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Mantle-derived noble gases in volcanic gases are powerful tracers of terrestrial volatile evolution, as they
contain mixtures of both primordial (from Earth’s accretion) and secondary (e.g., radiogenic) isotope signals
that characterize the composition of deep Earth. However, volcanic gases emitted through subaerial hydrother-
mal systems also contain contributions from shallow reservoirs (groundwater, crust, atmosphere). Deconvolving
deep and shallow source signals is critical for robust interpretations of mantle-derived signals. Here, we use a
novel dynamic mass spectrometry technique to measure argon, krypton, and xenon isotopes in volcanic gas
with ultrahigh precision. Data from Iceland, Germany, United States (Yellowstone, Salton Sea), Costa Rica,
and Chile show that subsurface isotope fractionation within hydrothermal systems is a globally pervasive
and previously unrecognized process causing substantial nonradiogenic Ar-Kr-Xe isotope variations. Quantita-
tively accounting for this process is vital for accurately interpreting mantle-derived volatile (e.g., noble gas and
nitrogen) signals, with profound implications for our understanding of terrestrial volatile evolution.

INTRODUCTION

The unique distribution of volatiles (i.e., carbon, nitrogen, and
water) at Earth's surface makes our planet habitable within the
Solar System (I1—4). Understanding how volatiles are distributed
between terrestrial reservoirs (i.e., atmosphere, crust, mantle, and
core) requires identification of primordial volatile signatures that
have not been modified by shallow geologic processes. Determining
the origin of terrestrial volatiles therefore requires the analysis of
primordial volatiles that have been stored in the mantle for most
of Earth'’s history. One promising means to characterize the geo-
chemical composition of the deep Earth and inform the origin of
primordial volatiles trapped in the mantle is to analyze deeply
sourced mantle products (rocks, minerals, and gases) brought to
Earth’s surface via volcanism and tectonics. Although Earth's
mantle represents the largest terrestrial reservoir for many volatiles
[e.g., H,O, C, N, and S; (4-6)], accurately determining the volatile
element composition of the mantle by analyzing magmatic products
is often challenging. The main reason for this is the ubiquitous over-
printing of primordial volatiles by surface-derived components,
during (i) storage at depth, where volatile-laden materials are
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pervasively returned to the mantle via subduction, (ii) emission at
Earth’s surface (and interaction with groundwater reservoirs), and
potentially (iii) sampling, although a contribution from unfractio-
nated air “contamination” during sample collection remains highly
unlikely. Another major issue with tracing volatile elements at plan-
etary scales is that most of these species are chemically reactive,
meaning that their primordial compositions are likely to be affected
by secondary processes (e.g., chemical partitioning and biological
reactions) taking place within Earth's crustal reservoirs [e.g., (7)].
Noble gases are ideal tracers of planetary volatiles as they are
chemically inert, highly volatile, and incompatible in melts (8).
Given that noble gases are not affected by chemical or biological
processes, their compositions within volcanic products are conven-
tionally assumed to reflect a binary mixture between deep (mantle)
and surficial (atmospheric, crustal, and sedimentary) components.
Because the light isotopes of argon (****Ar), krypton ("****?Kr),
and xenon ('**126128130%e) are not significantly produced by
nuclear processes within the solid Earth, variations in their relative
abundance ratios provide direct insight into the accretionary
source(s) of terrestrial volatiles (8-10). Conversely, secondary
noble gas isotopes have been produced by fissiogenic and radiogen-
ic decay chains {e.g., 1291 = %%Xe [T, = 16 million years (Ma)],
244py = B317136%e (T, = 80 Ma), 2%U = 1713%Ke [T, = 4.45
billion years (Ga)]} (11). Hence, they constitute key tracers of the
timing and extent of mantle degassing to the atmosphere over geo-
logical time (8). Despite the great insight offered in principle by
noble gases, the pervasive introduction of surface-derived Ar-Kr-
Xe via subduction into the mantle over the past ~2 Ga has largely
overprinted both primordial and secondary mantle signals (12, 13),
hence greatly complicating the interpretation of heavy noble signals
in mantle-derived samples. Previous studies have shown that ~80%
of the nonradiogenic Ar-Kr-Xe isotopes in the present-day mantle
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are derived from recycled atmospheric components (12, 14). In ad-
dition, volcanic gases that are actively degassed from magma cham-
bers can acquire atmosphere-derived noble gas components during
their ascent through groundwater reservoirs and due to interaction
with hydrothermal systems. Therefore, the fraction of mantle-
derived heavy noble gases in volcanic gases worldwide is often
minimal (below 1% of total heavy noble gas inventories), due to
overprinting by both subduction/crustal assimilation and ground-
water—volcanic gas interaction. In most cases, the magnitudes of
mantle-derived Ar-Kr-Xe signals are thus comparable to (or
lower than) the analytical precision of conventional static noble
gas mass spectrometers, except for “°Ar/*°Ar. For decades, this an-
alytical limitation has greatly hampered the widespread application
of heavy noble gas isotope systematics in volcanic regions
worldwide.

Despite these challenges, several studies have reported nonradio-
genic Kr and Xe isotope anomalies [e.g., (9, 15—17)], which have
been interpreted to be carbonaceous meteorite-like in origin (9,
10, 16). Ne-Ar isotopes in volcanic gases may suggest pervasive
physical fractionation processes in the subsurface before their emis-
sion at the surface [e.g., (18-20)]; however, no studies have investi-
gated the possibility for volcanic heavy noble gas isotopes to be
affected by similar physical fractionation processes. A recent study
showed that isotope fractionation during sample preparation and/or
analysis can lead to erroneous interpretations about the origin of
volcanism and even mischaracterization of corresponding mantle
reservoir compositions (e.g., the extent of mantle degassing to the
atmosphere) (17), but the extent to which Ar-Kr-Xe isotope varia-
tions in volcanic systems can be interpreted as reflecting mantle
source signals therefore remains unknown. These considerations
require substantial improvements in the analytical precision and ac-
curacy of heavy noble gas isotope measurements to confidently de-
termine mantle source signals in volcanic gas measurements.

Noble gas analysis by dual-inlet dynamic mass spectrometry
(DMS) has markedly improved analytical precision on volcanic
noble gas measurements (21). With a dynamic mass spectrometer,
often called an “isotope ratio mass spectrometer,’ the rapid switch-
ing between analysis of sample and reference gas streams reduces
the effect of instrumental drift (22) and thus greatly enhances ana-
lytical precision (on the order of ~0.01%o). In addition, a suite of
robust corrections and the capacity to measure air and air-equili-
brated water (AEW) samples in an identical manner to volcanic
gases (21), against the same reference gas, increases the overall ac-
curacy compared to traditional, static mass spectrometry methods
(>1%eo). In this study, we present Ar-Kr-Xe isotopes from natural
CO,-rich gases collected in Iceland, Germany, United States, Costa
Rica, and Chile, measured by DMS, following recent analytical de-
velopments in the Seltzer Lab at Woods Hole Oceanographic Insti-
tution (WHOI) (21). The ultrahigh precision and accuracy of these
volcanic noble gas measurements reveal that physical isotope frac-
tionation processes in the subsurface ubiquitously generate variable
enrichments in the light Ar, Kr, and Xe isotopes in volcanic gases.
The magnitude of the largest observed Ar-Kr-Xe isotopic deviations
from the atmosphere exceeds the kinetic fractionation factors asso-
ciated with diffusion in water (23-25), implying that isotopic frac-
tionation (up to several %o) primarily arises from gas-phase
diffusion of noble gases that presumably degas from groundwater
and diffuse through CO, in the subsurface (20, 26). We show that
subsurface fractionation processes represent a widespread and
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critical phenomenon that need to be quantitatively assessed
before interpreting volatile isotope variations in volcanic gas from
hydrothermal systems. Using empirical relationships between Ar-
Kr-Xe abundances and isotopic ratios, we demonstrate that mea-
sured noble gas compositions can be robustly corrected for physical
fractionation effects, hence opening the door to resolving mantle
signals in orders of magnitude more volcanic samples worldwide
than previously possible, at a greater precision and accuracy than
achieved to date. In addition to high-precision noble gas measure-
ments by DMS, we report the C isotope composition of Giggenbach
solutions (i.e., CO,-saturated sodium hydroxide), measured using a
Picarro G-2131i cavity ringdown spectrometer connected to an Au-
toMate-Liaison prep device in the Subhas Lab at WHOIL. We also
report the nitrogen and helium isotope composition of volcanic
gas samples collected with copper tubes along with Giggenbach
samples and measured in the Barry Lab at WHOL.

