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accelerated the reaction. Accordingly, acid catalysis through
hydrogen bonding to the phenols or the glycoluril functions can
be excluded as the source of acceleration. Although some form of
acid catalysis might operate within the special microenvironment
presented by the capsule to guests, this possibility remains
untested, and may even be untestable. Finally, the corresponding
reaction of 1,4 naphthoquinone 11, a molecule too large for the
capsule, was not accelerated by 1-1. The factors of size selectivity,
saturation kinetics, and product inhibition all support an encap-
sulated transition state.

The transition-state geometry of this reaction leading to the
endo product is reminiscent, in size and shape, of two encapsu-
lated benzene molecules oriented in a face-to-face stacking inter-
action. Accordingly, the acceleration of the Diels—Alder reaction
inside the capsule is not unreasonable. Acceleration of the reverse
of the Diels—Alder reaction by encapsulation is unreasonable, and
we interpret the accelerating effect of encapsulation on the
forward rate as resulting from an enhanced concentration of the
reactants inside the capsule, rather than some special stabiization
of the transition state. Using a technique described elsewhere',
we estimate the interior volume of the capsule to be ~300A°.
When this space is occupied with one molecule of quinone and
cyclohexadiene, the concentration of each reactant inside the
capsule is calculated to be about 5 M—this is 1,000 times the
concentration of the reactants in the bulk solution (4 mM).
Consistent with these estimates, the effective molarity'' calculated
from the rate data (k./ku.a) gives a value of 2.4M for the
encapsulated reactants.

The results here augur well for the application of reversibly
formed molecular assemblies as reaction chambers. If the size and
shape selectivity observed in their binding of ground states can be
extended to preferential recognition of transition states'>" or
even high-energy intermediates, then true catalysis via encapsula-
tion could result. To release the product, it may be possible to use
the approach devised by Hilvert" in antibody catalysis, which
takes advantage of a subsequent reaction of the Diels—Alder
product that alters its shape and affinity for the binding site and
forces turnover. The general problem of product inhibition may
be overcome in the future by using dissociative processes, reac-
tions that result in an increased number of encapsulated species.
At present, the evidence reported here indicates that in addition
to heat, pressure, acids, antibodies', micelles'> !, medium'** and
template effects®, Diels—Alder reactions can also be promoted by
reversible encapsulation. O
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EnErGY dissipation due to deep-water wave breaking plays a
critical role in the development and evolution of the ocean surface
wave field. Furthermore, the energy lost by the wave field via the
breaking process is a source for turbulent mixing and air
entrainment, which enhance air-sea heat and gas transfer'~.
But the current lack of reliable methods for measuring energy
dissipation associated with wave breaking inhibits the quantita-
tive study of processes occurring at ocean surfaces, and repre-
sents a major impediment to the improvement of global wave-
prediction models’. Here we present a method for remotely
quantifying wave-breaking dynamics which uses an infrared
imager to measure the temperature changes associated with the
disruption and recovery of the surface thermal boundary layer
(skin layer). Although our present results focus on quantifying
energy dissipation—in particular, we show that the recovery rate
of the skin layer in the wakes of breaking waves is correlated with
the energy dissipation rate—future applications of this tech-
nique should help to elucidate the nature of important small-
scale surface processes contributing to air-sea heat’ and gas®
flux, and lead to a fuller understanding of general ocean-—
atmosphere interactions.

Under most circumstances, a net upward heat flux from the
ocean to the atmosphere occurs by molecular conduction through
the skin layer at the ocean surface. As a result, the surface, or skin,
temperature of the ocean is less than the bulk temperature
immediately below by a few tenths of a degree Celsius™®. An
infrared radiometer measures only the skin temperature because
the optical depth of the infrared radiation detected, about 10 um,
is much less than the thickness of the skin layer, of the order of
1mm (refs 9-11). Our measurements confirm an early result'
showing that when the cool skin layer is momentarily disrupted
by a breaking wave, the skin temperature of the resulting turbulent
wake is approximately equal to the bulk temperature. As the wake
subsides, the skin layer recovers, and the skin temperature returns
to its original, cooler value. Infrared measurements of breaking
waves made in the surf zone'? show a recovery time of the order of
10s. We have found that the time needed for the skin layer to
recover depends on the ambient heat flux' and, most significantly
for quantifying wave breaking, on the strength of the event.
Therefore, infrared measurements of the skin-layer recovery
process should provide the capability to remotely monitor free-
surface turbulence under conditions of constant heat flux or when
the heat flux dependence is known.

