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Key new pieces of the HIMU puzzle from olivines

and diamond inclusions

Yaakov Weiss!, Cornelia Class', Steven L. Goldstein"? & Takeshi Hanyu?

Mantle melting, which leads to the formation of oceanic and
continental crust, together with crust recycling through plate
tectonics, are the primary processes that drive the chemical
differentiation of the silicate Earth. The present-day mantle, as
sampled by oceanic basalts, shows large chemical and isotopic
variability bounded by a few end-member compositions'. Among
these, the HIMU end-member (having a high U/Pb ratio, 1) has
been generally considered to represent subducted/recycled basaltic
oceanic crust’~. However, this concept has been challenged by
recent studies of the mantle source of HIMU magmas. For example,
analyses of olivine phenocrysts in HIMU lavas indicate derivation
from the partial melting of peridotite, rather than from the
pyroxenitic remnants of recycled oceanic basalt®. Here we report
data that elucidate the source of these lavas: high-precision trace-
element analyses of olivine phenocrysts point to peridotite that has
been metasomatized by carbonatite fluids. Moreover, similarities
in the trace-element patterns of carbonatitic melt inclusions in
diamonds’ and HIMU lavas indicate that the metasomatism
occurred in the subcontinental lithospheric mantle, fused to the
base of the continental crust and isolated from mantle convection.
Taking into account evidence from sulfur isotope data® for
Archean to early Proterozoic surface material in the deep HIMU
mantle source, a multi-stage evolution is revealed for the HIMU
end-member, spanning more than half of Earth’s history. Before
entrainment in the convecting mantle, storage in a boundary
layer, upwelling as a mantle plume and partial melting to become
ocean island basalt, the HIMU source formed as Archean-early
Proterozoic subduction-related carbonatite-metasomatized
subcontinental lithospheric mantle.

The spectrum of chemical compositions in oceanic basalts reflects the
large-scale chemical heterogeneity of Earth’s mantle, with end-members
ranging from the trace-element-depleted upper-mantle source of mid-
ocean ridge basalts (MORBs), often called ‘depleted MORB mantle,
to three distinct trace-element ‘enriched mantle flavours™ in ocean
island basalts (OIBs) known as EM1, EM2 and HIMU! (Extended Data
Fig. 1). Among these end-members, HIMU basalts stand out with
the highest Pb isotope ratios, high Os isotope ratios, low Sr isotope
ratios that are slightly higher than those of depleted MORB, and Nd-Sr
isotope ratios that plot below the so-called Nd-Sr mantle array"°.
Their mantle source has generally been considered to represent
recycled basaltic oceanic crust that preferentially lost fluid-mobile
trace elements, such as the alkali metals and Pb, during hydrothermal
alteration at ocean ridges or through slab dehydration processes
during subduction?=. Sulfur isotopes in HIMU basalts show mass-
independent fractionation generated by ultraviolet radiation in the
Archean to early Proterozoic Earth’s oxygen-poor atmosphere®, thus
indicating the presence of recycled Archean to early Proterozoic
surface material in the HIMU mantle source. However, critical
observations challenge the view that HIMU represents subducted
basaltic oceanic crust. For example, Pb isotopes in MORB do not

trend towards HIMU values (Extended Data Fig. 1), so HIMU
is not a mixing end-member of most MORBs*!°. In addition,
recycled basalt transforms to garnet- and clinopyroxene-rich and
olivine-poor (pyroxenitic) mantle lithologies under mantle conditions,
but minor and trace elements in olivine phenocrysts found in HIMU
basalts indicate melt sources that are controlled by olivine-dominated
(peridotitic) mantle rocks®. The nature of the HIMU mantle source
therefore remains a puzzle.

