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1.1. Major volatiles in the Earth’s mantle beneath mid-ocean ridges
and intraplate ocean islands
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MS 126, Houston, TX 77005, USA

*Université Paris Cité, Institut de Physique du Globe de Paris, CNRS, Laboratoire de Géochimie
des Isotopes Stables, 1, rue Jussieu - 75238 Paris cedex 05, France

Abstract

Composition of the Earth’s ocean-atmosphere system is maintained over geologic timescale via
outgassing of volatile elements from the Earth’s mantle. Two major settings where volcanic
outgassing takes place from the oceanic mantle are the mid-ocean ridges (MORs) and intraplate
ocean islands (OIs). The outgassing flux of various volatiles such as water (H,O), carbon dioxide
(CO,), sulfur (S), nitrogen (N), and halogens (e.g., chlorine, Cl) depend on their abundances,
storage mechanisms, and fates during mantle partial melting and magma emplacement in the
crust. In this chpater, we synthecize existing constraints on the major volatiles in the mid-ocean
ridge basalts (MORBs) and ocean island basalts (OIBs) and their mantle sources. We present and
discuss various techniques and approaches used to gather concentration, speciation, and
elemental and isotopic compositions of carbon (C), hydrogen (H), sulfur (S), nitrogen (N), and
halogens in submarine glasses, melt inclusions, and mantle-derived gases. We summarize
literature estimates of elemental concentrations and isotopic compositions of the volatiles for
MORB and OIB source mantles as well as the flux estimates of these volatiles from these mantle
domains. To gain process-level understanding of extraction of the major volatiles from MORB
and OIB source mantles, we also evaluate the storage mechanisms in the mantle, and the fates
and inflluence of different volatiles during mantle melting. We discuss the relative efficiencies of
release via mantle melting and exsolution for each of the major volatiles and how the redox
states of the mantle impact such processes. Finally, we provide a perspective for open questions
and challenges in the knowledge of volatiles and volatile-involved melting for the MORB and
OIB source mantles from the Hadean to present.

Keywords: MORB, OIB, volatiles, water, carbon dioxide, sulfur, nitrogen, halogens, mantle,
redox, oxygen fugacity, partial melting.
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Key Points:

e The bulk silicate Earth (BSE) volatile budgets and compositions are largely influenced by the
mid-oceanic ridge (MOR) and ocean island (OI) basalt source mantle compositions.

e Elemental and isotopic compositions of major volatiles in the oceanic mantle are learned from
the submarine glasses, melt inclusions, derivative fluids at MOR and OI settings.

e We provide a brief overview of analytical techniques used to measure volatiles.

e We present an overview of the concentration and stable isotopic ratios of volatiles in MORB
and OIB melts and sources.

e Deeper OIB source mantles appear more volatile-rich and isotopically distinct compared to the
MORB source mantles in terms of C, H, and N.

e The outflux of H,O, CO,, N, and S through MOR and OI settings can be understood by the
storage mechanisms, partitioning behavior during mantle melting, and the extent of fluid
exsolution during magma emplacement.

e Hydrogen and nitrogen gets released from nominally volatile-free silicates whereas carbon and
sulfur gets released via dissolution of trace accessory phases.

e Hotter and perhaps more oxidized OIB source mantles lead to deeper melting-induced release
of C and H,O compared to that from the MORB source mantles.

e Uncertainties in the oxygen fugacity, fO, with depth in the oceanic mantles affect the exact
depth of C-induced mantle melting and the magnitude of release of all volatiles.

e Understanding the influences of major volatiles in the MORB and OIB source melting
domains through deep time would require coupling redox and thermal evolution of the mantle
and evolution of its convective vigor and mode.

1.1.1. Introduction
1.1.2. Volatile abundance of the oceanic mantle — Constraints from natural samples
1.1.2.1. Submarine glasses
1.1.2.2. Melt inclusions
1.1.3. A brief overview of the techniques used to measure volatiles in glasses and melt inclsions
1.1.3.1. Dissolved volatiles
1.1.3.1.1. Electron Probe Micro Analyzer (EPMA)
1.1.3.1.2. Ton microprobe/Secondary Ions Mass Spectrometry (SIMS)
1.1.3.1.3. Fourier Transformed Infrared (FTIR) Spectroscopy
1.1.3.1.4. Incremental step-heating technique with manometry and mass
spectrometry
1.1.3.1.5. Wet chemistry
1.1.3.1.6. Other techniques
1.1.3.2. Measurement of the gas phase
1.1.3.2.1. Crushing under vacuum
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1.1.3.2.2. Calculation of the vesicle gas content based on vesicularity and an
equation of state
1.1.3.2.3. Determination of the total gas content in melt inclusions
1.1.4. General behavior of volatiles in magmas
1.1.5. Carbon, water, sulfur, nitrogen, halogens inventories of the Earth's oceanic mantle (MORB
and OIB sources)
1.1.5.1. Carbon
1.1.5.1.1. Measurement of the carbon concentration dissolved in basaltic glasses
1.1.5.1.2. Simultaneous measurement of the carbon content and carbon stable
isotope coupled with a mass balanced degassing model
1.1.5.1.3. Carbon scaled to He
1.1.5.1.4. Carbon scaled to a trace element (Nb or Ba)
1.1.5.1.5. Carbon estimated from major element systematics
1.1.5.1.6. Summary of elemental and isotopic composition of MORB and OIB
source carbon
1.1.5.2. Water
1.1.5.3. Sulfur
1.1.5.4. Halogens
1.1.5.4.1. Chlorine
1.1.5.4.2. Fluorine
1.1.5.4..3. Bromine
1.1.5.4.4. Todine
1.1.5.5. Nitrogen
1.1.6. Isotopes of C, H, S, N and halogens in the oceanic mantle
1.1.6.1 Carbon isotopes
1.1.6.2. Hydrogen isotopes
1.1.6.3. Sulfur isotopes
1.1.6.4. Halogen (chlorine) isotopes
1.1.6.5. Nitrogen isotopes
1.1.7. Summary of global concentration and stable isotope distribution in MORB and OIB source
1.1.8. Storage mechanisms of volatiles in the MORB and OIB source mantles
1.1.8.1. Water storage
1.1.8.2. Carbon storage
1.1.8.3. Sulfur storage
1.1.8.4. Nitrogen storage
1.1.9. The fate of volatiles during MORB and OIB source melting
1.1.9.1. The roles and fates of water during MORB and OIB source melting
1.1.9.2. The roles and fates of carbon during mantle melting
1.1.9.3. The combined roles of CO, and H>O during MORB and OIB source melting
1.1.9.4. The fate of sulfur during MORB and OIB source mantle melting
1.1.9.5. The fate of nitrogen during mantle melting
1.1.10. Fluxed melting in the MORB and OIB sources and flux of volatiles through MOR and OI
settings
1.1.10.1. Modern Earth
1.1.10.2. The effects of redox and compositional heterogeneity
1.1.10.3. Ancient Earth MORB and OIB source melting
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1.1.1. Introduction

Earth’s mantle is the largest terrestrial reservoir by mass. Because of this, the mantle contains the
greatest inventory of many trace elements (i.e., elements present in concentration <0.1 wt.%).
Some of the most important trace elements in the mantle are the major volatile elements such as
carbon (C), hydrogen (H), sulfur (S), and nitrogen (N). These elements are also essential for life
as we know it. Although these elements are atmophile and are concentrated in in the Earth’s
atmosphere and surficial reservoirs such as oceans and crusts, because of the large reservoir
sizes, either the core or the mantle of the Earth is the largest terrestrial reservoir for these
elements (e.g., Bajgain et al., 2021, Dasgupta, 2013, Dasgupta and Hirschmann, 2010, Johnson
and Goldblatt, 2015, Plank and Manning, 2019). Between the two deep reservoirs, i.e., the core
and the mantle, the mantle’s volatile budget is of greater importance because this reservoir
exchanges volatiles with the crust-ocean-atmosphere system via volcanism and tectonic
recycling over geologic time (e.g., Dasgupta, 2013, Fuentes et al., 2019, Lee et al., 2019,
McGovern and Schubert, 1989, Sleep and Zahnle, 2001). Therefore, the abundance of the major
volatiles in the mantle reservoirs and their spatio-temporal evolution are also intimately linked to
the long-term chemical habitability of the planet Earth. Furthermore, many of these volatile
elements, in various forms, significantly influence the geophysical, geochemical, and rheological
properties and processes in the Earth’s interior. For example, carbon in the form of carbonates
and water in the form of fluid or hydrous phases or trace constituents in minerals, lower the
melting temperatures of and partial melt compositions of mantle rocks (e.g., Asimow and
Langmuir, 2003, Dasgupta, 2018, Grove et al., 2006, Lara and Dasgupta, 2023, Sun and
Dasgupta, 2019, Ulmer, 2001). Water in the form of hydrous defects affect elastic and rheologic
properties of nominally anhydrous mantle minerals (e.g., Hirth and Kohlstedt, 1996, Jacobsen et
al., 2008). The presence of dissolved water and CO; in mantle melts affect electrical and
transport properties of mantle domains (e.g., Gaillard et al., 2008, Ni et al., 2011) as well as
mantle-derived melts (Ghosh et al., 2007, Karki et al., 2021, Kono et al., 2014). Sulfur in the
form of sulfides or sulfates affect partitioning and mobility of key ore-forming elements (e.g.,
Chowdhury et al., 2022, Ding and Dasgupta, 2017, Lee et al., 2012, Li and Audétat, 2015).

Given the bulk silicate Earth (BSE) abundance of volatile elements are largely controlled
by the inventories of the volatile elements in the Earth’s mantle, any models that attempt to
explain the origin of volatiles on Earth or more specifically in the BSE also need to rely heavily
on the estimates of volatiles in BSE (Blanchard et al., 2022, Grewal et al., 2019a, Grewal et al.,
2021, Grewal et al., 2019b). The estimated abundance of volatiles in the Earth’s oceanic mantle
also is used heavily in all models of the origin of Earth-Moon system and for comparison with
other rocky planets (Ding et al., 2018, Saal et al., 2008, Saal et al., 2013). Therefore, reliable
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estimates of the Earth’s oceanic mantle volatile budgets are important for a number Earth and
planetary science disciplines including astrobiology and origin of life on Earth.

The biggest challenge in constraining the major volatiles in the mantle is that most part of
the mantle is inaccessible for direct sampling. Furthermore, even if some mantle domains are
accessed via rare, direct samples, such samples may not preserve the original abundance of the
elements of interest, because of their volatility. The question therefore is how and how well we
know the mantle budget of the major volatiles. There are two main approaches that can be taken
to constrain the abundance of volatile elements in the mantle.

The first is a forward approach, which traces the fate of various volatiles during
formation of the Solar System, its planets, and early differentiation of the rocky bodies including
Earth. This approach provides insightful, process-level understanding of the range of possibilities
in establishing the volatile inventory of Earth’s major reservoirs. This approach also provides
suggestions as to how and when various volatiles may have come in to Earth and how their
abundance may have changed during the formative years of the planet. An advantage of probing
the mantle volatile abundance via this forward approach is that bulk mantle inventories may be
constrained that are otherwise difficult to bracket through other means. However, in this forward
approach, the range of possibilities remains too large to quantify the mantle abundance of
volatiles in the modern Earth. This is owing to the uncertainties in many factors, including but
not limited to, the compositions primary terrestrial building blocks (e.g., Dauphas, 2017, Piani et
al., 2020), the nature of processing of such feedstocks prior to accretion (Grewal et al., 2021,
Grewal et al., 2019Db, Li et al., 2023), and the effects of early terrestrial differentiation (e.g.,
Boujibar et al., 2014, Chi et al., 2014, Clesi et al., 2018, Dasgupta and Grewal, 2019, Grewal et
al., 2019a, Hirschmann, 2016, Keppler and Golabek, 2019, Li et al., 2016, Li et al., 2023).

The second approach takes advantage of direct observation based on natural, mantle-
derived samples (e.g., Cartigny et al., 2008, Marty, 2012, Marty et al., 2020, Saal et al., 2002).
The advantage of this approach is that it provides direct constraints on the volatile abundance of
the present-day mantle domains from which they derive. A limitation of this approach, however,
is that the whole-mantle volatile inventory may be difficult to reliably constrain because the deep
mantle is rarely sampled. Also, the abundance and chemistry of the present-day volatile
inventory of the mantle may not tell us about their origin and evolution.

In this chapter, we discuss the available constraints for the major volatiles — their
abundance, elemental and isotopic chemistry, and influence on melting and magmatic release —
in the Earth’s convective mantle. Given the Earth’s convective mantle is chiefly accessed via
generation and sampling of mid-ocean ridge basalts (MORBs) and intraplate ocean island basalts
(OIBs), we focus on volatiles in MORBs and OIBs and their source regions. Given the paucity of
samples that allow direct probing of the mantle source abundance of volatiles, most constraints
come from basaltic glasses and melt inclusions and occasionally from bulk extrusive rocks.
However, using basalts to back track mantle inventories require a good understanding of the fate
of various volatiles during various processes leading to basalt petrogenesis and sampling. These
processes include mantle partial melting, melt percolation and emplacement, magmatic
differentiation including fractional crystallization and degassing. Many of these processes are
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understood based on laboratory experiments and thermodynamic and geochemical models based
on such data. Hence in this chapter, we will discuss constraints based on both natural samples’
and experimental studies.

1.1.2. Volatile abundance of the oceanic mantle — Constraints from natural samples

Obtaining unmodified direct samples from the mantle, especially the asthenospheric or
convective mantle, is virtually impossible. The composition of peridotites that are accessible at
the surface is modified by various primary and secondary processes that are problematic for
preservation of primary volatiles (Canil, 1990). Geochemists have found that magmas erupted
from volcanoes are natural windows to probe the mantle composition (Dasgupta et al., 2010).
For volatile species, the task is complicated by degassing processes that lead to partial to near-
complete loss of volatiles from magmas. Researchers have established that natural volcanic
glasses (rapidly quenched melts) are the best recorders of volatiles. This was first understood by
noble gas geochemists in the 1970s and subsequently adopted by researchers on other major
volatile species (CO,, H,O, F, S, and CI) (Sobolev and Chaussidon, 1996). There is, therefore, a
large database on these species in submarine volcanic glasses and glassy melt inclusions (from
subglacial and submarine volcanoes, and also from subaerial volcanoes under the condition that
the erupted tephras belong to rapidly cooled products such as scoria and not to slowly cooled
massive lava flows).

For these reasons, in this chapter we focus on submarine glasses and melt inclusions. Each of
these sample type has advantages and caveats.

1.1.2.1. Submarine glasses

Advantages:
- Large amount of material available (several grams), which allows some bulk analysis to be

made.

- Fairly representative of the erupted melt.

- Weakly contaminated by the local environment at the eruption setting; if contamination is
present, it occurred before the melt is quenched.

Problems:

- The melts are already significantly degassed, particularly in COs,.

- They are quenched or rapidly cooled products so the gas phase is modified by cooling (Javoy
and Pineau, 1991). The dissolved phase may also be affected by quenching (see the debate on the
speciation of water and carbon dioxide in melt and glass, e.g. Nowak et al., 2003; Cody et al.,
2020);

- There is an unavoidable sampling bias for the gas phase called vesicle bursting (Burnard, 1999)
or also called the popping rock effect (Hekinian et al., 1973). The natural glasses are sampled at
relatively high pressure (generally hundreds of bars) and brought to the surface where the
ambient pressure is lower (one atmosphere). Then, the glasses are put under vacuum (10 bars)
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for analysis. These two decompression steps lead to some extent of vesicle bursting, a
phenomenon that is sometimes spectacularly observed on the deck of sampling vessel during
scientific cruises (the so-called popping-rocks) (Hekinian et al., 1973, Jones et al., 2019, Sarda
and Graham, 1990). This bursting effect is due to the difference between the pressure inside the
vesicles and the ambient pressure and to the low strength of glass sample especially those
containing dissolved H>O (Romano et al., 1996).

The direct consequence of this process is that the gas content that is extracted by
crushing is lower than the amount of gas present at eruption. The original gas concentration can
be reconstructed on the basis of vesicularity measurements and a gas equation of state (Gerlach,
1990; (Javoy and Pineau, 1991, Jones et al., 2020). There is, however, a debate on the correct
procedure to adopt in order to give accurate gas contents (Jones et al., 2020)(see next section).

- Because the sampled glasses are aggregated melts, they are the result of some homogenization
effect that may erase some degree of source heterogeneity.

- Gas dilution/accumulation of a magma that has degassed in closed system can decrease or
increase (respectively) the total gas content of a melt. For example, the reconstructed total gas
content (mostly CO;) of the popping rock 2xD43 is considered by Javoy and Pineau (1991) as
the true original gas content of the primary melt. Other workers consider that this sample
suffered from accumulation of gas in a magma chamber and that its original total gas content is
lower (Jones et al., 2019). We note here that some pieces of the 2wD43 samples are characterized
by a lower vesicularity (5 vol% for the pieces analyzed by Burnard et al., 1999) than the pieces
analyzed by Sarda and Graham (1990) and Javoy and Pineau (1991).

- The glasses may be supersaturated in volatiles and may not give accurate pressure when used as
a paleobarometer.

1.1.2.2. Melt inclusions

Advantages:
- The main advantage of melt inclusions is that they allow sampling of melts from pressures

higher than the eruption pressure of submarine glasses. Thus, they represent earlier stages of
degassing and generally give higher CO, contents than submarine glasses.

- The melt inclusions may sometimes record melt compositions before mixing at shallow level
and thus give a better idea of source heterogeneity and/or complexity of processes occurring in
the plumbing system.

