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Abstract Turbidity currents carve the deepest canyons on Earth, deposit its largest sediment accumulations,
and break seabed telecommunication cables. Powerful canyon-flushing turbidity currents break sensors placed
in their path, making them notoriously challenging to measure, and thus poorly understood. This study provides
the first remote measurements of canyon-flushing flows, using ocean-bottom seismographs located outside the
flow's destructive path, revolutionizing flow monitoring. We recorded the internal dynamics of the longest
sediment flows yet monitored on Earth, which traveled >1,000 km down the Congo Canyon-Channel at 3.7—
7.6 m s™! and lasted >3 weeks. These observations allow us to test fundamental models for turbidity current
behavior and reveal that flows contain dense and fast frontal-zones up to ~400 km in length. These frontal-zones
developed near-uniform durations and speeds for hundreds of kilometres despite substantial seabed erosion,
enabling flows to rapidly transport prodigious volumes of organic carbon, sediment, and warm water to the
deep-sea.

Plain Language Summary Seafloor avalanches of sediment, called turbidity currents, transport huge
volumes of sediment and organic carbon to the deep-sea, and they break critical seabed telecommunication
cables that underpin global data transfer. However, turbidity currents are very difficult to measure directly as
they often damage sensors placed in their flow path, so they are poorly understood. Here we show that turbidity
currents generate ground vibrations that can be measured using ocean-bottom seismographs placed outside the
flow's destructive path, revolutionizing flow monitoring. These seismographs recorded the longest sediment
flows yet measured in action on Earth, which traveled >1,000 km along the submarine Congo Canyon-Channel
offshore West Africa. We use these observations to test fundamental models of turbidity current flow behavior.
Our measurements show that the front of the flows contain a fast frontal-zone with high sediment
concentrations, which can be up to ~400 km long, whilst the whole duration of the flow can last for more than
3 weeks. These frontal-zones develop near-uniform durations and speeds, despite extensive seabed erosion that
adds sediment into the flow. New information on flow durations shows how turbidity currents rapidly deliver
prodigious volumes of organic carbon, sediment, and warm water to the deep-ocean floor.

1. Introduction

Passive seismic monitoring has led to step changes in understanding of Earth surface processes, including
globally important terrestrial geohazards such as lake outburst floods, debris flows, lahars, snow or rock ava-
lanches, and landslides (Cook & Dietze, 2022). This method uses seismographs to remotely sense ground motions
generated by hazardous events, sometimes located thousands of kilometres away, at millisecond temporal
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resolution and relatively low cost. This approach has improved natural hazard detection, enabled development of
life-saving early warning systems and aided effective disaster response (Luckett et al., 2007; Shugar et al., 2021).
However, the potential for passive seismic monitoring of seafloor processes is only now starting to be realised
(Arai et al., 2013; Clare et al., 2024; Fan et al., 2020; Gomberg et al., 2021; Sgroi et al., 2014). Indeed, seismic
measurements have the potential to advance understanding of seabed dynamics even more than terrestrial pro-
cesses, as seabed events are far harder to measure in action via other techniques, ensuring that there are far fewer
direct observations (e.g., Talling et al., 2023).

Here, we present the first seismic observations of the longest runout sediment flows on Earth, which form many of
our planet's deepest canyons and largest sediment accumulations (submarine fans). These seabed sediment-laden
flows, called turbidity currents, link rivers to the deep-sea, damage critical seafloor infrastructure, transport and
bury globally significant amounts of organic carbon, and can both support and destroy unique deep-sea eco-
systems (Galy et al., 2007; Gavey et al., 2017; Mountjoy et al., 2018; Pope et al., 2017; Seabrook et al., 2023; Sen
et al., 2017). The two turbidity currents described herein traveled for >1,000 km at speeds of 3.7-7.6 m s~
through the submarine Congo Canyon-Channel, offshore West Africa (Figure 1a). These flows broke seafloor
telecommunication cables crossing the canyon multiple times during the COVID-19 pandemic, slowing internet
traffic at a critical time (Talling et al., 2022).

