major ecological problem, possibly mediated by
short-term weather variations [R. Lasker, Fish.
Res. Bull. 73, 453 (1974)]. In under-fished or
moderately fished stocks this variability can be
partially smoothed at the population level by the
existence of a wide range of year classes.

. B. E. Skud, Science 216, 144 (1982).

. A. J. Southward, Nature (London) 285, 361

(1980).

6. W. H. Munk and D. E. Cartwright, Philos.
Trans. R. Soc. London 259 (1966); C. Wunsch,
Evolution of Physical Oceanography (MIT
Press, Cambridge, Mass., 1981), pp. 342-374; J.
D. Hays, J. Imbrie, N. J. Shackleton, Science
194, 1121 (1976). There may be a continuous
increase in sea-level variance from the instru-
mental to the geological record bridging the data
gap between decades and millenia (J. Imbrie,
personal communication). The general relation
is of the form-variance per unit frequency a
[(frequency) "], where 1.5 < n < 2.

7. White noise was used to investigate the re-
sponse time of a logistic fishery model to sto-
chastic variation [J. R. Beddington and R. M.
May, Science 197, 463 (1977)].

8. Reviews of atmospheric and tree ring data
[U.S. Committee for the Global Atmospheric
Research Program, Understanding Climatic
Change: A Program for Action (National Acad-
emy of Sciences, Washington, D.C., 1975), p.

s

239] show spectra that are white to frequen-
cies of about 0.01 (100-year periods). Simple
stochastic models of atmosphere-ocean physi-
cal interactions have been shown to transform
white noise to red noise in the ocean [P. Lemke,
Tellus 29, 385 (1977)].

9. E. C. Pielou, An Introduction to Mathematical
Ecology (Wiley, New York, 1969).

10. C. S. Holling, Mem. Entomol. Soc. Can. 45, 60
(1965).

11. D. Ludwig, D. Jones, C. Holling, J. Anim. Ecol.
47, 315 (1978); J. H. Steele and E. W. Hender-
son, Am. Nat. 117, 676 (1981).

12. R. May, Nature (London) 269, 471 (1977).

13. The effect of fishing effort, E, on the population,
P, is conventionally represented by an addition-
al term, —EP. This is included in the logistic
function and results in a decrease in @ and b.
Some types of fishing effort may also be ex-
pressed through the predation term ¢ [O. Ull-
tang, Rapp. P.V. Reun. Cons. Int. Explor. Mer
177, 489 (1980)].

14. A. Saville and R. S. Bailey, ibid., p. 112.

15. K. Sherman, C. Jones, L. Sullivan, W. Smith,
P. Berrien, L. Ejsymont, Nature (London) 291,
486 (1981).

16. J. W. Horwood, Dynamics of Large Mammal
Populations (Wiley, New York, 1981), p. 339.

28 November 1983; accepted 26 March 1984

The Vega Particulate Shell: Comets or Asteroids?

Abstract. The Infrared Astronomical Satellite (IRAS) science team has discovered
a shell of particulate material around the star Vega. At the mean distance and
temperature of the shell, the expected condensation products from a protostellar
nebula would be dominated by frozen volatiles, in particular water ice. It is not
possible to discriminate between dirty ice and silicate materials in the Vega shell on
“the basis of the IRAS data. The Vega shell is probably a ring of cometary bodies with
an estimated minimum mass of 15 earth masses, analogous to one that has been
hypothesized for the solar system. A possible hot inner shell around Vega may be an
asteroid-like belt of material a few astronomical units from the star.

The Infrared Astronomical Satellite
(IRAS) science team (/) has reported the
discovery of a shell of particulate materi-
al around the star Vega, a Lyr. The shell
has an apparent diameter of 20", corre-
sponding to a distance from Vega of 85
AU, and its infrared spectrum can be
fitted by a blackbody curve with a tem-
perature of 85 K. The observations have
been interpreted by the IRAS team as
indicating a shell of particulate material
with particle diameters on the order of
0.12 cm or more and with a possible
mass between 1.2 x 1072 and 300 earth
masses. The existence of the Vega shell
has been confirmed by observations at
47 and 95 um with the Kuiper Airborne
Observatory (2). Similar shells of materi-
al have also been found around the star
Fomalhaut, o PsA, and two other stars
3.

