saltatory locomotion in the adult but
also provides space for reproductive
organs. Because of the extreme morpho-
logical differences between the tadpole
and the frog, anuran species that retain
a larval stage are mechanically obli-
gated to metamorphose.

Both ecologically and morphologi-
cally, a paedogenetic tadpole is evolu-
tionarily implausible. Presumably, in
jointly perfecting the suspension-feed-
ing, herbivorous tadpole and the salta-
tory, carnivorous frog, canalization has
made the paedogenetic tadpole geneti-
cally unlikely.

R. J. WASSERSUG™
Department of Systematics and
Ecology and Museum of Natural
History, University of Kansas,
Lawrence 66045

References and Notes

1. H. M. Wilbur and J. P. Collins, Science 182,
1305 (1973).

. G. L. Orton, Turtox News 28, 44 (1950).

. H. J. de Jongh, Neth. J. Zool. 18, 1 (1968);
J. S. Kenny, J. Zool. Proc. Zool. Soc. Lond.
157, 225 (1969); A. S. Severtnov, Dokl. Akad.

Nauk SSSR 187, 211 (1969); N. Gradwell,
Can. J. Zool. 50, 481 (1972).

4. T. A. Jensen, Copeia (1967), p. 214; H. H.
Costa and S. Balasubramanian, Ceylon J. Sci.

Biol. Sci. 5, 105 (1965); W. R. Heyer, J.
Herpetol. 1, 337 (1973); F. S. Hendricks,
Southwest. Nat. 18, 99 (1973).

5. R. J. Wassersug, J. Morphol. 137, 279 (1972).

6. As an extreme example of feeding efficiency,
tadpoles of Xenopus laevis can clear a volume
of water in excess of eight times their body
volume per minute [calculated from data in
1.

. G. W. Calef, Ecology 54, 741 (1973).

. Wilbur and Collins (/) define dW/dt as the
growth rate for a tadpole and g as a threshold
value for dw/dt above which a tadpole large
enough to metamorphose nevertheless continues
to gain weight, but below which metamorphosis
is immediately initiated.

#* Present address: Department of Anatomy, Uni-
versity of Chicago, Chicago, Illinois 60637.

14 January 1974

[SES)

el §

Wassersug raises the obvious and in-
teresting question why there are no
paedogenetic anurans. We chose to re-
strict our discussion to models useful
in explaining the observed diversity of
amphibian life cycles. Wassersug at-
tempts to define the limits of diversity
possible for anuran evolution, a far
more ambitious task. I do not believe it
is possible to determine the limits of
evolutionary change, except for restric-
tions imposed by the laws of the physi-
cal sciences. The essence of evolution
is the attainment of the intuitively im-
probable; consider the remarkable con-
vergence in function yet difference in
phylogeny of the vertebrate and cepha-
lopod eyes. Haldane once commented
that the universe is not only queerer
than we suppose, but queerer than we
can suppose.

Wassersug seeks an answer to his
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question in morphological arguments.
Although it may not be easy to visual-
ize how maturation of the gonads might
be completed in the larval state, elon-
gation of the ilial bars or morphological
specializations for suspension feeding
can hardly be constraints on the evolu-
tionary possibilities for anurans. Sex
differentiation occurs beforc metamor-
phosis and the gonads begin to develop
within the body cavity of the growing
tadpole (7).

The fossil record does not add in-
sights. The earliest known frogs are
from the Jurassic and, except for hav-
ing ribs, are not very different morpho-
logically from modern frogs of the
families Ascaphidae and Discoglossidae.
Estes and Reig (2) point out that elon-
gation of the ilium and tarsal elements
are present in several primitive Paleo-
zoic amphibians as an adaptation for
swimming and are only incidentally a
preadaptation for saltation. Triadoba-
trachus from the Early Triassic of
Madagascar is the only clue to the
possible proanuran condition. This
form has a tail and elongate hind limb
elements. It presumably was an aquatic
form and the fossil specimen is prob-

ably a young animal, but it is difficult
to ascertain if it had a metamorphosis
as complete as in later anurans.

Clearly frogs have been committed
for a long time to a complex life cycle
in which temporary aquatic habitats
are exploited by a larval form special-
ized for rapid growth. Some anuran
lines have shortened the larval stage
as an adaptation to terrestriality and
have direct development. Other lines
have become aquatic, not by becoming
paedogenetic but by retaining the adult
form, which is a very suitable design
for the aquatic mode of living. Paedo-
genetic frogs as well as viviparous
turtles and birds are perhaps evolution-
ary possibilities but ecological imprac-
ticalities.

HeNrY M. WILBUR

Department of Zoology,
Duke University,
Durham, North Carolina 27706
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A Chondrule: Evidence of Energetic Impact Unlikely

Lange and Larimer (/) conclude
that the morphology and mineralogy of
an unusual chondrule from the Ngawi
meteorite are the results of a highly
energetic impact within the solar nebu-
la. Enclosed within the chondrule’s
fragmented olivine crust is an em-
bedded magnetite grain which, accord-
ing to their calculations, impacted with
a velocity between 1 and 10 km/sec.
The lower and upper velocity limits
are determined by the possible range
of chondrule temperatures at the time
of impact and the melting temperature
of glass and sulfide.

The evidence given for an energetic
collision is inconsistent with laboratory
impact data. In an experiment simu-
lating the destruction in space of tek-
tites by micrometeoroid impact, Gault
and Wedekind (2) found that 1 joule/g
of projectile kinetic energy per unit
‘mass of a spherical target completely
ruptures the sphere and less than 0.1
joule/g results in a crater. Spallation,
caused by the reflection of shock waves
from the surface, generates about as
much damage in the antipodal region
as around the impact site on the sphere.