Turbidity currents are extremely difficult to monitor in action, especially the largest and most powerful events that
flush submarine canyons and runout to the deep-sea. Direct measurements of short runout (<50 km) turbidity
currents have been limited to ~12 sites worldwide and were reliant on instruments placed in the flow path on
anchored moorings (Azpiroz-Zabala et al., 2017; Khripounoff et al., 2003; Vangriesheim et al., 2009), which were
often broken by the flows (e.g., Paull et al., 2018). Large, canyon-flushing flows have previously been measured
in action at just two sites, including the Congo Canyon-Channel, but these measurements only recorded the transit
speed of the flow front based on timings of broken moorings or submarine cable breaks (Carter et al., 2012; Gavey
et al., 2017; Talling et al., 2022). Here, we show how powerful turbidity currents can be monitored using ocean-
bottom seismographs (OBSs) located outside the flow, and thus out of harm's way. This new approach opens the
way for measuring hazardous turbidity currents safely, for long deployment periods, at relatively low cost.

Preceding work has shown that the >1,000 km runout flows in the Congo Canyon-Channel eroded a globally
significant mass of terrestrial organic carbon, equivalent to 22% of the annual global particulate organic carbon
export from all rivers to the oceans (Baker, Hage, et al., 2024). The organic carbon showed limited degradation as
it was transferred through the system, indicating efficient transport. In this study, we document the duration and
internal structure (how sediment concentration and velocity change in space and time within a flow) of canyon-
flushing turbidity currents for the first time, which demonstrates why the transport of terrestrial organic carbon to
the deep-sea by canyon-flushing flows is efficient.

A range of models have been proposed for the flow behavior and evolution of turbidity currents, based on theory
and shallow-water flow observations (e.g., Azpiroz-Zabala et al., 2017; Heerema et al., 2020; Parker, 1982; Pope
et al., 2022). Appropriate models are essential for predicting flow parameters (e.g., runout distance) and the risks
flows pose as geohazards. The unique observations presented here offer direct evidence to test turbidity current
flow models for canyon-flushing flows.

This study has three aims: (a) demonstrate how passive seismic monitoring enables remote sensing of turbidity
currents at a safe distance, including powerful canyon-flushing flows; (b) test fundamental models for how
turbidity currents behave; and (c) use our unique observations of flow durations to constrain the fluxes of organic
carbon, sediment, and warm water to the deep-sea by canyon-flushing turbidity currents.

2. Turbidity Currents Previously Recorded in the Congo Canyon-Channel

The Congo Canyon extends offshore from the mouth of the Congo River (Figure 1a); the second largest river in
the world by discharge and fifth largest in terms of annual particulate organic carbon export (Babonneau
et al., 2010; Coynel et al., 2005; Savoye et al., 2009). The first ~150 km of the canyon is deeply incised (up to
1,200 m) into the continental shelf (Figure 1b), before becoming a less incised channel on the lower slope (250-
150 m deep, Figure 1c), which finally terminates 1,100 km from the river mouth at a depositional lobe. Previous
work recorded turbidity currents in the upper canyon (~2,000 m water depth) for ~30% of the time during
monitoring periods, using moorings with acoustic Doppler current profilers (ADCPs) that record flow velocities
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Figure 1. Instruments deployed in the Congo Canyon-Channel. (a) Bathymetric map of Congo Canyon-Channel system, offshore west Africa (location on inset world
map), with instruments deployed in canyon (b) and channel (c) subarrays. (d, €) Acoustic Doppler current profiler (ADCP) moorings (black triangles) were located
inside the canyon and channel, where the anchored mooring lines were broken by the first canyon-flushing turbidity current, whilst ocean-bottom seismographs (OBSs;
red squares) were safely located outside of the canyon-channel. An, Angola; DRC, Democratic Republic of the Congo; RC, Republic of the Congo.
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(Azpiroz-Zabala et al., 2017; Simmons et al., 2020). These ADCP-moorings survived relatively slow (<2—
3ms ") flows and showed that these turbidity currents comprised a faster-moving frontal zone (termed a “frontal-
cell”) that outran a slower body (Azpiroz-Zabala et al., 2017).

