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G E O L O G Y

First source-to-sink monitoring shows dense head 
controls sediment flux and runout in turbidity currents
Ed L. Pope1*, Matthieu J. B. Cartigny1, Michael A. Clare2, Peter J. Talling3, D. Gwyn Lintern4, 
Age Vellinga2,5, Sophie Hage6,7, Sanem Açikalin8, Lewis Bailey2,5, Natasha Chapplow9, Ye Chen10, 
Joris T. Eggenhuisen11, Alison Hendry8, Catharina J. Heerema9,12, Maarten S. Heijnen2,5, 
Stephen M. Hubbard7, James E. Hunt2, Claire McGhee8, Daniel R. Parsons10, 
Stephen M. Simmons10, Cooper D. Stacey4, Daniela Vendettuoli2,5

Until recently, despite being one of the most important sediment transport phenomena on Earth, few direct mea-
surements of turbidity currents existed. Consequently, their structure and evolution were poorly understood, 
particularly whether they are dense or dilute. Here, we analyze the largest number of turbidity currents moni-
tored to date from source to sink. We show sediment transport and internal flow characteristic evolution as they 
runout. Observed frontal regions (heads) are fast (>1.5 m/s), thin (<10 m), dense (depth averaged concentrations 
up to 38%vol), strongly stratified, and dominated by grain-to-grain interactions, or slower (<1 m/s), dilute 
(<0.01%vol), and well mixed with turbulence supporting sediment. Between these end-members, a transitional 
flow head exists. Flow bodies are typically thick, slow, dilute, and well mixed. Flows with dense heads stretch and 
bulk up with dense heads transporting up to 1000 times more sediment than the dilute body. Dense heads can 
therefore control turbidity current sediment transport and runout into the deep sea.

INTRODUCTION
Turbidity currents are underwater sediment-laden flows that move 
downslope because of their excess density (1). These flows are glob-
ally important in terms of sediment (2), nutrient (3), pollutant (4), 
and organic carbon (5, 6) transport from rivers and coasts to the 
deep sea. They also pose a major hazard to subsea infrastructure (7), 
including seafloor telecommunication cables, which carry >99% of 
intercontinental data traffic globally (8). However, no measure-
ments of these flows yet exist from source to sink, and we are there-
fore yet to constrain how flows move sediment through a submarine 
channel system. For example, we have not constrained (i) how flow 
frequency changes along a system, particularly in modern systems 
(9, 10); or (ii) whether flows are entirely dilute and fully turbulent 
sediment suspensions or contain dense near-bed layers that domi-
nate sediment flux, flow evolution, and runout; or (iii) whether 
flows evolve in a common manner from initiation to termination. 
These uncertainties relate to a lack of field measurements of modern 
flows. We therefore rely on interpreting flow characteristics from 
deposits alone [which are typically highly incomplete due to the ef-
fects of erosion by successive flows (9–11)] or scaled relationships 
from laboratory experiments. This reliance on ancient deposits or 
scaled-down experiments inhibits robust field-scale quantification 

of fundamental properties, such as the volume of sediment trans-
ported by individual flows through a system (12, 13) and the physical 
processes that govern the flows themselves, such as the mechanism(s) 
by which sediment is supported (i.e., whether grain-to-grain inter-
actions or turbulence dominates) (1, 14–20). Observations and 
analyses of a large number of turbidity currents from start to finish 
are therefore critical to determine the range of flow behaviors that 
exist, and how flows evolve as they move downslope. Here, we ad-
dress a key open question: whether dilute or dense sediment sus-
pensions dominate sediment and organic carbon transfer and runout. 
The physics of dense and dilute flows are very different (21); until 
we know the fundamental character of real-world flows, it is not 
feasible to predict their behavior and runout, or to quantify deep-
sea sediment fluxes, design resilient seafloor infrastructure routes, 
and determine their role in organic carbon cycling in the ocean.

The first studies to directly monitor turbidity currents using 
acoustic Doppler current profilers (ADCPs) suggest that these flows 
can develop fast, dense heads that drive the flow (2, 22–24). The 
velocity differential between the head and the body can result in 
flow stretching (23). The greater erosive potential of higher-velocity 
(>4 m s−1) heads may also make ignition, a process by which a faster 
head is able to erode more material and thus become denser and 
faster, more likely enabling longer runout (25, 26). However, slow 
flows of shorter duration have also been observed in action 
(24, 27, 28). These different observed characteristics suggest that 
flows are able to erode and bulk up (increase the sediment mass 
being transported by the flow) as long as they remain above a 
threshold velocity and basal shear stress (26, 29). Below this thresh-
old velocity, the head rapidly decelerates, before the flow slows and 
becomes dilute (25). This model remains untested at field scale as 
most previous monitoring studies were limited to a small number of 
flows (N ≈ 10) recorded at individual mooring locations (22–24, 27). 
Alternatively, where flows have been monitored at multiple loca-
tions along a channel, the instruments are largely restricted to parts 
of the system proximal to the coast, the number of observed flows is 
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small (N ≤ 15), and key characteristics, such as sediment concentration, 
that drive the flow have not been measured or derived (2, 26, 30). It 
has therefore not been possible to develop a model that robustly 
captures the full range of turbidity current characteristics and how 
or why flows may evolve from one set of characteristics to another.

Here, we document 95 turbidity currents along a 40-km-long 
submarine channel-lobe system from source to sink in Bute Inlet, 
Canada. We directly measured flow velocity, flow height, and dura-
tion using six ADCPs moored at locations from the Homathko Delta 
down to a terminal channel lobe (Fig. 1). These measurements are 

Fig. 1. Mooring locations in Bute Inlet. (A) Bathymetric map of the channel in Bute Inlet with instrument mooring locations (M6 to M1). HMR, Homathko River Mouth; 
SGR, Southgate River Mouth. (B) Inset map shows the location of Bute Inlet in British Columbia, Canada. (C) Observed number of turbidity currents at each mooring trig-
gered from the Homathko Delta. (D to I) Channel cross sections at each mooring location.
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used to derive other key characteristics that control turbidity cur-
rent behavior using a modified Chézy approach (31, 32). These de-
rived characteristics are depth-averaged sediment concentrations, 
bulk Richardson numbers (Ri; i.e., the amount of turbulence), and 
the ratio between bed friction (Cfb) and the friction between the 
flow and the ambient water (Cfi). The Chézy approach is commonly 
used in rivers to model open channel flow, but it has also been ap-
plied to the study of turbidity currents and balances local driving and 
resistive forces. It assumes no inherited momentum from upslope, 
such that the flow is a perfect balance of the driving and frictional 
forces at the point of measurement (see Materials and Methods) 
(33–35). The Chézy method generates single depth-averaged values 
for parameters that vary with height in the flow, for example, sedi-
ment concentrations will probably be higher close to the bed. Using 
this unusually detailed ADCP dataset, with the largest number of 
flows yet observed, we document how turbidity current characteristics 
change as they move past a mooring and how these characteristics 
change as the flow evolves down-system, from source to deep-sea 
sink. On the basis of these characteristics, we define three distinct 
flow types. Within these flow types, we show which flow regimes 
(i.e., dense or dilute) dominate sediment transport rates, how flow 
regimes are distributed within a flow, and how dense and dilute layers 
control flow behavior. Dense heads at the front of the flows are 
shown to carry up to 1000 times more sediment than the much lon-
ger subsequent dilute body of these flows. Flows are also shown to 
bulk up (erode and entrain sediment) by up to three orders of mag-
nitude as they move down-channel. These derived sediment masses 
are then compared with predictions of sediment transport from 
commonly used models (36–38).

