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A quantitative description of fission-track etching in
apatite

CAROLIN ASLANIAN!, RAYMOND JONCKHEEREL*, BASTIAN WAUSCHKUHN!, AND LOTHAR RATSCHBACHER!

1Geologie, TU Bergakademie Freiberg, Bernhard-von-Cotta-Strafde 2, 09599 Freiberg, Germany

ABSTRACT

We measured the apatite etch rate vz in 5.5 M HNOs3 at 21 °C as a function of orientation. Results
for Durango apatite evidence that vk varies by a factor >5 with angle to the c-axis. Our
measurements also provided track etch rates vr and surface etch rates vs. However, these cannot
be combined for calculating track etching or counting efficiencies. By inserting the measured
etch rates in a recent model, we calculate the geometries and dimensions of surface tracks in
different apatite faces. The proposed model must be recalibrated for different etching protocols
and adapted for other minerals. We submit that the new model justifies reviewing track counting
efficiencies based on the existing (vs-vr) etch model. We anticipate that this will have an effect on
practical aspects of fission track dating. Single-track step-etch data show that the confined track
lengths increase with etch time at a decreasing average rate v. that differs from the track etch
rate vr and the apatite etch rate vr. Both vr and v exhibit large track-to-track differences that
produce irreducible length variation related to the latent-track structure resulting from
formation and annealing. Step etching and track width measurements are effective for reducing
or eliminating procedure-related artifacts from track length data, and so for accessing more

fundamental track properties.

Keywords: Apatite, fission track, etching, apatite etch rate, track etch rate.
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INTRODUCTION

Fission-track dating is based on counting the damage trails from uranium fission in natural
minerals. Fission tracks are ~20 pm long in apatite (Jonckheere 2003) and ~10 nm in diameter
(Paul and Fitzgerald 1992; Li et al. 2011, 2012, 2014), and too small to be seen with an optical
microscope. To count them, the apatite grains are mounted, polished, and etched. This erodes the
track cores, creating ~1 um wide channels along the track axes. For accurate dating, it is
important to understand the relationship between the counted number of etch channels pr and
the number of unetched tracks pr intersecting a unit surface area. The existing track etch model
describes their development as resulting from two etch rates (Price and Walker 1962; Price and
Fleischer 1971; Tagami and O'Sullivan 2005; Hurford 2019). The track etch rate vr along the
track axis is the rate at which the damaged material in the track core is removed. The bulk etch
rate vs is the rate at which the surrounding material is etched in all other directions. This model
implies that the etching efficiency 7k is a function of vz and vr; in its simplest form (Supplement 1
summarizes the variables used):
2
ne=1- (%) (1)

This model was developed for isotropic materials such as glasses and plastics but its application to
crystalline materials was not worked out in detail. For minerals, with anisotropic vs, equation (1) is
considered to hold for the vs value perpendicular to the etched surface. Often, ne is taken to be the
fraction of tracks counted (Hasebe et al. 2004; Tagami and O'Sullivan 2005). Equation (1) is the
basis for counting tracks in slow-etching surfaces characterized by sharp polishing scratches, e.g.,
apatite prism faces (Gleadow 1978; 1981; Kohn et al. 2019). Mica cleavage planes are also thought

to have near-unit efficiencies.

Understanding the etching process has to be fundamental to fission-track dating since it connects the
channels counted and measured with a microscope to the lattice damage from uranium fission.
Track etching has however received scant attention since the studies of Price and Walker (1962),
Price and Fleischer (1971), and Fleischer et al. (1975). Jonckheere and Van den haute (1999) and
Tagami and O'Sullivan (2005) made minor changes to equation (1) to account for tracks added as

well as lost due to surface etching. Modern accounts of fission-track dating either present an etch
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model consistent with equation (1) (Tagami and O'Sullivan 2005; Hurford 2019; Guo et al. 2020),
or a guarded description of track shapes (Gleadow et al. 2002; Donelick et al. 2005; Gleadow and
Seiler 2015). This apparent consensus owes more to the lack of alternative than to actual support

for the model.

