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A B S T R A C T

40Ar/39Ar ages of phlogopite from kimberlite-hosted mantle xenoliths are commonly older than the kim-
berlite eruption, despite the fact that argon is supposed not to be retained by phlogopite at temper-
atures above hydrothermally-derived Ar closure temperatures (<500 ◦C). Combining Molecular Dynam-
ics (MD) with Nudged Elastic Band (NEB) and Transition State Theory (TST), we investigate 40Ar−𝑃𝑉 𝑇
(Pressure−Volume−Temperature) relationships in pristine, defect-free, phlogopite and show that 40Ar diffusiv-
ity is several orders of magnitude slower than existing estimates with a strong effect of pressure on diffusion
rates and retention of 40Ar at mantle conditions. These results imply to fundamentally revise residence- and
transit-time estimates based on Ar kinetics in phlogopite assuming simple diffusive relaxation during upwelling.
When accounting for pressure, 40Ar retention trends in phlogopite predict substantially slower kimberlite ascent
rates than documented by independent chronometers, indicating that 40Ar resetting during ascent in phlogopite
does not result from simple decompression-driven diffusive relaxation. We argue that 40Ar remobilization
probably involves secondary structural–textural modifications induced by reaction-driven recrystallization or
rim overgrowth. These findings have far-reaching consequences in terms of argon isotopic mobility at mantle
depths as well as for dating and tracing metasomatic events during crust−mantle interactions in the evolution
of the subcontinental mantle.
1. Introduction

Phlogopite, the Mg−endmember of the trioctehadral mica series
(Bailey, 1984), is a stable product of fluid−melt induced K/Mg−meta-
somatism, notably in mantle-derived (ultramafic) rocks. It is particu-
larly abundant in kimberlites as a groundmass mineral (<100 μm), with
occasional larger phenocrysts reaching sizes between 200–300 μm. It
also occurs as xenocrystic or antecrystic macrocrysts (> 1 mm) included
in mantle xenoliths or derived from disaggregation of mantle lithologies
during kimberlite magma ascent (Mitchell, 1986; Reguir et al., 2009;
Giuliani et al., 2016). Due to its high K content, it is commonly
targeted for 40Ar/39Ar dating of mantle metasomatism and kimberlite-
forming processes (Phillips, 1991; Kelley and Wartho, 2000; Wartho
and Kelley, 2003; Hopp et al., 2008), as well as for tracing crust−mantle
interactions and the evolution of the subcontinental mantle (Buikin
et al., 2010).

∗ Corresponding author.
E-mail address: jehiel.nteme-mukonzo@univ-orleans.fr (J. Nteme).

However, 40Ar/39Ar dating of mantle phlogopites has proven chal-
lenging. While reliable ages have been obtained for phenocrystic phlo-
gopite in kimberlites (e.g. Fitch and Miller, 1983; Allsopp and Roddick,
1984; Phillips et al., 1999), dating xenocrystic or antecrystic macro-
crysts commonly results in complex Ar systematics with pronounced
internal gradients in radiogenic Ar (hereafter 40Ar∗) or variably dis-
turbed 40Ar/39Ar release patterns (Phillips and Onstott, 1986, 1988;
Phillips, 1991; Kelley and Wartho, 2000; Wartho and Kelley, 2003;
Hopp et al., 2008; Pokhilenko et al., 2013). Such complications often
come along with ages up to 2 Gyr older than the inferred time of
kimberlite emplacement, which have been ascribed to excess 40Ar
incorporation prior to or during ascent of the kimberlite melt into
the crust (Kaneoka and Aoki, 1978; Phillips and Onstott, 1986, 1988;
Phillips, 1991; Johnson and Phillips, 2003). Alternatively, some stud-
ies (e.g. Kelley and Wartho, 2000; Wartho and Kelley, 2003) have
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suggested that these older apparent ages could instead reflect primor-
dial 40Ar∗ retention at temperatures up to ∼700 ◦C, well in excess
of the nominal closure temperature of ∼480 ◦C inferred from early
hydrothermal experiments (Giletti et al., 1974).

High−𝑇 40Ar retention in phlogopite has been attributed to the
stable (equilibrium) incorporation of Ar due to the high Ar solubility in
trioctahedral micas along with the preferred crystal/melt partitioning
of K (±Ar) into the liquidus phlogopite phase at mantle depths (Foland,
1979; Dahl, 1996; Kelley and Wartho, 2000; Scibiorski et al., 2021).
Vysotskii et al. (2011) instead suggested that high−𝑇 retention could
result from strongly damped 40Ar intracrystalline diffusivity at mantle
pressures. Mixed hypotheses invoking both mechanisms (high affinity
plus reduced diffusivity) have also been put forward to explain old core
ages (up to 1.2 Ga) relative to the age of kimberlite emplacement in
phlogopite from a large suite of peridotite xenoliths in South Africa
and Lesotho (Hopp et al., 2008). Separately or in combination, both
mechanisms imply that near–crystallization or metasomatic (trapping)
ages may be retained by mantle phlogopite long before its entrainment
and cooling through the crust (e.g., Pearson et al., 1997; Kelley and
Wartho, 2000; Kempton et al., 2001; Wartho and Kelley, 2003).

Such uncertainties in terms of excess (unsupported) vs. radiogenic
(closed-system) origin stem in part from the complex fluid−melt−solid
interactions and metasomatic processes affecting the source regions
sampled by kimberlite melts. They also reflect our limited understand-
ing of the K/Ar behavior of mantle phases. In the case of phlogopite,
much is unknown of its Ar retention properties at the unusually extreme
conditions (and strong pressure changes) experienced during crystal-
lization and ascent from mantle depths. The only available diffusivity
estimates so far derive from quite old or limited hydrothermal experi-
mental data (Giletti et al., 1974; Giletti and Tullis, 1977; Yudin et al.,
2021).

From recent field and theoretical studies, it is increasingly recog-
nized that hydrothermal experiments can considerably overestimate
the natural diffusivity of 40Ar in micas. Preparatory steps such as
mechanical grinding used to extract natural crystals or reduce their
grain size (to optimize fractional exchange and loss) may artificially
enhance the bulk diffusivity by introducing microstructural defects
acting as high-diffusivity pathways during heating experiments (Dun-
lap, 1997). Also, the growth of interlayer secondary phases (Onstott
et al., 1991) and dissolution−precipitation reactions may occur with the
fluid−confining medium (Hammouda and Cherniak, 2000), adversely
affecting the mica stability and its intrinsic diffusive properties during
hydrothermal heating. Such shortcomings have been invoked to explain
drastic differences between hydrothermal experiments and theoretical
40Ar diffusion rates predicted by atomistic modeling in white mica
(Nteme et al., 2022, 2023). Because of the strong similarity in crystal
structure between muscovite and phlogopite, similar limitations likely
apply to hydrothermally-derived 40Ar data from phlogopite as well.

Establishing the kinetic and retention properties of 40Ar in phlogo-
pite and their dependence on intensive 𝑃 − 𝑇 variables is crucial for
wo reasons. First, the genetic significance of anomalous 40Ar/39Ar ages

from mantle phlogopite in kimberlites must be cleared out to properly
constrain both the residence time and ascent dynamics of metaso-
matized xenoliths and their host kimberlites in the sub-continental
mantle. Next, such retention properties have far-reaching implications
in terms of storage capacity of phlogopite for volatiles and noble gases
residing in the mantle. Solubility studies suggest that noble gases are
hosted in the mica interlayer, either interstitially or in unoccupied
ring structures, allowing them − notably phlogopite − to sequester and
ransport volatiles deep into the mantle (Jackson et al., 2015). These
haracteristics make them unique for tracing mantle−fluid dynamics

using noble gases trapped or recycled in hydrous mantle phases (Buikin
et al., 2010; Wang et al., 2020), but have not been properly calibrated
yet.

This study is a fresh attempt at constraining 40Ar diffusion rates
2

in phlogopite from first-order (crystal-based) kinetic modeling as done
before for white mica (Nteme et al., 2022, 2023). Such a theoretical ap-
proach permits to investigate 40Ar diffusive behavior at the atomic scale
in a defect-free and stœchiometrically stable lattice structure, avoiding
the issues of mica stability and microstructural defects during labora-
tory heating of natural specimens. By combining Molecular Dynamics
(MD) with Transition State theory (TST), we re-evaluate 40Ar diffusivity
in phlogopite and its dependence to both temperature and pressure. Our
results show that 40Ar diffusion kinetics are orders of magnitude slower
than previous estimates with a strong dependence on confining pres-
sure. These results provide the first physically-grounded framework for
benchmarking pressure effects operating in sheet silicates during pro-
tracted residence at mantle conditions, allowing the reassessment of the
potential of phlogopite for preserving mantle-derived 40Ar− isotopic
signatures and for tracking time-kinetic processes during kimberlite
formation and ascent.

