Reports

Planetary Systems Associated with Main-Sequence Stars

Abstract. The luminosity function is used to estimate the number of invisible
planet-like objects in the neighborhood of the sun, taking into account the likely
chemical composition of planets in relation to the composition of main-sequence
stars. There may be about 60 objects more massive than Mars for every visible
star. An attempt is made to estimate the distribution of these planet-like cold
bodies in relation to stars. It is suggested that stars, together with cold objects,
were formed in clusters of bodies of random size distribution. Clusters averaging
about 50 bodies each account for the observed distribution of frequencies of
double and triple star systems relative to single stars. On this basis, virtually
every star should have a planetary system associated with it. As a corollary, sys-
tems of cold bodies in which there are no luminous stars should be abundant.
The possible distribution of planets around such stars has been studied, making
use of the observed orbital characteristics of double star systems. It is concluded
that favorable conditions for life processes may be far more abundant than has

generally been thought possible.

How many planetary systems are
there? In recent years this question has
received increased attention, but for the
most part the opinions expressed have
been speculative. Recently, however,
Kumar (Z, 2) has studied the proper-
ties of stars of very low mass and has
concluded that bodies smaller than
about 0.07 of the mass of the sun
(Mo) cannot support thermonuclear
reactions and will accordingly contract
to become cold bodies or “black
dwarfs.” Although the apparent exist-
ence of M-dwarf stars as small as
0.04 Mo would indicate that this esti-
mate is only approximate, Kumar’s
work suggests that, when celestial bod-
ies are viewed solely in terms of fre-
quency as a function of mass, there is
no basic discontinuity in their abun-
dance in the low-mass region. We are
aware of an abundance of heavy bodies
because their rates of energy produc-
tion permit us to see them. Although
bodies of mass smaller than 0.07 Mo
may be extremely abundant, we are
generally unaware of their existence
because they are invisible.

Kumar (3) has also speculated that
invisible bodies may represent a signifi-
cant addition to the matter which is
observed near the sun. Noting that it
takes a body of mass 0.01 Mo (which
he assumes to be the average mass of
a “planetary object”) only 20 X 10°
years after birth to become invisible,
he suggests the presence of some
60,000 such objects within 20 parsecs
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of the solar system. This would cor-
respond to about two such bodies per
pc’, or about 20 invisible bodies for
each visible star.

An attempt is made in the present
report to estimate the number of invisi-
ble planet-like objects in the solar
neighborhood, making use of the lumi-
nosity function and taking into account
the chemical composition of planets in
relation to their size and the composi-
tion of the main-sequence stars. On
the basis of available statistics of multi-
ple star systems, the spatial distribution
of planet-like bodies in relation to visi-
ble stars is estimated.

Types of planets. Planets of the solar
system fall into three rather well-
defined classes (4). The inner planets
are small and dense, with highly oxi-
dized atmospheres. They are apparent-
ly composed largely of metals and
metal oxides which altogether comprise
less than 0.3 percent of the mass of the
sun. The outer planets are massive, pos-
sess low specific gravity, and highly re-
duced atmospheres. They are composed
of much lighter substances than the in-
ner planets. Elements which make up
these lighter substances are very abun-
dant in the sun.

The low specific gravities of Jupiter
and Saturn cannot be explained unless
we assume that they are composed pri-
marily of hydrogen and helium. Uranus
and Neptune appear to be composed
largely of light substances such as
water, methane, and ammonia, with but

little hydrogen and helium present. De-
Marcus (5) has studied theoretically the
mass-radius relationship of cold bodies
composed of pure hydrogen and has
shown that Jupiter lies quite close to the
theoretical curve. Opik (6) has also
concluded that Jupiter is composed
virtually entirely of hydrogen and
helium.

