dissociation (restricted to slip plane) of an
a/2(111) dislocation into two parallel
#/4(111) partial screw dislocations.

Image simulations (9) were done to test
whether the modification of the lattice im-
age between the dissociated dislocation seg-
ments in Fig. 2A resulted from the occupan-
cy of previously unfilled X and Z sites (2). A
“doubling” in the image is seen at higher
magnification where the faulted and unfault-
ed structures meet (Fig. 2D). The simula-
tion for a thickness of 104.7 nm at a defocus
of =50 nm most closely resembles the ex-
perimental images in the unperturbed crys-
tal regions and at the dislocation. The model
of filling X and Z voids at the dislocation is
consistent with the apparent doubling of the
lattice image.

Deviation from garnet stoichiometry
(that is, the presence of impurities) in the
stacking fault region may be expected to
enhance or stabilize the dissociation of the
a/2(111) dislocation (I). However, no ap-
parent inclusion or other preexisting defect
is observed. Three possible explanations for
this absence may be that (i) interstitial atoms
that may stabilize dissociation are present in
low concentrations and are not visible, (ii)
atoms with nominally different valence may
reside on an existing site (such as Fe(III) on
X), which would not otherwise affect the
structural image, or (iii) the dislocation has
experienced motion after its formation as a
growth defect and that the dissociation is
glide-induced. The first two possibilities are
intriguing because they imply that low
quantities of dopant or solute atoms or
slight deviations from stoichiometry may
lead to dissociation in garnet and potentially
in other complex silicates and oxides.

Evidence to support the stabilization of
dissociated cores by trace amounts of solute
is provided in Fig. 3, in which a grown-in
dislocation has dissociated into a dipole of
two a/4(111) partial dislocations. However,
this dissociation occurred by a nonconserva-
tive (“climbing”) process, because the clo-
sure error of the dipole indicates that disso-
ciation entailed loss of material equivalent to
one unit cell (arrow). It is unlikely that these
garnets were plastically deformed, so the
only mechanism for the formation of this
dissociated dipole would be the flux of
vacancies to the precursor core segment,
which would cause the small but observable
dissociation through a Suzuki-type mecha-
nism (10).

There are several important problems in
mineral physics that are well suited for
HRTEM analysis of dislocation cores. For
example, the mechanism of the olivine-spi-
nel transformation at 400-km depth in the
mantle may depend on the dissociation of
olivine defects (11). Plastic flow of the lower
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mantle may be strongly influenced by per-
ovskite defect structures, and inferences
have been made that the core regions of
dislocations in perovskite are also dissociat-
ed (12). The crystal structures and electron
scattering of olivine and perovskite are simi-
lar to garnet; recent reports of the imaging
of dissociated olivine defects (13) demon-
strate that HRTEM analysis of defects in
dense oxides may be generally feasible.
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Horizontal Plate Motion: A Key Allocyclic Factor in
the Evolution of the Great Barrier Reef

P. J. Davigs, P. A. SyMonDs, D. A. FEAry, C. J. PIGRAM

The Great Barrier Reef complex of northeastern Australia thins dramatically and
becomes younger from north to south. These variations are a consequence of the
Cenozoic northward movement of the Indian-Australian plate. The temperate climatic
conditions that applied off northeast Australia during the early Tertiary were progres-
sively replaced by tropical conditions. The present-day south-to-north facies distribu-
tion along the eastern Australian continental margin mimics the Cenozoic vertical
facies sequence through the northern part of the Great Barrier Reef region.

HE GREAT BARRIER REEF OF
northeastern Australia, which is
comprised of approximately 2500 in-
dividual reefs and extends for ~2000 km
from 9° to 24°S, is the largest reef province
on the earth (Fig. 1). Studies in the past 10

years (I-3) have defined the major autocy-
clic factors that affect reef growth. From
these results a model has been constructed in
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Fig. 1. Location of the major physiographic
clements off northeast Australia, showing sites of
drill holes (circles) and schematic sections (lines A
to D). Drill holes are numbered as follows: 1,
Heron Island; 2, Wreck Island; 3, Capricorn; 4,
Aquarius; 5, Michaelmas Cay; 6, Anchor Cay; 7,
Pasca; and 8, Borabi.

