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ABSTRACT

The (U-Th)/He dating technique is an es-
sential tool in Earth science research with
diverse thermochronologic, geochronologic,
and detrital applications. It is now used in a
wide range of tectonic, structural, petrologi-
cal, sedimentary, geomorphic, volcanological,
and planetary studies. While in some circum-
stances the interpretation of (U-Th)/He data
is relatively straightforward, in other cases it
is less so. In some geologic contexts, individual
analyses of the same mineral from a single
sample are expected to yield dates that dif-
fer well beyond their analytical uncertainty
owing to variable He diffusion Kkinetics. Al-
though much potential exists to exploit this
phenomenon to decipher more detailed ther-
mal history information, distinguishing inter-
pretable intra-sample data variation caused
by kinetic differences between crystals from
uninterpretable overdispersion caused by
other factors can be challenging. Nor is it al-
ways simple to determine under what circum-
stances it is appropriate to integrate multiple
individual analyses using a summary statistic
such as a mean sample date or to decide on
the best approach for incorporating data into
the interpretive process of thermal history
modeling. Here we offer some suggestions
for evaluating data, attempt to summarize
the current state of thinking on the statistical
characterization of data sets, and describe the
practical choices (e.g., model structure, path
complexity, data input, weighting of differ-
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ent geologic and chronologic information)
that must be made when setting up thermal
history models. We emphasize that there are
no hard and fast rules in any of these realms,
which continue to be an important focus of
improvement and community discussion,
and no single interpretational and modeling
philosophy should be forced on data sets. The
guiding principle behind all suggestions made
here is for transparency in reporting the steps
and assumptions associated with evaluating,
integrating, and interpreting data, which will
promote the continued development of (U-
Th)/He chronology.

1. INTRODUCTION

Over the last quarter-century, the field of (U-
Th)/He chronology has been transformed by
improved understanding of the fundamentals
of the technique, the development of standard
analytical workflows that are relatively straight-
forward to implement in labs, and the availabil-
ity of tools to help interpret the significance of
data. Together, this transformation has enabled
an explosion of applications. Depending on the
circumstance, the (U-Th)/He method can be ap-
plied as a thermochronometer to decipher the
thermal history of a rock, as a geochronometer to
constrain mineral crystallization and the age of
distinct geologic events, or in detrital studies to
characterize the thermal history of sedimentary
basins and source regions (Fig. 1). Conventional
and emerging directions include constraining
paleotopography, landscape evolution, tectonic
exhumation along normal faults, and erosional
exhumation at the local and orogenic scale (refer
to Reiners et al., 2018, for examples), as well as
detrital studies to decipher sediment provenance

(e.g., Stockli and Najman, 2020), Fe oxide in-
vestigations to address fault zone processes and
weathering histories (e.g., Shuster et al., 2005;
Cooperdock and Ault, 2020; dos Santos Albu-
querque et al., 2020), extraterrestrial material
studies to infer impact histories (e.g., Kelly et al.,
2018; Tremblay and Cassata, 2020), dating of
tephras and other volcanic products to quantify
the ages of volcanic eruptions (e.g., Danisik
et al., 2012, 2021), and deep-time applications
to decipher near-surface histories over hundreds
of millions of years (e.g., McDannell and Flow-
ers, 2020; Peak et al., 2021).

This rapid progress has generated strong
needs for data integration, representation, statis-
tical characterization, interpretation, and model-
ing approaches that are flexible and suitable for
adiverse array of data sets. These methodologies
are under continuous development. Challenges
include how to evaluate and combine multiple
analyses from the same material. Reproduc-
ible (U-Th)/He dates are expected for many
samples, such as in geochronologic applications
and thermochronologic studies in quickly cooled
settings. However, in other cases, individual ali-
quots of the same mineral from the same sample
(or multiple samples that underwent the same
thermal history) are expected to yield dates that
differ beyond the analytical uncertainties due to
factors such as radiation damage and crystal size
that cause crystals to have different He diffusion
kinetics (e.g., Reiners and Farley, 2001; Fitzger-
ald et al., 2006; Flowers and Kelley, 2011; Brown
et al., 2013; McDannell et al., 2018). Although
this type of intra-sample dispersion (referred to
here as “date variation”) is potentially beneficial
for data interpretation if kinetic variability is suf-
ficiently well understood, it also can be obscured
by other factors that are unnoticed, unmeasured,
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Figure 1. Examples are shown of geologic settings in which (U-Th)/He may be applied as a thermochronometer, as a geochronometer, or in
detrital studies: (A) use as a thermochronometer to constrain rapid cooling and exhumation associated with faulting and erosion; (B) use
as a geochronometer to constrain the age of a volcanic deposit; (C) use in detrital studies on unreset, partially reset, or fully reset sedimen-
tary rock samples to obtain information about the thermal history of source regions, peak burial heating, and/or post-burial cooling and
exhumation; and (D) use as a thermochronometer to constrain the protracted time-temperature (tT) path of a cratonic setting. HePRZ—He

partial retention zone.

or currently unquantifiable and cause system-
atic bias or scatter in the data (referred to here
as “overdispersion” or “scatter”). This possible
complexity in data distributions depending on
time-temperature (tT) path and/or crystal charac-
teristics can complicate the statistical representa-
tion of data sets. For example, it is not always
appropriate to combine analyses from a sample
using some measure of central tendency (such
as a mean sample date), because these summary
statistics assume that the population is normally
distributed, which is not true for samples charac-
terized by substantial date variation.

In addition, differing thermal history model-
ing philosophies have been developed. Mod-
eling is an interpretational process, and the
application of different strategies can yield dif-
ferent types of insights into data from different
geologic settings. When such modeling is used
to help decipher thermochronologic data sets,
interpretive choices must be made. These in-
clude how to assimilate data and their uncertain-
ties, how to weight and input different types of
chronologic and geologic information, how to
permit a geologically reasonable level of com-
plexity for tT path solutions, and how to define
the model structure based on the sample con-
text as well as the questions to be explored and
hypotheses to be tested with the results. These
decisions directly impact the model outcomes
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and the implications inferred from them. It is
possible for different conclusions to reasonably
be reached from the same data set depending on
the approach and decisions made while setting
up models.

Our goal here is not to resolve all of these
complex issues, but rather to capture the current
state of thinking on these topics, to outline the
considerations when evaluating and integrating
individual aliquot data and when assimilating
data into thermal history modeling, to advocate
against forcing any specific interpretational
and modeling philosophy on data, and to in-
stead promote transparency in reporting these
practices so that these methods can continue to
progress in tandem with the needs of different
types of data sets. We first review sources of in-
terpretable intra-sample date variation as well
as causes of overdispersion (section 2); provide
some suggestions for evaluating results in ther-
mochronometer, geochronometer, and detrital
studies (section 3); discuss considerations and
statistical approaches when integrating analyses
(section 4); summarize the decisions to be made
when setting up thermal history models (sec-
tion 5); and conclude by describing future di-
rections (section 6). Most (U-Th)/He data have
been acquired for apatite and zircon using the
conventional single crystal methodology, so we
accordingly focus this manuscript on these data
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types. The companion paper provides essential
background for this contribution by describing
the fundamentals of the method; dateable min-
erals; how individual aliquot data are acquired;
the process and choices associated with data
reduction; and recommended reporting prac-
tices for individual aliquot (U-Th)/He, kinetic,
4He/*He, and continuous ramped heating data
(Flowers et al., 2022). This manuscript covers
considerations associated with the subsequent
steps along the path from individual analyses to
data interpretation. We refer the reader to recent
reviews that provide numerous examples of ap-
plications (Reiners et al., 2018; Aultet al., 2019;
Tremblay et al., 2020). Our primary aim here
is to provide the reader with practical knowl-
edge to help decipher different types of (U-Th)/
He data sets and to enhance the clear presen-
tation of the interpretational steps in published
products.

2. SOURCES OF INTRA-SAMPLE DATE
DISPERSION AND THEIR DIAGNOSIS

Multiple factors can cause (U-Th)/He dates
from a sample to vary beyond their analytical
uncertainties. This section, Figure 2, and Table 1
summarize possible contributors to data disper-
sion; their effects on the data; if the magnitude of
dispersion is affected by the nature of the thermal

Geological Society of America Bulletin, v. 135, no. 1/2
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Figure 2. Illustration shows different factors that can influence (U-Th)/He dates: (A) radiation damage influence on He diffusion kinetics,
(B) grain size influence on He diffusion kinetics, (C) eU zonation, (D) grain fragmentation, (E) natural grain abrasion in detrital samples,
(F) He implantation from “bad neighbor” eU-rich crystals or eU-rich rim phases, and (G) mineral or fluid inclusions. See section 2 and
Table 1 for summaries of how each factor influences (U-Th)/He dates and if/how each factor can be diagnosed, leveraged in thermal history

interpretation, or avoided.

history; and if/how the causes can be detected,
exploited, or avoided. These factors include ki-
netic effects (e.g., due to radiation damage, grain
size; section 2.1), U-Th zonation (section 2.2),

Geological Society of America Bulletin, v. 135, no. 1/2

grain fragmentation and abrasion (section 2.3),
He implantation (section 2.4), and mineral and
fluid inclusions (section 2.5). We then highlight
the role of (T paths in data dispersion (section
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2.6). We especially emphasize how to diagnose
if a given factor influences a (U-Th)/He data set
and if the factor can be leveraged in thermal his-
tory interpretation.
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2.1. Date Variation Caused by He Diffusion
Kinetic Variability

Date variation can be caused by effects that
introduce differences in He diffusion kinet-
ics (and thus closure temperature, or T value)
among grains from a single sample or from mul-
tiple samples that underwent the same thermal

Flowers et al.

history. These effects can expand the thermal
history information accessible by the data. Their
influence can be substantial for samples that un-
derwent protracted types of tT paths but are mini-
mized for samples in geochronometer studies and
from young, fast-cooled settings (section 2.5).
Figures 3—4 illustrate how radiation damage and
grain size influence apatite and zircon (U-Th)/

Apatite Forward Models

He dates for tT paths characterized by fast cool-
ing, protracted cooling through the He partial
retention zone (HePRZ), and reheating into the
HePRZ. See section 3 of the companion paper
(Flowers et al., 2022) for a more complete sum-
mary of how each factor is thought to mechanis-
tically control He diffusion; the main focus here
is on the data patterns generated by each effect.
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Figure 3. Plots show the influence of radiation damage and grain size on apatite (U-Th)/He dates for thermal histories characterized by (A)
rapid cooling, (B) protracted cooling through the He partial retention zone (HePRZ), and (C) reheating into the HePRZ. In each example,
left plot is tT path, middle plot shows predicted apatite (U-Th)/He dates versus eU for different equivalent spherical radius (Rg) values, and
right plot shows predicted apatite (U-Th)/He dates versus Rq for different eU values. Note different time and date scales in panel C than
in panels A and B. The (U-Th)/He dates were modeled in the HeF Ty software (Ketcham, 2005) using the apatite RDAAM model (Flowers

et al., 2009).
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Zircon Forward Models
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Figure 4. Plots show the influence of radiation damage and grain size on zircon (U-Th)/He dates for thermal histories characterized by (A)
rapid cooling, (B) protracted cooling through the He partial retention zone (HePRZ), and (C) reheating into the HePRZ. In each example,
left plot is tT path, middle plot shows predicted zircon (U-Th)/He dates versus eU for different equivalent spherical radius (Rg) values, and
right plot shows predicted zircon (U-Th)/He dates versus Ry for different eU values. Note different time and date scales in panel C than in
panels A and B. Also note the higher temperatures of the tT path than in Figure 3. The (U-Th)/He dates were modeled in the HeFTy software
(Ketcham, 2005) using the ZRDAAM model (Guenthner et al., 2013).

2.1.1. Radiation Damage

A variety of work has demonstrated that the
accumulation of radiation damage due to radio-
active decay has a substantial effect on the He
diffusivity of apatite and zircon (Fig. 2A; see
section 3.3 of companion paper for a summary,
Flowers et al., 2022; e.g., Shuster et al., 2006;
Guenthner et al., 2013). Plots of date versus eU

Geological Society of America Bulletin, v. 135, no. 1/2

provide a means to evaluate the influence of ra-
diation damage on data from the same sample
(or from samples with the same tT path), be-
cause eU is a proxy for damage for grains with
the same thermal history (Figs. 3—4, plots in the
middle column; Shuster et al., 2006; Flowers
et al., 2007). This is because total accumulated
radiation damage is due to both eU (represent-

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/137/5754592/b36268.1.pdf

ing the mineral’s alpha productivity) and the
time and conditions of damage accumulation
and annealing. For minerals that underwent
the same damage accumulation and annealing
conditions (and with the same damage accumu-
lation and annealing behavior), eU becomes a
useful damage proxy. In some cases, radiation
damage variation across a mineral suite with
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the same tT path can generate positive (apatite
and zircon; Figs. 3B-3C and 4B) and/or nega-
tive (zircon; Fig. 4C) correlations between date
and eU. Date-eU plots have become a standard
approach for representing data graphically,
both because of the factors that influence diffu-
sion kinetics, radiation damage has the greatest
potential leverage (with tens to >100 °C varia-
tion in single-mineral closure temperatures pos-
sible), and because this factor can be exploited
in thermal history interpretation.