I have suggested (4) that the exist-
ence of these three types of planets is
related to the fact that a gas composed
of cold solar matter would contain
three major types of chemical com-
pounds. Table 1 shows the composi-
tion by weight of such a mixture, based
upon the solar abundance values given
by Aller (7). Such a mixture contains
a small proportion of easily condensa-
ble substances (metals and oxides), a
larger proportion of substances of in-
termediate condensability (H.O, NH;,
CH.), and a very large proportion of
substances of class I were incorporated
(H: and He).

It was suggested that the conditions
of planet formation were such that the
substances of class I were incorporated
into all planets. Between the asteroid
belt and the sun the conditions were
such that the more volatile substances
were not incorporated into planets to
an appreciable extent. Beyond the aster-
oid belt, substances of class II could
condense and lead to the growth of
considerably larger planets. Watson,
Murray, and Brown (8) have shown
that the asteroid belt represents the
transition of stability for solid water
being evaporated by solar heating.

In the neighborhood of Jupiter and
Saturn substantial quantities of hydro-
gen and helium were incorporated into
the planets, possibly as the result of the
more rapid rate of growth of the proto-
planets, the greater gravitational fields
associated with the resultant bodies,
and the higher gas density in the re-
gion at the time.

It is tempting to conclude that cold
bodies throughout the galaxy, produced
from clouds of gas and dust which pos-
sess the chemical composition of main-
sequence stars, will end up as class I,
class II, or class III planets, depending
on the conditions of temperature and
pressure in the region of formation.
Presumably, bodies of class I can only
be formed in regions of high-energy
flux, such as those close to a star. A
body formed in a colder region will
end up as either a class IT or class IIT
planet, depending on the conditions of
temperature and pressure in the region
of formation. The small bodies will be-
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Fig. 1. Observed and corrected luminosity
function for main sequence stars.

long to class II, composed of metals
and oxides, ice, methane, and am-
monia. Larger bodies capable of retain-
ing hydrogen and helium may belong
either to class II or to class III, de-
pending on the conditions of formation.

Thus, a quantity of solar matter con-
taining metals and oxides totaling one
earth mass could end up as an earth-
like planet in a high energy flux, as a
Uranus-like planet weighing 8.2 earth
masses in a colder region, or as a Jupi-
ter-like planet weighing 395 earth
masses if all molecules were retained
in proportion to their solar abundances.
Also, there could be gradations be-
tween these extremes.

Luminosity function. In a volume of
10" cubic parsecs in the vicinity of the
sun there are about 1000 visible main-
sequence stars. The distribution of these
stars with absolute visual magnitude
(the luminosity function) as given by
Schmidt (9) is indicated by the dark
solid curve in Fig. 1. The mass-lumi-
nosity relationship permits the magni-
tude to be converted to mass.

Stars of large mass have shorter life-
times than those of small mass. For
this reason we must correct the ob-
served luminosity function in order to
obtain the “original” distribution of the
bodies with respect to either magnitude
or mass. This has been done by Sal-
peter (/0), and his corrections give
rise to the dotted curve in Fig. 1, which
joins the uncorrected curve at about
M. = 4, M, being the visible magni-
tude. Between M. = 1 and M. = 13,
the relation between the logarithm of
the frequency and the absolute magni-
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tude is well represented by a straight
line.

log f = 0.0911 M, + 0.936 6N

This range embraces masses extending
from about 3 down to 0.15 solar
masses.

Above M., = 13, the frequency falls
off rapidly. It is reasonable for us to
assume that this decrease in observed
frequency with increasing magnitude
does not represent any drop in the
actual frequency of bodies with respect
to decreasing mass. It seems likely that
the frequency curve falls rapidly be-
cause, first, as stars become fainter they
become increasingly difficult to see.
Second, and probably even more im-
portant, such small stars approach
Kumar’s (1) upper limit of 0.07 solar
masses below which thermonuclear re-
actions will not take place. This could
correspond to a star of about the 15th
absolute magnitude.