Problems:

- The inclusions are not always quenched to glasses. Rehomogeneization by heating and
quenching needs to be applied in such cases. Rehomogeneization at high pressures has
sometimes been used (Mironov et al., 2015).

- Diffusion through the host mineral can modify the volatile content of a melt inclusion. This
principally affects hydrogen, which can diffuse in and out of the inclusion through olivine (e.g.,
Bucholz et al., 2013, Chen et al., 2011, Gaetani et al., 2012, Hanyu et al., 2020, Kent, 2008). For
geobarometers based on CO,+H,O solubility, this can alter the resulting calculated pressure.
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- Cooling leads to post-entrapment crystallization, pressure decrease, thermal contraction of the
melt and the formation of shrinkage bubble. Fe-loss can also occur (Danyushevsky et al., 2000).
The melt composition is modified and the true CO, content needs to be reconstructed taking into
account the vapor phase (Hanyu et al., 2020, Wallace et al., 2015).

- Melts that are trapped in melt inclusions are already degassed (Matthews et al., 2021). CO,
vapor loss before entrapment can occur because CO, saturation happens deep in a magmatic
system (Schiano et al., 1998).

- Procedure for correction of post-entrapment crystallization is well-established for olivine. For
other minerals (e.g., plagioclase, clinopyroxene, spinel), no standardized procedure exists so few
or no correction is applied.

- Mixing: final melts are generally aggregated melts from fractional melting. It is a general case
that depleted and enriched melts mix prior to eruption influencing, for example, CO, to trace
elements ratios (Matthews et al., 2021, Matthews et al., 2017).

- Melt inclusion decrepitation (in one or multiple events) or CO, vapor loss after entrapment: a
mineral can hold an overpressure but its capacity to do so is not infinite. When the pressure
inside a melt inclusion is too high compared to the pressure of the surrounding melt, the
inclusion will decrepitate and be re-annealed. For example, Wanamaker et al. (1990) showed that
an olivine may support overpressures of up to 2.2 kbar. For Iceland melt inclusions, Matthews et
al. (2021) found that the maximum saturation pressure in olivines is 3 kbar suggesting that there
is a limit to what an olivine can record in terms of pressure (equivalent to volatile content).
Matthews et al. (2021) accordingly concluded that almost all Icelandic melt inclusions are
decrepitates.

- Regassing of a melt in CO; can occur if, for example, CO, fluxing in a magmatic system is
pervasive (e.g., van Hinsberg et al., 2016).

- Melt inclusions are too small for bulk extraction techniques (step heating technique) and only
point analyses (SIMS or FTIR) can be performed). These techniques cannot measure isotopes or
are not precise enough for 8'°C measurements, for example.

1.1.3. A brief overview of the techniques used to measure volatiles in glasses and melt
inclusions

1.1.3.1. Dissolved volatiles
1.1.3.1.1. Electron Probe Micro Analyzer (EPMA)

This technique is routinely used to measure the concentrations of S, F, and CI. The technique can
achieve low detection limits and good precision. They require a polish section of the sample.
Spatial resolution is typically 1 micron for conventional instrument with W- of LaBg-filaments
and sub-micron for field emission instrument (FE-EPMA). This allows diffusion experiment to
be undertaken. CO, and H,O cannot be measured by this technique except high water and/or CO,
contents that can be estimated by difference of the analytical total from 100 wt.% (e.g. Hughes et
al., 2019, Lane and Dalton, 1994, Saha and Dasgupta, 2019, Sun and Dasgupta, 2019).
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1.1.3.1.2. Ton microprobe/Secondary Ions Mass Spectrometry (SIMS)

This technique is now routinely used to measure the concentrations of H,O, CO,, S, F, Cl (e.g.
Hauri et al., 2002) with good precision both in submarine glasses and MlIs. The only requirement
is to have standards already characterized for the species of interest in samples with a matrix
similar to the unknowns. Carbon isotope measurement in natural glasses has been attempted
(e.g., Hauri, 2002) but few data have been produced and they are plagued with poor precision.
The spatial resolution is typically 30 um. The nanoSIMS can also be used for such
measurements with 1 um spatial resolution. These techniques require a polished section.

1.1.3.1.3. Fourier Transformed Infrared (FTIR) Spectroscopy

Since the 1980s, FTIR spectrometers have been used to measure CO, and H,O in submarine
glasses and glass inclusions. With excellent limit of detection (1 ppm) and precision. Accuracy is
dependent on an independent calibration by another technique (step-heating/manometry or
nuclear reactions) (e.g., lhinger et al., 1994). This technique requires doubly polished thick
sections because the measurement is made in transmission through the sample. Typical beam
size is 100 um and can be reduced down to 30 wm but with signal loss and lower signal to noise
ratio. Mapping capabilities is a new feature of recent spectrometers (von Aulock et al., 2014,
Wysoczanski and Tani, 2006). A synchrotron energetic source can reduce the beam size down to
1 um (Guilhaumou et al., 2005). FTIR spectroscopy also measures speciation of both CO, and
H,O (Stolper, 1982; Fine and Stolper, 1985), which provides information about post-quenching
water diffusion into the glass (e.g. Wallace, 1998) and the timescales of quenching (Newmann et
al., 1988).

1.1.3.1.4. Incremental step-heating technique with manometry and mass spectrometry

With this technique, CO, and H,O concentrations can be obtained and it is currently the sole
technique able to measure carbon isotopes (expressed as 8'°C-values) of dissolved carbon (Des
Marais and Moore, 1984, Macpherson and Mattey, 1994, Mattey et al., 1984, Pineau and Javoy,
1994). Some significant amount of sample is required, however, i.e., from a few tens of
milligrams for static mass spectrometry to up to 300-1000 mg for dynamic mass spectrometry. It
can achieve low detection limit (a few ppm by weight CO;) and a good precision both on
concentrations (lower than 10% relative 16 and £0.2 %o for 8'°C value).

1.1.3.1.5. Wet chemistry
For some peculiar applications like isotopic measurements, wet chemistry is used to extract
volatiles from a natural glass. This is the case for chlorine stable isotopes (Bonifacie et al., 2007)

and sulfur stable isotopes (Labidi et al., 2012).

1.1.3.1.6. Other techniques
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Nuclear techniques can also be used but are less common due to restricted access and cost. They
have been mostly used to calibrate other techniques (Bureau et al., 2009).

1.1.3.2. Measurement of the gas phase
1.1.3.2.1. Crushing under vacuum

This technique consists of crushing a sample under vacuum to release gases enclosed in vesicles.
The gases are then purified, cryogenically separated and the amount is measured by manometry
(either with a mercury manometer or a membrane capacitance barometer). The purified CO; is
measured by mass spectrometry to obtain the 8'°C-values. However, the measured vesicle gas
concentration is always biased to low values due to vesicle bursting as described in the previous
section.

1.1.3.2.2. Calculation of the vesicle gas content based on vesicularity and an equation of state

The principle of the calculation using this approach is to obtain the vesicle total gas content
(essentially CO, in most scenarios) on the basis of vesicularity and an equation of state.

Sarda and Graham (1990), in their discussion on the vesicle gas content, considered
only the measured gas content obtained by another study (0.21 wt%, Javoy et al. 1986). Gerlach
(1991), however, pointed out that popping of the rocks decreased their measured vesicle gas
content and that the real total gas content should be calculated on the basis of vesicularity. This
calculation relies of the perfect gas law at the temperature of glass transition taken to be 1000 °C
(1273 K) by Gerlach (1991) and at the pressure of eruption of the melt. He obtained calculated
CO; concentrations of 0.8-1.0 wt%, about five times the measured CO, amount. This calculation
was confirmed by Graham and Sarda (1991), who also considered a rigid temperature of 1000
°C.

A similar calculation is conducted by Javoy and Pineau (1991) for the popping rock
2ntD43. However, these authors consider a temperature of rigidity of 1000 K, a temperature
significantly different from the one taken by Gerlach (1991) and Graham and Sarda (1991).
Although they did not discuss the choice of this temperature, 1000 K is a better choice than 1273
K because, as a rule of thumb, the temperature of the glass transition of a melt is 2/3 of the melt
temperature (Richet and Polian, 1998). The calculation of Javoy and Pineau (1991) was
subsequently reused by several studies (e.g., Aubaud et al., 2004¢c, Hekinian et al., 2000, Pineau
et al., 2004).

In all these studies, it is assumed that equilibrium prevails (the pressure of glass
transition at which the bubble size is fixed is taken as that of the collection pressure). However,
in general, MORB are supersaturated with respect to CO,. Even the popping rock 2mD43 show
slight CO, supersaturation (Pineau and Javoy, 1994). Therefore, in the calculation, the pressure
that should be used is the saturation pressure that is generally higher than the collection pressure
due to supersaturation. In this case, the calculated vesicle CO, amount is larger than that reported
in the studies on the subject.
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Recently Jones et al. (2020) has challenged the approach of Gerlach (1991) and Javoy
and Pineau (1991) to calculate the vesicle CO, content. They suggest that previous calculations
are in error for two reasons:

(1) The assumption of ideality is incorrect. It is more accurate to use a modified
Redlich-Kwong equation of state instead of the perfect gas law.

(2) The temperature that should be used in the calculation is not the temperature of the
glass transition (726 °C in Jones et al., 2020) but the magmatic temperature (1200 °C, Jones et
al., 2020). The reason invoked for this choice is that if the temperature of glass transition is
chosen, this would imply a gas CO, density in vesicles that is too high compared to what is
actually measured by Raman spectroscopy (see the discussion in their section 5.3, Jones et al.,
2020).

Regarding the first point, the assumption of ideality is not a major source of error
because at hundreds of bars, deviation from ideality is not large and should be considered
negligible. Calculation of the data presented by Jones et al. (2020, their figure 8) with the
equation of Javoy and Pineau (1991) indicates that the difference in calculated gas content is
essentially caused by the difference in the temperature chosen to make the calculation (point 2).
We note that Jones et al. (2020), similarly to previous workers, also perform their calculation
considering the pressure of eruption and not the saturation pressure. This choice could also be a
source of error if the sample is supersaturated in CO; at the point of eruption. Systematic and
accurate measurement of vesicle CO, density by Raman could potentially resolve this issue in
the future.

1.1.3.2.3. Determination of the total gas content in melt inclusions

Although the measurement of dissolved CO, (and other volatiles) in melt inclusions are
common, the determination of the total CO, content must often be completed with the
determination of the amount of CO, in the vapor phase present in the melt inclusion (the
shrinkage bubble). This quantitative measurement has been recently tackled by different methods
(Cannatelli, 2015, Gerlach, 1991, Lowenstern, 2015) that are briefly summarized here.

(1) The first method is called rehomogeneization. It consists in heating the MI to re-dissolve the
bubble and to quench it in order to maintain the volatiles dissolved in the melt (glass). The
dissolved volatiles are then measured by FTIR or SIMS (e.g. Wallace et al., 2015). This
technique has some problems, however: to limit H>O loss it is necessary to heat quickly at high
temperature. This leads to partial dissolution of the olivine host and another correction is
necessary. Despite this procedure, a bubble can still form during quenching and some amount of
CO; can be unaccounted for (Wallace et al., 2015).

(2) Calculate the CO; of the bubble and add it to the dissolved CO, in the glass measured by a
conventional technique (SIMS or FTIR). The most common technique is to measure the CO,
density and to measure the bubble volume fraction in the inclusion. The CO; content in wt.% is
then:
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[CO;] = CO; density x bubble fraction / glass density (1)

The CO; density is commonly obtained by Raman spectroscopy (Aster et al., 2016, Esposito et
al., 2011, Moore et al., 2015). It requires accurate calibration, which can vary from one
instrument to another due to various factors (Lamadrid et al., 2017). Vesicle size fraction can be
obtained by optical measurements with a microscope of by uX-Ray tomography (Hanyu et al.,

2020).

1.1.4. General behavior of volatiles in magmas

Each volatile in magmatic system has its own behavior depending on its properties and
concentration. This will dictate the phase where the gas is present and the techniques that can be

used to measure it. These are summarized in Table 1.

Table 1. Summary of typical behavior of volatiles in MORB and OIB submarine glasses and
melt inclusions and their most common measurement techniques

Volatile species Phase where it is General behavior Technique of
present measurement of
concentration
CO, Vesicle and Glass Major volatile; Vesicles: by
MlIs: glass and Very low solubility | crushing in vacuum
shrinkage bubble in silicate melts. Glass, MlIs: FTIR,
Generally highly SIMS, incremental
degassed except in | step-
rare undegassed heating/manometry
samples or in Shrinkage
vesicles-rich bubble:size by
popping rocks microscopic
(where exsolved technique and micro
CO; is kept) X-ray tomography
Concentration by
Raman
H,O Mainly dissolved in | highly soluble in Glass: FTIR, SIMS,
glass and MlIs silicate melts; step-heating, Raman
present in vesicles prone to diffusion in | Mls: FTIR, SIMS
only for water rich | and out of the
systems (OIB) mineral host in MIs
and/or at shallow
depths
S Glass and sulfide highly soluble, Electron
precipitates, partly | dependent on Fe microprobe, SIMS,
in vesicles in some | content of the melt; | wet chemistry bulk
OIBs depends on oxygen | extraction for
fugacity isotopes
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N Vesicles low solubility; static mass
prone to spectrometry
atmospheric
contamination
F Glass highly soluble Electron
microprobe, SIMS
CL (Br, 1) Glass highly soluble; Electron
prone to brine microprobe, SIMS,
contamination irradiation/gamma
counting/noble gas
MS, pyrohydrolysis

1.1.5. Carbon, water, sulfur, nitrogen, halogens inventories of the Earth's oceanic mantle
(MORB and OIB sources)

1.1.5.1. Carbon

The carbon concentration dissolved in MORB and hotspot submarine glasses is presented against
the dissolved water content in Figure 1. For MORB, the dissolved CO; content vary from a few
ppm up to 600 ppm (Fig. 1a). For hotspot glasses, the dissolved CO, content vary from a few
ppm up to 800 ppm (Figures 1B and 1C). In both cases, the range of CO, concentration is
similar, a feature that cannot be reconciled with the larger incompatible element contents
measured in hotspot samples compared to MORB samples (acknowledging that carbon is
classified as an incompatible element as well). A factor other than the enrichment of C in the
source of the magma must control the CO, content in the melt.

Because of its low solubility in basaltic magmas (Dixon et al., 1995), carbon is
extensively degassed in submarine basaltic glasses, independently of their magmatic source.
Therefore, at first order, the similar range of CO, content in MORB and hotspot melts reflects a
similar range of depth of eruption. As a result, obtaining the CO, of primary magmas before
degassing is a challenge. Only in rare occasions, the bulk C can be measured or reconstructed
with less ambiguity. Following are the type of samples and approaches that have been utilized by
the scientific community to constrain carbon budget of the MORB or OIB sources.

1) Rare submarine MORB and OIB glasses are CO,-vapor undersaturated (Hauri et al., 2017,
Michael and Graham, 2015, Saal et al., 2002). Direct measurement of these samples can,
therefore, be used to determine C content in the mantle (after correction from partial melting and
normalization to an incompatible metallic trace element).

2) Gas-rich samples such as 14 °N and 34 °N mid-Atlantic ridge popping rocks (Cartigny et al.,
2008, Javoy and Pineau, 1991) and some high-vesicularity mafic glasses from Society and
Pitcairn (Aubaud et al., 2005, 2006). The identification of the mantle isotopic signature in vesicle
of some gas-rich samples leads to the assumption that they have degassed under a closed system.
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Therefore, the calculated CO, content obtained with the vesicularity is taken as representative of
the initial CO, content of the melt. This is valid only if the calculation procedure does not induce
a bias (e.g. Jones et al., 2020) or if the sample did not suffer from gas phase accumulation or
dilution effects.

Apart from these two specific sample types, all other submarine samples are degassed, in
the sense that part of the vapor phase is lost. Initial C content can only be inferred by
reconstructions that are often too inaccurate to provide a reliable answer. Several approaches
have been undertaken to address this problem:

1.1.5.1.1. Measurement of the carbon concentration dissolved in basaltic glasses

With accumulation of data on natural samples, it has been recognized, however, that the carbon
concentration is controlled by the depth of eruption. When comparing the saturation pressure for
MORBs (Figure 2a) and for OIBs (Figure 2b) submarine glasses against the collection pressure,
one can observe that most MORB glasses are supersaturated and most OIB glasses are saturated
with respect to a CO,+H,0 gas phase. For MORBES, this supersaturation originates from CO, due
to slow degassing kinetics combined with relatively fast magma ascent while OIB samples are in
full gas-magma equilibrium (Simons et al., 2002; Aubaud, 2022). This difference is further
illustrated in Figure 3, where the CO,+H,O supersaturation is plotted against the water content in
the glass. Volatile supersaturation is common in glasses with low vesicularity and low water
content while vesicle and water-rich glasses are mostly closed to volatile equilibrium. High
vesicularity means larger gas-melt surface area of contact promoting equilibrium. Similarly, high
water content enhances CO, diffusion in basaltic melts (Watson, 1991). These two factors
explain the difference in MORB and hotspot glass equilibrium state. In both cases, CO,
concentrations are only minimum estimates of the initial carbon content of magmas.