Equation (1) implies that etching is efficient: ne > 0.99 for vs/vr < 0.10; the latter value corresponds
to a cone angle (0 =2 arctan(vs/vr)) of >10° at least twice the average of tracks in apatite.
Equation (1) also implies that n¢ is independent of whether the tracks are etched in an external or
internal mineral surface or an external detector. It further implies that ne is independent of the
length (distribution) of the tracks. These advantageous properties for practical fission-track dating
are however not supported by evidence. Jonckheere et al. (2019) argued that the existing etch
model cannot account for the dual structure of etched surface tracks, consisting of an etch pitand a
track channel, e.g,, in an apatite basal face, nor for the variable track shapes in different apatite
faces. Measured counting efficiencies are much lower than predicted, and different for an internal
surface, external surface, and external detector (Jonckheere 2003; Enkelmann et al. 2005;

Jonckheere et al. 2015).

We observed that the present track-etch model is not consistent with mainstream theories of
crystal growth and dissolution, and proposed a model that is (Jonckheere et al. 2019). The main
difference is that the bulk etch rate vs, the etch rate of a point on a surface, is replaced by the radial
etch rate vr of a lattice plane as a whole, i.e,, its rate of displacement parallel to itself. This concept
is copied from the theories of Burton et al. (1951), Frank (1958) and, among others, Irving (1959),
Frank and Ives, (1960) and Jaccodine (1962), which are the basis of modern applications of crystal
etching (Woensdrecht 1993; Rakovan 2002; Chernov 2004; Woodruff 2015). On the assumption
that the orientations of the apatite basal and prism faces correspond to cusp-like minima in a polar
etch rate plot, the proposed model accounts for the default dual structure of etched tracks and for
the variation of track shapes with the orientation of the etched surface (Jonckheere et al. 2019).
This contribution reports measurements of the radial etch rates vr of apatite etched in 5.5 M HNO3
at 21 °C. Inserting the measured rates in the proposed etch model allows us to predict not just the
shape but also the dimensions of a fission track with a specified orientation intersecting a given

surface.
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EXPERIMENT

Earlier investigations of the morphological evolution of single crystals during growth and
dissolution proceeded by etching multi-facetted initial forms and observing the developing faces.
Fast-etching faces grow at the expense of slow-etching faces on convex forms (polished spheres or
cylinders) while the opposite is true for concave forms (hemispherical hollows or cylindrical
grooves; Batterman 1957; Irving 1959; 1960; Holmes 1959; Frank and Ives 1960; Jaccodine 1962;
Heimann 1971; Heimann et al. 1975). Figure 1 illustrates a method for distinguishing convex and
concave intersections. This shows that the etched fission-track channels are concave and their
surface intersections are convex. In order to describe fission-track etching in apatite, it is thus
necessary to determine the orientations of its fastest as well as its slowest etching faces. We take
advantage of the fact that confined fission tracks provide linear concave features (except for their
intersections with the host track or crack; Figure 1) at whose endpoints the slowest-etching faces
develop. At the same time, their midsections present straight edges that etch at the apatite etch
rate vr perpendicular to the axis of the track, whether fast or slow. Confined tracks thus enable us
to calculate vr in all desired orientations from measurements of their width increase between two

consecutive etch times.

