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ABSTRACT

The field of (U-Th)/He geochronology and
thermochronology has grown enormously
over the past ~25 years. The tool is applicable
across much of geologic time, new (U-Th)/He
chronometers are under continuous develop-
ment, and the method is used in a diverse ar-
ray of studies. Consequently, the technique
has a rapidly expanding user base, and new
labs are being established worldwide. This
presents both opportunities and challenges.
Currently there are no universally agreed-
upon protocols for reporting measured (U-
Th)/He data or data derivatives. Nor are
there standardized practices for reporting
He diffusion Kinetic, “He/*He, or continuous
ramped heating data. Approaches for report-
ing uncertainties associated with all types
of data also vary widely. Here, we address
these issues. We review the fundamentals of
the methods, the types of materials that can
be dated, how data are acquired, the process
and choices associated with data reduction,
and make recommendations for data and un-
certainty reporting. We advocate that both
the primary measured and derived data be
reported, along with statements of assump-
tions, appropriate references, and clear de-
scriptions of the methods used to compute
derived data from measured values. The
adoption of more comprehensive and uni-
form approaches to data and uncertainty re-
porting will enable data to be re-reduced in
the future with different interpretative con-
texts and data reduction methods, and will
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facilitate inter-comparison of data sets gen-
erated by different laboratories. Together,
this will enhance the value, cross-disciplinary
use, reliability, and ongoing development of
(U-Th)/He chronology.

1. INTRODUCTION

The (U-Th)/He dating method has tremen-
dous temporal reach, ability to access a broad
temperature range, applicability to numerous
minerals, and a growing number and diversity of
applications. It has been used to date materials as
old as ca. 4.5 Ga (Min et al., 2003) and as young
as ca. 2 ka (Marsden et al., 2021a). The tech-
nique can constrain thermal histories in a >300
°C to ~20 °C window depending on the mineral
system, a range that is only partly accessible to
other methods. Depending on the circumstance,
it can be applied as a thermochronometer to de-
cipher the thermal history of a rock or as a geo-
chronometer to constrain mineral crystallization
and the age of distinct geologic events (Fig. 1).
Apatite and zircon are the minerals that have
been dated most by (U-Th)/He, because these
are common U-Th-bearing accessory minerals
in many rock types and yield data that inform
time-temperature (tT) paths at upper crustal and
near-surface conditions of <220 °C. However,
a much larger and diverse family of minerals
is at least potentially dateable with (U-Th)/He,
because most minerals do not incorporate initial
He into the crystal structure such that any min-
eral containing even trace U-Th might be dated
if it is retentive to He over a temperature range
relevant to geological processes. Consequently,
various minerals are still under development as
(U-Th)/He geo- and thermochronometers, and
this versatile method is used to address an array
of Earth science problems from recent through

deep time. These studies now encompass not
only landscape evolution, topographic develop-
ment, and exhumation histories, but also weath-
ering and fault zone processes, the evolution
of sedimentary systems, the genesis of mineral
deposits, the timing of ancient unconformity
development, the age of volcanic eruptions, and
extraterrestrial material investigations.

The (U-Th)/He technique was the first radio-
metric method used to date geologic materials
(Rutherford, 1905; Strutt 1908a, 1908b, 1910a,
1910b, 1910c, 1910d). It was then applied only
intermittently during the twentieth century (e.g.,
Damon and Kulp, 1957; Fanale and Kulp, 1962;
Damon and Green, 1962; Turekian et al., 1970;
Bender, 1973; Leventhal, 1975; Ferreira et al.,
1975) owing to what was viewed as an unpredict-
able “He leakage” problem (Strutt, 1910b, 1910c;
Holmes and Paneth, 1936; Hurley, 1954). The
development of the field of thermochronology
(e.g., Dodson, 1973) and the recognition that He
leakage is predictable and governed by thermally
activated volume diffusion led to a resurgence of
the technique (e.g., Zeitler et al., 1987; Lippolt
and Weigel, 1988; Wernicke and Lippolt, 1993,
1994a, 1994b; Lippolt et al., 1993, 1994; Farley
et al., 1996; Warnock et al., 1997; Wolf et al.,
1998; Reiners and Farley, 1999; Farley, 2000; Far-
ley and Stockli, 2002; Reiners et al., 2002, 2004;
Meesters and Dunai, 2002a, 2002b). Since then,
the (U-Th)/He method has seen ongoing advances
in understanding the controls on He diffusion in
apatite and zircon (e.g., Shuster et al., 2006; Flow-
ers et al., 2009; Gautheron et al., 2009; Guenthner
et al., 2013; Mbongo Djimbi et al., 2015; Zeitler
et al., 2017; Danisik et al., 2017a), development
of other minerals as He chronometers (e.g., Far-
ley, 2002; Farley and Stockli, 2002; Evans et al.,
2005a; Copeland et al., 2007; Shuster et al.,
2005a; Blackburn et al., 2007; Wolff et al., 2016;
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Figure 1. Two examples of geologic scenarios and tT path histories that can be constrained
by (U-Th)/He dating are shown: (A) use of apatite or zircon as a thermochronometer to
constrain rock exhumation and (B) use of apatite or zircon as a geochronometer to constrain
the eruption age of volcanic deposits. Top panels schematically depict each sample’s geologic
history. Middle panels depict each sample’s tT path. Bottom panels depict each sample’s He
distribution owing to alpha ejection and any partial diffusive He loss that occurred. In the
mineral schematics, circles represent the average ejection distance that each alpha particle
will travel through the crystal lattice after generation by radioactive decay, with distances
that vary depending on the parent nuclide and mineral density. % He retention versus length
plots (where the length corresponds to the green line in each mineral schematic) illustrate
the distribution of He in the crystal owing to (A) alpha ejection and He diffusion, in the case
of a mineral with a single diffusion domain and affected by partial diffusive loss during pro-
tracted transit through the He partial retention zone (HePRZ), and (B) alpha ejection only,
in the case of a mineral with a single diffusion domain and rapid transit through the HePRZ.

Cooperdock and Stockli, 2018; Robinson et al.,
2019; Yakubovich et al., 2019), improvements
in the modeling tools used to help interpret data
(e.g., Ketcham, 2005; Gallagher, 2012; Braun
et al., 2012; Gallagher and Ketcham, 2018), and
aradical increase in the amount of data being re-
ported and interpreted in the literature.

A current challenge to the field’s progression
is that despite the expanding number of data pro-
ducers and consumers, there are no agreed-upon
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or standardized protocols for reporting data or
uncertainties. Numerous published (U-Th)/He
data sets lack sufficient information for measured
data on individual aliquots to be re-reduced and
data derivatives reproduced, for example, with
newer interpretive contexts that may require
modified data reduction methods. It also can be
difficult to directly compare and appropriately
interpret data produced by multiple laboratories
that are reduced and presented in different ways,
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especially when the data reduction choices made
and the basis of the uncertainties presented are
not always clear. Limited consensus on report-
ing formats has hindered the development and
use of online databases for (U-Th)/He results,
although such metadata archiving is an emerg-
ing requirement of journals and funding agen-
cies to facilitate integration with other data sets
and maximize the long-term impact and acces-
sibility of data. Moreover, although He diffusion
stepped-heating data comprise the foundation of
the kinetic models that are used to interpret (U-
Th)/He thermochronologic results, here again
there are no universally adopted reporting ap-
proaches. “He/3He results that can constrain
the spatial distribution of “He in a crystal, and
continuous ramped heating (CRH) data that can
identify problematic samples, also lack uniform
reporting practices.

Here we address these challenges by (1) of-
fering an accessible resource for (U-Th)/He data
producers, users, and reviewers on the genera-
tion and reduction of individual aliquot (U-Th)/
He, kinetic, “He/*He, and CRH data; (2) devel-
oping and recommending a set of practices for
reporting data and uncertainties for conventional
analyses on individual aliquots; and (3) devel-
oping and recommending data and uncertainty
reporting practices for kinetic, “He/*He, and
CRH data. This contribution follows similar
manuscripts for other geochronology communi-
ties (e.g., U-Pb laser ablation—inductively cou-
pled plasma—mass spectrometry [LA-ICP-MS],
Horstwood et al., 2016; “°Ar/*Ar, Schaen et al.,
2020) that tangle with the difficult challenges as-
sociated with data reporting to enhance the qual-
ity, documentation, and scientific interpretation
of geochronologic data.

In this contribution we place most emphasis
on measurements of single crystals of apatite
and zircon, the phases on which most (U-Th)/He
work has been and is currently being done. Other
minerals are now being analyzed more routinely
and in some cases may have modified reporting
needs (e.g., hematite and goethite). Laser abla-
tion (U-Th)/He dating, in which one or more
analyses are acquired in situ on a single crystal,
is a valuable approach that is seeing wider adop-
tion (Boyce et al., 2006, 2009; Vermeesch et al.,
2012; Tripathy-Lang et al., 2013; Evans et al.,
2015; Horne et al., 2016, 2019; Pickering et al.,
2020), but such data also have differing report-
ing and interpretational considerations that are
beyond the scope of this paper. We underscore
that these other approaches are important and
rapidly developing directions in the broad field
of (U-Th)/He, but we are limited in how many
topics we can cover comprehensively and hence
focus our attention on those topics currently rel-
evant for the majority of (U-Th)/He data users.
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We first review the fundamentals of the (U-
Th)/He method (section 2), summarize the con-
trols on He diffusion (section 3) and the types
of materials that can be dated (section 4), and
outline the steps associated with (U-Th)/He data
acquisition (section 5). We then describe the
process and choices when reducing individual
aliquot (U-Th)/He data and make recommenda-
tions for associated data and uncertainty report-
ing (sections 6 and 7). We also review the basics
of kinetic, ‘He/*He, and CRH data, and similarly
recommend reporting protocols (section 8). We
conclude by describing future directions (sec-
tion 9) and by summarizing the recommenda-
tions of this paper (section 10). The companion
paper discusses considerations when evaluating
and combining individual aliquot data from
samples and for inputting such data into ther-
mal history models (Flowers et al., 2022). Re-
cent contributions provide more comprehensive
reviews of the technique (Reiners et al., 2018)
and summaries of its principles and applications
(Ault et al., 2019; Tremblay et al., 2020, Ele-
ments volume). Here we build on that work with
the goals of improving the consistency and rigor
of (U-Th)/He data reporting to further promote
developments in and applications of (U-Th)/He
chronology.

2. FUNDAMENTALS OF THE (U-Th)/He
METHOD: HE PRODUCTION, HE LOSS,
AND SIGNIFICANCE OF (U-Th)/He
DATES

2.1. Overview

(U-Th)/He chronology is based on the pro-
duction of “He atoms by radioactive alpha decay
in a crystal and the loss of those “He nuclides
by thermally activated volume diffusion. At
higher temperatures, the crystal is an open sys-
tem such that the He atoms escape completely
from the crystal, while at lower temperatures
they may be retained (Fig. 2). The temperatures
over which He is lost versus retained depends
on the crystal’s He diffusion characteristics. The
total He measured in a crystal is the net result of
He production and diffusion over the course of
that mineral’s history, minus any He expelled by
alpha ejection. Thus, (U-Th)/He dates are quan-
tities that represent this time-integrated thermal
history. As such, they commonly represent nei-
ther the formation age of a rock nor the timing
of a specific cooling event and therefore require
additional context for their interpretation (e.g.,
Wolf et al., 1998; Gautheron and Zeitler, 2020).

Throughout this text, we follow the ap-
proach of Faure (1986, p. 41) and the U-Pb and
YOAr/Ar geochronology communities (e.g.,
review papers by Schoene et al., 2013; Schaen

106

Flowers et al.

Low

Temperature
Medium

Partial
Daughter (*D) Retention

Temperature

(U-Th)/He Date (Ma)
ger — > Older

High Medium Low

-9 Youn

o
o
©
o

60 40
Time (Myr)

et al., 2020) in differentiating between the terms
“date” and “age.” We use “date” or “apparent
age” to refer to the number yielded by the decay
equation (below, Equation 1; the uncorrected or
raw date, see section 6.3.6) or the decay equation
plus a correction for alpha ejection (the corrected
date, see section 6.3.7). We use “age” when geo-

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/104/5754765/b36266.1.pdf
bv niversity of Glasaow user

@ = ‘He nucleii

Figure 2. The transition be-
tween complete He loss to
complete He retention during
a thermal history character-
ized by monotonic cooling is
illustrated. (A) Temperature
versus radiogenic daughter
(*D) retention (from zero to
full retention). He is produced
by radioactive decay of par-
ent isotopes (U, Th, Sm) in the
crystal lattice. At elevated tem-
peratures, all He diffuses out of
and is lost from the crystal, so
the radiogenic daughter (D*)
to P (parent) ratio is 0. At in-
termediate temperatures, He
is retained partially (known as
the He partial retention zone,
HePRZ), and the D*/P ratio
increases as He accumulates in
the crystal lattice. At low tem-
peratures, below the HePRZ
temperature range, He is re-
tained fully, and the D*/P ratio
increases linearly with accu-
mulation time. If a crystal has
accumulated He and acquired
a (U-Th)/He date, reheating
the crystal to temperatures
above the HePRZ will “reset”
the crystal by causing the accu-
mulated He to fully diffuse out,
thus returning the D*/P ratio to
0. (B) Temperature versus time
plot represents a 100-m.y.-long
monotonic cooling history. (C)
(U-Th)/He date versus time
plot, where the curve repre-
sents the evolution of (U-Th)/
He date for the thermal history
in panel B.
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logic meaning is inferred from that date, which
requires additional interpretation.

2.2. He Production by Radioactive Decay

The radioactive decay of 238U, 235U, 232Th, and
147Sm generates “He atoms (i.e., alpha particles).
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The technique has conventionally been referred
to as (U-Th)/He rather than (U-Th-Sm)/He be-
cause of the low contribution of '¥’Sm to total He
production. In most of the text, we use U to sig-
nify total 233U and 235U, Th to refer to 2*2Th, Sm
to indicate 4’Sm, and He to signify “He, except
in this subsection and in places where this usage
may generate confusion (e.g., when discussing
“He/*He thermochronology).

Over the decay chain of each parent isotope,
8,7, 6, and 1 *He atoms are produced, respec-
tively, which leads to this equation:

‘He =88 (M —1)+7+3°U(™ - 1)
+6 52 Th(e* —1)+'¥sm(e™* —1) (D

where t is time, “He, 238U, 235U, 232Th, and 4’Sm
are the current number of atoms of each isotope
in the mineral, and N\y3g, X 535, X 230, and X |4 are
the decay constants of the parent nuclides. This
equation assumes secular equilibrium of daugh-
ters in all decay chains, which is reasonably ap-
propriate for materials older than ca. 1 Ma. It
also assumes no initial “He in the dated crystal,
which is a reasonable assumption in most cir-
cumstances given the incompatibility of He in
minerals (e.g., Baxter, 2003; Baxter et al., 2007;
Zeitler et al., 2017). The (U-Th)/He system dif-
fers from most other geochronometers in that the
same daughter isotope is generated by multiple
isotopes of different elements.

The versatility of the (U-Th)/He method aris-
es partly from the broad time span that it can
access. Despite the long half-lives of the parent
isotopes, the high productivity of He throughout
the decay series means the (U-Th)/He technique
can date materials even as young as historical
time by accounting for the effects of secular dis-
equilibrium on (U-Th)/He systematics (e.g., Far-
ley et al., 2002; Schmitt et al., 2006, 2010, 2013,
2014; Danisik et al., 2012, 2017b, 2020; Ulusoy
et al., 2019; Ito and Danisik, 2020). However, it
is also possible to obtain dates as old as Archean
and Hadean for materials with appropriate He re-
tentivities and thermal histories (e.g., Min et al.,
2003, 2013; Kelly et al., 2018).

It is important to note that *He production al-
ways generates damage to the crystal lattice (al-
though this damage can be annealed at elevated
temperature). During each decay event, the par-
ent atom will be displaced a small distance (tens
of nm for a single decay and up to hundreds of
nm for the entire decay chain) opposite to the
alpha particle and create recoil damage. The al-
pha particles are ejected from the parent nucleus,
have high kinetic energy, and travel much farther
than the parent (many pm), borrowing electrons
during atomic elastic collisions to become “He
atoms and displacing atoms in the mineral lat-
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tice. The amount of damage created by parent
element recoil is much greater than that gener-
ated by the alpha particle (~5000 versus 100
defect pairs; Nasdala et al., 2001; Devanathan
et al., 2006; Farnan et al., 2007). This self-irra-
diation process during He production has direct
relevance for understanding the evolution of He
diffusivity in dated crystals (section 3).

2.3. He Loss and Redistribution by Alpha
Ejection

When He nuclei are generated, these alpha
particles have sufficient mean kinetic energy to
travel a substantial distance through the crystal
lattice (Figs. 1 and 3; Farley et al., 1996; Farley,
2002; Ketcham et al., 2011). Alpha-stopping dis-
tances depend both on the energy of alpha decay
that is characteristic to the parent isotopes and

their intermediate daughters and on the mineral
density. For most minerals, the average stopping
distances are in the 14-22 pum range for 238U,
25U, and 2?Th and in the 4-6 um range for
147Sm, although the full range of stopping dis-
tances for the intermediate decay steps is greater
(for example, in apatite and zircon, ~14-34 um
and ~12-29 pm, respectively, for the individual
decay steps in the 238U, 23U, and *’Th decay
chain; Fig. 3; Farley et al., 1996). The average
stopping distances in most minerals of interest
to (U-Th)/He dating are relatively well known
(typically to the 0.1 um or 0.01 pm level).

The long alpha-particle stopping distances
cause spatial separation of daughter and parent
nuclei unrelated to diffusion, which introduces
several complexities specific to the (U-Th)/He
system. The relatively small size (10s—100s of
pm) of most minerals dated by (U-Th)/He means

Figure 3. Illustration shows

alpha ejection in zircon. (A)
Circles on left represent the
distances that alpha particles
(which become “He atoms) will
travel through the zircon crys-
tal lattice after being produced
by radioactive decay of 23U
and the intermediate daugh-
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U positions of He atoms produced
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B (9

ters in this decay chain. Circle
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from crystal
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alpha ejection

\

Parent location
with no alpha
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All He atoms generated

on right represents the average
~18 um stopping distance of
alpha-particles in the 238U decay
chain. (B) Microscopy image of
a Fish Canyon Tuff zircon. For
parent nuclides located near
the grain edge, the portions of
the circles that fall outside the
grain represent positions where
the He atoms can come to rest
outside the crystal due to ejec-
tion, causing net He loss from
the grain. For parent nuclides

L
} {725 ]

1 located in the grain interior, the

He atoms are displaced from

their site of generation, but this He is not ejected from the crystal. (C) Schematic of the Fish
Canyon Tuff zircon in panel B, with the red area depicting the alpha-depleted outer portion
of the grain. It is the He loss in this red region that is corrected for with the alpha-ejection
correction (or F; correction). This grain has a F correction of 0.80 assuming the idealized
tetrahedral prism geometry of Ketcham et al. (2011) and no parent isotope zonation, which
means that 20% of this crystal’s He atoms are estimated to have been lost from the crystal
due to ejection. This estimated amount of ejected He is included in the calculation of the cor-
rected (U-Th)/He date. Zonation in parent nuclides introduces uncertainties into the F; cor-
rection, because higher parent nuclide concentrations in the outer portion of the grain will
lead to greater He ejection than is assumed in the unzoned case, with the opposite true for
lower parent nuclide concentrations near the grain’s exterior. Also note that the red region
in (C) is susceptible to He injection or ‘“‘He implantation” if high U-Th phases occur immedi-
ately adjacent to or coat the grain. This effect is generally insignificant in a high U-Th phase
like zircon, but in some cases it may be important in minerals that are small and low in U-Th.
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that an appreciable fraction of the alpha parti-
cles is ejected from the crystal. Most (U-Th)/He
dates are therefore “corrected” for this ejected
He based on the dated crystal’s size and shape
(see additional details in section 6.3.1). As the
magnitude of this alpha-ejection correction (or
F correction) increases for smaller grains due
to their larger surface-area-to-volume ratio, this
correction’s accuracy becomes questionable.
Grains with >50% of their alpha particles eject-
ed (equivalent to a combined F; value of <(0.5)
are generally considered to have unreasonably
large corrections, such that crystals of this small
size are not analyzed (Ehlers and Farley, 2003).
The uncertainty of this correction also increases
for crystals with morphologies that deviate sub-
stantially from the idealized geometry used to
compute the F; value (see also section 7.3.1).
Abraded or fragmented crystals introduce ad-
ditional uncertainty into the Fp correction if
the timing of rounding or breakage is unknown
(e.g., Rahl et al., 2003; Thomson et al., 2013;
Brown et al., 2013), although this uncertainty
is minimized for larger-sized grains. Parent
isotope zonation can also introduce inaccuracy
into F; corrections (Meesters and Dunai, 2002a,
2002b; Hourigan et al., 2005; Danisik et al.,
2017a). F; values are typically computed as-
suming no zonation because it is not yet routine
to measure parent nuclide distributions in dated
grains. However, if zonation causes higher or
lower parent nuclide concentrations in the outer
shell of the grain affected by ejection, then this
would mean more or less He was expelled than
assumed in the unzoned case, causing some level
of inaccuracy in the corrected (U-Th)/He date
(e.g., Farley et al., 1996; Meesters and Dunai,
2002a, 2002b; Hourigan et al., 2005; Danisik
et al., 2017a).

