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Abstract. Age dispersion is a common feature of apatite

fission track (AFT) and apatite (U–Th) / He (AHe) thermochronological data, and it can be attributed to multiple
factors. One underappreciated and underreported cause for
dispersion is variability in apatite composition and its influence on thermal annealing of fission tracks. Using synthetic data we investigate how multikinetic AFT annealing
behaviour, defined using the rmr0 parameter, can be exploited
to recover more accurate, higher-resolution thermal histories than are possible using conventional interpretation and
modelling approaches. Our forward model simulation spans
a 2 Gyr time interval with two separate heating and cooling
cycles and was used to generate synthetic AFT and AHe data
for three different apatite populations with significantly different annealing kinetics. The synthetic data were then used
as input for inverse modelling in the Bayesian QTQt software
to recover thermal-history information under various scenarios. Results show that essential features of the dual peak
thermal history are captured using the multikinetic AFT data
alone, with or without imposed constraints. Best results are
achieved when the multikinetic AFT data are combined with
the AHe data and geologic constraint boxes are included. In
contrast, a more conventional monokinetic interpretation that
ignores multikinetic AFT behaviour reproduces all the input data but yields incorrect thermal-history solutions. Under these conditions, incorporation of constraints can be misleading and fail to improve model results. In general, a close
fit between observed and modelled parameters is no guarantee of a robust thermal-history solution if data are incorrectly interpreted. For the case of overdispersed AFT data, it

is strongly recommended that elemental data be acquired to
investigate if multikinetic annealing is the cause of the AFT
apparent age scatter. Elemental analyses can also be similarly useful for broadly assessing AHe data. A future companion paper (Issler et al., 2021) will explore multikinetic
AFT methodology and application to detrital apatite samples
from Yukon, Canada.
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1

Introduction

Studies focusing on upper crustal tectonics, landscape evolution, and sedimentary basin analysis often rely on apatite fission track (AFT) and apatite (U–Th) / He (AHe)
low-temperature thermochronology to decipher spatial patterns of exhumation and burial through time (e.g., Zeitler
et al., 1982; Naeser et al., 1989; van der Beek et al., 1995;
House et al., 1998; Ehlers and Farley, 2003). These lowtemperature techniques typically produce internally consis-
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tent results in rapidly cooled, actively eroding mountain belts
(e.g., Glotzbach et al., 2011). However, thermochronometric
harmony commonly breaks down in slowly cooled or partially reheated settings. There are gaps in our knowledge of
how fission tracks anneal in apatite (e.g., Ketcham, 2019),
how 4 He diffusion occurs over geologic time (e.g., McDannell et al., 2018), and if the mechanisms controlling these
processes are fundamentally different, linked, or interact in
complex and unforeseen ways (McDannell et al., 2019a).
Poorly understood compound variables, both geological and
analytical, sometimes yield apatite thermochronology data
that are not straightforward to interpret – suggesting there
are unexplained complexities present in both the AFT and
AHe systems.
The canonical temperature sensitivity for AFT dating is
∼ 60–120 ◦ C (Gleadow and Duddy, 1981) and ∼ 45–75 ◦ C
for AHe dating (Wolf et al., 1998). However, temperature
sensitivity varies as a function of multiple factors such as
apatite chemistry (Green et al., 1985, 1986; Crowley et al.,
1990; Ravenhurst et al., 2003; Carlson et al., 1999; Barbarand et al., 2003) and cooling rate for AFT, and radiation damage accumulation, grain size, parent nuclide zoning, and chemistry for AHe (e.g., Farley, 2000; Shuster et
al., 2006; Gautheron et al., 2009, 2013; Djimbi et al., 2015;
Recanati et al., 2017). For example, AFT < AHe “age inversion” (e.g., Belton et al., 2004; Fitzgerald et al., 2006; Flowers and Kelley, 2011) is regularly encountered in continental interiors and has been attributed to the effects of slow
cooling and accumulated radiation damage on He diffusion
(e.g., Green et al., 2006). Ancient, slowly cooled terranes
also yield highly overdispersed AFT data (e.g., McDannell
et al., 2019a). This overdispersion may be due to heterogeneous apatite chemistry (e.g., O’Sullivan and Parrish, 1995),
nuances of laser ablation AFT data collection and measurement precision (Vermeesch, 2017; McDannell, 2020; Cogné
and Gallagher, 2021), and/or insufficient constraints on track
annealing behaviour over long timescales (McDannell et al.,
2019a). Alpha-radiation damage may also play a role in modifying apatite fission track annealing kinetics (Carpéna et al.,
1988; Hendriks and Redfield, 2005; McDannell et al., 2019a;
Li et al., 2021) or perhaps cause reduced thermal annealing resistance in apatite from old rocks. This is a debated
issue (Kohn et al., 2009) requiring further scrutiny and experimental work to verify empirical relationships (e.g., Carpéna
and Lacout, 2010; Li et al., 2021). These collective observations warrant a closer inspection of apatite chemistry, radiation damage, and fission track annealing for low-temperature
thermochronometry and thermal-history analysis.

2

Motivation

There is clear experimental documentation that AFT annealing is influenced by composition (e.g., Gleadow and Duddy,
1981; Green et al., 1986; Carlson et al., 1999; Barbarand et
Geochronology, 3, 321–335, 2021

