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In order to investigate potential diffusive loss of He from apatites during SEM analysis, we performed
(1) single-grain (U\Th)/He dating for 47 Durango apatite fragments (from b90 μm to 150–250 μm) which
were previously examined using SEM under different analytical conditions, and (2) electron–matter interac-
tion simulation combined with diffusion modeling. The determined (U\Th)/He ages are internally consistent
within their errors, and indistinguishable from the reported 40Ar/39Ar ages of 31.44 ± 0.18 (2σ) Ma and the
apatite (U\Th)/He ages of 31.02 ± 1.01 Ma (Standard Deviation; McDowell et al., 2005). The results from
the electron–matter interaction simulation suggest that “temperature rise” (ΔT = temperature increase
during electron bombardment) peaks within a very thin layer at the outermost of the hypothetical apatite
grain, and falls below ~50 K within a depth of 0.3 μm from the surface. Based on the simulated ΔT profile
combined with available He diffusion parameters, the fractional loss of He (fHe) was calculated for different
apatite grain dimensions. The numerical simulation supports that the He loss from apatite grains of typical
physical dimensions is negligible (b1%) under regular SEM operating conditions. The direct measurements
of (U\Th)/He ages for SEM-treated apatites, as well as diffusion simulation using the electron–matter inter-
action model, indicate that SEM spot analysis or extensive chemical mapping prior to apatite (U\Th)/He
dating does not cause any meaningful diffusive He loss for most of the apatite samples.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

A scanning electron microscope (SEM) provides one of the most
popular analytical methods for describing surface morphologies and
chemical compositions for a wide range of solid materials. Because
the modern SEM is capable of producing high resolution imaging
even for uncoated samples, it is commonly used for characterizing
samples prior to more advanced analytical procedures which, in
many cases, are subject to invasive and destructive analyses that
cause significant modifications of the samples’ original features. In
many fields of Earth and Planetary Sciences, it has become a routine
procedure to examine natural samples using SEM, along with
such various applications as identifying minerals with a spot analysis
or obtaining detailed chemical maps using EDS (energy dispersive
spectroscopy); examining grain surface topography or intragrain
fracture patterns using SE (secondary electron) mode; and character-
izing chemical zoning using BSE (back-scattered electron) or CL
(cathodoluminescent)mode. For a range of in-situ analytical procedures
(e.g., SHRIMP, LA-ICP-MS, laserprobe 40Ar/39Ar and (U\Th)/He), it
is critical to avoid any inclusions and to find optimal locations in the
+1 352 392 9294.
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samples, and SEM provides the most efficient way to achieve these
purposes. Furthermore, for such precious samples as meteorites, it is
important to thoroughly describe the samples before major analytical
procedures (Min et al., 2004; Hudgins et al., 2008).

The fundamental assumption for many of these applications is that
SEM analysis produces minimal, if any, modifications to the original
nature of the samples, therefore those same samples can be used in
further investigations. Although this assumption couldwell be tenable
for themajority of cases, some applicationsmay requiremore thorough
testing of this assumption, particularly when the results can be easily
biased by amild thermal disturbance during SEM analysis. For example,
argon diffusion in specific phases, such as K-feldspar and glass, is sensi-
tive to temperatures induced by routine SEM analysis, possibly yielding
biased 40Ar/39Ar ages (Flude et al., 2010). A similar concern has been
raised regarding (U-Th)/He thermochronometry on apatite, in which
He diffusion is known to be even more sensitive to temperatures than
Ar diffusion in K-feldspar (Zeitler et al., 1987).

During SEM analysis, interactions between the incident electrons
from the source and atomic elections within the sample cause a tem-
perature increase (ΔT) by transforming a certain amount of kinetic
energy into heat in the sample (Talmon and Thomas, 1977, 1978).
Numerical simulations for this process were provided (Mirkarimi
et al., 2002; Randolph et al., 2005; Nouiri et al., 2006), and we employed
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this approach to estimate ΔT in terrestrial apatites during SEM ana-
lysis. In this contribution, we aim to evaluate such effects through
two independent approaches: (1) determining (U\Th)/He ages of
Durango apatite grains that have previously undergone examination
under different SEM analytical conditions, and (2) estimating electron-
beam induced ΔT by simulating the random walk behavior of electrons
in apatite, followed by diffusion modelling. Although the main focus of
this study is He diffusion in apatite, a similar approach can be easily
extended to other systems.

