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Role of the deep mantle in generating the
compositional asymmetry of the Hawaiian
mantle plume

Dominique Weis12, Michael O. Garcia3 J. Michael Rhodes4, Mark Jellinekland James S. Scoates12

Linear chains of volcanic ocean islands are one of the most distinctive features on our planet. The longest, the Hawaiian-Emperor
Chain, has been active for more than 80 million years, and is thought to have formed as the Pacific Plate moved across the
Hawaiian mantle plume, the hottest and most productive of Earth's plumes. Volcanoes fed by the plume today form two adjacent
trends, including Mauna Kea and Mauna Loa, that exhibit strikingly different geochemical characteristics. An extensive data set
of isotopic analyses shows that lavas with these distinct characteristics have erupted in parallel along the Kea and Loa trends
for at least 5 million years. Seismological data suggest that the Hawaiian mantle plume, when projected into the deep mantle,
overlies the boundary between typical Pacific lower mantle and a sharply defined layer of apparently different material. This
layer exhibits low seismic shear velocities and occurs onthe Loa side of the plume. We conclude that the geochemical differences
between the Kea and Loa trends reflect preferential sampling of these two distinct sources of deep mantle material. Similar
indications of preferential sampling at the limit of a large anomalous low-velocity zone are found in Kerguelen and Tristan da
Cunha basalts inthe Indian and Atlantic oceans, respectively. We inferthat the anomalous low-velocity zones at the core-mantle

boundary are storing geochemical anomalies that are enriched in recycled material and sampled by strong mantle plumes.

antle plumes and their related hotspot volcanism constitute
one ofthe main processes affecting the cooling and internal
differentiation of the Earths mantle and crust. The mantle
plumes form in response to cooling of the Earths corel2 Whereas
plume heads contribute huge volumes oflava to the Earth’s surface
over short periods of time, plume tails create chains of volcanoes,
some extending for thousands ofkilometres. For example, Hawai’i in
the Pacific Ocean (Fig. la) and Kerguelen and Réunion in the Indian
Ocean are three mantle plumes associated with long surface tracks
that represent important features of the Earth’ lithosphere3. Mantle
plumes may originate in the lower mantle4, from near the core-man-
tle boundary (CMB)57, and decompression ofthe rising material gen-
erates melting at shallow depth as it approaches the surfaces.
Geochemical studies of ocean island basalts (OIB) brought to
the surface by a deep mantle plume indicate that the Earth’s mantle
is chemically and isotopically heterogeneous at scales ranging from
centimetres to thousands ofkilometres&lland provide essential infor-
mation about its composition and evolution. OIBs present different
isotopic compositions. Radiogenic isotopic ratios (a fingerprint’ of
their mantle source) show that these differences result from time-inte-
grated evolution, over millions to billions ofyears, of compositionally
distinct source regions with different history and parent-daughter
fractionation 1,12 Radioactive isotope parents (§Rb, ¥Sm, 17u, 238U,
250 and 22Th) decay with a very long half-life into daughter isotopes
(in our case 88r, U8Nd, 17Hf, 20Pb, 20/Pb and 28Pb, respectively). As
a result the daughter isotope ratios reflect the long-term history of
the basalt-source reservoirs in the mantle: they are the fingerprint’ of
their mantle sources. Systematic relationships of OIB compositions
in binary isotopic diagrams are commonly interpreted as resulting
from mixing between well-defined mantle endmembers9I3 These
endmembers, expressed at the surface in OIB, do not correspond to
any systematic geographical distribution (Fig. 1b). For example, EM-I
(enriched mantle type-I) signatures are found in basalts from Indian,

south Atlantic and Pacific islands, and HIMU (high U/Pb) signatures
in basalts from Atlantic and Pacific islands.