At high magnitudes (M, > 10) the
relationship between magnitude M» and
mass M is well represented by

M, = —6.65log M + 7.87. )

Thus for bodies smaller than about
0.5 Mo we have the relationship

log f = —0.61 log M 4 1.65 3)

where M denotes the mass of the object
relative to that of the sun, and f de-
notes the number of bodies per 10* pc*
which possess masses in an interval of
A log M = 0.15.

This relation has been used to esti-
mate the number of invisible bodies
down to masses comparable to those of
the planets of the solar system. The
results are shown in Table 2, where the
term “earth equivalent” denotes a cold
body which contains metals and metal
oxides equivalent to one earth mass. As
already discussed, the actual total mass
of such a planet will depend on its loca-
tion and on the mode of its formation.
An “earth equivalent” planet can range
in size from a class I earth-like planet
of unitary weight to a class II planet of
8.2 earth masses, to a class III planet
of 395 earth masses.

If we assume that most bodies larger
than Saturn will be of class ITI composi-
tion, and that most of those smaller
than Saturn will belong to class II, we
can estimate the total mass of invisible
bodies. From Table 3 it can be seen
that the estimated total mass contribu-
tion of cold bodies might be of the or-
der of 0.011 Mo/ pc®. This is about one-
fifth the total mass contribution of
known stars as estimated by Gliese

Table 1. Chemical composition by relative
weight of a cold gas composed of solar mat-
ter.

Relative
Substance weight Class
o 2901 387 11
H,0 4.3
CH, 2.4 372 11
NH, 0.5 }
Metals and oxides 1.0 1

(11) Thus the use of Eq. 1 over a
wide range of mass does not give us an
unreasonably large contribution to the
average density of matter in the galaxy.

Extrapolation of the luminosity func-
tion leads us to the conclusion that
there may be about 60 unseen bodies
of “substantial size” for every visible
star. By “substantial size” we mean
class I planets greater in mass than
Mars, class II planets larger than about
0.8 earth mass, and class III planets
larger than about 40 earth masses.
Clearly, were we to extend the extrapo-
lation to smaller masses, the estimated
numbers of bodies would be even larger.

The luminosity function used here
is strictly applicable only to stars in
our own region of the galaxy. There
is evidence, for example, that within
certain galactic clusters the frequency
falls off more rapidly with decreasing
mass than it does in the solar neighbor-
hood.

Multiple-body systems. When we ex-
amine the 100 stars nearest the sun we
find that 48 are apparently single stars,
40 are grouped in 20 double star sys-
tems, and 12 are grouped in 4 triple
star systems. The catalog of Gliese (/2)
lists 915 stars within a distance of 20
parsecs. Of these, 159 are classified as
being at least double; 10, as being at
least triple. It is reasonable to assume
that the lower ratios of double and triple
to single stars in the larger assemblage
results from observational selection.
Systems which are more complicated
than triple ones appear to be fairly
abundant, and one apparent six-star
system (Castor) has been observed.

Let us assume that the ratio of single

Table 2. Estimated number of invisible bodies
per 10* pc® in the vicinity of the sun (num-
ber of visible stars = 1000).

Mass range No.
0.16 M@-0.021 Mg 1,430
0.021 Mg@-1 “Earth equivalent” 11,300
1 “Earth equivalent”-1 “Mars
equivalent” 47,600
Total unseen bodies down to 60,330 or
size of “Mars equivalent” 6.0 per pc?
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to double star systems observed in the
assemblage of the 100 stars nearest the
sun is correct, and let us use this figure
to correct the underestimates of multi-
ple star systems in Gliese’s (72) list
which result from observational selec-
tion. The corrected numbers of single,
double, triple, and quadruple systems
are shown in Table 4. The corrections
throughout are made on the assumption
that a certain fraction of the observed
individual stars (0.205) are probably
unresolved pairs of stars.

Kuiper (13, 14) has made a careful
study of the statistics of double star
systems and concludes that, within a
radius of 10 parsecs, about 50 percent
of the objects of spectral classes A
through K are either binaries or more
complicated multiple systems. This is a
higher proportion than the 35 percent
indicated in Table 4.

