
The simulation model previously de- 
scribed (5) has allowed us to examine var- 
ious possible explanations for the observed 
nonexponential charge transfer kinetics in 
photosynthesis. Most important are corre- 
lations in the energy gap that persist beyond 
1 ps. The underlying motions are slow 
enough so that their effects on the charge 
transfer can be viewed qualitatively in 
terms of a statistical distribution of thermo- 
dynamic driving forces. The distinction 
between a statistical model and a dynamical 
treatment can be of importance, however, 
for quantitative issues. The temperature 
dependence of the charge transfer kinetics 
may be one such issue. Lowering tempera- 
ture will likely increase k,  and decrease k2 
(because these slopes specify rates for essen- 
tially activationless and slightly activated 
crossings, respectively). Lowering tempera- 
ture, T, should also decrease x, (because 
the mean squared amplitude of low-fre- 
quency fluctuations scales as T ) .  It does not 
necessarily follow, however, that lowering 
temperature will cause S ( t )  to exhibit both 
a shorter time decay of decreased amplitude 
and a slower long-time decay of increased 
amplitude. The dynamically mediated con- 
stants, K+, K-, and x,, precisely follow the 
trends of k , ,  k2, and xl  only in the statistical 
or inhomogeneous case (that is, with small 
values of v). Outside that regime, the cor- 
respondence is not quite so simple, as is 
evident from Eqs. 5 and 6. The underlying 
surface-hopping model neglects nuclear 
tunneling effects that are significant at very 
low temperatures. Nevertheless, these 
equations illustrate how the temperature 
dependence may be more complicated than 
what might be conceived of from a purely 
statistical perspective. This particular topic 
is worthy of future theoretical work, both 
with molecular dynamics and analytical 
modeling. 
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Decomposition of the Modulated Waves in a 
Rotating Couette System 

Yasushi Takeda,* Walter E. Fischer, Jun Sakakibara 
The time-dependent velocity field in a rotating Couette system has been decomposed. 
Successive instantaneous velocity profiles were obtained by an ultrasonic Doppler velocity 
profile method, and the spatiotemporal velocityfield had been analyzed by two-dimensional 
Fourier transform. The Fourier spectrum is depicted by intrinsic peaks, and the velocityfield 
cpan be reconstructed with these peak components only, indicating a successful decom- 
position of the velocity field. This method shows that the so-called broadband component, 
which is purely spatiotemporal and attributed to chaos, corresponds to a global motion of 
the wave propagating from roll to roll. 

Decomposition of velocity fields in fluid 
flow into spatial and temporal modes of 
orthogonal eigenfunctions has long been a 
challenge in the investigation of hydrody- 
namic instabilities and coherent structures 
in turbulence. The theoretical basis has 
been developed as a proper orthogonal de- 
composition (or Karhunen-Loeve expan- 
sion) (1, 2) ,  an empirical orthogonal de- 
composition ( 3 ,  a singular vaTue decompo- 
sition (4, and a bi-orthogonal decomposi- 
tion (5), to name a few. These have been 
tested primarily with computed flow fields. 
There have been, however, only few appli- 
cations to experimental work ( 3 4 ) .  This is 
mainlv because of the lack of a suitable 
measurement method that can obtain spa- 
tial information on the velocitv field with 
sufficient data as well as good time resolu- 
tion. We have developed a method that 
makes use of a pulsed ultrasonic Doppler 
technique (9). This method allows us to 
obtain the soatiotemooral information nec- 
essary to decompose the velocity field. 

Y. Takeda and W. E. Fischer, Paul Scherrer Institute, 
Villigen. Switzerland. 
J. Sakakibara. Department of Mechanical Engineer- 
ing, Keio University, Yokohama, Japan. 

*To whom correspondence should be addressed. 

We applied this method to investigate 
the modulated wavy state of the flow in a 
rotating concentric double cylinder. This 
configuration, a rotating Couette system, is 
frequently used to investigate a passage of 
flow transition from a laminar state to 
turbulence because the transition is gradual 
and has no hysteresis with respect to the 
Reynolds number (1 0). With this config- 
uration. it was also concluded that the flow 
goes from a laminar to a chaotic state and 
eventually displays turbulence (I 1 ) . 