Alpha ejection has two other complicating ef-
fects. It modifies the shape of the He diffusion
profile by depleting the He concentration at the
crystal margin, therefore reducing the diffusion-
al loss rate (Farley, 2000; Meesters and Dunai,
2002a, 2002b; Gautheron et al., 2012). Addi-
tionally, He can be implanted into the crystal if
high U-Th phases coat or occur adjacent to the
grain (Spiegel et al., 2009; Danisik et al., 2010).
This injected “parentless He” causes erroneously
old dates, with smaller and lower U-Th crystals
most susceptible to this effect (e.g., Murray
et al., 2014; see also companion paper, Flowers
et al., 2022).

2.4. He Loss by Diffusion
He nuclei that are not ejected from the grain
can reside in and/or diffuse through a crystal lat-

tice. At low temperatures, He may be retained
fully, while at higher temperatures, it can escape
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completely via thermally controlled volume dif-
fusion, and in an intermediate temperature range
known as the He partial retention zone (HePRZ),
it may be retained partially (Fig. 2; Wolf et al.,
1998). The HePRZ is operationally defined as
the temperature range where He dates occur be-
tween 90% and 10% of the isothermal holding
time, so the HePRZ temperature range is time-
dependent (Wolf et al., 1996).

A grain’s He diffusivity and thus temperature
range for He retention and associated tempera-
ture sensitivity as a (U-Th)/He thermochronom-
eter is determined by the mineral structure. Even
within a single mineral, the He loss rate by dif-
fusion can be affected additionally by the crystal
size (e.g., Farley, 2000), the accumulated radia-
tion damage (e.g., Shuster et al., 2006; Flowers
et al., 2009; Gautheron et al., 2009; Guenthner
et al., 2013), the presence of imperfections of
various types (Zeitler et al., 2017; Danisik et al.,
2017a; Gautheron et al., 2020), the axial ratio if
diffusion is anisotropic (e.g., Farley, 2007; Reich
et al., 2007; Cherniak and Watson, 2011), and
major element chemistry (Mbongo Djimbi et al.,
2015) (additional discussion in section 3). Due
to these effects, even for the same mineral from
the same rock that underwent the same tT path,
differences in crystal characteristics can cause
variability in He diffusivity. In turn, these kinetic
differences in He diffusion can cause variability
in single crystal (U-Th)/He dates for thermal
histories with sufficient time in the mineral’s
HePRZ to induce partial diffusive He loss from
the crystals (Fig. 1A; see section 3).

2.5. Net He Retention and Significance of
(U-Th)/He Dates

A key conceptual point for understanding the
thermal history significance of (U-Th)/He data is
that although the results are reported as dates, the
date is a quantity that reflects the crystal’s time-
integrated history of He production from parent
nuclide decay and He loss by diffusion, minus
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the He ejected from the crystal, over the course
of the tT path (Fig. 2; e.g., Wolf et al., 1998).
Thus, a (U-Th)/He thermochronological date
does not typically record the timing of a specific
geologic event. A large variety of thermal histo-
ries can yield the same amount of accumulated
He and thus the same (U-Th)/He date (Fig. 4).
While a mineral that cooled rapidly through the
HePRZ may yield a date that records the tim-
ing of a cooling event (e.g., a volcanic eruption;
Fig. 1B), a mineral that cooled slowly through
and/or resided in the HePRZ for an extended
interval or one that repeatedly cooled through
and re-entered the HePRZ will not. The dates
in the latter cases reflect the total He retained in
the crystal over the course of its more complex
thermal history that includes partial He loss in
the HePRZ.

Owing to this behavior, determining the
geologic meaning of a (U-Th)/He date is not
always straightforward. Diverse strategies are
used to reduce ambiguity in possible tT paths
that can explain the data. These include sampling
strategies to harness geologic constraints or to
capitalize on date-elevation relationships (see
section 5.2); acquiring data for multiple geo-/
thermochronometers with different temperature
sensitivities either by dating different minerals
or crystals of the same mineral with variable
kinetics; using stepped-heating methods like
“He/*He to examine “He concentration distribu-
tions because in some cases different styles of
thermal history that yield the same date have dif-
ferent “He diffusion profiles (Shuster and Farley,
2004); and employing forward thermal history
modeling to acquire a conceptual understanding
of which portions of tT paths the data do or do
not constrain. Any or all of these may then be
combined with inverse thermal history modeling
that is deliberately designed to test geologically
plausible hypotheses for the data and determine
the full swath of tT paths that honor both the data
and the sample’s geologic context (e.g., Braun,
2003; Ketcham, 2005; Gallagher, 2012; Braun
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etal., 2012; Gallagher and Ketcham, 2018; com-
panion paper, Flowers et al., 2022).

The “closure temperature” (T) concept refers
specifically to monotonic (i.e., constant cooling)
mineral systems and not to more complex types
of tT paths. Closure temperature is strictly de-
fined as the temperature of a monotonically cool-
ing mineral system at the time of its measured
date and can be calculated using an equation that
includes a mineral’s diffusion parameters, the ef-
fective diffusion dimension, a diffusion-geome-
try term, and the cooling rate (Dodson, 1973).
Closure temperature also serves as a convenient
means for comparing the temperature sensitivi-
ties of different minerals, as we do below. When
reporting and assessing closure temperatures, the
assumed grain size and cooling rate should be
specified. However, because closure temperature
is defined based on a monotonic cooling-only
thermal history and samples commonly undergo
tT paths more complex than that, in many cases
it is incorrect to consider a (U-Th)/He date from
a natural sample as representing the timing of
cooling through a specific closure temperature.
Such logic is appropriate only in the limited cir-
cumstances where the geologic setting and con-
straints suggest a history characterized by simple
and relatively rapid cooling without significant
residence or reheating within the HePRZ. More
typically, especially as (U-Th)/He dating is ap-
plied to deconvolve thermal histories over longer
timescales, monotonic cooling assumptions are
overly simplistic and inappropriate.

3. CONTROLS ON DIFFUSIONAL LOSS
OF HE

3.1. Overview

A mineral’s He diffusion kinetics determine
its temperature sensitivity range and thus its util-
ity for addressing different geologic problems.
High-resolution interpretation of (U-Th)/He
thermochronologic data depends on an accurate
understanding of how He mobility varies as a
function of temperature and other factors in the
minerals dated. It also relies, to a large degree,
on the observation that the fundamental control
on the migration and loss of He through and
from crystals follows thermally activated vol-
ume diffusion, where He atoms can be treated
as interstitial impurities within a crystal lattice.
He atoms located at various sites can randomly
access neighboring sites at a rate that depends
on the energy needed to jump between sites.
The energy needed for jumping is determined
by the nature of the mineral lattice. The differ-
ent types of sites within a specific mineral grain
(e.g., interstitial sites, vacancy sites, fine-scale
crystal defects as well as larger imperfections,

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

(U-Th)/He data, uncertainty, and reporting

and damage created by alpha recoil decay or
spontaneous fission) will require difterent jump
energies. Consequently, radiation damage, other
defects, and chemical substitutions will mod-
ify the bulk diffusion characteristics of natural
crystals relative to a perfect crystal lattice (e.g.,
Shuster et al., 2006; Mbongo Djimbi et al., 2015;
Danisik et al., 2017a; Zeitler et al., 2017). What
we generally imagine as smooth bulk diffusion is
in reality an emergent process that follows from
an ensemble of many completely random walks
in 3-D. Moreover, He escape at grain boundar-
ies after crossing the grain radius is actually the
net result of a very lengthy random walk (me-
ters in length) through the crystal (e.g., Zeitler
et al., 2017). If the crystal is a single diffusion
domain and if temperatures are appropriate for
partial He loss, then a He diffusion profile will
develop defined by concentrations that are high-
er in the grain interior and decline toward the
grain edge (Fig. 1A). If, instead, the crystal is a
polycrystalline aggregate consisting of multiple
diffusion domains and undergoes partial He loss,
then rounded He diffusion profiles will develop
within the individual crystallite domains rather
than at the scale of the entire crystal.

He diffusion can be characterized by the Ar-
rhenius law in which diffusion has an exponen-
tial temperature dependence. Arrhenius diffu-
sion is described by activation energy (E,) and
a pre-exponential frequency factor (D) or its
equivalent normalized by a diffusion domain
size squared (Dy/a?) (e.g., McDougall and Har-
rison, 1999). E, represents the exponential tem-
perature dependence of diffusion, whereas D, or
Dy/a? can be thought of as the rate of diffusion
at infinite temperature. Both of these kinetic pa-
rameters may be anisotropic within minerals.
For example, for typical zircon and rutile com-
positions without substantial radiation damage,
He diffusion is anisotropic (e.g., Reich et al.,
2007; Farley, 2007; Cherniak et al., 2009; Cher-
niak and Watson, 2011; Guenthner et al., 2013;
Anderson et al., 2020). In contrast, in apatite and
titanite, He diffusion is isotropic (e.g., Reiners
and Farley, 1999; Farley, 2000; Cherniak and
Watson, 2011).

Here, we briefly describe the factors that in-
fluence diffusional loss of He and how they can
contribute to date variation. How He diffusion
kinetics are measured, and associated consider-
ations for reporting those data and their uncer-
tainties, are described in section 8.

3.2. Crystal Size

The diffusion of He from a mineral depends
not just on temperature but also on the size of
the diffusion domain. In larger domains, the av-
erage He atom has a longer path from its site
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of generation in the domain interior to where it
is lost at the domain edge than in smaller dif-
fusion domains. In all minerals studied to date,
including apatite (Farley, 2000), zircon (Reiners
et al., 2002), and titanite (Reiners and Farley,
1999), the He diffusion domain corresponds to
the size of the crystal or crystallite, or in the case
of anisotropic zircon, at least the length scale of
the c-axis-parallel dimension (Ginster, 2018).
Thus, for mineral crystals that are identical ex-
cept for dimension, larger crystals have a lower
bulk diffusivity (higher closure temperature)
than smaller crystals. This grain size effect can
cause closure temperatures to vary by ~10 °C
for typical crystal kinetics, dimensions, and
cooling rates, and thus can induce positive cor-
relations between the size and (U-Th)/He date
of single mineral crystals from the same sample,
particularly when samples have resided in the
HePRZ for extended periods of time (Fig. 5;
e.g., Farley, 2000; Reiners and Farley, 2001).
Conveniently, a sample’s grain size can be well
represented by the radius of a sphere with either
an equivalent surface-area-to-volume ratio (Rgy)
or an equivalent Fr-correction (Rgy) as the ana-
lyzed grain, although for zircon this is probably
better represented as the half-length of the c-axis
parallel dimension, at least up to a certain extent
of radiation damage. Rgy or Ry is a standard pa-
rameter reported in (U-Th)/He data sets (see sec-
tion 6.3.2 for how calculated), and is required for
diffusion modeling. For anisotropic diffusion, an
“active radius” that incorporates anisotropy and
crystal length can also be used (Gautheron and
Tassan-Got, 2010).

For materials analyzed that are polycrystal-
line aggregates, consisting of crystallites with
variable sizes, no correlation between the size
of the analyzed aggregate and date will occur.
Such aggregates are characterized by multiple
diffusion domain (or poly-crystalline domain)
behavior, which yields diagnostic He release
patterns during He diffusion experiments (e.g.,
Farley, 2018). Hematite is an example of a min-
eral that commonly forms as a polycrystalline
aggregate and displays this type of He diffusion
behavior (Farley and Flowers, 2012). However,
when individual hematite crystallites are isolated
from the aggregate and dated, positive correla-
tions between the size and (U-Th)/He date of
single crystallites can occur (Jensen et al., 2018).

3.3. Radiation Damage

The bulk He diffusivity of a mineral can be
strongly affected by the amount of accumulated
radiation damage due to self-irradiation of the
crystal from decay of the parent isotopes. Con-
sequently, the mineral diffusivity will change
over its history owing to the accumulation and
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annealing of radiation damage. Diffusion exper-
iments and patterns of data variation document
that radiation damage influences He diffusion
in apatite (e.g., Shuster et al., 2006; Flowers
etal., 2007; Gautheron et al., 2009), zircon (e.g.,
Hurley, 1954; Guenthner et al., 2013), titanite
(e.g., Hurley, 1954; Baughman et al., 2017),
and possibly rutile (Robinson et al., 2019).
Quantum calculations and intra-grain He distri-
bution mapping provide additional support for
this phenomenon (e.g., Danisik et al., 2017a;
Gerin et al., 2017; Gautheron et al., 2020). At
lower levels, damage-induced defects may act to
impede He diffusion (e.g., inferred for apatite;
Shuster et al., 2006) or to block faster pathway
channels (e.g., inferred for zircon; Guenthner
et al., 2013; Ketcham et al., 2013), thus lower-
ing the bulk crystal He diffusivity. At higher lev-

110

140 160

els, the defects may interconnect and accelerate
He loss, thus increasing the bulk crystal He dif-
fusivity (e.g., Guenthner et al., 2013; Ketcham
et al., 2013).

Parent isotope recoil during alpha decay,
alpha-particle damage, and spontaneous fis-
sion events create different types of damage in
the crystal structure. How these different dam-
age types affect the mineral He diffusivity as a
function of the damage volume fraction in the
crystal lattice, and what governs the elimination
of that damage by annealing, are key topics of
study (Shuster et al., 2006; Flowers et al., 2009;
Shuster and Farley, 2009; Guenthner et al., 2013;
Ketcham et al., 2013; Willett et al., 2017; Gin-
ster et al., 2019). Different models of damage
accumulation and annealing exist for apatite and
zircon (Shuster et al., 2006; Flowers et al., 2009;
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Gautheron et al., 2009; Guenthner et al., 2013;
Gerin et al., 2017; Willett et al., 2017; Guenth-
ner, 2021). These assume that He is impeded by
damage mostly created during parent isotope re-
coil, but they make different assumptions regard-
ing annealing kinetics. Fission-track annealing
kinetics are employed to track damage anneal-
ing in the more commonly used models (Flowers
et al., 2009; Gautheron et al., 2009; Guenthner
et al., 2013), but there is active investigation un-
derway about whether the annealing kinetics of
other types of damage are different and should
be used instead (e.g., Willett et al., 2017; Gin-
ster et al., 2019). Chemical composition may
also modify the annealing rates of radiation
damage (e.g., Flowers et al., 2009; Gautheron
etal., 2013).

The total radiation damage due to alpha decay
in a crystal (also referred to as alpha dose) is a
function of both effective U concentration (eU,
which weights the parent isotopes for their al-
pha productivity; see section 6.3.5) and damage
accumulation and annealing durations. Crystals
of the same mineral from a single sample can
be characterized by closure temperatures that
can vary by 10s °C (apatite) to >100 °C (zir-
con and titanite) owing to differences in eU.
This is because higher-eU crystals have greater
damage production rates than lower-eU crystals
and therefore accumulate more damage over
the same thermal history. eU is a useful proxy
for relative damage for samples with a shared
tT path where damage accumulation duration is
the same for all crystals dated (although eU is
an imperfect proxy, owing to the potential for
heterogeneous damage annealing). For some
types of thermal histories, the radiation dam-
age effect can cause positive (at lower damage
levels) or negative (at higher damage levels)
correlations between date and eU for grains that
underwent the same tT path (Fig. 6; e.g., Shus-
ter et al., 2006; Flowers et al., 2007; Guenthner
et al., 2013).

3.4. Major Element Chemistry

Theoretical models suggest that chemi-
cal substitutions should affect He diffusion to
some degree by modifying the mineral lattice
structure and thus changing the energy required
for He to move between sites (e.g., Mbongo
Djimbi et al., 2015; Gautheron et al., 2020),
although observational evidence for this effect
has been generalized and inconsistent. In ad-
dition, chemical composition may influence
He diffusivity in some minerals like apatite by
modifying the annealing kinetics of radiation
damage (e.g., Carlson et al., 1999; Flowers
et al., 2009; Gautheron et al., 2013; McDan-
nell and Issler, 2021). For minerals with larger
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compositional variability than apatite and zir-
con, the influence of chemical substitutions
may be accordingly greater. For example, in
natural fluorites, He diffusivity appears to de-
crease with REE + Y substitutions owing to
vacancy reduction and constriction of key dif-
fusion pathways (Wolff et al., 2016). *He diffu-
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sion study of synthetic monazite structure and
zircon structure phosphates with endmember
compositions demonstrates that He diffusivity
changes systematically with chemical composi-
tion in a given structure as expected based on
how the chemical substitutions modify diffu-
sion paths (Farley, 2007).
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3.5. Coarser Defects

Beyond finer-scaled defects such as those
related to chemistry and radiation damage,
larger crystal imperfections should also have
the potential to modify the He diffusivity or
He diffusion behavior of a mineral. These in-
clude microvoids such as fluid inclusions, mi-
crostructural defects induced by strain, or other
vacancies. Depending on their size and nature,
these defects could serve to impede movement
of He through a crystal (like radiation dam-
age) or actually serve as reversible sinks during
both geological and laboratory diffusion (e.g.,
Gerin et al., 2017; Zeitler et al., 2017; Danisik
etal., 2017a; McDannell et al., 2018; Guo et al.,
2021). Active research into these features is at-
tempting to determine whether, like radiation
damage, they alter kinetics in a way that can
be used to gain additional information about
the thermal history or if they represent artifacts
and complications that should be identified and
either corrected for or avoided.

4. MINERALS SUITABLE FOR (U-Th)/He
ANALYSIS

4.1. Overview

Most (U-Th)/He development and applica-
tion studies have focused on apatite and zircon
because these minerals are abundant in crustal
rocks, contain reasonable eU values (10s—1000s
of ppm), commonly are 10s to >100 pm in size,
and have closure temperatures <220 °C that
are relevant for constraining upper crustal and
near-surface thermal histories. Consequently,
this paper is focused primarily on apatite and
zircon data acquisition and reporting practices.
However, in addition, a growing number of other
(U-Th)/He chronometers is available with sen-
sitivities to temperatures from >300 °C to ~20
°C. The development and calibration of new He
chronometers are largely motivated by the de-
sire to resolve more detailed tT paths, to date
processes and events that are otherwise difficult
to constrain (e.g., weathering), and to expand
thermal history reconstructions to igneous, meta-
morphic, and sedimentary lithologies (e.g., ul-
tramafic or carbonate rocks) that do not contain
minerals traditionally used for thermochronolo-
gy. Factors that bear on the feasibility and utility
of a phase as a (U-Th)/He chronometer include
mineral abundance, eU, crystal size (grains less
than a few 10s of pm have unreasonably large F
corrections, section 2.3), He retentivity at Earth
surface conditions, and closed-system behavior,
for example, of the parent isotopes (e.g., disso-
lution-precipitation processes can be a concern
for phases like goethite and calcite).
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Here, we first briefly describe the apatite and
zircon (U-Th)/He chronometers (section 4.2).
We then summarize the work done and current
state of knowledge of the diffusion kinetics of
other mineral phases (section 4.3). We place the
discussion of mineral temperature sensitivities in
the context of mineral T values (section 2.5) to
make this information conceptually more acces-
sible to the non-expert than if described in the
context of the kinetic parameters (Ea, D,; sec-
tion 3.1) that are, in reality, used to character-
ize He diffusion behavior in minerals. The Tc
values reported from the studies below gener-
ally assume typical grain sizes for the mineral
investigated and a 10 °C/m.y. cooling rate. For
greater detail, the reader is referred to Chapter
11 of Reiners et al. (2018), which provides an
in-depth discussion of He diffusion kinetic pa-
rameters for different minerals and explains how
this understanding has evolved over the last sev-
eral decades.

