. Powerful turbidity currents driven by dense basal
layers. Nat. Commun. 9, 4114 (2018).

14. Hage, S. et al. Direct monitoring reveals initiation of turbidity
currents from extremely dilute river plumes. Geophys. Res. Lett. 46,
11310–11320 (2019).

15. Pope, E. L. et al. First source-to-sink monitoring shows dense head
determines sediment gravity flow runout.Sci. Adv.8, eabj3220 (2022).

16. Heerema, K. et al. How distinctive are flood-triggered turbidity
currents? J. Sediment. Res. 92, 1–11 (2022).

17. Gavey, R. et al. Frequent sediment density flows during 2006 to 2015
triggered by competing seismic and weather cycles: observations
from subsea cable breaks off southern Taiwan.Mar. Geol. 384,
147–158 (2017).

18. Traer, M. M., Hilley, G. E., Fildani, A. & McHargue, T. The sensitivity of
turbidity currents to mass and momentum exchanges between these

https://doi.org/10.1038/s43247-025-02137-z Article

Communications Earth & Environment |           (2025) 6:147 8

https://doi.org/10.5285/1D4A3BF0-FEAB-465C-E063-7086ABC0EF74
https://doi.org/10.5285/1D4A3BF0-FEAB-465C-E063-7086ABC0EF74
https://doi.org/10.1029/2012GL051172
https://doi.org/10.1029/2012GL051172
www.nature.com/commsenv


underflows and their surroundings: turbidity current sensitivity
analysis. J. Geophys. Res. Earth Surf. 117, F01009 (2012).

19. Parker, G., Fukushima, Y. & Pantin, H. M. Self-accelerating turbidity
currents. J. Fluid. Mech. 171, 145 (1986).

20. Talling, P. J., Paull, C. K. & Piper, D. J. W. How are subaqueous
sediment density flows triggered, what is their internal structure and
how does it evolve? Direct observations from monitoring of active
flows. Earth-Sci. Rev. 125, 244–287 (2013).

21. Lowe, D. R. Subaqueous liquefied and fluidized sediment flows and
their deposits. Sedimentology 23, 285–308 (1976).

22. Shanmugam, G. Ten turbidite myths. Earth-Sci. Rev. 58, 311–341
(2002).

23. Iverson, R. M., Logan, M., LaHusen, R. G. & Berti, M. The perfect
debris flow? Aggregated results from 28 large-scale experiments. J.
Geophys. Res. 115, F03005 (2010).

24. Heerema, C. J. et al. What determines the downstream evolution of
turbidity currents? Earth Planet. Sci. Lett. 532, 116023 (2020).

25. Zanuttigh, B. & Lamberti, A. Instability and surge development in
debris flows. Rev. Geophys. 45 https://doi.org/10.1029/
2005RG000175 (2007).

26. Köhler, A., McElwaine, J. N., Sovilla, B., Ash, M. & Brennan, P. The
dynamics of surges in the 3 February 2015 avalanches in Vallée de la
Sionne. J. Geophys. Res. Earth Surf. 121, 2192–2210 (2016).

27. Burtin, A., Hovius, N. & Turowski, J. M. Seismic monitoring of
torrential and fluvial processes. Earth Surface. Dynamics 4, 285–307
(2016).

28. Cook, K. L., Andermann, C., Gimbert, F., Adhikari, B. R. & Hovius, N.
Glacial lake outburst floods as drivers of fluvial erosion in the
Himalaya. Science 362, 53–57 (2018).

29. Cook, K. L. & Dietze, M. Seismic advances in process
geomorphology. Annu. Rev. Earth Planet. Sci. 50, 183–204 (2022).

30. Caplan-Auerbach, J., Fox, C. G. & Duennebier, F. K. Hydroacoustic
detection of submarine landslides on Kilauea volcano.Geophys. Res.
Lett. 28, 1811–1813 (2001).

31. Fan, W., McGuire, J. J. & Shearer, P. M. Abundant spontaneous and
dynamically triggered submarine landslides in the Gulf of Mexico.
Geophys. Res. Lett. 47, e2020GL087213 (2020).