In our own solar system a shell with a
temperature of 85 K would correspond
to a location about 10 AU from the sun,
roughly the semimajor axis of Saturn’s
orbit. The small bodies that condensed
from the primordial solar nebula at that
distance are predominantly water ice, for
example, the icy satellites of Saturn.
Kuiper has suggested (4) that comets,
which are primarily water ice, formed
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among the outer planets prior to being
ejected to the sun’s Oort cloud.

It is therefore reasonable to ask
whether the material around Vega is of
cometary or asteroidal origin. If the con-
densation processes in the proto-Vega
nebula were similar to those in the solar
nebula, and there is no reason to expect
that they were not, then the dominant
condensate 85 AU from Vega would be
water ice. Ice and dust grains in the
proto-Vega nebula would settle toward
the nebula midplane, where they would
form an accretion disk and then break up
and contract into cometesimals through
Goldreich-Ward gravitational instabil-
ities (5). The Goldreich-Ward theory pre-
dicts cometesimals (in our solar system)
with typical diameters of 100 to 300 km,
although a more recent study (6) has
shown that accelerated settling of larger
dust and ice grains would lead to bodies
of more modest size, typically 8 km in
diameter, in agreement with estimates
for the dimensions of observed cometary
nuclei (7).

Because of the long orbital period at 85
AU from Vega, 554 years, growth of
significantly larger bodies through colli-
sional accretion of the initial cometesi-
mal population would probably not have

occurred in the 10%-year estimated life-
time of Vega. At the expected tempera-
ture 85 AU from Vega, water ice bodies
would be stable against sublimation over
the lifetime of the Vega system. Water
ice sublimation rates are fairly negligible
at temperatures below about 160 to 170
K (8).

Moreover, it is not possible to dis-
criminate between dirty water ice and
silicate particles on the basis of the IRAS
data. The addition of relatively small
amounts of absorbing material to water
ice particles sharply reduces their albedo
and leads to thermal behavior approach-
ing that of a blackbody as a function of
solar distance (9). For nonsublimating,
fast-rotating particles in orbit about Vega
(and if we ignore thermal conduction
terms), the mean temperature (in kelvin)
is given by

T = 767[(1 — A/ (1)

where A is the particles’ albedo and r is
the distance from Vega (in astronomical
units). For a blackbody at 85 AU, Eq. 1
predicts T = 83.2 K. For a typical S-type
asteroid with A = 0.15, T drops to 79.9
K; for a cometary nucleus covered with
a bright snow with A = 0.4, T'is 73.2 K.
But, if the snow is dirtied with even
small amounts of dark material, A de-
creases sharply and T increases to close
to that for a blackbody. The addition of
only 10 percent (by weight) silicate soil
to water ice can lower A from 0.48 to
0.14 (10); contamination with 10 percent
carbon would lower A to 0.10. Typical
ratios of dust to ice in comets are esti-
mated to be between 0.5 and 2.0 (/7).

In addition, if the particles producing
the infrared emission from the Vega shell
are on the order of several micrometers
in size or smaller, then their effective
temperature can in fact exceed the black-
body temperature for their distance from
Vega. This results from the inefficiency
with which micrometer and submicro-
meter particles radiate energy at thermal
wavelengths.

The IRAS science team (/) set a lower
limit on the diameter of particles in the
Vega shell of 0.06 cm, arguing that parti-
cles up to 9 um in diameter would be
blown away by radiation pressure and
that particles smaller than 0.06 cm would
have spiraled into Vega as a result of the
Poynting-Robertson effect. However,
neither of these arguments need apply if
the particles are being continually sup-
plied by sublimation from and collisions
between larger bodies orbiting in the
shell. Because of the low temperature of
the Vega shell, water-ice sublimation
would be negligible and a more volatile
ice such as methane ice would be re-
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quired. As the ice sublimated, dust parti-
cles and water-ice grains embedded in
the ice-dust mix would be freed from the
comets and ejected into the Vega dust
shell. The presence of significant
amounts of methane has been observed
in solar system comets (12).

For collisional generation of dust we
must consider mean collision times in the
Vega shell. The IRAS team found an
optical thickness, T, for the shell of
2.5 X 1073, assuming a spherical shell 85
AU from Vega. The mean time between
collisions for any particle in such a shell
is given by (13)

t= Q07! @

where () is the orbital frequency. For a
554-year orbital period, ¢ = 3.5 x 10°
years. But, if the thermal emission is
modeled instead as coming from a flat-
tened disk with a radius of 85 AU, the
opacity increases to 107* and the colli-
sion time drops to 9 X 10° years. Model-
ing the material as a ring with a width of
20 AU centered at 85 AU increases the
opacity further and drops the mean time
between collisions to 4 x 10° years.
Only particles less than about 14 pm in
diameter will spiral into Vega due to
Poynting-Robertson effects on that time
scale. Thus collisions between comets in
the Vega shell or ring are still proba-
bly occurring with sufficient frequency
to extend the particle size distribution
down to the size range of tens of micro-
meters.

