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Distinct formation history for deep-mantle
domains reflected in geochemical differences

Luc S. Doucet®'™, Zheng-Xiang Li®', Hamed Gamal El Dien©'?, Amaury Pourteau’,
J. Brendan Murphy'3, William J. Collins, Nadine Mattielli*, Hugo K. H. Olierook ®>5,
Christopher J. Spencer'” and Ross N. Mitchell'®

The Earth's mantle is currently divided into the African and Pacific domains, separated by the circum-Pacific subduction girdle,
and each domain features a large low shear-wave velocity province (LLSVP) in the lower mantle. However, it remains contro-
versial as to whether the LLSVPs have been stationary through time or dynamic, changing in response to changes in global sub-
duction geometry. Here we compile radiogenic isotope data on plume-induced basalts from ocean islands and oceanic plateaus
above the two LLSVPs that show distinct lead, neodymium and strontium isotopic compositions for the two mantle domains.
The African domain shows enrichment by subducted continental material during the assembly and breakup of the supercon-
tinent Pangaea, whereas no such feature is found in the Pacific domain. This deep-mantle geochemical dichotomy reflects the
different evolutionary histories of the two domains during the Rodinia and Pangaea supercontinent cycles and thus supports a

dynamic relationship between plate tectonics and deep-mantle structures.

spherical harmonic featuring two equatorial and antipodal

mantle domains bisected by a subduction girdle surrounding
the Pacific Ocean. Each of the two antipodal African and Pacific
mantle domains features a large low shear-wave velocity province
(LLSVP) in the lower mantle. Although most mantle plumes are
believed to have originated from the edges of the LLSVPs in the two
mantle domains since at least ca. 200 million years ago (Ma)', we
still know little about the nature and evolutionary histories of the
two LLSVPs.

Opposing models exist regarding how and when the two
LLSVPs formed. According to one model, they are quasi-stationary,
long-lived through Earth history (4.0-2.0billion years ago) and
uninfluenced by plate tectonics'”. By contrast, another model
claims the LLSVPs are dynamic in their formation, evolution
(including demise) and geographic locations and are linked to the
assembly and breakup of supercontinents*. Palacomagnetic data,
mantle plume records during the last two supercontinent cycles
and dynamic modelling results have been used to suggest that the
antipodal LLSVPs are related to whole-mantle convection driven by
plate motion®, particularly by circum-supercontinent subduction’.
As such, the shape and location of LLSVPs both in time and space
are dynamically linked to the formation of supercontinents. It has
been further speculated>”* that when the antipodal LLSVPs, whose
locations are controlled by the subduction girdle surrounding the
supercontinent, are positioned off the Equator, the centrifugal force
of Earth’s spin would bring them to the Equator through true polar
wander, that is, wholesale rotation of the entire silicate Earth relative
to the spin axis’. Such a strong coupling between the outer layer of
the planet (tectonic plates) and deeper mantle domains is consistent

P resent-day Earth’s mantle structure is dominated by a degree-2

with both continental and oceanic plume records over much of
Earth history'®'". However, to test contrasting geodynamic models,
it is fundamental to characterize and compare the geochemical
compositions and evolutionary paths of the two mantle domains.

Radiogenic isotopes (lead (Pb), strontium (Sr) and neodymium
(Nd)) and noble gas isotopes (for example, helium (He)) of basal-
tic lava flows originating from hotspots in the present-day oceans
appear to be the best tools for evaluating any systematic composi-
tional difference between the two mantle domains'%. A first-order
isotopic distinction can be made between mid-ocean-ridge basalts
(MORBs) and hotspot basalts (or ocean island basalts (OIBs)),
which are thought to tap reservoirs in the depleted upper mantle'
and the more primitive lower mantle', respectively. While most
MORBs are isotopically relatively uniform, OIBs show substantial
diversity due to deep recycling of various subducted lithospheric
components such as oceanic and continental lithospheric materials,
including sediments".

