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Abstract

A geyser is a natural mechanism in which gravity and phase interact. Here the geyser
mechanism is generalized from the usual description of a localized, heated reservoir, to a
description in terms of a one dimensional vertical distribution of the working fluid. The
generalization applies to both liquid-to-vapour and solid-to-liquid phase changes. This
general mechanism explains why the phase change occurs explosively. It can be applied
to explosive volcanism and the occurrence of explosions in oil wells and geothermal
wells.

The geyser instability can be further generalized to solid-liquid transitions in 3
dimensions in planetary interiors. The mechanism predicts the existence of upwardly
migrating convection cells within the Earth’s mantle and implies that the interior of the
earth and of similar planets and planetoids are inherently unstable. These instabilities
may underlie the observed variability in Pleistocene-Holocene climate, the strongly offset
magnetic fields of Uranus and Neptune.

Introduction

A geyser is a spring characterized by intermittent discharge of water ejected turbulently
and accompanied by a vapour phase (steam). Generally, surface water works its way
down to a depth of around 2,000 metres where it contacts hot rocks. The resultant boiling
of the pressurized water results in the geyser effect of hot water and steam spraying out of
the geyser's surface vent (see for example http://en.wikipedia.org/wiki/Geyser).

The intermittent nature of geysers is assumed to be determined by the time taken for the
hot reservoir to be replenished with a fresh supply of cold water following each eruption
and the time taken to heat the new water to boiling temperature.

This description does not properly account for the intermittent nature of geysers. The role
of gravity and of pressure feedback is not taken into account in this simple conventional
description. There is no reason why such a mechanism would not operate in a continuous,
steady state mode in which steam is formed at the same constant rate at which new water
enters the heated reservoir.
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A One Dimensional Open Vent Case

A more realistic description of the geyser mechanism is depicted in Figure 1 in which the
reservoir comprises a fissure in the rock with significant vertical extent. The diagram
shows the reservoir at the completion of its quiescent phase. Heat is flowing upward out
of the earth from magma at deeper levels. Thus there is a temperature gradient in which
temperature increases with increasing depth. Indeed, due to 3D sphericity, the rate is also
increasing; the lower levels of the reservoir are heated more rapidly than those above.

However the water lower in the reservoir is inhibited from boiling by the hydrostatic
pressure of the water above it. Fig. 2 shows the pressure-temperature characteristic (PTC)
for water, i.e. the temperature at which water boils for a given hydrostatic pressure.

The temperature of the water continues to rise until at some depth in the water column,
the temperature exceeds the boiling point corresponding to the hydrostatic pressure at that
particular depth. This location will be termed the “point of first boiling”.

Once boiling has commenced the boiling fluid and the liquid above it rise up through the
geyser channel and some fluid is expelled from the vent. As a result, there is less fluid in
the column and the hydrostatic pressure on the water immediately below the point of first
boiling decreases, so causing this water to commence boiling as well.

In this way a positive feedback loop comes into play whereby decreased pressure causes
more boiling, which results in more fluid being ejected. This in turn decreases pressure
still further, leading to more boiling and so on. This progression resembles the
propagation of a flame front through an explosive mixture of chemicals, except that in
this case it is a pressure decrease rather than a temperature increase which propagates
through the fluid .

This may be mitigated to some extent when the downward force of friction with walls of
the tube due to Reynolds flow is added to the hydrostatic pressure, so preventing
reservoir pressure falling quite so rapidly.

Thus the depth of boiling moves downward, and fresh material is expelled at an ever
increasing rate until some limit point is reached. Positive feedback will always continue
until the system is driven into a different state. The feedback will continue rapidly until
boiling has cooled the fluid and surrounding rock to below the boiling point or until all
the fluid has boiled away. Energy in the form of enthalpy is expelled from the vent with
the fluid. The period of the geyser cycle is determined by the time taken to reheat the
surrounding rock following the cooling, or by the time taken to replenish the fluid in the
reservoir.

A further phenomenon occurs in cases where the ejection of fluid, usually the more fluid
phase, becomes so rapid that ejection velocities are sufficiently large for the speed of
sound to be achieved inside the vent. When this happens a sonic shock front will form
inhibiting further increase in flow. This can cause a large transient pressure to build
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behind the shock. Such a shock will have little effect on a natural geyser, but may cause
damage to well casings and other fixtures in manmade wells.

The situation is exacerbated by the fact that the ejected material is in the form of low
quality wet steam (or “wet” hydrocarbons) in which the speed of sound is extremely low
(Reid and Nielsen, 2010). This phenomenon may well be the cause of some volcanic
explosions such as that of Mount St Helens in 1980 when the side of the mountain blew
open, consistent with a sonic shock forming in the vent.

The geyser instability occurs whenever a pressure induced phase change leads to
decreasing pressure, leading in turn to a further pressure change in a positive feedback
manner. Such instability can only occur on a scale large enough for pressure changes to
be important. It is unlikely that such instability could be set up in a laboratory beaker
because the pressure differences on this scale, between the top and bottom of the beaker,
affect the phase to a much smaller extent than do other causes such as temperature
variations. At laboratory scales pressure changes become “lost in the noise”.

