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Radiation-damage tracks in solids from energetic nuclear particles are caused by ionization
that leads to atomic disordering along particle trajectories. The process that transforms
missing electrons into atomic disorder is termed an ion explosion spike: The ionized region
is unstable because the Coulomb repulsion of adjacent ions overcomes the local bonding.
Natural tracks can be of many origins, but for samples on earth, spontaneous fission of 238U
(the key to fission-track dating of minerals), is by far the dominant source. There are
occasional, localized exceptions, three of which are noted. Exotic sources are listed,
including those that can operate for materials that are outside the protective shielding of
the earth’s atmosphere. C© 2004 Kluwer Academic Publishers

1. Introduction
Energetic, charged nuclear particles produce linear re-
gions of radiation damage in an immense variety of
solids. In each of these substances the tracks can be
revealed by a simple chemical treatment after which
they may be studied using a conventional optical mi-
croscope. D.A. Young [1] in 1958 demonstrated that
charged particle tracks exist and that they can be dis-
played by chemical etching of lithium fluoride. R.L.
Fleischer, P.B. Price, and R.M. Walker showed that a
great variety of materials store tracks [2–6] and devel-
oped a great many of the original scientific and tech-
nological uses of tracks (for reviews, see references [7]
and [8]). Fig. 1 shows tracks that have been revealed by
chemical etching in muscovite mica [2]—these being
natural fission tracks, whose origin will be described
later.

2. Nature of fission
Fission is the division of a heavy nucleus into two heavy
fragments that represent most of the original nuclear
mass. Whether spontaneous or induced, fission of a nu-
cleus can be modeled by a vibration and distortion of
a liquid drop that leads to a splitting of the drop [9].
For track formation, the important information is that,
when 238U spontaneously fissions, the mass is divided
typically slightly asymmetrically in the ratio of about
1.4 to 1; correspondingly, the kinetic energies of the two
fragments are typically about 100 MeV for the lighter
fragment and 70 MeV for the heavier one, which con-
sequently has a shorter range. As an example, these en-
ergies correspond to ranges of ∼11 µm and 7 or 8 µm
in muscovite mica. There is in fact a wide range of mass
divisions and kinetic energies, but the sum of the ener-
gies for the pair of fission fragments is normally [10] not
very different from 170 MeV Neutron-induced fission
of the other major isotope of U, 235U, gives marginally

lower energies; but the lengths of the etched tracks are
not measurably different from those for 238U.

It follows that individual fission tracks are in reality
two tracks—joined end-to-end—produced by two par-
ticles that diverge in opposite directions. But, they are
revealed by etching as single, continuous tracks with no
feature that identifies where the fissioned nucleus was
located.

3. Track revelation and geometry
Tracks consist of narrow line-like regions that are
densely populated with misplaced atoms, vacant atomic
positions, and (presumably) broken or distorted atomic
bonds. Macroscopically this damage amounts to a line
of disturbed material with an elevated free energy and
therefore enhanced chemical reactivity. It is this reactiv-
ity that allows the simple revelation of tracks by chem-
ical etching.

The geometry of etching in the simplest case is shown
[11] by Fig. 2. A conical hole results from accelerated
dissolution at a rate vT along the track and a lesser
general rate vG on the undamaged solid elsewhere. The
cone half angle θ is given by sin−1(vG/vT), as noted
by Fleischer and Price [3]. Tracks at angles less than θ

to a surface are not revealed, leading to only a fraction
cos2 θ of the tracks being displayed as etch pits. This
fraction of tracks that intersect a given surface is termed
the etching efficiency (see reference [12]).

For fission tracks, the damage is most intense near
the midway point of the track (i.e., where the fission
occurred) and decreases near the ends, with a corre-
sponding decrease in the etching rate. This variation in
vT with position along the track complicates the track
geometry somewhat. Real track profiles are somewhat
convex or concave cones, one example being sketched
in Fig. 3, which presents the profiles at different times
calculated for an observed vT(x) as etching slows
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Figure 1 Mica was the first substance in which 238U spontaneous fission tracks were identified by Price and Walker [2]. The tracks in this Madagascar
phlogopite were revealed by etching in hydrofloric acid. From Fleischer and Price [5], reprinted by permission of Pergamon Press, Ltd.

toward the end of a track [13]. It is evident that the
etched track grows indefinitely with extended etching
but that the pit becomes progressively both less sharp
and less distinctive once etching has removed the etch-
able damage.

