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Cosmic-Ray Record in
Solar System Matter

Robert C. Reedy, James R. Arnold, Devendra Lal

The earth moves in a region of space
once thought of as empty. The density of
ambient gas is low, though measurable,
as is the density of solar thermal pho-
tons, 3 K universal black body photons,
and other low-energy particles. In this
article we discuss the fluxes of high-
energy nuclear particles in the earth’s
neighborhood, the inner solar system.

We define high-energy particles as
those with energies on the order of 1

ously incident on the solar system, but
their flux and energy spectrum is modu-
lated by solar activity. They produce
effects to considerable depths, and are
therefore important in larger bodies. The
sporadic SCR particles, on the other
hand, have much lower energies but
higher average tiuxes; the distinctive ef-
fects due to solar particles can be seen in
the surface layers of extraterrestrial mat-
ter.

Summary. The energetic nuclei in cosmic rays interact with meteoroids, the moon,
planets, and other solar system matter. The nuclides and heavy nuclei tracks
produced by the cosmic-ray particles in these targets contain a wealth of information
about the history of the objects and temporal and spatial variations in the particle
fluxes. Most lunar samples and many meteorites have complex histories of cosmic-
ray exposure from erosion, gardening, fragmentation, orbital changes, and other
processes. There appear to be variations in the past fluxes of solar particles, and
possibly also galactic cosmic rays, on time scales of 10* to 107 years.

million electron volts or more per nucle-
on and consider only two types of ener-
getic particles in the earth’s environ-
ment: ‘the galactic cosmic rays (GCR),
which come from outside the solar sys-
tem, and the solar cosmic rays (SCR),
emitted irregularly by major flares on the
sun. These particles have sufficient ener-
gy to penetrate deeply into solids and to
interact with them, and they produce
appreciable chemical effects, atomic dis-
placements, and ionization in suitable
media. Particles with higher energies,
above ~ 10 megaelectron volts, also pro-
duce nuclear reactions. Because these
various effects leave persistent records,
the study of our high-energy particle
environment is rich in historical possibil-
ities.

It is easy to study solar and galactic
cosmic rays separately. The GCR parti-
cles have high energies and are continu-
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The records of both types of particles
have been studied in terrestrial as well as
extraterrestrial samples, such as meteor-
ites and lunar rocks and soils. To study
cosmic rays, the irradiation history of
extraterrestrial samples and the trans-
port processes on the earth must be

understood. Although it is possible to

study the history of asteroidal and plane-
tary surface processes by studying the
effects of charged-particle irradiation,
this is a bootstrap process, involving
studying one with assumptions about the
other. The big differences in the nature
and the interactions of the two types of
cosmic-ray particles, the availability of a
suite of terrestrial and extraterrestrial
materials, and significant technological
developments in studying the effects of
charged-particle irradiation, have made
it possible in the last decade to make
significant progress in both fields.

SCIENCE

Nature of the Cosmic Rays

The energetic nuclei in the solar sys-
tem have a vast variety of energies and
compositions (Table 1). The nuclei in
both the GCR and SCR are mainly pro-
tons and alpha particles (ratio ~ 10 to
20), with about 1 percent heavier nuclei
(lithium to atomic number Z ~ 90 or
more). The cosmic-ray intensities vary
with geomagnetic latitude and with solar
phenomena (/). Alterations in the mean
flux of solar particles, and in the GCR
flux, are both tied to the 11-year sunspot
cycle (1, 2). Near sunspot maximum, the
GCR flux decreases whereas the mean
intensity of particles emitted by solar
flares increases. Although these and oth-
er properties of cosmic rays were estab-
lished by earth-based observations, mea-
surements from spacecraft, especially
beyond 1 astronomical unit from the sun,
have refined and extended our knowl-
edge of the origin, nature, and distribu-
tion of these energetic particles (2).

The initial sources of the GCR parti-
cles and the mechanisms for their accel-
eration are not known well but probably
involve supernovae (discrete sources),
the interstellar medium (diffuse sources),
or both (3). As the particles diffuse or are
transported to the solar system, various
interactions, including acceleration, may
occur. Finally, the solar magnetic fields
modulate the spectrum of GCR particles
as the particles enter the heliosphere
zone, which extends out to ~ 50 AU.
The modulation is due to scattering of
particles on irregularities in the inter-
planetary magnetic fields, which are con-
vected outward by the highly conductive
solar wind plasma (4). Although changes
in the sources, acceleration, or interstel-
lar propagation of the particles can
change their fluxes in the solar system,
solar modulation is the dominant source
of the observed GCR variability (Fig. 1).

The fluxes of 200 to 500 MeV particles
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system. The local interstellar spectrum
(6) is estimated (7) to be similar to the
one that is in the inner solar system
during such periods of low solar activity.

At a distance of 1 AU from the sun,
solar flare particles constitute an impor-
tant source of medium energy (< 100
MeV per nucleon) corpuscular radiation.
More. than 100 solar flare cosmic-ray
events have been observed near the
earth since 1950. Only a few large flares
produce most of the SCR particles emit-
ted during an 11-year sunspot cycle (Fig.
2). When solar activity is low (sunspot
numbers below 50), few energetic parti-
cles are emitted. The fluence of protons
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Fig. 1. The long-term average fluxes of solar
protons determined from lunar data and GCR-
proton fluxes for different modulation levels.
The fluxes of GCR protons near the earth for
1965, 1967, 1969, and 1971 are calculated fits
to satellite data and the curve for local inter-
stellar space was estimated from modulation
theory (75). [GCR curves and calculations
courtesy of M. Garcia-Munoz and J. A. Simp-
son]

are modulated by an order of magnitude
during a solar cycle. At E> 5 to 10
gigaelectron volts per nucleon, the spec-
trum of GCR particles is not influenced
much by solar activity, and its shape can
be described roughly by a power law in
energy, E~%3. Most nuclear interactions
that produce records are induced by par-
ticles with E > 1 GeV per nucleon,
which are affected only slightly by solar
modulation.

