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A Convection Model for Hydrothermal Plumes in a Cross Flow

J. W. Lavelle

ABSTRACT. A primitive equation convection model is used to describe circulatory and property fields
in a region where buoyant hydrothermal fluids discharge into a rotating stratified ocean. Model results
are obtained for a line source of heat and salinity which introduces buoyancy into a steady background
flow. The flow bends the hydrothermal plume over and advects it downstream, but both up and
downstream of the vent there is recirculation from the plume cap to the plume stem below. This
circulation draws discharge-affected water downward to be reentrained into the upwardly rising water of
the plume. For the given background stratification, temperature and salinity have distinctly different
" anomaly patterns, with that of salinity having a dipole-like distribution. Below the temperature anomaly
core of the plume, a negative salinity anomaly can occur because of this downward flux. The model is
used to compare plumes having differing buoyancy inputs, here specifically differences in salt content.
The effects of salinity depleted discharge are to enhance the magnitude of the salinity anomaly in the
lower part of the plume and to make more vigorous buoyancy-induced vertical and horizontal flows.

1. INTRODUCTION

Water column observations showing effects of hydrothermal discharge are more often than
not made in the non-buoyant region of plumes (Crane et al., 1985; Lupton et al., 1985; Baker and
Massoth, 1987; Crane et al., 1988; Klinkhammer et al., 1989; Rona and Speer, 1989; Coale et al.,
1991; Thomson et al., 1992; Gendron et al., 1993). The buoyant part of the plume is small compared
to the much larger volume occupied by the non-buoyant mixture of hydrothermal discharge and
entrained background water and it is consequently less likely to be sampled from a surface ship.
Despite the preponderance of observations in the non-buoyant plume region, however, models that
can properly address the distributions of properties there have, for the most part (Lavelle and Baker,
- 1994; Lavelle, 1994), been absent. To date most applications of theory to hydrothermal water |
column observations have been made using variations of the one-dimensional steady entrainment
model of Morton et al. (1956), a model designed to address the issue of maximum rise height for
given source buoyancy flux, but not the distribution of properties in the plume cap region. In this
paper we present a hydrodynamical model that allows the non-buoyant plume region to be
addressed. The model application here is to bent-over plumes because most field observations have
been made on plumes discharging into background currents.

Several previous interpretations of hydrothermal observations have made good use of the one-
dimensional theory. Converse et al. (1984) and Little et al. (1987) related observations very near
the source to the buoyancy flux at the vent. The Morton et al. (1956) theory, which makes
entrainment proportional to the vertical velocity in the plume stem, is suited to the description of
the dependence of the dilution ratio on vertical distance from the vent, particularly in the lower
plume stem region. Another use of the entrainment theory in a hydrothermal context has been to
infer, based on the observed level of maximum rise height and background stratification, what the
buoyancy flux of a megaplume source had to have been (Baker ez al., 1989). Despite its obvious
utility in special cases, the one-dimensional steady entrainment theory provides no information on



lateral variations in a plume or on circulation in the surrounding environment. It cannot address the
distribution of properties above a level where the éimple entrainment theory assumption is no longer
valid. This is the region of the plume cap where mixing with ambient water is no longer the result
simply of horizontal entrainment.

Convective plume models of higher dimensionality can be used to overcome these limitations.
In the meteorological and oceanographic literature, for example, such models are used to describe
convective clouds (Kogan, 1991) and convective descent of brine at high latitude when ice leads
refreeze (Smith and Morison, 1993). These models are generally time-dependent and often do not
assume a hydrostatic balance of vertical forces. As in entrainment models, these models use
temperature and salinity as dynamic variables and relate the plume to source conditions.
Entrainment, on the other hand, is not directly parameterized; flow into the plume stem is calculated
self-consistently. Assumptions about turbulent mixing replace the entrainment assumption, but an
attempt is made to minimize sub grid scale effects by making that mixing as small as possible.

