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ABSTRACT

Fission-track dating is based on the analy-
sis of tracks—linear damage trails—pro-
duced by the spontaneous fission of 23U in
a range of natural accessory minerals and
glasses. The retention of tracks is sensitive
to elevated temperatures, and the data serve
principally as a tool for recording thermal
histories of rocks, potentially over the range
of ~20-350 °C, depending on the specific
minerals studied. As such, in most cases,
fission-track data generally bear little or no
direct relationship to the original formation
age of the material studied. The age range of
fission-track dating is related to the product
of age and uranium content, and ages from
several tens of years to older than 1 Ga are
reported. Fission-track analysis led to the de-
velopment of powerful modeling techniques.
When used with appropriate geological con-
straints, these modeling techniques allow im-
portant geological processes to be addressed
in a broad range of upper crustal settings.

Since early attempts to standardize the
treatment of fission-track data and system
calibration over more than 30 years ago, ma-
jor advancements were made in the method-
ology, necessitating the development of new,
updated data reporting requirements. Incon-
sistencies in reporting impede public data
transparency, accessibility and reuse, Big
Data regional syntheses, and interlaboratory
analytical comparisons.
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This paper briefly reviews the fundamen-
tals of fission-track dating and applications
to provide context for recommended guide-
lines for reporting and supporting essential
meta fission-track data for publication and
methodological archiving in structured for-
mats that conform with FAIR (Findable,
Accessible, Interoperable, and Reusable)
data principles. Adopting such practices will
ensure that data can be readily accessed, in-
terrogated, and reused, allowing for further
integration with other numerical geoscience
techniques.

1. INTRODUCTION

The application of fission-track data to address
a broad range of geological topics is based on
the unique characteristic of fission tracks, which
are produced by the spontaneous fission of 238U,
to heal (i.e., fade naturally or thermally anneal)
at elevated temperatures. Since each track is
formed at a different time during the life of the
host mineral, the fission-track method is a unique
thermochronological tool in that each daugh-
ter product, which can be individually viewed
microscopically, becomes a sensitive recorder of
the thermal history of the host mineral. As such,
daughter products frequently bear little or no
relationship to the original formation age of the
rock being studied. With the analysis of fission
tracks in their host minerals, this process of ther-
mal recovery—in tandem with the integration of
relevant geological constraints—led to the devel-
opment of robust modeling techniques for recon-
structing the thermal histories of rocks and the
rates of some geological processes in the upper
crustal environment. Over the past 30 years,
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fission-track studies evolved into an important
tool for thermochronology, providing oppor-
tunities for research over a broad spectrum of
geological time covering a wide range of topics
related to thermo-tectonic histories in different
geological settings. Although thermochronologi-
cal studies dominate, fission-track data are also
occasionally applied as a geochronometer for
dating discrete geological events. The basic prin-
ciples and applications of fission-track dating
were reviewed in several works (e.g., Fleischer
et al., 1975; Wagner and Van den haute, 1992;
Gallagher et al., 1998; Dumitru, 2000; Gleadow
et al., 2002; Donelick et al., 2005; Tagami and
O’Sullivan, 2005; Gleadow and Seiler, 2014;
Malusa and Fitzgerald, 2019). For a historical
perspective on the development of fission-track
thermochronology, see Hurford (2019).

An early attempt at standardizing the treat-
ment of fission-track data was proposed by
Naeser et al. (1979), and further recommenda-
tions were made by Hurford (1990) to the Inter-
national Union of Geological Sciences (IUGS)
Subcommission on Geochronology, which also
brought together different views on system cali-
bration. Since 1990, major advancements in the
methodology (e.g., Van den haute and De Corte,
2013) have necessitated the development of new,
updated community agreed-upon data report-
ing schemas. These advancements include, but
are not limited to, the measurement of an ever-
growing suite of mineral compositional data and
kinetic indicators (e.g., Carlson et al., 1999; Ket-
cham et al., 1999; Barbarand et al., 2003a), the
increasing use of laser ablation—inductively cou-
pled plasma—mass spectrometry (LA-ICP-MS)
for 238U-content determinations (e.g., Hasebe
et al., 2004; Chew and Donelick, 2012; Cogné
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et al., 2020) and elemental mapping (Ansberque
et al., 2021), routine numerical thermal history
modeling of fission-track data (e.g., Corrigan,
1991; Willett, 1997; Gallagher, 1995, 2012;
Ketcham et al., 2000; Ketcham, 2005), decon-
volution of detrital grain populations (e.g., Bran-
don, 2002; Dunkl and Székely, 2003; Jasra et al.,
2006; Gallagher et al., 2009; Vermeesch, 2009,
2012, 2018), experimental characterization of
very short-term annealing for fault-motion stud-
ies (e.g., Tagami, 2005, 2019), integration of
fission-track data with other geochronological
techniques on single crystals (double- or triple-
dating; e.g., Danisik, 2019), and data visualiza-
tion based on the production of large data sets
(e.g., Kohn et al., 2002, 2005; Gleadow et al.,
2002; Boone at al., 2021), as well as the advent
of digital fission-track analysis (Gleadow et al.,
2009). Consequently, large discrepancies remain
in the detail and reporting of fission-track data
and their associated analytical procedures,
geosample metadata, geochemical analyses,
and thermal history modeling protocols and
results. These inconsistencies hinder public data
transparency, accessibility, and reuse, and often
impede Big Data regional syntheses and inter-
laboratory analytical comparisons from being
readily performed.

The need for greater fission-track data trans-
parency and community agreed-upon data
reporting schemas are highlighted by other
recent work, such as in the burgeoning field of
machine learning-powered digital fission-track
analysis (Nachtergaele and De Grave, 2021;
Li et al., 2022), which will require ever-larger
fission-track image data sets with systematic
metadata descriptions to train artificial neural
networks. Similarly, the development of the first
bespoke relational data platform capable of stor-
ing, geospatially displaying, and interrogating
fission-track analyses on a global scale (Aus-
Geochem; Boone et al., 2022, 2023) requires
analyses to be consistently reported in struc-
tured formats. In light of the aforementioned
developments, and in response to roundtable
discussions at recent international conferences
on thermochronology, it is now timely to revisit
and reset guidelines for reporting fission-track
data. In this contribution, besides providing a
brief background on the fission-track chronom-
eter, methodologies, applications, and interpre-
tations of data in different geological settings,
we recommend guidelines for fission-track data
reporting to be adopted by the entire thermo-
chronological community, with the purpose of
ensuring that they increasingly conform with
FAIR (Findable, Accessible, Interoperable,
and Reusable) data principles (e.g., Wilkinson
et al., 2016; Stall et al., 2019; Devaraju et al.,
2021; Klocking et al., 2023) so that research
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data are increasingly useful, standardized, and
machine-readable.

2. OVERVIEW OF THE FISSION-TRACK
CHRONOMETER

2.1. Background

Fission tracks were first observed under
a transmission electron microscope (TEM),
appearing as linear cylindrical regions ~10
nm in width in mica (Silk and Barnes, 1959).
Price and Walker (1962) demonstrated that such
radiation damage trails in mica are highly reac-
tive regions that could be “developed” and fixed
permanently by etching them in hydrofluoric
(HF) acid, which makes them readily visible at
the micron-scale under an optical microscope
and thus avoids track fading, a phenomenon
commonly observed under the TEM. Price and
Walker (1963) suggested that the spontaneous
fission decay of 238U could form the basis for
a new geological dating method for micas, and
the suitability of other minerals and glasses was
subsequently explored (Fleischer and Price,
1964a, 1964b). The simplicity of revealing fis-
sion tracks led to a rapid expansion of studies,
which showed that they could be observed in a
variety of natural minerals and glasses using dif-
ferent etching recipes; however, most of these
minerals contain insufficient U or are too rare to
be useful in routine dating studies (see Fleischer
et al., 1975; Wagner and Van den haute, 1992).
Pioneering studies by Naeser (1967, 1969) and
Wagner (1968) focused attention on commonly
occurring, U-bearing (typically in the parts per
million to hundreds of parts per million range)
accessory minerals such as apatite, zircon, and
titanite, which proved to be particularly useful
for geological studies. Apatite and zircon are
by far the most commonly analyzed minerals in
routine fission-track studies. The fundamentals
laid down by these and other studies withstood
the test of time, but numerous subsequent refine-
ments define modern practice (e.g., Malusa and
Fitzgerald, 2019).

For approximately every two million atoms
of 238U that decay to 2°°Pb via a series of o and
(3 reactions, one undergoes spontaneous fission.
The nucleus splits into two, or occasionally
three, smaller nuclei that are propelled away
from each other. Each fission decay releases
~200 MeV of energy, of which ~169 MeV is
kinetic energy imparted to the daughter nuclei,
and the rest is released via neutrons, gamma rays,
and subsequent decay of daughter products. As
the daughter nuclei pass through the enclosing
mineral, they lose their energy via ionic, ther-
mal, and ultimately kinetic interactions, causing
intense localized damage to the crystal lattice.
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The damaged regions, or fission tracks, are up
to 9 nm in diameter and ~23 um long in apatite,
and somewhat shorter or longer in other minerals
based on their density and atomic constituents
(Paul and Fitzgerald, 1992; Jonckheere, 2003;
Li et al., 2010). Note that spontaneous fission
also occurs in 24U, 23U, and 232Th, but their
spontaneous fission half-lives are too long and/
or abundances too low to produce a significant
number of natural tracks compared to those pro-
duced by 238U.

As indicated above, to be observed directly
using optical microscopy, fission tracks must
be etched (Price and Walker, 1962). The etch-
ing velocity along the track (v;) is much faster
than through the bulk grain (vg). Thus, an etched
track has a diagnostic linear appearance created
by dissolution of the ultrathin damage zone, fol-
lowed by slower etching into the surrounding,
more pristine lattice. Some of the latent track is
not revealed by etching, as etching rates are not
enhanced toward the initially formed tips, which
results in a length deficit (Jonckheere, 2003).
This is in no way debilitating to the method, but
it emphasizes that virtually all theory and prac-
tice of fission-track thermochronology is in ref-
erence to the etchable portion of damage.

Sample preparation consists of embedding
mineral grains in epoxy or Teflon (depending on
the etchant required) and polishing the mount to
expose an internal surface at least 20 pm into the
grains so that the center of the exposed grain has
no exterior-intersecting tracks present (Figs. 1A
and 1C). After the mount is etched, two princi-
pal measurements are made on crystals oriented
with the crystallographic c-axis (for apatite and
zircon) parallel to the polished surface; these are
made under transmitted and/or reflected light
(Figs. 1B and 1C). Ages are determined from
track density (N/cm?), which is the number of
tracks that intersect the polished grain surface
per unit area (Fig. 1C). Confined track lengths
are revealed when etchant travels into the grain
interior via surface-intersecting pathways and
intersects tracks at depth that have both tips
within the solid grain. Etch figures, the pits
formed by a track descending into the polished
apatite grain surface, are also commonly mea-
sured; they are elongated parallel to the c-axis,
and their corresponding diameter, D,,,, (Fig. 1D),
can be used as a kinetic indicator for both initial
(unannealed) track length and relative annealing
resistance in apatite (Burtner et al., 1994).

2.2. Limits of Age Range

The potential time span covered by fission-
track dating covers a broad range. Ages are
reported for man-made objects (doped with U)
dating to several tens of years, mineral inclusions
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Figure 1. Different views of
etched tracks in apatite. (A)
Three-dimensional view of
etched spontaneous tracks in
a cut apatite crystal; the up-
per portion of the crystal was
removed by grinding and pol-
ishing to reveal an internal sur-
face, which was subsequently
etched (modified after Gleadow
and Brown, 2000). (B and C)
C-axis—parallel etched apatite
crystal, viewed in reflected and
transmitted light, respectively.
(B) Confined track that inter-
sects a surface track (TINT)
etchant pathway (black line
segment with arrows) and the
angle that it makes with the
c-axis (dashed yellow line) are
illustrated. (C) Grid for count-
ing spontaneous tracks and the
area of a laser ablation—induc-
tively coupled plasma-mass
spectrometer laser spot to
demonstrate the spatial differ-

Cross-section of etched
apatite grain surface

ence of the two methods for de-
termining U content in apatite

TINT
N
semi-track
>

TINCLE

crystal. Grid must be placed
~10 pm away from grain
edges to avoid tracks that may

(D) Geometry of an etch pit; the measured length and width, which are termed D

intersect the outside surface.
and

par

D,,, respectively. (E) Schematic cross section of etched apatite crystal. Confined tracks can
be etched when they are intersected by a semi-track (TINT) or cleavage (TINCLE), which
provides a pathway for the etchant to reach the track enclosed within the host crystal.

in heated rocks, baked soils, pottery dating to sev-
eral thousands of years, as well as minerals in
rocks and meteorites older than 1 Ga (Fleischer
et al., 1975; Wagner and Van den haute, 1992).
The age range covered is principally governed by
a sample’s areal density of fission tracks (tracks/
cm?) and assumes that materials of interest have
adequate age or adequate U content, or both. To
calculate a precise age, if possible, hundreds—or
where feasible, thousands—of tracks should be
counted. However, this is not always possible,
particularly in young, low-U grains in which use-
ful data may still be acquired even though uncer-
tainties will be large. The age limits imposed by
fission-track dating are related to the product of
age and U content and the somewhat subjective
consideration of the time taken to conveniently
count enough tracks for a robust age determina-
tion. Figure 2 shows the typical dateable age lim-
its using optical microscopy for the most com-
monly dated minerals and glasses in relation to
their U content and fission-track density.

2.3. Principal Applications

A fission-track age represents the integrated
record of a mineral grain’s thermal history start-
ing from the time it last passed into a thermal
regime in which fission tracks are partially or
fully retained. Therefore, a simplistic interpre-
tation of an age as corresponding to an original
formation age (or event), such as the time when
the sample cooled to below the system closure
temperature, is only true in a limited number of
cases, such as volcanic eruptions (e.g., Westgate,
1989; Gleadow et al., 2015), kimberlite and dia-
treme emplacement (e.g., Brookins and Naeser,
1971), localized conductive heat transfer related
to igneous activity (e.g., Calk and Naeser, 1973;
Tagami and Shimada, 1996), shock-wave heat-
ing during meteorite impact (e.g., Storzer and
Wagner, 1977), and archaeological studies (e.g.,
Wagner, 1978; Kohn, 2017). Instead, data are
mostly interpreted in terms of the ways they
elucidate thermal histories, often with the aid of
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computational tools. As such, fission-track data
can be used to quantify the timing, rates, and
distribution of a breadth of geological processes
that can affect the thermal state of the crust over
geological time. These include the advection of
mass and heat due to the growth of mountain
belts, extensional basin and passive margin for-
mation, fault zones, and long-term landscape
exhumation (e.g., Ehlers, 2005; Stockli, 2005;
Reiners and Brandon, 2006; Fitzgerald and
Malusa, 2019; Schildgen and van der Beek,
2019; Tagami, 2019; Wildman et al., 2019;
Kohn and Gleadow, 2019). As such, fission-
track thermochronology has been used to study
a range of natural phenomenon through deep-
time, including paleoclimate (e.g., Kohn et al.,
1992; Shane et al., 1995), surface weathering
processes (e.g., Ault et al., 2019), and climatic
change (e.g., Herman et al., 2013), as well as
to constrain the formation and preservation of
various natural resources, such as hydrocar-
bons (e.g., Schneider and Issler, 2019), and
hydrothermal and supergene ore deposits (e.g.,
Mclnnes et al., 2005; Gong et al., 2021; Sun
et al., 2021). In certain instances, fission-track
analyses can also record groundwater advection
(e.g., Boone et al., 2016), hydrothermal fluid
flow (e.g., Duddy et al., 1994), and wildfires
(e.g., Reiners et al., 2007).

