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PRECISE MEASUREMENT OF THE HEAT FLUX
 FROM A HYDROTHERMAL VENT SYSTEM

Russell  E. McDuff, University of Washington
Dana R. Yoerger and Albert M. Bradley, Woods Hole Oceanographic Insti tut ion

Introduction

The very essence of a hydrothermal system is transfer of heat by a convecting
fluid.  Despite this central role played by heat transfer, we have a woeful ly poor
knowledge of the f lux of heat from seafloor hydrothermal systems and its variat ion
through t ime.  This lack of knowledge is not from a lack of trying.  Many dif ferent
investigators have made estimates of the f lux of heat from seafloor hydrothermal
systems.  The Endeavour Segment of the Juan de Fuca Ridge is perhaps the best-
studied example [Baker and Massoth,  1987; Rosenberg et al.,  1988; Thomson et al.,
1992; Schultz et al.,  1992; Bemis et al.,  1993; Ginster et al.,  1994].  We wil l  return to
the detai ls of these studies, but for now there are issues of what style(s) of venting are
included in the estimates, the errors inherent in the measurements, sampling statist ics,
and the spatial and temporal averaging that is associated with each of the individual
approaches.  Thus, while the reported values are of a reasonable order of magnitude,
the result ing estimates vary widely (from ~100 to ~10000 MW), have large
uncertaint ies (often spanning an order of magnitude), and do not al low us to address
very fundamental questions, for example, is the f lux of heat steady or varying through
time?  We propose to take advantage of technological advances in deep sea
autonomous vehicles to make precise measurements, achieving uncertainty better than
20%, of the heat f lux from the Main Endeavour Field (MEF) [Delaney et al.,  1992],
and as t ime permits a series of nearby vent f ields.

RIDGE Relevance and Relationships to Other Programs

A central theme of RIDGE is defining the temporal variabi l i ty of r idge
processes, a theme that is the foundation of the RIDGE Observatory Experiment
(ROBE).   An essential component of an observatory program directed at improving
our understanding of hydrothermal processes is the measurement of the f lux of heat
through t ime.  These measurements l ink the volcanic and tectonic processes important
in control l ing the evolut ion of heat transfer and chemical exchange deep in the crust
with the seafloor manifestations of hydrothermal activi ty including sulf ide
mineral ization, biological productivi ty, and the dynamics of the near-vent deep ocean
environment.

The Endeavour Segment of the Juan de Fuca Ridge has emerged as the locus of
activi ty within ROBE for examining the behavior of hydrothermal systems.  Of the
nine central questions posed within ROBE [Spiess et al.,  1995], this proposal is most
directly related to two:

•  “What are the nature and origins of spatial/ temporal variabi l i ty in submarine
hydrothermal systems? What are the dominant physical processes involved?”

•  “What is the space/t ime extent of exchange of heat, f luid volume and chemical
mass between hydrothermal systems and the overlying ocean?”
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This proposal contr ibutes to addressing these questions through measurement of
the integrated hydrothermal f lux from the Main Endeavour Field (MEF).  The data to
be col lected wil l  provide the f irst precise measure of the f lux of heat from the f ield
and would underpin fol lowing programs to assess the stabi l i ty of the f lux of heat and
chemical components.  This proposal is part of a coordinated, mult iple program effort
to examine the temporal character of hydrothermal processes at MEF involving a
focussed f ield component in Summer 1999, see <http://r idge.unh.edu/observatory/>.
Among these programs, our proposal has been developed in paral lel with a proposal
being submitted by Johnson, Tivey and Fisher in which they propose to examine the
conductive and dif fuse heat f low in the area around the MEF and make related
measurements of gravity and magnetic f ields. The combined data sets would provide
an unprecedented view of the overal l  heat budget of a vent system.  While each of
these two proposals represents individual experiments with intr insic merit ,  the
program is strengthened by the combination of the complementary scienti f ic elements
and by the eff iciencies of conducting a joint f ield program.  In the fol lowing
discussion, common to both proposals, we develop the shared scienti f ic rat ionale.

