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ABSTRACT

Fossil and induced confined fission tracks in Durango apatite do not etch to their full etchable
lengths with the current protocols. Their mean lengths continue to increase at a diminished rate
past the break in slope in a length versus etch-time plot, from whereon they are considered to be
fully etched. The mean length of the fossil tracks increases from 14.5(1) to 16.2(1) um and that
of the induced tracks from 15.7(1) to 17.9(1) um between 20s and 60s etching (5.5 M HNO3;
21 °C); both are projected to converge towards ~18 um after ~180 s. This increase is due to
track etching, not simple bulk etching. The irregular length increments of individual tracks re-
veal a discontinuous track structure in the investigated length intervals. The mean lengths of
the fossil and induced tracks for the standard etch time (20 s) for the (5.5 M HNOs; 21 °C) etch
are thus not the result of a simple shortening of the latent fission tracks but instead of a lower-
ing of the effective track-etch rate vr. The rate of length increase of individual fossil confined
tracks correlates with their length: older tracks are shorter because they etch more slowly. Step
etching thus makes it possible to some extent to distinguish between older and younger fossil

fission tracks. Along-track vr measurements could reveal further useful paleo-temperature in-
formation. Because the etched length of a track at standard etch conditions is not its full etcha-

ble length, geometrical statistics based on continuous line segments of fixed length are less se-

cure than hitherto held.
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BACKGROUND

The conventional fission-track method distinguishes itself from gther radiometric geothermo-

chronometers in that both the parent- and daughter-isotope concentrations are measured by
means of proxies. The fossil tracks stand for the daughters produced by spontaneous nuclear
fission of 238U. The induced tracks created by thermal-neutron fission of 235U stand for the pre-
sent concentration of the parent. The damage trails left in the wake of the fission fragments'
flight have dimensions (length: ~21 pm; Bhandari et al,, 1971; Jonckheere, 2003; diameter: <10
nm; Paul and Fitzgerald, 1992) and structure (Miro et al., 2005; Afra et al,, 2011; Li et al,, 2014;
Schauries et al,, 2014; Lang et al., 2015). Latent fission tracks are thus susceptible to changes
effected by environmental factors, with temperature as the main factor (Fleischer et al., 1964,
1974, 1975; Kohn et al., 2003; Schmidt et al., 2014). Each fossil track holds a record of the tem-
perature effects it experienced from its formation to the present. Apatite fission-track modeling
was developed to exploit this stored information for reconstructing the thermal histories of

geological samples.

The temperature record stored in the fossil tracks is read from the length distribution of etched
confined tracks. Etching condenses the information in individual tracks into a single scalar val-
ue: their etchable length. Tracks that experienced the same environmental conditions are how-
ever not all etched to the same length as a result of random factors involved in uranium fission,
track formation, and repair. Their temperature information is therefore reflected in the mean of
their etched-length distribution. Length variations due to the possible effects of the anisotropic
properties of the track detector on track formation, annealing, and etching are systematic and
can be accounted for (Galbraith and Laslett, 1988; Donelick, 1991; Donelick et al., 1999; Gal-
braith, 2002; Ketcham et al., 2007).

Step-etch experiments show that the mean length of induced fission tracks in apatite increases

fast up to an etch strength Sk (St = etchant concentration (M) x etch time (s)) of ~50 M.s, fol-

lowed by a slow - or no - increase (Figure 1). {[ieldata scatter prevents us from concluding
_. Etching to just past the transition point (60 < St < 90)

is considered ideal; tracks on either side are either "under-etched" or "over-etched" (Laslett et
al,, 1984). The basic model holds that the confined-track length increases at twice the track-etch
rate vr until the etchant reaches both ends, and the track is revealed over its full etchable length,
and at twice the bulk-etch rate vs thereafter (Laslett et al., 1984). The lack of experimental evi-
dence of bulk etching (Figure 1; except f) was explained by the fact that most of the measured
tracks at each etch step represent a new sample of confined tracks (Green et al., 1986). Both the

-2-

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



51
52
53
54
55
56

57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5988

AM 5988 - Revision 1

Barbarand et al. (2003) data for under-etched tracks (St < 60 M.s; Figure 1j) and the Carlson et
al. (1999) data for over-etched tracks (Sr > 90 M.s; Figure 1f) lie above the fitted trend. This
could be due to a stricter selection of well-etched tracks for length measurement, compared to
the other experiments. This could itself be a bias resulting from the attempt to measure un-
deretched tracks or from the use of Cf-irradiation for increasing the number of measureable

confined tracks close to the sample surface, or from other causes.

