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6.2.1 Introduction amount of volatile elements has been degassed from Earth’s

The degassing of Earth redistributes volatile elements in Earth
from the interior to the surface. Although the volatile elements
only account for a trivial mass fraction, they play major roles in
Earth'’s evolution. For example, H,O content in the mantle affects
mantle viscosity and hence mantle convection dynamics. Both
H,0 and CO, can affect mantle partial melting, a major process
for crustal formation and mantle differentiation. Significant

mantle to the surface, contributing to air, oceans, and sediments.
The surface volatiles are critical to life, climate, weathering, sed-
imentary processes, and subduction zone volcanism.

Numerous investigators have traced the degassing history
using volatile inventories and isotopes. Many models have been
developed to quantify the degassing history. Often, the most
important constraints, especially on the timescale of the degas-
sing process, come from the noble gas isotopes although they are
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minor in terms of volatile mass. Hence, much space in this
chapter is devoted to the noble gases. This section will introduce
mantle degassing processes, definitions, basic concepts, and the
literature. Section 6.2.2 will review important physical properties
of the volatiles (partition coefficients and solubilities) during
mantle degassing. Section 6.2.3 will present essential geochem-
ical data regarding the volatiles. Section 6.2.4 will cover the
degassing and atmospheric evolution models. Section 6.2.5 will
discuss some unresolved issues. Section 6.2.6 will be a summary
of the current status of the field.

6.2.1.1 Mantle Degassing Processes

Mantle rocks contain low concentration of volatile compo-
nents, either absorbed in mineral interior or concentrated at
grain boundaries (e.g., Baxter et al., 2007; Hiraga et al., 2004).
Mantle degassing is generally thought to be closely coupled
with mantle partial melting and the early magma ocean.
At mid-ocean ridges and hot spot regions, mantle upwelling
leads to decompressional partial melting. Volatile components
(noble gases, H,O, C, N, etc.) are incompatible and partition
preferentially into the melt. The quantification of this step
requires knowledge of the partition coefficients. During partial
melting, the volatile elements are coupled with other incom-
patible elements, meaning volatile and nonvolatile elements
are coupled in this stage.

At the mantle source region of partial melting, where the
pressure is high, all the volatile components can be dissolved in
the melt because gas solubilities are high at high pressures.
As the melt rises to shallow enough depth, the pressure eventu-
ally becomes low enough so that dissolved volatiles become
oversaturated and gas bubbles form in the melt. The gas bub-
bles, being less dense than the melt, gradually rise and escape
from the melt into surface reservoirs, such as ocean water. The
gas may also leak into fractures and gradually percolate through
rocks to reach the surface. Because mid-ocean ridges are typically
below 2500-3000 m of water, the pressure is still significant.
Hence, degassing is not complete, especially for H,O whose
solubility is much greater than the noble gases, N,, and CO,.
With incomplete degassing, the degree of degassing of an indi-
vidual volatile component is related to its solubility. The lower
the solubility is, the higher the degree of degassing. Further-
more, because volatile components enter bubbles through
diffusion, the kinetics of nucleation and diffusion likely also
play some role in determining the degree of degassing. In this
stage, volatile and nonvolatile elements are decoupled.

Unambiguous evidence is available for the occurrence of
mantle degassing and for its contribution to gases in surface
reservoirs (air, oceans, and crust, AOC), including (1) mid-
ocean ridge basalts (MORBs) at hundreds of bars (as well as
subaerial basalts),which are often vesicular with high-pressure
gas in the vesicles (e.g., Hekinian et al., 1973; Sarda and
Graham, 1990), (2) 3He flux from the mantle, which can be
observed and quantified in ocean water (Bianchi et al.,
2010; Bieri et al., 1964; Craig et al., 1975; Lupton, 1983),
and (3) *°Ar in air, which must be from mantle degassing
through time because essentially all “°Ar is produced gradually
by decay of “°K (e.g., Ozima and Podosek, 2002; Turekian,
1959). For some species, the flux or total contribution from
the mantle can be quantified.

Even though mantle degassing certainly contributed to vol-
atiles in AOC, whether there are other important nonmantle
sources has been debated, especially by planetary scientists
(e.g., Balsiger et al., 1995; Chyba, 1987; Hartogh et al., 2011;
Meibom et al., 2007; Meier et al., 1998). For most solid Earth
geochemists, the default assumption for Earth’s atmosphere
has been that they are from degassing of the interior, unless
there is evidence to show otherwise (or inconsistencies and
paradoxes resulting from the assumption). This paradigm has
been gradually shifting as more lines of evidence show that at
least for some species the mantle may not contain enough
volatiles to supply surface volatiles, as can be seen in later
parts of this chapter.

Mantle degassing is probably countered by the reverse pro-
cess, the regassing of the mantle by subduction of surface rocks
that carry volatiles. The regassing fluxes are difficult to quantify
because of the obstacle to estimate what fraction of a given
volatile component in the subduction slab returns to the sur-
face through volcanism and what fraction actually goes down
to the deep mantle. Occasionally, the effect of recycling can be
seen from gas budget in mantle reservoirs.

Although mantle degassing is physically closely coupled
with mantle partial melting, the depletion of gaseous species
is not necessarily coupled with the depletion of nongaseous
species. That is because the nongaseous elements mostly stay in
the oceanic crust, whereas gaseous species leave the oceanic
lithosphere all together. The subduction of the oceanic litho-
sphere returns the oceanic crust with high concentrations of
incompatible elements back to the mantle, whereas the gas-
eous species are often not recycled, or they are recycled through
a different path (e.g., by subduction of sediments or by alter-
ation of oceanic crust).

6.2.1.2 Definition of Reservoirs

In discussing Earth degassing, for simplicity, the relevant parts
of Earth are divided into reservoirs. Some reservoirs are phys-
ically real and continuous, such as air or oceans. Some reser-
voirs are hypothetical constructs.

Two different definitions of the atmosphere can be found in
literature (Ozima and Podosek, 2002). One equates the atmo-
sphere to Earth’s air. The other is a more general definition in
which the atmosphere includes not only the air but also volatiles
in other surface reservoirs, including the hydrosphere, the bio-
sphere, and crustal rocks (Rubey, 1951). In the discussion in
the succeeding texts, air and atmosphere will be distinguished,
with the atmosphere including volatiles in all surface reservoirs.

AOC will be used to refer to air+ oceans+ biosphere + crust.
Hence, the atmosphere means all volatiles in AOC.

BSE (bulk silicate Earth) will be used to refer to the whole
Earth except the core. That is, BSE includes the mantle and AOC.
In other words, if AOC were mixed back to the mantle to get a
homogeneous silicate Earth, it would be the BSE. If there was
nonmantle contribution to the atmosphere (such as remnant
initial air, impact degassing, and cometary injection of H,0),
that would be counted as part of the present-day BSE. On the
other hand, helium lost to outer space is added back to BSE.

UPM (undegassed primitive mantle) refers to the part of
the mantle that is undegassed and unperturbed, with pri-
mordial volatile concentrations plus radiogenic growth at the
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primordial parent-to-daughter ratio. If all atmosphere comes
from mantle degassing, the composition of UPM would be the
same as that of BSE. However, when allowing the possibility of
initial atmosphere or impact degassing as a source for AOC,
BSE composition does not have to be the same as the present-
day primitive undegassed mantle.

DMM (degassed MORB mantle) refers to the degassed man-
tle. As will be discussed later, the mass fraction of DMM is
much greater than that of the upper mantle (e.g., Zhang and
Zindler, 1989; also later discussion). MORBs are variable, and
there is N-MORB (normal MORB) and E-MORB (enriched
MORB). In this chapter, MORB means N-MORB. Figure 1
compares Earth’s physical structure on the one hand and the
DMM and UPM on the other hand. That is, part of the lower
mantle must also be degassed. However, whether the mass of
DMM is the same for all gases and isotopes is not certain
because of the complicated convection, dynamics, and hence
degassing history of the mantle. Due to degassing when basal-
tic melts erupt, DMM is expected to have lower noble gas
concentrations compared to primitive undegassed mantle. Fur-
thermore, because degassing lowers the concentration of the
nonradiogenic isotope, the radiogenic-to-nonradiogenic isoto-
pic ratio grows more rapidly with time in DMM than in prim-
itive undegassed mantle, leading to higher radiogenic/
nonradiogenic isotopic ratios in DMM.

In Figure 1(b), UPM is shown as a physical entity in the
lower part of the lower mantle. However, UPM is a hypothet-
ical construct, and whether such a physically continuous entity
exists is uncertain. It is possible that every part of the mantle
has been degassed to some degree (van Keken and Ballentine,
1999; van Keken et al., 2002) and might be treated as a mixture
between the DMM and UPM (sometimes needing a recycled
component, such as subducted MORB). If so, the meaning of
DMM and UPM reservoirs would be the collections of the
decomposed end-members of every part of the mantle.
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Figure 1

OIB (ocean island basalt) mantle source refers to the mantle
source from which OIBs are generated. The isotopic signatures in
OIB can be used to trace the OIB mantle. OIBs are often thought
to represent mantle plumes originating deeper than MORBs (but
see Foulger, 2005), approaching UPM. High-quality noble gas
data are also available for a Devonian continental plume, the
Kola plume (Yokochi and Marty, 2004, 2005; Tolstikhin et al.,
2002), and these data are also included in the discussion in the
succeeding texts. Often, the least-radiogenic OIB is used to rep-
resent isotopic signatures of UPM. However, there is also uncer-
tainty in this (see later discussion about Figure 4).

6.2.1.3 Closed-System Degassing Versus
Open-System Behavior

In the literature, quantitative mantle degassing and atmos-
phere evolution models often assumed that Earth has been a
closed system in terms of degassing (e.g., Allegre etal., 1986/87;
Hart et al., 1985; Sarda et al., 1985; Staudacher and Allegre,
1982; Zhang, 1997; Zhang and Zindler, 1989, 1993) except for
He. In the context of closed-system degassing models, essen-
tially all volatiles in AOC come from mantle degassing (e.g.,
Allegre et al., 1986/87; Hart et al., 1985; Zhang, 1997; Zhang
and Zindler, 1989). That is, degassing is assumed to begin at a
time when the initial gas content in AOC was negligible (e.g.,
right after a giant impact that drove away all the gases
from Earth’s surface), and extraterrestrial addition during the
degassing process (such as contributions from impact degas-
sing from planetesimals including comets) is also negligible.
Because volatile contents in AOC can be estimated fairly well,
the closed-system assumption provides strong constraints to
degassing models.

Some authors have proposed open-system degassing to
allow a nonmantle source for the atmosphere (e.g., Marty,
1989) to explain some specific features (such as air Ne), but

Earth structure. The left-hand side shows the upper mantle, transition zone, lower mantle, D"’ layer, outer core, and inner core. The right-hand

side shows that the DMM (degassed MORB mantle) is larger than the upper mantle. In this drawing, the mass of DMM is about two times that of the

upper mantle plus the transition zone. UPM, undegassed primitive mantle.
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did not present quantitative models for mantle degassing and
atmosphere evolution because without the closed-system
assumption, there were not enough constraints. Initially, the
open-system degassing assumption did not gain much support
because the Ne isotopic data could also be explained in some
other way. With the accumulation of more data, more gas
species appear to require both mantle and nonmantle sources.
In this chapter, whether degassing and atmosphere evolution
may be viewed as closed system or open system will be criti-
cally evaluated.

The accretion history of Earth and other terrestrial planets
is discussed by Dauphas and Morbidelli (see Chapter 6.1).
Because Earth is formed by accretion (or collision) of plane-
tesimals (thought to be mostly chondritic materials), one may
argue that all volatiles on and in Earth are extraterrestrial.
However, in the context of understanding mantle degassing, it
is important to distinguish (1) volatiles that were delivered to
Earth’s interior by planetesimals and became part of the primor-
dial mantle (or the solid Earth) and (2) volatiles that were
brought in by planetesimals but were immediately released to
the atmosphere by impact degassing (Lange and Ahrens, 1982)
or by cosmic dusts (e.g., Farley, 1995). (The part that was imme-
diately lost to outer space is irrelevant to the discussion here.) In
the former case, the volatiles become part of the primordial
mantle, and mantle degassing brings the volatiles to the surface.
However, in the latter case, referred to as impact degassing
(including cometary injection), there is extra gain of volatiles
for the atmosphere in addition to mantle degassing, and the extra
volatiles are referred to as nonmantle or extraterrestrial volatiles
in this chapter. If the nonmantle volatiles do not contribute
significantly to Earth’s atmosphere, then closed-system degassing
assumption is fine. Otherwise, open-system degassing models
are necessary.

Continuous cometary injection, especially during the first
700 My of solar system formation, may or may not have con-
tributed significant volatiles to Earth for some gases (e.g., Chyba,
1987; Dauphas et al., 2000; Hartogh et al., 2011; Hutsemekers
et al., 2009; Meier et al., 1998; Zhang, 2002). More generally,
volatiles brought to Earth by various impacts (including plane-
tesimals and comets) may have contributed to Earth’s atmo-
sphere (e.g., Lange and Ahrens, 1982; also see Chapter 6.1).
The largest impacts may also erode an existing atmosphere
(Ahrens, 1993). Currently, no quantitative models are available
to incorporate the effect of mantle degassing, initial gas, and
volatiles delivered by impact degassing of planetesimals and
comets. In modeling the evolution of the atmosphere, the hypo-
thetical starting point is often the time when a protoatmosphere
was eroded with essentially zero initial gas.

6.2.1.4 Brief Literature Overview

The composition of Earth’s atmosphere is different from solar
composition, not only in terms of lighter gases that could
escape easily but also in terms of heavier gases (e.g., °Ar,
84Kr, and '*°Xe). Although 3*Kr/*3°Xe ratio in air is similar to
solar, the various nonradiogenic Xe isotope ratios are very
different from the solar ratios. It was recognized early that
Earth’s atmosphere is different from solar nebula gas; rather,
the H,0:CO,:S0O, ratios in the atmosphere (including hydro-
sphere and sediment) are similar to those in volcanic gases
(Rubey, 1951). Hence, Earth’s atmosphere is not simply from

accretion or gravitational grab of solar nebula gas, but is sec-
ondary (e.g., Brown, 1952; Rubey, 1951, 1955), including at
least degassing from the interior of Earth and modifications on
the surface (e.g., O, from photosynthesis).

Noble gases, even though with only low abundance, have
played a major role in understanding mantle degassing and
atmosphere evolution. Specifically, the many radiogenic iso-
topes of noble gases are critical in evaluating noble gas budgets
in various reservoirs and in constraining the timing (and
dynamics) of degassing.

Turekian (1959) constructed a continuous degassing model
for “°Ar from the solid Earth to air assuming that the degassing
rate is proportional to the amount of “°Ar in the solid Earth,
which is often adopted in later degassing models with some
variation. Schwartzman (1973) treated “°Ar degassing by
assuming that “°Ar and K behaved coherently, meaning that
as K is transferred to the crust, *°Ar is coherently transferred to
air. Because degassing involves melt-gas separation and crustal
formation does not, meaning “°Ar and K do not have to behave
coherently, the approach of Schwartzman (1973) was not
followed by later workers. Ozima (1975) developed continu-
ous and early catastrophic degassing models and concluded
that Ar isotopes require early catastrophic degassing.

Helium concentration excess in seawater was reported by
Bieri et al. (1964) and Clarke et al. (1969), indicating that the
mantle is currently degassing. Craig and coworkers made key
contributions in understanding the distribution of He and
other noble gases in Earth (e.g., Craig and Lupton, 1976;
Craig et al., 1975), estimating He degassing flux from the
mantle (Craig et al., 1975) and showing that 2°Ne/??Ne ratio
in mantle-derived basalts can be significantly higher than the
air ratio (Craig and Lupton, 1976).

Allegre and his coworkers made major contributions to
the understanding of mantle degassing and atmosphere
formation (e.g., Allegre et al., 1986/87; Moreira and Allegre,
2002; Moreira et al., 1995, 1996, 1998; Sarda et al., 1985,
1988, 2000; Staudacher, 1987; Staudacher and Allegre, 1982,
1989; Staudacher et al., 1986, 1989, 1990; Trieloff et al., 2000;
Valbracht et al., 1997). They reported the majority of the
Ne, Ar, and Xe isotopic data in mantle-derived rocks and also
contributed significantly to He isotopic data. Furthermore,
they developed numerous quantitative mantle degassing
models. Staudacher and Allegre (1982) reported systematic
Xe isotopic data in MORB and OIB and presented a model
for the degassing history of Earth, arriving at a mean degassing
time of 10-25 My. Sarda et al. (1985) obtained systematic Ar
isotopic data in MORB and OIB and extended the degassing
model of Staudacher and Allegre (1982) to include Ar, finding
that degassing of Ar operated on a longer timescale compared
to Xe. Allegre et al. (1986/87) modeled Xe, Ar, and He degas-
sing history and found that half of Earth’s mantle is extensively
outgassed, and He degassing operated on a longer timescale
than Ar and than Xe. Sarda et al. (1988) reported high-quality
Ne isotopic data in mantle-derived rocks and showed that
Ne in the mantle is very different from air Ne, but approaching
solar Ne plus additional nucleogenic *'Ne (see also Marty,
1989). Moreira et al. (1998) inferred the end-member
isotope ratios of 2'Ne/>’Ne, “°Ar/*°Ar, and '*°Xe/"*°Xe in
MORB mantle.

Other groups also made critical contributions. Phinney
etal. (1978) discovered high 2°Ne/?’Ne and ?'Ne/?’Ne ratios,
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excess '*’Xe, and fission '*'7'*°Xe in well gases. Honda et al.
(1991) measured solar Ne isotopes in OIBs (see also Hiyagon
etal,, 1992; Moreira et al., 2001; Valbracht et al., 1997). Caffee
et al. (1999) reported the presence of excess '**7'2®Xe in well
gases. Holland et al. (2009) detected Kr isotope anomalies in
well gases. Marty and coworkers (Marty, 1989, 1995, 2012;
Marty and Dauphas, 2003; Marty and Humbert, 1997; Marty
and Tolstikhin, 1998; Marty et al., 2011) made crucial contri-
butions to numerous aspects of degassing, especially nitrogen
and carbon degassing.

Various other groups have proposed different degassing
models from the models of Allegre and coworkers. Hart et al.
(1985) outlined a closed-system evolution model for Ar in Earth.
Zhang and Zindler (1989) constructed a solubility-controlled
degassing model for mantle degassing. Zhang and Zindler
(1993) explored the recycling of CO, and N, into the mantle.
Tolstikhin and O'Nions (1994) explained the missing xenon as
well as Xe isotope fractionation by rapid early degassing of xenon
in the context of solubility-controlled degassing and subsequent
hydrodynamic escape. Porcelli and Wasserburg (1995a,b) devel-
oped a steady-state degassing model. Zhang (1997) tried to
evaluate the various mantle degassing models. Honda and
McDougall (1998) explained the different *He/*’Ne ratios in
MORB and OIB by solubility-controlled degassing. There were
also other conceptual models with less quantification and some-
times few quantitative constraints (e.g., Ahrens, 1993; Chyba,
1987; Lange and Ahrens, 1982; Lee et al., 2010; Marty, 1989).

Most quantitative degassing models were developed in the
1980s and 1990s. Later work has considerably expanded the
database of mantle noble gases and volatiles with some con-
ceptual advancements (e.g., Furi et al, 2010; Hanyu et al.,
2007; Holland et al., 2009; Honda et al., 2011; Jackson et al.,
2009; Kurz et al., 2009; Moreira and Allegre, 2002; Moreira
et al., 2001; Raquin and Moreira, 2009; Raquin et al., 2008;
Starkey et al., 2009; Stroncik et al., 2007; Tolstikhin et al.,
2002; Trieloff et al., 2000, 2002; Yokochi and Marty, 2004,
2005). However, with the accumulation of ever more data,
constructing a quantitative degassing model that is consistent
with all available data does not become easier; instead, it
becomes increasingly more difficult.

