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Utilising the apatite (U-Th)/He thermochronometer to infer the thermal histories of
geologic materials requires understanding the factors that influence helium diffusion
kinetics. Here, we demonstrate that deformation in apatite modulates helium diffu-
sion behaviour. We deformed single crystal Durango apatite under compression and
torsion, used electron microscopy to characterise the deformation, andmeasured the
evolution of 3He and 4He released during stepwise heating experiments on proton-
irradiated fragments of the deformed crystals. Fragments deformed under compres-
sion contained distributed dislocations and resulted in mostly unimodal helium
release comparable to undeformed, unannealed Durango apatite, while fragments
deformed to higher stress under torsion contain a higher dislocation density, devel-

oped subgrain boundaries defined by dislocation arrays, and exhibited multimodal helium release, comparable to results from
continuous ramped heating analysis of some natural apatite samples. We conclude that deformation-induced dislocations
can modulate helium diffusion behaviour by impeding helium diffusion and functioning as diffusion sinks, and are likely an
important source of (U-Th)/He date overdispersion in natural samples.
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Introduction

The apatite (U-Th)/He thermochronometer is widely utilised
for inferring the low temperature thermal histories of rocks
in relation to landscape evolution and tectonic processes
(e.g., Gautheron and Zeitler, 2020). However, apatite (U-Th)/He
dates from individual samples are often overdispersed, limiting
the thermal history information that can be inferred. This date
overdispersion cannot be fully explained by thewell documented
effects of grain size (e.g., Reiners and Farley, 2001), parent
nuclide zonation (e.g., Meesters andDunai, 2002;Hourigan et al.,
2005; Sousa et al., 2024), or radiation damage on heliumdiffusion
kinetics (e.g., Shuster et al., 2006; Flowers et al., 2009; Gautheron
et al., 2013; Willett et al., 2017).

The development of continuous ramped heating (CRH)
measurements (Idleman et al., 2018), wherein radiogenic 4He
is continuously measured during progressive heating to higher
temperatures, has provided new insights into grain-specific
helium diffusion behaviour in apatite. Some apatite grains
exhibit unimodal helium release over the temperature range
expected from the helium diffusion kinetics for the reference
material Durango apatite, the basis for existing models of helium
diffusion in apatite (e.g., Flowers et al., 2009). However, other
grains exhibit helium release peaks at multiple temperatures
and/or significantly different temperatures than would be pre-
dicted from Durango apatite kinetics (e.g., Guo et al., 2021;
Idleman et al., 2018; McDannell et al., 2018). Most notably, apa-
tite grains from the KTB borehole, sampled at depths where no
radiogenic helium is predicted to be retained due to high

temperatures, can contain substantial 4He and exhibit complex
4He release patterns (Guo et al., 2024). While complex helium
behaviour observed in CRH measurements has broadly been
attributed to imperfections in the crystal lattice of apatite that
act as helium ‘sinks’ (e.g., Guo et al., 2021, 2024), the origin
and nature of such imperfections remains an open question.
Vacancies have been proposed to impact helium retentivity in
apatite (Gerin et al., 2017) but not necessarily to cause complex
helium diffusion behaviour. Here, we present laboratory experi-
ments that investigate whether deformation-induced imperfec-
tions can function as helium sinks in apatite and explain the
range of kinetics observed across many grains that is unex-
plained by radiation damage (Guo et al., 2021). By experimentally
deforming Durango apatite – a sample for which helium behav-
iour is well characterised and simple in the absence of deforma-
tion – we can directly link deformation features we generate to
their effects on helium behaviour.

Methods

We deformed cylinders of single crystal Durango apatite in a
Paterson gas-medium apparatus under two different experi-
mental conditions. Experiment PI2014 was conducted in com-
pression with the crystal cut such that the basal plane was
oriented 45° to the maximum compressive stress. Experiment
PT1547 was conducted in torsion with the crystal oriented such
that the c-axis was parallel to the twist axis resulting in shear
along the basal plane, analogous to how apatite would deform
under shear in geologic settings. The deformation experiments
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were conducted at 300MPa confining pressure and 1100 °C for 2
hours (PI2014) and 5 hours (PT1547). Deformed samples were
characterised using backscatter electron imaging, electron back-
scatter diffraction (EBSD) analysis, and chemical etching. Full
deformation experiment and sample characterisation details
are provided in the Supplementary Information.