Figs 2 and 3 are drawn with θ values that are typ-
ical of silicate glasses. For most crystalline minerals
and plastics, θ is small; and etched tracks are much
more spike-shaped. The figures, however, are designed
to clarify how track shapes come about. An extensive
list of etchants for different solids is given by Fleischer
et al. [7].

4. Mechanism of track production
Although many details of the physics of track produc-
tion are not known, the ionization spike model [14]
broadly fits a wide variety of observations that limit pos-
sible mechanisms. It is widely accepted as best working
model for how tracks form in inorganic solids. It is a
three-stage process, as described in Fig. 4.

A full-energy fission fragment moves at about 0.04
of the velocity of light, i.e., faster than the orbital ve-
locity of many of the electrons that would be bound
to the fission particle if it were at rest. Under this cir-
cumstance, these electrons are stripped off in passing
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Figure 2 Track geometry for constant general dissolution rate vG and
two different track attack rates vT. The track on the right, with the lower
vT, is smaller, shorter, and blunter. From Fleischer [11], reprinted by
permission of Pergamon Press, Ltd.

Figure 3 Calculated etching sequence of a fission-fragment track with
initial cone angle 26.5◦in an obsidian-like glass. It was assumed that
vG = 0.58 µm/sec, vT = 1.36–0.657y µm/sec, where y is the distance
along the track and R (the etchable range) is 12 µm. From Fleischer
et al. [13], reprinted by permission of the American Physical Society.

through matter, converting the fission fragment to a
multiply charged positive ion, as pictured in the up-
per diagram of Fig. 4. In stage 1 of track formation,
the moving ion in turn removes electrons from atoms
that lie close along its path, creating and leaving be-
hind an irregular, needle-shaped region of positive ions.
The track formation occurs in the second stage (Fig. 4,
middle) in which the mutual repulsion of neighboring
positive ions hurls them into interstitial positions, leav-
ing a region that is permeated with vacant atomic sites.
As pictured in the lowest diagram, the final stage is an
elastic adjustment of the crystal. This gives rise to the
long-range lattice strains that allow tracks to be imaged
in the transmission electron microscope, as first seen
by Silk and Barnes [15].

Note that the net result of this ionization process is
damage that is atomic rather than solely electronic in
nature. The expected structure is complicated when vi-
sualized on an atomic scale, and this complexity is ev-

Figure 4 The ion explosion spike mechanism for track formation in
inorganic solids. The original ionization left by the passage of a charged
particle (top) is unstable and ejects ions into the solid, creating vacancies
and interstitials (middle). Later the stressed region relaxes elastically
(bottom), straining the undamaged matrix. From Fleischer [11], reprinted
by permission of Pergamon Press, Ltd.

ident in the observations of the effects of subsequent
heating, which shortly will be discussed further. Close
encounters at atomic and subatomic spacings between
the projectile and atoms in the solid lead to statisti-
cally varying effects, which are part of the complexity
just mentioned. The variability along a track is often
not evident when chemical etching is used to display
tracks, since the etching process usually gives a measure
of average damage density. The statistical variability
of the process is, however, accentuated and displayed
by nuclear photographic emulsions, which superim-
pose the many tracks of ejected electrons, as shown
in Fig. 5. Such tracks display the effects of the most en-
ergetic electrons that the track-forming ion ejects from
atoms—the variable width of the track is the result of
the closest, most statistically variable Coulomb colli-
sions along the particle trajectory.

5. Predictions of the model of track formation
versus experimental observations

Let us consider the experimental observations and, for
each, the possible relation to the model just described
[7, 14].

