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Abstract. We investigate the generation of megaplumes by the release of buoyant
nydrothermal fluid from the seafloor. We show that megaplumes may be generated
from various modes of venting, including both the instantaneous and continuous
release of hydrothermal effluent from either a point or line source. The hydrothermal
effluent forms a buoyant plume, which rises through the water column to its neutral
buoyancy height and then intrudes laterally to form a neutral cloud. Owing to the
influence of the Earth’s rotation f, whose magnitude is = f/2, the neutral cloud
eventually becomes unstable, giving rise to geostrophic vortices that propagate
away from the source. By combining the scaling laws governing turbulent plumes
and geostrophic vortices, we establish new relationships between the megaplume
geometry and the source conditions. We find that megaplumes whose radius greatly
exceeds their height of rise are formed from sources that persist for at least several
days, since, in the deep ocean, the radii of eddies produced by short-lived releases
of buoyant fluid are comparable to their rise height. Our model predicts the total
buoyancy B of the hydrothermal effluent released in forming such megaplume
structures. We also calculate the total megaplume heat content in terms of the
total buoyancy release and the thermal anomaly of the megaplume, by considering
the effects of the ambient stratification in both temperature and salinity on plume
properties. Finally, we apply the model to data from three historic megaplume
events at the Juan de Fuca ridge.

centres, which may lead to either lava-flow eruptions
on the seafloor or the exposure of a sub surface fracture
system [Cann and Strens, 1989; Baker, 1995). Although
there have been very few observations of megaplumes
|Baker, 1995], such observations have raised important
questions concerning the temporal and structural be-
haviour of the sub surface hydrothermal circulation.
Several workers have made estimates of the heat bud-
get of megaplumes by applying the classical theory of
turbulent, non rotating buoyant plumes [Morton et al.,
1956], which makes it possible to relate the plume rise
height to the source heat flux. In order to do so, as-
sumptions concerning the plume source conditions are
required. Cann and Strens, [1989] assumed that the
megaplumes originated from a continuous release of
hydrothermal fluid at a point source and so inferred
extremely large source mass fluxes of ~ 15,000kg™!s.
Baker et al., [1989) assumed that a megaplume was pro-
duced from a continuous line source of bucyancy and
calculated the source buoyancy flux per unit length to
be 3.5 x 10® J m~!/s™!. By using measurements of the

1. Introduction

Megaplumes are lenticular clouds of hydrothermal ef-
fluent, which have been discovered during hydrographic
surveys of the deep ocean in the vicinity of active
mid-ocean ridge spreading centers [Baker et al., 1989].
Megaplumes, identifiable on the basis of their thermal
and chemical signatures, are as large as 10 km in ra-
dius, 700 m thick, and located 800-1000 m above the
seafloor. They are manifestations of the most vigor-
ous style of hydrothermal venting, and the volume flux
of hydrothermal efiuent involved is typically several
orders of magnitude larger than that associated with
the more ubiquitous black smoker plumes whose ascent
height is typically 200-300 m [Speer and Rona, 1989)].
While the origin of megaplumes is still the source of
¢peculation, they are thought to be manifestations of
the episodic discharge of hydrothermal effluent associ-
ated with heightened tectonic activity near spreading
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average temperature anomaly in the plume and combin-
ing these with the observed plume volume, Baker et al.,
[1989] estimated the heat content of the megaplume to
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be 10'° 10" J. Coupling this result with the buoyancy
Hix led to an estimate of t,L = 2 — 4 x 10% ms where
t. is the time of discharge and L is the source length.
From the distribution of hydrothermal crystals within
the megaplume, they concluded that the megaplume
was emplaced in a time 2 days < t; < 20 days, which
suggests a source length in the range 200 m < L < 2
km.

The purpose of this contribution is to use the re-
sults of new laboratory experiments to identify the con-
straints on the megaplume geometry imposed by the
dvnamical influence of the Earth's rotation. These ex-
periments identify that if a megaplume remains in the
water for times in excess of a few days, then the Earth's
rotation can have a dominant influence on the motion of
the neutral cloud above the buoyant plume. We use our
labaratory results and dimensional analysis to relate the
time of discharge and the total megaplume buoyvancy to
its radius and rise height for instantaneous and continu-
ous releases from point and line sources. Furthermore,
we demonstrate that by considering the effects of the
ambient. stratification in both temperature and salinity,
one may combine these new results with measurements
of the thermal anomaly of the megaplume in order to
make new estimates for the total megaplume heat con-
tent. As well as developing new constraints on the buoy-
ancy and heat budget of megaplumes, improved under-
standing of the effects of the Earth’s rotation on hy-
drothermal effluent is important for developing a more
complete picture of mid-ocean ridge processes.

In section 2, we describe experimental evidence that
megaplume-type structures may emerge from point or
line sonrces and that multiple megaplumes may emerge
from sufficiently long sources. In section 3, we present
nuantitative estimates of the total buoyancy associated
with megaplumes for these various possible source con-
ditions. We demonstrate that the total buoyancy of a
megaplume located at a given height above the sea floor
varies according to its origins; in particular, whether it
originated from a point or line source, and the dura-
tion of the source. In section 4, we calculate the heat
content associated with such megaplumes by consider-
ing the combined influence of ambient stratification in
temperature and salinity and apply our model to make
inferences concerning a number of known megaplume
events,

2. Dynamics of Plumes in Rotating
Stratified Environments

While the details of the plume dynamics depend ex-
plicitly on whether the plume fluid emerges from a point
or a line source, one may present a generic physical
picture that describes the motion of turbulent buoyant
plumes in rotating stratified Auids. The classic work
on turbnlent plumes in stratified, non rotating fluids is
that of Morton et al., [1956]. They demonstrated that
as the buoyant pleme fluid rises, it is diluted by en-
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trainment of ambient fluid, so that the mean density
of the plume decreases with height above the source.
Therefore, if the ambient fluid is stably stratified and
characterized by a constant Brunt-Vaisila frequency N,
then the plume fluid eventually reaches a level of ney-
tral buovancy at which it intrudes laterally to form g
neutral cloud.

