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Material and Methods

Samples used

The samples were recovered in 2019 during the MAY OBS2 oceanographic cruise (Jorry, 2019). The analysed
lava flows are associated with the second eruptive phase of the Fani Maoré volcano (Berthod et al., 2021).
Glassy rims formed during emplacement of the flows by rapid quenching upon contact with cold deep seawater.
Because quenching occurred at ~3000 m water depth, gas is trapped inside the vesicles at high confining
pressures (=300 bar). Upon recovery on deck, the large pressure contrast between magmatic gas trapped in
vesicles and atmospheric pressure caused many glassy rims to rupture explosively (“popping-rocks™).

The lavas are evolved basanites (Berthod et al., 2021) and are predominantly aphyric, containing less than 5%
crystals (mainly olivine and oxides). They are highly vesicular, with vesicularities exceeding 30% (Fig. S-1).

We used a total of 3 distinct rock fragments for analyses with respective masses of 1.33, 1.74 and 2.77 grams.
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Figure S-1  Glassy lava fragments from the Fani Maoré submarine eruption recovered during dredge DR08
of the MAYOBS?2 oceanographic cruise (Jorry, 2019). (a) Photograph of representative glassy pillow-lava
rims fragments. (b) Representative single slice obtained by X-ray microtomography. The contrast corresponds
to density variations: vesicles and fractures appear originally in black but here in white for clarity, the glass is
dark grey, and olivine appears slightly brighter. Oxides, the densest phase, are shown in white.

Microtomography acquisitions

Preliminary 3D-microtomography was conducted to assess the vesicularity of glassy lavas fragments similar
to the ones used for step-crushing. All acquisitions were performed at the Institut des Sciences de la Terre
d’Orléans (France) using a Phoenix Nanotom M system equipped with a molybdenum target and a 180 kV X-
ray tube operating at voltages up to 120 kV and filament currents ranging from 40 to 170 pA. Data acquisition
consisted of a sequence slice corresponding to successive sections of the sample. These slices can subsequently
be reconstructed to generate a full three-dimensional volume of each rock fragment. A copper filter was

employed to reduce beam-hardening artefacts. An example of a slice is presented in Figure S-1b.

Gas extraction, purification and separation

Gases were extracted from rock fragments by step-crushing using a hand-actuated magnetic crusher. Samples
were loaded into a cylindrical crusher that was baked at 120 °C overnight prior to analysis, or until procedural
blanks reached levels suitable for accurate measurements. Procedural blanks for “He, 2*Ne, 3°Ar, and '*°Xe
were on the order of 3.10719, 6.10°13, 1.10°!!, and 1.10°!> cc STP, respectively.

During crushing, the pressure within the crusher (isolated from the purification line) was continuously

monitored using a Pfeiffer Vacuum D-35614 Asslar manometer.
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Following extraction, the released gases were purified using two Ti-getters: first at 1073 K (5 min each), then
at room temperature (10 min each). This procedure removes reactive species (e.g., CO2, H20, H2S) through
chemisorption onto titanium sponge.

The noble gases are then cryoseparated using two cold traps: a stainless-steel trap and a charcoal trap. The
stainless-steel trap was initially maintained at 40 K to retain Ar, Kr, and Xe, while the remaining gases were
exposed to the charcoal trap held at 7 K to trap He and Ne.

Helium was released by heating the charcoal trap to 35 K and subsequently analysed in the mass spectrometer.
Neon was then extracted by increasing the charcoal trap temperature to 70 K. Argon was transferred from the
stainless-steel trap to the charcoal trap by heating the stainless-steel trap to 60 K, and Ar isotopes were
desorbed from the charcoal trap at 220 K for analysis. Krypton was released from the stainless-steel trap at 70
K and adsorbed onto the charcoal trap. Finally, Xe was extracted by heating the stainless-steel trap to 160 K

while isolating the charcoal trap from the purification line prior to isotopic analysis.

Noble gas mass spectrometry and analytical standards

All analyses were performed using a Noblesse® 5F 5M mass spectrometer. This instrument is capable of fully
resolving *He from HD in high-resolution mode and of partially resolving 2°Ne* from “°Ar** and ('H'F)*
interferences.