Our measurements were made using an infrared imager which
provides a time series of two-dimensional images of the skin
temperature as inferred from the infrared radiance. Figure 1
shows a sequence of simultaneous video and infrared images of
abreaking wave that was taken in the open ocean (time increases a
to d). The first three video images show the breaking wave
propagating from right to left as it evolves from a narrow,
curved ridge to an actively breaking crest, or whitecap. The first
three infrared images show features of increased temperature that
clearly correspond to the whitecap, which can be up to 0.1°C
warmer than its wake. Part of the whitecap signature is probably
an apparent temperature increase due to increased emissivity'
associated with surface roughness and bubbles. Of primary inter-
est here is the portion of the wake where the temperature changes
are associated with the skin-layer disruption due to breaking-
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generated turbulence. In the fourth infrared image, a roughly
circular region of increased temperature extends significantly
beyond the area covered by the whitecap and residual foam in
the corresponding video image. The extent and location of this
warm patch imply that it corresponds to the turbulent wake of the
breaking wave.

The crest speed of a breaking wave has been suggested as a
useful measure of its scale’® and has been used as such in field
measurements of the breaking process'®. We have found that the
time required for the skin layer within the wake to recover is
proportional to the speed of the breaking crest. Faster-moving
waves dissipate more energy and produce more turbulence,
resulting in longer skin-layer recovery times. Figure 2a shows
time series of the normalized skin temperature deviation, T}, at a
location within the turbulent wake for two breaking waves with
different crest speeds, C,, and correspondingly different recovery
times, 7. The rapid increase in T, due to the passage of the white-
cap is followed by a gradual decrease which takes longer for the
faster-moving wave. In Fig. 2b, 7 is plotted versus C,, for 36 events
observed during a 6-hour period of steady environmental condi-
tions (see Fig. 2 legend for details). Although the results shown in

158 159 160 16.1
Temperature (°C)

FIG. 1 Sequence of simultaneous, co-located video images (left) and
infrared images (right) of a breaking wave in the open ocean. Image size is
approximately 5m x 10 m. The breaking wave is propagating from right to
left; time increases down the page and spans 1.6 s. For reference purposes,
each image includes two dashed vertical lines corresponding to roughly the
same locations; the right-hand line denotes the leading edge of the break-
ing wave crest in the first frame. The whitecap in the video images appears
as the warmest region in the infrared images. After the crest spills, a roughly
circular warm patch remains (bottom-right image) which is significantly
removed from the area dominated by the whitecap and foam. The infrared
signature of the turbulent wake results from the disruption of the cool skin
layer by the breaking wave. For this example, the bulk—skin temperature
difference was ~0.15 °C and the wind speed was 7.7 ms~. The measure-
ments were made using an infrared imager (Agema Model 880LW)
operating at wavelengths of 8 to 12 um aboard the research platform RP
FLIP off San Diego, California. The temperature differences between the
wake and undisturbed regions of the ocean surface that were derived from
the infrared imagery were consistent with independent measurements of
the bulk—skin temperature difference.
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Fig. 2b demonstrate that the recovery time is correlated with crest
speed, this scaling alone is not sufficient to conclude that the skin-
layer recovery process can be used to quantify the dynamics of
wave breaking.

