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¥ hh v e e T {gn

4 !‘lr-llt‘t. This D-;'Dcl' Is a review of the present knowledge on the structure of meteoroids.

Ph‘,“ ::Lll.hl‘;h_}r_\ o :he‘cwdencc csmc‘emlng the common occurrence of fragmentation among both
vgraphic and radio meteors is given first. Then, an attempt is made to examine all the present

ebservational, theoretical and laboratory data i ionizi ]
o ‘1 :j::.ir‘ en;f.“;‘f” d ‘I _bf} . on the luminous and lonizing efficiencies of meteors,
ith fheairivo establishing a mass scale. Thisallows the computation of the bulk densit ' of meteoroids
wiich, on the average, turns out to be about 0.3 /em? - " '-0"0(',_3-
The paramount importance of i 5 witati s e i
meicors and the low density of ncarlirsgrﬁisz::)ri‘;:?{:::c\?au?ni - Fchf"il)f eskis ol
o _ Si1) even ol those of relatively large sizes) support
iﬂf}::‘[tdl:: :?.iiiriilrﬁ::u:\.l';rc i!'or most of these particles. In turn, the crumbly structure ﬂnzpthc
s L R W :ppn. S theor)_r of comets and meteor production. A critical analysis of
e ¢ Pers proposing different conclusions shows that the new theories alwavs arrive at results
S e nat agree with well-established observational data. = i

4. Densities

Once the mass scale has been established by determining the luminous efliciency. one
can evaluate the densities of the original meteoroids. | shall first summarize my latest
results (Verniani, 1967a). | computed the density g,, of 220 sporadic and 104 shower
meteors selected from Harvard precisely-reduced material. A selection was necessary
to discard all meteors showing either an abrupt beginning or a very short, flare-like
light curve or other clear irregularities: the mean of loge,, for the sporadic meteors
was —0.558 +0.025 corresponding to a logarithmic mean density of 0.28 glem?, with
a standard deviation of 6.

The meteor density depends on the orbital characteristics as can be shown by
regarding it as a function of the aphelion distance Q: the average density of a meteor
with Q=2 AU turns out to be about 50*; larger than the average density of a meteor
with Q=4 AU. The mean logarithmic density as a function of the aphelion distance
is shown in Figure 1: for short-period meteors, the density increases as the aphelion
distance decreases. This remarkable dependence, as well as other systematic ditfer-
ences in some physical characteristics between meteors in short-period and long-
period orbits, has been tentatively ascribed by Jacchia er al. (1967b) to the different
conditions in which the meteoroids were formed and to the different resistance to
destroying agents. Most of the meteors in short orbits may have originated in short-
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period comets that by now are completely evaporated ; those that came from the inner
core of Whipple's icy conglomerate should be denser because of the greater pressure to
which they were subjected. Meteoroids with a loose structure are probably destroyed
faster by collisions, erosion, and thermal effects.

The logarithmic spread in logg,, due to the orbital dependence is of the order of

0
-02F TE{

-04r

265

3§ $29 827 fzx

Qlau)

Fig. 1. The mean logarithmic density of 220 sporadic Super-Schmidt meteors, as fupction of the
aphelion distance @ (Verniani, 1967a).
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The density distribution for 220 sporadic Super-Schmidt meteors (Verniani, 1967a).
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only 0.1, very small in comparison with the observed standard deviation of +0.8 for
one observation. Since the errors due to atmospheric variability, changes of shape and
observational inaccuracies are random, we would expect a Gaussian distribution for
logo,, centered around the logarithmic mean. Figure 2 shows, on the contrary, that
the logg,, distribution extends itself much more on the high-densities side. In Figure 3
the same meteors have been divided according to their aphelion distance, and the
density distribution is shown separately for meteors with 0<5.4 AU and 0>35.4 AU.
It is immediately apparent that the density distribution of the long-period meteors
is Gaussian. A y-square test confirmed that the distribution obtained is fully com-
patible with a Gaussian curve centered around the logarithmic mean and with the
dispersion fixed by the observed standard deviation. The mean logarithmic density

for these long-period sporadic meteors is 0.21 g/cm?, with a standard deviation of 7%,
E-p p g

40
Q=54a.u.

Q=>5.40a.u

20k

A 1 i
=1 0 1
log o, (g em )

Fig. 3. The density distribution for two groups of sporadic Super-Schmidt meteors, respectively
in short- and long-period orbits (Verniani, 1967a).

The median is also 0.21 g/cm?. The distribution of the short-period meteors is different.
The low- and middle-density regions are quite similar to the corresponding ones in
the distribution of long-period meteors. Conversely, on the high-densities side it
extends considerably, and it looks as though there is an overlapping of two Gaussian
distributions, one centered around logg,, = —0.7, as for the long-period meteors, and
the other centered around logo,,=0.1. | was thus led to the conclusion that a small
group of short-period meteors may have densities of the order of | g/cm®. Among the
108 meteors with an aphelion distance smaller than 5.4 AU, about 30 meteors are
in the high-density group. However, the true consistence of this group cannot be
estimated simply by these figures. In fact, this sample of meteors is far from being
random. In selecting the meteors to be reduced, Jacchia used the basic criterion that
they should yield excellent decelerations, a fact that strongly favored the inclusion
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of long-period metcors, and thus enhanced the probability of the inclusion of high-
density meteors. It is nevertheless important to have established the probable existence
of a small percentage of meteors in very short orbits having much higher densities
than the great majority of all cometary meteors.

Among the original sample of 413 meteors, 123 belonged to well-established showers.
Nineteen of these meteors were discarded for various reasons. Table IV gives the
results about the average density of each individual shower, as well as the density
of two groups of sporadic meteors. For most showers, although the data are very

TABLE IV
Average densities g for Super-Schmidt meteors. Q is the aphelion distance {Verniani, 1967a)

Group or shower Meanloggm +5.d. om Median ¢  Mean Q {s.d. No.
fgem™) {gem™) (g em~1) (AU) Obs.
Sporadic, all —0.56 +0.02 0.28 0.23 - 220
Sporadic (0 > 5.4 AU) —0.68 +0.03 0.21 0.21 - 112
Geminids - 0.03 ~0.09 SR | 2.6+0.0 20
Southern Taurids —0.56 +0.04 0.28 0.25 34402 13
a Capricornids -0.85 £0.07 0.14 0.16 55407 12
Quadrantids —0.70 +-0.14 020 017 5.0+02 9
Perseids —=0.54 4+ 0.07_ 029 032 5911 8
J Aquarids —0.57 = 0.07 0.27 0.27 53403 7
Southern ¢+ Aquarids —0.52-£0.10 0.30 0.32 4.7 0.6 5
Orionids —0.60 +0.08 0.25 0.23 66 =~ 19 4
x Cygnids —0.78 - 0.08 0.17 0.17 53+04 4
Northern Taurids -0.58 +0.04 0.26 0.27 4.7+0.7 4
= Hydrids —0.40 +0.18 0.40 0.58 56+ 31 3
Lyrids — 041 -0.13 0.39 0.30 51 19 3
Northern 1 Aquarids —0.20+0.45 0.63 0.63 36+06 2
Draconids - < 0.01 - 5.6-L0.1 2
Virginids —0.13 ~07 - 4.4 1
Leonids —0.21 ~ 0.6 - 24 1
n Aquarids -0.25 ~0.6 - 26 1

scanty, the average density is near the average density of sporadic meteors. The most
important exception, as is already well known (Jacchia, 1952; Verniani, 1965; JVB,
1967) are the Geminids. On the average, they are about four times more dense than
the sporadic meteors and they have a distribution strongly resembling that of the
high-density group of meteors in very short orbits. It is worth noting though, that
they crumble just as easily as any ordinary meteor. At the other extreme of values,
the Draconids have an extremely small density. On the average however, there is no
difference between sporadic and shower meteors. The mean density for all sporadic
meteors (0.28 g/cm?®) agrees very well with the density found with a different method
by the author (Verniani, 1964) for 284 faint Super-Schmidt meteors, 0.30 g/cm®, when
We correct for the shape factor, which was then assumed to be .21 instead of 1.5,

McCrosky (1967) has published provisional values of the density of 28 fireballs
(=52>M,> —18) recorded under the Prairie Network Project. Though the sizes of
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the original meteoroids must have been very large, the average density turned out
to be 0.4 gfem?, essentially the same as that determined by the writer for Super-Schmidt
meteors. It is worth mentioning that, out of over 100 density determinations for his
78 fireballs, McCrosky did not find any individual value in excess of 1.2 g/cm”. These

figures indicate that the structure of large meteoroids with a typical mass between |

and 10 kg does not differ significantly from the structure of meteors observed with
the Super-Schmidt cameras (mean mass of the order of 1 g). At the other extreme
(very small particles), preliminary results are available for meteors detected by radar
methods (average mass of the order of 10™* g). For those small bodies a somewhat
larger density. such as 0.8 g/cm?, appears to be in order (Verniani and Hawkins, 1965;
Verniani, 1960).

R ussian observations due to Babadzhanov and Kramer, as quoted by Babadzhanov
(1966), suggested an average density of the order of 0.1 g/cm?. Ceplecha (1967, 1968b)
finds. on the contrary, average meteor densities one order of magnitude larger than
the values presented above. A detailed discussion on Ceplecha’s procedure, leading
10 the conclusion that his high-density values are wrong, has already been published
by this writer (Verniani, 1967b and 1967c).

| wish to conclude this section by recalling the importance of knowing the density
of meteoroids in space for the correct design of spacecraft, which must be protected
against the meteoric hazard.

5, Origin and Structure

Evidence summarized in section 2 proves that meteor fragmentation is definitely a
common occurrence. as is shown beyond any reasonable doubt by the deceleration
anomalies and by the blending of the exposed segments: a simple look at the photo-
graphic image of most Super-Schmidt meteors is enough to convince anybody of its
existence and extent. Meteor densities have been discussed in the preceding section
and we have seen that the average value, directly computed by decelerations, is about
0.3 g/em’.

A century ago the orbits of several major showers were clearly connected with
those of some comets. Recently, orbital data obtained from precise photographic
material (both from small cameras and from Super-Schmidt cameras) indicates that
most meteors have their origin in comets (Whipple, 1954; Jacchia and Whipple, 1961
Babadzhanov and Kramer, 1967); I do not deem it necessary to summarize here the
evidence pointing to this well-known fact. In Opik's (1966b) words: “There is no
doubt that meteor streams as well as their remnants, the sporadic meteors, are the
remains of disintegrating comets.” Another proof of the cometary origin of the
overwhelming majority of the photographic meteors is the fact that heights, decelera-
tions and other physical characteristics of sporadic and shower meteors not related to
known comets, taken in their totality, do not show any systematic diflferences from
those of the shower meteors connected with comets (JVB, 1967). Writes Whipple
(1968b): “We now know that almost all the smaller particles in near-earth space
are of cometary origin”. Among over 400 precisely reduced meteors only one has all




MéS-00b

STRUCTURE AND FRAGMENTATION OF METEOROIDS 251

the expected characteristics of an asteroidal meteor (JVB, 1967): this in spite of the
fact that especially long trails were selected, thus favoring the inclusion of asteroidal
meteors.

All these facts clearly point to the conclusion that most meteors are of cometary
origin and are porous, crumbly objects made of loosely conglomerate, spongelike
material. This conclusion fits well into the frame provided by Whipple's theory of
comets and meteor production.

6. A Discussion of the Objections to the Concept of
Porous and Fragmenting Meteors

Kramer (1966) writes that meteors whose origin is connected with comets “are now
universally regarded as possessing a loose structure™. This may well represent the
viewpoint of most Russian scientists ; however, several authors have recently challenged
this conclusion as well as other aspects of the picture presented in the preceding
sections. Let us now examine their arguments.

