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Abstract

The use of LA-ICP-MS for uranium determination in the fission track dating
technique is becoming increasingly popular because of several advantages over the
classical external detector method and a variety of analytical and statistical protocols
have been developed. However, two important issues remain unresolved in the
context of the LA-ICP-MS approach (i) how to best deal with low track density (ps)
samples, and (ii) does a correlation between age and uranium content (or eU) reflect
an annealing dependence or not? To assess the impact of the analytical
methodology on these issues, we compare the multi-spot and more classical single
spot methods on samples of known ages, variably zoned and / or with low track
densities. To make the comparison we use an approach, implemented in a Python
script, that randomly samples our multi-spot ICP-MS data to choose a single U
measurement per grain, simulating the single spot approach. We then calculate the
central age, p(x?) and dispersion of the simulated single spot analysis and repeat this
2000 times. Our results show that the multi-spot approach is robust for low ps and
zoned samples, yielding both accurate and precise results without over-dispersion.
Additionally, our random sampling approach shows that a single spot measurement

can induce an overdispersion coupled to a relationship between single grain age and
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U content. This is at least partly attributable to zonation that creates a mismatch
between the U in the counted area and the spot-measured U. Therefore, we
recommend that if over-dispersion is observed for basement samples, when one
typically expects a single age population, then multiple spot analysis should be
carried out to assess if the excess dispersion is linked to undetected zoning and / or

laser spot misplacement rather than to U dependent annealing behaviour.

Keywords: Fission track dating; LA-ICP-MS; single grain age dispersion; Uranium

zonation

1- Introduction

Fission track dating is a thermochronological method based on the creation of
defects (tracks) during the spontaneous fission of 2*3U. These latent tracks can be
revealed with an appropriate chemical etching protocol and then observed under an
optical microscope (Price and Walker, 1962). As part of the analytical procedure, it is
necessary to estimate the uranium (U) content of the mineral being dated. Towards
the end of the 20™ century a consensus on the ¢ (zeta) calibration approach and the
external detector method (EDM) was reached (Hurford and Green, 1983, Hurford,
1990). The EDM protocol consists of irradiating the targeted mineral to induce fission
of 235U providing an indirect measure of 238U when calibrated against a dosimeter or
standard glass of known U concentration. The mineral being dated is etched prior to
irradiation and then placed in intimate contact with a low-U detector, usually a
muscovite sheet. After irradiation the induced tracks are then revealed by etching the
detector. The C approach regroups the thermal flux of the neutron irradiation and the

fission decay constant, historically often considered to be not well defined, in a single
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calibration factor, ¢ (see Hurford and Green, 1983 for more details). This factor is
estimated by analyzing samples of known ages and recasting the age equation in
terms of { as an unknown. Despite the advantages of this coupled approach, the
EDM suffers from some setbacks including (i) the need for three different counts of
tracks: in the mineral, the detector and the dosimeter and (ii) the manipulation of
hazardous hydrofluoric acid to etch the muscovite detector (iii) increasingly difficult
access to low energy neutron irradiation to induce fission tracks in the detector.

Therefore, during the early 2000's researchers explored the use of LA-ICP-MS
to determine U concentration of the mineral to be dated. Hasebe et al. (2004)
demonstrated the feasibility of this technique. During the past decade several
protocols have been developed for FT dating, mainly on the calcium-phosphate
mineral, apatite. Building on Donelick et al., 2005 and Donelick and Chew, 2012,
Cogné et al., 2020 proposed a (—based protocol, while other authors have suggested
using an absolute approach (e.g. De Grave et al., 2012; Soares et al.,, 2014,
Gleadow et al., 2015). Importantly, statistical methods for processing the LA-ICP-MS
data have been developed recently (Vermeesch, 2017, 2019) and we incorporate
these into the analysis we present later.

It has also been shown that laser spot ablation can also produce accurate U-
Pb and trace element data simultaneously during the analysis required for AFT data
(e.g. Chew and Donelick, 2012, Chew et al., 2016, Cogné et al., 2020). This is a big
advantage of the LA-ICP-MS method as the additional data can help to better
understand the AFT age data in both the analytical and geological contexts. In
contrast to the EDM method, application of the LA-ICP-MS approach can be
problematic in case of samples zoned in U. The EDM method produces an

approximate map of U concentration and typically both spontaneous and induced
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tracks are counted on the same area, implicitly allowing for zoning to some degree.
For LA-ICP-MS only spontaneous tracks are counted and typically only a limited part
of the counted area is analyzed for U concentration by the ablation spot. Although
zonation in the z axis direction can be dealt with (Chew and Donelick, 2012, Cogné
et al., 2020), in-plane or horizontal zonation is less readily resolved by the routine
(i.e. single ablation spot) methods used in AFT dating. For samples with high
spontaneous track densities (ps) the zonation is often visible in the spatial distribution
of spontaneous tracks. In that case, an analyst can select a counting area that is un-
zoned and/or close to the shape and size of the laser spot. However, dealing with
potential zoning becomes more problematic for samples with low ps. If an analyst
selects a small area that mimics the laser spot then the number of counted tracks is
likely to be low and the uncertainty on a single grain age (SGA) increases. Two
methods have been proposed to overcome the zoning/low ps issue, both requiring
counting tracks on a large area. Vermeesch (2017) suggested using multiple laser
spots (multi-spot) to improve understanding of the U distribution spatially. More
recently, Ansberque et al. (2020) proposed mapping the entire grain with a raster.
Both approaches, however, are time consuming and more expensive compared to
single spot analysis. Ideally, they then should be used only when necessary for
example if a large SGA dispersion is detected.