2.4. Minerals Suitable for Analysis

Studies involving the use of different etchants
revealed the presence of fission tracks in more
than 90 U-bearing minerals and glasses (Fleischer
et al., 1975; Wagner and Van den haute, 1992).
However, their abundance, U content, and track-
stability traits result in very few being routinely
analyzed for fission-track thermochronology.
The most widely dated minerals are apatite, zir-
con, and titanite; but more recently, the charac-
teristics of monazite suitability for fission-track
studies were further evaluated (e.g., Jones et al.,
2021). These are all commonly present to dif-
ferent degrees as accessory minerals in many
igneous and metamorphic rocks and as detrital
components in some sedimentary rocks. Volca-
nic, impact, and man-made glasses and pseudo-
tachylites were also occasionally studied. For a
summary of preferred lithologies hosting target
minerals for fission-track studies and a general
guide for field collection, see Kohn et al. (2019).

3. CALCULATING AGES AND
UNCERTAINTIES

3.1. Age Equations

Fission-track ages are calculated using the
equation for branching decay age:
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Figure 2. Potential age span
applicable for fission-track dat-
ing for different minerals and
glasses in relation to the typical
range of their U content and
spontaneous fission-track den-
sity (tracks/cm?) up to 10° yr
(modified from Wagner, 1978).
Note that the youngest age
measurable indicated by the
fission-track dating applicable
zone could be extended to the
left over a limited time range
by considerably more labor in
terms of track counting. Fur-
thermore, in cases where large
counting areas are accessible,
such as in obsidians, tektites, or
large crystals, far lower track
densities may suffice for obtain-
ing a fission-track age. Upper
limit for track-counting resolu-
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tion under standard optical microscopy is ~107 tracks/cm2. Beyond that, higher track densities, particularly in minerals such as zircon and
titanite, could be resolved by scanning or transmission electron microscopy (e.g., Weiland et al., 1980; Montario and Garver, 2009), atomic
force microscopy (Ohishi and Hasebe, 2012; Kohlmann et al., 2013), or electron microprobe analysis, which may also be used to determine
U content (e.g., Gombosi et al., 2014; Dias et al., 2017). Note also that the fundamentals of the monazite fission-track system are still being
explored, so the dating limits indicated should only be regarded as notional.

t:lln
N

2

X\, PJ M

where P and D are the respective numbers of
parent atoms and daughter products (i.e., fission
tracks) as measured today after some time, z,
has elapsed; X\ and \; are the total 2*8U-decay
constant (1.55125 x 10~'0 yr-!; Jaffey et al.,
1971) and the fission-decay constant (7.9—
8.7 x 10717 yr~!; Holden and Hoffman, 2000),
respectively. Spontaneous fission decay of 238U
is measured as the density of tracks crossing
an internal counting surface (p,). The latent
track density per unit volume (D) is estimated
from this as:

p.f

, 2
ngR;,

D=

where R, is the average etchable range of a sin-
gle spontaneous 23U fission-track fragment (in
pum), and mg reflects detection efficiency, which
is a combination of physical (1)) and analyst-spe-
cific (g) factors that are difficult to disentangle
(Fleischer et al., 1975; Jonckheere and Van den
haute, 1996).

For fission-track dating, the most common
strategy traditionally employed for studying
minerals has been the external detector method
(EDM), which involves sending off polished

grain mounts for thermal neutron irradiation in
a nuclear reactor. However, more recently, laser
ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS) emerged as an
alternative method (Svojtka and Kosler, 2002;
Hasebe et al., 2004). An outline of the experi-
mental procedures for these two methods and a
comparison of their pros and cons is presented
in Section 4.

For the EDM, an external fission particle
detector (usually low-U muscovite) is attached
to the polished mount surface, and the sample
package is irradiated to induce fission of 2*U,
sending newly formed tracks into the detector,
which can then be etched and counted. The
resulting parent equation is:

Pi

P=—F——, (3)
0OING 40 Ro358

where p; is the induced track density; o is the
cross section of 2*°U for fission induced by ther-
mal neutrons; ¢ is the neutron fluence received
in the reactor; I is the natural 25U/28U ratio
(1/137.8); Mgy, is the detection efficiency of the
analyst for the detector; R, is the etchable range
of a single 23U fission fragment (in pm); and g
is a geometry factor (0.5) to reflect that tracks
only originate from outside the detector, or with
a 2w geometry, as opposed to the 4w geometry

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37245.1/6275542/b37245.pdf
bv auest

of the mineral internal surface where daughters
are measured.

These daughter and parent terms include fac-
tors that can be difficult to know or measure
with confidence, including counting efficien-
cies for grains and detectors, reaction cross sec-
tions that vary with reactor conditions, neutron
fluxes, and absolute fractionation factors. Even
the 23U fission-decay constant has historical
values that vary by ~20% (Hurford and Green,
1981), although a value of 8.46 £ 0.06 x 10-7
yr~! (Spadavecchia and Hahn, 1967; Bigazzi,
1981) was used for age determinations using
an absolute LA-ICP-MS approach (e.g., Hasebe
et al., 2004). The practical solution was to use
a zeta factor to calibrate all of the problematic
variables against a set of age standards (Hurford
and Green, 1983; Hasebe et al., 2004; Cogné
et al., 2020).

For EDM dating, the neutron flux can be
inferred by co-irradiating a U-doped standard
glass with known, uniform composition. By
measuring fission tracks generated within that
glass that are implanted in an external detector,
one can estimate fluence as ¢ = Bp,, where B is
a proportionality constant and p, is the fission-
track density in the detector. p, = p/A, is the
number of induced fission tracks (p;) counted
over an area, A, in a second external detec-
tor that is attached to a co-irradiated dosimeter
glass. Zeta (C) can then be defined as:
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as given by Hurford and Green (1983), although
this definition assumes that the length and
efficiency terms cancel, an early assumption
(Fleischer et al., 1975) that is not strictly cor-
rect (Jonckheere and Van den haute, 1998), and
so a full consideration of zeta should include
them as well.

The resulting simplified age equation for the
EDM, where ¢ is the fission-track age (in Ma), is:

t:iln
N

1+xcg‘)fpd]. (5)

i

( can be calibrated by performing a series of
measurements on age standards, whereby:

e>\l.mi —1
= - ©6)
: Xps/p:).,, Pa

For LA-ICP-MS analysis, the analysis of an
unknown is derived from an appropriate isotopic
ratio (e.g., 2**U/*Ca or #Ca for apatite, 28U/>Si
for zircon) that is calibrated and corrected for
fractionation and instrumental drift by analy-
ses of an appropriate reference material with
known 238U, 43Ca, #Ca, or 2Si concentrations.
An example for apatite is:

238 238
U, U, my

=K
3 3 ’
Cay Ca, m,

D

where 28U, and **Ca, are the known 23%U and
43Ca concentrations in parts per million of a
reference material, “*Ca; is the known “*Ca con-
centration of apatite assuming stoichiometry, m
is the measured signal ratio (>3¥U/*3Ca), and sub-
scripts s and r refer to the sample and reference
material, respectively. k denotes a factor to cor-
rect the difference in elemental behavior during
LA-ICP-MS measurement, and mainly depends
on differences in ablation efficiency between
sample and reference material, and fractionation
between U and Ca through ablation, transport,
and ionization in the plasma. Conventionally, the
28U concentration of the reference material is
given in parts per million (ug/g); therefore, the
resultant 28U concentration of the mineral is
obtained in parts per million. Then, the number
of parent atoms per unit volume is calculated as:

80 dN
[238 } _ -t 6A i (8)
M="10

where N, is Avogadro’s number, d is the specific
density of the dated mineral to convert mass to
volume, and M?*® represents the atomic weight

of 28U, yielding the age equation for absolute
LA-ICP-MS dating:

t=Lm 1+g A N, ©))

X £ PPUIARg, |

where N, is the number of spontaneous tracks
counted over an area A, (in pm?), which is equiv-
alent to p,, g is a geometry factor (that =1 in
the case of LA-ICP-MS fission-track analysis if
N, was counted on an internal crystal surface),
[38U] is the number of 2*U atoms per pm?
measured by LA-ICP-MS, and ng; is a track-
detection efficiency factor that depends on the
mineralogical, etching, and observation condi-
tions. (U can also be measured by other tech-
niques such as secondary ion mass spectrom-
etry (SIMS) or electron microprobe analysis,
but LA-ICP-MS is assumed in the remainder of
this section).

It is necessary to measure or reasonably
assume values in these equations. The Ca or Si
concentration and specific density of a mineral
may vary among samples, and additional labor
would be required to measure these values,
which would also introduce additional sources
of error. To overcome this problem and the oth-
ers outlined above, the zeta approach is com-
monly used for determination of the parent 233U
by the LA-ICP-MS dating method with the fol-
lowing general age equation:

1+ng—[U]Tj4

1
t=—In s 10
N (10)

where ( is a calibration constant (in Myr pm?)
obtained by analyzing a reference material of
known ¢, and [U] is the U concentration (in
parts per million) or the U/Ca ratio (denoted as
P in Section 4.3). But the components consti-
tuting the C value in this case differ from those
incorporated in the EDM approach in Equation
5, such that € (Xi) was proposed as an alterna-
tive aggregate constant to explicitly differentiate
among them (Gleadow and Seiler, 2014; Seiler
et al., 2023). Also note that for the LA-ICP-MS
methods, either absolute dating or zeta-type
calibration approaches are both possible (e.g.,
Hasebe et al., 2004, 2013; Chew and Donelick,
2012; Soares et al., 2014; Cogné et al., 2020;
Seiler et al., 2023; see Section 4.3).

The spontaneous fission of 238U is a relatively
rare event, and track counts are typically in the
ones to tens, resulting in relatively large single-
grain age uncertainties, especially in samples
with low U content and/or relatively young cool-
ing ages. Hence, for most studies it is necessary
to combine observations from many grains in a
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single sample to overcome this imprecision. The
likelihood that all grains analyzed in a sample
comprise a single population, their analytical
precision, and degree of age dispersion can be
quantified statistically and visualized (Galbraith,
2005; Vermeesch, 2019). Therefore, the way in
which observations are combined to determine
an age and uncertainty can be approached in dif-
ferent ways. See Sections 3.2 and 3.3 for further
discussion and Section 5 for possible causes of
excess age dispersion.

3.2. Random and Systematic Uncertainties

The uncertainty budget of the fission-track
method includes both random and systematic
components:

(1) Random errors affect all grains indepen-
dently. They include the Poisson uncertainties of
the fission-track counts and the effect of mass
spectrometer detector noise on the precision of
the U measurements.

(2) Systematic errors affect all grains simul-
taneously, resulting in correlated uncertainties.
They include the uncertainty of the (-calibration
factor, the dosimeter track density p,, the decay
constants X and N, and the reproducibility of the
internal standards used to compute the U con-
centrations or U/Ca ratios.

The standard errors of fission-track ages (s[])
are obtained by standard error propagation:

For EDM (Equation 5):

2
11 |1 s|c]
sit|=t,|—+—+1—1+1751 - (1
d N, N, {Nd} |M] (b
For LA-ICP-MS absolute dating (Equation 9):

S0 : s[\] ? s[>\/} ’
o) I TN |

12)

1
s[t]=t N

where the systematic uncertainties are marked by
curly brackets, and it is assumed that the uncer-
tainty of the U concentrations only accounts for
the detector noise, and not for any internal or
external calibration factors.

For LA-ICP-MS (-calibration dating

(Equation 10):
2 S[Q]]Z
+4i—1 . (13
s

The conventional way to deal with random
and systematic uncertainties is to separate them
in a so-called hierarchical error propagation

1
slt]=t Vx—k

s[U]
[v]
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TABLE 1. ILLUSTRATIVE SPONTANEOUS TRACK
COUNTS AND THEIR STANDARD ERRORS

3.2.1. Scenario 1

Compare a single-grain age estimate with an

N SIN,] Relative error independent stratigraphic age constraint.

190 b o Strategy. Include all sources of uncertainty in
4 2 50% Equation 11 or 13.
1 1 100%
0 0 9]

3.2.2. Scenario 2

Compare the mean age of multiple grains with
an independent age constraint.

Strategy. Assuming EDM data, (1) compute
the single-grain age errors using only the ran-
dom sources of uncertainty (i.e., N, and N)); (2)
average the data, for example, using the random
effects model of Section 2, and estimate the
standard error of that average; (3) augment the
standard error of the average with the systematic
uncertainties associated with the dosimeter track
density and (-calibration constant:

approach. This means that the error propagation
proceeds in two steps. The single-grain age errors
are calculated first, using just the random sources
of uncertainty. The systematic errors are only
added later, for example, when the single-grain
ages are averaged or subjected to some form of
deconvolution algorithm (see Section 3.3). The
systematic sources of uncertainty that should be
included in the uncertainty budget depends on
the purpose of the results. For example:

A central age =354 + 122 Ma (n=20) B central age =364 *121 (n=20)
%> =154, MSWD =8.1,p(3) =0 ¥ =28 MSWD=0.15,p()) =1
dispersion = 70 + 24% dispersion = 0%
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< o
E £
= - o
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| | T I
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Cc central age = 402+ 70 Ma (n=20) D central age = 362+ 22 Ma (n=200)
%*=21,MSWD= 1.1,p(x) = 0.3 ¥=260, MSWD = 1.3, p(x®) = 0.0049
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Figure 3. (A) Synthetic fission-track data set that is overdispersed with respect to random
analytical uncertainties, suggesting the presence of geological complexity; (B) an underdis-
persed data set, indicating incorrect error propagation; (C) a slightly overdispersed data set
that is statistically indistinguishable from a single age component without overdispersion;
(D) a larger sample (n = 200 instead of n = 20) drawn from the same distribution as sample
shown in part C; the magnitude of dispersion of the sample overlaps within the (asymmet-
ric) uncertainties for sample in part C, but its statistical significance is greater. Central age
uncertainties are reported as 2¢ confidence intervals. See Section 3.3 for additional discus-
sion. MSWD—mean square of weighted deviates.
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where s[ﬂ and s[?] are the standard errors of
the average age (¢ ) with and without systematic
uncertainties, respectively.

3.2.3. Scenario 3

Assess the age difference between two sam-
ples that were jointly irradiated and counted by
the same analyst.

Strategy. Compute the single-grain ages and
average the data as in Scenario 2, but do not add
the systematic uncertainties afterward.

3.3. Dealing with (Over)Dispersion and
Data Presentation

The fission-track uncertainty budget is domi-
nated by the spontaneous track count, N,, which
follows a Poisson distribution. Poisson distri-
butions are completely described by a single
parameter, X\, which is both their mean and their
variance. \, is unknown but can be estimated
from the data using the so-called method of max-
imum likelihood (Galbraith, 2005). For a single
grain estimate, in which only one measurement
is available, the maximum likelihood estimate
of X\, is simply N,. Given the fact that the vari-
ance of a Poisson distribution equals its mean,
the standard error of N, is ﬁ . Consider the
sequence of hypothetical (but realistic) sponta-
neous track counts and their standard errors pre-
sented in Table 1. The uncertainties quickly grow
with decreasing N,. Consequently, the single-
grain age uncertainties of fission-track data are
much larger and more variable (“heteroscedas-
tic”’) than those of most other geochronometric
methods. The only way to improve the precision
of the method is to analyze multiple grains from
the same sample and somehow average them. To
assess the best strategy to do so, it is important to
first subject the single grain analyses to a visual
inspection. The radial plot is a graphical device
that was specifically designed for this purpose
(Galbraith, 1990); see Figure 3.

Given a set of estimates (z) and their standard
errors (s[z]), the radial plot (Fig. 3) is a bivari-

z—z. 1
ate scatter plot that sets out SM against S[Z] ,

where z, is a reference value (e.g., an average
value). Thus, the z-value of each aliquot scales
with the slope of a line that connects it to the
origin, with positive and negative slopes mark-
ing values that are greater and smaller than z,,
respectively. The precision of each aliquot is
given by its horizontal position on the radial plot,



Interpreting and reporting fission-track chronological data

so that precise measurements plot to the right of
imprecise measurements.
For nonnegative data such as single-grain age

estimates and N ratios, it is customary for the

i

z-values to represent transformed versions of
the data rather than their raw values. Examples
are the logarithmic (for strictly positive values),
square root (in the presence of zeros), and arc-
sine (for count ratios) transformations. Their
main purpose is to reduce or eliminate the
inherent skewness of nonnegative data sets, and
thereby allow visual inspection over the entire
range of values.

