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Available online 26 July 2019 generated by convective processes over Earth history. Here we present a synthesis of new insights into the char-

acteristics and nature of the plume mantle source.
Recent high precision noble gas data demonstrate that the origin of the reservoir supplying noble gases to plumes

lgleli,;lv:rds' is fundamentally distinct from that of the mid-ocean ridge basalt (MORB) mantle reservoir: the two reservoirs
Mantle cannot be related simply by differential degassing or incorporation of recycled atmospheric volatiles. Based on
Noble gases differences observed in the extinct '?°-'2°Xe system (t;/, of 15.7 Ma), the mantle source supplying noble gases
Mid-ocean ridge basalt to plumes differentiated from the MORB source within ~100 Ma of the start of the Solar System, and the two
Ocean island basalt sources have not been homogenized by 4.45 Ga of mantle convection. Thus, the '?°I-12°Xe data require a
Xenon plume source that has experienced limited direct mixing with the MORB source mantle.
EreO:n Analysis of mantle source Xe isotopic compositions of plume-influenced samples with primordial He and Ne in-
Heglium dicates that the plume source Xe budget is dominated by regassed atmospheric Xe. He and Ne isotopes are not
sensitive to regassing due to low overall concentrations of He and Ne in recycled material relative to primordial
material. Therefore, plume-influenced samples with primitive He and Ne isotopic compositions do not necessar-
ily reflect sampling of pristine primordial mantle and the lithophile compositions of these samples should not be
taken to represent undifferentiated mantle. In addition to recycled atmospheric Xe, the plume mantle source ex-
hibits high ratios of Pu-fission Xe to U-fission Xe. The high proportion of Pu-fission Xe independently confirms a
low extent of degassing of the plume source relative to the MORB source.
Heavy noble gases illustrate that the mantle reservoir sampled by plumes is fundamentally distinct from
the MORB mantle and reflects ongoing degassing of, and incorporation of recycled material into, an ancient
(>4.45 Ga) primordial source. If plumes are derived from large low shear-wave velocity provinces (LLSVPs),
then these seismically-imaged structures are ancient and long-lived.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Mantle plumes sample a deep Earth reservoir that is chemically dis-
tinct from the mantle source of mid-ocean ridge basalts. Plumes are hy-
pothesized to upwell from a boundary layer in the deep Earth, and upon
impingement at the base of the lithosphere, drive ocean island or intra-
plate volcanism (Morgan, 1971; Wilson, 1973). The chemical composi-
tion of plume-derived basalts reflects the distinctive history of
accretion, differentiation and ongoing modification of the plume mantle
source. Accordingly, detailed study of the chemical signatures of plume-
derived basalts affords insight into early Earth history, as well as the
long-term evolution of Earth's interior in association with solid-state
mantle convection and plate tectonics.

Plume-related volcanism samples a mantle source that is more het-
erogeneous than the mantle source of mid-ocean ridge basalts
(MORBs). Among plume-related volcanic samples, isotopic heterogene-
ity paints a complex picture of deep mantle dynamics. Lithophile long-
lived radiogenic isotope signatures (such as 87Sr/%6Sr, 143Nd/'4*Nd,
206pp,204ph) have long been noted to vary widely in plume-derived
ocean island basalts (e.g., Depaolo and Wasserburg, 1976; Gast et al.,
1964; O'Nions et al., 1977; Richard et al., 1976; Tatsumoto, 1978;
Zindler et al., 1979; Zindler and Hart, 1986). Much of this heterogeneity
has been attributed to the incorporation or entrainment of subducted
materials by mantle plumes (e.g., Farley et al., 1992; Hart et al., 1992;
Hofmann and White, 1982; Zindler and Hart, 1986). Data from individ-
ual ocean island chains form roughly linear subarrays within a broad
tetrahedral mantle array in Sr-Nd-Pb isotopic space. These sublinear ar-
rays are thought to reflect mixing between a common plume compo-
nent (suggested candidates with distinct compositions and origins
include the focus zone, “FOZO,” Hart et al., 1992; the primitive helium
mantle “PHEM,” Farley et al., 1992; or the common component, “C,”
Hanan and Graham, 1996), the depleted mantle (DM) and at least
three other endmember components. These endmember components
are: enriched mantle I (EM-I), suggested to reflect subcontinental litho-
spheric mantle, lower continental crust or pelagic sediments (Chauvel
et al,, 1992; Eisele et al., 2002; Geldmacher et al., 2008; McKenzie and
O'Nions, 1983; Weaver et al.,, 1986; Willbold and Stracke, 2010;
Zindler and Hart, 1986); enriched mantle I (EM-II), thought to reflect
incorporation of ancient terrigenous sediments (Chauvel et al., 1992;
Weaver, 1991); and HIMU (“high p,” where pis the U/Pb ratio), thought
to reflect ancient recycled oceanic crust (Chase, 1981; Chauvel et al.,
1992; Hofmann and White, 1982). Carbonate recycling and carbonatitic
metasomatism have also been suggested to account for the HIMU signa-
ture (Castillo, 2015; Hauri et al., 1993; Nakamura and Tatsumoto, 1988;
Weiss et al., 2016). In this framework for understanding ocean island
basalt chemical heterogeneity, mantle plumes sample a common reser-
voir but are variably influenced by subduction-related components at
different localities across the globe.

Noble gases are uniquely powerful tools with which to probe the de-
tailed nature of the plume mantle source. Each noble gas has at least one
stable, non-radiogenic isotope (referred to as a “primordial” isotope, as
budgets of these isotopes were established during accretion), and at
least one radiogenic isotope that is produced by nuclear reactions over
time. Table 1 categorizes the isotopes of helium (He), neon (Ne),
argon (Ar), krypton (Kr) and xenon (Xe). Upon mantle processing by

partial melting, all isotopes of the noble gases are lost from mantle res-
ervoirs by degassing. Over time, only the radiogenic noble gas isotopes
grow in due to decay of lithophile parent isotopes (Table 1). Therefore,
reservoirs that experienced greater extents of processing by partial
melting will exhibit higher ratios of radiogenic to primordial isotopes
compared to less processed reservoirs. Noble gases are present in such
low abundances that their isotopic compositions are strongly sensitive
to degassing and subsequent radiogenic, nucleogenic or fissiogenic pro-
duction, even when radioactive parent nuclides are themselves rare. A
diverse set of short-lived ('2°I, 2#4Pu) and long-lived (?3°U, 238U, 232Th,
4%K) radioactive nuclides decay to produce isotopes of He, Ne, Ar and
Xe, such that noble gas isotopic compositions are sensitive to mantle
processing occurring on a wide range of timescales (Fig. 1).

Noble gases are also sensitive to regassing of atmospheric volatiles
into the mantle. The noble gas isotopic composition of the atmosphere
is distinct from compositions measured in mantle-derived rocks, and
based on isotopic variations in mantle-derived samples, recent studies
have argued for deep recycling of atmospheric noble gases into the
mantle in association with subducting material (Holland and
Ballentine, 2006; Kendrick et al., 2011b; Kobayashi et al., 2017;
Matsumoto et al., 2001; Mukhopadhyay, 2012; Parai et al., 2012; Petd
et al,, 2013; Sarda et al., 1999; Sumino et al., 2010; Tucker et al.,
2012). Accordingly, noble gases provide a diverse and powerful set of
tools that are sensitive to distinct processes occurring on various time-
scales in Earth history (Fig. 1).

Among the noble gases, He isotopes are the most commonly mea-
sured in mantle-derived rocks. Plume He isotopic compositions vary
widely relative to MORB He compositions: plume “He/*He ranges
from ~15,000 to 170,000 (Farley et al., 1992; Graham, 2002; Hilton et
al.,, 1999; Kurz et al., 1983; Kurz and Geist, 1999; Moreira et al., 1999;
Stuart et al., 2003), while “He/?He typically falls between ~80,000-
100,000 for MORBs removed from the influence of plumes (*He/*He ra-
tios of ~7-9 Ra, where Ry signifies the atmospheric ratio of 1.39 x 10~5;
Graham, 2002; Graham et al., 1992b; Kurz et al., 1982; Moreira et al.,
1998; Tucker et al., 2012). Relatively unradiogenic He isotope ratios
(“He/*He < 50,000) in plume-derived samples (e.g., from Hawaii, Ice-
land, Galapagos and Samoa) are thought to reflect sampling of a mantle
source that has experienced less degassing and has thus retained a
larger proportion of its primordial >He budget relative to the MORB
source (e.g., Gonnermann and Mukhopadhyay, 2009; Kellogg and
Wasserburg, 1990; Porcelli and Elliott, 2008). Available Ne and Ar isoto-
pic data support this interpretation: plume-derived samples with low
4He/*He also have relatively low 2'Ne/?>Ne and “°Ar/3®Ar ratios after
correction for atmospheric contamination (Allégre et al., 1987; Allégre
et al., 1983; Colin et al., 2015; Graham, 2002; Hiyagon et al., 1992;
Honda and Woodhead, 2005; Kaneoka and Takaoka, 1980; Kaneoka et
al., 1983; Kurz et al., 2009; Marty et al., 1998; Moreira, 2013;
Mukhopadhyay, 2012; Péron et al., 2016; Trieloff et al., 2000; Yokochi
and Marty, 2004; see Section 2), consistent with a plume mantle source
that has retained a greater portion of its primordial ?Ne and *®Ar bud-
gets relative to the MORB source.

MORB “He/*He ratios exhibit less variation than is observed among
plume-related samples, which span from unradiogenic (*He/*He of
~15,000) to the most radiogenic He measured in mantle-derived rocks
(“He/*He > 120,000). High “He/*He ratios reflect material that has



R. Parai et al. / Lithos 346-347 (2019) 105153 3

Table 1

Noble gas isotopes and dominant production reactions in geological context. Red color indicates isotopes that are generated by nuclear reactions, while isotopes in blue are primordial (i.e.,
not produced in significant quantities by nuclear reactions). Fissiogenic Kr is rarely significant enough to be resolved, except in U-rich minerals (Hebeda et al., 1987). For each noble gas
element, there is at least one primordial isotope and at least one isotope produced by nuclear reactions. Red and blue colors are used throughout the subsequent figures to denote isotopes

produced by nuclear reactions over time (red) and primordial isotopes (blue).