In rotating stratified environments, the importance
of rotation on the plume dynamics is prescribed by the
relative magnitudes of N and f. We here focus on the
parameter regime relevant for the deep oceans, in which
N > f, where f is Earth’s rotation. In this case, the
ascent phase of the plume motion is not affected by the
system rotation. However, rotation does influence the
spreading of the neutral cloud as well as the radial inflow
forced by entrainment into the plume. As gravity forces
the neutral cloud to spread laterally, the rotation begins
to influence the motion on a timescale of order of a day.
The rotation acts to generate a net circulation in the
spreading cloud, as the current adjusts to the so-called
geostrophic balance, in which the outward gravitational
force is balanced by the inward Coriolis acceleration.
The evolution of the neutral cloud depends explicitly on
whether the plume source is a localized ‘point’ source,
in which case the neutral cloud is axisymmetric, or a
line source.

We begin in section 2.1 by reviewing the key re-
sults presented by Helfrich and Battisti [1991] and Hel-
frich and Speer [1995} in their studies of turbulent point
source plumes in rotating stratified fluids. We proceed
in section 2.2 by extending the physical description of
point source plumes in order to describe the release of
hydrothermal efffuent from line sources. This discussion
draws on a companion study in which we present a de-
tailed account of an experimental study of line plumes
in rotating stratified fluids [Bush and Woods, 1999]. For
the interested reader, further details of the experiments
may be found in this companion study.

2.1. Point Source Release

The dynamics of hydrothermal plumes rising from a
point source on the sea-floor have been described by
several workers, and a recent review is provided by Hel-
frich and Speer [1995]. In this case, the neutral cloud
remains axisymmetric as it adjusts to geostrophic bal-
ance over a time of order 10/f. When it does so, the
geostrophic balance requires that

fusR ~ N2R? 1)

‘where v, is the azimuthal or swirl velocity within the

cloud and % and R denote the half height and radius,
respectively, of the neutral cloud. The conservation of
angular momentum within the spreading neutral cloud
requires that v, ~ fR; consequently, the aspect ratio
h/R of the geostrophically balanced neutral cloud is
proportional to f/N, and the neutral cloud is charac-
terized by a Prandtl] ratio, also known as the Burger
number:
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Nbh
P = 7R (2)
which is typically an order one quantity varying be-
tween 0.3 and 0.8 [Helfrich and Battisti, 1991, Bush
and Woods, 1999].

Experiments and numerical calculations have identi-
fied that if the source supplies fluid for a time #, shorter
than 100N/ f2(>> 1/f), then the cloud assumes the form
of an anticyclonic lenticular vortex, with an underlying
cyclonic vortex in the ambient fluid below. In labora-
tory experiments, such baroclinic dipolar vortices are
very stable and decay slowly through viscous influence
on a spin-down timescale 7, ~ h/(¥)!/2 ~ 108 — 10%s
[ Hedstrom and Armi, 1988]. If the source is maintained,
the cloud grows and deepens until it becomes unstable
after a time 7 ~ 100N/ f? [Helfrich and Speer, 1995].
The nature of the instability depends on the relative
magnitudes of N and f: for N/f > 2, the neutral cloud
simply drifts off the source, and together with the un-
derlying ambient, fluid it forms a single, dipolar, baro-
clinic vortex. For N/f < 2, the neutral cloud, together
with the underlying ambient fiuid, breaks into a pair
of baroclinic dipolar eddies [Helfrich end Battisti, 1991;
Speer and Marshall, 1995].

In both cases, the instability is baroclinic and the
size of the eddies formed from a continuous release of
buoyancy is limited by the influence of rotation. The
successive generation of dipolar baroclinic vortex pairs
from the instability of the neutral cloud above a point
source in the case N/f = 1.4 is shown in Figure 1 [cf.
Helfrich end Battisti, 1991].

2.2. Line Source Release

Tectonic fracturing or a sea floor fissure eruption may
lead to venting from a line source (Figure 2) [Baker et
al., 1989]. The development of the neutral cloud under
the influence of the Earth’s rotation depends critically
on the length of the source compared to the critical
radius at which the neutral cloud becomes unstable.
We consider, in turn, two distinct cases, that in which
the line source is longer and shorter, respectively, than
the critical radius of the neutral cloud. In the former
case, the neutral cloud is no longer axisymmetric; con-
sequently, its dynamics are much more complex and our
discussion is based on the experimental results of Bush
and Woods, [1999). In the latter case, the neutral cloud
adjusts to an axisymmetric form, and its subsequent
dynamics are analogous to that above a point source,
as discussed above (Figure 2).

