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The manuscript by Fox et al. highlights the impact of uncertainty on time-temperature (t–T ) inversions with
respect to the widely used (U–Th)/He kinetic model that describes radiation damage effects on 4He diffusion in zircon
(ZRDAAM; Guenthner et al., 2013). The focus on diffusion kinetic uncertainty is timely and commendable—hopefully
stimulating further work to understand foundational aspects of zircon thermochronometry. A similar conclusion has
been discussed for nearly a decade in the published literature regarding kinetic model calibration and uncertainty
(e.g., Powell et al., 2016; Anderson et al., 2017; Johnson et al., 2017; Mackintosh et al., 2017; McDannell et al., 2019;
Guenthner, 2021), but to date, few attempts have been made to formally account for uncertainties directly in the
most commonly used thermal history modeling programs, nor have many more comprehensive laboratory diffusion
experiments been undertaken to better understand how radiation damage affects diffusivity for a broader suite of
natural zircons (e.g., Ginster et al., 2019). Kinetic uncertainties extend to the apatite (U–Th)/He system as well (e.g.,
Flowers et al., 2009; Gautheron et al., 2009; Fox and Shuster, 2014; Recanati et al., 2017; Willett et al., 2017; Guo et
al., 2021). Thus, (U–Th)/He kinetic uncertainty has been a well-known problem that perhaps has not been addressed
more decisively because the models have been considered good enough for most geologic applications.

1 Kinetic model uncertainty

Estimates of the effects of kinetic uncertainty for the (U–Th)/He system are rarely, if ever performed. Empirically
derived results suggest α-damage kinetics can be explained to first order by general characteristics of fission-track
annealing (Guenthner et al., 2013, Ketcham et al., 2013), but there are differences in detail and gaps in our
understanding remain (Ginster et al., 2019; Guenthner, 2021). Thus the ZRDAAM kinetic model recalibration
presented in the Fox et al. preprint is also by definition imperfect. So it becomes a question of what level of
kinetic model uncertainty are we willing to live with and when does it cause significant t–T inversion inaccuracy?
This is probably a challenge relevant to all timescales but it may be more important for certain geologic scenarios
(e.g., Guenthner, 2021) and becomes especially difficult to quantify in deep time—since geological benchmarks are
scarce and laboratory kinetic extrapolations become murky (Ketcham, 2019). Regardless of personal bias, seemingly
casting “thermochronometric uncertainty” as only a concern for resolving the origin of the Great Unconformity is
inappropriately narrow∗.

2 Parameter correlations

The authors raise important points about parameter correlations and how different kinetics may change model
results due to differences in damage annealing. Correlations between ZRDAAM diffusion kinetic parameters such
as activation energy (Ea) and frequency factor (D0) are important for assessing model accuracy and addressing
uncertainties—yet extrapolations between theoretical minimally damaged and highly damaged amorphous zircons are
still based on real, but limited, laboratory data. So while it is a useful exercise, it is nonetheless inhibited by the data
grounding the established radiation damage relationship. Of course, Ea and D0 are dependent on time-temperature
conditions. Time and temperature are also correlated and any change in temperature at one time can be compensated

∗A detail worth noting is that Fox et al. stated (lines 91–92): “...the uncertainties in the radiation damage model make it challenging

to accurately infer the timing and magnitude of unconformities in the deep past”. Thermochronological methods lack the temperature

sensitivity to determine the final erosional event that results in an unconformity, and the erosional surface itself is inherently a feature

terminated and preserved by sedimentation. McDannell et al. (2022a) were not ‘dating the unconformity’ but were instead placing limits

on the timing, magnitude, and most importantly the spatial pattern of widespread rock cooling and exhumation that led to formation of

the Great Unconformity in North America.
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by an opposing temperature change at another time (e.g., Willett, 1997). Isolating kinetic uncertainty in models is
important, however, ignoring other factors that may affect t–T inversions makes it hard to evaluate the absolute
effects and practicality of such measures.

� Does reduction of the uncertainty of the diffusion data for the critically important damaged N17 zircon (lines
189–192) drive the ‘excellent’ MCMC recovery of Ea and D0 (their fig. 2), and does this in any way have
an effect on the poorer recovery (with respect to the canonical values) of the parameters for the undamaged
crystal?

� Can the Fox et al. ZRDAAM Ea and D0 calibration values simply be resampled using MCMC in a Bayesian
t–T inversion, and if so, how would that affect thermal history recovery?

