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White flocculent bacterial mats in and around 
extremely gassy high-temperature (> 100°c) 
white smokers at the champagne vent site, 
Mariana island arc region, western Pacific 
ocean. Photo credit: Pacific Ring of Fire 2004 
Expedition; NOAA Office of Ocean Exploration; 
Dr. Bob Embley, NOAA PMEL, Chief Scientist
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and, of course, their deep ocean location. 
Hydrothermal fluids issue from 

chimney-like structures formed from 
the precipitation of metals extracted 
from the subseafloor by ocean water 
circulating downward into the crust 
and heated to high temperatures (Tivey, 
2007). Highest temperatures are usually 
found in the chimney discharge. When 
these high-temperature, chemical-laden 
fluids mix with cold ambient ocean 
water, they form metallic sulfides, 

oxihydroxides, and sulfates. These 
precipitating minerals give the effluent 
a black (and sometimes a gray or white) 
smoke look. These “black smoker” chim-
neys often discharge as forced jets with 
velocities up to meters per second and 
temperatures up to about 400°C. The 
chimneys are typically meters high and 
have internal diameters on the order of 
10 cm. Plumes of buoyant chimney efflu-
ents rise up to hundreds of meters above 
the seafloor as a consequence of density 
deficiency produced by their differences 
in temperature and salinity from those 
of the surrounding seawater (Turner and 
Campbell, 1987; Speer and Rona, 1989). 
In some cases, these discharges have 
built large (25–100 m2) sulfide mounds 
on which a handful of chimneys, at 
seemingly random sites, may be perched.

In contrast, diffuse fluids, which are 
generally mixtures within the subsurface 
of cold seawater and either magmati-
cally heated fluids or conductively 
heated seawater (see Bemis et al., 2012, 
in this issue for a review), typically 
exhibit temperatures of degrees to tens 
of degrees Celsius with vertical flow 
velocities up to tens of centimeters 
per second. The diffuse fluids lack the 
buoyancy to rise more than a few tens 
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iNtroDuc tioN
Since their discovery in the late 1970s, 
deep-sea hydrothermal vents have been 
of interest to marine geologists, geophys-
icists, and biogeochemists because of 
their potential for providing informa-
tion on conditions beneath the seafloor 
and because biogeochemically reactive 
materials like sulfide and reduced metals 
are transported to the ocean. One long-
term goal in studying these systems is 
to quantify the contributions hydro-
thermal fluids make to the chemical and 
thermal budget of the global ocean. A 
more achievable short-term goal is to 
quantify the heat flux from a single vent 
or an ensemble of vents (i.e., a vent field, 
though even that task is not simple). 
Quantification is difficult because of 
the large variety of source fluxes, from 
relatively warm to very hot and, in some 
cases, their time-variable nature, as well 
as the moving environment into which 
the discharge is injected, the small size 
of vent orifices, the spacing irregularity 
between individual vents in a vent field, 

aBStr ac t. Deep-sea hydrothermal vents are conduits of heat and chemicals 
from the lithosphere to the hydrosphere. Their plumes rise hundreds of meters from 
the seafloor into the water column; during their ascent, they entrain ambient water 
and are subject to cross flows. Source fluxes can vary in time, partly in response to 
seismic and magmatic events. Long-term measurements of physical properties of 
hydrothermal plumes provide windows to conditions within Earth’s interior. This 
article provides examples of long-term measurements of acoustic scattering recorded 
along Endeavour Segment of the Juan de Fuca Ridge. Acoustic backscatter data 
from particles and temperature fluctuations provide information on width, shape, 
and vertical velocity in the plumes from which entrainment and upward transport 
are estimated. Acoustic forward scatter by turbulence within the plume gives time 
series of the plume’s path-averaged vertical velocity and temperature fluctuations 
and exhibits variability that is dependent on the ambient horizontal flow. At several 
vents, direct measurements of heat flux using in situ devices and video imagery 
have yielded an integrated heat output for various sulfide structures. In conjunction 
with these measurements, plume models that incorporate ambient stratification and 
horizontal tidal flows are yielding insights into the vertical and azimuthal dependence 
of entrainment, rise-height variability, and plume bending. 
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of meters off the seafloor but can be 
entrained by black smoker plumes 
(Lavelle and Wetzler, 1999). The diffuse 
fluids are typically clear, and, as a result, 
an observer can see refraction effects 
similar to those created by hot air rising 
from an asphalt road on a hot day. This 
phenomenon may be visible over areas 
up to square meters and within meters of 
seafloor that is illuminated by submerged 
vehicle floodlights.

