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Degassing model. For shallow volcanic degassing, Henry’s law applies34

c = S pX, (1)

where X is the mole fraction of the given noble gas, p is the total pressure, and S is the empirical
solubility constant of the given noble gas. Because the abundance of noble gases in magmas is
orders of magnitude lower than the major volatiles, CO2 and H2O, the mole fraction of noble gases
can be approximated as X ≈ v/ (vc + vw), where v is the volume per unit mass of exsolved noble
gas at standard temperature and pressure (STP), vc and vw are the volumes (STP) per unit mass
of exsolved CO2 and H2O, respectively, calculated from the solubility model of Dixon21. Our
assumed Henry’s constants are within the range of empirical values for basalt magmas at typical
eruptive temperatures 35, 36 (SAr = 6 , SNe = 18, SHe = 60 cm3 STP g−1 bar−1). If c0 is the initial
concentration of dissolved noble gas, v = c0 − c and

c =
c0 p S

(vc + vw) + p S
. (2)

During disequilibrium degassing the gas concentration at the melt-vapor interface is also given by
Henry’s law. Because diffusion of dissolved gas through the melt to the melt-vapor interface will
be kinetically limited, the average concentration of dissolved noble gas, c = c + θ (c0 − c), will be
higher than the concentration at the melt-vapor interface. θ is the fractional gas retention during
disequilibrium degassing. It is the difference between the average concentration of dissolved gas
after time tdegas and the equilibrium concentration at the melt-vapor interface, normalized to the
hypothetical change in dissolved gas concentration at equilibrium (tdegas → ∞). If degassing is
instantaneous (tdegas = 0), no gas can diffuse from the melt and θ = 0. At equilibrium the average
concentration of dissolved gas in the melt will be equal to the concentration at the melt-vaopr
interface, given by Henry’s law, and θ = 1. For disequilibrium degassing v = c0 − c, where
c = c + θ (c0 − c) is the average concentration of dissolved gas. The value of θ can be calculated
by assuming that diffusion from the thin layer of melt surrounding the gaseous bubbles can be
approximated by diffusion from a plane sheet37

θ =
8

π2

N∑
j=0

1

(2j + 1)2 exp
(
− (2j + 1)2 π2tdegas/4τ

)
. (3)

Here τ = a2/D is the characteristic diffusion time of the volatile species of interest, D is the
diffusivity of that volatile and a is the characteristic half-thickness of melt separating individual
bubbles. a can be estimated from magma vesicularity, φ, and characteristic bubble radius, R, as

a = R
(
φ−1/3 − 1

)
. (4)
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Typically values of R ∼ 0.1 − 1 mm and φ ∼ 0.1 [15, 25] give a ∼ R ∼ 0.1 − 1 mm. With these
definitions, Equation 2 for disequilibrium degassing becomes

c = θ c0 + c0
(1− θ)2 p S

(vc + vw) + p S (1− θ)
, (5)

where vc = (1 − θc) vc and vw = (1 − θw) vw are the amount of exsolved CO2 and H2O at dise-
quilibrium, calculated using Equation 3 with the appropriate values for CO2 and H2O diffusivities.
During open-system degassing gaseous bubbles may be repeatedly lost from the magma. In the
case of i = 1, 2...k steps of open-system degassing, Equation 5 can be applied for each degassing
step with initial concentrations taken from the previous step.

Depth of degassing. Noble gas solubilities and, hence, degassing depends on depth (pressure),
as illustrated in Fig. S1. However, sample depth alone is insufficient to resolve the Helium con-
centration paradox. At the same depth, OIB samples have lower He content than MORB samples.
Deepest OIB samples have some of the lowest He concentrations. (Fig. S2) and require a higher
CO2 content in the parental magma than MORBs. Regardless of CO2 content and eruption depth,
kinetic fractionation of He from Ne and Ar is required to explain the low elemental ratios of sam-
ples with low He concentrations. Although degassing may begin at greater depths and prior to
eruption15, 16, the volatile content in MORB and OIB glasses will reflect solubilities at the low-
est pressures attained before quenching. We have therefore focused our analysis on syneruptive
degassing. More protracted degassing histories, such as degassing in a shallow crustal magma
chamber, followed by degassing at eruptive depths are feasible, but will not change the overall
conclusions of our analysis.
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Figure S1 The effect of eruption depth on degassing. Conceptual framework of our disequilibrium
degassing model. Field of possible solutions for a degassing scenario with 10 steps of open-
system gas loss, an initial CO2 content of 0.37 wt.%, and incorporating the effect of eruption depth
on degassing. Any point that falls within the solution grid represents the calculated dissolved noble
gas content of the degassed melt for a specific eruption depth and degassing time. Because
volatile solubilities decrease with pressure, gas loss from the melt is higher at shallower eruption
depths, all else being equal. See Fig. 2 of the text for the effect of CO2 at a constant depth.
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Figure S2 Sample depth vs. 4He. Depths for OIBs are for samples from Loihi and Kilauea. At the
same depth, OIBs have lower He content than MORBs. Deepest OIB samples have some of the
lowest He concentrations.

