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Fig. 2 Time evolution of a model of mantle

convection with Ra=107 (see Fig. 1 legend).

Note the presence of a transient period of double-

layer convection, evidenced by the streamfunc-

tion (closed streamlines of the fluid flow) at
510 Myr.
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value better. Thus, this mechanism provides another means,
besides chemical density changes, of enforcing stratification of
convective layers, though only in a transient manner. While
these results are possibly significant for models of the Earth’s
evolution; they should be verified on higher spatial resolution
grids, as well as with different numerical methods. The assumed
initial conditions are critical for inversion and thus require
further investigation.
This work was partially supported by NASA.
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Stagnant layers at the bottom
of convecting magma chambers

Claude Jaupart, Geneviéve Brandeis
& Claude J. Allégre
Laboratoire de Géochimie et Cosmochimie, Institut de Physique du

Globe et Département des Sciences de la Terre, Université Paris 6 et
7, 4 place Jussieu, 75230 Paris Cedex 05, France

The evolution and crystallization of igneous complexes has
received much attention from petrologists’ and more recently
from physicists*'°. Current models emphasize the role of com-
positional effects. We present here a different viewpoint.
Because compositional effects are due to crystallization, they
depend on the thermal structure and regime of cold boundary
layers in convecting magma chambers, particularly of the bottom
layer where the thickest rock sequences form. We have studied
purely thermal convection in a large aspect ratio magma cham-
ber which is cooled through both its upper and lower boundaries.
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We made laboratory fluid dynamical experiments in turbulent
and transient conditions and show that a stagnant layer develops
at the bottom, isolated from the convective part of the chamber.
The essential features of this layer are that it is not affected by
mixing and that a significant thermal gradient is maintained
across it. These imply peculiar crystallization conditions.

We have studied the sudden cooling of an initially hot and
isothermal layer of fluid. The fluid is placed in a Plexiglass tank
of 25X 25 cm horizontal dimensions and 10 cm height. The tank
walls are 2 cm thick to minimize lateral heat losses. Fixed tem-
perature boundary conditions are achieved using two 3-cm thick
copper plates at the upper and lower surfaces, through which
thermostated water circulates. At the beginning of the experi-
ment, temperature is uniform in the fluid and in both copper
plates at a value T;. At time ¢ =0, the copper plates are switched
to a cold water bath. They are cooled rapidly, reaching 90% of
their final temperature in about 2.5 min. Temperature is maint-
ained constant at a lower value T,—AT to within 0.1 °C after
6 min. These conditions approximate those of instantaneous
cooling.

In the standard Boussinesq approximation and for the fixed
temperature boundary conditions of interest here, two non-
dimensional parameters characterize the experiments''*?: Ray-
leigh number Ra = (ga ATd®)/ kv and Prandtl number Pr= »/x,
where d is the thickness of the layer, g the acceleration due to
gravity, a the coefficient of thermal expansion, x thermal
diffusivity and » kinematic viscosity. We assume that viscosity
is constant (in our experiments, it never varies by more than
30%). In natural systems, viscosity depends strongly on tem-
perature. For such fluids, theoretical calculations as well as
laboratory experiments have shown that convective flows are
limited to regions where viscosity variations are small and
resemble the uniform viscosity flows'*~'°. We have investigated
the constant viscosity problem as it is a prerequisite to a proper
understanding of the more complex variable viscosity problem.
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We do not include compositional effects which result from
crystallization and therefore depend on the cooling regime.

The physical properties of basaltic liquids'®? indicate that
representative Prandtl numbers exceed 4,000. For a tem-
perature difference of 50 °C and a chamber height of 1 km, the
Rayleigh number is extremely large (10'°). We used silicone
oil with kinematic viscosities ranging over 102-10°> mm? s™*. For
those, Pr ranges from 800 to 8,000. The proper scaling of our
experiments can be made using the analysis of Kraichnan for
high Prandtl number fluids'?. The range of Rayleigh numbers
investigated is 10°~10® and molecular viscosity dominates the
whole flow structure. This is always the case in boundary layers,
whatever the Rayleigh number value, and it is this that we have
investigated.

Several types of observations were made. Shadowgraph pic-
tures allow the visualization of the whole temperature structure
(see ref. 17). To obtain a more detailed picture of convection,
we also used differential interferometry?® with a 4-cm-wide laser
beam. This gives a picture of the iso-gradient temperature lines
to an accuracy of about 0.01 °C cm™". Finally, we placed a series
of 11 thin (0.2 mm diameter) platinum wires stretched horizon-
tally across the fluid. These allow the measurement of the mean
horizontal temperature to an accuracy of about 0.2 °C, or typi-
cally 1% of the overall temperature difference.