Projecting a “2-sigma” error bar around any
given aliquot onto an appropriately transformed
radial scale yields an approximate, asymmetric
95% confidence interval for the corresponding
value (gray wedge in Fig. 3A). The radial plot
also provides an easy way to visualize the degree
to which the analytical uncertainties are con-
sistent with the observed scatter of the data. If
analytical uncertainty is the only source of scat-
ter, then ~95% of the data should plot within
a symmetrical 2-sigma confidence band around
the origin (dashed lines in Figs. 3A-3D). Data
sets that scatter significantly beyond this region
are “over dispersed” with respect to the known
analytical uncertainties and reveal either some
additional measurement error or are indicative
of geological complexity, which may be mani-
fested as continuous or discrete age mixtures.

The degree of overdispersion can be formally
assessed by defining a chi-square statistic (x?).
For the EDM, this number can be calculated
directly from the raw data:

n 2
s | Z (NgN. —N;N..)

, (15
Ny + Ny ()

with N,. = ZN‘V and N;. = ZN,»,-, where N;
j=1 j=1

and N; are the spontaneous and induced fission-

track count of the j™ grain, respectively (for

1<j<n).

For LA-ICP-MS-based fission-track geochro-
nology, it is not possible to quantify the disper-
sion from the raw data, but an equivalent statistic,
(Xich), can be defined using the log-transformed
ages and their standard errors (Galbraith, 2010;
Vermeesch, 2017):

2
n Z
A DD
2 _Z zj [ “S[Zf]]
icp . S[Z_/]z Zn 1 :
=1 5[z, T

16)

The expected distributions of the chi-square
statistic scales with (1) the degree of dispersion
relative to the analytical uncertainties and (2)
the size of the data set (n). To reduce the sample
size dependency of x? (or X,-i,,), it is useful to
divide it by the number of degrees of freedom
(i.e., df = n — 1). The resulting “reduced chi-
square statistic” is more widely known as the
“mean square of weighted deviates” (MSWD)
in geochronology. It is widely used in U-Pb and
Ar-Ar geochronology but historically less so in
fission-track analysis. Nevertheless, Figure 3
uses the MSWD to explore several dispersion
scenarios.

3.3.1. Scenario 1 (MSWD >>1)

Figure 3A shows synthetic EDM data that
scatter beyond the 2-sigma confidence band
of the radial plot. Under the “null hypothesis”
that the analytical uncertainties are the only
source of scatter, the probability (“p-value”) of
observing the corresponding x?-value of 154
(or a value greater than that) is only 1 x 1022,
This is extremely unlikely, resulting in a rejec-
tion of the null hypothesis, and leading to
the conclusion that the data are significantly
overdispersed.

3.3.2. Scenario 2 (MSWD =~ 0)

Figure 3B shows a second data set whose
measurements all fall well within the 2-sigma
band. This high degree of clustering is unlikely
to happen by chance. The probability of observ-
ing an x2-value of 2.85 (or less) isonly 1 x 10->
(corresponding to a p-value of 0.999993). This
data set is underdispersed with respect to the
analytical uncertainties.

3.3.3. Scenario 3 (MSWD = 1, Small n)

Figure 3C shows a data set for which all but
one aliquot fits within the 2-sigma band. In
the absence of overdispersion or underdisper-
sion, the probability of observing an  2-value
that exceeds the observed value of 21 is 0.34.
This p-value is neither extremely high nor low
and provides no strong evidence for either
overdispersion or underdispersion. Data sets
that are neither underdispersed nor overdis-
persed are easy to interpret. They indicate that
the sample cooled through a relatively small
window of time that can be pinned down (for
EDM data) using the pooled age, i.e., by treat-
ing N, and N, as if they were counted in a
single grain.

3.3.4. Scenario 4 (MSWD =~ 1, Large n)
Figure 3D shows a data set that was drawn
from exactly the same distribution as the
example shown for Scenario 3. The only dif-
ference is the order of magnitude increase
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in sample size (n = 200 versus n = 20). The
degree of scatter in this radial plot is not
noticeably larger than in Figure 3C, and the
MSWD is of a very similar magnitude. How-
ever, despite this similarity in observable scat-
ter, the corresponding p-value is two orders
of magnitude smaller. Thus, even though the
amount of overdispersion is minor, its statisti-
cal significance is high.

3.4. Mixture Modeling

Underdispersion may be caused by incor-
rectly propagated analytical uncertainties,
which may be caused by observer bias, or they
may be caused by the inclusion of systematic
effects in the error propagation. Alternatively,
underdispersion may also indicate the violation
of the parametric assumptions behind the chi-
square test. This is most pertinent for the LA-
ICP-MS approach, whose error distribution may
not fulfil the lognormal assumption.

Underdispersion is usually avoidable and
always undesirable. Overdispersion is nei-
ther of these things. Figure 3D shows that
overdispersion is unavoidable given a large
enough sample size. Furthermore, the pres-
ence of overdispersion is neither good nor
bad, although it does somewhat complicate
data interpretation. In some cases, instead of
registering a single, discrete geologic event,
overdispersed data sets record more complex
geologic histories. How to process the data
then depends on the nature of those histories
(Fig. 4).

3.4.1. Random Effects

Instead of assuming that all grains in a sample
register exactly the same discrete cooling event,
fission-track data can also be modeled assuming
a continuous (lognormal) age distribution. The
“random effects model” aims to constrain this
distribution in the presence of (Poisson or log-
normal) measurement error. The central age cor-
responds to the mean of the (log-transformed)
continuous age distribution, and the “overdis-
persion” is given by its standard deviation. The
random effects model is a useful way to capture
the effects of compositional variability (e.g.,
variable Cl~ content in apatite) on the annealing
temperature of slowly cooled samples. The cen-
tral age and overdispersion parameter parsimo-
niously describe the diachroneity of the system
under this scenario.

3.4.2. Finite Mixtures

The random effects model is only appropriate
when all grains in a sample experience the same
thermal history. It is generally not applicable to
detrital samples, unless they were completely
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Figure 4. Flow chart for interpreting fission-track data. Probability density functions represent parametric assumptions of different statisti-
cal models. Fission-track data represent a convolution of these distributions with random sampling variability and analytical uncertainty.
Horizontal axes represent time (in Ma) and are shown on a logarithmic scale. MSWD—mean square of weighted deviates.

annealed after deposition. Non-reset or partially
reset sediment samples may contain mixtures of
discrete age components that were sourced from
different catchment areas. Deconvolution of
these mixtures is possible under the assumption
that the data scatter around them is solely due to
analytical uncertainty.

It is not always easy to decide how many com-
ponents should be fitted to the data. Automated
model selection rules, such as the Bayes infor-
mation criterion (BIC; Galbraith, 2005), should
be used with caution as the number of compo-
nents that they return always increases with sam-
ple size. The main purpose of automated mixture
modeling is to provide a maximum limit on the
number of statistically distinguishable compo-
nents. In other words, if the BIC returns three
components, then it is definitely not justified to
constrain four.

3.4.3. Minimum Age Model

Finite mixture modeling is usually not a good
way to constrain the maximum depositional age
of a sedimentary deposit. This is because the
sample-size dependency of model complexity
causes the youngest age component to drift to

younger values (see fig. 6.3 of Vermeesch, 2019,
for an example). The minimum age model of
van der Touw et al. (1997) is a more appropri-
ate solution that combines aspects of the random
effects and finite mixture models. It assumes
that the observed age distribution combines a
discrete youngest age component with an older
lognormal distribution that is truncated at said
youngest age value. In contrast with the BIC and
other automated model selection approaches, the
minimum age model does converge to a distinct
minimum age.

3.4.4. Mixtures of Random Effects

In principle, mixtures of continuous distribu-
tions are the most flexible way to model complex
age distributions (Jasra et al., 2006). However,
in practice, such models are rarely useful. For
a k-component system, mixtures of random
effects models involve 3k — 1 parameters (k
central ages, k overdispersion parameters, and k
— 1 proportions). Searching such a high-dimen-
sional parameter space is not only computation-
ally demanding and unstable, but also requires
extraordinarily large data sets for any k > 2,
for example.
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4. ANALYTICAL METHODS AND
WORKFLOW

4.1. Sample Preparation and Fission-Track
Microscopy

Following field collection and conventional
mineral separation, mineral separates are
mounted in epoxy or Teflon, followed by grind-
ing and polishing to expose flat, internal min-
eral grain surfaces. Samples are then etched to
reveal tracks using protocols particular to the
mineral studied (e.g., Figs. 1B and 1C). For fur-
ther details on sample preparation and chemi-
cal etching schemes for fission-track analysis
of commonly dated minerals and glasses, see
Kohn et al. (2019); for monazite, see Jones
etal. (2019).

Several strategies for acquiring fission-track
ages have been described, each consisting of a
specific sequence of steps (e.g., Hurford, 2019).
As indicated earlier, only the mainstream EDM
and LA-ICP-MS methods will be considered
here. A first step common to both of these
methods is to examine the etched grains using
a research-grade microscope and select grains
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Figure 5. Workflow comparison of external detector method (EDM) and laser ablation—inductively coupled plasma—mass spectrometer
(LA-ICP-MS) apatite fission-track (AFT) techniques using manual and image-based approaches. Indicative sample turnaround times
(W = cumulative weeks) for each approach are shown for a batch of ~10-12 AFT samples, each including ~40 single-grain age determina-
tions, 100 confined track-length measurements, associated D,,,, measurements, and mineral geochemical analysis (as an alternative, direct
measurement of chemical kinetic indicators). Time estimates assume that a researcher would spend ~50%-60% of work time on AFT
analysis per week while managing other duties as well. Also note that the time taken for radioactive EDM samples to “cool down” to safe
handling levels following neutron irradiation will vary.

suitable for further examination. Criteria for
optimal microscope viewing, grain selection,
and recording of grain position are outlined
in Kohn et al. (2019). Once this information
is recorded, each selected grain is examined,
and the number of spontaneous fission tracks
is counted. Sample track density is calculated,
as required for the age equations (see Section
3.1). Spontaneous fission-track counting and
the acquisition of other important fission-track
parameters, such as confined track-length and
D, measurements, can be accomplished by two
different approaches. The conventional method,
in which measurements are acquired manually,
can be labor intensive. In recent years, an alter-

native procedure utilizing autonomous digital
microscopy for image capture and subsequent
digital image analysis for the recognition and
counting of fission tracks in minerals (e.g.,
apatite) was developed (e.g., Gleadow et al.,
2009, 2019). For further discussion here, we
differentiate between these two strategies by
using the terms “manual” and “image-based.”
Note that for the latter approach, the applica-
tion of a thin, metallic coating, typically gold,
is routinely applied to the etched grain surface
prior to image-based analysis. This eliminates
strong internal reflections during image capture
resulting from the low reflectivity of polished
grains (particularly apatite), which diminishes

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37245.1/6275542/b37245.pdf

bv auest

the quality of the complementary reflected light
image required for the automatic “coincidence
mapping” fission-track identification routine
(Gleadow et al., 2019). The workflows, in terms
of steps employing these two approaches for
apatite fission-track (AFT) dating of a batch of
10-12 samples, are compared in Figure 5, with
the approximate time involved. Further details
are outlined below in various sections.

4.2. External Detector Method (EDM)
The sequence of steps involved in preparing

samples of different minerals for irradiation,
and details of measurement strategies using the



EDM, were described in several works (e.g.,
Gleadow et al., 2002; Tagami and O’Sullivan,
2005; Kohn et al., 2019). Briefly, spontaneous
fission tracks are counted on an internal polished
surface of etched mineral grains and induced fis-
sion tracks in an external track detector (usually
a low-U muscovite) firmly in contact with the
mineral surface. Following irradiation, the mica
external detectors are etched to reveal induced
tracks corresponding to each grain in the mineral
mount. As the grain mount is not re-etched postir-
radiation, only spontaneous tracks are observed
in sample grains, while only induced tracks are
revealed in the external detector. The etched sur-
faces therefore have a mirror-image relationship
to one another and are mounted side-by-side on
a microscope slide so that precisely matched
areas of spontaneous and induced tracks can be
counted. Using coordination markers, the match-
ing between grains and mica is usually automated
by using a computer-operated stage. An EDM age
determination therefore requires selecting suitable
grains in the mount, counting the spontaneous
tracks present, and then counting induced tracks
over the corresponding area on the external detec-
tor. Poorly oriented grains (e.g., apatite, zircon,
or titanite grains whose polished internal faces
are not parallel to the c-axis) and those with non-
uniform U distributions, dislocations, inadequate
polishing, or other defects are excluded.

During neutron irradiation in a well-thermal-
ized reactor, it is essential to monitor the total
neutron fluence received by each grain mount
to establish how much 23U underwent fission
during irradiation. This is achieved by including
neutron flux monitors in the same package as the
sample mounts. These are also usually muscovite
external detectors attached to reference glasses
with a known and homogeneous U distribution,
which allows glass-induced track densities to
be determined in the etched mica detector. The
monitors are placed at the top and bottom of the
irradiation package so that the total neutron dose
received can be monitored and any flux gradi-
ents corrected for. Once the neutron fluence is
known for each sample in the irradiation pack-
age, U concentrations can be calculated for each
mineral grain analyzed based on the correspond-
ing number of induced fission tracks recorded
in the external detector. Although flux monitors
may be calibrated against the absolute thermal
neutron fluence, the fluence calibration is usually
included in the zeta constant so that the standard
glass track density is applied directly in the age
calculation (Equation 5). With the progression of
various methodologies, however, some research
groups pursued absolute EDM dating, using mea-
surements of efficiency and flux and agreed-upon
values for the cross section and decay constants
(Jonckheere, 2003; Enkelmann et al., 2005).

Kohn et al.

4.3. LA-ICP-MS Fission-Track Analysis

Most LA-ICP-MS analytical protocols
(Hasebe et al., 2004, 2013; Chew and Donelick,
2012; Soares et al., 2014; Cogné et al., 2020,
Cogné and Gallagher, 2021; Seiler et al., 2023)
undertake fission-track dating by spot ablation,
rather than the more time-consuming multispot
analyses or mapping approaches that use raster-
ing (line scans). LA-ICP-MS spot analysis also
easily facilitates the simultaneous acquisition of
a U-Pb age (Chew et al., 2014a), petrogeneti-
cally diagnostic trace elements (e.g., Sr, Y, and
the rare earth elements (REEs) for protolith fin-
gerprinting of apatite detritus; O’Sullivan et al.,
2020), and elemental concentrations that are
kinetic parameters in fission-track annealing
models (e.g., analysis of Cl in apatite; Chew
et al., 2014b). In the following sections, it is
assumed that simultaneous U-Pb age informa-
tion is also acquired as it has implications for the
analytical protocol employed.

Instrument tuning should be performed before
each LA-ICP-MS session on a well-character-
ized reference material, such as the National
Institute of Standards and Technology (NIST)
612 doped glass, to minimize fractionation for
U-Pb geochronology, to produce Th/U ratios
close to the atomic ratios of the glass (~1.01),
and to produce low oxide production rates
(ThO*/Th* < 0.15%) while optimizing the
signal intensities of 233U and an element that
is assumed to be stochiometric (**Ca or “Ca
in apatite or 2Si in zircon). With the fast wash-
out (i.e., low dispersion) of modern laser cells,
between 5 s and 10 s of baseline acquisition suf-
fices. The pulse energy should be set comfort-
ably above (~20%) the ablation threshold on the
LA-ICP-MS system for NIST glass and apatite
or zircon, which minimizes evaporation of vola-
tile elements during ablation, and should yield
ablation depths of ~15 pm for 250 shots (analy-
sis duration of 25 s for a laser repetition rate of
10 Hz). This ablation depth generates sufficient
analyte volume for precise simultaneous acquisi-
tion of U-Pb isotopes and trace-element analy-
ses. A laser ablation spot size of 30 pm or 35 pm
is typically employed for LA-ICP-MS apatite
analyses, which yields sufficient signal for U-Pb
geochronology while not yielding too high a pit
aspect ratio, which would exacerbate downhole
fractionation in U-Pb geochronology. For zir-
con, the spot size may need to be smaller (~20
pm) if U-Pb geochronology is being undertaken
to keep the 238U signal below the pulse-analog
(P/A) switchover threshold (typically between 1
Mcps and 4 Mcps).

