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The tracks left by the spontaneous fission of traces of uranium
in many minerals are clues to the minerals’ age. One of the main

advantages of the technique is the broad span of time it covers

age of an ancient rock formation

or a bone or an"artifact of human
culture is a comparatively new one. It
stems from the fact that the radioactive
isotopes of many common elements
break down spontaneously at fixed
rates. A familiar example is an isotope
that is present in all living matter: car-
bon 14. Now a new radiometric method
of absolute dating has begun to revolu-
tionize chronological investigations in
such diverse disciplines as cosmolo-
gy. geology and archaeology. The new
method measures the spontaneous fis-
sion of certain heavy elements, in partic-
ular the fission of the most abundant
isotope of uranium, U-238. Given an
appropriate sample for analysis, one can
determine its absolute age over an enor-
mous span of time: from asrecently asa
few decades ago to as far back as the
time when the solar system was formed.
The method is known as, fission-track
dating.

Fission tracks were discovered in the
late 1950’s by two workers at the British
Atomic Energy Research Establishment
at Harwell, E. C. H. Silk and R. S.
Barnes. They had exposed samples of
the crystalline mineral mica to ions pro-
duced by the fission of heavy elements.
The ions were slowed and finally
stopped by a series of interactions with
the atoms in the crystal lattice of the
mineral. As they did so they left thin
linear tracks that were visible at ex-
tremely high magnification. In 1959 Silk
and Barnes published electron micro-
graphs of some of those tracks in the
British physical journal Philosophical

The ability to measure the actual

 Magazine, thus establishing a new field

of investigation. ,
It was soon demonstrated that almost

“any kind of energetic heavy ion would

make tracks in a wide variety of solids.
Then one group of investigators, Robert
L. Fleischer, P. Buford Price and Rob-
ert M. Walker, who were then working
at the General Electric Research and
Development Center in Schenectady,
pointed out that the spontaneous fission
of the small amounts of uranium pres-
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ent as “impurities” in many different
rocks would leave such tracks in crystals
of the rock. Uranium 238 fissions at a
characteristic rate, and when it does so,
the two halves (more or less) of its nucle-
us violently recoil from each other and
leave a characteristic track. Fleischer,
Price and Walker suggested that studies
of the number of tracks in the crystals of
rocks would provide clues to the abso-
lute age of the rocks. Today’s applica-
tion of this kind of track analysis to a
multitude of questions in such unrelated
fields as cosmic-ray physics and the
study of human evolution has come
about mainly through the pioneering
work of these three men.

One of the first problems that had to
be solved before fission-track dating
could become a practical tool had to do
with the fact that the tracks themselves
were nearly invisible. In the mica speci-
mens produced by Silk and Barnes the
region affected by each impinging ion
was only about 100 angstroms across—a
fiftieth of a wavelength of light. At the
high electron-microscope magnifica-
tions necessary to resolve such ultrafine
features it would take many weeks to
scan a single square centimeter of mate-
rial in search of fission tracks. Then it
was discovered that the region along the
fission track where the crystal lattice is
disrupted is less resistant to attack by a

- solvent than the undisrupted area of the

lattice. For example, putting mica in
an acid bath for an appropriate length
of time dissolves the disrupted region
along the track, creating a hole 100
or more times larger than the origi-
nal track. This enlargement brings the
tracks up to the micrometer range,
where they are readily visible under the
light microscope at magnifications of
500 to 1,000 diameters. Comparativ-
ly extensive surface areas can then be
scanned quickly and accurately.

Precisely how are the fission tracks
formed? The most satisfactory an-
swer at present is one suggested more
than a decade ago by Fleischer, Price
and Walker and embodied in what they
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call the ion-explosion-spike mode]. Ac-’
cording to this model, the fission frag.
ment, moving at high speed and having
a strong electric charge, ionizes the at-’
oms along its path in the target materia]
by, stripping them of some of their eec.
trons. If the target material is a conduct. .
ing solid, as metals and certain minera]s 4
are, the stripped electrons are immedj.
ately replaced by free electrons, and the §
crystal lattice remains undamaged. If,
on the other hand, the material is an
insulating solid, as most rock-forming’
minerals are, the stripped electrons are §
not replaced, and the atoms are left with ~
a net positive charge. Their mutual elec. -
trical repulsion pushes them apart, dam. |
aging the crystal. With one significant
exception, the damage persists indefi-
nitely. v