Geographically, isotopic signatures from oceanic basalts have a
purported hemispheric distinction'®, with OIBs from the Southern
Hemisphere believed to have relatively higher *’Pb/*'Pb and
205Pb/>Pb for a given **Pb/2**Pb, higher *Sr/*Sr and lower eNd com-
pared with compositions from the Northern Hemispheric mantle'.
Hart'® defined the isotopic enrichment of southern basalts as the
‘DUPAL anomaly’ and ascribed it to a deep, ancient geochemi-
cal reservoir formed by preferential subduction in the Southern
Hemisphere during the early stage of Earth differentiation above the
core-mantle boundary'*>. However, the hypothesized latitudinal
subdivision fails to explain the well-documented isotopic character-
istics of basalts from the southwest Pacific region (that is, suppos-
edly within the DUPAL domain) that are distinct from both south
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Fig. 1| Global maps of the LLSVPs. Seismic shear-wave velocity anomalies
(8V,) are those of the mean S-wave tomography model s5mean®’. Also
shown are the major OIBs and OPBs, with large circles denoting plumes

of deep origin?® and small circles denoting plumes of shallower origin®
(Extended Data Fig. 3). The map is centred on the Equator and 100th
meridian, and each meridian is separated by 30°.

Atlantic and Indian Ocean basalts'”. Hence, a South Pacific isotopic
and thermal anomaly'”'® has since been defined within the DUPAL
anomaly. Over the past decades, attempts have been made to ‘map’
the DUPAL distribution to decipher the origin of geochemical het-
erogeneities in the lower mantle using extensive OIB data'>'®"*. The
isotopic heterogeneity of the mantle has therefore been well docu-
mented, but the processes that govern the spatial distribution of the
lower mantle geochemical complexity remain cryptic.

Isotopic compositions of the two mantle domains
Combined geochemistry and geophysical imaging have established
that the source materials of OIBs and oceanic plateau basalts (OPBs)
do not necessarily all originate from the deep mantle”. Some hotspots
are rooted at the edge of the LLSVPs*"*?, whereas others could have
a shallower mantle source”*. Hence, the radiogenic isotopic com-
positions of OPBs and OIBs worldwide might reflect both deep and
shallow mantle signatures. To decipher the isotopic composition of
deep-mantle materials, we compiled all available Pb, Sr, and Nd isoto-
pic data (~6,000 samples; see Supplementary Data 1 and 2) on OPBs
and OIBs, from which we distinguish the basalts from ocean islands
and oceanic plateaus that have unambiguous deep-mantle source
(~3,800 samples) following the criteria of Courtillot et al.**. This
approach allowed us to mitigate the complicating effects of contami-
nation by the continental crust, the continental lithosphere or the
shallower upper convective mantle (Extended Data Figs. 1, 2 and 3).
The primary criteria for recognizing basalts derived from the deep
mantle are (1) flood basalts formed in the early history of the plume
activity”, (2) a long-lived hotspot track”, (3) unambiguous tomo-
graphic evidence for a plume tail extending down to the core-mantle
boundary”*** and (4) high *He/*He ratios**. Among modern oceanic
plateaus and hotspots associated with the African and Pacific mantle
domains, six hotspots and two oceanic plateaus meet these criteria:
Tristan da Cunha, La Reunion, Iceland and Kerguelen Plateau for the
African mantle domain and Hawaii, Easter Islands, Galapagos Islands
and Ontong Java for the Pacific mantle domain (Fig. 1 and Extended
Data Fig. 3). Although some other flood basalts may also have been
derived from deep plumes, Extended Data Fig. 1 illustrates that
data from those basalts show more overlap between the two mantle
domains. By using data from the selected deep-sourced plume basalts
only (Fig. 2), we minimize the risk of inadvertently including basalts
either derived from or contaminated by shallow-mantle sources.
The selected 3,869 sets of long-lived radiogenic isotopic data
from basalts derived from the deep-mantle sources (Supplementary
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Data 1 and 2) demonstrate notable compositional differences
between basalts derived from the African and Pacific mantle
domains (Fig. 2). Most basalts sourced from the Pacific mantle
domain have ¥Sr/*Sr <0.705 and *”Pb/***Pb and ***Pb/***Pb similar
to the Northern Hemisphere reference line (NHRL), that is, out-
side the DUPAL anomaly, with the exception of the Samoa Islands.
Samoan lavas are a special case; they are characterized by an enrich-
ment in enriched mantle 2 (EM2) component” and a deep-mantle
tomographic connection’”?, but they also represent a good example
of subduction-plume interaction®, thus no longer the product of a
pristine deep plume. Despite the complexity of Samoa, all basalts
from the Pacific mantle domain plot on a mixing line between
the prevalent mantle (PREMA,; ;) as defined by White", and the
depleted MORB mantle (DMM)".