----------

Hydrothermal Activity on the Endeavour Segment

The Endeavour Segment of the Juan de Fuca Ridge

The locus of spreading on the Endeavour Segment consists of a 500 to 800
meter wide axial val ley f lanked by two l inear volcanic r idges with inward-facing
faults and outward-facing constructional volcanic surfaces.  These are interpreted as
the spl i t t ing of a once-intact volcanic r idge [Kappel and Ryan,  1986; Tivey and
Johnson,  1987].  Closely-spaced water column surveys and detai led seafloor mapping
indicate that the shoalest third of the segment has (at least) four hydrothermally active
and several inactive sites of past sulf ide deposit ion distr ibuted over an along-axis
distance of 15 km [Delaney et al.,  1991, 1996].  The large Main Endeavour Vent Field
(MEF) is one of these 4 large hydrothermal f ields on the segment, and has been
sampled and mapped through a number of ALVIN and ROPOS programs [Delaney et
al.,  1992].  Another active, but less well-studied f ield, the High Rise Vent f ield, is
located 1.8 km north of the Main Endeavour f ield [Robigou et al.,  1993].  Salty Dawg
was f irst visited in 1995, about 3.5 km north of MEF [Delaney et al.,  1995] and
Mothra Field in 1996 about 2.8 km south of MEF [Delaney et al.,  1996].  These
hydrothermal systems and their geological context have been described extensively in
the l i terature [Delaney et al.,  1992; Karsten et al.,  1986; Johnson and Holmes,  1989;
Tivey and Delaney,  1986; Baker and Massoth,  1987; Kappel and Ryan,  1986; Stakes
and Moore,  1991; Bemis et al.,  1993; Butterf ield et al.,  1994; Schultz et al.,  1992;
Thomson et al.,  1992; 1995; Robigou et al.,  1993, Fornari and Embley,  1995;
Hannington et al.,  1995].

Scientific Problems

Although high temperature, smoker-style venting is the most visual ly
spectacular phenomena on the f loor of the ocean, i ts contr ibution to the total thermal
budget of crustal formation is not clear, and present interpretations are based on
l imited data and poorly constrained assumptions.  The Endeavour Segment,
part icularly the well-studied Main Endeavour Field, offers an environment well-suited
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to making progress in evaluating issues related to the thermal budget of young oceanic
crust.  Crit ical questions addressed in this pair of proposals include:

Sub-Surface Fluid Circulat ion Paths: The sites of discharge and recharge of a
hydrothermal system, the depth of this circulat ion, and the processes that control these
parameters are largely unknown.  A str iking feature of the mapped vent f ield locations
on Endeavour Segment is the apparent regulari ty of their occurrence along axis, with
spacing of order 2 km [Delaney et al.,  1991].  Early studies attr ibuted the size,
geometry and long-l ived nature of these systems to 1) the presence of cross-cutt ing
faults that obl iquely intersect the r idge-paral lel (020°  N) normal faults [Delaney et
al.,  1992; Robigou et al.,  1993].  Other hypotheses regarding the regular spacing of
hydrothermal vent f ields include: 2) progressive deepening of the cracking front that
penetrates the warm lower crustal rocks [Lister,  1983], 3) characterist ic size for
circulat ion cel ls within the dif fuse porosity of the upper crustal rocks [Delaney et al.,
1991], 4) f luid circulat ion cel l  size within a narrow f issure zone [Caine et al.,  1996;
Karson and Rona,  1990], and 5) periodic di lat ion zones in the overlapping normal
faults that define the axial val ley [Willemse,  1997].  These models are poorly
constrained by exist ing data sets although they imply: 1) dif ferent physical propert ies
of the upper crust, 2) dif ferent recharge zones for the high temperature vent f luids,
and 3) dist inct distr ibutions of dif fuse/conductive heat f low.

Total Thermal Budget of Crustal Formation:  The total f lux of heat from any
port ion of the mid-ocean ridge, at both the scale of a convection-cel l  or of a r idge
segment is also a fundamental but completely unknown parameter.  A variety of
approaches have been used to estimate heat f lux from vent systems.  One very basic
approach is to measure al l  known sites of high temperature discharge within an area
and then attempt to integrate these measurements.  A modif ication to this approach
(for dif fuse and conductive f lux) is to make measurements over a regular-spaced grid,
where the grid is large enough to encompass the relevant area, but with grid-spacing
small enough to resolve (detect) al l  of the major heat sources.  A third, fundamental ly
dif ferent, approach is to employ the integrating effect of plume generation,
part icularly as represented in the neutral ly buoyant layer [Baker et al.,  1995].  In the
plume method, i t  is necessary to couple the inventory of excess heat contained within
that layer to some measurement of t ime (e.g., either measurements of t idal currents to
establ ish the net transport from a control volume, or the use of a vent-derived
radiotracer to establ ish a t ime scale).  The disadvantage of the discrete-measurement
approach is the large number of measurements and instruments required for an
accurate estimate, part icularly for f ields of the size characterist ic of the region.  The
disadvantages of the plume method are the l imits imposed on the possible resolut ion
in both t ime and space.  Despite the obvious l imitat ions, the best estimates of the high
temperature f lux presently rely on measurements within the overlying plume.
Conductive and dif fuse f lux, presumed to be non-uniformly distr ibuted over a wide
area, require the use of a systematic grid of discrete measurements.  Our integrated
program to measure al l  three of these components wil l  necessari ly use both
approaches.