A deployment of ADCP-moorings, along with the SAT-3 (South Atlantic 3) and WACS (West Africa Cable
System) telecommunications cables, were broken by a canyon-flushing turbidity current in the Congo Canyon-
Channel on 14—16 January 2020. Timings of these breaks documented flow front speeds of 5.0-8.2 m s~ (Talling
et al., 2022). The repaired SAT-3 cable was broken again on 8 March 2020 by another powerful flow. Talling
et al. (2022) suggested these turbidity currents were preconditioned by major river floods with recurrence in-
tervals of 20-50 years, and finally triggered by spring tides.

3. Materials and Methods
3.1. Instrument Deployment

Twelve OBSs and 11 moorings with ADCPs were deployed in September—October 2019 along the Congo
Canyon-Channel, split into canyon and channel subarrays (Figure 1). The OBS instruments contained three-
channel geophones (with a flat response >5 Hz) and hydrophones with sampling rates of 1 kHz. OBS1 to
OBS8 contained Sercel L28-LB geophones and Hi-Tech HTI-90U hydrophones. The most distal OBS9 station
contained an Owen (4.5 Hz) geophone and a Hi-Tech HTI-04 hydrophone, along with a thermometer logging
temperature every minute. OBSs were deployed on the seafloor 0.7-2.9 km away from the center of the canyon-
channel. In contrast, the 75, 300 and 600 kHz down-looking ADCP-moorings were suspended 44-250 m above
the seafloor with anchors in the canyon-channel (Figures S1 and S2 in Supporting Information S1). The ADCP-
moorings were broken by the January 2020 turbidity current (Talling et al., 2022). In contrast, the OBSs were not
damaged by the canyon-flushing turbidity currents in January and March, and thus recorded the seismic signal of
these events. Nine ADCPs and 10 OBS instruments were recovered.

3.2. OBS Data

Analysis focused on geophone data, as hydrophones on the OBSs did not record turbidity current signals. The
vertical component of the geophone data were down-sampled to 100 Hz (Nyquist frequency of 50 Hz), as there
were no relevant signals >50 Hz. The data was converted from raw counts to units of velocity and corrected to
account for the instrument response (see Supporting Information S1). Next, spectrograms, illustrating signal
power through time at different frequencies, were generated using a Fast Fourier Transform with a Hanning
window of 20 s and a 50% overlap.

3.3. Identification and Quantification of Turbidity Currents in OBS and ADCP Data

Turbidity currents were visually identified from OBS spectrograms as distinct signals exhibiting a clear rise in
seismic energy (~30 dB above background). These events typically show high-amplitude (up to ~110 dB) signals
concentrated below 15 Hz, with a rapid onset over tens of seconds and gradual decay over hours. In the ADCP
data, turbidity currents were identified as an abrupt increase in near-bed velocity of >0.5 m s~ (e.g., Azpiroz-
Zabala et al., 2017).

Each event of enhanced seismic energy attributed to a turbidity current is termed a pulse, with turbidity currents
comprising of one or more pulses. The turbidity current pulse runout distance is the location of the most distal
OBS station that recorded a tracked pulse. The front transit speed of pulses (Table S1 in Supporting Informa-
tion S1) was calculated by dividing the distance between OBS stations with the difference in pulse arrival times.
Pulse duration was determined by manually picking the start and end of pulses from the seismic data (in counts)
when the signal exceeded and then returned below 10% above background noise. The front-to-back length of
pulses was estimated by multiplying the pulse transit velocity by pulse duration at each station (Table S1 in
Supporting Information S1).

4. Results

Twenty pulses of seismic energy attributed to 16 separate turbidity currents were recorded by the OBS array
during its 8-month deployment period (Figure S3 in Supporting Information S1).
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Figure 2. Comparison of acoustic Doppler current profiler (ADCP) and ocean-bottom seismograph (OBS) data for Flow 1.
(a) Time series of ADCP maximum velocity for mooring M2 and corresponding seismic signal recorded by OBS3 (see
Figure 1 for instrument locations). Inset shows zoom-in of flow front. (b) ADCP time series of turbidity current velocity
profiles. (c) Spectrogram showing intensity of seismic signals during the turbidity current event.