6.2.2 Partitioning and Solubility of
Volatile Components

As introduced in Section 6.2.1.1, mantle degassing begins with
volatiles partitioning into the melt during mantle partial melt-
ing. In this process, the partition coefficients between the melt
and minerals in the mantle residue control the behavior of the
volatile components. Subsequently, as the melt ascends to
shallower depth (lower pressures), the volatiles become over-
saturated, leading to bubble nucleation, growth, rise,
and escape (degassing). For example, if a tholeiitic melt con-
tains 1000 ppm of CO,, oversaturation would be reached
at <200 MPa pressure (or <6.6 km depth below ocean
ridge). This degassing step is largely controlled by the solubil-
ities of the volatile components. Nucleation and diffusion
kinetics (Zhang, 2008) likely also play a role during degassing
since it has been shown repeatedly that mid-ocean ridge basalts
are often oversaturated (e.g., Dixon etal., 1988; Souleetal., 2012).
However, the kinetic details are not easy to be incorporated
into quantitative mantle degassing models. In this section,

partition coefficients and solubilities are summarized. The sum-
mary of the diffusion data of volatile components in silicate melts
can be found in recent reviews by Behrens (2010), Zhang and Ni
(2010), and Zhang et al. (2010).

6.2.2.1 Partition Coefficients

A number of authors made efforts to measure partition coeffi-
cients of noble gas elements between minerals and melts (e.g.,
a number of papers before 2000; Brooker et al., 2003; Heber
et al., 2007). The partition coefficients (defined as the concen-
tration in the mineral(s) to that in the melt) are expected to be
very small because noble gases are the archetypal elements for
not forming bonds or minerals. Hence, even a small amount of
fluid or melt inclusions in the crystal may compromise the
measured concentration in the mineral and hence compromise
the partition data significantly. Early experimental data (before
2000) on partition coefficients of noble gases between min-
erals and melt were high, and it is generally agreed that the
early data suffered from these problems (Ozima and Podosek,
2002). Recently, Brooker et al. (2003) and Heber et al. (2007)
determined the partition coefficients between clinopyroxene
and melts and between olivine and melts. The data are shown
in Figure 2 and demonstrate that the noble gases are indeed
highly incompatible, rivaling the most incompatible elements.
Therefore, during mantle partial melting at mid-ocean ridges
with degree of partial melting at about 12% (Klein and
Langmuir, 1987; Niu, 1997), essentially all noble gases will
enter the melt phase. The partition data in Figure 2 do not
exhibit smooth trends (unlike the solubility data in Figure 3),
an indication that the data may need further improvement.

The partition of H,O has been investigated both experi-
mentally (e.g., review by Kohn and Grant, 2006) and through
studies of covariation of ‘elemental’ ratios in basalts (Michael,
1988, 1995). The partition coefficient of H,O during mantle
partial melting is similar to that of Ce (Michael, 1988, 1995).
Because H,O is not much degassed at mid-ocean ridge depth,
the roughly constant H,O/Ce ratio is often used to estimate
H,O concentrations in different mantle reservoirs.
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Figure 2 Partition coefficients of noble gas elements (K, U, and Th)
between mantle minerals and melts. Zero-charge ‘ionic’ radii of noble
gases are from Zhang and Xu (1995), and ionic radii of K+, U**, and Th**
are from Shannon (1976), all for octahedral coordination. For the noble
gases, partition data are the preferred data in Heber et al. (2007). K, U,
and Th partition data are from Brooker et al. (2003).
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Figure 3 Solubility of noble gases in mafic melts. Zero-charge ‘ionic’
radii of noble gases are from Zhang and Xu (1995). Solubility data are from
Paonita (2005). Note that the solubility is given in 10~ mol kg~' MPa~".

The partition coefficients of CO, and N, are not known, but
both volatiles are generally thought to be highly incompatible,
similar to the noble gases. It has been found that CO, has a
partition coefficient similar to Nb during mantle partial melt-
ing (e.g., Cartigny et al., 2008; Saal et al., 2002; Salters and
Stracke, 2004).

It is also important to compare the partition coefficients of
radioactive parent and radiogenic daughter to examine whether
the parent-to-daughter ratio in the partial melt is higher or lower
than in the mantle residue. Hence, the partition coefficients of K,
U, and Th (Brooker et al., 2003) are also shown in Figure 2.
Assuming the data are reliable, K is more compatible than Ar,
and U and Th are more compatible than He. Hence, in the
mantle residue, the parent-to-daughter ratios are higher than in
primordial mantle. More importantly, with the subduction of
the oceanic lithosphere, much of the incompatible nonvolatile
elements are returned back to the mantle, but the gaseous ele-
ments are degassed and are much more difficult to recycle back
to the mantle. Hence, even with similar degree of incompatibil-
ity, it is expected that the volatile elements will be depleted more
than the nonvolatile elements. For example, even though Ar
partition coefficient is similar to that of U as shown in Figure 2,
using Ar/U ratio to estimate Ar concentrations in DMM and
UPM would require careful handling of the degassing effect.

6.2.2.2 Solubilities

Contrary to the case for the partition coefficients of volatile com-
ponents, the solubilities of volatiles in basaltic melts are fairly well
known for H,0O, CO,, and noble gases (e.g., lacono-Marziano
etal., 2010; Jambon et al., 1986; Paonita, 2005). All experimental
data show that the solubility of the noble gases in melts decreases
from the lighter noble gas elements to the heavier ones, a trend
opposite to that in water. The temperature and pressure depen-
dence of per-MPa solubility is not major. Selected solubility data
for noble gases are shown in Figure 3, with solubility per unit
pressure decreasing almost exponential with atomic radii of noble
gases (i.e., In(solubility) is almost linear with atomic radii). The
molar ratios of the solubilities of He/Ne/Ar/Kr/Xe are about
1:0.43:0.10:0.051:0.031 (lacono-Marziano et al., 2010; Jambon

et al., 1986; Paonita, 2005), with He solubility being about 32
times Xe solubility.

H,O solubility in basaltic melts is well known, and the per-
MPa solubility depends strongly on pressure due to H,O spe-
ciation in silicate melts (Stolper, 1982; Zhang, 1999) and
slightly on melt composition (Lesne et al., 2011b) and tem-
perature. Hence, there is no single ratio to characterize the
relation between H,O solubility and He solubility. At 1473 K
and mid-ocean ridge pressure of 25 MPa, the total H,O solu-
bility in basaltic melt (in mol kg~' MPa™') is 54 times that of
He, whereas at 0.1 MPa (Liu et al., 2005), the total H,O solu-
bility is 670 times that of He (Zhang et al., 2007).

CO, solubility does not vary much from rhyolitic to basaltic
melts (e.g., Blank et al., 1993; Dixon et al., 1995; Zhang et al.,
2007), but does increase from tholeiitic to alkali basaltic melts
(Dixon, 1997; Lesne et al., 2011a). For tholeiitic melt, CO,
solubility is about 0.5 times He solubility on molar basis
(Dixon, 1997; Lesne et al., 2011a). For alkali basaltic melt,
CO, solubility is about the same as He solubility on molar
basis (Dixon, 1997; Lesne et al., 2011a).

N, solubility depends on oxygen fugacity (fO,). At
log fO, >IW-1 (relevant to terrestrial degassing), N, solubility
is independent of fO, and is about 1.5 times Ar solubility
(Libourel et al., 2003; Miyazaki et al., 2004). At logfO, >IW-1,
as fO, decreases further, N, solubility increases strongly by
orders of magnitude (Libourel et al., 2003), whereas solubil-
ities of noble gases are roughly independent of fO,.

During degassing at mid-ocean ridges or for OIBs, gas con-
centrations and hence concentration ratios are fractionated.
For many mass balance calculations, reliable elemental ratios
are often needed. To minimize the effect of fractionation dur-
ing degassing, a pair of gases with similar solubilities are used
to form a ratio, and the ratio is estimated in basaltic glasses. For
example, CO,/He and N,/Ar molar ratios are two often-used
ratios thought to be roughly constant, whereas CO,/N, ratio
could be fractionated.

As will be discussed later, some previous mantle degassing
models assumed that all gases degassed to similar degree
(meaning that gas solubilities did not play a role in degassing),
whereas other degassing models assumed that gas solubilities
played a significant role in degassing. With solubility control,
a volatile component with low solubility is expected to be
degassed to a higher degree. The quantitative aspects of mantle
degassing models will be discussed in a later section.

6.2.3 Volatile Data

6.2.3.1 Beginning Comments About Noble Gases

Most of the constraints on the budget, reservoir size, and
degassing history of Earth come from the minor and trace
gases in the atmosphere: the noble gases. Several characters of
the noble gases make them excellent tracers of the degassing
process and the escape process, including the following:

1. The noble gases are ‘real’ gases. Once they are degassed, they
mostly stay in air, whereas other volatile components can be
mostly in rocks (such as CO, in carbonates) or in oceans
(H,0). The noble gases can be absorbed into minerals in
rocks and dissolved in water, but the effect is not as major as
other gases.
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2. Noble gases all have two or more stable isotopes: xenon has
9 stable isotopes, krypton 6, argon 3, neon 3, and helium 2.
All stable isotopes of noble gases and their relative abun-
dances can be found in Ozima and Podosek (1983, 2002)
and Porcelli and Turekian (see Chapter 6.16), which also
provide excellent overview of the noble gases and Earth
degassing. The stable and nonradiogenic isotopes can be
fractionated during escape and hence can indicate the
degree of escape to outer space.

3. Numerous stable isotopes of noble gases are radiogenic—
nucleogenic-fissiogenic (for simplicity, they will be
collectively referred to as radiogenic in this chapter): *He,
21Ne, “CAr, B3Kr, %Kr, *°Kr, 2%Xe, 1>'Xe, 132Xe, 3*Xe, and
136Xe, providing crucial constraints including the timing of
mantle degassing and the degree of degassing.

4. The properties of noble gases are relatively simple, and
hence, they can often be traced reliably.

Because of these wonderful properties, the noble gases have
been heavily studied, and volumes have been written about
noble gases in Earth sciences (e.g., Ozima and Podosek, 1983,
2002; Porcelli et al., 2002; also see Chapter 3.7). The other
gases do not provide much constraint on the timing of degas-
sing, but their budget reveals their own individual degassing
and possible recycling history. All the individual gas systems
will be summarized in this data section. In summarizing the
data, care is taken to use model-independent estimates or to
clearly specify the assumptions adopted in making the esti-
mates although comments and explanations are also provided.

Measured noble gas isotope ratios in mantle-derived
rocks are often contaminated by atmospheric noble gases
(e.g., noble gases in seawater or air). For helium, this problem
is negligible because most air helium has escaped, leading to
negligible concentrations compared to mantle-derived rocks
(but helium in continental crust can be a source of contami-
nation for basalts in continental regions). Hence, helium iso-
topes in oceanic basalts and mantle xenoliths are often taken to
represent mantle signature. For neon, with the consensus that
mantle neon is close to solar, it is possible to correct for
atmospheric contamination and obtain the true mantle
21Ne/?**Ne ratio by extrapolation to solar *°Ne/*’Ne=13.8 or
to the maximum observed *°Ne/*’Ne~13.0 (Sarda et al,,
2000; Yokochi and Marty, 2004). Atmospheric contamination
could occur in the laboratory, or since or as the mantle sample
was brought to the surface, or by subducted atmospheric com-
ponent into the mantle. All of these contaminations are
removed when correction is made in estimating 2'Ne/?*Ne at
a fixed 2°Ne/**Ne. For Ar and Xe (Kr data are very limited),
atmospheric contamination is ubiquitous, and no simple cor-
rection scheme is available. Although using a mixing model by
a plot of a specific isotope ratio with 2°Ne/*’Ne may help to
constrain the atmospheric contamination component, various
uncertainties mean that only very rough estimates for Ar and
Xe isotope ratios are possible if correcting to 2°Ne/*’Ne=13.0,
and no reliable correction can be made if correcting to
20Ne/**Ne=13.8.

Another issue is that even after obtaining the mantle signa-
ture (by correcting for atmospheric contamination), that sig-
nature can still be due to mixing of different mantle reservoirs
(such as MORB mantle and OIB mantle).

6.2.3.2 He

The He system provides the best constraint on the current
degassing rate, the presence of primordial gas (not recycled
gas) inside Earth, and true mantle isotope ratios. There are
two stable He isotopes, *He and *He. “He (its nucleus is the
o-particle) is the decay product of **U (each 2**U decays to
eight “He and one 2°°Pb), 22°U (each 2**U decays to seven “He
and one 2°’Pb), and **’Th (each ?*2Th decays to six *He and
one ?°®Pb). In addition, "*°Sm (extinct), '*’Sm, and '°°Pt also
contribute minor amount of *He. *He is primordial. (Cosmo-
genic and nucleogenic *He is insignificant in mantle rocks
although one has to be careful to avoid surface cosmogenic
*He accumulation during sampling and measurements (Chen
etal., 2007; Ozima and Podosek, 2002).) Once He is degassed
from the mantle to air, it is rapidly lost to outer space due to the
small mass of >He and *He, with preferential loss of 3He.
Hence, He content in air is very small and reflects the steady-
state concentration due to degassing from the interior and
gravitational loss from air.

In literature, He isotope ratio is often expressed as *He/*He
(with the radiogenic isotope in the denominator), and less
commonly as “He/>He. Because radiogenic isotope is used as
the numerator in all other isotopic systems, for consistency,
“He/*He will be used in this chapter.

Because of the loss of He from air to outer space, the total
amount of degassed He is not directly known and the small
amount of He in air does not provide a constraint on mantle
degassing. Furthermore, due to (1) the preferential loss of *He
compared to “He and (2) the partial degassing of “He from the
crust, *He/>He ratio in air is high and does not provide any
constraint on mantle degassing. Owing to the low concentra-
tion of He in air and in ocean water and other surface reser-
voirs, the recycling of He back to the mantle is negligible, and
measured “He/>He ratios in mantle-derived oceanic basaltic
glasses typically are not contaminated by air and represent
mantle signature, which is a blessing. However, crustal
He concentration (due to decay of 2*®U, #*°U, and ?*?Th) can
be significant, so that He in crustal fluids may not be pure
mantle signature. Porcelli and Halliday (2001) evaluated
whether the core could serve as a source for mantle helium,
with inconclusive result. Wheeler et al. (2006) argued that U
concentration in Earth's core is low and hence cannot provide
much additional *He to the mantle.

The primordial “He/>He ratio in Earth is often thought to
be similar to that measured on Jupiter, 6000+ 180 (Mahafty
etal.,, 1998). *He/*He ratio in MORB is fairly consistent, about
89350411170 (1o error hereafter) (Graham, 2002), indicat-
ing a roughly uniform DMM. “He/?He ratio in OIB is more
variable, but usually, significantly lower than that in MORB,
frequently interpreted to mean higher *He concentration and
hence lower degree of degassing for OIB mantle.

The radiogenic part of “He (signified as *He*) in UPM can
be estimated well. The mass of BSE is 4.04 x 10** kg. Using U
and Th concentrations in BSE as 21.8 and 83.4 ppb (hereafter,
ppb and ppm are concentrations by weight) with 15% relative
error (see Chapter 3.1) and a closure age of 4.46 Ga (Allegre
et al., 2008; Wetherill, 1975; Zhang, 1998), the total produc-
tion of *He* in BSE (without loss to outer space) is
(6.56+0.98) x 10'® mol, and the concentration of *He* in
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UPM is (1.6240.24) x 10" ® mol kg™, or (6.5040.97) ppb
(Table 1). This concentration is also the minimum concentra-
tion of “He in BSE.

To estimate total “He (including radiogenic and nonradio-
genic) in UPM requires knowledge of the initial nonradiogenic
“He. One method to estimate the initial nonradiogenic *He is
from primordial “He/*He ratio and the present “He/>He ratio
in UPM. Some years ago, it was thought that the present-day
“He/’He ratio in UPM could be approximated by the
lowest “He/>He in OIB, such as Hawaii and Iceland basalts.
This assumption has been challenged in at least two fronts.

1. Although the low “He/>He ratio in OIB is often interpreted
to mean a less degassed mantle compared to MORB mantle,
the concentration of *He in OIB (even in undersea Loihi
basaltic glass) is often less than that in MORB. This long-
standing ‘helium paradox’ has been used to argue that
OIB mantle is more degassed (Anderson, 1998a,b), but
others prefer to interpret the low *He concentration in
OIB as due to magma chamber processes (e.g., Graham,
2002; Hilton et al., 2000), such as open-system degassing of
plume melts (Gonnermann and Mukhopadhyay, 2007;
Moreira and Sarda, 2000). There has also been discussion
of *He contribution to OIB mantle source by the outer core
(Brandon et al., 1998, 1999), but the jury is still out
(Brandon et al., 2007).

2. Low “He/’He ratios (or high *He/*He) in Hawaii and
Iceland are associated with 143Nd/ 144N, 87Sr/ 86gr,
Y7Hf/177Hf, and '®"0s/'®0s isotope ratios characteristic
of depleted mantle (Albarede, 2008; Ellam and Stuart,
2004; Jackson et al., 2007), almost as depleted as in DMM.
For example, Figure 4 shows “He/>He versus '**Nd/***Nd in
various OIB samples, and no data are clustered near the
expected UPM (large open square). The samples of MORB
(DMM), Azores, Reunion, and Kerguelen do form a trend
toward the expected UPM, but Hawaii and Iceland are often
regarded as the best plume samples for primitive He signa-
tures. Only one sample in the Iceland plume (Baffin Islands,
Cape Searle, sample CS/17; Stuart et al., 2003) is near the
expected UPM. The fact that low *He/>He ratios (and hence
presumably primordial) are mostly associated with depleted
Sr-Nd-Hf-Os isotopes similar to MORB (see also Richard
etal., 1996) is another paradox in He isotope systematics. As
will be seen, He and Ne isotope ratios are correlated. Hence,
this paradox is referred to as the ‘volatile paradox.” One
solution is that “He/>He ratios measured in OIB are not
necessarily candidates for UPM or BSE (Albarede, 2008;
Ellam and Stuart, 2004). Another solution to this paradox
is to assume that Earth is superchondritic, with '**Nd/"*'Nd
ratio of 0.51297+0.000 10 in BSE or UPM (Boyet and Carl-
son, 2005, 2006; Jackson et al., 2010). However, the full
consequence of the superchondritic Earth assumption has

Table 1 He budget and degassing flux

Concentration in UPM (mol kg™") Concentration in DMM (mol kg~7) Global degassing flux (mol year~) A
“He* (1.62+0.24)x 10°°
“He (2.31£0.69) x 1078 (9.2+£3.0)x 1078 (4.7+1.1)x 107 24
*He ~1.16x 10710 ~1.03x 107" 527+102 106

(*He/®He) is 89350 £ 11170 in DMM (Graham, 2002) and 20000 in UPM (see text). Z=ratio of (needed mean degassing rate to produce the atmosphere including the escaped

He)/(present-day degassing rate).
Source: Graham (2002), Bianchi et al. (2010), and this work.