All isotopes were measured using electron multipliers in pulse-counting mode, except for *He and *°Ar, which
were analysed on Faraday cups. Ne, Ar, and Xe isotopes were measured in multicollection. A single
multicollection step allows the simultaneous measurement of 20-2!22Ne as well as 36-38-40Ar,

Xe isotopes required three distinct multicollection steps. The isotopes !26-129-132X e 128-131-134K e - qnqd 124-130-
136X e were measured sequentially by adjusting the magnetic field between each step.

He isotopes were analysed by peak switching due to the large mass difference between *He and “He. “He was
measured first, followed by *He. The mass position for *He" was determined relative to the HD* peak, as the
mass difference (Am) between these two peaks on the same detector remains constant.

Interference between 22Ne+ and 44(CO2)™" was corrected by monitoring *4(CO2)* during each analytical cycle,
using a precisely calibrated (CO2)"™"/(CO2)" ionization ratio of 0.012. Each isotope was measured over 15
analytical cycles per analysis.

All measurements presented in the manuscript and in the Supplementary Tables were corrected for procedural
blanks and instrumental mass discrimination using standards. Ne, Ar, and Xe isotopic ratios were corrected
for mass discrimination using an air standard consisting of two 0.1 cc pipettes extracted from a 2 L reservoir,

in which ten 0.1 cc air aliquots had previously been diluted. The air standard is inadequate for He analysis and
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a dedicated standard is using consisting of a mixture of 150 cc of fumarole gas sampled in the Pingvallavatn
geothermal field (Iceland) and 150 cc of gas sampled from a CO: plant located 10 km southeast of the lake
Pingvallavatn diluted in a 2L bottle. This He standard was calibrated against air and has a 3He/*He isotopic

ratio of 22.86 + 0.21 R/Ra. Each 0.1 cc pipette contains (9.78 £ 0.72).10"® cc of *He. Representative standard

analyses during are shown in Figures S-2, S-3, S-4, and S-5.

Standard analyses
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Figure S-2  Representative analyses of the He standards performed during the period where the step-
crushing analyses were conducted. The green shaded box represents the 16 uncertainty around the mean
composition of the standards. To account for the true reproducibility of the measurement beyond individual
precision, the mean composition and standard deviation of all standards measured over the analytical period
were used for sample correction. All errors are 1o and are not shown if smaller than the symbols.
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Figure S-3  Representative analyses of Ne isotopes in the air standards performed during the period where
the analyses were conducted. The blue shaded box represents the 16 uncertainty around the mean composition
of the standards. To account for the true reproducibility of the measurement, the mean composition and
standard deviation of all standards measured over the analytical period were used for sample correction. All
errors are 1o and are not shown if smaller than the symbols.
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Figure S-4  Representative analyses of Ar isotopes in the air standards performed during the period where
the step-crushing were conducted. The instrumental sensitivity for 3°Ar is also presented. The blue shaded box
represents the 16 uncertainty around the mean sensitivity or composition of the standards. To account for the
true reproducibility of the measurements, the mean composition and standard deviation of all standards
measured over the analytical period were used for sample correction. The raw “°Ar/*Ar measurement (in
V/cps) is shown normalized to air, with corresponding absolute values given on the right axis. All errors are
I and are not shown if smaller than the symbols.
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Figure S-5  Representative analyses of Xe isotopes in the air standards performed during the period where
the step-crushing analyses were conducted. The instrumental sensitivity across the standards varies only a
little suggesting that very low Xe abundances measured for some crushing steps is sample specific (Table S-
1). The blue shaded box represents the 1o uncertainty around the mean sensitivity or composition of the
standards. To account for the true reproducibility of the measurement beyond individual cycle-based precision,
the mean composition and standard deviation of all standards measured over the analytical period were used
for sample correction All errors are 1o and are not shown if smaller than the symbols.