An insulating solid can record a fis-
sion track even if it is not a crystal. g
Amorphous solids such as volcanicn
glasses, man-made glasses and plastics
are also damaged by fission fragments.
The process of track formation in these.
substances involves the breaking of B
chemical bonds rather than the disrup-
tion of a crystal lattice, but the net result
is the same: a narrow region along they.
path of the fission fragment is made less
resistant to chemical attack than the sur-8.
rounding material. d

he basic method of dating by fission-

track analysis is to count the number
of tracks per unit area of the sample; in
general the more tracks there are, the
more fissions have occurred and the old-
er the sample is. The method may seem g
somewhat different from other radio-
metric dating techniques, such as mea-
suring the relative abundance of radio-
active potassium and its argon daughter
isotope, or of radioactive rubidium and ¥
its strontium daughter isotope. Actually
the two kinds of dating are closely anal-
ogous; the only fundamental difference A
is that the one technique measures 8k
product of decay and the other an effect i
of decay. Spontaneous fission is, howeV*
er. a much rarer event than other kinds?is
of radioactive decay. For example. : t




rike rﬁodel.

nen one counts the tracks produced by
qnium fission, their number may be in
¢ hundreds, with each track recording
¢ fission of one atom of uranium 238.
ompare this with a high-sensitivity po-
ssium-argon measurement, requiring
out a ten-millionth of a cubic centi-
cter of argon 40. The argon sample
przsents the spontaneous decay not of
fe'v hundred atoms but of roughly
see trillion. The far smaller number of
xcays that provide the basis for fission-
ick analysis accounts for one of the
cat advantages of the method: very
qall samples can yield useful data. Un-
x favorable circumstances the analy-
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sis of even a single microscopic crystal
or a fragment of volcanic glass can de-
termine the age of the specimen.

he average concentration of urani-

um in the rocks of the earth’s crust is
no greater than a few parts per million.
Even at this low concentration the pass-
ing of a million years or so sees enough
spontaneous fissions to leave a measur-
able number of fission tracks in some
crystals. Furthermore, most of the crys-
talline rocks of the earth’s crust are far
more than a million years old, and so
their crystals have accumulated™a large
number of tracks even though they con-

tain little more than trace amounts of
uranium.

Uranium 238 is the only significant
producer of tracks in terrestrial rocks
and in natural and man-made glasses.
Other spontaneously fissioning elements
exist, but they are rare and their rate of
fission is slow. For example, it is esti-
mated that the tracks produced by the
spontaneous fission of another isotope
of uranium, U-235, and thorium 232
combined represent less than .5 percent
of the total number of tracks in the large
majority of samples. As we shall see.
however, the fact that even minute
quantities of U-235 are present in glass-
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of each track from about 100 angstroms to a micrometer or more.
Each track records the spontaneous fission of an atom of uranium

his light micro-
ility of the tracks
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In the span oI ge0l0gIiC Lime uranjum
238 is transformed in two differen,
ways. By far the commoner of the two j5
decay by the emission of an alpha pary;.
cle. This emission transforms the urap;.
um atom into an atom of thorium 234, 5
radioactive isotope that itself decays by
the emission of an alpha particle. Alpha
particles themselves are not, however
sufficiently massive or energetic to maké
tracks in common minerals.

About one out of every two million
transformations in uranium 238 is by
fission rather than by alpha decay. The
process divides the uranium nucleus
into two heavy and energetic fragments
that differ only slightly in mass; at the
same time several neutrons are emitted.
The two heavy fragments fly apart in
exactly opposite directions; the damage
they do to the crystal lattice is thus in the
form of a single straight track, approxi-
mately half of its length being created
by each fragment. The overall length of
the track varies, depending on the min-
eral involved; in general it is from 10 to
20 micrometers.

he usual procedure for studying

tracks begins by embedding the
specimen in a matrix such as an epoxy
resin for convenience in handling. The
exposed face of the crystal is then
ground flat and carefully polished be-
fore the specimen is immersed in the
etching bath. After etching, the crys-
tal is observed under the microscope.
The etching will of course reveal only
the tracks that intersect the polished
surface.