1.1.5.1.2. Simultaneous measurement of the carbon content and carbon stable isotope coupled
with a mass balanced degassing model

Pineau and Javoy (1983, 1994) have proposed that carbon stable isotope ratios and dissolved
CO; contents could be used with a mass balance degassing model to constrain initial CO,
contents of the melt. In theory, such an approach is correct; in practice, however, this approach is
problematic for several reasons and only leads to inaccurate results. The main caveats are: (a)
The poor knowledge of isotopic fractionation between CO, in vesicle and carbon dissolved in the
melt. Experimental determinations are sparse and gave conflicting results. Javoy et al. (1978)
found fractionation between 4 and 4.5%o0 while Mattey et al. (1991) obtained lower values
(around 2%eo). In a closed system, this fractionation represents the slope of the isotopic evolution
of the vesicle and melt (at most 4.5%0 which is small) and even a small uncertainty in the
fractionation value implies a large uncertainty in the reconstructed CO, content. (b) given the
fact that MORB melt can undergo various degassing processes at shallow levels (closed system
at equilibrium or out of equilibrium, open system at isotopic equilibrium or with partial kinetic
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fractionation), there is a large range of degassing models that are possible and thus reconstructed
initial carbon content leads to solutions that are not unique, and thus too speculative.

1.1.5.1.3. Carbon scaled to He

Initial work proposed two advantages to this approach. The first is that He flux is relatively well-
constrained (Farley, 1995, Lupton and Craig, 1975) and the second is that He and CO, are
minimally fractionated by shallow degassing processes. By measuring CO,/He in a single
MORB sample, Jambon and Zimmerman (1987) and Marty and Jambon (1987) observed that the
COy/He ratio is similar in vesicle and melt. They proposed that CO, and He are not fractionated
by degassing and that measured CO,/He in vesicle is representative of the source. We know now
that this hypothesis is incorrect because solubility determinations showed that He is at least two
time more soluble than CO, in tholeiitic melts (Dixon et al., 1995, Jambon et al., 1986, Lux,
1987). Also, MORBs are generally not in gas-melt equilibrium so similar ratio in a natural
sample is not a proof of similar behavior but, in the light of known solubilities, a clue of non-
equilibrium state. The canonical CO,/*He value of 2 x10° of Marty and Jambon (1987) is often
kept as a reference value for the upper mantle. However, popping rocks point to a mantle value
of 3x10’ (Javoy and Pineau, 1991, Jones et al., 2019). Lower values are an indication of
degassing (CO,/He decreases as degassing proceeds). Non-equilibrium degassing can also lead
to large variations of CO,/He ratios in comagmatic melts (Aubaud et al., 2004b).

1.1.5.1.4. Carbon scaled to a trace element (Nb or Ba)

The discovery of MORB that are CO,-undersaturated (Saal et al., 2002) allowed to treat carbon
as an incompatible element (a behavior that was controversial in earlier publications) (e.g., Marty
and Jambon, 1987). Normalizing CO; to Nb or Ba, allowed to constrain this ratio in MORB and
OIB sources and to calculate the CO, content of mantle sources. Although it was first assumed
that this ratio vary little in the mantle, there is more and more evidence to suggest that they do
vary from depleted to enriched sources (Cartigny et al., 2008, Miller et al., 2019, Sun and
Dasgupta, 2023, Tucker et al., 2019). A comparison of MORB and OIB glasses is shown in
Figure 4 in the diagram CO, concentration (ppm) against Ba concentration (ppm) for submarine
glasses and melt inclusions. While degassing can explain the large range of CO; content at a
given Ba content, the maximum CO, is likely to be representative of the magma before
degassing.

Inversely, the absence of CO; data for some samples can be overcome by using Nb or Ba
as a proxy for CO, content assuming a CO, to Ba or Nb ratio in the source (Hauri et al., 2019).
This approach leads to an indirect estimation of global ridge CO; flux.

1.1.5.1.5. Carbon estimated from major element systematics
Building on previous observations (Dasgupta et al., 2007a, Ghosh et al., 2014, Mallik and

Dasgupta, 2013), Sun and Dasgupta (2020) re-established a linear relationship between CO, and
Si0;, (on an H,O-free basis) in experimental melts. Given the fact that most OIB melts are low in
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silica, this calibration allowed Sun and Dasgupta (2023) to obtain the CO, content of OIB
parental melts at a global scale, i.e., for all ocean island groups. With the parental melt CO,
estimated from fractionation corrected, primitive melt SiO, contents, Sun and Dasgupta (2023)
utilized the reported Nb and Ba contents of the OIBs to discover that on an island average-scale,
CO; correlates to Ba and Nb. Using the observed correlation, Sun and Dasgupta (2023) derived
global average CO,/Ba and CO,/Nb for OIB sources.

1.1.5.1.6. Summary of elemental and isotopic composition of MORB and OIB source carbon

A summary of CO, content in primary melt, mantle C content, source CO,/Nb and CO,/Ba
ratios, and fluxes is presented in Table 2.

Table 2. Carbon contents, carbon/trace element canonical ratios, and 8"°C values of MORBs and OIBs

and their mantle sources.

Source Primary melt C mantle 8°C CO/Nb CO,/Ba Flux (molC/yr) Method Reference
CO: (ppm) (ppm) source (ppm/ppm) (ppm/ppm)
(%)
MORB
MORB 2% 10" C isotopes Javoy etal. (1982)
MORB] 83 x 10" C isotopes Des Marais and Moore (1984)
MORB 1-8 x 10" Cl'He Des Marais (1985)
MORB 2% 10" Cl'He Marty and Jambon (1987)
14°N MAR 14670 300 = 15 % 107 vesicular, closed Javoy and Pineau (1991)
system
MORB (2320.6) x 10" Zhang and Zindler (1993)
MORB 40-80 2.9-5.8 x 10" model Holloway (1998)
MORB 36-54 22x 10" Cl'He Marty and Tolstikhin (1998)
SWIR 418 x 10" C isotopes Cartigny et al. (2001)
DMM 44-244 20=5 239446 75525 0.93 x 10" d d Saal et al. (2002)
23°S EPR 10-18 x 10" C isotopes Aubaud et al. (2004c)
34°N MAR 1260-57500 = vesicular, closed Pincau et al. (2004)
system
MORB 2.7-77 x 107 experimental Dasgupta and Hirschmann (2006)
14°N MAR 570 120£50 23 % 10" C isotopes Cartigny et al. (2008)
34°N MAR 730 120£50 23 % 10" C isotopes Cartigny et al. (2008)
MORB 15 x 10" experimental Dasgupta and Hirschmann (2010)
‘Axial Smt 9159 330 4000 1910 x 107 MI Helo etal_(2011)
JdF EPR 58050 100£10 MI Wanless and Shaw (2012)
SEIR 1224 730+370 Burnard et al. (2014)
MORB 1821 (8.7£2.8) x 10" Chavrit et al. (2014)
Gakkel 420 90=10 MI Wanless et al. (2014)
UDM 50 283+32 98=10 7.8-13 x 10" d d Michael and Graham (2015)
MORB 75525 505168 13344 6242 x 10" experimental Rosenthal et al. (2015)
Lucky Strike 550450 90=10 MI Wanless et al. (2015)
DMM 6=1 258+40 10561 Shimizu et al. (2016)
DMM 37=15 607327 105£9 d d Le Voyer etal. (2017)
DMM 140 Matthews et al. (2017)
MORB 10020 (4.930.8) x 10" Tucker et al. (2018)
MORB 11040 810+220 10020 compilation Hirschmann (2018)
E-MORB 107(-49/124) 177(-52/71) Shimizu et al. (2023)
SWIR 49°E 100-1400 1955 11342415 123432 undersat. incl Moussallam et al. (2023)
OIB
All hotspots 3% 10" C/'He Marty and Tolstikhin (1998)
All hotspots 40000 330-410 1850:196 22622 55x 10" Sun and Dasgupta (2023)
Kilauea 4 Gerlach and Taylor (1990)
North Arc VF 20000-54000 350 125050 110£5 Dixon etal. (1997, 2002)
PdF, Réunion 4660-10160 73 % 10 Bureau et al. (1998)
Society 13970 190 = 21% 10 vesicular, closed- Aubaud et al. (2005)
system
Pitcairn 2970-34650 70-140 6 1.9 % 10 vesicular, closed- Aubaud et al. (2006)
system
Gal 350 Koleszar et al. (2009)
Petit spot B 1300£450 130:£60 Machida et al. (2009)
Petit spot A 1200400 3830 Okumura & Hirano (2013)
Iceland 0.2-23 x 10" C isotopes Barry et al. (2014)
Iceland 420 80=1 MI Hartley et al. (2014); Neave et al.
(2014)
N. Iceland 391 48 d d Hauri et al_ (2017)
Hawaii 9700+2500 263482 7584238 8623 Anderson and Poland (2017)
Canary 25000-50000 Longpré et al (2017)
PdF, Réunion 3500014000 716£525 Boudoire et al. (2018)
Iceland 18325316 39648 Miller etal. (2019)
Loihi 10330£2300 480110 631169 79=18 Tucker et al. (2019)
Kilauea 6890=1210 44080 594+123 80=17 Tucker et al. (2019)
Mauna Loa 3860£1250 380£120 329480 34=6 Tucker et al. (2019)
Hualalai 4320=1320 360£110 627+191 84=25 Tucker et al. (2019)
Koolau 6040-2450 520£210 394:166 37=15 Tucker et al. (2019)
Canary 42000 55-185 Taraczak et al. (2019)
Canary 4500015000 Buron et al. (2023)
Loihi, Hawaii 6535-18960 108 C isotopes Graham et al. (2023)

MAR: Mid-Atlantic Ridge; SWIR: Southwest Indian Ridge; DMM: Depleted MORB Mantle; EPR: East Pacific Rise; Smt: seamount; JAF: Juan de Fuca; SEIR: Southeast Indian Ridge; UDM: Ultradepleted mantle; E-MORB:
enriched Mid-Ocean Ridge Basalt; VF: volcanic field; PdF: Piton de la Fournaise;
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The primary melt CO; content vary between 44 and 57,500 ppm in MORBs. In OIBs, the
primary melt CO, content vary from 3,860 to 54,000 ppm. Apart from the large estimate of
57,500 ppm for 34°N alkalic basalts that are likely enriched in CO, due to small extent of
melting and possible OIB source affinity, the CO, content in OIB primary magmas is larger than
in MORB primary magmas. Such a difference is also reflected in C content of mantle sources:
the values estimated for the MORB source (6 to 330 ppm C) are smaller than those derived for
OIB sources (70-716 ppm C).

CO,/Nb in MORB range from 239 to 4000 while in OIB they range from 329 to 1850.
Such difference in CO,/ND ratios reflects difference in source enrichment because CO; and Nb
do not have the same degree of incompatibility (Rosenthal et al., 2015). On the contrary, the
range of CO,/Ba in MORB (75-177) is similar to, although more restricted than the range of
COy/Ba in OIB (34-396) because of similar degree of incompatibility.

The fluxes of CO, from ridges vary other several orders of magnitude 0.8-77 x 10'* mol
Cly reflecting the large diversity of approaches used to calculate this value. An average value of
10 x 10'> mol Cly is similar in magnitude to the flux estimated for all OIBs. This implies that
OIB CO; emissions are similar to MORB CO, emissions in recent geological times. It is
probably only during emplacement of large volumes of magma during LIPs (large igneous
provinces) episodes that OIB likely surpasses ridges in terms of CO, emissions.

1.1.5.2. Water

A summary of water content in melts, water content in mantle sources and water fluxes is
presented in Table 3.

Table 3. Water contents and 8D values in MORBs and OIBs and their mantle sources.

Source Melt H,0 H,0/Ce 8D (%) Flux Reference

H,0 mantle (ppm/pp (molH,0/yr)

(wt%) (ppm) m)
MORB
MORB (6.1111.7) x Ito et al. (1983)

10"

MORB 0.15- —80+5 Kyser and O'Neil (1984)

0.35
MORB 0.2 =77 Poreda et al. (1986)
MORB 0.17-0.6 | 70-550 Jambon & Zimmermann (1990)

(150)

14°N MAR 0.42- —64+2 Pineau and Javoy (1994)

0.53
MORB 155- Michael (1995)

213(x40)
22°N MAR 240- Michael (1995)
280(£50)
MORB 250 =70 Javoy (1997)
1.1x10" Javoy (1998)

MORB Atlantic 0.3 250 Dixon et al. (2002)
MORB Pacific 0.2 150 Dixon et al. (2002)
DMM 0.01 200 Dixon et al. (2002)
MORB Pacific 23°S 120427 150+10 Simons et al. (2002)
MORB Pacific 23°S 0.07 —63 Kingsley et al. (2002)
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DMM 142 168+95 Saal et al. (2002)
EPR 0.06-0.7 128+5 134-277 Le Roux et al. (2006)
14°N & 34°N MAR 0.13- 154-345 Cartigny et al. (2008)
0.77
Macquarie MORB =75 Bindeman et al. (2012)
MORB 180 —60 Clog et al. (2013)
N Atl. DM 200 -100 Dixon et al. (2017)
Pacific DM 150 =75 Dixon et al. (2017)
South Atl. DM 150 =70 Dixon et al. (2017)
N EPR DM 170 =70 Dixon et al. (2017)
SWIR (background) 232+92 Wang et al. (2021)
SWIR 48-51°E 459+£15 Wang et al. (2021)
SWIR 5°E 322413 Wang et al. (2021)
OIB
All hotspots (0.170.4) X Ito et al. (1983)
10"
Loihi Rison and Craig (1983)
Hawaii 0.25-1.1 —52t0-73 Kyser and O'Neil (1984)
Reykjanes 0.4 =50 Poreda et al. (1986)
Mohns Ridge 04-1.2 —60 to —44 Poreda et al. (1986)
Hawaii -80 Garcia et al. (1989)
North Arch, Hawaii 1.3-1.9 525475 Dixon et al. (1997)
Réunion 0.7-1.1 350-1100 3.4 x10° Bureau et al. (1998)
Kilauea 450+190 Wallace (1998)
Loihi 0.4-1.0 400 167+13 Dixon and Clague (2001)
Atlantic FOZO 0.075 250 Dixon et al. (2002)
Pacific FOZO 0.075 200 Dixon et al. (2002)
EM <0.04 <100 Dixon et al. (2002)
Easter/Salas y Gomez 750210 210£20 Simons et al. (2002)
Easter/Salas y Gomez | 1.54 =35 Kingsley et al. (2002)
Loihi (alk) 0.60 =77 Hauri (2002)
Loihi (thol) 0.48 =77 Hauri (2002)
Kilauea 0.40 48 Hauri (2002)
Mauna Loa 0.36 -82 Hauri (2002)
Mauna Kea 0.36 —65 Hauri (2002)
Koolau 0.40 -120 Hauri (2002)
Society 1.43 720 5.4 x10° Aubaud et al. (2005)
Pitcairn 0.63- 410-820 7.3 x10° Aubaud et al. (2006)
1.04
Samoa (EM2) 0.63- 385 58-157 Workman et al. (2006)
1.50
Pitcairn (EM1) 0.7-1.7 75-150 Kendrick et al. (2014)
Society (EM2) 0.9-1.5 50-120 Kendrick et al. (2014)
Mangaia (HIMU) 1.2-1.7 440 119-245 Cabral et al. (2014)
Baffin (Iceland) 0.2 218 Hallis et al. (2015)
Pacific PREMA 215+30 —45+5 Dixon et al. (2017)
North Atl. PREMA 220+30 -30to —40 Dixon et al. (2017)
North Atl. EM 330+30 =57 Dixon et al. (2017)
South Atl. EM 120+10 —68 Dixon et al. (2017)
North Pacific EM 110+20 -94 Dixon et al. (2017)

In bold are mantle endmembers identified among the lavas from a given island and the corresponding H,O/Ce ratio is also in bold.
PREMA: Prevalent mantle; FOZO: Focus Zone; EM: enriched mantle endmember; HIMU: high-u endmember.

The concentration of dissolved water in MORB and hotspot glasses is shown in Figure 1.
Concentrations of water in MORB is generally in the range 0.05 to 0.5 wt% with a mode at 0.2
wt% (Aubaud, 2022; Fig. la and Table 3), higher values being encountered close to ridge-
centered hotspots. In hotspot glasses, water concentrations are mostly in the range between 0.5
and 1.5 wt% (Table 3; Figures 1b and 1c¢). Contrary to CO,, there is a significant difference in
water content between MORB and hotspot magmas. As water is an incompatible species (e.g.,
Aubaud et al., 2004a, O'Leary et al., 2010), this observation essentially reflects that hotspot
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sources are enriched in water compared to the MORB source. Due to its high solubility in
basaltic melts (Hamilton et al., 1964; Dixon et al., 1995), water is less prone to degassing at the
common eruption pressure range of MORB and OIB. As a result, more information can be
extracted from its direct analysis in submarine glasses.

Since the earliest measurements, it was quickly understood that water behaves as an
incompatible element like K and Ce (Danyushevsky et al., 1993, Dixon et al., 1988, Jambon and
Zimmerman, 1990). Comparison of H,O with K,O have helped to understand its recycling and
behavior in the upper mantle. Jambon and Zimmermann (1990) have found that recycled oceanic
crust must be strongly dehydrated upon its passage through subduction zone to explain the
observed enriched endmember in the MORB samples. Water behavior was deemed closed to that
of Ce (Michael, 1995) and the H,O/Ce was then adopted to discuss source variability. This ratio
vary significantly in MORB and is significantly different between MORB and OIBs (Dixon et
al., 2017, Dixon et al., 2002). Notably, Dixon et al. (2002) have noted lower H,O/Ce in some
OIB end members that they interpret as extensive dehydration at subduction zones during
recycling of oceanic crust (a component in OIB sources). Recently, Wang et al. (2021) has
identified a high H,O/Ce component in the Southwest Indian ridge basalts that they interpret as a
remnant of subduction material during ocean opening in this area.

Typical water concentration in the MORB mantle is in the range 120-250 ppm. In OIB
sources, water content is larger: 350-1100 ppm (Table 3). The flux of water at ridges is about
1x10"* mol H,0/y (Javoy, 1998), almost in the same order of magnitude as that estimated for
intraplate ocean islands (0.7 x 10'* mol H,O/y; Ito et al., 1983).

