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A B S T R A C T   

Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is increasingly used in fission-track 
analysis to determine the uranium content of host mineral specimens, particularly apatite. Fission-track dating 
by LA-ICP-MS (LAFT) has several advantages over the conventional External Detector Method (EDM), particu-
larly in terms of sample turn-around times and the fact that neutron irradiations and the handling of radioactive 
materials are no longer necessary, while providing a similar level of in-situ information about parent nuclide 
(238U) concentrations. In addition, it facilitates the simultaneous measurement of multiple isotopes for double or 
triple-dating approaches or compositional characterisation. While it is often implicitly assumed that the EDM and 
LAFT fission-track dating approaches produce equivalent results, this assertion has yet to be adequately tested. 
We present an extensive dataset of apatite fission track results from 17 samples representing a large range of 
fission-track ages (~0–2 Ga), 238U concentrations (0.14–410 ppm) and thermal histories that were analysed 
grain-by-grain using both techniques in order to investigate whether they yield concordant results during routine 
fission-track analysis. 

Apart from a few outliers, our data show that 238U concentrations measured by the EDM and LAFT techniques 
yield indistinguishable results across at least three orders of magnitude when a similar calibration system against 
rapidly cooled standards (e.g., Durango) is used. Comparison of single grain pooled and central ages reveals that 
LAFT ages are within error of EDM ages for apatite fission track standards such as Fish Canyon Tuff or Durango, 
as well as for a range of other samples whose shorter mean confined track lengths (<13 μm) and broader track 
distributions indicate they experienced more complex cooling histories. The most important conclusion here is 
that both the conventional EDM and LAFT methods can be expected to yield identical results for the breadth of 
ages, 238U concentrations, and underlying thermal histories commonly found in real world apatites. 

Importantly, the aggregate empirical calibrations for EDM and LAFT mask an underlying assumption that the 
mean etchable range of fission fragments is a constant having the mean value observed for spontaneous tracks in 
age standards such as the Durango apatite. Given that this assumption is known to be false in the great majority 
of samples, it is our view that empirically derived EDM and LAFT fission-track ages are best considered as model 
ages and that there should be greater clarity about the assumptions involved in their calculation.   

1. Introduction 

Apatite fission-track analysis is one of the most widely applied 
thermochronometers to monitor the low-temperature evolution of the 
uppermost 3–5 km of the crust, with applications across a range of fields 
including tectonic and exhumation processes, landscape evolution, the 
history of sedimentary basins and sedimentary provenance studies (e.g. 

Gleadow et al., 2002; Wagner and Van Den Haute, 1992). The technique 
is based on the accumulation of radiation damage tracks (fission tracks) 
from spontaneous nuclear fission of 238U in uranium-rich minerals such 
as apatite, zircon and titanite (e.g. Fleischer et al., 1975; Wagner and 
Van Den Haute, 1992). Like other radiometric dating techniques, the 
fission-track age is a function of the number of fission tracks (‘daughter 
product’) in a mineral grain, the 238U concentration (‘parent nuclide’), 
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and the total and spontaneous fission decay constants of 238U. While 
measuring the number of fission tracks per unit area is relatively 
straightforward using optical microscopy, once they have been revealed 
by chemical etching (Fleischer and Price, 1964), measuring concentra-
tions of 238U at ppm levels and comparable spatial resolution has been 
more challenging. 

In conventional fission-track analysis, 238U concentrations are esti-
mated indirectly by irradiating the sample with thermal neutrons in a 
nuclear reactor. Irradiation induces fission in a specific proportion of 
235U resulting in the formation of new ‘induced’ fission tracks. 238U is 
then calculated using its virtually constant ratio to 235U (Steiger and 
Jaeger, 1977). Induced fission tracks are usually monitored via a mica 
external detector placed adjacent to the polished grain mount during 
irradiation, a technique known as the External Detector Method (EDM; 
e.g., Gleadow, 1981). Mica detectors are then etched and induced tracks 
counted separately over the same region as spontaneous tracks 
(Gleadow, 1981). The number of induced tracks is then calibrated 
against standard glasses of known 238U and 235U concentration to esti-
mate the 238U content of grains being used to calculate the fission-track 
age. 

This approach has several advantages that made the EDM the 
preferred technique for fission-track analysis over several decades. 
Firstly, by counting spontaneous and induced track densities over the 
exact same area, a separate fission-track age can be calculated for each 
analysed grain. Matching spontaneous and induced track densities also 
provides a solution to the problem of uranium zoning, which may occur 
in uranium-bearing minerals (e.g. Jolivet et al., 2003; Krishnaswami 
et al., 1974; Suzuki, 1988). In addition, the use of an empirical cali-
bration factor (ζ) in the EDM technique allowed analysts to circumvent 
uncertainties in the decay constant for spontaneous fission, reactor ef-
ficiency and neutron dosimetry (Hurford, 1990; Hurford and Green, 
1982; Hurford and Green, 1983). Despite its conceptual simplicity 
however, the EDM also has a number of disadvantages. Irradiation with 
thermal neutrons requires handling of radioactive materials, which is a 
safety hazard and greatly increases sample turn-around times, particu-
larly if samples need to be sent across the globe to an appropriate 
reactor. Further, the number of reactors available for such thermal 
neutron irradiations is rapidly decreasing due to environmental, safety 
and political factors, thereby limiting options for future fission-track 
studies. Finally, the EDM technique is time consuming and tedious, 
requiring extensive empirical calibration and the counting of three 
separate track densities for each sample (spontaneous, induced and 
dosimeter). 

With the development of high sensitivity, in situ mass spectrometry 
techniques such as laser-ablation inductively-coupled-plasma mass- 
spectrometry (LA-ICP-MS) in the 1990s, direct measurement of ppm- 
level concentrations of 238U with high spatial resolution became a 
viable alternative to indirect measurement techniques such as the EDM. 
Building on the preliminary work of Cox et al. (2000) and Svojtka and 
Kosler (2002), Hasebe et al. (2004) developed the foundation for LA- 
ICP-MS based fission-track (LAFT) dating and presented a first com-
parison between the two techniques using three well-known apatite age 
standards. Encouraged by the results of this comparison, numerous 
studies have since published LAFT ages for apatite, zircon and volcanic 
glass (Boone et al., 2016; Boone et al., 2018; De Grave et al., 2012; 
Gleadow et al., 2015; Glorie et al., 2017; Hasebe et al., 2009; Hasebe 
et al., 2013; Ito and Hasebe, 2011; Li et al., 2016; Soares et al., 2014; 
Sueoka et al., 2012; Tian et al., 2014; Sun et al., 2021; McMillan et al., 
2022). In recent work, Vermeesch (2017) developed a statistical basis 
for error propagation and the numerical issue of ‘zero track’ grains for 
LAFT dating. 

LAFT dating has a number of clear advantages over the conventional 
EDM technique. Firstly, it avoids several of the disadvantages of EDM as 
outlined above (e.g., neutron irradiation) and provides significantly 
faster sample turn-around times. Secondly, LA-ICP-MS analysis allows 
virtually instantaneous measurement of many different isotopes (and 

trace element data), so that mineral grains can be dated using multiple 
geochronological systems simultaneously. Several studies have now 
reported results from LA-ICP-MS based ‘double’ or ‘triple’ dating to 
obtain U–Pb, fission track and (U–Th)/He ages simultaneously (e.g. 
Ansberque et al., 2021; Chew and Donelick, 2012; Chew et al., 2011; 
Danǐsík et al., 2010; Danǐsík, 2019; Evans et al., 2015; Hasebe et al., 
2013; Noda et al., 2017; Reiners et al., 2007). A third major advantage is 
that it can potentially be used to measure the concentration of chlorine 
and other minor elements in apatite, which exert an important control 
on the annealing behaviour and are typically measured in a separate step 
using electron probe microanalysis (e.g. Green et al., 1986). Although 
analytically challenging due to a high first ionisation potential and high 
background signals, the work of Chew et al. (2013) has shown a 
convincing correlation between Cl concentrations measured by LA-ICP- 
MS and electron probe microanalysis, suggesting that direct measure-
ment of Cl by LA-ICP-MS is a feasible alternative to electron probe 
microanalysis. 

