Reports

Zodiacal Dust and Deep-Sea Sediments

Abstract. The recent detection of radioactive AI?¢ in marine sediments has led
to the conclusion that it is brought into the earth’s atmosphere by micrometeorites
which have been exposed, in interplanetary space, to solar high-energy protons.
The AI?S method is not precise enough to yield directly a reliable value for the
mass accretion rate to the earth to better than about 3 orders of magnitude, but
it is sufficiently accurate to allow a crucial decision between two widely differing
models of interplanetary dust which have been proposed to explain observations
of the zodiacal light. The two models lead to AI*¢ concentrations which would
differ by about 5 orders of magnitude. Thus, the presence of AI?S is consistent
only with the zodiacal dust model with particles of some tens of microns rather
than with submicron particles. From this model a mass accretion to the earth
can then be calculated which is set at 1250 (upper limit, 2500; lower limit, 250)
tons per day, or 2.8 X 10—15 g/cm? sec, or 4.5 X 1011 g over the earth per
year. This value does not depend on the flux of the solar high-energy particles,
which may be uncertain by an order of magnitude or more. The presence of
AI?% supports the idea that an important fraction of the dust is stony in composition
and material density, and thus eliminates some more exotic dust models, such
as one consisting entirely of carbon grains. We may also conclude that the
accreted dust particles have been in the solar system and exposed to protons from
solar high-energy particles for a time interval which is greater than a significant
fraction of the Al?¢ half-life (0.74 X 106 years).

Zodiacal light is commonly inter-
preted as sunlight scattered from tiny
dust particles which are in gravitational
orbits in the inner part of the solar
system. The detailed properties of the
particles, that is, their size distribution
and spatial concentration, as well as
their shape, composition, and light-
reflecting power (albedo), are in doubt
and cannot be deduced solely from the
astronomical observations of zodiacal
light. Two widely differing models
for zodiacal dust have been proposed.
The earlier model, proposed by van
de Hulst (/), Allen (2), and improved
by Opik (3), arrives at a distribution
of particle radii n(a)da = Ca—?da
having a size range of from 1 to
350 ;. with a relatively flat population
index of p = 2.6 to 3.0. A similar
interpretation has been given by Elsis-
ser (4), and Siedentopf (5). The ob-
served polarization of zodiacal light
was usually explained by these au-
thors in terms of scattering from in-
terplanetary electrons.

More recent measurements by
Blackwell (6) established that the elec-
tron concentration must be quite
small, while direct measurements of the
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interplanetary plasma (solar wind)
give values of the order of a few
electrons per cubic centimeter (7).
These findings have influenced newer
interpretations of zodiacal light (8-
10) in terms of a steep distribution
of particle radii, with p ~ 4.0, and
extending down to particles of 0.1 g
(Table 1). A comparison of particle
size distributions is given in Fig. 1.

The interpretation derived from the
optical observations of zodiacal light
must be consistent with other more di-
rect observations involving the same
types of particles. Here one makes use
of the fact that the particles, when un-
der the influence of the earth’s
gravitational field, come into the vicini-
ty of the earth, and in many cases
are accreted to the earth where they
can be examined at close range. It is
possible to obtain additional and per-
haps crucial information concerning
the properties of the dust particles:
(i) by observations from a spacecraft
in the vicinity of the earth, involving
impacts on microphones and penetra-
tions of thin films; (ii) by collection of
dust particles in the upper atmosphere
after they have had a chance to slow

down and their concentration has in-
creased; (iii) by optical observations
with laser light backscattering from
dust particles near 80 km; (iv) by col-
lection from high-altitude balloons and
aircraft; and (v) by analysis of ice
and snow cores and of deep sea cores.
Unfortunately, these methods have giv-
en quite contradictory results. The
satellite impact data (/1) have been
thrown into doubt recently (/2). High
altitude collection results vary widely
(13), presumably because of contami-
nation. Laser experiments have shown
a positive (/4) as well as a negative
result (Z5). Finally, surface and deep
sea analyses have given a spread of
values for the dust influx to the earth
from less than 10 tons per day to
7 X 108 tons per day (I6)!