Three Dimensional Instability

At large scales other pressure-controlled phase transitions are possible even when the
fluid is not confined to a one dimensional vent or reservoir. Such three dimensional
instability can be considered as a “closed” or “fixed lid” instability in contrast to the
geyser-like “open vent” instability described above.

Consider an idealized planet or planetoid of uniform composition heated internally by
uniformly distributed radioactive material. Further assumptions are that the coefficient of
thermal conductivity is also uniform, that the PTC is approximately linear over the range
of temperature and pressures under consideration, and that the liquid phase expands when
heated so that heat transfer by convection is possible in the liquid phase.

Under these assumptions, because of radial symmetry, in a steady state, Fourier’s
equation yields temperature as a function of radius, T(r), which is an inverted parabola
for a planetoid entirely in the solid state, in which heat transference occurs by conduction
alone. This situation is depicted in Curve 1 of Figure 3 for the case of the PTC, Curve 3,
not intersecting the actual temperatures achieved in the interior of the solid planet, and
the planet is not tectonically active.

Now consider what happens when the PTC does intersect T(r), as shown in Curve 2 of
Figure 3. The material in the region between the PTC and its points of intersection with
Curve 1 turns to liquid. In the liquid state, convection comes into play, and the rate of
heat transfer increases, because heat is transferred by both convection and conduction
rather than by conduction alone.

In this range of radius values, a convective, spherical, liquid shell will be formed in
which T(r) is determined by the PTC rather than by Fourier’s equation. Because heat is
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transferred at a higher rate, the inner side of the spherical shell will lose heat faster than
would otherwise be the case and, because of this extra cooling, the liquid will revert to
solid near the inner radius of the shell.

Likewise, at the outer radius of the shell, heat will be transferred from the interior faster
than would otherwise be the case and the solid rock beyond the outer radius of the shell
will liquefy. Thus the convective shell is not stable and will tend to move outward over
time.

The convective shell described above is, of course, made up of discrete convection cells,
each of which is ascending through the solid rock by liquefying rock above it, and solid
rock behind it. The convective shell can be considered as a “swarm” of convection cells
of similar radii, all ascending at their own speeds.

It has been suggested that the radioactive elements which heat the interior of the earth
may not be uniformly distributed through the interior and may occur in higher
concentrations near the surface (e.g. Kappelmeyer and Haenel, 1974). Neither can it be
assumed that the coefficient of thermal conductivity is constant with increasing pressure
and temperature. Nor is the PTC known for the very large hydrostatic pressures in the
interior of the earth. Nevertheless, the present argument is independent of the shape of
T(r) providing it is monotonic.

Even under the broadest assumptions, the temperature distribution, in the absence of
convection, will be monotonic decreasing with radius. All that is necessary for a
convection cell to form is that this monotonic decreasing function of radius is intersected
at least once by a second monotonic decreasing function of depth, the PTC.

In reality, convection cells can form wherever heat builds up to form pockets of fluid
within the solid mantle. At extreme temperatures the PTC is no longer a single line but a
region of phase space in which the material is neither truly solid nor liquid, but has some
of the properties of both phases. The high pressure edge of this region of phase space,
beyond which the material is solid is known as the “solidus”. The low pressure edge
which bounds the fully liquid region is called the “liquidus”.

Nevertheless the principle remains the same for all scenarios, viz.: liquefaction of the
solid mantle by heating leads to increased radial heat transport by conduction and
convection operating together rather than by conduction operating alone as in the solid
case. Increased radial heat transport leads to additional cooling and solidification at the
inner end of the convection cell, and additional warming and liquefaction at the outer end
of the convection cell. Hence any convection cell must migrate outward from the centre
of the earth over time.

Nor are the scale sizes and ascent velocities known. It is likely that there are a variety of
convection cell types with differing temporal and spatial scales. The viscosity of material
lying between the solidus and liquidus is likely to be temperature dependent. Near the
solidus, higher viscosity and smaller density differences imply that the spatial scale of the
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convection cell must be large in order for convection to commence and when it does
commence it will happen slowly. At higher temperatures convection and migration will
be more rapid. This argument suggests there may be wide variety of convection cell types
with an inverse relationship between their temporal and spatial scales.

This model thus provides a single general theory with which to interpret a variety of
disparate phenomena of various time and space scales: ice-ages, Dansgaard-Oeschger
events, intermittency and explosivity of much volcanism, volcanic hot-spots, plate
tectonics and geysers on Earth, huge geysers on planetoids such as Io and Enceladus.

Dansgaard-Oeschger Events

Although still speculative, the instability model implies that the interior of the Earth is
equally as dynamic as the Earth’s atmosphere or the interior of the Sun. The only
differences are the different time scales of the relevant physics. Convection cells in
viscous magma involve longer time scales than in solar plasma in the Sun, or water-
saturated air in a hurricane.