We have run more than 15 experiments with different oils
and varying temperature differences. All showed the same
effects, which we now describe for one experiment run with
AT=22.2°C and Ra=5.9%10% Convective instability starts
at about 2 min (Fig. 1a), when a local Rayleigh number based
on the thermal boundary layer thickness exceeds a value of
about 1,600 in agreement with other studies®'. The boundary
layer breakdown occurs in the form of thermals or, more accur-
ately, ‘starting plumes’%. These take about 1 min to reach the
lower parts of the fluid (Fig. 1b). In this initial stage, they almost
penetrate to the lower surface. With time the thermals become

Fig. 1 Time-sequence of the development of convection for the experiment discussed in the text. The lower boundary layer is barely detectable

because of light refraction (the wire which is seen at the very bottom lies at 1 cm above the lower surface). The right end of the upper

boundary layer goes unstable slightly later than the left end because cooling is not perfectly uniform initially. The effect is not large, as

witnessed by the small difference in onset time. a, Convection starts: thermals are generated in the upper boundary layer. b, The convective

thermals or ‘starting plumes’ reach the bottom. ¢, Fully developed convection (time 4'30"). d, Convection in a late stage (time 13'30").
Compare with ¢ and b. The grey area at the very bottom is not penetrated by thermals: this is the stagnant layer.
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Fig. 2 a, Vertical profiles of the mean horizontal temperature as

time increases. Numbers along the curves indicate the non-

dimensional time, defined as (d° /), in units of 102, Real times

are, in minutes: 3,9, 15, 27, 40, 55 and 90. Steady-state conditions

are reached in about 4 h for this experiment. b, Schematic structure

of convection for the profile at 1.0 (15 min) from both the tem-
perature data and the photographs.

slower and do not reach the bottom (compare Figs 15, d): a
stagnant layer of significant thickness has formed. The thermals
travel in the fluid with an approximately constant velocity until
they are strongly decelerated and then stop at the top of the
stagnant layer. The zone of deceleration corresponds to that of
penetration of the stable temperature gradient at the base of
the tank.

The general structure of convection is described in Fig. 2. At
the top there is an unstable boundary layer where thermals are
generated. In the middle parts of the fluid the mean horizontal
temperature is approximately constant (within experimental
accuracy). This defines a well-mixed layer. Below this, the lower
thermal boundary layer is made of two parts: a zone of penetra-
tion where thermals decelerate and a stagnant layer where there
is no convection. Note that the temperature gradient is large in
the stagnant layer. This is associated with a density increase
which does not allow penetration.

The profiles of Fig. 2 indicate that the thickness of the well-
mixed layer decreases slowly with time as cooling proceeds and
convection becomes more sluggish. This can be shown by the
growth of the lower boundary layer. Its thickness was deter-
mined by fitting a second-degree polynomial to the temperature

Fig. 4 Differential interferometry
for the reverse experiment: a cold
layer is heated suddenly from both
upper and lower boundaries, AT was
10.5 °C and Ra 8.5 x 10°. The photo-
graphs were taken after 45 min when
the temperature difference between
the well-mixed layer and both copper
plates was 3.9 °C. Photographs are
taken at 20-s intervals. The marks
on the right-hand side are 1 cm apart.
The dark region at the top with the
wavy interface is the stagnant layer.
There is an incoming thermal in a.
Note the slight distortion of the inter-
face ahead of the thermal cap. The
patterns are complex because the
laser beam crosses the whole fluid
and averages the effect of the thermal
with that of the background.
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Fig. 3 Evolution of 3, the lower boundary layer thickness (in

units of d, the total layer thickness). Note the initial period of fast

growth when there is no convection. Within experimental error,
the data can be fitted with a straight line.

data and then calculating the height at which temperature has
a zero vertical gradient. Figure 3 shows that this thickness
evolves very slowly with time after an initial period of formation,
which is simply the conduction stage before the convective
thermals reach the bottom. The evolution of the stagnant layer
is similar. After an initial episode of fast growth, its thickness
stabilizes and increases almost imperceptibly.

To confirm the existence of the stagnant layer, we used
differential interferometry. Because in the case of cooling the
light rays are refracted into the stagnant layer, no clear and
simple picture can be obtained. We therefore performed the
reverse experiment and suddenly heated an initially cold fluid
layer. A stagnant layer was observed at the top, which is shown
in Fig. 4 as a convective thermal approaches. Note that it does
not penetrate the layer and is dissipated by conduction and by
other incoming thermals. In the cooling experiment, the lower
boundary layer is colder and therefore more viscous than the
rest of the fluid, which impedes the penetration of thermals.
However, the formation of the stagnant layer is not a result of
viscosity increase, as evidenced by the heating experiment.

The existence of a stagnant layer is a universal feature of all
our experiments. This layer grows by the addition of cold fluid
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coming from the top. The basic physical principle is simple and
has been illustrated in other types of experiments?>2*: cold fluid
is stable and nothing will make it rise. Cooling through side-walls
would enhance the effect. Our results are therefore of general
applicability and do not depend on our particular set of initial
conditions (for example, whether or not the temperatures of
the upper and lower surfaces are lowered by the same amount).
The thickness of the stagnant layer may change, but not the
fact that it exists. What is more important and new is that the
stagnant layer stabilizes rapidly at some thickness. This shows
that penetration is also stabilized. The convective system thus
evolves towards a stable spatial configuration which then
changes slowly. The physics of this are complex, involving
transient convection and penetration in a non-uniform environ-
ment. The physical and mathematical treatment of the tem-
perature data allow some further developments and scaling laws.
These will be made in a more extensive study.

