Fadel Bassal 
  
Beatrix Heller 
  
Jérôme Roques 
  
Hilal Balout 
  
Laurent Tassan-Got 
  
Thierry Allard 
  
Cécile Gautheron 
email: cecile.gautheron@universite-paris-saclay.fr
  
Revealing the radiation damage and Al-content impacts on He diffusion in goethite

Keywords: Density functional theory, He diffusion, (U-Th)/He, geochronology, goethite

Over the past few decades, the (U-Th)/He geochronological method on goethite has been more and more applied to date laterite formation and evolution or ore-deposit formation. However, questions remain on possible He loss by diffusion due to the polycrystalline structure of goethite and associated underestimation of the goethite crystallization date given by the (U-Th)/He age. Prior studies estimated helium loss in goethite to range from 2 to 30%, but no relation or models have been produced to explain such values. To clarify the situation, we firstly performed a complete review of experimental He diffusion data in natural goethite, that reveals the link between activation energy and He loss with the damage dose. To understand He diffusion behavior in goethite and model the He loss, natural defect and alpha damage as well as the chemical composition and growth structure effect on He diffusion have been investigated thanks to a multi-scale study. We used numerical simulations combining the Density Functional Theory (DFT) at the atomic scale and Kinetic Monte Carlo (KMC) simulations at the macroscopic scale. We found that He diffusion is purely anisotropic along the preferential elongated axis (i.e., b-axis) and He leaks out easily in defect-free goethite and Al-goethite. The consequence of this anisotropy is that crystallographic defects and alpha damage strongly lower the He diffusivity in goethite and Al-goethite by obstructing the diffusion channel or trapping He along the b-axis. Defect and damage impact on He diffusion is even larger for Al-goethite.

The obtained He diffusion parameters for goethite containing defect and damage are similar to the activation energy and He diffusional loss obtained in natural goethite from the literature.

We demonstrate the systematic dependence of the diffusion coefficient with damage dose and the impact of Al on He retention. He atoms are retained only at the favor of obstructions blocking the diffusion and vacancies trapping them in the goethite structure. The consequence of the diffusive behavior is that a part of He diffuses out of the crystal until sufficient damage accumulated along the b-axis. The diffusion domain size is the channel length along the b-axis rather than the whole crystallite size. To correct the He loss this study proposes estimation of the He retention and needed corrections for different types of goethite.

1.

Introduction

The Earth's continental surface undergoes erosion and weathering processes that affect its morphology. During hydrolyzation of the rocks at the surface, chemical elements are transferred between the different compartments of the critical zone during weathering [START_REF] Brantley | Learning to read the chemistry of regolith to understand the Critical Zone[END_REF]. The release of chemical elements from the parent rock will also lead to the precipitation of secondary phases such as clays and oxides (e.g., iron oxides and oxyhydroxides; [START_REF] Nahon | Weathering in tropical zone. Significance through ancient and still active mechanisms[END_REF][START_REF] Nahon | Chapter I.3 -The Ferruginous Laterites[END_REF], hosting the less soluble elements such as Al, Fe, or Ti.

Goethite, α-FeO(OH), is one of the most common iron oxyhydroxides developed in those environments and the most abundant phase of iron(III) at the Earth's surface [START_REF] Cornell | The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses[END_REF]. Goethite can contain up to 33% of Al substitution and some dozen to hundreds of ppm of trace and rare earth elements, including U, Th and Sm [START_REF] Ault | Innovations in (U-Th)/He, fission-track, and trapped-charge thermochronometry with applications to earthquakes, weathering, surface-mantle connections, and the growth and decay of mountains[END_REF]Shuster et al., 2005). Principally goethite is found in sediments, soils, laterites, and ore deposits and it is the main constituent of limonite (yellow-red ochres) [START_REF] Dutrizac | Behaviour of the rare earths during goethite (α-FeOOH) precipitation from sulphate-based solutions[END_REF]. In addition to hematite (α-Fe2O3), this ferric iron oxyhydroxide is one of the most thermodynamically stable forms of iron oxides at ambient conditions in the presence of water.

Goethite and hematite crystallization are key markers of the Earth's surface evolution and are related to weathering products that are linked to climatic and geodynamical changes [START_REF] Vasconcelos | The paleoclimatic signatures of supergene metal deposits[END_REF]. Accessing the timing of hematite and goethite precipitation provides important constraint on the evolution of weathering covers and reconstruction of continental surfaces. One important tool for dating hematite and goethite is the (U-Th)/He geochronometry. This methodology is based on the radioactive alpha decay of U, Th and Sm that produces He nuclei (alpha particle) which are (partially) retained in the crystal structure (see review of [START_REF] Ault | Innovations in (U-Th)/He, fission-track, and trapped-charge thermochronometry with applications to earthquakes, weathering, surface-mantle connections, and the growth and decay of mountains[END_REF]. The (U-Th)/He age interpretation depends therefore on our knowledge of the He loss by diffusion in the target mineral. Helium is a noble gas that is thermally activated and diffuses from neighboring insertion sites following the Arrhenius law [START_REF] Farley | Helium diffusion from apatite: general behavior as illustrated by Durango fluorapatite[END_REF]. The diffusion rate depends on the energy barrier between sites and the probability of jumping to one of the neighboring insertion sites. He atoms always vibrate due to temperature, even at surface temperature, and have a probability to jump to the next neighboring insertion sites. Even for He retentive minerals such as apatite and zircon for example [START_REF] Farley | Helium diffusion from apatite: general behavior as illustrated by Durango fluorapatite[END_REF][START_REF] Reiners | Zircon (U-Th)/He thermochronometry[END_REF], He atoms diffuse at surface temperature, but thanks to the large size of the crystal compared to the diffusional size (dozens to hundreds of angstroms compared to hundreds of micrometers), He is significantly retained. However, for polycrystalline samples composed of dozens of nano-to micrometer sized crystallites, like it is the case for hematite and goethite, radiogenic He can diffuse out of the crystallites even at surface temperature (e.g. [START_REF] Farley | Helium diffusion parameters of hematite from a single-diffusion-domain crystal[END_REF]Shuster et al., 2005;[START_REF] Gautheron | Noble Gases Deliver Cool Dates from Hot Rocks[END_REF]. For hematite, a significant amount of diffusion experiments and calculation have been performed leading to similar values of few percent of He diffusion loss (e.g., Balout et al., 2017b;[START_REF] Evenson | Hematite and Mn oxide (U-Th)/He dates from the Buckskin-Rawhide detachement system, western Arizona: gaining insights into hematite (U-Th)/He systematics[END_REF][START_REF] Farley | Helium diffusion parameters of hematite from a single-diffusion-domain crystal[END_REF][START_REF] Farley | U-Th)/Ne and multidomain (U-Th)/He systematics of a hydrothermal hematite from Eastern Grand Canyon[END_REF][START_REF] Lippolt | 4 He Diffusion in Specular Hematite[END_REF]. However, goethite (U-Th)/He (GHe) ages, on the contrary to hematite, seem to necessitate larger He diffusion correction. 4 He/ 3 He studies indicate diffusive He loss ranging from some percent [START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF] to 10-30 percent [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF][START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF]Shuster et al., 2005). The distribution of crystallite sizes of those samples was not detailed in the latter contributions leading to unknown information about the diffusion domain size. In addition, the different parameters that might modify He diffusion in goethite such as chemical substitution, defect or radiation damage have never been investigated.