We report high-precision trace-element data on olivine phenocrysts
in HIMU lavas from Mangaia and Tubuai in the Cook-Austral
Islands, South Pacific®, and in lavas from Karthala, Grande Comore
Island, in the Indian Ocean'! (see Supplementary Data 1), which
show intermediate Nd-Sr-Pb isotope ratios between the HIMU
and EM1 mantle end-members. Mangaia-Tubuai-Karthala (MTK)
olivines have lower Mg/Fe ratios than do primitive MORBs (Fogs_77
versus Fog,, respectively; where Fo# =100Mg/(Mg + Fe) (the molar
ratio) in olivine, which decreases as magmas undergo crystallization
(Fig. 1a)). Comparing olivines with similar Fo#, Ni abundances in MTK
olivines are lower than Koolau (in Hawaii, from a mantle source with
substantial pyroxenite) and higher than MORB (from melting of mainly
peridotite)!'?. Nickel abundances have been used to evaluate mantle
source lithologies because Ni fits into the lattice structure of olivine
and thus tends to remain in olivine during melting. Magmas derived
from the partial melting of olivine-rich rocks such as peridotite are
therefore expected to have lower Ni abundances than those derived
from olivine-poor rocks such as pyroxenite!2. Possible explanations
for the higher Ni concentrations observed in MTK olivines compared
with MORB, on the basis of the source lithology, include greater
contributions from pyroxenite sources'? and the mixing of parental
and evolved peridotite-sourced melts in a shallow magma chamber®.
Alternatively, Ni variability can depend on the melting conditions'?,
because its partitioning varies with the melting depth (temperature).
Melting of OIBs at higher temperatures and greater depths than
MORBs would yield magmas with higher Ni contents, and therefore
the effect of temperature must be taken into account in interpreting
Ni abundances. If we assume that MORB segregates at shallow
depths beneath ocean ridges, and that MTK magmas segregate near
the base of the old oceanic lithosphere with a pressure difference of
around 1-2 GPa (approximately 35-70km depth), this could result in
a difference in the Ni content of 300-500 parts per million (p.p.m.)
(details in the legend of Extended Data Fig. 2). When corrected for
the depth of magma segregation, MTK olivines fit a modelled olivine
liquid line of descent for Mangaia primary magma® and fall on the
crystallization trend of MORB phenocrysts (Extended Data Fig. 2).
Although the Ni contents and Ni/Mg ratios in olivine phenocrysts
probably reflect melting conditions as well as source compositions,
the data clearly indicate a dominant role for peridotite lithologies in
the HIMU source.

The Mn/Fe ratio in olivine phenocrysts is a more robust source
lithology discriminator than Ni, as Mn/Fe variability is essentially
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Figure 1 | Compositions of olivine phenocrysts from HIMU (Mangaia,
Tubuai) and intermediate HIMU-EM1 (Karthala) lavas. a, Fo versus
Ni. The green dashed line is the calculated olivine liquid line of descent
for Mangaia primary magma®; green vertical lines separate the intervals
with L, liquid; Ol, olivine; Cpx, clinopyroxene; Plag, plagioclase. The
arrow pointing to lower Ni indicates the effect of increasing pressure and/
or temperature (‘P/T effect’) on Ni in olivine (additional details are in

the legend of Extended Data Fig. 2). b, Fo versus 100Mn/Fe; the green
shading emphasizes the similarity in the 100Mn/Fe ratios between MORB

independent of Fo content and differences in the temperatures of
melting and crystallization. Rather, Mn/Fe is strongly dependent
on the olivine/garnet ratio and the modal abundance of garnet in
the magma source; and peridotite (high-olivine) sources produce
magmas with higher Mn/Fe'*. For MTK olivines, 100Mn/Fe is 1.5-1.7,
similar to MORB phenocrysts for which peridotitic sources have been
inferred and higher than those for which pyroxenite sources have been
inferred'? (Fig. 1b), thus providing further evidence for production of
HIMU magmas by peridotite melting.

A key observation from our new data (Fig. 1c) is that HIMU and
Karthala olivines are characterized by high Ca (up to 3,200 p.p.m.)
and low Al (80-180 p.p.m.) contents, resulting in distinctly high
Ca/Al ratios that are far outside the range previously reported for
olivines from MORB and OIB lavas (Fig. 1d). Temperature-dependent

and HIMU olivines as opposed to pyroxenitic source lithologies. ¢, Ca
versus Al (p.p.m.). d, 100Mn/Fe versus Ca/Al; the green shading has the
same function as in b. The inset in d highlights the enrichment of Ca

and depletion of Al in olivines in HIMU lavas (rose shading) compared
with non-HIMU basalts. The yellow ellipses encompass >95% of the data
points for Karthala olivine. Iceland data in a and b overlap with MORB
and are not shown for clarity. Data for Mangaia, Tubuai and Karthala
olivines are provided in Supplementary Data 1; data for MORB, Iceland
and Hawaiian lavas are from ref. 12.

