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Constraints on Noble Gas Variability in OIB and MORB
From Non-Equilibrium Magmatic Degassing Models
, and Christian Huber!

Thomas Williams' (), Stephen Parman'

1Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, RI, USA

Abstract Noble gas concentrations in ocean island basalts (OIB) and mid-ocean ridge basalts (MORB) are
affected by degassing processes, obscuring their pre-eruptive characteristics. Degassing corrections commonly
assume near-equilibrium partitioning of noble gases between melt and vapor. However, kinetic disequilibrium
has been proposed as a mechanism capable of modifying noble gas ratios. For example, kinetic effects may
allow OIBs to exhibit lower *He contents than MORBs, even if OIB plumes sample a low “He/*He
“undegassed” primordial lower mantle—the so-called “Helium Paradox” (Gonnermann & Mukhopadhyay,
2007, https://doi.org/10.1038/nature06240). It has also been suggested that kinetic effects allow OIB and
MORSB to share a homogeneous pre-degassing *He/**Ne ratio. Despite this, inferred mantle compositions may
not require the presence of an “undegassed” reservoir, and there is evidence that OIB and MORB sources exhibit
heterogenous *He/**Ne ratios. Here, we model the kinetics of CO, and noble gas exchange between bubbles and
melt within a three-stage framework for magmatic ascent to evaluate the magnitude of non-equilibrium
fractionation. The first and third stages treat the kinetics of bubble growth during closed-system decompression,
whilst the second treats gas exchange between ascending bubbles and a melt at rest within a shallow, open-
system, sub-volcanic reservoir. Across plausible ranges of ascent rate, bubble populations, and noble gas
diffusivity, our results indicate that disequilibrium cannot produce variations in *He contents and *He/**Ne
ratios sufficient to reproduce the range observed in OIB and MORB. Therefore, OIB and MORB sources cannot
share a homogenous *He/**Ne ratio, and disequilibrium does not resolve the “Helium Paradox.”

Plain Language Summary Noble gases such as helium and neon trapped in mid-ocean ridge basalts
and ocean-island basalts are key tracers for understanding the structure and evolution of the Earth's mantle.
However, as magmas rise and release gases, this degassing strips noble gases from the melt, modifying their
concentrations. Although many studies assume that noble gases remain in equilibrium with the melt during
degassing, it has been suggested that magmatic ascent or melt-vapor separation may be too rapid for diffusion to
allow noble gases to reach equilibrium concentrations. These effects could explain why ocean-island basalts
often contain less *He than mid-ocean ridge basalts, even though ocean-island basalts may sample a less-
degassed mantle (a phenomenon known as the “Helium Paradox”). To determine the magnitude of
disequilibrium effects, we modeled gas exchange between bubbles and melt during magmatic ascent in a closed-
system (where bubbles and melt remain coupled to one another) and an open-system (where bubbles escape the
melt). Our results show that disequilibrium cannot account for observed *He and *He/**Ne differences between
ocean island and mid-ocean ridge basalts. Instead, these differences reflect mantle source variations, and
disequilibrium degassing does not resolve the “Helium Paradox.”

1. Introduction

Noble gas concentrations and ratios recorded in mid-ocean ridge basalt (MORB) and ocean island basalt (OIB)
glasses are modified from their mantle source values through partitioning into the vapor phase during magmatic
degassing (Aubry et al., 2013; Iacono-Marziano et al., 2010; Moreira & Kurz, 2012). To enable noble gas
concentrations and isotope ratios to provide insights into Earth's accretion, differentiation, and long-term evo-
lution, it is common to correct for this degassing by assuming equilibrium, solubility-based partitioning between
vapor and melt (Allegre et al., 1983; Parai, 2024; Stracke et al., 2022; Tucker et al., 2018). However, correcting
for equilibrium degassing does not resolve the so-called “Helium Paradox.” This ‘“Paradox” arises when the low
“He/*He ratios observed in OIBs are interpreted as evidence for sampling of a “primordial,” less-degassed mantle
reservoir by mantle plumes (Anderson, 1998; Hilton & Porcelli, 2014). If OIBs sample this high *He mantle
reservoir, they should have much higher pre-degassing *He concentrations than MORBSs. Instead, OIBs cluster
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Figure 1. Global compilation of noble gas contents in basalts. Green circles and blue squares correspond to MORB and OIB
step heating analyses of submarine glasses respectively. The arrow represents an illustrative equilibrium closed-system
degassing trajectory originating from an arbitrary initial composition, colored by discrete vesicularity bins (¢ < 0.001,

0.001 <¢ <0.01,0.01 < ¢ <0.1). The proportion of CO, lost from the melt is a function of pressure; at 1 kbar, these vesicularity
ranges correspond to losses of <17%, 17 to ~64%, and ~ 64 to 95% of CO,, respectively. For details on degassing calculations,
please see the text. This demonstrates that equilibrium degassing does not control the basaltic *He -*He/**Ne array. Noble gas
data is compiled from references in Yamamoto and Kurz (2022), and is segmented by sample location in Figures S1 and S2 of
Supporting Information S1. We filter these samples by their 2’Ne/>*Ne ratio to assess the impact of atmospheric contamination
in Figure S3 of Supporting Information S1.

toward lower *He concentrations than MORBs (Figure 1). If OIBs start with higher *He concentrations, this
implies that they are more extensively degassed than MORBs.

Under equilibrium degassing conditions, the maximum fractionation between He and Ne for a single stage of
vesiculation will be the ratio of their solubilities:

Che/Cne _ She

—“Ne _ 1
Clqle/ CONe SNS ( )

where C represents the final concentration, C° the initial concentration, and S the solubility of each species in the
melt (Jambon et al., 1986). Ne is less soluble than He; thus, during progressive degassing, Ne is preferentially
exsolved, causing the 3He/**Ne ratio of the residual melt to increase relative to its initial value (Aubry et al., 2013;
lacono-Marziano et al., 2012a; E. B. Watson, 2017). In a global compilation of MORB and OIB glasses, low *He
concentrations are associated with low *He/**Ne ratios, a relationship that is, inconsistent with the monotonic
increase in *He/**Ne produced by equilibrium, solubility-controlled degassing (annotated arrow in Figure 1).
Therefore, solubility-controlled degassing cannot be the primary control on *He/**Ne ratio in basaltic glasses
(Anderson, 1998; Burnard, 1999; Gonnermann & Mukhopadhyay, 2007).

The apparent contradiction between high *He contents in pre-degassed OIB sources, and low *He contents
combined with low *He/**Ne ratios in degassed OIB samples, may be reconciled by accounting for kinetic effects
during degassing (Gonnermann & Mukhopadhyay, 2007). If the timescales of magmatic ascent or melt-vapor
separation are short relative to He or Ne diffusion timescales, noble gas exsolution becomes kinetically
limited. Because Ne diffuses more slowly than He, disequilibrium effects inhibit Ne loss to the vapor phase to a
greater extent than they inhibit He loss, potentially reducing or reversing the increase in *He/**Ne ratios asso-
ciated with equilibrium degassing (Gonnermann & Mukhopadhyay, 2007). Disequilibrium degassing may
therefore allow for OIBs to have higher initial *He concentrations and *He/**Ne ratios than MORBs, consistent
with the presence of a “primordial” mantle reservoir. This implication could reinforce the discrepancies between
geochemical models that argue for an isolated lower mantle, and geophysical observations suggesting that the
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mantle is well mixed (Albarede, 2008; Deng et al., 2023; Giilcher et al., 2021; Parai, 2024; Stracke et al., 2022). It
would also allow OIB and MORB sources to share similar pre-degassing *He/**Ne ratios, supporting “Steady
State” mantle models in which fluxes of noble gases into and out of the upper mantle are balanced, and the lower
mantle has remained a closed system over ~4.5 Ga (Gonnermann & Mukhopadhyay, 2007; Porcelli & Was-
serburg, 1995a, 1995b; Weston et al., 2015). Conversely, if disequilibrium degassing cannot account for these
observations, alternative mechanisms are required, such as models that account for low “He/*He in OIBs without
invoking an isolated mantle component (e.g., Bouhifd et al., 2020; Dygert et al., 2018; Gonnermann &
Mukhopadhyay, 2009; Horton et al., 2023; M. G. Jackson et al., 2021; Olson & Sharp, 2022; Parman, 2007; Wang
et al., 2022), and models that suggest that *He/**Ne differences between OIBs and MORBs reflect mantle source
heterogeneity (e.g., Honda et al., 1993; Parai, 2024; Tucker & Mukhopadhyay, 2014; Yamamoto & Kurz, 2022).