100000 { @ Endmembers T T
& |celand Plume
B [ ]
DMM
80000 o [ E
Pitcairn (EM1)
[ ]
% 60000 |- @ Azores ]
@ ion®@ #H
% Reunion > ®
T ]
~ 40000 f e = :: .
Kerguelen B g
HIG
Samoa
20000 | ° m‘g ﬂ g E
UPM? L
0 L Il L
0.5124 0.5126 0.5128 0.513 0.5132
143Nd/144Nd

Figure 4 “He/*He versus "3Nd/"*Nd in mantle-derived basalts. End-members of Azores, HIG (Hawaii-Iceland—Galapagos), Kerguelen, Pitcairn,
Reunion, and Samoa are from Jackson et al. (2009). Iceland plume data include not only modern Iceland basalts but also Tertiary basalts of North
Atlantic Large Igneous Province with age <62 Ma. The data are from Graham et al. (1998), Marty et al. (1998a,b), Hilton et al. (1999), Peate et al. (2003),

Stuart et al. (2003), Ellam and Stuart (2004), and Jackson et al. (2010).
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not been examined. For example, based on the Sr-Nd man-
tle array, 3"Sr/®°Sr ratio in UPM corresponding to '**Nd/
14N d=0.51297 £ 0.00010 would be 0.70300.0004, very
close to the ratio in DMM (0.7020). That would mean only
about 10% Sr has been transported from primordial DMM
to continental crust, which is not consistent with indepen-
dent estimate of about 50% (e.g., McDonough and Sun,
1995; Salters and Stracke, 2004). It is hence necessary to
examine all the consequences of a superchondritic Sm/Nd
ratio before adopting it for the primitive mantle. Albarede
(2008) speculated that He isotope ratio variations in the
mantle are due to diffusion between fertile reservoir and
refractory reservoir. Lee et al. (2010) explained the low
“He/*He in mantle plumes with depleted St—-Nd-Hf-Os iso-
topes characteristic of DMM by the upside-down differenti-
ation model in which deep partial melts during the early
Earth evolution sank into the lower mantle and were later
sampled by OIB.

If OIB does not sample UPM, there is no good way to
estimate the “He/*He ratio and “He and *He concentrations in
UPM. In order to provide some constraint, here OIB with the
least-radiogenic “He/*He is still assumed to represent UPM.
Taking 4Hce_/SHe in UPM to be ~20000 (Jackson et al., 2009;
Figure 4), radiogenic “He would be (20000 — 6000)/20000=
70% of the total “He, “He concentration in UPM would be
(2.314£0.35)x 10 °mol kg™!, or (9.3+1.4) ppb, and >He
concentration in UPM would be ~1.16x107'°mol kg™'
(~0.35 ppt). If on the other hand, the present-day “He/*He in
BSE is taken to be 14300, which is the lowest 4He/3He in
~60 Ma Iceland plume picrites (Starkey et al., 2009; Stuart
et al,, 2003), then radiogenic “He would be (14300 — 6000)/
14300 = 58% of the total “He, “He concentration in UPM would
be (2.840.4)x 10"°mol kg™", or (11.241.7) ppb, and *He
concentration in UPM would be ~2.0x 10 '®mol kg™’, or
~0.59 ppt. Because no corresponding Ne, Ar, and Xe isotopic
data are available for “He/*He ratio of ~ 14300, this extreme
condition will not be considered much anymore. It seems
that a “He concentration of (2.31+0.69) x 10~° mol kg™*, or
9.3+2.8 ppb (with 6.5 ppb being the minimum), covers all
these possibilities. The total amount of “He in BSE without loss
to outer space would be (9.3+2.8) x 10'® mol. It is estimated
that about 40-60% of this amount has been degassed (see later
discussion on “°Ar), meaning ~5x 10'® mol of *He (about
5000 times the present-day amount in air) has been degassed
and then lost to outer space (Table 2).

Table 2 He concentration (mol kg~") in UPM as a function of
“He/*He in UPM

Assumed Concentration Degree of degassing
‘HelHe in UPM  in UPM from DMM

‘He SHe He (%)  °He (%)
20000 231x10°% 116x107'° 96.0 99.1
14300 28x10%  20x107"° 967 99.5

Primordial *He/3He ratio is assumed to be 6000.

Source: Mahaffy PR, Donahue TM, Atreya SK, Owen TC, and Niemann HB (1998)
Galileo probe measurements of D/H and He/*He in Jupiter's atmosphere. Space
Science Reviews 84: 251-263.

The concentration of *He and *He in DMM can be esti-
mated from the following: degassing rate of *He and “He
(Bianchi et al., 2010; see also Cartigny et al., 2008; Jean-
Baptiste 1992; Saal et al, 2002), MORB production rate
21 km? (Crisp, 1984), and average degree of partial melting
12% (Klein and Langmuir, 1987; Niu, 1997). The new estimate
of global *He degassing rate from new global dataset of
helium isotopes and World Ocean Circulation Experiment is
5274102 mol year ! (Bianchi et al., 2010), about a factor of
2 lower than the earlier estimate by Craig et al. (1975) and
Lupton (1983). Because many mantle fluxes are based on the
*He flux, this change is significant and will affect estimation of
other parameters. The global “He degassing rate is about
89350 x 527 =(4.741.1) x 10" mol year '. At this rate, the
estimated amount of degassed “He (~5x 10'® mol year™')
would take 106 billion years. In other words, the mean “He
degassing rate over Earth history is ~24 times the current
degassing rate. Let Z be the ratio of the needed mean degassing
rate to generate the atmosphere (including lost He) to the
observed mantle degassing rate. The values of Z for *He and
“He are listed in Table 1.

From the He degassing rate, the calculated concentrations in
DMM are (9.243.0) x 10~® mol kg ', or (0.37 +0.09) ppb, for
“He and (1.0340.20) x 10" mol kg™ !, or (0.00310.0006)
ppt, for *He. Adopting “He/*He ratios in UPM to be 20000,
then the degree of degassing for DMM is 96.0% for “He and
99.1% for *He, somewhat higher than the estimate of Zhang
and Zindler (1989; 88% and 97.5%), mostly due to the updated
and lower *He flux (only about 46% of the earlier estimate by
Craig et al., 1975).

6.2.3.3 Ne

The Ne isotopic system provides the best evidence for the solar
affinity of Ne in the primordial mantle. Furthermore, this
system offers a method to correct for atmospheric contamina-
tion so that true mantle Ne signature can be fairly reliably
deduced.

There are three stable Ne isotopes (2°Ne, 2INe, and 22Ne),
of which 2°Ne and *’Ne are nonradiogenic and *'Ne is nucleo-
genic by mainly the following reaction: '*0 +*He —*'Ne + 'n,
where “He is from a-decay. Therefore, the production of
nucleogenic 'Ne is related to that of radiogenic *He, with
2!Ne*/*He* =(4.5+0.8) x 10°® (Leya and Wieler, 1999;
Yatsevich and Honda, 1997), where * signifies nucleogenic
or radiogenic. From the total production of *He* in BSE,
(6.56+0.98) x 10'® mol (Section 6.2.3.2), the total produc-
tion of 2'Ne* in BSE is (2.9540.68) x 10'! mol.

20Ne/**Ne and *'Ne/**Ne ratios in air are 9.80 and 0.0290
(Ozima and Podosek, 2002). 2°Ne/**Ne ratio in air is higher than
the so-called meteoritic or planetary neon (*°Ne/*’Ne=7.4-8.9;
Anders and Grevesse, 1989; Black and Pepin, 1969; also see Huss
etal., 1996) but lower than solar neon (*°Ne/?*Ne=13.8). Non-
radiogenic Ne in air is assumed to be fractionated solar Ne. The
exact nonradiogenic *'Ne/??Ne ratio in air as fractionated prod-
uct of solar Ne is not known due to the range of possibilities in
mass fractionation. Using various fractionation laws (including
the equilibrium fractionation law, kinetic fractionation law,
power law, and exponential law), the nonradiogenic >'Ne/*’Ne
ratio in air is in a narrow range of 0.0276-0.0279, meaning
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3.2x10'" to 4.1 x 10" mol of nucleogenic *'Ne* in air, greater
than total >'Ne* production in BSE. That would be a neon
paradox. However, using the hydrodynamic escape model of
Pepin (1991), the nonradiogenic *'Ne/*’Ne ratio in air can be
as high as 0.0288, leading to 5.9 x 10'° mol of nucleogenic
2!Ne* in air, only ~20% of the total >'Ne* production in BSE.
Another calculation is to assume about 40% of the total 2!'Ne* is
in air based on the degree of degassing for *°Ar (see later), leading
to ~0.0286 for the nonradiogenic 2'Ne/**Ne ratio in air.

The present degassing rate of mantle Ne (excluding con-
tamination by recent or ancient air) can be estimated from *He
degassing rate (527 mol year™'; see previous section) and the
uncontaminated *He/**Ne ratio in MORB and OIB. Assume
that mantle degassing is mostly due to MORB degassing. The
uncontaminated *He/**Ne ratio in MORB is about 10.24+1.6
(Honda and McDougall, 1998), leading to ??Ne degassing rate
of 52 mol year™', 2°Ne degassing rate of 672 mol year™', and
2!Ne degassing rate of 3.3 mol year !, and the concentrations
of ??Ne, *°Ne, and ?'Ne in DMM are about 1.05x 10~ '3,
1.37x107"%, and 7.0x 10" "’ mol kg™' (or 2.32, 27.4, and
0.146 ppq). At these rates, it would take 4.3 x 102, 2.6 x 10%2,
and 5.7 x 10'? years to supply enough *°Ne, *'Ne, and **Ne in
air. Because of the correlation between *'Ne and *He produc-
tion, the large time difference (by a factor of more than 20) to
supply air ?'Ne (2.6 x 10'? years) and to supply the hypothet-
ical “He in air (1.1 x 10"" years) is a paradox. One solution to
the paradox is that a significant amount of 2'Ne in air was
initially there or was from a nonmantle origin. This argument
will be reinforced from other lines of evidence later in this
section.

Nonradiogenic Ne isotope ratio (*°Ne/?’Ne) in mantle-
derived rocks is clearly higher than the air ratio of 9.80
(Honda et al.,, 1991; Marty, 1989; Sarda et al., 1988). Ne is
the only noble gas element with clear difference in nonradio-
genic isotope ratio between mantle-derived rocks and air.
Although Kr and Xe in well gases also have different nonradio-
genic isotope ratios from those in air, suggesting that Kr and Xe
isotopes in the mantle may also differ from air ratios, the
differences cannot be resolved clearly in mantle-derived rocks
at present.

Air contamination to measured Ne isotope ratios in mantle-
derived rocks is often major. However, the Ne system provides
a way (three-isotope plot, see Figure 5) to remove air contam-
ination and hence to obtain true mantle ratios. As discussed
earlier, the correction also removes the effect of recycled surface
Ne into the mantle. In a 2'Ne/**Ne versus °Ne/**Ne plot, data
for MORB and for specific ocean islands form linear trends
with air neon at one end (Figure 5). The trends are interpreted
to be due to mixing between air Ne and mantle Ne. The true
mantle end-member may be pinned down if the primordial
2Ne/**Ne ratio is known. Ne isotopic data from well gases are
also included in Figure 5, which cannot be attributed to simple
mixing between air and another end-member.

Within 2¢ uncertainty, the maximum *°Ne/**Ne ratio so far
measured in mantle samples approaches but does not exceed
13.0. Hence, the mantle end-member (i.e., the high *°Ne/**Ne
ratio and *'Ne/*’Ne ratio end-member) of Ne isotope arrays in
Figure 5 is expected to have a *°Ne/??Ne ratio of 13.0 or higher.
Because 2°Ne/**Ne is 13.8 for solar Ne and because there are no
identifiable reservoirs with 2°Ne/?’Ne~13.0, often, mantle
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Figure 5 Plot of selected Ne isotope data. For clarity, error bars are not
shown, and data with large error bars (e.g., error on 2'Ne/?2Ne is >0.01)
are not included. The two large solid squares are for air (9.80, 0.0290)
and solar wind (13.8, 0.0328). Data sources: Sarda et al. (1988, 2000),
Staudacher et al. (1990), Hiyagon et al. (1992), Poreda and Farley (1992),
Honda et al. (1993), Moreira et al. (1995, 1996, 1998, 2001), Moreira and
Allegre (2002), Valbracht et al. (1996, 1997), Niedermann and Bach
(1998), Dixon et al. (2000), Trieloff et al. (2000, 2002), Hanyu et al.
(2001, 2007), Shaw et al. (2001), Yokochi and Marty (2004, 2005),
Ballentine et al. (2005), Stroncik et al. (2007), Jackson et al. (2009), Kurz
et al. (2009), Parai et al. (2009), and Raquin et al. (2008).

Ne is assumed to be solar with *°Ne/*’Ne=13.8. Adopting
29Ne/*’Ne=13.8 has the advantage that it is a clear solar com-
ponent. However, because this requires relatively large extrapo-
lation from actual data, when effort is made to correct for air
contamination on Ar and Xe isotope ratios using data of
2Ne/**Ne and Ar or Xe isotope ratios, the correction cannot be
reliably made to obtain Ar and Xe isotope ratios in the mantle
end-member. On the other hand, the possibility that mantle
Ne end-member has a °Ne/*’Ne=13.0 cannot be ruled out
even though such an end-member would be fractionated solar
Ne, not simple solar Ne. Adopting a lower primordial 2°Ne/*’Ne
ratio of 13.0 has the advantage that it allows reasonable con-
straint on self-consistent estimates of Ar and Xe isotope ratios in
different mantle reservoirs (requiring less extrapolation) using
20N e/ 22Ne to correct for atmospheric contamination. Hence, the
discussion in the succeeding texts mostly uses correction to
2°Ne/22Ne: 13.0, although sometimes, results for correction
to *°Ne/*’Ne = 13.8 are also shown. If future new *°Ne/?’Ne data
populate the gap between 13.0 and 13.8, it would be time to
firmly adopt 13.8 as the mantle *°Ne/**Ne ratio, and these data
with associated Ar and Xe isotope data would also allow new
constraints on Ar and Xe isotope ratios.

Assuming 2°Ne/?*Ne=13.0 for primordial mantle neon, by
extrapolating the trends to 2°Ne/*’Ne=13.0, uncontaminated
2Nle/*’Ne in mantle-derived rocks can be estimated (Figure 5),
denoted as (?'Ne/*’Ne); 0. Similarly, (*!Ne/*’Ne),5 5 can be
defined. Because air contamination of *He/*He ratio is negligi-
ble, and because radiogenic 2INe and radiogenic 4He are related,
a plot of (*'Ne/?*Ne) 5 o versus “He/>He can be used to examine
various mantle signatures. Figure 6(b) displays such data
for MORB and several hotspot regions, and there is good
positive correlation between (*'Ne/*’Ne);3, and *He/’He,
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Figure 6 Extrapolated 2'Ne/??Ne (to either 2°Ne/?>Ne =13.8 or 13.0) versus “He/*He in selected mantle-derived rocks. In calculating (*'Ne/??Ne)13.5 or
13.0, Only data with °Ne/?>Ne >10.0 are used. See Figure 5 for data sources. Points for which the error on >'Ne/?2Ne is greater than 0.01 are
excluded. The two large open squares with heavy black lines in each figure are for DMM and the least-radiogenic OIB. The heavy curves in (b) are

mixing curves with r= (*He/?2Ne)pym/(CHe/??Ne)ypm =1, 2, 4, 10, and 20.

demonstrating self-consistency in treating the mantle as unde-
gassed and degassed reservoirs. This plot may be viewed as a
version of mantle array for noble gases, similar to the
13Nd/ Nd versus 87Sr/%°Sr mantle array (see Chapter 3.3).
There is clear curvature in (*'Ne/?’Ne), 3, versus “He/*He, indi-
cating that (*He/?’Ne) in DMM is 1.5-4 times that in UPM,
roughly consistent with the results of Honda and McDougall
(1998). In DMM, both (*'Ne/*’Ne);5, and “He/’He are
high, and in HIG (Hawaii, Iceland, and Galapagos) hot spots,
both ratios are low. The least-radiogenic OIB sources in terms of
“He/*He are also the least radiogenic in terms of (2'Ne/**Ne), 3 o
(heavy box at the lower-left region of Figure 6(a) and 6(b)).
There are samples with even lower *He/>He ratios (early Tertiary
Iceland plume rocks; Starkey et al., 2009; Stuart et al., 2003), but
no corresponding Ne isotopic data are available. Low
(*'Ne/**Ne);3, values in Figure 6(b) are used to represent
UPM. There are also MORB samples with higher and correlated
“He/*He (up to 1.24x 10°) and ?'Ne/*’Ne (up to 0.092 at
29Ne/*’Ne=13.0 or 0.110 at *°Ne/*’Ne=13.8) than typical
MORB samples, which seem to be true signature for a more
degassed mantle (meaning that DMM is not uniform) although
not much is mentioned in literature. Table 3 summarizes Ne
isotopes in air and in the mantle.

Because it is important to have self-consistent 2'Ne/?*Ne
and “He/?He ratios in DMM and UPM in modeling mantle
degassing, the correlation between 2'Ne/?’Ne and *He/*He
(Figure 6) is used to estimate the end-member ratios. For the
UPM end-member, data with 4He/SHe between 20000 and
40000 are divided into ten bins, with each bin spanning a
“He/?He range of 2000. In each bin, the weighted averages
of “He/*He and ?'Ne/?’Ne and errors are calculated. These
averages with errors are then plotted (Figure 7(a)) and are
fitted using weighted linear least squares (York, 1969).
(*'Ne/??Ne),3, is then calculated to be 0.0340+0.0003 at
“He/>He=20000 as the ratio in UPM. For the DMM end-
member, after removing some outliers;, MORB data with
“He/>He between 78000 and 124000 are divided into 23
bins (but some bins do not contain data and some bins con-
tain only one data point). Then the same procedure is used to

Table 3 Ne isotope ratios in air and solar wind

Sample 20Nef2Ne 21Nef2Ne
Solar 13.80 0.0328
Air 9.80 0.0290

Source: Graham DW (2002) Noble gas isotope geochemistry of mid-ocean ridge and
ocean island basalts: Characterization of mantle source reservoirs. Reviews in
Mineralogy and Geochemistry 47: 247-317.

obtain (*'Ne/??Ne);3,,=0.0646=+0.0003 at “He/*He =89350
(Figure 7(b)). The data are shown in Tables 4 and 5.
Adopting (*He/*’Ne)pam/(PHe/*?Ne) ypm=2.28 (mixing
curves in Figure 6(b)), then (*He/*’Ne)ypy=4.5, and *’Ne
concentration in UPM can be estimated from *He in UPM
(1.16 x 107 mol kg™ ') to be 2.6 x 10" mol kg~'. Another
estimate is as follows. Since the total production of ?'Ne* in
BSE is (2.95+0.68) x 10" mol as obtained earlier, knowing the
primordial ?'Ne/??Ne ratio (solar ratio or fractionated solar
ratio) and the ?'Ne/*’Ne ratio in UPM, the total amount of
primordial ?*Ne in the whole mantle can also be found to as

(1]

2Ne = 21Ne~/[(21Ne/22Ne)UPM - (uNe/nNe)O]
from which the concentration of ?’Ne in UPM can be esti-
mated to be 3.4 x 107" mol kg™, which is roughly consistent
with the estimate based on (*He/??Ne)py, giving some con-
fidence in the estimates. >’Ne concentration in UPM is taken to
be the average: (3.040.4) x 10~ ! mol kg™ ".

The calculated Ne budgets are listed in Table 6. According
to the results, DMM has been degassed 99.65% compared to
UPM in terms of 22Ne. Furthermore, from Table 6, estimated
22Ne concentration in UPM is only about 1/5 of that needed to
produce Ne in air, which reinforces the Ne-deficiency paradox
raised earlier.

Because Ne isotope ratios (both the radiogenic and non-
radiogenic) in the mantle are different from those in air and
because there is gradual degassing, Ne isotope ratios in air must
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Figure 7 Obtaining (*'Ne/*2Ne);5 in UPM and DMM that are internally consistent with “He/*He.

Table 4 Ne budget in air

ZINe* Zglve ZINe ZZIVe
Total (mol) (0.59—32) x 10" 2.91 %1015 8.62 % 102 2.97 x 10"
~971 ~579 ~1211

4

Nonradiogenic air has 2'Ne/?*Ne ~0.0276-0.0288. Z=ratio of needed mean degassing rate to produce the atmosphere including the escaped He/present-day degassing rate.
Source: Ozima M and Podosek FA (2002) Noble Gas Geochemistry. Cambridge: Cambridge University Press.