2. Model and methods

2.1. Crystal structure model

Phlogopite [KMg3(Si3Al)O10(OH)2] has a layered structure com-
posed of a stacking of tetrahedral (T) silicate and octahedral (O)
magnesian layers forming T−O−T structures. These are held together
by interlayer K+ ions which compensate the negative structural charge
resulting from the substitution of Al for Si (Bailey, 1984). The phl-
ogopite atomic model used in this study (Fig. 1a) is taken from the
experimental data of Brigatti and Davoli (1990). A periodic supercell of
size 6 × 3 × 2 was built by expanding the unit cell in the corresponding
𝑎, 𝑏, 𝑐 crystallographic directions, respectively. Tetrahedral Al atoms
were distributed in an irregular pattern. Consistent with the Lowen-
stein’s rule (Loewenstein, 1954), no single basal oxygen was allowed to
bridge two tetrahedral aluminium atoms (Fig. 1b). Interlayer K+ ions
were located between one Si5Al1 ring and one Si4Al2 ring to ensure a
local charge equilibrium (Herrero et al., 1987, 1985).

2.2. Model implementation

Classical Molecular Dynamics (MD) involves simulating the trajec-
tory of a system composed of interacting particles, such as atoms and/or
molecules, over time by solving Newton’s equations of motion (Frenkel
and Smit, 2002; Rapaport, 2004). Atomic interactions are calculated
using force fields, which are parameterized using either experimental
data or ab initio simulations. MD simulations were conducted using
the LAMMPS simulation package (Thompson et al., 2022) and the
ClayFF force field (Cygan et al., 2004). The latter is a flexible model
that computes pairwise energies of atoms in hydrated mineral systems
through nonbonded electrostatic and Lennard-Jones terms (except for
interactions between hydroxyl atoms that are described by a simple
harmonic term). Interaction parameters used in this study are reported
in Table 1. Since partial charges in the original ClayFF model were
derived for dioctahedral structures, a modification of the charges of
oxygens bridging octahedral cations in the trioctahedral phyllosilicates
is required to ensure neutrality. While some authors modify only the
partial charge of apical oxygens (e.g., Du and Miller, 2007), we have
distributed the excess charge evenly between all oxygens bridging
octahedral cations, including oxygens of the hydroxyl group. Ar was
assigned a zero charge and Lennard-Jones parameters (𝜎 and 𝜖) from
White (1999).

The phlogopite atomic model was optimized via 250 ps simulations
performed in the isobaric–isothermal (NPT) ensemble using the Nosé–
Hoover thermostat and barostat, with relaxation times of 0.01 and 1 ps,
respectively, and a time step of 0.001 ps. Long-range interactions were
treated using the Ewald summation whereas short-range interactions
were evaluated with a cut-off distance of 10 Å. Migration energy
barriers were computed using the Nudged Elastic Band (NEB) method

(Jónsson et al., 1998). The latter calculates the Minimum Energy Path
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Fig. 1. Crystal structure atomic model of phlogopite imaged with VESTA (Momma and Izumi, 2011). The system (𝑛 = 1584 atoms) consists of a supercell (6 × 3 × 2 unit cells) of
initial dimensions 𝐿𝑥 = 32.058 Å, 𝐿𝑦 = 27.774 Å and 𝐿𝑧 = 20.453999 Å. (a) Perspective view down the 𝑎 axis. (b) Tetrahedral layers (as labeled in (a)) showing the irregular
distribution of Al atoms. Atoms drawn with their Van der Waals radii. Tup and Tlow indicate the upper and the lower tetrahedral layers with respect to the interlayer region,
respectively.
Table 1
Interaction parameters used in the simulations.

Nonbonded parameters
Atoms Charge (e) 𝜎 (Å) 𝜖 (kcal mol−1)

H (hydroxyl)a 0.4250 – –
O1 (hydroxyl)a −1.1050 3.1655 0.1554
O2 (bridging Oxygen)a −1.0500 3.1655 0.1554
O3 (bridging Oxygen bonded to Al)a −1.1688 3.1655 0.1554
O4 (Oxygen bonded to Mg)a −1.2050 3.1655 0.1554
O5 (Oxygen bonded to both Mg and Al)a −1.32375 3.1655 0.1554
Mga 1.3600 5.2643 9.0298 × 10−7

Al (tetrahedral)a 1.5750 3.3020 1.8405 × 10−6

Sia 2.1000 3.3020 1.8405 × 10−6

Ka 1.0000 3.3340 0.1000
Arb 0.0000 3.4010 0.2304

Bonded parameters
Atom 1 Atom 2 𝑘1 (kcal mol−1 Å−2) 𝑟0 (Å)

O1 (hydroxyl) H (hydroxyl) 554.1349 1.0000

a Cygan et al. (2004).
b White (1999).
(MEP) by solving independent system images (= intermediate transi-
tion states), each containing one 40Ar atom between stable sites. The
migration energy is derived from the difference between the saddle
point and the initial site energy. Diffusion rates based on these barriers
were evaluated using Transition State Theory (further details may be
found in Nteme et al. (2022)). The effect of pressure on 40Ar diffusion
was investigated using a constant volume approach (Karki and Khan-
duja, 2006; Ammann et al., 2009). Pressure−Volume relationships were
obtained by equilibrating the system at the desired pressures via NPT
simulations. At each pressure, the optimized volume of the system was
3

kept fixed and only the internal energy was set free in the calculation
of the migration barriers.

Before simulating Ar diffusion, we tested the suitability of ClayFF
for modeling structural properties of phlogopite. We compared the
lattice parameters computed at ambient conditions (𝑃 = 0.001 kbar and
𝑇 = 25 ◦C) for our phlogopite atomic model with experimental data
of Brigatti and Davoli (1990). The results (Table 2) reveal that ClayFF
reproduces the experimental crystal structure fairly well, with the
lattice parameters 𝑎, 𝑏, 𝑐, the angles 𝛼, 𝛽, 𝛾 and the interlayer separation
all within 2 % of the experimental values. The stacking structure of
T−O−T layers is also well reproduced. In the interlayer region, the basal
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Fig. 2. Geometry of diffusion along the phlogopite interlayer. (a) Monovacancy mechanism. (b) Divacancy mechanism. Orange and green circles correspond to K+ and 40Ar atoms
respectively.
Table 2
Comparison of experimental and simulated crystallographic parameters of 1𝑀
phlogopite.

Experiment MD simulations (ClayFF) Deviation (± %)

𝑎 (Å) 5.343 5.247 −1.83
𝑏 (Å) 9.258 9.093 −1.81
𝑐 (Å) 10.227 10.134 −0.92
𝛼 (◦) 90.000 90.069 +0.08
𝛽 (◦) 100.260 100.457 +0.20
𝛾 (◦) 90.000 89.914 −0.10
Interlayer sep. (Å) 3.391 3.439 +1.40

oxygens of one T−O−T layer are directly above those of the adjacent
layer and each potassium atom resides at the center of the upper and
lower tetrahedral rings. In keeping with experimental data, the hy-
droxyl groups point normal to the (001) plane. Such congruence of MD
predictions with empirical crystal-structural data provides independent
validation of the force-field used, and independent evidence that the
structure modeled is realistic.

3. Diffusion pathways and 40Ar migration barriers

3.1. Diffusion pathways

Phlogopite is structurally similar to muscovite, the main differ-
ence being the full occupancy of octahedral sites (by Mg) and the
orientation of hydroxyl groups pointing towards the interlayer region
in phlogopite. Accordingly, most of the conclusions drawn from the
study of 40Ar diffusion in muscovite (Nteme et al., 2022) also apply to
phlogopite. For example, MD simulations of 40Ar recoil in phlogopite
show that 40Ar remains near its production site and resides essentially
in a regular interlayer site, as previously reported in muscovite and
illite (Szczerba et al., 2015; Nteme et al., 2022). Furthermore, the
incorporation of 40Ar into an interlayer interstitial site causes important
distortions of the structure and increases the total energy of the system
by ∼90 kcal mol−1. As discussed for muscovite (Nteme et al., 2022),
this is a highly unfavorable configuration energetically which precludes
protracted 40Ar residence in the interstitial site and rules out interstitial
diffusion as a viable mechanism for 40Ar transport in phyllosilicates on
geologic timescales.

To explore the alternative (vacancy) mechanism, we introduced
interlayer vacancies in our phlogopite model and performed MD sim-
ulations in the NPT ensemble at temperatures up to 1000 ◦C and
𝑃 < 5 kbar, for time durations up to 25 ns. In keeping with 40Ar
4

diffusion in muscovite, no migration of 40Ar or K+ could be observed,
confirming the infrequent success of jumps into interlayer vacancies
on timescales of classical MD. To circumvent this timescale limitation,
we used the NEB method to determine the migration barriers for 40Ar
jumps to neighboring vacancies and Transition State Theory (TST) to
compute the associated diffusion coefficients. The migration barriers
were computed in a phologopite model equilibrated via NPT simula-
tions at 𝑇 = 0.5 K and 𝑃 = 0 kbar. Since the motion of K+ is required
for a vacancy to get close to 40Ar, we also computed the energy barriers
associated with the migration of K+ atoms. As for muscovite Nteme
et al. (2022), we considered both the monovacancy and the divacancy
mechanisms (Fig. 2). Because of the irregular distribution of Al atoms
in the tetrahedral layers, we positioned 40Ar and K+ at each interlayer
site of the model and computed the migrations energies towards all
possible neighboring sites. The total possible combinations amount to
216 barriers for the monovacancy mechanism and 432 barriers for
divacancy mechanism. The latter refers only to the “blue” jumps in
Fig. 2b since the migration barriers related to the “black” jumps are
identical to those computed for the monovacancy mechanism (Nteme
et al., 2022).