Here a convective plume model is used to describe a hydrothermal plume along the direction
of a cross flow and with depth. The source is a line oriented normal to the flow. The description is
of a starting plume having size and concentration scales similar to those observed in chronic plumes
on the Juan de Fuca Ridge (Baker, 1993). The model is used to examine the combined effects of
buoyancy and background flow on circulation patterns and the distributions of temperémre, salinity,
and tracer anomalies. Examples of the effects of varying the vent salinity are also given. Model
results on the effects of the earth’s rotation on circulation are similar to those reported by Speer
(1989), though here a cross-flow breaks the circulation symmetry about a vertical line passing
through the source point. Effects of differing rotation rates are seen by a comparison of two plumes
differing only in their latitude of formation..

2. MODEL FORMULATION

Momentum and mass conservation, assuming fluid incompressibility and the validity of the
Boussinesq approximation, require:

0

—il + @Vl = ~Vplp, ~ fE x @ + V-AVi - kgplp, M

Vit =0 )

where ¢ is the time, # consists of horizontal (u,v) and vertical velocity (w positive upward)
components, p is the pressure, p the density, p, (1027.67 kg m™>) the reference density, g
(9.81 m? s™) the acceleration of gravity, f the Coriolis parameter, £ the unit vector in the vertical
direction, and A are viscosity coefficients to be described below. A hydrostatic balance is not
assumed. \

Conservation equations for potential temperature, 6, and salinity, S, are:
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Qg represents the rate of salt discharge and Qy is related to the rate of heat discharge Q,, via
Qp = O/ (p,Cp), where Cp represents the specific heat of water (4200 J Kg™! °C™"). The variables
K, and K, are horizontal and vertical eddy diffusivities. Note that A, AS rather than 6, S are
diffused vertically. Otherwise vertical diffusion of 8y and Sgy; profiles would occur even in a
motionless system. Since the interest is the anomalies associated with hydrothermally induced
motion, spurious changes in profiles must be eliminated. Alternatively this parameterization can be
viewed as a method of enforcing a balance between slow vertical background advection, not part
of the model, and vertical diffusion, a balance that should make 0y, and Sp.; profiles stationary.
There are sources of heat and salt, but not mass. Upward motion is caused by buoyancy alone, i.e.,
there is no initial velocity at the vent and the plume is thus free rather than forced (Turner, 1979;
Turner, 1986). Passive conservative tracer dispersion is governed by a like equation.

The system of equations is closed with the UNESCO equation of state (Gill, 1982). While
hydrothermal fluid chemistry can be different from seawater (e.g., Butterfield et al., 1990), rapid
dilution after discharge lessens the importance of the differences in terms of the density
approximation for the purposes of this model. The source is assumed to be linear with the
consequence that model equations can be solved in two-dimensional (x-z) geometry.’A background
cross flow breaks the model symmetry in the x-direction. The solution is obtained numerically for
a starting plume that has had time to be bent over and advected several km downstream. Middleton
and Thomson (1986) also modelled bent-over hydrothermal plumes, but they used the entrainment
theory approach which leaves unspecified the distributions in the non-buoyant region.

The momentum equations (Eqs. 1) are separated into three separate balances by identifying
three components of pressure. The first is the hydrostatic pressure, P, arising from the weight of the
stratified fluid when initially motionless. The second is a pressure, P, having constant horizontal
gradients and depth dependence; this pressure forces the steady background flow that causes the
hydrothermal plume to bend over. The third, a perturbation pressure p’, results from the
hydrothermal discharge. Variables may be separated into these mean and perturbation components:

p = P@) + Pxy2) + p'(xz.h)
u = U2 + u'(xzp)
v = V2) + vixz) )
w = wixzl)

P = Pps(® + P(x2:0)



Taking the source to be a line oriented along the y direction removes all y dependence from the
primed variables. ‘

The equation involving B is a hydrostatic balance between dP (z)/dz and p gg; g. The second
involving P defines the background flow, U=wv: |