Unlike either of the other flow 
regimes, flow from beneath chimney 
flanges, which are lateral outgrowths 
from a supporting sulfide mound, may 
attain the high temperatures of black 
smokers, but their effluent is clear 
(Woods and Delaney, 1992). The flow 
precipitates metals at the leading edges of 
the flanges, typically of the order of 1 m 
in diameter, that grow outward as the 
flow mixes with seawater. Pools of high-
temperature water (up to 350°C) can 
form beneath the flanges (see Figures 4 
and 5 in Tivey, 2007). 

Measuring heat flux from hydro-
thermal vents is by no means an easy 
task, and measurements have been 
carried out in a variety of ways. One 
approach is to measure the heat flux at 
individual vents directly and then sum 
up the results to extrapolate the heat 
flux from a hydrothermal edifice or even 
an entire vent field (e.g., Schultz et al., 
1992; Bemis et al., 1993; Ginster and 
Mottl, 1994). Another way to measure 
the heat flux is to survey the water 
column at the equilibrium layer, where 
hydrothermal plumes reach neutral 
buoyancy with respect to the ambient 
seawater (e.g., Baker and Massoth, 
1987; Rosenberg et al., 1988; Thomson 
et al., 1992). A third approach is to set 
up a control volume enclosing a hydro-
thermal edifice or an entire vent field 
and measure the net heat flux leaking 

through the boundaries of the control 
volume (Stahr et al., 2000; Veirs et al., 
2006). Finally, a geochemical approach 
includes quantifying the 3He flux in the 
overlying advected plume and using a 
3He/heat ratio measured in the vents 
to obtain total geothermal heat output 
(Jean-Baptiste et al., 1998). 

Short-duration observations recorded 
on a single research cruise may miss 
the variability of hydrothermal flow, 
the interaction of the flow with the 
dynamic ocean and with living ecosys-
tems, and the response of the flow to 
oceanographic and geophysical events. 
Gathering long-term time-series data 
using moored instrumentation is an 
alternate way to quantify vent fluxes and 
their changes over time. In this paper, we 
first describe evidence for diking events 
and associated permeability changes 
that may perturb the hydrothermal 
system. We then describe new in situ 
heat-flow measurements obtained from 
the Endeavour Segment of the Juan 
de Fuca Ridge, and show how techno-
logical advances and the development 
of acoustic techniques for measuring 
upward velocities and volume flux have 
allowed capture of the effects of ocean 
currents on the plume. The objectives are 
to link buoyant hydrothermal venting to 
subseafloor processes and to interactions 
with the ambient ocean. Measurements 
of these plumes are then used to develop 
realistic models of hydrothermal heat 
flow in the ocean. 

SeiSMic aND MaGMatic 
eFFec tS oN HyDrotHerMal 
SySteMS
By observing at the seafloor the response 
of mid-ocean ridge hydrothermal 
systems to seismic and magmatic 
activity, we hope to assess processes 
occurring at depth. Consequently, the 

well-recorded responses to the March 
1995 seismic activity on the East Pacific 
Rise (EPR) near 9°50'N are of consider-
able scientific interest. A continuous 
record of temperatures at the Bio 9 
vent (Fornari et al., 1998) showed a 
rapid increase of approximately 7°C 
(Sohn et al., 1998), beginning approxi-
mately four days following the seismic 
swarm. Figure 1a (blue line) shows the 
temperature record for the first year 
following this event, and also presents 
results of numerical modeling (red 
line) of Ramondenc et al. (2008) and 
Germanovich et al. (2011).

Germanovich et al. (2011) suggest that 
the seismic swarm may have been related 
to a noneruptive diking event (the filling 
of an existing crack with magma that can 
result in dike propagation and length-
ening, as well as changes in surrounding 
crustal properties) near the west margin 
of the lens-shaped axial magma chamber 
(AMC) that increased the permeability 
of the discharge zone. The AMC is where 
magma is stored before its eruption at 
the sea surface, and new sets of fractures 
can increase the permeability, or the 
ability of a porous rock to transmit fluid, 
in the surrounding rock. A numerical 
model of dike propagation shows that 
the dike is likely to propagate subverti-
cally from the lens margins, where 
magma replenishment would likely 
generate stresses and lead to the diking 
event, or from the edges of a discon-
tinuity in the lens (Figure 1b). Using 
scale analysis and numerical modeling 
(red line in Figure 1a), mass transport 
in the hydrothermal system is estimated 
directly from the available heat flow 
(Ramondenc et al., 2006) and geochem-
ical data (Von Damm and Lilley, 2004). 
Results show that an increase in vent 
temperature, as was observed at the 
seafloor only a few days after the seismic 
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swarm (Fornari et al., 1998; Sohn et al., 
1998, 1999), does not necessarily reflect 
heat transported directly from the AMC 
or constrain the residence time of fluid 
in the entire discharge zone. Instead, 
the increase in vent temperature may 
have been caused by deep permeability 
changes associated with the same diking 
event. Such changes lead to a thermal 
perturbation in the upper 100 m of crust 
where high-temperature fluid mixes 
with cool seawater. 