An important question in examining
the cosmic-ray record is how the GCR
spectra varied during sustained periods
of low or high solar activity. During long
periods of essentially no solar activity,
such as the Maunder minimum from 1645
to 1715 (5), the GCR particles would not
be hindered from reaching the inner solar

with £ > 10 MeV in individual events
has ranged from below 10° to more than
10'° protons per square centimeter (8, 9).
Individual events last for a couple of
days and have time-averaged fluxes that
are several orders of magnitude higher
than the total GCR flux.

The energy spectrum of solar particles
is soft, with many particles of E > 10
MeV but few with E > 100 MeV. In
general, the spectrum of SCR particles
can be represented fairly well by E™7,
where E is the kinetic energy per nucle-
on. For proton energies between 20 and
80 MeV v typically ranges from 2 to 4,
with an average of 2.9 at the time of
maximum proton intensity (/0). For
E < 20 MeV, vyis generally lower and for
E > 100 MeV the energy spectrum is
usually steeper. Several other spectral
shapes are also used for solar protons

).

Cosmic-Ray Particle

Interactions with Matter

The energy, charge, and mass of an
energetic particle and the mineralogy or
chemistry of the target mainly determine
which interaction processes are impor-
tant and which cosmogenic (cosmic ray—
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Fig. 2. Zirich smoothed sun-
spot number (continuous solid
curve) and the omnidirectional
integral fluxes of protons
above 10 and 30 MeV emitted
by solar flares from 1954 to
1976. Fluences for several
flares that occurred close to
each other have been com-
bined (8).
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Fig. 3. Predicted production rates for heavy-
nuclei tracks and various radionuclides as a
function of depth in a lunar rock (density of
3.4 g cm™3) directly exposed to cosmic-ray
particles. The shaded region reflects uncer-
tainties in the fluxes of low-energy VH nuclei
in the SCR (/6). The units for the production
of ®°Co by the *°Co(n,y) reaction (76) are
disintegrations per minute per gram of cobalt.
The other curves were calculated by the
Reedy-Arnold model (/7) and the chemical
composition of lunar rock 12002. The curve
for *°Co represents only production by solar
protons by the *Fe(p,n)**Co reaction. For
26Al, 3°Ar, and '°Be, production by both solar
protons and GCR particles were included,
although solar proton production is important
only for 26Al.

produced) products are formed. Energet-
ic nuclear particles mainly interact with
matter in two ways (/7). (i) All charged
nuclei continuously lose energy by ioniz-
ing atoms as they pass through matter,
and the damage produced by radiation
can accumulate in matter and be detect-
ed as thermoluminescence. The paths
traveled by individual nuclei with
Z > ~ 20 and with energies from 0.1to 1
MeV per nucleon can be etched by cer-
tain chemicals and made visible as tracks
(12). (ii) A nuclear reaction between an
incident particle and a target nucleus
involves the formation of new, second-
ary particles (for éxample, neutrons, pi-
ons, and gamma rays) and of a residual
nucleus which is usually different from
the initial one. Nuclei of low energy and
high Z lose energy rapidly through ion-
ization and come to rest. Those of high
energy and low Z lose energy more slow-
ly and usually induce nuclear reactions
before stopping.

Because of the variety of the cosmic-
ray particles and of their modes of inter-
action, the effective depths and products
of the interactions vary considerably
(Table 1). Below a depth of ~ 1000
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grams per square centimeter (a few me-
ters in solid matter or the thickness of
the earth’s atmosphere) there are few
cosmic-ray particles; most have been
removed by nuclear reactions or stopped
by ionization.

Collisions with large meteoroids can
reduce or destroy the part of an extrater-
restrial object that was exposed to cos-
mic-ray particles and expose new sur-
faces. Erosion rates due to microcrater-
ing are ~ 1 millimeter per 10° years for
most exposed rocks. The simultaneous
study of implanted solar wind ions, solar
and galactic heavy nuclei tracks, and
nuclides produced by GCR and SCR
nuclei can reveal changes in the irradia-
tion geometry because each of these
effects has a characteristic depth depen-
dence.

When extraterrestrial matter is ex-
posed to cosmic rays, a wide variety of
cosmogenic stable and radioactive nu-
clides are made. The important targets
for cosmic ray-induced reactions are the
common elements like oxygen, magne-
sium, silicon, and iron. The mass of
product nuclides is similar to or less than
that of the target nucleus. Half-lives of
frequently measured cosmogenic radio-
nuclides range from a few days (35 days
for 3Ar) to millions of years (3.7 X 10°
years for >*Mn). The activity of a cosmo-
genic radionuclide starts near zero for a
freshly exposed sample and will ap-
proach its production rate (assumed to
be constant) after the sample has been
exposed to cosmic rays for several half-
lives. Stable cosmogenic noble gas nu-
clides, such as ?'Ne, are readily detected
by mass spectrometry and are often used
to determine a sample’s integral expo-
sure to cosmic rays.

The relatively low-energy solar pro-
tons and alpha particles are usually
stopped by ionization energy losses near
the surface of extraterrestrial matter.
The SCR particles that induce nuclear
reactions produce few secondary parti-
cles (and the product nucleus is close in
mass to the target nucleus). Nuclear re-
actions induced by SCR-produced sec-
ondary neutrons are unimportant (/3).
The fluxes of SCR particles as a function
of depth can be calculated accurately
from ionization—-energy loss relations;
thus production rates of a nuclide as a
function of depth can be calculated well
if the cross sections for its formation are
known. Activities of SCR-produced nu-
clides decrease rapidly with increasing
depth (*Co in Fig. 3).

Because high-energy GCR particles
have ranges in matter that are much
longer than their interaction lengths,
most react before they are stopped, and
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Table 1. Energies, mean fluxes, and interaction depths of various types of cosmic-ray particles.