To bring additional information on the He retention process and the impact of ironaluminum substitution, crystallographic defects and radiation damage on He diffusivity in goethite, we conducted a multi-scale theoretical study. We aim to develop an atomic-level understanding of the He-diffusion mechanism in goethite using a computational chemistry approach. Finally, the impacts of iron-aluminum substitution and crystallographic defects on the He diffusivity in goethite were investigated and resulting obstruction and trapping impact of defect and damage were modeled. All those data were compared to existing He diffusion literature data [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF][START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF][START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF]Shuster et al., 2005;[START_REF] Vasconcelos | 40Ar/39Ar and (U-Th)/He -4 He/ 3 He geochronology of landscape evolution and channel iron deposit genesis at Lynn Peak, Western Australia[END_REF][START_REF] Waltenberg | Mineral physics and crystal chemistry of minerals suitable for weathering geochronology[END_REF] and used to predict the He diffusion behavior in goethite crystal for the purpose of goethite (U-Th)/He geological dating.

Review of activation energy experimental literature data

To our knowledge, seven studies [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF][START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF][START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF][START_REF] Reiners | U-Th)/He geochronology and chemical compositions of diagenetic cement, concretions, and fracture-filling oxide minerals in Mesozoic sandstones of the Colorado Plateau[END_REF]Shuster et al., 2005;[START_REF] Vasconcelos | 40Ar/39Ar and (U-Th)/He -4 He/ 3 He geochronology of landscape evolution and channel iron deposit genesis at Lynn Peak, Western Australia[END_REF][START_REF] Waltenberg | Mineral physics and crystal chemistry of minerals suitable for weathering geochronology[END_REF] have been conducted under-vacuum step heating diffusion experiments on polycrystalline goethite samples. All of these studies, except the those from [START_REF] Reiners | U-Th)/He geochronology and chemical compositions of diagenetic cement, concretions, and fracture-filling oxide minerals in Mesozoic sandstones of the Colorado Plateau[END_REF] and some data from [START_REF] Waltenberg | Mineral physics and crystal chemistry of minerals suitable for weathering geochronology[END_REF] measured both natural 4 He as well as 3 He produced by proton bombardment in order to define the percentage of He lost by diffusion (Shuster and Farley, 2005). While five studies define the fraction of 4 He lost by diffusion using 4 He/ 3 He data for all of their data or some data, only three studies [START_REF] Reiners | U-Th)/He geochronology and chemical compositions of diagenetic cement, concretions, and fracture-filling oxide minerals in Mesozoic sandstones of the Colorado Plateau[END_REF]Shuster et al., 2005[START_REF] Waltenberg | Mineral physics and crystal chemistry of minerals suitable for weathering geochronology[END_REF] report diffusion coefficients for He diffusivity in goethite. As the diffusion domains (i.e., crystallite size) of those samples are mostly not known, extraction of diffusion data from those data should be taken with caution as demonstrated by [START_REF] Farley | Helium diffusion parameters of hematite from a single-diffusion-domain crystal[END_REF]. For this reason, to compare all available data with our theoretical results, we extracted only the diffusion parameter activation energy (Ea) from the diffusion experiments in the afore mentioned studies that provide 4 He/ 3 He diffusion data and He diffusion loss fractions. Some experiments had to be rejected as their heating schedules were not suited for the calculation of the activation energy (Ea), including some data from [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF] and all data from Hoffman et al. ( 2017) (Table 1). The linear parts of the diffusion experiments were fitted by least square regression. Only heating steps with temperatures <250°C were taken into consideration as above this temperature goethite transforms into hematite at ambient pressure. Furthermore, the activation energy (Ea)

was generally retrieved from low 3 He and 4 He release fractions (<10% of the total gas for 92% of the used data), leading to its reliable estimation. Some experiments contained isothermal steps which had to be omitted for regression as they lead to an offset in Arrhenius plots. In this case several linear regressions (one for each linear portion) were calculated, and a mean was obtained from the different regressions. Arrhenius diagrams of all used diffusion experiments indicating the steps selected for regression can be found in the electronic supplementary material. Errors on the Ea parameter correspond to the uncertainties of the linear regressions.

The purpose of this work is to qualitatively compare the whole dataset highlighting the large differences and not to extract precise Ea value. The obtained activation energy values range from 1.21±0.7 to 2.00±0.17 eV (or 117±17 to 193±17 kJ/mol) (Table 1).

In addition, the radiation damage densities (α-doses) of the literature samples were calculated, using the mean U and Th concentrations of the corresponding samples and the damage accumulation duration, which in our case is mostly the corrected (U-Th)/He age of the samples. We assumed that the crystallization age of the goethite is equivalent to the diffusive loss corrected (U-Th)/He ages and that the produced damage does not anneal. In addition, we assumed that the samples under study were not subjected to post-formation fluid-induced crystallization as this would likely lead to the precipitation of new and younger populations of goethite [START_REF] Heller | Reading the climate signals hidden in bauxite Geochim[END_REF][START_REF] Monteiro | U-Th)/He geochronology of goethite and the origin and evolution of cangas[END_REF]) so that the crystallization age is well defined.

Unfortunately, for the data by [START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF] no U and Th contents were available, as the weight of the dated aliquots was not determined for this study. However, [START_REF] Stone | Depositional history and mineralisation of Tertiary channel iron deposits at Yandi, Eastern Pilbara, Australia, School or Earth and Geographical Sciences[END_REF] report U and Th content in goethite rich samples from the same locality than the dated samples from [START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF]. U content ranges from 0.9 to 3 ppm and Th from 0.2 to 2 ppm, leading to similar Th/U ratio than the one presented in [START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF] contribution. Therefore, we estimated the U and Th contents using a U content of 2/+8 ppm, which is a typical value for supergene goethite in the low content range, and a Th content of 1-0.75/+5 which corresponds to the Th/U ratio reported by [START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF].

Figure 1 presents the compilation of the obtained activation energy Ea (reported in eV, to be coherent with the value of the theoretical study from this contribution, but conversion to J/mol is easily obtained as 1 eV=96,485 J/mol), as a function of the diffusive loss obtained from 4 He/ 3 He data (Fig. 1A) and the damage density (Fig. 1B). The investigation of the activation energy retrieved from the literature data demonstrates that He diffusion is complex in goethite, with an almost unretentive He diffusion behavior at surface temperature for some goethites to more retentive ones. In addition, it highlights the role of radiation damage which seems to modify the He activation energy. A summary of the evaluated diffusion experiments and the obtained activation energy can be found in Table 1.

Computational details

We optimized an orthorhombic crystal structure model (Fig. 2A) with the Pnma space group according to the international tables of crystallography [START_REF] Hahn | International Tables of Crystallography[END_REF]. The crystal lattice is composed of a unit cell containing 4 FeO(OH) groups (Fig. 2A) and characterized by the following parameters: a = 9.951 Å, b = 3.018 Å and c = 4.598 Å, with crystal growing preferentially along the b-axis [START_REF] Cornell | The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses[END_REF]. Note that different conventions for naming the axes exist so that a = 4.598 Å, b = 9.951 Å and c = 3.018 Å can be found commonly in the literature (e.g., [START_REF] Yang | Goethite, [alpha]-FeO(OH), from singlecrystal data[END_REF].