3.2. 40Ar migration barriers

The migration barriers associated with vacancy diffusion are charac-
terized by mean values of 82 ± 3 kcal mol−1 (1𝜎) for the monovacancy
mechanism and 79 ± 3 kcal mol−1 (1𝜎) for the divacancy mech-
anism (Fig. 3a, b). They are qualitatively similar to the behavior
observed in muscovite (Nteme et al., 2022) with the energy barrier
being slightly higher for the monovacancy mechanism (Fig. 3c). For
each jump, the forward and backward migration barriers are simi-
lar. Likewise, 40Ar follows the same rectilinear path towards a single
vacancy, and a slightly curvilinear trajectory towards a vacancy pair
(Fig. 3d). Similarly, the computed barriers are anti-correlated to the
electrostatic energy, the highest barriers corresponding to migration
paths interacting with the most closest-neighboring Si atoms (Fig. 3e).

Despite these similarities, differences are also seen between the
two minerals. While 40Ar migration barriers are distributed in both
minerals, the dispersion is less pronounced in phlogopite. Further-
more, the migration barriers are significantly higher in phlogopite
than in muscovite. These differences reflect the different octahedral
occupancy between both minerals. In muscovite, the migration barrier
is modulated by the irregular distribution of tetrahedral Al, but also
by the relative position (and flexibility) of the octahedral vacancy with

respect to the migration path (Nteme et al., 2022). In phlogopite, the
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Fig. 3. NEB modeling of 40Ar migration in phlogopite. (a) Histogram of migration barriers for the monovacancy mechanism. (b) Histogram of migration barriers for the divacancy
mechanism. (c) Variation of the potential energy of 40Ar along its path towards a monovacancy (black) and a vacancy pair (blue). (d) 40Ar trajectory from a stable site towards
a single vacancy (black) or a vacancy pair (blue). Red circles are basal oxygens. e) Anticorrelation between the 40Ar migration barriers and the total electrostatic energy of the
structure.
latter effect is suppressed by the full occupancy of the octahedral sites
(by Mg). On its way towards a vacancy, 40Ar in both minerals must
pass directly between two basal oxygens facing each other (Fig. 3d).
These must move apart normal to the migration path to facilitate the
40Ar jump, a modification also involving the tetrahedra to which they
belong. In muscovite, the displacement of tetrahedra normal to (001) is
accommodated by the motion of octahedral Al towards the octahedral
vacancy. In phlogopite, such a collective displacement normal to (001)
cannot be accommodated in the octahedral layer, thus increasing the
energy threshold required for 40Ar to get past the two basal oxygens.

3.3. K+ migration barriers

As for 40Ar, the energy barriers for K+ migration towards neigh-
boring vacancies are distributed (Fig. 4a, b) with mean values of
5

71 ± 7 kcal mol−1 (1𝜎, mono-vacancy) and 59 ± 11 kcal mol−1 (1𝜎,
divacancy). The energy landscape is much like in muscovite: (𝑖) the K+

energy barrier for the same path is significantly lower for the divacancy
mechanism (Fig. 4c), (𝑖𝑖) the forward and the backward barriers are
slightly different (Fig. 4c), (𝑖𝑖𝑖) potassium follows a curvilinear path
from its stable site to a vacancy (Fig. 4d), and (𝑖𝑣) the K+ migration
barriers are positively correlated to 40Ar migration barriers (Fig. 4e).
The main difference is the significantly lower K+ migration barriers
in phlogopite compared to muscovite. Also, the mean barrier to K+

jumping into single vacancies is lower than for 40Ar (it is the reverse in
muscovite). Such difference between K+ and 40Ar relates to differences
in trajectories towards neighboring vacancies. As discussed above, the
40Ar crossing between opposite basal oxygens is energetically involved
(to overcome the lack of tetrahedra flexibility normal to (001) in phlo-
gopite). Potassium follows a distinct path avoiding this configuration,
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Fig. 4. NEB modeling of K+ migration in phlogopite. (a) Histogram of migration barriers for the monovacancy mechanism. (b) Histogram of migration barriers for the divacancy
mechanism. (c) Variation of the potential energy of K+ along its path towards a monovacancy (black) or a vacancy pair (blue). (d) K+ trajectories from a stable site towards a
single vacancy (black) and a vacancy pair (blue). Red circles are basal oxygens. (e) Correlation diagram between 40Ar and K+ migration barriers.
thus requiring relatively less energy to complete a successful jump. K+

barriers are also affected by the orientation of OH groups. The latter
point towards the interlayer region, causing a repulsion between H+

and K+. This weakens the attractive force between K+ and the basal
oxygens, thus making potassium more mobile (Dahl, 1996; Dahl and
Dorais, 1996). The effect of OH groups on K+ barriers disappears when
OH is completely substituted by F. In this case, the migration barrier
of K+ becomes similar to that of muscovite (Nteme, 2021).

4. Temperature dependence of 40Ar diffusion

From TST, the diffusion coefficient is thermodynamically related to
the jump frequency through:

𝐷 = 𝑔𝑎2𝛾 (1)
6

where 𝑔 is a numerical constant depending on lattice geometry, 𝑎 is
the distance between two neighboring lattice sites and 𝛾 the jump
probability given by:

𝛾 = 𝜈 exp
(

− 𝐸
𝑅𝑇

)

(2)

where 𝜈 is the attempt frequency (commonly approximated by the
lattice Debye frequency, typically between 1012 and 1013 Hz), 𝐸 the
migration barrier (enthalpy of motion), 𝑅 the gas constant, and 𝑇 the
temperature of the system (in Kelvin). Combining Eqs. (1) and (2) yields
the classic Arrhenian form

𝐷 = 𝐷0 exp
(

− 𝐸
𝑅𝑇

)

(3)

with 𝐷0 = 𝑔𝑎2𝜈 encapsulating the pre-exponential structural
−vibrational frequency factor.
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Fig. 5. Arrhenius plot of 40Ar diffusion coefficients calculated for the monovacancy
and the divacancy mechanisms. Results of previous studies (including muscovite and
biotite) are also reported for comparison.

Eqs. (3) and (1) provide the physical-atomistic basis to compute the
diffusion coefficient in a crystal where the migration barrier is the same
for all equivalent jumps in an isotropic lattice. As discussed elsewhere
(Nteme et al., 2022), because of the irregular distribution of Al atoms
in the tetrahedral layers, the energy barrier for atoms moving in the
interlayer region (a 2D lattice with hexagonal symmetry) varies from
one direction to another, and from one interlayer site to another. This
crystal-structural dependence is taken into account by considering an
overall effective migration energy for each diffusing atom, 𝐸eff, defined
s:

xp
(

𝐸eff
𝑅𝑇

)

= 1
𝑛

𝑛
∑

𝑖=1
exp

(

𝐸𝑖
𝑅𝑇

)

(4)

here 𝐸𝑖 is the energy barrier required for an atom to leave an
nterlayer site 𝑖 and 𝑛 is the total number of stable sites in the interlayer
egion. The effective energy barrier for each site is derived from:

xp
(

−
𝐸𝑖
𝑅𝑇

)

= 1
𝑚

𝑚
∑

𝑗=1
exp

(

−
𝐸𝑖𝑗
𝑅𝑇

)

(5)

n which 𝐸𝑖𝑗 is the migration energy for leaving the interlayer site 𝑖 in
he direction 𝑗, and 𝑚 is the number of all possible directions (𝑚 = 6 in

a hexagonal lattice). Using the energy barriers calculated above and the
same notation for vacancy-mediated motion as in Nteme et al. (2022),
the calculated effective 40Ar migration energy barriers are 𝐸Ar□

eff =
81 kcal mol−1 (monovacancy mechanism) and 𝐸Ar□□

eff = 77 kcal mol−1

divacancy mechanism). For K+ (or vacancy) migration, the effective
arriers are 𝐸K□

eff = 67 kcal mol−1 (monovacancy mechanism) and
K□□ −1
7

𝐸eff = 49 kcal mol (divacancy mechanism).
4.1. Diffusion coefficient for the monovacancy mechanism

As mentioned above, the migration of 40Ar via the vacancy mecha-
nism requires the motion of K+ atoms to allow a vacancy to get close
to 40Ar. NEB calculations above show that the 40Ar effective migration
arrier associated with the monovacancy mechanism in phlogopite is
igher than that of K+, unlike muscovite where the opposite occurs.
herefore, the 40Ar ⇆ □ oscillations described in muscovite will not
ccur in phlogopite and a vacancy available next to 40Ar will be
referentially filled by K+. The success rate for 40Ar jumping into the
acancy instead of K+ is thus lower and governed by the net diffusion
oefficient (Nteme, 2021):

Ar□ = 3
2
𝑎2𝜈𝜌 exp

(

−
𝐸Ar□

eff
𝑅𝑇

)

(6)

Assuming the standard values 𝜈 = 5 × 1012 s−1, 𝜌 = 0.1 (the fraction
of interlayer vacancies) and 𝑎 = 5.3 Å, this translates into 𝐷Ar□ =
1.4 × 10−22 cm2 s−1 at 𝑇 = 700 ◦C, a diffusion coefficient two orders
of magnitude lower than for muscovite (Nteme et al., 2022).