2.2.1. Long-Line source. The line plume which
rises above a long line source supplies a correspondingly
long neutral cloud that spreads in a direction perpen-
dicular to the source {see Figure 3). The neutral cloud
evolves toward a geostrophic state after a time of order
1 day; counterflowing currents develop on either side of
the neutral cloud (see Figure 3a}. The Coriolis force
associated with these horizontal motions matches the
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outward force due to gravity. Entrainment into the line
phume is influenced by the system rotation, giving risc
to a flow beneath the neutral cloud consisting of cur-
rents aligned with the plume but directed opposite to
the overlying currents in the neutral cloud. Under the
combined influence of the horizontal and vertical shear
across it, the neutral cloud eventually breaks into a se-
ries of axisymmetric, lenticular eddies (Figures 3b-3d).
By conservation of mass, the radius of each eddy scales

Figure 1. The shedding of dipolar vortices from a point
plumne discharging into a rotating stratified fluid. (a)
t = 7.3/f, where £ is time and f is Earth’s rotation,
where the first two dipoles propagate away from the
source, above which a third develops, (b) t = 13.6/f:
the third dipole propagates away from the source, above
which the neutral cloud is re-established.
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Figure 2. Schematic of the neutral cloud above the ver-
tical buoyant plume produced from a short-line source.
This neutral cloud eventually develops anticyclonic cir-
culation, as shown in the schematic top view, and ad-
justs to an axisymmetric, geostrophically balanced eddy
typical of megaplumes observed in the field.

with the width of the current at the onset of instabil-
ity, which was observed to occur after approximately
10 rotation periods. While this instability is reminis-
cent of the break-up of a linear gravity current in a
rotating stratified fluid [Griffiths et al., 1982], the rel-
ative importance of the vertical and horizontal shears
across the neutral cloud in driving the instability is not
yet understood [Bush and Woods, 1999).

It is important to note that a long, linear neutral
cloud, in contrast to that above a point source plume,
will always break up into a series of axisymmetric ed-
dies, regardless of whether the source is maintained for
a time which is short (t, < 100/f) or long (¢, > 100/ f)
relative to the timescale of the instability. For a long
linear source, of length L, the volume of the eddies that
develop is comparable to R%h where R(< L) and 4 are
the width and depth of the neutral cloud, respectively,
after a time of order 100/ f. It is interesting to note that
the size of the resulting eddies will thus increase with
the time of discharge. The dependence of eddy size on
source properties will be clarified in section 3.

2.2.2. Short-Line source. An interesting hybrid
situation arises if the source length L is larger than
the rise height of the line plume H; but smaller than
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the width R of the two-dimensional neutral cloud after
it has become strongly influenced by rotation. In this
case, the plume ascent will be governed by the dvnam-
ics of a line plume [cf. Sparks et al.. 1997; Boker et al_,
1989]. However, as the neutral cloud spreads outwards
to distances greater than the length of the source, it
becomes progressively more circular. After several ro-
tation periods, the neutral cloud becomes axisymmetric
and appears to originate from a point source. The sub-
sequent dynamics and instability of the neutral cloud
are analogous to that produced by a point source ax-
isymmetric plume, even though the plume assumes a
linear form.

Owing to the combined influence of stratification and
rotation, there is a complex family of source condi-
tions, which may lead to the formation of one or more
isolated, lenticular vortex structures above mid-ocean
ridges. These different regimes are summarized in Ta-
ble 1. The dynamics of the geostrophically adjusted
neutral clouds that may be generated in each case are
similar. Thus, without detailed information about the
origin of the megaplume, it may be difficult to infer
the origin of an isolated neutral cloud above an active
mid-ocean ridge spreading center. However, the fluid
mechanical principles governing the formation of these
coherent vortical structures provide a new means of es-
timating their buoyancy and heat content. In the next
section, we describe how the total buoyancy associated
with an eddy at a given height in the water column may
be related to the megaplume dimensions for each of the
regimes described in Table 1.

3. Inferences of Total Megaplume
Buoyancy

We proceed by demonstrating how estimates for the
total buoyancy of a megaplume may be made in terms
of the megaplume geometry (specifically, its rise height
H, radius R, and half thickness h) as well as the nag-
nitude of the ambient stratification N and the Earth’s
rotation f. Results are derived and compared for each
of the idealised source conditions described in Table i.
In section 4, we describe how these estimates of the
total buoyancy may be converted to estimates of the
total heat content of the megaplume, given that source
fluid may be of different temperature and salinity than
the ambient water and that the ambient water column
is stratified both in temperature and salinity |[Turner
and Campbell, 1987; Speer and Rona, 1989; MeDougall,
1990). In section 5, we include a summary table, Table
2, for readers who wish to access the results directly.
The calculations of subsection 3.1, 3.2, and 3.3 follow
a similar pattern. We therefore include a relatively de-
tailed discussion for secton 3.1, followed by a more con-
cise description in subsection 3.2 and 3.3.

3.1. Localized Source of Buoyancy

As a lenticular, neutral cloud spreads radially through
a stratified environment, it attains a geostrophic bal-
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Figure 3. The development of coherent vortices from the discharge of a line plumes in a rotating
stratified fluid as viewed from above. {a) The plume fluid shown spreads at its level of neutral
buoyvancy. The Coriolis force generates a strong shear across the neutral cloud. {b) The neutral
cloud begins to go unstable. The plume source is turned off. (c) The neutral cloud wraps into size
distinct anticyclonic vortices. (d) the persistence of six coherent vortical structures of comparable

size.

ance and its Prandt]l ratio assumes a constant value.
Denoting the volume of the cloud by

V = R%h (3)

and eliminating A from (2), it follows that the radius of
the geostrophic eddy is

where £ is a shape factor for a geostrophically adjusted

eddy. In section 3.2.2, we determine the value of 3 by
comparison with the experimental results of Bush and

Woods (1999). Given this scaling and the classical re-
lationships between the source buoyancy or buovancy
flux and (1) the height of rise and (2} the volume flux
supplied to the top of a buoyvant plume [Morton ei ul.,
1956; Sperks et al., 1997, chapter 2], we can now es-
timate the total buovancy associated with megaplumes
formed from a localized source of buoyancy for the three
special cases of interest: an instantaneous thermal re-
lease, a finite plume release, and a continuous plume
release.