4.2. Most Commonly Dated Minerals:
Apatite and Zircon

For the reasons described above, He diffusion
in apatite and zircon has received greater atten-
tion and application than in other minerals. Mod-
els for He loss from these phases must account,
at least empirically, for the effects of radiation
damage (section 3.3). In apatite, for commonly
encountered alpha doses, damage addition can
cause the Tc values to increase from ~40 °C to
~115 °C (Shuster et al., 2006; Flowers et al.,
2009; Gautheron et al., 2009; Mbongo Djimbi
et al., 2015), with a possible decrease in He re-
tentivity at higher damage levels (e.g., Recanati
etal., 2017). The Durango apatite standard (Mc-
Dowell et al., 2005) provides a useful reference
point for He diffusion in moderately damaged
apatite, with 3He and “He stepped-heating ex-
periments pointing to T, values of 67-69 °C for
a domain size of 75 pm and assuming a cooling
rate of 10 °C/m.y. (Shuster et al., 2004). This
increase in apatite He retentivity with damage
has been modeled as local traps that accumulate
with time at low temperature and impede the mi-
gration of He atoms through an otherwise defect-
free apatite lattice (Shuster et al., 2006; Flowers
et al., 2009). The radiation damage that affects
He diffusion also anneals as a function of time
and temperature, which must be accounted for
by models that describe the evolution of He dif-
fusivity during the thermal history of an apatite
crystal. A now widely used model parameterizes
the abundance of radiation damage traps as a
function of damage extent, or equivalent spon-
taneous fission-track density, and treats anneal-
ing kinetics as those of etchable fission tracks,
although specific parameters within the model
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can be adjusted for sample-specific annealing
kinetics (e.g., Flowers et al., 2009). Additional
models are available that use different param-
eterizations between accumulated damage and
trap abundance, and/or assume different anneal-
ing kinetics (Gautheron et al., 2009; Gerin et al.,
2017; Willett et al., 2017).

Helium diffusion in zircon is similar to that in
apatite in some ways but is more complex due
to anisotropic diffusion and greater radiation
damage accumulation. In zircon, damage accu-
mulation induces a T increase from values of
~140 °C to ~220 °C, followed by a decrease to
<50 °C after a damage percolation threshold is
crossed (Guenthner et al., 2013; Ketcham et al.,
2013). For low damage crystals, experimental
evidence (Farley, 2007; Cherniak et al., 2009)
and computational models (Reich et al., 2007;
Bentson et al., 2012) show that c-axis—parallel
diffusion is ~100 times faster than c-axis per-
pendicular diffusion rates. However, anisotropic
diffusion differences decrease dramatically as
radiation damage increases (Guenthner et al.,
2013; Ginster, 2018). The threshold behavior
where He mobility increases with additional
damage has been modeled as the effect of per-
colation of an increasing fraction of highly dam-
aged/amorphous crystal domains that represent
fast paths for He escape (Guenthner et al., 2013;
Ketcham et al., 2013). Although there is debate
about the extent of damage at the percolation
threshold (e.g., Anderson et al., 2017; Gautheron
et al., 2020), 3He and “He stepped-heating ex-
periments on crystallographically oriented slabs
of gem-quality zircon with effective alpha doses
measured by Raman spectroscopy suggest a
“rollover” at ~1.3-1.6 x 10'® a/g (Guenthner
et al., 2013; Ginster, 2018). As with apatite,
the radiation damage that affects He diffusion
also anneals with time and temperature. Some
models (e.g., Guenthner et al., 2013) assume
this annealing follows that of etchable fission
tracks. New work (Ginster et al., 2019) shows
that alpha-recoil damage, at least as measured
by Raman spectroscopic characteristics, requires
considerably higher temperatures and/or longer
durations than etchable fission tracks to achieve
the same extent of annealing, and also follows
more complex, multi-kinetic laws. The high
damage end of the zircon kinetic model is the
least well-calibrated portion of its alpha-dose
range (Guenthner et al., 2013), and in some cas-
es the model fails to reproduce (U-Th)/He dates
for zircon with a high alpha dose (e.g., Johnson
etal., 2017). This suggests that interpreting dates
for high alpha-dose zircon with current kinetic
models should be done only with caution.

Despite the complexity of full radiation
damage accumulation and annealing models
(RDAAM) that involve multiple parameters and
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relationships among kinetics, damage extent,
time, and temperature, in practice they are rela-
tively straightforward to incorporate in numeri-
cal models (see section 8.2.1 and companion pa-
per, Flowers et al., 2022) that relate He content
(and therefore date) to a crystal with given eU,
size, and tT path. These computational frame-
works allow relationships between He date, eU,
and grain size to be exploited and inverted to
constrain permissible thermal histories.

4.3. Other Dated Minerals

4.3.1. U- and Th-Bearing Accessory Minerals

U- and Th-bearing accessory minerals besides
apatite and zircon have been an important em-
phasis of (U-Th)/He investigation. These include
titanite, monazite, xenotime, rutile, baddeleyite,
and perovskite.

Titanite (CaTiSiOs) is a relatively common
accessory phase in igneous and metamorphic
rocks and was a focus of early (U-Th)/He dating
studies (e.g., Strutt, 1910c; Hurley, 1954). A T
value of ~190-220 °C for low-damage titanite
is documented by “He diffusion and (U-Th)/He
data (Reiners and Farley, 1999; Stockli and Far-
ley, 2004), as well as by “He/*He diffusion ex-
periments (Shuster et al., 2003) and He ion im-
plantation data that additionally demonstrate that
titanite He diffusion is isotropic (Cherniak and
Watson, 2011). In more damaged titanite crys-
tals, radiation damage can decrease the titanite
T to <50 °C (Baughman et al., 2017; see sec-
tion 3.3). Although titanite grains commonly oc-
cur as fragments, which introduces uncertainty
into the F correction (section 2.3), titanite frag-
ments are generally large in size such that the
magnitude of the F; correction and its influence
on the corrected (U-Th)/He date are minimized
(e.g., Baughman et al., 2017). Titanite (U-Th)/
He has been used to date felsic-intermediate
volcanic rocks (e.g., House et al., 2000; Tincher
and Stockli, 2009), impact structures (van Soest
et al., 2011; Biren et al., 2014), and kimberlite
emplacement (Blackburn et al., 2008), as well
as to reconstruct thermal histories (e.g., Rein-
ers et al., 2000; Pik et al., 2003; Flowers and
Schoene, 2010; Grabowski et al., 2013; Weis-
berg et al., 2018; Baughman and Flowers, 2020).
Moving forward, titanite has the potential to be-
come a more routinely used thermochronometer
owing to its common occurrence, moderate eU
(10-200 ppm), and relatively large crystal sizes
(commonly 100s of pm).

Monazite ((Ce,La,Th)PO,) and xenotime
(YPO,) are phosphate accessory minerals that
can occur in igneous and metamorphic rocks and
are typified by extremely high U and Th concen-
trations (100s of ppm to wt% levels). He diffu-
sion studies on the same monazite standard yield
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T estimates of 206291 °C (Farley and Stockli,
2002; Boyce et al., 2005; Peterman et al., 2014).
He implantation study of natural monazite
(Cherniak and Watson, 2013) and 3He diffu-
sion investigation of synthetic monazite (Farley,
2007) also imply T, values in this range and sug-
gest that He diffusion is predominantly isotropic.
The high parent isotope concentrations of mona-
zite made it an attractive target for early laser
ablation (U-Th)/He development work (Boyce
et al., 2006, 2009). Xenotime has received less
attention, with diffusion experiments suggesting
T values of ~110 °C (Farley and Stockli, 2002)
and ~75 °C (Anderson et al., 2019). 3He diffu-
sion study on synthetic phosphates documented
pronounced diffusional anisotropy in synthetic
xenotime and other zircon structure phosphates
(Farley, 2007). Despite the high eU in monazite
and xenotime, their typically small size (10s of
pm) and potential to be characterized by extreme
U-Th zonation means that they have seen few
applications.

Rutile (TiO,) is a common accessory mineral
in high-pressure metamorphic rocks and lower
crustal granulites. Experimental and empirical
constraints from He diffusion studies suggest
rutile T values of ~155-199 °C with a pos-
sible increase in T to much higher values with
increasing radiation damage (Robinson et al.,
2019). Earlier He diffusion study implied T val-
ues of ~220-235 °C (Stockli et al., 2007), while
He implantation investigation of synthetic rutile
inferred Tc values of ~150-225 °C (Cherniak
and Watson; 2011). Both the implantation stud-
ies and diffusion experiments show that rutile
He diffusion is highly anisotropic (Cherniak and
Watson, 2011; Robinson et al., 2019). Few stud-
ies have applied rutile (U-Th)/He dating (Stockli
et al., 2007; Robinson et al., 2019). This might
be attributable to erroneous dates in pilot studies
due to parent isotope loss from some rutile crys-
tals during laser heating (Robinson et al., 2019)
and/or to the potential of rutile in metamorphic
assemblages to react and form titanite, resulting
in a polymineralic material. However, with ap-
propriate characterization and analytical care,
rutile is a promising target for (U-Th)/He work
in metamorphic rocks due to its abundance in
these lithologies, eU that is typically in the 10s
of ppm, and reasonable grain sizes (commonly
>100 pm).

Perovskite (CaTiO;) and baddeleyite (ZrO,)
are other U- and Th-bearing accessory minerals
that have received limited attention. Perovskite
is a common phase in kimberlites. Previous (U-
Th)/He dating and He diffusion study showed
the utility of perovskite (U-Th)/He dates to de-
termine kimberlite emplacement ages and sug-
gest a perovskite T value of >300 °C (Stanley
and Flowers, 2016). Baddeleyite can occur in

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

(U-Th)/He data, uncertainty, and reporting

mafic rocks that are too low in silica to crystal-
lize zircon. Empirical constraints suggest a bad-
deleyite T value higher than that of zircon or
titanite, and thus it is likely >200 °C (Baughman
and Flowers, 2018). More restrictive constraints
on baddeleyite diffusion kinetics through labo-
ratory stepped-heating experiments have been
hindered by the difficulty of extracting He from
this retentive mineral (Metcalf and Flowers,
2013). Despite the commonly small size (1-10s
of pm) of perovskite and baddeleyite crystals,
their reasonably high eU values (in the 10s—100s
of ppm) and occurrence in mafic lithologies that
may lack alternative minerals as chronologic tar-
gets means that these phases may continue to see
applications in the future.

4.3.2. Metallic Oxide and (Oxy)hydroxide
Dating

Metallic oxide and hydroxide dating are an
increasing focus of (U-Th)/He studies. These
phases include hematite (Fe,O;), goethite (FeO.
OH), magnetite (Fe;0,), and spinel ((Mg,Fe)
(AL,Cr),0,). Early investigations focused on dat-
ing ore deposit mineralization (e.g., Fanale and
Kulp, 1962; Lippolt et al., 1993; Wernicke and
Lippolt, 1993, 1994a, 1994b), while more recent
(U-Th)/He work exploits the metallic oxides for
numerous diverse geologic applications (e.g.,
Cooperdock and Ault, 2020).

The Fe-oxides have been studied most. He-
matite diffusion studies document multiple
diffusion domain behavior owing to the poly-
crystalline aggregate character of most materi-
als analyzed (Farley and Flowers, 2012; Balout
et al., 2017; Farley, 2018). *He diffusion experi-
ments suggest a He T value of ~250 °C and
~70 °C for hematite crystallites with radii of
~1 mm and 20 nm, respectively (Farley, 2018).
Hematite “He/*He thermochronology has the
potential to constrain thermal histories between
~250 °C and surface conditions depending on
the crystallite size distribution (Farley and Flow-
ers, 2012). Goethite also shows multiple diffu-
sion domain behavior that is possibly due to a
polycrystalline aggregate structure, but goethite
is far less retentive of He than hematite (Shuster
et al., 2005a). A significant analytical concern
for the Fe-oxides has been the volatilization and
loss of U during laser heating (e.g., Vasconcelos
et al., 2013; Danisik et al., 2013), which is at-
tributable to Fe reduction during a phase change
from hematite to magnetite (Hofmann et al.,
2020). This analytically induced loss of U can
lead to erroneous results, although approaches
have now been developed to circumvent this is-
sue (Hofmann et al., 2020). Hematite (U-Th)/He
dating has been used to date fault surfaces and
paleo-earthquakes (e.g., Evenson et al., 2014;
Ault et al., 2015; Jensen et al., 2018; Ault, 2020;
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Calzolari et al., 2020), weathering (e.g., Pidgeon
et al., 2004; Reiners et al., 2014; Cooper et al.,
2016; Wells et al., 2019; dos Santos Albuquerque
etal., 2020), ore deposit formation (e.g., DaniSik
et al., 2013), and hydrothermal alteration (e.g.,
Farley and McKeon, 2015; Wu et al., 2019).
Goethite (U-Th)/He dating has constrained the
timing of lateritic weathering in several settings
(e.g., Shuster et al., 2005a; Monteiro et al., 2014,
2018; Allard et al., 2018; Wells et al., 2019; dos
Santos Albuquerque et al., 2020). It is clear that
the Fe-oxides will continue to be an important
focus of (U-Th)/He investigations owing to rea-
sonable eU concentrations in many materials (up
to 100 ppm) and the potential to apply them in
weathering-related geochronology and to con-
strain other difficult-to-date processes.

Magnetite and spinel are also promising (U-
Th)/He dating targets. Magnetite He diffusion
data suggest a T value of ~250 °C (Blackburn
et al., 2007). Magnetite (U-Th)/He has been ap-
plied to date basalts and kimberlites (Blackburn
etal., 2007, 2008) as well as to constrain the tim-
ing of serpentinization (Cooperdock and Stockli,
2016) and ophiolite exhumation (Schwartz et al.,
2020). (U-Th)/He dating of spinel from ultra-
mafic rocks from different geodynamic environ-
ments suggests that this mineral can be used to
resolve peridotite cooling and exhumation histo-
ries (Cooperdock and Stockli, 2018). However,
the low eU of typical magnetite and spinel crys-
tals (commonly ~50-300 ppb) makes analysis
of these phases analytically difficult.

4.3.3. Other Mineral Phases

(U-Th)/He dating has also been applied to a
limited number of other phases. Of these, He dif-
fusion in fluorite (CaF,) is best constrained and
has been applied most (Evans et al., 2005a; Pi
etal., 2005; Siebel et al., 2010; Wolff et al., 2015),
with a range of T values between ~45 °C and
170 °C (Evans et al., 2005a; Wolff et al., 2016)
that appear to depend on composition (Wolff
etal., 2016). Fluorite (U-Th)/He dating will likely
see more applications due to the reasonable eU of
many crystals (1-10s of ppm), the common oc-
currence of fluorite in low-temperature hydrother-
mal veins and ore deposits, and the applicability
of the results for dating ore deposit formation.

Garnet ((Ca,Mg,Fe,Mn);(Al,Fe,Cr),(Si
0,)3), calcite (CaCOs;), conodont bioapatite
(Cas(PO,)s), and allanite ((Ce,Ca,Y,La),(ALFe)
3(510,4);(OH)) have also received some attention.
Garnet (U-Th)/He dating has been attempted on
volcanic rocks, but its T value remains contro-
versial and poorly constrained (e.g., Dunai and
Roselieb, 1996; Aciego et al., 2003; Blackburn
and Stockli, 2006). Calcite (U-Th)/He dating
and associated He diffusion studies have yield-
ed variable date reproducibility and He diffusion
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kinetics results, which are attributed to excess
He, dissolution/reprecipitation processes, and/or
multiple diffusion domain behavior (Copeland
et al., 2007; Cros et al., 2014). He implantation
study of calcite, dolomite, magnesite, and ara-
gonite provides evidence that typical carbonate
materials have minimal He retentivity at Earth
surface conditions (Cherniak et al., 2015). He
diffusion study of conodont bioapatite suggests a
He retentivity similar to that of magmatic apatite
(Peppe and Reiners, 2007), but conodont (U-Th)/
He dating has yielded results of variable repro-
ducibility, likely due to late-stage parent isotope
loss and diagenetic processes (Peppe and Rein-
ers, 2007; Landman et al., 2016; Bidgoli et al.,
2018; Powell et al., 2018). Allanite with high
Th content has been used to date Quaternary
volcanic rocks in eastern California (Cox et al.,
2012). Additional study on all of these phases is
required to evaluate the viability of their more
routine use as He chronometers.

5. (U-Th)/He DATING: SAMPLING,
MEASUREMENT, AND ASSOCIATED
SAMPLE AND METHOD REPORTING

5.1. Overview

(U-Th)/He dating is a multistep process. Un-
like most other geochronology methods, current
(U-Th)/He techniques require measurement of
daughter and parent nuclides on different instru-
ments owing to their contrasting chemical be-
haviors (i.e., He is a gas whereas U, Th, and Sm
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are not). Today most conventional (U-Th)/He
analyses consist of single mineral crystals, ex-
cept in cases of extremely low parent or daughter
amounts, or of mineral aggregates (e.g., Fe-ox-
ides) where separation of single mineral crys-
tals is not possible (e.g., Shuster et al., 2005a).
Multigrain analyses consisting of multiple single
crystals were more common during the early de-
velopmental era of the method (e.g., Wolf et al.,
1996). Importantly, both parent and daughter are
measured on the same crystal, eliminating the re-
quirement for delicate weighing, which removes
this uncertain step from date determinations.
Below, we provide a brief summary of com-
mon sampling strategies followed by a descrip-
tion of the laboratory steps associated with
conventional (U-Th)/He analyses, with a par-
ticular emphasis on apatite and zircon. Figure 7
illustrates the workflow and approximate time
for each step. As described further below, these
include: (1) sampling (variable time) and min-
eral separation (1-2 weeks); (2) grain selection,
crystal dimension measurement, possible addi-
tional grain characterization, and grain packing
into metal packets (0.25-2 h/grain); (3) heating,
He degassing, and He measurement on a noble
gas mass spectrometer (~1 h/grain); (4) retrieval
of the mineral-bearing metal packets, crystal dis-
solution, and U-Th (and sometimes Sm, Ca, Zr,
and/or trace elements) measurement, typically
by inductively coupled plasma—mass spectrom-
etry (ICP-MS, hours to days/grain); and (5) data
reduction and interpretation (variable time). We
then summarize the key sample information and

methods that should be reported or referenced
for (U-Th)/He analyses (Table 1, section 5.7).

5.2. Sampling Strategies and Mineral
Separation

Sampling is done strategically to restrict the
viable tT paths that can explain the data to be
acquired and answer the geologic question be-
ing addressed (see also section 2.5). The range
of feasible thermal histories can be narrowed by
capitalizing on geologic and chronologic con-
straints such as sample crystallization or depo-
sitional ages, emplacement depth estimates, the
age of an unconformity that constrains when the
sample was at the surface, or the age of a faulted
unit. Sample suites from elevation transects, drill
cores, or large paleodepth ranges are commonly
used because the thermal histories must be in-
ternally consistent across all samples. For some
studies of landscape evolution, it is important to
sample at different spatial wavelengths (<10 km
and >100 km) to address the way that topogra-
phy alters the shallow thermal field (e.g., Braun,
2002). Combining multiple geo- and thermochro-
nometers with different temperature sensitivities
on the same samples increases the tT range that
can be constrained, which can further reduce am-
biguity in thermal history interpretation.