al., 2003; Ravenhurst et al., 2003). While the use of track
annealing kinetic models based on different apatite compositions is not a new concept (e.g., Green, 1992), there has
been limited application within the broader thermochronology community over the years in terms of fully exploiting
detailed apatite elemental analyses rather than kinetic proxy
data. The work of Carlson et al. (1999) remains one of the
most detailed studies of fission track annealing with respect
to apatite chemistry. They derived the empirical rmr0 kinetic
parameter by characterizing track annealing with respect to
chemical composition to produce a multikinetic annealing
model that relates one apatite to another for the purposes
of comparing annealing behaviour at laboratory timescales.
Laboratory annealing was then extrapolated to the geologic
timescale for the purpose of time–temperature (t–T ) modelling (Ketcham et al., 1999, 2007). Specifically, rmr0 is the
reduced fission track length of the more resistant apatite
at the point in time and temperature where the less resistant apatite is totally annealed, allowing a direct comparison between any two apatites (Ketcham et al., 1999). Therefore, rmr0 values approaching one signify lower retentivity,
whereas those approaching zero are more retentive, with
common fluorapatite defined by an rmr0 value of 0.83.
The main purpose of this paper is to show that multikinetic
AFT samples with significantly different annealing characteristics carry far more thermal-history information than single AFT populations with typical annealing temperatures
(∼ 100–110 ◦ C), and under certain circumstances, it is possible to recover information about multiple heating events from
a single multikinetic AFT sample. Here, we present simple
examples demonstrating this point using synthetic AFT data
derived from forward models utilizing the rmr0 kinetic parameter based on apatite composition (Carlson et al., 1999;
Ketcham et al., 1999). The synthetic data are characterized
by endmember kinetics that are rare, but not unheard of, in
crystalline basement samples and more commonly encountered in detrital samples with mixed sources. This was done
to illustrate that multikinetic AFT samples can provide an expanded range in thermal sensitivity and demonstrate that statistically valid, yet spurious, thermal histories may be recovered if potential kinetic sub-populations governed by composition are not accounted for during data interpretation or are
alternatively unresolvable due to collection of low-precision
kinetic data (Issler et al., 2018; Schneider and Issler, 2019)
such as Dpar (mean etch-figure diameter parallel to the c axis;
Donelick, 1993).
We chose a deep-time problem involving slow cooling and
multiple reheating events because it is harder to deal with
than a Phanerozoic case that may have more geological constraints available. In general, deep-time problems suffer from
greater uncertainty that could be addressed by having thermochronometers with a broad range of temperature sensitivity (McDannell and Flowers, 2020). This is a synthetic resolution test and a single example drawn from a nearly infinite number of possibilities. These exercises were performed
https://doi.org/10.5194/gchron-3-321-2021
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assuming that we knew the true thermal history, which is
almost always not the case, and they are ultimately meant
to encourage users of low-temperature thermochronology to
thoroughly interpret data and explore kinetics before undertaking thermal-history simulations.
For natural samples, complicated thermal-history information may be retained in multikinetic AFT data. Consideration
of kinetics is most important for histories involving persistence at, or reheating to, a temperature range that differentiates the thermal response of the grains present, and thus the
apparent ages and lengths recorded. Our ability to resolve
kinetic populations depends on the number of AFT age and
length measurements and their distribution across different
populations. For example, multikinetic AFT data with low-U
apatite grains can pass the X 2 test due to large uncertainties on single-grain apparent ages, and these can be misinterpreted as single populations if not carefully investigated
using elemental data. If compositional zoning is present, apatite grains can be assigned to the wrong kinetic population
(i.e., microprobe spot is not representative), or some populations may be too highly track retentive (or vice versa) to
be sensitive to key parts of a thermal history. To be clear,
not all natural samples are multikinetic, and the ability to retain a record of a complex thermal history depends strongly
on the relative timing and magnitudes of different thermal
events; this in turn feeds back into whether kinetic populations have experienced enough differential annealing to be
clearly resolved. The results in this paper give us confidence
in our treatment of real data and support the idea that the
multikinetic AFT approach yields higher-resolution thermal
histories than the conventional method. We will specifically
discuss elemental data collection, multikinetic workflow and
interpretation schemes, and thermal-history analysis of natural detrital samples from Yukon, Canada, in a future companion paper (Issler et al., 2021).
Unlike AFT, there is limited empirical evidence to suggest 4 He diffusivity is strongly affected by apatite chemistry
(e.g., Warnock et al., 1997; Gautheron et al., 2013; Recanati
et al., 2017), whereas ab initio modelling (e.g., Djimbi et al.,
2015; Recanati et al., 2021) suggests some effect. None of
the diffusion studies (e.g., Warnock et al., 1997) show a direct connection between changes in diffusivity and apatite
composition, but their results indicate hypothetical offsets
in temperature sensitivity between compositional endmember apatites. The development of a model to explain radiation damage effects on He diffusivity (Shuster and Farley,
2009; Shuster et al., 2006) resulted in the Radiation Damage Accumulation and Annealing Model (RDAAM; Flowers
et al., 2009) that used the rmr0 parameter and fission track
annealing kinetics of Ketcham et al. (2007) as a proxy for
α-damage or bulk radiation damage annealing. The fundamental assumption is that α-damage and fission track damage anneal at about the same rate, enabling the use of the rmr0
parameter in the RDAAM set to typical fluorapatite kinet-
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ics (rmr0 = 0.83). This allows a comparison between fission
track and AHe data within the same kinetic framework.
Many modern studies include both AFT and AHe data, and
reconciliation of these complementary datasets is often difficult in slowly cooled settings. In situations where this occurs,
AHe apparent age scatter is often attributed to the effects of
radiation damage (or secondarily grain size), yet unexplained
dispersion often persists even when these variables are considered. The commonly implemented kinetic models for the
AHe system (Flowers et al., 2009; Gautheron et al., 2009)
utilize fission track annealing as a proxy for radiation damage
annealing – therefore it is unclear whether chemistry truly
affects He diffusion or if this is illusory due to the use of a
composition-based fission track kinetic model. The assumption here is that apatite chemistry does in fact influence diffusivity and that the rmr0 parameter adequately describes radiation damage annealing in most geologic settings. Gautheron
et al. (2013) and Powell et al. (2020) successfully adopted the
approach of varying rmr0 to investigate AHe age dispersion in
natural samples from the Paris Basin in France and Mackenzie Plain in northern Canada, respectively. We corroborate
this and show that AHe ages from grains of identical size and
U content may still be highly dispersed due to differences in
rmr0 values – implying that apatite composition may be an
additional source of dispersion that is mostly unaccounted for
in routine applications. In in the absence of retentivity information for the AHe system, using a default fluorapatite rmr0
value may yield “acceptable” t–T solutions that are inaccurate, especially when data containing more thermal-history
information, such as AFT ages and lengths, are not collected
or jointly modelled.
3

3.1

Forward and inverse modelling of multikinetic
synthetic data
Forward modelled synthetic AFT and AHe data from
a predetermined thermal history

Synthetic AFT data were generated from forward modelling
a two-pulse heating history over 2000 Myr using the QTQt
software v. 5.7.3 (Gallagher, 2012) implementing Ketcham
et al. (1999) annealing kinetics (Fig. 1), with one maximum
heating event occurring at 1000 Ma (110 ◦ C) and the other at
300 Ma (60 ◦ C). AFT ages and track length data (Fig. 2) were
randomly predicted for three kinetic populations as external
detector method (EDM) data in QTQt. In this paper, we utilized the published correlation (given in Fig. 7 of Ketcham
et al., 1999) between rmr0 (derived from electron microprobe
data; Carlson et al., 1999) and measured Cl to calculate an
“effective Cl” (eCl) value in atoms per formula unit (apfu)
(see McDannell et al., 2019b, for further explanation). Effective Cl is the Cl concentration required to yield an equivalent
rmr0 value for the Ketcham et al. (1999) annealing model.
Low-retentivity apatite with rmr0 values exceeding the 0.84
limit of the Ketcham et al. (1999) model become negative
Geochronology, 3, 321–335, 2021
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eCl values due to extrapolation. The eCl value (e.g., Issler et
al., 2018; McDannell et al., 2019b) is used to transform the
nonlinear rmr0 parameter to a linear form for data interpretation using the rearranged equation of Ketcham et al. (1999):
eCl =

(ln (1 − rmr0 ) + 1.834)
.
2.107

(1)

We specified three AFT kinetic populations of 10 age
grains each, increasing in retentivity with rmr0 values
of 0.882 (eCl = −0.144 apfu), 0.820 (eCl = 0.057 apfu),
and 0.263 (eCl = 0.726 apfu) using individual-fit c-axisprojected length kinetic data for distinct apatites from
Ketcham et al. (1999). Population one is set to the Holly
Springs (Georgia, USA) hydroxyapatite rmr0 that typifies
the lowest calculated retentivity in the Carlson et al. (1999)
dataset, population two uses Durango apatite kinetics (laboratory age standard), whereas population three is set to
Tioga (Pennsylvania, USA) Fe–Cl apatite, which is characterized by high retentivity and is an outlier of the Carlson et
al. (1999) rmr0 -fitting dataset. The specified thermal history
produced three AFT model ages of 670, 843, and 1602 Ma
(Fig. 2). Seventy-five tracks were generated for each kinetic population with mean c-axis-projected track lengths
(MTL; see Fig. 2) of 13.32 ± 1.33 µm (1σ ), 14.24 ± 1.42 µm,
and 14.65 ± 1.47 µm, respectively. The initial (pre-annealed)
track lengths (loc ) for each kinetic population were calculated as 16.17, 16.40, and 17.16 µm with increasing retentivity and were estimated from the equivalent Dpar calculated
from the indicated rmr0 value for each kinetic population using the loc –Dpar relation from Carlson et al. (1999). Three
AHe ages were also forward modelled using the RDAAM
of Flowers et al. (2009), which implements the Ketcham et
al. (2007) kinetics for radiation damage annealing. We applied Holly Springs, typical endmember fluorapatite (rmr0 =
0.83 and the RDAAM default), and Tioga apatite rmr0 values to AHe grains, all with spherical grain radii of 50 µm and
25 ppm U (Th and Sm discounted for simplicity). The uncorrected AHe ages (α ejection-corrected age in brackets) were
585 Ma [813 Ma], 610 Ma [848 Ma], and 819 Ma [1139 Ma]
predicted using the same t–T history (Fig. 1) as the AFT
data.
3.2

Methods for inverting AFT and AHe synthetic data
for thermal history

We attempted to recover the true thermal history used to
predict the synthetic data from Sect. 3.1 using the QTQt
software. QTQt implements a reversible jump Markov chain
Monte Carlo algorithm to systematically search t–T space
(Gallagher, 2012). These exercises imitate real thermalhistory investigation in the context of incomplete geologic
knowledge, complex or imperfect datasets, and judgement
calls that are typically made by researchers implementing
thermochronology data and performing modelling to infer
quantitative information about geologic processes. We also
Geochronology, 3, 321–335, 2021

Figure 1. Thermal history used to predict synthetic AFT and AHe

data. This t–T path is referred to as the “true” thermal history
throughout this paper. The predicted synthetic data were then used
as input for QTQt to recover the thermal history through inverse
modelling. PAZ: partial annealing zone for fission tracks.

