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The Reversal and Splitting of Waves in an
Excitable Medium Caused by an Electrical Field

Hana Sevéikova, Milo§ Marek, Stefan C. Miiller

The reversal and splitting of traveling concentration waves was observed in a one-dimen-
sional Belousov-Zhabotinski reaction medium under the influence of low-intensity electric
field gradients (~10 V per centimeter). The wave reversal and splitting were strongly
correlated with a characteristic transformation of the shape of both the wave front and the
refractory tail of a wave in the local field gradient. The secondary role of generated
hydrodynamic flow on wave transformation was also investigated.

Traveling waves are highly organized spa-
tio-temporal patterns of system variables
(component concentration and electrical
potential) that very often underlie trans-
mission of information, growth, and devel-
opmental processes in cells and living tis-
sues (1-4) and other types of excitable
systems (5). These wave patterns are pro-
duced because of the interaction of trans-
port processes with the processes of ionic
species production and consumption. These
waves often have a relaxational character
where the short excited front of a wave with

H. Sev&ikova and M. Marek, Department of Chemical
Engineering, Prague Institute of Chemical Technolo-
gy, Technicka 5, 166 28 Prague 6, Czechoslovakia.
S. C. Miiller, Max-Planck-Institut fur Ernahrungsphys-
iologie, Rheinlanddamm 201, W-4600 Dortmund 1,
Germany.
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a high amplitude of system variables is fol-
lowed by a long refractory region with a very
low amplitude. Because of this refractory
region, the excitable waves cannot be re-
flected at the impermeable barriers, refract,
or pass through each other, unlike sound or
light waves. Despite this, several examples
have been reported that show that under
certain circumstances, the refractoriness of
an excitable system can be suppressed and
the phenomena similar to refraction or soli-
ton-like behavior (6-8) can occur. This
report describes in a semiquantitative way
the mechanism of system changes that occur
in the course of the reversal and splitting of
a wave traveling in a capillary tube filled
with a mixture that supports the Belousov-
Zhabotinski (BZ) reaction and is exposed to
the external electric field.
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An externally applied electric field can
affect the velocity of propagation of con-
centration waves in different types of reac-
tion-diffusion excitable media (6, 9, 10)
and can control the period and the wave-
length of rotating spiral waves (11, 12) and
the drift of the spiral core (11) as well.
Experiments on quasi—one-dimensional (1-
D) BZ waves (6) have shown that the wave
velocity is a nonlinear function of the
electric field intensity and depends on the
polarity of the field. Although the waves
propagating toward the positive electrode
(that is, in the negative field) are acceler-
ated with respect to the field-free case,
those moving toward the negative electrode
(that is, in the positive field) are slowed
down. A previous study (6) yielded quali-
tative evidence that the slowing down with
increased positive field strength remains
moderate until a critical threshold of field
intensity is reached. At this critical value,
wave reversal and wave splitting have been
observed. We concentrated on ferroin con-
centration profile changes under electric
field influence, specifically studying the de-
velopment of the concentration profile in
the course of wave reversal and wave split-
ting.

Wave reversal and splitting were inves-
tigated by high-resolution 2-D spectropho-
tometry based on a computerized video
system (13, 14). To obtain an undistorted
optical signal from the light transmitted
through the active medium, we used a
specially designed rectangular cuvette. We
took measurements in both the liquid phase
and the agar gel system to estimate the role
of induced convective flow in the observed
phenomena (15).

A typical spatial profile of the wave
represented by the concentration of the
oxidized form of the catalyst, ferriin, in the
field-free system is shown in Fig. 1 (profile
1). The wave moves from the right to the
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Fig. 1. Spatial profiles of the ferriin concentra-
tion Ce in the field-free system (profile 1) and in
the positive (profile 2) and negative (profile 3)
electric field [electric field strength (E) = 8
V/cm]. Gelled system, side view. F, wave front
(leading edge); B, wave back; R, refractory tail.
Space unit = 12 mm. (Inset) Enlargement of the
wave fronts in profiles 1, 2, and 3. Space unit =
0.6 mm.
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centration is followed by a slow, asymptotic
approach to a stationary value, resulting in
a steep wave back and a shallow refractory
tail of the spatial profile. If an electric field
gradient exists in the system, then in addi-
tion to diffusion the transport of species by
means of selective ionic migration occurs.
The local depletion of the bromide ions in
front of the wave is either enhanced in a
negative field or depressed in a positive field
by the action of ionic migration. These
effects are then reflected in either the in-
crease or the decrease of the propagation
velocity of the wave (6).

