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ARTICLE INFO ABSTRACT

Associate editor: Manuel Moreira Helium isotopes are unrivalled tracers of the origins of melts in the Earth’s convecting mantle but their role in
determining melt contributions from the shallower and rigid lithospheric mantle is more ambiguous. We have
acquired new >He/*He data for olivine and pyroxene separates from 47 well-characterised mantle xenoliths from
global on- and off-craton settings. When combined with existing data they demonstrate a new systematic rela-
tionship between fluid-hosted *He/*He and major and trace element composition of host minerals and whole
rock. We show that a significant proportion (>70 %) of mantle peridotites from continental off-craton settings

with depleted major element compositions (e.g., olivine Mg# > 89.5) have He/*He in the range of modern-day
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Peridotite
Pyroxenite mid-ocean ridge basalt (MORB) source mantle (7-9 R,) and we propose that they represent underplated melt
Kimberlite residues, which initially formed in the convecting upper mantle. Furthermore, we observe that off-craton mantle

xenoliths with signatures often attributed to enrichment by melts or fluids from ‘ancient’ subducted oceanic
lithosphere have lower SHe/*He (<7 Ry,). Modest correlations between 3He/*He and whole rock incompatible
trace element signatures commonly used as proxies for metasomatism by small-fraction carbonatite and silicate
melts or C-O-H fluids characterise lithospheric mantle with *He/*He ranging from 5 to 8 R,.

Using a numerical model that integrates temperature-dependent melt extraction from the upper mantle with
in-situ radiogenic ingrowth of “He in the continental mantle we show that the initial He/*He of continental
lithosphere mantle has decreased over time. This is consistent with previous observations demonstrating that
ancient (2.5-3.5 Ga) cratonic mantle has a depleted mineral chemistry (e.g., olivine Mg# = 91-94) and low
3He/*He (0.5-6.7 R,), while continental off-craton mantle (<2.5 Ga) is more fertile (olivine Mg# = 88-92) and
has less radiogenic *He/*He (4-8.8 Ry). This relationship defines a ‘global lithospheric mantle array’ for intra-
plate peridotites on plots of *He/*He vs olivine Mg#. Peridotites influenced by past and present subduction
fluids, including those that contain amphibole, plot off this array. Our findings have broad implications for the
3He/*He signatures observed in continental magmas. Many of Earth’s deepest melts, i.e. proto-kimberlites, are
characterised by relatively low *He/*He. We attribute this to assimilation and incorporation of low *He/*He
cratonic mantle material during ascent of carbonate-rich melts through thick lithosphere, which overprints the
original signatures. Moreover, our findings suggests that the lithospheric mantle acts as a long-term reservoir for
other fluid-hosted volatiles (e.g., CO2, CH4, H20), and in some cases able to sequester these over billion-year
timescales until physio-chemical perturbation (e.g., during major rifting or heating events).

1. Introduction

Earth’s rigid lithospheric mantle and the underlying convecting
mantle are dominated by peridotite but over the course of geological
time these reservoirs have evolved independently to have distinct
chemical compositions and isotopic signatures (McKenzie and Bickle,
1988). The lithospheric mantle occupies 2 % of the total mass of bulk
silicate Earth and its location at the interface between the convecting
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mantle and crust makes it a critical reservoir in geochemical cycles
(Gibson and McKenzie, 2023). The long and often complex evolution of
the continental lithospheric mantle has been established from the
compositions of small-fraction melts generated during major heating
and rifting events (kimberlites, lamprophyres etc) and also from their
xenolith cargo (e.g., Pearson and Wittig, 2014 and references therein).
Major- and trace-elements together with Sr, Nd, Hf and Os isotopes of
this entrained material show that the continental lithospheric mantle

0016-7037/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:sally@esc.cam.ac.uk
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2024.09.009
https://doi.org/10.1016/j.gca.2024.09.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2024.09.009&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S.A. Gibson et al. Geochimica et Cosmochimica Acta 384 (2024) 44-64

initially formed as residues of melting in the convecting mantle (e.g., convecting mantle and accretion to the lithosphere, the continental
(Walker et al., 1989; Pearson et al., 1995b, 1995a; Herzberg, 2004; mantle has experienced numerous phases of metasomatic enrichment (e.
Simon et al., 2007; Gibson, 2008; Pearson and Wittig, 2014: 201; Oller g., Shuetal., 2019). This has involved the percolation and crystallisation
et al., 2022). Following segregation of these residues from the or reaction of small-fraction volatile-rich melts and fluids, derived from
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Fig. 1. (a) Histogram of *He/*He ratios for mantle peridotites from on- and off-craton settings together with the ranges of observed in MORB and diamonds. (b)
Locations of peridotite and pyroxenite xenoliths analysed in this study (large symbols) for >He/*He superimposed on a map of mechanical boundary layer thickness
(Priestley and McKenzie, 2013). Locations (smaller symbols) are also shown for on- and off-craton mantle xenoliths referred to in our study. Data are from: this work;
(Matsumoto et al., 1998; Dodson and Brandon, 1999; Hoke et al., 2000; Gautheron and Moreira, 2002; Graham, 2002; Gautheron et al., 2005; Kim et al., 2005;
Sapienza et al., 2005; Czuppon et al., 2009; Nardini et al., 2009; Beccaluva et al., 2011; Martelli et al., 2011; Correale et al., 2012, 2015, 2019; Halldérsson et al.,
2014; Su et al., 2014; Barry et al., 2015; Sgualdo et al., 2015; Jalowitzki et al., 2016; Konrad et al., 2016; Berkesi et al., 2019; Day et al., 2019; Kobayashi et al., 2019;
Xu et al., 2019; Faccini et al., 2020; Barry and Broadley, 2021; Rizzo et al., 2021; Weiss et al., 2021).
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the convecting mantle or subducted oceanic lithosphere, with the host
peridotite (e.g., McKenzie, 1989; O’Reilly and Griffin, 2013). Rhenium-
osmium isotopes have shown that the most ancient lithospheric mantle
(>2.5 Ga) is found beneath Earth’s cratons (Walker et al., 1989; Pearson
et al., 1995b, 1995b). This is more depleted in magmaphile elements,
such as Fe, Ca and Al, than the surrounding younger and thinner off-
craton mantle. The more refractory nature of cratonic mantle is
thought to reflect its formation by relatively large amounts of partial
melting (>25 %) in the convecting mantle due to the higher mantle
potential temperatures in the Archean when cratonic mantle formed
(Richter, 1988; Tainton and McKenzie, 1994; Herzberg, 2004; Gibson,
2008). Despite recent advances in our understanding of the volatile in-
ventory of the continental lithospheric mantle (e.g., Gibson et al., 2020;
Gibson and McKenzie, 2023) the source of volatiles species and the
mechanism for their incorporation remain poorly understood.

Helium isotopes have proved to be unrivalled as tracers of the
structure and evolution of the convecting mantle (e.g., Class and Gold-
stein, 1997; Graham, 2002; Stuart et al., 2003; Porcelli and Elliott,
2008), as well as being crucial for tracking the inventory of major vol-
atile species such as COy (e.g., Marty and Tolstikhin, 1998). In the
lithospheric mantle, helium is predominantly located in melt and CO,-
rich inclusions trapped in minerals that formed during crystallisation or
subsequent melt/fluid-rock reactions, i.e. metasomatism (Trull and
Kurz, 1993; Dunai and Porcelli, 2002; Gautheron and Moreira, 2002).
Importantly, the generation of variable *He/*He in minerals with
different U/He ratios co-existing in the lithospheric mantle will be offset
by the fast rates of helium diffusion (Trull and Kurz, 1993). While the
inclusions may be subject to high-temperature sub-solidus chemical re-
equilibration and deformation, mineral-melt partitioning experiments
have determined that noble gases will overwhelmingly remain within
fluids during this re-equilibration (e.g., Heber et al., 2007). Additionally,
deformation experiments on ultramafic minerals reveal that fluid in-
clusions are resistant to decrepitation (Yamamoto et al., 2011), although
they will not survive the shearing and recrystallization that is often
observed in kimberlite-borne xenoliths (Mercier and Nicolas, 1975;
Heckel et al., 2022).

Previous studies have suggested that off-craton lithospheric mantle is
characterised by a narrow range in SHe/*He (5-8 Ry; Fig. 1la) with a
mean value of 6.1 + 0.9 R, (e.g., Gautheron and Moreira, 2002), where
R, is the atmospheric *He/*He of 1.38 x 107°. This is lower than the
mean 2He/*He of MORB (8 + 1.5 Ra; Graham, 2002) and it has been
hypothesized to be a consequence of higher concentration of U and Th in
the lithospheric mantle that has generated more “He than the underlying
convecting mantle (Dunai and Porcelli, 2002). More recent in-
vestigations of lithospheric peridotites and eclogites from a diverse
range of tectonic settings have demonstrated a wider variation in
3He/*He (0.07-13.9 R,; Halldérsson et al., 2014; Day et al., 2015) that
has improved constraints on the origin of the melts that have enriched
the continental lithospheric mantle (e.g., subducted lithosphere, MORB-
source mantle, deep mantle). These studies also highlight how the He
isotope composition of ancient continental mantle is complicated by the
ingrowth of radiogenic He in xenolith minerals after crystallisation (Day
et al., 2015). The processes that enrich strongly incompatible trace el-
ements (e.g., Th and U) in the lithospheric mantle may also enrich he-
lium (Reid and Graham, 1996), although others have argued that the He
isotopic ratio of continental mantle reflects its initial *He/*He, Th/U and
U/He ratios, age and degassing processes since its isolation from the
depleted mantle (Dodson et al., 1998). Recently, it has been proposed
that the addition of helium to continental mantle by melts derived from
the underlying convecting mantle or by the ingrowth of U and Th after
metasomatism results in low >He/*He (Day et al., 2005, 2015). The
extent to which ingrowth and metasomatism have biased our perception
of the 3He/*He of continental mantle as recorded by analysis of xenolith
minerals is still unclear (Day et al., 2015).