explore the consequences of neglecting the identification of
multikinetic populations during AFT modelling and the effects of kinetic assumptions for AHe ages. An important
point is that QTQt uses the ratio of data fit, or likelihood,
between a current and proposed model. Candidate thermal
histories that predict the data adequately (in relation to the
current thermal history) can be accepted, regardless of geological feasibility; therefore it is up to the user to understand
the ramifications of this and make sensible decisions about
modelling input and output (Vermeesch and Tian, 2014; Gallagher and Ketcham, 2018). Conversely, other software such
as HeFTy (Ketcham, 2005) or AFTINV (Issler, 1996) implement a nondirected Monte Carlo (MC) search algorithm and
an absolute approach using the p value as a threshold measure of satisfactory statistical fit. We used QTQt because it
is sensitive to the number and quality of data during history
inference (i.e., notionally improving model results with additional, high-quality data) and specifically because it will accept model histories regardless of the physical plausibility of
a history simulation – this was done to explore the possible
effects of improper data treatment or data misinterpretation.
The rmr0 values for AFT and AHe data were held fixed for
simulations. In QTQt, AFT central ages are not used directly
during model prediction; instead random sampling of the
spontaneous and induced (Ns + Ni ) track counts and track
densities are used for fitting (see Appendix A of Gallagher,
1995, for more details on AFT age prediction). The track
length data are generated by drawing the desired number of
lengths randomly from the predicted distribution (Gallagher,
1995). The individual kinetic populations are underdispersed
with respect to natural samples, but apparent age dispersion
is high for the overall sample – which is the normal starting
condition for most natural samples that then require further
interpretation. The AFT central age and uncertainty are insensitive to the kinetic population underdispersion, and this
does not affect modelling outcomes.

https://doi.org/10.5194/gchron-3-321-2021
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Figure 2. Predicted synthetic AFT data from the thermal history in Fig. 1. Multikinetic age populations were individually predicted using

distinct rmr0 kinetics shown in (b) panels (discussed in the text). These data were then input in QTQt and inverted to recover the true thermal
history in Fig. 1 (see Fig. 3). (a) Central age and 1σ errors are indicated for each kinetic population. Throughout this paper, “central age”
is used for historical reasons to refer to the approximate geometric mean of a population of single-grain AFT ages (Galbraith and Laslett,
1993). The first radial plot shows all 30 individual grains and demonstrates that when taken together, the combined sample fails the X2
test (p < 0.05) for homogeneity (i.e., that all grains belong to a single underlying age population). This suggests the presence of multiple
age populations and is the scenario most researchers would start with before evaluating the sample for potential multikinetic behaviour.
Mixture modelling was subsequently performed on the combined sample, and the model age peaks that were picked seamlessly align with
the individual kinetic population central ages. Kinetic populations one, two, and three are displayed as arms on their respective radial plots,
with individual AFT ages closer to the origin being less precise. This aligns with how model populations would be selected and compared
with the elemental chemistry for individual age grains during multikinetic interpretation for natural samples (see Schneider and Issler, 2019;
McDannell et al., 2019b). (b) The predicted track length distributions for the combined and individual kinetic populations derived from the
thermal history in Fig. 1 using the specified kinetic parameter value. Numbers on the histogram are the number of tracks in each 1 µm bin.
Abbreviations: eCl – effective Cl; MTL – mean track length.

The data were formulated with identical EDM parameters, including, a ζ -calibration value = 350 yr cm−2 , induced
track density (ρDi ) = 2.5 × 106 cm−2 , and dosimeter tracks
(Nd ) = 10 000. These common parameters made it so that
each population was simulated as being from the same grain
mount for the purposes of easy comparison and t–T inversion. The synthetic AFT sample has an overall central age
of 934 ± 64 Ma (1σ ; (P )X 2 = 0.0; 34 % dispersion; n = 30)
when all age grains are combined. The central AFT age for
population one was calculated as 670 ± 26 Ma, population
two was calculated as 843 ± 29 Ma, and population three was
calculated as 1602 ± 79 Ma. Three mixture model age peaks
of 687 ± 34 Ma, 828 ± 34 Ma, and 1602 ± 78 Ma (1σ ) were
selected in IsoplotR (Vermeesch, 2018) for the combined
AFT data and agree with the individual kinetic population
central ages. The uncorrected AHe ages were modelled with
all default RDAAM settings with the exception of rmr0 and
input as 585 ± 17, 610 ± 18, and 819 ± 25 Ma (1σ ), with typical analytical uncertainties for (U–Th) / He apparent ages.

https://doi.org/10.5194/gchron-3-321-2021

We ran QTQt in multiple stages to tune the parameters
for sampling and to ensure the acceptance rates for time and
temperature were between ∼ 0.1–0.7, within the acceptable
limits discussed in Gallagher (2012). Inversions were run for
> 500 000 to > 1 000 000 total iterations (burn-in and post
burn-in) and were considered complete when the likelihood
distribution was stationary (i.e., there was no trend in the
likelihood values with a stable or “flat” mean; Gallagher,
2012). The modelling t–T space (general prior) was designated as 1000 ± 1000 Ma and 150 ± 150 ◦ C with a maximum
allowed heating–cooling rate of 5 ◦ C Myr−1 . Sampling proposed outside of the prior was prevented, and more complex
models were rejected for proposed models of equivalent likelihood. Therefore, t–T points were only accepted if they provided a better fit to the input data, which is a newer feature in
QTQt that essentially prevents overly complex model paths
from being accepted if they do not provide any benefit or improvement in data fit.
The long time interval for these model inversions are
styled after a typical cratonic history, and the only constraint
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that was consistently enforced was starting the model at
300 ± 1 ◦ C at 2000 ± 1 Ma. For our purposes, this scenario
is considered a “no constraint” model since we apply this
as a starting condition for all inverse models well above the
sensitivity of our thermochronology data. We also ran models that enforced constraint boxes (i.e., with either one or
two boxes) at 20 ± 10 ◦ C at 1650 ± 100 Ma and 20 ± 10 ◦ C
at 500 ± 50 Ma, requiring t–T paths to pass through them.
These t–T boxes were treated as “known” geologic information for the inversions and represent common geologic situations for cratons with Proterozoic and Phanerozoic basement
nonconformities. However, these boxes purposefully represent an incomplete period at surface conditions with respect
to the true thermal history, the repercussions of which will be
discussed below in Sect. 5.2.
For all models presented hereafter, we show the QTQt
maximum likelihood (ML; i.e., usually more complex, best
fit t–T path to the observed data, red line) and expected
models (EX; i.e., ∼ weighted mean of the posterior distribution ±95 % credible interval; black lines) with respect to
the true thermal history (white line) used to predict the synthetic data (Fig. 1). In our thermal-history plots, the individual t–T paths are coloured by [log] path density, which is
proportional to the relative probability, with higher-intensity
(brighter) colours denoting higher path density and higher
relative probability. Note that in Bayesian inference, the posterior probability is proportional to the likelihood multiplied
by the prior, and in QTQt the prior acts as a penalty against
making the model too complex and thus the maximum posterior (MP) model will commonly be the simpler t–T path
when compared to the ML path (i.e., equal to or fewer than t–
T points; Gallagher, 2012). We have excluded the MP model
for plot clarity for most output because the ML and MP paths
are identical or nearly so for most scenarios, which implies
a well-sampled and constrained ensemble of solutions (Gallagher and Ketcham, 2020).

