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Abstract

Subduction of atmospheric noble gases has been considered to play an important role 

in altering the primordial isotopes of Earth’s mantle over geological time. Analysis of 

natural samples and experiments indicate that large quantities of noble gases can be 

dissolved in volatile-bearing hydrous minerals in the subduction slabs. To 

quantitatively investigate the recycling efficiency of noble gases and relevant 

consequences on the mantle noble gas isotopic evolution, the diffusivities of noble 

gases in these minerals are needed. In this study, diffusion of He, Ne, Ar, Kr and Xe in 

lizardite, antigorite and tremolite have been calculated by first-principles methods 

based on density functional theory. Our results disclose that diffusion is slower with 

increasing radius of the noble gas atom (DHe > DNe > DAr > DKr > DXe) as expected. The 

common ring-structures in hydrous silicate minerals provide incorporation sites for the 

noble gas atoms and control their mobility. The diffusion activation energies are 84.9, 

157.3, 287.5, 347.4, 414.9 kJ/mol from He to Xe in lizardite, and despite the very 

similar lattice structure between lizardite and antigorite, the activation energies are 

found to be significantly higher in antigorite, which are 120.6, 267.3, 449.6, 497.9 and 

550.0 kJ/mol, respectively. In tremolite, the energy barriers are 93.6, 158.2, 266.3, 

322.2 and 385.0 kJ/mol, which are also found to be in very good agreement with 

available experimental values and similar to those in lizardite. We also calculated 

diffusion activation energies at higher pressures (1 GPa for liazardite, 3 GPa for 

antigorite and tremolite) to better understand how much noble gases can be preserved 

against diffusive loss during subduction. Our result show that the oceanic crust and the 



lithospheric mantle of the subduction slab play different roles in delivering noble gases 

into the mantle. We find that all Ar, Kr, Xe and possibly part of the Ne can be entrained 

by the serpentine-dominated lithospheric mantle into the deep mantle due to the high 

diffusive energy barriers in antigorite. In contrast, noble gases in the amphibole-

enriched oceanic crust would be characterized by fractionated noble gas signature, with 

the concentrations of retained noble gases in the crust following their respective ionic 

radius (Ne < Ar < Kr < Xe).



1. Introduction

Due to their chemically inert nature and simple systematic behavior, the group of noble 

gas isotopes are ideal tools for tracing geological processes like mantle evolution and 

the origin the Earth’s atmosphere (e.g. Farley et al., 1995; Graham, 2002; Trieloff and 

Kunz, 2005; Marty, 2012; Mukhopadhyay, 2012; Mukhopadhyay and Parai, 2019). 

Although it has been long known that subduction zones play a significant role in 

delivering volatile species, such as carbon, water, as well as other volatiles back to the 

Earth’s interior (Staudacher and Allègre, 1988; Rüpke et al., 2004; Kendrick et al., 2011; 

Kendrick et al., 2013; Dallai et al., 2016; Kobayashi et al., 2017), the information 

regarding the recycling of noble gases still remains rather ambiguous and hampers the 

interpretation of the existence of air-like noble gas isotopic signatures in the mantle 

(Holland and Ballentine, 2006).

Previous studies demonstrated that subducting slabs consisting of oceanic sediments, 

altered oceanic crust and serpentinised mantle contain atmospheric noble gases that are 

2 ~ 4 orders of magnitude more concentrated than in the ordinary depleted mantle  

(Staudacher and Allegre, 1988; Moreira et al., 2003; Kendrick et al., 2011). However, 

Staudacher and Allègre (1988) argued that the vast majority of subducted noble gases 

are transported back to the surface via arc volcanism caused by the dehydration of 

subducted hydrous minerals before they can reach deep mantle. This process is also 

known as the “subduction barrier” and is thought to strongly limit the ability of recycled 

material to affect noble gas concentrations and ratios in the mantle. But considering the 

Earth’s mantle has been thoroughly degassed via surface magma activities, especially 



through partial melting extraction of the underlying mantle at mid-ocean ridges, and 

that only ~ 1% or less of primordial noble gases remains in the mantle (Marty, 2012), 

any injection or regassing of the noble gases, even in small quantities, would still have 

significant influence on the mantle noble gas budget.

To better constrain the regassing contribution of the subduction process, it is critical to 

understand how much surface noble gases can be carried by subducting slabs and the 

dynamic behavior of noble gases during the subduction. The answer to the above 

questions depends on two fundamental parameters, the solubility of noble gas in the 

subduction zone minerals which determines the total budget in the slabs, and noble gas 

diffusion rates in relevant minerals that control their retentions, e.g. slow diffusion 

reduces the dehydration extraction of the noble gases from the minerals. Recent 

experiments have shown that the ring-site structure consisting of Si-O tetrahedra in the 

amphibole lattice – the dominant hydrous minerals in the altered oceanic crust – can 

readily accommodate abundant noble gases (Jackson et al., 2013). Further experiments 

confirm that high solubilities of noble gases is ubiquitous among hydrous minerals with 

ring-sites in their lattice structure (Jackson et al., 2015; Krantz et al., 2019). 