To advance our understanding of how well *He/*He in peridotite
xenoliths tracks the origin and subsequent metasomatic history of the
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continental lithospheric mantle we focus on relationships with mineral
and whole-rock major and trace element composition that act as proxies
for melt depletion and enrichment. This approach is currently limited by
the availability of mantle xenoliths with combined He/*He, major and
trace element data, and mineral modal abundances (e.g., (Martelli et al.,
2011; Correale et al., 2015; Day et al., 2015; Konrad et al., 2016; Xu
et al., 2019; Faccini et al., 2020; Gibson et al., 2020; McIntyre et al.,
2021; Rizzo et al., 2021; Zhang et al., 2022). Here, we present new
measurements of melt/fluid inclusion-hosted °He/*He in well-
characterised peridotite and pyroxenite mantle xenoliths entrained
from on- and off-craton continental mantle (Fig. 1b). We use these data
to show how, to a first order, the *He/*He of trapped fluids vary with the
time of formation of the continental lithospheric mantle and demon-
strate how incorporation and assimilation of this material can impact
the ®He/*He of continental magmas.

2. Samples

We have determined 3He/*He of minerals from 47 peridotite and
pyroxenite mantle xenoliths from N. Tanzania (Lashaine, Pello Hill and
Eledoi); Antarctic Peninsula; Germany (W. Eifel); SW USA (Kilbourne
Hole); Argentina (Pali Aike) and Mongolia (Tariat) (Table 1). The xe-
noliths are all from off-craton locations except those from Lashaine
which are from the rifted eastern margin of the Tanzania craton (e.g.,
Gibson et al., 2013). The xenoliths were chosen because they are: (i)
petrographically fresh, i.e. have translucent grains of olivine and all
phases are free of alteration; (ii) were entrained by alkali basalts or
olivine meliltites in the last 10 Myr; and (iii) have a wide range in modal
mineralogy including spinel- and garnet-bearing lherzolites, harzbur-
gites and pyroxenites (Table 1 & Figure S1 in the Supplementary Ma-
terial). Pargasitic amphibole is present in three samples (DW10 and
MM11 from the West Eifel, and L7.201.1.41 from the Antarctic Penin-
sula) and phlogopite mica is presents in four samples (L7.201.1.41 from
the Antarctic Peninsula, CP62 from Pali Alke, and BD738 and BD816
from N. Tanzania (see Supplementary Material). The xenoliths display a
wide variety of textures (Figs. S2-S5 in the Supplementary Material).
Using terminology from Mercier and Nicolas (1975), these textures
range from proto-granular, which is common in the Kilbourne Hole and
Tariat peridotites, to porphyroclastic, equigranular (tabular and
mosaic), and poikiloblastic that are more abundant at other locations.
Our study focused on the larger (>2 mm in length), first generation of
crystals, rather than the smaller grains that typically form as a result of
shearing and recrystallisation (i.e. neoblasts). In order to overcome
inter-mineral and whole-rock inconsistencies, our study only included
chemically-equilibrated and near-equilibrated mantle xenoliths.

3. Analytical methods
3.1. Major element analysis

In-situ analyses of major element composition of olivine, clinopyr-
oxene, orthopyroxene, spinel and garnet were undertaken on a Cameca
SX-100 EMPA equipped with five WDS and one EDS detectors at the
Micro-Analysis and Micro-Diffraction laboratory in the Department of
Earth Sciences at the University of Cambridge. An accelerating voltage
of 15 keV, and a current of 20nA was used with a beam size of 1 pm.
Standards for calibration were Na on jadeite, K on K-feldspar, Fe on
Fayalite, Mn, Ni, and Cr on pure metals, Si and Ca on diopside, Al on
corundum, Mg on St Johns olivine, and Ti on rutile. San Carlos olivine,
Augl2214, and VG2 glass were used as secondary standards. Matrix
effects were corrected using the ZAF correction. For each sample, a
minimum of three grains of each phase was analysed. The data reported
are the average of these analyses with the uncertainties reported as
standard deviations. Full major element analyses for olivine, orthopyr-
oxene, clinopyroxene, spinel, garnet, amphibole, phlogopite and
ilmenite are presented in Tables S2-9 in the Supplementary Material.
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Table 1
Summary of the locations, mineral and whole-rock chemistry, and *He/*He (R,) of mantle xenoliths analysed in this study.

Sample Q Rock Type Orthopyroxene Olivine  Clinopyroxene Spinel  Calculated Whole-Rock

Mg# Al:03 Fo Mg# [Ti/ Cr# 3He/*He (Ra) Error MgO FeO™" SiO2 [La/ [Th/

Euln * Ybly Ybln
Off craton
West Eifel
Dw3 Lherzolite 92.1 2.79 91.7 92.11 0.05 39.9 6.8 0.2 44.8 7.3 42.4 36.44 26.59
DW7 Harzburgite 91.1 4.61 90.9 90.44 0.50 31.2 5.9 0.1 40.5 7.1 46.6 3.26 2.36
DW8 Lherzolite 91.6 2.93 91.2 92.14 0.23 24.1 5.9 0.2 43.1 7.6 43.4 41.61 87.30
DW10 Wehrlite + amph 89.4 90.84 0.09 42.5 6.7 0.1 37.8 7.9 43.3 16.67 8.22
G17 Lherzolite + amph 91.3 2.24 91.3 90.77 0.33 37.5 5.5 0.1 44.5 7.7 45.1 48.76 55.43
G18 Harzburgite + 91.1 2.87 91.1 92.01 0.76 5.3 0.2 44.5 7.7 45.7 21.65 45.46
amph

MMS5 Lherzolite 91.4 3.35 91.1 91.10 0.19 35.6 6.7 0.1 43.9 7.8 43.5 15.01 9.47
MM8 Harzburgite 91.7 3.67 91.4 91.06 45.1 6.3 0.1 46.2 7.7 43.5 11.69 4.47
MM11 Lherzolite 90.8 3.44 90.4 90.67 0.05 27.6 6.6 0.1 38.1 7.1 46.2 31.44 22.19
DW5 Pyroxenite 87.3 86.67 5.6 0.1 22.3 5.4 48.6
MM6 Pyroxenite 89.1 4.08 88.4 87.99 0.68 45.1 6.6 0.2 31.3 7.4 45.2 7.55 2.33
Kilbourne Hole
KH2 Lherzolite 89.7 4.88 89.2 89.69 0.67 9.9 7.1 0.4 38.7 8.3 43.6 0.19 2.40
KH3D Lherzolite 91.3 4.31 90.9 90.75 0.52 39.8 7.8 0.2 44.5 7.8 44.6 1.98 2.39
KH4 Lherzolite 89.5 4.92 89.3 89.55 0.61 10.2 7.9 0.4 38.3 8.0 44.8 0.16 0.19
KH5 Lherzolite 89.2 4.89 89.3 89.97 0.60 9.0 7.3 0.3 38.8 8.1 45.3 0.16 0.19
KH1 Pyroxenite 79.9 78.70  0.96 7.7 0.1
Tariat Depression
™1 Lherzolite 90.3 4.35 89.6 91.54 0.75 9.4 8.3 0.4 40.4 8.2 42.9 0.70 0.37
TM2 Lherzolite 90.1 4.73 89.5 90.26 0.65 10.7 8.0 0.2 43.1 8.9 43.8 0.93 0.30
TM3 Lherzolite 89.6 4.90 88.9 89.55 0.64 8.7 8.1 0.4 37.5 8.2 44.0 1.40 1.36
™4 Lherzolite 90.9 4.00 90.3 92.00 1.01 13.3 7.6 0.1 39.5 7.6 43.8 0.70 0.37
Antarctic Peninsula
BN Lherzolite 89.7 4.09 89.3 90.90 9.9 7.3 0.2
KG3609.21 Harzburgite 91.5 2.05 90.8 93.40 46.6 7.1 0.7
KG3610.10A  Harzburgite 91.8 2.55 91.3 93.82 0.06 58.9 7.2 0.4 45.6 7.3 44.1 33.41 75.94
KG3719.25 Lherzolite 90.3 4.24 89.7 90.90 16.5 5.6 0.1
L7.201.1.41 Lherzolite + amph 89.9 4.28 89.4 90.29 0.34 16.5 6.8 0.2 40.1 8.5 44.1 7.69 9.44
KG3619.7 Pyroxenite 81.0 4.95 79.4 80.40 6.8 0.2
L7201.1.74c Pyroxenite 81.1 78.00 0.97 0.0 6.5 0.1 41.6 15.8 7.7 3.57 15.74
R5194.21 Pyroxenite 78.4 80.04 0.77 0.8 5.8 0.1 40.0 17.8 9.7 4.37
R5194.2M Pyroxenite 78.26 0.66 1.8 6.7 0.1 45.5 13.2 6.9 4.76
Southern Patagonia
CP31 Lherzolite 6.6 0.1
CP33 Lherzolite 90.5 3.50 89.8 90.13 29.7 7.0 0.2 39.9 8.1 45.0
LT1 Lherzolite 90.5 4.52 90.3 92.75 0.61 17.9 6.9 0.1 44.3 7.7 44.5 0.48
LT16 Harzburgite 91.6 2.75 91.0 91.25 0.27 52.8 6.6 0.1 36.2 6.7 46.8 1.25
PA3-5 Harzburgite 92.4 2.86 92.0 55.8 6.6 0.1
CP62 Pyroxenite 87.3 3.42 86.2 7.2 0.1
LT14 Pyroxenite 91.02 3.9 91.18 26.3 7.3 0.2 23.2 3.9 52.9
LT15 Pyroxenite 83.6 87.56 6.7 0.1 18.1 4.5 50.3
Craton margin
Northern Tanzania
BD128A Peridotite 7.2 0.1
BD730 Lherzolite 92.2 1.08 91.1 93.44 0.32 13.1 6.3 0.1 42.1 7.1 44.4 25.34 52.43
BD738 Lherzolite 93.0 1.10 92.1 93.44 0.37 6.7 0.3 43.5 6.8 44.1
BD797 Harzburgite 93.6 1.27 92.5 92.93 71.4 6.3 0.1 44.3 6.1 45.0 39.30 68.63
BD822 Harzburgite 93.5 1.78 92.5 72.9 6.5 0.1 46.5 6.8 42.4 87.59 205.88
BD816 Pyroxenite 85.2 0.39 82.0 93.55 6.2 0.1
BD3847 Pyroxenite 82.9 84.35 63.7 6.9 0.1

*Calculated using a weighted average of mineral phase.