Analytical blank and mass discrimination corrections

Blank contribution to the measurement (in cps) is o where o = (*’Neblank/**Nemeasured) (Eq. S-1). The measured

isotopic ratio (e.g. 2°Ne/??Ne) of a given individual crushing step is corrected from the blank following:

Rblank corrected — (Rmeasured —aX Rblank)/(]- - a) Eq- S-2

Here, Ry ni refers to the raw, mass-discrimination-uncorrected isotopic ratio of the procedural blank

measured under the same instrumental conditions as the samples.

The associated uncertainty on the corrected isotopic ratio is given by Eq. S-3:

_ ORmeasured 2 QO0Rblank 2 Rmeasured Rblank
ORblank corrected = +

1—a 1—a (1-a)? (d“ﬂ
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A relative uncertainty of 5% was assigned to a, based on the observed reproducibility of repeated blank
measurements during analytical sessions (d, = 0.05a). The individual error on the measured abundances
(cps) and on the measured isotopic ratios (Rneqsureq aNd Rpiank) is calculated as o/+/n with n being the
number of cycles performed during each analysis (15).

Because the blank correction is performed relative to the measured procedural blank composition, the resulting
ratio remains expressed in the instrumental reference frame. Instrumental mass discrimination is therefore

corrected in a subsequent step using repeated air standard analyses according to:

Rfinal = (Rblank corrected/Rstandard X Rair) Eq' S-4

Where R;, is the isotopic ratio of air (e.g. 9.8 for 2Ne/*’Ne).

The final error on the isotopic ratio is computed as:

-
O-Rstandard> Eq S-5

2
Rair Rblank corrected Rair

ORfinal = ( ORblank corrected) + (
Rstandard

2
R standard

Internal uncertainties for individual isotopic analyses correspond to the standard error of repeated
measurement cycles (o/4/n, n = 15). In contrast, the uncertainty associated with Rgandarq cOrresponds to the
standard deviation (o) of all repeated standard analyses acquired over the full analytical period (i.e., external
reproducibility). Consequently, the propagated uncertainties reported for the samples already account for the

long-term reproducibility of the instrumental mass discrimination correction.

Determination of the Fani Maoré mantle °Ar/3°Ar

Individual crushing steps are variably affected by secondary atmospheric contamination. This is expressed by
well-defined mixing arrays for each noble gas element when plotting two isotopic ratios, extending from an
atmospheric endmember toward mantle-derived compositions (Fig. 2).

As a result, the direct determination of the mantle endmember composition beneath Fani Maoré is not
straightforward. A robust approach consists of selecting a well-constrained mantle isotopic ratio and
extrapolating the data toward that value in order to extrapolate the mixing array to the mantle component

(Moreira et al., 1998).
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The ?°Ne/?*Ne ratio is often used, as it is relatively well constrained for the upper mantle, and especially for
the MORB source. In the **Ar/3®Ar->°Ne/?*Ne space, binary mixing between air and mantle produces a positive
hyperbolic array due to differences in elemental 22Ne/*®Ar ratios between the two reservoirs. The curvature of

this hyperbola (1) is defined by:

r= (ZZNe/36Ar)mantle / (ZZNe/36Ar)air Eq S-6

Accordingly, the formula for the hyperbola defining air-mantle mixing in the *°’Ar/*°Ar-*’Ne/*’Ne space is:

(R40mantle - rR4Oair)R20 + rR40airR20mantle - RzoairR4‘0mantle Eq- S-7

R40(R20) =
(R20) (1 —7)R20 + rR20,,4n110 — R204:;

Where 7 is the curvature parameter of the hyperbolic mixing relationship defined above, R40 is the 4°Ar/*°Ar
isotopic ratio and R20 the 2°Ne/?’Ne isotopic ratio. For the regression, R20,;.and R40,;,. are fixed and
R20,,,4nt1e Was fixed at 12.5.

The hyperbolic mixing equation was fitted to the dataset using nonlinear least-squares minimization, with
simultaneous optimization of the curvature parameter » and the mantle “°Ar/3°Ar ratio. Parameter uncertainties
(16) were estimated from the covariance matrix of the fit. The goodness of fit was assessed using the
coefficient of determination (R? = 0.92).

