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GEOPHYSICAL FLUID DYNAMICS
The overall aim of the Group’s research is to understand fluid flows and their roles in
transporting heat, mass and momentum in the Earth’s hydrosphere, crust and deep interior. The
research is currently focussed on physical processes of importance in three different areas: the
circulation of the oceans, magmatic and volcanic processes, and the convection of the solid
silicate mantle with its implications for plate tectonics. Because flow in the oceans and
atmosphere together provide a major part of the dynamics of our natural environment and
Earth’s climate system, while in addition almost all aspects of the solid earth are shaped by the
flow of fluids, including the solid mantle, it is evident that geophysical fluid dynamics is a central
discipline in the Earth Sciences. In RSES, the Group continues to emphasise the importance of
identifying and understanding relevant dynamical processes, along with attempting to assess
their role in the Earth. Themes include stirring and mixing in both laminar and turbulent flows,
density-stratified flows, thermal convection, the effects of planetary rotation and the dynamics of
flows with melting or solidification. Thus the research relies on dynamical modelling and a
rigorous understanding of the underlying dynamical principles. The program also relies on both
laboratory and computing facilities. Exchange of expertise and knowledge has been a vital part
of the work and the Group has initiated novel inter-disciplinary investigations, such as a
theoretical analysis of the deposition of minerals in quartz veins or the dynamics underlying the
contamination of Archaean lava flows.
In experimental fluid dynamics, the research topics have covered oceanic processes from
the wind-driven upper ocean circulation and the thermohaline circulation, from the scale of a
whole ocean basin, to the interaction of diffusion-driven salt finger convection and internal wavedriven intermittent turbulence, which occur at scales of centimetres to metres in the ocean
thermocline. Numerical modelling of the wind-driven circulation has helped to elucidate the role
of continental slope topography and has implications for the choice of boundary conditions that
are used in general circulation and climate models. Work on crustal processes has included the
modelling of melting at the base of large komatiite lava flows and an investigation of the effects
of solidification in large basaltic channel flows. In studies of mantle convection the focus has
been on the rate of stirring of chemical heterogeneities and the rate of de-gassing of volatile
elements from the mantle, in models with both bottom and internal heating.
For many members of the Group a major task for the year 2000 has been the setup of
the Geophysical Fluid Dynamics laboratory in the new purpose-built premises, which were
completed and occupied in November last year. The new laboratory provides a larger space and
specialised facilities for experimental fluid dynamics, a support area for the construction of
equipment and a darkroom. Setup of the laboratory has involved installation of movable
overhead beams, a large overhead two-axis traverser, the rotating table, a series of water tanks to
provide room temperature de-aired water, corridor wall displays, and a variety of smaller items.
The mechanical plant for a specially-designed constant temperature laboratory attached to the
main fluid dynamics laboratory is currently being completed. This space will be adjustable to
any temperature in the range 2˚C to 30˚C, and we have plans for a number of projects which will
make use of this environmental control. The new building, Jaeger 7, was officially opened by
the Federal Minister for the Environment on 8 March and the occasion was well-reported in the
media and television.
Another significant event was the 70th Birthday of Emeritus Professor J.S. Turner, the
inaugural leader of the Group (Figure 1). In order to mark this occasion, Professor Griffiths coconvened (with Professor P.F. Linden of the University of California at San Diego) a special
one-day session at the 5th International Symposium on Stratified Flows held at the University of
British Columbia, Canada. This is one of the top meetings in the discipline and we were
fortunate to have an outstanding schedule of speakers for the special session, including invited
lectures from O.M. Phillips, H.E. Huppert, T.J. McDougall and P.F. Linden. The session
highlighted the enormous impact of Turner’s research on a wide range of topics in fluid
mechanics and the Earth sciences.
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Figure 1: Emeritus Professor J.S. Turner, at age 70, at work in the newly opened
Geophysical Fluid Dynamics laboratory.

