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of a degassing model. Such models, including the commonly-applied equilibrium Rayleigh distillation,
typically assume equilibrium or solubility-based partitioning between melt and vapor. Here, we
demonstrate that ratios of radiogenic isotopes of He, Ne, Ar and, especially, Xe measured in global

Keywords: mid-ocean ridge basalts (MORBs) are inconsistent with equilibrium degassing models, even when not
degassing considering He. We conclude that kinetic disequilibrium is a crucial process affecting volatile abundances
mid-ocean ridges during degassing. We present a simple disequilibrium Rayleigh distillation model to reconstruct pre-
noble gases degassing MORB noble gas and carbon concentrations, which predicts that He and Ne achieve nearly
carbon equilibrium partitioning between melt and vesicles, but the slower-diffusing heavier noble gases are

disequilibrium

Latil strongly affected by disequilibrium, resulting in non-equilibrium fractionation of noble gas elemental
volatiles

ratios, and other volatile element ratios like CO,/He.
We apply our model to a large set of MORB data, and find average pre-degassing 3He, 22Ne, and 36Ar
concentrations of 44 + 0.9 x 1079 66 + 14 x 107!, and 6.8 + 45 x 10710 ccSTP/g (20), with
variations of approximately 2 orders of magnitude, similar to other highly incompatible elements. Pre-
degassing noble gas concentrations imply a mid-ocean ridge 3He flux of 800 & 170 mol/yr and upper
mantle 3He/??Ne and 3He/36Ar ratios of 6.6 + 2.0 and 0.64 + 0.44, but substantial variability in these
ratios between samples. Applying our model to CO, we calculate an average mantle CO,/>He molar ratio
of 1.67 + 0.21 x 10°, which, when combined with our estimate of 3He flux, implies an upper mantle
CO; flux of 5.9 + 1.0 x 103 g/yr and a CO, concentration of approximately 110 ppm.
Our estimate of the mantle 3He flux is the first determined independently of oceanographic 3He
measurements, and consequently represents a time-integrated flux substantially longer than ~1000 years.
And although at the high end of the range of previous estimates, our estimate does not resolve
the long-standing heat-helium paradox. Additionally, our requirement for heterogeneous pre-degassing
3He/%2Ne and 3He/36Ar ratios between samples is contrary to conclusions of previous applications of
disequilibrium degassing models, which advocated uniform ratios. Furthermore, we find that CO,/Ba
ratios are highly variable in MORB samples, but still consistent with an average mantle mass ratio of
~100. However, estimating pre-degassing CO, concentrations and the mantle CO, flux depend strongly
on the poorly-constrained carbon diffusivity. Consequently, our demonstration of the prevalence of
disequilibrium during mid-ocean ridge degassing, and the potential for disequilibrium in other volcanic
settings, highlights the need for better characterization of the physical parameters associated with
volcanic degassing.

© 2018 Elsevier B.V. All rights reserved.
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provenance and timing of delivery of Earth’s volatiles (Bergin et
al., 2015; Marty, 2012; Morbidelli et al., 2000; Wanke, 1981). The
flux of these volatiles between the mantle and surface affects cli-
mate stability and planetary habitability (Sleep and Zahnle, 2001;
Walker et al., 1981). The mantle flux of He has long been used as a
critical constraint on geodynamic modeling and the mantle struc-
ture (Gonnermann and Mukhopadhyay, 2009; Kellogg and Wasser-
burg, 1990; O’'Nions and Oxburgh, 1983; Porcelli and Wasserburg,
1995; Tackley, 2015), and a means to establish fluxes and con-
centrations of other noble gases and elements such as C, N, S
(Kagoshima et al., 2015; Marty, 1995, 2012; Marty and Dauphas,
2003; Marty and Tolstikhin, 1998; Trieloff and Kunz, 2005). The
potential variability of nonradiogenic mantle noble gas elemen-
tal ratios is of interest to mantle dynamics, as uniform ratios are
a requirement of “steady-state” mantle models (e.g., Porcelli and
Ballentine, 2002), whereas heterogeneity may reflect a mantle in-
completely mixed since Earth’s accretion and/or different amounts
of recycled atmospheric noble gases in mantle reservoirs (Caracausi
et al, 2016; Kendrick et al, 2011, 2013; Mukhopadhyay, 2012;
Mundl et al.,, 2017; Parai and Mukhopadhyay, 2015; Tucker and
Mukhopadhyay, 2014).

While the budgets of volatiles in surface reservoirs (atmo-
sphere, oceans, and crust) are relatively well quantified, concen-
trations in the mantle, and fluxes between the mantle and surface
remain highly uncertain. Given the large size of the mantle, uncer-
tainties in the mantle volatile concentrations render volatiles the
least constrained aspect of the bulk silicate Earth composition.

Mid-ocean ridge basalts (MORBs) can serve as windows into
the upper mantle composition. However, mantle volatile concen-
trations and fluxes are difficult to ascertain from measurements
of oceanic basalts because many volatile species degas extensively
prior to or during eruption. Consequently, MORB samples inter-
preted to have retained their pre-eruptive volatiles in vesicles, such
as “popping rocks”, are extremely rare (Hekinian et al., 2000; Javoy
and Pineau, 1991). Similarly rare are MORBs that have not nucle-
ated vesicles (Le Voyer et al.,, 2017; Michael and Graham, 2015;
Saal et al., 2002; Shimizu et al., 2016), and the undegassed nature
of these samples has been questioned (Matthews et al., 2017).

Noble gases are ideal tracers of magmatic degassing processes
because of their inert nature and the systematic variation of phys-
ical properties such as solubility and diffusivity with mass. More
importantly, the radiogenic noble gases “He*, 2'Ne*, “CAr*, and
136e*; are produced from the radioactive decay of U, Th, and K at
known rates (“*” denotes the radiogenic abundance, i.e. excluding
atoms not produced by radioactive decay, and the subscript “U”
denotes 136Xe* produced by spontaneous 238U fission; Section 2;
Supplementary Information §S1). Consequently, mantle ratios of
radiogenic noble gases—referred to as mantle “production ratios”—
are fixed, and deviations from these production ratios measured
in MORBs can be attributed to elemental fractionation during de-
gassing. In contrast, elemental ratios involving species like CO,, Ny,
or nonradiogenic noble gases can be affected by both degassing
and heterogeneity in pre-degassing compositions.

Indeed, “He*/“OAr* ratios measured in MORBs often differ sub-
stantially from the mantle production ratio, interpreted to result
from solubility-controlled He/Ar fractionation experienced during
degassing (Jambon et al., 1985). Furthermore, within the context
of a solubility-based fractional degassing model, the extent of
4He*/*0Ar* fractionation from the mantle production ratio is used
to quantify the extent of degassing and predict pre-degassing con-
centrations of other volatiles, including CO, (e.g. Burnard, 2001;
Burnard et al., 2014; Colin et al., 2013; Marty and Tolstikhin, 1998;
Marty and Zimmermann, 1999; Section 5.3).