It is important to distinguish etch effects from temperature effects for extracting temperature
data from length measurements of etched fossil confined tracks. This contribution reports the
results of a step-etch experiment aimed at a better understanding of track etching. It exploits

the advantages of software-controlled motorized microscope stages for recording the position

of each confined track and revisiting it after each succeeding step, _
Father than the population'mean. In this manner, we compare fossil and induced fission tracks,

in annealed and un-annealed Durango apatite. This allows us to address two important ques-

tions: "do fossil tracks etch like induced tracks?”, and "do induced tracks in a natural apatite

etch as in annealed apatite?".

EXPERIMENT

We cut three ~1 mm-thick sections parallel to the c-axes of cm-sized Durango apatite crystals
with a Struers Accutom-50 precision saw. We annealed one section for 24 h at 450 °C in a Gero
tube furnace to erase the fossil tracks and exposed it together with an un-annealed section to a
nominal thermal-neutron fluence of 5x1015 cm2 in channel X26 of the BR-1 reactor (SCKeCEN
Mol, Belgium) to produce induced fission tracks. We neither annealed nor irradiated the third
section, which retained its natural complement of fossil fission tracks. We mounted the three
sections in Araldite resin, ground them with #1200 SiC sanding paper, and polished the exposed
surfaces with 6-, 3-, and 1-uym diamond suspensions on a Struers RotoPol-35 apparatus
equipped with a PdM-Force-20 sample holder. After polishing, we reduced the mount thick-

nesses to ~2 mm and affixed them to microscope slides. We etched the tracks in 5.5 M HNOs at

21.0:+0.1°C for 20 s (Carlson et al, 1999), Andiinsed them immediately Upon extraction from

.. We measured the confined-track lengths with a Zeiss M2m microscope with a motorized
stage connected to a desktop computer running the Zeiss AxioVision software, which -
_ the coordinates, length and orientation of each track. We then re-etched the samples
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for 10 s under the same conditions as before, and re-measured each confined track, except
those that we could not measure again, because their ends were hidden by neighboring tracks
or because they had been exhumed due to bulk etching of the apatite surface. We repeated this
procedure three more times, giving five length measurements for each surviving track. All
measured tracks were included in the statistics up to the point that they were lost. Tables 1 and

2 summarize the length data.
RESULTS AND DISCUSSION

Confined-track lengths

Figures 2 and 3 show the track-length distributions and scatter plots of the track lengths against
their angles to the c-axis. The results of the 20-s etch are consistent with published data. The
mean length of the induced tracks (15.67(06) um) agrees within statistical error with the over-
all mean for several laboratories using different etch conditions (15.89(12) um; Ketcham et al,,
2015). The mean length of the fossil tracks (14.47(05) pm) agrees with the mean for different
etches listed in Jonckheere et al. (2015, Table 2; 14.35(08) um). The mean for the sample with
both fossil and induced tracks (15.63(08) um) is intermediate between these values but close to
that of the induced tracks. This is consistent with the nominal neutron fluence (5x101> cm2),
corresponding to a ratio of volumetric latent track densities Ns/N;=0.12 (~11% fossil (Ns) and

~89% induced (Nj) tracks)?.

