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Abstract

:

Fission-track modeling rests on etching, counting and measuring the lattice damage trails from uranium fission. The tools for interpreting fission-track data are advanced but the results are never better than the data. Confined-track samples must be an adequate size for statistical analysis, representative of the track population and consistent with the model assumptions and with the calibration data. Geometrical and measurement biases are understood and can be dealt with up to a point. However, the interrelated issues of etching protocol and track selection are more difficult to untangle. Our investigation favors a two-step protocol. The duration of the first step is inversely proportional to the apatite etch rate so that different apatites etch to the same Dpar. A long immersion reveals many more confined tracks, terminated by basal and prism faces. This allows consistent length measurements and permits orienting each track relative to the c-axis. Long immersion times combined with deep ion irradiation reveal confined tracks deep inside the grains. Provided it is long enough, the precise immersion time is not important if the effective etch times of the selected tracks are calculated from their measured widths. Then, whether the sample is mono- or multi-compositional, we can, post hoc, select tracks with the desired properties. The second part of the protocol has to do with the fact that fossil tracks in geological samples appear to be under-etched compared to induced tracks etched under the same conditions. This should be assumed if the semi-axes of a fitted ellipse plot above the induced-track line. In that case, an additional etch can increase the track lengths to a point where they are consistent with the model based on lab-annealing of induced tracks, a condition for valid thermal histories. Here too, it is possible to select a subset of tracks with effective etch times consistent with the model if the widths of confined tracks are measured along with their lengths and orientations.
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1. Introduction


The fission-track method for dating and retracing the thermal histories of geological samples is based on counting and measuring the damage trails from spontaneous uranium fission in minerals. Apatite is the most important mineral: separated grains are mounted in resin, polished and etched for microscopic inspection. Etching creates channels along the damage trails. Etched fission tracks have distinctive shapes and dimensions depending on their orientation and that of the etched surface. It is not apparent how their numbers and lengths are related to those of the unetched tracks. For that reason, experimental protocols and calibration against age standards must guarantee accurate modeling results.



This contribution deals with matters related to etching, selection and measurement of confined fission tracks. The requirements of a confined-track sample are that it is of a sufficient size for statistical treatment, representative of the track population, consistent with the modeling assumptions and calibration data, and that the measurements are reproducible and consistent between analysts. Previous studies showed that the variation of the mean track length amounts to ~3% for replicate measurements by an experienced scientist and ~5% for different scientists measuring the same sample [1,2,3,4]. It is <0.5% for two scientists measuring the same track images [5]. However, it rises to ≳10% for complex samples [4] and when the results of different etching and measurement protocols are compared [6,7,8]. Although we know of no statistical comparisons, it is certain that the track length distributions are less reproducible than their means (Figure 7 in [4]; Figure 2 in [9]). Several factors are known to bias confined-track measurements. Following [4], we distinguish between geometrical biases, etching biases, observer biases and measurement biases.



Geometrical biases include length and orientation bias, fracture and host-track thickness bias, edge- and surface-proximity bias, and focus-window bias [10,11,12,13,14,15,16,17,18]. Geometrical biases are not under the scientist’s control but can be dealt with on a theoretical basis. Measurement biases are related to the experimental setup: microscope magnification, use of reflected or transmitted light, oil immersion, inclusion of dipping tracks or TinCLEs and Cf or ion irradiation [4,19,20,21,22,23,24]. Measurement biases can be held in check by standardized procedures. Unintentional observer bias occurs when scientists measure different lengths on the same tracks. This effect is moderated by normalizing to a “zero” length specific to the scientist [7,8,25,26]. Intentional observer bias occurs when some confined tracks are selected for modeling and others are discarded as “not suitable for measurement”.



We proposed a track etch model for apatite and measured the corresponding etch rates [27,28,29,30]. This enables us, from the shape and size of a confined track, to infer its c-axis orientation, effective etch time and etch rate, in addition to its length. This releases us from the rigid etching protocols and provides insight into the relationship between etching and sampling biases. In this paper, we discuss how to optimize confined-track samples and the resulting thermal histories.