By contrast, the majority of basalts from the African mantle
domain generally have higher ¥Sr/*Sr (up to 0.706) and elevated
207Pb/2Pb and ***Pb/*'Pb ratios for a given *Pb/**'Pb ratio, lying
within the DUPAL anomaly. The African mantle domain thus
appears to be a mixture between PREMA,,;, enriched mantle 1 and
2 source endmembers (EM1 and EM2, respectively) and the DMM.
It is therefore characterized by a distinctive enriched component
that is not detected in the Pacific mantle domain, which has a more
depleted signature. Our results therefore show that heterogeneities
in the present-day deep mantle are not controlled by a north-south
hemispheric subdivision previously ascribed to the DUPAL
anomaly'>'°. Instead, they are dominantly controlled by the two
antipodal mantle domains associated with the two LLSVPs and
centred on the equator.

Genesis of the geochemical mantle dichotomy

Seismic tomography demonstrates contrasting geometries for the
two LLSVPs, with the African LLSVP being ~30% more volumi-
nous and exhibiting higher topography (that is, height above the
core-mantle boundary) than the Pacific LLSVP"*. Collectively, the
compositional dichotomy between the two mantle domains, and
morphological difference between the two LLSVPs, invites the ques-
tion of whether (1) the mantle domains (including their LLSVPs)
formed in different periods of Earth history and/or (2) they have
had distinct evolutionary histories.

Competing models consider LLSVPs either as long-lived
structures formed during the very early stages of planetary differ-
entiation®*’ or as transient features that correspond with the super-
continent cycle through the accumulation of subducted oceanic
lithosphere at the core-mantle boundary below an evolving subduc-
tion girdle’. Proponents of the long-lived LLSVP model"* have used
anomalous ratios (compared with the bulk-silicate Earth) of isotopic
systems with short half-lives (<100 Myr; for example, "2 Hf/'*W and
16Sm/'2Nd) in OIBs’** to support their argument. The assumption
is that rapid radioactive decay would yield only daughter isotopes in
the earliest history of the Solar System (>4,100 Ma), and such iso-
topes can thus be used to trace primordial mantle reservoirs hidden
in the deep mantle. However, more recent work has shown that such
anomalous signatures could potentially reflect the ongoing transfer
of core material to the lower mantle, triggered by subducted slabs
impinging the core-mantle boundary?*, thus rendering the assump-
tion invalid. Even if the assumption were valid, the presence of
anomalous short-lived radiogenic isotope ratios cannot unequivo-
cally distinguish between the two contrasting LLSVP models as the
dynamic LLSVP model also assumes the presence of a dense and
primordial lower mantle layer*. Indeed, such a feature (or other
primordial mantle features) has been reported from a variety of
modern plumes, some closely linked to the LLSVPs (for example,
at Ontong Java and Réunion®-*?) and others located away from
the LLSVPs*»*

Here, we argue that our reported deep-mantle geochemical
dichotomy in long-lived isotopes between the African and Pacific
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Fig. 2 | Isotopic data of OIBs and OPBs derived from the deep source of the African and the Pacific mantle domains. Isotopic compositions are
back-calculated to initial compositions at the time of crystallization for Kerguelen and Ontong Java oceanic plateaus. a,b, 2°°Pb/?°*Pb versus 2°6Pb/2°*Pb.
¢,d, 2°5Pb/2°“Pb versus 2°’Pb/2°4Pb. e f, *Nd/"*Nd versus & Sr/®°Sr. The contour lines represent percentiles of the kernel density estimation (see Methods).
Also shown are the NHRL'® that defines the DUPAL anomaly (above the NRHL), the prevalent mantle defined by Zindler and Hart** (PREMA ,5;5) and by
White"® (PREMA,,;5), enriched mantle 1 (EM1), enriched mantle 2 (EM2), high-u (HIMU) and the UCC isotopic endmembers®. The grey fields shown in a
and ¢ are mixing modelling results of PREMA,,;s+ UCC between 700 and O Ma.
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Fig. 3 | Configurations of the continental masses and African and Pacific
mantle domains for the present day, 200 Ma, 400 Ma and 600 Ma.

a, Present-day configuration with positions of the two mantle domains
and their respective LLSVPs (orange for the African domain and blue for
the Pacific domain) and the circum-Pacific subduction girdle. b, Pangaea
configuration at 200 Ma®. ¢, Pangaea assembly process at 400 Ma*.

