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factors affecting fission-track counts in apatite

Carolin Aslanian*, Raymond Jonckheere, Bastian Wauschkuhn and
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Geologie, Technische Universitit, Bergakademie Freiberg, 09599 Freiberg, Germany

Abstract. The tools for interpreting fission-track data are evolving apace but, even so, the out-
comes cannot be better than the data. Recent studies that have again taken up the issues of etch-
ing and observation have shown that both have an effect on confined-track length measure-
ments. We report experiments concerning the effects of grain orientation, polishing, etching and
observation on fission-track counts in apatite. The results cannot be generalized to circum-
stances other than those of the experiments, and thus do not solve the problems of track count-
ing. Our findings nevertheless throw light on the factors affecting the track counts, and thence
the sample ages, whilst raising the question: what counts as an etched surface track? This is per-
tinent to manual and automatic track counts and to designing training strategies for neural net-
works. We cannot be confident that counting prism faces and using the C-calibration for age cal-
culation are adequate for dealing with all etching- and counting-related factors across all sam-
ples. Prism faces are not unproblematic for counting and other surface orientations are not per
se useless. Our results suggest that a reinvestigation of the etching properties of different apa-
tite faces could increase the range useful for dating, and so lift a severe restriction for prove-

nance studies.

Summary. Fission tracks are damage trails from uranium fission in minerals, whose thermal
histories are deduced from their number and length. A mineral is etched for observing the tracks
with a microscope. We show that the etching and observation conditions affect the track count
and explain it in the framework of a recent etch model. We conclude that established solutions
do not secure that the ages and thermal histories inferred from track counts and measurements
are accurate.

* corresponding author: Carolin.Aslanian@geo.tu-freiberg.de
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1 Introduction

30 Fission-track dating and temperature-time-path modelling are much-used thermochronologi-
cal tools for geological research. The fission-track method rests on counting and measuring
the lattice damage trails caused by uranium fission. Fission tracks in apatite are ~20 um long
(Bhandari et al., 1971; Jonckheere, 2003) and ~10 nm wide (Paul and Fitzgerald, 1992; Paul,
1993; Li et al,, 2011; 2012; 2014), thus too thin to observe with a microscope. Polished grain

35 mounts are therefore etched to make them visible. Although it is important to understand
etching for interpreting track data, it is often taken for granted that experimental factors re-
lated to etching and counting are inconsequential, e.g., that counting losses are negligible in
slow-etching surfaces such as apatite prism faces. It is further assumed that systematic errors
on the track counts cancel out if the sought ages are calibrated against those of age standards

40 (e.g, C-calibration; Hurford, 1990). We believe that, from lack of investigation, there persist
certain misconceptions concerning these issues, which lead us to overestimate the accuracy of
fission-track ages but also to impose undue practical restrictions, such as excluding all apatite
grains not polished parallel to their c-axes from the track counts and the confined-track meas-

urements.

45  We report experiments aimed at furthering our understanding of fission-track counts and meas-
urements in apatite. Because there is a subjective aspect to the counts (Enkelmann et al., 2005;
Jonckheere et al., 2015) and measurements (Ketcham et al., 2015; Ketcham and Tamer, 2021),
our numerical results cannot be generalized. They nevertheless reveal significant trends, which
we endeavour to interpret in the context of recent etching models and to relate to practical

50 datingissues.

2 Experiments and Results

We cut plane sections from Durango apatite crystals at 0° (prism face; sample P00), 30° (B60)
and 90° (basal face; B00) to their c-axes and mounted them in resin. We ground and polished
them with 6, 3, and 1 um diamond suspensions and a 0.04 pm silica suspension, and etched
them in 10-s steps for 10, 20 and 30 s in 5.5 M HNO3 at 21 °C. Reference points on the mounts
55 allowed us to register the position of each investigated field and to return to it after each etch
step. Each step, we counted the tracks at the exact same locations with a motorized Zeiss Z2m
microscope and Marzhauser stage controlled from a desktop computer running the Autoscan

software.

Figure 1 and Table 1 compare the track counts at different etch times. Because the exact same

60 areas were recounted after each step, deviations from the 1:1 line reflect actual loss or gain of
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Figure 1. Comparison of repeat track counts after 10, 20 and 30 s etching (5.5 M HNOs at 21
°C) in the same areas of a basal face (B00), prism face (P00), and an intermediate face ( B60)
of Durango apatite.
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65 Table 1. Repeat track counts after 10, 20 and 30 s etching in
a basal face (B00), prism face (P00) and an intermediate face
(B60) of a Durango apatite.