These ‘mantle reservoirs’ probably reflect contributions from both
the early solidification and differentiation ofthe Earth’s mantle K15as
well as minor contributions from sediments, oceanic crust and con-
tinental crust, and sublithospheric mantle introduced into the deep
mantle by subduction and plate-scale mantle stirringl§l7 The pres-
ence of specific and traceable components in the mantle source of
oceanic basalts provides a framework for discussing the origins of
mantle plumes, the source ofthe differences from island to island 1819,
and as aresult, the dynamics of mantle geochemical cyclingll

Hawai'i as the archetype of mantle plumes
Wilson2recognized that the source of oceanic island volcanoes such
as Hawai’i was fixed in space relative to plate motions and, thus, that
it must be ultimately deeper than the lithosphere and upper mantle
involved in plate tectonics. Hawai’i is the archetypical example of
intraplate volcanism5. It is the longest island chain on Earth, extend-
ing almost 6,000 km in length, and has been active for over 80 mil-
lion years. The Hawaiian islands are surrounded by a 1,000-km-wide
bathymetric swell, the Hawaiian swell, commonly associated with a
sublithospheric hot buoyant mantle plume 122l that extends well into
the lower mantle4and possibly to the CMB2 although seismic resolu-
tion at this depth (-2,800 km) is problematic23 The Hawaiian mantle
plume has the largest buoyancy flux of any plume122l and has been
the subject of a large number of geochemical, fluid-dynamical and
geodynamical studies21,4-29.

The Hawaiian mantle plume was the target of a deep drilling
study, the Hawai’i Scientific Drilling Project (HSDP), which pro-
vided a continuous sampling 0f-3,255 m ofthe Mauna Kea volcano
with ages between -240 and >650 kyr (ref. 30), and represented a
unique opportunity to study a significant portion of the life history
ofa plume-related volcano73l. As Hawaiian volcanoes grow, they are

’‘Department of Earth and Ocean Sciences, University of British Columbia, 6339 Stores Road, Vancouver, British Columbia V6T1Z4, Canada. 2Pacific Centre

for Isotopic and Geochemical Research, University of British Columbia, 6339 Stores Road, Vancouver, British Columbia V6T1Z4, Canada. :Department

of Geology and Geophysics, University of Hawai'i, Honolulu, Hawai'i 96822, USA. 4Department of Geosciences, University of Massachusetts, Amherst,

Massachusetts 01003, USA. e-mail: dwelsiSeos.ubc.ca

NATURE GEOSCIENCE |VOL4 | DECEMBER2011 |www.nature.com/naturegeoscience

831

© 2011 Macrnillari Fublishers Limited. All rights reserved


http://www.nature.com/naturegeoscience

REVIEW ARTICLE | FOCUS

Volume flux (m3s’)  Kilauea"’;
Gardner [;

Laysan / "
Hawaiian-Emperor I /NThoa/ -

“erc¥ 1 sy
KoA /1 APcarland
{K—  Hermes Reef:
South Kaua'
Slide
‘anae West*v iast Moloka'LaJ

Moloka'i estMaui '
Maui

Kaho'olawe Kohala
Mauna'

W ater depth
Scale approx 1:85,342

O ~~~'50" " " 10*0 km

NATURE GEOSCIENCE poi: 10.1038/NGE01328

0.710
trend + MORB
¢ Azores
0.709 0 Austral-Cook
O Ascension and St Helena
° Galapagos
0.708 o Iceland
® Hawai'i
4 Marquesas
0.707
4 Samoa
4 Society Island
0.706 4 Juan Fernandez
¢+ Kerguelen and Heard
4 Tristan and Gough
0.705 O Pitcairn-Gambier
0.704
0.703
PREMA
0.702
18 19 20 22
2°6pb/204pb

Figure 11 Key bathymetric and isotopic features of the Hawaiian Islands, a, Bathymetric map (18°to 23°2'N, 161°to 154° W) of the Hawaiian

Islands 102 The Loa and Kea trends are defined. Arrow points to the location of the Pacific LLSVP". Temporal variation of volume flux of magma

calculated assuming regional compensation05is shown in the inset, b, Sr-Pb isotope diagrams of oceanic basalts102 Inset shows recent data (including

this study) on Hawaiian tholelltlc shield lavas. Kea volcanoes point towards average mantle compositions (PREMAO) and Loa volcanoes towards

enriched compositions (EM-1 type0).