1.1.5.3. Sulfur
A summary of S content in melts and mantle sources as well as S fluxes is presented in Table 4.

Table 4. Sulfur contents and 8°*S values in MORBs and OIBs and their mantle sources

Source Melt Mantle | 3**S (%0/CDT) S/Dy | Flux Method Reference
S S (ppm) molS/yr
(ppm)
MORB
DMM 146+35 225 S/Dy Saal et al. (2002)
EPR MORB 12946 S/Dy Le Roux et al. (2006)
MORB 711- —0.91£0.50 Labidi et al. (2012)
1086
DM 200+40 Lorand et al. (2013)
MORB (DM) 642- -1.28+0.33 Labidi et al. (2013)
1388
MORB 195445 Ce/T1 Nielsen et al. (2014)
MORB (PacAnt) 900- —-1.57 to +0.60 Labidi et al. (2014)
1800 —0.89+0.11
MORB 100 X Kagoshima et al. (2015)
10°
MORB 100-165 S/Dy Shimizu et al. (2016)
Garrett DMORB 100+40 | —0.68+0.08 Labidi et al. (2016)
MORB 900- 100-200 S-Cu syst | Ding and Dasgupta (2017)
1900
MORB 206£25 S-Cuexp | Sunetal. (2020)
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OIB

Primordial M >1000 Labidi et al. (2016)
LOMU 0.00 Labidi et al. (2013)
Discovery +1.05 Labidi et al. (2013)
Shona -0.59 Labidi et al. (2013)
HIMU 175-300 Labidi et al. (2014)
EM endm. 5000 Labidi et al. (2014)
Samoa (EM2) 835- +0.11 to +2.79 Labidi et al. (2015)

2279

Canary 4290 265-450 Taraczak et al. (2019)
Samoa (EM2) 809 +1.08 to +4.23 Dottin et al. (2020)
Mangaia (HIMU) —5.13 to +0.21 Dottin et al. (2020)
Samoa (EM2) 1000 —0.29 to +4.84 Dottin et al. (2021)
Pitcairn 1300 —0.9 to +0.6 Labidi et al. (2022)

In bold are preferred values of endmembers quoted in the original publications.
PacAnt: Pacific Antarctic ridge; M: Mantle

Sulfur is a moderately incompatible element during mantle partial melting (Ding and
Dasgupta, 2017, Ding and Dasgupta, 2018). In MORB, it is assumed to behave in a manner
similar to Dy (Saal et al., 2002). S concentrations in MORBs vary from ~750 ppm to ~1750 ppm
(Table 4 and Fig. 5), with S contents largely increasing with decreasing Mg# and increasing
FeO* contents of basalts.

Sulfur solubility in basaltic melts is sufficient to keep sulfur dissolved in the melt at the
eruption pressures of submarine MORBs and OIBs. However, sulfur is very sensitive to
oxidation state conditions and generally partly precipitates as sulfides droplets that are
sometimes observed submarine glass thin sections (e.g., Mathez, 1976, Patten et al., 2012). It has
been recognized that S content in MORB glasses is dependent on FeO content, i.e., the
maximum S is controlled by total Fe of the melt (Fig. 5). S content in the MORB mantle has
been inferred to be in the range 100-206 ppm, estimates that are essentially consistent
considering that different approaches have been used (Table 4). A MORB sulfur flux of 100 x
10° molS/yr has been calculated by Kagoshima et al. (2015).

In OIBs, S is controlled by the same processes as in MORBs except that degassing might
be an additional factor (Spilliaert et al., 2006). Therefore, disentangling the effect of sulfide
precipitation and degassing can be difficult (Labidi et al., 2022). The concentration of Cu can be
used to track sulfide precipitation (Lee et al., 2012) while modelling of experimental data might
give constraints on degassing effects (Witham et al., 2012). It is still under scrutiny to establish
whether OIBs are more oxidized than MORBs and if dissolved sulfate is significant in these
melts (e.g., O'Neill, 2021). The HIMU mantle endmember has a S content of 175-300 ppm
(Labidi et al., 2014). EM mantle endmembers are assumed to be S-rich up to 5000 ppm due to
sedimentary S contribution (Labidi et al., 2014). The modelled primordial mantle has S content
larger than 1000 ppm (Labidi and Cartigny, 2016). No OIB S flux has ever been estimated.

1.1.5.4. Halogens

1.1.5.4.1. Chlorine
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A summary of Cl content in MORB and OIB melts, Cl content in the mantle and Cl fluxes is
presented in Table 5.

Table 5. Chlorine contents and 8°’Cl values of MORBs and OIBs and their mantle sources.

Source Melt (ppm Mantle 8¥c1 Flux Reference
(&) (ppm (%0/SMOC) | (molCl/yr)
(8}
MORB
MORB (5.14%)-9.0) x Schilling et al. (1978)
10
MORB (4-15) x 10" | Tto et al. (1983)
MORB uncontam. | 20-50 Michael & Schilling (1989)
MAR 49-153 Jambon et al. (1995)
EPR 280-320 Jambon et al. (1995)
GSC 53-2066 Jambon et al. (1995)
MORB uncontam. | 55 9.3x10" Jambon et al. (1995)
MORB uncontam. | 2-80 Michael and Cornell (1998)
DMM 1+0.5 Saal et al. (2002)
EPR 5.38+1.1 Le Roux et al. (2006)
MORB -1.0to +0.4 Sharp et al. (2007)
(-0.1+0.4)
MORB 42-701 (80) | 443 0to—1.6 Bonifacie et al. (2008)
(<-1.6)
OIB
OIB (0.3-7.3) x Ito et al. (1983)
1010
Primitive mantle 3545 Jambon et al. (1995)
North Arch VF 400-1360 30 Dixon et al. (1997)
PdF, Réunion 150-370 7.3 x 10° Bureau et al. (1998)
Loihi thol. 130 Kent et al. (1999a, 1999b)
Loihi (uncontam.) | 240-600 Dixon and Clague (2001)
HIMU 418-755 Stroncik and Haase (2004)
EM1 250-783 Stroncik and Haase (2004)
EMIIL 566-845 Stroncik and Haase (2004)
OIB (HIMU) St 58-749 -1.6 to +1.1 John et al. (2010)
Hel
OIB (EMI) 262-285 —0.4t0 +1.0 John et al. (2010)
Pitcairn
OIB (EM2) 468-690 +1.5 to +2.9 John et al. (2010)
Society
OIB Réunion 383-492 +0.2 to +1.2 John et al. (2010)
Mangaia 225-906 Cabral et al. (2014)
Pitcairn 280-680 Kendrick et al. (2014)
Society 610-1180 Kendrick et al. (2014)
Samoa uncontam 490 Kendrick et al. (2015)

In bold are preferred (generally uncontaminated) values of pure endmember in the original publications. When brine assimilation
have been identified, we have retained only the lowest Cl content as representative of the melts.
Uncontam: uncontaminated melts (free of brine interaction); St Hel: St Helena

First studies recognized that the extent of contamination was larger in samples from fast
spreading ridges (EPR) than for slow spreading ridges (MAR) (Jambon et al., 1995, Michael and
Cornell, 1998, Michael and Schilling, 1989). The excess chlorine has been proposed to be due to
incorporation of brine derived from seawater unmixing at high temperature at ridges (Jambon et
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al., 1995, le Roux et al., 2006). Brines have also been identified in various OIBs (Stroncik and
Haase, 2004) including Samoan samples (Kendrick et al., 2015) and Hawaiian lavas (Dixon and
Clague, 2001, Kent et al., 1999a, Kent et al., 1999b).

Uncontaminated Cl concentration in MORB is in the range 2-80 ppm (Jambon et al.,
1995, Michael and Cornell, 1998, Michael and Schilling, 1989). Chlorine is incompatible during
crystal fractionation and correlated with strongly incompatible elements (Jambon et al., 1995).
Inferred Cl content of the MORB source mantle in the range 1-6 ppm (Bonifacie et al., 2008, le
Roux et al., 2006, Saal et al., 2002). The flux of chlorine at ridges is estimated to be in the range
4-15 x 10" mol Cl/y (Ito et al., 1983, Jambon et al., 1995, Schilling et al., 1978).

CI/K was used to characterize the source (when not contaminated) and sometimes found
to be correlated with *He/*He (Jambon et al., 1995) and radiogenic isotopic ratios (Stroncik and
Haase, 2004). Notably, Cl is enriched in Azores and Iceland hotspots (both in concentration and
in CI/K ratios). K/CI in MORB is 13+4 (Kendrick et al., 2012). K/Cl are up to 40 in Society and
Pitcairn OIBs and are correlated with *’Sr/*°Sr (Kendrick et al., 2014, Kendrick et al., 2012b).
The uncontaminated chlorine concentrations in hotspot lavas are higher than those measured for
MORB, generally by an order of magnitude (Table 5). Primitive mantle CI concentration is
estimated to be 35+£5 ppm (Jambon et al., 1995) that is one order of magnitude higher than the
depleted MORB mantle concentration. The chlorine flux for OIB is estimated to be in the range
0.3-7.3 x 10" mol Cl/yr similar in magnitude to the MORB flux.

1.1.5.4.2. Fluorine

Fluorine is incompatible during crystal fractionation and partial melting (Beyer et al.,
2012). F is not affected by degassing. F/Nd in MORB is 22 +2 (Saal et al., 2002). F/Cl in MORB
(1£0.5) is lower than in EMI and EMII hotspots (up to 3) and well correlated to K/Cl for Pitcairn
samples. F well correlated to H,O (Shimizu et al., 2019).

1.1.5.4.3. Bromine

Bromine has a similar behavior as chlorine. In basalt glasses, they are highly correlated
with a Cl/Br ratio of 430 and concentration of 60-1300 ppb. All processes that apply to chlorine
can be extrapolated to Br (Jambon et al., 1995). Br/Cl in the MORB source is (3.7 + 0.5) x 107

(Kendrick et al., 2012a). Br is not fractionated during partial melting and crystal fractionation.
1.1.5.4.4. Todine

Concentrations are low 2.5-13 ppb. Higher concentrations have been measured in plume
type samples (up to 363 ppb) an indication of a recycled component that includes organic matter
of sedimentary origin (this reservoir is 80% of the terrestrial iodine). Iodine is a highly
incompatible element and correlates with K. Todine’s mantle abundance is estimated to be 10 ppb
(Déruelle et al., 1992). I/CI in the MORB source is (130 + 100) x 10 (Kendrick et al., 2012a).
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Br/Cl and I/Cl for samples least affected by brines indicates that MORB and OIB samples
(Samoa, Pitcairn, Society, high ‘He/*He Baffin island samples) share the same source
characteristics (Kendrick et al., 2015).

1.1.5.5. Nitrogen

Study of nitrogen in the mantle with submarine glasses has been a challenging analytical
task. There are two main reasons for this: (1) nitrogen abundance is very low and (2) nitrogen is
prone to atmospheric contamination. It is only by the use of a gas-rich sample (Javoy and Pineau,
1991) and of static mass spectrometry on more common gas-poor samples that nitrogen
concentrations and isotopic ratios could be measured accurately (Marty, 1995, Marty and
Zimmermann, 1999)( Cartigny et al., 2001).

A summary of N content in melt and mantle sources, and nitrogen fluxes is presented in
Table 6.

Table 6. Nitrogen contents and 8'"°N values of MORBs and OIBs and their mantle sources.

Source Melt N Mantle N 3"N (%o) Flux (mol N/y) Reference
(ppm) (ppm)
MORB
14°N MAR | 12 1 -3.5 Javoy and Pineau (1991)
MORB 0.24 3.2 % 10° Zhang and Zindler (1993)
MORB (2.2£1.0) x 10°__| Marty (1995)
MORB -3.3£1.0 (3.8+1.5) x 10° Marty and Zimmermann (1999)
SWIR —6 (31-138) x 10° Cartigny et al. (2001)
MORB 0.27+0.16 -3 to -5 Marty and Dauphas (2003)
MORB 5% 10° Busigny et al. (2011)
MORB 1.3£0.6 Marty (2012)
MORB 1.1£0.55 (5.7-36) x 10° Hirschmann (2018)
OIB
OIB 4.1 x10° Sano et al. (2001)
OIB 2.7+1.4 -1.5to Marty and Dauphas (2003)
+7.9
+3

In bold are preferred values of the original references among the measured range of values.

In undegassed MORB samples, the nitrogen abundance is 12 ppm (Javoy and Pineau,
1991). Assuming 10% mantle partial melting for MORB genesis and an incompatible behavior
for N during melting returns a MORB mantle abundance of 1 ppm, a value consistent with later
estimates (from 0.24 to 1.3 ppm, Table 6). N, in MORB has been found to be well correlated to
P Ar (Marty, 1995). Argon is incompatible during partial melting; therefore it might be inferred
that N is incompatible as well. Also, nitrogen has a low solubility in basaltic melts at relevant
oxidation conditions of the MORB mantle (Bernadou et al., 2021, Dasgupta et al., 2022b,
Libourel et al., 2003) so that it is preferentially partitioned into the gas phase during degassing.

Flux of N from the MORB mantle has been estimated to range from 2.2 to 138 x 10° mol
N/y (Table 6) much larger than that of OIB (4.1 x 10°%; (Sano et al., 2001)).
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1.1.6. Isotopes of C, H, S, N and halogens in the oceanic mantle
1.1.6.1 Carbon isotopes

Carbon has two stable isotopes: '*C and "*C, with respective abundances of 98.89% and
1.11%. The largest reservoir of carbon at the Earth’s surface is marine sedimentary carbonates
that are used to define the isotopic standard (PDB for Pee Dee Belemnite) (Craig, 1953). In
MORBEs, the 8"°C in vesicle vary from —14 to —0.5%o with a majority of values around —6%o
(Aubaud, 2022). Dissolved carbon vary mostly between —4 and —11%o. In OIB, vesicle 8"°C
values vary between —4 to —16%o and dissolved carbon vary between —4 and —28%o (Aubaud,
2022). Due to strong degassing effects, carbon stable isotopes vary in MORB and OIB
essentially due to degassing. Experimental determinations of carbon isotope fractionation
between CO, in vesicle and C dissolved in magma have established that vesicles are enriched in
BC compared to the melt. The magnitude of this fractionation is however, debated between
relatively high values +4 to +4.5%0 (Javoy et al., 1978) and relatively low values +2%o0 (Mattey,
David P., 1991). This explains why most MORB values are depleted compared to the mantle
value (—4%o).

Schematically, three processes occur to explain all isotopic variation in submarine
glasses: (1) degassing under a closed system at isotopic equilibrium, which mainly explains
values between —4 and —8%o, (2) degassing under an open-system at isotopic equilibrium
(Rayleigh distillation), which explains all values lower than —8%o., and (3) kinetic isotopic
fractionation superimposed to the two previous processes, which can explain values higher than -
4%o in vesicles.

If one undertakes tracking mantle heterogeneity with carbon isotopes, this can only be
accomplished by considering samples that have degassed under a closed system. Since CO; has
low solubility, most of the carbon is present in the vesicles and its stable isotope ratio approaches
that of the initial magma. Few samples meet the criteria (Table 2): samples 2xD43 and OT03-09
in MORB (Javoy and Pineau, 1994; Pineau et al., 2004) and a few alkalic basalts from Pitcairn
and Society (Aubaud et al., 2005, 2006). For MORB, a source of —4%o might be inferred. For
Society, a signature around —4%o can also be deduced (Aubaud et al., 2005). For Pitcairn,
however, the source of carbon seems to be around —6%e., that is 2%e lower than the MORB source
(Aubaud et al., 2006). Although the isotopic signature around —4%o seems frequent (it is also
encountered in Hawaii as seen with volcanic gases, (Gerlach and Thomas, 1986)), it is possible
that carbon isotopes are heterogeneous in the mantle. Whether this is due to recycling or
primordial inheritance remains to be elucidated. Indeed, some studies argued that a relatively
lighter carbon isotope signature of less degassed OIBs (Exley et al., 1986, Hauri, 2002) may be
true mantle source signature and may indicate greater proportions of subducted organic C in the
OIB source compared to MORB source (e.g., Eguchi et al., 2020).

1.1.6.2. Hydrogen isotopes
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Hydrogen has two stable isotopes: 'H and “H (also called deuterium and denoted by D)
with respective abundances of 99.9855% and 0.0145%. The largest reservoir of hydrogen at the
surface is the ocean (standard mean oceanic water, SMOW, 0%o by definition; Craig, 1963).
Because dissolved magmatic water is little affected by degassing, hydrogen isotopes of silicate
glasses have been used to discuss mantle source heterogeneity. Data in the literature are scarce,
however, because hydrogen isotopes determination by conventional techniques (extraction by
heating, water reduction to H, and MS) are not easy.

A summary of 0D-values obtained for MORB and OIB is presented in Table 3. Earlier
studies have recognized that mantle sources are depleted in deuterium (—80%o for the upper
mantle) (Kyser and O'Neil, 1984). This is in strong contrast with the surface water, which is a
few per mil below the SMOW (Lécuyer et al., 1998). Various authors have speculated whether
this difference is due to recycling or the inheritance from a primordial accretion. More recent
studies are debating the isotopic signature of the MORB source (—75%o, (Bindeman et al., 2012);
—60%o, (Clog et al., 2013); or even larger potential range with regional variations, (=70 to —
100%o0; (Dixon et al., 2017)). There might also be an issue with earlier studies due to analytical
problems with platinum crucible (Clog et al., 2012). This requires confirmation, however,
because the experiments conducted by Clog et al. (2012) were conducted in analytical conditions
(allowing the water vapor to remain statically in contact with the crucible at high temperature)
that are different from those used to extract water from the glass samples (where the released
water is dynamically trapped in a liquid nitrogen trap).