Energies Mean flux Effective
Radiation MeV (particles depth
nucleon™!) cm ™2 sec™ ) (cm)
Solar cosmic radiation
Protons and helium nuclei 5 to 100 ~ 100 0to2
Iron group and heavier nuclei 1 to 50 ~ 1 0to 0.1
Galactic cosmic radiation
Protons and helium nuclei 100 to 3000 3 0 to 100
Iron group and heavier nuclei ~ 100 0.03 0to 10

each reaction with a nucleus usually pro-
duces many secondary particles, espe-
cially neutrons and pi mesons. The cas-
cade of particles that develops from
these interactions produces a population
with many low- and medium-energy par-
ticles. The fluxes of the incident GCR
particles decrease roughly exponentially
with depth. The fluxes of secondary neu-
trons increase with depth near the sur-
face, but then decrease exponentially
with depth (/7). In large objects, many
secondary neutrons are slowed by scat-
tering reactions to low energies and can
produce certain nuclides, like ®Co, by
neutron capture reactions (/4). The spec-
trum of the particles in an extraterrestrial
object varies with depth and with the
size of the object. Although the flux of
GCR particles varies with solar activity,
the shapes of their production rate-
depth curves do not change much during
a solar cycle (13).

The nature of the cascade caused by
GCR particles and the resulting spec-
trum is well known from theoretical cal-
culations (/3, [4), bombardments of
thick targets with accelerated particles
(15), and studies of cosmogenic nuclides
in extraterrestrial objects (9, 11). Be-
cause both the attenuation of primary
GCR particles and the build up of sec-
ondary particles occur gradually as a
function of depth, the depth-activity pro-
file of a GCR-produced nuclide varies
slowly (Fig. 3) and depends on the exci-
tation functions (cross sections as a func-
tion of energy) of the reactions produc-
ing it (11); compare, for example, **Ar
and '“Be. Below a depth of about 100 g/
cm? (about 300 g/cm? for neutron-cap-
ture reactions), the production rates of
GCR-produced nuclides decrease with
depth with an e-folding length of about
200 g/cm? (11, 14). The big difference in
the depth-activity profiles for the pro-
duction of nuclides by SCR and GCR
(Fig. 3) usually allows these two compo-
nents to be resolved.

Although nuclear reactions can occur
in all the constituent phases of meteor-
ites and lunar samples, observations of
solid-state damage due to charged parti-
cle irradiation are usually limited to the

crystalline dielectric phases of the miner-
als present, usually olivines, pyroxenes,
and feldspars. Various techniques are
used to observe solid-state damage due
to solar wind , heavy cosmic-ray nuclei
(usually Z > 20), and fission fragments
(9, 12). We are primarily concerned here
with tracks due to cosmic-ray nuclei of
Z = 20. From their observed "abun-
dances, these nuclei are conveniently
divided into two groups, those with
20 < Z = 28, the iron or VH group, and
the Z = 30 nuclei, the VVH group. The
VVH nuclei (mainly, 30 = Z = 40) are
less abundant than the VH nuclei by
about a factor of 500 to 700 for energies
above ~ 500 MeV per nucleon (/6). The
determination of Z for the nucleus form-
ing a track can now usually be made
within =2 charge units (/2, 16). The
identification of charge group (VH or
VVH) can be made with certainty.

Profiles of track density as a function
of depth have been determined in many
meteorites and lunar samples with sim-
ple exposure histories and in a number of
man-made materials exposed in space,
including a glass filter from the Surveyor
III camera returned by the Apollo 12
astronauts. In a track production profile
for the moon (Fig. 3), the tracks in the
top ~ 1 mm are made mainly by heavy
SCR nuclei (E < ~ 10 MeV per nucle-
on); the deeper tracks are made by GCR
nuclei (E = 100 MeV per nucleon) after
they have slowed to E ~ 2 MeV per
nucleon.

History of the Targets

The record of the effects of cosmic-ray
bombardment on the earth and in lunar
rocks and soil, meteorites of various
classes, interplanetary dust collected in
the stratosphere, and cosmic spherules
found in deep-sea sediments is discussed
in the following paragraphs. For these
materials, the study of cosmogenic nu-
clides and nuclear tracks gives signifi-
cant historical information.

Earth. The most famous cosmogenic
radionuclide is '*C (17), whose half-life is
5730 years. On the shortest time scales
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Jolla Radiocarbon Laboratory
for dated tree rings (/9). The
10*-year sine curve represents
the slow variation caused by
M the changing geomagnetic

field. The high frequence fluc-
tuations (Suess wiggles) are
computer-generated spline
functions through the experi-

-40 I L L s L
5000 3000

Year of tree ring growth

accessible to '“C—tens to hundreds of
years—correlations are observed among
solar activity indices, climatic variables
(especially temperature), and '*C activi-
ty. When sunspots are few, '“C activity
is relatively high, and the climate is
generally cold (5, 18-20). The higher '*C
content can be understood as a conse-
quence of more GCR protons reaching
the earth. It is less clear how solar activi-
ty affects climate.

In the 10°- to 10*-year range the domi-
nant effect seems to be variation in the
earth’s magnetic field (Fig. 4). The main
dipole field was apparently weaker one
to two '*C half-lives ago, so that more
protons reached the earth, and the '“C
production rate was higher. The effect is
modeled as a sinusoidal variation, with
an amplitude in '"*C of about 10 percent
and a period of about 10* years (/8).
Because only the last half-cycle is sub-
ject to detailed check, the true variation
curve may not be close to the model at
times further back than 10* years.

Longer-lived cosmogenic radionu-
clides enter the terrestrial environment
in at least three ways. They are carried in
by meteoritic material bombarded in
space. This is the main source of nu-
clides produced from iron-group targets
in meteorites, the most important of
which is *Mn, with a half-life of
3.7 x 10° years. They are also produced
by spallation reactions in the atmo-
sphere; '"Be (half-life, 1.6 x 10° years)
is made from oxygen and nitrogen in this
way (21), and bombardment of atmo-
spheric argon is the main source of 2°Al
(half-life, 7 x 10° years) (22). Finally, a
small amount of production takes place
in surface rocks and soil because of
reactions of neutrons and muons.

Sensitive methods of detection, such
as activation analysis for **Mn (23) and
the use of accelerators for high-energy
ion counting (24), have increased interest
in these nuclides. For example, interest
in >*Mn is related to understanding the
special processes that lead to the deposi-
tion of manganese-rich nodules and
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mental A'*C variations. [Cour-
tesy of H. E. Suess (19)]

crusts in the deep sea. Raisbeck and co-
workers (25) have measured the ''Be
content of seawater, ice cores, and sedi-
ments. We expect this work to lead to
the development of models of the distri-
bution of '“Be in natural waters and
sediments, which will permit this nuclide
to play a useful role in geochronology
and geochemistry. The chemical similar-
ity of beryllium and aluminum suggests
that atmospheric '’Be and 2°Al should be
distributed in the same way. Measure-
ment of the 2°Al/'°Be ratio can provide
another parameter and reduce the need
for a well-supported geochemical model.