slowly carried to the northwest by the moving Pacific plate at a speed
0f9-10 cm per year3 passing over the Hawaiian mantle plume. As
the magma-producing region is roughly 100 km in diameter2l, the
volcano takes about 1 million years to cross this region3. Numerous
petrological and geochemical studies were carried out on the drill core
samples to characterize the mantle source for the lavas and constrain
the time-averaged rates of melt production, delivery to the crust and
eruption at the surface. Together with results from complementary
models of the Hawaiian plume, this combined effortrepresents a con-
siderable leap forward in our understanding ofplume-related volcan-
ism in general25303438

During the past 5 Myr, Hawaiian volcanoes formed two parallel
chains3940 (Fig. la) that are distinct geographically and geochemi-
cally8 These two chains, or Loa and Kea trends, are named after their
tallest volcanoes, Mauna Loa and Mauna Kea, both on the Island of
Hawai’l. High-precision lead isotope compositions show that there is
little overlap between volcanoes from the two trends, with Loa-trend
volcanoes characterized by higher 28Pb/2#Pb for a given 20 b/20#Pb
than Kea-trend volcanoes27. If the connection between mantle plume
and hotspot is robust, these trends define azimuthally asymmetric
compositional zoning in the plume conduit2y that is difficult to rec-
oncile with the popular concentrically zoned model of the mantle
plume for Hawai’i25364L

The so-called bilateral compositional asymmetry of the Hawaiian
mantle plume was initially defined on the basis of the Pb isotopic
analyses of -120 shield samples, dominantly from the Island of
Hawai’i (Fig. la) for Kea-trend volcanoes (that is, Kilauea, Mauna
Kea and Kohala) and from 8-15 samples per volcano for Loa-trend
volcanoes2/332 (Lo’thi, Mauna Loa, Lanai, Kahoolawe and Koolau).
Half of these samples were from the HSDP core from Mauna Kea
volcano. Here we present new data on 120 Mauna Loa lavas, which
are then integrated in a compilation of over 700 high-precision Pb
isotopic compositions for shield-stage lavas from all the main islands
of the chain (Fig. 2a and b), and also about 585 for Sr and Nd, and
485 samples for Hf isotopic compositions. All data for the different
isotopic ratios have been normalized to the same standard values (see
Supplementary Information for analytical techniques). The shield
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building phase represents -98% ofthe volume ofan average Hawaiian
volcano43. The distinct Pb isotopic signatures of Loa- and Kea-trend
volcanoes are clearly defined with only a few exceptions (29 out of
713 analysed samples, or 4% of the data set). Most of the distinctive
samples have already been reported in the literature2735448

Isotopic study of the largest active volcano on Earth

Mauna Loa is the largest active volcano on the Earth, with a vol-
ume4 of about 80,000 km 3. Surprisingly, only a few studies have
reported geochemical data on this volcano. In light of its signifi-
cance in the Hawaiian chain, and the availability of new samples
from both submarine and subaerial phases of volcano activity, we
selected 120 new samples for this study (Fig. 3 and Supplementary
Fig. SI, Table SI), covering: (1) a 1.6-km-thick submarine land-
slide section, called the Mile High Section, that allows continuous
stratigraphie sampling analogous to HSDPYwith ages between 120
and 470 kyr (ref. 51); (2) submersible and dredged samples along
the submarine southwest riff zone; (3) radial vents on the south-
west part of the Big Island% (4) subaerial prehistoric and historic
lavas53; and (5) a few samples from the 245 m of Mauna Loa recov-
ered in the HSDP-2 core. A briefdescription ofthe sample location
and geological context is given in the Supplementary Information.
Combined with recently published isotopic data from Mauna Loa
samples4®245 our results confirm that the compositions of Mauna
Loa lavas are distinct from those of Mauna Kea lavas. Mauna Loa
tholeiitic basalts have 200Pb/2¥Pb between 18.05 and 18.26, with
three landslide samples extending the compositional range up to
18.40, which is within the range of values for L§’ihi27. There is no
overlap in 20Pb/24Pb between Mauna Loa (<18.26) and Mauna Kea
(>18.4) lavas. In a Pb-Pb isotope diagram (Fig. 2a), the analyses for
the lavas are distributed systematically on either side ofthe Kea-Loa
boundary, with only three prehistoric Mauna Loa samples crossing
this boundary4s.