variations in the Ca and Al contents in olivines in peridotite xenoliths,
oceanic basalts and experimental studies of peridotite melting'*>~"”
indicate that Ca/Al ratios in olivine decrease with increasing
temperature (Extended Data Figs 3 and 4). Thus, the elevated
Ca/Al ratios in the HIMU olivines, which crystallized from ‘hot plume’
magmas, compared with olivines with lower Ca/Al contents from
‘cooler MORB’ (or for that matter, lower Ca/Al ratios in other ‘hot
OIBs’), cannot be explained by temperature differences. In addition, the
Ca/Al ratio in olivines from MORBs, Hawaii-Loihi and Hawaii-Koolau
are similar (Fig. 1d), despite differences in the source lithologies (the
source of MORB is peridotite-dominated with little or no garnet in
the melt residue, Hawaii-Loihi’s source is peridotite-dominated with
residual garnet and Hawaii-Koolau is pyroxenite-dominated with
residual garnet), indicating that the effects of the source mineralogy on
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Figure 2 | Normalized trace-element patterns comparing HIMU-EM1
lavas (Mangaia, Tubuai and Karthala), Group I kimberlites, high-Mg
carbonatitic fluids from diamond inclusions and the calculated melt
of SCLM source compositions. a, The average compositions for Mangaia,
Tubuai and Karthala are from the GEOROC database (http://georoc.
mpch-mainz.gwdg.de/georoc); Group I kimberlites from Africa, Canada,
Siberia, Finland, India and Brazil (thin dotted lines), a global average
Group I kimberlite pattern (thick dotted line) and carbonatitic fluids

in diamond inclusions (dashed lines) are summarized in ref. 7. b, Batch
melting of a mixture of 80:20 depleted:metasomatized SCLM peridotite (1)
closely reproduces the trace-element pattern of HIMU basalts (2).

We used average depleted MORB mantle and average and median post-
Archean SCLM compositions to represent depleted and metasomatized
rocks, respectively, to derive the mixed SCLM composition and calculated
the melt composition (partial melt fraction of 1.5%) for such a source in
equilibrium with a modal mineralogy of 72% olivine, 20% orthopyroxene,
2% clinopyroxene, 5% garnet and 1% carbonate. The calculations use
partition coefficients for silicate/basaltic melt, except for Pb (which is not
controlled by silicates melting and was set to be equal to Ce partitioning
values) and carbonate partitioning. Model details are in Supplementary
Information (see the trace-element melting model).

Ca/Al ratios are minor. The very high Ca/Al ratio in HIMU and
Karthala olivines compared with Hawaii, Iceland and MORB
(Fig. 1d) instead reflect the distinct composition of the mantle source of
HIMU lavas.

We propose that the exceptionally high Ca/Al ratios in these olivines
indicate an enrichment process that involves carbonatitic fluids.
Such fluids would have high Ca abundances and low SiO; and AL O;
contents, such that on metasomatic interaction with peridotite in the
mantle, olivine would not be converted to pyroxene and the lithology
would be preserved. A role for carbonatitic metasomatism of the HIMU
source is further supported by the presence of carbonate globules in
HIMU olivine phenocrysts'®, and high CaO and Ca/Al ratios in HIMU
magmas compared with other oceanic basalts'>*.