While the solubilities of noble gases in ring-structure-bearing minerals are proving to 

be much higher than in other nominally anhydrous minerals in the mantle like olivine 

and pyroxene, studies on their diffusivities are still relatively scarce and only limited 

He, Ne and Ar diffusion data in amphiboles are available (e.g. Mark Harrison, 1982; 

Baldwin et al., 1990; Baxter, 2010; Jackson et al., 2016). The existing data indicates 

that the activation energies of diffusion for noble gases in amphibole are systematically 



higher with increasing atom radius, i.e. 98.8 ~ 123.6 kJ/mol for He, 132.2 ~ 181.5 

kJ/mol for Ne and 268.2 ± 7.1 kJ/mol for Ar. This range of diffusion activation energies 

suggests different subduction patterns for He, Ne and Ar. Light noble gases such as He 

and Ne have closure temperatures of 42 ~ 70 °C and 185 ~ 249 °C in amphibole 

respectively (assuming a cylinder mineral grain with 10 μm in radius, and 100 °C/Myr 

cooling rate, calculated according to Dodson, 1973), whereas the closure temperature 

is ~ 500 °C for Ar. Therefore, light noble gases will diffuse out of amphibole early 

while heavier ones will be still carried by the slabs. The diffusion or solubility 

controlled elemental fractionations among different noble gases during the subduction 

may, therefore, have significantly altered the mantle noble gas characteristics (Smye et 

al., 2017; Krantz et al., 2019).

Although amphibole is mainly responsible for the recycling efficiency of ocean crust, 

serpentinites are more important in hydrated lithospheric mantle (Bostock et al., 2002; 

Reynard, 2013). In natural samples, serpentine minerals are dominated by lizardite and 

antigorite. Lizardite is the main variety presents in low-grade serpentinites from the 

altered oceanic lithosphere and from low-grade metamorphic ophiolites (Evans, 2004; 

Zheng, 2019), whereas antigorite is the stable serpentine mineral in high-grade 

metamorphic phases (Ulmer and Trommsdorff, 1995). Thermodynamic data predict 

that above 300 °C, the antigorite + brucite assemblage is more stable than lizardite, and 

stability field of antigorite persists up to a ~ 650 °C at 3 GPa (Ulmer and Trommsdorff, 

1995). These data indicate that serpentinites, especially those in cold subduction zones, 

can be subducted to depths well beyond the arc magma generation zone (e.g. Cai et al., 



2018).

In this study, atomic simulations based on density functional theory (DFT) were 

performed to study the diffusion of noble gases (He, Ne, Ar, Kr and Xe) both in 

serpentinites (lizardite and antigorite) and amphibole (tremolite). The effect of lattice 

structure of different ring-sites on the diffusion is also investigated and discussed. 

Based on the new diffusion data, together with the geological setting of subduction 

zones, we estimate the diffusive loss of noble gases from the mineral grains during 

subduction and discuss the possible fractionation of light (He, Ne) and heavy (Ar, Kr 

and Xe) noble gases entrained by the slabs.

2. Method

The diffusion coefficient D can be described following the Arrhenius form: 

                        (1)0 exp(- / )a BD D E k T 

where ∆Ea is the activation energy, kB is the Boltzmann constant, T is the temperature 

in Kelvin and D0 is the pre-exponential factor. At atomic scale, D0 is related to the jump 

distance l of the diffusive atom moving from one stable configuration to another, and 

the attempt frequency v that the diffusing atom tries to jump across the saddle point 

according to the harmonic transition state theory (Vineyard, 1957):

                (2)2
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The factor 1/2 is based on the fact that diffusion is usually directional dependent in 

anisotropic minerals, and calculations are performed with atoms moving in specific 

direction. The attempt frequency v can be further expressed as the ratio of lattice 

vibration frequencies when system in ground state or the diffusing atom is at the stable 



site (νi ) to the frequencies when the atom is at the saddle point (νi’):
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where N is the number of atoms of the system studied. 

In order to investigate all the necessary information involved in the diffusion processes, 

including the incorporation sites, the migration pathways, the energy barriers and the 

attempt frequencies, we have performed first principles calculations using density 

functional theory (DFT) implemented in the Vienna Ab-initio Simulation Package 

(VASP 5.4.1) (Kresse and Hafner, 1993; Kresse and Furthmüller, 1996). The projected 

augmented wave (PAW) method was used to describe the interactions between ions 

and electrons (Blöchl, 1994; Kresse, 1999), while the exchange and correlation energy 

between electrons was described by the generalized gradient approximation (GGA) of 

Perdew and Wang (PW91) (Perdew and Wang, 1992). The PAW parameters we used 

are extracted from VASP's library, where there are 2 valence electrons for Mg (s2p0), 

4 for Si (s2p2), 6 for O (s2p4), 10 for Ca (3s3p4s), 1 for He (s1), 8 for Ne, Ar, Kr and 

Xe (s2p6) and ultrasoft pseudopotential for H.

