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Abstract We present high-precision measurements of the fission isotopes of xenon (Xe) in basalts from
the Southwest Indian Ridge (SWIR) between 16�E and 25�E. Corrections for syn- to post-eruptive atmos-
pheric contamination yield the Xe isotopic compositions of SWIR mantle sources. We solve for the propor-
tions of mantle Xe derived from the primordial mantle Xe budget, recycling of atmospheric Xe, decay of
short-lived 129I, fission of extinct 244Pu, and fission of extant 238U. Xe isotope systematics evident in SWIR
basalts and other mantle-derived samples provide new insights into the integrated history of mantle source
degassing and regassing. We find that recycled atmospheric Xe dominates the Xe inventories of the SWIR
Western and Eastern Orthogonal Supersegment mantle sources (�80–90% of 132Xe is recycled in origin),
consistent with results from studies of plume-influenced basalts from Iceland and the Rochambeau Rift.
While significant regassing of the mantle is evident, we also find differences in the extent of degassing of
the MORB and plume sources. MORB sources are consistently characterized by a lower fraction of fission Xe
derived from Pu-fission, indicating a greater extent of degassing relative to the plume source. The preva-
lence of recycled atmospheric Xe in mantle sources indicates incorporation of depleted recycled material
even into mantle sources with primitive He and Ne isotopic compositions. Consequently, depleted lithophile
isotopic compositions in mantle sources with primitive He and Ne cannot be interpreted as evidence for a
nonchondritic bulk silicate Earth.

1. Introduction

Noble gases are powerful tracers of deep Earth degassing and regassing. A diverse set of short-lived (129I,
244Pu) and long-lived (235U, 238U, 232Th, 40K) radioactive nuclides decay to produce specific noble gas iso-
topes, such that helium, neon, argon, and xenon isotopic compositions are variably sensitive to processes
occurring on a range of time scales. In particular, the diverse array of radiogenic, fissiogenic, and primordial
isotopes of Xe has the potential to provide new insights into the evolution of mantle volatile budgets. The
light, stable, nonradiogenic isotopes 124Xe, 126Xe, 128Xe, and 130Xe are primordial; terrestrial inventories for
these isotopes were established during accretion. Radiogenic 129Xe was produced by b-decay of the extinct
nuclide 129I (t1/2 5 15.7 Ma) in the first �90 Myr of Earth history. Fissiogenic 131Xe, 132Xe, 134Xe, and 136Xe
are produced in distinct, characteristic proportions by fission of extinct short-lived 244Pu (t1/2 5 80.0 Myr)
and extant long-lived 238U (t1/2 5 4.468 Gyr). A full set of Xe isotopic compositions measured in mantle-
derived samples can thus be used to investigate the evolution of mantle volatile budgets on a variety of
time scales.

Noble gas isotope systematics in mid-ocean ridge basalts (MORBs) differ from those measured in plume-
derived ocean island basalts (OIBs) [e.g., Graham, 2002; Hilton et al., 1999, 2000; Kurz et al., 1982a, 1982b;
Moreira, 2013; Moreira et al., 1998; Mukhopadhyay, 2012; Parai et al., 2009, 2012; Pet}o et al., 2013; Trieloff
et al., 2000; Tucker et al., 2012]. For example, MORB helium isotopic compositions typically fall within a range
of 4He/3He between �80,000 and 100,000 (3He/4He ratios of �7–9 RA, where RA signifies the atmospheric
ratio [Graham et al., 1992; Kurz et al., 1982b; Moreira et al., 1998]). In contrast, plume helium isotopic signa-
tures vary widely (4He/3He ratios ranging from �15,000 to 200,000) [Farley et al., 1992; Graham, 2002; Hilton
et al., 1999; Kurz and Geist, 1999; Kurz et al., 1983; Moreira et al., 1999; Stuart et al., 2003]. Low ratios of radio-
genic 4He to primordial 3He (4He/3He< 50,000) in plume-derived samples from Iceland, Galapagos, and
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Samoa are traditionally attributed to sampling of a plume source that has experienced less degassing and
has thus retained a larger proportion of its primordial 3He budget relative to the MORB source [Farley et al.,
1992; Hilton et al., 1999; Kurz and Geist, 1999; Kurz et al., 1983; Moreira et al., 1999; Stuart et al., 2003]. Heavy
noble gas isotope systematics in MORB and plume samples support the model of a plume source that has
experienced less degassing relative the MORB source: plume samples are characterized by relatively low
ratios of nucleogenic 21Ne, radiogenic 40Ar, and radiogenic 129Xe to primordial 20Ne, 36Ar, and 130Xe, respec-
tively [Harrison et al., 1999; Moreira et al., 1998; Mukhopadhyay, 2012; Parai et al., 2012; Pet}o et al., 2013; Triel-
off et al., 2000; Tucker et al., 2012].

Alternative models have been suggested to explain MORB and plume noble gas isotope systematics. Low
plume 4He/3He ratios have been attributed to the generation of low (U 1 Th)/3He in residues of partial melt-
ing [Parman et al., 2005], or to early preservation of primordial (U 1 Th)/3He in Fe-rich partial melt products
within the deep mantle [Lee et al., 2010]. Holland and Ballentine [2006] suggest that low 40Ar/36Ar and
129Xe/130Xe in plume-related samples reflect preferential incorporation of recycled seawater-derived noble
gases into the plume source relative to the MORB source. However, Mukhopadhyay [2012] and Pet}o et al.
[2013] demonstrate that plume and MORB mantle sources cannot be related simply by differential regass-
ing of atmospheric volatiles. Rather, based on the extinct 129I-129Xe system, the authors argue the plume
source samples an ancient reservoir that separated from the MORB source within 100 Myr of the start of the
Solar System [Mukhopadhyay, 2012; Parai et al., 2012; Pet}o et al., 2013; Tucker et al., 2012]. In spite of
observed plume He-Xe isotope systematics, Huang et al. [2014] hypothesized that plume He signatures
reflect preferential sampling of primitive 4He/3He frozen into sulfide-rich mafic cumulates generated at �3
Ga or later in association with continent formation. However, plume He-Xe signatures indicate that plumes
sample noble gases from a source that separated from the MORB mantle prior to 4.45 Ga, and plume
4He/3He signatures are associated with 3He/22Ne ratios distinct from MORB that likely reflect differential
degassing during the giant impact and magma ocean stage of early Earth history [Tucker and Mukhopad-
hyay, 2014]. The storage of primitive helium signatures in sulfides formed exclusively at 3 Ga or later pro-
posed by Huang et al. is therefore not supported by the noble gas data.

Several authors have noted that low 4He/3He ratios in mantle-derived basalts are associated with Nd iso-
topic signatures that are depleted relative to a chondritic bulk silicate Earth value [Class and Goldstein, 2005;
Jackson and Carlson, 2011; Jackson et al., 2010; Jackson and Jellinek, 2013]. Gonnermann and Mukhopadhyay
[2009] demonstrated that mantle He-Nd systematics can be explained by differential incorporation of
helium-poor recycled slabs with high Sm/Nd into both the MORB and plume sources over Earth history. In
this case, degassed slabs with depleted trace element signatures are incorporated into a relatively gas-rich
plume source over time, such that low 4He/3He ratios are preserved in material that is not pristine primor-
dial mantle. Alternately, high 143Nd/144Nd ratios observed in samples with the lowest measured 4He/3He
ratios [Stuart et al., 2003] have been interpreted as evidence that the primordial bulk silicate Earth may be
nonchondritic [Jackson et al., 2010].

Xe isotope systematics in mantle-derived samples have the potential to better constrain the nature of
MORB and plume sources. The present-day mantle source Xe budget reflects a combination of primordial
mantle Xe, recycled atmospheric Xe, decay of short-lived 129I, fission of short-lived 244Pu, and fission of
extant 238U. High-precision Xe isotopic data may be assessed to determine the proportions of mantle source
Xe derived from each of the components listed above. The relative proportion of Pu-fission Xe relative to U-
fission Xe retained in a mantle source directly constrains the degree of degassing experienced by that
source [Boulos and Manuel, 1971; Kunz et al., 1998; Pepin and Porcelli, 2006; Phinney et al., 1978]. Meanwhile,
the proportion of mantle Xe derived from incorporation of recycled volatiles furnishes a test of the origin of
depleted Nd isotopic compositions: if recycled slabs carry atmospheric volatiles, mixing of slabs into the
MORB and plume source reservoirs has the potential to recycle significant amounts of atmospheric heavy
noble gases to the deep Earth.

In this study, we present high-precision Xe isotopic data for a set of MORB glass samples dredged from the
Southwest Indian Ridge (SWIR) Orthogonal Supersegment between 16�E and 25�E (Figure 1) [for major,
trace element and helium data see Georgen et al., 2003; Kurz et al., 1998; Mahoney et al., 1992; Standish,
2006; Standish et al., 2008]. We are able to further characterize the extent of variability in MORB heavy noble
gas signatures [Kunz et al., 1998; Parai et al., 2012; Tucker et al., 2012]. Parai et al. [2012] found large magni-
tude variations in mantle source 40Ar/36Ar and 129Xe/130Xe ratios (where ‘‘mantle source’’ signifies that
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measured values are corrected for air contamination; see section 2.2) in an area removed from the influence
of known plumes, and argued that these variations reflect heterogeneous incorporation of recycled atmos-
pheric Ar and Xe (possibly associated with metasomatized subcontinental lithospheric mantle) into the SWIR
Orthogonal Supersegment MORB mantle source. Here we investigate the integrated history of MORB source
degassing and regassing evident in the Xe isotope systematics of SWIR Orthogonal Supersegment basalts. We
discuss our new high-precision data and place them in context with an overview of I-Pu-U-Xe systematics in
other MORB and plume-derived basalts. We find that MORB sources have experienced a greater extent of
degassing than plume sources. Furthermore, we find that mantle source Xe budgets are dominated by
recycled atmospheric Xe, indicating incorporation of trace-element depleted material even into sources with
the most primitive Ne isotopes [e.g., Mukhopadhyay, 2012]. We thus harness the range of radiogenic, fissio-
genic, and primordial isotopes of Xe in order to inform our understanding of the processes that have shaped
the volatile budgets of the MORB and plume mantle reservoirs over Earth history.