2. Step Etching


Figure 1 shows a horizontal confined induced track (αγ) at ~60° to the c-axis in a prism face of Durango apatite after 15, 30 and 45 s immersion in 5.5 M HNO3 at 21 °C [3]. It is intersected at ¼ of its length by the host track (β). It is widest at β and narrows towards α and γ, implying a finite track etch rate vT (symbols are explained in Supplement Table S1). The ruler-straight edges show that vT is constant over almost its entire length [31]. The track width at β is ~0.9 µm, indicating that it was etched for the last ~7.4 s of its immersion, while during the first ~7.6 s the acid progressed down the host track and across to the confined track. For an average track etch rate vT the tip (α) closest to β was etched for about five seconds, whereas (γ) was etched for two seconds at most. Nevertheless, γ is rounded, which has been taken as a sign that the track is well-etched or even over-etched (Figure 7 in [10]). In contrast, α just begins to develop a polygonal shape bounded by slow etching basal and prism faces (Figure 11 in [32]; Figure 2 in [27]), in agreement with the theories of crystal growth and dissolution (etching). In crystal growth and dissolution, rounded rather than polygonal forms require explaining (Figure 2a). However, that is straightforward: a constant vT accounts for the straight track, a decreasing vT accounts for the rounded tip (motorboat effect; Figure 1 in [31]) and zero vT for the polygonal track tip determined by the apatite etch rates vR (Figure 2b). Thus, it is not before a confined track has developed polygonal terminations at both ends that it can be considered fully etched.



After the second immersion, the width of the track in Figure 1 increases to three times that after the first immersion, and after the third to more than five times, whereas its length has increased <10%. This is because both ends become bounded by basal and prism faces, which limit the rate of length increase to that controlled by the lowest apatite etch rates. At high angles to the c-axis, the basal face grows faster in extent; at low angles, the prism face grows faster (Figure 11 in [32]; Figure 2 in [27]). A short etch produces thin tracks with rounded tips that are easier to measure but underetched, whereas a longer etch produces broad tracks with angular terminations that are overetched to an extent and appear more difficult to measure. However, per definition, it is right to measure the track length from the intersection between the basal and prism faces at one end of the track to that at its opposite end (Figure 1d). Supplement Figure S1 shows that the measurements of confined track lengths by two independent analysts are more consistent after 30 s of immersion (correlation coefficient rl = 0.99) than after 15 s (rl = 0.95); there is no further improvement after 45 s of immersion (rl = 0.99). The same appears to be the case for the track widths (w) and effective etch times (tE). The fact that the etch times are less consistent than the widths underscores the importance of the track orientations (ϕ) for calculating the effective etch time tE = ½ w/vR(90 − ϕ).



Figure 1 illustrates that there is no time at which a confined track is well etched at both ends. At the moment that one end goes from track etching (vT, vL) to bulk etching (vR), the other will be overetched if it is closer to the host track or underetched if it is more distant. Moreover, shorter tracks will, on average, be overetched relative to longer tracks [10]. Therefore, different confined tracks not only have different formation and geological histories but also different etching histories. The aim of etching protocols should be to minimize etching artifacts. This raises the question of what to aim for: an etching protocol that achieves the closest possible approximation to the intrinsic (latent) track lengths, or one that produces the best fit with the published annealing data on which the equations for modeling temperature–time paths (Tt modeling) are based. In either case, the next question is whether the goal is best achieved by a uniform standardized protocol or by protocols tailored to the etching properties of individual samples and tracks (fossil or induced).




3. Ion Irradiation


In addition to a representative sample and accurate measurements, the number of confined tracks is also important for modeling geological thermal histories. The common method to increase their number is to expose samples to fission fragments from a 252Cf source [35]. This creates semi-tracks that act as conduits along which the etchant gains access to fission tracks in the grain interior. “Cf-tracks” from “Cf-irradiation” intersect confined tracks within half a full track length below the surface. This method uses the same etch times as for unirradiated samples. The increase in the confined track sample can reach almost an order of magnitude in suitable apatite samples (Figure 3 in [35]) but appears to be less efficient for zircon [36]. These authors also studied artificial fracturing and accelerator-ion irradiation as alternatives to Cf irradiation, while [37] used extended etching to increase the sample size.