_ provide a good fit to the fossil- and induced-track-length distributions and
even to the length distribution of the sample with both fossil and induced tracks (Table 1; Fig-
ure 2); this is an observation. The length distribution of the fossil tracks is the mean-length-
weighted sum of those tracks that underwent different geological length shortening; that of the
sample with fossil and induced tracks also includes tracks that experienced no geological length
reduction. There is also no physical imperative for a _ of the induced-track
lengths. The fits are therefore considered _ The means and standard deviations of
the fitted _ are nevertheless in agreement with the corresponding statis-
tics based on the raw data (Table 1). The standard deviations of the fossil- (0.86 um) and in-

duced-track-length distributions (0.93 um) are consistent with predictions based on the mean

1 The purpose of the sample with fossil and induced tracks is to compare the etching of induced tracks in natural

and annealed apatite. The neutron fluence was calculated to swamp the sample with induced tracks while keep-
ing the track density low enough for track-length measurements at extended etch times. We observed, however,
that the track statistics are almost exactly those of a weighted sum of the fossil and induced tracks, and analysed
the results accordingly.
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track lengths (Carlson et al., 1999; Donelick et al., 1999; Ketcham et al., 2000; Ketcham, 2005).
Ellipses fitted to the length-versus-orientation data are in broad agreement with model expecta-
tions (Figure 3) but indicate somewhat less anisotropic track lengths than earlier studies using
the same etchant (Donelick, 1991; Donelick et al., 1999; Ketcham, 2003); induced tracks: La/Lc
=1.00(01); fossil tracks: La/Lc = 0.94(01); La = minor axis; Lc = major axis). The minor and ma-
jor axes of an ellipse fitted to the sample with both fossil and induced tracks are in numerical
agreement with the fraction-weighted and length-bias-corrected values calculated from the cor-

responding axes of the ellipses fitted to the fossil- and induced-track data.

The track-length distributions retain an approximate _ through consecutive
etch steps (Figure 2) with little change of their standard deviations but a clear increase of
their means (Table 1). Figure 4 shows the means, standard deviations and c¢- and a-axis
lengths plotted against etch time. The mean length of the induced tracks increases at a some-
what different rate than that of the fossil tracks (Figure 4a). Both rates drop off with increas-
ing etch time but the decrease of that of the induced tracks is more marked than that of the
fossil tracks. The mean confined-track length and its rate of increase of the sample with both
fossil and induced tracks are intermediate between the two and consistent with the fraction-
weighted and length-bias-corrected average of the values for the fossil and induced fission
tracks. The extrapolated mean track lengths of the three samples converge on ~18 pm at
~180 s etch time. This could indicate that fossil and induced tracks have the same maximum
etchable length, ~20% shorter than the combined range of the fission fragments (21.9(9) um;
Jonckheere, 2003), or it could be a coincidence. The standard deviations of the length distribu-
tions of fossil and induced tracks also exhibit a different dependence on etch time (Figure 4b).
That of the fossil tracks increases, while that of the induced tracks passes through a minimum

at 40 s. That of the fossil plus induced tracks remains high despite a small decrease.

An elliptical model continues to provide an acceptable description of the variation of track
length with orientation at longer etch times (30-60 s; Table 1; Figure 3). Both the fossil- and
induced-track lengths become more anisotropic (Figure 4c). The trends are weak but never-
theless systematic and that of the fossil tracks is somewhat more pronounced than that of the
induced tracks. The trend for the sample with fossil and induced tracks is intermediate be-
tween the two, and the ¢- and a-axis lengths of the fitted ellipses are consistent with the frac-
tion-weighted and length-bias-corrected averages of the ¢- and a-axis lengths of the samples

with fossil and induced fission tracks (Tables 1 and 2).
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Track-length increments

Figure 5 shows the distributions of the length increments between consecutive etch steps and
Figure 6 scatter plots of the increments versus the track angles to the c-axis. The increments are
not constant but irregular. Most are <1 um but some up to 2 um and even 3 pm. _
tions of the length increments are therefore skewed to the right in Figure 5. The average incre-
ment is more or less constant for the fossil tracks but decreases with each consecutive etch step
for the induced fission tracks. The range of individual increments is also broadest from the first
to the second step (20-30 s) and decreases thereafter, which is reflected in the standard devia-
tions (Table 3). The first increment (20-30 s) is greater for both samples containing induced
fission tracks than for that with only fossil tracks. The scatter plots show that the length incre-
ments do not correlate with the track orientations. The tracks lost after each step are also un-

correlated with their orientations.

