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Fig. 2. Network of bowed-out screw dislocations in an olivine-rich xenolith from Salt Lake Crater,

Hawaii. Scale bar, 50 pm.

1) The great depth of decoration pro-
vides an excellent impression of the three-
dimensional aspects of the dislocation
structure. With the depth of field of the
petrographic microscope reduced to a few
micrometers, small changes in the focusing
level allow a vertical tour through the thin
section. A similar effect is obtained by
TEM or x-ray topography only through
stereophotography and serial sectioning.

2) The large lateral extent of a decorated
thin section permits a study of the varia-
tion of the dislocation structure within a
grain and from grain to grain in a poly-
crystalline aggregate. Dislocation struc-
tures resulting from partial recrystalliza-
tion and from small thermal strains im-
posed near grain corners and the distribu-
tion and statistics of small-angle tilt
boundaries are among the topics that can
be studied in a practical way only by the
decoration technique.

3) Since the depth of decoration in a dec-
orated thin section is at least one order of
magnitude greater than the thickness of a
TEM specimen, at least ten times as many
dislocations are visible in the former than
in the latter for a particular dislocation
density and viewing area. This effect,
coupled with the fact that optical magifi-
cations are considerably lower than con-
ventional TEM magnifications, can lead to
spectacular results. Where a TEM view at
a magnification of 10,000 might show a
few dislocations in a frame, a decorated
section from the sample viewed at a mag-
nification of 200 would show several hun-
dred dislocations, revealing the extended
structures that result from long-range dis-
location interactions. Such structures in
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most mantle-derived olivine-bearing xeno-
liths, whose dislocation densities are less
than 10% cm-2, would likely be overlooked
in a TEM examination.

Three additional points deserve com-
ment. (i) As the decoration reaction in-
volves the oxidation of the iron-rich com-
ponent of the olivine, the technique will not
work in pure forsterite, quartz, or calcite.
(ii) In decorated samples the Burgers vec-
tor of a dislocation can be determined with
certainty only if it can be traced into a
small-angle tilt boundary, where the Bur-
gers vector is normal to the plane of the

boundary, or into a twist boundary, where
Burgers vectors are parallel to dislocation
line directions. (iii) Lastly, economic fac-
tors favor optical microscopy. Preparing
decorated thin sections involves little more
effort than preparing a standard petro-
graphic thin section, or about one-tenth the
effort of preparing a good TEM specimen.
There is a similar saving in both cost and
time in viewing the specimen.

D. L. KOHLSTEDT*
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Department of Earth and Planetary
Sciences, Massachusetts Institute of
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Bioluminescent Countershading in Midwater

Animals: Evidence from Living Squid

Abstract. Midwater squid respond to overhead illumination by turning on numerous
downward-directed photophores; they turn off the photophores when overhead illumina-
tion is eliminated. The squid are invisible when the intensity of the photophores matches
the intensity of the overhead illumination. These results strongly support the theory of

ventral bioluminescent countershading.

Bioluminescence is undoubtedly the
most characteristic feature of the mid-
water fauna of the open ocean. Numerous
functions have been suggested to explain
luminescent structures (/). One function,
camouflage, would seem especially impor-
tant in the open ocean, where an animal
has no holes in which to hide. An opaque
animal in the dimly lit midwaters, sil-
houetted against the highly directional
downwelling light, will be visible to preda-
tors below. Animals under these conditions
might conceal themselves by eliminating

their silhouettes with ventrally directed
bioluminescent light (2). This theory of
ventral bioluminescent countershading is
supported for various squid, fish, and
shrimp by vertical distributional patterns,
photophore patterns, photophore struc-
ture, the radiance pattern of emitted light,
and luminescent feedback mechanisms (3-
5). However, the most critical evidence,
direct observations of living animals, is al-
most totally lacking (6). Hastings (7)
found that a flashlight stimulated a lumi-
nous response in the shallow-water pony-
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fish, Leiognathus equulus, which he attrib-
uted to countershading behavior, and Law-
ry (5) noted that some myctophids in a
shipboard tank luminesced coincident with
overhead illumination but gave few details.
We have made observations related to ven-
tral countershading which warrant report-
ing at this time even though data on light
intensities are not yet available.

Midwater squid were maintained in a
portable shipboard laboratory designed to
simulate the low-temperature and dim-
light characteristics of their midwater hab-
itat. Shipboard observations were made in
a small cylindrical tank supplied with
cooled running seawater. A large mirror
placed beneath the tank at a 45° angle per-
mitted convenient observation through the
bottom of the tank. Overhead illumination
was provided by a 25-watt rheostat-con-
trolled incandescent blue light with a broad
reflector. Three diffusers placed between
the light and the tank eliminated bright
spots but did not make the illumination
completely uniform. The tank and mirror
were encased in a black box to reduce stray
light, and access to the mirror was pro-
vided through a black curtain. All captures
were made at night, and precautions were
taken to ensure that specimens were not
exposed to bright light.