RESULTS

Results are reported in per mil (%o) using delta notation, where a
given isotopic or elemental ratio (noted R) is expressed as
OR = (Rsample /Ratmosphere — 1) % 1000. We achieve an analytical
precision on the order of 0.01 to 0.1%o for all Ar, Kr, and Xe
isotope ratios (Fig. 1; data are reported in the Supplementary Ma-
terials), which is one to two orders of magnitude better than previ-
ously achieved with conventional techniques.

In volcanic gases, 8*°Ar/*°Ar represents a useful tracer of non-
atmospheric sources of heavy noble gases, since both mantle and
crustal sources are enriched in *°Ar relative to the atmosphere
(*Ar/*°Arpry = 298.6) due to the radioactive decay of *°K
(Ty)» = 1.251 Ga). The 8*°Ar/?°Ar values reported in this study
vary from —7%o (Iceland, Y0Ar/*°Ar = 296.5) to 3482%o (i.e.,
40Ar/*®*Ar = 1338.3) in Eifel (Germany) (fig. S1). The large range in
observed §*°Ar/*°Ar primarily reflects varying contributions from
deep (mantle or crustal) versus atmospheric sources of heavy noble
gases. Across our entire sample set (n = 30 samples; from Europe,
North America, South America, and Central America), we observe
that nonradiogenic Ar, Kr, and Xe isotope ratios exhibit highly cor-
related light isotope enrichments relative to the atmosphere (Fig. 1).
The magnitudes of these isotopic variations are on the order of
several per mil, which is comparable to those of volcanic gas
isotope deviations from the atmospheric composition that have pre-
viously been interpreted as deep, mantle signals [e.g., (9, 16, 17)].

Noble gas elemental ratios in volcanic gases broadly span the
entire range between unfractionated air (i.e., §**Kr/*°Ar and
839K e/>°Ar ~ 0%0) and AEW (Fig. 2A). Several samples (e.g., from
the Chilean volcanic arc) have §**Kr/*®Ar and §"*°Xe/*°Ar values
that plot above the AEW range, suggesting potential contributions
from Kr- and Xe-rich components possibly associated with sub-
ducted organic and sedimentary material (12). Most volcanic
gases also show small, but significant, deviations from an air-
AEW mixing line toward higher §'**Xe/*°Ar values (Fig. 2A).
Last, we note that significant nonradiogenic heavy noble gas
isotope fractionation (i.e., light isotope enrichments) seems to
only occur in samples with intermediate Kr/Ar and Xe/Ar ratios
between air and AEW (Fig. 2B).

Most of the §'*C of CO, trapped in Giggenbach NaOH solutions
(from Yellowstone, Iceland, Eifel, Cost Rica, and Salton Sea) show
values intermediate between pure mantle (§'°C ~ —5%o) and
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Fig. 1. Nonradiogenic Ar-Kr-Xe isotope variations across all volcanic noble gas samples analyzed in this study, reported using delta notation relative to the
atmosphere. (A and B) Predictions for steady-state isotope fractionation via diffusive transport fractionation (DTF) through CH,, H,O, N,, and CO, are given as vectors.
Samples with A*Ar = §*°Ar/*Ar — 2*6*8Ar/>%Ar > 250%eo (i.e., “°Ar/>®Ar > 373, if §38Ar/*°Ar = 0%o) are noted with asterisks.

O Yellowstone * Salton sea ‘ Eifel \/ CostaRica A Iceland [ Chile * A%Ar > 250%.

B . 8 | B =
4000+ >/ B 4000 o
AEW B 5
3000+ Foc =
£ & po £ 3000 - & Cv
< Z 0
R > QoM. N o ® %
X 20004 %S) 2 2000 ° DTFV o, o
S 50°C < A
o ¥ 4 o 100°C o AAT A
1000+ e 1000- -
. o
Oﬁ T T 0 T T T 6?
Air 0 500 1000 1500 -8 -6 -4 -2 0 2
5%Kr/PCAr (%o) 5%Kr/B2Kr (%o) Air

Fig. 2. 8"32Xe/*°Ar versus 5%*Kr/>**Ar composition of all volcanic noble gas samples analyzed in this study, reported using the delta notation relative to the
atmospheric isotope composition. (A) The heavy noble gas composition of AEW (56) is given for comparison, as a function of temperature (from 0° to 100°C). Symbols
with and without black outlines have been analyzed by DMS on MAT253" and MAT253 (both instruments in Seltzer Lab, WHOI), respectively. (A) and (B) Samples with

A*Ar > 250%o (i.e., “°Ar/*CAr > 373, if 5>Ar/>°Ar = 0%o) are noted with asterisks.

carbonate (8"°C ~ 0%o) end-members (fig. S2) (7). Only Chilean arc
samples show 8'°C values of <—5%o, in the range of —8.6 to
—11.4%o. This result is consistent with independent §'°C data ac-
quired from gas vials that were collected along with the Giggenbach
bottles analyzed in this study [8'*CO, = —8.72 and —8.64%o for
Campanario and Bano Morales, respectively (27)]. 8'°N values
vary from —9.24%o (Forrest Spring) to 0.13%o (Crater Hills) for
Yellowstone, from —3.32 to —0.86%o for Iceland (Krysuvik), and
from —1.94%o0 (Bafio Morales) to 4.17%o (Campanario) for Chile
(typical uncertainty of +0.8%o; fig. S3).

DISCUSSION
This ultrahigh precision of DMS measurements offers the unique
opportunity to constrain the heavy noble gas (Ar-Kr-Xe) isotope
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composition of mantle sources and identify potential processes
that may affect mantle isotope compositions before their emission
at Earth's surface. Here, the observation of negative 8% Ar/*°Ar
values cannot be ascribed to any source effect, as all geological res-
ervoirs within the solid Earth are enriched in radiogenic *’Ar rela-
tive to the atmospheric composition due to *’K decay. Rather, a
negative §*°Ar/*®Ar value must indicate a physical fractionation
process that induces enrichment in the light isotopes of Ar. In
such an instance, §>*Ar/**Ar may be used to correct §*°Ar/>°Ar
for physical fractionation [e.g., (28, 29)] by considering that (i)
8*Ar/*°Ar is fractionated by mass-dependent processes by twice
the magnitude of 88 Ar/*°Ar fractionation, and (ii) the initial
source 8°*Ar/*®Ar is zero, as there are no significant sources of
*8Ar or *°Ar within the solid Earth. Nonradiogenic Ar-Kr-Xe
isotope variations reported in this study are not correlated with
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5*°Ar/*°Ar (fig. S1). For example, Icelandic samples span a large
range of nonradiogenic Ar-Kr-Xe isotope variations (Fig. 1)
despite having only marginal *’Ar excesses from a deep noble gas
contribution (§*°Ar/>°Ar < 14%o for all Icelandic samples analyzed
in this study). Therefore, the consistent patterns of isotopic and el-
emental fractionation of heavy noble gases across vastly different
volcanic gas systems around the world do not reflect a deep
source contribution. They rather point to previously unrecognized
mechanism (or series of mechanisms) of physical fractionation,
which appears to be ubiquitous in the subsurface of volcanic
systems. Understanding the origin of these isotope signals and
their correlations across noble gases is critical for assessing
whether prior studies have incorrectly interpreted physical fraction-
ation signals as mantle source signals.

Here, we make use of the global consistency in nonradiogenic
isotope fractionation and present an empirical approach by which
Kr isotopes can be used to robustly correct Xe isotopes for fraction-
ation in the subsurface. We show that this method successfully re-
solves radiogenic and fissiogenic Xe isotope anomalies, even in
samples that have been markedly affected by subsurface fraction-
ation. The combination of our new DMS technique (21) and correc-
tion approach allows for the detection of crustal and mantle Xe
isotope anomalies at the sub-1%eo level, providing unprecedented
insight into deeply sourced Xe isotope signals. Using these data,
we construct a model to explain subsurface fractionation mecha-
nisms. The model broadly reproduces the observed isotopic and el-
emental fractionation patterns, thus validating our approach.