Moon. Because the moon has no at-
mosphere and relatively weak magnetic
fields, cosmic rays produce all their ef-
fects in solid matter. Transport and mix-
ing are slow by terrestrial standards. The
transport process of ‘‘gardening’’ (rego-
lith turnover) by meteoritic impact
seems to predominate at the scales of
distance and time accessible to our
study. The radionuclides *Mn and °Al,
produced abundantly by solar protons at
depths less than a few centimeters, are
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Fig. 5. Activity profile of **Mn in disintegra-
tions per minute of **Mn per kilogram of iron.
The heavy line is a calculated production
profile for **Mn as a function of depth from
the model of Reedy and Arnold (/) and
parameters determined from lunar rock data.
The hatched region covers the experimental
33Mn concentrations determined in seven lu-
nar cores (77). The broad spread results from
the varying degrees of disturbance (garden-
ing) which have occurred at the different
places sampled, on a time scale of ~ 107
years. To convert the depth scale to centime-
ters, divide by ~ 1.8.

ideally suited for gardening studies on a
time scale of 10° to 107 years.

Our collections contain basically two
kinds of samples. Rocks collected on the
surface have been there for at least 10°
years, with interesting exceptions. Most
rocks seem to have had complex surface
histories (26), in which tumbling, frag-
mentation, burial, and reexposure have
all played a role. It also seems clear that
on time scales as long as 107 years, a
simple one-stage bombardment history
on the moon’s surface is improbable for
rocks small enough to be collected. One
well-characterized event, formation of
the South Ray crater at the Apollo 16 site
2.0 x 10° years ago (27), ejected pristine
material from below the zone penetrated
by cosmic rays, including some rocks
with simple bombardment histories. The
dominant alteration effect in such rocks
is erosion, produced mainly by sand-
blasting by micrometeorites, at a rate of
~ 1 mm per 10° years (9). The rate is
dependent on the hardness of the rock.

The most instructive samples of the
lunar regolith or soil are cores, ranging in
length from about 20 ¢cm to 3 m. Their
history also appears to be complex, in-
volving usually one or a few large crater-
ing or depositional events, superimposed
on a quasi-continuum of smaller distur-
bances. The nuclear track data (9, 12, 16)
make clear the local heterogeneity of
each layer, except for rare materials like
the Apollo 17 orange glass. The lunar
core track results also suggest several
episodic enhancements in meteorite
bombardment rates (28) during the last
~10° years. The data on SCR-produced
3Mn (Fig. 5) and %Al show that distur-
bance has occurred, on a time scale of
10% to 107 years, to a depth that varies
from a few to more then 10 cm. The
deeper layers are undisturbed on this
time scale. Monte Carlo models give a
fairly satisfactory match with such ob-
servations (29).

Meteorites. Cosmogenic noble gases,
radionuclides (especially *Mn and 2°Al),
and tracks measured in meteorites are
the main source of evidence that most or
all classes of meteorites originate in the
asteroid belt, between Mars and Jupiter.
The production rates for cosmogenic nu-
clides or tracks as a function of composi-
tion and shielding conditions (preatmo-
spheric size and sample location) are
known fairly well and are often used to
determine the duration of exposure of a
meteorite to cosmic-ray particles.

The exposure (or bombardment) age
of a meteorite is most precisely mea-
sured with a radionuclide-stable product
pair. The activity of the radionuclide is
used to determine the production rate of
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the stable nuclide. The best pair is $'Kr-
83Kr because both nuclides are produced
by closely similar reactions, and both are
measured by mass spectrometry at the
same time. For long-lived iron meteor-
ites, the measurement of *°K (1.26 x 10°
years) along with stable cosmogenic po-
tassium isotopes is of great value (30).
More commonly, a production rate for
2INe or some other nuclide is used.
Recently, **Ne/?'Ne isotopic ratios in
meteoritic samples have been used to
correct 2!Ne production rates for the
shielding conditions during exposure of
‘the samples (31). Nuclear tracks and
activities of long-lived radionuclides also
provide information on the exposure his-
tory of meteorites. There have been un-
certainties about the actual exposure
ages (32, 33), but the *'Ne data yield a
good set of relative ages.

Bombardment ages of chondritic me-
teorites range up to a few tens of millions
of years (34) (Fig. 6); those of iron mete-
orites are longer (30). The longest bom-
bardment age so far, about 2 X 10° years
on the “°K-*'K scale, is that of the iron
meteorite Deep Springs (30). There are
statistically significant groups of H-
group chondrites at 4 x 10° to 8 x 10°
years (Fig. 6), and of coarse octahedrites
(irons) at 5 x 108 to 6 x 10% years.
These groupings, associated with specif-
ic meteorite types, appear to record indi-
vidual events. Our picture is that meteor-
ites spent their earlier histories con-
tained in bodies that were large in com-
parison to the characteristic length of
GCR penetration, a few meters. The
start of the cosmic-ray exposure was a
collision between two objects, which
produced disruption or at least fragments
of meteoritic size. These were brought
into earth-crossing orbits by planetary
perturbations (35). The observed time
scales and age groupings have been es-
sential data for the development of plan-
etary perturbation models.

Some meteorites have been small ob-
jects for a relatively short time. The
extreme example, so far, is the chondrite
Farmington (36), with a bombardment
age of 5 X 10* years. There is little time
for perturbation of the orbit of such a
short-lived object; thus if the orbit could
be determined, it would be of major
importance.

Multistage bombardments in space
were noted by Chang and Wanke (37) for
large iron meteorites. For such objects, 1
m or larger with bombardment ages
~ 5 % 108 years, two or more stages of
collisional breakup seem to be the rule.
Nishiizumi (38) reported two cases, one
very striking, of two-stage bombardment
of chondrites in space.
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Fig. 6. Cosmic-ray exposure
ages of the major types of
stone meteorites calculated
from measured concentrations
of cosmogenic 2'Ne and *?Ne/
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There is evidence for precompaction
irradiation—that is, the exposure to
high-energy radiation preceding the as-
sembly of the meteorite as a solid rock.
Certain gas rich meteorites seem to have
been exposed to the solar wind before
assembly, and there are nuclear track
records of = 1-MeV particles in some of
these (39). The best case for cosmogenic
nuclide production before compaction in
a meteorite is provided by inclusions
(xenoliths) in the chondrite St. Mesmin
«0).