The squid most suitable for observations
was an undescribed, short-bodied species
of Abraliopsis (Fig. 1) (8). This species oc-
cupies depths primarily between 500 and
650 m during the day and 50 and 100 m at
night (9), depths at which bioluminescent
countershading can be expected to occur
off Hawaii (10).

Squid, observed either singly or in pairs,
were exposed to alternating periods of dim
light and complete darkness. Neither the
light spectrum nor intensity was measured,
but the light levels selected were well below
those obtainable by the animal’s photo-
phores, the maximum intensity of which
was determined by adjusting the overhead
light to match the bioluminescent output of
captured specimens. Readings taken from
the rheostat then allowed selection of ap-
propriate intensities for experiments with
squid captured later. Six squid exhibited
distinct responses to the overhead light re-
gime while several others did not respond,
probably due to trauma and damage re-
sulting from capture.

Each of the six squid was examined dur-
ing four to six trials (Table 1) (I1). Each
trial usually consisted of a 10-minute peri-
od with the light on followed by a 10-min-
ute period with the light off (12). In nearly
all cases the squid consistently responded
to the overhead illumination by producing
a steady downward-directed glow and to
the absence of illumination by extinguish-
ing the luminescence. Luminescence by a

12 MARCH 1976

Table 1. Responses of squid to overhead illumination. Symbols: +, luminescence initiated during
and continued through test period; 0, no luminescence, or luminescence extinguished during test

period; G, ghost stage present at end of test period.

Overhead lights

Ani-

mal Op OFf On OFf On OFf On OFf On OfFf On Of
1 + 0 + 0 4 0 +
2 + 0 + 0 4 0 + 0. + 0
3 + 0 + 0 0* 0 + 0 + 0 + 0
4 . + 0 + 0 + 0 + 0 + 0 + 0
5 0 0 + 0 + 0 + G + G 0 0
6+ 0 + 0 + 0 + 0 + 0 + 0

* Overhead light on for only 2 minutes.

squid was confirmed by observing either (i)
the animal glowing against the dimmer
fringes of the overhead illumination (16
trials) or (ii) the continuation of the exist-
ing glow as the light was turned off (18 tri-
als). Response to the changing overhead
light was not immediate. Animals began to
glow 1/2 to 5 minutes after the overhead
light was turned on (median time, 1 min-
ute; NV = 13). When the overhead light was
turned off the luminescence decreased rap-
idly until it was barely detectable to our
dark-adapted eyes. The barely visible
squid, which we call “ghosts,” could not be
reliably detected with foveal (central) vi-
sion, but they were visible when viewed
with slightly peripheral vision. After the
overhead light was extinguished, the lumi-
nescence diminished over a period of 3/4 to
5 minutes (median time, 2 minutes; N =
29) until the onset of the ghost stage,
which lasted from 0 to 9 minutes (median

Fig. 1. Arrangement of photophores on ventral
surface of Abraliopsis sp.

time, 1 minute; N = 24). The ghost stage
was not extinguished in two trials.

We were unable to determine how close-
ly the squid matched in intensity the
wavelengths of light appropriate for coun-
tershading in their natural habitat because
of presumed differences in the absorption
spectrum of the observers’ eyes and of the
emission spectra of the squids’ photo-
phores and the overhead light. However,
not all specimens luminesced equally
brightly since one squid matched the in-
tensity of the brightest portion of the over-
head illumination, while two matched in-
termediate portions, and three did not
match the dimmest parts. We assume this
variability is an artifact of the experimen-
tal situation.

The value of ventral countershading was
apparent even though we could not deter-
mine how precisely the squid matched the
appropriate illumination. The silhouettes
of the squid were distinct when the over-
head light was on and the photophores
were not yet lighted. With photophores
dimly glowing, the contrast between sil-
houette and background was greatly di-
minished, and the squid was difficult to see.
A squid would disappear from view com-
pletely when it swam beneath light of the
same intensity as its luminescence. On one
such occasion a glowing squid flashed its
armtip photophores brilliantly, revealing
its location, although nothing but the flash-
ing lights could be detected.

Our observations demonstrate that
Abraliopsis sp. responds to on-off se-
quences of overhead illumination by ap-
propriately luminescing and extinguishing
their photophores. The observations also
demonstrate the effectiveness of ventral
countershading in completely eliminating
the animal’s silhouette. Thus, the results
of this study support the theory of ventral
bioluminescent countershading (13).

