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Abstract

Noble gas isotope systematics of ocean island basalts (OIB) provide evidence for relatively undegassed and primitive man-
tle sources. These OIB sources partly derive from the deep mantle by virtue of their distinctiveness from mid-ocean ridge
basalts (MORB), which dominantly sample upper mantle. New helium, neon and argon isotope data are presented for Canary
Islands lavas, carbonatites and cumulate and mantle xenoliths confirming *He/*He ratios that are the same or lower than
MORB, but that are heterogeneous (~3-9.5R 4) within and between islands in the archipelago. Neon and Ar isotope system-
atics for lavas are mostly within the range of air compositions. Harzburgite xenoliths from Lanzarote, which are interpreted to
represent ancient refractory mantle residues, have distinct He-Ne-Ar isotope systematics from lavas or cumulate xenoliths.
The harzburgites are characterized by forsteritic olivine (>Foy;) with uniformly low-*He/*He (6.6 + 0.2R 4), high “°Ar/**Ar
(630-4900), and have Ne isotope compositions that range between air values or that are similar or more nucleogenic than
depleted MORB mantle (DMM). Similar refractory mantle peridotites have been discovered as xenoliths at other OIB local-
ities and are likely to be distinct from continental lithospheric mantle. Refractory mantle (RM), which by virtue of its high
melting temperature is difficult to partially melt, may be a significant component in the convecting mantle and has potential to
impart a cryptic noble gas signature to partial melts in intraplate, divergent and convergent margin settings. In this sense, RM
may represent a ‘sixth mantle component’ after DMM, high-p (high >**U/?**Pb; HIMU), enriched mantle endmembers (EMI,
EMII) and the ‘focus zone’ (FOZO). An RM-type component may be presented in the older eastern Canary Islands and pos-
sibly in recent rejuvenated volcanism from Teide (Tenerife). Canary Island intraplate volcanism samples multiple mantle com-
ponents, confirming that the most gas-rich mantle sources involved in magmatism dominate OIB noble gas compositions.
© 2022 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Some ocean island basalts (OIB) are considered probes
into the composition of the deep mantle. From a geochem-
ical perspective, this is primarily due to the high-*He/*He
ratios measured at some localities (e.g., Kurz et al., 1982,
2009; Hilton et al., 1999; Moreira, 2013; Marty, 2020;
Day et al., 2022). Helium is a key tracer of deep mantle con-
tributions, having a minor isotope, *He, that is primordial
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in origin within the Earth, and *He, which is partially pri-
mordial but also produced by radiogenic decay of U and
Th. High-3He/4He in OIB, in some cases more than
twenty-five times greater than the atmospheric ratio
(>25Ra; where R, is the atmospheric ratio of *He/*He of
1.384 x 107%), are considered to reflect sampling of par-
tially degassed lower mantle distinct from the degassed
upper mantle sampled by mid-ocean ridge basalts (MORB;
8 £ 2R,; Kurz et al., 1982; Allegre et al., 1983; Kaneoka,
1983; Farley and Neroda, 1998; Graham, 2002). In
particular, the locations of Loihi (Hawaii), Fernandina
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(Galapagos), Ofu (Samoa), and some lavas from Iceland
have been shown to have high-3He/4He, as well as similar
depleted Sr-Nd-Pb isotope signatures, and so have been
designated as a potential deep mantle endmember known
as focus zone, or ‘FOZO’ lavas (e.g., Hart et al., 1992;
Jackson et al., 2020).

In contrast to FOZO lavas, a significant fraction of OIB
have *He/*He ratios typically moderately above or within
the range of MORB (Day et al., 2022). These include OIB
that have end-member compositions reflecting extremes or
mixtures of enriched mantle components. These mantle
components can be recognized from high long-term time
integrated Rb/Sr and low Sm/Nd suggesting derivation
from evolved crustal materials (EMI, EMII), or sources
with high 2**U/***Pb, known as HIMU (high-p) that are
considered to derive from recycled oceanic crust or litho-
sphere (e.g., Hofmann and White, 1982; Zindler and
Hart, 1986; Hanyu and Kaneoka, 1997; Day et al., 2009,
2010). These ‘extreme’ compositions are found associated
with FOZO lavas within islands groups such as Savaii
(Samoa, EMII), Koolau, and Mauna Loa (Hawaii; EMI
and HIMU), as well as in OIB without a strong FOZO sig-
nature throughout the Atlantic (e.g., Azores, Canary
Islands, Cape Verde), Indian (e.g., La Réunion, Kerguelen)
and Pacific Oceans (e.g., Cook-Austral Islands, French
Polynesia). These OIB generally possess geochemical evi-
dence for recycled crust and lithospheric materials in their
sources based on Sr-Nd-Pb-Os isotopes (e.g., Zindler and
Hart, 1986; Hofmann, 1997; Day, 2013).

Despite lack of a pronounced deep mantle signature
from He isotopes, some HIMU and EM-type OIB have
been shown to have a primitive ‘solar’ component from
Ne isotopes, consistent with less degassed mantle (e.g.,
Staudacher et al., 1990; Poreda and Farley, 1992;
Valbracht et al., 1996, 1997; Hanyu et al., 2001, 2011;
Trieloff et al., 2002; Hopp and Trieloff, 2005; Madureira
et al., 2005; Honda and Woodhead, 2005; Doucet et al.,
2006; Parai et al., 2009; Jackson et al., 2009; Moreira
et al., 2012). Neon has three stable isotopes, with 2°Ne
and **Ne being of primordial origin, whereas >'Ne is partly
primordial, but also produced by (a,n) reactions predomi-
nantly on '®0 (Wetherill, 1954; Hopp and Tricloff, 2008).
Consequently, radioactive decay of U and Th in Earth leads
to production of nucleogenic 2'Ne, increasing >!Ne/**Ne
over time. To date, some HIMU- and EM-type OIB have
been shown to have Ne isotope compositions akin or
slightly less primitive than Ne isotope compositions in
FOZO OIB (e.g., Honda et al., 1993; Trieloff et al., 2000;
Moreira et al., 2001; Kurz et al., 2009; Jackson et al.,
2009). These data indicate that even some low-*He/*He
OIB have material sourced from relatively undegassed man-
tle distinct from DMM.