Stable isotopes

Dominant

Noble gas element primordial production via Half-life
radiogenic
He 25U (a-decay) 703.8 Myr
Helium “He 28y  (a-decay) 4.468 Gyr
232Th (a-decay) 14 Gyr
Neon E?EZ **O(a,n)*'Ne, n/a
2Ne %Mg(n,a)*'Ne
36Ar
Argon ®Ar
o 40Ar 40K (ec) 1.25 Gyr
8Kr
80Kr
82Kr
Krypton
83Kr
8K 244py (sf) 80.0 Myr
86K 238 (sf) 4.468 Gyr
124Xe
126xe
128Xe
129Xe 1291 (- decay) 15.7 Myr
Xenon 130%e
131Xe
¥2Xe 244py (sf) 80.0 Myr
34 Xe 238 (sf) 4.468 Gyr
136Xe

ec: electron capture
sf: spontaneous fission

experienced greater extents of degassing, such that radiogenic ingrowth
of “He by a-decay of U and Th strongly impacts the He isotopic compo-
sition. The highest plume-related “He/*He ratios are found at HIMU
ocean islands; these signatures are associated with very radiogenic
206ph,204ph ratios and are attributed to the incorporation of recycled
oceanic crust in the HIMU mantle source (Barfod et al., 1999; Graham
et al., 1992a; Hanyu et al., 1999; Hanyu and Kaneoka, 1997; Hilton
et al., 2000; Parai et al., 2009; Vance et al., 1989). However, HIMU
helium isotopic compositions are less radiogenic than expected for
pure recycled components (Graham et al., 1992a; Hanyu and Kaneoka,
1997). Ne isotopic compositions in Cook-Austral Island HIMU basalts
and HIMU-type MORBs in the Equatorial Atlantic reveal that the HIMU
source must reflect mixing between recycled material and a relatively
undegassed plume component (Parai et al., 2009; Tucker et al., 2012).
Mixing of recycled material with a less-degassed plume component
would explain HIMU helium isotopes and HIMU mixing trends towards
a common plume component in the lithophile isotopic data (Hart et al.,
1992). Thus, neon isotopes provide an insight into the nature of the
HIMU mantle source that is not evident in helium isotopes alone:

helium and neon isotopic data reflect a plume mantle source that con-
tains heterogeneous mixtures of primordial and recycled material.

The heavy noble gases (Ne, Ar and Xe) provide a particularly rich re-
cord of mantle processing history and must be considered in addition to
helium isotopes to study the nature of the plume source mantle. Here
we review recent heavy noble gas isotopic data from mantle-derived
samples, and discuss the implications for the chemistry and
geodynamics of the Earth's deep interior. Based on new high-precision
isotopic data, a new portrait emerges of the mantle plume source as
an ancient, heterogeneous reservoir that has been continuously modi-
fied by convective processes over Earth history.

2. Correcting for syn- to post-eruptive atmospheric contamination

Measurements of heavy noble gas isotopic compositions in mantle-
derived rocks are affected by pervasive syn- to post-eruptive atmo-
spheric contamination (e.g., Moreira et al., 1998; Mukhopadhyay,
2012; Roubinet and Moreira, 2018; Staudacher and Allegre, 1982;
Trieloff et al., 2000; Trieloff and Kunz, 2005). Corrections for syn- to
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Noble gas radiogenic systems and
their constraints on superimposed signatures:

129] 129y o
24p, 136y o
resolve
early Earth ancient
filter heterogeneities
ﬂ quantify
degassing
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convective processes
238 4He-'Ne-"*Xe p!

235) sHe-2'Ne
22Th-*He-*'Ne
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Fig. 1. Viewing the modern Earth through lenses of short- and long-lived radiogenic noble
gas isotope systems. The noble gas isotopic composition of the mantle reflects the full
integrated history of deep Earth volatile transport and radiogenic production. The short-
lived, extinct I-Xe and Pu-Xe systems are sensitive to degassing that occurred during the
Hadean, and preserve signatures of ancient mantle heterogeneity. Long-lived extant
systems (U-Th-He-Ne-Xe, K-Ar) generate signatures that reflect long-term degassing.
Regassing of compositionally distinct atmospheric noble gases also affects the mantle
isotopic composition. Thus, a full set of noble gas isotopes measured in mantle-derived
samples provides constraints on volatile transport processes on a broad range of
timescales, akin to looking at Earth through filters for different time periods.

post-eruptive atmospheric contamination are required to characterize
mantle sources, and to accurately interpret their compositions. To this
end, step-crushing techniques yield multiple measurements of a single
sample in which variable amounts of atmospheric contaminant are

mantle source

more degassed .
assumed > mantle source 2 composition
, marﬁle — 125 T T T (corrected
2Ne/*>Ne : for syn- to
' post-eruptive
120 |- : contamination)
o 115} individual .
2 step crushes '
I '
NE :
2 110} '
& :
105 .
100 | .
atm B L 1 L
0.03 0.04 0.05 0.06 0.07

2"Ne/*’Ne

mantle source
“Ne/*Ne,

Fig. 2. Ne three isotope diagram. Variable atmospheric contamination of a step-crushed
sample. Data are crush-steps from a single MORB (KN162-7 22-14) from the Southwest
Indian Ridge (Parai et al., 2012). Axes are the ratio of two primordial isotopes
(?°Ne/*2Ne) vs. the ratio of nucleogenic 2'Ne to primordial 2Ne, and mixing is linear in
this space. Isotope label colors are defined in Table 1. The step-crush data define a linear
array reflecting variable syn- to post-eruptive atmospheric contamination of the mantle
composition. Assuming a mantle 2°Ne/??Ne ratio of 12.5, the mantle source 2'Ne/*’Ne g,
composition is determined by extrapolation based on the total least-squares line of best
fit to the data (green arrows and dashed line). The data array is thus corrected for
atmospheric contamination and used to determine the mantle source composition,
which allows for comparison between distinct mantle sources. Mantle sources that have
experienced more degassing over time develop higher mantle source ?'Ne/*’Ne g,
compositions and shallower slopes in this diagram.

released along with mantle gas. In some samples, measured isotopic ra-
tios exhibit well-defined mixing systematics (Figs. 1-4) reflecting this
variable mixture of mantle and atmospheric gas. These measured values
can be modeled as two-component mixtures between the unknown
mantle source isotopic composition and the known atmospheric
composition.

2.1. Correction for atmospheric contamination of Ne isotopes

There are three isotopes of neon: 2°Ne, 2'Ne and 22Ne. Of these,
20.22Ne are primordial and ?'Ne is produced by nuclear reactions, e.g.,
180(a,n)?'Ne and 2*Mg(n,a)?>!Ne (Table 1). Mixing in 2°Ne/?2Ne vs.
2INe/?2Ne isotopic space is linear. High-precision neon isotopic data
produced by step-crushing of mantle-derived samples exhibit linear
mixing systematics in Ne three-isotope space, with the atmospheric
Ne composition constituting one mixing endmember (Fig. 2). To correct
for syn- to post-eruptive atmospheric contamination, we assume a
mantle source 2°Ne/>?Ne composition, and the mantle source

‘ less degassed ‘ ' more degassed>
mantle source mantle source

Ne-B i -
}miR‘ Ne:—B S‘N min Ne_ B SN

min:

solar nebula

13

12

20Ne/”2Ne

11

10

0.03 0.04 005 006 0.07 0.08
2INe/**Ne

D22B (Galapagos plume)

EW9309-25D (S. Atlantic MORB; Discovery plume)
AG22 1-1&4 (SWIR MORB)

atmosphere

Y solar nebula

H»rom

Fig. 3. Mantle source Ne compositions for distinct plume and MORB mantle sources given
different mantle 2°Ne/>Ne models. Data are crush steps from Galapagos sample D22B
(Péron et al., 2016), a plume-influenced MORB from the S. Atlantic Ridge (EW9309-25D;
Williams and Mukhopadhyay, 2019), and Southwest Indian Ridge MORB (AG22 1-1&4;
Parai et al. (2012). The 2'Ne/??Ne ratio of the mantle source corrected for atmospheric
contamination is determined by fitting a line to the data for a single sample, and then
extrapolating to a model primordial mantle 2°Ne/??Ne value (Fig. 2). The highest
measured crush step value represents the minimum mantle source 2'Ne/?’Ne
composition (min); the composition prior to atmospheric contamination was at least
this high. Mantle source 2'Ne/*Ne g, values reflecting a Ne-B or solar nebular (SN)
primordial mantle Ne model are indicated for comparison. Even though the absolute
21Ne/*’Neg value changes based on the primordial Ne model, relative variations among
plume-influenced samples and MORBs are not sensitive to the model. The slopes of the
plume-atmosphere mixing arrays are sufficiently steep that uncertainty in the mantle
endmember 2°Ne/??Ne (Ne-B vs. solar nebular; Moreira and Charnoz, 2016; Heber et al.,
2012) does not affect relative 2'Ne/2*Ne (g, systematics between plumes and MORBs:
even if the plume-influenced samples are extrapolated to the solar nebular value and
the MORB is extrapolated to the Ne-B value, 2'Ne/?*Ne(g, in the plume-influenced
samples is lower, reflecting less-degassed mantle sources. We note that the Galapagos
data reflect a mantle source that has experienced very little degassing, as the slope is
nearly as steep as a solar nebula-atmosphere mixing line.
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Fig. 4. Ne-Ar hyperbolic mixing arrays showing variable atmospheric contamination of a
step-crushed sample. Data are crush steps from Southwest Indian Ridge MORB All107-6
57-5 from Parai et al. (2012). The axes are the ratio of radiogenic “°Ar to primordial **Ar
vs. primordial Ne isotopes. Assuming a mantle primordial Ne isotopic composition, the
mantle source “°Ar/*®Ar g ratio is determined by extrapolation based on the total least
squares hyperbolic best fit to the data (green arrows and dashed line). Correcting for
atmospheric contamination allows for comparison between distinct mantle sources.
Higher mantle source *°Ar/**Arg, ratios may reflect a reservoir that has experienced
more degassing.