A second issue with the use of LA-ICP-MS is the commonly larger dispersion
of SGA compared to those from EDM. For example, Ketcham et al. (2018) reported
an interlaboratory experiment which consisted of blind dating two samples S1 and
S2. Of thirteen analysts, five used LA-ICP-MS and eight used EDM. The mean
dispersion for EDM was 2.5% for S1 and 2.1% for S2 while for LA-ICP-MS the mean

dispersion was 17.3% for S1 and 10.4% for S2. Regarding the canonical y? test, that
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is used to assess the possibility of single versus multiple or over-dispersed age
populations in a given sample, none of the EDM data sets failed the test (p(y?) <
0.05) while three out of five of LA-ICP-MS dataset failed for S1 and two out of five for
S2. Such over-dispersion can be problematic because it could be used to infer
multiple age populations that do not really exist. In this context some authors have
suggested that the dispersion in SGA can be explained by the U content, or eU
content (eU = [U] + 0.235 [Th]) (e.g. Fernie et al., 2018; McDannell et al., 2019).
These authors demonstrated that the SGA from LA-ICP-MS are often older for lower
U grains and McDannell et al. (2019) argue for a radiation damage control on
annealing. Previously, Hendricks and Redfield (2005) proposed a similar a-radiation-
enhanced-annealing (REA) for EDM SGA data from the Fennoscandian shield.
However, Kohn et al. (2009) reconsidered the question using a different set of data
from various cratonic settings and concluded that there was no link between eU and
AFT age. This question is perhaps still open for the EDM, but has also become
topical for the LA-ICP-MS approach in the light of new datasets.

In this contribution we aim to test the multiple spot approach of Vermeesch
(2017) on samples of known age and also zoned and/or low ps samples. We aim to
assess if this approach leads to decreased SGA dispersion in case of undetected
zonation. The second objective is to investigate if an inferred relationship between U

content and SGAs could be explained in part by such zonation.

2- Samples and Methods

2.1 Samples
We selected two apatite age standards: Fish Canyon Tuff (FCT — 28.1 + 0.1

Ma, Boenhnke and Harrison, 2014) and Mount Dromedary (MtDrom — 98.5 + 0.5 Ma,
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McDougall and Wellman, 2011) because both are well characterized in terms of their
AFT ages, often being used as age standards. We selected eight additional samples,
all previously dated with AFT (EDM and/or LA-ICP-MS) from crystalline basement
from various tectonic settings (high and low exhumation rate) with known (because of
high track densities) or possible (unidentifiable because of low track densities) U
zoning, see Table 1 for details. Because all samples were previously dated, we can
test the accuracy of the multi-spot approach. The sample M1 was chosen because of
its visible zonation due to the high track density. However, this sample is treated as if
the zonation was not visible (i.e. spots for the multi-spot approach were randomly
positioned on the counted area). The motivation for doing this was to simulate what
could happen (increasing dispersion, SGA-U content correlation) when one has not
detected the zonation. The other samples were chosen because of the possible
zonation and / or low track density to assess how an unknown zonation can affect the

results of single versus multi-spot analysis.

2.2 Methods

All analyses were performed at the GeOHeLiS analytical platform (Univ.
Rennes, France) and follow the protocol of Cogné et al. (2020). All samples were
mounted in a 1.5 mm thick epoxy disc. The apatites were etched using a 5.5 M
HNO3 at 21°C for 20s. The grain mounting and etching are similar to the protocol
described by Donelick et al. (2005). Spontaneous fission track counting was carried
out using a Zeiss Axiolmage M1 equipped with an automated stage system using
TrackWorks software at a magnification of 1000x. The U/Ca ratios, determined using
an ESI NWR193UC Excimer laser coupled to an Agilent 7700x Q-ICP-MS, were

used to calculate the ages (see Cogné et al., 2020 for details on the protocol). The
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laser spot size was 30 um with a repetition rate of 5 Hz and a fluence of 4 J/cm?. All
instrumental conditions are summarized in the supplementary table S1.

For each grain the spontaneous track counting area was chosen to be large
enough to accommodate three to four ablation spots when possible. For the sample
M1 a smaller area was also delimited and counted to compare a "guided" single spot
approach with the multi-spot approach on the same grains. Guided here means that
the counted area is close in size and shape to the ablation spot and selected from a
region considered not too zoned, the low zonation being assessed on the basis of the
reasonably high and uniform track density (see Figure 1). For sample HIM 622/244
the whole grain area was counted irrespective of the size of the grain. We did this
because the track densities in this sample are so low that not taking into account the
whole area of the grains would tend to increase the estimated density and lead to
older SGA. The multi-spot approach of Vermeesch (2017) consists of calculating the
mean and variance U/Ca ratio from individual spots. We used IsoplotR (Vermeesch,
2018), in which the approach is implemented, to calculate central age, dispersion and
p(x2) for each sample. Pooled ages and associated uncertainties are calculated
using the spreadsheet discussed in Cogné et al. (2020) with single grain mean U/Ca
ratios and associated uncertainties calculated according to Vermeesch (2017).

Routinely, the U analysis for LA-ICP-MS FT dating is performed using only
one spot (e.g. Cogné et al., 2014, 2016). As previously explained, application of this
protocol to low ps samples is problematic as it is not always obvious where to best
put the small ablation spot in the larger counted area. To simulate an effectively
random choice of ablation position, we used random sampling of multi-spot U/Ca
measurements to select one value for each grain and then calculate the equivalent

central age, dispersion and p(y2) of the sample. We repeated this sampling 2000
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times, the goal being to compare what a standard single spot ablation approach
would have yield to the multi-spot approach in terms of accuracy and precision of the

central age and the dispersion of the SGA.