The number of known meteorites is
rapidly multiplying, because of the large
numbers of objects being found in ‘‘blue
ice”’ regions of the Antarctic ice sheet.
We are particularly interested in them
because they are ‘‘old.”” From the evi-
dence of cosmogenic nuclides, it appears
that nearly all of them fell to earth more
than 3 x 10* years ago (4/) and generally
between 1 x 10° and 7 X 10° years ago.
Some iron meteorites have been on the
earth longer; Tamarugal, for example,
has a terrestrial age of ~ 2 X 10° years
(37) and is the oldest we know.

Cosmic spherules and cosmic dust.
The cosmic spherules found in deep-sea
sediments have long been known, from
their composition, to be of extraterrestri-
al origin. They are comparatively abun-
dant (1 part in 107) in deep-sea sediments
because of the slow rate of sedimenta-
tion of terrestrial materials there. These
spherules must include materials from
the meteoroids that never reach the
earth’s land surface (42, 43). The main
uncertainty about their makeup is wheth-
er they are mostly ablation droplets from
large meteoroids or small meteoroids
that have undergone partial or total fu-
sion. Deep-sea sediment cores can pro-
vide a continuous record of the intensity
and nature of incoming extraterrestrial
material for hundreds of millions of years
“3, 44).

Brownlee and his co-workers (45)
have collected small (~ 10 micro-
meters), fluffy, unaltered particles in the
stratosphere that seem to be of cometary
origin. These particles, whose survival
was predicted by Opik (46), are often
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chondritic in composition, but much less
dense and crystalline than the carbona-
ceous chondrites collected on the earth’s
surface. Solar wind noble gases have
been detected in them (¢7), verifying
their extraterrestrial origin, but the small
amount of material collected so far pre-
cludes measuring any cosmic-ray effects.

History of the Cosmic Rays

Many targets bombarded by the cos-
mic rays have relatively simple exposure
histories that can be used to study the
irradiating particles. Tree rings, meteor-
ites, lunar rocks, and parts of Surveyor
III returned by the Apollo 12 astronauts
are examples. Concentrations of radio-
active and stable cosmogenic nuclides
provide data for determining fluxes of
SCR and GCR particles, and track densi-
ties provide information on the heavy
nuclei.

Solar cosmic rays. Indirect measure-
ments of SCR particle flux by ionization
chambers or radio-wave absorption over
the polar caps extend back to 1936, but
direct measurement by particle detectors
in satellites began only in 1960 (). The
SCR record in meteorites usually is re-
moved by ablation during passage
through the earth’s atmosphere, but the
record in the lunar samples is well pre-
served.

The depth-activity profiles of SCR-
produced radionuclides are clearly evi-
dent in the surface layers of the returned
lunar rocks. Generally the chemistries
and cross sections used to derive mean
fluxes and spectra of SCR particles, and
the corrections for GCR production, are
reasonably well known. The activities of
short-lived radionuclides (for example,
78-day 3°Co and 35-day *’Ar) produced
in lunar rocks by solar protons were
found to be in good agreement with those
from satellite-measured proton fluxes for
the solar flares (8, 48). The activities
measured for ?’Na (2.6-years), *Fe (2.7-
years), and *H (12.3-years) were made
mainly by protons emitted before direct
satellite measurements and, along with
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Table 2. Average solar-proton fluxes over various time periods as determined from lunar

radioactivity measurements. Abbreviation: SPME, solar proton monitor experiment (78).

Fluxes (protons cm™2 sec™ )

. Data Refer-
Period source ence E > E > E > E >
10 MeV 30 MeV 60 MeV 100 MeV

1965 to 1976 SPME )] 90 30 8
1954 to 1964 22Na, *°Fe €)) 380 140 60 26
10* years 14C 52) 70 26 9
3 x 10° years  ®'Kr (53, 54) 18 9
10° years 2641 (50) 70 25 9 3
5 X 10°years  >*Mn (50) 70 25 9 3

the relative intensities inferred from indi-
rect measurements, were used to deter-
mine solar proton fluxes for the 1954 to
1964 solar cycle (8). The fluxes for the
two most recent solar cycles were adopt-
ed from satellite measurements or deter-
mined from lunar radioactivities (8) (Ta-
ble 2).

Several long-lived radionuclides are
used to study past SCR fluxes: *C (5730
years), Ni (8 x 10* years), ¥Kr
(2.1 x 10° years), 2°Al (7.3 x 10° years)
and 3Mn (3.7 x 10° years). In lunar
rocks with long exposure ages, the radio-
nuclides can tell us about fluxes one to
two half-lives before the present. The
nuclides are produced mainly by solar
protons, except >°Ni, which is made
mainly by solar alpha particles. On the
basis of lunar *Ni activities and satellite
measurements of solar alpha particles,
Lanzerotti et al. (49) concluded that
long-term and current solar alpha parti-
cle fluxes are comparable to within a
factor of 4.

For the last 0.5 x 10° to 10 x 10°
years, 2°Al and **Mn activities indicate
relatively little change in the average
fluxes of solar protons. The solar proton
fluxes given in Table 2 are the values we
prefer and are based on measurements
from lunar rocks with a variety of expo-
sure ages (50). Bhandari et al. (51) mea-
sured 2°Al activities in four rocks with
exposure ages ranging from 0.5 to 3.7
million years and concluded that the
average solar proton fluxes during the
last 0.5 to 1.5 million years have varied
less than *25 percent; their inferred
fluxes are about three times those report-
ed by Kohl et al. (50), however. The
fluxes measured during the last few dec-
ades and the last few million years are
similar, indicating that current solar ac-
tivity is not atypical of what it has been
in the past.