2INe/??Ne is determined by linear fitting of the data and extrapolation
to the mantle source *°Ne/??Ne ratio (Fig. 2; *'Ne/*?Ne(x), where E
stands for extrapolated). Degassing generates high (U + Th)/*?Ne ra-
tios, such that a more-degassed mantle reservoir would develop high
mantle source 2'Ne/*’Ne(g over time. As radioactive decay of U and
Th drive the nuclear reactions that produce 2'Ne, radiogenic “He and
nucleogenic 2'Ne production are directly linked.

The best fit line may be determined by total least squares fitting with
correlated errors (York, 1969; York et al,, 2004). We note that for MORB
samples, corrections are commonly made to a mantle source 2°Ne/?>Ne
of 12.5 (Moreira, 2013; Moreira et al., 1995; Moreira et al., 1998; Parai
et al,, 2012), consistent with primordial mantle neon reflecting the
Ne-B component (e.g., Ballentine et al., 2005; Péron et al., 2017;
Raquin et al., 2008; Trieloff et al., 2000). Although the value of the Ne-
B 2°Ne/?’Ne ratio has been debated and may be as high as 12.7
(Moreira and Charnoz, 2016; Péron et al., 2018a), analyses of plume-de-
rived samples have yielded 2°Ne/>’Ne measurements greater than and
resolved from 12.7: e.g., step-crushed samples from Iceland have
2ONe/?2Ne up to 12.88 £ 0.06 (10) (Mukhopadhyay, 2012), step-
crushed samples from Galapagos have 2°Ne/?2Ne up to 12.91 + 0.07
(10) (Péron et al., 2016), and step-crushed samples from the Kola pen-
insula exhibit 2°Ne/>’Ne up to 13.04 & 0.20 (10) (Yokochi and Marty,
2004). Plume-influenced MORBs from the S. Atlantic also exhibit mea-
sured 2°Ne/*?Ne ratios up to 13.03 &+ 0.04 (20; Williams and
Mukhopadhyay, 2019), well-resolved from the high end of estimates
of the Ne-B composition. Measured 2°Ne/??Ne ratios greater than (and
resolved from) the Ne-B value are most consistent with a plume source
primordial Ne budget derived from solar nebula with 2°Ne/?*Ne of ~13.4
(Heber et al., 2012). In this case, the highest measured *°Ne/*’Ne ratios
(<13.1) may reflect some syn- to post-eruptive atmospheric contamina-
tion, and the pure mantle endmember (with nebular 2°Ne/?>Ne) has not
yet been directly measured. Alternatively, the MORB and plume mantle
sources incorporated some limited amount of chondritic Ne during ac-
cretion or recycled atmospheric Ne with low 2°Ne/*?Ne, such that the
mantle source 2°Ne/*?Ne ratios are lower than 13.4, and potentially var-
iable among mantle sources (Williams and Mukhopadhyay, 2019).

We note that uncertainties regarding the mantle 2°Ne/??Ne ratio and
its origins have a limited impact on the interpretation of 2'Ne/?’Ne

variations among various mantle sources. Data from mid-ocean ridge
basalts form mixing arrays with relatively shallow slopes in Ne three-
isotope space, while plume-derived samples are characterized by
steeper slopes (Farley and Poreda, 1993; Graham, 2002; Honda et al.,
1991; Kurz et al., 2009; Moreira, 2013; Moreira et al, 1998;
Mukhopadhyay, 2012; Parai et al., 2012; Pet6 et al., 2013; Poreda and
Farley, 1992; Trieloff et al., 2000; Tucker et al., 2012). If the MORB man-
tle source 2°Ne/??Ne is >12.5, then the differences between MORB and
plume mantle source ?'Ne/*?Ne g ratios would be slightly larger than
presently discussed (Fig. 3). For plume-influenced samples, the air-
mantle mixing slopes in 2°Ne -2'Ne ->2Ne isotopic space are sufficiently
steep that extrapolation to a mantle source 2°Ne/?>Ne of 13.4 rather
than ~12.8-13.1 would not change the broad systematics between
MORB and plume sources (Fig. 3).

2.2. Correction for atmospheric contamination of Ar isotopes

There are three isotopes of argon: >638Ar are primordial, while “°Ar
is produced by electron capture on “°K (Table 1). Variations in
4OAr/*®Ar measured by step-crushing of a single sample reflect variable
mixing between a mantle source and the atmospheric composition.
However, >3Ar/3°Ar ratios are not resolved from the atmospheric com-
position (Mukhopadhyay, 2012; Raquin and Moreira, 2009). Therefore,
mixing systematics are sought in “°Ar/*6Ar vs. 2°Ne/?>Ne space rather
than argon three-isotope space. Mixing in Ne-Ar isotope space is hyper-
bolic; a method to correct for syn- to post-eruptive atmospheric con-
tamination using orthogonal least squares fitting for two-component
hyperbolic mixing is described by Parai et al. (2012) and an algorithm
is given in the appendix to Parai (2014). Based on mixing systematics
evident in step-crushed mantle-derived samples, the mantle source
“OAr/*®Ar ) composition is determined by extrapolation to a fixed
20Ne/22Ne value. The curvature of a two-component mixing hyperbola
depends on the 3®Ar/?>Ne ratios of the two endmembers, and air-mantle
mixing hyperbolas tend to be concave-up in “°Ar/3°Ar vs. 2°Ne/>’Ne
space (Fig. 4). Depending on the curvature of the hyperbola, extrapola-
tion to a mantle source 2°Ne/??Ne ratio higher than 12.5 may translate
to a significantly higher mantle source “°Ar/*®Ar. However, we note
that for some MORB samples with well-defined hyperbolic mixing,
best fit hyperbolae asymptote with respect to the y-axis at 2°Ne/*Ne ra-
tios lower than 13.4, so the mantle source 2°Ne/??Ne ratios for these
samples must be below this value (Fig. 4).

2.3. Correction for atmospheric contamination of Xe isotopes

There are nine isotopes of xenon: 24126:128.130xe re primordial,
129% e is radiogenic, and '311132134136x e are fissiogenic. '>*Xe and '2°Xe
are the lowest in abundance, and have only been measured with suffi-
cient precision to resolve a mantle signature from atmosphere in a se-
lect few samples: well gases and the gas-rich popping rock 2I1D43
(Caffee et al., 1999; Caracausi et al., 2016; Holland et al., 2009; Holland
and Ballentine, 2006; Péron et al., 2018b). '?#Xe is also low in abun-
dance, and ?8Xe/!3°Xe ratios measured in mantle-derived rocks are
generally not sufficiently precise or distinct from the atmospheric com-
position to use to correct other '*°Xe-normalized ratios for atmospheric
contamination through linear fitting. Therefore, hyperbolic mixing sys-
tematics are also sought in Ne-Xe or Ar-Xe isotopic space.

Mantle source '?°Xe/!3%Xe k) and '29130131.134.136x 0 /132% @ ., is0t0-
pic compositions are typical isotope ratios of interest for mantle-derived
samples. To determine the mantle source '?°Xe/**Xe g ratio, previous
studies have applied the same hyperbolic fitting methods as mentioned
in Section 2.2 for 12°Xe/!3%Xe vs. 2°Ne/?2Ne and 2°Xe/!3*Xe vs. “°Ar/*°Ar
(Fig. 5). In favorable cases, >°Xe/?Ne and '3°Xe/3®Ar ratios in the man-
tle and atmospheric contaminant are such that hyperbolic mixing arrays
asymptote with respect to the Ne or Ar axis. This means that extrapo-
lated mantle source '*?Xe/!*%Xe g values are not very sensitive to
uncertainty in the mantle endmember 2°Ne/*?Ne or “°Ar/*®Ar g
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Fig. 5. Ar-Xe hyperbolic mixing arrays showing variable atmospheric contamination of a
step-crushed sample. Data are crush steps from Southwest Indian Ridge MORB AG22-
13-1 from Parai et al. (2012). The axes are the ratio of radiogenic '?°Xe to primordial
130X e vs. “°Ar/*%Ar. A similar plot may be made with 2°Ne/?>Ne on the x-axis. Based on
the mantle source “°Ar/*®Ar g, ratio determined using Ne-Ar systematics, the mantle
source '2Xe/"*°Xe g, ratio is determined by extrapolation based on the total least
squares hyperbolic best fit to the data (green arrows and dashed line). Many samples
yield mixing hyperbolae that are concave down in this isotope space, which reduces the
sensitivity of '2°Xe/"*°Xe(g) to the mantle source *°Ar/*®Ar ), composition as the
hyperbola asymptotes with respect to the x-axis. Correcting for atmospheric
contamination allows for comparison between distinct mantle sources. Higher mantle
source '29Xe/"*%Xeg) ratios reflect a reservoir that was characterized by high I/Xe during
the lifetime of '2°I (the first ~100 Myr of Earth history).

composition, and for clean hyperbolic data arrays, there is an upper
limit to the mantle source '2°Xe/!3°Xe g corresponding to the asymp-
tote of the hyperbola. We note that Xe-Ar systematics tend to be cleaner
than Xe-Ne systematics: their best fit hyperbolae have lower uncer-
tainties that better constrain the mantle source '2°Xe/'**Xe ) isotope
composition.