In a system with the outer cylinder fixed, 
the fluid in the annular gap moves as a sheet 
without an axial velocity component for 
small Reynolds numbers. The first flow 
instability sets in at a critical Reynolds 
number (R,) , resulting in the formation of a 
roll structure [Taylor vortex flow (TVF)] 
with a nonzero axial velocity component. 
The flow configuration then consists of 
stacked tori (rolls) of a pair of countercir- 
culating vortices. At higher Reynolds num- 
bers, a second instability sets in, and an 
azimuthal wave appears [wavy vortex flow 
(WVF)]. Power spectrum studies (1 1-13) of 
this flow indicate that WVF has a single 
mode and is periodic. At still higher Rey- 
nolds numbers, this azimuthal wave is mod- 
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ulated by second wave modes [modulated to their instabilities and static characteris- it is nonlinear in nature and appears as a 
wavy vortex flow (MWV)], and the motion tics (10). The M W ,  however, has re- spatiotemporal variation. Moreover, it is 
becomes quasi-periodic (12, 13). Both TVF ceived less attention. This seems to be difficult to investigate experimentally. One 
and WVF are well understood with respect because of the complexity of the flow field; of the few established facts is its azimuthal 

wave motion; the single periodic wave is 
attributed to WVF, and several (likely two) 
additional waves cause a modulation that 
leads to MWV (9-1 6). 

Because the flow field in this configura- 
tion has a well-defined spatial and temporal 
periodicity, the two-dimensional (2D) Fou- 
rier spectrum in the wave number and 
frequency domains is depicted by character- 
istic peaks corresponding to fundamental 
wave modes and their harmonics. The ve- 
locity field can be reconstructed by these - = * 4 peak components. Through this decompo- q sition, we find that the so-called broad- 
band component observed in the power 
spectra (1 I) can be attributed to a global 
motion of waves traveling from roll to roll. 

- Our Couette system has the following 
parameters: inner radius, ri = 94.0 mm; 
outer radius, ro = 104.00 mm (radius ratio, 
q = 0.904); and column length, 200 mm 
(aspect ratio r = 20). Only the inner 
cylinder is rotated. For the onset of TVF, R, 
= 134.5, where the Reynolds number is 
defined as R = flridlv (fl is the rotational 
speed, d = ro - ri is the gap distance, and 
v is the kinematic viscosity). The reduced 
Reynolds number is R* = R/R,. The liquid 

Flg. 1. Measured velocity fields for RL = 7.07 (top), 13.63 (middle), and 17.92 (bottom). In each used was a mixture of water and 30% display, the ordinate represents position (128 data points for 94 mm in width) and the abscissa is 
time (1024 points for 135 s). The velocity values are color coded: yellow and red being positive; glycerol (17-20)- 
green and blue, negative. Full scale is + 36.7 mrnls. We have developed a technique, the 

ultrasonic Doppler method, for measuring 
instantaneous velocity profiles. It uses 
pulsed echo graph^ of ultrasound together 
with the detection of a Doppler shift in 
frequency. Position information is given by 
the time lapse between pulse emission and 
echo reception, and velocity information is 
obtained from the Doppler shift at each 
instant, from which an instantaneous ve- 
locity profile can be obtained. More detail 
of the method and the developed system is 
described elsewhere (9). With this method, 
one can measure a velocity field in the form 
of 128 data points with a spatial resolution 
of 0.75 mm (91 mm wide) every 32 to 130 
rns (depending on the velocity level). A 
total of 1024 profiles can be successively 
recorded. 

To take measurements, we fuced an ul- 
trasonic transducer to the outside wall of 
one of the end plates with the line of 

r , , k , ,  
r -2  k,, 

200 
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Fig. 2. Two-dimensional Fourier spectrum; the 
lower portion is shown for clarity. The horizontal 
axis is frequency (0 to 1.48 Hz with a resolution 
of 7.4 mHz), and the other axis is the wave 
number (0 to 0.55 mm-l with a resolution of 
0.01 1 mm-I). Vertical axis is the absolute value 
of Fourier coefficients (IS&. (Inset) The spec- 
trum at f = 0. The raw velocity field is shown in 
Fig. 3A. 



measurement perpendicular to this plate. 
The center of the transducer was in line 
with the inner wall of the outer cylinder. 
We measured the velocity field of the axial 
component as a function of axial position 
and time, V,(z, t), along the outer wall. 
Because the diameter of the ultrasound 
beam is 5 mm, the measurement volume of 
a data point is shaped like half of a disk with 
a radius of 2.5 mm and a thickness of 0.75 
mm. Only data from the region between 40 
(from the end plate) to 135 mm (about four 
axial wavelengths) was used, to eliminate 
end effects (18, 20). 

Each data set is composed of 128 x 1024 
velocity values in matrix form, Vii, where i = 
0 to 127 represents the spatial coordinate in 
the axial direction and j = 0 to 1023 
represents the time coordinate. The spa- 
tiotemporal nature of the flow field is clearly 
obtained and displayed on the raw data (Fig. 
1). The Fourier transform of this data set in 
the time domain generates a position-depen- 
dent power spectrum. From the space-aver- 
aged power spectra, we found that three 
wave modes (one for WVF and two for 
MWV) whose frequencies are incornrnensu- 
rate can coexist for a relatively wide range of 
Reynolds number (19). The Fourier trans- 
form in the space domain, on the other 
hand, generates a timedependent energy 

spectral density (in the axial direction in the 
present case) directly as a function of the 
axial wave number. From the time-averaged 
energy spectral density, we showed that the 
energy spectral density is exponential with 
respect to wave number (20), which is sup- 
ported by the numerical simulations by Mar- 
cus (14) and Coughlin (15). Both kinds of 
spectra show peak structures corresponding 
to the spatial and time periodicity of the flow 
field. They are reported in detail separately 
in (19) and (20), respectively. 