Firstly, the periodic Density Functional Theory (DFT) computational approach [START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF][START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF], has been used to study the He-diffusion in a goethite crystal, an approach that has successfully been used to study the He and Ne diffusion in hematite (Balout et al., 2017a;Balout et al., 2017b), zircon (Gautheron et al., 2020), magnetite (Bassal et al., 2022) and He diffusion in apatite [START_REF] Djimbi | Impact of apatite chemical composition on (U-Th)/He thermochronometry: an atomistic point of view[END_REF][START_REF] Gerin | Influence of vacancy damage on He diffusion in apatite investigated at atomic to mineralogical scales[END_REF]. The details about the DFT calculations can be found in previous works [START_REF] Bassal | Neon diffusion in goethite, α-FeO(OH): A theoretical multi-scale study[END_REF]. After a first stage of computational simulations to adjust calculation parameters, interstitial sites were investigated for He insertion into the crystal model. Later, the Minimum-Energy Pathway (MEP) of the He diffusion process between two interstitial stable sites has been characterized using the Nudged-Elastic Band (NEB) method [START_REF] Jónsson | Nudged Elastic Band Method for Finding Minimum Energy Paths of Transitions[END_REF]. In this respect, the migration energy (Emig) between interstitial sites has been calculated.

In summary, the DFT calculation allows one to determine the insertion sites and the He insertion energies. The migration energy between the insertion sites is obtained using MEP calculation between insertion sites. The migration energy can be converted into activation energy for isotropic diffusion (Balout et al., 2017a). In case of the presence of trapping defects, an effective activation energy can be calculated by adding to the migration energy the difference between the insertion energies (Gautheron et al., 2020). Finally, in case of anisotropic diffusion, the Kinetic Monte Carlo (KMC) calculation allows one to calculate the effective activation energy along each axis, that incorporates the different insertion sites, migration and effective activation energies (Djimbi et al., 2005).

Lattice construction

Firstly, a supercell characterized by (𝑣 1 ⃗⃗⃗⃗ ×3𝑣 2 ⃗⃗⃗⃗ ×2𝑣 3 ⃗⃗⃗⃗ ) was defined in such a way that this supercell is large enough to avoid the volume relaxation after adding one He atom into the crystal structure. The supercell was computed by duplicating the goethite unit cell in the three dimensions of space, one time according to the a-axis, three times according to the b-axis and two times according to the c-axis. This supercell was considered to investigate the He insertion in defect-free pure goethite (Fig. 2A). Secondly, the impact of Fe-Al substitution on the He diffusivity in goethite was examined. The substitution of Fe by Al atoms leads to the replacement of the typical Fe-O bonds by new shorter Al-O bonds, due to the difference of Van der Waals radius of the Al atom compared to the Fe atom (Fig. 2B). Consequently, Fe-Al substitution induces a global contraction of the overall size of the goethite crystal depending on the substitution percentage. Moreover, the Fe-Al substitution modifies the magnetic properties and the Néel temperature of goethite [START_REF] Fleisch | Determination of the aluminum content of natural and synthetic aluminogoethites using Mössbauer spectroscopy[END_REF]. For the purpose of this study, we studied the influence of Fe-Al substitution by replacing one pair of Fe atoms by one pair of Al atoms (substitution fraction = 8.33%), two pairs of Fe atoms by two pairs of Al atoms (substitution fraction = 16.66%) and three pairs of Fe atoms by three pairs of Al atoms (substitution fraction = 25%). As the Al 3+ is a diamagnetic cation and thus substituting paramagnetic Fe 3+ by diamagnetic Al 3+ perturbs the spin neutrality of our system, we choose to substitute Fe with Al atoms in such a way that each pair of Al atoms substitutes one pair of opposite-spin Fe atoms. This computational strategy was chosen according to DFT studies in the literature. It is worth noting that the Fe-Al substitutions were, intentionally, localized around the chosen sites in the crystal lattice, in order to make visible the Fe-Al substitution effect on the He diffusion, until the extreme situation. To develop a rational understanding of the impact of the Fe-Al substitution on He diffusion we increase systematically the local Fe-Al substitution, and thus increase the local Fe-Al constraint on the insertion site until the point that adding supplement Al atoms does not significantly impact the crystal structure. In this case constraints reach the maximum level (the highest local constraints).

Finally, crystallographic intrinsic defects and irradiation damage were investigated (see [START_REF] Bassal | Neon diffusion in goethite, α-FeO(OH): A theoretical multi-scale study[END_REF] for additional and complete details). Defect such as Schottky defect was performed by the elimination of a complete group of FeO(OH) from the goethite supercell (𝑣 1 ⃗⃗⃗⃗ ×3𝑣 2 ⃗⃗⃗⃗ ×2𝑣 3 ⃗⃗⃗⃗ ) inducing the formation of a crystal vacancy, which is considerably large and reduces significantly the constraints once a He atom occupies the free space generated by the crystal defect. A second type of defect was created based on the work of [START_REF] Blanchard | First-principles study of the structural and isotopic properties of Al-and OH-bearing hematite[END_REF] for hematite, by considering the elimination of one Fe atom from the octahedral unit of the crystal system. In this case, 3 H atoms were added in such a way that each H atom ensures a new covalent bond with each O atom to replace the 3 removed Fe-O bonds. In the following, this type of defect will be named as hydrated defect. Different positions of H atoms have been examined to find the most stable structure. A third case of damage caused by radioactive alpha recoil decay was investigated theoretically as large damage of several dozens of nanometers in size. Although this type of damage cannot be computed directly by DFT due to the limited supercell size, its impact on the He diffusion in goethite can be simulated and computed considering an insertion site with an insertion energy of zero eV. In other words, the cavity (amorphized area), generated by the recoil damage, is large enough to minimize the constraints on the new insertion site created inside the cavity.

Atomic scale

Periodic DFT [START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF][START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF] calculations were investigated for energy minimizations of goethite crystal structures (unit cell, supercell, and supercell with one He atom) and thus to determine the different He insertions sites. The supercell was selected as having a low volume expansion (+1.86%) and characterized by a = 9.997 Å, b = 9.124 Å and c = 9.178 Å. All calculations were spin-polarized, considering the magnetic properties of goethite, due to the presence of iron atoms. Simulations were carried out with the Vienna Ab initio Simulation Package (VASP) [START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF] using the generalized gradient approximation (GGA), in particular, the PBE [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] functional exchange correlation potential.

