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We report a systematic study of pattern formation in a thin fluid layer driven by a simple chemical reaction.
The hydrodynamic instability arises due to the increase of fluid density in the subsurface layer caused by the
O2 oxidation of glucose to gluconic acid with the methylene blue as a catalyst. We also report independent
measurements of the kinetics of the reaction and of the increase in density which gives rise to the instability.

1. Introduction

Several mechanisms of pattern formation have previously
been investigated in chemical systems. The most paradigmatic
examples involve complex kinetics with an autocatalytic process
coupled to the diffusion of the reactants and have been widely
studied experimentally and theoretically, giving rise to propagat-
ing waves or to stationary patterns (Turing structures). If special
precautions are not taken the patterns are sometimes influenced
by bulk motion of the fluid, with a substantial increase in the
complexity of the modeling. Among several hydrodynamic
interactions, Marangoni-type motions induced by surface tension
gradients,1 Rayleigh-Benard type convection driven by density
gradients induced by temperature,2 and density gradients directly
generated by chemical reactions,3 have been mostly analyzed.
Spatial patterns have also been described at liquid interfaces
(for a brief summary see ref 4). In a pioneering work, Mo¨ckel5

observed the appearance of inhomogeneous concentration stripes
while irradiating the KI/CCl4 starch system in water. More
recently after experimental work by Micheau et al.6 and Avnir
et al.,7 this phenomenon has been demonstrated to be much more
general, not only to create photochemical structures at liquid/
air interfaces, but also for reactions at gas/liquid interfaces and
even when reagents in the same solvent are separated by a
dialysis membrane. In the case of photolysis of halogen com-
pounds in open Petri dishes, preexisting convection produced
by Marangoni-like instabilities seems to be predominant. In other
cases, the most well-known being the photoreduction of ferric
ion by oxalic acid followed by complexation to a blue dye
known as Turnbull’s blue,7 spectacular patterns are seen in a
covered dish and have been interpreted in terms of a double
diffusion mechanism.4 Spatial patterns have also been described
at liquid interfaces due to other mechanisms (i.e., vertical
concentration gradients8 or mixed mechanisms9).

In this paper, we describe a system where the kinetics are
very simple and where the main mechanism for pattern forma-
tion is a gravitational instability generated by an increase in
the density of the fluid layer just below the surface of the reac-

tion mixture. The chemical reaction is well-known and is some-
times referred to as “the blue bottle experiment”.10,11 It is an
alkaline oxidation of glucose by oxygen with methylene blue
as catalyst and indicator. We assume that the main oxidation
product is gluconic acid. During the reaction a gradual accumu-
lation of gluconic acid increases the local density of the solution.

Oxygen is supplied continuously to the system from the
atmosphere, diffusing through the surface layer, and is consumed
by the reaction. Since the homogeneous initial conditions
correspond to a large deficiency in oxygen in the reaction
mixture, the extent of the reaction, and thus the corresponding
density gradient, increases with time and decreases with the fluid
depth, eventually causing a hydrodynamic instability. The
instability produces a pattern of blue dots and/or lines of oxygen-
rich sinking fluid and colorless oxygen-poor rising fluid between
these lines or dots. This pattern appears after minutes or a few
hours depending on the rate constants of the chemical reaction.
Our aim in this paper is to initiate a study of this pattern
formation phenomenon using pH, concentration of glucose, total
concentration of catalyst, temperature, and depth as control
parameters.

Although the reaction is slightly exothermic, the instability
cannot be of a Rayleigh-Bernard type because the major
production of gluconic acid (and hence the production of heat)
is near the top of the layer of fluid instead of the bottom.
Nevertheless, it is important to thermostat the system very
carefully and remove the heat produced by the reactions.

Chemical systems using other saccharides (e.g.,D-xylose or
D-galactose) and indicators (e.g., toluidine blue) can produce
similar results.12,13

The system is formally similar to bioconvection in a suspen-
sion of swimming microorganisms, whose individual motions
are biased upward and are denser than the fluid in which they
swim. The microorganisms tend to accumulate close to the
surface and this gives rise to an overturning instability.14,15

The paper is organized as follows. In section 2 we describe
the experimental methods. In section 3 we present the results
of the kinetics experiments, the measurement of density differ-
ences of glucose/gluconic acid solutions and the experiments
measuring the evolution in time of the concentration of O2, and
finally we describe the patterns and how they change with the
different experimental parameters. In section 4 we propose a
simplified kinetic model for the homogeneous system. In section
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5 we model the reaction-diffusion equations with zero fluid
flow, and in section 6 we discuss the origin of the patterns.
Finally, in section 7 we give some conclusions and future
perspectives.

