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The observation of speckle using X-rays opens up many
exciting possibilities for future work. In particular, by measuring
the evolution of the speckle pattern in time, we can carry out
X-ray intensity fluctuation spectroscopy. This technique not only
measures the dynamics of nonequilibrium systems but is also
one of the few techniques that can directly measure the dynamics
of equilibrium systems. One important class of applications is
the study of mass-transport mechanisms on length scales of
1-100 nm in materials such as metal alloys and complex fluids®.
Of immediate interest are critical phenomena in equilibrium
dynamics® and fluctuations during nonequilibrium domain
coarsening'®. Another class is the study of phason dynamics in
materials with an incommensurate modulation, such as charge-
density-wave systems and quasicrystals.

The present measurements using X25 at NSLS give a
maximum count rate of 10 counts pers, allowing the study of
correlation times down to 0.1 s. Such timescales are relevant to

mass transport over all distances down to the atomic scale in
typical solids at temperatures below about half their melting
point. New undulator-based facilities at the European syn-
chrotron radiation facility, the advanced photon source and
elsewhere will provide an increase of three orders of magnitude
in coherent intensity. This will enable studies probing correlation
times in the microsecond range and studies of materials that
scatter relatively weakly.

Intensity fluctuation spectroscopy does not make full use of
the structural information in the speckle pattern. In principle,
the speckle pattern contains complete information on the disor-
dered structure producing it®. This structure could be imaged
by Fourier inversion. In some cases, such as single grain boun-
daries or dislocations, the speckle pattern will be relatively
simple, and one could use it to determine the atomic structure
of these defects. a
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CHEMICAL travelling waves have been studied experimentally for
more than two decades'™, but the stationary patterns predicted
by Turing® in 1952 were observed only recently’™, as patterns
localized along a band in a gel reactor containing a concentration
gradient in reagents. The observations are consistent with a mathe-
matical model for their geometry of reactor'® (see also ref. 11).
Here we report the observation of extended (quasi-two-
dimensional) Turing patterns and of a Turing bifurcation—a
transition, as a control parameter is varied, from a spatially
uniform state to a patterned state. These patterns form spon-
taneously in a thin disc-shaped gel in contact with a reservoir of
reagents of the chlorite~iodide—malonic acid reaction'?. Figure 1
shows examples of the hexagonal, striped and mixed patterns that
can occur. Turing patterns have similarities to hydrodynamic pat-
terns (see, for example, ref. 13), but are of particular interest
because they possess an intrinsic wavelength and have a possible
relationship to biological patterns'*'7,

The reaction medium is a 2.0-mm-thick polyacrylamide gel
disk (25.4-mm diameter), which is sandwiched between two
0.4-mm-thick porous glass disks (Vycor glass, Corning); similar
reactors have been described previously™'®. The gel was pre-
pared by the procedure in ref. 7. The gel and glass disks are
transparent; the pattern can therefore be detected optically. The
outer flat surface of each glass disk is in contact with a chemical
reservoir, where reactant concentrations are kept constant and
uniform by mixing and a continuous flow of fresh reagents.
Components of the chlorite-iodide-malonic acid reaction'? are
distributed in the two reservoirs in such a way that neither is
separately reactive. The chemicals diffuse through the porous
glass disks into the gel where the reaction occurs. The gel, loaded
with a soluble starch indicator (Thiodéne, Prolabo), changes
colour from yellow to blue with changes in concentration of I3
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during the redox reaction. No starch is present in the porous
glass; thus concentration changes in the glass disks are not
visible. The pattern is monitored in transmitted light (580 nm)
with a video camera.

Beyond critical values of the control parameters (chemical
concentrations and temperature), patterns emerge spon-
taneously from an initially uniform background. Initially, after
the parameters are switched into a regime where patterns arise,

4

FIG. 1 Stationary chemical patterns formed in a continuously fed laboratory
reactor. g, b, Hexagons; ¢, stripes; d mixed state. The bar beside each picture
represents 1 mm; the reactor is 25 mm in diameter. The concentrations in
reservoirs A and B on the two sides of the reactor were: [1715, [I7]5,
[CH,{COOH), 15 (in 107®M) in @ and d 3.0, 3.0, 13;in b, 35, 3.5,8.3;in ¢
5.0, 5.0, 8.3 (for the conditions given, the mixed state in d coexists with
the hexagons in a). The parameters common to all observed patterns were:
[NaOH]5 =[NaOH]§=3.0 x107*M, [Na,50,15=[Na,S0,15=3.0%x107>M,
[Cl05]16=18%x1072M, [CI0,]8=0, [CH,(COOH),]a=0, [H,S0,14=
2.0%x1073M, [H,S0,]8=1.0 x 1072 M, temperature 5.6 °C.
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FIG. 2 The transition from a uniform state to a hexagonal Turing pattern.
The amplitude was obtained from the modulus of a two-dimensional Fourier
transform of a band near the spatial frequency 5.6 mm ™. The points @
(®) were measured for temperature decreasing (increasing) in steps. Con-
centrations were the same as in Fig. 1b except that [CI0;]5=2.0 X102 M.

there are many (~100) transient yellow circles growing in a blue
background. Within an hour these patterns slowly stop propagat-
ing and break up into yellow dot patterns which evolve more
slowly. The system approaches a nearly stationary state with
domains of hexagonal patterns (Fig. 1b) separated by grain
boundaries (Fig. 1a) which move very slowly, typically only
0.2 mm per day.