Among the 120 Mauna Loa samples analysed here, some of the
older samples (-470 kyr)5l, collected at the lower levels of the land-
slide section on the submarine southwest riff zone, show different
isotopic signatures, not observed anywhere else in Hawai’i (see
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Fig. 2b inset and Supplementary Fig. ST). These samples have higher
208pb/204pb for a given 20pb/2¥Pb and lower N d/Nd for a given
8Br/8&Sr. These signatures document the presence of more hetero-
geneities in the Loa source, especially in the earlier shield-building
stage, than in the Kea source.

The difference between Loa- and Kea-trend volcanoes is best seen
using ™pb> »“pp* (ref 32)>which is a measure of the radiogenic
addition to 28Pb/2Pb and 20Pb/24Pb during the Earthshistory and is
calculated by subtracting the primordial (initial) isotope ratios from
the measured values: “pbV *Pb* reflects the ratio of Th/U integrated
over the history of the Earth. Loa-trend volcanoes have “"pbV APb*
values above 0.9475, whereas Kea-trend volcanoes have lower values
(Figs 2b, 4b). In addition, Loa-trend volcanoes show a wider range of
variations in all isotopic systems by a factor ofabout 1.5. For example,
2°6Pb/2°4pb varies from 17.8 (West Kaena)%to 18.5 (Loihi)27 whereas
Kea-trend volcanoes range from 18.2 (Kohala)27 to 18.74 (Hilina)%.
Similarly, eN] a measure of the deviation of MNd/MNd from the
chondritic value (BN d/HANd = 0.512638), varies about twice as much
in Loa-trend volcanoes (from -0.9 to +7.5, Koolau)48 than in Kea-
trend volcanoes (from +5.1 in Haleakali%to +8.2 in West Maui5)).
There is limited overlap between the two trends in isotopic signatures.
The range ofvariations is larger in Loa-trend volcanoes, as expressed
by two standard deviations on the average ofisotopic analyses oflavas
of each individual volcano, and increases with increasing age along
the Hawaiian chain (that is, farther away from Kilauea; Fig. 4a and b).

Kea-trend volcanoes define Pb-Pb isotope mixing arrays (Fig. 2a,
inset) that converge towards radiogenic Pb ratios (0P b/2M4Pb = —8.5—
18.6, 28Pb/2¥Pb = -38.1-38.2), which Tanaka et at.m called the Kea
component. A few of the Kea volcano arrays cross the Kea-Loa
boundary, indicating that one of'the least radiogenic endmembers of
the Kea volcanoes belongs to the Loa compositional field. In contrast,
the Loa-trend volcanoes define Pb-Pb mixing arrays (Fig. 2a, inset)
that are mostly subparallel to the Kea-Loa boundary and that rotate
slightly around a common point close to Mauna Loa average compo-
sitions (0Pb/20Pb = -18.1-18.2, 28 b/20#Pb = -37.9), which shows
that this is a prevalent composition on the Loa side of the bound-
ary. A few older Loa-trend volcanoes (Lanai, Koolau M akapuu stage,
Kaho'olawe) define Pb-Pb mixing arrays with either steeper or shal-
lower slopes. These arrays intersect close to the average composition of
the enriched Hawaiiendmember, the enriched Makapu’u component
(EMK) of Tanaka et fi/.48 that is interpreted to reflect the presence of
recycled oceanic crust and sediments® The different organization of
Pb-Pb isotope mixing arrays for Loa- and Kea-trend volcanoes indi-
cates the presence of distinct endmember compositions in the source
ofthe two geographic trends of Hawaiian volcanoes.