The staff of the Group changed significantly during the year. Drs G. Hughes and C.
Mériaux were appointed as Research Fellows. The Group hosted several visitors: Dr V.
Hansen of Southern Methodist University, USA, spent six months continuing her work on
Venus tectonics and discussing convection and plume theories with Dr Davies and Professor
Griffiths; Dr S. Vergniolle de Chantal returned to the Group for four months as a Visiting
Fellow from CNRS, France, to continue experiments with the dynamics of rapidly expanding
viscous foam, previously begun while she was an International Research Fellow (ARC, France);
Dr A. Bidhokti of the University of Tehran, Iran, began a one-year visit in October and is
studing the interactions of internal gravity waves and double-diffusive convection in the oceans.
The Group continued to host Emeritus Professor J.S. Turner, who was also a University Fellow.
Two PhD students, Mr D.L. Bright and Mr A.E. Kiss submitted their theses. Mr Kiss has been
awarded an Australian Postdoctoral Fellowship (ARC) to further develop (at RSES) his
investigation of the dynamics of wind-driven ocean circulation under variable wind forcing. A
PhD student who completed last year, Dr L.J. Bloomfield, continued experimental work in the
Group this year and has now taken up a postdoctoral position at the University of Cambridge.
A Technical Officer, D.L. Corrigan, left the Group during the year, transferring to the School
Electronics Workshop. The staff, students and visitors all acknowledge the vital contributions of
our technical support staff, R. Wylde-Browne, A.R. Beasley, D.L. Corrigan and F.A. Chivas to
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our research program. Collaboration continued with Australian Scientific Instruments who
manufactured and shipped ‘Geophysical Flows Rotating Tables’ to three North American
geophysical fluid dynamics laboratories.
Thermal erosion by laminar lava flows
R.C. Kerr

Over the past thirty years, thermal erosion by laminar lava flows has been either observed
or inferred in a range of subaerial and submarine locations. These locations include basaltic lava
flows at Hawaii, Mt St. Helens and at the East Pacific Rise, as well as carbonatite lava flows at
Oldoinyo Lengai in Tanzania. To provide a quantitative understanding of thermal erosion, I have
made a theoretical and experimental investigation of this phenomenon.
Using an analysis of the steady forced convective heat transfer by a laminar channel flow
at large Péclet numbers, the final steady-state erosion velocity was determined as well as the
thicknesses and timescales of the associated thermal boundary layers in both the lava and

Figure 2: Photographs of the wax block in a thermal erosion experiment, showing the
decrease in thermal erosion with distance downslope. (a) After 4 minutes. (b) After 8
minutes.
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ground. The initial transient period, involving the growth and remelting of a basal chill layer,
was also quantified. The erosion velocity was shown to decrease as x -1/3 with distance x
downstream from the original lava source, from a lava tube breakout, or from a lava fall. The
thicknesses of the thermal boundary layers and the maximum thickness of the chill layer were
found to increase as x1/3, while the timescales of the thermal boundary layers and the times to
both grow and meltback the chill layer increase as x2/3.
The phenomenon of thermal erosion was also investigated using laboratory experiments in
which hot wax flowed down a slope over a layer of cold solidified wax. In the first set of
experiments, steady-state thermal erosion was demonstrated (Figure 2), and the measured
erosion rate was in excellent agreement with the theoretical prediction. In the second set of
experiments, the growth and meltback of a chill layer was demonstrated (Figure 3), and the
measured meltback time was in excellent agreement with the theoretical prediction.

Figure 3: Photographs of the formation and meltback of a chill layer in a thermal erosion
experiment. (a) After 2 minutes. (b) After 36 minutes, where the chill layer has been
completely eroded along the centre of the channel but still remains along the sides of the
channel.
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When the theory is applied to basaltic lava channels on Hawaii, it explains field
observations of constant erosion rates of several centimetres per day on timescales of a few
months. The theory also predicts that: (i) the thermal boundary layer at the base of the lava is
only 1–5 cm thick and is established after only 0.26–5.6 hours; (ii) an initial chill layer reaches a
maximum thickness of 7.3–34 cm after a time of 0.21–4.6 days, before thermal erosion and chill
meltback begins. This thermal erosion of the ground is responsible for the observation that lava
streams only partially fill their tubes except where inflation is active. Also, the decrease in
thermal erosion with distance provides a mechanism for the continued increase in the height of
lava falls with time, since thermal erosion will be very rapid below a lava fall but relatively slow
upsteam of the lava fall. Indeed, recent observations indicate that up to 30% of the elevation
drop in Hawaiian lava tubes can occur in lava falls. Finally, the predicted decrease in thermal
erosion with decreasing ground slope is consistent with the field observation that the amount of
thermal erosion decreases with decreasing preflow slope.
When applied to the small lava channels of natrocarbonatite on Oldoinyo Lengai, the
theory explains observations of constant erosion rates of maximum and minimum on timescales
of tens of minutes. The theory also predicts that: (i) the thermal boundary layer at the base of
the lava is only 4–9 mm thick and is established after only 0.7–3 min; (ii) an initial chill layer
reaches a maximum thickness of 3–7 mm after a time of 0.5–2.5 min before meltback begins.
Lava domes on slopes
D. Osmond and R.W. Griffiths