After the optimization of the supercell, all insertion sites (interstitial and vacancy sites)

were identified and investigated in the whole crystal structure. The insertion energy is the energy difference between the complex system (super-cell + He atom) and the separated systems (super-cell without He atom) -equation (1):

𝐸 𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 = 𝐸 𝑠𝑦𝑠𝑡𝑒𝑚 -(𝐸 𝑔𝑜𝑒𝑡ℎ𝑖𝑡𝑒 + 𝐸 𝐻𝑒 ) (1) 
To describe the He jumps between two neighboring interstitial sites (between one interstitial site and its neighboring vacancy site), inside the crystal goethite structure, we used the NEB method [START_REF] Jónsson | Nudged Elastic Band Method for Finding Minimum Energy Paths of Transitions[END_REF], which is a method to simulate the minimum energy pathway (MEP) of He migration and to provide the energy barrier between two given initial and final states of a transition process. The NEB method is a chain-of-states method [START_REF] Elber | A method for determining reaction paths in large molecules: Application to myoglobin[END_REF][START_REF] Pratt | A statistical method for identifying transition states in high dimensional problems[END_REF] in which a chain (string) of images (He atoms at differences positions) is used to describe the minimum energy pathway (MEP). The saddle point of the obtained optimized MEP corresponds to the transition state (TS) of the migration process. The Climbing Image NEB (CI-NEB) method [START_REF] Henkelman | A climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF] was used for more accuracy on the transition state: After a regular NEB calculation, a more rigorous convergence is carried out in the saddle point. Then, the exact migration barrier can be calculated, and the jump probability can be determined using the vibration frequencies. Vibrational Frequencies, NEB and CI-NEB calculations have been performed using the VASP TST Tools (source, codes, scripts) of the University of Texas in Austin (https://theory.cm.utexas.edu/vtsttools/).

For any possible jump between sites the NEB method computes the energy barrier between the initial and final states. It corresponds to the so-called migration energy 𝐸 𝑚𝑖𝑔 , defined by the equation ( 2):

𝐸 𝑚𝑖𝑔 = 𝐸 -𝐸 𝑖𝑛𝑖𝑡 (2)
where 𝐸 𝑖𝑛𝑖𝑡 and 𝐸 are, respectively, the initial and transition states energies.

According to the Transition State Theory (TST) [START_REF] Vineyard | Frequency factors and isotope effects in solid state rate processes[END_REF][START_REF] Voter | Classically exact overlayer dynamics: Diffusion of rhodium clusters on Rh(100)[END_REF] the jump rate of the He atoms Ґ can be expressed as:

Ґ = 𝜈 0 𝑒 -𝐸 𝑚𝑖𝑔 𝑘 𝐵 𝑇 (3) 
The attempt frequency, 𝜈 0 , can be defined using the Vineyard approximation [START_REF] Vineyard | Frequency factors and isotope effects in solid state rate processes[END_REF], based on the frequencies of the He atoms, derived from the harmonic approximation of the energy landscape, at the ground and transition states, see [START_REF] Bassal | Neon diffusion in goethite, α-FeO(OH): A theoretical multi-scale study[END_REF] for more details.

Afterward, the jump probabilities for all possible transitions S0→ S1,2,3…n between an initial site S0 and all the neighboring ones S1,2,3…n can be calculated. For each initial site, S0, the total probability of jump, Ґ 𝑇𝑜𝑡 , can be obtained as the sum of the probabilities of jump from this site S0 to all its neighbors. The residence time is calculated as the inverse of the total jump probability corresponding to the time required for passing from the initial site to the neighboring ones.

Macroscopic scale

When the crystal is homogeneous, like a perfect periodic lattice, it is possible to derive analytically the diffusion coefficient from the above-defined jump rates. On the contrary if accidents, like obstructions or trapping sites, are spread randomly the periodicity is broken and the favored tool giving the diffusion coefficient is a Monte Carlo simulation of the random walk between the sites. This simulation is named Kinetic Monte Carlo (KMC) [START_REF] Bortz | A new algorithm for Monte Carlo simulation of Ising spin systems[END_REF][START_REF] Gillespie | A general method for numerically simulating the stochastic time evolution of coupled chemical reactions[END_REF] and it follows the time-dependent trajectories of the He atoms motion using the transition rates determined from the atomic scale described above.

The simulation is run at a given temperature T and the diffusion coefficient is derived from the spread of the displacement of the He atoms for an ensemble of trajectories. For example if the variance of the displacement along x is noted vx, the diffusion coefficient, Dx, at temperature 𝑇 is based on the Einstein (1905) equation ( 4).

𝐷 𝑥 = 𝑣 𝑥 2𝑡 ( 4 
)
where t is the mean time to run the trajectory. The same relation applies for the coordinates y and z. In the goethite and zircon cases the diffusion coefficient along the three directions are very different, revealing the highly anisotropic nature of the diffusion and justifying the explicit calculation of values along the coordinates.

He diffusion is a thermally activated process and can be described by the Arrhenius law [START_REF] Arrhenius | Über die Dissociationswärme und den Einfluss der Temperatur auf den Dissociationsgrad der Elektrolyte[END_REF][START_REF] Laidler | A glossary of terms used in chemical kinetics, including reaction dynamics (IUPAC Recommendations 1996)[END_REF] and equation ( 5):

𝐷 = 𝐷 0 × 𝑒 -𝐸 𝑎 𝐾 𝐵 ×𝑇 (5)
where 𝐷 0 is a temperature-independent factor, 𝑘 𝐵 is the Boltzmann constant and 𝑇 is temperature in kelvin. The activation energy (Ea) corresponds to the energy that one atom needs to jump from one free site to a free neighbor one. The same simulation is repeated for different temperatures and the coefficient D is calculated for each simulation. Using the Arrhenius law, in particular its logarithmic form, the activation energy Ea and the pre-exponential factor D0 can be extracted using equation ( 6):

𝑙𝑛(𝐷) = -𝐸 𝑎 ( 1 𝐾 𝐵 ×𝑇 ) + 𝑙𝑛(𝐷 0 ) (6) 
In this case, Ea and D0 correspond respectively to the slope and the intercept of the obtained curve in a plot of 𝑙𝑛(𝐷) vs.

1 𝑇 .

Results

Theoretical goethite FeO(OH) structure

In the case of defect-free FeO(OH) goethite, four types of interstitial insertion sites are identified and they are located inside the free spaces in the open channels between the octahedral units (Fig. 2A). Two symmetric stable interstitial sites S0 and S1 are identified inside the channel, in such a way that each site occupies a middle position from its two adjacent hydrogen atoms. These two symmetric sites repeat periodically along the main axis of each channel following a zig-zag pathway. From this point of view, each interstitial site S0 is surrounded by 4 equivalent neighbors: 2 neighboring sites (S2 and S2') on the same hydrogen line along the main axis of the open channel (the b-axis) and 2 equivalent neighboring sites (S1 and S1') localized beside on the second line of hydrogen atoms. Figure 2B presents the different symmetric insertion sites and the distances between each pair of sites. Longitudinally, a distance of 3.04 Å between two successive sites is found, whereas diagonally, a distance of 2.06 Å between two successive sites is obtained. All insertion sites are characterized by an insertion energy of 1.38 eV (Table 2). In this case we can define two types of He jump inside the same channel: the diagonally jump characterized by a distance of 2.06 Å, and the longitudinally one characterized by a distance of 3.04 Å (Fig. 2B). Furthermore, two additional types of transition can be defined considering the periodicity of the interstitial sites in the adjacent and parallel channels. For each interstitial site S0, we can identify a first pair of neighbor sites, S3 and S3', which is located in the first adjacent channel and located diagonally from the initial site S0 (Fig. 2B). These sites are characterized by a distance of 4.55 Å from S0. Moreover, we can identify a second pair of neighbor sites, S4 and S4', which is located in the second adjacent channel, and located vertically from S0. These sites are characterized by a distance of 4.72 Å from S0 (Fig. 2B).

