
this structure, it breaks [lie 0-0 bond, leal.- 
illg one 0 attached to the  rest atom, xhi le  
the other is ~nserteii into a back bond o i o ~ i e  
of the  two aLiatoms [the lowest energy po- 
sltlon of a11 0 atom boniied to a11 adatom 
(lil)], leaving tlie second adatom intact. 
Tlierllial d e c o m ~ o s i t i o l ~  of the  DD slte also 
glr.es the sanie products. 
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Spatiatemporal Chaos in Electroconvection 
Michael Bennin, Guenter Ahlers,* David S. Cannell 

Spatiotemporal chaos (STC) near the onset of electroconvection in a nematic liquid crystal 
is reported, In samples with conductivities greater than 1 x 1 O P 8  per ohm per meter. STC 
was found to evolve by means of a supercritical Hopf bifurcation from the uniform 
conduction state. Because this example of STC resulted from nonlinear interactions 
between only four modes, it provides a realistic opportunity to understand the observed 
phenomena in terms of a weakly nonlinear theory in the form of four coupled complex 
Ginzburg-Landau equations derived from the full equations of motion of the system. For 
smaller conductivities, the pattern immediately above onset consisted of localized pulses 
of convection that coexisted with the conduction state. The pulses had a unique width 
in the direction perpendicular to the director (the axis parallel to the average orientation) 
and had much larger and varying lengths parallel to the director. 

u n d e r  ~ l o n e ~ u i l ~ b r i i ~ m  conditions, a spa- 
tlally extende,] system often undergoes a 
transltiol? from a u~hiform state to a state 
x i t h  spatlal variation. \S7e refer to this vart- 
ation as a pattern. I11 nature, pattern fc>rma- 
t ion is ioimd in silch diverse systems as 
cloud stnlctures, s~~orvflakes, flames, animal 
sl<~ns, and e\~olving pol-iulations. X fasclnat- 
ing aspect of patterns 1s that man\- of them 
have a u~~lve r sa l  character; pliyslcal, cliein- 
ical, and biological systems all eshll31t pat- 
terns that have man\- ieatilres 111 common. 
X deeper u ~ ~ d e r s t a n i i l ~ ~ g  of these features 
~ 1 1 1  help 11s to prevent undeslra'le patterns 
(or prolnote adr.a~~tageous ones) 111 physical 
PI'OCebbeb that affect our enr-ironment. From 
the viexvpolnt of f ~ ~ n d a m e n t a l  science, pat- 
terns are of interest because their f o r m a t i o ~ ~  
is gel~erall\- associated wit11  onli linear ef- 
fects, which leaJ to qualitatir.eIy new yhe- 
noinella that do  not occur in linear svstems. 
,4mong the  most iascinating o i  these phe- 
nomena 1s STC ( 1 ) . 

T h e  elucidation of STC has l x e n  a nlalli 
goal in l~onl inear  science since tlie miii- 
li)iL?s, wlien it was first studieJ In fluid- 
mechan~cal  systems (2 ) .  Loosely, n.e use tlie 
term STC to descrlbe a determi~~is t ic  >ys- 
tern t l ~ a t  has irreei~lar \xiatLon and is LIII- 

b 

preL]lctahle 111 detail, hot11 in space and 111 

time. hlost 1<11o\v11 examples of S T C  occur 
as a result of a t r a n s ~ t ~ o n  (or Ixf~lrcation) 
from a base state that already has an  intri- 
c,ite but nonchaotic spatial  ariat ti on. X 
theoretical analysis of STC is very diificillt 
hecailse it must 1ieq11 a t  this alreaiiy com- 
plicated starting point. 

Here,  n-e descrihe exuerimental obser1.a- 
tiolis of S T C  t l ~ a t  (over ,I certain parameter 
range) evolr-es iilrectiy from tile i~nl iorm 
state as t l ~ e  systeni is p ~ ~ s l i e d  lieyol~d tlie 
flrst i i i i~~rcat ion.  T h e  STC conslsts o i  a 
superposttian ( ~ i  four modes (see helow) 

Daparirnant ci3h;!s~cs a i d  Cenrarfcr N c n  near Sc ance, 
Uri,!e.s~ts c' Cali'crnia Sa,ira 3ari:a-r C k  231L"?. LSA. 

that ha\-e spatially and temporall\- var\-ing 
ampli t i~~ies  nit11 a mean square that gronrs 
c o ~ ~ t ~ ~ n i ~ o ~ ~ s l v  from Q anil whose time aver- 
age 1s u n i i ~ ) r m l ~  estended in space. In this 
case, it s11oul;i be uossihle to elucidate the  
S T C  by weakly nonlinear tlieorles t l ~ a t  are 
arr l ica l~le  w11e11 ampl~tudes are small. 