Allen er al. (1965) have studied the effect of radiation cooling on meteor flight.
As a conclusion, they suggested surface radiation as a possible explanation, instead of
fragmentation, for the anomalous behavior of the light curves of faint meteors. Though
radiation cooling may indeed affect meteor beginnings, their explanation is certainly
at variance with the results of the observations. As a matter of fact, surface radiation
becomes more and more important as the meteor mass decreases during the atmos-
pheric flight and therefore the deceleration should increase more slowly than predicted
by classical theory: this is just the opposite of what we observe. Moreover, radiation
cooling alone cannot explain the other anomalies shown by faint meteors, e.g.
blending. Terminal blending is clearly caused by the meteoroid comminution into
smaller fragments widely ranging in size.

The effects of radiation cooling on meteor phenomena have been studied also by
Jones and Kaiser (1966). They have generalized the classical theory of meteoric
ablation to include the effects of thermal radiation, thermal conduction and the heat
capacity of meteoroids which are assumed to be solid stony particles. These authors
show that, in the magnitude range + 3 < M < + |0, thermal radiation may be neglected
while the finite heat capacity of the meteoroids delays appreciably the onset of abla-
tion. In this connection, it is interesting to recall here that the height analysis of the
413 precisely reduced meteors (JVB, 1967) showed that meteors begin about 6 km
lower than expected to, according to the classical theory. Jones and Kaiser find that
“evaporation profiles are significantly shorter than predicted by the classical theory”™
and this is, of course, in agreement with the observational results. Moreover, the ellect
of the thermal diffusivity of the meteoric substance would set up a system of stresses
within the meteoroid which, in the opinion of Jones and Kaiser, could be sufficient Lo
produce the fragmentation of the meteoroid itself. They find that “particles with radii
greater than about 0.1 cm are expected to fracture before the onset of ablation and
as a result fragments are likely to be released suddenly into an abnormal environment
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A Fireball in Jupiter’s Atmosphere

A. F. CooK

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

T. C. DUXBURY

Jet Propuision Laboratory, California Institute of Technology, Pasadena, California 91103

One fireball was photographed during two encounters with Jupiter. Its total luminosity was 1.2 X 10° 0
mag s (at standard range 100 km). If we employ the luminous efficiency proposed by Cook et al, (1981)
for slip flow of a meteoroid in its own vapors we oblain an estimated mass of 11 kg. A rough absolute
magnitude is —12.5. If we note that we searched for a total of 223 s during two exposures, we estimate a
number density near Jupiter of 7 X 107 em™? for masses of meteoroids of 3 kg and greater. This value is
about a factor of 6 smaller than a rough upper limit reached from an extrapolation from terrestrial obser-

vations of meteors and comets.

During Voyager 1's encounter with Jupiter, two images
were obtained on small portions of Jupiter's dark side. These
were recorded through the narrow angle camera without a
filter, panly to search for fireballs. The corresponding images
during Voyager 2 were taken with filters at considerably
longer range so that they need not be considered as part of
the search, especially as the first two images turned up only
one fireball. A brief description of the cameras is given by Smith
et al. [1979), with a reference quoted for greater detail.

The image on which the firebalil appeared consisted of three
exposures of 35, 35, and 83 s separated by two slews of 13 s
cach for a total of 153 s of exposure and 179 s of elapsed time.
This schedule of events began at March 5, 1979, 1745:24 UT at
the spacecraft. No filter was employed. The range to Jupiter
was 555,000 km, resolution of the camera was about 20 km,
and the projected path length was 75 km, which is subject to
distortion by drift of the imaging platform between limit
switches. The minimum duration corresponding to this pro-
jected length and a velocity of 64 km s~' is 1.17 s. The total
luminosity observed was 1.2 X 10° 0 mag s uncertain by about
*25% (estimated). These numbers lead to a rough absoluts
magnitude of —12.5. These magnitudes are crudely photo-
graphic magnitudes. The velocity far from Jupiter was taken
1o be small compared to the escape velocity. The longitude
and latitude on Jupiter were 32°W and 50°N, respectively.

Figure | exhibits the image, and Figure 2 the light curve.
The latter shows the flickering exhibited by the original image
and not well reproduced in Figure 1. Figure | does exhibit the
expanded halo around the upper-right (western) end of the
track which strongly suggests that the fireball penetrated be-
low the top of Jupiter's haze layer (at or higher than the 3.5
mbar level [Cook et al,, 1979]). The appearance is much more
striking on the original image. We conclude that the fireball
came into the atmosphere from the east.

The only available luminous efficiency 10 be employed with
these observations is that proposed for a meteoroid in slip
flow in its own vapors by Cook et al. [1980]. Their equation (4)
takes the form

where m., is the mass outside the atmosphere, 7 is the lumi-
nous efficiency, V is the velocity of the meteor, 1, is luminos-
ity, and ¢ is time, The integral is taken over the visible path of
the meteor, For application to our fireball we have for the in-
tegral 1.2 X 10° 0 mag s, as already stated, for the velocity 6.4
X 10* cm s™' where we neglect its variations along the trajec-
tory as is done in (1), and for the luminous efficiency we use
5.4 X 107" 0 mag gm~' cm™? s to find a mass of 11 kg. Use of
this luminous efficiency can be justified in slip flow in a mete-
oroid's own vapors, because most exciting collisions occur be-
tween meteoric atoms, and the radiation produced is to a first
approximation independent of the composition of the plan-
ctary atmosphere. This is the compact coma model of Opik
[1958].

There are two available tests of the flow regime for our fire-
ball. The first employs the equation for the rate of loss of mass
[Millman and McKinley, 1963)

dm AA
@ ey @

where nr is the mass of the meteoroid, A is the heat transfer
coelficient, 4 is 2 dimensionless shape factor, { is the heat of
ablation, p,, is the density of the meteoroid, p, is the atmo-
spheric density, V is the velocity of the meteor, and { is time.
We note that the rate of change of atmospheric pressure, p,
with time may be written down from the barometric equation
as

d
7{: =gp,Vcos Z, (3)

where Z, is the zenith distance of the radiant, and g is the ac-
celeration of gravity. The ratio of these two equations is

dm

dp 28"

If we make the approximations of neglecting change in veloc-
ity, gravity, and shape, we may integrate to find,

m*? V3cos Z, (4)

2 68p.,>"g cos Zy 3
”‘“"“Fﬁf’mdf M PET N et i)
where m., is the mass outside the atmosphere. The pressure,
Copyright © 1981 by the American Geophysical Union. .. al the end point corresponds to exhaustion of mass (m'? =
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We choose representative values of A/(2Y) = 10-1 ¢m-2 ¢2
[facchia, 1949], p.. = | em em™ and 4 = 1.5 10 estimate

P. = 3.1 cos Z, mbar (6)
The other available test is that the end point appears to be be-
low the top of the haze layer, as already discussed above.
These two tests appear to be mutually consistent,

At 2 density of | gm cm™ the radius of the meteoroid
comes 10 14 cm, far larger than a mean free path in Jupiter’s
atmosphere at 3 mbar pressure, We conclude that the fireball
was in continuum flow. If most of jis radiation is from the bow
shock, the luminous efficiency employed here is fictitious, If it
were from the wake, it would be lower than for slip flow in a
meteoroid’s own vapors. In that case, the mass would be
greater than estimated here,

A further and final check for consistency may be had by es-
timating a number density of objects of the above mass near
Jupiter, using this observation and also by using studies of
meteors at the earth [Cook et al,, 1980; Southworth and Seka.
nina, 1973; McCrosky, 1968; McCrosky er al, 1971] and of the
distribution of comets |Shoemaker and Wolfe, 1981}, Cook et
al. [1980] 10 estimate a cumulative number density near the

earth of

log N, = ~23.8 — 1335 log m,,
= 8+ 10

where N, is the number density (per cm®) of meteoroids of
mass m, (gm) or greater near the carth’s orbit. This relation is
valid in the range

—47=<logm. =+10

with an uncertainty in mass scale of about +0.5. McCrosky
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[1968) as revised by McCrosky et al. [1971] find a relation for
large masses of meteoroids which may be converted from cu-
mulative flux upon the earth’s atmosphere to cumulative
number density near the earth's orbit by addition of 6.0 to the

logarithm [Cook et al., 1980]:
log N, = —24.8 — 0.62 log m., +3.0 = log m.. < +6.0

This expression is valid over the indicated range. We employ

the larger of the two expressions over the intermediate range °

+1.0 = log m.. = +3.0. They cross at log m., = +1.4. South-
worth and Sekanina [1973] estimate that the density at Jupi-
ter’s orbit is about the same as at the earth, This is extrapo-
lated from the statistics of meteors encountered by the carth
and is very uncertain.

If we assume that the distribution of meteoroids follows
that of comets, we may employ the treatment of Shoemaker
and Wolfe [1981] 10 estimate that, if Liouville’s Theorem (con-
servation of density in phase space) applies from the orbit of
the earth to that of Jupiter, then the stated estimates in their
Table 2 imply a reduction in number density at Jupiter's orbit

by a factor
2 021
a, alllag a

vis-d-vis that at the Earth's orbit. For the semi-axis-major of
the orbit of Jupiter, a, = 5.203 AU, of the earth, a, = | AU,
and the harmonic mean semi-axis-major of the comets (as-
sumed for meteoroids), 1/(17/a) = 7.153 AU, this factor is 1/
7.605. To the extent that comets with perihelia near Jupiter's
orbit have exhaustion lifetimes longer than their dynamical
lifetimes, this factor will yield too large a density near Jupi-
ter’s orbit. A further reduction is introduced by the presence
of meteoroidal orbits near the earth’s orbit with aphelia well
inside Jupiter's orbit. We adopt this factor to establish an up-
per limit. Next, Shoemaker and Wolfe [1981] find that con-
centration of nodes with respect to the plane of Jupiter’s orbit
near that orbit introduces a further factor 2.09. These two re-
sults combine to predict an upper limit near Jupiter's orbit at
1/3.64 the cumulative number density near the earth’s orbit:

log N,., = —24.24 — 0.62 log m., +1.4 < log m.. = +6.0

Here N, is the number density of meteoroids near Jupiter's
orbit. The last digit is retained for computation and has no sig-
nificance; indeed the next 10 last digit barely has significance!
Use of our total coverage of about 2.8 X 10" km? and ex-
posure of 223 s yields a rate of 1.6 X 107" km™=2 s™* for objects
of approximately 2.8 kg mass and larger. The flux far from Ju-
piter is to be scaled down [Cook er al., 1980] by a factor (V,/
V.)? where V, is the random velocity of approach of meteor-
oids far from Jupiter (estimated at 4.4 km s™' according to
Table | of Shoemaker and Wolfe [1981]), and V., is the esti-
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mated velocity of meteoroids (64 km s™') al entry into Jupi-
ter's atmosphere. This is further rescaled for anisotropy by fit-
ting the enhancement factors at the distances of the individual
Galilean satellites given by Shoemaker and Wolfe [1981] in
their Table 1. The flux far from Jupiter is 7.7 X 107" km~% s™*,
Multiplication by 4 (omnidirectional approach relative to cir-
cular orbit) and division by ¥, yields a volume density of N,,,
=7 x 107" ¢cm™, log N,.; = —27.16. Our prediction above
yields log N, , = —26.38. The predicted upper limit is a com-
fortable factor of 6 above the rate estimated from observation.
We must regard these results as being in agreement,

For completeness, especially if more extensive observations
are made by a future mission, some calculations should be
made of emissions from bow shocks around meteoroids trav-
eling through Jupiter’s atmosphere at 64 km s~ and at 1-10
mbar atmospheric pressure,
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Plausible meteorite mass distributions imply that in the Prairie Nelwork data there must be many
fainter fireballs produced by meteorites with physical properties that, except for mass, are very
similar to the recovered ordinary chondrite (#5) Lost City. Four Criteria are proposed for
identifying these other meteorites among the fireballs. These are: deceleration to final velocity <8
km/sec; a photometric mass/dynamic mass ratio within a factor of 2 of that of Lost City,
agreement of the observed and theoretical single-body end heights (calculated using dynamic mass),
and a lightcurve no more irregular than those of the three recovered fireballs. These criteria can be
related to the PE criterion of Ceplecha and McCrosky, but include a wider range of observational
data, and also differ from the PE criterion in avoiding inclusion of data not helpful to the particular
problem of identifying ordinary chondrite fireballs. By use of our criteria, 27 Prairie Network
fireballs are identified as being meteorites comparable to or greater in strength and density to Lost
City, most of these should be ordinary chondrites. The orbital element distributions of these
objects span a wide range, include those of recovered fireballs, and show that the 4.0-AU aphelion /A< FEAk
of the Pribram meteorite is not unusually large. Perihelia are concentrated near 1.0 AU, in
agreement with previous inferences from time-of-fall and radiant distributions, demonstrating the
usefulness of these dala based on visual observations.
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ANl
y ments of these objects were not recovered

. INTRODUCTION

V"
ek

of Lost City (McCrosky et al., 1971), frag- L

Most of our knowledge concerning the
primitive solar system is obtained from
chemical, isotopic, and petrographic
studies of meteorites. With the exception of
the three recovered meteorites with photo-
graphic fireball data (Pribram, Lost City,
Innisfree) however, we have little informa-
tion regarding the location of meteorites in
the solar system prior to their impact on the
Earth.