3- Results

The results are summarized in Table 2 and single grain data are provided as
supplementary data (Table S2). All multi-spot samples yielded similar pooled and
central ages and have p(x?)>0.05. A large part of the samples actually exhibits high
p-value (>0.8) which might indicate an overestimation of the SGA uncertainty. The
low dispersion of SGA indicates a high probability of single age population, as it is
expected for bedrock sample. Guided single spot results for sample M1 also show
p(x?)>0.05, although the dispersion of the SGA is larger than for multi-spot results
(Figure 1b and 1c). All ages are indistinguishable at the 2c level of the published
ages except for HIM622/244 (Table 1, Figure 2). For that sample, the EDM reference
age is 0.03+0.04 Ma (Treloar et al., 2000), somewhat younger than the age in the
present study. However, our age is similar to that given by Ansberque et al. (2020)
also with LA-ICP-MS. We will discuss this difference in more detail below. The
relative central age uncertainties (presented as 2o throughout the text) range from 5-
7% for 'normal’ to high track density samples (MtDrom, FC1) to 25-33% for very low
track density samples (SG19, HIM 622/244), which is in the precision range of fission
track dating. The radial plots for the multi-spot data are shown on Figure 3, except for
sample M1 that is presented in detail on Figure 1. Single grain dots are color-coded
according to their mean U/Ca content.

To assess the degree of grain U/Ca zonation (Z) for a given sample we

calculate the relative uncertainty of the mean U/Ca ratio for each grain as calculated
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by Vermeesch (2017), and then we take the average and standard deviation of that

ratio over all grains (equation 1).

__ /Cal
e 1<U/Cal> (1)

where N is the number of grains of the sample. If this average is low, then the intra

grain zonation is rather limited, even if the U concentrations in each grain may be
very different. Conversely if this value is high, this indicates a high proportion of
zoned grains in the sample.

In figure 4 we summarise the results from the 2000 random draws of one of
the multi-spot U/Ca ratios per grain. For highly zoned samples (M1, SG9,
HIM622/244), most of the draws lead to a large SGA dispersion (averaging >40%),
involving failure of the y? test 80-100% of the time. In contrast, samples with little
zoning (FCT, SG10, SG19, FC1) have low dispersion, rarely failing the y?test (0-10%
of the time). Two moderately zoned samples (Pb1 and RM13) show intermediate
behaviour (y? test 25-60% failure rate). An exception to this trend is the relatively
uniform MtDrom sample with draws that often (~60%) fail the 2 test. This case will be
further discussed below.

Figure 5 shows the radial plots for a single random draw for each sample,
except sample M1 that is already presented in detail on Figure 1. Single grain ages
are color-coded according to the U/Ca content. This figure shows that, even for less
zoned samples (e.g. FCT, SG10, SG19, FC1), the dispersion of random draw single
spot SGA increases relative to the multi-spot data. The increased dispersion will
potentially lead to failure of the y? test. This dispersion is also associated with a

generally more pronounced apparent inverse correlation of the SGA with U content
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(see supplementary material (Fig. S3) for plots of eU v age for the multi-spot and

single spot data).

4- Discussion

4.1 Age accuracy and precision with multi-spot approach

The central and pooled ages estimated using the multi-spot approach
reproduce the published literature ages well (Table 1 and Fig. 2), except the EDM
age of HIM622/244 (Treloar et al., 2000) which is discussed below. The precision of
SGAs using the multi-spot approach tends to be lower than when using a single spot
(see for example guided single spot vs multi-spot data for M1, Fig. 1b and 1c). This
effect seems to be larger for more highly zoned samples (compare Fig. 3 and 5),
such that the precision on SGA with multi-spot can half that when using a single spot.
For the single spot approach, the uncertainty on the U/Ca ratio comes directly from a
single ICP-MS measurement, while for the multi-spot approach it is calculated from
the different measurements of U/Ca on the same grain. Consequently, the more
zoned a sample is, the more variability of the individual U/Ca will increase, as will the
overall variance. Indeed, where the uncertainty (2c) of single U/Ca measurement
was usually ca. 7% during this study, the uncertainty of mean U/Ca for a grain rises
to ca 60-70% for zoned samples or even 130% for HIM622/244. Therefore, while the
multi-spot approach gives a better understanding of the U/Ca distribution, the
resulting precision decreases strongly if the zonation is important. The decreasing
precision on the U/Ca ratio may induce an under-dispersion of the age data, leading
in turn to a relatively high p-value. This effect is potentially due to an over estimation

of U variability because we only use few measurements per grains (i.e. 2 to 4 spots).

10
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In any case the under dispersion remains minor and we thus suggest that this does
not preclude the use of the multi-spot approach.

In a low ps sample it is not possible to infer the zonation before ablation.
Therefore, reliably determining the central age of a sample using a single spot
approach would require using a counting area that mimics exactly the ablation spot.
For example, a sample with ps ca. 1e5 tr/cm?, a precision of U/Ca measurement of
7% and a precision of zeta of 1.5% (typical values in this study), 30 grains with a spot
of 30 um diameter (typical number of counted grains and spot size) would result in a
central age uncertainty of ca. 45%. With a ps of 1e4 tr/cm? the uncertainty rises to ca.
140%. Our samples with comparable ps have central age uncertainties of ca. 15 to
25% using the multi-spot approach. To achieve similar precision with a single spot
approach, one would need to ablate ca. 100 to 1000 grains, for ps of 1€5 and 1e4
tr/cm? respectively, which is time-consuming, and in turn could increase the risk of
over-dispersion by increasing the probability of using outliers grains.