2. Samples and Methods

Xenon isotopic compositions were determined for six MORB glass samples dredged from the Southwest
Indian Ridge between 16�E and 25�E (Figure 1): four samples from the S.A. Agulhas expedition AG22 (AG22
1-1, AG22 1-4, AG22 9-2, and AG22 13-1) [Mahoney et al., 1992] and two samples from the R/V Knorr expedi-
tion KN162-7 (KN162-7 11–25 and KN162-7 22-14) [Dick et al., 2001]. Previous studies report sample details
and have characterized the major element, trace element, and radiogenic lithophile isotopic compositions
of these samples [Janney et al., 2005; Kurz et al., 1998; Mahoney et al., 1992; Standish, 2006; Standish et al.,
2008], as well as their He, Ne, Ar, Xe, and CO2 abundances and He, Ne, Ar, and Xe (129Xe/130Xe and
136Xe/130Xe) isotopic compositions [Georgen et al., 2003; Parai et al., 2012; Standish, 2006]. In this study, we
focus on the fission isotopes of Xe (131Xe, 132Xe, 134Xe, and 136Xe) in samples removed from the influence of
known mantle plumes. We divide the study area into two regions based on observed variations in 40Ar/36Ar
and 129Xe/130Xe isotopic composition [Parai et al., 2012]: SWIR Western Orthogonal Supersegment (AG22 1-
1, AG22 1-4, and KN162-7 11-25) and SWIR Eastern Orthogonal Supersegment (KN162-7 22-14, AG22 9-2,
and AG22 13-1). We have noted previously that AG22 1-1 and 1-4 overlap in every isotope space [Parai
et al., 2012]. These are rocks from a single dredge and are likely to sample a single flow; therefore, we con-
sider them together as a single sample in all computations.

2.1. Sample Preparation and Mass Spectrometry
Samples were step-crushed under ultra-high vacuum using a hydraulic ram in order to release magmatic
gases trapped in vesicles. One to five grams of the largest available glass chips (3–10 mm) were targeted for
rare gas analysis, since the largest chips may host large intact vesicles. Analytical and mass spectrometric

Figure 1. Map of the Southwest Indian Ridge study area. Symbols give locations of samples previously analyzed for He, CO2, Ne, Ar, and
Xe compositions [Parai et al., 2012]. Red and yellow symbols represent the samples discussed here for Xe fission isotopes.
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methods have been previously presented [Parai et al., 2012]. Procedural blanks were monitored during the
step-crushing process. Xe blanks were typically �2% of the measured sample 130Xe signal. Blanks were sta-
ble, low, and statistically indistinguishable from air in isotopic composition. All measured sample Xe isotope
ratios reflect some degree of syn- to post-eruptive atmospheric contamination. Therefore, no blank correc-
tions were made to the abundances or isotope ratios reported in Table 1. Each sample step-crush was
bracketed by multiple air standard runs, which were used to calibrate sensitivity and mass discrimination as
a function of signal size. A total of 1280 heavy noble gas air standard runs were analyzed over the 2 year
SWIR analytical campaign, with signal sizes � 10215 to 10213 cc STP 130Xe. Uncertainties in the Xe isotope
ratios for each step-crush are based on the reproducibility of air standards of comparable signal size ana-
lyzed within the same time period (supporting information Figure S1).

2.2. Corrections for Syn- to Post-eruptive Atmospheric Contamination
Variable syn- to post-eruptive air contamination affects all measurements of Xe in mantle-derived rocks
[e.g., Kunz et al., 1998; Moreira et al., 1998; Mukhopadhyay, 2012; Staudacher and Allegre, 1982; Trieloff and
Kunz, 2005; Trieloff et al., 2000]. Corrections for syn- to post-eruptive air contamination are required to accu-
rately characterize the mantle source. If well-defined mixing arrays are observed, measured values can be
modeled as two-component mixtures between the unknown mantle source isotopic composition and the
known atmospheric composition. Well-defined mixing arrays in 129Xe/132Xe - 40Ar/36Ar space allow us to
determine mantle source 129Xe/132Xe composition by fitting and extrapolation to mantle source 40Ar/36Ar
values, which have been determined based on 40Ar/36Ar - 20Ne/22Ne systematics [Parai et al., 2012]. The cor-
rection for atmospheric contamination is a total least squares hyperbolic extrapolation for mantle
129Xe/132Xe (Figure 2 and supporting information Figure S2). Mantle source 130Xe/132Xe, 131Xe/132Xe,
134Xe/132Xe, and 136Xe/132Xe are determined by total least squares linear regression against 129Xe/132Xe
(supporting information Figures S3 and S4) and extrapolation to the mantle source 129Xe/132Xe composi-
tions. Correlated errors are taken into account after York [1969] and York et al. [2004]. Mantle source Xe iso-
topic compositions are reported in Table 2. We use 132Xe as the normalizing isotope: 132Xe is the most
abundant isotope of Xe, and a relatively high signal in the normalizing isotope reduces the uncertainty in
the measured isotopic ratio and minimizes the error correlation between isotope ratios. Additional consider-
ations for the choice of normalizing isotope are discussed in section 2.3.1.

2.3. Linear Least Squares Determination of Initial, Recycled Atmospheric, Pu-Fissiogenic, and U-
Fissiogenic Xe Components in the SWIR Mantle Source
The present-day 131,132,134,136Xe inventory in mantle sources can be modeled as a mixture of four compo-
nents: (1) an initial Xe budget that is solar, chondritic, or U-Xe (a theoretical composition derived from mete-
orite data [Pepin, 2000]) in composition; (2) recycled atmospheric Xe; (3) Pu-fission Xe produced within the
first �500 Myr of Earth history and retained in the mantle; and (4) U-fission Xe retained in the mantle. 244Pu
and 238U each produce fission 131,132,134,136Xe in characteristic proportions that are distinct from the
131,132,134,136Xe spectra in Earth’s atmosphere and in primitive materials such as carbonaceous chondrites.
Accordingly, we may describe the Xe isotopic composition of the mantle source today with four equations
of the form:

xinit

fXe
132Xe

� �
init

1xatm

fXe
132Xe

� �
atm

1xPu

fXe
132Xe

� �
Pu

1xU

fXe
132Xe

� �
U
5

fXe
132Xe

� �
mantle

(1)

where f 5 130, 131, 134, and 136; x is the molar mixing proportion of 132Xe; init designates the initial mantle
composition, modeled here using either solar wind, average carbonaceous chondrite (AVCC), or U-Xe; atm
designates recycled atmospheric Xe; Pu designates Pu-fission Xe; and U designates U-fission Xe. Component
Xe isotopic spectra and references are given in Table 3. The 132Xe mixing proportions sum to 1:

xinit1xatm1xPu1xU51 (2)

Therefore, we have five linear equations with four unknowns. We find the linear least squares solution to
the system Ax 5 b, where A is a matrix of mixing endmember isotopic compositions (Table 3), b is a vector
of mantle source Xe isotopic compositions, and x is the best fit vector of 132Xe mixing proportions with the
constraint that 0� x� 1 for each component (see supporting information Text S1 for a detailed description
of the computation).
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Table 1. Southwest Indian Ridge 16�E-25�E Ar and Xe Abundances and Isotopic Compositions

310211cc 310214cc

Sample Lat. (�S)
Long.
(�E)

4He/
3He

Mass
(g) Step

STP
36Ar

STP
130Xe 40Ar/36Ar 1r

129Xe/
132Xe 1r

130Xe/
132Xe 1r

131Xe/
132Xe 1r

134Xe/
132Xe 1r

136Xe/
132Xe 1r

AG22 1-1 52.300 16.980 108000 2.933 1 6.8 1.1 3169 32 1.030 0.007 0.1522 0.0016 0.7803 0.0068 0.3991 0.0035 0.3453 0.0029
2 4.0 1.0 9243 92 1.074 0.007 0.1476 0.0015 0.7635 0.0066 0.4068 0.0035 0.3573 0.0029
3 67.5 8.4 766 8 0.996 0.002 0.1519 0.0006 0.7890 0.0025 0.3922 0.0011 0.3321 0.0010
4 7.6 1.7 2955 30 1.011 0.006 0.1511 0.0012 0.7879 0.0057 0.3970 0.0029 0.3393 0.0023
5 23.7 3.1 1205 12 0.998 0.004 0.1502 0.0007 0.7862 0.0042 0.3912 0.0021 0.3348 0.0016
6 1.2 0.3 9847 98 1.091 0.013 0.1518 0.0027 0.7842 0.0112 0.4113 0.0062 0.3590 0.0052
7 5.8 1.0 3896 39 1.043 0.008 0.1507 0.0017 0.7745 0.0070 0.4001 0.0037 0.3486 0.0030
8 1.6 0.5 12520 130 1.054 0.011 0.1439 0.0022 0.7588 0.0095 0.4069 0.0053 0.3584 0.0045
9 2.9 1.0 7000 70 1.021 0.007 0.1519 0.0017 0.7808 0.0071 0.3997 0.0037 0.3441 0.0030

10 0.8 0.3 13100 130 1.050 0.012 0.1521 0.0027 0.7914 0.0114 0.4085 0.0062 0.3506 0.0051
11 1.8 0.4 4714 47 1.031 0.012 0.1506 0.0026 0.7814 0.0108 0.4012 0.0058 0.3454 0.0048

1.926 1 21.3 3.4 1559 16 1.001 0.003 0.1504 0.0008 0.7882 0.0035 0.3917 0.0016 0.3348 0.0014
2 14.8 2.2 2086 21 1.008 0.005 0.1506 0.0009 0.7894 0.0053 0.3940 0.0027 0.3393 0.0020
3 2.6 0.7 10090 100 1.074 0.009 0.1474 0.0019 0.7678 0.0080 0.4100 0.0044 0.3577 0.0037
4 4.3 0.9 5857 59 1.043 0.008 0.1515 0.0018 0.7780 0.0074 0.4031 0.0039 0.3548 0.0033
5 1.7 0.5 11740 120 1.060 0.011 0.1474 0.0023 0.7783 0.0098 0.4109 0.0054 0.3610 0.0046
6 8.3 1.2 1703 17 1.013 0.006 0.1514 0.0015 0.7794 0.0062 0.3974 0.0032 0.3382 0.0026
7 1.0 0.3 7729 77 1.049 0.013 0.1535 0.0029 0.7787 0.0116 0.4147 0.0065 0.3551 0.0054