We cut a section parallel to the c-axis of a cm-sized Durango apatite, which was neither annealed
nor irradiated and retained its natural complement of fossil fission tracks. We mounted it in
Araldite resin, and polished the mount with 6, 3, and 1 pm diamond suspensions, finishing with a
0.04 um silica suspension. We etched the mount for 30 s in 5.5 M HNOs at 21 °C (Carlson et al.
1999). The solution was mechanically stirred and its temperature continuously recorded; etching
was arrested by plunging the mount consecutively in two beakers each containing ca. 250 ml of
deionized water, following which the mount was allowed to dry in a curing cabinet at 35 °C. The
30 s etch is somewhat longer than usual for two reasons. First, to ensure that enough well-etched
tracks are available in directions where their channels are thinnest. In general, those are the tracks
sub-parallel and sub-perpendicular to the c-axis. Second, to realize a range of effective etch times
of the individual tracks. The effective etch time of a confined tack is the time the mount is
immersed in the etchant minus that required for the etchant to bridge the distance between the

host track and it. The mount was fixed on a microscope slide, to which two TEM grids were
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attached as reference points. The tracks were studied with a Zeiss Axiolmager Z2m motorized
microscope, equipped with a 100x dry objective, 2.5x post-magnification, and a Zeiss ICc3 camera.
Transmitted-light digital images and coordinates of 205 horizontal confined tracks (TinT: track-in-
track) were recorded with the Autoscan TrackWorks program (Gleadow et al. 2019). Plunging
tracks were excluded because their shapes and dimensions cannot be contoured or measured as
well as those of horizontal tracks, which are in focus over their full length at high magnification
(Figure 2). The mount was then etched for another 15s in 5.5 M HNOs at 21 °C, and the same
tracks were imaged again. Since each track had been etched after 30 s, the effective etch time
increment can be assumed to be ~15 s, although its individual total effective etch time remains

unknown.

We imported the images for the 30 s and 45 s etches in the CorelDraw X6 vector graphics program
(Corel Corporation) for tracing the contours, and measuring the lengths, widths, and orientations
of the tracks (Figure 3). Where possible, we also measured the taper of the tracks, i.e., the cone
angle between facing straight edges. Supplement 2 reports the data and Table 1 summarizes the

main statistics.

RESULTS AND DISCUSSION

Figure 4 shows the track lengths plotted against angle to the c-axis. The mean and standard
deviation for the 30 s etch are in reasonable agreement with fossil-track data for this, and other,
etches (Jonckheere et al. 2015). The mean track lengths are somewhat lower than comparable
results of an earlier experiment (Jonckheere et al. 2017). The differences are within the range of
variation expected from different operators (Ketcham et al. 2015). The present lengths were
measured on contours tracing the middle of the dark track outlines in transmitted light (Figure 3).
This could have contributed to somewhat lower mean lengths than measurements at the
microscope or on a live image. The additional 15 s etch produces a <1 pm increase of the mean and
a slight decrease of the standard deviation of the track-length distribution, as also observed in
earlier step-etch experiments on both fossil and induced tracks (Jonckheere et al. 2017; Tamer et
al. 2019). The major and minor axis lengths of ellipses fitted to the length vs. angle to the c-axis
data are consistent with the model of Donelick et al. (1999) for samples etched for 20 s in

5.5 M HNOs at 21 °C (Table 1) This suggests that the length increase from etching and the length
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decrease from geological annealing possess a similar anisotropy and might in a certain sense be
inverse processes. Our data are however too limited to interpret this as more than an indication,

and a possible focus for future investigation.

Figure 5 plots the widths of the tracks against their c-axis angles. The minimum width after 30 s is
~0.5 um at all angles. This is considered to be the limit for selecting a track for measurement. The
maximum width exhibits a strong angular dependence, peaking around ~3 um at 60 - 75° to the c-
axis. The ~2.5 um range of widths in this interval indicates a fast rate of widening. The increasing
track width range up to 60 -75° and decreasing range from 75° to 90° mirrors the angular
observation frequencies of confined tracks (Barbarand et al. 2003; Ketcham 2003; Ketcham et al.
2007; Tamer et al. 2019). The rate of widening, i.e., the anisotropic apatite etch rate, is therefore
thought to be an important cause of this well-known angular bias. Since the same tracks were
measured after 45 s immersion, the results do not present the same flat minimum at ~0.5 pm. The
width increases in 15 s are consistent with an increasing rate of widening up to 60 - 75° to the c-
axis before falling off again at greater angles. The limited ranges as well as the limited width
increases indicate that the rates of widening are minimal parallel and perpendicular to the c-axis.
[t is notable that, on average, the track widths increase more than the track lengths between 30 s
and 45 s immersion. Figure 6 plots the cone angles 6 against the track angle ¢ to the c-axis (Figure
3). The cone angles, like the widths, increase up to 60 - 75°, and decrease rapidly from there to 90°.
In contrast to the track widths, the cone angles show almost no increase between 30 s and 45 s
immersion. The 0.3° average difference is as likely related to the measurement uncertainties as to
a true increase of 0. In the latter case, the small increase between 30 and 45 s would indicate a
finite but nevertheless fast rate of penetration of the etchant in the already etched track channels.
Given the small difference between the 30s and 45s cone angles, we averaged the two