Considering multiple radiogenic noble gas ratios can provide
stringent constraints on the nature of the degassing, as all noble
gases are affected by the same processes. For example, a particular

extent of equilibrium 4He*/40Ar* fractionation will be accompanied
by a predictable extent of “He*/2!Ne* and “He*/13%Xe*y fractiona-
tion. Here, we will show that this prediction is not met in the vast
majority of MORBs, demonstrating that MORB degassing cannot be
described by any solubility-based degassing model, including the
widely-used equilibrium Rayleigh distillation model. We will argue
that kinetic fractionation plays a critical role in controlling volatile
abundances in MORBs and present a parameterized model for de-
gassing by disequilibrium Rayleigh distillation. While our model is
not meant to capture all physical processes associated with mag-
matism such as storage, transport, and eruption, it demonstrates
the manner in which disequilibrium degassing can affect volatiles.
We will use it to reconstruct pre-degassing noble gas and CO, con-
centrations in MORB magmas and the fluxes of these elements
from the MORB mantle.

2. Equilibrium degassing models

We begin our discussion of mid-ocean ridge degassing by de-
scribing the most commonly applied equilibrium degassing mod-
els, and then testing them with a compilation of global MORB data.

2.1. Model description

The concentrations of volatiles in MORBs are controlled by dif-
fusion of dissolved volatiles from the melt into CO;-rich bubbles
(Gerlach, 1989; Jambon et al., 1985; Sarda and Graham, 1990).
Because noble gases are highly undersaturated in magmas, they
do not nucleate bubbles, but rather partition into existing CO;
bubbles. During closed-system degassing, bubbles remain with the
melt from which they were derived. Given sufficient time for equi-
libration, a noble gas i partitions between melt and bubbles ac-
cording to its solubility, quantified by Henry’s constant k;, the ratio
of dissolved concentration in the melt C; to partial pressure in
the vapor P;: ki = C;j/P;. Noble gas solubilities decrease with size
(Jambon et al., 1986; Lux, 1987); consequently, during equilibrium
closed-system degassing, He/Ne, He/Ar, and He/Xe ratios increase
in residual melt, where the maximum amount of fractionation is
the ratio of solubilities (Jambon et al., 1986).

If buoyant bubbles rise independently of melts, for example if
melts stall or ascend slowly, open-system degassing may occur
and noble gas fractionations in residual melts larger than solu-
bility ratios is possible. The possibility of open-system degassing
via multiple stages of bubble formation and loss presents a chal-
lenge to uniquely constrain the degassing history of a sample.
To simplify the problem, a particular degassing model is often
assumed wherein exsolved volatiles are continuously lost from
the magma. This process, described mathematically by Rayleigh
distillation, has been commonly used to model the evolution of
volatile element ratios and C isotopes during MORB degassing
(Burnard, 1999, 2001; Burnard et al., 2002, 2004, 2014; Cartigny
et al, 2001, 2008; Colin et al, 2013; Javoy et al, 1982; Marty,
1995; Marty and Tolstikhin, 1998; Marty and Zimmermann, 1999;
Parai et al, 2012; Pineau and Javoy, 1983; Pineau et al.,, 1976;
Sarda and Graham, 1990).

Rayleigh distillation can be expressed in closed-form as an
equation for the ratio of two volatile species during degassing
Ci/Cj=Cio/Ciox £, (1)
Here f;i = C;i/Cip is the concentration ratio of a dissolved volatile
i in a melt to its pre-degassing concentration, and the fractiona-
tion factor ajj = k;/k;j is the ratio of solubilities. A full derivation
of the equations describing the evolution of magmatic composi-
tions during Rayleigh distillation is provided in the Supplementary
Information (§S2).
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In the case of two different elemental ratios, Equation (1) can
be solved for f; to give (e.g. Burnard, 2001; Marty, 1995; see
Eq. (516))

(Ck/Co = Ci/Cr x [(Ci/Cj)/(Ci/Cjyo] e/ A=e), 2)

If i and j are “He* and “°Ar*, then the initial ratio (C;/C;)o is the
mantle production ratio. Consequently, pre-degassing ratios of any
two elements (Ci/C))o, such as CO,/3He, can be determined solely
from measured CO,/>He and *He*/*CAr* ratios. This methodology
is the basis for many estimates of pre-degassing CO,/>He ratios
in MORBs, and consequently the upper mantle CO; concentration
and flux (Burnard et al, 2014; Cartigny et al., 2001; Marty and
Tolstikhin, 1998; Marty and Zimmermann, 1999).

The mantle production ratios, (C;/C;)o, are functions of the rela-
tive concentrations of parent isotopes (“°K, 232Th, 23°U, 238U), their
decay constants, nuclear production yields, and mantle residence
times. (*He*/*°Ar*)y could range from approximately 1.1 to 4.4 due
to variability in mantle K/U ratios and residence times (Supple-
mentary Information §S1). Here, we assume (4He*/40Ar*)y = 2.5
but note that using different values has little effect on our results
(Supplementary Information §S1). In contrast, (*He*/2!Ne*)y and
(*He*/136Xe*y)o are nearly independent of composition and resi-
dence time (e.g., Sramek et al., 2017). We use (*He*/'36Xe*y)y =
3.5x 108 (Graham, 2002; Ragettli et al., 1994) and (*He*/2'Ne*)y =
2.2 x 107 (Yatsevich and Honda, 1997), which falls within the un-
certainty of the most recent determination of 2.38 + 0.26 x 10’
(Sramek et al., 2017).

To determine radiogenic noble gas concentrations in samples,
corrections for nonradiogenic (i.e. primordial) and shallow-level
atmospheric contaminant and/or recycled gases are required. For
4He*, there is only a minimal contribution from nonradiogenic
4He; for 2'Ne*, the nonradiogenic and atmospheric contaminant
contributions can be significant; and for 4°Ar*, the contributions
from atmospheric contaminant and recycled air can be significant.
The equations used for calculating 4He*, 2INe*, and “°Ar* from
measured noble gas compositions are discussed by Graham (2002)
and given in the Supplementary Information (§S1).

Constraining degassing processes using 36Xe*y has been not
been previously accomplished due to the analytical difficulties in-
volved (e.g. Burnard, 2001). Calculation of '3®Xe*y requires first
computing 36Xe* by subtracting primordial, recycled atmospheric,
and atmospheric contaminant '36Xe, and then deconvolving 136Xe*
contributions from U-fission and Pu-fission. These calculations are
possible only for a handful of MORBs (Parai and Mukhopadhyay,
2015). For applicability to additional samples, we use an approxi-
mate calculation of 36Xe* (Graham, 2002), with a factor discrimi-
nating U- from Pu-derived 136Xe*:

136xeik_] — 130Xemeas((136Xe/130Xe)meas _ (136xe/130)(e)a”-)
38 e, ®

This equation assumes all measured '3°Xe is atmospheric, ei-
ther contaminant or recycled. On average, ~90% of the non-
contaminant (i.e. mantle-derived) 139Xe in oceanic basalts derives
from recycled atmosphere, the remainder being primordial (Parai
and Mukhopadhyay, 2015). Hence, assuming all measured 39Xe is
atmospheric (recycled plus contaminant) does not result in signifi-
cant error in calculating 136Xe*. We assume the uranogenic 136Xe*
(i.e., 136Xe*y/136Xe*ypy) = 0.7, the median MORB value (Parai and
Mukhopadhyay, 2015).