32. Clare, M. A. et al. Seismic and Acoustic Monitoring of Submarine
Landslides: Ongoing Challenges, Recent Successes, and Future
Opportunities. In Noisy Oceans: Monitoring Seismic and Acoustic
Signals in the Marine Environment 59–82 (Wiley, 2024).

33. Baker,M. L. et al. Seabed seismographs reveal duration and structure
of longest runout sediment flows on Earth. Geophys. Res. Lett. 51,
e2024GL111078 (2024).

34. Milliman, J.D.&Farnsworth,K. L., 2011.Riverdischarge to thecoastal
ocean: a global synthesis, Cambridge University Press.

35. Ruffell, S. C. et al. Time-lapse surveys reveal patterns and processes
of erosion by exceptionally powerful turbidity currents that flush
submarine canyons: A case study of the Congo Canyon.
Geomorphology 463, 109350 (2024).

36. Gimbert, F., Tsai, V. C. & Lamb, M. P. A physical model for seismic
noise generation by turbulent flow in rivers. J. Geophys. Res.: Earth
Surf. 119, 2209–2238 (2014).

37. Tsai, V. C., Minchew, B., Lamb, M. P., & Ampuero, J. P. A physical
model for seismic noise generation from sediment transport in rivers.
Geophys. Res. Lett. 39 https://doi.org/10.1029/2011GL050255
(2012).

38. Farin, M., Tsai, V. C., Lamb, M. P. & Allstadt, K. E. A physical model of
the high-frequency seismic signal generated by debris flows. Earth
Surf. Process. Landf. 44, 2529–2543 (2019).

39. Arattano, M. & Moia, F. Monitoring the propagation of a debris flow
along a torrent. Hydrol. Sci. J. 44, 811–823 (1999).

40. Ho, V. L. et al. Dynamics and deposition of sediment-bearing
multi-pulsed flows and geological implication. J. Sediment. Res.
89, 1127–1139 (2019).

41. Balmforth, N. J. & Mandre, S. Dynamics of roll waves. J. Fluid Mech.
514, 1–33 (2004).

42. Brock, R. Development of roll-wave trains in open channels. J.
Hydraul. Div. Am. Soc. Civ. Eng., 95, 1401–1427 (1969).

43. Edwards, A. N. & Gray, J. M. N. T. Erosion–deposition waves in
shallow granular free-surface flows. J. FluidMech. 762, 35–67 (2015).

44. Hasenhündl, M. et al. Morphometric fingerprints and downslope
evolution in bathymetric surveys: insights into morphodynamics of
the Congo canyon-channel. Front. Earth Sci. 12, 1381019 (2024).

45. Beyreuther, M. et al. ObsPy: A Python toolbox for seismology.
Seismol. Res. Lett. 81, 530–533 (2010).

46. Stachnik, J. C. et al. Determination of New Zealand ocean bottom
seismometer orientation via Rayleigh-wave polarization. Seismol.
Res. Lett. 83, 704–713 (2012).

47. Doran, A. K. & Laske, G. Ocean-bottom seismometer instrument
orientations via automated Rayleigh-wave arrival-angle
measurements. Bull. Seismol. Soc. Am. 107, 691–708 (2017).

48. Welch, P. The use of fast Fourier transform for the estimation of power
spectra: a method based on time averaging over short, modified
periodograms. IEEE Trans. Audio Electroacoust. 15, 70–73 (1967).

49. Park, J., Vernon, F. L. & Lindberg, C. R. Frequency dependent
polarization analysis of high-frequency seismograms. J. Geophys.
Res. 12, 664–12,674 (1987).

50. Koper, K. D. & Burlacu, R. The fine structure of double-frequency
microseisms recorded by seismometers in North America. J.
Geophys. Res.: Solid Earth 120, 1677–1691 (2015).

51. Vore, M. E., Bartholomaus, T. C., Winberry, J. P., Walter, J. I. &
Amundson, J. M. Seismic tremor reveals spatial organization and
temporal changes of subglacial water system. J.Geophys. Res.: Earth
Surf. 124, 427–446 (2019).

