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Abstract

Volatile elements (water, carbon, nitrogen, sulfur, halogens, and noble gases)
played an essential role in the secular evolution of the solid Earth and
emergence of life. Here we provide an overview of Earth’s volatile in-
ventories and describe the mechanisms by which volatiles are conveyed
between Earth’s surface and mantle reservoirs, via subduction and vol-
canism. Using literature data, we compute volatile concentration and flux
estimates for Earth’s major volatile reservoirs and provide an internally bal-
anced assessment of modern global volatile recycling. Using a nitrogen iso-
tope box model, we show that recycling of N (and possibly C and S) likely
began before 2 Ga and that ingassing fluxes have remained roughly con-
stant since this time. In contrast, our model indicates recycling of H,O
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Volatile: element with
a low boiling point
that is significantly
outgassed from
subaerial volcanoes
and usually
concentrated at
planetary surfaces

Subduction:
downward movement
of an oceanic plate into
the mantle beneath a
less dense plate
(typically continental)

Mantle convection:
slow creeping motion
of Earth’s solid silicate
mantle caused by
convection currents in
which hot material
rises and cold material
sinks

Chondrites: most
pristine meteorites
that formed through
dust coagulation in the
protosolar nebula and
have not been
subsequently modified

Protosolar nebula:
rotationally flattened
cloud of gas and dust
from which the Sun
and planets formed
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(and most likely noble gases) was less efficient in the past. This suggests a decoupling of major
volatile species during subduction through time, which we attribute to the evolving thermal regime
of subduction zones and the different stabilities of the carrier phases hosting each volatile.

m This review provides an overview of Earth’s volatile inventory and the mechanisms by which
volatiles are transferred between Earth reservoirs via subduction.

m The review frames the current thinking regarding how Earth acquired its original volatile
inventory and subsequently evolved through subduction processes and volcanism.

1. INTRODUCTION
1.1. Volatile Elements and Their Importance for the Earth System

Goldschmidt (1954) originally classified the atmophile elements (N, C, H, and noble gases) as
those marked by extreme volatility, concentrated in the atmosphere and hydrosphere. Due to the
prevalence of volatile and biologically relevant elements at Earth’s surface, our planet has main-
tained a habitable climate (Bergin et al. 2015) since at least 3.4 Ga (Javaux 2019). However, sig-
nificant quantities of volatiles also reside in the solid Earth, stored since accretion (e.g., Williams
& Mukhopadhyay 2019, Labidi et al. 2020) or introduced over geological history by subduction
(e.g., Holland & Ballentine 2006). Volatile elements mediate the rheological properties of the
mantle and thus critically affect mantle convection, melt generation, plate tectonics, and con-
tinental crust formation (e.g., McGovern & Schubert 1989). Major volatiles, such as H,O and
COg, act to depress the melting point of mantle lithologies, which dictates the physical and chem-
ical characteristics of erupted lavas (Holloway & Jakobsson 1986). Despite the terrestrial mantle’s
relatively low volatile element abundances, it represents 99.4 wt% of the bulk silicate Earth by
mass (Schaefer et al. 2012) and can therefore exert a significant influence on the volatile inventory
of Earth’s surface.

1.2. The Origin of Volatiles on Earth

Earth likely formed via heterogeneous accretion of solid materials originating from various he-
liocentric distances in the early Solar System (Rubie et al. 2015). Depending on their origin, the
rocky building blocks of Earth comprised variable amounts of volatile elements that were subse-
quently redistributed during planetary differentiation and geological processes to shape Earth’s
surface into a hospitable environment for life. There are two main sources of volatile elements
commonly considered in planetary formation. The first source is composed of chondritic ma-
terial, which corresponds to the building blocks of Earth’s main accretion event (e.g., Holland
et al. 2009, Broadley et al. 2020) as well as late accretion (Marty 2012). Although chondritic ma-
terials that formed Earth would predominantly originate from the dry inner regions of the So-
lar System (e.g., Dauphas 2017), pristine carbonaceous chondrites from the outer Solar System
are rich in major volatiles (up to ~10 wt% H,O, several wt% C, and ~0.1 wt% N) and, if in-
cluded in Earth’s accretionary material, could have largely contributed to the terrestrial volatile
budget (Marty 2012). The second potential source of planetary volatiles is protosolar nebula gas,
which surrounded planetary embryos at the time of their formation. Planets that formed before
the dissipation of the protosolar nebula [i.e., within ~4 Myr after the start of the Solar System
(Wang et al. 2017)] may have gravitationally captured part of the protosolar nebula gas, which
could be retained in the present-day Earth and constitute a significant source of terrestrial volatile
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elements (Wu et al. 2018). Evidence for protosolar nebula—derived volatiles within terrestrial plan-
ets comes from H isotopes (Hallis et al. 2015) and Ne isotopes within deep mantle—derived samples
(Yokochi & Marty 2004, Williams & Mukhopadhyay 2019), suggesting that proto-Earth acquired
and retained at least part of its volatile inventory very early in the history of the Solar System. Part
of these accretionary volatiles was subsequently transferred to the Earth’s surface over geologi-
cal times via heterogeneous degassing of the solid Earth to form the atmosphere (Bekaert et al.

2019).

1.3. Recycling and Redistribution of Volatiles Throughout the Earth System

Volatile recycling between present-day Earth reservoirs is driven by plate tectonics, active slab
subduction, mantle convection, and volcanism, which distribute volatiles and enable exchange of
material between Earth’s surface and interior (Figure 1). Subduction zones represent a key inter-
face where vertical mass transfer of volatiles occurs, whereby material is transported past mantle
depths relevant for arc magma genesis (Wilson et al. 2014). Although the timing of the onset of
plate tectonics is debated, geochemical data suggest that subduction has been active since at least
the Paleoarchean (Richardson et al. 2001, Shirey & Richardson 2011) and as early as the Hadean
(Hopkins etal. 2008, Korenaga 2013, Keller & Schoene 2018). Subduction would initially have oc-
curred at relatively high temperatures (i.e., hot subduction), implying limited transfer of volatiles
into the solid Earth (Brown 2006, van Hunen & Moyen 2012, Duncan & Dasgupta 2017). The on-
set of modern-style subduction (i.e., cold subduction) marked a fundamental change in the nature
of Earth’s mantle-surface interaction (Holder et al. 2019) with surface volatiles being efficiently
transported back into the solid Earth. Constraining the timing of the onset of cold subduction
and evolution of volatile recycling efficiency over geological time is critical for understanding the
present-day volatile inventories of Earth’s mantle and surface reservoirs.

Heavy noble gas (HNG) (Ar, Kr, Xe) data indicate that a large fraction of volatile elements
presently in Earth’s mantle were recycled via subduction of surface components over the past ~2—
3 Gyr (e.g., Holland & Ballentine 2006, Parai & Mukhopadhyay 2015). However, the efficiency of
this recycling process depends on the respective ingassing/outgassing efficiencies of each volatile,
with light noble gases (He, Ne), for example, being marginally recycled, if at all. The pervasiveness
of modern-like atmospheric Xe in the mantle suggests that significant volatile recycling into the
convecting mantle did not occur prior to 2.5 Ga (Parai & Mukhopadhyay 2018). Further evidence
for volatile recycling is provided by mass-dependent fractionation S isotope signatures from var-
ious hotspots (Labidi et al. 2013, 2015; Dottin et al. 2020a). Rare mass-independent isotopic S
isotope signatures in the source of some hotspots indicate significant S recycling occurred prior
to 2.5 Ga and requires the contribution of Archean supracrustal components (Cabral et al. 2013,
Dottin et al. 2020b). This apparent contrast between Xe and S isotope constraints on the timing
of the onset of volatile recycling illustrates either (#) decoupling between major volatile species
during subduction or (§) that distinct mantle reservoirs experienced contrasted histories of volatile
recycling. Additional suggestions of volatile recycling are numerous, including evidence for the
presence of recycled C in certain enriched mid-ocean ridge basalt (MORB) samples (with C/*He
that correlate with K/Ti) (Marty & Zimmermann 1999), water and D/H systematics of modern
hotspots (Shaw et al. 2012, Loewen et al. 2019) and komatiites (Sobolev et al. 2019), high N/*He
and C/*He ratios in *He-rich hotspots (Marty & Dauphas 2003), and the analysis of silicate min-
eral inclusions in diamonds (Walter et al. 2008). These geochemical constraints are consistent with
those derived from petrological analysis of exhumed metamorphic rocks, indicating that Earth’s
modern plate tectonic regime, characterized by cold subduction, has developed gradually with the
secular cooling of the mantle since the Neoarchean era (Brown 2006, Holder et al. 2019).
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Slab: the portion of a
tectonic plate that is
being subducted

Hot subduction:
when the downgoing
slab is marked by
relatively hot
geotherms, causing
extensive loss and
fractionation of its
volatile inventory

Cold subduction:
when the downgoing
slab is marked by
relatively cold
geotherms and is
therefore able to retain
volatiles with minimal
fractionation

Volatile recycling
efficiency: fraction
(%) of the slab
inventory that is
transported to the
mantle (i.e., net
ingassing flux/initial
slab inventory)
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Figure 1

Diagram showing (#) mantle volatile reservoirs (PLM, DMM) and (b) the movement of volatiles through the subduction zone. Mantle
volatiles are primarily transferred to crustal and atmospheric reservoirs by partial mantle melts at volcanic arcs, mid-ocean ridges, and
plume-derived volcanic systems. At the surface, mantle-derived volatiles are released in volcanically active regions via volcanic
eruptions, springs, fumarolic activity, and diffuse degassing. Assumptions regarding the slab thickness, magma production rates, trench
and ridge lengths, and convergence rate (which constitute the parameters of our internally consistent mass-balance model) are shown in
panel & (Bird 2003) (see Section 2.1). Abbreviations: AOC, altered oceanic crust; DMM, depleted mid-ocean ridge basalt mantle;
EMI1/EM2, enriched mantle 1/enriched mantle 2; HIMU, high p mantle domain; PLM, primitive lower mantle or plume mantle;
SCLM, subcontinental lithospheric mantle.
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Despite the importance of recycling processes for mantle and surface volatile inventories, quan-
tifying which volatile elements have been recycled within the solid Earth remains a subject of con-
siderable debate. For example, there is substantial uncertainty about (#) how recycling of surficial
material has affected the isotopic composition of volatile elements and their budgets in shallow
versus deep mantle reservoirs (e.g., Jambon 1994), (b) how the flux balance between volatile out-
gassing (through volcanism) and ingassing (through subduction) has changed since the onset of
volatile recycling (Hilton et al. 2002), and () how this outgassing/ingassing balance controlled the
evolution of the surface inventory through time.