The analysis developed by Germano-
vich et al. (2011) is not restricted to 
the March 1995 earthquake swarm 
at EPR 9°50'N, but is also applicable 
to other locales in which coincident 
seismicity and thermal responses have 
been observed. One such example 
may include the events at the Main 
Endeavour Field (MEF) on the Juan 
de Fuca Ridge in June 1999, where 
diking was also associated with seismic 
(Bohnenstiehl et al., 2004), thermal 
(Johnson et al., 2000), and geochemical 
responses (Lilley et al., 2003). A non-
eruptive diking event may also be associ-
ated with recently observed seismicity-
hydrothermal interactions after the 
November 2003 swarm at the EPR near 
9°50'N (Tolstoy et al., 2008).

In general, hydrothermal activity 
at mid-ocean ridges may be localized 
by diking events due to permeability 
enhancement near the dike margins 
(Delaney et al., 1986; Germanovich et al., 
2000). For example, the hydrothermal 
sites on Endeavour Segment are located 
near the west margin of the seismically 
imaged magma lens (Bohnenstiehl 
et al., 2004; Van Ark et al., 2007), which 
suggests that the venting activity at this 
site may also be localized by diking trig-
gered by lens pressurization.

Heat transfer from the AMC is the 
primary driver of hydrothermal systems 

at oceanic spreading centers. Liu and 
Lowell (2009) showed that quasi-stable 
hydrothermal heat fluxes and vent 
temperatures on decadal time scales 
require the AMC to be replenished at 
~ 106 m3 yr–1. Such rates are consistent 
with estimates of magma replenish-
ment at Axial Volcano on the Juan de 
Fuca Ridge following the 1998 eruption 
(Nooner and Chadwick, 2009) and are 
also consistent with the evolution of EPR 
lavas over the eruption cycle between 
1991–1992 and 2005–2006 (Goss et al., 
2010; Horne et al., 2010; Lowell et al., 
2012, in this issue). AMC inflation asso-
ciated with magma replenishment may 
lead to both eruptive and non-eruptive 
diking events that, in turn, may perturb 
the hydrothermal system and give rise 

to an event plume when the release of 
large quantities of heat results from a 
seismic or magmatic event at the seafloor 
(Lowell and Germanovich, 1995).

HyDrotHerMal VeNt 
FloW MeaSureMeNtS
in Situ Measurements
During four cruises to Endeavour 
Segment between 2008 and 2010, a signif-
icant number of new direct fluid-flow 
measurements were taken by the deep-
submergence vehicle Alvin in various 
flow regimes, from low-temperature 
diffuse flow to high-temperature focused 
flow, on several structures within the 
Main Endeavour, Mothra, and High Rise 
hydrothermal vent fields (Germanovich 
et al., 2009; for a map of these vent 
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Figure 1. (a) Thermal response of the high-temperature Bio 9 vent at ePr 9°50'N following 
the March 1995 earthquake swarm monitored by Sohn et al. (1998) (blue curve) super-
imposed with the temperature response of the black smoker to a dike emplacement 
calculated by Germanovich et al. (2011) (red curve) based on the model developed by 
ramondenc et al. (2008). The green curve after day 222 (which corresponds to the replace-
ment of the temperature probe) represents the unchanged monitored response, while the 
blue line corresponds to the record translated by 3°c. only a modest permeability increase 
in the vicinity of the dike leads to temperature variations at the seafloor. The shown best fit 
corresponds to a 40% increase with respect to the original permeability k = 1.1 x 10–13 m2. 
(b) Finite element simulation of dike propagation from a sloping magma chamber. Based on 
Van ark et al. (2007), Germanovich et al. (2011) used a pressurized inclined lens, between 
2.1 and 2.5 km deep, 800 m wide, and 50 m thick. Horizontal and vertical scales are equal 
and the size of squared elements was 50 x 50 m. Dike propagation is from the upper tip of 
the magma lens. See other parameter values in Germanovich et al. (2011).
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fields, see Kelley et al., 2012, in this 
issue). Hydrothermal fluid temperatures 
measured directly with Alvin sensors 
ranged from 49° to 52°C at diffuse 
sources and ranged up to 350°C at 
focused sources. Linear flow rates were 
measured by using relatively simple 
flow meters: a cup anemometer and a 
turbine flow meter (Figure 2). The most 
recently designed and tested instru-
ment, the turbine flow meter, which uses 
sapphire bearings and is designed to 
prevent clogging by the precipitates and 
particles that are often encountered in 
hydrothermal vent discharges, was ideal 
in low-flow settings.