4.1. Calibrating OBS Measurements Using ADCP Data

The ADCP-moorings survived several relatively slow turbidity currents (Flows 1-9) before being broken by the
first canyon-flushing event (Flow 10). ADCP velocity data can aid interpretation of the OBS seismic signals for
weaker turbidity currents (Figure 2, Figures S4 and S5 in Supporting Information S1). For example, ADCP data
show that Flow 1 contains a distinct, fast-moving (~4 m s~ frontal-cell (Azpiroz-Zabala et al., 2017), which
lasts for ~2 hr (Figures 2a and 2b). Seismic data from the adjacent OBS registers the arrival of the flow with a
rapidly emerging high-amplitude signal that corresponds to the turbidity current frontal-cell and lasts for
~30 min, before gradually decaying to background values over ~90 min (Figures 2a and 2c). The OBS does not
record any signal from the flow body, yet the ADCP records a flow body lasting 2 days and traveling at 0.5—
0.7ms™".

OBSs recorded the fast (>1.6 m s™") frontal-cell's arrival ~4.5-37 min before the ADCP-moorings. This suggests
the turbidity current seismic signals are received from a straight-line distance of ~1.1 to 5.7 km away (see
Supporting Information S1). There is no correlation between turbidity current maximum velocity and the esti-
mated distance from which the OBS recorded the flow (Table S2 in Supporting Information S1). The hydro-
phones did not record any turbidity current acoustic signals (Figures S6 and S7 in Supporting Information S1),
confirming that the geophones recorded ground-bound seismic signals generated by the turbidity currents.
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Depth-averaged sediment concentrations derived from the ADCP-velocity measurements (via modified Chézy
equations) demonstrate that the flow frontal-cells contained three-times higher depth-averaged sediment con-
centrations than the flow's body (Figure S8 in Supporting Information S1; Pope et al., 2022).

4.2. Seismic Characteristics of Short Runout Turbidity Currents

Most turbidity current pulses (16 of 20) terminated either within the canyon subarray (OBS1-4, runout distance
<190 km) or before reaching the subarray of OBSs in the deep-water channel (OBS5-9, runout distance <791 km;
Figures S3, S4, and S5 in Supporting Information S1). Transit velocities of these shorter flows ranged between 1.7
and 6.1 ms™", and their seismic pulse durations lasted 0.4-1.9 hr. The front-to-back length of these flow pulses
varied between 4 and 32 km (Table S1 in Supporting Information S1).

4.3. Seismic Characteristics of Canyon-Flushing Turbidity Currents

The two canyon-flushing turbidity currents (Flows 10 and 11) traveled >1,000 km through the OBS array. Flow
10 contained three distinct seismic pulses (10A, 10B and 10C) over a period of 81 hr, demonstrating that a single
turbidity current can be composed of discrete sub-events (Figure 3a). All pulses accelerated through the canyon
subarray (Figure 3c), with pulse durations of 1.1-6.2 hr (Figure 3d). Pulse 10A and 10B amalgamated before
reaching the deep-water channel to produce a single 13.4—14.7-hr pulse, with a maximum transit speed of
7.6 ms™" (Figure 3 and Figure S9 in Supporting Information S1). Pulse 10C reached a maximum transit speed of
6.4m s~ in the channel with a duration of 4.6-6.6 hr. The pulses in Flow 10 are inferred to be part of one turbidity
current; past work has recorded that turbidity currents can last for up to 10 days in the Congo Canyon (Simmons
et al., 2020). Furthermore, temperature data from OBS9 (1,071 km offshore) recorded an increase in temperature
that began with the arrival of the turbidity current and continued for ~21 days (Figure S10 in Supporting In-
formation S1). This implies a continuous supply of warmer, shallow-sourced water via the turbidity current,
which spilled out of the channel to reach the OBS station, ceasing as the turbidity current dissipated. Flow 11
comprised of a single pulse with speeds of 4.6-6.5 m s~ and durations of 2.1-4.8 hr in the canyon and channel
(Figure 3 and Figure S9 in Supporting Information S1). For Flows 10 and 11, fast pulse transit speeds of
>4.6 m s~ were either maintained or showed gradual deceleration in the 270-km-long channel subarray
(Figure 3c). The front-to-back length of the seismic pulses were tens of kilometres long in the canyon and
hundreds of kilometres long in the channel, with a maximum pulse length of ~400 km for Flow 10 (Figure 3d;
Table S1 in Supporting Information S1).