d, Rodinia break-up and Gondwana assembly at 600 Ma*. Note the
contour shapes of the LLSVPs in b are speculative and based on their
present-day configuration (Fig. 1). The maps are centred on the Equator
and 100th meridian, and each meridian is separated by 30°.

mantle domains points to a geochemical ‘memory’ of mantle
domains linked to the supercontinent cycle and related superocean
evolution®. The composition of the whole mantle has evolved over
time through the competing effects of (1) progressive depletion
by extraction of mafic magma (that is, through partial melting of
mantle peridotite, most commonly along mid-ocean ridges and arcs)

514

and (2) enrichment by recycling of lithosphere and sediments
through subduction or crustal delamination®. The result is a com-
plex mixture between the prevalent mantle and different mantle
components defined as isotopic endmembers—DMM on the one
hand (that is, the depleted mantle source of MORBs)"* and conti-
nental crustal material or sediments derived from it (EM1), oceanic
crust and marine sediments (EM1) and ancient slab or lithospheric
mantle (HIMU) on the other hand—being generally ascribed to
assimilation of EM1, EM2 and HIMU". The PREMA,,;;~-DMM
trend of basalts from the Pacific domain indicates that the chemi-
cal characteristics of this mantle domain are controlled chiefly by a
pure mantle component (that is, by melt extraction). By contrast,
the compositions of the basalts from the African mantle domain
lie between PREMA,;; and the upper continental crust (UCC)",
which is consistent with the addition of recycled material into
the deep mantle. Accordingly, the dominant process that imparts
its isotopic signature in the African domain is the subduction of
continental-derived material. The isotopic composition of the
source for the African domain OIBs can be modelled by a simple
mixing between PREMA,,,; and continental components (that is,
UCC) as old as 700 Ma (Fig. 2a,b and Supplementary Data 3).

The legacy of the supercontinent and superocean cycles
We therefore hypothesize that the deep-mantle dichotomy
that distinguishes the two mantle domains as sampled by deep
plumes originated from the formation and demise of successive
supercontinents and superoceans over the past ~700 Myr. The
Pacific mantle domain (Fig. 3a) is proposed to have developed
from the breakup of the Neoproterozoic and penultimate super-
continent Rodinia after ~700 Ma—commonly referred to as the
Palaeo-Pacific Ocean (Fig. 3d) or the later Panthalassan super-
ocean (Fig. 3b). Due to the switch of subduction polarity from
that of subduction girdle 1 directed towards the future Pacific
domain (Fig. 3d) to that of subduction girdle 2 directed towards
the future African domain soon after the breakup of the super-
continent Rodinia ~600Ma (Fig. 3a—c)®, little continental mate-
rial has been recycled into the Pacific mantle domain. By contrast,
the African domain evolved from the Gondwanan (Fig. 3c,d) and
Pangaean (Fig. 3b,c) assembly over a slab graveyard through a
prolonged subduction and ocean closures (the gradual closure of
the Mirovoi superocean; Fig. 3c,d)*, thus inheriting important
subducted continental materials. In addition, continental mate-
rials have also been brought down there by subduction girdle 2
(Fig. 3a-c)*. Therefore, the African domain exhibits the observed
isotopic enrichment towards EM1 and EM2.

Thus, subduction polarity associated with the supercontinent
cycle and superocean evolution can best explain why the African
mantle domain is contaminated with continental crustal materials,
whereas the Pacific mantle domain has been protected from such
contamination for much of the past 600 Myr. The deep-mantle geo-
chemical dichotomy therefore shows that the two mantle domains
(including the LLSVPs) may have been geodynamically and chemi-
cally coupled with the supercontinent cycles, thus suggesting a
dynamic, instead of the stationary, nature of the mantle structure
and composition.
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Methods
Radiogenic isotopic data. All the Pb, Nd and Sr isotopic data used in this study are
available from the Earthchem Portal (www.earthchem.org). Precompiled datasets
are available on GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) for each
ocean island and oceanic plateau used in this study. We downloaded the isotopic
data for 16 OIBs and 2 oceanic large igneous provinces in July 2019 (Fig. 1). From
the entire datasets, we selected the sample with basaltic affinities (SiO, from 40 to
55 wt.% and Na,O + K,O below 10 wt.%)* for which Pb, Nd and Sr isotopic data
are available. A total of ~6,030 samples were filtered from the online database; the
isotopic data, together with sample coordinates, are reported in Supplementary
Data 1 for the African domain and in Supplementary Data 2 for the Pacific domain.