Theoretically, the use of LA-ICP-MS in fission-track dating could 
remove the need for an empirical ζ-calibration altogether, as the main 
components of a ζ-calibration are irradiation parameters, which are not 
applicable for LAFT, as well as the decay constant for spontaneous 
fission. While there was significant debate about the decay constant in 
the 1970s and 1980s, a review of the available measurements and un-
derlying techniques led the IUPAC to recommend a value of 8.45 ± 0.10 
× 10− 17 a− 1 (Holden and Hoffman, 2000), which is within error of more 
recent determinations (Guedes et al., 2003; Yoshioka et al., 2005). With 
the two principal arguments for ζ-calibration resolved, it is now possible 
to use LAFT analysis as an ‘absolute’ dating technique, i.e., one that is 
not dependent on independently constrained age standards. In practice, 
however, analysts still routinely employ an empirical LAFT approach, 
often referred to as a ‘modified ζ-calibration’. However, given that this 
aggregate calibration factor incorporates a different set of constituent 
constants, we prefer a different designation, referred to here as a ‘xi’ (ξ) 
calibration, to clearly differentiate it from its EDM ζ-calibration coun-
terpart (Chew and Donelick, 2012; Gleadow et al., 2015; Hasebe et al., 
2013; Vermeesch, 2017). 

Most studies using LAFT implicitly assume that their results are 
equivalent to the conventional EDM approach, yet this assumption has 
not been adequately tested. Results from the limited number of studies 
available have been encouraging, with absolute LAFT ages typically 
within error of published values (Gleadow et al., 2015; Hasebe et al., 
2004; Hasebe et al., 2009; Soares et al., 2014). However, all of these 
studies were performed on well-known fission-track age standards, 
which are characterised by simple thermal histories marked by a single 
rapid cooling event, relatively young ages (<100 Ma), and a relatively 
homogeneous distribution of usually moderate 238U concentrations 
(10–30 ppm for apatite). 

In this study, we present the first comprehensive evaluation of grain- 
scale fission-track dating using the conventional ζ-calibrated EDM and 
empirical ξ-calibration LAFT dating approaches, based on a comparison 
of >570 single grain apatite fission-track ages from a total of 17 rock 
samples. The samples were chosen to cover a broad range of single grain 
ages (<1 Ma to >2 Ga), different thermal histories as recorded by 
fission-track length distributions, and 238U concentrations that span 
several orders of magnitude (0.14–410 ppm) to provide a realistic 
assessment of how the two techniques compare under real-world con-
ditions. The results show that LAFT dating yields results that are indis-
tinguishable from EDM ages for samples across a wide range of ages, 
238U concentrations and underlying track length distributions. 

2. Fission-track analysis 

2.1. The Fission-Track Age Equation for the different methods 

Fission tracks in apatite are ~16 μm long damage trails in the crystal 
lattice formed by the spontaneous fission of 238U (Fleischer et al., 1975; 
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Wagner and Van Den Haute, 1992). Based on the fundamental age 
equation from radioactive decay, the number of spontaneous fission 
tracks in a given volume is given by: 

Ns =
λf

λ
[238U

](
eλt − 1

)
(1)  

where Ns is the number of spontaneous fission tracks accumulated over 
time t, λ is the total decay constant of 238U (principally alpha-decay), λf 
the fission decay constant of 238U, and [238U] the current number of 238U 
atoms per unit volume. The number of spontaneous fission tracks per 
unit volume is not measured directly but calculated from the areal track 
density ρs, which represents the total number of tracks per unit area that 
intersect a given grain surface: 

Ns =
ρs

gsR238ηqs
(2)  

where gs is a geometry factor that depends on the relationship of the 
counted surface to the fission events (ideally gs = 1 for an internal 
sample grain surface, and 0.5 for external grain and external detector 
surfaces). R238 is the average etchable range of a spontaneous 238U 
fission fragment and ηq is the detection efficiency, which is a combi-
nation of physical (η) and analyst-specific (q) factors that are difficult to 
disentangle (Fleischer et al., 1975; Jonckheere and Van den Haute, 
2002). Applying eq. (2) in eq. (1) and solving for t leads to the age 
equation for absolute fission-track dating: 

t =
1
λ
ln

(

1+
λ
λf

ρs[238U
]
gsR238ηqs

)

(3)  

2.1.1. EDM age equation 
In the EDM technique, [238U] is estimated by proxy using the number 

of induced tracks (Ni) implanted per unit volume via irradiation with 
thermal neutrons: 

[238U
]
=

Ni

IσΦ
(4)  

where I is the 238U/235U ratio, σ the cross-section of 235U for fission 
induced by thermal neutrons and Φ the neutron fluence received in the 
nuclear reactor. The neutron fluence is difficult to measure directly and 
is estimated from the track density ρd counted in an external detector 
attached to a dosimeter glass of known 235U concentration (e.g., CN, 
IRMM) using a proportionality factor B so that Φ = Bρd. The number of 
induced tracks Ni is related to the track density ρi, measured per unit 
area of the mica external detector, via a modified form of Eq. (2). Sub-
stitution of Eqs. (2) and (4) in Eq. (3) yields the full age equation for the 
EDM: 

t =
1
λ
ln
(

1+
λ
λf

ρs

ρi
ρdBIσG

R235

R238 ηqdet

)

(5)  

where G = gi/gs = 0.5 and ηqdet is the detection efficiency of the analyst 
for the detector. Fission fragment ranges of unannealed spontaneous and 
induced tracks are virtually equal in the same material (Bhandari et al., 
1971; Togliatti, 1965) so that the ratio R235/R238 was historically 
assumed to be 1, although this has long been known to be invalid in 
natural samples. In practice, the effect of differences between R235 and 
R238 is accounted for in ηqdet included in the ζ-factor, simplifying the age 
equation to: 

t =
1
λ
ln
(

1+ λ
ρs

2ρi
ρdζ
)

(6)  

where ζ is a proportionality factor defined as: 

ζ =
BIσηqdet

λf
(7) 

In principle the ζ-factor may be determined absolutely from its 
constituent constants but in practice it is determined empirically by 
rearranging eq. (6) and applying it to independently dated age standards 
that are analysed using identical analytical protocols using the formula: 

ζ =
2ρi(eλt − 1)

λρsρd
(8)  

2.1.2. LAFT age equation 
In the LAFT dating approach, the volume density of U-atoms [238U] is 

calculated from the 238U concentration (in g.g− 1) measured by LA-ICP- 
MS (U) that is calibrated and corrected for fractionation and instru-
mental drift by analyses of an appropriate reference material with 
known 238U and 43Ca or 44Ca concentrations for apatite: 

[238U
]
=

NAUD
M238 (9)  

where NA is Avogadro’s number, M238 the atomic weight of 238U and D 
the density of the dated mineral. Combining eqs. (3) and (9) yields the 
age equation for absolute LAFT dating (Hasebe et al., 2004): 

t =
1
λ
ln
(

1+
λ
λf

ρs

U
M238

NADR238ηqs

)

(10)  

where gs = 1 for internal surfaces and has been removed in eq. (10). R238 

is approximated by half the mean confined track length of spontaneous 
fission tracks, while ηqs varies between 0.9 and 1.0 in apatite (Iwano and 
Danhara, 1998; Iwano et al., 1993; Jonckheere and Van den Haute, 
2002; Soares et al., 2013). Following Hasebe et al. (2004, 2013), the 
aggregate constants in this equation may also be determined empirically 
against a set of age standards to give a factor ξ such that: 

t =
1
λ
ln
(

1+ λ
ρs

U
ξ
)

(11)  

where 

ξ =
M238

λf NADR238ηqs
(12) 

Importantly, in this case, there is only a single length term, R238, the 
mean etchable range of spontaneous tracks. 