Non-equilibrium noble gas fractionation have been inferred to affect both MORB and OIB samples (Aubaud
et al.,, 2004; Paonita & Martelli, 2006; Tucker et al., 2018). More significantly, Gonnermann and Mukho-
padhyay (2007) and Weston et al. (2015) propose that disequilibrium degassing can resolve the “Helium Paradox”
through disequilibrium degassing while permitting MORB and OIB sources to share homogeneous *He/**Ne
ratios. Their models have allowed for better insights into noble gas behavior during degassing. However, the two
frameworks yield contrasting results, reflecting differences in their physical treatment of degassing, most notably
in how major-volatile loss is partitioned across degassing steps. Additionally, noble gas diffusion coefficients in
basaltic melts remain poorly constrained (Figure S4 in Supporting Information S1), and the wide range of values
adopted across studies contribute to conflicting model outcomes. As a result, some models support disequilibrium
degassing as a solution to the “Helium Paradox” (Gonnermann & Mukhopadhyay, 2007; Weston et al., 2015),
whereas others conclude that disequilibrium alone is insufficient (Tucker et al., 2018). In light of isotope-element
ratio analyses indicating that kinetic fractionation from a single reservoir cannot explain the full range of MORB
and plume systematics (Parai et al., 2019), it is apparent that there is a need for better constraints on diffusion
parameters and degassing dynamics to evaluate the viability of noble gas disequilibrium models.

Here, we aim to more closely constrain the contribution of kinetic effects to measured noble gas ratios and
abundances in MORB and OIB glasses. We first define degassing stages based on the relative magnitudes of melt
ascent velocity, bubble-melt separation velocity, and the time available for vapor-melt separation. The three
resulting stages are: (1) initial bubble growth and ascent; (2) storage in a magma reservoir; and (3), ascent to
seafloor (Figure 2). Immediately after bubble nucleation (Stage 1), the low Stokes velocities of small bubbles mean
that bubbles remain coupled to the melt over the timescales of melt ascent, and the system can be considered closed.
In contrast, for bubbles within a stalled magma in a shallow magma reservoir (Stage 2), there is sufficient time for
bubbles to decouple from melt, resulting in open-system degassing (Parmigiani et al., 2016; Wanless &
Shaw, 2012). Finally, during ascent of magma to the seafloor (Stage 3), bubble-melt separation velocities are
greater than in Stage 1 due to the combined effects of mechanical expansion and reduced CO, solubility on bubble
growth. However, for inferred timescales of magmatic ascent, bubble-melt separation distances are still limited,
and the system can again be considered closed (Bamber et al., 2024). We model both closed-system (no loss or gain
of volatiles in a given magma parcel), and open system (differential movement of vapor bubbles and melt)
degassing by treating He and Ne as passive tracers in a similar manner to Gonnermann and Mukhopadhyay (2007),
Weston et al. (2015), E. B. Watson (2017), and Tucker et al. (2018). To investigate closed-system degassing, we
build a 2D model in which we explicitly account for pressure- and diffusion-driven bubble growth, melt viscosity,
and bubble geometry. We explore how magmatic CO, content, decompression rate, the pressure range during
degassing, and bubble size influences *He concentrations and *He/**Ne ratios. Next, we derive a model for open-
system degassing, incorporating both bubble advection and the effects of CO, supersaturation during the ascent of
melt into a magma reservoir, and assess the roles of magmatic volatile contents, melt-bubble separation velocity,
and partitioning during bubble growth on controlling noble gas loss. For both open- and closed-system degassing,
we determine the extent to which kinetic effects enable resolution of the “Helium Paradox.”

2. Methods
2.1. Closed-System Degassing (Stages 1 and 3)
2.1.1. Physical Model

As pressure decreases during magmatic ascent, CO, and H,O become progressively less soluble in the melt, and
the resultant supersaturation results in bubble nucleation (Dixon, 1997); noble gases then partition between
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Figure 2. Schematic illustration of the magmatic system, showing the three mass transport stages considered in our modeling
approach. In Stage 1, following bubble nucleation, low bubble—melt separation velocities (Stokes velocities) inhibit
decoupling, and the system is treated as closed. In Stage 2, we consider stalled magma within a shallow melt lens (Wanless &
Shaw, 2012), where a prolonged residence time allows for bubble—melt separation even at low ascent velocities, as the melt
ascent velocity (Upey) is small relative to the bubble ascent velocity (Upyppe) (Parmigiani et al., 2016). In Stage 3, bubble
ascent velocities are high due to growth via diffusion and mechanical expansion, but rapid melt ascent limits the time available
for melt—bubble separation (Bamber et al., 2024). Illustrative pressures associated with melt lenses are taken from M. Jones
et al. (2018) and Arnulf et al. (2014); these correspond to a melt lens depth of ~1.1-2.3 km below the seafloor. This diagram is
conceptual; our modeling approach does not assume a specific system geometry.

bubbles and the melt (Aubry et al., 2013). We consider that bubbles and melt remain coupled to one another
during ascent when bubble-melt separation distances are low relative to the half-distance L between bubbles. In
other words, the system is closed when the condition Uj, - #4,. < L is satisfied, where U, is the bubble-melt sep-
aration velocity, and 7,4, is the decompression timescale. This applies during stages 1 and 3 of our conceptual
model (Figure 2). We therefore model the diffusion and exsolution of noble gases from the melt into a bubble
during ascent to a magma reservoir (Stage 1) or to the seafloor (Stage 3) as operating within a closed system.
Because CO, saturates at substantially higher pressures than H,O in basaltic melts we treat the vapor phase as
pure CO,, and neglect H, O in the bubble (Dixon, 1997; Iacono-Marziano et al., 2012b). During ascent, the bubble
grows via two mechanisms: (a) mechanical expansion of the gas due to decreasing pressure; and (b), diffusion-
driven degassing from the CO,-supersaturated melt into the bubble. Bubble growth is resisted by the viscosity of
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the melt (Lensky et al., 2004). Growth decreases the partial pressure of the noble gases in the bubble, providing a
driving force for further diffusion of noble gases into the bubble. For magmatic ascent from depth to a magma
reservoir (Stage 1), we consider closed-system degassing to end once the magma parcel reaches the pressure of
the magma reservoir. When magma rises to the seafloor (Stage 3), the melt is assumed to quench instantaneously
under the hydrostatic pressure of the overlying water column, halting both bubble growth and diffusive exchange.
In both stages, all volatile loss from the melt is assumed to occur via gas transfer into pre-existing bubbles, with no
secondary nucleation events. The noble gases are treated as passive tracers, contributing negligibly to the bubble's
partial pressure (E. B. Watson, 2017).

2.1.2. Numerical Method

We model our system by adapting the lattice Boltzmann method (LBM) bubble-growth model of Huber
et al. (2014) to capture the behavior of the noble gases by treating them as chemically diffusing tracers. This
model is in turn a modification of the free surface model proposed by Korner et al. (2005). Here, we briefly
introduce the model, and describe the modifications we made to model noble gas diffusion. For more details, the
reader is referred to Huber et al. (2014) and Korner et al. (2005).

Within the LBM, the Boltzmann equation

of _
eV =0 @

is discretized in both physical and velocity space. Here, the probability distribution function f(x,§,t), is defined
such that f(x,&, r)dxd€ represents the number of particles in the phase space element dxd€ at a given time ¢, X
denotes the spatial coordinates on the lattice, and € is the collision operator. In the LBM, particle distribution
functions (PDFs) are defined at each lattice site, stream along a finite set of discrete velocity vectors (e;) and reach
a neighboring site at the next time step. We use a two-dimensional, five-velocity (D2Q5) lattice for chemical
(CO,, He, Ne) diffusion, and a D2Q9 lattice for the fluid dynamics component, with velocity vectors defined as:

(0,0 ifi=0

(i=Dzx\ . (i=D=x e
¢ = (cos( 5 ), sm( 5 )) ifi=1,...,4 3)
(cos <(2i;1)ﬂ), sin <(2i;1)ﬂ)> ifi=5,...,8

The evolution of the PDFs is governed by a linearized collision operator, and here we adopt a lattice version of the
Bhatnagar—Gross—Krook model (Bhatnagar et al., 1954; Qian, 1993). The update of the PDF f between
consecutive time steps 7 and ¢ + 1 involves two sequential steps: a collision step

) = fi(x0) + %[f?q(x, 0= fxD]+F (42)

followed by a streaming step
fiNx + et + 1) = f2U(x,0). (4b)

F; is a body force term, 7 is the relaxation time—explicitly related to the kinematic viscosity v of the fluid (r f) or
the diffusion coefficient D of the volatile species (z;) through the equations

1 1

—and f{* is the local equilibrium distribution function:
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In this equation, p is the fluid density, u is the macroscopic velocity, c? is the lattice speed of sound, and w; are the
lattice weights. It was shown via Chapman-Enskog expansion that the solution to Equations 4a—6 retrieves the
Navier Stokes equations together with coupled advection-diffusion equations for the concentration of CO, and
noble gases (Huber et al., 2014).