Ions from a linear accelerator can have GeV energies, allowing them to traverse entire apatite grains. However, confined tracks at ≳10 µm depth are generally underetched at standard immersion times because of the time needed for the etchant to travel down the ion tracks. We are not bound by protocols if we can calculate the effective etch time of each confined track from its width at its intersection with the host track [27,29,30]. Then, it is advantageous to combine ion irradiation with an extended etch time or with step etching. The result depends on the sample, the beam properties and the etch protocol. Just increasing the immersion time, keeping all else constant, can increase the confined track sample size by an order of magnitude for the most part due to the widening of the ion tracks (Figures 3 and 6 in [38]). This approach has other advantages: Figure 3a,b show two apatite grains etched for 40 s in 5.5 M HNO3 at 21 °C. The focus difference between the fast-etching grain (grain 2) and the slow-etching grain (grain 1) facilitates rapid grain selection at moderate magnifications. Figure 3c shows a confined track well below the deepest surface tracks etched to a point where it is terminated at both ends by basal and prism faces. Thus, one well-etched confined track allows determination of the orientation of the apatite c-axis.



Ion irradiation reveals more non-horizontal confined tracks than Cf irradiation. Their lengths and orientations can be measured with dedicated software but also without. The ion tracks at a fixed angle (δ) to the surface allow converting a horizontal distance (p) into a height (v), requiring no correction for refraction. One measures the horizontal distances h and p and the apparent angle to the c-axis α while focusing on the upper and lower ends of the confined track (Figure 4). Its true length l and c-axis angle ϕ are then calculated as follows [39]:


  l =    h   2   +   p   2       t a n   2   δ   










  ϕ =   c o s   − 1        h   l      c o s   α    











Measuring two or more ion tracks (averaging p) around each confined track increases precision, which is at least as good as that of 3D length measurements on image stacks (Supplement Figure S2; [5]). In contrast to the orientation-dependent surface intersections of fission tracks [40], the identical ion track openings also permit precise Dpar measurements. Video supplement S1 of an apatite grain irradiated with 2.5 × 106 cm−2 Xe ions and etched for 40 s in 5.5 M HNO3 at 21 °C shows the potential of ion irradiation and an extended etch time.




4. Apatite Etch Rates


As a result of their sub-microscopic diameters, fission tracks in apatite are made visible under an optical microscope by chemical etching. This is because the disordered region along the fission fragments’ trajectories reacts faster with the etchant than the undisturbed lattice [41]. Fleischer and Price [42] described track development in polymers and glasses in terms of the etch rate vT along the track and the bulk etch rate vB of the track detector. With a notable exception [43], this concept was also adopted as a framework for describing track revelation in apatite [44,45], which affords the rationale for using slow-etching prism faces for dating. However, a (vT, vB) model cannot explain the varied appearances of etched fission tracks depending on their crystallographic orientation and that of the etched surface [32].



Aslanian et al. [27] proposed a model with three etch rates; vT is as before the track etch rate, and vR is the apatite etch rate. In contrast to vB, which is the etch rate of a point on an etched surface (Huygens–Fresnel principle), vR is the rate of displacement of a lattice plane, as in the theories of crystal growth and dissolution [46,47]. For practical reasons, we further define vL, the rate of increase of confined track lengths; vL is a combination of apatite (vR) and track etch rates (vT) that cannot be resolved into their components (Figure 2b).



Step-etch experiments are used for measuring etch rates [27,29,30,48]; vR is calculated from the increase in the width of confined tracks between consecutive immersions and vL from their length increase (Figure 1); vT is calculated from vR and the angle between facing edges of the track channel [28]. Tracks with different orientations permit one to calculate vR, vL and vT as a function of the c-axis angle (Figure 5). The apatite etch rate vR is lowest parallel and perpendicular to the c-axis and highest at ~20° to c; vT differs from track to track, also with lower average values parallel and perpendicular to c [49]. Measurements of induced tracks in Durango apatite after 15, 30 and 45 s immersion in 5.5 M HNO3 at 21 °C yield decreasing vT estimates because, during the second and third immersion, the etchant needs a finite time to reach the track tips again [30]. Thus, the first and highest estimates are closest to the true track etch rates vT. Since the track length measures its extent of annealing, vL has the greatest effect on the thermal histories of geological samples; vL shows significant differences from track to track but on average no angular dependence; it can be higher or lower than the apatite etch rate along the axis of the track and decreases with increasing immersion time. This shows that vL is a combination of track and apatite etch rates, which converges on continued etching to the lowest apatite etch rates as the influence of vT decreases and vanishes when the tips become bounded by basal and prism faces (Figure 1, Figure 2 and Figure 5).



The etch rates allow us to calculate the duration for which individual confined tracks have been etched (effective etch time tE). This provides a quantitative criterion for judging whether a track is under- or overetched, and helps to assess the effect of the measured lengths on the thermal histories of geological samples. The practical advantage is that it frees us from adherence to protocols and allows adjusting the etching conditions to the properties of the samples.




