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INTRODUCTION

Apatite Þ ssion-track length data are a uniquely powerful 
thermochronometric tool. Because each Þ ssion track anneals 
as a function of the time-temperature path it has experienced, a 
measured length distribution presents an integrated record from 
which detailed thermal history information can be extracted (Gal-
lagher 1995; Green et al. 1989; Ketcham 2005a). However, length 
measurements are conducted by individual analysts, based on 
manual search and case-by-case interpretation of what comprises 
a measurable track. Although analysts undergo considerable 
training, consistency among their measurements and tendencies 
is difÞ cult to establish, especially in the borderline cases where 
track identiÞ cation is more difÞ cult, such as very short tracks (<5 
μm) or thin tracks at low angles to the apatite crystallographic 
c axis that are more difÞ cult to see and may be under-etched. 
Limited laboratory intercalibration studies (Miller et al. 1993) 
have suggested that reproducibility among laboratories may be 
less than optimal, although some of the reported differences 
stemmed from variations in etching protocol.

Reproducibility of track-length measurements was exten-
sively analyzed by Barbarand et al. (2003a), who documented 
multiple instances in which variation among analysts and for a 
single analyst over time exceeded predictions by standard statisti-
cal treatments. The worst cases of what they termed the observer 
bias were at advanced stages of annealing. These divergences 
were linked to annealing anisotropy, as tracks at high angles to 
the c axis anneal more readily than lower-angle tracks (Donelick 
1991; Green et al. 1986; Green and Durrani 1977). At advanced 

levels of annealing, preferentially detecting and measuring low-
angle or high-angle tracks can signiÞ cantly shift the resulting 
mean length. Barbarand et al. (2003a) proposed incorporating 
angular data into standard analytical procedure and the annealing 
algorithm as an essential step toward addressing observer bias.

At present, the only well-developed method for utilizing 
Þ ssion-track angle is c-axis projection (Donelick et al. 1999; 
Ketcham 2003). C-axis projection converts measurements of 
conÞ ned Þ ssion-track length l and c-axis angle φ into estimates of 
the mean (lc) and standard deviation (σc) of the length distribution 
of tracks at φ = 0° that underwent the same thermal history. It 
may be thought of as a means of normalizing track-length mea-
surements for angle. Ketcham (2005b) demonstrated that c-axis 
projection improves reproducibility for one user among replicate 
experiments, and that it increases compatibility among results 
obtained with and without enhancement of track revelation using 
Cf-irradiation. It was thus proposed that c-axis projection may 
also provide a reasonable method for accounting for observer bias 
and may even enable conversion among measurements obtained 
with different etching protocols.

In the present study, we test the Þ rst part of this proposition 
by creating c-axis projection models for the Barbarand et al. 
(2003a, 2003b) data set and, where there are signiÞ cant dif-
ferences between replicate experiments, determining whether 
normalizing for angle improves reproducibility. In a subsequent 
paper (Ketcham et al. this volume) we test the second part by 
Þ tting empirical annealing models to each data set, and see how 
c-axis projection impacts consistency of geological time-scale 
predictions, both among the Barbarand et al. (2003a, 2003b) 
analysts and with the Carlson et al. (1999) data set, for which 
the analyst and etching procedure were different. * E-mail: ketcham@mail.utexas.edu
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ABSTRACT

Apatite Þ ssion-track length data are used extensively for thermal history inversion. However, several 
studies have documented instances of poor reproducibility of length data. We address this problem by 
using c-axis projection to normalize track lengths for crystallographic angle in the extensive labora-
tory annealing data set acquired by Barbarand et al. (2003a, 2003b). A new simpliÞ cation reduces the 
c-axis projection model from six to four Þ tted parameters. Normalizing for track angle using c-axis 
projection improves every aspect of length measurement reproducibility examined. It accelerates 
convergence of mean length in single analyses; increases consistency among replicate measurements 
by a single analyst; enhances consistency of measurements of the same mounts by different analysts; 
and improves the match between analyses conducted with and without Cf-irradiation. C-axis projection 
is also shown to enhance the thermal sensitivity of length data. Based on these results, we assert that 
c-axis projection is a good means of compensating for observer bias, although it does not overcome 
differences caused by experimental error. 
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