For the coupling between bubbles and melt, we use the free surface model developed by Korner et al. (2005),
which uses an approach similar to the Volume-of-Fluid method. The lattice is divided among three cell types: gas,
melt, and interface. Bubble movement and expansion changes the volume fraction of melt € at each site, resulting
in the evolution of cell types. The cell type is therefore updated dynamically according to the fluid mass content of
the cell m. The continuous scalar quantity m is updated by tracking mass exchange between neighboring lattice
sites:

0 if x € gas cell
Am(x.1) = AR = (X + e, 1) — 2U(x, 1) if x € melt cell (7a)
1
E(G(X’ 0+ e(x + e, DA™ if x € interface cell
8
m(x,t+ 1) = m(x,1) + ), Amy(x,1). (7b)
i=0

In the free surface algorithm, the effect of the bubble at the interface with the melt is an imposed pressure
boundary condition, detailed in Korner et al. (2005). We assume that the bubbles are inviscid and treat the bubble-
melt boundary condition as a free surface that does not support tangential stress, but does permits a normal stress
discontinuity due to surface tension and the density contrast between two fluids (Huber et al., 2014). The CO,
bubble behaves as an ideal gas, and the interfacial pressure is modified by surface tension (o) and the disjoining
pressure (IT) due to the interaction of two melt-gas interfaces, giving the following equation for pressure:

n(f)RT

P,(x,1) = 70

— 2k(x, )0 — 11, ¥

where  is the number of moles of gas molecules in a given bubble, V the volume, T the ambient temperature, R
the ideal gas constant, and x(x, ¢) the local curvature of the interface.

During our imposed decompression, the bubbles will grow due to the combined effects of mechanical expansion
and diffusive exchange through a reduction in CO, solubility in the melt. We assume a pressure reference frame
where the pressure in the ambient melt is constant over a given run, but the mechanical pressure (Pg mech) inside
bubbles evolves due to the imposed decompression rate (dP/dt)y, (Huber et al., 2014). If bubble growth is
impeded by surface tension and viscous stresses in the melt, the mechanical pressure inside the bubble will in-
crease. In this reference frame, the mechanical pressure evolution in bubbles is given by:

= ©)

dPg,mech = RT 1dn n dv dP
di Vdt V?dt dr ) gee
To allow for bubble expansion, we impose a free surface with a fictitious “atmosphere” at the top of the system,
which is a special case of a bubble cell with a no-flux condition for CO, and the noble gases.

We account for diffusion of dissolved volatiles in the melt to track the loss of He and Ne from the melt, and to
grow the bubble through CO, diffusion (Equation 9). We use a similar approach to Korner et al. (2005), where
two additional PDFs for CO, (g,) and the noble gases (/;) are used to model an advection-diffusion equation with
an imposed concentration boundary condition at the bubble-melt interfaces.
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The boundary condition for the dissolved volatile concentration at a bubble-melt interface is imposed to follow
Henry's law.

Cp(x,1) = Ky(P, - y)", x €& Interface cell (10)

where the total pressure in the bubble is obtained from Equation 8, and the mole fraction y of the noble gas i in the
bubble is given by:

n;

-
Zj:l n;

Xi= (11)

In this way, we implicitly link the behavior of the noble gases to a decompression path, leading to time-dependent
partitioning behavior. The boundary condition at the interface site is then imposed by setting the missing dis-
tributions g, (coming from the adjacent gas cell) to:

g9(Cp,u) + g1 (Cpou) — gz (Cp,u)  if x € bubble cell 1)
& = e .
24(Cp,u) — g31(Cp,u) + g3(Cp,u)  if x € atmosphere cell

while the other distributions are set to g(Cp,u). The same boundary condition applies to /;(C,,u). A detailed
description of benchmark problems solved with the generic free surface lattice Boltzmann model can be found in
Korner et al. (2005). We validate single-bubble growth within our LBM model against the analytical solution for
equilibrium bubble growth within a radially symmetric melt shell of Lensky et al. (2004), which we solve in 2D
for an infinite cylinder geometry (Figures S5 and S6 in Supporting Information S1). This solution is valid when
the gas pressure follows the ambient pressure, and the concentration in the melt shell is uniform according to the
solubility at the ambient pressure.

2.1.3. Physical Parameters

We determine Henry's law parameters for of K,C,OZ =1.5x 107 mol g~' bar™" and 6'202 = 1.276 by fitting a

power law to the solubility of a pure CO, volatile phase in a basaltic melt (Figure S7 in Supporting Informa-
tion S1) using the VesiCAL implementation of MagmaSat (Iacono-Marziano et al., 2012a; Iacovino et al., 2021).
For the noble gases, we use values of Kil¢ = 2.7 x 10™® and K}¢ = 8.0 x 107 mol g™' bar™' and ¢; = 1
following Gonnermann and Mukhopadhyay (2007). We note that these coefficients are not significantly different
to those determined using the semi-empirical model of lacono-Marziano et al. (2010), but that the exact ratio of
He to Ne solubility is a function of pressure, temperature and chemical composition. For the melts considered
here, this results in a ratio Kf,e/ KZ" change of ~2 over a space of 0.5-5 kbar and 1373K-1573K (Iacono-
Marziano et al., 2010). We do not consider the effects of melt CO, and H,O, which may significantly reduce the
solubility difference between He and Ne (Nuccio & Paonita, 2000; Paonita, 2009). Melt viscosity is calculated
using the parametrization of Giordano et al. (2008). At the start of each simulation, bubble seeds with an initial
radius of 107> <R, <10™* m are set in a periodic array, and we initialize with a bubble volume fraction ¢ of
0.005-0.1, consistent with measured CO, contents in basalts and bubble fraction observations (Chavrit, 2010;
Voyer et al., 2019). No secondary nucleation event is considered.

For CO, diffusion coefficient values, we use the parametrization of Ni and Keppler (2013). For the noble gas
diffusion coefficients, we follow Tucker et al. (2018) and use values of Dy, = 10783, Dy = 10729 and
Dy, = 107195 m?s™!, We caution, however, that currently available diffusion coefficients for He, Ne, and Ar are
subject to considerable uncertainty, as demonstrated in Figure S4 of Supporting Information S1. Values for the
full suite of noble gas diffusivities in a basaltic melt have only been obtained experimentally once, but the results
were preliminary and have not been reproduced (Lux, 1987). Additionally, these values are over one order of
magnitude slower than Ar and He diffusivities derived from synthetic iron-free basalts and CMAS melts
(Amalberti et al., 2018; Nowak et al., 2004). Furthermore, they disagree with diffusivities derived from molecular
dynamics simulations (Guillot & Sator, 2012). This may be due to compositional differences, but the influence of
melt composition on noble gas diffusion is unconstrained (Behrens, 2010). Despite this uncertainty, studies have
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not found a difference between Dy, and Dy, exceeding approximately one order of magnitude in basaltic melts, or
in glasses at temperatures above 1250K, when evaluated for a single composition (Behrens, 2010; Guillot &
Sator, 2012; Lux, 1987).

We adopt the same initial MORB *He concentration as Gonnermann and Mukhopadhyay (2007) (108 cm>STP/g)
to facilitate direct comparison with their results. The initial *He/**Ne ratio is set to 3.375, corresponding to the
partitioning ratio of He and Ne in basaltic melts. This value is slightly lower than that assumed by Gonnermann and
Mukhopadhyay (2007), but remains within the range inferred for MORB and OIB mantle sources (Yamamoto &
Kurz, 2022).