L 

These t l ~ e o r ~ e s  are well developed 111 tlie 
form of so-called complex Giln:burg-La~niiau 
( C G L )  eiluations. Because t l ~ e  S T C  state , L 

er-olr-es c o n t i ~ ~ u o ~ t s l y  from t l ~ e  u ~ ~ i f i ~ r r n  
state, and because it consists of onlv a small 
niunllier of modes, the  relel-ant coupled 
C G L  eauations shoulLl lie deril-able from 
the full equations of motion (3) o i  the  
system (4) .  example o i  tlie S T C  state at 
one ins ta l~t  of time is gir-en in Fig. 1X.  

X!e s t~ldieJ  electroconr.ectlo11 (5) 111 the  
~ ~ e m a t l c  lliluid crystal ( N L C )  4-etliyl-2- 
fl~1oro-4'-[?-(t~ans-i-pe1~tylc~-clo1iesyl)et1iyl]- 
I,ipl~euyl (152). Tlie long, rodllke K L C  mol- 
ecules are orientation all\^ ordered relative to 
tlheir ne~olilx~rs,  liut then centers o i  mass 
have no  positional orJer. T h e  axis parallel t~ 
tlii. averaee orientatio~n 1s called the director 
iz, K7e olxained a sample uitli unliorm planar 
a l ig~~inen t  o i  6 (parallel to the suriaces) hy 
ccx~til~lng the NLC l>et\\-een two treated 
parallel glass plates. \Ye used transparent 
cond i~c t~ng  tillus o n  tlie inner silrfaces of the 
glass plates and applied a11 ac voltage of 
amplitude 1" and frequency f between them. 
.At a critical value I.c, a tmnsitlol~ from a 
snatiall\; unif(~rm ilu~escent state to convec- 
tion occurs. T h e  precise d u e  of \7c can lie 
altered by changing f or liy changing the 
electrical conductivity cr; tlie conductivity 
can be ciianged e ~ t h e r  1.v adding small 
amounts of ioLLne to tile 152 or hy cLang~ng 
chi. temperature. \.slues o i  a in our sanlples 
ranged irom Q.6 X 1QP' to 1.8 X 1QPi 
olllll- 111- . 

Immedtately ahove \., and f i x  cr 2 1 x 
1CP' ohm- '  m-l ,  \ye iounLi ohlique rolls 
~ \ r ~ t l i  a a-ave vector k a t  a n o ~ ~ i e r o  a~igle  8 
ni~t l i  respect to ii (6 ,  7). Because f i  0111~  

gives 211 asis and does not specit\ a k rec -  
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tion along it, the states with angles 0 and 7~ 

- 0 have an equal a priori likelihood of 
occurring. We refer to these states as "zig" 
and "zag" rolls, respectively. The rolls trav- 
eled in the direction of k or -k. thus 
providing a time dependence with frequen- 
cy w. The right- and left-traveling zig and 
zag rolls constitute the four modes men- 
tioned above. The parameters V,, k, and w 
depend only on the linear terms in the 
equations of motion (3). They have been 
calculated as a function of u and f and are 
in excellent agreement with experiment 
(6). Interactions between the modes lead to . , 
a wealth of nonlinear states as a function of 
V, u. and f. We studied vatterns in the 
wkakiy noniinear regime where the control 
parameter E = (V2 - Vf)/Vf is less than 
0.1, and for f = 25 Hz. 

The apparatus (7) consisted of a com- 
puter-controlled shadowgraph imaging sys- 
tem, electronics for applying the ac voltage 
and measurine the conductivitv of the sam- - 
ples, and a sample stage with a temperature 
range of 30' to 60°C (stability, 2 1  mK). 
The cell thickness was d = 28 2 2 pm, 
uniform to 20.5 pm. We varied the con- 
ductivity by varying the temperature (6). 
The sample area was 0.5 cm by 0.5 cm, and 
a central part of this area was imaged with 
light polarized parallel to fi. In the following 
discussion, the directions parallel and per- 
pendicular to ii are sometimes referred to as 
the x and y axes, respectively. The wave- 
length of the rolls was -1.5d (42 pm), and 
the frequency of the traveling waves was 
close to 1 Hz. 

