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Abstract
1 This work discusses a model for calculating the mean-lengths of confined fission tracks in apatite
2 afterisothermal heating. We derive separate equations for gradual and accelerated high-temper-
3 ature annealing, and for ambient-temperature annealing. A three-parameter fanning Arrhenius
4 model describes the initial gradual length reduction in all apatites. A linear equation corrects for
5 the different rates of length reduction in different apatite compositions during subsequent accel-
6 erated annealing. Another linear equation describes ambient-temperature annealing at lab and
7 geological timescales. At present, these equations give the mean track length in the most and least
8  resistant apatites over their full annealing ranges, at all time-temperature conditions. The aim is
9  notto achieve greater precision or accurateness than existing equations. Instead, we made some
10  choices and concessions in order to combine different datasets, and construct an annealing model
11 thataimsto be areasonable approximation across different apatites and measurement protocols.
12 The calculated age-vs.-depth profile for the Kontinentale Tiefbohrung fits the data almost without
13 compromise for a cooling path constrained by independent geological and thermochronological ev-
14  idence. In contrast, the mean-length-vs.-depth profile is offset to higher values than the length data.
15  Experimental factors and ambient-temperature annealing could in part be responsible. The in-
16  conclusive fit to geological data emphasizes the need for a consensus on a set of reliable geological
17 benchmarks.
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1. Introduction

20  Fission tracks in apatite shorten and fade through a range of temperatures relevant to geological
21 processes such as basin subsidence and uplift, erosional and tectonic unroofing, thrust tectonics,
22 and hydrocarbon maturation. A quantitative understanding of track shortening is fundamental
23 to interpreting fission-track ages and modelling geological thermal histories. To that end, inves-
24 tigators have undertaken comprehensive experiments, in which confined track lengths and ori-
25  entations were measured in samples with induced tracks, held at fixed temperatures for different
26  durations (Green et al.,, 1986; Crowley et al., 1991; Carlson et al., 1999; Barbarand et al., 2003;
27  Ravenhurst et al., 2003; Tello et al., 2006; Tamer and Ketcham, 2020). Equations were fitted to
28  the data, most assuming dependence on reciprocal temperature, T-1, and the logarithm of anneal-
29  ingtime, In(¢), resulting in straight or curved, parallel or fanning, iso-retention lines in an Arrhe-
30  nius diagram. Wauschkuhn et al. (2015; their Table 6) list 24 models for apatite, and more can be
31 found in the literature. The annealing equations were complemented with additional equations,
32 e.g, relating the standard deviation of the length distribution to the mean, and the surface track
33 density to the mean track length. Table 5 of Wauschkuhn et al. (2015) provides a sample of these
34  equations.

35  The annealing experiments revealed that track shortening in apatite is anisotropic and proceeds
36  instages: an initial gradual stage and a later stage of accelerated shortening, first affecting tracks
37  athigh angles to the c-axis, and extending to lower angles with progressive annealing. Green et
38  al.(1986) attributed the latter stage in part to track break-up, in contrast to Donelick (1991), who
39  referred to it as accelerated annealing. Donelick et al. (1999) and Ketcham et al. (2007) proposed
40  converting each measured length to the corresponding length of a track parallel to the c-axis (c-
41  axis projection). This eliminates length anisotropy and, at the same time, the distinction between
42 gradual and accelerated annealing. The resulting view of annealing is somewhat similar to con-
43 tinuous shortening under an external load, with each apatite composition characterized by its
44  specific resistance.