2.2. Open-System Degassing (Stage 2)
2.2.1. Physical Model

In a stagnant melt, the residence time 7. is such that there is sufficient time for bubbles to separate from melt even
if bubble-melt separation velocities are low. In other words, if U, - t., > L, open system degassing takes place
(Stage 2 in Figure 2). We assume that this condition applies within a shallow melt reservoir beneath a mid-ocean
ridge (e.g., Arnulf et al., 2014; Carbotte et al., 2021), and we ignore the effects of turbulence and convection
within the reservoir. We evaluate the governing noble gas transport processes in this system by casting the
simplified 1D coupled mass conservation equations of Huber et al. (2012) into non-dimensional form (detailed
fully in Text S2 of Supporting Information S1). We do so by first introducing the characteristic length scale L,
concentration scale Cy, and time scale of bubble ascent t* = rU,/L. Here, the velocity scale

_ R?
U, =% (13)

is given by the steady state separation (ascent) velocity of a single bubble via the Hadamard-Rybczynski solution
where internal viscosity is insignificant (Hadamard, 1911; L. E. Jackson et al., 2022; Rybczynsk, 1911). Grav-
itational acceleration is given by g, bubble radius by R, and the melt's dynamic viscosity by u,,. The effect of
hydrodynamic interactions between bubbles on U, is implemented using the hindrance function of Faroughi and
Huber (2015).

This scaling results in the non-dimensional coupled 1-D transport equations:

act* oct M
i i _ (™ —K.CY) = 14
()t* + Bz* Pei(cl lCl ) O ( a)
aoaCcr 1 .
Ty (O =K, CE) =0 14b
or* +Pe,-( ! P ) ( )

M represents the non-dimensional mass ratio of melt to gas—M = (1 — ¢)p,,/ ($p,)—where ¢ is the vapor
fraction in the melt, p,, the melt density, and p, the vapor density. The ratio of advective to diffusive flux is
condensed into the dimensionless Péclet number:

U,L
Pel' = b
D.

1

(15)

where D; is the diffusion coefficient of element i. The superscripts m and g represent the melt and gas/vapor phase
respectively, and K; is the gas-melt partition coefficient of element i.

2.2.2. Numerical Method

The coupled mass conservation equations for each fluid phase are solved numerically using an implicit finite
difference method. The initial concentrations C§ and C!" for each noble gas are determined analytically for
equilibrium conditions (# = o0). The effective partition coefficient K; is then defined as:
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& (P,C,
K, = S rCeo) (16)
C;"” (P, Cco,)

This procedure is detailed fully in Text S2 of Supporting Information S1.

We take the distance H ascended by the bubble to be the same as the half distance between bubbles, effectively
forming a representative periodic unit cell. Over this distance, we treat the pressure as uniform and neglect the
hydrostatic drop. As such, the associated change in solubility and gas density over H is negligible. Consequently,
if the bubble is in equilibrium with the melt before the initiation of open-system degassing, then the boundary
condition and initial conditions are defined by equilibrium melt-vapor partitioning, and subsequent disequilib-
rium fractionation does not occur. In the other extreme, if a bubble is assumed to nucleate and grow instantly such
that it is devoid of noble gases, then the initial and boundary condition for the gas phase in Equation 14 will be
defined by Cf* = 0. However, bubbles do not nucleate and grow instantly, and the growth history of the bubbles
must be considered when defining the initial conditions.

To address this, we assume that bubbles nucleate at depth during ascent toward the melt reservoir once the melt
becomes supersaturated with respect to CO,, and they remain coupled to the melt during ascent. We then apply our
LBM model for closed-system degassing to determine the distributions of noble gases and CO, between bubble
and melt upon entry into the magma reservoir; these outputs define the initial and boundary conditions for open-
system degassing. Because He and Ne diffuse significantly faster in the melt than CO,, they are in near-equilibrium
with the melt upon entry into the reservoir (Section 3.1). In contrast, if ascent is sufficiently rapid that diffusion
cannot maintain equilibrium between dissolved carbon in the melt and CO, vapor within vesicles, dissolved CO,
contents may exceed equilibrium solubility at the reservoir pressure. Magma ascent rates from the lower crust vary
widely across global ridge systems, ranging from ~0.002 to 0.1 m s ™' (Ma et al., 2024; Mutch et al., 2019). Toward
the upper end of this range, CO, supersaturation develops during decompression (Chavrit et al., 2012).

To bound the maximum noble gas loss during open-system degassing, we impose that upon entry of magma into
the reservoir, CO, instantaneously attains its equilibrium distribution between bubble and melt. If the melt is
supersaturated following ascent, this equilibration results in bubble growth. We neglect noble gas diffusion during
this instantaneous equilibration step. Therefore, bubble growth dilutes vapor-phase noble gases, reduces their
partial pressures, and generates chemical potential gradients that drive subsequent noble gas diffusion. This
extreme bubble-growth end-member is used solely to place an upper bound on kinetic fractionation, not to
represent reservoir dynamics or bubble growth processes in detail; as such, this approach will exaggerate the
degree of disequilibrium that may develop during open-system degassing.

2.2.3. Physical Parameters

For the density of CO, we utilize the Lee—Kesler equation of state for pure CO, (Duan & Zhang, 2006). We
calculate melt density using the DensityX python library (Iacovino & Till, 2019). All other relevant parameters,
including the initial *He concentration and *He/**Ne ratio, are fixed to the values adopted for the closed-system
degassing model, ensuring that differences between models reflect degassing behavior rather than differing initial
conditions.

3. Results
3.1. The Effects of Closed-System Degassing

We consider degassing to occur under closed-system conditions during magmatic ascent to a magma reservoir
and to the seafloor (Figure 2). During this process, noble gases preferentially partition into the vapor phase, and
the extent of noble gas loss from the melt is primarily controlled by initial melt CO, content and magmatic ascent
rate (Figure 3). The two primary timescales governing volatile exsolution are those of decompression and
diffusion. The decompression timescale, ty.. = AP/ ‘fi—’:, represents the time it takes to decompress magma from
the initial pressure to the final pressure, while the diffusion timescale 4 = L2/D characterizes diffusive transfer
around bubbles, where L is the half-distance between bubbles. We fix the initial bubble radius, such that higher
magmatic CO, contents result in higher bubble number densities. The decompression time is scaled to the
diffusion timescale of Ar, defining the dimensionless ascent parameter Tycen = fgeo/ 1ok We utilize 4% to
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Figure 3. Model results for closed-system degassing (Stages 1 and 3) with a melt ascending from 1 to 0.5 kbar and an initial bubble radius of 107> m. (a) Red lines are
magmatic CO, content contours, and black lines are contours of constant .. As noble gases follow a partitioning relationship, *He is plotted as a ratio of its initial
concentration in the melt. Magmatic CO, contents <0.15 wt.% are not shown. (b) Model results plotted against the global array of OIB (blue) and MORB (green) glasses.
The 10-step degassing model of Gonnermann and Mukhopadhyay (2007) for an eruption depth of 3,500 m below sea level is plotted for reference as a gray net. Our initial
pre-degassing *He concentration and *He/*?Ne ratio is plotted as a red star. The colored arrow represents an illustrative equilibrium closed-system degassing trajectory,
discretized into bins by vesicularity. The bin limits (¢ = 1073, 102, and 10~") represent *He loss proportions of 8%, 47%, and 90% respectively, and “*Ne loss proportions
of 23%, 75%, and 97% respectively. Our results show significantly less fractionation than those of Gonnermann and Mukhopadhyay (2007). As a result, we determine
closed-system degassing can explain scatter in *He—>He/>*Ne values, but not the primary trend.

facilitate direct comparison with the closed-system degassing models of Gonnermann and Mukhopadhyay (2007)
and Weston et al. (2015).

For a fixed value of 7., higher initial CO, concentrations lead to greater *He and **Ne loss from the melt (black
contours in Figure 3a). At 7,,..n¢ = 10, where degassing approaches equilibrium, solubility-based partitioning, 94%
of *He is lost from the meltat 0.15 wt.% CO,, increasing to 98.6% at 1.2 wt.% CO,. In contrast, increasing the ascent
rate at constant CO, (i.e., decreasing 7,q..n) reduces the extent of gas loss to the vapor phase (red curves in Figure 3).
Along the 1.2 wt.% CO, contour, decreasing T,q.ey from 10! to 107125 reduces the extent of *He loss by 76%.