From these initial datasets, we filtered the deep-source hotspots and oceanic
plateau from hotspots and oceanic plateau with ambiguous source (see criteria in
the following). We also excluded data where continental crustal or lithospheric
contamination were previously reported (for example, Kerguelen basalt older than
95 Ma)*'. The filtered datasets contain 2,608 samples covering 4 ocean islands and
2 oceanic plateaus of deep-plume origin (Supplementary Data 1 and 2).

Because we compare present-day OIBs with those of oceanic plateaus up
to 125 Ma, we applied an age correction to compute the initial isotopic data at
the time of basalt crystallization for samples from the Kerguelen and Ontong
Java plateaus (Supplementary Data 1 and 2). Such a calculation requires the
consideration of elemental abundances, specifically those of uranium (U), thorium
(Th) and Pb for 2°°Pb/>*Pb, 2”Pb/***Pb and 2**Pb/***Pb, samarium (Sm) and Nd
for “Nd/"**Nd, and rubidium (Rb) and Sr for ¥Sr/*Sr age corrections. The
age-corrected isotopic data are presented in Fig. 2. In Fig. 2 and Extended Data
Fig. 1, we used bivariate kernel density estimation* modified by ref. **. Both
the Matlab script and the dataset used for generating the figures are given in
Supplementary Data 4.

Radiogenic isotopic mixing. We model the Pb isotopic composition of sediments
with UCC composition and PREMA for the past 700 Myr. For sediments with UCC
composition, we use present-day values of 2°Pb/***Pb =19.25, 27Pb/**Pb=15.75
and #8U/*Pb=9.74", and for PREMA,,,;, we use ***Pb/**Pb=19,
27Pb/***Pb=15.55 and **U/**Pb=8.6". The equation and the calculation are
presented in Supplementary Data 3.

Tomography used in Fig. 1. For the seismically imaged lower-mantle
thermochemical structures, we adopt here the s5mean model of Doubrovine et al.””
that is stacked from five shear-wave models: GyPSuM of Simmons et al.*, HMSL-S
of Houser et al.*’, S40RTS of Ritsema et al.”’, S362ANI of Kustowski et al.** and
SAW642AN of Megnin and Romanowicz”. Velocity perturbations at the 2,800-km
slice represent averages of those velocities from each of the input models after the
removal of layer mean velocities of Doubrovine et al.”.

Deep-mantle plume data and selection criteria. All the isotopic data are extracted
from the Earthchem portal, and for each hotspot and oceanic plateau these data
can be downloaded at https://www.earthchem.org/. The primary selection criteria
are (1) flood basalts in the early history of the plume activity”, (2) long-lived
hotspots track”, (3) unambiguous tomographic evidence for plume tails down

to the core-mantle boundary”** and (4) high (CHe/*He),, 1 / (*He/*He) ymosphere
(R/R,) ratios, where ratio R/R, > 10 (that is, 10 times above MORB**). We apply
the criteria to a list of hotspots and oceanic plateaus from above the African and
Pacific LLSVPs. Each hotspot is given a score from 0 to 4 according to the number
of criteria it meets. Each missing criterion is marked as a ‘+” on the final grade as

a benefit of doubt. Hotspots with a total of 4 or 3+ are considered to be derived
from a deep-mantle source. In the following, we review all criteria for plumes
arising from the African and Pacific LLSVPs. Among modern oceanic plateaus and
hotspots associated with the African and Pacific mantle domains, eight hotspots
score 4 or 3+: Tristan da Cunha, Réunion, Iceland and Kerguelen Plateau for the
African mantle domain and Hawaii, Easter Islands, Galapagos and Ontong Java for
the Pacific mantle domain.

Deep-sourced hotspots and oceanic plateau. The Tristan da Cunha (3) hotspots
are a series of hotspot tracks™ that are believed to have commenced ~132 Ma”’
with the production of the Parana-Etendeka Traps followed by the Walvis Ridge
hotspot track™-*’. The deep source for the Tristan plume is detected by all three
tomography catalogues””’. The helium isotopic ratio (*He/*He) of Tristan basalts
has a maximum R/R, value of ~7 and is below the R/R, threshold of 10. However,
the low R/R, can be explained by shallow-level mixing of the deep source by more
evolved upper-mantle material causing degassing™, Tristan da Cunha has been
classified among the deep-sourced primary plume by previous studies*, and on
the basis of the *He/*He ambiguity, we define the He isotopic signal as + for
Tristan de Cunha.

