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GEOPHYSICAL FLUID DYNAMICS

Fluids and fluid flow are pervasive on and within the earth.  The motion of fluids is
responsible for shaping many aspects of the planet and the environment in which human activity
is conducted, and it plays a central role in many industrial processes and their impact on the
environment.  The understanding and prediction of flow, of the forces created and of the
associated heat and mass transport in the earth’s hydrosphere, atmosphere, crust or deep interior,
rely on extensive dynamical modelling of the phenomena and a rigorous understanding of the
underlying dynamical principles.  The research in the Geophysical Fluid Dynamics (GFD)
Group is currently focussed on those processes of importance in governing (1) the circulation of
the oceans, (2) magmatic and volcanic processes such as the flow of melts in and on the earth’s
crust and (3) the convection of the solid silicate mantle with its implications for plate tectonics.
These phenomena come together in a coherent research program based on expertise in fluid
dynamics and involving the dominant fluid dynamics themes of mixing, density-stratified flows,
convection and the dynamics of flow with melting or solidification. Exchange of expertise and
knowledge between research subjects has been a vital part of the work and the Group has
initiated novel inter-disciplinary investigations of significant topics.  The research is aimed at
identifying the most important processes, at relating these to the observed behaviour of the Earth
and, where possible, at developing predictive understanding of the natural phenomena.

Experimental fluid dynamics continues to be an essential component of the Group’s
research.  The oceanic processes under investigation this year range across a very broad
spectrum of length scales.  The interaction of two phenomena responsible for ocean micro-
structure, diffusion-driven salt finger convection and internal wave-driven intermittent turbulence,
is being studied for its significance in the sub-tropical ocean thermocline, where these
mechanisms cause a downward flux of heat and salt and thereby contribute to the overall balance
of fluxes that governs the circulation patterns and water properties in the oceans.  Experiments
have also shown some surprising thermohaline effects on large-scale circulation caused by
horizontal gradients of heat and salt fluxes.  Basin-scale ocean circulation driven by surface
wind stress continues as an important topic in which the combined laboratory and numerical
modelling in RSES is making unique contributions to the understanding of the effects of the
choice of side boundary conditions employed in modelling and of complications such as
continental slope topography and density stratification.  Work on crustal processes has included
the modelling of melting at the base of large komatiite lava flows, the dynamics of two-phase
foam flow in volcanic vents and the alteration of rocks by deposition from two-phase flow
through fractures.  A substantial review of the state of lava flow modelling was written this year.

The Group includes researchers having a specific interest in understanding past and
present tectonic regimes through the study of mantle dynamics and melting.  This work has a
somewhat different emphasis, being concerned with modeling of the mantle/lithosphere system,
the evolution of the mantle and convective processes that drive plate tectonics.  There are strong
interactions with geochemists and geologists studying the evolution of the mantle and crust, and
with geophysicists and geochemists studying earth structure and composition.  A key
achievement this year was the completion and appearance in the bookstores of an authoritative
text on the dynamics and evolution of the mantle by Dr G.F. Davies.

A major development this year has been the construction of a new building including a
purpose-built fluid dynamics laboratory and the removal of the GFD laboratory to the new
premises.  The old laboratory and photographic darkroom have been closed down since June for
relocation of fittings and construction of a link between buildings, thus strongly limiting
progress in our experimental program.  However, the new laboratory, which provides a larger
space and specialised facilities for experimental fluid dynamics (Figure 1) and a support area for
the construction of equipment, was completed in November in time for occupation before the
end of the year.  A period of setup of the new premises will continue into the new year, when a
new range of projects will begin. A significant amount of time has again been devoted
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(a)
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Figure 1:  The newly constructed extension (a) to RSES housing the GFD laboratory and a
view of the laboratory (b) during installation of equipment.

to collaboration with Australian Scientific Instruments who are manufacturing rotating tables to
the RSES design to fill orders from three North American geophysical fluid dynamics
laboratories.