Sufficiently rapid ascent rates also suppress the preferential vapor-melt partitioning of Ne relative to He,
reducing the melt *He/**Ne ratio below equilibrium values through kinetic disequilibrium. For example, at
Tascent = 1079125 and 0.15 wt.% CO,, the final *He/**Ne ratio is 4.38, rather than its equilibrium value of 6.23. At
1.2 wt.% CO,, the final *He/**Ne ratio decreases to 2.95, below the equilibrium value of 9.37; rapid decompression
can therefore yield *He/>**Ne ratios lower than the initial mantle value of 3.38. The decompression rate required to
produce non-equilibrium *He/**Ne ratios increases with increasing magmatic CO, contents (Figure S8 in Sup-
porting Information S1). In the examples above, the decompression rate at 0.15 wt.% CO, is 4.38 bar s ™!, whereas
at 1.2 wt.% CO, it increases to 81.1 bar s~
geochemical observations, which typically fall below ~5 bar s~ (M. Jones et al., 2018). The shaded region in
Figure 3 highlights the subset of the solution space for which decompression rates are consistent with observed
decompression rates. For all values of 7., considered here, the trends between He and *He/**Ne at decom-
pression rates <5 bar s~ are less negative than correlations across the global MORB-OIB compilation (Figure 3b).

. This latter rate exceeds those inferred from geophysical and

For a fixed bubble size and distribution, increasing the extent of decompression at a constant decompression rate
can increase the magnitude of kinetic fractionation at intermediate vesicularities, although this effect is minimized
at high and low vesicularity (Figure S9 in Supporting Information S1). For a fixed initial vesicularity, bubble size is
positively correlated with the inter-bubble distance; consequently, increasing bubble radius at a fixed magmatic
CO, content reduces the ascent rate required to generate kinetic fractionation (Figure S10 in Supporting Infor-
mation S1). Increasing the difference between Dy, and Dy, enhances disequilibrium at a given decompression rate
(Figure S11 in Supporting Information S1), but still does not reproduce the basaltic *He->He/**Ne trend.

We compare our closed-system LBM model to a single degassing step in the Gonnermann and Mukho-
padhyay (2007) model, which is equivalent to closed-system degassing. Using the diffusion coefficients adopted
in that study, our model predicts a comparable but more restricted trend in *He and *He/**Ne space (Figure S12a
in Supporting Information S1). In contrast, when the diffusion coefficients from this study are applied, the
Gonnermann and Mukhopadhyay (2007) model produces values approaching equilibrium, whereas our LBM
model exhibits compositional disequilibrium (Figure S12b in Supporting Information S1).
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Figure 4. (a) Model results for open-system degassing at 1 kbar, with melt ascent from 3 kbar. Red curves denote melt CO,
content contours, and black curves denote contours of constant 7,q.en.. The initial pre-degassing melt *He concentration and
3He/**Ne ratio is plotted as a red star. Red squares mark the melt *He concentration and *He/*?Ne ratio at the start of open
system degassing, following an initial stage of closed-system degassing during ascent of magma to the magma reservoir. At CO,
contents below ~0.2 wt.%, bubbles do not nucleate at 3 kbar, precluding gas loss because bubble nucleation during magmatic
ascent is not considered. As noble gases follow a partitioning relationship, *He abundances are expressed as a ratio of their initial
concentration in the melt. (b) Model results compared with the global array of OIB (blue squares) and MORB (green circles)
glasses, and the model results of Gonnermann and Mukhopadhyay (2007) (gray net). The colored arrow illustrates an
equilibrium closed-system degassing trajectory at 500 bar, discretized into 10% increments of cumulative CO, loss from the
melt, spanning 0%—10% through to >90%.

3.2. The Effects of Open-System Degassing

Under conditions where bubbles rise through a stagnant magma reservoir (Stage 2, Figure 2), volatile mass is not
conserved within a given melt parcel, and degassing proceeds as an open-system process. We assume that bubbles
nucleate at depth below the magma reservoir, ascend to the reservoir coupled to their surrounding melt parcel, and
decouple from the melt once the melt stagnates within the reservoir. For disequilibrium fractionation of noble
gases to occur during the open-system stage, the melt must be CO,-oversaturated upon entry into the magma
reservoir. If instead the melt is at equilibrium with respect to CO, at the reservoir pressure, no additional bubble
growth occurs during equilibration; vapor-phase noble-gas mole fractions remain unchanged, and no chemical
potential gradients are generated to drive diffusion (this “No CO, Supersaturation” region is shaded in red in
Figure 4a).

Within our LBM model, CO, supersaturation in the melt only develops at low total CO, contents—for example,
below ~0.5 wt.% at an ascent rate of 0.05 bar s™' (Figure S13 in Supporting Information S1). Increasing the
magmatic ascent rate shifts the development of CO, disequilibrium to higher CO, concentrations. When CO,
supersaturation does develop during ascent, the subsequent bubble-melt CO, equilibration step reduces the mole
fraction of noble gases within the bubble. Noble gas loss to the bubble is then governed by the bubble ascent
timescale #,..ene = H/ U, and the diffusion timescale 75 = L?/D. We scale the ascent timescale to the diffusion
timescale of Ar to form 7, eni = fascent’ szi‘ff, contours of which are shown with black lines in 4. In the limit of
instantaneous bubble escape (1ascem - 0), melt *He/**Ne ratios remain near their initial solubility-controlled (pre-
bubble expansion) values. Conversely, if bubbles do not move relative to the melt (7,4en; — 00) melt-vapor
equilibration becomes complete. In this equilibrium regime, *He loss exceeds that predicted by closed-system
equilibrium due to dilution by growing bubbles, but the resulting *He/**Ne ratio is the same as that at equilib-
rium. At intermediate values of 7., enough time is allowed for bubble-melt separation, but Ne diffusion is
more kinetically limited than He diffusion, resulting in He-Ne fractionation. This effect is maximized when the
ratio of advective to diffusive flux (i.e., the Péclet number, Equation 15) is given by Pey, < 1 and Pey, > 1 (blue
shaded region in Figure 4a). The magnitude of this effect increases with decreasing total CO, content, reflecting
increasing bubble spacing L. Bubble radius controls both #,.,, and the Péclet number through their dependence
on bubble velocity (Equation 13), and we find that fractionation is maximized for bubbles with a radius between
1073 m and 10~* m.

No value of 7,q.q reproduces the trends observed in the global MORB-OIB compilation in *He->He/**Ne space
(Figure 4). The magnitude of *He loss is also insufficient to span the range exhibited by OIB and MORB.
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Although the diffusion coefficients of He and Ne are subject to significant uncertainty (Amalberti et al., 2018),
even adopting the highest published values of Dy, and the lowest values of Dy, (shown in Figure S4 in Supporting
Information S1) fails to significantly reduce 3He/**Ne ratios (Figure S14 in Supporting Information S1). In the
absence of an initial closed-system degassing stage that accounts for bubble growth history, our results align with
those of Gonnermann and Mukhopadhyay (2007), even when a reduced diffusion coefficient contrast is utilized
(Figure S15 in Supporting Information S1). However, incorporating this growth history is physically necessary,
as discussed in Section 2.2.1.

4. Discussion

The results presented here show that open- and closed-system degassing yield distinct trends in the evolution of
He/**Ne ratios and *He loss from melt to vapor, and that these trends can diverge from those predicted by
equilibrium, solubility-based partitioning. We interpret these findings in the context of two mantle-source
models:

1. A “Steady State” mantle with homogenous pre-degassing *He/**Ne ratios in MORB and OIB sources.
2. Disequilibrium degassing as a solution to the so-called “Helium Paradox”.

4.1. Closed-System Degassing Imposes Limits on Fractionation

In a closed system, noble-gas partitioning between melt and vapor is governed by the competition between
decompression (ascent) and diffusion. Decompression alters the intrinsic thermodynamic state variables of the
system, and when the rate of pressure change exceeds the rate at which diffusion can relax chemical potential
gradients, disequilibrium fractionation develops.

During ascent of magma to a magma reservoir (Stage 1), the ascent rates inferred from geophysical and
geochemical constraints (~0.002-0.1 m s~! (Ma et al., 2024; Mutch et al., 2019)) are below those required to
induce disequilibrium fractionation between *He and *Ne (>1 m s™'). Although CO, may exhibit measurable
disequilibrium near the upper end of this range, He and Ne distribute between melt and vapor according to their
equilibrium partition coefficients.