5. Discussion
5.1. Internal Structure of Canyon-Flushing Turbidity Currents

Comparison of the seismic signal with ADCP-derived velocity data for short runout turbidity currents demon-
strates that the seismic signals correspond to the flow frontal-cells (Figure 2), which have higher depth-averaged
sediment concentrations than the flow body (Figure S8 in Supporting Information S1). Thus, we infer the seismic
signals recorded for the canyon-flushing turbidity currents (Flows 10 and 11, where we lack ADCP data due to
moorings breaking) are also produced by a fast and dense frontal-cell, albeit on a much greater scale, with du-
rations 30 times longer than the weaker turbidity currents. Physical models have demonstrated the fast, coarse-
grained, high-concentration part of debris flows generates the strongest seismic signals (Farin et al., 2019; Lai
et al., 2018), supporting this interpretation.

5.2. Testing Models for Turbidity Current Flow Behavior

It has been widely inferred that seabed erosion by turbidity currents would increase their density, causing them to
accelerate, leading to yet more erosion and further acceleration. This positive feedback was termed ignition
(Figure 4a; Pantin, 1979; Parker, 1982; Parker et al., 1986). Talling et al. (2022) showed that the two canyon-
flushing flows we observed eroded >1,300 Mt of sediment from the Congo Canyon-Channel. However,
despite eroding a prodigious sediment mass, the seismic measurements reveal that the transit velocity of the
frontal-cells of Flows 10 and 11 in the deep-water channel were near-uniform or gradually decelerating
(Figure 3c). These transit velocity trends cannot be explained by changes in channel gradient or channel width,
which are generally uniform (Hasenhiindl et al., 2024; Figure S11 in Supporting Information S1). Thus, the
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Figure 3. Seismic signals of Flows 10 and 11. (a, b) Spectrograms of seismic signal intensity with time recorded by ocean-bottom seismographs (OBSs) arranged in order
of distance from the river-mouth (Figure 1). Flow 10 contained three pulses (10A, 10B and 10C), with pulses 10A and 10B amalgamating. Flow 11 comprises a single
seismic pulse. For OBS6 and OBS8, signals continue after pulse 10C, possibly from the flow body overtopping the channel and covering the instruments. (¢c) Changes in
pulse transit speed with distance. (d) Changes in pulse duration with distance.
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a) Ignition model (Pantin, 1979; Parker, 1982; Parker et al., 1986)
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erosive flows observed in the Congo Canyon-Channel require a process that maintains a near-uniform transit
velocity despite extensive seabed erosion.

More recent flow models based on direct monitoring of short runout, shallow-water flows have included the
presence of a dense frontal-cell and suggested processes by which erosive flows can maintain uniform transit
speeds (Figures 4b and 4c; Heerema et al., 2020; Pope et al., 2022). The “traveling wave” model, established from
observations of flows in Monterey Canyon, suggests flows maintain a near-uniform transit speed because
entrainment of sediment into the leading part of the frontal-cell is balanced by deposition and shedding of
sediment into a dilute trailing body (Figure 4b; Heerema et al., 2020; Paull et al., 2018). Measurements of flows in
Bute Inlet led Pope et al. (2022) to propose that flow frontal-cells can bulk up via erosion, but instead of changing
density, the frontal-cell stretches and thus a uniform flow velocity is maintained (Figure 4c). In both these models,
the denser frontal-cell runs away from the dilute body, causing it to stretch (Azpiroz-Zabala et al., 2017).

The OBS data document changes in the internal structure and duration of canyon-flushing turbidity currents for
the first time, allowing flow models to be tested (Figure 4d). It is shown that canyon-flushing flows can comprise a
series of pulses, and that pulses traveling at different speeds amalgamate (e.g., Pulses 10A & 10B). Once pulse-
amalgamation is accounted for, however, only moderate changes in pulse-durations occur over long distances.
For example, Pulse 10A shows little change in both front speed (7.6-7.2 m s™!) and duration (~14 hr) over
270 km in the deep-sea channel. Flow 11's seismic pulse shows modest variations in both its duration (2-5 hr) and
front speed (5.7-4.6 m s~ 1) for ~1,000 km. The frontal-cells of canyon-flushing flows therefore tend toward a
near-equilibrium state characterized by near-uniform frontal speeds and durations. These observations are most
consistent with the “traveling wave” model (Figure 4b) and suggest that only a small fraction of the eroded
sediment is incorporated into a growing frontal-cell; most eroded sediment is shed backwards from the frontal-
cell into the dilute trailing body (Figure 4d). Flow stretching is likely to occur in the flow body, as suggested by
our observation that flows overspilled from the deep-sea channel for ~21 days.