The recent detection (I17) of radio-
active Al26 in cores taken in the Pa-
cific Ocean, together with the concur-
rent measurement of atmospherically
produced Bel® in the same samples,
has led to the conclusion that Al26
is brought into the earth’s atmosphere,
and thence into the ocean sediments,
by interplanetary dust particles which
have been exposed in interplanetary
space to solar high-energy protons. As-
suming that the dust particles have
the composition of chondritic mete-
orites, Wasson (I8) had shown that
three reactions are of principal im-
portance: Mg2¢ (p,n), Al*7 (p,pn), and
Si28 (p,2pn). Both Mg2¢ and Al*7 have
an abundance of ~ 1.5 percent, while
Si28 has an abundance of 15 percent.
With reasonable cross-sections and esti-
mates of the average proton flux (and
spectrum), Wasson obtains a steady-
state concentration of 6.5 1012 atoms

(of Al26) per gram of dust. With Opik’s
estimate of dust accretion, Wasson was
able to make a quantitative prediction
of the accretion of interplanetary Al%¢
of 6.5 X 105 atom/cm? year; he also
calculated (I8) the terrestrial contribu-
tion: (i) by way of spallation of at-
mospheric argon (6 X 103 atom/cm?
yr), and (ii) by the interactions of cos-
mic-ray neutrons and muons with rocks
(6.5 X 103 atom/cm? yr).
Aluminum-26 is a more certain
indicator of incoming dust, as it does
not have the ambiguities inherent in
other methods which are based on
morphology (spherules), magnetic prop-
erties, or chemical composition (nickel
concentration). From the measured
AlI26 counting rate (~ 3 X 10-3
count/min) and resulting concentration
(~ 0.4 dpm/kg), a ratio of Al?6: Be'?
activity is obtained as 0.12 = 0.04
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(17). Considering the different half-
lives, 7.4 X 105 years for Al2¢ and
2.5 X 106 years for Be!®, Lal and
Venkatavaradan deduce the rate of
influx of Al?6 as 5.0 X 10* atom/cm?
yr. The required mass accretion rate
is estimated by them as 10* tons per
day over the earth; they arrive at this
estimate by assuming an undersatura-
tion of a factor 5, and an average low
energy proton flux (> 10 Mev) of 100/
cm? sec.

There is, however, great uncertainty
in this estimate, which comes about
from uncertainties in the solar low-
energy proton flux (a factor of ~ 3
in the last solar cycle, and perhaps
a greater factor over the last million
years); the production cross-sections (a
factor of ~ 2); the dust composition;
the exposure time of the dust particles
in space (in relation to the half-life
of AIl?®);. and also from the uncer-
tainty in the sedimentation rate (a
factor of ~ 2); and in the measured
activity of AI26 itself. Altogether, I
estimated the overall uncertainty at
two or even three orders of magni-
tude and deduce an influx rate of
from 100 to 10% tons per day. How-
ever, as we shall see, it is only neces-
sary to obtain an order of magnitude
result in order to decide between the
competing interpretations of zodiacal
light and then derive a more precise
figure for the accretion rate by another
method.

While different dust models can be
“stretched” to explain the same astro-
nomical zodiacal light data, the accre-
tion rates deduced from these models
by simple theoretical considerations
vary by several orders of magnitude
(Table 1). Because of the Poynting-
Robertson effect, the particles have
nearly circular orbits; the spatial dis-
tribution of zodiacal light suggests that
the particles have modest inclinations.

Hence, the particle velocities relative

to the earth would tend to be quite
low, of the order of 2 to 5 km/sec
(19). Assuming, to a first approxima-
tion, that the geocentric particle ve-
locities u are isotropically distributed,
one can use Liouville’s theorem di-
rectly to calculate the influx of particles
to the earth (I9). In terms of the
spatial mass concentration M, the ac-
cretion rate A is given as

A= M(@R) u(l+v/u) ey

where R is the radius of the earth
(plus appreciable atmosphere) and v,
is the escape velocity (~ 11 km/sec).
It can be seen that 4 varies as 1/u
for very small u, and is proportional

26 MAY 1967

——Rablus (MICRONS)

ol 1 0 100
Fig. 1. Models of zodiacal dust distribu-
tions, given by n(a) = Ca?, expressed in
number of particles per cubic centimeter
per interval da (in centimeters).

to u for very large values of u; A4
shows a minimum when u = v,,.

The calculated accretion rates for
different models are shown in Table 1.
The accretion rates derived from the
Al?% results, that is, 102 to 103 tons
per day, favor the flat distribution
which involves particles whose radius
is typically some tens of microns.

It is necessary to consider carefully
whether the particle-size distribution
really follows a power law with a
single exponent over the whole range.
What is relevant here is whether the
particles which contribute most to the
mass accretion are the same particles
which contribute to the zodiacal light.
Since mass ~ a3, light reflection ~
area = xa2, and diffraction ~ cir-

cumference = 2ra, different portions
of the particle distribution can be ef-
fective, depending on which power
of radius enters into the phenomenon
under study (20).