4.2. Diffusion coefficient for the divacancy mechanism

In the divacancy mechanism, the diffusing atom can be adjacent
to either one or both vacancies of the vacancy pair (Fig. 2b). In the
latter configuration, the migration barriers are lower. This ensures the
correlated mobility of divacancies along the interlayer region. As for
muscovite, NEB calculations show that the 40Ar effective migration
barrier in the divacancy case is higher than for K+. Accordingly, the
40Ar diffusion coefficient is equally calculated via (Nteme et al., 2022):

𝐷Ar□□
= 5

2
𝜌2𝑎2𝜈

[

3 exp

(

−
𝐸Ar□

eff
𝑅𝑇

)

+ exp

(

−
𝐸Ar□□

eff
𝑅𝑇

)]

(7)

At 𝑇 = 700 ◦C and 𝜌 = 0.1, 40Ar diffusivity via the divacancy
mechanism is 𝐷Ar□□

= 2.04 × 10−21 cm2 s−1. This is one order of
agnitude greater than for the monovacancy mechanism but three

rders of magnitude lower than the corresponding mechanism in mus-
ovite (Nteme et al., 2022). 40Ar diffusion is therefore described by the
rrhenius parameters 𝐸 = 77 kcal mol−1 and 𝐷0 = 6 × 10−4 cm2 s−1

Fig. 5). A summary listing of the final estimates is provided in Table 3.

. Pressure effect

Among the parameters most likely to play a role in 40Ar dif-
usion at mantle pressure is the activation volume, i.e., the extra
train-electrostatic work done by a diffusing atom to overcome the re-
uction in lattice spacing (and increase in energy barrier) due to elastic
ompressibility and stiffness (the shear modulus of the crystal−elastic
ensor). Experimental data in this connection are scarce and contra-
ictory. Early experiments performed at 900 ◦C, 1080 ◦C, and 15 kbar
Giletti and Tullis, 1977) initially appeared to negate a significant pres-
ure effect by indicating 40Ar diffusion rates similar to those found at 2
bar (Giletti et al., 1974), though a reduction in diffusivity was actually
ound at 900 ◦C. Later on, an activation volume of 14 cm3 mol−1 was
xperimentally derived for biotite (Harrison et al., 1985) and muscovite
Harrison et al., 2009) via high-pressure hydrothermal runs at 14 kbar
or biotite and 20 kbar for muscovite, implying a sizable effect on 40Ar
obility in micas. A similar (or even greater) effect is to be expected in
hlogopite that displays pronounced elastic strain anisotropy (Chheda
t al., 2014), which has not been evaluated yet in terms of diffusivity.

The Arrhenius equation modified to account for the pressure effect
eads:

= 𝐷0 exp
(

−𝐸 + 𝑃𝛥𝑉
)

(8)

𝑅𝑇
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Table 3
Computed migration barriers and 40Ar diffusion parameters for the monovacancy (□) and divacancy (□□)
mechanisms.
Mechanism Mean energy barriers Effective energy barriers 40Ar Diffusion parameters

⟨𝐸Ar
⟩ ⟨𝐸K

⟩ 𝐸Ar
eff 𝐸K

eff 𝐸 𝐷0
(kcal mol−1) (kcal mol−1) (kcal mol−1) (kcal mol−1) (kcal mol−1) (cm2 s−1)

□ 82 ± 3 71 ± 7 81 67 81 2 × 10−3

□□ 79 ± 3 59 ± 11 77 49 77 6 × 10−4
Table 4
Pressure dependence of structural parameters and migration barriers of 40Ar in
hlogopite.
P (kbar) 0 10 20 30 40 50

Lattice parameters
𝑎 (Å) 5.231 5.222 5.215 5.207 5.194 5.184
𝑏 (Å) 9.065 9.050 9.036 9.023 8.998 8.979
𝑐 (Å) 20.121 19.834 19.621 19.448 19.343 19.232
𝛼 (◦) 89.563 89.807 89.890 90.036 89.887 89.858
𝛽 (◦) 100.747 100.506 100.551 100.585 100.535 100.553
𝛾 (◦) 90.005 89.996 89.997 89.984 89.990 89.983
Vol (Å3) 937.365 921.668 908.888 898.150 899.408 891.016
Interlayer sep. (Å) 3.387 3.267 3.177 3.105 3.062 3.018

Migration barriers
𝐸Ar□

eff (kcal mol−1) 81 93 105 115 123.3 130.5
𝐸Ar□□

eff (kcal mol−1) 77 91 103 114 121.6 128.6

where the activation volume 𝛥𝑉 for the diffusing species is approxi-
ated as:

𝑉 ≈ −𝑅𝑇
(

𝜕 ln𝐷
𝜕𝑃

)

𝑇
(9)

where the logarithmic derivative of the vibrational term has been
neglected (Mehrer, 2007).

In the spirit of checking the pertinence of our atomic-electrostatic
model for describing the structural behavior of phlogopite at man-
tle depths, we first investigated the lattice parameters predicted at
high−𝑃 by ClayFF and confronted the calculations with available
compressibility-structural data before investigating the effect of pres-
sure on 40Ar migration. To this end, we equilibrated the phlogopite
crystal via NPT simulations at room temperature and pressures ranging
from 0 to 50 kbar using the same model setup as above.

Our simulations show that compressibility along the three crystal-
lographic axes 𝑎, 𝑏, and 𝑐 is linear and strongly anisotropic across the
considered pressure range (Table 4). The results are closely consistent
with experimental and DFT data (e.g., Hazen and Finger, 1978; Pavese
et al., 2003; Comodi et al., 2004; Hernández-Laguna et al., 2019), un-
derscoring the fact the phyllosilicate structure is softer along the 𝑐 axis
which corresponds to the direction involving the weakest bonds and
electrostatic repulsive forces across the interlayer region (Fig. 6). Such
a good agreement lends confidence that ClayFF accurately predicts the
mica lattice properties in the range investigated, legitimating its use for
exploring 40Ar diffusivity at mantle pressures.

The pressure effect on 40Ar diffusion was investigated by NEB
simulations of the 40Ar migration energies in a phlogopite structure
equilibrated at 𝑇 = 0.5 K across the pressure range considered above.
Our results reveal a significant pressure effect on the 40Ar migration
barrier (Table 4). Note that elastic relaxation effects on the enthalpy
𝐸Ar□□

eff (divacancy-mediated diffusion) are not strictly linear but level
off slightly as the pressure increases (Fig. 7). In the linear approxi-
mation, the increase is about 1 cal mol−1.bar−1 from 77 kcal mol−1

(0 kbar) to 128 kcal mol−1 (50 kbar) (and approximately by the
same coefficient for the monovacancy mechanism), corresponding to
an activation volume of 42 cm3 mol−1. This is substantially greater
than previous estimates ∼14 cm3 mol−1 for other micas (Harrison et al.,
1985, 2009). Incidentally, a similar pressure dependence was quanti-
fied via DFT in lizardite by Wang et al. (2020) who identified a similar

−1 −1 40
8

increase around 0.8 cal mol .bar for the enthalpy of Ar motion in
Fig. 6. Variations in lattice parameters of phlogopite as a function of pressure. Note
the good agreement between ClayFF predictions and the results of Hazen and Finger
(1978), Pavese et al. (2003), Comodi et al. (2004), Hernández-Laguna et al. (2019).

Fig. 7. Pressure effect on both the interlayer region and the 40Ar migration barriers.
Note the perfect symmetry between both curves.

this phyllosilicate structurally similar to phlogopite (e.g., Sharp et al.,
1990). Such a strong pressure effect on 40Ar diffusion appears to be the
rule for all phyllosilicates as a result of the preferential compressibility
along the 𝑐 axis and the collapse induced across the interlayer region
where diffusion takes place (with up to −10 % reduction in interlayer
spacing from 0 to 50 kbar in phlogopite, Table 4, Fig. 7).
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6. Discussion

6.1. Ar diffusion structure of phlogopite

Our MD + NEB simulations are the first of their kind to investigate
structural-electrostatic interactions with Ar diffusion in phlogopite, pro-
viding considerable insights into atomic-scale processes and associated
crystallographic factors governing Ar motion in the interlayer region,
the path of Ar preferential transfer in micas (Nteme et al., 2022). Our
results show that, in terms of crystal strain-electrostatic considerations,
Ar diffusion is extremely sluggish in an ideal, defect-free, phlogopite
structure, and substantially much slower than in muscovite (Fig. 5). In
particular, our results predict 40Ar diffusivities in phlogopite several
rders of magnitude lower than that reported in hydrothermal exper-
ments, including biotite (up to 8 orders of magnitude difference at
00 ◦C; Fig. 5).

