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Abstract

We develop and apply visualization and quantification methods to reconstruct hydrothermal plumes in 3D from acoustic images and to make
the first direct measurements from the reconstructions of scalar properties that describe the behavior of two buoyant plumes discharging from
adjacent black smoker chimneys. The actual behavior is then compared to that predicted by a classic simple buoyant plume model. The images
are reconstructed as isointensity surfaces of backscatter from particulate matter suspended in the plumes. The measurements pertinent to the
role of the plumes as agents of dispersal of heat and mass into the ocean include change with height of diameter, particle distribution, dilution,
centerline attitude, surface protrusions, and connectivity. The protrusions are the surface expression of eddies and appear to follow a bifurcating
helical flow pattern that resemble simulation of the naturally forced flow of coherent vortex rings as the eddies rise with the buoyant plume.
These direct measurements and the derived entrainment coefficient are generally consistent with behavior predicted by the simple buoyant
plume model and support engulfment by vortex shedding as a primary mechanism for entrainment of surrounding seawater. Deviations from
predicted buoyant plume behavior are diagnostic of particle dynamics.

Introduction

A fluid discharging from a point source into another
fluid of higher density subject to gravity forms a
plume. Examples of such fluids that form plumes con-
taining suspended particulate matter include heated
gases with ash particles that discharge and buoyantly
rise into the atmosphere from factory smokestacks
and volcanic eruptions (Sparks, 1997); discharge of
suspended sediment as turbidity currents that flow as
density currents along the seafloor and spread along
density interfaces within bodies of water (Middle-
ton and Hampton, 1976); and high-temperature black
smoker-type hydrothermal fluids that buoyantly rise
from seafloor vents and contain metallic mineral par-
ticles, as considered in this paper. Sub-seafloor hy-
drothermal convection systems discharge from vents
as high-temperature (300–400 ◦C) black smoker-type
plumes and from broader areas of the seafloor as lower
temperature clear diffuse flow. These flow regimes
are major agents of dispersal of heat, chemicals, and
biological material transferred by the hydrothermal
convection systems from the lithosphere into the ocean

at plate boundaries with global physical, chemical, and
biological ramifications.

Hydrothermal plumes in this study are produced
by ongoing venting of hot solutions on a time scale
of months to years, driven by gradual transfer of heat
from magma bodies and hot rocks to seawater circulat-
ing through permeable zones in the rock (Baker et al.,
1995). The plumes consist of a stem and a cap (Fig-
ure 1). The stem is formed of hydrothermal effluent
that buoyantly rises as a consequence of total weight
deficiency produced by the volume of thermally ex-
panded (and/or lower salinity; McDuff, 1988; Speer
and Rona, 1989) hydrothermal solutions discharging
from a vent per unit time (buoyancy flux). The buoy-
ant plume entrains and mixes with seawater as it rises
to a level of neutral buoyancy relative to the density
stratification (buoyancy frequency) of the surrounding
ocean where it spreads laterally as the cap (Figure 1;
Morton et al., 1956; Turner, 1986; Speer and Rona,
1989). In a stably stratified body like much of the deep
ocean, the plume density (ρ) increases steadily as it
rises, owing to entrainment, while the ambient fluid
density (ρo) decreases steadily with height. For ex-
ample, a plume from a typical high-temperature black