Flow velocities were estimated using 
the angular velocities (i.e., rotation rates) 
of the cup anemometer’s paddle wheel 
or the turbine flow meter’s rotor and 
then quantified by analysis of at least five 
minutes of in situ high-definition video 
imagery. The rotation rates of either the 
blades around the turbine rotor or the 
cups on the paddle wheel were predicted 
to be linearly proportional to the flow 
rates over a broad range of sampled flow 

velocities between 0.01 m s–1 and 2 m s–1. 
The diffuse-flow rates displayed a range 
from 1 cm s–1 to 10 cm s–1, respectively, 
at Dante and S&M in the MEF. However, 
low velocities from the focused-flow 
sites varied from 1 cm s–1 (at a “gray 
smoker” on Dante) up to 2 m s–1 (on 
Bambi, in the High Rise vent field) with 
co-registered fluid temperatures of 
142°C and 350°C, respectively. Sizes of 
vent-chimney orifices or areal coverage 
of diffuse flow (based on visual observa-
tion of shimmering flow) were digitally 
estimated from video imagery using 
calibrated laser sights. Hydrothermal 
fluid fluxes were then calculated for each 
individual source based on measurement 
results of hydrothermal fluid flow rate, 
temperature, and areal extent. Typical 
estimates for individual vent heat flux 
measured at Endeavour Segment ranged 
from as low as 1 kW for a diffuse-
flow site to as high as 10 MW on a 
black smoker tower. 

It is difficult to determine the heat 
flux from an entire vent field, or even 
from a sulfide mound, based on scattered 

individual measurements. However, our 
broad collective heat-flow data, from the 
well-known active vent cluster Dante 
in the MEF, give an estimate of 43 MW 
for the total heat output. Frequent 
uses of direct heat-flow-measuring 
devices like these would certainly 
increase the amount of heat-flow data 
at mid-ocean ridges and provide base-
line estimates of heat flux for input to 
plume models and for comparison to 
long-term measurements.

acoustic imaging (Backscatter)
Although images of black smokers shown 
in the lights of submerged vehicles have 
become iconic images of oceanography, 
they show only the initial meters of 
plume rise because of the rapid attenua-
tion of light in water. Likewise, the actual 
distribution of diffuse flow surrounding 
black smokers is patchy on a scale of 
meters, so it is difficult to map optically. 

Acoustics overcomes the limitations 
of light because sound propagates great 
distances in water, given an unobstructed 
travel path and enough energy. Acoustic 
methods to image, visualize, and quantify 
seafloor hydrothermal flow are based on 
the different properties of black smoker 
plumes and diffuse flow. The size and 
shape of the dynamic initial tens of 
meters of a buoyantly rising black smoker 
plume is imaged using backscatter 
of an acoustic pulse from suspended 
metallic mineral particles and turbulent 
temperature fluctuations (Figure 3). The 
scattering depends on the physical prop-
erties of the small particles (Palmer and 
Rona, 2005) and the characteristics of 
turbulent sound speed and density fluc-
tuations related primarily to temperature 
(Ostashev, 1994; Ross, 2003). 

Determining plume fluxes also 
requires measurement of flow rates. 
Doppler algorithms are used to measure 

Figure 2. Positive displacement flow meters are shown in situ at the Dante sites (Main endeavour Field, 
Juan de Fuca ridge) while spinning and measuring linear flow velocity to determine the amount of fluid 
that is being displaced between the (a) cup anemometer’s paddle wheels or (b) turbine flow meter’s 
blades. The turbine flow meter incorporates a titanium rotor assembly housed within a stainless steel 
cylindrical body and supported by sapphire bearings.
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flow velocity in cross section and mean 
vertical velocity at different altitudes in 
a plume (Jackson et al., 2003). As the 
sonar can only measure velocity along 
the line-of-sight direction, a simple 
geometric correction is made to estimate 
the plume velocity’s vertical component, 
compensating for the ambient current. 
Integration of velocity produces volume 
flux through the various cross sections. 

The acoustic scintillation thermog-
raphy (AST) method was developed to 
detect and map diffuse flow in seafloor 
hydrothermal fields (Rona et al., 1997; 
Rona and Jones, 2009). AST exploits 
the same principle as the human eye for 
detecting warm water—the scintillation 
of an acoustical or optical wave as it 
passes through a turbulent flow field and 
scatters off the underlying seafloor. Index 
of refraction changes from temporal 
fluctuations, caused by turbulent mixing 
of the warm water, distorts and decor-
relates successive acoustic transmissions. 
The diffuse-flow area is inferred from the 
spatial distribution of such distortions. 