2.2. Tests of equilibrium degassing models

While many studies have used the “He*/*CAr* ratio to cor-
rect measured elemental ratios for degassing using the equilibrium

Rayleigh distillation model (Equation (2)), the myriad radiogenic
noble gas ratios, such as those including 2!Ne* and 136Xe*y, offer
stringent predictive tests of the model.

Considering the radiogenic noble gas ratios *He*/*°Ar* and
4He*/?'Ne*, Equation (2) defines a line (e.g., Burnard, 2001)

log(*He* /*°Ar*) = ;:zﬂ [log(*He* /2" Ne*)
— log(*He* />'Ne*) )] + log(*He* /*°Ar*),,.

(4)

This line passes through the pre-degassing melt composition (the
mantle production ratios) and its slope depends only on the « val-
ues. The distance along the line is related to the fractional degree
of degassing, fye. The instantaneous ratios of exsolved noble gases
in bubbles follow a parallel path, offset by a factor of o (Supple-
mentary Information, Equations (S16)-(S518)).

Fig. 1 demonstrates that the equilibrium Rayleigh distillation
model cannot describe the vast majority of MORB data. Fig. 1
presents various ratios of *He*, 2!Ne*, 4°Ar*, and '36Xe*y (calcu-
lated using Equations (3), (S1)-(S4)) from a compilation of pub-
lished MORB data, the equilibrium Rayleigh distillation trajectory
for dissolved radiogenic noble gases (Equation (4)), and the range
in trajectories considering uncertainties in noble gas solubility ra-
tios. The vast majority of data points in Fig. 1 plot away from the
path described by equilibrium Rayleigh distillation; especially so
for ratios involving Xe (e.g. Fig. 1b).

Other forms of equilibrium degassing besides Rayleigh distil-
lation have been advocated, but also cannot explain the data in
Fig. 1. Closed-system degassing (Chavrit et al., 2014) transfers gases
from melt to vesicles, and therefore would not change bulk el-
emental ratios (i.e., those measured by fusion) from the mantle
production ratios. Closed system degassing followed by a single
stage of vesicle loss (Moreira and Sarda, 2000; Sarda and Moreira,
2002) increases residual He/Ne and He/Ar ratios from their ini-
tial values by at most factors of ~2 and ~10, the solubility ratios
(Jambon et al., 1986; Lux, 1987). However, observed ratios have in-
creased by up to ~10x and ~100x (Fig. 1), requiring open-system
gas loss beyond a single stage. Likewise, closed-system degassing
followed by equilibrium Rayleigh distillation (Cartigny et al., 2008),
or step-wise (as opposed to continuous) open-system degassing do
not intersect the majority of the data (Fig. S5). Finally, equilib-
rium degassing and mixing of undegassed magmas (Matthews et
al., 2017) cannot reproduce the majority of natural compositions,
as it cannot produce 49Ar*/2'Ne* and 136Xe*/2!Ne* ratios greater
than the mantle production ratio (Fig. 1c). In fact, because equi-
librium degassing decreases Ar/Ne and Xe/Ne ratios (Section 2.1),
samples with 40Ar*/21Ne* and 136Xe*;/2'Ne* ratios greater than
the mantle production ratios are extremely difficult to explain with
any equilibrium model.

The He-Ne-Ar-Xe data might be explained by equilibrium de-
gassing with solubilities different from experimentally-determined
values (Burnard, 1999; Moreira and Sarda, 2000; Sarda and Mor-
eira, 2002). However, some samples in Fig. 1 with approximately
equal relative extents of He/Ne, He/Ar, and He/Xe fractionation
would require solubility ratios of unity. There is currently no ex-
perimental evidence to support such extreme solubility ratios, or
the degree of variability in solubility ratios required to explain the
overall data scatter.

The deviation of noble gas ratios involving He from equilibrium
degassing trajectories have been previously observed and inter-
preted to reflect anomalous behavior of He, such as diffusive frac-
tionation of He from other noble gases during mantle melting or
melt migration (Burnard, 2004; Matsuda and Marty, 1995), or ex-
clusion from crystallizing minerals during oceanic crust formation
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Fig. 1. (a) *He*/*0Ar* vs. “He*/>'Ne* in literature fusion (yellow, n = 67) and
crushing (red, n = 104) data; (b) *He*/'36Xe*; vs. “He*/'Ne* (n = 34) and (c)
136Xe*y /21 Ne* vs. “0Ar*/2!'Ne* (n = 34). The blue point is AMK3376, referred to in
Section 2.3. Crushing data are bulk compositions, i.e. the sum of individual crushing
steps. Error bars (10) reflect propagated uncertainty from elemental concentrations.
Also plotted are the compositional evolution of melt via equilibrium Rayleigh distil-
lation using the solubilities of Jambon et al. (1986) (solid line) and Lux (1987) and
Guillot and Sator (2012) (dashed lines, removed in (c) for clarity). Initial melt com-
positions (squares) are the mantle production ratios. The scatter implies that equi-
librium Rayleigh distillation cannot explain the data using any fixed solubility ratios.
Furthermore, much of the natural data plot far from the possible equilibrium paths,
indicating that equilibrium Rayleigh distillation cannot explain the majority of the
data with any reasonable solubility ratios. Panel (c) shows that non-equilibrium be-
havior does not result from anomalous behavior of He, and that mixing of partially
degassed and undegassed melts (dotted line) does not reproduce the natural data.
Data from Barry and Hilton (2016), Burnard et al. (2002, 2003, 2004), Colin et al.
(2011), Fiiri et al. (2011), Hiyagon et al. (1992), Moreira and Allégre (2002), Moreira
et al. (1995, 1996, 1998, 2011), Niedermann and Bach (1998), Niedermann et al.
(1997), Parai et al. (2012), Peté (2014), Raquin and Moreira (2009), Sarda et al.
(2000), Stroncik and Niedermann (2016), Stroncik et al. (2007), and Tucker et al.
(2012); and listed in Table S1. Calculation of radiogenic abundances from raw data
are described in Section 2.1 and the Supplementary Information (§S1). (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of
this article.)

(Honda and Patterson, 1999). However, Fig. 1c shows that devia-
tions from equilibrium degassing are observed not just in ratios
involving He but also in Ne-Ar-Xe spaces. Hence, a physical pro-
cess beyond equilibrium degassing affects all of the noble gases.
We argue that this process is disequilibrium degassing (Section 3),
and conclude that equilibrium Rayleigh distillation, or any type of
equilibrium model, cannot explain the vast majority of measured
MORB He-Ne-Ar-Xe compositions.