5. Immersion Time


Supplement Figure S3 shows a plot of the lengths of induced and fossil confined tracks in Durango apatite against effective etch time. It shows the striking difference between the low- tE interval, where different lengths increase at different rates, and the high-tE region, where most lengths increase at about the same rate. The different rates at low tE reflect the etching histories of the tracks. At higher tE, the tracks enter the bulk etching stage. From then on, their lengths increase at a constant rate in all directions (Figure 11 in [32]). Their etching histories are overwritten and the lengths of induced tracks come to reflect their formation histories, related to the masses, charges, energies and trajectories of the fission fragments. Their lengths continue to increase with tE but the differences between them change little. The length differences between the fossil tracks come to reflect their combined formation and geological (thermal) histories. It is interesting to speculate if the order of their lengths continues to reflect their formation histories or if there are significant crossovers due to the different individual thermal histories of the tracks. This is more likely to be the case in cases of slow cooling than rapid cooling.



Figure 6a plots the measured lengths of induced tracks in Durango apatite against their effective etch times. The fitted power function shows that most tracks reach something close to their full lengths in a matter of seconds, as reported for strong etchants (5.0–5.5 M HNO3; [2,3,4,10,50]). This supports an average track etch rate vT of the order of ~100 µm/min [18,27,29]. Their lengths thereafter increase at a diminishing rate. Figure 6b shows the track lengths normalized to their final values, measured after 45 s. This eliminates most of the intrinsic length differences between the tracks and reveals the general dependence of the confined track length on effective etch time. At tE ≲ 20 s, the sample-vL is an average of tracks in less and more advanced etching stages. The offsets between them are due to their different lengths, etch rates vT and intersection points with their host tracks. From tE ≳ 20 s onward, an increasing fraction enters the bulk etching stage, lowering the average vL. At tE ≳ 35 s, all tracks are in bulk etching so that their lengths in all orientations increase at more or less the same rate (Figure 6 in [51]; Figure 11 in [32]; Figure 3 in [52]).



The fossil track data show the same general trend, except in certain details: (1) at tE ≲ 20 s, the length increase of fossil tracks is slower than that of the induced tracks; (2) fossil tracks enter the bulk etching stage earlier than the induced tracks, and the transition is shorter and less gradual than that of the induced tracks; (3) from then on, their length increases faster than that of the induced tracks. The fossil track data are compiled from several experiments and are, thus, less homogeneous and perhaps less certain than the induced-track data. However, they are consistent with earlier reports that the track etch rate vT of fossil tracks is generally lower than that of induced tracks [18,27,29], whereas the rate of length increase vL due to bulk etching is higher [30,51]. The latter two observations are thought to be related to increased apatite etch rates due to the accumulated radiation damage in the samples with fossil tracks, which is annealed in the samples with induced tracks.



Plots of track length against effective etch time tE are independent of the number of etch steps, of the immersion times and of the tracks selected for measurement. At tE ≳ 35 s, all induced tracks in Durango apatite are in “bulk etching”, of which a fraction is over-etched. Their mean length increases 2.5% from tE = 20 s to 35 s, 1.1% from 25 to 35 s and 0.4% from 30 to 35 s. Thus, it seems practical to aim for an average effective etch time of 25–30 s. Confined tracks in this interval have well-defined outlines (Figure 1b) and allow reproducible length and width measurements (Figure S1). In contrast to their lengths, the number of tracks in the chosen interval depends on the etch protocol and initial selection. Our three-step protocol is not efficient at generating confined tracks in the tE range 25-30 s; after 15+15 s immersion, most tracks fall short of the goal, while after 15+15+15 s most tracks overshoot it (Figure 6a). A single 45 s immersion produces much the same tracks as after three 15 s steps but also a left tail, extending to a short tE. A one-step immersion is thus more efficient at revealing an adequate number of confined tracks. A disadvantage of long immersion times, whether in a single step or several, is that the increasing dimensions of the etched surface tracks can obscure the confined tracks. On the other hand, an extended immersion time, combined with deep ion irradiation, allows measurement of confined tracks well below—and with minimal interference from—the surface tracks. In an ongoing investigation of geological fluorapatites, we combine deep ion irradiation with a single 40 s immersion in 5.5 M HNO3 at 21 °C (Figure 3 and Video Supplement S1).



