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

Dominique Weis'?, Michael O. Garcia3, J. Michael Rhodes*, Mark Jellinek' and James S. Scoates'?

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 on the 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 in the Indian and Atlantic oceans, respectively. We infer that 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.

one of the main processes affecting the cooling and internal
differentiation of the Earth’s mantle and crust. The mantle
plumes form in response to cooling of the Earth’s core"?. Whereas
plume heads contribute huge volumes of lava to the Earth’s surface
over short periods of time, plume tails create chains of volcanoes,
some extending for thousands of kilometres. For example, Hawai’i in
the Pacific Ocean (Fig. 1a) and Kerguelen and Réunion in the Indian
Ocean are three mantle plumes associated with long surface tracks
that represent important features of the Earth’s lithosphere®. Mantle
plumes may originate in the lower mantle?, from near the core-man-
tle boundary (CMB)*7, and decompression of the rising material gen-
erates melting at shallow depth as it approaches the surface®.
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 of kilometres®*" and 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 of years, of compositionally
distinct source regions with different history and parent-daughter
fractionation'"'2. Radioactive isotope parents (*Rb, '’Sm, '"*Lu, #*U,
25U and #?Th) decay with a very long half-life into daughter isotopes
(in our case ¥Sr, "*Nd, "7°Hf, **Pb, *’Pb and **Pb, 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 endmembers®®. These

I\/\ antle plumes and their related hotspot volcanism constitute

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 of the Earth’s mantle'*" as
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 stirring'®"”. 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 of the differences from island to island'®*,
and as a result, the dynamics of mantle geochemical cycling'!.

Hawai'i as the archetype of mantle plumes

Wilson® recognized that the source of oceanic island volcanoes such
as Hawaii 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. Hawaii is the archetypical example of
intraplate volcanism?®. 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">*' that extends well into
the lower mantle* and possibly to the CMB?, although seismic resolu-
tion at this depth (~2,800 km) is problematic?. The Hawaiian mantle
plume has the largest buoyancy flux of any plume"*?' and has been
the subject of a large number of geochemical, fluid-dynamical and
geodynamical studies?**%.
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Figure 1| 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™?. 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 compensation® is shown in the inset. b, Sr-Pb isotope diagrams of oceanic basalts'®. Inset shows recent data (including
this study) on Hawaiian tholeiitic shield lavas. Kea volcanoes point towards average mantle compositions (PREMA?®) and Loa volcanoes towards

enriched compositions (EM-I type?).

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 of ~3,255 m of the 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
of a plume-related volcano”'. As Hawaiian volcanoes grow, they are
slowly carried to the northwest by the moving Pacific plate at a speed
of 9-10 cm per year®, passing over the Hawaiian mantle plume. As
the magma-producing region is roughly 100 km in diameter?, the
volcano takes about 1 million years to cross this region®. 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 effort represents a con-
siderable leap forward in our understanding of plume-related volcan-
ism in general?>**3*-3%,

During the past 5 Myr, Hawaiian volcanoes formed two parallel
chains®# (Fig. 1a) that are distinct geographically and geochemi-
cally®. These two chains, or Loa and Kea trends, are named after their
tallest volcanoes, Mauna Loa and Mauna Kea, both on the Island of
Hawaf’i. High-precision lead isotope compositions show that there is
little overlap between volcanoes from the two trends, with Loa-trend
volcanoes characterized by higher ***Pb/***Pb for a given ***Pb/**Pb
than Kea-trend volcanoes?. If the connection between mantle plume
and hotspot is robust, these trends define azimuthally asymmetric
compositional zoning in the plume conduit®* that is difficult to rec-
oncile with the popular concentrically zoned model of the mantle
plume for Hawai’i*?¢4!,

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
volcanoes?*** (Lo‘ihi, Mauna Loa, Lana‘i, Kaho'olawe 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
building phase represents ~98% of the volume of an average Hawaiian
volcano®. 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 literature?*>#-4,

Isotopic study of the largest active volcano on Earth

Mauna Loa is the largest active volcano on the Earth, with a vol-
ume® of about 80,000 km®. 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. S1, Table S1), covering: (1) a 1.6-km-thick submarine land-
slide section, called the Mile High Section, that allows continuous
stratigraphic sampling analogous to HSDP* with ages between 120
and 470 kyr (ref. 51); (2) submersible and dredged samples along
the submarine southwest rift zone; (3) radial vents on the south-
west part of the Big Island®% (4) subaerial prehistoric and historic
lavas®; and (5) a few samples from the 245 m of Mauna Loa recov-
ered in the HSDP-2 core. A brief description of the sample location
and geological context is given in the Supplementary Information.
Combined with recently published isotopic data from Mauna Loa
samples®***>%, our results confirm that the compositions of Mauna
Loa lavas are distinct from those of Mauna Kea lavas. Mauna Loa
tholeiitic basalts have 2**Pb/**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 Lo'thi”. There is no
overlap in *°Pb/?**Pb 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 of the Kea-Loa
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boundary, with only three prehistoric Mauna Loa samples crossing
this boundary*.