2.3. Degassing paths from individual vesicles

Whereas the crushing and fusion data shown in Fig. 1 are bulk
analysis techniques, further insights into degassing processes can
be gleaned from compositions of individual vesicles within MORBs.
Variations in vesicle *He-4°Ar*~CO, compositions within some in-
dividual MORBs have been interpreted to result from equilibrium
Rayleigh distillation (Burnard, 1999; Colin et al., 2013). This ap-
pears to contradict our conclusion that equilibrium Rayleigh dis-
tillation cannot explain MORB He-Ne-Ar-Xe compositions (Sec-
tion 2.2, Fig. 1). Unlike in 4He*-%1Ne*-40Ar*-136Xe* spaces, the
initial composition in *He-%°Ar*-CO, space is not fixed because
mantle #He/CO, or 4°Ar*/CO, ratios may be variable. Instead, to
test the model, the solubility ratio kye/kco, required to match the
vesicle data can be compared to experimental values. This empiri-
cal ratio ranges from ~1 to 5 with 1o uncertainties close to 100%
(Burnard, 1999; Colin et al,, 2013), while the experimental ratio is
~2. Therefore, while individual vesicle data have been interpreted
to be broadly consistent with an equilibrium Rayleigh distillation
model, the variations and large uncertainties in empirical kye/kco,
leave room for the possibility of non-equilibrium models.

Fig. 1 shows that tight constraints on degassing processes are
afforded by the simultaneous analysis of three or more radiogenic
noble gases. However, Ne analyses from single vesicles are ex-
tremely challenging. Ne analyses by crushing are available for a
single sample also analyzed for “He-*CAr*-CO, in individual vesi-
cles (AMK3376; Burnard, 2001), but this sample plots well away
from the equilibrium Rayleigh distillation path (Fig. 1a, blue point),
supporting our conclusion for a non-equilibrium process. Overall,
we suggest that tight constraints on the degassing path afforded
by #He*/?'Ne* makes acquisition of Ne data on single vesicles, or
at the least from bulk crushing of the same sample, a high priority
in refining models of magmatic degassing.

3. Kinetic fractionation during degassing

In the following sections, we present a parameterized disequi-
librium degassing model that improves the fit to observed noble
gas ratios in MORBs. The model allows us to reconstruct pre-
degassing noble gas and CO, concentrations and explore the con-
sequences of uncertainties in the physical parameters that control
degassing.

3.1. Effects of kinetic fractionation

During equilibrium degassing, noble gases diffuse into bub-
bles until their dissolved concentrations correspond to their sol-
ubilities at the given partial pressure in the bubble. If there is
insufficient time for all species to attain equilibrium partition-
ing, slower-diffusing species may not fully exsolve, resulting in
non-equilibrium fractionations between faster and slower-diffusing
species. Disequilibrium degassing has been argued to affect no-
ble gas elemental ratios in OIBs (Gonnermann and Mukhopad-
hyay, 2007; Hanyu et al., 2005; Weston et al., 2015) and may
also be important in MORBs (Aubaud et al., 2004; Burnard et
al., 2003; Gonnermann and Mukhopadhyay, 2007; Paonita and
Martelli, 2007; Pineau and Javoy, 1994), consistent with observed
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CO, supersaturation in most MORBs (Dixon and Stolper, 1995;
Stolper and Holloway, 1988).

Because larger noble gases are less soluble but diffuse at slower
rates (Lux, 1987; Guillot and Sator, 2012), disequilibrium fraction-
ates noble gases in the opposite sense of solubility. For example,
the melt He/Ar ratio increases during equilibrium degassing, but
disequilibrium inhibits Ar exsolution more than He, suppressing or
even reversing this increase. Consequently, disequilibrium would
affect He/Xe ratios the most and He/Ne the least. Disequilibrium
can therefore explain why the MORB data tend to have lower
4He*/*0Ar* and #He*/136Xe*y for a given “He*/2!Ne* than predicted
by equilibrium models, and why some samples have “CAr*/21Ne*
ratios greater than the mantle production ratio (Fig. 1).

The potential for disequilibrium to lessen or reverse equilib-
rium fractionation represents a significant caveat to using the
4He*/*0Ar* ratio to quantify extents of degassing. During disequi-
librium degassing, the magmatic “He*/*0Ar* ratio could remain
relatively constant even while significant volatile loss and fraction-
ation of other elemental ratios occurs. A measured *He*/40Ar* ratio
close to the mantle production ratio could therefore be misinter-
preted to represent a low extent of degassing (Aubaud et al., 2004;
Paonita and Martelli, 2007; Weston et al., 2015).

3.2. Amodel for degassing by disequilibrium Rayleigh distillation

We present a simple model of disequilibrium degassing that
can fit the MORB data with a minimum number of assumptions.
We assume the simplest possible open-system degassing formula-
tion whereby degassing proceeds by Rayleigh distillation, i.e. re-
peated closed-system degassing steps followed by bubble loss. But
as volatile partitioning between melt and bubbles may be kinet-
ically limited, « values are not strictly defined by solubilities. To
quantify the extent of disequilibrium at each step, we employ
the parameter 6, introduced by Gonnermann and Mukhopadhyay
(2007):

9= 8 i 1 e~ D@j+1)’7?(t/4a%) (5)
72 = 2j+1)2 '

The quantity (1 — @) represents the fraction of a species that dif-
fuses across a boundary (i.e. into a bubble) within time t (Supple-
mentary Information, §2.2). 6 is also a function of the diffusivity
D of a volatile species (which itself may depend on parameters
such as temperature and magmatic composition) as well as the
characteristic diffusive length scale a, in an idealized sense, the
half-distance between adjacent bubbles. For algebraic simplicity,
we refer jointly to the time and length parameters as 8 = t/a.

In our model, a quantity (1 — 6) for each volatile species de-
termines its extent of disequilibrium by scaling its solubility, giv-
ing C;/P; = ki/(1 — 6;) (Equation (S23)). C;, P;, and k; are the
dissolved concentration, vapor phase partial pressure, and equi-
librium solubility of volatile species i. As 6 approaches 0, from
large B and/or D, this equation becomes Henry’s law, and as 6
approaches 1, due to small 8 and/or D, the volatile species is
effectively not degassed and its dissolved concentration remains
unchanged. Therefore, our model is simply disequilibrium Rayleigh
distillation with “effective” solubilities k' = k/(1 — ) (Equation
(524)). Disequilibrium degassing paths are still calculated from
Equation (4), although o values, and hence the degassing path
slope, depend on solubilities, diffusivities, and B. As with equi-
librium Rayleigh distillation, the distance traversed along the de-
gassing path depends on the extent of degassing, quantified here
by fHe-

B is a complicated function of the dynamics of vesiculation
and eruption and may vary from sample to sample, but we as-
sume S is constant for a given sample. We also assume that
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Fig. 2. Example disequilibrium Rayleigh distillation paths (blue) with variable g
(blue text). At large values of 8, the model approaches equilibrium Rayleigh distil-
lation. Grey dashed lines are increments of constant fi, the extent of He retention
along a degassing path. The data are as in Fig. 1a, with error bars removed for clar-
ity. The stronger kinetic retention of Ar compared to He and Ne explains why the
samples and disequilibrium paths fall below and to the right of the equilibrium
path. The diffusivities used are Dye = 1078, Dye = 10790, Dp; = 107105 m?[s;
solubilities in (a) are from Jambon et al. (1986) and in (b) from Lux (1987). The two
panels demonstrate that the disequilibrium Rayleigh distillation model can fit the
data, although the required values of g and fye depend on the values of solubility
and diffusivity used.

solubility ratios and diffusivities are constant, which is consid-
ered a reasonable approximation for MORBs (Weston et al., 2015;
Yamamoto and Burnard, 2005). Therefore, the evolution of noble
gas ratios during disequilibrium degassing can be modeled using
two free parameters, 8 and fe.