1. Tracks are found in dielectric substances, but
with rare exceptions [16, 17] not in metals or good
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Figure 5 Track of a relativistic iron nucleus in a nuclear emulsion. The irregularities in the width of the track are from the superimposed tracks of the
many ejected electrons and reflect the statistical nature of the ion-electron collisions. Photograph courtesy of P.H. Fowler.

semiconductors (Table I). From Fig. 4, it is clear that
if electronic conduction neutralizes the positive core
before ions have time to be displaced to new sites,
those displacements will be quashed. In metals, elec-
trons promptly move to neutralize the charge; in semi-
conductors, the charge can dissipate directly, because
it is equivalent to an array of positive current carriers
(holes), which are mobile. Table I shows the correla-
tion of track formation with electrical conductivity that
is suggested by this picture.

2. From observed activation energies of from one to a
few electron volts for total thermal erasure of tracks, it is
inferred that the lasting damage zone of tracks consists
of atomic defects, not electronic ones. Fig. 4 shows how
the ionization spike mechanism does produce atomic
displacements, even though the initial effects are mostly
electronic.

3. The observed thresholds for track production [11,
18] (Fig. 6) fit a primary ionization criterion for regis-
tration (which will be described here interchangeably
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T ABL E I Relation of track formation to electrical resistivity

Resisitivity
Material range (ohm-cm)

I. TRACK-FORMING
Insulators Silicate minerals 106–1020

Alkali halides
Insulating glasses
Polymers

Poor insulator MoS2 3,000–25,000
Semiconductor V2O5 glass 2,000–20,000

II. NON-TRACK-FORMING
Semiconductors Germanium 10–20,000

Silicon
Metals Aluminum 10−6–10−4

Copper
Gold
Platinum
Tungsten
Zinc

From Fleischer et al. [14].

as an ionization threshold or a registration threshold)
and disagree with several other proposed criteria [11]—
energy loss, restricted energy loss, and delta-ray energy
loss. It is the primary ionizations—the core ionizations
per unit path length—that provide [or do not) sufficient
energy locally to induce atomic disordering (see Fig. 4,
top).

4. As seen in Fig. 6A, different materials may have
very different ionization thresholds. Although the de-
tails of the model based on the ion spike will not be
given here, Table II shows that a quantity called the
stress ratio correlates rather well with the groupings of
ionization thresholds. The stress ratio represents, for a
given ionization, the electrostatic forces tending to dis-
place atoms divided into the bonding forces tending to
hold atoms in place [14]. The stress ratio depends only
on fundamental solid properties, i.e., interatomic spac-
ings, elastic moduli, and dielectric constants. A more
detailed model would need to consider specific crystal
structures, but no proposals have been made as to how
to do so systematically.

5. Etchable tracks are shorter than the full distance
between the points where the two fission fragments
come to rest after a fission event. The range deficit, as
illustrated in Fig. 6B, is about 1 µm for mica, 3.5 µm
diopside, and 4 µm for hypersthene at each end of the
fission track [18]. The nature of the ionization curves
for fission fragments in Fig. 6 (represented by the ions
Kr or Br and I as light and heavy fission fragments, re-
spectively is that there is decreasing ionization toward
low velocity for fission fragments; it follows that near
the end of the range of a fission fragment there may be
a space where no etchable track is formed. In part B of
the figure the low-energy region of relevance to fission
fragments (below 1 MeV per mass unit) is magnified to
demonstrate how the ionization rate decreases toward
zero energy.

6. What determines track formation in oxides is not
clear, although progress has been made. Fission tracks
are apparently not formed in Al2O3, MgO, ThO2, UO2,
Y2O3, and ZnO, but are in Al2MgO4, Ca2Ta2O7, GeO2,

TABLE I I Relation of registration thresholds to calculated stress ratio

Detector groups of similar registration Average
Detector class thresholds (highest threshold at top) stress ratio

Crystals Hypersthene 3.3
Olivine

Laboradorite 1.4
Zircon

Diopside 1.3
Augite

Oligoclase 0.5
Bytownite
Orthoclase
Quartz
Micas

Inorganic Silica 0.7
glasses Flint

Tektite

Soda lime 0.5
Phosphate

Plastics Group of 14 plastics 0.01

From Fleischer [11].
The stress ratio is Eεa4/10e2, where E = Young’s modulus, ε = di-
electric constant, a = lattice constant, and e = charge of the electron.