OIB glasses are notably enriched in water and deuterium (Table 3). Poreda et al. (1986)
showed that Iceland source is —45%o significantly higher than the ambient mantle in this region
(—80%0). Kingsley et al. (2002) also obtained similar results for the Salas y Gomes (Easter)
hotspot, with values up to —35%o. Other studies seem to have identified a dry and low deuterium
source corresponding to the deep, primordial mantle (—165%o0 in Hawaiian samples: (Hauri,
2002); —218%o for Baffin island picrites: (Hallis et al., 2015)). However, such values are always
obtained using SIMS and it remains to be verified that these results are not analytical artefacts.
Dixon et al. (2017) clearly established, however, that the common tendency of OIBs is to be
enriched in D with a large variability in isotopic signatures sometimes down to low values (-30
to —94%o0 in PREMA and EM mantle endmembers).

1.1.6.3. Sulfur isotopes

Sulfur has four stable isotopes: 325 335, g, 39 with respective abundances of 94.8%,
0.76%, 4.37%, and 0.02%. The international standard is the sulfur of the Canyon Diablo Troilite
(CDT) meteorite.

Early studies on sulfur isotopes have concentrated on 8**S-values only. Chaussidon et al.
(1989) have inferred a mantle 8**S of +0.5%o, not far from meteorite international standard.

Progress in mass spectrometry has allowed refinement of mantle S isotope geochemistry
and the study of minor sulfur isotopes A’*S and A**S (Labidi et al., 2012). These low abundance
sulfur isotopes are interesting because before the great oxygenation event, large anomalies due to
mass-independent fractionations are present in Earth’s sediments (Farquhar et al., 2000). The
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SIMS technique has also been used to measure both 8°*S and low abundance isotope ratios (e.g.
Delavault et al., 2016).

Partial melting of mantle rocks has no effect on sulfur isotope fractionation (Labidi and
Cartigny, 2016). Sulfur isotopes in melts can thus be interpreted in terms of source processes
provided that secondary effects such as degassing, for example, did not occur.

A summary of recent determinations of 8*S-values in MORB and OIB sources is
presented in Table 4.

The MORB mantle has been re-evaluated at —1%o (Labidi and Cartigny, 2016, Labidi et
al., 2012, Labidi et al., 2014, Labidi et al., 2013). The A*S and A*°S for the MORB mantle are —
0.019+0.005%0 and —0.193+0.093%o. relative to the IPGP working gas standard, identical to CDT
measurement in the IPGP laboratory. The analyses of OIB have shown enrichment in 8°*S up to
+1%o in Shona and Discovery hotspots, well correlated with Sr and Nd radiogenic isotope ratios
(Labidi et al., 2013) and up to a value of +2.79%o (Labidi et al., 2015) and +4.84%o in Samoan
basalts (Dottin IIT et al., 2021). Mangaia island is found to be strongly heterogeneous in §*S
values from —5.13 to +0.21%o, but is mostly negative suggesting a source of crustal sulfur
(Dottin, J. W. L. et al., 2020). Although Pitcairn basalts seem to have partly degassed, their
source 8°*S-values are proposed to be higher than that of MORB (Labidi et al., 2022).

The presence of A™S and A*°S anomalies in OIB sources is debated. Some studies have
shown anomalies in A*S and A’®S. Cabral et al. (2013) measured mostly negative A>S in
Mangaia samples while Dottin et al. (2020) found values around 0 or slightly positive. Delavault
et al. (2016) found mostly negative A*’S in Pitcairn samples while Labidi et al. (2022) found no
significant anomaly. It is not known if such conflicting results originate from different
performances of analytical techniques (SIMS vs bulk extraction and mass spectrometry) or due
to intra-sample fractionation (bulk rock vs sulfide analysis).

1.1.6.4. Halogen (chlorine) isotopes

Chlorine has two stable isotopes >>Cl and *’Cl with respective abundances 75.76% and
24.24%. The international standard is the Standard Mean Oceanic Chlorine (SMOC, e.g., Godon
et al., 2004). It has been chosen because the largest reservoir of chlorine at the Earth's surface is
the ocean.

Measurement of Cl isotopes in rocks has been a challenging task. Older TIMS data
(Mangenheim et al., 1995) are not reliable and should be discarded. It is only with the progress in
gas source mass spectrometry on CH;Cl that this kind of measurement has been possible (Sharp
et al., 2007; Bonifacie et al., 2008).

A summary of 8°’Cl values in MORB and OIB glasses is presented in Table 5. In
MORBES, studies have yielded conflicting results and interpretations. Sharp et al. (2007) has
found a range between —1 and +0.4%o. These authors consider the average (around —0.1+0.4%o)
to suggest no fractionation between the ocean and the mantle. By contrast, Bonifacie et al. (2008)
found a range between 0 and —1.6%o0 with isotopic values correlated with chlorine content.
Bonifacie et al. (2008) propose that samples with higher chlorine content with 8°’Cl of 0%o are a
sign of contamination by seawtaer derived brines whereas a signature of depleted 8°'Cl and low
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content points to the mantle value, significantly (—1.6%o) depleted than the surface reservoir. By
using SIMS, John et al. (2010) showed a range in OIBs between —1.6 and +1.1%0 for HIMU,
between —0.4 and +1.0 for EMI Pitcairn, and between +1.5 to +2.9%0 for EM2 Society mantle
sources. These authors interpret their data as reflecting heterogeneities in the mantle with DMM-
HIMU sources depleted in 8°’Cl (potentially down to —3%o) and EM sources enriched in §°'Cl
(potentially up to +4%o due to hypothetical subducted marine sediment reservoir).

1.1.6.5. Nitrogen isotopes

Nitrogen has two stable isotopes: '*N and "N, with respective abundance of 99.636% and
0.364%. The international reference standard value is that of modern atmospheric nitrogen
(ATM).

A summary of 8'"°N values measured in MORBs and OIBs is presented in Table 6. The
8'°N values of MORB glasses are variable but generally point to a mantle value around —5%o
(Cartigny et al., 2001, Javoy and Pineau, 1991, Marty and Zimmermann, 1999) a value also seen
in peridotitic diamonds (Cartigny et al., 1997, 1998). By contrast, OIBs show significantly
positive 8'°N values from —1.5 to +7.9%o with an average at +3%o (Marty and Dauphas, 2003).
Since sediments are generally positive in 8'°N (Ader et al., 2016), this can be in support of
recycled nitrogen since the Archean.

1.1.7. Summary of global concentration and stable isotope distribution in MORB and OIB
source

A simplified view of the distribution of volatile (H-C-N-S-CI) concentration and stable
isotope ratios in MORB and OIB sources is presented in Figure 6. These values represent a
summary of what is estimated based on the analyses of submarine glasses and melt inclusions. In
all cases, the OIB sources are systematically enriched in volatile compared to the MORB source.
Similarly, current knowledge highlights the fact that MORB and OIB sources are generally
isotopically distinct for all elements. Whether these differences were generated by the
predominance of primordial or recycled material (or both) is a classic debate in the geochemical
community. In any case, the geochemical approach to characterize MORB and OIB sources has
been successful to make a clear distinction between them.

1.1.8. Storage mechanisms of volatiles in the MORB and OIB source mantles

In order to present our current understanding of how different volatile elements are stored in the
mantle, it is important to clarify what one means by ‘source regions’. For the purpose of this
presentation, we define the ‘source mantle’ of MORBs and OIBs as the subsolidus mantle rocks
at the onset of partial melting. Such rocks may derive from deeper portions of the Earth’s mantle
where the storage mechanisms of volatiles are different. However, for exchanges with the near-
surface reservoirs that is the crust-ocean-atmosphere system, the storage mechanism of relevance
is the near-solidus storage.
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1.1.8.1. Water storage in the MORB and OIB source mantle

As outlined in the previous section, geochemistry of ocean-floor basalts erupted along
MOR and in intraplate settings suggest their parental melts contain minor to trace quantities of
water (70-1100 ppm; Table 3). Given that and the calculated extent of mantle partial melting, the
entire inventory of water is thought to be stored in nominally anhydrous minerals or NAMs
(Aubaud et al., 2004a, Bolfan-Casanova, 2005, Hauri et al., 2006, Hirschmann et al., 2009,
Kohlstedt et al., 1996, O'Leary et al., 2010) at the onset of melting. Several incorporation
mechanisms such as proton substitution or as point defects have been suggested for the major
mantle minerals.

In olivine, several mechanisms have been proposed. All studies highlight the complexity
of H incorporation in olivine. For natural olivines, the reader must refer to the studies of Miller et
al. (1987) and Matsyuk and Langer (2004). In experimental olivines, hydrogen incorporation is
related to octahedral site defects (Bai and Kohlstedt, 1993) with the tetrahedral (Si) site related
defects being unfavorable. This has been apparently experimentally confirmed by the study of
Matveev et al. (2004) who showed that H might be incorporated in Si-related defect only when
olivine is present in low Si activity environment. Effect of trivalent cations has been investigated
by Berry et al. (2007) who showed H can be stored in the Mg site when Fe’™ in present in
natural peridotites.. Whatever the mechanism, H solubility in olivine is large so that there is no
limitation to incorporate H in the mantle at reasonable water content in MORB and OIB sources
(Kohlstedt et al., 1996, Mosenfelder et al., 2006).

For pyroxenes, some H can be stored in pure diopside (Bromiley et al., 2004) and
enstatite (Stalder, 2008) end-members, mostly in octahedral sites. Numerous studies, however,
have recognized that incorporation of Al in pyroxene enhances H incorporation due to coupled
substitutions (Aubaud et al., 2004a, Hauri et al., 2006, O'Leary et al., 2010, Rauch and Keppler,
2002, Stalder, 2004, Stalder and Skogby, 2002). Variation in Fe?'/Fe’” ratio has also been
recognized as an important control for H incorporation in pyroxenes (Stalder, 2004).

In garnet, H may get incorporated via the hydrogarnet substitution (where 4H" replace
Si*' e. g., Withers et al., 1998). However, not all studies found evidence of hydrogarnet
substitution for H incorporation in garnet; instead, Mookherjee and Karato (2010) found the H
substitution mechanism to be similar to those in pyroxenes, where H" and AI’" together
substitute for Si*" (e.g., Hauri et al., 2006, Rauch and Keppler, 2002). The presence of Ti is
responsible for additional storage of H in garnet (e.g., Aubaud et al., 2008, Bell et al., 2004).
Compositional effects have been reviewed and showed that H incorporation is enhanced with
increasing grossular component, and very low in the almandine component (Geiger and
Rossman, 2018).

1.1.8.2. Carbon storage in the MORB and OIB source mantles
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Carbon can be present in the Earth’s mantle either in oxidized form, i.e., C4+-bearing
components or phases (CO,-rich fluid, mineral carbonates) or in reduced forms such as C°
(graphite and/ or diamond) or C* (methane-rich fluid) (Dasgupta, 2018, Dasgupta et al., 2022a,
Dasgupta and Hirschmann, 2010, Dasgupta et al., 2013, Luth, 1999, Stagno et al., 2013) (Fig. 7).
On the one hand, the form of storage of carbon is heavily dependent on the oxygen fugacity of
the mantle and on the other hand, depending on its valence state, carbon may oxidize or reduce
other multi-valent elements (e.g., Fe, S) in the mantle (e.g., Luth, 1999). For the OIB and MORB
source mantle, however, it is argued that carbon’s stable form is reflective of the oxygen fugacity
set dominantly by iron redox. One key difference in the storage of carbon as opposed to water, is
that the former is stored chiefly in trace accessory phases rather than being incorporated in major
silicate minerals. Carbon solubility in the silicate mantle minerals is no more than few ppm
(Keppler et al., 2003, Shcheka et al., 2006). For the shallow upper mantle beneath MOR and
intraplate Ols, or specifically at depths where major melting and basalt generation take place, fO,
is high enough that C is expected to be present as mineral carbonates (dolomitic or magnesite-
rich solid solution) or CO;-rich melts, depending on the depth. The following end-member
reactions explain how C storage in the form of carbonates (as minerals or components in melts)
are rationalized for the Earth’s shallow mantle (Brey et al., 1983, Falloon and Green, 1989,
Newton and Sharp, 1975, Yaxley et al., 2019).

2Mg,Si04  + CaMgSirOs + 2CO, = 4MgSi0;  + CaMg(COs), (2)
(olivine) (clinopyroxene)  (fluid) (orthopyroxene)  (dolomite/melt)
Mg,Si04 + CO, = MgCO; + MgSiO; 3)

(olivine)  (fluid)  (magnesite/melt) (orthopyroxene)

2MgSiO; +  CaMg(COs3), = CaMgSi,0¢ + 2MgCO; 4)
(orthopyroxene) (dolomite/melt) (clinopyroxene)  (magnesite/melt)

The above set of reactions (Eqns. 2-3) apply generally for the Earth’s shallow upper mantle. But
specifically for the MORB and OIB source upper mantle, the temperature is too hot for the
mineral carbonate to be stable at shallow (~70-150 km) melting regime. If the oceanic mantle
remains oxidized with depth, then C storage as solid mineral carbonate should be restricted to
depths deeper than 300 km for the MORB source and even deeper for the hotter OIB source.
Debate remains, however, whether the oceanic mantle undergoes carbonated versus C-redox
melting at the solidus. In other words, whether the stability of C** species is only restricted to
carbonated melt phase after the onset of melting. We will return to this debate on the section of
volatile-present mantle melting.
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If the fO, profile, as determined using the continental mantle xenoliths is applied to the
oceanic mantle (e.g., Frost and McCammon, 2008; Stagno et al., 2013), then the mid- to deep-
upper mantle beneath MORs and Ols may have carbon stored in the form of diamond (rather
than carbonate minerals; Rohrbach and Schmidt, 2011) and/or dissolved in Fe-Ni alloy or Fe-Ni-
S sulfide-rich phases (e.g., Dasgupta and Hirschmann, 2010; Dasgupta, 2013; Rohrbach et al.,
2014; Tsuno and Dasgupta, 2015). For example, Rohrbach and Schmidt (2011) showed that
reaction such as the following, can take place at deep upper mantle conditions:

MgCO; + 2(FeNi)’ = (Fe,NiMgO + C (5)
(mineral/melt) (alloy) (silicate) (diamond)

Where, MgCOs is either a mineral carbonate phase or a component in molten carbonate, (Fe,Ni)"
is an alloy phase, and C is diamond. The reaction above shows that as the mantle gets reduced
enough at depths to start precipitating Fe-Ni alloy phase, carbon should get reduced to C°. Frost
and McCammon (2008) argued that with increasing depth, metal precipitation can commence as
shallow as 8 GPa where the metal composition is extremely Ni-rich but which gradually
becomes more and more Fe-rich with depth. An interesting consequence of the metal
precipitation, however, is that diamond can chemically react with the alloy phase, being partially
or completely dissolved in the accessory alloy phase. Several studies have considered and
investigated this possibility of carbon sequestration in the accessory alloy phase at deep upper
mantle conditions (Dasgupta, 2013, Dasgupta and Hirschmann, 2010, Rohrbach et al., 2014,
Tsuno and Dasgupta, 2015, Zhang et al., 2018, Zhang et al., 2019). Rohrbach et al. (2014) and
Tsuno and Dasgupta (2015) investigated phase relations in Fe-Ni-C and Fe-Ni-Cu-S systems,
respectively. These authors argued that for the typical range of C content of the MORB source
mantle, deep upper mantle assemblage that stores C is likely to be diamond and Fe-Ni-C+S alloy
melt. For OIB source mantle, richer in C, the assemblage may include (Fe,Ni);Cs carbide and
diamond. Zhang and Hirschmann (2015), on the other hand, argued that with increasing depth, if
and as the mantle gets reduced, the following reactions should proceed to the right —

NiO + 2FeO = Fe03 + Ni (6)
(olivine) (olivine) (garnet)  (sulfide melt)

3 FeO = Fe, O3 + Fe (7)
(olivine) (garnet)  (sulfide melt)

Where NiO and FeO are the components in olivine, Fe;O; in garnet, and Fe and Ni are
components in sulfide or sulfide-bearing alloy melt. Given the carbon solubility in alloy or
sulfide melt, irrespective of pressures, diminishes strongly with increasing sulfur content (e.g.,
Dasgupta et al., 2009, Tsuno and Dasgupta, 2015, Tsuno et al., 2018, Wang et al., 1991, Zhang et
al., 2019), Zhang and Hirschmann (2015) argued that higher metal/sulfur ratio of deep mantle
sulfides should lead to much greater solubility of carbon in such alloy melts. The consequent
argument of these authors was that the entire MORB source C budget, both for the enriched or
depleted MORB source regions should be dissolved in metal-rich sulfide melt at mid- to deep-
upper mantle conditions. Although, an important point to note is that an increase in metal/sulfur
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ratio of mantle sulfide owing to iron disproportionation has not been demonstrated
experimentally. Furthermore, if the argument of Zhang et al. (2015) was indeed correct, the deep
mantle diamonds and their sulfidic inclusions will be difficult to explain and may only be
coming from carbon-rich domain, with C content much higher than the MORB source mantle
(~20-50 ppm C). In a latter study, these same authors refined their claim, however (Zhang et al.,
2019). Using the depth-fO, profile of Stagno et al. (2013), Zhang et al. (2019) showed that even
for a C-depleted MORB source mantle (e.g., ~20 ppm C), both diamond and Fe-Ni-S-C liquid
are expected down to 350 km depth. Only at deeper depths and C-poor domains, diamond may
be destabilized, with all C being stored in Fe-Ni-S-C liquid or solid and liquid alloys. For OIB
source mantle, expected to be richer in C (as much as ~330-400 ppm globally and maybe even
more locally) (Miller et al., 2019, Sun and Dasgupta, 2023), C storage in both diamonds and in
Fe-Ni-S liquid is expected to be the norm.