4

Model inversion results

QTQt inversion results are shown in Fig. 3 and illustrate
the implications of multikinetic AFT-only, joint models with
multikinetic AFT and AHe grains using the correct kinetics
(i.e., the kinetics implemented during forward modelling to
predict AHe ages), and different combinations of incorrect
monokinetic AFT models where the three multikinetic populations were combined and treated as a single AFT sample,
and/or AHe ages were assumed to have the endmember fluorapatite rmr0 value. Figure 4 depicts the results comparing
observed synthetic data and model predictions for the inversions in Fig. 3. The first three models are “multikinetic AFTonly” models (Fig. 3a–c), whereas the second row of models
depicts results for three multikinetic AFT populations and
three AHe grains (Fig. 3d–f). The last three panels are the
single-population AFT models (Fig. 3g–i). To reemphasize,
Geochronology, 3, 321–335, 2021

we prevented t–T points from being accepted during QTQt
inversions unless the addition of points provided better agreement between observed and predicted data. Therefore, all of
our preferred results and discussion focus on the ML model
t–T path since this path is the best fit to the data and is, in
these instances, not unnecessarily complex, yet we show the
EX model and 95 % credible interval for comparison and to
provide a general picture of the overall model ensemble.
4.1

AFT-only models – identified multikinetic age
populations and correct kinetics

The first model was setup to simultaneously invert each AFT
kinetic population without AHe data for scenarios with a “no
constraint” model, a “single t–T constraint” model, and “two
t–T constraints” model (Fig. 3a–c). These simulations were
meant to be the ideal case using a lone AFT chronometer
with extended thermal sensitivity due to the presence of multikinetic apatite populations. We investigated the ability to
recover the true thermal history using properly identified kinetic age populations while utilizing the fixed, true rmr0 value
from forward modelling for each population under varying
degrees of geologic assumptions or constraints. The general
shape, timing, and magnitude of the true history form and
peak temperatures are recovered for the multikinetic AFT
models regardless of whether constraint boxes were used.
This suggests to us that the combination of high quality, distinct age, and length populations enhance t–T history resolving power, which becomes progressively improved if kinetic populations sample a broad range of kinetic space (predicted AFT parameters closely agree with the synthetic data;
Fig. 4a–c).
4.2

AFT + AHe models – consequences of the rmr0
parameter

The addition of the three AHe ages using their correct kinetics (i.e., rmr0 values) along with the three multikinetic AFT
populations (Fig. 3d) marginally improved thermal-history
recovery with respect to the AFT-only models (Fig. 3a–
c), while the addition of two constraint boxes produced a
ML model t–T path that reproduced nearly all features of
the true thermal history (Fig. 3e). Figure 3e is the best
thermal-history model that utilized all assumptions and information used during forward model generation of the synthetic dataset and provides the closest fit to the synthetic data
(Fig. 4e). Setting all three AHe grains to 0.83 rmr0 produces
distortion of the ML model history with respect to the true
history (Fig. 3f). The model predicts three AHe ages that are
virtually identical but provides a poor fit to the input synthetic AHe ages (Fig. 4f). The 610 Ma AHe grain (true kinetic rmr0 value = 0.83) was on the margin of acceptability.
However, in this case the overall group of model paths is still
similar to the other “AFT-only” and “correct kinetics AHe”
models simply because the multikinetic AFT populations are
https://doi.org/10.5194/gchron-3-321-2021
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Figure 3. Thermal-history inversion results from QTQt under different imposed kinetic and t–T assumptions. Relative probability is propor-

tional to (log) path density in our t–T figures; therefore brighter colours (or higher saturation) denote higher relative probability. Panels (a)–
(c) show the “AFT-only” models that utilized three multikinetic AFT populations (discussed in the text) as the only input data. The true rmr0
kinetics applied during forward modelling were entered in the input files and held fixed for each kinetic population during the inversion.
Panels (d)–(e) show the results of models that correctly utilized three multikinetic AFT kinetic populations and three AHe ages all with the
true kinetics held fixed. Panel (e) is the best model inversion incorporating all correct thermochronometer information used during forward
modelling of the synthetic dataset. The panel (f) model was completed under the same conditions as panels (d)–(e) except that the three AHe
grains all employ the incorrect (in the oldest and youngest cases) RDAAM default fluorapatite rmr0 value of 0.83 as the kinetic parameter.
Panels (g)–(i) were modelled assuming a “monokinetic” or traditional single-population AFT sample that combines all three multikinetic
populations into one. For all panels, the thick white line is the “true” thermal history from Fig. 1; red lines are the maximum likelihood model
(best fit) t–T path from QTQt; black lines are the expected model t–T path and 95 % credible interval. Assumed t–T constraints are white
boxes that require thermal histories to pass through them during the inversion.

the primary controls on the t–T history. The AFT data contain more t–T information and exert more influence, and
without them, the model ensemble would instead be highly
inaccurate (e.g., Fig. 3i; see below).
4.3

Monokinetic AFT models – incorrectly combined
kinetic populations

In our experience, multikinetic behaviour is not uncommon
for basement samples characterized by complicated burial
histories and nearly always present for detrital apatite samples derived from complex source areas that experience mulhttps://doi.org/10.5194/gchron-3-321-2021

tiple heating events. In our “monokinetic” scenario, the multikinetic AFT data were incorrectly treated as a single population and modelled using the central age, MTL, and average
eCl (or rmr0 ) ± 1σ of the entire pool of synthetic single-grain
ages. As previously mentioned, combining the three populations caused the sample to fail the chi-square test (P (X)2 =
0.0), and the calculated AFT central age was 934 ± 64 Ma,
the overall MTL was 14.07 ± 1.40 µm (n = 225), and the
average eCl is 0.213 ± 0.373 apfu for all grains (equivalent
rmr0 ≈ 0.75). AFT data are usually treated as such in the published literature, and overdispersed data are often modelled
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Figure 4. QTQt inversion predictions compared to “observed” synthetic thermochronology data generated during forward modelling. Panel

letters correspond to counterpart t–T model panels in Fig. 3. All predictions are for the maximum likelihood models. Squares are observed
AFT central age ±2σ , circles are predicted AFT age, diamonds are observed MTL ±1σ , and X symbols are the predicted MTL. Individual
model fits to each track length distribution for the AFT kinetic populations are also shown and colour-coded the same as Fig. 2. Observed
apatite He ages shown by red H symbol (spans the 1σ error range quoted in the text) and predicted AHe ages are black bars. Panel (e) with
star is our best model that accounts for all multikinetic AFT populations and utilizes the true AHe kinetics and two geologic constraints,
all combined for the highest thermal-history resolution. Note that track length distributions are arbitrarily placed next to their respective age
population and were not plotted with respect to the MTL plot axis.

regardless of the X2 statistic. This situation could conceivably occur when the three kinetic populations were either
ignored or there was insufficient kinetic parameter resolution to identify discrete kinetic groups. A sample could also
simply not be multikinetic – but the models here are meant
to illustrate the hazards of monokinetic misinterpretation for
thermal-history analysis. In the monokinetic simulation without constraints, both the ML and EX t–T paths do not accurately reproduce the true thermal history (Fig. 3g). In this
instance the ML path simply passes through both true thermal maxima and yet yields excellent fits to the observed synthetic data (Fig. 4g). The addition of two constraint boxes
Geochronology, 3, 321–335, 2021

produced even more complex and highly inaccurate t–T solutions (Fig. 3h) and reproduced well the observed AFT data
(Fig. 4h). The AFT sample was modelled as monokinetic
again but also included the three AHe ages using a uniformly
applied default RDAAM rmr0 value of 0.83 for each apatite
grain (Fig. 3i). This was done to provide further insight into
whether this combination could yield a better outcome just
from the addition of more data for the inversion. The EX
model is still inaccurate, but the addition of AHe grains made
the ML path simpler; nevertheless it poorly reproduces the
true thermal history. The true AHe apparent ages were not
well reproduced, and the same age was predicted for all three
https://doi.org/10.5194/gchron-3-321-2021
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grains (Fig. 4i). This may be because the second 610 Ma AHe
grain utilized the true rmr0 value of 0.83 from the forward
modelling and was the best-predicted age of the three (close
to the observed age upper uncertainty limit) and dominated
the iterative sampling during the inversion. The AHe kinetics produced forward model ages that were distinctly older
(819 Ma) and younger (585 Ma) than the (middle) 610 Ma
grain, but these were unable to be reproduced assuming incorrect rmr0 kinetics.
5
5.1