3 The effects of additional constraints on inversions results?

Fox et al. presented QTQt inversions (Gallagher, 2012) without imposed constraints (latter commonly represented
as t–T boxes through which candidate histories must pass). To be clear, the so-called “unconstrained” models in
McDannell et al. (2022a) were explicitly shown to assess the t–T sensitivity of the data during recursive modelling
and comparison of alternate models with t–T boxes. Gallagher (2021) most recently discussed this QTQt modelling
strategy in some detail. Other commentary has improperly dismissed that class of models as ‘invalid’ due to
misunderstandings about their meaning and purpose (Flowers et al., 2022). However, such exercises prove useful and
informative for validation of near-endmember models against the geologic record, rather than just simply forcing the
data to conform to an uncertain, presupposed geologic model (see McDannell et al., 2022b). Any models presented in
the former way should be viewed within the bounds of the kinetic assumptions (that are held fixed between inversions).
Evaluating different inversion parameterizations with other geological constraints and/or associated uncertainties are
valuable and motivationally transparent. Unconstrained inversions without many t–T boxes are undoubtedly affected
by uncertainty and parameter correlations (as are those with boxes). Yet, systematic uncertainties may pose a more
dubious problem for inversions that enforce many optimistically certain t–T constraint boxes based on interpretive
assumptions.

� How do known physical geologic constraints affect the Fox et al. QTQt inversions? It is understood that
examining kinetic parameter uncertainty in isolation was a goal of the paper, however, the effects of that
uncertainty on the thermal histories would likely change with imposed constraints—this should be investigated
and compared to the baseline case.

� Do geologic constraints imposed in a thermal history inversion impact the covariance/correlations between
(kinetic) parameters?

� How do the observed vs. predicted zircon (U–Th)/He (ZHe) dates compare for the different QTQt inversions
(i.e., Gallagher, 2016)?

� Does inverting multiple thermochronometers (as was done in the McDannell et al. 2022a MRVT models) reduce
model non-uniqueness and change t–T resolution?

4 Posterior probabilities

It is unclear how much the Fox et al. thermal histories actually change in detail (their fig. 5), and if such changes
quantitatively impact interpretations for parts of t–T space where the thermochronometer data are most sensitive.
For example, their QTQt models mostly show differences in the pre-1000 Ma thermal history for the Minnesota
River Valley Terranes (MRVT; McDannell et al., 2022a), which is not well constrained by data due to Neoproterozoic
(and later) thermal resetting. However, by our account, the late Neoproterozoic cooling and episodic Phanerozoic
reheating history is quite similar between the models implementing the original ZRDAAM kinetics and recalibrated
high/low amorphous frequency factor kinetics. Fox et al. asserted that (line 251): “Results show that while the general
trend of the cooling is very similar, the posterior probabilities are all quite different (figure 5).” The relative posterior
probabilities seem comparable across all models except for the extremely linear regions of high probability (see below).
The first-order differences in the recovered history styles, or at least the posterior probabilities of the accepted paths
compared to the inversions in McDannell et al. (2022a) [that were run for much longer in QTQt], indicate that there
may be procedural reasons for these discrepancies.

� Could the posterior probability change with increased MCMC sampling?
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� Could the number of model iterations required for the posterior distribution to become stationary change
depending on the kinetics?

4.1 MCMC burn-in and ZHe uncertainties

In all three of the Fox et al. QTQt models, the regions of t–T space with the highest relative probabilities are
very “linear”—a possible cause for this could be that the burn-in for the inversions was too short (and/or restarted
QTQt inversions began with a poor model). We discovered analogous posterior probability behavior related to
burn-in in preliminary QTQt tests for the MRVT samples (McDannell et al. 2022a; published models � 500,000
burn-in/post-burn-in iterations). We ran QTQt model tests with up to 1,500,000 burn-in iterations and 1,000,000 post
burn-in iterations—the accepted paths typically gained structure with longer run times. Much longer burn-in periods
are required for deep-time inversions spanning billions of years with large (multi-)thermochronometer datasets.

Another likely reason for the linearity in the regions of high relative posterior probability in the accepted
t–T paths may be that, as far as we can tell, the Fox et al. QTQt models allowed the ZHe age uncertainties to
be resampled up to 1–2� the input age error (K. Gallagher, pers. comm.). Fox et al. used the same the same
Minnesota QTQt input ZHe data file was used in McDannell et al. (2022a). The problem with that approach
is that the Minnesota dates in McDannell et al. (2022a) already underwent a form of Empirical Bayes error
resampling prior to inverse modelling (see fig. S15 in that paper). The internal analytical uncertainties were
used to calculate the ‘external uncertainty’ by creating a Gaussian kernel or normal probability density function
in eU space centered on each uncorrected ZHe date (eU = effective uranium = U+0.238*Th). A 100-ppm eU
kernel was taken to represent the range over which zircon grains with similar eU should have similar ages and the
Empirical uncertainty was estimated by summing the internal and external uncertainties in quadrature (code available:
https://github.com/OpenThermochronology/EmpiricalBayes).