It is thus preferable to use the multi-spot approach than the single spot
approach for low ps samples. In addition to delivering a better understanding of U
distribution in each grain, it is more efficient in that we obtain a more reliable and
precise age. In high ps samples, however, one might prefer to use a guided single
spot approach instead of using multi-spot as it is more precise, even with a lower
number of tracks counted, and faster, as demonstrated in the comparison for our M1
sample.

HIM622/244 is the only sample where we do not adequately reproduce the
EDM central age. However, our age is similar to that determined by Ansberque et al.
(2020), also obtained with LA-ICP-MS. These authors stated that the reasons for

discrepancy remain unclear. While we agree with that statement, we suggest two

11
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possible reasons to partly explain the older ages obtained using LA-ICP-MS. Firstly,
the zero track grains represent half of the grains counted in this sample. The Cogné
et al. (2020) protocol, following Vermeesch (2017), does not attribute a zero Ma age
to zero spontaneous track grains, while this was most likely the case for Treloar et al.
(2000). If we assign a zero age to these zero track grains then the central age falls to
0.86 + 0.76 Ma; closer, but still different, to the EDM age, and closer to our pooled
age of 0.45+£0.21 Ma (Table 1). Secondly it is possible that we selected more grains
with tracks than Treloar et al. (2000), which can explain the older age we obtain or
equivalently Treloar et al, (2000) selected more zero track grains. The actual number
of zero track grains clearly impacts the final central or pooled ages. A random draw
of 20 grains from the 50 actually measured in this study, again repeated 2000 times,
and using a zero Ma age for the zero track grains reproduced the central age of
Treloar et al. (2000) ca. 13% of the time. Therefore, irrespective of this single
discrepant age, we reiterate that the central ages determined in this study using the

multi-spot approach agree well with the vast majority of published ages.

4.2 The effects of U zonation on LA-ICP-MS FT dating

In the examples of our random draws (Fig. 5), we see that high-U grains (red
colours on Fig. 5) tend to have younger ages while the older ages are from low-U
grains (yellow colours). Some correlation of U and SGA is expected based on
statistical arguments (Pearson, 1896). The fission track age equation can be
approximated to a good precision by a linear equation in which the age (t) is

proportional to the ratio of ps to U concentration following (eq.5 of Vermeesch, 2017):

_ 1 Ad 2Ng ~ 2ps Ps
=% In (1 + A [23SU]Aqu) ® e P (2)

12
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Given this we expect t to be negatively correlated with [U] to some extent (we can

imagine plotting [”75] v [U] ). Thus, even on multi-spot data a correlation may exist but

it is clearly more important when looking at the single spot data (Fig. S3), and it
becomes visible on radial plots.

Moreover, when using single U/Ca measurement the dispersion increases,
and p(x?) decreases, compared to the multi-spot results (Fig. 4). Therefore, an
inverse correlation between U/Ca content and SGA appears along with over-
dispersion. This is illustrated at the scale of a grain in Figure 6a. This radial plot
shows SGA for one grain of sample M1. The multi-spot age includes the total number
of tracks counted on the larger blue area illustrated on Fig. 1a. As the number of
spontaneous tracks appropriately reflects the mean U/Ca measured on the 3 spots,
the resultant multi-spot single grain age is in line with the central age of the sample.
The "guided" single count is similar to the multi-spot age, but more precise as
explained above. Finally spot 1, spot 2 and spot 3 ages use the large area for the
spontaneous track count and only one U/Ca measurement. The calculated ages are
more precise but more dispersed compare to the central age as the single U/Ca
measured is not representative of the whole counted area. Several similarly
unrepresentative measurements would lead to over-dispersion. Furthermore, the
ages are inversely related to the U content. To summarise, both the over-dispersion
and inverse correlation are attributable in this example to single spot U/Ca
measurements not being representative of the mean in the region where the
spontaneous tracks were counted for the given grain.

At the scale of the whole M1 sample we also plotted all the possible SGAs
depending on which spot is used (i.e. 1 to 4 ages per grain, using the same count

and area but the different U/Ca measurements, Fig. 6b). This clearly highlights the
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tendency for higher U/Ca to be associated with younger and generally more precise
ages (the bottom right part of the radial plot). When considering the ensemble of
single spots on figure 6b an apparent inverse correlation between U content and age
is obvious. However this is an artefact of the spot position, as the multi-spot and
"guided" single spot data (figure 1 b,c) do not show this behaviour. While the
zonation is visible on this sample, the same effect would appear on sample on which
the zonation would have remained undetected.

Random draw data for Mt Dromedary or FC1 show that, even on relatively un-
zoned and 'normal' track density samples, misplacing a spot on only few slightly
zoned grains can results in an over-dispersion from time to time. On MtDrom
especially, about 60% of our random draws failed the y? test despite a low degree of
U zoning. As increasing precision of single grain ages increases the possibility of
inferring over-dispersion statistically, this is likely due to the relatively high track
densities in this sample. As detailed above, over-dispersion of SGA in a sample can
also arise from an unrepresentative determination of the U content of the counted
area. Thus, with a larger number of tracks the SGA becomes more precise and
smaller variations of U/Ca can increase the dispersion.