The Kerguelen (4) oceanic plateau formed 120 to 95 Ma* and was followed by
the long-lived Ninetyeast Ridge (>82 Ma to 37 Ma) hotspot track and Broken Ridge
plateau (95 Ma)****. The Kerguelen plume is suspected to be still active with recent
volcanic activity in the Kerguelen Archipelago and Heard Island*. The deep source
for the Kerguelen plume is detected by all three tomography catalogues**’. Basalts
from Kerguelen archipelago exhibit R/R, more than 10 times higher than MORB*".

The recently published compilation of Olierook et al.*' indicates that pre-95Ma
Kerguelen basalts are contaminated by lithospheric mantle during emplacement
and do not solely represent the deep-mantle source. Therefore, we select only the
post-95 Ma basalts.

The Réunion (4) plume track starts with the buildup of the Deccan Traps
(ca. 66 Ma)* and the formation of a subsequent long-lived hotspot track®” still
active today. The deep source of the Réunion plume is detected by all three
tomographic catalogues””’. Basalts from the Réunion island have R/R, 10 times
higher than MORB*.

The Easter (4) plume started with the building of the mid-Pacific seamount
flood basalts and produced a hotspot track that is still active today with Easter
Island and associated seamounts™. The deep source of the Easter plume is detected
by all three tomography catalogues®”’. Basalts from the Easter microplate and
Easter seamount exhibit an R/R, > 10 times that of the atmosphere™.

The Hawaii (3) plume might have started with flood basalts or a large igneous
provinces that is now subducted®', and it is followed by the Emperor and Hawaii
chains™. The deep source of the Hawaii plume is detected by all three tomography
catalogues””’. Basalts from Hawaii exhibit high R/R, > 10 times that of the
atmosphere®®.

The Louisville/Ontong Java Plateau (4): the Louisville hotspot started around
125 Ma with the build-up of the Ontong Java Plateau followed by a hotspot track
still active today>*. The deep source of the Louisville plume is detected by all three
tomography catalogues™,”. Basalts from Louisville exhibit high R/R, above 10 time
that of the atmosphere®*.

The Iceland (4) plume may have produced the North Atlantic Volcanic
Province® and a non-conventional oceanic hotspot track®” because Iceland is
located on a mid-ocean ridge. A deep source for the Iceland plume is suggested by
all three tomography catalogues®”, and Iceland basalts display high R/R, above
10 time that of the atmosphere®’. However, it is important to note that the plume
origin of the North Atlantic Volcanic Province is questioned by some®, in that
the Iceland plume might have predated its emplacement, and the North Atlantic
Volcanic Province may thus reflect rifting in the vicinity of existing thinned crust
instead of the arrival of a plume head. Moreover, a recent isotopic study suggests
that some Iceland lavas were contaminated by continental materials®.

The Galapagos (3) plume started with the Caribbean large igneous province
and produced a hotspot track®”. A deep origin of the plume is detected by only one
tomographic catalogue”. Basalts from the Galapagos hotspots exhibit R/R, more
than 10 times that of the atmosphere™”".

Hotspots and oceanic plateaus with ambiguous sources. Although St Helena

(1) island did not start with flood basalt or as a large igneous province, in its early
stages it exhibited a hotspot track that started probably at ca. 80 Ma****. However,
the St Helena track, in contrast with other hotspots tracks, is not well defined and
corresponds to broad and ill-defined scattered seamounts and volcanic ridges™.
The basalts from St Helena display low R/R, <57. The St Helena plume is detected
by all three tomography catalogues®,”. The absence of flood basalt in the early
history of the St Helena plume, the ill-defined track and the low R/R, do not
support a deep primary origin.

The Azores, Comoros, Cape Verde and Madeira/Canary (0-2) hotspots did not
start with a flood basalt or large igneous provinces and are not characterized by a
hotspot track™”*”. The Azores, Comoros and Cape Verde plumes are detected by
only one tomography catalogue”, and the Madeira/Canary hotspot is detected by
only two catalogues®,”. Basalts from Azores exhibit high R/R, more than 10 times
that of the atmosphere™. Basalts from Comores, Cape Verde and Madeira/Canary
exhibit low R/R,"*""7%. Isotopic composition of the Cape Verde basalts appears to
reflect lithospheric contaminations”.