Among the 120 Mauna Loa samples analysed here, some of the
older samples (~470 kyr)*, collected at the lower levels of the landslide
section on the submarine southwest rift zone, show different isotopic
signatures, not observed anywhere else in Hawaii (see Fig. 2b inset
and Supplementary Fig. S1). These samples have higher *Pb/?**Pb for
a given **Pb/*Pb and lower *Nd/"*Nd for a given ¥Sr/*Sr. These
signatures document the presence of more heterogeneities 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 2%Pb*/?*Pb* (ref. 32), which is a measure of the radiogenic
addition to ***Pb/*Pb and ***Pb/**Pb during the Earth’ history and is
calculated by subtracting the primordial (initial) isotope ratios from
the measured values: **Pb*/**°Pb* reflects the ratio of Th/U integrated
over the history of the Earth. Loa-trend volcanoes have 2Pb*/*Pb*
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 of about 1.5. For example,
206ph/24Ph varies from 17.8 (West Ka'ena)>* to 18.5 (Lo‘ihi)¥, whereas
Kea-trend volcanoes range from 18.2 (Kohala)¥ to 18.74 (Hilina)™.
Similarly, &y, a measure of the deviation of *Nd/**Nd from the
chondritic value (**Nd/***Nd = 0.512638), varies about twice as much
in Loa-trend volcanoes (from -0.9 to +7.5, Koolau)* than in Kea-
trend volcanoes (from +5.1 in Haleakala® to +8.2 in West Maui*’).
There is limited overlap between the two trends in isotopic signatures.
The range of variations is larger in Loa-trend volcanoes, as expressed
by two standard deviations on the average of isotopic analyses of lavas
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 (***Pb/**Pb = ~18.5-
18.6, 2%Pb/?*Pb = ~38.1-38.2), which Tanaka et al.*® 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 (**Pb/**Pb = ~18.1-18.2, *%Pb/**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 (Lana‘i, Ko'olau Makapu‘u stage,
Kahoolawe) define Pb-Pb mixing arrays with either steeper or shal-
lower slopes. These arrays intersect close to the average composition of
the enriched Hawai'i endmember, the enriched Makapu’u component
(EMK) of Tanaka et al.*%, 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
of the 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 at least
5 million years*** 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 studies®, together with
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Figure 2 | Isotopic data for Hawaiian shield lavas. a, Plot of 2°®Pb/?°*Pb
against 2°°Pb/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 composition?’. 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)3>.
Dashed lines indicate other Hawaiian volcanoes or features (Li, Lo'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 2°8Pb*/206pb*
against &y for Hawaiian shield lavas. Inset: plot of 2°8Pb*/205Pb* against &4
detail of Mauna Loa lavas (this study, plus prehistoric lavas <3 kyr old*,
radial vents®?), 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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kinematic mantle flow models®, show that the location of Hawai’i,
when projected down to the CMB region, overlies the northeast-
ern edge of the ‘large low-shear-velocity province’ (LLSVP)*% in
the Pacific Ocean (Fig. 5¢, adapted from ref. 66). The province is an
anomalously dense, compositionally distinct” region, steep-sided
and several hundred kilometres high. The Loa and Kea volcanoes
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 of the Loa and Kea trends (Fig. 5b) is that they continuously
sample these two qualitatively different types of mantle. This implies
that the LLSVP mantle is, on average, more enriched in incompat-
ible elements and more variable isotopically, whereas the Pacific lower
mantle, 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 conduit®. 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*>®¢. Although lateral temperature
variations can drive convection around the edges of a 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 Earth®*”'. Indeed, even strongly tilted plumes will
preserve the essential heterogeneous structure of their source region.
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The geometry and distribution of heterogeneities 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”. The extensive
data set of new and published isotopic analyses presented here, on
more than 700 Hawaiian basalt samples, shows the presence of two
trends for at least 5 Myr from the Island of Hawai’i to Kaua‘i 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 viscosity®. 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 conduit™. Such viscosity inter-
faces are never stable™, but the timescale for the growth of this 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 waves”, 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’®”. A stabilizing buoyancy effect and cooling related to
the endothermic post-spinel phase transition at ~670 km will cause
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Figure 4 | Temporal evolution of isotopic compositions from Hawaiian volcanoes. a, Plot of ,against distance from Kilauea in kilometres along

the Hawaiian chain. b, Plot of 2°°Pb*/2°°Pb* against distance from Kilauea. Symbols, colour coding and data source (plus Wai'anae) as in Fig. 2. See
Supplementary Information for data sources. Individual volcanoes are represented by the average of the analyses of shield lavas (thermal ionization triple-
spike or multicollector inductively coupled plasma mass spectrometry data), with the two standard deviation on the mean used to indicate the variation
around the average. Shaded fields indicate the total range of variation covered for each volcano.