In the present study, fireball (bright me-
teor) data from the Prairie Nejwork
(McCrosky er al., 1978, 1979; Ceplecha and
McCrosky, 1976) are used to identify those
fireballs that in all likelihood are ordinary
choandritic meteorites. With the exception

from the ground, presumably because their
small terminal mass either ruled out the
feasibility of a search or resulted in the
search being unsuccessful. If some of these
unrecovered fireballs can be identified as
belonging to recognized meteorite classes,
e.g., ordinary chondrites, our knowledge of
the preatmospheric orbits of these metcor-
ites would be greatly increased.

The starting point of the present work is a
strong belief that many small ordinary
chondrites must be present among the pho-
tographed bright fireballs. The basis for this
belief is the fact that the three recovered
fireballs, all ordinary chondrites, were
among the more luminous fireballs photo-

jog
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graphed by the photographic networks. of
the 322 Prairie, Network fireballs for
which lighlé”ﬁ"rlgé?;‘ have been published
(McCrosky et al., 1979) only 5 have photo-
metric masses greater than that of Lost
City, when calculated from the integral of
the luminosity over their flight path. The
Pribram fireball (magnitude —19) was as
bright as any of the Prairie Network fire-

- balls and was the second brightest of those
reported by Ceplecha (1977) for the Euro-
pean Network. Similar data have not been
published for the Canadian Network, from
which Innisfree (Halliday er al., 1981) was
collected. However its brightness was very
similar.to that of Lost City. Estimates of
the masses of these objects, together with
photometric data, are given in Table 1.
Masses obtained by various methods vary
widely. Although not central to the conclu-
sions of this paper, readers may find it use-
ful to consider an estimate of the “true
mass'® as being within a factor of about 2 of
that given in the last column.

If the size of chondrites is distributed any
way similar to that usually found in com-
minution products, the number of small
bodies greatly exceeds the number of large
bodies, even when most of the mass is con-

M55 -02b
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centrated in a few largest objects (Dohna-
nyi, 1969; Hartmann and Hartmann, 1968;
Hughes, 1981). For a differential power-law
mass (1) distribution

dN fdm <m™, n

and with an exponent in the usual range
from 1.7 to 1.85, there should be about 25 to
60 bodies of mass between 100 g and 10 kg
for each meteorite in the 10- to 100-kg mass
range of Lost City and Innisfree. These
smaller meteorites must be well-repre-
sented among the fireballs, and the problem
is simply to identify which ones they are.
Although the available Prairie Network
data were not reduced in a way to form a
statistically reliable sample, there should be
no marked bias against including these
fainter ordinary chondrites among the
many fair”l%éi' fireballs. In fact, the associa-
tion of accurate data with lower entry ve-
locities, and the motivation to recover me-
teorites, probably worked in the direction
of preferentially including faint survivable
meteorites relative to weaker objects of the
same brightness, rather than excluding
them. Based on the rate of occurrence of
larger fireballs such as Lost City, Innisfree,
and Pribram, and the difficulty of recover-

TABLE 1
Mass ESTIMATES (kg) AND PHOTOMETRIC DATA FOR FIREBALLS RECOVERED AS METEORITES
#h, .
Meteorite  Recovered Initial Initial mass Initial Max Initial Est.
mass mass from  from cosmic  photometric  mag (M) mean of initial
entry model®  ray _eﬂ'ccts'\_ mass dynamic  cormrected
HEEFIU PRipEres AL EE mass®  photometric
e S R
RrsihiE  HE fhECE TIEIE 6§
Pribram 5.8 1,300 320 21,5007 -18.7 — 1700
Lost City 17.1 52 65 490/ -11.6 21.0 38
Innisfree 4.6 18 ? 3180 -12.1 14.6 25

2 ReVelle and Rajan (1979), Innisfree value slightly revised in accordance with revision of va..

® Bhandari 2 al. (1981).

< This paper. Innisfree sum of dynamic mass for all photographed trails (see Table 11).
¢ Estimated by assuming integral luminous elliciency tou high by a factor of 13, calculated from average ratio
of (photometric mass)/(mass from entry model) for Lost City and Innisfree.

¢ Ceplecha (1977).
" McCrosky er al. (1978).
?ReVelie (1980).
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ing meteorites with entry velocity greater
than 23 km/sec because of severe atmo-
spheric ablation at high velocities, it is esti-
mated that within a factor of 2 or so, 25% of
the 176 fireballs entering at <23 km/sec and
for which usable deceleration data are
given are small ordinary chondrites.

This approach differs from that usually
taken in meteor studies. The more common
procedure is to attempt to combine the ob-
servational data with physical theory and
thereby calculate from first principles both
the mass and the density of the meteoroid.
Calcualtions made in this way lead to densi-
ties ~1 g/cm? or less, even for the recov-
ered meteorites with measured densities of
about 3.7 g/cm?®. Acceptance of these low
densities has led to the common belief that
almost all fireballs are fluffy, low-density ob-
jects, or **dustballs,”” and hence have little
relevance to the meteorites studied in the
laboratory. A break with this traditional in-
terpretation was made by Ceplecha and
McCrosky (1976) and Bronshtén (1976),
who inferred that a large fraction of the
Prairie Network fireballs represented
higher-density, qb ects, probably similar to
those of recoverst 4*ﬂr'u:lf.:arm:s The present
work supports the conclusion of these in-
vestigators, even though the conclusion
was reached by a different route.

This discrepancy regarding density illus-
trates a fundamental difficulty in the usual
direct approach to the interpretation of me-
teor data that is well-recognized. In our
view this discrepancy is not primarily
caused by density differences, but results
from the mass determined from the photo-
metric data being higher than the true mass
by a factor of about 10 (Re Velle and Rajan,
1979; ReVelle, 1980), and the effective
cross-sectional area of the meteoroid being
about a factor of 2 higher than that of a
single spherical body, probably as a result
of fragmentation during passage through
the atmosphere. If so, the photometric
masses would be too high by a factor of
~10, and the masses calculated dynami-
cally would be low by a factor of ~2. Alter-
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natively, this difference of a factor of 20
between dynamic and photometric mass
could be interpreted as the consequence of
the actual density of the meteoroid being a
factor of 20¥* lower than the chondritic
density of 3.7 (i.e., 0.8 g.cm®) assumed in
calculating dynamic masses (cf. Eq. (9),
Appendix). The true cause of the discrep-
ancy is not of major importance to this dis-
cussion, however. In order to avoid confus-
ing these (wo important questions,
discussion in the present paper has been
formulated in a way that is independent of
the absolute mass scale.

In this work, no attempt is made to calcu-
late densities directly from the observa-
tional data. Instead, observations of the re-
covered fireballs will be used to. identify
characteristics of their dynamics while
passing through the atmosphere that are
relevant to their having been recovered. In
this way criteria are established for identi-
fying those fireballs with similar dynamical
characteristics. The individual fireballs are
then tested one by one to learn if they sat-
isfy these criteria. This permits dividing the
fireballs into two groups: those that resem-
ble demonstrably recoverable meteorites so
closely that they cannot be distinguished
from them, and those that at least appear to
be different. Finally, given that a large pop-
ulation of faint ordinary chondrites must be
present among the fireballs, it is much more
plausible to associate this population with
those fireballs that resemble ordinary chon-
drites, rather than choosing those that do
not. To be sure, other recoverable meteor-
ites such as achondrites, enstatite chon-
drites, as well as Ornans-type (CO) and Vi-
gorano-type (CV) carbonaceous chondrites
are likely to be indistinguishable from ordi-
nary chondrites by observation of physical
phenomena. This will cause the resulting
catalog of ordinary chondrite orbits to be
*‘contaminated”” with these bodies roughly
in proportion to their fall frequency of
about 16% Wasson (1974). In addition,
some ordinary chondrites that are more fri-
able than the recovered fireballs will proba-
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bly be rejected from the catalog. However,
this will not jeopardize the validity of those
that remain.

g) 11. SELECTION CRITERIA

The four selection criteria employed are
described in this section.

(1) Successful deceleration to low velocity
(8 kmfsec)

The fundamental property of a meteoroid
which permits its recovery is the capability
of surviving as a ponderable body as it is
decelerated from its entry velocity of 11-23
km/sec down to its free fall terminal veloc-
ity of about 100 m/sec. The residual mass
M remaining after ablation of a meteoroid
as it is decelerated to zero velocity is given
by

M = M_e—‘"’m. (2)

where M, is the mass at velocity v., and o
is the average ablation coefficient (see ref-
erences in ReVelle, 1979). Dynamical
studies of the three recovered fireballs
show that a value o = 2.0 x 107® sec?/cm?
is appropriate for ordinary chondrites. (Re-
Velle, 1979). With this value of o, less than
50% of the remaining mass will be ablated
after the velocity falls below 8 km/sec.

In addition to mass loss by ablation, the
meteoroid can be destroyed by aerody-
namic pressure Pg:

Py = (Cp/2) pv?, (€))

where v is the velocity, p is the atmospheric
density at the altitude for which the veloc-
ity is v, and Cy, is the drag coefficient. The
value appropriate for a sphere in continuum
flow, Cp = 0.92, is used. By use of either
lrajectorics
(McCrosky et al., 1979) or theorctical ex-
pressions for the variation of pressure with
velocity, it is found that peak pressures are
reached after deceleration to 16 km/scc for
entry velocities of 23 km/sec and at 8
km/sec for entry velocities of 12 km/sec.
These peak pressures are =107 dynes/cm?
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for large recovered fireballs of the mass of
Lost City (~60 kg) and will be less for
smaller chondritic fireballs that are com-
pletely decelerated at the lower atmo-
spheri¢ density of higher altitudes.

These pressures are much less than the
crushing strengths of ~10° dynes/cm?
found in laboratory measurements of mete-
orites (Buddhue, 1942). Nevertheless, the
recovered fireballs were observed to frag-
ment in the atmosphere at £, values more
than 100 times smaller than their crushing
strengths. The reasons for this are not re-
ally known. It is possible that these other-
wise strong chondrites have been cracked
by interplanetary collisions and fragment
into their constituent pieces at these low
pressures. In any case, the principal differ-
ence between the recoverable chondrites
and bodies of comparable entry velocity
that fail to survive passage through the at-
mosphere is not whether or not they frag-
ment, but rather whether or not following
fragmentation strong constituent pieces re-
main that continue their flight deeper into
the atmosphere. The 53 Prairie Network
fireballs (out of 322) that continue their de-
celeration below 8 km/sec are judged to be
those most resembling the recovered mete-
orites in this regard, and were retained on
the list of candidate ordinary chondrites,
pending their satisfying the remaining
criteria.