Thus far, over 50,000 visual binaries
and about 1500 spectroscopic pairs
have been identified. It is clear that the
great abundance of multiple star sys-
tems must be regarded as a funda-
mental aspect of our galaxy that re-
quires explanation. It is generally as-
sumed that binary stars of all types
originated through condensation and
accretion of interstellar gas and dust,
as single stars and clusters apparently
do. But why should the apparent abun-
dance of single to double to triple star
systems be in the particular ratios which
are observed?

Statistics of multiple star systems
are of course based on visible stars. As
already indicated, these may be few in
number when compared with the abun-
dant cold bodies of substantial size.
What proportion of these cold bodies
are coupled gravitationally with visible
stars? What proportion are coupled
with each other?

Invisible planetary companions of
stars are extremely difficult to detect.
Nevertheless, in a few visible binaries
the presence of a very faint companion
may be inferred from the wavy form
of the apparent orbit. Thus, studies of
the two stars of the binary system 61
Cygni reveal the presence of a com-
panion to one of the stars, having a
mass 0.008 Mo and a period of 4.8
years. Particularly noteworthy is the
recent discovery by Van de Kamp (75)
of a small invisible companion to
Barnard’s Star, of mass about 0.0015
Mo. This mass is but 50 percent greater
than that of Jupiter.

Thus far, there is reasonably good
evidence for the existence of seven in-
visible planetary companions having
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Table 3. Estimated mass contribution of small
unseen bodies in the solar neighborhood.

Total mass
Type of object per 10% pc?
(solar units)
0.16 M@-0.021 Mg 55
0.021 M@-1 “Earth equivalent” 417
1 “Earth equivalent”—Saturn 10
Saturn—1 “Mars equivalent” 0.10
Smaller material class IT down
to mass 7.1 X 10 Mg 0.2
Total mass of unseen smaller 112 or
bodies 0.011 Mg/pc?

masses in the range 0.0015 Mo to
about 0.02 Mo (see Table 5). The stars
are close to the sun, all of them being
among the 100 nearest stars. When we
add the Jupiter-Sun system to the list
it would appear that at least 8 percent
of the visible stars have invisible com-
panions of mass greater than Jupiter.
When we consider the observational
selection effects, the fraction of stars
which possess invisible companions
must be very much greater than this.

Extrapolation of the luminosity func-
tion suggests that there are in the solar
neighborhood 1270 bodies the size of
Jupiter, or larger, for every 100 visible
stars. The number of such bodies ob-
served to be attached to the 100 nearest
stars corresponds to 0.6 percent of those
estimated. The luminosity function also
indicates the presence in the solar
neighborhood of some 60 cold
bodies per visible star, with masses
ranging downward to about that of
Mars. If 0.6 percent of these bodies
were also gravitationally bound to stars,
there would be an average of 60 X
0.006 = 0.36 planetary bodies attached
to each star. Further, as indicated
above, this would represent a lower
limit. This high figure would make it
appear that a very large proportion
of visible stars may have planetary
systems.

Planetary-stellar clusters. It is usually
assumed that stars and planets were
formed through gravitational contrac-
tion and condensation of interstellar
gas and dust. Let us suppose that these
processes take place in discrete regions

of space separated from each other by
interstellar distances, and that within
each region a cluster is formed con-
taining an average of n bodies, the
masses of which range upward from
the size of Mars-equivalent objects to
stellar masses. Let us assume further
that the mass distribution of all bodies
in all clusters is given by a function
similar to the extrapolated luminosity
function, but that the distribution with-
in a given cluster is purely random.
Zero, or more, of the objects in a given
cluster will become sufficiently large to
generate thermonuclear energy. Most of
the objects will remain cold. Let us
denote the ratio of cold to visible bodies
by the ratio r. The numbers of single
and multiple visual star systems can
now be calculated in terms of »n from
the binomial distribution:

n! r i
0 = e oo (r+1) “
where x represents the number of vis-
ible stars in the system.