The output of multiple plumes and 
entrained diffuse and flange flow tends 
to merge above a seafloor hydrothermal 
field, so acoustic methods open the 
possibility of obtaining both inte-
grated volume flux and heat flux for a 
field. Initial estimates of partitioning 
of heat flux from black smokers and 
surrounding diffuse flow were made 
using direct measurements of tempera-
ture and flow rates. Direct measurements 
in the small Ashes vent field (~ 50 m 
in diameter with five black smokers 
and intervening diffuse flow) at Axial 
Volcano indicate that the heat from 
diffuse flow (15–75 MW) is an order 
of magnitude greater than that from 
black smokers (4.4 ± 2 MW; Rona and 
Trivett, 1992). Direct measurements of 
diffuse and focused flow from a sulfide 

body in the MEF indicate diffuse flow 
exceeding focused flow by a factor of 
five (Schultz et al., 1992). Typical heat 
flux from a flange is relatively small 
(~ 1 MW; Woods and Delaney, 1992), 
but output from multiple flanges may 
be cumulatively significant as they 
rise and become entrained in plumes. 
Preliminary values using a combination 
of acoustic measurement of diffuse-flow 
area and direct measurement of smokers’ 
temperature and flow rates, and diffuse 
flow from a sulfide edifice in the Grotto 
vent cluster in the MEF, suggest an 

even larger ratio (smokers ~ 42 MW; 
surrounding diffuse flow > 990 MW; 
Rona et al., 2010). 

acoustical Scintillation 
(Forward Scatter)
The application of acoustical scintil-
lation to ocean measurement has its 
origin in the interpretation of electro-
magnetic or acoustic signal modula-
tions from atmospheric refractive index 
irregularities convected across the path 
between a transmitter and a receiver 
separately located (Tatarskii, 1971). For 
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Figure 3. cabled observatory Vent imaging Sonar (coViS) acoustic image made at 0800 ut on 
october 1, 2010, looking south at black smoker plumes and areas of diffuse flow draped over 
bathymetry of the Grotto vent cluster in Main endeavour Field, Juan de Fuca ridge (horizontal 
and vertical axes scaled in meters; coViS at position 0, 0). The coViS instrument is connected 
to the NePtuNe canada cabled observatory. The image was made near slack tide when tidal 
currents were minimal and the plumes were nearly vertical. The large plume is from the north 
tower edifice at the northwestern end, and the smaller plumes are from the northeastern 
end, of Grotto where in situ experiments of other investigators are located. The legend speci-
fies isosurfaces of plume volume scattering strengths (decibels per meter) related to particle 
content and temperature discontinuities. The plumes decrease in acoustic backscatter with 
rise height (meters) above vents, as they mix with surrounding seawater. areas of diffuse flow 
mapped by the acoustic scintillation thermography method are draped over the bathymetry 
with the most intense flow (highest decorrelation in backscatter) shown in yellow decreasing 
outward to red (color legend not shown; rona and Jones, 2009). Bathymetry courtesy D. Clague, 
MBARI; modified from Rona and Light (2011). Image courtesy of C.D. Jones, Applied Physics 
Laboratory, University of Washington
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hydrothermal plumes, sound-speed vari-
ations from temperature forward scatter 
the spherically spreading acoustical wave 
fronts as they travel through the plume 
(see Figure 4a), resulting in amplitude 
fluctuations at the receivers. These fluctu-
ations are referred to as scintillations and 
are analogous to the “twinkling” of stars 
as a result of the turbulent atmosphere. 

The remotely operated vehicle (ROV) 
Jason 2 deployed a self-contained 
battery-operated mobile system, 
consisting of transmitter and receiver 
moorings (see Figure 4a), on either side 

of the Dante mound for six weeks of data 
collection. Figure 4b shows the spec-
trum for the log-amplitude fluctuations, 
modified for hydrothermal vents having 
a path-dependent Gaussian distribu-
tion for temperature variations (Xu and 
Di Iorio, 2011), with a comparison to the 
measured spectrum. The range of turbu-
lent scales presented by the spectrum 
is from 14 m to 3 cm. Such a range is 
based on the assumption that the largest 
turbulence within the plume is of the 
order of the plume’s diameter (~ 14 m 
at 20 m above the orifice, according to 