We anticipated that radiogenic 4He in the deformed apa-
tite crystals would be diffusively lost during the high temperature
deformation experiments. Therefore, we needed to introduce
helium into the deformed crystals to understand the effects of
the deformation on helium behaviour. To achieve this, we
crushed the deformed crystals into ∼100–500 μm fragments
and irradiated both deformed and undeformed, unannealed
Durango apatite fragments with protons. Proton irradiation pro-
duces a uniform, high concentration of 3He, enabling diffusion
experiments with many heating steps to be carried out on indi-
vidual mineral grains or fragments (e.g., Shuster et al., 2004).
Following proton irradiation, stepwise heating diffusion experi-
ments on individual fragments were carried out in the noble gas
thermochronology facility at Purdue University. Full details
about the proton irradiation and diffusion experiments are pro-
vided in the Supplementary Information.

Results

Experimentally induced deformation. Both experimentally
deformed samples exhibit crystal defects but differ in both the
density and organisation of defects present. PI2014, deformed
in compression, exhibits dislocations within the basal plane
with minor lattice distortion (Fig. 1a,b): a dislocation density

of ∼1010 m−2 is necessary to account for the observed lattice cur-
vature in EBSD data (Pantleon, 2008). This produces a very
subtle ‘tiger-stripe’microtexture in the EBSDmap (Fig. 1a), com-
parable to textures seen in naturally deformed apatite samples
(e.g., Odlum and Stockli, 2020). The etched surface of this sample
shows a relatively uniform distribution of dislocations at an angle
to the surface of the grain (Fig. 1c).

PT1547, deformed in torsion, exhibits both dislocations
and bands of subgrains whose boundaries are defined by dislo-
cation arrays subparallel to and within the basal plane (Fig. 2).
Lattice curvature measured from EBSD data for PT1547 requires
a dislocation density of ∼1011 and up to 1012 m−2 across subgrain
boundaries, at least an order of magnitude greater than the dis-
location density for PI2014. In addition to the lattice curvature,
subgrains are observed in PT1547 with misorientations between
2 and 8° (Fig. 2b,c). These subgrains are not pervasive but are
visible in both EBSD data and etched surfaces when oriented
such that the c-axis is near-orthogonal to the polished surface
(Fig. 2b; see also Supplementary Information) and are character-
ised by a higher dislocation density relative to other parts of
the sample. The presence of subgrains and 5–15° of disorienta-
tion, comparable to the deformation we produced in PT1547,

Figure 1 Damage induced in Durango apatite deformed under
compression in experiment PI2014. (a) EBSD disorientation map
and (b) line scans across a deformed fragment. (c) Reflected light
image after 10–20 seconds of etching in 0.5 M HNO3 to reveal
defects. Area corresponds to the black box in (a). Arrows highlight
several dislocation etch pits visible in this surface. Note that the
specific fragment used for the diffusion experiment was plucked
during polishing, so this is a different fragment. Note also the crys-
tallographic orientation at which each fragment was mounted,
which affects the degree of disorientation observed (see also
Fig. S-1). Additional EBSD data from PI2014 deformed material
are shown in Figure S-3.

Figure 2 Damage induced in Durango apatite deformed under
torsion in experiment PT1547. (a, b) EBSD disorientation maps
and (c) line scans across the two fragments degassed in diffusion
experiments. (d, e) Reflected light images after etching in 0.5 M
HNO3 for 10–20 seconds to reveal defects,with arrowshighlighting
(d) etched dislocations and (e) etched subgrain boundaries. Bright
dislocations in (d) are subparallel to the etched surface. The frag-
ment used for the diffusion experiment in Figures 3 and 4 is shown
in (a, d), while the fragment used for the replicate experiment in
Figure S-5 is shown in (b, e). Note the crystallographic orientation
at which each fragment wasmounted, which affects the degree of
disorientation observed and the likelihood of observing subgrain
boundaries (see also Fig. S-1). Additional EBSD data from PT1547
deformed material are shown in Figure S-4.

Geochemical Perspectives Letters Letter

50Geochem. Persp. Let. (2025) 35, 49–54 | https://doi.org/10.7185/geochemlet.2523

https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2523/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2523


have been observed in naturally deformed apatite samples
(e.g., Ribeiro et al., 2020; Odlum et al., 2022).