(2) Photometric Mass Not More Than
Twice the Mean Dynamic Mass,
Calculated from Deceleration Data

By use of meteor theory it is possible to
estimate the mass of a fireball by integra-
tion of its luminosity over its flight path. On
an absolute basis, this is difficult because of
uncertainty in the value of the *'luminous
ctliciency,” the fraction of the energy loss
that is radiated as a visible light. Meteor
theory also permits measurement of a **dy-
namic mass’’ from the deceleration data as
described in the Appendix. This is also
dificult to establish absolutely because of
uncertainties in the “‘shape factor,” the
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density of the meteoroid, and particularly
fragmentation during flight. Regardless of
the absolute calibration of these mass
scales, however, physically similar objects
should exhibit a similar ratio of photometric
mass to dynamic mass. Comparison of the
physical properties of the other Prairie Net-
work fireballs with the recovered fireballs
can then be made by comparison of this
ratio with that found for a recovered chon-
drite, chosen here to be Lost City, the ratio
for which is taken to be 1.0 (by definition).
In the present work, the photometric
masses given by McCrosky et al. (1978) are
used. These values are then divided by
23.3, the ratio of the photometric mass of
Lost City (490 kg) to its dynamic mass (21.0
kg) in order to “‘normalize’’ the data to
Lost City. Dynamic masses were calcu-
lated by us from the data of McCrosky e?
al. (1979). The velocity and photometric
data for Innisfree were obtained from pre-
publication data now reported in Halliday
(1981). A photometric mass of 318 kg,
based on the principal photographed trail of
this meteorite, was calculated using the
method described by Ceplecha . and
McCrosky (1976), and thus is directly com-
parable with the photometric masses given
by McCrosky er «l. (1978). When normal-
ized to Lost City, the ratio of photometric
mass to the dynamic mass (9.6 kg) of the
principal Innisfree trail is found to be 1.4,
The equivalent ratio found for other fire-
balls varies from similarly small values up
to values =103 The very high values are
clearly inconsistent with ordinary chon-
drites, and the question at hand is how high
can the ratio be and still be considered in-
distinguishable from ordinary chondrites.
In the absence of an observationally estab-
lished range of values, the experimental un-
certainty of a factor of about 2 in this ratio
is used to define this criterion. Fireballs
with ratios less than 2.0 that of Lost City,
are retained on the candidate list, those
with ratios greater than 2.0 are dropped.
Comparison of ratios of dynamic mass to
best estimates of the actual mass at almo-
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spheric entry (Table I) suggests that for the
recovered meteorites the dynamic mass is
too low by a factor of about 2, probably as a
consequence of the fragmentation observed
even for these strong objects. In order not
to exclude small objects less likely to frag-
ment, fireballs with scaled ratios as low as
0.25 are retained rather than rejected as
being **too strong to be chondrites.”” After
eliminating bodies failing to meet this crite-
ria, the list of candidates is reduced from 53
to 32. If the fireballs with ratios in the range
0.25 to 0.50 had been excluded, this number
would be reduced to 28.

(3) End Height Agrees with the
Single-Body Theoretical Value,
Calculated Using Dynamic Mass, as
Well as with That of Lost City to
within =1.5 km, When Scaled for Mass,
Velocity, and Entry Angle in
Accordance with Classical Meteor
Theory

The dynamic mass calculated from the
deceleration data can be used to calculate a
theoretical end height by use of meteor the-
ory, as discussed in more detail in the Ap-
pendix. When this theoretical end height is
calculated for Lost City and Innisfree, the
values agree within experimental error,
with the observed end heights. This can be
considered an empirical characteristic of
the atmospheric trajectory of these recov-
ered meteorites.

Fundamentally, the observed agreement
between theoretical and observational end
heights is a consequence of the fact that if
the initial dynamic mass is correctly mea-
sured from deceleration data, and de-
creases over the entire trajectory in accord-
ance with the standard ablation law (Eq. 2),
then use of the deceleration data and mea-
surement of the end height represent equiv-
alent methods of measuring the initial dy-
namic mass. However, in practice the
techniques are not equivalent, The dynamic
masses are calculated from the decelera-
tions given by McCrosky er al. (1979) and
primarily sample the dynamic mass early in




MSS o2b

WHICH FIREBALLS ARE METEORITES 313

the trajectory, whereas the end height is
sensitive to effects occurring late in the
flight in the vicinity of the maximum dy-
namic pressure. For this reason the agree-
ment of the calculated and observed end
heights is an indication that the atmo-
spheric flight of these recovered meteorites
is “*well-behaved.’” That is to say, the fire-
ball decelerates all the way to the end of its
visible trajectory in accordance with the
same shape factor-drag coefficient product
and average ablation coeflicient applicable
to the earlier portion of its trajectory, in
spite of observed phenomena, particularly
fragmentation, that occur along the flight
path.

In order to facilitate comparison between
the recovered -and unrecovered fireballs
over a wide range of dynamic masses, ve-
locities, and entry angle, the data for all of
the fireballs were standardized by scaling to
a “‘nominal’” chondritic fireball with char-
acteristics similar to Lost City, and using
classical meteor theory. These nominal
values are given in Table 11, where they are
compared with those found for Lost City
and Innisfree. This procedure is equivalent
to comparing a theoretical value for each
fireball with its own observed end height.
These *'scaled end heights’* for Lost City
and Innisfree are seen to range from 23.0

km down to 21.2 km, and are comparable to
the nominal value of 21.1 km. Scaled
heights calculated at somewhat higher ve-
locity (~6 km/sec) for the recovered mete-
orites are slightly different, but all fall
within 21 km of the nominal value. The
~6-km/sec values could be considered
more appropriate for comparison with the
fainter fireballs that were not observed
down to as low velocities as Lost City and
Innisfree. A criterion is adopted that fire-
balls will be considered ordinary chondrite
candidates if their scaled end height agrees
with that of Lost City within =1.5 km, i.e.,
if it falls between 19.7 and 22.7 km. This
criterion corresponds to the factor-of-2 un-
certainty in dynamic mass discussed earlier
and includes all but one of the Innisfree and
Lost City values. This criterion is equiva-
lent to the criterion **AZ™ used by
Wetherill and ReVelle (1981), where AZ is
the difference (in km) between the observed
end height and the nominal value of 21.1
km. Application of this criterion removes
an additional 8 fireballs from the list, leav-
ing 24. Of these eight objects eliminated,
seven had scaled end heights that were 100
high, ranging up to 30.7 km, whereas one
had a value only slightly too low (19.5 km)
and it is doubtful that the latter should actu-
ally be excluded.

TABLE Il
ScALED HEIGHTS OF RECOVERED FIREBALLS CORRESPONDING TO MEASURED VELOCITIES NEAR END OF
TraiL
Meteorite vg Ve Za Height Scaled Mys
(km/sec) (km/sec) ) (km) height kg)
(km)
Lost City 34 14.2 52 19.5 1.2 21.0
6.1 14.2 52 22.6 21.6 .0
Innisfree:

Trail A (main) 3.7 14.5 23 209 23.0 53
6.9 14.5 23 22.2 21.2 53
Trail B (largest 2.1 14.5 23 19.8 22.5 4.1
fragment) 6.1 14.5 23 .9 20.6 4.1

Standard 6.0 150 45 2.1 = 2. 2

(calculated)
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The importance of end heights as a diag-
nostic criterion for identifying fireballs with
recovered ordinary chondrites was empha-
sized in the earlier work of Ceplecha and
McCrosky (1976). The present discussion
differs from their use of end heights in that
our work emphasizes dynamic mass rather
than photometric mass in the theoretical
treatment of end heights. We also make use
of classical meteor theory in our scaling
laws, in contrast to the empirical expres-
sion used by Ceplecha and McCrosky.
Nevertheless, as discussed later, it will be
seen that the set of actual fireballs identified
as ordinary chondrites is very similar to
that of these earlier workérs.

(4) Similarity of the Shape of the
Photometric Lightcurves to Those of
Recovered Meteorites

The photometric luminosity of the recov-
ered fireballs exhibit certain common fea-
tures. The visible trail begins as a meteor of
of about —2 magnitude at an altitude of 70-
100 km. It becomes steadily brighter as it
penetrates deeper into the atmosphere,
passes through a maximum, and then fades
as the velocity decreases as a consequence
of atmospheric drag. The meteorite be-
comes too faint to be observed at an alti-
tude ranging from 13 km in the case of
Pribram to 20 km for Lost City and In-
nisfree. Below these altitudes, the meteor-
ite falls to the ground invisibly at its termi-
nal velocity of about 100 m/sec.

The differences between the lightcurves
of the three recovered meteorites can be
used to help understand the range of varia-
tion in light curves that are possible be-
tween different ordinary chondrites. (Fig.
1).

In this comparison no significance should
be attached to differences in end height or
absolute magnitude. These factors have al-
ready been included in previous criteria.
The only consideration is the shape. On
theoretical grounds, the effect of a meteor-
ite having a higher end height will be to
displace the altitude of maximum luminos-
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Fic. 1. Lightcurves of the recovered fireballs Pri-
bram, Lost City, Innisfree. Masses are estimated from
the photometric mass, divided by the constant factor
of 13 (last column, Table ). Absolute magnitude (ab-
scissa) is scaled for mass to facilitate comparison (see
text).

ity upward a distance approximately equal
to the differences in end heights. For fire-
balls with the same entry velocity, the ratio
of their intensity will be approximately pro-
portionate to the ratio of their photometric
masses. In terms of magnitude, this means
that an intensity or mass ratio a corre-
sponds to a difference in the maximum lu-
minosity of about 2.5 log @, i.e., 2.5 magni-
tudes for each factor of 10 in mass. At the
upper end of the lightcurve, at any given
altitude a mass ratio @ should produce an
intensity difference of a*3 corresponding to
a difference of } log a. The shape of other
lightcurves thus can be compared with Lost
City by displacing them horizontally to
compensate for the ratio of photometric
masses. The lightcurves should then ap-
proximately match at higher altitudes, the
end height and altitude of maximum lumi-
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nosity - should be displaced upward by
roughly equal amounts. This horizontal dis-
placement has been made in Fig. 1, and the
abscissa is therefore labeled **scaled magni-
tude.”

The lightcurve of Lost City appears
““ideal’* except for a small flare at 32 km.
This flare is not apparent in the tabulation
of McCrosky er al. (1979), but is presented
in the more detailed discussion of
McCrosky er al. (1971). If this were the
only comparative data available, there
would be good reason to doubt the recov-
erability of fireballs with more irregular
lightcurves. However, Pribram and In-
nisfree exhibit considerable irregularities.
Pribram reaches maximum luminosity far
above its end height and exhibits several
flares. Innisfree undergoes fluctuations in
brightness, culminating in a bright flare
(magnitude ~11) near the end of its visible
trajctory. If this ordinary chondrite had
been observed at a greater distance and had
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Fia. 2. Lightcurves of four Prairie Network fireball
that fail the criteria of this paper.
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Fi1G. 3. Lightcurves of the four largest Prairie Net-
work fireballs satisfying the **meteoritic’” criteria of
this paper. Masses estimated as in Fig. 1.

not been recovered, it might have been con-
cluded that this flare represented its nearly
complete disintegration.

Not all fireballs exhibit the fairly weli-
behaved lightcurves measured for the re-
covered fireballs. Several of these are
shown in Fig. 2. On the basis of these light-
curves, as well as their failure to satisfy the
preceding three criteria, it is very unlikely
that these objects are recoverable meteor-
ites. Characteristics associated with the
lightcurves of these fireballs are irregulari-
ties (especially sudden flares in brightness),
very high luminosities while still at high
altitudes, and absence of the final fading
portion of the lightcurve.