the acoustic image in Figure 4a), and 
the smallest scale that can be resolved 
by the acoustic instrument that contrib-
utes to the sound speed fluctuations 
is ~ 3 cm. The most sensitive scale at 
the peak of the spectrum is the Fresnel 
scale (0.7 m is the minimum scale that 
can focus the acoustic energy to the 
receivers—anything smaller will be 
masked by diffraction effects). According 
to Figure 4b, a –5/3 slope exists, which 
suggests the validity of applying the 
universal power spectrum hypoth-
esized by Kolmogorov for isotropic and 
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Figure 4. (a) a downward-looking acoustic backscatter image taken from the remotely operated vehicle Jason 2 while hovering at 30 m above the 
Dante hydrothermal vent structure. Diagram shows the placement of the acoustic scintillation transmitter and receiver arrays at 20 m above and 
the acoustic propagation through the buoyant plume. (b) a comparison of the measured log-amplitude power spectrum with the theoretical curve 
(dashed line), assuming weak scattering and a Kolmogorov turbulence model for the temperature fluctuations. (c) The path averaged vertical velocity 
and temperature variance (solid curves) plotted with the extrapolated horizontal currents aligned along the acoustic propagation direction (dashed 
lines). (d) a comparison among measured (diamonds), integral model (solid line), and the three-dimensional (3D) model (solid dots) of the radially 
averaged vertical velocity at 20 m above as a function of the background horizontal cross flow. Both models assume a total heat flux of 25 MW, and 
the integral model assumes entrainment coefficients α = 0.1 and β = 0.6, and drag coefficient cD = 1.7. Note that the 3D model shows hysteresis in the 
vertical velocity (i.e., the vertical velocity for increasing horizontal flows is lower than for decreasing flows).
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homogenous temperature fluctuations 
(Tatarskii, 1971; Xu and Di Iorio 2011). 

Fine-structure variability in the 
medium transported by the buoyancy-
driven plume will create a space-time 
scintillation pattern over vertically 
spaced receivers. Detection of this 
pattern’s motion is the essential concept 
exploited in acoustical scintillation. 
Using space-time coherence methods 
(Farmer et al., 1987) and calculating 
the time-lagged cross covariance of 
the log-amplitude fluctuations (from 
acoustic paths separated by 15 cm) yields 
path-averaged vertical flow. Figure 4c 
shows the vertical velocity and the 
temperature variance (derived from the 
log-amplitude variance) of the Dante 
hydrothermal plume (measured at 
20 m above the orifice) over eight days, 
with average values of 0.14 m s–1 and 
0.03 (°C)2, respectively. Tidal oscillations 
can be observed in both measurements. 
Spectral analysis for a six-week time 
series shows that the oscillations are 
forced at two dominant frequencies: 
the M2 tidal constituent and the four-
day oscillation observed by Cannon and 
Thomson (1996) in the current meter 
measurements within the Endeavour 
Segment axial valley.

According to Allen and Thomson 
(1993) and Thomson et al. (2003), the 
tidal oscillations within Endeavour’s axial 
valley are attenuated, and the M2 oscil-
lation is the most dominant frequency. 
The mean residual flow within the axial 
valley is near steady and convergent. At 
the southern and central parts of the axial 
valley, the mean flow is predominantly 
northward and strongest (5 cm s–1), 
while at the northern part of the valley, 
the mean flow becomes southward and 
weakest (1 cm s–1). Entrainment into 
the hydrothermal plumes is thought to 
induce the convergent mean flow within 

the axial valley (Thomson et al., 2003, 
2005). The northward mean flow extends 
to the central valley due to the shallow 
topographic saddle at the axial valley’s 
northern end and more intensive hydro-
thermal activity within the southern 
and central valley. 

Tidal currents within the axial valley 
during the 2007 acoustic scintillation 
deployment can be extrapolated from 
2001 current meter data (obtained 
from Rick Thomson, Institute of Ocean 
Sciences, Fisheries and Oceans Canada) 
using the T-Tide harmonic analysis 
program (Pawlowicz et al., 2002), as 
no tidal flow observation was available 
during the time of this measurement. 
The horizontal flow was estimated by 
adding a northward mean residual 
flow that is characteristic in the MEF. 
Figure 4c shows that the estimated 
horizontal flow, aligned along the 
acoustic propagation direction, reaches 
a maximum during flooding tide and is 
small during the ebbing tide. A signifi-
cant negative correlation between the 
vertical velocity/temperature variance 
and the horizontal flow is observed 
(r ~ –0.55/–0.53). 

aNalytic aND NuMerical 
MoDelS oF Hot-
Source Water-coluMN 
HyDrotHerMal PluMeS
Factors that affect the distribution of hot-
source hydrothermal plumes in the water 
column include local ocean stratifica-
tion, latitude of the site, ambient ocean 
circulation, and the nature of the source. 
The last factor involves consideration of 
source size and configuration, thermal 
output, source salinity anomaly, source 
duration, and possibly small-scale local 
topography. Needless to say, the number 
of permutations of these factors ensures 
that only a small fraction of the potential 

