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INTRODUCTION

Fission tracks form naturally in some minerals from the
spontaneous fission decay of 238U and preservation of the re-
sulting damage trail in the crystal structure. Because this dam-
age anneals as a function of time and temperature, the length
of a fission track contains information concerning the thermal
history experienced by the mineral. By measuring many of the
tracks that formed at different times, it is possible to constrain
a rock’s time-temperature path below the annealing closure
temperature of the mineral being studied. This technique is most
fully developed for apatite, which has several annealing mod-
els that relate length to temperature and time (Laslett et al. 1987;
Carlson 1990; Crowley et al. 1991; Laslett and Galbraith 1996;
Ketcham et al. 1999) and computer programs that use these
models to solve the inverse problem in various ways (Corrigan
1991; Gallagher 1995; Willett 1997; Ketcham et al. 2000).

To study and quantify annealing, induced fission tracks are
annealed in the laboratory over a range of time-temperature
conditions, and the resulting reduction in fission-track length
is measured. In most cases, the measured parameter is the mean
length of horizontal confined tracks, or lm (Green et al. 1986;
Crowley et al. 1991). Another feature of fission tracks in apa-
tite, however, is that as annealing progresses the spread of ob-
served lengths increases due to anisotropy: simultaneously
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ABSTRACT

Analysis of extensive apatite fission-track experimental data reveals several features concerning
the influence of crystallographic orientation on measurement biasing that had not been clear previ-
ously. At low levels of annealing, anisotropy in confined track lengths is most accurately depicted by
an elliptical distribution, in comparison with two suggested alternatives. Quantification of length
anisotropy by c-axis projection is simplified and improved, resulting in a model that better achieves
its goal of removing anisotropy while preserving all other useful information. The variation of ob-
servational frequency of confined tracks with respect to orientation at low annealing levels reveals a
large but heretofore-unreported biasing factor related to how an investigator interprets poorly etched
tracks. The concept of an “under-etching bias” is introduced to encompass this effect, which can
have consequences orders-of-magnitude greater than previously studied factors such as length and
etch figure geometry. As annealing progresses, radical shifts in observational frequency with respect
to angle make apparent another undocumented process: total annealing of substantial fractions of
tracks oriented at high angles to the c axis. Incorporation of this loss into a previous model describ-
ing the link between confined track length and density improves the model such that its predictions
are now close to the relationship observed in progressive annealing of a single population. Because
under-etching biasing effects are intimately linked with orientation and extent of annealing, any
future effort to develop a rigorous length calibration scheme to support thermal history modeling
should take both of them explicitly into account.

formed tracks become shorter with increasing angle with re-
spect to the c axis (Green and Durrani 1977; Green 1981; Green
et al. 1986; Galbraith and Laslett 1988; Galbraith et al. 1990;
Crowley et al. 1991; Donelick 1991; Donelick et al. 1999). As
a result, at advanced stages of annealing, the information con-
tained within a single track length becomes more ambiguous.
For example, the temperature required for shortening a 16 mm
fission track to 10 mm over a fixed isothermal interval changes
by 20–30 ∞C depending on whether that track is parallel or
perpendicular to the c axis. Similarly, a 10.5 mm fission track
perpendicular to the c axis reflects less heating than a 13 mm c-
axis-parallel track.

Partly for this reason, Donelick et al. (1999) constructed an
empirical model for the effects of anisotropy, which allows any
fission-track length in the annealing data set of Carlson et al.
(1999) to be projected to an equivalent c-axis-parallel value.
In extrapolating these data to geological time scales, Ketcham
et al. (1999) found that a fit utilizing mean c-axis projected
lengths (lc,mod) was better able to describe simultaneously the
laboratory data and remain consistent with geological bench-
marks than one utilizing unprojected mean lengths. The c-axis
projection model also was created to rectify an inaccurate sim-
plification that underlies current inversion methods (Gallagher
1995; Willett 1997; Ketcham et al. 2000). To characterize a
population of fission tracks that formed during a confined time
interval and subsequently annealed together, these methods
assume a normal (Gaussian) length distribution characterized