Bute Inlet channel system
Bute Inlet is a fjord in British Columbia, Canada, that lies in the 
Pacific Range of the Coastal Mountains (Fig.  1). The head of the 
inlet is fed by freshwater and sediment delivered by the Homathko 
and Southgate Rivers, of which the Homathko supplies ~80% of the 
freshwater input (39,  40). The Homathko sediment load is com-
posed of 15% gravel, 65% sand, 15% silt, and 5% clay (41). However, 
it can also introduce organic debris, trees, and branches when in 
flood (40). A 50-km-long submarine channel-lobe system (Fig. 1) 
extends from the prodeltas of the two rivers to a terminal lobe at 
650-m water depth. The channel floor is composed mainly of fine to 
coarse sand, while the overbanks areas are dominated by silt and 
mud (6). Turbidity currents within this system occur predominant-
ly during the summer freshet, when Homathko River discharge in-
creases as a result of increased glacier and snow melt (39, 40). The 
positioning of ADCP-mooring M6 (Fig. 1) above the confluence of 
the Homathko and Southgate Channel tributaries means this study 
will focus on turbidity currents triggered from the Homathko Delta 
(see the Supplementary Materials for more details).

RESULTS
The ADCP array recorded 95 turbidity currents sourced from the 
Homathko Delta at the shallowest mooring (M6; Table 1, table S3, 
and Fig. 1C) between May and November 2018. Only 19 flows were 
observed at the next mooring (M4; 12 km down-channel; Fig. 1A). 
A single flow traversed the entire ADCP array to the deepest mooring 
just downstream of the end of the channel (M1; 43.8 km down-channel; 
Fig. 1). Turbidity currents were flowing past M6 during 4% of the 

monitoring period. This was reduced to 3% at M4, 0.7% at M3, and 
0.5% at M2 and M1.

The ADCP measurements show that these turbidity currents are 
divided into three general types (Fig. 2). Type 1 flows have fast and 
thin heads and are the least common (N = 11 at M6; Fig. 2A and 
Table 1). Behind these heads, the flows thickened rapidly while ve-
locities decayed (Fig. 2). These flows had the greatest measured in-
ternal velocities (max = 6.2 m s−1; average = 3.7 m s−1), durations 
(average = 3.4 hours), and total displaced fluid volumes (average = 
0.008 km3 mixture of water and sediment) when averaged across all 
flows of this type.

Type 2 flows (N = 30 at M6) were identified by an initially thin 
head, which lacked the high-velocity core of type 1 flows (Fig. 2B). 
Behind the head, type 2 flows rapidly thickened and commonly had 
a higher-velocity core at the base of the flow. The average of the 
maximum measured velocities of these flows at M6 was 1.5 m s−1 
(Table 1). These flows also had an average duration of 2.6 hours and 
an average total displaced volume of 0.006 km3.

Type 3 flows were the most common (N = 54 at M6), being char-
acterized by the lowest measured maximum velocities (0.7 m s−1; 
Fig. 2C and Table 1). These flows lacked any high-velocity regions 
and were comparable to the lower-velocity body and tails of the other 
flow types. These flows had the shortest average durations (1.9 hours) 
and lowest average displaced volumes (0.003 km3).

ADCP-measured velocities show turbidity currents with higher 
initial velocities (i.e., measured close to their source) tend to runout 
further (fig. S1). The longest runout flows had the greatest ADCP- 
measured velocity at the upstream mooring (M6) and were there-
fore most likely to reach M4 (12 km down-channel). Of the 15 flows 
with measured velocities >2 m s−1 at M6, all but one reached M4. At 
M4, the three flows with the fastest measured velocities (>3 m s−1) 
ran out as far as M3 (27.9 km down-channel). At M4, the maximum 
flow velocities, durations, and displaced volumes remained greatest 
for flows with type 1 characteristics (3.2 m s−1, 11.3 hours, 0.02 km3; 
Fig. 2A) compared with those with type 2 characteristics (1.2 m s−1, 
10.1 hours, 0.02 km3; Fig. 2B) or type 3 characteristics (0.7 m s−1, 
4.2 hours, 0.006 km3). However, the durations and displaced volumes 
increased for all but two flows from M6 to M4 (flows 12 and 88; table S3). 
The duration and displaced volume of the flow recorded at M1 (i.e., 
at the terminal lobe) were 26.9 hours and 0.17 km3, respectively.

Depth-averaged flow characteristics from the Chézy method
Depth-average characteristics inferred via the Chézy method are 
now reported. We first plot the frequency of measured depth-averaged 
velocities (U) for all flows at all moorings relative to normalized 
flow durations (Fig. 3A). Other derived properties, such as sediment 
concentration or flow thickness, are plotted as the third variable 
(shown in color) relative to U in the other panels (Fig. 3, B to E).

Most observed flows are entirely dilute (<0.01%vol) and have 
thick (≥10 m), low-velocity (<0.5 m s−1), and well-mixed (Ri < 0.25) 
heads. Friction during these flows is greater between the flow and 
the ambient water than with the bed (Cfb < Cfi). The body and tails 
of these flows are also dilute (Fig. 3). We refer to these characteris-
tics as the dilute regime. Type 3 flows described above are entirely 
characterized by this regime.

A smaller proportion of flows have heads that are thin (<10 m; 
Fig. 3C), high velocity (up to 3.8 m s−1 depth-averaged velocity; 
Fig. 3A), and dense (up to 38%vol; Fig. 3B), with suppressed or no 
mixing (Ri > 0.25). The heads of these flows experience greater 
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friction at the bed than with the ambient water (Cfb > Cfi). We refer 
to these characteristics as the dense regime. In contrast, the body 
and tails of these flows are entirely dilute, well mixed (Ri < 0.25), 
and dominated by friction at the ambient water interface (Cfb > Cfi). 
These flows, equivalent to type 1 flows described above, therefore 
evolve from a dense regime head to a dilute regime body and tail.