Additional sampling considerations include
lithology, degree of alteration, sample age, the
probability that the rock contains the miner-
als of interest, and grain size. For example,
younger igneous samples that are apatite- and

Workflow and time for conventional individual aliquot (U-Th)/He data acquisition

( Grain selection, N ([ Crystal dissolution and
measurement, and packing U-Th-Sm measurement
- Microscopy - Sample spiking
- Individual crystal selection - Dissolution (up to ~1 hr for apatite; multiple
Sampling - Photographs days for.zircon) .
) ' - Crystal measurement - Analysis of sample U, Th, and sometimes
- Geographic coordinates ) . )
- Lithology - Other grain characterization Sm and other elements, typically by ICP-MS

- Geologic context
(variable time)

- Packing and sealing into metal packet
\_ (0.25-2 hours per grain)

DN

- Analysis of reference solutions,
(hours to days per grain)

~

J

Mineral Separation

- Disaggregation: crushing
and grinding, Selfrag, etc.

- Water table

- Drying

- Heavy liquids

- Magnetic separation
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g N

He degassing and
measurement

- Loading into an ultra-high vacuum
noble-gas extraction and analysis line

- Degassing via laser- or furnace

- Analysis of sample ‘He

- Analysis of line blanks, reference
standards, metal packet blanks, and
mineral age standards

\_ (~1 hour per grain)

)
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- Data reduction
- Evaluate data quality
- Consideration of data patterns

- tT modeling (if needed)
- Geologic interpretations
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Figure 7. Summary of steps and approximate time to acquire conventional individual aliquot (U-Th)/He data.
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TABLE 1. CHECKLIST OF NEEDED (OR REFERENCED) SAMPLE INFORMATION AND METHODS TO REPORT FOR (U-Th)/He ANALYSES

Sample Information

o Geographic coordinates in a specified geodetic datum: Latitude, longitude, elevation

Lithology

Geologic context

oooao

Type of sample collected: In situ sample, loose rock, river sand

Any additional geochronologic or thermochronologic data available for the sample

Methods (Either describe or cite an appropriate reference)

Mineral separation procedures: type of rock disaggregation (e.g., standard crushing and grinding, SelFrag), water table, heavy liquids, drying temperature, and
magnetic separation, as well as any pre-concentration techniques for detrital samples or chemical cleaning procedures.

oooooo

Name(s) of lab(s) where data were acquired.

Mineral selection procedures: microscopy, magnification used, and any additional tools.

Criteria used for grain selection: size, morphology, clarity, color, lack of mineral and fluid inclusions, etc.
Methods for He measurements: instrumentation used, laser or furnace heating, type of He analysis (e.g., isotope dilution or external calibration).
Methods for mineral dissolution and U, Th, Sm measurements: dissolution protocol, instrumentation used, type of analysis (e.g., isotope dilution).
Secondary mineral standards used for quality control (e.g., Durango apatite, Fish Canyon Tuff zircon).

zircon-bearing tend to contain higher quality
euhedral crystals that record relatively short and
simple thermal histories, detrital samples may
have rounded grains with disparate pre-depo-
sitional histories, and ancient rocks may have
more complex thermal histories that are more
challenging to interpret. For apatite, intermedi-
ate composition igneous rocks generally provide
the best yield, with immature clastic sedimen-
tary rocks (sand size and larger) also sometimes
yielding reasonable material. For zircon, a wider
range of felsic to intermediate igneous rocks, and
many clastic sedimentary lithologies, are good
targets. In metamorphic rocks, secondary over-
growths on primary zircon can be problematic
owing to parent isotope zonation effects on the
corrected (U-Th)/He date if the typical no zona-
tion assumption is adopted (section 2.3). Highly
altered samples due to hydrothermal fluid cir-
culation or intense weathering are best avoided
if the aim to is decipher the pre-alteration ther-
mal history, because alteration may cause open-
system behavior and interfere with accessing the
older history of interest. In all cases, medium- to
coarse-grained rock types are preferred so that
crystals of sufficient size (with F value of >0.5,
section 2.3) are obtained for analysis. A sample
of 1-3 kg is typically collected to ensure enough
material is obtained that is suitable for dating.
For sedimentary rocks and unconsolidated de-
trital material (e.g., medium-grained river sand),
the mineral yield is often lower, and larger sam-
ples (>5 kg) are generally collected.

Target minerals are separated from samples
using a variety of techniques. These gener-
ally include rock disaggregation via standard
crushing and grinding or high-voltage disag-
gregation methods (the latter include SelFrag
methods, which can help keep minerals like
apatite intact that are otherwise prone to break-
age), followed by sieving, water table, drying,
heavy liquids, and magnetic separation tech-
niques. Pre-concentration methods are some-
times used for unconsolidated detrital materi-
als during sample collection (i.e., panning).
Chemical cleaning procedures are also used
routinely in some labs.
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5.3. Grain Selection, Crystal Dimension
Measurement, and Packing for Analysis

Like sampling, the selection of grains for anal-
ysis is done strategically to acquire the data need-
ed to address the geologic question of interest.
Considerations include the choice of mineral(s),
numbers of crystals, and potentially other char-
acteristics such as radiation damage or size that
affect the mineral He retentivity. Typically, 3-10
single crystals are selected from each sample
for separate analyses. More grains may be ana-
lyzed in settings with protracted thermal histories
where the dates may vary in potentially interpre-
table ways with factors such as eU or grain size
(e.g., cratonic basement studies, burial studies of
basin strata), in detrital investigations when char-
acterization of the distribution of “unreset” grain
dates is the objective (e.g., provenance studies,
catchment erosion studies), or in circumstances
where high precision is desired (e.g., dating of
volcanic eruptions).

Analysis of high-quality grains is essential for
high-quality data. Selection of quality crystals or
other types of aliquots for analysis is typically ac-
complished by hand-picking from mineral sepa-
rates using a binocular microscope at 100-240x
magnification with transmitted and/or polarized
light; some labs have used picking under various
liquids to try to improve optical clarity. Crystals
are chosen based on size and morphology as well
as additional criteria that may include a lack of
inclusions and overall crystal clarity. Larger
crystals yield smaller F; corrections and gener-
ally contain more parent and daughter atoms for
measurement, which leads to smaller analytical
uncertainties, but larger grains also have a higher
probability of containing inclusions due to their
larger volumes. Euhedral crystals with a mor-
phology that can be approximated with standard
geometries such as hexagonal or orthorhombic
prisms are preferred, because these are the most
straightforward to convert into accurate surface
areas and volumes for F} parameters, equivalent
spherical radius, mass, and isotopic concentra-
tions (see section 7.3). For apatite, mineral in-
clusions are generally avoided, because refrac-
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tory U-Th rich inclusions such as zircon, which
cannot be distinguished from inclusions that lack
U-Th under the microscope, may yield errone-
ously old (U-Th)/He dates. This potential bias
is caused by “parentless” “He, because “He pro-
duced by U-Th in the zircon inclusion will be
measured, but the unrecovered parent will not
be owing to incomplete zircon dissolution using
the typical apatite HNO; dissolution procedure
(e.g., Farley, 2002). For all minerals, crystals that
lack fluid inclusions are preferred, because these
inclusions may either contain initial He or act as
He traps and yield anomalously old results (e.g.,
Zeitler et al., 2017; Danisik et al., 2017a; Mc-
Dannell et al., 2018). Grains containing internal
fractures are generally avoided, because pre-ex-
isting fractures may change the diffusion domain
size by allowing fast pathways for diffusion.
Grains with surficial discoloration are also best
excluded from analysis, because this character-
istic may indicate the former presence of a U-Th
rich grain boundary phase that implanted He into
the grain, biasing results to be erroneously old
(e.g., Murray et al., 2014; see also Flowers et al.,
2022). Crystal clarity and color may be factors in
selecting minerals such as zircon because zircon
opacity increases with greater radiation damage
(e.g., Garver and Kamp, 2002; Ault et al., 2018;
unfortunately, unlike zircon, color/opacity can’t
be used as a measure of radiation damage for
typical apatite crystals). It can be advantageous
to select a zircon suite with a wide range of ra-
diation damage to obtain additional thermal his-
tory information from a zircon (U-Th)/He data
set, although it may be problematic to interpret
very high-damage zircon data with current ki-
netic models (sections 3.3 and 4.2).

In some cases, additional tools are used to as-
sist with selecting the optimal material for analy-
sis. Besides petrographic microscopy, these may
include examination by cathodoluminescence
and backscatter images or fission-track maps
(e.g., Danisik et al., 2010; Johnson et al., 2017;
Barham et al., 2019), LA-ICP-MS constraints
on parent-isotope zonation (e.g., Hourigan et al.,
2005; Farley et al., 2011; Johnstone et al., 2013;
Danisik et al., 2017a), as well as Raman spec-
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troscopy spot analyses or maps bearing on the
magnitude and/or heterogeneity of intracrystal-
line radiation damage (e.g., Hardie et al., 2017;
Danisik et al., 2017a; Anderson et al., 2020).

After selection, each grain is photographed,
the crystal dimensions are measured, and the
shape is characterized. Grains are typically
measured using 2-D microscopy images and as-
sociated information is recorded, including the
mineral length, width, number of terminations,
grain geometry, and whether the grain is a whole
crystal or a fragment. It is best to capture more
than one 2-D image in order to measure not just
grain length but also both minor axes, since as-
suming symmetry can lead to inaccuracies—for
example, apatite grains may be somewhat flat-
tened in shape. More comprehensive approaches
for 3-D characterization of grain shape, such as
via X-ray micro-computed tomography, are also
sometimes used (section 7.3; e.g., Herman et al.,
2007; Evans et al., 2008; Glotzbach et al., 2019;
Cooperdock et al., 2019). The crystal dimension
information comprises key measured data that
are used for computation of the Fy correction and
other derived parameters (see section 6.3). Each
selected crystal is then packed and sealed in a
small metal packet, typically Pt or Nb, prior to
He analysis.

5.4. He Measurement

The next step in the data acquisition process is
to determine the absolute amount of the daugh-
ter (*He) in the crystal. The most common “He
analysis protocol is for each selected crystal in
its metal packet to be loaded into an ultra-high
vacuum noble gas extraction and analysis line
and degassed via heating by laser or furnace. The
metal packet creates an evenly heated “microfur-
nace” during lasing and reduces parent nuclide
volatilization that can occur during direct crys-
tal heating (House et al., 2000). The sample is
heated sufficiently to outgas all “He within sev-
eral minutes, taking care not to reach extreme
temperatures that can cause volatilization of
parent nuclides. Typical temperatures may be
~1000 °C for apatite and as much as ~1350 °C
for zircon, which can be quite retentive of some
gas. “He quantities in the crystals are typically
determined by isotope dilution using known
amounts of “He reference gas standards and *He
spike, or by peak height comparison to the “He
reference gas standards measured before and af-
ter analysis. The “He and *He reference aliquots
are, directly or indirectly, calibrated against ab-
solute pressure and volume measurements made
on standard purified gases using techniques such
as capacitance manometry. Most labs monitor
results by dating aliquots of a mineral standard
(e.g., Durango apatite; see section 7.4) to be sure
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that tank depletion calculations and original vol-
ume determinations are correct. Gases evolved
from samples are purified using alloy-metal get-
ters and/or a temperature-cycled cryogenic cold
trap and then measured using either a quadrupole
or magnetic-sector noble gas mass spectrometer.
Typically, this process is repeated at least twice
for each crystal to ensure complete gas extrac-
tion, and the second and additional treatments
are usually referred to as “re-extracts.” Line
blanks, “He/*He and/or *He reference standards,
metal packet blanks (a.k.a. “hot blanks”), and
secondary mineral age standards are typically
analyzed with each batch of unknowns. The hot
blanks are used for background correction of the
measured He signal.

5.5. Crystal Dissolution and U-Th-Sm
Measurement

The final step of data acquisition is to de-
termine the absolute amount of the parent (U,
Th, and in some cases Sm) in the crystal. This
is commonly done by isotope dilution (e.g.,
Evans et al., 2005b). The degassed samples are
removed from the ultra-high vacuum line, spiked
with artificially isotopically enriched U and Th
(e.g., 23U, 25U, or 236U, ?Th, or °Th) and po-
tentially other isotopic tracers (e.g., '45Nd, “*Ca,
and °°Zr), and dissolved in acid (typically while
still in the metal packets). Apatite crystals are
dissolved with diluted HNO; at temperatures of
<100 °C for several minutes to hours. Refrac-
tory minerals such as zircon and titanite require
more aggressive, multi-day, acid-vapor disso-
lution techniques involving sequential HF and
HCl dissolution steps in high-pressure vessels at
temperatures >180 °C. The dissolved unknown
and standard mineral solutions, reference solu-
tions of known U and Th concentrations, and
blanks are then measured for U-Th by quadru-
pole or sector-field ICP-MS. Sm is also analyzed
in Sm-bearing minerals such as apatite and ti-
tanite. The amount of parent in each sample is
determined by isotope dilution, and the blanks
are used to correct for the background level of
all measured isotopes in the samples. Typically,
the amount of **U in the sample is calculated
from the measured 2**U assuming the 238U/>U
value of 137.818 (Hiess et al., 2012). Ca or Zr
may additionally be analyzed in apatite or zircon
either by Ca or Zr isotope dilution or by stan-
dard peak height calibrations to enable stoichio-
metric estimates of the crystal mass (Guenthner
et al., 2016).

5.6. Data Reduction and Interpretation

After data acquisition, data reduction occurs
as outlined in the next section. Analyses are
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generally screened to ensure that all grains are
of sufficient size (typically >0.5 F; value) and
have measured daughter and parent amounts
high enough above blank values to be consid-
ered reliable (which depends on the stability and
characterization of the lab’s blank values). These
steps are typically followed by the construction
of data plots, development of first-order inter-
pretations based on data patterns and geologic
context, thermal history modeling, and geologic
interpretation (see companion paper, Flowers
et al., 2022).

5.7. Sample Information and Method
Reporting (Checklist in Table 1)

Basic sample information, along with essen-
tial methods, should be referenced appropriately
or reported in the main text, supplementary ma-
terials, or data tables.

Sample information includes the geograph-
ic coordinates in a specified geodetic datum
(latitude, longitude, elevation, borehole depth),
lithology, type of sample (e.g., in situ sample,
loose rock, or river sand), geologic context, for-
mation name/stratigraphy, and any additional
geochronologic and thermochronologic data
available for the sample.

Methods include those associated with each
step of the process following sample collec-
tion. Methods either should be described or
an appropriate reference cited. Mineral sepa-
ration procedures include the type of rock
disaggregation (e.g., standard crushing and
grinding, SelFrag), water table, heavy liquids,
drying temperature, and magnetic separation,
as well as any pre-concentration techniques
for detrital samples or chemical cleaning pro-
cedures. Mineral selection procedures include
the method (microscopy and magnification
used, any additional tools) and the criteria
used for crystal selection (e.g., size, morphol-
ogy, clarity, color, lack of mineral and fluid
inclusions, etc.). Analytical procedures in-
clude the methods for He measurements (e.g.,
instrumentation, laser or furnace heating, type
of He analysis), the methods for crystal disso-
Iution and U, Th, and Sm measurements (e.g.,
dissolution protocol, instrumentation used,
type of analysis), the mineral standards used
for quality control, as well as the lab(s) where
the data were acquired.

6. INDIVIDUAL ALIQUOT (U-Th)/He
DATING: DATA AND REPORTING

6.1. Overview

(U-Th)/He results consist of primary mea-
sured data as well as a set of data derivatives

Geological Society of America Bulletin, v. 135, no. 1/2
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Data reduction and reporting for individual aliquot (U-Th)/He data

Measured
data:

Crystal dimensions and shape:
Lengths (um), widths (um),
# of terminations,
grain geometry,
whole crystal or fragment

If used,

Ca and Zr data

(ng, mol, atoms)

Daughter (He)
absolute amounts
(mol, ncc at STP, atoms)

*

Choices: Grain
geometry, surface
area and volume

equations

Derived data
and choices
made in their
calculation:

Choices: Grain
geometry, equations,

Choices: Grain
geometry, volume
equation, and
mineral density

MaSSDIM or aSSSTOICH
(ug) (ug)
*

*xe * e

Choice: Mineral
formula

Concentrations
He, U, Th, Sm

%O

stoichiometric data Parent (U, Th, Sm)
for mass determination: absolute amounts

(nmol/g, ppm as ug/g)

Choice: Equation
Uncorrected
(U-Th)/He date
(ka, Ma, Ga)

Legend

Data Types and Choices

C:) Measured data

i Assumptions made
Choices: and equations selected
for calculation

D Derived data

a-stopping
distances Choice:
Combined |=T X Equation Choice: Equation
_ correctiqn, Rer |or[ R eU concentration
if appropriate (um) (um) (ppm)
%O %0 %O *eo

Choice: Equation
Corrected (U-Th)/He date
(ka, Ma, Ga)
if appropriate

*e

Reporting
* Data: Minimum needed
ﬁ Data: Recommended
@ Uncertainty: Minimum needed
QO Uncertainty: Encouraged
All choices should be reported

Figure 8. Flow chart for individual conventional (U-Th)/He analyses illustrates the path from measured data (blue) to derived data (pink)
and the associated choices made during the data reduction (black italics). The minimum needed, recommended, and encouraged reporting
for data and uncertainties are marked as noted in legend. For all derived data that are reported, assumptions and methods associated with
their calculation should be noted or references cited. For all uncertainties, report them in same unit as data, state what factors are included
in uncertainty calculation, and if given at 16 or 206. Sample information and experimental methods also are minimum needed data that
should be reported or references given. See reporting table checklists in Tables 1-2 for complete details. See Table 3 for an example of a
reporting table that includes all minimum needed and recommended information. Mass,,,,—mass calculated from measured grain dimen-
sions. Mass,,.,—mass calculated using stoichiometric approach.

calculated from the measured data that require
various choices (e.g., equation used) and/or
assumptions (e.g., assumed grain geometry).
Figure 8 depicts the data reduction path, from
the measured data (blue labels) to the derived
data (red labels), with the choices required
for derived data computation (black italicized
text). We first summarize the key measured
data (section 6.2) and then explain the seven
main types of derived data and how they are
calculated (section 6.3). We conclude with a
set of recommendations for reporting infor-
mation and data associated with individual
(U-Th)/He analyses (Tables 2-3; section 6.4).

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

Uncertainty reporting for individual aliquots is
discussed in section 7.

6.2. Primary Measured Data

The primary measured data consist of the
(1) crystal dimension and, in some cases,
stoichiometric data; (2) daughter (He) ab-
solute amounts; and (3) parent (U, Th, and
in some cases Sm) absolute amounts. These
data are generated by the three main labo-
ratory steps associated with conventional
(U-Th)/He analyses described in the previ-
ous section.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/104/5754765/b36266.1.pdf
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The crystal dimension information includes
the length, widths (if both widths are measured,
with the second termed either the “second
width” or the “height”), number of terminations,
grain geometry (e.g., hexagonal prism, tetrahe-
dral prism, ellipsoid), and whether the grain is a
whole crystal or a fragment. This information is
used to calculate the F; correction, the equiva-
lent spherical radius, and the crystal mass, which
in turn are used to compute parent and daughter
concentrations, eU concentration, and the cor-
rected (U-Th)/He date. If crystal mass is estimat-
ed stoichiometrically from Ca and Zr data rather
than from the crystal dimension information, the
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TABLE 2. CHECKLIST OF DATA, UNCERTAINTIES, AND ASSOCIATED INFORMATION TO REPORT FOR INDIVIDUAL (U-Th)/He ANALYSES

Minimum Needed Reporting
rystal dimensions and shape if 2-D microsco

Crystal length and width(s) (typically in um)

measurements were used

Grain geometry (e.g., hexagonal prism, tetrahedral prism, ellipsoid)

m]

o Number of grain terminations
[m]

o Whole crystal or fragment

Daughter and parent absolute amounts

o He absolute amount (mol, ncc at standard temperature and pressure, or atoms; mol is preferred as an Sl unit).

o U and Th absolute amounts (ng, mol, or atoms). Sm absolute amount (ng, mol, or atoms) for minerals with sufficient Sm to affect the date, typically apatite and

titanite, but not zircon.

Derived data

o Combined F; value in cases considered appropriate to use an Fy correction.
- If reported, explain assumptions and methods associated with its calculation (or provide reference), including assumed grain geometry, equations used, isotope-
specific alpha-stopping distances, assumptions regarding parent isotope zonation (or lack thereof).