2. Experimental Section

2.1. Materials. Double ion-exchanged water was used
throughout. NaOH (Merck A109956), analytical gradeD(+)-
glucose (Merck A108337)) and methylene blue (Fluka A55631)
were used without further purification.

2.2. Equipment.The investigation of the reaction mechanism
was done in a HP8453A diode array spectrophotometer equipped
with a cuvette holder thermostated at 19.0°C to within (0.1
°C by a Heto CB 8-30 thermostat. After thorough mixing of
the pre-thermostated reactants a 1 cm cuvette was filled
completely with the solution, covered with a lid, and inserted
in the cuvette holder. The absorbance at 662 nm, corresponding
to the absorption maximum of MB+, was measured as a function
of time using the HP8453 kinetics program.

The study of the evolution of O2 diluted in the solution was
performed in a thermostated 1 cm square cuvette. The oxygen
concentration was measured with an MI-730 oxygen micro-
electrode from Microelectrodes Inc. connected to a Keithley
485 picoamperemeter. We worked with an inert atmosphere of
N2 above the cuvette to prevent the O2 entering into the cuvette
through the hole for the electrode.

The density of solutions of glucose and of gluconic acid was
measured using a 25 mL Gay-Lussac pycnometer. The measure-
ments were made at 25.0( 0.1 °C and were reproducible to
within (0.0005 g/cm3. A Branson 1210 ultrasonic bath was
used to remove air bubbles from the pycnometer fluid.

The patterns were studied in a covered Petri dish with inner
diameter 18.5 cm and height 2.7 cm. The depth of the liquid
layer was 0.8 cm except where indicated otherwise. During the
experiments the Petri dish was inserted in a glass plate covered
cylindrical container which was thermostated at 19.0°C to
within (0.1 °C except where indicated otherwise. It is quite
important to cover the Petri dish with a lid to prevent air
movement that could perturb the system. Pictures of the pattern
were taken by a computer-controlled CCD-9230 camera, and
the pictures were stored on the computer disk. (See Figure 1).
The width of all pictures corresponds to 13.5 cm except where
indicated otherwise.

2.3. Procedure for Preparing the Reaction Mixture.Water,
1 M NaOH, 0.03126 M MB+, and glucose were mixed to obtain
the desired concentrations. Then the solution was thermostated
for half an hour, after which it was shaken so as to be saturated
with oxygen and finally poured into the cuvette or the Petri
dish.

3. Experimental Results

3.1. Kinetics of the Homogeneous Reaction.For the range
of pH used in this study (pH 9-13), gluconic acid (GLA) is
the main product when glucose (GL) is oxidized, with methylene
blue as a catalyst. The main reaction steps are

where MB+ and MBH are the blue oxidized and the colorless
reduced forms of methylene blue, respectively. When a clear
sample of reaction mixture is shaken with air it becomes blue
immediately while the return to the white state is slow. This
can be explained by assuming that the rate of reaction 1 is much
larger than the rate of reaction 2 when the mixture is saturated
with air.

In a typical experiment the initial concentrations are as
follows. [GL] ) 0.054 M, [OH-] ) 0.02 M, [MB+] + [MBH]
) 4.6 × 10-5 M, and [O2] ) 2.6 × 10-4 M. The initial
concentration of O2 may be estimated from the solubility of O2

in air-saturated water. As the initial concentration of O2 is
larger than the total concentration of the catalyst, all methylene
blue is immediately converted to the blue form MB+. The
concentrations of GL and OH- can be considered constant
during the reaction as they are present in much larger concentra-
tions than O2.

We have measured the time dependence of [MB+] in a
homogeneous and closed system (without a supply of oxygen
diffusing in from the atmosphere) using a spectrophotometer.
The timetrace of homogeneous absorbance measurements for
this system is shown in Figure 2. After mixing, the absorbance
remains almost constant until the initial amount of oxygen is
used up. During this phase, reactions 1 and 2 are occurring
simultaneously. In the second phase, the decrease in [MB+] is
determined by reaction 2 alone. During this phase [MB+] is
decreasing exponentially, showing that the rate of reaction 2 is
first order in [MB+]. The rate of reaction 2 is very dependent
on [OH-], as explained later.

We have also measured the time dependence of [O2] using a
microelectrode. The result for the standard mixture is shown in
Figure 3.

