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Fig. 2. Geotherriial flux in the Gulf of Aden. 
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and the Red Sea, where gravity and 
seismic measurements indicate that a 
material of relatively high density now 

occupies the central part of these fea- 
tures along the respective longitudinal 
axes (I). However, the heat-flow meas? 
urements do not show any marked cor- 
relation with a relatively narrow central 

region of activity (for example, stations 

Z-3', Z-4', and Z-5', extending most of 
the distance across the Gulf of Aden in 
transverse section). Measurements were 
not attempted in the Red Sea, but the 

similarity of the feature implies high 

Table 1. Heat-flow measurements in the gulfs of 
California and Aden. 

heat flow will be found there also; the 
values may be subject to additional un- 
certainties owing to the high bottom 
water temperatures (13). 

The measurements of Table 1 are not 
detailed enough to reveal any definitely 
systematic variations of heat flow, al? 

though there is some indication that 
heat flow decreases toward the open 
sea in both gulfs. High heat flow prob? 
ably may occur near or on the small 
continental bulge of Mexico southeast 
of the Gulf of California and extend 
south on the sea floor along the crest 
of the East Pacific Rise (14). The ex- 
tension of a high-heat-flow region to the 
east of the Gulf of Aden seems less 
certain. Although the corresponding 
logical association would be with the 
crest of the Carlsberg Ridge extending 
southeast into the Indian Ocean, recent 

measurements (15) obtained across the 

ridge crest near 9.5?N latitude give 
normal, or only slightly higher, heat- 
flow values. Greater detail of geological 
and geophysical measurements in the 

vicinity of both gulfs will undoubtedly 

help to establish how these features 

relate to the oceanic rises, but the pres? 
ent heat-flow measurements appear to 

support the hypothesized association 
with convection in the mantle (1; 16). 

RlCHARD P. VON HERZEN 

Marine Physical Laboratory, 
Scripps Institution of Oceanography, 
University of California, San Diego 
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Planets and Comets: Role of 

Crystal Growth in Their Formation 

Abstract. The application of crystal 
growth theory to the formation of 
smoke particles from the primordial 
solar nebula indicates that solid parti? 
cles with filamentary structures would 

form. Such particles would facilitate 
successive aggregation into planets, 
comets, and asteroids. The difficulties 
associated with the aggregation of 

spherical smoke particles would thus be 

avoided. 

The earth and meteorites probably 
formed by accumulation of solid par? 
ticles at temperatures below about 

600?C (1, 2). This concept has been 

accepted in nearly all recent attempts 

(3, 4) to make models of the synthesis 
of the solar system which would fit the 

requirements of current theories of stel- 

lar evolution. These studies suggest 
that sometime during the process, con? 

ditions favorable for the formation of 

small solid particles occurred. The 
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fundamental problems are the detailed 
mechanisms of nucleation and growth 
of the primary particles and the mech? 
anisms by which these particles aggre- 
gated to build larger objects. Several 

suggestions have been made concern? 

ing the latter: water and ammonia near 
the melting point by Urey (2, p. 122), 
oily substances by Hoyle (5), and un- 

specified surface phenomena by Wood 

(6). These investigations assumed that 

spherical or equidimensional particles 
were present. 

We consider the formation, structure, 
and properties of solid particles in the 
solar nebula according to crystal nucle? 
ation (7) and growth theory (8). The 

particles are expected to grow as fila- 
ments (9) and thin platelets (10) or 
combinations of both. These extremely 
nonspherical crystals with few crystal 
defects are referred to here as whiskers. 
We propose that these whiskers have 

properties that enable them to collect 

efficiently at first into loosely com- 

pacted aggregates resembling the lint 
balls that are often under beds, and 
then into larger objects. 

Crystal formation from a supersat- 
urated vapor phase occurs in two steps. 
The formation of the smallest stable 
volume of a crystal (about 30 mole? 

cules) is called nucleation. Subsequent- 
ly, the crystal volume increases by the 
mechanisms of crystal growth. 

Nucleation may occur either on a 

particle of a foreign solid (heteroge- 
neous) or in the vapor phase in the ab? 
sence of foreign particles (homogen- 
eous). The rate of nucleation is, in 
either case, a very sensitive function of 

supersaturation. 
If the saturation vapor pressure of 

the bulk nucleating phase is po and the 

partial pressure of the parent vapor 
phase is p, the supersaturation ratio a is 

given by 

a = p/po (1) 

and supersaturation, a, is defined as 

a = a - 1 (2) 

According to classical nucleation theory 
(7), the nucleation rate, dN/dt, nuclei 
created per cubic centimeter per sec? 
ond, for homogeneous nucleation is 
given by: 

-= B exp [-J 
dt \ TWa ) (3) 

For a given nucleation process, A is 
constant and B is approximately con? 
stant. T is the absolute temperature. 