- For broken or abraded crystals, state any assumptions made regarding ejection across broken or rounded surfaces.
- If not reported, explain why an F; correction is considered inappropriate. For example, no F; value should be reported for fragments without an ejection-depleted

rim.

B Equivalent spherical radius (um), whether SV-equivalent sphere (Rgy) or Fr-equivalent sphere (Rgy), and equations used.

B Crystal mass (ug) and how calculated.

- For dimensional mass approach, report grain geometry, volume equations used, mineral density assumptions, and any additional corrections made.
- For stoichiometric approach, report assumed chemical formula (e.g., for apatite, Cas(PO,);(OH), Cas(PO,);F, or Cas(PO,);Cl) and associated Ca and Zr data.

o Uncorrected (U-Th)/He date (in most appropriate unit, e.g., ka, Ma, Ga) and method used.

o Corrected (U-Th)/He date in cases considered appropriate to use an F; correction. If reported, give method used. No corrected (U-Th)/He date should be reported

for fragments without an ejection-depleted rim.

Uncertainties™

o0 Uncertainties in daughter and parent absolute amounts, what factors are included in the uncertainty calculation (e.g., propagated precision from repeat
measurements of the sample, blanks, spikes, and reference standards), and if reported as the standard error or standard deviation.

o Total analytical uncertaintyt on uncorrected (U-Th)/He date.

o Total analytical uncertainty® on corrected (U-Th)/He date in cases considered appropriate to use an Fy correction and report a corrected date.

Recommended Reporting
Concentrations
o Daughter (He) concentration (nmol/g).

B U and Th concentrations (ppm calculated as j1g/g)S. Sm concentration if Sm absolute amount is reported (see above).
B eU concentration (ppm calculated as 1g/g)$ and equation used.

Uncertainties*

o Second level of uncertainty on the corrected (U-Th)/He date that includes both the total analytical uncertainty and an estimated uncertainty associated with the F+
correction; explain how the uncertainty on the FT correction is estimated (e.g., by propagating an estimated uncertainty on the F; value, or approximating the
uncertainty based on the reproducibility of alpha-ejected mineral standards).

Secondary mineral standards

o Secondary mineral standard averages (e.g., Durango apatite, FCT zircon) over a time frame appropriate for the analyzed samples, number of analyses included in
the average, their reproducibility, and how the reproducibility is reported (e.g., standard error or standard deviation, 10 or 20).
- Reporting the full details of the individual mineral standard analyses in a manner consistent with reporting of the individual sample analyses is encouraged.

Encouraged Reporting (especially as the methods to quantify these improve)

Uncertainties™

a

Uncertainty on the combined Fy and/or isotope-specific Fy values, what factors are included in uncertainty calculation, and how determined.

Uncertainty on equivalent spherical radius, what factors are included in uncertainty calculation, and how determined.

Uncertainties on daughter and parent concentrations, what factors are included in uncertainty calculation, and how determined.

[m]
o Uncertainty on mass, what factors are included in uncertainty calculation, and how determined.
a
[m]

Uncertainty on eU concentration, what factors are included in uncertainty calculation, and how determined.

*For all uncertainties, report in same unit as data and state if given at 1o or 2.

tTotal analytical uncertainty: includes the propagated uncertainties on the parent and daughter absolute amounts.

SReporting as ug/g is recommended for Sl units (Thompson and Taylor, 2008), because it is less ambiguous than ppm in clearly referring to a mass ratio (rather than

an atomic or other ratio).

relevant Ca and Zr isotopic data also comprise
primary measured data.

The absolute amount of daughter (He) is re-
quired to calculate He concentrations as well as
uncorrected and corrected dates. The absolute
amounts of parent (U, Th, and in some cases
Sm) are required to calculate the F; factor, par-
ent and eU concentrations, and uncorrected and
corrected (U-Th)/He dates. Sm is measured for
minerals with sufficient Sm to affect the date
(typically apatite and titanite, but not zircon).

6.3. Derived Data and How They Are
Calculated

The seven main types of derived data are: (1)
F; values, (2) equivalent spherical radius, (3)

118

mass, (4) daughter and parent concentrations,
(5) eU concentration, (6) uncorrected (U-Th)/
He date, and (7) corrected (U-Th)/He date (cor-
rected for Fy).

6.3.1. F; Values

F; is the proportion of He retained after loss
due to ejection from a grain or crystal, such that
higher F; values indicate smaller corrections
(section 2.3). For example, an F value of 1.00
would indicate that no He had been ejected,
whereas a value of 0.75 indicates 25% loss by
ejection. Because alpha-stopping distances dif-
fer depending on the parent isotope, isotope-
specific Fy values are computed. These calcu-
lations require: (1) surface area and volume
estimates of the grain analyzed, (2) selection of

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/104/5754765/b36266.1.pdf
bv niversity of Glasaow user

grain geometry and associated F; equations, (3)
mean “He atom-stopping distances specific to
the mineral dated and each parent isotope, (4)
assumption/knowledge of parent isotope distri-
bution, and (5) for broken or abraded crystals,
assumption/knowledge regarding the timing of
breakage or rounding. Computation of a com-
bined F; value additionally requires the ratio of
parent isotopes.

Calculations of crystal surface area and vol-
ume use the crystal geometric information,
which include the length, widths, and number of
terminations of the analyzed grain, as well as a
choice regarding the geometry that best approxi-
mates the crystal analyzed. For example, a hex-
agonal prism for apatite and a tetrahedral prism
for zircon are commonly used. Surface area and

Geological Society of America Bulletin, v. 135, no. 1/2
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volume equations for a suite of common geom-

etries are in Ketcham et al. (2011).

Isotope-specific Fy parameters are calculated
from the mean He atom-stopping distances for
ing to He production. The initial treatment of
F; corrections was presented in Farley et al.
tances explicitly in the formula for a variety of
crystal morphologies. Alternatively, 3-D data
from X-ray micro-computed tomography can
be used to calculate F; corrections using Monte

Unless noted differently, F values are typi-
cally computed assuming a homogeneous parent

The equivalent spherical radius is a standard
geometric parameter used in diffusion model-
ing and thermal history inversions of (U-Th)/He
data. A spherical geometry is more efficient for

The equivalent spherical radius is typically
computed in one of two ways. It has been most

Carlo methods (Herman et al., 2007; Cooper-

each isotope decay chain for the mineral dated
dock et al., 2019; Glotzbach et al., 2019).

and equations based on grain geometry that use
the crystal volume and surface area estimates.
of papers (e.g., Farley, 2002; Farley and Stockli,
2002; Hourigan et al., 2005; Herman et al., 2007;
Gautheron and Tassan-Got, 2010; Cooperdock
et al., 2019). Ketcham et al. (2011) presents the
most generalized approach, with polynomial
corrections that incorporate the stopping dis-
tal grains that were abraded during transport (see
companion paper, Flowers et al., 2022). Grains
that were mounted and polished to enable other
analyses prior to (U-Th)/He dating are typically
assumed to have been ground halfway through,

in which case the F; correction is the same as
grain geometries, and it has been demonstrated

to closely approximate He diffusion in a vari-
ety of shapes (e.g., Meesters and Dunai, 2002a,

A combined F; value for the crystal can then be
determined from the isotope-specific F; values
and the proportion of each parent contribut-
(1996) and followed by refinements in a series
isotope distribution (i.e., no zonation). Fy values
also generally assume that the modern grain ge-
ometry existed for the entire life of the crystal,
unless different assumptions are made for detri-
for their unmounted counterparts (Reiners et al.,
2007, 2018; Marsden et al., 2021b), although
different polishing depths would yield some-
what different F; values owing to the removal
of differing proportions of the alpha-depleted
grain exterior.

He diffusion modeling than other more realistic
2002b; Ketcham, 2005; Dunai, 2005).
commonly reported as the radius of a sphere
with a surface-area-to-volume ratio equivalent
to that of the grain analyzed, referred to here as
the SV-equivalent sphere or Rgy (also referred

6.3.2. Equivalent Spherical Radius
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to in the literature as RS or ESR). However, an
alternative and arguably better approach is to re-
port the radius of a sphere with an equivalent Fy
-correction as the analyzed grain, referred to here
as the F; -equivalent sphere or Ry (Ketcham
et al., 2011; equation A6 in Cooperdock et al.,
2019). For some grain geometries, Rgy and Rgp
values are not identical, and the use of the latter
in diffusion modeling yields solutions closer to
those using the real 3-D grain shapes (Ketcham
etal., 2011).

6.3.3. Mass

Crystal mass is typically derived from the
geometric data by using the estimated volume
and an assumed mineral density. The assumed
mineral density is important, because in the case
of zircon the density is not constant but drops
by up to 16% with increasing radiation dam-
age (e.g., Holland and Gottfried, 1955), which
can affect the eU concentration estimated for
zircon crystals (section 6.3.5). An alternative
or complementary approach is to determine the
abundance of a stoichiometric element in the
mineral (e.g., Ca for apatite and Zr for zircon)
by either isotope dilution or external calibration
and then assume the mineral’s stoichiometry to
convert that abundance to grain mass (Guenthner
et al., 2016). This method circumvents the need
to assume a mineral density. Using both the di-
mensional and stoichiometric approaches allows
one to compare the estimated masses and diag-
nose potential problems with the aliquot (e.g.,
the analyzed grain was not apatite).

6.3.4. Daughter (He) and Parent (U, Th, and
in Some Cases Sm) Concentrations

Daughter (He) and parent (U, Th, and in
some cases Sm) concentrations are calculated
from the daughter and parent absolute amounts
and the grain or aliquot mass estimate. Concen-
trations are not required for the calculation of
conventional individual aliquot (U-Th)/He dates
because parent and daughter measurements are
usually made on the same aliquot. However,
concentrations can be useful because anoma-
lous values may indicate other potential com-
plications (e.g., inclusions). In addition, because
of the effect of radiation damage on apatite and
zircon He retentivity, parent isotope concentra-
tions are standard parameters required for He
diffusion modeling and for calculation of eU
(see next section).

6.3.5. eU Concentration

eU concentration is a parameter that weights
the decay of the parent isotopes for their “He
productivity and is computed from the parent
concentrations. eU is commonly plotted versus
(U-Th)/He date because eU is a useful proxy for
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radiation damage in a mineral suite that under-
went the same thermal history (see section 3.3
for caveats). This assumes that the damage asso-
ciated with alpha decay exerts a primary control
on He retentivity, rather than only damage from
fission of uranium (because Th does not generate
fission tracks). The concept of parent isotope *He
productivity was used by Wernicke and Lippolt
(1993) in the generation of isochron plots, where
it was calculated as U (ppm) + 0.23 * Th (ppm).
Effective U concentration (eU) was later intro-
duced in the context of apatite (U-Th)/He dating
by Shuster et al. (2006), where the fraction of
“He produced by Th was defined as 0.235.

Here we suggest a slightly refined eU equa-
tion, the same as that in Appendix A of Cooper-
dock et al. (2019). We first calculate the modern
productivity of each isotope (35, (35, a3y, and
(v147) in alphas per year per gram of element:

8% Ny * A% (0.9928)
= 2
oo 238.029 @
7% N5 * A*(0.0072)
AL 3
s 238.029 ®)
227032039 @)
Niay * A% (0.1499)
= 2 7 A7(0.1499) 5
o 150.360 )

where Xy;g, N 235, N 230, and X\ 147 are the decay
constants of the parent nuclides and A is Avoga-
dro’s number. We compute the productivity in
grams rather than moles, because eU is a con-
centration, which here is based on mass. We can
then calculate the fraction of “He generated by
Th relative to that generated by U as:

Q32

=0.238 (6)

fry =
Q2384 (o35

We can similarly calculate the fraction of “He
generated by Sm relative to U as:

Qg7
me =

=0.0012 @)

Q2384+ 0235

Using the modern productivity of the parent
isotopes as described above yields the following
equation for eU:

eU=U+(0.238*Th)+(0.0012*Sm) (8)

where U, Th, and Sm are the concentration of
each element in ppm (presuming total Sm; if
147Sm is used, then the 0.1499 in Equation (5)
is omitted, and the 0.0012 factor in Equation
(9) becomes 0.0083). In many cases, the con-
tribution of Sm to eU is negligible and can be
reasonably neglected owing both to its low He
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productivity and its low abundance in most min-
erals dated by the (U-Th)/He technique. In real-
ity, the fractional contribution of each isotope to
the total alpha productivity is time-dependent,
and thus eU is time-dependent, mostly because
of the changing abundance of 33U over long tim-
escales. However, it is reasonable to employ the
modern productivity approximation for comput-
ing eU, especially when the primary function of
eU is as a general radiation damage proxy.

6.3.6. Uncorrected (U-Th)/He Date

The uncorrected or raw (U-Th)/He date is cal-
culated from the absolute parent and daughter
amounts without accounting for “He potentially
lost from the crystal owing to a-ejection. The
most rigorous approach is to calculate the date
iteratively using the age equation (Equation 1),
which assumes secular equilibrium (appropriate
for dates >1 Ma; equations that accommodate
secular disequilibrium must be used for younger
materials; Farley et al., 2002; Schmitt et al., 2006,
2010). A noniterative analytical approach using a
crystal’s weighted mean He production rate was
proposed by Meesters and Dunai (2005). This
approximation is reasonable for dates as old as a
few hundred million years but deviates increas-
ingly from the iterative solution with older age.
The main advantage of this algorithm is improved
computational efficiency for use in 3-D, thermo-
kinematic, landscape evolution modeling.

6.3.7. Corrected (U-Th)/He Date

The corrected (U-Th)/He date accounts for
the “He lost from the crystal by ejection. The
F parameters are used in this calculation. Two
approximations have been proposed for calcu-
lating the corrected date: simply dividing the
uncorrected date by the combined F; (Farley
et al., 1996) or dividing the measured “He by
the combined Fy and using the corrected “He in
the age equation (Min et al., 2003). Over long
timescales, however, these approximations un-
derestimate the corrected date to varying degrees
(Ketcham et al., 2011).

The most rigorous approach is to incorporate
the parent isotope-specific F; corrections into
the age equation and calculate the corrected date
iteratively, as in Ketcham et al. (2011):

“He =8 % Fy 55 ¥ *U(™ 1)

+7% Fp 35 *25U (™ — 1) o
+6 % Fy 03 ¥ Th(e™ ~1)

+Er 17 *Sm(e ~ 1)
For fragments that lack an ejection-depleted rim,

no F; correction should be applied, and therefore
no corrected date should be reported.
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6.4. Summary of Data Reporting for
Individual Aliquots (Checklist in Table 2;
Example Reporting in Table 3)

This section summarizes good practices for
reporting key primary measured and derived
data and how derived data were calculated. The
overarching goal is that sufficient information be
reported so that one can move vertically (both
up and down) through the data reduction path
in Figure 8 and reproduce all values. Table 2 is
a reporting checklist that summarizes these rec-
ommendations. Table 3 is an example table that
accomplishes the reporting recommendations,
although the methods used for the calculations,
and the manner in which uncertainties are rep-
resented, need not follow exactly those used
there. The checklist divides the data reporting
into “minimum needed” and “recommended”
categories. Given the amount of information,
in some cases it may be effective to include
the key derived data in a table in the main text
and additional data in a separate supplementary
data table.

How to appropriately report uncertainties
for individual analyses is an important topic
discussed separately in the next section. Con-
siderations for when it is appropriate to com-
bine multiple individual analyses from a single
sample into a mean sample date is covered in the
companion paper (Flowers et al., 2022).

6.4.1. Minimum Needed Reporting

Minimum needed data include the primary
measured results that are needed to reproduce
derived values. The core objective of reporting
the measured data is to allow them to be reduced
again in the future, which is important for the
longer-term development of the technique as
new discoveries about systematics are made
and new statistical treatments are developed.
The data measured thus also constitute the basic
information necessary for inclusion in any data-
base of (U-Th)/He data.

In addition, as described more fully below,
five main types of derived data should be re-
ported (combined F; value, equivalent spheri-
cal radius, crystal mass, uncorrected date, and
corrected date if considered appropriate). The
various choices (e.g., grain geometry calcula-
tion methods) made to compute the derived
from the measured data should also be de-
scribed. The rationale for reporting the derived
data is that they are in a user-friendly format
that is accessible to the broader Earth science
community, are most readily used for data in-
terpretation and thermal history modeling, and
allow others to reproduce data plots and tT
simulations efficiently without risk of mistake
during data re-recalculation.

(U-Th)/He data, uncertainty, and reporting

Crystal dimension and stoichiometric
(if acquired) data. Reported crystal dimension
data should include the length and width(s) (typ-
ically in pm), the number of terminations, grain
shape (e.g., hexagonal prism, tetrahedral prism,
ellipsoid), and whether the grain is a whole crys-
tal or a fragment. The goal is to report all of the
measurement data needed for volume and sur-
face area estimates and therefore for calculation
of F values, equivalent spherical radius, mass,
concentrations, and corrected (U-Th)/He date.
If crystal mass is estimated stoichiometrically
from Ca and Zr data rather than from the crystal
dimensions, then these isotopic data should also
be reported.

Daughter (He) absolute amount. For each
aliquot, the absolute amount of “He should be
reported, generally in nmol, ncc at standard tem-
perature and pressure (STP), or atoms.

Parent (U, Th, and in some cases Sm) ab-
solute amounts. For each aliquot, the absolute
amounts of U (38U + 2°U), 22Th, and “"Sm
(if enough Sm is present in the mineral to merit
measurement) should be reported, typically in
ng, mol, or atoms.

F; values. In cases considered appropriate
to use an Fy correction, report the combined Fp
value, and report or provide references for the as-
sumptions and methodology associated with its
calculation. The latter include the assumed grain
geometry and equations used, the isotope-specif-
ic a-stopping distances, assumptions regarding
parent isotope zonation (or lack thereof), and
for broken or abraded crystals, any assumptions
made regarding ejection across broken or round-
ed surfaces. If no F; value is reported, explain
why an F; correction is considered inappropriate.
For example, for fragments without an ejection-
depleted rim, no F; value should be reported.

Equivalent spherical radius. Report an
equivalent spherical radius (typically in pm),
specify whether it is Rgy or Rgy, and state equa-
tions used. We favor Ry because it better ap-
proximates the true grain geometry in diffusion
modeling.

Mass. Report the crystal mass (typically in
pg) and how it was calculated. For the dimen-
sional mass approach, report the grain geometry,
equations used, mineral density assumptions,
and any additional corrections made (in some
cases the calculated dimensional mass substan-
tially overestimates the actual mass; see section
7.3.2). For the stoichiometric approach, report
the assumed chemical formula (e.g., for apatite,
Cas(PO,);(OH) or Cas(PO,);F or Cas(PO,);Cl).

Uncorrected (U-Th)/He date. Report the
uncorrected date in the most appropriate unit
(e.g., ka, Ma, or Ga) and the method used in its
computation. We favor use of the more rigorous
iterative calculation.

Corrected (U-Th)/He date. In cases consid-
ered appropriate for reporting a corrected date,
report the corrected date in the most appropriate
unit (e.g., ka, Ma, or Ga) along with details of the
calculation method. We favor use of Equation 9,
the more rigorous iterative calculation that in-
cludes the parent isotope-specific Fr values. For
fragments that lack an ejection-depleted rim, no
ejection-corrected date should be reported.

6.4.2. Recommended Reporting

Concentrations. We recommend reporting
daughter (He), parent (U, Th, and in some cases
Sm), and eU concentrations, and the equation
used to calculate eU. Concentrations are not used
in the date calculation. However, eU values are
important for thermal history modeling and for
constructing date-eU plots that enable evaluation
of the potential influence of radiation damage-
induced differences in He retentivity on the data
(see companion paper, Flowers et al., 2022). He
concentrations are typically reported in nmol/g.
Parent and eU concentrations are best reported
as ppm calculated as pg/g, in accordance with
SI unit recommendations (Thompson and Tay-
lor, 2008).