Fig. 2 demonstrates that introducing disequilibrium adds a de-
gree of freedom which allows our degassing model to reproduce
nearly all MORB data. Fig. 2 shows degassing paths with differ-
ent values of S plotted using our disequilibrium version of Equa-
tion (4). With decreasing B, the degassing paths diverge from
equilibrium because He/Ar ratios are more strongly influenced by
disequilibrium than He/Ne ratios. The majority of sample compo-
sitions in Fig. 2 can be reproduced by varying g within one order
of magnitude and if up to 90% of initially dissolved He is lost from
the magma.

Our new disequilibrium model is an idealized representation of
a potentially protracted degassing process in nature. It differs from
Gonnermann and Mukhopadhyay (2007) and Weston et al. (2015)
in assuming continuous degassing rather than a discrete degassing
steps, with the degassing extent fy. independent of CO, and of
carbon diffusivity. Because the model can reproduce the majority
of MORB data (Fig. 2), inclusion of additional degassing processes
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Table 1
Summary of reconstructed volatile concentrations and associated model parameters.
Mean 20 Median 20 1o range 20 range
logio B 9.34 0.05 9.30 0.07 9.09 9.70 8.62 10.07
fhe 0.40 0.02 0.38 0.02 0.27 0.54 0.16 0.75
fre 0.16 0.02 0.12 0.02 0.06 0.27 0.02 0.52
far 0.10 0.02 0.08 0.02 0.02 0.20 0.00 0.41
fe 0.30 0.02 0.28 0.03 0.16 043 0.07 0.63
OHe 3.0 x 1073 27 x 1073 13 x 1077 6.6 x 1077 12 x 1077 52 x107° 44 x 10740 31 x 1072
ONe 33 x 1072 12 x 1072 57 x 1073 48 x 1073 3.8 x 1076 3.8 x 1072 19 x 1072 29 x 107!
Oar 0.68 0.02 0.72 0.02 0.55 0.78 032 0.87
¢ 0.29 0.30 0.30 0.05 0.07 0.44 0.00 0.67
3Heg 436 x 10~10 894 x 10~ 222 x 10710 442 x 10~ 853 x 10711 849 x 10710 252 x 107" 235 x 1079
22Neg 6.57 x 10711 139 x 1071 3.77 x 10711 651 x 10712 141 x 10711 1.03 x 10710 366 x 10712 3,60 x 10710
36Ary 6.83 x 10710 449 x 10710 3.53 x 10710 131 x 10710 248 x 1071 123 x 107° 114 x 10719 396 x 107?
C0z¢ 1640 306 1606 493 1227 2215 841 2277
(3He/*2Ne)o 6.84* 0.39 6.55 0.43 4.62 9.33 2.73 12.43
(3He/?*%Ar)o 0.72* 0.11 0.62 0.16 0.50 0.91 0.48 1.27

Subscript ¢ indicates pre-degassing value. 3He, 22Ne, and 36Ar in ccSTP/g (1 mol/g = 2.24 x 10* ccSTp/g); CO, in ppm.

Uncertainties are 2 standard errors calculated from 108 bootstrap resamples.
1o and 20 ranges correspond to middle 68.3 and 95.4 percentiles.

*Bulk ratios (p>He/u?2Ne and p3He/p36Ar) of 6.6 + 2.0 and 0.64 + 0.44 (20) are better estimates of upper mantle ratios.

or stages is unnecessary, especially given the lack of required con-
straints.

4. Pre-degassing noble gas concentrations in MORBs

We use our degassing model to quantitatively reconstruct pre-
degassing noble gas concentrations, with the caveat that these val-
ues are subject to uncertainty in the physical parameters used. We
then explore the consequences of varying the physical parameters
on our estimates.

4.1. Methodology

To calculate pre-degassing volatile concentrations for each
sample, we solve for values of 8 and fye by applying Equa-
tion (1) twice, once using the “He*/2!Ne* ratio and once using the
4He*/40Ar* ratio. The joint solution minimizes the misfit between
measured and predicted values of the “He*/2'Ne* and #He*/*0Ar*
ratios (Supplementary Information §S3). We use solubility con-
stants from Jambon et al. (1986) and diffusivity constants Dye =
10783, Dne = 10720, and Da; = 107193 m?/s, chosen from the
middle of the ranges of experimental determinations (Lux, 1987;
Nowak et al., 2004; Guillot and Sator, 2012; Fig. S3). The large
scatter in the data (Fig. 2) requires that we fit 8 and fye param-
eters for each individual sample, rather than a single degassing
path slope (i.e. constant 8) with variable fye, contradicting pre-
vious degassing models which constrained MORB compositions to
lie along a common degassing path (Moreira and Sarda, 2000).
Including “He*/'36Xe*y as additional constraint is currently pre-
mature because Xe is strongly affected by disequilibrium (Fig. 1b)
and, therefore, strongly dependent on its poorly-known diffusivity
and solubility (Supplementary Information §S4).

We calculate pre-degassing 3He concentrations from the fitted
values of fye and measured 3He concentrations (Table S1). The ex-
tent of retention of other volatile species, such as fne or far, are
calculated by fx = fr®* (Equations (1) and (S14)). To calculate
pre-degassing 22Ne and 3®Ar concentrations, measured 22Ne and
36Ar concentrations must first be corrected for atmospheric con-
tamination, which requires mantle source 2°Ne/22Ne and 4CAr/36Ar
ratios. The former is often assumed to be ~12.5 in MORBs (e.g.
Ballentine and Holland, 2008; Raquin et al., 2008), although this
choice of value does not significantly affect our results (Fig. S1).
We calculated the pre-degassing He and Ne concentrations for 159
of the 171 samples shown in Fig. 1a (Table S1). Samples plotting

to the left of the equilibrium Rayleigh distillation path, such as the
popping rock 2I1D43, cannot be fit by our model and may neces-
sitate additional processes such as He loss (Fig. S6). Reconstructing
pre-degassing 38Ar concentrations is possible only in 17 samples
where mantle source 4°Ar/3%Ar ratios are known (Table S1).