Over the past few years the GFD group has been considering the dynamics of the growth
of lava domes. Most recently we have investigated the shape of very slowly growing lava domes
extruded onto slopes when the lava has a yield strength. We considered one of the most simple
cases, which ignores surface cooling and viscous effects, assuming the shape to be governed
solely by a uniform internal yield strength. Laboratory experiments were performed using
slurries made from a mixture of PEG wax and Kaolin clay extruded on to a sloping plane
(Figure 4), and the results compared with analytical and numerical solutions obtained in previous
years. It was found that the analytical theory provided a good prediction of the distance the
slurry spread across the slope and down the slope. By using the ratio of these distances, we
have derived a method by which the yield strength of simple, real highly silicic lava flows may be
estimated.

Figure 4: Slurry domes consisting of mixtures of Kaolin clay and PEG wax. The white
circles indicate the source locations.
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Numerical models of komatiite lava flows at Perserverance, Western Australia
R.C. Kerr, D.A. Williams1, C.M. Lesher2 and S.J. Barnes3

One of the remarkable features inferred from the compositions of Precambrian komatiite
lavas is their capability for turbulent flow and thermal erosion of substrate when emplaced as
channelized flows. Thermal erosion and assimilation of sulphur-rich substrates are considered
to be necessary elements in the formation of komatiite-associated Ni-Fe-Cu-(PGE) sulphide ore
deposits. To help understand the erosional potential and mineralization of komatiite lavas, we
have recently developed a mathematical model that quantifies the thermal, rheological, fluid
dynamical, and geochemical evolution of channelized komatiite lava flows. This year, we have
applied the model to investigate the emplacement and erosional potential of Archaean komatiite
flows at Perseverance, Western Australia. Perseverance has been proposed as a site of largescale thermal erosion by large-volume komatiite eruption(s), resulting in a 100–150m deep lava
channel containing one of the world’s largest komatiite-hosted Fe-Ni-Cu sulphide deposits.
Using constraints based on field, theoretical, and geochemical data, we have modelled the
emplacement of a range of flow thicknesses over felsic tuffaceous substrates with various
degrees of consolidation and water contents. Thermo-mechanical erosion becomes more
effective for substrates that are increasingly unconsolidated and water-rich. For thermomechanical erosion to be responsible for the formation of the ~100 m deep, concave
Perseverance embayment and the highly-contaminated (~10–20%) Perseverance komatiites, the
most likely scenarios require emplacement of thick (10–100m), turbulent, channelized liquidus
or superheated komatiite lavas over a welded or unconsolidated submarine tuff. Flow distances
must have been long (tens to hundreds of kilometers) and flow volumes must have been very
large (hundreds to thousands of km3). Lava channels and tubes more than 110 km long have
not been observed on Earth, but are consistent with those formed by low-viscosity lavas on the
Moon, Mars, Io, and Venus. Flow volumes are consistent with those in continental flood basalt
eruptions and oceanic plateau (Large Igneous Provinces) and may represent the initial
outpourings of komatiite lavas from Archaean mantle plume activity.
Geomorphological fluid dynamics
R.W. Griffiths