Four pairs of atomic jumps between the initial site S0 and its four pairs of neighbor sites are defined as illustrated on Figure 2B: S0→S1 & S0→S1', S0→S2 & S0→S2' (inside-channel jumps) and S0→S3 & S0→S3', S0→S4 & S0→S4' (between-channels jumps). Thus, four types of migration pathways could be identified and are characterized by their migration energies 𝐸 𝑚𝑖𝑔(𝑆 0 →𝑆 1 ) , 𝐸 𝑚𝑖𝑔(𝑆 0 →𝑆 2 ) , 𝐸 𝑚𝑖𝑔(𝑆 0 →𝑆 3 ) , 𝐸 𝑚𝑖𝑔(𝑆 0 →𝑆 4 ) . Figure 3 presents the results for each migration energy calculated between the insertion sites. For the S0→S1 diagonal jump, the migration pathway is characterized by a migration energy of 0.43 eV (Table 2, Figs. 3A and3D), whereas the migration energy for the S0→S2 longitudinal jump (inside-channel) along the b-axis between 2 successive sites S0 and S2, is higher with a value of 10 eV (Table 2; not presented in Fig. 3). Finally, migration energy to the neighboring sites S3 and S4, yield value of S0→S3 of 1.73 eV and S0→S4 of 2.72 eV (Table 2, Figs. 3B, C andD). The S0→S2, S0→S3 and S0→S4 migration energies are high and disable those jumps. This shows that the diffusion in goethite is possible only along S0→S1 (y direction, b-axis). The pre-exponential factor D0y can be deduced from the normal frequencies at the site and the transition point, it is equal to 13.6×10 -4 cm 2 .s -1 .

Theoretical Fe-Al goethite structure

The defect-free substituted Fe-Al goethite structure is subject to a global volume contraction of several percent in the case of substitution by one, two and three Fe-Al pairs, respectively (Table 2). This contraction is localized mainly around the two interstitial sites S0 and S1. Depending on the positions of the Fe-Al substitutions along the channel, interstitial sites do not have the same constraints and the same insertion energy. The latter in this case depends on the Fe-Al substitutions steric constraints on the interstitial site (distances of the site from Al atoms). Figure 4 sketches the effect of the Al along the pathway when 1, 2 and 3-Al pairs are substituted. In the case of a 1 pair, close to the Al atoms the sites are named S0' and S1' and their insertion energy amounts to 1.53 eV (Table 2), slightly higher than for S0 and S1 due to the local shrinking of the channel. In the case of substitution by two Fe-Al pairs, the He insertion energy rises up to 1.63 eV for S0' and 1.76 eV for S1'' (Table 2), whereas in the case of three Fe-Al pairs, the He insertion energy is 1.63 eV for S0' and S1', and 1.73 eV for S0" and S1"

(Table 2).

The migration energy was only computed for the inside-channel diagonal jump. In the case of one pair of Al the migration energy Emig, for the S0'→S1' jump is about 0.42 eV (Fig. 5). By symmetry for the reverse direction S1'→S0' the migration energy is the same. This barrier is almost the same as in the non-substituted case, however the effective activation energy is higher because the diffusing atom has first to climb up to S0' (or S1') before crossing this barrier. Indeed, it can be demonstrated, and confirmed by the KMC simulation, that the effective barrier is the sum of 0.42 eV and the energy difference S1'-S0=0.15 eV. In the case of two pairs of Al, the migration energies for the jumps S1"→S0' and S0'→S1" are respectively 0.42 eV and 0.55 eV, but again the effective activation energy is higher as the energy difference S1"-S0=0.38 eV has to be added to 0.42 eV. In the case of three pairs of Al, Emig between S" sites remains 2, Fig. 5). We did not compute the migration energies for the jumps to S2, S3 and S4 (trans-channel jumps), because considering the high energy barriers (i.e. migration energy) calculated for this type of atomic jump in the case of the pure goethite, the energy barriers of these transitions will be higher given the additional constraint of the Fe-Al substitution. However, the diffusion behavior between pure goethite and Fe-Al substituted goethite slightly diverge. The constraints due to the Fe-Al substitutions lead to increase the insertion energy of He atoms by 10 -28 % compared to FeO(OH) goethite. The migration energies are similar compared to that found in the case of pure goethite lattice and range from 0.42 to 0.55 eV (Table 2, Figs. 3 and5). Effective activation energies are, in these cases, between 0.57 to 0.93 eV depending on the Fe-Al substitution constraints contribution. The corresponding pre-exponential factor D0y is 127×10 -4 cm 2 .s -1 and can increase up to 846×10 -4 cm 2 .s -1 . The effective migration energy is slightly different from the migration energy (Table 2).

Goethite containing defects

The three types of defects (hydrated defect, Schottky defect and radiation damage) modeled in this study present different migration energy (i.e., energy barriers), depending on the defect size. For all cases and similarly to the Fe-Al substituted goethite, the migration energies for the between-channel atomic jumps (S0→S2, S0→S3 and S0→S4) have not been computed, because of the high energy barriers expected for these types of atomic jumps (see section 4.2).

In case of small defect such as crystallographic hydrated defect, the formation of a new stable insertion site Svacancy (S4), inside the small vacancy, is generated by the elimination of the Fe atom and the addition of 3 H atoms. In this case, the insertion energy of a He atoms inside the generated free spaces is about 1.40 eV (Table 2, Fig. 6A). Intermediate site TSH which is more stable compared to TS*H allows the migration to the site S1' characterized by a lower insertion energy of 1.23 eV (Fig. 6A). The migration energy and effective activation energy between the vacancy to the crystal lattice are similar and of 0.60 eV (Table 2).

In the case of the creation of a larger defect such as the FeO(OH) Schottky defect where one complete group of FeO(OH) is eliminated of the goethite structure, a new insertion site Svacancy (called in this case S00) is formed (Fig. 6B). This new site is localized inside the generated free space of the crystallographic vacancy and characterized by an insertion energy of 0.52 eV (Table 2). The He migration between the crystallographic vacancy (site S00) and the adjacent unoccupied channel (site S1) is characterized by an energy barrier (Emig) of 1.08 eV (Table 2, Fig. 6B) which corresponds to the migration energy difference between the new interstitial site S00 and the transition state TS'. Again, the effective activation energy is higher as He has to reach TS. The calculation of the effective activation energy, has also been obtained by using KMC calculation for FeO(OH) goethite and goethite containing one and two pairs of Al substitution and Ea values are of 1.29, 1.43 and 1.79 eV respectively (Table 2).

Finally, we associated a recoil damage as a large free space which is large enough to minimize the constraints and cancel the interaction to neighbors on the new generated site Svacancy inside this free space. In another word, compared to the Schottky defect vacancy, the free space is much larger in such a way that the constraints on the Svacancy be negligible. The He jump trajectory between the new generated vacancy site and its neighboring interstitial site (S1 inside the channel) is similar to that obtained in the case of FeO(OH) Schottky defect, but the energy barrier is higher. As the constraints on the He atoms inside the vacancy is considerably minimized (insertion energy ~ 0 eV, Table 2), the maximum energy barrier to ensure the He jump outside the vacancy increase from 1.81 to 2.31 eV for the different goethite compositions (Table 2).