Ascent from a melt reservoir to the seafloor (Stage 3) is more rapid; effusive eruptions have been constrained at up
to12ms™! (Chavrit et al., 2012; Gardner et al., 2016; M. Jones et al., 2018; Paonita & Martelli, 2006; Soule
et al., 2012). Even at these decompression rates, the diffusion lengths of He and Ne accumulated over decom-
pression exceed the spacing between bubbles (Figure 5c¢). Thus, equilibrium partitioning dominates, and MORB
and OIB closely follow equilibrium degassing pathways. At higher decompression rates characteristic of a
transition toward Hawaiian activity (~10 m s~ Paonita and Martelli (2006), Burnard (1999)), non-equilibrium
fractionation effects become more attainable, as He may locally equilibrate while Ne remains diffusion-limited
(Figure 5b). However, increasing the decompression rate reduces the integrated time of kinetic fractionation, such
that diffusion lengths for He and Ne remain small relative to the bubble spacing; diffusive loss to the vapor phase
is therefore limited, and the impact of disequilibrium on mass balance is reduced (Figure 5a). Consequently,
closed-system degassing alone does not result in significant fractionation between *He and **Ne, nor does it allow
for OIB and MORB sources to be characterized by homogeneous pre-degassing *He/**Ne ratios.

For disequilibrium degassing to resolve the “Helium Paradox,” two constraints must hold:

(a) OIB melts begin with higher initial *He concentrations than MORB melts yet end with lower *He after ascent
and degassing (Gonnermann & Mukhopadhyay, 2007).
(b) During this degassing the *He/**Ne ratio of OIBs cannot exceed that of MORBSs, despite greater *He loss.

Constraint (a) is plausible, as OIBs are often more volatile-enriched than MORBs (Dasgupta & Aubaud, 2024).
Greater magmatic CO, contents correspond to a greater mass of exsolved CO, at a given pressure, and thus to a
greater extent of *He loss from the melt to the vapor phase. Constraint (b) imposes a stricter requirement. At a
given pressure, increasing magmatic CO, contents increases the mass of the exsolved vapor phase and, for a given
bubble radius, increases bubble number density. Because bubble number density scales as n, « ¢/R;, the mean

1/

inter-bubble spacing decreases as Loy /3, and inter-bubble length scales are reduced. Shorter inter-bubble

lengths promote equilibration of He and Ne (Fick, 1855). OIB melts with elevated CO, contents thus require
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Figure 5. Spatial distributions of He (top row) and Ne (bottom row) concentrations normalized to their initial values in the melt (C,-/ C? ) around randomly distributed
bubbles during magmatic ascent. The columns represent three time slices (a—c) during magmatic ascent, with time progressing from left to right. The timescale of He
diffusion (#i%;) is shorter than that of Ne diffusion (£}%). Iso-concentration lines are depicted in black, and initial bubble boundaries are shown in red. This panel
demonstrates that the framework can resolve poly-disperse bubble size distributions. However, the analyses reported in the results use a single-bubble domain. The periodic
boundary conditions render the single-bubble domain equivalent to a unit cell of an infinite periodic array, capturing first-order inter-bubble effects. This approach enables
us to reduce parameter dimensionality and derive insight into noble gas distributions during degassing whilst limiting complexity. We also note that at low bubble fractions
there is insignificant interaction between bubbles.

more rapid decompression than MORB melts in order for non-equilibrium degassing to prevent a *He/**Ne in-
crease through degassing. Considering these constraints, systematic differences in either decompression rates or
bubble populations between OIB and MORB melts are required for disequilibrium degassing to resolve the
“Helium Paradox.”

When evaluated against available observations of decompression rates and bubble distributions, these re-
quirements are not supported by any systematic differences between OIB and MORB melts. Reported
decompression rates show, at most, a weak positive correlation with CO, contents (Chavrit et al., 2012;
Geiger et al., 2025; Mutch et al., 2019; Neave & Maclennan, 2020), insufficient to maintain disequilibrium
at increased CO, concentrations. Similarly, there are no systematic trends in bubble size distributions be-
tween OIB and MORB glasses that could produce sufficiently diverging degassing pathways (Dasgupta &
Aubaud, 2024; J. G. Jones, 1969; M. Jones et al., 2020), although we note that this data is not compre-
hensive. Finally, deeper bubble nucleation resulting from higher volatile contents (Shea, 2017) does not
compensate for the shorter diffusive length scales resulting from higher magmatic CO, contents. Taken
together, these constraints imply that systematic differences in closed-system degassing pathways between
OIB and MORB melts are insufficient to generate disequilibrium effects capable of resolving the “Helium
Paradox.”

In finding that a single stage of closed-system degassing cannot reproduce the full range of *He concentrations
and *He/**Ne ratios in the global array (Figure 1), our results are broadly consistent with those of Gonnermann
and Mukhopadhyay (2007), Weston et al. (2015), and Tucker et al. (2018). We suggest that closed-system
disequilibrium degassing may result in only slight scatter in measured *He/*’Ne ratios, and this signal is over-
whelmed by factors including contamination and uncertainty on solubility coefficients when determining
He/**Ne ratios in pre-degassing mantle sources (Yamamoto & Kurz, 2022). Additionally, absolute He con-
centrations in basaltic glasses are notoriously unreliable due in part to the effects of seawater and atmospheric
contamination (Burnard et al., 2003; Stroncik & Niedermann, 2016), and the exact isotopic proxy used to screen
for contaminated samples can substantially contract or expand the apparent global *He—>He/**Ne array (Figure S3
in Supporting Information S1). These considerations indicate that even the deliberately exaggerated disequilib-
rium effect produced by initializing our system with a pure CO, bubble devoid of noble gases is likely unre-
solvable within the current global sample suite.
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4.2. Open-System Degassing Exhibits Limited Fractionation

When bubbles rise through a melt that is mostly at rest, such as within a magma reservoir, degassing behaves as an
open system (Stage 2, Figure 2). In this stagnant melt, noble gas loss from the melt to the bubble is governed by
the initial degree of melt—bubble disequilibrium inherited upon reservoir entry and by the relative rates of bubble
ascent and noble gas diffusion within the melt.

We consider that, prior to Stage 2, bubbles nucleate at a depth below a magma reservoir, and ascend to it during
Stage 1 at a rate of 0.05 bar s™' (consistent with magmatic ascent rates beneath mid-ocean ridge systems; Ma
etal. (2024)). As discussed, melt-bubble separation velocities are too low over the integrated time of ascent during
Stage 1 to result in melt-bubble separation, and it can be treated as a closed system. Furthermore, as bubble
decompression timescales (>hours; Coumans et al. (2020)) exceed the characteristic diffusion timescales of the
system (~minutes), He and Ne partition according to their solubility coefficients during ascent (Section 4.1), and
melt-bubble *He and **Ne concentrations are equilibrated upon entry into the magma reservoir. In contrast, as
CO, diffuses more slowly, it may be oversaturated within the melt upon reservoir entry. Once bubbles are
emplaced within the reservoir, we first distribute CO, between melt and vapor according to its solubility in the
melt, and then treat the bubble as rising independently of the stalled melt. Under these open-system conditions,
3He and **Ne concentrations in the melt may subsequently evolve through continued diffusive exchange with the
ascending vapor phase.

We find that in melts with greater initial CO, contents, bubbles grow in near mechanical and chemical equilibrium
with the system, such that growth is solubility-limited (Lensky et al., 2004). This finding is consistent with both
experimental (Pichavant et al., 2013) and observational (D. W. R. Jones & Rudge, 2020) studies. As a result,
bubbles in CO,-rich melts experience only limited growth-imposed noble gas dilution upon emplacement in the
magma reservoir, suppressing the bubble growth effect required to create a concentration gradient between the
melt and the bubble interface. This suggests that although higher CO, contents increase the absolute magnitude of
noble gas loss from the melt, *He/**Ne ratios do not change appreciably during open-system degassing. Thus,
greater degassing extents in more CO,-rich OIB melts do not provide a viable resolution to the “Helium Paradox.”