Physical constraints on diffusive transport fractionation

What is the dominant process (or series of processes) causing the
observed consistent fractionation of nonradiogenic Ar, Kr, and Xe
isotope ratios in volcanic gases? A central clue is that the magnitude
of most Ar-Kr-Xe isotopic deviations from the atmosphere exceeds
the kinetic fractionation factors due to diffusion in water (23-25)
(Fig. 1), implying that large isotopic fractionation (on the order of
several per mil) must primarily arise from gas-phase diffusion of
noble gases. A second clue is that the only significant nonradiogenic
heavy noble gas isotope fractionation occurs in samples with inter-
mediate Kr/Ar and Xe/Ar ratios between air and AEW (Fig. 2B).
This observation rules out sampling artifacts (e.g., air leakage) as
the source of isotopic fractionation, as leakage would induce
Kr/Ar and Xe/Ar ratios below air, with extensive kinetic fraction-
ation favoring the light isotope. Instead, this gas-phase fractionation
must occur in the subsurface, presumably due to diffusion of de-
gassed groundwater-derived noble gases against CO,. The magni-
tude and direction of nonradiogenic Ar-Kr-Xe isotope variations
appear compatible with the known steady-state fractionation
factors for diffusive transport fractionation (DTF) of noble gas iso-
topes against CO, (Fig. 1) (20, 26). If groundwater-derived noble
gases degas into a CO, gas phase in the deep subsurface (e.g., via
CO, stripping) and then diffuse through the CO, gas phase
toward the center of the upwelling plume, then the difference
between the diffusion coefficients of heavy (slow) and light (fast)
isotopes will produce a steady-state depletion of the heavy isotopes
(Fig. 3C) (20). Fractionation factors can be computed from the
ratios of binary diffusion coefficients for two gas pairs (molecules
or isotopes) (30, 31). For example, the ratio R(i/j) of the binary
diffusion coefficients of two isotopes i and j (e.g., '**Xe and
1%%Xe) diffusing through a gaseous medium k (e.g., CO,) can be
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computed as

2

V(' + vk
V(i)' + ViK'

where m refers to the mass of each molecule or isotope, and V refers
to their dimensionless diffusion volumes [V(N,) = 18.5,
V(Ar) = 16.2, V(Kr) = 24.5, V(Xe) = 32.7, V(CO,) = 26.9,
V(H,0) = 13.1, V(CH,) = 25.4; determined by regression analysis of
experimental gas-phase diffusivities (31, 32)]. Hence, the magni-
tude of DTF directly depends on the atomic mass of the gas in
the medium (Fig. 1) (20). In the case of CO,, steady-state isotope
fractionation of Ar, Kr, and Xe isotopes yields ~7, 2, and 1%o per
mass unit (u™'), respectively (i.e., about —14%o for 88 Ar/CAr,
—8%eo for 8%°Kr/*’Kr, and +2%eo for §'**Xe/'*Xe; Fig. 1). For
most volcanic sites, the observed ranges of §*Ar/*®Ar, §**Kr/**Kr,
8%Kr/**Kr, and 8'**Xe/"*°Xe are compatible with variable extents
of DTF against CO,, starting from an isotopically AEW-like [effec-
tively, air-like; (25)] gas phase. It is nonetheless noteworthy that the
slopes of the Kr-Ar (Fig. 1A) and Xe-Ar (Fig. 1B) isotopic trends do
not exactly follow predictions from steady-state isotope fraction-
ation via diffusive transport through CO,, pointing to greater
extents of Xe and Kr isotope fractionation relative to Ar. Given
that Ar diffusion in water is faster than for the heavier noble
gases, it more readily reaches isotopic equilibrium with the CO,
gas phase, thereby limiting the effect of kinetic isotope fraction-
ation. Conversely, Xe and Kr diffuse more slowly than Ar, implying
that they are more prone to kinetic isotope fractionation (fig. S4).

Empirical correction of Xe isotopes for DTF

Quantifying and ultimately correcting for, physical fractionation is
crucial to robustly interpret mantle and crustal heavy noble gas
signals as tracers of terrestrial volatiles. To this end, we only consid-
er samples for which heavy noble gases are clearly dominated by an
atmospheric source (that is, A**Ar = §*°Ar/>°Ar — 2*8°%Ar/*°Ar
< 250%o, or *°Ar/>°Ar < 373 if §°*Ar/**Ar = 0%o), such that
crustal and mantle-derived heavy noble gas fractions are minimal
(i-e., less than 1%). When reported relative to 8% Kr/*Kr (the
same observation would be valid for §**Kr/**Kr; figs. S5 and $6),
8'?*Xe/"**Xe values define a strong linear correlation with a slope
of —0.5331 + 0.0179 [95% confidence interval (CI); Fig. 4].

This strong correlation provides a robust empirical means for
using Kr isotopes as a tracer of the extent of DTF to correct each
Xe isotope spectrum for physical fractionation in the subsurface.
In detail, the extent to which each §'**Xe/"*°Xe should be corrected
for the effect of DTF is computed as

8" Xe /" Xeprp_corr = (—0.5331 + 0.0179) x 8*Kr/%Kr (2)

The extent of DTF correction is then propagated to the rest of the
Xe isotope ratios following
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Fig. 3. Schematic representation of typical volcanic gas collection and illustration of DTF. (A to C) Cross-section of the subsurface, where volcanic gas (mainly CO,)
ascends through shallow groundwater until it reaches the surface. Part of the gas is captured by an upside-down funnel submerged in surficial water. The captured gas
then flows through the tubing system and copper tube, until it reaches the preevacuated Giggenbach bottle containing a 5 N NaOH solution (77, 57). Because of the
pressure gradient across the NaOH solution, a fraction of the volcanic gas is sucked into the Giggenbach bottle, where CO, dissolves in solution and inert gases accu-
mulate in the headspace. CO, bubble stripping of groundwater-derived noble gases is a ubiquitous process that accounts for the occurrence of air-derived components
with AEW elemental abundances in volcanic gas systems (Fig. 2) (45). Groundwater-derived noble gases then experience diffusive transport against CO, [also referred to
as "binary” or “mutual” diffusion; (20, 26)]. The difference between the diffusion coefficients of heavy (slow) and light (fast) isotopes (here, only 36Arand *Ar are shown for

illustrative purpose) produces a depletion of the heavy isotopes (in this case, *®Ar), whose magnitude depends on the atomic mass of the gas in medium (20).

This correction is fundamental for providing unbiased access to
deep Xe isotope signals originating from mantle and crustal sources.
Combining DMS measurements with the use of Kr isotopes as
proxies of DTF to correct Xe isotopes for physical fractionation
enables quantification of mantle-derived Xe isotope signals that
were previously inaccessible.

DMS to unravel crustal and mantle-derived noble

gas signals

To illustrate the potential of DMS and the quantitative insight
offered by the DTF correction (namely, the use of ultrahigh-preci-
sion Kr isotope ratio measurements to correct for mass-dependent
fractionation of Xe isotopes), we present two case studies: Yellow-
stone National Park and Eifel volcanic province. Volcanic gas
samples were collected along a north-south transect from the
edge of the Yellowstone caldera (Washburn spring) to its center
(Mud Volcano) (Fig. 5). While He isotopes lower than air
(’He/*He ~ 0.6 times the atmospheric ratio, R ; Supplementary Ma-
terials) indicate a major influence of crustal components in Wash-
burn spring, He isotopes measured at Mud Volcano exhibit the
highest values ever reported across the park [(33); here, R./R4
=19.49 +0.19, with R, corresponding to the measured *He/*He cor-
rected for the presence of atmospheric He]. Helium isotope system-
atics therefore point to an increasing contribution of pristine

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023

Yellowstone mantle plume gas toward the center of the caldera
[e.g., (33)]. Here, Washburn spring volcanic gas shows clear fissio-
genic Xe isotope excesses (noted §1317136X e*) that, after correction
for DTF (Supplementary Materials), are not associated with any
excess of mantle-derived '*°Xe (noted §'2°Xe*) (Fig. 5A). Such a de-
coupling implies that fissiogenic Xe isotope excesses at Washburn
spring must primarily arise from U decay within the continental
crust, in line with independent evidence for significant crustal He
contribution (33). Moving away from the edge of the caldera,
§3113%Xe* and §'*’Xe* increase with distance, in line with a rising
contribution of pristine Yellowstone mantle plume gas (Fig. 5F).
Here, we define Fqy; as the ratio (8'°°Xe* — §'*Xe*)/8'%%Xe*,
which provides an indication as to whether fissiogenic Xe isotope
excesses are predominantly from crustal or mantle source. If Fopy ~ 1,
then most (if not all) of '**Xe* is of crustal origin, whereas if Foyy ~ 0
[i.e., if the magnitudes of §'*°Xe* and §'*’Xe* are similar, which is
typical for mantle Xe (17)], then most (if not all) of 83¢Xe* is of
mantle origin (9). Here, we observe a clear evolution from
Fcum ~ 1 at Washburn spring toward Fcy ~ 0 at Mud Volcano
(Fig. 5D), clearly pointing to a decreasing contribution of the
crustal component and an increasing contribution of the mantle
component toward the center of the caldera (in line with He
isotope systematics; fig. S7). The large discrepancies between raw
data and those corrected for DTF highlights the need to apply
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Fig. 4. Empirical relationship between §'®Xe/'3°Xe and §%°Kr/3*Kr, used to
correct Xe isotopes for DTF. The slope of the regression (—0.5331 + 0.0179;
95% Cl, Mean Squared Weighted Deviation (MSWD) = 1.78) is obtained by using
the error weighted least squares algorithm of (59), forcing the regression through
the origin. This correction is required to yield unbiased access to deep Xe isotope
signals originating from mantle and crustal sources. Note that the same approach
can be used by using 6®Kr/*Kr instead of 6%°Kr/®*Kr (fig. S5).

robust DTF corrections before interpreting heavy noble gas data
from volcanic emissions in Yellowstone National Park.