45  Itremains uncertain how well these elements combine to predict accurate ages and length distri-
46 butions for given thermal histories. The fact that track counts (Jonckheere and Van den haute,
47  1998;1999; 2002; Aslanian et al., 2022) and mean track lengths (Barbarand et al., 2003; Ketcham
48 etal, 2009; 2015; Tamer et al., 2019) are often not reproducible within statistical error raises
49 concern about the appropriateness of empirical equations under different conditions and for
50 other analysts and samples. In this work, we focus on predicting the age and mean track length
51  rather than the length distribution, which is more sensitive to deviations from the model equa-
52 tions. We accept that etching, selection and measurement of confined tracks contribute to mean-
53  length discrepancies (Aslanian et al.,, 2021; Trilsch et al. 2023; Fu et al,, 2024), and therefore tol-
54  erate minor statistical inconsistencies, seeking instead an equation that is a fair approximation
55  for different experimental conditions. This allows us to integrate the main multi-compositional
56  sets of measurements of confined tracks in apatite prism faces, etched in concentrated nitric-acid
57  (Carlson etal,, 1999; Barbarand et al., 2003; Ravenhurst et al., 2003; Tamer and Ketcham, 2020).
58  Limiting our calculations to the mean track length removes the need to consider angular data and
59  the consequences of c-axis projection, while retaining a meaningful measure of the aggregate an-
60 nealing effect. It does not, however, eliminate the distinction between gradual and accelerated
61  annealing. It also does not permit us to ignore differences between apatites due to their chemical
62  compositions.

63  Figure 1 illustrates our approach; it plots the mean track length, L, vs. Dpar for fifteen apatites
64 included in three annealing runs (Carlson et al, 1999); the solid line is a fit to the unannealed
65  samples. At the first annealing stage, nine samples plot on a parallel line, while six plot just below
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66  it. At the second stage, six samples plot on a parallel line while nine plot ~1.0 - 5.0 um below it.
67  We observe that Figure 1 illustrates the differences between samples, not the consequences of anneal-
68 ingas such. Corresponding plots for the complete datasets of Carlson et al. (1999), Barbarand et
69  al.(2003), and Ravenhurst et al. (2003) show the same trend (Supplement Figure S1), character-
70  ized by an initial gradual stage, during which all mean lengths shorten at the same rate, and an
71 accelerated stage, during which the mean track length in a growing subset of the samples breaks
72 down. These observations suggest that the induced tracks in different apatites do not anneal at
73 different overall rates, but experience accelerated shortening at different points along their an-
74  nealing trajectories, i.e., at different mean lengths. We therefore distinguish the annealing trajec-
75  tories of different apatites based on a failure threshold (Lacc) rather than a rate coefficient (rmro;
76  Ketcham et al,, 1999). This has some support from the relationship between the reduced mean
77  lengths and normalized densities of induced tracks in different apatites (Green, 1988; Guedes et
78  al, 2004). The break-in-slope, which marks the approximate onset of accelerated annealing, oc-
79  curs later in Durango apatite than in Renfrew fluorapatite, and later still in the Strontian apatite
80  (Supplement Figure S2). The annealing data for the Tioga apatite (Donelick, 1991) and Durango
81  apatite (Donelick et al.,, 1999) also suggest that the former has a higher threshold for accelerated
82  annealing.
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83  Figure 1. Mean lengths, L, of induced confined tracks ‘
84 in different apatites at progressive annealing stages, i @ P
85  plotted against Dpar; the unannealed tracks plotabout i 10 g 4
86 alinear trend (no shading, solid line); the onset of ac- | v ?mk"‘p (O]
87  celerated shortening causes a set of six samples with L 2 um
88 1.5 um < Dpar < 3 um to inch ahead of a line of con- -
89  stant length reduction (light shading; dashed line); -5
90 further annealing causes nine samples to separate
91 from a line of constant length reduction (dark shad-
92  ing; dotted line). Data from Carlson et al. (1999; 20 s
93 lnSSMHNO3at210C) ?‘IIIII2IIIII3IIII‘I1'IIIII5 um
Dpar (etch rate)
94  This leads us (1) to separate the initial gradual and subsequent accelerated annealing stages of
95 individual samples, (2) to fit one annealing equation to the common gradual stage of the sam-
96  ples, and (3) to account for compositional differences during the accelerated stage. We calculate
97  age- and mean-length profiles for the Kontinentale Tiefbohrung to assess the performance of our
98  model, and discuss methodological issues arising from comparing its predictions with geological
99  benchmarks.
2. Annealing model
100  The above implies that the initial gradual annealing of all apatite compositions can be described
101  with one equation if we measure the mean-length reduction as S = Lo - L (Carlson, 1990; Lo: un-
102 annealed mean length; L: annealed mean length) instead of r= L /Lo (Green et al,, 1985). We used
103  the multi-compositional high-temperature data of Carlson et al. (1999), Barbarand et al. (2003),
104  and Ravenhurst et al. (2003), comprising measurements of induced tracks in apatite prism faces,
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105  etched with similar high HNOs-concentrations (5.0-5.5 M). In the case of Barbarand et al. (2003),
106  we averaged the results of different experimenters for each annealing run. Measurements con-
107  sidered to reveal accelerated shortening were excluded from fitting the gradual stage on the basis
108  of Supplement Figure S1. We first fitted each isochronal experiment, assuming that S (um) corre-
109 lates with the reciprocal temperature (1000 7! (K'1); Green et al., 1985; Laslett et al.,, 1987; Crow-
110 ley etal, 1991; Ketcham et al., 1999; 2007). Supplement Figure S3 shows the fits to the data of
111 Carlson et al. (1999), Barbarand et al. (2003) and Ravenhurst et al. (2003). The fitted equation
112 has the form:

B
S = A1+ﬁ [1)

T 1

113 Herein, S (= Lo - L) is the mean-length reduction, and As, Bz, and C; are fitted model parameters.
114 Az (um) shifts the model curve along the S-axis, B1 (um/K) stretches is along the same axis, and
115 C1 (K1) shifts the model along the temperature axis. In simple, approximate terms, |A:| + Lo (un-
116  annealed mean length) can be thought of as the "zero-length", the mean length of tracks held for
117 some length of time at absolute zero temperature (7o = 0 K). Given that Lo is the reference length
118  for calculating S, we should expect that Az < 0. C1 can be considered as related to the temperature
119  of instantaneous annealing (T«; C1 = 1000/Tw). The fitted values of Az, B1, and C1 are listed in
120  Supplement Table T1, together with the correlation coefficients and the mean squared deviations
121 of the fits.

122 Figure 2 shows A1 (2a), B1 (2b), and C1 (2c) plotted against the duration, In(t), of each isochronal
123 experiment. The fact that the trends of A; vs. In(t) and Bz vs. In(t) are erratic, as well as the clear
124  anti-correlation between Az and B: (2d), suggests that - simple as it is - this model is still over-
125  parametrized. We therefore settled on a model with just two parameters, Az and Bz, that is also
126  a good fit. Supplement Table T1 lists their values, with correlation coefficients and mean
127 squared residuals.

B
S=A2+ﬁ(x1um) (2)

T

128  This model is somewhat inelegant in terms of the units of Az (um) and Bz (K1), requiring a cor-
129  rection (x1 pm) to give S in um; however, both parameters exhibit a linear correlation with In(t)
130  (Figure 2e-f).

BZ = UB ln(t) + VB (4)

131  Supplement Table T2 summarizes the parameters of the regression lines in Figure 2e and f, as
132 well as independent Ua, V4, Us, and Vp-estimates obtained by direct fitting of equations (2)-(4) to
133 the measured mean track lengths. In both cases (Az and Bz2), the response surfaces have long flat-
134  bottomed troughs, within which (Ua, V4) and (Us, Vi) provide a more or less tolerable fit (Figure
135  3). These are an expression of the limited wobble of the regression lines about the centroids of
136  the data in Figures 2e and f. The final parameter estimates based on regression and on the mean
137  squared residuals are nevertheless close. In both cases Uz is close to zero. Insofar that it repre-
138 sents the unannealed track length (|Az| + Lo), one would indeed expect that Az is independent of
139  the annealing time, In(t). Refitting with the constraint that Ua = 0 has but a minor effect on the
140  other parameters, and on the whole, the different estimates are in agreement (Supplement Table
141 T2 and Figure 3).
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142 Figure 2. Isochronal annealing experiments: model-1 (4, B, C;; equation 1) and model-2 (42, Bz; equa-
143 tion 2) parameters plotted against annealing time: (@) 4; vs. In(t); (b) B: vs. In(t); (c) C; vs. In(t); (d) B:
144 vs. Az; (€) Az vs. In(t); (f) Bz vs. In(t). Open symbols: parameters of the equations fitted to the data of
145  Carlson et al. (1999); light shading: to the data of Barbarand et al. (2003); dark shading: to the data of
146  Ravenhurst et al. (2003).