A comparison of the lengths of individual tracks before and after each etch step (Figure 7) pro-
vides a means of examining the correlation between the track-length increments and track
lengths. For the first step (20-30 s etching), the larger length increments are associated with the
shorter tracks in both samples containing induced tracks but with the longer tracks in the sam-
ple with fossil tracks. The case of the induced tracks can be understood as a consequence of the
_ criteria for selecting well-etched tracks. The _ in this case judged some
tracks well etched after 20 s that could after 30 s be reclassified as having been under-etched,
based on their shorter starting lengths and larger increments. Such subjective decisions could
have contributed to the large spread of mean induced-track lengths reported in a blind experi-
ment (Ketcham et al., 2015). The fact that this is not the case for the fossil tracks seems to indi-
cate that the length measurements of these tracks are less susceptible to judgement calls than
are those of the induced tracks. It is not improbable that this is related to the smaller average

increments.

The increase of the induced-track length through subsequent steps is less clear. The results for
both samples with induced tracks provide no positive indication of a correlation with track
length after 30 s. The weak anti-correlation between the initial (20 s) and final (60 s) lengths
(Figure 8) can be attributed to the first increment (20-30 s; Figure 7). The statistics of the sam-
ple with fossil and induced tracks are consistent with the fraction-weighted and length-bias-
corrected averages of the fossil and the induced tracks (Tables 1-3; Figures 4a, c). This signifies
that the induced-track lengths and their rate of increase in the natural and annealed sample are
the same. Low self-irradiation-damage densities (D« < 1016 g1 for <20 ppm U and <350 ppm Th,
ignoring Sm; Young et al., 1969; Kimura et al., 2000; Boyce and Hodges, 2005; Morishita et al,,
-6-
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2008; Johnstone et al., 2013; Abdullin et al., 2014; Chew et al., 2014; Soares et al., 2014) thus
appear to have no effect on the formation or immediate reorganization (Donelick et al., 1991) of
fission tracks, at least none that is detectable by step etching. An earlier investigation reported
identical track openings (Dpar; Donelick, 1993; 1995; Burtner et al., 1994) of fossil and induced
tracks in Durango apatite (etched 15-45 s in 4.0 M HNOs at 25 °C; Jonckheere et al., 2007). Both
these observations suggest that neither self-irradiation damage nor that from neutron irradia-

tion affect the bulk-etching properties of this apatite - or have the same effect.

The case of the fossil tracks wants a different explanation. We can exclude that the correlation
between their initial length (20 s) and length increase is due to track-to-track differences result-
ing from variable uranium fission or random effects during track formation, because these also
affect the induced tracks. The observed correlation must thus be related to the geological histo-
ries (ages) of individual fossil tracks. Single-track step-etch experiments thus enable us to dis-
tinguish between older shorter tracks with lower terminal etch rates (e.g., vr=2.0 um/min for
Lm =13 um) and younger longer tracks with higher terminal etch rates (e.g., vr= 3.0 um/min for
Lm = 16 um). It therefore appears possible that step-etch experiments might allow distinguish-
ing successive generations of fossil tracks in geological samples and provide additional details
about the environmental factors (temperatures) that affected them, resulting in more detailed

thermal histories.