Since the rate of decay of uranium
238 by spontaneous fission is known.
only two measurements are necessary to
calculate the age of a specimen on the
basis of the tracks visible after etching: a
count of the number of tracks per
square centimeter of surface and an as-
say of the U-238 content of the speci-
men. Since track densities are expressed

FORMATION OF TRACKS is shown sche-
maticaily, following the model proposed by
Robert L. Fleischer, P, Buford Price and Rob-
ert M. Walker. In the top diagram one of the
two positively ionized fragments produced by
the fission of a U-238 atom passes through
an idealized crystal lattice; as it does 50 it
strips electrons from the atoms along its patb.
thereby ionizing the atoms. Next (middle) the
jonized atoms of the lattice are dispiaced, dis-
rupting the structure of the lattice. When the
crystal is exposed to a solvent (bottom), the
disrupted portion of the lattice is more 5US°
ceptible to etching than the undisrupted Por
tion. Only insulating minerals record fission
tracks; the free electrons in noninsulatiog sol-
ids restore the electrical neutrality of the
momentarily ionized atoms before disruptio?
of the lattice of the crystal can take plac®
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COUNT OF FISSION TRACKS requires preparation of specimen
(left), containing tracks invisible under light-microscope magnifica-
gons, by grinding and polishing (center), thus exposing any tracks

in units of surface and uranium content
in units of volume, however, a geomet-
ric ambiguity exists that has the poten-
ial for introducing considerable error.
There is an ingenious method for deter-
mining. the uranium content of a speci-
men that. circumvents the problem. It
capitalizes on the fact that a sample with
rranium in it will contain not only ura-
gium 238 but also a small but constant
fraction of uranium 235.

The atoms of U-235 can be induced to
fis ion by exposing the specimen to slow
neatrons in a nuclear reactor. The expo-
sure adds new fission tracks to the spon-
aneous ones. The density of the new
racks is proportional not only to the
total amount of U-235 in the specimen
but also to two factors under the control
of the investigator: the probability of
the induced fission reaction and the
number of neutrons per unit area that
have passed through the sample in the
rezctor. The proportion of the two ura-
nium isotopes being constant in nature,
the investigator can calculate the con-
tentration of uranium in the specimen
simply by comparing the number of
spontaneous tracks with the number of
nduced ones. The two track counts can
be made with a single sample or, if it is
preferred, the sample can be divided.
Moreover, exposing the sample to heat
will erase fission tracks by annealing, so
thit the sample can be annealed after
the count of spontaneous tracks has
been made; the U-235 tracks later in-
duced by neutron bombardment will
then be the only ones present.

The older a specimen is, the less im-
portant it is that its uranium content be

sus- large; there will be enough fission tracks

for a statistically reliable count. Con-
versely, when a fission-track date is
‘ought from a specimen that is substan-
tially less than a million years old, the
late can be determined only if the urani-
Um concéntration is relatively high. As

an example, the mineral zircon, which is
a common constituent of many rocks,
can contain some hundreds of parts per
million of uranium. Zircon crystals with
a uranium concentration of 100 parts
per million can provide an absolute age
for a rock sample only 3,000 years old.
As a rule of thumb, if the uranium con-
tent of the sample of crystal or glass is
one part per million, the investigator
can measure an absolute age as young
as 300,000 years. An order-of-magni-
tude change in either direction with re-
spect to uranium content brings an in-
verselyproportionalorder-of-magnitude
change in the youngest measurable age.
Certain kinds of man-made glass con-
tain as much as one part per 100 of ura-
nium, and with them one can make an
absolute.age determination up to as re-
cently as 30 years ago. At the opposite
extreme micas with a uranium concen-
tration as low as a thousandth of a part
per million can be used to measure abso-

lute dates late in the Paleozoic era (300 .

million years ago).