Previous research in the GFD Group on the dynamics of convection in the Earth’s
mantle, volcanic processes and lava flows led this year to an invitation for Professor Griffiths to
be a Main Lecturer at the joint French-Italian summer school on Fundamental Problems in
Geophysical and Astrophysical Fluid Mechanics, for which the theme was “Geomorphological
Fluid Mechanics”. The lectures will be published in book form. Professor Griffiths’
contributions introduce basic concepts in convection, mantle dynamics, plate tectonics and
dynamical volcanology. The mantle-related phenomena are responsible for creating and shaping
much of the Earth’s surface topography on scales of 100 km and larger. This topography not
only presents the base slopes on which erosion and sedimentation proceed; it also strongly
influences the ocean and atmosphere circulations and consequent precipitation, hence further
affecting erosion. Erosion and sedimentation also feed back to affect topography through uplift
and subsidence of the crust and mantle. A solid starting point for discussion of these strong and
complex interactions between the fluid and solid earth is a good understanding of mantle
convection processes and the way in which they drive plate tectonics and volcanism.
Lectures on volcanic processes focussed on the coupling of viscous flow with heat
transfer and the effects of the resulting large variations in viscosity, and of solidification. These
processes are fundamental to the behaviour of lava flows. Lava flows, apart from posing
immediate hazards, shape much of the planet’s surface at the 1 to 100 km scale, and an
1
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understanding of their dynamics is important for interpretation of the flow conditions under
which past lava flows were emplaced. The main thrust of this work is that lava flows are
strongly controlled by cooling, which leads to rheology change and solidification, and these in
turn lead to a range of morphological flow instabilities. The instabilities take the form of flow
fingering or branching, surface folding, rifting and fracturing, and they contribute to the
distinctive styles and surface appearance of different classes of flows. Theoretical and
laboratory models carried out in RSES have complemented field studies in developing the
current understanding. Further work on the particular case of solidification in long channelised
lava flows, such as those on Hawai’i, is underway and involves a collaboration with
volcanologist Professor K.V. Cashman of the University of Oregon, USA, and Dr R.C. Kerr of
RSES.
‘Optimal’ vortex rings and aquatic propulsion mechanisms
P.F. Linden4 and J.S. Turner

A theory of vortex ring production, using the common technique of forcing fluid
impulsively through a pipe, has been developed by matching the circulation, impulse and energy
in the injected plug of fluid to the corresponding properties of a family of rings with finite cores.
As the length to diameter 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. When a volume constraint is added it can be shown that the limiting
aspect ratio for a single ring to form is L/D = 4, close to the value observed in practice. This
result implies that the limiting vortex ring is ‘optimal’ in the sense that it has maximum impulse,
circulation and volume for a given energy input.
These ideas have been used to shed new light on the mechanisms of propulsion of
marine organisms. Fish swim by flapping their tail fin, and other sea creatures, such as squid
and salps, eject fluid intermittently as a jet. We argue that each flap gives rise to an optimal
vortex ring – one which produces the maximum thrust for a given energy input. In this way fish
optimise both their steady swimming and their ability to accelerate and turn. The ejection of
fluid behind a salp also produces a vortex ring which is optimal in our sense; squid, on the other
hand, produce a long backward jet that uses more energy but enables them to achieve more rapid
acceleration. Our definition of efficiency in terms of individual rather than repeated events
suggests a new approach to the design of ocean vehicles based on similar principles. There is an
upper limit to the rate of ejection of vortices, but no lower limit, and the rate might be chosen on
other grounds. For example a vehicle designed to travel near the surface could eject rings at a
rate related to the wave frequency, or alternatively, energy could be stored over a longer period
until enough has been accumulated to produce a single optimal ring.
Internal gravity waves in a viscous stratified fluid
G.O. Hughes, R.W. Griffiths and P. Kim

We have begun a project that examines the behaviour of low-frequency internal gravity
waves in a viscous stratified fluid. This work extends our investigation of the “shear layers”
phenomenon reported in previous years. Viscosity acts in these flows, both to reduce the
amplitude of waves with distance from a disturbance and to drive mean flows. We have
developed a theory to describe the evolution of internal waves in weakly viscous flows and are
conducting experiments (see Figure 5) to confirm our predictions that horizontal shear layers are
a result of the system selecting wave modes which have vertical phase velocity approximately
equal but opposite to the mean vertical flow. Our results have application in the oceans and
atmosphere, which represent weakly viscous fluids on the time scale of low-frequency waves.

4
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Figure 5: Visualisation of the horizontal velocity profile due to a low-frequency internal
gravity wave in a stratified fluid with constant density gradient. The wave motion is
generated by a steady forcing at the free-surface (near the top of the picture) and is
superposed on a uniform vertical advection of fluid in the tank. The amplitude of the wave
is seen to decrease with depth.