To link the skin-layer recovery directly to the energy loss due to
wave breaking, we examine the correlation between a measure of
the skin-layer recovery rate, R;, and an estimate of the energy
dissipation rate per unit area, E. From the time series of skin
temperature within the wake, the recovery rate is estimated by
R, = AT /1, where AT is the temperature deviation corresponding
to the change in 7, from its maximum to a level of 0.3 (see Fig. 2a).
A measure of R, that is dimensionally consistent with E (W m ™) is
given by the rate of heat transfer per unit area required to re-
establish the skin layer; we define this parameter as the restoring
heat flux, Q, = (pc,0)R,, where p is the density of water, c, is the
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FIG. 2 a, Time series of T,, the skin temperature deviation normalized by its
maximum, for two oceanic breaking waves with different crest speeds, C,,
and skin-layer recovery times, 1. The skin temperature increases rapidly as
the whitecap passes and then decays as the skin layer recovers. A three-
step procedure was applied to infrared sequences like those in Fig. 1 to
determine the crest length, crest speed, and recovery time. First, the area in
each image was determined by applying a threshold of four standard
deviations above the mean for the entire sequence. Second, the whitecap
velocity and terminus were determined by tracking the centroid of the
thresholded region. Last, a mean recovery time was computed for two
regions measuring 0.5m x 0.5m and located ~0.5m and 1.5m behind
the terminus and along the trajectory. The dashed line shows the T, level of
0.3, which is used to define t. This level of recovery was chosen to avoid
uncertainty due to fluctuations sometimes observed after the initial recov-
ery, such as the feature centred at ~1.5s in the top trace. (These features
suggest secondary turbulence sources, such as bubbles?.) b, Plot of ©
versus C, for 36 oceanic breaking waves during steady conditions (the wind
speed at 10m was 7-8ms™! and the net ambient heat flux, Q.
determined from bulk methods was 120-130 W m~2 upwards). The vertical
error bars show the average range of t values, and the horizontal error bars
reflect the average accuracy of the linear regression used to determine the
component white-cap velocities. The correlation coefficient for the linear fit
shown is 0.975.
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specific heat of water, and ¢ is the thermal boundary layer
thickness (taken as 0.5 mm for the observed wind conditions'®'").

For an estimate of E, we use laboratory results showing that the
rate of energy dissipation per unit crest length for quasi-steady'’
and unsteady'® breaking waves is proportional to pC°/g, where C is
the breaking-wave phase speed and g is the gravitational accel-
eration. This relation has been employed in a number of recent
efforts to model wave breaking in the open ocean''*". The area
over which the dissipation occurs corresponds to the spatial extent
of the turbulent wake. Most of the infrared wake signatures we
have observed are roughly circular (Fig. 1), which suggests that the
wake’s dimension in the direction of propagation may be approxi-
mated by the length of the breaking crest. This assumption is
consistent with previous measurements of the ratio of the break-
ing-crest length to the distance of wave advance during breaking®.
Therefore, an estimate of the energy dissipation rate per unit area
is E = 0.0032 (pC; /g) /Ly, where Ly is the breaking-crest length
and the proportionality constant is that for unsteady spilling
breakers'.

The variation of the skin-layer recovery rate with the energy
dissipation rate is illustrated in Fig. 3 by plotting O, versus E. The
restoring heat flux is correlated with the energy dissipation rate
per unit area due to breaking. Note that Q, is only part of the total
breaking-induced heat flux as it does not include the contribution
due to mixing below the skin layer. Furthermore, we estimate the
effect of O, on the net ambient heat flux, Q,.,, to be small because
Q. occurs only for the duration and over the extent of the breaking
events, whereas Q, ., is continuous in space and time. We empha-
size that the utility of O, lies in its proportionality to the skin-layer
recovery rate. Since Q, is proportional to R, the results in Fig. 3
demonstrate that the skin-layer recovery rate in the wakes of
breaking waves provides a measure of the energy dissipation rate
due to breaking.