The geochemical differences between the Loa- and Kea-trend vol-
canoes probably reflects compositional variations in the plume source
region at or near the CMB. These differences have persisted for atleast
5 million years®9 and are not related to temporal variations in the
degree of melting, although we do not yet know when the Loa and
Kea trends emerged in the volcanic record at the surface. Below we
examine what the geochemical differences between the Loa and Kea
trends imply in terms of the bulk composition and structure of the
deep source of the plume.

Geochemical trends linked with deep mantle structure

The source region for the Hawaiian plume is widely recognized to be
complex in structure, physical properties, constitution and composi-
tion). Inferences from recent seismological studies6l, together with
kinematic mantle flow models® show that the location of Hawai’,
when projected down to the CMB region, overlies the northeast-
ern edge of the Targe low-shear-velocity province’ (LLSVP)&G4€5 in
the Pacific Ocean (Fig. 5c, adapted from ref. 66). The province is an
anomalously dense, compositionally distinct67 region, steep-sided
and several hundred kilometres high. The Loa and Kea volcanoes
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Figure 2 | Isotopic data for Hawaiian shield lavas, a, Plot of 208P b/204Pb
against 206P b/204Pb for all Hawaiian shield lavas (normalized to same
standard values). Mauna Loa and Mauna Kea samples have larger symbols.
Thick black line indicates boundary separating volcanoes on the Mauna Loa
(diamonds and cool colours) and Mauna Kea (circles and warm colours)
trends based on Pb isotopic compositionZ. Insets: Pb-Pb arrays among
some of the individual volcanoes. Solid lines indicate Mauna Loa (HSDP-I
and Mile High Section, MHS) and Mauna Kea (low-, mid- and high-8)35.
Dashed lines indicate other Hawaiian volcanoes or features (Li, L&'ihi; H,
Hualalai; L, Lana'i; K, Kaho'olawe; Ha, Hana Ridge; Ki, Kilauea; Ko, Kohala;
M, Maui; EM, East Moloka'i; WM, West Moloka'i). b, Plot of 208P b*/206Pb*
against eNdfor Hawaiian shield lavas. Inset: plot of 208P b*/206Pb* against eNd
detail of Mauna Loa lavas (this study, plus prehistoric lavas <3 kyr old45,
radial vents52), where older samples (red, yellow and orange diamonds;

see also Supplementary Fig. S1) sampled along the submarine southwest
rift zone define a unique mixing trend. Darker outline indicates triple-spike
literature data. See Supplementary Information for all data sources.
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straddle the LLSVP boundary with the Loa side of the Hawaiian
plume located above the LLSVP and the Kea side overlying average
Pacific lower mantle. One explanation for the distinct geochemical
character ofthe Loa and Kea trends (Fig. 5b) is that they continuously
sample these two qualitatively different types of mande. This implies
that the LLSVP mande is, on average, more enriched in incompat-
ible elements and more variable isotopically, whereas the Pacific lower
mande, preferentially sampled by the Kea side, is less heterogeneous.

Such a long-term physical link between the isotopic composition
of the basalts and the source region requires that the root Hawaiian
plume has remained approximately fixed at the edge of the LLSVP,
and that there is little internal lateral or azimuthal stirring within
the overlying the plume conduit. Steep-sided LLSVP piles, if over
50 km high, will introduce lateral temperature variations capable
of driving an upward flow that will ultimately anchor the Hawaiian
plume conduité The fixity of the plume to a LLSVP pile is therefore
to be expected. The preservation of the spatially and chemically dis-
tinct Loa and Kea heterogeneities is perhaps surprising because the
Hawaiian plume is strongly tilted@2®&®. Although lateral temperature
variations can drive convection around the edges ofa tilted conduit®
causing internal azimuthal stirring, as well as the entrainment and
mixing of surrounding mantle across the conduit, such a process is
negligible for the range of plume strength and plate flow conditions
expected for the EarthX7l Indeed, even strongly tilted plumes will
preserve the essential heterogeneous structure of their source region.
The geometry and distribution ofheterogeneities in the source region
of the Hawaiian plume determine what is delivered to the melting
region and sampled by the volcanoes® An alternative view is that
broadly concentric zoning of the plume is expected and that, at any
given depth within the plume conduit, lateral mixing will result from
the rheological variability across the plume conduit”2 The extensive
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data set of new and published isotopic analyses presented here, on
more than 700 Hawaiian basalt samples, shows the presence of two
trends for atleast 5 Myr from the Island of Hawai’i to Kauai with no
evidence for concentric zoning.