outcomes have yet been modeled. 
In plume dynamics, ambient stratifi-

cation is important in determining how 
high into the water column a plume will 
rise because upward motion will essen-
tially stop at a height where the density 
of the plume, diluted while rising, 
matches the density of the surrounding 
ocean. The latitude of the site can be 
important because Earth’s rotation 
affects the horizontal flow generated 
by entrainment into the rising buoyant 
plume and deflections around the plume 
itself. Flow in the ambient ocean that 
receives the hydrothermal discharge 
is likely to be spatially and temporally 
complicated, but existing models of 
hydrothermal plumes have simplified 
flow in both regards by assuming the 
spatial homogeneity of the background 
motion, and either no flow, steady cross 
flow, idealized nonsteady flow, or a flow 
time series taken from ocean observa-
tions. Source characterization is perhaps 
the most difficult of the factors to quan-
tify. Source fluxes, which are the product 
of source area, discharge velocity, and 
temperature or salinity anomalies with 
respect to the background ocean, in 
many cases have not been or cannot be 
measured (previous sections discuss the 
available measurements for the MEF). In 
a number of cases, geometrically small 
sources are seemingly randomly distrib-
uted over areas of a few tens of meters 
squared (i.e., a vent field), and the plume 
well above the individual discharges is a 
composite of all sources. When source 
flux cannot be directly measured, it 
must be estimated from water-column 
measurements of the plume.

integral Models
The analytic mathematical Morton-
Taylor-Turner (MTT) model (Morton 
et al., 1956) was the earliest used to 
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describe hydrothermal plume ascent (see 
examples of applications in Speer and 
Rona, 1989; Rudnicki and Elderfield, 
1992; McDuff, 1995). MTT assumes a 
plume that is radially symmetric about 
a vertical axis and entrainment into the 
plume stem that is directly proportional 
to the upward stem velocity. That model 
usefully provides a first estimate of the 
height where the plume might achieve 
neutral buoyancy and yields vertical 
profiles of plume properties as a func-
tion of elevation within the plume stem. 
However, it cannot address properties 
of the plume at the level of neutral 
buoyancy, and MTT also presupposes 
a quiescent environment into which 
the plume rises. The MTT model falls 
into the category of “integral models” 
because, in effect, its radial dependencies 
are integrated out after assuming that the 
constituent variables of the model can 
be represented as products of plume axis 
functions and a common function for 
radial dependence. In integral models, 
the function separability assumption and 
a subsequent radial integration changes 
the equation set from one of partial to 
ordinary differential equations, which 
are easier to solve numerically.

Because ocean sites with negligible 
cross flow are few and far between, Fan 
(1967) modified the MTT model to 
include horizontal cross flows and a drag 
force imposed by the horizontal flow. 
According to laboratory experiments 
carried out by Fan (1967), cross flow 
enhances entrainment. Hoult and Weil 
(1972), Webster and Thomson (2002), 
and Devenish et al. (2010) then param-
eterized the entrainment velocity as a 
linear addition of the relative velocity 
components along the plume axis (with 
entrainment coefficient α) and normal 
to the plume boundary (with entrain-
ment coefficient β) when cross flows 

exist. In this context, the ambient cross 
flow “blows” water into the plume and 
the plume itself “breathes” water in. 
Thus, when the horizontal cross flow 
is weak, less ambient ocean water will 
be entrained into the plume. In such 
a case, the plume will be faster and 
hotter, causing temperature fluctuations 
to increase. When the horizontal flow 
is strong, more ambient ocean water 
is entrained into the plume, causing it 
to bend. In such a case, the plume will 
be slower and cooler, with reduced 
temperature fluctuations.

The parameter values for the integral 
model representation of the plume from 
Dante were set to a total heat flux of 
25 MW and correspond to a cumulative 
areal radius of 0.14 m (area = 0.06 m2), 
an initial velocity of 0.3 m s–1, a tempera-
ture anomaly of 324°C, and a salinity 
deficit of 5.3 as documented by 
Butterfield et al. (1994). The model 
is forced with a horizontal cross flow 
varying from 0 to 0.1 m s–1. The plume’s 
radial-averaged vertical velocity is 
computed at z = 20 m above the orifice 
and is plotted as a function of the hori-
zontal cross flow in Figure 4d. The curve 
that gives the best fit to our measure-
ments represents entrainment coef-
ficients α = 0.1 and β = 0.6, and a drag 
coefficient (CD = 1.7) that is in the range 
proposed by Fan (1967). Measurement of 
the acoustically derived vertical velocity, 
which is a spatial average through 
the plume, is also plotted against the 
extrapolated horizontal currents. The 
model supports the idea that entrain-
ment of the ambient seawater into 
the plume is enhanced under a strong 
horizontal cross flow, which makes the 
plume cooler and slower than when the 
horizontal flow is weak, and provides a 
means to quantify the source conditions. 