2. Methods

2.1. (U\Th)/He dating

In order to investigate the potential causal effect of SEM analysis
on He diffusion in apatite, we examinedmultiple fragments of Durango
apatite using SEM under different analytical conditions, then deter-
mined their single-grain (U\Th)/He ages. The Durango apatite is one
of the most widely used standards in the (U-Th)/He community, and
its precise (U\Th)/He ages (McDowell et al., 2005), He diffusion prop-
erties (Wolf et al., 1996, 1997; Farley, 2000; Shuster et al., 2003), and
intragrain U-Th distributions (Boyce and Hodges, 2005) have been
investigated in detail.

The first set of samples (batch 1) was examined for any evidence
of disturbed (U-Th)/He ages from three size fractions of Durango
apatite (b90 μm, 90–150 μm and 150–250 μm), which were mounted
on two different materials (copper and regular adhesive tapes), and
analyzed for two SEM analytical durations (6.4 and 25.6 minutes).
For this test, a large Durango apatite crystal was carefully crushed
into fragments, which were sieved and divided into three size groups:
b90 μm, 90–150 μm and 150–250 μm. Most apatite fragments were
angular shards, thus the fragments in the same size groups had a
range of morphologies, with some of their linear dimensions exceed-
ing the specified size limits. To avoid this size effect, we tried to select
grains with similar physical dimensions in the same size fractions. A
total of 23 fragments were examined under a stereomicroscope and
divided into four subgroups (named as Subgroups 1–4), each of
which was composed of 5–7 grains of different size fractions. The
fragments were mounted on copper tape (Subgroups 1 and 3) or on
regular adhesive tape (Subgroups 2 and 4) to investigate any differ-
ences between the two common mounting materials. The samples
were analyzed using the Zeiss EVO-MA10 variable pressure SEM at
the University of Florida. Individual grain fragments were examined
with a secondary electron (SE) mode to observe basic surface fea-
tures, then chemically mapped with Energy Dispersive Spectroscopy
(EDS) under constant operating conditions (Table 1). To examine
any effects from scanning durations, sample fragments in Subgroups
1 and 2 were exposed to the electron beam for 6.4 min, whereas
those in Subgroups 3 and 4 for 25.6 min.

As discussed in the following sections, there are essentially no
differences in (U-Th)/He ages for the four subgroups comprising
batch 1, suggesting that diffusive He loss at the given SEM analytical
conditions is negligible. To further investigate potential He diffusion
for a wider range of SEM analytical conditions, we prepared another
Table 1
SEM analytical conditions used in this study.

SEM
parameter

Batch 1 Subgroups Batch 2 Subgroups

1 2 3 4 5 6 7 8

Probe current [pA] 1000 1000 1000 1000 250 500 750 1000
Scanning duration
[min]

6.4 6.4 25.6 25.6 25.6 25.6 60 120

Chamber pressure
[Pa]

40 40 40 40 60 60 60 60

Following parameters are set to be constant: Filament I target = 2.66 Amp; Accelerating
voltage = 16.5 kV.
set of Durango apatite fragments (batch 2). Twenty-four Durango
apatite fragments of uniform-size (150–250 μm) were selected,
divided into four subgroups (identified as Subgroups 5–8), then
mounted on a regular adhesive tape for SEM analysis. The fragments
were bombarded by the electron-beam with varying probe currents
(250–1000 pA) and scanning durations (25.6–120 min) at a constant
accelerating energy (EHT target voltage: 16.5 kV), as summarized in
Table 1. Individual grains in the same subgroup were analyzed
under the same SEM conditions. All of the (U\Th)/He age determina-
tions were performed at the University of Florida (see Appendix for
detailed analytical procedures). The ages are reported with 2σ errors,
unless otherwise specified.