Most studies using the LAFT method have determined ξ by employ-
ing an empirical calibration protocol against a set of age standards, the 
details of which vary slightly between laboratories (e.g., Hasebe et al., 
2004, 2013; Cogné et al., 2020). An alternative empirical LAFT 
approach involves calculating ξ using published values for its constitu-
ent constants, with only the R238 value determined empirically against 
the underlying track distribution of an age standard. Gleadow et al. 
(2015), using a R238 value based on half the mean track length of the 
Durango apatite standard (7.17 μm), showed that both empirical LAFT 
approaches (i.e., with and without the use of published constant values) 
gave equivalent results for apatites from the Fish Canyon Tuff. 

3. Experimental details 

Fission track and LA-ICP-MS analyses were carried out at the Uni-
versity of Melbourne Thermochronology Laboratory. A total of 572 
apatite grains from 17 samples were analysed using the empirical (ζ) 
EDM and (ξ) LAFT techniques. The samples were selected from pub-
lished and unpublished sources to provide a spread of fission-track ages, 
238U concentrations and degrees of track annealing to compare the two 
techniques under real-world conditions. Analysed samples include 
Durango apatite and Fish Canyon Tuff, two widely used apatite fission- 
track age standards, a suite of seven basement samples from Mexico and 
Australia with simple track length distributions typical of undisturbed 
basement cooling, and a series of eight samples from Mexico as well as 
the Canadian and Fennoscandian shields, which record more complex 
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thermal histories, with fission-track ages ranging from Precambrian to 
Miocene. All samples are crystalline igneous or metamorphic rocks, 
comprised of grain populations assumed to have experienced a single 
thermal history with respect to the temperature sensitivity of the apatite 
fission track system. Further sample details including interpreted ther-
mal histories and publication sources are provided in Table 1. 

Samples were prepared following techniques described by Kohn 
et al. (2019). Following mineral separation, grains were mounted in 
epoxy, polished to expose internal grain surfaces and etched for 20 s at 
20 ◦C using 5 M HNO3. Muscovite external detectors were attached to 
each grain mount, packed into cans together with CN5 dosimeter glasses 
(Bellemans and De Corte, 1995) and irradiated in the former HIFAR 
reactor at the ANSTO Lucas Heights facility to a nominal neutron fluence 
of 1.6 × 1016 neutrons/cm2. External detectors were etched in 48% HF 
for ~20 min at room temperature, affixed adjacent to the grain mount 
on a microscope slide and coated with a ~ 10 nm Au-film using a sputter 
coating unit to reduce internal reflections (Gleadow et al., 2009). Mi-
croscopy was carried out using a Zeiss Z1m microscope, at the time fitted 

with an Autoscan ES16 stage, and an AVT Oscar 3.3 MP CCD digital 
camera controlled by the in-house developed software TrackWorks. 
Slides were coordinated using three electron microscopy Cu grids glued 
to the mounts, and the grain mount and external detector aligned by 
matching apatite grains with their corresponding induced track prints 
on the mica. Grains suitable for analysis were identified using automated 
grain detection in TrackWorks, which uses circular polarised light to 
identify grains with the crystallographic c-axis parallel to the polished 
surface. Digital images were captured from the selected grain-mica pairs 
as vertical image stacks with a z-spacing of 0.5 μm in both transmitted 
and reflected light using a 100× dry objective. Spontaneous and induced 
tracks were counted automatically using the coincidence mapping al-
gorithm of FastTracks (Gleadow et al., 2009, 2019) with manual review 
and editing as required. 

Using spontaneous, induced and dosimeter track densities, an EDM 
fission-track age was calculated for each grain using eq. (6) with a total 
238U decay constant (λ) of 1.55123 × 10− 10 a− 1 (Jaffey et al., 1971) and 
a ζ-factor of 395 ± 18. The ζ-factor was calculated as the weighted mean 
of 18 calibration measurements for the same irradiation, etching and 
observation protocols using fission-track age standards Durango (31.4 
± 0.1 Ma; McDowell et al., 2005), Fish Canyon Tuff (28.4 ± 0.1 Ma; 
Gleadow et al., 2015) and Mt. Dromedary (98.5 ± 0.5 Ma; McDougall 
and Wellman, 2011). 238U concentrations were indirectly calculated 
using the ratio of induced fission tracks and the known 238U composition 
of the standard glass (238Usample = ρi / ρd ×

238Ustandard). All errors are 
quoted at 1σ confidence levels unless otherwise stated. Sample mean 
EDM ages were then estimated as both pooled and central ages (Gal-
braith and Laslett, 1993). 

238U concentrations were also directly determined by LA-ICP-MS for 
the same apatite grains dated by EDM using a New Wave UP-213 Nd: 
YAG laser (λ = 213 nm) connected to an Agilent 7700× quadrupole ICP- 
MS (see Table 2 for operating parameters). To minimise grain loss during 
LA-ICP-MS due to laser-induced recoil and ejection, a thin veneer of 
superglue was applied to the mounts prior to laser ablation. A single spot 
with a diameter of 30 μm was ablated within the same area where 
spontaneous tracks were counted using a focused laser beam with a 
dwell time of 25 s, a pulse rate of 5 Hz and an energy density of 2.3 J/ 
cm2 at the target, resulting in ca. 16 μm deep ablation pits in apatite. 
Isotope measurements of 29Si, 147Sm, 232Th and 238U were made relative 
to 43Ca using a NIST612 glass as a primary standard and tested using a 
series of secondary standards, including glasses NIST610 and NIST614, a 
polished Durango apatite crystal, and a powdered, homogenised and 
recrystallised apatite from the Mud Tank Carbonatite for which isotope 
concentrations were determined independently using solution ICP-MS. 
In sufficiently large grains, repeat single spot analyses was carried out 
on different portions of the counted area across different LA-ICP-MS 
sessions to evaluate the consistency of the 238U results. Data reduction 
(corrections for instrument drift and signal blanks and all calibrations) 
was performed using the Iolite software package (Paton et al., 2011). 
Grains in which spontaneous track densities or LA-ICP-MS signals 
showed evidence for strong (>20–30%) 238U zoning were rejected for 
further analysis due to the large uncertainties associated with unevenly 
distributed 238U. 

Single grain LAFT ages were calculated according to eqs. (11) using 
the same spontaneous track densities as for the EDM approach, a fission 
decay constant (λf) of 8.45 ± 0.10 × 10− 17 a− 1; (Holden and Hoffman, 
2000), a calculated apatite density (D) of 3.21 ± 0.04 g/cm3 (Gleadow 
et al., 2015) and a detection efficiency factor (ηqs) of 0.93 ± 0.01 
(weighted mean of seven measurements from Iwano and Danhara, 1998; 
Jonckheere and Van den haute, 2002; Soares et al., 2013). The mean 
etchable range (R238) was taken as half the mean spontaneous track 
length of Durango apatite (7.17 ± 0.83 μm) as determined from 470 
length measurements made by Melbourne Thermochronology Group 
analysts using the same etching and measurement protocols. This, 
combined with the above constants, equates to a ξ-calibration of 2.185 

Table 1 
Samples analysed as part of the EDM-LAFT comparison.  

Sample 
No. 