The definition of vR requires that the apatite etch rate remains constant during the immersion time of a sample (tI; Figure 5a,b; [40]). It follows that vR is interchangeable with tI and that samples with equal vR × tI are etched the same. This applies to the effective etch times tE of confined tracks as well: those with the same vR × tE have the same widths and shapes. This applies across apatite species. Their etch rates depend on their compositions and scale with Dpar [29,30,53,54]. Thus, it makes sense to plot step-etch data not against the etch or immersion time, but against etch action: tA = Dpar × tE (or tA = Dpar × tI). Etch action can be understood as a theoretical etch (or immersion) time that produces identical tracks (or populations) in apatites with different etch rates. Figure 7a illustrates the power of tA: it shows the mean interpolated lengths (lM) of step-etched fossil-confined tracks in five samples with different compositions, and Dpars ranging from 1.6 µm to 4.6 µm against tA. From tA ≳ 20 µm.s onward, the rate of length increase in all five samples is the same. The constant rate also agrees with the fact that fossil tracks are in bulk etching at tA ≳ 20 µm.s (Figure 5b).



Figure 7a also plots the mean lengths of induced tracks in other apatites, etched for the same immersion time, against tA ([3]: 20 s in 5.5 M HNO3 at 21 °C; [4]: 20 s in 5.0 M HNO3 at 20 °C). In this case, the trend is due to different Dpar, not different tE. The fact that the data define a common slope underscores that “etch action” has genuine meaning. It suggests that fission track etching is not so complicated that each factor must be considered on its own, and implies that confined track lengths can be corrected using a common rate of length increase. Therefore, it seems useful to recommend selecting immersion times for apatite in inverse proportion to Dpar (tI = k × Dpar−1; Figure 7b), which is the same as etching different samples to the same Dpar, as for zircon [55]. The value of k can be decided based on current estimates that the mean and standard deviation of the effective etch time distribution of the confined tracks are m(tE) ≈ ½ × tI and s(tE) ≈ ⅕ × tI for a single immersion step [29].




6. Length vs. Angle


Figure 8a plots the a- vs. c-axis intercepts of ellipses fitted to the length vs. orientation data for different confined-track samples [56]. The tracks in the unannealed and annealed induced-track samples (lM: ~16 to ~10 µm) have “identical” thermal histories, and their a- and c-axis intercepts plot on a line: lA = 1.632 lC −10.978 [16,53]. Tracks in the fossil-track samples, on the other hand, have different geological thermal histories. Most fossil-track data plot above the induced-track line, i.e., fossil tracks appear to be more isotropic than induced tracks of comparable length. This is consistent with an earlier observation on 390 geological samples (Figure 12 in [53]), ascribed to suspected experimental factors related to the measurements and ellipse fitting. The scientists stressed the need for further investigation. Length bias complicates fitting ellipses to complex populations because the offsets between the constituent populations are greater at higher angles to the c-axis. Unequal angular distributions of the constituent populations with different degrees of annealing (Figure 5 in [16]) change the relative weights of the components at different c-axis angles. However, neither factor is expected to be of much consequence within the length range of our samples (lC and lA ≳ 10 µm). For example, the simulated complex samples in Figure 8a deviate little from the induced-track line, even though several have standard deviations greater than 2.5 and even 3 µm.



The offset of the fossil-track data from the induced-track model is, in our opinion, due to the fact that fossil tracks are underetched compared to induced tracks etched with the same protocol. Figure 8b shows how an isotropic length deficit (arrows) results in more isotropic lengths than expected for a given mean. It also shows that the c-axis projection overestimates the c-axis equivalents of high-angle tracks relative to those of low-angle tracks. Apart from the ample data of [53] and in Figure 8a, etch experiments indicate that fossil tracks do not etch as induced tracks (Figure 6b), and there are indications from direct vT measurements that the average etch rate of the fossil tracks in Durango apatite is lower than that of the induced tracks [18,27].