The trace-element patterns of HIMU lavas (Fig. 2a) are unique
among OIBs?!. Notably, they are similar to Group I kimberlites??,

668 | NATURE | VOL 537 | 29 SEPTEMBER 2016

which are products of a low degree of partial melting of trace-element-
enriched carbonated peridotite. They are also similar to high-Mg
carbonatitic melts in diamond fluid inclusions’, which are direct
samples of deep (>150km) metasomatic fluids in the subcontinental
lithospheric mantle (SCLM). All are characterized by enrichment in
incompatible elements, but with high Nb and Ta contents compared
with La, depletions in the alkali metals (K, Rb, Cs) compared with
other highly incompatible elements (Ba, U, Th, La) and depletions in
Pb compared with rare earth elements of similar compatibility. These
patterns reflect the trace-element enrichment and depletion processes
experienced by their mantle sources integrated over geologic time,
and thus their distinctive compositional similarities indicate similar
histories. There are also differences: the trace element patterns of
kimberlites and deep carbonatitic melts are subparallel to HIMU
but at higher abundances for most highly incompatible elements
(Cs to Sm in Fig. 2a), and they display depletions in Ti, Zr and Hf
compared with rare earth elements of similar incompatibility during
partial melting. These differences could reflect variables such as source
heterogeneity, different elemental partitioning between carbonatite and
peridotite versus silicate melts and peridotite, differences in the degree
of melting between carbonatite (<0.5% partial melting), kimberlite
(<2%) and OIBs (<5%) and the retention of these elements in
accessory phases during partial melting. The HIMU trace-element
patterns also mimic those of Archean metasomatized mantle
xenoliths? and average post-Archean SCLM?* (Fig. 2b), which can be
produced by carbonatitic melts interacting with depleted mantle
compositions’. To test the possible petrogenetic link between
HIMU and SCLM sources metasomatized by carbonatitic fluids,
we calculated the trace-element patterns of melts from a SCLM
source that is composed of both ‘normal’ (trace-element-depleted)
peridotite and metasomatized peridotite (80:20, respectively; see details
of the trace-element model in the legend of Fig. 2b and Supplementary
Information). The calculated melt trace-element patterns show
striking similarities to HIMU basalts, thus supporting a linkage between
HIMU lavas and SCLM peridotite sources that are metasomatically
enriched by carbonatite fluids such as those observed in diamond
inclusions.

A major remaining issue is whether such an origin from carbonatite
metasomatized SCLM is consistent with the unique isotopic compo-
sitions of HIMU lavas. The Nd-Sr-Pb isotopes in Group I kimber-
lites and continental carbonatites fall ‘below’ the Nd-Sr mantle array,
lying on the ‘LoNd array’®® between the HIMU and EM1 global mantle
end-members (Extended Data Fig. 1). Although this group covers a
large range of isotope ratios, it includes the HIMU compositions as
an end-member. Thus Nd-Sr-Pb isotopes, like the trace-element
patterns (Fig. 2), support a genetic relationship between HIMU lavas
and metasomatized carbonated peridotite sources in the SCLM.
However, the low Os isotope ratios observed in most SCLM xenolith
studies contrast with the high values in HIMU lavas, which has led to
conclusions that recycled SCLM is not an important component in
HIMU OIB%?,

To determine whether the Os isotopes in HIMU lavas preclude an
SCLM source, we accessed and revised the mantle xenolith data from
cratonic settings (see Supplementary Data 2) in the PetDB database
(http://www.earthchem.org/petdb) (formerly the Deep Lithosphere
Dataset, http://www.earthchem.org/deeplith). The Al,O3 content
decreases with increasing Mg number (Mg# = Mg/(Mg+ Fe), molar
ratio) from lherzolite to harzburgite compositions (Fig. 3a), following
an ‘SCLM depletion trend’ that is consistent with incompatible element
depletion by melt extraction, leading to SCLM formation. The most
melt-depleted (harzburgitic) xenoliths, however, often show high K,0,
Zr/Hf and La/Sm ratios (Fig. 3b—d), consistent with deep carbonatitic
metasomatism by fluids such as those in diamond inclusions”?’.
Importantly, the metasomatized harzburgitic compositions trend
towards elevated Re/Os and Os isotope ratios (Fig. 3e, f)—higher than
HIMU values. A model calculation (Supplementary Information;
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Figure 3 | Mg# versus major element abundances, trace-element

ratios, and isotope ratios in cratonic xenoliths. Data are available in
Supplementary Data 2. a, AL,Os. b, K,0. ¢, La/Sm. d, Zr/Hf. e, 1¥7Re/'*%Os.
f, 10s/'%80s. The depletion trend of Al,O3 (and CaO, not shown) with
increasing Mg# (green arrow) reflects the depletion of incompatible
elements in the SCLM mantle due to melt extraction. The harzburgite
xenoliths show enrichment in K,O and other incompatible elements,

as well as high Zr/Hf ratios due to re-enrichment by metasomatic
carbonatitic fluids and melts (orange arrows). Although K,O is enriched