1.4. Review Aims and Approach

Here we provide a comprehensive overview of volatile concentrations in slab and mantle reser-
voirs (Table 1), as well as global volatile inventories and fluxes (Table 2) associated with subduc-
tion (influxes) (Section 3) and volcanic outgassing (outfluxes) (Section 4). Flux values have been
made internally consistent by balancing magmatic production and plate subduction rates. Taken
together, these data are used to derive a new global mass balance of terrestrial volatiles (Section
5.1). We use a box model for N that predicts subduction began ca. 2 Ga and that ingassing fluxes
remained roughly constant until present. We then explore the implications of this model for the
evolution of Earth’s surface volatile inventory and behavior of volatile elements during subduc-
tion. We provide a user-friendly Supplemental Spreadsheet as well as Supplemental MAT-
LAB code for calculations (see the Supplemental Materials and https://zenodo.org/record/
4141172#.X5huTh1Cdds).

2. SURFACE VOLATILE RESERVOIRS

The volatile compositions of Earth’s atmosphere and oceans have been well constrained and rep-
resent the reference point for our understanding of Earth’s volatile budget. Estimates of volatile
concentrations in the surface reservoir (i.e., atmosphere + oceans + sediments + continental and
oceanic crusts) are from previous literature compilations (see Table 2 and references therein).
The volatile inventory of the continental crust is likely significant but poorly constrained, and
here we assume its contribution to the global volatile mass balance to be relatively small. No-
tably, the continental crust and subcontinental lithospheric mantle (SCLM) are isolated from the
convecting mantle over billions of years, implying that, unlike other reservoirs, they are not an
integral part of the global cycle of volatile elements between the mantle and Earth’s surface (Sup-
plemental Text Section 6.1; Section 6.1). We emphasize that, in the framework of our global
mass balance, any volatile that is degassed to the atmosphere/oceans via volcanism, or emitted at
mid-ocean ridges (MORs) and incorporated into the oceanic crust, is considered to be included
in the surface reservoir. Volcanism and subduction therefore represent the dominant mechanisms
through which volatiles are respectively added to, and removed from, the surface inventory. Inputs
of volatiles to the surface reservoir can be estimated from volatile flux measurements at volcanoes,
but assessing the global efficiency of surface volatile removal via subduction requires typical slab
volatile composition to be defined.

2.1. Defining a Typical Slab Composition

Downgoing slabs consist of marine sediments, altered oceanic crust (AOC), and partially serpen-
tinized lithospheric mantle (e.g., Hacker 2008). We emphasize that the relative thickness, compo-
sition, and ultimate contribution of these three components to slab volatile inventories may vary
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Subcontinental
lithospheric mantle
(SCLM): cold, old,
uppermost solid part
of Earth’s mantle
associated with the
continental
lithosphere that is not
actively convecting

Mid-ocean ridge
(MOR): submarine
volcanic chain where
seafloor spreading
occurs along a
divergent plate
boundary; MORBs are
basalts erupted at
MORs
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Table 1 Best estimates of volatile concentrations in slab components (AOC, serpentinites, sediments), bulk slab, and

DMM and PLM sources
Typical slab
Concentration AOC Serpentinites Sediments (best
(mol/g) (d: 3.00 g/cm?)? (d: 2.6 g/em?)P (d: 1.7 g/cm?)* estimate)d DMM source®f PLM source®’8

N 7.00 x 1097 1.71 x 1077 3.03 x 107% 1.64 x 1079 (2.887292) x 10708 (1937097 x 10707
(0.93:13.0) (0.93:3.21) (0.71:14.3)

SHe N/S N/S N/S N/S (1.367019) x 1071 (2.337098) x 10714

2Ne 1.55 x 10715 8.51 x 1071 4.06 x 1071 5.54 x 1071 Q.77%835) x 10716 (784378 x 1071
(0.77:4.64) (0.07:36.8) (0.64:8.19)

36Ar 8.92 x 101 3.03 x 10712 430 x 10712 3.64 x 1071 (3.40%048) x 1071 (2.84718%) x 10714
(4.46:26.8) (0.18:19.0) (0.84:11.6)

$Kr 3.21 x 1071 1.07 x 1071 6.01 x 1013 2.76 x 1071 (9.647136) x 10717 (2.5916) x 1071
(1.61:9.64) (0.03:7.02) (0.38:17.0)

130Xe 1.78 x 1071 2.04 x 1071 1.00 x 1071* 5.85 x 10716 (1.79%533) x 10718 (3.69539) x 10717
(1.34:7.14) (0.04:14.9) (0.07:2.63)

H,O 5.55 x 107 7.22 x 1079 3.94 x 1070 9.77 x 10=% (1.325535) x 1079 (3.897120) x 107%
(2.22:9.99) (6.66:7.22) (2.78:8.33)

2¢ 4.16 x 1079 4.25 x 1079 2.16 x 1079 111 x 10-% (2.99713) x 10-% 9771113 x 107%
(3.33:5.00) (1.25:7.24) (0.25:6.66)

S 3.43 x 1070 2.85 x 107 1.64 x 10-% 3.83 x 1070 (6.087073) x 1079 (8.897172) x 109
(0.28:4.02) (0.56:5.14) (0.16:3.12)

Cl 5.58 x 1076 1.78 x 10795 1.33 x 10795 6.40 x 1079 (1.697033) x 10~ (8.127138) x 10707
(2.84:11.9) (1.13:3.81) (0.61:2.15) )

F 5.68 x 1079 1.95 x 107 3.07 x 107% 6.32 x 107% (6257111 x 1007 (1.147012) x 1079
(1.96:11.3) (0.79:3.42) (2.66:3.94)

Br 7.73 x 1079 6.88 x 10-% 4.00 x 1077 2.34 x 107% (2.1079¢ly x 10710 (1.01%029) x 107
(1.56:18.6) (5.63:9.01) (2.68:5.26)

I 7.09 x 10~11 4.57 x 1079 1.18 x 1077 4.13 x 1079 (2.84%192) x 10712 (136073 x 1011
(2.47:29.9) (0.58:54.4) (0.56:1.98)

Uncertainties reflect the ranges of values in the literature, except for halogens, whose concentrations have been compiled from multiple studies; we report
the median values and interquartile ranges (details in the Supplemental Spreadsheet). Abbreviations: AOC, altered oceanic crust, DMM, depleted
mid-ocean ridge basalt mantle; MORB, mid-ocean ridge basalt; N/S, not subducted; PLM, primitive lower mantle or plume mantle.

*AOC: N: Li et al. (2007), Busigny et al. (2019); noble gases: Chavrit et al. (2016), using AOC concentrations for **Ar and **Xe and the 22 Ne/*¢Ar and
84Kr/3° Ar ratios of seawater (Kendrick et al. 2013) to derive 2 Ne and 3*Kr contents; H, O: Carlson & Miller (2003), Jarrard (2003); C: Plank & Manning
(2019); S: Alt (1995), Alt & Shanks (2011); halogens: Barnes & Cisneros (2012), Chavrit et al. (2016), Zhang et al. (2017), Kendrick (2019a,b).
bSerpentinites: N: Halama et al. (2014); noble gases: Kendrick et al. (2013); H,O: Ulmer & Trommsdorff (1995); C: Alt et al. 2012); S: Alt et al. 2012);
halogens: Barnes & Sharp (2006), John et al. (2011), Kendrick et al. (2011, 2013), Kobayashi et al. (2017).

¢Sediments: N: Li & Bebout (2005), Busigny et al. (2011); noble gases: Matsuda & Nagao (1986), Staudacher & Allegre (1988); H,O: Plank (2014); C:
Plank & Manning (2019); S: Berner & Raiswell (1984), Plank (2014); halogens: Muramatsu & Wedepohl (1998), Barnes et al. (2008, 2009), John et al.
(2011), Kendrick et al. (2018), Muramatsu et al. (2007).

4The bulk slab composition is calculated from assumptions reported in Figure 1.

¢For both DMM and PLM, volatile concentrations and outfluxes are related by a unique degree of partial melting (11% and 9% for the DMM and PLM,
respectively) and magma production rate (20 km?/year and 1.21 km? /year, respectively). The partition coefficient of H,O is considered identical to that of
Ce [0.022 (Workman & Hart 2005)].

fDMM source: noble gas concentrations computed from the *He flux by Holzer et al. (2017) and noble gas elemental ratios of popping rocks (Moreira

et al. 1998); N: computed from 3¢ Ar using the N/*6Ar from Marty & Dauphas (2003); H,O: Le Voyer et al. (2017); C: two methods: first, from the 3He
flux by Holzer et al. (2017) and C/*He by Javoy & Pineau (1991), Marty & Zimmermann (1999), Resing et al. (2004); and second, from Le Voyer et al.
(2019); S: Nielsen et al. (2014); halogens: two methods (Supplemental Table 2): first, from compilation of literature estimates (Supplemental Table 2;
Supplemental Spreadsheet); and second, by coupling the F/Pr and CI/K measured in MORB glasses (Kendrick et al. 2017) with mantle concentration of
Pr (Workman & Hart 2005) and K (Arevalo et al. 2009), and then using the DMM Cl concentration together with the Br/Cl and I/Cl of MORB glasses
(Kendrick et al. 2017) to derive Br and I contents.

€PLM source: N: Marty & Dauphas (2003); noble gas: *He from Gonnermann & Mukhopadhyay (2007, 2009), elemental ratios from Mukhopadhyay
(2012) (for Ne, Ar, and Xe) and Trieloff et al. (2002) (for Kr); H,O: Simons et al. (2002); C: Tucker et al. (2019); S: Labidi et al. (2015), Lorand & Luguet
(2016); halogens: F and Cl concentrations from the measured Pr (Jackson & Jellinek 2013) and modeled K (Arevalo et al. 2009) concentrations of the

PLM. The Br/Cl and I/Cl from Kendrick et al. (2015, 2017) are then used to derive the Br and I contents of the PLM. .
Supplemental Material >
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greatly, and there is no single representative sample of subducting crust and oceanic lithosphere.
The AOC is largely heterogeneous, and the extent of its alteration during subduction is debated,
which affects the bulk volatile concentrations in average oceanic crust (Section 2.2). Keeping these
caveats in mind, we assume that a slab composition can be used together with typical subduction
parameters to estimate the global volatile influx. This exercise requires the inferred rate of AOC
subduction to be roughly equivalent to that of magma production at MORs (~20 km?/year) (Sec-
tion 4.1). In this framework, we consider 62,338 km of active MOR (and ~5,000 km of backarc
basin) spreading at an average rate of 46.6 mm/year and an average ocean crustal thickness of
6.4 km (Le Voyer et al. 2019), balanced by 51,310 km of subduction zones, converging at 62.3
mm/year (i.e., ~20 km?/year of AOC subducted) (Bird 2003). We assume sediments to be ~400
m thick (e.g., Plank & Langmuir 1998, Straub & Layne 2003) and a pure serpentinite layer of
~375 m (corresponding to an intermediate scenario between 5% serpentinization of the upper 6
km of lithospheric mantle and 15% serpentinization of the upper 3 km; see Supplemental Text
Section 2 for further justification) (Barnes & Straub 2010, John et al. 2011). Slab inventories
(Figure 1) are presented in Table 1.