Table 5 Ne isotope ratios in mantle reservoirs

Assuming mantle 2°Ne/?Ne =13.0, (*He/*He)ppi=89350, and  Assuming mantle ?°Ne/*Ne =13.8, (*He/*He)ppi=89350, and

("HePHe) yp1=20000 (*He/PHe) ypr=20000

DMM UPM DMM UPM
2INe/?Ne 0.0646 -£0.0003 0.0340+0.0003 0.0702-£0.0004 0.0352 4-0.0003
(®'Ne/*®Ne),  0.03186 0.03186 0.0328 0.0328

(*'Ne/??Ne)y is the primordial 2'Ne/**Ne ratio related to solar ratio using exponential fractionation law (Hart and Zindler, 1989).
Source: Graham (2002) and this work.

isotopically (similar to the depletion of *He relative to “*He in

Table 6 Ne budget in mantle reservoirs
air) suddenly at some point of time, or gradually. Degassed

2Ope 2TNe 2pe nucleogenic 2'Ne would also be lost to outer space. In this

. 9 2 Y scenario, average Ne concentration by distributing air into
Algmﬁzltzumtﬁflfo") 14110 4.18x10 1.44x10 DMM (Table 6) should be smaller than Ne concentration in
Estimated g 39101 194510-2  3.00x10-" the UPM (Table 6), opposite to the data in Table 6. Further-
concentration in more, nucleogenic 2!Ne production is barely enough to pro-
UPM® (mol kg~ ") vide nucleogenic *'Ne in air, further against the escape
Estimated 137x10°2  70x10""  1.05x10°"® scenario. Moreover, the current degassing flux is already

extremely low to produce air Ne (e.g., when compared to He

concentration in
and *°Ar), also against the escape scenario. Hence, this sce-

DMM (mol kg~ ")

Degassing flux 672 3.3 52 nario is not preferred.
(mol year ") 2. Therewas ‘primordial’ Ne (or initial Ne) in air, which could be
4 . . . leftover of an early atmosphere (due to accretion degassing or
Mass of DMM is taken to be 51% of the whole mantle for this calculation. . . . . .

BAssume (ONe/22Ne) o  13.0. mantle degassing). In this scenario, the amount and isotopic
composition of the primordial Ne in air are related as follows:

ill?::ezci)rll\éetd ertz;th time. Three possibilities are discussed in the 2 222 Neai, o (20 Ne) 2Ny e (20 Ne)

Neair,today 22Ne air,0 22Neaimoday 22Ne mantle

1. There was no initial neon in air and all neon in air is from _ [*Ne 2
mantle degassing, but degassed neon has been fractionated N (22N6>air.today 2l
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where *’Ne.nqe is the amount of ??Ne in today’s air that is
from mantle degassing. Let F=2?Ne; o/ 22Neair,wday (the frac-
tion of ??Ne in the initial air compared to today’s air), then

201\1e ZONe
F 1-F =9.80
(zzNe)air,O - ( ) (zzNe)mamle

The relation between F and (*°Ne/??Ne),;ro is shown in Figure 8
for the case of (*°Ne/*’Ne)mande= 13.0. The figure shows that
at least 29.0% of *’Ne in air today was the initial *’Ne if
(*°Ne/*’Ne)mange=13.8 or 24.6% if (*°Ne/*’Ne)mange=13.0.

The percentage of the initial amount of *’Ne in air is likely

significantly higher because (*°Ne/*’Ne),. ¢ is unlikely zero. For

example, if the initial amount of **Ne in air was 50% (or even
more) of the present-day amount, then (*°Ne/*’Ne),i; o= 5.8 for

(*°Ne/**Ne) mande= 13.8, or 6.6 for (*°Ne/*’Ne)mange = 13.0. The

presence of initial ’Ne in air would make (?'Ne/*’Ne).;, less

radiogenic than assuming no initial ?’Ne in air. In this scenario,
average concentration in Ne concentration in the present BSE

(air+ oceans + crust+ mantle) is greater than Ne concentration

in the UPM, which is consistent with data in Tables 6. That is, the

present BSE (including all of the atmosphere) is not necessarily
the same as the primitive undegassed mantle (UPM) in terms of
isotopic compositions and nonradiogenic isotope budget.

3. There is a nonmantle source (such as gradual impact degas-
sing) for Ne in air, and °Ne/*’Ne in that source is <9.80
(Marty, 1989). The nonmantle Ne may have come to air
very early in Earth history or gradually throughout Earth
history. In terms of mass balance, this scenario is the same
as that of the second scenario, and Figure 8 would hold
except that the horizontal axis would be (*°Ne/*’Ne) ratio
in the nonterrestrial source and the vertical axis would be
the ratio of ?’Ne from the nonterrestrial source to total ’Ne
in air today. If the nonterrestrial Ne source were chondritic
Ne with 20Ne/22Ne:8.9 or 7.4, then the fraction of non-
terrestrial 2’Ne would be 81.6% or 62.5%, and the fraction
of terrestrial ’Ne from mantle degassing would be only
18.4% or 37.5%, which is consistent with Table 6.
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Figure 8 The relation between the initial amount of 22Ne in air
(expressed as a fraction of present-day 22Ne on the vertical axis) and
initial 2°Ne/2%Ne isotope ratio in air for the case of

(®°Ne/*2Ne)mante =13.0 or 13.8.

In summary, the observation that *°Ne/>’Ne in the mantle
is higher than that in air (Craig and Lupton, 1976; Honda
et al., 1991; Marty, 1989; Sarda et al., 1988) is revolutionary
in understanding the origin of air. Coupled with the deficiency
of Ne in the mantle to provide Ne in air, the preferred scenario
is that 70-80% of nonradiogenic Ne in air is not from mantle
degassing, but from chondritic Ne (Marty, 1989). If only man-
tle Ne are considered, Ne isotopes in different mantle reservoirs
are consistent with He isotopes. For example, the high
2!Ne/**Ne in MORB mantle and low >'Ne/**Ne in OIB mantle
are as expected based on He isotopes. The He and Ne isotope
systematics can be used quantitatively to evaluate different
degassing models (see later discussion). Therefore, mantle Ne
is relatively simple and consistent with mantle He, but air Ne
requires both mantle and nonmantle sources.

6.2.3.4 Ar

The K-Ar system provides the best constraint for the mean
degree of degassing for one gas species (*°Ar) from the whole
mantle (Allegre et al, 1986/87; Zhang, 2002; Zhang and
Zindler, 1989; see also Chapter 6.16). Furthermore, because
the degree of degassing of DMM can be estimated, the K-Ar
system also constrains the fractions of DMM and UPM over the
whole mantle.

Argon has three stable isotopes of which °Ar and *®Ar are
nonradiogenic and primordial, but “°Ar is radiogenic due to
the branch decay of *°K (half-life 1250 My, the branch to *°Ar
accounts for 10.48%) with negligible primordial component.
The primordial “°Ar/?°Ar ratio is about 0.0003 (Anders and
Grevesse, 1989). In the present-day air, the “°Ar/>°Ar ratio is
298.6 (Leeetal., 2006), one million times the primordial ratio.
4OAr/?°Ar ratio in ancient air at 380 Ma was 291.0+1.6
(Cardogan, 1977). In Earth’s mantle, the ratio is even higher,
and the highest measured *°Ar/>°Ar ratio is 64000 (Burnard
et al.,, 1997). That is, essentially all 40Ar in Earth comes from
the decay of “°K. Hence, by estimating K concentration in BSE,
total “°Ar can be calculated, and the mean degree of degassing
can be inferred reliably based on straightforward mass balance
calculations. The estimation in the succeeding texts uses
updated information, but there was little change from previous
results (e.g., Allegre et al., 1986/87; Zhang, 2002; Zhang and
Zindler, 1989; see also Chapter 6.16).

Potassium concentration in BSE has been estimated by var-
ious authors (e.g., Allegre et al., 1995b; Arevalo et al., 2009;
Jochum etal., 1983; Zindler and Hart, 1986), and the results are
similar. Adopting the most recent estimate of 280+ 60 ppm
(Arevalo et al., 2009), there are (2.8940.62) x 10**> mol of K,
and (3.3840.72) x 10"® mol of “°K in present-day BSE (using
40K atomic abundance of 0.0117%; Anders and Grevesse, 1989).
Assuming Earth begun to quantitatively retain “°Ar since
4.46 Ga (Wetherill, 1975; Zhang, 1998, 2002), total “°Ar pro-
duction in BSE is (3.8440.82) x 10'® mol, 59% of the total
molar “He production. The mean concentration of “°Ar in BSE
and UPM is (9.542.0)x 107" mol kg™', or 38.148.2 ppb.
Changing the age from 4.46 Ga to 4.50 Ga in the proceeding
calculation would increase total *°Ar production by ~ 2%, insig-
nificant compared to other errors. K concentration in Earth'’s
core is at least an order of magnitude lower than in BSE (Corgne
etal., 2007), and the mass of the core is only 48% of the mass of

=
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BSE. Hence, the production of “°Ar due to K in the core and
possible transfer of this “°Ar to BSE can be ignored.

Total “°Ar in air is 1.64 x 10'® mol (Ozima and Podosek,
1983, 2002), representing (43 +9)% of all *°Ar in the whole
Earth (and also in the BSE). There is about 2.0 x 10'¢ mol *°Ar
in oceans (Broecker and Peng, 1982). *°Ar in the continental
crust can be estimated as follows: The mean concentration of K
in the continental crust is 1.69 wt% (Arevalo et al., 2009).
Adopting the mass of continental crust as 2.085 x 10?? kg
(Peterson and DePaolo, 2007) and the mean age of continents
as 2.5 Ga (Hawkesworth et al., 2010), total 4O0Ar production in
the continental crust is 3.32 x 107 mol, some of which has
already been lost to air (as evidenced by younger K-Ar ages of
most rocks compared to other ages). For the purpose of this
calculation, assume 30-70% of “°Ar in the crust was already
lost to air. Then, total “°Ar in air, oceans, and continental crust
is (1.83+0.20) x 10'® mol, representing (47.7 +11.4)% of the
total “°Ar in the BSE.

If the whole mantle has been degassed to a similar degree
(one-reservoir model), then the degree of degassing of the
mantle would be about (47.7+11.4)%. In the context of a
two-mantle-reservoir models with one highly degassed reser-
voir (DMM) and one undegassed reservoir (UPM), the mass of
DMM is at least (47.7 & 11.4)% of the whole mantle and hence
must be more than the upper mantle alone (Figure 1).

The high degree of degassing (48%) for “°Ar demonstrates
that mantle degassing must be more than just an early degas-
sing pulse (e.g., during magma ocean stage) because total *°Ar
production in the first 100 My is only 2.3 x 10'” mol, much
less than “°Ar in air (1.64 x 10'® mol). Therefore, a very short
mean degassing time such as 10-25 My inferred for Xe isotopes
(Staudacher and Allegre, 1982) does not work for *°Ar, mean-
ing that different gases degassed at different timescales, consis-
tent with solubility-controlled degassing.

The concentration of “°Ar in DMM at present may be esti-
mated to be (6.542.5)x10 ®*molkg™!, or 2.6+1.0 ppb,
from *He concentration in DMM ((9.2+3.0) x 10~ % mol kg *
inferred from degassing flux in a previous section), and the
“°Ar/*He molar ratio of 0.7040.15 (or mass ratio of 7.0+ 1.5)
is estimated from MORB samples (Graham, 2002; Raquin et al.,
2008). This means that DMM has been degassed by 93.2+3.0%
for “°Ar, higher than the estimate of 82% by Zhang and Zindler
(1989). The mean degree of degassing for “°Ar must be smaller
than that for *®Ar and *®Ar because *°Ar is continuously pro-
duced in the mantle, meaning that early degassing did not affect
49Ar as much as *°Ar, and recently produced *°Ar in the mantle
has not had much chance to degas.

Considering the *°Ar concentration in DMM, the mass
fractions of DMM over the whole mantle can be found
as (0.47740.114)/(0.9324+0.030)=0.512+0.123= (51.2
+ 12.3) %, and that of UPM is 0.488£0.123. Note that both
DMM and UPM are end-members and do not have to represent
two separate physical entities; they can be present as a fraction
in every mantle piece, with the overall mass fractions of UPM
to DMM being 48.8:51.2. These fractions specifically apply to
49Ar. It is possible that they also apply to other isotopes and gas
species, but that is not necessary unless the DMM is one uni-
form physically defined reservoir (meaning a specific physical
region of the mantle is the DMM, Figure 1(b)). If the mantle is
degassed to various degrees and DMM is just an end-member

Table 7 Mass of mantle reservoirs from K-Ar systematics
Reservoir BSE UPM DMM +A0C
Mass (kg) 4.035 x 10% ~1.96 x 10?4 ~2.08 x 10%*
See text.

for the variously degassed mantle pieces, then DMM for other
gases most likely would be more than (51.24+12.3)% of the
whole mantle because “°Ar was not initially present and is
gradually produced over geologic time. Interestingly, the esti-
mated mass fraction of the depleted mantle is also about 50%
(see Chapter 3.3), similar to that of the degassed mantle, and
supporting the notion that the DMM is a physical reservoir
(Table 7).

The “°Ar/*°Ar ratio in AOC+ DMM can be estimated from
total *°Ar production in DMM (1.97 x 10'® mol) and *°Ar in air
(5.51 x 10"® mol) to be 357. Even if the whole BSE is assumed
to supply >°Ar in air (but assuming neither initial nor non-
mantle 3°Ar), the maximum *°Ar/>Ar ratio in the present-day
BSE would be only 693 +149 (or <842). The estimate of the
limit is robust, and its accuracy only depends on the estimate of
K concentration in the BSE (because the amount of *°Ar in air is
well known). Next, *°Ar/*°Ar ratios in DMM and UPM are
estimated, and the ratio in UPM is compared to that in
AOC+DMM. If (*°Ar/*°Ar)socpmm= (*°Ar/*°Ar)ypy within
error, Ar degassing can be treated in the framework of closed-
system degassing. Otherwise, extra sources are necessary.

Measured “°Ar/°Ar ratios in mantle-derived rocks are
highly variable (Figure 9). Much of the variation is attributed
to variable degrees of atmospheric contamination. In MORB,
the 40Ar/36Ar ratio ranges from 300 to 64 000, and in OIB, the
ratio ranges from 300 to 12000. Although *°Ne/**Ne ratios in
mantle samples are similar to the solar ratio, **Ar/*°Ar ratios
in MORB and OIB are similar to the air ratio (0.1880), not
the solar ratio (Raquin and Moreira, 2009). Hence, **Ar/>°Ar
ratios in mantle-derived rocks cannot be used to assess
contamination by air Ar in a way similar to Ne isotopes.

In order to remove atmospheric contamination from true
mantle ratios, Figure 9 plots *°Ar/>°Ar versus °Ne/>’Ne in
MORB and OIB, where the 2°N e/zzNe ratio is used as a measure
of air contamination. The diagram shows that one end-member
is indeed air with 2°Ne/*’Ne=9.80 and “°Ar/*°Ar=298.6. For
MORB, mixing with air seems to generate a roughly linear trend,
with “°Ar/>°Ar ratio being 350007000 at *°Ne/?’Ne=13.0
and 44000 at *°Ne/>’Ne=13.8 (see also Moreira et al., 1998).
For OIB samples, the mixing trend is curved and the mantle end-
members are not well defined. The best-defined OIB trend is for
Galapagos hot spot (Figure 9(b); see also recent work on
Iceland by Mukhopadhyay, 2012), which approaches the lowest
49Ar/3°Ar for a given 2°Ne/*’Ne (Hawaiian data are scattered,
but some Hawaiian basalts show even lower “CAr/>°Ar at
29Ne/*’Ne=13.0). Even for this well-defined trend, it is still
impossible to estimate (*°Ar/>°Ar),3 4 reliably by extrapolation,
except that (“°Ar/>°Ar);55 is almost certainly >5000, and it
could be as high as 40000. Adopting mantle *°Ne/?*Ne=13.0,
49Ar/3°Ar in Galapagos mantle is ~4000. Marty et al. (1998b)
inferred from Devonian Kola carbonatites that “°Ar/*°Ar in
plume mantle is 5000 +1000. There are few points with
49Ar/3°Ar ratio < 842. The lowest “°Ar/>°Ar in all OIB rocks at
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2°Ne/*’Ne=13.0 is about 1700 (Figure 9(a)). This ratio is
much higher than the *°Ar/>°Ar ratio in BSE (~357).

The large discrepancy between “°Ar/>°Ar ratio in AOC+
DMM based on the closed-system mass balance calculations
(i.e., assuming all *°Ar in air is from degassing of DMM) and
measured “°Ar/>®Ar in OIB at high 2°Ne/?*?Ne is here referred to
as an ‘argon paradox.” One solution to the argon paradox is to
assume that the few OIB points with very low *°Ar/>®Ar ratio at
high 2°Ne/?’Ne (these few are mostly Hawaiian samples, e.g.,
there is one point with *°Ne/>’Ne=12.1 and *°Ar/>*Ar=425;
Valbrachtetal., 1997) are representative of UPM. To verify this,
careful He-Ne-Ar studies must be carried out so that
20Nle/??Ne can be used to indicate contamination, and uncon-
taminated *°Ar/>®Ar can be plotted against “He/*He (in a figure
similar to Figure 6) to find the *°Ar/3°Ar ratio of UPM at
“He/*He=20000. Another solution is to assume that *°Ar in
air is not entirely from mantle degassing, meaning that the
closed-system assumption does not work for >°Ar and that
UPM does not have the same composition of AOC+DMM in
terms of *°Ar and *5Ar. Although this possibility has not been
raised before, it is not so unthinkable because Ne isotope
systematics can be explained by nonmantle Ne. Adopting
“OAr/>°Ar=4000 to represent UPM, no more than about
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357/4000=9% of air *°Ar is from mantle degassing, and
91% is extraterrestrial or was initially in air. The third solution
to the argon paradox is to assume that none of the OIB sources
is close to UPM, not a preferred solution.

Mantle “°Ar degassing rate can be estimated to be
(3.341.0) x 107 mol year ! from the *°Ar/*He molar ratio in
DMM (0.70£0.15; Graham, 2002; Raquin et al., 2008), and
“He degassing rate of (4.7 +1.1) x 10” mol year ' (see Section
6.2.3.2). At this rate, it would take 5 x 10'° years to supply all
%Ar in air, which is only a factor of 2 different from the time to
supply the hypothetical “He in air at the current “He degassing
rate, demonstrating self-consistency. Because all “°Ar in air
must be supplied by mantle degassing, the mean degassing
rate for *°Ar over Earth’s history is about 11 times higher
than today’s degassing rate.

Global *°Ar degassing rate is about 943 mol year ' using the
4OAr/>SAr ratio of 35000. At this rate, it would take (5.8 4 1.0) x
10" years to supply all >°Ar in air. That is, the required mean
degassing rate to generate air *°Ar is 1300 times higher than the
present degassing rate, a situation similar to Ne (Table 4), again
supporting the notion that there is significant nonmantle *°Ar.

Ar isotope ratios and concentrations in Earth reservoirs
are summarized in Table 8. The “°Ar/*>°Ar ratio and *°Ar
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Figure 9 “°Ar/*®Ar versus 2°Ne/2?Ne for basalts from different locations. For each location, the trend is attributed to air contamination of mantle

samples. Data for Galapagos are shown individually. The correlation may be used to estimate air contamination of Ar isotopes. For example, if mantle
20Ne/?2Ne ratio is about 13.0, “°Ar/%8Ar values for OIB are clearly lower than the ratio in normal MORB, and the lowest value is about 2500. Data sources:
Staudacher et al. (1990), Hiyagon et al. (1992), Poreda and Farley (1992), Honda et al. (1993), Moreira et al. (1995,1998), Moreira and Allegre (2002),
Valbracht et al. (1997), Niedermann and Bach (1998), Sarda et al. (2000), Trieloff et al. (2000, 2002), Hanyu et al. (2001, 2007), and Raquin et al. (2008).