However, it is not agreed upon whether the convective, oceanic mantle fO, with depth is
as reduced as the continental lithospheric mantle. Suggestions of more oxidized oceanic mantle,
at depths down to several hundred kilometers do exist in literature (Eguchi and Dasgupta, 2018b,
Gaillard et al., 2015).

1.1.8.3. Sulfur storage in the MORB and OIB source mantles

Sulfur is yet another element that can exist in multiple valence states, from S* (sulfide) to
S®* (sulfate). Both of these end member valences are documented as dissolved sulfur species in
natural silicate glasses (Jugo et al., 2005, Jugo et al., 2010). Needless to say that the stability of
S* versus S® depends on oxygen fugacity of the system. For MORB and OIB source mantle, the
fO, is thought to be reduced enough (e.g., Bezos and Humler, 2005, Christie et al., 1986, Cottrell
and Kelley, 2011) that sulfur should be chiefly present in the reduced form, i.e., as S Indeed,
sulfide globules have been observed in MORB glasses (Mathez, 1976) and S* sulfur species
have been documented as the main species in MORB glasses (Métrich et al., 2009, Wallace and
Carmichael, 1994). Furthermore, geochemistry of chalcophile elements in MORBs and OIBs is
understood via partial melting of the Earth’s upper mantle in the presence of residual sulfides
(e.g., Ding and Dasgupta, 2017, Ding and Dasgupta, 2018, Lorand and Luguet, 2016, Sun et al.,
2020).

Similar to carbon, sulfur is also known to be stored in the oceanic mantle chiefly in trace,
accessory sulfide phases. This is supported by the recent analyses that show S storage in the
nominally sulfur-free mantle minerals is no more than ~10 ppm (Callegaro et al., 2020, Johnson
et al., submitted). The accessory sulfide in the oceanic mantle is a monosulfide solid or liquid
solution depending on depth (Ballhaus et al., 2006, Beyer et al., 2022, Bockrath et al., 2004,
Zhang and Hirschmann, 2016) (Fig. 8). Both Ni-poor sulfide solid solution (MSS, <10 wt.% Ni)
(e.g., Alard et al., 2000, Luguet et al., 2003, Shaw, 1997) and Ni-rich (10-30 wt.%), Fe (~40
wt.%), and Cu (<10 wt.%)-poor MSS (e.g., Bulanova et al., 1996, e.g., Guo et al., 1999, Liu et
al., 2010) have been reported as lherzolite-hosted sulfides. If eclogite-associated sulfides are
considered, Ni contents are generally even lower (<12 wt.%; (Bulanova et al., 1996). Given
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limited miscibility of sulfides and silicates, constraining the phase relations of the sulfide
subsystem is sufficient to understand the stability of the sulfide phases in the mantle.
Experimental melting phase relations of mantle-relevant sulfide compositions suggest that trace
sulfide phases in the shallow MORB and OIB source mantle should be entirely molten down
250-300 km depth and only at conditions deeper than such, the sulfide phases may be partially
molten or solid (Fig. 8) (Beyer et al., 2022, Zhang and Hirschmann, 2016, Zhang et al., 2015).
While Zhang et al. (2015)and Zhang and Hirschmann (2016) studied melting curves for a fixed,
average sulfide composition of the mantle, Beyer et al. (2022) performed experiments and
developed a model to calculate solidi and liquidi of sulfides as a function of composition and
over a larger pressure range, to 14 GPa (Fig. 8). Greater abundance of Ni leads to lower melting
temperatures (Beyer et al., 2022). The presence of reduced carbon, i.e., graphite or diamond,
further suppresses the melting curves of sulfides (Zhang and Hirschmann, 2015). Figure 8
compares the estimated melting curves of sulfides with the thermal regime beneath MORs and
ocean islands (OlIs). It can be seen that irrespective of the exact composition, in terms of Ni
content or metal/sulfur ratio, sulfides should be molten throughout the entire upper mantle down
to the top of the transition zone, especially those hosted in peridotite. Only for very Ni-poor
sulfides, similar to those hosted in eclogitic diamonds, the liquidus is high enough that the
sulfides are expected to be partially molten.

Although molten, sulfide melts are not thought to be efficiently extracted from the
mantle. Connectivity of sulfide melt in the mantle is known to depend on oxygen content of
sulfide melt (Ballhaus and Ellis, 1996, Gaetani and Grove, 1999, Minarik et al., 1996, Shannon
and Agee, 1996, Shi et al., 2013). At relatively oxidizing conditions, i.e., logfO,> FMQ, sulfide
melts was suggested to dissolve as much as 9 wt.% oxygen, which was observed to correlate
with relatively low dihedral angle (<60°) in olivine-dominated mantle matrix. The required fO,
conditions for sulfide melt mobility, is thought to be most relevant for MORB and OIB source
regions at 30-60 km depths, conditions where mantle is partially molten. Sulfide melt mobility at
such conditions, however, does not need to depend on lowered dihedral angle of sulfide in solid
silicate mineral matrix. Instead, such sulfide melt mobility can be achieved via more-wetting,
basaltic melt carrier (Ballhaus et al., 2006). However, if and as the deeper mantle domains are
more reduced, dihedral angle increases above 60° and even >90° (Shannon and Agee, 1998; Shi
et al., 2013), which inhibit percolation of sulfide melt. Hence for most conditions in the MORB
and OIB source subsolidus mantle, sulfide melt is still thought to act as a residual phase during
silicate partial melting and generation of mobile silicate or volatile-rich melts. More on this topic
in one of the following sections.

1.1.8.4. Nitrogen storage in the MORB and OIB source mantle

Given the low concentration of mantle nitrogen, almost the entire inventory of mantle N
is expected to be hosted in nominally N-free, major mantle minerals. K-bearing hydrous phases
such as mica and clay minerals provide important hosts for nitrogen, where NH4" can replace K.
However, those hydrous phases are not expected to be present in the high temperatures prevalent
in the MORB and OIB source regions (e.g., Dasgupta, 2018). Based on the solubility data of
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nitrogen in major mantle minerals, upper mantle likely hosts N mostly in clinopyroxenes,
orthopyroxenes, and garnet and much less in olivine (Li et al., 2013). However, the absolute
solubility at relatively oxidized upper mantle conditions are known to be low, i.e., <10 ppm. It
remains uncertain how N gets incorporated in nominally N-free, major mantle minerals, but
incorporation as ammonium cation, NH," replacing K" in phases such as clinopyroxene has been
suggested (Watenphul et al., 2010). If N incorporation as ammonium ion is the dominant
mechanism, it is expected that N solubility to correlate positively with non-quadrilateral
components in pyroxenes.

If OIB sources are deeper and originate from somewhere in the lower mantle, then
nitrogen storage in the distal mantle sources at depth may take place involving other phases too.
For example, N solubility in deeper mantle phases such as wadsleyite, ringwoodite, has been
shown to be higher through laboratory experiments (Yoshioka et al., 2018). Similarly, given the
siderophile character of N over silicate minerals and melts for a wide range of fO, conditions
relevant for the Earth’s mantle (e.g., Dasgupta et al., 2022b, Grewal et al., 2019a, Grewal et al.,
2021, Jackson et al., 2021, Shi et al., 2022), accessory Fe-rich metallic phases such as Fe-Ni-C
alloy, precipitated via iron disproportionation, may also serve as hosts of nitrogen in the deep
MORB and OIB sources. Storage of N in small quantities of Fe-Ni alloy phase in the mantle is
expected to depend on its composition. Ni-rich alloy, which is expected at deep upper mantle
conditions, should provide a lower storage of N compared to alloys in the deeper mantle that are
richer in Fe (e.g., Grewal et al., 2019a). Similarly, sulfide phases are also expected to host finite
proportion of N with greater storage in sulfides with higher metal-to-sulfur ratio (e.g., Grewal et
al., 2019b).

1.1.9. The fate of volatiles during MORB and OIB source melting

Supplying the mantle volatiles to the crust and ocean-atmosphere system takes place via mantle
melting. The process of partial melting for the MORB and OIB sources is chiefly via adiabatic
decompression (Langmuir et al., 1992, Stolper and Asimow, 2007). The volatiles, being
incompatible elements in silicate minerals, partition to the partial melt as opposed to get
preferentially sequestered in the solid melting residue. One of the most important aspects of trace
volatile elements such as carbon and hydrogen, however, is that unlike other trace elements, they
do not behave passively during mantle melting. Instead, they affect the melting temperatures,
melting phase relations, and near-solidus melt compositions in terms of major and trace elements
(Aubaud et al., 2004a, Dasgupta, 2018, Falloon and Green, 1989). However, not all volatile
elements or species behave the same in the mantle and their fate and influence during mantle
melting are not similar. For example, sulfur, although present in 100-300 ppm range, does not
impart any significant control on melting phase relations at Earth’s upper mantle conditions.
Nitrogen, being present in ultra-trace quantity also does not appreciably affect melting at the
Earth’s mantle. Hence, in this section we will discuss the role of carbon and water on MORB and
OIB source mantle melting. For sulfur and nitrogen, the discussion will be on their fate during
partial melting.
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Notably, MORB source is estimated to be relatively cooler with mantle potential
temperatures of ~1315-1400 °C, whereas OIB sources are hotter with mantle potential
temperatures of ~1400-1600 °C (Herzberg and Asimow, 2008, Lee et al., 2009, McKenzie et al.,
2005). Furthermore, mantle melting by decompression continues to shallower depths beneath
MOR compared to those beneath intraplate ocean islands. For the latter, the increased
lithospheric thickness prevents shallower melting. These differences also impart differences in
terms of the effects and fate of volatiles during mantle melting in two settings.

1.1.9.1. The roles and fates of water during MORB and OIB source melting

It is known for a long time that water has a significant effect on melting processes of
silicate rocks in the mantle mainly by solidus depression and change in phase relations (Ulmer,
(Ulmer, 2001;Bowen, 1928). Because magmas are the wettest in subduction zone environment,
the effects of water on magma genesis have mainly been studied in the context of arc magma
generation (Grove et al., 2012, Kushiro et al., 1968, Till et al., 2012, Ulmer, 2001). In
comparison, MORBs and OIBs and therefore, their sources are essentially "dry". In the sections
above, we described how dry these sources are: the MORB source is considered to have up to
200 ppm H,O while OIB sources are wetter and more diverse (from 350 to 1100 ppm H,O
depending on the type of OIB). Hence, experiments under water-rich conditions and in particular
purpose of our presentation, the key question is what is the fate and roles of tens to hundreds of
ppm by weight of water in the oceanic mantle-melting environment.

Studying hydrous melting of mantle rocks for MORB and OIB generation would require
conducting experiments with a fertile peridotite having 100-1000 ppm water concentrations. The
effect of water could then be appreciated by comparison with experiments that are perfectly dry.
In reality, perfectly dry experiments are impractical because it is not possible to control such low
amount of water in experiments. Furthermore, perfectly dry experiments are virtually impossible
to conduct because water is a common contaminant in terrestrial environment and during high
pressure experiments (Hirschmann, 2000, Laporte et al., 2004, Sarafian et al., 2017). As a result,
our understanding of the effect of trace water on melting in the MORB and OIB source comes
from two approaches: (1) interpolation between hydrous fluid-present or wet solidus and dry
solidus of peridotite (2) the study of hydrogen partitioning between melt and nominaly
anhydrous minerals and the application of the freezing point depression approximation (Aubaud
et al., 2004a, Dasgupta, 2018, Dasgupta et al., 2007b, Dasgupta et al., 2013, Hirschmann et al.,
2009, O'Leary et al., 2010).

Katz et al. (2003) surmised that the solidus depression caused by water, relative to the dry
peridotite solidus, is directly proportional to the partial melt water content. Using the quantitative
effects of water on liquidus depression of basaltic melt, these authors came up with an empirical
formalism to compute solidus depression such as —

AT (Xiz0) = KXH20y (8)
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Where, the y is between 0 and 1 and melt water content came from the use of a fixed bulk
partition coefficient for H,O between peridotite and melt of 0.01. Katz et al. (2003)
parameterization also allows calculating extent of melting as a function of temperature for
different bulk H,O contents. A key aspect of Katz et al. (2003) approach is calculating melt
water content using a fixed bulk partition coefficient of H,O between peridotite and basalts.
Indeed, with all water being stored in nominally anhydrous minerals, the influence of ‘water’ in
lowering the MORB or OIB source peridotite solidus comes from partitioning of hydrogen from
the mantle silicate minerals to the near solidus partial melts. In this framework, the depression of
solidus below the ‘dry’ peridotite solidus is proportional to the water content of the low-degree
partial melt at the solidus as the melt fraction approaches zero.

Another approximation of quantitative estimate of nominally anhydrous solidi comes from the
application of the cryoscopic equation with respect to the experimentally determined ‘dry’
solidus, following the equation —

T = 1(1Tperidotitefusion- RA Hperidotitefusionln1-XOH-melt)
©)

Where T is the temperature of hydrous solidus with respect to the dry peridotite solidus.
Dissolved water in silicate partial melt is assumed to be completely dissociated to hydroxyl,
XOH-melt and silicate components of the melt are assumed to have molar units and can be

assumed to have either oxide molar units or those expected on the basis of 8-oxygen mole or
something in between (e.g., Dasgupta, 2018). Following this approach, many authors have
computed the possible loci of hydrous peridotite solidi with trace H,O content (Aubaud et al.,
2004a, Hirschmann, 2006, Hirschmann et al., 2009, O'Leary et al., 2010). Most recent efforts
took into account more accurate models of variation of mineral-melt Dy, values as a function of
depth and change in modal mineralogy with depth. Importantly, water is less incompatible in
pyroxenes for shallower mantle domains in the spinel peridotite field. At deeper depths, in the
garnet stability field, pyroxenes become less aluminous and consequently water is more
incompatible. Greater incompatibility of water in peridotitic minerals in the garnet stability field
means higher water content of near-solidus partial melts, which leads to greater depression of the
peridotite solidus. Following O’Leary et al. (2010), in Fig. 9, we show the solidi of damp
peridotite for 50-200 ppm bulk water. Superimposed on the hydrous solidi in Fig. 9 are the
estimated thermal regimes prevailing below the MORs and Ols globally. Given the slopes of the
hydrous solidi and those of the mantle adiabats that the effects of solidus depression caused by
water is more effective beneath Ols compared to MORs. The deepening of the solidus caused by
a given water content is greater for hotter mantle domains similar to those estimated for the
ocean islands compared to relatively cooler MORB mantle domains (Fig. 9).

Although the calculations of sort presented above have thus far provided the most
realistic ways to constrain the solidi of peridotite with trace concentrations of bulk H,O, this
approach may overestimate the solidus depression effect of trace water. This is because of the
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fact that the experimentally determined nominally volatile-free peridotite solidus is not truly a
dry solidus as it is impossible to avoid few tens of ppm H,O in the nominally anhydrous residual
minerals in laboratory experiments (Sarafian et al., 2017).

Given the range of water contents in the MORB source of ~50-200 ppm, H,O contents in
the 0.1% partial melt is ~0.75-3 wt.%. The effects of such water contents on major element
compositions of partial melts are not expected to be significant and hence are not discussed
further. In other words, water content is not estimated to be high enough to affect mantle melt
compositions as known to occur in subduction zones (e.g., Ulmer, 2001; Grove et al., 2006). For
OIB source mantle, however, H,O content of 0.1 wt.% partial melt can be as high as ~9 wt.%.
Tenner et al. (2012) performed hydrous partial melting of garnet peridotite, similar to those
expected for source regions of OIBs. Based on the partial melt compositions of Tenner et al.
(2012), it can be surmised that the effects of such water contents on major element compositions
of melts are also not major; although hydrous melts of OIB source garnet peridotite appear to be
silica undersaturated (Tenner et al., 2012).

1.1.9.2. The roles and fates of carbon during mantle melting

Because of the difference in the mantle storage of CO, versus H,O at hundreds of ppm
level, the effects and fates of CO, are distinctly different from that of water. Dasgupta (2018) has
recently synthesized these differences. The main essence from that study is summarized here in
the context of MORB and OIB sources. At depths deeper than the corresponding pressure of ~2
GPa, peridotite cannot be saturated in a CO»-rich fluid at mantle temperatures (Brey et al., 1983,
Eggler, 1978, Falloon and Green, 1989, Newton and Sharp, 1975, Wyllie, 1978). Instead, at
depths deeper than 60-70 km, a series of reactions between CO;-rich vapor and mantle silicates
stabilize mineral carbonate phases and hence the solidus of relevance becomes that of carbonated
peridotite. The subsolidus peridotite is a dolomite-bearing peridotite at shallow depths (~70—100
km) and magnesite-bearing peridotite at deeper depths (>100 km; (Dasgupta and Hirschmann,
2006, Falloon and Green, 1989)). The carbonated peridotite solidus does not vary as a function
of bulk CO, content of peridotite (Dasgupta and Hirschmann, 2007a), that is, the solidus
temperature at a given pressure is unchanged for any bulk CO; content above few tens of ppm,
which is the solubility limit of CO, in nominally carbon-free mantle silicates (Keppler et al.,
2003, Shcheka et al., 2006). This is because that the near solidus melt of natural carbonated
peridotite is carbonatitic (~40 wt.% CO,) at all depths greater than 70 km (e.g., Dasgupta, 2013,
Dasgupta and Hirschmann, 2006, 2007b, Falloon and Green, 1989, 1990, Wallace and Green,
1988). Therefore, the natural carbonated mantle solidus is chiefly controlled by melting of the
carbonate phase aided by freezing point depression effect of alkalis. The invariance of mantle
solidus in the carbonate stability field, as a function of bulk carbon content is distinctly different
from the variable solidus location of peridotite with variable water content as discussed
previously. The key point is that at depths deeper than the stabilization of carbonate minerals, the
mantle solidus is a carbonated peridotite solidus and is 500-600 °C lower than the solidus of
volatile-free peridotite.