2.2. Electron–matter interaction simulation

The electron–matter interaction during SEM analysis may result in
a range of effects on incident electrons, which can be divided into two
primary types of electron scattering: elastic and inelastic (Egerton
et al., 2004). Among these, only the inelastic scattering (i.e. excitation
of lattice oscillations) is expected to generate phonons leading to
substantial heating in the sample. The resulting ΔT in samples can
be estimated based on the hybrid simulation method (Nouiri et al.,
2006), which primarily relies on statistics of phonons produced dur-
ing the random walk process of the incident electrons within the
sample.

Generally, the simulation was performed with the following steps:
(1) defining numerous random pathways of the incident electrons in
the sample over the entire period, from “in” until “out”; (2) dividing
the sample into several zones; (3) estimating the number of phonons
generated within each zone based on the conditions of the incident
electron beam (e.g., accelerating voltage, primary current and scanning
time); (4) converting the phonon increment intoΔT in each zone based
on thermodynamic laws; and (5) estimating conductive heat loss
effects to correct the estimated ΔT. Although our simulation is based
on an assumption that an apatite unit cell behaves as a smallest scatter-
ing body, further scattering simulation down to an atomic scale is
expected to yield almost identical results. More detailed calculation
procedures and explanations are available in Nouiri et al. (2006).

3. Results and discussion

3.1. (U\Th)/He dating

From the first batch (Subgroups 1–4), we obtained 23 (U-Th)/He
ages ranging from 30.0 ± 1.8 Ma to 33.4 ± 2.2 Ma (Fig. 1 and
Table 2). The weighted means for the four subgroups are: 30.9 ±
0.9 Ma (Subgroup 1, n = 5); 31.3 ± 0.8 Ma (Subgroup 2, n = 6);
30.9 ± 0.9 Ma (Subgroup 3, n = 5); and 30.7 ± 0.9 Ma (Subgroup
4, n = 7). These results are indistinguishable within their uncer-
tainties, suggesting that the mounting materials (copper and regular
adhesive tapes) and sample dimensions (b90 μm, 90–150 μm and
150–250 μm) did not cause any detectable differences in the resulting
(U\Th)/He ages. Furthermore, these ages are in good agreement
with the reference ages of the Durango samples: sanidine-
anorthoclase 40Ar/39Ar age of 31.44 ± 0.18 (2σ) Ma (McDowell
et al., 2005); apatite (U\Th)/He ages of 31.02 ± 1.01 Ma (Standard
Deviation; n = 24; McDowell et al., 2005), 32.1 ± 1.1 Ma (S.D.;
n = 156; Min et al., 2006) and 30.0 ± 0.9 Ma (S.D.; n = 17;
Spiegel et al., 2009); and apatite Pb/Pb LA-ICP-MS age of 30.6 ±
2.3 Ma (2σ) (Chew et al., 2011).

The second batch of samples (Subgroups 5–8), which experienced
more diverse SEM analytical conditions (Table 1), yield 24 reliable
(U\Th)/He ages (Table 3). Their apatite (U\Th)/He ages range from
28.7 ± 1.0 Ma to 33.1 ± 1.6 Ma, with weighted means of 31.2 ±
0.9 Ma (Subgroup 5, n = 8); 30.2 ± 0.9 Ma (Subgroup 6, n = 6);
30.8 ± 1.0 Ma (Subgroup 7, n = 5); and 30.5 ± 1.1 Ma (Subgroup 8,



Fig. 1. Probability density plots for single-grain (U\Th)/He ages determined from Durango apatites in (a) batch 1 and (b) batch 2. The circles represent individual single grain ages
with 2σ analytical uncertainties. The shaded areas indicate weighted means and their 2σ standard errors. Grain fragments mounted on copper tape and regular scotch tape are
denoted by COT and DST, respectively. The SEM analytical conditions for the Subgroups 1–8 are available in Table 1.
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n = 5) as illustrated in Fig. 1. The weighted means of the four sub-
groups are internally consistent, and also identical to the reference
ages listed above. These results suggest that the specified SEManalytical
conditions commonly employed for sample description, even for
extended chemical mapping at relatively high accelerating energy,
cause essentially no effects on the (U\Th)/He systems of the Durango
apatite fragments. Fourteen SEM-untreated standard Durango apatite
fragments of 90–250 μm (batch 1 and 2) yield a weighted mean age
of 31.2 ± 0.6 Ma (MSWD = 0.83), which is also consistent with refer-
ence ages for Durango apatite, suggesting that there is no statistical
difference between the SEM-treated and SEM-untreated samples.