A snapshot of the STC state for u = 1.5 
x lo-' ohm-' m-' and E = 0.01 is shown 
in Fig. 1A. The irregular spatial variation of 
the roll envelopes is apparent. The spatial 
power spectrum of Fig. 1A (the square of 
the modulus of its Fourier transform) is 
given in Fig. 1B. The four peaks corre- 
sponding to the zig and zag modes can 
clearlv be seen. Althoueh it is not evident " 
from the image, the pattern consists of rel- 
atively fast traveling waves of convection 
rolls, and (on a time scale much longer than 
a traveling-wave period) the envelopes of 
the rolls fluctuate irregularly in both space 
and time. 

The spatial and temporal average of the 
mean square amplitude 0' of the deviation 
of the director from planar alignment is 
shown in Fig. 2 as a function of E. Convec- 
tion causes e2 to increase for E > 0 (the 
small nonzero background value for E < 0 is 
the result of fluctuations and instrumental 
effects). The data do not show any hyster- 
esis near E = 0. They reveal that the con- 
vection amplitude grows continuously from 
its background value as E is increased. Thus, 
the pattern for E > 0 can be studied for 
arbitrarily small amplitudes. This feature 
permits a perturbative theoretical approach 

Fig. 1. (A) An example of the spatially extended state of STC for u = 1.5 x ohm-' m-I and E = 
0.01. The maxima and minima of a shadowgraph signal are mapped to blue and red, respectively. The 
power spectrum (B), the envelope of the zig rolls (C), and the envelope of the zag rolls (D) are shown for 
the example in (A). For the power spectrum (B), zero is mapped to blue and the maximum to red. For the 
envelopes (C and D), the minima are mapped to red and the maxima to blue. The image covers an area 
of about 0.22 cm by 0.17 cm; r? is horizontal. 

and the derivation of relevant CGL equa- 
tions from the full equations of motion. 

To extract more detail from the experi- 
ment, we expressed the right- and left-trav- 
eling zig and zag rolls as A,(x,t) cos(k,x - 
w,t) (n = 1, 2, 3, 4), where x is the hori- 
zontal position vector, and I k, I = 4.lld 
and I w, 1 = 6.3 S-' for all four modes. If the 
x axis points to the right and 0 is measured 
from the positive x axis in the counter- 
clockwise direction, then the angle between 
k, and the director is 0 for the zig states and 
7~ - 0 for the zag states. To study a partic- 
ular A,(x,t), we demodulated the images by 
Fourier-transforming them in space and 
time, with the transform set to 0 every- 
where except for a small region around the 

Fig. 2. Mean square amplitude a2 of the deviation 
of the director from planar alignment as a function 
of E (= 1.5 x ohm-' m-I ). The symbols 0 
and A correspond to data taken with increasing 
and decreasing E , respectively. 
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k, and w, of interest. Taking the inverse 
t&nsfom.gives a complex function of space 
and time: the real Dart corres~onds to 
A,(x,t) cos(k,x - w,t), and the modulus is 
the desired amplitude A,(x,t). Typical ex- 
amples of the amplitudes of the zig and zag 
modes at one moment in time are shown in 
Fig. 1, C and D. 

Various analyses of the mode amplitudes 
were carried out for u = 1.5 x lo-' ohm-' 
m-'. For E = 0.01, the spatial correlation 
length of A,,(x,t) was found to be 5 1 = 25h 
in the direction of fi (where h = 27~11 k I is 
the pattern wavelength) and 5, = 20h 
perpendicular to fi. We also characterized 
the STC by taking a time series of images 
with a spatial extent 1 = 4A, which is much 
less than el  1 or 5,. Each image was demod- 

Time (min) 

Fig. 3. Temporal variation of the amplitude of the 
right-traveling zig (solid line) and zag (dashed line) 
rolls in a small region of the cell. The data are for u 
= 1.5 x ohm-l m-l and E = 0.01. 



Fig. 4. An example of the localized structures for u 
= 0.6 x ohm-' m-I and E = 0.05. The 
image covers an area of 0.1 7 cm by 0.1 7 cm. 

ulated, yielding an amplitude that varied 
only slightly over the image. The spatial 
average An(t) was then studied separately 
for the four modes. A 30-min segment of 
An(t) for the right-traveling zig and zag rolls 
for E = 0.01 is shown in Fig. 3. At  times one 
of the modes dominates, and at other times 
the modes have approximately equal ampli- 
tudes. Computation of the cross-correlation 
of pairs of the An(t) from a +hour time 
series showed that the four modes are anti- 
correlated with each other. The autocorre- 
lation time of a single An(t) was roughly 
1 0 0 0 ~ ~  for all four modes [where T~ = O( 1 S) 
ik the director relaxation time]. This state 
persisted for the duration of the experiment 
(>48 hours). 