Best-fit hyperbolae in '29Xe/!3?Xe vs. “°Ar/*°Ar isotopic space are
used to determine mantle source '2?Xe/"**Xe ). Ratios normalized to
132Xe rather than '*°Xe are useful for computations to determine the
proportions of mantle Xe derived from different sources and processes
(Section 3), as *°Xe is not produced by fission of U or Pu (Table 1)
and '*°Xe-normalized ratios of fission components are thus infinite.
Furthermore, 132Xe is relatively abundant and using '*?Xe-normalized
ratios decreases the propagated error relative to '>°Xe-normalized
ratios. After determining the mantle source '2°Xe/'*?Xe g based on
Ne-Xe and Ar-Xe systematics, the rest of the mantle source '*2Xe-nor-
malized isotopic compositions may be determined by linear least
squares fitting with correlated errors (York, 1969; York et al., 2004)
and extrapolation to the mantle '**Xe/'**Xe ¢y composition (Fig. 6;
Mukhopadhyay, 2012; Parai and Mukhopadhyay, 2015). Uncertainty
in the mantle source '*?Xe/"3*Xe s is propagated to the other mantle
source '>2Xe-normalized Xe isotopic ratios.

3. Linear least squares modeling of the mantle Xe isotopic
composition

The present-day '3!132134135Xe inventory in mantle sources can be
modeled as a mixture of four components: (1) an initial Xe budget,
likely chondritic in composition (Caracausi et al., 2016); (2) atmo-
sphere-derived Xe transported and incorporated into the mantle
(“regassed” atmospheric Xe); (3) Pu-fission Xe produced within the
first ~500 Myr of Earth history and retained in the mantle; and (4) U-fis-
sion Xe retained in the mantle. ?**Pu and 238U each produce fission
131132.134136¥a ip characteristic proportions that are distinct from the
composition of Earth's atmosphere, of primitive materials such as
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Fig. 6. Xe fission isotope diagrams showing variable atmospheric contamination of step-
crushed samples. Data are crush steps from Southwest Indian Ridge MORB Eastern
Orthogonal Supersegment MORBs from Parai and Mukhopadhyay (2015). The mantle
source '?°Xe/'**Xe g, composition determined by Ar-Xe fitting (analogous to Fig. 5) is
used to determined mantle source compositions for other '*?Xe-normalized isotope
ratios based on the total least squares best fit of the data (green arrows and dashed
lines). This mantle source composition is then used to determine the proportions of
mantle source Xe from initial Xe, regassed atmospheric Xe, Pu-fission Xe and U-fission Xe.

carbonaceous chondrites, and of each other. Accordingly, the Xe isotopic
composition of the mantle source today may be described with four
mixing equations of the form:

sXe $Xe $Xe SXe
Xinit T2xe init-‘rxa[m T2xe utm-‘rXpu T2xe PH+XU+ 2x ’

Xe

132Xe mantle (1)
where ¢ = 13%e, 13'Xe, 1**Xe and '*®Xe; x is the molar mixing propor-
tion of '*2Xe; init designates the initial mantle composition, discussed
here as average carbonaceous chondrite (AVCC); atm designates
recycled atmospheric Xe; Pu designates Pu-fission Xe; and U designates
U-fission Xe. Component Xe isotopic ratios and references are given in
Table 2. The '*?Xe mixing proportions sum to 1:

Xinit + Xatm + Xpy +Xy = 1 (2)

To determine the proportions of mantle '*2Xe derived from each of
these four components, we use a linear least squares approach to
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Table 2

Xenon component compositions.
Component 130Xe/1 32ye 131Xe/132Xe 134Xe/132Xe 136Xe/1 32ye
Atmosphere?® 0.1513 0.7895 0.3880 0.3296
AvCCP 0.1626 0.8200 0.3836 0.3233
Pu-fission® 0 0.2777 1.0413 1.1198
U-fission? 0 0.1449 1.4370 1.7375

2 Basford et al. (1973).

b Average carbonaceous chondrite; Pepin (1991, 2000).

¢ Error-weighted average of data from Alexander et al. (1971), Lewis (1975) and Hud-
son et al. (1989).

4 Error-weighted average of data from Wetherill (1953), Hebeda et al. (1987),
Eikenberg et al. (1993) and Ragettli et al. (1994).

solve this over-determined system (see Mukhopadhyay, 2012; Parai
and Mukhopadhyay, 2015 for a detailed description of numerical
methods). Based on such analysis, we may constrain a set of important
quantities: the fraction of mantle '*2Xe derived from injection of atmo-
spheric Xe into the mantle beyond depths of arc magma generation (re-
ferred to as “regassing,” Section 4), the ratio of 12°I-derived radiogenic
129%e to Pu-fission derived '2®Xe (12°Xe*/13%Xep,) (Section 6), and the
ratio of Pu-fission '*®Xe to total fission *5Xe ('*®Xep,/('*®Xep, +
136Xey)) (Section 7). Fig. 7 shows the fraction of '*2Xe derived from
each of the four mixing components for MORB and plume mantle
sources. Parai and Mukhopadhyay (2015) provide a catalog of linear
least squares results from plume and MORB mantle-derived samples,
and results using AVCC as the initial mantle component are given in
Table 3.

We emphasize that the mantle source Xe compositions have already
been explicitly corrected for post- to syn- eruptive atmospheric contam-
ination of Xe based on correlations with 2°Ne/>?Ne and “CAr/3®Ar prior
to applying the linear least squares treatment (Section 2.3). Bulk con-
tamination with atmospheric gas affects measured Ne, Ar and Xe

isotopic compositions; after correcting to a mantle 2°Ne/??Ne value of
12.5 for MORB sources (Parai et al., 2012; Tucker et al., 2012) or higher
for plume sources (Mukhopadhyay, 2012; Peto et al.,, 2013), we inter-
pret any remaining signature of atmospheric Xe as due to regassing. If
we were to extrapolate to a higher mantle 2°Ne/2?Ne value in correcting
for syn- to post-eruptive contamination, for most samples the impact on
the mantle source Xe isotopic composition would be minimal due to the
favorable curvature of hyperbolic mixtures in Ar-Xe space (Fig. 5). Data
from plume-influenced locations (Mukhopadhyay, 2012; Pet6 et al.,
2013) and mid-ocean ridge locations (Parai et al., 2012; Parai and
Mukhopadhyay, 2015; Tucker et al., 2012) have been analyzed as de-
scribed here for their heavy noble gas isotope systematics, and a review
of the main insights from these studies is presented below.

4. Isotopic evidence for recycling of atmospheric heavy noble gases
into plume and MORB mantle sources

Subducting plates carry atmospheric noble gases dissolved in pore
fluids and trapped in minerals within sediments, altered oceanic crust
and serpentinized lithospheric mantle (Chavrit et al., 2016; Kendrick
et al., 2011b; Kendrick et al., 2013; Kendrick et al., 2018; Kobayashi
et al., 2017; Kumagai et al., 2003; Matsuda and Matsubara, 1989;
Matsuda and Nagao, 1986; Matsumoto et al., 2001; Podosek et al.,
1980; Sumino et al., 2010). High pressures and temperatures at subduc-
tion zones were long thought to inhibit the recycling of noble gases into
the deep mantle (Moreira and Raquin, 2007; Staudacher and Allégre,
1988). As subducting plates are subjected to increased pressures and
temperatures, expulsion of pore fluids and breakdown of hydrous min-
eral phases removes atmospheric noble gases from downgoing slabs.
However, heavy noble gas systematics recently determined in mantle-
derived samples reflect the incorporation of modern atmosphere into
the mantle, such that atmospheric heavy noble gases must not be
completely removed from downgoing slabs. Based on heavy noble gas

MORB sources

SWIR Western OSS

Plume sources

Lau Basin
(Samoan plume)

SWIR Eastern OSS

Q

Equatorial Atlantic DM

Iceland

Fraction '32Xe from:
@ recycled atm Xe

H initial Xe (AVCC)

O U-fission Xe

E Pu-fission Xe

Fig. 7. Results of linear least squares component analysis. Both MORB and plume source Xe budgets are dominated by regassed atmospheric Xe. The initial Xe component is taken to be
average carbonaceous chondrite (AVCC) but broad systematics are not dependent on the choice of initial component composition. Full results and uncertainties are given in Table 3 and in
Parai and Mukhopadhyay (2015). Proportions of fission Xe from Pu-fission and U-fission vary between MORB and plume mantle sources, with Pu-fission Xe dominating in plume mantle

sources (see Fig. 12).
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Table 3
Compiled results of Xe from linear least squares mixing computation, using AVCC as the initial mantle Xe composition.
Initial mantle Recycled atmosphere Pu-fission U-fission 129Xex 136X ep,
136Xepu 135Xepu+‘3GXeU
SWIR Western Orthogonal Supersegment Parai and Mukhopadhyay (2015) Median 0.110 0.850 0.014 0.025 10.8 0.27
+1lo 0.069 0.068 0.011 0.006 394 0.20
—1lo 0.063 0.074 0.011 0.006 438 0.21
SWIR Eastern Orthogonal Supersegment Parai and Mukhopadhyay (2015) Median 0.083 0.892 0.011 0.014 83 0.32
+1lo 0.040 0.043 0.007 0.004 14.6 0.19
—1lo 0.040 0.043 0.007 0.004 32 0.20
Equatorial Atlantic Depleted Mantle (Tucker et al., 2012) Median 0.071 0.883 0.019 0.026 8.1 0.32
+1o 0.064 0.069 0.011 0.005 83 0.17
—1lo 0.064 0.069 0.010 0.006 29 0.16
Bravo Dome Well Gas (Holland and Ballentine, 2006) Median 0.095 0.878 0.017 0.010 8.8 0.27
+1o 0.037 0.040 0.003 0.006 14.0 0.16
—1lo 0.037 0.040 0.003 0.006 33 0.16
Harding County Well Gas (Caffee et al., 1999) Median 0.119 0.852 0.011 0.018 7.7 0.28
+10 0.016 0.017 0.003 0.002 2.5 0.07
—1lo 0.016 0.017 0.003 0.002 1.5 0.07
Lau Basin, Samoan plume - NLD27 (Pet6 et al., 2013) Median 0.110 0.869 0.020 0.001 2.9 0.95
+1o 0.011 0.030 0.001 0.003 1.0 0.04
—1lo 0.027 0.012 0.005 0.001 0.2 0.23
Iceland plume - DICE (Mukhopadhyay, 2012) Median 0.065 0915 0.020 0.0001 2.8 0.99
+1o 0.012 0.024 0.001 0.003 0.7 0.01
—1lo 0.022 0.012 0.004 0 0.1 0.19
MORB mantle average Median 8.2 0.31
+lo 2.0 0.11
—1lo 13 0.11
Plume-influenced average Median 29 0.97
+1lo 04 0.02
—1lo 0.1 0.11