Radiation damage and its associated ef-
fect on He diffusivity are evolving properties
of crystals. Longer intervals of damage accu-
mulation more strongly impact an individual
mineral’s He retentivity and allow for greater
divergence of He retentivities across minerals
characterized by variable eU and thus variable
damage generation rates. These effects are also
magnified by higher eU (one reason why ra-
diation damage affects zircon more profoundly
than apatite) and greater eU variation in the
crystal suite. Together, these factors increase
the probability that a date-eU correlation will
be observed among grains from a sample that
experienced a given tT path. Note that detrital
samples that did not undergo full post-deposi-
tional resetting will likely have additional scat-
ter on date-eU plots because of differing pre-
depositional thermal histories (e.g., Flowers
et al., 2007; Guenthner et al., 2015).

He diffusion kinetic models that track the evo-
lution of He diffusion as a function of the accu-
mulation and annealing of radiation damage are
available for both apatite and zircon (e.g., Flow-
ers et al., 2009; Gautheron et al., 2009; Guenth-
ner et al., 2013; Gerin et al., 2017; Willett et al.,
2017). Their improvement is an important focus
of ongoing work. These models enable the ef-
fects of radiation damage on (U-Th)/He data
sets to be simulated quantitatively (see section
5), and allow for thermal history information to
be extracted from date-eU relationships. The use
of these kinetic models requires the input of the
parent isotope concentrations for the simulated
minerals, so that the rates of radiation damage
accumulation can be tracked.

2.1.2. Crystal Size

He loss is controlled by the domain size,
which for apatite and zircon is usually consid-
ered to be the size of the physical crystal itself
(Fig. 2B; see section 3.2 of companion paper,
Flowers et al., 2022; e.g., Farley, 2000; Rein-
ers and Farley, 2001). Crystal size is typically
represented by the equivalent spherical radius
(Rg), which is the radius of a sphere with the
same surface-area-to-volume ratio or the same
alpha-ejection (Fr) correction as the simulated
grain. Plots of date versus Rq (Figs. 34, plots
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in the right column) can be used to assess if
crystal size variation influences data disper-
sion for samples in which whole crystals were
analyzed and the crystal represents the diffu-
sion domain (this is not necessarily true for
fragments or detrital minerals). This effect can
generate positive correlations between date and
Ry for protracted tT paths (Figs. 3B-3C and
4B—4C) and can cause closure temperatures to
vary by ~10 °C for common grain size differ-
ences. Unlike radiation damage, crystal size is
not an evolving property of crystals, with detri-
tal grains being possible exceptions.

Because radiation damage can exert much
greater control on He diffusivity than size, date-
eU correlations may be present in the data while
positive date-crystal size patterns are not (e.g.,
Weisberg et al., 2018a). For zircon, variation in
crystal aspect ratio may introduce dispersion on
date-size plots because of anisotropic diffusion
(see companion paper, Flowers et al., 2022).
Negative date-size correlations can even occur
owing to eU-size relationships among the dated
grains. For example, negative eU-size correla-
tions in apatite (e.g., Reiners et al., 2018) and
positive eU-size correlations in zircon (e.g.,
Baughman and Flowers, 2020) may generate
negative date-size patterns. In some cases, it is
possible for thermal histories to create size-date
correlations in the absence of date-eU patterns
if crystal size varies widely across a mineral
suite but damage does not, due to a limited eU
range and/or short damage accumulation time
(e.g., Reiners et al., 2018). For detrital grains
with pre-depositional tT paths and abrasional
rounding histories that differ, distinct patterns
may not emerge on date-size plots. Like radia-
tion damage, the effect of crystal size on He dif-
fusion is included in kinetic model frameworks
used for thermal history interpretation.

2.1.3. Major Element Chemistry

Chemical composition has the potential to
influence diffusional characteristics by modi-
fying the mineral lattice structure and anneal-
ing properties (see section 3.4 of companion
paper, Flowers et al., 2022; e.g., Gautheron
et al., 2013; Djimbi et al., 2015). However, the
importance of this factor for He diffusion in
different minerals is not yet well constrained.
The effect of chemistry on annealing kinetics
is best-understood for apatite, where the mag-
nitude depends on apatite chemistry, chemical
variability across the apatite suite, and the tT
path. The crystal chemistry effect on anneal-
ing properties is included in apatite kinetic
models (e.g., Flowers et al., 2009; Gautheron
et al., 2009) and thus can be incorporated in
thermal history models if apatite chemistry is
measured.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/137/5754592/b36268.1.pdf
bv auest

2.1.4. Potential for Trapping in Coarser
Defects

Crystal imperfections such as microfractures,
dislocations, void spaces, and vacancies have
the potential to trap He in the crystal and bias
results to older dates (see section 3.5 of com-
panion paper, Flowers et al., 2022; e.g., Danisik
et al., 2017; Gerin et al., 2017; Zeitler et al.,
2017). These features are not easily detectable
with techniques that are currently part of the
workflow of most (U-Th)/He labs, and are not
included or interpretable within current kinetic
model frameworks. However, identification of
anomalous diffusivity behavior due to crystal
defects in individual grains is possible using
continuous ramped heating approaches (e.g.,
Idleman et al., 2018; McDannell et al., 2018),
which hold opportunity for more routine use to
fingerprint and discard such crystals from data
sets. Avoiding the analysis of minerals from
highly deformed rock samples may help mini-
mize the probability of this trapping effect. The
degree to which the trapping effect influences
(U-Th)/He dates is an area of active research.

2.2. Dispersion Caused by U-Th-Sm
Zonation

Parent nuclides (U, Th, and Sm) are gener-
ally assumed to be homogeneously distributed
in crystals dated by (U-Th)/He, but many grains
do not conform to this simplified assumption
(Fig. 2C). Zonation of parent nuclides has the
potential to affect (U-Th)/He dates by complicat-
ing the F; correction (e.g., Meesters and Dunai,
2002a, 2002b; Hourigan et al., 2005), modifying
the shape of the He diffusion profile, and creat-
ing intracrystalline domains with varying radia-
tion damage fractions and He diffusivities, thus
affecting the bulk crystal retentivity (e.g., Far-
ley et al., 2011; Danisik et al., 2017). Typically,
grains with rims enriched in eU will yield dates
younger than those of unzoned crystals, while
grains with enriched cores will yield dates older
than those of their unzoned counterparts.

The scale of the different zonation effects
on individual dates and on intra-sample data
dispersion depends on zonation magnitude, zo-
nation pattern, and the variability of zonation
magnitude and pattern among the grains dated
from a sample. Thermal history also plays a
role in whether zonation induces data disper-
sion via diffusion profile modification and het-
erogeneous intracrystalline radiation damage
effects (see section 2.6). Parent nuclide zona-
tion is generally a significant problem for Fp
corrections only when zonation causes most
eU to be concentrated either within 15 pm of
the rim or more than 15 pm from the rim. In
apatite, severe systematic zonation of this type

Geological Society of America Bulletin, v. 135, no. 1/2
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is uncommon, and typical zonation magnitudes
cause F; correction inaccuracies of <2%—5%
(Farley et al., 2011; Ault and Flowers, 2012).
In zircon, however, substantial zonation is more
common. While fine-scale oscillatory zonation
is less problematic, other zonation patterns can
cause larger inaccuracies, particularly in the
case of metamorphic overgrowths (Hourigan
et al., 2005; Orme et al., 2015). If zonation
patterns among grains from a sample are not
systematic, but instead vary in pattern and mag-
nitude between grains, this is likely to increase
the overall dispersion of the data by biasing in-
dividual dates to both older and younger than
the unzoned case rather than skewing the dates
unidirectionally (e.g., Farley et al., 2011; Ault
and Flowers, 2012).

Although parent isotope zonation in crystals
is only rarely characterized quantitatively prior
to (U-Th)/He analysis, moving forward there
would be value in its more routine integration in
the dating workflow, especially for tT histories
and minerals where zonation is likely to be most
problematic. A qualitative sense of zonation
pattern and magnitude can be obtained by cath-
odoluminescence, backscatter, or Raman imag-
ing, as well as by fission-track etching (for U).
However, quantitative data are needed to account
for zonation effects. Such data are typically ac-
quired via laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICP-MS) map-
ping or drilling techniques (e.g., Hourigan et al.,
2005; Farley et al., 2011; Johnstone et al., 2013;
Danisik et al., 2017). Once parent isotope zo-
nation is characterized, (U-Th)/He dates can be
corrected with zoned F; values (e.g., Hourigan
etal., 2005; Farley et al., 2011), and thermal his-
tory modeling can use the observed zonation to
properly account for the evolution of He diffu-
sion profiles and intracrystalline damage for a
given tT path (e.g., Meesters and Dunai, 2002a,
2002b; Ketcham, 2005).

2.3. Dispersion Caused by Fragmentation
and Abrasion

2.3.1. Grain Fragmentation

While the ideal practice is to analyze only
euhedral and intact crystals, sometimes studies
include the analysis of crystal fragments (i.e.,
fragments of larger crystals that were broken
after development of the diffusion profile, such
as during mineral separation; Fig. 2D, Brown
et al., 2013; Beucher et al., 2013). For grains
without parent isotope zonation and that have
cooled rapidly, the distribution of He should be
uniform within the crystal (except near the grain
edge due to ejection). Consequently, there is no
core-to-rim variation in the corrected (U-Th)/He
date, and dates will not vary between fragments

Geological Society of America Bulletin, v. 135, no. 1/2

(if it is possible to make appropriate F; cor-
rections, which is not always straightforward).
However, for grains that have experienced a
protracted thermal history such that a rounded
diffusion profile developed, dating fragments of
the crystal that capture the grain edge will yield
different dates than fragments from the grain in-
terior (Fig. 2D; even for crystals without parent
isotope zonation and even if appropriate F; cor-
rections are made). This arises because the grain
has an intracrystalline gradient in core-to-rim
date that is younger toward the grain edge. The
influence of this “fragment effect” can be sub-
stantial and is dependent on the size, geometry,
and eU distribution within the initial crystal and
also, importantly, on the nature of the thermal
history experienced. The more protracted the
thermal history, the more rounded the diffusion
profile becomes, which will intensify this effect.
The date variation from fragmentation alone
may vary from ~7% even for rapid (~10 °C/
Ma), monotonic cooling to over 50% for pro-
tracted, complex histories that cause significant
diffusional loss of He. The magnitude of disper-
sion arising from fragmentation scales with the
grain’s cylindrical radius and is of a similar mag-
nitude to dispersion expected from differences in
absolute grain size alone (with Rg values varying
from 40 pm to 150 pm).

The fragment effect on date variation can be
usefully harnessed in terms of thermal history
reconstruction because it is sensitive to the ther-
mal history experienced, and its effect can be
calculated explicitly. It can therefore be included
in thermal history optimization algorithms. Be-
cause of the sensitivity to the unknown thermal
history of the sample, unlike the F; correction,
which is entirely geometrical, this effect can-
not be determined a priori and used to “correct”
dates for dated fragments. This raises some
important issues in terms of integrating dates
determined on fragments into a quantitative in-
terpretation. If care is taken to select, carefully
measure, and fully characterize fragments prop-
erly (e.g., dimensions, number of terminations,
geometry), then the date variation caused by the
fragment effect can be exploited and used to con-
strain thermal history information. The corollary,
though, is that dates determined on fragments
cannot be interpreted robustly without recourse
to some form of thermal history modeling that
does explicitly include the fragmentation effect.
Therefore, in many situations, it may be simpler
to avoid analysis of fragments altogether.

2.3.2. Natural Grain Abrasion in Detrital
Samples

Detrital grains are often abraded during fluvial
or aeolian transport and therefore can lose some
portion of the grain margins affected by alpha

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/137/5754592/b36268.1.pdf

ejection and diffusive He loss (Fig. 2E). In the
case of detrital samples that underwent complete
He loss and damage annealing after deposition
during burial reheating, grain abrasion effects
become irrelevant, and the grains can be treated
like those from a bedrock sample (see section
3.3). However, for detrital samples that experi-
enced only partial or no resetting after deposition
(section 3.3), the grain abrasion effect can signif-
icantly influence date dispersion and accuracy,
as different grains had varying amounts of the
grain exteriors removed during transport.

It is generally difficult to quantify the abrasion
effect in unreset or partially reset samples due
to uncertainties in the amount of grain abrasion
and the time when abrasion occurred. However,
the geologic context, depositional setting, sedi-
ment provenance, U-Pb dates for double-dated
crystals, and grain shapes may provide some
insights into the extent of date dispersion due
to abrasion. In general, abrasion causes the pref-
erential loss of terminations, facets, edges, and
corners from the crystal and causes the crystal
surfaces to become pitted and appear dull and
less transparent. This, in turn, obscures cracks,
inclusions, and other impurities during grain se-
lection, which makes high-quality crystal selec-
tion more challenging. Apatite is more affected
by abrasion than zircon because apatite is less
mechanically and chemically durable. This can
result in detrital mineral separates containing
both well-rounded apatite and clear euhedral
zircon. For the same reason, detrital samples
sourced from regions of sedimentary rocks can
lack apatite while still yielding large amounts
of zircon.