From the values given for the mass
ratio of the magnetite grain to the re-
mainder of the chondrule of 1/50 and
the calculated range of impact veloci-
ties of 1 to 10 km/sec (), the kinetic
energy per unit mass values are 10 to
1000 joule/g, far in excess of the
amount required to completely disin-
tegrate the chondrule. Moreover, for
the upper limit, complete melting of
the magnetite grain would occur. Even
if it had not shattered, there are no
fractures about the magnetite grain or
near the opposite surface that are char-
acteristic of the spallation process. A
velocity of 0.1 km/sec would corre-
spond to the kinetic energy per unit
mass required for cratering. Although
this velocity is below the experimental
range of velocities, noticeable damage
should still occur. Lange and Larimer
propose a cushioning effect by the outer
layer of the chondrule as a mechanism
to preserve the chondrule from shatter-
ing. Experiments on a centimeter scale
(3) and micrometer scale (4) show
that thin, less cohesive layers attenuate
the effects on a massive substrate but
that the protective layer is cleared away
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over an area large relative to the pro-
jectile size. Vedder (4) has also shown
that an irregular pit forms in a sub-
strate covered by a layer comparable
in thickness to the projectile diameter.
The attenuation of the effects on the
substrate is small in this case. In con-
trast, the chondrule’s crust covers the
magnetite grain; and the contact sur-
face under the grain appears smooth.
An energetic impact would remove
most of the crust and would drive
some of it into the chondrule.

Another common fallacy, found
here and perhaps permissible in order-
of-magnitude calculations, is that of
equating the projectile kinetic energy
to the heat generated by impact (5).
Calculations supported by experimental
results show that less than 25 percent
of the projectile kinetic energy is con-
verted into heat in the target for iron
or aluminum projectiles impacting ba-
salt (6). The energy partition should
be little different for the chondrule and
would more than double the velocities
calculated by Lange and Larimer (/)
for melting.

We do not believe that this chondrule
shows evidence of high relative veloci-
ties in the solar nebula. Furthermore,
arguments against chondrule produc-
tion by impact on planetary surfaces
on the basis of ejection velocities (7)
are not supported by laboratory experi-
ments, since spherules are found with-
in the debris in craters (6) and must
have had negligible velocities to remain
in place.

JAMEs F. VEDDER

DonaLp E. GauLT
Planetary Science and Applications
Branch, Space Science Division,
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There are numerous features in the
chondrule found in the Ngawi meteor-
ite that seem to indicate a highly en-
ergetic collision. They include the fol-
lowing: extensive fractures in the chon-
drule; granulation of the olivine rim,
particularly in the pronounced bulge
over the magnetite grain; and extensive
melting coupled with reorientation of
the. olivine bars immediately beneath
the grain (/). Vedder and Gault (2)
offer no explanation for these features.
Instead they argue that the impact ve-
locity estimated is too high and that cer-
tain other features characteristic of
shock damage are not observed.

We estimated the relative velocity of
the two freely moving particles by
merely assuming conservation of energy
and momentum; any heat produced is
equivalent to the difference between the
kinetic energy before and after impact.
Since both the composition and the
physical properties of the two particles
are known reasonably well, the calcu-
lation is straightforward. Of the re-
ported impact experiments, those of
Gault and Wedekind (3) seemed to
most closely simulate such a system.
But there are so many dissimilarities
that we were, and still are, reluctant to
draw direct comparisons. In these ex-
periments, targets of homogeneous
strained or unstrained silica-rich glass,
10 cm in diameter, held stationary,
were impacted with Pyrex and alumi-
num projectiles. Clearly, the scale,
physics, chemistry, and physical prop-
erties do not resemble the characteris-
tics of the proposed collision between
chondrule and magnetite grain. Fur-
thermore, the experimental results are
not without ambiguity. Of ten or so ex-
periments in which the projectile ki-
netic energy per unit mass of target ap-

proximated 1 joule/g, two, or about

20 percent, of the targets did not rup-
ture completely. Interestingly, Gault
and Wedekind attributed this effect to
the use of carefully annealed glass tar-
gets, and hence the materials in these
experiments may more closely resemble
a mixture of crystals and glass than
any of the others. Gault and Wedekind
also point out that collisions at high
angles significantly lessen damage. The
angular relationship between chondrule

and magnetite grain at the time of im-
pact is completely unknown.

With regard to this last point, it
should be recalled that the chondrule
was found in a thin section which limits
observations to two dimensions. Lack-
ing a three-dimensional view, one can-
not know the extent of spallation, the
size or any other characteristic of the
crater, the direction of the antipodal
region, or how much damage or mass
loss occurred there. Moreover, there
are no apparent features in the small
amount of magnetite remaining that
rule out partial or complete melting;
in fact, it may have partially vaporized.
All of these features pointed out by
Vedder and Gault should certainly be
sought in future studies of chondrules
and chondrule fragments.

The last point raised by Vedder and
Gault, that chondrules could be pro-
duced on planetary surfaces during
cratering events, is arguable. It can-
not be disputed that chondrule-like
spherules are associated with both na-
tural and experimental craters. In both
cases, however, the amount of such
material is negligible, as is to be ex-
pected from simple calculations (4).
This negligible amount of material in
no way corresponds to chondritic me-
teorites where chondrules commonly
comprise more than 70 percent of the
mass.

Finally, I cannot resist mentioning
that other chondrules bearing charac-
teristics very similar to those of the
Ngawi chondrule have now been found
(5). Experiments such as those discussed
by Vedder and Gault (2) will be useful
in delimiting the physical conditions
under which all these objects formed.

JouN W. LARIMER
Department of Geology and
Center for Meteorite Studies,
Arizona State University,
Tempe 85281
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