*Calculated using the method of Canil et al. (1994).

N denotes normalised to depleted MORB mantle (Salters and Stracke, 2004).
Full data sets are in the Supplementary Material.

Standard deviation of analysed samples for major elements are <0.3 wt 3.2. Trace element analysis
% and detection limits were < 500 ppm.
In-situ trace element analysis was undertaken by Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) in the
Department of Earth Sciences at the University of Cambridge. This
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involved using a New Wave UP213 Nd:YAG laser ablation system
attached to a Perkin-Elmer Elan DRC II ICP-MS system. Clinopyroxene,
garnets, and amphiboles were analysed using CaO and SiO5 from EMPA
analysis as internal standards. Calibration and drift corrections were
obtained using NIST 614, while NIST612, NIST610, BCR-2G, BIR-1G,
and BHVO-2G were also used. Pure helium was used as the ablation gas
at 700 mL min~!. Ablated sample material was carried in helium gas,
which was joined with the argon nebulised gas line from the ICP-MS
using a signal homogenised device at 0.8 L min~! before the ICP-MS
torch. The NWR193 is equipped with a TwoVol2 sample chamber and
small volume sample cup to quickly and efficiently transfer samples and
washout performance.

Data was processed using Glitter software (GEMOC, Australia). The
results were checked and filtered for background and melt/mineral in-
clusions after each analysis to optimise the data. Accuracy is good for
data with results between 80 % and 120 % (Table S10 in the Supple-
mentary Material). Rare-earth elements (REEs) were particularly accu-
rate, with results between 80 % and 100 % accuracy. During analysis,
suitable replicate spots were analysed and LA-ICP-MS results were
averaged (Table S11 and 12 in the Supplementary Material). The spots
were carefully chosen to avoid contamination from nearby cracks, in-
clusions, or any overlapping neighbouring phases to ensure only the
targeted phase was analysed. For additional details, see Gibson et al.
(2020).

3.3. Helium isotope analysis
Thin sections of all the xenoliths were initially screened using both
optical and scanning electron microscopy to ensure that the constituent

mineral phases are fresh and free of fractures. Small, rounded, isolated
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fluid inclusions are visible in the cores and along cross-cutting healed
fracture planes in many of the olivine and pyroxene crystals (Fig. S2e in
the Supplementary Material). Both types of fluid inclusions are indica-
tive of their formation in the mantle (e.g., Andersen and Neumann,
2001).

Rock samples were mechanically disaggregated using a rock crusher
in the Department of Earth Sciences, University of Cambridge. Olivine,
orthopyroxene and clinopyroxene were handpicked from the crushate
using an binocular microscope. The grains were then washed with
distilled water, ultrasonicated in dilute HNO3 for 15 min and washed
with acetone.

Helium isotope measurements were made using a ThermoFisher
Scientific Helix SFT dual collector mass spectrometer at the Scottish
Universities Environmental Research Centre following the methods of
Carracedo et al. (2019). Approximately 1 g of each mineral was loaded
into an all-metal multi-sample hydraulic crusher. The system was
pumped to ultra-high vacuum then baked for > 24 h at 80 °C. The gases
were released by in vacuo crushing in a multi-sample hydraulic crusher
(Stuart et al. 2000). The released gases were purified in an all-metal
ultra-high-vacuum line equipped with two heated (250 °C) SAES GP50
getters and an activated charcoal finger (cooled to approximately
—196 °C using liquid nitrogen). >He was analysed by a copper beryllium
ion counting electron multiplier while “He was analysed by an electri-
cally suppressed Faraday detector.

Determination of mass spectrometer sensitivity and mass discrimi-
nation was performed by measuring HESJ standard gas (Matsuda et al.,
2002) with 3He/*He = 20.63 + 0.10 Ra. The average blank levels were
*He =1.7 x 1071 £ 3.9 x 1077 cm?, and “He = 1.7 x 1071% £ 4.4 x
107! em®. Repeated analysis of the HESJ standard revealed a repro-
ducibility of 0.2 % and 1.1 % for “He and 3He measurements,
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Fig. 2. Variations in *He and *He/*He (normalised to atmosphere, where R, = 1.384 x 10 °) of co-existing minerals separated from mantle xenoliths analysed in this
study. Circles are peridotites and triangles are pyroxenites. The black solid line and shaded fields show the regression line through the data and confidence bands,
respectively. Most xenoliths fall within these confidence bands. Data are from Table 1.
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respectively. Helium concentrations were determined using the mass of
material that passed through a 100 pm sieve after crushing.

*He/*He and He concentration of xenoliths with multi-mineral
analysis used a weighted average (see Supplementary Material). When
more than one mineral from a single mantle xenolith was measured for
3He/*He, the majority yielded correlations of that fall within the 1:1
confidence interval (Fig. 2). The exceptions are olivine in a sample from
the Antarctic Peninsula (KG3719.25) that has less radiogenic 3He/*He
than co-existing orthopyroxene, together with olivine and clinopyrox-
ene in two samples from the Eifel (DW10 & DW5) and one from Tariat
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(TM2) which fall outside the 1:1 confidence interval on *He/*He plots.
This disequilibrium is more prevalent in the peridotites than the py-
roxenites (Fig. 2 & Figure S7 in the Supplementary Material).
4. Results

4.1. Variations in He and *He/*He

The helium isotope and abundance data together with mineral
chemistry and reconstructed whole-rock data are presented in Table 1
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and the Supplementary Material. Concentrations of 3He exhibit a wide
range in mantle olivine and pyroxenes, varying from 9.1 x 107 t0 1.5
x 107! cm®/g at STP in the peridotites and 1 x 1073 t0 1.1 x 107!
crn3/g at STP in the pyroxenites (see Supplementary Material). The
higher He concentrations in mineral phases from the pyroxenites are
consistent with studies of other volatiles in mantle olivine and pyrox-
enes, and most likely reflect the typically volatile rich nature of pyrox-
enites (e.g., Gibson et al., 2020; Halldorsson et al., 2022).

The ®He/*He values of the mantle minerals analysed in our study
range from 4.8 to 8.5 R, (Table 1; Figs. 2 & 3a). These values overlap
with the range previously reported for most lithosphere xenolith min-
erals (Matsumoto et al., 1997, 1998; Hoke et al., 2000; Gautheron and
Moreira, 2002; Gautheron et al., 2005; Kim et al., 2005; Sapienza et al.,
2005; Czuppon et al., 2009; Nardini et al., 2009; Beccaluva et al., 2011;
Martelli et al., 2011; Correale et al., 2012, 2015, 2019; Halldorsson
et al., 2014; Su et al., 2014; Barry et al., 2015; Day et al., 2015, 2019;
Sgualdo et al., 2015; Konrad et al., 2016; Berkesi et al., 2019; Kobayashi
et al., 2019; Xu et al., 2019; Faccini et al., 2020; Barry and Broadley,
2021; Rizzo et al., 2021). Since some of the xenoliths were collected
from surface outcrops, it is possible that they contain in situ cosmogenic
3He (Foeken et al., 2009). We adopted the same crushing procedure as
Carrecedo et al. (2019) who showed by analysis of long-exposed spinel
peridotite from Antarctica that < 0.1 % of the cosmogenic [He] in the
crystal lattice was released. While this amount will vary from one mantle
xenolith to another it is highly unlikely that significant cosmogenic >He
is present. Fig. 3 also shows that no high He/*He samples have
anomalously high 3He concentrations ruling out a significant cosmo-
genic contribution in all of our samples. Calculated bulk mantle xenolith
concentrations of *He range from 1.7 x 107 t01.4 x 10711 cm?’/g at
STP, and for *He from 1.1 x 10° to 1.6 x 10~% cm®/g at STP (Fig. 3b),
with higher concentrations typically found in the pyroxenites. The bulk
3He/*He of the peridotite and pyroxenite mantle xenoliths ranges from
5.3 to 8.1 R, (Table 1). With the exception of the xenoliths from the
Antarctic Peninsula there is no significant difference between 3He/*He
for peridotites and pyroxenites at any given location.