Stepwise degassing experiments. Figure 3 shows results
from stepwise degassing experiments on individual fragments
in two formats: as a fraction of helium released as a function
of temperature (Fig. 3a,c), which are analogous to CRH analysis
incremental helium loss curves, and as 4He/3He ratios as a func-
tion of cumulative 3He release (Fig. 3b,d), comparable to conven-
tional 4He/3He datasets. A second experiment on PT1547 is
shown in the Supplementary Information. For undeformed,
unannealed Durango apatite (DUR-A-1), we observed a unim-
odal release of both 3He and 4He with nearly identical release
peaks at ∼400 °C (Fig. 3a,c), corresponding to an invariant
4He/3He (Fig. 3b,d). These observations are expected for
Durango apatite based on previous experiments characterising
its diffusion kinetics (see Supplementary Information; e.g.,
Farley, 2000; Shuster et al., 2004) as well as CRH measurements
(Idleman et al., 2018; McDannell et al., 2018). Our experiments
on deformed Durango fragments exhibit different behaviour.
For Durango apatite deformed under compression (PI2014),
we observe a mostly unimodal release of both 3He and 4He, sim-
ilar to DUR-A-1 (Fig. 3a), with a minor second peak observed at
>500 °C. The 4He/3He increases in this experiment over the first
∼30 % of the 3He release and then remains constant (Fig. 3b).
The helium diffusion kinetics derived from the proton-induced
3He in PI2014 are similar to the kinetics of Durango apatite
reported by Farley (2000) andmeasured in our DUR-A-1 experi-
ment (Figs. 4a,b, S-7), but substantially different from the helium
diffusion kinetics measured in Durango apatite with annealed
radiation damage (Figs. S-6, S-7).

For Durango apatite deformed under torsion (PT1547), we
observe two prominent, coincident release peaks for 3He and

4He, with the second peak occurring at higher temperatures
(>500 °C) than in DUR-A-1 (Figs. 3c, S-5). The 3He release frac-
tion corresponding to the first peak is larger than the second,
higher temperature peak, while the opposite was observed for
4He. The resulting 4He/3He evolution in this experiment has
two discrete benches or plateaus (Fig. 3d), and the diffusion
kinetics derived from the proton-induced 3He are markedly dif-
ferent from the kinetics of undeformed, unannealed Durango
apatite (Fig. 4a,c). Specifically, we observe higher apparent dif-
fusivities for the first ∼20 % of the 3He released and a pair of
lower apparent diffusivity trends for the remaining 3He released.

Discussion

Deformation-induced helium diffusion sinks and changes in
volume diffusion kinetics. The deformation features we produced
in PI2014 and PT1547 are comparable to features in naturally
deformed apatite observed in petrochronologic studies
(e.g., Odlum and Stockli, 2020; Ribeiro et al., 2020; Odlum et al.,
2022). It is important to note that the dislocations produced in
the deformation experiments can migrate during hydrostatic
conditions (e.g., glide or climb; Passchier and Trouw, 2005) but
do not anneal like radiation damage, and during the heating
conditions of our diffusion experiments were thermally persis-
tent. This is evidenced by the dislocations and subgrain bounda-
ries retained in the PT1547 diffusion experiment fragments
(Fig. 2), as well as observations from the apatite fission track
community that dislocations persist even after fission tracks have
been annealed (e.g., Bertel and Märk, 1983). While it has been
hypothesised that deformation modifies helium behaviour in
apatite (e.g., Fayon and Hansen, 2015; McDannell et al., 2018;
Fayon and Cherniak, 2021; Guo et al., 2024), the impact of defor-
mation has not been clearly documented in previous studies.

Figure 3 Step heating experiments on Durango apatite fragments deformed under (a, b) compression (PI2014) or (c, d) torsion (PT1547),
compared to undeformed, unannealed Durango apatite (DUR-A-1). (a, c) Fractional release of 3He and 4He as a function of temperature.
(b, d) Step 4He/3He normalised to the cumulative 4He/3He (Rstep/Rbulk), plotted with 1σ uncertainties, as a function of cumulative 3He release.
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PI2014 contains a uniform distribution of dislocations
(Fig. 1) and exhibits a mostly unimodal helium release behaviour
that is comparable to undeformed, unannealed Durango apatite
(Figs. 3a,b, 4b), albeit with some apparent diffusive rounding of
radiogenic 4He (Fig. 3b). The presence of a minor second release
peak at temperatures >500 °C suggests that the dislocations in
PI2014 have induced some complex helium release behaviour,
albeit limited compared to PT1547. Additionally, the similarity
of helium diffusion kinetics in PI2014 and in undeformed, unan-
nealed Durango apatite (Figs. 4a,b, S-7) suggests that the dislo-
cations produced in PI2014 impeded helium diffusion in a
manner comparable to radiation damage (e.g., Shuster et al.,
2006; Flowers et al., 2009). If this were not the case, we would
expect the 3He diffusion kinetics in PI2014 to be less retentive
and more similar to the diffusion kinetics of Durango apatite
in which radiation damage had been experimentally annealed
(Figs. S-6, S-7; Shuster and Farley, 2009), since radiation damage
present in the PI2014 starting material was annealed at the high
temperatures of the deformation experiment.