7. INDIVIDUAL ALIQUOT (U-Th)/He
DATING: UNCERTAINTIES AND
REPORTING

7.1. Overview

There is currently no universally adopted
approach for estimating, propagating, and re-
porting uncertainties associated with individual
aliquot (U-Th)/He data. Some labs report uncer-
tainties in (U-Th)/He dates that propagate the
analytical uncertainties on the parent and daugh-
ter measurements. A few additionally propagate
an estimated uncertainty on the F; correction.
Still others report a uniform uncertainty of the
individual dates (commonly 10%) based on the
reproducibility of standards such as Fish Canyon
Tuff zircon, which is considered to be represen-
tative of unknowns. Many early published data
sets lacked any reported uncertainty, owing to
the challenges of thoroughly characterizing un-
certainty contributions to the results.

More comprehensively quantifying and prop-
agating uncertainties associated with (U-Th)/He
data, and establishing more uniform protocols
for uncertainty reporting, will facilitate compari-
son of different data sets and increase confidence
that interpreted similarities and differences in
data are real. In turn, this will contribute to im-
proved scientific interpretations. Here we focus
on the sources of uncertainty associated with
individual aliquot data. The additional complex-
ity of when and how to integrate and report the
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date and uncertainty for multiple aliquots from
the same sample is discussed in the companion
paper (Flowers et al., 2022).

We use the terms “uncertainty” and “er-
ror” in the context of precision and accuracy,
respectively. The latter terms are used in the
conventional sense, where precision refers to
the reproducibility of repeat measurements (e.g.,
of repeated sample He measurements) and ac-
curacy refers to the closeness to the true value
(e.g., of the measured He amount to the true He
amount). Thus, in the context of precision, the
“uncertainty” represents a confidence interval
around the measured value such that any repeat
measurement will yield a result within this inter-
val. In the context of accuracy, the “error” refers
to the deviation between the measured value and
the “true” value. This terminology follows that
in the International Vocabulary of Metrology
JCaM, 2012).

Sources of uncertainty on individual aliquot
data can be subdivided into three main types: (1)
analytical uncertainties, (2) geometric uncertain-
ties, and (3) unquantifiable or unmeasured un-
certainties. In general, analytical uncertainties
are well quantified (we know exactly how well
we know this number). Geometric uncertain-
ties are currently less well quantified (we do not
know how well we know this number), but there
are paths forward to quantify these uncertainties
better. Sources of uncertainty that are not regu-
larly quantified or are difficult or impossible to
quantify, such as parent isotope zonation and
He implantation (see companion paper, Flowers
et al., 2022), are not included in the propagated
uncertainties on (U-Th)/He data. Uncertainties
on decay constants are generally ignored be-
cause their contribution relative to other factors
is trivial.

Here, we first discuss uncertainties associated
with analytical and geometric measurements
(sections 7.2 and 7.3) and then describe the
most commonly used natural mineral standards
that are analyzed with each batch of unknowns
(Tables 2-3; section 7.4). We conclude with
recommendations for uncertainty reporting on
individual aliquots (section 7.5).

7.2. Analytical Uncertainties on Daughter
and Parent Absolute Amounts

The analytical uncertainties on the daughter
and parent absolute amounts can be relatively
well quantified. These include the reproduc-
ibility of repeated measurements on blanks,
He reference standards, U-Th(-Sm) reference
solutions, and the sample. Estimated analytical
precisions for representative single-grain apatite
and zircon analyses typically are 1%-3% for He
measurements and 1%—2% for U, Th, and Sm
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measurements (1), although they can be much
higher for materials with very low amounts of
daughter or parent (Reiners et al., 2018). When
the uncertainties on these measured data are
propagated, they typically contribute a few %
to the uncertainty of the data derived from them
(Fig. 8). For example, the analytical precision
on (U-Th)/He dates not corrected for F; for
representative single-grain apatite and zircon
analyses is typically <2%-6% (20) (Reiners
etal., 2018). As discussed in the companion pa-
per, however, this uncertainty is far lower than
the intra-sample variation in dates observed for
apatite and zircon from most samples (Flowers
et al., 2022).

The absolute accuracy of the “He amount in
the sample depends on accurate knowledge of
the pipette volume that delivers the “He refer-
ence aliquot or the *He spike, and of the initial
pressure and volume of the reference “He tank
or 3He spike tank, depending on the method.
Similarly, the absolute accuracy of U, Th, and
Sm depends on the accuracy of the reference
standard solutions. The accuracy of both daugh-
ter and parent is additionally determined by ap-
propriate corrections for isobars and outliers in
mass spectra (if present) and matrix matching/
similar behavior of samples, reference standards,
and blanks.

7.3. Geometric Uncertainties

The uncertainties on the crystal geometric in-
formation are less well quantified because they
are far more challenging to estimate than the
analytical uncertainties. It may be possible to
reasonably estimate the precision of absolute
length and width measurements. However, con-
version of these values to derived data requires
a subjective evaluation of crystal shape com-
pared to an idealized crystal geometry. It is dif-
ficult to quantify the uncertainty in how much
the morphology of each dated grain deviates
from that assumed, because this difference may
vary substantially between grains depending on
the analyzed and assumed geometries or sur-
face roughness, and this uncertainty increases
for crystals of small size (see also section 2.3).
Dated grains are rarely characterized by ideal-
ized euhedral shapes owing to natural crystal
irregularities, chipping, breakage, or round-
ing by abrasion during transport. This poorly
constrained geometric uncertainty contributes
to uncertainty in volume and surface area esti-
mates, which are used to calculate the isotope-
specific and combined F; values, Rgy or Rer,
and the dimensional mass. F values are then
used to compute the corrected (U-Th)/He date.
Dimensional mass is typically used to calculate
concentrations (Fig. 8).
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7.3.1. Fy Value Uncertainty

The uncertainty and possible systematic error
associated with Fy values are important because
they contribute to uncertainty and possible inac-
curacy in the corrected (U-Th)/He date. Several
studies have estimated the uncertainty associated
with F; values, with most of the focus on apatite.
For example, an early estimate of F. uncertainty
as a function of apatite crystal width for ideal
hexagonal crystals suggested 20 uncertainties
of + 2% to 4= 25% for grain cross-sections of
125 pm to 50 pm, respectively (Ehlers and Far-
ley, 2003). However, the degree to which these
uncertainties are applicable to crystals with im-
perfect morphologies is unclear.

X-ray micro-computed tomography (CT)
has been used in several studies to characterize
the uncertainty and improve the accuracy of Fp
factors. This tool measures X-ray attenuation,
and thus density, of objects in 3-D, from which
crystal volumes and surface areas can be deter-
mined. This technique was first used in a (U-
Th)/He study to constrain F; factors for detrital
grains of irregular shape not easily approximated
by idealized geometries (Herman et al., 2007).
The first quantitative comparison of F values
derived from 3-D CT data versus those from
2-D microscopy measurements concluded that,
in the worst case, these differed by ~5% for apa-
tite and zircon crystals >100 pm in width, with
greater inconsistency for smaller grains (Evans
et al., 2008). A similar comparison by Glotz-
bach et al. (2019) for apatite inferred 1%—7%
differences between 3-D and 2-D results. This
work also proposed an improved microscopy
approach for estimating grain volumes, surface
areas, and related information using a protocol
involving a series of photomicrographs taken
parallel and perpendicular to the c-axis to bet-
ter reconstruct the 3-D grain shape than possible
using only one or two 2-D grain images. This
“3-D He approach” reduced the deviation from
CT results to ~2.5%. A recent, comprehensive
comparison of 3-D CT and 2-D microscopy data
for high-quality apatite grains (N > 100) from
two granitic samples concluded that the Fy val-
ues differed by ~2 + 2% (~1.3% standard de-
viation for apatite with F; >0.8 and 2.4%-2.7%
deviation for smaller grains), which in turn in-
troduced a deviation of 2 £ 2% to the corrected
dates (Cooperdock et al., 2019). The better accu-
racy and precision of 2-D F; values in this work
than inferred by prior study may be due to the
selection of grains with nearly ideal shapes for
the comparative analysis.

Moving forward, there are several possible
paths for improving the accuracy and precision
of F; values, and thereby better quantifying the
uncertainties of the corrected (U-Th)/He dates
derived from them. First, 3-D CT data could be
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used to systematically characterize the accuracy
and precision of 2-D microscopy F; values as
a function of size for apatite crystals that en-
compass the full range of routinely analyzed
morphologies (Zeigler et al., 2021). These rule-
of-thumb values could then be applied to cor-
rect 2-D microscopy Fp values for systematic
bias, and the associated uncertainty could be
propagated into the uncertainties on the derived
parameters, without acquiring 3-D CT data for
every grain dated (Zeigler et al., 2021). For ex-
ample, for euhedral apatite crystals, the errors of
Cooperdock et al. (2019) could be applied to cor-
rect for the ~2% overestimate of 2-D F; values,
and the 1.3%-2.7% uncertainty on that correc-
tion (depending on crystal size) could be propa-
gated. However, these values are inappropriate
for apatite crystals with non-ideal shapes and
for other minerals such as zircon that are char-
acterized by different morphologies. Additional
rule-of-thumb values should be determined for
a wider range of shapes before this approach is
applied broadly.

Alternatively, the accuracy and precision of
F values could be improved directly by apply-
ing the 3-D He approach (Glotzbach et al., 2019)
or CT study (e.g., Cooperdock et al., 2019) to
all dated crystals. The 3-D He protocol can be
implemented with the same microscope used for
standard 2-D measurements, and while requiring
more time, it does not involve additional analyti-
cal expense or access to more equipment. In con-
trast, the CT approach requires specialized instru-
mentation and greater analytical cost. While CT
access is improving and bench-top systems are
now available, whether the CT measurements can
be accomplished with the right mix of resolution
and scan speed to sufficiently improve F; correc-
tions to be worthwhile and affordable for routine
(U-Th)/He analysis requires more exploration. In
both the 3-D He and CT approaches, uncertain-
ties on the F; estimates still remain. In addition,
unless U-Th zonation is characterized and ac-
counted for in the Fy value, this will remain a
source of uncertainty and error for F; corrections
(see also companion paper, Flowers et al., 2022).

7.3.2. Equivalent Spherical Radius, Mass, and
Concentration Uncertainties

More limited work has been aimed at con-
straining the uncertainty and accuracy of equiv-
alent spherical radius, mass, and concentration
values. None of these parameters are used to
derive the uncorrected or corrected (U-Th)/He
date, so they do not affect the uncertainty or ac-
curacy of the date. However, equivalent spheri-
cal radius and eU bear on the diffusional char-
acteristics of the grain and therefore affect the
certainty of thermal histories that are interpreted
using these parameters.
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One CT study addressed the uncertainty and
accuracy of these values for high-quality apatite
crystals (Cooperdock et al., 2019). This work
estimated that 3-D CT versus 2-D microscopy
values for equivalent spherical radius (both Rgy
and Ryp) differed by ~5 £ 5% for this apatite
suite. It also found that the 2-D microscopy ap-
proach overestimated volumes and surface areas
for apatite crystals with high-quality shapes
by ~20%, leading to an overestimate of mass
by 23 £ 16% and an underestimate of eU by
31 + 20% (Cooperdock et al., 2019). The au-
thors attributed the higher uncertainties on mass
and concentration values, relative to those on Fp.
and equivalent spherical radius, to the former re-
lying on volume alone, whereas the latter use the
surface area/volume ratio such that the volume
and surface area overestimates cancel.

A similar magnitude of uncertainty on eU was
estimated in a comparison of stoichiometric-de-
rived and dimensional-derived parameters. This
study suggested average percent differences of
15% and 25% between the two methods for ap-
atite and zircon, respectively (Guenthner et al.,
2016). In this work, the 2-D image approach
both over- and under-estimated eU for apatite
and systematically underestimated eU for zircon.
In the case of zircon, an additional uncertainty is
a decline in density by up to 16% with increas-
ing radiation damage (Holland and Gottfried,
1955). The stoichiometric approach provides
an alternative to the dimensional approach for
volume estimates and thus can circumvent the
uncertainties associated with crystal geometries
and mineral density for the derived mass and
concentration values (Guenthner et al., 2016).
However, because the stoichiometric method
does not constrain surface area, it alone cannot
be used to derive F; parameters and equivalent
spherical radius values.

As is the case for Fy, there are several ways to
improve the accuracy and precision of equiva-
lent spherical radius, mass, and concentration
estimates in the future. First, a CT study (like
that described above for F) could systematically
determine the accuracy and precision of 2-D val-
ues for grains with the full range of routinely
analyzed shapes and sizes (Zeigler et al., 2021)
as well as for morphologically different miner-
als like zircon. These values could then be used
to routinely correct 2-D estimates for system-
atic error and to assign appropriate uncertain-
ties without 3-D CT data acquisition, although
mineral density will remain a lesser source of
uncertainty for mass and therefore concentra-
tion values. Alternatively, the stoichiometric ap-
proach could be used for mass estimation. In this
case, analytical uncertainties on the Ca and Zr
measurements still exist, and the accuracy de-
pends on the assumed stoichiometry of apatite

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/1-2/104/5754765/b36266.1.pdf
bv niversity of Glasaow user

and zircon, which may vary owing to elemental
substitutions.

7.4. Secondary Mineral Standard
Reproducibility and Accuracy

Natural mineral standards are analyzed with
each batch of samples as a quality check to
verify a lab’s reproducibility and accuracy on
natural reference materials. Mineral standards
with rapid cooling histories are preferred be-
cause fast cooling minimizes the date variation
that can be introduced during slower cooling
through diffusive loss of He or development of
variable diffusion kinetics. Durango and Fish
Canyon Tuff (FCT) are the most widely used
apatite (e.g., Zeitler et al., 1987; Farley, 2000)
and zircon (e.g., Dobson et al., 2008; Gleadow
et al., 2015) standards, respectively. These ma-
terials are well understood and easily available.

Durango apatite is from a volcanic deposit
in Mexico, is generally inclusion-free, and has
limited zonation (e.g., Boyce and Hodges, 2005;
Chew et al., 2016). Itis dated at 31.44 + 0.18 Ma
(20) based on sanidine-anorthoclase “°Ar/*°Ar
dates on associated ignimbrites (e.g., McDowell
et al., 2005). Centimeter-scale crystals of Du-
rango apatite are available, such that fragments
from the crystal interior are typically analyzed,
which eliminates the need for an F; correction.
The primary shortcomings of Durango as a stan-
dard are its unusual composition and high Th/U
ratio relative to most apatite crystals dated by
(U-Th)/He. The reproducibility of Durango apa-
tite, even without an F; correction, is typically
~6% (20) (e.g., Reiners et al., 2018).

The Fish Canyon Tuff (FCT) from the San
Juan volcanic field in Colorado, USA, has been
intensively studied and dated because it is also
used as a standard in the U-Pb, “°Ar/3°Ar, and
fission-track communities. FCT has been the
subject of a series of high-precision “°Ar/*°Ar
and U-Pb dating studies, with a date of
28.201 + 0.046 Ma yielded by “°Ar/*°Ar sani-
dine analysis and astronomical tuning (Kuiper
et al., 2008). Typical zircon crystals are <250
pm long and <150 pm wide, such that F; cor-
rections of up to 30% are required (e.g., Dobson
et al., 2008). Compilations of zircon (U-Th)/He
results for FCT yield combined values with 20
population standard deviations of 28.3 = 3.1 Ma
(n =127 from multiple labs; Dobson et al.,
2008) and 28.16 + 3.07 Ma (n = 165 from a
single lab; Horne et al., 2016). The observed
10.9%-11.0% of dispersion in these compila-
tions is at least partly attributable to the effects
of variable U-Th zonation on the F; correction
(Dobson et al., 2008).

Some labs use or have proposed additional
standards for apatite, zircon, titanite, and other
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phases. These include zircon megacrysts from
Penglai, Hainan Island, China (Li et al., 2017; Yu
et al., 2020), Miocene apatite and titanite from
the Limberg t3 tuff in Germany (Kraml et al.,
2006), and quickly cooled Cretaceous titanite
from Mount Dromedary, Australia (Reiners and
Farley, 1999). Other standards have been used
for monazite (Boyce et al., 2005), hematite (Lip-
polt et al., 1995; Wu et al., 2019), and fluorite
(Evans et al., 2005a). There remains a strong
need for more reference materials of differing
age, type, and mineral phase that are well de-
scribed and widely accessible (section 9).

7.5. Summary of Uncertainty Reporting for
Individual Aliquots (Checklist in Table 2)

Good practices for uncertainty reporting are
subdivided into “minimum needed,” ‘“recom-
mended,” and “encouraged” categories. For the
last category, reporting these uncertainties is es-
pecially encouraged as the methods to estimate
them improve. For all uncertainties, the units are
typically the same as those for the relevant as-
sociated data. What factors are included in the
uncertainty calculation and whether uncertain-
ties are reported at 1o or 20 should be stated.
The Table 2 checklist notes the uncertainties that
should be reported, and Table 3 is an example
data table that includes the minimum needed and
recommended uncertainties.

7.5.1. Minimum Needed Reporting

Uncertainties on daughter (He) and parent
(U, Th, and Sm) absolute amounts. Uncertain-
ties should be reported along with the factors
included in the uncertainty calculation (e.g.,
propagated precision on repeat measurements
of the sample, blanks, spikes, and reference
standards). For uncertainties on measured data,
note whether they are reported as the standard
deviation or standard error.

Total analytical uncertainty on uncorrected
(U-Th)/He date. An uncertainty should be re-
ported that includes the propagated uncertainties
on the absolute amounts of daughter and parent.

Total analytical uncertainty on corrected (U-
Th)/He date. An uncertainty should be reported
that includes the propagated uncertainties on the
absolute amounts of parent and daughter.

7.5.2. Recommended Reporting

Second level of uncertainty on corrected (U-
Th)/He date. We recommend reporting a second
level of uncertainty that includes both the total
analytical uncertainty and an estimated uncer-
tainty associated with the F; correction and how
it was calculated as our estimates of crystal geo-
metric uncertainties improve. This approach of
reporting multiple levels of uncertainty is analo-
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gous to the recommended practice in both the
high-precision isotope dilution—thermal ioniza-
tion mass spectrometry U-Pb community (e.g.,
Schoene et al., 2006) and the LA-ICP-MS U-Pb
community (e.g., Horstwood et al., 2016).

Secondary mineral standard results (e.g.,
Durango apatite and FCT zircon). We rec-
ommend reporting secondary mineral standard
averages over a time frame appropriate for the
analyzed samples (run in conjunction with or
bracketing the sample analyses). The number of
analyses included in the average, their reproduc-
ibility, and how the reproducibility is reported
(e.g., standard error or standard deviation, 1o
or 20) should be stated. Additional analytical
details of secondary mineral standard measure-
ments are encouraged.

7.5.3. Encouraged Reporting (Especially as
Methods to Quantify These Improve)

As the uncertainties on F; values, equivalent
spherical radius, mass, and concentrations are
better quantified, we encourage that these un-
certainties be reported along with statements
of what factors are included in the uncertainty
calculation and how they were calculated. The
uncertainties on these parameters are influenced
by uncertainties on the crystal geometric infor-
mation, which are not well quantified at present
(section 7.3). In some cases, the standard 2-D
microscopy approach for estimating volumes
and surface areas may yield systematic errors
in the parameters derived from them (e.g., up
to a 31 £ 20% overestimate in apatite eU based
on Cooperdock et al., 2019). Active work is
underway to better quantify geometric uncer-
tainties and systematic error and to improve
the accuracy and precision of the associated
derived parameters. Methodologies include the
3-D He approach (Glotzbach et al., 2019), the
direct CT measurement approach (Cooperdock
et al., 2019), the size and morphology approach
(Zeigler et al., 2021), and the stoichiometric ap-
proach (which can be used only for mass, not FT;
Guenthner et al., 2016).