The slower time scale of geological instabilities does not imply less chaotic behaviour.
Both are driven by the interaction between pressure, temperature and phase. However a
longer time scale means that some of the surface manifestation of geological phenomena
occurring within the Earth’s interior may not have occurred within human historical
experience. We only know of them from proxy data from ice cores and ocean sediments.

Of particular interest are Dansgaard-Oeschger events, shown in Figure 7. These warm
pulses occur seemingly at random with a time scale of 10 ky. They are much more
pronounced in Greenland ice cores than in cores from Antarctica, although the same
sequence of pulses can be seen in both. More importantly, in the Greenland cores they
have a rapid onset and slow decay, whereas they are more symmetrical in the Antarctic
cores. Many times during the last ice age, temperatures near Greenland warmed rapidly
over periods of 1-100 years, followed by gradual cooling over longer periods (Dansgaard
et al., 1993). For example, roughly 11,500 years ago, temperatures over Greenland
warmed by roughly 8°C in 40 years in three steps, each spanning 5 years (Alley, 2000).

In terms of the instability model, each Dansgaard-Oeschger event is the result of a
convection cell of magma ascending from the mantle to beneath the crust, which is thus
rapidly heated. This heat is communicated to the ocean and the atmosphere by
conduction, hydrothermally, or by local volcanism, or by a combination of these. The
spatial scale is perhaps of the order of 102 to 103 km. The rapid onset and larger size of
the warm pulses in the Greenland ice cores suggests that the convection cell exited the
mantle close by, say beneath the Arctic Ocean.

Following initial rapid heat loss consistent with pulse rapid onset, the convection cell
magma solidifies and its remaining heat exits through the crust more slowly by
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conduction alone, consistent with the observed slower decays of those warming pulses
over thousands of years.

These warming events are sufficiently large to warm global oceans and it is this
secondary warming which is observed in the Antarctic cores. This process is slower than
the Arctic process because of the larger heat capacity of the oceans accounting for the
slower onset of warming in the Antarctic pulses.

Ice Ages

The cycle of ice ages and interglacials can be similarly accounted for, but in this case the
relevant convection cells, or swarms thereof, would be much larger spatially, slower and
less frequent, than those which give rise to Dansgaard-Oeschger events. Rapid onset and
slow decay is also characteristic of the Pleistocene ice-age cycle. This too can be
interpreted in terms convection and conduction’s giving way to conduction alone as
magma solidifies. The interglacial rapid-warming phase occurs when the convection cell
is still predominantly liquid. The material in the magma cell then solidifies, convection
ceases and it loses its remaining heat more slowly by conduction alone.

Geomagnetism

Convection cells, when sufficiently large, act as homopolar generators and, collectively,
account for the geomagnetic field. Formation of each new convective shell which is
decoupled from previous convective shells allows for geomagnetic field reversals

Strongly offset magnetic fields of Uranus and Neptune.

The strongly offset magnetic fields of Uranus and Neptune are similarly explained in
terms of magnetic field contributions to planetary fields of huge mantle convection cells,
or swarms thereof, explained under Three Dimensional Instability above.

Further Work

The formation, movement and evolution of convection cells can be numerically modeled
after making various assumptions about viscosity and physical behaviour of mantle
material under high pressures. The behaviour and distribution of sizes and frequencies of
convection cells may thus be predicted and tested against geophysical observations. Such
modeling would begin with numerical models and then be supported analytically as new
insights are gained.
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Conclusion

A geyser instability has been described and generalized to account for many of the
features of paleoclimate records, geomagnetic field reversals and offset planetary
magnetic fields. Unlike previous theories of mantle convection, this description is not
steady state, and so is not stationary in a statistical sense. Indeed vertical migration of the
convection cells precludes stationarity.
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Diagrams

Figure 1. The geyser instability. As fluid is ejected into the plume, hydrostatic pressure
inside the geyser decreases leading to further flash boiling, further pressure loss and the
further descent of the depth of vaporization. Sometimes the process is limited by the
formation of intermittent sonic shocks in the vent, evident in many volcanoes, many
drilling accidents.
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Figure 2. The pressure-temperature characteristic for water (sometimes known as the
“liquidus”): black curve b). Grey curve a) shows an idealized temperature pressure curve
for fluid in the geyser column. Shaded area, c), shows where flash boiling commences.
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Figure 3. Idealized phase diagram of a planetary interior. Curve 1 shows temperature as a
function of radial distance from the centre assuming a uniformly distributed heat source
and uniform isotropic conductivity for a quiescent planet. Curve 2 as for Curve 1 but now
the temperature curve intersects the solidus, Curve 3 at points a and b.
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Figure 4. As for Figure 1 but showing how convection distorts the temperature curve,
Curve 2, by cooling the inside and warming the outside of the convection zone between a
and b.
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Figure 5. Convection within the liquid shell between radial distances a and b of Figures 3
and 4.
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(a) (b)

(c) (d)

Figure 6. (a) Instabilities developing in the liquid shell, which starts to break up (b) and
(c). A new shell forms in (d).
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Figure 7. Dansgaard-Oeschger events recorded in Antarctic (upper curve) and Arctic
(lower curve) ice cores