3.2. Density Measurements.The measurements were per-
formed using a 25 mL Gay-Lussac pycnometer. For calibration
the pycnometer was filled with pure water, thermostated at 25.0

Figure 1. Experimental setup to study the patterns.

Figure 2. Timetrace of absorbance of a homogeneous system at 20.0
°C. Initial mixture: [OH-] ) 0.020 M, [MB+] ) 4.6× 10-5 M, [GL]
) 0.054 M.

O2 + 2MBH f 2MB+ + 2OH- (1)

GL + MB+ + OH- f MBH + GLA (2)

2252 J. Phys. Chem. B, Vol. 104, No. 10, 2000 Pons et al.



°C, and the air bubbles were removed using an ultrasonic bath.
Then it was thermostated for 10 min. After insertion of the
stopper the filled pycnometer was carefully dried and weighed.
The calibration was repeated until consistent results were
obtained. This procedure was then repeated with two different
0.055 M solutions of glucose and gluconic acid. The densities
of the two solutions were calculated using the known density
of water at 25.0°C (i.e., 0.9970480 g/mL) and the results are
the following: FGL (25 °C) ) 1.0008( 0.0005 g/mL andFGLA

(25 °C) ) 1.0032( 0.0005 g/mL.
3.3. Evolution of Patterns. The typical development of a

pattern is as follows. After saturation with oxygen the homo-
geneous blue mixture is poured into the Petri dish. At the
beginning the liquid appears as a homogeneous blue fluid layer.
But, after some time, the color disappears except in a top layer
of the order of one mm.

The pattern emerges after a transient stage which lasts
between 20 min to several hours depending on the experimental
conditions. When viewed from above, it initially looks like blue
patches on a softer blue background. After some time the patches
become deeper blue and the background looks colorless.
Looking directly from the side the dark blue patches can be
seen as tongues of blue liquid slowly sinking to the bottom while
colorless fluid is moving upward between them. Sometimes the
sinking tongues appear, when viewed from the side, as sheets
of blue fluid. These sheets look like blue lines when seen from
above. After their onset, the patterns generally remain stationary,
but lines have a tendency to break up into a series of patches
or dots.

Normally, the pattern consists of an ensemble of circulation
cells appearing as a disordered array of blue dots of slightly
different sizes or a set of lines (sometimes mixed with dots)
that are neither straight nor ordered. The evolution of the pattern
in time is quite dependent on the rate constants. The main
interaction between dots is a slow unification or separation.

A slow drift can be seen in some cases spreading or squeezing
the pattern toward the center of the Petri dish. In other cases
the dot/line-shaped pattern does not fill the whole Petri dish
but is confined to the middle region. Insufficient lateral
thermostatic conditions may also lead to pronounced global
inhomogeneities.

After some time the pattern becomes less visible. The first
sign of this is that some of the blue dots become colorless. This
behavior starts at the center of the Petri dish and spreads slowly
to the walls. Finally, the layer becomes homogeneous again and
it appears light blue.

Two typical fully developed patterns are shown in Figures 4
and 5 corresponding, respectively, to situations where dotted
or striped configurations dominate. Usually we can distinguish
two different length scales in the patterns, the dot (or line)
thickness and the distance between dots or lines. These two
length scales are clearly linked such that if one of the scales
increases the other usually decreases and vice versa.

3.4. Influence of Control Parameters on Patterns.Depen-
dence on pH.The pH is with no doubt the most important
parameter that controls the appearance of the pattern. The main
reason for this is that the rates of reactions 1 and 2 depend
strongly on [OH-], as demonstrated later. The higher the
values of the reaction rates, the faster the dynamical process
that builds up the pattern and makes it disappear again. Figure
6 shows typical patterns for different initial values of [OH-].

From the experiments it is readily seen that the dot size
decreases and that the distance between dots (or lines) increases
with [OH-]. A common feature for high values of [OH-] is
that lines dominate over dots when the pattern emerges and that
lines break into dots after some time. The concentration of OH-

at which a transition can be observed from dot-shaped initial
patterns to line-shaped initial patterns is between 0.050 and
0.060 M.

Figure 7 shows the dependence on the [OH-] of the time
needed for the pattern to emerge. To estimate this time we have
increased the contrast of the pictures and recorded the time
corresponding to the first picture which unambiguously deviated
from the previous one. In the range of [OH-] where the lines
dominate over dots the estimated emergence time is almost
independent of [OH-].