A standard reference material glass (NIST
SRM 610 or 612) is typically used as the pri-
mary reference material to correct for LA-ICP-
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MS session drift. Normalization relative to a
stoichiometric internal standard isotope in the
reference material removes much of the effects
of session drift; nevertheless, minor residual drift
in Ca- or Si-normalized elemental abundances
may still remain and necessitates drift correc-
tion. The 238U/*¥4Ca or #38U/*Si ratio can be
depth weighted using a spherical depth-weight-
ing function (Chew and Donelick, 2012) so that
U-concentration data close to the grain surface
are weighted more heavily than U concentra-
tions at depth, down to the distance of one fission
fragment range (e.g., ~8 um for apatite) from
which any surface-intersecting track can arise. U
zoning with depth can thus be easily accounted
for using this approach, and the comparison
of the depth-weighted and raw 2**U/*#Ca or
238U/2°Si ratios from the same ablation is a useful
method for identifying the presence of U zoning
(Cogné et al., 2020). However, lateral U zoning
on the etched surface of the grain mount (i.e., the
counting area) is more difficult to assess, espe-
cially for low-track densities, and is discussed
in Section 4.4.

4.3.1. Absolute Dating

As mentioned previously, absolute dating
using the EDM approach was advocated by
Jonckheere (2003) and Enkelmann et al. (2005).
LA-ICP-MS fission-track dating can potentially
also be used as an absolute dating technique
(Equation 9), based only on best estimates for
various constants in the age equation as an alter-
native to the more conventional zeta approach,
which is dependent on calibration against inde-
pendently dated age standards. Since the pio-
neering studies of Hasebe et al. (2004, 2009),
little work has been reported to test an absolute
dating approach in terms of calibration and stan-
dardization. The most detailed study since those
works was reported by Seiler et al. (2023), who
presented an extensive data set of 572 apatite
fission-track single-grain ages from 17 samples
that represent a wide range of fission-track ages,
and U content and track densities, which were
analyzed using both the EDM and LA-ICP-MS
techniques. Both approaches were applied to
the same selected grains (whose EDM micas
were also screened for possible U zoning)
using identical spontaneous track densities. A
strong 1:1 correlation was observed among the
single-grain, fission-track ages (within analyti-
cal uncertainties) analyzed by both methods,
irrespective of sample age or cooling history
(Fig. 6). However, inter-grain variability of 23%U
was significant, as the LA-ICP-MS determina-
tions were more precise, which may explain
the greater dispersion of single-grain ages
calculated by that method compared to those
obtained by the EDM.
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Figure 6. Comparison of (A) pooled and central apatite fission-track ages for 17 samples and (B) their constituent 572 single-grain, apatite
fission-track ages calculated using the laser ablation—-inductively coupled plasma-mass spectrometer (LA-ICP-MS, = LAFT in this case)
and external detector method (EDM) techniques. Data set includes samples that experienced rapid cooling, undisturbed basement cooling,
and complex cooling histories. Least squares regressions (gray dashed lines) show excellent correspondence among results produced by the
two techniques regardless of sample thermal history; 1:1 unity is shown as black solid lines (after Seiler et al., 2023).

Despite the good agreement observed in sin-
gle-grain data reported by Seiler et al. (2023),
pooled and central ages determined by both
methods did not always correlate so well. The
observed age difference between techniques
appears to be negatively correlated to mean
track length. EDM- and LA-ICP-MS—derived
ages for rapidly cooled, well-established apa-
tite reference materials such as Durango or
Fish Canyon Tuff, with long mean track lengths
(>14 pm), were statistically insignificant, and
the corresponding pooled/central ages that cor-
relate within error were statistically indistin-
guishable. However, in other samples with more
complex cooling histories, a significant differ-
ence of up to 25% was observed among central
ages determined by LA-ICP-MS and EDM,
with the latter being consistently younger. By
contrast, samples with moderate to shorter mean
track lengths (<12-13pum) yield LA-ICP-MS
pooled/central ages that are consistently older
than the EDM ages, which reflects the degree of
track annealing experienced by those samples
with slower, more protracted or complex cool-
ing histories. This discordance is attributed to
the fact that fission-track ages derived by EDM
use the almost universally common zeta-cali-
bration approach, which implicitly assumes
that the mean track length of a sample (2R,) is
equal to that of the rapidly cooled age standards

from which it is derived. However, for the abso-
lute LA-ICP-MS approach, the etchable range
of a single spontaneous fission-track fragment,
R,, is a fundamental component (Equation 9),
and the calculated ages vary with their mean
track lengths, but such an equivalent term is not
included in the EDM zeta age equation. Hence,
any fission-track age that uses the zeta-calibra-
tion approach (for both EDM and absolute LA-
ICP-MS-based data) implicitly assumes that
the mean track length of the sample equals that
of the age standard. Hence, the two approaches
only produce concordant results when they are
based on similar assumptions regarding the
mean etchable range of fission fragments (i.e.,
rapidly cooled samples with long mean track
lengths), and as such most fission-track ages
calculated in this way should be regarded as
model ages (Seiler et al., 2023).

4.3.2. Zeta-Based Approach

Chew and Donelick (2012) and Cogné et al.
(2020) employed a zeta-based approach to LA-
ICP-MS apatite fission-track dating, using the
equations presented in Donelick et al. (2005).
While these studies used crushed Durango
apatite (sieved to 200-300 pm shards) as the
primary zeta reference material, it is also pos-
sible to use a large c-axis—parallel slab from a
single Durango crystal for analysis of individual
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sub-areas. As Durango apatite is gem-quality
and largely devoid of defects, counting using
a 50x objective is possible, which maximizes
the size of the area to be counted (A;) and thus
the number of spontaneous fission tracks (V)
counted. Cogné et al. (2020) analyzed 80-100
shards of Durango during a large, primary
LA-ICP-MS session, which was repeated two
more times, and then the U/Ca ratios of each
shard were averaged. Each counted shard is
large enough (~2 x 10~* cm?) to subsequently
accommodate between 15 and 25 laser spots
during the subsequent LA-ICP-MS session with
unknowns. The pool of 80—100 Durango shards
allowed for ~7000-10,000 separate single-
grain, fission-track age determinations (assum-
ing four Durango zeta shard analyses for every
20 single-grain unknowns). Once the Durango
zeta material is used up, the mount can be gen-
tly repolished down by a depth of ~20 pm to
remove the ablation pits of previous analyses
and then be reused. While 238U/*3Ca ratios vary
from one shard to another, it is assumed that the
2381J/*3Ca ratio on the scale of the counted shard
is constant based on (1) LA mapping of the
Durango zeta standard prior to crushing, (2) the
consistency between depth-weighted 233U/*3Ca
ratios and non-depth-weighted 23¥U/**Ca ratios,
and (3) the internal homogeneity with mean
standard deviations of ~2.0% (maximum of



~5%) among the three analyses of each shard
in the primary zeta session (Cogné et al., 2020).

Cogné et al. (2020) employed a primary zeta
LA-ICP-MS session to enable calculation of the
primary zeta factor, (icp, and its error, s¢cp. The
primary zeta factor, (;cp, can then be employed
in all subsequent LA-ICP-MS sessions involv-
ing the analysis of unknowns. This avoids the
time-consuming counting and analysis of many
Durango shards for every secondary LA-ICP-
MS session that would otherwise be required to
yield a relatively precise zeta factor. A session-
specific zeta fractionation factor (X)) is cal-
culated that is subsequently applied in the age

equation, where X :%, and Py and P; are the
N

arithmetic mean of the weighted mean 23¥U/*Ca
ratios of each analysis of the zeta material (e.g.,
a Durango shard) from the primary and second-
ary LA-ICP-MS sessions, respectively. The zeta
fractionation factor corrects for systematic (i.e.,
session-specific) fractionation in 233U/*3Ca ratios
and can differ by up to 10% between sessions.
This is related to variations in the analytical
conditions (primarily related to the tuning of the
ICP-MS instrument) between the primary LA-
ICP-MS session and a given secondary LA-ICP-
MS session. Applying the zeta fractionation, X,
to the measured U/Ca ratio of each zeta analysis
in a secondary LA-ICP-MS session means it
can be directly compared with the correspond-
ing values of the primary LA-ICP-MS session.
This ratio should approximate unity for every
zeta analysis, and if it shows systematic varia-
tion during a session, it is likely that the drift cor-
rection was inappropriate. If the drift correction
was appropriate, then the session-specific zeta
fractionation factor (X) is applied to all of the
unknown grains analyzed during the secondary
LA-ICP-MS session to generate fractionation-
corrected and depth-weighted U/Ca ratios.

4.4. EDM versus LA-ICP-MS

LA-ICP-MS-based fission-track dating is
gradually overtaking the EDM in popularity
due to its rapidity, the additional (trace-element
and U-Pb age) information that can be acquired,
elimination of the need for neutron irradiation,
expediting turnaround times, mitigating radia-
tion safety risks, avoiding administrative hassle,
and negating the need to find one of the decreas-
ing numbers of suitable reactors. In addition,
mica etching requires HF, which represents a
potential safety hazard.

One disadvantage of the LA-ICP-MS method
is that it is a destructive technique on a micro-
scopic scale, destroying part of each grain during
analysis so that later inspection of the counting
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results is not possible. However, this shortcom-
ing can be readily overcome if image sets are
captured before ablation (i.e., the autonomous
image-based approach described in Section 4.1),
thus creating a permanent digital record of each
grain (e.g., Gleadow et al., 2019).

The practical disadvantages of the EDM are
offset by its appealing mathematical properties.
The EDM is predicated on a so-called matched
experimental design (Galbraith, 2010), which
is based on the ratio of two Poisson variables,
N, and N,. As a consequence, all of the statisti-
cal models can be fitted directly using the raw
count data. Neutron dosimetry-based methods
have the advantage that they are all based on a
ratio of two-track density measurements, which
have similar properties and are therefore likely
to be subject to similar errors that ideally should
cancel out.

In contrast, LA-ICP-MS-based fission-track
data combine a Poisson-distributed numerator
(N,) with a denominator ([U] or [U/Ca]) that is
assumed to be lognormal. The resulting ratios
(or, equivalently, ages) are then approximated by
a lognormal distribution in the different models
outlined above. This approximation may not
always be justified, especially when N, is low.

In the experience of the authors, LA-ICP-MS
zeta-based single-grain ages are generally more
dispersed than EDM single-grain ages, both in
terms of the statistical significance and absolute
magnitude of the dispersion. The higher statis-
tical significance of overdispersion reflects the
higher precision of LA-ICP-MS data sets. This
is caused by the low (percent-level) analytical
uncertainty of mass spectrometric U-concen-
tration measurements, as opposed to the higher
counting uncertainties of induced fission-track
densities using the EDM. The cause of the higher
magnitude of LA-ICP-MS-based age dispersion
is less clear, but likely reflects violations of the
lognormal parametric assumption underlying
the modified statistical models of Section 3.3.
Additional dispersion is also likely to result from
lateral zoning in U concentration between the
spontaneous tracks counted in the area and the
spot analyzed, although such errors are likely to
be random, with minimal effect on the central
age calculation.

The two analytical approaches are most likely
to disagree in young and/or U-poor samples,
especially in samples containing zero track
grains. Whereas the Poissonian statistics behind
the EDM can easily handle zero values, this
is not the case for the LA-ICP-MS approach,
whose lognormal assumptions do not allow
zeros. Although Vermeesch (2017) shows that
this problem can be circumvented by converting
LA-ICP-MS data into “equivalent EDM” data
sets, this can only be regarded as a stopgap solu-
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tion whose accuracy remains unclear. Another
problem for samples that are poor in sponta-
neous fission tracks is that it is impossible to
determine, from the spontaneous fission tracks
alone, whether the U concentration in a grain is
uniformly distributed or strongly zoned. Thanks
to its matched experimental design, such com-
positional zoning is more readily avoided using
the EDM, whereas the LA-ICP-MS approach
can only account for U zoning vertically (i.e.,
with depth) and not horizontally (i.e., along the
surface of the grain mount). However, while
induced track densities are also low in low-U
samples, the accuracy of the mirror-image
matching of areas counted for spontaneous and
induced tracks is also compromised, which leads
to additional errors if zoning is present.

Vermeesch (2017) proposed two strategies to
mitigate the effects of U zoning. A first option is
to only count fission tracks within the footprint
of the laser spot that is used for the U measure-
ment, thereby establishing the equivalent of a
matched experimental design. The significant
disadvantage of this approach is that it limits
the track-counting area, resulting in a loss of
precision. A second option, where possible, is
to place multiple spots on some or all of the
analyzed grains and use the dispersion of the
U-concentration measurements as a measure
of compositional heterogeneity. This approach
does not hurt the precision but is less accurate
than the matched experimental design option,
because it assumes that the dispersion of the U
measurements is the same for all grains in the
sample. Any violation of this assumption will
increase the dispersion of the data.

Ansberque et al. (2021) presented a LA-ICP-
MS 2-D-mapping approach for apatites with
very low spontaneous fission-track densities,
with an analytical protocol that also facilitated
the simultaneous acquisition of U-Pb age and
trace-element data (Mn, Sr, La, Ce, Sm, Eu, Gd,
and Lu). While the elemental mapping approach
is ~10x slower than single-spot ablations, it is
still faster than the EDM approach. Cogné and
Gallagher (2021) undertook mathematical mod-
eling employing random sampling of LA-ICP-
MS fission-track data to compare the multispot
and single-spot methods on apatite samples
of known ages, variable zoning, and/or low-
track densities. They showed that the multispot
approach is robust for low-N; and zoned sam-
ples, yielding both accurate and precise results
without overdispersion. In contrast, single-spot
measurements can induce overdispersion related
to a relationship between single-grain age and
U content. If single-spot analyses of apatites
yield overdispersion when a single-age popu-
lation may be expected, then, if the grain size
is large enough, multispot analyses should be
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TABLE 2. PROS (+) AND CONS (-) OF EDM- AND LA-ICP-MS-BASED FISSION-TRACK DATING

Consideration

LA-ICP-MS

—Yes
— Weeks

Neutron irradiation

Sample turnaround*

Acquiring compositional data
Precision

Accuracy

Equipment cost

Potential effects of uranium zoning
Dealing with zero count data

— Lower
-+ Higher

+ Mostly lower

-+ Lower (microscope)

-+ Straightforward

EDM
+ No
+ Days
— Needs additional time, resources, and equipment
+ Higher
— Lower

— Higher

— More complex

+ Uses the same equipment, and acquired during the same session

— Higher (microscope + LA-ICP-MS)

Note: EDM—external detector method; LA-ICP-MS—Iaser ablation—inductively coupled plasma—mass spectrometry.

*Also see Figure 5.

conducted to assess whether the excess disper-
sion is linked to undetected zoning and/or laser-
spot misplacement, rather than to U-dependent
annealing behavior. Available data suggest that
zeta-derived EDM and LA-ICP-MS pooled ages
from the same data set are generally in close
agreement (Seiler et al., 2023; Fig. 6; see also
Cogné et al., 2020), if they are based on simi-
lar assumptions regarding the etchable range of
fission fragments. Table 2 provides a summary
of the main pluses and minuses of EDM versus
LA-ICP-MS.