Sample te(s) Fields Counts ps(TL|106cmZ) o/op
B0OO 10 39 1824  0.123+0.003  1.03
70 B0OO 20 39 1732 0.116+£0.003  0.96
B0OO 30 39 1600  0.110£0.003  0.92
P00 10 32 2060  0.169£0.004  1.20
P00 20 32 2189  0.179+0.004  1.18
P00 30 32 2210  0.181+0.004  1.12
B60 10 48 2302  0.126+0.003  0.98
75 B60 20 48 2442  0.133+0.003 097
B60 30 48 2515  0.137+0.003  0.94

te: etch time (5.5 M HNOs at 21 °C); Fields: microscope fields counted
(3.815 10* um?); Counts: total tracks counted; ps: track density; o/op:
ratio of the standard deviation of the track-density distribution to that
of a Poisson distribution.

80 Table 2. Intercepts and slopes of geometric mean regression
lines fitted to the corresponding track counts for 10, 20 and
30 s etching from Table 1.

Sample Interval Intercept Slope  Correlation
85 B0O 10s-20s 1.59 0.92 0.87
B0O 20s-30s 1.55 091 0.95
B0O 10s-30s 2.95 0.84 0.86
P00 10s-20s 3.09 1.01 0.89
P00 20s-30s 4.03 0.95 0.95
P00 10s-30s 6.97 0.96 0.83
90 B60 10s-20s 1.94 1.02 0.91
B60 20s-30s 2.49 0.98 0.95
B60 10s-30s 4.40 1.00 0.87
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tracks. The individual deviations are random: a track is lost in one field while one is added in a
different field of the same sample. In general, however, track loss dominates in the basal face
(B00), while tracks are gained in POO an B60. The overall changes between 10 and 30 s amount
to ~10% of the initial values. The changes are smaller from 20 to 30 s etching than from 10 to
20 s, but consistent with the initial trend. We interpret this as an indication, but not proof, of a
decreasing surface etch rate, linked to decreasing polishing damage with increasing depth (Ku-
mar et al, 2013; Hicks et al., 2019). The corresponding track counts at 10, 20 and 30 s are little
affected by random variation, and thus robust; the surface eth rate is therefore a factor meriting

further attention.

Table 2 lists the intercepts and slopes of geometric mean regression lines fitted to the plots in
Figure 1. For BOO, the intercepts remain low while the slopes decrease with etch time. The in-
ference that the loss is proportional to the track count is not obvious since higher track counts
are not associated with higher uranium concentrations but due to random Poisson variation.
We propose that the track loss is due to the growth and merger of the surface etch pits, which
consume the shorter track channels causing losses proportional to the initial number of tracks
in each field. For P00 and B60, the slopes remain constant at ~1 while the intercepts increase
with etch time. A uniform increase, independent of the initial track count, suggests that on av-
erage tracks are added due to surface etching. Jonckheere et al. (2019; egs. (1) and (2)) com-
pared the conventional etch model (Tagami et al., 2005) with a lesser known one (Jonckheere
and Van den haute, 1999) in terms of their effects on the track counts. The first predicts in-
creasing track counts whereas the latter predicts constant counts. Despite its correct predic-
tion, the first model was deemed inapplicable because it failed on other counts (Jonckheere et
al,, 2019; in press). In contrast to that model, in which no etched tracks are lost, the second
model implies constant track counts because the rate at which tracks are added from surface
etching equals that at which others are lost from the same cause. Tracks are added when the
advancing surface catches their upper ends and lost when it overtakes their lower ends. How-
ever, before the surface reaches the lower termination of the latent track (¢; Figure 2), its etch
channel has increased in length. Around that point, the slow-etching faces (cd and de) termi-
nating the channel also come to intersect the surface. This alters the manner in which they are
etched (cf. Figure 4 of Jonckheere et al., 2019), increasing their etch rates and allowing them,
for a while, to keep ahead of the advancing surface (Figure 2). A residual etch figure can thus
persist after the surface has overtaken the latent track. This phenomenon is more pronounced
at low etchant concentrations (Jonckheere and Van den haute, 1996). This reconciles our new
observations with the new etch model, while also explaining the fact that the net rate of addi-
tion is not much greater for B60 than for POO despite its more than twice higher etch rate
(Aslanian et al., 2021).
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Figure 2. Principle of the persistence of an etch pit past the termination of a latent track. Be-
fore the advancing surface (a-b-f-g) overtakes the track at ¢, the faces (c-d-e) terminating the
track channel have moved ahead, creating a feature that, depending on the etch rates of (c-d-
e) and (a-b-f-g) can persist for a time. This duration is extended if (c-d-e) upon intersecting
the surface acquire increased etch rates due to a change in the mechanism of etchant attack
(white arrows). This mechanism accounts for the observed increases of the track counts in
P00 and B60 within the etch model of Jonckheere et al. (2019; in press) and Aslanian et al.
(2021).
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Figures 3a-c compares the sizes (long axes) of the track openings in B00, B60 and P00 at 10, 20
and 30 s. Those in the basal (B00) and prism (P00) face have uniform size, reflected in a narrow
distribution. With increasing etch time, the distributions shift to greater values and become left-
skewed. We interpret this as due to tracks added as a result of surface etching. Insofar as the
distributions are diagnostic, tracks are added at a decreasing rate, suggesting a declining sur-
face etch rate. The openings in the intermediate face (B60) have a limited size range at 10 s but
broad distributions at longer etch times. In contrast to basal and prism faces, the track openings
in B60 do not have uniform shapes or orientations (Jonckheere et al., 2020). Their long axes
therefore increase at different, orientation-dependent rates, stretching their size distribution.
Figure 3d plots the mean sizes of the track openings in B0O, P00 and B60 as a function of etch
time. Their growth rates are constant, but, whereas the track openings in P00 and B60 grow
from the instant of immersion, there is a delay before the onset of etch pit growth in B0OO. This is
also a consequence of a transient phase of accelerated surface etching due to superficial polish-