He-concentration in parental OIB melt. The highest measured 3He/4He ratios of 50RA (the
measured 3He/4He normalized to the atmospheric ratio)38 provide a minimum constraint on the
3He/4He ratio of a primitive mantle reservoir. If this primitive mantle reservoir has evolved as a
closed system, then its 3He concentration has remained constant. Therefore, the 4He/3He ratio of
the primitive mantle reservoir is the sum of primordial 4He and radiogenic 4He produced over the
past 4.5 Ga divided by the primordial 3He and is given by39(

4He
3He

)
primitive

=

(
4He
3He

)
initial

+ 18.7

(
238U
3He

)
present

. (6)

Assuming that (3He/4He)initial = 120 RA
[28, 40] gives a 3He concentration of 4.0× 10−9 cm3 STP

g−1 and a 4He concentration of 2.4 × 10−5 cm3 STP g−1 for a 50 RA primitive mantle reservoir.
For a 3He/22Ne ratio of 3.6 [1] and a 36Ar/22Ne ratio of approximately 3 [39], the 22Ne and 36Ar
concentrations in the primitive mantle reservoir are approximately 1 × 10−9 cm3 STP g−1 and
3× 10−9 cm3 STP g−1, respectively.
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Generally OIBs have 3He/4He ratios that are significantly lower than the assumed 50RA of prim-
itive mantle. The average 3He/4He ratio of our compiled OIB data set is approximately 24RA.
These ratios do not represent a pure end-member component of primitive mantle39, but are thought
to represent mixing between primitive mantle and a MORB-like (approx. 8.1RA) or a slab-like
(approx. 0.02 RA) mantle source component28, 41, 42. Therefore,(

4He
3He

)
OIB

=
α (4He)primitive + (1− α) (4He)MORB or SLAB

α (3He)primitive + (1− α) (3He)MORB or SLAB

, (7)

where α is the fraction of primitive mantle component. He concentrations in the MORB mantle
are 4HeMORB = 8.9 × 10−6 cm3 STP g−1 and 3HeMORB = 1 × 10−9. Primitive mantle mixing
with a MORB mantle component results in an OIB mantle source with 4HeOIB = 9.8× 10−6 cm3

STP g−1 and 3HeOIB = 3.3 × 10−10 cm3 STP g−1. For primitive mantle mixing with a slab com-
ponent, 4HeSLAB is estimated as the radiogenically produced 4He over a time of 2 Gy−1 (assuming
a conservatively high U concentration of 50 ppb), yielding 4HeSLAB = 2.4 × 10−5 cm3 STP g−1

and 3HeSLAB ≈ 0. Mixing of primitive mantle with this slab component will result in higher He
concentrations (4HeOIB = 2.4×10−5 cm3 STP g−1 and 3HeOIB = 7.9×10−10 cm3 STP g−1) com-
pared to mixing with MORB mantle. To use a conservatively high He concentration for parental
OIB in our model, we use He-concentration estimates based on mixing between primitive mantle
and a slab-derived component. Partial melting of this mantle mixture to produce the parental OIB
melt is of the order of 10%. Because of the incompatible nature of noble gases, this will result in
an approximately 10-fold enrichment of noble gases in the melt relative to its mantle source and
results in a 3He concentration estimate for the 24 RA parental OIB melt of the order of 10−8 cm3

STP g−1. Reasonable changes in any of the above-stated assumptions will not significantly change
concentration estimates for the OIB parental magma, nor will it change the principle results of our
model calculations.