2.2. Major Volatile Contents of Slab Components

Some volatiles (e.g., H,O) are held within pore fluids and labile hydrous mineral phases, which
may be expelled and fluxed to the surface beneath the shallow forearc (e.g., Saffer & Tobin 2011,
Faccenda et al. 2012). Hence, only a small fraction of volatiles trapped in such nonstructural sites
[i.e., as fluid inclusions in coarse-grained lithologies (e.g., gabbros in AOC) or at grain bound-
aries in fine-grained materials (e.g., altered lavas and serpentinites)] may be transported into the
mantle. Volatile elements that are structurally bound within minerals (e.g., phyllosilicates, carbon-
ates, amphibole, and serpentinite) are most likely to be efficiently recycled (Supplemental Text
Section 1).

Structurally bound water concentrations within marine sediments vary from 5 to 15 wt%, with
a weighted global mean of ~7.1 wt% (Plank 2014). Importantly, sediments are strongly enriched
in N compared to other slab components (Li & Bebout 2005) and can have variable bulk contents
(from hundreds to thousands of micrograms/grams; a best estimate of 424 pg/g is adopted here
after Busigny et al. 2011) (Table 1). The bulk C content of marine sediments is variable between
subduction zones [~0.3-8.0 wt% (e.g., Clift 2017)] and is controlled by the carbonate compensa-
tion depth, seafloor depth, and carbonate content (e.g., from redeposited turbidites), which vary
principally as a function of latitude (Berner & Raiswell 1984). Our best estimate is taken at 2.6 wt%
to match the ~60 x 10'? g/year C flux in subducting sediments (Plank 2014, Plank & Manning
2019). Likewise, the S content of marine sediments is variable [0.05-1.00 wt% (Berner & Raiswell
1984)]; however, no average value exists in the literature. Our best estimate is taken as the inter-
mediate value of ~5,000 pg/g, with an uncertainty of basically ~100%. Measurements of halogen
concentrations in bulk lithified marine sediments are limited and show a large range of values
due to the variable presence of salt, organic material, and carbonate, which can greatly influence
the total halogen concentrations in marine sediments (Muramatsu & Wedepohl 1998). Noble gas
concentrations in sediments are from Matsuda & Nagao (1986) and Staudacher & Allégre (1988).

Most crustal alteration takes place near the ridge axis shortly after formation, although drill
cores indicate that alteration continues as the crust ages (Johnson & Semyan 1994). The model
of Jarrard (2003) remains the most commonly used model of ocean plate hydration, with ~4.0—
6.5 wt% H,O in the upper 600 m of ocean crust. Jarrard suggested ~1.8 wt% H,O in the ~1.5-
km-thick sheeted dike layer, while seismic wave speeds in the deeper gabbro layers of the crust
indicate lower amounts of alteration and ~0.4 wt% H,O (e.g., Carlson & Miller 2003). Here,
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we adopt a weighted average of ~1 wt% H,O for the AOC. Concerning N, Li et al. (2007) and
Busigny et al. (2019) reported concentrations of 1.3-18.2 pg/g (average = 9.8 png/g) in AOC,
suggesting N enrichment during early stages of hydrothermal alteration at ridges. Carbon con-
tents in AOC decrease with depth, with a bulk C content of 400-600 pg/g (the best estimate is
~500 pg/g) (Alt 2003, Plank & Manning 2019). The bulk S concentration of the AOC is consid-
ered to be greater than the S concentration in MORB of ~1,000 pg/g (e.g., Labidi & Cartigny
2016) as a consequence of S addition through exogenic (biogenic or hydrothermal) processes. For
example, S-bearing minerals are deposited during interaction between seawater and the ocean
crust, which can thereby inherit a positive seawater §**S isotope signature (Alt 1995). In order to
represent the intake of S by the AOC, we assume 1,100 pg/g S for the bulk AOC (i.e., ~10%
intake by the AOC relative to MORB), which is within error of previous estimates for the S con-
tent of AOC (690 + 600 pg/g) (Alt 1995, Alt & Shanks 2011). Bulk halogen concentrations, also
variable due to the heterogeneous nature of hydrothermal alteration, are compiled in Table 1 and
are from Chavrit et al. (2016), Zhang et al. (2017), Kendrick (2019a,b), and Barnes & Cisneros
(2012). Noble gas concentrations in AOC are from Chavrit et al. (2016).

The oceanic lithospheric mantle may undergo significant hydration along fracture zones
(McCaig et al. 2018) or during bend faulting prior to subduction (Ranero et al. 2003), but its
water content is poorly constrained. Average H,O, N, C, and S contents of pure seafloor serpen-
tinite (typically lizardite +/— chrysotile) are 12-13 wt% (Ulmer & Trommsdorff 1995, Kendrick
etal. 2013),2.4 ng/g [from 1.3 to 4.5 pg/g (Halama et al. 2014)], 510 £ 360 pg/g (Alt et al. 2012),
and 914 + 733 pg/g (Alt et al. 2012), respectively. Serpentinites can have high concentrations of
halogens, particularly chlorine, and halogen ratios have been used to determine fluid sources in
seafloor (abyssal) serpentinites in the oceanic lithosphere, forearc (mantle wedge) serpentinites,
and ophiolitic serpentinites (e.g., Barnes & Sharp 2006; John et al. 2011; Kendrick et al. 2011,
2013, 2018; Kobayashi et al. 2017; Cai et al. 2018). For example, high Br/Cl and I/Cl in forearc
serpentinites suggest interaction with sedimentary and/or sedimentary-derived fluids (Kendrick
etal. 2013, 2018, 2020; Kobayashi et al. 2017). Noble gas concentrations in serpentinite are from
Kendrick et al. (2013).

3. VOLATILE RECYCLING EFFICIENCIES

When the slab subducts, a series of metamorphic reactions lead to incremental volatile release,
with much of the plate’s initial volatile budget returning back to Earth’s surface through volcanic
arcs (Figure 1; Supplemental Figure 1). To determine net ingassing fluxes, three approaches
are typically adopted: (#) a mass-balance approach (Section 3.1), whereby total slab inputs (bulk
slab concentrations; Section 2) are compared with outfluxes at volcanic arcs (with the difference
assumed to be transported to the mantle) (e.g., Hilton et al. 2002); (§) a phase-equilibria approach,
whereby thermodynamically derived phase assemblages and stoichiometric volatile concentrations
are calculated for various subduction thermal fields (Supplemental Text Section 1) (e.g., Kerrick
& Connolly 2001); and (¢) an across-arc model, where volatiles are measured in forearc, arc, and
backarc samples and then compared with known subduction inputs to assess how expelled slab
fluids evolve as subduction progresses (Kendrick et al. 2020). Below we outline the constraints
and caveats regarding volatile element behavior during subduction, calculate net ingassing fluxes
and volatile recycling efficiencies, and explore the implications for our global mass-balance ap-
proach. Net ingassing fluxes are derived by subtracting total arc outfluxes from initial total in-
fluxes (from the bulk slab composition). Recycling efficiencies (%) are calculated by dividing net
ingassing fluxes by total initial influxes. In the following, we consider our typical slab composition
(best estimates, Table 1) for the subducting flux and only propagate uncertainties associated with
outgassing fluxes to assess the global mass balance of each volatile.
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3.1. Previous Research

Arc volcanoes erupt more volatile-rich magmas than MOR or intraplate volcanoes, clearly impli-
cating recycling of slab-derived fluids (e.g., Wallace 2005). One method to constrain arc outfluxes
is to combine elemental ratios measured in arc volcanoes with SO, fluxes (Hilton et al. 2002,
Fischer 2008, Kalacheva et al. 2018), as S is one of the few volatile elements that can be accu-
rately measured using ground-based, airborne, and remote sensing methods (Galle et al. 2003).
This approach may underestimate total S fluxes to the extent that S can be retained in the crust
and fluxes associated with low-level degassing volcanoes are difficult to quantify (Fischer et al.
2019, Fischer & Aiuppa 2020), although ratios of degassed S to other elements should be reli-
able flux proxies. This approach can be challenging, however, due to large uncertainties associated
with extrapolation of the derived fluxes over time, variations that occur over volcano eruption cy-
cles, the lack of continuous time series data for most volcanoes, and difficulty with identification
of nonatmosphere-influenced elemental ratios in volcanic gases (e.g., for N, which is abundant in
the atmosphere relative to mantle reservoirs, and HNGs) (e.g., Hilton et al. 2002) (Supplemental
Text Section 3.1).

Both Wallace (2005) and Fischer (2008) suggested that global H, O outfluxes from arcs are ap-
proximately balanced with slab inputs. Output fluxes are, however, much better known than input
fluxes due to inherent difficulties in sampling the material entering subduction zones and uncer-
tainties associated with the extent alteration. Ruscitto et al. (2012) assumed a global magma flux of
1.4 x 10 kg/km/year and primary arc magma composition of 3.3 wt% H,O (in good agreement
with Plank et al. 2013) to suggest that 18-26% of subducted water erupts from arcs. However,
these values are based on data from subaerial arcs and may need to be revised if quenched melt in-
clusions are unable to capture the primary water contents of some arc magmas (Fischer & Marty
2005, Wallace 2005, Gavrilenko et al. 2019, Krawczynski & Grove 2019), especially given that
higher water contents are associated with magma varieties that are abundant in continental set-
tings (Grove & Till 2019). The episodic nature of continental magma production rates (Ducea
etal. 2015) is another major source of uncertainty, with recent estimates of island arc magma pro-
duction rates (Jicha & Jagoutz 2015, Ratschbacher et al. 2019) up to 10 times larger than previous
estimates. Higher magma production rates lead to higher estimates of arc H,O outfluxes, which
exceed combined inputs from sediments and AOC. While numerical models indicate that serpen-
tinized lithosphere may not be a reliable candidate to close this mass balance (Supplemental Text
Section 1), seismological (Grevemeyer et al. 2018) and direct observations of exhumed AOC from
fault zones (McCaig et al. 2018) indicate the potential for additional AOC hydration during bend
faulting, which could serve as an alternative mechanism to close this balance.

