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Abstract: We extend the application of exponential settling to hydrothermal plumes to predict hydrothermal sediment
patterns on the seafloor by using acoustic observations of particle velocities and concentrations instead of the predictions
of dynamic models used by previous studies. We assume settling occurs only from the margins of the plume, which
corresponds to the transition from a net upwards force on the particles in the plume to a net downwards force outside. In
each volume element where the net force changes from downwards to upwards, the loss of sediment from the volume
element is calculated. The losses for five particle sizes are summed to determine the sediment mass deposited. We applied
this sedimentation model to acoustic observations of particle concentration and flow velocity in hydrothermal plumes at
Grotto Vent on the Endeavour Segment of the Juan de Fuca Ridge. The overall mass flux decreases if the particle size
distribution is shifted towards smaller particles or particle density is decreased (as for biological particles). While improve-
ments in both observations and model algorithms are needed, we demonstrate that quantitative predictions of sedimentation
can be made successfully from direct observations of plumes.  
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Introduction

Most plume sedimentation models incorporate predictions
of flow velocity and particle concentration in the plume
based on the initial conditions at the vent. In this study, we
adapt the sediment transport theories used in many studies
of sedimentation for use with direct observations of flow
velocity and particle concentration throughout the plume. 

A common assumption of sediment transport theories is
that the rate of sediment concentration decrease in a
suspended layer can be described as exponential decay
(Hazen, 1904; Martin & Nokes, 1988). A number of models

have applied an exponential decay relationship for sedi-
ment mass concentration to settling of particles from the
margins of the buoyant stems of volcanic eruption clouds
and hydrothermal plumes (Sparks et al., 1991; Bursik et al.,
1992; Ernst et al., 1996). These earlier studies used an inte-
gral (time-averaged) model, based on Morton et al. (1956),
to describe the plume and to compute the fraction of the
initial particle mass that settles and its radial dependence.
This model depends on knowledge of the source buoyancy
flux (difficult to measure for hydrothermal plumes) and
total particle mass available (not meaningful for hydrother-
mal plumes where sedimentation occurs over decades).

 



There are also other approaches to sedimentation from
plumes in the literature (double diffusion, Hoyal et al.,
1999; two phase, Veitch & Woods, 2002; large eddy simu-
lations, e.g. Lavelle, 1997; fully turbulent simulations, P.
Bagchi, personal communication, 2005); most of these
assume you know the forcing function and predict the
plume. These models may be useful for data assimilation
but are not directly helpful in predicting the sedimentation
and transport by an observed plume. 

Therefore, we develop a preliminary technique to apply
the basic concepts of sedimentation (settling) to observed
plumes. In this study, we extend the application of expo-
nential settling to hydrothermal plumes such that the model
uses acoustic observations of hydrothermal plumes, includ-
ing particle velocities and concentrations, to predict
hydrothermal sediment patterns on the seafloor. Our previ-
ous work developing acoustic imaging techniques to meas-
ure the static and dynamic properties of seafloor
hydrothermal plumes (Jackson et al., 2002; Rona et al.,
2002) provides the necessary input to the preliminary
model. 

Materials and methods

Particle settling model for a buoyant jet

Our general approach is to assume exponential settling of
particles from the margins of the plume following Martin
and Nokes (1988) and Bursik et al. (1992). For exponential
settling, the rate of mass loss from the plume is given by 

dm/dt = -νC0A, 

where ν is the terminal velocity, C0 is the concentration of
particles of given diameter, and A is the basal area of the
region (a voxel which is a small volume unit of side dx)
within which the concentration applies. We assume that
settling occurs only on the margins of the plume (Fig. 1).
This requires a definition of the interface between the
plume and its surroundings. Our working definition of the
interface is the transition from the upwards force on the
particles in the core of the plume which are being trans-
ported and the downwards force on the particles outside the
plume which are settling. One alternative definition could
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Figure 1. Particles are assumed to settle across an interface at the margins of the plume. The interface is defined by the transition from
the upwards force on the particles in the core of the plume which are being transported and the downwards force on the particles outside
the plume which are settling. The location of the interface depends on particle size and density as well as the fluid properties and the
vertical velocity inside the plume. Settling rates also depend on the terminal velocity and concentration of particles.