To describe noble gas isotope variations more fully in
OIB, He-Ne-Ar isotope data are presented for Canary
Island lavas and cumulate xenoliths. These samples are
known to have *He/*He generally similar to or lower than
MORB (Hilton et al., 2000; Gurenko et al., 2006; Day
and Hilton, 2011), and to have Sr-Nd-Os-Pb isotope signa-
tures consistent with HIMU-type and minor EM sources
(e.g., Hoernle et al., 1991; Widom et al., 1999; Gurenko

et al., 2006; Day et al., 2010; Kliigel et al., 2017). Addition-
ally, He-Ne-Ar isotope data are presented for harzburgite
xenoliths from Lanzarote, interpreted to reflect refractory
mantle material in the oceanic lithosphere (e.g., Simon
et al., 2008). Here, refractory mantle refers to peridotites
that have previously experienced significant (>15%) melt
depletion, and so are not expected to readily partially melt,
except at high mantle potential temperatures, or if they
have been metasomatized or fluxed with fluids. The Lan-
zarote peridotites hint at the potential for a sixth relatively
cryptic ‘refractory mantle’ (RM) endmember after HIMU,
EMI, EMII, FOZO and the depleted MORB mantle
(DMM) that is not well-sampled in mantle-derived melts,
but that may be important for understanding geochemical
compositions of OIB, MORB and some lavas from conver-
gent margin settings.

2. SAMPLES AND METHODS

The Canary Islands archipelago comprises seven major
islands that have progressively older maximum magmatic
emplacement ages from west to east (Fig. 1). Samples were
selected for analysis from field campaigns in 2002, 2006 and
2009 and include shield-stage lavas from El Hierro, shield
stage lavas and cumulate pyroxenite xenoliths from La
Palma, a single Miocene shield stage lava and recently
erupted mantle-derived harzburgite xenoliths from Lan-
zarote, and two approximately early Miocene aged carbon-
atites from Fuerteventura (Table 1). The mantle peridotites
from Lanzarote were sampled at three localities and were
all erupted during the 1730-1736 eruptions of Timanfaya.
Mineral chemical data along with major-, trace- and stable
and radiogenic data for these samples have been reported
previously (Day et al., 2009, 2010; Day and Hilton 2011).

Helium trapped in fluid inclusions within optically pure
olivine, pyroxene and calcite separates was released by
crushing under ultra-high vacuum at the Fluid and Vola-
tiles Laboratory, Scripps Institution of Oceanography with
details of the cleaning and preparation methods outlined in
Fiiri et al. (2010). Mineral separates were crushed in vacuo,
releasing volatiles trapped as fluid inclusions and avoiding
cosmogenic or radiogenic components (e.g., Hilton et al.,
1993). Helium was expanded into a stainless-steel prepara-
tion line and sequentially exposed for a total of 30 minutes
to a Ti getter at 750C, decreasing to 400C, followed by a
liquid N-cooled charcoal trap, a SAES© Zr-Al getter oper-
ated at room temperature, and a He-cooled charcoal trap,
to isolate helium from neon. Purified helium was expanded
into a dual-collector noble-gas mass spectrometer (MAP
215E) for *He/*He analysis using a peak-jumping protocol
(Shaw et al., 2001). Raw helium-isotope ratios were nor-
malized using standard aliquots of SIO Pier air (1 Ry),
under the same preparation and measurement procedures
used for samples. Neon was monitored during each run,
to correct *He/*He and He concentrations for potential
air-contamination.

Neon and Ar abundances and isotope ratio determina-
tions were performed on a subset of samples. Optically pure
olivine and pyroxene separates were loaded into screw-type
crushers that were evacuated to ultrahigh vacuum and kept
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Fig. 1.

Map of the Canary Islands with helium isotope data from olivine and pyroxene separates from lavas and cumulate xenoliths, for

carbonatites from Fuerteventura in the grey filled box with red letters, and mantle harzburgite xenoliths from Lanzarote in the green box.
Geothermal fluids and gas sample compositions from Teide (yellow circle) and Taburiente (red circle) are also shown (from Day and Hilton,
2021). Maximum and minimum He isotope compositions (as *He/*He [R »]) measured in olivine are given in the boxes for each island and are
from Gurenko et al. (2006), Day and Hilton (2011), Carnevale et al. (2021), and this study. Oldest erupted lava ages are given in parentheses
after the island name in millions of years, or within the island boundaries and are summarized in Day et al. (2010). Current growth stages of
the Canary Islands are shown as are ocean floor depths (km) and palacomagnetic anomalies M25 and S21. S21 lies close to the juncture of the

continental/oceanic lithosphere boundary.