3.2. Electron–matter interaction simulation

The estimated maximum penetration depth of electrons (=maxi-
mum electron depth) increases with the accelerating energy, and is
generally consistent with the results of Everhart and Hoff (1971) for
lower energy (b15 keV), and approach the model of Wittry and Kyser
(1967) for higher energy (>15 keV) (Fig. 2). For a specific accelerating
energy of 16.5 keV, which is the condition for our experiments, the
maximumelectrondepth is calculated as ~2 μm.The estimated temper-
ature increase (ΔT) is distinctive in a thin film near the grain surface
(depth b ~0.1 μm) with the peak ΔT in the range of ~15 to 250 K,
generally increasing with scanning duration and probe current. The
ΔT subdues with depth from surface (=d), reaching b25% of the peak
ΔT at d = ~0.3 μm (Fig. 3).

For each of the simulated ΔT profiles, we calculated the diffusive
redistribution of [He] and resulting fHe (fractional He loss) using a
finite difference method. For these calculations, the following condi-
tions were assumed: (1) [He] is homogeneous before heating; (2) ΔT
is constant in the d interval of 0–0.1 μm, and linearly decreases in 0.1–
0.3 μm reaching zero at d = 0.3 μm; and (3) He diffusion follows the



Table 2
(U\Th)/He data for the Durango apatite from the first batch.

Sample U Th Sm 4He (U-Th)/He
Age

2σ

Name [ng] [ng] [ng] [fmol] [Ma] [Ma]

Subgroup 1 ApD0102 0.003 0.062 0.050 3.24 33.4 4.4
ApD0105 0.019 0.385 0.313 18.8 31.6 2.0
ApD0106 0.054 1.10 0.893 52.8 30.9 1.8
ApD0107 0.067 1.16 0.875 55.4 30.0 1.8
ApD0108 0.092 1.80 1.38 86.5 30.8 1.8
Weighted
Mean

30.9 0.9

MSWD 0.68
Subgroup 2 ApC0204 0.056 1.13 0.944 54.9 31.3 1.9

ApC0205 0.005 0.094 0.060 4.64 31.1 2.2
ApC0206 0.016 0.333 0.270 16.3 31.7 2.1
ApC0208 0.191 3.29 2.49 160 30.5 1.9
ApC0209 0.119 2.40 1.98 116 31.0 2.0
ApC0210 0.052 0.989 0.779 50.7 32.6 2.0
Weighted
Mean

31.3 0.8

MSWD 0.53
Subgroup 3 ApD0304 0.010 0.218 0.175 10.8 32.1 2.2

ApD0305 0.034 0.628 0.500 30.2 30.5 2.0
ApD0307 0.175 3.63 2.98 172 30.8 2.0
ApD0309 0.166 3.04 2.21 147 30.6 2.0
ApD0310 0.082 1.44 1.07 70.2 30.7 2.0
Weighted
Mean

30.9 0.9

MSWD 0.40
Subgroup 4 ApC0404 0.032 0.629 0.495 30.03 30.6 2.1

ApC0405 0.009 0.201 0.157 10.0 32.9 3.1
ApC0406 0.037 0.761 0.599 35.8 30.4 2.1
ApC0407 0.143 2.99 2.34 142 30.8 1.9
ApC0408 0.112 2.27 1.85 106 30.0 2.0
ApC0409 0.079 1.63 1.35 75.4 30.0 3.6
ApC0410 0.098 1.98 1.52 99.4 32.4 1.9
Weighted
Mean

30.7 0.9

MSWD 0.59
SEM-untreated
Durango
Apatite

DUR-Ap-U01 0.167 3.51 2.72 168 31.1 1.9
DUR-Ap-U02 0.182 3.62 3.00 175 31.0 1.9
DUR-Ap-U03 0.118 2.03 1.52 101 31.0 2.0
DUR-Ap-U04 0.096 2.01 1.60 98.6 31.9 1.9
DUR-Ap-U05 0.057 1.17 0.935 60.4 33.4 2.3
DUR-Ap-U06 0.091 1.61 1.22 79.3 31.1 2.0
DUR-Ap-U07 0.151 3.08 2.49 151 31.6 3.8
DUR-Ap-U08 0.076 1.35 1.04 62.6 29.2 3.9
DUR-Ap-U09 0.065 1.17 0.865 53.7 28.9 3.5
Weighted
Mean

31.3 0.8

MSWD 0.90

Table 3
(U\Th)/He data for the Durango apatite from the second batch.