Discussion
Apatite composition and multikinetic interpretation

The AFT and AHe modelling results presented here may
seem intuitive based on the implemented kinetics and modelling exercises using synthetic data but are worth discussing,
since situations where variable apatite compositions could
influence thermochronometric ages are likely to be encountered in natural samples. The results indicate the benefits offered by interpreting intrasample AFT kinetic populations for
inverse modelling and show how inappropriate assumptions
regarding kinetic parameters can greatly influence model
outcome. Our examples were determined for a single, distinct thermal history, and yet they establish that apatite composition and multikinetic interpretation (when appropriate)
provide valuable information for thermal-history modelling
– and they are mostly unexplored, or at least underutilized,
by routine AFT studies.
Collection of elemental data and interpretation of multikinetic samples is particularly important for providing greater
t–T resolution (Fig. 3a–f), whereas combining or overlooking kinetic populations effectively smears the t–T signal
contained in the individual kinetic groups and produces a
meaningless hybrid thermal-history model (Fig. 3g–i). We
could disregard these incorrect model simulations as selffulfilling due to forward modelling a synthetic dataset and
assuming “perfect” kinetic models; however for real scenarios we would not know the true thermal history, and without
other information, this class of results could be interpreted
as geologically meaningful. Perhaps more important are the
broader implications for thermal-history modelling if there
are inappropriate assumptions regarding data interpretation
and certain steps are not taken to fully evaluate AFT samples (Fig. 3g–i), especially at longer timescales where there
is greater uncertainty and less geologic control. An important point is that if multikinetic populations exist and are
properly interpreted, they have the potential to constrain a
much broader range of t–T space than an incorrect monokinetic (single population) interpretation for an overdispersed
AFT sample. Many readers may appreciate that assuming
or inadvertently “forcing” the wrong model is a problem,
but this remains a highly reviewed topic (e.g., Vermeesch
and Tian, 2014; Fox et al., 2019) and is seemingly underexplored in studies, as multikinetic-focused literature utilizing
https://doi.org/10.5194/gchron-3-321-2021
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detailed elemental chemistry remains practically negligible
in the > 20 years since multikinetic models were introduced.
Gallagher and Ketcham (2020) also touch on these points in
response to the lengthy modelling discussion sparked by Vermeesch and Tian (2014), and these are the primary themes of
this work.
5.2

Data quality and kinetic parameter influence on t –T
resolution

The overall temporal and thermal resolution contained in
multikinetic AFT data is influenced by multiple factors, such
as the amount and distribution of the data (i.e., if most of the
data are contained in one population versus distributed more
equally), thermal history (i.e., the magnitude and sequence
of heating-cooling events), and kinetics (i.e., the range of
temperature sensitivity). A greater number of different kinetic groups are sensitive to an expanded t–T range than a
single population. However, the ability to recover thermalhistory information depends on the details of the thermal
history; if maximum temperatures occur late in the history,
then previous events are thermally overprinted, and the early
history is obscured or erased entirely. We intentionally used
an ideal synthetic dataset with well-defined kinetic populations that have an equal distribution of data across all populations. Natural populations may have an uneven distribution
of grains, and therefore populations that contain the most
data will best resolve distinct parts of the thermal history.
Our QTQt inversions demonstrate the ability of these data
to inform t–T modelling in the context of variable kinetics and different modeller assumptions. The similarity between expected models that do and do not require paths to
pass through explicit t–T boxes (e.g., Fig. 3a–c) is informative for general modelling practices using Bayesian inversion methods. This tells us that the multikinetic data being
inverted have enough sensitivity to resolve the general t–T
history without necessarily requiring explicit conditions imposed on the t–T search. This is perhaps unexpected, as the
Bayesian sampling implemented by QTQt generally favours
simpler models over complex ones, which is a possible deterrent for users investigating deep-time thermal histories (McDannell and Flowers, 2020). However, this should not preclude the use of QTQt for deep-time problems, as the addition of thermochronological data augments inferences regarding thermal-history complexity.
However, enforcing constraints do not provide a remedy
if AFT kinetic relationships are ignored. The main region of
t–T space that proved difficult to resolve in all models was
the prolonged periods at low temperature. This was anticipated since the kinetic models and chronometers themselves
are rather insensitive to temperatures < 50 ◦ C. The EX model
may define an envelope that seems consistent with the known
true history (Fig. 3a–c); however this does not take into account the form of individual thermal histories that may be inconsistent with the true history. There were individual paths
Geochronology, 3, 321–335, 2021
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that were more similar to the true history for these three simulations, yet they were considered lower relative (posterior)
probability due to constraint box placement. We may expect
this compromise between accuracy (i.e., closer to the true
solution) and precision (i.e., greater certainty) because subsequent heating event(s) erase t–T information. The earlier
or older, low-temperature parts of the history will be less
and less resolvable with additional reheating and thus may
require constraint boxes to focus the t–T search. However,
imposing “uncertain” constraints, or constraints that do not
fully capture the geologic record where the model is less sensitive, leads to exclusion of (potentially viable) solutions and
tightens the 95 % credible interval. These results suggest that
data quantity, quality, and the use of t–T constraint boxes
variably trade off with one another, and the validity or uncertainty of geologic constraints should be carefully considered
and tested for natural samples since model results are conditional on these factors.
Figure 3e shows the ideal case with the most accurate
thermal-history recovery (nearly identical to the true history) when two constraint boxes are implemented with three
interpreted AFT kinetic populations and three AHe grains
modelled using the proper kinetics. Importantly, this applies in the case of integrating multiple low-temperature thermochronometers and/or multikinetic AFT data, especially
multikinetic populations that progressively diverge in kinetics, therefore increasing thermal resolution. However, constraint boxes provide no obvious advantage when the three
multikinetic populations are ignored and only the overall
central AFT age is modelled (Fig. 3h). We show additional
QTQt models in Fig. 5 to further establish the utility of modelling AFT grain populations with different annealing kinetics and the distinct temperature sensitivity provided by each
kinetic group. These simulations were carried out for each
kinetic population individually to demonstrate the sensitivity
of each population to the multiple heating and cooling events
present in the true forward history. The model in Fig. 5a
shows that population one is only sensitive to post-1 Ga cooling and the second reheating event, whereas the model in
Fig. 5b shows that population two is most sensitive to peak
temperatures achieved during the first heating event. Population three is sensitive to the initial cooling from high temperature and requires some poorly resolved reheating to partially
reset the AFT age and match the track length distribution.
The high retentivity of population 3 makes it mostly insensitive to the two heating and cooling cycles. Each of these
simulations illustrates that a single AFT population lacks sufficient t–T information to adequately resolve the (entire) true
thermal history, yet when each kinetic population is combined and modelled simultaneously (Fig. 3), their consolidated sensitivities enhance recovery of the true t–T solution.
Recently, Green and Duddy (2020) stated that “thermochronology data in isolation cannot define periods when
samples were cooler and subsequently reheated. This can
only be defined with the aid of constraints from geological
Geochronology, 3, 321–335, 2021

evidence.” Their comment alludes to the non-uniqueness of
t–T models and is true in situations where a single AFT age
population is modelled, or more generally when only one
thermochronometer is used to elucidate complicated t–T histories. Green and Duddy (2020) go on to state that slow, continuous cooling is often assumed in published thermal history
models and that this is inappropriate. However, model simulations such as the one that we show in Fig. 3g tell us that the
wrong model may imply slow monotonic cooling, although
it is not outright assumed, in agreement with the comment
by Gallagher (2021). We agree that monotonic-cooling solutions that faithfully reproduce observed thermochronology
data (Figs. 3g and 4g) are not necessarily “correct” and are a
product of attempting to recover a complex history with lowresolution data with incomplete (or absent) geologic context.
However, we propose that multikinetic AFT data or, more
generally, integration of independent information from multiple chronometers demonstrates that their view does not apply absolutely, as we can see illustrated in Fig. 3a. Our examples that utilize high-quality multikinetic data (Fig. 3a–e)
indicate that universal slow cooling assumptions are invalid.
5.3

Comparison with nondirected Monte Carlo t –T
simulation

Multikinetic AFT data may record complicated thermal histories that are difficult to simulate using classical randomized
MC algorithms, and model success can depend strongly on
the choice of boundary conditions that are used to limit the
model search space. The synthetic AFT data were inversely
modelled using the newest version of AFTINV v. 6.15 (Issler,
1996), a derivative of the Willett (1997) model that is similar
to the HeFTy software (Ketcham, 2005) in using a nondirected MC scheme and p values to generate and evaluate
thermal histories. Unlike HeFTy, AFTINV uses fixed, userspecified time points of arbitrary spacing and generates thermal histories by randomly selecting heating and cooling rates
to calculate temperature points forward and backward in
time. Thermal histories are constructed by piecewise assembly of different thermal-history styles (e.g., heating or cooling only or heating–cooling cycles) that are separated by randomly selected thermal minima within user-specified time
ranges that incorporate uncertainty in the time of deposition
or onset of reburial. Monte Carlo calculations are performed
to obtain a set (typically 300) of solutions exceeding the 0.05
level of significance, and then a controlled random search
(CRS; Price, 1977) learning algorithm is used to update the
solution set to the 0.5 level. Up to four different AFT kinetic
populations can be modelled simultaneously. Failure to find
any solutions at the 0.5 level may indicate a problem with the
boundary conditions, the style of thermal history, or incompatibilities among the kinetic populations, and further investigations should be undertaken to determine the source of the
problem.
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Figure 5. QTQt models of each individual AFT kinetic population plotted with respect to the true thermal history. (a) Kinetic population

one. (b) Kinetic population two. (c) Kinetic population three. The magenta dashed line indicates the approximate t–T sensitivity of each
kinetic population within the overall model history (also see Fig. 6b retention ages). The true kinetics were applied in each simulation. All
other explicit boundary conditions are the same as previous models.