The activities of '“C and ®'Kr indicate
that average SCR fluxes for the last 10*
and 10° years were considerably higher
than they were during the last 10° years
(Table 2). The '"C measurements of
Boeckl (52) for six depths in a lunar rock
gave solar proton fluxes that are about

three times those determined from 2°Al
and >*Mn data. Concentration-depth pro-
files of 8'Kr, measured by mass spec-
trometry in two lunar rocks, suggest that
solar-proton fluxes above 60 MeV (the
threshold energy for the main reactions
producing ' Kr) were considerably high-
er than those determined for the last 106
years (53, 54). There are, however, un-
certainties in the '*C- and #'Kr-deduced
fluxes (54).

Giant solar flares, much larger than
any we have observed, might have oc-
curred in the past. The tree ring record of
14C seems to indicate that no flares more
than ten times greater than those ob-
served since 1956 have occurred since
~ 5000 B.C. The lunar data on 2°Al and
3Mn set some limits on giant individual
flares up to 107 years ago (55).

VH and VVH nuclei. The studies of
tracks made by VVH and VH nuclei in
meteorites and in lunar samples provide
long-term average values of relative flux-
es and energy spectra of nuclei for the Z
interval 20 to 92 and in the energy region
0.5 to 2000 MeV per nucleon (9, 56, 57).
The determination of absolute time-aver-
aged fluxes of VH and VVH nuclei is not
yet possible because of the lack of an
independent measure of time; the infer-
ences are somewhat model dependent.
At low energies (< 10 MeV per nucle-
on), the duration of irradiation is con-
trolled by erosion; in the high-energy
region (> 100 MeV per nucleon), frag-
mentation, resulting in changes in the
exposure geometry, becomes important.
But it is possible to select rocks with a
predominantly single-stage irradiation.

The flux and spectrum of iron group
nuclei with energies of 100 to 200 MeV
per nucleon are similar to these observed
today. The tracks were formed during
different intervals over the last 10° years.
For nuclei of Z = 30, the available data
primarily refer to the VVH/VH abun-
dance ratios in the energy region 100 to
1000 MeV per nucleon. The ratio is
found to be 1.5 (+ 0.2) X 1073, which is
in good agreement with the abundance
ratios in the sun or primitive chondrites
(57). The relative abundances of heavier

nuclei in the four charge groups, Z 52 to
62, 63 to 75, 76 to 83, and 90 to 96, have
been found to match well with the solar
and cosmic abundances.

Below 50 MeV per nucleon, the VVH/
VH ratio increases as one goes to lower
energies. For heavy nuclei, ~ 40 MeV
per nucleon is the dividing line; above
that the flux is due mainly to GCR and
below to SCR particles (57). The ratio
increases down to energies of ~ 1 MeV
per nucleon, reaching about 2 X 1072,
which is about ten times higher than the
solar ratio. Preferential acceleration of
heavier nuclei at lower energy also has
been observed in recent SCR events
58).

High densities of tracks have been
observed in grains inside the ‘‘gas rich’’
meteorites (39). The grains also have
high concentrations of solar wind im-
planted noble gases (59). They appear to
have been irradiated ~ 4 X 10° years
ago while in a regolith similar to that
found now on the moon’s surface (60).
Carbonaceous chondrites also have
grains with tracks made during the early
history of the solar system (56). The
ratios of VVH/VH nuclei irradiating
these meteoritic grains have varied but
within factors of 2 or 3.

Analyses of SCR track densities and
gradients in grains from lunar cores show
no evidence for periods as long as ~ 10°
years with high flux of heavy nuclei
during the last billion years or so (61).
The shape of the energy spectrum of VH
nuclei has remained remarkably similar
for the epochs for which data are avail-
able.

Galactic cosmic rays. Most studies of
GCR flux variations compare activities
of radionuclides with different half-lives
in meteoritic or lunar samples. Ratios of
measured activities to those predicted by
various models or to the concentrations
of stable cosmogenic nuclides are used
to look for variations in average fluxes
over the mean lives of various radionu-
clides. Activities of '“C and '“Be in ter-
restrial samples have been used to study
flux variations over shorter time inter-
vals.

The orbits of only three meteorites are
accurately known. They had low orbital
inclinations and therefore were exposed
not far from the earth’s orbital plane.
The activities of long-lived radionuclides
in these and other meteorites agree well,
indicating that almost all meteorites have
been exposed to similar fluxes of GCR
particles. The Malakal chondrite has an
unusually high activity of 2°Al, which
might be the result of irradiation by a
high flux of cosmic-ray particles before
about 2 X 10° years ago (62); the **Mn
content, however, is normal (38). High



activity ratios of short-lived (**Na and
5Mn) to long-lived (*°Al and **Mn) ra-
dionuclides in the Dhajala chondrite
have been interpreted as being due to
higher GCR fluxes at heliographic lati-
tudes between 15° and 40°S than within
+15° of the ecliptic. plane during solar
minimum (63).

The activities of *Na (2.6 years), “6Sc
(84 days), and >*Mn (312 days) have been
measured in 24 meteorites which fell
between 1967 and 1978 (64). The activi-
ties varied by factors of 2 or more, and
the variations correlated with the sun-
spot cycle, with maximum activities at
solar minimum. These results indicate
that production rates for cosmogenic nu-
clides in meteorites can vary by up to
factors of 3 between solar minimum and
solar maximum.

Production rates for radionuclides
with half-lives from 16 days (*¥*V) to
3.7 x 10° years (3*Mn) were calculated
for iron meteorites and compared with
experimental activities in the Aroos iron
meteorite (65). The ratios of observed to
calculated activities varied but did not
show any systematic trend with half-life.
These and other results for radioactiv-
ities in meteorites and lunar samples
indicate that the fluxes of energetic GCR
particles have varied less than about 25
to 50 percent during the last few million
years and are similar to present fluxes.