at 100C overnight. Neon and Ar abundances and isotope
ratios of 2*Ne/?*Ne, 2!Ne/**Ne and *°Ar/3°Ar were deter-
mined on a modified VG5400 mass spectrometer equipped
with five Faraday cups and a Daly photo-multiplier detec-
tor in peak jumping mode (see Craig et al., 1993; Fiiri
et al., 2010). Gases were released from samples by single
step crushing in vacuo using an external five-ton hydraulic
press. After removal of other volatile species, Ne was
released from a cryogenic trap at 90 K. Reproducibility
of Ne isotope analyses was monitored using an air standard
measured after every eight sample runs or fewer, and sam-
ple Ne isotope compositions were determined by normal-
ization to an air standard. Neon results were corrected
for procedural blanks and contributions of double-
charged “°Ar and CO, to 2°Ne and ?’Ne, respectively, fol-
lowing Niedermann et al. (1993), with the explicit method
used here discussed in Fiiri et al. (2010). Procedural blanks
were run prior to each individual sample averaged
0.5 x 107° cm’ “He, 0.002 x 107 cm’ *’Ne, and
6 x 1077 cm® *°Ar. These blanks result in blank corrections
of less than 10% of sample yields in most cases for He and
<2% for Ne and Ar. Exceptions were the LZ0601 pyroxene
separate and LZ0604 olivine for He. Higher blank contri-
butions are typically due to low intrinsic gas contents
and/or restricted available masses for some samples
(Table 1).

3. RESULTS

New He, Ne and Ar isotope results are presented in
Table 1, with full abundances and ratios presented in

Table S1. These data complement and extend previously

published data for the Canary Islands (Vance et al., 1989;
Perez et al., 1994; Hilton et al., 2000; Gurenko et al.,
2006; Day and Hilton, 2011, 2021; Grachev, 2012;

Carnevale et al., 2021) demonstrating heterogenous distri-
bution of helium isotopes across the archipelago and within
islands (Fig. 1). The new He isotope and abundance data
for El Hierro (7.2-8.2R4) and La Palma (7.5-7.6R4) are
within the range of previously reported data, with the
new La Palma helium isotope data derived exclusively from
pyroxenite xenoliths. A single Miocene Lanzarote ankara-
mite was measured, with the olivine having higher *He/*He
(6.9R o) and He content than the corresponding clinopyrox-
ene (3.2R4) (Fig. 2). Nine harzburgite samples were mea-
sured from three distinct locations on Lanzarote, yielding
homogeneous *He/*He (6.6 & 0.2R »; 2 St. Dev) and gener-
ally high He gas contents (3 to 314 x 107 cm? gfl). Calcite
grains from two Miocene carbonatites on Fuerteventura
were analyzed, giving low *He/*He (2.6-3.3R,) and high
gas contents (205 to 2050 x 1072 em® g!).

Six El Hierro lavas were measured for neon and argon
isotopes, defining a range in 2°Ne/**Ne from 9.71 to 9.96
and 2'Ne/**Ne from 0.0289 to 0.0294 that are identical,
within uncertainties, to air. These samples have YOAr/OAT
identical (296) to discernable (414) from air, with the high-
est Ne and Ar contents in the single pyroxene separate that
was analyzed (Fig. 3). Neon and Ar isotope analyses were
conducted for five La Palma lavas and cumulate xenoliths,
revealing a similar range in Ne isotopic compositions
(**Ne/*Ne = 9.67-9.94; *'Ne/**Ne = 0.0291-0.0293) to
El Hierro, with all having “CAr/*°Ar analytically
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Fig. 3. Neon and argon isotope and abundance systematics for
lavas and xenoliths (Lanzarote mantle) from the Canary Islands
analyzed in this study. Shown are the 2'Ne/*’Ne and *°Ar/**Ar
ratios for air for comparison.

distinguishable from air (328-504). Olivine from the Lan-
zarote ankaramite had a non-air Ar isotope composition
(502), and low *°Ne/*’Ne (9.85) and high 2'Ne/**Ne
(0.0322). Lanzarote harzburgites have elevated Ne and Ar
gas contents, high *°Ar/*°Ar (634-4923) and *°Ne/*’Ne

ranging from 9.82 to 10.32 and >'Ne/**Ne from 0.0258 to
0.0336 (Fig. 4).

Neon isotope data should only be discussed in the
context of mantle sources if they are statistically outside
of analytical uncertainties of the air value. For the data pre-
sented here, the generally low 2°Ne/**Ne (typically < 10.3),
and air-like 2'Ne/**Ne of most samples precludes them
from further discussion of mantle components. Only
the LZ0605 harzburgite olivine has 2°Ne/?’Ne and
2INe/*>Ne > 2 standard deviations above the air ratio
within the dataset (Fig. 4). Extrapolations to a presumed
2INe/**Ne composition assuming a 2°Ne/**Ne of 12.5 gives
a value for this sample of 0.0529 4 0.0047.

4. DISCUSSION

4.1. Helium isotopes variations in the Canary Islands and in
carbonatites

New helium isotope data for Canary Island samples
confirms relative homogeneity in *He/*He for La Palma
and El Hierro and expands the range of He isotope varia-
tions measured in the Canary Islands. The new data sup-
port previous observations of disequilibrium in He
isotope compositions between some — but not all - olivine
and pyroxene separates in Canary Island lavas (Hilton
et al., 2000; Day and Hilton, 2011). These differences have
been attributed to modification through ingrowth of *He
during Th and U decay within pyroxene grains, as well as
through degassing and assimilation, with limited evidence
for other possible post-crystallization processes. Typically,
pyroxenes with relatively low He gas contents are most sus-
ceptible to ingrowth of “He, and this is well-demonstrated
for the mid-Miocene Lanzarote ankaramite which has oli-
vine with *He/*He of 6.9R 4, but pyroxene with a relatively
low gas content and low->He/*He (Fig. 2). Previous quanti-
tative aging models from Day and Hilton (2011) are consis-
tent with the low-"He/*He pyroxene separates resulting
from degassing and aging processes, such that these data
are not considered further in the He isotope variations for
the Canary Islands (Fig. 1). Lava and cumulate xenolith oli-
vine and geothermal fluid and gas compositions confirm
limited (~5R 4 total variation) but heterogeneous variations
in *He/*He that occur within and between the islands in
space and time (e.g., Day and Hilton, 2021). The overall
relationship is for higher *He/*He in the main shield build-
ing phase of volcanism of the western Canary Islands com-
pared to the easternmost islands in the archipelago.

