led, in some cases, to gravity-differen-
tiated layered complexes; (iii) em-
placement of ultramafic rocks, either as
plastic crystalline mushes or as ser-
pentinized masses; and (iv) hydrother-
mal metamorphism of the fresh mafic
and ultramafic rocks, involving a volume
increase. The relative importance of
these processes appears to differ from
one oceanic ridge to another.
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Filamentary Crystal Growth Associated with Impact Craters

from Hypervelocity Microparticles

Abstract. A filamentary crystal growth is associated with impacts of hyper-
velocity microparticles upon copper foil. They are copper whiskers formed by
the condensation of the target material vaporzied by the impact.

Filamentary crystalline growth is ob-
served in the immediate area of impact
sites of hypervelocity microparticles
upon thin copper foil. Carbonyl iron
spheres, ranging in diameter from 0.05
to 5 um, were accelerated in an elec-
trostatic accelerator to velocities of 1.5
to 50 km/sec and impinged upon rolled
copper foil 3 um thick. The impacts
occurred while the thin film was at
room temperatures at a pressure of
5 X 10—3 torr.

Portions of the exit side of the foil
were photographed with a Cambridge
scanning electron microscope (Fig. 1,
A to C). Approximately 27 percent of
the projectiles penetrated the foil as
shown. Unfortunately, neither particle
velocity nor particle size can be cor-
related with any specific impact sites
shown. However, from past studies of
craters produced in thin films by hyper-

velocity microparticles it is safe to
assume that the successful penetrations
and the larger impact areas were caused
by the larger and consequently slower
particles.

Several interesting features concern-
ing the filamentary crystalline growth
are revealed by the photographs of the
exit side of the foil (the filamentary
phenomenon does not appear on the
impact side of the foil).

1) The filaments exhibit great
strength. The average diameter of the
“stem” between the nodules is about
0.2 um, whereas the overall filamentary
length often exceeds 12 um. This struc-
ture survived repeated exposures to
vacuum and atmospheric pressure and
to ambulatory transportation between
buildings. There is a noticeable absence
of broken or separated filaments lying
on the surface.
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Fig. 1. Exit side of copper foil. (A) Magnified X 920; (B) magnified X 3440; and
(C) magnified X 8900.
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2) The filaments appear on several
of the impact areas which do not show
penetration. This observation essential-
ly rules out interaction between the
iron in the projectile and the copper
metal.

3) Some of the filaments are
branched, which indicates a “relatively
slow growth” or formation as opposed
to violent formation by ejecta or high
temperature spewing or extrusion.

4) The nodules in the filaments are
similar to the structure surrounding
the perforations (Fig. 1C).

The following conclusions are based
upon a study of the photographs shown
and considerations of physical phe-
nomena normally associated with the im-
pact of hypervelocity microparticles.
The strength exhibited by the filaments
suggests single crystals of copper or
copper whiskers formed by the con-
densation of copper vapor surrounding
the exit side of the impact site. The
elastic limit and tensile strength of
whiskers are “100 to 1000 times great-
er than that of the annealed bulk crys-
tal” (I). The extremely high pressure
and temperature conditions prevalent
during impact are highly favorable
toward the formation of copper vapor,
and the low-pressure volume surround-
ing the foil and the impact site are
similarly highly favorable toward con-
densation of the copper vapor after im-
pact. Pressures as high as 12 megabars
develop in 0.017 X 10—° second in
a volume of the target immediately
below the impact site (2). Less than a
nanosecond later, this high-pressure
volume of copper erupts on the exit
side of the foil into the ambient vacu-
um chamber pressure of 5 X 10— torr,
and condensation occurs.

The absence of whiskers on the im-
pact side of the foil is probably due
to the fact that the ultra-high-speed
ejecta or secondary spray normally as-
sociated with the impact side of the
hypervelocity particle impact site re-
moved the copper vapor too quickly
for localized condensation. The absence
of whiskers on the exit side of some
of the impacts is not readily explained
except that conditions for the forma-
tion of whiskers are probably quite
critical and that those conditions did
not necessarily prevail at all the im-
pact sites.

The whiskers may have been prod-
ucts of high-impact, plastic deforma-
tion of individual copper crystals in
the rolled foil. However, the propaga-
tion of the whiskers along the flaw
line and the “branched” filaments tend
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to negate such an explanation. Similar
crystalline growth has been observed
on electrodes following studies of ex-
ploding wire (3). In this type of experi-
ment, a copper wire, supported be-
tween two large electrodes, is subjected
to a high current, fast-rise pulse and
“exploded,” producing hypervelocity
copper fragments (and copper vapor).
No analytical studies of the composi-
tion of the whiskers were made. Sev-
eral repeated attempts at reproducing
the phenomenon have met with limited
success in that the whiskers are con-
siderably shorter and of a larger diam-
eter. If attempts to reproduce longer
crystals succeed, composition and better
correlation of projectile size and veloc-
ity and the filamentary growth may
be determined.
' Orto E. BERG
J. A. M. McDONNELL*
Theoretical Studies Branch,
Goddard Space Flight Center,
Greenbelt, Maryland 20771
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Pleistocene Paleotemperatures

Abstract. The generalized isotopic
paleotemperature curve reproduces ab-
solute temperatures to within 1°C; it
closely reflects faunal changes; and its
time scale is correct to within a very
few percent back to at least 175,000
vears. The average oxygen isotopic
composition of the North American
and European ice caps was about —9
per mil.