The second case study focuses on noble gas measurements from
Eifel (in Heckenmiinster, Germany), where volcanic gases originate
from the upper mantle (17). We sampled two distinct locations
[Victoriaquelle (E-VQ) and Schwefelquelle (E-SQ)], which are
only separated from one another by ~150 m. The E-VQ sample
from Eifel has the highest §*°Ar/*>°Ar (= 3482%o, i.e., *°Ar/>°Ar
= 1338) reported in this study, indicating significant (i.e., several
%-level) contribution of pure upper mantle gas. The E-SQ has a
much lower §**Ar/*°Ar (= 149%o, i.e., **Ar/>°Ar = 343), indicating
minimal upper mantle contributions. Nonetheless, both samples
exhibit comparable enrichments in the light Xe isotopes
(8"%Xe/"*Xe ~ 1.5%o0) arising from DTF (Fig. 6A). Despite the el-
evated §*°Ar/*°Ar of E-VQ, the DTF correction markedly affects the
relative excesses of mantle-derived Xe signals (Fig. 6), which further
demonstrates the need to robustly correct measured Xe isotope
spectra for physical fractionation before interpreting mantle-
derived Xe isotope excesses. When comparing the E-VQ and E-
SQ Xe isotopic spectra by normalizing E-SQ to the §'**Xe* of E-
VQ after correction for DTF (Fig. 6), we observe excellent agree-
ment between the two Xe isotope spectra (within uncertainty),
which further validates the DTF correction. When MV1 (Yellow-
stone) is normalized to the §'*°Xe* of E-VQ after correction for
DTE, it exhibits a §'*°Xe* that is slightly higher than—but still
similar to—E-VQ (Fig. 6). This suggests a comparatively greater
contribution from crustal, U-derived Xe at Mud Volcano. Alterna-
tively, this discrepancy could reflect a pristine mantle source hetero-
geneity, with a greater '*’Xe excess in the mantle source of Eifel gas
(i.e., upper mantle) than that in the deep mantle source of the Yel-
lowstone plume (8, 17). Although beyond the scope of this small
case study, one promising avenue to distinguish between those
two possibilities, enabled by the advances in the present work, is
to deconvolve fissiogenic Xe isotope excesses into uranium- and
plutonium-derived sources.

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023

Because “**Pu became extinct ~4 Ga ago and **°U is still extant,
mantle reservoirs that underwent extensive degassing over geologi-
cal time have lost a significant fraction of Pu-produced fission Xe
("**Xep,), which originally represented ~97% of the total fissiogenic
Xe. As a result, extensively degassed mantle reservoirs present a
large proportion of 238(J_derived fission Xe (Xey) (11). The decon-
volution of **Xep, and *°Xey; contributions in volcanic gases thus
enables an estimation of the fraction of fissiogenic '**Xe that is
derived from '**Xep,, which illustrates the heterogeneous nature
of Earth’s degassing. Variations in Xe isotopes have been used to
suggest that the upper mantle source (i) experienced catastrophic
degassing within the first 100 Ma of planetary evolution (34) and
(ii) has remained isolated from the more primitive lower mantle
for most of Earth’s history (35). Our new Xe isotope data indicate
a clear potential for DTF to markedly affect the relative ratios of Xe
isotope excesses in volcanic gases, thereby skewing the deconvolu-
tion and interpretation of fissiogenic Xe isotope excesses.

Here, we only consider Yellowstone and Eifel samples with the
highest mantle contributions reported in this study (i.e., MV1 and
E-VQ, respectively). In **Xe’/'**Xe” versus **Xe’/'**Xe" space,
where "Xe’ refers to the fissiogenic excess of isotope Xe relative to
the atmospheric composition and to the '*Xe abundance, uncor-
rected volcanic noble gas data plot away from the expected array
between Pu- and U-derived Xe end-members (Fig. 7). Once correct-
ed for DTF, the E-VQ sample from Eifel plots in agreement with the
pure U-derived Xe end-member (Fig. 7), which is in line with pre-
vious findings from Xe isotope analysis by static mass spectrometry
of a very pristine Eifel gas sample with a **Ar/*°Ar ~8300 [i.e., ~30%
pure mantle Xe contribution (17)]. This result demonstrates that,
following correction for DTF, Xe isotope measurements by DMS,
of a volcanic gas with only ~3% mantle Xe contribution (e.g., E-
VQ), can be used to sufficiently determine whether the mantle
source reservoir is dominated by Pu- or U-derived fissiogenic Xe.
For the Yellowstone samples, the MV1 sample also appears most
compatible with a U-dominated signature of fissiogenic Xe
(Fig. 7). This result is, however, unexpected, as mantle plumes
like Yellowstone are considered to tap into deep, relatively unde-
gassed portions of the mantle and should therefore retain a
greater proportion of Pu-Xe than U-Xe (9, 36). Although Pu-Xe
dominated signatures have previously been reported in samples
from the Icelandic and Samoan plumes (36), whether this feature
also applies to the Yellowstone plume mantle remains to be seen.
Additional high-precision DMS analyses of Yellowstone volcanic
gases are required to further quantify fissiogenic Xe isotope contri-
butions to the Yellowstone mantle source and establish the degas-
sing history of the corresponding reservoir.

Implications of DTF for other volatile species in

volcanic systems

The physical processes of DTF, clearly identified in this study from
ultrahigh-precision noble gas data, could affect a variety of other
elements that are used to understand the origin and evolution of
mantle volatiles. For instance, isotopic constraints on the nitrogen
composition of both surface (e.g., atmosphere and slabs) and
mantle reservoirs have long been used to explore the secular evolu-
tion of volatile cycling between Earth's surface and interior (4). Al-
though recently called into question (37), the heavy §'°N of deep
mantle reservoirs (about +3%o) and light §'°N of the upper
mantle (about —5%o) relative to the atmosphere have been
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Fig. 5. Overview of Xe isotope systematics across Yellowstone National Park. (A to F) Xe isotopic spectra of volcanic gas samples collected along the north-south
transect from the edge of the Yellowstone caldera (Washburn spring) to its center (Mud Volcano). For each sample, the raw data and data corrected for DTF (Fig. 4 and fig.
S6) are both displayed for comparison. Helium isotope compositions are given for (33). The schematic map of Yellowstone National Park shows the location of the four
sampling sites analyzed in this study. Thermal areas across the Yellowstone National Park are shown as red circles. The evolution of the Fcy parameter [= (§'3°Xe* —
5'%9Xe*)/5"3°Xe*] across the four samples analyzed in this study, as a function of the distance along the north-south transect from Washburn spring to Mud Volcano,
demonstrates a clear evolution from a primarily crustal (F ~ 1) to a primarily mantle-sourced (F ~ 0) volcanic setting. Helium isotope data measured in the Barry Lab are

reported for each sample (Supplementary Materials).