The higher density of dislocations and dislocation arrays
comprising subgrain boundaries in PT1547 (Figs. 2, S-4) are
associated with anomalous, significant multimodal helium
release behaviour (Fig. 3c,d), reminiscent of multiple diffusion
domain behaviour commonly observed for 40Ar/39Ar spectra
from K Feldspars (e.g., Harrison and Lovera, 2014) and compa-
rable to the CRH evolution of 4He in some natural apatite sam-
ples (e.g., Guo et al., 2024). It is important to note that the proton-
induced 3He has a uniform spatial distribution at the beginning
of a stepwise degassing experiment. Therefore, the multimodal
release of 3He we observe can only result from the redistribution
of 3He during the degassing experiment. The high apparent dif-
fusivities characterising the initial 3He release in PT1547 (Fig. 4b)
may result from fractures we did not detect when selecting
this fragment that essentially reduce the effective diffusion
length scale for a small portion of the fragment analysed.
Alternatively, these high diffusivities could reflect a change in
the volume diffusion kinetics induced by deformation in at least
part of the sample.

The high apparent initial diffusivities in PT1547 transition
to diffusivities consistent with the helium diffusion kinetics for
undeformed Durango apatite (Fig. 4b), corresponding to the first
‘plateau’ we see in the 4He/3He evolution (Fig. 3d). A significant
proportion of the 3He is then retained until higher temperatures
than we would expect from undeformed Durango apatite
kinetics (Figs. 3c, 4b), corresponding to the second ‘plateau’
we see in the 4He/3He evolution (Fig. 3d). Guo et al. (2024)

hypothesised that this could occur if 3He encountered lattice
imperfections that acted as helium sinks, such that there was
an additional kinetic barrier for helium to continue diffusing
interstitially once it encountered a sink in the degassing experi-
ment, resulting in a higher temperature release of 3He. The
corresponding second release peak for 4He, which corresponds
to larger gas release fractions than 3He, further suggests that
trapping of radiogenic 4He occurred during the deformation
experiment, in addition to trapping during the subsequent diffu-
sion experiment. Overall, our observations from PT1547 suggest
that a locally high dislocation density (i.e. relative to PI2014) or
array of dislocations can create diffusion sinks related to crystal-
plastic deformation, which is perhaps not surprising, as extended
defects have previously been suggested to impede helium diffu-
sion and/or trap helium in apatite and other minerals based
on first principles calculations (e.g., Domingos et al., 2020;
Gautheron et al., 2020; Gerin et al., 2017).

Farley (2000) predicted that helium diffusion kinetics in
apatite should vary based on the presence of crystal imperfec-
tions including, but not limited to, radiation damage, and Guo
et al. (2021) demonstrated that this kinetics variation does occur
and cannot be completely explained by different combinations
of grain size and radiation damage. Our paired deformation–
4He/3He experiments support the hypothesis that deforma-
tion-induced extended defects in apatite impact the behaviour
of radiogenic 4He in natural apatite samples. Defects can func-
tion as reversible, temperature dependent diffusion ‘sinks’ that
impede the diffusive loss of 4He over a sample’s geologic thermal
history and may also alter volume diffusion kinetics. Because
these defects form during crystal-plastic deformation (e.g.,
Nakano et al., 2001; Saka et al., 2008; Odlum et al., 2022), we
can infer that, in natural samples, such defects will form during
the high temperature portion of an apatite sample’s geologic
history, before significant radiogenic 4He accumulation occurs.
The impact of such defects on helium behaviour likely contrib-
utes to apatite (U-Th)/He date overdispersion, specifically result-
ing in dispersion toward older ages (e.g., Guo et al., 2021)
compared to what is expected given current diffusion models.
Importantly, detecting such behaviour requires obtaining infor-
mation about the behaviour of helium release during laboratory
degassing, either through 4He/3He experiments like those pre-
sented here or through CRH measurements (Idleman et al.,
2018). Further work is necessary to evaluate if a constitutive rela-
tionship between deformation and helium retentivity can be
developed and broadly applied to (U-Th)/He datasets.

Figure 4 Arrhenius plot for diffusion of proton-induced 3He in (a) DUR-A-1, (b) PI2014, and (c) PT1547, compared to the helium diffusion
kinetics forDurangoapatite reportedby Farley (2000), scaled to the spherical equivalent radii of each fragment. Lines are fit to the filled data
points. Where not visible, uncertainties in ln(D/a2) values are smaller than the symbols plotted.
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Conclusions

We demonstrate with experiments that dislocations produced
during plastic deformation of apatite can operate as diffusion
sinks for helium. Retention of helium to higher temperatures
in such sinks is likely an important source of (U-Th)/He date
overdispersion in natural apatite samples, and incorporating
the effects of deformation-induced helium sinks into our apatite
helium diffusion models will be important for making accurate
thermal history interpretations from many (U-Th)/He datasets.
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