According to combined *He-CQO, systematics, 10-20% of C emitted at arcs is derived from the
mantle, with the remaining fraction originating from the slab (Sano & Williams 1996, Marty &
Tolstikhin 1998). Kelemen & Manning (2015) reviewed C fluxes at subduction zones using com-
piled data, calculations of C solubility in aqueous fluids, and estimates of C flux in metasedimen-
tary diapirs. In contrast to previous estimates (e.g., Gorman et al. 2006, Dasgupta & Hirschmann
2010), which suggested that about half of subducting C is recycled into the convecting mantle,
these authors proposed a limited net transport of surface C to the mantle, although uncertainties
were large and account for all or no recycled C. According to their study, most of the C released
from the slab during subduction could remain sequestered in the mantle lithosphere, crust, and
arc itself (Kelemen & Manning 2015). Notably, solid-state decarbonation reactions are ineffective
until greater than 600°C (e.g., Kerrick & Connolly 2001), implying that C release from the slab
is likely controlled by aqueous dissolution (e.g., Ague & Nicolescu 2014), which emphasizes how
C and H,O may be coupled under forearc conditions. A recent field-based study of dissolved and
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gaseous CO; in Costa Rica (Barry et al. 2019) showed that significant C sequestration could also
occur in forearc regions.

Previous mass-balance calculations suggest that the slab input of halogens is greater than
the volcanic outflux at arcs, resulting in a net influx of halogens to the mantle (e.g., Barnes
et al. 2018, Kendrick et al. 2020). Additional evidence for Cl recycling into the mantle has been
proposed based on the similarity between CI/K, Br/Cl, and I/Cl ratios and 8*”Cl values measured
in arcs and subducting lithologies (e.g., Stroncik & Haase 2004; Workman et al. 2006; John et al.
2010; Kendrick et al. 2017, 2020). Likewise, HNG systematics in mantle-derived samples exhibit
compelling evidence for the ubiquitous presence of surface-derived components in the solid
Earth, with greater than or equal to 80% of mantle Xe originating from recycling (e.g., Holland
& Ballentine 2006, Parai & Mukhopadhyay 2015). However, the respective recycling efficiencies
of noble gases during subduction remain largely unknown.

3.2. Volatile Mass Balance at Arcs

Here we adopt an internally consistent mass-balance model whereby volatile transfers affecting
the surface inventory are defined as outflux from the depleted mid-ocean ridge basalt mantle
(DMM) + outflux from the primitive lower mantle or plume mantle (PLM) — influx from sub-
ducting slabs + outflux from arcs. Our approach uses a unique magma production rate for each
geological setting, balancing the rate of oceanic crust production at MOR with that of subducted
AOC. MORB generation, subduction, and arc volcanism rates are tied to the plate boundary model
of Bird (2003). We assume a total length of arc volcanism of 41,048 km by estimating the length
of active volcanism that spans ~80% of trenches with active subduction (Bird 2003, Smithsonian
Inst. 2013). We then use S fluxes (mol/km/year) estimated from remote and direct measurements
of arc volcanic gas (Fischer 2008, Shinohara 2013, Carn et al. 2017) to derive total arc fluxes
(Table 2). The volcanic SO, emission inventory derived from global satellite measurements sug-
gests a total arc outflux of ~7.51 x 10° mol S/km/year (Carn et al. 2017), in good agreement with
commonly used S global outflux estimates from volcano measurements [~8 x 10¢ mol S/km/year
(Fischer 2008, Shinohara 2013)], despite the latter being based on the obsolete hypothesis that the
global S outflux distribution follows a power-law distribution (Mori et al. 2013, Carn et al. 2017).
Here, H,O, CO,, and ClI fluxes are estimated based on their ratios to S in persistently degassing
volcanoes following Fischer (2008) and Shinohara (2013). Note that the average CO,/S used for
arc volcanoes [2.6 + 0.3 (Aiuppa et al. 2017, Fischer et al. 2019)] is actually lower than previ-
ously estimated values [~6 (Fischer 2008); ~3.5 (Shinohara 2013)]. As discussed in Section 5.3,
the contribution of diffuse degassing to the global outflux of CO,, and most likely other volatiles,
is undoubtedly important, although largely underconstrained (Fischer et al. 2019, Werner et al.
2019). The *He and N fluxes are also determined based on their ratio to S (Hilton et al. 2002,
Fischer 2008, Kagoshima et al. 2015). Our estimate of the N arc flux is an upper estimate, con-
sidering the total amount of N measured in arc volcanic gas, not only the fraction deriving from
air-saturated water (Hilton et al. 2002). The F/CI (Fischer 2008), Br/Cl, and I/Cl (Pyle & Mather
2009) of arc volcano gas data—which agree well with values derived from backarc glass analyses
(Kendrick et al. 2020)—are used in combination with ClI fluxes to derive halogen fluxes. To date,
estimates of the HNG outfluxes at arcs have been hampered by the absence of isotopic devia-
tions from atmospheric compositions in arc volcanoes, precluding deconvolution of mantle, slab,
and atmospheric signals. For this reason, previous estimates of the recycling efficiencies of noble
gases [e.g., less than 5% for *Ar (Holland & Ballentine 2006)] have relied on comparisons be-
tween estimates of noble gas influxes and inventories of recycled noble gases in the present-day
mantle. Here, our best estimates for the net influx of noble gases (Table 2) are tied to the *He
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fluxes, which are not significantly affected by air contamination, combined with elemental ratios
of subduction-derived fluids from mantle xenoliths (Supplemental Text Section 3.1).

A second approach for estimating volatile outfluxes at arcs is to combine estimates of the
primary magmatic volatile abundances from melt inclusions with magma production rates (e.g.,
Wallace 2005, Ruscitto et al. 2012, Plank et al. 2013), although this approach suffers from uncer-
tainties in magma ascent pathways, magma mixing and assimilation, postentrapment loss of H,O
and CO, from melt inclusions (e.g., Moore et al. 2015), and arc magma generation rates (Section
3.1). To maintain consistency with the global mass balance and H,O flux calculated via S out-
gassing ratios, an assumed average of 3.4 wt% H,O in primary arc magmas (Plank et al. 2013)
requires an arc magma production rate of 3.8 x 10% kg/km/year. Given the length of active arcs,
this magma production rate corresponds to 125 km?/km/Myr, which is ~4 times the rate assumed
by Ruscitto et al. (2012) and Wallace (2005), although consistent with the higher rates proposed by
Jicha & Jagoutz (2015) and Ratschbacher et al. (2019). This results in a total arc magma produc-
tion of ~5 km?/year, which is 25% of the MOR production rate and similar to the frequently cited
20% value of Crisp (1984). Given the above, the *He content of primary arc magmas is ~40%
of MOR, and total CO; contents are up to 0.55 wt%, which is marginally lower than previous
estimates from primitive undegassed subarc melts (Fischer & Marty 2005). Lower *He contents
in arc magmas relative to MORB may be realistic, given that arcs likely have higher average ex-
tents of melting than MORB (Turner & Langmuir 2015) and that arcs with backarc spreading
centers may be derived from peridotite that has undergone prior melt extraction (e.g., Tollstrup
et al. 2010). Primary arc-magma halogen contents estimated using our approach are in remark-
ably good agreement with values reported from melt inclusion analysis and submarine glass data
(Straub & Layne 2003, Kendrick et al. 2020).

In Figure 24, we show that all volatiles other than the light noble gases (He, Ne) are in a net
ingassing state at arcs (i.e., slab influx/arc outflux greater than 1), suggesting that some amounts
of these volatiles are transported past depths of arc-magma genesis (see Supplemental Figure 2
for recycling efficiencies expressed in percent). The net ingassing states for Ar, Kr, and Xe are
within error of unity (i.e., recycling efficiency equals 0%), but best estimates indicate net in-
gassing (greater than 1) at arcs for Kr and Xe, which is in good agreement with the occurrence
of atmosphere-derived HNGs in the mantle (e.g., Holland & Ballentine 2006). We also find that
~40% of subducted water is returned to the surface at arcs (equaling 55% recycling efficiency).
This result is consistent with recent thermomechanical models (Supplemental Text Section 1),
which further suggest that an additional 25% of the subducted water may be lost in the forearc
(a sink that is neglected in our approach). For N, a maximum of 62% of the N influx returns to
the surface via arc volcanism (minimum 38% recycling efficiency). This is a conservative estimate
and lower than previous estimates for the Izu-Bonin-Mariana margin, where Mitchell et al. (2010)
estimated that 4-17% of N subducted in sediments and AOC is returned via arc volcanism (i.e.,
recycling efficiency equals 83-96%). A high recycling efficiency of N is in line with the fact that
N is retained in high-pressure metasediments and peridotites to depths greater than 70 km due
to NHj substitution for K in phengite (which is stable to ~300 km) or N3~ ions substituting for
oxygen (Watenphul et al. 2009, Cartigny & Marty 2013), with no significant loss of N by dehy-
dration (Busigny et al. 2003, 2011; Halama et al. 2014) (see Section 5.3). As shown in Figure 24,
F is likely decoupled from other halogens, suggesting a greater return of F into the mantle (e.g.,
Straub & Layne 2003). This decoupling could in part be due to the preferential incorporation
of F over Cl in nominally anhydrous minerals [e.g., olivines, pyroxenes (Beyer et al. 2012, Dalou
et al. 2012, Bernini et al. 2013, Fabbrizio et al. 2013)] and, more generally, to the low solubility
of F relative to other halogens in surface water (e.g., Kendrick et al. 2020). In Figure 25, we plot
influx/surface inventory ratios and normalize all volatile species to N to visualize the impact of
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Figure 2

(#) Volatile ingassing flux from the slab (i.e., sediments + AOC + serpentinized lithospheric mantle) relative to the outflux from
volcanic arcs. (b) The ingassing flux versus surface inventory (i.e., mol/year input by the slab relative to the total mols in surface
reservoirs) normalized to N. (¢) Volatile ingassing fluxes from the slab relative to the total volatile outfluxes (i.e., arcs + MORB +
PLM). Uncertainties are shown as colored horizontal bars in panels # and ¢. Gray bars extending to the left side of each data point refer
to a minimum slab input estimate corresponding to slab compositions with no serpentinite considered. Note that the N outflux at arcs
is considered a maximum value (Section 3.2), so the estimates reported in panels # and ¢ for N are minimum values. Red stars in panels #
and ¢ represent our best estimates for C when considering the potential effect of diffuse degassing (Fischer et al. 2019, Werner et al.
2019). Note that uncertainties on the mass balance of S are virtually small due to the fact that uncertainties associated with the slab
influx, which would be very large for S (on the order of 100%; Section 2.2), are not propagated (only best estimates are being used for
slab influxes; Table 1). Abbreviations: AOC, altered oceanic crust; MORB, mid-ocean ridge basalt; PLM, primitive lower mantle or
plume mantle.

recycling on volatile surface inventories. It becomes clear that, compared to N, significant frac-
tions of H,O, C, S, and halogens are subducted relative to their respective surface inventories.
However, the surface C inventory is relatively small compared to other major volatiles (H, O, N)
(Table 2), so C recycling has a greater impact on the surface inventory than do H,O and N, as
was recently noted by Hirschmann (2018) (Figure 25).