Therefore, Fox et al. allowed the uncertainties on the input data to be much too large, which essentially causes a
loss of apparent complexity in the observed date-eU pattern and allows the data to be easily reproduced—resulting in
more simple t–T paths being accepted (regions of t–T space with high relative probability are linear). For example,
the oldest 770 Ma zircon had an input Empirical Bayes uncertainty of ± 100 Myr but this was allowed to be sampled
up to ± 200 Myr in the Fox et al. inversions. Due to this, we assume that the fits between the observed and predicted
data are poor (i.e., many of the predictions are at the margin of acceptability), but that is unable to be evaluated in
the preprint. A similar discussion in McDannell and Keller (2022) touched on the issue of uncertainty estimation
for apatite (U–Th)/He data and how if uncertainties become too large then all t–T sensitivity is lost (see their Fig.
S1). In QTQt this can result in simple linear histories being accepted more often. Such a model may be interpreted
as geologically meaningful but that may not be appropriate (e.g., Gallagher, 2021). Simple t–T models are merely
due to inadequate sensitivity/resolution, which could be sourced from the kinetics or the chronometer data. These
outcomes are not just limited to Bayesian methods. Other software that utilize pure Monte Carlo search methods
instead rely on many “exploration boxes” to delineate the model space, therefore, loss of sensitivity due to outsized
data errors would probably never be recognized by the modeller. In many cases this would also be a welcome effect
because it would allow more paths to be found more easily with a nondirected MC algorithm—this means that boxes
(based on assumptions) could have more influence on the thermal history results than the (U–Th)/He data.

4.2 Timing of cooling

Fox et al. expressed (lines 96–98): “Using QTQt, we show that different diffusion kinetics can lead to the onset
of cooling for resolved thermal histories from inverse methods varying by hundreds of millions of years.” and lines
(253–254): “In particular, the part of the thermal history that appears well resolved by the data changes from 1000 Ma
to 1500 Ma depending on the choice of radiation damage parameters.” These statements seem based on interpretation
of where the initial timing of higher relative probability begins within the different QTQt models. Considering the
potential limiting circumstances surrounding their date uncertainties being too large (and/or incomplete burn-in?)
this seems a tenuous conclusion. Their interpretation overlooks the consistent Neoproterozoic cooling present in all
of their models. In addition, there is no obvious reason why ‘cooling onset’ would necessarily correlate with high
posterior probability. The time of peak cooling when the first derivative of a cooling curve is maximized is perhaps a
better metric to consider (fig. 1). The apparent differences in resolution in their models is not necessarily because of
the choice of radiation damage parameters. The fact that Neoproterozoic cooling is present in the Fox et al. models
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but low probability suggests that there are possible issues surrounding burn-in or overall poor t–T resolution due to
overestimated ZHe uncertainties.
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Figure 1: Schematic time-temperature plot showing three cooling curves of decreasing cooling rate from high to low temperature. In
thermochronological inversions typically comprising a group of possible solutions, variable rate is a source of uncertainty and cooling onset is
mostly controlled by data sensitivity (i.e., how well the model t{T path resolves some true cooling signal). For example, if the true total cooling
magnitude is 200°C, and the data are only sensitive to temperatures ≤ 100°C, then the apparent cooling onset with be temporally biased by the
difference in time between the true cooling onset and data sensitivity onset, proportional to the slope of the cooling curve. Thus in this scenario,
cooling onset would only be accurate for near instantaneous cooling and would be highly inaccurate for situations involving slow cooling—more
similar to that expected in a cratonic setting like Minnesota. Moreover, if chronometer data are low sensitivity then direct bias can be introduced
by t{T constraint box arrangement portraying a seemingly well-resolved but inaccurate onset of cooling. Refer to McDannell and Keller (2022) for
further discussion. It is our opinion that cooling onset is difficult to interpret and it is arguably less important than the time of ‘peak cooling’ for
an overall cooling signature—when the first derivative of the cooling curve is maximized. The time of peak cooling is the same for all cooling
curves shown here, as is the time of the true cooling event, yet with dramatically different times of “cooling onset”.

4.3 Continuous spread of ages as a function of eU

Fox et al. also discussed an aspect of the measured ZHe data that directly plays into thermal history recovery—the
impact of the spread in zircon eU—and if the spread is narrow, sensitivity is limited and modelled histories are more
uncertain (their fig. 6). This was also reviewed broadly in McDannell and Keller (2022); see their supplementary
material. Fox et al. stated “Many ages need to be sampled in order to accurately capture the spread in ages over
a specific [eU] bin” and also said (line 295): “The need to accurately capture spread are especially important if ages
need to be averaged within [eU] bins to find acceptable paths as the uncertainty for the mean age is determined by the
standard deviation.” We would argue that their findings actually make a clear and obvious argument against binning
ages by eU and averaging them in the first place. The need to capture the spread in ages supports collection of more
ZHe data, not less by arbitrary means. The practice of eU binning and averaging is increasingly common but it is an
ad hoc attempt to circumvent other statistical limitations (see McDannell et al., 2022b). Therefore, if eU binning is
performed, the assertion that thermochronometer data are inherently “low resolution” is an oversimplification and
without merit—since a natural outcome of averaging is information loss. All thermochronometers have fundamental
limits on t–T resolution, which is the primary reason to apply multiple thermochronometers in deep time (McDannell
et al., 2019; McDannell and Flowers, 2020).
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