Let us assume a value of r = 60
for bodies larger than a Mars-equiva-
lent, as indicated by the luminosity
function, and assume a ratio of visible
single to double stars of 2.40, corre-
sponding with observations in the group
of 100 nearest stars. The average clus-
ter size then becomes n = 50. With
this figure, the frequencies of all pos-
sible multiple star systems can be cal-
culated. The calculated frequencies are
shown in Table 6, where they are com-
pared with the corrected observations.
The agreement is well within the ob-
servational error.

As long as n is much greater than
x, the expected frequencies of multiple
star systems depend only on n/r. Thus,
if » should turn out to be smaller than
60, the expected frequencies can be
duplicated by lowering n proportion-
ally. Thus if r were reduced from 60
to 30, n would be reduced from 50
to 25.

The fact that the frequencies of mul-
tiple relative to single star systems can
be estimated in this rather simple way
adds further weight to the concept that

Table 4. Frequencies of stellar systems.

100 nearest stars

Stars within 20 parsecs

System Observed Observed Observed Observed Corrected
number individual number individual fumber
of systems stars of syst 01 systems
systems stars G f = 0.205)

Single 48 48 746 746
Double 20 40 159 318 gz;
Triple 4 12 10 30 69
Quadruple 0 0 0 0 6
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Fig. 2. Frequency distribution of semi-
major axes (in astronomical units) of
binary stars.

each stellar system is really a compli-
cated system containing numerous cold
bodies. A corollary of this concept is
that invisible clusters of bodies should
exist in which none of the bodies has
become a star. Table 6 indicates that
such invisible systems should be nearly
as numerous as visible stellar systems.

Distribution of planetary bodies
around stars. Figure 2 shows the fre-
quency distribution curve for the semi-
major axes of double stars as con-
structed by Kuiper (13, 14). For refer-
ence, the locations of the planets of our
own system are indicated. Assuming that
the distribution of the semi-major axes
of invisible stellar components is given
approximately by the same curve, we
can combine this distribution with the
luminosity function and thus obtain a
distribution curve for the frequency of
cold bodies as a function of the heat
flux received. This combined frequency
curve is shown in Fig. 3.

It can be seen that the vast majority
of the bodies (about 92 precent) would
receive less heat than do the asteroids
and would probably therefore be, de-
pending on size, class II or class III
planeis. About 85 percent of the bodies
would receive less heat than does Nep-
tune. About 8 percent of the planetary

Table 5. Invisible stellar companions.

Mass

Star (solar units) Ref.
Barnard’s Star ~ 0.0015 15
Lalande 21185 ~ 0.01 20
61 Cygni = 0.008 21
Krueger 60A ~ 0.009-0.025 22
Bd -+ 20° 2465 = 0.02 21
Ci 2354 = 0.02 21
n Cas™* ~ 0.01 22

# Existence not completely established.
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bodies, however, would receive more
heat than do the asteroids and might
therefore have evolved as planets of
class I. Assuming an average of 50
planet-like bodies associated with each
star would give an average for each
star of about four class I planets of
mass greater than that of Mars.

About 4.3 percent of the planets
under these assumptions would receive
a heat flux lying between that received
by Venus and that received by the
asteroids. It is widely believed that life
processes might take place in this zone
of heat flux, but not outside. If this
view is correct, it would mean that on
the average some two planets per visible
star might provide suitable environ-
ments for the emergence of life proc-
esses which are based upon chemical
systems similar to those on earth.