If the variation in Pb isotopes in Loa basalts is related to entrain-
ment of LLSVP mantle, then the heterogeneities may initially have a
relatively low viscosityG A low-viscosity tendril will be sheared at a
greater rate and to a greater extent than the surrounding plume mate-
rial in the conduit, giving rise to shear instabilities that could lead
to entrainment and mixing across the conduit7. Such viscosity inter-
faces are never stableZ4 but the timescale for the growth ofthis insta-
bility is much longer than the time for plume material to rise across
the mantle depth. Thus, the presence of such viscosity variations will
probably not lead to lateral mixing and alter significantly our pro-
posed connection between Hawaiian basalts and the composition of
the source region.

From recent seismic imaging using scattered waves7y it has been
inferred that the Hawaiian plume material ponds in the transi-
tion zone before travelling more than 1000 km east to Hawai’i. This
study concludes that the hotspot is consequently decoupled from the
source region and that isotope signatures of surface lavas cannot be
used to map geochemical domains in the lower mantle. Partial pond-
ing of rising plume material within the transition zone is, however,
expected/q7. A stabilizing buoyancy effect and cooling related to
the endothermie post-spinel phase transition at -670 km will cause
plume material rising across this phase transition to slow down and
the conduit to spread out to conserve mass. Ponding in the transition
zone is, however, not consistent with body-wave studies based on an
extensive regional network of ocean bottom seismometers network
which identified a deep-seated low-velocity anomaly under Hawai’i
and a deep source for the Hawaiian mantle plume2®R
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The crucial issue for the link between the Loa and Kea basalt com-
positions and their source regions is whether this spreading would
introduce motions that stir the heterogeneities carrying the trends
together or cause significant entrainment of ambient mantle mate-
rial that would ultimately overwhelm the signal from the deep mantle
source. Whereas the effects of phase transitions on the rise of starting
plume head, and thus the composition of flood basalts, have received
significant attention®8) the effect on plume tails is less certain.
However, the spreading of the conduit as a gravity current involves
only an additional component ofpure shear8l that will widen the Loa
and Kea anomalies, but will not cause them to mix.

Finally, itis still unclear at this stage ifthe partial ponding ofplume
material modelled in the transition zone 1,000 km west of Hawaii®
is indeed linked to the Hawaiian mantle plume, and, if so, what the
physical link is with the volcanic activity observed on the Hawaiian
Islands. Indeed, it would imply a transfer of material in the opposite
direction to the mantle wind in the Pacific® (in the direction of the
Pacific plate motion, towards the northwest) for over 80 Myr.

Loa component and fine-scale structure of LLSVP

The greater isotopic and geochemical variability of the Loa vol-
canoes is a remarkable feature that, in principle, requires that the
source ofthe Loa side ofthe plume is compositionally heterogene-
ous over many length scales, consistent with recent seismological
studies@BBYU A plausible source for some of this additional het-
erogeneity is a thin (5-50 km) ultra-low-seismic-velocity zone
(ULVZ) lens, where P- and S-wave velocities are reduced by up to
10% and 30%, respectively@&, concentrated near the edge of the
LLSVP pileca®& beneath the Loa side of Hawai’i. These structures
have recently been modelled as regions of dense&& partial melt,
presumably enriched in incompatible elements, which is variably
stirred, depending on the competition between compaction and
melt drainage and melt retention as a result of coupling to overly-
ing mantle flow &%