In contrast, in low-CO, melts, bubble number densities are lower (Soule et al., 2012), increasing the inter-bubble
length scales over which CO, must diffuse to equilibrate between melt and bubbles. As a result, CO, diffusion
length scales are insufficient to fully relax decompression-induced solubility decreases, and the melt is therefore
supersaturated in CO, upon entry into the magma reservoir. Partitioning of CO, between melt and bubble is then
able to drive bubble growth, reducing noble gas partial pressures within the bubble. This creates a chemical
potential gradient that drives diffusive transfer of noble gases from the melt into the vapor phase during open-
system degassing, potentially allowing for non-equilibrium effects to develop.

The extent to which *He and **Ne are then lost from the melt during open-system degassing following bubble
growth depends on the efficiency with which bubbles extract and transport these elements out of the system. To
provide a predictive framework for contextualizing our results and understanding whether noble gas transport is
diffusion- or advection-controlled, we utilize the Péclet number (introduced in Equation 15). The Péclet number
expresses the ratio of advective to diffusive flux over a characteristic length-scale L and, for a given melt-bubble
separation velocity U,, varies inversely with the element-specific diffusion coefficient D;. Consequently, the
Péclet number differs for He and Ne. At high melt-bubble separation velocities, we enter a regime characterized
by Pey > 1 and Pey, > 1. Here, diffusion of both He and Ne is transport-limited and the chemical composition of
the bubble remains close to that established prior to ascent (i.e., the equilibrium state at P,). Conversely, at low
melt-bubble separation velocities where Pey, < 1, and Pey, < 1, diffusion timescales for He and Ne are shorter
than the bubble ascent timescale. In this regime, K; approaches the equilibrium partition coefficient for the diluted
bubble, and *He and **Ne equilibrate efficiently between the melt and vapor phase. However, because initial
bubble-melt compositions reflect equilibrium partitioning, this process does not modify the *He/>*Ne ratio of the
melt.

Maximum fractionation occurs at intermediate melt-bubble separation velocities, characterized by Pey, > 1 and
Pey, < 1. In this regime, He can approach equilibrium, but Ne loss to the bubble is kinetically limited owing to its
lower diffusivity. We find that this regime corresponds to bubble radii within range of those recorded in MORB
and OIB glasses at the sea floor (Burnard, 1999; Chavrit, 2010; Hawkins & Melchior, 1983; Shea et al., 2010;
Soule et al., 2012; Staudacher et al., 1989; Voyer et al., 2015). This size correspondence could be taken to suggest
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that kinetic fractionation could occur under natural conditions if bubbles rise within this size range. However, our
model intentionally maximizes non-equilibrium effects through the assumption of instantaneous bubble expan-
sion, and thus our results are upper bounds on the amount of fractionation that could occur. Modifying the model
to include He and Ne diffusion during the bubble expansion stage prior to open system degassing would further
limit kinetic fractionation effects, as bubble growth timescales are longer than diffusive timescales for all but the
most rapid decompression rates (Coumans et al., 2020; B. Watson et al., 1982). Therefore, although open-system
degassing can reduce melt *He and **Ne contents below those achievable under closed-system conditions, kinetic
effects result in limited deviation from the *He/**Ne ratios expected from equilibrium, partition-coefficient
controlled degassing.

4.3. Fundamental Differences From Previous Models

Both Gonnermann and Mukhopadhyay (2007) and Weston et al. (2015) proposed that non-equilibrium degassing
could resolve the Helium Paradox and allow MORB and OIB sources to share a common pre-degassing *He/**Ne
ratio. Although the trends between He and *He/**Ne in this contribution are overall comparable to these studies
—particularly during closed-system degassing—the magnitude of fractionation is significantly reduced, and our
results are more aligned with those of Tucker et al. (2018). Below, we explore how this fundamental discrepancy
arises from key differences in model geometry, melt-bubble boundary conditions, degassing history, and the
choice of physical parameters.

During our closed-system degassing stage, we treat the bubble as an infinite cylinder. In contrast, the degassing
models of Gonnermann and Mukhopadhyay (2007), Weston et al. (2015), and Tucker et al. (2018) approximate
the melt-bubble boundary as an infinite plane sheet, and quantify the extent of equilibrium using the solution of
Crank (1975):

8™ 1 —D(2j + 1)’ 1y,
9:—22 - 5 eXp % 27[ degas 17
i@+ 4L

Here, (1 — 6) represents the fraction of a species that diffuses across a melt-bubble boundary within a time #gegs-
At early times, differences between the 2D and 1D geometries lead to measurable deviations between model
results, reflecting the influence of bubble curvature. These discrepancies diminish with time, and both models
ultimately exhibit convergent behavior for a fixed gas volume fraction. We further deviate from previous models
in explicitly incorporating the effects of bubble growth during decompression. This results in a time-dependent,
rather than fixed, boundary condition. Additionally, unlike Gonnermann and Mukhopadhyay (2007), we utilize a
non-constant pressure during closed-degassing, making our approach more similar to that of Weston et al. (2015).

Additional differences arise from utilisation of different noble gas diffusion coefficients. Gonnermann and
Mukhopadhyay (2007) and Weston et al. (2015) adopted values of Dy, = 10783 m?s™' and Dy, = 1072 m?s™".
Subsequent experimental work has suggested that the difference between He and Ne diffusion coefficients may be
smaller, although these parameters remain poorly constrained and subject to considerable uncertainty (Amalberti
et al., 2018; Guillot & Sator, 2012)). Following the approach of Tucker et al. (2018), we utilize Dy, = 107> and
Dye = 107 m?s™". These values reduce the magnitude of kinetic fractionation in the model of Gonnermann and
Mukhopadhyay (2007) (Figure S16 in Supporting Information S1), and lead Tucker et al. (2018) to conclude that
non-equilibrium degassing does not solve the “Helium Paradox.” Crucially, however, our determination that non-
equilibrium open-system degassing does not solve the “Helium Paradox” is not dependent on precise knowledge of
(poorly defined) He and Ne diffusion coefficients.

Our approach differs from previous studies in that we impose an initial closed-system bubble growth stage before
open-system degassing, which places a fundamental upper limit on the magnitude of fractionation achievable
during subsequent open-system behavior, even for large contrasts between Dy, and Dy.. A closed-system
degassing step is physically unavoidable, as small bubbles exhibit extremely low hindered Hadamard—
Rybczynski upwelling velocities (Faroughi & Huber, 2015), preventing immediate decoupling from the melt.
During this closed-system stage, bubble-growth timescales are significantly greater than noble gas diffusion
timescales, resulting in near-equilibrium noble gas partitioning. This initial equilibrium distribution moderates
subsequent kinetic effects, even when we exaggerate the effects of open-system degassing by treating bubble
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growth within the magma reservoir as instantaneous. We note that we did not explicitly consider alternative
bubble nucleation and growth scenarios (e.g., CO, flushing; Caricchi et al. (2018)), but expect them to have a
similar effect on initial noble gas distributions between melt and vapor, even if the exact relationship between
CO, content and noble-gas dilution through bubble growth differs.

A final discrepancy lies in how open-system behavior is approximated. Gonnermann and Mukhopadhyay (2007)
and Weston et al. (2015) treat open-system degassing as a series of discrete events: bubble nucleation and
instantaneous growth, diffusive exchange for a fixed time, and instantaneous bubble removal. Tucker et al. (2018)
extend this framework to a continuous process. These formulations do not consider the finite ascent rate of
bubbles, and by assuming that melt concentration gradients are fully relaxed to a homogeneous state prior to each
nucleation event, they impose a sharp concentration boundary at the melt-bubble interface which enhances
diffusive transport. In contrast, we utilize a 1D coupled diffusion-advection approach to investigate the effects of
finite bubble escape velocities. When this modification is applied in isolation—excluding an equilibrium closed-
system stage—our results define a similar trend to the multi-step models of Gonnermann and Mukho-
padhyay (2007) and Weston et al. (2015), even when using the diffusion coefficient values of Tucker et al. (2018).
This underscores the importance of considering bubble growth history controls on the magnitude of kinetic
fractionation produced during open-system degassing.

4.4. Implications for the Interpretation of Mantle Sources

We modeled the kinetic controls on He and Ne fractionation during open- and closed-system degassing and
determined that under both regimes, *He concentrations and *He/>*Ne ratios closely follow equilibrium degassing
pathways.