Part i t ioning of the Energy of Discharge: The total heat output at the r idge axis
is distr ibuted between high-temperature focused f low, low temperature dif fuse f low,
and conductive heat transfer, but the relat ive importance of these dif ferent modes is
not understood.  Although previous studies of dif fuse heat f lux are few, there is
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general agreement that the energy transported by this mode is substantial,  since i t
occurs over a much larger area than focused high-temperature f low [Litt le et al.,  1988;
Schultz et al.,  1992; Rona and Trivett,  1992; McDuff 1995].  Diffuse eff luent has been
observed over much of the axial zone on many spreading centers at a variety of
spreading rates, may be a major distr ibution process of crustal heat in the off-axis
f lank regions, and provides the primary energy supply for biological growth in
virtual ly al l  known vent systems.

----------

Estimates of Heat Flux

A variety of approaches have been applied to estimating the heat f lux from vent
systems.  Six dif ferent estimates have been made of the thermal output of the MEF: 1)
two using plume measurements of thermal content and t ime-series of currents to
estimate the net export of heat [Baker and Massoth,  1987; Thomson et al.,  1992], 2)
one similar measurement of thermal content using 2 2 2Rn as a radioactive clock
[ Rosenberg et al.,  1988], and 3) three made by integrating estimates made at
individual vents [Bemis et al.,  1993; Ginster et al. , 1994; Schultz et al.,  1992].  These
estimates range from ~100 to ~10000 MW.  An unlikely explanation is that this range
represents temporal variabi l i ty.  One cause of the wide range is that there are
uncertaint ies inherent to each of these approaches.  Long t ime-series are necessary to
estimate the net transport of f luid from a control volume l imit ing the temporal
resolut ion of the technique and result ing in large formal uncertaint ies in derived
values [Thomson et al.,  1992].  The interpretation of the radon measurements is made
diff icult  by the contr ibution of dif fuse f low very enriched in radon and by the need for
discrete samples, l imit ing spatial resolut ion.  Instrumenting al l  individual sources
within a vent f ield is simply not feasible and there are important questions as to the
rel iabi l i ty of extrapolating data from a l imited number of instruments.  A second cause
for the wide range is that there are dist inct dif ferences in each of the approaches as to
what exactly is being measured.  Table 1 summarizes the results from these
measurements in more detai l .  From the information in this table we can form several
general conclusions:

•  Tidally induced variabi l i ty in deep currents makes i t  very dif f icult  to provide a
well-constrained estimate of the heat f lux from measurements in the neutral ly
buoyant, lateral ly spreading port ion of a plume.  The error analysis in Thomson
et al .  [1992] indicates that a six-month record is only suff icient to constrain the
net transport within an order of magnitude.  A much longer record would provide
a better estimate, but the resolut ion temporal ly would be quite poor.

•  There is reasonable agreement of the estimates made from data from the
neutral ly buoyant plume.  The radon-based value is somewhat higher than the
other two and may ref lect a signif icant component of radon entrained from
diffusely venting f luids (Rn/heat rat ios are much higher in low temperature
discharge).  While the location of the maximum anomalies suggest a strong
source at MEF, the continuity of anomalies at this level leave open the
possibi l i ty that a port ion of the f lux is advected from elsewhere.

•  The second estimate in Thomson et al.  [1992], the “ instantaneous” value,
depends on a mechanist ic interpretation of the intersected plume cross section as
being a horizontal ly deflected upflow.  I f  this is not the case then i t  represents a
signif icant overestimate.
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Table 1.  Previous Estimates of Heat Flux from MEF

Reference Heat Flux
(MW)

Method

Baker and Massoth
[1987]

1700 ± 1100 Integrated anomaly in a section scaled by
net transport as determined from current
meters

Thomson et al.  [1992] 1000 ± 620 Temperature anomaly in control volume
scaled by net transport from current meters

Thomson et al.  [1992] 12000 ± 6000 “instantaneous f lux” for plume core

Rosenberg et al.  [1988] 3000 ± 2000 Temperature anomaly scaled by Rn
inventory

Bemis et al.  [1993] 70-239 Analysis of velocity and temperature
structure of 18 plumes interpreted with
MTT plume theory

Ginster et al.  [1994] 364 Extrapolation of temperature and velocity
measurements at 11 smoker orif ices

Schultz et al.  [1992] 9400 Extrapolation of single point measurement
of heat f lux of ~10°C f luid from flange
surface

•  The two estimates based on measurements at discrete smoker-style vents fal l  at
the bottom of the range of values.  The Bemis et al. [1993] estimate excludes
plumes that have coalesced and so is an underestimate by some unknown
quantity.  The methodology applied may or may not include entrained dif fuse
flow; we are unaware of any model that would let us answer that question.  The
Ginster et al. [1994] data extrapolate measurements made on 31 smokers.  The
range of strengths of individual sources shows enough variabi l i ty that the
uncertainty in the integrated estimate is about a factor of three.  Both of these
studies are l imited by the lack of knowledge of the substantial number of vents
in the SW port ion of the f ield; at the t ime only vent 8E was known.