Most studies of long-term GCR flux
variations use iron meteorites or metallic
(FeNi) phases of meteorites because
they are chemically simple targets. Most
of the radionuclides produced from iron
have reaction threshold energies above
100 MeV, so that secondary particles are
relatively unimportant and results from
bombardments with accelerated parti-
cles can be used. to predict production-
rate ratios. Forman et al. (66) examined
activities of *’Ar (35 days) and *Ar (269
years) in metal from about 12 meteorites.
They found that the *Ar activities were
10 to 18 percent higher than expected
from the *’Ar activities, a result consist-
ent with long periods of reduced solar
modulation during the last 500 years.
Measurements of *Ar activities in mete-
orites that fell several centuries ago
would help confirm the presence of high-
er GCR fluxes during the Maunder mini-
mum. Activity ratios of **Ar to ¢Cl
(3 x 10’ years) measured in iron meteor-
ites are within 10 percent of the produc-
tion ratios measured in iron tafgets bom-
barded by high-energy protons (67); thus
the flux of GCR particles during the last
~'500 years is similar to the average flux
over the last ~ 5 x 10° years.

Other long-lived radionuclides, such
as 2°Al, **Mn, and *°K, are produced by
such different reactions that the calculat-

ed production ratios are somewhat mod-
el sensjtive. As discussed above, a pair
of radioactive and stable nuclides that
are produced by similar reactions can be
used to obtain exposure ages. For iron
meteorites, the ages determined from
IAr8Ar, 3°ClP%Ar, and 2°Al/?'Ne ratios
are usually similar, but those from “’K/
41K ratios are usually about 50 percent
higher (68). The differences cannot easily
be explained by meteorite orbital
changes ~ 10° to 107 years ago or space
erosion (68). Thus, the flux of the cosmic

rays to which iron meteorites were ex-

posed during the past 10° years appears
to have been roughly 50 percent more
intense than the average for the last 10°
years.

In stone meteorites, production rates
of cosmogenic nuclides can vary consid-
erably. Several investigators developed
methods for determining exposure ages
that include corrections for shielding ef-
fects due to different sizes and shapes of
meteorites (31, 69). Studies (33) of radio-
nuclides and cosmogenic neon in mete-
orites, including several with short expo-
sure ages, indicate that the average GCR
flux producing *°Al in meteorites for the
last 10° years could have been signifi-
cantly greater (~ 40 percent) than that
for *Mn over the last ~ 5 x 10° years.
The reactions that produce these two
radionuclides have low threshold ener-
gies, so that this flux ratio involves lower
energy particles than that for reactions in
iron meteorites. ’

In addition to GCR flux changes,
shielding changes due to multiple colli-
sions or other causes could alter cosmo-
genic-nuclide production rates and ap-
parent exposure ages, especially in mete-
orites with long exposure- histories.
Some of our data, such as half-lives, may
be in error. These sources must be con-
sidered and eliminated before concluding
that GCR flux variations caused produc-
tion-rate changes in meteorites.

A GCR flux change could be either
solar or nonsolar in origin.. The move-
ment of the solar system through the
galaxy or in and out of the galactic plane
could cause long-term flux changes (70).
Rare external events (nearby superno-
vae) or solar variations (a Maunder mini-
mum) can cause short-term flux changes.
Such rapid fluctuations would be difficult
to detect in extraterrestrial samples but
are observable in terrestrial samples.

The most interesting cosmogenic ra-
dionuclides in terrestrial samples are
those like 'Be, '*C, **Si, and **Cl, which
are. mainly made in the earth’s atmo-
sphere and which have half-lives that are
long in comparison to the time scales for
their removal from the atmosphere (21).
These radionuclides produce ‘‘differen-

tial”’ records showing changes of pro-
duction on a short time scale in organic
matter, marine sediments, or glaciers
that can be dated by independent tech-
niques (for example, dendrochronology,
geophysical events like magnetic rever-
sals, or natural radioactivity). Most oth-
er radionuclides in the terrestrial envi-
ronment yield results that -are long-term
averages only, like those in meteorites,
because they mainly originate in inter-
planetary space (**Mn) or reside in the
atmosphere (*°Ar or ¥'Kr). '

The activities of '°Be have been mea-
sured in deep-sea sediment cores, sec-
tions of which have been dated by paleo-
magnetic stratigraphy or by thorium iso-
tope methods. Other chemical and physi-
cal properties of the cores were
determined so that '°Be concentrations
could be converted to production rates
(71). The '"Be content varies, mainly
because of changes in sedimentation
rates but also possibly because of climat-
ic changes or reversals or other varia-
tions in the earth’s magnetic field. The
inferred global '°Be production rates for
the last 2.5 X 10° years have varied by
less than *30 percent when averaged for
periods of 10° years and less than =10
percent for periods longer than 2 X 10°
years. Studies of large diameter sedi-
ment cores from the equatorial Pacific
Ocean indicate that, during the last 10°
years, the global '"Be production rate
could have changed once by as much as
30 = 7 percent, averaged over ~ 10°
years, and had perhaps three or four
smaller excursions with amplitudes of
< 20 percent (72).

As discussed above and shown in Fig.
4, the measured '“C activities in dated
tree rings can be resolved into two com-
ponents: one slowly varying because of
geomagnetic field changes and one rapid-
ly oscillating. The rapid variations
(called Suess wiggles) have amplitudes
of 1 to 2 percent and a prominent 200-
year periodicity (/8). These amplitudes
agree with those predicted for changes in
GCR fluxes due to extremes in ‘solar
modulation (7). The terrestrial '“C data
provide the sharpest limit available on
short-term spikes, ar sudden shifts, in
the particle flux in the inner solar sys-
tem. Because atmospheric '“CO, is a
small part of the total '*C reservoir, and
because the transfer of CO, to other,
larger parts of the reservoir is slow (73),
a sharp spike or shift in production is
well displayed in the record. Thus the
production of '“C by nuclear weapons
testing in the early 1960’s produced a
quick doubling of atmospheric '“C which
has now decayed to a much lower level.
The Suess wiggles are believed to pro-
vide evidence for long periods of unusual



solar activity (5, 18, 74), and the magni-
tudes are consistent with the expected
variations in production rates for a perio-
dicity in solar activity of ~ 200 years (7).
A larger change in the low-energy (< 1
GeV) proton flux is not ruled out, be-
cause such protons only reach the
earth’s atmosphere in the polar regions.

Conclusions

The most definite evidence for time
variations of the cosmic rays near the
earth is provided by studies of SCR
products in lunar samples. The '“C data
seem to require a rather high proton flux
on a scale of 10* years; limited *'Kr data
suggest something similar for as long as a
few hundred thousand years. Over the
longer periods, represented by 2°Al and
33Mn, the flux seems to have been lower,
on the average more like the present, if
we knew how to define a present-day
average.