Os evolution model) illustrates that SCLM that formed in the late
Archean-early Proterozoic and underwent carbonatite metasomatism
can evolve 1870s/!%0s ratios that are much higher than HIMU lavas;
moreover, the 80:20 mixture of normal melt-depleted lherzolite and
metasomatized harzburgite used to model the trace elements (Fig. 2)
can reproduce the observed HIMU '#0s/!%0s ratios of around 0.15

through metasomatism compared with normal depleted mantle

and primitive mantle, in trace-element patterns it shows a negative
anomaly relative to neighbouring elements (for example, Fig. 2).

The high '¥"Re/'380s and '870s/!380s ratios in these harzburgites show
that carbonatite metasomatism enriches the SCLM with high Re/Os; with
time, this results in high '¥70s/'®0s (discussed further in Supplementary
Information (see the Os evolution model) and Extended Data Fig. 5).
Samples not specified as lherzolite or harzburgite in the original references
are not included.

(Extended Data Fig. 5). These observations are consistent with the
high #70s/%0s ratios observed in kimberlites, which vary between
0.21 and 0.28 (ref. 28). Thus, we conclude that high Os isotope ratios
are likely to develop in Archean to early Proterozoic carbonatite-
metasomatized peridotite in the SCLM, confirming that it is a viable
source for HIMU magmas.

>2.45 Gyr

® €--—--—-mmme—e—— o

_______________________ _®

Figure 4 | Conceptual model for the evolution of the HIMU mantle
source. (1) Subduction during the Archean or early Proterozoic recycled
incompatible elements and mass-independent fractionated sulfur® from
the Earth’s surface to the mantle. (2) The subducting slab released fluids-
melts with carbonatitic affinity that metasomatized the (melt-depleted)
SCLM and also produced diamonds (white diamonds), and are related to

© 2016 Macmillan Publishers Limited,

kimberlite eruption (purple line); metasomatized SCLM develops

high Pb and Os isotope ratios with time. (3) The SCLM delaminated

and was transported to a mantle boundary layer, probably the core-mantle
boundary. (4) Entrainment of recycled SCLM into upwelling plume

at the core-mantle boundary. (5) The upwelling plume generated the
HIMU OIB.
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Our new evidence points to peridotitic, carbonatite-metasomatized
SCLM as the source of the distinct trace-element and isotopic
signatures of the HIMU mantle end-member. That this metasomatism
is a consequence of Archean—early Proterozoic subduction is indicated
by sulfur inclusions in HIMU lavas that show mass-independent
isotope fractionation signatures®. Subduction of Archean carbonate,
characterized by low Sr isotope ratios that are similar to present-day
OIBs* is also consistent with the low Sr isotope ratios of HIMU
basalts (Extended Data Fig. 1). Further evidence that Archean surface
material is stored in the SCLM is provided by the mass-independent
fractionated sulfur signatures in diamonds sampled by Phanerozoic
kimberlites*®. To become an OIB source, the metasomatized SCLM
had to be incorporated into the convecting mantle and transported
to a mantle boundary layer, probably the core-mantle boundary,
where it eventually became part of upwelling mantle plumes (Fig. 4).
Because transport of SCLM material in bulk to the convecting
mantle would not fractionate parent/daughter elements, the isotopic
evolution of HIMU lavas and the timing of this important event
remain unconstrained. Nevertheless, the connection between HIMU
lavas and SCLM carbonatite metasomatism provides strong evidence
for the cycling of old continental roots into the convecting mantle,
which sometimes becomes OIB. Over thirty years ago, McKenzie and
O’Nions*! proposed that delamination of SCLM followed by storage
in a boundary layer is a major process in OIB formation, and this was
followed by the identification of the HIMU-EM1 LoNd mantle array
by Hart et al.>® and their suggestion that it is derived from delaminated
SCLM?. However, these ideas have not been generally accepted. It
was also proposed that the HIMU end-member was metasomatically
produced®>*2. Our findings confirm that the SCLM plays a major
role in forming HIMU OIBs and provide new support for the
hypothesis*® that the entire LoNd mantle array may be derived from
delaminated SCLM.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Samples and analytical methods. Olivine phenocrysts were selected from
Mangaia, Tubuai and Karthala lavas (five samples from each volcano) that were
previously analysed for their major and trace elements and Sr, Nd, Pb, Os and He
isotopic compositions™!33-3,