•  The only direct estimate of dif fuse f low is the point measurement reported by
Schultz et al. [1992].  The contrast between the estimates from discrete smoker
sources and in the neutral ly-buoyant layer support of strong component of
entrainment of dif fuse f low, but about a factor of ten smaller than inferred by
extrapolating this single point measurement to the entire vent f ield.  There are
signif icant questions as to the strength of dif fuse sources and the fate of this
f luid (e.g., contrast Schultz et al. [1992] with Rona and Trivett [1992]).
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An Approach to Precise Measurement of Fluxes

The discussion above i l lustrates the l imitat ions of exist ing approaches for
measuring the f lux of heat from a hydrothermal system.  With advances in AUV
technology i t  is feasible to employ an intermediate approach in which surveys are
conducted to characterize the f lux of heat in the r ising  port ion of the plumes
emanating from a vent f ield.  While t idal currents wil l  cause the cross section of a
rising plume to move about and vary in area, the transport wi l l  remain predominantly
vert ical.   The requirements for conducting such a survey are precise navigation, good
faci l i ty at maneuvering the vehicle on a series of trackl ines within this navigation
network and suitable instruments mounted on the vehicle to determine the
temperature, sal inity, and velocity f ields.  With the ABE vehicle, a series of grid l ines
at ~10 meter spacing could be completed in of order 6 hours in an area several
hundred meters on a side.   Navigation within a network of conventional long-baseline
acoustic transponders should be suff icient for the purposes of this survey.  While
precision would be l imited to ~1 m, the t ight spacing of l ines is meant to provide a
stat ist ical averaging of plume condit ions; mult iple l ines wil l  intersect the cross
section of plumes emanating from a single vent complex.  The central assumption is
that above the vent f ield the f lux is predominantly vert ical.   Previous work in the
vicinity of the vent f ield suggest that there are not signif icant thermal anomalies on
vert ical planes that would total ly enclose the vent f ield and thus a f lux could not be
supported.  However one of the key activi t ies during the f ield work would be to verify
that this assumption is true (and i f  not true to appropriately modify the survey
strategy).  We emphasize that the nature of the approach is to measure the f lux across
the walls of a control volume enclosing the vent f ield.  In doing so we integrate al l
heat emanating from the f ield, be i t  of focused, dif fuse or conductive origin.

Related and important measurements are the f luxes of chemical consti tuents.  A
unique characterist ic of the MEF is co-variat ion of sal inity and volat i le contents and
inverse correlat ion of temperature and sal inity in f luids within a relat ively narrow
geographical area.   Sal init ies decrease from NE to SW from ~90% of seawater levels
to ~10% and temperatures increase from ~345°C to ~380°C [Butterf ield et al.,  1994].
These data have al lowed us to hypothesize that spatial and temporal variabi l i ty in vent
f luid propert ies may result from changes in the relat ive proport ions of mixing of the
fluids from two adjacent convection cel ls [McDuff et al.,  1994].  The simplest
approach to establ ishing chemical f luxes of unreactive consti tuents is to use the
observed systematic relat ionship of chemistry and heat in vent f luids to calculate the
chemical f luxes from the heat f lux [Jenkins et al.,  1978; Edmond et al.,  1979a].  While
the gradient of ∆c/∆T relat ionships in the Endeavour f ield wil l  make this approach
uncertain, the sal inity data taken on ABE wil l  provide an independent estimate,
al lowing us to assess the val idity of the approach.  I f  est imates from these two
methods agree, then strategies to measure f luxes of reactive consti tuents, which have
different ∆c/∆T relat ionships as compared to the high temperature f luids from which
they are derived (e.g. Edmond et al. [1979b]; Baker et al. [1993]), could be developed.

Synthetic Sampling of a Model Plume

The crucial question is the quali ty of the measurement of the heat f lux that can
be obtained by such a survey technique.  I f  we could measure at al l  points enclosing a
volume and had perfect sensors then the technique would yield a highly precise result.
However a survey vehicle wil l  only provide data at a f inite set of points and so we
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must ask what density of sampling wil l  be required to yield precise estimates of the
true value?  In addit ion sensors for temperature, sal inity and velocity wil l  each have
errors associated with them.  At low heights of r ise above the seafloor the signals wil l
be high and the instrumental noise is relat ively small  while much further above the
seafloor the signals to be detected become comparable to the uncertainty introduced
by the sensors.  Because the horizontal cross section of a plume increases with height
above the seafloor there is a tradeoff between these two determinants of uncertainty.