A similar diffusivity contrast between hydrothermal experiments
nd atomistic simulations has been found in white mica (Nteme et al.,
022). Using high-resolution 40Ar/39Ar mapping along (001) in slowly

cooled muscovite, it was shown that this difference was the result
of extended defects enhancing net transport rates in natural mica
by to up seven orders of magnitude above theoretical MD + NEB
estimates (Nteme et al., 2023). These defects were identified in the
form of lenticular voids and basal partings, <100 nm−long, distributed
in crystal zones affected by anomalously rapid diffusion with a boost
factor 𝜓𝑑 = 𝑓d𝐷d

0 up to 3 × 10−3 cm2 s−1 (where 𝑓d ≪ 1 is the volume
fraction of defects and 𝐷d

0 the limiting pre-exponential scaling factor
of diffusivity along the defective path; refer to Nteme et al. (2023) for
more details on this parameter).

In the case of phlogopite, the empirical basis for comparing MD +
NEB results with field-calibrated 𝑃 − 𝑇 trends in closure behavior and
crystallographic defects is far less developed (if at all) than for white
micas, precluding straightforward comparison between diffusion esti-
mates retrieved from different contexts, samples, and methods. Limited
in situ work does exist, however, that constrains the topology (geometry
and extent) of 40Ar diffusion in natural mantle phlogopite, notably by
Phillips and Onstott (1988), Phillips (1991), Kelley and Wartho (2000),
and Wartho and Kelley (2003). These studies mostly dealed with large
phenocrysts > 1 mm in size, commonly categorized as xenocrystic or
‘antecrystic’ macrocrysts originating from the disaggregation of mantle
lithologies during kimberlite ascent. These studies empirically estab-
lished that the diffusive lengthscale for Ar is the grain radius up to
grain sizes in excess of 2 mm (see also Camacho et al., 2005). Zoned
grains generally display concentric (but irregular) internal 40Ar/39Ar
gradients, either as a result of outward loss or external uptake, further
indicating that natural 40Ar intragranular transport occurs through the
bulk continuum of the lattice rather than via discrete transgranular
defects (cracks, extended defects, grain segmentation).

The most comprehensive work on diffusion-induced 40Ar gradients
is that by Phillips and Onstott (1988) and Phillips (1991) who docu-
mented true 2D age ‘maps’ along (001), unlike subsequent studies that
exclusively relied on simple (1D) core-to-rim radial traverses with lim-
ited lateral resolution likely affected by non-ideal 40Ar/39Ar concentric
patterns (Kelley and Wartho, 2000; Wartho and Kelley, 2003; Camacho
et al., 2005). Quite remarkably, step-heating 40Ar/39Ar analyses of such
large crystals consistently yield staircase patterns closely mimicking
these internal Ar gradients (cf. in particular Hopp et al., 2008), pointing
to the refractory nature and resilience of phlogopite to thermal decom-
position in vacuo. Attempts to model these profiles show that volumic
40Ar transport is not purely Fickian, i.e., controlled by inward diffusive
gradients imposed by the rim geometry with a single activation energy.
2D layer-parallel 40Ar/39Ar patterns are invariably complex (hat-toped
to bell-shaped) and have been interpreted to involve a mosaic of nested
sub-grain domains with variable radii of diffusion along (001) (± local
extended defects) to explain the more depressed ages commonly found
9

near the rims (Phillips, 1991).
These 2D 40Ar/39Ar patterns are very similar in size and topol-
ogy to those recently mapped by Nteme et al. (2023) in muscovite.
These were suggested to represent diffusion domains broadly concen-
tric, laterally juxtaposed or grading into each other, and preserving
older core zones typically 500–400 μm across. FIB−STEM evidence
showed these domains to consist of variable-diffusivity zones, including
notably lenticular voids and basal partings characterized by high-
diffusivity rates scaled by variable 𝜓𝑑 values (cf. above). Planar features
in most respects (length, density, spacing) similar to these defects are
documented in the Premier and Swartruggens kimberlite phlogopites
(Phillips, 1991) and also in biotite where they are interpreted as
Guinier–Preston (GP) zones (Benson Mine biotite, Onstott et al., 1991).
GP zones are partial interlayers (rather than voids) coherent with the
host lattice, but with slightly differing lattice constants that result
in coherency strain due to different octahedral and tetrahedral sheet
distortions between layers (Page, 1981). The resulting layer bending
(to minimize surface area and match up basal planes locally) may
introduce dislocations and sub-grain boundaries along these planar
defects, providing the drive to open pores and voids favoring faster
(pipe) diffusion along (001) as discussed by Phillips (1991).

In the case of muscovite, the basal defects were inferred to result
from inward K ↔ Na interdiffusion during near-solidus fluid−solid
reaction with late-stage Na-rich melts or silicate fluids, explaining the
patchy development of low-retentive (high-diffusivity) domains across
the grains, i.e., not just near the rims but also deep into the interior.
No similar structural−substitutional drive has (yet) been proposed to
explain planar defects in phlogopites (and neither it is established
whether these are common in mantle phlogopite), though GP zones
in Benson Mine biotite have been recognized to be more abundant in
hydrothermally-reacted grains than in untreated crystals (Onstott et al.,
1991), suggesting a possible heterochemical-structural origin as well.

Kimberlitic phlogopites are naturally prone to varying fluid
−melt−rock interactions during their lifetime (e.g., Downes et al.,
2006). Likewise, their assimilated precursors (mantle xenocrysts) are
vulnerable to post-crystallization crystal−melt interactions with low-
fraction hydrous melts and fluids in the mantle (Frost, 2006; Casetta
et al., 2023a), as testified by magmatic overgrowths and sectorial
zoning frequently affecting xenocrystic cores (Giuliani et al., 2016;
Dalton et al., 2020). The attending crystal−structural−substitutional
modifications are likely to affect the interlayer and the 40Ar diffusion
properties in a way similar to muscovite (Nteme et al., 2023), notably
via the KBa−1 divalent substitution.

Based on the foregoing we suggest that variations in defect density
in phlogopite may similarly partition the crystals into Ar−diffusion
domains variably concentrated in ∼100 nm−sized planar defects. Such
partitioning is likely to be irregular (geometrically) and variable (from
grain to grain), as indicated by the variable shape of 40Ar/39Ar pro-
files and 2D contours documented in all mantle phlogopites dated
so far. This is the case in particular for the 1D traverses across dif-
ferent grains from the same sample showing similar core and rim
ages but highly variable internal gradients (Kelley and Wartho, 2000;
Kempton et al., 2001). 40Ar/39Ar variations are also reported between
splits from the same mica flakes (Phillips, 1991), indicating that the
defective−domainal structure of each grain is unique, as for muscovite
(Nteme et al., 2023).

In situ evidence available so far thus suggests that 40Ar diffusion
gradients develop in phlogopite like in magmatic muscovite, i.e., via a
multi-path diffusion structure consisting of spatially variable domains
controlled by their own defect density. This leads to a mosaic of
high-diffusivity zones coexisting with (or transitioning smoothly into)
low-defect zones preserving near-regular lattice diffusion constants,
ideally reflected by our MD + NEB estimates. Dedicated HRTEM and
FIB-STEM investigations are clearly needed to document how such in-
ternal 40Ar/39Ar domains correlate to structural-compositional defects

in diagnostic samples.
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Fig. 8. (a) Pressure−temperature field of radiogenic retention after 2 Gyr residence
time for a 100−μm radius phlogopite. Diamond symbols correspond to equilibrium
𝑃 −𝑇 conditions of several xenoliths as reported in Hopp et al. (2008). The red domain
basically defines the 𝑃 − 𝑇 space of full core retention at the conditions simulated. (b)
Diffusion profiles of 100, 250 and 500−μm radius phlogopite grains stalling at 1200 ◦C
and 4.6 GPa for 2 Gyr. Note progressive enlargement of the core-retention domain. 𝑓
= % bulk integrated loss.