Dependence on Glucose Concentration.Figure 8 shows that
the dot size and separation distance do not depend very much

Figure 3. Timetrace of oxygen electrode in a homogeneous system at
19.0°C. Initial mixture: [OH-] ) 0.020 M, [MB+] ) 4.6 × 10-5 M,
[GL] ) 0.054 M.

Figure 4. Typical dot-shaped pattern. Initial mixture: [OH-] ) 0.020
M, [MB +] ) 4.6 × 10-5 M, [GL] ) 0.054 M. Depth≈ 7 mm. The
width of the picture is 13.5 cm and it was taken 6000 s after starting
the experiment.

Figure 5. Typical line-shaped pattern. Initial mixture: [OH-] ) 0.020
M, [MB +] ) 4.6× 10-5 M, [GL] ) 0.054 M. Depth≈ 15.5 mm. The
picture was taken 4000 s after starting the experiment.
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on the glucose concentration within the examined range. In some
of the experiments local homogeneous areas without patterns
were observed to persist after the pattern had developed in the
rest of the system. This phenomenon has also been observed in
other experimental series, but we have not been able to predict
when it will appear. When present, homogeneous areas never
develop from a preexisting pattern. A typical example is shown
in Figure 8b.

Dependence on the Concentration of Catalyst.Figure 9 shows
patterns at different total concentrations of the catalyst. For
[MB+] g 1.1× 10-4 M some crystals of MBH precipitate. This
precipitation does not seem to affect the pattern. Another
obvious characteristic of these patterns is that at high [MB+]
the blue color observed is darker than it is for lower concentra-
tions of methylene blue.

Dependence on Depth of Fluid Layer.Figure 10 indicates
that the dot size may decrease with increasing depth of the fluid

layer. The distance between the dots appears, however, to
increase. We have found a lower depth threshold for the pattern
formation≈ 4 mm.12 [Panel (a) of Figure 10 is just above that
threshold.] Above the threshold the patterns consist almost
exclusively of dots. When we approach a depth of 1 cm,
elongated dots appear that are similar to short lines. Only for
deep systems (depthg 13.5 mm) do narrow lines dominate the
pattern. The transition between these two kinds of pattern is
gradual. Generally, the distance between lines is bigger than
the distance between dots. Eventually the lines break into dots.

Dependence on Temperature.Figure 11 shows that the dot
size decreases on average with temperature and that the distance
between dots increases. At elevated temperatures some water
evaporates from the solution, but for systems thermostated below
20 °C this evaporation is not problematic or significant.

Above 20°C some water vapor is deposited on the lid that
covers the Petri dish. This is caused by imperfect thermostatic
conditions and makes it difficult to take pictures of patterns
at high temperatures. In this case we have also observed a
gradual transition from dots to lines, occurring between 23°C
and 24°C.

4. Determination of Rate Constants for the Kinetic Model

With initial concentrations given in the Experimental Section,
the rate-of-change of concentration due to reactions 1 and 2
can be modeled by assuming simple rate laws of the form

respectively. The results of a model calculation using the typical
concentrations employed in the kinetic experiments are shown
in Figures 12a,b,c. Our theoretical predictions are remarkably
consistent with the experimental results (see Figure 12a and
Figure 3, respectively). In some cases it was necessary to fit
the initial concentration of oxygen to obtain a better fit. This is
because we cannot completely control the initial amount of
oxygen dissolved in the sample by shaking before starting the
measurements.

Assuming thatkobs ) k2 [OH-] [GL], we can fit the rate
constantsk1 andk2 to the absorbance measurements. The best
match found for the concentrations stated above at 20.0°C is
displayed in Figure 13. The values ofk1 andk2 found with this
method, for different [OH-] at 19.0°C, are presented in Figure
14a,b, respectively. The almost linear dependence ofk1 with
[OH-] up to 0.1 M indicates that reaction 1 in this region is
first order in [OH-].

Figure 6. Typical patterns for various initial [OH-]. Initial mixture
for panel (a): [OH-] ) 0.012 M, [MB+] ) 4.6 × 10-5 M, [GL] )
0.054 M, and the picture was taken 8700 s after starting the experiment.
For (b), [OH-] ) 0.020 M and the picture was taken 6000 s after
starting the experiment. For (c), [OH-] ) 0.073 M and the picture
was taken 1120 s after starting the experiment.

Figure 7. Time needed for the pattern to emerge for different
[OH-].