The same data can be analyzed by a 2D 
Fourier transform to generate the 2D spec- 
trum on the wave number (k = 0 to 127) 
and frequency (f = 0 to 51 1) plane. The flow 
field can then be characterized by the isolat- 
ed peaks (designated as Ink,,, mfq], where n, 
m, P, and q are integers) (Fig. 2). Peaks are 
found at the wave number corresponding to 
the wavelength of a pair of rolls of TVF (k, 
and its higher harmonics 6 ) .  In the WVF 
regime (not shown here), we observe peaks 
at a single intrinsic frequency, fo, and its 
harmonics, [k,, mfo]. In the MWV regime 
(Fig. 2), two intrinsic frequencies (fo and f,) 
appear. In all the cases, [k,, 01 (Fig. 2, inset) 
corresponds to a TVF existing over a whole 
range of Reynolds number studied here, and 
10, fo] + [k,, fo] (plus sign designates a pair of 
peaks) corresponds to a pure WVF mode. 

$lify Field - 
Residual =c 

Fig. 3. (A) The measured velocity field and (8) the reconstructed velocity field. (C) A residual 
between (A) and (B) (IV,, - V , I / V , ,  relative scale). For the reconstruction, five components 
were used: [k,,, 01, [O, fol ,  [k,,. fol ,  [O. f ,I ,  and [k,,, f , l .  

The case of 10, f,] + [k,, f,] can be attributed 
to the modulating wave of the MWV mode 
because this appears only in this regime. 
Identifying each peak and specifying their 
combinations, we can reconstruct the veloc- 
ity field of each mode by making an inverse 
Fourier transform. For WVF, only the three 
components-Ik,, 01, 10, fol, and Ik,, fol- 
are needed to reproduce the velocity field 
quite precisely. As for MWV, five compo- 
nents, with the additional peaks [0, f,] and 
[k,, f,], reproduce the flow field (Fig. 3). 
Although dc components such as [%, 0] 
and [0, mf,] have to be included, higher 
harmonics in both frequency and wave num- 
ber seem not to be essential to display the 
characteristic features of the flow field. This 
has proved to be a successful decomposition 
of the velocity field for the present config- 
uration and enables us to study each wave 
mode separately. 

It is interesting that all the WVF and 
MWV modes show a peak at k = 0; they are 
always expressed as [0, mf,] + [k,, mf,]. The 
[0, mf,] component cannot be neglected. 
However. a mode that corres~onds to the 
so-called broadband cornpone; in the pow- 
er spectrum (1 1) shows no peak at [0, fB], 
where fB is the frequency of this component. 
This is a single but broad peak in the kf 
spectrum, [ko, fB], which indicates that this 
component is purely spatiotemporal. Histor- 
ically, this broad peak component has been 
considered to be evidence for a transition of 
the system from a quasi-periodic to chaotic 
state, leading to a change of an interpreta- 
tion about the flow transition to turbulence 
from the Landau picture to the Newhouse- 
Rouelle-Takens picture. None of the earlier 
studies of the power spectrum, however, 
could resolve this component clearly to dis- 
tinguish it from quasi-periodic modes. 

From the velocity field reconstructed 
with this component, we found that this 
mode is associated with a global motion of 
the wave structure in the system (Fig. 4). 
The wave propagates from roll to roll. Such 
a global motion has been observed in the 
counterrotating Couette system (2 1, 22), 
where both inner and outer cylinders ro- 
tate, but not in a single rotating system. 
Because this mode is purely spatiotemporal 
and is expressed singly as [ko, f,], it might 
not have shown up clearly in any conven- 
tional point measurement. 
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Constraints on Transport and Kinetics in 
Hydrothermal Systems from Zoned Garnet Crystals 

Bjrarn Jamtveit* and Richard L. Hervig 
Zonation of oxygen isotope ratios, fluorine, and rare earth element abundances across 
garnet crystals from the Permian Oslo Rift reflect temporal variation of the hydrothermal 
system in which the garnets grew. A sharp rimward decrease in the 180/160 ratio (of 5 per 
mil) across the interface between aluminum-rich garnet cores and iron-rich rims indicates 
influx of meteoric fluids to a system initially dominated by magmatic fluids. This influx may 
record the transition from ductile to brittle deformation of the hydrothermally altered rocks. 
In contrast, fluorine and light rare earth element concentrations increase at the core-rim 
interface. These data may reflect enhanced advective transport and notable kinetic control 
on trace element uptake by the garnets during brittle deformation. 