The Group this year hosted three long-stay visitors:  Dr S. Vergniolle de Chantal
continued for six months as a Visiting Fellow from CNRS, France, after completion of an
International Research Fellowship (ARC, France), studying the dynamics of foam flow in
magmatic systems; Dr U. Wüllner continued as a School visitor working on modelling of
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mantle convection;  and Professor G. Veronis of Yale University, USA, spent five months as a
Visiting Fellow working on laboratory models of ocean circulation processes.  The Group
continued to host Emeritus Professor J.S. Turner who this year was awarded a University
Fellowship.  It was a particular pleasure that a PhD student, D.I. Osmond, won a Pre-doctoral
Fellowship from the Woods Hole Oceanographic Institution, USA, to attend the Summer
Program in Geophysical Fluid Dynamics, and that another PhD student M.G. Wells was
awarded a scholarship from the University of Washington to attend the Friday Harbor summer
school in Oceanography. A.M. Jellinek completed his PhD in the Group and was awarded
Miller and NSF Postdoctoral Fellowships at the University of California, Berkeley. The staff,
students and visitors all acknowledge the vital contributions of our technical support staff,
R. Wylde-Browne, A.R. Beasley and D.L. Corrigan, to our research program.

OCEAN PROCESSES

Shear layers driven by turbulent plumes

G.O. Hughes, R.W. Griffiths and A.B.D. Wong

Laboratory experiments reported last year have shown that a continuous turbulent plume
falling into an enclosed volume gives rise to a more complex flow in the fluid interior than
previously thought. A series of strong horizontal counterflowing ‘shear layers’ are observed
supported by the stable density stratification set up by the plume. These layers are superposed
on both the slow vertical flow and the horizontal entrainment flow into the plume known as the
‘filling-box’ circulation.

Shear layers are likely to have very significant consequences for the horizontal transport
and subsequent vertical mixing of tracers in confined volumes such as ocean basins. We have
developed a theory that explains the observed shear layer structure in terms of internal wave
modes in a viscous stratified fluid. The internal wave modes are excited in our experiments by
the horizontal outflow of dense plume fluid upon reaching the tank bottom. In a long channel
and in the absence of viscosity, the horizontal flow velocities in the shear layers were predicted to
increase with height, contrary to observations. However, when the motion is attenuated with
height by including viscosity in our model, good agreement with experimental observations is
obtained. A recent improvement in the understanding of the shear layer phenomenon
incorporates the role of vertical advection throughout the interior.  The system selects for
intensification an internal wave mode whose downward phase speed is close to the upward
advection speed required to match the plume volume flux.  This explains the vertical wave
number observed.

Properties of highly nonlinear waves

D.L. Bright, R.W. Griffiths and B.L.N. Kennett

Large amplitude waves occur regularly in the lower atmosphere.  These waves are usually
clear air disturbances and may be formed as the result of a variety of atmospheric events where
suitable waveguide conditions exist.  Waveguide layers are generally a stable layer of thermally
stratified air such as the nocturnal inversion layer.  A numerical (mesoscale) model has been
constructed for the study of highly nonlinear waves and their radiative decay owing to vertically-
propagating gravity waves in an overlying stratification.  The model has also been designed to
study the generation of waves in the case of a strong downdraft impacting on a ground-based
stable layer.

In our numerical experiments with downdrafts there are three types of event.  These are
classified as non-penetrating, where the downdraft does not penetrate to the ground; non-
diverging,  in  cases  where  the downdraft  penetrates  to  the  ground  but  does  not  produce  a



RESEARCH SCHOOL OF EARTH SCIENCES – ANNUAL REPORT 1999

4

082 min
 V

er
tic

al
 D

is
ta

nc
e 

(m
)

 Horizontal Distance (km)

   0

2500

5000

   0   20   40   60   80  100

Figure 2:  Results of a computer model for highly nonlinear waves on a ground-based
atmospheric inversion layer.

strong horizontal outflow; and diverging, if a strong outflow is produced.  This last case can lead
to the formation of very large amplitude solitary waves with closed circulation.  From the model
results we have related the speed and amplitude of waves that are generated to the parameters of
the initial forcing downdraft.  We have also examined the evolution of the properties of the
waves as they propagate well away from their formation site, focussing particularly on the
radiative decay of such waves when there is suitable overlying stratification and whether the core
of closed recirculation (hence a bulk mass transport) persists.

A complementary set of numerical experiments on the evolution of highly nonlinear waves
has been carried out using quite different starting conditions.  In place of the computed
downdraft flow, we used initial conditions taken from solitary wave solutions to the Dubreil-
Jacotin-Long (or DJL) equation.  Solutions for the DJL equation, with ambient density profile
similar to that used for the downdraft experiments, are first calculated as eigenvalue/
eigenfunction pairs using a program designed by Brown (1990). These eigenfunctions are then
transferred to the mesoscale flow model using a mapping algorithm developed for this purpose
and the subsequent wave properties are analysed after a short adjustment period (Figure 2).  A
detailed examination of the radiative decay of the mapped DJL solutions is currently being
completed for a range of ratios of the buoyancy frequency in the waveguide layer to that in the
overlying atmosphere.