In general, we can define some
property b as an exponential function
of a, that is, b = BaPf. Then the dis-
tribution n(a) = Ca—? transforms into
the distribution

f(b) = Cp' TP PR @

The integral distribution F,, between
limits b, and by, or limits a, and ay,
can then be expressed as

Fip~ [ by 1+ B8~—p)p-1

148—
or[ag 7 (3)

We have calculated the limiting values
of a so that 25 percent of the con-
tribution lies between successive values
of a, for the two dust distributions,
and for 8 = 1, 2, and. 3. The results are
shown in Table 2, and are now used
to further refine the discrimination
between the two dust models.

A factor which greatly reduces the
amount of Al carried in by the steep
submicron particle distribution is the
lack of saturation of AI2¢ brought
about by the short exposure time. The
lifetime of a particle, defined as the
time (in years) required to spiral in
from a distance R to the vicinity of
the earth, is given by the Poynting-
Robertson effect (21).

—_

A+ 8- p)ﬁ-l]

1+8—p
—_ay

T=70X10°as(R*—1) @

where a is in microns, § in grams per
cubic centimeter, and R in astronomi-
cal units. If it is assumed that the par-
ticles start out near the asteroid belt,

Table 1. Properties of zodiacal dust models. The model is characterized by a size distribution
n(a)da = Ca*da, extending from a minimum radius & < to a maximum radius @ s (in microns).
The participle density is § (in grams per cubic centimieter). The number concentration N and
mass concentration M in space are in units of the reciprocal of cubic kilometers and 10-*2
g/cm?, respectively. The accretion rates A, (in tons per day) are given for geocentric veloc-
ities u = 2 kmy/sec and 5 km/sec (1 g/cm?® sec over the earth corresponds to 4.4 X 10%

tons per day).

Author C p

a<

v.d. Hulst (J)
Elsdsser (4)
Allen-Opik (3)

35 x10-* 26 1
1.0 x 10-* 2.0 1
1.0 x 10-* 3.0 1

Siedentopf (5) 1.6 X 10-* 285 3.2
Opik (3) 8.4 x 10-2 285 1
Ingham (8) 25 % 10-* 40 04
Giese (9) 1.0 X 10-* 2.5 1.6
74 X 10-* 4.0 0.16
22 %X 10-* 40 0.16
Weinberg (10) 7.4 X 10-* 4.0 0.17

as b N M A2 A5
350 35 55 34 2400 1100
350 35 10 90 6400 3000
350 35 50 S 360 170
320 35 26 4 280 130
350 35 110 20 1400 660
840 2 130 0.016 1.2 0.53
6.4 3.5% 3 0.014 1.0 0.46
4.1 3.5% 5800 0.035 2.5 12
41 78 1700 0.023 1.6 0.76
4.4 3.5% 5000 0.035 2.5 1.2

#* Both Giese and Weinberg use components having refractive index m = 1.33, that is, corresponding
to that of H=0. However, they do not suggest that the dust actually is ice. For that reason I have

chosen a density of 3.5 g/cm?,

1081



Table 2. Quartiles of radii for interplanetary dust having a frequency distribution of radii given
by a* and weighted with a function g, where g is 1, 2, or 3. Shown are values of a so that
25 percent of the integral distribution lies between successive values of a. For example, for
the flat distribution (with p = 2.8, as an average between 2.6 and 3.0), 25 percent of the mass
accretion (where 8 = 3) comes from particles between 1 and 110 4, or from particles between
275 and 350 u. Half of the mass accretion comes from particles with radii = 196 . On the
other hand, half of the zodiacal light at larger elongations (produced by scattering; that is,

= 2) comes from particles x 42 y. Half of the zodiacal light at elongation angles

of 30° or less (20) (where g8 = 1) comes from particles >2.38 .

p =28 p = 4.0
B az 1.0y as>=2350y a< =017y as =44y
1 1.43 2.38 5.66 0.196 0.240 0.340
9.2 42 135 244 327 .606
3 110 196 275 384 .867 1.99

with R = 3 A.U., and if the median
values of a are used in accordance
with Table 2, that is, 196 p and 0.87 g,
then the lifetimes become 3.8 X 109
years and 1.7 X 10* years. These are
to be compared with 7.4 X 105 years,
the half-life of Al?6, There is negligible
undersaturation for the flat distribution,
while for the steep distribution the
undersaturation is a factor of about 40
22).