6.2. 40Ar retention behavior at mantle depths: residence time analysis

The preservation of 40Ar/39Ar ages older than the kimberlite em-
placement age is a primary feature common to almost all xenocrystic
kimberlite phlogopites analyzed in situ (and often by step-heating as
well). These have been interpreted as extraneous contamination by
excess 40Ar in the mantle (Phillips, 1991), or as true deep-seated
metasomatic ages older than the kimberlite itself (Kelley and Wartho,
2000; Hopp et al., 2008). This extraneous vs. radiogenic origin is still
debated but both views agree that a high 40Ar partial pressure (𝑃Ar)
in excess of the buffering capacity (saturation) of the intergranular
fluid phase/melt or the Ar storage capacity of the grain boundary
network (Scaillet, 1998; Baxter et al., 2007) is required to maintain
and equilibrate the ppm’s concentration of 40Ar needed to produce
the ages observed. This idea was originally motivated by the available
hydrothermal-diffusion data of Giletti et al. (1974) and Giletti and
Tullis (1977) precluding then protracted and quantitative 40Ar reten-
tion in phlogopite at temperatures characteristic of the sub-continental
lithosphere (>1000 ◦C).

Our revised diffusivity estimates argue in favor of yet another possi-
bility that xenocrystic kimberlite phlogopites (and mantle phlogopites
in general) are intrinsically more retentive of 40Ar than suggested by
these data. A residence time analysis of the fraction of 40Ar accumu-
lated in a pristine (defect-free and unreacted) phlogopite crystal is
provided in Fig. 8a for a range of 𝑃 − 𝑇 conditions taken for various
Cretaceous kimberlite occurrences intruded inside the late Archean
Kaapvaal craton (Hopp et al., 2008). The 𝑃 − 𝑇 space is contoured
for different fractional retention isopleths (𝑅%) assuming a nominal
grain radius of 100 μm with cylinder geometry using the diffusion
parameters in Table 4 and a static residence time of 2 Gyr (with the
production term included). This radius is taken as the critical core-
retention bound characterizing meso- to macrocrystic phlogopite (see
10
below). The retention isopleths would be collectively shifted rightward
(to higher−𝑇 ) by assuming greater grain sizes (Fig. 8b).

It can be seen that near-closed to moderately leaky behavior is
predicted for many of the 𝑃 − 𝑇 occurrences reported, all plotting
above the 𝑅70% retention isopleth. Note that a residence time of 𝑡res =
2 Gyr was selected not only to make fully apparent the transitional
retention interval between closed behavior (arbitrarily at 𝑅99%) and
massively leaking systems (∼ 𝑅50%). Adopting shorter holding times
would similarly shift all isopleths rightward, eventually predicting no
or only minor effective loss at the considered 𝑃 −𝑇 positions for 𝑡res < 1
Gyr. More fundamentally, the 2 Ga value corresponds to the difference
between the oldest core ages and the kimberlite eruption age observed
in nearly all xenocrystic kimberlite phlogopites analyzed in situ. It is
also close to the putative 2.0−2.5 Ga age of the global primordial
kimberlite mantle reservoir that remained isolated with a coherent
time-integrated 𝜖Nd−𝜖Hf lineage from the depleted convective upper
mantle until its remobilization, at ca. 200–225 Ma, as a result of
subduction along the margin of the Pangea supercontinent (‘Primitive
kimberlites’ array, Woodhead et al., 2019).

The calculated 40Ar/39Ar age profiles for different grain radii show
that the characteristic diffusion penetration distance is about 100 μm
at a nominal 𝑃 = 4.6 GPa (Fig. 8b). This defines the critical size 𝑎 for
which the crystallization age of a 2 Gyr−old phlogopite would remain
untouched in the core despite residing and incurring a bulk integrated
loss of ∼30% at such conditions in the mantle. Larger grains would
retain larger isochronous core zones with a bulk loss decreasing with
increasing effective radius.

These calculations clearly support the hypothesis that phlogopite
may retain primordial argon from its mantle source or reservoir. In
real-life samples, such retention properties are potentially mitigated by
faster-diffusing conditions associated with the multi-domain structure
discussed above (Section 6.1). Still, the fact remains that (i) such reset-
ting in the rims is a secondary process post-dating early entrapment,
and (ii), all core domains retaining older ages are typically bigger than
our critical size 𝑎 = 100 μm (generally in the range 350–450 μm,
Phillips and Onstott, 1988; Phillips, 1991), placing them in the high-
retention 𝑃 − 𝑇 field as long as their primary (undefective) diffusion
characteristics are substantially preserved.

6.3. Old−aged cores: excess 40Ar or primordial mantle signature?

The sensitivity calculations above cannot discriminate between a
radiogenic vs. extraneous origin of the 40Ar trapped at mantle depth.
They just predict that any initial or in situ produced 40Ar is stably
trapped in phlogopite. The kinetic implications in terms of trapping
mechanism and inherited mantle 40Ar signature are fundamentally dif-
ferent, however. One consequence of our low diffusion estimates is that
radiogenic buildup (40Ar∗) is bound to contribute a substantial fraction
of the total 40Ar budget of any phlogopite residing in the mantle,
unless it is soon removed from its source zone after crystallization, or
totally reset by local thermal-metasomatic transformations shortly prior
to kimberlite ascent. The corollary is that a purely mantle (i.e., exotic
or indigenous − instead of radiogenic) origin for the 40Ar found in
excess of the age of eruption requires the xenolith phlogopites to have
crystallized soon (i.e., certainly not Gyrs) before eruption. Further, a
metasomatic (i.e., pre-kimberlite) Ar inheritance to explain the older
cores requires primary (syn-crystallization) equilibrium entrapment to
affect the core. Secondary (post-crystallization) contamination is indeed
excluded since stable incorporation of extraneous 40Ar by diffusive
up-take in a pre-existing pristine mica at mantle 𝑃 is bound to be
extremely slow, requiring hundreds (if not thousands) of Myr to achieve
equilibrium with the core of grains > 100 μm across.

Homogeneous, near-equilibrium, 40Ar incorporation during (re)cr-
ystallization under melt saturation conditions at the liquidus (for
kimberlite phlogopite) or fluid saturation conditions (for xenocrystic
metasomatic phlogopite) implies crystal growth physics and crystal−
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melt/fluid 40Ar partitioning not modeled here. Ar−solid solubility and
Ar−fluid/melt partition in the mantle are governed by thermodynam-
ical mixing properties of H2O−CO2−Ar− melt systems (Paonita and
Martelli, 2007). These combine with physical variables such as inter-
facial segregation, melt fraction, transmissive timescale, permeability,
and grain-boundary sink capacity (e.g., Baxter et al., 2007; Smye
et al., 2013) in controlling Ar−melt−solid kinetic interactions during
metasomatism and ascent. Published experimental solubility data for Ar
in phlogopite are restricted to rather shallow (and narrow) conditions
between 350−900 ◦C at 0.06−1.77 kbar (Jackson et al., 2015), far
removed from (and likely inadequate to quantitatively predict) the
conditions prevailing in the mantle. Ar solubility data at higher 𝑃 −
𝑇 (1, 6, 10 kbar, and 800, 1000, 1100, 1200, and 1300 ◦C) have
been presented in abstract or unpublished form only (Roselieb et al.,
1999; Cruz, 2018). These pertain to Ar−pressurized synthetic fluor-
phlogopite, not to melt nor silicate fluid−mica equilibria, and have
yielded widely scattered Henry’s Law coefficients between 𝑆phl

Ar =
0.002−0.139 ppm.bar−1. These data are of uncertain applicability since,
at such high artificial pressures, Ar may be trapped in pre-existing
(or induced) extended defects or micro/nano-inclusions, resulting in
anomalously high apparent solubilities.

Independent data for olivine indicate that the compatibility be-
havior of Ar in mantle phases is complex with competing effects of
bulk equilibrium and interface segregation that may reduce Ar−mineral
solubility in favor to storage at mineral interfaces (Pinilla et al., 2012),
with reduced Ar mobility at dry (melt−free) grain−boundaries (Delon
et al., 2019). The situation in the presence of melt or metasomatic
fluids is more complex and controlled by miscibility and wetting prop-
erties of carbonate-rich melt and aqueous fluids at mineral interfaces
(Baxter et al., 2007). The connectivity of CO2−bearing melts in the
mantle is high as indicated by low dihedral angles (<30◦) and non-
vanishing electrical conductivity measured down to very small melt
fractions (Watson et al., 1990; Minarik and Watson, 1995; Gaillard
et al., 2019). Ar solubility in these melts is low as determined by
recent MD simulations (Desmaele et al., 2020), in contrast to water
that has a strong solvation power in carbonate melts (Foustoukos and
Mysen, 2015). Water solubility in kimberlite melt have their maximum
near 7−9 wt%, as addition of silicate component to carbonatitic melts
will decrease the amount of soluble H2O (Keppler, 2003; Moussallam
et al., 2016). These are considered the highest permissible values for
the solubilities of these species in the two−component H2O + CO2 fluid
as mutual interactions of H2O and CO2 reduce their saturation content
in a combined fluid phase (Kopylova et al., 2007). Also, kimberlite
magmas exceeding volatile contents around 10 wt% H2O are also likely
to have phenocryst loads too high (> 50 wt%) to permit their eruption
(Kavanagh and Sparks, 2009), and are probably not those sampled at
the surface.