4.2. Variations in major and trace elements

The Mg# (where Mg#=Mg/Mg + Fe x 100) of olivine, orthopyr-
oxene and clinopyroxene in the garnet- and spinel-bearing peridotites
from our study range from 89.4 to 92.0, 89.6 to 92.3, and 89.5 to 93.8,
respectively (Table 1). The Al;O3 contents of the orthopyroxenes range
from 1.1 to 4.9 wt% and are lowest in the garnet peridotites. The spinel
grains exhibit a wide range in Cro03 (13.7 to 59.8 wt%) and Al,O3 (22.7
to 72.9 wt%), giving Cr# (where Cr#=(Cr/Cr + Al) of 9 to 59. The
most-depleted peridotites (i.e. those with high Mg# olivine and pyrox-
enes, low Al;O3 orthopyroxenes and high Cr# spinels) are typically from
Lashaine (Tanzania) and West Eifel (Germany), while the xenoliths from
Kilbourne Hole (western US) and Tariat (Mongolia) are the least-
depleted (Table 1). Overall, mineral phases in the pyroxenites tend to
be less enriched in FeO than the peridotites (e.g., orthopyroxene Mg#
varies from 79.5 to 91.8 and olivine Mg# ranges from 78.4 to 88.4).
Fig. 4 shows that scattered negative correlations exist between the Mg#
of olivine and orthopyroxene and He/*He in the peridotites.

The whole-rock compositions of the mantle xenoliths were calcu-
lated by mass balance from mineral chemistry and modal mineralogy
(see Supplementary Material). Bulk peridotite SiO5 contents range from
42 to 47 wt% in the peridotites and pyroxenites. Bulk MgO in the pe-
ridotites and pyroxenites are more varied, ranging from 36 to 47 wt%
and 16 to 31 wt%, respectively. FeO ranges from 6 to 9 wt% in the pe-
ridotites and 4 to 12 wt% in the pyroxenites, so that Mg# ranges from
89.2 t0 92.4 and 72 to 91, respectively. Bulk CaO content also exhibits a
wide variation from 0.25 to 6.5 wt% in the peridotites and 7 to 18.5 % in
the pyroxenites. Likewise, Al,O3 ranges from 0.3 to 5 wt% in the peri-
dotites and 1.5 to 23 wt% in the pyroxenites. In the xenoliths analysed in
our study, some of the most magnesian and silica-rich but Ca-poor bulk
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compositions are from the only on-craton suite, i.e. Lashaine.

Clinopyroxene, amphibole and phlogopite are the main host of
incompatible trace elements in mantle peridotites. In the peridotites
from Tariat, Kilbourne Hole and Pali Aike the clinopyroxenes have
normalised trace element patterns that are depleted in the most strongly
incompatible trace elements. This contrasts with some clinopyroxenes
from the W. Eifel (e.g. DW3, MM11, MM5, DW8, G18 & G17) and the
Antarctic Peninsula (L7.201.1.41) that exhibit enrichments in Th and U
relative to elements of similar compatibility (Figure S8). Enrichments in
Th and U are also apparent in the amphiboles from West Eifel peridotite
MM11.

The calculated bulk concentrations of incompatible trace elements
exhibit large variations in mantle peridotites and pyroxenites. Figs. 5 &
6 show depleted mantle normalised patterns for the incompatible trace
elements for off- and on-craton mantle together with their *He/*He ra-
tios. Peridotites from Tariat (Mongolia), Kilbourne Hole and Pali Aike
(Patagonia) exhibit relatively flat normalised multi-element patterns
and most elements are between 0.1 and 10 times those of the MORB
source (Fig. 5a-c). For other continental off-craton locations the nor-
malised multi-element patterns are more variable and are frequently
enriched in Th and U relative to Nb and Ta, and often exhibit relative
depletions at Zr and Hf, e.g., W. Eifel and the Antarctic Peninsula
(Fig. 5d, g & h). The normalised multi-element patterns that we observe
in our new dataset are comparable to those for samples previously
analysed for helium isotopes and trace elements from Western Saudi
Arabia (Konrad et al., 2016) and the Transylvania Basin (Faccini et al.,
2020; Fig. 5e & f). The garnet peridotites from Lashaine are highly
enriched in strongly incompatible trace elements (including Th and U)
relative to those from the Kaapvaal craton (Premier Mine; Mclntyre
et al., 2021) and the reworked North China craton (Xu et al., 2019;
Fig. 6). The peridotites from the reworked North China craton are
distinguished by their variable concentrations of incompatible trace
elements, e.g., Th, U, Pb, Zr and Hf.

Off-craton mantle xenoliths with bulk incompatible trace element
signatures indicative of enrichment by small-fraction melts and fluids (i.
e. with [La/Yb], > 0.36 (DMM value)) have SHe/*He of 5 to 8 R,
(Fig. 5). Those with SHe/*He > 7 R, include off-craton samples from the
Antarctic Peninsula, Southern Patagonia, Yemen, Hyblean Plateau,
Western Saudi Arabia, and the Southern Main Ethiopian Rift (this work,
Hallddrsson et al., 2014; Sgualdo et al., 2015; Konrad et al., 2016).
Mantle xenoliths that show relative enrichments in incompatible trace
elements, (especially Th and U) — and have more radiogenic *He/*He
(<7 R,) — include off-craton xenoliths from the W. Eifel, the Antarctic
Peninsula, NW Libya, and E. Transylvanian Basin (this work, Beccaluva
et al., 2011; Rizzo et al., 2018, 2021; Faccini et al., 2020). In the Ant-
arctic Peninsula xenolith suite, the peridotites have higher *He/*He than
the clinopyroxenites.

5. Origin of *He/*He variability in the continental lithospheric
mantle

The high ®He/*He of off-craton mantle peridotite xenoliths from
Tariat (7.6-8.3 R,) and Kilbourne Hole (7.1-7.9 R) slightly extend the
range published for Kilbourne Hole (7.23-8.1 R,; Day et al., 2015;
Kobayashi et al., 2019); Yemen (7.2-7.9 R,; Sgualdo et al., 2015),
Western Saudi Arabia (6.8-7.7 Ry; (Konrad et al., 2016), the Kenya Rift
(6.3-7.5 R,; Halldorsson et al., 2014) and N.E. Australia (8.1-8.2 Ry;
Czuppon et al., 2009). The lowest *He/*He in our sample suite is
recorded by the off-craton xenolith suites from the Antarctic Peninsula
(5.6-7.3 Ry), Southern Patagonia (6.6-7.3 R,) and the W. Eifel (5.3-6.8
R,), with the Antarctic Peninsula and W. Eifel displaying a greater range
than has been observed in many other off-craton mantle samples. We
note that the W. Eifel samples with the lowest 3He/*He (G17 & G18) are
amphibole bearing. Our samples from the Antarctic Peninsula extend to
slightly more radiogenic *He/*He than those determined for the West
Antarctic Rift System (6.7-7.24 R,) by Day et al. (2019). The W. Eifel
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Fig. 4. *He/*He versus: a) olivine Mg#; b) orthopyroxene Mg#; and c) orthopyroxene Al,O3 content. Solid symbols are for bulk xenolith *He/*He and open squares
are for >He/*He in olivine or clinopyroxene. Open squares are off-craton xenoliths from the Dunedin Volcanic Field, New Zealand. Solid black star shows the
composition of Depleted MORB-source mantle (DMM) based on the SHe/*He from Allegre et al. (1995) and olivine Mg# from Workman and Hart (2005). The
lithospheric mantle array (shown by the grey shaded field) is inferred from the global continental peridotite database and excludes all peridotites that have un-
dergone modal metasomatism (i.e. addition of amphibole and/or phlogopite) as a consequence of their interaction with subduction-related melts and fluids. Data
from this work (large symbols) are from Supplementary File 4 and the published literature (Brandon and Draper, 1996; Dodson and Brandon, 1999; Hoke et al., 2000;
Kim et al., 2005; Sapienza et al., 2005; Correale et al., 2012, 2019; Howarth et al., 2014; Barry et al., 2015; Day et al., 2015, 2019; Sgualdo et al., 2015; Konrad et al.,

2016; Berkesi et al., 2019; Xu et al., 2019; Faccini et al., 2020; Rizzo et al., 2021).

xenoliths fall within the range previously observed for the European
lithospheric mantle (6.1 + 0.9 Ry; e.g., Dunai and Baur, 1995; Gau-
theron and Moreira, 2002; Rizzo et al., 2018, 2021; Faccini et al., 2020)
and those for Southern Patagonia are similar to those analysed by
Jalowitzki et al. (2016). The only on-craton mantle xenoliths that we
analysed are from the rifted margin of the Tanzania craton (Lashaine).
The *He/*He of these xenoliths (6.2-6.7 Ry; Table 1) are at the high end
of the range observed for on-craton mantle by Day et al. (2015; 0.5-6.7
Ra), and slightly higher than samples analysed from Lashaine by
Halldorsson et al. (2014; 5.3-6.2 R,). Below we discuss the causes of
variations both within and between on- and off-craton mantle xenolith
suites.

5.1. Lithological variability in the lithospheric mantle

During sub-solidus cooling of melt residues (primarily harzburgites)
in the lithospheric mantle, the inclusions within the mantle phases
(usually olivine and orthopyroxene) should retain the 3He/*Heof the
convecting mantle, assuming that there is minimal *He/*He fraction-
ation during sub-solidus cooling (Trull and Kurz, 1993). In contrast,
pyroxenites are typically found as veins and most likely represent the
crystallisation products of the channellised flow of percolating con-
vecting mantle derived melts (Wilshire et al., 1988). It is therefore likely
that the ®He/*He of the pyroxenes and olivine in these veins were
initially in equilibrium with the ascending convecting mantle-derived
melts from which they precipitated.