In our earlier calculation we found a large supercell is necessary to get converged 

results on activation energy (Wang et al., 2015). In this study, we used 3 × 3 × 2 

supercell (288 atoms) for lizardite, 1 × 1 × 2 supercell (582 atoms) for antigorite and 2 

× 1 × 2 supercell (328 atoms) for tremolite. The Brillouin zone is sampled by a 

Monkhorst–Pack (Monkhorst and Pack, 1976) k-point grid with only gamma points due 



to the large supercells employed here, and 500 eV energy cutoff for the plane-wave 

basis set is proven sufficient. The structures of the ideal minerals were first fully relaxed 

at target pressures by allowing both the lattice structure and the atom positions to be 

changed according to the conjugate gradient (CG) algorithm. The incorporation sites 

for noble gases were found by relaxing all the atom positions with 1 noble gas atom 

inserted in the possible interstitial sites. As the migration paths of noble gases in these 

minerals are usually not a simple direct jump, CI-NEB method has been employed to 

find the minimum energy migration pathways and the corresponding saddle points. The 

convergence threshold for structure relaxations was set as when the Hellmann-Feynman 

forces are smaller than 1 × 10-3 eV/Å. To calculate the atomic jump frequency, 

frequency calculations were performed by using the small displacements method 

implemented in the VTST scripts (http://theory.cm.utexas.edu/vtsttools/scripts.html) 

and the force convergence threshold was set below 1 × 10-7 eV/Å.

3. Calculation Results

The calculated lattice parameters of lizardite, antigorite and tremolite are given in Table 

1 together with values from experiments and previous calculations. Our calculated 

results are consistent with previous studies, although the cell parameters are generally 

slightly larger than experiments. This is because the GGA method tends to 

underestimate chemical binding and thus leads to slightly larger volumes. Although 

lattice adjustment towards experimental values has been adopted in previous 

calculations (e.g. Zhang et al., 2013; Ghaderi et al., 2015), we do not apply it here since 

our previous study of helium diffusion in olivine without any adjustment achieved very 



good agreement with experiments (Wang et al., 2015). Moreover, the difference in cell 

parameters between calculations and experiments in this case is very small.

3.1  Noble gas diffusion in lizardite

Serpentine minerals, which have the ideal formula Mg3Si2O5(OH)4, are made of 

superposed 1:1 alternating Si-O tetrahedral and Mg-(O-OH) octahedral sheets. The 

different spatial arrangements of these layers result in three main serpentine minerals, 

i.e., the sheets form flat layers in lizardite (e.g. Fig. 1), cylinders in chrysotile and 

corrugated modulated structures in antigorite (e.g. Fig. 2). Chrysotile is subordinate to 

lizardite in low-grade metamorphic facies (Evans, 2004; Schwartz et al., 2013), and its 

lattice structure is similar to that of the lizardite, so we performed the calculation only 

for lizardite and considered the results can also be applicable for chrysotile.

The tetrahedral sheets in lizardite are made of 6-membered rings of tetrahedra 

extending along a- and b-axis. The most stable configuration is when a noble gas atom 

sits at the center of the rings. Since the ring sites are all identical according the lattice 

symmetry, the diffusion along a- and b-axis is achieved by a noble gas atom moving 

from one ring to one of the six adjacent rings. The diffusion path is shown in Fig. 1., 

the ‘S’ shape of the path is because the atom has to navigate around the OH- linked to 

the Mg-(O-OH) octahedral (OH- are not shown in the figures for better illustration of 

the ring structure). However, to move in the c direction the atom has to cross over the 

close packed octahedral sheet and thus needs to overcome much higher energy barrier, 

i.e. the activation energy barrier for He moving in a, b direction is 84.9 kJ/mol 

compared to 301.0 kJ/mol in c direction. In this situation, the bulk diffusivity is totally 



controlled by the lower activation energy process, and thus only diffusion along the a,b-

axis for the other noble gases are calculated. Similar anisotropic structures also exist in 

antigorite and tremolite, and so in all cases the diffusion is dominated by the process of 

an atom moving in the interlayer space (lizardite and antigorite) or in the channel 

structure of tremolite.

3.2  Noble gas diffusion in antigorite

The bulk structure of antigorite has different variants characterized by the number of 

silicate tetrahedra, m, within one unit cell along the a-axis. As 13 ≤ m ≤ 23 were found 

in experiments, we choose the most typical structure with m = 17 in this study (Fig. 2a). 