PbWO4, SiO2, and the related structures CaF2, LiF, and
NaCl. The picture is further complicated in that more
intensely ionizing particles than fission fragments do
produce tracks in superconducting oxides [19]. Corre-
lations with thermal diffusivity [11, 20] led to a variant
of the ion spike that allows de-excitation by thermal
conduction. This model also is consistent with a wide
range of sputtering data [21]. Touloukian et al.’s col-
lection of thermal properties [22] shows that the cor-
relation with thermal diffusivity is imperfect amongst
the oxides, i.e., there is no clear threshold above which
all solids register tracks and below which none do. A
complete description of criteria for track formation is
yet to be given.

Some of the cases in which fission tracks are
not formed may exist because the solids have very
high ionization thresholds, rather than inherent non-
registration. In some materials where fission tracks are
not formed, tracks are nevertheless produced by accel-
erated much heavier ions than fission fragments, for
example Pb and U, or by C60 (fullerine) molecules. For
a fuller discussion see my review of tracks in inter-
metallic compounds [17].

5.1. Statistical effects
Unheated tracks of particles that ionize at a rate that is
well above the registration threshold of a given mineral
consist of essentially continuous damage on an atomic
scale; hence, continuous etching can occur along the
track. In this circumstance there is no visible effect of
the statistical nature of ionization and atomic disorder
along a track. On the other hand, strong effects exist for
particles that ionize just above threshold or for tracks
that have been annealed sufficiently that the damage
becomes discontinuous or lumpy.

Fig. 7 shows track densities and track lengths mea-
sured in heated muscovite mica samples [23]. Track
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(A)

(B)

Figure 6 Ionization versus velocity for different charged particles. Part A shows that each detector has an ionization threshold, below which no tracks
are etched and above which all particles create tracks. The solid dots and open circles are data for Lexan polycarbonate detectors. Solid dots indicate
that each ion forms an etchable track; open circles mean that none do. Thresholds for other detectors are also indicated. CELL.NIT. is cellulose nitrate.
From Fleischer [11], reprinted by permission of Pergamon Press, Ltd. and the American Physical Society. Part B expands the scale to show how
ionization rates decrease toward zero energy below 1 MeV per mass unit. From Price et al. [18].

lengths begin to decrease well before track densities
do, an effect that is attributable to a few very short
sections along tracks healing totally, probably due to
local downward fluctuations in the original ionization
density. In muscovite the general etching rate vG, nor-
mal to the layer planes is nearly zero, so that gaps in a
track prevent the full track from being etched. Thus the
etched length of tracks decreases but observed num-
bers of tracks are stable, provided the gaps occupy a
negligible fraction of the original etchable length. This
behavior is likely to occur in other layer minerals, and
very likely to occur in a less pronounced manner in
some other minerals, i.e., using the minimum etching
times that will normally display most of the tracks.

The reason for this behavior is that when vG is not
too much less than vT, gaps will merely decrease the
effective etching rate along tracks. Nearly the full length
is still etchable, but longer etching times are needed than
for unheated tracks, and track densities and lengths are
more sensitive to the duration of etching.

Dartyge et al. [24] examined the effects of annealing
on track etching rates in minerals. From small-angle
X-ray scattering, they inferred the distribution of gaps
that have low v

(L)
T and what they term extended de-

fects (regions of continuous damage) of higher v
(H)
T .

The track length versus etching time is then calcu-
lated from the relative fractions of v

(L)
T and v

(H)
T . Their

success is especially important to the identification of
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Figure 7 Effect of annealing for 1 hour at a temperature T on the average length l and density N of etched tracks in muscovite from Renfrew County,
Canada. In the graph l and N are normalized to the average length and density measured with no heat treatment. From Fleischer et al. [23], copyright
by the American Association for the Advancement of Science.

heavy cosmic-ray tracks in extraterrestrial minerals and
might become useful in quantifying thermal events via
the etching of heat-affected fission tracks. Tombrello
et al. [25] present a variation on the ionization spike
model for production of extended defects: Deep-shell
ionization results in multiple Auger electron emission
and consequent ion-spike Coulomb displacements [8].