ing damage.

Figure 4 illustrates the principle using two stages of the development of a track in a basal face
(B00) and in a prism face, calculated with the model and apatite etch rates (vg) of Aslanian et al.
(2021) and Jonckheere et al. (in press). The two steps are of equal duration and the etch rates
are constant, except for the surface etch rate (vs), taken to be three times higher during the first
stage. The shallow etch pit at the track intersection with a basal face causes the size increase of
the track openings to be suppressed during the initial stage of accelerated surface etching (Fig-
ure 4a). After the surface etch rate drops to the normal value during the second stage, the etch
pit diameter grows at the actual rate determined by the intrinsic apatite etch rates, increasing in
size by a factor of almost three. An increased surface etch rate has no such effect on the track
openings in a prism or intermediate surface because in most cases the tracks lack an etch pit
(Jonckheere et al.,, in press). The width of the track opening between the parallel channel walls
is unaffected by surface etching and increases in direct proportion to the immersion time (Fig-

ure 4b).

For the second experiment, we cut fourteen prism sections from a crystal of Durango apatite.
We annealed half at 450 °C for 24 hours to erase the fossil tracks; the other half retained their
full complement of fossil tracks. The annealed sections were irradiated with thermal neutrons
in channel Y4 of the BR1 reactor of the Belgian Nuclear Research Center (SCKeCEN; ¢ = 1016
cm?) to produce induced fission tracks. A section with fossil tracks was paired with one con-
taining induced tracks and annealed for 24 h at temperatures of 183, 231,171, 291, 304 and
313 °C; the remaining sections were not annealed. The samples were mounted in resin, ground

7
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Figure 3. Histograms and cumulative frequencies (solid lines; g-spectra, Jonckheere et al.,
2020) of the sizes (long axes) of the track openings in (a) a basal face, (b) a prism face, and
(c) a face at 30° to a prism face of Durango apatite after 10, 20 and 30 s etching (5.5 M HNO3
at 21 °C); (d) the mean sizes plotted against etch time show a constant rate of increase in the

three surfaces.
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Figure 4. Sketch of the consequences of an initial phase of accelerated surface etching on the
size increase of the surface-track intersections in an apatite basal face (a) and prism face (b).
The etch rates (vr) represented in the etch rate plot (right inset; Aslanian et al., 2021) are as-
sumed constant, except for a three-fold higher surface etch rate (vs) during the first of two
stages; (1): first stage: vs = 1.5 pm/min; (2): second stage: vs = 0.5 um/min; the etch rate plot
is not to scale.
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to expose internal surfaces and polished with 6, 3 and 1 pm diamond suspensions and 0.04
um silica suspension to the highest standard achievable with our equipment and expertise.
Each mount was foreseen with a system of reference points and etched for 20 s in 5.5 M HNO3
at 21 °C. Our samples also included four prismatic sections of Durango apatite acquired for an
inter-lab comparison. The pre-annealing, neutron irradiation and partial annealing conditions
are given in Ketcham et al. (2015). The apatite sections were mounted, ground and polished as
described. We performed track counts in the same fields in transmitted light and reflected
light, using a Zeiss Z2m microscope and Marzhauser motorized stage connected to a desktop
computer. The Autoscan software was used for stage control and recording the positions of
the counted fields but the track counts were done at the microscope at an overall magnifica-

tion of 800X.