A natural extension of these results is that non-equilibrium degassing alone cannot reproduce global trends be-
tween “He concentrations and 3He/22Ne, and therefore cannot resolve the “Helium Paradox.” This conclusion is
consistent with studies suggesting that the low *He/°He ratios observed in many OIBs do not require the pres-
ervation of some undegassed fraction of a “primordial” lower-mantle reservoir (Parai, 2024; Stracke et al., 2022),
and that the plume mantle source is a heterogeneous mixture of primordial and recycled components (Parai
etal., 2019). It also aligns with a framework in which plume sources plume source are low in both radiogenic “He
and primordial *He, resulting in low “He/*He ratios accompanied by low absolute helium concentrations (Dygert
et al., 2018; Gonnermann & Mukhopadhyay, 2009; M. G. Jackson et al., 2021; Parman, 2007; Wang et al., 2022).

An alternative mechanism to resolve noble gas signatures in OIBs invokes compositional modification by core-
derived components. Emerging evidence suggests that He—and possibly H and '®*W—isotope systematics in
plumes may reflect core—-mantle exchange (Bouhifd et al., 2020; Dottin et al., 2025; Horton et al., 2023; MundI-
Petermeier et al., 2020; Olson & Sharp, 2022; Porcelli & Halliday, 2001). In this framework, depleted mantle
material is overprinted by helium from the core, which exhibits low “He/*He ratios acquired through nebular-gas
ingassing and/or early core formation (Deng et al., 2023), potentially generating OIB source regions with low
“He/*He ratios and low absolute helium abundances. However, this hypothesis faces significant geochemical
constraints. A core contribution would require comparatively large *He fluxes (600-800 mol year™"; Olson and
Sharp (2022)), while ab initio partitioning calculations predicts core *He/**Ne ratios of order 103, exceeding those
observed in OIBs (Li et al., 2022). Moreover, the full mantle noble-gas array (He, Ne, Ar, Kr, Xe) is not readily
explained by diffusive transport from the core (Parai, 2024). Thus, if core-derived helium is to resolve the
“Helium Paradox,” a mechanism is required to re-fractionate noble gases and transport them across the core—
mantle boundary (e.g., Deng et al. (2023)).

Because *He concentrations and *He/**Ne ratios deviate little from equilibrium during degassing, *He and **Ne
contents of MORB and OIB must primarily reflect source heterogeneity rather than non-equilibrium degassing. In
this context, our approach provides a mechanistic understanding for the conclusion of Parai et al. (2019): that
plume and MORB noble-gas isotope arrays cannot be reproduced by kinetic fractionation of a single starting
reservoir. Our requirement for source heterogeneity is not contradicted by geochemical evidence suggesting that
*He/**Ne ratios span from ~2 to 210 across MORB and OIB sources (Coltice et al., 2011; Graham, 2002; Kurz
et al., 2009; Péron et al., 2016; Raquin & Moreira, 2009; Tucker et al., 2018; Yamamoto & Kurz, 2022; X. J.
Zhang et al., 2024), with values intermediate between plumes and depleted MORBs attributed to mixing between
MORB and plume sources (Tucker & Mukhopadhyay, 2014).
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4.5. Model Limitations

In the absence of well-constrained He and Ne diffusion coefficients, we must place severe constraints on any
modeling work that seeks to utilize He and Ne diffusion coefficients to understand Earth system processes.
Molecular dynamics simulations and experimental studies suggest that He and Ne diffusion coefficients in
basaltic melts at magmatic temperatures differ by less than an order of magnitude. However, although studies
indicate that melt polymerization, viscosity, volatile contents, and network modifying cations (e.g., Fe, Ca, Na)
influence diffusion, the relative importance of these parameters on noble gas diffusion in melts has not been
constrained (Y. Zhang & Gan, 2022). Until diffusion coefficients are better defined, we can assess whether noble
gas diffusion kinetics exert a first-order control on observed systematics, but we cannot quantify the specific
influence on individual samples. Importantly, none of our conclusions depend on precise knowledge of He and Ne
diffusion coefficients. Improved constraints would instead be most relevant for heavier noble gases, such as Ar,
which diffuse at rates comparable to or slower than CO, (Nowak et al., 2004).

We do not incorporate H, O within our bubble growth model due to its low contribution to bubble growth relative
to CO, at the pressures of interest. However, if the effects of melt CO, and H,O contents on noble gas diffusion
coefficients could be defined, it would further justify an expansion of our pure-CO, approach to include H,O, and
for water-dependent melt viscosity and noble gas diffusivity to be taken into account. This would be possible, as
the relaxation times for the discrete Boltzmann equations that represent momentum and mass conservation can be
varied locally.

Effusively erupting basalts primarily degas through gas exsolution into pre-existing bubbles (M. Jones
et al., 2018), rather than via secondary nucleation. Accordingly, we initialize our LBM simulations with pre-
existing bubbles and model their subsequent growth, excluding secondary nucleation events. However, at high
decompression rates, secondary nucleation is expected to occur, increasing the bubble number density of the melt
(Toramaru, 2014), and thereby mitigating kinetic fractionation effects. Our LBM framework is readily extensible
to accommodate secondary nucleation, and future work could explore its influence on disequilibrium. Addi-
tionally, while we model a single bubble, incorporating a distribution of bubble sizes would allow for evaluation
of the relative contributions of large and small bubbles to measured noble gas signatures. This may be relevant for
step crushing analyses—in which we may expect progressively smaller bubbles to release their noble gas contents
(Nufez-Guerrero et al., 2025)—and for bubble-resolved analyses of volcanic glasses (e.g., Burnard, 1999).

A key finding in this work is that imposing an equilibrium pre-degassing step prior to bubble expansion and melt—
bubble separation substantially reduces the range of *He concentrations and *He/**Ne ratios produced through
open-system degassing. Explicitly accounting for the timescale of CO, diffusion during bubble growth would
further suppress the development of disequilibrium, as CO, diffuses more slowly than He and Ne (Aubry
et al.,, 2013). This additional drive toward equilibrium would work to reinforce our conclusion that non-
equilibrium degassing is not a primary control on noble gas concentrations in basaltic samples.

5. Conclusions

Closed-system degassing—such as during magmatic ascent to a sub-volcanic reservoir or to the seafloor—
produces only limited disequilibrium effects in *He -*He/**Ne space because diffusion timescales are short
relative to decompression timescales. Disequilibrium effects are likewise limited during open-system degassing,
as vapor bubbles remain in diffusive equilibrium with their surrounding melt until they grow sufficiently large to
decouple. As aresult, an initial near-equilibrium closed-system stage limits the magnitude of kinetic fractionation
that can be achieved during subsequent open-system degassing. A further consequence of this is that the limited
capacity of magmatic degassing to follow non-equilibrium pathways is largely insensitive to uncertainties in Dy,
and Dy, over their experimentally constrained ranges.

We therefore argue that disequilibrium degassing of *He and **Ne does not exert a primary control on global
correlations between “He concentrations and *He/**Ne ratios in MORB and OIB glasses. Consequently, non-
equilibrium degassing does not resolve the so-called “Helium Paradox,” and thus does not provide a mechanism
to reconcile low “He/*He ratios in some OIBs with the presence of a less-degassed, “primordial” lower-mantle
reservoir. More broadly, our results indicate that MORB—OIB differences in *He/*?Ne must arise from source
heterogeneity rather than from degassing processes.
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Acronyms
MORB Mid-Ocean Ridge Basalt
OIB Ocean Island Basalt
LBM Lattice Boltzmann Method
Notation
Uy Bubble Velocity
Un Melt Velocity
v Kinematic Viscosity
D; Diffusion Coefficient of Volatile i
s Lattice Speed of Sound
p Fluid Density
n Moles of Gas Molecules
R Ideal Gas Constant
Vv Volume
T Temperature
p Pressure
g Gravitational Constant
K Partition Coefficient
Ky Henry's Law Solubility Coefficient
€x Henry's Law Solubility Exponent
R, Bubble Radius
M Mass Ratio Between Vapor and Melt
L Length Scale for Diffusion
K Curvature of Gas-Melt Interface
II Disjoining Pressure
Particle Velocity Space
Xi Mole Fraction of Species i
t Time
n Dynamic Viscosity
w; Lattice Weights in LBM Model
c Surface Tension
T Relaxation Time in LBM Model
€ Lattice Velocity in i Direction of LBM Model
f Distribution Function in 7 Direction of D2Q9 Model
& Distribution Function in i Direction of D2QS5 Model for CO,
h; Distribution Function in i Direction of D2Q5 Model for Noble Gases
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