6. A major use of fission fragment tracks:
Fission track dating

Finding of natural tracks in micas by Price and Walker
[26] provided scientific excitement that led to a new
method for measuring geological ages—fission-track
dating. The critical step was their recognition [27] that
these tracks were unambiguously from spontaneous fis-
sion and thus would allow radiometric dating of miner-
als if tracks were stored for geological times. Fig. 1 is
one of the first published optical photos of known 238U
spontaneous fission tracks in a mineral. The early dating
experiments [5, 6, 12] confirmed for several minerals
and natural glasses that fission-track dating could give
ages that agreed with established ages and thereby em-
pirically established the spontaneous fission origin of
the natural tracks. The range of useful minerals for track
dating has expanded [28], and methods of recognizing
and quantifying heating effects have strengthened the
reliability and usefulness of dating results. Understand-
ing of occasional differences from ages determined by
other radiometric techniques has led to new qualitative
and quantitative information of geological, geophysi-
cal, technological, and economic importance, as was
recently summarized in Chapter 4 of reference [8].

Here I note the identified sources, and conceivable
sources, of natural charged particle tracks in minerals
and review how we infer that spontaneous fission of
238U is the only source of importance for terrestrial
minerals—except in very special circumstances. Re-
sponse of tracks to heating is a prime consideration,
because much of the information that comes uniquely
from track dating is derived from annealing effects.

7. Sources of natural tracks
How in general does one know that natural tracks found
in terrestrial minerals and glasses result from sponta-
neous fission of 238U? There are two routes. The sim-
plest, most direct, and most widely convincing one
comes from empiricism. We assume 238U spontaneous
fission is the sole contributor, measure ages, and find
no evidence for other tracks. In short, fission-track ages
that are too high are in general absent. Fig. 8 (from
Fleischer et al. [7]) is an example: Of about 60 fission-
track ages given here, none are meaningfully high rel-
ative to ages established by other methods.

There are, however, occasional special situations
where excess tracks are expected and are seen. For this
reason the alternative route must also be taken of enu-
merating the mechanisms for producing natural tracks,
deciding which of these might be confused with 238U
fission tracks, and listing the special situations where
those tracks might be present. The troubling pitfall in
this course is that our imagination maybe incomplete in
listing possibilities. However, no existing observations
demand a presently unrecognized mechanism for pro-
ducing tracks. We therefore have some confidence that
we are not overlooking a major, frequently occurring
alternative.

We now list possible sources. By restricting our
dating work to terrestrial samples, we eliminate the
sources that are related to cosmic rays, most of which
are shielded from the surface of the earth by the at-
mosphere. In extraterrestrial samples several types of
tracks may be present [29], but they can usually be sepa-
rated by measuring lengths or angular distributions [30,
31].

7.1. Listing of potential track sources
In the paper [27] in which Price and Walker proposed a
procedure for fission track dating, they listed the follow-
ing potential track sources in addition to spontaneous
fission of 238U:
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Figure 8 Fission-track dating has been shown to give correct ages over time spans ranging from 0.5 year to more than 109 years. The graph compares
fission-track ages, measured by counting natural tracks formed by spontaneous fission of 238U, with ages known by other means, either documented
ages for man-made samples (which appear in the lower left) or ages measured by other radioactive decay techniques for the geological samples
indicated in the upper right. Fission-track ages of some natural samples are lowered by thermal effects, allowing the fission-track technique to serve
as a thermometer for past events. The lack of fission-track ages significantly older than “known” ages implies that 238U spontaneous fission is the sole
contributor of fossil tracks. From Fleischer et al. [7], reprinted by permission of the University of California Press.

1. Spontaneous fission of other natural existing
heavy elements or nuclides (235U, Th, Bi, Pb, and lighter
elements). Extensive searches have produced no ev-
idence of spontaneous fission of any element that is
lighter than uranium.

2. Fission of heavy elements induced by natural α, β,

or γ activity.
3. Fission of 235U induced by thermalized neutrons

from spontaneous fission, (γ, n) reactions, and (α, n)
reactions.