Most of the fireballs satisfying the first
three criteria appear more similar to Lost
City than do Innisfree and Pribram. This is
llustrated in Fig. 3 where the lightcurves of
the four most massive Prairie Network fire-
balls satisfying criteria (1), (2), and (J),
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FiG. 4. Comparison of lightcurve of Pribram with
those of two meteoritic fireballs exhibiting maximum
intensity at high altitude.

40590 (Lost City), 41275, 40617, and
39113A are plotted.

The scaled magnitudes of two fireballs
satisfying the first three criteria but with
anomalously high altitudes of maximum in-
tensity are shown in Fig. 4. They share this
property with Pribram, and this therefore
cannot be a criterion for rejecting a fireball
as a probably ordinary chondrite.

Figure 5 presents lightcurves for those
previously selected fireballs that exhibit
flares or a fairly large degree of irregularity
in luminosity. Inasmuch as Innisfree and
Pribram, and to a lesser extent Lost City,
exhibited flares, some flaring is no
disqualification.

However, the lightcurve of one object
(41327) is considerably more irregular than
even Pribram and Innisfree, and on some-
what subjective grounds has been dropped
from the list of fireballs with physical prop-
erties indistinguishable from recovered or-
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dinary chondrites. The remaining 23 fire-
balls pass all four criteria. Their physical
characteristics are listed in Table Il1.

In the foregoing selection several meteor-
ites have been eliminated on the grounds
that they appeared to be *‘too strong'
(photometric/dynamic mass <0.25) or *‘too
penetrating’® (scaled end height <19.7 km).
These characteristics should not preclude
recovery of the meteorite, and objects with
these properties should be present in mete-
orite collections. In one case (39863A) it is
quite possible that an unusually large error
in the dynamic mass has caused both the
mass ratio to be too high and the scaled end
height to be too low. If it is remembered
that these bodies may be different from or-
dinary chondrites it seems worthwhile to
include them on the *‘meteorites’ list in
some way, and for this reason these objects
are listed in Table III, marked with an as-
terisk.
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FiG. 5. Lightcurves of Prairie Network fireballs sai-
islying first three criteria, but exhibiting more than
usual irregularities in their lightcurves.
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& TABLE Il

FIREBALLS PROBABLY ASSOCIATED WITH RECOVERABLE METEORITES, USING CRITERIA DiscussEp IN TEXT

Prairie Network  Scaled  Initial Mypowd Entry Final Ground Ceplecha~ PE
number end  dymamic  Mgpame  velocity  velocity  search?  McCrosky
height mass (norm. 1o (km/sec) (km/sec) type
(km) (kg)  Lost City)
39057 21.8 0.063 0.9 14.4 6.8 No I —-4.48
39065 227 0.135 1.9 17.2 8.0 No 11 -4.62
30113A 21.8 2.480 0.7 14.9 8.0 No 1 -4.71
39128 22.4 0.170 0.9 13.4 7.1 No I -4.50
39182 21.9 1.100 0.3 17.5 7.1 No I -4.29
39409 19.8 0.239 2.0 3.7 6.6 No I -4.07
394328 2.6 0.038 1.0 17.0 7.1 No 1 -4.44
39499 227 2.080 1.2 12.4 1.0 No 1 -4.62
19812 20.8 0.251 1.2 15.3 7.1 No 1 -4.50
JUB2TA 21.6 0.030 1.7 15.5 8.0 No 11 -4.70
39850 20.8 0.269 1.2 14.4 7.0 No 1 -4.36
39863A° 17.1 0.106 32 20.3 7.1 No | -4.15
39240 19.5 3.140 0.8 17.3 6.1 Yes I -4.31
40261 21.0 0.79 0.8 17.8 6.2 Yes 1 -4.19
40318A 21.1 0.036 1.4 1.5 7.0 Yes 1 -4.73
404288 21.0 0.505 0.5 15.4 6.9 Yes 1 -4.33
40590 (Lost City) 21.2 21.000 =1.0 14.2 3.4 Yes ] -4.44
40617 219 3.400 1.0 13.2 4.6 Yes 1 -4.56
40660B* 19.1 2.130 0.2 26.7 6.1 Yes i -1.87
40910 . 20.0 1.780 0.6 16.4 6.8 Yes I —-4.25
40996 20.5 1.620 0.3 13.7 4.2 Yes I —4.48
41275 20.5 8.900 0.5 13.1 3.8 Yes 1 —4.30
41280 20.6 1.070 0.3 13.3 5.4 Yes I —4.58
41432 21.8 0.950 0.3 12.8 7.2 Yes I -4.46
41827 19.7 0.010 1.6 14.3 1.5 No 1 -4.46
42149 22.0 0.047 0.8 18.3 5.6 No 1 -4.20
42357A° 21.6 0.216 0.2 12.3 7.2 No 1 -4.33
Innisfree (average) 21.8 9.6 1.4 14.5 3.7 Yes ] -4.65
Pribram — — 209 7 Yes I ~4.49

¢ Probably recoverable, but could be **stronger’” than recovered chondritic fireballs. See discussion in text.

The physical characteristics of the re-
maining fireballs with final velocities below
8 km/sec but failing one or more of the
other criteria, are given in Table 1V,

I1l. COMPARISON WITH EARLIER WORK

A number of authors have suggested that
some of the unrecovered Praivie Network
fireballs should be equivalent to ordinary
stone meteorites (e.g., Baldwin and Sheal-
fer, 1971). McCrosky et ¢l. (1971) identified
40617 as one such object, but argued that
the large photometric mass/dynamic mass
discrepancy of Lost City was the result of

an unusual shape factor for Lost City, and
that low density (~0.8 g/cm® was a more
common cause of the discrepancy between
photometric and dynamic mass, including
those fireballs subsequently identified by
Ceplecha and McCrosky (1976), as proba-
ble ordinary chondrites. Bronshtén (1976)
made passing use of an end height criterion
similar to that of the present work to show
that 6 of 29 otherwise unidentified Prairie
Network fireballs decelerated more in ac-
cordance with meteor theory than fireball
39000, chosen as a standard. Bronshtén did
not pursue this point, but instead went on
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TABLE IV

PHYSICAL DATA FOR FIREBALLS DECELERATING TO <8 km/sec 8UT FAILING ONE OR MORE OF THE OTHER

CRITERIA

Prairie Scaled end Initial Monow/ Entry Final Ground  Type PE
Network height dynamic [T P velocity velocity search?

number tkm) mass (km/sec) {km/sec)

tkg)
A. Fireballs satisfying scaled end height crilerion (3) but with m,p0/Maynamic > 2.0
39129 21.0 0.060 2.4 12.6 7.3 No 11 -4.61
39169 19.2 0.030 12.4 1237 7.5 No 1 —~4.42
394040 20.0 0.337 5.0 15.3 4.5 No 11 — 4,65
39423 21.0 0.023 11.8 34.6 5.7 No 11 -4.72
394767 19.8 0.090 2.2 19.8 7.9 No I —-4.48
397168 223 0.028 15.4 14.0 7.6 No 11 -5.06
39921C 19.8 1.640 2.9 14.5 1.6 Yes 11 -4.77
40026A 21.3 0.022 81.1 22.9 7.5 No 11 —4.98
40151° 209 6.331 23 13.4 5.2 Yes 11 -4.66
40405 20.2 0.391 1.7 14.8 1.3 Yes 1l —-4.77
40433A a2 0.172 5.0 13.1 7.8 No 11 -4.84
408067 20.2 0.495 2.1 13.5 5.7 Yes I —-4.54
41298 20.2 0.257 5.3 15.3 6.9 Yes 1l -4.72
B. Fireballs satisfying Mppow/ Maynamic < 2.0 but with scaled end height >22.7 km
39usse 25.7 0.069 0.42 16.0 4.9 No 1 —-4.40
39078° 235 0.309 0.70 10.8 6.8 No 11 —-4.72
39143 30.7 0.656 0.53 20.5 7.8 No 11 -4.71
398| 50 23.7 2.350 0.73 13.3 4.0 Yes I -4.51
39935° 24.0 67.300 0.70 17.8 7.4 Yes I —4.32
39972 2385 0.0037 1.90 18.1 6.3 No 1 —4.46
40317A7 29:2 6.280 0.02 19.1 7.9 No 1 -4.32
41014 24.0 0.0139 2.00 17.2 T2 No 1 —-4.47
C. Fireballs that do not satisfy either criterion (2) or (3)
39425 228 0.544 3.7 19.7 8.0 No 1l —4.68
39434 231 18.31 10.0 14.5 6.9 Yes 11 -5.19
39667 233 0.058 2.7 13.7 8.0 No 11 -4.71
399848 23.4 0.055 2.4 14.8 6.6 No Il -4.71
D. Fireball otherwise passing criteria but with very irregular lightcurve
41327 22.3 0.215 1.0 13.4 7.7 No 1 —4.55

? Fireballs would satisfy criteria (1) to (3) if dynamic mass were changed by a factor of 2 or less.

to argue that the 1908 Tunguska meteroid
was similar to the remaining fireballs. This
is difficult to establish, however, because
neither a final velocity nor an accurate mass
value is available for Tunguska.

Ceplecha and McCrosky (1976) have
classified fireballs by use of a criterion
“PE" defined by:

(PE) = log p + log (cos Zy)~'®

+ log (M=) + log (va)"*?, (4)

where p is the atmospheric density at the
end height in grams per cubic centimeter,
Zy is the entry angle (measured from the
zenith), M. is the entry mass (photomet-
ric) in grams (using the luminous efficiency
relationship described in their paper), and
V= is the atmospheric entry velocity in kilo-
meters per second.

In addition to PE, Ceplecha and
McCrosky (1976) defined two other param-
eters (5, Spe) that were found to be of
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similar value in the classification of fire-
balls, but which are not individually tabu-
lated, an average value (SDp) calculated by
three methods being given instead. In re-
sponse to questions raised regarding the va-
lidity of the photometric mass values, Ce-
plecha (1980) has defined an additional
parameter (AL) that differs from PE by use
of the more directly observable integral lu-
minosity instead of the photometric mass.
As discussed earlier, the value of the lumi-
nous efficiency and the absolute value of
the photometric masses are not an issue in
the discussion of the present paper. For the
most part a discussion of the AL criterion
would parallel that of PE. Because princi-
pal emphasis has been placed on PE, and
because values of the other parameters for
individual fireballs have not been pub-
lished, this discussion will be limited to the
parameter PE.

This criterion is based on a modification
of the classical single-body expression for
the end height (see Appendix for more de-
tails)
bpm?

DS

13
C (COS ZR.) deuse—(mrmm!

F

{Edov.?/6 — ERavg?/6)}, (5)
where o is the ablation coefficient, and
Ei(x) is the exponential integral, v is the
velocity at which the atmospheric density p
is reached, and the coefficients b, p,,, Cp, ¥
are defined in the Appendix.

The value of PE in Eq. (4) represents a
deviation of the observed end height from a
value given by the terms dependent on the
parameters Zy, M., and v.. These same
parameters appear in Eq. (5), but the de-
pendence of p on the parameters is differ-
ent, If (4) is tranposed so that p appeiars on
the left-hand side, Eqgs. (4) and (5) can be
compared. The entry mass M. occurs
raised to the () power in Eq. (5) and to the
0.42 power in (4), cos £, lo the first power
rather than 1.29, and the dependence on v,
1s simplified 10 a simple power law in Eq.
(4). The exponents in Eq. (4) were deter-
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mined by statistical least-squares fit of the
observed end heights to a sample of 156
Prairie- Network fireballs. From the obser-
vational data it was found that the value of
PE ranged from —3.47 to —7.13. Deeply
penetrating fireballs with low end heights
(large atmospheric density p) have rela-
tively high (small negative) values of PE for
the same values of Zgz, M., and v.. The
exponents in Eq. (4) represent an empirical
scaling for entry angle, mass, and velocity
in order to compare the **atmospheric pen-
etrating power’’ of different fireballs. By
use of the PE criterion fireballs were
classified into four groups:

() -4.60 < PE,

(1D -5.25 < PE = —4.60,
(111A) -5.70 < PE = -5.25,
(111B) PE < =5.70.