As shown previously (Day and Hilton, 2011), there are
no observable correlations between He isotopes and olivine
composition in Canary Island lavas (Fig. 5). El Hierro oli-
vine grains have generally constant *He/*He for a range of
forsterite contents, whereas La Palma olivine compositions
are more variable but lie within a similar field of forsterite
compositions. The lavas have olivine that are distinct from
the Lanzarote harzburgite xenoliths which have higher for-
sterite contents (>91) and lower *He/*He (~6.6R4). The
harzburgite xenoliths have similar helium isotope composi-
tions but higher forsterite contents compared with what are
interpreted as recent mantle lithosphere from beneath the
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West Antarctic Rift (Day et al., 2019). These compositions
are likely to be similar to those estimated for subducted
oceanic lithosphere (Moreira and Kurz, 2001). Conversely,
Lanzarote xenoliths have lower forsterite contents but
higher *He/*He than relatively recently erupted continental
lithospheric mantle peridotites (Fig. 5).

Two Fuerteventura carbonatite samples were measured
for He isotope compositions in calcite separates, with every
attempt to avoid addition of apatite or other high U + Th
phases, and these separates gave high He gas contents and
low *He/*He (2.6-3.3R ). These data compliment a study
of He-Ne-Ar isotopes in apatite (0.003-0.08R,), calcite
(3.4-3.9R ) and pyroxene (2.2R 5) from Fuerteventura car-
bonatite, illustrating the radiogenic He present in apatite
grains (Carnevale et al., 2021). The Fuerteventura carbon-
atites represent only the second occurrence of OIB carbon-
atites studied for He isotope compositions. The best studied
OIB carbonatites are those from Cape Verde, where Mata
et al. (2010) showed that apatite grains generally recorded
more radiogenic He isotope compositions (0.03-9.8R,)
than calcite grains (6.7-15.5R,) due to high U and Th
and potential for *He in growth in the former. The
Fuerteventura carbonatites are older (~15 Ma or more)
than those from Cape Verde (~2-9 Ma) and have been dis-
sected by dikes and later intrusions, with recrystallization of
calcite along cross-cutting contacts. It is probable, there-
fore, that the He isotope compositions of Fuerteventura
carbonatites provide a minimum *He/*He for their parental
melts after post-crystallization modification. This argument
would be consistent with the higher reported He isotope
composition for a clinopyroxenite from Fuerteventura
(6.7R 5; Carnevale et al., 2021).

4.2. Neon isotope composition of Canary Islands volcanism

Entrainment of air within lavas and magmas is a chronic
issue in the study of heavier noble gases (Ne, Ar, Kr, Xe) in
OIB (e.g., Farley and Neroda, 1998). For example, geother-
mal fluids and gases from Teide (Tenerife) and Taburiente
(La Palma) have Ne isotope compositions compromised
by air entrainment (Day and Hilton, 2021). An important
distinction between geothermal samples and olivine and
pyroxene grains from melts is that the potential mecha-
nisms for contamination are distinct. Mineral separate
analyses properly corrected for analytical blank contribu-
tions to express the Ne isotope composition are most likely
to reflect any air entrainment coming from assimilation into
parental melts. In some cases, it is also possible that smaller
grain size samples crushed for noble gas analyses may also
retain higher atmospheric noble gas contents on their sur-
faces (selected grains measured here were >0.5 mm or
greater in average diameter). Such processes are known to
occur in OIB and have the potential to overwhelm mantle
source compositions (Farley and Neroda, 1998; Moreira,
2013). Indeed, despite limited total measurements, low mea-
sured 2°Ne/**Ne have been reported previously for HIMU-
type OIB localities (e.g., Hanyu et al., 2011).

Mineral separates from La Palma and El Hierro lavas
and cumulate xenoliths have neon isotope compositions
that are limited and lie within the range of air-like Ne
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Fig. 4. (a) Three-neon isotope plot for lavas and xenoliths from the
Canary Islands compared with mid-ocean ridge basalts (yellow
circles), European continental lithospheric mantle (CLM) peri-
dotites (unfilled circles), and compositions of putative solar
components (unfilled squares). (b) Neon three-isotope diagram
for lavas and xenoliths from the Canary Islands with the solar
(Black, 1972; Benkert et al., 1993), MORB (Sarda et al., 1988) and
CLM Ne isotope correlations shown for comparison. Data for
MORB are from Moreira (2013) and references therein, with the
examples from the European CLM from Gautheron et al. (2005).
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(Figs. 3 and 4), but with *“°Ar/*®Ar distinct from air
(Fig. 6). It has been shown that some OIB have neon iso-
tope compositions that form correlations in *°Ne/**Ne-?'-
Ne/**Ne space only slightly more nucleogenic than the
solar composition. These locations include Loihi, Iceland,
and Fernandina in the Galapagos Islands (Valbracht
et al., 1997; Trieloff et al., 2000; Moreira et al., 2001;
Kurz et al., 2009; Fiiri et al., 2010; Mukhopadhyay, 2012;
Péron et al., 2017). Solar Ne components have also been
observed in Ofu (Samoa; Jackson et al., 2009), Terceira
(Azores; Madureira et al., 2005), and even the EMI end-
member, Pitcairn (Honda and Woodhead, 2005). Other
locations have MORB-like Ne isotope compositions, as
observed in the Cook-Austral Islands (Parai et al., 2009;
Hanyu et al., 2011). Due to the limited range in Ne isotope
compositions that are within uncertainty of air, the new
results for Canary Islands lavas do not define a distinct
end-member in Ne isotope space. Analytical improvements
and careful selection of samples are likely to enable
improvement upon this result in the future.
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4.3. The plausibility of nucleogenic neon in ancient,
refractory low-"He/*He mantle