Detrital grains collected from fluvial/glacial
systems may not be abraded much if the catch-
ment size is relatively small and transport dis-
tance short (e.g., Stock et al., 2006; Ehlers et al.,
2015; Enkelmann et al., 2015). In this case, a
standard F; correction can be applied to (U-Th)/
He dates, because little of the alpha-depleted
grain margins would be removed by abrasion.
Similarly, coarse-grained, immature clastic sedi-
mentary rocks may contain euhedral clear crys-
tals suggesting negligible abrasion or shielding
from abrasion due to inclusion in larger clasts or
mineral grains.

In contrast, accessory detrital grains that have
been transported farther and are contained in tex-
turally more mature sediment and traveled as iso-
lated grains will show varying degrees of abra-
sion that will have removed differing amounts
of the grain edge affected by alpha-ejection and
diffusive He loss. In this case, for unreset or par-
tially reset detrital samples, applying a standard
F; correction is less appropriate and can result
in overestimation of the true date to unknown
degrees. One way to address this problem can
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be selection of only the least abraded grains
(with terminations and edges) (e.g., Pujols et al.,
2020), although this might introduce other biases
in terms of provenance (e.g., the closest source
may have the least abraded grains). Another pos-
sible solution is the use of in situ laser ablation
techniques that allow dating of the grain interi-
ors only, thus avoiding the margins affected by
alpha ejection (e.g., Tripathy-Lang et al., 2013;
Pickering et al., 2020), although—depending
on interpretive strategy—this may introduce a
thermal history bias (grain rims are also where
diffusional loss occurs).

2.4. Erroneously Old Dates Caused by He
Implantation

In some circumstances, parentless He due to
sources other than the mineral’s in situ radioac-
tivity can bias results to erroneously old dates
and add overdispersion to data sets. Just as He
atoms generated within one alpha particle-stop-
ping distance of the grain margin may be eject-
ed out of the crystal, He atoms produced that
same distance outside of the crystal may be in-
jected into the grain, known as He implantation
(Fig. 2F; e.g., Farley, 2002; Fitzgerald et al.,
2006; Spiegel et al., 2009; Danisik et al., 2010;
Gautheron et al., 2012; Murray et al., 2014).
Although the magnitude of He implantation is
usually insignificant relative to in situ-produced
He, in some cases, “bad neighbor” U-Th-rich
crystals (e.g., Gautheron et al., 2012) or sec-
ondary U-Th-rich rim phases (Murray et al.,
2014) violate this assumption (Fig. 2F). Dates
for smaller, lower eU, and lower He grains are
most susceptible to bias to older results, be-
cause injected He has a proportionately larger
influence on the total He budget (e.g., Janowski
et al., 2017). However, this effect can also add
overall scatter to the data by implanting vary-
ing amounts of He into different crystals and
increasing their dates to different degrees. Note
that unlike kinetic variability, the magnitude of
the He implantation effect on the data is inde-
pendent of the thermal history.

Grains separated and dated by the convention-
al method retain no record of their petrographic
context, so He implantation is not easily quanti-
fied or corrected. However, crystals character-
ized by surficial discoloration may indicate the
former presence of a U-Th-rich coating and
should be avoided during grain selection (e.g.,
Murray et al., 2014). In addition, negative date-
eU correlations at very low eU (<5 ppm) may
arise from this phenomenon, providing a mech-
anism to diagnose this problem (e.g., Murray
etal., 2014). Petrographic examination may also
provide evidence for the likelihood or prevalence
of He implantation effects.
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2.5. Dispersion Caused by Mineral and
Fluid Inclusions

U-Th-bearing mineral inclusions can cause
spuriously old (U-Th)/He dates through compli-
cations to the Fy correction from parent nuclide
heterogeneity (section 2.2), creation of local He
diffusivity variations due to variable radiation
damage, and parentless He for analytical pro-
cedures that incompletely dissolve the included
phases (e.g., apatite, Fig. 2G; Lippolt et al.,
1994; Farley, 2002; Ehlers and Farley, 2003).
For minerals like zircon, which commonly have
higher eU and for which more aggressive dis-
solution procedures are used, inclusions are less
likely to influence the total He budget and there-
fore the (U-Th)/He date. For phases like apatite,
lower eU and less aggressive dissolution means
that such inclusions are theoretically more prob-
lematic (Fig. 2G). However, included phases
would need to be extremely large and greatly
enriched in eU to cause the “too-old” dates that
are sometimes attributed to smaller and subtler
micro-inclusions (Vermeesch et al., 2007). Thus,
inclusion problems should generally be avoid-
able during crystal selection. It may be possible
to fingerprint dated crystals with undetected
inclusions by inspection of rare earth element
(REE) data (if analyzed via solution ICP-MS
during acquisition of the parent isotope results)
or U-Th data, because the chemical patterns of
grains with inclusions may differ from those of
inclusion-free grains.

Fluid inclusions also have the potential to im-
pact the data (Fig. 2G; e.g., Lippolt et al., 1994;
Stockli et al., 2000; Farley, 2002; Danisik et al.,
2017; Zeitler et al., 2017). Inclusions with ex-
cess He would cause dates to be anomalously
old, while those with excess eU would bias dates
younger. However, as for mineral inclusions, the
relatively large sizes and high excess concentra-
tions needed for fluid inclusions to substantially
influence the data means it should be generally
possible to circumvent fluid inclusions during
grain selection.

2.6. Role of Thermal History in Date
Variation and Overdispersion

The thermal history plays a central role in
determining if some types of data dispersion
are manifested (e.g., Flowers et al., 2007, 2009;
Flowers and Kelley, 2011; Cogné et al., 2012;
Wildman et al., 2016). Figure 5 contains sche-
matic date-eU plots that illustrate if and how
the different sources of dispersion are likely
to shift the date for endmember samples char-
acterized by (1) a young crystallization age,
rapid cooling history, and no reheating (like
examples in Figs. 1A-1B, 3A, and 4A) or (2)
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an old crystallization age and tT path character-
ized by slow cooling through or residence in
the HePRZ (like examples in Figs. 3B and 4B)
or reheating and partial resetting in the HePRZ
(like examples in Figs. 1D, 3C, and 4C).

Dispersion stemming from the thermal his-
tory is minimal for the young, quickly cooled
sample (Fig. 5A). This scenario is applicable to
geochronologic studies (e.g., in which the dated
minerals crystallized at temperatures appropri-
ate for full He retention and were not reheated)
or thermochronologic studies on young, rapid-
ly exhumed samples (e.g., Cenozoic intrusive
samples emplaced in rapidly eroding orogenic
belts or rapidly exhumed rocks due to normal
faulting; e.g., Farley et al., 2001; Stockli et al.,
2000; Ehlers et al., 2015). In this case, radiation
damage-induced differences in He diffusivity
among the dated crystals will be minimized.
And even if individual crystals have variable
diffusivities (owing to differences in radiation
damage, crystal size, or other factors), fast and
approximately synchronous cooling through
their temperature sensitivity range would
cause them to yield similar dates. Such a sam-
ple should yield roughly uniform dates across
a broad eU span on a date-eU plot (Fig. SA).
The potential contributors to overdispersion are
relatively few and include U-Th zonation ef-
fects on the Fy. correction, He implantation, and
inclusions. In general, if these factors are opera-
tive, they tend either to cause a skew in the date
population toward erroneously old dates (e.g.,
He implantation, mineral inclusions, excess He
in fluid inclusions, crystal imperfections) or
to symmetrically increase the data dispersion
(e.g., if intra-sample zonation patterns among
grains are not systematic but instead vary in
pattern and magnitude among grains).

In contrast, dispersion is amplified for the
older sample characterized by a protracted tT
path, where all sources of date scatter have
the potential to contribute (Fig. 5B). End-
member examples of this scenario occur in
Precambrian basement from cratonic settings
(Figs. 1D, 3C, and 4C; e.g., Flowers, 2009;
Baughman and Flowers, 2020; Sturrock et al.,
2021), but basement samples in Mesozoic and
Cenozoic orogenic belts can also show these
effects (Figs. 3B and 4B; e.g., Flowers et al.,
2008; Enkelmann et al., 2014; McKeon et al.,
2014). In this situation, individual crystals in
a sample may have diffusivities (and there-
fore T values) that vary substantially owing
to radiation damage-induced divergence of
their He retentivities, in addition to possible
contributions from other kinetic effects (e.g.,
crystal size). These variable diffusivities can
be strongly manifested in the data for tT his-
tories characterized by slow cooling through

Geological Society of America Bulletin, v. 135, no. 1/2
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Figure 5. Schematic (U-Th)/He
date-eU plots illustrate the role
of He diffusion kinetic factors
and other effects on (U-Th)/He
date dispersion for endmember
samples with (A) young crys-
tallization age and rapid cool-
ing history (like the geologic
examples in Figs. 1A-1B or tT
paths in Figs. 3A and 4A) and
(B) old crystallization age and
protracted thermal history
characterized by slow cooling
through or residence in the He
partial retention zone (HePRZ)
(like the tT paths in Figs. 3B
and 4B) or reheating and par-

tial resetting in the HePRZ
(like the geologic example in
Fig. 1D or tT paths in Figs. 3C
and 4C). Colored arrows and

A Young crystallization age
Rapid cooling history
’m\ [~ | He implantation (esp. low eU/low He grains)™]
s eU rich microinclusions
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@©
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(most common for
zircon)
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associated labels indicate the
direction(s) in which contrib-
uting factors to intra-sample
date dispersion are likely to
shift the sample date. The rapid
cooling history of (A) is appli-
cable to geochronologic studies
(in which the minerals dated
crystallized at temperatures
appropriate for full He reten-
tion and the minerals were not
reheated) or young, rapidly ex-
humed samples (e.g., Cenozoic
intrusive samples in rapidly

exhumed orogens). In this circumstance, the Kinetic effects on data dispersion are mini-
mized (e.g., there is no correlation between date and eU or date and crystal size. The more
protracted thermal history of (B) can be relevant to Precambrian basement in cratonic set-
tings, as well as Paleozoic and Precambrian basement samples in younger orogenic belts. In
this scenario, all potential influences on data dispersion have the potential to be manifested,
including kinetic effects. The majority of difficult-to-detect sources of error tend to result in
excess He, and thus they are more likely to skew the data toward older results. In some cir-
cumstances, the interplay of multiple contributing factors to data dispersion may interfere
with and obscure date-eU and date-crystal size patterns. Figure concept is based on figure

in Brown et al. (2013).

the HePRZ or reheating and partial resetting,
because the crystals will pass through their
temperature sensitivity ranges at different
times during cooling or have different magni-
tudes of He loss during reheating and there-
fore will record different dates. Such samples
should yield a positive and/or negative corre-
lation across a wide eU span on a date-eU plot
(Fig. 5B). However, the date-eU patterns have
the potential to be distorted or obscured by
other factors that induce data dispersion, es-
pecially those that are also magnified by this
type of protracted tT path. These other fac-
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tors include additional influences on variable
He diffusion kinetics, such as crystal size or
heterogeneous intracrystalline radiation dam-
age due to U-Th zonation, as well as factors
that disrupt or affect the He diffusion profile,
such as grain fragmentation or U-Th zonation.
In addition, the factors that affect the quickly
cooled sample dates may still play arole (e.g.,
U-Th zonation effects on the F; correction,
He implantation, inclusions, crystal imperfec-
tions). Again, most unidentified sources of er-
ror lead to excess He, which biases the results
to older dates.
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3. EVALUATING (U-Th)/He DATASETS

Whereas the previous section was aimed at
summarizing potential contributors to data dis-
persion within individual samples, the purpose
of this section is to offer some practical guide-
lines for evaluating and presenting real (U-Th)/
He data sets. A first-order consideration is
whether the data are part of (1) a thermochrono-
logic study that constrains the thermal history,
(2) a geochronologic study that constrains the
mineral crystallization age, or (3) a detrital study
on sedimentary rocks or unconsolidated sedi-
ment. This section suggests a general workflow
for systematically evaluating (U-Th)/He thermo-
chronologic (section 3.1) and geochronologic
data sets (section 3.2) and describes additional
considerations associated with detrital studies
(section 3.3). Our goal is to provide researchers
with some strategies for evaluating data to help
ensure that only reliable analyses are interpreted
and that possible influences on the data are con-
sidered before proceeding to data interpretation,
and, in some cases, thermal history modeling.

3.1. Evaluating (U-Th)/He
Thermochronologic Data Sets

(U-Th)/He thermochronologic studies are
those for samples that yield information about
the thermal history. Many such samples yield
data that are relatively straightforward to inter-
pret, either because they yield reproducible dates
or because they show date variation for which
the first-order controls are understood, are ac-
counted for in kinetic model frameworks, and
can be used to advantage during interpretation
(e.g., radiation damage, crystal size). However, a
subset of samples yield data that are less straight-
forward and exhibit large dispersion for which
the causes cannot be corrected for or are not fully
understood. These latter samples should be sub-
ject to only limited (if any) first-order interpreta-
tion. Even samples with crystals that appear to
be ideal when selected under the microscope can
yield data that fall into this difficult-to-interpret
category (e.g., due to He implantation or unchar-
acterized eU zonation).