Discussion

He diffusion in defect-free FeO(OH) and AlFeO(OH) goethite

He 2). The direct jump S0→S2 is energetically unfavorable, due to its high migration energy of 10 eV. In this respect, to jump from S0 to S2 He atom needs to jump twice, S0→S1 and then S1→S2, with an energetic effort of 0.43 eV for each step to arrive to the final site S2, instead of overcoming the high energy barrier of the direct longitudinal jump (10 eV, Table 2). In addition, the high energy barriers along S0→S3 and S0→S4 sites are also very high compared to the energy barrier along S0→S1 (1.73 and 2.72 eV, Table 2) and the atomic jumps between channels require high temperature. KMC simulations performed in this study gives an effective activation energy of 0.43 eV that is identical to the migration energy along S0→S1. This confirms that no He atoms can migrate along the other directions. Consequently, migrations between-channels could not be expected at lower temperature value such as Earth surface temperature (i.e., 10-40°C). He diffusion in goethite is then purely anisotropic and can only develop along the b-axis. This is a specific case, although anisotropic diffusion is common to several minerals, as zircon [START_REF] Reich | Low-temperature anisotropic diffusion of helium in zircon: Implications for zircon (U-Th)/He thermochronometry[END_REF]Gautheron et al., 2020) for example, goethite is the extreme case where only a 1D diffusion is possible.

From the theoretical calculations obtained for pure goethite and Al-goethite we can conclude that He is not retained in the goethite structure even at surface temperature, as using those activation energy and frequency factor values, an (U-Th)/He age of 0 will be obtained for any kind of thermal history. Al substitutions increase He retention but not sufficiently to retain He at surface temperature. These results reveal that the Fe-Al substitution has minor impact on the He diffusivity, as even with the maximum constrains of Fe-Al substitution, the activation energy (0.93 eV) remains insufficient to retain the He atom at low temperature. For both pure goethite and Fe-Al substituted goethite, diffusion is strongly anisotropic and is characterized by relatively low activation energy.

These results are in contradiction with the He-retention revealed experimentally in natural goethite [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF][START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF][START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF]Shuster et al., 2005;[START_REF] Vasconcelos | 40Ar/39Ar and (U-Th)/He -4 He/ 3 He geochronology of landscape evolution and channel iron deposit genesis at Lynn Peak, Western Australia[END_REF][START_REF] Waltenberg | Mineral physics and crystal chemistry of minerals suitable for weathering geochronology[END_REF] (Fig. 1). However, this is expected as the natural He diffusion data exhibit a complex behavior (Fig. 1), where differences in He retention (obtained from the 4 He/ 3 He data) related to alpha dose are observed. In addition, strong discrepancy between results obtained using theoretical and experimental approaches has already been reported for zircon (Gautheron et al., 2020;[START_REF] Reich | Low-temperature anisotropic diffusion of helium in zircon: Implications for zircon (U-Th)/He thermochronometry[END_REF][START_REF] Saadoune | He incorporation and diffusion pathways in pure and defective zircon ZrSiO4: A density functional theory study[END_REF].

He diffusion in goethite containing defect or radiation damage

He diffusion data from natural goethite indicates that damage strongly impacts He 2). The 3 added hydrogen atoms reduce the vacancy size and then increase the steric constraints on the He atom once it is inserted inside the hydrated Fe vacancy (Fig. 6A). Consequently, this damage type will not trap He, as the energy barriers are too low and no

He will be retained leading to an (U-Th)/He age of 0 for any kind of thermal history (Table 2).

In addition, a Schottky defect impacts the He retention because the insertion energy strongly drops down to 0.52 eV, implying that the vacancy is lower than normal diffusion sites by 0.86 eV, and it has an efficient trapping effect, especially at low temperature because the effective activation energy is 1.28 eV. The presence of Schottky defect in Fe-Al substituted goethite modifies even more the He diffusivity due to the contribution of the Fe-Al substitution constraints. The effective activation energy increases to 1.43 eV and even to 1.79 eV depending on the Fe-Al substitution constraints contribution. The Schottky defect is a valid candidate to trap He and slow down diffusion, because the computed Ea values are in the range of the ones estimated for natural goethite. To compare more quantitatively the diffusion results, we computed the closure temperature [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF] using a cooling rate of 10°C/Myr and a diffusion domain of 0.1 µm. This yields interesting results as the value increases with the Al content, from 21°C for a pure goethite to 52°C for one Al pair substitution to 132°C for two Al pair substitution. Similar behavior can be obtained when looking at the He retention factor (t'/t) using an arbitrary isothermal holding time of t=100 Myr with a temperature of 25°C. The simulated (U-Th)/He age (t') for this holding time is modeled using HeFTy software [START_REF] Ketcham | Forward and inverse modelling of low-temperature thermochronology data[END_REF], and the He retention factor (t'/t) will increase from 0 up to 1, showing that this type of defect is a valid candidate to trap He in the goethite structure. However, the trapping energy of the Schottky defect cannot explain the higher Ea value of ~2 eV in natural goethite (Fig. 1A), implying that additional type of defect brings the strong retention behavior.

In fact, recoil damage produced during alpha decay of U and Th in natural goethite is the most accountable defect to explain He retention as the effective computed maximum activation energies range between 1.81, 1.95 and 2.31 eV depending on Fe-Al substitution constraints (Table 2). Those values are in complete agreement with the highest Ea values obtained on natural goethite (Fig. 1 and Table 1). In addition, the obtained closure temperatures present highly retentive values, with Tc of 137°C for a pure goethite, 168°C for one pair Al substitution and 148°C for two pairs Al substitution, and for each case the consequence is that the He retention factor (t'/t) is equal to 1. This shows that radiation damage seems to be the main parameter governing He diffusion, as already suggested, and modeled for apatite and zircon crystal, showing the importance of damage modifying He behavior in minerals (i.e., [START_REF] Farley | Helium diffusion from apatite: general behavior as illustrated by Durango fluorapatite[END_REF][START_REF] Reiners | Zircon (U-Th)/He thermochronometry[END_REF][START_REF] Shuster | The influence of natural radiation damage on helium diffusion kinetics in apatite[END_REF]. The experimental and theoretical results show in addition that the Al-content in goethite has an impact on the He diffusion in goethite containing damage.

Modelling He diffusion in macroscopic natural goethite samples

The main results of the theoretical study, supported by the available data, can be summarized as follows:

1) He diffusion occurs only along the b-axis, it is a pure 1D diffusion along the bchannels. In a defect-free crystal the diffusion is very fast, and the He is immediately released.

2) As a consequence of the 1D diffusion, any obstructing atom in the b-channel blocks the diffusion because the energy barrier to jump in a parallel channel is too high.

3) Any vacancy can trap the He which will stay there at surface temperature.

This picture is comparable to diffusion in zircon, but goethite is an extreme case owing to the high barrier to jump into a parallel channel which makes the diffusion purely 1D.

According to 1) any open pristine channel releases the He it receives from the  decays. This has to be modified by the fact that -decays produce obstruction-vacancy pairs which bring some retention by the mechanisms 2) and 3). The scope of the model is to quantify this retention effect. The mineral crystallites are generally small of the order of ~0.1 µm, and contain a limited number of diffusion sites, but they are lumped in a compact configuration which can close the diffusion channels for the internal ones. For those channels the retention is complete even if they are not damaged because He cannot escape at the end of the channels. The other crystallites may have channels opened on one side and closed on the other side if they have grown up from a heap of other crystallites, and they may be opened on both sides if they are free. We focus now on those fully or half-opened channels.