Dynamics of ocean circulation driven by surface wind stress
A.E. Kiss and R.W. Griffiths

Analysis of numerical simulations of flow in the “sliced cylinder” and “sliced cone” has
continued. These are idealised laboratory models of the wind-driven ocean circulation. The
numerical solutions have revealed aspects of the circulation (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 provided valuable insights into the
dynamics controlling western boundary current separation from the boundary of the basin. In
the sliced cylinder separation of the current is associated with excessive dissipation of potential
vorticity in the viscous sublayer of the boundary current, which necessitates separation from the
vertical side boundary to allow the current to merge with the interior flow. Numerical
experiments with the sliced cone have also shown that a sloping side boundary (mimicking that
in a real ocean basin) dramatically reduces the dependence of the flow on the choice of boundary
conditions at the “coast”, a result which may have important consequences for ocean
circulation.
Wind-driven convection at ocean density fronts
D. Osmond

Large volumes of intermediate water are formed in regions of the Southern Ocean at the
Sub-Antarctic Convergence Zone when the surface water becomes increasingly dense until it is
gravitationally unstable. The resultant convection generates mode water, which is then subducted
into the interior. For some time there has been uncertainty over the main formation mechanism
of this water. In particular, it is not known whether surface cooling is the primary mechanism
driving the convection, or whether the wind stress plays a significant role forcing cold, denser
water across ocean density fronts and over the top of lighter water.
Recent numerical models indicate both mechanisms may be important. However, many of
the ocean general circulation models are too coarse to adequately resolve the convection due to
winds blowing currents across ocean density fronts. In order to provide estimates on the
magnitude of the wind-driven component we have carried out laboratory experiments on the
rotating table. An initially axisymmetric density front is generated in a two-layer stratification
using the centrifugal force created by the table’s rotation. The wind stress is simulated by a
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G EOPHYSICAL F LUID D YNAMICS

differentially rotating lid, which, due to the Coriolis force, causes some of the denser fluid to
move radially inwards underneath the lid, until it reaches the density front. Planar Laser Induced
Fluorescence enables us to quantify the amount of mixing that occurs as the dense water crosses
the front. Figure 6 shows a vertical, radial slice through the tank and the mixed water being
produced along the front. This study is continuing.
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Figure 6: Mixed fluid being produced at the interface of a two layer stratification. The
density anomalies shown are the difference between the measured density and a theoretical
unmixed state.

Ocean thermohaline circulation regimes
R.W. Griffiths

A new investigation began this year into the processes that control the strength and
patterns of large-scale overturning circulation in the oceans. Building on the experience of the
Geophysical Fluid Dynamics group in laboratory studies of convection, thermohaline effects
and buoyancy-driven currents, we have designed laboratory experiments which will provide
insights into the relative roles of differential surface heat fluxes between low- and high- latitude
oceans on the one hand, and of surface freshwater fluxes at high latitudes on the other hand. A
key aspect of the circulation is that it is driven by the meridional gradient of surface fluxes
(especially radiative heating at low latitudes and mixed cooling fluxes at high latitudes) and not,
as often stated, by the deep sinking of cold waters at high latitude. The confined nature of the
deep convection that produces Deep and Bottom water masses in specific high latitude locations
has long been known to be a consequence of the gradient of (broadly distributed) surfaces
fluxes. The circulation also includes the convectively stable thermocline at low and mid-latitudes
and the necessary return flows in the underlying water. Thus the global circulation can be
studied without recourse to specific and localised convection processes operating in regions of
deep convection.
Our experiments with trial apparatus have been most revealing, showing several
circulation regimes including at least one having strong oscillatory behaviour. It will be
necessary in the coming year to more fully delineate these regimes in terms of the governing
parameters of the system, to investigate the structure of flow in each regime and the effects of
different surface boundary conditions, and to further develop our theoretical models of the flow
before attempting extrapolation to the oceans.
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Interactions of salt finger convection with an isolated patch of turbulence
M.G. Wells and R.W. Griffiths