Figure 1. Les particules sont supposées sédimenter à travers l’interface sur les bords de la plume. L’interface est défini par la transition
entre les forces ascendantes agissant sur les particules qui sont transportées au sein de la plume et les forces descendantes qui sédimentent
à l’extérieur de la plume. La localisation de l’interface dépend à la fois de la taille, de la densité des particules et des propriétés du fluide
et de la vitesse verticale de déplacement à l’interface de la plume. Les taux de sédimentation dépendent également de la vitesse finale et
de la concentration en particules.



be the Gaussian peak width of the concentration
distribution around the plume centerline (this was used in
Ernst et al. (1996) and Bursik et al. (1992)). Observed
concentration is not used here to define the plume edge as
it may be affected by settling particles.  

In this study, we calculate the terminal velocity (based
on the estimated Reynolds number) and net force on the
particles of a given size everywhere within the plume and
its surroundings based on local velocity in gridded volume
elements. The basic Reynolds number dependence of termi-
nal velocity is taken from Bonadonna et al. (1998) although
adjustments were made for the effect of buoyancy in water:

where ν is the terminal velocity, g is gravity, r the particle
radius, ρ is the density of the particle (p) or fluid (f), CD is

the drag force, Re is the Reynolds number and µ is the
kinesthetic fluid viscosity.

The gridded volume is searched one column at a time
from bottom up to find the plume margin or interface: In
each volume element where the net force changes from
downwards to upwards, the loss of sediment from the
volume element is calculated. Volume elements above this
interface are ignored. The calculated losses are summed to
determine the sediment mass deposited on the seafloor for
an assumed grain size. Table 1 shows the assumed size
distribution based on a survey of the available literature
(see section below). The results for five particle sizes are
then combined using an assumed size distribution to
determine the total sediment mass deposited on the seafloor
(Fig. 2). This model does not explicitly account for hori-
zontal currents, but should work for bent plumes with
minor or no modification. 

Particle size distributions

The present size distribution (Table 1) is based on two
sources: (1) Feely et al. (1987) report near vent size ranges
of 5-500 µm for particulates in the plumes along the
Endeavour Segment of the Juan de Fuca Ridge and that
chalcopyrite and anhydrite are the dominant minerals
present, (2) Walker & Baker (1988) found a distinctive
form to the size distributions in samples proximal to the
buoyant plumes along the Juan de Fuca Ridge. Although
they found much smaller size ranges (mean 6-10 µm), they

were also probably sampling much higher in the plume than
Feely et al. (1987) did or than is relevant to this study. This
study used the function form of Walker & Baker (1988) but
the higher mean (50 µm) suggested by the Feely et al.
(1987) size ranges. Table 1 gives the actual values used. 

Results

Results from acoustic observations

We applied the sedimentation model described above to
acoustic observations of hydrothermal plumes at Grotto Vent
on the Endeavour Segment of the Juan de Fuca Ridge (Rona
et al., 2002). Acoustic backscatter data was used to infer
particle concentration (as a function of assumed particle
size); vertical velocity was inferred from Doppler shifts in
the same acoustic backscatter data (Jackson et al., 2003). The
acoustic data covers the bottom 30-50 m of the buoyant
plume with a spatial resolution of approximately 0.25 m.

As expected, particle size and mass flux generally
decease away from the vent (Fig. 2a-b). The exponential
decrease in mass flux with distance is consistent with field
studies at a different site (13°N East Pacific Rise (German
et al., 2002)). The mass flux and average grain size
contours are elongated to the northeast because of a slight
tilt in the plume centerline towards the northeast; this is
likely due to ambient currents flowing from the southwest
to the northeast. Although not shown in Figure 2, the
overall mass flux increases if the particle size distribution is
shifted towards larger particles.

Application to biological transport

We have started to explore the effect of using different
particle densities. Field observations suggest that particle
composition in the deposited sediments may vary with
particle size (Hrischeva & Scott, 2005; C. German,
personal communication, 2005). Sediment composition is
known to vary with distance from the vent (German et al.,
2002). Additionally, biological particles that the plume may
transport (e.g., larvae) are much lower in density than the
precipitates. Figure 3 shows sizes of particles the plume can
transport as the density is decreased from the default
assumption of 5000 kg.m-3 to nearly the density of water
(1000 kg.m-3). 
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Table 1. Particle size distribution for model results in Figure 2
Tableau 1. Distribution de la taille des particules pour les

résultats du modèle de la figure 2.