One possible strategy for systematically
evaluating apatite and zircon (U-Th)/He ther-
mochronologic data sets of typical size consists
of: (1) assessing individual analysis quality, (2)
constructing date-eU and date-grain size plots
and evaluating data patterns, (3) considering
outliers, and (4) deciding if and how to com-
bine individual analysis data with a statistical
model (e.g., such as by reporting a mean sample
date). Figure 6 illustrates this workflow, along
with additional steps described in section 5 as-
sociated with interpreting data using thermal
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history modeling. This approach assumes that
the crystals were selected for quality using gen-
erally accepted criteria under a binocular micro-
scope with crossed polars, such that the analyzed
grains surpass a minimum size, are fracture-free,
and lack visible fluid inclusions (all minerals)
and mineral inclusions (for apatite).

First, individual analyses should be evalu-
ated to exclude those of doubtful quality from
interpretation and to check that the most ap-
propriate assumptions were used during data
reduction (Fig. 6). Crystals with small F; values
(<~0.5), and those with He and parent isotope
amounts near blank values, are questionable.
Labs may have threshold blank values based
on how reproducible and well-characterized lab
blanks are, below which the analysis is rejected
as unreliable. For grains analyzed that are an-
hedral, the user should confirm that the most
appropriate morphology was used to calculate
the derived data (e.g., F values, concentrations).
For crystals that are fragments from which the
alpha-depleted edge is thought to have been fully
removed, it may be most appropriate to report
and consider only the uncorrected (U-Th)/He
date (unless fragmentation preceded the tT path
of interest). If a single-grain analysis is charac-
terized by anomalous Th, U, or Th/U and yields
a wildly different date, then this may suggest the
presence of inclusions that bias the date and be
grounds for excluding the analysis.

Second, date-eU and date-Rg plots may be
constructed to determine if correlations are pres-
ent (Figs. 3, 4, 6, and 7). Such plots are useful for
seeking patterns in date-eU and date-crystal size
space, evaluating secondary dispersion attribut-
able to other effects, and for visually identifying
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analyses that may be outliers and merit additional
detailed data inspection. Such plots are only valid
for grains that experienced the same thermal his-
tory, so patterns for each sample should be evalu-
ated independently, although similar patterns for
different samples may suggest a similar tT path
(note that for unreset and partially reset detrital
samples, grains may have additional scatter on
date-eU plots because the pre-depositional his-
tory may differ among the crystals; see section
3.3). Grain fragments should generally be ex-
cluded from grain size plots, or fragment-date
relationships should be considered separately, if
fragmentation is thought to postdate the tT histo-
ry of interest. In this circumstance, the fragments
do not represent the diffusion domain, and the
purpose of date-size plots is to evaluate possible
date-diffusion domain relationships.

Following construction of the data plots, the
data patterns should be evaluated and their sig-
nificance considered (Fig. 6). Examples of real
data sets that display different pattern types are
in Figure 7. Possible endmember types of pat-
terns that have differing implications are:

o Uniform dates for crystals of similar eU and
size (Fig. 7A). In this case, the He diffusivities
of the grains dated are not thought to vary sub-
stantially. More limited information resides in
the data than if crystals of variable eU and size
(and therefore possibly variable kinetics and
Tc) were dated, because these grains should
yield the same date regardless of thermal his-
tory, and thus they are consistent with either
fast cooling or more protracted tT paths.

* Uniform dates across a wide eU and size span
(Fig. 7B). In this circumstance, the similarity

of the dates implies rapid cooling and ap-
proximately synchronous passage of all grains
through their temperature sensitivity ranges.
The T variability of the minerals dated de-
pends on their eU and grain size range and
on the thermal history prior to rapid cooling
(longer damage accumulation times allow for
divergent damage accumulation amounts and
therefore greater variability in He retentivities
across the mineral suite; see section 2.1.1).
This example is analogous to the interpreta-
tion of fast cooling when different thermo-
chronometers yield overlapping dates. For
instance, if biotite “°Ar/3°Ar, zircon fission-
track, and apatite (U-Th)/He dates all overlap
at 10 Ma, rapid cooling at 10 Ma is inferred.
Systematic positive date-eU correlations
(Figs. 7C=7D for apatite, Fig. 7H for zircon),
negative date-eU correlations (Figs. 71-7J for
zircon), or positive date-crystal size correla-
tions (Fig. 7E). These relationships suggest
that the grains have variable retentivities and
record more protracted tT paths. This might
reflect slow cooling through the HePRZ, dur-
ing which the grains began retaining He at
different times, or reheating into the HePRZ,
which caused variable magnitudes of He loss
across the crystal suite.

Excessive scatter uncorrelated with eU
(Figs. 7F-7G) and size. This “overdispersion”
has a number of possible causes (Table 1;
Fig. 5). Anomalously old dates for very low
eU (<5 ppm) crystals suggest a problem with
He implantation (Fig. 7F; section 2.4), which
merits omission of these analyses or the entire
sample from data interpretation or motivates
petrographic examination of the sample in thin

Possible workflow for (U-Th)/He thermochronometer datasets

Interpret data qualitatively

Evaluate individual analyses

Possibly identify outliers

- Evaluate any spatial patterns of data

- Compile independent constraints on the
T path

- Consider preliminary interpretations that
can be made based on geologic context
and mineral temperature sensitivity(s)

- Exclude analyses of doubtful quality
(e.g., small F., parent or daughter
amounts near blank)

- Confirm appropriate assumptions
used during data reduction (e.g., grain
geometry)

(with caution)
- Erroneously old dates without
connection to eU and size
- Dates that violate firm geologic or
geochronologic constraints

Interpret geologic significance
of thermal histories derived
from the model(s)

- Thermal-kinematic modeling
software may also be used

Construct date-eU and date-size
plots and consider significance of
data patterns (section 3.1)

[Design and evaluate thermal history models
- Identify questions to be explored and/or hypotheses
to be tested and define model structure(s) accordingly
- Decide how to reasonably incorporate independent
geologic and geochronologic constraints into model
- Choose data to model and how to input
- Specify other tT path characteristics (e.g., # of
segment breakages) and decide if appropriate to limit
solutions in any way

(Consider if outcomes are geologically valid

Report all data, information,
and assumptions needed
for others to assess and

reproduce tT models
(checklist in Table 3)

Assess whether and how to com-
bine analyses using a central
tendency statistic

- Only appropriate when individual
analyses expected to yield a normally
distributed population (section 4)

Figure 6. Possible workflow for evaluating, integrating, and interpreting (U-Th)/He thermochronologic data sets is shown. See sections 3.1,
4, and 5 for more detail.
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| Real Dataset Examples: @ Apatite @ Zircon

Figure 7. Examples are shown

of real apatite and zircon
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(G) Excessively scattered AHe data uncorrelated with eU or crystal size. This overdisper-
sion is likely due to the effects of strong parent isotope zonation in the apatite crystals from
this sample (Flowers and Kelley, 2011). (H) Positive correlation between ZHe date and eU
due to the effect of radiation damage on He diffusion kinetics at low damage levels in zircon
crystals (Guenthner et al., 2013). (I) and (J) Negative correlations between ZHe date and
eU due to the effects of radiation damage at higher damage levels (Peak et al., 2021, two
samples from same area; Baughman and Flowers, 2020, respectively). All of these example
data sets can reasonably be interpreted and simulated using apatite and zircon He diffusion
kinetic models, except for the excessively scattered data in (F) and (G).

section to assess the probability of this effect.
If grain fragments were analyzed, then relation-
ships between fragment size and date should
be considered (section 2.3.1). Significant and
variable U-Th zonation, unidentified U-Th or
He-rich mineral or fluid inclusions, and/or ki-
netic variability induced by other factors could
also contribute to excess dispersion (Fig. 7G).
As noted previously, some of these factors can
cause a skew toward older date distributions.

Geological Society of America Bulletin, v. 135, no. 1/2

Detrital samples also may exhibit scattered
data due to the inheritance of variable amounts
of pre-depositional He and radiation damage
across the crystal suite (section 3.3). Interpret-
ing inexplicably scattered data without under-
standing and correcting for the cause(s) should
be done with caution. Such samples should
either be rejected from thermal history model-
ing to avoid erroneous interpretations because
the dates are strongly affected by mechanisms
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not included in the kinetic model framework
(section 5), or additional information should
be obtained (e.g., U-Th zonation data) to help
decipher the cause(s) of the data pattern and
move the sample into the interpretable realm.

In reality, some samples may yield data pat-
terns that fall between these endmember types
owing to multiple contributors to data variabil-
ity (Table 1; Fig. 5). For example, a sample may
yield generally uniform dates across a broad eU
and size span but have older outlier dates for
only the lowest eU crystals. This suggests bias
from He implantation for these low eU analy-
ses, such that excluding them from interpreta-
tion may be justified. Alternatively, a sample
may yield a generally positive date-eU cor-
relation and no date-grain size correlation but
also be characterized by substantial additional
scatter. Such a pattern suggests that the grains
have variable retentivities owing to radiation
damage differences across the crystal suite, but
other factors such as zonation contribute to ad-
ditional date scatter. The compatibility of the
results with data from other nearby samples,
and the resolution needed from the data to ad-
dress the question asked, are considerations in
deciding if and how to interpret the data.

Another step may be an attempt to identify
outliers (Fig. 6). Sometimes, particularly in over-
dispersed sets of (U-Th)/He dates, analyses may
pass the first quality control step described above
but appear unusually or erroneously old without
an evident connection to eU or grain size. Such
grains are made apparent by comparison with
other grains, particularly in large-N (tens of
grains) data sets (Ketcham et al., 2018; Cooper-
dock et al., 2019; He et al., 2021); comparison
among grains with diffusive loss during ramped
heating that is normal versus irregular (see sec-
tion 8.4 of companion paper, Flowers et al., 2022;
Zeitler et al., 2017; McDannell et al., 2018); or
comparison with independent data (e.g., dates
older than the crystallization age of the unit or
the crystal itself in the case of double-dating
studies). This is perhaps to be expected, as many
hypothesized but difficult-to-detect sources of er-
ror result in excess He, such as He implantation,
inclusions, and He-retaining defects. Big data or
machine learning algorithm approaches (Recan-
ati et al., 2021), or checking for the compatibility
of allowable thermal histories for each analysis
during thermal history modeling (Sousa and Far-
ley, 2020; section 5), may also help identify outli-
ers. At this time, there is neither an agreed-upon
definition of outliers in this context nor a con-
sensus on the best approach to fingerprint them.
Certainly, dates that violate solid geological or
geochronological constraints, such as being old-
er than crystallization ages, may be considered
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Figure 8. Example is shown of
a zircon (U-Th)/He geochrono-
logic data set that constrains
_ the eruption age of a tephra;
the results overlap with zircon
U-Pb dates for the same sam-
- ple (Danisik et al., 2021). Gray
bars are the individual zircon
(U-Th)/He dates in ranked or-
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analytical uncertainty and an
estimate of the uncertainty of

the F; correction. Given the

E Unweighted mean and SD(20):
11.8 £ 2.6 Ma (MSWD = 1.3)

B Unweighted mean and SE,(20):
11.8 £ 0.6 Ma (MSWD = 1.3; SE,(20) = 0.5 Ma)

B Weighted mean and SE,, ,(20) weighted by inverse variance:
11.5 £ 0.4 Ma (MSWD,, = 1.2; SE,, (20) = 0.4 Ma)

E Relative weighted mean and SE_, (.
11.6 £ 0.5 Ma (MSWD,, = 1.2; SE,, ,(20) = 0.4 Ma)

20) weighted by squared relative deviation:

reproducibility of dates for
this geochronologic data set,
integrating analyses using a
measure of central tendency
is appropriate. Colored bars
represent several approaches
for reporting central tendency

and the associated uncertainty
as discussed in section 4.2. Un-

certainties plotted at 26 (or 95% confidence interval). Those plotted for the standard error
use the SD-based SE. See Table 2 for relevant equations and for annotation used in legend.

MSWD—mean square weighted deviation.

outliers and eligible for omission from interpreta-
tion and thermal history modeling.

Finally, whether or not a statistical model
should be used to combine and report sample
data may be considered (Fig. 6). Combining
analyses using some measure of central ten-
dency, such as a mean sample date, is only ap-
propriate when individual analyses are expected
to define a normally distributed population. This
is discussed further in section 4.

3.2. Evaluating (U-Th)/He Geochronologic
Data Sets

In (U-Th)/He geochronologic studies, the
(U-Th)/He date constrains the age of mineral
crystallization or a distinct geologic event, such
as a volcanic eruption (example in Fig. 8). In
this scenario, variable kinetic effects between
grains do not contribute to data dispersion, and
a normally distributed population of dates is
expected, such that combining analyses using
a central tendency statistic is generally appro-
priate (see section 4). Interpretation is therefore
simpler than in some thermochronologic data
sets. Assessing individual analyses to exclude
those of doubtful quality (see previous sec-
tion) and evaluating outliers that also may be
justifiable for omission is still recommended.
Again, if data are skewed, they will more likely
be biased to older dates due to effects such as
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He implantation and mineral inclusions (e.g.,
Ketcham et al., 2018; Cooperdock et al., 2019;
He et al., 2021).