The transition from the uniform state to a hexagonal pattern
was studied with temperature as a control parameter and other
parameters held fixed: the hexagonal pattern emerged as the
temperature was lowered, as Fig. 2 illustrates. Within the experi-
mental resolution there was no hysteresis; the transition occurred
at 18.0x0.5 °C for both increasing and decreasing temperature.
The system showed a critical slowing down at temperatures near
the transition: the relaxation time became days, whereas far
from the transition (for example at 5.6 °C) the system relaxed
within 3 hours. These observations suggest that the transition
is continuous, but a small discontinuity, as expected from theory
(to be discussed), would not be observable with our resolution.

Stripes rather than hexagons were observed at high iodide or
low malonic acid concentration. The stripes (Fig. l¢) were
stationary, in contrast to the widely studied travelling wave
patterns' . Striped patterns were maintained for days without
much change except for a very slow motion of the grain boun-
daries separating different domains.

The wavelengths of the hexagonal and striped patterns, deter-
mined from spatial fast Fourier transforms, varied continuously
from 0.14 to 0.33 mm with changes in the control parameters.
The wavelength is an intrinsic property of the reaction-diffusion
system, not a consequence of finite size of the system. This
intrinsic wavelength distinguishes Turing patterns from other
well known nonequilibrium structures such as convection rolls
or Taylor vortices. The wavelength was especially sensitive to
the sulphuric acid concentration in reservoir A; for example a
decrease of sulphuric acid concentration in reservoir A by 33%
led to a 45% increase in wavelength of the hexagons and stripes.

A distinct stable mixed state was observed as well as the pure
hexagons and stripes. Mixed states are discernible in photo-
graphs, as in Fig. 1d, and can be quantified in graphs of the
angular distribution of amplitude (Fig. 3). Pure hexagons have
six peaks of equal amplitude separated by 60° (Fig. 3a); pure
stripes have two peaks separated by 180° (Fig. 3b); and the
observed mixed state has six peaks separated by 60°, with one
large peak followed by two small, one large, and two small
(Fig. 3¢).

Two-dimensional chemical patterns similar to those we have
observed have been found in numerical simulations of reaction-
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FIG. 3 Angular intensity distributions in spatial frequency space (in a band
centred at 5.6 mm ™) for a hexagons, b, stripes and ¢, mixed state. Condi-
tions for a b and ¢ respectively correspond to the conditions in Fig. 1b, ¢
and d

diffusion models with the kinetics given by the Brusselator'® or
variants®® or by an activator-inhibitor’' model. Pattern forma-
tion in two-dimensional systems has also been extensively
studied using general equations that describe the amplitude of
the patterns™. In the absence of specific symmetries, which is
the usual situation in chemistry, the initial transition from a
uniform state to hexagons is discontinuous®~>°. But in practice
the sizes of the discontinuity and hysteresis range are usually
small, and the transition shares most features with a continuous
transition. Simulations by V. Dufiet and J. Boissonade (personal
communication) on a two-species reaction-diffusion model*®
reveal a transition with a hysteresis that is only 0.1% of the
control parameter, too small to observe with our experimental
resolution.

Our experiments show evidence of a transition to Turing
patterns that can be maintained indefinitely in a well-defined
nonequilibrium state. We have neglected possible structure in
the direction of the chemical gradient; such structure might
exist, as the thickness of the gel is 6-10 times as great as the
wavelength of the pattern. Walgraef ef al”’ have shown that in
three-dimensional systems with no imposed gradients, the most
likely selected patterns should be body-centred cubic, hexagonal
prisms and stripes, all of which have been found in simulations
(A. DeWit et al, personal communication). Only the body-
centred cubic pattern has structure in three dimensions; the
patterns we have observed, hexagons and stripes, have no three-
dimensional structure.

Further experiments are under way to search for the other
types of patterns and to study the transitions between patterns,
multi-stability, the dynamics of defects and the role of three-
dimensionality. The development of continuously fed spatially
extended reactors such as the one described here opens a wide
range of problems to systematic laboratory study. O
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OCEANIC dissolved organic carbon (DOC) is one of the Earth’s
largest carbon reservoirs, but until recently its role in the carbon
cycle has been neglected. New methodology’, however, has led to
larger estimates of DOC concentrations and also to renewed
interest in the biochemical lability of DOC?. Previous work found
that the mean age of DOC in the surface ocean was > 1,000 years’.
To examine the lability of DOC in greater detail, we have conduc-
ted experiments to estimate DOC turnover rates in the upper
ocean. We directly observed rapid DOC turnover by bacterioplank-
ton during the spring phytoplankton bloom in the North Atlantic
ocean. Potential turnover rates, measured in 0.8-pm filtered
samples, ranged from 0.025 to 0.363 per day, and were consistent
with bacterial biomass production and uptake of dissolved nitrogen
(NHZ, NOj3 and urea). Our results indirectly suggest that cycling
of dissolved organic nitrogen (DON) differs from that of DOC.
The high estimates of DOC concentrations and turnover rates
repeated here, if found to be gemeral, would seem to demand
changes in models® of carbon cycling and of the ocean’s role in
buffering increases in atmospheric CO,.