Electron probe microanalyser (EPMA) analyses. The phenocrysts were mounted
in epoxy, polished to 0.1 um, cleaned ultrasonically in ethanol and distilled water
and finally carbon coated. They were then analysed for major (Si, Mg and Fe) and
minor elements (Ca, Ni, Cr, Mn and Al) using a Cameca SX100, equipped with five
wavelength dispersive spectrometers at The American Museum of Natural History
(AMNH), New York. The electron beam size was 1 jum, with an acceleration voltage
of 15kV and a current of 120 nA during all analyses. Peak counting was 30s for
the major elements (Si, Mg and Fe) and 180's for minor elements (Ca, Ni, Cr, Mn
and Al); background counting was half-time peak counting on each background
position. A set of reference materials were used for calibration. San-Carlos olivine
(NMNH# 111312-44) was used to calibrate Si, Mg and Fe, Wakefield Diopside for
Ca, chromite (MgCr,0Oy) for Cr, rhodonite (MnSiO3) for Mn, spinel (MgAL,O,)
for Al and Ni-diopside glass (synthetic) for Ni. These standards were repeatedly
analysed as unknowns approximately every 30 analyses for calibration control and
to monitor instrument stability. The £2¢ analytical uncertainty in 206
analyses of San Carlos olivine gave £0.12mol% Fo, £70 p.p.m. Ni, 66 p.p.m.
Ca, £59 p.p.m. Mn, £28 p.p.m. Al and 23 p.p.m. Cr. Full analyses of Mangaia,
Tubuai and Karthala olivines and the San Carlos olivine (NMNH# 111312-44)
standard are in Supplementary Data 1.
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Extended Data Figure 1 | Sr—-Nd-Pb isotopes of Mangaia, Tubuai
and Karthala samples in this study, African Group I kimberlites and
continental carbonatites. a, '*Nd/'**Nd versus ¥Sr/%Sr. b, 2°°Pb/?%4Pb
versus 2°°Pb/2%4Pb. The data illustrate the compositional range between
the global mantle endmembers (DMM, depleted MORB mantle; EM1;
EM2 and HIMU); mixing on this diagram is linear. Data sources:
Mangaia and Tubuai (ref. 5), Karthala (ref. 11), kimberlites (refs 22,

36, 37) and continental carbonatites (refs 38-40). The mantle end-
member components are from ref. 1; the grey and black data points are
from Hawaii, Iceland, St Helena, Cook-Austral Islands, Samoa, Society,
Marquesas, Pitcairn and Tristan (from the compilation of ref. 10).
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Extended Data Figure 2 | Pressure-temperature corrections to the

Ni contents of Mangaia, Tubuai and Karthala olivine phenocrysts.

a, 300 p.p.m. Ni. b, 500 p.p.m. Ni. Following ref. 13, we calculated Ni in
near-surface olivine in equilibrium with Mangaia and Karthala primary
magmas at different segregation pressures (AT in the model). On the
basis of the age of the oceanic crust of Mangaia and Tubuai (80-120 Ma)
and Karthala (approximately 140 Ma), which are equivalent to estimated
lithosphere thicknesses of around 75-100 km (ref. 41), we assume

that the difference between the pressures (P) of segregation of these

lavas compared to MORBs (around 1 GPa; ref. 42) is 1.25-2.00 GPa,
equivalent to AT=70-110°C. This difference in the segregation pressures
corresponds to 300-500 p.p.m. Ni (the arrow pointing to lower