Unlike the highly symmetrical flat layer in lizardite, the wavy layered structure and the 

polarity reversion of the Si-O tetrahedral sheets generated 3 different ring structures, 

i.e. ordinary 6-membered rings (6R) of tetrahedra as also seen in lizardite and tremolite, 

and the presence of 4- and 8-membered rings (4R and 8R) at the position where the 

tetrahedral sheets reverse. 

Since noble gas atoms incorporate interstitially in the mineral lattice, the 4R site is 

found to be the most energetic unfavorable compared to 6R and 8R sites as larger ring 

structures provide more interstitial spaces. The calculation shows that the structural 

energy when He on 4R site is ~ 110 kJ/mol higher than on 6R or 8R sites, hence 4R 

sites are rarely occupied by noble gas atoms and have negligible influence on the overall 

diffusion. The 6Rs are also meta-stable incorporation sites for noble gases as they have 

slightly higher incorporation energies than 8R. Strictly speaking, every 6R site in the 

antigorite unit cell is different due to minor differences in atomic environment. 



However, static energetic calculations indicate that the energy differences between the 

different 6R sites are very small. For instance, the lowest energy 6R site for He is the 

S3, while the highest is the S2 site (Fig. 2), but their energy difference (EHe-S2 – EHe-S3) 

is less than 0.8 kJ/mol (~ 7 meV). Compared to the energy barrier of He diffusion from 

S2 to S3 (Ea
He-S2-S3 = 111.9 kJ/mol), we considered the differences among 6R sites to 

have very limited effect on diffusion, and all the 6R sites are treated as identical in our 

calculations. The 8R is the incorporation site with the lowest energy for noble gases 

(S1 site in Fig. 2). The energy difference between 8R and 6R increases with heavier 

noble gas, as EHe-S1 – EHe-S2 = -6.8 kJ/mol, ENe-S1 – ENe-S2 = -14.5 kJ/mol, EAr-S1 – EAr-

S2 = -57.9 kJ/mol, EKr-S1 – EKr-S2 = -87.8 kJ/mol and EXe-S1 – EXe-S2 = -138.0 kJ/mol, 

thus 8R site is more retentive than other incorporation sites, especially for the heavy 

noble gases.

Diffusion in antigorite is very similar to that in lizardite, with inter-layer (in a, b 

directions) diffusion dominant, while the intra-layer (in c direction) diffusion is 

formidable due to the close-packed octahedral sheet. Taking S1-S2 path as the 8R-6R 

diffusion process and S2-S3 represents the diffusion among 6Rs, the diffusion in a,b 

direction is constrained by the process with the higher energy barrier, which in most 

cases is the S1-S2 path, except for Ne (Table 2). 

3.3 Noble gas diffusion in tremolite

Tremolite with the ideal formula of Ca2Mg5Si8O22(OH)2 is composed of repeating 

double chains of silica tetrahedra that run parallel to the c-axis. Fig. 3 shows structural 

schematics of tremolite viewed from different angles. The large ring-sites, also called 



A-sites labeled within the schematics, are typically vacant but can be occupied by other 

elements, including Na, K, F and Cl. These A-sites form channels that are effective 

conduits for atomic incorporation and diffusion. 

The diffusion in tremolite is also anisotropic, and the activation energies are similar to 

those in lizardite since the diffusion in the channel can be analogous to the inter-layer 

diffusion in lizardite. The other direction for diffusion in tremolite is different, and the 

atom has to jump from one channel to another as shown in Fig. 3b. This process is 

easier to achieve than in lizardite and antigorite due to the break in the close-packed 

octahedral sheets in tremolite. However, even though the energy barrier of this path is  

only a half of the energy barrier to go through the octahedral sheet in lizardite, it is still 

much higher than diffusion within the channel (for instance 189.1 kJ/mol versus 93.6 

for He respectively),, and thus it may only happen if the channel is blocked by other 

impurity atoms. 

As far as we know, there are only a few studies on noble gas diffusion in amphiboles. 

Jackson et al. (2016) investigated He and Ne diffusion in amphibole minerals with 

different chemical compositions and A-site occupancy states. They reported activation 

energies of 98.8 ~ 123.6 kJ/mol for He and 132.2 ~ 181.5 kJ/mol for Ne. Our calculation 

results are 93.6 kJ/mol for He and 158.2 kJ/mol for Ne, and thus can be considered as 

in good agreement with their experiment. However, the calculated activation energy for 

Ne diffusion is generally higher (Fig. 5), which could be due to that fact that we use the 

ideal chemical composition for tremolite in the calculation and all A-sites are 

unoccupied. Besides, experiments also show potentially higher activation energies for 



Ne at high temperatures (Jackson et al. 2016). For Ar, an activation energy of 268.2 ± 

7.1 kJ/mol in hornblende has been reported by Harrison (1982) and similar result of 

~250 kJ/mol reported by Baldwin et al. (1990). Our theoretical result is 266.3 kJ/mol, 

which is also in very good consistent with the experiment (Fig. 4c).