Lithology Locality Interpreted 
thermal history 

Source 

A339 Granodiorite 
Silvevaara, 
Finland 

Complex 
(reheating) 

Kohn et al. 
(2009) 

BA06–011 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Undisturbed 
basement 
cooling Seiler (2009) 

BA06–014 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Undisturbed 
basement 
cooling Seiler (2009) 

BA06–016 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Complex 
(reheating) Seiler (2009) 

BA06–017 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Complex 
(reheating) Seiler (2009) 

BA06–018 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Complex 
(reheating) Seiler (2009) 

BA06–019 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Complex 
(reheating) Seiler (2009) 

BA06–020 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Undisturbed 
basement 
cooling Seiler (2009) 

BA06–021 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Undisturbed 
basement 
cooling Seiler (2009) 

BA06–027 Granodiorite 

Sierra La 
Libertad, 
Mexico 

Undisturbed 
basement 
cooling Seiler (2009) 

Dur-1 
Durango 
apatite 

Cerro de 
Mercado, 
Mexico Rapid cooling 

Gleadow et al. 
(1986a, 
1986b) 

FCT-1 
Fish Canyon 
Tuff 

Colorado, 
USA Rapid cooling 

Gleadow et al. 
(1986a, 
1986b) 

Har-1 Granodiorite 
Harcourt, 
Australia 

Undisturbed 
basement 
cooling 

Gleadow and 
Lovering 
(1978) 

SJ06–077 Tonalite 
Sierra Juarez, 
Mexico 

Undisturbed 
basement 
cooling unpublished 

SJC-1-2 Carbonatite 
Siilinjarvi, 
Finland 

Complex 
(multiple 
reheating) unpublished 

00ML10 
Quartz 
gabbro 

Sudbury, 
Canada 

Complex 
(multiple 
reheating) 

Lorencak et al. 
(2004) 

00ML15 Norite 
Sudbury, 
Canada 

Complex 
(multiple 
reheating) 

Lorencak et al. 
(2004)  
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± 0.134 × 10− 3 Ma⋅cm2. Confined fission-track lengths were determined 
on a second polished mount of each apatite that was exposed to a 252Cf 
fission source prior to etching in order to enhance the number of 
confined tracks available for measurement (Donelick and Miller, 1991). 
Mean track lengths were averaged from refraction-corrected 3D lengths 
of ~100–120 confined fission tracks, measured in FastTracks using 
digital image stacks with a z-spacing of 0.3 μm. Sample mean LAFT ages 
were estimated as pooled ages following the equations of Hasebe et al. 
(2004). Central ages were calculated using the normal mixture model-
ling algorithm of Galbraith (2005) after logarithmic transformation of 
the single grain age data using the Newton-Raphson method (e.g. Kelley, 
2003). 

4. Results 

Analysed samples show a wide range of fission-track densities, 238U 
concentrations, single grain ages and track length distributions encom-
passing the natural variability that may be encountered during routine 
apatite fission-track analysis (Fig. 1). Spontaneous track densities vary 
over three orders of magnitude, from ‘zero track’ grains (<3 × 104 

cm− 2) to grains with a very large number of tracks that are challenging 
to count manually (>1.5 × 107 cm− 2; Fig. 1a) with a mode of ~5 × 105 

cm− 2. The corresponding 238U concentrations as measured by LA-ICP- 
MS range from <0.2 ppm to >400 ppm, with values of 5–40 ppm 
being most prevalent (Fig. 1b). Apparent single grain ages determined 
by EDM range from <5 Ma to >3000 Ma, with most grains falling into 
one of three populations at ~1–100 Ma, ~200–600 Ma and ~800–2000 
Ma (Fig. 1c) reflecting the thermal histories of the particular samples 
studied. Calculated EDM central ages vary over two orders of magnitude 
from 12 ± 1 Ma (BA06–018) to 1230 ± 73 Ma (SJC-1-2; Table 3). Cu-
mulative confined track lengths show a negatively skewed, dominant 
peak at ~12–14 μm, with individual lengths measuring anywhere be-
tween ~1–17 μm (Fig. 1d). As expected, based on the samples’ inter-
preted thermal histories, individual track length distributions are 

characterised by unimodal, skewed unimodal, bimodal or complex dis-
tributions (Gleadow et al., 1986b), with mean track lengths ranging 
from 9.9 to 14.8 μm and standard deviations of 0.8–3.9 μm (Table 3). 

4.1. 238U measurements 

LA-ICP-MS analysis of 238U concentrations in standard glasses 
NIST614 (0.823 ± 0.001 ppm), NIST612 (37.38 ± 0.04 ppm) and 
NIST610 (461.5 ± 0.6 ppm) indicates that measured 238U concentra-
tions reproduce the NIST-certified values (Reed, 1992a; Reed, 1992b; 
Reed, 1992c) across the entire range of 238U concentrations investigated 
in this study (Fig. 2a). In all three standards, measured ~80 times across 
nine LA-ICP-MS sessions over a period of four months, the mean 238U 
concentrations are within 1σ errors of the nominal 238U values of these 
standards (Fig. 2a). Nonetheless, 23 out of a total of 240 single spot 
analyses (~10%) were outside 2σ confidence levels of the nominal 
value. The vast majority of these (21) were from the low-U standard 
NIST614, which also recorded the largest relative dispersion in 238U 
measurements, suggesting that the sensitivity of the LA-ICP-MS system 
used is significantly reduced at low 238U values of less than ~1 ppm. 
Reference 238U concentration of in-house apatite standards Durango 
(12.2 ± 0.1 ppm) and sintered Mud Tank (3.00 ± 0.01 ppm) were 
determined by solution ICP-MS on a fragment of a single crystal cut by a 
precision diamond saw, with one half dissolved for solution ICP-MS 
analysis and the other half polished for LA-ICP-MS. The results show 
that the LA-ICP-MS measured mean 238U concentration of Mud Tank 
(3.01 ± 0.05 ppm) is within 1σ error of its reference value (Fig. 2a), with 
about 10% (8 out of 83) of spot analyses falling outside 2σ of the 
nominal 238U content. In Durango, a total of 9 out of 60 single spot 
analyses (~15%) were not within error of the nominal concentration 
defined by solution ICP-MS, although the mean 238U content still lies 
within 2σ of the reference value (Fig. 2a). 

A comparison of single grain 238U concentrations measured by LA- 
ICP-MS against those indirectly calculated from EDM neutron induced 
tracks shows that the two techniques yield highly comparable 238U es-
timates, with most values plotting close to the 1:1 correlation line 
(Fig. 2b). Importantly, there are no systematic trends towards either the 
low (<1 ppm) or high (>100 ppm) ends of the spectrum of analysed 238U 
values, suggesting that the results are reliable across at least three orders 
of magnitude (Fig. 2b). Nevertheless, about 30% of individual mea-
surements do not overlap within 2σ uncertainties, with ~15% of mea-
surements not overlapping even at 3σ confidence levels. 

Repeat analysis of 88 Durango fragments from a large single crystal 
across two different LA-ICP-MS sessions revealed that 238U concentra-
tions are largely consistent between different spots on the same grains, 
with only ~8% of repeat spots not within 2σ errors of the initial analysis 
and < 5% outliers that are outside 3σ confidence intervals (Fig. 3a). 
Even across larger Durango fragments, repeat 238U measurements 
involving 4–14 analyses per grain showed that most single spot analyses 
are within error of the grain’s mean 238U content, with only two clear 
outliers outside the 2σ confidence intervals which may reflect natural 
intragrain 238U zonation (Fig. 3c). 