Between these end-members, flow heads are characterized by 
moderate velocities (0.5 to 2.3 m s−1; Fig. 3A), thicknesses, and den-
sities, which are well mixed (Ri ≤ 0.25), indicating that an interme-
diate or transitional regime exists. Friction during the heads of these 
flows is generally greater between the flow and the ambient water 
(Cfb < Cfi) but can be near parity where higher-velocity cores are 
present. These flows are equivalent to type 2 flows described above.

Sediment fluxes and total mass transported
Chézy-derived depth-averaged sediment concentrations were used 
to estimate the total mass of sediment transported past each moor-
ing (Table 1; see Materials and Methods), as well as by the different 
flow regimes (Fig. 4). The sediment mass transported past a moor-
ing by an individual flow varied by over six orders of magnitude: 
from 0.4 to 663,000 metric tons. The mass of sediment transported 

past each mooring by the individual flow types thus varied by over 
six orders of magnitude. Type 1 flows transported orders of magnitude 
more sediment (486 to 33,684 metric tons at M6) than type 2 flows 
(23 to 141 metric tons at M6; see table S3), while type 2 flows carried 
more sediment than type 3 flows (0.363 to 82 metric tons at M6).

The mass of transported sediment also varied by orders of magni-
tude within individual flows according to the flow regimes in opera-
tion. Where flows feature fast, dense heads dominated by bottom 
friction (Cfb > Cfi), the duration of the head is considerably shorter 
than the dilute body and tail (fig. S4). However, despite its shorter 
duration, the mass of sediment transported by the dense regime head 
is generally much greater than in the body and tail (Fig. 4). Our data 
also show that as flows with fast, dense heads traverse the mooring 
array, the head of the flow bulks up through erosion; however, instead 
of changing its density, the head stretches. In contrast, the dilute re-
gime parts of these flows also stretch, but the increase in displaced 
sediment mass contained within them is considerably smaller (Fig. 4).

Down-channel flow bulking (increases in transported sediment) 
is indicated by changes in the total mass of sediment displaced at 
each mooring. At M6, 95 flows displaced a total of 0.065 metric 
tons of sediment. This increased by an order of magnitude at M4 

Table 1. Average properties of turbidity current types observed at each mooring during the 2018 Bute Inlet deployment. All flows are detailed in table S3. 

Flow type Maximum ADCP 
velocity (m/s) Duration (hours) Water volume 

displaced (km3)
Maximum 
sediment 

discharge (kg/s)

Sediment volume 
displaced 

(metric tons)

M6 Flows

Mean All Flows 1.33 2.27 0.0046 2064 690

Mean Type 1 3.72 3.43 0.008 16,014 5293

Mean Type 2 1.51 2.59 0.005 646 214

Mean Type 3 0.79 1.89 0.003 26 26

M4 Flows

Mean All Flows 1.56 8.85 0.0172 20,689 28,649

Mean Type 1 3.17 11.28 0.025 77,783 100,034

Mean Type 2 1.17 10.08 0.019 445 4763

Mean Type 3 0.66 4.20 0.006 35 256

M3 Flows

Mean All Flows 2.16 12.60 0.0260 92,338 221,375

Mean Type 1 5.08 24.35 0.061 276,015 663,095

Mean Type 2

Mean Type 3 0.70 6.73 0.008 500 516

M2 Flows

Mean All Flows 4.20 26.18 0.0582 12,734 24,792

Mean Type 1 4.20 26.18 0.0582 12,734 24,792

Mean Type 2

Mean Type 3

M1 Flows

Mean All Flows 1.11 26.91 0.1679 804 6819

Mean Type 1

Mean Type 2 1.11 26.91 0.1679 804 6819

Mean Type 3

D
ow

nloaded from
 https://w

w
w

.science.org at U
trecht U

niversity L
ibrary on July 26, 2022



Pope et al., Sci. Adv. 8, eabj3220 (2022)     18 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 16

Fl
ow

 d
ep

th
 

(m
)

Ve
lo

ci
ty

(m
 s

)

D
ep

th
 a

v
co

nc
 (%

)
vo

l

Bu
lk

Ri
ch

ar
ds

on
nu

m
be

r

Time (min)

Ve
lo

ci
ty

(m
 s

)

Fl
ow

 d
ep

th
(m

)
D

ep
th

 a
v

co
nc

 (%
)

vo
l

Bu
lk

 
Ri

ch
ar

ds
on

nu
m

be
r

Time (min)

Ve
lo

ci
ty

(m
 s

)

Fl
ow

 d
ep

th
(m

)
D

ep
th

 a
v

co
nc

 (%
)

vo
l

Bu
lk

 
Ri

ch
ar

ds
on

nu
m

be
r

Time (min)

A

B

C

Fig. 2. Example velocity structures and Chézy-derived properties for different types of turbidity currents in Bute Inlet. The gray zones on the depth average (av) 
concentration, friction ratio, and bulk Richardson number plots indicate the range of properties that were derived by setting the bed friction between 0.002 and 0.006. (A) 
Type 1 turbidity current characterized by a thin, fast, and dense head with little mixing. (B) Type 2 turbidity current in a transitional state. (C) Type 3 turbidity current 
characterized as dilute with low velocities and large amounts of mixing occurring.
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(0.544 megatons) and M3 (0.664 metric tons) despite the marked 
decrease in the number of flows reaching each mooring (19 and 3, 
respectively). Total transported mass decreased to 0.025 and 0.007 
metric tons at M2 and M1, respectively, as the longest runout flow 
began to wane.

DISCUSSION
Sediment fluxes and flow mass budgets
Our results have implications for understanding the reworking, 
deposition, and burial of sediment, organic carbon, and pollutants 

in submarine channel systems. Most flows transport comparatively 
small volumes of sediment in shallow water depths in the proximal 
channel close to the river mouth (Fig. 1). Sediment transport further 
downstream is dominated by less frequent flows, which had initiated 
with and continue to sustain dense regime heads (type 1 flows). The 
down-channel bulking suggests that sediment entrainment via sea-
bed erosion is a more important control on the total mass of sedi-
ment transported by a flow through a system than the initial mass of 
released sediment when the flow is triggered. However, the initial 
volume and nature of released material at the flow source likely govern 
the starting head density and hence also increase the potential for 
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Fig. 3. Turbidity current characteristics derived from iteratively solved modified Chézy equations. Turbidity currents are commonly observed to be slow, dilute, thick, and 
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erosion and resultant flow ignition (2). Material deposited by shorter 
runout flows will therefore likely be reworked, perhaps on multiple 
occasions before final burial.

The Homathko River delivers ~4 megatons of sediment annually 
to Bute Inlet, which is deposited on the pro-delta or settles out 
from suspension from the water column (42). The observed turbid-
ity currents in 2018 only reworked a small fraction of this from the 
delta in the upper sections of the channel (~2% at M6). A notable frac-
tion of the annual sediment input therefore appears to have been 
stored on the delta front or in the head of the submarine channel sys-
tem. Some of this sediment will have been reworked by turbidity 
currents, which did not make it to M6, or short runout delta-lip 
collapses as have been observed on pro-deltas in similar settings such 
as Squamish (43). Less-frequent, larger-magnitude events that are 
capable of flushing sediment through this system to the lobe may 
occur but have not yet been observed.