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 plume?*7%,

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*, the effect on plume tails is less certain.
However, the spreading of the conduit as a gravity current involves
only an additional component of pure shear® that will widen the Loa
and Kea anomalies, but will not cause them to mix.

Finally, it is still unclear at this stage if the partial ponding of plume
material modelled in the transition zone 1,000 km west of Hawai’i”
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 of the Loa side of the plume is compositionally heterogeneous
over many length scales, consistent with recent seismological stud-
ies®3#384 A plausible source for some of this additional heterogeneity
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 pile®*>5¢
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 overlying 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
Mid-Atlantic Ridge, mixing has been proposed to explain the spec-
trum of Pb isotope variability in olivine-hosted melt inclusions, at the
100- to 500-um scale™. The existence of individual Pb-Pb arrays for
each Hawaiian volcano indicates that mixing occurs at the scale of the
plume conduit, 10-50 km (refs 34, 45). Most recent melt extraction
models” suggest that compaction draws melts together over length
scales of at most a few kilometres or a few per cent of the width of the
melting region?. 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
of volcanoes 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 their higher®*Pb*/**Pb*, lower ¢y, and &, ;and higher®Sr/*Sr
compared with Kea-trend volcanoes) indicates the presence of an
enriched component, most prevalent in Lana‘i and Koolau volca-
noes”*. 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 molten®>*.
There continues to be debate about the shape, origin and composi-
tion of the LLSVP and ULVZ®“, as well as on the role of core-mantle
interaction® in the generation of heterogeneities in the Earth’s mantle.
Several authors argue for contribution from the core, on the basis of
coupled enrichments in "*¢Os/"**Os and "¥’Os/"**Os in plume-derived
materials when compared with upper-mantle materials”. 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 for-
ward models relying on seismic ray theory®. Materials that could
be present in the lowermost mantle include partially molten resi-
dues of early Earth differentiation (4.5 billion years ago), subducted
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Figure 5 | Deep mantle velocity anomalies and hotspot locations.

a, Global map showing the lowermost-mantle V, perturbations from
tomographic model TXBW'® (adapted from ref. 66). Continents, thin black
outline; Pacific ‘Ring of Fire’, thick blue line; circles, hotspot locations'®,
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-I-type geochemical signatures. b, Histogram of
208ph,/205ph (used to minimize analytical noise on 2°4Pb) 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.

slabs (heterogeneous mixture of sediments, altered oceanic crust
and upper mantle), and metal from the outer core (see discussion in
ref. 7)!01218198 Recent'?Nd/"**Nd studies of deeply sourced mantle
plumes, including Hawaf’i, present no evidence for the interaction
with an early-enriched reservoir (EER) in the source of these basalts™.

Loa-trend geochemical characteristics have persisted for at least
~5 million years®*. This period had the highest magma produc-
tion rate for the Hawaiian mantle plume (Fig. 1a, inset)®. The overall

variability among the Loa volcanoes is time-dependent and seems to
be larger in the older volcanoes (West Ka'ena, Koolau) than in recent
ones (Lo'ihi) (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
Hawaiian mantle plume and could coincide with elevated magma
production rates*.

Other surface hotspot locations can be correlated with lat-
eral shear-wave (S-wave) velocity gradients in the deep mantle®%.
Kerguelen, another EM-I oceanic island with a strong enriched sig-
nature (Fig. 1b) in the Indian Ocean?”, is located on the eastern end
of the tall steep-sided LLSVP African anomaly® (Fig. 5a). Tristan and
Pitcairn are two other islands with EM-I signature (Fig. 1b)'®. 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 LLSVDP, 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™'®, 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 of the 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 compo-
sition 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'*"* or to the presence of
subducted material''>!$, we need to go further back in time. High-
precision isotopic studies of Hawai’i volcanoes have only been under-
taken for lavas erupted during the last 5 Myr and for the Emperor
Seamounts (85-42 Myr ago). Thus, our study of the Hawai’i volca-
noes provides only a recent snapshot of the situation. 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 compo-
sitions and were erupted at an approximately constant rate’®*>!°!. In
contrast the 5-million-year record of volcanism at Hawai’i is charac-
terized by this remarkable Kea-Loa compositional asymmetry and a
magma production rate that has increased greatly over time (Fig. 1a,
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 structure? and 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 Kaua‘i. The timing of the segregation of the LLSVP in
the lower mantle and the conditions of its sampling by the Hawaiian
mantle plume are two issues that cannot yet be solved. Additional
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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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Supplementary Information