147  Figure 4 presents the residual-distributions for the final model (Ua = 0). The Carlson et al. (1999)
148  data have an excess of negative values (median -0.058 pm), as also the Barbarand et al. (2003)
149  data (median -0.038 um), while the Ravenhurst et al. (2003) data have an excess of positive re-
150  siduals (median +0.107 um). Positive residuals mean that the measured track lengths are longer
151 than predicted. The combined data have a small excess of negative values (median -0.025 pum). A
152  normal distribution fitted to the data has a correlation coefficient of 0.982, and mean and stand-
153  ard deviation of -0.029 pm and 0.222 um. These differences mean that the data are not consistent
154  with each other. We believe that the likeliest causes are the different etching, selection and meas-
155  urement protocols, rather than sample preparation, temperature control or the annealing dura-
156 tion. Excluding one or two datasets would in effect come down to a bias against the deselected,
157  and in favour of the remaining data, and result in an equation valid for that specific selection. We
158  therefore prefer to proceed with all the data and to accept the loss of resolution that comes with
159  it. Our annealing model will in consequence be less accurate and precise for each individual set
160  of measurements, but more robust overall, including some other protocols used in geological in-
161  vestigations.
5
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162  Figure 3. (a) Parameter estimates (Uy, Va) of equation (3) for the combined data; REG: based on regression
163  (Figure 2e); MSR: based on residuals; CON: with constraint Uy = 0. (b) parameter estimates (U, V5) of
164  equation (4); REG: based on regression (Figure 2f); MSR: based on residuals; CON: with constraint Us = 0
165  (Supplement Table T2).
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3. Apatite composition
171 Equations (2)-(4) give the mean-length reduction of confined tracks that undergo no accelerated
172 annealing down to ~8 um. Less resistant apatites require a correction factor related to the sample
173 composition. Ketcham et al. (1999) determined kinetic parameters (rmro, k) from apatite-to-apa-
174  tite matching, and correlated them with Dpar and the anion site occupation; later studies included
175  other factors. Supplement Figure S1 suggests that the annealing trajectories in different apatites
176 could be more a matter of the point where accelerated shortening sets than of their overall rates
177 of shortening. This also requires an additional kinetic parameter that can be estimated by apatite-
178  to-apatite matching. Figure 5 plots the length shortening in Renfrew fluorapatite (RN; Sr) against
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179  thatin Bamble (B3; Sg) under identical annealing conditions (data from Carlson et al., 1999). Bam-
180  ble is the most resistant apatite and Renfrew the least (Ketcham et al., 1999). As most data con-
181  straining our model at high degrees of annealing are Bamble data, or consistent with them (Sup-
182  plement Figure S1), we assume that the abscissa in Figure 5 corresponds to the model equations
183 (2)-(4).
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184  Figure 5. Empirical relationship between the aver- o 'é'F';X-“
185  age shortening of fission tracks in a fluorapatite (Sr)
186  and in a reference apatite, which does not undergo ;
187  accelerated length reduction (Sg). Data from Carlson 3 4 5 S (um)
188 etal (1999). Model track shortening
189  We fitted the data in Figure 5 by two linear sections, intersecting at Sr= 2.1 pum (Supplement Table
190  3). The section up to 2.1 um is associated with initial gradual shortening at the same rate for RN
191  and B3. From 2.1 um, accelerated annealing sets in in RN, causing 2.51 x faster shortening (Rr =
192 2.51) in Renfrew than calculated with equations (2)-(4) for the most resistant Bamble apatite.
193  We use this relationship for calculating the track lengths in fluorapatite. Similar estimates can be
194  obtained for other compositions, e.g., we calculated for Durango that Sp = 3.2 uym and Rp = 2.56.
195  This result was however obtained after excluding three conspicuous outliers, and is not consid-
196  ered further.
197  If other apatites have similar Rp, it would indicate that the fundamental distinction between them
198 isthe length at which accelerated annealing begins. It is tempting to relate this to the concepts of
199  latent-tracks as consisting of a cylindrical midsection and conical extensions to either side, and of
200 annealing as a process of radial contraction (Carlson, 1990; Li et al., 2012). This could account for
201 the fact that high-angle tracks with lesser diameters break-up earlier than low-angle tracks with
202 larger diameters (Green et al., 1986; Donelick, 1991; Paul and Fitzgerald, 1992; Paul, 1993). Alt-
203 hough the transmission-microscopic studies of Li et al. (2014) disconfirmed orientation depend-
204  ent track diameters, the SAXS-investigations of Afra et al. (2014) and Nadzri et al. (2016; 2017)
205  reconfirmed them. There is a notable parallel between our two-stage approach to annealing and
206  their description of annealing as a two-step process of radial shrinkage, both with their transitions
207  dependent on composition. This would suggest a close relationship between the latent-track di-
208  ameter and the onset of accelerated annealing within one apatite and between apatites, reflected
209  in our model.
4. Ambient-temperature