measurements for the following calculations.

We calculated the rate of widening vk from the increase Aw = w4s - wzo from 30 s (wz0) to 45 s (was;
Figure 3d); vr is taken to be the apatite etch rate perpendicular to the track. We calculated the etch
rates vr of central sections of the tracks from their cone angles 6, which measure the taper of the
track channels away from their intersections with the host tracks (Figure 3c). We finally calculated
the rate of length increase v. from the length difference Al = l45 - [30 between 30 s (I30) and 45 s (I45).
Thus, with Atg = 15 s:
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. 1 Aw(pm)

vg (um/min) = - —At:(,ﬁ) (2)
. _ vg (um/min)

vy (um/min) = ~ ran(6/2) (3)
. 1 Al (um)

(% (um/mm) = Py W:Z:ln) (4)

Figure 7 plots vg, vr and vi, against angle to the c-axis. The apatite etch rate vg, which replaces the
former bulk etch rate vs, shows a marked dependence on orientation, increasing from <1 pm/min
parallel to ¢ to >3 um/min at 15 - 30°, falling off again to <1 um/min perpendicular to ¢ (Figure
7a). In contrast, neither the track etch rate vr nor the length increase of confined tracks v.. exhibit a
clear angular dependence. Most tracks are, in the conventional sense, fully etched, i.e., past the stage
where the track etch rate applies (Laslett et al. 1984), since v. is on average ~50 times less than vr
(Figure 7b and c). However, v.. differs from the apatite etch rate vk as well; v > vr at small (<5°)
and high (265°) angles to ¢, whereas vi < vz in the intervening interval. The latter (v. < vr) implies
that the confined tracks length increase at a lower rate than the apatite etch rate. This apparent
paradox is nevertheless consistent with the proposed etch model (Jonckheere et al. 2019). The
endpoints of the track channels are concave and, according to the model, bounded by the slowest-
etching planes, i.e., the prism and basal planes, with vg # 0.5 pm/min (Figure 7a). This implies that
the rate of lengthening of confined tracks at all angles to the c-axis would be <0.7 pum/min. With
few exceptions this corresponds to the lowest rate of increase of the confined track lengths (Figure
7¢). Thus a fraction of the confined tracks increases in length between 30 s and 45 s immersion at
the intrinsic apatite etch rate. The fact that most tracks increase in length from 30 to 45 s at a rate
that is up to four times higher implies that it is, in those cases, damage-assisted. This lends strong
support to the concept of discontinuous tracks (Paul and Fitzgerald 1992; Li et al. 2011, 2012)
consisting towards their ends of faster and slower-etching segments, or "unetchable" gaps (Green
et al. 1986) of =0.2 um that etch at the intrinsic apatite etch rate. The high vr values, in contrast,
point to a continuous midsection. These results confirm that tracks are not etched to their full
potential lengths after 30 s, or even longer, in 5.5 M HNO3 at 21 °C (Jonckheere et al. 2017; Tamer
etal. 2019).