Table S1 | Complete data table for new Mauna Loa isotopic analyses (~120 shield lava samples)

Submarine southwest rift zone

Samples (Dr:'g:‘) 87g/86g, 20 143N /14Ng 20 eng 206pp 204ppy 20 207ppy 204ppy 20 208pyy 204ppy 20 176446/177 5 20 o
Jason 2 Mile High basalts
J2-016-01 2290 0.703768 7 0.512943 6 5.9 18.1602 16 15.4671 18 37.9244 45 0.283081 8 10.9
J2-019-01 2016 0.703703 7 0.512933 6 5.7 18.2615 16 15.4627 13 38.0147 35 0.283077 8 10.8
J2-019-04 1986 0.703746 7 0.512914 6 5.4 18.1816 23 15.4605 20 37.9780 50 0.283052 10 9.9
J2-019-08 1805 0.703697 7 0.512913 5 5.4 18.2163 24 15.4774 23 38.0610 62 0.283052 14 9.9
J2-019-10 1753 0.703677 6 0.512936 5 5.8 18.1831 20 15.4620 16 37.9472 45 0.283073 11 10.6
J2-019-19 1401 0.703748 8 0.512907 5 5.2 18.1532 18 15.4560 20 37.9824 51 0.283061 11 10.2
J2-019-22 1350 0.703680 9 0.512943 5 5.9 18.1738 22 15.4581 21 37.9317 60 0.283077 9 10.8
J2-020-01 1353 0.703818 7 0.512882 6 4.8 18.1248 34 15.4545 26 38.0208 64 0.283004 18 8.2
J2-020-01* 0.703811 8 0.512875 7 4.6 18.1232 19 15.4498 16 38.0157 43 0.282916 4 5.1
J2-020-03 1296 0.703674 8 0.512943 8 5.9 18.1784 15 15.4588 13 37.9384 34 0.283078 7 10.8
J2-020-03* 0.703682 6 0.512946 6 6.0 18.1769 12 15.4578 10 37.9345 29 0.283092 6 11.3
J2-020-09 1093 0.703668 8 0.512947 6 6.0 18.1803 12 15.4570 8 37.9367 29 0.283091 8 11.3
J2-020-14 857 0.703681 9 0.512963 5 6.3 18.1557 14 15.4594 12 37.8982 34 0.283104 8 11.7
J2-020-20 600 0.703691 8 0.512936 6 5.8 18.1807 8 15.4580 8 37.9406 23 0.283086 5 11.1
J2-020-23 489 0.703681 5 0.512940 5 5.9 18.1789 14 15.4547 13 37.9341 33 0.283092 6 11.3
Standard analyses NBS 987 n=19 La Jolla n=34 IMC 475 n=10