Therefore, over-dispersion of SGA can be the result of older or younger ages
relative to the true age. However, as summarised in Table 2, sample central ages
calculated from random draws for single spots are undistinguishable from the central
ages determined using the multi-spot data at the 2c level (except for 5 draws out of
2000 on M1 sample). Even at the 1o level the vast majority of the central ages
(almost 100% of the random draws for most samples, and >90% for the others) are
undistinguishable from the multi-spot central ages. This is likely the result of

compensation between too old grains and too young grains for the single spot data.

14
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This result, based on the experiments presented here, suggests that although the
dispersion increases slightly the uncertainty on the single spot central age, it has
minimal impact on its accuracy. In case of extreme core rim zonation, the problem
could be enhanced but such configuration is probably rare. This is particularly
important, because it implies that LA-ICP-MS ages for basement samples that show
a high degree of dispersion likely remain accurate, the dispersion potentially coming
from undetected zoning and / or spot misplacement during laser ablation.

However, the U-SGA relationship reported in some publications (e.g. Fernie et
al., 2018, McDannell et al., 2019) could still reflect other controls. As the factors that
determine track annealing kinetics are crucial to understand and interpret FT data, it
is clearly of primary importance to know if U content is an influential factor or not. In
assessing this, we suggest here that when a relationship between U content and
SGA is apparent in data collected using one ablation spot per grain, a second LA-
ICP-MS session should be performed to see if this is really linked to U content or

may due to initially undetected zoning.

4.3 Recommendations when dealing with low ps samples

When the spontaneous track density is too low to visualise possible zonation,
three different approaches are possible, (i) counting an area that exactly mimics the
ablation spot, (ii) using the mapping approach of Ansberque et al. (2020) and (iii)
using the multi-spot approach of Vermeesch et al. (2017). The first solution is the
fastest but is not precise as it limits the size of the counting area and consequently
reduces the number of countable tracks. The two other approaches are more time
consuming, limiting output to roughly two basement samples for a day of ICP-MS

analysis. Comparing the samples that were presented in both Ansberque et al.
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(2020) and our study (RM 13, HIM622/244 and FCT), it appears that the mapping
approach yields more precise SGA data, and so a more precise central age. This is
mostly due to the U/Ca measurement protocol and counting statistics. The mapping
approach relies on averaging U/Ca for all pixels of the grain map. Given a pixel is
about 3.5 um wide, one ends up with a few hundred pixels for a grain and thus a few
hundred U/Ca ratios. With the multi-spot approach, we typically use 3 to 4 spots per
grain. It is obvious that the standard error of the mean U/Ca concentration will be
larger with four counts than with a few hundred and so leads to a less precise age
estimate. However, the mapping approach necessitates equipment and materials
that are not currently available in all LA-ICP-MS laboratories. Additionally, once one
has decided to use the mapping approach, it has to be done for the whole sample
and this choice implies half a day of ICP-MS time. In contrast the multi-spot approach
is more practical and flexible for basement samples as one could decide to do only
one spot during a first session. If the single grain dispersion is low then there is no
obvious need to perform more analysis. Alternatively, if the dispersion is high, one
should do more spots, at least on the grains that are responsible for the over-
dispersion, to assess if the dispersion reflects a zoning issue or could be a sign of
differential annealing behaviour. For detrital samples, the preferred procedure is
harder to define as we may anticipate multiple age populations and different
annealing effects, typically requiring analysis of a large number of grains (c. 120
grains per sample) to characterise adequately the distribution of SGA. Using the
multi-spot approach on for each grain would be time consuming but in detrital
samples, one cannot generally rely on the SGA dispersion to indicate analytical
issues. In such cases it is possible to try and initially characterise different

populations using other data acquired simultaneously, such as U-Pb ages or trace
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element concentrations (e.g. O'Sullivan et al., 2020, Westerweel et al., 2020). Then,
at least in principle, different populations or components can be isolated and the

analyst can decide if more spots are needed on some grains.

5- Conclusion

In this study we assessed the multi-spot approach proposed by Vermeesch
(2017) in terms of its ability to decrease SGA dispersion in low ps and / or zoned
samples. It also increases the precision on the central age by allowing the counting
larger areas. Our results show that this method is efficient and should be used when
SGA over-dispersion is apparent for a basement sample. Moreover, we show that an
inverse correlation between SGA and U content coupled to over dispersion can be
induced due to zoning and single spot U contents being unrepresentative of the
whole grain. This means that U zoning could give a potentially false impression that
high/low U content leads to faster/slower annealing. Therefore, it is important to
assess if multi-spot datasets continue to give such relationships in slowly cooled

basement samples to better understand and better interpret FT data.
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531  Figure caption

532 Table 1: Samples used in this study.

533

534 Table 2: Results for fission track analysis and random draws. Detailed grain data are
535 provided in supplementary material.

536

537 Figure 1: Example of grain area determination and data for M1 sample (a) Example
538 of how we used two different spontaneous track counting areas, the emplacement of
539 the three ablation spots and the counted tracks. (b) Radial plots for the multi-spot
540 data. (c) Radial plots of the "guided" single spot data (counted area close in size and
541 shape to the ablation spot and from a region relatively unzoned). (d) Radial plots of
542  one random draw. The data are over-dispersed and SGA seems related to the U/Ca

543  content. See text for further discussion.
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Figure 2: Plot of the central ages calculated in this study versus literature central
ages for all samples. Note the logarithmic scale for both axis and the break on the y-

axis. The dashed line is the 1:1 line

Figure 3: Radial plots for all samples using multi-spot data. All samples yield ages in
agreement with the published values and show a low degree of dispersion. CA =

Central age

Figure 4: (a) The proportion of random draws that pass the x2 test (p(x2)>0.05)
versus the U/Ca variation in the sample, showing a negative correlation.. (b) Mean
dispersion of the 2000 random draws versus the U/Ca variation in the sample,

showing a positive correlation..