Triple analysis of two other samples (Har-1, SJC-1-2) with suffi-
ciently large crystals for multiple spot analyses showed significantly 
more variation than Durango (Fig. 3b). Both these samples also show 
evidence of significant zoning based on the heterogeneous distribution 
of spontaneous tracks within grains. In Har-1, propagated analytical 
uncertainties are quite small so that ~50–60% of LA-ICP-MS single spot 
analyses fall outside 2σ of other measurements on the same grain, with 
~30–50% even outside 3σ confidence intervals. However, such a large 
scatter is not entirely surprising given that 25% of the analysed grains 
show clear evidence for 238U zoning with depth (included in Fig. 3b) and 
would therefore be rejected for routine LAFT dating. The results for SJC- 
1-2 are more encouraging, with only ~17–28% and ~ 11–15% of repeat 
analyses falling outside the 2σ and 3σ confidence intervals of other 
analyses on the same grain, respectively (Fig. 3b). 

Table 2 
Summary of LA-ICP-MS operating conditions.  

Laser  

Model New Wave UP-213 Nd:YAG 
Ablation cell Supercell 
Wavelength 213 nm 
Pulse rate 5 Hz 
Energy density 2.3 J/cm2 

Dwell time 25 s 
Sampling scheme Single/multiple spot 
Spot size 30 μm 
Pit depth ~16 μm 
Primary standard NIST612 (37.38 ± 0.08 ppm 238U) 
Secondary standards NIST610  

NIST614  
Durango apatite  
Mud Tank (homogenised and recrystallised)   

ICP-MS 

Instrument Agilent 7700× quadrupole ICP-MS 
Forward power 1200 W 
Reflected power 1 W 
Sampling depth 7–8 mm 
Plasma gas flow (Ar) 15 l/min 
Carrier gas flow (Ar) 0.7–0.8 l/min 
Ablation gas flow (He) 0.4–0.5 l/min 
Data acquisition time 20 s 
Index isotope (integration time) 43Ca (25 ms) 
Isotopes measured (integration time) 29Si (5 ms)  

147Sm (25 ms)  
232Th (40 ms)  
238U (40 ms)  
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4.2. Fission-track age determinations 

A comparison of apatite ages for fission-track standards Durango 
(Dur-1) and Fish Canyon Tuff (FCT-1) reveals that single grain ages 
derived by LAFT dating are statistically indistinguishable from those 
obtained using the conventional EDM technique. In both samples, all 
single grain LAFT ages are within error of the corresponding EDM ages. 
In FCT-1, the LAFT pooled age (29.0 ± 1.4 Ma) is within error of the 
EDM pooled age (28.1 ± 2.1 Ma) and published eruption ages for the 
Fish Canyon Tuff (~28 Ma; Gleadow et al., 2015; Hurford and Ham-
merschmidt, 1985; Phillips and Matchan, 2013) (Fig. 4a; Table 3). 

Calculated central ages of 31.7 ± 1.7 Ma (LAFT) and 28.0 ± 2.1 Ma 
(EDM) are also within 2σ error of each other and the eruption age 
(Table 3). In Durango, LAFT derived pooled (32.7 ± 0.8 Ma) and central 
(33.4 ± 1.0 Ma) ages are within error of the corresponding EDM pooled 
and central ages (33.1 ± 1.9 Ma), and within 2σ uncertainties of the 31.4 
± 0.1 Ma reference age of McDowell et al. (2005) (Fig. 4b; Table 3). 

A similar comparison of single grain ages for all samples yields a 
strong correlation between the techniques across the entire analysed age 
spectrum (Fig. 5a). Of 572 grains analysed, only about 2% (N = 12) are 
not within 2σ uncertainties, with <1% (N = 4) clear outliers that are 
outside 3σ confidence intervals. Even upon closer inspection, 

Fig. 1. Histogram distributions of single grain fission-track data from 17 samples selected to represent a wide range of fission-track densities, fission-track ages, 
uranium concentrations and thermal histories. a) Spontaneous fission-track densities; b) 238U concentrations measured by LA-ICP-MS; c) conventional EDM single 
grain ages; d) individual (grey) and sample mean (black) track length distributions. 
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Table 3 
Comparison of apatite fission track ages calculated by EDM and LA-ICP-MS methods.  

Sample 
No. 

No. of 
grains 

Spontaneous track 
density ρs [105 

cm− 2]a 

Induced track 
density ρi 

[105 cm− 2]a 

Dosimeter track 
density ρd [105 

cm− 2]a 

External detector method LA-ICP-MS method Mean track 
length [μm ±
se]a,c 

Standard 
deviation 
[μm] 

238U 
[ppm ±
1σ]b 

Dispersion 
[%] 

Pooled 
age [Ma 
± 1σ] 

Central 
age [Ma ±
1σ] 

238U 
[ppm ±
1σ] 

Dispersion 
[%] 

Pooled 
age [Ma 
± 1σ] 

Central 
age [Ma ±
1σ] 

A339 20 83.923 (9156) 24.592 (2683) 13.561 (5358) 
24.6 ±
10.4 27 

854.7 ±
44.8 

848.8 ±
68.6 

24.7 ±
12.7 26 

760.7 ±
60.0 

793.7 ±
49.0 

10.84 
± 0.19 (158) 2.44 

BA06–011 28 5.738 (984) 15.534 (2664) 10.471 (4486) 
18.9 ±
5.0 18 75.9 ± 4.7 75.8 ± 5.4 

18.6 ±
5.8 23 66.3 ± 3.9 67.4 ± 3.8 

12.57 
± 0.15 (100) 1.49 

BA06–014 26 3.978 (676) 13.188 (2241) 11.03 (4486) 
15.2 ±
3.8 0 65.4 ± 4.3 65.4 ± 4.3 

15.4 ±
4.4 0 58.1 ± 2.2 59.2 ± 2.4 

12.19 
± 0.16 (124) 1.78 

BA06–016 19 3.509 (380) 11.902 (1289) 11.403 (4486) 
13.6 ±
4.7 0 66.1 ± 5.0 66.1 ± 5.0 

13.8 ±
5.4 0 59.0 ± 3.9 59.8 ± 3.3 

11.89 
± 0.33 (60) 2.56 

BA06–017 25 4.359 (513) 15.031 (1769) 11.589 (4486) 
16.9 ±
4.8 11 66.0 ± 4.6 65.8 ± 4.8 

16.4 ±
5.1 22 61.6 ± 4.4 61.9 ± 4.2 

11.91 
± 0.20 (137) 2.30 

BA06–018 52 1.163 (335) 22.483 (6478) 11.776 (4486) 
25.1 ±
10.3 7 12.0 ± 0.9 12.0 ± 0.9 

22.7 ±
13.9 19 11.7 ± 0.8 12.4 ± 0.8 

12.04 
± 0.23 (128) 2.58 

BA06–019 24 3.693 (526) 11.044 (1573) 11.962 (4486) 
24.2 ±
19.9 25 78.5 ± 5.5 71.1 ± 6.8 

17.6 ±
25.7 21 68.4 ± 6.2 71.0 ± 5.2 

12.20 
± 0.20 (98) 1.96 

BA06–020 12 4.819 (400) 12.745 (1058) 9.116 (3150) 
17.5 ±
3.1 8 67.7 ± 5.2 67.8 ± 5.4 

16.8 ±
3.5 6 63.4 ± 4.2 64.7 ± 3.7 

12.98 
± 0.20 (100) 2.00 

BA06–021 19 4.793 (284) 12.473 (739) 9.431 (3400) 
28.9 ±
17.3 27 71.2 ± 6.1 63.9 ± 7.4 

31.2 ±
34.2 13 54.3 ± 4.4 58.7 ± 4.6 

12.35 
± 0.17 (124) 1.94 

BA06–027 19 4.528 (554) 13.912 (1702) 9.943 (3400) 
17.8 ±
4.1 3 63.6 ± 4.4 63.6 ± 4.4 

17.0 ±
5.0 19 58.9 ± 4.0 59.6 ± 3.8 

11.74 
± 0.21 (100) 2.05 

Dur-1 76 1.508 (1349) 
12.445 
(11133) 13.875 (4551) 