Ni indicates the effect of increasing pressure and/or temperature

(‘P/T effect’) on Ni-in-olivine). When corrected, Mangaia, Tubuai and
Karthala data agree with the modelled olivine liquid line of descent for
Mangaia primary magmas® (that is, the green dashed line; L, liquid; O,
olivine; Cpx, clinopyroxene; Plag, plagioclase), and lie on an extension

of the crystallization trend of MORB phenocryst compositions. These
relationships support the connection between the olivine phenocryst
compositions and a peridotite source lithology. For the calculations,

we used PRIMELT? (ref. 43) to determine the parental magma
compositions, the Fo content of the olivine in equilibrium with this liquid
and the liquidus temperature at 1 bar; and Ni= 0.37 wt% for the residual
peridotite olivine, which is the mean global value for olivines from spinel
and garnet peridotites**. The yellow ellipses encompass >95% of the data
points for Karthala olivine (see Supplementary Data 1).
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Extended Data Figure 3 | Ca and Al in olivine from garnet and spinel
peridotite xenoliths as a function of temperature. Top, Al concentration.
Middle, Ca concentration. Bottom, Ca/Al ratio. Xenolith data and
temperatures are from ref. 15. The data show that while partitioning of
both Ca and Al into olivine increase with temperature, the Ca/Al ratios

in olivine initially decrease and become nearly constant with increasing
temperature.
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Extended Data Figure 4 | Ca and Al partitioning with temperature in
olivines in basalts. a, Ratio of Ca and Al partition coefficients (D).

b, Ca/Al ratios in olivine phenocrysts. The experimentally determined

D values for Ca- and Al-in-olivine, in equilibrium with a peridotite-
derived melt, are from ref. 17; they were determined for increasing
temperature and pressure. Data for Ca and Al in olivine phenocrysts from
MORB (NW Pacific, Hess Deep, Gulf of California, Siqueiros Transform)
and large igneous provinces (LIPs; SE Greenland, Baffin Island, Gorgona,
Madagascar) are from ref. 16; temperatures were determined on the basis
of the Al-in-olivine thermometer'®. Both the experimental results and the
measured Ca and Al contents in crystallizing olivines show decreasing
Ca/Al ratios with increasing temperature. On the basis of these data

and the observations in Extended Data Fig. 3, Ca/Al ratios in olivine
phenocrysts from magmatic systems can be expected to decrease with
increasing temperature. In contrast, our data from HIMU hot plumes
show very high Ca/Al ratios in olivine phenocrysts compared with low
Ca/Al ratios in phenocrysts from cooler MORB lavas (or other hot OIBs)
(see Fig. 1). Temperature differences therefore cannot explain the Ca/Al
variations in olivine from OIB and MORB lavas. We thus conclude that the
high Ca/Al ratios of HIMU olivine phenocrysts and lavas instead reflect
the compositions of the HIMU magma source.
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Extended Data Figure 5 | 1870s/!%0s evolution of mixtures of lherzolite
and metasomatized harzburgite. The metasomatic event in the SCLM
took place in the Archean or early Proterozoic and involved materials that
had been at the Earth’s surface (on the basis of the observation that HIMU
lavas contain sulfur that shows mass-independent fractionation)®. We use
2.7 Ga for this example. Our study determined that the metasomatizing
agent is subduction-derived carbonatitic fluids/melts. The primitive

upper mantle (PUM) evolution line is based on present-day values

of 1870s/1880s = 0.129 and '¥"Re/'%80s = 0.43 (ref. 26); at 2.7 Ga the
1870s/1880s of PUM was 0.109. The figure shows evolution lines from the
PUM at 2.7 Ga for mixtures of lherzolite and metasomatized harzburgite
ranging from 50% to 100% lherzolite. The Re/Os ratios of the normal
(Iherzolite) and metasomatized (harzburgitic) SCLM are from the averages
of 143 cratonic lherzolite xenoliths (**Re/'%80s = 0.4) and 31 harzburgite
xenoliths (*%Re/'#8 Qs = 2.44), respectively, all with Mg# between 0.910
and 0.935 from the mantle xenolith database in PetDB (see Supplementary
Data 2). For a metasomatic event at 2.7 Ga, only 18%-30% metasomatized
harzburgite is required to reproduce the 1370s/!#80s ratios of HIMU lavas.
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