For skewed distributions, +10 and -10 give 68% confidence limits.

data measured in continental well gases, Holland and Ballentine (2006)
noted that MORB source mantle heavy noble gas elemental abundance
patterns closely resembled air-saturated seawater. Ratios of primordial
isotopes of the different noble gases measured in well gases are distinct
from potential precursor components such as solar wind: 3*Kr/*®Ar and
130Xe/3CAr ratios in both well gases and the North Atlantic “popping
rock” MORB sample (2I1D43; Moreira et al., 1998) are elevated with re-
spect to the solar composition. These elemental abundance patterns
may be affected by fractionation due to degassing; however, the good
agreement between Bravo Dome well gas and 2I'1D43 was argued to in-
dicate minimal fractionation of the mantle source elemental patterns by
shallow degassing processes. Rather, Holland and Ballentine (2006)
suggested that incorporation of atmospheric noble gases via seawater
subduction explained the mantle noble gas elemental abundance
patterns. This interpretation is supported by observations of seawater-
derived volatiles persisting in slabs to depths of at least ~100 km (e.g.,
Kendrick et al., 2011a; Matsumoto et al., 2001; Sumino et al., 2010),
and is further supported by detailed examination of Ar and Xe isotopic
compositions of mantle-derived samples, which indicates that atmo-
spheric Ar and Xe are recycled into the mantle.

4.1. Recycled atmospheric argon and xenon in the MORB mantle

Broad co-variations among radiogenic noble gas isotope ratios are
evident among mantle-derived samples (Holland and Ballentine,
2006; Moreira, 2013; Mukhopadhyay, 2012; Parai et al., 2012; Pet6 et
al., 2013; Tucker et al., 2012). Low “He/*He in plume samples are asso-
ciated with relatively low 2!Ne/?*Ne (Moreira, 2013). In samples from
Iceland and from the Lau Basin, where the Samoan plume influences
the mantle source, low “He/*He is also paired with low °Ar/3®Ar (Fig.
8; Mukhopadhyay, 2012; Petd et al., 2013), consistent with a less-
degassed mantle source of plumes. These samples are also characterized
by relatively low '2°Xe/'3°Xe, which indicates a low I/Xe ratio in the
plume source that must be inherited early in Earth history
(Mukhopadhyay, 2012; Pet6 et al., 2013). In contrast, MORB samples
from the North Atlantic and Equatorial Atlantic exhibit relatively high

“He/*He, 2'Ne/**Ne, “°Ar/6Ar and '2°Xe/!3°Xe (Moreira et al., 1998;
Péron et al, 2019; Péron and Moreira, 2018; Stroncik and
Niedermann, 2016; Tucker et al.,, 2012). These MORBs sample a mantle
source that is more degassed than the mantle source of plumes (Fig. 8).

A suite of MORB samples from the Southwest Indian Ridge (SWIR)
between 16°E and 25°E reveal MORB source mantle heterogeneity in
4OAr/38Ar and 12°Xe/13%Xe (Parai et al., 2012). Step crush data were ob-
tained from samples from the Orthogonal Supersegment, a 600 km
stretch of the SWIR removed from the influence of mantle plumes
(the nearest plume being Bouvet, >500 km east of the Orthogonal
Supersegment). As was done for the plume and MORB samples
discussed above, SWIR step crush data were corrected for post- to syn-
eruptive atmospheric contamination using the methods described in
Section 2. After correction for atmospheric contamination (mantle
source isotopic compositions corresponding to a 2°Ne/??Ne ratio of
12.5), the *°Ar/3°Ar and '2°Xe/'>°Xe isotopic compositions of SWIR Or-
thogonal Supersegment MORB source mantle were found to vary
widely. SWIR Orthogonal Supersegment “°Ar/3®Ar ratios vary from
~20,000 to ~50,000, representing ~70% of the total variation determined
in mantle source Ar isotopes (Fig. 8b; Moreira et al., 1998;
Mukhopadhyay, 2012; Parai et al., 2012; Péron et al., 2016; Pet6 et al.,
2013; Tucker et al., 2012). SWIR '?°Xe/!3%Xe ratios vary from 7.1 to
7.8, representing ~80% of the total mantle source variation determined
in 129Xe/!3%Xe ratios (Fig. 8c). Most notably, these variations in radio-
genic Ar and Xe isotope ratios at the SWIR are associated with very lim-
ited variation in “He/*He or 2'Ne/*?Ne g, ratios (Parai et al., 2012). In
He-Ne isotopic space (Fig. 8a), variations among mantle sources are en-
tirely consistent with differential degassing (see Moreira, 2013 for a
comprehensive review of He-Ne systematics in mantle-derived sam-
ples). In He-Ar and He-Xe space, MORB heterogeneity suggests another
process affects Ar and Xe isotopic compositions. In particular, the East-
ern Orthogonal Supersegment samples exhibit low “°Ar/*®Ar and low
129%e/13%%e, similar to the mantle source values determined for
plume-derived samples, while their “He/>He and 2'Ne/?>Ne composi-
tions are similar to other MORB sources (Fig. 8). Since the Bouvet
plume influences some SWIR MORBs, plume influence was investigated
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Fig. 8. Isotope ratio plots showing plume mantle and MORB mantle compositions. Each axis shows the ratio of a radiogenic or nucleogenic isotope (“He, 'Ne, 4°Ar, '2°Xe) to a primordial
isotope of the same element, such that more degassed mantle sources develop high ratios and less degassed sources develop low ratios over time. (a) In 2]Ne/zzNe(E) vs “He/*He isotope
space, plume and MORB mantle sources are well-explained by differential degassing alone, with less radiogenic He and less nucleogenic Ne in plume mantle sources due to lower extents of
long-term degassing of the plume source. See Moreira (2013) for a comprehensive compilation and review of He-Ne systematics in mantle-derived samples; only samples shown in other
panels are shown here in He-Ne space. In (b) “°Ar/*®Ar g vs “He/*He and (c) '2°Xe/"*Xe g, vs “He/*He isotope spaces, plume mantle sources exhibit low ratios (purple fields), consistent
with a less-degassed mantle source. However, among MORB mantle sources (orange fields), a wide range of *°Ar/**Arg) and °Xe/"**Xe g, is observed with limited variation in “He/*He
and 2'Ne/**Neg). In particular, samples from the SWIR Eastern Orthogonal Supersegment are characterized by low “°Ar/*®Ar(g, and '?°Xe/**°Xe gy, but He and Ne isotopic compositions
similar to other MORBs (Parai et al., 2012). (d) In 2°Xe/***Xe g, vs. “°Ar/*®Ar g, isotope space, these low ratios are best explained by preferential incorporation of recycled atmospheric Ar
and Xe, but not He or Ne, into the SWIR Eastern Orthogonal Supersegment. These systematics demonstrate that atmospheric Ar and Xe are regassed into the mantle, and that He and Ne are
not sensitive tracers of recycled material.

as a potential explanation for the low “°Ar/?Ar and '?°Xe/'>*Xe in the ~ these plot with the Iceland and Samoan plume data (*He/*He,
Eastern Orthogonal Supersegment. However, two high->He SWIR sam-  2!Ne/??Ne and “°Ar/>®Ar are all unradiogenic; see Fig. 8). We also note
ples from 7°E most likely represent the Bouvet plume signature, and that the Eastern Orthogonal Supersegment is geographically farther
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removed from the current Bouvet plume location than the Western Or-
thogonal Supersegment. Thus, incorporation of less-degassed Bouvet
plume material cannot explain low “°Ar/3°Ar and 2°Xe/!3°Xe paired
with high 2!Ne/??Ne and “He/’He in the Eastern Orthogonal
Supersegment.

Atmospheric “°Ar/2®Ar and 2°Xe/!3%Xe ratios are low compared to
mantle values, and atmospheric He recycling is negligible and Ne ap-
pears not to be recycled in significant quantities (Holland and
Ballentine, 2006; Sumino et al.,, 2010; Section 5). Thus, preferential in-
corporation of atmospheric Ar and Xe could explain the low SWIR East-
ern Orthogonal Supersegment “°Ar/>6Ar and 2°Xe/'3%Xe ratios paired
with relatively radiogenic “He/*He and 2'Ne/*?Ne. Parai et al. (2012)
showed that there was no resolvable variation in the degree of
degassing recorded in the Xe isotope systematics of the Eastern and
Western Orthogonal Supersegment by comparing their slopes in
136xe/13%Xe vs. 129Xe/13°Xe space. Rather, the Xe isotopic signatures of
Eastern and Western Orthogonal Supersegment mantle sources could
be explained by preferential regassing of atmospheric Xe into the East-
ern Orthogonal Supersegment (Fig. 8). This result implies MORB mantle
noble gas heterogeneity on the lengthscale of hundreds of kilometers.
Parai and Mukhopadhyay (2015) further tested the hypothesis of differ-
ential regassing in the SWIR Orthogonal Supersegment using the linear
least-squares mantle Xe modeling approach outlined in Section 3, and
found that on average, the Eastern Orthogonal Supersegment mantle
source Xe composition was best modeled with a higher proportion of
regassed atmospheric Xe. Overall, continental well gases and MORBs
from the SWIR provide evidence that atmospheric Ar and Xe are
retained within subducting slabs beyond depths of magma generation
and recycled into the deep Earth.