5.2. Tectonic setting

Significant depletion experienced by ancient cratonic mantle is im-
plicit from the chemistry of co-existing mineral phases. For example, the
Mg# of olivines from refractory peridotite xenoliths (i.e. that have not
been enriched by melt-rock reactions) are typically higher than those in
off-craton mantle, with a threshold at ~92 (Fig. 7). Where mineral
chemistry and reconstructed whole-rock data are available we observe a
first order, negative relationship between the degree of melt depletion
and 2He/*He of peridotite mantle xenoliths (Fig. 4). The xenoliths from
cratonic settings with the most depleted major-element mineral com-
positions (i.e. harzburgites with high Mg# olivine and orthopyroxene,
high Cr# spinel, and orthopyroxene with low Al,O3 content) have
3He/*He typically ranging from 3.5 to 7 R, (Fig. 8). Exceptions to this
are some of the cratonic xenoliths from the Siberian and Kaapvaal cra-
tons that have low Mg# for a given He/*He (Fig. 4). The alkali basalt
and basanite hosted peridotites from off-craton settings tend to have less
depleted compositions, i.e. relatively low Mg# olivine and orthopyr-
oxene (88-92.5), low Cr# spinel (<20) and high Al,O3 orthopyroxene
contents (>2 wt%), and 3He/*He varying from 4.6 to 13.9 R, (Figs. 4 and
8). This relationship is also evident from the calculated whole-rock
major element compositions; the least-depleted peridotites (FeO>7 wt
%) typically have higher SHe/*He (>7 Ryp) than the more-depleted off-
craton peridotites with FeO<7 wt% (®He/*He = 5-7 Ry Fig. 8a). We
note that the xenoliths which plot off from the main global lithospheric
mantle array on Fig. 4 have relatively low >He/*He at given Mg# in
olivine and orthopyroxene, and also orthopyroxene Al,Os3 content.
These include several off-craton peridotite xenoliths from Simcoe,
Eastern Transylvanian Basin, Antarctic Peninsula, Korean Peninsula,
Calatrava in Spain and W. Eifel (Brandon and Draper, 1996; Dodson and
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Brandon, 1999; Kim et al., 2005; Martelli et al., 2011; Faccini et al.,
2020; Rizzo et al., 2021). Many of these off-craton peridotites contain
amphibole (i.e. a hydrous, non-primary mantle phase) and are enriched
in Th and U relative to elements of similar incompatibility (e.g. Nb;
Fig. 5). They are located above past or present subduction zones —- e.g.,
the peridotites from the Antarctic Peninsula are hosted in Cenozoic
(7.7-1.5 Ma) mafic alkaline volcanic rocks along the former Mesozoic to
Early Cenozoic subduction margin of W. Antarctica and the W. Eifel
mantle has been influenced by the Hercynian Orogeny (Lippolt, 1983;
Leat et al., 2023) —- and may have interacted with silicic melts or C-O-H
fluids derived from down-going slabs. In subducted slabs the noble gases
are predominantly stored in amphibole and the most significant transfer
will occur to the continental mantle immediately above this region, i.e.
where the slab is at depths between ~80 and 100 km (Smye et al., 2017).
Dodson and Brandon (1999) suggested that the proportion of sub-arc
mantle with low *He/*He may be small but the current global dataset
implies that xenoliths with radiogenic *He/*He are present in most
xenolith suites associated with past convergent margins (Fig. 4).

Mantle peridotites from Udachnaya and Obnazhennaya (Siberia
craton) and Premier (Kaapvaal craton) also plot off from the global
lithospheric mantle array. Nevertheless, the measured *He/*He for some
of the cratonic mantle xenoliths emplaced at 1179 Ma at Premier and
360 to 160 Ma at Udachnaya and Obnazhennaya, respectively, may not
reflect the original >He/*He. Some of the Udachnaya peridotites have
extremely high “He that cannot be explained by radiogenic ingrowth
alone (see below) and these are thought to contain slab derived fluids
(Barry et al., 2015; Day et al., 2015).

5.3. Ingrowth of “He

The alpha decay of U and Th in mineral lattice generates “He. This in
situ radiogenic He diffuses through the mineral lattice and a small pro-
portion comes to rest in voids, such as cracks, fission tracks and in-
clusions. In vacuo crushing releases a small proportion of the in situ
radiogenic He which will act to lower the *He/*He of mantle peridotites.
We have used the following equation to calculate the radiogenic
ingrowth of “He:

238

1)x*BU+7 x U

4] — 1238t) _
[ "He] =8 x (e 137.88

( £/2370) _ 1)+6 x (e/‘.232t)
- 1)><232Th
(€]

where: [*He] is 1x10~® cm3/ g of “He at STP; tis time in billions of years;
}»238, 2237 and 2232 are the decay constants for 238U, 237y and %%?Th
(0.155125, 0.00025, 0.049475 Ga ™!, respectively) and 233U and 232Th
are the amounts present in ppm. We have also assumed that 0.1 % of
lattice-bound “He is released by crushing. The effect of radiogenic “He
release on *He/*He for xenoliths from on— and off-craton locations with
a range of Th and U concentrations are illustrated in Fig. 9. This figure
shows the contribution of radiogenic “He on a depleted mantle perido-
tite from Tariat and a peridotite with high Th and U concentrations from
the W. Eifel (DW8). The latter resembles peridotites interpreted as
metasomatized by subduction fluids during the Hercynian Orogeny. The
variations in the incompatible trace element patterns of the W. Eifel
peridotites (Fig. 5g & h) suggests that there may have been variable
amounts of overprinting by more recent metasomatic melts. Fig. 9 shows
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Fig. 5. Depleted-MORB-mantle-normalised incompatible-trace-element plots showing calculated bulk concentrations for off-craton continental peridotites analysed
for *He/*He. Colour coding of symbols relates to *He/*He ratio. Data sources are: this work (Supplementary materials); Martelli et al. (2022); Konrad et al. (2016);
Faccini et al., (2020); Gibson et al. (2020). The compositions of corresponding host magmas are shown by solid grey lines for Tariat (Barry et al., 2007) and Kilbourne
Hole (Harvey et al., 2012). Depleted mantle values are taken from Salters and Stracke (2004).
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Colour coding of symbols relates to *He/*He ratio. The grey field for ‘depleted off-craton peridotites’ represents the analyses of samples from Tariat (TM2) and
Kilbourne Hole (KH2) on Fig. 5. Data sources are: this work (Supplementary materials); Day et al. (2015); Xu et al. (2019); McIntyre et al. (2021). Depleted MORB
mantle values are taken from Salters and Stracke (2004).
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Correale et al., 2019; Xu et al., 2019; Faccini et al., 2020; Zhang et al., 2022).

that *He release is significant in samples that underwent ancient meta-
somatic enrichment and also those that were emplaced > 10 Ma = . The
global lithospheric mantle array on Fig. 4 is therefore primarily inferred
from the distribution of peridotite xenoliths that were entrained from
continental lithospheric mantle < 10 Ma, and which has not been
strongly influenced by ancient subduction-related fluids or melts.

5.4. Melt extraction

Off-craton mantle peridotites with the lowest incompatible trace-
element enrichment resemble modern MORB source mantle including
3He/*He (7-9 Ry; Table 1 & Fig. 5). These characteristics are dominant
in the mantle xenolith suites found distal to past and present subduction
zones (e.g., Tariat (Mongolia), Kilbourne Hole (Western USA), Pali Aike
(Patagonia)) and are common, albeit not ubiquitous, in Yemen and
western Saudi Arabia xenolith suites (Sgualdo et al., 2015; Konrad et al.,
2016). This is most easily explained by: (i) an ancient depletion event
that has been overprinted by He derived from the host magma during
entrainment; or (ii) recent underplating by asthenosphere mantle. The
reconstructed bulk concentrations of strongly incompatible trace ele-
ments are lower than those in their host magmas (alkaline basalts; Fig. 6)
and indicate limited melt-rock interaction during entrainment. The
young Re-Os ages of peridotite xenoliths from both Tariat (Carlson and
lonov, 2019) and Kilbourne Hole (Harvey et al., 2011) indicate that
parts of the underlying lithospheric mantle formed as the result of a

55

‘young’ melt extraction event, which tends to support the recent
underplating model. Our interpretation of the *He/*He determined in
off-craton mantle xenoliths from Tariat and Kilbourne Hole is supported
by the similarity of mineral and whole-rock chemistry of the xenoliths to
depleted MORB mantle (see Section 4.1) and implies that thielitho-
spheric mantle formed from modern-day upper-mantle. With the
exception of the Red Sea rift zone and Afar (Halldorsson et al., 2014),
there is no direct evidence for continental mantle peridotites entrained
by < 100 Ma magmas having formed as a residue of melting in upwelling
mantle plumes (i.e., 3He/*He > 10 Ra). This may be because the Red Sea
rift zone and Afar represent a relatively unique tectonic setting, where a
mantle plume is interacting with a major continental rift at a continent-
ocean transition zone, and so atypical of the bulk continental mantle.

Fig. 8a & b show that off-craton mantle peridotites that plot in the
field of melt residues formed of Ol 4+ Opx + Cpx, and initially experi-
enced < 25 % fractional melting in the convecting mantle at pressures <
4 GPa, typically have SHe/*He > 7 R, (i.e. dark blue symbols). This
relationship can be further scrutinised for spinel-bearing peridotites by
examining the co-variation of 3He/*He with spinel Cr# and olivine Mg#.
Peridotites with depleted spinel (Cr# >25) and olivine (Mg# >91)
compositions, and that have experienced > 10 % melt extraction (Arai,
1994), have more radiogenic *He/*He than those with less depleted
mineral compositions (Fig. 8c). These observations are similar to the
findings for the W. Eifel and Siebengebirge in Germany by Rizzo et al.
(2021).
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Conversely, mantle peridotites with compositions that reflect greater
amounts of fractional melting (>25 %) at higher pressures usually re-
cord *He/*He < 7 R,. Some of the samples of cratonic mantle that have
been analysed for >He/*He fall in the L+Ol + Opx field on Fig. 8a & b
and formed by up to ~ 35 % melting. Many of the other cratonic peri-
dotites exhibit enrichments in SiO,, FeO and orthopyroxene relative to
experimental mantle melts (Fig. 8a, b, ¢ & d) and so do not solely
represent melt residues. These include the cratonic peridotites with the
lowest He/*He ratios from the Premier Mine on the Kaapvaal craton
(red symbols on Fig. 7).