An added discriminating factor is the
escape of Al*® from submicron parti-
cles because of the recoil energy
which it acquires as it is produced.
For example, the reaction Mg2¢ (p,n)
Al?6 has a Q-value of —4.797 Mev. The
energy level density in the AIl?6 nu-
cleus is high enough so that a statisti-
cal model of reactions can be used
(23). For an incoming proton energy
of 20 Mev, the energy released is
about 15 Mev. In this region, the an-
gular distribution is more or less iso-
tropic, so that one can compute a
kinetic energy of the Al*¢ nucleus of
about 0.85 Mev. The range of the
heavy nucleus can, in moderately heavy
material, quite adequately be repre-
sented by the relationship (24)

(. 0.1 Mev)
energy ( in =~

=~ range (in mg per cm®). 5)

This leads to a range of 1.2 y if chon-
dritic densities are assumed, and de-
creases the number of Al2¢ atoms re-
tained within the submicron particle
distribution by about a factor of 3
since about one-third of the mass of
the particles is contained within 1.2
and 4.4 p (Table 2).

Conclusions. The Al?*¢ data, by
themselves, are not accurate enough
to fix the dust accretion to the earth
to better than about 2 to 3 orders
of magnitude. However, they are ac-
curate enough to distinguish between
two competing models for the inter-
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pretation of zodiacal light. They are
in good accord with the van de Hulst,
Allen, Opik model which has a flat
distribution of particles which are in
the range of a few microns to a few
hundred microns in size. The presence
of Al®% as found in deep sea deposits
disagrees by about a factor of 105
with a particle distribution having a
steep spectrum and consisting purely
of submicron particles; of this dis-
erepancy, about 3 orders of magni-
tude can be ascribed to the lower
mass concentration given by the steep
model, about 1% orders of magnitude
are due to undersaturation caused
by the short lifetime in interplane-
tary space, and about %2 order of mag-
nitude is due to the escape of Al?6
from a small particle due to its recoil

energy.
Mass accretion rate to the Earth,
Once the “flat” size distribution has

been selected, the accretion rate can
be calculated from Eq. 1. The spatial
mass concentration M is obtained from
the data of Table 1, which are based
on zodiacal light photometry, as an
average between the van de Hulst and
Siedentopf-Opik (3) values. As judged
from the spatial distribution of zodia-
cal light, the bulk of the dust parti-
cles have geocentric speeds between
2 and 5 km/sec. Thus the mean value
of accretion rate is 1250 tons per
day (from Table 1). This figure hap-
pens to fall near the center of the
cited range of influx values (76),
about 1000 times more than the low-
est value and about 1000 times less
than the highest value. Our uncertain-
ty spans a factor of about 10, rather
than 109.

The uncertainty in the influx arises
partially from an uncertainty in the
value of M, which is about a factor
of 5 (3), but also from the effects of
particles having higher and lower geo-
centric velocities u#. An estimate for

the minimum value of u can be ob-
tained by assuming the heliocentric
orbits of the dust particles to be com-
pletely circular and inclined to the
ecliptic at an angle of about 2°, a
mean value for the nearer planets. The
Earth’s orbital velocity is 29.8 km/sec,
giving a geocentric velocity of the
dust particles of more than 1 km/sec.
Again, since the eccentricity of the
Earth’s orbit is 0.01675, the perihelion-
to-aphelion velocity ratio turns out to
be 1 + ¢/ (1—¢), or about 3 percent
of the orbital velocity. We can there-
fore take y = 1 km/sec as a lower
limit for the geocentric velocity of
interplanetary dust.

A much more stringent lower limit
to u can be derived from the pene-
tration experiments in Explorer XVI
and Pegasus satellites. It can be
shown (25) that the penetration rate
P varies as

R vyt

v\

(1+ 7% (6)
while the accretion rate from Eq. 1
varies as u—1! for small values of u.
Near the Earth, with » = R, for small
values of u and with p = 2.8, Pc
(ve/u)32; therefore, an appreciable
dust component with u# <1 km/sec
should produce a greatly enhanced
penetration rate. There is no experi-
mental evidence for such an enhanced
rate (26); on the contrary, the data
(within their own experimental un-
certainties) support the existence of
large dust particles (> 30 ) with
moderate geocentric velocities.

A reasonable upper limit is given
by a dust particle moving at an in-
clination of 45° to the ecliptic and,
therefore, having a geocentric velocity of
1 = (29.8) (25sin 22.5°) = 23 km/sec.
The ratio of extreme accretion rates
turns out to be A o/ A,; = 4.3, and it
is not very sensitive to the upper limit
of velocities; that is, 4, ,/41; = 5.5;
Ao/ Ay = 2.8.