Applying Equation (1) to model residual melt compositions is
appropriate for fusion data, which measures total (vesicular +
dissolved) volatiles, assuming any vesicles present formed in a
last closed-system step subsequent to open-system bubble loss.
In applying our methodology to samples measured by crushing,
we assume that the noble gases are predominantly in vesicles.
The pre-degassing concentrations determined would then repre-
sent a lower limit, because the dissolved noble gas concentrations
would have to be added to reconstructed values. We note that this
type of assumption is inherent in previous studies (e.g. Burnard,
1999; Marty and Tolstikhin, 1998; Marty and Zimmermann, 1999;
Moreira and Sarda, 2000) and is justified in our dataset because
the noble gas elemental ratios measured by crushing and by fusion
are not systematically offset (Fig. 1a). Future work can improve
upon the accuracy of our estimates by measuring the noble gas
compositions in both vesicles and glass.

4.2. Results

All fitted B8 and fye parameters and reconstructed pre-degassing
compositions are given in Table S1, and a statistical summary pre-
sented in Table 1. MORB samples from all of the major ocean basin
are included in our dataset, and the samples exhibit wide geo-
chemical variability (Fig. S7). Thus, the statistics obtained from this
set should be applicable to MORBs as a whole.

We estimate that, on average, samples lose 60% of their He, 84%
of their Ne, and 90% of their Ar during degassing. fye and One val-
ues close to 0 for most samples indicates that He and Ne were
close to equilibrium. In contrast, the median 64, value of 0.7 in-
dicates that Ar experienced significant disequilibrium. Kr and Xe,
which presumably have even lower diffusivities than Ar, would
also experience strong disequilibrium.

Average pre-degassing 3He, 22Ne, and 3®Ar concentrations are
44 + 09 x 10719, 66 + 14 x 107", and 6.8 + 4.5 x 10710
ccSTP/g, (uncertainties are 2 standard errors of the mean; Table 1;
Fig. 3). Pre-degassing noble gas concentrations vary by approx-
imately two orders of magnitude and follow log-normal distri-
butions, similar to other highly incompatible elements, likely the
result of variation in both the degree of melting and source com-
position (e.g. Arevalo and McDonough, 2010; Gale et al., 2013).
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Fig. 3. Pre-degassing >He and 2?Ne contents of 159 MORB samples from Fig. 1
and Table S1, calculated using our disequilibrium degassing model, their mean val-
ues (dot-dashed lines) and median values (dashed lines). The grey triangle is the
popping rock 2I1D43 (Moreira et al., 1998), which has significantly more 3He and
22Ne than most MORBs, even after accounting for degassing. The grey bars show
an independent estimate of the 3He content of an average primary MORB magma
of 0.98-39 x 10710 and %2Ne of 1.6-6.5 x 107! ccSTP/g (1 mol = 2.24 x
10% ccSTP), derived from the oceanic *He flux ranging from 267 to 1070 mol/yr
(Craig et al., 1975; Jean-Baptiste, 1992), an oceanic crust production rate of
21 km?3/yr (Crisp, 1984), 3He/?2Ne of 6.1 (Tucker and Mukhopadhyay, 2014) and
32% crystallization (Michael and Graham, 2015). The arrows represent systematic
uncertainty associated with solubility and diffusivity values; varying these values
causes all points to shift en masse rather than randomly (Supplementary Informa-
tion §S5).

4.3. Uncertainties in noble gas solubilities and diffusivities

Despite decades of experimental studies, solubilities and diffu-
sivities of some volatiles are still uncertain to approximately an
order of magnitude (Supplementary Information §S4). Rather than
using a single set of values, as is done in most other studies, we as-
sess the uncertainty associated with these values by varying them
systematically in a grid search. This results in a conservative up-
per limit of a factor of 4 uncertainty (2¢) in pre-degassing 3He
and 22Ne concentrations (Fig. 3; Supplementary Information §S5).
We note that this uncertainty is systematic rather than random
because varying solubility and diffusivity values affects all sam-
ples in a similar manner without changing the scatter between
points. And importantly, because this uncertainty is due solely to
the physical parameters, it is not an inherent limitation in our
modeling approach. Therefore, better experimental constraints on
solubility and diffusivity parameters will improve the accuracy of
our reconstructions and improve our understanding of degassing
in all volcanic environments.

5. Implications
5.1. Mantle noble gas fluxes

The mantle 3He flux is used as a key constraint on geochemi-
cal and geodynamic modeling, and as a calibration for fluxes and
concentrations of other volatiles. However, estimates of the man-
tle 3He flux have been challenged on the basis that they are lower
by at least a factor of 3-4 than that predicted based on the man-
tle radiogenic heat flux (van Keken et al., 2001; Ballentine et al.,
2002); the so-called “heat-helium paradox” (O’Nions and Oxburgh,
1983). A long-term integrated 3He flux significantly higher than
the present-day flux is a possible resolution to this imbalance (van

Keken et al., 2001; Ballentine et al., 2002), and could also obviate
the need for a strongly chemically layered mantle (Ballentine et al.,
2002).

We calculate the mantle 3He flux to be 800 + 170 mol/yr
(20) based on our average pre-degassing >He concentration, 32%
fractional crystallization (Michael and Graham, 2015), and an
oceanic crust production rate of 21 km?/yr (Crisp, 1984). We ad-
ditionally calculate 22Ne and 36Ar fluxes of 120 + 26, and 1260
+ 830 mol/yr. Previous estimates of the mantle 3He flux, ranging
from 267-1070 mol/yr (see Holzer et al., 2017) were obtained by
combining oceanographic He measurements with models of ocean
circulation. However, those fluxes integrate over just the past
~1000 years, whereas our estimate, the first based on degassing-
corrected >He measurements of MORBs, represents a much longer
average flux of ~10-100 ka. Although at the high end, our esti-
mate is consistent with the range based on oceanographic mea-
surements (e.g., grey bands in Fig. 3), suggesting that the modern
flux is not a significant departure from the long-term average. We
can therefore reject a high time-averaged He flux as a solution to
the heat-helium paradox.

5.2. Heterogeneous mantle elemental ratios

The average and potential variability of nonradiogenic noble
gas ratios in the mantle places important constraints on the ori-
gin of Earth’s volatiles and mantle structure (Harper and Jacobsen,
1996; Honda and McDougall, 1998; Porcelli and Ballentine, 2002;
Tucker and Mukhopadhyay, 2014). MORB mantle 3He/??Ne and
3He/*8Ar ratios, calculated as the average >He concentration di-
vided by the average 22Ne or 36Ar concentration, are 6.6 + 2.0
and 0.64 + 0.44. These values fall between independent esti-
mates for the upper mantle 3He/22Ne and 3He/*®Ar ratios of
6.1-7.3 and 0.4-0.8 (Graham, 2002; Holland and Ballentine, 2006;
Honda and McDougall, 1998; Moreira et al., 1998; Tucker and
Mukhopadhyay, 2014). These results lend confidence to our re-
constructed concentrations, as the literature elemental ratios were
determined through completely independent means.