1.310 1 17.0 1.5 3275 33 1.036 0.007 0.1508 0.0010 0.7874 0.0035 0.3988 0.0019 0.3468 0.0016
2 18.7 2.4 3612 36 1.035 0.007 0.1499 0.0008 0.7810 0.0034 0.4038 0.0021 0.3460 0.0020
3 1.6 0.4 9643 96 1.057 0.011 0.1499 0.0039 0.7784 0.0110 0.4076 0.0078 0.3553 0.0053
4 1.3 0.4 9317 93 1.060 0.011 0.1455 0.0039 0.7925 0.0114 0.3993 0.0079 0.3478 0.0054

AG22 1-4 52.300 16.980 2.998 1 33.3 4.6 1269 13 0.999 0.003 0.1504 0.0007 0.7820 0.0031 0.3933 0.0014 0.3349 0.0013
2 7.5 2.4 3906 39 1.013 0.005 0.1506 0.0009 0.7808 0.0052 0.3982 0.0027 0.3396 0.0020
3 16.6 3.3 2105 21 1.000 0.003 0.1508 0.0008 0.7794 0.0036 0.3946 0.0017 0.3372 0.0014
4 2.1 0.6 12490 120 1.084 0.010 0.1505 0.0021 0.7780 0.0088 0.4193 0.0049 0.3655 0.0041
5 4.0 0.9 6786 68 1.055 0.008 0.1478 0.0017 0.7745 0.0073 0.4071 0.0039 0.3528 0.0032
6 2.1 0.5 12180 120 1.074 0.011 0.1477 0.0022 0.7644 0.0092 0.4139 0.0052 0.3632 0.0044
7 5.2 0.9 4285 43 1.028 0.008 0.1490 0.0017 0.7757 0.0074 0.3990 0.0039 0.3461 0.0032
8 1.0 0.4 15340 150 1.086 0.012 0.1508 0.0026 0.7707 0.0108 0.4110 0.0061 0.3627 0.0051
9 1.7 0.3 5848 58 1.044 0.012 0.1473 0.0027 0.7868 0.0113 0.4035 0.0061 0.3505 0.0051

KN162-7 11-25 52.799 19.200 104000 4.064 1 3.7 1.6 6886 69 1.022 0.006 0.1535 0.0013 0.7947 0.0049 0.3912 0.0027 0.3356 0.0021
2 86.1 11.1 877 9 0.993 0.003 0.1512 0.0006 0.7856 0.0023 0.3887 0.0011 0.3326 0.0008
3 1.2 0.5 26650 270 1.115 0.013 0.1450 0.0026 0.7604 0.0113 0.4138 0.0060 0.3701 0.0044
4 2.7 1.2 27240 270 1.111 0.007 0.1462 0.0013 0.7704 0.0049 0.4274 0.0031 0.3697 0.0024
5 0.7 0.4 27610 280 1.084 0.014 0.1490 0.0030 0.7650 0.0131 0.4026 0.0066 0.3596 0.0048
6 2.3 2.4 20120 200 1.091 0.005 0.1487 0.0010 0.7755 0.0039 0.4119 0.0021 0.3646 0.0017
7 5.6 2.0 16490 160 1.091 0.006 0.1475 0.0011 0.7763 0.0042 0.4142 0.0024 0.3610 0.0019
8 2.5 1.1 18610 190 1.082 0.007 0.1504 0.0014 0.7813 0.0052 0.4125 0.0032 0.3621 0.0025
9 1.8 0.8 26780 270 1.116 0.009 0.1491 0.0018 0.7719 0.0067 0.4229 0.0040 0.3670 0.0031

10 3.7 1.9 28500 290 1.114 0.006 0.1482 0.0011 0.7677 0.0041 0.4189 0.0024 0.3726 0.0019
11 3.5 1.2 13390 130 1.080 0.007 0.1469 0.0014 0.7808 0.0051 0.4121 0.0031 0.3613 0.0025
12 1.0 0.4 21960 220 1.091 0.014 0.1448 0.0027 0.7671 0.0121 0.4189 0.0065 0.3580 0.0045

2.488 1 96.8 43.9 647 6 0.986 0.002 0.1505 0.0005 0.7844 0.0019 0.3890 0.0007 0.3315 0.0005
2 4.0 3.0 14660 150 1.090 0.004 0.1477 0.0009 0.7758 0.0039 0.4128 0.0019 0.3634 0.0016
3 4.3 1.6 10840 110 1.033 0.006 0.1489 0.0013 0.7671 0.0047 0.4021 0.0028 0.3434 0.0022
4 0.5 0.1 5955 60 1.051 0.016 0.1509 0.0035 0.8163 0.0163 0.4234 0.0080 0.3493 0.0052

KN162-7 22-14 53.109 22.647 102000 3.024 1 4.9 1.4 6488 65 1.037 0.006 0.1477 0.0014 0.7765 0.0050 0.4028 0.0030 0.3500 0.0023
2 10.1 3.2 8492 85 1.037 0.004 0.1497 0.0009 0.7775 0.0039 0.4021 0.0018 0.3494 0.0015
3 4.7 2.7 15610 160 1.050 0.005 0.1486 0.0010 0.7798 0.0039 0.4039 0.0020 0.3531 0.0016
4 5.2 2.5 14550 150 1.053 0.005 0.1482 0.0010 0.7773 0.0039 0.4070 0.0021 0.3527 0.0016
5 14.3 3.8 7665 77 1.048 0.004 0.1495 0.0008 0.7756 0.0035 0.4047 0.0017 0.3494 0.0014
6 4.6 4.5 11940 120 1.044 0.004 0.1482 0.0008 0.7780 0.0032 0.4031 0.0016 0.3531 0.0014
7 3.5 3.6 14050 140 1.051 0.004 0.1488 0.0008 0.7797 0.0036 0.4069 0.0018 0.3554 0.0015
8 2.3 2.9 17540 180 1.063 0.004 0.1494 0.0009 0.7786 0.0040 0.4109 0.0019 0.3546 0.0015
9 1.1 0.8 20700 210 1.056 0.009 0.1518 0.0020 0.7870 0.0077 0.4062 0.0042 0.3533 0.0032

AG22 9-2 53.130 22.880 99500 3.921 1 47.2 8.8 1584 16 1.003 0.003 0.1502 0.0006 0.7848 0.0023 0.3929 0.0013 0.3353 0.0011
2 18.4 4.7 3840 38 1.032 0.004 0.1494 0.0007 0.7844 0.0028 0.4004 0.0018 0.3447 0.0014
3 4.7 2.8 8991 90 1.037 0.005 0.1508 0.0010 0.7876 0.0044 0.4022 0.0018 0.3479 0.0015
4 5.6 1.9 6109 61 1.048 0.007 0.1503 0.0013 0.7867 0.0056 0.4063 0.0021 0.3478 0.0020
5 7.1 2.7 6579 66 1.029 0.005 0.1489 0.0010 0.7812 0.0043 0.3977 0.0018 0.3439 0.0014
6 6.0 1.9 5614 56 1.046 0.006 0.1504 0.0013 0.7846 0.0056 0.4035 0.0020 0.3478 0.0020
7 1.8 0.7 8279 83 1.049 0.012 0.1505 0.0022 0.7818 0.0097 0.4070 0.0035 0.3459 0.0033
8 1.8 0.8 9537 95 1.041 0.011 0.1504 0.0021 0.7853 0.0092 0.4046 0.0035 0.3486 0.0033
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Based on our solutions for the mixing proportions of initial Xe, recycled atmospheric Xe, Pu-fission Xe, and
U-fission Xe, we compute the ratios 136XePu/(136XePu 1 136XeU) and 129Xe*/136XePu:
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where [132Xe] denotes the concentration of 132Xe; we note that the ratios are not dependent on [132Xe].

The uncertainties in the mixing proportions of 132Xe are determined by Monte Carlo error propagation. Val-
ues for the vector of mantle source compositions b are randomly drawn from a population distributed nor-
mally around the best mantle source values with a dispersion given by the 1 sigma uncertainties reported
in Table 4. Based on 106 random drawings of b, we collect statistics on the 106 corresponding solution vec-
tors, x, and on the distributions of resulting ratios 136XePu/(136XePu 1 136XeU) and 129Xe*/136XePu.

2.3.1. Choice of 132Xe as the Normalizing Isotope for Linear Least Squares Optimizations
The mixing proportions of initial mantle, recycled atmospheric, Pu-fission, and U-fission Xe that make up
the present-day mantle source Xe are determined using isotope ratios with 132Xe as the normalizing iso-
tope, rather than the less abundant but nonfissiogenic 130Xe. We emphasize that our calculation simply
models the present-day mantle composition as a linear mixture of four distinct compositions, none of which
varies through time (in reality, the atmospheric Xe composition does evolve for at least the first Gyr of Earth
history; see section 2.3.2). The mantle source Xe composition moves through Xe isotope space over time: it
starts at the initial mantle Xe composition and moves on a path that reflects fissiogenic ingrowth (following
vectors toward fixed compositions for Pu-fission and U-fission) and an increasing proportion of recycled
atmospheric Xe, until it reaches the present-day mantle Xe composition. Our calculation simply apportions

Table 1. (continued)

310211cc 310214cc

Sample Lat. (�S)
Long.
(�E)

4He/
3He

Mass
(g) Step

STP
36Ar

STP
130Xe 40Ar/36Ar 1r

129Xe/
132Xe 1r

130Xe/
132Xe 1r

131Xe/
132Xe 1r

134Xe/
132Xe 1r

136Xe/
132Xe 1r

9 1.6 0.6 7883 79 1.033 0.014 0.1475 0.0024 0.7705 0.0113 0.3995 0.0037 0.3468 0.0034
10 0.6 0.2 8648 115 1.021 0.019 0.1466 0.0032 0.7636 0.0165 0.3937 0.0043 0.3409 0.0038