If the thermal radiation of the shell is
coming primarily from particles of this
size range, then the mass estimate for the
shell given by the IRAS team must be
reduced. Following the method used in
their paper (/) and assuming an asteroi-
dal size distribution, a minimum particle
size of 14 pm, and a maximum particle
size of 1000 km gives an estimated shell
mass of 46 earth masses as compared
with the IRAS value of 300 earth masses.
If the diameter of the largest cometesi-
mal is only 100 km instead of 1000 km,
assuming slow growth of larger bodies,
then the total shell mass drops further to
about 15 earth masses.

Any estimate of the mass of the Vega
shell or ring is highly uncertain because
the thermal radiation seen by IRAS
comes primarily from the smallest par-

ticles (highest surface-to-mass ratio),

whereas with the adopted size distribu-
tion most of the mass is in the largest
particles. We have no knowledge of the
Vega particle size distribution or its max-
imum cutoff. For known solar system
values, the slope of the particle size
distribution repeatedly changes for dif-
ferent particle size ranges and for aster-
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oidal versus cometary bodies. Thus, the
mass estimates given here should be
regarded only as first-order, speculative
values.

The Vega shell is much closer to its
central star than the sun’s Oort cloud,
estimated to have a radius of about
5 x 10* AU and a population of 2 x 10"
comets (/4). But several investigators
have hypothesized the existence of a
massive inner Oort cloud much closer to
the planetary region. A comet belt be-
yond Neptune could serve as a possible
source of short-period comets (I15),
might explain the perturbations on the
orbit of Neptune (/6), and could account
for some of the cool infrared sky back-
ground detected by IRAS at 100 wm (/7).
Some theories of solar system formation
propose a massive inner Oort cloud re-
sulting from the condensation of icy
cometesimals in a planetary accretion
disk beyond the orbit of Neptune, up to
several hundred astronomical units from
the sun (/8). An examination of the dis-
tribution of observed long-period comet
orbits has indicated that they are consist-
ent with a ‘‘centrally condensed’’ distri-
bution of comets in the Oort cloud (/9).
A massive inner comet cloud is also
capable of repopulating the outer Oort
cloud after a close encounter between
the solar system and a giant molecular
cloud has stripped away the more distant
comets, thus refuting arguments that the
Oort cloud could not survive such en-
counters (20).

Even closer to the sun it is likely that a
significant fraction of icy planetesimals
are still circulating in, or just beyond, the
Uranus-Neptune zone. The mean half-
life for objects in Uranus- and Neptune-
crossing orbits is on the order of 10°
years, and roughly 1 percent of the origi-
nal planetesimals in that zone would be
expected to have avoided removal from
the zone by either dynamical ejection or
collision. The possibility that a much
larger fraction of Uranus-Neptune plane-
tesimals, ~ 9 percent of the original
number, might survive in orbits just be-
yond Neptune has also been suggested
(21). The minor planet Chiron, which is
in an unstable Saturn-crossing orbit, is
probably one of these planetesimals from
the Uranus-Neptune zone.

Thus, the material making up the shell
around Vega is very likely composed of
cometary-like bodies with sizes ranging
from asteroidal dimensions (10> to 10°
km in diameter) down to particles tens of
micrometers in diameter that are produc-
ing most of the thermal radiation ob-
served by IRAS. Using the IRAS data,
one is not able to discriminate between a
spherical shell and a circular ring of

material around Vega at 85 AU. Dynami-
cal interactions between shell particles
and accretionary processes would proba-
bly have flattened the shell into a ring.

It is improbable that the Vega ring
contains planetary-sized bodies. The ac-
cretionary times for large bodies at this
distance from Vega are too long because
of the long orbital period and the short
estimated age of the Vega system. This
does not preclude the possible existence
of planets closer to Vega.

Another feature of the IRAS data for
Vega is a possible excess in the 12-pum
band, which can be interpreted as an
inner shell of hotter material, possibly as
warm as 500 K. From Eq. 1 that tem-
perature would correspond to a distance
of 2.4 AU for a shell or ring of blackbody
emitters or 2.2 AU for typical S-type
asteroids. These distances are inner lim-
its for the hot shell, since the 500-K
blackbody fitted by the IRAS team is an
upper limit. At 12 pm Vega appears as a
point source to IRAS, an indication that
the hot inner shell, if it is real, is located
close to the star. At the distances under
discussion, the expected condensates
from a protostellar nebula would be sili-
cates and other refractory materials. The
mean distance of the sun’s asteroid belt
is 2.8 AU.