In contrast to the limited Ne isotope variations in
Canary Island lavas and cumulate xenoliths, harzburgite
xenoliths from Lanzarote are distinct with low *'Ne/**Ne
for a given 2°Ne/**Ne ratio (Fig. 4), with LZ0605 having
2'Ne/*®Ne > 10.3. The harzburgites are strongly melt-

depleted rocks containing only olivine, orthopyroxene and
spinel as major phases. They can be interpreted as frag-
ments of refractory mantle based on textures, olivine com-
positions (>Fog;), bulk rock compositions and Os isotope
systematics that suggest melt depletion ages of >500 Ma
in some instances (e.g., Widom et al., 1999; Simon et al.,
2008; Grachev, 2012). These characteristics make the Lan-
zarote harzburgites similar to peridotites from other ocean
islands (e.g., Simon et al., 2008; Snortum et al., 2019), with
depletion ages similar to or older than those measured in
abyssal peridotites (Day et al., 2017), suggestive of their
inclusion within the oceanic mantle. An alternative possibil-
ity is that the Lanzarote harzburgites represent continental
lithospheric mantle isolated during opening of the North
Atlantic. The harzburgite xenoliths have remarkably con-
sistent helium isotope compositions (6.6R »), akin to calcu-
lated compositions of oceanic lithosphere (Moreira and
Kurz, 2001), as well as to recently formed mantle litho-
sphere (Day et al., 2019). Given that these xenoliths contain
spinel and have equilibration temperatures consistent with
a shallow origin (Simon et al., 2008), they can also be inter-
preted as now forming part of the Atlantic oceanic litho-
sphere that the Canary Islands are built upon.

Despite the refractory nature of the Lanzarote peri-
dotites, from a noble gas perspective, xenoliths can be sus-
ceptible to open-system behavior from cryptic metasomatic
effects and melt infiltration (e.g., Burnard et al., 1998; Day
et al., 2015). Gas release experiments on a single OIB-
entrained xenolith have shown that such rocks can record
complex histories that include diffusion and incorporation
of noble gases (Burnard et al., 1998). Single crush experi-
ments, like those employed here, may therefore release
more than a single generation of gas from the separated oli-
vine. In the field, there is evidence for melt infiltration in
some Lanzarote peridotite xenoliths in the guise of melt-
veins and darkened patches with pervasive melt infiltration.
Samples without these characteristics were selected for this
study. Nonetheless, the single crush experiments could
reflect interaction with the xenoliths and mantle-derived
melts, especially during recent volcanic activity at Lan-
zarote. Alternatively, the xenoliths are unaffected by such
processes and accurately record a source composition
linked to their prior melt depletion. As argued below, in
either case, He-Ne-Ar isotope systematics of the Lanzarote
peridotites suggest derivation from a relatively refractory
reservoir.

The harzburgite xenoliths have Ne isotope compositions
that suggest a composition similar to, or more radiogenic
than, MORB. As noted previously, all Ne isotope varia-
tions in terrestrial rocks that exclude atmospheric contribu-
tions reflect mixtures between primordial contributions
(?*2122Ne) and >'Ne that is produced dominantly by o, n
reactions on '®0 (Wetherill, 1954). Differences between
OIB with primitive components and with MORB reflect
greater degassing in the source of the latter, with corre-
sponding decay of radioactive nuclides (U, Th) that engen-
der nucleogenic Ne formation, especially in ultramafic
rocks. For these reasons, nucleogenic Ne occurs in the
depleted mantle source of MORB as well as in continental
lithospheric mantle peridotites (e.g., Hopp et al., 2004,
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2007; Gautheron et al., 2005; Buikin et al., 2005) (Fig. 4).
Noble gas compositions of Lanzarote harzburgite xenoliths
can be interpreted to reflect an equal or greater degree of
noble gas loss than in the MORB mantle source, coupled
with radiogenic ingrowth of “He and generation of nucle-
ogenic >'Ne in the source. The most likely mode for gas loss
(degassing) is through melt depletion processes acting to
form refractory lithosphere. In addition to degassing, melt
depletion in peridotites will deplete incompatible radiogenic
elements, including K, Th and U. Consequently, nucle-
ogenic ingrowth of 2!Ne and branch-decay of *°K to *°Ar
in melt-depleted peridotites will be reduced. A feature of
ancient, refractory mantle will therefore be for more nucle-
ogenic neon compared with DMM and relatively
low->He/*He that is distinct from K, U and Th-rich crustal
rocks which will trend to strongly nucleogenic Ne and low
3He/*He (<1R,) with time (e.g., Day et al., 2015).

To calculate likely evolution characteristics of refractory
mantle, ingrowth for He isotopes can be calculated assum-
ing that melt depletion is the cause of the variations at ~500
million years ago based on Os isotope model ages for Lan-
zarote peridotites (Simon et al., 2008). Assuming refractory
mantle U and Th contents (e.g., Day et al., 2015), a MORB
3He/*He initial composition and He contents within the
range of lithospheric mantle sources (e.g., Moreira and
Kurz, 2001) will result in a *He/*He of ~6R 4, slightly lower
than the measured values. Since, under these conditions, He
and Ne are coupled with a >'Ne/*He production ratio of
~4.5 x 1078 (Yatsevich and Honda, 1997), the 2INe/**Ne
can also be predicted to evolve to nucleogenic compositions
with time, as observed in the samples. Refractory mantle,
unaffected by later melt refertilization or metasomatism,
should have lower *He/*He than DMM, develop nucle-
ogenic Ne with 2*Ne/**Ne at or below MORB values and,
depending on formation age, have lower “°Ar/**Ar than
MORB, due to long term removal of K, regardless of loca-
tion. As noted previously, refractory mantle is not uncom-
mon in the convecting mantle; similar materials to those
found in Lanzarote also occur in all ocean basins, evident
from the refractory compositions and ancient osmium iso-
tope model ages for OIB xenolith suites (e.g., Simon
et al., 2008; Snortum et al., 2019).