Hydrothermal systems play a key role in 
the chemical differentiation of the Earth's 
crust. The understanding of such svstems " 
requires integrated studies of active as well 
as ancient systems. Ancient systems con- 
tain the integrated results of hydrothermal 
activity occurring at depths that are inac- 
cessible to direct observations. The main 
problem when studying ancient systems is 
to determine their tem~oral evolution. 
Analysis of intracrystalline zonation of hy- 
drothermal minerals may provide a more or 
less continuous record of the processes tak- 
ing place during the evolution of ancient 
hydrothermal systems (I). Such data are 
needed to test and complement results ob- 
tained from theoretical models of hydro- 
thermal system dynamics. Here, we present 
ion microprobe analyses (IMPA) of zoned 
hydrothermal garnets from the Permian 
Oslo Rift, Norway, which provide informa- 
tion on the sources of hydrothermal fluids, 
their compositional evolution, and the ex- 
tent and mechanism of mass transfer be- 
tween fluids and the rock matrix. 

The garnets that we studied are repre- 

sentative of a large population of hydrother- 
mal garnets from layered shale-carbonate 
rock seauences in the contact aureole of the 
Drammen granite (1). These rocks were 
infiltrated by fluids during cooling of the 
granite. Early infiltration was pervasive and 
coeval with more or less ductile deforma- 
tion, whereas later infiltration was focused 
along faults and fractures formed during 
brittle deformation (1, 2-4). Garnets grew 
throughout these events. Mineral equilibria 
and fluid inclusion results indicate that the 
garnets formed at temperatures of 350°C to 
400°C. Backscattered electron (BSE) imag- 
es (Fig. 1) show a sharp transition from a 
relatively grossular-rich core (gr = 20 to 40 
mol%) to an andradite-rich rim (gr <5 
mol%). The rim furthermore contains sev- 
eral thin layers of more grossular-rich com- 
position that give rise to the oscillatory 
zonation pattern evident in the BSE image 
(Fig. 1). The composition of the grossular- 
rich layers was largely determined by the 
local mineral assemblage during periods of 
slow fluid influx and low crystal growth 
rates. whereas the commsition of more 
rapidly grown (5) andradite-rich layers re- 
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'To whom correspondence should be addressed. strength elements ( H E )  such as Zr, Y, 

and Ti. The lack of evidence that local 
sources of HFEs (notably zircon and 
sphene) were removed from the system 
indicates that the fluids did not reach equi- 
librium concentrations with respect to 
these components during growth of the 
andradite-rich rims. Thus, models of fluid 
flow and chemical reaction kinetics in hv- 
drothermal systems that assume local fluid- 
rock equilibrium may not always be valid 
(7). To obtain more detailed information 
about the mass transport, mass transfer, 
kinetic dispersion, aqueous complexation, 
and the fluid sources, we analyzed the gar- 
net shown in Fig. 1 for oxygen isotope, 
fluorine, and rare earth element (REE) 
compositions. 

The oxygen isotope zonation profile 
(Fig. 2A) reveals a marked discontinuity at 
the core-rim interface, suggesting that the 
pore fluid had a relatively higher oxygen 
isotope ratio when the garnet core was 
growing. Fractionation factors for the gar- 
net-H,O system at 350°C, corrected for 
compositional variations of the garnet (8, 
9), indicate that the core and rim precipi- 
tated from fluids with average 6180 values 
[relative to standard mean ocean water 
(SMOW)] of + 10 per mil and + 6 per mil, 
respectively. A value of + 10 per mil is that 
expected for fluid equilibrated with the 
Drammen granite at high temperature (4), 
whereas the value of +6 per mil may 
indicate an appreciable meteoric water 
component in the hydrothermal fluid [the 
oxygen composition of Permian meteoric 
water in this area was probably around - 12 
per mil (lo)]. 

Additional information on changes in 
the hydrothermal system is provided by F 
and REE data from the garnet. Consider- 
able amounts of F may substitute for OH 

Flg. 1. Backscattered electron image of a 
dodecahedra1 garnet crystal selected for ion 
microprobe analysis. The garnet is essentially a 
binary solution between the end members 
grossular (gr = Ca~12Si,012) and andradite 
(and = Ca,Fe2Si,012). The image shows an- 
dradite-rich garnet (light color) growing on 
grossular-richer core (dark). Oscillatory zona- 
tion seen in andradite-rich rim reflects different 
relative proportions of major components an- 
dradite and grossular. Dark spots show the 
sites of oxygen isotope analyses. 
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