We have analyzed this question through synthetic sampling of a set of model
plumes.  A model plume wil l  not contain al l  the complexity of a real one, for example
it wi l l  not mimic the largely unknown nature of plumes once they begin to coalesce; i t
wi l l  not include the effects of entrainment of nearby dif fuse discharge.  Nonetheless,
this modeling approach does capture suff icient real i ty to ascertain whether a discrete
set of f ield measurements wil l  provide a useful result.   We emphasize that the
observational approach we propose is not dependent in any way on this choice of
model.  Rather we are relying on the general correspondence between the estimates of
parameters coming from the plume models and observations made to date in r ising
plumes [Lupton,  1995].

The t ime-averaged theoretical descript ion of a plume has i ts roots in the classic
work of Morton, Taylor and Turner [1956].  While considerable subsequent work has
refined their model, i t  st i l l  represents a useful framework to parameterize plume
behavior.  The MTT model is a "top hat" model, that is outside a plume the f luid has
the propert ies of the ambient environment while inside the plume the propert ies are
averaged and so are only a function of distance above the plume source.  The MTT
model involves conservation of mass, momentum, and as many addit ional parameters
as are necessary to describe the density contrast between the plume and the
surrounding environment.  When applied to hydrothermal plumes, the four
conservation equations usually considered are those for mass, momentum, heat, and
salinity.  (Other components present in the vent f luid may also have a signif icant
effect on the density, especial ly si l ica [McDuff,  1995]).  The essence of the MTT
formulation is that closure of the model is made through an entrainment assumption
which establishes a proport ionali ty between the horizontal velocity of f luid entrained
at the edge of the plume to the vert ical velocity of the plume at that level: E r W= α π( )2 ,
where α is the entrainment coeff icient (empirical ly about 0.07), r  is the plume radius,
W is the vert ical velocity and E is entrainment rate.  With this assumption, the
conservation equations for mass, salt,  heat and momentum can be writ ten:

mass
d

dz
AW EA W( ) /= 1 2     salt

d

dz
SAW SEA W( ) /= 1 2

heat
d

dz
AW EA W( ) /θ θ= 1 2     momentum

d

dz
AW g( )

( )2

0

= −ρ ρ
ρ

In these equations z is the vert ical coordinate, S is sal inity, θ  is potential
temperature, and the notation X  denotes the vert ical variat ion of property X in the
ambient water column.  This set of equations can be integrated numerical ly once the
propert ies of the venting source  (A,  W,  θ ,  and S),  an equation of state (ρ( , )T S ) and the

local strat i f icat ion (θ,S ) are specif ied.
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This set of equations was solved for condit ions representative of a f luid venting
from a smoker-style vent into an environment with the strat i f ication typical of the
northeast Pacif ic.  The buoyancy force acting on the f luid brings about changes in
momentum.  Near to the source both the momentum flux and buoyancy f lux are
posit ive.  As the plume rises momentum increases at the expense of buoyancy.   At the
point of buoyancy reversal, the momentum reaches a maximum.  Because of the
remaining momentum at this level the plume overshoots.  When the level of zero
momentum is reached, the plume overturns, sinks back to i ts level of neutral
buoyancy, and spreads lateral ly.  Temperature contrast with the surrounding ambient
f luid decays rapidly with height as does vert ical velocity (though not quite as steeply).
The radius of the plume grows l inearly with height above the vent.

Using this single plume as representative we assembled a composite model with
characterist ics of the Main Endeavour Field.   Laboratory studies demonstrate that
Gaussian profi les across the plume reasonably approximate the t ime-averaged
behavior [Papanicolaou and List,  1988] and so although we use the top-hat model to
calculate plume propert ies, we distr ibuted these spatial ly in a Gaussian fashion to
provide a more real ist ic representation of in si tu condit ions.  The f ield spans a 200 x
400 meter area.  The ten km range of the survey vehicle would thus al low twenty-f ive
400 meter long tracks spaced 8 meters apart.  Within the f ield about 150 discrete
smoker vents have been mapped.  The radius of the plumes emanating from these
sources grows about 10 cm per meter of r ise, so the total area grows with height by
the relat ionship A h= ×150 0 1 2π( . )  ( for scale this relat ionship says that at 50 meters of
r ise the plume cross sectional area is about 12% of the survey area).  Previous studies
evaluating the hydrographic structure of plumes show that the temperature anomaly q
(as defined by McDougall [1990]) can be determined to about ±10 mdeg.  With
ensemble-averaging of ADCP data, the vert ical component of the f luid velocity can be
evaluated to ±1 cm/s (the ensemble-averages apply on a horizontal scale of ~5
meters).  Similar performance is achievable with the V-D-V sensor. Uncertaint ies of
this magnitude were randomly added to the modeled spatial distr ibution.