The extreme sensitivity of nucleation 
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rate on supersaturation or supercool- 
ing provides the characteristic feature 
of nucleation. There is a critical super? 
saturation, ?*, below which nucleation 
does not occur at an appreciable rate 
and above which it occurs at a rapidly 
increasing rate. As nucleation occurs, 
the supersaturation is decreased and nu? 
cleation again ceases. 

The growth of a nucleus occurs by 
the advance of the boundary surfaces. 
For a perfect crystal surface, continued 

growth requires the formation of new 

steps on the surface (11) by a process 
known as two-dimensional nucleation. 
A sensible growth rate usually requires 
a supersaturation greater than 50 per? 
cent for two-dimensional nucleation to 
occur. 

A schematic plot of growth rate of 
a perfect surface from its own vapor 
is shown in Fig. \A. Experimental 
curves, Fig. \B, do not display the 
critical supersaturation characteristic 
of nucleation processes. 

Frank (12) pointed out that actual 

crystals are not perfect but almost 

certainly contain screw dislocations. 
These are defects that provide growth 
steps of such a nature that the comple? 
tion of a surface layer perpetuates 
rather than removes the defect as in- 
dicated by Fig. 2. This eliminates the 
need for the formation of new steps 
by two-dimensional nucleation and al- 
lows the crystal to grow at low super- 
saturations. Figure 3 shows the ap- 
pearance of the surface after several 

layers have been deposited upon it. 
If a nucleus contains a single screw 

dislocation, it will grow at low super- 
saturations as a whisker (9, 13) whose 
axis coincides with the acting screw 
dislocation. If the nucleus contains 
a planar set of screw dislocations 

(14) it will groW as a very thin platelet. 
If it contains a three-dimensional array 
of screw dislocations, it will grow as an 

equiaxial crystal. 
Since the presence of screw dislo? 

cations in growing crystallites allows 

equilibration of the supersaturated va? 

por phase with the stable crystal phase, 
the dislocations guarantee that the su? 

persaturation rapidly diminishes after 
nucleation. Only those nuclei contain- 

ing screw dislocations can grow, and the 
resultant smoke must contain whiskers 
or remain supersaturated at least to the 
degree required for two-dimensional 
nucleation. Growth at intermediate 
supersaturations occurs at certain re- 
entrant twin boundaries. 

Nuclei present in the pre-planetary 

SUPERSATURATION (a) 

Fig. 1. (A) Theoretical curve for growth 
by two-dimensional nucleation. (B) Typi- 
cal experimental curve. 

nebula from the initial interstellar 
cloud are likely to lead to screw dislo? 
cations in the growing crystal (9, 14, 
15). Nuclei formed at high supersat- 
urations also contain many defects (16) 
and can grow as an array of whiskers 
(17). Radiation damage offers a possi? 
ble source of screw dislocations which 
could offer a path to whisker forma? 
tion. 

We conclude that in the solar nebula 
a large fraction of the small crystals 
will be in the form of whiskers. Since 
perfect nuclei will be unable to con- 
tinue growing in the presence of whis? 
kers, the condensed solids on a mass 
basis will consist predominantly of 
whiskers. 

Recent experiments at Cornell Uni? 

versity (18) have shown that powders 
ground to 15 ^ diameter adhere readi- 
ly on impact at velocities up to 15 
cm/sec. They produce loosely packed 
structures that were called "fairy cas- 
tles." These are very similar to our 

postulated lint balls. 
The structure of filamentary particles 

would readily lead to coagulation by 
collision. The large ratio of surface to 

Fig. 2. Intersection of screw dislocation 
with crystal surface. The blocks represent 
molecules. 
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mass for whiskers compared to equi- 
axial particles further enhances the ac- 
cumulation process. Any mechanism 
for forming aggregates of solid particles 
will be much more effective for 
whiskers than for spheres or equiaxed 
particles. 

It is proposed that the whiskers 
collided to form lint balls. These balls 

provided a trap for spherical or equi? 
axed particles and also provided a tre- 
mendous internal area for absorption of 
noncondensable and slightly condens- 
able gases. 

Several properties of whiskers are of 

importance in the aggregation process. 
1) Whiskers have strengths character- 

istic of perfect crystals. In general, they 
can be deformed 3 to 5 percent elastic- 

ally (19). As an example, a whisker 
of pure iron (20) has withstood a tensile 
strain of 4.9 percent or a stress of 
1.9 X 106 lb/in.2 For comparison, an 

ordinary iron crystal has an elastic limit 
of about 5000 lb/in.2 In bending, an 
elastic strain of 6 percent has been ob? 
served (21) compared with 0.01 per? 
cent elastic strain for ordinary pure 
iron. 