Conclusions. 1f we are correct in
assuming that the function describing
the frequency of celestial bodies with
respect to mass is valid for masses
lower than about 0.5 Mo, and if we are
also correct in assuming that stars,
together with cold objects, were formed
in clusters of bodies of random size
distribution, then we must conclude
that planetary systems are far more
abundant than we have so far sus-
pected. Virtually every main-sequence
star should have a planetary system
associated with it. Class I planets,
similar in composition to the earth or
Mars, should be abundant, and we
might expect on the average as many
as four such planets per star. Such
bodies should exist in greater abun-
dance near stars of high luminosity
than near stars of low luminosity.

The conclusion that each star should
have on the average two planets in the
“life zone” of heat flux gives consider-
able grounds for further speculation.
Clearly, this favorable situation may
mean that life is far more abundant in
our universe than we have previously
thought possible.

Discussion in this report has been
arbitrarily confined to bodies the size
of Mars and greater. If the discussion
should include substantially smaller
bodies, the number of objects estimated
from Eq. 1 would be greatly in-
creased. As most of these bodies would
belong to class II, it may well be that
these smaller bodies, formed at the
time of cluster formation, provide the
primary source of comets,

The most useful approach, aimed at
estimating the degree of validity of
these assumptions, conclusions, and
speculations, would be to intensify ef-
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Fig. 3. Frequency distribution of heat
flux received by hypothetical planets; dis-
tribution of orbits possessed by binary
stars and the luminosity function being
assumed. L/Lo is the luminosity of the
star relative to that of the sun; a is the
semi-major axis of planetary orbit in as-
tronomical units.

forts designed to find extra-solar plane-
tary bodies (/6). The detection of
such objects is extremely difficult, but
as Spitzer (17) has emphasized, there
are potential solutions, particularly if
we are able to place large telescopes
in orbit outside the earth’s atmosphere.
A great deal could also be accomplished
by intensifying ground-based searches
for gravitational perturbations on stars.
F. D. Drake has pointed out to me
(18) that the effectiveness of such an
approach could be greatly improved by
increased observations of stellar mo-
tions, the use of long integration times,
possibly the use of photoelectric tech-
niques, and the use of Fourier analysis
on the perturbation data to extract per-
turbations from noise.

If it develops that planetary systems
are indeed as abundant as this dis-
cussion indicates, the search for intelli-
gent extraterrestrial life is placed in a
somewhat new perspective. With 10"
planetary systems available in our gal-
axy, life forms may well be both
abundant and diverse. Although Simp-
son (19) may be correct in his con-
clusion that man, in effect, is a sta-

Table 6. Expected frequency of multiple star

systems; n = 50, r = 60.

Estimated |
Nom B e ST
stars Irz‘;ed rgzggct tions
in sys- g o within
tem quency tgy:t':;glse 20 parsecs
0 0.437
1 362 0.643 0.650
2 .149 265 270
3 .0398 0707 075
4 .0066 0117 .0066
5 .0012 .0021
6 .00015 .00027
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tistical miracle, we simply do not know
enough about the physical, chemical,
and biological evolution of planets to
assess with any degree of accuracy the
sets of circumstances under which in-
telligent life forms may or may not
emerge. If planetary systems are indeed
extremely abundant one might conclude
with equal conviction that man is not
alone—that his equivalents may oc-
cupy hundreds or even thousands of
bodies within our galaxy. Listening for
evidence of the existence of such forms
may indeed prove to be in the long
run a profitable and exciting pursuit.

HARRISON BROWN
Division of Geological Sciences,
California Institute of Technology,
Pasadena
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Isotopic Composition of Lead and Strontium from

Ascension and Gough Islands

Abstract. Isotopic composition of lead and strontium has been determined in
a series of rock samples from two islands on the Mid-Atlantic Ridge. Both inter-
and intra-island variations exist in the abundance of radiogenic isotopes of both
elements. Lead from basalt of Ascension Island has a Pb* -Pb* ratio of 19.5,
while the corresponding ratio at Gough Island is only 18.4. The Pb**-Pb* ratios
from the two islands do not differ. Conversely, strontium from basalt of Ascension
Island is less radiogenic than that from Gough Island basalts. The trachytes of
both islands have lead and strontium that is more radiogenic than that found in
the basalts. The inter-island differences indicate the existence of regional varia-
tions in the uranium-lead and rubidium-strontium ratios of the upper mantle
source of these rocks and show that isotope compositions are a means for investi-
gating chemical heterogeneities in the mantle.