A discontinuous structure explains the otherwise unaccountable differences between tracks whose
individual lengths increase between ~0.5 and ~3 um/min. The differences are not due to

measurement errors, since track lengths are easier to measure than widths (Figures 7a and c).
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There is nevertheless a contributing factor: all length increments correspond to the same 15 s etch
time increment, however not between the same initial and final effective etch times. This is because
each track begins to etch at a different time after the sample is immersed in the etchant, depending
on the time needed for the host tracks to widen and capture the confined track. This lag time is
reflected in the range of track widths (~0.5 - ~3 pm; Figure 5) at 60 - 75° to the c-axis, indicating
that after 30 s immersion, the thickest confined tracks are etched ~5 times longer than the
thinnest. We calculated the effective etch times (te30 and te4s) of individual tracks from their widths

after 30 s immersion (w30):

_ wso (um)
tgzo(s) = 60 vr (um/min) (5)
tpas(s) = tg3e(s) +15s (6)

Figure 8a shows the effective-etch-time distribution after 30 s immersion in 5.5 M HNOs at 21 °C.
The few results for which te30 > 30 s are a consequence of the limited precision of the width
measurements and vr calculations. Even allowing for this lack of precision, it is clear that, during
the first 30 s step, different confined tracks have been etched for different durations, ranging
from as short as ~5 s to almost the full immersion time of ~30 s. Figure 8b plots the length of
each confined track against its effective etch times after 30 s and 45 s immersion. A regression
line fitted to the data has a slope of 2.0(0.2) um/min. This represents the rate of increase of the
mean confined track length with effective etch time, averaged over all tracks, all orientations to
the c-axis, and the entire effective-etch time range up to 45 s. A quadratic fit indicates that the
rate of length increase drops from 3.8(1.4) um/min at 5s to 1.1(0.4) pum/min at 45 s etching.
Figure 8c plots the length increments against the effective etch time tr after 30 s immersion. On
average, tracks with shorter effective etch times increase more in length after a further 15s
immersion than tracks with longer effective etch times. The length increments of tracks etched
less than ~10 s tend to lie above the overall trend. This is thought to correspond to the ¢z interval
where vr transitions to vi. However, most increments in the 30 s tr interval lie above the value
corresponding to the apatite etch rate vr. In this sense, the tracks cannot be considered as fully

etched either.

The measured apatite etch rates vr enable calculating the shapes and dimensions of etched fission
tracks using the track etch model based on the theories of crystal growth and dissolution proposed

earlier (Jonckheere et al. 2019). Figure 9 is a polar plot of vk, obtained by mirroring the vz data
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between 0° and 90° to the c-axis (Figure 7a) about the c-axis and an axis perpendicular to it. This is
not a violation of the apatite symmetry, because we measured horizontal confined tracks, i.e., all
etch rates lie in the prism plane. Their mirror images obtained by rotating 180° (3 x 60°) about the
c-axis lie in the same plane. Mirroring about an axis perpendicular to c¢ is consistent with the
mirror plane of apatite. At present, we have no data on the variation of vz with orientation in the
apatite basal plane. Given the six-fold axis perpendicular to this plane and the constant thickness of
the etched-track channels in all orientations (cf. Figure 4.7 of Fleischer et al. 1975), we can for now
disregard the variation of vz about the c-axis, and assume that all apatite prism faces etch at a rate
of ~0.5 pm/min (Figure 7a). These low rates lend the etched tracks their characteristic knife-blade

appearance.

Figure 10 shows a sample of etched-track shapes calculated with the etch rates in Figure 9. At this
stage, the calculation was done by graphical construction rather than by actual numerical methods
(Jonckheere et al. 2019). The calculated examples are of 5.0 um semi-tracks (surface tracks)
intersecting apatite faces at 0°, 30°, 60° and 90° to the c-axis, etched for 20 s in 5.5 M HNO3 at 21 °C
(Carlson et al. 1999). The calculation uses the vr values from Figure 9, but ignores second-order
effects due to the finite values of vr and vi, which are not well enough constrained to be included in
the calculation. The construction therefore assumes that the latent tracks etch to their endpoints in
a negligible time (vr — o0) after which the resulting channel grows at the etch rate of undamaged
apatite, i.e., residual damage that increases v. above the intrinsic apatite etch rate vr is not

considered (v. — 0).