4. Fission of other heavy nuclides induced by fast
neutrons from spontaneous fission, (γ, n), and (α, n)
reactions.

5. Fission induced by cosmic ray primaries.
6. Fission induced by cosmic ray secondaries, in-

cluding neutrons and µ-mesons.
7. Spallation caused by cosmic ray secondaries.

In addition Fleischer et al. [29] considered these possi-
bilities:

8 Spallation caused by primary cosmic rays.
9 Tracks of slowed cosmic ray primaries.

10 Spontaneous fission of 244Pu.
11 Meson jets.
12 Magnetic monopoles.

Other possibilities:

13 Recoiling nuclei from alpha decay, Huang and
Walker [32]

14 Nuclei from which alpha particles have scattered,
Crozaz et al.[33]

15 Nuclei with which alpha particles have under-
gone nuclear interactions, Crozaz et al. [33], Price and
Salamon [34].

A number of these candidates can be dismissed im-
mediately as sources of confusion with fission tracks
on earth. Items 7, 8, 11 (if such tracks exist), 13, 14,
and 15 are much shorter than fission tracks; item 12 (if
such particles exist) would give tracks that are much
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longer than fission tracks, and they would occur in
minute numbers. Item 9 (heavy primary cosmic ray par-
ticles) would give some tracks that are much too long
for fission events; but, regardless, all such nuclei are
destroyed high in the atmosphere, thereby eliminating
item 5 also. All 15 of the potential sources listed above
can be eliminated on a quantitative basis by consider-
ing normal abundance’s, decay rates, and cross sections
[27, 30] with certain pathological exceptions.

7.2. Exceptional track sources
Since track sources other than fission can usually be
distinguished from fission tracks by their lengths, ori-
entations, or phase distributions, the exceptional track
sources than can most easily be confused with 238U
fission tracks are also from fission. As examples, fis-
sion tracks will be in the mineral phases in proportion
to the uranium concentrations, while cosmic rays will
cross from one phase into another, giving roughly equal
abundances of tracks in adjacent mineral grains.

1. The best known case where an other type of fission
is present occurs at the Oklo Mine in Gabon, a uraniium
deposit that 2 × 109 years ago was so enriched in 235U
(235U/238U∼3%) that it operated as a natural, water-
moderated reactor [35]. Neutrons released at such a
reactor induce extra fission tracks that can be used to
measure the ancient, local neutron dose [36].

2. Similarly, for a mineral grain imbedded in ura-
nium ore, fission that is induced by the neutron back-
ground could be rapid enough to be comparable to spon-
taneous fission [27]. Such tracks have not been reported.
For example Weiland [37] and Cunningham et al. [38]
did not find any excessively high ages when track dating
uranium mineralizations at Marysvale, Utah.

3. In a mineral that is low in uranium (and there-
fore has little spontaneous fission), induced fission of
other heavy elements by energetic cosmic ray sec-
ondary particles could be dominant. However, a por-
tion of these high-energy fission tracks would be dis-
tinctively V-shaped, rather than straight, because of the
momentum imparted by the cosmic ray that induced fis-
sion. V-tracks caused by natural cosmic rays have been
observed in a high-lead glass that was exposed on the
lunar surface on the Surveyor III spacecraft and recov-
ered during the Apollo 12 mission [39]. Such tracks
are rare in terrestrial samples. C.W Naeser and R.L.
Fleischer (1974, unpublished) could not find V-tracks
in a search of Pb-rich, high-altitude (4,300 m) feldspar
crystals from Pikes Peak, Colorado, USA. In the one
case where V-tracks were actually seen on earth, they
were rare, and found in lead-rich, man-made glasses.
These V-tracks were first thought to be due to rare super-
heavy elements [40, 41], but induced fission by high-
energy, low-mass cosmic ray secondaries is now agreed
to be the origin [41, 42].

4. Tracks from now extinct 244Pu which existed in
the early solar system have been identified in mete-
orites [43, 44]. The short half-life (relative to the age of
the solar system) of 82×106 years for 244Pu insures that
such tracks can be present in significant numbers only
in materials like the meteorites that have been cool and

undisturbed since times near the beginning of the so-
lar system. Consequently, such tracks have never been
identified in terrestrial material, where they would lead
to mysteriously high fission-track ages.