Sample U Th Sm 4He (U-Th)/He
Age

2σ

Name [ng] [ng] [ng] [fmol] [Ma] [Ma]

Subgroup 5 A1Ap1 0.197 4.03 3.26 190 30.4 2.7
A1Ap2 0.203 3.99 3.04 201 32.4 2.7
A1Ap3 0.130 2.25 1.69 109 30.4 2.2
A1Ap4 0.108 2.08 1.74 103 31.7 2.3
A1Ap5 0.184 3.63 3.02 170 30.1 2.7
A1Ap6 0.128 2.30 2.07 121 33.1 3.1
A1Ap7 0.158 2.65 2.08 136 32.0 2.6
A1Ap8 0.133 2.58 2.01 123 30.5 2.7
Weighted Mean 31.2 0.9
MSWD 0.66

Subgroup 6 A2Ap1 0.186 3.20 2.48 152 29.8 2.1
A2Ap2 0.311 5.66 3.78 275 30.8 2.4
A2Ap3 0.318 5.99 4.67 303 32.2 2.7
A2Ap4 0.123 2.43 1.88 109 28.7 2.0
A2Ap5 0.063 1.23 1.01 58.3 30.4 2.2
A2Ap6 0.283 5.27 4.26 253 30.5 3.0
Weighted Mean 30.2 0.9
MSWD 1.0

Subgroup 7 A3Ap1 0.109 1.88 1.58 94.6 31.5 2.4
A3Ap2 0.090 1.85 1.54 88.4 31.0 2.3
A3Ap3 0.076 1.40 1.17 69.9 31.5 2.4
A3Ap4 0.047 0.927 0.78 43.1 29.9 2.2
A3Ap5 0.064 1.31 1.08 61.0 30.0 2.4
Weighted Mean 30.8 1.0
MSWD 0.48

Subgroup 8 A4Ap1 0.119 2.35 2.02 108 29.6 2.6
A4Ap2 0.253 4.74 3.97 231 31.0 2.3
A4Ap3 0.121 2.51 2.06 121 31.0 2.2
A4Ap4 0.139 2.81 2.31 139 31.8 3.2
A4Ap5 0.052 1.05 0.86 48.3 29.6 2.3
Weighted Mean 30.5 1.1
MSWD 0.55

SEM-untreated
Durango
apatite

DurAp1 0.124 2.50 2.00 122 31.5 2.9
DurAp2 0.095 1.59 1.29 76.8 30.1 2.4
DurAp3 0.101 1.84 1.39 92.9 31.9 2.5
DurAp4 0.085 1.54 1.10 72.3 29.7 2.1
DurAp5 0.209 3.77 2.50 190 31.9 2.1
Weighted Mean
(±2σ)