The electric field affects not only the
velocity of the wave propagation but also

left, converting the medium quickly from
the reduced (low ferriin concentration) to
the oxidized state (high ferriin concentra-
tion) and then slowly back to the reduced
state. The transition to the oxidized state
occurs when the bromide concentration in
front of the wave is depleted as a result of
chemical reactions and diffusion below a
threshold value (16). This transition is fast
and forms a sharp gradient of ferriin con-
centration. The production of the bromide
starts anew in the course of the oxidation of
the medium and causes the reduction pro-
cess to prevail again over the oxidative one.
In the course of the reduction, the initial
relatively fast decrease of the ferriin con-
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Fig. 2. Reversal of the direction of the wave propagation in the gelled system observed from the side
(E =10 V/cm). (A) Time series of video images of the cuvette taken at 16-s intervals. In plates 1 to
3, the wave moves from the left to the right toward the anode. Between plates 3 and 4, the polarity
of the field is reversed. This is immediately reflected in the enlargement of the blue zone
representing the oxidized state of the medium (C). This zone than shrinks again (plates 5 to 7), and
the concentration gradient of the wave back becomes steeper (the dark blue, green, yellow, and
gold zones in plates 5 to 8 become narrower). In plate 7, wave back and wave front have
approximately the same steepness. In plate 8, the former wave front is converted into the wave
back, and the former wave back, now the wave front, starts moving backwards toward the anode.
The next eight plates show the development of the wave back. Pictured length of the capillary =
6.64 mm. (B) Space-time plot established along the central axis of the cuvette in (A), with the same
false colors. Pictured time interval = 450 s; pictured length of the capillary = 7.54 mm. Arrows mark
the time interval shown in (A) in detail. (C) Evolution of the spatial wave profile during wave reversal.
Time instants after plate 5 of (A) are: 1 =0s;2=16s;3=40s;4 =64s;and 5 = 128 s. Space
unit = 3.6 mm. The scale on the right indicates the false colors used in (A) and (B) (B, blue; C, dark
blue; Gr, green; Y, yellow; G, gold; and R, red).
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Fig. 3. (A) Space-time plot of the wave splitting
obtained as Fig. 2B. Liquid system, top view; E = 10
V/cm. At the top, the wave propagates to the left in the
negative field, and at t,, the polarity of the field is
reversed. Wave velocity then decreases, and the zone
of the oxidized catalyst (light blue) starts to broaden.
At t,, a sharp front is formed at the right edge of this
zone, and a new wave is elicited there. Between f, and
t,. the oxidized zone broadens even more, and at , 0
another wave is elicited from its right edge. At £, a

\
I\
%1

Light intensity (arbitrary units)

Space

bulk oscillation in the left portion of the cuvette anni-

hilates the wave moving to the left. At £, the electric field is switched off, and the split waves slow
down. After a while, the second split wave ceases to exist. Pictured length of the capillary = 11 mm;
pictured time interval = 510 s. Colors are as in Fig. 2A; light blue represents the highest
concentration of ferriin. (B) Spatial profiles of transmitted light intensity taken at times t,, £, t,, and

t; in (A). Space unit = 17.07 mm,

the ferriin concentration profile of the wave
(Fig. 1, profiles 2 and 3). Pronounced
changes occur in the shapes of the wave
back and of the refractory tail, whereas the
shape of the wave front is almost unaffect-
ed. In the positive field, the back of the
wave drops down more sharply and to a
lower ferriin concentration than in the
field-free system and in the negative field.
Thus, the refractory tail lies under that of
the zero-field wave and of the negative field
wave. The wave front is focused in the
positive field (that is, the concentration
gradient is steeper), whereas it is slightly
flattened in the negative field (Fig. 1, in-
set).