Derived sediment fluxes and sediment transport models
Here, we compare changes in sediment transport inferred for tur-
bidity currents based on our field observations and the Chézy ap-
proach, with models commonly used to predict sediment transport 

(36–38). The aim was to determine whether both methods give con-
sistent results, but this comparison more fundamentally illustrates 
how the exact choice of sediment erosion or transport model can 
give results that vary by orders of magnitude, hampering such a 
comparison. Sediment erosion here is modeled using the classic and 
commonly used model of Garcia and Parker (36) as well as a more 
recent model that is modified to adjust for high flow velocities and 
high erosion rates (38). Sediment deposition is modeled following 
Garcia (37), which is commonly used in combination with Garcia 
and Parker (36). Details on the models, and assumed constants, are 
detailed in Materials and Methods.

Figure 5 shows the predicted down-channel evolution of the vol-
ume of sediment within the longest runout flow (Flow 79; table S3) 
according to the different erosion and sediment transport models 
that were used compared to the field observations. Overall, the pre-
dicted changes in the sediment volume within the flow are a delicate 
balance between much larger predicted erosional and depositional 
fluxes. The results show how small changes in the assumptions that 
feed into these models will have large impacts on the predicted ero-
sional and depositional fluxes and easily result in an order of mag-
nitude over or under prediction of sediment within the flow. Such 
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Fig. 4. Sediment mass-budgets for observed flows. (A) Sediment displaced by turbidity currents in Bute Inlet relative to their structure type at M6. Calculated dis-
placed sediment based on iteratively solved Chézy equations assuming a bed friction coefficient (Cfb) of 0.004. (B) Sediment mass transported by fast and dense turbid-
ity current heads, and the slow dilute bodies and tails as flows characterized by the presence of a fast, dense head at M6 moved through the mooring array (M6 to M1). 
Parts of the flow are categorized as “dense,” where Cfb > Cfi, and “dilute,” where Cfb < Cfi. The fast dense heads are shown to transport the majority of the sediment trans-
ported by individual turbidity currents despite the shorter duration when compared to the body and tail (see also fig. S5). All three flows that ran out as far as M3 are in-
dividually displayed.
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sensitivity on very poorly constrained parameters is in line with the 
earlier results of Traer et al. (44). Our sensitivity analyses show that 
the assumed grain size, basal sediment concentration, and the clay 
content of the channel floor are especially important. In Fig. 5, we 
assumed that the grain size in the flow is equal to the average grain 
size in the top 30 cm of the channel floor at each mooring location, 
that the ratio between depth-averaged sediment concentration and 
basal sediment concentration is 1.6 [following experiments of 
Garcia (37)], and that the volume percentage of clay in the top 30 cm 
is on average 2% [following the measurements of Hage et al. (6)]. 
However, it is most likely that the grain size within the flow strong-
ly varies with the location in the flow (27), with the front of the flow 
being much coarser than the tail. In addition, the basal sediment 
concentration is probably much larger than 1.6 times the depth- 
averaged sediment concentration (2, 45), as assumed in the modeling 
framework. Last, the top 30  cm of the channel floor sediment is 
highly heterogeneous with a clay-rich top of 5 cm overlying 25 cm 
of clay-poor sandy sediment (6), and it is unclear whether these 
properties should just be averaged. The thickness of these sediment 
packages will also likely vary throughout the channel. Individual 
changes in these assumptions result in two to five times more or less 
sediment erosion or deposition and show that predicting sediment 
transport in turbidity currents is still extremely challenging.

A model for how flow structure evolves in space and time
Inspection of the observed and derived flow characteristics, and how 
flows evolve as they move down-channel, leads us to combine our 
three identified flow types into sequential stages of a unified model 
for the down-channel evolution of turbidity current structure.

Stage 1 of this model is characterized by flows that have and 
maintain a dense regime head. These dense heads are high velocity, 
thin, and driven by high sediment concentrations. Basal friction is 
the dominant control on flow velocity (Cfb > Cfi), as the high densi-
ty of the head suppresses turbulent mixing (Ri > 0.25) and entrain-
ment of ambient water through the top of the flow. Where these 
dense heads are maintained down-channel, they bulk up through 
erosion of the seafloor and maintain comparable sediment concen-
trations but stretch (Fig. 4). The head is faster than the body; so, 
additional sediment required to maintain the density of the head 
must be supplied to the head by erosion of the seabed as it cannot be 
supplied from the slower-moving body. This eroded sediment can 
subsequently be shed backward into the trailing body as the flow 
stretches. Previous laboratory experiments have suggested that trac-
tion carpets may form dense layers at the base of turbidity currents 
(46, 47). For traction carpets, sediment is supplied from above by a 
faster-moving turbulent cloud. However, this is the opposite of what 
we observe here. The observed characteristics and high Chézy-derived 
sediment concentrations therefore lead us to suggest that grain-to-
grain interactions are likely key to maintaining the driving force of 
the head. This, together with the absence of an overriding turbulent 
layer, leads us to classify the head of these flows as modified-grain 
flows (16). Modified-grain flows [as defined by Lowe (16)] are gravity 
flows of cohesionless solids maintained in a dispersed state by an 
intergranular dispersive pressure arising from grain interactions 
within the shearing sediment but where interstitial fluid or excess 
pore-fluid pressure significantly aids dispersion instead of disper-
sion being a consequence of physical collisions alone (1, 16, 48). The 
flow slows behind the head and becomes dilute and increasingly 

Fig. 5. Comparison of turbidity current sediment transport observations and models. The predicted and observed down-channel evolution of the mass of sediment 
within the longest runout flow (Flow 79; Table 1) is shown. Sediment erosion is modeled using the model of Garcia and Parker (36) and van Rijn et al. (38). Sediment depo-
sition is modeled following Garcia (37). The observed sediment mass within a flow has been derived using the Chézy approach, assuming a bed friction coefficient 
(Cfb) of 0.004.

D
ow

nloaded from
 https://w

w
w

.science.org at U
trecht U

niversity L
ibrary on July 26, 2022



Pope et al., Sci. Adv. 8, eabj3220 (2022)     18 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 16

turbulent (dilute regime). Between the dense head and the dilute 
body, a transitional region may form where a dense near-bed layer 
could behave as a traction carpet. Further research is required to quan-
tify the processes envisaged in the head of these flows and the tran-
sition to the contrasting dilute and turbulent regime that follows.