The best-fit curvature parameter is r = 1.22 + 0.33 (1o). Extrapolation of the fitted hyperbola to 2°Ne/?’Ne =
12.5 yields a mantle *°Ar/3®Ar ratio of 19,980 + 1,110 (1o) for the Fani Maoré mantle source (Fig. 2b).

Determination of the Fani Maoré mantle Xe isotopic composition

Similarly to Ar, the Xe isotopic composition of the Fani Maoré mantle can be determined by extrapolation
toward an air-free composition. For this purpose, we closely followed the method of Parai and Mukhopadhyay
(2015), as we also use their method for further deconvolution of the fissiogenic Xe isotopes.

Extrapolation was performed to determine the '2°Xe/!¥?Xe ratio of the Fani Maoré mantle. Normalization over
132X e allows for subsequent deconvolution of fissiogenic Xe isotopes, as detailed below. Moreover, '2°Xe and
132X ¢ are the most abundant Xe isotopes, which ensures that the fit is minimally affected by analytical
uncertainties.

For this, the previously determined “°Ar/*®Ar of the Fani Maoré mantle is used instead of a 2’Ne/?*Ne ratio of

12.5. This is because the Ar-Xe mixing hyperbola is often better defined than the Ne-Xe hyperbola, due to the
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larger isotopic variation in Ar between air and mantle. The hyperbola in Ar-Xe space is strongly curved and
asymptotes rapidly with respect to “°Ar/*°Ar, such that uncertainty in the extrapolated “°Ar/3®Ar has only a
minimal impact on the final '*Xe/!3?Xe estimate (Fig. 3b) and was not considered in the fit. A posteriori
propagation of the £1c uncertainty on the mantle *’Ar/**Ar endmember confirmed its negligible influence,
producing changes of <0.2% in the inferred 2°Xe/!3?Xe ratio and <0.7% in the fitted curvature parameter both
well below the uncertainty associated with the inferred mantle '2°Xe/!'3*Xe ratio.

Following Parai and Mukhopadhyay (2015), a grid search over r and the mantle '*Xe/!*?Xe ratio was
performed, calculating y* as the sum of the orthogonal, uncertainty-normalized distances from each data point
to the hyperbola. The minimum x? defines the best-fit hyperbola, and the 1o confidence region was determined
using Ay* < 2.30 for p = 2 (curvature parameter and '>Xe/"3*Xemantic).

The best-fit curvature and mantle '**Xe/'*?Xe are found to be r = 0.14833:3%3 and 1.053 + 0.008 (1o),
respectively (Fig. 3b). All hyperbolas within the confidence interval pass through the fixed air point, and the
fit quality was evaluated using the reduced 2 This approach provides a robust estimate of the mantle
129X e/132X e which is then used to constrain the 130-131-134-136X ¢/132X ¢ isotopic ratios of the Fani Maoré mantle
by York regression (Fig. S-6).

The resulting Fani Maoré mantle extrapolated Xe isotopic composition is reported in Table S-1.

Table S-1 Modelled Xe isotopic composition of the Fani Maoré mantle. The 12°Xe/'*?Xe is derived from the
hyperbolic fit of air-mantle mixing in the Ar-Xe space (Fig. 2b). The 130-131-134-136Xe/132X e jsotopic ratios of
the Fani Maoré mantle are constrained by York regression (Fig. S-6).

Q) Eac

129%a/132%a | 130Xe/12Xe | 131Xe/2Xe | 13Xe/2Xe | 13Xe/2Xe
1.053 + 0.1500 0.7833 * 0.4068 = 0.3567 +
0.008 0.0005 0.0035 0.0030 0.0039
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Plots of measured 130-131-134-136X¢/132X ¢ jsotopic ratios against '2°Xe/'3?Xe for the individual

crushing steps of Fani Maoré lava fragments. The mantle 130-131-134-136X /132X ¢ i derived by York regression
(black line) between air (blue square) and the mantle (yellow square). For this, the air composition is fixed as
well as the '2°Xe/!32Xe of the Fani Maoré mantle is constrained by extrapolation to an air-free composition,
following the procedure described above. All errors are 1o and are not shown if smaller than the symbols.
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Deconvolution of fissiogenic Xe by linear least squares and Monte Carlo error propagation

For deconvolution of the fissiogenic Xe isotopic signature of the Fani Maoré mantle, we closely follow the
procedure described in Parai and Mukhopadhyay (2015), initially developed by Caffee et al. (1999). This
allows for proper comparison with previously modelled outcomes. The procedure is summarized below.