3.3. Additional Considerations for Detrital
Studies

The (U-Th)/He dates derived from sedimen-
tary rocks typically yield wide dispersion due to
(1) varying detrital provenance, derivation from
different sources areas, and thus varying He in-
heritance and radiation damage from differing
pre-depositional thermal histories; (2) varying
kinetic effects (e.g., eU, chemistry, crystal size,
which may be more variable than for bedrock
samples owing to disparate grain sources); (3)
repeated and/or prolonged residence within the
HePRZ; (4) general lower crystal quality due to
weathering and abrasion that hinder selection of
crystals without cracks and inclusions; (5) the
effects of variable amounts of grain abrasion that
removed different amounts of the He-depleted
grain exterior (Fig. 2E); and (6) generally small-
er grain size resulting in larger F; corrections
and greater effects of possible He implantation.
All of these factors can cause additional scat-
ter on date-eU and date-grain size plots. For
detrital samples that were not fully reset after
deposition, eU is compromised as a proxy for
radiation damage because each grain may have
had a thermal history that differed before grain
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deposition (e.g., Flowers et al., 2007; Guenthner
et al., 2015; Fox et al., 2019).

For detrital data analysis, it is important to
first establish to what degree the sample has
been thermally reset after sediment deposition
(Fig. 9A). To do so, it is crucial to know the
stratigraphic age and leverage independent con-
straints on thermal maturation or maximum buri-
al temperatures (e.g., vitrinite reflectance data).

An unreset detrital sample was not buried
and heated at all, or it was buried and heated to
temperatures below the HePRZ, such that the
(U-Th)/He dates predate the time of deposition
and/or are equal in the case of syn-depositional
volcanic input (Fig. 9B). Unreset detrital sam-
ples include those of modern (unconsolidated)
sedimentary deposits. In these cases, the (U-Th)/
He date records the thermal history of the source
region and can be used as a provenance tool or
for geomorphic/erosion studies. For these stud-
ies, the analyses of many crystals (N > 50) is
needed to obtain statistically meaningful date
distributions (e.g., Vermeesch, 2004; Stock
et al., 2006; Ehlers et al., 2015). Grain pre-
characterization via U-Pb and/or other methods
may also be applied to strategically target a
smaller number of analyses on one or more sub-
populations (e.g., Campbell et al., 2005; Reiners
et al., 2005). The date dispersion is expected to
be large, because each crystal records an indi-
vidual thermal history experienced in the source
region. The appearance of each crystal analyzed
should be evaluated for abrasion to guide the
decision of whether the (U-Th)/He date should
be F; corrected or not (see companion paper,
Flowers et al., 2022). The recent development
of laser ablation (U-Th)/He dating techniques
will be beneficial for future detrital studies of
unreset samples because the outer rim of the
grain can be excluded from analysis and a high
number of crystals can be analyzed in a time-
and cost-effective manner (e.g., Tripathy-Lang
etal., 2013; Pickering et al., 2020). This method
will potentially bias results toward older core
dates that might have experienced less diffusive
loss in the source region, so this factor should be
considered in data interpretation. Extra caution
must be taken when collecting detrital samples
in catchment regions affected by wildfires. Even
short durations of fire have the potential to re-
set or partially reset apatite (U-Th)/He dates
within the top centimeters (<3 cm) of exposed
bedrock, which will erode and supply grains
to the sediment system (e.g., Reiners et al.,
2007; Mitchell and Reiners, 2003). In detrital
studies where the thermal history of the sedi-
ment source region is of interest, the analysis
of clast- and cobble-size material may be con-
sidered (e.g., Colgan et al., 2008). Individual
clasts/cobbles can be treated and analyzed like a
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three general types of detrital
(U-Th)/He data. (A) Sketch of
three potential thermal histo-
ries for a detrital sample re-
sulting in no resetting, total
resetting, and partial resetting
of the (U-Th)/He dates. Note
that before deposition, each
grain records the (U-Th)/He
date acquired from its source
region, while after deposition,
all grains in the sample experi-
ence the same thermal history.
The measured (U-Th)/He dates
in a detrital sample may be
dispersed due to Kinetic varia-
tion across the mineral suite,
differences in He and or/radia-
tion damage inherited from the
pre-depositional history, as well

(U-Th)/He Date (Ma)

as other effects discussed in section 3.3. (B-D) Histograms show the expected (U-Th)/He
date distribution for the three different thermal histories depicted in panel A. (B) An unre-
set sample produces (U-Th)/He dates that are older than the time of deposition and range
widely. (C) A fully reset sample produces (U-Th)/He dates that are younger than deposition
and commonly reproduce well. (D) A partially reset sample produces (U-Th)/He dates that
are younger and older than deposition. A larger number of (U-Th)/He dates is generally
needed for provenance studies than for basement studies.

bedrock, allowing multi-grain analyses that will
improve data uncertainty and allow thermal his-
tory modeling. Multi-method dating can be ad-
ditionally conducted on each cobble to expand
the tT history and other provenance information
(e.g., Grabowski et al., 2013; Enkelmann and
Garver, 2016; Falkowski et al., 2016; Willett
et al., 2020). Double- and triple-dating methods
on individual detrital grains (e.g., U-Pb-He or
U-Pb-He and fission track) have also proven to
be a powerful approach to defining source area
thermal histories by refining the detrital prov-
enance (e.g., Rahl et al., 2003; Reiners et al.,
2005; Thomson et al., 2017; Kirkland et al.,
2020; Stockli and Najman, 2020).

A fully reset detrital sample that was heated
to temperatures above the HePRZ results in the
complete loss of He and (U-Th)/He dates that
are younger than the depositional age (Fig. 9C).
In this case, the (U-Th)/He data can constrain
peak burial heating temperatures and subse-
quent cooling/exhumation histories. Heating to
temperatures above the HePRZ may not result
in the full annealing of accumulated radiation
damage, which affects the He diffusion kinetics
and can contribute to date dispersion. Evaluating
the data for a fully reset detrital sample follows
the recommendations for evaluating a bedrock
thermochronologic data set as outlined above
(section 3.1). In reality, many reset sedimentary
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rocks show significant dispersion, such that cal-
culating and reporting mean sample dates may
be inappropriate (e.g., McKay et al., 2021), ow-
ing to a combination of the reasons described at
the beginning of this section as well as possible
effects of variable damage annealing during
burial. This dispersion appears to be particularly
common for pre-Cenozoic sedimentary strata
because kinetic effects are amplified over long
timescales (section 2.6; Fig. 5B). Forward tT-
path modeling can be a useful tool for exploring
the possible range of (U-Th)/He date dispersion
due to varying kinetic parameters (e.g., eU, grain
size) and pre-depositional thermal histories (for
samples with incomplete damage annealing
during burial) (e.g., Flowers et al., 2007; Pow-
ell et al., 2016; Schwartz et al., 2017; Fox et al.,
2019; McKay et al., 2021).

A partially reset detrital sample was heated
to temperatures within the HePRZ and yields
a distribution of (U-Th)/He dates that both
predate and postdate the time of deposition
(Fig. 9D). In these samples, date dispersion
may be caused by the crystal’s individual He
inheritance from the source region or different
source regions, the effects of grain abrasion
(such that there is an unknown amount of He
loss from alpha ejection and the diffusion pro-
file at the grain margin), the post-depositional
He accumulation and diffusive loss during
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prolonged time within the HePRZ, as well as
other effects described in section 2. Owing
to large data dispersion, calculating a mean
sample date and discarding older and younger
grains as outliers is generally inappropriate. In
a partially reset sample, detailed information
about the tT path is limited, but the maximum
burial can be constrained to the temperature
window of the HePRZ (e.g., Enkelmann et al.,
2010). The reporting of both the uncorrected
and F-corrected (U-Th)/He dates is recom-
mended, because some of the measured He ac-
cumulated after deposition. Visualization tools
such as radial plots and principal component
analysis can be used to identify grain popula-
tions within partially reset samples, whereby
the youngest age population may be attributed
to the time of cooling after maximum burial
heating (e.g., Vermeesch, 2009). U-Pb-He
double dating of crystals can determine detrital
provenance and narrow source terrane deriva-
tion; this can help discretize differential He
inheritance and be useful for deriving and sep-
arately modeling the thermal histories of dif-
ferent detrital populations (e.g., Yonkee et al.,
2019). Additionally, partially reset detrital data
sets can be forward modeled together to inform
post-depositional basin thermal histories (e.g.,
Fosdick et al., 2015).

Overall, it can be difficult to evaluate the de-
gree of resetting in a detrital sample, and a higher
number of analyses (N>>10) than typically ac-
quired for bedrock samples may be needed to
gain more confidence in the post-depositional
maximum heating temperature. For that reason,
it is highly recommended to review all exist-
ing geological and thermal information of the
study region such as other thermochronologic
data, metamorphic grades, and/or sediment
maturation data to estimate the maximum burial
temperatures and guide the choice of thermo-
chronologic system used for addressing specific
geologic questions.

4. INTEGRATING INDIVIDUAL
ANALYSES

4.1. Considerations

How to properly represent and statistically
characterize a suite of individual (U-Th)/He
analyses from a sample is an important focus
of ongoing study. Any summary statistic that is
used to represent sample data assumes that the
underlying distribution of dates for the sample
population is known (e.g., He et al., 2021). Mea-
sures of central tendency, such as a mean sample
date, assume that the population is normally
distributed (defining a Gaussian distribution),
where the width of the distribution represents
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the likelihood that another analysis will yield
the same result.

Measures of central tendency are most appro-
priate for samples that yield generally uniform
dates (either across a limited or wide eU and
grain size range) and lack skewed date distri-
butions or date variation due to kinetic effects
(real data set example in Fig. 8). This scenario is
most likely for samples in geochronologic stud-
ies and for samples in thermochronologic stud-
ies with young crystallization ages (and there-
fore limited time for radiation damage-induced
divergence of He retentivities), little grain size
variation, and rapid cooling histories (examples
in Figs. 1A-1B, 3A, 4A, and 5A). However,
even in this circumstance, samples may yield
a skewed distribution of dates if factors that
cause asymmetric date excursions are present.
As mentioned previously, most sources of bias
that induce asymmetric data distributions cause
old-date excursions that may lead to a positive
skewness in date distributions, either in large-N
data sets or across samples at a given locality
or within a particular lithology. In such cases, a
central tendency statistic should not be reported
unless the old-date signal can be isolated and/or
removed. If sufficient data have been acquired to
demonstrate that the date distribution is skewed
to older dates, one recently proposed approach is
to use the youngest statistically meaningful date
population to estimate the time of cooling (He
et al., 2021).

Using a measure of central tendency to repre-
sent sample data is generally inappropriate for
samples characterized by substantial date dis-
persion due to kinetic variation (see real dataset
examples in Figs. 7C-7J). Kinetically caused
data dispersion is common for samples with
older crystallization ages and/or those character-
ized by protracted thermal histories (examples
in Figs. 1D, 3B-3C, and 4B—4C) and can be
manifested as systematic correlations between
date and eU or date and grain size (see sections
2.1.1 and 2.1.2). In these circumstances, the date
population is not expected to be normally dis-
tributed owing to variable He retentivities (and
thus variable T, values) among the mineral suite
dated (Fig. 5B), even if other effects that could
contribute to data dispersion are absent (e.g.,
parentless He). At present, it is common not to
use any summary statistic to represent the data
distribution of these samples.

The low number of crystals (typically 5-10
analyses) dated in routine work for typical sam-
ples in thermochronologic and geochronologic
studies can make it difficult to definitively deter-
mine whether or not the data define a normally
distributed population. Similarly, a small number
of grains makes spurious date-eU or date-size
correlations more likely to occur (Ketcham et al.,
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2018). Looking forward, regular acquisition of
more analyses for each sample would help ad-
dress this problem (section 6). At present, it is
not always straightforward to decide on whether
to use a summary statistic to represent the data.
One practical approach to this issue is to simply
assign a threshold level of data dispersion below
which a central tendency measure is reported
and above which it is not, and clearly state the
value used. For example, the standard deviation
is a metric used to characterize the variability in
the measurements of a population. So, one might
report a mean and standard deviation for sam-
ples with dispersion lower than an assigned and
clearly stated level (such as for samples with less
than a 15% or 20% sample standard deviation)
and not report a mean for samples with higher
levels of data dispersion.

Established statistical tests used for geochro-
nometry, such as the mean squared weighted
deviation (MSWD; Wendt and Carl, 1991), can
also serve as an indicator of whether to report
a mean. However, the fidelity of the MSWD
relies on the assumption that uncertainties are
well understood and quantified. Thus, in the
context of (U-Th)/He, an MSWD is not always
straightforward to use in its intended role of
identifying potential outliers and testing for
mixed populations; a high MSWD may result
from a problem with the data, but it may al-
ternatively reflect that uncertainties are under-
estimated (e.g., if F; uncertainties are poorly
known and not included in the uncertainty com-
puted for the individual aliquot corrected (U-
Th)/He dates; see companion paper, Flowers
et al., 2022). Nevertheless, for geochronologic
applications of (U-Th)/He (section 3.2), we rec-
ommend that a MSWD or a similar test be con-
sidered, with a reasonable criterion being that
it be below 1 + 2(2/f)"2, where f'is the number
of degrees of freedom (Wendt and Carl, 1991).
This will help align practice with other geo-
chronologic techniques and incentivize further
careful investigation into how best to quantify
uncertainties. See Table 2 for how to calculate
the MSWD for different central tendency sta-
tistics, which are discussed next.