Dynamics of upper ocean circulation driven by surface wind stress

A.E. Kiss, R.W. Griffiths and G. Veronis1

Progress has been made in a continuing program to investigate the dynamics of wind-
driven circulation on the scale of ocean basins by making use of both laboratory experiments
and associated computational modelling.  In recent years the wind-driven circulation in mid-
latitudes (actually forced in the laboratory by a horizontal stress imposed by a differentially-
rotating lid) has been modelled in ‘sliced-cylinder’ and ‘sliced-cone’ geometries of small aspect
ratio.  The latter involves a sloping topography along the boundaries of the basin, somewhat like

                                                
1 Department of Geology and Geophysics, Yale University, USA
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a continental slope, making the side boundary conditions quite different from those on the
vertical wall of the ‘sliced-cylinder’.  Topographic steering is also important in the ‘sliced-
cone’.  Thus we have been able to study the roles of different side boundary conditions and
topographic steering on the large-scale flow forced by a uniform wind-stress curl on a beta-
plane.

Figure 3:  Computed model streamlines superimposed on laboratory dye streaks in the
sliced cone under cyclonic forcing.

Mr A. Kiss has continued his numerical simulations of flow in the ‘sliced cone’
laboratory model.  A vorticity equation governing flow in the laboratory apparatus was derived;
this equation is more general than the standard quasigeostrophic vorticity equation and is valid in
the case of vanishing fluid depth, as in the ‘sliced cone’ laboratory model.  A computational
fluid dynamics code supplied by Dr M. Page (Monash University) was modified to solve this
equation, and detailed comparisons of the numerical results with those from the laboratory work
of Griffiths and Veronis (1997) have shown remarkably close agreement (see Figure 3).  The
numerical model has revealed aspects of the flow (such as the potential vorticity structure) which
are crucial to an understanding of the flow dynamics but impossible to measure in the
laboratory. Analysis of the numerical results has therefore provided many valuable insights into
the dynamics which operate in the laboratory model.  Among the most important of these is an
explanation of the remarkable stability of the flow under strong cyclonic forcing, which was
shown to be due to resonance with a free inertial mode.  In contrast, the vorticity structure
present under anticyclonic forcing prohibits excitation of this mode, and in this case the flow
becomes unstable under strong forcing.  It is expected that these results are quite general, and
not dependent on the details of the topography used.  Analysis of the numerical results has
confirmed most aspects of the vorticity balance assumed in the linear theory of Griffiths and
Veronis (1998), but also revealed some minor shortcomings of this theory.

Another development this year was a move to studying the effects of density stratification
in the ‘sliced-cone’ model, thus including the new side boundary conditions, continental slope
topography and stratification. Professor G. Veronis returned to RSES for another 5 month visit.
During this time Veronis and Griffiths carried out an intensive experimental program with two-
layer density stratification, including new comparative runs with the vertical walls of the ‘sliced-
cone’.  The results await analysis in 2000.
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Laboratory models of intermittent turbulence and salt fingers

M.G. Wells and  R.W. Griffiths

Intermittent turbulence and salt finger convection have both been proposed as important
mechanisms producing diapycnal buoyancy flux in oceanic central waters.  Because active
turbulence disrupts salt finger convection, ocean models have often assumed that the total
buoyancy flux can be described by a simple addition of the buoyancy fluxes due to the two
processes weighted by the percentage of time active turbulence is present or absent.  The two
processes produce diapycnal buoyancy fluxes of opposite sign and therefore the net buoyancy
flux is sensitive to the intermittency of the turbulence.  Despite many oceanographic
measurements of the heat, salt and total buoyancy fluxes, relatively few laboratory experiments
have been designed to examine the interaction of these two processes.

In a series of experiments using sugar/salt and heat/salt systems, a grid of vertical bars
was towed through a stable density gradient in such a way as to generate intermittent turbulence,
with salt finger convection also present.  Measurements of the vertical buoyancy flux for a range
of ‘intermittencies’ of the stirring show that the resulting buoyancy flux is a strong function of
the intermittency.  Salt fingers provided significant buoyancy flux when the time between
stirring events was longer than the time scale for exponential growth of salt fingers.