The present-day mantle composition can be modelled as the mixture of four distinct endmembers: the initial
mantle, recycled air, Pu-derived fission Xe and U-derived fission Xe. Accordingly, the mantle Xe/'*?Xe can

be expressed as (Eq. S-8):

i 132 — i 132 i 132 i 132 i 132
Xe/ Xemantle = Xinitial Xe/ Xeinitial + Xair Xe/ Xeair + Xpu Xe/ XePu + Xy Xe/ XeU

where i represents 130, 131, 134, or '*%Xe, and x denotes the fraction of each endmember. We used the
average carbonaceous chondrite (AVCC) composition as the initial mantle Xe isotopic composition (Péron
and Moreira, 2018) and the present-day air composition for the recycled atmospheric component. Although
the isotopic composition of subducted air may have evolved since the onset of subduction (Pujol et al., 2011),
recycling of atmospheric noble gases is expected to become more efficient over time due to secular cooling
of the Earth (van Keken et al., 2011). The relative contributions of ancient versus more recent Xe recycling
have been specifically explored by Péron and Moreira (2018) and Parai and Mukhopadhyay (2018), supporting
the view that the present-day atmospheric composition likely dominates the recycled flux. The composition

of the individual components used for calculations are presented in Table S-2.

Table S-2 Individual components used for deconvolution of the fissiogenic Xe isotopic signature of the Fani
Maor¢ lavas. We used the same endmembers isotopic compositions as in Parai and Mukhopadhyay (2015) for
internal consistency.

Component | P'Xe/'32Xe | ¥'Xe/2Xe | 3Xe/B2Xe | 13Xe/32Xe
AVCCa 0.1626 0.8200 0.3836 0.3233
Airb 0.1513 0.7895 0.3880 0.3296
Pu-fission¢ 0 0.2777 1.0413 1.1198
U-fissiond 0 0.1449 1.4370 1.7375

2AVCC composition from Pepin (1991).

PPresent-day air Xe isotopic composition from Basford et al. (1973).

°Error-weighted average of data from Alexander et al. (1971), Lewis (1975), and Hudson et al. (1989).

dError-weighted average of data from Wetherill (1953), Hebeda ef al. (1987), Eikenberg et al. (1993), and Ragettli ef al. (1994).
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A key constraint for this linear system is that all fractions must sum to unity and cannot be negative:

Xavce t Xair + Xpy + Xy =1, 0 < Xxavcer Xaim Xpuw Xy <1 Eq. S-9

These constraints, together with the measured Xe/'3*Xe ratios of the Fani Maoré mantle and the known
compositions of the endmembers, allow the system to be solved using a y>-weighted linear inversion. In this
approach, each isotope ratio is weighted by the inverse of its 1o uncertainty, so that ratios with smaller
uncertainties contribute more strongly to the fit.

The corresponding best-fit fractions are x4y = 0.148, x4, = 0.832,xp, = 0.000,x,; = 0.019.

To propagate uncertainties, we perform Monte Carlo simulations by randomly sampling the mantle
composition within its 16 uncertainties and solving the constrained linear system for each realization. Each
realization strictly respects equality and bound constraints (fractions sum to 1, 0 <x < 1). Realizations yielding
residuals larger than 2¢ for any isotope are rejected. From the accepted realizations (out of 1e6), median values
and 16-84% percentiles are reported as the final fractions with asymmetric uncertainties. Accordingly, the
fissiogenic Xe signature of the Fani Maoré mantle is best explained by 19.4%1%4% % AVCC, 78.4189, %

recycled air, 0.0%3:3 % Pu-derived fission and 1.7+94 % U-derived fission.
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