5. Nuclear explosions produce high local neutron
fluences that can induce fission [45]. These are not re-
garded as natural tracks, but they are expected to be
present in certain locales [46]. Tracks in glass from
near to ground zero at Hiroshima have been identified
in a decorative glass button [47] and in glazes on several
porcelains [48].

8. Response to thermal treatments
Heat tends to heal radiation damage tracks atom-by-
atom; and, given sufficient time and temperature, heat-
ing can totally erase tracks. Earlier we noted that
activation energies for total healing tell us that tracks
consist of displaced atoms. Tracks that are only par-
tially affected by heating have specific, slowed etching
behavior that also helps to describe the radiation dam-
age; and recognition of heat-affected samples is a key
first to interpreting (or in some cases correcting ages)
and second to characterizing geological thermal pro-
cesses quantitatively, both as to the timing and extent
of heating. Past heating can be dated, and where not to
waste vast sums by drilling for oil where there is none—
as described briefly in Chapter 4 of reference [8].

Changes in track size that were caused by heating
were identified by Berzina et al. [49], and Storzer and
Wagner [50] showed how they could be used to infer
what the track densities in a heat-affected sample would
have been in the absence of heating. This was a critical
step towards improving fission-track dating; it also al-
lows a test of our understanding of the relation between
track geometry and etching efficiency.

Storzer and Wagner’s data [50] on an Australian tek-
tite in Fig. 9 show that regardless of the combination of

Figure 9 Etch pit diameter versus track density for an Australian tektite
as determined in laboratory annealing experiments, Storzer and Wagner
[50]. The mean track diameter D in an annealed sample is plotted against
the track density ρ for that sample; the data are normalized to the mean
track diameter Do and track density ρo for an unannealed sample. The
solid curve is smoothed through the points. The dashed curve was calcu-
lated using parameters measured on a synthetic tektite glass by Fleischer
and Hart [51] furnished by D.R. Chapman. From Fleischer et al. [7],
reprinted by permission of the University of California Press.
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heating time and temperature chosen, a single relation
governs the decreases in the diameters and densities of
etched tracks. As shown by the calculated dashed line
[51], this relation can be understood as a lowered track-
etching rate leading to a decreased etching efficiency
and larger values of the track cone angle θ . In other
work Sandhu and Westgate [52, 53] have shown that
the diameter-density relationship in heated glasses is
sensitive to the duration of etching; using etching times
that produced mean induced track diameters between
about 6 and 8 µm, they obtained a nearly linear re-
lationship between the decrease in track diameter and
track density in heated glasses.

In summary of dating possibilities, fission tracks in
natural terrestrial minerals and glasses are almost exclu-
sively from 238U spontaneous fission. The track dater
need only be aware of possible exceptions that can oc-
cur near natural or man-made nuclear activity—at sites
of uranium ore or nuclear explosions. For extraterres-
trial materials the situation is far more complex, and
the reader is referred to other literature [7, 29, 30].

9. Overall summary
For terrestrial samples virtually all of the natural fission
tracks arise from the spontaneous fission of 238U, the
process that makes fission-track dating possible. Only
in certain rare, pathological cases is there a background
of other fission origin: Near natural reactors and nuclear
explosions such tracks have been seen; in or near rich
uranium ore they are likely, but not yet observed. Other
natural tracks are distinctively different. One example
is the rare V-shaped fission induced near sea level by
cosmic ray secondary particles. In extraterrestrial mat-
ter numerous complications may arise. These extrater-
restrial sources have been listed here and are analyzed
carefully in Chapter 6 of Fleischer et al. [7].

Track formation in inorganic solids is attributed to
ionization followed by Coulomb repulsion to produce
atomic disorder. The statistical nature of ionization
leads to discontinuous tracks for particles that are near
the ionization threshold or for tracks that are partially
annealed. These heat-affected tracks can be recognized
and in many cases used to infer thermal histories.
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Dedication
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