Our etch model explains the etched-track profiles in apatite reasonably well. Tracks in a basal face
exhibit the familiar dual form consisting of an etch pyramid of constant size and an etch channel
connected to its apex, whose width varies with the dip of the track (Figure 10p-t; cf. Figure 10c of
Jonckheere et al. 2019). Etch pits are rare in other faces because their development cannot
compete with that of the channel and surface etching. An etch pit nevertheless does form at tracks
at small angles to ¢ (Figure 10c, i, 0). Those in the prism face are well documented (cf. Figure 10f of
Jonckheere et al. 2019,). Some tracks sport a vestigial etch pit (Figure 10g, n) resembling a collar
attached to the track opening in microscope images (cf. Figure 10i of Jonckheere et al. 2019). The
shape of the track channel away from its surface intersection is not influenced by the orientation of
the surface but determined by that of the track relative to the apatite c-axis alone (e.g., Figure 10b,

h, n, t).
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The openings of the etch channels in the prism face range from ~1.8 to ~2.2 um (Figure 10a-e). This
agrees with published mean Dpar-values for 20 s etching in 5.5 M HNOs at 21 °C (~1.5 - 2.0 pm for
Durango apatite; Ketcham et al. 2015). The proposed etch model thus accounts for the fact that
Dpar is not constant but varies by ~20% (Jonckheere et al. 2020). Most etch pyramids in the basal
face are a constant size due to the fact that they are much larger than the channel width (Figure
10p-t), although somewhat elongated forms develop at low dip angles. The sizes of channel
openings in the intermediate faces range from <0.7 to >3 pm in the calculated examples (Figures
10f-j and 10k-o0). This range agrees with that measured in an apatite section at 30° to c¢ (Jonckheere
et al. 2020). The small channel openings form at tracks at low angles to the c-axis (Figure 10f, 1).
The slow-etching prism faces enclosing the track on all sides prevent the development of the
otherwise characteristic knife-blade shape, which gives rise to the elongated surface intersections.
Jonckheere et al. (2020) interpreted the small track openings in these faces as the result of surface
etching. It is a contributing factor but it does not explain most track openings smaller than those in

a prism face.

The surface etch rate vs, i.e.,, the apatite etch rate vk perpendicular to the polished surface, varies by
a factor of ~5 as a function of orientation (Figure 10). Basal and prism faces are lowered <0.2 pm
after a 20 s etch in 5.5 M HNOs at 21 °C. Fast-etching faces are lowered >1 pm, adding £10% to
their track densities. However, because vs > vi, about an equal number is overtaken by the surface,
and lost. This stands in contrast to the earlier etch model where a track, once etched, is never lost,
and the surface track densities increase without limit (Tagami and O'Sullivan 2005). The fact that
vs » vy, in fast-etching faces also causes individual tracks to become shorter (e.g., Figure 10k-0). In
first approximation, the combined loss and addition of tracks due to surface etching has the overall
effect that the track densities are constant and the track size distributions (etchable and projected
length, and depth; Jonckheere and Van den haute 1998) are independent of etch time. The original
population of surface tracks is however gradually replaced by exhumed tracks etched for a shorter
time, a fraction of which will be too indistinct to be counted or measured (Jonckheere and Van den
haute 1999). Factors that cannot be quantified, e.g., the length increase at a variable rate v, above
the apatite etch rate vg, and the fact that the value of v, may change as the faces terminating the
track become exposed at the surface, complicate this first-order picture. However, it is, in our
opinion, not fruitful to overvalue such second-order effects. The observation conditions and
subjective track identification criteria are no doubt much more important than the subtler details

of track revelation.
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IMPLICATIONS