Qualitatively different chaotic phenom- 
ena occur in this system when a is small. 
For o = 0.6 x lop8 ohm-' m-'. we ob- 
served no evidence of any spatially extend- 
ed STC. Instead, highly localized elongated 
convective structures or pulses, consisting 
of traveling waves under a slowly moving 
envelope, coexisted with regions of pure 
conduction up to E - 0.1. Because of their 
spatial and temporal appearance, we refer to 
these pulses as "worms." An example is 
shown in Fig. 4 for E = 0.05. In the direc- 
tion perpendicular to ii, the worms had a 
unique width equal to a few times A. Paral- 
lel to ii, they had a distribution of lengths. 

An exciting prospect for the future is to 
compare quantitative, experimentally de- 
termined statistical measures of these states 
with calculations based on the equations of 
motion of this system. Calculations based 
on weakly nonlinear theory should be pos- 
sible because the experiment (see Fig. 2) 
indicates that the mean-square amplitudes 
of the chaotic states erow continuouslv - 
from 0 as the system is driven further from 
eauilibrium and because onlv a small num- 
ber of modes is involved in the spatiotem- 
poral complexity. Such a comparison may 

yield useful insights into the nature of STC. 
It remains to be seen to what extent the 
lessons learned from this specific system can 
be applied to STC in general. 
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Continental Crust, Crustal Underplating, 
and Low-Q Upper Mantle Beneath 

an Oceanic Island Arc 
Kiyoshi Suyehiro,* Narumi Takahashi, Yoshiro Ariie, 
Yasutaka Yokoi, Ryota Hino, Masanao Shinohara, 

Toshihiko Kanazawa, Naoshi Hirata, Hidekazu Tokuyama, 
Asahiko Taira 

A detailed structural model of the crust, subducting slab, and underlying upper mantle 
across the northern' Izu-Ogasawara (Bonin) island arc system is derived from a marine 
seismic reflection and ocean bottom seismographic refraction survey and subsequent 
forward modeling combined with tomographic inversion. The model indicates that the 
crust is thickest beneath the presently active rift zone and agranitic crust may have formed 
in the mid-crust. A highly attenuative mantle (that is, one with low quality Q) seems to be 
confined mainly beneath the presently active rift zone. In contrast, high P-wave velocity 
persists in the lower crust between the forearc and eastern margin of the back arc basin, 
suggesting a large-scale magma input responsible for the arc formation. 

Oceanic island arcs (OIAs) develop at oce- 
anic plate boundaries, where one plate is 
subducted below the other. The subduction 
produces intense igneous activity below the 
overriding plate, leading to the formation of 
a volcanic arc. Eventually, the volcanic arc 
may accrete to a continent and become a 
component of the continental crust. This 
connection to the continental crust has led 
some workers to suggest that continental 
crust formation began at OIAs in the early 
history of the Earth (I ) .  In addition, the 
mechanisms of subduction, melt initiation, 
slab dehydration, and arc volcanism at 
OIAs are poorly understood. Modeling the 
seismic structure of the OIA crust, in order 
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to constrain the volume and type of crustal 
accretion and its composition, particularly 
in the deeper crust, of which very little is 
known, is essential to understanding OIA 
evolution and its role in the growth of 
continental crust. 

The Izu-Ogasawara arc system located 
off the southern coast of Japan, extending 
more than 1000 km from north to south, is 
a site of active rifting and subduction (Fig. 
1) (2, 3). The arc formation was probably 
initiated at an intraoceanic transform frac- 
ture zone boundary about 48 million years 
ago (Ma) (4). The initial arc volcanism, 
characterized by tholeiite and boninite la- 
vas, created an arc 300 to 450 km wide. 
Rifting during the Oligocene formed the 
forearc and back arc basins, which resulted 
in the spreading of the Shikoku Basin (until 
15 Ma) and the separation of Kyushu-Palau 
Ridge. The arc volcanism revived about 17 
Ma and intensified about 2 Ma, creating the 
present-day volcanic front (VF), including 
occasional forearc volcanic intrusions and 
chains of volcanoes that obliquely cross the 
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