Our experiments were conducted as part of the Joint Global
Ocean Flux Study (JGOFS), which had the objective of examin-
ing the 1989 spring phytoplankton bloom in the North Atlantic
Ocean (47° N; 18° W) and its role in the ocean carbon cycle’.
The bloom started in late April, as indicated by increases in
chlorophyll a and decreases in NO3 and total inorganic carbon.
It continued until at least early June, sustained by ammonium
recycling and residual NOj; . To examine the possible rate of
degradation of DOC, we gravity-filtered surface sea water
through Nuclepore filters with pore sizes of 0.8 pm (diameter
142 mm), added an equal volume of the same water filtered
through 0.22-pm Millipore filters (which remove all microorgan-
isms) and then incubated this mixture in the dark at ambient
temperature (~14 °C). All filters were rinsed with distilled water
and sample water before use. The 0.8-pm filtrate contained
nearly the entire heterotrophic bacterial assemblage and only
10% of chlorophyll a; that is, initially it did not contain sources
of DOC (phytoplankton and zooplankton) although it retained
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those organisms (bacteria) thought to be mainly responsible for
DOC oxidation.

Bacterial abundance (measured by direct counts®) increased
with time (Fig. la), because 0.8-pm filtration excludes many
grazers of bacteria, and dilution further minimizes bacterivore
activity®. After 4.2 days, the bacterial abundance decreased
because bacterivorous microflagellates increased from initially
very low numbers to populations that had a considerable effect
on the bacteria (Fig. 1a). Accompanying the initial increase in
bacterial abundance, there was a decrease in DOC concentra-
tions (measured by high-temperature catalytic oxidation') in
these <0.8-pm filtrates (Fig. 1b). For the first day, the apparent
rate of DOC degradation was high, ~0.2 per day (Table 1; rates
are first-order decay constants). The rate decreased during the
incubation period (Fig. 1b), and rates were lower when calcu-
lated over intervals greater than 2 days (Table 1). The lowest
turnover rate of DOC was 0.025 + 0.005 per day, estimated after
4.2 days in an incubation lasting 11 days. At least some of the
apparent decrease in turnover rates was probably related to the
increase in bacterivore activity. Grazing by bacterivores lowers
bacterial abundance and releases DOC®, thus slowing its net
depletion. Even so, our lowest turnover rate is still greater than
those estimated in previous studies'®'' similar to ours.

The high DOC turnover rates did not result from the release
of labile DOC during filtration. Concentrations of DOC before
and after filtration were similar, indicating that any DOC con-
tamination was small. Also, the fraction of DOC consumed in
these experiments (23-42%; Table 1) is too high to be explained
by degradation of the small amount (nM) of DOC perhaps
released by cell lysis during filtration. Although our estimates
at the end of these experiments did approach the low DOC
concentrations measured by the wet-combustion method (in situ
concentrations measured by this method'? are about half those
measured by high-temperature catalytic oxidation), our incuba-
tions probably did not last long enough to determine what
fraction of the DOC was highly refractory with low turnover
rates. Nonetheless, the lowest initial DOC turnover rate did
coincide with the lowest initial concentration (31 May; Table
1). In short, our results indicate that DOC is more labile in
surface waters than indicated by previous estimates of DOC age
and turnover*'®!",

Bacterial activity (and possibly that of other microorganisms)
was essential to deplete the DOC concentrations in the 0.8-um
filtrates. The concentrations of DOC did not decrease when sea
water was filtered through 0.22-pm Millipore filters, which
remove all microorganisms (Fig. 1), indicating that the decrease
was not due to adsorption on the container walls or abiotic
oxidation.

The nitrogen required for the observed bacterial growth was
apparently supplied by NHZ , NO3 and urea. The concentrations
of these nitrogenous compounds decreased during periods when

TABLE1 Summary of dissolved organic carbon (DOC) turnover rates calcu-
lated from DOC depletion in <0.8-um filtrates

Start Incubation Initial Fraction Turnover
date period DOC consumed rate
(1989) (d) (M) (%) (d™b* n
25 May 0-1.0 196+8 0.230+0.020 4
1.0-42 155+ 3 0.048+£0003 6
42-11 134+1 42 0.025+0.005 4
28 May 0-10 178+ 2 0.363+0.290 3
1.3-40 146+ 2 28 0.044£0.009 4
31 May 0-30 136+3 23 0087+0.017 5

* Turnover rates were calculated by applying first-order kinetics to incuba-
tion periods during which graphs of In (DOC concentration) against time
were linear. The rate is then the slope of that line (+standard error) caiculated
with n time points.
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