5.5. Time-dependent melt extraction

By superimposing the calculated whole-rock composition of mantle
peridotite xenoliths onto the fractional mantle melting models of
Herzberg (2004) it is possible to interrogate the relationship between
®He/*He and the amount of melt-extraction. The degree of melt deple-
tion recorded by mantle peridotites is primarily controlled by the tem-
perature of the convecting mantle at the time of their initial formation as
melt residues, and prior to their aggregation in the lithospheric mantle.
The upper mantle is believed by many to have undergone secular
cooling from the Archean when the mantle potential temperature (Tp)
was ~ 1650 °C, to the present day when Tp is ~ 1330 °C (e.g., Richter,
1988). This has widely been attributed to be the cause of the difference
in major element composition of ancient cratonic and younger off-craton
continental mantle (e.g., Herzberg et al., 2010); peridotites with time-
integrated model ages (i.e. from Re-Os and Lu-Hf isotopic systems)
show a decrease in olivine Mg# from the Archean (Mg# = 94) to
modern times (Mg# = 89.7; Servali and Korenaga, 2018). In the last 3.5
Ga the 3He/*He in the convecting mantle has likely evolved from 80 to 8
R, as a consequence of degassing and radiogenic He ingrowth (Porcelli
and Elliott, 2008). Consequently, it is expected that the *He/*He of on—
and off-craton mantle should reflect formation age, i.e. older xenoliths
should have higher values. However, this is not the case and it appears
that the He/*He of older, more melt depleted peridotites are lower than
younger off craton mantle. This can most easily be explained by the
release of in situ-produced radiogenic He in the older xenoliths (Day
et al., 2015).
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To test whether the incorporation of radiogenic He in old litho-
spheric mantle explains the trends in Fig. 4 we have developed a model
which integrates both the evolution of mantle 3He/*He (Porcelli and
Elliott, 2008) and radiogenic helium ingrowth with temperature
dependent melt-extraction models (Herzberg et al., 2010; Servali and
Korenaga, 2018). This allows us to calculate the 3He/*He and olivine
Mg# of the lithospheric mantle that formed between the Archean and
the present-day. Our model assumes that mantle peridotite has 0.01 ppm
2387 and 0.13 ppm 232Th (Table $3). These are the mean bulk concen-
trations from our new dataset and the published literature for samples
analysed for *He/*He. Due to the paucity of bulk U and Th data for
cratonic peridotites analysed for >He/*He, this value is biased towards
the compositions of off-craton mantle. Based on the median >He content
of peridotite xenoliths from this study, we have used an initial *He
concentration in the continental mantle of 1 x 10~!2 em®/g at STP. The
ratio of heat generation to heat loss (i.e. the Ur ratio) is important
because it controls the amount of melting and the Mg# of the melt and
residue. We have elected to use a Ur ratio of 0.23 proposed for the
convecting mantle (Herzberg and Rudnick, 2012), which is consistent
with the geochemistry of the lithospheric mantle (see Supplementary
Material & Pearson et al., 2021). The corresponding olivine Mg# for
melt residues formed during the past 3.5 Ga is obtained from Servali and
Korenaga (2018). The results of these calculations are shown in Table 2
and Fig. 9.

Our model shows that the more depleted 3.5 to 2.5 Ga cratonic
mantle has evolved to lower He/*He than younger off-craton conti-
nental mantle (Fig. 10a & Table 2). Using the parameters from previous
studies (Herzberg, 2004; Porcelli and Elliott, 2008; Herzberg et al.,
2010; Servali and Korenaga, 2018), and assuming that the continental
lithospheric mantle is a residue of melting of peridotite in the upper
convecting mantle and has evolved as a closed system, our model pre-
dicts that samples of 2.5 to 3.5 Ga cratonic mantle containing olivine
with Mg# = 93.2 to 94.5 should yield present-day *He/*He of 2.9-3.7
R,, while samples of < 2.5 Ga off-craton mantle with olivine Mg# = 89.7
to 93.2 should have ®He/*He ranging from 4.5 to 8 R, (Fig. 10b &
Table 2). This closed system scenario provides the background variation
of ®He/*He in melt residues with time. An assumption of both our work
and previous studies is that the compositions of mantle xenoliths are
representative of the continental mantle. Despite the uncertainties that
arise from this assumption, the results of our calculations largely match
the observed data from both our work and the published literature
(Fig. 10b).

5.6. Metasomatism

Metasomatism by percolating small-fraction melts and fluids derived
from MORB source mantle, subducted slabs or mantle plumes, is ex-
pected to overprint the fluid *He/*He of the lithospheric mantle as well
as modify the major and trace element composition (see Figs. 4, 5 & 6).
The complexity of the processes involved makes this difficult to quantify
although it will bias the data from the compositions of pure melt resi-
dues (e.g., Day et al., 2015). This is apparent in the Mg# of olivines in
cratonic peridotite xenoliths with >He/*He. Most have Mg# <93
whereas the Mg# of olivines found in harzburgitic diamond inclusions, i.
e. largely unmetasomatised cratonic mantle, are between 92 and 96
(Stachel and Harris, 2008; Fig. 5). The overprinting of melt residue
compositions is also clear from: (i) enrichments in silica relative to the
predicted compositions of melt residues; and (ii) the high modal % of
olivine at a given olivine Mg# in cratonic mantle xenoliths (Fig. 8). The
low modal olivine is compensated for by excess orthopyroxene and
commonly interpreted as silicate-enrichment associated with melts or
fluids of subducted oceanic lithosphere (e.g., Kelemen et al., 1998; Bell
et al.,, 2005). We note that the samples, which plot off the oceanic
peridotite melt-extraction array of Boyd (1989; Fig. 8d), also record
slightly lower SHe/*He (<7 Ra).

Recent work by Gibson and McKenzie (2023) has shown that
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Table 2

Predicted evolution of >He/*He (Ra) and olivine Mg# in mantle residues.

Predicted evolution of *He/*He (R,) and olivine Mg# in mantle residues

0 Ga

0.5 Ga

1Ga

1.5Ga

2 Ga

2.5 Ga

3 Ga

3.5Ga

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

(Ra)

Olivine
Mg#

3He/*He

(Ra)

Age of

(Ra)

formation
(Ga)

94.00

81.40
21.47
12.08
8.31
6.27
5.00
4.12
3.49

3.5

45.80 93.50

94.00

17.95 93.50 28.80 93.20

10.88

94.00

2.5

93.20 20.20 92.50

14.69

93.50

94.00

91.75
91.75
91.75
91.75

14.30
9.83
7.25
5.70

9.59 93.20 12.16 92.50
7.05

5.53
4.51

93.50

7.72
5.93

4.78

94.00

1.5

91.00
91.00
91.00

11.40
8.42
6.45

92.50

8.45
6.41
5.13

93.20

93.50

94.00

90.50

9.70
7.49

92.50

93.20

93.50

94.00

0.5

8.00 89.70

90.50

92.50

93.20

93.50

3.97

94.00

Estimates of olivine Mg# (Mg/Mg + Fe) in mantle residues are from Servali and Korenaga (2018), assuming a Ur of 0.23 (Herzberg and Rudnick, 2012). 3He/*He (Ry) are from Porcelli and Elliott (2008). The predicted

3He/*He (Ro) include ingrowth of “He estimated using Eq. (1). Assumes 0.01 % addition of “He to intrinsic *He in the fluid inclusions (see text for discussion).
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Fig. 10. (a) Time-dependent lithosphere evolution diagram comparing bulk
xenolith *He/*He with olivine Mg#. We follow Porcelli and Elliott (2008) and
assume that *He/“He at 3.5 Ga = 81.4 R,, 3 Ga = 45.8 R,, 2.5 Ga = 28.8 Ry, 2
Ga=20.2R,;,1.5Ga=14.3R,;,1 Ga=11.4R,,0.5Ga=9.7R,, and 0 Ga=8
R.. Closed stars show the composition of the MORB source mantle at different
time intervals and the closed circles show the estimated change in *He/*He at
0.5 Ga time intervals. Details of parameters used in the model are presented in
the main text. (b) Variation in olivine Mg# and bulk xenolith *He/*He and the
literature taken from Fig. 4a and overlain on the results of time-dependent
lithosphere evolution models shown in (a). The global lithospheric mantle
array and data are taken from Fig. 4. The solid curve shows the predicted
present-day composition assuming 1.5 % addition of ingrown “He to intrinsic
3He/*He during crushing experiments (see Day et al., 2015).

addition of volatiles to cratonic mantle by metasomatic melts is
balanced by loss through kimberlite and lamproite volcanism, and
suggests this region has reached steady state. Less is known about off-
craton mantle except that residence times will be shorter than for
cratonic mantle and more work is required to improve constraints on the
He fluxes. The extent to which the Mg# of the lithospheric mantle is
influenced by metasomatism will vary according to the style of enrich-
ment: high-Mg carbonate (dolomitic) melts may increase Mg# while
silicate melts will decrease Mg#. Some of the deviations from the main
global lithospheric mantle array shown in Fig. 4 may reflect this meta-
somatism. The off-craton Zealandia peridotites (East Otago & Chatham
Island) which have highly variable He/*He and moderately high Mg#
(Hoke et al., 2000) are thought to represent fragments of oceanic mantle
swept into the Gondwana sub-arc environment and variably re-melted to
generate the refractory residues (Scott et al., 2019). Metasomatism may
also account for some of the cratonic mantle peridotites that fall off the
global array, including those from the Kaapvaal craton (Premier Mine)
and Siberia craton which have variable *He/*He (0.1-5.6 R,) but rela-
tively low Mg# olivine and orthopyroxene (Fig. 4), and appear to have
undergone modification by subduction-related fluids (Barry et al., 2015;
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Day et al., 2015; Barry and Broadley, 2021; Zhang et al., 2022). The
peridotites from the eastern margin of the Tanzania craton (Lashaine)
fall within the main global lithospheric mantle array but have relatively
low olivine Mg# (91-92.5) and high 3He/*He (6.3-6.7 R,) compared to
other on-craton xenoliths. Although this xenolith suite retains Archean
Re-Os sulfide ages (up to 3 Ga; Burton et al., 2000), the peridotites are
highly enriched in strongly incompatible trace elements (Fig. 6). This
metasomatic signature is present in the Lashaine samples that we ana-
lysed for He/*He and consistent with interpretations from their
incompatible trace element, Sr, Nd Pb and Os isotopic ratios which
indicate a Proterozoic to Recent metasomatic enrichment (e.g., Cohen
et al., 1984; Burton et al., 2000; Gibson et al., 2013).