Stage 2 of the unified flow evolution model is characterized by 
deceleration and dilution of the head and increased mixing in the 
flow (Fig. 6B). Although some form of higher-velocity core is still 
present (Fig. 6Band Table 1), the overlying dilute cloud can now 
supply sediment to the dense near-bed layer behind the head. Unlike 

Time (min)

Ambient waterDense
 thin

Flow thickening
Decreasing concentration
Cfi increasing

Fl
ow

 d
ep

th
A 

Fl
ow

 d
ep

th

Time (min)

Velocity declining

B 

Ambient waterRapidly thickening

Decreasing concentration

Time (min)

Fl
ow

 d
ep

th

Ambient water

Thickening
Low velocity
Low concentration

C 

Velocity
concentration

Turbulence
mixing

MGF

Fl
ow

 d
ep

th
 

(m
)

Ve
lo

ci
ty

(m
 s

)
Ve

lo
ci

ty
(m

 s
)

Fl
ow

 d
ep

th
(m

)

Ve
lo

ci
ty

(m
 s

)

Fl
ow

 d
ep

th
(m

)

Fig. 6. Proposed turbidity current regimes and flow evolution based on Bute Inlet observations. (A) Turbidity current characterized initially by a fast, dense, and 
thin stratified head whose velocity is governed by bed friction (Cfb). Behind the head, the flow rapidly thickens, dilutes, and slows. The flow exhibits characteristics 
previously described for modified grain flows. MDF, modified grain flow. (B) Insufficient erosion results in dilution of the fast dense head resulting in deceleration and 
increased mixing. The previously dense head may now exhibit characteristics associated with a traction carpet. (C) The turbidity current is characterized as entirely slow, 
dilute, and well mixed. Behind the head of the turbidity current in (A) and the turbidity currents in (B) and (C), the exhibited characteristics more closely match those used 
to traditionally characterize turbidity currents.
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the dense regime head in type 1 flows, this dense near-bed layer acts 
as a classical traction carpet (15, 49–51). The basal friction and fric-
tion at the flow-ambient water interface are more comparable in 
these flows (Cfb ≈ Cfi), and the flows are mostly well mixed. Behind 
this higher-velocity region of the flow, the body and tail of the flow 
are characterized by a dilute regime.

The final stage of the unified flow evolution model is defined by 
flows that are entirely characterized by a dilute regime (Fig.  6C). 
Here, the head, body, and tail of the flows are low velocity, dilute, 
and well mixed (Ri < 0.25). Bed friction is also lower than friction 
between the flow and the ambient water (Cfb < Cfi).

Our observations of flow frequency and flow characteristics 
show that flow runout distance is dependent upon the ability of the 
flow to maintain a dense regime head. In the case of the longest 
runout flows that are observed, the head maintains a high density 
for an extended period of time (>3 hours from the Homathko Delta 
to M1). Fewer flows were able to maintain these dense heads, and as 
a result, the number of flows greatly decreases with distance. These 
results also show that flows may evolve through each stage of our 
model sequentially from initiation to dissipation.

In some circumstances, it is possible that a dense regime head 
will never develop. This may be the case where initial flow velocities 
are too low or, perhaps, when turbidity currents are triggered by 
hyperpycnal (plunging) river floods (52). Previous observations from 
the Squamish Delta, a similar fjord-head delta to Bute Inlet, have 
shown that turbidity currents were triggered by sediment settling 
from very dilute (~0.07 kg/m3) surface river plumes. Here, the trig-
gered turbidity current was shown to erode the seafloor and thus 
bulk up, similar to flows shown in Bute Inlet (53). However, ero-
sion and runout were limited to sites close to the delta. Such flows 
therefore appear to have not developed the dense head regime 
identified in the longest runout events in Bute Inlet. Nonetheless, 
if sufficient erodible sediment had been available, then it is entirely 
plausible that continued erosion may have resulted in the develop-
ment of a dense regime head as has also been observed for other 
flows at Squamish (54). Stages 2 and 3 of our model therefore ap-
pear to describe the less erosive turbidity currents observed on the 
Squamish Delta and their evolution (22, 53, 54). Because of this and 
other observations of dilute events, the model seems appropriate for 
describing turbidity currents previously characterized by dilute tur-
bulence-dominated models including those that fail to develop a 
denser head (14, 46, 47). Nevertheless, future work should focus on 
understanding the transformation of the initially triggered flow mass 
into a longer runout turbidity current.

Preservation of turbidity current characteristics in deposits
Our generalized model for turbidity current structure and evolution 
that is based on direct field observations may explain features com-
monly reported in turbidity current deposits (turbidites). Although 
we are unable to directly link the monitored flows to their exact 
deposits, sediment cores recovered from the submarine channel 
in Bute Inlet and previously deployed sediment traps reveal a 
similar structure to turbidity current deposits in those prior studies 
(6, 40, 55). Deposits from high-density parts of turbidity currents 
have been proposed to consist of coarser grained deposits, which lack 
cross-stratification. These deposits are commonly characterized by 
TA, TB-2, and TB-3 divisions from the Bouma sequence (15, 56, 57). 
The lack of cross-stratification is a consequence of the high sedi-
ment concentrations, suppressing turbulence and favoring rapid 

deposition (58, 59). Box cores and piston cores along the channel 
thalweg and on the lobe contained turbidites with characteristic 
massive sands (TA) at their base (6, 40, 55), and we propose that 
these deposits relate to the dense flow regime head.

These coarse basal deposits are typically overlain by finer-grained 
intervals, some of which have evidence of cross-stratification (TB-1, 
TC, TD and/or overlain by TE) indicative of dilute sediment concen-
trations and slower rates of deposition (15, 18). Above the TA division, 
turbidites cored from the channel in Bute Inlet are fine-grained, 
exhibiting cross-laminations and capped by thin mud and silt de-
posits (TE) (6). Sediment traps suspended above the channel thalweg 
(located 5 and 32 km from the Homathko Delta) also captured dis-
crete coarser sands separated by discrete mud layers (40, 55). We 
propose that these cross-laminated and finer-grained deposits re-
late to the more dilute regime flows, primarily emplaced from the 
body and tail of flows.

Linking the observed flow regimes with characteristic deposits 
may also explain bimodality in turbidite thickness. Detailed studies 
of ancient turbidite successions identified that thin (<40 cm thick) 
finer-grained beds (TB-1, TC, TD, and/or TE divisions related to 
dilute flows) are more common, while coarse beds thicker than 
40 cm (TA, TB-2, or TB-3 divisions related to dense flows) are rarer 
(15, 57, 58). The thinner finer-grained beds are also more common 
in locations further from source (57, 58, 60). Our data appear to 
support these interpretations, as we see a much greater frequency of 
dilute flows, which likely emplace thinner, finer-grained deposits. 
Dense flows are also shown to transport the most sediment and are 
therefore likely to produce the thicker deposits. Our data also indicate 
that the higher-velocity, denser flows are more prone to long-distance 
runout than dilute flows; hence, we suggest that this may explain 
why characteristic coarse sand beds can be tracked out over tens to 
hundreds of kilometers (57, 60, 61). Further direct monitoring and 
sampling studies should aim to directly link individual deposits 
with the flow that formed them to enhance the link between geological 
archives and the processes that form them.