C
CENTRAL GREAT BARRIER REEF

which episodes of high energy reef growth
during transgressive events alternate with
exposure surfaces that represent low sea level
stands (3).

Past attempts to understand the history of
reef growth off northeast Australia (4-6)
have been based principally on seismic data
from oil exploration in the Gulf of Papua
and on sparse drill hole data at the northern
and southern ends of the Great Barrier Reef.
One of these studies (4) concluded that reef
growth commenced in the Miocene
throughout the region, and this conclusion
went unchallenged in many subsequent re-
ports. An analysis of recent Bureau of Min-
eral Resources seismic data from the central
part of the Great Barrier Reef has cast doubt
on this inference; it indicated that significant
reef growth in this particular area probably
did not begin until the Pleistocene (7). The
important question is whether reef growth
was initiated contemporaneously through-
out the region, or whether regional controls
exerted influences that resulted in sequential
initiation of reef growth.

Data collected by the Bureau of Mineral
Resources during the 1985 cruises of the
R.V. Rig Seismic (8) confirmed that buried

NORTHERN GREAT BARRIER REEF

Reel
[] romscar

o
o

D
SOUTHERN GREAT BARRIER REEF
o

Flg. 2. Schematic north-to-south section illustrating the thickness variations of tropical and temperate
facies. The northward-thickening tropical wedge implies that reef growth began earlier in the north
than in the south. A representative seismic section illustrating the nature of seismic sequences forming
the outer shelf~upper slope from the north-central Great Barrier Reef is also shown (M, multiplied).
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reefs exist beneath the outer part of the
northern Great Barrier Reef, and that a
much thicker reef section occurs in this area
than in the central and southern parts of the
reef province. These conclusions, together
with further analysis of earlier data, have
provided new insights into the factors affect-
ing growth of the Great Barrier Reef and, in
particular, account for the latitudinal age
and thickness variation. These conclusions
also define constraints on reef initiation and
show that latitudinal plate motion is one of
the major allocyclic factors controlling reef
growth.

The thickness of the reefs and the age of
initial reef growth vary over the length of
the reef province (Fig. 2). Data from drill
holes (9-11) and more recent seismic data
(8) in the northern Great Barrier Reef and
the Gulf of Papua permit a more precise
interpretation of the chronology of reef
growth in this area. Drill hole data show
that late early to middle Miocene reefs occur
in the Borabi 1 and Pasca C1 holes (Fig. 3),
and that reefs from at least the Pliocene
occur in the Anchor Cay 1 well (10). Seismic
data indicate that these reefs represent part
of an extensive Miocene barrier (12, 13) and
platform reef (11) complex that extended at
least 100 km north of the modern Great
Barrier Reef. Seismic sections over the Ash-
more-Boot-Portlock reef trend and adjacent
shelf reveal a 1.5-km reef section surrounded
and overlain by fluviodeltaic sediments. A
tie to a well in the Gulf of Papua indicates
that reef growth in this section began during
the early to middle Miocene.

In the central Great Barrier Reef, 8000
km of intermediate-resolution seismic data
(7) have helped define a reef section 150 to
300 m in thickness that is surrounded and
underlain by a nonreef section up to 3 km
thick (Fig. 2). These reefs formed during
high sea level growth phases. A Plio-Pleisto-
cene age for initiation of reef growth in this
arca is based on a tentative seismic tie to
Deep Sea Drilling Project Site 209 on the
Queensland Plateau and analysis of sea lev-
el-related sequences (7). A drill hole on
Michaelmas Cay (Fig. 3) in the central Great
Barrier Reef also supports this age conclu-
sion (14).

The most reliable constraints on the age
and thickness of reefs in the southern Great
Barrier Reef region are provided by the
Heron Island and Wreck Reef drill holes
(Fig. 3) and the Aquarius 1 and Capricorn
1A exploration wells (15, 16). Data from
these holes indicate that the oldest parts of
the 100- to 150-m-thick reef section are of
Pleistocene age. Seismic lines in this region
show no evidence of any extensive buried
reef development below the Pleistocene sec-
tion. The above data indicate that the Great
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Barrier Reef thins and becomes younger
from north to south.