4.5. Confined Track-Length Measurement

Confined track lengths are measured routinely
in apatite in combination with all of the differ-
ent experimental methods for fission-track age
dating. They are uniquely powerful recorders
of thermal history, as each reflects track forma-
tion at a different point in time and annealing
over the thermal conditions subsequently expe-
rienced, in aggregate that provides an integrated
record of the time-temperature path of the host
mineral grains. Confined tracks are classified
based on the type of etchant pathway, predomi-
nantly as track-in-track (TINT; Lal et al., 1969)
or track-in-cleavage (TINCLE; Bhandari et al.,
1971; Figs. 1B, 1C, and 1E), with the former
considered more reliable, as cleavages may pro-
vide pathways for geologic fluids to pre-etch
or otherwise fix tracks and halt their anneal-
ing (Jonckheere and Wagner, 2000; Barbarand
et al., 2003b).

When measuring confined tracks, only tracks
that appear “fully etched” (Laslett et al., 1984) or
“sufficiently etched” (Ketcham and Tamer, 2021)
should be included. No formal definition exists
for these, and if there were one, it would be com-
plicated by the effects of anisotropy and varia-
tion in solubility on apatite. Generally speaking,
a sufficiently etched track will have clear and
easily distinguishable tips, and some indication
that the along-track etch rate has slowed down to
near-bulk etch rates, such as slow etching along
internal crystallographic planes. Because this
entails a judgement call and depends, in part, on
training, it is highly recommended to calibrate

track-length measurements for standards such
as Durango and Fish Canyon against published
studies. In particular, when using thermal history
modeling, calibrating one’s standards against
the measured values that underlie the annealing
models, and including a correction factor, is nec-
essary to maximize the reliability of the derived
histories (Ketcham et al., 2015, 2018).

The utility of track lengths in distinguish-
ing among various thermal histories (e.g., fast
cooling, slow cooling, and reheating) was first
documented by Gleadow et al. (1986), and the
advent of thermal history reconstruction soft-
ware (Green et al., 1989; Issler, 1996a; Ketcham
et al., 2000; Ketcham, 2005; Gallagher, 1995,
2012) made these interpretations more quanti-
tative and detailed. In young or low-U apatite,
252Cf irradiation can be used to both increase
the number of measurable confined lengths
(Donelick and Miller, 1991) and reduce observer
bias (Ketcham, 2005).

Due to the strong anisotropy of anneal-
ing, the resolution of track-length data can be
increased by accounting for track angle using
c-axis projection (Donelick et al., 1999; Ket-
cham, 2003; Ketcham et al., 2007a; see also
Fig. 1B). C-axis projection removes anisotro-
pic effects by normalizing track lengths for
angle, correcting for analytical bias that may
arise from differences in the orientation of mea-
sured confined tracks and thus providing more
consistent thermal history reconstructions (Ket-
cham et al., 2009, 2018). The optimal c-axis
projection model varies somewhat from analyst
to analyst (Ketcham et al., 2007a, 2018), likely
due to subtly different criteria used by analysts
to measure tracks at different angles (Ketcham
and Tamer, 2021).

With the advent of image-based data acquisi-
tion, there is renewed interest in attempting to
utilize the length of tracks that intersect the grain
surface, or semi-tracks. It is possible that their
far greater numbers compared to confined tracks
for a given sample could significantly improve
statistical precision while still providing robust
estimates of thermal histories (Laslett and Gal-
braith, 1996), though further theoretical develop-
ment is required.
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4.6. Fission-Track Annealing

Fission tracks anneal as a function of time and
temperature, with additional influential factors
including crystallographic orientation (Green
and Durrani, 1977; Donelick, 1991; Donelick
et al., 1999; Ketcham, 2003); composition, e.g.,
in apatite, anions (Cl, F, and OH), and cation
substitutions (e.g., REE, Mn, Sr, Fe, and Si;
Green et al., 1985; Crowley et al., 1991; Carl-
son et al., 1999; Barbarand et al., 2003a); and,
at least in zircon, radiation damage (e.g., Garver
and Kamp, 2002; Rahn et al., 2004). Annealing
can be generally viewed as a reconstruction of
the crystal lattice to a sufficient degree that etch-
ing rates are no longer significantly enhanced,
though the specifics of the lattice-scale mecha-
nisms remain an area of active research. The
earlier stages of annealing involve relatively
gradual shortening from the track tips, whereas
later stages are accelerated, with respect to tem-
perature rise, and can include the formation of
unetchable gaps (Green et al., 1986). Annealing
rates are determined using laboratory experi-
ments, where either spontaneous (also called
fossil) tracks, or tracks created by reactor-
induced fission of 233U, are heated for hours to
months at high temperatures. Track lengths are
measured and fitted to an annealing equation to
extrapolate the resulting annealing trends to geo-
logical time scales; Ketcham (2019) provides a
recent summary.

Although a quantitative physical understand-
ing of fission-track annealing remains a desir-
able goal, the annealing equations that have
proven most successful thus far in describing and
extrapolating fission-track annealing are empiri-
cal (e.g., Laslett et al., 1987; Ketcham et al.,
1999, 2007b). They are best visualized as a set
of contours of constant annealing on an Arrhe-
nius-type plot of the log of annealing time versus
inverse temperature, as shown in Figure 7. The
“fanning Arrhenius” model form (Laslett et al.,
1987) posits a fanning set of iso-annealing lines
and implies that the activation energy required
for annealing increases with increasing extent of
annealing. Subsequently, Ketcham et al. (1999)
found that a “fanning curvilinear” form (first
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proposed by Crowley et al., 1991) did a better
job of matching both high-temperature and low-
temperature geological benchmarks for F-apatite
(Fig. 7). The same appears to hold true for zir-
con fission tracks (Guedes et al., 2013; Ketcham,
2019). The curvature implies that the activation
energy itself varies with temperature (Guedes
et al., 2022) and can emerge in a variety of cir-
cumstances, such as when multiple individual
reactions or processes contribute to a phase tran-
sition (Hulett, 1964; Carvalho-Silva et al., 2019).
An associated simplification underlying current
characterizations of fission-track annealing is
the principle of equivalent time (Goswami et al.,
1984; Duddy et al., 1988), which posits that the
annealing rate of a fission track depends only on
its length, and not its prior thermal history, which
allows straightforward calculation of annealing
along complex time-temperature paths. This
assumption has come into question from a num-
ber of perspectives (Wauschkuhn et al., 2015;
Ketcham and Tamer, 2021; Rufino et al., 2023),
further emphasizing the need to develop a better
physical understanding of the annealing process.

5. DATA INTERPRETATION

A fission-track age represents an integrated
record of a mineral grain’s thermal history start-
ing from the time it last passed into a thermal
regime in which fission tracks are retained. As
such, a simplistic interpretation of an age as cor-
responding to an event, such as the time at which
the sample cooled to below the system closure

temperature, is only true in a limited number of
cases (see Section 2). Instead, data are best inter-
preted in terms of the ways they elucidate the
entire thermal history, and often with the aid of
computational tools.

Along with the closure temperature (7; Dod-
son, 1973), a key concept for the interpretation
of all fission-track data is the partial annealing
zone (PAZ; Wagner, 1972; Wagner et al., 1989),
arange of temperatures over which fission tracks
anneal relatively rapidly. The canonical PAZ for
fission tracks in apatite is ~60—-120 °C (Gleadow,
1981), although this was a roughly calibrated
interval that applies mainly to near-fluorapatite.
The upper boundary of the PAZ corresponds to
the total annealing temperature (Issler, 1996b),
above which no fission tracks are retained at
geological time scales. The lower boundary is
defined by an inflection in down-well ages, or a
strong deceleration, but not necessarily a halt in
annealing rate, as fission tracks in apatite anneal
even at Earth-surface temperatures (Donelick
et al., 1990; Spiegel et al., 2007; Tamer and Ket-
cham, 2020; Vrolijk et al., 1992). The PAZ is
best considered as the zone of maximum sensi-
tivity of a fission-track system, but aspects of the
thermal history after cooling below the PAZ can
be extracted using confined lengths if they are
well calibrated (e.g., Ketcham et al., 2018). The
T, is in the upper part of the PAZ. For near-end
member F-apatite, 7, can range from 95 °C to
107 °C, according to experimental data for sev-
eral different compositional varieties (Ketcham
et al., 2007b).
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On geologic time scales (10°-107 yr), partial
annealing and retention zones for the zircon fis-
sion-track system are approximated to be ~200—
350 °C (Tagami et al., 1998; Rahn et al., 2004,
Yamada et al., 2007; Ketcham, 2019). Increas-
ing amounts of radiation damage are thought to
lower annealing resistance in zircon (Garver and
Kamp, 2002; Rahn et al., 2004). T, estimates are
210-240 °C from field-based studies (Bernet,
2009), and somewhat higher (~280 °C) based
on laboratory annealing experiments, with the
difference possibly being that the latter utilized
zircons with relatively low levels of radiation
damage (Ketcham, 2019).

An important consideration often missed in
routine usage of the PAZ and 7 is that annealing
kinetics for apatite can vary greatly, as outlined
in Section 4.5, and significantly impact anneal-
ing rates (see Fig. 8). Thus, it is risky to assign

Partial annealing zones
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Figure 8. Set of calculated down-well depth
profiles for a 50 m.y. isothermal residence
history for various apatite compositions
and a zircon, illustrating how compositional
variation can shift the partial annealing
zone (PAZ) and closure temperature. Cal-
culations were made using HeFTy and the
annealing models by Ketcham et al. (1999)
for apatite and Ketcham (2019) for zircon.
Cl atoms per formula unit (apfu) is based on
apatite formula Ca,y(P,05)5(F,Cl,0H),, so
Cl = 1.0 indicates that half of halogen sites
have Cl. This is the most annealing-resistant
apatite known but is also extremely rare and
thus unlikely to be encountered.



Interpreting and reporting fission-track chronological data

a strict thermal interpretation to AFT data with-
out accounting for kinetics. The importance of
Cl substitution in the anion site of apatite was
documented in numerous field settings (e.g.,
Green and Duddy, 2012). The relative preva-
lence of other substitutions in sufficient magni-
tude to influence annealing kinetics is less well
understood, as they are still seldom analyzed.
Recent work in northwestern Canada (Powell
et al., 2018) found that Cl alone was insuffi-
cient to explain age patterns, but a more com-
plete accounting for kinetics that includes both
OH content and cation substitutions (e.g., Carl-
son et al., 1999; Equation 6) does a better job.
Fission-track etch pits can also be used to infer
kinetics (Burtner et al., 1994) because solubility
rises with Cl and OH content, although measur-
ing D,, with sufficient reliability has proven
unexpectedly difficult community-wide (Sobel
and Seward, 2010; Ketcham et al., 2015, 2018).

Necessary preparatory steps for data inter-
pretation include using the chi-squared test and
radial plots to inspect whether the data contain
multiple age and/or kinetic populations (see
Fig. 3) and plotting single-grain ages and lengths
against kinetic indicators, if measured. Detri-
tal samples can easily feature multiple inher-
ited components of different ages, and kinetic
variation can occur in both sedimentary and
crystalline rocks (e.g., O’Sullivan and Parrish,
1995). Kinetic variation will lead to a correla-
tion between age and kinetic indicators, which
will often match, but sometimes be clouded by,
multiple inheritance; additional chemical data,
such as REE profiles, or U-Pb age, or color or
grain morphology, can be useful in disentangling
the two factors (e.g., Chew and Donelick, 2012;
Garver and Kamp, 2002).

A data set with multiple kinetic populations
is advantageous because it is more information-
rich, with multiple PAZs spanning a larger range
of temperatures, with the different populations
constraining each other because they need to
be mutually consistent across their shared ther-
mal history. Conversely, if a data set with mul-
tiple age populations is interpreted as a single
population, the result runs the danger of being
meaningless.

For sedimentary samples, or crystalline
samples in close association with unconformi-
ties, a useful step is to compare the fission-track
age to the stratigraphic age. If the fission-track
age far predates the stratigraphic age, it can be
considered non-reset postdeposition, or perhaps
only lightly reset, and the data will contain infor-
mation on the predepositional history, possibly
including multiple inherited components. If the
fission-track age is significantly younger than the
depositional age, it was likely reset after depo-
sition; only information on the postdepositional

history (e.g., exhumation after burial) is present.
If the fission-track and stratigraphic ages are
similar (roughly within 20% of each other), it is
likely that the fission tracks were partially reset
and contain relatively precise temperature infor-
mation. In samples with multiple kinetic popula-
tions, different populations may reflect different
degrees of resetting, from unreset to fully reset.

5.1. Numerical Thermal History Modeling

Although the most detail can be extracted
from confined length distributions using thermal
history inversion methods, the basic patterns
often can be discerned by eye. Broadly, a con-
fined length distribution reflects the relative pro-
portions of tracks that experienced temperatures
in the PAZ versus those that did not, modified by
observational biasing, as longer confined tracks
are more likely to be intersected and measured
than short tracks (Laslett et al., 1982). Some
general patterns, modeled after the canonical
classification set forth by Gleadow et al. (1986),
are shown in Figure 9, for both nonprojected
and c-axis—projected distributions. For fast
cooling to below the PAZ, all track lengths are
long. Slow cooling also features predominantly
long track lengths, but with a short-track tail that
reflects more time spent in the PAZ. Reheating
paths can produce a bimodal pattern, reflect-
ing tracks that formed before versus after peak
burial. Extended residence time in the PAZ rela-
tive to subsequent cooling results in primarily
short track lengths. In all cases, the modeled
c-axis—projected tracks show the same pattern:
while compressed over a shorter length interval,
they have more distinct peaks due to the removal
of dispersion caused by annealing anisotropy,
resulting in overall better temperature resolution
(Ketcham, 2003).

Often, fission-track data are interpreted via
thermal history modeling software, predomi-
nantly using HeFTy (Ketcham, 2005) or QTQt
(Gallagher, 2012). All such programs share the
general approach of posing a series of candidate
time-temperature paths and selecting those that
best predict the observed age and length distribu-
tion, as well as any other data being modeled—
e.g., (U-Th)/He ages and vitrinite reflectance
Ro%—and any geological or other user-imposed
time-temperature constraints. HeFTy and related
programs, such as AFTINV (Issler, 1996a), use
a frequentist approach, posing a null hypoth-
esis that the model is correct, and evaluating
the probability that the data could be observed
given the model and measurement uncertainties.
A Monte Carlo or iterative converging scheme
is used to pose time-temperature paths, with the
user specifying an allowed degree of complex-
ity over different intervals of the history. QTQt
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uses Bayesian statistics, which allow the user
to set up a series of priors, including annealing
kinetic indicators. The Markov chain Monte
Carlo method is used to search the solution
space and includes a penalty for complex paths.
Thus, it seeks and highlights the simplest set of
solutions that reproduces the data. An impor-
tant distinction is that if no paths fit the data to
within uncertainties, HeFTy will return no result,
whereas QTQt will return one regardless, requir-
ing the user to evaluate whether the outcome
explains the data acceptably by visually inspect-
ing observed versus predicted age and confined
track-distribution plots.

Both the frequentist and Bayesian approaches
have their strengths and weaknesses (e.g., Ver-
meesch and Tian, 2014). However, similar
advice applies for utilizing them and reporting
their results. First, no program should be used
as a black box; it is incumbent upon the user to
understand what the program is doing, and all
program inputs should be intentional and docu-
mented. Second, the geological context of the
sample(s) being modeled should be understood,
and only time-temperature constraints supported
by robust independent evidence (e.g., strati-
graphic age) should be enforced.

The reputation of thermal history modeling
using apatite fission-track data was tarnished
somewhat in the 1990s by artifacts in first-
generation models, which utilized the anneal-
ing model constructed by Laslett et al. (1987) to
describe experimental data by Green et al. (1986)
for Durango apatite. The artifacts arose because
the annealing model predicted insufficient
annealing at near-surface conditions, requiring
the inversion algorithm to maintain artificially
high temperatures to achieve sufficient shorten-
ing of track lengths, which created an apparent
late cooling event. The problem was remedied in
subsequent annealing models by Ketcham et al.
(1999, 2007b), which are based on annealing
experiments on a wider range of apatites per-
formed by Carlson et al. (1999) and Barbarand
et al. (2003b) and use a different fanning cur-
vilinear annealing equation. Durango apatite is
more resistant to annealing than more common
F-apatite, which generated part of the artifact,
with the different annealing equation account-
ing for the remainder. With these corrections, the
artifact was eliminated, and the <60 °C portions
of thermal histories (e.g., Shorten and Fitzgerald,
2021) are much more reliable, although attention
to length-measurement calibration is important
for maximizing confidence (Ketcham et al.,
2015, 2018).