Figure 5: An example of the random sampling to simulate single spot data for the
different samples. For all samples the SGA dispersion increases compared to the
multi-spot data (Fig. 3). In some samples the SGA seem correlated to U/Ca content
(color-coded for each grain) - younger and often more precise ages with higher U/Ca.
However, all central ages are undistinguishable from those estimated with the multi-

spot data. CA = Central age

Figure 6: (a) Radial plot of a single grain age from M1 grain 30 data calculated using

multi-spot, "guided" single count (tracks counted in the white area in Fig. 1a), and

spot 1, spot 2, spot 3, that use tracks counted in the blue area in Fig. 1a and the

23



569

570

571
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573

574

575

measured U/Ca ratio from spot 1, 2 or 3 respectively. Spot 1 samples more or less
the average U/Ca ratio. We see that when the ablation spot hits a higher than
average U area, the age is younger (spot 3) while when it hits a lower U area the age
is older (spot 2). (b) Radial plots of all the possible SGA, implying an apparent

inverse relation between U/Ca content and SGA. See text for further discussion.
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Sample Name and

Location lithology Reported age Characteristics Reference
Fish Canyon tuff (USA) Tuff 28.1+0.1 Age standard Boenhnke and Harrison, 2014
Mt D d NSW
romedary ( ! Granite 98.5+0.5 Age standard McDougall and Wellman, 2011
Australia)
. proposed reference
FC1 (Duluth Complex, Anorth.osmc 861 + 29 °* |material; low exhumation Iwano et al., 2019
USA) serie
rate
High track density; visible
M1 (Mykonos, Greece) |Monzogranite| 12.5+2.2* zonation; high Brichau et al., 2008
exhumation rate
low track density; known . .
RM13 (Paros, Greece) Paragneiss 9.9+0.6° zonatior.1; high Aiesggigzeete?;i.?g:)gb
exhumation rate
low track density;
Pb1 (Wales) Granite 220.8 £52.0° | possible zonation; low Cogné et al., 2016
exhumation rate
HIM 622/244 ( Nanga Gheiss | 0:03%004%; sz:.mvzt;icai.iin:.tyh Treloar et al., 2000;
Parbat Massif, Pakistan) 0.8+0.3° P ) » N1g Ansberque et al., 2020
exhumation rate
low track density;
369 (Danba.Dome, Gneiss 5.7+0.7* possible zonation, high Jolivet et al., 2015
Eastern Tibet) .
exhumation rate
. low track density;
5610 (Danba. Dome, Leucocratic 4,5 +0.6* possible zonation, high Jolivet et al., 2015
Eastern Tibet) dyke .
exhumation rate
low track density;
19 (D D
5G19 (Danba Dome, Granite 4.7+0.7* possible zonation, high Jolivet et al., 2015

Eastern Tibet)

exhumation rate

° Reference Age determined with LA-ICP-MS
* Reference Age determined withEDM




central aget20 | pooled aget2c Uranium Random Random Random

nb grains Ns Area (cm2) | ps (track/cm2) U/Ca p(x2) |Dispersion (%) (Ma) (Ma) reference age+2c (Ma)| variation (a) | Ages (%) (b)|p(x2) (%) (c)| dispersion (d)

M1 (Single spot) 30 754 6.33E-04 1.19E+06 1.03E-01 0.06 13.2 10.3+0.9 10.0+0.8 12.5+2.2% -
M1 (Multi spots) 30 1642 1.63E-03 1.00E+06 7.25E-02 1 0 10.0+1.5 9.6+1.8 12.5+2.2* 0.37+0.05 99.9/92.9 0 0.53 [0.36-0.66]
RM13 40 244 2.29E-03 1.06E+05 6.94E-03 0.87 0 11.2+1.7 103+1.6 9.940.6° 0.22+0.02 100/99.9 37.1 0.26 [0.00-0.44]
SG9 30 145 1.40E-03 1.03E+05 1.50E-02 0.97 0 5.0+1.1 47+1.0 5.7+0.7* 0.31+0.06 100/ 98.5 19.9 0.44 [0.00-0.74]
SG10 29 70 1.79E-03 3.91E+04 6.45E-03 0.93 0 52+13 44+1.1 4.5+0.6* 0.14 +0.02 100 / 100 100 0.00 [0.00-0.12]
SG19 30 62 1.82E-03 3.40E+04 4.75E-03 1 0 55+1.4 49+13 4.7 +0.7* 0.12+0.02 100/ 100 100 0.00 [0.00-0.00]
Pbl 28 228 9.95E-04 2.29E+05 7.33E-04 0.94 0 214.8+34.0 203.3+34.6 220.8 £52.0° 0.19 +0.06 100/99.6 74.8 0.19 [0.00-0.52]
FC1 20 1862 7.60E-04 2.45E+06 1.83E-03 0.92 0 882.4+44.4 879.7 +46.6 861+ 29 °* 0.04 +0.01 100/99.8 91.2 0.04 [0.00-0.11]
HIM622/244 50 30 8.21E-03 3.65E+03 5.56E-03 0.2 37.5 1.2+0.5 0.45+0.21 |0.03 +0.04*,0.8+0.3° 0.64 + 0.04 100 / 100 0 0.62 [0.55-0.74]
Fish Canyon Tuff 28 236 1.23E-03 1.92E+05 4.81E-03 0.84 0 29.0+4.0 27.7+3.8 28.1+0.1 0.09+0.01 100/ 100 100 0.01 [0.00-0.14]
MtDromedary 20 945 7.38E-04 1.28E+06 9.13E-03 0.63 0 96.5+7.0 95.8+7.1 98.5+0.5 0.06+0.01 100/99.5 40.9 0.11[0.00-0.19]