Right after the goethite crystallization, the channel is almost devoid of obstructions and traps, so that He diffuses quickly, reaches the open end and is released. The irradiation displaces crystal atoms thereby producing obstructions. The deposition of one obstruction in the channel already has a retention effect in case of closure at one end: only He which is deposited in the open segment escapes, the rest been kept inside. In this picture the probability to escape is the ratio of the length of that segment to the total length of the channel. The density of obstructions increases linearly in time, so that the open segment decreases and the escape probability drops.

Trapping vacancies are created as well in the channel. Obviously, He deposited between traps or between traps and obstructions have no chance to get out of the channel. However, the traps behave in a different way than obstructions. To illustrate the phenomenon let us consider a damage in the vicinity of the open end of the channel. Would it be an obstruction, a He located between it and the aperture would escape surely. For a trap it is not always the case because along its diffusion path the He atom may still fall into the trap, so that the trap has a distant action. It can be proved from a theoretical study of the random walk that the probability to escape is proportional to the distance to the trap of the initial location of the He. When the He location neighbors the vacancy the probability is 0, whereas when it is close to the channel aperture, it is 1. As a consequence, in average, He atoms located in the terminal open segment have the probability ½ to escape (it was 1 for an obstruction).

The above considerations lead to a modelling of the impact of obstructions and traps.

We consider a segment of length of the crystallite L (L is arbitrary), representative of the bchannel. Obstructions are placed randomly on the segments, so that their average inter-distance be <d>. The same is done for traps. If no trap/obstruction is present in the segment, the He release fraction is 1. If the end defect (the closest to the aperture) is an obstruction at distance l from the open side, the contribution to the release fraction is l/L. If it is a vacancy the contribution is l/(2L). The result depends obviously on the locations of obstructions and traps, so we consider many configurations, about 10 6 , having the same <d> and we average the release fraction over all configurations. As the result depends only on the ratio <d>/L, we plot the release fraction versus this quantity in Figure 7A. The continuous curve corresponds to a channel open at both sides, whereas the dashed one is for a channel closed on one side, giving a lower release as expected. For a large <d> the concentration of obstructions and vacancies is low, and often the channels does not even contain any defect, it leads to a total release (fraction equal to 1). When <d> is small the open segments at each side shorten and the release fraction drops in proportion to <d>.

So far, we only considered a given <d>, or equivalently a given concentration of defects.

This concentration builds up linearly in time and one has to integrate the released fraction over time. Due to the above-mentioned linearity the integration depends only on the final concentration of defects. If we denote x=<d>/L, and X=<df>/L, where <df> is the final mean distance, the final release fraction of the channel is given in eq. ( 7):

𝐹 = 1 𝑇 ∫ 𝑓 𝑇 0 (⟨𝑑⟩ 𝐿 ⁄ )𝑑𝑡 = 𝑋 ∫ 𝑓(𝑥) 𝑥 2 ∞ 𝑋 𝑑𝑥 (7)
where f(x) is the suited function plotted in Figure 7A. The right-hand form of the above equation results from the 1/t dependence of <d>. The integrated release fraction depends only on the ratio of the final mean distance <df> to the channel length L. Those quantities can be related to more physical ones.

The formula of the elementary mesh of the crystal is Fe4O4(OH)4 and it contains 2 sites distant by 1.5 Å along the b-channel. Therefore, in 1g of crystal the total number of sites is 3.410 21 . This crystal is subject to α emissions. According to the simulation package SRIM [START_REF] Ziegler | SRIM-2008 The stopping range of ions in matter[END_REF] an α decay displaces on average 1700 atoms creating as many vacancies and obstructions. We make here two strong assumptions: i) there is no fast recovery of the damage right after the particle emission, ii) the temperature remains always lower than 50°C so that no annealing take place. The assumption i) can be questioned but no data are available to quantify its validity. In summary we assume that all created vacancies and obstructions survive over the age of the sample. Let us denote D the α dose in 10 15 α/g, the number of obstructions or vacancies in 1 g is 1.710 18 D. The average distance between obstructions/vacancies, expressed in number of sites, is 3. and traps and modify strongly the He diffusion. In addition, we demonstrate theoretically that goethite with Al will be more retentive compared to a pure goethite crystal. Finally, we also show that even if the crystallite size plays a role, as soon as crystallites are intergrowing and damage dose accumulates, He is strongly retained in goethite. The main outcome in this picture is that the He loss is not governed by an activation energy. It is completely determined by the geometrical assembly of the crystallites where the important size is the length of the elongated b-axis and by the density of obstructions and vacancies, which can be accounted also in a geometrical way.

Discussion on He retention data based on the model

Experimental data as reported in Figures 1 and8 illustrate that the activation energy and He loss fraction correlate with the radiation damage density of natural samples. The latter has been calculated using mostly the corrected (U-Th)/He age, mean U and Th content of the corresponding samples, assuming no annealing of the accumulated damage, in particular no fast recombination right following the irradiation. The samples with higher damage density lost less He. This is perfectly in line with the theoretical results which predict that radiation damage lowers the He diffusivity by pathway obstruction and creation of traps, and that those mechanisms are particularly efficient in the case of pure 1D diffusion. The correlation of the two values indicates that they are closely related as expected. In detail, diffusive He loss is anticorrelated with the damage dose (Fig. 8), indicating that He retention seems to be linked to the radiation damage that reduces diffusion along the b-axis. In addition, Figure 8 illustrates that the samples by [START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF] have a different behavior than the other samples.

Although the samples of [START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF] have comparably low damage densities, they are very retentive and lost less He than expected. The high Al contents of these samples (10-35%) could be a reason for the increased retentivity as our calculations show that Al substitution leads to an increase of the activation energy.

One main result of the DFT calculation, and the modelling based on its result, is that He diffusion in goethite is purely anisotropic and fast along the b-axis, implying that He is retained only at the favor of obstructions blocking the diffusion and vacancies trapping the atoms in the goethite structure. The computed activation energy for radiation damaged goethite along the b-axis is in the range of the value obtained along the other a-c plane (S0→S3 Ea=1.73 eV; Table 2). In case of highly damaged goethite, diffusion along the b-axis will be similar to diffusion along the a-c-plane leading to a more isotropic diffusion. As a consequence, the GHe system has potential to be used as a thermochronometer in case of buried goethite. However, the thermal history could be only obtained with the determination of the diffusion domain size.