The length increase of both the fossil and induced tracks with increasing etch time is not the
result of bulk etching (vs) but of track etching (vr). _ cannot account for the
unequal length increases between steps or track-to-track differences. Simple bulk etching is
also inconsistent with the diminishing rate of increase of the induced-track lengths and the dif-
ferent rates of increase of the fossil and induced track lengths. Radiation damage in the sample
with fossil tracks is not the cause of the latter difference, since the induced tracks in the an-
nealed and unannealed sample exhibit the same behavior. It follows that the fossil and induced
tracks are longer than their measured lengths at the standard etch time (20 s). The fact that fos-
sil tracks can be etched to lengths (16.21(08) um; 60 s; Table 1) exceeding those of induced
tracks at standard etch conditions (15.67(06) um; 20 s) but appear shorter (14.47(05) um;
20 s) is thus not the result of an actual shortening of the latent tracks but of a lowering of the
_ vr, at least in the investigated length intervals. The fact that induced
tracks can be etched to 17.92(08) um (60 s; Table 1) implies that a lowering of vr also explains
their length reduction in the time interval between 10-11 minutes (Durango: 16.6(1) um; 25s
in 5 M HNOs at 23 °C; Donelick et al., 1991) and 41 days (16.2(1) um) after the neutron irradia-
tion that produced them.
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The fact that the track sections from 14.5 to 16.2 um (fossil tracks) and from 15.7 to 17.9 um
(induced tracks) can be etched also implies that their starting lengths, in general attributed to

(ambient temperature) annealing, are not a result of an actual shortening of the latent tracks
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The observation that there exist, under standard conditions, no full-length tracks, implies that
the etched length of a track cannot be equated with its etchable length. The application of geo-
metrical statistics based on continuous line segments of fixed length is thus problematic (Laslett
et al,, 1984). Considering that (1) otherwise unetchable terminal sections of surface-intersecting
tracks can be etched by surface-assisted sub-threshold etching (Wauschkuhn et al., 2015b) and
that (2) a limited shortening of fossil confined tracks does not cause a proportionate lowering of
the fission-track age (Gleadow and Duddy, 1981; Gleadow et al.,, 1983; Wauschkuhn et al.,, 2015a3;
Jonckheere et al,, 2015), the current model relating surface-track densities to mean confined-
track lengths (Laslett et al.,, 1984; Galbraith and Laslett, 1988; Galbraith et al., 1990; Galbraith,
2002; Ketcham, 2003) is less secure than we assume. Jonckheere et al. (2015) calculated the
effective lengths (le = 2p/N; p: surface-track density; N; volume-track density) of fossil and in-
duced tracks in Durango apatite (fossil: 16.3(3) um; induced: 16.8(4) um). This bears out that
surface tracks can etch to longer lengths than confined tracks by surface-assisted sub-threshold

etching (Wauschkuhn et al.,, 2105b).

IMPLICATIONS

Computer-controlled motorized microscopes and software
edlength measurements of individual confined fission tracks. The lengths of fossil and induced
tracks in apatite continue to increase in fits and starts past the point where they are supposed
to be well etched. This is due to etching of intermittent damage along the tracks, not to bulk
etching. The application of geometrical statistics based on continuous line segments of fixed
length is thus questionable. This implies that the theoretical relationship between surface-track
densities and mean confined-track lengths must be re-examined. Other empirical relationships,

-9-

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



267
268
269
270
271
272
273
274
275
276
277
278

279
280
281
282
283

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5988

AM 5988 - Revision 1

such as that between the standard deviation and mean of the track-length distribution and that
between the mean, a-axis- and c-axis-projected confined-track lengths remain valid under the
conditions under which they were established, but should not be used with different etching

conditions. The mean rate of length increase of individual fossil confined tracks is correlated

with their length. Step etching thus makes it possible, to some extent, to distinguish between
SlGHEetE A e ACkS e S e CteREOUREBREIAE. Geological applications based on

step-etching, e.g., involving two steps (20 s and 40 s), would have the advantage of tightening
the distribution of the induced tracks and stretching that of the fossil tracks, which would .
- contribute to an increased resolution of the resulting temperature-time paths. Along-
track etch-rate measurements could reveal additional paleo-temperature information. This
needs a serious calibration effort but has the potential of realizing significant progress in apatite

fission-track modeling.
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Figure captions