Table 8 Ar budget and isotope ratio in air, BSE, and mantle reservoirs
Air DMM AOC +DMM UPM BSE
“4OAr (10" mol) 1.644 ~0.13 ~1.97 ~1.87 3.84+0.82
“OAr (mol kg~ ™) (6.5+2.5)x 1078 (9.5+2.0)x10~7 (95+2.0)x107  (9.5+2.0)x10°7
“OAr/38Ar 298.6 350005000 ~357 (<842) ~4000?
36Ar (mol kg~ ") ~1.8x10712 >1.4x107° ~2.4x107107
36Ar (10" mol) 5.51 ~0.0037 > 5.51 0.47?
References Ozima and Podosek Moreira et al. (1998), Allegre et al. (1983), Zhang This work

(2002), Lee et al.
(2006)

Trieloff et al. (2000), and
this work

and Zindler (1989), and this
work

The mass of UPM is assumed to be 49% of BSE (see text). “°Ar degassing flux is (3.3=£1.0) x 107 mol year~".
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concentration in UPM are highly uncertain. Based on esti-
mated >°Ar concentration in UPM (from “°Ar concentration
in UPM and estimated “°Ar/?°Ar ratio in UPM) and that in
DMM, the degree of degassing for *°Ar from DMM is ~99.5%,
similar to that obtained by Zhang and Zindler (1989).

6.2.3.5 Kr

There are six stable isotopes of Kr of which three receive very
minor (<0.014%) fission contribution by ?**Pu and #*°U,
which currently cannot be resolved. That is, all six stable iso-
topes of Kr can be treated as primordial (nonradiogenic). The
Kr isotope system has not received much attention in literature.
Recently, Holland et al. (2009) presented high-precision mea-
surements of Kr isotope ratios in well gases and found that
there is interesting variation. On a 5°Kr/*?Kr versus %*Kr/5Kr
plot, the Kr isotopes lie along a mixing trend between air Kr
and chondritic Kr (AVCC), away from solar Kr. Whether well
gas Kr is representative of mantle Kr is not known. The differ-
ence between air and chondritic Kr isotopes is small, with
AVCC Kr more fractionated than air Kr compared to solar Kr;
that is, AVCC Kr is more enriched in the heavier isotopes than
air Kr by about 0.3% per atomic mass unit. The small difference
means that (1) only when the measurement precision is
extremely high, it is possible to resolve the difference, and
(2) even if mantle Kr is AVCC Kr, degassing would not have
noticeably affected Kr isotope ratios in air.

6.2.3.6 Xe

The I-Pu-U-Xe system provides the best constraint on the
xenon closure age of Earth, the timing of degassing, the
intensity of early degassing, and the early loss of gases from
Earth. There are nine stable isotopes of xenon (*2*Xe, '**Xe,
128%e, 129%e, 13%Ke, 3'Xe, 3?Xe, 3*Xe, and '*°Xe) of which
129Xe received radiogenic contribution from extinct nuclide
1291 (half-life is 15.7 My) and '*°Xe, '**Xe, '*?Xe, and '*'Xe
received not only fissiogenic contribution from extinct nuclide
244py (half-life is 80 My) but also minor contribution from
extant nuclide 2**U (half-life is 4468 My) (Fields et al., 1969;
Ozima and Podosek, 2002; Wetherill, 1953; Zhang, 2002; see
also Chapter 6.16).

The Xe isotope system is complicated in a number of ways.
The sheer number of isotopes involved is one of them. Also,
two extinct nuclides (*?°I and ?**Pu) and one extant nuclide

(**®U) have contributed to the radiogenic isotopes of xenon.
The decay of *°I to '?°Xe is simple, but fission from ?**Pu and
2381 to '3°Xe-'3"Xe-'3?Xe-"?'Xe is less so. The complexity
means much information is contained in the Xe isotopes,
and various authors have tried to mine such information.

Unlike the case for radiogenic *°Ar for which the primordial
component is negligible, for all xenon isotopes, the primor-
dial components are major and must be accurately known for
the inference of the radiogenic contribution. However, the
primordial nonradiogenic isotope ratios of xenon in air are
different from those in other reservoirs (such as solar). Sophis-
ticated mass fractionation models have been developed to
derive the nonradiogenic xenon isotope composition from
solar xenon (or U-Xe; Pepin and Phinney, 1978) with which
the radiogenic components are inferred. Table 9 lists relevant
Xe data.

Xe isotopes in air, coupled with a robust constraint of the
overall degree of mantle degassing using “°Ar, can constrain the
Xe closure age of Earth (Allegre et al., 1995a; Staudacher and
Allegre, 1982; Wetherill, 1975; Zhang, 1998, 2002). The con-
cept of Xe closure age for the whole Earth is similar to that of Ar
closure of a mineral in isotopic dating. The basic argument is as
follows. Estimated iodine (only one stable isotope '*’I) con-
centration in BSE ranges from 7 ppb (O’Neill and Palme, 1998;
also see Chapter 3.1) to 10 ppb (Deruelle et al, 1992;
McDonough and Sun, 1995). Therefore, total '*’I in BSE
ranges from 2.26 x 10'” to 3.23 x 10'” mol. The half-life of
1291 js 15.7 My, and all initial '*’I has decayed to '*°Xe. The
initial '2°I/'*"I ratio in meteorite Bjurbole at 4.56 Ga (Hudson
et al., 1989) is (1.10£0.03) x 10~* (Swindle and Podosek,
1988). If BSE was closed at 4.56 Ga, the amount of initial
1291, that is, the amount of radiogenic '*°Xe, would be
2.5% 10" to 3.6 x 10> mol in BSE, about 100 times more
than the amount in air (2.8 x 10! mol, Table 9), much larger
than the expected factor of 2 between total production and the
amount in air. This difference can be reconciled if BSE is
allowed to close at a time later than 4.56 Ga because '*°T has
a very short half-life. Furthermore, starting from 4.56 Ga,
total fissiogenic 136x%e, 134Xe, 32Xe, and 3'Xe in BSE would
be~3.7x10'",3.4x10"",3.2x 10", and 0.9 x 10"" mol from
238U concentration in BSE and (***Pu/?*®U)4 56c.=0.0068
(Hudson et al., 1989), only about 5.7 +0.2 times the amount
of fissiogenic '**Xe in air (Table 9). The inconsistency between
the factors of 5.7 and ~ 100 can also be reconciled if BSE is
allowed to close at a time later than 4.56 Ga because the short

Table 9 Xenon isotope ratios and budget in air

Xe isotope Xe isotopic ratio in air, Primordial Xe isotope ratio in air, Amount of Xe isotope in Amount of radiogenic Xe
relative to "*°Xe relative to "*°Xe air (107° mol) in air (10"° mol)

124%¢e 0.02337 +0.00008 0.02337£0.00008 1.462 =0

126yg 0.02180-£0.00011 0.02180-:0.00011 1.364 =0

128yg 0.4715+0.0007 0.471540.0007 29.51 =0

129%e 6.4958 +0.0058 6.053+0.029 406.5 27.7+1.8

130xg =1 =1 62.58 =

131%e 5.2127 +0.0059 5.187+£0.071 326.2 1.59+0.44

132Xg 6.6068 4-0.0053 6.518:0.013 4135 5.56-+£0.83

134%e 2.5628+0.0037 2.47+0.013 160.4 5.81+0.81

136yg 2.17634+0.0022 2.075+£0.013 136.2 6.32£0.82
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half-life of '*°I (15.7 My) leads to rapid decrease of the amount
of '*°Lin BSE. The closure age of Xe is when the initial amounts
of 1291, 244py, and 2*%U in the primordial DMM are about the
right amounts to produce radiogenic Xe isotopes in air. When
all of these constraints are combined in a total inversion regres-
sion to obtain a self-consistent closure age of Xe, Zhang (1998)
obtained a 4.45 Ga using an iodine concentration from
McDonough and Sun (1995). If the lower iodine concentration
of Palme and O’Neill (see Chapter 3.1) is used, the Xe closure
age becomes ~4.46 Ga.

To obtain Xe isotope ratios in mantle reservoirs, it is neces-
sary to remove contamination by air Xe. The contamination by
air does not have to be recent and could happen through
ancient recycled crustal material into the mantle (i.e., Xe recy-
cling from the surface to the mantle is treated as contamina-
tion). Theoretically, the many nonradiogenic isotopic ratios
("**Xe/'?°Xe, '2°Xe/!*°Xe, and '*Xe/'*°Xe) can be used to
accurately correct for atmospheric contamination if small dif-
ferences in mantle samples and in air can be measured pre-
cisely. However, in terms of these nonradiogenic isotope ratios,
Xe in mantle-derived basalts is indistinguishable from air Xe
within measurement precision.

On the other hand, high-precision measurements of
nonradiogenic Xe isotopes in well gases (Caffee et al., 1999;
Holland et al., 2009; Phinney et al., 1978) revealed slightly
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Figure 10 '%*Xe/"*%Xe versus '28Xe/"**Xe in well gases. Data are from
Caffee et al. (1999) and Holland et al. (2009). '28Xe/'*%Xe ratio of U-Xe is
from Pepin and Phinney (1978).

higher '?*Xe/'*%Xe, 2°Xe/!* Xe, and ?®Xe/'*Xe isotope ratios
than those in air. The trends defined by the data are not too
different from a mixing trend between air and either one of the
following Xe components: solar Xe, AVCC Xe, Q-Xe, or U-Xe
(Holland et al., 2009). If well gas xenon is treated as a mixture
between air xenon and DMM xenon using '*°Xe/'*°Xe or
134Xe/'?%Xe versus nonradiogenic xenon isotope ratios such
as '?®Xe/"3°Xe (Figure 10) and if nonradiogenic xenon in
DMM is assumed to be U-Xe (Tolstikhin and O’Nions, 1994;
Dauphas, 2003), then '*°Xe/'*°Xe ratio in DMM would be
between 14 and 17 and the **Xe/'*°Xe ratio would be between
5.0 and 7.5, which are much higher than currently adopted
129%e/"3%Xe and '**Xe/'*°Xe ratios in DMM (e.g., Trieloff and
Kunz, 2005; see Table 10). In the future, if nonradiogenic Xe
isotopes in mantle-derived rocks (MORB and OIB) can be
resolved from air Xe, it would provide a way to correct for air
contamination and reveal real Xe isotope ratios in the mantle
similar to Ne isotopes) and would significantly change the
@rstanding of Xe isotopic behavior in the mantle.
ecause there is no resolvable difference between air and
mantle-derived basalts in terms of nonradiogenic Xe isotopes,
the discussion in the succeeding texts assumes that nonradio-
genic Xe isotopes in DMM and UPM are the same as that in air,
and 129Xe/130Xe, 131Xe/130Xe, 132Xe/130Xe, 134Xe/130Xe, and
136Xe/13%Xe ratios in DMM and UPM are obtained using
2ONe/*?Ne to correct for air contamination.

MORB and OIB show clear excess in '*°Xe (from decay of
1297) and '3'Xe-"32Xe-"3*Xe-"'3Xe (from fission of **Pu and
23811). Because '*“Xe receives more fissiogenic contribution
than 3*Xe, 3?Xe, and 3'Xe (Ozima, and Podosek, 2002;
Wetherill, 1953), when discussing Xe isotope trends,
129%e/13%Xe and '*°Xe/'*°Xe are often used (but Holland
et al. (2009) reported '>*Xe/'*°Xe rather than '*°Xe/!'*°Xe
ratios; see Figure 10). Selected Xe isotopic data are shown in
Figure 11: in a plot of '*°Xe/'*°Xe versus '*°Xe/'*°Xe, all
MORB and OIB samples fall into a single linear trend passing
through air Xe, interpreted to be due to mixing between air
(with lower '*°Xe/'*°Xe and '*°Xe/'*°Xe ratios) and mantle
end-members. To constrain which high ratio (the highest mea-
sured ratio or some extrapolated higher ratio) is representative
of each mantle reservoir, one rough approach is to use
29Ne/**Ne to correct for air contamination (Figure 12).

For MORB mantle, Moreira et al. (1998) obtained that if
corrected to 2°Ne/?’Ne=13.0, then '*°Xe/'*°Xe ratio in DMM
is 7.8 and if corrected to *°Ne/>’Ne=13.8, then '*’Xe/'*°Xe
ratio in DMM is 8.2. Similarly, other Xe isotopes with

Table 10 Xenon isotope ratios in the mantle
Xe isotope  Xe isotopic ratios at Z’Ne/?Ne=13.0 2ONef?Ne=13.8  Radiogenic production in BSE Xe isotope ratios in BSE (closed
(10" mol) system)
DMM Hawaii-Iceland DMM
129%e ~7.8 ~6.9 ~8.2 63.5 ~6.57 (< 7.07)
130xe =1 =1 =1 0 =1
131%e ~5.32 ~5.25 ~5.35 3.76 ~5.22 (<5.25)
132 ~6.91 ~6.70 ~7.01 13.9 ~6.63 (<6.74)
13%%e ~2.90 ~2.67 ~3.01 15.0 ~2.59 (<2.71)
135Xe ~2.60 ~2.31 ~2.72 16.2 ~2.21 (<2.33)

After Pepin (1991), Moreira et al. (1998), Ozima and Podosek (2002), Trieloff and Kunz (2005), and this work.
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Figure 11 Selected Xe isotope data in MORB and OIB samples. Data

sources: Kunz et al. (1998), Moreira et al. (1998), Trieloff et al. (2000,
2002), and Yokochi and Marty (2005). The large black square is the
composition of air. For clarity, other data (often with larger error bars) are
not shown.
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Figure 12 Selected data for '2°Xe/"*°Xe versus 2°Ne/?2Ne to assess air
contamination to Xe isotope ratios. Data sources: MORB (Moreira et al.,
1998); Iceland and Loihi (Trieloff et al., 2000).

radiogenic contribution can be estimated. For OIB samples, the
129%e/13%Xe versus “°Ne/*’Ne relation is curved (Figure 12).
129Xe/'3%Xe ratio at °Ne/*’Ne=13.0 can be estimated
(Table 10), but obtaining the ratio at *°Ne/*’Ne=13.8
requires too much extrapolation.

From Figures 11 and 12, '?°Xe/"*°Xe and '*°Xe/!* Xe ratios
in OIB mantle are lower than those in MORB mantle, which is
consistent with many mantle degassing models (e.g., Zhang
and Zindler, 1989), but not with the steady-state degassing
model (see later discussion). The difference in '**Xe/'*°Xe
ratio between air and DMM (MORB mantle) demonstrates
that mantle degassing was very early before '*°I has decayed
away (e.g., before 4.3 Ga); otherwise, '2°Xe/'*°Xe in air would
be the same as that in the mantle. The difference in '*°Xe/'*°Xe
ratio between MORB and OIB means that the mantle reservoirs
have been separated for a very long time and have not been
homogenized in the last 4.3 Ga.

Some authors (Caffee et al., 1999; Kunz et al., 1998;
Yokochi and Marty, 2005) estimated the contribution to
fission *°Xe from ?**Pu and ?**U by decomposing measured
Xe isotopes into air, 2**Pu fission, and ***U fission Xe, with or
without solar Xe end-members, and obtained that 2**Pu con-
tributed to < 20% of the total fission '**Xe (the rest due to 2**U
fission) in well gas Xe and 30-50% of fission '**Xe in MORB
Xe. Because (1) air Xe itself also contains fission '**Xe (assum-
ing primordial Xe is U-Xe), (2) at least some air Xe is from
degassing, and (3) mantle xenon might have a solar compo-
nent (Figure 10), the true ***Pu contribution to total fission
136Xe in Earth cannot be obtained using this approach. Theo-
retically, for a chondritic Earth closed since 4.55 Ga, ***Pu
fission '*°Xe would make 96.2% of the total fission '*°Xe.
If closure occurred later, the contribution by 244py would
decrease. Hence, the accurate determination of this fraction is
very important in constraining Earth degassing.

Because the closure age of BSE in terms of Xe loss can be
constrained, '*°Xe/'*°Xe and '*°Xe/'*°Xe ratios in BSE can be
constrained in a similar way as *°Ar/>°Ar. Using 4.46 Ga as the
Xe closure age of BSE, total radiogenic 129%e, 131Xe, 132Xe,
134%e, and '*°Xe can be estimated. Using the amount of *°Xe
in air (ignoring '>°Xe in DMM and UPM) and the nonradio-
genic primordial Xe isotope ratios, the upper limit of isotope
ratios in BSE can be obtained. Assuming mass of UPM is 49%
of BSE, the likely isotope ratios in BSE can be estimated. They
are listed in the last column of Table 10. The upper limits (by
distributing air '*°Xe to the whole mantle) are not too far off
the high ends of measured isotopic values in OIB sources
(Table 10; Figures 11 and 12), but the preferred ratios (by
distributing air *°Xe to DMM) are too low. Hence, there is also
an issue whether OIB represents UPM or whether the closed-
system assumption is valid.

The concentration of '*°Xe in DMM may be very roughly
estimated using '*°Xe/*He molar ratio (0.0014) in popping
rocks (Sarda and Graham, 1990) to be ~1.4x 10~"* mol kg~ *,
or 0.000 19 ppt. The concentration of '*°Xe in UPM may be very
roughly estimated using '*°Xe/>He molar ratio (0.012) in Loihi
samples (Sarda and Graham, 1990) tobe ~1.4 x 10~'> mol kg™ *,
0.188 ppt. Hence, DMM is (1—0.00019/0.188)=99.90%
degassed in terms of *°Xe, similar to 99.92% by Zhang and
Zindler (1989). Based on this estimate, '*°Xe is more degassed
than ?’Ne, which is more degassed than *He.

Using the closed-system assumption, the concentration of
139%%e in BSE, estimated by dividing the amount of air '*°Xe by
the mass of DMM, would be 3.0x10 " molkg', or
0.039 ppt, smaller than 0.188 ppt. The fact that *°Xe in air
divided by mass of DMM is smaller than the estimated '*>°Xe in
UPM is consistent with loss of '>°Xe from air (which is also
needed to fractionate Xe isotopes in air). Because the '*°Xe/>He
ratios are based on limited samples, the reliability of these
estimates is not high. Note that for *°Ar, the estimated concen-
tration in BSE using the closed-system assumption is much
higher than that in UPM, opposite to the case of '*°Xe.

6.2.3.7 N,

The total amount of N, in AOC is (1.8040.14) x 10%° mol
(Zhang and Zindler, 1993). The N, concentration in the
present-day DMM can be estimated from the N,/*°Ar molar
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ratio of 124 +40 in DMM (Marty and Dauphas, 2003), and the
“°Ar concentration of (6.542.5) x 10"® mol kg~! in DMM to
be (8.1+4.0) x 10"° mol kg™ !, or 0.23 £0.12 ppm. Assuming
all surface N, originated from DMM, distributing surface N, to
DMM plus N, still in the present-day DMM leads to
(2.66+£0.22) ppm N, in AOC+DMM or initial DMM.

The degassing flux of N, can be estimated from the N,/*°Ar
molar ratio of 124 +40 in DMM (Marty and Dauphas, 2003),
and the “°Ar degassing flux of (3.3 £1.0) x 10” mol year ' (see
Section 6.2.3.4) to be (4.141.8) x 10° mol year'. Hence,
at the current degassing rate, surface N, would be supplied in
(4.442.0) x 10'° years, or the required mean degassing rate is
ten times the present degassing rate.

N, concentration in UPM can be estimated to be
2.1£0.7 ppm from the N,/*°Ar molar ratio of 80+20 in BSE
(Marty and Dauphas, 2003; this ratio is very close to the air
ratio of 83.6), and 4OAr concentration of 38.1 +8.2 ppb, which
is consistent with estimation of initial N, concentration in
DMM (2.66+0.22 ppm). All N, in air seems to be degassed
from the mantle, and no extra source (such as impact degassing
or cometary injection) is needed, meaning that the closed-
system assumption works well for N,. Using a weighted
mean concentration of 2.61+0.21 ppm for N, in BSE, the
total amount of N, in BSE can be estimated to be
(3.76£0.30) x 10?° mol of which 48% is in air. The concen-
trations are summarized in Table 11.