It is not immediately apparent why the
Vega shell is limited in extent to 85 AU.
This may reflect the detection limits of
IRAS, or it may represent a real physical
cutoff. In the latter case further analysis
may yield some insight into physical and
dynamical processes in protostellar ac-
cretion disks. The lack of warmer struc-
tures interior to the 85-K, 85-AU shell
(except for that inferred from the possi-
ble 12-pm excess) may be indicative of
the sweeping up of fine material by plan-
ets orbiting around Vega.

PauL R. WEISSMAN
Earth and Space Sciences Division,
Jet Propulsion Laboratory,
Pasadena, California 91109
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Time-Domain Reflectometry: Simultaneous Measurement of Soil
Water Content and Electrical Conductivity with a Single Probe

Abstract. Two parallel metallic rods were used as a wave guide to measure the
dielectric constant and electrical conductivity of soils having different electrical
conductivities but the same water content. Measurements showed that the two
parameters were sufficiently independent to permit simultaneous determinations of
water content and bulk electrical conductivity.

Conventional nondestructive methods
for measuring the water content of soil
are based on the use of neutron probes
and less frequently on the attenuation of
gamma rays (/). Soil water conductivity
is tediously determined by sampling the
soil and measuring the electrical conduc-
tivity of saturated extracts (2). Time-
domain reflectometry (TDR) is a rela-
tively new method for measuring the
volumetric water content of a porous
medium. It was first developed by
Fellner-Feldegg (3) in an effort to obtain
in one measurement the frequency de-

pendence of the dielectric constant of
liquids. In addition, molecular relaxation
times and electrical conductivities could
be measured. Topp et al. (4, 5) showed
the general applicability of the method
for measuring the volumetric water con-
tent of soils and other porous materials.
They found that there is a unique relation
between the volumetric water content
and the dielectric constant for many dif-
ferent soils. One obtains the dielectric
constant of the medium by measuring the
transit time of an electromagnetic pulse
launched along a pair of metallic, parallel

TDR unit
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Fig. 1. Schematic diagram of the time-domain reflectome-
try system used to measure soil water content and electri-

cal conductivity. A typical signal is shown with the

Time (nsec) ——
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important characteristics identified.

rods of known length embedded in the
porous medium (Fig. 1). In a saline solil,
however, the electromagnetic pulse is
attenuated (4). The purpose of this study
was to determine if the attenuation of the
launched signal in a conductive medium
could be used to measure soil salinity. If
the measurements of transit time and
attenuation are sufficiently independent,
then the conductivity and dielectric con-
stant can be determined simultaneously.

At the end of the wave guide, the
launched electromagnetic pulse is re-
flected back to its source. Therefore, the
pathlength is twice the length of the
wave guide, L (in meters). The measured
transit time, ¢ (in seconds), gives the
propagation velocity of the pulse (in me-
ters per second):

v p 1

If dispersion is negligible, then v can
be given simply in terms of the relative
dielectric constant of the medium, €, and
the velocity of light in free space, ¢
(3 X 10% m/sec),

c
v=n 2
Therefore, the relative dielectric con-
stant is given by
ct \?
SO

Figure 1 shows a schematic of a TDR
system used to obtain ¢; V, represents
the output of the pulse generator, Vr is
the magnitude of the voltage pulse that
enters the parallel-rod wave guide, and
VR designates the magnitude of the re-
flected wave when it has returned to the
wave-guide input (3). In order to be able
to distinguish ¢, Vg must be greater than
zero. In a nonconducting medium, Vg
will be equal to Vr and ¢ is easily mea-
sured. However, when the medium is
conductive, as in a saline soil, the ampli-
tude of Vr will be attenuated in propor-
tion to the conductivity. The attenuation
of V¢ can be used to measure the electri-
cal conductivity of the medium and
therefore the salt content.

According to electromagnetic field
theory, the amplitude of a signal travel-
ing a distance 2L in an electrically con-
ductive medium with an attenuation co-
efficient « is diminished exponentially
according to

Vr = V1 exp(-2al) 4

where the attentuation coefficient, «, is
approximated by

12
o= 2(&&0) )
2\ egg
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