The generalized paleotemperature
curve (Fig. 1), based on oxygen isotopic
analysis of planktonic Foraminifera
from deep-sea cores, was proposed in
1955 (1), and extended in 1966 (2), as
a representation of surface tempera-
tures at low latitudes in the Atlantic
Ocean and adjacent seas during the past
425,000 years.

Some authors have maintained that
this curve is not in accord with the
foraminiferal evidence (3, 4); that it
represents not temperatures but, largely
or even totally, isotopic variations of
the seawater (5-7); and that its time
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scale is not accurate but should be
stretched by 25 percent (8, 9). The pur-
pose of the present report is to review
the evidence upon which these conten-
tions are based and to demonstrate the
validity of the curve as originally pro-
posed. In the process, a close estimate

is derived for the average oxygen iso-

topic composition of the North Ameri-
can and Furopean ice caps.

The contention that the foraminiferal
evidence is not in accord with the iso-
topic evidence stems solely from Eric-
son and Wollin’s choice of Globorotalia
menardii as the best temperature in-
dicator and from the artificial boundary
condition that they used in estimating
the foraminiferal abundances (10). Glo-
borotalia menardii is a highly polytypic
species which produced at least three
distinct subspecies during the past 425,-
000 years, each having different tem-
perature tolerances (11, 12). On the
basis of the choice of this species as the
best temperature indicator, core layers
in which G. menardii is absent but other
species even more restricted to warm
waters (Pulleniatina obliquiloculata,
Sphaeroidinella dehiscens) are abundant
have been consistently defined as “cold”
and presented as an example of dis-
cordance between evidence derived
from isotopes and that derived from
micropaleontology. By labeling this spe-
cies as “very abundant” if more than
“100 specimens per tray spread” were
noticed (70), Ericson and Wollin saw
none of the abundance variations above
the “100 specimens per tray spread”
level; this resulted in published “cli-
matic” curves [for example, figure 3
in (3); figure 2 in (I3)] containing
only a vastly truncated portion of the
available evidence (blackened section
of Fig. 2B). It is upon these truncated
curves that a “climatic” curve claimed
to represent the entire Pleistocene has
been constructed [figure 5 in (13)].

The artificial boundary condition
mentioned restricts the application of
Ericson and Wollin’s visual method to
those foraminiferal species whose abun-
dances range from O to 100 specimens
per tray spread. In these cases (Fig.
3C) a good correlation with the paleo-

temperature curve (Fig. 3A) is ob-
served. An even better correlation is
obtained if ratios of warm to cold spe-
cies are used because the temperature
signal is thus amplified (Fig. 3B).

Using accurate countings (516 speci-
mens or more) instead of visual ap-
preciation, Lidz (I4) studied in detail
foraminiferal abundances in a long and
undisturbed deep-sea core from the
Caribbean. His results (Fig. 4, A
through I) show such a close relation-
ship with the isotopic curve (Fig. 4J)
that the foraminiferal abundance curves
can be used in lieu of the isotopic curve
for both temperature estimates and
spectral analysis. An intimate relation-
ship between isotopic temperature and
foraminiferal parameters has also been
found by Imbrie (15), who used factor
analysis on different latitudinal assem-
blages, and by Ruddiman (I6), who
used the net excess of warm or cold
species (Fig. 5). Finally, I demonstrated
the excellent relationship between major
and minor isotopic temperature varia-
tions and shell morphology of mono-
specific populations of pelagic Forami-
nifera (11).

It is apparent that all foraminiferal
evidence now available, including the
evidence provided by Ericson and Wol-
lin (3, 4, 10) if the artificial boundary
condition mentioned above is elimi-
nated, is in complete agreement, usually
down to minor details, with the results
obtained by the application of Urey’s
method of paleotemperature analysis to
pelagic Foraminifera from deep-sea
cores. Anyone wishing to question this
conclusion must first demolish all fo-
raminiferal evidence mentioned above.

The glacial/interglacial range of the
018/016  composition of planktonic
Foraminifera of shallow habitat (Glo-
bigerinoides sacculifera and G. rubra)
from Caribbean and equatorial Atlantic
deep-sea cores is 1.8 per mil for the
more recent temperature stages (stages
1 to 6) and decreases to 1.6 per mil for
the earlier stages (2). This isotopic am-
plitude, if entirely due to temperature,
would represent a glacial/interglacial
temperature range of 7° to 8°C. How-
ever, a portion of this range [about 30
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Fig. 1. Generalized paleotemperature curve (from 2). Odd integers above the abscissa

identify warm temperature stages.
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