AG22 13-1 53.408 24.758 99000 4.600 1 14.1 2.5 3579 36 1.023 0.005 0.1479 0.0010 0.7831 0.0039 0.4024 0.0021 0.3475 0.0016
2 9.5 3.0 8286 83 1.053 0.004 0.1504 0.0009 0.7816 0.0040 0.4073 0.0019 0.3527 0.0015
3 40.7 12.4 1259 13 1.004 0.003 0.1515 0.0005 0.7854 0.0022 0.3924 0.0010 0.3360 0.0007
4 73.1 9.3 904 9 0.990 0.003 0.1498 0.0006 0.7808 0.0024 0.3894 0.0012 0.3325 0.0009
5 102.0 12.5 670 7 0.991 0.003 0.1516 0.0005 0.7853 0.0022 0.3889 0.0010 0.3318 0.0007
6 52.1 6.3 1434 14 1.006 0.003 0.1511 0.0007 0.7845 0.0027 0.3945 0.0015 0.3368 0.0012
7 95.0 12.0 760 8 0.992 0.003 0.1511 0.0005 0.7852 0.0022 0.3915 0.0010 0.3332 0.0007
8 30.2 4.5 1844 18 1.014 0.004 0.1507 0.0008 0.7787 0.0033 0.3960 0.0016 0.3389 0.0013
9 11.8 3.0 5028 50 1.034 0.004 0.1494 0.0009 0.7811 0.0040 0.4000 0.0019 0.3496 0.0015

10 18.5 3.9 3707 37 1.023 0.004 0.1505 0.0008 0.7820 0.0035 0.4009 0.0017 0.3459 0.0014
11 55.4 6.9 1317 13 0.999 0.003 0.1497 0.0006 0.7803 0.0026 0.3924 0.0014 0.3335 0.0011
12 6.4 1.6 6347 63 1.048 0.006 0.1505 0.0013 0.7830 0.0047 0.4066 0.0028 0.3528 0.0021
13 66.4 8.8 1116 11 0.999 0.003 0.1508 0.0006 0.7822 0.0025 0.3913 0.0013 0.3341 0.0010

Sample eruption depths are reported in Parai et al. (2012).

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005566

PARAI AND MUKHOPADHYAY VC 2015. American Geophysical Union. All Rights Reserved. 6



the present-day mantle Xe budget to these four constituent components. In this sense, the time-integrated
contributions to 132Xe from Pu-fission and U-fission are equivalent to contributions to 130Xe from initial
mantle and recycled atmosphere; there is no reason to avoid normalization to either isotope. However, nor-
malization to 130Xe presents a difficulty in that fissiogenic 130Xe is negligible, and 130Xe-normalized Pu-
fission and U-fission isotope ratios go to infinity. It is not possible to find least squares solutions when
infinite terms are introduced into the linear mixing expression (equation (1)), and so 130Xe is not a viable
normalization candidate for the purposes of this calculation. We note that our computations are directly
analogous to familiar lever-rule solutions for two-component mixing of oxygen in 17O/16O versus 18O/16O
space, where two components with distinct 16O-17O-18O spectra mix linearly.

2.3.2. Evolution of the Atmospheric Xe Isotopic Composition Over Earth History
Studies of ancient atmospheric gases trapped in Archean cherts formed at �3.5 Gyr show that the Xe iso-
topic composition of the Archean atmosphere differed from the present-day atmosphere [e.g., Pujol et al.,
2011]. This suggests that isotopically fractionating loss of Xe occurred over a period that extended at least 1
billion years into Earth history, and that the atmosphere evolved in isotopic composition until it reached its
present-day composition at some time after 3.5 Gyr. If recycling of atmospheric Xe into the mantle occurred
early in Earth history, then the isotopic composition of recycled atmospheric Xe has accordingly evolved
over time. Since both the Xe recycling rate over time and the precise time-evolution of the atmospheric Xe
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Figure 2. Correction for syn- to post-eruptive atmospheric contamination to determine mantle source 129Xe/132Xe. For each sample, step-crushing generates an array reflecting variable
degrees of atmospheric contamination. For samples with well-defined hyperbolic mixing arrays in 129Xe/132Xe - 40Ar/36Ar space, best fit hyperbolae yield extrapolated mantle source
129Xe/132Xe (bold open symbols) at mantle source 40Ar/36Ar values determined previously [Parai et al., 2012]. We note that for Eastern Orthogonal Supersegment samples, the extrapola-
tion is not very sensitive to the mantle 40Ar/36Ar as best fit hyperbolae asymptote with respect to the x axis at 129Xe/132Xe values of �1.06 to 1.08. In contrast, measured values in Western
Orthogonal Supersegment sample reach 129Xe/132Xe values of �1.12.
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isotopic composition are poorly constrained, we do not attempt to incorporate this evolution into our
model. However, we note a number of physical reasons that the bulk recycled atmospheric Xe composition
is likely to reflect modern atmospheric Xe. First, a higher Archean mantle potential temperature should pro-
mote shallow release of atmospheric fluids from any downwelling assemblages in the early Earth and
should thus inhibit early Xe recycling to the deep Earth. The flux of recycled atmospheric Xe should increase
as the Earth cools and the retention of atmospheric fluids within subducting slabs beyond depths of
magma generation becomes more favorable. Furthermore, since the mantle turnover time scale is esti-
mated to be between a few hundreds of Myr and �1 Gyr [e.g., Coltice et al., 2009; Donnelly et al., 2004; Gon-
nermann and Mukhopadhyay, 2009; Iwamori et al., 2010], the mantle recycled atmospheric Xe budget
should be primarily composed of Xe subducted after �2.5 Ga, at which point the atmosphere approaches
the modern Xe composition [Pujol et al., 2011]. Therefore, even if ancient atmospheric Xe were recycled effi-
ciently to the mantle early in Earth history, the recycled atmospheric Xe budget of the mantle should still
be dominated by the modern atmospheric Xe composition. Lastly, we find that if we perform the least
squares optimizations using the �3.5 Ga Archean chert Xe composition [Pujol et al., 2011] for the composi-
tion of recycled atmospheric Xe, we achieve poor fits with residuals an order of magnitude larger than
achieved with the modern atmospheric Xe composition. Therefore, we present our results using the mod-
ern atmospheric composition for recycled atmospheric Xe in our linear least squares computations.

3. Results

The SWIR mantle source 129Xe/132Xe and 130,131,134,136Xe/132Xe compositions (corrected for syn- to post-
eruptive atmospheric contamination) are shown in Figure 2 and supporting information Figures S3 and S4,
respectively, and reported in Table 2. The linear least squares solutions for mixing proportions of 132Xe are
reported in Table 4 and illustrated in Figure 3 and supporting information Figures S5 and S6. Mixing propor-
tion results for Equatorial Atlantic depleted MORB [Tucker et al., 2012] and plume-derived samples from Ice-
land [Mukhopadhyay, 2012] and the Rochambeau Rift [Pet}o et al., 2013] are also shown in Figures 3, S5, and
S6 for comparison. The medians and 68% confidence intervals for the 129Xe*/136XePu, 136XePu/
(136XePu 1 136XeU) and fraction of 132Xe from recycled atmospheric Xe for the SWIR Western and Eastern
Orthogonal Supersegments are shown in Figures 4–6, along with results for Equatorial Atlantic depleted
MORBs [Tucker et al., 2012]. Continental well gases sample noble gases derived from the upper mantle [Caf-
fee et al., 1999; Holland and Ballentine, 2006; Staudacher, 1987]. However, well gas Xe also reflects contribu-
tions from both crustal U-fission and shallow atmospheric contamination, and we cannot simultaneously

Table 2. SWIR Mantle Source Xe Isotopic Compositions

Sample 129Xe/132Xe 11r 21r 130Xe/132Xe 1r 131Xe/132Xe 1r 134Xe/132Xe 1r 136Xe/132Xe 1r

AG22 1-1 and 1–4 1.113 0.017 0.014 0.1474 0.0009 0.7580 0.0041 0.4225 0.0023 0.3739 0.0021
KN162-7 11–25 1.140 0.011 0.009 0.1466 0.0006 0.7671 0.0022 0.4262 0.0014 0.3786 0.0012
KN162-7 22-14 1.057 0.004 0.004 0.1486 0.0004 0.7769 0.0016 0.4075 0.0008 0.3553 0.0008
AG22 9-2 1.056 0.009 0.008 0.1492 0.0006 0.7818 0.0024 0.4067 0.0012 0.3519 0.0012
AG22 13-1 1.078 0.015 0.012 0.1488 0.0007 0.7701 0.0029 0.4143 0.0015 0.3634 0.0015
Average SWIR West 1.127 0.014 0.014 0.1470 0.0005 0.7664 0.0019 0.4237 0.0011 0.3754 0.0010
Average SWIR East 1.064 0.007 0.007 0.1487 0.0003 0.7761 0.0012 0.4095 0.0007 0.3572 0.0006

Table 3. Xenon Endmember Compositions
130Xe/132Xe 131Xe/132Xe 134Xe/132Xe 136Xe/132Xe

Atmospherea 0.1513 0.7895 0.3880 0.3296
Solar windb 0.1661 0.8272 0.3666 0.2985
AVCCc 0.1626 0.8200 0.3836 0.3233
U-Xed 0.1654 0.8262 0.3516 0.2740
Pu-fissione 0 0.2777 1.0413 1.1198
U-fissionf 0 0.1449 1.4370 1.7375

aBasford et al. [1973].
bWieler and Baur [1994] and Pepin et al. [1995].
cPepin [1991, 2000].
dPepin [2000] and Pepin and Porcelli [2002].
eError-weighted average of data from Alexander et al. [1971], Lewis [1975], and Hudson et al. [1989].
fError-weighted average of data from Wetherill [1953], Hebeda et al. [1987], Eikenberg et al. [1993], and Ragettli et al. [1994].
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correct for these contaminants to determine the well gas mantle source Xe composition. We emphasize
that well gas mixing proportion results are therefore not directly comparable to results from basalts: we
obtain well gas Xe mixing proportions for the initial mantle Xe, the total atmospheric Xe contribution
(both recycled and shallow-level contamination), Pu-fission Xe and total U-fission Xe (from both the man-
tle source and the continental crust that hosts the well gas). Based on these computations, we are able to
estimate the mantle source 129Xe*/136XePu, and we include the median and 68% confidence interval for
129Xe*/136XePu in well gases in Figure 4 (see supporting information S2). Results for plume-influenced
samples from Iceland [Mukhopadhyay, 2012] and the Rochambeau Rift [Pet}o et al., 2013] are also shown
for comparison in Figures 4–6.