4.2. Approaches for Reporting a Central
Tendency Statistic and Its Uncertainty
When This Is Considered Appropriate

In cases where it is considered appropriate
to integrate (U-Th)/He dates from multiple in-
dividual analyses using a measure of central
tendency, a number of methods have been used
or proposed. Table 2 lists the equations associ-
ated with several approaches, and Figure 8 il-
lustrates their application to a geochronologic
data set.
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4.2.1. Unweighted and Weighted Means

The mean and weighted mean (Fitzgerald
et al., 2006) are the most widely used mea-
sures of central tendency. Table 2 lists three
approaches for reporting means (Equations 1,
6,and 11).

The regular (unweighted) mean does not
weight the individual analyses by their uncer-
tainties (Table 2, Equation 1). Some have favored
this approach because individual analysis uncer-
tainties are not fully characterized at present.

The weighted mean weights the individual
analyses by their uncertainties. As uncertainty
estimates are further improved, enabling more
complete uncertainty characterization of the
individual analyses, use of the weighted rather
than the unweighted mean may be preferable.
Using the weighted mean requires a decision
regarding how to weight the individual analy-
ses. One approach is to weight the mean using
the inverse variance (1/0;?) for the weights (w;)
(Table 2, Equation 6). However, a shortcom-
ing of this weighting is that younger grains
tend to be weighted more, which biases the
combined outcome to a younger result (Peyton
et al., 2012). This is particularly inappropriate
when uncertainties are assigned to individual
analyses as a uniform percentage based on the
reproducibility of standards, as has been done
in some past work. To avoid this bias toward
younger results, an alternative approach is to
weight instead by the squared relative devia-
tion (w; =1/[c;/x;]*) (Table 2, Equation 11).
If a uniform relative error on the individual
analyses is assumed, this is equivalent to the
unweighted mean, but otherwise this approach
allows weighting based on differential analyti-
cal uncertainties.

Other options such as the pooled age, the iso-
chron age, and the central age have also been
proposed (Vermeesch, 2008). However, the
pooled age tends to be dominated by high-eU
grains, and the isochron and central age may be
better suited for larger datasets than are collected
routinely at present.

4.2.2. Reporting Uncertainty in the Mean

Several approaches may be used to represent
the uncertainty on the combined date (Table 2).

(1) The standard error based on the sample
standard deviation is one approach, referred to
here as the “SD-based SE.” In Table 2, Equations
2-3, 7-8, and 12-13 are the expressions for the
sample standard deviation and the associated stan-
dard error for the unweighted, weighted, and rela-
tive weighted cases. For small sample sizes where
relatively few grains are measured, as is typical at
present, a potential issue with this approach is that
the SD-based SE may yield a value that is too low
if analyses are coincidentally similar.
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TABLE 2. APPROACHES FOR REPORTING A CENTRAL TENDENCY STATISTIC
AND UNCERTAINTY WHEN CONSIDERED APPROPRIATE

Eq # Mean or Uncertainty Equation
Unweighted
1 Mean, unweighted, x
2 Standard deviation, unweighted, SD
) SD
3 Standard error, based on SD, unweighted, SEsp = —
SEso N
" o
4 Standard error, individual uncertainty-based, fof
unweighted, SE,, SEy =-—r—
1 (k)
5 Mean square weighted deviation, unweighted, MSWD = X? = 27

Weighted by inverse variance, 1

MSWD (N-1) & of

o

of

Mean, weighted, xy

Standard deviation, weighted, SDy,

Standard error, based on SD, weighted, SEy sp SEwsp = SDw.

N

Standard error, individual uncertainty-based,
weighted, SEy, 1y

Mean square weighted deviation, weighted,
MSWDy,

Weighted by squared relative deviation 12, where r= Oi.

1

4 Xi

Mean, relative weighted, Xaw Xpw =

Standard deviation, relative weighted, SDgy

Standard error, based on SD, relative weighted,
SERW,SD

Standard error, individual uncertainty-based,
relative weighted, SEaw

Mean square weighted deviation, relative >
; MSWDgy = Xaw = ——
weighted, MSWDpy SWhaw = Xow (N-) & o

1 " (X/‘ - )?RW)Z

x; = individual value that is being combined by the central tendency statistic, such as the date of the
individual analysis.

0, = uncertainty of the individual value being combined by the central tendency statistic, such as the
uncertainty on the date for the individual analysis.

For whichever approach is used (unweighted, weighted, or relative weighted), suggestion is to use the
higher of the standard deviation-based, or individual uncertainty-based, SE.

All standard deviation and standard error equations yield values at 1o confidence interval. Double the value

to obtain the 20 confidence interval.

(2) The standard error based on the individual
analysis uncertainties, referred to here as the in-
dividual uncertainty-based SE, may be appropri-
ate to use if the uncertainties of the individual
analyses are well quantified and if the individual
analysis uncertainties appear to properly rep-
resent the observed variability in the data. In
Table 2, Equations 4, 9, and 14 are the expres-
sions for the sample standard error based on
the individual analysis uncertainties for the un-
weighted, weighted, and relative weighted cases.
If individual analysis uncertainties are too low
(for example, if F; uncertainties are not propa-
gated into the individual analysis uncertainties),
a shortcoming of this approach is that it will
yield a standard error that is too small.

Given the limitations of each standard error
method, one conservative approach for repre-
senting the uncertainty on the combined data
is to report the higher of the two values: the
maximum of either the SD-based, or individual
uncertainty-based, SE.

For data sets in which individual analysis
uncertainties clearly do not account for the ob-
served variability in the data, the sample stan-
dard deviation may be a useful alternative or ad-
ditional measure to report as a representation of
the variability of the individual (U-Th)/He dates.

We emphasize again that it is only appropri-
ate to combine individual analyses for a sample
into a mean with an associated uncertainty if the
analyses are believed to represent a normally
distributed population. The potential utility of
the MSWD for deciding whether to integrate
analyses into a mean was discussed in the previ-
ous section. In Table 2, Equations 5, 10, and 15
are the expressions for the MSWD for the un-
weighted, weighted, and relative weighted cases.
Again, many circumstances lead to populations
of dates with substantial and expected variation
due to kinetic effects (e.g., radiation damage,
crystal size), or in other cases to populations
that are positively skewed owing to undetected
effects that in general tend to bias the results to
older dates. In these cases, sample means and
other central tendency statistics should not be
reported.

4.3. Recommendations

There currently is no required and universally
agreed-upon approach for how to statistically
characterize a set of individual (U-Th)/He analy-
ses from a sample. This will continue to be in-
formed by improved understanding of the con-
trols on He diffusion kinetics, new techniques
that can identify and remove biased dates, and
acquisition of larger data sets to better character-
ize the distribution of dates from a sample popu-
lation (section 6). Reporting a central measure
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TABLE 3. CHECKLIST OF NEEDED (OR REFERENCED) INFORMATION FOR THERMAL HISTORY MODELS

Thermochronologic data inputs

o All data needed for modeling and for reproducing model results (either reported in the same paper or cite published reference containing the necessary data)

o Data input

— What data were used in the modeling and why (e.g., types of thermochronologic data, such as zircon and/or apatite (U-Th)/He and whether other data such as
fission-track are included or excluded; specific analyses that are included or excluded from the modeling)
— How data were input (i.e., as single grains or as synthetic grains representing sample or kinetic subgroup averages)

— Uncertainties used in the modeling

Model structure, geologic constraints, and anything else used to define or limit the character of tested tT paths or solutions and why
o Rationale for overall model design and/or hypotheses to be tested with the model (e.g., continuous cooling/exhumation or multiphase heating/burial and cooling/

exhumation)

o Geologic information used to impose tT constraint boxes that limit tT path trajectories to those considered geologically valid or the most geologically realistic
— Assumption (e.g., tT model space; tT constraint box dimensions; priors assumed for thermal history parameters for QTQt)
— Explanation for assumption (e.g., stratigraphic age; paleosurface constraint, such as volcanic rocks marking when samples were at the surface)
— References that are the source of information for the assumption
o Any other criteria or information used to define or limit tT path solutions
— Character of tT path segments (e.g., number of breakage points; cooling rates)
— Any criteria used to limit tT path solutions and justification for criteria, including path simplicity

System- and model-specific parameters

oooao

Model outputs

o Clear representation and explanation of thermal history model outputs
o Representation of how well the tT path solutions fit the observed data (e.g., goodness of fit number for HeFTy and plots of observed vs. modelled dates for QTQt)
o Explanation of how model outputs were used to reach the final geologic interpretation

Statistical fitting criteria for a tT path “fit” (e.g., what criteria used to evaluate which tT paths acceptably reproduce the observed data; statistical thresholds used)
Kinetic model used (e.g., citation of paper(s) describing model(s) used, optional parameters, etc.)
Modeling code: specific code used and version # if applicable

Running and ending conditions (e.g., number of paths tried; burn-in, post-burn-in, if applicable; criteria for termination)

statistic (e.g., mean sample date) is appropri-
ate for samples with normally distributed dates
(e.g., common in geochronologic studies), but
it is not correct for samples with substantially
skewed dates or kinetic variation. We recom-
mend explaining the rationale for combining
or not combining sample data using a summary
statistic. If a summary statistic is used, then state
how data are combined (e.g., unweighted mean,
weighted mean and nature of weighting), how
the uncertainty is calculated, what factors are
included in the uncertainty, and the confidence
interval (1o or 20).

5. INTERPRETING DATA WITH
THERMAL HISTORY MODELS

5.1. Overview

Thermal history modeling is an interpretive
step that is commonly used to convert thermo-
chronologic data into thermal histories from
which geologic conclusions are derived (Fig. 6).
This is done because (U-Th)/He dates are quan-
tities that represent a mineral’s time-integrated
thermal history, and a variety of tT paths can
yield the same (U-Th)/He date (see sections
2.1 and 2.5 of companion paper, Flowers et al.,
2022). Much can generally be learned from (U-
Th)/He data sets even without tT modeling, but
it can be powerful for testing specific hypotheses
and exploring particular questions with a data
set. This process involves using He diffusion ki-
netic model(s) for the mineral(s) of interest in a
tT modeling program to determine the range of
thermal histories that can explain the data while
honoring other geologic and geochronologic
constraints on the tT path.
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Thermal history modeling can be done in
both a forward and an inverse sense. Forward
modeling involves choosing a given tT path to
predict the dates (e.g., Ketcham, 2005). Different
segments of the selected tT path (e.g., heating
magnitude or duration, cooling timing or rate)
can be varied by the user to gain a conceptual
understanding of how different parts of the tT
history influence the predicted date pattern and
to determine which tT path segments the data
are sensitive to and actually constrain. Forward
modeling is therefore a recommended prelimi-
nary step before inverse modeling, so that the lat-
ter is not a “black box.” Inverse thermal history
modeling involves generating a suite of forward
tT paths with a defined set of characteristics
from which dates are predicted, compared with
the observed input data, and used to constrain
the suite of viable tT histories that can account
for the thermochronologic, as well as any inde-
pendent geologic and geochronologic, data (e.g.,
Ketcham, 2005, 2012; Gallagher, 2012).

Thermal history modeling requires careful
consideration of the input thermochronologic
data, a solid understanding of independent geo-
logic and tT constraints that may bear on the
samples and how to reasonably and defensibly
incorporate them into the models, deliberate im-
plementation of a geologically plausible level of
complexity in tT path solutions given the sample
context, an understanding of the criteria used to
determine solutions and how these criteria affect
interpretation of model outcomes, complete rep-
resentation of tT model outputs, and full expla-
nation of all of the above aspects in published
products (Table 3). Deciphering the complete,
continuous thermal history of the sample is gen-
erally not feasible. More commonly, the goal
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is to resolve the tT path well in the tT range of
interest for the problem being addressed. Being
cognizant of which portions of the thermal his-
tory the data do and do not constrain is key for
reliable data interpretation.

The two most commonly used thermal history
modeling programs are HeFTy (Ketcham, 2005)
and QTQt (Gallagher, 2012). Both programs al-
low for forward and inverse modeling. The dif-
fering strategies and philosophies that these pro-
grams use for generating tT paths during inverse
modeling, for statistically determining which
paths predict dates that acceptably reproduce the
observed data, and for depicting inversion model
results were recently discussed in a paper and as-
sociated comments and replies (Vermeesch and
Tian, 2014; Gallagher and Ketcham, 2018; Gal-
lagher and Ketcham, 2020; Vermeesch and Tian,
2020; Green and Duddy, 2020). Broadly compar-
ing software approaches, HeFTy uses frequentist
statistics, testing the null hypothesis that the data
could be a sample from the set of possibilities
implied by the model given measurement uncer-
tainties. A Monte Carlo scheme is used to gen-
erate tT paths, with the user assigning a degree
of permitted complexity to different segments of
the history to help ensure a fuller mapping of
the set of geologically reasonable paths that fit
the data. QTQt uses a Bayesian methodology,
which allows the user to set up a series of priors
concerning the thermal history and optionally
include other factors such as diffusion kinetics,
allowing them to vary. The Markov Chain Monte
Carlo (MCMC) method is used to search the so-
lution space by learning from earlier-attempted
paths and includes a penalty for complex paths
(with many nodes); thus, it seeks and highlights
the simplest set of solutions that best fit the data.
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In both programs, constraints or priors can be
used to enforce external information concerning
the thermal history, such as depositional events
(i.e., stratigraphic ages).