We have several lines of evidence for
the GCR intensity in space 1 to 3 AU
from the sun. The best is '*C variations
in wood, which indicate a strong solar
modulation effect leading to a large
change in the global production of '*C
with an average period of about 200
years. These variations exceed in magni-
tude, but are similar to, solar modulation
effects observed during the last few dec-
ades. The last such period of unusual
solar activity, the Maunder minimum,
apparently also caused enhanced pro-
duction of *Ar in meteorites.

On a longer time scale the classical
result is that there has been no change in
the time-averaged GCR flux near the
earth within some error on the order of
30 to 40 percent. Variations might well
be expected either from changes in solar
modulation on longer time scales, or in
the sun’s location in the galaxy (in or out
of spiral arms). On a time scale of 10° to
107 years, we see effects that may be due
to such changes, but other possibilities
have not been eliminated.

On a 10%-year scale, data on cosmo-
genic K in iron meteorites require an
increase in cosmic-ray flux toward the
present; over ~ 10° years, the average is
about one-third lower than that of the
last 10° years. We cannot yet be sure
whether this is a chapter in the history of
meteorites or that of the cosmic rays.

Track and noble gas studies indicate
that cosmic rays were present in the
solar system near its beginning, with
energy and charge spectra much like
they are today. We may learn more from
comparisons of the relative intensities of
the solar wind, SCR, and GCR.
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Studies of SCR products in lunar sam-
ples allow us to measure rates of meteor-
ite impact, gardening, and rock fragmen-
tation on the moon’s surface. Gardening
due to impact occurs to depths on the
order of 10 cm in a few million years.
Surfaces of lunar rocks are eroded at
rates of ~ 1 mm per 10° years.

Meteorites are broken out of larger
bodies, again by impact processes, on
time scales of ~ 10° to 10° years. Mete-
orites that have been in unusual orbits
may show some differences in the GCR
fluxes.

‘With the development of more sensi-
tive techniques to measure cosmogenic
radionuclides, we can expect to increase
greatly the range and precision of the
data available to us. The study of '°Be in
terrestrial ice cores may provide a de-
tailed look at time variations in a range of
time scales. The use of two or more
isotopes (for example, '*Be and °Al) can
remove uncertainties in interpretation.
Deep-sea sediments and the cosmic
spherules they contain, and also Antarc-
tic meteorites, will provide other impor-
tant windows on the past.
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Impact of Genetic Manipulation on
Society and Medicine

The rapid development of molecular
genetics and particularly the introduc-
tion of recombinant DNA technology
have elicited much interest among scien-
tists, physicians, and the public in gener-
al. The realization that scientists might
be able to manipulate the heredity not
only of lower organisms but also of our
own species has led to much soul search-
ing. Some observers maintain that man-
kind is at the threshold of new powers
that are unlike any innovations ever
faced before.

Where do we stand? Scientists and
physicians need to be well informed
about the current status of genetic ma-
nipulation so as to be able to inform the
public regarding the scientific facts.
Sometimes incomplete knowledge and
lack of understanding of various issues in
this rapidly evolving subject have led to
unwarranted emotional reactions and ill-
advised resolutions designed to block the
progress of investigative activity.

Genetic Manipulation in the Past

Genetic manipulation is not a new
development. For several thousand
years, human beings have attempted to
control their environment by influencing
the genetic characteristics of other spe-
cies. The domestication of wild plants
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and animals is an example of genetic
manipulation with the aim of producing
better and more food. Other examples
include the improvement of egg and milk
yields from domestic animals. The do-
mestication of dogs shows that even be-
havior has been manipulated genetically.
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contribution of heredity to IQ remains
unknown, most informed observers ac-
cept that genes-contribute to the variabil-
ity of IQ. Therefore, the elevated 1Q
levels observed on the average among
offspring of intelligent parents are an
example of genetic selection based on
social customs. Such an assertion does
not deny that there is a significant envi-
ronmental component under these cir-
cumstances. However, even if the genet-
ic contribution to intelligence is relative-
ly small, assortative mating for IQ would
be expected to concentrate high IQ
genes among the offspring of gifted cou-
ples.

Human breeding by design for high
intelligence was recently suggested by a
California millionaire who arranged to
use sperm from Nobel Prize winners in
the sciences for artificial insemination of

Summary. Human beings have been manipulating the genetic characteristics of
plants and animals since the introduction of agriculture. Indirect manipulation of
human genes occurred with widespread use of public health and medical measures
that preserve genes causing disease. The production of biologicals by DNA technolo-
gy raises few ethical problems. Predictive medicine in which genetic markers
(including DNA variants) are used for antenatal and preclinical diagnosis of genetic
diseases and susceptibilities poses new questions of confidentiality, private versus
societal goals, and self-determination. When riormal DNA is used to treat the somatic
cells of patients with hemoglobinopathies and other genetic diseases, no new ethical
problems arise beyond those presented by any novel theory. In contrast, manipulation
of DNA in human fertilized eggs would constitute a qualitative .departure. from
previous therapies since this would affect future generations. In order to be
able to make wise decisions on these matters the public must be well informed.
Thus, formal and informal education in human biology and genetics must be improved

at all levels.

Hunting dogs, herding dogs, and watch
dogs are only a few of the many kinds
that were produced purposefully by
breeding for specific behavioral charac-
teristics—a form of genetic manipula-
tion.

Genetic manipulation by design has
rarely been practiced in our own species.
However, unplanned genetic selection
for intelligence probably occurs fre-
qiently. Marital partners resemble each
other in intelligence (at least as measured
by IQ tests) because of assortative mat-
ing for this trait (/). While the exact

self-selected volunteer women. One
would expect statistically that the off-
spring of such a procedure would be
more intelligent than the average. No
other predictions regarding future
achievements could be made. Presum-
ably, such voluntary private undertak-
ings on a small scale would cause few
social problems and would have no sig-
nificant effects on the human gene pool.
However, attempts by governments to
control human breeding must be viewed
with alarm—particularly since such ef-
forts would interfere with civil liberties
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