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023
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Fig. 6. Xe isotopic spectra of volcanic gas samples collected in Eifel
(Germany). (A and B) The two samples collected at E-VQ and E-SQ show similar
extents of DTF (e.g., comparable §'%Xe/"*°Xe) but distinct radiogenic and fissio-
genic isotope excesses. Whether variations in mantle gas contributions from one
site to the other, and from one sampling campaign to the other, primarily reflect
changes in volcanic activity or climatic parameters remains unclear. After correc-
tion for DTF, the Xe isotope composition of E-VQ (Eifel) and MV1 (Yellowstone) is
compared to one another by normalizing the MV1 spectrum (Fig. 5D) to the '*°Xe
excess of E-VQ. The brown shaded area shows the uncertainty envelope of the
129X e-normalized MV1 spectrum. Slightly higher excesses in fissiogenic Xe iso-
topes in MV1 compared to E-VQ could potentially arise from the greater '*°Xe
excess in the upper mantle (source of Eifel gas) compared to deep mantle
(source of the Yellowstone plume) (8, 17).
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interpreted as reflecting the progressive addition of subducted sedi-
mentary material (§'°N about +6%o) to an initially "’N-depleted
mantle (4, 38, 39). Over the past four decades, geochemical analyses
of volcanic gases in hydrothermal systems have revealed a large
range of 8'°N, from —10.5 to +3.0%o0 [e.g., (40)]. These variations
have been tentatively attributed to either (i) kinetic fractionation of
atmospheric nitrogen, (ii) occurrence of a light, mantle-derived ni-
trogen component [e.g., (40, 41)], or (iii) stable isotope fraction-
ation related to N devolatilization and decomposition (42).
Recently, a new isotopologue approach was developed (37) to dis-
entangle the contributions of air and mantle N, from the analysis of
">N'°N abundances in volcanic N, gas. These '’N'°N abundances
can be compared to a random distribution of '*N and "’N atoms
among N, molecules [A*N = **R/(*R)*> = 1 (%o), where
PR = PN"N/"N"N and "R = "*N/"*N] to unambiguously distin-
guish high-temperature (i.e., mantle-derived) sources of N, (with
AN ~ 0) from atmosphere-derived components (AN ~ 19%0)
(37). The authors observed that Iceland and Yellowstone volcanic
gas samples displayed 8'°N variations between approximately —10
and 0%o, despite exhibiting atmosphere-like A*°N values, indicat-
ing that some unknown process must be causing significant frac-
tionation of air-derived nitrogen in volcanic systems (37, 43). On
the basis of Eq. 1, we compute that steady-state DTF of N, corre-
sponds to a 8'"°N of —10.6%eo, fully consistent with the range of
8'°N values observed for volcanic gas samples worldwide (40, 41),
including those with atmospheric AN (37). Consistent with noble
gas systematics (Fig. 2B), §'°N data with atmospheric A**N values
(37) inversely correlate with 8%Kr/°Ar and 8'*°Xe/*°Ar ratios
(Fig. 8): The most fractionated samples fall within the §**Kr/*°Ar
range that is intermediate between air (§**Kr/*°Ar = 0%o) and
AEW (8%*Kr/*°Ar ~ 800%o) values, with the least fractionated
samples showing ASW-like 8**Kr/*®Ar (Fig. 8). This is opposite
to any prediction based on the respective solubilities of these
gases under ideal conditions (37, 44), but consistent with observa-
tions for DTF as reported in this study (Fig. 2B), indicating that
DTF is (one of) the primary cause(s) of 8'5N variations in volcanic
systems (43).

O Yellowstone 4 Eifel DTF-corrected
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Fig. 7. 32Xe"/"3®Xe" versus '3*Xe "/ **Xe" systematics of Yellowstone and Eifel samples with the highest mantle contributions reported in this study (i.e., MV1
and E-VQ, respectively), before and after DTF correction. (A and B) The pure uranium (U-Xe) and plutonium (Pu-Xe) fissiogenic end-members (17) are shown as black
squares. Once corrected for DTF, MV1 and E-VQ samples both appear most consistent with fissiogenic Xe isotopes deriving from uranium.

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023
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Fig. 8. 8%%Kr/3°Ar versus 5'°N for Iceland and Yellowstone samples with air-
like A3 values of 16%o and higher. (37) The observed trend implies that N loss
causing 8'°N variations occurs together with preferential Kr and Xe losses relative
to Ar. This is in contrast with predictions based on solubilities obtained in ideal
conditions, where both Kr and Xe are expected to be more soluble than Ar. Previ-
ous studies therefore suggested that this may represent degassing of air-saturated
water under extreme temperature and pressure conditions (37), where gas solubil-
ities deviate considerably from a behavior governed by Henry's law (60). Here, we
show that the observed trend is compatible with DTF of a gas phase that was
stripped off a deep groundwater component with the elemental composition of
AEW at ~50°C. This suggests that 3'°N of N, like noble gases, is affected by the
same DTF processes that appear to be ubiquitous in volcanic gas systems world-
wide (43).

To further test the hypothesis that DTF is a major cause of N
isotope variations in volcanic gas samples, we measured the §'°N
composition of copper tube volcanic gas samples collected in
Iceland and Yellowstone along with the Giggenbach bottles ana-
lyzed in this study (Fig. 2B) and tested whether a correlation
could be found between the 8'°N of the copper tubes and the
noble gas systematics of the corresponding Giggenbach bottles.
This approach is, however, not ideal because, without knowledge
of the A>°N composition of each sample, it is not possible to distin-
guish the relative effects of source contributions versus secondary
processes, on the observed 8N variations (37). In addition, al-
though there is no a priori reason to think that the compositions
of the copper tube and Giggenbach bottle gas samples should be
different from one another, as they sample the same volcanic gas
emanation, there is no guarantee that these samples are actually
identical. For example, Giggenbach samples contain volcanic gas
that has been accumulated for several hours, and copper tube
samples only provide access to the composition of the gas that
was present in the system at the end of the sampling procedure
(i.e., when the copper tube was closed following ample flushing).
Because the temporal variability of volcanic gas emanations is not
well constrained, we cannot exclude the possibility of significant
compositional differences between copper tubes and corresponding
Giggenbach bottle gas samples, however unlikely this may be.
Figure S3 shows copper tube §'°N variations as a function of the
corresponding Giggenbach §*°Kr/**Kr. Yellowstone and Iceland
volcanic gas samples display lighter N isotope compositions and

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023

greater extents of DTF than Chilean samples, with a general trend
of decreasing §'°N with decreasing §*°Kr/**Kr. This general trend
appears consistent with the highly variable §'°N of air-derived N, in
volcanic systems worldwide (37, 40, 41) primarily arising from DTF.
Further testing this hypothesis will, however, require coupling high-
precision dynamic measurements of heavy noble gas isotopes and
nitrogen isotopologues from volcanic gas samples collected in Gig-
genbach bottles.

DTF may affect many other volatile species than nitrogen and
noble gases in volcanic systems. Predictions for steady-state
isotope fractionation via DTF through CO, [with diffusion
volumes of He and Ne equal to 2.67 and 5.98, respectively; (31,
32)] indicate *He/*He and 2°Ne/**Ne fractionations of up to 143
and 16%o u™', respectively. Therefore, starting from an atmo-
sphere-like composition (i.e., *He/*He = R, and *°Ne/**Ne = 9.8),
DTF may produce *He/*He and *’Ne/**Ne ratios of up to 1.14 R,
and 10.1, respectively. While this isotopic effect appears small (but
nonnegligible) for He, being comparable to the actual precision of
typical mass spectrometers, the magnitude of Ne isotopic anomalies
generated by DTF may be significant, representing up to ~11% of
Ne isotope signals expected for a pure upper mantle source
(**Ne/**Ne ~ 12.5). Therefore, correction for DTF may be crucial
for interpreting not only heavy noble gas isotope signals in volcanic
systems but also nitrogen, neon, and potentially many other volatile
species that are used to inform the composition of the solid Earth.

Toward a physical model of subsurface fractionation

Correcting volatile isotope systematics for physical fractionation in
the subsurface is required before any reliable interpretation of
mantle-derived signals can be made. While the empirical correction
developed in this study offers a promising avenue for correcting Xe
isotopes for physical fractionation in the subsurface, in a consistent
way across volcanic provinces worldwide, a contextualization of,
and physical justification for, the occurrence of DTF in hydrother-
mal systems is required. One important observation is that volcanic
gas samples with both air-like and AEW-like elemental ratios are
associated with unfractionated isotopes, whereas intermediate ele-
mental ratios show the largest extents of mass-dependent fraction-
ation relative to the atmosphere (Fig. 2B). Samples with either air-
like (i.e., 8**Kr/*°Ar ~ 0%o0) or AEW-like [i.e., 6**Kr/*°Ar ~ 700 to
1000%o; assuming negligible contribution from the “salt effect” on
noble gas solubilities (44)] noble gas elemental ratios show only
limited isotopic deviation from the atmospheric isotope composi-
tion (Fig. 9). Given that the stripping of groundwater noble gases
by CO, bubbles is known to induce extensive groundwater degas-
sing causing the incorporation of AEW-like noble gases into the gas
flow (45), the occurrence of an AEW-like component is not surpris-
ing. Conversely, the occurrence of unfractionated air in volcanic gas
needs to be explained. The likelihood of air contamination during
sampling is low, as CO, gas is systematically collected from surface
water within an upside-down funnel, before the gas flow reaches the
atmosphere (Fig. 3B). Submerging the exhaust tubing into a water
container and checking for continuous gas flow through the system
(i.e., constant bubbling rate at the exhaust) further provides a robust
means to ensure that there is a net positive pressure of volcanic gas
in the system and that no air is entering the Giggenbach bottle (and
copper tubes; Fig. 3B). If the introduction of air-like noble gases
into our sampling containers were to occur via leakage through a
valve, then the sample gas should be highly fractionated, with
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Fig. 9. 63Kr/>®Ar versus 5>3Ar/3®Ar, 5%6Kr/3*Kr, and 5'?®Xe/'3°Xe isotope systematics and their comparison with predictions from the idealized model of sub-
surface fractionation. (A to C) This model simulates the evolution of deep groundwater-derived noble gases due to progressive interaction with shallow groundwater
(see MATLAB code; Supplementary Materials). Each separate line represents a different trajectory of equilibration between shallow groundwater and an initial gas phase
representing deep groundwater-derived noble gases that have been variably fractionated because of DTF, depending on the advection/diffusion ratios [from pure ad-
vection by CO, without fractionation (green line, noted A) to extensive fractionation due to diffusion through CO, (orange line, noted B); fig. S8]. While this conceptual
model readily explains elemental ratios varying between AEW (here shown for 20°C water) and air, without requiring mixing with unfractionated air during sampling,
samples with §*Kr/°Ar greater than AEW (e.g., Chile) likely require addition of extra Kr and Xe from the contribution of subduction-derived components, as suggested by

carbon isotope systematics (fig. S2).