Table 4. Linear Least Squares Solutions for Mixing Proportions of 132Xea

Initial Mantle

AVCC Solar Wind U-Xe

Median 11r 21r Median 11r 21r Median 11r 21r

SWIR Western Orthogonal
Supersegment

Initial mantle 0.110 0.069 0.063 0.155 0.061 0.061 0.186 0.060 0.060
Recycled atmosphere 0.850 0.068 0.074 0.799 0.067 0.066 0.767 0.065 0.065
Pu-fission 0.014 0.011 0.011 0.022 0.010 0.011 0.016 0.007 0.007
U-fission 0.025 0.006 0.006 0.024 0.005 0.005 0.031 0.003 0.003
129Xe*/136XePu 10.8 39.4 4.8 7.3 6.6 2.3 9.8 7.6 2.9
136XePu/(136XePu 1 136XeU) 0.27 0.20 0.21 0.37 0.15 0.17 0.25 0.09 0.10

SWIR Eastern Orthogonal Supersegment Initial mantle 0.083 0.040 0.040 0.096 0.036 0.036 0.107 0.036 0.035
Recycled atmosphere 0.892 0.043 0.043 0.877 0.039 0.039 0.865 0.038 0.039
Pu-fission 0.011 0.007 0.007 0.013 0.006 0.006 0.009 0.004 0.004
U-fission 0.014 0.004 0.004 0.015 0.003 0.003 0.019 0.002 0.002
129Xe*/136XePu 8.3 14.6 3.2 7.1 6.4 2.3 10.6 10.7 3.5
136XePu/(136XePu 1 136XeU) 0.32 0.19 0.20 0.36 0.15 0.16 0.22 0.09 0.11

Equatorial Atlantic Depleted
Mantle [Tucker et al., 2012]

Initial mantle 0.071 0.064 0.064 0.084 0.058 0.058 0.091 0.057 0.057
Recycled atmosphere 0.883 0.069 0.069 0.868 0.064 0.064 0.861 0.062 0.062
Pu-fission 0.019 0.011 0.010 0.022 0.010 0.010 0.017 0.007 0.007
U-fission 0.026 0.005 0.006 0.027 0.005 0.005 0.031 0.002 0.002
129Xe*/136XePu 8.1 8.3 2.9 7.3 6.2 2.3 9.0 5.7 2.5
136XePu/(136XePu 1 136XeU) 0.32 0.17 0.16 0.34 0.14 0.15 0.27 0.09 0.10

Bravo Dome Well Gas
[Holland and Ballentine, 2006]

Initial mantle 0.095 0.037 0.037 0.086 0.033 0.032 0.082 0.032 0.027
Total atmosphere (recycled 1 shallow) 0.878 0.040 0.040 0.886 0.035 0.036 0.891 0.029 0.035
Pu-fission 0.017 0.003 0.003 0.020 0.003 0.003 0.024 0.001 0.001
Total U-fission (from mantle 1 crust) 0.010 0.006 0.006 0.009 0.006 0.006 0.004 0.004 0.004
129Xe*/136XePu 8.8 14.0 3.3 10.2 16.8 3.9 24.1 872 12.2
Lower limit 136XePu/(136XePu 1 136XeU) 0.27 0.16 0.16 0.23 0.01 0.14 0.09 0.01 0.09

Harding County Well Gas
[Caffee et al., 1999]

Initial mantle 0.119 0.016 0.016 0.115 0.015 0.015 0.114 0.015 0.015
Total atmosphere (recycled 1 shallow) 0.852 0.017 0.017 0.854 0.016 0.016 0.857 0.016 0.016
Pu-fission 0.011 0.003 0.003 0.010 0.003 0.003 0.003 0.002 0.002
Total U-fission (from mantle 1 crust) 0.018 0.002 0.002 0.020 0.001 0.001 0.026 0.001 0.001
129Xe*/136XePu 7.7 2.5 1.5 8.8 2.8 1.7 29.6 39.4 10.7
Lower limit 136XePu/(136XePu 1 136XeU) 0.28 0.07 0.07 0.24 0.05 0.06 0.07 0.04 0.04

Rochambeau Rift—NLD27
[Pet}o et al., 2013]

Initial mantle 0.110 0.011 0.027 0.136 0.016 0.023 0.163 0.027 0.028
Recycled atmosphere 0.869 0.030 0.012 0.839 0.025 0.017 0.811 0.030 0.029
Pu-fission 0.020 0.001 0.005 0.025 0.001 0.005 0.020 0.003 0.003
U-fission 0.001 0.003 0.001 0.001 0.002 0.000 0.007 0.001 0.001
129Xe*/136XePu 2.9 1.0 0.2 2.6 0.5 0.1 3.3 0.6 0.4
136XePu/(136XePu 1 136XeU) 0.95 0.04 0.23 0.97 0.03 0.14 0.65 0.07 0.08

Iceland—DICE
[Mukhopadhyay, 2012]

Initial mantle 0.065 0.012 0.022 0.023 0.042 0.023 0 0.023 0
Recycled atmosphere 0.915 0.024 0.012 0.959 0.025 0.047 0.984 0.001 0.025
Pu-fission 0.020 0.001 0.004 0.013 0.008 0.004 0.010 0.003 0.001
U-fission 0.0001 0.003 0 0.005 0.002 0.004 0.006 0.001 0.001
129Xe*/136XePu 2.8 0.7 0.1 4.4 2.0 1.6 5.9 1.0 1.2
136XePu/(136XePu 1 136XeU) 0.99 0.01 0.19 0.65 0.31 0.19 0.50 0.10 0.08

MORB Average 129Xe*/136XePu
b 8.2 2.0 1.3 8.4 1.8 1.2 9.7 3.2 1.9

136XePu/(136XePu 1 136XeU)c 0.31 0.11 0.11 0.36 0.09 0.09 0.25 0.05 0.06
Plume-Influenced Averaged 129Xe*/136XePu 2.9 0.4 0.1 2.6 2.7 0.2 3.7 1.0 0.6

136XePu/(136XePu 1 136XeU) 0.97 0.02 0.11 0.96 0.03 0.43 0.60 0.07 0.07

a11r and 21r give 68% confidence limits.
bThis study, Tucker et al. [2012], Caffee et al. [1999], and Holland and Ballentine [2006]. Well gases not included in MORB average with U-Xe as initial mantle (supporting information

S2).
cThis study, Tucker et al. [2012]. Well gases not included (supporting information S2).
dMukhopadhyay [2012] and Pet}o et al. [2013].
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We emphasize that it is unlikely that any single sample location can be taken as representative of the bulk
MORB source or plume source. For example, the SWIR Orthogonal Supersegment mantle source incorpo-
rates an enriched component (possibly metasomatized subcontinental lithospheric mantle) [Hart, 1984;
Hawkesworth et al., 1986; Mahoney et al., 1992], and its Xe isotopic composition may differ from a hypotheti-
cal depleted MORB endmember Xe composition. However, instead of searching for a single sample to rep-
resent the depleted endmember mantle composition, we aim to characterize as many MORB and plume
sources as possible in order to gain a fuller portrait of mantle heterogeneity. We therefore examine both
individual locations and group averages to investigate whether broad differences in MORB and plume Xe
isotope systematics exist. Our results indicate that mantle source 132Xe budgets are uniformly dominated
by the recycled atmospheric component (Figures 3 and 6). A median value of 85% of the 132Xe in the SWIR
Western Orthogonal Supersegment mantle source and 89% of the 132Xe in the SWIR Eastern Orthogonal
Supersegment mantle source is recycled atmospheric Xe (using AVCC as the initial mantle Xe). Similarly, 88%
of the 132Xe in the Equatorial Atlantic depleted MORB source is recycled atmospheric Xe [Tucker et al., 2012].
Samples from sources influenced by mantle plumes have 87% (Rochambeau Rift) [Pet}o et al., 2013] and 92%
(Iceland) [Mukhopadhyay, 2012] of 132Xe derived from recycled atmosphere. Thus, even in sources with the
most primitive Ne isotopic compositions, more than 85% of the Xe is recycled atmospheric Xe (Figure 6).

129Xe*/136XePu in the SWIR mantle sources are 11 139
24:8 (68% confidence intervals) for SWIR Western Orthog-

onal Supersegment and 8:3 114:6
23:2 for SWIR Eastern Orthogonal Supersegment using AVCC for the initial

mantle Xe (Table 4; Figures 3 and 4). These ratios are consistent with values of 8:1 18:3
22:9 computed for Equa-

torial Atlantic depleted MORBs [Tucker et al., 2012], 7:7 12:5
21:5 for Harding County well gas [Caffee et al., 1999],

recycled atm Xe

initial Xe (AVCC)

U-fission Xe

Pu-fission Xe

SWIR Western OSS

85%

SWIR Eastern OSS

89%

Rochambeau Rift

87%

Iceland

92%

Equatorial Atlantic DM

88%

Fraction 132Xe from:

Mid-ocean ridge basalts:

Plume-influenced basalts:

Figure 3. Pie charts illustrating the median proportions of present-day mantle 132Xe derived from recycled atmosphere, initial mantle
(AVCC shown here; see supporting information Figures S5 and S6 for solar wind and U-Xe results), U-fission and Pu-fission in SWIR Western
and Eastern Orthogonal Supersegment mantle sources. Results for Equatorial Atlantic depleted MORB [Tucker et al., 2012], Rochambeau
Rift [Pet}o et al., 2013], and Iceland [Mukhopadhyay, 2012] mantle sources are shown for comparison. Recycled atmospheric Xe uniformly
dominates the mantle Xe budget (percentages given in white). Fission Xe in the mantle sources of plume-influenced basalts is primarily
derived from Pu-fission.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005566

PARAI AND MUKHOPADHYAY VC 2015. American Geophysical Union. All Rights Reserved. 10



and 8:8 114:0
23:3 for Bravo Dome well gas [Hol-

land and Ballentine, 2006]. We use SWIR
Western and Eastern Orthogonal Superseg-
ment 129Xe*/136XePu values together with
Equatorial Atlantic depleted MORB, Harding
County well gas, and Bravo Dome well gas
129Xe*/136XePu to compute an error-
weighted average value for the MORB
source of 8:2 12:0

21:3 with AVCC as the initial
mantle Xe (Table 4 and Figure 7a). Using
solar wind as the initial mantle Xe,
129Xe*/136XePu values of 7:3 16:6

22:3, 7:1 16:4
22:3,

7:3 16:2
22:3, 8:8 12:8

21:7, and 10 117
23:9 are computed

for the SWIR Western Orthogonal Superseg-
ment, SWIR Eastern Orthogonal Superseg-
ment, Equatorial Atlantic depleted MORBs,
Harding County well gas, and Bravo Dome
well gas, respectively, giving an error-
weighted MORB average 129Xe*/136XePu of
8:4 11:8

21:2 (Table 4 and Figure 7a). These esti-
mates agree within error, indicating com-
puted 129Xe*/136XePu values are not strongly
dependent on the choice of the mantle initial
Xe component (Figures 4 and 7).