This raises the question of the fluid−vapor−solid mixing proper-
ties of multi-phase H2O− CO2−Ar−melt systems, and the partitioning
(and solubility) of Ar in the residual aqueous phase potentially in
excess of the fluid saturation limit of the melt (where it is likely to
reside). The CO2 and argon dihedral angles are the highest observed
for any volatile fluid composition in most systems examined so far
(Holness, 1997), and their well-documented property to form non-
wetting fluids has raised the possibility that (the non-polar) argon
could, in the aqueous fluid phase, affect fluid−solid interfacial free en-
ergies of H2O−CO2−Ar mixtures to form isolated pockets at grain-edge
triple-junctions at ultra-high pressures (UHP, Scaillet, 1998), an effect
supported by experimental data on wetting angle characteristics for
pure Ar and H2O−Ar mixtures in hot-pressed monomineralic aggregates
(Holness, 1993; Holness and Graham, 1995).

The overall picture that emerges from these relationships is that
‘free’ (dissolved) Ar in the pre- or proto-kimberlite mantle would prefer-
entially reside at wetted grain boundary or triple-junctions at very low
fluid/melt fractions, but 𝐾phl∕melt

Ar remains largely under-constrained in
11

these systems. Combining these rather disparate Ar−fluid−melt−crystal
data has produced Ar partition coefficients from compatible to fully
incompatible (𝐾melt∕phl

Ar = 0.028−2.8, Cruz, 2018), like for Ar in mantle
olivine and enstatite (Watson et al., 2007; Cassata et al., 2011; Pinilla
et al., 2012), illustrating the difficulty of extrapolating these estimates
to predict Ar−solid/melt kinetic interactions with any reliability in
mantle xenoliths and kimberlites. On top of the lack of properly cal-
ibrated 𝐾phl∕melt

Ar is the mere observation that in situ ablation studies
of texturally-tied 40Ar/39Ar variations, such as documented in other
deep-seated rocks (granulites, Maluski et al., 1990), are simply lacking
in pristine xenolithic nodules. These are critically needed to provide
first-hand constraints on the origin and textural siting of labile 40Ar in
real mantle phases.

6.4. Partial 40Ar resetting: ascent-driven diffusive relaxation vs. crystal−mel
metasomatic interactions

Elemental zoning is systematic in mantle and liquidus/sub-solidus
kimberlite phases as a result of crystal−melt metasomatic interactions
and solid-state diffusion during ultra-fast kimberlite ascent to the sur-
face (e.g. Peslier and Luhr, 2006; Peslier et al., 2008; Jollands et al.,
2018; Howarth and Gross, 2019). Such re-equilibration profiles have
been extensively used to constrain exhumation rates, notably in olivine
by Fe−Mg and H diffusion chronometry coupled with 𝑃 −𝑇 −𝑋 changes
recorded during ascent (Soltys et al., 2020; Abersteiner et al., 2022;
Casetta et al., 2023b) and include also 40Ar/39Ar in phlogopite (e.g.,
Phillips, 1991; Pearson et al., 1997; Kelley and Wartho, 2000; Kempton
et al., 2001; Wartho and Kelley, 2003; Downes et al., 2006).

These models assume that 40Ar gradients are produced by disequi-
librium relaxation of the initial argon trapped at depth due to instant
removal of a high partial mantle 𝑃Ar upon decompression and fast
ascent to the surface, likely as a consequence of extensive volatile exso-
lution in the melt due to the drop in thermal compressibility (Phillips,
1991). Physically, a zero-boundary (homogenous Dirichlet boundary)
condition is modeled to re-equilibrate the crystals along the upwelling
isothermal path, triggering 40Ar diffusive loss into the host kimberlite
melt all the way up to the surface. Such isothermal diffusive−relaxation
(IDR) models have been simulated at melt temperatures (950−1100 ◦C)
using available 40Ar diffusion data (Giletti et al., 1974; Giletti and
Tullis, 1977) to reproduce the bulk loss empirically documented in
zoned crystals (between 1−40% loss, depending on grain size). These
simulations have returned transit rates between 0.1−4 m s−1 for a
selection of xenolithic phlogopites from several localities worldwide
(Phillips, 1991; Kelley and Wartho, 2000; Wartho and Kelley, 2003).
Note that these calculations are unaffected by whether 40Ar in the cores
is radiogenic or inherited since it is the collective loss from the initial
stock that is modeled (the initial 40Ar is just assumed homogeneous).

While the ascent rates deduced from these models appear to fall in
the range of values derived from other diffusion−chronometric systems
(and have been used as an independent confirmation thereof, e.g., Costa
and Morgan, 2010), they are likely to be wrong in terms of kinetics
and relaxation mechanism(s). IDR models invoke purely isochoric−
isothermal diffusion to re-equilibrate phlogopite but ignore reversible
elastic strain relaxation due to adiabatic−isentropic changes during
ascent. These affect the isothermal bulk modulus of phlogopite and
loss−retention 40Ar kinetics via 𝛥𝑉 during decompression. With the
highest activation volume among all diffusing species used in ascent-
rate speedometry, Ar (in phlogopite) possesses the greatest sensitivity
to pressure changes during upwelling, a characteristic surprisingly
overlooked by previous works given the pressure changes involved.
This can be quantitatively appreciated by deriving the corresponding
pressure-corrected adiabatic−isentropic loss model (AIL) as follows.
The bulk Ar fractional loss after an isothermal pressure drop of duration
𝑡 at a linear speed 𝑢 < 0 from an initial pressure 𝑃initial such that
𝑃 (𝑡) = 𝑢 ⋅ 𝑡 + 𝑃initial is given by (no source term included):

𝑓 (Fo(𝑡)) = 1 − 2
∞
∑ 𝛽𝑛 exp

(

−𝛼2𝑛Fo(𝑡)
)

(10)

𝑛=1 𝛼𝑛
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Fig. 9. Adiabatic− isentropic loss plot showing the trade-off between ascent rate and
ffective diffusion radius for various retention-loss isopleths.

here the weight factors 𝛽𝑛 and eigenvalues 𝛼𝑛 depend on the geometry
of the system (Gardés and Montel, 2009). Fo(𝑡) = (𝐷𝑇 ∕𝑟2)𝜅S(𝑡) is the
time-integrated Fourier number scaled by the grain radius (𝑟) and
the adiabatic−isentropic factor 𝜅S(𝑡) accounting for the decompression-
driven increase in diffusivity:

𝜅S(𝑡) =
𝑅𝑇
𝑢𝛥𝑉

[

𝐷initial −𝐷(𝑡)
𝐷𝑇

]

(11)

here 𝐷initial is the initial diffusion coefficient at (𝑃initial; 𝑇 ) and 𝐷𝑇 is
he diffusion coefficient at the reference state taken at zero pressure
𝑃 = 0; 𝑇 ):

𝑇 = 𝐷0 exp
(

− 𝐸
𝑅𝑇

)

(12)

Assuming exhumation up to the surface (𝑃final = 0), we have:

Fo = 1
𝑟2

𝑅𝑇
𝑢𝛥𝑉

[

𝐷initial −𝐷𝑇
]

(13)

Note that this is exactly the standard IDR model when 𝛥𝑉 = 0.
n taking the limit 𝛥𝑉 → 0 one can show that 𝜅S(𝑡) → 𝛥𝑡 = (𝑡final −

𝑡initial), from which the isochoric (pressure-free) expression for isother-
mal loss results: Fo = (𝐷𝑇 𝛥𝑡∕𝑟2). These fundamental relationships imply
Fo(𝛥𝑉 = 0) ⩾ Fo(𝛥𝑉 ≠ 0) and show that the IDR end-member model
maximizes the apparent loss (and ascent rate) over the AIL formulation
for a given upwelling-isothermal path.

These relationships are illustrated using our linear MD−NEB esti-
mates and the diffusion data adopted in previous IDR models (Giletti
et al., 1974; Giletti and Tullis, 1977). Ascent rates are by convention
negative in our calculations since the driving parameter 𝑃 decreases
during ascent, but our figures directly read off as ‘absolute’ ascent
speeds in m s−1 units (i.e., with just the negative sign removed). AIL
calculations using the MD−NEB parameters with a cylindrical diffusion
geometry for the initial conditions 𝑃initial = 5 GPa and 𝑇 = 1000 ◦C pre-
dict phlogopite to remain virtually unaffected by isentropic−adiabatic
diffusional relaxation (cf. Fig. 9). Open-system behavior is allowed only
for unrealistically low upwelling rates and/or very small diffusion radii
(respectively 𝑢 < −10−4 m s−1 and 𝑟 < 10−2 cm for a 𝑓1% loss). No
oss may otherwise occur during decompression essentially because
he pressure-free enthalpy 𝐸Ar□□

eff is already very high at 0 GPa (77
cal mol−1). In contrast, AIL modeling of the diffusion data backing up
rior IDR models (Giletti et al., 1974; Giletti and Tullis, 1977), those
ore likely to approximate the behavior of a defective phlogopite,

hows that these are particularly vulnerable to isentropic−adiabatic
effects in terms of inferred speed and extent of resetting.