elemental ratios lower than air (i.e., negative §**Kr/*°Ar, which is
never observed). Here, the fact that only samples with intermediate
elemental ratios between air and AEW are isotopically fractionated
(Fig. 9) is an important indication that fractionation must be occur-
ring in the subsurface, rather than during sample collection or pro-
cessing. Last, we note that every single sample was rigorously leak
checked once attached to the extraction system, before opening the
Giggenbach bottle’s valve for gas purification and analysis: The
absence of detectable leakage at that stage is considered as good ev-
idence that the samples did not suffer from any leakage during
transport and storage.

All noble gas data reported here are consistent with quantitative
degassing of deep groundwater into a large volume of subsurface
CO,, followed by variable extents of (i) horizontal diffusion of
groundwater-degassed noble gases through CO, toward the center
of an upwelling gas flow and (ii) near the surface, gas exchange with
young (short residence time scale), air-equilibrated groundwater
(Fig. 10). In this scenario, we consider a large, deep CO, gas reser-
voir containing mantle-derived noble gases, as well as AEW-like
noble gases derived from extensive CO, stripping of deep ground-
water. The extensive degassing of the deep groundwater reservoir is
made possible by its characteristically long residence time scale.
Because of the large CO, gas/water volume ratio in the deep subsur-
face, groundwater-derived noble gases are present in low abundanc-
es. They undergo lateral diffusion through quiescent CO, [and
hence DTF; Fig. 3C] toward the upwelling plume of volcanic gas,
where they are vigorously transported toward the surface by pure
advection (Fig. 10). The extent of DTF through CO, (likely
related to how far noble gases have to diffuse in order to reach
the upwelling plume of CO,) thus controls the degree of noble

Bekaert et al., Sci. Adv. 9, eadg2566 (2023) 14 April 2023

gas fractionation in the deep subsurface. Once the upwelling
plume of CO, reaches shallow subsurface levels, it contains low con-
centrations of mantle and AEW-like noble gases that have been var-
iably affected by DTF. If the plume of CO, reaches the surface
without interacting with shallow groundwater, the composition of
deep groundwater-derived noble gases (variably affected by DTF)
will be preserved. However, if the plume of CO, starts equilibrating
with shallow groundwater, then its composition will begin being
overprinted by diffusive ingassing of shallow groundwater-derived
noble gases, which induces fractionation of the elemental ratios due
to the different diffusivities of Kr and Xe in water (Fig. 10).

In the proposed model, shallow groundwater is assumed to have
a short residence time and is thus at equilibrium with air (i.e., with
an AEW-like noble gas composition). Because the composition of
noble gases acquired from complete equilibration of shallow
groundwater equilibrated with an upwelling bubble of CO, gas is
governed by solubility fractionation factors, the elemental and iso-
topic composition of groundwater-derived noble gases in the CO,
plume will become close to unfractionated air as the CO, bubbles
progressively reach equilibrium with shallow groundwater
(Fig. 10). We propose here that the variable degrees of equilibration
between the magmatic CO, (initially containing no AEW-like noble
gases) and shallow groundwater readily account for the fact that
noble gas elemental ratios in volcanic gases span the entire range
of compositions between air and AEW (Fig. 2), without requiring
mixing with air during sampling. Thus, the extent of gas interaction
with atmosphere-derived noble gases in shallow groundwater ulti-
mately controls the mantle fraction of total noble gases (with, e.g.,
the difference between the Xe isotopic spectra of E-VQ and E-SQ
samples from Eifel primarily reflecting variable degrees of
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Fig. 10. Schematic representation of our idealized model of subsurface frac-
tionation, from deep to shallow groundwater levels. The deep groundwater
reservoir is considered to be extensively degassed as a result of protracted
noble gas stripping by CO, bubbles. Depending on the advection/diffusion ratio
[referred to as the Péclet number (Pe)], groundwater-derived noble gases in the
deep unsaturated zone may then undergo variable extents of (i) DTF against
CO; and (ii) advective transport toward the shallow groundwater level. Last, as
the CO, plume accumulates shallow groundwater-derived noble gases, the gas
phase gets closer to being in equilibrium with AEW. If it eventually reaches equi-
librium, then its elemental and isotopic composition becomes indistinguishable
from air. Intermediate stages of DTF and equilibration with shallow groundwater
are required to explain the range of isotopic and elemental compositions observed
in natural volcanic gas samples worldwide (Fig. 9).

“overprinting” during interaction with shallow groundwater; Fig. 6).
This model predicts that (i) air-like elemental ratios will be accom-
panied by a lack of isotopic fractionation (with respect to air) due to
extensive exchange with shallow groundwater, and (ii) AEW-like el-
emental ratios will also appear isotopically air-like (or slightly mod-
ified by weak solubility isotope effects) due to transport of deep,
quantitatively degassed noble gases near the upwelling plume
center, without extensive horizontal diffusion. The predicted lack
of isotopic fractionation associated with both air-like and AEW-
like (but not intermediate) elemental ratios is apparent in the data
(Fig. 9). At last, this model also accounts for the observation of a
wide range of isotopic fractionation among samples with similar,
intermediate-type elemental ratios. While the most fractionated
samples reflect DTF, the “least fractionated” samples would result
from an initial (low abundance) ASW-like component that partially
equilibrated with shallow groundwater, with the slight light isotope
enrichment arising from the faster diffusion of lighter isotopes from
shallow groundwater during diffusive degassing.
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To more quantitatively explore this conceptual model, we built a
numerical model that, for variable advection/diffusion ratios [re-
ferred to as the Péclet number (Pe)] of the deep groundwater-
derived noble gas component, simulates the evolution of groundwa-
ter-derived noble gases due to progressive interaction with shallow
groundwater (fig. S8). On Fig. 9, each separate line represents a dif-
ferent trajectory of equilibration between shallow groundwater and
an initial gas phase representing deep groundwater-derived noble
gases that have been variably fractionated because of DTF. The
good agreement between model predictions and data (Fig. 9) sug-
gests that the scenario of DTF proposed in this study (Fig. 10) sat-
isfactorily captures the series of physical processes occurring within
hydrothermal systems. In detail, several processes could represent
additional (but likely minor) sources of noble gas isotope fraction-
ation in the subsurface. The observation that the most extreme light
isotope enrichments observed for noble gases and nitrogen in vol-
canic effusions worldwide do not extend pass the expectations for
steady-state isotope fractionation is an indication that Rayleigh dis-
tillation is not happening to a significant extent during DTF, in line
with the slow nature of diffusion processes in the deep unsaturated
zone (i.e., long time scales). However, solubility-controlled noble
gas isotope fractionation is one process that could enrich the gas
phase in heavy isotopes relative to the water phase, by ~0.060
and ~0.025%o u~" for Kr and Xe, respectively (25). In addition,
gravitational settling in soil air may cause significant heavy noble
gas isotope variations in natural gas systems, with depth-propor-
tional heavy isotope enrichments (~0.004%o u' m™Y) across the
unsaturated zone [i.e., above the water table; (46)]. Previous
studies have shown that this heavy isotope enrichments can be re-
corded into the deep groundwater noble gas composition during
equilibrium dissolution of soil air at the time of recharge (46, 47).
Hence, we cannot exclude the possibility that some of the deep
groundwater components contain heavy Kr and Xe isotope enrich-
ments inherited from gravitational settling in the unsaturated zone,
at the time of their recharge. This could be the case for some of our
samples from Chile and Costa Rica, which exhibit slight heavy Kr
and Xe isotope enrichments relative to air (e.g., Fig. 2B). These
samples also have §**Kr/*°*Ar > AEW (Fig. 9), suggesting limited
—if any—equilibration with shallow groundwater, in agreement
with a preservation of deep groundwater-derived signals. The
8'2Xe/*®Ar and 8**Kr/*°Ar values greater than AEW further
point to a contribution from Xe- and Kr-rich components that,
given the geological context of the samples (i.e., subduction
zones), likely reflect a contribution from recycled organic materials
and sediments (12). This is supported by the fact that Chilean
samples display 8'°CO, values below the mantle value (fig. S2)
and positive §'°N up to +4.17%o (Campanario; fig. $3), potentially
tracking a contribution from recycled organic sediments
(8"C ~ —25%o0 and 8"°N ~ +6%o) (4, 38, 39, 48). Here, we cannot
exclude the possibility that light §'*CO, values in the Southern Vol-
canic Zone (SVZ)—at least partly—reflect secondary processes as-
sociated with calcite precipitation in shallow hydrothermal systems
(7, 27). Likewise, we cannot exclude the possibility that some of the
carbon and noble gases collected in Chilean volcanic emissions
originate from organic sediments in the continental crust (rather
than from recycling of slab materials). However, the fact that we
only observe these light §'°C, heavy 8§"°N, and high §'**Xe/*°Ar-
8%*Kr/*°Ar values in the Chilean volcanic arc provides supporting
evidence that heavy noble gas and carbon systematics can be
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combined in future studies to document the fate of volatile elements
in subduction zones.