0.710262 10 0.511853 9 0.282159 14
Pisces Dives
184-2 1735 0.703725 3 0.512943 8 6.0 18.1851 24 15.4477 21 37.9945 53 0.283086 5 11.1
184-7 1240 0.703820 5 0.512894 92 5.0 18.1316 21 15.4578 17 38.0340 48 0.283066 5 10.4
184-8 1020 0.703668 7 0.512944 10 6.0 18.1684 16 15.4490 15 37.9068 41 0.283088 5 11.2
184-9 775 0.703677 3 0.512956 8 6.2 18.1544 21 15.4569 19 37.8935 47 0.283101 5 11.7
184-10 755 0.703680 4 0.512933 8 5.8 18.1905 19 15.4468 16 37.9240 45 0.283085 5 11.1
184-11 745 0.703654 8 0.512958 16 6.2 18.1828 29 15.4520 24 37.9133 50 0.283103 6 11.7
184-12 575 0.703694 6 0.512952 12 6.1 18.1493 24 15.4463 22 37.8805 60 0.283084 5 11.0
184-12 #2 0.283095 6 11.4
184-13 550 0.703686 4 0.512951 8 6.1 18.1505 25 15.4478 23 37.8866 53 0.283091 5 11.3
185-5 1670 0.703772 4 0.512915 10 5.4 18.2488 31 15.4553 26 38.0538 67 0.283072 5 10.6
185-10 1515 0.703683 8 0.512942 14 5.9 18.1770 26 15.4615 25 37.9328 66 0.283086 5 11.1
Dredging
M4-14-1 4500 0.703668 4 0.512939 8 5.9 18.1665 20 15.4518 17 37.9162 47 0.283094 5 11.4
M18-17-1 3100 0.703679 6 0.512962 6 6.3 18.1846 19 15.4501 17 37.9086 45 0.283097 7 11.5
M18-17-1 #2 0.283100 6 11.6
M19-2-1 2400 0.703840 7 0.512860 18 4.3 18.1087 24 15.4429 21 38.0093 53 0.283069 5 10.5
M19-17-1 2400 0.703812 5 0.512880 20 4.7 18.1257 11 15.4461 10 37.9959 29 0.283067 6 10.4
Other Submarine Dredged
Radial Vents
M22-4-3 2100 0.703669 6 0.512939 12 5.9 18.1769 30 15.4497 28 37.9090 63 0.283084 5 11.0
M24-8-3 2100 0.703909 0 0.512868 5 4.5 18.0568 12 15.4521 12 37.8682 33
M27-11-3 2100 0.703772 5 0.512940 10 5.9 18.1362 14 15.4606 13 37.8744 34 0.283087 8 11.1
J2-026-2 1925 0.703679 8 0.512950 5 6.1 18.1617 15 15.4521 15 37.9212 38
J2-026-10 1472 0.703884 8 0.512890 5 4.9 18.0937 11 15.4612 11 37.8655 29
Slope
M8-1-2 3500 0.703688 4 0.512953 6 6.1 18.1663 18 15.4496 15 37.9029 49 0.283089 5 11.2
M17-2-2 1700 0.703661 5 0.512944 9 6.0 18.1582 13 15.4529 12 37.9039 34 0.283088 4 11.2
M26-14-2 2900 0.703765 6 0.512924 11 5.6 18.1075 18 15.4518 18 37.8441 33 0.283077 7 10.8
M30-1-2 3700 0.703739 5 0.512923 12 5.6 18.1509 25 15.4508 23 37.9017 55 0.283076 9 10.7
Landslides
M12-3-4 3700 0.703607 4 0.512944 10 6.0 18.3494 17 15.4634 14 38.0687 37 0.283084 4 11.0
M13-2-4 4400 0.703667 4 0.512975 10 6.6 18.2091 10 15.4570 9 37.8898 25 0.283117 5 12.2
M13-12-4 4400 0.703659 4 0.512916 4 5.4 18.3414 19 15.4696 16 38.1189 42 0.283082 6 11.0
M13-21-4 4400 0.703667 5 0.512965 12 6.4 18.3951 17 15.4712 14 38.1619 30 0.283087 8 11.1
M14-20-4 4400 0.703738 4 0.512920 16 5.5 18.1992 13 15.4509 13 37.9871 33 0.283072 6 10.6
M14-32-4 4400 0.703691 3 0.512946 10 6.0 18.1663 72 15.4530 61 37.9289 151 0.283083 8 11.0
Standard analyses NBS 987 n=19 Rennes n=8 JIMC 475 n=28

0.710249 10 0.511970 5 0.282162
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Supplementary Information
Table S1 | Complete data table for new Mauna Loa isotopic analyses (~120 shield lava samples), continued