For better comparison with experiments, the effect of different mineral chemical 

compositions, and more importantly the influence of occupied A-sites on diffusion have 

to be considered. We have, therefore, performed further calculations of He, Ne and Ar 

diffusion in pargasite, where all the A-sites in pargasite are taken by Na+ cations. The 

diffusion activation energies are found to increase relative to tremolite for all noble 

gases (Fig. 5), e.g. Ea(He) increases from 93.6 to 128.0 kJ/mol, Ea(Ne) increases from 

158.2 to 195.9 kJ/mol and Ea(Ar) increases from 266.3 to 319.4 kJ/mol. This is 

consistent with the experiment results from Jackson et al. (2016), where they found 

higher activation energies in amphiboles with more occupied A-sites. Also, the specific 

chemical composition of the mineral seems to have little effect on diffusion according 

to the data from Jackson et al. (2016), which is readily comprehensible given the inert 

nature of the noble gases. The occupied ring structure in other minerals may also inhibit 

noble gas diffusion, but we can expect this blockage is likely to be weaker in lizardite 

and antigorite as there are other optional paths for a noble gas to navigate around an 

occupied ring site.

4. Discussion

4.1 More comparison with experiments

Despite the direct comparison with experimental values, there are other studies that can 



provide indirect information regarding noble gas diffusion. In the solubility 

experiments of noble gases in serpentinite minerals (Jackson et al., 2015; Krantz et al., 

2019), the adsorption of noble gases into the mineral samples is controlled by the 

diffusion process, and the concentration-depth profile of the noble gases near the 

mineral-gas interfaces should be an analog to a 1-D diffusion profile. However, these 

experiments resulted in nearly constant concentrations from a few microns up to ~ 30 

um near the mineral surface under the heating of moderate temperatures (300 ~ 350 °C) 

and duration of dozens of hours (< 48h). A simple estimation can be made that Dt/x2 

has to be ~ 1 to achieve this concentration profiles, where D is the diffusivity, t is the 

time and x is the diffusion depth. Assuming heating temperature of 350 °C and duration 

time t = 48h, and using D = 1.5 × 10-36 m2/s for Ar in antigorite according to our 

calculations, the diffusion depth x is only 5 × 10-16 m which is physically unrealistic. 

To diffuse into the depth of 30 um, the diffusivity of the noble gas must be on the scale 

of 10-15 m2/s and the corresponding activation energy should be less than ~ 100 kJ/mol. 

This extremely low activation energy is possibly if fast diffusion paths (Watson and 

Baxter, 2007) exist in the samples other than bulk lattice diffusion. For instance, 

Burnard et al. (2015) reported Ar lattice and interface diffusion in olivine and found a 

lattice diffusion activation energy of 338 ~ 445 kJ/mol that is also comparable to our 

calculation result here. However, the grain boundary diffusion activation energies in 

the same experiment are only 23 ~ 114 kJ/mol, and grain boundary diffusion dominates 

the diffusion process at low temperatures. Nevertheless, even though the diffusion of 

noble gases into the mineral lattices is very slow especially for Ar, Kr and Xe, their 



incorporation into natural samples can be occur during mineral metamorphization, and 

therefore diffusion would not have significant effect on the initial budget of noble gases 

in the subduction system.

4.2 Retention of noble gases during the subduction

According to closure temperatures (Tc) given in Table 2, lizardite and tremolite have 

similar retentive properties for all the noble gases, while the diffusive activation 

energies are generally slightly higher in lizardite except for He. For all the minerals 

studied, the Tc of He is too low to be trapped in lizardite and tremolite even at ambient 

temperatures, or under low hydrothermal conditions in antigorite. However, things 

become more subtle for Ne as the Tc of Ne in lizardite is close to its transition 

temperature from lizardite to antigorite. The stable temperature for lizardite at 0 GPa is 

about 300 ~ 320 °C, and it decreases with increasing pressure where it is 280 ~ 300 °C 

at 1 GPa (Evans, 2004). Since the retention of the noble gases, especially for Ne, is very 

sensitive to any changes of the diffusion, the pressure effects on noble gas diffusions 

are found to be nontrivial (Table 3). For instance, the Ea(Ne-lizardite) increases to 190.1 

kJ/mol at 1 GPa from 157.3 kJ/mol at ambient pressure, and the closure temperature 

increases substantially to 290 °C from 195 °C. In this case, original Ne in lizardite might 

be inherited by antigorite after lizardite-antigorite phase transition and become 

entrained to much deeper depths.