Common characteristics of particle-laden gravity flows
A need for more detailed monitoring along the length of field-scale 
flows is not unique to turbidity currents. Our understanding of oth-
er hazardous particle-laden flows on land, such as pyroclastic den-
sity currents and powder snow avalanches, is similarly constrained 
by a paucity of direct observations and measurements due to the 
unpredictability of these flows, their tendency to damage equip-
ment, and their opacity (62–64), although there have been recent 
advances such as snow avalanche test sites (65). The sparse number 
of detailed direct measurements hampers modeling of the potential 
hazards from all of these flow types, and thus adoption of appropriate 
mitigation strategies. Although there are some fundamental differ-
ences between turbidity currents, snow avalanches, and pyroclastic 
flows, it is also useful to compare them and determine whether 
common aspects or modes of behavior exist. This comparison may 
also aid the design of future marine field experiments that give wid-
er insights into the physics of particle-laden flows and inform nu-
merical modeling.

Particle-laden gravity flow model accuracy is governed by the 
choice of appropriate flow laws, i.e., whether the flow is dilute, tur-
bulent, and well mixed, or dense where grain-to-grain interactions 
dominate and the flow remains stratified (62). Both regimes have 
fundamentally different dominant physical processes. Turbidity 
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currents, pyroclastic density currents, and snow avalanches will dif-
fer in many characteristics, such as absolute velocities due to the 
density contrasts with the ambient fluid through which they travel, 
settling velocities of grains, how grains are held aloft (e.g., by grain 
interactions versus fluid turbulence), or the slope angles over which 
they flow (65, 66). Pyroclastic density currents are also likely to have 
larger particle-size distributions and additional buoyancy effects 
owing to their thermal characteristics (67), while snow avalanche 
dynamics are impacted by particle sizes ranging over orders of mag-
nitude (53), the temperature of the snow, and the ability of particles 
to (dis)aggregate (68).

Nonetheless, our data suggest that similar flow regimes may po-
tentially exist across different flow phenomena. For example, closely 
behind the fronts (heads) of stratified pyroclastic flows and powder 
snow avalanches, grain-to-grain interactions within a dense flow re-
gion have been characterized to dominate particle transport behavior 
(64, 66, 69, 70). These characteristics are similar to those envisaged for 
the dense regime heads of our observed type 1 flows (Fig. 6A). Behind 
these dense regions, the upper parts of pyroclastic flows and snow 
avalanches may often comprise expanded, turbulent, and dilute parti-
cle suspensions as a consequence of air resist ance and ingestion with 
denser parts of the flow existing at the bed (65, 70, 71). In our data, we 
also observe this transition as increasing volumes of water are en-
trained and the flow becomes increasingly well mixed (Fig. 6A). Pyro-
clastic surges and air-borne snow avalanches are entirely dilute with 
characteristics similar to the body and tail of our observed type 1 and 
type 2 flows and the entirety of our type 3 flows (72–74). As in our 
model for turbidity current evolution, air-borne snow avalanches also 
originate from denser flows, which have created a suspension layer, 
but where the dense flow has stopped first because of higher friction 
in its core, leaving the suspension layer to continue to flow. This com-
parison therefore suggests that simulating all three phenomena 
requires a multiregime modeling approach with particular focus 
on high-concentration regimes in the head of the flow.

A third flow regime has also been identified for pyroclastic density 
currents and powder snow avalanches (70, 75). This regime is termed 
an intermediate flow regime, for pyroclastic flows, or in the case of 
snow avalanches has been referred to as the intermittency region, 
intermediate flow regime, or the fluidized regime. Here, both parti-
cle-particle and particle-fluid interactions play a key role in the mass 
balance between the dense basal layer and the overlying turbulent 
suspension (63, 70, 75). However, although likely, it is unclear from 
our data whether the observed turbidity currents in Bute Inlet have a 
similar intermediate flow regime. This is because the ADCPs do not 
provide direct density measurements such as those that have been 
made in the other flow types to identify these characteristics. Identi-
fication and quantification of the characteristics of this flow regime, 
either through field observations or laboratory experiments, should 
therefore be a priority as its presence would likely play a major role in 
the transition between type 1 and type 3 turbidity currents.

Comparisons of runout distance can be readily made between 
flow types. Our turbidity current observations show that runout is 
enhanced if the flow can maintain a dense regime head. These sea-
bed flows were shown to bulk up by up to three orders of magnitude 
as they eroded the substrate along the channel, thereby sustaining 
this dense frontal area (Fig. 4). Field and modeling studies have 
shown that snow and substrate entrainment is also a key control on 
snow avalanche and pyroclastic density current runout (68, 74, 76–79); 
the majority of snow entrainment also occurs beneath the faster 

denser head (80). However, in both snow avalanches and pyroclastic 
density currents, mass increase does not normally exceed an order 
of magnitude. This may be a function of shorter runout distances 
where mass balance estimates of snow avalanche and pyroclastic 
density currents have been made, the availability of erodible sub-
strate or their greater particle settling velocities compared to turbidity 
curents. It is therefore clear that to model and capture the behavior 
of these flows, appropriate erosion relationships are needed, which 
take into account different flow regimes and appropriate detrain-
ment relationships.

Definition of an appropriate flow regime is, however, only the 
first step for modeling turbidity current erosion and entrainment. 
Observations of powder snow avalanches have revealed multiple 
mechanisms for entraining snow, including ploughing and scouring 
(81, 82). These mechanisms have different rates of entrainment and 
act over different temporal and spatial scales within the flow and 
affect the amount of energy required to fully entrain material 
(65, 80). Quantifying the relative importance of different seabed 
erosion mechanisms [i.e., liquefaction and scour (16, 83, 84)] and 
where those mechanisms occur in seafloor turbidity currents is 
therefore a key future goal.

Summary and wider implications
Direct monitoring in Bute Inlet shows the presence of contrasting 
dense and dilute turbidity current regimes, leading to a new gener-
alized turbidity current evolution model (Fig. 6). These observations 
suggest that turbidity currents can often be composed of heteroge-
neous flow regimes (Fig. 6). Where monitoring of turbidity currents 
in other submarine canyon and channel locations has been carried 
out, such as Congo Canyon (23, 27), Monterey Canyon (2, 26), 
Howe Sound (22, 53), and Pointe-des-Monts (24), the observation 
of faster flows with, and slower flows without, dense basal layers 
supports this general model of flow evolution in both muddy and 
sandy systems. However, more observations from a wider range of 
environmental settings, i.e., muddy or carbonate systems, are re-
quired to determine the universality of the model. Nevertheless, this 
model has major implications for geohazards, as a dense high- 
velocity head, if present, will have considerably higher impact forces 
than dilute flows. Erosion and lowering of the bed of submarine 
canyons and channels by this head as it traverses a submarine system 
may also increase the risk of seafloor infrastructure damage. Sedi-
ment fluxes derived from ADCP measurements also suggest that 
fast, dense heads dominate fluxes through submarine channel sys-
tems. These heads therefore disproportionately control the amount 
of reworking and residence times of sediment, pollutants, and organic 
carbon within these systems before these particles are deposited 
within the lobe at the end of the system. By determining the flux of 
material through these systems, they also likely control the long-
term evolution of submarine channel systems and their geomor-
phology and sedimentology.