5.3. Turbidity Current Fluxes to the Deep-Sea

Elevated water temperature measurements at OBS9 record overspill of Flow 10's body from the nearby channel,
suggesting that Flow 10 lasted for ~21 days (Figure S10 in Supporting Information S1). Warmer water transferred
>1,000 km offshore by the turbidity currents is likely to have a higher oxygen content and lower salinity than the
surrounding deep-water, ventilating the deep-ocean (Kao et al., 2010; Quadfasel et al., 1990; Sholkovitz &
Soutar, 1975). The canyon-flushing flows were preconditioned by major Congo River floods with estimated
recurrence intervals of 20-50 years (Talling et al., 2022). This work thus shows how major rivers are linked to the
deep-sea, and that river floods may contribute to deep-water renewal and regional ocean mixing on a decadal
scale, which may have unexplored impacts on global ocean dynamics (Kao et al., 2010).

The two canyon-flushing turbidity currents eroded and transported 43 + 15 Mt of terrestrial organic carbon
(Baker, Hage, et al., 2024), with most of this seabed erosion likely occurring via the frontal-cells, which dominate
turbidity current fluxes (Supporting Information S1; Pope et al., 2022). This study shows the combined duration
of the two canyon-flushing flow frontal-cells was ~23-hr. This total duration can be combined with the eroded
organic carbon mass to determine that the terrestrial organic carbon flux within these turbidity currents was
~1.9 Mt hr™". This hourly flux value is similar to the annual particulate organic carbon flux of the Congo River
(2 Mty™!; Coynel et al., 2005). Over a period of less than 1 day, the canyon-flushing turbidity currents carried an
amount of organic carbon to the deep-sea comparable to the estimated annual mass flux of terrestrial organic
carbon buried in marine sediments globally (40-80 Mt yr™"; Hilton & West, 2020). The global frequency of
canyon-flushing turbidity currents is unknown. However, these seismic data reveal the duration and extreme

Figure 4. Summary of previous turbidity current flow models at consecutive snap-shots in time (T1, T2, T3), compared to observations of canyon-flushing turbidity
currents in this study. Plots on the right show generalized changes in flow transit velocity and entire flow sediment volume. (a) Flow ignition model in which erosion
increases sediment concentration and density, and thus velocity, leading to yet more erosion in a positive feedback loop. (b) Traveling wave model, where erosion at the
dense frontal-cell front is balanced by deposition and shedding of sediment into a dilute trailing body, enabling the flow to maintain a uniform transit speed.

(c) Stretching model, where the erosive frontal-cell stretches to accommodate the extra sediment, maintaining a consistent flow thickness, density difference, and frontal
speed. (d) Observations of erosive, canyon-flushing turbidity currents in this study shows that flows tend toward a near-equilibrium state characterized by near-uniform
transit speeds and frontal-cell durations and lengths. These observations support the “traveling wave” model where the frontal-cell sheds sediment into the body, which

likely stretches.
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organic carbon flux carried by canyon-flushing turbidity currents, and thus explains how these flows can transport
organic carbon efficiently.

6. Conclusions

This study shows how passive seismic monitoring can revolutionize the monitoring of turbidity currents. In the
Congo Canyon-Channel, we recorded the internal structure and duration of two powerful canyon-flushing flows
that ran out for >1,000 km. These flows contained dense frontal-cells that emitted recordable seismic signals and
were up to ~400 km in length. Despite extensive seabed erosion, these frontal-cells maintained consistent du-
rations and speeds for hundreds of kilometres, efficiently transporting large fluxes of organic carbon, sediment,
and warm water. Monitoring these flows globally will enable turbidity current fluxes to the deep-sea to be
constrained.

Data Availability Statement

The raw ADCP data (Talling et al., 2024) and OBS seismic data (Baker, Talling, et al., 2024) used to record
turbidity currents in this study are available via the British Oceanographic Data Centre (BODC) with no access
conditions.
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