136XePu/(136XePu 1 136XeU) in the SWIR man-
tle sources are 0:27 10:20

20:21 for the SWIR West-
ern Orthogonal Supersegment and
0:32 10:19

20:20 for the SWIR Eastern Orthogonal
Supersegment, using AVCC for the initial
mantle Xe (Table 4 and Figure 5). These
ratios are consistent with values of 0:32

10:17
20:16 computed for Equatorial Atlantic

depleted MORBs [Tucker et al., 2012]. Kunz
et al. [1998] reported 130Xe-normalized fis-
sion Xe isotopes for the gas-rich mid-North
Atlantic popping rock and determined a
136XePu/(136XePu 1 136XeU) ratio of 0.32 6 0.1
using modern atmosphere as the initial
mantle Xe. However, using solar wind as the
initial Xe and a small subset of the popping
rock data, Pepin and Porcelli [2006] estimated
a very high 136XePu/(136XePu 1 136XeU) ratio
of 0:75 10:11

20:21. Using the entire popping rock
data set and solar wind as the initial Xe,
Mukhopadhyay [2012] derived 136XePu/

(136XePu 1 136XeU) values between 0.05 6 0.05 and 0.32 6 0.09, where the variation reflects the differences
in the method employed to correct the shallow-level air contamination. Unfortunately, we cannot make a
self-consistent comparison between our data and the Kunz et al. [1998] data set as 132Xe-normalized fission
Xe isotopes are not available. Therefore, we derive an error-weighted MORB average 136XePu/
(136XePu 1 136XeU) of 0:31 6 0:11 and 0.36 6 0.09 based only on the SWIR and the Equatorial Atlantic data
(Figure 7b) for AVCC and solar wind as the initial mantle Xe, respectively.

136XePu/(136XePu 1 136XeU) values in plume-influenced mantle sources are 0:95 10:04
20:23 for Rochambeau Rift [Pet}o

et al., 2013] and 0:99 10:01
20:19 for Iceland [Mukhopadhyay, 2012], giving a plume-influenced mantle error-weighted

Rochambeau Rise

Iceland

Eq. Atlantic

SWIR West OSS

SWIR East OSS

plume-
influenced
basalts

 

MORBs

129Xe*/136XePu

AVCC
solar wind
U-Xe

Initial mantle Xe:

0 10 20 30 40 50

 

well gases

Bravo Dome

Harding County

Figure 4. Medians and 68% confidence intervals determined by Monte
Carlo error propagation for 129Xe*/136XePu are shown for SWIR Western
Orthogonal Supersegment, SWIR Eastern Orthogonal Supersegment, and
Equatorial Atlantic [Tucker et al., 2012] MORB sources. Results for Bravo
Dome [Holland and Ballentine, 2006] and Harding County [Caffee et al.,
1999] well gas and for mantle sources of plume-influenced basalts from
the Rochambeau Rift [Pet}o et al., 2013] and Iceland [Mukhopadhyay, 2012]
are shown for comparison. Results using AVCC (open symbols), solar wind
(crossed symbols), and U-Xe (dotted symbols) for the initial mantle Xe are
indicated. Regardless of the choice of initial mantle Xe (AVCC, solar wind,
or U-Xe), mantle sources of plume-influenced basalts are uniformly charac-
terized by lower 129Xe*/136XePu values (medians range from �2.5 to 6) rela-
tive to MORB sources (medians range from �7 to 11).
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average of 0:97 10:02
20:11 using AVCC as the

initial mantle Xe (Table 4). Computed
136XePu/(136XePu 1 136XeU) values are rela-
tively insensitive to the choice of mantle
initial Xe component (Figures 5 and 7b).
We note that MORB source 136XePu/
(136XePu 1 136XeU) ratios are consistently
lower than plume source values.

4. Discussion

Xenon fission isotope systematics in the
SWIR mantle source contribute to an
emerging portrait of a MORB mantle that
has experienced heterogeneous degass-
ing and regassing on a variety of length
scales and time scales. Below we discuss
our determinations of SWIR mantle fis-
sion Xe in the context of results for other
MORB sources and plume-influenced
sources. We find that Xe fission isotopes
indicate both significant regassing of
atmospheric Xe into the MORB and
plume mantle sources, as well as different
degrees of degassing for the MORB and
plume reservoirs over Earth history. High-
precision xenon isotopic measurements
thus provide unique insights into the vol-
atile evolution histories of mantle
sources.

4.1. Recycling of Atmospheric Xe into
MORB and Plume Sources: Evidence
for Incorporation of Recycled Material
into Mantle Reservoirs
Subduction zones were long thought to
be efficient barriers to the recycling of

noble gases into the deep mantle [e.g., Staudacher and Allegre, 1988]. However, recent work indicates that
atmospheric heavy noble gases are carried in subducted materials beyond depths of magma generation to
be recycled into the mantle [e.g., Holland and Ballentine, 2006; Kendrick et al., 2011; Mukhopadhyay, 2012;
Parai et al., 2012; Pet}o et al., 2013; Tucker et al., 2012]. Having explicitly corrected for syn- to post-eruptive
atmospheric contamination, here we evaluate the prevalence of atmospheric Xe incorporation into mantle
sources. We find that �80–95% of the 132Xe budget of MORB and plume mantle sources is recycled atmos-
pheric Xe (Table 4; Figures 3, 6, S5, and S6). Our result is broadly consistent with estimates based on well
gas primordial Xe isotope systematics that find up to �80% of 130Xe in the well gas mantle source is derived
from recycled atmospheric Xe [Holland and Ballentine, 2006]. The dominance of recycled atmospheric Xe
indicates that recycled material is incorporated into both MORB and plume sources. However, while atmos-
pheric Xe is recycled into the plume source [Holland and Ballentine, 2006; Mukhopadhyay, 2012; Pet}o et al.,
2013], differential incorporation of atmospheric Xe [Holland and Ballentine, 2006] cannot explain observed
differences in 129Xe/130Xe between MORB and plume sources [Mukhopadhyay, 2012; Pet}o et al., 2013].
Rather, 129Xe - 136Xe - 130Xe systematics illustrate that MORB and plume sources (1) are not related by mix-
ing with the atmosphere; (2) separated within 100 Ma of the start of the Solar System; and (3) have not
been homogenized by 4.45 Ga of mantle convection [Mukhopadhyay, 2012; Tucker et al., 2012; Parai et al.,
2012; Pet}o et al., 2013].

Eq. Atlantic

SWIR West OSS

SWIR East OSS

MORBs

Rochambeau Rise

Iceland

plume-
influenced
basalts

136XePu/(136XePu+136XeU)

AVCC
solar wind
U-Xe

Initial mantle Xe:

0.0 0.2 0.4 0.6 0.8 1.0

Figure 5. Medians and 68% confidence intervals determined by Monte Carlo
error propagation for the fraction of fission Xe derived from Pu-fission, 136XePu/
(136XePu 1 136XeU), are shown for SWIR Western Orthogonal Supersegment,
SWIR Eastern Orthogonal Supersegment, and Equatorial Atlantic [Tucker et al.,
2012] MORB sources. Results for mantle sources of plume-influenced basalts
from the Rochambeau Rift [Pet}o et al., 2013] and Iceland [Mukhopadhyay,
2012] are shown for comparison. Symbols as in Figure 4. Regardless of the
choice of initial mantle Xe (AVCC, solar wind, or U-Xe), mantle sources of
plume-influenced basalts are uniformly characterized by higher 136XePu/
(136XePu 1 136XeU) values (medians range from �0.49 to 1.0) relative to MORB
sources (medians range from �0.22 to 0.36).
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Among noble gases, Xe isotope systematics
are particularly well suited to track the
injection and incorporation of recycled
atmospheric components into the mantle.
Due to low overall concentrations of He
and Ne (either atmospheric, radiogenic, or
nucleogenic) in recycled material relative to
ambient mantle material, the presence of
recycled material does not always manifest
clearly in a radiogenic He or nucleogenic
Ne isotope signature in the mantle source
[e.g., Parai et al., 2009]. For example,
although �90% of Iceland Xe is recycled in
origin [Mukhopadhyay, 2012], Iceland Ne
isotopes are primitive and near-solar, indi-
cating incorporation of recycled material
with high Xe/Ne into the Iceland source.
Thus, plume-related samples with primitive
He and Ne isotopic compositions may not
reflect sampling of an undiluted primordial
mantle. As a result, major and trace element
compositions of samples with primitive He
and Ne [e.g., Jackson et al., 2010; Jackson
and Jellinek, 2013] are unlikely to represent
the composition of pristine primordial bulk
silicate Earth. We note that the incorpora-
tion of recycled material generates
depleted 143Nd/144Nd ratios over time in
both the upper mantle and the plume
source: if continental crust with low Sm/Nd
is built via extraction processes at subduc-
tion zones, then the average recycled slab
package (i.e., crust and mantle lithosphere)
over Earth history must have high Sm/Nd
relative to the bulk silicate Earth. Therefore,
the association of primitive He and Ne with
superchondritic 143Nd/144Nd isotopes is not

an indication of nonchondritic bulk silicate Earth [e.g., Jackson et al., 2010; Jackson and Jellinek, 2013], but
may rather arise from incorporation of depleted recycled material into primordial sources [e.g., Gonnermann
and Mukhopadhyay, 2009].