The consequence of the possible existence of a carbonated MORB and OIB source
mantle is that the onset of melting of upwelling mantle could be 300-350 km deep for the MORB
source and even deeper for the OIB source (Fig. 10). Upwelling MORB or OIB source mantle,
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therefore, generates incipient carbonatitic melt first. Such carbonatitic melt gradually evolves to
carbonated silicate melts or CO,-rich silicate melts as mantle continues to melt further upon
decompression or as the deep carbonatitic melt percolates upward and reacts with the peridotitic
assemblage above. Dasgupta et al. (2013) experimentally investigated the transition from
carbonatitic melt to CO;-rich silicate melt in the melting interval of peridotite. These authors
found that carbonatitic melt with ~40 wt.% dissolved CO; evolves to a strongly silica-
undersaturated melt with ~25 wt.% CO, as deep as 200 km beneath MOR (Fig. 10). In other
words, in the presence of oxidized carbon, silicate melting also commences deep in the mantle.
In hotter OIB source mantle, this generation of CO,-rich silicate melt is expected to occur much
deeper but the exact depth remains uncertain as higher pressure data on carbonated mantle
melting (e.g., Ghosh et al., 2014) have not been parameterized to extract quantitative information
on low-degree carbonated melting.

As mentioned in the section on volatile storage, carbon exists in the Earth’s mantle as
diamond or graphite as well. Or perhaps partly in Fe-Ni£S melt or (Fe,Ni) carbide. In the context
of mantle melting, it matters immensely whether carbon exists as oxidized or reduced species. If
the latter that is carbon being present as graphite/diamond or CHy-rich fluid, deep melting of
MORB and OIB source as summarized in the preceding section will not apply. In such a case,
the initial release of carbon to the partial melt would be via redox breakdown of
diamond/graphite or Fe-Ni£S(+Cu)-C phase or (Fe,Ni)-carbide to formation of carbonated melt.
However, such melting relations, especially those involving C-bearing alloy/sulfide phase and
carbide have yet to be fully understood. Rohrbach and Schmidt (2011) and Stagno et al. (2013)
investigated redox melting/freezing of carbon in peridotite systems. According to these authors,
the release of carbon to shallower MORB or OIB sources should take place via redox melting
such as the following (e.g., (Dasgupta, 2018, Dasgupta and Hirschmann, 2010); reaction
progressing from left to right) —

MgQSlO4 + C + 0O, = MgSIO3 + MgC03 (10)
(olivine)  (diamond/graphite) (source of oxidation) (orthopyroxene)  (magnesite)

Of course, there is no molecular oxygen-rich fluid in the mantle to oxidize C°. Rather this is
realized by reducing Fe’” in garnet from deeper depth and oxidizing C° to C** in the process,
such as the following reaction.

C + 3FCSIO3 + 2F6203 = FGCO3 + 3F€28i04 (1 1)
(diamond/graphite) (orthopyroxene) (in garnet) (melt) (olivine)

Stagno et al. (2013) argued that for the average Fe’*/SFe ratio of the upper mantle, reaction such
as the one above would drive redox melting of the mantle and release of carbonated melt at
depths ~150 km beneath MORs. Again, this conclusion was reached assuming that the Earth’s
asthenospheric mantle beneath MORs and Ols get reducing with depth following the same trend
as those constrained by continental mantle xenoliths. Therefore, if the MORB and OIB source
mantle with depth have the same fO,-depth trend as that for the continental mantle, no
carbonatite generation would take place at depths >300 km. Moreover, given the transition from
carbonatitic to carbonated silicate melt takes place at depths as deep as ~240 km (Dasgupta et al.,
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2013), redox melting of C-bearing mantle would generate silica-poor, carbonated basaltic melt at
the solidus.

Several studies argued that the OIB source regions are variably more oxidized than the
MORB source mantle (Brounce et al., 2017, 2021, Hartley et al., 2017, Moussallam et al., 2019).
If this is applicable globally and all plume sources are more oxidized with the depth-fO, trend
being offset from those beneath ridges, melt generation and CO, release would commence
deeper for the OIB sources but shallower for more reduced MORB sources (Fig. 10). The exact
depth of C-induced melting for the OIB source and the mechanism of such melting would
depend on how oxidized the OIB source is. Oxygen fugacity enhancement of ~0.5 log units can
push the transition from carbonated melt to graphite/diamond by 30-40 km (Fig. 7). If OIB
sources are oxidized by no more than 0.5 log units compared to the MORB sources, then the
onset of melting for OIB sources are still expected via redox melting. For the OIB sources to
start melting across the carbonated peridotite solidus, the depth-fO, dependence for the OIB
source needs to be different from what is estimated for the continental mantle (Frost and
McCammon, 2008, Stagno et al., 2013). Irrespective of whether the OIB source begins to melt at
the redox or carbonated solidus, the deepening of the solidus would allow generation of
carbonated melts with higher dissolved CO; contents from the OIB sources. Such strongly
carbonated primary melts indeed seem to be necessary to explain the many major and trace
element geochemistry of alkalic OIBs globally (Dasgupta et al., 2007a, Gerbode and Dasgupta,
2010, Hirose, 1997, Mallik and Dasgupta, 2013, Mallik and Dasgupta, 2014, Sun and Dasgupta,
2023).

1.1.9.3. The combined roles of CO, and H,O during MORB and OIB source melting

In the section on volatile abundance of the oceanic mantle, we established that the
MORB and OIB source mantle contains both water and carbon dioxide. Direct experimental
constraints on mixed CO,-H,O-bearing mantle melting, especially at minor to trace
concentrations of those volatiles, are limited and difficult to obtain and interpret (Lara and
Dasgupta, 2022, 2023, Pintér et al., 2021, Saha and Dasgupta, 2019). The combined effects of
carbon and water on mantle melting are complex and depend on relative concentrations of the
two species, as well as on oxygen fugacity of the mantle domain, which can change the carbon
storage from CQO,/carbonate to graphite/diamond.

At conditions where both volatiles are present in the fluid phase, the presence of CO;
lowers the activity of H,O, a0 in the fluid and thus the H,O fluid-present solidus increases and
isobaric melt productivity decreases. This was first observed for HyO-rich fluid-present solidus
of metapelites (Mann and Schmidt, 2015, Tsuno and Dasgupta, 2012), and has recently been
observed for peridotitic system as well (Lara and Dasgupta, 2023). However, MORB and OIB
source mantles are fluid-absent and at such conditions the effect of CO, and H,O on freezing
point depression and melt productivity are expected to be additive. The previous sections
established that trace CO; in the form of accessory carbonates has a greater influence, compared
to trace water, in inducing incipient melting of the MORB and OIB sources. Therefore, even for
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natural mantle sources with both volatiles, the onset of melting is chiefly controlled by
carbonated or C-involved redox melting. However, the conditions of such C-involved melting in
the MORB and OIB source mantle are modulated by the presence of trace amount of water.
Water partitions from mantle minerals to carbonated melts and thus stabilizes carbonated melt of
a given CO; content at a lower temperature for a given pressure (Dasgupta et al., 2013;
Dasgupta, 2018; Dasgupta et al., 2022). In other words, stability of carbonated silicate melts
takes place at even deeper depths beneath MOR and Ols in the presence of trace water. This is
because of the effect of water on freezing point depression that leads to melt fraction
enhancement. Higher the bulk water, deeper is the stability of carbonated melts of any given CO,
contents. Given silica and CO, shows strong inverse correlation in mantle-equilibrated melts
(e.g., Dasgupta et al., 2007; Dasgupta et al., 2022), the effects of water is stabilizing less silica-
undersaturated melts at deeper depths. The combined effects of CO, and H,O is, therefore,
deeper generation of strongly alkalic to alkalic primitive magmas in MORB and OIB source
regions. Sampling of such melts occurs primarily at ocean islands chiefly because of thicker
lithospheres in these settings. Thicker lithospheres suppress shallower and more voluminous
volatile-poor, basaltic magmatism, thereby, preserving the geochemical signatures of deeper,
volatile-rich melts.

1.1.9.4. The fate of sulfur during MORB and OIB source mantle melting

We described in the previous section that shallow to deep upper mantle beneath MORs
and Ols contains sulfur chiefly in sulfide melts that are immobile and present disconnected
droplets at mineral grain junctions. Hence, the extraction of S from the mantle and concentration
in the ocean-floor basalts depend on the dissolution of the sulfide melts in mantle-derived partial
melts. Given sulfur’s storage in accessory sulfide phases, which even in a molten state is
immiscible with respect to silicate or CO,-H,O-rich partial melts, S cannot be modeled as an
incompatible trace element during the onset of mantle melting. Instead, sulfur extraction from
the MORB and OIB source mantle is understood via dissolution capacity of sulfur in mantle
partial melts at sulfide saturation. The parameter is called sulfur concentration (of mantle melts)
at sulfide saturation (SCSS). Because the low-degree melts from the mantle is sulfide saturated,
S enrichment in such melts is limited to what is permitted by SCSS.

A large number of experimental studies from the 1970s studied the control of various
intensive and extensive variables on SCSS (e.g., Ding et al., 2014, Ding et al., 2018, Fortin et al.,
2015, Holzheid and Grove, 2002, Li and Ripley, 2005, O'Neill and Mavrogenes, 2002, Smythe et
al., 2017, Wykes et al., 2015). The key findings are that SCSS increases with increasing
temperature and melt FeO* content and with decreasing pressure and melt SiO; content for
basaltic to andesitic melts. Melt SCSS also decreases if the equilibrium sulfide is not pure FeS
melt but rather Ni- and Cu-bearing (Ariskin et al., 2013, Ding et al., 2018, Smythe et al., 2017).
Utilizing SCSS models, many authors have attempted to reconcile the S inventory of MORBs
and OIBs (Ding and Dasgupta, 2017, Ding and Dasgupta, 2018, Sun et al., 2020). These studies
also independently bracketed S inventory of MORB or OIB source mantles (Table 4). Although
the SCSS model predictions vary from one another (e.g., Ariskin et al., 2013, Ding et al., 2018,
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Fortin et al., 2015, Li and Ripley, 2005, Smythe et al., 2017), all models yield sulfur content of
basaltic partial melts at mantle melting conditions that are too high to match the primitive
MORRB sulfur contents. Such discrepancy is not thought to be caused by degassing of sulfur
during MORB emplacement or eruption. Instead, the hot, primitive basalts are thought to be
sulfide undersaturated at the magma chamber depths, owing to high SCSS at high-7 and low-P.
Upon cooling, the primitive MORB parental melts saturates in sulfide once again as the SCSS
drops with decreasing temperature (Ding and Dasgupta, 2017, O'Neill, 2021, Smythe et al.,
2017). This is evident from the geochemistry of sulfur and other chalcophile elements in MORBs
(Ding and Dasgupta, 2017, Jenner and O'Neill, 2012, Wallace and Carmichael, 1992, Wallace
and Edmonds, 2011). However, some MORB glasses also clearly appear to be sulfide
undersaturated (Shimizu et al., 2016), despite the claim that nearly all ocean-floor basalts are
sulfide-saturated. For sulfide undersaturated MORBs, the observation of sulfide blebs (Patten et
al., 2012) may indicate rapid cooling features.

Given the OIB sources are hotter and melting is typically restricted to deeper depths,
extraction efficiency of sulfur from sulfide-present mantle beneath ocean islands may be
different than that beneath MORs. In addition, OIB sources may also be relatively more oxidized
and consequently may dissolve sulfur in basaltic melts not only as S* but also as S®*. Indeed
basaltic glasses in Samoa and Hawaii (Mauna Kea) show the presence of dissolved S® species
(Brounce et al., 2017, Labidi et al., 2015). However, interestingly, S contents of primitive
MORBs and OIBs are similar (Ding and Dasgupta, 2018). Ding and Dasgupta (2018) explored
ways of explaining the primitive OIB sulfur budget by combining decompression mantle melting
model and models for SCSS. These authors concluded that if the S and Cu (a sulfide-loving
element) budget of OIBs are consistent with a sulfide-saturated peridotitic source, then one of the
following conditions need to be met: (1) Ni content in the sulfide melt is ~25-30 wt % and the
parental OIB melts are derived from a relatively cold mantle (7p <1450 °C); (2) partial melts
parental to OIB are enriched in S (>1500 ppm), or (3) an extremely low (<1%) degree of melting
is applicable. However, if the 7p if high (e.g., 1450-1650 °C) and Ni content in the equilibrium
sulfide in the peridotitic mantle is <20-25 wt.%, then the OIB sulfur and Cu budgets are difficult
to reconcile with sulfide-present partial melting of fertile peridotite. In such a case, mixing of
partial melts, derived from low-degree melting of MORB-eclogite and metapelite, with sulfide-
absent peridotite partial melts can explain the measured S and Cu contents in the low-F (<10%,
where F is melt fraction) OIBs. The analyses of Ding and Dasgupta (2018) called for
heterogeneous distribution of sulfur in the OIB source. Peridotitic matrix in the OIB source was
suggested to be depleted in S with bulk contents of 50-100 ppm, whereas veins of eclogite or
sediments was suggested to contain much greater proportion of sulfides. Greater proportion of
sulfides in the subducted sediments and ocean crust is expected owing to higher bulk abundance
of S in the ocean-floor basalts and sediments and relative lack of mobility of sulfides from
crustal lithologies during subduction (e.g., Canil and Fellows, 2017, Jégo and Dasgupta, 2013,
2014, Li et al., 2020). Ding and Dasgupta (2018) posited that because of lower SCSS of MORB-
eclogite or sediment-derived partial melts with higher silica and lower FeO*, the OIB source
eclogite should supply sulfide-saturated melts to to OIB petrogenesis. In other words, sulfur and
chalcophile element inventories of OIBs may call for mixing between peridotite-derived partial
melts from sulfide-absent source and eclogite-derived partial melts from sulfide-present source.
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Extraction of sulfur from MORB and OIB source mantle thus far mostly focused on
sulfur dissolution during shallow basalt petrogenesis, i.e., at conditions of partial melting across
the volatile-free peridotite solidus. Recently, Chowdhury and Dasgupta (2020) explored the
extent of sulfur mobilization by incipient melts prior to the onset of major silicate melting
beneath MORs. The experiments on sulfide melt-carbonated melt equilibria showed that unlike
in the case of silicate magmas, SCSS of carbonated magmas increase with increasing SiO,
contents, 1.e., it increases as the melt evolves from carbonatite to carbonated silicate melts. More
importantly, SCSS of strongly carbonated melts at reducing conditions is distinctly lower
compared to those of basalts (Chowdhury and Dasgupta, 2020, Woodland et al., 2019).
Therefore, deep incipient carbonated melt generation is unable to exhaust sulfide from the
peridotite residue for the MORB and OIB source mantles.

1.1.9.5. The fate of nitrogen during mantle melting

Much less is known about the fate of nitrogen during mantle melting. Under the
conditions of the Earth’s present-day upper mantle, N is thought to be highly incompatible (e.g.,
Keppler et al., 2022, Li et al., 2013). Although data and constraints on N partitioning between
mantle minerals and silicate partial melts are lacking, existing data suggest that there may be a
strong dependence of fO, on rock/melt partitioning of N, with N behaving more and more
incompatibly as the conditions get more oxidized (Dasgupta et al., 2022b, Li et al., 2013).
Therefore, although N is expected to be highly incompatible during MORB and OIB
petrogenesis in the modern Earth, similar partial melting settings at plausibly more reducing
Hadean and Archean Earth (Stagno and Aulbach, 2021) might have seen a somewhat less
incompatible behavior of N.

1.1.10. Fluxed melting in the MORB and OIB sources and flux of volatiles through MOR
and OI settings

1.1.10.1. Modern Earth

The concept of flux melting remains popular for the subduction zone magmatism where
hydrous fluid, derived from the subducting lithologies, lowers the melting temperatures and
enhances melt productivity of mantle wedge. Such concepts are not generally considered for the
melting beneath MORs and intraplate Ols and hotspots. However, the previous section discusses
how CO,-rich and H,O-bearing melts are generated well below the onset of major melting of
mantle peridotite. If mantle heterogeneity such as recycled ocean crusts and continental
sediments are considered, the possibility of generation of such volatile-rich melt flux is even
higher and melts are generated even deeper (Dasgupta et al., 2006, Spandler et al., 2010, Tsuno
and Dasgupta, 2011). Given these CO,+H,O-rich melts are of low density, low viscosity, and
form interconnected network through mantle matrix, they percolate upward efficiently and has
the ability to act as a flux to shallower mantle regions via porous flow. The mantle
concentrations (Table 2-5) and the relative degree of incompatibility of the volatiles during
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mantle melting dictate the volatile-budget of such melt flux. The effective partition coefficients
for major volatile species at the Earth’s present-day, relatively oxidized mantle are
Dc0o2<<Dm0<Ds at the onset of melting. Hence volatile-induced flux that (Dasgupta et al.,
2022b) affect the largest volume of upwelling mantle generate CO»-rich melts that are HO-
bearing and S-poor (e.g., Dasgupta et al., 2022). This feature, combined with the fact that the
solubility of the key volatile species in basaltic magmas at shallow depths decrease in the order
S, H,0, and CO,, dictate that the flux of CO, during MOR and OI magmatism is the highest
among all major volatiles (Table 2-5).