31.0 1.1

MSWD 0.84

Fig. 2. Comparison of maximum depth as a function of accelerating energy in our
model (solid curve 2) with others (dashed curves 1, 3 and 4). The maximum electron
depth is proportional to the accelerating energy (=EHT target) for all models. For a
specific accelerating energy of 16.5 kV, which is the condition for our experiments,
the electron-matter interaction model of this study yields a maximum electron pene-
tration depth of ~2 μm.
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Arrhenius relationshipwith diffusion parameters of Ea = 32.9 kcal/mol
and D0 = 50 cm2/s (Farley, 2000). The calculated fHe is proportional to
Ip (probe current) and t (scanning duration) simply because ΔT is en-
hanced by these parameters (Fig. 4). The resulting fHe is less than ~1%
for a grainwith a thickness larger than 10 μm, even at themost extreme
conditions described in this study (Ip = 1000 nA, t = 120 min). For
practical grain dimensions appropriate for conventional (U-Th)/He dat-
ing (thickness > ~50 μm), the fHe values are estimated to be less than
0.4 % (Fig. 4). To simulate He diffusion from grains that experienced
alpha recoil loss, we used an alternative initial [He] profile with a linear
increase of [He] within 20 μm from the grain surface, and constant
where d > 20 μm. Within the depth where the ΔT is significant (d =
0–0.3 μm), the resulting fHe values are at least an order of magnitude
smaller than the results from the constant initial [He] profiles. Two dif-
ferent sets of diffusion parameters of Shuster et al. (2003) and Cherniak
et al. (2009) yielded fHe values indistinguishable from the results
obtained from Farley’s (2000) diffusion parameters discussed above.
Therefore, the calculated fHe values from various cases are well within
the range of analytical uncertainties for the Durango apatite (U\Th)/
He ages, suggesting essentially no detectable helium loss during regular
SEM analysis.

image of Fig.�2


Fig. 3. Calculated temperature rise (ΔT) for (a) different SEM scanning durations at a
constant probe current of 1000 pA, and (b) different probe currents at a constant scan-
ning duration of 25.6 min. An accelerating voltage of 16.5 kV was used for both simu-
lations. The calculated ΔT is high near the grain surface, then diminishes rapidly with
depth.

Fig. 4. Fractional loss of He in Durango apatite versus increasing dimensions. The ΔT pro-
files specified for SEM analytical conditions (Fig. 3) were used for these calculations. The
closed circles represent the estimated range of fHe in apatite grains for an extended scan-
ning duration (120 min) at a maximum probe current (1000 pA), illustrating that the
maximum loss of He is merely 1% even for a very small grain thickness of ~10 μm. The
open circles represent the estimated range of fHe for a short scanning duration
(25.6 min) and a low probe current (750 pA), indicating the fractional loss of He is less
than 0.1% for a grain thickness > 10 μm. The calculated He fractional loss for probe
currents of 250 pA and 500 pA is essentially identical to zero.
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3.3. Implications for thermochronology

Apatite grains with thicknesses smaller than ~50 μm are avoided
for (U\Th)/He dating primarily because such grains are subject to
significant alpha recoil loss, therefore requiring large corrections
which cause significant errors in the calculated (U\Th)/He ages. As
described above, the SEM-induced diffusive loss of He for such apatite
samples is negligible.

A notable situation is that SEM analysis is frequently applied to
K-feldspar before in situ 40Ar/39Ar dating. Although we have not
conducted a systematic evaluation of SEM-induced ΔT in K-feldspar,
the ΔT in this mineral is likely to be even lower than in apatite
because the thermal conductivity of K-feldspar is in the range of
2.30–2.68 W m−1 K−1, which is almost double the value for apatite
(1.33 W m−1 K−1). Assuming the same T profiles, and using two
sets of Ar diffusion parameters for K-feldspar (Foland, 1974; Wartho
et al., 1999), we calculated an Ar fractional loss (fAr) that is less than
~0.01 % for the same grain dimensions (>5 μm) specified for apatite
He diffusion modeling. Furthermore, because the typical dimensions
of K-feldspar used for the in situ approach are larger than ~30–
100 μm, which is the typical linear dimension of analytical volume
(Hodges et al., 1994; Kelley, 1995; Kramar et al., 2001; Augier et al.,
2005; Hudgins et al., 2008; Sherlock et al., 2008), the fAr in the entire
K-feldspar grain would be very small for practical applications. These
results suggest that the diffusive Ar loss in K-feldspar during typical
SEM analysis is even less significant than for He diffusion in apatite,
confirming that the routine SEM usage is not a concern for in situ
40Ar/39Ar dating of K-feldspar.