Our model assumes that the Loa- and Kea-trend compositions
and the heterogeneity spectrum for Hawaiian basalts are preserved
through the melt extraction process. We assume that there is neg-
ligible mechanical mixing of melts between the melting region and
the surface. In Iceland, where the mantle plume coincides with the
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Mid-Atlantic Ridge, mixing has been proposed to explain the spec-
trum ofPb isotope variability in olivine-hosted melt inclusions, at the
100- to 500-pm scale The existence ofindividual Pb-Pb arrays for
each Hawaiian volcano indicates that mixing occurs at the scale ofthe
plume conduit, 10-50 km (refs 34, 45). Most recent melt extraction
models9l suggest that compaction draws melts together over length
scales ofat most a few kilometres or a few per cent ofthe width ofthe
melting region29. Thus, whereas this effect may smooth out the spa-
tial variability within each trend as it is expressed at the surface, it is
unlikely to affect the qualitative differences between the Loa and Kea
endmembers as reflected by the existence of the two parallel chains
ofvolcanoes with distinct geochemical signatures for at least 5 Myr.

Comparisons with other ocean islands
The geochemistry of the Loa-trend volcanoes (higher Th/U, as indi-
cated by theirhigher28Pb7 20Pb’g lower eNdand eHfand higher8S1/&Sr
compared with Kea-trend volcanoes) indicates the presence of an
enriched component, most prevalent in Lanai and Koolau volca-
noes2Z/& These geochemical characteristics require a source more
enriched in incompatible elements for Loa-trend volcanoes than for
those on the Kea trend, and these features could correspond to the
ULVZ, which is chemically distinct and probably partially molten8&R2
There continues to be debate about the shape, origin and composi-
tion ofthe LLSVP and ULVZA& as well as on the role of core-mantle
interactionBin the generation ofheterogeneities in the Earth’ mantle.
Several authors argue for contribution from the core, on the basis of
coupled enrichments in 180s/180s and 180s/180s in plume-derived
materials when compared with upper-mantle materialsB. Assessing
the geometry, physical structure and extent of ULVZ is still a chal-
lenge because of poor tomographic resolution at the CMB and the
basic trade-off between velocity reduction and spatial size in forward
models relying on seismic ray theory Materials that could be pre-
sentin the lowermost mantle include partially molten residues ofearly
Earth differentiation (4.5 billion years ago), subducted slabs (hetero-
geneous mixture of sediments, altered oceanic crust and upper man-
tle), and metal from the outer core (see discussion in ref. 7)U,12IM9B
RecentMN d/MANd studies of deeply sourced mantle plumes, includ-
ing Hawai’i, present no evidence for the interaction with an early-
enriched reservoir (EER) in the source of these basalts%
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Figure 5 | Deep mantle velocity anomalies and hotspot locations.

a, Global map showing the lowermost-mantle Vsperturbations from
tomographic model TXBW 105 (adapted from ref. 66). Continents, thin black
outline; Pacific 'Ring of Fire', thick blue line; circles, hotspot locations106.
Red and blue colours indicate lower and higher velocities than global
average, respectively. The peak-to-peak value for this model is 5.5. Hawai'i
and Pitcairn (Pacific Ocean), Kerguelen (Indian Ocean) and Tristan
(Atlantic Ocean) have EM-l-type geochemical signatures, b, Histogram of
cuspb/ajspb (used to minimize analytical noise on 204Pb) for Hawaiian shield
lavas, ¢, Cross-section through the Hawaiian mantle plume down to the
CMB, showing a schematic representation of the low-velocity structures
beneath the central Pacific (after ref. 107, modified after ref. 66). Hawaiian
Island surface locations and relative position of the Loa and Kea trends in

the mantle plume are indicated.