3.1.1. Instantaneocus release, t; < 1/N. Foran
instantaneous point release of buoyancy B (a release



20,500

Table 1. Dimensions and Dynamics of Megaplumes
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Long-Line Source

Time Point or Short-Line Source
ts € 1/N single monopole chain of monopoles
1/N <t: <t single monopole chain of monopoles
ts >t periodic shedding of dipole pairs continuous shedding of dipole pairs

Variables are defined as follows: t,, time of discharge; IV, Brunt Viisila frequency; and ti, timescale of instability.

over a time t, € 1/N) into a stratified environment,
the buoyant fluid may be described as a thermal that
grows through entrainment as it rises. This mede of
discharge has been considered by Scorer [1957] and Hel-
frich [1994]. The thermal ascends to a height

H =266 BY/4N~1/2 (5)
before spreading laterally to form a neutral cloud with
volume

V =30 B¥iN-3/2 (5)
The numerical constants in (5) and (6) are calculated
from the butk entrainment parameter € = 0.33 reported
in the experimental study of Scorer [1957). The total
buoyancy released at the source B may be deduced from
(5) in terms of the neutral height H and the Brunt-
Viisila frequency as

B =0.02 H*N? (7)

and so does not depend explicitly on the plume dimen-
sions. The radius of the resulting neutral cloud may be
deduced by substituting (6) into (4), which yields

R N 1/3
7 =% (773)

‘These relations may be used in a straightforward
manner to estimate the buoyancy flux of the neutral
cloud produced from a point source plume, if the ratio
of the radius to the height of the cloud satisfies (8). For
example, a neutral cloud of hydrothermal fluid at height
500 m in a stratified environment with N = 10~ g-!
could be produced from a short-lived release of buoyant
fluid B = 12.5 m* 573 if the ratio of the radius to the
height of the cloud satisfies (8), R ~ H. However, if the
radius of the cloud was much larger than the value H )
then much more fluid would be needed to produce the
neutral cloud. This could not be acheived by releasing
a much larger mass of buoyant fluid over the same rel-

(8)

Table 2. Estimates of Buoyancy B and Radial Dimension of Megaplumes Produced by the Discharge of Buoyant
Fluid From a Point or Line Source in Terms of the Megaplume Dimensions and Neutral Height

ts K 1/N /N <t <t ts >t
Point Source, Section 3.1 B = 0.02H*N? B =054N*RhH B =0.54H*PNY/f?
HN1/3 Ht}’ssza

R=H R =0.06Ht.? R=10H
Short-Line Source, Section 3.3 B =031H*LN? B =081N*R*hH B =(081HN'P/f?

H/3p1/3 /8 Hz"'aL”aN"Vstj/s
R>L>H R:O?g—m— R =032 P113f1/3 RNNH/f

R=1292H¥3[V/3 R =0.08H?/3L1/3;1/3 R =10H

H4N5/2
B = 0.46-}3]—,2}!—/2-
1/2
R=HN"
Fi7zpire
R=47H

Long-Line Source, Section 3.2

L>»R

B =081N’R*hH B =08H'N'pP/f?

HNt/?
R=0.04H¢/? R=10H

The timescale of instability ¢; is comparable to 100N/ f2,

100HN/Lf?, and 100/ f for the point source, short line source,

and long line source, respectively, where ¥V is Brunt-Viisila frequency; f is Earth’s rotation; L is source length. The third
line in each section of this table corresponds to a specific calculation appropriate for the deep ocean in which N ~ 10 f.
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atively short time, since the neutral cloud would then
ascend higher into the water column. Instead, the fluid
would need to be released over a longer time, as if issu-
ing from a continuous source. We consider this different
situation below.

3.1.2. Short-lived continuous release. For a
continuous release of buoyancy flux F from a point
source for a time t, such that 1/N < t, <« 100N/f?,
the rising fluid may be modeled as a steady state plume.
The neutral cloud adjusts to geostrophic balance, and
the final volume of the cloud may then be determined
in terms of the timescale of the source i,.

The rise height of the plume is given by

H =3.76 FY/AN—3/1 (9)
The total volume of the neutral cloud is given by the
product of the volume flux in the plume Q{H) =
1.27 F3/4N—5/4 and the source time:

V = Q(H)t, = 1.27T F¥ANT%4, (10)
where the entrainment coefficient was estimated from
experimental results compiled by List [1979], € = 0.13.
Using (3) and (10), we may express ¢, in terms of the
cloud radius R and depth h, giving the result that
t, = BRh/(1.27TF3/AN-5/%). Combining this result
with {9), the total buoyancy released at the source,
B = Ft,, may then be expressed simply in terms of

the megaplime dimensions:

B=02N R*hHpB (11)

This relation is different from (7) owing to the different
rates of entrainment into rising plumes and thermals.
Finally, substituting (10) into (4) yields an expression
for the radius of the neutral cloud in terms of the source
conditions:

Fl/4t§/3
pP1/3 f1/3N1/12ﬂ1/3

R= 11 (12)

Eliminating F via (9) yields the relationship between

the megaplume radius and neutral height for this par-
ticular mode of venting:

1/3 a72/3
R=03 ts' "IN

q R VERSVETIVE (13)

If the ratio of the radius to the height of a neutral cloud
satisfies {13) and the neutral cloud is known to have
been produced from a point source, then we may use
{11) to calculate the total buoyancy associated with the
neutral cloud.