Subaerial
Samples (Dr:g;:") 87g/86g 20 143N g /14Ng 20 eng 206p}y204ppy 20 207ppy204ppy 20 208ppy204ppy 20 17644/177 ¢ 20 e
HSDP-1 Depth in m
R-126 199.8 0.703698 9 0.512941 6 5.9 18.2333 30 15.4665 26 37.9734 63 0.283092 6 11.3
R-121 191.8 0.703694 7 0.512939 6 5.9 18.2288 17 15.4590 19 37.9575 46 0.283085 5 11.1
R-114 176.1 0.703734 7 0.512946 6 6.0 18.0494 24 15.4405 21 37.7896 63 0.283097 5 11.5
R-110 164 0.703709 7 0.512938 8 5.9 18.1735 22 15.4639 20 37.9152 59 0.283084 5 11.0
R-91 129.2 0.703679 6 0.512946 6 6.0 18.2495 45 15.4570 36 37.9438 94 0.283092 6 11.3
R-68 94.1 0.703805 7 0.512919 7 5.5 18.1043 31 15.4604 26 37.8411 63 0.283080 6 10.9
Standard analyses NBS 987 n=19 La Jolla n=7 JMC 475 n=12
0.710262 10 0.511857 9 0.282170 11
Prehistoric  Age in ka"
LOO 525 36.8 0.703700 9 0.512934 7 5.8 18.2119 24 15.4528 22 37.9706 62 0.283075 5 10.7
L91 564 29.0 0.703932 7 0.512914 6 5.4 18.0964 14 15.4609 10 37.8457 40 0.283074 8 10.7
LO0 003 28.1 0.703753 6 0.512951 6 6.1 18.0939 25 15.4522 23 37.8145 70 0.283095 5 11.4
L0O0 503 26.6 0.703746 9 0.512949 6 6.1 18.1425 27 15.4528 23 37.8640 56 0.283083 5 11.0
L0O0 506 26.0 0.703714 7 0.512951 6 6.1 18.1946 21 15.4635 19 37.9353 55 0.283095 6 11.4
L91 55 10.0 0.703764 6 0.512954 7 6.2 18.0826 19 15.4473 17 37.8322 47 0.283081 11 10.9
L87 235 9.3 0.703732 7 0.512937 6 5.8 18.0910 39 15.4558 34 37.8614 109 0.283080 9 10.9
L93 753 5.9 0.703930 7 0.512885 6 4.8 18.0818 29 15.4588 26 37.8511 63 0.283054 6 10.0
L00 002 4.1 0.703876 6 0.512897 6 5.1 18.0560 22 15.4526 19 37.8227 52 0.283050 6 9.8
L93 733 3.7 0.703907 7 0.512871 8 4.6 18.1068 17 15.4602 16 37.8901 45 0.283046 6 9.7
LO0 014 3.1 0.703757 7 0.512952 7 6.1 18.2227 29 15.4592 24 37.9361 58 0.283088 5 11.2
Standard analyses NBS 987 n=11 La Jolla n=5 JMC 475 n-12
0.710269 11 0.511853 7 0.282170 11

Historical Year
ML-20 1843 0.703948 7 0.512867 6 4.5 18.0753 12 15.4650 12 37.8837 34
ML-20 #2 18.0723 11 15.4636 10 37.8821 26
ML-20 #3 18.0739 15 15.4633 13 37.8830 35
ML-52 1852 0.703903 6 0.512866 6 4.5 18.0856 9 15.4656 9 37.8847 22
ML-46 1855 0.703832 8 0.512918 8 5.5 18.0964 8 15.4645 7 37.8659 20
ML-71 1859 0.703805 8 0.512914 5 5.4 18.1315 33 15.4627 26 37.8857 68
ML-71 #2 18.1356 15 15.4663 12 37.8965 35
ML-83 1868 0.703861 8 0.512899 6 5.1 18.1153 15 15.4587 14 37.8797 38
J2-14-12~ 1877 0.703839 7 0.512896 8 5.0 18.1502 23 15.4607 18 37.8955 45
J2-18-12~ 1877 0.703851 7 0.512907 6 5.2 18.1502 16 15.4621 13 37.8999 36
ML-41 1880 0.703848 8 0.512923 6 5.6 18.1720 13 15.4629 13 37.9115 35
ML-41 #2 18.1764 15 15.4684 12 37.9258 32
ML-41 #3 18.1723 20 15.4631 22 37.9135 64
ML-45 1880 0.703820 6 0.512908 6 5.3 18.1515 11 15.4653 9 37.9100 26
ML-95 1887 0.703815 7 0.512929 7 5.7 18.1682 11 15.4643 9 37.9203 26
ML-91 1907 0.703763 10 0.512933 6 5.8 18.1611 14 15.4647 13 37.9071 38
ML-63 1919 0.703791 7 0.512936 8 5.8 18.1330 5 15.4639 5 37.8826 14
ML-90 1926 0.703803 8 0.512921 7 5.5 18.1154 8 15.4616 7 37.8733 18
ML-34 1935 0.703804 8 0.512923 6 5.6 18.1060 8 15.4598 7 37.8663 19
ML-129 1940 0.703832 7 0.512919 6 5.5 17.8158 7 15.4936 7 37.5821 19
ML-129 #2 17.8176 6 15.4951 6 37.5876 14
ML-37 1942 0.703804 6 0.512911 6 5.3 18.1005 6 15.4591 6 37.8638 16
ML-81 1949 0.703814 8 0.512919 6 5.5 18.0947 8 15.4596 7 37.8682 19
ML-281 1950 0.703840 7 0.512906 7 5.2 18.0843 19 15.4593 17 37.8659 43
ML-126 1975 0.703853 7 0.512908 6 5.3 18.0841 8 15.4580 8 37.8595 21
ML-190 1984 0.703854 7 0.512895 11 5.0 18.0816 14 15.4584 13 37.8629 35
ML-190* 1984 0.703854 7 0.512899 6 5.1 18.0833 16 15.4600 14 37.8680 35
Standard analyses NBS 987 n=3,7 La Jolla n=3, 11

Series 1 0.710257 24 0.511847 14

Series 2 0.710253 13 0.511853 11

* Complete duplicate analysis, including leaching.