434  Figure 1. Published step-etch data for induced fission tracks in apatite etched in nitric acid;

435 mean confined-track length plotted against etch strength Sk (concentration x etch time); (a)
436 Laslett et al. (1984; 5 M); (b) Watt et al. (1984; 1.3 M); (c) Watt and Durrani (1985; 1.3 M);
437 (d) Green etal. (1986; 5 M); (e) Crowley etal. (1991; 1.6 M); (f) Carlson etal. (1999; 5.5 M);
438 (g) Jonckheere et al. (2007; 5.5M); (h) Jonckheere et al. (2007; 4.0M); (i) Barbarand et al.
a9 (2003 5M); () Barbarand et al. (2003; 0.8M); (K) Tello et al. (2006; 1.3 M); 1) Moreira et al.
40 (2010; 0.75M); (m) Moreira et al. (2010; 1.5M); (n) Moreira et al. (5.0M). Like colors indi-
441 _ Measurement errors, where cited, are in general less than the
442 symbol size. The shaded interval corresponds to conditions producing confined tracks that
443 are considered "well etched" or "full length". The etch-strength scale along the horizontal
444 axis is a convenience; it is not implied that is accounts for all the differences between the
445 different etches used.

446  Figure 2. Length distributions of the fossil (green), induced (yellow), and fossil plus induced

447 (orange) confined tracks in step-etched prism sections of Durango apatite (bin width: 0.5
448 um). The dashed lines are fitted _ Statistics: n: number of tracks; m
449 (um) and s (um): mean and standard deviation of the track length distribution.

450  Figure 3. Lengths of fossil and induced confined fission tracks in step-etched prism sections of

451 Durango apatite plotted against their orientation to the c-axis. Green: fossil tracks in the
452 unannealed Durango apatite; yellow: induced tracks in the neutron-irradiated, pre-
453 annealed sample; orange: fossil and induced tracks in neutron-irradiated, unannealed sam-
454 ple; dashed lines: fitted ellipses plotted in Cartesian co-ordinates.

455  Figure 4. Means (a) and standard deviations (b) of length distributions of fossil (green), in-

456 duced (yellow), and fossil plus induced (orange) confined fission tracks in prism sections of
457 Durango apatite, plotted against etch time. (c) Plot of the a-versus c-axis lengths of ellipses
458 fitted to the track length-versus-orientation data (green: fossil tracks; yellow: induced
459 tracks; orange: fossil plus induced tracks); the small white squares are predictions of the
460 mixed trend based on the fossil- and induced-track length data. The dashed lines in (a) are
461 ad hoc sigmoidal fits to the data Iv = o / (1+exp((te - Y)/B), with a (um), B (s), and y (s) con-
462 stants. The dashed lines in (b) are ad hoc second degree polynomials fitted to the data; the
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dashed lines in (c) are the 1:1 (diagonal) and the a- versus c-axis relationship of Donelick et

al. (1999). Except where error bars are shown, the errors are smaller than the symbols.

Figure 5. Frequency distributions of the length increments between consecutive etch steps of
fossil (green), induced (yellow), and fossil plus induced (orange) confined tracks in prism
sections of Durango apatite (bins: 0.25 pm). Statistics: n: number of tracks; m (um) and s

(um): mean and standard deviation of the length-increment distribution.

Figure 6. Length increments of fossil (green), induced (yellow), and fossil plus induced (or-
ange) confined fission tracks plotted against the angle of the fission track to the crystallo-

graphic c-axis.

Figure 7. Lengths of single confined tracks in Durango apatite (fossil: green, induced: yellow,
fossil plus induced: orange) at consecutive etch steps plotted against one another. The solid

lines are geometric mean regression lines; the dashed diagonal lines are 1:1 lines.

Figure 8. Lengths of single fossil and induced confined fission tracks in prism sections of Du-
rango apatite at 60 s etching plotted against their lengths at 20 s (5.5 M HNO3, 21 °C). The