The correlations outlined above imply that the >He/*He trapped in
fluid inclusions in continental lithospheric mantle phases are affected by
subsequent events. This is consistent with the abundant evidence which
shows that metasomatism of the lithospheric mantle has overprinted
many of the initial depleted major and incompatible trace element and
isotopic signatures (e.g., Menzies, 1983; Dawson, 1984). To resolve the
cause of the local variations in the >He/*He of continental mantle, we
investigate relationships of *He/*He with signatures indicative of: (i)
different metasomatic agents, i.e. carbonatite and silicate melts or fluids;
and (ii) melts or fluids derived from different reservoirs, e.g., subducted
oceanic crust and the MORB source mantle (due to the absence of
He/*He > 10 R, in data sets with incompatible trace elements con-
centrations we do not consider the deep mantle). In this work, we have
concentrated on the light and heavy rare-earth elements (LREE and
HREE) together with large-ion-lithophile elements (LILE) in bulk xeno-
liths (see Supplementary Material) because of their: (i) different
behaviour during melting of the convecting mantle and subducted
oceanic lithosphere; and (ii) large variations in mantle xenolith suites
(Fig. 11a & b). The LREE/HREE ratio is tracked by [La/Yb], (normalised
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to Depleted MORB Mantle after Salters and Stracke, 2004), which has a
large range (0.3 to 90). Ratios of LILE and HREE are tracked by [Th/
Yb],, which also varies widely (0.1 to 205). Incompatible trace element
ratios such as [Ti/Eul, and [La/Yb], of clinopyroxenes are widely used
to distinguish between silicate and carbonatite metasomatic agents
(Coltorti et al., 1999) but Fig. 11 shows that while the variability in these
trace element ratios may be due to different metasomatic agents there is
no systematic variation of either of these ratios with *He/*He. This may
be because enrichment of the lithospheric mantle from silicate or car-
bonatitic melts is complex and can increase or decrease >He/*He
depending on the age and source of the metasomatic melts and the age of
the lithospheric mantle with which they are interacting.

Our work shows that off-craton mantle xenoliths with *He/*He > 7
R, tend to resemble MORB source mantle, whereas those with lower
SHe/*He (<7 R,) are dominated by higher [La/Yb], and [Th/Yb], than
MORB source mantle (Fig. 5) and contain clinopyroxenes with inter-
mediate [Ti/Eu], (0.1-1, Fig. 11c). These characteristics are typical of
melts and fluids from subducted oceanic lithosphere (e.g. Kessel et al.,
2005). While this interpretation favours the input of recycled material,
the more radiogenic >He/*He and high LILE/HREE might also reflect an
ancient metasomatic event that became isolated and underwent “He
ingrowth. We also cannot rule out the contribution of metasomatic melts
derived from ’streaks’ of ancient enriched (pyroxenite) material in the
convecting upper mantle. These would have elevated U and Th relative
to those from the surrounding upper mantle. In this case ingrowth of “He
would be faster than depleted peridotites and typically generate lower
3He/*He. Variations of He/*He with major and trace elements dis-
played in Fig. 11d reflect these different mechanisms and show that
many of the peridotites with elevated LILE/HREE and lower He/*He
also have a depleted chemistry (e.g., olivine Mg# >92), consistent with

ancient lithosphere formation and substantial “He-ingrowth.
100 Silicate C)
a metasomatism

4 o

@

o L]

10 N Y O
Carbonatite \ @
metasomatism

* Depleted
A @X MORB Mantle
@

Calculated whole-rock [La/Yb],

(DMM)
0.1 P )
A Partial
@ melting
0.01
0.01 04 1 i 10
Clinopyroxene [Ti/Eu],
O Cratonic mantle ’ d)
1000 { | O Off-craton mantle Carbonatite
A Reworked cratonic mantle metasomatism

100 { Silicate
metasomatism

10

Calculated whole-rock [Th/Yb],

0.1

85 90 95
Olivine Mg#

Fig. 11. Variation of *He/*He with different indices of metasomatism in mantle peridotites. Note that only a few samples of cratonic mantle with *He/*He have
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[Th/Yb],, both panels are colour coded for 3He/*He. On all panels, the solid black star represents Depleted MORB Mantle (DMM; Salters and Stracke, 2004; Workman
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Mclntyre et al., 2021; Zhang et al., 2022).
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Importantly, the effects of the metasomatic melts do not appear to be the
primary control of the long wave-length variability of *He/*He with
Mg# in on- and off-craton continental mantle but more *He/*He data is
required for fully-characterised mantle xenoliths (i.e. modal mineralogy,
major and trace element mineral chemistry) in order to statistically
interrogate the effects of mantle metasomatism. These internally
consistent datasets are especially sparse for the cratonic mantle.

6. Broader implications

Continental intraplate magmas exhibit wide variations in *He/*He
ratios (e.g., Stuart et al., 2003; Day et al., 2005; Horton et al., 2023). The
highest *He/*He (up to 67.2 R,) are found in proto-Iceland plume pic-
ritic magmas from Baffin Island (Horton et al., 2023); these are believed
to be a consequence of adiabatic decompression melting of entrained
mantle plume material that contained helium diffused from the core (e.
g. Starkey et al., 2009). Most other continental mafic magmas are more
radiogenic (*He/*He < 15 R,) and may reflect melting of degassed
plume mantle, MORB source mantle and assimilation of continental
lithosphere (e.g., Reid and Graham, 1996; Dodson et al., 1998; Barfod
et al., 1999; Kurz and Geist, 1999; Hoke et al., 2000; Day et al., 2005,
2023; Hilton et al., 2011). It has been argued that crustal assimilation
only causes small variations in the >He/*He of small volume continental
magmas — due to their short residence times in the crust (Dodson et al.,
1998) and that olivine typically forms, and therefore trap
melt/volatile-rich inclusions, prior to crustal contamination (Stuart
et al., 2000). The wide range in *He/*He of fluid inclusions trapped in
lithospheric mantle phases and the distinct signatures of on- and
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continental off-craton mantle (this work & Day et al., 2015) indicate that
the ®He/*He of the continental lithospheric mantle is considerably more
variable than earlier studies have suggested (e.g., Gautheron and Mor-
eira, 2002).

Our confirmation that *He/*He in mantle xenoliths differ between on
and off-craton settings (see Day et al., 2015) and also subduction zones
has broader implications for the variability of *He/*He in magmas. Some
COq-rich, silica-undersaturated continental mafic alkaline intraplate
magmas (melilitites and nephelinites) have 3He/*He as low as 3 Ry,
which may reflect their derivation from carbonated peridotite in the
lower lithosphere (Day et al., 2023). These magmas are derived from
shallower depths than kimberlites (Pintér et al., 2021) and lack the large
cargo of lithospheric mantle olivine (typically 20-30 vol% or more) that
is characteristic of kimberlites (Dawson, 1980). The ascent of proto-
kimberlites through thick ancient mantle is fuelled by the preferential
digestion of orthopyroxene from entrained wall-rocks; this decreases
melt MgO content and drives exsolution of CO, (Russell et al., 2012).
Since olivine and orthopyroxene from ancient cratonic mantle are
characterised by radiogenic SHe/*He (this work; Day et al., 2015) and
143Nd/144Nd (e.g., Pearson and Wittig, 2014), the entrainment of olivine
and dissolution of a large amount of orthopyroxene during kimberlite
ascent (approximately 20-30 %; Russell et al., 2012) will dramatically
decrease the melt 3He/*He and *3Nd/!**Nd (Fig. 12). Mantle ortho-
pyroxene and phlogopite will have lower Mg/Si than olivine and the
final bulk Mg/Si of the kimberlite will be dependent upon the extent to
which these different phases are entrained and digested. Olivine that
subsequently crystallises from the kimberlite melt will have relatively
low 3He/*He, Mg# and *3Nd/!**Nd. This is supported by the limited
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Fig. 12. Binary mixing models (after Langmuir et al., 1978) illustrating the effects of assimilation of cratonic mantle with proto-kimberlite melts on bulk *He/*He
and Mg/Si. The *He/*He of cratonic mantle orthopyroxene and proto-kimberlite melt end member were assumed to be 2.89 and 82, respectively (Porcelli and Elliott,
2008; Day et al., 2015). Bulk Mg/Si ratios were assumed to be 0.87 and 1.7 for the cratonic mantle orthopyroxene and proto-kimberlite melt, respectively (Giuliani
et al., 2020a; Jackson and Gibson, 2023). In the assimilation models Mg/Si was fixed at 1:1 but 3He/*He was varied as shown by the ratios adjacent to the curves.
Data sources for kimberlites and aillikites are as follows: Udachnaya (Sumino et al., 2006); Kimberley (Giuliani et al., 2020b); Igwisi Hills (Brown et al., 2012; Willcox
et al., 2015); West & South Greenland (Tachibana et al., 2006; Gaffney et al., 2007). The data for nephelinites and melilitites are from Day et al. (2005 and 2023) and

Janney et al. (2002).
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3He/*He analyses that are available for fluid inclusions in kimberlite
olivines (1.6-4.6 R,; Brown et al. 2012; Giuliani et al., 2020b). We
therefore propose that in many cases the incorporation of olivine and
assimilation of orthopyroxene from the cratonic mantle most likely ac-
counts for the rarity of kimberlite olivines (xenocrysts or phenocrysts)
with high 3He/*He in certain locations (Fig. 12).