2) Metal whiskers would not break 
into fragments upon mutual collision, 
but would, plastically, deform and in- 

tertwine. A lint ball of whiskers should 
be able to catch a relatively high-speed 
whisker or equiaxed particle. 

3) A whisker has such a high ratio 

of surface to volume that any heat 

generated during a collision would be 

radiated away rapidly so that evapora- 
tive losses would be held to a minimum. 
A metal whisker 1 ^ in diameter mount- 

ed in a vacuum of 10~8 mm-Hg has been 
observed to cool at 3 00 ?C/see from an 

initial temperature of 100?C at an am- 

bient temperature of 25 ?C (21). 
4) The large ratio of surface to vol? 

ume would provide a large cross-section 

for whisker-whisker collisions as com? 

pared with collisions between equiaxed 

crystals by as much as a factor of 100. 

5) The junctures of whiskers and the 

dislocations generated during plastic 
flow associated with collision would 

create many internal sites suitable for 

further growth. 
Throughout the solar nebula in the 

region now occupied by the planets, 
conditions were such that nonvolatile 

compounds such as silicates, some met- 

als, and metallic oxides could condense. 
At some distance out in the nebula, 

temperatures were low enough for vola- 

tile substances, for example, water, 
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Fig. 3. Spiral growth at screw disloca? 
tion. 

ammonia, and hydrocarbons, to con- 
dense also (2). Shielding of solar radi? 
ation by the grains (22, 23) would have 

brought the zone of volatile condensa- 
tion in much closer to the sun. If the 

shielding were sufficiently effective it 

may have permitted hydrogen conden- 
sation as well (22, 24). 

A significant fraction of whatever 
substances did condense would have 

grown as whiskers. 
Because of the high temperatures that 

were produced in the collapsing cloud 

(2, p. 122) some of the condensed par- 
ticles may have melted. Wood (6) has 

proposed that meteoritic chondrules 
were formed as liquid drops which then 
solidified or were possibly melted. 
Whatever processes did occur, in order 
to have the solid particles accrete into 

planets and meteorites, a majority of 
them must have formed as whiskers or 
on nuclei which grew as whiskers. 

The time scale for accumulation of 

planets is an important consideration 
and requires careful analysis. Calcula? 
tions have been carried out (25-27) 
for processes in which no mechanism of 

coagulation was given, but high efficien- 

cy of collection was assumed. In the 
calculation of Chandrasekhar (27) and 
von Weizsacker (26) a period of the 

order of 10s years was obtained, if it is 
assumed that there was no significant 
depletion of cloud material. For a mod? 

el in which the growing planets used up 
all the material, Schmidt obtained times 
of several billion years. Opik's studies 

(28) of collisions and accretion in in- 

terplanetary space are applicable and 

suggest times of 106 to 107 years (29). 
A cluster of grains would have a very 

low density, perhaps about 0.1 g/cm3 
and possibly even lower, rather than 

densities of 3 to 8 g/cm3 characteristic 
of stones or metals, which is usually 
assumed. Because of the low density, 

particles larger by a factor of about 

5 than these calculated by Hoyle (3) 

would be carried along by the gas. This 

corresponds to a minimum diameter of 
500 cm. 

Whatever the detailed processes, at 
some stage the "lint-ball" aggregates 
grew. Von Weizsacker, in his treatment 
of the problem (26), derived turbulent 
velocities of 3 to 10 km/sec which were 

imparted to the small grains as well. 
The velocity must be limited to a value 
which would permit whiskers to coagu- 
late. Iron whiskers could probably sur- 
vive such impacts, silicates are much less 

likely to survive, and ice and other com- 

pounds of low boiling point would cer- 

tainly not survive. A lower value seems 

required with a concomitant increase in 
time of accumulation. However, it ap- 
pears that relative velocities for colliding 
smoke particles and small aggregates 
were much smaller. 

The distance X within which the 
smoke velocity relative to the gas is 
reduced in the ratio l/e is given by 
(27,30) 

\~ ? r (4) 

Pp is the particle density, pff is the 

gas density, and r is the effective radius. 
This must be multiplied by the ratio of 

particle velocity to thermal gas velocity 
when the ratio is less than unity. When 
in addition the particle diameter is 

greater than the mean free path which 
was presumably of the order of centi- 

meters, Stokes law must be used. These 
different cases will not materially affect 
the conclusions. If we adopt pP = 1 

g/cm8, p9 '= 10-12 g/cm3 (3), and r = 
10"4 cm, then A = 1000 km. For lint- 
ball aggregates with small pP, X is still 
less. 