MATERIALS AND METHODS
ADCP data collection
An array of six moorings were deployed along the submarine chan-
nel in Bute Inlet at water depths of 180 to 610 m (85). The four 
shallowest moorings (180 to 470 m) were two-point moorings, i.e., 
instruments suspended between two anchors placed on either side 
of the channel [see (85) for full details], and were deployed from the 
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RV John Strickland. Previous single-point (suspended from single 
anchors that were located within the channel) ADCP moorings in 
Monterey Canyon and Congo Canyon have been found to be im-
pacted by turbidity currents in terms of being pulled down, pitching, 
rolling, and rotating (2, 85). This affected the data quality, particu-
larly during the passage of the initial faster head of the flow as the 
stress on the mooring chain was greatest. By suspending the ADCP 
from anchors on either side of the channel axis, the ADCPs inter-
acted less with the flow than in other studies using only single-point 
moorings. This improved the data quality, particularly at the start of 
the flows, as the ADCPs did not suffer from the abrupt pull-down 
experienced in other studies (2). The ADCPs were also able to cor-
rect for any rotation because of their internal compasses. The two 
deepest (560–610 m) were single-point moorings and were deployed 
from the CCGS Vector. Despite being single-point moorings, the 
ADCPs did not appear to suffer pull-down seen elsewhere when 
impacted by the long runout flow. They did experience a couple 
degrees of roll; however, the ADCP measurements were not affected 
by sidewall echo (85) because of their placement in the center of 
channel (M2) and on the channel lobe (M1). These moorings were 
deployed in 2018 for 206 days between 15 May and 8 November. 
The upstream mooring was placed 2880 m down-channel of the 
Homathko River Delta. The furthest downstream mooring was placed 
43,800 m (along the channel thalweg) from this delta on the channel 
lobe. Downward-looking ADCPs with frequencies of 300 to 600 kHz 
were suspended from the moorings at heights of ~8 to ~30 m above 
the channel floor (table S1). The ADCPs measured profiles of velocity 
and acoustic backscatter at vertical and temporal resolutions of 0.5 
to 1 m and 4 to 6 s, respectively (table S1). ADCPs on all moorings 
recorded throughout the 206 days except M5, which failed to record 
because of the instrument flooding during its initial deployment.

Flow velocities, durations, and discharges
Turbidity currents were identified in the ADCP data based on sud-
den increases in down-channel velocity and increased backscatter 
(indicative of suspended sediment) within the water column (2, 86). 
Transit velocities were calculated using arrival times at sequential 
moorings and the down-channel distance between moorings along 
the channel thalweg (26).

Flow duration and total discharge (i.e., sediment and water) were 
calculated for each turbidity current at each mooring. Flows were de-
fined to have ended when velocities beneath the ADCP returned to 
background rates below the ADCP (table S2). Background velocity was 
used rather than acoustic backscatter because of sediment often re-
maining suspended in the water column for a considerable length of 
time after a significant down-channel velocity signal was undetectable. 
Total discharge volumes were calculated by time-integrating the mea-
sured turbidity current velocities multiplied by the channel cross- 
sectional area. As no channel was present at M1 (Fig. 1), because of its 
lobe location, a width 0.5 times the total inlet width was used (table S1).

Other turbidity current characteristics
To understand how a turbidity current evolves and what drives this 
evolution, additional flow characteristics needed to be derived. 
Principally, sediment concentration (i.e., what drives the flow), bulk 
Richardson numbers (i.e., the degree of mixing in the flow), and the 
balance between friction at the top of the flow and the bottom of the 
flow needed to be derived. Here, to derive these variables, we used 
iteratively solved, modified Chézy equations (31,  32). The Chézy 

approach is commonly used in rivers but has previously been used 
to analyze turbidity current characteristics (31, 47, 87, 88) and de-
fines the relationship between flow speed, the gravitational driving 
force, and the resistive force of friction (33). However, unlike rivers, 
application of this approach to turbidity currents also requires a 
consideration of friction between the ambient water and the top of 
the flow (31). It should also be noted that the Chézy approach de-
fines a balance for the forces at a measurement location and does 
not take into account inherited momentum from upstream. For ex-
ample, upstream of the measurement location, the turbidity current 
may flow over a locally steeper section of channel, such as a knick-
point, which will result in the acceleration of the flow. It will there-
fore be traveling at a greater velocity than it would have been with a 
consistent slope gradient similar to that at the measurement site. For 
the flow to be in balance with the channel at the measurement site 
according to the Chézy approach, the Chézy approach would there-
fore predict higher sediment concentrations, which would be needed 
to sustain the higher observed velocities over the lower slope gradient.

First, depth-averaged flow velocities (U) and flow height (H) were 
calculated using the measured ADCP velocity data following the in-
tegral approach of Ellison and Turner (89). The seabed reflector was 
obscured during the passage of the heads of some of the faster flows 
in the ADCP data, resulting in a blanking zone. This is a conse-
quence of the attenuation of acoustic energy by the densest part of 
the flow (2, 22, 24). Where this occurred, the base of the flow was 
defined as the deepest retrieved velocity measurement, although the 
base was likely a couple of meters below this, and thus, the flow 
head was slightly thicker than input into the Chézy calculations. 
Despite this, the highest velocity measurements retrieved were ob-
tained directly above the blanking zone and subsequently decayed 
with height. It is therefore likely that the depth-averaged velocities 
that were used underestimated the actual depth-averaged velocity 
of the faster flow heads. The depth-averaged sediment concentra-
tions in these parts of the faster flows are therefore likely greater 
than reported here. The depth-averaged sediment concentration 
was subsequently calculated

   U   2  =   1 ─  C  fi   +  C  fb     RCgHS  (1)

where Cfb is the bottom friction coefficient, R is submerged specific 
gravity of the sediment, taken here to be the value for quartz (~1.65), 
g is the gravitational acceleration, S is the slope gradient at the 
mooring (table S1), and the friction on the top interface (Cfi) of the 
fluid is calculated using