Stratification produced by a destabilizing surface buoyancy flux in lakes of variable
bathymetry

M.G. Wells and  B. Sherman2

In collaboration with CSIRO Land and Water, we have applied theoretical and laboratory
results to understand a 3 -year data set collected in the Chaffey reservoir, located near Tamworth.
This research continues previous work in RSES on the competition between distributed and
localised surface buoyancy fluxes in confined volumes of water.

Winter cooling of lakes is usually assumed to result in complete overturning of the water
column.  However, it has become apparent that, when there is a large fraction of the lake that is
relatively shallow, cold gravity currents flow from the shallow parts into the deeper parts of the
lake and can result in the partial stratification of the lake.  This stratification is constantly eroded,
in the deep regions, by surface convection.  However, if the area of the shallow region
is sufficiently large, a steady mixed depth can result with the convecting layer and the underlying
stable region changing temperature at the same rate.  A simple laboratory model (Figure 4)
illustrates the basic dynamics of the flow.  From theoretical arguments and experimental results,
we have shown that the depth of the mixed surface layer in steady state is a simple function of
the aerial ratio of shallow and deep regions.  When the shallow area is large in comparison to the
deep region, the surface mixed layer is shallow and deep stratification can form.

Using bathymetry data from Chaffey Reservoir aerial ratios of shallow and deep regions
were evaluated for the winters of 1995 and 1996.  The observed stratification was as predicted
for 1995 but for 1996 we found that there were significant differences due to the diurnal
variability of the de-stabilizing thermal forcing.  The theoretical model assumes constant forcing,
whereas under the conditions of 1996 the time the system would take to reach this equilibrium is
predicted to be longer than the diurnal variation.  Hence, the circulation never reached the steady
state.  We predict that for lakes of order 1-2 km length stratification can result from a period of
one week cooling at 50 W/m2, a common situation in winter. The stratification and convection
has important implications for nutrient transport and de-oxygenation in reservoirs and the theory
should serve as a guide as to when one can expect stratification to develop.  It also emphasises
that circulation is present in winter, even when the water column is strongly stratified.

                                                
2 CSIRO Division of Land and Water, Canberra
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Figure 4:  The pattern of winter convection in a lake having a large shallow region.

Double-diffusive layers and intrusions produced by horizontal property gradients

O.M. Phillip3, B.R. Ruddick4, J.S. Turner and G. Veronis1

Two sets of laboratory experiments exploring the effects of horizontal variations of salt
and sugar concentrations have been completed and accepted for publication during the year.
Using different geometries, they have both provided simple analogues of the double-diffusive
processes that can affect the stratification and circulation in ocean basins.  For example,
observations over the past ten years have shown that the Arctic ocean has been warming because
of an influx of warm water in the form of persistent intrusions from the Atlantic.  There are also
many measurements of layers developing across oceanic fronts, and physical oceanographers
have speculated that these are produced and self-propelled by double-diffusive fluxes.

In the first study, a sharp front was set up by placing a vertical barrier at the centre of the
tank and stratifying the two ends with identical density gradients, but using sugar solution on the
left and salt solution on the right.  The removal of the barrier led to the formation of an
organized set of laterally intruding sloping layers, each containing salt fingers separated by
diffusive interfaces.  The depth of the layers and the velocity of extension were proportional to
the local horizontal property differences,  and the structure spread in a self-similar manner as the
layers extended.  The property fluxes across the front were measured, and found to be
proportional to the square of the lateral sugar contrast, and independent of the frontal width.  A
theory has been developed to explain the main structural features of the laboratory results.  This
is based on the assumption that the flow is in a state of continuous hydrostatic adjustment,
always close to equilibrium with the ambient stratification.

The second set of experiments started with homogeneous fluid in a long tank, with
sources of salt solution at one end and sugar at the other, and withdrawal at the centre to keep the
volume constant.  We monitored the development of the vertical stratification as well as the
motions.  Starting with the densities of the tank fluid and the two sources all the same, the
vertical density gradients increased markedly over time; this is not possible with a single
stratifying property, such as salt alone.  The asymptotic overall vertical sugar and salt
differences, obtained after about 100 hr, corresponded to a run-down ‘diffusive’ stratification

                                                
3 Department of Earth and Planetary Sciences, Johns Hopkins University, USA
4 Department of Oceanography, Dalhousie University, Canada
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(with a weakly unstable salt, and a very stable sugar distribution), even when the gradients in the
early stages of an experiment were in the ‘finger’ sense.  This final state was only quasi-steady,
since fluctuations corresponding to the passage of intrusions along the tank persisted
indefinitely, driven by the small residual potential energy in the salt field.