11.2 ±
2.0 2 33.1 ± 1.9 33.1 ± 1.9 

10.1 ±
1.7 0 32.7 ± 0.8 33.4 ± 1.0 

13.89 
± 0.08 (120) 0.84 

FCT-1 67 1.985 (360) 19.306 (3501) 13.881 (4595) 
19.0 ±
6.2 16 28.1 ± 2.1 28.0 ± 2.1 

15.2 ±
5.9 0 29.0 ± 1.4 31.7 ± 1.7 

14.80 
± 0.08 (125) 0.90 

Har-1 47 17.166 (8799) 16.441 (8427) 13.91 (4150) 
15.1 ±
5.7 14 

280.7 ±
14.2 

278.1 ±
15.2 

12.6 ±
5.2 13 

288.5 ±
6.4 

288.7 ±
6.7 

12.72 
± 0.12 (146) 1.40 

SJ06–077 20 43.284 (5349) 
128.678 
(15902) 10.331 (3206) 

159.5 ±
62.2 10 68.3 ± 3.5 67.9 ± 3.8 

153.4 
± 72.9 11 63.6 ± 1.9 64.0 ± 1.9 

13.26 
± 0.09 (115) 1.01 

SJC-1-2 63 3.158 (2378) 0.86 (648) 16.931 (11833) 
0.8 ±
0.3 9 

1233.0 ±
72.1 

1230.0 ±
73.4 

0.6 ±
0.2 13 

1185.4 ±
47.5 

1191.0 ±
38.7 

11.62 
± 0.29 (111) 3.10 

00ML10 30 7.618 (1981) 4.026 (1047) 11.23 (3470) 
4.6 ±
1.1 1 

406.6 ±
25.1 

406.6 ±
25.2 

3.6 ±
0.7 0 

439.3 ±
11.7 

441.5 ±
11.5 

10.20 
± 0.35 (126) 3.94 

00ML15 25 9.64 (2352) 4.23 (1032) 10.819 (5358) 
4.9 ±
0.8 7 

469.5 ±
28.4 

470.2 ±
29.2 

4.6 ±
0.6 5 

453.4 ±
12.8 

455.4 ±
12.4 

9.93 ±
0.35 (123) 3.85  

a Number of counts or measurements given in brackets. 
b Weighted mean. 
c se = standard error. 
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subdividing the results into groups of samples with similar thermal 
histories, single grain ages are closely clustered around the 1:1 identity 
line (Figs. 5 b-d), with regression lines showing no clear trends regard-
less of samples having undergone relatively simple (i.e., rapid cooling or 
undisturbed basement cooling) or more complex thermal histories, as 
defined in Table 1. Only the regression line through the combined single 
grain ages from rapidly cooled DUR-1 and FCT-1 apatites shows a sig-
nificant deviation from the 1:1 line, an artefact of two outlier single 
grain ages from FCT-1 which are outside 3σ confidence intervals 
(Fig. 5b). When these outliers are removed, the regression line closely 
mirrors the 1:1 line (Fig. 5b). 

The relationship of central and pooled ages between the two tech-
niques is similar to that described for single grain ages (Fig. 6). LAFT 
derived pooled and central ages correlate very well with those obtained 
from EDM, with all samples within the 2σ confidence intervals of their 
respective EDM ages (Table 3). There does not appear to be any clear 
systematically offset between EDM and LAFT ages across the entire 
spectrum of ages in this dataset. 

In Figs. 7-8, the four main parameters of the fission-track age equa-
tion (spontaneous track densities, induced track densities, 238U con-
centration and fission-track length distributions) are plotted against the 
log ratio of single grain ages, which shows relative age differences be-
tween the two techniques irrespective of magnitude. The results show 
that neither spontaneous nor induced track densities have a significant 
influence on the EDM-LAFT single grain age ratio (Fig. 7a-b). Despite the 
fact that 238U concentrations measured by LA-ICP-MS correlate well 
with those determined conventionally by EDM (Fig. 2b), a plot of the 
EDM-LAFT age ratio against measured 238U values (Fig. 7c) shows a very 
weak correlation between older LAFT ages and lower 238U values 
(Fig. 7c). If significant, this could indicate that either LA-ICP-MS 238U 
measurements are slightly inaccurate at low and/or high uranium con-
centrations, or that there is a minor but systematic bias in the EDM ages. 
However, the performance of the LA-ICP-MS was monitored throughout 
this study using secondary standards that cover virtually the entire range 
of analysed 238U concentrations (Fig. 2a), suggesting that LA-ICP-MS 
measured 238U concentrations are accurate. Thus, the residual EDM- 

LAFT age difference, if indeed true, is more likely due to a small bias 
in the EDM ρi data, which we believe could be associated with analytical 
and statistical challenges associated with EDM analysis of low uranium, 
low track density grains. At track densities of <1 × 105 cm− 1 (e.g., SJC- 
1-2), there are <10 induced tracks in a typical area of 1 × 10− 4 cm2 used 
during fission-track analysis, which exacerbates uncertainties associated 
with grain-mica alignment and results in sampling sizes that could be 
insufficient for a full statistical representation of the stochastic decay 
process. This is consistent with observed intra-sample correlations be-
tween low induced track densities (<5 × 105 cm− 1) and EDM-LAFT age 
ratios (Fig. 7b), which has to be an artefact of the EDM data given that a 
similar correlation is present even if densities are plotted directly against 
EDM single grain ages. 

Irrespective of the exact cause for this minor residual uranium 
dependence, the results of Fig. 7 conclusively demonstrate that the EDM 
and LAFT techniques yield results that are generally indistinguishable. 

In order to investigate the relationship between fission-track ages 
and track length distributions, mean track lengths and standard de-
viations are plotted against the logarithm of the EDM-LAFT age ratio 
(Fig. 8a and b, respectively). In both plots, there is no clear correlation 
between the age ratio and track length data, with all EDM and LAFT 
central ages being within two standard deviations of one another. This is 
consistent with the observed correlation between fission-track ages and 
thermal history groupings (Fig. 5). 

5. Discussion 

The key difference between fission-track dating using the conven-
tional EDM technique and LA-ICP-MS analysis is the way in which 
present-day 238U concentrations are measured. In the EDM technique, 
the 238U content is estimated indirectly by relating the number of 
induced 235U fission tracks to a dosimeter glass of known uranium 
concentration after irradiation by thermal neutrons. In LAFT, the 238U 
content is measured directly using LA-ICP-MS analysis. A comparison of 
measured 238U concentrations has shown that in general, the two 
techniques yield comparable results with no systematic trends across a 

Fig. 2. a) Comparison of 238U concentrations measured in this study by LA-ICP-MS using NIST612 as a primary standard against published reference values for secondary 
standards (values in brackets), including standard glasses NIST610, NIST612, NIST614, a polished single crystal slice of Durango apatite and a homogenised and recrystallised 
Mud Tank apatite. See text for further details. b) 238U concentrations measured by LA-ICP-MS and EDM based neutron dosimetry show that the two techniques yield compatible 
results. 1:1 identity line is shown as solid black line; grey dashed line represents a least squares power-law regression. Error bars are 1σ in this and subsequent figures. 

C. Seiler et al.                                                                                                                                                                                                                                   



Chemical Geology 635 (2023) 121623

9

large spectrum of 238U values, from <1 ppm to >400 ppm (Fig. 2b). The 
analysed range covers typical natural uranium concentrations in the vast 
majority of natural apatite samples, confirming that LA-ICP-MS is a 
feasible and accurate alternative to neutron irradiation for routine 
fission-track analysis, as previously assumed. 