V1 ) k1[O2][MBH] and V2 ) kobs[MB+] (3)
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5. Modeling the Reaction-Diffusion System

To check the consistency of our interpretations, we have made
a simulation of the one-dimensional reaction-diffusion equation
for the system and calculated the concentration/depth profile,
assuming that no hydrodynamic convection takes place. In our
pattern formation experiments this may be the situation before
the pattern appears, particularly for patterns just above the
instability threshold. We have used [O2], [MB +], and [GLA]
as dynamic variables with 2.6× 10-4 M, 4.6 × 10-5 M, and
0.0 M, respectively, as their initial concentrations. The concen-
tration of MBH is calculated according to [MBH]) C -
[MB+] whereC is the total concentration of the catalyst. The
concentrations of all other species are considered constant. The
[O2] is fixed at the air-liquid boundary to 2.6× 10-4 M, which
corresponds to the concentration of O2 in air-saturated water.
For all other concentrations we have used no-flux boundary
conditions. The expressions (3) are used for the reaction rates

with the experimentally determined rate constantsk1 ) 2000
M-1 s-1 and kobs ) 0.0042 s-1. For O2 we have used the
diffusion constant 2.11× 10-5 cm2 s-1. As the molecular
weights of MB+ and GLA are much higher than the molecular
weight of O2, the diffusion constants for these species have been
set to zero.

The profiles of the dynamic variables after 10066 s are shown
in Figure 15. From Figure 15b we can estimate the thickness
of the blue layer to be 3 mm, which corresponds quite well to
the value observed before the formation of patterns. Figure 15a
shows that O2 is absent below the blue layer. From Figure 15c
it is seen that GLA primarily accumulates in the subsurface layer
and that the concentration here is approximately equal to 1.9
mM after 10066 s. From the estimated layer thickness the total
amount of GLA produced in 1 cm2 of the layer can be estimated
to be 6.6× 10-7 mol, corresponding to a consumption of O2

equal to 3.3× 10-7 mol. This is more than the amount of O2

initially dissolved in 1 cm2 of the layer (7.8× 10-8 mol) but

Figure 8. Typical patterns for various initial [GL]. Initial mixture for
panel (a): [OH-] ) 0.020 M, [MB+] ) 4.6 × 10-5 M, [GL] ) 0.027
M, and the picture was taken 7000 s after starting the experiment. For
(b), [GL] ) 0.108 M and the picture was taken 5000 s after starting
the experiment. For (c), [GL]) 0.190 M and the picture was taken
7000 s after starting the experiment.

Figure 9. Typical patterns for various initial [MB+]. Initial mixture
for panel (a): [OH-] ) 0.020 M, [MB+] ) 1.5 × 10-5 M, [GL] )
0.054 M, and the picture was taken 8800 s after starting the experiment.
For (b), [MB+] ) 7.6× 10-5 M and the picture was taken 3600 s after
starting the experiment. For (c), [MB+] ) 2.3× 10-4 M and the picture
was taken 9960 s after starting the experiment.
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less than the total amount available in a 2 cm aircolumn above
the layer (1.7× 10-5 mol). This confirms that the amount of
oxygen in the covered Petri dish is more than sufficient for
maintaining the reaction during the experiment. It should also
be noticed that the change in [GL] and [OH-] is small com-
pared to the initial concentrations, thus justifying the assump-
tion of constant concentrations of OH- and GL in the kinetic
model.

6. Interpretation of the Pattern Forming Instability

Currently we lack a quantitative analysis of the phenomenon
at hand in terms of wavelength characterization. We can,
however, describe qualitatively the origin of the instability
behind the formation of the patterns. We propose that the main
explanation is an overturning instability. The determination of
the density difference between equimolar solutions of glucose
and gluconic acid confirms that the local solution density

increases when gluconic acid is produced from glucose. We
can also state that the main production of gluconic acid occurs
in the top layer of the solution where we have a continuous
supply of O2. Evaporation is eliminated by using a covered Petri
dish but surface-tension gradients may be present, at least in
fully developed systems where horizontal concentration gradi-
ents exist in the top layer. As a result, the role of a Marangoni-
like instability cannot be completely ruled out. Actually, a
Marangoni-induced instability, resulting in pattern formation,
in the similar methylene blue-sulfide-oxygen system has been
recently reported by Watzl et al.,16 although in a different
experimental arrangement. In the present experiments, however,
we believe that the overturning instability constitutes the most
important contribution to the hydrodynamic instability. Ma-
rangoni effects may play a role in the dot formation or in the
setting of specific length scales but does not explain the initial
pattern formation.