An analysis of a two dimensional double-diffusive experiment

D.I. Osmond and G. Veronis1

An experiment reported above by Phillips, Ruddick, Turner and Veronis provided the
motivation for this work, which was undertaken as part of Osmond’s fellowship at the GFD
Summer program at the Woods Hole Oceanographic Institution. The experiment involved an
initially homogenous fluid in a long tank which subsequently became stratified through double-
diffusive processes.  A source of salt solution was introduced at one end of the tank, and a
source of sugar solution was introduced at the other end, with an outflow in the centre of the
tank so as to maintain a constant volume of water in the tank.  (The use of salt and sugar models
heat and salt in the oceans.)  After a couple of days, a steady state salt and sugar stratification
was approached, while convection continued indefinitely. Salt fingering was active above the salt
source and below the sugar source throughout the experiment, as were diffusive layers below the
salt source and above the sugar source. It was thus apparent that some of the introduced salt was
travelling up through the fingers, and then crossing to the other side of the tank, where it
descended down through the diffusive layers. Some salt was travelling down from the source
through the diffusive layers, where it crossed to the other side of the tank and ascended up
through the fingers present there. Flux measurements were analysed to determine the salt (and
sugar) fluxes upwards through the fingers, downwards through the layers, and horizontally
across the tank to the outflow

Simple one-dimensional theories predicted fluxes through the fingers and diffusive layers
that were much larger than the input sources, and were thus dismissed as being invalid.
Horizontal fluxes cannot be neglected and it is impossible for the coupled system of adjacent
salt fingers and diffusive layers to be sustained without another driving mechanism to transport
either salt or sugar to the top of the tank. We evaluated an hypothesis that this additional
mechanism is the action of tilted quasi-horizontal intrusions and showed that the resultant
vertical fluxes through the fingers and layers could be up to twice as large as those through a
simple one-dimensional system. We also approximated the experiment with a simple box model,
the results of which indicated that the most of the salt and sugar introduced into the tank is not
involved in the double diffusive process but is simply carried horizontally across the box to the
outflow.

The formation of ‘optimal’ vortex rings, and the efficiency of propulsion devices

P.F. Linden5 and J.S. Turner

The formation of a vortex ring using the common technique of forcing fluid impulsively
through a pipe has been examined theoretically.  The method consists of matching the
circulation, impulse and kinetic energy in the injected plug of fluid to the corresponding
properties of a family of rings with finite cores, as calculated by Norbury.  When the length to
diameter aspect ratio L/D of the plug is increased, the size of the core increases relative to the
volume of fluid carried along with the ring, and a unique member of the family is identified for
each L/D.  This is found to be the limiting factor; for aspect ratios larger than a certain value it is
not possible to produce a single vortex ring while conserving circulation, impulse, volume and
energy, and further rings form behind the leading vortex. This result implies that the limiting
vortex ring is ‘optimal’ in the sense that it has maximum impulse, circulation and volume for a

                                                
5 Department of Mechanical and Aerospace Engineering, University of California, San Diego, USA
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given energy input.  Our limiting aspect ratio L/D = 4  is close to the value obtained in recent
experiments by Gharib and colleagues at Caltech.

These ideas have been applied in two contexts where a series of vortices is formed, both of
which have previously been discussed in terms of a Strouhal number (the frequency of vortex
formation).  In the breakup of a circular jet, the observed frequency of vortex production implies
that the individual vortices are close to the ‘optimal’ form.  The same is true of vortices
produced by the tails of a wide variety of swimming fish, which are very efficient in the sense
they give maximum thrust for a given energy input.  The implication of our results for the design
of propulsion devices to drive ocean vehicles is clear: individual vortices could be effective even
when they are produced with arbitrary intervals between them, rather than continuously.  Devices
modelled on the ‘jet propulsion’ mechanism of swimming used by squid and salps, and
designed to produce ‘optimal’ vortices, could be particularly effective.

The influence of laboratory experiments on the development of geophysical fluid dynamics

J.S. Turner   

An invitation to write a ‘Retrospective’ article for the journal Applied Mechanics Reviews
provided the incentive to trace the development of this field over the forty years since it was first
recognised as a distinct discipline, and in particular to assess the part that members of the GFD
group in RSES have played.  The early laboratory experiments were motivated by atmospheric
phenomena, particularly convection in the form of plumes, and the need to understand the
mechanism of turbulent entrainment.  This led on to studies of plumes in a stratified
environment and in confined regions, and turbulent gravity currents; these can be treated as line
plumes on a slope, with the extra feature that mixing is inhibited by the component of gravity
normal to the slope. Group members have made significant contributions to all of these, and the
concepts are still central to much of their current research.