The field results are supported by complementary laboratory
measurements of individual, mechanically generated breaking
waves ranging in size from spilling to plunging. The technique
we employed, in which the fraction of wave energy dissipated can
be varied systematically, has been used extensively to investigate
energy dissipation due to wave breaking”®. In the absence of
wind, experiments using this technique have shown that turbulent
kinetic energy remains measurable for 30-60 wave periods after
breaking®. Figure 4a shows examples of three laboratory time
series of T, for breaking waves in the absence of wind. For these
measurements, Q, was computed using the R, value given by the
slope of the temperature deviation over 30 wave periods (here J is
taken as 3 mm for no wind?*). Figure 4b shows Q, versus E for the

2,000
L]
-
1,000 ] L
—~~ - . -
N - [ ]
|
£ 1 '.'?.
n
o] 4
Mean S m
- error -
bars .
—+~ =
100 —
l L] T Illll|l L] L] IIIIII' T L} T'llllll
1 10 100 1,000
E(Wm—2)

FIG. 3 The restoring heat flux, Q,, versus the energy dissipation rate per unit
area, E, for the oceanic breaking events shown in Fig. 2b. The correlation
between Q, and E implies that the skin-layer recovery rate, R,, provides a
measure of energy dissipation because Q, is proportional to R,. The error
bars are analogous to those shown in Fig. 2b.
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laboratory measurements. As in the field, O, and E are correlated.
The difference in the magnitude of Q, between these results,
measured in a laboratory without wind, and the field results shown
in Fig. 3 is a manifestation of the additional dependence of the
skin-layer recovery process on ambient conditions. The wind-
generating facilities available during the laboratory experiments
reported here permitted us to examine only low wind-speed
conditions. Nonetheless, Q, for wind speeds from 2 to 3ms™
was ~300Wm™ (taking 6 = 2mm for the given wind condi-
tions'®!1), which is in the range of field values shown in Fig. 3.
These field and laboratory results show that infrared measure-
ments provide a means of remotely quantifying the dynamics of
surface-wave breaking. The rate of the skin-layer recovery in the
wakes produced by breaking waves is correlated with the rate of
energy dissipation due to wave breaking. Airborne applications of
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FIG. 4 a, Time series of T,,, the skin temperature deviation normalized by its
maximum, for three laboratory breaking waves of different amplitude
corresponding to a slope?? of 0.24 (dotted line), 0.25 (dashed line) and
0.27 (solid line). The abscissa is time expressed in wave periods since
breaking, where f, is the centre frequency of the wave packet, t is time, and
t, is the time of breaking onset. b, The restoring heat flux, Q,, versus the
energy dissipation rate per unit area, E, for breaking waves generated
mechanically in the laboratory for constant air—water temperature differ-
ence and no wind. Each point is an ensemble average of five repetitions and
the error bars represent one standard deviation. The squares denote single
breaking events and the diamond a double breaking event. The experiments
were conducted in a 10-m long, 30-cm wide, and 40-cm deep wave tank
located at the Canada Centre for Inland Waters. Measurements were made
of the water and air temperatures and surface displacement, and infrared
images were recorded using the same imager as in the field experiments.
Breaking waves were produced by programming a hydraulic wave-maker to
focus a dispersive wave packet at a fixed distance down the tank. The wave
packet was synthesized from 32 sinusoidal components and had a centre
frequency of 1.12 Hz, corresponding to a wavelength of 1.2 m. The quantity
E'is given by 0.5pgC, (12 — n?)T,/(Lt,), where C, is the group velocity of the
centre component of the packet, n2 and »? are the surface displacement
variances upstream and downstream of breaking, respectively, and T is the
sampling period for the displacement variance?. L is the along-tank length
of the breaking region determined from the infrared images and t, is the
duration of the event as measured by a hydrophone.
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this technique should provide remote measurements of energy
dissipation due to wave breaking, which are necessary to improve
wave prediction models used for operational sea-state forecasting.
The capability to quantify the spatial and temporal characteristics
of the skin-layer recovery has applications to other air-sea
transfer processes that are directly affected by breaking-generated
turbulence. Limitations in our understanding of ocean mixing and
air—sea exchange mechanisms have hampered coupled models of
the atmosphere and ocean used for global climate studies®. The
fluxes of heat and gas across the air—sea interface are enhanced by