The most penetrating fireballs belong to
group | and are identified with ordinary
chondrites by these authors. The most nu-
merous group, group 11, is less penetrating
and is identified with carbonaceous chon-
drites. Group IIIA is even less penetrating,
and is identified with cometary material.
II1B fireballs are the weakest of all and are
also presumed to be cometary. One Lype-
11IB object (39043) is a Draconid meteor:
these were already known to be very weak
objects from small-meteor data.

Values of PE and Ceplecha-McCrosky
type are given for the fireballs that survived
to velocities less than 8 km/sec in Tables
111 and 1V. Most (22 out of 27) of the fire-
balls identified with recoverable meteorites
(Table [Il) are types I, the remainder type
II. In contrast most of the objects in Table
1V are type . Thus there is considerable
similarity between the fireballs identified by
the PE criterion of Ceplecha and McCrosky
and the criteria used in the present work.

The relationship between the criteria
used in this work and PE can be seen by
combining Egs. (4) and (5). The atmo-
spheric density p is the density at the ob-
served end height and will be designated p;.
The density p in Eq. (5) is the theoretical

M$§ =02
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density at which the velocity is equal to the
final velocity vg. This will be designated
per- These atmospheric densities are re-
lated to the observed and theoretical end
heights Z; and Z by the relation

P =3 pﬂe_b" (6)

where p, is the density at sea level, and b is
the reciprocal scale height of the atmo-
sphere. From (4)

pg = 10PEM . 04%(cos Z ) 9, =149, (7)

Dividing the expression for pgy (Eq. 5) by
Eq. (7), expressing density in terms of alti-
tude by Eq. (6) one can solve for PE:

PE = b(Zg - Z;)loge
+ 1/3 log(M yu/M )13
+ log{g(ve, vg)vt®
(Cos Z3)~%2 M )
+ loglbpp™/CSs), (8)

where g (va, vg) is the velocity-dependent
factor in Eq. (5). The first two terms repre-
sent criteria used in this article. The first
corresponds to the requirement, criterion
(3), that the observed and theoretical end
heights be in agreement. The second term is
a function of the ratio of the dynamic and
photometric mass and corresponds to crite-
rion (2). The final term is a constant for
bodies with the same physical properties.
Except for differences in the third term, it
can be seen that two ordinary chondrites
with Zp = Z., and the same ratio of
(M yx/M ) would have the same value of
PE. The third term is a fairly slowly varying
function of the parameters v, vy, Zy, M,
and o. For v = 6 km/sec and ¢’s ranging
from 0.015 to 0.025 sec?/km?, the extreme
variation in the contribution of the velocity
dependent portion of the third term is 0.42,
as v varies from 13 to 24 km/sec. The
contribution of PE from M;2% varies by
0.179 from 1 to 100 kg, while that from cos
Zy varies by 0.202 from 30 to 80°. There-
fore, although the third term in Eq.(8) is far
from dominant it can cause sullicient varia-
tion in PE to sometimes shitt fireballs satis-

‘r/ Th )’”
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fying the criteria of this article between
types I and 11,

The general agreement (for fireballs with
final observed velocity =<8 km/sec) be-
tween the present work and that of Ce-
plecha and McCrosky shows that either of
these approaches are capable of identifying
meteorites among the fireballs. Neverthe-
less, there are conceptual and practical dif-
ferences between the two treatments:

(1) In developing the PE criterion, a sin-
gle scaling law was fit to fundamentally dif-
ferent types of objects. However, the de-
pendence of the end height is demonstrably
different for different types of fireballs. It
has already been shown that a large number
of fireballs, including those identified as
similar to ordinary chondrites have end
heights corresponding to atmospheric den-
sities that scale as My.'3. On the other
hand, the end heights of some fireballs are
essentially independent of their mass. This
may be seen in Table V, which shows data
for three fireballs belonging to the northern
x-Orionid meteor stream. They have nearly
equal entry velocities, and the variation in
cos Zp corresponds to a range of end
heights of only 3 km. However, the large
mass ratio (~5 x 10%) would imply end
heights differing by 27 km for M3 scaling
and by 33 km for M%* scaling. The end
heights are essentially identical despite the
large mass ratio. It is likely that these ob-
Jects are breaking up by aerodynamic pres-
sures of ~10° dynes/cm?, independent of
their mass. For this reason, it does not
seem best to permit end heights of bodies of
this kind to influence the determination of a
scaling law also used for objects with the
physical properties of ordinary chondrites.

(2) Final velocity, deceleration, and light-
curve shape are certainly relevant to an-
swering the question: Which flirebulls re-
semble ordinary chondrites? In answering
this question, it would seem preferable to
use all this available data in the best way
possible, rather than allow some to remain
unused. Ceplecha (1980) discusses the er-
rors inherent in the use of deceleration data
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TABLE V

NORTHERN x ORIONID FIREBALLS, SHOWING Lack oF DEPENDENCE OF END HE1GHT ON Mass

Object Photometric Mag. a e i W i1 Date End
mass estimates (AL) *) ) (°) height
{see note [ thm)
Table 1) (g)
ENQ41275 ~7 =21 198 = 0.18 076 3.5° 174 252 12/4/74 36
ENO031267 1100 =11 2.20 079 39 173 250 12/3/67 i3
PN42388 160 -9 222 0.79 2.8 176 255 12/7/74 5
Small x Orionids 222 0.79 2 179 258 12/4-5

to calculate dynamic masses. These errors
are certainly present, and as discussed in
Section II are the ultimate limitations on
the resolution of criteria (2) and (3). How-
ever, there are also uncertainties in pho-
tometry and in the uniformity of the physi-
cal processes which determine the
lightcurve and hence the photometric mass.
The remarkable thing is that in spite of
these obstacles, the data for various fire-
balls do fit together in a consistent manner,
and this property is not limited to those
parameters used in the PE criterion.

(3) The PE criterion is described by its
authors as semiempirical and of statistical
nature. The empirical aspect of the expres-
sion leads to the third term of Eq. (8). In
addition to the reservations expressed ear-
lier concerning the validity of the expo-
nents in this term, expressing the velocity
dependence as a function of v, alone,
rather than both v, and vg, leads to the
statistical nature of the PE criterion. In
some unspecified way vg is implicitly aver-
aged over the fireballs so that it does not
appear in the final expression. The conse-
quence is that only on the average can one
expect a fireball assigned to type I to actu-
ally be physically indistinguishable lrom or-
dinary chondrites. If this were the best one
could do, very valuable information could
still be obtained, but use of individual
values of vy permil more certain iden-
tification of individual fireballs.

(4) In choosing the PE criterion from
among several alternatives, Ceplecha und

McCrosky (1976) emphasized its power to
resolve the fireball groups. As will be dis-
cussed briefly in Section V it is doubtful
that types I and II should be clearly resolv-
able.

Use of fireball data to infer the physical
properties of the meteoroid can be thought
of as an inversion problem requiring sup-
plemental data to provide the uniqueness of
the solution. In the present work the con-
viction that there must be many faint ordi-
nary chondrites among the fireballs is given
more weight than the assumption that there
must be groups with resolvable physical
properties.

IV. METEORITE ORBITS

The orbital elements of the fireballs
identified as having physical properties
very similar to those of the recovered ordi-
nary chondrites are listed in Table VI,
based on the data given by McCrosky er al.
(1978). As pointed out earlier, there are
other meteorite classes, such as achon-
drites, enstatite chondrites, and some car-
bonaceous chondrites that are physically
indistinguishable from ordinary chondrites.
and it can be expected that about five of the
objects in Table VI are of these other mete-
orite lypes,

The mass distribution of the fireballs
listed in Tuble VI is shown in Fig. 6. Al-
though the statistics are insuflicient to de-
termine a mass distribution, the data fall in
the general range of mass distributions
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TABLE VI

OreITaL ELEMENTS OF FIREBALLS WITH PHYSICAL CHARACTERISTICS OF ReCOVERABLE METEORITES

Fireball a e i w 1 q (] vg Ve A
(AU) (AU) (AU) (km/sec) (km/sec) (antapex)
)
39057 4.2 0.76 0.1 6 30 0.99 7.3 6.8 14.4 10
39065 1.12 0.44 0.1 100 8 0.63 1.6 8.0 17.2 96
WIil3A 1.96 0.54 5.4 218 267 0.91 3.0 8.0 14.9 59
39128 2.00 0.51 5.6 188 282 0.98 o 1.1 13.4 32
39182 2:22 0.62 4.4 232 337 0.85 36 7.1 17.5 70
392407 2.04 0.53 16.6 210 34 0.96 31 6.1 17.3 69
39409 .44 0.83 13.3 108 17 0.41 4.5 6.6 3.7 99
319432B 2.50 0.66 2.9 227 220 0.87 4.2 il 17.0 62
39499 2.00 0.51 0.9 1 108 0.98 3.0 7.0 12.4 6
39812 1.25 0.35 9.4 72 55 0.81 1.7 5 | 15.3 84
39827A 1.01 034 . 1.8 287 250 0.66 1.4 8.0 15.5 110
39850 1.82 0.48 6.4 147 273 0.93 2.7 7.0 14.4 57
J9863A° 2.56 0.65 21.8 17 287 0.91 4.1 s 20.5 77
40261 2,43 0.66 4.5 50 140 0.85 4.1 6.2 17.8 : 68
40318A 0.93 0.13 1.7 135 197 0.81 1.0 7.0 11.5 : 112
404288 1.89 0.46 15.7 170 123 1.01 2.7 6.9 15.4 73
40590 (Lost
City) 1.67 0.42 12.0 161 283 0.97 2.4 3.4 14.2 61
40617 2.00 0.52 33 194 31 0.98 3t 4.6 13.2 3l
4066087 2.56 0.62 38.1 201 354 0.97 4.2 6.1 26.7 91
40910 1.14 0,43 0.7 98 52 0.64 1.6 6.8 16.9 85
40996 1.82 0.46 9.5 181 325 0.99 2.7 4.2 13.7 47
41275 0.86 (=23 6.9 138 57 0.66 i:1 38 13.1 118
41280 2.50 0.60 1.5 179 242 0.99 4.0 5.4 133 9
41432 0.74 0.36 1.4 185 215 0.47 1.0 1.2 12.8 17
41827 2.04 0.51 9.5 188 63 1.01 3.1 T 14.3 45
42149 1.47 0.32 24.4 195 21 0.99 1.9 5.6 18.3 75
42357A° 0.76 0.31 4.7 180 46 0.52 1.0 7i2 12.8 159
Innisfree 1.77 0.44 12 178 317 0.99 2.5 37 14.5 57
Pribram 2.40 0.67 10.5 242 17 0.79 4.0 7. 20.9 77

® See note on Table [V.

based on recovered meteorites and on other
considerations. The assumption that many
ordinary chondrite fireballs less massive
than Lost City must occur in the Prairie
Network data does not lead to the overa-
bundance of small bodies that would result
if our criteria were too permissive. On the
contrary, the number of bodies smaller than
1 kg is still deficient, and must be explained
as resulting from selection of brighter fire-
balls in the data reduction by McCrosky
and his co-workers.