Many oceanic processes too have been studied using laboratory experiments.  The largest
scale phenomena such as ocean currents are strongly influenced by the Earth's rotation, and so
experiments need to be carried out on a rotating table.  A sophisticated design for a table with a
1m diameter top was developed and built in house, and it has now been reproduced and sold to
overseas laboratories.  Using this, models of the wind-driven circulation in ocean basins,
currents driven by horizontal density gradients, the instability of coastal currents (such as the
Leeuwin Current off Western Australia) and the interactions between ocean eddies have all been
successfully studied in the GFD laboratory.  For smaller scales of motion, our experiments have
led to a better understanding of surface mixed layers, and the interaction between distributed and
localised sources of buoyancy.  The group has been at the forefront of research into double-
diffusive phenomena, which are now recognised to play a significant role in mixing in the
interior of the ocean, whenever temperature and salinity have opposing effects on the density of
water parcels.

It was first suggested by experiments carried out in RSES that double-diffusive processes
will also be important in liquid rocks, in which there are many components with different
diffusivities as well as temperature variations.  This has led to a whole new range of experiments,
extending beyond double diffusion, and to the development and recognition of the new sub-
discipline now called geological fluid mechanics. We have studied analogues of the
crystallization process in magma chambers using aqueous solutions in various geometries, the
effects of slow or rapid replenishment, and the formation of ‘black smoker’ chimneys and
related phenomena.  Lava flows have also been modelled, the laboratory analogues being liquid
waxes that solidify to produce a surface crust.  Convection in the Earth’s mantle has also been
addressed, in experiments modelling subducting plates and mantle plumes, using fluids having a
large variation of viscosity with temperature.  

These most recent extensions into a new field highlight the effectiveness of doing research
in a broad-based GFD group such as that in RSES.  The aim has always been to identify
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fundamental physical processes, and to achieve a deep understanding of them, rather than
focussing on the immediate applications.  Looking back, we find many examples of experiments
that have later been found to be very widely applicable, in fields which at first sight seem totally
unrelated to the earlier work.

GEOLOGICAL FLOWS

 ‘Excess heat’ effects in the formation of precious metal veins

G.O. Hughes and R.W. Henley

The evolution of flow in a fractured hydrothermal system following the sudden dilation of
fractures in the host rock has been analysed. If fluid in the system is close to vapour saturation,
the sudden dilation is adiabatic and produces a rapid drop of both the fluid pressure and
temperature. The depressurisation is accompanied by separation of the liquid and vapour phases,
and a two-phase compressible flow will evolve through the fracture system. The temperature
difference between the host rock and the two-phase fluid drives heat from the rock into the fluid.
This ‘excess heat’ evaporates additional liquid in the two-phase flow to develop substantially
larger vapour fractions than those due only to the initial adiabatic depressurisation of the fluid.
The additional vapour separation is potentially important for vein  formation  since high solute
concentrations   can  be  produced   in  the  residual  liquid  phase,  resulting  in   faster  mineral

Figure 5:   Oscillatory banding and lamination fabrics in a silica vein from the McLaughlin
gold-silver epithermal deposit, California. The photograph shows a section about 60 mm
in length: the darkest grey bands are crystalline quartz, other grey scale laminations are
indicative of other silica polymorphs, and the lightest laminations which show the least
internal structure may be interpreted as amorphous silica now inverted to quartz.

deposition in the fracture system and in potentially economic veins containing gold, silver and
base metals. A simple model of this complex flow has been developed to show that ‘excess
heat’  effects are  likely  to  result  in  deposition  within  tens  to  hundreds of  metres of
actively forming veins, and are a principal cause of oscillatory banding and lamination fabrics
(see Figure 5).
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A Theoretical Model of a Turbulent Fountain

L. J. Bloomfield and R.C. Kerr

Turbulent fountains are produced whenever a heavy fluid is rapidly injected upward into a lighter
environment. In the last few years, our laboratory experiments have shown that the dynamical
structure of the fountain, as well as macroscopic  properties such as its total height, depends
critically on the ambient density profile. In this study, we have used a theoretical approach to
provide a new model of axisymmetric and two-dimensional fountains in an arbitrary ambient
density gradient.