RICHARD EDWARD YOUNG
Department of Oceanography, University
of Hawaii, Honolulu 96822
CLYDE F. E. ROPER
Invertebrate Zoology-Mollusca, National
Museum of Natural History, Smithsonian
Institution, Washington, D.C. 20560
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Heavy Methanes as Atmospheric Tracers

Abstract. Methane-21 (13CDy) is potentially a useful nonradioactive tracer for testing
atmospheric transport and diffusion models on a continental scale. In an experiment to
demonstrate this long-range utility, the release of 84 grams of methane-21 was detected
at distances of 1500 to about 2500 kilometers at concentrations of about 1 part in
2 x 1076 parts (by volume) in the air by a technique in which methane was separated and
the methane-21 content was measured with a mass spectrometer.

There is a growing need to understand
the details of atmospheric circulation as
well as the details of the dispersion of pol-
lutants on regional, continental, and global
scales. Although much theoretical work
has been done on these problems, there
have been almost no successful controlled
experiments on these scales partly because
of the lack of suitable tracer materials.
Tracers that have been used successfully at
shorter distances are generally impractical
for long-range applications because of
cost, relatively high background concen-
trations, interference from industrial
sources, or insufficient detection sensitiv-
ity. An ideal tracer would be nontoxic and
nondepositing, would have virtually no
existing background concentration in the
atmosphere, would be detectable at ex-
tremely low concentrations, and would be
economical in terms of the costs of tracer
and sample analysis.

With the availability of relatively cheap
separated isotopes of carbon (/), methane-
21 (3CD,) would appear to meet many of
these requirements for an ideal meteoro-
logical tracer. Natural methane, mostly
methane-16 (1?CH,), is present in the tro-
posphere (northern mid-latitudes) at a con-
centration of about 1.4 parts per million
(ppm) (2), although significant variations
in the abundance occur between urban and
rural areas (3). The production rate of nat-

———w———= Start 14/15 MDT
e Start 14/I18 MDT
* Sampling stations

Fig. 1. Post-facto meteorological trajectories,
300 to 2000 m above the ground, starting time
14 May 1974, 1500 and 1800 M.D.T, designated
in the figure as 14/15 and 14/18, respectively
[see (7)], and methane sampling stations. The
fractional symbols give the times of arrival of a
trajectory at a location; for example, 15/06
means arrival on 15 May, 0600 local time.

ural methane is estimated to be (2) about
(0.5 to 1.0) x 10'5 g per year, and is bal-
anced by destruction (2) in the troposphere
and stratosphere, leading to an estimated
mean residence time for methane in the
troposphere of 4 to 7 years. The exchange
of carbon or hydrogen atoms between the
different isotopic forms of methane should
be much slower than the apparent destruc-
tion rate (4). The statistical equilibrium
abundance ratio of natural methane-21 to
natural methane-16 has been calculated to
be 7 x 107'® (5). This figure implies that,
before the large-scale production of deute-
rium starting in the 1940’s, the world’s at-
mosphere contained only about 50 mg of
methane-21. Nuclear energy activities have
presumably perturbed this number signifi-
cantly.

The potentialities of methane-21 as a
meteorological tracer derive from this low
abundance of methane in the atmosphere
and from the high sensitivity of an ultra-
high-vacuum, high-resolution mass spec-
trometer (6) fitted with an electrostatic re-
tardation lens. In this instrument, the
background in the methane-21 mass region
is about 107! of the signal in the methane-
16 mass region.

In order to demonstrate the feasibility of
large-scale meteorological tracing based
upon the use of methane-21, 84 g were re-
leased on 14 May 1974, from 1520 to 1750
M.D.T. from a 70-m stack at the Allied
Chemical Corporation processing plant at
Idaho Falls, Idaho. The initial dilution
with air in the stack produced a starting ra-
tio of methane-21 to methane-16 of ~ 0.1.

Cryogenic air samplers, operating at 13
National Weather Service stations at loca-
tions extending from Minnesota to Okla-
homa (see Fig. 1), were used to concentrate
the methane and krypton in the ambient
air. Samples were collected twice daily at
each station, from 9 p.m. to 7 a.m. (P) and
9 a.m. to 7 p.m. (A). On the basis of mete-
orological predictions, about 25 samples
from four locations were chosen as likely
to contain fractions of the released tracer.
Eight additional samples were chosen for
background measurements, with the sam-
pling done either before the release or at a
place (Tulsa, Oklahoma) far from the pre-
dicted trajectories.

Methane and krypton were separated
from the air samples and purified by
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