We have considered synthetic surveys f lown at heights of 25, 50, 75, 100 and
150 meters.  Table 2 summarizes the plume characterist ics used in the analysis.

----------

Table 2.  Parameters Used in Synthetic Survey Analysis

Alt i tude
(m)

temperature
anomaly, q

(°C)

vert ical
velocity

(m/s)

plume cross
sectional
area/total

survey area

Uncertainty in
estimated value
(as fraction of

true value)
based on range
containing 95%

of values

 Uncertainty
(estimated/true)

due to
propagation of
sensors errors
into integrated

heat f lux
25 1.9 .145 .028 0.64 .015
50 0.3 .105 .115 .076 .025
75 0.18 .092 .264 .049 .030

100 0.10 .075 .468 .044 .045
150 0.044 .052 1.068 .083 .085
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Figure 1 shows the cumulative number distr ibution of computed heat f lux from
1000 repl icate surveys at each height; each survey fol lows a new set of regularly
spaced survey l ines through a stat ic temperature and velocity f ield.  The posit ions of
the track l ines are changed as a proxy for variabi l i ty in plume posit ion result ing from
varying t idal currents.  At 25 meters height, the distr ibution of results is extremely
broad and less than a quarter of the estimates fal l  within 20% of the true value.  This
is because many of the repl icate surveys have few tracks intersecting the plume (as the
area in which plume is present is small) while at other t imes plume-inf luenced f luid is
over-represented and the estimated value is high.  As the survey height increases, the
distr ibution narrows considerably indicating that the sampling becomes more
representative.  But also contr ibuting to the uncertaint ies is the resolut ion of the
sensors themselves.  The r ight hand column of Table 2 indicates the formal error in
the computed integrated f lux due this source of uncertainty.  At 25 meters this is a
small number and most of the error is due to the problem of representative sampling.
At greater survey heights the contr ibution from uncertaint ies related to the sensor
precision increases so that at 150 meters most of the range seen in Figure 1 is due to
the sensors.  The distr ibution is most narrow at 75 and 100 meters and indicates that
there is an optimal level at which to conduct a survey to estimate the heat f lux.  At
this level one could compute estimates from a single survey that would be rel iable to
of order ±20%.  An important element of the f irst year of work for this project would
be to col lect data at dif ferent heights off the seafloor as a basis for ref ining this error
analysis and to optimize the strategy applied for the remaining surveys.

----------

Figure 1.  Cumulative Number Distr ibution of Estimated Heat Flux as a Fraction of
True Heat Flux for 1000 Replicate Synthetic Surveys.
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Field Program

By subcontract, Dana Yoerger and Al Bradley of Woods Hole Oceanographic
Insti tut ion would part icipate in this program and provide the services of the
Autonomous Benthic Explorer (ABE).  The approach proposed takes advantage of the
unique, proven capabil i t ies of ABE.  Past programs conducted in 1995 and 1996 have
shown that ABE can f ly careful ly control led trackl ines either at constant depth or
while fol lowing rugged terrain. These capabil i t ies have been demonstrated both in the
context of seafloor magnetics and plume mapping.  ABE's stabi l i ty and control labi l i ty
make it  an excellent platform for making the needed CTD and vert ical velocity
measurements required to implement the approach described above.  ABE has made 21
deep dives over the past two years.  More information on ABE and past f ield programs
can be found at <http://www.dsl.whoi.edu/~dana/abe_serious.html>.

Capabilities of ABE

ABE performs deep ocean surveys carrying a variety of sensors including a
magnetometer, CTD, optical backscatter sensor, bathymetric sonar, and snapshot
stereo video.  ABE navigates i tself  using long baseline acoustic transponders both in-
hul l  with a backup at the surface.  ABE uses knowledge of i ts posit ion to fol low
preprogrammed trackl ines.  I t  can either f ly at preprogrammed depths or i t  can fol low
the bottom at a programmed separation.  ABE is extremely stable and can hold i ts
heading quite steady (better than 1 degree) and i t  can hold i ts depth to better than 0.15
meters.   I ts normal transit speed is 0.7 meters/second.  The current batteries al low for
10 km of trackl ine for constant-depth operation.  Figure 2 shows the major features of
ABE:

Stern
Thrusters (3)