9,0
= - Ay = 5
V.Plp, 1 % ‘l7 + azA'az(ﬂ)‘ 0 5)

Since VP and A, have only z-dependence, Eq. 5 is analytically integrable for U . If VP were constant
in z, the solutions would be Ekman-like, with flows rotating and declining in size downward to the
sea floor. In the examples to follow, however, VP is ramped from a constant value 100 m above to
zero at the sea floor. This guarantees currents which decline from maximum values to zero over the
bottom 100 m. Currents aloft are on the order of 1.5 cm s™' (Cannon et al., 1993) and point in a
normal direction to the source; flow at the sea floor is small and aligned with the source (y-axis).
Specifically, dP/dx is zero, and (dP/dy)/(p of)is 1.46 x 1072 m s at 100 m above the bottom. The
diffusion term plays a minor role in the balance away from the sea floor given the A, magnitude and
profile described below.

The third component set of momentum equations involve perturbatlon velocities, pressure, and
density. In flux conservative form they are:

d 9, 2 1 0 d 049,
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The perturbation density, p’, is the difference of p and pgr, . Mass conservation for primed
variables takes the same form as Eq. 2. Acceleration terms in Eq. 8, making the description non-
hydrostatic, allow for correct treatment during the plume start up. Terms involving primed and
unprimed variables couple the hydrothermally forced and background flows.

Equations 3 and 6 through 8 together with the equation of state were numerically integrated
over a rectangular domain with a rigid lid to determine »’, v/, W', p’, 0 and S. At the upper surface,
w and the normal gradients of u, v, 6, and S were taken to be zero. Along the bottom, u, v, and w and
the normal gradients of 6 and S were set to zero. At each end of the region, u’, v’ and w’ were fixed
at zero; this is a statement that the plume should have no dynamical effect on flow at large distances
from the vent. 0 and S conditions were dependent on the sense of flow. Upstream 6 and S were



assigned background values; downstream horizontal gradients of 6 and § were nil. Boundary
conditions for p’ were determined from Eqgs. 6 through 8 using the values of the other variables there
(Harlow and Welch, 1965). Advection of 8 and S in Eq. 3 is by the full flow, i.e., U+ .

Eddy viscosity and diffusivity coefficients were taken to be temporally but not spatially
invariant. Near bottom mixing coefficients were made larger than interior values as were values in
sponge layers at the ends and top of the model domain (6.4 km length by 500 m depth). Sponge
layers were five cells wide and there mixing coefficients, tapered to interior values, took maximum
values of 1/12(dx)¥/dt or 1/12(dz)*/dt. Vertical mixing coefficients were these: A, was 2 cm? 57!
except in the bottom 45 m where A increased from 10 to 300 cm? 5™\, K, values were, outside of
sponge layers, uniformly 2 cm? s™., In the horizontal, A, and K,, typically had the value 3 m?s™. K,
at x = 0 and x = L were set to zero to prevent diffusive flux of 6 or S across thex =0 and x =L
boundaries.

The observations of both salt enriched and low salinity discharges in hydrothermal regions
(e.g., Butterfield ez al., 1990) motivate the initial model examination here of the corresponding
plume response. This task requires that model source rates for salt, Q. be specified. Suppose a vent
(or vent exit field) fluid has temperature Oygyr, salinity Sypyvr, and volume flux rate R. Let the |
discharge flow into a volume V having average temperature of approximately 0y and salinity
Spxc- R is presumed to be small enough and V large enough that negligible mass and upward
momentum is imported by the discharge to the fluid in volume V. Then

Oy = R(eVENT_eBgG) pOCp | -
O = R(SVENT_SBKG)\ (10)

Eliminating R from equations 9 and 10 results in

(SVENT_SBKG) QH
(0ravr—03xe) (P,Cp)
Once Qy;, Oypaps and Sy g\ are chosen, Qg is fixed. In examples to follow, O, has been assigned the
value 1 MW m™! so that temperature anomalies where the plume is non-buoyant would be similar
to those observed on the Juan de Fuca Ridge (Baker, 1993); 0y is assumed to be 350°C. As a
consequence, when Sygyr= 15%o, for example, Qg = ~1.30 x 102%0 s m™"..