We interpolated the step-etch data (Supplement Figure S3) to obtain the track lengths at fixed effective etch times tE and fitted ellipses to the length vs. orientation data (l vs. ϕ; Figure 9a) and straight lines to the c-axis-projected lengths vs. orientation data (lP vs. ϕ; Figure 9b). At tE = 10–15 s, the track lengths are more isotropic than the model prediction, and the c-axis projection over-corrects the high-angle data, causing a regression line to lP vs. ϕ to have a positive slope. With increasing tE, the track lengths increase in all directions (Figure 5d) until, at tE = 20–30 s, they are consistent with the model, and the regression line to lP vs. ϕ is horizontal (Figure 9b). With continued etching, the relationship is inverted as the track lengths become more anisotropic than the model predicts, and the regression line to lP vs. ϕ has a negative slope. T,t modeling of under- or overetched tracks produces artifactual thermal histories. A plot of c-axis-projected lengths vs. orientation is, therefore, a powerful tool for detecting such artifacts. It is reasonable to assume that track lengths consistent with this model are the best estimates of their true values, regardless of the etch protocol that produced them [30]. The best fit is obtained for effective etch times between 20 and 30 s, which correspond to longer immersion times than those of the annealing experiments on which the model is based [3,53]. As a result of differences between fossil and induced tracks (Figure 6b), and between scientists’ selection criteria, it is not clear that strict adherence to the protocols underlying the annealing equations guarantees correct results, much like strict adherence to the ζ-procedure does not ensure accurate ages [57,58].



Figure 9c plots the a-axis intercepts vs. c-axis intercepts of ellipses fitted to the orientations and interpolated lengths of induced tracks in Durango apatite at effective etch times tE = 10–35 s. At short tE, the data plot above the model line for induced tracks, towards the isotropic line. With increasing tE, lA and lC increase at a diminishing rate (Figure 6) parallel to the isotropic line (Figure 5d) and at tE = 20–30 s cross the induced-track line [53,56].



Figure 10a plots step-etch data for fossil tracks in five apatite samples with different compositions and Dpar [29]. The data refer to immersion times rather than effective etch times, but that makes no difference for this discussion. After the first immersion for tI ≈ 50/Dpar (Figure 7b), all samples, except Durango, plot above the model line for annealed induced tracks, towards the isotropic line. Of the five samples, PQ has the shortest mean confined track length (lM = 12.3 µm) with the greatest standard deviation (σM = 1.7 µm). The values for all the samples are well outside the range for departures from the model line due to length bias or to unequal angular distributions of the constituents (Figure 5 in [16]; Figure 5 in [18]). Therefore, it is reasonable to conclude that the fossil tracks are underetched. Indeed, after an additional 15 s of immersion, four out of five samples agree with the expected trend.



The increase in the fossil-track lengths after the second immersion appears at first to be isotropic, like the induced tracks. However more extensive step-etch data for fossil and induced tracks in Durango apatite indicate that there is a difference (Figure 10b). The increase in the induced track length is isotropic, but the lengths of low-angle fossil tracks appear to increase at a somewhat faster rate than those of high-angle tracks. This could be related to radiation damage or defects in the unannealed samples having a greater effect on the etch rate of basal faces than on that of prism faces. Despite the lack of empirical evidence, this is a reasonable assumption because basal faces are F-faces whose etch rate is more susceptible to defects than that of prism faces, which are S-faces ([59]; Figure 4 in [32]). It is not possible at this point to determine if this trend is the same for all fossil-track samples.




7. Conclusions


The related issues of etching protocol and track selection are difficult to untangle. There is currently no universal protocol for the different HNO3 concentrations in use in different laboratories. Based on our experiments with 5.5 M HNO3 at 21 °C [3], we propose that the immersion time should be matched to the apatite etch rate, e.g., tI (s) ≈ 50 (µm.s)/Dpar (µm), assuming that Dpar is known. This is equivalent to etching different apatites to the same Dpar. The immersion time for Durango apatite is tI ≈ 50/1.85 ≈ 27 s. This is just an estimate; in practice, we used tI = 30 s, which produces a large number of confined tracks terminated by basal and prism faces at both ends, enabling consistent length measurements by experienced scientists and permitting one to orient individual tracks relative to the c-axis. The Dpar criterion implies that different immersion times are required for the components of multi-compositional samples. However, provided it is long enough, the immersion time is not so critical if the effective etch times (tE) of the selected tracks are calculated from their measured widths. Then, whether the sample is mono- or multi-compositional, it is possible to select the confined tracks suitable for modeling in accordance with each grain’s Dpar. Up to a point, the etchant concentration and immersion time are interchangeable in well-stirred solutions at constant temperature [51]. While it is not to be relied upon, it could provide a first estimate of the immersion time for weaker etchants than used in this research, until an empirical value is determined.