From the concentration of N, in DMM and UPM, the
degree of degassing for N, in DMM is (1-0.23/2.61)=
91.2+4.6%, with (8.8+4.6)% still remaining in DMM. The
fraction of remaining N, in DMM is significantly higher than
that for *°Ar (~0.9%, Table 8), although N, and Ar have
similar solubilities. (The degree of degassing of N, is not
compared to that of *°Ar because “°Ar is radiogenic.) This
difference has been attributed to the recycling of N, back to
the mantle (Zhang and Zindler, 1993).

Nitrogen isotopes are consistent with the earlier mentioned
results. The '°N/'N ratio is 0.003676 in air, 0.00364 in the
mantle (Marty and Humbert, 1997), (6.7740.26) x 1072 in
comets (Manfroid et al.,, 2009), 0.00356 in enstatite chon-
drites, 0.00383 in CI chondrites (Pepin, 1991), 0.0023 in
Jupiter (Owen et al., 2001), (2.17840.024) x 10~ for solar
wind, and (2.268 +0.028) x 10~ for protosolar nebula (Marty
et al., 2011; Meibom et al., 2007). The similarity between air
and mantle ">N/'N ratios and their large difference from
cometary °N/'N ratio preclude significant contribution of
cometary injection to N, in air. Even though nitrogen isotopes
allow impact degassing as a source for air N, the N, budget in
various reservoirs (2.66+0.22 ppm in AOC+DMM and
2.1£0.7 ppm in UPM) would only allow minor contribution
of impact degassing to air N,. Hence, N, seems to be a well-
behaved volatile component that can be modeled by closed-
system degassing.

Table 11 Estimated N, concentrations in various reservoirs

DMM DMM+AOC — UPM BSE
N conc 0.234+£0.12 2664022 21407 2.61+0.21
(ppm)

6.2.3.8 CO,

Carbon in Earth can be present in various forms: in the fluid
form as CO,, CO, and CH, (plus other C-H compounds); in
the form of carbonates; in reduced elemental form as graphite
or diamond; or possibly in the form of Fe;C (Frost and
McCammon, 2008). The properties of these forms are very
different, for example, graphite and diamond are not volatile
unless oxidized. Furthermore, there might be significant con-
centration of C in the core (Dasgupta and Walker, 2008;
Nakajima et al., 2009; also see Chapter 3.15), meaning that
the core is almost certainly the most significant reservoir of
carbon. For example, assuming 6 wt% of C in the core
(Dasgupta and Walker, 2008), the amount of carbon in the
core would be as high as 9.7 x 10** mol, >1000 times the
amount of carbon in AOC. Hayden and Watson (2008) pro-
posed that carbon in the core might slowly leak into the
mantle. If so, C/*He ratio in the mantle would have increased
with time, and BSE would not be a closed system for carbon.

The total amount of carbon in AOC is well known, about
(7£1)x 10** mol (Holland, 1978; Hunt, 1972; Zhang and
Zindler, 1993). CO,/*He molar degassing ratio in MORB (includ-
ing N-MORB and E-MORB) is (2.240.7) x 10° (Javoy and
Pineau, 1991; Marty and Tolstikhin, 1998). The various stable
forms of carbon such as diamond, graphite, and carbonates mean
that the observed C/*He ratio is lower than the C/>He ratio in
mantle source rocks (e.g, graphite might be retained in the
mantle during mantle partial melting). CO, degassing rate has
been estimated before with good consistency. However, the esti-
mates were often pinned to the *He degassing flux, which has
been revised down recently by about a factor of 2 (Bianchi et al.,
2010; Cartigny et al., 2008; Jean-Baptiste 1992; Saal et al.,
2002), necessitating a revision of mantle carbon degassing
flux. Using *He flux of 5274102 molyear ' (Bianchi et al.,
2010), and CO,/*He molar degassing ratio of (2.240.7) x 10’
in MORB, the present-day mantle CO, degassing flux is
(1.240.4) x 10" mol year ', about half of 2.3 x 10'*> mol year
in many previous estimates (e.g., Marty and Tolstikhin, 1998;
Zhang and Zindler, 1993). Although Cartigny et al. (2008) esti-
mated CO, ridge flux to be 2.3 x 10'? mol year™ ' using a differ-
ent method based on CO,/Nb mass ratio (~530; note that
Cartigny et al. (2008) reevaluated the value of this ratio) in
MORSB, they used an average Nb concentration of 3.31 ppm in
MORB, which is almost certainly too high because it implies
0.4ppm Nb in DMM at 12% partial melting (Klein and
Langmuir, 1987; Niu, 1997), twice the estimation of 0.21 ppm
by Salters and Stracke (2004). If 0.21 ppm in DMM is used,
then the estimated ridge CO, degassing flux would be
~1.2x10"? mol year’l, the same as that estimated from the
CO,/He ratio. Therefore, there is good consistency in the
estimated new CO, flux of (1.240.4) x 10'> mol year ! using
different methods.

Carbon concentrations in mantle reservoirs have also been
estimated before (e.g., Zhang and Zindler, 1993). Again, the
estimates were pinned to the *He degassing flux and hence
need revision. The concentration of CO, in DMM can be
estimated to be 104446 ppm (meaning C concentration of
28+ 12 ppm) from the degassing flux of CO, and the magma
production rate of 21 km>year ' and the average degree of
partial melting of (124 3)%. This estimate is lower than most
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Table 12 Carbon budget

A0C DMM AOC +DMM UPM
Amount of C (mol) (7+1) x 10 (4.8+£2.1)x10* (11.8+£2.3) x 10%' ~6.8x10%
CO0, conc (ppm) 104446 254 +£51 ~15300
C conc (ppm) 28+12 69+14 ~4200
C/*He (molar ratio) (22+0.7) x 10° ~3x10°

previous estimates by a factor of 2 as expected. Using the CO,/Nb
ratio approach (Cartigny et al., 2008), with Nb concentration of
0.21 ppm in DMM (Salters and Stracke, 2004), CO, concentra-
tion would be ~111 ppm (or C concentration of ~30 ppm),
consistent with the CO,/>He ratio approach. The estimates by
Saal et al. (2002) and Salters and Stracke (2004 ) were lower than
author’s estimate here because they used a lower CO,/Nb ratio,
which was discussed in Cartigny et al. (2008). Helo et al. (2011)
reported CO, concentration as high as 0.9 wt% in melt inclu-
sions in plagioclase from Juan de Fuca MORB. Such high CO,
concentration would require either an unusual mantle source or
a very low degree of partial melting (e.g., close to 2% from an
E-MORB source) or a normal degree of partial melting but with
very high degree of crystal fractionation.

Using the concentration of CO, in DMM, the total amount of
degassable C in DMM is estimated to be (4.842.1) x 10*" mol.
Therefore, total CO, in DMM +AOC is (11.842.3) x 10>" mol.
Mean CO, concentration in AOC+DMM is 254451 ppm (or
69+ 14 ppm C, Table 12).

Given the present-day CO, degassing flux, total carbon in
AOC would be supplied in 5.8 billion years, only slightly longer
than the age of Earth. However, because it is expected that early
degassing was much more rapid, the total degassed amount of
CO, is almost certainly more than the amount in AOC. For
example, based on the amount of “°Ar in air, the mean degas-
sing rate of “*°Ar is 11 times the present-day degassing rate.
Considering that early degassing would not have degassed
much “°Ar because “°Ar concentration was low in the early
mantle and increased gradually due to radiogenic production,
the mean degassing rate of CO, is expected to be more than 11
times the present degassing rate. That the estimated total
degassed CO, is much more than the amount of CO, on Earth’s
surface may be referred to as a ‘carbon paradox’ (the first carbon
paradox). One solution to the paradox is to recycle carbon back
to the mantle (Zhang and Zindler, 1993). Because *He is not
recycled back to the mantle, the recycling of C from the crust to
the mantle would gradually increase C/*He in DMM. Hence,
measured C/>He ratios in modern MORB samples are expected
to be much higher than the primordial ratio.

However, measured C/>He ratios in OIB samples are about
the same of slightly higher than the ratio in MORB (Marty and
Tolstikhin, 1998), raising the question whether OIB source
reflects UPM in terms of C/>He ratio. Furthermore, CO, con-
centration in UPM may be estimated from *He concentration
(~1.16x 107" molkg™") in UPM and C/*He molar ratio
(3 x 10% Marty and Tolstikhin, 1998) in plume samples to be
~0.35 mol kg™, or ~1.53 wt% CO, (or 0.42 wt% of C). This
new estimate is extremely high and is ~60 times the concen-
tration in AOC+DMM. That means, not only there is no non-
mantle source for surface carbon, but also degassed CO, is
trivial compared to CO, in UPM. Another way to estimate

CO, concentration in UPM is to use the CO,/Nb ratio, which
is about 530 (Cartigny et al., 2008; note that the ratio of 530 is
2.3 times the ratio estimated by Salters and Stracke, 2004).
Using Nb concentration of 0.658 ppm in UPM (McDonough
and Sun, 1995), CO, concentration in UPM is 349 £ 87 ppm,
which is not too different from the mean CO, concentration of
254 £ 51 ppm in AOC + DMM, but lower than the estimate
from the C/*>He ratio by a factor of 44. (Using Nb concentra-
tion of 0.588 ppm in UPM from Palme and O’Neill would lead
to 312 + 78 ppm.) The extremely high CO, concentration in
UPM estimated using the C/?He method, meaning the
extremely high C/>He ratio in OIB, is here termed the second
carbon paradox. The paradox can also be stated as the large
difference of estimated CO, concentration in UPM using the
CO,/>He method versus the CO,/Nb ratio. One approach
must be incorrect. One solution to this paradox is that C/*He
ratios measured in OIB samples are not representative of UPM.
That is, the result from the CO,/Nb ratio approach is accepted
as reliable. Then the inferred CO, concentration in UPM is in
reasonably good agreement with that for AOC+DMM, mean-
ing that the BSE has been a closed system for carbon. The only
issue would be to explain why C/*He ratios measured in OIB
samples are not representative of UPM. On the other hand,
because Nb is not volatile whereas CO, has a low solubility
and hence is easily lost by degassing (whereas H,O has a much
higher solubility), the CO,/Nb ratio approach may not be as
reliable as the H,0/Ce approach. In this case, accepting the
result from the C/*He ratio approach as reliable, a solution to
the paradox is for carbon concentration in UPM (OIB source) to
increase gradually with time by carbon input from the core
(Hayden and Watson, 2008), or more directly, OIB source
comes from core-mantle boundary where carbon concentration
is high. The latter interpretation would support mantle plume
generation at core-mantle boundary with a core component
(Brandon et al.,, 1998, 1999, 2007). The third solution, which is
less likely, is for DMM to be more reduced than plume samples so
that most carbon in DMM is not present in the form of degassable
CO,, but as elemental carbon or some other nondegassable form.

6.2.3.9 H,0

The total amount of H,O in AOC is well known, about
(1.6440.10) x 10*" kg (Tables 13 and 14), or (9.10£0.55) x
10?2 mol. Distributing this amount to DMM leads to
789 4+200 ppm.

One method to estimate H,O content in different mantle
reservoirs is to use the roughly constant H,O/Ce ratio in
mantle-derived basalts. The H,O/Ce mass ratio is 150+75
(Michael, 1988, 1995; Saal et al,, 2002; Salters and Stracke,
2004). In the present-day DMM, Ce concentration is estimated
to be 0.772 ppm (Salters and Stracke, 2004), leading to
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116 +£58 ppm H,O in DMM. Adding surface H,O, the average
H,0 concentration in DMM+AOC is 905+208 ppm (or H
concentration of 101+ 23 ppm, similar to 120 ppm obtained
by Palme and O’Neill, see Chapter 3.1). If all surface H,O
comes from mantle degassing (i.e., the closed-system assump-
tion), this would be the primary H,O concentration in the
mantle.

On the other hand, H,O content in UPM can be estimated
using the H,O/Ce ratio method. In the UPM, Ce concentration
is well constrained, 1.675-1.786 ppm in UPM (McDonough
and Sun, 1995; also see Chapter 3.1). Using the higher esti-
mate for Ce concentration, H,O concentration in UPM is only
268+ 134 ppm, much lower than the mean H,O concentra-
tion in DMM+AOC. The inconsistency in estimated H,O
concentrations in the UPM and in AOC+DMM is hereafter
referred to as the ‘H,O paradox.” Possible solutions to the H,O
paradox include the following:

1. The H,0/Ce ratio is not constant and hence the ratio
approach is not reliable. For example, Michael (1995)
showed that the H,O/Ce ratio in Northern Atlantic MORB
ranges from 200 to 350, whereas the ratio in other
MORBs ranges from 120 to 230. However, even using the
highest H,0O/Ce ratio of 350 and Ce concentration in UPM,
the H,O content in UPM would only be 586 ppm, still lower
than 905+208 ppm for DMM+AOC. The H,0/Ce ratio
may also be variable because H,O is affected by degassing if
the degassing depth is shallow (such as subaerial degassing),
whereas Ce is not. Hence, it is possible that the estimated
H,0 content in UPM using H,O/Ce ratio is not correct, but
this alone would not be able to explain the large discrepancy.

2. A larger fraction of the mantle has been degassed for H,O,
compared to *°Ar. This is possible because H,O in the man-
tle was present initially, whereas “°Ar is gradually produced
by the decay of *°K. Therefore, early degassing affected H,O
more but did not affect *°Ar much. For example, if 80% of
the whole mantle is allowed to be degassed in terms of H,O,
H,0 concentration in AOC+DMM would be ~624 ppm,

Table 13 H,0 in air, oceans, and crust

Reservoir H20 (kg) Percentage (%)
Oceans 1.37 x 10?1 83.5

Ice caps and glaciers 434x10" 2.65
Groundwater 1.53x 10'° 0.93
Lakes 1.25x 10" 0.0076
Rivers 1.7 %10 0.00011
Atmosphere vapor 1.55x 10'° 0.00095
Soil moisture 6.5x10'° 0.0040
Continental and oceanic crust ~ (2.09+1.00)x 102°  (12.7+6.1)
Total (1.64£0.10) x 102" 100

Source: Holland HD (1978) The Chemistry of the Atmosphere and Oceans. New York:
Wiley; Drever (1997). The Geochemistry of Natural Waters. New Jersey: Prentice-Hall.

which would still be higher than the estimated H,O content
in UPM. That is, this option alone is not enough.

3. Asignificant amount of ocean H,O is not from mantle degas-
sing but from accretion impact degassing or cometary
injection or meteorites (mostly chondrites) that came to
Earth in its long history. Possible contribution by comets
has been debated: Chyba (1987) suggested that cometary
injection could be a main source of ocean water. Balsiger
et al. (1995) and Meier et al. (1998) reported consistent
H/'H ratio in comets measured independently to
be ~0.00032, about two times the ratio in ocean water
((1.55840.001) x 10™*) and in primordial mantle water
((1.433+0.030) x 10~ %; Kingsley et al., 2002; Kyser and
O'Neil, 1984 similar to that in carbonaceous chondrites
(1.4+0.1) x 10™% Kerridge, 1985). From these measure-
ments, it was thought that about 93% of ocean water is
from mantle degassing and only about 7% originated from
cometary injection (Dauphas et al., 2000; Hutsemekers et al.,
2009; Zhang, 2002). However, recently, Hartogh etal. (2011)
reported that the *H/'H ratio of a Jupiter-family comet (orig-
inated from the Kuiper Belt) is (1.61+0.24) x 10~*, which is
similar to *H/"H in ocean water, allowing (though not prov-
ing) significant (but unconstrained) contribution of these
comets to ocean water. If all the discrepancy in H,O budget
is attributed to delivery of water to Earth’s surface by bom-
bardments of asteroids and Jupiter-family comets, then about
80% of ocean water would be from asteroids and Jupiter-
family comets and only about 20% is from mantle degassing.

It is also possible that the solution to the H,O paradox
involves all of the earlier mentioned factors.

Taking H,O concentration to be 268 + 134 ppm in UPM and
116 £58 ppm in DMM, the degree of degassing for H,O from
DMM would be (57 £30)%. Because there is large uncertainty
in the value, including unspecified uncertainty in the H,O con-
centration in UPM and the mass fraction of DMM in terms of
H,O degassing, the significance of this value, either in terms of
the solubility-controlled degassing model or in terms of possible
H,O recycling back to the mantle, is not discussed.

6.2.3.10 Summary of Various Paradoxes and Uncertainties

Although much progress has been made, mantle degassing and
atmosphere evolution are not fully understood yet. There are
aspects in volatile budgets and isotopic ratios that are inconsis-
tent with the usual assumption about degassing and Earth’s
volatile evolution. To highlight these inconsistencies, they are
referred to as paradoxes and summarized in the succeeding texts:

1. Even though OIB (especially Hawaii-Iceland-Galapagos)
mantle sources have low and correlated *He/*He and
2INe/*’Ne, consistent with the assumption that they
approach UPM, the Sr-Nd-Hf-Os isotopes in these OIBs

Table 14 H,0 budget

AOC DMM AOC +DMM UPM
Amount of H,0 (mol) (9.1+£0.6) x 10%
H,0 conc (ppm) 116+58 905 +208 268 +134
H conc (ppm) 13.0+£6.5 101+23 3015
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indicate that they are almost as depleted as MORB mantle
(Figure 4). Because the volatiles are consistent (at least for
He and Ne for which atmospheric contamination is either
negligible or can be reliably corrected) and because there are
already various helium paradoxes (Anderson, 1998a,b), this
paradox is referred to as the ‘volatile paradox.” This paradox
may be related to differences between mantle degassing and
mantle depletion and OIB’s not representing UPM. Another
possible solution to the paradox is to adopt a superchondri-
tic primitive mantle.

. A long-standing neon paradox is that *°Ne/??Ne ratios in

the mantle are different from the air ratio, indicating that air
cannot be directly and entirely due to mantle degassing.
Furthermore, the total nucleogenic production of ?'Ne in
the mantle might not be enough to provide air *'Ne, and
20-22Ne concentrations in UPM are also too low to supply
Ne in air (Table 6). The inferred low Ne concentration in
UPM is reinforced by that the current 2°-??Ne degassing
rates are also too low (compared to He) to supply air Ne.
This is referred to as the second 'neon paradox.” The hydro-
dynamic escape of neon to outer space can account for the
first paradox but would worsen the second paradox. The
two neon paradoxes can be resolved if there was nonmantle
Ne (either extraterrestrial Ne or initial Ne) in air.

Using *°Ar in air and total “°Ar production in BSE, the
upper limit of “°Ar/?>°Ar in current AOC+DMM can be
robustly estimated, and this estimate is significantly lower
than air contamination-corrected *°Ar/>°Ar in OIB samples.
In other words, there is not enough >°Ar in UPM to supply
3%Ar in air. This is referred to as an ‘argon paradox.” This
paradox can be resolved if either OIB does not come from
UPM or there was nonmantle *®Ar in air. The former option
is consistent with the implication of the volatile paradox.
The latter option is consistent with Ne data.

Estimated H,O concentration in UPM using H,O/Ce ratio
in the mantle is too low compared to estimated H,O con-
centration by adding surface H,O content back to DMM.
There does not seem to be enough H,O in the initial mantle
to supply H,O on the surface, similar to the case of >°Ar.
This is referred to as the H,O paradox. This paradox can be
resolved if OIB mantle does not represent UPM or there is
nonmantle H,O in oceans, such as H,O directly delivered
to the surface of Earth by asteroids and Jupiter-family
comets.

Nonradiogenic Kr and Xe isotope ratios in well gas samples
are different from those in air, suggesting that mantle degas-
sing may not be the sole source of these gases in air. Fur-
thermore, there seems to be too much '*°Xe in UPM for
supplying '*°Xe in air (referred to as a xenon paradox),
which is opposite to the case of Ne, 36Ar, and H,O.