The equations were integrated on rectangular grid (dx = 50 m, dz = ~15 m). Background 6 and
S profiles, horizontally homogeneous, are based on a composite of measured profiles taken over the
near-bottom depth range (1800-2300 m) in the vicinity of the Juan de Fuca ridge (Lavelle and
Baker, 1994). Time stepping (df = 10 s) was by the leap-frog method with an Asselin filter (Asselin,
1972) of coefficient 0.3 used to eliminate the second computational time mode. Equations 6 through
8 were finite differenced in the manner of Bryan (1969) so as to conserve energy. Upstream

0, = a1



differencing was used for 6 and S (Eq. 3) and the Smolarkiewicz diffusion correction scheme
(Smolarkiewicz, 1983) was employed each time step. The calculation of velocity followed the
integration procedures for nonhydrostatic flow originating with Harlow and Welch (1965). Sources
of heat and salt were confined to a single computational cell adjoining the bottom.

Diffusive sponge layérs, as described above, were used to partially adsorb waves travelling
upward and outward from the vent source to the boundaries, waves which in a perfect model would
pass out of the calculational domain. End sponge layers also helped suppress instabilities at entrance
and exit regions, though a slight rippling of velocities at the entrance upstream was not completely
eliminated. Source rates of heat and salt were ramped from zero to maximum values over the initial
6-hour period. Abrupt start ups caused significantly more energetic waves.

3. MODEL RESULTS
3.1 Circulation :

Model results are first given for the reference case: discharge occurring at 1 MW m™ at 350°C
with salinity that of ambient at vent depth (~34.7%0, Qg = 0) and f= 1.03 x 10*s™! (45°N). In Fig.
1a flow vectors (U+#@') are superimposed on a plume shadow representing the plume region in
which temperature anomalies exceed 0.02°C all after 36 hours of discharge. By this time rates of
change of velocity are small.

Vectors at 400 m above the bottom (Fig. 1a) represent the unperturbed background flow of
1.46 cm s7!. The buoyancy-induced flow reverses the mean flow downstream of the source and
cancels background flow just upstream of the source at plume cap level. Distortion of background
flow occurs to a height of f~2_.50'm under the given conditions. Upstream but near-vent-level flow
is drawn downward to the base of the vent. Far upstream and downstream the plume has
insignificant effects on circulation as required.

Anomalous flow, i.e., @', shows better the extent of the buoyancy-induced circulation cells
(Fig. 1b). Maximum anomalous «’, v', and w' velocities at this time are 4.8,4.6 and 2.1 cm s},
respectively. Because the resolution of the source region is coarse, this vertical velocity can be
compared to entrainment model values only beyond a height above the vent at which the plume has
broadened to a width of 50 m (dx). Another way to view model results is to see the bottom edge of
the calculational domain as beginning at a height at which a rising plume would have already
broadened to a width corresponding to dx. Variable resolution gridding schemes are the road to
model improvement in this regard.

Fig. 1b makes clear the recirculation of plume water from the plume cap region back into the
plume stem. Entrainment models assume that only water having properties of the initial ambient
profiles are entrained and these results suggest otherwise. Entraining water with only background
properties may occur only near vent level (Fig. 1b). Reentrainment has consequences for the
distribution of 6, S and trace metals as well as for particle and plankton transport (Mullineaux et al.,
1991).
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Circulation effects which appear to extend to a distance of 1500 m from the source (Fig. 1b)
must be viewed with caution. The geometry of the source is likely to be a significant factor. A line
source should cause apparent flow effects to extend greater distances than is likely for a point
source, given the same buoyancy flux. For a point source, the return flow is omnidirectional and the
magnitude of the inward flow near the bottom should diminish more rapidly with distance from the
vent.