Lateral Thrusters

Ascent weights Electronics,
batteries

Descent weights

Fixed and variable
buoyancy

Video cameras
Conductivity,
temperature
probes

Acoustic transponders
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Navigation
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With present battery capacity, dives can be conducted on a 50% duty cycle (12
hour dive fol lowed by 12 hour turnaround).   UW personnel wil l  provide a l ist of
trackl ine endpoints, depth control options, and desired sensor and sampler control
sequences.  From these specif ications, WHOI personnel wil l  develop the mission
program.  They wil l  check the trackl ines and also analyze the result ing transponder
coverage graphical ly against background bathymetry.  The mission program wil l  then
be tested in simulation on the vehicle computer system, with the results displayed
graphical ly in real-t ime.  This simulation takes about 2 hours.  At the same t ime
batteries are charging and the vehicle undergoes i ts f inal checks. The drop weights are
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rigged and the releases tested.  The long baseline navigation is tested, as are al l
thrusters.  Likewise, the cameras and strobes are checked, as are the recovery aids
(strobes, RF beacon).  Before launch, the ship is maneuvered to a point within a few
hundred meters of the start ing point of the f irst trackl ine.  Ship posit ioning is not
cri t ical,  as ABE wil l  act ively guide i tself  to the correct point on the seafloor.  Long
baseline navigation is init iated on the ship (used to passively monitor ABE's
progress), and then ABE is launched with the ship's crane. After launch, ABE
descends to the seafloor under the pul l  of i ts descent weight.  ABE descends the f irst
few hundred meters passively.   Next i t  executes a few slow spins to enable the
magnetometer to be cal ibrated.  I t  then starts actively homing on the desired start ing
spot.  I t  controls i ts posit ion by using i ts natural forward motion during descent and
making occasional changes in i ts heading.  This al lows ABE to reach the start ing point
while using l i t t le energy.  In 2500 meters water depth, the descent takes about 2 hours.
During the entire mission, ABE's movement is tracked from the surface using long
baseline tracking.  The surface tracking is almost entirely passive, as both ABE and
the ship have precision t imebases; the ship pings only every few hours to keep the
clocks in synchronization.  During cri t ical points in the mission (arr ived on-bottom,
end of trackl ine, etc.),  ABE signals with a series of pings that can be detected through
the surface LBL system. When ABE reaches the seafloor, i t  releases i ts descent weight
and starts i ts f irst trackl ine.  I f  needed to synchronize the mission with other cruise
activi t ies, ABE can delay the start of the trackl ine as long as desired.  ABE then
executes the l ist of trackl ines, fol lowing the bottom or holding specif ied depths as
appropriate.  The operations team can monitor al l  vehicle movements via the long
baseline navigation.  The resolut ion is suff icient to fol low ABE cl imb and descend
over the terrain.   I f  ABE terminates the dive early for any reason, i t  wi l l  signal with a
series of pings.  After the last trackl ine is complete, ABE signals with a series of
pings and drops i ts ascent weights.  In 2500 meters depth, the ascent takes about 2
hours.  After recovery, WHOI personnel extract the data and make prel iminary plots.
In about one hour the basic data set is ready for analysis by the UW group.
Recomputation of the in-hul l  navigation takes several more hours.  Data from the
dives wil l  include:

•  Vehicle posit ion determined at the long baseline (LBL) transponder cycle
interval, typical ly every 10 seconds (water depth dependent).  This data is
obtained by ABE directly, so errors caused by uncertaint ies in the sound velocity
profi le of the water column are minimal.

•  Data from vehicle science sensors, sampled at 1 Hz.  These include a 3-axis
magnetometer (Develco 9200C-01), SeaBird conductivi ty and temperature
sensors, and an optical backscatter sensor (Seapoint Turbidity Meter).

•  Fluid velocity.  The ABE group has recently acquired a 1.2 MHz RDI Doppler
and wil l  have it  operating both as a bottom lock navigator and to determine the
profi le of three-component velocity vectors in bins beneath the vehicle.  An UW-
acquired f low-density-velocity (Focal Technologies VDV-1) wil l  also be
instal led on the vehicle to provide point measurements of current.  This sensor,
based on BASS technology [Will iams et al. ,  1987], includes mult iple redundant
acoustic paths as a means of correcting for deflection of the f low by the sensor.
We have verif ied from depth records of past dives that the vert ical acceleration
of the vehicle wil l  not create signif icant uncertainty in the velocity records.
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•  Vehicle att i tude (pitch, rol l ,  heading), depth, and alt i tude at the LBL cycle
interval or at higher rates up to 2 samples/second.  Pitch and rol l  are measured
with incl inometers.  Heading is a composite estimate obtained from a f lux gate
compass and a rate gyro.  Depth is measured with a Paroscienti f ic pressure
sensor.  Alt i tude is obtained from the acoustic alt imeter, which points forward 30
degrees and has a beam width of approximately 15 degrees.  These data wil l  be
used to place velocity measurements in a x-y-z coordinate system.