52. Stutzmann, É. et al. The polarization of ambient noise on Mars. J.
Geophys. Res.: Planets 126, e2020JE006545 (2021).

53. Samson, J. C. The reduction of sample-bias in polarization estimators
formultichannel geophysical data with anisotropic noise.Geophys. J.
Int. 75, 289–308 (1983).

54. Pierson, T. C. Hyperconcentrated flow— transitional process between
water flow and debris flow. In Debris-flow Hazards and Related
Phenomena. Springer Praxis Books 159–202 (Springer Berlin, 2005).

55. Iverson,R.M. Thephysicsof debrisflows.Rev.Geophys.35, 245–296
(1997).

56. Baker, M. L., Talling, P. J., Peirce, C., & Pitcairn, B. (2024b). Ocean
bottom seismograph data deployed along the Congo submarine
canyon and channel (Atlantic Ocean) on cruise JC187, September
2019–September 2020. (Version 1) [Dataset]. NERC EDS British
Oceanographic Data Centre NOC. https://doi.org/10.5285/
1D4A3BF0-FEAB-465C-E063-7086ABC0EF74.

Acknowledgements
We gratefully acknowledge the shipboard parties of the RRS James Cook
cruises JC187 and JC209. Our thanks to GEOMAR and NERC’s Ocean-
Bottom Instrumentation Facility (OBIF) for providing OBSs, and to Angola
Cables for organizing permissions for work in Angolan waters. Funding for
P.K. was provided by the Deutsche Forschungsgemeinschaft (DFG, Grant
No. 504509409). M.U. has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and
innovation program (grant agreement No. 948797). This research was
supported by the National Environment Research Council grants NE/
R001952/1, NE/S010068/1, and NE/R015953/1. M.L.B. received funding
through a Leverhulme Trust Early Career Fellowship, ECF-2021-566.

Author contributions
Conceptualization: P.K. Data Acquisition: P.J.T., M.L.B.Methodology: P.K.,
D.L., W.-C.C. Data Analysis: P.K. P.K. drafted the paper, while P.J.T., D.L.,
W.-C.C., M.L.B., M.U., and C.B. contributed to discussions of the dataset
and provided comments and corrections to the manuscript.

https://doi.org/10.1038/s43247-025-02137-z Article

Communications Earth & Environment |           (2025) 6:147 9

https://doi.org/10.1029/2005RG000175
https://doi.org/10.1029/2005RG000175
https://doi.org/10.1029/2005RG000175
https://doi.org/10.1029/2011GL050255
https://doi.org/10.1029/2011GL050255
https://doi.org/10.5285/1D4A3BF0-FEAB-465C-E063-7086ABC0EF74
https://doi.org/10.5285/1D4A3BF0-FEAB-465C-E063-7086ABC0EF74
https://doi.org/10.5285/1D4A3BF0-FEAB-465C-E063-7086ABC0EF74
www.nature.com/commsenv


Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-025-02137-z.

Correspondence and requests for materials should be addressed to
Pascal Kunath.

Peer review informationCommunicationsEarth &Environment thanksNeil
Mitchell, FlorentGimbert andKurt J.Rosenberger for their contribution to the
peer review of this work. Primary Handling Editors: Domenico Doronzo and
Joe Aslin. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s43247-025-02137-z Article

Communications Earth & Environment |           (2025) 6:147 10

https://doi.org/10.1038/s43247-025-02137-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Ocean-bottom seismometers reveal surge dynamics in Earth’s longest-runout sediment flows
	Results
	Turbidity currents in the Congo Canyon and Channel
	The seismic footprint of turbidity currents
	Spectral characteristics of turbidity current sediment transport
	Detection of multiple surges
	Velocity transients in surges
	Pulses sustain flow front

	Methods
	Seismic data collection
	Spectrograms and waveform envelopes
	Seismic characterization of turbidity currents
	Models of seismic signal generation from turbulent flow and sediment transport

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