solid lines are geometric mean regression lines; the dashed diagonal lines are 1:1.
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tr(s) Nc Lu(1o) (um) Sw(um) Lur(1o)(um) Swr(lo)(m) ___ Le(1o) (wm) La(lo)(um) Li/Lo(lo)
Fossil tracks
20 298  1447(05) 0.86  14.41(03) 0.83(03) 0990  15.1(1)  14.2(1)  0.94(1)
30 253 14.97(05) 0.87 14.92(04) 0.91(04) 0.982 15.8(1) 14.6(1) 0.92(1)
40 226 15.49(06) 0.93 15.48(01) 0.90(01) 0.997 16.5(2) 15.1(1) 0.92(1)
50 191  15.82(07) 0.98 15.82(03) 0.89(03) 0991  17.0(2)  154(1)  0.91(1)
60 172 16.21(08) 1.06 16.23(05)  1.00(05) 0.969 17.6(2) 15.7(1) 0.89(1)
Induced tracks
20 282 15.67(06) 0.93 15.71(01)  0.93(01) 0.998 15.7(1) 15.7(1) 1.00(1)
30 232 16.60(05) 0.81 16.57(02) 0.76(02) 0994  16.7(1)  16.6(1)  0.99(1)
40 173 17.28(06) 0.80 17.27(01)  0.80(01) 0.996 17.5(2) 17.2(1) 0.98(1)
50 147 17.67(07) 0.84 17.67(04)  0.75(04) 0.973 17.9(2) 17.6(1) 0.98(1)
60 121 17.92(08) 0.88 17.87(04)  0.92(04) 0.978 18.2(2) 17.8(1) 0.98(1)
Induced + fossil tracks
20 205 15.63(08) 1.17 15.81(04) 1.15(04) 0.984 15.9(2) 15.5(1) 0.97(1)
30 181 16.47(08) 1.09 16.65(02) 0.97(02) 0.994 16.9(2) 16.3(1) 0.96(1)
40 141 16.96(09) 1.10 17.07(04)  1.06(04) 0.981 17.3(2) 16.8(1) 0.97(1)
50 107  17.25(10) 1.06 17.37(04) 1.06(04) 0988  17.6(3)  17.1(2)  0.97(2)
60 75 17.55(12) 1.07 17.74(03)  0.90(03) 0.989 18.3(3) 17.3(2) 0.95(2)

te : etch time (5.5 M HNO3, 21 °C); Nc: number of measured confined tracks; Lu(10): mean track length with 1o

statistical error; Sm: standard deviation of the mean; Lmr(10) and Smr(10): mean and standard deviation of
_ fitted to the track-length data; r: correlation coefficient of the regression; Lc(10) and

La(10): major and minor axis of ellipses fitted to the track length-versus-orientation (angle to the c-axis) data.
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Table 2. Properties of the sample with fossil and induced tracks
te (s) Lmus/Lmi(10) Ns/Ni(1o) Lc*(1o)(um)  La*(1o)(um)

20 0.92(01) 11.8(1) 15.6(7) 15.4(7)
30 0.90(01) 9.1(1) 16.5(7) 16.2(7)
40 0.90(01) 9.1(1) 17.3(8) 16.8(7)
50 0.90(01) 9.3(1) 17.7(8) 17.2(8)
60 0.90(01)  10.3(1) 18.0(8) 17.4(8)

Lus/Lur: ratio of fossil and induced mean track lengths; Ns/Nr: ratio
of fossil and induced volumetric track densities; Lc* and La*: pre-
dicted major and minor-axis of ellipses fitted to the length-versus-

orientation data.

Table 3. Confined track-length increments

At (s) Nc¢ ALm(10) (um) Sp (um)
Fossil tracks
20-30 253 0.49(02) 0.39
30-40 226 0.53(02) 0.33
40-50 191 0.40(02) 0.25
50-60 172 0.39(02) 0.24
20-60 172 1.69(04) 0.52
Induced tracks
20-30 231 0.90(04) 0.61
30-40 172 0.64(03) 0.35
40-50 142 0.42(03) 0.38
50-60 119 0.28(03) 0.35
20-60 119 2.22(07) 0.81
Induced + fossil tracks
20-30 179 0.84(04) 0.52
30-40 141 0.44(02) 0.29
40-50 106 0.34(02) 0.22
50-60 75 0.37(03) 0.23
20-60 75 1.99(08) 0.68

Atg: etch-time interval (5.5 M HNOs, 21°C);
Nc: number of measured track-length incre-
ments; ALm(10): mean increment and 1o er-
ror; Sp (um): standard deviation of the track-

length-increment distribution.
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