4.4. Signatures of refractory mantle sources in mantle-
derived melts?

Helium-Ne-Ar isotope compositions of Lanzarote
harzburgite xenoliths are relevant to the Canary Islands
and may have wider implications for global refractory man-
tle reservoirs. In the case of the Canary Islands, the distinc-
tive isotopic compositions of the harzburgite xenoliths
emphasize that mantle sources to recent lavas from El
Hierro and La Palma are separate from this reservoir, indi-
cating that refractory mantle has no obvious role in the gen-
eration of their parental melts, and consistent with their
enriched trace element character (e.g., Hoernle et al.,
1991; Gurenko et al., 2006; Day et al., 2010). Conversely,
the He-Ne isotope composition of the Lanzarote ankara-
mite (LZ0601) could be considered broadly akin to the
harzburgites. This ankaramite is from the main shield phase

of volcanism, raising the possibility that there may have
been a greater refractory mantle contribution earlier in
the history of Canary Islands magmatism. Fuerteventura
carbonatites appear to have a distinct Ne isotope composi-
tion (Carnevale et al., 2021) to Lanzarote harzburgites, sug-
gesting that they also have a distinct non-lithospheric
source, possibly through recycling of surface carbonate
material (e.g., Amsellem et al., 2020).

In addition to possible evidence for lithospheric mantle
sources in eastern Canary Island lavas, there is similarity
in He isotope compositions measured for geothermal gas
samples on the summit of Teide versus the Lanzarote
harzburgite xenoliths (Fig. 1). This is particularly notable
as lavas from the main shield phase of Tenerife had higher
*He/*He than the present-day gas samples from Teide (Day
and Hilton, 2021). A possible cause of variability is that the
current magmatism beneath Teide receives gases domi-
nantly from a refractory lithospheric mantle component
beneath the island. Differences in source between shield
stage and later volcanism could potentially explain the
heterogeneous distribution of helium isotopes observed in
the Canary Islands. Earlier volcanism in the eastern Canary
Islands, and later rejuvenated volcanism, both in Teide but
also in Gran Canaria likely tap mantle sources with a
refractory mantle noble gas composition. A refractory man-
tle composition may also be consistent with models for
heterogeneous sources based on Sr-Nd-Pb isotopes
(Hoernle et al., 1991) if this component could be linked
to an enriched mantle signature for lithophile isotopes.
Such a scenario could arise if melt refertilization processes
act to modify and overprint incompatible trace elements
in refractory mantle reservoirs.

Rejuvenated volcanism in some Pacific OIB has been
interpreted to reflect partial melting of otherwise depleted
lithospheric mantle sources that have been metasomatized
or melt infiltrated, likely during passage over the hotspot
responsible for main shield volcanism (e.g., Bianco et al.,
2005; Paquet et al., 2019). As shown with the Lanzarote
harzburgite xenoliths, strongly melt depleted mantle should
have *He/*He and >'Ne/**Ne lower than MORB. However,
rejuvenated partial melts from lithospheric melting might
be expected to be a mixture of such sources as well as from
metasomatizing melts and fluids. For example, Juan Fer-
nandez rejuvenated lavas have He-Os isotope systematics
interpreted to reflect addition from underlying hotspot
metasomatism (Paquet et al., 2019). In the Hawaiian arch,
where alkalic lavas have a lithospheric flexure origin but
have not gone over the plume, they have MORB-like He
and Ne ratios (Hanyu et al., 2005). These relationships sug-
gest that depleted or refractory mantle sources are relatively
easily overwhelmed by asthenospheric mantle melt sources
due to higher noble gas contents in the latter. The effect
of melt depletion followed by metasomatism by hotspot
melts can potentially explain the noble gas systematics of
harzburgite xenoliths from the rejuvenated stage of Savai’i
(Samoa) which have elevated *He/*He (11R,), but also
have more nucleogenic Ne and lower He isotope ratios than
peridotite xenoliths closer to the hotspot center (Poreda and
Farley, 1992). Strongly melt-depleted and refractory mantle
sources that are subsequently metasomatized may only be



J.M.D. Day/ Geochimica et Cosmochimica Acta 331 (2022) 35-47 43

expected to leave a cryptic noble gas imprint on rejuvenated
sources.