Fission-track data can also be interpreted
thermo-kinematically, using software such as
Pecube (Braun et al., 2012; McQuarrie and
Ehlers, 2015) or FetKin (Almendral et al., 2015;
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Mora et al., 2015) that creates a 2-D or 3-D ther-
mal model that simulates a situation of interest
(e.g., tectonic exhumation or topographic devel-
opment) and uses the time-temperature paths
calculated for various locations in the model
space to predict ages and mean lengths. In some
implementations, models may iterate over vari-
ous parameters (e.g., fault timing and slip rate)
to attempt to better fit the data (e.g., Fox et al.,
2014; Valla et al., 2010). These methods tighten
the link between the data and the geological
interpretation, but at some cost in detail, par-
ticularly in the case of fission-track data, where
current implementations fit mean track lengths
but not the complete length distributions. They
are also limited in that any inherited history
(i.e., fission tracks formed before the start of the
thermal model) can only be very approximately
included. However, if the problem is well-posed

non-projected

8 0 3 6 9 12
Length (um)

c-axis projected

to avoid being affected by such limitations,
these methods enable geological questions to be
addressed much more directly.

5.2. Fission-Track Analysis of Detrital
Grains

Fission-track analysis of detrital apatite and
zircon grains from modern river, beach, or del-
taic sediments and/or ancient sandstone is a
widely used technique for studying (1) the exhu-
mation history of orogenic mountain belts, such
as the Himalayas (e.g., Cerveny et al., 1988),
European Alps (e.g., Bernet et al., 2009), and
the Andes (e.g., Bermidez et al., 2013; Cou-
tand et al., 2006); (2) provenance analysis (e.g.,
Hurford and Carter, 1991), particularly in com-
bination with single-grain, fission-track/U-Pb
double dating (e.g., Carter and Moss, 1999) and
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trace-element geochemical analysis of double-
dated grains (Hiilscher et al., 2021); and (3) the
thermal evolution of sedimentary basins (e.g.,
Naeser et al., 1989). Samples of detrital apatite
and zircon from modern river and beach sedi-
ments were demonstrated to provide a relatively
good overview of the spectrum of fission-track
cooling ages of bedrock exposed in the drain-
age area. Therefore, a fairly reliable first-order
overview on exhumation rates and sediment
provenance can be obtained (e.g., Bermudez
etal., 2013). Nonetheless, potential lithological,
exhumation rate, and transport biases must be
considered (Malusa et al., 2013; Naylor et al.,
2015). For ancient clastic sediments, when
interpreting fission-track data from detrital
sedimentary rocks, we must also consider the
influence of postdepositional burial heating, and
when working with detrital samples from out-
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crops, the cooling history during basin inversion
must be considered.

Because the detrital apatite and zircon grains
in a sediment sample may be derived from a
wide range of source rocks with more or less
complex individual thermal histories, it is best
to date at least 100 or more individual grains per
sample to cover the whole grain-age spectrum
(Vermeesch, 2004). In many studies that is not
possible, so if the objective is to determine sedi-
ment provenance and the exhumation history
of the source area, as many grains as possible
should be dated. To determine the thermal his-
tory of sedimentary basins and to study partial or
full postdepositional annealing of fission-tracks,
at least 20 grains or more should be dated, and
with up to 100 track-length measurements, if
possible, obtained on many more grains from
the same sample.

For detrital samples, use of the central age is
recommended (Galbraith and Laslett, 1993), as
grain-age distributions of detrital samples tend
to be overdispersed (see Section 3.3; Fig. 3).
This may not be the case, however, when detri-
tal grains were completely thermally reset with
respect to the temperature sensitivity of the
applied fission-track system postdeposition,
which is reflected in high P(x?) and low age
dispersion (<20%) values. The central age of
a detrital sample can be used to obtain a crude
estimate of drainage basin mean erosion rates
(e.g., Bernet et al., 2009), or compared with the
depositional age to evaluate the degree of partial
annealing due to postdepositional burial heating
(see below). Detrital apatite or zircon fission-
track data presented in research articles need to
include all commonly reported data in fission-
track studies, and this will vary depending on
whether the external detector method or the LA-
ICP-MS method is used (see Section 6).

Because of the commonly wide range of
observed grain ages in detrital samples, it is pos-
sible to decompose the observed grain-age distri-
bution into major population ages by peak fitting
(Galbraith and Green, 1990), as discussed below.
The use of best-fit peak ages is not obligatory in
detrital thermochronological studies, given that
in many cases, as stated previously, the meaning
of particular peak ages is uncertain, as a single
peak age normally does not simply relate to a
specific cooling or tectonic event. Such interpre-
tations need to be based on a series of analyses
from the stratigraphic record to determine static
or moving age peaks that can be tied into the
geological evolution of a study area (Bernet and
Garver, 2005). If peak-fitting is used, then the
peaks should be grouped consecutively based
on peak age, with indication of the percentage
of grains belonging to each peak, to compare
the results from different samples more easily.

A peak should contain at least 5% of the dated
grains for it to have some significance. For peak-
fitting of detrital fission-track data, it is impor-
tant to inspect the results, as they should lead
to geologically meaningful interpretations. This
inspection includes checking how much individ-
ual peaks overlap or if they are well separated.
Also, the number of grains analyzed is impor-
tant, as a larger number of dated grains permits
more peaks to be fitted (Vermeesch, 2019), even
though they may not convey any geological
information.

5.3. On the Interpretation of Complex
Detrital Age Data Sets

Fission-track data obtained from detrital sedi-
ments, whether they are modern river or beach
sediments or ancient sandstone, are notoriously
complicated, because they may represent a
continuous or discrete mixture of cooling ages.
Within the same drainage area, it is possible
that bedrock with preorogenic and postorogenic
cooling ages as well as partially reset cooling
ages is present, with both providing detrital
grains to analyzed sediments and sedimentary
rocks. The challenge is to interpret the observed
grain-age distribution of a detrital sample in a
geologically meaningful way. The mixing of
non-reset and partially reset grains from source
rocks with grains carrying orogenic (e.g., related
to postmetamorphic exhumation) apparent cool-
ing ages commonly results in an overdispersed,
continuous mixture of grain ages in both modern
and ancient sediments (Figs. 3 and 4). Further-
more, because of burial heating, detrital apatite
may be particularly affected after deposition due
to its relatively low-temperature PAZ.

A common approach for analyzing detrital
grain-age distributions is to identify different
age groups or clusters that may be indicative of
sediment provenance, peak exhumation rates, or
the timing of tectonic events. For this purpose,
different peak-fitting techniques were proposed.
The most widely used software packages for this
type of analysis over the past 10-20 years were
the BINOMFIT program of Brandon (see Ehlers
et al., 2005) and the RadialPlotter program of
Vermeesch (2009). Both programs provide an
automatic fit option for determining best peak-
fit solutions, but also allow manual selection of
the number of peaks that should be fitted to the
data set. The second option may be useful if
automatic fitting provides a solution with con-
siderable peak overlap. Geological constraints
should have the highest priority for constrain-
ing models and their interpretation. Depending
on the objective of the study (e.g., provenance
analysis and comparison to bedrock data sets),
peak fitting may be useful, but the interpretation
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of individual peaks needs to be done with cau-
tion, as not all peaks necessarily reflect a tectonic
or rapid cooling event. For tracing rapid cooling
or exhumation, it is safer to concentrate just on
the youngest age peak or the so-called mini-
mum age (Galbraith and Laslett, 1993; Section
3.3; Fig. 4). The minimum age is an estimate of
the first coherent age component in an observed
grain-age distribution. This approach avoids the
sample size bias to younger ages by peak-fitting
(Vermeesch, 2019).

In this respect, it is also necessary to check
whether the grains that belong to the minimum
age group in a detrital sample were aftected by
postdepositional partial annealing; comparing
the difference between the stratigraphic age
(based on independent stratigraphic information)
and the minimum age provides a first indication.
In the case where the minimum age peak pre-
dates but does not overlap with the stratigraphic
age within statistical uncertainties, no (signifi-
cant) postdepositional partial annealing can be
expected. If the minimum age or the first peak
overlaps with the stratigraphic age, one needs to
check whether rapidly cooled volcanic apatite or
zircon grains may be present. This could be con-
firmed or rejected by double dating with U-Pb
rim ages of the fission-track—dated grains (e.g.,
Jourdan et al., 2013; Mark et al., 2016). If no vol-
canic grains are present, then one needs to take
the stratigraphic position, possible maximum
burial depth, and basin thermal gradients into
account to distinguish between rapid source-area
exhumation or partial annealing due to deposi-
tion and burial. For detrital apatite fission-track
analysis, the additional measurement of hori-
zontal confined tracks is a commonly used tech-
nique (see Section 4.5), but where possible these
should be acquired from the same grains from
which age determinations were made.

For detrital apatites and zircons from ancient
sedimentary rocks that were unaffected by par-
tial annealing during burial, the lag-time concept
can be applied to estimate long-term sediment
source-area exhumation rates. In this context, the
lag-time is defined as the difference between the
fission-track peak or minimum age and the age
of sediment deposition in the basin (e.g., Garver
et al., 1999; Bernet and Garver, 2005). To apply
the lag-time concept, the stratigraphic age needs
to be independently constrained through magne-
tostratigraphic and/or biostratigraphic data.

Finally, if the minimum age or the first peak
are clearly younger than the stratigraphic age,
then significant postdepositional partial anneal-
ing is commonly the best interpretation. Certain
basin studies showed that samples with mini-
mum ages, or first-peak ages, or even central
ages collected from an inverted basin may line
up around a common age with increasing paleo-
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pares a cooling history for the same sample by adding single-grain apatite (U-Th-Sm)/He data together with an independent geological
constraint represented by a small black rectangle based on evidence from nearby glacial striae (and other regional stratigraphic evidence
for glaciation) indicating that the sample resided at the surface or in a near-surface environment during the time of Permo-Carboniferous
glaciation. Insets in right-hand panel plots show goodness-of-fit among observed ages (with resampled error values for apatite He data)
plotted against predicted model ages. Solid blue circles—AFT ages; yellow triangles—apatite (U-Th-Sm)/He ages (after Mordén et al., 2020).

depth. Such samples may indicate the timing of
basin inversion if the rocks cooled from 7}, to the
surface in a single event, which means that exhu-
mation was significant and cooling rapid (e.g.,
Sobel and Dumitru, 1997; van der Beek et al.,
2006). Older age peaks determined in partially
annealed basin samples may still have relatively
long lag times but reflect a mixed cooling signal
from within the PAZ and the inherited cooling
signal from source-area exhumation. Such older
peak ages must be interpreted with care and
are not recommended for calculating exhuma-
tion rates.

5.4. Fission-Track Analysis in Areas
Generally Lacking Geological Constraints

Fission-track analysis of minerals from bed-
rock samples was also widely applied to geo-
logically challenging areas, such as cratons or
passive continental margins, which commonly
offer limited or no syn- or post-tectonic geologi-
cal record with which to inform thermochro-
nological interpretations (e.g., Gallagher and
Brown, 1997; Gallagher et al., 1998; Persano

et al., 2005; Wildman et al., 2015; Enkelmann
and Garver, 2016; Kohn and Gleadow, 2019).
For example, as indicated previously, the use
of apatite fission-track analysis to quantitatively
reconstruct thermal histories via the inversion of
track-length data proved to be very effective in
such applications, as it allows one to decipher
and constrain the timing, rate, and magnitude of
exhumation, and in some cases, burial events,
even in the absence of preserved geological
strata that directly record that event. However,
one must acknowledge that the fission-track
method has an intrinsic limitation in that the
modeled thermal histories reproducing measured
fission-track data can be nonunique. Therefore,
results from the inversion of fission-track data
largely depend on predefined time-temperature
constraints, which in the case of cratons or pas-
sive continental margins are often only inferred
given the frequent absence of independent time-
temperature constraints that can be incorporated
into models.

The Archean Pilbara Craton, northwestern
Australia, provides an example where two dif-
ferent thermal histories were derived from
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modeling just an AFT data set (Fig. 10A) and
then another where additional constraints were
applied to remodel the initial data (Fig. 10B).
The addition of a rare geological constraint in
this setting, together with coexisting apatite
(U-Th-Sm)/He data, reveal a pronounced Paleo-
zoic cooling episode, which is also recorded
from other localities across the Pilbara Craton,
suggesting the removal of a kilometer-scale
sedimentary blanket that is thought to have been
triggered by the widespread intraplate Paleozoic
Alice Springs Orogeny (Mor6n et al., 2020).
This example underscores the importance of
using well-defined time-temperature constraints
for thermal history modeling, where possible.
The passive continental margin of West
Greenland presents an example where there
are contrasting views on the tectono-thermal
evolution of the region due to differences in
thermochronological data interpretations (e.g.,
Japsen et al., 2006; Redfield, 2010; Jess et al.,
2018; Danisik and Kirkland, 2023, and refer-
ences therein). West Greenland was subject to
Cretaceous rifting and Paleocene breakup from
Canada (e.g., Oakey and Chalmers, 2012), and
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several works proposed that the present-day
topography of central West Greenland reflects
several episodes of post-breakup uplift and ero-
sion. This so-called polycyclic model of passive
continental margin formation is built on several
independent lines of evidence, which include
thermal history modeling of apatite fission-track
data. For example, for a basement sample (code:
GC891-27) with an AFT age of 113 & 9 Ma and
mean track length (MTL) of 11.5 £ 2.3 pm,
Green et al. (2003) modeled an episodic thermal
evolution with two heating episodes and two
cooling episodes with onset at 160—115 Ma and
at 40-0 Ma (Fig. 11). This result was achieved
by applying time-temperature constraints
inferred from the geological record in adjacent
or remote areas. In contrast, Jess et al. (2018)
remodeled the same data set without apply-
ing any predefined constraints, arguing for an
absence of the geological constraints directly in
the investigated location, and suggested a history
of monotonous cooling from the apatite PAZ
(60-120 °C; Wagner and Van den haute, 1992)
since ca. 180 Ma until the present (Fig. 11).
These modeling results imply that the elevated
topography of central West Greenland formed
in the Mesozoic and remained elevated due to

the isostatic response to protracted erosion (Red-
field, 2010; Jess et al., 2018). This example from
West Greenland demonstrates that the strategy
for inversion of fission-track data is critical for
interpretational outcome. There are numerous
reasonable approaches to modeling the fission-
track data, and their applications depend on the
type of data, interpretation of geological context,
availability of additional information from other
geo-thermochronological methods, or research
hypothesis being tested by the thermal modeling.

6. (META-)DATA REPORTING
FOR FISSION-TRACK
THERMOCHRONOLOGY

The challenge in making recommendations
for (meta-)data reporting lies in designing
schemas that are standardized while remaining
flexible enough to accommodate fission-track
data produced via a range of rapidly advancing
analytical techniques. Depending on the specific
aims, and the procedures and analytical instru-
ments employed in a given study, the types of
(meta-)data reported will naturally vary. There-
fore, such schema must be pliable enough to
fit both analog and digital (manual and image-
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based) counting methods and confined track
measurements, a range of age-determination
methodologies and associated age equations
(see Sections 2 and 3), and a variety of ana-
lytical techniques that are increasingly used to
determine in situ parent 23U concentrations and
geochemistry (e.g., LA-ICP-MS and electron
probe microanalysis [EPMAY]).

Nevertheless, certain common data reporting
principals exist that can guide FAIR fission-track
data reporting. Regardless of the specific analyti-
cal techniques employed, the responsible report-
ing of fission-track (meta-)data and associated
analyses should:

* Include any geosample information needed
to place the data in a geological context.