4.2. Recycled atmospheric xenon in the plume source: Icelandic mantle is
not purely primordial

Subducted materials bearing atmosphere-derived heavy noble gases
are incorporated into both the MORB mantle and the mantle source of
plumes. Linear least-squares analysis (Section 3) indicates that >90%
of Icelandic mantle source '*2Xe is derived from atmospheric recycling
(Mukhopadhyay, 2012). For Rochambeau Rift samples from the Lau
Basin, which are influenced by the Samoan plume, >80% of mantle
source '*?Xe is from recycling of atmospheric Xe (Petd et al., 2013).
Thus, it is clear that subducted materials cannot be exclusively re-circu-
lated within the MORB mantle; some volatile-bearing subducted slab
material must mix with mantle plumes.

A fundamental consequence of this result is that the Iceland and Sa-
moan plume mantle sources are not purely primordial. Thus, Xe iso-
topes are consistent with the lithophile isotopic compositions of these
samples, which necessarily reflects a mantle source that has incorpo-
rated recycled components. It is not possible to distinguish geochemi-
cally between entrainment of recycled material by upwelling plumes
and incorporation of recycled slab material directly into the deep man-
tle source of plumes. However, the dominance of recycled atmospheric
Xe in the Icelandic mantle source indicates that the bulk geochemical
character of the mantle melting beneath Iceland is not that of pure pri-
mordial mantle, despite low “He/*He ratios. The same is true of the Sa-
moan plume mantle source sampled at the Rochambeau Rift. The fact
that Xe isotopic signatures of ancient mantle heterogeneity
(Mukhopadhyay, 2012; Pet6 et al., 2013; Section 6) are retained in the
Iceland and Samoan mantle sources indicates that these mantle sources
have incorporated recycled materials bearing atmospheric Xe over time
without being entirely overprinted by those recycled signatures.

Low “He/*He ratios (more commonly reported as high *He/*He ra-
tios) are often used as indicators of a primitive or even primordial man-
tle source (e.g., samples from Baffin Island and West Greenland with the
lowest measured “He/>He ratios; Rizo et al., 2016; Starkey et al., 2009;
Stuart et al.,, 2003). Low “He/*He values at Baffin Island have been sug-
gested to reflect a mixture of primitive mantle with depleted mantle

(Ellam and Stuart, 2004). However, the lithophile compositions of
these samples have also been interpreted as representing primordial
mantle (Jackson et al,, 2010). Icelandic “He/*He is among the least radio-
genic measured (Hilton et al., 1999), and the Icelandic neon isotopic sig-
nature is among the most primitive measured (Mukhopadhyay, 2012;
Trieloff et al,, 2000). The prevalence of recycled Xe in the Iceland mantle
source indicates preferential retention of atmospheric Xe relative to He
and Ne in downgoing slabs. Accordingly, He and Ne isotopes do not give
a full picture of mantle degassing and regassing. Therefore, helium and
neon isotopic compositions should not be used to infer a pristine pri-
mordial mantle source, as these systems are not sensitive tracers of
recycling.

Previous studies have noted that low “He/He ratios in mantle-
derived basalts are associated with Nd isotopic signatures that are de-
pleted relative to a chondritic bulk silicate Earth value (Class and
Goldstein, 2005; Hart et al., 1992; Jackson et al., 2010; Jackson and
Carlson, 2011; Jackson and Jellinek, 2013; Zindler and Hart, 1986).
Helium-poor recycled slabs develop radiogenic “He/*He over time, but
helium concentrations in these recycled materials are extremely low
compared to ambient mantle. Accordingly, mixing of ancient recycled
slabs with very low concentrations of radiogenic “He/*He into ambient
mantle has a limited impact on the bulk helium isotopic composition
of the resulting mantle mixture (e.g., Day and Hilton, 2011; Hanyu et
al.,, 1999; Parai et al., 2009). Gonnermann and Mukhopadhyay (2009)
demonstrated that as helium-poor degassed slabs with depleted bulk
slab trace element signatures are incorporated into a relatively gas-
rich plume source over time, low “He/>He ratios may be preserved
within mantle domains that are not pristine primordial reservoirs.
After explicitly correcting for post- to syn-eruptive contamination, the
Xe isotopic compositions of present-day plume mantle sources reflect
a significant proportion of recycled atmospheric Xe; this observation re-
quires that the plume mantle is not a pristine primordial reservoir and
necessitates that the associated lithophile isotopic compositions not
be interpreted as such.

5. Differential regassing cannot explain MORB - plume noble gas
systematics

Based on noble gas elemental abundance patterns, Holland and
Ballentine (2006) argued that the mantle heavy noble gas budget was
dominantly derived from recycling of seawater. Holland and
Ballentine (2006) further suggested that different extents of regassing
(that is, injection of noble gases from surface reservoirs into mantle res-
ervoirs) generated the observed differences between MORB and plume
mantle source radiogenic heavy noble gas isotopic compositions (e.g.,
4OAr/3®Ar and '2°Xe/'3°Xe). On the basis of maximum measured
40Ar/38Ar and '2°Xe/'3%Xe values in MORBs vs. plume-derived samples
(Ballentine et al., 2005; Farley and Craig, 1994; Moreira et al., 1998;
Trieloff et al., 2000; Trieloff et al., 2002), Holland and Ballentine
(2006) argued that plume samples in general exhibited lower maxi-
mum measured “°Ar/>®Ar and '2°Xe/!*Xe ratios than MORBs because
seawater-derived heavy noble gases were preferentially incorporated
into the mantle sources of plumes.

Recent determinations of mantle source compositions corrected for
syn- to post-eruptive atmospheric contamination show that the mantle
source of plumes is indeed characterized by low “°Ar/*°Ar and low
129%e/130Xe relative to the MORB mantle source (Mukhopadhyay,
2012; Parai et al., 2012; Péron et al., 2016; Peto et al., 2013; Tucker
et al., 2012), as was suggested by Holland and Ballentine (2006). Close
examination of He-Ne-Ar-Xe systematics between MORB and plume
samples, and of Xe isotope systematics allows a critical test of the hy-
pothesis that low “°Ar/>6Ar and '2°Xe/!3%Xe ratios in plume-derived
samples reflect preferential regassing rather than differential degassing.

Mukhopadhyay (2012) presented noble gas isotopic compositions
and elemental ratios from an Icelandic basalt glass (DICE; data from
Mukhopadhyay, 2012; Trieloff et al, 2000) with unfractionated
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radiogenic “He/?'Ne and “He/*°Ar* ratios (consistent with expected
mantle production ratios, indicating minimal fractionation due to mag-
matic degassing; Graham, 2002; Sramek et al., 2017; Yatsevich and
Honda, 1997). Mukhopadhyay (2012) compared the Iceland data with
the North Atlantic popping rock sample (2I1D43; Kunz et al., 1998;
Moreira et al., 1998), which also exhibits unfractionated “He/?'Ne and
“He/*°Ar* ratios. In four different plots of a noble gas isotope ratio versus
an elemental ratio, Mukhopadhyay (2012) plotted step-crush data for
the Icelandic basalt DICE and 2I'1D43. Mixing is linear in each of these
isotope ratio - element ratio plots (reproduced with additional data in
Figs. 9 and 10). For each space (*°Ne/??Ne vs. >He/*’Ne, “°Ar/3®Ar vs.
3He/3®Ar, “°Ar/*SAr vs. 22Ne/*°Ar and '2°Xe/'3°Xe vs. He/'3%Xe),
the normalizing isotope in the x- and y-axis is the same, such that
two-component mixing produces linear arrays. Step-crushing produced
linear arrays reflecting atmospheric contamination of the plume mantle
sources and the 2ITD43 MORB source. Mukhopadhyay (2012) showed
that the atmosphere-mantle mixing arrays for Icelandic plume mantle
and the 2TTD43 MORB source mantle were distinct slopes radiating
from the atmospheric composition. The two mantle sources could not
therefore be related to one another by differential regassing
(Mukhopadhyay, 2012). Low “°Ar/*Ar and '2°Xe/'3°Xe are intrinsic
characteristics of the plume source mantle, and these low ratios cannot
be explained by taking a mantle composition like the 2ITD43 MORB
mantle source (Moreira et al., 1998) and injecting atmospheric Ar and
Xe into it (Figs. 9, 10). Step-crush data from Galapagos (Fig. 9; (Raquin
and Moreira, 2009) and the Samoan plume (Figs. 9b, 10; Petd et al.,
2013), plot in agreement with the Icelandic data (Mukhopadhyay,
2012) and support this conclusion for three different plume-influenced
localities. Thus, preferential regassing (Holland and Ballentine, 2006)
does not entirely account for plume heavy noble gas compositions.
Recycling of atmospheric Ar and Xe into the mantle does occur
(Section 4), but differential regassing by itself cannot explain noble
gas compositional variations between plumes and MORBs.

eq degassing

q
== kinetic frac

eq degassing

To rule out any confounding effect due to elemental fractionation in
these isotope ratio vs. element ratio plots (Figs. 9, 10), the expected ef-
fects of equilibrium and kinetic fractionation can be examined.
Mukhopadhyay (2012) noted that it is not possible to explain the rela-
tionship between plume and MORB mantle sources simultaneously in
all isotope ratio - element ratio spaces by starting with one reservoir
and fractionating the elemental ratios by equilibrium degassing, which
favors retention of the lighter element (Figs. 9, 10). Likewise, it is impos-
sible to explain plume and MORB systematics in all spaces by starting
with one reservoir and fractionating the elemental ratios by kinetic frac-
tionation, which favors retention of the heavier element (Figs. 9, 10).
Therefore, equilibrium degassing or kinetic effects that may have frac-
tionated elemental ratios in the magmas or in the mantle (e.g., by diffu-
sion) do not account for the observed difference in plume and MORB
mantle data arrays. Rather, the atmosphere-mantle mixing arrays
reflect intrinsic differences in plume and MORB mantle source
compositions.