There is some observational support for the existence of a
stagnant layer. Donaldson®® suggested that crystals formed in
a quiet environment in the Rhum intrusion. Similarly, Jackson®
argued that textures and structures in the Ultramafic Zone of
the Stillwater Complex indicate that magma was stagnant. Our
experiments imply peculiar crystallization conditions at the bot-
tom of magma chambers. There, crystals would not be affected
by convective mixing phenomena. Furthermore, crystallization
would occur with a rather high heat flux imposed from the top
(Fig. 2). This represents highly unstable conditions for crystal
nucleation and growth and probably leads to cycllc crystalll-
zation sequences on the scale of a few centimetres®®?’. More
generally, the conditions clearly differ from those in a large
reservoir as the stagnant layer is of smaller thickness. In par-
ticular, crystallization is slower because country rocks must
evacuate both the latent heat of crystallization and the imposed
heat flux.

The main limitation of our experiments is the absence of
compositional effects. Such effects develop in crystallizing
regions where there is a high density of crystals. Because magmas
are viscous, the associated density instabilities are not instan-
taneous. What must be ascertained is whether these instabilities
develop before or after the formation of the stagnant layer. If
they develop after, they would lead to the destruction of the
stagnant layer, which would then form again. This process could
repeat itself in a quasi-periodic manner.

Our aim has been to investigate one of the simplest fluid
dynamical experiments of relevance to the study of magma
chamber processes. In conclusion, the stagnant layer isolates
the crystallizing region below from the effects of convective
mixing. It represents a smaller volume of magma in which
compositional gradients may be set up and destroyed. This offers
a physical alternative to the reinjection hypothesis to explain
relatively rapid cyclic chemical evolution within large magma
chambers.

This study was supported by PIRPSEV and by INAG (ATP
Geodynamique 2). We thank P. Bergé for advice, M. Girard,
L. P. Ricard and A. Lecomte for help in the laboratory, and Y.
Bottinga, H. Huppert, B. D. Marsh, S. A. Morse and H. S.
Yader for thoughtful comments. This is IPGP Contribution No.
724.
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Isotope composition of sulphate
in acid mine drainage
as measure of bacterial oxidation

Bruce E. Taylor & Mark C. Wheeler*
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Darrel Kirk Nordstrom
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The formation of acid waters by oxidation of pyrite-bearing ore
deposits, mine tailing piles, and coal measures is a complex
biogeochemical process and is a serious environmental problem.
We have studied the oxygen and sulphur isotope geochemistry
of sulphides, sulphur, sulphate and water in the field and in
experiments to identify sources of oxygen and reaction mechan-
isms of sulphate formation. Here we report that the oxygen
isotope composition of sulphate in acid mine drainage shows a
large variation due to differing proportions of atmospheric- and
water-derived oxg’gen from both chemical and bacterially-medi-
ated oxidation. **0-enrichment of sulphate results from pyrite
oxidation facilitated by Thiobacillus ferrooxidans in aerated
environments. Oxygen isotope analysis may therefore be useful
in monitoring the effectiveness of abatement programmes
designed to inhibit bacterial oxidation. Sulphur isotopes show
no significant fractionation between pyrite and sulphate, indicat-
ing the quantitative insignificance of intermediate oxidation
states of sulphur under acid conditions.

The overall stoichiometry of pyrite ox1datlon may be
described by the reaction: FeS,(s)+%0,(aq)+7H,0~
Fe(OH);(s) +2H,S0,(aq). In order to understand the oxidation
kinetics, intermediate steps in this reaction must be considered’.
The following three reactions have been shown to operate under
acid conditions?"

FeS,(s)+ 14Fe3++8H20—> 15Fe®*+S0O% +16H* (1)
Fe?* +30,+H" » Fe** +iH,0 (2)
FeS,+30,+H,0 > Fe?* +250% +2H* (3)

Below a pH of 3, reaction (2) is thought to be the rate-limiting
step for reaction (1), the prmcxpal inorganic oxidation mechan-
ism®. Thiobacillus ferrooxidans increases the rate of oxidation
of ferrous to ferric iron (reaction (2)) by several orders of
magnitude in acid environments*®’. This microbial influence
on pyrite oxidation is usually referred to as indirect action, as
distinguished from a direct action mechanism in which T. fer-
roxzdans or other microbes attach themselves to the pyrite
surface®® and directly attack the surface, enzymatlcally oxidizing
sulphide to sulphate, similar to reaction (3)°.

The roles and sources of oxygen may thus be quite varied. In
reaction (1) the sulphate oxygen is derived from the water
molecule whereas in reaction (3) it is derived from dissolved

* Present address: US Geological Survey, 345 Middlefield Road, Menlo Park, California 94025,
USA.

©1984 Nature Publishing Group