To interpret the geologic significance of ther-
mal histories derived from the modeling effort,
additional assumptions, such as the geother-
mal gradient or other factors, are then required
(Fig. 6). Thermal-kinematic modeling software
such as PECUBE, which computes the spatial
and temporal variability of upper crustal tem-
peratures during topographic evolution and
faulting, can also be used to constrain which
geomorphic, structural, and geodynamic histo-
ries are most consistent with a (U-Th)/He data
set (e.g., Braun, 2003; Ehlers and Farley, 2003;
Ehlers, 2005; Braun et al., 2012).

We do not address all of these complex top-
ics here but instead focus specifically on the
practical choices and assumptions that must be
made by the user during setup of inverse thermal
history models. A critical point is that interpre-
tive decisions are unavoidable when setting up
models, including what data types and samples
to simulate, how to input these data into the mod-
els, what modeling program to use, whether to
explore and represent a wide range of feasible
histories or to favor simpler tT paths in model
outputs, what criteria are used to determine
whether the data are replicated, and what inde-
pendent geologic and geochronologic data are
relevant to the samples and should be honored.
These choices should be carefully considered
and deliberately made, but they are not always
clear cut, such that there may be multiple reason-
able paths through this decision tree. It therefore
is essential that published products articulate the
choices made and logic used along this path and
represent how well the preferred tT path solu-
tions reproduce the data (section 5.4; Table 3).
‘We first reiterate the critical concepts of “model
structure” and hypothesis testing that are central
to constructing inverse thermal history models
(Gallagher and Ketcham, 2018; section 5.2), de-
scribe two common strategies for inputting data
into inverse models (section 5.3), and conclude
with some recommendations for model report-
ing (section 5.4; Table 3).

5.2. Designing a Model Structure, Testing
Hypotheses, and Evaluating Model
Outputs

Thermal history modeling is carried out with-
in a deliberately designed model structure to test
and explore specific hypotheses for a data set,
such as the timing, magnitude, or rates of cool-
ing/exhumation and/or heating/burial event(s)
across a study area (e.g., Gallagher and Ket-
cham, 2018). The model structure is informed
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by the geologic and geochronologic context
of the samples, by preliminary interpretations
made from the data based on the temperature
sensitivity(s) of the dated mineral(s), and per-
haps by additional plots of sample date(s) versus
elevation or distance along a transect that may
aid in better understanding the spatial patterns
of the data (Fig. 6).

The model structure is implemented in a
number of ways. First, independent geologic
and geochronologic knowledge is incorporated
into the models by choosing whether and how
to apply tT constraint boxes through which all
tested tT paths must pass. This step is essential
for designing geologically valid model frame-
works. These constraints may be based on local
geologic observations, such as an unconformity
that requires the rocks to have been at the sur-
face at a specific time, or based on the broader
context such as knowledge that the study area is
within a larger region that was undergoing burial
within a certain interval. Characteristics of the
intervening tT path segments are also specified
(e.g., number of breakage points, cooling rates).
In some cases, for example, when using QTQt,
an additional decision is required about whether
to explore and represent a wide range of tT path
possibilities or to limit outcomes by penalizing
more complex solutions with rate-variant tra-
jectories even if they replicate the data as well
as simpler solutions. It is common to iteratively
carry out multiple models that assume different
model frameworks and that vary different model
aspects to fully understand the limits of a data set
and extract the maximum information from it.

As an example of model structure, it may be
possible that a history of continuous slow cool-
ing/exhumation, or one of early rapid cooling/
exhumation followed by one or more episodes
of heating/burial and cooling/re-exhumation,
can fit a thermochronologic data set equally well
(Fig. 10A). In this case, the level of complexity
that the authors infer is most geologically realis-
tic will determine how the model is constructed
(e.g., McClure Mountain syenite example; An-
derson etal., 2017, 2018; Weisberg et al., 2018a,
2018b). Thus, in the continuous cooling inverse
model, reheating would be precluded, and the
only tT constraints imposed may be the high-
temperature crystallization age and the modern
surface temperature (Fig. 10B). In contrast, in
the heating and cooling inverse model, reheat-
ing would be allowed, and additional constraint
boxes would be defined, for example, based on
unconformable relationships inferred to be rel-
evant to the samples that constrain earlier inter-
vals when the sample was at or near the surface
(Fig. 10C). The outcomes of each model then
support or refute the hypothesis tested by the
model structure by either yielding or not yielding
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tT solutions that are considered to acceptably re-
produce the data. This process assumes that the
data are reliable, appropriate uncertainties are
applied, and the kinetic models account for the
mineral diffusion characteristics sufficiently well
(e.g., Gallagher and Ketcham, 2020).

Itis not possible to infer thermal histories from
the thermochronologic data alone without adopt-
ing a model framework. Models that seek, favor,
and highlight the simplest solutions embed mod-
el frameworks that test the hypothesis that rate-
and direction-invariant thermal histories with
limited inflections can explain the data (for ex-
ample, this approach is sometimes adopted when
using QTQt). The outcomes of these models do
not falsify the possibility that more complex tT
paths can statistically reproduce the data as well
or better than more simplistic paths, because
the models were designed to penalize and reject
non-monotonic tT trajectories that change in rate
and direction rather than explore them. Whether
this approach yields the most geologically likely
suite of tT paths, or yields overly simplistic and
geologically unrealistic or illogical outcomes,
depends entirely on the sample context, model
design, and study objectives. It is important to be
aware that the outcomes of models that highlight
simple solutions may imply that the data restrict
thermal histories in a temperature range that the
results are not sensitive to and therefore cannot
limit. For example, outcomes of inverse thermal
history models of apatite (U-Th)/He data sets
that penalize rate-variant paths may depict a nar-
row range of rate-invariant monotonically cool-
ing tT paths at temperatures <30 °C, although in
reality the apatite (U-Th)/He data allow any tT
trajectory at these low temperatures; this may be
key in a circumstance in which one is trying to
determine the most recent phase of cooling that
the data can constrain, such as associated with
incision of a canyon. This again underscores the
need to understand, clearly articulate, and justify
embedded assumptions in thermal history mod-
els so that it is clear what the models do and do
not test and/or resolve.

It is crucial to carefully evaluate the model
outcomes. This evaluation includes confirming
and conveying in the published product that the
preferred solutions reproduce the data, for ex-
ample via statements of the specified statistical
fitting criteria (for HeFTy; note that QTQt inver-
sion models will always yield solutions even if
the fit quality is poor) and/or graphical depictions
of observed and predicted data (Flowers et al.,
2016; Gallagher et al., 2016). This assessment
also includes inspecting the model outcomes to
ensure that they are not invalidated by incontro-
vertible geologic and chronologic information
that constrains the tT path, such as a time when
the sample was at the surface based on the age of
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Figure 10. Examples are shown of two different thermal history model frameworks that
may be constructed based on the setting of a thermochronologic sample. (A) Geologic set-
ting of a basement sample that crystallized at depth at some known time in the past based
on independent geochronologic data (t), orange square) and is collected at the surface today
(tpresents Yellow square). Constraining the thermal history in the intervening time is the aim
of the thermochronologic study. Unconformable relationships in the region indicate that
nearby basement was at the surface by the time that overlying sedimentary rocks were de-
posited (t,,conformitys £ray units). Whether or not the unconformity is considered relevant to
the sample will dictate the structure of the thermal history model. (B) Continuous cooling/
exhumation model framework assumes that the unconformity is not relevant to the sample
and the sample was not buried by the sedimentary rocks in the region. In this model, the
high temperature crystallization age (t;,;,) and present-day surface conditions (t, ., are
imposed on the model, all tested tT paths are forced through these two constraints, the
sample is assumed to have undergone continuous cooling and exhumation during its path to
the surface, and reheating/burial is not allowed by the model. The red curve marks one pos-
sible tT path that can explain the data and assumed constraints, while the gray field encom-
passes the larger range of the most statistically probable tT paths within this cooling-only
model framework. (C) Reheating/burial model framework assumes that the unconformity
is relevant to the sample, such that the sample was exhumed to the surface by the age of
the unconformity, was buried by sedimentary rocks that were later eroded, and was re-
exhumed to the surface by present day. In this model, a third constraint (t,,conformity) iS also
imposed on the model, through which all tested tT paths must also pass. The red curve and
gray field again depicts the most statistically probable tT paths within this reheating/burial
model framework. The outcomes of the continuous exhumation model in panel B and of the
burial model in panel C support the hypothesis tested by each model, because statistically
viable thermal histories are found that can explain the data and the imposed constraints.
The interpretation by the authors will depend on which geologic framework they consider

to be the most geologically probable. HePRZ—He partial retention zone.

<
<

tions, the model should be discarded or refor-
mulated to include them, because later portions
of tT path solutions can be dependent on earlier
segments that are in the temperature sensitiv-
ity window of the thermochronometer and vice
versa (see section 2 of companion paper, Flowers
etal., 2022). Sensible and reliable interpretations
cannot be drawn from models that flatly contra-
dict relevant geology.

A key point is that simply finding statistically
probable tT paths within a given model frame-
work does not mean that those are the most geo-
logically probable thermal histories. Nor should
the default be to assume that the simplest model
structure and simplest possible tT path is always
(or perhaps ever) the most geologically realistic,
especially over longer timescales. Additional ar-
guments are required to establish the most geo-
logically valid model framework(s) for a given
thermochronologic data set, and these should be
communicated along with thermal history mod-
els (Fig. 10; section 5.4; Table 3).

5.3. Common Strategies for Data Input

An important consideration when deciding
whether and how to include data in a modeling
effort is the connection between the data and the
theoretical and computational framework within
which we are attempting to interpret and repro-
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duce them. Current (U-Th)/He models account
for a limited range of mechanisms: thermally ac-
tivated volume diffusion as possibly modified by
domain size and radiation damage, and long al-
pha stopping distances. Zoning in U-Th can also
be incorporated, but it is typically not measured
and requires assumptions to extrapolate to three
dimensions. If dates are strongly influenced by
a mechanism that is not included in the model
framework (e.g., U-Th zonation, He implanta-
tion, unconstrained kinetic factors), there are
no logical grounds for expecting the model to
reproduce them; essentially, the only option the
model has to fit the data is to distort the tT path to
compensate for the physical attribute or process
it is missing. If omitted factors have limited and
symmetric effects on dates, as might be inferred
from modest but non-skewed excess dispersion,
then the data can probably be modeled safely,
perhaps while including some means of accom-
modating the excess dispersion such as increas-
ing the estimated uncertainty. If the omitted
factors impart a strong positive skewness to the
data distribution (e.g., old-date excursions that
cannot be explained by eU or grain size), mod-
eling becomes more dangerous and should be
executed with extreme caution, if at all. Inverse
thermal history modeling should only be under-
taken for data that have been carefully evaluated,
are considered reliable, and yield sensible and
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understandable data patterns believed to be ac-
counted for by the model (section 3).

There are two principal options for data input:
(1) inputting the individual analyses and their as-
sociated uncertainties or (2) using averaging into
“synthetic” grains either for the entire sample or
within kinetic subgroups.

(1) One approach is to input the individual
analyses and their associated uncertainties. This
can be considered the most holistic approach, as
it allows the inversion procedure to sort through
possibly competing kinetic influences from size,
eU, and other factors such as composition or
zoning if appropriate data have been gathered.
However, it has a higher computational over-
head and assumes that the uncertainties are fully
characterized, which is generally not the case.
Most reported uncertainties do not currently in-
clude those associated with the F;. correction and
cannot incorporate factors that are not charac-
terized (e.g., He implantation, eU zonation). If
uncertainties are underestimated, the result can
be either no fits or an overly restricted swath of
tT paths. To compensate, if excess dispersion
appears symmetric, individual estimated uncer-
tainties can be increased. However, if some dates
partially result from omitted factors or mecha-
nisms leading to a highly skewed distribution,
including these dates can distort any joint solu-
tion or preclude finding one. QTQt software will
search for thermal histories that reproduce the
input data to the maximum extent possible and
may simultaneously prefer simpler solutions.
QTQt also allows uncertainties in U, Th, Sm, He,
and grain size to be re-evaluated as a part of the
fitting process. However, because of this flexibil-
ity, results must be checked carefully against the
original data to ensure that any degree of misfit
is acceptable.

An additional consideration is the representa-
tion of (U-Th)/He data relative to other data be-
ing modeled simultaneously (e.g., fission track,
vitrinite). In both HeFTy and QTQt, the more in-
stances of a given type of data that are included,
the more that data type influences the solution.
Consequently, modeling, for example, five in-
dividual (U-Th)/He dates and one fission-track
date may weight the solution toward the (U-Th)/
He data in a manner not necessarily anticipated
or desired by the researcher.