Model sensitivity runs were undertaken to determine the
boundary conditions needed to obtain close fitting solutions,
and Fig. 6 shows the final preferred model results obtained
from the CRS calculations. We assumed two random reheating events with two accompanying thermal minima randomly selected between 1700–1200 and 700–400 Ma for the
model t–T history. Previous models that used broad rate limits required millions of trial model solutions that produced
a wide range of marginally acceptable solutions (0.05 level)
that could not be updated by the CRS algorithm to produce
the narrower thermal peaks needed to closely fit the AFT
data at the 0.5 level. Limiting the heating–cooling rates to
0.2 ◦ C Myr−1 from 1700 to 1200 Ma and 1 ◦ C Myr−1 for the
post-1200 Ma history improved model performance dramatically and yielded 44 solutions at the 0.5 significance level
(dark grey lines; Fig. 6a). These limits kept temperatures
closer to surface conditions prior to the first heating event
and eliminated spurious temperature fluctuations associated
with rates that are much higher than those used to generate
the synthetic data (Fig. 1). For natural multikinetic samples,
we do not know the thermal history in advance, so iterative
modelling and flexible boundary conditions may be necessary to obtain good t–T solutions.
Unlike the QTQt model results of Fig. 3, all individual
thermal histories in Fig. 6a provide statistically significant
fits to the AFT data. The minimum objective function solution (green curve; Fig. 6a) provides the closest fit to the
AFT age and length data (Fig. 6c). The exponential mean of
all 300 solutions (blue curve; Fig. 6a) provides acceptable
fits for kinetic populations two and three but fails to fit population one lengths due to insufficient annealing; the wide
range of permissible solutions for the low-temperature peak
results in an exponential mean peak temperature that is lower
than each of the individual solutions. Retention ages (Fig. 6b)
are model ages representing the oldest track (the shortest retained track length of ∼ 2 µm) present in each population, and
they indicate the approximate times when thermal-history information is retained by each AFT population. Population

https://doi.org/10.5194/gchron-3-321-2021

one retention ages are younger than thermal peak one, implying total annealing and accumulation of new tracks after
the peak one maximum temperatures. Population two shows
a bimodal retention age distribution indicating that some solutions have tracks with older retention ages that were not
reset during the first cycle of heating. Population three retention ages are all ∼ 2000 Ma, implying high track retentivity
and insensitivity to the two heating events.
6

Conclusions

Using synthetic multikinetic AFT (and AHe data) derived
from forward modelling, we show that, under favourable
conditions, it is possible to extract multi-cyclic heating and
cooling history information using inverse modelling methods when kinetic parameters for AFT annealing are correctly
specified. Essential details of a two-phase heating and cooling history are reproduced using AFT multikinetic data alone
without imposing constraint boxes, but the closest fit to the
true solution is achieved using all the synthetic data with constraint boxes. Alternative monokinetic interpretations that ignore multikinetic behaviour generate solutions that significantly depart from the true solution while providing close
fits to the interpreted AFT data; under these conditions, imposing constraint boxes does not improve modelled t–T solutions with respect to the true thermal history and the timing
and magnitude of heating events. Within the context of our
simulations and assumptions regarding helium diffusion kinetics, ignoring apatite composition (rmr0 kinetic parameter)
when it truly deviates from fluorapatite kinetics can cause
observed AHe ages to be reproduced poorly and yield inaccurate model thermal histories. Therefore, if apatite composition does appreciably modify He diffusivity, this effect may
be an additional, and unaccounted for, source of overdispersion in AHe datasets, and disagreement between observed
and modelled ages may be due to incorrect (kinetic) model
assumptions rather than poor-quality data.
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Figure 6. (a) AFTINV software thermal-history inversion results using random MC and the CRS algorithms (e.g., Willett, 1997; McDannell

et al., 2019b). Model in (a) was set up to find 300 random MC solutions at the 0.05 fit level (not shown), which are then used as a “seed”
pool for the CRS algorithm to iteratively recombine and refine the solution set to the better 0.5 statistical fit level. In this example, not all
solutions reached the 0.5 significance level (only 44 did; dark grey lines) and are therefore ≥ 0.05 level (light grey lines). The exponential
mean t–T path is shown for all 300 solutions (blue line) along with the “minimum objective function” or overall best-fit solution (green
line). (b) Retention ages or hypothetical age of the oldest retained fission tracks (2 µm) for each kinetic population. Retention ages give a
rough sense of temperature sensitivity. (c) Track length distribution model fits for the exponential mean and minimum objective function t–T
paths for each kinetic population. Observed versus predicted goodness of fit (GOF) for AFT age and track length for the minimum objective
function solution. See McDannell et al. (2019b) for further discussion of AFTINV modelling methods.

We recommend the routine collection of elemental data for
apatite dated using the fission track method to better quantify sample compositional variation and relate this to kinetic
behaviour for thermal-history analysis. Elemental data may
also prove useful to characterize first-order chemical variation in AHe datasets. The use of rmr0 , while imperfect, still
provides the best resolution for kinetic interpretation when
compared to other kinetic proxies. For natural samples, radial plot mixture modelling and trends between AFT data
and apatite chemistry are the primary tools for multikinetic
interpretation and should be approached iteratively and conservatively, and when possible, compared with other regional
AFT samples and geologic data to assess applicability and

Geochronology, 3, 321–335, 2021

consistency. The ability to recover high-resolution thermal
histories from multikinetic AFT samples depends on the details of the thermal history and characteristics of the data.
These topics are discussed more fully in a future companion
paper (Issler et al., 2021) that examines detrital AFT samples
from Yukon, Canada, to illustrate multikinetic AFT interpretation and modelling methods.

Data availability. The Supplement contains the true thermal his-

tory and the synthetic AFT dataset. See the main text for further
details.

https://doi.org/10.5194/gchron-3-321-2021

K. T. McDannell and D. R. Issler: Simulating sedimentary burial cycles – Part 1
Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/gchron-3-321-2021-supplement.

Author contributions. KTM designed research and performed

QTQt modelling. DRI performed AFTINV modelling and was involved in conceptual discussions and model evaluation. KTM and
DRI wrote the paper.

Competing interests. The authors declare that they have no con-

flict of interest.

Acknowledgements. These ideas were developed while Kalin T.

McDannell was a postdoc at the Geological Survey of Canada and
supported by the Natural Resources Canada Geo-mapping for Energy and Minerals (GEM) program. The authors graciously thank
Kerry Gallagher, Rich Ketcham, and an anonymous reviewer for
thoughtful comments to improve the clarity of this article and
Noah McLean for efficient editorial handling and correspondence.
Kerry Gallagher is also acknowledged for making changes to QTQt
specifically for these modelling exercises. Kalin T. McDannell
thanks his partner Jennifer for her help during the writing of this
article. This is NRCan contribution number 20200758.

Review statement. This paper was edited by Noah M. McLean

and reviewed by Kerry Gallagher, Richard A. Ketcham, and one
anonymous referee.