Salt fingering convection occurs in the ocean’s thermocline when warm salty water
overlies colder fresh water. This form of convection has been recognized as being ubiquitous in
much of the mid-latitude thermocline and is present in a background of internal waves, density
fine structure and intermittent turbulent patches. Turbulent patches disrupt salt finger patches
but are only intermittently present in 5% of the water column. To understand what occurs when
both these processes are present, we made a laboratory study of the interaction of salt fingers
with an isolated patch of turbulence. We created linear concentration gradients favorable to salt
finger convection. These were then briefly mechanically stirred to simulate an intermittent patch
of turbulence, which resulted in a partially mixed patch. We find that after the stirring event the
salt fingers can lead to overturning convection of the partially mixed patch. Subsequent
turbulent entrainment can lead to an increase in the patch thickness with time, which in turn can
enhance lateral intrusion rates of collapsing patches in the ocean and lead to enhanced horizontal
transport in regions where salt fingering and intermittent turbulence and present.
In an oceanographic experiment in the North Atlantic oceanographers found that lateral
intrusions from collapsing turbulent patches were important in determining a horizontal
diffusivity of an anthropogenic tracer. At this site salt fingering had also been determined to be
at least as important as the turbulence in determining the vertical diffusivity of the tracer. The
mechanisms we have studied in the laboratory are relevant to these oceanographic settings and
will help us to understand vertical fluxes in the thermocline.
Vertical transports produced by double-diffusive sources
J.S. Turner and G. Veronis5

Laboratory experiments using the salt/sugar analogue system to represent coupled
temperature and salinity variations in the ocean have shown how horizontal property gradients
can affect the stratification and circulation in ocean basins. With sources of salt solution at one
end of a long tank and sugar at the other, and withdrawal at the centre to keep the volume
constant, a strong vertical stratification developed over time. This was observed even when the
densities of the two input fluids and that of homogeneous fluid in the tank were exactly the same
– an effect that cannot occur with a single stratifying property. The asymptotic state
corresponded to a run-down ‘diffusive’ stratification, with a weakly unstable salt and a very
stable sugar distribution (corresponding to cold fresh water over hot salty water in the ocean).
This ‘final’ state was only quasi-steady, since intrusions continued to pass along the tank
indefinitely, driven by the small residual potential energy in the salt field.
In order to understand the evolution of the vertical property gradients, especially in the
early stages of the two-dimensional experiments described above, single salt plumes feeding into
homogeneous sugar solution, and sugar plumes into salt solution, have been studied in detail.
The ratio of the densities of the input and tank fluids was varied systematically on either side of
unity. The source was located close to mid-depth in a tank provided with a central horizontal
partition that could be closed after the plume had been running for some time, so that measures
of the upward and downward transports were obtained by mixing and sampling the upper and
lower compartments. The two types of sources are not completely equivalent (or antisymmetric)
because of the different rates of diffusion in and out of the plumes; the surrounding ‘sheath’ of
fluid affected by this diffusion has a different dynamical behaviour in the two cases. For
example a slightly light sugar plume produces a much larger downward than upward flux of
sugar, whereas for the same density ratio a salt plume leads to more nearly equal transports of
salt up and down.
5
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Stirring of chemical tracers by mantle convection
G.F. Davies and C. Mériaux

A new project has begun, with the arrival of Dr Mériaux, to use numerical models of
mantle convection to understand and intepret geochemical observations of heterogeneity in
mantle-derived rocks. The question of how the chemical heterogeneity of the mantle can be
compatible with mantle convection has been very controversial, and it is important because the
isotopic heterogeneities contain information about the past evolution of the mantle which is
otherwise unavailable. This topic has been investigated by us in the past, but we are now in a
position to use much-improved convection models. The work will also be coordinated with
Professor P. Bunge of Princeton University, who has complementary capabilities to do threedimensional modelling, though the latter are less suitable for exploration work.
Our initial work has been to check and extend some recently published work by van
Keken and Ballantine, who showed that even if the lower mantle has higher viscosity than the
upper mantle, as other observations indicate, there is no significant stratification of tracers
induced in the convecting mantle. We have obtained similar results to their reference case,
showing in the process that there is little effect due to our use of cartesian geometry, compared
with their cylindrical geometry. We then extended their investigation to a case in which the
mantle is heated entirely within, rather than 60% from below, as they assumed. Observations of
hotspot swells indicate that mantle plumes carry less than 10% of the Earth’s heat budget, which
implies that the mantle is heated more than 90% from within. We have shown that even with no
bottom heating, the results are not significantly changed, so their conclusion is strengthened.
The project is now moving into the main phase, in which much more realistic mantle flows
will be simulated, by including a good simulation of lithospheric plates. The plates render the
flow more regular and steady, which is likely to slow the stirring significantly. Also the
subducted plates are cooler and stiffer, and this substantially slows the stirring of tracers in the
deep mantle. We will also, later, include the effect of dense subducted oceanic crust, which is
expected to settle to the bottom and further increase the residence time of tracers. Previous work
by Christensen and Hofmann showed that this effect is important, but we can improve on their
simulation of the convective flow and we will use tracer sampling that is more similar to the way
geochemical samples are obtained.
Venus coronae: thermals or melt diapirs?
V.L. Hansen