* Allow readers to independently repeat exper-
imentation, including recalculating ages and per-
forming thermal history modeling.

¢ Enable the reader to independently assess
data quality through consistent reporting of
uncertainties, calibration parameters, totals, and
secondary reference material results.

¢ Make detailed (meta-)data available in a
tabulated format to enable easy extraction and
reuse by both humans and machines, in addition
to reporting data in the main text.

Table 3 provides a checklist to guide authors
and reviewers in how to best present their fis-
sion-track and associated results following FAIR
data principals. In the subsequent sections, rec-
ommendations for minimum required and highly
recommended (meta-)data reporting for geosam-
ples, fission-track counting and length mea-
surements, mineral composition analyses and
kinetic parameters, fission-track age determina-
tions, and thermal history models are presented.
‘While the number of (meta-)data we recommend
be required for FAIR fission-track data report-
ing is large, the increase in the use of field geol-
ogy applications, digital fission-track analytical
software (TrackWorks and FastTracks; Gleadow
et al., 2009), and data reduction software (e.g.,
Iolite; Paton et al., 2011) makes the capturing
and reporting of these data increasingly auto-
mated and streamlined.

Increasingly, scientific journals require
authors to present detailed (meta-)data in open
access data repositories. Data platforms that
allow users to share, access, explore, and inter-
rogate geochemical data from around the globe
in a 4-D (3-D + time) geospatial context, such
as AusGeochem (Boone et al., 2022), provide
a powerful tool for FAIR thermochronological
data dissemination. Its bespoke relational data
schemas for fission-track and (U-Th)/He ther-
mochronological analyses (Boone et al., 2023)
match the data reporting guidelines presented
below and enable a range of real-time data plot-
ting and interpolation tools.
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TABLE 3. FAIR FISSION-TRACK DATA REPORTING CHECKLIST: MINIMUM REQUIREMENTS

o

o

o

basis as well as for the sample (Table 6).

o

trace-element analysis (Table 7) and/or electron probe microanalysis (EPMA; Table 8).

o

o

a

LA-ICP-MS, or totals for EPMA.

o

o

o

o

Provide units for all reported data.

o

parameters and outcomes.

o

Define all equations, constants, and parameters used to calculate all other reported values.
Report and define uncertainties for all values and parameters (e.g., 95% confidence interval, 1o, and 20).
Report statistics to evaluate distribution and robustness of data (e.g., P(x?) and dispersion).

Report geosample specimen metadata (Table 4), including sample identifier, location, lithology, mineralogy, and sampling method.
Report detailed fission-track counting (meta-)data on a per-grain basis (Table 5).
If performed, report detailed semi- and/or confined fission-track measurement (meta-)data on a per-track basis, along with summary of confined track data on a per-grain
If obtained, report mineral geochemical (meta-)data on a per-grain/per-spot basis obtained via laser ablation—inductively coupled plasma—mass spectrometry (LA-ICP-MS)
Report any fission-track—specific compositional proxies or kinetic indicators, such as r,,,,, €U, or eCl (Table 9), and specify the equations used for calculations.

Specify the equation, constants, and parameters used to calculate single-grain and sample fission-track ages (Table 10).
Report all parameters needed for independent data quality assessment, such as calibration factors (e.g., zeta calibration), secondary reference material results for

Publish data in tabular (e.g., csv or xIsx) or machine-readable (e.g., xml or JSON) formats for easy extraction and reuse by readers; for deconvolution procedures, list

For some of the tables below, some information entries may be covered by the existence of a reference paper on lab-specific methods, in which case that should be cited.

6.1. Geosample Metadata

Fission-track data are only as good as the geo-
spatial and geological contexts in which they can
be placed. If these are not robust, the thermal his-
tories that they record are often cryptic and their
geoscientific implications difficult to interpret.
Therefore, it is critical for detailed geosample
metadata to be reported along with their corre-
sponding fission-track data.

The most critical geosample metadata
(Table 4) include the sample identification (ID),
the latitude-longitude of the sample along with
the geodetic datum used, elevation and verti-
cal datum, sample lithology, mineral type,
sample kind and method, and sample depth in
the case of core, well, or dredge samples. We
also strongly encourage data producers to mint
International Geo Sample Numbers (IGSNs;
Lehnert et al., 2011; Klump et al., 2021) for
their samples in addition to the sample ID gen-
erally given to a sample in the field. The use of
globally unique and persistent IGSN identifi-

ers for physical samples prevents unintentional
sample ID duplication in global repositories
and enables samples to be discoverable on the
internet (Klump et al., 2021).

Additional recommended geosample meta-
data include latitude/longitude precision;
detailed information about the sampling loca-
tion, stratigraphic unit name, and chronostrati-
graphic unit age; any independent constraints
for crystallographic or metamorphic age of the
rock and/or mineral sample; sample collector,
collection date, and last known archive of the
sample; and any prior publications associated
with the sample.

6.2. Fission-Track Counting

Detailed fission-track counting data should
be reported on a per-grain basis, enabling sin-
gle-grain, fission-track ages to be independently
recalculated and modeled. Minimum single-
grain counting data to report include where
and by whom the analyses were performed,

the detailed analytical methodology, the etch-
ing conditions, all relevant counting statistics,
average per-grain Dy, values, and, in the case
of EDM results, the dosimeter used (Table
5). Grain IDs should also be reported so that
fission-track counting results can be related to
any determinations of semi- and confined fis-
sion-track length (Section 6.3); corresponding
mineral compositional and kinetic parameter
data (Section 6.4); and calculated single-grain,
fission-track ages (Section 6.5) from the same
grains. Analytical metadata pertaining to the
analyst, laboratory, etching conditions, micro-
scope, objective, and the fission-track counting
method (manual or image-based) should also
be presented. In the case of digital fission-
track count data, additional required metadata
include the analytical software and version, and
the fission-track analytical algorithm employed.
Reporting sample mount IDs, the date of analy-
sis, the counting area in square centimeters, and
D, values (if possible) is also recommended

per
for completeness.

TABLE 4. MINIMUM AND HIGHLY RECOMMENDED GEOSAMPLE (META-)DATA TO REPORT WITH FISSION-TRACK ANALYSES, AND DATA REPOSITORY USED

Data Description
Minimum metadata required

Sample ID Sample ID assigned by collector or analyst

IGSN International Geo Sample Number (strongly encouraged)

Latitude Latitudinal sample coordinate

Longitude Longitudinal sample coordinate

Geodetic datum
often used)
Elevation (m) Sample elevation

Vertical datum

E.g., mean sea level, measured depth, etc.

Lithology Rock type sampled
Mineral type Mineral type analyzed
Sample kind

Sample method
Sample depth (m)

Recommended metadata
Latitude/longitude precision (m)

E.g., in situ rock, regolith, or loose sediment
E.g., hand sample, core, cutting, or grab
Sample depth or range of depths in the case of core, well, or dredge samples

longitude determination

Sampling location information
Stratigraphic unit
Chronostratigraphic unit age

Name and description of sampling location
Name of stratigraphic unit sampled
Chronostratigraphic age of the unit from which sample was collected. International Commission on Stratigraphy International

Chronostratigraphic Chart (Cohen et al., 2013) is recommended.

Sample age (Ma)

relevant reference.

Sample collector
Collection date

Last known sample archive
Associated references

Geodetic datum used to describe sample location (WGS84 is recommended, but in some areas, Universal Transverse Mercator is

Precision of reported latitude and longitude, determined from GPS or estimated based on the method and vintage of a latitude/

Crystallization and/or metamorphic age of rock and/or mineral sample; if independently constrained, indicate method and cite

Name and organization and researcher identifier (ORCID), if available, of sample collector
When the sample was collected
Last known location where sample is archived and associated contact details
References of any previous publications associated with the sample
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TABLE 5. MINIMUM AND HIGHLY RECOMMENDED SINGLE-GRAIN, FISSION-TRACK ANALYSIS (META-)DATA

Data

Description

Minimum (meta-)data required
Fission-track counting method
Microscope

Objective

Fission-track analytical software

E.g., analog or digital

Make, model, and type of microscope used during fission-track analysis
Lens objective used during fission-track analysis, oil immersion, or dry
Software used if digital fission-track analysis was performed, e.g., FastTracks (Gleadow et al., 2009) or Al-Track-tive (Nachtergaele

and de Grave, 2021)

Fission-track analytical algorithm

(Semi-)automated fission-track counting algorithm employed if digital fission-track analysis was performed, e.g., coincidence

mapping (Gleadow et al., 2009), Al-Track-tive (Nachtergaele and de Grave, 2021), none, etc.

Etching conditions

Etchant chemistry and time-temperature conditions

Analyst Analyst who performed experimentation
Laboratory Where analysis was performed
Grain ID Name or lab number of individual grain analysis (if available)
Ng* Number of spontaneous tracks
ps (cm2) Spontaneous track density
Dyer (um) Mean etch-pit diameter parallel to crystallographic c-axis
D, standard deviation (um) Standard deviation of etch-pit diameter parallel to crystallographic c-axis
Nd‘ar Number of dosimeter tracks
py (cm=2)f Dosimeter track density
it Number of induced tracks
p; (cm=?)t Induced track density
Dosimetert Dosimeter glass used for analyses (only for fission-track external detector method)
Recommended (meta-)dat:

Sample mount ID

Analysis date

Counting area [cm?]*

Dper (Hm) .

D, standard deviation (um)

Name or lab number of the sample mount

When the analysis was performed

Area of counting region

Mean etch-pit diameter perpendicular to crystallographic c-axis

Standard deviation of etch-pit diameter perpendicular to crystallographic c-axis

Note: Descriptions in italicized text refer to (meta-)data.

*For laser ablation—inductively coupled plasma—-mass spectrometry, it would be acceptable to report N, together with counting area over which N was determined rather

than ps.

tField is only relevant for the external detector method.

6.3. Determinations of Confined and Semi-
Track Length

In addition to presenting mean track lengths,
standard errors, standard deviations, and the
number of tracks measured per sample, it is
critically important that confined track measure-
ments are reported on a per-track basis (Table
6), along with semi-tracks, if measured. Such
detailed per-track data are required to enable
readers to independently perform thermal his-
tory modeling using published results. These
should be accompanied by analytical metadata
describing the methodology employed, such as
the microscope and objective used, the etching
conditions, and whether samples were irradiated
with 22Cf or heavy ions to increase the number
of confined track measurements (e.g., Donelick
and Miller, 1991; Jonckheere et al., 2007). If
track measurements were performed digitally,
the software and version used should be dis-
closed. In the case of digitally obtained fission-
track measurements, other recommended data
to report include track dip, azimuth, and cor-
rected z-depth.

6.4. Mineral Compositional and Kinetic
Parameter Data

Increasingly, in situ mineral compositional
data are obtained in tandem with digital fission-
track analysis, both for determining the parent
238U content of grains analyzed for fission-track
age calculations and for measuring granular and

subgranular major, minor, and trace-element
concentrations. Such compositional data are
generally produced by some combination of
LA-ICP-MS and EPMA. In addition to reporting
these geochemical results, authors should also
take care to report the associated LA-ICP-MS
(Table 7) and EPMA (Table 8) analytical meta-
data required for readers and data users to be able
to reuse and independently assess data quality.

Any compositional and kinetic indicators
should also be presented, along with the equa-
tions and parameter values used for calculation
(Table 9). These may include r,,,, and the associ-
ated k parameter (Carlson et al., 1999; Ketcham
et al., 1999), and transformations of r,,,, deter-
minations to make them more linear and intuitive
(Issler et al., 2022), such as effective chlorine
(eCl) or effective D, (eD,,,). Authors may also
wish to report other compositional parameters,
such as effective U content, a proxy for accumu-
lated radiation damage that is sometimes used
to assess the potential effect of a-radiation in
enhancing fission-track annealing (e.g., McDan-
nell et al., 2019).

6.5. Fission-Track Age Determination

Like confined track and semi-track data,
detailed fission-track age determinations must
be reported on a per-grain basis to ensure that
numerical thermal history modeling can be
independently performed (Table 10). These
should be accompanied by statistical measure-
ments of single-grain age variance, reported as
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dispersion, a chi-square test—P(x >)—or prefer-
ably both.

Given the different fission-track age equations
and approaches being used by fission-track labo-
ratories around the globe (discussed in Sections
3 and 4), the equations, constants, parameters,
and calibration factors used for age calculation
must also be reported. Doing so will enable
future work to equate regional fission-track data
by recalculating ages in bulk, for example, using
updated constants or similar R, or g factors, a
prospect that is becoming much more realistic
with the advent of structured relational thermo-
chronological databases (Boone et al., 2023).

In the case of detrital fission-track analysis,
it is also recommended that authors report the
ages, uncertainties, and the grain percentage for
each best-fit peak, if determined. The program
used to obtain peaks must be listed, and the peak-
fitting approach used (automated or user-defined
number of age peaks) should be described in the
methodology.

6.6. Thermal History Modeling Parameters
and Results

Thermal history modeling of fission-track and
other thermochronological data is now routine in
studies that employ these methods. Nevertheless,
large variations exist in the manner and degree
of reporting of thermal history modeling (meta-)
data. This prompted Flowers et al. (2015) to rec-
ommend a reporting protocol for thermochrono-
logical modeling. In that work, and the subse-
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TABLE 6. MINIMUM AND HIGHLY RECOMMENDED SEMI- AND CONFINED FISSION-TRACK (META-)DATA,
TO BE REPORTED ON BOTH A PER-TRACK AND AVERAGED PER-SAMPLE BASIS

Data

Description

Minimum required (meta-)data
Fission track length measurement method

Microscope
Objective
Fission-track analytical software and version

Etching conditions (if different from corresponding count data)

Analyst (if different from corresponding count data)
Laboratory (if different from corresponding count data)
252Cf or heavy ion irradiation? Yes or no?

Fission-track type

Apparent track length (um)
True track length (um)*
Angle to c-axis (°)

Mean Dy, (1um)

D,,, standard deviation (um)

Number of confined tracks

Recommended (meta-)data
Sample mount ID

Analysis date

Grain ID

Mean track length (um)

Mean track length standard error (um)
Mean track length standard deviation (.m)
Dip ()"

Corrected z-depth (um)

Azimuth (°)*

Mean D, (1um)

D, standard deviation (um)

Specify whether fission tracks were measured via analogue or digital methods

Make, model, and type of microscope used during fission-track length analysis

Lens objective used during fission-track length analysis, oil immersion, or dry

Software and version used if digital semi- or confined fission-track measurements were performed,
e.g., FastTracks (Gleadow et al., 2009) or Al-Track-tive (Nachtergaele and de Grave, 2021)

Analyst who performed experimentation
Where analysis was performed

Etchant chemistry and time-temperature conditions

Whether or not mounts underwent 252Cf or heavy ion irradiation to increase number of confined tracks
Type of fission track measured, e.g., semi-track, confined track (track-in-track, TINT), or confined track

(track-in-cleavage, TINCLE)

Apparent track length measured in the plain parallel to grain surface

Actual 3-D length corrected for dip

Angle of fission track to crystallographic c-axis

Mean etch-pit diameter parallel to crystallographic c-axis on grains measured for confined tracks
Standard deviation of etch-pit diameter parallel to crystallographic c-axis on grains measured for

confined tracks

Number of total confined fission tracks measured

Name or lab number of the sample mount
When analysis was performed

Name or lab number of individual grain analysis (if available)

Mean confined fission-track length
Standard error of the mean track length
Standard deviation of the mean track length
Dip of track

Distance in z-direction between track end points, corrected for refractive index of analyzed mineral

Azimuth of track

Mean etch-pit diameter perpendicular to crystallographic c-axis
Standard deviation of etch-pit diameter perpendicular to crystallographic c-axis

Note: Descriptions in italicized text refer to (meta-)data.

*Field is only relevant for digital semi- or confined track-length measurements.

quent comment (Gallagher, 2016) and response
to comment (Flowers et al., 2016), a framework
for reporting modeling metadata and results was
established to enable reviewers and readers to
independently judge numerical simulation qual-
ity and validity. This framework is summarized
in Table 11.