Material density and composition of
dust. The existence of Al26, attributed
to interplanetary dust (27), can be
used quite effectively to eliminate the
possibility of low material densities,
of the order of 0.1 g/cm?® (similar to
cometary densities) (28). Assuming un-
changed optical properties of the par-
ticles, their mass concentration and
their exposure time in space would
both be reduced by a factor 30, and
the range of the recoiling Al*S nucleus
would increase by a factor 30, to about
36 u. Thus the “steep” particle size
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distribution. would bring in negligible
amounts of Al?%, while the “flat”
distribution would experience a reduc-
tion of 30 X 6 X 2 = 360 (the factor
of 6 is for undersaturation and the
factor of 2 for recoil loss).

Similarly, the existence of Al?¢ sup-
ports the existence of a substantial
stony component in interplanetary dust,
as opposed to a mixture of pure Fe
and HyO [assumed by Giese (9) for
computational purposes], or only car-
bon grains. This result may appear
trivial, but we have no other evi-
dence for the chemical composition
of zodiacal dust.

Before drawing a final conclusion,
however, some caution must be exer-
cised because the portion of the dis-
tribution which contributes to the
mass inflow overlaps only partially
with the portion which produces the
bulk of zodiacal light. It is conceiv-
able, but unlikely, that two quite dis-
similar distributions coexist. It will be
important to obtain confirmation with
the other methods currently used to
study interplanetary dust.

S. FRED SINGER*
School of Environmental and Planetary
Sciences, University of Miami,
Coral Gables, Florida 33124
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Geomagnetic Polarity Change and
Faunal Extinction in the Southern Ocean

Abstract. Paleomagnetic polarity changes have been detected in nine deep-sea
sedimentary cores (from the Pacific-Antarctic Basin) in which an extinction
horizon of a radiolarian assemblage was previously independently determined.
The depths of the polarity change 0.7 million years ago and the faunal boundary
are closely correlated, confirming that the faunal extinction was locally virtually
synchronous. Although the reason for the faunal extinction is unknown, the
possibility of causal relationships between faunal extinction and factors directly
involved with sedimentation rate, sedimentation rate variation, and sediment

type appears to be excluded.

Uffen (7) suggested that during a
geomagnetic polarity reversal the loss
of magnetic shielding during the pos-
sible zero dipole field condition (2)
and consequent excessive cosmic radia-
tion at the earth’s surface could lead
to increased rates of genetic mutation.
Although Simpson (3) believes that
macropaleontological data, when com-
bined with paleomagnetic polarity ob-
servations, support this possibility for
the past 600 million years, the evidence
is not convincing in view of lack of
coverage and depth of appropriate data.
At present the most promising sources
for investigation of the hypothesis are
microfossils and paleomagnetic data in
deep-sea sedimentary cores.

Harrison and Funnell (4) noted that
extinction of the radiolarian species
Pterocanium prismatium and evidence
for a geomagnetic polarity reversal oc-
curred together in an equatorial Pacific
core. Hays (5, 6) studied the distribu-
tion of radiolaria in the submarine sedi-
ments of the Southern Ocean and found
four widespread well-defined successive
assemblage zones, which he named, in
order of increasing age, @, ¥, x, and
®. On the basis of isotope data for the
upper parts of a single core and on
extrapolation, he inferred that boun-

daries between these four zones oc-
curred at 0.4, 0.9, and 1.6 million
years, respectively. Opdyke et al. (7)
observed that the upper part of Hays’s
x radiolarian zone, which is marked
by the local extinction of several spe-
cies (especially Pterocanium tribolum,
Saturnalus planetes, and Sethocorys sp.)
and the appearance of Stylatractus sp.,
Lacopyle sp., and Prunopyle buspini-
gernum, occurred in close association
with a change in the magnetic polarity
in four cores. Because of relatively low
sedimentation rates in the cores con-
cerned, it is not clear whether the ob-
served faunal extinction horizon is as-
sociated with the polarity change at the
Brunhes-Matuyama epoch boundary (8)
0.7 million years ago, or with the
change marking the end of the Jara-
millo event (9) about 0.85 million
years ago (Figs. 1 and 3). The faunal
horizon is apparently geologically syn-
chronous. Opdyke et al. (7) did not
dismiss the possibility that, in harmony
with Uffen’s hypothesis (1), there may
exist a causal relationship between these
extinctions and magnetic reversals.
Much additional information is needed
concerning this possibility (7, 10).
We have measured paleomagnetic
polarity changes in the “Eltanin” core
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