In contrast to the concept of closure temperature which represents the end of diffusive 

loss of elements in minerals in a gradually cooling environment, the subduction process 

is accompanied by temperature increase. Using the same parameters in Tc calculation, 



but changing the cooling environment to a gradually heating one, Cherniak et al. (2007, 

2015) concluded that ~ 40% of any diffusant will be diffusively lost when the 

temperature reached Tc. Since our interests are in noble gas retentions in minerals 

during subduction heating, we adopted the calculation opposite to the closing 

temperature according to Watson and Cherniak (2013):
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where Trt% (in K) is the temperature at which the fraction (rt%) of diffusant remained 

in the mineral, Ea is the activation energy in J/mol, D0 is the pre-factor of Arrhenius 

diffusion equation in m2/s, dT/dt is the linear heating rate in K/s, R is the gas constant 

and a is the grain radius in meters. χh is a constant corresponding to different retention 

fractions, e.g. 4.751 for 99.9% retention and -0.785 for 50% retention.

Fig. 6 shows the fraction of noble gases remaining in the minerals during heating from 

subduction. As expected, ~40 % of noble gases will already be lost when the 

temperature reached their Tc, suggesting that the closure temperature alone cannot 

provide sufficient information regarding the ‘openness’ of a system to diffusive loss 

when heated. To understand noble gas recycling, it is critical to know how much of 

them will be released or retained when the carrier minerals break down. At the transition 

temperature of 300 °C for lizardite to antigorite , the remaining noble gases in lizardite 

is composed of 0% He, 0% ~ 80% Ne depending on the grain size and 100% for Ar, Kr 

and Xe (Fig. 6a). For antigorite, as its dehydration temperature is ~ 650 °C at 3 GPa, 

the only change in the residual noble gases is the remaining fraction of Ne which varies 



from 0% ~ 70% (Fig. 6b), slightly less retentive than when lizardite tranforms. 

Therefore, the serpentinised oceanic lithosphere tends to carry heavy noble gases (Ar, 

Kr and Xe) with no elemental fractionation among them. This is consistent that the Ar-

Kr-Xe characteristic of the MORB mantle indicates a mixing with sea-water component 

(Holland and Ballentine, 2006; Kendrick et al., 2011; Smye et al., 2017; Krantz et al., 

2019). The partial retention of Ne in the serpentinite is also in agreement with the Ne 

isotope characteristics in exhumed serpentinites (Kendrick et al., 2018) and might be 

able to explain the possibility that ~ 30% of mantle Ne is atmospheric (Holland and 

Ballentine, 2006; Jackson et al., 2015; Williams and Mukhopadhyay, 2019).

Tremolite is stable to high temperature ( > 850 °C) but at relatively low pressure (< 3 

GPa) (e.g. Debret et al., 2016), hence its dehydration is controlled by the depth where 

it reaches 3 GPa. The temperature of typical oceanic crust at this depth is between 300 

~ 680 °C, from the cold part of oceanic MOHO isolated from the heating to the hot 

extrusive crust heating by the contact with the overlying mantle wedge. Within this 

temperature range, most of the Ne will be lost except that in minerals with relatively 

large grain sizes (at least a few dozens of microns) and located in the coldest part of the 

slabs. Ar and Kr will experience different extractions. Throughout most of the 

subducted crust, Ar will be largely preserved. Kr begins to degas from 570 °C, and only 

a small fraction of Kr will lost at 680 °C finally. The overlap of the temperature ranges 

for noble gases to escape from tremolite suggests that when tremolite dehydrates, the 

different parts of the subducted crust have progressively fractionated elemental ratios, 

with more enrichment in heavier noble gases from the uppermost to the bottom, e.g. the 



Ne:Ar:Kr:Xe is 0.8:1:1:1 at 300 °C and 0:0.9:1:1 at 680 °C.

It is also worth noting that the retention calculation performed here is a simplified 

model that only focuses on the retention of noble gases in the hydrous minerals, and 

once the noble gases have diffused out of the mineral lattice they are assumed to be lost 

from the subduction system. However, subducting slabs are evolving systems that are 

accompanied with continuous mineral dehydrations and hydrations. Noble gases lost 

from the hydrous minerals will probably go along with the released fluids and 

participate the hydration of other minerals again. Moreover, the dehydration of hydrous 

minerals is not necessarily a catastrophic event to release all the incorporated noble 

gases if it does not involves total breakdown of the original minerals to form new 

minerals. For instance, tremolite decomposes into diopside + enstatite + silica + water 

under heating, and this transformation is possibly accomplished via the rearrangement 

of its original lattice structure (Johnson and Fegley, 2003), and thus the noble gas within 

it will likely still be carried by the next-phase minerals (Kendrick et al., 2018). 