The 20 error is the absolute error value of the individual sample analysis (internal error), reported to the significant digit.
A Radial vent, data from Wanless et al., 2006.

" C-14 ages in ka, as reported in the Mauna Loa maps (Trusdell & Lockwood, in press).

# 2 or 3 Replicate analysis for the Pb or Hf isotopic compositions on the Nu Plasma MC-ICP-MS.
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Kaua‘i: Garcia, M.O. et al. Petrology, geochemistry and geochronology of Kaua'i
lavas over 4.5 Myr: implications for the origin of rejuvenated volcanism and the
evolution of the Hawaiian plume. J. Petrol. 51, 1507—1540 (2010).

Wai‘anae: Coombs, M., Clague, D.A., Moore, J.G. & Cousens, B.L. Growth and
collapse of Waianae Volcano, Hawaii, as revealed by exploration of its submarine
flanks. Geochem. Geophys. Geosyst. 5, Q08006 (2004).

Figure 2 | Isotopic data for Hawaiian shield lavas, extended caption.

a, 2%Pb/2**Pb vs. 2°°Pb/2**Pb for all Hawaiian shield lavas (>700 samples, all
high-precision data and all normalized to the same standard values,
Supplementary information: Analytical techniques). Kea trend volcanoes are
represented by circles and warm (red, orange, yellow, brown) colors, whereas
Loa trend volcanoes are represented by diamonds and cool (blue, green, mauve)
colors. Triple-spike literature data are indicated by a darker outline. Both Mauna
Loa and Mauna Kea samples have larger symbols. Mauna Loa trend and Mauna
Kea trend volcanoes have different Pb isotopic compositions and the boundary
separating their data points is highlighted by the thick black line”’. Insets: The
two small insets show the Pb-Pb arrays among some of the individual volcanoes.
Solid lines are for the two volcanoes from the Big Island (Mauna Loa: HSDP-I
and Mile High Section; Mauna Kea: low-, mid- and high-8), whereas dashed lines
are for samples from the other Hawaiian volcanoes/features (Loa trend: Li: Lo‘ihi,
H: Hualalai, L: Lana‘i, K: Kaho‘olawe; Kea trend: Ha: Hana Ridge, Ki: Kilauea,
Ko: Kohala, M: Maui, EM: East Moloka‘i, WM: West Moloka‘). b, 2°®Pb*/2°°Pb*

vs. Eng for Hawaiian shield lavas. 2°°Pb*/?®°Pb* is a measure of the radiogenic

addition to 2°®Pb/***Pb and ?*°Pb/***Pb during Earth history and is calculated by

subtracting the primordial (initial) isotope ratios from the measured values.
208pp*/2%8pp* reflects the ratio of Th/U integrated over the history of the Earth. €ng

is a measure of the deviation of the "**Nd/'**Nd ratio from the chondritic value
(***Nd/"**Nd = 0.512638), assumed to be identical to the present-day value in the
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bulk silicate earth. Inset: 2°®Pb*/2°Pb* vs. €yq detail of Mauna Loa lavas (this

study, plus Prehistoric lavas <3ka*°, Radial vents®?) — older Mauna Loa samples
(red, yellow and orange diamonds, Supplementary Fig. S1) sampled along the
submarine southwest rift zone define a mixing trend (steeper slope in this plot)
not observed anywhere else on the islands. All data sources are reported, listed

by volcano along the Kea and Loa chains, in the supplementary online material.
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Supplementary figure

Figure S1 | Isotopic plots of Mauna Loa lavas (this study and literature data:
Radial vents', HSDP-II?, Prehistoric <3ka®). a, "**Nd/"**Nd vs. #’Sr/®°Sr. b,
208pp2%ph vs. 297Pb/2%Pb. ¢, 2%°Pb/”%*Pb vs. 2°°Pb/***Pb.

1. Wanless, V.D. et al. Submarine radial vents on Mauna Loa Volcano, Hawai'i.
Geochem. Geophys. Geosyst. 7, Q05001 (2006).

2. Blichert-Toft, J., Weis, D., Maerschalk, C., Agranier, A. & Albarede, F.
Hawaiian hot spot dynamics as inferred from the Hf and Pb isotope evolution
of Mauna Kea volcano. Geochem. Geophys. Geosyst. 4, 8704 (2003).