However, this does not, in general, guarantee that a confined track sample is suitable for modeling. The lengths of fossil tracks in geological samples are often more isotropic than expected for their average values, due to the fact that they are underetched compared to induced tracks. This should be assumed if a regression line fitted to lP vs. ϕ (Figure 9b) has a positive slope or the semi-axes (lC, lA) of an ellipse fitted to l vs. ϕ (Figure 9a) plot above the induced-track line (Figure 9c). In that case, an additional etch can increase the track lengths until they are consistent with the model based on annealing of induced tracks, a condition for valid thermal histories. It is not clear how long a second immersion should be, or even if model-consistent track lengths can be obtained within practical etch-time limits. However, if the widths of confined tracks are measured, along with their lengths and orientations, it should be possible to select a subset with effective etch times that are consistent with the model. If a second etch is not possible, e.g., because the mount was irradiated after the first etch, one might attempt to achieve the same result with numerical means, i.e., by increasing the measured lengths by a fixed amount until the regression line to lP vs. ϕ is flat or (lC, lA) plot on the induced-track line. For modeling, this can come down to lowering the “zero-length” (l0), albeit to values below measured initial lengths or calculated from compositional data. These remedies are imperfect, but the alternative of modeling data that are not consistent with the model is doubtful to yield valid thermal histories.