It remains an open question, however, how important the deep volatile-melt flux has been
in controlling the flux of CO; and other volatiles through MORs and Ols globally. Deepening of
the onset of highly incompatible volatile release must affect the mantle volume that gets
processed through unit geologic time. Given this, more oxidized oceanic mantle that leads to
deeper onset of redox or carbonated melting should lead to greater flux of volatile gases,
especially CO,. Therefore, the debate on the oceanic mantle fO, with depth (Eguchi and
Dasgupta, 2018b, Gaillard et al., 2015, Stagno et al., 2013) at the present-day mantle is directly
tied to the quantitative flux of incompatible volatiles such as CO, (Figure 11).

1.1.10.2. The effects of redox and compositional heterogeneity in the MORB and OIB sources

Thus far we mainly focused on the global behavior of major volatiles, their effects on
melting depths of peridotite (the dominant upper mantle lithology), with the expected
background mantle oxygen fugacity varying as a function of tectonic settings and depth.
However, the evidence of mantle heterogeneity both in redox (Cottrell and Kelley, 2013) as well
as in major element, lithology or mineralogy in the mantle are also plentiful (Dasgupta et al.,
2010, Garapi¢ et al., 2015, Hirschmann and Stolper, 1996, Jackson and Dasgupta, 2008, Le Roux
et al., 2011) in the geochemistry of erupted basalts. Furthermore, volatile budget of a given
mantle domain is also often coupled to its source compositions. For example, the presence of
recycled, altered oceanic crusts may locally elevate the budget of carbon and sulfur well above
the budget estimated for the background mantle, as both of these elements are known to deeply
recycle into the mantle via subduction (Dasgupta et al., 2004, Duncan and Dasgupta, 2017, Jégo
and Dasgupta, 2013, 2014). In addition, various isotopic mantle end-members have also been
estimated to contain distinctly different volatile abundance (Table 2-5; Fig. 6; (e.g., Dixon et al.,
2002; 2017)). Similarly, recycled crustal lithologies are also more oxidized, i.e., contain a higher
Fe*/Fer ratios and therefore can host carbon in the form of carbonates over graphite/diamond to
much deeper depths than what is thought for background mantle peridotite (Stagno et al., 2015).
In addition, because of distinctly higher abundance of carbon, fO, of recycled heterogeneities can
also be set by C’-C*" equilibria rather than Fe**-Fe’” equilibria (Luth, 1999). Therefore,
carbonated or C-involved redox melting of recycled lithologies can take place at depths where
the ambient mantle cannot release carbon via melting. Deep melting of recycled lithologies aided
by carbonates + water is indeed thought to be an important process necessary to contribute many
features of silica-poor, alkalic OIBs, including elevated CaO and TiO, and depleted SiO, and
AlLOj; in primitive alkali OIBs (Gerbode and Dasgupta, 2010, Mallik and Dasgupta, 2013, Mallik
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and Dasgupta, 2014). Deep carbonated melting in locally oxidized domain is also thought to be
linked to halogen geochemistry of OIBs globally (Kirstein et al., 2023) and is critical in releasing
volatiles such as chlorine. Chloride-bearing carbonatitic inclusions in diamonds and carbonate-
chloride enrichment in kimberlites are clear testaments that oxidized chloride-carbonate melts
are generated at deep mantle (Kamenetsky et al., 2007, Zedgenizov et al., 2007). Laboratory
experiments on mixed chloride-carbonate eclogite and peridotite systems also capture broadly
some of the compositional variability of (Litasov et al., 2010, Safonov et al., 2011). These types
of melts are expected to be generated at least locally in deep MORB and OIB source mantles,
although their production may not be a norm everywhere.

1.1.10.3. Ancient Earth MORB and OIB source melting

It remains debated how the mantle fO, evolved through time with studies suggesting
effectively no change of mantle fO, with time (Li and Lee, 2004, Trail et al., 2011) as well some
recent studies pointing to as much as 2 log units reduction of fO, between 2 and 4 Ga (Nicklas et
al., 2018, Stagno and Aulbach, 2021). If the depth-dependence of the ancient mantle fO,
remained similar to that envisaged for the present-day Earth’s mantle, based on continental
xenoliths, then the mantle is expected to have reduced form of carbon throughout (Fig. 5). In
such a scenario, C-induced melting — either via carbonate melting or via redox melting — is
completely suppressed. The onset of melting in such a scenario would be at the nominally
anhydrous peridotite solidus (Fig. 12). If this was the case, CO, degassing would be greatly
limited through MOR or intraplate melting and degassing because CO, dissolution in basaltic
magma would be limited to what is achieved at graphite saturation (Eguchi and Dasgupta,
2018a), which is significantly muted compared to carbonate dissolution. It is possible that hotter
mantle of the Hadean and Archean, which would lead to deeper melting of nominally-volatile
free peridotite, can partly offset the lack of carbonated silicate melt generation in terms of CO;
extraction. Future models of MOR or OI degassing through time, building on studies such as
Fuentes et al. (2019), need to consider possible coupled evolution of mantle fO, and volatile-
induced melting and differential mantle processing. Stagnant to sluggish-lid tectonics coupled
with more reduced mantle could have led to diminished outgassing flux of volatiles such as CO,
in the early Earth. Or at the minimum, the absence of generation of strongly carbonated melts
might have offset the effect of hotter mantle, deeper solidus of volatile-free mantle, and greater
convective vigor. In other words, despite secular cooling of the mantle, CO, outgassing
efficiency from the oceanic mantle may have increased through time or at least not diminished.

More reduced mantles of the Archean and Hadean eons, if relevant, could have affected
melting induced release of other volatile elements too. For example, flux of N, might also have
been lesser for more reduced mantle, because of lesser incompatibility of N during mantle
melting and higher solubility of N in silicate melts at more reducing conditions. Although for N,
the effect might not have been significant as enhanced N dissolution in silicate minerals and
melts require strongly reducing conditions, i.e., logfO,<~IW-2 (Dasgupta et al., 2022b, Libourel
et al., 2003). More constraints on mantle volatile abundances and redox in different domains and
their possible variation through time are needed to test and refine some of these possibilities.
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1.1.11. Outlook

MORB and OIB geochemistry suggest that their mantle sources are distinct both in terms
of elemental abundance as well as isotopic compositions of major volatile elements, C, H, S, and
N. OIB mantle sources are variably enriched in both primordial and recycled volatiles such as
carbon, sulfur, water, and nitrogen. Accordingly, OIB mantle is estimated to have larger range of
volatile element budgets. The bulk mantle abundances of various volatiles, therefore, depend on
the relative volumes of the OIB vs MORB source mantles. It is possible that the OIB source
mantles are preferentially replenished in volatile elements such as carbon and sulfur via
subduction-recycling, yet such sources also show primordial volatile signature in abundance.

Sustaining Earth’s ocean-atmosphere over geologic time depends on volcanic degassing
of major volatiles at MOR and OI settings. In both settings, mantle chiefly melts via
decompression, with shallower mantle having the potential to receive CO,+H,O-rich melt flux.
However, owing to hotter thermal regime responsible for OIB genesis, volatile release takes
place at deeper depths. Furthermore, being enriched in volatiles, melts richer in CO, and H,O are
generated at the onset of melting for the OIB source. Increased lithospheric thickness suppresses
shallow mantle melting for the intraplate settings, leading to extraction of more volatile (COx,
H,0)-rich melts, which is consistent with several major and trace element geochemistry of OIBs.
Volatile-rich melt generation from the deep OIB source could, however, be suppressed at more
reduced mantles with carbon stored as graphite rather than carbonates. Such reduced OIB or
MORB source mantles might have been present in the ancient Earth. Extraction efficiency of
major volatiles from the Earth’s mantle therefore might have varied through time — controlled
not only by changing thermal regime, but also by changing redox potential. More constraints are
needed for spatial and temporal variability of OIB and MORB source volatile budgets
understand Earth’s deep volatile cycles better.
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Figure 1. Dissolved CO, (ppm by weight) against dissolved H,O (wt.%) for (A) MORB submarine
glasses, (B) hotspot submarine basaltic glasses with SiO, >45 wt.% and (C) hotspot submarine basaltic
glasses with Si0, <45 wt.%. The distinction between hotspot submarine glasses larger and smaller than
45 wt.% Si0O; has been made to take into account the larger CO, solubility in alkalic melts compared to
that in melt with tholeiitic composition (Dixon, 1997). The isobars and isopleths have been calculated
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1664  with the program VolatileCalc (Newman and Lowenstern, 2002). The figure is redrawn from Aubaud
1665  (2022).
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1669  Figure 2. Equilibrium pressure against collection pressure. (A) For MORB submarine glasses, most data
1670  points are above the 1:1 equilibrium line. (B) For hotspot submarine basaltic glasses, most samples are
1671  located close to the 1:1 equilibrium line. The figure is redrawn from Aubaud (2022).
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Figure 3. CO,+H,0 supersaturation in submarine glasses against the dissolved H,O (in wt.%) of
submarine glasses. The black horizontal line is the equilibrium line. Supersaturation occurs mainly in
low-H,O compositions for melts that are vesicle-poor while H,O-rich melts are essentially in equilibrium
with respect to a CO,+H,O vapor phase due to higher vesicularity. The figure is redrawn from Aubaud
(2022).
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Figure 4. Total CO, (ppm by weight) against glass Ba content (ppm by weight) for submarine glasses and
glassy melt inclusions from MOR and OI settings. The largest CO, contents at any given Ba content
represent the least degassed samples while the lowest value essentially reflect degassed values.
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1689

1690  Figure 5: S contents of MORBs plotted as a function of (a) Mg# (molar Mg/(Mg+Fe) x 100) and (b)
1691  FeO*. The figure is modified from Ding and Dasgupta (2017). The broad correlation of increasing S
1692  contents with increasing FeO* and decreasing Mg# suggests that differentiated MORBs are saturated in
1693  immiscible sulfide melts. Data marked in red represent samples that are argued to be CO,—H,O vapor-
1694  undersaturated based on the comparison between saturation pressure and sample collection pressure
1695  (Shimizu et al., 2016).

1696
a C content (ppm) and C isotope (513C) b H»O content (ppm) and H-isotopes (8D)
MOR  Ocean Islang MOR  Ocean Island
50-200 ppm *|/.
—8010—60?6.‘51
"619_\5‘,“»- A [ s
L= T ~. |
I 4 TEERE 350-1100 ppm ~~ - ¢~ <.
N primordial : —160 to —220%. N
from —4 to —6%o or lower ? e recycled : —60 to —20%o -
Core Core -
c N content (ppm) and N-isotopes (51°N) d S content (ppm) and S-isotopes (534S)
MOR  Ocean Islang MOR  Ocean Islang
S g .
100-300 ppm |
—1%o »
MO
oo
from 0 to +8%o N EMs : 5000 ppm .\ i
= - from +1 to +5%o
Core Core
€ Cl content (ppm) and Cl-isotopes (537Cl)
MOR  Ocean Islang
1ppm 7 ——-
0 to —1.6%o ,J\I’ /
el 1 ) /
e
e L
o [ Il ]
———————— - g S I\ ~
30 ppm - -
from —1.6 to +2.9%o
Core
1697

Page 50 of 79



1698

1699
1700
1701
1702
1703

1704

1705
1706

1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718

Figure 6: Compiled elemental and isotopic compositions of MORB and OIB source mantles in
terms of major volatiles. (a) Carbon, (b) H,O, (c) Nitrogen, (d) Sulfur, and (¢) Chlorine. The
isotopic compositions are in black texts and italicized whereas the elemental concentrations are
in in blue and in upright texts. OIB sources are assumed to be in the deep mantle based on the
higher mantle potential temperatures estimated from majority of the OIBs.
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Figure 7: Oxygen fugacity, fO, vs depth plot showing primary storage mechanisms of carbon
and sulfur beneath mid-ocean ridges (MORs) and ocean islands (Ols). The dashed line marked
EMOG/D refers to the fO, buffer corresponding to the reaction enstatite (E) + magnesite (M) =
olivine (O) + graphite/diamond (G/D) + O,. Whereas the curves marked CMG/D refer to similar
fO, buffers as EMOG/D involving carbonated melts rather than magnesite. The three different
CMG/D lines refer to the carbonated melt to graphite/diamond transition for different proportion
of dissolved carbonate in the melt — from right to left: 50 wt.% CO32', 10 wt.% CO32', and 5 wt.%
COs” in the melt. The SST line marks the sulfate to sulfide transition (from right to left) in
basaltic melts. The two left pointing arrows indicate that the SST curve may shift to the left if
strongly carbonated melts are involved. Shown for reference are the estimates of fO, as a
function of depth for the continental lithospheric mantle (white dash-dot bounding line; Stagno et
al., 2013) and the fO;s recorded by MORBs (saffron frequency distribution) and OIBs (blue
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frequency distribution) from the compilation of Cottrell et al. (2021). The figure is adopted from
Figure 1 of Chowdhury and Dasgupta (2020).
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Figure 8: Solidi (solid lines) and liquidi (dash-dot lines) of mantle sulfides in depth-temperature
space throughout the Earth’s upper mantle compared to the volatile-free peridotite solidus and
adiabats applicable for mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) source
regions. The volatile-free peridotite solidus is from Hirschmann (2000). The reference for the
sulfide compositions and the corresponding experimental studies for the melting are given in the
figure legend. The two sulfide compositions from Beyer et al. (2022) span the entire range of
sulfide compositions that can be hosted in all mantle lithologies (Ni-rich for peridotite and Ni-
poor for eclogite). M/S stands from metal to sulfide ratio. The figure shows that for the MORB
source regions, down to ~240 km depth, sulfides in the mantle should be completely molten,
especially if hosted in peridotite or at least partially molten, if hosted in eclogite. Hotter OIB
source mantle should store sulfur entirely as molten sulfide throughout the upper mantle depths.
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1740  (volatile-free peridotite solidus, in red; Hirschmann, 2000) to 200 ppm by weight in P-T space.
1741  The nominally anhydrous solidi (50-200 ppm) are based on the parameterization of O’Leary et
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1743  intraplate ocean islands (OI). Due to greater incompatibility of H,O in peridotite in the garnet
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Figure 10: Topology and loci of solidi of carbon-bearing mantle peridotite (thick black line) and
evolution of partial melt CO, contents (thin yellow-orange lines) as a function of depth and
temperature. Also shown for reference are the volatile-free peridotite solidus (Hirschmann, 2000)
and the depth-temperature profiles (adiabats) for the MORB and OIB source regions. The left
panel shows a melting behavior where the fertile mantle peridotite remains oxidized enough with
depth that carbon is present as carbonates. The right panel shows a melting behavior where
mantle becomes gradually reduced with depth and the change of carbon speciation and storage
from carbonate to graphite/diamond takes place ~5 GPa for the MORB source regions and at ~7
GPa for the OIB source regions. For the case of oxidized mantle to deeper depths (left panel), the
cooler MORB source mantle should commence melting >300 km and the hotter OIB source
mantle should commence melting >400 km. This near-solidus melting at the carbonated
peridotite solidus generates carbonatitic melt (melt CO, content of ~40 wt.%), which evolves to
carbonated silicate melts (melt CO, contents <25 wt.%) that precursor to strongly alkalic
magmas at 200-300 km depth. For the cases of gradual reduction with depth (right panel), C-
bearing peridotite solidus switches from a carbonated peridotite solidus to a redox solidus. Such
a transition from carbonated melting to redox melting (melting aided by oxidation of
graphite/diamond to a carbonated melt), if relevant, should occur at a shallower depth for the
relatively reduced MORB source mantle and at a deeper depth for the relatively oxidized OIB
source mantle. In this latter case, the first formed melt at depth is expected to be a carbonated
silicate melt rather than a carbonatitic melt.
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Figure 11: Two possible scenarios of volatile-induced melting beneath present-day mid-ocean
ridges (MOR) at mantle potential temperature of 1350 °C. Left: Reduction with depth similar to
that estimated for continental mantle lithospheric samples (e.g., Stagno et al., 2013). In this
scenario, melting in the upwelling mantle commences via redox melting of graphite-bearing
peridotite at ~150 km, with the first-formed melt being carbonated silicate melts (white-filled
arrow heads). Right: No effective reduction with depth down to 300 km depth where melting
commences at the carbonated peridotite solidus at ~300 km depth, via production of carbonatitic
melt (open arrowheads), which evolves to CO,-rich silicate melts at shallower depths, but yet
well below the nominally anhydrous peridotite solidus. The mantle mass that gets processed
through the volatile-bearing mantle solidus per unit geologic time is significantly different
between the two scenarios and thus should influence flux of CO, through MOR systems at
present. The depth of graphite to diamond transition is based on Day (2012).
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Figure 12: Possible distinction between melting regime beneath MORs at the present-day (left)
vs those at Archean-Hadean time, >2 billion years ago (right). The present-day Earth’s MORB
source mantle is estimated to be relatively oxidized and showing a gradual reduction with depth.
The ancient MORB source mantle is estimated to be more reduced by as much as 2 log units and
showing similar reduction with depth as argued for the present-day mantle. If this difference is
real, the first onset of melting for the present-day MORB source mantle would be via C-
involved, redox melting of graphite-bearing peridotite, which would be generate a carbonated
silicate partial melt. On the contrary, the onset of melting for the ancient MORB source mantle
would be across the nominally anhydrous peridotite solidi (blue band: top with 50 ppm bulk H,O
and bottom with 200 ppm bulk H,O). The effective ventilation of CO; in this latter case should
be muted as CO, content of mantle melts would be limited to those obtained at graphite
saturation. The depth of graphite to diamond transition is based on Day (2012).
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