References
Barbarand, J., Carter, A., Wood, I., and Hurford, T.: Compositional and structural control of fission-track annealing in apatite,
Chem. Geol., 198, 107–137, https://doi.org/10.1016/S00092541(02)00424-2, 2003.
Belton, D. X., Brown, R. W., Kohn, B. P., Fink, D., and Farley, K. A.: Quantitative resolution of the debate over antiquity of the central Australian landscape: Implications for the
tectonic and geomorphic stability of cratonic interiors, Earth
Planet. Sc. Lett., 219, 21–34, https://doi.org/10.1016/S0012821X(03)00705-2, 2004.
Carlson, W. D., Donelick, R. A., and Ketcham, R. A.: Variability of
apatite fission-track annealing kinetics: I. Experimental results,
Am. Mineral., 84, 1213–1223, 1999.
Carpéna, J. and Lacout, J.-L.: Thermal annealing of fission tracks
in synthetic apatites, Nucl. Instrum. Meth. B, 268, 3191–3194,
2010.
Carpéna, J., Kienast, J.-R., Ouzegane, K., and Jehanno, C.: Evidence of the contrasted fission-track clock behavior of the apatites from In Ouzzal carbonatites (northwest Hoggar): The lowtemperature thermal history of an Archean basement, Geol. Soc.
Am. Bull., 100, 1237–1243, 1988.
Cogné, N. and Gallagher, K.: Some comments on the
effect of uranium zonation on fission track dating by LA-ICP-MS, Chem. Geol., 573, 120226,
https://doi.org/10.1016/j.chemgeo.2021.120226, 2021.

https://doi.org/10.5194/gchron-3-321-2021

333

Crowley, K., Cameron, M., and McPherson, B.: Annealing of etchable fission-track damage in F-, OH-, Cl- and Sr-apatite: 1. Systematics and preliminary interpretations, International Journal
of Radiation Applications and Instrumentation Part D-Nuclear
Tracks and Radiation Measurements, 17, 409–410, 1990.
Djimbi, D. M., Gautheron, C., Roques, J., Tassan-Got, L., Gerin,
C., and Simoni, E.: Impact of apatite chemical composition on
(U–Th) / He thermochronometry: An atomistic point of view,
Geochim. Cosmochim. Ac., 167, 162–176, 2015.
Donelick, R. A.: Method of Fission Track Analysis Utilizing Bulk Chemical Etching of Apatite, United States Patent,
5267274, pp. 1–35, available at: https://patentimages.storage.
googleapis.com/fc/2c/2e/1ca3abaa622fa4/US5267274.pdf (last
access: 2 November 2020), 1993.
Ehlers, T. A. and Farley, K. A.: Apatite (U–Th) / He thermochronometry: methods and applications to problems in tectonic and surface processes, Earth Planet. Sc. Lett., 206, 1–14,
2003.
Farley, K. A.: Helium diffusion from apatite, general behavior as
illustrated by Durango fluorapatite, J. Geophys. Res., 105, 2903–
2914, 2000.
Fitzgerald, P. G., Baldwin, S. L., Webb, L. E., and O’Sullivan, P.
B.: Interpretation of (U–Th) / He single grain ages from slowly
cooled crustal terranes: A case study from the Transantarctic
Mountains of southern Victoria Land, Chem. Geol., 225, 91–120,
2006.
Flowers, R. M. and Kelley, S. A.: Interpreting data dispersion and
“inverted” ages in apatite (U–Th) / He and fission-track datasets:
An example from the US midcontinent, Geochim. Cosmochim.
Ac., 75, 5169–5186, 2011.
Flowers, R. M., Ketcham, R. A., Shuster, D. L., and Farley, K. A.:
Apatite (U–Th) / He thermochronometry using a radiation damage accumulation and annealing model, Geochim. Cosmochim.
Ac., 73, 2347–2365, 2009.
Fox, M., Dai, J., and Carter, A.: Badly behaved detrital (U–Th) / He
ages: Problems with He diffusion models or geological models?,
Geochem. Geophy. Geosy., 20, 2418–2432, 2019.
Galbraith, R. F. and Laslett, G. M.: Statistical models for mixed
fission track ages, Nucl. Tracks Rad. Meas., 21, 459–470, 1993.
Gallagher, K.: Evolving temperature histories from apatite
fission-track data, Earth Planet. Sc. Lett., 136, 421–435,
https://doi.org/10.1016/0012-821X(95)00197-K, 1995.
Gallagher, K.: Transdimensional inverse thermal history modeling
for quantitative thermochronology, J. Geophys. Res.-Sol. Ea.,
117, 1–16, 2012.
Gallagher, K.: Comment on “Discussion: Extracting thermal history
from low temperature thermochronology/A comment on the recent exchanges between Vermeesch and Tian and Gallagher and
Ketcham” by Paul Green and Ian Duddy, Earth-Sci. Rev., 216,
103549, https://doi.org/10.1016/j.earscirev.2021.103549, 2021.
Gallagher, K. and Ketcham, R. A.: Comment on “Thermal history
modelling: HeFTy vs. QTQt” by Vermeesch and Tian, Earth-Sci.
Rev., 176, 387–394, 2018.
Gallagher, K. and Ketcham, R. A.: Comment on the reply to the Comment on “Thermal history modelling:
HeFTy vs. QTQt” by Vermeesch and Tian, EarthSci. Rev., 139, 279–290, Earth-Sci. Rev., 203, 102878,
https://doi.org/10.1016/j.earscirev.2019.102878, 2020.

Geochronology, 3, 321–335, 2021

334

K. T. McDannell and D. R. Issler: Simulating sedimentary burial cycles – Part 1

Gautheron, C., Tassan-Got, L., Barbarand, J., and Pagel, M.: Effect of alpha-damage annealing on apatite (U–Th) / He thermochronology, Chem. Geol., 266, 157–170, 2009.
Gautheron, C., Barbarand, J., Ketcham, R. A., Tassan-Got, L.,
van der Beek, P., Pagel, M., Pinna-Jamme, R., Couffignal, F., and
Fialin, M.: Chemical influence on α-recoil damage annealing in
apatite: Implications for (U–Th) / He dating, Chem. Geol., 351,
257–267, 2013.
Gleadow, A. J. W. and Duddy, I. R.: A natural long-term track
annealing experiment for apatite, Nucl. Tracks, 5, 169–174,
https://doi.org/10.1016/0191-278X(81)90039-1, 1981.
Glotzbach, C., Van Der Beek, P. A., and Spiegel, C.: Episodic exhumation and relief growth in the Mont Blanc massif, Western
Alps from numerical modelling of thermochronology data, Earth
Planet. Sc. Lett., 304, 417–430, 2011.
Green, P. and Duddy, I.: Discussion: Extracting thermal history from low temperature thermochronology, A comment on recent exchanges between Vermeesch and Tian
and Gallagher and Ketcham, Earth-Sci. Rev., 216, 103197,
https://doi.org/10.1016/j.earscirev.2020.103197, 2020.
Green, P., Duddy, I., Gleadow, A., Tingate, P., and Laslett, G.:
Fission-track annealing in apatite: track length measurements
and the form of the Arrhenius plot, Nucl. Tracks Rad. Meas.,
10, 323–328, 1985.
Green, P., Duddy, I., Gleadow, A., Tingate, P., and Laslett, G.:
Thermal annealing of fission tracks in apatite: 1. A qualitative
description, Chem. Geol.-Isotope Geoscience Section, 59, 237–
253, 1986.
Green, P. F.: Comparing kinetic models for fission track annealing
in apatite, On Track, 2, 12–16, 1992.
Green, P. F., Crowhurst, P. V., Duddy, I. R., Japsen, P., and Holford, S. P.: Conflicting (U–Th) / He and fission track ages in
apatite: enhanced He retention, not anomalous annealing behaviour, Earth Planet. Sc. Lett., 250, 407–427, 2006.
Hendriks, B. and Redfield, T.: Apatite fission track and (U–Th) / He
data from Fennoscandia: An example of underestimation of fission track annealing in apatite, Earth Planet. Sc. Lett., 236, 443–
458, 2005.
House, M. A., Wernicke, B. P., and Farley, K. A.: Dating topography
of the Sierra Nevada, California, using apatite (U–Th) / He ages,
Nature, 396, 66–69, 1998.
Issler, D. R.: An inverse model for extracting thermal histories from
apatite fission track data: instructions and software for the Windows 95 environment, Open File Report 2325, Geological Survey
of Canada, 84 pp., https://doi.org/10.4095/208313, 1996.
Issler, D. R., Lane, L. S., and O’Sullivan, P. B.: Characterisation, interpretation and modelling of multi-kinetic apatite fission track data using elemental data, in: Thermo 2018 – 16th
International Conference on Thermochronology, Quedlinburg,
Germany, 16–21 September 2018, Scientific Presentation 94,
https://doi.org/10.4095/311302, 2018.
Issler, D. R., McDannell, K. T., O’Sullivan, P. B., and Lane, L. S.:
Simulating sedimentary burial cycles – Part 2: Elemental-based
multikinetic apatite fission-track interpretation and modelling
techniques illustrated using examples from northern Yukon, in
preparation, 2021.
Ketcham,
R.
A.:
Forward
and
Inverse
Modeling
of
Low-Temperature
Thermochronometry