The relative velocity of small aggre? 
gates was determined by the turbulent 

velocity of the gas within distances less 
than about 1000 km. A very small rela? 
tive smoke velocity could not have exist- 
ed or the time of accumulation would 
have been excessively large. 

The properties of whiskers consider- 

ably reduce the restrictions on the 
characteristics of the solar nebula in 
order for accumulation to occur. 

As the aggregates grew, large relative 
velocities could develop between large 
aggregates and much smaller ones. Be? 
cause of the porous, low-density struc? 
ture of the large objects they could ab- 
sorb the smaller ones with considerable 

efficiency, that is with little loss of ma? 
terial. Collisions between roughly equal 
size aggregates are much more difficult 
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to analyze but considerable fragmenta- 
tion is likely. A consequence of a high 
relative velocity between large and small 

aggregates would be a tendency for the 

larger objects to sweep up the smaller 

fairly rapidly and to facilitate growth. 
Small nonvolatile coagulates which 

formed in or moved into regions where 
much volatile matter condensed would 
have been trapped in a porous, snow- 
like mass. Such combinations of volatile 
and nonvolatile low-density aggregates 
would account for Whipple's icy con- 

glomerate comet nucleus (31). For this 
reason cometary grains are probably 
representative of the primordial conden- 
sate (32). 

When solar heating vaporizes the ices 
of the comet nucleus, single whiskers, 
small fluffy aggregates, and trapped 
spherulites are released. Because of 
their large surface to mass ratio the 
more whiskery particles would be more 

readily carried along by the cometary 
gases and would also undergo greater 
repulsion by radiation pressure than the 

spherical or equiaxial particles. The dif? 
ference between head and tail particles, 
to which Swings (33) called attention, 
may be primarily in the shape of the 

grains. This could be tested by observa- 
tion (34). 

Aggregates containing many grains 
which are released by the vaporization 
of the comet nucleus would spread out 

along the comet orbit. They would have 
the porous, fragile structure ascribed to 
dust ball meteors associated with comets 
(30, chap. 9; 35; 36). 

Bertram Donn 
Goddard Space Flight Center, 
National Aeronautics and Space 
Administration, Greenbelt, Maryland 
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Antibody Production and Development of Contact Skin 

Sensitivity in Guinea Pigs of Various Ages 

Abstract. Young adult guinea pigs, 2 months old, showed higher serum anti? 
body titers and greater contact skin sensitivity than those that had reached the 
average life-span of 2 to 3 years. A transitional response was given by 6-month- 
old animals. 

Limited information is available on 
the variation of the immunologic re? 

sponse with aging (1-7). In this study 
male guinea pigs of the inbred strain 
13 (8), aged 2 months, 6 months, and 
2 to 3 years were compared for ability 
to produce circulating antibody and to 
exhibit delayed contact sensitivity. 
Guinea pigs 2 months old may be con- 
sidered young adults since they have 

just reached or shortly will reach sexual 

maturity, while those that are 2 to 3 

years old have attained the average 
life-span of the species (9). 

Where very large differences between 

experimental groups are not antieipated, 
it is helpful to eliminate or reduce to 
a minimum all factors except the vari? 
able under study. Strain 13 guinea 
pigs have been inbred for many gener- 
ations and are histocompatible (8); 
therefore variation in response of the 
animals because of genetic differences 
is probably minimal. Constant envi- 
ronmental factors were maintained by 
identical housing and diet. 

Animals were injected with a mix? 
ture of 6 mg of bovine y-globulin, to 
induce circulating antibody, and 1.4 

mg of synthetic pentadecylcatechol, one 
of the active components of poison ivy, 

to induce delayed contact sensitivity. 
The mixture was emulsified in com? 

plete Freund's adjuvant and injected 
three times at 6-day intervals. The first 

injection was administered into the 
nuchal area, the second into the in- 

guinal-axillary region, and the third 
into the foot pads. Skin testing was 

performed by applying 5 pl of an ace- 
tone solution of the test compound onto 
the skin by the method of Dunn et al. 

(10). Serum antibody titers were de- 
termined by the tanned cell hemaggluti- 
nation test (11) with sheep erythrocytes 
coated with bovine y-globulin. Two 

groups were immunized and tested and 
the results from appropriate age groups 
were pooled. Larger numbers of the 
2-month-old animals were used since 

they were more available than the other 
two age groups. 

Table 1 shows the smallest quantity 
of pentadecylcatechol required to in? 
duce an observable skin reaction. All 
of the 2-month-old animals became 
sensitive and were the only ones to 
react to as little as 0.5 p,g, while four 
of the 2- to 3-year-old group and two 
of the 6-month-old group failed to 
react. In calculating the probability 
(12) that the mean end points came 

1211 


	Cit r99_c136: 