Partial melting of refractory mantle with or without melt
refertilization might also explain the variability in noble gas
compositions measured in some MORB (e.g., Parai et al.,
2012; Tucker et al., 2012), as well as in settings around sub-
duction zones (Shaw et al., 2001). It has been proposed,
based on lithophile element systematics, that components
of the convecting mantle are more depleted than DMM
(e.g., Stracke et al., 2011). Geodynamic models of mantle
convection imply a significant fraction of the mantle has
been melt depleted through time (Day et al., 2022). If such
reservoirs are isolated for long-time periods, they could
develop noble gas compositions akin to those in Lanzarote
harzburgite xenoliths, and so the noble gases may be useful
for revealing such a source. Shaw et al. (2001) reported
decoupling of He from Ne isotopes, and the presence of a
nucleogenic component in Manus Basin back arc basalts.
They interpreted these compositions to reflect either deep
mantle source heterogeneity or a degassing event leaving
a Ne-depleted reservoir. The presence of a high-*He/*He
hotspot component interacting with refractory mantle
would potentially be consistent with the Manus Basin data.
Refractory mantle noble gas signatures may be cryptically
preserved in both divergent and convergent margin settings
suggesting that refractory or ultra-depleted mantle domains
are widespread (e.g., Stracke et al., 2019; Day et al., 2022).
Refractory mantle formed within the convecting mantle
versus from erosion of continental lithospheric mantle
may be difficult to distinguish, unless the latter was strongly
affected by metasomatism, or more strongly melt depleted.
A potential argument against significant continental litho-
spheric mantle material within the oceanic mantle is also
the widespread existence of refractory peridotites found in
ocean islands (e.g., Simon et al., 2008), which would require
extensive prior destruction of continental lithosphere. Fur-
ther work is needed to determine between these possibilities
and the role that refractory mantle might play in the gener-
ation of partial melts at Earth’s surface.

4.5. Implications for noble gas and radiogenic isotope
systematics in ocean islands

A geochemical observation for some OIB is that they
must be partly sourced from the deep mantle due to the
presence of high->He/*He in localities such as Iceland,
Samoa (Ofu), Galapagos (Fernandina) or Hawaii (Loihi)
(e.g., Kurz et al., 1982, 2009; Honda et al 1993; Hilton
et al.,, 1999; Graham, 2002; Jackson et al., 2009). There
are also numerous OIB localities where ‘intermediate *He/*-
He’ (>10 but <20 Rj4) occurs, such as Réunion (e.g.,
Graham et al., 1990; Staudacher et al., 1990; Hanyu
et al., 2001; Trieloff et al., 2002; Hopp and Trieloff, 2005;
Fiiri et al., 2010), and others where the maximum measured
3He/*He ratios are the same or lower than MORB; Canary
Island lavas fall within this category. While OIB are charac-
terized in some studies by their highest *He/*He, it should
be recognized that helium isotopic compositions within
and between islands can be variable. Heterogeneity in
helium isotopes is evident in the Canary Islands, Iceland,

the Azores and Hawaii based on comparisons of geother-
mal fluids and gases and mineral and glass measurements
(Day and Hilton, 2021). Examples of significant He isotope
heterogeneity from mineral and glass samples also exist in
nearly every other OIB location, including notable exam-
ples for Samoa (Poreda and Farley, 1992; Jackson et al.,
2009), the Azores (Madureira et al., 2005; Moreira et al.,
2012) and the Galapagos (Kurz et al., 2009).

To date, at least ten OIB localities have sufficient Ne iso-
tope data to provide ‘endmember’ extrapolated >'Ne/*’Ne
ratios to compare with radiogenic isotope systematics
(Sr-Nd-Os-Pb) (Fig. 7, Table S2). Extrapolation of the
2INe/**Ne ratio is done to a **Ne/*Ne ratio considered
to reflect a primordial value. The choice of 2°Ne/?’Ne with
which to extrapolate to relies on knowledge of likely mantle
components inherited during terrestrial accretion, with
Solar Wind (~13.8), a solar nebula component (~13.4)
and a solar irradiation component, sometime referred to
as Ne-B (12.5) all representing possible end-member com-
positions (e.g., Black, 1972; Honda et al., 1993; Trieloff
et al.,, 2000; Moreira, 2013; Péron et al., 2017; Marty,
2020). For the single Canary sample with non-air like Ne
(LZ0605), and other OIB, extrapolation was performed to
the lower value of 12.5, consistent with calculations for
MORB (e.g., Sarda et al., 1988). Extrapolation is done by
calculating the extrapolated 2'Ne/**Ne ratio as:

21Ne/22Neext = (((ZINe/zzNeMeasured - 0029)/
(*Ne/2Neweaued — 9.8)/(12.5-9.8) + 0.029)).

where 12.5 is the extrapolated ‘solar irradiation’ >’Ne/**Ne
ratio, and 0.029 and 9.8 are the atmospheric ratios for
2INe/*Ne and ?°Ne/**Ne, respectively (Moreira and
Allegre, 1998).

As noted above, the Lanzarote harzburgite may provide
evidence for a refractory mantle (RM) source composition.
Such a source might be anticipated to play a more pro-
nounced role for OIB close to ridges or in hotspots where
high degrees of partial melting take place to enable melting
of such a reservoir. This might include parts of Iceland, the
western Azores (Terceira) (Madureira et al., 2005; Waters
et al., 2020), or rejuvenated lavas such as those on Savaii
(Poreda and Farley, 1992; Jackson et al., 2009). The con-
cept of a refractory mantle (RM) component is not new;
numerous studies have proposed such an endmember in
OIB sources (e.g., Frey et al., 2005; Shorttle et al., 2014;
Buchs et al., 2016; Stracke et al., 2019; Harrison et al.,
2020; Nicklas et al., 2021). To date, noble gas isotopic evi-
dence in support of such a source within OIB has been
sparse. This may be due to the inherent difficulty of recog-
nizing nucleogenic Ne within mantle sources otherwise
dominated by less degassed components, much in a similar
way to long-lived radiogenic components.