The Marquesas (2) plume started with the Shatsky Rise but did not produce
hotspot tracks™”* and is detected by only one catalogue”. Basalts from the
Marquesas hotspot exhibit R/R, more than 10 times that of the atmosphere’*.

The Society, Samoa, Pitcairn and Cook-Austral islands (2) hotspots did
not start with large igneous provinces and are not characterized by a hotspot
track™. The Society and Samoa plumes are detected by two catalogues®,”” while
the Pitcairn and Cook-Austral plumes are only detected by one catalogue®. The
basalts from the Society, Samoa, Pitcairn and Cook-Austral islands hotspots
exhibit R/R, more than 10 times that of the atmosphere®-**. Samoa is a special case
and has been characterized as a good example of slab and plume interaction®.

Data availability
The data supporting the findings of this study are available on the Georoc database
(http://georoc.mpch-mainz.gwdg.de/georoc/).

Code availability
The Matlab files used for statistical distribution of the isotopic data are available
from the corresponding author upon request.
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Extended Data Fig. 1| Isotopic data of Oceanic Island Basalts (OIBs) and Oceanic Plateau Basalts (OPBs) for the African (orange) and the Pacific (blue)
mantle domains. The isotope compositions are back-calculated to initial compositions at the time of crystallization for Kerguelen and Ontong Java oceanic
plateau basalts. (a, b) 2°Pb/2%“Pb vs. 2°8Pb/204Pb vs. (¢, d) 2°’Pb/2°“Pb vs. 2°°Pb/204Pb, and (e, f) "**Nd/"*Nd vs.8’Sr/%Sr. The contour lines represent

percentiles of the kernel density estimation (see Methods). Also shown is the Northern Hemisphere Reference Line (NHRL)™ that defines the DUPAL
anomaly (above the NHRL).
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Extended Data Fig. 2 | Isotopic data of Oceanic Island Basalts (OIBs) and Oceanic Plateau Basalts (OPBs) for the African (orange) and the Pacific
(blue) mantle Domains, axis scales similar to Fig. 2. The isotope compositions are back-calculated to initial compositions at the time of crystallization
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vs.8’Sr/86Sr. The contour lines represent percentiles of the kernel density estimation (see Methods). Also shown is the Northern Hemisphere Reference
Line (NHRL)'® that defines the DUPAL anomaly (above the NHRL).
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Grading
Flood basaltin early Long-lived Tomographic Courtillot Updated in
history hotspot evidence Max R/Rs etal. this study
track (2003)
AFRICAN MANTLE DOMAIN
La Reunion® Yes (Deccan) Yes Yes 14  high 4
Kerguelen(+Hea rd)l> Yes (Kerguelen) Yes Yes 18  high 2+
Iceland® Yes (NAVP)? Yes Yes 50 high 4+
Tristan® Yes (Parana and Yes Yes 7.0 low 3 3
Edenka)
St Helena No Yes No 6.0 low 1 1
Azores No No No 18  high 1+ 1
Comores No No No 7.1 low 0+ 0
Cape Verde No No No 16  high 2 1
Madeira/Canary No No yes 10  low 2 1
PACIFIC MANTLE DOMAIN
Easter’ Yes (mid-pacific Yes Yes 26* high 4+ 4
seamount)
Louiseville/Ontong Java® Yes (Ontong Java) Yes Yes 11  high 3+ 4
Hawaii® Subudcted? Yes Yes 35 high 4+ 3
Galapagos Yes (Carribean LIP) Yes No 30 high 2+ 3
Samoa** No No Yes 34  high 4 2
Marquise Yes (Shatsky) ? No 14 high 2+ 2
Tahiti/Societies No No No 17  high 2+ 2
Pitcairn No No No 13 high 2+ 2
Cook-Austral No No No 16 high 2+ 2

Max R/Ra, higher (He/*He)smple / CHe/*He)atmosphere
All reference are in the method section

P primary deep plume from Courtillot et al. (2003)
* AGU abstract

**Samoa is characterise by plume/subduction interaction

?,the North Atlantic Volcanic Province (NAVP) could reflect rifting in the vicinity of existing thinned crust rather than the
arrival of the plume head (Lawver and Muller, 1994).

Extended Data Fig. 3 | List of deep sourced vs. shallower sourced ocean islands and oceanic plateaus from the African and Pacific mantle domain.
Scores for the eighteen major OIBs and OPBs with respect to the four criteria are used to determine their deep vs. shallow origins. For details see Methods.
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