Diffusivities We assume that diffusivities of CO2, H2O, He, Ne, and Ar are constant. This is
warranted by our objectives and by the lack of a consistent and universally accepted diffusivity
formulation for all volatile species under consideration16. For an assumed melt temperature of 1200
oC, we use a diffusivity for H2O of DH2O = 10−9.9 m2 s−1 [43]. Because CO2 diffusivity in basalt
melts is similar to Ar diffusivity [44], we use DCO2/DAr = 1. However, DCO2/DAr somewhat larger
than 1 will not significantly change our model results. Based on recent experimental results, we use
an Ar diffusivity of DAr = 10−11.5 m2 s−1 [44], which is considerably higher than empirical values
from Lux36. Diffusivities of He and Ne are the least well constraint. We use values DHe = 10−8.3

[36] and DNe = 10−11.2 m2 s−1.

Samples. From the published literature we compiled heating analyses of MORB and submarine
OIB glasses with combined He, Ne and Ar measurements. To minimize data affected by atmo-
spheric contamination, we only use samples with 20Ne/22Ne > 10.1. For OIBs, the only available
data meeting these criteria are samples from Hawaii (Loihi and Kilauea). We therefore include
samples from Iceland, which meet the aforementioned criteria, but do not have Ar analyses and
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are subglacial. The MORB data are from Hiyagon et al. (1992), Niedermann et al. (1997), Nieder-
mann & Bach (1998) and Sarda et al. (2000) [45–48], submarine OIB data (Loihi and Kilauea) are
from Sarda et al. (1988), Hiyagon et al. (1992), Honda et al. (1993), Valbracht et al. (1997) and
Kaneoka et al. (2001) [45, 49–52], and He and Ne analyses from Iceland are from Dixon et al. (2000)
and Moreira et al. (2001) [53, 54]. Note, that figures and analyses that require eruption depth do not
include samples from Iceland or analyses where depth was not reported.

Model fit to data. CO2 concentration and tdegas were varied to minimize least square error between
the log10 of estimated and observed 3He, 4He, 21Ne∗, 22NeS, 40Ar∗ concentrations (Fig. S3).
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Figure S3 Fit of estimated noble gas concentrations to measured values. All plotted values and axes
are the log10 of estimated and measured concentrations.
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Additional model results. Figures S1 and S2 show model results for 4He/21Ne∗ vs. 4He, which
complement model results presented in the paper.
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Figure S4 4He/21Ne∗ vs. 4He model results for disequilibrium degassing of MORB. Solution grid
for degassing of a MORB parental melt. Data is identical to Fig. 1. 21Ne∗ is the mantle-derived
nucleogenic Ne obtained by correcting the measured 21Ne for atmospheric contamination11. Initial
CO2 and H2O range from 0.07 wt.% to 0.22 wt.%, characteristic degassing times range from
100.25τAr to 10−2τAr and eruption depth is 3,500 mbsl. Initial 4He of 8.5 × 10−5 cm3 STP g−1

and initial 4He/21Ne∗ of 2.22 × 107. Similar to 3He/22NeS vs. 3He (Fig. 3a), range of solutions
capture entire MORB data array. Overall match of model results to data suggests that MORBs
are consistent with variable degrees of disequilibrium open-system degassing and characteristic
eruption times of the order of 0.1τAr for a parental MORB melt with CO2 (H2O) in the range of 0.07
to 0.22 wt.%.
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Figure S5 4He/21Ne∗ vs. 4He model results for disequilibrium degassing of OIB. Solution grid
for degassing of a OIB parental melt. Data is identical to Fig. 1. Initial CO2 and H2O range
from 0.27 wt.% to 0.57 wt.%, characteristic degassing times range between 100.25τAr and
10−2τAr and eruption depth is 3,500 mbsl. Initial 4He of 8.5× 10−9 cm3 STP g−1 and initial
4He/21Ne∗ of 2.22× 107. Similar to 3He/22NeS vs. 3He (Fig. 4a), range of solutions capture
entire OIB data array. Overall match of model results to data suggests that OIBs are
consistent with open-system eruptive degassing at moderate degrees of disequilibrium,
characteristic eruption times of the order of 0.1τAr, and a range of CO2 (H2O) content of
0.27 to 0.57 wt.% for the parental melt.
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