. Estimated C concentration in UPM using C/’He ratio

in OIB is extremely high, much higher than that using the
C/Nb ratio approach, or by adding surface carbon back to
DMM. This is referred to as a carbon paradox. This paradox
is similar to the Xe paradox and opposite to the Ne, Ar, and
H,O paradoxes. The carbon paradox can be resolved by
assuming that OIB mantle does not represent UPM in
terms of C/*He ratio, or the core is continuously supplying
carbon to UPM (the lower mantle).

In summary, among the volatile components discussed, only
N, budget, flux, and isotope data seem to provide a self-
consistent picture of closed-system degassing, and for all other
components, there are paradoxes. For Ne, 3°Ar, and H,O, the
concentrations in UPM seem to be too low to supply the
amount in air, whereas for Xe and CO,, the concentrations in
UPM appear to be too high compared to the amount in the
atmosphere. Some of the paradoxes may be related to difficulties
in estimating the concentrations and isotope ratios in UPM,
some may be attributed to escape to outer space or to flux
from the outer core, and some can be resolved by assuming
nonmantle (initial or extraterrestrial) contribution to air. Hence,
it is time to abandon or at least modify the closed-system
degassing model. Furthermore, the degassing of volatile ele-
ments and the depletion of nonvolatile incompatible elements
may be decoupled. Resolving all of these paradoxes will be
important in future studies.

6.2.4 Modeling Degassing, Recycling, and
Atmosphere Evolution

6.2.4.1

6.2.4.1.1 General model features

There are numerous degassing models, progressing from rela-
tively simple to fairly sophisticated through the years (Albarede,
1998; Allegre et al., 1986/87; Honda and McDougall, 1998;
Ozima, 1975; Porcelli and Wasserburg, 1995a,b; Sarda et al.,
1985; Staudacher and Allegre, 1982; Turekian, 1959; Zhang
and Zindler, 1989, 1993), though none captures the full com-
plexity that people now know. All the degassing models divided
the mantle into two parts: either degassed mantle and unde-
gassed mantle or upper mantle and lower mantle. Most degas-
sing models assume that essentially all gases in AOC are from
mantle degassing, and hence, the amount and isotope ratios of
noble gases in AOC provide important constraints. These models
are referred to closed-system degassing models in which the BSE
(AOC and mantle) is assumed to be a closed system except for
escape of He and early hydrodynamic escape to outer space.
Possible contributions to surface volatiles by impact degassing
and cometary injection and to mantle volatiles by Earth’s outer
core were ignored in such degassing models.

Some models allow not only mantle degassing but also the
recycling of gases from AOC back to the mantle (Zhang and
Zindler, 1993) or exchange between mantle reservoirs (Porcelli
and Wasserburg, 1995a,b).

In degassing models, the mantle is often divided into two
reservoirs: one is degassed and depleted (DMM) and the other
is undegassed and undepleted (UPM). The isotopic evolution
of UPM is straightforward. Using “He/>He ratio as an example
and ignoring minor contributions from 1479m, 14°Sm, and
190p¢ the isotopic evolution of 4He/3He in UPM can be written
as (e.g., Zhang and Zindler, 1989)
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where subscript P stands for UPM (not subscript U to avoid
confusion with element U), superscript t is time measured from
the beginning of degassing, and superscript 0 is the initial (at
t=0) in UPM. Once (*He/*He) in the initial UPM and in the
present-day UPM is known, the initial (or the present) 2**U/*He
can be constrained (since 23811, 235U, and 232Th concentrations in
UPM are related). For example, assuming (*He/>He) in the initial
UPM is 6000 and (*He/>He) in the present UPM is 20000, and
the beginning of degassing is 4.46 Ga, because (*%U/%°U),_o
—137.818 x e(0195125-098485)246 _ 3 405 and  (332Th/28U),_,
=(83.4/21.8) x(238.029/232.0381) x (137.818/138.818) x
(0:049475-0.155125)4.46 _ 5 437 (where the value 137.818 is
from Hiess et al.,, 2012; and 83.3 and 21.8 ppb are from
Palme and O’Neil, 2004), then the initial (***U/>He) molar
ratio in UPM is 1570 and the present ratio is 786.
The ratio in DMM can be written as

(i, = Gi)
3He/, \3He/,
¢ 23811\° 2351 \* 2327 \*
u u Th
8238 | 57— 7ha35 | 57— 62232 5— | |d
+/0 { 28 (SHQ)D s (3H6>D " 232( *He )D:| ’
(5]
where subscript D stands for DMM and t is an integration
dummy variable. To determine how “He/*He in DMM would
evolve with time, it is necessary to know how (?**U/?He) and
(***Th/?He) in DMM vary with time, meaning to know how
*He is degassed and U and Th are depleted in DMM. The

depletion of U, Th, and K is often expressed as (e.g., Sarda
et al., 1985; Zhang and Zindler, 1989)

238u(t)

) — o (asstpu)t |6a]
2233555((5)) = o Unss )t [6b]
By
:;’11((((5)) _ oot [6d]

where wuy, prn and ug account for how U, Th, and K are
depleted in DMM. By comparing the concentration of
U in DMM (Salters and Stracke, 2004) and Palme and
O'Neill (see Chapter 3.1), py=0.344+0.092. Similarly,
Urh=0.405+0.092, and pux=0.345=+0.092.

The evolution of *He/>He, ratio in DMM is often referred
to as the degassing function g(¢). In the degassing models of
Staudacher and Allegre (1982), Sarda et al. (1985), and Allegre
et al. (1986/87), the degassing model is taken to be either one-
term exponential function or multiple-terms such as

for3°Xe degassing, g(t) =™ [7a]
for*°Ar degassing, g(t) =ae ™ + (1 —a)e ™ [7b]

where o, f5, and a are parameters to be determined from fitting.
For He degassing, another flux term from UPM to DMM
is assumed in the model of Allegre et al. (1986/87). In the
degassing model of Zhang and Zindler (1989), the degassing

function for all noble gases is related to gas solubility and
expressed as

1
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where i stands for a specific nonradiogenic noble gas, y is a
universal parameter for all gases, and B; is an element-
dependent parameter inversely proportional to the solubility
of i. Specific groups of degassing models are summarized in the
succeeding texts.

6.2.4.1.2 Bulk degassing models

Staudacher and Allegre (1982), Sarda et al. (1985), and Allegre
et al. (1986/87) developed sophisticated mantle degassing
models assuming (1) two mantle reservoirs (degassed and
undegassed), (2) closed-system degassing except for He, and
(3) all gases (including He, Ar, and Xe) are degassed similarly
from the degassed mantle. That is, there is no fractionation of
the gases during degassing, and all nonradiogenic gases are
assumed to have been degassed to the same degree. On the
other hand, the degree of degassing for radiogenic isotopes
depends on how rapidly they have been produced and how
large the primordial component was. These models are termed
bulk degassing models in this chapter. The depletion and
degassing functions are given in eqns [6a]-[6d], [7a], and
[7b]. Because '?°Xe/**°Xe ratio in DMM is significantly higher
than that in air, and because '*°I (the parent of '?°Xe) has a
half-life of only 16 My, Xe data demand very rapid early degas-
sing (Staudacher and Allegre, 1982). However, Ar and espe-
cially He data imply significantly slower degassing (e.g., about
43% of all mantle *°Ar is in air, and *°Ar is slowly produced by
the decay of “°K). Sarda et al. (1985) and Allegre et al. (1986/
87) reconciled these differences by adding ad hoc additional
degassing terms for each gas. They inferred that all the non-
radiogenic isotopes in DMM have been degassed to 99% or
more, a conclusion that still stands.

6.2.4.1.3 Solubility-controlled degassing model

Zhang and Zindler (1989, 1993) presented a solubility-
controlled degassing model (see also Honda and McDougall,
1998; Tolstikhin and O'Nions, 1994). The assumptions of two
mantle reservoirs and closed-system degassing are the same as
those in bulk degassing models. The depletion function for K,
I, U, and Th is similar to that adopted by Staudacher and
Allegre (1982), Sarda et al. (1985), and Allegre et al. (1986/87),
but the degassing function is eqn [8] (rather than eqn [7a] and
[7b]), depending on solubility. In the context of the solubility-
controlled degassing model, bubble growth and subsequent gas
loss occur through equilibrium partitioning between bubbles
(the gas phase) and the melt phase. In a way, the solubility-
controlled degassing model is similar to the batch partial melting
model (Zou, 2007). Hence, if the solubility of the gas is high,
more gas is retained in the melt and returned to the mantle,
resulting in smaller degree of degassing and slower growth of
radiogenic/nonradiogenic isotope ratio in DMM. With this
model, He, Ar, and Xe isotope ratios available at that time were
all reconciled by a single degassing history. Zhang and Zindler
(1993) extended the solubility-controlled degassing model to N,
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and CO, degassing and concluded that recycling back to the
mantle is important for these gases and modeled the evolution
of these volatiles. Tolstikhin and O'Nions (1994 ) and Honda and
McDougall (1998) also used solubility-controlled degassing
model to reconcile noble gas data.

The solubility-controlled degassing models lead to the
following results: (1) For a pair of gas components with
similar solubilities, the measured concentration ratio (such as
CO,/*He ratio or N,/Ar ratio) in basaltic glasses and vesicles
should not vary much by degassing (consistent with observa-
tion), and hence, these ratios are often used to infer mantle
compositions; (2) the mean degassing time depends on solu-
bility, and is very short for '*°Xe (21 My) and increases to *°Ar
(56 My) and then to *He (310 My); and (3) the degree of
degassing for nonradiogenic gas species in DMM is 97.5% for
*He, 99.7% for *°Ar, and 99.92% for '*°Xe. The solubility-
controlled degassing model can roughly predict the observed
3He degassing rate (Zhang and Zindler, 1989).

6.2.4.1.4 Steady-state degassing model

Porcelli and Wasserburg (1995a,b) proposed the steady-state
degassing model. In this model, the mantle is divided into the
upper mantle (represented by MORB) and lower mantle (repre-
sented by OIB). The model assumes that noble gases in the
upper mantle are due to ‘steady state’ supply from the lower
mantle, mixed with subducted noble gases, plus radiogenic
nuclides produced in situ in MORB mantle. For example, the
model predicts that “He/>He in DMM is higher than in UPM
due to *He ingrowth in DMM, which is consistent with obser-
vations. The model also predicts that '**Xe/'*°Xe in DMM is less
than or equal to that in UPM because there is no more ingrowth
in DMM ("I is extinct) and mixing of subducted materials
would lower '*°Xe/'*°Xe in DMM. This prediction could not
be evaluated at the time because atmospheric contamination of
Xe isotopes could not be corrected. Furthermore, their models
do not directly address atmosphere formation, and hence, non-
mantle contribution to the atmosphere is allowed.

6.2.4.2 Evaluation of Some Assumptions in Degassing
Models

6.2.4.2.1 Closed-system assumption

The bulk degassing and solubility-controlled degassing models
adopted the closed-system assumption, but many lines of evidence
discussed in the data section show that the closed-system degas-
sing assumption is untenable. The contribution of mantle degas-
sing to air is certain (e.g., Section 6.2.1.1), but the Ne, 36Ar, and
H,O paradoxes seem to indicate significant contribution to atmo-
sphere by nonmantle sources. As a result, information about UPM
must be obtained independently and cannot be obtained by treat-
ing atmosphere as the complementary part of DMM.
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6.2.4.2.2 Testing the degassing models

Zhang (1997) and Moreira and Allegre (1998) made an effort
in testing the various classes of degassing models with incon-
clusive results because the critical data were not available. A lot
more data have become available since the degassing models
were developed in 1980s and 1990s. Therefore, it is time to test
the degassing models again.

Bulk degassing models predict that the degree of degassing
for nonradiogenic noble gases is all the same, which is not
consistent with available data reviewed in earlier sections. On
the other hand, solubility-controlled degassing models predict
that the degree of degassing is lowest for *He and then
increases for 2?Ne, 3°Ar, and '>°Xe. As shown in the data
section, this is consistent with the self-consistent and
contamination-corrected Ne and He data (DMM is 99.1%
degassed in terms of *He and 99.66% degassed in terms of
22Ne). For Ar and Xe, air contamination cannot be perfectly
corrected, and hence, the degree of degassing cannot be esti-
mated so well.

The best test is probably by isotope ratios. Among the
isotope data, only for the He and Ne isotope data in DMM
and UPM is there internal consistency. Hence, they will be used
in testing the models. Following Zhang and Zindler (1989)
and Zhang (1997), S parameters are defined and explained in
the succeeding equations:

Stpe/3me = (4He/3He)£MM - (4He/3He)ODMM [9]
e (4He/3He)EPM - (4He/3He)?JPM

21 T 2101 12207 .\0
(*'Ne/?*Ne)pyp — (* Ne/"Ne)pyy

[10]
T 21 22,000
(21Ne/22Ne)UPM — (“'Ne/"Ne)py

SZINe/zzNe =

where the superscript ‘0’ means t=0 (initial) and ‘T" means t=T
(present-day). Because contamination-corrected 2'Ne/*’Ne
ratios and mantle “He/>He ratios are well-correlated (Figure 6),
self-consistent S, , /2N and S, 31 can be reliably estimated
using the least-radiogenic >'Ne/*’Ne and “He/>He (even though
these ratios may still be too high for UPM). For example, adopt-
ing (2°N e/zzNe)mamle: 13.0 and using ratios in Table 5, it can
be obtained that Sy, = 6.0+ 1 and Sy, 2y, & 1545,
leading to

S“Ne/uNe ~ (2.5 + 0'9)S4He/3He [11]

Using eqns [4] and [5], Sitte/ 1 €AN be written as

Because nucleogenic 2'Ne production is proportional to
radiogenic “He production with a ratio of (4.540.8) x 1078
(Leya and Wieler, 1999; Yatsevich and Honda, 1997), SmNe/zzNe
can be written as

3Hep,

25 22E \F
e + 64232 EETT 3He}, dr
D

S4HE/3HE =
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For bulk degassing models, *He and *’Ne are assumed to degas
at the same relative rate, that is, *HeQ />Hef,= *Ne />2Ne},, result-
Ingin Sy, j3ge = Saiye 2 Which is inconsistent with He and Ne
isotopic data (eqn [11]).

On the other hand, for solubility-controlled degassing
models, **Nep/*’Nep~ (Kiio/Kne), resulting in Saine/ e
(KHQ/KNE)&He/sHe ~ 2.3, where Kj;. and Ky, are solubilities of
He and Ne. This result is consistent with He and Ne isotopic data.

In theory, Siy, s Siye/10xer AN Siaeye 120y, May be sim-
ilarly defined (Zhang and Zindler, 1989) and applied to further
test various degassing models. However, (1) the different half-
life of *°K, '*°I, and ***Pu compared to those of **%U, *3°UJ,
and ?*’Th and (2) the difficulty to reliably estimate “°Ar/*°Ar,
129%e/'3%Xe, and '*°Xe/'*°Xe in the least-radiogenic OIB to be
internally consistent with “He/*He make it impossible at pre-
sent to use the S*‘OAr/“’Ar — S4He/3He’ SmXe/”“Xe — S“He/‘He’ and
Siaexe/10xe — Sipre/1re Telations.

To test the steady-state degassing model, it is noted that
for radiogenic isotope ratios whose parent is now extinct,
such as '*°Xe/!*°Xe and '*°Xe/'°Xe, the steady-state degas-
sing model requires that OIB is at least as radiogenic as
MORB because (1) '*?Xe has not been produced since
about 4.40 Ga, meaning no in situ production of 129%e in
MORB mantle now, and (2) subducted noble gases with air
signature would have lowered '*°Xe/!*°Xe in the MORB
mantle. Plotting '*°Xe/'*°Xe versus 2°Ne/*’Ne in MORB
to assess the effect of air contamination, Loihi and Iceland
(Figure 12), the trend for Iceland and Hawaii lies at much
lower 2°Xe/'*°Xe at the same 2°Ne/*’Ne than MORB. That
is, '?°Xe/'*°Xe data in OIB (Trieloff et al, 2000) that
became available after the work of Porcelli and Wasserburg
(1995a,b) are significantly lower than those in MORB (Moreira
et al.,, 1998), inconsistent with the steady-state degassing model.
Another consequence of the steady-state model is that
Saine/2Ne = Sitge/ e because (1) at input from UPM into DMM,
“He/’He and *'Ne/*’Ne in DMM are the same as in UPM;
(2) subducted He is negligible; (3) subducted Neis corrected away
using >°Ne/*’Ne; and (4) in situ growth of >' Ne is proportional to
that of *He. However, data show that Saine/2ne B 2-58sp1e Prie
(eqn [11]), further against the steady-state model.

In summary, among bulk degassing, solubility-controlled
degassing, and steady-state degassing models, by using iso-
topic ratios in mantle reservoirs (atmospheric data are not
used because the closed-system degassing assumption needs
revision), the solubility-controlled degassing model is most
consistent with available data. Nonetheless, the closed-
system assumption in the original solubility-controlled
degassing model (Zhang and Zindler, 1989, 1993) is not
consistent with newly available data. Furthermore, equilib-
rium solubility-controlled degassing may be too simple
since MORBs are often oversaturated with gases (e.g.,
Dixon et al., 1988; Soule et al.,, 2012). That is, bubble
growth kinetics, including gas diffusion, likely also plays a
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role. Incorporating such effect quantitatively into future
models will be a challenge.

6.2.4.2.3 Does the least-radiogenic OIB represent UPM?
All degassing models in the literature assume that the least-
radiogenic isotope ratios in OIB represent UPM signature.
However, there is a possibility (although not a requirement)
that the least-radiogenic OIBs do not represent UPM. Because it
is argued in this chapter that constraints from the atmosphere
cannot be used to evaluate UPM composition, if it is further
allowed that the least-radiogenic OIB samples do not come
from UPM, then there is no good way to obtain information
about UPM. That would mean that not enough constraints are
there to understand mantle degassing and atmosphere forma-
tion and evolution through degassing models. Because the
evidence against OIB being from UPM is not overwhelming,
in this chapter, the least-radiogenic OIB is still used to repre-
sent UPM.

6.2.4.3 Other Sources of Gases for the Atmosphere

As can be seen in earlier sections, at least some of the gases in
air are not entirely from mantle degassing. Indeed, various
hypotheses are available for these other sources, although
they are mostly conceptual rather than quantitative models.
In the succeeding texts, other sources contributing to the atmo-
sphere are discussed.

6.2.4.3.1 Impact degassing

Shock experimental studies show that high-velocity impacts on
volatile-rich minerals can cause considerable release of vola-
tiles (Lange and Ahrens, 1982). For example, serpentine begins
to lose H,O at a shock pressure of ~20 GPa (Lange and
Ahrens, 1982; Lange et al., 1985), and calcite begins to lose
CO,; at 10-15 GPa (Boslough et al., 1982; Lange and Ahrens,
1986). The complete release of volatiles seems to occur at
>60 GPa. Gazis and Ahrens (1991) shocked vitreous carbon
containing initial Ar (since carbon is often the main carrier of
noble gases in chondrites, e.g., Ming and Anders, 1988) and
found that about 28% of the total Ar was released from vitre-
ous carbon at a shock pressure of 4 GPa. Exactly how the
volatiles were released during shock is not known, but the
release is often attributed to high temperature, enhanced dif-
fusion, development of microcracks, etc. Because the devolati-
zation mechanism is not known during shock experiments, the
scaling law is also not known. Hence, how the experimental
results may be quantitatively applied to large-scale impacts of
planetesimals remains to be worked out. Furthermore, the
impact history of Earth is not known in detail anyway for
quantitative modeling of impact degassing as a function of
time and its contribution to the atmosphere. Another
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complicating factor is that giant impacts could also partially or
completely erode the atmosphere, depending on the size of the
giant impact (Ahrens, 1993; Walker, 1986). A simplified sum-
mary is that accretion of small planetesimals is likely to cause
shock degassing, adding volatiles to the terrestrial atmosphere
(i.e., coaccretion of the atmosphere and Earth), whereas
impact of giant planetesimals is likely to cause both devolati-
zation of the planetesimal and erosion of the existing terrestrial
atmosphere, with the net effect being loss (or blow off) of the
terrestrial atmosphere. The critical size for blowing off 50% of
Earth’s atmosphere is roughly a lunar-size planetesimal
(Ahrens, 1993; Ahrens et al., 2004). Hence, Earth likely lost
its early atmosphere repeatedly. The last giant impacts that
drove off the atmosphere would be the beginning point for
terrestrial atmosphere formation from mantle degassing and
impact degassing.