Pre-degassing >He/22Ne and 3He/3®Ar ratios in individual sam-
ples are highly variable, ranging from 2.7 to 12.4 and 0.48 to
1.27 (20 ranges; Table 1). Previous work has argued that vari-
able elemental ratios measured in MORBs and OIBs could be
explained through disequilibrium degassing of a uniform man-
tle noble gas ratio, supporting “steady-state” models (Paonita and
Martelli, 2007; Weston et al., 2015). Pre-degassing ratios calculated
using our model made no assumptions about nonradiogenic ra-
tios like 3He/>2Ne, and used both “He*/2'Ne* and “He*/*°Ar* as
constraints, rather than just “He*/*0Ar*. Thus, the heterogeneity
in pre-degassing 3He/?2Ne and 3He/?Ar ratios we obtain contra-
dicts the notion of uniform nonradiogenic mantle ratios. Our re-
sults concur with 3He/22Ne ratios calculated purely from “He/>He
and 2'Ne/22Ne isotopic compositions (Honda and McDougall, 1998;
Moreira and Sarda, 2000; Graham, 2002), which require different
3He/*2Ne ratios for the mantle sources. Furthermore, some rare
samples have 4He*/?'Ne* and #He*/4CAr* ratios similar to the man-
tle production ratios, suggesting they have not suffered elemen-
tal fractionation from degassing, yet still have distinct 3He/22Ne
and 3He/36Ar ratios (Mukhopadhyay, 2012). We argue that because
some degassing models can fit a subset of observed data with a
uniform pre-degassing >He/22Ne ratio, such an exercise does not
necessarily imply that the ratio is indeed uniform.

5.3. The mantle carbon concentration and flux
The mantle carbon concentration and flux are critically impor-

tant to biological and geological processes, but difficult to quantify
due to the complications of magmatic degassing. These quantities
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are often estimated from the average mantle ratio of carbon to
another element such as CO,/3He or CO,/Ba. Our approach to re-
constructing pre-degassing noble gas concentrations can also be
applied to understanding the distribution of pre-degassing carbon
concentrations in MORBs and the carbon flux from ridges.

5.3.1. Pre-degassing carbon concentrations and the mantle CO,/Ba ratio

Recent work has shown that the CO;/Ba mass ratio in un-
degassed MORBs is relatively constant around 100 (Hauri et al.,
2017; Le Voyer et al,, 2017; Michael and Graham, 2015; Rosenthal
et al., 2015; Shimizu et al., 2016), making Ba a useful proxy for
the mantle CO; flux. However, Matthews et al. (2017) questioned
the undegassed nature of these samples, creating an impetus to
independently constrain the potential variability of pre-degassing
CO,/Ba ratios.

To estimate pre-degassing CO,/Ba ratios of individual samples,
we calculate the extent of CO; retention, fco,, during degassing
by applying Equation S14, using the values of 8 and f. fitted for
each sample from “He*-21Ne*-40Ar* data (Table S1). These calcu-
lations require values for k’co2, which depend on carbon solubility
and diffusivity in basaltic magma. We use a solubility of 28 x
10> ccSTP/g/bar (Pan et al., 1991) and an empirically determined
diffusivity of 10~%-7 m?/s (Supplementary Information §S6), similar
to values in Guillot and Sator (2011). We combine calculated fco,
with the total measured CO, concentration, comprising both vesic-
ular and dissolved CO,. The required noble gas and CO, data are
available only for 10 samples (Table S1). Pre-degassing CO, con-
centrations in these samples range from 840 to 2280 ppm, with
an average of 1640 ppm (Fig. 4a, Tables 1 and S1). This value is
lower than 3850 ppm measured for the undegassed popping rock
2T1D43 (Javoy and Pineau, 1991), but comparable to CO,-rich melt
inclusions in MORBs (Fig. 4b).

Fig. 4b shows our estimated pre-degassing CO, concentrations
vs. Ba concentrations measured in the same samples along with
literature data. CO/Ba ratios are quite variable in samples with av-
erage to high Ba concentrations, implying heterogeneity in mantle
CO,/Ba ratios. This heterogeneity is not a function of uncertainties
in solubilities and diffusivities, including D¢, as those quantities af-
fect pre-degassing estimates systematically rather than randomly.

The average CO»/Ba mass ratios estimated for our samples is
103 + 28, similar to previous estimates (Matthews et al.,, 2017;
Michael and Graham, 2015; Rosenthal et al.,, 2015), obtained us-
ing a completely independent method. We recalculate the average
for all MORB samples to be 98 + 22 (2 standard errors). There-
fore, while mantle CO,/Ba ratios are more variable than previously
recognized, an average value around 100 still appears applicable
to samples spanning most of the MORB Ba concentration range.
Therefore, our model supports the notion that undersaturated sam-
ples are truly undegassed rather than the consequence of mixing
of partially degassed melts (Matthews et al., 2017; also see Fig. 1c).
Consequently, while locally CO,/Ba ratios are variable (Fig. 4), Ba is
still an adequate global proxy for CO,.

5.3.2. The mantle C02/3He ratio and CO; flux

The mantle CO,/3He ratio, combined with the mantle >He flux,
is the basis for many determinations of the mantle CO, flux and
concentration. To determine pre-degassing ratios in MORBs, mea-
sured CO/>He ratios are often corrected for fractionation during
degassing using an equilibrium Rayleigh distillation model based
on the extent of “He*[*CAr* fractionation from the mantle produc-
tion ratio (Equation (2); Burnard et al., 2002; Colin et al., 2013;
Marty and Jambon, 1987; Marty and Tolstikhin, 1998; Marty and
Zimmermann, 1999; Parai et al., 2012). When applied to our 171
samples, equilibrium Rayleigh distillation predicts an average de-
crease in CO,/>He ratios of just 18% during degassing. A similarly
muted extent of fractionation has previously been suggested using
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Fig. 4. (a) Pre-degassing CO, concentrations using our disequilibrium degassing
model (Table S1). The values of 800-2300 ppm are similar to the most CO,-rich
melt inclusions in MORBs. (b) Pre-degassing CO, vs. Ba in our samples (red dia-
monds), along with undegassed MORB samples and CO,-rich MORB melt inclusions.
The yellow diamond is VAN7 89-02, which has an exceedingly high Ba concentra-
tion of 460 ppm. Blue circles are undersaturated MORBs excluding Gakkel Ridge
samples (Michael and Graham, 2015); the orange triangle is the popping rock
2T1D43 (Javoy and Pineau, 1991); green symbols are MORB melt inclusion data from
Helo et al. (2011), Shaw et al. (2010), Wanless and Shaw (2012), and Wanless et al.
(2014, 2015). The black solid and dashed lines are the average CO,/Ba ratio from
all samples and its uncertainty, which is similar to values of 105 + 9 (Michael and
Graham, 2015), 133 + 44 (Rosenthal et al., 2015), and ~140 (Matthews et al., 2017).

the same methodology, resulting in the “canonical” average pre-
degassing molar CO,/3He of ~2 x 10° (Marty and Jambon, 1987;
Marty and Tolstikhin, 1998; Marty and Zimmermann, 1999).