We note that the plume-influenced sample set does not reflect a sin-
gle homogeneous plume end-member composition. Variation among
different plume localities is evident, and may reflect heterogeneity
within the plume source or variable influence of the MORB mantle at
different settings (Pet6 et al., 2013). However, we emphasize that sys-
tematic compositional differences are evident when plume-influenced
noble gas compositions are compared to those of the MORB mantle.

6. Intrinsically distinct plume mantle source Xe reflects ancient I/Xe
heterogeneity

The low 2°Xe/'3°Xe composition of the plume mantle relative to the
MORB mantle is particularly notable, as the '?°[-12%Xe system was ex-
tinct ~100 Myr after the start of the Solar System. Fig. 10 shows atmo-
sphere-mantle mixing arrays for plume-derived basalts and 211D43
MORB in 12%Xe/13%Xe vs. 3He/!3Xe space. As in the other isotope ratio
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Fig. 9. Isotope-ratio vs. element-ratio plots showing distinct arrays for plume samples and MORBs. For each space, the normalizing isotope in the x- and y-axis is the same. Thus, step-crush
data plotted in (a) 2°Ne/?*Ne vs. *He/**Ne, (b) “°Ar/*®Ar vs. *He/*®Ar and (c) “°Ar/*°Ar vs. 22Ne/*°Ar spaces yield linear arrays reflecting atmospheric contamination of plume mantle
sources (Mukhopadhyay, 2012; Pet6 et al., 2013; Raquin and Moreira, 2009) and the 2ITD43 MORB source (Moreira et al., 1998). The atmosphere-mantle mixing arrays for plume
mantle sources and the 2I'TD43 MORB mantle source yield distinct slopes radiating from the atmospheric composition. The plume and MORB mantle sources cannot therefore be
related to one another by differential regassing. Furthermore, neither solubility-controlled equilibrium degassing (residual magma follows blue arrows) nor kinetic fractionation
(residual magma follows red arrows) in the magma stage can explain plume-MORB systematics simultaneously in all three spaces: for example, if a plume-like magma experiences
equilibrium degassing and develops higher *He/??He ratios like those observed in the MORB (a), then it would also develop *He/*®Ar (b) and #2Ne/*°Ar (c) ratios too high to explain
the MORB composition. Likewise, if a MORB-like magma experienced kinetic fractionation due to disequilibrium degassing and developed lower *He/*?He ratios like those observed in
the plume samples (a), then it would also develop *He/3°Ar (b) and 2’Ne/3®Ar (c) ratios too low to explain the MORB composition. This indicates that the distinct slopes are not
generated by magmatic degassing, but are rather intrinsic to plume and MORB mantle sources.
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Fig. 10. '2°Xe/'3%Xe vs. *He/'**Xe plot showing distinct arrays for plume samples and
MORBs. The normalizing isotope in the x- and y-axis is the same, such that step-crush
data yield linear arrays reflecting atmospheric contamination of plume mantle sources
(Mukhopadhyay, 2012; Petd et al., 2013) and the 2ITD43 MORB source (Moreira et al.,
1998). The atmosphere-mantle mixing arrays for plume mantle sources and the 2I1D43
MORB mantle source yield distinct slopes radiating from the atmospheric composition,
and therefore cannot be related to one another by differential regassing. '>°Xe excesses
are only produced during the ~100 Myr lifetime of '?°l, and so the distinct atmosphere-
mantle mixing array for plume samples relative to the 2I1D43 MORB sample reflect
ancient I/Xe heterogeneity. This ancient '2°Xe signature is evident in modern basalts,
and so direct mixing between MORB and plume mantle reservoirs must have been
limited to preserve this heterogeneity in the mantle through 4.45 Gyr of mantle
convection.

- element ratio spaces, the plume and MORB data form distinct linear
arrays radiating from the atmospheric composition. The plume and
MORB mantle source compositions lie along these linear arrays and can-
not be related by differential regassing of atmospheric Xe (mantle
sources compositions are determined based on Ne-Ar-Xe mixing sys-
tematics to correct for syn- to post-eruptive atmospheric contamina-
tion). Plume and MORB mantle source '??Xe/!3%Xe ratios show that
the plume and MORB mantle sources must have had distinct I/Xe ratios
during the lifetime of '?°I. If I/Xe variations had only developed more re-
cently (that is, any time after 4.45 Ga), then no radiogenic signature
would have developed and the mantle would only exhibit 12%Xe/!3%Xe
variations reflecting atmospheric regassing (that is, all mantle sources
would be co-linear with the atmospheric composition).

The observation in '2°Xe/!*°Xe vs. He/'3%Xe space that MORB and
plume arrays are distinct and not collinear with the atmospheric com-
position is further supported by Xe isotopic systematics in plume and
MORB samples. To avoid any potential elemental fractionation effects,
error-weighted averages of step-crush data from plume and MORB lo-
calities are plotted in '2°Xe/"*%Xe vs. '3°Xe/!>5Xe isotope space
(Mukhopadhyay, 2012; Parai et al., 2012; Pet6 et al., 2013; Tucker
et al, 2012). Since '*®Xe is the normalizing isotope for both axes, two-
component mixing generates linear arrays in this diagram. Further-
more, since all species are isotopes of Xe, elemental fractionation due
to equilibrium degassing or kinetic fractionation is not a concern.
Plume-MORB systematics in this isotope space re-emphasize that the
plume mantle and MORB mantle sources cannot be related to one

another by differential regassing (Section 5), as the mantle-derived
data are not collinear with the atmospheric composition (Fig. 11).

A striking geodynamical constraint arises from the distinct arrays in
129%e/13%Xe vs. >He/'3%Xe space. As the signatures preserved in these
distinct mantle sources are ancient (pre-dating 4.45 Ga), the whole
mantle cannot have been homogenized by 4.45 Gyr of convective
mixing. If early heterogeneities in the mantle had been homogenized
by mixing, then radiogenic Xe isotopic signatures from the first 100
Myr would have been mixed away into a homogeneous intermediate
composition. Since distinct ancient '2°Xe signatures are preserved in
the modern MORB source mantle and modern plume source mantle, di-
rect mixing between the MORB and plume mantle reservoirs must have
been limited over Earth history. Furthermore, recent studies have found
that heterogeneous W isotopic signatures produced by decay of short-
lived radioactive '82Hf (t,,, = 8.9 Myr) are also preserved in modern
basalts (Mundl et al., 2017; Rizo et al., 2016). Geodynamic models of
global mantle convection must therefore meet the requirement of pre-
serving ancient heterogeneity in the mantle: some mixing may have oc-
curred over time, but the whole mantle could not have been
homogenized at any point in Earth history.

Early separation of the plume source mantle from the MORB source
is required, but heterogeneity likely exists within the plume mantle
source, and certainly exists within the MORB source (Fig. 11). Plume
source variations may reflect early I/Xe variations within the ancient
plume source or heterogeneous incorporation of limited amounts of
MORB source mantle material entrained by sinking recycled slabs. Var-
iations among MORB sources may reflect localized plume influence in
the MORB source mantle, as intermediate compositions are observed
(Parai et al.,, 2012; Tucker et al.,, 2012). While mantle source composi-
tions that are intermediate to or more extreme than those shown in
Fig. 11 are likely to be found in future studies, the distinct arrays
found so far require the preservation of distinct ancient reservoirs in
the modern mantle.

Accretional processes may give rise to variations in the short-lived
radionuclide signatures of mantle reservoirs (see Ozima et al., 1985;
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Fig. 11. Error-weighted averages of measured '2°Xe/"**Xe plotted against error-weighted
average of measured '2°Xe/!>®Xe for plume and MORB samples. Data from Iceland (DICE;
Mukhopadhyay, 2012) and Rochambeau Rift (which samples the Samoan plume, NLD27;
Petd et al., 2013) are shown with depleted equatorial Atlantic MORB (Tucker et al., 2012)
and average SWIR Orthogonal Supersegment values. The atmospheric composition is
indicated along with vectors representing '?°I decay and (Pu + U) fission. Mixing in this
space is linear; MORB and plume error-weighted average compositions are not collinear
with the atmospheric composition, ruling out differential regassing as the explanation
for low '2°Xe/**Xe in plume samples.
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Staudacher and Allegre, 1982). Ancient I/Xe variations between mantle
reservoirs may have been generated by differential early degassing of
the growing Earth during the ~100 Myr lifetime of '?°I. In this case,
[/Xe variations would be driven primarily by differential Xe loss. It is
also possible that the portion of the accreting Earth that became the
plume source acquired or retained less iodine than the MORB source
mantle early in Earth history. Based on linear least squares analysis of
mantle source compositions corrected for syn- to post-eruptive atmo-
spheric contamination (Section 3), ratios of '2°[-produced ?°Xe* to
244py fission-derived *®Xep, were determined for plume and MORB
source mantle-derived sources (Caracausi et al.,, 2016; Mukhopadhyay,
2012; Parai and Mukhopadhyay, 2015; Pet6 et al., 2013; Tucker et al.,
2012; Table 3). 2°Xe*/13¢Xep, are found to be relatively low in plume
mantle sources compared to MORB mantle sources (Fig. 12). If the
I/Pu ratio of the whole mantle were homogeneous, then low
129%* /136X ey, ratios in the plume mantle would indicate that the
lower mantle closed to catastrophic volatile loss after the MORB source
mantle (Mukhopadhyay, 2012). A more physically likely explanation is
that I/Pu ratios were distinct in the ancient plume and MORB sources,
with lower I/Pu ratios in the ancient plume source mantle. Such a sce-
nario could reflect either heterogeneous volatile accretion, with early
accretion being volatile-poor (consistent with expected accretion of
other volatiles, e.g.,, Morbidelli et al., 2012; Rubie et al., 2015;
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Fig. 12. Distinct radiogenic and fissiogenic Xe signatures in plume and MORB source
mantle sources, after Caracausi et al. (2016). '2°Xe*/!3%Xep, denotes the ratio of '2°Xe
produced by '?°I decay to **Xe produced by Pu-fission Xe. Thus, variation in the x-axis
reflects accretional processes on the early Earth. If the mantle had homogeneous I/Pu
ratios throughout, then low '2°Xe*/'3%Xep, ratios would indicate that a mantle reservoir
closed (that is, ceased open system outgassing) relatively late during the lifetime of '2°I
(a ratio of ~0 indicates closure after '?°I went extinct). Low '?°Xe*/'*5Xep, in plume
mantle sources (Caracausi et al., 2016; Mukhopadhyay, 2012; Peto et al., 2013) relative
to MORB source mantle sources (Caffee et al., 1999; Holland and Ballentine, 2006; Parai
et al,, 2012; Tucker et al., 2012) would then suggest that the MORB source mantle
closed prior to the plume source. Since this is physically unlikely, low '2°Xe*/'**Xep, in
the plume source may reflect low I/Pu ratios in the ancient plume source. The y-axis is
the fraction of fission-produced '*Xe that is derived from 2**Pu-fission. Variation in the
y-axis reflects the long-term degassing history of a mantle reservoir: a less-degassed
reservoir would retain more of the '*°Xe generated by 2**Pu fission in the first ~500 Myr
of Earth history (Table 1). Plume sources are characterized by high *®Xep,/(**Xep, +
136Xey) ratios, indicating less long-term degassing than MORB source mantle sources.
Plume mantle sources exhibit entirely distinct I-Pu-U-Xe signatures relative to MORB
and well gas mantle sources, reflecting distinct early and long-term volatile transport
histories.