Olivines with relatively unradiogenic *He/*He (up to 26.2 Ry;
Tachibana et al., 2006; Gaffney et al., 2007) are found in COs-rich, high-
MgO magmas known as aillikites; Tappe et al., 2011). These carbonated
ultramafic lamprophyres were emplaced as dykes at Sarfartoq in West
Greenland, on the northern margin of the North Atlantic craton. The
olivines analysed by Tachibana et al. (2006) are small (0.5 mm to 1 mm)
and given their unradiogenic *He/*He appear to have crystallised
directly from the aillikite melt. Importantly, the West Greenland ailli-
kites have higher bulk-rock Mg/Si ratios (1.53; Gaffney et al., 2007)
than global kimberlites (1.31 + 0.16; Giuliani et al., 2020b) which
suggests that the parental melts ascended through the lithospheric
mantle without assimilating large amounts of mantle material (Fig. 12).
Notably, the lithospheric mantle beneath the North Atlantic craton has
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less excess orthopyroxene than other cratons (Bernstein et al., 2007) and
so the 3He/*He of melts traversing through this region are less suscep-
tible to overprinting by dissolution. More work is required, however, to
determine the full extent of the variability of °He/*He in
well-characterised kimberlites and associated high MgO magmas
(lamproites and ultramafic lamprophyres), including the analysis of
fresh olivine phenocrysts (as opposed to xenocrysts). This would place
improved constraints on the He-concentrations in the cratonic mantle
and proto-kimberlites (shown by 1:1 to 1:100 mixing lines on Fig. 11)
and the role of *He-ingrowth from the host-kimberlite.

An additional broader implication from our study is that helium is
typically more concentrated in mantle minerals found in pyroxenites
than in peridotites. This observation expands the dominance of pyrox-
enites to be the major mantle repository for lattice-hosted volatiles, such
as HyO and F (Gibson et al., 2020) and CO, (Halldorsson et al., 2022) to
also include fluid-hosted He. Despite their high concentrations of vola-
tiles, pyroxenites form a relatively small proportion of continental
mantle and do not significantly affect budgets of CO5, He etc. They are,
however, relatively fusible and easily mobilised during heating and
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Fig. 13. Summary diagram showing variations in >He/*He of the lithospheric mantle at different tectonic settings, based on data from mantle xenoliths presented.
The *He/*He of various reservoirs in the convecting mantle are shown for comparison. Our work confirms that the overall global trend of *He/*He in the continental
lithospheric mantle is governed by the age of the lithosphere (Day et al., 2015) and the amount of melting involved in its initial formation as a residue in the
convecting mantle. Superimposed on this time-dependent global melt extraction array are the effects of metasomatism, which can be identified from major and
incompatible trace element concentrations. For example, the lithospheric mantle beneath both cratons and continental margins is characterised by radiogenic
He/*He but the former is more refractory, e.g., has olivine with higher Mg# (where Mg#= Mg/(Mg + Fe)). Continental off-craton mantle has similar *He/*He to
MORB except: (i) where it has been enriched by melts or fluids from subducted oceanic lithosphere (e.g., Faccini et al., 2020) and 3He/*He is lower, or (ii) is
underlain by a mantle plume and 3He/*He is higher, e.g., the Red Sea and Afar (Halldorsson et al., 2014). The main data sources are as follows: cratonic mantle; this
work, Day et al. (2015), Barry et al. (2015); Barry and Broadley (2021); continental off-craton mantle, this work, Gautheron and Moreira (2002), Czuppon et al.
(2009), Beccaluva et al. (2011), Halldérsson et al. (2014), Sgualdo et al. (2015), Jalowitzki et al. (2016), Konrad et al. (2016), Rizzo et al. (2018, 2021); continental
margin mantle, Brandon and Draper (1996), Dodson and Brandon (1999), Hoke et al. (2000), Kim et al. (2005), Martelli et al. (2011), Correale et al. (2012 and 2019),
Day et al. (2019), Faccini et al. (2020); high 3He/*He plume component, Porcelli and Elliot (2008); MORB source mantle, Graham (2002); Hilton et al. (2002);
kimberlites, Sumino et al. (2006), Tachibana et al. (2006), Brown et al. (2012); aillikites, Tachibana et al. (2006); melilitites, Day et al. (2005 and 2023); carbo-
natites, Marty et al. (1998), Tolstikhin et al. (2002); flood basalts, Stuart et al. (2003), Heinonen and Kurz (2015), Horton et al. (2023); alkali basalts/basanites,
Barfod et al. (1999), Halldorsson et al. (2014), Day et al. (2023); volcanic arcs, Hilton et al. (2002) (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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rifting events (Gibson et al., 2020).
7. Conclusions

Our new analyses of mantle xenoliths from both on-craton (e.g., N.
Tanzania) and ‘off-craton’ locations (e.g., West Eifel, Kilbourne Hole,
Tariat and Antarctic Peninsula) reveal that co-existing minerals in
peridotite and pyroxenite mantle xenoliths have similar *He/*He and
3He- and *He-concentrations. This observation differs from Dunai and
Porcelli (2002) who reported higher “He-concentrations in pyroxenes.
This may be because our study used a crushing procedure (rather than
the laser-heating procedure of Dunai and Porcelli, 2002), which mini-
mises the amount of He released from crystal lattices and where *He may
preferentially accumulate by recoil processes from U+Th decay.

We have observed systematic differences within the *He/*He of off-
craton mantle and also between on- and off-craton mantle (Fig. 13). The
3He/*He of off-craton mantle varies, with some locations exclusively
retaining He/*He signatures > 7 Ra (e.g., Kilbourne Hole, western US
and Tariat, Mongolia), others have more radiogenic signatures < 7 Ra (e.
g., W. Eifel, Germany), and the remainder preserve a wide range of
SHe/*He (e.g., Antarctic Peninsula). The elevated 3He/*He of off-craton
peridotites (8.2-10.4 R,) and pyroxenites (12.7-13.9 R,) from the Red
Sea rift zone and Afar (Halldorsson et al., 2014) represent the relatively
unique interaction of a mantle plume with a major continental rift at a
continent-ocean transition zone, and atypical of continental off-craton
mantle. Importantly, the 3He/*He signatures of off-craton mantle xe-
noliths are more radiogenic *He/*He (0.5-6.7 Ry) and largely distinct
from those found at on-craton settings (4-8.8 R,). Our findings are
consistent with the systematic difference in the *He/*He of on- and off-
craton continental mantle noted by Day et al. (2015). An important
finding from this previous study, and supported by our work, is that a
single mean 3He/*He cannot be attributed to the lithospheric mantle at
different tectonic settings as suggested by Gautheron and Moreira
(2002). These workers proposed a canonical value of 6.1 + 0.9 R, and
suggested that this reflected a balance between the He flux from the
asthenosphere and the in-situ production of radiogenic *He in the lith-
ospheric mantle, i.e. a steady state model.

We have advanced on previous work by examining co-variations of
3He/*He with both major and trace elements in mantle phases from
peridotites and pyroxenites. A central result is that fluid-hosted °He/*He
exhibits systematic relationships with major- and trace-elements hosted
in the crystal lattice of mantle olivines and pyroxenes. We suggest that,
overall, the variations in *He/*He and Mg# exhibited by on— and off-
craton mantle largely reflect the amount of melt-extraction in the con-
vecting mantle, and the different amounts of radiogenic ingrowth that
occurred at these settings after the melt residues had been incorporated
into the continental mantle (Fig. 10). The more radiogenic He/*He
signatures found in on- and off-craton mantle may reflect the involve-
ment of recycled oceanic lithosphere. Metasomatic enrichment associ-
ated with fluids results in the formation of amphibole and
clinopyroexene with relatively high Th and U, which increases ingrowth
of “He and causes minor scatter on the global lithospheric mantle array
on *He/*He vs major element plots.

Our new findings highlight the influence of material derived from the
lithospheric mantle on the 3He/*He of continental magmas. The domi-
nantly radiogenic 3He/*He signatures observed for kimberlites that have
ascended through thick, ancient cratonic lithospheric mantle reflect the
high propensity of their parental melts to assimilate and digest ortho-
pyroxene (Russell et al., 2012); in many cases this has resulted in
overprinting of the initial high *He/*He expected for kimberlites derived
from the convecting mantle. This is distinct to younger and thinner off-
craton mantle, which has a lower propensity to be assimilated by
ascending basaltic magmas and enables them to preserve less radiogenic
®He/*He signatures.

Our observation that >He/*He hosted in fluid inclusions in conti-
nental lithospheric mantle phases has remained largely undisturbed
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between metasomatic events (except above convergent margins) is of
importance to global cycles of helium and also co-existing volatile spe-
cies which behave similarly (e.g., CO2, CHy, H20; (Frezzotti et al., 2012);
these may also become trapped in the continental mantle and isolated
from global volatile cycles operating between Earth’s deep mantle and
atmospheric reservoirs on potentially billion-year time scales.

8. Data availability

Data are available through Mendeley Data at https://data.mendeley.
com/datasets/wyds2h3mrj/1
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