210  Regardless of composition, equations (2)-(4) with the parameters in Supplement Table T2 imply
211 that, at <25 °C, no shortening occurs in less than a year and <1 pum at all geological timescales up
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212 to 1 Ga. This contradicts ambient-temperature experiments and measurements on geological sam-
213 ples with known thermal histories (Gleadow and Duddy, 1981; Donelick et al., 1990; Vrolijk et al.,
214 1992; Spiegel et al. 2007; Wauschkuhn et al., 2015; Tamer and Ketcham, 2020). This could mean
215  that the annealing parameters are inaccurate or that the model equations are unsuitable. On the
216  other hand, it could also point to radiation damage effects (Hendriks and Redfield, 2005; Li et al.,
217 2017; McDannell et al,, 2019), or to a competing process (ageing; Gleadow et al., 1983; Durrani
218  and Bull, 1987). If we consider ambient-temperature annealing of induced tracks in the lab and
219  fossil tracks in geological samples as one process, then radiation damage is excluded. If ageing is
220  understood as limited to geological timescales, then it is also excluded, but if it is understood as
221 any time-dependent track shortening different from that in high-temperature lab experiments,
222 thenitisnot.

223 Figure 6 plots the short- time, low-temperature annealing data of Tamer and Ketcham (2020) as
224 Svs. In(t). We excluded older experiments, which did not include measurements of an internal
225 length standard, because biases related to track etching, selection and measurement can have a
226 disproportionate effect, given that the shortening is «<1 um in most cases. The samples from pre-
227  vious studies are also sometimes unevenly distributed on the In(t)-scale. We concede that this
228  decision is prone to potential bias but that applies to any other decision of which measurements
229  toinclude as well. In three out of four cases (except Durango), regression lines fitted to the data
230  predict 1.5-2.5 pm shortening on a geological timescale, within <0.3 um of the mean fossil track
231 lengths (Supplement Table T3). On this assumption, the lengths of fossil tracks in geological ref-
232 erence samples can be accounted for without having to alter the main equation or adjust the model
233 parameters.

2[5 um)
= S
= ;
= . MNK =0
wlos S it
1.0
1.5
2.0 = Durango
234  Figure 6. Regression lines fitted to the controlled short- -#l-- Fish Canyon
235  duration ambient-temperature annealing data of Tamer 2.5 -(O-- Tioga
236 and Ketcham (2020; Table 2, excluding external data). -Q-~ Renfrew
237  Alinear fit to the shortening (S) vs. In(t) predicts 1.5 - 3.0
238 2.5 um length reduction at geological timescales, which
239  in three out of four cases (except Durango) are in fair 3.5
240 agreement (<0.3 pum difference) with measurements 5 10 15 20 25 30 In(®(s)
241  on fossil tracks. N i L L i L L