This paper presents a quantitative description of fission-track etching that explains the distinctive
geometries and the dimensions of tracks in different apatite faces. The present model is for apatite
etched in 5.5 M HNOs at 21 °C. It must be recalibrated for other etching conditions and adapted for
other minerals. Its significance lies in the fact that it replaces a questionable earlier model that had
remained unchallenged for fifty years. Although it predicted neither the shapes nor the dimensions
of tracks in apatite, it had major practical implications, such as that track counting efficiencies are
determined by the surface etch rate, and only prism faces with counting efficiencies close to ~1 are
suitable for dating. These claims, based on dubious premises, can no longer be upheld in the face of
empirical evidence that track counting efficiencies are at least as much a matter of the observation
conditions and track identification criteria as of etch rates, well below ~1 for prism faces and other
apatite faces, and dependent on the track length distribution (Jonckheere and Van den haute 1996,
2002; Jonckheere 2003; Enkelmann et al. 2005; Jonckheere et al. 2015). Our model offers a basis
for reassessing the efficiencies of fission-track counts and for reinvestigating the factors that

control them.

Our data show that apatite etching is anisotropic with a minimum etch rate of ~0.5 pm/min
parallel and perpendicular to the c-axis and a maximum of >3 um/min between 15 and 30° to ¢
(5.5 M HNOs at 21 °C). The average track etch rate vr is of the order of 75 pm/min, more than 35
times the average apatite etch rate vr. After a single etch step, individual confined tracks are etched
between ~5 s and nearly the full immersion time in the etchant. Their mean length increases with
etch time up to at least 45 s at a decreasing rate v. that is neither the track etch rate vr nor the
apatite etch rate vr. Measurements of the track widths and the empirical dependence of the mean
track length on etch time permit, to a certain extent, to correct for sampling-related factors. There
nevertheless remains a considerable irreducible residual scatter of the confined track lengths. The
erratic length increments between 30 and 45 s etching indicate that this is due to track-to-track
differences related to their intermittent structure (Paul and Fitzgerald 1992; Li et al. 2011, 2012;
Jonckheere et al. 2017). In our opinion, little is therefore to be gained by adjusting existing etching
protocols in an attempt to reveal the "true" lengths of confined tracks (Tamer et al. 2019). On the
other hand, step etching and track width measurements serve to eliminate some of the sampling-
and measurement-related veil, and to access more fundamental properties of the track structure. In

our fossil track data, it reflects the superposition of the inseparable effects of track formation and
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annealing. It will therefore be interesting to extend our experiments to unannealed and partially
annealed induced tracks. Closer access to measurable properties of track structure resulting from

geological annealing offers the prospect of increasing the resolution of apatite fission-track

modeling (Novakova et al. 2020).

A discontinuous track with respect to etching can be seen as alternating faster- and slower-etching
sections. Such a structure allows disproportionate length increases for small etch time increments.
Our data show that some tracks lengthen at around the apatite etch rate vr after an initial 30 s etch
step. Their etch channels terminated at slow-etching sections (unetchable gaps; Green et al. 1986),
which an additional 15 s step failed to pierce. It is thus improbable that many more such gaps were
pierced in tracks that showed length increments of up to 3 um. It follows that the fast-etching
segments can be of the order of a micrometer long. The final etched length of a confined track thus
depends on penetrating a few slow-etching segments. This in turn must depend on the apatite etch
rate vr. This then could explain the positive correlation between the initial mean confined track
length and Dpar in apatites of different chemical composition (Carlson et al. 1999; Barbarand et al.
2003). If this applies to annealed samples, the apparent greater annealing resistance of high-Dpar
apatites could be in part due to their high etch rates and not uniquely to their low annealing rates.
If confirmed, it would have significant implications for our understanding of the annealing

mechanisms.

We conclude that the approach in this work, which combines step etching of single tracks with
estimates of their effective etch times, might prove useful for understanding fundamental track
properties. It can be utilized to compare fossil and induced tracks, annealed and unannealed

tracks, and different apatites.
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