Despite these encouraging results, 238U determinations at an indi-
vidual grain level can differ significantly between the two techniques, 
with ~30% or ~ 15% of measurements falling outside the 2σ or 3σ 
confidence intervals of each other, respectively. This suggests that 
analytical errors underestimate the true uncertainties in some 238U 
measurements, most likely due to an inhomogeneous distribution or 
‘zoning’ of 238U in apatite affecting the LA-ICP-MS measurements 
(Cogné and Gallagher, 2021). In the EDM technique, spontaneous and 
induced tracks are counted over the same area, so that the approach is 
generally considered to be insensitive to uranium zoning (e.g. Hurford 
and Green, 1982). While this is certainly true for lateral uranium zoning, 

it can only partially account for vertical uranium zoning, as half of the 
volume that contributed to spontaneous fission tracks on internal grain 
surfaces has been removed by polishing prior to neutron irradiation 
(Suzuki, 1988). 

The same applies to LA-ICP-MS measurements, where vertical ura-
nium zoning within apatite grains can be accounted for by weighting 
238U measurements inversely with depth (Chew and Donelick, 2012). 
However, lateral uranium zoning is significantly more challenging to 
address with LA-ICP-MS analysis than with EDM. One possible solution 
is to restrict spontaneous track counts to the exact area covered by the 
ablation pit, which by definition accounts for any lateral uranium var-
iations across the analysed area. However, ablation pits are typically 
much smaller than the area available for counting, reducing the track 
count and therefore significantly increasing the uncertainty of the 
spontaneous track density and therefore the fission-track age. An alter-
native approach is to quantify lateral uranium zoning by measuring 

Fig. 3. Repeat 238U measurements of apatite grains using multi-spot LA-ICP-MS analysis. a) Double analysis of Durango apatite grains (black line represents identity 
line). b) Triple analysis of apatite grains from samples Har-1 and SJC-1-2 on a log-log plot of 238U ratios. c) Multi-spot analysis of 238U (N = 4–14) for crystal 
fragments of Durango apatite. With the exception of two outliers, all analyses are within 2σ confidence intervals of the mean 238U concentration for each grain. Note 
that mean uranium concentrations vary significantly between individual fragments of the same large crystal (7.3–12.9 ppm). 

C. Seiler et al.                                                                                                                                                                                                                                   



Chemical Geology 635 (2023) 121623

10

multiple LA-ICP-MS spots for each grain (Cogné and Gallagher, 2021), 
ablating a transect across each grain, or scanning a raster pattern that 
covers the exact area counted or even the entire grain to generate a U 
map to characterize any zonation (e.g., Ansberque et al., 2021). Ablating 
multiple LA-ICP-MS spots is only feasible if grain sizes are sufficiently 
large to accommodate additional ablation pits, which is often not the 
case. Multiple ablation spots also significantly increase the likelihood of 
grain damage and loss during analysis which is counterproductive. In 
addition, running multiple spot analyses results in a multi-fold increase 
in LA-ICP-MS analysis time and cost. Using a scanning ablation mode 
may thus be preferable, although in this case the signal is a function of 
both lateral and vertical uranium distributions, making it difficult to 
differentiate and correct for vertical uranium zoning. In addition, there 
are several practical considerations that are yet to be addressed, 
including the question of whether matrix variations and possible isotope 
diffusion near earlier ablation sites have any adverse effects on 238U 
measurements. For the present study, a much simpler option was 
adopted, whereby grains showing any evidence for lateral or vertical 
uranium zoning (recorded by variation in spontaneous track densities or 
LA-ICP-MS signals respectively) are rejected. We have found this to be a 
practical solution that has worked well for many hundreds of samples 
where it could safely be assumed that all constituent apatite grains have 
shared the same thermal history relative to the fission track system. 
However, this may not be appropriate for detrital studies where the 
removal of U-zoned grains may remove important detrital source pop-
ulations comprised entirely of crystals with heterogenous compositions 
(Rolland et al., 2019) and consequently bias results. In those cases, 
restricting fission track counting to the exact area of the ablation pit or 
performing LA-ICP-MS rastering may be more suitable. Yet, the analysis 
of compositionally zoned apatites unavoidably introduces greater doubt 
regarding the assumption that the U-distribution of the removed portion 
of polished grains mirrors that of the preserved, analysed crystal 

fragments. 
Despite the fact that individual grain 238U determinations are not 

always within error, our results have clearly shown that in general, 238U 
concentrations measured by LA-ICP-MS are consistent with those ob-
tained by EDM. As expected, given that the single grain fission-track 
ages reported here are based on identical spontaneous track counts 
and comparable 238U concentrations, EDM and LAFT derived ages are in 
general statistically indistinguishable. 

5.1. Future considerations about the interpretation of fission-track ages 

On geological time scales, fission tracks in apatite are relatively 
stable at ambient temperatures but anneal progressively at temperatures 
above ~60 ◦C, with virtually instantaneous fading above ~110 ◦C 
(Gleadow and Duddy, 1981). Track annealing results in a gradual 
shortening of the etchable fission-track length, which reduces the 
probability of a track intersecting the internal surface and thus 
decreasing the apparent fission-track age (Green, 1988; Wagner, 1979). 
As a result, fission-track ages are normally interpreted together with 
their corresponding track length distributions (Gleadow et al., 1986b), 
which can then be used to reconstruct the thermal history of a sample 
using numerical annealing algorithms (e.g. Ketcham et al., 2007; Laslett 
et al., 1987). 

When using the empirical calibration approach, for either the EDM 
or LAFT methods (see (7) and (12) above), the mean spontaneous track 
length R238 is implicitly assumed to be constant for all unknowns, with a 
value equivalent to the mean etchable track range in the age standard 
materials used to make the calibration. However, it has long been known 
that R238 is in fact a variable showing a substantial range of values from 
sample to sample (e.g., Gleadow et al., 1986a, 1986b). This reality is 
mostly hidden from view by the use of the aggregate ζ- or ξ-constants, 
and in the case of the EDM, by the long-obsolete assumption that the 

Fig. 4. Comparison of apatite fission-track ages for Fish Canyon Tuff (a) and Durango (b) apatite using the LAFT and EDM techniques. Both techniques yield largely 
consistent single grain ages, while pooled ages are statistically indistinguishable (e.g., within 1σ). Dashed orthogonal lines and grey bars represent pooled ages and 
errors. Open circles depict published reference ages; solid lines represent 1:1 unity. 
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lengths of spontaneous and induced tracks are equivalent and cancel 
out. 

It is therefore appropriate to consider what fission-track ages mean 
when calculated with the implicit assumption of a constant value for 
R238, which is the case for almost all fission track age determinations 
regardless of the method used. The question of whether conventional 
fission track ages should be corrected for length reduction using an 
appropriate ratio Rζ

238/R238 (eqs. 11 and 12), or whether absolute LAFT 
ages should be calculated as ‘model’ ages using a constant range factor 
Rζ

238 is beyond the scope of this paper. Such a decision cannot be made 
unilaterally by a single laboratory but needs to be discussed and agreed 
upon by the entire fission track community. In the interest of inter- 

laboratory consistency and data continuity, we propose that until 
broad consensus is achieved, conventional fission-track ages are best 
considered as model ages and that there should be greater clarity about 
the assumptions involved in their calculation. Such fission-track model 
ages can be understood as the fission-track age that would be obtained if 
the sample had the same track length distribution as the age standards 
used in calibration. 

5.2. A comment on parameters of the LAFT age equation 

Apart from fission-track lengths, there are several other parameters 
that are not in the conventional EDM age equation, which could 

Fig. 5. a) Comparison of apatite single grain ages for all 17 samples using the LAFT and EDM techniques. b-d) Results subdivided according to the interpreted 
thermal histories of samples (Table 1). LAFT and EDM ages are indistinguishable for rocks that experienced rapid cooling (b), undisturbed basement cooling (c) or 
complex cooling histories (d). Grey dashed lines represent least squares regressions; 1:1 unity is shown as black solid lines. 
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influence LAFT ages. Some of these are fixed physical properties that are 
either well defined (Avogadro’s number, atomic weight of 238U) or 
would introduce a consistent offset in LAFT ages (e.g., fission decay 
constant), for which there is no evidence in our data. Other parameters 
such as apatite density, detection efficiency and matrix properties differ 
between individual samples and/or grains as a result of compositional 
variations or thermal histories. Although a detailed analysis of these 
requires further research that is beyond the scope of this paper, there are 
some preliminary observations that are worth mentioning here. 