The effects of rotation are evident in induced flow in the along-source direction (Fig. 1c). .
Flow in the positive y-direction is paired both laterally and vertically with flow in the opposite
direction. Flow magnitudes as large as 4.6 cm s™! are predicted for this line source. Cross-flow in
the x-direction breaks the symmetry of these patterns about a vertical line through the source.
Effects of rotation on hydrothermal plumes were first examined by Speer (1989).

Anomalous pressure p’ distribution for the same examples (Fig. 2a) shows a low pressure
anomaly around the plume base and high pressure anomaly in the plume cap region. The horizontal
pressure gradient dp/dx (Fig. 2a, stippled) are high were u’ velocities are high (Fig. 1b and Eq. 5a).
High pressure drives flow outward in the x-direction in the plume cap and Coriolis forces bend that
flow to the right (f=1.03 x 107571, 45°N).

The density anomaly (Fig. 2b, stippled) shows a small region of elevated density more than
200 m above the seafloor and a much larger region of reduced density. The reduction is caused by
elevated temperature and reduced salinity which results from the downward recirculation into the
plume stem. Isopycnals are drawn downward into the stem and bowed upward well above the source
(Fig. 2b). The region (not shown) of positive buoyancy, that is negative dp/dz, extends vertically
and in a relatively narrow column above the source and then spreads slightly and primarily
downstream just below the positive density anomaly, i.e., to ~2100 m in this example.

The effects on circulation and temperature anomaly for a variable Coriolis parameter, f, may
be inferred from Fig. 3. The comparison is between plumes formed at 45°N (f=1.03 x 10*s™) and
~4°N (f=1.03 x 107 s™). Fig. 3a shows the plume of Fig. 1, but at 16 hours; time was chosen with
regard to the size of the second plume. The plume in Fig. 3b, formed where the rotation rate is
smaller, extends farther outward from the source. The streamfunctions associated with the velocity
anomalies, u’ and w’, indicate the reason (Fig. 3). With diminished rotation, the circulation reaches
a greater distance in the x-direction. Flow which would have been directed by a stronger Coriolis
force into the along source direction pushes the plume outward. Even near the sea floor where the
width of the plume stem might be considered an appropriate length scale, rotational effects are felt
(e.g., Fig. 1c) because that circulation is coupled to the flow aloft by continuity and angular
momentum conservation. Rotational effects are not included in typical entrainment models because
that model focuses on the plume stem region.
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3.2 Property fields

Advection by the flow field of Fig. 1 rearranges local ambient heat and salt fields. Figure 4
shows 6, S, and tracer concentration anomalies (e.g., A® = 0-0,,) after 36 hours of discharge
under reference case conditions. For a free stream advection speed of 1.46 cm s~ the downstream
extent of the thermal plume (0.02°C A6 boundary) is nearly 2 km. The plume also extends upstream
of the vent, a consequence of buoyancy-induced circulation as well as diffusion. Plume thickness
near the source is about 200 m. The plume stem is short and thick after 36 hours for these reasons:
1) the spatial resolution of the model is currently uniform horizontally and vertically and is coarse
with regard to the size of the actual plume stem. 2) Downward recirculation in a line-source model
slowly fills the downstream underside of the plume with discharge-affected water. If the source were
a point and the calculation 3-dimensional, this would be unlikely. 3) Numerical calculations in
regions of high property gradients have difficulty preventing unwanted numerical diffusion
(Smolarkiewicz and Grabowski, 1990).

The AS pattern (Fig. 4b) shows a region of positive salt anomaly high in the water column
which results from the upward advection of relatively salt enriched water from depth (see Fig. 6 for
background profiles). The recirculating flow has done the inverse: water of lower salinity is brought
downward from above to create a negative salt anomaly below. The symmetry-breaking cross flow
causes that negative salt anomaly to be much larger upstream of the source than downstream where
less background-liké water is recirculated downward. Because there is no discharge in the reference
case (Qg = 0), the salt anomaly pattern represents the redistribution of ambient water. Profiles taken
within Megaplume I (Lavelle and Baker, 1994) show negative salinity anomalies in their lower part.