There is a growing interest in integrating thermochron data on regional and larger scales. This can involve merging newer and older data from labs using different protocols. We suggest that, where the track lengths and angles are available, lP vs. ϕ and lA vs. lC plots can help to evaluate the thermal histories. If unirradiated mounts are available, an additional etch and re-measurement of the track widths as well as their lengths and angles could offer a solution. It would be interesting to see how this affects the late worldwide exhumation and the geological bias for curvilinear over lab-based linear annealing equations.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/min14101016/s1, Figure S1: Comparison of independent track-length (a–c) and effective-etch-time (d–f) measurements by two analysts. In both cases, the agreement is greater for samples etched for 30 s in 5.5 M HNO3 at 21 °C than for those etched for 15 s, but does not improve thereafter. Figure S2: Measurement of dipping confined induced fission tracks in ion-irradiated prism faces of Durango apatite; dark shading: apparent length vs. apparent angle (Figure 4: h vs. α); light shading: true length vs. true c-axis angle (l vs. ϕ); white: c-axis equivalent length vs. c-axis angle (lP vs. ϕ). (a) Unannealed; (b) annealed for 1h at 300 °C; (c) annealed 1h at 300 °C; (d) annealed 1h at 300 °C. Figure S3: Lengths of horizontal confined tracks vs. effective etch time; the lines connect the measurements for each track after 15 s, 30 s and 45 s of immersion in 5.5 M HNO3 at 21 °C; (a) induced tracks; (b) fossil tracks; individual tracks are shown in a different color. Video supplement: transmitted-light microscope recording of the prism face of an apatite from the Kontinentale Tiefbohrung (1129 m); the mount was irradiated with 11.1 MeV/amu Xe ions at 15° and etched for 40 s in 5.5 M HNO3 at 21 °C, revealing numerous confined tracks throughout the grain. Table S1: List of symbols.
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Figure 1. Unannealed horizontal induced confined track in Durango apatite after (a) 15 s, (b) 30 s and (c) 45 s of immersion in 5.5 M HNO3 at 21 °C, and superimposed outlines (d); tI: immersion time; tE: effective etch time; l: track length c-c: apatite c-axis; vT: track etch rate; vL: rate of length increase; vR, apatite etch rate perpendicular to the track axis. The host track intersects at ¼ track length from endpoint α. 
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Figure 2. (a) Chemical etching of single-crystal spheres illustrates that rounded forms are not their natural boundaries (modified, after [33]). (b) The rounded track tip at γ in Figure 1 is the result of a decreasing track etch rate (motorboat effect; [31]) caused by an intermittent latent track structure [34]. 
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Figure 3. Two grains etched for 40 s in 5.5 M HNO3 at 21 °C illustrate the contrast between fast- and slow-etching surfaces; the slow-etching prism surface (grain 1) is more or less still at the same level as that of the unetched mount, as indicated by its sharp outline in (a), whereas the surface of the fast-etching crystal (grain 2) has been lowered to a level so far below that of the mount that it is out of focus in (a); it comes into sharp focus after lowering the objective to the point where the image of grain 1 becomes blurred (b); (c) the outline of a single well-etched confined track allows one to determine the c-axis azimuth. 
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Figure 4. Calculation of (a) the length (l) and (b) the c-axis angle (ϕ) of a dipping confined fission track (FT) from measurements of its projection (h) and of a section of ion track (IT; p) extending over the same depth (v) as the fission track. 
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Figure 5. Track widths and etch rates vs. angle to the c-axis; (a) widths of induced confined tracks in Durango apatite after 15 s (no shading), 30 s (light shading) and 45 s (dark shading) of immersion in 5.5 M HNO3 at 21 °C vs. their c-axis angles (ϕ); (b) apatite etch rate vR vs. c-axis angle of the etch rate vector (ϕ’ = 90 − ϕ), calculated from the width increase from 15 s to 30 s of immersion (no shading) and from 30 s to 45 s (light shading); dashed line: [27]; solid line: [29]; (c) track etch rate vT vs. angle to the c-axis (ϕ); no shading: 15 s data; light shading: 30 s data, dark shading: 45 s data; the dashed lines are second-degree polynomial fits; (d) rate of length increase vL vs. angle to the c-axis (ϕ), calculated from the length increase from 15 s to 30 s of immersion (no shading) and from 30 s to 45 s (light shading). 
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Figure 6. (a) Induced confined track lengths in Durango apatite plotted against the effective etch times calculated from their widths measured after 15 (white), 30 (light shading) and 45 s (dark shading) of immersion in 5.5 M HNO3 at 21 °C; the histograms represent the effective etch time frequencies after 15, 30 and 45 s of immersion; (b) arithmetic means of the interpolated induced and fossil track lengths, normalized to their final values, plotted against effective etch time (tE; lower scale) and effective etch action (tA = tE × Dpar; upper scale); solid line: mean normalized lengths; dotted lines: 2σ-confidence interval of the mean. The dashed red lines have been added to illustrate linear sections; the red band at the bottom shows a suitable effective etch time interval for fossil and induced tracks in Durango apatite. 
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Figure 7. (a) Mean track length lM vs. etch action tA = Dpar × tE. Data: [27] (fossil tracks—DR, Durango), [29] (fossil tracks—BZ, Brazil, BB, Bamble, SY, Sludjanka, PQ, Panasqueira), [3] (induced tracks—WC) and [4] (induced tracks—JB). In the samples with fossil tracks, variation along the tA-axis is due to step-etching and the associated increase in tE, while Dpar is constant for each sample. In the case of the induced-track data, apatites with different compositions (Dpar) were etched for the same immersion time tI. For plotting the data, we assumed that their average effective etch times are half the immersion time: tE ≈ ½ tI. (b) Aslanian et al. ([27]; DR) and Fu et al. ([29]; PQ, SY, BZ, BB) used immersion times tI ≈ 50 × Dpar−1 for samples in the Dpar range 1.6–4.6 µm etched in 5.5 M HNO3 at 21 °C, resulting in mean effective etch times m(tE)≈ 25 × Dpar−1. 
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Figure 8. (a) a-axis vs. c-axis intercepts of ellipses fitted to (1) induced tracks annealed to different lengths (yellow), (2) simulated complex length distributions made by combining up to four induced-track samples into one (orange), (3) fossil-track samples from various geological studies (white). (b) Conceptual illustration of how underetching leads to more isotropic length distributions than expected for their means. 
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Figure 9. (a) Unconstrained (solid) and constrained (dotted lines; lA = 1.632 lC—10.978; [53]) ellipses fitted to the interpolated length and angle data for effective etch times of 10, 15, 20, 25, 30 and 35 s. (b) Unconstrained (solid) and constrained (dotted; lA = lC) lines fitted to the c-axis projected lengths vs. c-axis angles. (c) The a-axis intercepts vs. c-axis intercepts of unconstrained ellipses fitted to the interpolated lengths and orientations of step-etched induced confined tracks in Durango apatite (Figure 9a). 
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Figure 10. (a) The a-axis intercepts (lA) vs. c-axis intercepts (lC) of unconstrained ellipses fitted to the lengths and orientations of step-etched fossil confined tracks in apatites with different compositions (open circles: first step; filled circles: second step). Immersion times for the first step are shown in Figure 7b; the second measurement was performed after an additional immersion of 15 s in 5.5 M HNO3 at 21 °C [27,29]. (b) The a-axis intercepts vs. c-axis intercepts of unconstrained ellipses fitted to the lengths and orientations of step-etched fossil (filled) and induced (open) confined fission tracks in prism faces of Durango apatite etched for different immersion times (tI; numbers inside circles). 
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