Figure 10. Typical patterns obtained by increasing the depth of the
fluid layer. Initial mixture: [OH-] ) 0.020 M, [MB+] ) 4.6 × 10-5

M, [GL] ) 0.054 M. (a) Depth≈ 4 mm and the picture was taken
5000 s after starting the experiment. (b) Depth≈ 5 mm and the picture
was taken 7000 s after starting the experiment. (c) Depth≈ 15.5 mm
and the picture was taken 4500 s after starting the experiment.

Figure 11. Typical dependence of patterns with variations in the
temperature of the system. Initial mixture: [OH-] ) 0.020 M, [MB+]
) 4.6 × 10-5 M, [GL] ) 0.054 M. (a) Temperature) 17.0 °C. The
picture was taken 5500 s after starting the experiment. (b) Temperature
) 20.5°C. The picture was taken 3500 s after starting the experiment.
(c) Temperature) 24.0°C. The picture was taken 2000 s after starting
the experiment.
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To test this hypothesis we performed an experiment which
displays pattern formation in a solution without a free surface.
This system had a membrane preventing evaporation while
allowing the oxygen to diffuse into the system. The reaction
chamber consisted of a Petri dish with a permeable bottom
which was filled completely with reaction mixture, inverted,
and placed in the thermostat filled with an atmosphere of pure
O2. This extra supply of O2 was needed to increase the amount
of O2 diffusing through the membrane. After approximately 1
h an instability occurred and after some time the pattern shown
in Figure 16a developed.

As another test to stress the role of an overturning instability
we performed the experiment shown in panel (b) of Figure 16.
A cuvette completely filled with reaction mixture was covered
with a lid having a little hole through which oxygen could
diffuse. The mixture started blue as usual and then, after a while,
it became colorless and a blue plume sank from the hole to the
bottom of the cuvette.

7. Conclusions

In this paper we have investigated the different kind of
patterns that appear in “the blue bottle” system with a variety
of experimental conditions. We have seen that two different

Figure 12. Theoretical calculations of the time dependence of the
concentrations. Initial concentrations: [OH-] ) 0.020 M, [MB+] )
4.6× 10-5 M, [GL] ) 0.054 M. (a) [O2] (see Figure 3).(b) [GLA]. (c)
[MB +].

Figure 13. Comparison of a set of experimental data and data obtained
from a fit of the kinetic model.

Figure 14. Rate constantsk1 and k2 vs [OH-]. These constants are
obtained by fitting the model to the experimental data. (a)k1. (b) k2.
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shapesslines and dotssare typical. Often, they appear mixed
in the same pattern, but in other cases one type is clearly
dominant over the other.

After its emergence, the pattern remains stationary for a time
of the order of 1 h before it gradually disappears. The shape
and position of the convection cells usually changes very little,
except that lines usually break into dots after some time.

We have proposed a reduced kinetic model that, in the range
of concentrations we have used, reproduce the chemical behavior
of the system well. Other more detailed models have been

suggested by Adamcˇiková et al.17 By fitting our simple model
to the experimental data we have been able to determine the
rate constants of the model.

We have measured the density of different solutions of
glucose and gluconic acid. It was found that the solutions of
gluconic acid are denser than equimolar solutions of glucose,
strongly suggesting that gradients in density control the appear-
ance of the instability.

We have calculated the concentration/depth profile using the
simple model in a one-dimensional reaction-diffusion system
maintaining a constant oxygen concentration at the upper bound-
ary. The simulation helps explain the observation of a thin blue
layer in the colorless system before the instability emerges.

Finally, we have performed two experiments that clearly
support our overturning instability hypothesis.

A mathematical analysis of the key hydrodynamic instability
mechanisms, for the theoretical prediction of pattern wave-
lengths, and direct numerical simulations shall be the subjects
of forthcoming papers.
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Figure 15. Steady-state profiles of the different concentration variables
vs depth. The profiles were obtained by solving the full reaction
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and assuming a constant concentration of O2 at the surface (as explained
in section 5). (a) [O2] vs depth. (b) [MB+] vs depth. (c) [GLA] vs
depth.

Figure 16. (a) Pattern developed in a Petri dish after approximately
5000 s where the free surface has been substituted with an oxygen-
permeable membrane. The diameter of the Petri dish is 5.1 cm. (b) A
plume of oxygen-rich fluid sinking to the bottom of a completely filled
cuvette from a small hole in the lid. Width) 6.3 cm, height) 6.7 cm,
and thickness) 1.3 cm.
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