At a sufficiently high intensity of the
positive field, wave reversal occurs, shown
in Fig. 2A by a sequence of false color
images. In the course of the reversal, the
concentration gradient of the back of the
wave becomes almost as steep and as deep
as the gradient of the wave front. The
migration of the bromide ions toward the
anode—that is, in the direction opposite
that of the wave propagation—slows the
propagation of the wave front. On the
other hand, it helps to decrease the bro-
mide concentration in the refractory tail
below the threshold value, and consequent-
ly the wave’s trailing edge turns into a sharp
wave front that moves in a direction oppo-
site that of the original wave.

This reorganization and overturning of
the wave profile during the wave reversal is
shown in quantitative detail in Fig. 2C.
Five profiles taken at different time instants
are overlapped such that their maxima co-
incide. Shapes of the profiles (1 to 5) to the
left of the maximum illustrate how the new
wave front emerges from the wave back
while the propagating wave is exposed to
the critical positive field intensity. The
transition of the wave front to the wave
back takes place simultaneously on the
right. Profiles 1 to 3 correspond to the wave
moving to the right. When profile 3 is
being formed, the wave almost stops and
then starts to move to the left (profiles 3 to
5). Simultaneous changes of the wave front
to the wave back and of the wave back to
the wave front are typical.

The splitting of the wave shown in a
space-time plot in Fig. 3A was observed in
a number of experiments. This complex
behavior depends very sensitively on the
precise values of the wave velocity and of
the applied field intensity. For the wave
splitting to occur, it is necessary that the
wave front remains when a new wave front
emerges from the wave back (Fig. 3A).
This is possible only if the wave front
continues to move toward the negative
electrode so that the wave front can repro-
duce itself by initiating the autocatalytic
oxidation process.
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As the back of the wave is transformed
into the leading edge of a new wave during
the process of the wave splitting and moves
in the opposite direction, the zone of the
high ferriin concentration (Fig. 3A) enlarg-
es, stabilizing the oxidized state in a small
portion of the medium. This region of the
oxidized state forms a new source of waves
(leading center) that emits waves only from
the side facing the positive electrode, be-
cause both the refractoriness of the medium
and the threshold conditions are more fa-
vorable for waves that propagate toward the
positive rather than toward the negative
electrode.

Recording the propagation of the wave
and its reversal in the narrow tube both
from the side and from the top confirmed
that in the gelled system, these processes
are in principle one dimensional, as there
were no concentration gradients observed
in the plane perpendicular to the longitu-
dinal axis of the cuvette (Fig. 2A). Thus,
one can conclude that only the interaction
of reaction, diffusion, and migration pro-
cesses is involved in the mechanism of wave
reversal. Because the wave splitting was
observed only in the liquid system and
because experiments in the rectangular cu-
vette showed that vertical concentration
gradients appear in the course of the wave
splitting, it seems likely that fluid convec-
tion processes are also involved in wave
splitting. On the other hand, this convec-
tion may not be the necessary condition for
wave splitting.

No matter what particular physical and
chemical processes are involved, the phe-
nomena of wave reversal and splitting are
connected to local changes in the system
dynamics (changing it from an excitable to
a bistable one) and to the creation of a
temporal leading center. Formation of a
temporal leading center was suggested to be
the cause of branching observed on mollusk
shell patterns, but the reason for local
changes in system dynamics is still un-
known (7). The formation of a bistable
region on a defect on the Pt catalytic
surface seems to provide an explanation
(17) for the soliton-like behavior of the CO
waves passing through this region (8). The
changes of the local dynamics in our system
are evoked by the interaction of the electric
field of the proper intensity and polarity
with the concentration gradients along the
traveling wave.
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Coeval “CAr/3°Ar Ages of 65.0 Million Years Ago
from Chicxulub Crater Melt Rock and
Cretaceous-Tertiary Boundary Tektites

Carl C. Swisher lll, José M. Grajales-Nishimura,
Alessandro Montanari, Stanley V. Margolis, Philippe Claeys,
Walter Alvarez, Paul Renne, Esteban Cedillo-Pardo,
Florentin J-M. R. Maurrasse, Garniss H. Curtis,