4. MANTLE RESERVOIRS: VOLATILE INVENTORIES AND OUTFLUXES

Once transported past volcanic arcs, volatiles are ultimately incorporated into Earth’s mantle.
Quantifying volatile concentrations in mantle reservoirs is important to determine the overall
extent of volatile recycling. Estimating the mantle concentrations of volatiles with low solubilities
in mantle-derived melts is challenging because C, N, and noble gases are always partially degassed
and thus fractionated from one another during magma ascent and/or eruption (e.g., Holloway
& Jakobsson 1986, Jambon 1994), unlike H,O and halogens, which are retained in submarine
basalts. The volatile content of mantle reservoirs is therefore estimated from their concentrations
in the least degassed lavas. Primary magma compositions are either derived indirectly, from *He
fluxes, volatile elemental ratios, and magma production rates (Marty 2012), or measured directly
in undegassed basalts or melt inclusions and scaled to a better constrained lithophile element with
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Transition zone:
ultramafic and
peridotitic region of
Earth’s mantle located
between the lower
mantle and the upper
mantle at depths of
410-660 km

Large low-shear-
velocity province
(LLSVP): located
within the lowermost
mantle and
characterized by slow
shear wave velocities;
sometimes referred to
as a superplume

Popping rock:
volatile-rich basalt
from the Mid-Atantic
Ridge that often pops
or explodes upon
being brought to the
surface

so

similar compatibility (e.g., Ba or Nb for CO,) (Saal et al. 2002, Cartigny et al. 2008, Michael &
Graham 2015).

Estimating mantle volatile concentrations is complicated by the fact that the mantle is
heterogeneous and not all reservoirs are well sampled [e.g., the SCLM and transition zone
(Supplemental Text Section 6)]. Further, basalts erupted at ridges and ocean islands sample
additional chemical and isotopic mantle heterogeneities [i.e., normal-type MORB, enriched-type
MORB, enriched mantle 1, enriched mantle 2, high p mantle domain, FOcus ZOne (Allegre 1982,
Zindler & Hart 1986, White 2010)] with distinct volatile elemental and isotopic characteristics
that are considered to result from variable recycled crustal contributions, potentially distinct pri-
mordial materials, and different degassing/mixing histories. For the sake of simplicity, we consider
here the two main mantle reservoirs: the DMM sampled by MOR volcanism, which we consider
broadly representative of the convecting mantle, and the high *He/*He PLM, which represents
the least degassed portions of the deep Earth. We note that the size, location, and composition
of the deep reservoir(s) sampled by mantle plumes are poorly constrained. From a seismological
and mineralogical point of view, the upper (30 vol%) and lower (70 vol%) mantle are delineated
by the transition zone. However, the abundance of radiogenic *°Ar in the atmosphere indicates
that at least 50% of the mantle is degassed (Allegre et al. 1996). The volume of the PLM source
(i.e., the least modified and least degassed reservoir that feeds hotspot volcanism) is probably best
represented by large low-shear-velocity provinces (LLSVPs), which are denser than the rest of
the mantle and thus less prone to homogenization via convection (e.g., Zhang et al. 2016, Parai
et al. 2019). LLSVP structures may account for ~8 vol% of the total mantle (Cottaar & Lekic
2016), and we assume here that they represent the PLM reservoir. We take DMM and PLM to be
90 wt% and 10 wt% of the bulk mantle, respectively. Our estimates of their volatile inventories
are reported in Table 2 and explained in detail below. Mantle outfluxes of C and noble gases are
computed directly from *He outfluxes. We then use our calculated **Ar flux to derive the out-
flux of N. H,O, S, and halogen outfluxes are derived from mantle concentration estimates (see
a compilation of mantle halogen contents in Supplemental Table 2). For both the DMM and
PLM, volatile concentrations and outfluxes are related by a unique degree of partial melting (11%
and 9% for the DMM and PLM, respectively) and magma production rate (20 km*/year and 1.21
km?/year, respectively).

4.1. Depleted Mid-Ocean Ridge Basalt Mantle

To determine the volatile inventory of the DMM, we assume a MOR magma production rate of
~20 km?®/year (Supplemental Material) and an 11% degree of mantle partial melting on average.
The MOR *He flux has been recently revised using a data-assimilated deep ocean circulation
model, yielding a range of 640-850 mol *He/year (Holzer et al. 2017). MOR fluxes and DMM
abundances of noble gases are then estimated by using noble gas elemental ratios measured
in popping rocks (Moreira et al. 1998). Based on the C/*He of the MORB mantle (Javoy &
Pineau 1991, Marty & Zimmermann 1999, Resing et al. 2004), the C flux at MOR is estimated
to be 1.6 & 0.6 x 10'? mol C/year, which is in excellent agreement with the flux estimated by
Le Voyer et al. (2019), who extrapolated from undegassed MORB samples to the global ridge
system. While our total flux is ~20% higher, it includes the longer estimate of Bird (2003) for
the total length of spreading ridges, in which backarc basin (BAB) basalts are considered as part
of the MOR system. Given that BAB magmas have higher primary C compared to MORBs (e.g.,
Mattey et al. 1984), our C flux should be considered a minimum. Our estimate of ridge C flux
also overlaps with that of Hirschmann (2018), who provided a comprehensive compilation of
recent ridge C flux estimates. The C content of primary MORB magma derived from our C flux
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estimate and magma production rate is 37 £ 20 pg/g, which is within error of estimates of the
DMM C content based on the Siqueiros melt inclusions [19 &+ 5 wg/g (Saal et al. 2002)] or the
estimate of 16 & 9 ug/g by Salters & Stracke (2004).

The behavior of N during partial melting is not well constrained (Javoy & Pineau 1991,
Mikhail & Sverjensky 2014). However, assuming similar behaviors for N and *Ar during de-
gassing, and given that the K/N ratio of the mantle appears indistinguishable from that of the
continental crust, Marty & Dauphas (2003) suggested N behaves as an incompatible element.
Here, we use the N/*Ar of Marty & Dauphas (2003) and a *®Ar content derived from *He to
compute the N content of the DMM source. We find a range of 0.21-0.69 pg/g N, with a best
estimate of ~0.40 pg/g (Table 1), which is within error of the estimate previously derived by
Marty & Dauphas (2003) (0.27 £ 0.16 pg/g) but notably lower than the convecting mantle value
of 1.10 £ 0.55 pg/g used by Hirschmann (2018) (which corresponds to the bulk mantle content).

Water is more soluble than CO, and noble gases in magma at low pressures, so the abundance
of H,O in the DMM source can be directly estimated from measurements of H,O in MORB
glasses, erupted at water depths of 2,000-3,000 m, therefore retaining their initial H,O. Here,
we adopt the DMM water content derived by Le Voyer et al. (2017) (238 £ 68 pg/g), which
is significantly higher than previous estimates [150 £ 50 png/g (Dixon et al. 2002, Saal et al.
2002, Salters & Stracke 2004, Le Roux et al. 2006, Clog et al. 2013)] but in good agreement
with recent values derived by Hirschmann (2018) from H,O/Ce and CO,/Ba of oceanic basalts
(290 +£ 80 pg/g). Interestingly, combining 238 wg/g H, O in the DMM source with the H/C mass
ratio of 0.75 derived by Hirschmann & Dasgupta (2009) gives a C content of the MORB mantle
source of 35 pg/g, in excellent agreement with the C content derived from the C/*He of the
MORB mantle (37 + 20 pg/g). The H,O content of MORB primary magma (1,836 pug/g) is then
computed using the batch melting equation and partition coefficient of Ce [0.022 (Workman &
Hart 2005)], assumed to be the same as that of H,O (Le Voyer et al. 2017).

The flux of S from the DMM is estimated by combining typical S concentrations in MORBs
[1,000 £ 50 pg/g (Labidi & Cartigny 2016)] with the total flux of basalt emitted at MOR
(~20 km®/year) (yielding the amount of S entering the oceanic crust). Kagoshima et al. (2015)
used S/*He in MORB vesicles to show that a fraction of S emitted at MOR is degassed. Compar-
ing the potential flux of degassed S [estimated from the *He MOR flux (Holzer et al. 2017) and
S/*He in MORB glass vesicles (Kagoshima et al. 2015)] with the flux of undegassed S [computed
from the S content of MORBs (Labidi & Cartigny 2016) and MORB magma production rate],
we find that greater than 93% of the S emitted at MOR would remain in the magma, where it
solidifies as sulphides in the MOR crust and does not contribute to the MOR flux that discharges
into the ocean and atmosphere. The S content of the DMM is taken to be 195 png/g (Nielsen
et al. 2014). Halogens are not degassed from basalts erupted at water depths greater than 500 m
(Unni & Schilling 1978). Considering that the average depth of MORs is 2,500 m (Parsons &
Sclater 1977), the degassing flux of halogens during oceanic crust formation is considered to be
negligible. The abundance of F and Cl in the DMM can therefore be determined by comparison
with a lithophile element of similar mantle incompatibility, in this case F/Pr and CI/K (Kendrick
et al. 2017) (Supplemental Table 2). Coupling the F/Pr (108 £ 2) and CI/K (0.06 £ 0.01)
measured in MORB glasses (Kendrick et al. 2017) with mantle concentration of Pr [0.11 + 0.02
(Workman & Hart 2005)] and K [100 £ 10 (Arevalo et al. 2009)], we then calculate the F and
Cl concentrations of the DMM to be 12 & 2 pg/g and 6 £ 1 pg/g, respectively (Supplemental
Table 2). Concentrations of Br and I are then calculated using the DMM CI concentration
together with the Br/Cl and I/Cl of MORB glasses as determined by Kendrick et al. (2017)
(Table 1).
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4.2. Plume Mantle

Assessing the global outflux of volatile elements from the PLM is particularly challenging due
to inherent uncertainties in the volatile inventory, magma production rate, and degree of par-
tial melting associated with the PLM, as well as in the quantification of global outfluxes from
this reservoir. Based on the annual production of oceanic island basalt (OIB) versus MORB lavas,
it is likely much lower than MOR fluxes, such that the PLM has remained relatively undegassed
(Mukhopadhyay 2012). The plume-associated magma production rate has been estimated to range
from 0.1 to 2.5 km?/year for intracontinental and 1.8 to 2.4 km?*/year for intraoceanic settings
(Crisp 1984). Uncertainties are large due to the episodic nature of plume-related volcanism, and
thus plume-associated magma production could represent 1-12% of MORB production (Porcelli
& Ballentine 2002). In addition, because the flux of *He from intraplate volcanic systems is domi-
nantly subaerial, it is not possible to directly obtain a time-integrated value (Porcelli & Ballentine
2002). Estimates for the PLM volatile inventory and outgassing flux must therefore be taken with
caution.