5. Conclusions

The diffusion of noble gases (He, Ne, Ar, Kr and Xe) in lizardite, antigorite and 

tremolite have been calculated based on first-principles calculation in this study. In all 

minerals, diffusion follows the same pattern that DHe > DNe > DAr > DKr > DXe. The 

theoretical results are in excellent agreement with available experimental 

measurements made in amphiboles, and thus proves the validity of diffusion 

mechanism and theory foundation adopted in our calculation. The common ring sites 

constructed by the Si-O tetrahedra in the hydrous minerals provide vacant spaces to 



incorporate the noble gas atoms, and the different atomic structure of the ring sites 

causes variable diffusive activation energies. As the size of the 8R ring structure in the 

antigorite is the largest, it has a strong trapping effect on the noble gas atoms. As a 

result, antigorite is the most retentive mineral for all noble gases such that some Ne 

remains even at ~ 650 °C, beyond the stability field of the antigorite. In contrast, Ne in 

lizardite and tremolite will be completely removed when T increases to 400 °C. This 

indicate that serpentinite, as major volatile-element-bearing phases in the hydrous 

altered oceanic lithosphere, may serve as carriers to transport large quantities of 

atmospheric noble gas with unfractionated Ar-Kr-Xe to potentially mix with the 

depleted degassed mantle. Tremolite, which is more important in altered oceanic crust, 

has variable abilities in keeping its noble gases due to the large temperature variations 

during subduction, e.g. tremolite in the cold (deep) part of the crust can retain 

unfractionated Ar-Kr-Xe as with antigorite, but in hot (extrusive part) zones only part 

of the Ar and over ~ 90% of the Xe can remain in the tremolite. The effect of delivering 

atmospheric noble gases by subduction may play a significant role in shaping the mantle 

noble gas characteristic over geological time. The elemental fractionation of noble 

gases along with subduction may also have left some traces in mantle noble gas isotopes. 

The exact details of how noble gases are recycled into the deeper mantle will require 

further study. In particular we will need to understand the fate of noble gas-rich fluids 

after devolatilization. The dehydration released fluids can either react and impart a 

noble gas signature into the mantle wedge or interact with the subducting slab again, 

and some of the noble gases will eventually reach to deep mantle. Other minerals can 



be found in subduction systems might also play roles in delivering noble gases to deep 

Earth, as even nominally anhydrous minerals formed by the breakdown of hydrous 

minerals are much more enriched in sea-water derived noble gases than their 

counterparts in the ordinary mantle. Nevertheless, our work shows that diffusive loss 

must be considered in this process. 
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Table 1. Calculated lattice parameters of lizardite, antigorite and Trmmolite.

a (Å) b (Å) c (Å)
GGAa 5.345 7.403
Expb 5.327 7.254Lizardite

This study (GGA) 5.357 7.383
GGAc 43.84 9.33 7.38
Expd 43.505 9.251 7.263Antigorite

This study (GGA) 43.735 9.324 7.355
Expe 9.829 18.031 5.275Trmmolite

This study (GGA) 9.980 18.185 5.331

a(Tsuchiya, 2013); b(Mellini and Viti, 1994); c(Ghaderi et al., 2015); d(Capitani and 

Mellini, 2004); e(Yang and Evans, 1996)



Table 2. Calculated diffusion parameters in Eq. 1 for noble gases in lizardite, antigorite 

and tremolite. The diffusion activation energies (E) along the c-axis in lizardite, 

antigorite and the a-, b-axis in tremolite are not calculated for all noble gases because 

they will be too high to make any contribution to the bulk diffusion. Other parameters 

including v, l, D0 are associated with Eab for lizardite, higher values of Es1-s2
 and Es2-s3 

for antigorite and Ec for tremolite, respectively. The closure temperatures (Tc) are 

calculated assuming cylindrical mineral grains with 10 μm in radius and 100 °C/Myr 

cooling rate.

Lizardite Eab 
(kJ/mol)

Ec 
(kJ/mol)

v
(THz)

l
(Å)

log10D0

(m2/s)
Tc

(°C)
He 84.9 301.0 1.29 5.36 -6.255 -19.4
Ne 157.3 \ 0.83 5.36 -6.447 195.0
Ar 287.5 \ 4.61 5.36 -5.702 538.3
Kr 347.4 \ 1.02 5.36 -6.357 737.1
Xe 414.9 \ 1.51 5.36 -6.187 917.8

Antigorite Es1-s2
/ Es2-s3 Ec

He 120.6/111.9 \ 1.17 6.55 -6.123 81.8
Ne 193.0/267.3 \ 1.19 5.36 -6.291 506.1
Ar 449.6/363.8 \ 7.34 6.55 -5.326 959.6
Kr 497.9/389.8 \ 5.32 6.55 -5.466 1098.4
Xe 550.0/410.1 \ 6.71 6.55 -5.365 1231.0

Tremolite Eab Ec

He 189.1 93.6 0.89 5.33 -6.898 16.0
Ne 366.7 158.2 2.19 5.33 -6.507 199.3
Ar \ 266.3 4.26 5.33 -5.218 500.3
Kr \ 322.3 3.25 5.33 -6.336 664.6
Xe \ 385.0 7.67 5.33 -5.963 821.0



Table 3. Calculated noble gas diffusion activation energy and related closure 

temperatures at high pressures. Diffusion in lizardite was calculated at 1 GPa and 

antigorite and tremolite were calculated at 3 GPa.