   C  fi   =   0.0075 ─  
 √ 

___________
 1 + 718  Ri   2.4   
  (1 + 0.5Ri)  (2)

and following Parker et al. (32), setting the bulk Richardson num-
ber (Ri) to

  Ri =   
RgCH

 ─ 
 U   2 

    (3)

To make these calculations, we follow Konsoer et al. (31) and 
assume that the bottom friction coefficient (Cfb) should be between 
0.002 and 0.006. Simmons et al. (27) estimated the bed roughness of 
the Congo Canyon to be ~0.002. However, we continue to use 0.002 
to 0.006 because of the potentially rougher seabed resulting from 
the sandier substrate and the widespread presence of seafloor 
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bedforms (90, 91). This decision ignores the possibility that the ero-
sive nature of the turbidity current can also affect the bed rough-
ness. Where turbidity currents are able to erode the seabed and 
generate scours, these scours should work to slow the eroding 
current as would be predicted by hydraulic relationships showing 
that average flow velocities and bed roughness are inversely related 
(92). However, given that turbidity current velocity is related to sed-
iment volume, this relationship may break down if sufficient vol-
ume is eroded despite the bed roughness increase (92–95). This 
relationship is further complicated during the passage of the flow 
as the body and tail may be less erosive and thus interacting with the 
bed roughness surface generated by the more erosive head of the 
flow (23). As a consequence of this complication, we choose to as-
sume a constant bed roughness value throughout the flow despite 
erosive flows potentially generating rougher beds. The seafloor slope 
in each calculation is directly measured from bathymetry beneath 
the ADCP.

Comparing observations with sediment transport models
We compare the down-channel evolution of the sediment mass 
transported within the most powerful flow with the evolution pre-
dicted by some of the most commonly used sediment transport 
models. We model erosion using the models of Garcia and Parker 
(36) and van Rijn et al. (38).

The mass flux of sediment per square meter of channel floor per 
second entrained into the turbidity current (Fs) is first modeled 
here following Garcia and Parker (36)

   F  s   =  E  s    v  s      s    (4)

where Es is a dimensionless sediment entrainment coefficient defined as

   E  s   =    A  Garcia    Z u  5   ─  
1 +   A  Garcia  ⁄ 0.3   Z u  5  

    (5)

where AGarcia is set to 1.3 × 10−7, and Zu is defined as

   Z  u   =    u  *   ─  v  s      Re p  0.6   (6)

where u* is the bed shear velocity, s is the terminal fall velocity, and 
Rep is the particle Reynolds number. Here, we estimate the fall ve-
locity using Budryck’s equation

   v  s   =   0.008925 ─  d  50    ( √ 
_____________________

  1 + 95      s   −    w   ─    w      (1000 *  d  50  )   3    − 1)  (7)

where d50 is the median grain size, w is the density of seawater 
(here set to 1028 kg/m3), and s is the density of the sediment (here 
set to 2650 kg/m3). The grain size (d50) is vertically averaged over 
the top 0.3 m of the channel fill deposits as sampled by Hage et al. 
(6) for each of the individual mooring sites. The particle Reynolds 
number is defined as

   Re  p   =   
 √ 
_

 Rg     d  50     1.5 
 ─ υ     (8)

where R is the submerged specific gravity (s/w − 1), g is the gravi-
tational acceleration, and  is the kinematic viscosity of seawater at 
4°C (1.6 × 10−6). The bed shear velocity is set to   u  *   =  √ 

_
    _    w       by defini-

tion, and the shear stress is calculated as

   =    w   g   (     U ─  C  h  ′     )     
2
   (9)

where U is the depth-averaged flow velocity taken from the 
ADCP instruments, and   C  h  ′    is the Chézy coefficient following van 
Rijn et al. (38)

    C  h  ′   = 5.75  √ 
_

 g   log (     12H ─ 3  d  90     )     (10)

where H is the flow depth measured by the ADCP, and d90 is the 
sediment grain size at the 90th percentile of the channel floor sedi-
ment here set to three times the d50.

van Rijn et al. (38) provide a second erosion model, where the 
mass flux of sediment per square meter of channel floor per 
second entrained into the flow is defined as

   F  s   = 0.00033    s    √ 
_

      s   ─    w     g  d  50       D  *     0.3    (     
 −    cr,d  

 ─    cr,d     )     
1.5

   (11)

where D* is the dimensionless grain size parameter defined as

   D  *   =  d  50    
3

 √ 
─

   
 (        s   _    w    − 1 )  g

 ─ 
 υ   2 

      (12)

and  is the Shield’s parameter defined as

   =    ─ 
 (        s   _    w    − 1 )  g  d  50  

    (13)

The critical Shield’s parameter is defined as (96)

      cr,d   =    cr   [  1 +    A  Rhee   ─ 
     s   _    w    − 1

      v  e   ─ k      n  sl   −  n  i   ─ 1 −  n  sl  
   ]     (14)

Here, cr is set to 0.04 following Shields (1936), ARhee is set to 1.3 
following van Rhee (96), and k is the permeability in meters per 
second, We use the permeability values reported in Foortse et al. 
(97) for their 2% clay experiments, and we interpolate between their 
two d50 values to match the d50 observed in the Bute Inlet channel 
floor samples. We set the porosity values of the sheared layer (nsl) 
and the in situ bed value (ni) to 0.45 and 0.4, respectively. e is the 
velocity with which the bed level is reduced during erosion, which is 
here estimated as   v  e   =    F  s   _    s  (1 −  n  i  )

   and obtained iteratively.
The mass flux of deposition to the bed per square meter of the 

channel floor per second is here modeled using the equation of 
Garcia (37)

   D  s   =  v  s    r  0   C    s    (15)

where r0 is set to 1.6, and C is the depth-averaged sediment concen-
tration derived from the Chézy equation.

We then convert the sediment fluxes per square meter of the 
channel floor per second to changes in megatons of sediment in the 
flow between moorings. We first interpolate the flows into a time 
series of 10,000 measurements. We then calculate the footprint 
(Afp) of each individual measurement
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   A  fp   = UT  W  channel    (16)

where T is the time interval in between the 10,000 individual mea-
surements, and Wchannel is the channel width set to 130 m at M6, 
325 m at M4, 300 m at M3, 226 m at M2, and 500 m at M1. In se-
quence, footprints are then averaged between the upstream and the 
downstream mooring to estimate the average footprint of that 
1/10,000 slice of the turbidity current while traveling between the 
moorings. The average footprint is multiplied by the travel time in 
between the moorings to estimate the total flux of sediment in or 
out of the flow. The travel time is calculated by dividing the distance 
in between the moorings (9.2 km from M6 to M4, 15.79 km from 
M4 to M3, 7.82 km from M3 to M2, and 8.11 km from M2 to M1) 
by the average velocity between the two moorings for that slice of 
turbidity current. After multiplying the erosion and deposition rates 
by the average footprint and the travel time, the final values are 
divided by 109 to convert from kilograms to megatons.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3220
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