Jan Smit, Michael O. McWilliams

4OArf3SAr dating of drill core samples of a glassy melt rock recovered from beneath a
massive impact breccia contained within the 180-kilometer subsurface Chicxulub crater in
Yucatan, Mexico, has yielded well-behaved incremental heating spectra with a mean
plateau age of 64.98 + 0.05 million years ago (Ma). The glassy melt rock of andesitic
composition was obtained from core 9 (1390 to 1393 meters) in the Chicxulub 1 well. The
age of the melt rock is virtually indistinguishable from “°Ar/*SAr ages obtained on tektite
glass from Beloc, Haiti, and Arroyo el Mimbral, northeastern Mexico, of 65.01 + 0.08 Ma
(mean plateau age for Beloc) and 65.07 + 0.10 Ma (mean total fusion age for both sites).
The “°Ar/3°Ar ages, in conjunction with geochemical and petrological similarities, strength-
en the recent suggestion that the Chicxulub structure is the source for the Haitian and
Mexican tektites and is a viable candidate for the Cretaceous-Tertiary boundary impact site.

The global search for an impact crater of
sufficient size to account for the extinctions
at the close of the Cretaceous period has
focused recently on a subsurface circular
structure, 180 km in diameter, centered at
Chicxulub on the north coast of the Yu-
catan Peninsula (1, 2) (Fig. 1). If an impact
origin is confirmed, the Chicxulub struc-
ture, whose outline is based on circular
magnetic and gravity anomalies, will be the
largest impact crater yet found on Earth. Its
size and the proximity to abundant tektites
and microtektites recovered in marine Cre-
taceous-Tertiary (K-T) deposits near Beloc,
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Haiti (3-5), and at Arroyo el Mimbral in
northeast Mexico (6) and to proximal wave
deposits of probable tsunami origin in the
Gulf of Mexico (6, 7) make the Chicxulub
structure an ideal candidate for the K-T
impact site that triggered the mass extinc-
tions at the close of the Cretaceous period.

The stratigraphy of the Chicxulub struc-
ture is known primarily from a transect of
petroleum exploration wells drilled across
the Yucatin Peninsula by Petréleos Mexi-
canos (PEMEX) (8-10) (Fig. 1). Three of
these wells, Yucatdn 6 (Y-6), Chicxulub 1
(C-1), and Sacapuc 1 (S-1), occur within
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the Chicxulub geophysical anomaly. These
wells penetrated marl and limestone under-
lain by coarse breccia, polymict breccia,
and glassy rocks of andesitic composition.
The polymict breccia is composed of a
mixture of microcrystalline crystals of alkali
and plagioclase feldspar, pyroxene (augite),
rounded and angular quartz, and minor
amounts of euhedral zircon, barite, and
Ti-Fe oxides. The angular quartz grains
appear to be etched and show multiple sets
of planar lamellae indicative of shock meta-
morphism. The underlying unit is com-
posed of angular pyroxene (augite) crystals
embedded in a glassy or microcrystalline
groundmass of alkali and plagioclase feld-
spars. These andesitic glasses and micro-
crystalline rocks are interpreted as impact
breccias and melt rocks of andesitic compo-
sition (2). Earlier workers (8) concluded
that the breccia above the melt rocks is
Upper Cretaceous in age, which would
indicate that the impact age is older than
the K-T boundary. However, other workers
have estimated on the basis of poorly pre-
served foraminifera that the rocks are as
young as early Paleocene (P3) (11). A
plausible explanation for the occurrence of
Cretaceous deposits above the melt rocks is
that they represent fallback breccia of Cre-
taceous limestone infilling a crater of K-T
age. The uncertainty in the age of the
Chicxulub crater makes radioisotopic dat-
ing of the melt rock imperative.

The possibility that the Chicxulub struc-
ture is the source for the Haitian and
Mexican tektites has recently been
strengthened by chemical analyses of the
microcrystalline melt rocks recovered from
Yucatdn 6 (2) (Table 1). The composition
of the andesitic melt rock is clearly within
range of that observed for the Haitian and
Mimbral tektites; and the limestones of the
Yucatdn Platform can explain the more
Ca-rich tektites (4, 6). Detailed micro-
probe analyses of the glassy feldspathic
groundmass from sample C-1 (Fig. 1 and
Table 1) from the Chicxulub 1 well indi-

cate that it is andesitic in composition and
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