Figure 5 shows reflected-light (RL) and transmitted-light (TL) images of the same areas in one
unannealed section and five with different degrees of partial annealing. The RL images reveal
numerous near-identical features. Most, but not all, correspond to the openings of unmistaka-
ble fission-track channels in the TL images of samples annealed at up to 271 °C. The mismatch
increases for the more annealed samples, in which the number of identifiable track channels
under TL decreases faster than the RL features. We counted these features on the assumption
that they represent the surface intersections of long (with channel) or short (without channel)
etched segments of intermittent latent fission tracks (Gleadow et al., 1983; Green et al., 1986;
Paul and Fitzgerald, 1992; Paul, 1993; Li et al.,, 2011; 2012; 2014; Wauschkuhn et al.,, 2015).
Table 3 and Figure 6 compare the RL and TL counts of the same areas. There is a close correla-
tion between the RL and TL counts up to 271 °C, with the former 5-10 % higher for both fossil
and induced tracks and across the investigated range of track densities (TL: 0.127-2.923 106
cm2; RL: 0.134-3.016 10¢ cm-2). The TL counts collapse at higher temperatures while the RL
counts remain almost constant in comparison. The transition from consistent to inconsistent
RL- and TL counts occurs at the point (p/po = 0.70) at which tracks at high angles to the c-axis
break up in shorter etchable segments separated by unetchable gaps (Watt et al., 1984; Green
et al., 1986) or are subject to accelerated length reduction (Donelick et al., 1999). It is worth
noting that, with few exceptions, the RL and TL counts have standard deviations close to those
of the Poisson distribution (o/op % 1), irrespective of the ratio of the RL to TL track counts, as
expected for the products of a radioactive process. It is improbable that defect swarms pos-
sess statistical properties indistinguishable from those of the fission tracks in the same sam-

ples.

10
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Figure 5. Pairs of reflected-light (RL; left) and transmitted-light (TL; right) images of the
same areas in prism faces of an unannealed apatite and five annealed under different (T,t)-
conditions. All samples contain induced fission tracks and were etched for 20 s in 5.5 M HNO3
at 21 °C.
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Figure 6. Fossil and induced track densities in prism faces of Durango apatite determined us-
ing reflected light (pr.) plotted against those measured in the same counting areas using trans-
mitted light (prL). The samples were annealed under different (T,t)-conditions, summarised in
Table 3, polished to a final high finish with 0.04 um silica suspension, and etched for 20 s in 5.5
M HNOs at 21 °C. The induced track densities are normalized to those of the unannealed sam-
ples, those of the fossil tracks to 0.89X that of the unannealed sample, to account for natural

annealing.
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3 Discussion and Conclusions

We submit this contribution from a concern that, while the tools for interpreting fission-track
data are evolving, the calculated ages, age components and thermal histories are only as good
as the track counts and the measured track lengths. Measuring and counting fission tracks re-
quires etching to make them accessible for microscopic examination. Track etching is often
considered as an inconsequential sample preparation step. However, recent studies that have
again taken up the twin issues of etching and observation confirm that both have an effect on
confined track lengths (Jonckheere et al., 2007; 2017; Tamer et al., 2019; Tamer and Ketcham,
2020; Aslanian et al,, 2021; Ketcham and Tamer, 2021). Our results show that etching and ob-
servation also have consequences for the track counts, which we cannot be confident of evad-
ing by selecting apatite prism faces and adopting the ¢-calibration for age calculations. Besides
being inadequate for the purpose, both measures have drawbacks. Selecting prism (scratched)
faces for dating often implies that a large fraction of the grains in a mount is ignored. This can
lead to reduced grain counts, which is a particular problem for distinguishing age components
in a mixture. Grain selection based on shape can also cause an age component to be missed.
The drawbacks of the -calibration are of a different nature (Hurford, 1998; Enkelmann et al.,
2005; Jonckheere et al., 2015; Iwano et al., 2018; 2019):  is an efficient workaround for the
calibration problem, but it is just that: it circumvents difficulties without eliminating them. It
has to be taken on trust that it deals with all etching- and counting-related factors under all cir-

cumstances.

Our findings provide no solution. It is doubtful that here is a single solution for all polishing,
etching and counting protocols, or for all samples. Our results do illustrate how simple exper-
iments throw light on the factors affecting the track counts, and, thence, the sample ages. This
is relevant to the advantages and disadvantages of manual and automatic track counts (Glead-
ow et al, 2009; 2019; Enkelmann et al, 2012) and to designing training strategies for neural
networks (Nachtergaele and De Grave, 2021). It is, in general, useful for valuating the input,
and thus the output, of modelling programs. Grain orientation, polishing finish, etching condi-
tions (time) and observation method are all shown to influence the fission-track counts in ap-
atite. Prism faces are not unproblematic for counting and other orientations are not per se
useless. Faster-etching surfaces, in which etch pits do not form at the track-surface intersec-
tions (Jonckheere et al,, 2020, 2022) can indeed present practical advantages, in addition to
the numerical advantage of including them. Their fission-track properties are the subject of
ongoing studies. Our results also support the fact that fossil and induced fission tracks are dis-
continuous towards their tips and that individual segments remain etchable after annealing

and break-up.
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