° Reference Age determined with LA-ICP-MS

* Reference Age determined withEDM
a) Defined as the average + standard deviation of the relative standard deviation of U/Ca ratio of each grain

c) Percentage of random draw that have p(x2) >0.05

(
(b) Percentage of random draw that yielded the same central age than multiple spots within 2¢ /within 1o
(
(

d) Average and 95% asymetric interval of dispersion of single grain age of random draw




standardised estimate

Figure 1

C

-2

Spot 2

Area for Multi spots

M1 "guided" single spot
Central Age = 10.27+0.92 Ma (n=30)

p(x2) = 0.06
. L 0
_dispersion 13.2/0O o o
o
o
e °o°
o
i @) O ®
0® o °
% o ©
_ &
o) o
6
[ T T T T T T
0 1 2 3 4 5 6

0.20

0.15

0.10

0.05

d

standardised estimate
-2 0

standardised estimate
0
]

M1 Multi Spots

Central Age =9.95+1.46 Ma (n=30) 8
p(XZ) — ’I 16
dispersion = 0.0054% 14
0
O ~o
O12
0 ®, .
0 °08° |
o © © 1
Q
o % o,
o
6
) [ T T T T T T 1
0 0.5 1 15 2 25 3 3.5
t/o
M1 Random Single Spot
Central Age = 10.54+£1.92 Ma (n=30) 20
p(x2)=0 o 25
dispersion = 46.7% 20
gs) 15
% &
o o
} % 0O oo °® Is
(¢ °o® o
o o
o (¢}

0.15 0.20
U/Ca

0.10

0.05

0.15

U/Ca

0.10

0.05



Figure 2

1000

i FC1.0]
= Pbl%/—’////, -
100 Mt Dromedary@,x |
© C ’ ]
= [ ]
o B i
(@)} L _
< ’
s "Fish c |
2 M1and RM13 -~ T 'Sh~anyon 1
g samples 1 -~
— 10 tiﬁﬂ E
%;SG samples
1 J HIM622/244 - LA-ICP-MS

Q08T . HIM622/244 - EDM |

0.01
1 10 100
This study Central Age (Ma)

o Ll

—_



standardised estimate

standardised estimate

standardised estimate

FCT
CA =28.97+3.96 Ma
p(x2)=0.84 (n=28) ®s

dispersion = 0.00% Q° o
oo0®©
O
o) o 30
0% &®
o O
o o 2
o ©O O
o o}
o 20
(o]
I T T T 1
0 1 o 3 4
SG9
CA=501+1.06 Ma oe
p(x2) =0.97 (n=30)
dispersion =0.01% o
O O
(@]
O o o
°© 4 o
° 5 ° oog
(0]
° o
o ©
o © o
I T T T T T
0 0.5 to 15 2 25
Pb1 &0
CA=214.8434.0 Ma o 500
p(x2) = 0.94 (n=28)
. o 0
dispersion =0.00% o 0 ® =0
00 o
o) o o
le) 200
o© 8 ©
o© o
[e)6} (@)
) © 150
(0]
110
I T T T T T T 1
0 0.5 1 1.5 25 3 3.5

0.004 0.005 0.006 0.007
U/Ca

0.003

0.002

0.010 0.015 0.020 0.025 0.030
U/Ca

0.005

0.0004 0.0006 0.0008 0.0010 0.0012 0.0014

0.0002

U/Ca

standardised estimate
0

-2

standardised estimate

standardised estimate
0

MtDrom
120
CA =96.50+ 6.96 Ma %5
p(x2) = 0.63 (n=20)
dispersion =0.01% 1o
o
o
. 0O o o o0
o o °
@0
o G0
o
[6)
80
o
I T T T 1
0 2 4 s 6 8
SG10

CA=5.17+1.26 Ma
p(x2) = 0.93 (n=29)
dispersion = 0.01% 8

° . o
(@)
o 8 °
8 © ® °
o o
o
o
T T T T T T
0 0.5 1 1.5 to 2 25
RM13 o 20
CA=11.21£1.68 Ma o
p(x2)=0.89(n=40) © & O N
dispersion=0.01% ¢ © %o
o}

o O
5 °8 &

10

(e}
le) O
o O
8 o
(@]
fe) (o]
o o ©
(@)
5.4
I T T T T T 1
0 0.5 1 1.5 25 3
l/(y

0.010 0.012 0.014

U/Ca

0.008

0.006

0.004

0.004 0.006 0.008 0.010 0.012 0.014
U/Ca

0.002

0.015

0.010

U/Ca

0.005

standardised estimate

standardised estimate

standardised estimate

-2

-2

FC1 1050
CA =882.4+44.4 Ma o0 g
p(x2) = 0.92 (n=20) B
dispersion =0.01% o OO
o g
(6] 0 o - §
O 0 8
o =)
e} ©
85 E
® o
I T T T T T 1 -
0 2 4 6 tlo 8 10 12
SG19 o kg
CA =5.50+1.42 Ma 0 o°
p(x2) =1 (n=30) o
dispersion = 0.00% o || 8
Q =]
g §°
8 ‘Al &
o ©
0 (6]
2
I T T T T 1
0 0.5 1 e 15 2 25
HIM622/244
CA =1.20+0.46 Ma o
p(x2) = 0.2 (n=50) E
dispersion = 37.5% é
e -8
@ o
(0]
I T T T T T e
0 0.2 0.4 0.6 0.8 1 1.2