During the past decade, plate tectonic
(17) and magnetostratigraphic (18) studies
have provided a detailed reconstruction of
the movement of the Indian-Australian plate
throughout the Tertiary (Fig. 4). The latitu-
dinal error limits on the plate motion curve
for the Miocene to Recent period are of the
order of only 4°. These studies show that at
the end of the Oligocene, the Great Barrier
Reef region was between 21° and 36°S.
During the following 24 million years, the
region moved almost directly northward to
its present location between 9° and 24°S.

Latitudinal plate movement would have
resulted in marked climatic changes along
the eastern Australian shelf. Such changes
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Fig. 4. Plot of latitude against time showing the
position of the northern (dotted line), central
(solid line), and southern (dashed line) Great
Barrier Reef during the Tertiary. The temperate-
tropical boundary is based on latitude 23.5°S (the
Tropic of Capricorn).
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three clearly defined facies that reflect latitu-
dinal temperature and salinity variability.
These facies are (i) tropical carbonate and
clastic sediments, dominated by coral and
Halimeda debris, north of 24°S; (ii) sub-
tropical rhodolith-encrusting foram-bryozo-
an facies between 24° and 28°S; and (iii)
temperate branching foram-bryozoan mol-
lusk facies south of 28°S.

This same facies sequence occurs vertically
in the Borabi 1 exploration well (Fig. 3) in
the northern Great Barrier Reef area, there-
by confirming the hypothesis that horizon-
tal surface and vertical subsurface facies vari-
ations in the Great Barrier Reef province are
a sensitive indicator of the Cenozoic plate
motion of Australia.

@ Reef limestone

Cor/Bryo/Foram
limestone

Shate
Sandstone

042675 m

should be clearly recorded in the continental
margin sediments of the Great Barrier Reef
region, with sediments deposited under
temperate climatic conditions overlain by a
southward-thinning wedge of sediment
with tropical affinities. Analysis of north-
ward plate movement, together with consid-
eration of paleoceanographic and paleocli-
matic variables (19), indicates that (i) the
transition from temperate to tropical climat-
ic conditions in the northern part of the
Great Barrier Reef occurred between 16
million and 25 million years ago; (ii) the
central Great Barrier Reef experienced a
temperate climate until 10 million to 15
million years ago; and (iii) the southern
region became tropical only in the last few
million years.

Coral reefs in the modern Great Barrier
Reef develop under tropical conditions,
where annual mean surface seawater tem-
peratures are generally greater than 20°C
(20). The transition between the thick early
to middle Miocene reef section in the north
and the thin Pleistocene reef section in the
south of the Great Barrier Reef region may
therefore be explained as a direct conse-
quence of the progressive temperate to trop-
ical climatic transition arising from the
northward movement of Australia.

A test of our hypothesis is provided by a
comparison of present-day variations in lati-
tudinal sediment facies with the vertical
facies succession encountered in drill holes;
that is, does Walther’s law of correlation of
facies apply? The present-day facies distribu-
tion on the outer continental shelf of eastern
Australia is a function of latitude (20), with
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Quantitative Three-Dimensional Optical Tomographic
Imaging of Supersonic Flows

GREGORY W. FAris* AND ROBERT L. BYER

Three-dimensional imaging of the density of nitrogen in a supersonic expansion from a
nozzle by means of beam-deflection optical tomography is described. With a very
simple apparatus, images could be obtained with high absolute accuracy, high spatial

resolution, and wide dynamic range.