The apatite density D adopted in this study (3.21 g/cm3) was 
calculated for Fish Canyon Tuff by Gleadow et al. (2015) based on an-
alyses and unit cell dimensions of Carlson et al. (1999). Although apatite 
density can vary between ~3.10–3.35 g/cm3 (Deer et al., 1992), most 
Cl-, F- and OH-apatites seem to fall into a much narrow interval of 
~3.17–3.29 g/cm3 as calculated for different apatite varieties based on 
the compositional data of Barbarand et al. (2003) and (Carlson et al., 
1999). Applying these densities to the LAFT age equation (eq. 10) would 
reduce single grain ages by up to ~2.1% (D = 3.29 g/cm3) or increase 
ages by ~1.5% (D = 3.17 g/cm3). Even if the full range of densities 
reported by Deer et al. (1992) is considered, LAFT ages would only vary 
by about ±4%, which is smaller than the typical uncertainty of fission- 
track ages. In an ideal situation, each single grain age would be based on 
the actual apatite density of the analysed grain, which would probably 
have to be calculated from compositional data acquired using electron 
microprobe analysis or major element LA-ICP-MS. Given that the asso-
ciated errors are comparatively small, however, a more practical 
approach may be to use empirical relationships between apatite density 
and anion concentrations as suggested by Gleadow et al. (2015). 

The detection efficiency ηqs represents the fraction of fission tracks 
intersecting an observation surface that are revealed and counted using 
laboratory-specific etching and observation protocols. The limited 
number of existing estimates of ηqs for apatite surfaces parallel to the c- 
axis range between 0.90 and 0.95 (Iwano and Danhara, 1998; Iwano 

et al., 1993; Jonckheere and Van den Haute, 2002; Soares et al., 2013) 
with a weighted mean of 0.93 ± 0.01 as used in this study. Adopting a 
lower (0.90) or higher (0.95) value for ηqs would increase or decrease 
ages by approximately 3.5% and 2.1%, respectively. However, the 
detection efficiency is not a fixed parameter but decreases with shorter 
track lengths (Jonckheere and Van den Haute, 2002), which could ac-
count for up to 5% of the reported systematic age discrepancy between 
LAFT and EDM ages at shorter track lengths. It is worth noting that only 
a limited number of apatite compositions have been analysed for their 
ηqs values so far. It is therefore possible that future determinations of the 
detection efficiency using different apatite samples may fall outside the 
range 0.90–0.95, which would add to any bias in fission track ages. This 
is undoubtedly an area that requires more research as LAFT dating gains 
in popularity. 

Another potential uncertainty for LAFT dating is whether variations 
in the matrix properties of different apatite crystals and LA-ICP-MS 
standards could have an adverse effect on 238U measurements. 
Different geochemical, mineralogical and laser properties (“matrix ef-
fects”) can change the ablation and ionisation efficiency during LA-ICP- 
MS, which is known to result in element fractionation (Guillong and 
Günther, 2002; Jochum et al., 2007; Morrison et al., 1995). Because 
isotope concentrations are not measured directly from the signal but 
relative to an internal standard of assumed stoichiometric abundance 
such as 43Ca, any change in isotope ratios (e.g., 238U/43Ca) due to 
element fractionation between different materials or mineral composi-
tions also affects the measured concentration of the isotope, in this case 
238U. In order to avoid matrix effects, LA-ICP-MS analyses would ideally 
be calibrated against standards of similar physical and chemical 
composition. While some candidates were proposed as potential matrix- 
matched standards for apatite LA-ICP-MS analysis (e.g. Durango, Mud 
Tank; Soares et al., 2015), detailed investigations revealed significant 
heterogeneities in 238U concentrations within individual apatite crystals 
of these samples (e.g. Boyce and Hodges, 2005). Although such het-
erogeneities can potentially be avoided by careful pre-screening of 
natural crystals (Chew et al., 2016) or mechanical homogenisation and 
sintering (Chung et al., 2016), more data from different laboratories is 
needed to demonstrate if matrix-matched standards are sufficiently 
homogeneous for routine use as primary LA-ICP-MS standards. 

In our analysis, LA-ICP-MS results are calibrated using reference 
glass NIST612 as a primary standard and using a Durango crystal and 
sintered Mud Tank apatite as matrix-matched secondary standards to 
monitor the performance of the LA-ICP-MS analyses. The results have 
shown that although between 10 and 15% of individual LA-ICP-MS 
measurements do not fall within error of the reference value, mean 
238U concentrations are concordant with the corresponding solution 
ICP-MS concentrations. This suggests that although a matrix-matched 
standard would undoubtedly be preferable, there does not appear to 
be a systematic matrix bias when using NIST glass as a standard for 
apatite LA-ICP-MS analysis, at least not at the precision required for 
LAFT dating. In addition, the lack of a correlation between fission-track 
ages and spontaneous fission-track density (Fig. 7a) suggests that unlike 
zircon (Allen and Campbell, 2012), radiation damage does not appear to 
result in significant element fractionation in apatite. 

6. Conclusions 

A comprehensive grain-by-grain comparison of apatite fission-track 
data obtained by LA-ICP-MS and the conventional EDM technique 
shows that the two approaches produce statistically indistinguishable 
results when based on similar empirical calibrations. In other words, the 
EDM and LAFT fission track techniques produce comparable ages when 

Fig. 6. Compilation of pooled and central ages calculated using the LAFT and 
EDM techniques. A least squares regression (grey dashed line) shows an 
excellent correspondence between results produced by the two techniques. 
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calibrated against similar rapidly cooled standards with long mean track 
lengths (~14.5 μm). This was true across a total of 572 grains from 17 
samples that were analysed to represent a wide range of fission-track 
ages, track densities, uranium concentrations and thermal histories. 

The aggregate empirical calibrations mask an underlying assumption 
that the mean etchable range of fission fragments is a constant having 
the mean value observed for spontaneous tracks in age standards such as 
the Durango apatite. Given that this assumption is known to be false in 
the great majority of samples, we suggest that fission track ages calcu-
lated in this way be understood as model ages in order to make this clear. 

Measured 238U concentrations yield consistent results by the two 

methods with no systematic trends across three orders of magnitude 
(<1 ppm to >400 ppm), although up 10% of individual analyses fall 
outside 2σ confidence levels. Multiple LA-ICP-MS spot analyses of in-
dividual grains show that while the results are consistent for grains with 
relatively homogeneous uranium distributions (e.g., Durango), mea-
surements can be significantly different when uranium distributions are 
heterogeneous, implying that internal errors of LA-ICP-MS measure-
ments are insufficient to account for the natural variability of uranium 
concentration. 

A comparison of single grain pooled and central ages between the 
two techniques shows that fission-track ages are statistically 

Fig. 7. Age difference shown as the logarithmic ratio between EDM and LAFT single grain ages as a function of spontaneous track density (a), induced track density 
(b) and LA-ICP-MS measured 238U concentrations (c). Dashed lines show least squares logarithmic regressions. There is no clear correlation between age difference 
and either spontaneous or induced track density. LA-ICP-MS measured 238U values show a slight trend towards older LAFT ages at low uranium values. 
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indistinguishable, regardless of how simple or complex the thermal 
history may be for a particular sample. Other parameters, such as 
spontaneous or induced track densities and uranium concentrations, 
also do not have a significant effect on fission track ages. 
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