Gonnermann & Mukhopadhyay (2007, 2009) proposed a model of nonequilibrium degassing
and mixing between primordial and recycled noble gases to propose a *He content in the PLM
within the range (1.37-3.28) x 107'* mol *He/g. This is 10-24 times higher than the *He content
of the DMM, in excellent agreement with the factor of 15 proposed by Hilton et al. (2000) from
He-Pb systematics along the Reykjanes Ridge. Here, this range of *He in the PLM is combined
with an intraplate magma production rate of 1.21 km?/year (i.e., 6% of MOR) and a 9% degree of
mantle partial melting to yield a global PLM *He flux of 551-1,320 mol/year, which overlaps with
previous estimates by Porcelli & Ballentine (2002) (38-670 mol *He/year). Noble gas outfluxes
from the PLM are scaled to this *He range by using the elemental ratios measured in Icelandic
[for Ne, Ar, Xe (Mukhopadhyay 2012)] and Réunion [for Kr (Trieloff et al. 2002, as this element
was not analyzed by Mukhopadhyay 2012)] volcanoes. The large assumptions and uncertainties
associated with the PLM 3He flux preclude a straightforward determination of the N and C
outfluxes from the PLM. On the basis of the N-Ar systematics in high *He/*He samples, the
PLM N content has been estimated to be ~2.7 £+ 1.4 pg/g (Marty & Dauphas 2003), although
a recent re-evaluation of N,—*0Ar systematics of the *He-rich plume Yellowstone suggests that
this value could be as high as ~30 wg/g (Labidi et al. 2020). Importantly, a significant fraction of
N in the PLM source could be derived from recycling (see Supplemental Text Section 4 and
Section 5.3 for discussion). Here, we combine the PLM N content derived by Marty & Dauphas
(2003) with the estimated flux of PLM magma and degree of partial melting to derive a N flux
from the PLM (~7.8 x 10? mol N/year; Table 2).

The C content scaled to the *He flux and inferred C/*He of the PLM [3x10° (Marty &
Tolstikhin 1998)] is markedly higher (498-1,192 wg/g) than previous C plume source estimates
[~13 ng/g (Barry et al. 2014, using CO, concentrations in Icelandic basalts), 100-130 png/g
(Tucker et al. 2019, from the analysis of OIB melt inclusions), and 370 pg/g (Miller et al. 2019,
from CO,/Ba and CO,/Nb in melt inclusions from the Iceland plume olivine)]. This suggests
that the C/*He of the PLM is poorly known, so we consider the value by Tucker et al. (2019) to
be our best estimate. The H,O and S outfluxes are computed from the estimated flux of PLM
magma (1.21 km?®/year), combined with primary magmatic content in OIBs. Based on H,O/Ce
ratios measured in the Loihi Seamount, Dixon & Clague (2001) estimated the PLM source
H,O concentration to be 400 + 30 pg/g, similar to values reported by Wallace (1998) from the
analysis of OIBs in Kilauea (450 £ 190 pg/g H,0). These estimates are, however, much lower
than values determined for the Iceland plume source [from 620-920 pg/g (Nichols et al. 2002)
up to ~9,400 pg/g (Hallis et al. 2015)]. Here we adopt the intermediate value of ~700 pg/g
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H, O proposed by Simons et al. (2002) for the PLM. An S content of 1,500-2,000 pg/g in OIB
is considered for estimating the S outflux (Labidi et al. 2015, Lorand & Luguet 2016). The
halogen concentrations of the PLM are determined in a way similar to that of the DMM, using
the F/Pr and CI/K measured in OIB glasses, which are indistinguishable from that measured
in MORB glasses (Kendrick et al. 2017) (Supplemental Table 2). Taking the measured Pr
and modeled K concentrations of the PLM to be 0.20 £ 0.02 pg/g (Jackson & Jellinek 2013)
and 480 pg/g (Arevalo et al. 2009), we calculate the PLM to have F and Cl concentrations of
22 £+ 2 pg/gand 29 + 6 pg/g, respectively (Supplemental Table 2). These values are remarkably
consistent with the values given by Kendrick et al. (2017), which were calculated by summing the
abundances of F and Cl in the main terrestrial reservoirs and assuming it was originally present in
the PLM. Recent research on halogens in glasses from the Samoa, Pitcairn, and Society plumes
shows Br/Cl and I/Cl similar to that of MORB, suggesting the two reservoirs are well mixed and
may share a similar subducted halogen origin (Kendrick et al. 2014, 2015, 2017) or require no
subduction. The Br/Cl and I/Cl from Kendrick et al. (2015, 2017) are again used to derive the Br
and I contents of the PLM.

5. EVOLUTION OF THE VOLATILE BUDGET OF EARTH’S RESERVOIRS

All volatile elements apart from He and Ne are estimated to currently be in a net ingassing
state at arcs (Figure 2a; Section 3), implying that they are transported from the surface to
mantle reservoirs [see recycling efficiencies (%) in Table 2]. Net ingassing fluxes can then be
considered alongside PLM and DMM outgassing fluxes to determine the solid Earth’s modern
net ingassing/outgassing state for each volatile element (Figure 2¢). Extrapolating these values
from present-day reservoirs provides constraints on the past volatile evolution of Earth’s surface
(Figure 3b). To address uncertainties related to (#) when cold subduction, capable of volatile re-
cycling, began and (b)) how past recycling efficiencies evolved through time, we developed a box
model that uses N contents and isotopes in terrestrial reservoirs to constrain the history of N re-
cycling through time (after Barry & Hilton 2016, Labidi et al. 2020). We discuss the implications
of this approach within the context of past surface volatile inventories.

5.1. Net Ingassing/Outgassing: A Global Mass Balance

In Figure 2¢, we normalize all influx best estimates to total outflux best estimates (from arcs,
DMM, and PLM) to infer the modern global ingassing/outgassing state of each volatile element.
We observe that N, H,O, C, Cl, Br, and I appear in a net ingassing state, suggesting that their
respective surface inventories may be decreasing with time. For C, we observe that taking into
account the potential effect of diffuse degassing (Fischer et al. 2019; Figure 2c¢) brings the C in-
gassing/outgassing balance close to steady state (i.e., global ingassing/outgassing ~1). Likewise,
Ar, Kr, Xe, S, and F appear close to steady state, but best estimates for Kr and Xe suggest they are
also in a net ingassing regime. Conversely, Ne appears in a net outgassing regime, suggesting that
the surface inventory of Ne is increasing through time. However, whether the present-day mass
balance can be used to reconstruct the past evolution of surface-mantle interactions remains in
question. For example, Parai & Mukhopadhyay (2018) showed that substantial recycling of atmo-
spheric Xe into the deep Earth could not have occurred before 2.5 Ga and that the net ingassing
of Xe became significant only during the past 1 Gyr. Because hydrous minerals carry Xe during
subduction, the authors argue that H,O and Xe are coupled during subduction, which implies
that the recycling efficiencies of both H,O and Xe would have increased through time. However,
there is also the potential for H,O and noble gases to be decoupled from one another during
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Figure 3

Reconstruction of the past surface inventory of volatile elements. Panel # shows the outcomes of our box model that satisfy N isotopic
and elemental evolution in surface and mantle reservoirs (Supplemental Text Section 4). We plot mean N net ingassing flux as a
function of subduction duration (the error envelopes correspond to the propagation of uncertainties on outfluxes from the PLM and
DMM). Assuming an initial 31N at —6% for the bulk mantle (Labidi et al. 2020), the model required past N net ingassing fluxes to
have been equal to, or lower than, present-day estimates (~42 x 10? mol/year; Supplemental Figure 3), suggesting that efficient N
recycling started ca. 2 Ga. If N recycling began between 2.0 and 2.5 Ga, the model predicts marginally lower net N ingassing fluxes in
the past relative to present, suggesting that N recycling efficiency has remained roughly constant through time. Panel # shows the
surface inventory evolution, calculated using the modern ingassing/outgassing states for each element, which are assumed to have
remained constant through time (so/id /ines). The purple dashed line corresponds to the surface-inventory evolution of C, taking into
account diffuse degassing from the mantle (Plank & Manning 2019). The blue dashed line represents the surface inventory evolution of
H, O if a significant fraction (up to ~25%) of water in the slab were lost to the forearc, as predicted by thermomechanical models of
slab dehydration during subduction (Supplemental Text Section 1; Section 5.3). Panel ¢ displays the same evolution of the surface
inventory as presented in panel » but showing error envelopes associated with uncertainties in our determination of total outfluxes from
the mantle. Abbreviations: DMM, depleted mid-ocean ridge basalt mantle; NG, noble gas; PLM, primitive lower mantle or plume
mantle.

subduction, with H,O being progressively lost from minerals via H* diffusion and noble gases

pplemental Material > potentially reaching the lower mantle in anhydrous slabs (Kendrick et al. 2013). Here, we use a

box model of N recycling through time (Figure 34) to test whether the present-day mass balance
can be used to reconstruct past surface inventories of all the volatile elements discussed in this
contribution.