8. KINETICS, ‘He/*He, AND
CONTINUOUS RAMPED HEATING
(CRH): FUNDAMENTALS, DATA,
UNCERTAINTIES, AND REPORTING

8.1. Overview

Interpretation of (U-Th)/He data acquired via
the whole-crystal methods of analysis discussed
above depends on knowledge of diffusion kinet-
ics and diffusion behavior in the materials of
interest. There are also other analytical methods
that can shed light on the diffusion process that
are likely to see increased use in the near future.
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Here, we first describe how He diffusion kinetic
data are obtained and the types of Arrhenius re-
lationships that are observed for minerals with
single diffusion domain behavior (section 8.2).
Such data are typically acquired by laboratory
diffusion experiments using either natural “He
or proton-spallation—induced 3He, although the
CRH method also yields data from which kinetic
parameters can be derived. We then discuss the
“He/*He method, which can not only be used to
constrain kinetics (section 8.3), but also can be
applied to infer the spatial distribution of “He in a
crystal and thus the character of a mineral’s *He
diffusion profile; this can better constrain a sam-
ple’s thermal history (e.g., Shuster et al., 2005b;
Schildgen et al., 2010; Valla et al., 2011; Flowers
and Farley, 2012; Christeleit et al., 2017). We
also summarize the fundamentals of the CRH
method and its use to screen crystals for anoma-
lous He release behavior (section 8.4). In each
case, we provide an overview of the methods and
primary data that are involved as well as recom-
mend reporting practices (Table 4).

8.2. Kinetics

8.2.1. Fundamentals and Measurement
Methods

Determining thermal histories is the goal of
most (U-Th)/He mineral analyses, and given
the significant mobility of He, even in geochro-
nological applications it is important to assess
whether the mineral has behaved as a closed
system. As such, accurate knowledge of He dif-
fusion kinetics is an essential underpinning of
(U-Th)/He dating. As discussed in section 3.1,
the Arrhenius parameters D, and E, are key val-
ues that must be known when interpreting results
from a mineral analysis.

D, (or Dy/a?) and E, are most commonly
determined using fractional degassing of He
during laboratory stepped-heating diffusion
experiments. Figure 9 illustrates the path from
measured data to derived kinetic data for such
experiments, and they are the focus of our report-
ing recommendations (Fig. 10; Table 4). These
experiments subject samples under vacuum to
heating increments of precisely known duration
and temperature followed by measurement of the
amount of He released by each step. Note that
the heating schedule does not require progres-
sive heating or constant heating durations, and
more complex cycled heating with retrograde
steps can be useful in exploring diffusion sys-
tematics (e.g., Farley, 2018). Measured He can
be natural “He measured on either a quadrupole
or magnetic sector noble gas mass spectrometer
(e.g., Zeitler et al., 1987; Farley, 2000) and/or
proton-spallation induced *He that is typically
measured on a magnetic sector instrument ow-
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TABLE 4. CHECKLIST OF DATA, UNCERTAINTIES, AND ASSOCIATED INFORMATION TO REPORT
FOR KINETIC, “He/*He, AND CONTINUOUS RAMPED HEATING ANALYSES

Kinetics
Minimum Needed Reporting

o Information about sample: origin, age, geological history, assumed starting helium concentration profile(s).
Temperature and uncertainty of each heating step (°C) and how uncertainty in temperature was assessed.

a
o Duration (s, m, or h) of each heating step.
[m]

“He and/or 3He beam values or amounts for each step (A, nmol, ncc at standard temperature and pressure [STP], or atoms), uncertainties, and what factors are
included in the uncertainty calculation (e.g., propagated precision from repeat measurements of sample, blanks, and reference standards).

o Derived Arrhenius data:

- Values and uncertainties for 10,000/K and In(D/a?) along with what factors are included in the uncertainty calculation (e.g., uncertainties on temperature, gas

amount).

- Diffusion geometry assumed and reference to equations used to calculate diffusivities.

o Derived kinetic data:

- Values and uncertainties for Dy/a? and Ea determined by regression through data.
- Criteria used in selecting data for regression; nature of regression algorithm and whether uncertainties reflect analytical uncertainties or just scatter in data.

Recommended Reporting

o Values of cumulative fractional loss, f, to allow data to be used more directly.

“He/l°He Data
Minimum Needed Reporting

a

Duration (s, m, or h) of each heating step.

oooo

Bulk sample information: All information needed for individual aliquot (U-Th)/He data reporting (see Tables 1-3).
Information about where the sample was irradiated and under what conditions.
Temperature and uncertainty of each heating step (°C) and how uncertainty in temperature was assessed.

Values and uncertainties for either SHe absolute amount (nmol, ncc at STP, or atoms) and “He/®He ratio or “He and ®He absolute amounts (nmol, ncc at STP,

or atoms). What factors are included in the uncertainty calculation (e.g., propagated precision from repeat measurements of sample, blanks, and reference

standards) should be stated.

o If data are used to derive kinetic parameters, then the additional data, uncertainties, and information noted above for calculating diffusivities, Dy/a?, and E, should

be reported.

Recommended Reporting

u] Values of cumulative fractional loss, f, to allow data to be used more directly.

CRH Data
Minimum Needed Reporting

o Bulk sample information: All information needed for individual aliquot (U-Th)/He data reporting (see Tables 1-3).

oooooooao

be reported.

Recommended Reporting

Information about how blanks were assessed and removed from reported data.
Information about which active gases were monitored and gettered during heating.
Heating ramp rate(s) (°C/m) or heating schedule.

Cumulative He beam values or amounts (A, nmol, ncc at STP, or atoms).

Start time of each He analytical block and temperature at that time (s or m; °C).
Uncertainties on temperature and He beam values or amounts and how they were assessed across range of values reported.
Information on procedures for determining total He release from sample.
If data are used to derive kinetic parameters, then the additional data, uncertainties, and information noted above for calculating diffusivities, Dy/a?, and E, should

u] Values of cumulative fractional loss, f, to allow data to be used more directly.

*For all uncertainties, report in same unit as data and state if given at 1o or 20. For uncertainties on measured data, indicate if reported as standard error or standard

deviation.

ing to the small *He abundances generated dur-
ing proton irradiation (e.g., Shuster and Farley,
2004). Important assumptions embedded in this
approach are that the mineral under study re-
mains stable during vacuum heating and that the
portion of the gas release used to obtain kinetic
information is representative of diffusion pro-
cesses in nature (that occur at lower temperature
and over far longer time scales). Data reduction
is much easier if the measured isotope has a uni-
form distribution at the start of the experiment
(without diffusion gradients, alpha-ejection pro-
files, or variations due to parent isotope zoning).
The amount of He released at each step relative
to the total amount of He in the sample yields
fractional degassing information that can be
converted to diffusivities using a set of simple
equations (Fig. 9; e.g., Fechtig and Kalbitzer,
1966; or McDougall and Harrison, 1999). These
diffusivities are then plotted as In(D/a?) versus
1/T on an Arrhenius diagram, and these data are
linearly regressed to calculate D, and E, (Figs. 9
and 10D; see next subsection). Diffusivity data

are obtained using an assumed diffusion geom-
etry (e.g., sphere, infinite slab, infinite cylinder),
so it is critical that all subsequent calculations
use this same assumed geometry.

Several alternative experimental approaches
are available for determining D, and E,. One
strategy is to implant “He or 3He in the outer
hundreds of nanometers of crystals to induce He
concentration profiles followed by ion beam ex-
periments to characterize the profiles, which can
be fit with D and E, (Ouchani et al., 1998; Miro
et al., 2006; Cherniak et al., 2009; Gerin et al.,
2017). Another method is to heat crystals with
uniform “He concentrations to various tempera-
tures and durations followed by characterization
of “He concentration profiles by laser ablation—
noble gas mass spectrometry (van Soest et al.,
2011). Theoretical first-principles models that
describe atomic level He diffusion behavior are
also growing in use and predictive ability (e.g.,
Reich et al., 2007; Mbongo Djimbi et al., 2015;
Balout et al., 2017; Gautheron et al., 2020). Dif-
ferences between bulk-grain and microsampling

approaches are common and yield important in-
sight into the factors that modify volume-diffu-
sion behavior.

Experimentally determined D, and E, pa-
rameters for a mineral are incorporated into He
diffusion kinetic models that describe He diffu-
sivity as a function of temperature, time, and po-
tentially other factors that change through time
such as radiation damage. The kinetic models
are then applied to perform thermal history mod-
eling of the data assuming the kinetic parameters
derived for a fairly limited set of natural samples
apply generally to all instances of that mineral.
A great advantage of the “He/*He method is that
3He-based diffusion kinetics can be obtained as
a by-product of stepped-heating analysis for a
specific sample, providing there is good temper-
ature control for the experiment (section 8.2.4).
The recently developed CRH approach (Idleman
et al., 2018) generates data that can be treated
the same as stepped-heating analysis in obtain-
ing kinetic parameters. Natural, empirical cali-
bration experiments, in which (U-Th)/He dates
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Data reduction and reporting for stepped-heating kinetic data

Measured
data:

Derived data
and choices
made in their
calculation:

Duration of each
heating step
(s, min, hr)

Temperature of
each heating step
(°C)

“He and/or *He beam
values or amounts for
each step (A, mol, ncc at
STP, or atoms)

*e *

Choices: Diffusion geometry
assumed and reference to equations
used to calculate diffusivities

Arrhenius parameters:
Values of 10,000/K
and In(D/a?)

Choices: Criteria used in selecting data for
regression; nature of regression algorithm
and whether uncertainties reflect analytical

*xeo

A

Values of cumulative
fractional loss

w

Legend

Data Types and Choices

C:) Measured data

) Assumptions made
Choices: and equations selected
for calculation

O Derived data

Reporting

uncertainties or just scatter in data

* Data: Minimum needed

Derived kinetic data:
Values of E_ and D /a?
determined by regression through
data on Arrhenius diagram

ﬁ Data: Recommended
@ Uncertainty: Minimum needed

All choices should be reported

*xO

Figure 9. Flow chart for stepped-heating kinetic data illustrates the path from measured
data (blue) to derived data (pink) and the associated choices made during data reduction
(black italics). Minimum needed and recommended reporting for data and uncertainties are
marked as noted in legend. For all derived data that are reported, assumptions and methods
associated with their calculations should be noted or references cited. For all uncertainties,
report in same units as data, state what factors are included in uncertainty calculation,
and if given at 16 or 26. Sample information and experimental methods also are minimum
needed data that should be reported or references given. See reporting table checklist in

Table 4 for complete details.

for different minerals from the same rock sample
are compared, are also important for evaluating
the overall validity of diffusion kinetics inferred
from experimental studies.

The number of kinetics studies is relatively
few, and there has been no community agreement
to use a particular primary kinetic calibration. As
such, no formal database has been established for
noble gas kinetic data. Current practice is to make
use of primary kinetic information embedded
into current versions of thermal history model-
ing software, which generally use more evolved
kinetic models that incorporate the primary data,
and this represents a de facto consensus by the
thermochronological community. To give a con-
crete example, the RDAAM model for apatite
published by Flowers et al. (2009) accounts for
not only core diffusion kinetics but also the im-
pacts of temperature-sensitive radiation damage;
RDAAM is calibrated against published stud-
ies of He diffusion in various apatite crystals
(e.g., Shuster et al., 2006). In turn, the RDAAM
model is incorporated as one of several options
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in thermal history modeling software packages
like HeFTy (Ketcham, 2005) and QTQt (Gal-
lagher, 2012) (see companion paper, Flowers
et al., 2022). In addition, other radiation damage
models for apatite by Gautheron et al. (2009) and
Gerin et al. (2017) are incorporated in QTQt.
An issue that arises is that this approach treats
all grains as identical in their kinetics, with
radiation damage effects and grain size being
the only control. Fits of more evolved kinetic
models such as RDAAM to the primary kinetic
observations (Flowers et al., 2009) leave con-
siderable scatter in the kinetic data unexplained,
which could be attributable to grain specifics like
chemistry or the presence of defects. Thus, while
the use of de facto community models provides
some consistency, these may be inaccurate for
specific grains. In many cases, this will not be
a major problem, but it should be kept in mind.
More widespread use of “He/3He and possible
CRH analysis will likely change the landscape
as these approaches can provide grain-specific
kinetics and other parameters. In any case, ad-
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ditional studies of He diffusion kinetics by more
laboratories would be helpful.

8.2.2. Nature of Arrhenius Relationship for
Commonly Dated Minerals

Simple volume diffusion should yield a lin-
ear array in Arrhenius space defined by coordi-
nates of In(D/a?) and 1/T;, the slope of this array
is proportional to the activation energy, and the
intercept is Dy/a? (Fig. 10D). During laboratory
heating, changes in diffusion behavior can occur
at higher temperatures, as in the rollover often
seen in apatite results at temperatures above
300 °C (e.g., Farley, 2000). Common practice
is to derive kinetics from the earliest gas release
obtained at low temperatures, which generally
yields a linear array of data, and to assume that
this best represents He diffusion behavior in na-
ture. However, it is important to keep in mind
that this linear data array often represents only
a few percent of the gas released in total, with
the lowest-temperature steps yielding very small
amounts of gas.

Arrhenius plots are also subject to artifacts as
follows. If proton-induced *He is used for kinetic
analysis, determining an Arrhenius relationship
is fairly straightforward because it is a reason-
able expectation that the initial distribution of
He is uniform, a key assumption made in the
equations for obtaining values of D from frac-
tional loss (Fig. 10A). However, if “He is used,
then for whole crystals the Arrhenius data may
be complicated by non-uniform concentration
profiles caused by some combination of alpha
ejection, diffusional rounding, and intracrystal-
line zonation in U-Th (Fig. 10A; e.g., Goldsmith
et al., 2020). Both alpha-ejection and diffusion-
al rounding deplete “He in the outer portion of
the crystal. This produces a “He concentration
profile that generates an Arrhenius array that is
concave-up early in release and that only slowly
approaches the expected linear array; the degree
to which this occurs depends on the degree of
rounding of the starting concentration profile rel-
ative to the flat profile that diffusion calculations
expect (e.g., Goldsmith et al., 2020). In addition,
when modeling low-temperature Arrhenius data,
both analytical infinite-series equations as well
as finite-difference code have difficulty with ac-
curately predicting very small fractional losses,
requiring either a very large number of terms or
very fine grid spacings to yield accurate results.
Consequently, use of “He for recording diffusion
kinetics is best for internal shards of large, mini-
mally zoned samples (e.g., the Durango apatite
standard). However, apatite and zircon crystals
with these characteristics are rare, proton-irra-
diation to generate *He is expensive, and many
(U-Th)/He labs lack the magnetic sector noble
gas mass spectrometer instrumentation needed
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Figure 10. Illustration shows
approaches for acquiring He
diffusion Kkinetic data and
related information. (A) He
concentration as a function of
radial distance from the crys-
tal edge. The concentration of
radiogenic “He (solid line) is
likely to be non-uniform owing
to alpha ejection, diffusional
rounding, and possibly other
effects. For ‘He/*He analy-
sis, proton-spallation is used
to generate a uniform distri-
bution of 3He in the crystal
(dashed line). Stepped-heating
experiments involve stepwise
heating and associated data
acquisition at each discrete gas
release step and can use either
4He or He for kinetic analysis,
but the uniform distribution
of 3He makes such data more
straightforward to interpret.
Continuous ramped heating
(CRH) experiments involve
continuous heating and con-
tinuous *He data acquisition.
(B) “He/’He stepped-heating
data plotted as “He/*He ratio
of each step normalized to the
bulk crystal “‘He/*He ratio ver-
sus cumulative fraction of He
released. ‘He/’He data can be
used to simultaneously derive
kinetic parameters from the
3He data and to constrain the
spatial distribution of “He in
the crystal (solid line in panel
A). (C) CRH “He data plotted
as cumulative *He fractional
loss (f) versus temperature
(top plot) and fractional “He
loss (df/dT) versus tempera-
ture (bottom plot) for a sam-

ple characterized by simple volume diffusion (solid line) and a sample with a more complex diffusive release pattern (dashed line). The
sample with the complex pattern is more likely to yield an anomalous or biased date and may be excluded from additional analysis (e.g.,
parent isotope measurement) and interpretation. CRH “He data may also be used to obtain Kinetic information. (D) Arrhenius diagram
shows hypothetical He diffusion experiment data (using either *He or 3He). Each point represents the amount of He released from a
crystal under vacuum during a heating step of precisely known duration and temperature. The x-axis is the inverse temperature of the
heating step. The y-axis is the diffusivity for each point calculated from the fractional degassing information (including the fraction of
He released and the duration of each temperature step). For crystals from which He loss is dominated by volume diffusion, the slope of
the data points on an Arrhenius array can be used to determine E,, and the y-intercept yielded by linear regression through the data
represents D, (or D/a?).

for 3He analyses, so

diffusion experiments are conducted with “He on
typical minerals while keeping data interpreta-
tion caveats in mind.

for practical reasons many

Several other considerations also exist. Re-
versible trapping of He in imperfections (e.g.,
Zeitler et al., 2017; Guo et al., 2021) and radia-
tion damage annealing during stepped-heating
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(e.g., Farley, 2000) can introduce complications
for interpreting both “He and *He stepped-heat-
ing data. In addition, while the subject is beyond
the scope of this paper, some minerals (e.g., Fe
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oxides; see section 4.3.2) display multiple dif-
fusion domain behavior that results in complex
Arrhenius plots (e.g., Farley and Flowers, 2012;
Farley and McKeon, 2015).

8.2.3. Kinetic Data and Reporting (Checklist
in Table 4)

Table 4 is a reporting checklist that includes
“minimum needed” and “recommended” report-
ing for kinetic data, uncertainties, and associated
information. The core measured data that should
be documented for kinetic experiments are
simple: temperature and duration of each step
or interval and the amount of gas released for
each temperature step or interval. The minimum
needed derived data are: values of 10,000/K
and In(D/a?) for Arrhenius plots, the diffusion
geometry assumed and equations used for cal-
culation of In(D/a?) values, values of Dy/a” and
E, determined by linear regression through the
data, as well as the criteria used in selecting data
for regression and the nature of the regression al-
gorithm. To make data more immediately useful
it is also recommended to report the cumulative
fraction of gas lost, f, which represents simple
derived data that are essential input to diffusion
calculations. In addition, as much information
about the analyzed material should be reported
as possible, including the grain size and known
information about the sample’s geological his-
tory, to allow assessment of “He concentration
distributions if “He is the species being analyzed.

8.2.4. Kinetic Uncertainties and Reporting
(Checklist in Table 4)

Uncertainties on kinetic data include those
on the measured values (temperature and the
amount of gas released at each step) as well as
on the In(D/a?) value calculated for each step and
on the linearly regressed values of Dy/a? and E,.
All of these uncertainties should be reported.

Uncertainties on the absolute amounts of
measured gas were discussed in section 7.2. The
other key measured parameters are temperature
and heating duration (uncertainty in time is usu-
ally small compared to heating duration). How
well these can be known is beyond the scope
of this paper but is discussed briefly here. The
typical heating schedule used for diffusion work
consists of square pulses, but the degree to which
heating and cooling ramps are short or not de-
pends on the nature of the heating apparatus used
(for modern laser systems, this will be at most a
few seconds compared to heating durations of
minutes). It is critical that temperature be pre-
cisely controlled and not overshot, given the
exponential nature of diffusion. Since the entire
point of diffusion experiments is to measure how
diffusion changes with temperature, a worst-case
scenario would be a broadly parabolic heating
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step where the sample is never at a consistent
temperature for any duration. In any case, it can
be difficult to determine the precision and accu-
racy of the heating of any one sample, again de-
pending on the nature of the apparatus (furnace
or laser) and the measurement system (thermo-
couple or pyrometer). The best that can probably
be done in routine operations for different sam-
ples is to apply blanket uncertainties determined
from independent calibration of the heating sys-
tem. The accuracy and precision of heating can
be a very nonlinear function of temperature as
the heating apparatus transitions from conduc-
tion- to radiation-dominated heat transfer and
loss. Additional temperature uncertainty is intro-
duced by measurement of sample temperature
by a thermocouple or pyrometer that may not
be exactly co-located where the grain sits in its
metal packet or envelope. While measurement
precisions of = 1 °C are possible, realistic un-
certainties in temperature accuracy are probably
closer to 5 °C or even 10 °C. Whether inaccuracy
during stepped-heating is systematic or random
is debatable; both are possible.