The orbital elements of these bodies
cover a wide range. With three exceptions,

GE AR 0

L Z0° & BRZZa X, 3 7 By k.
the inclinations are within 20° of the eclip-
tic. Aphelia and semimajor axes exhibit the
wide spread expected in a general way for
bodies whose orbits have evolved as a
result of close encounters with the Earth.
As shown in Fig. 7, the distribution of peri-
helia is sharply peaked at the Earth's orbit,
leading to the distribution of true geocentric
radiants shown in Fig. 8. These results are
in agreement with previous studies of the
radiant and time of fall distributions of re-
covered visually observed meteorites. The
value of these observations is affirmed, op-
posing the criticism that such results are
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FiG. 6. Cumulative distribution of estimated mass (photometric mass/13) of fireballs selected as
meeting all meteoritic criteria. The falloff in number below ~1 kg is attributed to selection related to
approaching the sensitivity limit of the cameras near the end of the trajectory.

invalidated by social biases (Fisher and
Swanson, 1968, discussed by Wetherill,
1969). .

These results extend the data base avail-
able for theoretical treatment of meteorite
sources, and will be discussed in that con-
text in a subsequent investigation.

V. OTHER OBJECTS

Of the 287 Prairie Network fireballs for
which deceleration data exists, 27 have
been identified as having physical proper-
ties essentially as strong, or even somewhat
stronger than the three recovered ordinary
chondrite fireballs. What about the rest?
These will not be discussed in any detal at
this time; the principal goal ol the present
paper is to provide a catalog of fireballs
which have a high probability ol being ordi-
nary chondrites or other strong meteorites.

It should be pointed out that the other
objects surviving deceleration to 8 kim/sec,

& Fa/s ICF 1= % dorh.

listed in Table 1V, are by no means "'dust-
balls,’" any or all of them could be recover-
able meteorites. Those footnoted in Table
IV would satisfy both the end height and
mass ratio criteria if the dynamic mass were
increased by a factor of 2 or less, possibly
resulting from uncertainty in the decelera-
tion data. On the other hand, most of these
bodies also exhibited suspicious irregulari-
ties in their lightcurves, and there is some
basis for suspecting they represent different
types of recoverable meteorites.

This is especially true for those objects in
Table IVA that decelerated to <8 km/scc
ina*‘well-behaved™ way, the observed end
hetght agreeing with the theoretical end
height. In these cases, the higher mass ra-
tios could be at least in part the result of
lower material density inasmuch as the cal-
culated dynamic mass varies inversely as
the square of this density, and the theoreti-
cal scaled end height is independent of the
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Fig. 7. Distribution of perihelion vs semimajor axis for fireballs satisfving meteoritic criteria. Except
for fireballs with very small semimajor axes, perihelia tend to cluster near 1 AU,

material density. Photometric to dynamic
mass ratios of 1.1 to 3.1 could correspond
to mechanically strong bodies with the
range of densities (2.1 to 3.5 g/cm?) found

| METEQRITIC FIREBALLS: 72% < 90°
VISUAL CHONDRITES: 73% < 50°
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FiG. 8. Distribution of true geocentric radiant of
meteoritic fireballs (measured from the antapex of
Earth’s heliocentric erbit). In agreement with visual
observations (Astopovich, 1937; Whipple and Hughes,
1955; Simonenko, 1975) radiants less than 9P predom-
inate. This phenomenon is responsible for the excess
number of alternoon chondrite Falls (Wetherill, 1968).

for carbonaceous chondrites and some
achondrites. Mass ratios up to ~6 could be
accommodated within the nominal uncer-
tainty of a factor of two in dynamic mass.
The ratios >6 difficult to explain in terms of
density, and probably are related to exten-
sive fragmentation at a high altitude, possi-
bly combined with density differences.
Even within the group of ordinary chon-
drites, the full range of mechanical strength
is poorly represented by the three recov-
ered fireballs. For example, thousands of
small fragments of the ordinary hyper-
sthene chondrite Holbrook have been re-
covered, each with individual ablation fu-
sion crusts. The total number of recovered
fragments is ~10% and the actual number is
possibly much greater (Hey 1966). The
change in **shape factor'* [Eq. (10), Appen-
dix] resulting from fragmentation into n
equal size fragments is n*3, and M is pro-
portional to n [Eq. (9)]. Therefore use of the
shape factor for a single sphere in Eq. (9)
when a factor n'® times as great should
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have been used, could result in a large un-
derestimation of M . In fact, it is somewhat
surprising that the photometric and dy-
namic masses agree as well as they do in
view of the high-altitude fragmentation ob-
served for all three recovered meteorites.
This could be a result of a fragmentation
law such that most of the mass occurs in the
largest fragment. This body will undergo
the least deceleration. The measured dy-
namic mass may then be based on the light
from this leading fragment. In the case of
Holbrook, adding up the mass of recovered
fragments yields a total mass estimated to
be about 30 times the mass of the largest

MSS-02"]
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fragment. If this fragmentation occurred at
high altitude, the measured photometric
mass/dynamic mass ratio could have been
~30 for Holbrook. This matter can be re-
solved only by obtaining **ground truth’ by
recovery of fireballs exhibiting a greater

range of physical properties.

In view of the foregoing discussion, it
does not seem likely that there should be a
sharp distinction between the physical
characteristics of ordinary chondritic and
carbonaceous chondritic fireballs, nor that
meaningful densities can be calculated by

combined use of photometric masses and Ao

dynamic masses. [n some general way, it is

TABLE VI

ORBITAL ELEMENTS OF FIREBALLS WITH vy <8 km/sec BUT FAILING ONE 0R MORE CRITERIA

Fireball a e i w [§] o ¢ vg v A
(AU) ) ) (] (Al) (AU) (km/sec) tkm/sec) %)
A. Fireballs satisfying scaled end height criterion (3) but with Mopos! Maynamic = 2.0
39129 2.00 0.51 1.5 15 103 0.97 30 7.3 12.6 L
39169 .32 0.70 13.0 245 4 0.70 39 7.5 27 B
39404 1.28 0.35 12.0 249 192 0.83 1.7 4.5 153 hE)
39423 2:27 0.89 10.5 307 211 0.24 4.3 3.7 4.6 107
39476 1.89 0.62 7.1 12 83 0.73 L8| 1.9 19.8 §2
397168 1.72 0.45 6.7 214 141 0.96 25 1.6 14.0 35
39921C 1.75 0.45 9.4 206 346 0.96 2.6 1.6 14.5 iy
40026A j.o3 0.75 15.1 244 B8 0.77 5.3 T8 PR 8o
40151 2.38 0.58 1.0 183 209 0.99 38 5.2 13.4 3
40405 2.44 0.60 3 208 101 0.97 39 7.3 14.8 43
40433A 2.33 0.56 1.5 182 128 1.01 36 7.8 13.1 K
40806 0.80 0.29 9.5 19 135 0.57 1.0 5.7 13.5 130
41298 227 0.60 35 33 80 0.92 36 6.9 15.3 52
B. Fireballs satisfying m jp,u /M gynemie <2.0 bul with scaled end height >22.7 km
39055 2.50 0.61 12,7 200 208 0.97 4.1 4.1 16.0 M
39078 1.01 0.03 0.1 12 51 0.9 1.0 6.8 10.8 44
19143 2.27 0.67 6.4 248 298 0.74 18 7.8 0.5 il
39815 2.44 0.59 0.3 183 238 0.99 18 4.0 13.3 1
39935 233 0.63 5.8 238 359 0.47 R 7.4 17.8 it
39972 5.55 0.84 33 213 36 0,93 10.4 6.3 18.1 N2
W317A 1.69 0.56 1.7 73 196 0.78 27 7.9 19.1 82
41014 2.63 0.64 14.8 156 343 0.96 4.3 1.2 T2 60
C. Fireballs that do not satisly either criterion {2) or (3)
Ju42s 2.13 (.54 26.3 168 24 U 33 8.0 19.7 il
RETRT 0.71 0.43 34 197 42 (L4t 1.0 6h.Y 14.5 143
667 2.63 0.62 4.7 16y 4 [ 4.3 8.0 13.7 6
vy84B 2.13 .55 4.1 Rl 227 .96 33 6.6 14.8 7
D. Fireballs otherwise passing criteria bul with very irregular lightcurve
41327 1.42 0.46 6.1 189 90 0.9y 6 1.3 13.3 44
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plausible to associate bodies with the
higher scaled end heights and larger

photometric /dynamic mass ratios in Table
[V with the less dense (CM, CO, C1) carbo-
naceous chondrites that represent a
significant proportion of the recoverable
fireballs (~3%) and probably a higher frac-
tion of all the fireballs, in view of the de-
creased probability of recovery of highly
fragmented material.

Orbital data for the fireballs in Table 1V
are given in Table VII. These are not very
different from those in Table VI and no
significant difference in conclusions regard-
ing the orbital distribution of ordinary
chondrites will result if borderline cases are
transferred from Table VII to Table VI or
vice versa.

In addition to the 53 fireballs exhibiting
deceleration to <8 km/sec there are 269
others with higher final velocities. Many of
these are small high-velocity objects that
may have simply ablated to negligible mass
while still above 8 km/sec. Others (e.g. the
fireballs in Table V) appear to have me-
chanically disintegrated. Discussion of the
properties of such bodies is beyond the
scope of the present work. It should be
pointed out, however, that some of these
remaining fireballs did decelerate to their
observed final velocities in accordance with
the single-body theoretical value (Eq. (12),
Appendix) and had photometric/dynamic
mass ratios similar to Lost City. The choice
of 8 km/sec for the first criterion is not
entirely arbitrary, In spite of other differ-
ences. most authors agree that at only
slightly higher velocities the luminous
efficiency is high enough to permit observa-
tion of a surviving body of significant mass.
Therefore before “'certifying'” these other-
wise well-behaved bodies as ordinary chon-
drites, some good explanation must be
given regarding why they were not ob-
served at lower velocities,

=1 — —_— —

APPENDIX: CALCULATION OF DYNAMIC
MASSES AND SCALED END HEIGHTS

The calculations are made by use of sin-

156 =1
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gle-body meteor theory (Bronshtén, 1964:
Mclntosh, 1970; ReVelle, 1979). Decelera-
tion measurements (McCrosky et al., 1979)
for all 287 Prairie Network fireballs for
which data are reasonably self-consistent
was used. Data for Innisfree were obtained
from I. Halliday.

Dynamic masses were calculated from
the deceleration data by use of the expres-
sion:

(CpSep)°v

Pm'(v)?

where § and v are the instantaneous values
of deceleration and velocity, respectively.

My(r) = 1/8 9)

Pm 15 the material density of ordinary
chondrites (3.7 g/cm?):

p is the atmospheric density at the
height corresponding to ¢ and v
(NOAA, 1976);

Cp is the dimensionless drag coefficient
=0.92;
Sy is the shape factor:

Sp =AM~y 23

= 1.209 (sphere); (10)

A is the cross sectional area (7r2 for a
sphere);
My is the mass corresponding to v and .

Initial dynamic masses M,. were ob-
tained from each of the instantaneous
masses from:

Mdm = Mden-fauzw-vxl’ (1n

where v, is the initial atmospheric entry
velocity

a is the effective ablation coefficient =2
X 1072 sec?cm?

Average values of M. for each fireball
were calculated from the unweighted mean
of the individual values.

Theoretical final atmospheric densities
per were calculated from the expression:

_ bpncos Z M
CpS¢
[Eilovs?/6) — Eilovg?/6)),

e vi=g

ET

(12)
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where & is the reciprocal scale height of the
atmosphere (~7 km).

Z y is the entry angle of the fireball, (mea-
sured from the vertical)

Ei(m) is the exponential integral;

n et

Ei(n) =j -;d.t; (13)

vg is the final observed velocity.

It should be noted that Eq. (12) is applica-
ble to any point on the observed trajectory
and hence vg and pgr need not correspond
to the actual “*end height" in the event this
point is not well determined. Insofar as pgq
and vg are near the end of the visible atmo-
spheric flight, the more stringent will be the
test of ‘‘good behavior” of the fireball's
deceleration. In the present work, the final
observed velocities of McCrosky er al.
(1979) were used. In the case of Lost City
and Innisfree values of scaled end height at
a slightly higher velocity are also given in
Table 11.