Geochronology, 3, 321–335, 2021

Data,
Rev.
Mineral.
Geochem.,
58,
275–314,
https://doi.org/10.2138/rmg.2005.58.11, 2005.
Ketcham, R. A.: Fission-track annealing: From geologic observations to thermal history modeling, in: Fission-Track Thermochronology and its Application to Geology, Springer, Cham,
Switzerland, 49–75, 2019.
Ketcham, R. A., Donelick, R. A., and Carlson, W. D.: Variability
of apatite fission-track annealing kinetics, III: Extrapolation to
geological time scales, Am. Mineral., 84, 1235–1255, 1999.
Ketcham, R. A., Carter, A., Donelick, R. A., Barbarand, J., and Hurford, A. J.: Improved modeling of fission-track annealing in apatite, Am. Mineral., 92, 799–810, 2007.
Kohn, B. P., Lorencak, M., Gleadow, A. J., Kohlmann, F., Raza,
A., Osadetz, K. G., and Sorjonen-Ward, P.: A reappraisal of
low-temperature thermochronology of the eastern Fennoscandia Shield and radiation-enhanced apatite fission-track annealing, Geol. Soc. Spec. Publ., 324, 193–216, 2009.
Li, W., Cheng, Y., Feng, L., Niu, J., Liu, Y., Skuratov, V. A.,
Zdorovets, M. V., Boatner, L. A., and Ewing, R. C.: Alphadecay induced shortening of fission tracks simulated by in
situ ion irradiation, Geochim. Cosmochim. Ac., 299, 1–14,
https://doi.org/10.1016/j.gca.2021.01.022, 2021.
McDannell, K. T.: Notes on statistical age dispersion in
fission-track datasets: the chi-square test, annealing variability, and analytical considerations, EarthArXiv, preprint, 1–4,
https://doi.org/10.31223/osf.io/uj4hx, 2020.
McDannell, K. T. and Flowers, R. M.: Vestiges of the Ancient:
Deep-Time Noble Gas Thermochronology, Elements, 16, 325–
330, 2020.
McDannell, K. T., Zeitler, P. K., Janes, D. G., Idleman, B. D.,
and Fayon, A. K.: Screening apatites for (U–Th) / He thermochronometry via continuous ramped heating: He age components and implications for age dispersion, Geochim. Cosmochim.
Ac., 223, 90–106, 2018.
McDannell, K. T., Issler, D. R., and O’Sullivan, P. B.: Radiationenhanced fission track annealing revisited and consequences for
apatite thermochronometry, Geochim. Cosmochim. Ac., 252,
213–239, 2019a.
McDannell, K. T., Schneider, D. A., Zeitler, P. K., O’Sullivan, P. B.,
and Issler, D. R.: Reconstructing deep-time histories from integrated thermochronology: An example from southern Baffin Island, Canada, Terra Nova, 31, 189–204, 2019b.
Naeser, N. D., Naeser, C. W., and McCulloh, T. H.: The application
of fission-track dating to the depositional and thermal history of
rocks in sedimentary basins, in: Thermal History of Sedimentary
Basins, edited by: Naeser, N. D. and McCulloch, M. T., SpringerVerlag, New York, USA, 157–180, 1989.
O’Sullivan, P. B. and Parrish, R. R.: The importance of apatite
composition and single-grain ages when interpreting fission
track data from plutonic rocks: a case study from the Coast
Ranges, British Columbia, Earth Planet. Sc. Lett., 132, 213–224,
https://doi.org/10.1016/0012-821X(95)00058-K, 1995.
Powell, J. W., Issler, D. R., Schneider, D. A., Fallas, K. M., and
Stockli, D. F.: Thermal history of the Mackenzie Plain, Northwest Territories, Canada: Insights from low-temperature thermochronology of the Devonian Imperial Formation, Geol. Soc.
Am. Bull., 132, 767–783, 2020.
Price, W. L.: A controlled random search procedure for global optimisation, Comput. J., 20, 367–370, 1977.

https://doi.org/10.5194/gchron-3-321-2021

K. T. McDannell and D. R. Issler: Simulating sedimentary burial cycles – Part 1
Ravenhurst, C. E., Roden-Tice, M. K., and Miller, D. S.: Thermal annealing of fission tracks in fluorapatite, chlorapatite,
manganoanapatite, and Durango apatite: Experimental results,
Can. J. Earth Sci., 40, 995–1007, https://doi.org/10.1139/e03032, 2003.
Recanati, A., Gautheron, C., Barbarand, J., Missenard, Y., PinnaJamme, R., Tassan-Got, L., Carter, A., Douville, É., Bordier, L.,
and Pagel, M.: Helium trapping in apatite damage: Insights from
(U–Th-Sm) / He dating of different granitoid lithologies, Chem.
Geol., 470, 116–131, 2017.
Recanati, A., Grozavu, N., Bennani, Y., Gautheron, C., and Missenard, Y.: Apatite (U–Th-Sm) / He age dispersion: First insights
from machine learning algorithms, Earth Planet. Sc. Lett., 554,
116655, https://doi.org/10.1016/j.epsl.2020.116655, 2021.
Schneider, D. A. and Issler, D. R.: Application of low-temperature
thermochronology to hydrocarbon exploration, in: Fission-Track
Thermochronology and its Application to Geology, edited by:
Malusa, M. G. and Fitzgerald, P., Springer International Publishing, New York, USA, 2019.
Shuster, D. L. and Farley, K. A.: The influence of artificial radiation
damage and thermal annealing on helium diffusion kinetics in
apatite, Geochim. Cosmochim. Ac., 73, 183–196, 2009.
Shuster, D. L., Flowers, R. M., and Farley, K. A.: The influence of
natural radiation damage on helium diffusion kinetics in apatite,
Earth Planet. Sc. Lett., 249, 148–161, 2006.

https://doi.org/10.5194/gchron-3-321-2021

335

van der Beek, P., Andriessen, P., and Cloetingh, S.: Morphotectonic evolution of rifted continental margins: Inferences from a
coupled tectonic-surface processes model and fission track thermochronology, Tectonics, 14, 406–421, 1995.
Vermeesch, P.: Statistics for LA-ICP-MS based fission track dating,
Chem. Geol., 456, 19–27, 2017.
Vermeesch, P.: IsoplotR: A free and open toolbox for geochronology, Geosci. Front., 9, 1479–1493, 2018.
Vermeesch, P. and Tian, Y.: Thermal history modelling: HeFTy vs.
QTQt, Earth-Sci. Rev., 139, 279–290, 2014.
Warnock, A. C., Zeitler, P. K., Wolf, R. A., and Bergman, S.
C.: An evaluation of low-temperature apatite U–Th / He thermochronometry, Geochim. Cosmochim. Ac., 61, 5371–5377,
1997.
Willett, S. D.: Inverse modeling of annealing of fission tracks in
apatite 1: A controlled random search method, Am. J. Sci., 297,
939–969, 1997.
Wolf, R. A., Farley, K. A., and Kass, D. M.: Modeling of the temperature sensitivity of the apatite (U–Th) / He thermochronometer,
Chem. Geol., 148, 105–114, 1998.
Zeitler, P. K., Johnson, N. M., Naeser, C. W., and Tahirkheli, R. A.:
Fission-track evidence for Quaternary uplift of the Nanga Parbat
region, Pakistan, Nature, 298, 255–257, 1982.

Geochronology, 3, 321–335, 2021