Such kinetic dependence to adiabatic-isentropic effects is illustrated
in Fig. 10a via a time-integrated loss analysis for the same starting
conditions as above (with 𝑟 = 100 μm) using Giletti’s data with variable
𝛥𝑉 = {0, 14, 42} cm3 mol−1. As can be seen, the effect of increasing 𝛥𝑉
rom the limiting IDR case (𝛥𝑉 = 0) is to ‘flip over’ the diffusive loss

path from convex-up (Fig. 10a) to convex-down (Fig. 10b) in 𝑓 (𝑢) × 𝑃
space. These changes occur as a result of the increasingly delayed
12

opening of the Ar−mica system with rising 𝛥𝑉 , eventually resulting in a
Fig. 10. Fractional loss variation during phlogopite ascent as predicted by the pressure-
corrected adiabatic− isentropic loss (AIL) model for different values of activation
volume 𝛥𝑉 . See text for discussion.

Fig. 11. Isentropic−adiabatic effects on inferred ascent speed for a target loss of 𝑓40%
for different effective diffusion radii 𝑟. See text for discussion.

distinctly sigmoidal adiabatic−isentropic curve with minimal loss until
crystal-lithostatic conditions are reached. This occurs around 20 kbar
for 𝛥𝑉 = 42 cm3 mol−1 (Fig. 10c), showing that a deep (mantle) portion
of the initial ascending path might not be recorded for high 𝛥𝑉 .

Due to tradeoff between 𝑢 and 𝛥𝑉 in the denominator of the AIL
model (Eq. (13)), the transit time required to produce the same appar-
ent 40Ar loss is considerably longer (and the inferred ascent rate for a
given loss correspondingly smaller) relative to the IDR model. The max-
imum ascent speed is predicted by IDR to be 𝑢max = −𝑃initial𝐷𝑇 ∕𝑟2∕Fo%
(GPa s−1), where Fo% is the Fourier number of the associated final loss.
For a target loss of 𝑓40% (Fo40% = 3.8 × 10−2) from 𝑃initial = 5 GPa
(𝐷𝑇=1000 ◦C = 8.6 × 10−11 cm2 s−1) with 𝑟 = 100 μm, this yields
𝑢 = −5 m s−1 (Fig. 11). Isentropic−adiabatic effects reduce this value
max
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to −2.5 × 10−1 m s−1 at 𝛥𝑉 = 42 cm3 mol−1, representing a 20−fold
reduction from typical IDR estimates (note that the ascent speed is
already reduced to a fifth of 𝑢max at merely 𝛥𝑉 = 15 cm3 mol−1).
The same calculations for different grain sizes illustrate their strong
sensitivity to modest variations in diffusion radius (i.e., a given % error
in 𝑟 results in twice as big a % error in 𝑢 due to the inverse-squared
ependence in Eq. (13)).

To sum up, these calculations reveal that ascent rates derived by
revious Ar−IDR modeling are likely variably overestimated due to
eglect of isentropic−adiabatic effects. Their constraining power in
erms of ascent dynamics is limited to an order-of-magnitude of the
rocess, and possibly worse. More fundamentally, pressure effects pre-
ict ascent rates substantially slower than documented by indepen-
ent mineral-element chronometric pairs with values (0.25−5.0 m s−1)
ighly unlikely to account for efficient transport of a large cargo of
dense) mantle xenoliths to the surface and the metastable preserva-
ion of any diamond from the mantle. This clearly indicates that the
xtent of 40Ar resetting empirically documented in natural phlogopite
s not adequately described by a simple decompression-driven diffusive
elaxation process. As discussed in Section 6.1, more realistic options
nclude (pre- or syn-eruptive) sectorially-controlled modification of the
im-to-core crystal structure (by reaction-driven recrystallization or rim
vergrowth), concomitant with Ar loss at rates necessarily faster than
mplied for pure lattice diffusion by MD + NEB.

Almost all mega- to macrocrystic (kimberlite and xenocrystic) phlo-
opites studied so far are texturally zoned, often featuring a (xenocrys-
ic) core mantled by one (or more) reaction rim(s) or magmatic over-
rowth(s) indicating a complex sequence of resorption ± overgrowth

exchange reactions with the melts(s) (e.g., Downes et al., 2006;
eaman et al., 2006; Osborne et al., 2011; Pokhilenko et al., 2013;
iuliani et al., 2016; Larionova et al., 2016; Kargin et al., 2019;
alton et al., 2020). All cases cited are systematically associated with
omplex 40Ar/39Ar release patterns, where available. Temporal and
hysical modifications associated to such features are likely to be
ontext and sample-specific. This precludes further speculations on
scent-speed dynamics until detailed crystal-structural-compositional
EM + HRTEM observations are coupled with in situ 40Ar/39Ar data
n samples featuring isotopic and elemental zoning with well-identified
rowth/interaction episodes with mantle wall rocks and the host melt.

To conclude, we suggest that secondary structural–textural mod-
fications introduced by stoichiometric recombination of xenocrystic
nd primary kimberlitic phlogopite (either in situ or during ascent)
re responsible for their characteristic elemental and isotopic zoning.
vailable textural and grain-scale evidence indicates that 40Ar resetting

nvolves mixed diffusional behavior with spatially and temporally
verlapping exchange mechanisms due to metasomatic interactions
ith external fluids/melts, both leaving highly-retentive cores partly
verprinted by variably reacted (and faster Ar-diffusing) defective
ims or overgrowths. Extracting ascent rates and kinetic information
rom the resulting 40Ar/39Ar patterns will remain elusive until more
r−crystal−chemical data are gathered from coupled SEM−HRTEM and
V-laser studies of critical samples. In such a scenario, the potential

or retaining primary (radiogenic or metasomatic) Ar mantle signatures
emains very high, though not for the reason foreseen in the past
i.e., high 𝑃Ar). Such a characteristic signature more fundamentally re-
lects intrinsically high Ar retention properties. Next step to disentangle
he 40Ar/39Ar chronology of such processes should combine high-
esolution sub-grain 40Ar−domain mapping with atomistic modeling as
one with muscovite (Nteme et al., 2023).

. Conclusions

40Ar diffusion in 1𝑀 phlogopite has been investigated based on
olecular Dynamics simulations coupled with Nudged Elastic Band and
ransition State Theory in order to calibrate the retention properties of
his mineral at mantle depths. We find that Ar diffusion rates are several
13
orders of magnitude lower than predicted by previous hydrothermal-
diffusion experiments (Giletti et al., 1974; Giletti and Tullis, 1977;
Yudin et al., 2021). Crystal-structural thermodynamic 𝑃𝑉 𝑇 relation-
ships retrieved by MD + NEB + TST indicate that the activation volume
for Ar diffusion in phlogopite is quite high (42 cm3 mol−1) and strongly
correlated to the reduction in interlayer spacing at increasingly high
confining pressure, as documented by compressibility data of natural
specimens. Coupled with a high enthalpy and low frequency factor
for diffusive motion by divacancy migration along the interlayer (𝐸 =
7 kcal mol−1, 𝐷0 = 6 × 10−4 cm2 s−1), this makes mantle phlogo-
ite virtually immune to diffusive Ar equilibration unless its diffusion
tructure is altered by structural or compositional modifications during
scent or metasomatism.

Our findings suggest that the 40Ar/39Ar core-rim zoning com-
only documented in large xenocrysts, and usually interpreted as
iffusive relaxation during kimberlite emplacement, more likely reflect
rystal−melt metasomatic interactions prior or during ascent. In par-
icular, there is no need to call upon abnormally high 40Ar pressures
t mantle depth to trigger diffusive relaxation by decompression.
diabatic− isentropic loss modeling predict that the extent of 40Ar
esetting (or retention) is strongly modulated by the activation volume
nd ascent speed rather than pure isothermal diffusive relaxation.
antle-to-surface transit times predicted from this model are notably

ower than inferred by previous 40Ar/39Ar inverse diffusion chronome-
ry assuming isothermal re-equilibration. They indicate that the extent
f 40Ar resetting empirically documented most probably results from
omplex phase interactions with metasomatic agents or the kimberlite
elt itself.

The core retention of pre-eruptive 40Ar/39Ar ages remains a largely
nsolved but fascinating attribute of zoned mantle phlogopite. Resolv-
ng the radiogenic vs. trapped signature of this primary component
s crucial to deciphering the timing of mantle metasomatism (Buikin
t al., 2005) and the potential for tracking recycled Ar in the mantle. As
mphasized by these authors, further investigations of the argon isotopic
omposition, measured directly in relict intragranular amphibole and inter-
ranular Ba-phlogopite [by laser ablation] should clarify [...] the problem of
rgon retentivity in K-minerals at mantle conditions. Almost twenty years
ater, this has yet to be done.
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