5 µm 10 µm 50 µm 100 µm 500 µm

1% 22% 67% 9% 1%



Application of the particle settling model to biological
particles is implemented simply by decreasing the density
of the particles to 1100 kg.m-3 (Fig. 2c-d). Overall, less
mass is settled consistent with the expectation that small
particles of near neutral buoyancy are easily transported
vertically out of the volume under consideration. A compar-
ison of Figure 2a-b (mineral particles) and Figure 2c-d
(biological particles) suggests that as the particle density
decreases, the mass flux will decrease. Also, at a given dis-
tance from the vent, the average particle size settled
increases with decreasing particle density.

Discussion

At present, limitations in the processing of the acoustic data
constrain the interpretations of the settling mass flux in real
units; this should not affect the average grain size settled or
the overall map patterns. Future experiments will be
designed to better constrain the mass concentration of
particles in real units. Future improvements will also
include attempts to obtain a more detailed description of the
mineral particle size distributions in the relevant plumes
and information on the likely size distributions of the
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Figure 2. Results of the preliminary model of sediment deposition. Map areas are 20 m by 20 m with north towards the top. (a-b)
Application of sedimentation model to mineral paricles (density 5000 kg.m-3): (a) The average grain size settled. White indicates areas
with no data coverage. (b) The mass flux settled. Some of the black regions are areas of no data coverage. (c-d) Application of
sedimentation model to biological particles (density 1100 kg.m-3): (c) The average grain size settled. White indicates areas with no data
coverage. (d) The mass flux settled. Some of the black regions are areas of no data coverage.

Figure 2. Résultats du modèle préliminaire de dépôt de sédiment. Les surfaces de la carte représentent 20 m par 20 m avec le Nord
en haut. (a-b) Application du modèle de sédimentation aux particules minérales (densité 5000 kg.m-3): (a) Moyenne de la taille des grains
sédimentés. Les surfaces non couvertes par le modèle sont représentées en blanc. (b) Le flux des masses sédimentées. Certaines parties
noires sont des surfaces non couvertes par le modèle. (c-d). Application du modèle de sédimentation aux particules biologiques (densité
1100 kg.m-3): (c) Moyenne de la taille des grains sédimentés. Les surfaces non couvertes par le modèle sont représentées en blanc. (d)
Le flux des masses sédimentées. Certaines parties noires sont des surfaces non couvertes par le modèle.



biological particles (which has so far been assumed the
same). The sediment map results presented here cover a
limited spatial range (~10 m from vent). This is a limitation
of the acoustic data not the model; future experiments will
be designed to maximize the spatial extent although the
acoustic technique has some inherent limitations due to
attenuation and the current version of the model is most
applicable to the buoyant stem which has a limited spatial
extent when vertical.

The sedimentation model implicitly assumes that turbu-
lent plume processes keep the time-averaged particle
concentration within the plume and at its edge constant.
This is probably reasonable but needs verification with a
time series of data. Care is also needed not to settle the
particles faster than their supply rate; the current algorithm
does not adequately address the constraints of the supply
rate. This is tricky to calculate as the supply rate is
unknown (our observations give us only velocity and
concentration), but will be incorporated into future versions
of the model. At present, the sedimentation model is strictly
exponential settling. However, other mechanisms have
been proposed (Hoyal et al., 1999); further study is needed
to determine if these have any significant effect in deep sea
plumes.

The model presented represents a first and preliminary
attempt to use newly available acoustic data on the particle
concentration distributions and velocities in seafloor
hydrothermal plumes to predict sedimentation on the
seafloor and transport of particles to the upper plume. Our
model did resolve the major processes such as that the
bending of the plume in local currents shifts the locus of
sedimentation away from the vent, especially for smaller
particle sizes and that larger biological (lower density)

particles can be transported so that the average grain size
settled is lower and the overall mass flux lower compared
to mineral (higher density) particles. Although several areas
for improvement have been discussed, we have established
that quantitative predictions of sedimentation can be made
successfully. 
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Figure 3. Contours of the maximum size particle that can be supported by the plume at a given location (based on the observed
vertical velocity at that location) are shown for three different particle densities. As the density decreases, the particle size that can poten-
tially be transported increases.

Figure 3. Les contours de la taille maximale des particules qui peut être portée par la «plume» à un endroit donné (basé sur la vitesse
verticale observée à cet endroit) sont montrés pour trois différentes densités de particules. Quand la densité décline, la taille des partic-
ules qui peuvent être potentiellement transportées augmente.
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