3.1.3. Long-lived continuous release. For a
long-lived continuous release of buoyancy, the neutral
cloud grows and eventually becomes unstable. By com-
bining (3), (10), and (12), we can express h as a func-
tion of N, F and t,, h = F1}/12N-18/1241/3 p2i3g=2/3,
Comparing this expression for h with (9) for H, it
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may be seen that the depth of the neutral cloud h be-
comes comparable to the height of rise of the plume
H as the source time approaches 7; ~ 100N/f2. The
cloud then becomes unstable to a baroclinic instability
and drifts off the source as a dipolar vortex [Helfrich
and Battisti, 1991]. Substituting the critical radius at
which the plume becomes unstable, R ~ NH/f , into
(11), we find that the maximum buoyancy that can be
contained within a single megaplume generated from a
point source is given by
B = 0.2 hH*N'8/f* (14)
In Figure 4, we illustrate how the ratio of the radius
to height of the cloud varies as a function of the source
time, for eddies at the same height in the water column.
For short-lived releases, the ratio has constant value of
about 2, and this corresponds to the result of section
3.1.1. As the source time increases, the plume becomes
continuous and the ratio R/H increases to values as
large as 20-30. Eventually, for long-lived sources, baro-
clinic instability develops after times ~ 100N/ f? and
eddies are shed from the neutral clond. This diagram
illustrates an important result, namely, that, given the
geometry of the source, the timescale of the source may
be estimated purely in terms of the aspect ratio of the
geostrophic eddies formed from the neutral cloud. Sim-
jlar results hold for line sources, as outlined below.

3.2. Long-Line Source

For a line source of buoyancy, the possibility of multi-
ple lenticular vortical eddies arises. In order to calculate
the size of the eddies that form following the breakup

of the neutral cloud, we note that the eddies are in
geostrophic balance so that the force balance (1) again

applies. This suggests that the number of eddies that-
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Figure 4. Variation of the aspect ratio of the eddies
produced from the neutral cloud above an axisymmetric
turbulent plume (section 3.1), R/H, as a function of the
dimensionless timescale of the source N't,. Here we take
N/f = 100.
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form from a line source of length L should scale as L/R
unless B > L, in which case a single eddy forms.

When the line source has broken up into segments
of length 2R, where R is the half width of the neutral
cloud prior to the onset of instability, then the voluine
of each eddy, SR*h, may be related to the volume per
unit length of the neutral cloud Vz according to

BR*h = 2RV}, (15)
Combining (15) with (4) leads to
2NV \ 2 .
fi= ( 73 ) (16)

We now examine how the radius and size of the eddy
change as the discharge time varies.

3.2.1. Instantaneous release. For an instanta-
neous release of buoyancy per urit length By, the dy-
namics of the buoyant fluid corresponds to that of a
line thermal. The height of rise of a line thermal in a
stratified fluid is given by

H =16 B/ N-23 (17)

while the volume per unit length of the neutral cloud is

Vi =3.7 B3 N-4/3 (18)

where the entrainment coefficient, ¢ = 0.66, was esti-
mated from the experimental data of Noh et al., [1992]
and by assuming that the ascent height is much larger
than the original depth scale of the thermal. Combining
(16) and (18) to eliminate V7, we find that the radius
of the geostrophically adjusted flow is given by

Bl/s
L
N1/6f1/2p1/261/2

R= 34 (19)
By expressing the buoyancy released per unit length
B in terms of H and N using (17) and combining
this with (19), one may express the total buoyancy con-
tained within each eddy as

HiN5/2

B=2BLR =075 g

(20)

The megaplume radius may then be expressed in terms
of its neutral height by eliminating B;, from (19) using
(17), which yields the result

j2) N 1/2
7= (77)

As in section 3.1, if a neutral cloud is known to originate
from a long line source and the ratio of the radius to the
height, of the cloud satisfies (21), then (20) may be used
to estimate the total buoyancy associated with the neu-
tral cloud. For neutral clouds with larger radius-height
ratios, the following models for the continuous release of
buoyant fluid from a line source are more appropriate.

(21)
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3.2.2. Continuous short-lived release. For a
continuous line source of buoyancy F per unit length,
the rising fluid may be described in terms of a steady
line plume. The rise height of a line plume in a stratified

ambient is
H =341 FY/3N-1 (22)

The volume flux per unit length supplied to the neutral
cloud is given by Q(H) = 0.98 F?/3N-1, 5o that the
final volume of the neutral cioud is

Vi = Q(H)t, = 0.98 F*3N~1t, | (23)
where, once again, the entrainment coefficient was taken
from data compiled by List [1979], € = 0.11. For a dis-
charge persisting for a time t, < 100/ f, this expression,
(23}, for the total volume per unit length in the neutral
cloud may be combined with (22) and (16) in order to
deduce the length scale of the geostrophically adjusted

flow: =y t.l,/z |

R=14 — 3

= PIEf g (24)

Bush and Woods [1999] performed an experimental study
of the formation of eddies above a long line source
of buoyancy. A number of eddies of radius R formed
above the source and the average radius R of the ed-
dies was measured (Figure 5). Analysis of the data
shows that the individual eddies were characterized
by Prandtl ratios P = 0.45 + 0.1 and by radii R =
(0.8 +£.12)(Ft,/f)/3. Comparison with (24) suggests
that the shape factor 8 thus has a value of 8 = 2.7+0.7.

The total buoyancy of each eddy that develops from
the instability of the neutral cloud is given by B =
2FRt;. Using (22) and (24) for F and ¢, leads to the
estimate for the total buoyancy

B= 03 HRNfPA (25)
Apart from the different numerical coefficient, this re-
sult is identical to the scaling for a megaplume pro-
duced from a point source of buoyancy (equation {11)).
However, in this case, there would be a series of such
megaplumes above the fissure, with the total number of
megaplumes being n = L/(2R).