Time
5. Geological timescales

242 Figure 7 presents Arrhenius plots for an apatite wherein the tracks undergo no accelerated length
243 reduction down to a mean length of ~8 pm (Figure 7a; e.g.,, Bamble), and for an apatite with min-
244  imal resistance to annealing (Figure 7b; e.g., Renfrew; Sr = 2 um). Both graphs show fanning
245  straight lines of equal mean length reduction, forming a reasonable connection between lab and
246 geological annealing. The plots are identical between S = 0 and 2 pm; the difference is in the spac-
247  ingof the iso-retention lines for S = 2-8 pm, due to accelerated shortening of the tracks in the less
248  resistant apatite.
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Figure 7. (a) Arrhenius diagram for a reference apatite that experiences no accelerated length reduction;
(b) Arrhenius diagram for a representative fluorapatite. The numbers in circles give the length reduction
in pm estimated from the high-T annealing experiments of Carlson et al. (1999), Barbarand et al. (2003)
and Ravenhurst et al. (2003). The numbers in boxes give the estimated length reduction in pm based on
the low-T experiments of Tamer and Ketcham (2020), assuming logarithmic time dependence and no tem-
perature dependence.

The S = 0 line excludes shortening at ambient temperatures on lab timescales and limits that on
geological timescales to <1 pm, in contrast to the experimental findings cited above (section 4).
To fit the low-temperature data one could adjust the model parameters (Guedes et al., 2008) or
the equations (Carlson, 1990; Crowley et al., 1991; Ketcham et al.,, 1999), or consider a separate
process (ageing: Gleadow et al., 1983; seasoning: Durrani and Bull, 1987; unspecified: Tamer and
Ketcham, 2020). Ageing and seasoning are low-temperature processes on geological timescales,
while the latter operates on lab timescales. We do not distinguish between long and short time-
scales (Figure 6), and propose a solution involving two processes with different kinetics operat-
ing throughout. This is conjecture, but it could solve both apparent inconsistencies without af-
fecting the annealing model. As an example of two processes with different kinetics operating in
parallel, one could think of the nucleation and growth of crystalline kernels inside an amorphous
track core.

To evaluate the model predictions at geological annealing temperatures and timescales, we con-
sider the Kontinentale Tiefbohrung (KTB) on the western margin of the Bohemian Massif. The
samples' Tt-histories and fission-track properties are the product of Late Cretaceous to Palaeo-
cene exhumation and cooling and subsequent holding at near-constant temperatures. Wausch-
kuhn et al. (2015) reviewed the geological and thermochronological evidence. Wagner et al.
(1994), Coyle etal. (1997) and Wauschkuhn et al. (2015) reported age- and length-vs.-depth data.

9
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273 Figure 8 plots the low-temperature thermochronometric ages of near-surface samples from the
274  Kontinentale Tiefbohrung against their closure temperatures. The assumed Tt-path of a surface
275  sample begins before 85 Ma, at 170 °C, i.e., within the total annealing zone of the most resistant
276  apatite. It cooled for 32 Ma at 5°C/Ma and thereafter remained at 10°C; deeper samples had par-
277  allel Tt-histories, offset by 10°C. We used the present surface temperature and geothermal gradi-
278  ent (7.5°C + 27.5 °C/km; Clauser et al,, 1997) for converting the temperatures to depths. We ap-
279  plied equations (2)-(4) and, for comparison, the parameters for the most and least resistant apa-
280 tites for calculating S. Supplement Table T4 lists the equations for the initial mean length (Lo; Carl-
281  son etal, 1999), the standard deviation (Donelick et al., 1999), and the relationship between the
282 reduced track densities and normalized mean lengths. The latter was not taken from earlier work
283  butis based on the observation that accelerated annealing in the least resistant apatite begins at
284 S 2.1 pm, and the fact that annealing is complete at L/Lo = 0.5. Although it is a core element of
285  Tt-modelling, this relationship is one of the least certain and least constrained by data. Most pub-
286  lished equations do not distinguish between compositional varieties, and there is little agreement
287  among them (Supplement Figure S4). The preferred equation is consistent with our assumption
288  that the core difference between apatite varieties lies in the onset of accelerated shortening and
289  segmentation. Our calculations used a 0.1-Ma time step and applied the principle of equivalent