Although Venus is about the same size and density as the Earth, and is presumed to have a
similar heat budget, it apparently looses its heat in a very different mechanism than Earth’s plate
tectonics. Venus hosts ~400–500 quasi-circular features called coronae. Coronae, which range
in diameter from 60 to 1060 km (200 km median diameter), reflect both magmatic and tectonic
processes. Coronae may be responsible for significant heat transfer from the mantle, thus it is
important to understand how coronae are related to mantle processes. Although workers
generally accept that coronae represent the surface signature of mantle diapirs, most workers do
not explicitly define the nature of the buoyancy, or they assume that the buoyancy is a result of
temperature difference. Whereas all diapirs are driven by density differences with their
surroundings, density differences can be a function of temperature or phase change, or both.
The type of buoyancy, thermal expansion versus phase change, affects how diapirs interact with
their surroundings. If a diapir is driven by temperature difference alone, surrounding material is
entrained into the diapir and the velocity of rise decreases with time. When melting is involved,
driving buoyancy can be greater, and there is also no entrainment; a melt diapir rises at a
constant velocity assuming a constant surrounding composition.
Simple buoyancy calculations taken together with geologic and structural mapping and
geologic constraints, enable us to determine that coronae most likely result from melt-driven
diapirs, and cannot result from thermal diapirs, as assumed by most workers. Assuming Earth71
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like properties for Venus’ upper mantle, coronae diapirs, if thermally driven, would have to form
in the crust or lithosphere in order for them to rise before they cooled. We know of no
mechanism that could generate such thermals, thus corona-diapirs are likely melt-driven, and
may form as Raleigh-Taylor melt instabilities within broad mantle upwellings. Coronae thus
reflect heat derived from the mantle.
In contrast, Venus’ volcanic rise and crustal plateaus represent the surface signatures of
deep mantle plumes on contemporary globally-thick lithosphere and ancient globally-thin
lithosphere, respectively. These also are diapiric structures, but they differ from coronae in that
they range in diameter from 1600–2600 km – more than an order of magnitude larger than
median sized coronae. These structures reflect deep mantle plumes – entities that are thermally
rather than compositionally driven. The size of the requisite plumes indicate that they most
likely originated at the core mantle boundary, and reflect cooling of the Venus core, rather than
the mantle.
Geologic and structural mapping of Artemis, a large (~2600 km diameter) circular
structure considered by many workers to be a coronae, indicates that this structure records the
surface signature of both a large deep mantle plume, and five or six relatively small
compositional diapirs. The surface geologic history is consistent with a scenario in which a
deep mantle plume rises through the upper mantle, where it spawns six compositional diapirs
due to partial melting and/or mantle heterogeneity. Compositional diapirs rise to form coronae
structures that are spatially and temporally correlative with a deep mantle plume structure.
Artemis probably records a time of transition from globally thin to globally thick crust across
Venus.
We conclude that the bimodal distribution of coronae and large crustal plateaus or
volcanic rises reflects the mode of buoyancy driving the respective diapirs. Furthermore, the two
sizes reflect the different location at which diapirs form and also record different heat sources
and modes of heat transfer within Venus. Deep mantle plumes form at the warm lower
boundary layer and rise to the lithosphere forming either crustal plateaus (ancient thin
lithosphere time) or volcanic rises (present thick lithosphere time) and transfer heat from the
core. Broad mantle upwellings spawn melt diapirs at relatively shallow levels in the upper
mantle which rise to form coronae at the surface, and likely represent the major mechanism of
heat transfer from the mantle that has operated in the last 750–1000 million years of Venus’
evolution. Coronae, which are dominantly concentrated in broad linear topographic highs, leak
lava flows to the surface and are likely to have played a dominate role in the resurfacing of
Venus over the last 750–1000 million years.
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