Finally, eliminating F' from (24) using (22) yields a
relationship between R and H for this venting style:

R Ntl/?
H ~ 0'4p1/2f1/2ﬁ1/2 (26)
3.2.3. Continuous long-lived release. For a

maintained source of buoyancy, the experiments sug-
gest that the current again becomes strongly influenced
by rotation after a time of order 10/f. The neutral
cloud continues to expand until a time ~ 100/ f, after
which it breaks into a series of eddies [Bush and Woods,
1999]. The eddies thus formed from a continuous release
represent the most voluminous megaplumes consistent
with a long-line source of buoyancy. The flow breaks up
into this train of eddies after about 10 rotation periods,
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Figure 5. Average size of the eddy formed during a series of experiments in which the neutral
cloud above a line source of buoyancy became unstable and broke up into eddies (figure 3). The
data were gathered from a series of experiments in which one to six eddies were produced through
variation of the source strength, the rotation rate and the stratification of the ambient fluid. The

dashed line represents R = 0.77 F*/ 343/2 / F1/2. Further details of the experiments are given by
Bush and Woods, [1997). A characteristic error bar is shown.

~ 100/, at which point the depth of the neutral cloud,
h = PfR/N is comparable to the height of the plume.
Using the result (23), it follows that the total buoyancy
associated with each of these eddies is comparable to

B =03 H'N'PB/f? (27)
in accord with experimental results of {Bush and Woods,
1999]. Once again, this result is identical, apart from
a numerical coefficient, with the prediction for a econ-
tinuous point source of buoyancy above a point source
(equation (14)).

3.3. Short-Line Source L < R

Finally, we consider the case in which the length of
the line source L is shorter than the length scale over
which the neutral cloud attains the geostrophic balance,
R, but is greater than the height of rise of the plume,
H. In this case, the plume behaves as if issuing from
a line source, while the dynamics of the neutral cloud
are analogous to that associated with an axisymmetric
point source plume.

3.3.1. Instantaneous release. Using the above
results for the rise height and volume of the neutral
cloud (17) and (18) of a line thermal and for the radius
(4) of the neutral cloud produced from an instantaneous
localised release, it follows that

H2/3L1/3N1/3

R=11 W (ZB)

while the total buoyancy 1s

B = 0.23PHNR3f8. (29)

3.3.2. Continuous short-lived release. For a
constant, buoyancy flux F per unit length, released for
a time t, < t; shorter than the time for instability of
the neutral cloud ¢; (see section 3.3.3), (22) and (23),
together with (4), imply that the radius of geostrophic
eddy is given by

H2/3L1/3N2/3ti/3
P1/3f1/3ﬂ1/3

R=044 (30)
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Note that in this case the radius of the plume is related
to both the length' and discharge time of the source.
The total buoyancy of the eddy is given in terms of the
cloud dimensions by (see {22) and (25))

B =FLt, = 0.3 N*hHR3 (31)

3.3.3. Continuous long-lived release. If a main-
tained line source of buoyancy continues to supply fluid
beyond the timescale of instability of the neutral cloud,
ts > t;, then when the depth of the neutral cloud
scales with the rise height H, the flow becomes unstable.
Therefore for a geostrophically adjusted neutral cloud,
the radius of the cloud following instability scales as
R ~ HN/L and the total bucyancy of the cloud follows
from (31) as

B =03H*N*P3/f? (32)

Note, however, that for H/L < f/N, the neutral cloud
becomes unstable before it has grown sufficiently to as-
sume the form of an axisymmetric point source, and the
analysis of section 3.2.3 applies. When H/L > 1, the
source begins to resemble a point rather than line source
and the relevant physical picture is that described in
section 3.1.3.

4. Heat Release Associated With a
Megaplume

The above estimates of the buoyancy release associ-
ated with a megaplume may be converted o an estimate
of the heat release if the mean temperature anomaly of
the megaplume is also known. We now derive a simple
relation for this heat flux building on the work of Speer
and Rona, [1989] and MecDougall, [1990], who consid-
ered the effect of the thermal and solutal stratification
of the water column on the properties of the neutral
cloud. Note that since the ocean is stratified in both
temperature and salinity, all calculations in the above
model should be made in terms of the net buoyancy
frequency,

N? = N} 4+ N2 (33)

[cf. Sparks et al, 1997; MecDougall, 1990), where Nt
and N, represent buoyancy frequencies associated with
gradients in temperature and salinity, respectively.
Thermal and solutal stratification introduces some
complications in estimating the total heat content of
the megaplume. Indeed, the source fluid may be hot
but either saline or fresh relative to the ambient water.
In the former case, given the megaplume dimensions
and height in the water column, the heat content will
exceed that associated with a pure source of heat. while
in the latter case, it will be smaller. It is this effect
that we consider in detail below. A second complica-
tion is that the thermal expansion coefficient of water
becomes very large at high temperatures and so the to-
tal buoyancy of hydrothermal effluent as it vents at high
temperature is not conserved as it mixes with sea wa-
ter and cools [Turner and Campbell, 1987]. However,
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the heat flux associated with the hydrothermal efflu-
ent is conserved as it mixes; therefore, in order to use
the simple plume models in which the thermal expan-
sion coefficient is fixed and the buovancy is modeled
as a conserved quantity Speer end Rona, 1989], one
should work with an equivalent low temperature plume,
of the same heat and salt flux, but which is only a small
amount hotter, 1°C say, than the ambient fluid at the
source [cf. Turner and Campbell, 1987). It has been
shown that predictions of this equivalent plume model,
which ignore the non-Boussinesq effects near the source,
provide a very good approximation to those of the full
plume model [Woods, 1997).