290  time.
= km
Sro°c i
g 0
2, 11
£r50
<%} 2
®
£F100 3
291  Figure 8. Proposed cooling paths of samples from the § 4
292 Kontinentale Tiefbohrung during their Late-Cretaceous 5| i85 5
293 to Palaeocene exhumation. TFT: representative titan- 7
294  ite fission-track age of samples below the fossil partial § 6
295  annealing zone (Coyle and Wagner, 1998); THe: titan- St200
296  ite He-age of near-surface samples (Stockli and Farley, ©
297  2004); ZHe: zircon He-age of near-surface samples
298  (Wolfe and Stockli, 2010); AFT: apatite fission-track [ %0
299  age of near-surface samples (Wagner et al, 1994);
300  AHe: apatite He-age of near-surface samples (Warnock  L3qp
301 etal, 1997). 100 75 50 25 0 Ma
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302 Figure 9 shows the age- (9a) and length-vs.-depth (9b) profiles. The dashed lines refer to the most
303 resistantapatite and the solid lines to the least resistant; the dot-dash line is a linear extrapolation
304 of the data of Tamer and Ketcham (2020) to geological holding times (Figures 6 and 7b). The fit
305  tothe age data of Wagner et al. (1994) is surprising for a simple three-parameter fanning Arrhe-
306  nius model fitted to different annealing datasets without great concern for their statistics. The
307  compositional correction appears to be consistent with the negligible Cl-content of the KTB apa-
308 tites over the entire height of the profile, whereas the elevated OH-concentrations would suggest
309 amuch greater resistance. This means that either the calculated OH-concentrations are not reli-
310  able or that OH is not the best kinetic indicator (Ketcham et al., 1999; 2007; Wauschkuhn et al.,
311 2015). Given its derivation, it is not unreasonable to assume that the good fit is in some part for-
312 tuitous.
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313  Figure 9. (a) Fission-track age vs. depth profiles calculated with model-2; (b) mean confined track length
314  vs. depth profiles. Dashed lines refer to an apatite that undergoes no accelerated length reduction; the
315  solid lines refer to a representative fluorapatite; the dash-dot line assumes low-T annealing independent
316  of sample depth (<50 °C), based on our interpretation of the data of Tamer and Ketcham (2020). Age data
317  are from Wagner et al. (1994); lengths from Wagner et al. (1994) and Wauschkuhn et al. (2015; excluding
318  one analyst).

319  In contrast, the calculated length profile does not fit the measured lengths (Wagner et al., 1994;
320 Coyle etal,, 1997; Wauschkuhn et al,, 2015). This could mean that the annealing model is inap-
321  propriate or inaccurate, but there are also possible experimental factors. Not all measurements
322 were done on prism faces and the tracks were measured by different analysts using different
323 protocols. Figure 9b excludes data from an inexperienced person using a weak etch, which are
324  offset to lower values from the remaining data (Ketcham, 2019; Figure 3.5). Shorter measured
325  lengths can be due to the selection and measurement of the confined tracks (Ketcham et al., 2015;
326  Jonckheere, 2023). The remaining mean lengths are constant down to 1.5 km depth, whereas
327 the calculated profile predicts a %-pm decrease. The measured lengths down to this depth (~50
328  °C) are however within % um of the values predicted for ambient temperature annealing. Even
329  an approximate fit, coupled with the lack of variation, could indicate that ambient-temperature
330 annealing atlab and geological timescales are connected, and distinct from high-temperature an-
331 nealing. The mean length data are at present far from conclusive, and a detailed reinvestigation
332  isin progress.