U/Ca

Figure 3



Figure 4

d

100 FcTFOHO-O— T T T T T -
SG19 SG10
L O i
FC1
7
2 80 - —
—
o~ - *—O—* u
=X
) L Pb1 i
<
—
(%) L u
(%]
3
260 —
©
< L u
S
2 . i
©
©
[ - .
o
S 40 - O .
E | MtDrom +_O_4 |
o
9 RM13
9 - -
[a W
5G9
20 —Oo— -
- M1 HIM 622/244 |
0 I | [ — G | e
0 10 20 30 L 40 50 60
b Uranium variation (%)
100 T T T T T -
80 —
g L B i
- L i
= _
© - HIM 622/244 |1
o
= 60
©
5 L M1 1
c . —
Rel - g
wv
P i SG9 |
o +
2
o< 40 -
()] 1
(@)} - 4
©
g " RM13 T
©
L —@— i
Pb1
20 — MtDrom o—— ]
L FCT g
| FC1 i
i SG19(5G10 7
0 4 1 1+ | | | —
0 10 20 30 40 50 60

Uranium variation (%)



standardised estimate

standardised estimate

standardised estimate

-2

-2

FCT
CA=2833+2.82 Ma
p(x2) =032 (n=28) o

69
60

7 dispersion =7.8% o0
o)
O
000 o)
o (@] © 30
i o© ©
O o (ol
o 00 20
I T T T T 1
0 1 2 tfo 3 4 5
SG9 20 ]
CA = 5.34+1.44 Ma i
p(x2) = 0.0 (n=30) o o
dispersion =51.7%o © 10
o} (e)
o © % o
0o o 0598 ) s
(e}
8 %o, o
2
1.4
I T T 1 -
0 1 Yo 2 4
Pb‘] 1400
CA =208.7£33.2 Ma 1000
p(x2) = 0.084 (n=28)
dispersion = 19.9%
500
o
o g
(o] @ 8 o 600
000
© o
' o
110 <

0.008

0.006

U/Ca

0.004

0.002

0.04

0.03

U/Ca

0.02

0.01

o

uca  0.0010 0.0015

0.0005

0.0000

standardised estimate

standardised estimate

standardised estimate

-2

-2

2

-2

_ dispersion =21.3% ®

MtDrom

CA =99.74+9.04 Ma

p(x2) =0.016 (n=20) O
dispersion = 13.1%

0 2 4 g 6

SG10
CA=4.96+1.26 Ma
p(x2) = 0.39 (n=29)

(0}
o O
o
O
@] o
8 ° 68
g O
o o © o
(@)
o
I T T T T T
0 05 1 15 4, 2 25 3
RM13 %
CA=12.05+2.44 Ma
p(x2) = 0.00 (n=40)
. . _ (@] @)
dispersion=45.9% &~ g o0
o© 0]
o o 8 (@]
o 0o8
8 00
8 o o OO 10
© 8
o o o
o
o
3~
I T T T 1
0 1 2 o 3 4

0.012 0.014 0.016

U/Ca

0.004 0.006 0.008 0.010

0.020

0.015

U/Ca

0.010 Uca 0.015 0.020 0.025 0.000 0.005 0.010

0.005

standardised estimate

standardised estimate

standardised estimate

FC1

1100
CA =865.3£62.0 Ma
p.(x2) =-0.002 (n=20) o o o 1000
dispersion = 11.4%
O
¢ o) 900
o}
o
O
o)
(©)
800
o
°© o
o
© 700
I T T T T T 1
0 2 4 t/o 8 10 12 14
SG19 o 10
CA=5.74+1.44 Ma o
p(x2) =0.97 (n=30)
) o 0
dispersion = 0.01% g g .
8
o G
g 8 .
o o
(o]
g ©
(@)
2
I T T T 1
0 0.5 1 1.5 25
t/o
HIM622/244

CA =0.98+0.38 Ma

p(x2) = 0.007 (n=50) o]
dispersion =76.3%

O

8 o)

@]
o) 8 8

8 @

:
I T o :
0 0.5 4

s

0.0020  0.0025 0.0030 0.0035
U/Ca

0.0015

0.0010

0.008

0.007

0.006
U/Ca

0.003 0.004 0.005

0.002

0.020

0.015

0.005 0.010 ;6.

0.000

Figure 5



standardised estimate

Figure 6

d

M1 - grain 30 Spot 2
18
16
i 14
12
e
o e "Guided"
Multi Spots  gingle count 10
&)
o Spot 1
8
Spot 3°
; : ; : ;

tlo

0.12

0.10

0.08

0.06

U/Ca

standardised estimate

b

M1 - All age data

Central Age =9.98+1.18 Ma (n=95) ¥

p(x2) =0
dispersion = 55.3% ©
20
-] 80 ‘éb@o L
i @ 08 ©
e o0& © ©
O oo
5
o
3
0 2 4 6 8 15 12
tlo

0.15 0.20
U/Ca

0.10

0.05



	manuscript
	Table1
	Table2
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6