Figure 6: A comparison of the numerical results for four different formulations with
experimental data for (a) the upflow and downflow radius and (b) the upflow velocity of a
turbulent axisymmetric fountain.  Our preferred formulation is shown with a solid line.



RESEARCH SCHOOL OF EARTH SCIENCES – ANNUAL REPORT 1999

12

A set of entrainment equations were developed to quantify the fluxes of volume,
momentum and buoyancy in the upflow and downflow of the fountain. Four different
formulations were considered, comprising two formulations of the rate of entrainment between
two turbulent flows, and two formulations of the body forces acting on the central upflow. These
equations were integrated numerically to obtain predictions for the fountain height, the width of
the upflow and downflow, the upflow and downflow velocity and the upflow and downflow
buoyancy. The numerical calculations were then compared with previous experimental
measurements in a homogeneous fluid, showing excellent agreement (Figure 6).

This theoretical model of a turbulent fountain is particularly important in a confined
environment, where the density profile evolves with time as a result of the continued addition of
dense source fluid. The model can be used to analyse the dynamics of fountains that arise in
diverse applications such as: the replenishment of magma chambers, the heating or cooling of
buildings, the collapse of volcanic eruption columns, the forced mixing of reservoirs, harbors
and small lakes to improve water quality, and the disposal of brines, sewerage and industrial
waste into the ocean.

Numerical models of komatiite lava flows in the Cape Smith Belt, Canada

R.C. Kerr, D.A. Williams6 and C.M. Lesher7

Komatiite-associated magmatic Fe-Ni-Cu-(PGE) sulfide deposits are hosted by thick
units of komatiitic peridotite or dunite, which have been interpreted to represent crystallised lava
channels. The ores are localised in footwall embayments, which have been interpreted to have
formed, at least in part, by thermal or thermo-mechanical erosion.  As erosion of S-rich
substrates by hot, metal-rich komatiite lavas is considered to be a fundamental process in the
genesis of many magmatic Fe-Ni-Cu-(PGE) sulfide deposits, evaluating the role of thermo-
mechanical erosion in the emplacement of komatiitic lavas is an important aspect of
understanding the genesis of magmatic sulfide deposits.

To help understand the erosional potential and mineralisation of komatiite lavas, we
developed last year a mathematical model that quantifies the thermal, rheological, fluid
dynamical, and geochemical evolution of channelised komatiite lava flows.  This year, we have
applied the model to the thick ultramafic complexes in the Raglan Formation of the Proterozoic
Chukotat Group in the Cape Smith Belt, Canada, typified by the Katinniq Ultramafic Complex.
These complexes transgress underlying gabbros and metasediments, forming large, broad first-
order embayments that localised komatiitic peridotites, with small, reentrant second-order
embayments that host Ni-Cu-(PGE) sulfide deposits.  The host units are interpreted to represent
a series of lava channels and channelised sheet flows, and geophysical, geological, and
mathematical models suggest that the they are the eroded remnants of one or more sinuous lava
channels, extending for at least 20 km, possibly up to 50 km or more.  If this interpretation is
correct, then this system represents the first evidence of long, sinuous komatiitic lava channels
on Earth. If the broad, concave embayment at Katinniq formed by thermal erosion, then our
models suggest that it formed from a thick (~100m) flow erupted at high flow rates (~106 m3/s)
over a long duration (of months), producing volumes about an order of magnitude lower than the
Columbia River flood basalts (~104 km3).  Our modeling shows that it is easier to erode a warm
gabbro than a cold gabbro, and that it is easier to erode a gabbro than a basalt of the same
composition, if the gabbro melts at a eutectic temperature lower than the solidus temperature of
the basalt.  The amount of contamination resulting from thermal erosion of gabbro by komatiitic
basalt liquid is negligible (~1-2%), indicating that the observed contamination in the Katinniq
Ultramafic Complex (~10%) must be attributable to thermo-mechanical erosion of sediment
upstream during the late stages of erosion.  The modeled flow distance, surface crust thickness,
and degree of contamination are consistent with geophysical and geological data.  Thermo-
mechanical erosion of unconsolidated, sulfidic semi-pelitic sediments and decoupling of the
                                                
6  Department of Geology, Arizona State University, USA
7  Mineral Exploration Research Centre, Laurentian University, Sudbury, Canada
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miscible silicate and immiscible sulfide components is the preferred model for the generation of
the Ni-Cu-(PGE) sulfide ores in the Katinniq Ultramafic Complex and in other complexes in the
Raglan Formation.