Loa-trend geochemical characteristics have persisted for at least
~5 million years39. This period had the highest magma production
rate for the Hawaiian mantle plume (Fig. la, inset)%. The overall vari-
ability among the Loa volcanoes is time-dependent and seems to be
larger in the older volcanoes (West Kaena, Koolau) than in recent
ones (Lo6‘ithi) (Fig. 4a and b). The appearance of the Loa component
is probably related to the sampling of the relatively dense, partially
melted material in the anomalous velocity lenses at the CMB by the
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Hawaiian mantle plume and could coincide with elevated magma
production rates4®

Other surface hotspot locations can be correlated with lat-
eral shear-wave (S-wave) velocity gradients in the deep mantle6L.%
Kerguelen, another EM-I oceanic island with a strong enriched sig-
nature (Fig. 1b) in the Indian OceanY, is located on the eastern end
ofthe tali steep-sided LLSVP African anomaly®(Fig. 5a). Tristan and
Pitcairn are two other islands with EM-I signature (Fig. 1b)18 When
projected onto the CMB, Tristan is located on the western border of
the LLSVP African anomaly, whereas Pitcairn straddles a boundary
zone in the Pacific LLSVP. We infer that these deep velocity anomalies
at the CMB are the repositories for enriched components in the man-
tle and are brought to the surface by strong mantle plumes. Above
the Pacific LLSVP, Pitcairn and Hawai’i carry an enriched signature
that is slightly less pronounced and distinct from the one carried by
Kerguelen and Tristan, the DUPAL anomaly®10) above the African
LLSVP (Fig. 1b). These differences in EM-1 compositions correspond
to differences in the sources of these islands and indicate that the
material constituting the LLSVP at the base ofthe CMB is different in
the Pacific and African anomalies.

Longevity of Loa component and Pacific LLSVP

To explore more fully the implications of our proposal that the
Hawaiian mantle plume provides a long-lived probe of the com-
position and structure of its CMB source region, and that the
LLSVP and ULVZ are repositories of enriched mantle components
related either to the early differentiation of the Earth K415 or to the
presence of subducted materialll12I§ we need to go further back
in time. High-precision isotopic studies of Hawai’i volcanoes have
only been undertaken for lavas erupted during the last 5 Myr and
for the Emperor Seamounts (85-42 Myr ago). Thus, our study of
the Hawaii volcanoes provides only a recent snapshot of the situ-
ation. There seem to be distinct differences between the Emperor
(85 to 42 Myr ago) and Hawaiian (41 Myr ago to present) parts of
the Hawaiian-Emperor Chain. In particular, Emperor-chain basalts
have Kea-only compositions and were erupted at an approximately
constant rate489510L In contrast the 5-million-year record ofvolcan-
ism at Hawai’i is characterized by this remarkable Kea-Loa compo-
sitional asymmetry and amagma production rate that has increased
greatly over time (Fig. la, inset)%.

The appearance of the Loa composition may coincide with an
increase in magma supply that is evident in the larger size of the
Hawaiian volcanoes over the past 5 million years. Alternatively,
Loa composition may extend back to the prominent bend in the
Hawaiian-Emperor Chain. This dichotomy in isotopic composition
and increase in eruption rate could ultimately be linked to changes in
the thickness, thermal structure3and dynamics of the LLSVP part of
the plume source region in the deep mantle.

In principle, the Hawaiian-Emperor hotspot track in the Pacific
Ocean with 85 million years of activity (and the Kerguelen hotspot
track in the Indian Ocean with an even longer 115 million years of
activity) can provide unique insights into our proposed relationship
between basalt composition and deep mantle structure. To finger-
print the changes in the source composition over the eruption time
series recorded by the Hawaiian chain and to assess when the Loa
component appeared will require additional high-precision isotopic
work on the remaining 3,400 km of the chain to the northwest of
the island of Kauai. The timing of the segregation of the LLSVP in
the lower mantle and the conditions ofits sampling by the Hawaiian
mantle plume are two issues that cannot yet be solved. Additional
complementary high-resolution seismological studies of this part of
the CMB region will be crucial to make links between the evolving
composition of the source region and its structure and constitution.
Resolving these fundamental issues will require increased collabora-
tion among disciplines studying the Earth’s deep interior.
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