We proceed by showing that, although the hydrother-
mal fluid may be of different salinity and tempera-
ture then the ambient water, it is possible to estimate
the total heat release using the above model together
with a measurement of either the potential temperature
anomaly or the salinity anomaly in the megaplume.

The salinity flux @g(z) and heat flux Q¢(z) within
the plume are defined in terms of the mean salinity,
5(z), temperature T(z), and volume flux Q(z) of the
plume through

Qa(2) = [S(2) - 5.(0))Q(z) (34)

Qr(z) = pCp[T (2} — Tu(0)]Q(z) (35)
where S,(z) and T,(z) represent ambient conditions at
the sourceand C,, is the specific list. Assuming that, to
leading order, the ambient salinity S,(z) and potential
temperature T,(z) vary linearly above the source {cf.
Speer and Rona, 1989], then conservation of salt and
heat, respectively require that

dS, [*dQ@

Q.(2) = Q,(0) + A E;—zdz (36)
Qr(z) = Qr{0) + pcp% 0: %zdz (37)

The total buoyancy flux of the plume F follows from
the relation [McDougall, 1990]

P _nq (39)
dz
Integrating (38) by parts indicates that
dQ_, F(z) - F(D)
/0. T zdz=Q(z)z + e (39)

Evaluating this expression at z = z,, where F = 0,
and eliminating the integral with (35) and (37) yields
an expression for the heat lux at the origin, -

i, F ()

E;' e -+ Q(z)[T(zn) - Ta(zu)]}

(40}

Integrating (39) over the time of emplacement of the
megapiume, we deduce that the total heat released at
the source in generating the megaplume is

Qr(0) =5, {
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@ror = 00 { T2 PR+ VIT(an) = Tlenll} - (41)

where V = BHR? is the total volume of the megaplume
and Br is the total buoyancy release at the source.
The final term in(41) accounts for the difference in po-
tential temperature between the ambient fluid and the
megaplume, while the former term represents the heat
flux that would be predicted if the total buoyancy of
the eddy was assumed to be due to the temperature
anomaly at the vent. Both terms may be important
depending on the thermal anomaly in the eddy and the
ratio of the thermal stratification to the total stratifica-
tion, which has & value of order 0.5 on the Juan de Fuca
ridge and about 4.3 on the mid-Atlantic ridge, where
the salinity field is actually destabilizing [Helfrich and
Speer, 1995}

Combining (41) with the scaling for the buoyancy and
volume of the megaplume that may be generated from
a long-lived (short linear) source (Table 2), we deduce
that the heat flux associated with the megaplume,

Qr = pCpR*h [O.SH% +2.7(T - Ta)] .42

Such a megaplume would have a maximum radius of or-
der NH/f ~ 10H, and with this value, (42) provides an
estimate for the maximum possible heat flux associated
with a megaplume at height H above the seafloor:
NZg? dT,

@toT ~ pcp—fz'— {04H =

+ 1.4[T(Zn) - Tn.(zﬂ)]}
(43)
5. Discussion

Table 2 summarizes the principal results of this study,
namely, predictions for the buoyancy and radial dimen-
sion of the lenticular vortices that may be produced
from a variety of sources of hydrothermal fluid on the
sea floor. In the absence of strong currents, the dis-
charge of effluent from the seafloor may produce either
isolated eddies {(from a point or short line source; Figure
1 and 2) or a train of eddies (from a long-line source;
Figure 3). In table 2, we include the eddy radii for
the special case of N/f = 10 (as is typical in the deep
ocean) and P = 0.45, the value of the Prandtl ratio
(equation (2)) determined experimentally by Bush and
Woods, [1999].

We note that in deriving the estimates of the radius
to height ratio of the neutral clouds, we have adopted
published experimental values for the entrainment ef-
ficiency. Owing to the limitations of scale of labora-
tory experiments, these values are subject to some er-
ror; consequently, caution should be applied in using
the quantitative predictions. Although the coefficients
reported in Table 2 serve only as a guide, it is clear
that for a given height in the water column H, the ra-
dius R of the emerging eddies increases with the source
discharge time. Indeed, as may be seen in Figure 4,
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the radii of the vortices emerging increases from I fo
short lived releases (t; < 1000 s), to 10H for long-lived
releases (t, > 10° s). If the source geometry is known,
information about the aspect ratio of the eddy may be
used to constrain the time of discharge, as well as the
buoyancy flux at the source.

We note that a similar range of R/H ratios arises for
each of the different source geometries considered; con-
sequently, it would be difficult to distinguish between
source geometries on the basis of this ratic. Indeed,
considerable ambiguity arises concerning the origins of
single megaplumes from shorter-lived releases for which
R/H < N/f. However, Table 2 does indicate that only
the longer lived hydrothermal discharges (persisting for
times ts > 10° s} are capable of generating megaplume
vortices with radii comparable to those reported in the
literature [Baker, 1995]. This provides a new constraint
on the timescale of the discharge events responsible for
producing megaplumes.

Megaplumes ascend 3-4 times higher into the water
column than the more common black smoker plumes
[Baker et al., 1989]. The scalings for the height of rise
of the plume as a function of the source buoyancy flux
(equations (9) and (17)) therefore suggest that the as-
sociated rate of venting is nearly 30-300 times greater,
depending on whether the source is a line or a point.
Since the new prediction that the timescale of venting
required to produce megaplumes with the observed radii
of order 5-10 km [Baker, 1995] is typically in excess of
10° s, we deduce that the volume of hydrothermal fluid
released in producing a megaplume is comparable to
the annual budget of hydrothermal fluid released by a
steadily venting black smoker. This is in accord with
the independent calculations of [Baker, (1995)] based on
measurements of megaplume sizes. This calculation em-
phasizes the potential importance of megaplume events
in exchanging heat at mid-ocean ridges and illustrates
the value of our fluid dynamical constraints in develop-
ing estimates for the properties of megaplumes purely
in terms of their observed height and radius.