•  Engineering data from the vehicle.   These data include commanded thrust levels,
measured propeller speeds, battery voltage, power consumption.  These data wil l
be checked for changes in operating condit ions that may introduce art i facts into
the primary data.

•  Magnetic data col lected during our surveys would be provided to Tivey and
would complement their proposed near-bottom data col lection.

•  Imagenix 675 kHz scanning sonar for cross-track bathymetry out to ranges of
approximately 30 meters may soon be available.  We wil l  consider whether data
from this system might be useful in evaluating plume shape, as has been done
with similar acoustic techniques by Rona et al. [1991].

Field Work

The proposed f ield program is joint with the Johnson/Tivey/Fisher program and
consists of 29 days at sea on the RV Atlantis.   Making the two dist inct sets of
measurements on the same ship, with their use of ALVIN and JASON for detai led
bottom work as the daytime program and ours with ABE during the night, is an
unusually eff icient use of l imited and expensive resources.  More important however
is the integration of scienti f ic results of these two projects.  Our complementary
observations, made in the same area and at the same t ime, wil l  make the composite
program much more valuable than the simple sum of the individual experiments.  We
would plan to complete a minimum of 15 ABE dives.  An init ial four dives would be
conducted at 50, 60, 80 and 100 meters above typical vent depth to ref ine the synthetic
error analysis described earl ier and to identi fy the optimal level to conduct survey
from the standpoint of achieving the best precision.  Comparison of the heat f lux at
each of these levels provides one way of verifying the absence of signif icant
horizontal f luxes; in the absence of horizontal f luxes there must be conservation of
heat between levels.  The next three dives would be made on vert ical sections at the
edge of the survey area to examine the magnitude of horizontal f luxes into or out of
the vent f ield.  These dives would be complemented by hydrographic data col lected by
using the dynamic posit ioning capabil i ty of the ship and long-baseline navigation to
posit ion a CTD rosette on the vert ical walls of the control volume.  These data provide
a second test of whether a survey strategy focussing solely on vert ical f luxes wil l  be
adequate or whether the strategy must include both the sides and top of the control
volume.  The remainder of the dives would be used to characterize the heat f luxes
from MEF and to establ ish the variabi l i ty that might exist on the scale of days to
weeks.  Analysis of any variabi l i ty found would include comparison with observations
from discrete vents made at the same t ime by a proposed Delaney et al.  program
examining t ide-induced variabi l i ty in venting.  The possibi l i ty exists that we wil l  f ind
no signif icant variat ion of heat f lux in the init ial dives and f irst several optimized
dives.  In this case we would plan to make exploratory surveys of the three adjacent
vent f ields (High Rise and Salty Dawg to the north, Mothra to the south) both to set a
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regional context for MEF and to help in interpreting exist ing data for lateral ly
spreading, neutral ly buoyant plumes.

Personnel

Russell  McDuff wi l l  serve as principal investigator for this program.  He wil l
be responsible for coordination of f ield work with Johnson, reduction of data, and
interpretation and publication of the results including integration with the studies of
other ROBE investigators. Fritz Stahr, who is completing his Ph.D. in physical
oceanography working with Tom Sanford, wil l  be a postdoctoral researcher on the
program.  He wil l  work with McDuff on integrating sensors with ABE, sensor
calibrations, and survey design.   A graduate research assistant wil l  work with McDuff
on processing and analyzing the data.  A team of four people operates ABE: Dana
Yoerger, Al Bradley, Rod Catanach and Al Duester.  Yoerger and Bradley are
responsible for planing and programming each ABE dive in col laboration with
McDuff.  Catanach and Duester assist with vehicle operations and turnaround.
Yoerger and McDuff wil l  conduct the transponder deployment and transponder surveys
for the long-baseline navigation system.

A Temporal Perspective

The col lect ive advice from two earl ier submissions of this proposal was to
col lapse i ts scope to a single f ield season, focussing on heat alone and without making
related chemical measurements.  The outcome of the complementary f ield programs
wil l  be to have mapped hydrothermal circulat ion and measured heat output that
represents, geological ly, a single point in t ime.  Though the f ield program covers a
period of almost a month, we wil l  not have determined i f  the heat f lux of this system
is steady, osci l latory, or evolving with t ime.  We view this init ial  program as a cri t ical
demonstrat ion that hydrothermal f luxes can be measured with suff icient precision so
that conducting t ime-series measurements would be of value.