Previous observations of significant heavy Kr isotope enrich-
ments in magmatic CO, natural gases have been attributed to the
occurrence of chondritic heavy noble gases (9, 16). However, the
extrapolation of these measured heavy Kr isotope enrichments
toward potential cosmochemical end-members could be greatly af-
fected by the widespread occurrence of DTF in these systems. A
similar conclusion can be drawn for previously reported light Xe
isotope enrichments, which have also been attributed to the occur-
rence of a chondritic signal (9, 15-17) and yet could—at least in part
—arise from DTF. Evaluating the extent to which the noble gas
composition of a hydrothermal/volcanic gas sample has been affect-
ed by DTF is therefore warranted before any interpretation can be
made regarding the cosmochemical origin of potential primordial
signals in volcanic gases worldwide. Future DMS analyses of gas
samples for which chondritic noble gas signals have been previously
observed will dictate whether or not a complete reevaluation of their
conclusions is warranted. If not, these DMS analyses will allow for a
better-constrained insight into the origin and evolution of terrestri-
al volatiles than achieved today. At last, we note that the process of
subsurface physical fractionation described here above is unlikely to
affect the composition of volatiles trapped in volcanic rocks and
minerals. Determining the composition of mantle-derived heavy
noble gases from the analysis of volcanic rocks and minerals is,
however, inherently challenging due to (i) the limited spatial distri-
bution and availability of high-quality samples and (ii) the exceed-
ingly low amounts of gas available for analysis. To achieve sufficient
analytical precision, gas accumulation techniques have been used
(49), but reanalyses of the same basaltic glass sample (e.g.,
popping rock 2[[D43) with different techniques have recently
yielded inconsistent estimates of the relative contribution of Pu-
Xe to total fissiogenic Xe in the upper mantle (14, 17). Although
there is a crucial need to understand the source(s) of these discrep-
ancies, ongoing and future analytical developments in the analysis
of noble gases trapped in basaltic glasses and melt inclusions repre-
sent a promising avenue for better determining the composition of
mantle source reservoirs, providing complementary information to
that provided by the DMS analysis of globally distributed hydro-
thermal systems.

In fine, DMS is a new analytical means of measuring volcanic
noble gas isotopes. Because of its considerable improvement in an-
alytical precision and accuracy over conventional techniques, it
offers unprecedented insights into volcanic noble gas systematics
and ultimately the origin and evolution of volatile elements on
Earth. Here, we have shown that DTF through a CO, gas phase is
the main process causing isotope fractionation of most volatile
species (i.e., at least nitrogen and noble gases) in the subsurface.
Light Xe isotope excesses (i.e., positive §'**Xe/'*°Xe values) of up
to ~1%o u ™" in volcanic gases may thus—at least partially and, in
most cases, fully—reflect physical isotope fractionation of ground-
water-derived noble gases, rather than primordial signals. After cor-
rection for DTF, Xe isotope spectra generated by DMS can be used
to disentangle crustal and mantle-derived contributions in a wide
range of samples previously out of reach to traditional measurement
techniques. Furthermore, this technique has the potential to provide
crucial insight into the Xe isotope composition of deep mantle
sources (e.g., 129%e"/13%Xe", deconvolution of **Xep, and **Xey,
signals), even for samples with only a few percent contribution of
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mantle Xe. If applied to more regions globally, volcanic noble gas
analysis by DMS has the potential to markedly change our under-
standing of mantle source heterogeneities and terrestrial volatile
evolution.

MATERIALS AND METHODS

Sample collection

In this study, “dry” (volcanic) gas samples were collected from hy-
drothermal systems in Chile [Bafio Morales and Campanario
springs, SVZ (27)], Iceland [Krysuvik and Reykjanes (Gunnuhver)
hot springs (40)], Germany [E-VQ and E-SQ wells in Eifel (17)],
Costa Rica [Praxair well #17 and Pods Volcano (7)], and United
States [across the Yellowstone National Park (Washbun Spring,
Forrest Spring, Crater Hills, Mud Volcano) (33) and Salton Sea
Geothermal System (Davis-Schrimpf mud volcanoes) (50)]. At
each sampling location, we collected copper tubes and “Giggen-
bach” bottles. The latter collection method facilitates the collection
of up to five orders of magnitude larger samples than traditional
methods when gases are rich in reactive and condensable species
[such as CO,, H,0, SO,, and H,S (17)].

Noble gas measurements by DMS (Seltzer Lab, WHOI)

All Giggenbach samples were analyzed using a recently developed
technique for DMS analysis (21) in the Seltzer Lab at WHOL. In the
past, two major challenges have precluded DMS measurement of
noble gas isotopes in volcanic gas samples. The first is sample
size, and the second concerns the unknown elemental ratios of vol-
canic gas samples. For dual-inlet DMS analysis, one must have suf-
ficient pressure to ensure viscous flow, and be able to balance the
total pressure between the bellows containing the sample gas and
those containing a reference gas. To solve the first challenge, large
volumes (hundreds of liters) of volcanic gas were concentrated
within evacuated 1.5-liter Giggenbach bottles by using a caustic
(NaOH) solution that efficiently traps CO, (and other acidic
gases) and leaves the headspace volume of the bottle to be filled
with nonreactive species, such as noble gases (17, 51). This tech-
nique allows accumulation of >1 cm® at standard temperature
and pressure (STP) of AOAr gas, which is sufficient to ensure
viscous flow during noble gas analysis by DMS. With respect to
the second challenge, Kr/Ar and Xe/Ar of a volcanic gas can vary
widely, but the new analytical technique (21) takes advantage of
the fact that >99.8% of all the heavy noble gases in volcanic gas is
“0Ar. By matching “°Ar ion beam intensities between sample and
reference gases, this technique ensures that the total pressure
during analysis is balanced between sample and reference gases;
in other words, Kr and Xe isotopes can be analyzed with an assur-
ance of balanced pressure, independent of Kr/Ar and Xe/Ar. Small,
but important, corrections for instrumental nonlinearity and matrix
effects are also a key advance of the new technique (21).

Carbon isotope measurements (Subhas Lab, WHOI)

Giggenbach solutions (CO,-saturated sodium hydroxide) were
stored in sealed high-density polyethylene bottles until analysis.
Because of a spectroscopic interference between sulfide and
carbon dioxide, samples were treated to quantitatively oxidize
sulfide to sulfate (52). About 5 ml of solution was transferred via
pipette to a 25-ml volumetric flask. Sulfides were oxidized to
sulfate by adding hydrogen peroxide [30 wt %; Acros Organics lot

12 of 15

€702 ‘g1 Mdy uo Areiqry [OHMTIIA - 9] [8o150[01g SULIRA JB S10°90UdI0S MMM //: sy WOl popeofumo(y



SCIENCE ADVANCES | RESEARCH ARTICLE

B0543448A] in 50 yl of increments until bubbling was observed.
About 0.1 ml of the resulting solution was added via syringe to an
evacuated 12-ml exetainer vial (Labco 938W). Samples were diluted
with milliQ water and acidified using 10% phosphoric acid (Thermo
Fisher Scientific, lot 200228). The resulting CO, was analyzed using
a Picarro G-2131i cavity ringdown spectrometer connected to an
AutoMate-Liaison prep device. The resulting isotopic and concen-
tration data were standardized against both in-house and Interna-
tional Atomic Energy Agency standard materials analyzed during
each analytical session (53).