Does the positive salt anomaly above the region of positive buoyancy persist past the early
formation stages? It does. The rate of change of salinity near the anomaly maximum at ~2100 m is
negligible after ~16 hours. The gradient of vertical flux, the indicator of how the anomaly is being
supplied, shows a narrow stream of positive salt flux that reaches from ~60 m above the vent
directly into the positive anomaly region. Entrainment and buoyant convection together sustain a
positive salinity anomaly, as noted by Lupton et al. (1985).

A tracer having no role in the dynamics and one for which the background is unstratified is
found to have a plume (Fig. 4c) unlike that of either heat or salt. Neither tracer-temperature or
tracer-salt plumes are congruent . Congruency would occur if 8 and S had no background gradients,
in which case no level of non-buoyancy could be achieved, or if the tracer background were
stratified like either O or S. ,

Results for discharge at a salinity of 15%0 were obtained under conditions identical to those
of the reference case save that Qg was given a value —1.30 x 107%%o s m™. Results on flow (not
shown) confirm a more vigorous buoyancy flow and stronger along-source Coriolis-induced currents
(max of 6 cm s™! versus 4.6 cm s™! for the reference case) as were to be expected. Temperature,
salinity and density anomalies (Fig. 5) confirm a higher rise height. In comparison to the reference
case (Fig. 5, stippled), the positive salt anomaly is shifted upward about 50 m and has a maximum

11
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value slightly higher than the reference case (.0077 vs .0068%o). The negative anomaly maximum
is more than twice the reference level (0163 vs. .0063%c). In contrast the differences in the
distributions of temperature are not appreciably different.

Profiles through both plumes at 300 m downstream (Figs. 6a and 6b) and 200 m (Figs. 6¢c and
6d) upstream of thérsource show consequences of varying source salinity. Background profiles (solid
lines, Fig. 6) are composited from measured profiles from the Juan de Fuca Ridge which had been
judged to show little hydrothermal influence. Profiles for the reference discharge are represented
by dotted line and profiles in the case of discharge with 15%o salinity are given by dashed lines. For
the given background conditions, salinity profiles (Figs. 6a and 6c) all show intervals of both
positive and negative anomaly while 0 profiles (Figs. 6b and 6d) have barely perceptible negative
anomalies only above 2100 m. Downstream of the source (Figs. 6a and 6b) profiles have only slight
gradients between 40 m above bottom and 2100 m while upstream (Figs. 6¢ and 6d) the same does
not hold. The two-dimensional geometry chosen for source and model and the consequent nature
of downward reentrainment shapes.these profiles.

Based on profiles in Fig. 6, it would appear that differences in salinity content of discharge
along the Juan de Fuca Ridge are much more likely to be detectible in salinity profiles than in
temperature profiles, even though temperature too is subject to mote vigorous circulation caused by
the increased buoyancy. In the model, low salinity discharge causes larger negative anomalies in the
lower part of the water column, but it does not change the occurrence of a positive salinity anomaly
higher up. Consequently, looking for differences in source salinity in water column signals should
begin with salt anomalies near bottom. The anomalies are small and the difficulty of identifying
backgroixnd profiles may make the task difficult, however, in the case of field data.

At several points in this work features in the results that are likely the consequence of the
dimensionality of the source and model have been acknowledged. One circumstance that has been
unavoidable is that after sufficiently long simulation times the entire region between the non-
buoyant plume and the bottom fill with discharged-influence water. Somewhat before this, the
plume stem unrealistically broadens in the downstream direction. Results presented have been for
a starting plume of at most 36 hours duration for this reason, though the simulation has been run
well beyond this time. The source of these difficulties lies in the fact that return flow to the plume
stem, in two dimensions, can only come from the upstream and downstream directions. Once the
plume advecting downstream crosses the downstream boundary, all downstream downward flow,
which is needed for continuity, must transport plume-influence water. In three dimensions, return
flow to the stem is omnidirectional and this effect does not occur. By limiting results to times that
are short compared to the time to advect to the downstream boundary, these effects are mitigated
but a realistic steady state cannot be obtained in two-dimensions.