The isotopic composition of stron-
tium in rocks derived from the mantle,
for example, oceanic volcanic rocks, is
determined by the relative abundances
of rubidium and strontium during geo-
logic time in the parent materials that
produce the rock magmas. Gast (7)
used this principle to place certain re-
strictions on the composition of the up-
per mantle of the earth. He showed that
basaltic rocks contain strontium with
much lower Sr¥-Sr* ratios than would
be expected if the outer mantle had the
same chemical composition as chondrit-
ic meteorites, an assumption that has
been widely used in various calcula-
tions. Another use of isotopic data for
strontium in basic rocks is based on
knowledge of the amount of variation
in isotopic composition from one rock
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to another; this information can be
used to infer the amount and extent
of regional variations in the ratio of
rubidium to strontium in the upper
mantle. Data obtained thus far indi-
cate that the Sr*-Sr* ratio of strontium
from basic rocks is quite uniform (I—
3). The isotopic composition of stron-
tium in surface rocks is highly vari-
able, depending on the age and rubid-
ium-strontium ratio of the rock and
on the isotopic composition of stron-
tium initially inherited by the rock. If
basic rocks contain strontium of nar-
rowly defined isotopic composition, a
potentially useful tracer is provided
that can delineate rocks of deep-seated
origin from those containing large ad-
mixtures of crustal materials. Several
authors have discussed the use of

strontium in this manner to study the
origin of granitic rocks (I, 3, 4).

Arguments similar to those used for
strontium can also be applied to the
uranium-lead and thorium-lead systems.
The former system is particularly valu-
able since two different isotopes of
uranium, U™ and U*®, with greatly
different half-lives decay to form two
isotopes of lead, Pb*" and Pb**. There
are relatively few data in the literature
on the isotopic composition of lead in
rocks. We have begun to investigate
the isotopic composition of lead and
strontium in a series of rocks from two
typical islands on the Mid-Atlantic
Ridge, Ascension Island and Gough
Island, to establish the magnitude of
both inter- and intra-island variations
in the isotopic composition of these
elements. An oceanic rather than a
continental environment was chosen for
these experiments to avoid possible con-
tamination by radiogenic lead and stron-
tium from the granitic rocks associated
with the crust in continental areas.
Rather detailed petrologic studies of
both islands have been made by previ-
ous investigators (5, 6).

Isotopic compositions of lead and
strontium, together with brief descrip-
tions of individual samples used in this
study, are given in Table 1. Analyses
lIabeled U.S. Geological Survey were
made on the mass spectrometer, having
a 12-inch (30-cm) radius of curvature,
that was used by Hedge and Walthall
(3). Those labeled University of Min-
nesota were made on a mass spectrom-
eter having a 6-inch (15-cm) radius of
curvature, as described by Gast (7).
Analyses labeled Department of Ter-
restrial Magnetism were made on a
mass spectrometer [9-inch (22.5-cm)
radius of curvature] with an electron
multiplier ion detector. The lead anal-
yses were interspersed with analyses of
the reference sample from California
Institute of Technology described by
Chow and McKinney (8). Corrections
for electron multiplier discrimination
were determined from results on the
reference sample. The reliability of the
ratio determinations can be estimated
from the duplicate measurements in
Table 1. The duplicate data in this
table represent chemical processing of
two separate rock samples. The lead
concentrations varied from 2 to 8 parts
per million, except that G-19D con-
tained about 20 parts per million. Five-
gram samples were generally used; the
reagent blanks were about 0.1 pg for
this amount of sample. Hedge and Walt-
hall (3) give additional data bearing
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