4.2. MORB and Plume Sources Have Experienced Different Degassing Histories
Mantle 136XePu/(136XePu 1 136XeU) ratios provide constraints on the long-term degassing histories of mantle
sources. 244Pu decays with a half-life of 80.0 Myr; production of Pu-fission 136XePu is effectively complete at
�500 Myr. In contrast, 238U decays with a half-life of 4.468 Gyr and production of U-fission 136XeU is
ongoing. In order to preserve a high 136XePu/(136XePu 1 136XeU) ratio, a mantle source must retain a high
proportion of the Pu-fission 136XePu budget developed in the first 500 Myr of Earth history. A mantle source
that experiences significant degassing loses both 136XePu and 136XeU, but only grows 136XeU back over time.
Thus, a relatively degassed mantle source develops a low 136XePu/(136XePu 1 136XeU) ratio over time.

We find that MORB mantle sources uniformly exhibit a low 136XePu/(136XePu 1 136XeU) ratio relative to
plume-related sources (Figures 5 and 8) [Mukhopadhyay, 2012; Tucker et al., 2012, Pet}o et al., 2013]. Median
MORB source 136XePu/(136XePu 1 136XeU) ratios range from 0.27 to 0.37, with an error-weighted average of
0:28 10:11

20:10 using AVCC as the mantle initial Xe; median plume-related source 136XePu/(136XePu 1 136XeU)
ratios range from 0.65 to 0.97, with an error-weighted average of 0:9610:03

20:18 using AVCC as the mantle initial

AVCC
solar wind
U-Xe

Initial mantle Xe:

Rochambeau Rise

Iceland

Eq. Atlantic

SWIR West
OSS

SWIR East OSS

plume-
influenced
basalts

MORBs

fraction recycled atm 132Xe
0.6 0.7 0.8 0.9 1.0

Figure 6. Medians and 68% confidence intervals determined by Monte Carlo
error propagation for the proportion of mantle 132Xe derived from recycled
atmosphere are shown for SWIR Western Orthogonal Supersegment, SWIR
Eastern Orthogonal Supersegment, and Equatorial Atlantic [Tucker et al.,
2012] MORB sources. Results for mantle sources of plume-influenced basalts
from the Rochambeau Rift [Pet}o et al., 2013] and Iceland [Mukhopadhyay,
2012] are shown for comparison. Symbols as in Figure 4. Recycled atmos-
pheric Xe dominates the present-day mantle Xe budget. We note that regard-
less of the choice of initial mantle Xe (AVCC, solar wind, or U-Xe), the Eastern
Orthogonal Supersegment consistently exhibits a higher proportion of
recycled atmospheric Xe relative to the Western Orthogonal Supersegment.
This observation supports the interpretation that large variations in SWIR
Orthogonal Supersegment 40Ar/36Ar and 129Xe/130Xe reflect heterogeneous
incorporation of recycled atmospheric heavy noble gases [Parai et al., 2012].
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Xe. The observed difference in 136XePu/(136XePu 1 136XeU) indicates that MORB mantle sources have uni-
formly experienced a greater extent of integrated degassing associated with long-term mantle processing
relative to plume sources. We note that this observation is independent of the interpretation of 4He/3He sys-
tematics in MORBs and plume-derived basalts.

4.3. The Emerging Portrait of Distinct Ancient, Heterogeneous and Continuously Evolving Mantle
Sources
Xenon isotopic data from the Southwest Indian Ridge [Parai et al., 2012; this study] add to a growing pool
of high-precision fission Xe data in mid-ocean ridge basalts [Kunz et al., 1998; Tucker et al., 2012] and plume-
influenced basalts [Mukhopadhyay, 2012; Pet}o et al., 2013]. We find that the origin of the reservoir supplying
primordial noble gases to plumes is fundamentally distinct from that of the MORB mantle reservoir: the two
reservoirs cannot be related simply by differential degassing or incorporation of recycled atmospheric vola-
tiles [Mukhopadhyay, 2012; Parai et al., 2012; Pet}o et al., 2013; Tucker et al., 2012]. Based on the extinct
129I-129Xe system, some of the noble gases in plumes are supplied by a source that separated from the
MORB source within 100 Myr of the start of the Solar System, and this ancient reservoir has not been
destroyed and homogenized with the rest of the mantle by 4.45 Gyr of convection [Mukhopadhyay, 2012;
Parai et al., 2012; Pet}o et al., 2013; Tucker et al., 2012]. Furthermore, the distinct low 129Xe*/136XePu signature
in plumes (Figures 4 and 7a) likely signifies that the ancient source sampled by plumes is characterized by a
lower I/Pu than the MORB source [cf. Ozima et al., 1985], and may reflect heterogeneous accretion, with
early accretion being volatile-poor. Lastly, distinct MORB and plume source 3He/22Ne ratios likely reflect
ancient differences in degassing during the giant impact and magma ocean stage of early Earth history
[Tucker and Mukhopadhyay, 2014]. Thus, noble gas data in mantle-derived basalts reflect very ancient differ-
ences that persist in the MORB and plume mantle reservoirs today.

Although differences between the upper mantle and plume source cannot be explained by recycling of
atmospheric volatiles, injection, and incorporation of atmospheric heavy noble gases (Ar, Kr, Xe) into the
mantle must occur over Earth history. Large variations are evident in upper mantle 40Ar/36Ar and
129Xe/130Xe isotopic composition in regions of the Southwest Indian Ridge removed from the influence of
known mantle plumes, indicating heterogeneous incorporation of recycled atmospheric noble gases into
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Initial mantle Xe:

plume-
influenced
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MORB
average

129Xe*/136XePu
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Figure 7. Error-weighted averages for (a) the ratio of iodine-derived to plutonium-derived Xe (129Xe*/136XePu) and (b) the fraction of fission
Xe derived from Pu fission (136XePu/(136XePu 1 136XeU)) in MORB sources [Tucker et al., 2012; this study] and the sources of plume-
influenced basalts [Mukhopadhyay, 2012; Pet}o et al., 2013]. Well gas data are included for the MORB average for 129Xe*/136XePu, except in
the case where the initial mantle is U-Xe (see supporting information S2). Error bars indicate 68% confidence intervals. Regardless of the
choice of initial mantle Xe (AVCC, solar wind, or U-Xe), mantle sources of plume-influenced basalts are uniformly characterized by lower
129Xe*/136XePu and higher 136XePu/(136XePu 1 136XeU) values relative to MORB sources.
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the MORB source [Parai et al., 2012]. Our evaluation of SWIR fission Xe isotopes (section 3; Figure 6) supports
this conclusion, as recycled atmospheric Xe constitutes �87–90% of the 132Xe budget in the Eastern
Orthogonal Supersegment mantle source and 77–85% of the 132Xe budget in the Western Orthogonal
Supersegment source (Figure 6, see caption). The persistence of large Ar and Xe isotopic variations gener-
ated by heterogeneous regassing reflects inefficient homogenization of recycled material in the MORB man-
tle source.

We note that mantle source He and Ne isotopic compositions may not be sensitive to incorporation of
recycled material due to low overall concentrations of He and Ne in recycled material relative to ambient man-
tle (section 4.1). Thus, the broad homogeneity noted in MORB helium isotopic compositions does not indicate
a homogeneous MORB source [Graham, 2002; Graham et al., 1992; Kurz et al., 1982a, 1982b]. Based on Ar and
Xe isotopic compositions measured in mantle-derived samples, we propose that MORB and plume source het-
erogeneities reflect the ongoing incorporation of recycled material into distinct ancient mantle reservoirs.

5. Conclusions

We present new high-precision measurements of the fission isotopes of Xe (131Xe, 132Xe, 134Xe, and 136Xe)
in basalts from the Southwest Indian Ridge between 16�E and 25�E. Based on determinations of the mantle
source isotopic compositions corrected for syn- to post-eruptive atmospheric contamination, we solve for
the proportions of mantle 132Xe attributed to the primordial mantle Xe budget, recycling of atmospheric
Xe, fission of extinct 244Pu, and ongoing fission of extant 238U.

We find that recycled atmospheric Xe dominates the Xe inventories of the SWIR Western and Eastern
Orthogonal Supersegment mantle sources (�80–90% of 132Xe is recycled in origin), consistent with results
from recent studies of Equatorial Atlantic MORBs [Tucker et al., 2012] and plume-influenced basalts from Ice-
land [Mukhopadhyay, 2012] and the Rochambeau Rift [Pet}o et al., 2013]. We assert that superchondritic
143Nd/144Nd isotopes in mantle sources with primitive He and Ne do not necessitate a nonchondritic bulk
silicate Earth; rather, the prevalence of recycled atmospheric Xe in these sources indicates the incorporation
of depleted recycled material into primitive mantle sources. While significant regassing of the mantle is evi-
dent, we also find differences in the extent of degassing of the MORB and plume sources. MORB sources
are consistently characterized by a lower fraction of fission Xe derived from Pu-fission, indicating a greater
extent of degassing relative to the plume source. Therefore, our Southwest Indian Ridge Xe isotopic data
contribute to an emerging portrait of two ancient mantle sources with distinct histories of early outgassing,
processing via partial melting, and incorporation of recycled material in association with plate tectonics.
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initial mantle Xe budget (solar wind or U-Xe), atmospheric recycling, Pu-fission and U-40 
fission.  41 
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Text S1. Linear Least Squares and Monte Carlo Error Propagation Methods 42 

We used the built-in Matlab function lsqlin to solve our constrained linear 43 

least squares problem. Mantle source 130Xe/132Xe, 131Xe/132Xe, 134Xe/132Xe and 44 

136Xe/132Xe isotopic compositions can each be described using equations of the 45 

form: 46 
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Eq. S1 

   

where ζ = 130Xe, 131Xe, 134Xe and 136Xe; x is the molar mixing proportion of 132Xe; 48 

init designates the initial mantle composition, modeled here using either solar 49 

wind, average carbonaceous chondrite (AVCC) or U-Xe; atm designates recycled 50 

atmospheric Xe; Pu designates Pu-fission Xe; and U designates U-fission Xe. 51 

The Xe isotope ratios of the components are given in Table 3. This gives us four 52 

linear equations with four unknowns. We can treat this as a linear algebra 53 

problem, where we wish to find the least squares solution to the linear expression 54 