Propagation of the analytical uncertainties
for the calculation of diffusivity and then Ar-
rhenius parameters from stepped-heating data is
not difficult but rather involved numerically. The
fractional loss values that are the key inputs are
ratios of accumulated measured amounts of the
diffusant under study; counter-intuitively, while
small early steps may seem imprecise, their es-
timate of fractional loss is usually quite good.
Additionally, in Arrhenius space, there is strong
error compression of diffusivity values due to
the logarithmic term. See Ginster and Reiners
(2018) for additional discussion of uncertainty
propagation for diffusivities and diffusion pa-
rameters. Note that the accuracy of the derived
kinetic parameters is subject to the choice of data
used for the linear regression to determine D/a?
and E, and to the assumptions outlined in sec-
tions 8.2.1 and 8.2.2. Thus, it is important to ex-
plain the criteria for choosing the data to regress
and to discuss the relevant considerations.

8.3. “‘He/’He

8.3.1. “He*He Fundamentals and
Measurement Methods

It is possible to heat a crystal in a series of
steps of varying temperature and duration to in-
fer the distribution of “He within it (Fig. 10A;
Shuster and Farley, 2004; Shuster et al., 2004);
typically, this heating increases progressively in
temperature, but this is not a requirement. A uni-
formly distributed reference isotope is required,
and this is obtained via proton irradiation, which
produces *He from spallation reaction with many
major elements, such as Ca in apatite (Fig. 10A).
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In some ways, “He/*He stepped-heating analy-
sis is similar to the “°Ar/*Ar method, but there
are key differences, the main ones being (1) that
while *Ar is produced from the parent nuclide
(K), 3He is not produced from U, Th, and Sm,
so if there is zoning, “He and *He concentra-
tions will not correlate in space, and (2) bulk
U, Th, and Sm analysis of the outgassed grain
is still required to obtain age information. The
“He/*He method can be used to constrain kinet-
ics as well as to decipher a mineral’s diffusion
profile and therefore its thermal history. To date
most “He/*He studies for thermal history inves-
tigations have used apatite (e.g., Shuster et al.,
2005b; Schildgen et al., 2010; Valla et al., 2011;
Flowers and Farley, 2012; Christeleit et al.,
2017). Early work suggests the method might
also work well for zircon, although this mineral’s
usually significant and complex parent-nuclide
zoning requires 3D characterization (Tripathy-
Lang et al., 2015).

“He/*He stepped-heating data are typically re-
ported as either ratio-evolution diagrams or age
spectra; both of these use the cumulative frac-
tion of the *He released as the abscissa. Ratio-
evolution diagrams plot the measured “He/*He
ratio of each step normalized by the bulk-crystal
“He/*He ratio (Fig. 10B). Age spectra convert
this information into apparent ages for each step
using the bulk-crystal (U-Th)/He date. Differ-
ent “He/*He profiles may be expected for some
different types of thermal histories (Shuster and
Farley, 2004). In general, laboratories use vari-
ous codes to invert the observed stepped-heating
data for thermal history; with modern codes, it
is possible to include the impact of parent nu-
clide zoning in the inversions (e.g., Fox et al.,
2014). Beyond allowing the (U-Th)/He method
to constrain thermal histories to lower tempera-
tures (as low as ~35-40 °C for apatite), another
great benefit of “He/*He stepped-heating analy-
sis is that it offers the chance to use the release of
3He to gain sample-specific kinetic information
for each crystal (Fig. 10D), and indeed a signifi-
cant part of the diffusion kinetic data for apatite
comes from “He/*He analysis.

8.3.2. “He/’He Data, Uncertainties, and
Reporting (Checklist in Table 4)

Table 4 notes the information needed for
“He/PHe reporting. Because date determina-
tion is typically part of “He/*He analysis, all of
the sample-related data required for a conven-
tional (U-Th)/He analysis should be reported
(e.g., sample information, parent and daughter
absolute amounts; grain dimensions, Fr; see
Tables 1-3). The facility for and conditions of
irradiation should be described. Essential data
measured to report include the temperature and
duration of each step (to permit assessment of
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gas release and kinetics) as well as the amounts
of gas released at each heating step. The latter
can be done in one of two ways: the 3He amount
released at each step and the “He/*He ratios of
those steps or the amounts of “He and 3He re-
leased at each step. Uncertainties in amounts,
ratios, and temperature must also be reported.
For the convenience of users and efficiency for
later data exploration, it is recommended that the
cumulative fraction of gas lost also be tabulated.
If “He/*He data are used to derive kinetic param-
eters, then the additional data, uncertainties, and
information for calculating diffusivities, Dy/a2,
and E, should be reported (sections 8.2.3 and
8.2.4; Table 4).

8.4. Continuous Ramped Heating

8.4.1. Fundamentals and Measurement
Methods

CRH is a variant of conventional individual
aliquot (U-Th)/He analysis that involves simul-
taneous heating of a crystal and measurement of
the gas signal (Idleman et al., 2018). The goals
of this approach are to rapidly screen samples
for irregularities in their gas release compared
to expectations for volume diffusion and also to
gain some handle on the kinetic variation among
samples. At present, the method is best suited for
use with more robust quadrupole mass spectrom-
eters with internal volumes and ion sources that
are able to survive high pressures because the
spectrometer is exposed directly to the sample
during sample heating, putting the spectrometer
at risk should a vacuum accident occur. In CRH
analysis, the mass spectrometer is used to moni-
tor the growth of the “He beam as the sample is
progressively heated by a tightly controlled laser,
usually at rates of 20 °C/min to 30 °C/min. After
heating is complete, the system has cooled, and
any residual active gases have been fully get-
tered, a reference standard is added to determine
the total “He released, as in conventional analy-
sis. During analysis, it is important to monitor
active gas species such as H and m/e = 28 to
ensure that gettering is sufficient to prevent their
levels from becoming too high; in large amounts,
these gases can lead to significant changes in in-
strument sensitivity (Guo et al., 2021). To date,
the CRH method has only been applied to “He
release from apatite.

Because the data take the form of a cumula-
tive fractional loss curve (Fig. 10C, top plot) and
because the ramped thermal history is known,
CRH data can be treated as normal stepped-
heating data for the purposes of calculating
diffusivities, subject to the considerations for
“He diffusion data noted in section 8.2.2. Ad-
ditionally, plotted against time or temperature,
the first derivative of the release curve, in units
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of df/°C, illustrates the progressive release pat-
tern of gas from the sample (Fig. 10C, bottom
plot). For simple volume diffusion, this should
be a unimodal peak (Idleman et al., 2018). How-
ever, examination of apatite samples reveals
apatite (U-Th)/He dates with variable degrees
of date dispersion that in some cases correlate
with different types of He release patterns (Idle-
man et al., 2018; McDannell et al., 2018; Guo
et al., 2021). Samples with low dispersion tend
to have apatite crystals that show the expected
unimodal release pattern, whereas samples with
more complex slow-cooling histories or those
that show overdispersion in conventional (U-
Th)/He dates (see companion paper for discus-
sion of intra-sample dispersion, Flowers et al.,
2022) have more grains that show complex re-
lease patterns containing some combination of
sharp spikes of gas release or a second discrete
peak at much higher than expected temperatures
(Fig. 10C, bottom plot). Grains with anomalous
He release patterns that do not conform to simple
volume diffusion release may be appropriate to
exclude from interpretation, because current ki-
netic models are founded on the expectation of
volume diffusion behavior.

8.4.2. CRH Data, Uncertainties, and
Reporting (Checklist in Table 4)

Table 4 notes the information needed for
CRH reporting. Date determination is generally
part of CRH experiments, so, as with “He/*He
analysis, all sample-related data should be
reported as for a conventional analysis (see
Tables 1-3). Because of the nature of CRH
analysis, the ways in which “He blank is as-
sessed and removed from measurements should
be discussed, and because active gases such as
H and m/e = 28 can poison mass spectrom-
eter sensitivity when present in large amounts,
how these gases were monitored to ensure suf-
ficient gettering to acceptable levels needs to
be described. The heating ramp rate or heat-
ing schedule should be reported as well. The
core data that are required are the cumulative
“He signal or amount, the time at the start of
each analytical block, and the temperature at
this time. Uncertainties on at least the tempera-
tures and He beam values or amounts need to
be reported, and given the continuous nature
of CRH experiments and the range in signal
sizes and temperatures encountered, the proto-
col of estimating uncertainties at any one point
should be described. Finally, how the final “He
signal measured by the mass spectrometer at
the end of experiment was converted to an ab-
solute amount with an uncertainty should be
documented. As for kinetic and “He/*He work,
tabulating the cumulative fractional loss is rec-
ommended. If CRH data are used to derive ki-
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netic information, then the additional relevant
information should be reported (sections 8.2.3
and 8.2.4; Table 4).

9. OPPORTUNITIES AND LOOKING
FORWARD

To continue pushing the spectrum of ques-
tions that can be addressed with the (U-Th)/He
method and the detail that can be deciphered
from the data, ongoing progress must be made
on multiple fronts. These include refining He dif-
fusion kinetic models, developing new analyti-
cal tools, and acquiring information to improve
decisions about how to interpret data (see also
companion paper, Flowers et al., 2022). Look-
ing forward, we see opportunities in the follow-
ing areas:

(1) He diffusion kinetics (sections 3 and 8.2).
Continued work is needed to improve He diffu-
sion kinetic models, because our ability to accu-
rately interpret (U-Th)/He data is limited by how
well we understand the parameters that govern
He diffusion in the minerals dated. This requires
better quantification of how different types of
damage influence He diffusivity, the controls on
how these different damage types are annealed,
and if/how other factors (e.g., mineral chemis-
try) modify He diffusion characteristics. Materi-
als science characterization tools (e.g., Raman
spectroscopy, scanning electron microscopy, ion
beam techniques, atom probe tomography), as
well as several of the approaches described be-
low, are opening new avenues in this realm. To
help quantify both intralab and interlab uncer-
tainty, it would also be useful to agree upon and
develop some sort of kinetic standard that could
be employed to monitor the performance of heat-
ing systems used in diffusion experiments.

(2) Laser ablation methods. The higher spa-
tial resolution afforded by in situ information
can enhance mineral characterization and data
interpretation. The laser ablation (U-Th)/He dat-
ing approach allows for holistic integration of
maps of U-Th, He, radiation damage, (U-Th)/He
date, and U-Pb date in single crystals; quantifi-
cation of intracrystalline heterogeneities; direct
measurement of diffusion gradients in single
crystals; rapid sample screening for strategic
mineral selection; dating of imperfect and small
crystals; and largely non-destructive analysis
of high-value samples (e.g., Boyce et al., 2006,
2009; van Soest et al., 2011; Vermeesch et al.,
2012; Tripathy-Lang et al., 2013; Evans et al.,
2015; Tian et al., 2017; Horne et al., 2016, 2019;
Danisik et al., 2017a; Anderson et al., 2020;
Pickering et al., 2020). It consequently is seeing
increasing adoption as a complement to the con-
ventional whole-crystal technique. Even in the
absence of in situ He data, analysis of parent iso-
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tope distributions via LA-ICP-MS can improve
the accuracy of F; values for grains dated by the
conventional approach, as well as enhance asso-
ciated data interpretation (see companion paper
for additional discussion of the influence of eU
zonation on the diffusion profile and heteroge-
neous intracrystalline radiation damage, Flowers
et al., 2022).

(3) Atomistic descriptions of He diffusion.
Alternative strategies for characterizing He dif-
fusion, in addition to stepped-heating diffusion
experiments, would promote evaluation and
refinement of He kinetic models. Theoretical
studies can provide a physical understanding
of He diffusion in minerals at the atomic level
in a perfect crystal lattice and then investigate
the role of radiation damage and chemical sub-
stitution in modifying diffusive behavior (e.g.,
Gautheron et al., 2020). This information pro-
vides an important complement to laboratory
characterization of actual diffusive behavior in
natural crystals.

(4) *He/PHe thermochronology (section 8.3).
Broader use of the “He/?He method has the
potential to provide additional thermal history
constraints in targeted studies, reduce ambiguity
in the interpretation of stepped-heating diffusion
experiment results, and enable more systematic
diffusion studies on a wider range of minerals.
Widespread adoption of this method has been
hindered by the expense and logistical chal-
lenge of proton irradiations, as well as the need
for magnetic sector rather than quadrupole noble
gas mass spectrometer instrumentation; many
(U-Th)/He labs lack magnetic sector machines
owing to the greater cost associated with acquir-
ing and maintaining this equipment. Better co-
ordination among labs may help address some
aspects of the challenges associated with proton
irradiations. A newer generation of quadrupole
mass spectrometers with improved resolution
may also hold promise as a less expensive al-
ternative to sector magnet machines for “He/*He
measurements (e.g., Schneider et al., 2009, for
4OAr/*Ar dating via quadrupole mass spec-
trometry).

(5) CRH (section 8.4). CRH analysis shows
promise in screening He analyses for anomalous
components that are likely to yield biased dates
before U and Th measurements are made and
the results folded into a data set. Research into
what these anomalous components represent
is ongoing. The argument is that if a sample
should behave simply according to existing ki-
netic models, irregular release patterns would
suggest that the sample contains artifacts that
violate this expectation, and it should not be
included in any modeling or interpretation (Mc-
Dannell et al., 2018). Technical work is required
to better control temperatures at low values, and
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more research is needed to better understand
the features that lead to anomalous gas release.
Application to other minerals is also an obvious
next step, as is applying the CRH approach to
“He/*He analysis.

(6) Nontraditional He chronometer devel-
opment. Ongoing laboratory study is aimed at
constraining He diffusion in phases that have not
traditionally been used for (U-Th)/He analysis
(section 4). This is further widening the scope
of problems that can be addressed with the
technique.

(7) Availability of additional natural mineral
standards. Natural mineral standards analyzed
with unknowns provide an important check
on the quality of analyses. Additional standard
materials that are widely available and well
characterized would benefit the (U-Th)/He dat-
ing community. One might imagine two classes
of useful natural date standards. The first class
would include samples like Durango apatite and
FCT zircon, aimed at minimizing complexities
arising from the cooling history, morphology,
alpha-ejection profile, and compositional het-
erogeneity. This type of standard would serve
as a check on the precision and accuracy of
basic parent-daughter measurements, ideally
across a wide range of He/eU concentrations
and dates. These could be internal fragments of
large, gem-quality apatite or zircon megacrysts
(e.g., Sri Lankan zircon) or possibly synthetic
standards. The second class of useful standard
could provide labs with opportunities to test
their ability to deal with the practical complexi-
ties that characterize real “wild” samples. These
materials may offer a range of sizes, morpholo-
gies, “brokenness,” and inter- and intragrain
compositional variation, all of which could con-
ceivably be characterized as part of the analysis.
As minerals other than apatite and zircon be-
come more routinely analyzed, additional stan-
dards are also required for these phases (e.g.,
hematite).

(8) Quantifying uncertainties. Appropriate
uncertainties must be quantified to reliably in-
terpret (U-Th)/He data. Improved characteriza-
tion of uncertainties on crystal geometric in-
formation, and thus on the F; value, corrected
(U-Th)/He date, eU, and equivalent spherical
radius, is needed (section 7.3). Possible avenues
include new analytical approaches to minimize
uncertainties on geometric parameters (e.g., 3-D
He approach, Glotzbach et al., 2019; CT study,
Cooperdock et al., 2019), the use of the stoichio-
metric approach to improve estimates of crystal
mass (Guenthner et al., 2016), and determination
of “rule of thumb” values for systematic error
corrections and uncertainties on geometric pa-
rameters as a function of grain size and morphol-
ogy (e.g., Zeigler et al., 2021).
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10. CONCLUSIONS AND SUMMARY OF
RECOMMENDATIONS

This manuscript reviews the fundamentals
of (U-Th)/He dating (sections 2-3), discusses
the types of dateable materials (section 4), de-
scribes the workflow associated with (U-Th)/He
data acquisition (section 5), and recommends
more standardized reporting practices for con-
ventional individual aliquot (U-Th)/He data and
uncertainties (sections 6-7). It also reviews the
fundamentals of related methods for acquiring
kinetic, “He/*He, and CRH data, and makes as-
sociated reporting recommendations (sections
8). There are numerous promising avenues (sec-
tion 9) for continuing to improve the quality of
(U-Th)/He data and the range of materials that
can be dated and interpreted, which will further
expand the utility and versatility of the (U-Th)/
He technique.

Reporting practices should remain an im-
portant topic of community conversation and
see ongoing revision as the field continues to
develop. The recommendations of this contri-
bution are:

(1) Report essential information about the
samples analyzed and experimental methods
(Table 1; section 5.7).

(2) For individual aliquot data (Tables 2-3;
section 6.4):

* Report crystal dimension data (and, in
some cases, stoichiometric data), *He
absolute amount, parent isotope abso-
lute amounts, combined F; value, Rgy
or Ryp, mass, uncorrected (U-Th)/He
date, and corrected (U-Th)/He date (if
reporting a corrected date is considered
appropriate);

* Report the methods used to compute de-
rived data from measured data;

* Reporting concentrations (daughter, par-
ent, eU) is recommended.

(3) For individual aliquot uncertainties (Ta-

bles 2-3; section 7.5):

* Report uncertainties on daughter and par-
ent absolute amounts;

* Report the total analytical uncertainty and
on the uncorrected and corrected (U-Th)/
He dates;

* Reporting a second level of uncertainty
on the corrected (U-Th)/He date that in-
cludes both the total analytical uncertainty
and an estimated uncertainty on Fp is
recommended;

* Reporting mineral standard averages (e.g.,
Durango apatite and Fish Canyon Tuff
zircon) over a time frame appropriate for
the samples analyzed is recommended;

* Reporting uncertainties on the F; value,
Rgy or Rgp, mass, and concentrations is
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encouraged, especially as methods to quan-
tify these improve;

¢ For all uncertainties, state what factors
are included in the uncertainty calcula-
tion and whether given at 1o or 20.

(4) For stepped-heating kinetic data and un-

certainties (Table 4; sections 8.2.3 and 8.2.4):

* Report temperatures, temperature uncer-
tainties, duration of each heating step, and
how temperature uncertainty was assessed;

* Report beam values or amounts of “He and/
or 3He released for each heating step and
uncertainties on these values;

e Report values and uncertainties for
10,000/K and In(D/a?) for Arrhenius plots,
as well as assumed diffusion geometry
used and reference to formulas used for
calculating diffusivities;

e Report values and uncertainties for D/a>
and E,, discuss criteria used to select data
for regression, and describe regression
approach;

* Reporting values of cumulative fractional
loss is recommended to allow data to be
used more directly;

¢ For all uncertainties, state what factors are
included in the uncertainty calculation and
whether given at 1o or 2o.

* Describe sample and give as much infor-
mation as possible about geologic history
and characterization.

(5) For *He/*He data and uncertainties

(Table 4; section 8.3.2):

* Report all information needed for indi-
vidual aliquot (U-Th)/He dating (Items 1,
2, and most of Item 3 above; Tables 1-3);

* Describe where and under what conditions
the sample was irradiated;

* Report temperatures, temperature uncer-
tainties, duration of each heating step, and
how temperature uncertainty was assessed;

 For each step, report values and uncertain-
ties for either 3He amounts and “He/*He
ratio or *He and *He amounts;

* Reporting values of cumulative fractional
loss is recommended to allow data to be
used more directly;

¢ For all uncertainties, state what factors
are included in the uncertainty calcula-
tion and whether given at 1o or 20.

 If data are used to derive kinetic param-
eters, then report additional data, uncer-
tainties, and information for calculating
diffusivities, Dy/a?, and E, (noted in Item
4 above).

(6) For CRH data and uncertainties (Table 4;

section 8.4.2):

* Report all information needed for indi-
vidual aliquot (U-Th)/He dating (Items 1,
2, and most of Item 3 above; Tables 1-3);

(U-Th)/He data, uncertainty, and reporting

* Describe how blanks were assessed and
removed from reported data;

» Describe what active gases were monitored
and gettered during heating;

* Report heating ramp rate or heating
schedule;

e Report start time for each “He analytical
block and temperature at that time;

* Report uncertainties in temperatures and
He beam values or amounts and describe
how the uncertainties were assessed across
the range measured,

* Describe procedure used to determine total
“He presented at the end of heating;

* Reporting values of cumulative fractional
loss is recommended to allow data to be
used more directly;

¢ For all uncertainties, state what factors
are included in the uncertainty calcula-
tion and whether given at 1o or 20.

 If data are used to derive kinetic param-
eters, then report additional data, uncer-
tainties, and information for calculating
diffusivities, Dy/a?, and E, (noted in Item
4 above).
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