the local increase in turbulence associated with wave breaking,
and the skin-layer recovery rate has been shown to be directly
related to properties of the free-surface turbulence. Furthermore,
models of bubble-mediated gas transfer are critically dependent
on accurate estimates of the surface area affected by wave break-
ing®, which corresponds to the area of the detected wake.
Although our results focus on remotely quantifying energy dis-
sipation due to wave breaking, we conclude that infrared techni-
ques may also lead to better predictions of air—sea heat and gas
Aux?™. 0
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LaTEST Archaean and earliest Palaeoproterozoic times (from 2.6
to 2.2 billion years ago) have generally been viewed as a largely
quiescent period of Earth history; the geological record indicates
the very slow deposition of pelagic and chemical sediments'?, and
bears only a limited record of magmatic and tectonic activity.
Such quiescence is consistent with the contention that the Earth’s
main banded iron formations (BIFs)—finely laminated chemical
sedimentary rocks, rich in iron oxide—formed slowly as oxygen
abundances in the oceans gradually increased, thus reducing the
capacity of sea water to retain dissolved iron®"’. Here we show
that a large igneous province, comprising >30,000km’ of
dolerite, basalt and rhyolite, accompanied deposition of a
Hamersley Province BIF 2,449 + 3 million years ago. This obser-
vation indicates that Hamersley BIFs formed during a major
tectono-magmatic event and were deposited very much faster
than previously thought, at similar rates to (or faster than)
modern pelagic sediments. Thus the largest Palaeoproterozoic
BIFs, rather than simply reflecting a gradual increase in the
oxygen content of the oceans during a period of tectonic quiescence,
are more likely to have formed as a result of an increased supply
of suboxic iron- and silica-rich sea water upwelling onto
continental shelves during a pulse (or pulses) of increased
submarine magmatic and hydrothermal activity.
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Palaeoproterozoic BIFs are both a very significant indicator of
Precambrian environmental conditions and the most important
source of iron ores. The BIFs of the Hamersley Province in
northwestern Australia, which form part of the 2.77-2.41-Gyr
Mount Bruce Megasequence Set, are the world’s thickest and
most extensive (>50,000 km?) deposits of this type''%. They are
finely laminated, chemical sedimentary rocks composed largely of
microcrystalline quartz (chert) and iron oxide, with no modern
counterparts. As a result, both their origin and tectonic context
have been interpreted previously in nonuniformitarian terms as a
conformable succession of rock units that formed continuously in
a slowly subsiding intracratonic basin, continental shelf or sub-
marine plateau, starved of clastic sediment and with little mag-
matic activity'>"®. The origin of iron and silica in such extensive
finely laminated rocks is problematical and requires either that
there was a direct magmatic-hydrothermal input to depositional
basins'*", or that continuously upwelling iron-rich waters from
suboxic marine basins encountered more oxygen-rich waters on
continental shelves®®"’. Iron oxides were simultaneously precipi-
tated over large areas when a threshold oxygen activity was
reached, perhaps as seasonal deposits in response to activity in
the biosphere®®1"!8, The apparent absence of magmatic activity
during deposition of the Hamersley BIFs is a key factor in the
latter model and in arguments that Palaecoproterozoic BIFs reflect
a gradual transition from suboxic to oxic conditions in the hydro-
sphere, rather than periods of enhanced magmatic and hydro-
thermal activity in marine basins® .

The oldest rocks in the Hamersley Province are flood basalts,
rhyolites and fluvial, lacustrine and marine clastic sedimentary
rocks of the 2.77-2.6-Gyr Chichester Range Megasequence (Fig.
1), which formed before, and during, the breakup and dispersal of
a Late Archaean continent'!. These are overlain by the 2.6-2.41-
Gyr Hamersley Range Megasequence. Initial deposition of BIFs,
turbidites, organic and pyritic shales and carbonate sedimentary
rocks (the Marra Mamba Supersequence Package) occurred on a
continental shelf”®. The Brockman Supersequence Package is
dominated by BIFs with a cumulative thickness of >500 m with
lesser fine tuff, turbidites, organic and pyritic shales, dolomite and
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