Ax = b, where: 55 

 56 

 57 

58 
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A is a matrix of mixing endmember isotopic compositions (Table 3): 59 

 

 

 

Eq. S2 

 60 

x is a vector of unknown mixing proportions of 132Xe: 61 

 

Eq. S3 

And b is a vector of mantle source Xe isotopic compositions: 62 

 

 

 

Eq. S4 

The problem is subject to a further constraint in that the 132Xe mixing proportions 63 

must sum to 1: 64 

xinit + xatm + xPu + xU =1  Eq. S5 

and each mixing proportion must fall between 0 and 1: 65 

0 ≤ x ≤ 1 for each component. 66 
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 Matlab’s lsqlin function solves linear least squares problems subject to 67 

optionally specified additional constraints. In our case, we have an equality 68 

constraint corresponding to Eq. S5: 69 

Fx = g, where  and g = 1            Eq. S6 70 

and lower and upper bounds on x: 71 

lb =                Eq. S7 72 

ub =                Eq. S8 73 

For numerical stability, the lower bounds are set to 10-5 rather than 0 (Eq. S7). 74 

The full Matlab command used to solve the mixing problem is therefore:  75 

[x resnorm resd eflag]=lsqlin(comp_norm,mantle_norm,[],[],F,g,lb,ub) 76 

We note that we normalize the mixing component compositions 77 

(comp_norm) and the mantle isotopic compositions (mantle_norm) to the 1σ 78 

standard deviations on the mantle isotopic compositions, such that the residuals 79 

are computed in units of σ and the minimized sum of squared residuals 80 

corresponds to minimizing chi-square. x is the solution vector, resnorm is the sum 81 

of squared residuals, resd is a vector of the residuals for each isotope ratio equal 82 

to Ax – b, and eflag is an exit flag that serves as an indication that the 83 

optimization was successful. 84 

  We use a Monte Carlo method to propagate the uncertainties in the 85 

mantle source isotopic compositions through to determine the uncertainties in the 86 
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mixing proportions. This is accomplished by repeatedly sampling mantle 87 

compositions (for the vector b, Eq. S4) from within the 1σ error space around the 88 

mantle source composition (using normal distributions based on the values and 89 

uncertainties in Table 4), computing the normalized mantle_norm and then solving 90 

for x. We then compute 129Xe*/136Xe and 136XePu/(136XePu+136XeU) using the 91 

equations given in the main text (Eqs. 3-7). We exclude model realizations where 92 

the absolute value of any individual residual exceeds 2 (i.e., any element of resd 93 

is greater than 2 or less than -2), which indicates that the best fit solution is more 94 

than 2σ away from the mantle source Xe composition in at least one Xe isotope 95 

ratio. After screening for the quality of the fit, we collect statistics on the 96 

distributions of the individual mixing proportions in x after 106 realizations and 97 

compute medians, 68% and 95% confidence intervals.  98 

Below we give full result tables and histograms exploring the results for 99 

MORB sources (SWIR Western Orthogonal Supersegment and SWIR Eastern 100 

Orthogonal Supersegment from this study; Equatorial Atlantic depleted mantle 101 

from Tucker et al., 2012; and well gas from Holland and Ballentine, 2006 and 102 

Caffee et al., 1999) and plume-influenced sources (Iceland from Mukhopadhyay, 103 

2012; and the Rochambeau Rift from Pető et al., 2013).   104 

Text S2. A Note on Linear Least Squares Results for Well Gases 105 

Continental well gases sample noble gases derived from the upper 106 

mantle, but they are affected by contributions from both crustal U-fission and 107 

shallow atmospheric contamination. We cannot correct for these two 108 

contaminants to determine the well gas mantle source Xe composition as we did 109 
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with the basalt data, and so we must use measured well gas Xe compositions 110 

instead. We perform our linear least squares determinations using the Harding 111 

County, NM data from Caffee et al. (1999) and the error-weighted average of the 112 

two most mantle-like data from Bravo Dome, NM (Holland and Ballentine, 2006). 113 

We emphasize that well gas mixing proportion results are not directly comparable 114 

to results from basalts: we obtain mixing proportions for the initial mantle Xe, the 115 

total atmospheric Xe contribution (both recycled and shallow-level 116 

contamination), Pu-fission Xe and total U-fission Xe (from both the mantle source 117 

and the continental crust that hosts the well gas). Based on these computations, 118 

we are able to estimate the mantle source 129Xe*/136XePu. Below we show the full 119 

model output results for well gases, but we note that the 136XePu/(136XePu +136XeU) 120 

ratio given here is a lower limit for the mantle source 136XePu/(136XePu +136XeU), 121 

since a crustal U-fission contribution lowers the ratio. We further note that a large 122 

U-fission contribution sometimes makes it difficult to resolve the Pu-fission 123 

component for well gases from zero given the precision in the data. A poorly-124 

resolved Pu fission proportion generates a spuriously high 129Xe*/136XePu ratio 125 

(see results for Harding County and Bravo dome well gases using U-Xe as the 126 

initial mantle). Therefore, we do not include the U-Xe well gas results in our 127 

computation of the MORB group average 129Xe*/136XePu. 128 

Text S3. Monte Carlo Linear Least Squares Results 129 

For each sample location, we give a table of quantile statistics describing 130 

the distributions of results (the median, 68% confidence limits, and the 95% 131 

confidence limits) for the mixing fractions of 132Xe from initial mantle, recycled 132 
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atmosphere, U-fission Xe and Pu-fission Xe; as well as the 129Xe*/136XePu and 133 

136XePu/(136XePu +136XeU) ratios. We also show histograms for the 129Xe*/136XePu 134 

and 136XePu/(136XePu +136XeU) ratios and for the sum of squared residuals for 135 

130Xe/132Xe, 131Xe/132Xe, 134Xe/132Xe and 136Xe/132Xe. We note that a model 136 

realization that fits all four mantle source isotope ratios within 1σ has a sum of 137 

squared residuals below 4. Least squares solutions obtained using ~3.5 Ga chert 138 

Xe (Pujol et al., 2011) as the recycled atmospheric Xe composition frequently 139 

had sum of squared residuals in excess of ~50, indicating that the best solutions 140 

using ancient air compositions were still very poor fits of the mantle composition.  141 

Mid-ocean ridge basalts 142 

SWIR Western Orthogonal Supersegment 143 

 144 
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 150 
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SWIR Eastern Orthogonal Supersegment 153 
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Equatorial Atlantic depleted MORB (Tucker et al., 2012) 164 
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Harding County well gas (Caffee et al., 1999) 174 
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 182 
 183 
Bravo Dome Well Gas (Holland and Ballentine, 2006) 184 
 185 
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 193 
 194 
Plume-influenced basalts 195 
 196 
DICE – Iceland (Mukhopadhyay, 2012) 197 
 198 

 199 
 200 

 201 
 202 
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 204 
 205 
NLD27 – Rochambeau Rift (Pető et al., 2013) 206 
 207 
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 218 
 219 

Figure S1: Reproducibility of 129,130,131,134,136Xe/132Xe in Air standards over four different 220 

analytical sessions. The percent standard deviation in the specified Xe isotope ratio is 221 

shown as a function of signal size in units of cubic centimeters of 130Xe at standard 222 

temperature and pressure. Instrument performance was found to be stable over four 223 

different analytical sessions conducted over the span of two years. 224 

 225 
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 226 

Figure S2: Chi-square (χ2) as a function of mantle endmember 129Xe/132Xe given free 227 

variation in curvature for SWIR Orthogonal Supersegment samples. Air contamination 228 

generates hyperbolic trends in 129Xe/132Xe – 40Ar/36Ar space. The curvature of a two-229 

component mixing hyperbolic array is parameterized as k = 230 

(132Xe/36Ar)mantle/(132Xe/36Ar)atm. We use a grid search to find the combination of k and 231 

mantle source 129Xe/132Xe (corresponding to mantle source 40Ar/36Ar determined 232 

previously; Parai et al., 2012) that minimizes the χ2 cost function: 233 
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χ                                     (Eq. S9) 234 

where (xi ± σxi, yi ± σyi) are the N observed data points for a given sample and (mi, ni) are 235 

the σ–normalized closest points to the data along a candidate hyperbola (i.e., the points 236 

that minimize χ2 for the candidate hyperbola). Since there are two free parameters in the 237 
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hyperbolic fit (k and mantle 129Xe/132Xe), the 68.3% confidence interval on the mantle 238 

129Xe/132Xe is defined where χ2 ≤ χ2
min + 2.30 (Press et al., 1992). 239 

  240 

 241 

Figure S3: Least squares determinations of mantle source 130,131,134,136Xe/132Xe ratios 242 

(bold open symbols) for the SWIR Western Orthogonal Supersegment.  243 

 244 
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 245 

Figure S4: Least squares determinations of mantle source 130,131,134,136Xe/132Xe ratios 246 

(bold open symbols) for the SWIR Eastern Orthogonal Supersegment. 247 

 248 
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 249 

Figure S5: Pie charts illustrating the median proportions of present-day mantle 132Xe 250 

derived from recycled atmosphere, initial mantle (solar wind), U-fission and Pu-fission in 251 

SWIR Western and Eastern Orthogonal Supersegment mantle sources. Results for 252 

Equatorial Atlantic depleted MORB (Tucker et al., 2012), Rochambeau Rift (Pető et al., 253 

2013) and Iceland (Mukhopadhyay, 2012) are shown for comparison. Recycled 254 

atmospheric Xe uniformly dominates the mantle Xe budget (percentages given in white). 255 

Fission Xe in the mantle sources of plume-influenced basalts is primarily derived from 256 

Pu-fission. 257 
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 258 

 259 

Figure S6: Pie charts illustrating the median proportions of present-day mantle 132Xe 260 

derived from recycled atmosphere, initial mantle (U-Xe), U-fission and Pu-fission in 261 

SWIR Western and Eastern Orthogonal Supersegment mantle sources. Results for 262 

Equatorial Atlantic depleted MORB (Tucker et al., 2012), Rochambeau Rift (Pető et al., 263 

2013) and Iceland (Mukhopadhyay, 2012) are shown for comparison. Recycled 264 

atmospheric Xe uniformly dominates the mantle Xe budget (percentages given in white).  265 

 266 
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