11 of this will make it seem that fis-
sion-track dating is remarkably
precise, and for the most part it is. A few
cautionary remarks should nonetheless
be made. A fission-track age is calculat-
ed on the basis of four assumptions. The
safest of thé four, which is made in all
methods of radiometric dating, is that
the breakdown rate of the parent isotope
(uranium 238 in the case of fission-track
dating) has been constant with time.
Both laboratory measurements and geo-
logical comparisons indicate that this
assumption is sound. The other three as-
sumptions are less certain.

One of them is that fission tracks are
produced with 100 percent efficiency.
Experiments indicate that this is so.
When one encounters deviations from
the expected number of tracks, they ap-
pear to be caused by problems affecting

that intersect the plane of polishing. The specimen is next etch:
The process causes pits to develop along each exposed track; the
are large enough (right) to be easily seen under a light microsco:

the techniques of track detection. Mo:
over, the possibility that error will res:
from this assumption is canceled wh
both spontaneous and induced fissi
tracks are examined. Even if the dete
tion technique is only 10 percent e:
cient, as long as the efficiency appl.
equally to the detection of spontanec
and induced fission tracks the calculat
age will remain correct. i

The third assumption is that fissi
tracks are retained with 100 percent ¢
ciency. Since there is always the pos
bility that tracks have been erased
natural or artificial annealing, this is
assumption that cannot always be jus
fied. It can, however, be independen
verified where other radiometric me
ods of dating are applicable. Such inc
pendent assessments show that most .
sion-track discrepancies fall consiste
ly toward the young end of the scz
This is particularly evident when ve
old samples are examined. Except :
slight random variations that usua
fall within the range of experimental
ror, when the fission-track ages ¢
shown to be wrong, they are almost n
er greater than the ages arrived at
alternative techniques of absolute d
ing. The reason is not hard to find:
most minerals used for fission-track d
ing the temperatures that suffice to err
tracks by annealing are well below °
temperatures that begin to bias ott
methods of radiometric dating.

Moreover, in some instances fissic
track ages that have been biased by p
tial annealing can be recognized and
lowed for. As an example, if a particu
mineral has been subjected to heat
some point in its history but the heat -
not entirely anneal the tracks in it, m
surements of the lengths of the tra
will show a bimodal distribution: «
group consists of tracks shortened
partial annealing and another cons
of tracks of normal length result
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bration experiments it is possible to cor-
rect the overall track-density figure for
the effect of thermal shortening and ar-
rive at a rebalanced figure for spontane-
ous-fission track density. N
e fourth assumpfion presupposes

that the concentration of uranium in any
specimen has remained constant over
ecimen’s lifgtime.

tion is usually valid, but there can be
exceptions. A combination of elevated
temperatures andfground-water perco-

rration can leach away a proportion of

the uranium present in rock crystals.
The mobility of the uranium is such that
as one part of a rock formation is being
impoverished another part can become
abnormally enriched. Such changes ¢
also take place at relatively low temper
aturesJAndrew J. W. Gleadow and Jo|
ToVering of the University of Mel-
bourne have compared heavily weath-
ered grains of apatite, a common miner-
al in rocks, with unweathered grains still
embedded in the parent rock. The
weathered grains contained approxi-
mately 25 percent less uranium than
those in the parent rock and yielded
anomalous age determinations.

The best way to indicate both the pres-
ent usefulness and the future poten-
tial of fission-track dating is to cite some
examples of its application. I shall men-
tion only briefly that geologists have
found fission-track dating particularly
attractive when a chronological frame-

reason is that the system is simple, and
when a large number of determinations
are required, the cost per sample is low.
All three major rock classes—sedimen-
tary, metamorphic and igneous—are
amenable to fission-track analysis. In ig-
neous rocks the uranium-rich minerals
that are commonly used include two I
have mentioned, zircon and apatite. A
third such mineral is sphene, a calcium-
titanium silicate. Several varieties of
mica have also been used successfully to
date both igneous and metamorphic
rocks.