Our results imply that the crystallite size will play a role for low damaged goethite and will then progressively become a secondary parameter. In addition, the blocking by closed ends of the channels due to the compact packing will reduce He loss by diffusion. Due to the onedimensional diffusion behavior, the only relevant dimension is the channel length. Figure 7C shows a dependence with this crystallite length, but it is entangled with other quantities like the fraction of fully closed channels. In fact, all experimental He diffusion data have been obtained

on goethite with different crystallite sizes (~200 nm to µm in size), even if the information is mainly missing in some studies [START_REF] Deng | Late Mio-Pliocene chemical weathering of the Yulong porphyry Cu deposit in the eastern Tibetan Plateau constrained by goethite (U-Th)/He dating: Implication for Asian summer monsoon[END_REF][START_REF] Heim | Dating paleochannel iron ore by (U-Th)/He analysis of supergene goethite, Hamersley province, Australia[END_REF][START_REF] Hofmann | Evidence for >5Ma paleo-exposure of an Eocene-Miocene paleosol of the Bohnerz Formation, Switzerland[END_REF][START_REF] Reiners | U-Th)/He geochronology and chemical compositions of diagenetic cement, concretions, and fracture-filling oxide minerals in Mesozoic sandstones of the Colorado Plateau[END_REF]Shuster et al., 2005;[START_REF] Vasconcelos | 40Ar/39Ar and (U-Th)/He -4 He/ 3 He geochronology of landscape evolution and channel iron deposit genesis at Lynn Peak, Western Australia[END_REF]. One can also observe on Figure 8A that He is significantly blocked in goethite for different crystallite sizes, and for a dose higher than ~610 15 /g, He diffusive loss is around 10% or lower. It is important to note that He diffusive loss obtained on natural samples is also similar for the same damage dose and overlap to each other. We suggest that for natural goethite, the other end of crystallite prism is probably also blocked due to natural defects and intergrowths, making the sample solid and not powdered. The crystallization habit (botryoidal, mixed crystallites) should be an important feature that will help He retention by blocking crystallite prism ends. In addition, in the future, the determination of the He diffusion behavior for highly damaged goethite (i.e., very rich U-Th and old goethite samples) would be important to estimate the possible interconnection of damage leading to a change in He retention, as observed in zircon [START_REF] Ketcham | Geometric analysis of radiation damage connectivity in zircon, and its implications for helium diffusion[END_REF].

Based on this study we can develop a good understanding of the He diffusion in goethite 8C: 1510 % diffusive loss correction for samples with radiation damage densities <110 15 /g, 107 % diffusive loss correction for radiation damage densities from 110 15 to 110 16 /g, and 55 % diffusive loss correction for radiation damage densities > 110 16 /g (Fig. 8B). For samples containing a significant amount of Al no major correction is needed and we propose to apply a 55% diffusive loss correction (Fig. 8C). Additional work on He diffusion in Al-rich goethite should be performed in the future to define the cutoff value between little and significant amount of Al.

In the absence of knowledge on damage annealing associated with temperature, we want to acknowledge that those correction factors are better applicable to goethite samples that have an isothermal or near-isothermal time-temperature history with peak temperatures < ~50 °C as anything hotter than this would likely lose even more He, requiring a modified correction factor.

A relevant question is the link between the initial He loss and the measurement of diffusivity by step heating experiments. When the diffusion is only along 1 dimension at low temperature, like in goethite or zircon, it is very sensitive to displaced atoms obstructing the channels. Therefore, to diffuse an He atom has to jump to a neighboring channel to circumvent the obstruction. This has 2 consequences: i) The effective activation energy is the one defined by this sideways jump, and ii) The diffusion becomes almost isotropic. This supports a valid use of the step-heating experiments, as minerals got damaged. However, it is impossible from such experiments to derive a loss fraction, because that loss is driven by the diffusivity along a free channel while the step heating experiment measures the diffusivity involving the sideways jumps, due to the obstructions, at higher temperatures. Stated in a different way, from the stepheating experiments we would deduce that no initial He loss can occur, because the activation energy is too high. But this does not take into account that it was not the case when the crystal was damage-free. The step heating experiment is not representative of the conditions of the mineral right after crystallization. s

Conclusion
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  constant at 0.42 eV and the effective activation energy is 0.42+0.35=0.77 eV. It is clear that, with two pairs of Al centered around the insertion site we reach the maximum level of Fe-Al substitution contribution on the He diffusion. Adding other Al atoms (for example three pairs of Al or more) will not change the insertion energy (max ~ 1.76 eV), even the migration energy (max ~ 0.42 eV) (Table

  diffusion computation results for the FeO(OH) goethite and Al-substituted goethite AlxFe1-xO(OH) indicate that He diffuses mainly along the main axis of the unoccupied channel (S0→S1) along the b-axis, to form a global zig-zag pathway of He jumps characterizing an anisotropic migration pathway. The diffusion will spread only along the b-channel, because the migration energy to jump from S0 to S2 or S3 or S4 is very high, and no diffusion will be possible at low temperature (Table

  retention, and the theoretical approach brings a detailed insight into the phenomena. As already discussed, diffusion along the other directions (S0→S2, S0→S3 and S0→S4) is energetically hindered by the high barrier and cannot occur at low temperature, implying that the strong He retentivity should be associated with the blocking of the He diffusion in goethite along the bchannel axis (y-axis). All different kinds of defects or pathways obstruction associated with alpha damage can affect He diffusion. Vacancies slow down diffusion by trapping He whereas pathway obstruction along the b-axis will also affect diffusion by hindering the He to reach the open end of the channel. In the peculiar case of 1D diffusion the obstruction is very efficient because it cannot be bypassed. Different types of defects such as hydrated defect, Schottky defect and recoil damage on He diffusion have been investigated in goethite and Al-goethite structures. Hydrated defect cannot be a valid defect candidate for trapping He as this defect only slightly modifies the insertion energy compared to defect-free pure goethite (1.23 eV compared to 1.38 eV respectively, Table

  4 10 21 /(1.710 18 D)=2000/D. Taking into account the intersite distance the mean distance <d> between obstructions/vacancies, expressed in µm is <dµm>=0.3/D, and finally X=0.3/(LµmD), which is used to calculate the integrated release fraction F.

Figure

  Figure 7B presents the dependence of the release fraction with the dose D for different

  and define the key factors like crystal defects, obstructions, and Fe-Al substitution on the He retention. As He is almost completely lost from the crystal before sufficient damage is accumulated, the dates of goethite crystallization based on (U-Th)/He ages in goethite are underestimated. We propose to apply adapted diffusion correction factors for (U-Th)/He dating depending on the radiation damage density and the Al content of the samples. For samples with little Al, we propose the following correction factors depending on the radiation damage density, following the results of the published 4 He/ 3 He diffusive loss data presented in Figures 8B and

  Th)/He chronometer, as He can be lost by diffusion at near-surface temperatures due to the finely divided and polycrystalline structure of goethite. A complete review of experimental He diffusion data in natural goethite has been performed allowing us to qualitatively evaluate the He activation energy for all data and reveal the strong link of the activation energy and He diffusion loss with the damage dose. The investigation of He diffusion in goethite was performed thanks to a multi-scale study, where we modeled the possible role of Al chemical substitution, defects produced during crystal growth together with alpha damage on He diffusion. The calculation shows that He diffuses easily in defect-free and Al-Fe goethite only along the b-axis that is the elongated axis of goethite, as the energy needed to migrate along the a and c-axis is unfavorable, leading to a pure anisotropy. By trapping He atoms, crystallographic defects and alpha-recoil damage lower the He diffusivity in goethite, by creating pathway obstructions and traps, a process that is more impactful for Al-goethite. The obtained He diffusion parameters for defect goethite are similar to He diffusion data obtained in natural goethite from the literature, allowing us to demonstrate the systematic evolution of the diffusion coefficients with damage dose and the impact of Al on He retention. Finally, the He retention in goethite is also governed by the crystallite size that is the channel length along the b-axis and damage density, the latter becoming the most important parameter when damage accumulates. The only possible diffusion direction, along the b-channels, makes the release highly dependent on the way the crystallites are clustered because the channels can be closed by tight contact, thereby stopping any diffusion. We finally propose a He loss correction ranging from 15±10 % to 5±5 % for goethite containing little Al substitution depending on the damage dose, and 5±5 % for goethite containing a large amount of Al.
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