14



SOUH] PYOS "SONTET[ES FUAIITIP 0m] Je SurSreyosip sjuaa Jo (( pue D) mreansdn M o7 PUe (f pUe V) Wreansumop W gO¢ weradm pae Ayores 3o s3[golq 9 Su]

(Do)TANLVITINIL

261810 TIOR8 IOLTSL IR INT

i

£ I B T I I N

a

TV T 1T yrTrTryTrT

0081

- (00/0)ALINTTVS

TOVE ODVE 8S°IC BGIE LOHE 099

AN N Y N T
N

| 0

¥y v 1T 1T 7 173

4~ o081

« , “Kyparyes (29G1) Poupal ye AZ5eISTp J0 I5ed AR T PSP A
pue (A3urjes JsiquEe I 0%/ b€ = 5) 3IeTOSIP 20UAISFA1 JO 3587 AR ST W PIOP YL, (9861 W) 33pRy eon I Ten( I UO SEORIPECD JIAquEE JIsdar

(Do) TUNLVIIINAL

0TV I TOT TR TZL IR T #9T

(N 0 I I I T O I |

00€2

q

TTT T 1T VP VYT T TTdhd

0081

{00/0)XLINTTVS

TOVE VO'YE 0SVE 09I L8598 9996

I T N I N T

R
1N\
/ ,

e e b ]

V7 v 3 07 7 11

ooart

(w)HLdad

15



4. CONCLUSIONS

While individual results are specific to the source and model geometry and background
environment, certain general conclusions can be drawn. First, temperature and salinity, both
quantities that affect the plume dynamics, have different anomaly patterns. The model shows a |
salinity anomaly dipole. For Juan de Fuca Ridge background profiles, a positive salinity anomaly
occurs above and a negative anomaly below the core of the temperature anomaly. Downward
advection of less saline water in the periphery of the plume and the transport of more saline water
upward in the rising plume is the cause. The resulting non-congruency of temperature and salinity
anomalies is almost certain to hold true in other stratification conditions.

Reentrainment of discharge-affected water into the upward rising plume must be expected.
Reentrainment has consequences for the distribution not only of heat, salt, and chemical species
emanating from a vent (vent field) but it has consequences for slowly settling particles and biota that
are slowly swept into the upwardly rising flow above the vent. _

The earth’s rotation can be factor in circulation and plume configuration even for plumes
which rise only a few hundred meters into the water column. Horizontal length scales in the plume
cap for chronically discharging plumes become large enough that Coriolis force becomes significant
in the overall force balance. Flow transverse to the anomalous pressure gradients then develops.
Because flow in the plume cap region is connected by continuity and angular momentum
conservation with flow near bottom, deep flow around the vent will respond as well. The intensity
of discharge, among other factors, will determine the corresponding rotational flow intensity and
hence whether it is measurable.

A convection model for hydrothermal plumes unites information about source rates, plume
distributions and the buoyancy forced circulation in a natural way. Having a model which addresses
distributions in the plume cap region is particularly important because most of the field
measurements are taken there. The work here shows the feasibility of the approach and the potential
use of a convection model as an interpretative tool. Needless to say, the model does not replace the
entrainment theory, which has been extraordinarily successful in a plethora of physical settings. The
Morton et al. (1956) theory and its variants will continue to be used in hydrothermal work with
regard to estimates of maximum rise height and entrainment and dilution within the plume stem for
points below which the entrainment assumption is still reasonable. When the interest moves beyond
the buoyant plume region to the distribution of properties in the plume cap or to the circulation in
the surrounding environment and their relationship to source conditions, a convection model like
the one described here will serve the purpose.
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