The dynamics of lava flows

R.W. Griffiths

Previous laboratory and theoretical modelling in RSES of lava flow morphologies and the
dynamics of flow emplacement has this year led to the preparation of an extensive review paper
invited for the Annual Review of Fluid Mechanics. Lava flows are gravity currents of partially
molten rock which cool as they flow, in some cases melting the surface over which they flow but
in all cases gradually solidifying until they come to rest.  They present a wide range of flow
regimes from turbulent channel flows at moderate Reynolds numbers to extremely viscous or
plastic creeping flows, and even brittle rheology may play a role once solid has formed.  The
cooling is governed by the coupling of heat transport in the flowing lava with transfer from the
lava surface into the surrounding atmosphere or water, or into the underlying solid, and it leads
to large changes of rheology.  Instabilities, mostly resulting from cooling, lead to flow
branching, surface folding, rifting and fracturing, and contribute to the distinctive styles and
surface appearance of different classes of flows.  Theoretical and laboratory models, including
those carried out in RSES, have complemented field studies in developing the current
understanding of lava flows, motivated by the extensive roles lavas play in the development of
planetary crusts, landscapes, sea-floor topography and nickel-copper sulphide ore deposits, and
by the immediate hazards posed to people and property by active flows.  However, the review
concludes that much remains to be learned about the mechanics governing creeping, turbulent
and transitional flows in the presence of large rheology change on cooling, and particularly
about the advance of flow fronts, flow instabilities and the development of flow morphology.

MANTLE DYNAMICS AND TECTONIC EVOLUTION

Geophysically constrained mantle mass flows and the 40Ar budget:  a degassed lower
mantle?

G.F. Davies

It has been inferred previously that the lower mantle is much less degassed than the upper
mantle, by about two orders of magnitude, based on estimates of the amount of 40Ar expected to
have been generated during earth history.  Such a gas-rich lower mantle would severely limit the
permissible mass flow rate into the upper mantle.  However a gas-rich lower mantle conflicts
with evidence from refractory trace elements and their isotopes that most of the mantle has been
processed, and with increasingly strong geophysical evidence for a large mass flow between the
upper and lower mantle.  Neither is a gas-rich lower mantle implied any longer by isotopic
compositions of He, Ne and Ar from oceanic island basalts, which are nearly as radiogenic
(within factors of 2-4) as those from mid-ocean ridge basalts.  The budgets for mantle He, Ne
and Ar have been reassessed from geophysical and other geochemical constraints, but without
assuming the total 40Ar content of the silicate earth to be known.  These budgets permit the
lower mantle to be only slightly less degassed than the upper mantle, though they show that the
degree of lower mantle degassing inferred in this way depends strongly on poorly-constrained
entrainment and degassing efficiencies of mantle plumes.  A degassed lower mantle requires
either (1) that the Earth has 50% less 40K than is usually estimated, (2) that 40Ar is sequestered
in the core, or (3) that 40Ar has been lost from the earth entirely.  40Ar in the core is hard to
reconcile with chemical systematics.  A small amount of argon loss from the earth during the late
heavy meteorite bombardment is plausible, but 50% loss is difficult to justify at this stage.  A
50% lower K/U ratio in the earth would remove the discrepancy and may not be outside the
range of uncertainties.  All three hypotheses need to be considered, and some combination of
them may apply.
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Effects of plate and slab viscosities on the Geoid

S. Zhong8, G.F. Davies

The effects of realistic plate rheology (strong plate interiors and weak plate margins) and
stiff subducted lithosphere (slabs) on the geoid and plate motions, considered jointly, have been
examined with three dimensional spherical models of mantle flow.  Buoyancy forces are based
on the internal distribution of subducted lithosphere estimated from the last 160 Ma of
subduction history. While the ratio of the lower mantle/upper mantle viscosity has a strong
effect on the long-wavelength geoid, as has been shown before, we find that plate rheology is
also significant and that its inclusion yields a better geoid model while simultaneously
reproducing basic features of observed plate motion, without the need for artificial velocity or
stress boundary conditions. Slab viscosity can strongly affect the geoid, and the sign of the
effect depends whether a slab is coupled to the surface.  In particular, deep, high-viscosity slabs
that are disconnected from the surface as a result of subduction history can produce significant
long-wavelength geoid highs. Because of these effects, high-viscosity slabs derived from the
observed subduction history lead to significantly different geoid than that observed. This
suggests that slabs in the lower mantle are not as stiff as predicted from a simple thermally
activated rheology.  

                                                
8 Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge,  
  USA   