Nitrogen and helium isotope measurements (Barry

Lab, WHOI)

The He and nitrogen isotope compositions of copper tube volcanic
gas samples collected in this study were measured separately using
the Noblesse Nu mass spectrometer in the Barry Lab at WHOI. For
He isotope measurements (27), copper tube samples were connect-
ed to a noble gas extraction line using an O-ring connection, and ~5
cm® of gas was expanded into the cleanup line. The pressure was
measured using a capacitance manometer, and then a small
aliquot of gas was expanded into the cleanup portion of the line.
Reactive gases were chemically removed by exposing gases to a tita-
nium sponge held at 650°C. The titanium sponge was then cooled
for 10 min to room temperature to getter hydrogen before gases
were expanded to a dual hot (SAES ST707) and cold (SAES
ST707) getter system, held at 250°C and room temperature, respec-
tively. Another small aliquot of gas was then segregated for prelim-
inary analysis on a quadrupole mass spectrometer. Noble gases were
separated using a series of cryogenic traps, cooled using helium
compressors. The heavy noble gases (Ar-Kr-Xe) were adsorbed at
30 K onto a nude stainless steel trap, and He and Ne were adsorbed
at 10 K on a charcoal trap. The temperature of the charcoal trap was
then raised to 30 K, releasing only He, which was then inlet into the
Noblesse mass spectrometer. Following He abundance and isotope
determination, the temperature on the charcoal cryogenic trap was
raised to 80 K for 15 min to release Ne, which was inlet into the
Noblesse mass spectrometer. Following Ne measurement, the
nude and charcoal cryogenic traps were raised to 300 K for
cleanup. Air standards were analyzed daily from an air cylinder col-
lected on the roof of the Clark Laboratory building on WHOI's
Quissett campus on 15 September 2020. Air standards are fully au-
tomated and run overnight, following sample analysis during the
day. Air standards were run for He and Ne using an identical
method to the one employed for samples. Air standards were mea-
sured over a concentration range, which spanned two orders of
magnitude, to account for any nonlinearity of the system. Full pro-
cedural blanks were run weekly; average (mean) *He blanks and
*Ne blanks were less than 5% of the sample size. For nitrogen
isotope measurements, copper tube samples were connected to a
separate extraction line using an O-ring connection, and ~5 cm’
of gas was expanded into the vacuum gas purification line, before
following the purification procedure described by (54). The gas frac-
tion dedicated to N isotope measurements was exposed to a copper
oxide (CuO) finger (at 850°C) in the presence of a platinum foil cat-
alyst (at 1000°C), which promotes oxidation of carbonaceous (CO;
C,H,) and nitrogenous (NO) species to CO, and NO,, while any
residual hydrogen and sulfur were oxidized to H,O and SO, respec-
tively. All condensable species produced at this stage are adsorbed
onto a Pyrex cold finger held at liquid nitrogen temperature.
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Oxygen was then reabsorbed back onto the CuO finger at a lower
temperature (<600°C) before the oxidized gas was inlet into the No-
blesse mass spectrometer. During N isotope analysis, we simultane-
ously measure mass-to-charge ratio (m/z) = 28 and 29. In total, 20
data collection cycles are run per sample. Background levels are
monitored between sample measurements to apply a background
subtraction to all data. The nitrogen isotope ratio is calculated by
extrapolating the data back to time zero (i.e., time of inlet into the
mass spectrometer) using a linear fit. A CO correction is made by
directly measuring CO at m/z 28 and then applying a correction to
the 28 and 29 peaks. This correction assumes that the CO contribu-
tion at mass 29 is 1.09% of the contribution at mass 28, based on the
abundance ratio of *C to '*C in air (55). The automatization of
standard measurements allows a significant number of N, stan-
dards to be measured (about 50 analyses per day, on average),
thus enabling precise characterization of the N, standard’s compo-
sition, as well as quantification of (and correction for) linearity
effects in the mass spectrometer.

Modeling of noble gas degassing, transport, and
interactions with groundwater

This idealized model considers the evolution of Ar, Kr, and Xe iso-
topes in a parcel CO,-rich gas as it (a) is fractionated at depth in the
gas phase by diffusion against CO, and subsequently (b) inherits Ar,
Kr, and Xe through diffusive exchange with shallow groundwater
before arriving at the surface, where it is sampled. At depth (stage
a), we initially consider a CO,-dominated gas phase that has quan-
titatively stripped (i.e., fully degassed) a deep old groundwater res-
ervoir of its noble gases. For the (nonunique) example considered in
this paper (Fig. 9), we consider an initial amount, Ny (mol), of (non-
radiogenic, nonradioactive) Ar in the CO, gas phase that is diluted
from the atmosphere by a factor w. The model tracks the evolution
of a parcel of gas of volume, V (L), as it ascends and interacts with
shallow groundwater. The initial noble gas content of the deep
source before ascending consists of degassed groundwater (that re-
sembles AEW), modified by gas-phase fractionation against CO,,
based on an advection-diffusion ratio y. We prescribe the initial
3 Ar content (No36ar) before ascension as

Xatm 364
Nosear = % (4)

where X,tm,36ar is the mole fraction of *Ar in the atmosphere (3.1 x
107°) and M is the molar volume of Ar (22.39 liters). For a range of
advection-diffusion ratios between 0 and 1, we then prescribe cor-
responding initial (deep) contents, Ny ;, of other noble gas isotopes,
i (where i = 38Ar, 8Kr, 3Kr, 8%Kr, 1*%Xe, or 13OXe), as

Casw,i
Ny, = (1- Y)Cil Nossar
ASW,36Ar
Casw,i Dgp_coz,i
+y=——Nosear ————— (5)
Casw 36Ar Dgp_co236Ar

where Cagw,; (M) is the concentration of isotope i in fresh water at
solubility equilibrium at a prescribed recharge temperature T (°C)
according to (25, 56) and Dgp_co,,; is the binary diffusivity ratio of
isotope i against CO, calculated using the method of (30), as pre-
sented in (31).

Next, as a parcel of CO,-rich gas with diluted ASW-like or dif-
fusively fractionated noble gas content ascends, it diffusively
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exchanges gas (stage b), with shallow groundwater assumed to have
an ASW-like composition at recharge temperature T. Our model
considers the evolution of noble gas content in the parcel of gas
as it progressively equilibrates with shallow groundwater (of equal
volume V to the gas phase considered, for simplicity). In this ideal-
ized model, we simply assume a diffusive length scale, L (m), of 0.1
m for gas exchange with shallow groundwater, and we adopt a
piston velocity, k (m day ™), for *Ar of 1 m day™". Because of the
vigorous bubbling observed in geothermal systems, we assume a
Schmidt number exponent of —1/2 for a turbulent bubble-water in-
terface (57), and we adopt the Ar, Kr, and Xe isotopic kinetic frac-
tionation factors, oy, of (25) and the diffusivities, D (m*s™'), of Kr
and Xe (and assumed diffusivity of Ar) reported by (58), as com-
piled in the MATLAB script “gas_diffusion” (credit: R. Hamme).
Note that we use the linear mass-fractionation relationships report-
ed by (25) to infer the kinetic fractionation factor for the specific Ar,
Kr, and Xe isotope ratios of interest in this study. With these as-
sumptions, we calculate isotope-specific piston velocities, k;, for
bubble-water gas exchange in the following way for Ar isotopes

(6)

ki = k36Arakin(1¥36Ar)

For Kr isotopes

Do\ 1/2
ki = ksgar (ﬁ) Oliin (j—84Kr)

Di (7)

For Xe isotopes

Do\ /2

X

ki = ksgar (D_e> Okin(i—130Xe)
Ar

Last, using these isotope-specific piston velocities, we simulate
the impact of bubble-water gas exchange on bubble composition
by numerically integrating the one-dimensional diffusion equation.
The content of isotope i in a bubble at time ¢ is given by the follow-
ing

(8)

©)

where H; refers to the dimensionless Henry coefficient (i.e., Cga/
Caissolvea at equilibrium in fresh water at temperature T') for
isotope i based on (25, 56). Deviations from the atmosphere, §
(%o), are then simply calculated for any two isotopes, a and b
with atmospheric ratio (a/b),y,, at any time ¢

ki Nig
N;(t) = Ni(t — dt) + — | Caswi — dt
(0 =N = )+ 5 Cass - 112

Na (1)
Ny (1)

() am

These equations are implemented in the accompanying
MATLAB script “subsurface_fractionation_model.m” and its asso-
ciated scripts. Figure 9 shows idealized model trajectories assuming
©=100, T=20°C,L=0.1m, kzs=1md™" integrated with dt = 0.1
day, for the time-dependent evolution of bubble composition with
initial (deep/stage a) compositions that range from the purely ad-
vective (unfractionated ASW) to purely diffusive (heavily fraction-
ated) end-members.

8(t) = -1 10° (10)
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