Applications of fission-track dating in
the field of prehistory have generally
been confined to situations that lie out-
side the useful range of carbon-14 dat-
ing. Because the radioactive half-life of
carbon 14 is only 5,700 years, the car-
bon-14 method of isotope dating be-
comes increasingly unreliable when the
sample is older than about 30,000 years.
A case in point is the discovery in 1959
of fossil hominid remains at Olduvai
Gorge in Tanzania by Louis and Mary
Leakey. The hominid, which the Lea-
keys named Zinjanthropus, was at that
time one of the oldest known; fossils as-
sociated with the find suggested that it
might be a million years old, an age far
beyond the range of any carbon-14 de-
termination.

1t happens, however, that the geologi-
cal formation of Olduvai Gorge is a se-
ries of sedimentary rocks that includes
numerous beds of volcanic tuff and ash.

YOUNGEST EASILY URANIUM CONTENT |URANIUM CONTENT OF VARIOUS MINERALS
MEASURED AGE (YEARS) | (PARTS PER MILLION) (RANGE)
OLIVINE AND QUARTZ
mica L
L 3,000,000,000 + 0001 .
= 300,000,000 + 001 -
: GARNET
- 30,000,000 4+ 01 .
VOLCANIC
GLASS
= 3,000,000 4 1 - ZIRCON
APATITE
= 300,000 + 1 .
SPHENE
L 30,000 —+ 10 4
- 3,000 + 100 -
= 300 4 1,000 . 1
= 30 + 10,000 .
= 3 + 100,000 - URANIUM GLASS

URANIUM CONTENTS of seven crystalline and two amorphous solids are compared. Man-
made glass, colored by the addition of uranium oxide, is the material richest in uranium: from
.1 to as much as 8 percent. Its date of manufacture can be calculated to within three years.
Two crystals, olivine and quartz, may contain as little uranium as .1 part per billion. The age
of such specimens, which may have crystallized three billion years ago, is hard to determine.
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so samples taken from volcanic stry,
generally related to the level in the gorge
where the hominid remains were foypg
were analyzed by Jack F. Everndeq and
Garniss H. Curtis of the University of
California at Berkeley. They obtaine d
potassium-argon determinations sug-
gesting that the actual age of Zinjanthy_
pus was almost twice as great as tho
associated fossils had indicated: abgy,
1.75 million years. .

Evernden and Curtis’ finding might
still be considered controversial (partic.
ularly because the mineral samples
yielded a wide range of potassium.
argon dates) if it were not for indepen.
dent confirmation of their interpreta.
tion based on a fission-track analysis.
Fleischer, Price and Walker undertook
such an analysis, working with a speci.
men of pumice, the porous volcanic
glass, from a related Olduvai stratum,
The pumice was not easy to work with:
the etched glass surfaces were small and
irregular, and the etching solution actu.
ally dissolved away portions of the sam-
ple. Nevertheless, the investigators de-
termined a fission-track date for the
pumice: 2.0 £ .3 million years, a figure
in close agreement with the potassium-
argon determination of 1.75 million
years.

A the other end of this anthropologi-
cal spectrum one may consider cer-
tain man-made glasses that have urani-
um added to them in concentrations as
high as one part per 100 in order to color
them. Glass of this kind, which has been
a standard item in Bohemia since the
middle of the 19th century, can be dated
by the fission-track method. Some stu-
dents of Oriental art maintain that simi-
lar uranium glasses were produced in
China centuries earlier. Giinther A.
Wagner of the University of Heidel-

"berg has noted, however, that when a

Chinese ring made of uranium glass,
supposedly produced in 18th-century
Ch'ing Dynasty times, was subjected to
fission-track analysis, it turned out to be
a 20th-century forgery, less than 70
years old.

Zircon crystals are natural compo-
nents in some of the clays used to make
pottery; any that are present in a piece of
pottery are “reset to zero” when the pot
is fired. The high temperature of the kiln
erases all existing fission tracks. As 2
result the tracks that have been made in
the time since annealing provide a pre-
cise indication of when the pottery was
fired. Workers in Japan have been able
to assign dates of manufacture ranging
from about 300 B.c. down to 700 years
ago to various pottery objects that con-
tain zircon crystals. The dating of re-
cently made pottery is tedious WO}'k'
however:; a very large number of tin¥
crystals must be scanned to get an acct”
rate estimate of track density.