Schonbdchler et al., 2010), or sequestration of iodine into the core due
to siderophile behavior at high pressures (Armytage et al., 2013;
Jackson et al., 2018). If early core-mantle differentiation generated an
[-Xe signature, then we might expect a relationship between [-Xe and
the short-lived Hf-W system. While the origin of '*2W isotope anomalies
recently observed in modern basalts (Mundl et al,, 2017; Rizo et al,, 2016)
is unclear, we suggest that measurements of '82W and '?°Xe isotopic
anomalies in the same samples would shed new light on the nature of
early-formed heterogeneities lingering in the modern mantle.

7. The plume source has experienced less long-term degassing than
the MORB source

Pu-fission Xe and U-fission Xe budgets shed light on the long-term
processing histories of mantle sources. 2**Pu decays with a half-life of
80.0 Myr, such that production of any Pu-fission Xe isotope (e.g.,
136X epy) was effectively complete at ~500 Myr (Table 1). Decay of extant
238y (half-life = 4.468 Gyr) has continuously produced U-fission Xe
isotopes (e.g., 1*®Xey) throughout Earth history. Degassing of mantle
sources removes Xe isotopes of all origins (among fission-produced
136Xe, both 135Xep, and '2%Xey, are lost), but after 244Pu has gone extinct,
only U-fission Xe is produced in the mantle ('3*®Xey is continuously
added). A mantle source that has experienced little long-term degassing
retains a relatively high proportion of Pu-fission Xe in its total fission Xe
budget, whereas a mantle source that has experienced extensive long-
term degassing will develop a fission Xe budget dominated by U-fission.
A mantle source that has experienced no degassing is expected to de-
velop a 1*%Xep,/(13%Xep, + 1>5Xey) ratio (that is, the fraction of fission
136Xe that is derived from Pu-fission; see Section 3) of ~0.97 (Azbel
and Tolstikhin, 1993; Tolstikhin and O'Nions, 1996). Assuming the ini-
tial mantle Xe composition was average carbonaceous chondrite
(Caracausi et al., 2016), plume-influenced mantle source '*®Xep,/
(13%Xep, + *5Xey) ratios range from 0.65 to 097 (Fig. 12;
Mukhopadhyay, 2012; Pet6 et al., 2013; Caracausi et al., 2016). MORB
source mantle >®Xep,/(1>6Xep, 4+ 136Xey) ratios are generally lower
(Fig. 12; Tucker et al., 2012; Parai and Mukhopadhyay, 2015) though
some variability may be present (Péron and Moreira, 2018). The ob-
served difference in plume and MORB source mantle '2%Xep,/('*®Xep,
+ 135Xey) ratios shows that the plume source mantle has experienced
less degassing associated with long-term mantle processing relative to
the MORB source mantle. This fission Xe isotopic constraint is indepen-
dent of other radiogenic noble gas systems and supports the interpreta-
tion of “He/>He and ?'Ne/?*Ne systematics in plume and MORB samples
as reflecting differential degassing (Fig. 8).

While variations in radiogenic and fissiogenic noble gas isotopes re-
flect differential degassing of the plume and MORB mantle sources, it is
important to note that these two reservoirs are not simply related by
different extents of degassing from a common ancient source. Rather,
the signatures of long-term differential degassing are instead
superimposed on ancient heterogeneities (Section 6) and extensive
regassing (Section 4).

8. Summary

The origin of the reservoir supplying noble gases to plumes is funda-
mentally distinct from that of the MORB mantle reservoir: the two res-
ervoirs cannot be related simply by differential degassing or
incorporation of recycled atmospheric volatiles (Mukhopadhyay,
2012; Parai et al., 2012; Pet6 et al., 2013; Tucker et al., 2012). Through
the lens of short-lived radioactive systems sensitive only to early Earth
processes, we find that the plume mantle preserves an ancient signature
of early differentiation. Distinct radiogenic isotope ratios from the ex-
tinct 12°1-'2%Xe system are preserved in modern plume-influenced ba-
salts and MORBs. These ancient signatures indicate that the plume
source separated from the MORB source within 100 Myr of the start of
the Solar System, and that the two sources have not been homogenized
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Fig. 13. Conceptual synthesis of new constraints on the nature of plume and MORB mantle sources. The plume and MORB precursor reservoirs separated prior to 4.45 Ga, during the
lifetime of "I (blue and yellow reservoirs, respectively). Recycled slabs (red) were incorporated into both MORB and plume mantle sources over time, as evidenced by the dominance
of regassed atmospheric Xe in the plume and MORB mantle sources (Fig. 7), though regassed Xe did not entirely overprint either mantle Xe signature. Recycled material mixed with
ambient mantle and imparted bulk depleted geochemical characteristics to both the plume and MORB mantle reservoirs (yellow becoming orange; blue becoming purple in successive
snapshots). Direct mixing between the two reservoirs was limited over Earth history, such that the whole mantle was never homogenized after 4.45 Ga. Faster overturn rates for the
MORB source mantle resulted in a greater extent of degassing for the MORB source (Gonnermann and Mukhopadhyay, 2009). In the present-day, we observe the integrated signature
of these processes: a mantle that retains ancient Xe heterogeneity, but also exhibits signatures of long-term degassing and regassing. The plume mantle source thus preserves an

ancient signature and is continuously evolving.

by 4.45 Gyr of mantle convection (Caracausi et al., 2016;
Mukhopadhyay, 2012; Parai et al., 2012; Pet6 et al., 2013; Tucker
et al., 2012). Thus, direct mixing of the plume and MORB sources must
have been limited over Earth history. Xe fission isotope systematics fur-
ther indicate that the plume source exhibits a distinct 2°Xe*/!*Xep,
signature that is low relative to the MORB source. This feature likely sig-
nifies that the plume source is characterized by a lower I/Pu than the
MORB source, which may reflect preferential sequestration of I in the
core, or heterogeneous accretion with early accretion being volatile-
poor. Thus, Xe isotopic data indicate that the plume noble gas composi-
tion has remained intrinsically distinct from the MORB source mantle
volatile budget since the early Hadean.

Examination of noble gas systems that are sensitive to long-term
mantle processing reveals that mantle degassing and regassing have
imprinted their own signatures on mantle noble gas budgets over
time. Although noble gas isotopic differences between the MORB source
and plume source cannot be explained solely by regassing of atmo-
spheric volatiles, injection and incorporation of atmospheric heavy
noble gases (Ar, Xe) into both mantle sources have occurred over
Earth history. Linear least squares evaluation of the mantle source Xe
compositions of plumes and MORBs indicates that mantle Xe budgets
are dominated, but not entirely overprinted, by recycled atmospheric
Xe. Consequently, recycled material must have been incorporated into
both mantle sources over time. Because He and Ne isotopic composi-
tions are not sensitive to incorporation of recycled material due to low
overall concentrations of He and Ne in recycled material relative to am-
bient mantle, low “He/*He and 2'Ne/??Ne ratios in plume samples are
not indicative of pristine primordial mantle. In contrast, Xe must be
more efficiently retained in subducting slabs. The dominance of recycled
atmospheric Xe in the plume source indicates that plume lithophile iso-
topic compositions cannot be interpreted to reflect pristine primordial
mantle. While regassing certainly occurs, the signature of differential
degassing is clear in radiogenic He and Ne isotopes, and the fission iso-
topes of Xe independently show that the plume mantle source has ex-
perienced less long-term degassing that the MORB source mantle.

Accordingly, the noble gas isotope systematics of plume-influenced
samples provide a new portrait of the plume mantle source as a hetero-
geneous mixture of primordial and recycled components. The modern
plume mantle preserves an ancient Xe signature of early differentiation
and is continuously modified through degassing and incorporation of
recycled material in association with convective processes (Fig. 13).
Thus, the plume source is ancient, heterogeneous, and continuously
evolving. Plumes may be related to seismically-imaged deep-seated

mantle structures such as large low-velocity shear provinces (LLSVPs;
e.g., Burke et al., 2008; Thorne et al., 2004; Torsvik et al., 2010; Torsvik
et al.,, 2006). The nature of these structures is debated (see Garnero et
al., 2016). If plumes are derived from LLSVPs, then the structures are
at least in part ancient (predating 4.45 Ga) and long-lived.
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