Meteoritic samples introduce a potential circumstance where SEM
analysis could cause meaningful disturbance because extensive SEM
analysis is required to identify phosphates (merrillite and apatite)
and to describe the detailed morphological features for successful
(U\Th)/He dating (Min et al., 2003, 2004; Min and Reiners, 2007).
Because phosphate grains in shocked meteorites (e.g., Martian mete-
orites) have many intra-grain fractures, their diffusion domains are
much smaller than the whole grains, therefore an extended SEM anal-
ysis can cause more significant diffusive He loss for such meteoritic
phosphate fragments. The diffusion radii of some such phosphate
fragments are estimated to be b5 μm (Min et al., 2004; Min and
Reiners, 2007; Min et al., 2013) which can potentially cause diffusive
He loss of more than ~2 % at extreme SEM analytical conditions
(Fig. 4). However, this thermal effect can be avoided by using relatively
large (>50 μm) fragments because the SEM-induced ΔT is limited to a
very shallow depth from the grain surface.

Another notable situation where SEM analysis could cause mean-
ingful disturbance occurs when examining ion implanted samples
using SEM. The procedure of ion implantation followed by isothermal
heating experiments is frequently used to describe the diffusion
properties of implanted elements or isotopes in target materials
(Cherniak et al., 2009). During He implantation into apatite, the
depth of He injection is limited to the shallow volume near the min-
eral surface, with the implantation depth normally in the order of a
few micrometers, or even less than one micrometer (Ouchani et al.,
1998; Cherniak et al., 2009). Because the SEM analysis can cause

image of Fig.�3
image of Fig.�4
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considerable ΔT near the grain surface, the injected He profile in the
grain can be significantly modified. Therefore, caution is required if
such He-implanted apatite grains are examined under SEM before
diffusion experiments. The probable best way to circumvent the
potential problems is to undertake SEM analysis after diffusion exper-
iments or make a separate set of samples for a SEM investigation.

4. Summary

In this paper, we investigated the potential causal effect of SEManal-
ysis on He diffusion in apatite using the two independent approaches
of (1) direct determination of (U\Th)/He ages of SEM-treated apatite
fragments, and (2) electron-matter interaction simulation combined
with diffusion modeling. The Durango fragments, divided into eight
subgroups for systematic evaluation of multiple parameters of grain
size, mounting material, SEM probe current and scanning duration,
yielded internally and externally consistent (U\Th)/He ages. The
electron-matter interaction simulation yielded ΔT–d profiles withmax-
imum ΔT within the shallow depth from the grain surface (b~0.1 μm),
followed by decreasingΔTwith depth. Under the regular SEM analytical
conditions, the fHe values calculated from the simulated ΔT profiles are
less than 0.4% for typical apatite grains with thicknesses of >~50 μm.
These results suggest that the SEM electron beam leads to only minor
ΔT, causing no detectable diffusive He loss for most of the apatite sam-
ples to be used for (U\Th)/He dating.

Acknowledgements

We thank Annette Farah and Arkin Buyukozturk for lab assistance,
Wenyuan Zhang for computer simulation of He diffusion, and Ann
Heatherington for constructive discussions. Constructive comments
from two anonymous reviewers and Klaus Mezger (Editor) greatly im-
proved the original manuscript. JS sincerely appreciates the financial
support from Dr. Shengbiao Hu during her stay at University of Florida.

Appendix

Following SEM analysis, all grain fragments were retrieved and
individually wrapped in ~500 μm × 500 μm (diameter × length)
platinum tubes for (U-Th)/He age determination. Each sample packet
was loaded in a ~3 mm-deep well in a stainless steel planchette, and
heated using a diode laser at 7 Amp for 3 min. To ensure complete
release of 4He in the batch 1 samples, each sample packet was
re-heated for a few minutes after the primary heating. Subsequent to
the completion of the first batch of samples, the He analytical system
at the University of Florida was automated, enabling us to analyze the
second batch of samples with a more stable and time-efficient mode.
Two re-extractions were performed for the second batch of samples.
In both cases, the final re-extraction steps yielded less than 1% of the
total 4He. The extracted gas was spiked with a known amount of
99.99% 3He, purified with a NP-10 getter, and then analyzed using a
quadrupole mass spectrometer (QMS) with a channeltron multiplier.
Following 4He measurements, the degassed sample packets were
retrieved, transferred to Teflon vials, mixed with a shot of spike and
dissolved with ~5% nitric acid at ~120 °C. The abundances of U, Th
and Sm were determined using a Thermo-Finnigan Element2 Induc-
tively Coupled Plasma Mass Spectrometer (ICP-MS).
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