5.2. Nitrogen Model and Implications for Past Ingassing/Outgassing
State of Earth

Nitrogen has emerged as a useful tool for exploring the secular evolution of volatile recycling be-
cause there are isotopic and concentration constraints for both surface (e.g., atmosphere, slabs) and
mantle (PLM and DMM) reservoirs. Here, we construct a three-box model (atmosphere, DMM,
and PLM) that investigates the fate of subducted N into mantle reservoirs and predicts the iso-
topic evolution of mantle and surface reservoirs since the onset of N subduction (Figure 34; taken
from 0.7-2.5 Ga). In this model, N outfluxes from the PLM and DMM are considered to have
remained constant through geological time (i.e., similar to present-day estimates). We then test
the hypothesis that the heavy 8°N of the PLM [+3%0 (Marty & Dauphas 2003)] and light $*N
of the DMM [—5%o (Javoy & Pineau 1991, Cartigny et al. 2014)] reflect progressive addition of
subducted sedimentary material [8°N = +5%o (Li et al. 2014)] to an initially " N-depleted mantle.
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Although N isotope compositions as light as —40%o have been reported in deep-mantle diamonds,
interpreted to reflect relict primordial nitrogen (Palot et al. 2012), such a light 3*N starting mantle
composition appears in conflict with several geochemical observations (Supplemental Text Sec-
tion 4). Here, an initial value of —6%o is assumed for the bulk mantle (after Labidi et al. 2020). This
value is intermediate between 81N of ordinary (~0%o) and enstatite (—30 % 10%o0) chondrites and
may represent accretionary material from the inner Solar System (e.g., Javoy et al. 2010, Dauphas
2017) but excludes carbonaceous chondrites [3'°N ~ +40%o (Alexander et al. 2012)] as the pri-
mary source of N in the primitive mantle. These assumptions do not consider the potential effect
of N isotope fractionation during core formation (e.g., Dalou et al. 2019), which suggests that a
direct parallel between the initial "N of the mantle and Earth’s accretionary materials may not
be straightforward.

If the onset of cold subduction occurred within the past 2 Gyr, our N box model would predict
higher net N ingassing fluxes compared to present-day estimates. However, early volatile subduc-
tion is suggested to have been less efficient than at present due to the secular cooling of the mantle
(Brown 2006). Nitrogen net ingassing fluxes for subduction durations greater than or equal to
2 Gyr broadly agree with present-day flux estimates (Figure 24; Table 2; Section 3), which
suggests that () the onset of efficient transport of N to the mantle likely started before 2 Ga, in
line with N isotopes in lithospheric diamonds indicating N subduction in the Archean eon (Smart
et al. 2016), and that (§) its recycling efficiency remained roughly constant through geological
time. Importantly, any scenario with an initial 3N at —40%o. for the bulk mantle (Barry & Hilton
2016) requires higher past ingassing fluxes of N than at present, which is unlikely, further indicat-
ing that the initial bulk mantle must have been more *N-rich than §!*°N = —40%o (Supplemental
Table 1). Assuming subduction initiation at 2 Ga (8" N initial at —6%.), our model predicts that
the total inventory of N and §"°N of Earth’s surface prior to the onset of subduction was at most
10% and approximately +1.8%o greater than at present, respectively (Supplemental Table 1).
This is broadly consistent with the sedimentary 8°N record (Ader et al. 2016) and analyses of N
in fluid inclusions trapped in Archean hydrothermal quartz (Marty et al. 2013, Avice et al. 2018),
which indicates that the partial pressure and isotopic composition of atmospheric N, before 2 Ga
were broadly similar to those of today. The model also predicts that the DMM has been in a net
outgassing regime (presubduction N ~20% > present), while the PLM has been in net ingassing
(presubduction N ~80% < present) (Supplemental Table 1). Additionally, the model predicts
that ~86% of N subducted to the mantle has been incorporated into the PLM (versus ~14% into
the DMM,; Supplemental Text Section 3; Supplemental Table 1). This implied discrepancy in
the fate of subducted N (Barry & Hilton 2016) appears to be in contrast with halogen (Kendrick
et al. 2014, 2017) and noble gas (Broadley et al. 2020) data, which suggest similar amounts of
recycled volatiles end up in the DMM and PLM. This discrepancy implies that N and H,O-Xe
halogens are transported into the mantle in distinct mineral phases (N chemical fixation into
potassic minerals versus physical volatile trapping into hydrous mineral phases) that could induce
decoupling of their behaviors during subduction (Section 5.3). Alternatively, the higher contents
of primordial volatiles (e.g., noble gases) in the PLM relative to the DMM (Gonnermann &
Mukhopadhyay 2007) suggest that greater amounts of surface-derived volatiles may need to be
recycled into the PLM to reach a similar recycled-to-primordial ratio in the DMM, in agreement
with the N model. Understanding the processes that would allow for most subducted N to
reach the PLM, with limited contribution to the DMM, represents a critical avenue of future
investigation (Busigny & Bebout 2013).

This isotope-driven model relies solely on the flux of sedimentary (**N-rich) N and does not
consider the flux of N from AOC, which could be significant but is poorly characterized for $*N
[with values ranging from roughly —10 to +10%o (Li et al. 2019)]. More research is required to
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understand the potential controls of biological and geological processes [e.g., subduction erosion
(von Huene et al. 2004)] on the relative contributions of sediments versus AOC to total subducted
N and how these would have varied through geological time. Overall, adding the AOC contribu-
tion to our N isotope model (e.g., Li & Bebout 2005, Mitchell et al. 2010) would result in even
greater estimates of past subducting N fluxes, therefore strengthening our interpretations that
(@) past N subduction influxes were likely similar to (i.e., not significantly lower than) those of
today and that (§) N subduction most likely started before 2 Ga (Figure 24). Lastly, our model is
sensitive to the assumed thickness of sediments [~400 m (Plank & Langmuir 1998)], which could
have varied over geological time. Present-day estimates of the mean global sediment thickness
may be as high as ~530 m (Plank 2014), which would yield a present-day N net ingassing flux of
~63 x 10° mol/year, corresponding to an onset of N subduction greater than or equal to 1.4 Ga
(Figure 3a; Supplemental Text Section 4.2; Supplemental Figure 4). Our model also neglects
secondary processes potentially affecting the slab’s budget of sediments past the arc [e.g., sediment
diapirism (Behn et al. 2011)], which may ultimately reduce the efficiency of volatile transport into
the deep mantle.

5.3. Reconstructing Past Surface Volatile Inventories

"To reconstruct the past evolution of Earth’s surface volatile inventory, we first consider the present-
day global ingassing/outgassing state of each volatile. We then combine the present-day budget at
Earth’s surface to back-calculate the past composition of Earth’s surface volatile inventory assum-
ing that this balance and fundamental subduction parameters (e.g., plate tectonic speed, mantle
temperature) have remained roughly constant over the past 2.5 Gyr. We emphasize that our model
assumes constant magma production and volatile degassing rates at MOR, which potentially var-
ied by a factor greater than or equal to 3 over geological time (e.g., Li et al. 2016). Increasing
the magma production rate at MOR would proportionally increase the rate of subducting AOC.
Hence, the exact outcome of increasing MOR magma production rates on the global balance of
volatile recycling is ultimately unknown.

We observe that the surface inventories of N, S, Cl, and noble gases would have remained
relatively constant through time (Figure 35), in line with their respective input to total output
(i-e., arcs + MORB + PLM) flux ratios being close to unity (Figure 2¢). A roughly constant par-
tial pressure of atmospheric N through time appears in agreement with the geological record
(Marty et al. 2013, Avice et al. 2018), further suggesting that the ingassing rate of N must have
been roughly constant since the onset of modern subduction (Figure 35). Conversely, the surface
inventories of H,O and C would have been significantly higher in the past (net ingassing regime).
For C, this outcome is at odds with previous models by Kelemen & Manning (2015), who sug-
gested that the C content of Earth’s surface is increasing through time. This discrepancy is in
part related to our model input for C influx from subducting sediments (Plank & Manning 2019),
which is higher than that of Kelemen & Manning (2015), and shifts the present-day C flux balance
to a net ingassing state. Importantly, considering C diffuse degassing from soils, springs and hy-
drothermal systems could potentially triple the estimate of C outflux at arcs and double the global
estimate of C outflux (Fischer et al. 2019, Plank & Manning 2019, Werner et al. 2019, Fischer &
Aiuppa 2020). Taking into consideration diffuse degassing suggests that the surface inventory of C
could have remained roughly constant through time (Figure 35), in line with C being in a nearly
balanced state of ingassing/outgassing (Figure 2¢). Past C and S surface inventories estimates,
however, remain largely uncertain. Better estimating C and S outfluxes from the mantle requires
extrapolating available data to unmeasured volcanoes, considering fluxes from all types of emit-
ters, including explosive and diffuse degassing (which are particularly difficult to quantify), as well
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as correcting for background biogenic sources (Fischer et al. 2019). In addition, the present-day
global mass balance of S relies on our knowledge of the S content of the AOC, which is poorly
known due to inherent difficulties in assessing the contribution from massive hydrothermal sulfide
deposits that are added to the crust during hydrothermal alteration (Alt 1995).

Higher surface inventories of H,O (+50%) and CI (+10%) in the past relative to the
present appear at odds with previous mass-balance calculations (Lécuyer et al. 1998, Parai &
Mukhopadhyay 2012), continental freeboard studies (Galer 1991, Korenaga et al. 2017), and ob-
servations of constant ocean salinity over geological times (Marty et al. 2018), which indicate that
the surface inventories of H,O and Cl remained roughly constant through time (as also suggested
by Kendrick et al. 2020). Our global mass balance indicates that ~70% of Cl is concentrated in
Earth surface reservoirs [in line with previous estimates (Clay 2017)]. Our reconstruction of the
past surface inventory of Cl, however, does not consider the fact that the fraction of surface CI
dissolved into the oceans versus stored onto continental platforms (e.g., in evaporite and brines)
may not have been constant through time (Warren 2010). Below, we consider that the salinity of
the oceans directly scales to the total inventory of surface Cl and investigate the implications of
variable past recycling efficiencies of H, O on the global evolution of the ocean budget and salinity.