three-Dimensional 
Numerical Modeling
A second category of models for hydro-
thermal plumes embodies a full three-
dimensional, nonlinear, nonhydrostatic 
partial differential equation set for mass, 
momentum, and property (heat and 
salt) conservation, along with auxiliary 
equations for turbulence. One of the first 
applications of this type of model was 
in the description of the initial hours 
of a megaplume formation (Lavelle 
and Baker, 1994; Lavelle, 1995). Speer 
(1997) used such a model to examine the 
possibility of a megaplume crossing the 
shallow upper-ocean thermocline and 
expressing itself at the sea surface. In all 
such cases, the length scales of the mega-
plumes (order tens of kilometers) make 
Earth’s rotation an important factor. As 
the megaplume rises, fluid rushes radially 
inward into the ephemeral megaplume 
stem, while the opposite occurs aloft. As 
the fluid nears the level of neutral buoy-
ancy, the fluid flows radially outward, and 
Earth’s rotation causes the megaplume to 
rotate anticyclonically (clockwise in the 
Northern Hemisphere and counter clock-
wise in the Southern Hemisphere). 

A hydrodynamical-transport-
turbulence model of the same type 
has been used in the case of steady 
ambient cross flows (Lavelle, 1997). 
Cross flows complicate the calculations 
because the domain must be effectively 
open to outward heat transport. The 
three-dimensional model results for an 
aggregated (vent-field) source show the 
plume bifurcating downstream, a feature 
often observed in atmospheric plumes. 
The model results also allow calculation 
of rise height as a function of cross flow, 
and entrainment as a function of height. 
In these models, no explicit assumption 
needs to be made about the nature of 
entrainment. Lavelle and Wetzler (1999) 



Oceanography  |  March 2012 177

also used the model to study the entrain-
ment of diffuse sources and background 
materials into a strongly rising plume.

The extension of the same model 
to the case of time variable cross flow 
allows comparisons to be made with 
time-series measurements across the 
buoyant plume stem at the Dante mound 
(Figure 4). That location is known to 
have a relatively strong M2 tidal current 
and a northward steady flow of compa-
rable magnitude. The model was also 
configured with a source heat flux of 
25 MW, which corresponds to an aggre-
gate discharge area 6 m x 6 m, a negative 
salinity anomaly at the source of 5, and 
a cross-stream tidal velocity represented 
by u = 0.04 + 0.04sin(2πt/TM2), where t 
is time and TM2 = 12.42 hr, the principal 

lunar tidal period. A sequence of plume 
cross sections (horizontal at 20 m 
above the Dante mound and vertical in 
Figure 5) shows potential temperature 
anomalies over a cross-stream cycle. The 
plume bends to be nearly horizontal in 
the strongest flows, and rises approxi-
mately 200 m above the vent field near 
slack flow. At maximum horizontal flow, 
enhanced entrainment occurs on the 
upstream side of the stem and back-
flow occurs on the downstream side. 
Figure 4d shows the three-dimensional 
model results for the radially averaged 
vertical velocity versus the background 
horizontal flow for comparisons with 
measurements and the integral model. 
The three-dimensional model gives 
similar results and also includes new 

information on hysteresis (i.e., vertical 
velocity is less for increasing horizontal 
flows than decreasing horizontal flows).

coNcluSioNS
With the development and installation 
of cabled observatories like NEPTUNE 
Canada (http://www.neptunecanada.ca) 
at Endeavour Segment and the Regional 
Cabled Component (http://www.ooi.
washington.edu/rsn) at Axial Volcano, 
it will be possible to start linking 
hydrothermal discharges to seismic and 
magmatic events and to ocean processes. 
Long-term time series of plume proper-
ties (shape, vertical velocity, temperature 
fluctuations, volume flux) and diffuse 
flow (aerial extent) obtained by acoustic 
methods, together with in situ measure-
ments (seismicity, temperature, video 
imagery, currents, stratification), will 
make it possible to understand the 
spatial and temporal variations of heat 
flow. These measurements can then 
be used to refine plume models to 
yield insights into entrainment, plume 
bending, and rise height, and to infer 
mound heat flux. 
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Figure 5. Horizontal (at 20 m above with horizontal flows, left) and vertical (right) cross 
sections of potential temperature anomaly (∆θ) for a model vent field discharging into a time-
dependent tidal flow. time and flow speed are shown in the panels to the right. cross flow is 
u = 0.04(1 + sin ωt), v = 0.01cos ωt in units of m s–1, with ω = 2π/(12.42 hrs). Source area is 
36 m2 with an output of 25 MW of heat, an upward velocity of 0.1 m s–1 at the seafloor, and 
fluids having a negative salinity anomaly of 5.3. Because the plume wanders slightly back and 
forth across the mean downstream direction, values on each of these downstream-depth (x-y) 
transects represent the normal projection of ∆θ maxima onto that plane.
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