However, given the observation that equilibrium Rayleigh dis-
tillation fails to explain most MORB He-Ne-Ar-Xe compositions
(Fig. 1), we assess the robustness of CO,/>He reconstructions us-
ing our disequilibrium model. On average, CO,/He ratios decrease
during disequilibrium Rayleigh distillation by 26 + 5% (2 stan-
dard errors), however, CO,/He ratios in several samples actually
increase during degassing (Fig. 5a, Table S1). For an average mea-
sured CO»/>He ratio of 1.24 4+ 0.23 x 10° (2 standard errors of
the mean on 97 samples in Burnard et al., 2004; Marty and Tol-
stikhin, 1998; Marty and Zimmermann, 1999; Parai et al.,, 2012;
Tucker et al,, 2012), and a decrease of 26 £+ 5% during degassing,
we predict an average pre-degassing CO;/>He ratio of 1.67 + 0.21
x 10° (20), similar to the canonical value of 2 x 10°.

The equilibrium and disequilibrium Rayleigh distillation models
both predict relatively low average extents of CO,/He fractionation
during degassing, but for different reasons, so their apparent sim-
ilarity is fortuitous. In the disequilibrium model, the ~2x lower
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solubility of CO; compared to He is countered by its lower dif-
fusivity, suppressing CO,/He fractionation during degassing. Addi-
tionally, the extent of CO,/He fractionation critically depends on
the assumed D¢, which is poorly constrained. For example, Fig. 5b
shows that the average pre-degassing MORB CO,/3He ratio could
be uncertain to a factor of 5 solely from different estimates of Dc,
highlighting the critical need for a more accurate determination of
carbon diffusivity in determining pre-degassing carbon concentra-
tions. In the equilibrium model, He/Ar fractionations up to ~100x
(Fig. 1a) result in only 10s of % of CO;/He fractionation because
OHe,coz2 is much smaller than ayear. Furthermore, an equilibrium
model based on “He*/2!Ne* would predict CO,/He fractionations
of ~2-4x, rather than 10s of % predicted by “He*/*°Ar*, due to
similar solubilities of Ne and CO,. And while both the disequilib-
rium and #He*/4CAr*-based equilibrium Rayleigh distillation mod-
els predict a low average extent of CO,/He fractionation, predic-
tions for individual samples do not necessarily correspond. Hence
equilibrium Rayleigh distillation should not be used to predict pre-
degassing CO,/3He ratios.

We estimate an upper mantle CO, flux of 59 + 1.0 x 1013
g/yr (20) based on our average pre-degassing MORB CO,/>He ra-
tio of 1.67 £ 0.21 x 10° and 3He flux of 800 & 170 (Section 4.2).
Assuming an average of 10% partial melting (e.g. Klein and Lang-
muir, 1987; Johnson et al., 1990), the CO, flux corresponds to a
MORB mantle CO, concentration of 110 ppm. Similarly, using D¢
from Guillot and Sator (2011), the CO; flux is 4.8 x 10'3 g/yr and
mantle CO, concentration is 80 ppm. However, our model results
demonstrate (Fig. 5b) that obtaining tighter constraints on pre-
degassing CO,/3He ratios and the mantle CO, concentration and
flux will require better characterization of the carbon diffusivity in
basaltic melt.

6. Conclusions

Combining the use of 136Xe*y with other noble gases in MORBs,
we demonstrate that radiogenic noble gas ratios place stringent
constraints on degassing processes, and do not support equilib-
rium degassing (Fig. 1). This observation invalidates equilibrium or
solubility-based degassing models, including the often-used equi-
librium Rayleigh distillation model. We propose that disequilib-
rium fractionation strongly affects noble gas elemental ratios dur-
ing MORB degassing, and present a simple model of disequilibrium
Rayleigh distillation capable of reproducing nearly all MORB noble
gas data (Fig. 2) without requiring additional processes. This model
predicts that He and Ne are little affected by disequilibrium, but
CO3, Ar, and presumably Kr and Xe, are moderately to strongly af-
fected, owing to their lower magmatic diffusivities.

Applying our model to global MORB data, we demonstrate that
pre-degassing 3He, 22Ne, and 36Ar concentrations vary by approx-
imately two orders of magnitude (Fig. 3), similar to other highly
incompatible elements. Average pre-degassing magmas have 4.4 +
09 x 10719, 6.6 + 1.4 x 107! and 6.8 + 45 x 10710 ccSTP/g
3He, 22Ne, and 3%Ar, respectively, implying a long-term mantle 3He
flux of 800 £ 170 mol/yr (20); the first such determination inde-
pendent of oceanographic *He measurements. While on the high
end of previous 3He flux estimates, our estimate is still not high
enough to resolve heat-helium paradox. We find upper mantle
3He/*2Ne and 3He/36Ar ratios of 6.6 + 2.0 and 0.64 + 0.44, similar
to independent estimates, although our results require approxi-
mately a factor of 3 variability in these ratios in the MORB mantle
(Fig. 3). This heterogeneity contradicts the claim that variable no-
ble gas elemental ratios observed in MORBs can be explained by
disequilibrium degassing of a uniform mantle composition.

We find that predicting pre-degassing CO, concentrations,
CO,/Ba ratios, and the extent of CO,/3He fractionation strongly de-
pend on the poorly-constrained carbon diffusivity in basaltic melt.
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Fig. 5. (a) Extent of CO,/He fractionation for 159 samples estimated using our dis-
equilibrium degassing model. On average, CO/He ratios decrease by 26 + 5% dur-
ing degassing but some ratios actually increase. (b) Average MORB pre-degassing
CO;/He ratio as a function of the carbon diffusivity assumed. For each value of
D¢, we compute the extent of CO,/He fractionation of our 159 samples using our
disequilibrium degassing model (e.g. panel a). We then compute the average pre-
degassing MORB CO;/>He ratio from the average extent of CO,/He fractionation in
our samples and the average MORB CO,/3He ratio of 1.24 & 0.23x10°. The closed
symbols indicate literature determinations of D¢ (total; Guillot and Sator, 2011;
Nowak et al., 2004) and our empirical determination (Supplementary Information
§S6). The open symbols indicate literature determinations of carbonate diffusivity
(Watson et al.,, 1982; Zhang and Stolper, 1991), which may underestimate D¢ (total),
as they do not include molecular CO,. The figure demonstrates that while an aver-
age pre-degassing MORB value of 2 x 10° may not be inconsistent with our dise-
quilibrium model, the precise value depends strongly on the poorly-constrained Dc.

Using an empirically-derived carbon diffusivity similar to some ex-
perimental determinations, we find significant heterogeneity in
mantle CO,/Ba ratios, although an average CO,/Ba mass ratio of
~100 is still consistent with the data (Fig. 4). CO,/>He ratios are
little fractionated during disequilibrium degassing, resulting in an
average pre-degassing CO»/>He molar ratio of 1.67 + 0.21 x 10°
(Fig. 5). From our estimates of average mantle CO,/3>He ratio and
3He flux, we estimate an upper mantle CO; flux of 5.9 + 1.0 x
103 g/yr, and CO, concentration of 110 ppm.

The successful reproduction of a large global MORB noble gas
data set with our simple degassing model provides strong support
that disequilibrium is a ubiquitous feature of magmatic degassing.
Consequently, the fundamental role of disequilibrium degassing in
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global volatile cycles provides a strong impetus to better constrain
solubilities and diffusivities of volatile elements in basaltic melts.
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