As previously discussed, our calculations suggest that N influxes (constant over the past
2 Ga) may be decoupled from H,O and Xe influxes [increasing over the past 1 Ga (Parai &
Mukhopadhyay 2018)]. Here, the observation that our reconstruction of the past surface inven-
tory of water (using the present-day mass balance) does not match geochemical and geodynamic
constraints implies that at least one mechanism is missing from our approach and that we may be
overestimating the efficiency of H,O transport into the solid Earth by subduction. For instance,
net subduction influxes considered in our model do not take into account outfluxes from the slab
to the forearc/backarc, diffuse outgassing of H,O at the arc, or the role of the continental crust
as a volatile reservoir, which are likely important but largely unconstrained. Thermomechanical
models of slab dehydration during subduction notably predict that up to ~25% (van Keken et al.
2018; see Supplemental Text Section 1) of water in the slab (sediments and AOC) may be lost
to the forearc. Accounting for this additional loss of water from the slab results in a slightly lower
net subduction flux, which decreases our modeled surface inventory of H,O at 2 Ga and brings
our estimate of past ocean salinity closer to the present-day value (Figure 34). However, this
model would still require the total number of moles of H,O at Earth’s surface at 2 Ga to have
been ~30% higher than that of today. Importantly, our result for H, O is largely dependent on the
assumed serpentinite flux, the global water outflux at arcs, and the extent of AOC alteration at the
slab bend, which are not particularly well-constrained parameters. For example, if the present-day
serpentinite flux was instead negligible, our mass balance would suggest a lower ingassing rate of
H,O (Figure 2¢), with an H, O surface inventory at 2 Ga only about 10% higher than at present
(instead of 50% higher when serpentinite is considered) (Figure 35), and hence a constant salinity
over geological time. However, this possibility appears increasingly at odds with geophysical
observations (Cai et al. 2018, Grevemeyer et al. 2018). We propose instead that this discrepancy
may arise from the fact that, contrary to N, the recycling efficiency of H;O changed through
time. Steeper geotherms in the Precambrian (e.g., Ernst 2017), for example, may have limited
the stability of serpentinite or other hydrous phases in the deep slab, whereas the subducting N
budget is dominated by sediments and AOC. Variable rates of ocean plate production (e.g., Li
etal. 2016) would also potentially impact the net ingassing rates of these two elements differently,
as a larger proportion of N is for instance outgassed from oceanic ridges (Table 2).

Retaining a constant H, O surface inventory through time would require lowering our estimate
for the mean H,O net ingassing flux at the arcs by ~80% (or alternatively increasing the mean
H, O outgassing flux from the DMM and PLM by a factor ~5), therefore producing a past salinity
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that is similar to salinity at present (Marty et al. 2018). Importantly, lowering our estimate for the
Xe ingassing flux by the same amount would induce a negligible change in the surface Xe inven-
tory. We therefore conclude that subduction influxes of different volatile elements (e.g., N versus
H, O and Xe) could have evolved differently over geological time, with lower net influxes of sub-
ducted H,O and Xe in the past (Parai & Mukhopadhyay 2018) but roughly constant amounts of N
(and potentially C and S) recycled through time. This difference is likely explained by biological
oceanic N fixation that allows N in the form of ammonium (NH4") to substitute for K in phyl-
losilicates such as mica, given that NH4 " and K share a similar charge and ionic radius (Busigny &
Bebout 2013). Nitrogen can then be transported into the mantle, structurally bound within potas-
sic minerals, with limited N loss, whereas the efficiency of H, O, noble gas, and halogen transport
into the mantle via hydrous mineral phases (e.g., serpentinites, amphiboles) may be more suscepti-
ble to loss due to higher ambient mantle temperatures in the past. In particular, phengite is known
to be stable to depths of ~300 km and to be the dominate host phase for K (and many large-ion
lithophile elements) recycling, making it a good candidate to also carry N into the mantle (Halama
etal. 2010, Busigny & Bebout 2013). Other N-hosting mineral phases would then form at greater
depth [e.g., phlogopite and amphiboles (Fumagalli et al. 2009); stishovite (Fukuyama et al. 2020)]
and transport subducting N to the deep mantle. More research is required to identify the main
carrier phases of major volatiles throughout the subduction process. For example, Li et al. (2019)
recently argued that N and C isotope compositions of AOC may explain the range of N and C sig-
natures observed in mantle diamonds, suggesting that AOC, instead of sediment, could represent
the key carrier of crustal C and N into the deep mantle.

6. KNOWN UNKNOWNS AND FUTURE RESEARCH DIRECTIONS

In recent years, our understanding of subduction and volatile exchange between Earth’s surface
and interior has improved dramatically, and it is now accepted that volatile recycling has an over-
whelming influence on the composition of Earth’s interior. Improvements in data quality and
mass-balance models allow an assessment of how and when volatile recycling commenced, and
the potential effects this had on Earth dynamics. However, despite recent advances, many impor-
tant open questions remain.

6.1. Hidden Reservoirs

We note that our model excludes several terrestrial reservoirs (e.g., the continental crust) that,
although minor in scale, may be significant volatile repositories.

Due to its long-term stability, the SCLM may be a significant reservoir for subducted C, halo-
gens, noble gases, and other volatiles (Kelemen & Manning 2015, Foley & Fischer 2017, Broadley
et al. 2018). Direct analyses of fluids from the lithosphere trapped in diamonds and mantle xeno-
liths show that halogen concentrations can be several orders of magnitude greater than those
measured in DMM- and PLM-derived samples (Broadley et al. 2018). However, the heteroge-
neous nature of the SCLM makes quantification of average volatile compositions for this reservoir
challenging. It is clear that future analytical (diamond and xenolith), experimental, and modeling
studies will be needed to investigate the role of the SCLM in sequestering subducted volatiles and
relevant timescales.

The confidence in our understanding for each volatile reservoir inevitably decreases with in-
creasing depth. Seismic imaging of the lower mantle shows significant thermochemical hetero-
geneity (Molnar 2019). While geochemical investigations provide evidence for the presence of
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both recycled and primordial components that may explain these seismic observations, uncer-
tainty remains with regard to the volume and volatile content of the lower mantle.

Natural ringwoodite inclusions in transition zone diamonds have been found to contain
~1 wt% H,O (Pearson et al. 2014), suggesting the transition zone may contain as much as 2.5
surface ocean volumes of water (Nestola & Smyth 2016). Experiments have shown that F can be
incorporated into transition zone minerals (wadsleyite and ringwoodite) in a similar manner to
that for H,O, indicating that the transition zone may constitute a significant reservoir for F, and
likely also Cl, Br, and I (Roberge et al. 2015). The transition zone may act as a filter for other
subducting volatiles; experiments suggest that carbonated oceanic crust may melt at transition
zone depths, preventing C from being subducted deeper into the mantle (Thomson et al. 2016).
However, data are limited, so further research is required.

Although their mineralogy is nominally anhydrous, olivine, pyroxene, and garnet can collec-
tively carry greater than 0.4 wt% H,O, and even greater concentrations are possible in lower
mantle minerals (Hirschmann et al. 2005). The sheer size of the lower mantle makes it a signif-
icant reservoir for volatiles; however, how the volatile flux to the deep mantle evolved through
time is dependent on many factors, including the timing of subduction initiation, time-integrated
subduction efficiencies, the secular evolution of the geotherm, and the fate of oceanic material in
the transition zone.

The core is perhaps the ultimate “known unknown,” as it is unknown if it is a volatile source
or a sink to the bulk silicate Earth. It is a significant reservoir of S, and potentially *He, C, and
H (Bouhifd et al. 2013, Wu et al. 2018), but placing firm constraints on its volatile content is ex-
tremely challenging. As a result, the core’s role in modulating the volatile content and isotopic
compositions of Earth’s mantle is largely unknown, but given its secular cooling, it is likely im-
portant (see Supplemental Text Section 6.5 for more details).

6.2. Hidden Fluxes

In order to construct a mass-balance model, we compiled outfluxes from MORs, mantle plumes,
and volcanic arcs, which represent the main sources of volcanic outgassing. However, out-
gassing rates have inherent uncertainties, and several potential sources are not considered in our
calculations.

Volatile outfluxes are relatively well constrained from direct degassing measurements at vol-
canic sites; however, diffuse release of volatiles is often overlooked. For example, diffuse tectonic
C degassing rates in continental rift settings have been estimated to be equivalent to total MOR
fluxes (Lee et al. 2016), and significant diffuse outgassing of CO, has also been detected in global
forearcs (Campbell et al. 2002, Fryer 2012). Here, preliminary considerations on the extent of dif-
fuse CO, emissions (Fischer et al. 2019) have been considered for the C mass balance (Figure 34),
but the extent of diffuse degassing of other volatiles—which could also be significant—remains
unknown. Further improving our understanding of global volatile outfluxes will require better
quantification of the contributions from weak emitters, diffuse degassing, explosive volcanism, and
background biogenic sources (Fischer et al. 2019), as well as sequestering processes (e.g., calcite
formation) in the forearc region (Barry et al. 2019).

The subduction of volatiles to the core-mantle boundary (CMB) could result in bidirectional
volatile fluxes at that critical interface. If volatiles are subducted to the CMB, fluids may react with
the underlying iron, forming iron hydrides (FeHy) and hydrates (FeO, H,), which could potentially
explain the seismic ultralow velocity zone at the base of the mantle (Mao etal. 2017). Furthermore,
the progressive dissolution of H into the core, and the strong interactions between H and other
solutes in liquid Fe, may resultin the expulsion of minor element components back into the mantle.
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1. We compute volatile concentrations and fluxes using published data and present them
within the context of an internally mass-balanced model of volatile recycling.

2. At subduction zones, all volatiles (apart from He and Ne) are transported past the arc
and into the mantle (i.e., recycling efficiencies greater than 0%).

3. When influxes (subduction) are balanced with total outfluxes (volcanism), N, H,O, C,
and most likely heavy noble gases are shown to be in a net global ingassing state.

4. We present an isotopically constrained N box model that suggests that subduction of N
began ca. 2 Ga and N subduction influxes remained roughly constant until today.

5. Extrapolating the modern ingassing/outgassing state over the past 2 Gyr produces sat-
isfactory results for all volatile elements apart from H,O, suggesting that it is decoupled
from N, perhaps due to their fundamentally different transport mechanisms during sub-
duction (chemical fixation in sediments versus physical trapping in pore fluids).

1. What was the volatile isotopic and abundance composition of the initial mantle prior to
subduction?

2. What are the respective roles of accretion/core formation processes in setting the initial
volatile inventory of the mantle?

3. How does the integrated history of volatile recycling account for the present-day com-
plexity of the mantle zoo (e.g., enriched mantle 1, enriched mantle 2, FOcus ZOne, and
high p mantle domain end members)?

4. What are the mechanisms that control recycling efficiency of volatile elements through
time (e.g., secular cooling of the mantle, plate tectonics, subduction mechanisms)?

5. What is the contribution of diffuse degassing/forearc loss to the global outflux of
volatiles?

6. What is the role of the continental crust in modulating Earth’s volatile cycles?

7. Can multiple isotope systematics (e.g., Xe, N, H, Cl) be combined to better constrain
past volatile recycling efficiency?

8. What are the implications of episodic geological events (e.g., emplacement of large ig-
neous provinces) on the global volatile mass balance?
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