PTICAL DIAGNOSTIC TECHNIQUES .

are useful for making measure-

ments in many transparent sys-
tems, including fluid flows, flames, plasmas,
and the atmosphere. Optical techniques are
nonintrusive and allow fast measurements.
However, accurate spatially resolved mea-
surements of real physical parameters are
difficult to obtain with optical techniques.
Measurement techniques that involve multi-
ple-photon processes and scattering, such as
coherent anti-Stokes Raman spectroscopy
(CARS) (1), fluorescence imaging (2), Ray-
leigh scattering (3), and Mie scattering (4),
can give spatially resolved measurements but
do not easily yield quantitative images. Mea-
surements of optical phase (by means of
interferometry, holography, or beam-deflec-
tion techniques, for example) or absorption
are more direct. These correspond to the
measurement of the real or imaginary part of
the index of refraction, respectively. Howev-
er, these techniques give values that are
integrated along the line of sight. With
tomographic techniques (5), multiple views
of integrated measurements through a flow
field may be used to reconstruct spatially
resolved values of a physical quantity in the
system. Thus optical tomography allows
measurement of spatially resolved parame-
ters with the accuracy of integrated tech-
niques.

Optical tomography has other advan-
tages. Optical access is only required in the
plane being imaged. This is important for
systems such as jet engines and tokamaks,
where imaging perpendicular to the region
of interest is impossible. In addition, be-
cause each plane may be imaged indepen-
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dently, many planes may be measured at the
same time, allowing simultaneous acquisi-
tion of three-dimensional images.

Optical tomography has been demon-
strated with both phase (6-12) and absorp-
tion (13-15) measurements. Phase measure-
ments can give spatially resolved values of
density in single-component fluid flows (6).
In constant pressure systems, phase mea-
surements can give information about tem-
perature (7, 10) or composition (7). Ab-
sorption tomography can be used to mea-
sure both temperature and concentration
variations, which is useful in combustion
studies (15).

Tomography based on phase measure-
ments has the advantage that the measure-
ments may be made on any transparent flow,
and no tunable laser is required. Tomogra-
phy has been performed with phase mea-
surements from beam deflection (6-8), in-
terferometry (9, 10), and holography (11,
12). Because interferometric and holograph-
ic techniques involve fringe counting, there
is ambiguity in the sign of phase change
across a fringe and a limitation on the
dynamic range. Beam-deflection techniques
do not have phase-sign ambiguities and
continue to be useful when large gradients
would create too many fringes to resolve or
when vibration could wash out fringes.
Beam-deflection techniques can be very sen-
sitive as well. We have demonstrated sensi-

tivity down to 35 nanoradians, which is
equivalent to a change equal to 1/23,000 of
an interference fringe over the laser-beam
spot size (0.81 mm). As no reference beam
is necessary for beam-deflection measure-
ments, stability is required only on a single
optical path.

Another significant advantage of beam-
deflection measurements is that they can be
apphcd to larger systems. If a system under
mvcstlgatlon is proportionally scaled to a
larger size, the beam deflections remain the
same size. That is, although the path length
scales up, the gradients scale down, and the
net deflection remains the same. This is in
contrast to fringe-counting techniques for
which the number of fringes increases pro-
portionally to the integration length and
may reach an impractical number.

As a demonstration of the capabilities of
beam-deflection optical tomography, we
have performed measurements of density in
a supersonic expansion of nitrogen gas from
a nozzle. The variation of the equation of
state in such an expansion is well understood
(13) and provides a good check for our
measurements. The flow is also very repro-
ducible. We have examined supersonic ex-
pansions from single and multiple nozzles.
For the single expansion measurements, a
tapered nozzle with a half angle of 5.5° and a
throat diameter of 0.84 mm was used.

We have measured beam deflections in a
simple manner, using a helium-neon laser
beam, an 80-mm focal length transform
lens, and a position-sensitive (split-element)
detector, as shown in Fig. 1. The laser beam
is deflected on transversing the supersonic
expansion because of the gradients in the
index of refraction. The transform lens is
positioned one focal length from the posi-
tion-sensitive detector. For an ideal lens and
small deflections, all rays incident on the lens
at a given angle are linearly mapped to a
unique position in the focal plane of the
lens. Thus the position-sensitive detector
can directly measure the beam-deflection
angle. A second 60-mm focal length lens is
used to focus the laser beam, and this im-
proves the spatial resolution in the expan-
sion. A projection, or single view, through
the supersonic expansion is taken by scan-
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Fig. 1. Diagram of gas-flow, opti-
v cal-imaging, and data-acquisition
systems for beam-deflection optical
tomography. The focal length of
the transform lens (f) is 80 mm.
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