In the remaining discussion we focus on maintained
sources, which we predict are responsible for the ob-
served megaplumes. For long-lived sources, Tahl» 2
identifes that the total buoyancy released in producing
a megaplume of radius R and height H is given by

B~ HR’Nf , (44)
where the numerical scaling coefficient varies from about
0.5-0.8 according to whether the source is a line or
a point. The difference in the coefficient arises from
the different entrainment efficiency in axisymmetric and
line plumes. Expression (44) is particularly useful in
practice since it allows one to make an estimate of the
megaplume buoyancy on the basis of the megaplume
dimensions {which may measured in the field), without
knowledge of the manner of discharge (which is typically
unknown).
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The experimental results [Helfrich and Battisti, 1991;
Bush and Woods, 1999] identify that, for a given height
of rise, the radius of the megaplume, in geostrophic bal-
ance, satisfies the constraint '

R< HN/f (45)
As seen in Table 2, this limit provides an upper bound
on the total buoyancy associated with a single megaplume
at a given height in the water column,

B =H'NY/f? (46)
Such a megaplume can only be produced if the flux
supplving the plume persists for a time in excess of
the instability time of the cloud, ~ 10° s; if the source
continues to discharge hydrothermal fluid beyond this
time, a second megaplume or second line of megaplumes
will develop. Equation (46) is aiso usefui, since if the
only accurate field measurement of a megaplume was
the height of the plume in the water column, then {46)
would provide an upper bound on the total buoyancy
associated with the eddy.

We proceed by applying our model to estimate the
heat flux of several recorded megaplumes. For the
megaplume EP86 described by Baker et al., [1989], for
which the source was thought to be linear, the heat con-
tent was estimated to be of order 10'5—10!7 J, based on
measurements of the temperature anomaly, ~ i1.24% (!,
and volume of the eddy. The present model can provide
a new estimate for this heat content based on the fluid
dynamical constraints of mixing and eddy formation,
and also, our model accounts for the uncertainty in the
initial salinity and temperature of the hydrothermal ef-
fluent forming the megaplume (section 4}. Published
field data indicated that the eddy had radius of order
7-9 km and a height of about 800 m. We deduce from
Table 2 that the source was long-lived, and using (44),
we deduce a heat content of about 3.5 — 7 x 1016 J, in
accord with the earlier estimates.

For the later event plumes EP93A and EP93B, the
radii of the plumes were about 2-3 km, and the heights
were about 600 and 800 m, respectively with temper-
ature anomalies of about 0.14° and (.2°C, respectively
[Baker, 1995]. Again, given their radii and heights, and
assuming that these megaplumes were produced from
relatively short (~1—2 km) linear sources, we infer that
the sources persisted for a time of order 10° 5 and that
the total heat release associated with the megaplumes
was 6 x 101 and 2 x 103, respectively.

This work has identified that a long, linear source
may lead to formation of several eddy structures from a
single discharge; consequently, lenticular eddies may be
a ubiquitous feature of vent fields. Since black smoker
plumes often arise in collinear arrangements along the
mid-ocean ridge, the merging of neutral clouds associ-
ated with individual smokers may give rise to a single
extended compound neutral cloud, which may become
unstable in a fashion similar to that above a line source,
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generating a chain of anticyclonic vortices. Moreover,
we note that in the presence of a strong ambient cur-
rent, the discharge from a point source resembles that
above a line thermal [Helfrich and Speer, 1995); in this
case, the evolution of the hydrothermal efluent at the
level of neutral buoyancy may be analogous to that of
a neutral cloud produced above a line source.

5.1. Limits of Applicability of the Model

It is important to qualify the above results. First, the
modeling has focused on highly idealized source condi-
tions of a point and a line source; although these provide
a useful insight into the importance of source geometry
on the flow, actual source conditions for megaplumes
may involve fully two-dimensional areal sources, which
have different plume entrainment laws and will therefore
affect the quantitative details of the model. However,
the general principles concerning the impact of back-
ground rotation on a convective plume are still applica-
ble. Second, we expect that the presence of ambient cur-
rents would alter the physical picture described herein
and not simply through influencing the rate of entrain-
ment into the plume. In the presence of a steady, hor-
izontal, ambient current of 1-10 cm/s, the megaplume
structure would drift 1-10 km over a period of 10° s;
consequently, one expects that stronger time-dependent
currents may disperse the hydrothermal effluent to such
an extent as to entirely preclude the formation of coher-
ent vortical structures. Third, the shape of lenticular
eddies in rotating stratified fluids is a function of time.
In particular, we expect the Prandt! ratio characterizing
an eddy to decrease in a similar fashion to that of med-
dies [cf. Hedstrom and Armi, 1988; Bormans, 1992] over
a timescale of 1 year. Consequently, inferences made for
the origin and heat content of megaplumes older than
a few months will be subject to error.

5.2. Future Work

The estimates of the timescale for instability of the
neutral cloud (Table 2) have been drawn from exper-
iments and numerical modelling {Helfrich and Speer,
1995; Bush and Woods, 1999] to be approximately
100N/ f? for an axisymmetric cloud and 100/f for a
linear cloud. It would be of considerable interest to de-
rive a more complete theoretical estimate for this time
of instability. While a theoretical description of the in-
stability of the point plume system has been treated in
detail by Helfrich and Send [1988), an analogous study
of the line plume has yet to be undertaken. Specifically,
it would be valuable to assess the relative importance
of the vertical and horizontal shear in the instability of
the neutral cloud above a line plume.
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