Although impact degassing (also termed accretion degas-
sing) is a possibility, direct evidence for it is not available.
Often, it is when data cannot be explained by mantle degas-
sing, accretion degassing is invoked. The case for Ne is an
example. 2°Ne/??Ne in air is 9.80, very different from the
ratio in Earth’s mantle (>13.0). That can be explained by either
isotopic fractionation due to the hydrodynamic escape of
mantle-degassed atmospheric Ne or mixing between mantle-
degassed Ne and an extraterrestrial contribution (Marty, 1989).
However, with independent estimation of Ne in UPM, the
amount of Ne in UPM is not enough to provide atmospheric
Ne, let alone providing extra Ne to account for the hydrody-
namic Ne loss. Hence, the different °Ne/?*Ne isotope ratio
in air and mantle and the deficiency of mantle Ne together
offer strong evidence for extraterrestrial source of Ne due to
impact degassing in early Earth history and continuously after
Earth formation.

6.2.4.3.2 Cometary injection

Cometary injection of volatiles is a special category of impact
(or accretion) degassing. Unlike asteroids, comets are mostly
made of volatiles, especially H,O. Because the isotopic com-
positions of some comets have been determined recently, the
data have played a main role in discussing possible contribu-
tions by comets. Lunar impact records indicate heavy bom-
bardment of lunar surface between 4.5 and 3.8 Ga (Chapman
etal.,, 2007; Le Feuvre and Wieczorek, 2011; Tera et al., 1974).
Chyba (1987) used a mass-scaling law to scale the lunar impact
records to estimate impact bombardment of the early Earth
and concluded that all ocean water could be delivered during
such bombardments if comets accounted for about 10% or
greater of the impact mass. This argument is a possibility
argument, without direct evidence (on the other hand, mantle
degassing can be observed). Nonetheless, for some time, there
was no direct argument against the claim either, until Balsiger
etal. (1995) and Meier et al. (1998) reported *H/'H ratios in
comets to be about two times the ratio in ocean water, which
allowed preliminary evaluation of the cometary injection
hypothesis. If ocean water is treated as a mixture of mantle
H,O (since mantle degassing is ubiquitous) and cometary
H,O0, assuming no *H/"H isotopic fractionation during mantle
degassing, cometary contribution to ocean water would be
about 7% (Dauphas et al., 2000; Zhang, 2002). If *H/'H
fractionation factor between water vapor and magma is

assumed to be 1.03 (Dobson et al., 1989), cometary contri-
bution would be 4-5%. Marty and Meibom (2007) placed
an even more stringent limit of <1% on cometary contribu-
tion to ocean water. Hutsemekers et al. (2009) used nitrogen
isotope ratios to conclude that no more than a few percent
of Earth’s water can be attributed to comets. However,
recently, Hartogh et al. (2011) discovered that a Jupiter-
family comet has ocean-like ?H/'H ratio, reviving the possi-
bility that Jupiter-family comets can be major contributors of
ocean water.

Possible cometary contribution to N, in air has also been
discussed (Hutsemekers et al., 2009). >N/'*N ratio in air N, is
0.003676, similar to 0.00364 in mantle N, as reported by
Marty and Humbert (1997), and similar to the chondritic
ratio (e.g, '°N/™N in enstatite chondrite is 0.00355, only
3.5% lower than that in air; Pepin, 1991). On the other
hand, 15N/“‘N ratio in comets is 0.00677 (Hutsemekers
et al., 2009), about two times that in air N,, and that in
Jupiter is 0.0023 (Meibom et al., 2007; Owen et al.,, 2001).
Hence, contribution by comets to air N, is negligible. Further-
more, mass balance calculations based on N, content in UPM,
DMM, and atmosphere show that all atmospheric N, can be
well accounted for in the context of closed-system degassing,
needing little if any extraterrestrial N,.

Holland et al. (2009) speculated that cometary injection
might have supplied a significant fraction of Kr and Xe in air.
It is difficult to evaluate the claim at the present time.

6.2.5 Discussion
6.2.5.1

K-Ar systematics shows that (49 & 12)% of the whole mantle is
not degassed, at least in terms of “°Ar. The estimate is based on
K concentration in BSE and “°Ar in AOC, all of which are well
constrained. The estimate is used to construct mass balance
argument to infer volatile budget of various reservoirs. How-
ever, the truly primitive undegassed mantle does not seem to
be sampled by any erupted basalt. OIB, including those with
low “He/*He and 2'Ne/?’Ne ratios, has DMM signatures in
terms of "3Nd/'**Nd and 87Sr/%°Sr ratios. Is it reasonable to
assume decoupling between degassing and depletion and use
the least-radiogenic OIB in terms of *He/*He, 2'Ne/?’Ne,
40Ar/3°Ar, and '*°Xe/'3°Xe ratios to represent the primitive
undegassed mantle regardless of the Sr-Nd isotope ratios?
The fact that there is also a MORB-Azores-Reunion-Kerguelen
trend toward UPM suggests that the lowest “He/>He OIB
sources are still possible candidate for UPM.

Because the lower mantle has never been sampled, it is
certainly possible that UPM physically lies somewhere but
hidden in the lower mantle. However, mantle convection
models do not support the presence of about half of the mantle
being primitive (van Keken and Ballentine, 1999; van Keken
etal., 2002). Furthermore, UPM is a hypothetical construct and
does not have to be physically present as a single continuous
reservoir. As discussed earlier, it might be that every part of the
mantle is degassed to some degree. Hence, every part of the
mantle may be regarded to be a mixture of the DMM
end-member and UPM end-member (e.g., Figure 6), although
a large part of the mantle is almost pure DMM. In this way, it is

Where Is the Primitive Undegassed Mantle?
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possible that UPM is present as a fraction of many parts of the
mantle, but not as a pure physical entity. That is, there does not
have to be a large and pure UPM. If so, the mass fraction of
UPM does not have to be the same 49% for gases other than
40Ar. In this scenario, the undegassed mantle and undepleted
mantle do not have to be the same. On the other hand, the
estimated mass fraction of degassed mantle (51%) is similar to
that of depleted mantle (50%) by Hofmann (see Chapter 3.3),
supporting that DMM and UPM are a real physical entity.

6.2.5.2 Paradigm Shift from the Assumption of
Closed-System Degassing to Open-System Degassing

Degassing models or atmosphere evolution models before
1980 are mostly rudimentary due to lack of data. In the
1980s and 1990s, various highly quantitative degassing
models were developed, mostly assuming closed-system degas-
sing (see section on degassing models), meaning that mantle
degassing and atmosphere formation were essentially equiva-
lent. Degassing models adopting the closed-system degassing
assumption can use constraints from atmospheric inventory
and isotopic ratios as major constraints so that the models are
fairly well constrained, making such models highly sophisti-
cated. However, some authors argued for the importance of
impact degassing (e.g., Lange and Ahrens, 1982; Lange et al.,
1985), but it did not deter the closed-system degassing models,
especially because giant impacts can also erode atmospheres
(e.g., review by Ahrens, 1993) to set the initial point for closed-
system mantle degassing. Furthermore, based on Ne isotopes
in air and in mantle-derived rocks, Marty (1989) suggested that
in addition to mantle degassing, an extraterrestrial source is
also important for atmosphere formation. However, Ne iso-
tope data may also be explained by the escape of air Ne (such
as impact erosion or hydrodynamic escape). Some authors
(e.g., Chyba, 1987) hypothesized that cometary injection is a
major source for ocean water. Because that was a possibility
argument without actual geochemical data to support it, the
hypothesis did not gain a lot of support among solid earth
geochemists, and it quickly faded away when *H/'H ratio in
comets was found to be too high for ocean water (e.g., Balsiger
et al., 1995; Meier et al., 1998).

Now, with many new data available, the case for open-
system degassing is strong, and it is time for a paradigm shift
from closed-system degassing to open-system degassing (in
addition to hydrodynamic or gradual escape from air), at
least for some gas species. The evidence for open-system degas-
sing includes the following:

1. The amount of “°Ne, ?'Ne, and *’Ne in the primordial
mantle is not enough to supply Ne in air. Furthermore,
nonradiogenic Ne isotope ratio (*°Ne/*’Ne) in mantle-
derived rocks is different from that in air. Explaining the
difference by hydrodynamic escape encounters the diffi-
culty that there is not enough Ne in the primordial mantle
to supply air Ne.

2. The amount of *°Ar in the primordial mantle does not seem
to be enough to supply >°Ar in air. On the other hand, there
is still other possibility to explain this (e.g., some OIBs
have low “°Ar/3°Ar even after correction of atmospheric
contamination).

3. Nonradiogenic Xe and Kr isotopes in well gases are different
from those in air, indicating either hydrodynamic escape or
an extraterrestrial source.

4. H,0 concentration in the primordial mantle (estimated from
H,0/Ce ratio) is not enough to provide all ocean water.

The earlier mentioned lines of evidence, taken together, are
strong and indicate that it is time for a paradigm shift from
closed-system degassing to open-system degassing in modeling
atmosphere evolution and mantle degassing. With such a para-
digm shift, atmosphere inventory and isotopes cannot be used
to constrain mantle degassing models. One must use only
inventories and isotopes of DMM and UPM to constrain such
models. In the closed-system degassing models, Xe, Ar, and He
systems provided the most constraints. However, for future
modeling using open-system degassing, it appears that He and
Ne would provide the best and internally consistent constraints.

6.2.5.3 Recycling from Surface to the Mantle and
Volatile Fluxes from the Core

When choosing noble gas isotope ratios in DMM, effort was
made to remove the effect of recent and ancient atmospheric
contamination, which means that if there were recycled noble
gases in DMM, its effect has been removed. For example,
recycling might have brought surface Ne (with low *°Ne/?*Ne
ratio) back into DMM, which would have lowered the
20N, e/zzNe ratio in DMM. However, when data are interpreted,
the 2°Ne/?*Ne ratio is assumed to be the extreme value, such as
13.0 or 13.8. The ?'Ne/*’Ne ratio in the mantle can be cor-
rected fairly reliably to 2°Ne/*’Ne=13.0. The *°Ar/*°Ar,
129%e/13%Xe, and '*°Xe/'3°Xe ratios are also roughly estimated
at ?°Ne/*’Ne=13.0 from mixing trends. Therefore, any
recycled component has been corrected by this procedure
(albeit imperfectly for Ar and Xe isotopes), and models using
these isotope ratios cannot separately treat recycling. The cor-
rection procedure does show that contamination either in the
lab or by air during the eruption process or by recycled mate-
rials into the mantle can easily account for >50% of nonradio-
genic gases measured in mantle rocks. For example, assuming
true mantle *°Ne/’Ne is 13.0, any mantle rock with
29Ne/*?Ne<11.4 means more than 50% contamination in
terms of 2’Ne (either recently or by recycled materials). If the
ratio is <10.1, then more than 90% of >’Ne is due to contam-
ination. For Ar, if 40Ar/36Ar in DMM is taken to be 35000, any
MORB with “°Ar/>°Ar < 645 means that more than 99% of °Ar
is from air contamination.

On the other hand, for the major gases, CO,, N,, and H,0, no
correction against surface contamination can be readily made,
and the recycling effect must be considered in interpretation and
modeling. Zhangand Zindler (1993) discussed the importance of
recycling for the major gases and explicitly included the effect of
recycling in modeling CO, and N, degassing. If recycling of the
major volatiles is accompanied by recycling of Ne, it may be
useful to infer relevant ratios such as the CO,/*He ratio at
29Nle/*?Ne=13.0 50 as to remove the effect of recycling on carbon
to assess the true mantle ratio of CO,/’He. Knowing the true
mantle ratios versus the uncorrected ratios, the effect of recycling
can be assessed independently. This would improve one’s under-
standing of the evolution of the major volatiles.
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Hirschmann (2006) and Dasgupta and Hirschmann (2010)
further discussed H,O and CO, global cycles between the sur-
face and deep Earth. Hayden and Watson (2008) proposed that
carbon from the core might have ‘buffered’ carbon concentra-
tion in the mantle. This core flux has not been modeled quan-
titatively because the characteristics (e.g., isotope ratios) of the
components from the core are not known. The extremely high
concentration of CO, in UPM obtained in Section 6.2.3.8 is
unexpected and deserves further investigation.

6.2.5.4 Updating Models on Mantle Degassing,
Recycling, and Atmosphere Evolution

No existing degassing and atmosphere evolution models are
consistent with all data currently available (Section 6.2.3).
Hence, there is a great need to develop new mantle degassing
and atmosphere evolution models. In future models, the pos-
sibility that the atmosphere contains initial gases (accretion
degassing or after impact erosion) or an extraterrestrial source
is one issue to address. To model CO, degassing and evolution,
contribution from the outer core needs to be estimated. In
developing mantle degassing models, it is necessary to evaluate
carefully the various input data, use only constraints obtained
from the mantle, and avoid using constraints based on atmo-
sphere budget assuming closed system (but “°Ar in air can still
be used as a constraint). The important constraints include
isotope ratios in different mantle reservoirs and the present-
day degassing rates from the mantle.

6.2.6 Conclusions and Outlook

6.2.6.1 What Are Known About Earth Degassing?

1. The degassing of Earth’s mantle has contributed signifi-
cantly to the atmosphere and has extensively depleted vol-
atile contents in the degassed mantle.

2. MORB mantle is relatively uniform and is highly degassed.
Mantle sources sampled by OIBs are less degassed. “He/>He
and contamination-corrected *'Ne/?’Ne ratios from
mantle-derived samples form a well-correlated ‘mantle
array,” similar to the mantle array of Sr-Nd isotopes. The
OIB mantle sources seem to have been degassed to various
degrees or can be viewed as mixtures of a highly degassed
mantle and primitive undegassed mantle, as indicated by
the large range of *He/*He and contamination-corrected
21Ne/?*Ne ratios. There is self-consistency in the behavior
of noble gas isotopes (e.g., more radiogenic in MORB and
less radiogenic in many OIBs). HIG samples are the least
radiogenic in terms of *“He/*He, >'Ne/*’Ne, and Ar and Xe
isotopes after correcting for atmosphere contamination.

3. If the variably degassed mantle reservoirs are ‘decomposed’
into degassed and undegassed end-members (the unde-
gassed end-member may not be a physically continuous
entity), the mass of the degassed mantle (DMM) is
(51£12)% of the whole mantle and that of the primitive
undegassed mantle (UPM) accounts for (49 +12)% of the
whole mantle in terms of “°Ar. It is likely that the same mass
fractions apply to *°Ar and other noble gases.

4. The degassed mantle end-member (DMM) has been
degassed to very high degree using data corrected for con-
tamination and recycling. For the nonradiogenic noble

gases, the degrees of degassing are >99%. For the radio-
genic noble gases, the degrees of degassing depend on the
half-lives of the parents and are typically >90%.

5. Based on Xe isotopes, mantle degassing must be very effec-
tive during early Earth evolution. MORB mantle and OIB
mantle have not mixed well since about 4.4 Ga. Based on
He isotopes, mantle degassing is still continuing.

6. Mantle degassing is best described to be solubility-
controlled.

7. Some gases in the atmosphere are not entirely from mantle
degassing. The lower 2°Ne/?’Ne ratio in air than in the
mantle and the high amount of Ne in air demand
nonmantle contributions for Ne. For >°Ar, the lower
4OAr/3°Ar ratio inferred for AOC+DMM using mass bal-
ance than the least-radiogenic OIB samples after using
20Nle/??Ne to remove air contamination can be explained
by nonmantle *°Ar in air. Kr and Xe isotopic measurements
in well gases also support that Kr and Xe in air are not
entirely from mantle degassing. Hence, atmospheric evolu-
tion is more than the simple complementary of mantle
degassing.

6.2.6.2 Uncertainties and Paradoxes

1. Even with a huge database on various volatile components,
especially noble gas isotopes, a comprehensive understand-
ing of Earth’s degassing history is still elusive. In fact, no
single proposed degassing model in the literature is consis-
tent with all observations. For example, to explain the
different *°Ne/?’Ne ratios between air and mantle, one
must consider both (1) degassing and (2) extraterrestrial
or initial Ne in air.

2. Least-radiogenic noble gas isotope ratios in OIB mantle are
associated with depleted Sr—-Nd-Hf-Os-Pb isotope ratios.
That is, there does not seem to be consistency between
mantle degassing and mantle depletion.

3. There are numerous old and new paradoxes in noble gas
budgets and isotopes, as well as in H,O and CO,. The
newly identified paradoxes in this chapter include insuffi-
cient Ne, 3°Ar, and H,O in the mantle to supply these
volatiles in the atmosphere and extremely high CO, con-
centration in UPM compared to AOC -+ DMM. The former
may be resolved by allowing nonmantle sources to the
atmosphere, and the latter may be explained by carbon
flux from the outer core to the mantle.

6.2.6.3 Key Measurements That Are Needed

1. Simultaneous measurement of Ne isotope ratios and all
other noble gas isotope ratios (and Sr-Nd isotope ratios)
in rocks with very low “He/>He (as low as 14300) in early
Tertiary Iceland plume rocks and other low “He/*He rocks
will be key to pin down the isotopic signature of the least-
radiogenic OIB mantle.

2. There are samples with very low *°Ar/*°Ar ratios at high
29Ne/*’Ne (e.g., there is one point with 2°Ne/?’Ne=12.1
and “°Ar/*°Ar=425; Valbracht et al., 1997). These samples
need to be investigated systematically to test whether they
are unusual measurements or whether they represent the
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true UPM end-member. For example, if they represent
the UPM end-member, Ar paradox would disappear.

3. Even though Ne isotope data in mantle-derived rocks are
abundant and have been instrumental in pinning down the
true (uncontaminated) isotope ratios of other gases, it is
still necessary to resolve the uncertainty on whether the
primordial 2°Ne/??Ne ratio is 13.8 or 13.0. There does not
seem to be an easy way to resolve this except by high-quality
measurements of many more basalt samples.

4. Caffee et al. (1999) showed that nonradiogenic Xe isotope
ratios in well gases are different from those in air, and
Holland et al. (2009) showed the same for nonradiogenic
Kr isotopes. It will be critical to accurately determine these
isotopes in mantle-derived rocks to a similar precision as in
well gases. If the nonradiogenic Xe isotopes in mantle-
derived rocks can be resolved to be different from air Xe,
the true radiogenic Xe isotope ratios may be estimated using
the same approach as the Ne isotopic system (e.g., Figure 5).
On the other hand, if nonradiogenic Xe isotopes in
mantle-derived rocks are the same as air Xe, that would
also significantly constrain mantle degassing and atmo-
sphere evolution models.

5. In order to address the importance of recycling of carbon to
the mantle, the measurement of CO,/>He and CO,/*He
ratios in mantle-derived rocks simultaneously with the
29Ne/?*Ne ratio would allow constraining the uncontami-
nated CO,/He ratio in different mantle reservoirs.

6. Best constraints will come from simultaneous and high-
quality measurements of all noble gas isotope ratios and
concentrations, all major volatile concentrations and iso-
tope ratios, and Sr-Nd isotope ratios in well-chosen suites
of rocks, such as previously done on the popping rocks.
Candidates are submarine HIG basalts, as well as suites in
the MORB-Azores-Reunion-Kerguelen trend in Figure 4.
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