We emphasize that there is a strong need in
scientific papers for authors to clearly explain
the strategy for interpretation of fission-track
data, and to report all data acquired, allowing
readers to reproduce the results or develop alter-
native models (e.g., full single-grain age data and
full track-length data, including kinetic indicator
measurements such as D,,,, Cl, or r,,, for apa-
tite; see Tables 5—10 for more details). In addi-
tion, we recommend that publications should
state the following: the objective of the model-
ing, e.g., why the modeling was undertaken, or
what research hypotheses are being tested, and
the rationale for the model setup. Detail to be
provided in the rationale for the model setup
includes the type of time-temperature constraints
that were applied, particularly those from inde-
pendent geological information, and why; set-
ting parameters, such as the annealing model
employed, initial track length, kinetic parameter
used, and the statistical fitting criteria; and how
well the resulting simulations reproduce the
observed data. Many studies model other ther-
mochronological data together with fission-track

data, and in such cases the other data sets should
also be appropriately documented (e.g., Flowers
et al., 2023b).

7. CHALLENGES AND FUTURE
DIRECTIONS

With the number of fission-track analyses
acquired globally rapidly growing, and the
scale and scope of fission-track investigations
expanding, the need for consistent and detailed
fission-track data reporting is greater than ever.
To further advance the burgeoning field of
Al-powered, automated fission-track analysis
(Nachtergaele and De Grave, 2021; Li et al.,
2022)—for instance, ever larger data sets of 2-D
and 3-D photomicrographs of fission tracks in
mineral grains and micas—will be required,
along with the machine-readable (meta-)data
that describe the micron-scale geometries of the
thousands to millions of individual fission tracks
that they contain. At the same time, increasingly
large thermochronological data sets are being
interrogated on regional (e.g., Kohn et al., 2002,
2005; Boone et al., 2021) to global scales (Her-
man et al., 2013), demanding that comprehen-
sive fission-track data be reported on a per-grain
and even per-track basis to enable regional age
recalculation and thermal history modeling and
remodeling to be performed using the same
parameters.
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Fortunately, an ever-growing range of digital
fission-track analysis (TrackWorks and Fast-
Tracks, Gleadow et al., 2009; AI-Track-tive,
Nachtergaele and De Grave, 2021), LA-ICP-MS
data reduction (e.g., Iolite, Paton et al., 2011),
numerical modeling (e.g., HeFTy, Ketcham,
2005; QTQt, Gallagher, 2012), and geospatial
data platform (AusGeochem, Boone et al., 2022,
2023) programs are available to help expedite
the collation and dissemination of enormous
volumes of detailed fission-track (meta-)data.
Nevertheless, additional software develop-
ment is required to streamline the data contin-
uum among these disparate programs through
mechanisms such as application programming
interfaces (APIs), which have the potential to
automatically capture data from the laboratory
and store them in FAIR data repositories. In the
interim, an unavoidable degree of manual labor
is required of the thermochronological commu-
nity to ensure that their detailed fission-track
(and other thermochronological) data are Find-
able, Accessible, Interoperable, and Reusable.

Increasing levels of automation in fission-
track analysis also include the promise of being
able to capture additional track-measurement
parameters, such as detailed 3-D anisotropic
track dimensions and orientations (e.g., Jonck-
heere et al., 2019; Aslanian et al., 2021). New
analytical technologies should also allow simul-
taneous multielement compositional analysis
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TABLE 7. MINIMUM AND HIGHLY RECOMMENDED MINERAL COMPOSITIONAL (META-)DATA PRODUCED VIA
LASER ABLATION-INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY (LA-ICP-MS)

Data Description

Minimum (meta-)data required

Analyst Analyst who performed experimentation

Laboratory Where analysis was performed

Grain ID Name or lab number of individual grain analyses (if available)

Spot ID Name or lab number of individual spot analyses (required if more than one spot analysis is
performed on a single grain)

Laser system Make, model, and type of laser ablation system used

Pulse width (ns)

Laser wavelength (nm)

Laser spot diameter (um)
Laser fluence (J/cm?)
Repetition rate (Hz)

Ablation duration (s)
Sampling mode

Mass spectrometer instrument
Data reduction software
Baseline ratio

Primary reference information

Secondary reference information

Mass discrimination

Single-grain 23U content*

Single-grain 238U-content error*

Mean 238U content*

238J-content standard deviation*

Single-grain/spot concentration for each mass measured*
Error for each mass measured*

Mean concentration for each mass measured*

Standard deviation for each mass measured*

Secondary reference mean concentration for each mass measured*
Secondary reference standard deviation for each mass measured*

Recommended (meta-)data

Analysis date

Sample mount ID

Ablation pit depth (um) or ablation rate (um/s)
Sample introduction

RF power (W)

Make-up gas flow (I/min)

Masses measured

Integration time per peak (ms)

“Sensitivity”as useful yield (%, element)

Laser pulse width

Laser wavelength

Laser spot diameter

Laser fluence

Laser repetition rate

Duration of ablation

E.g., static spot analysis or raster

Make, model, and type of mass spectrometry used

Program used to reduce LA-ICP-MS data, e.g., lolite, Glitter, or LADR

Baseline ratio used, e.g., 2%8U/*3Ca for apatite or 238U/?Si for zircon

Name, provider, relevant mass concentrations, and associated references for primary reference
material

Name, provider, relevant mass concentrations, and associated references for secondary
reference material

Describe any mass discrimination procedure employed

Single-grain 2%Ucontent

Single-grain 238U-content error

Mean 238Ucontent of sample

Standard deviation of sample’s mean 238U content

Single-grain content for each mass measured

Single-grain error for each mass measured

Mean sample content for each mass measured

Standard deviation for each mass measured

Obtained mean concentration of the relevant secondary reference material for each mass measured

Obtained standard deviation of concentrations of the relevant secondary reference material for
each mass measured

When the analysis was performed

Name or lab number of the sample mount

Ablation pit depth or ablation rate

Describe the ICP-MS sample introduction setup

Radio frequency power

Make-up gas flow

List all masses measured

Integration time per measured mass

(# ions detected/# atoms sampled) x 100 (after Schaltegger et al., 2015)

Note: Descriptions in italicized text refer to (meta-)data. Minimum and recommended LA-ICP-MS metadata reporting practices were adapted from Horstwood et al. (2016).
*Elemental concentrations can be reported in ppm or as atomic ratios relative to elements of assumed stoichiometry, which are dependent on the mineral analyzed,

e.g., 2%8U/%3Ca for apatite or 228U/2°S; for zircon.

TABLE 8. MINIMUM AND HIGHLY RECOMMENDED MINERAL COMPOSITIONAL (META-)DATA PRODUCED VIA ELECTRON PROBE MICROANALYZER (EPMA)

Data Description
Minimum (meta-)data required

Analyst Analyst who performed experimentation

Laboratory Where analysis was performed

EPMA instrument
EPMA analytical technique

Grain ID
Spot ID

Single-grain oxide and elemental concentrations (wt%)
Single-grain oxide and elemental concentration errors (wt%)

Oxide and elemental totals (wt%)

Mean oxide and elemental concentrations (Wt%)

Standard deviation of oxide and elemental concentrations (wt%)
Single-grain U content (ppm)*

Single-grain U-content error (ppm)*

Mean U content (ppm)*

U-content standard deviation (ppm)*

Recommended (meta-)data
Sample mount ID

Analysis date

Data reduction software
Accelerating voltage (kV)
Beam current (nA)

Beam diameter (jum)
Calibration standard(s) used

Stoichiometry estimation (apfu)

Make, model, and type of electron microprobe analyzer

Specify for each oxide/element measured whether the wavelength dispersion (WDS) or energy
dispersion X-ray spectroscopy (EDS) technique was used

Name or lab number of individual grain analysis (if available)

Name or lab number of individual spot analyses (required if more than one spot analysis is
performed on a single grain)

Concentrations of all oxides and elements measured

Error of concentrations of all oxides and elements measured. Specify what type of error is reported
(e.g., 95% confidence interval, 1o, or 20).

Total wt% of all measured oxides and of all measured elements for each spot analysis

Sample’s mean concentrations for each oxide and element measured

Sample’s standard deviation of the mean for each oxide and element measured

Single-grain U content, converted to ppm

Single-grain U-content error, converted to ppm

Mean U content of sample, converted to ppm

Standard deviation of sample’s U content, converted to ppm

Name or lab number of the sample mount

When analysis was performed

Data reduction software used to process EPMA data

Accelerating voltage of the electron probe

Beam current of the electron probe

Beam diameter of the electron probe

Provide name, source, relevant chemistry, and associated references for the calibration standard(s)
used for each measured oxide or element

Atoms of each cation and anion per formula unit. Specify method, e.g., Deer et al. (2013) Appendix 1,
including number of oxygens used; Ketcham (2015); or other.

Note: Descriptions in italicized text refer to (meta-)data.

*Fields are only relevant for analysis of more U-rich minerals, such as monazite, where U content can be determined directly via EPMA.
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TABLE 9. MINIMUM AND HIGHLY RECOMMENDED FISSION-TRACK-SPECIFIC MINERAL COMPOSITIONAL AND
KINETIC INDICATOR (META-)DATA, IF DETERMINED, TO BE REPORTED ON A SINGLE-GRAIN BASIS

Data

Description

Minimum required (meta-)data

I €quation

Equation used to determine the r,,, and K parameters (e.g., Carlson et al., 1999, Ketcham et al., 2007 —based on D,,,; Ketcham

et al., 2007 —based on complete chemistry)

Single-grain r,,,
Single-grain r,,,,, error
Single-grain k
Single-grain « error

Additional data. if applicable
Single-grain eCl (apfu)
Single-grain eD,, (1m)
Single-grain eU (ppm)

Parameter corresponding to annealing resistance of a grain
Error of 1,0
Fitted parameter corresponding to annealing resistance of a grain

Error of k parameter

Chlorine content that maps to the r,,,, value (Issler et al., 2022); specify equation used
Dy, value that maps to r,,, (Issler et al., 2022); specify equation used

Effective U content, and specify which equation was used, e.g., eU = U + 0.238-Th + 0.0012-Sm (Flowers et al., 2023a)

Note: Descriptions in italicized text refer to (meta-)data.

TABLE 10. MINIMUM AND HIGHLY RECOMMENDED SINGLE-GRAIN AND SAMPLE FISSION-TRACK AGE DETERMINATION (META-)DATA

Data

Description

Minimum (meta-)data required

Age equation

Dosimeter*
Rg (pm)f

qT

Ao

N

( calibration (yr-cm?)—analyst’s name
C error (yr-cm?)

Single-grain, fission-track age (Ma)
Single-grain, fission-track age error (Ma)
Number of grains

Fission-track age (Ma)

Fission-track age error (Ma)
Fission-track age type

Dispersion

PO

Irradiation reactor”

Recommended (meta-)data
Age-peak determination software$
Best-fit peak(s) age (Ma)$

Best-fit peak(s) error (Ma)$

Best-fit peak grain percentage (%)$

Fission-track age equation used, e.g., external detector method (EDM), laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) absolute dating, LA-ICP-MS zeta-calibrated age, and reference

Dosimeter glass used for analysis by EDM

Average etchable range of a single spontaneous fission-track fragment used for determination of fission-track age for LA-ICP-MS
absolute dating

Detection efficiency factor for LA-ICP-MS absolute dating

Total 238U decay constant

Fission decay constant

Zeta for EDM or LA-ICP-MS, zeta-calibrated fission-track ages

Zeta error for EDM or LA-ICP-MS, zeta-calibrated fission-track ages

Calculated fission-track age

Fission-track age error

Number of grains analyzed

Calculated fission-track age

Fission-track age error

Type of fission-track age (e.g., pooled, central, or mean)

Measure of dispersion of single-grain ages, either reported as a real number ranging from 0 to 1 or as a percentage

Chi-square test to statistically test the null-hypothesis that the analyzed grains belong to one age population

Name of irradiation reactor for EDM age determinations

Software used to determine grain populations

Age of best-fit population(s) of single-grain, fission-track ages, if determined
Error of best fit population(s) of single-grain, fission-track ages, if determined
Percentage of single grains that fit into best-fit population(s), if determined

Note: Descriptions in italicized text refer to (meta-)data.

*Field is only relevant for external detector method.

Field is only required for absolute LA-ICP-MS dating.

SField is only relevant for detrital fission-track analysis (if peak fitting is carried out, software used should be reported).

TABLE 11. MINIMUM AND HIGHLY RECOMMENDED (META-)DATA FOR THERMAL HISTORY MODELLING OF FISSION-TRACK DATA*

Data

Description

Minimum (meta-)data required
Modeling code specifications
Fission-track annealing model

C-axis projection (if used)

Length and Dy, calibration factors (if used)

Time-temperature constraint(s) and justification

Simulation type
Model-specific parameters

Statistical fitting criteria
Thermal history model(s)

Goodness of fit (observed versus predicted data)

Modelling code/software used and version no.

Fission-track annealing model employed during modelling, e.g., Laslett et al. (1987), Ketcham et al. (1999), and
Ketcham et al. (2007b)

C-axis projection method, if used to interpret track lengths, e.g., Donelick et al. (1999), Ketcham et al. (2007a) 5M or
5.5M

Correction factors to related analyst fission-track length and D,,. measurements for data upon which annealing
models were based (Ketcham et al., 2015)

Explicitly state all time-temperature constraints imposed during modelling, their independent justification, and
source of supporting evidence

l.e., forward versus inverse model

All other parameters necessary to reproduce model run. For HeFTy Monte Carlo (Ketcham, 2005): ending condition
(number of iterations or number of paths fulfiling a fitting criterion); codes describing node interpolation among
constraints, including maximum heating/cooling rates, etc. For QTQt Bayesian (Gallagher, 2012): all priors,
number of iterations pre- and post-burn—in, etc.

Describe what constitutes a “good fit,’and the criteria and threshold used.

Present clear, complete, and accurate time-temperature history model outputs.

All time-temperature reconstructions should be accompanied by a representation, either numerical or graphical, of
how well a model or group of models reproduces the observed data. How this is done may vary based on the
modelling code and procedure. For instance, if using HeFTy (Ketcham, 2005), this may be done by reporting
a goodness-of-fit value or tabulating observed versus predicted values; if modelling was performed with QTQt
(Gallagher, 2012), it can be done by presenting an observed versus predicted plot.

Note: Descriptions in italicized text refer to (meta-)data.
*Modified after Flowers et al. (2015, 2016) and Gallagher (2016).
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Interpreting and reporting fission-track chronological data

alongside the track measurements. Combined
with a new generation of anisotropic etching,
track annealing, and thermal history models,
such additional parameters have the potential to
further enhance the interpretations that can use-
fully be extracted, but at the expense of a further
increase in the complexity of data sets. Indeed,
such additional measurements could only be
contemplated in any practical sense because of
the emergence of automated data acquisition
techniques. We anticipate, therefore, that the
already obvious demand for more comprehen-
sive and standardized approaches to data report-
ing will continue to increase.

The burden to enact and enforce this much-
needed change in data reporting practice will
ultimately fall to the thermochronological com-
munity itself, as both data providers and scien-
tific reviewers. The benefits of doing so, however,
are extremely exciting and have the potential to
take the field of (fission-track) thermochronol-
ogy to new horizons. The methodical archiving
of detailed thermochronological (meta-)data in
structured schemas will facilitate the rapid inter-
rogation of intractably large data sets compris-
ing hundreds of analyses produced by numer-
ous laboratories from around the globe. This, in
turn, can enable future integration of regional
thermochronological data with other numeri-
cal geoscience techniques driving new scientific
insights, such as bulk thermal history modeling,
numerical landscape evolution modeling, and
the placement of fission-track analyses in pal-
inspastic and/or paleoclimatic reconstructions.
Fission-track data reporting guidelines should
remain an ongoing topic of community discus-
sion as further developments occur.
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