(2) Another approach is to use averaging into
“synthetic” grains either for the entire sample or
within kinetic subgroups. This approach allows
one to apply an uncertainty model that does a
better job of characterizing group dispersion
than the individual estimated uncertainties, and
it also decreases computational load and equal-
izes weighting among data types. For samples
for which it is reasonable to report a mean (see
section 4), one could use the weighted or un-
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weighted mean and uncertainty reported for
the sample, often without loss of information.
This approach is functionally analogous to the
standard procedure of combining fission-track
single-grain dates into one date and uncertainty.

For samples for which it is not reasonable to
report a mean, one can model the data within
appropriate kinetic bins, usually eU, but poten-
tially incorporating other factors such as size or
composition, if they appear to organize the data
(e.g., date-eU correlations or anticorrelations).
Uncertainties for each bin can be estimated us-
ing the methods in section 4.2.

For both data input cases, when the data show
skewed excess dispersion, the question can arise
of whether one must use all data or may attempt
to identify and omit outliers during the modeling
process. In addition to the approaches to outlier
identification discussed in section 3.1, another
procedure involves evaluating single grains of
a sample for compatibility by modeling them
individually and overlaying their solutions to
determine if one or more are inconsistent with
the rest (Sousa and Farley, 2020). This approach
provides a potentially concrete and non-biased
way of screening grains, but it is not without
weaknesses. Underestimated uncertainties on
the individual analyses or an inappropriate model
structure may yield results that suggest an analy-
sis is inconsistent with the rest of the data when
it is not, or a grain can be partially influenced by
an omitted factor in such a way that it remains
sufficiently consistent with other grains to be in-
cluded but nevertheless distorts the joint solution.
Integrating multiple approaches to outlier identi-
fication can be valuable and appropriate.

5.4. Recommendations for Reporting
Thermal History Models

Thermal history modeling of (U-Th)/He data
sets is an interpretational exercise. There are
multiple reasonable approaches to this process,
including those outlined above, with the strat-
egy partly dependent on the data pattern, soft-
ware used, and interpreted geologic context. It
is not unusual for scientists to approach model-
ing of a single data set in different ways. This is
no different from the interpretation of any data
set in the Earth sciences, where scientists may
reasonably reach divergent conclusions de-
pending on the factors most weighted in the in-
terpretational process. As long as the published
product clearly explains the rationale for why
and how interpretations were developed, and
transparently conveys how well the preferred
solutions reproduce the observed thermochro-
nologic and geologic data, these differences can
be healthy and help focus future work to best
test and refine interpretations.
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For these reasons, we emphasize that publica-
tions should clearly explain the rationale for the
model setup and the path to the favored geologic
interpretation. Table 3 is a checklist of minimum
needed information to report for thermal history
models. A semi-standardized format for present-
ing this information was proposed previously
(Flowers et al., 2015). All information needed
to assess and reproduce the conclusions, and for
others to use the same data to develop alternative
models and interpretations, must be provided.
However, there is no thermal history modeling
approach that is clearly superior to all others for
all data sets, and a single modeling philosophy
should not be forced on the interpretation of (U-
Th)/He data sets.

6. OPPORTUNITIES AND LOOKING
FORWARD

Numerous opportunities exist to acquire in-
formation to improve decisions about how to
interpret data, incorporate them into modeling,
and infer geologic meaning from the results.
Looking forward, we see opportunities in the
following areas:

(1) Improved grain characterization. In some
circumstances, the acquisition of additional
information regarding parent isotope zonation,
radiation damage, He distribution, and other
factors via LA-ICP-MS, Raman spectroscopy,
in situ He analysis (Danisik et al., 2017), and
other methods may assist with data interpreta-
tion. Implementing efficient lab workflows that
include the acquisition of such data as a more
routine aspect of (U-Th)/He dating would be an
important step in this direction.

(2) Diffusion kinetics. Improved understand-
ing of He diffusion kinetics, and in particular
how they are impacted by radiation damage
accumulation and annealing, will improve our
ability to properly interpret (U-Th)/He data sets,
from appropriately attributing dispersion to de-
riving reliable thermal histories.

(3) Uncertainties and dispersion. Improved
quantification of individual analysis uncertain-
ties (see companion paper, Flowers et al., 2022)
would be beneficial for determining whether in-
dividual analyses vary beyond what is expected
from analytical and geometric effects and thus
whether they are or are not truly “dispersed.” Ap-
propriate uncertainties on eU, crystal size, and
other parameters are similarly needed to effec-
tively interrogate data for date-eU correlations,
date-size relationships, and other data patterns.

(4) Representation and statistical charac-
terization of dispersed data sets. Samples with
(U-Th)/He dates that differ by more than the
single-grain analytical uncertainties are rela-
tively common. This may be due either to ex-
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pected date variation from variable kinetics or
to overdispersion from other causes. Additional
approaches for representing such data sets and
statistically characterizing them are needed.

(5) Outlier identification. The development
and implementation of analytical and statistical
methods for fingerprinting (U-Th)/He dates that
are anomalous would increase confidence in the
identification of biased analyses that should be
banished from data sets. For example, continu-
ous ramped heating methods hold promise in
this arena (e.g., Idleman et al., 2018).

(6) Generation of larger data sets via cost-
effective and higher throughput methods. Larger
(U-Th)/He data sets would aid in identifying
data patterns (e.g., date-eU relationships), char-
acterizing the distribution of sample popula-
tions, and fingerprinting anomalous analyses.
This would enhance data interpretation and
decisions about how to statistically character-
ize sample data. More data are also required
for detrital studies (e.g., Vermeesch, 2004), to
decipher thermal histories in areas with com-
plexly evolving thermal structures owing to to-
pography and faulting (Gautheron and Zeitler,
2020), and to interpret orogenic-scale patterns
of exhumation and relief change (e.g., Thom-
son et al., 2010; Ehlers et al., 2015). Developing
more cost-effective methods that speed sample
throughput will aid in achieving this. Laser
ablation techniques (e.g., Boyce et al., 2006;
Tripathy-Lang et al., 2013; Evans et al., 2015;
Horne et al., 2016; Pickering et al., 2020) and
more rapid dissolution methods for refractory
phases like zircon are possible options.

(7) Data management. With the desire to in-
crease the amount and types of analytical data
associated with (U-Th)/He dates comes an asso-
ciated need for effective data management tools.
Efficient and fully integrated data reduction and
management workflows in labs that harness the
power of modern database systems would im-
prove the traceability, recoverability, and orga-
nization of lab metadata and thereby increase
the volume of high-quality data that can be pro-
duced and managed. Associated training of lab
personnel in data management systems would
enable these systems to be further adapted and
customized in tandem with new analytical de-
velopments.

(8) Thermal history modeling software. Con-
tinued improvement in inverse thermal history
modeling tools is needed to maximize the tT
information extracted from different types of
(U-Th)/He data sets. This includes optimizing
their ability to efficiently simulate large and
dispersed data sets, including deeper-time re-
sults for which inversion results are increas-
ingly non unique, large portions of tT space
must be searched, and assuming the simplest
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monotonic cooling-only tT path framework is
less likely to be correct. Promoting user under-
standing of these modeling programs, the pros
and cons of each for different types of data
sets, and how to set up, present, and defend the
model structures used for the tT simulations,
will enhance the accuracy and clarity of thermal
history interpretations.

(9) Thermal and kinematic modeling software.
Quantitative thermal and kinematic interpreta-
tion tools, ranging from 1-D and 2-D models of
crustal thermal structures to 3-D numerical mod-
els that track the evolution of the crustal thermal
field, have advanced in tandem with innovations
in the (U-Th)/He technique (e.g., Braun, 2003;
Ehlers and Farley, 2003; Braun et al., 2012; Mora
et al., 2015). Such software enables modeling
of the tT paths of rocks transiting through the
crust to test geologic hypotheses for the data. It
is important that these models are updated to in-
clude the most recent He diffusion kinetic mod-
els. As laboratory studies continue to constrain
the factors that can contribute to a broad span
of He diffusivity within single-mineral He ther-
mochronometers, an ongoing challenge is how
to honor and exploit this valuable intra-sample
complexity when large multi-sample data sets
are combined in thermokinematic models.

7. CONCLUSIONS

This manuscript summarizes key consider-
ations associated with evaluating, integrating,
and interpreting conventional individual aliquot
(U-Th)/He data. The methods associated with
the representation, statistical characterization,
interpretation, and modeling of different types
of (U-Th)/He data sets are under active develop-
ment. Our goals are to help guide non-experts in
the interpretational process, aid in transparent re-
porting and interpretational practices, and assist
in decisions about whether and how to assimilate
data into thermal history modeling.

(1) Intra-sample date dispersion (section
2; Table 1). A variety of factors can cause in-
dividual (U-Th)/He dates to vary beyond their
analytical uncertainties, either due to interpre-
table kinetic effects (e.g., radiation damage,
grain size) or other factors (e.g., U-Th zona-
tion, grain fragmentation and abrasion, parent-
less He). Many of these effects are magnified
by tT paths characterized by protracted cooling
through the HePRZ or reheating and partial He
loss in the HePRZ. Table 1 summarizes these
possible influences on the (U-Th)/He date, if
they are affected by the character of the tT path,
and whether they can be identified, exploited,
and/or circumvented.

(2) Evaluating (U-Th)/He thermochronologic
data sets (section 3.1). A reasonable workflow
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for evaluating (U-Th)/He data sets in thermo-
chronometer studies includes: (1) evaluating
individual analysis quality, (2) constructing
date-eU and date-grain size plots, (3) assessing
the significance of data patterns, (4) consider-
ing outliers, and (5) deciding whether it is ap-
propriate to combine individual analyses from
a sample using a summary statistic such as a
mean date.

(3) Evaluating (U-Th)/He geochronologic
data sets (section 3.2). When evaluating (U-Th)/
He geochronologic data sets, assessing analysis
quality and outliers before combining results is
recommended. In this case, the data are expected
to define a normally distributed population ap-
propriate for reporting a mean sample date.

(4) Additional considerations in detrital
studies (section 3.3). An important first step in
detrital studies that affects the interpretational
process is to establish whether detrital samples
are (1) unreset, such that the (U-Th)/He dates
are older than or equal to the time of deposi-
tion and record the thermal history of the source
region; (2) fully reset, such that the dates are
younger than the depositional age and record
information about peak burial heating and sub-
sequent cooling; or (3) partially reset, such that
dates are both older and younger than deposi-
tion and record information about maximum
burial temperatures. Detrital samples typically
yield wide dispersion, even those that are par-
tially or fully reset, owing not only to the fac-
tors that can affect bedrock samples, but also
due to variable pre-depositional histories, vari-
able amounts of grain abrasion, and generally
lower grain quality.

(5) Integrating individual analyses (section
4; Table 2). Use of a summary statistic to rep-
resent sample data assumes that the underlying
distribution of dates for the sample population is
known (e.g., He et al., 2021). For samples with
normally distributed single grain dates, report-
ing a central tendency statistic is appropriate, but
such a statistic is inappropriate for samples char-
acterized by substantial skew in the date distribu-
tion or by kinetic variation. The criteria for com-
bining or not combining individual analyses into
a summary statistic should be stated, although
at present there is no community agreement on
approach. If data are combined, then how they
are combined (e.g., unweighted mean, weighted
mean, nature of weighting), how the uncertainty
is represented, what factors are included in the
uncertainty, and the confidence interval (1o or
20) should be reported.

(6) Interpreting data with thermal history
models (section 5; Table 3). Thermal history
modeling is a central tool used to convert (U-
Th)/He data to thermal history interpretation
and test hypotheses for the data based on the
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sample context. Which data are simulated, how
they are input into the model (section 5.3), and
what independent geologic and geochronologic
constraints are considered reliable, relevant to
the simulated samples, and therefore important
to honor (section 5.2) are all interpretive deci-
sions that must be made and should be carefully
considered during model setup. Different mod-
eling philosophies and approaches have been
developed, and it can be entirely reasonable for
divergent scientific conclusions to be reached de-
pending on the choices made and weighting of
different factors during the interpretational path.
Consequently, when thermal history models are
used to interpret data, it is imperative to clearly
explain the rationale for the model framework
and how geologic interpretations are developed
from model results so that the others can assess
the reliability of the outcomes and how they can
be further tested. Therefore, the published prod-
uct should state and explain (also see section 5.4
and checklist in Table 3): (1) the rationale for
the model structure, logic for the imposed tT
constraints, and details of the model setup; (2)
constraints on the character of tested tT paths or
solutions; (3) what data are used in the modeling
and why; (4) how data are input (i.e., as single
grains, or as synthetic sample or kinetic sub-
group averages); (5) the kinetic model(s) used;
(6) all data and information need to reproduce
thermal history model results; (7) tT modeling
program used and statistical fitting criteria; (8)
clear representation and explanation of model
outputs, including a representation of how well
the tT path results fit the observed data; and (9)
how model outputs were used to reach the final
geologic interpretation.
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