[llustrative models are presented to consider possible
mixing relationships between OIB mantle reservoirs with
primitive Ne components and high-*He/*He and with
HIMU or EM compositions with MORB (DMM) or RM
reservoirs in Fig. 7. Models are illustrative since the noble
gas contents of the reservoirs are unconstrained, but the 3.
He/*’Ne ratios have been more readily determined
(Moreira and Allegre, 1998; Moreira et al., 1998, 2001;
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Hopp and Trieloff, 2008; Tucker et al., 2012). Workers have
shown that degassing events in the Earth have led to differ-
ent *He/*’Ne ratios between DMM (~10) and primitive
reservoirs (~2.3-3) compared with the solar value (1.5;
Tucker et al., 2012). Hyperbolic mixing trends between
MORB/RM and a solar component (Fig. 7a) are shown
at r = 3 and r = 10 and support prior work suggesting a
purely primordial endmember no longer exists, due to
radiogenic/nucleogenic ingrowth (e.g., Hopp and Trieloff,
2008). The models assume that FOZO-type lavas have the
greatest contribution from a primitive component and it
has previously been suggested that the most gas-rich mantle
components involved in the formation of OIB dominate the
noble gas budget (Hanyu and Kaneoka, 1997; Day and
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Hilton, 2011). The models for Ne-He mixing support this
suggestion but may also imply wider separation of noble
gas isotope systematics from lithophile radiogenic isotope
signatures.

Previously, high-*He/*He OIB locations (>25R ) have
been shown to have similar He, Ne, Sr, Nd and Pb isotope
compositions and have been interpreted to reflect contribu-
tions from the ‘FOZO’ reservoir. Whether this source is a
mixture of recycled materials and primordial components
or is a relatively pristine mantle component is still debated
(e.g., Hart et al., 1992; Day et al., 2010; Jackson et al.,
2020). In contrast, OIB with HIMU-type and EM signa-
tures can be distinguished from these samples by lower >
He/*He and generally higher extrapolated 2'Ne/*’Ne
(Fig. 7a). Ocean island basalts with FOZO or EM signa-
tures extrapolate from broadly solar Ne and He to
MORB-like compositions, indicating some degree of cou-
pling between these systems. HIMU-type lavas, on the
other hand, seem to follow distinct trajectories in terms of
He-Ne isotope systematics.

When Ne isotopes are compared with radiogenic isotope
systematics a remarkable aspect is the overlap between
HIMU and FOZO for Nd (and Sr; not shown) and for
the EM components for Os (Fig. 7b, c). These He-Sr-Nd-
Pb-Os isotope compositions can be explained if HIMU
lavas come from sources with similar time-integrated Rb/
Sr and Sm/Nd, but higher U/Pb and Re/Os and (U + Th)/*-
He than FOZO mantle. On the other hand, EM lavas can
be explained if they come from sources with distinctly
higher Rb/Sr, (U + Th)/*He and higher Sm/Nd, but with
mantle-like Re/Os. These results provide ambiguity as to
whether FOZO could represent a primitive reservoir free
from later contamination by recycled materials or is a mix-
ture of primitive and recycled materials. Critical to this
comparison, nearly all OIB emanate from mantle sources
with indications of a primordial Ne component compared
with MORB. Even locations which may have a strong
MORB or refractory mantle component (e.g., Terceira)
can contain this component. A conclusion that can be made

<

Fig. 7. Extrapolated 2'Ne/*’Ne (to solar irradiation 2°Ne/**Ne
composition of 12.5) versus (a) *He/*He, (b) "*Nd/"*Nd and (c)
18705/'%80s for a range of OIB and Iceland. Data and sources are
given in Table S2. Islands are shown as symbols (Te = Terceira and
SM = Sao Miguel, Azores), and isotopic variations within some
island groups are likely to be larger than shown. For example, the
value for Samoa is for an extreme He isotopic Ofu sample, whereas
rocks from Savaii have higher “He/°He and lower '**Nd/'*Nd
(e.g., Poreda and Farley, 1992). Iceland, Hawaii (Loihi = L),
Galapagos (Fernandina = F), and Samoa (O = Ofu) define a
FOZO component. Model in panel A shows models between a
MORB component or a potential refractory mantle component
(RM) defined by LZ0605, with a solar Ne component (*'Ne/?-
Neg = ~0.033; “He/*He = 18,000; shown as a small star). The
hyperbolic correlation with curve parameter r = 10 shown,
modified from Hopp and Treiloff (2008), where r is the relation
of (*He/**Nemors)/(*He/**Nep), where P is the primordial mantle
component corrected for early degassing events. The >He/*-
Nemorps = ~10 and *He/**Nep is estimated at 2.3-3 (r = ~3),
compared to 3He/**Nesopar of 1.5 (Tucker et al., 2012).
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from these types of diagram (Fig. 7) is that all OIB may
have distinct He isotope compositions, but must all contain
a mantle source component that is less degassed than the
MORB source mantle. Consequently, FOZO OIB are not
the only materials directly sourced from the deep mantle
such that refractory element radiogenic isotope signatures
interpreted to be from such sources may not be unique to
FOZO.

5. CONCLUSIONS

Helium-Ne-Ar isotope data for Canary Island lavas and
cumulate and mantle xenoliths from Lanzarote, El Hierro
and La Palma indicate a range in olivine He isotope compo-
sitions across the archipelago from 6.9 to 9.7R 5, consistent
with He isotope variations in space and time. These samples
can have “*Ar/*®Ar greater than air but have neon isotope
compositions that fall within the values for air. New He-
Ne-Ar isotope systematics are also reported for mantle peri-
dotite xenoliths interpreted to be refractory harzburgites
after partial melting. The peridotites are characterized by
having *He/*He (6.6R,) lower than MORB and nucle-
ogenic 2'Ne/**Ne at or below the MORB composition
and similar to continental lithospheric mantle. These sam-
ples may be characteristic of refractory mantle domains
that are more depleted than the depleted MORB mantle.
Inclusion of refractory mantle (RM) domains as a potential
sixth component in OIB, as well as in partial melt sources
from convergent and divergent margin settings, could
potentially aid in explaining the highly variable He-Ne-Ar
isotope systematics observed in some mantle-derived melts.
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