6. Conclusion

333 This contribution discusses a different take on the apatite annealing data of Carlson et al. (1999),
334  Barbarand etal. (2003), Ravenhurst et al. (2003), and Tamer and Ketcham (2020). Our approach
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335  isa step back compared to earlier studies, in that it is limited to the mean track length, and thus
336 ignores the orientations of individual tracks. We distinguish three annealing phenomena which
337 were hitherto captured in one equation: (1) gradual shortening and (2) accelerated shortening at
338 high temperature, and (3) ambient-temperature annealing. Following Carlson (1990), our model
339 isformulated in terms of the absolute (S = Lo - L) instead of the relative (r = L/Lo) length reduc-
340  tion. The reasons are that (1) the unannealed mean length (Lo) in different apatites is correlated
341  with their etch rate (Dpar), and so not with the latent track properties (Carlson et al., 1999), (2)
342 fission tracks in different apatites undergo the same absolute shortening (S) under the same an-
343  nealing conditions up to the point of accelerated annealing (Figures 1 and S1), and (3) the onset
344  ofaccelerated annealing occurs at different mean lengths in different apatites. One equation gives
345  the mean length reduction up to S 22 um shortening in the least resistant apatite (Renfrew), up
346 to S 23 pm in Durango, and up to complete annealing in the most resistant apatite (S =8 pum;
347  Bamble). Fitting 489 mean lengths from three different studies leads us to a fanning Arrhenius
348  model with just three parameters, without a transformation of the dependent variable. A linear
349  equation corrects for accelerated shortening of the least resistant apatite compared to the most
350 resistant.

351 The fit to lab annealing data is in two instances imperfect. One: the model predicts no annealing
352 on lab timescales at ambient temperature, in contrast with experimental data (Donelick et al.,
353  1990; Tamer and Ketcham, 2020). Two: the residuals for the unannealed reference samples are
354  negative, with values up to -1 pm (Supplement Table T2; Az = -0.99 um). This, at first sight, im-
355  plies that the annealing model is incorrect. On the other hand, it could be the result of fitting a
356  rigid model that is so well constrained over the remainder of data range that it reveals an offset
357  due to a different mechanism than that responsible for the higher-temperature results, e.g., due
358  to ambient-temperature annealing. This is speculative, but it relates both mismatches to a com-
359  mon cause, one that can also account for the extent of ambient-temperature annealing in geo-
360 logical samples. If it is indeed the case, it indicates that the "etchable" mean length of tracks
361  held at absolute zero temperature for any length of time is ~1 pm longer than that of the unan-
362 nealed induced tracks, in fair agreement with the estimates of Tamer and Ketcham (2020; 0.74
363  to 1.49 um) and with the estimated initial length of fluorapatite sample B-5 of Laslett and Gal-
364  braith (1996).

365  The fit to geological data is ambiguous. The age profile for the KTB fits the measurements almost
366  without compromise. This positive result should not be overrated: the calculations assume that
367 thetracks annealed in accordance with the apatites' Cl-contents, and not their OH-contents. The
368 fitalso depends on other factors, in particular the assumed cooling histories. However, the ther-
369  mochronological and independent geological constraints are at least as good as for other refer-
370  ence samples (Wauschkuhn et al., 2015; Figure 8). In contrast, the calculated mean-length pro-
371 file does not fit the data at all well, but overestimates the measured values over the entire 4 km
372 depth of the pilot hole. There are however experimental factors related to etching, selection and
373  measurement of confined tracks that could be responsible for the mismatch. Measurements on
374  ion-irradiated samples with full control of the track orientations and effective etch times are in
375  progress.

376  There appears to be no simple equation that provides a natural fit to both lab and geological track
377 length data. From the perspective of statistical leverage, geological data far outweigh lab data for
378  the purpose of fitting annealing equations used for modelling geological thermal histories, to the
379  extent that lab annealing data are almost irrelevant (Guedes et al., 2008). On the other hand, ge-
380  ological reference samples cover a much more limited set of time- and temperature conditions,
381  and their usefulness depends on reliable constraints on their thermal histories. It is moreover
382 important to make sure that the confined track lengths in geological samples are not underesti-
383  mated due to ambient-temperature annealing or to experimental factors related to their meas-
384  urement.
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