The explicit use of the final velocity v, in
Eq. (12) is the origin of one of the differ-
ences between the present work and that of
Ceplecha and McCrosky (1976). Qur use of
ve is very different from that used in the
"“GS criterion, defined and rejected by
these authors. The GS criterion involves
introduction of v into the theoretical ex-
pression for luminosity and therefore re-
quires that vy be the actual end of the lumi-
nous trail, not simply some point near the
end of trail for which p, v, and v are avail-
able, as is the case with Eq. (12). These
authors are correct in stating that the GS is
of little value because of uncertainties in
the actual vg. However, it seems more
likely that the wide range of GS values
found is at least as much a consequence of
the extreme sensitivity of luminosity to ve-
locity at low velocities (Re Velle and Rujan,
1979) as it is 1o variation in o, as proposed
by Ceplecha and McCrosky.

The comparison of lireballs with dillering
dynamic mass, entry and final velocities,
and entry angle is facilitated by scaling
them relative to the atmospheric density at

M55~ 027
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6 km/sec calculated for a hypothetical stan-
dard fireball with nominal parameters simi-
lar to those of Lost City. These standard
value are my. = 21 kg, v = 15 km/sec, Zy
= 45°, leading to an atmospheric density
corresponding to an altitude of 21.1 km (Ta-
ble 1I). The **scaled end heights’” tabulated
in Tables II, 111, and 1V were obtained by
multiplying the observed atmosphere den-
sity at vg by the ratio of this standard value
to the theoretical value found from Eq.
(12).

(PE)scated = pE{PE/PET}stamIard

= 7.5 x 107%ps/pppie/cm?.  (14)

The scaled end heights are then obtained
from (pg) scaled by use of the standard at-
mosphere (NOAA, 1976). This standardiza-
tion introduces no assumptions into crite-
rion (3) (Section [I) that would not be
involved in simple comparison of pg and
per for each fireball, and is done simply to
facilitate tabular comparison of the results.
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y of each meteor (which isa measure of its intrinsic hrightncss)

was caleulated from the apparent magnitude using the correction procedure suggested by
Hawkes & Jones (1975b). This correction allows for the variation in the range of the
meteors from the cameras and for the decrease in the apparent brightness of meteors due to
image motion. Note that we must be carcful when comparing these television magnitudes
(Mry) with visual meteor magnitudes (My), since the colour index (defined as M, —Mpv)
of television meteors is not well known. To allow for this we made simultaneous visual and
980 Perseid display. For 28 Perseids in the magnitude range
mean colour index af 0, LA 03 Tlugwe e cquate

The absolute magnitude My

television observations of the |
from Mrpy = +4 to —2 we found a
relevision and visual meteor magnitudes.

3 Results
ave plotted the charactleristic heights of cach meteor against the

In Figs 2,3 and 4 we
height Ny, which is

absolute magnitude AL These characteristic heights are (i) the beginning

2
=

ioht (km)

inning he:

10

,_,
—_
=
[}
'

e

My
Figure 2, Seatter plat of beginning lheipghts versus magnitude.

Height of maximum
light (kml

Figure 3. Scatter plot of heights of maximum light versus magnitude.
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Figure 4. Scatter plot of end heights versus magnitude.
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plotted in Fig. 2, (i) the height of maximum light Jiy (plotted in Fig. 3) and (iii) the end
height /g (plotted in Fig. 4). The meteor absolute magnitude is a measure of the meteoroid
mass. For Perscids (v~60kms™) the mass varies from 1.5%107%kg for M=+3 (o
1.5 x 1073 kg for M = —2 (1ughes 1978).

It can be seen from Fig. 2 that there is no significant correlation between beginning
height and magnitude. The beginning heights of Perseid metcors are independent of
magnitude, with a spread between 105 and 115 km and a mean value of 110 %1 knt. Figs 3
and 4 show that, despite the large scatter, there are trends in the behaviour of /iy and of
g, with these heights decreasing with increasing brightness. To quantify these trends we
have calculated the correlation coefficient r for each set of data and tested its significance
using Student’s s-test (Till 1974). We find that r=035 for /1y versus magnitude and
r=0.239 for the /iy versus TV magnitude. The probabilitics o obtaining values ol ras greal as
these by chance are 7= 3 per cent and P =1 per cent respectively. For comparison a similar
analysis of the beginning height versus magnitude gives r = 0.04 and 2=78 per cent. Thus
there is a significant degree of correlation between /iy and magnitude and between lig and
magnitude, so we are justilicd in fitting at least a straight line through each set of dati. To
do this we have used the fitting formula proposed by Ross (1980) which takes account of
the measuring errors on both axes. This formula is belfer suited to our purpose than the
usual linear regression which allows lor errors on one axis only. We (ind that the best-fitling
straight lincs are

Jigg = (3.2 £ 1.4) My + (100 £ 2), (8)
B = (3.9 £ 1.5) My + (95 £2). 9)

However, the dustball theory of Hawkes & Jones (1975a) predicts that a plot of
versus My, or of lig versus Myy, should not fit a single straight line but should show a
change of slope at a magnitude corresponding o the critical mass m,. To test this we have
arranged the data points in order of decreasing magnitude and divided them into four groups
each containing about 10 data points. For each group we have calculaled the mean values of
Iy, iy, and frg and magnitude and have plotted the results in Fig. 5. We have chosen (o
divide the data in order of decreasing magnitude to maximize the range of magnitudes (~ 3)
in Pig. 5. If instead we divide the data in order of decreasing height the final range of

10t
b

12-

b
._‘_. sl _JL < —_-iv_— Iy

18-

b

Figure 5. The variation of beginning heights (), heights of maximuam light (g and end heights (hy)
with magnitude (Af-py) for grouped data, The dashed lines indicate the mean fevels refecred Lo in the text.
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magnitudes is very much less (~1) and sv this approach is much less likely 10 reveal any
muguiludc-dupcm!cnt effects such asa change in the slape. :
Fig. 5 sugpests that Jiy and /iy are independent of magnitude Ifu' 1" :
111;|g1liikltlc sero or fainter {mass < 2 Lo~ % ke) with mean values .nl I = 103 1. km and
=99 & | km. The two points representing /tm and Jry; for the _hnghlcsl group ol meteors
[;;il significantly below these mean levels suggesting that, for meteors prighter than
magnitude 7€ro, Jipg and Jiy; decrease with increasing meteor brigl.\lncss.

As a further test we have recaleulated the correlation coefficients using only the 27
meteors fainter than magnitude 7er0. we find that r=0.07 for iy versus magnitude and
+210.15 Tor /iy YEISUS magnitude. The probabilitics of obtaining values ol ras preat as these
by chance are 72 and 46 per cent respectively. Thus, for the meteors fainter than magnitude

zer0, there 15 no significant evidence for correlation between /iy and magnitude or between
Jiy and magnitude. The significant correlations arise only when the 1 | metcors brighter than

erseid meteors of

magnitude zero are included.

4 Discussion K
The cxpcrimcnlnl Jetermination of the variation of iy, fim and hp of meteor trails with
meteor magnitude shown in Fip. 5 is similar in form to the (heoretical curves for the
variation of these heights with meteoroid mass shown in Fig. 1. Thus the behaviour of
perseid meteors is consistent with the dustball theory of Hawkes & Jones (19752). As a
further test of this theory we have compared the vertical trail lengths (A7 = lyy = hg) ol our
meteors with the values predicted by dustball theory. For meteors fainter than magnitude
sero, O is constant with a mean value of 114 2 km, which is close to the predicted value
Al =2k, )

The decrease of iy and of hyg for the group of meteors brighter than magnitude 7610
suggests that Mypy =0 is the critical magnitude at which the Jiy and fi curves change slope.
Thus we can estimate that the critical mass for Perseid meteors is ~ 2% 1074 kg.

Our result apparently contrasts with the recent results of Hawkes & Jones (1980), who
compared the behaviour of sporadic meteors with their dustball theory. These authors made
two-station low-light-level television observations of 77 sporadic meteors in the magnitude
ange My=+1 0% 5, which corresponds to the mass range 1074 1o 1077 kg. The velocity
y and the zenith distance 7 of each meteor were determined by triangulation and the mass i
was estimated from the total light emission. The variation of Jiy with mass, velocity and
zenith distance was studied by fitting their data to the formula

g = Co t €y log m +ca logu+ea log cos Z. (10)

lawkes & Jones found {hat the mass term ¢, had a value of — § * 2 indicating that, in the
magnitude range studied, /iy deereased with increasing mass. If this result is interpreted in
rerms of dusthall theory (he critical mass 21 should be less than 107" kg, which is much
lower than the value of 2 % 107 kg which we have obtained for Perseid meteors. In our view,
nowever, it is not passible to obtain the critical mass from a simple analysis of sporadic
meteor data. We have several reasons for this view.

(i) The formula to which Hawkes & Jones fitted {heir data assumes ¢ priori that there is
no change in ¢y within the mass range studied. The dusthall theory requires that ¢, is
pegative for masses greater than (he critical mass and that ¢ is zero for masses less the
critical mass.

(ii) Selection effects. Optical meteor chservations are binsed towards small fast meteors
since meteor brightness increases rapidly with increasing velocity. In any set of optical
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meteor data there will be a correlation between mass and velocily with !hlc 111.:155 Li.ecrcusing
as velocity increases. ‘Thus a physical correlation between /iy and v will give vise o ay
apparent correlation between Jry and at. . :

(iti) The meteurold eritical mass is strongly dependent on velocity (see cqualmn'?)‘. Any
set of sporadic meteor data has a large range of velocities and therefore a large variation iy
the critical mass. : '

(iv) Ceplecha (1977) has shown, on the basis of the variation ol i B‘Wllh velocily, that
sporadic meteors can be divided nto several distinet groups. Meleors m. c:u:.h group have
different densities and compositions, Thus thiere will be additional variation in the eritical
mass due Lo variations in the meteoroid malterial.

Observations of shower meteors provide a much better test of dustball theory. Meteors
from any particular shower have a fixed velocity and a common origin and so they sheuld
have a single well-defined critical mass. Moreover, since the metcoroid mass is the mijor
variable, mass-dependent effects can be detected with only a small data sample.

Our result, that a Perseid meteoroid of mass 2 x 107* kg should have completely frag-
mented into fundamental dustball grains when it reaches a height of 110 km, can be used to
obtain a value of X, the amount of energy required to fragment unit mass of Perseid
material. Taking the mean density of Perseid material as 290kgm™ (Hughes 1978), a
meleroid of mass 2 x 107* kg would have an initial radius ry =6 mm. At a height of 110k
the air density is 9.7 x 107 kg m™ and the scale height is 8.1 kim (COSPAR 1972). From ous
own observations the mean velocity of the meteors is 63 + [ kms™ and the mean value of
cos Z is 0.8 % 0.1, Using these data in equation (7) we obtain a value of X in the ringe
3-9x 10" T kg™ acecording to the value of the thermal conductivity lactor €, The
uncertainty in the value of X is dominated by this uncertainty in C, For compurison the
uncertainty in the critical magnitude (~ 0.5) gives an uncertainty in the value of X of ahout
16 per cent, which can be neglected, Similarly the uncertainty in the seale of meleoroid
densities, ~ 50 per cent (Ceplecha 1977), gives an uncertainly in the value of X of aboul 30
per cent which can also be neplected,

Our estimate of X, the amount of energy required to [ragment until mass of Perseid
meteoroid material, lies in the range 3-9 x 10% J kg™, This is several times lower than the
value ol X (1-6 x 10° T kg™) adopted by Hawkes & Jones (1975a) in their dustball ablation
theory, We conclude that Perseid dustball material is even weaker than the material
considered in the theory of dustball ablation. [t will be interesting to determine the eritica|
mass in other meteor showers,
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