Lizardite Antigorite Tremolite
E1GPa 

(kJ/mol)
Tc 

(°C)
E3GPa 

(kJ/mol)
Tc 

(°C)
E3GPa 

(kJ/mol)
Tc 

(°C)
He 105.2 39.6 149.6 164.8 121.6 100.1
Ne 190.1 290.1 303.0 607.6 188.2 286.4
Ar 327.1 647.3 543.3 1210.1 331.0 683.4
Kr 385.0 843.9 620.5 1427.8 387.9 850.8
Xe 464.2 1055.7 690.0 1604.5 464.2 1040.3



Fig.1. Schematic diffusion processes and corresponding energy profiles of He diffusing 

in lizardite; we use He (in purple color) as an example since other NG atoms have the 

same incorporation site and very similar diffusion paths. The most stable incorporation 

site in lizardite is at the center of the ring of Si-O tetrahedra (in blue color) viewed from 

c-axis, and between the layers of sheets viewed from b-axis. a. The diffusion path of 

He in the a,b-plane; b. The diffusion path of He along c-axis as atom moving across the 

ring and the Mg-(O-OH) octahedral sheets (in orange color). The crystal structure in 

this figure were drawn with polyhedral model using VESTA (Momma and Izumi, 2008).



Fig. 2. a. Schematic diffusion processes of noble gases in antigorite. The 4 different 

incorporation sites are shown as S1-S4. The S1 site is the most stable as it surrounded 

by a large 8-membered ring. S2, S3 and S4 are sites with 6-membered rings and the 

differences in their incorporation energies are less than 7 meV for He and so we 

consider them to be equivalent. The S1 site is much more energetically favorable 

especially for heavier noble gases and thus it has strong trapping effect. b. He migration 

energy profile along the diffusion path of S1-S2-S3-S4.



Fig. 3. Schematic diffusion of noble gases in Tremolite along the a. c-axis and b. a,b-

axis from different views. We find the A-site to be the most stable incorporation 

position, which is inconsistent with a previous study (Jackson et al., 2013). The 

diffusion along the c-axis is confined within the channel formed by the vacant around 

the A-site, while the diffusion along a,b-axis is to go through the mismatched layered 

structure as shown in (b) viewed from c-axis.



Fig. 4. Arrhenius diffusion of He, Ne, Ar, Kr and Xe in a. lizardite, b. antigorite and c. 

tremolite. Solid lines are results of our calculation and dashed lines in (c) are from 

previous experiments. Diffusion of He and Ne were measured in amphiboles by Jackson 

et al. (2016) , and Ar values were measured in hornblende by Harrison (1982). 



Fig. 5. The effect of concentration of occupied A-site in amphiboles on noble gas diffusion. 

Only none and full occupied states of A-site are investigated theoretically (filled symbols) and 

the previous experiment results (open symbols) cover the intermediate states (Jackson et al., 

2016). Tremolite is used in our calculation to represent 0 occupied A-site structure and 

pargasite (with chemical formula of NaCa2Mg4M3+Si6Al2O22(OF)2, where M3+ = Al, 

adopted from Raudsepp et al., (1987)) is used for 100% Na+-occupied A-site state.





Fig. 6. The retention fractions of noble gases in a. Lizardite, b. Antigorite and c. 

Tremolite under the gradually heating environment of subduction. The minerals are 

assumed to be 1 μm (left boundary lines in the figures) to 100 μm (right boundary lines 

in the figures) in radius (e.g. Deschamps et al., 2010; Amiguet et al., 2014), and 

experienced a 100 °C/Myr heating rate from ambient temperature; using slower 

(50 °C/Myr) or faster heating rates (200 °C/Myr) from different subduction zone 

settings will not change the conclusion here. The concentrations of noble gases inside 

the minerals are initially uniformly distributed and are assumed to be lost to the 

environment once they diffuse out of the minerals. The dashed line in (a) and (b) 

represents the highest temperature of the stability field for lizardite (300 °C) and 

antigorite (650 °C) respectively. Tremolite can be stable at a range of temperatures and 

so the dashed lines show two limits of its stability at 3 GPa (oceanic MOHO of 300 °C 

for the lower limit and extrusive oceanic crust of 680 °C for the upper limit) used to 

calculate the noble gas retention fractions when tremolite dehydrates. Geotherm 

information is for the case of South Philippines subduction zone (Syracuse et al., 2010).
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