3. Marske, J.P., Pietruszka, A.J., Weis, D., Garcia, M.O. & Rhodes, J.M. Rapid
passage of a small-scale mantle heterogeneity through the melting regions of

Kilauea and Mauna Loa Volcanoes. Earth Planet. Sci. Lett. 259, 34—-50 (2007).

© 2011 Macmillan Publishers Limited. All rights reserved.



0.51300

0.51298

0.51296

0.51294

0.51292

0.51290

0.51288

0.51286

0.51284

0.51282

2.100

2.095

2.090

2.085

2.080

2.075

2.070

38.20

38.15

38.10

38.05

38.00

37.95

37.90

37.85

37.80

37.75

143N d/"**Nd

i q% Mauna Loa
o
1 N g
> 60
! , J T e
® °em g
1 8 o 8 | O
<& ¢ ® < o, o
<® Do|:|
1 o ofF %
1 ? O (e}
o @ S o
® e
+ O
a 87Sr/eeSr
0.70360 0.70365 0.70370 0.70375 0.70380 0.70385 0.70390 0.70395 0.70400
208Pp/206py
< MLWave Landslides ’O
© MLWave Rift Zone o om
| © MLWave Slope °
< Pisces 184 [¢)
< Pisces 185 ¢
@ Mile High Section -
I @’
O
f O eo¥T
Re0 O
L 4 9.0 O Historic
- (,. @ Radial vents
O o O Prehistoric <3ka
@ Prehistoric >3ka
| 0 HSDP-|
IR @ HSDP II
b 27pp/206ph
0.840 0.842 0.844 0846 0.848 0.850 0.852 0.854 0.856 0.858
208Pp/204Phy
1 o
<o
o
c 206p/204Ph
18.00 18.05 18.10 18.15 18.20 18.25 1830 18.35 18.40 18.45

Weis et al. Sup@PIementary Figure S1

2011 Macmillan Publishers Limited. All rights reserved.



Supplementary Information: Analytical techniques
Brief description of sample preparation, reference materials and standards,

normalization of literature data.

Whole-rock powders of these Mauna Loa samples were analyzed for Pb, Sr, Nd
and Hf isotope ratios using methods described in 1,2. All isotope ratios were
measured at the Pacific Centre for Isotopic and Geochemical Research (PCIGR)
at the University of British Columbia (UBC) with a Finnigan Triton thermal
ionization mass spectrometer (TIMS) for Sr and Nd and with a Nu Plasma
multiple-collector inductively coupled plasma mass spectrometer (MC-ICP-MS)
for Pb and Hf. All the samples were previously leached following the procedure
described in 3 to eliminate secondary alteration and potential contamination
during sample handling (especially for the drilled samples*) as observed in the
HSDP-1 samples®). The number of leaching steps varied between 6 and 8 times
20 min in 6N HCI in an ultrasonic bath, followed by two rinses of 18 megaohm
water. The leaching process was stopped when a visually clear solution (i.e.,
colorless and without suspension) was obtained. The corresponding weight loss
varied between 12 and 48%. Careful leaching is critical for achieving high-
precision and reproducibility in Pb (<200 ppm) and Sr (<30 ppm) isotopes that is
otherwise not possible®.

The chemical separation and mass spectrometry procedures are
described in detail in 1,2 and included a double pass on columns for Pb isotopic
analyses to reduce matrix effects and improve accuracy”’. The reproducibility of
the isotopic analyses at PCIGR was based on repeated analyses of USGS
reference materials, as well as duplicate and replicate analyses of some of the
samples (see Table S1). In addition, the accuracy of the analysis was controlled
by repeated analyses of standard materials: SRM 987 Sr standard, La Jolla and
Rennes Nd standard, JMC 475 (original solution distributed by Jon Patchett,
University of Arizona) and SRM 981 Pb standard.
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Isotopic results for the Mile High Section, the Pisces and dredge samples
along the submarine southwest rift zone, historical lavas, and HSDP-I Mauna Loa
lavas are reported in Table S1. The 20 error is the measured absolute error value
of the individual sample analysis (internal error). For comparison purposes, all
literature data (Fig. 2a and b) and all measured ratios in this study (Table S1 and
inset Fig. 1b, Fig. 2a and b, Fig. 4 a and b, Fig. 5b and appendix) were
normalized to SRM 987 ®'Sr/*°Sr = 0.710248, to La Jolla "**Nd/**Nd = 0.511858
or Rennes "**Nd/**Nd = 0.511973, and to JMC475 '"°Hf/'"’Hf = 0.282160. All Pb
isotopic ratios have been normalized to the SRM 981 triple spike values of
2%pPp/22*Pb=16.9405, **’Pb/***Pb=15.4963, and ***Pb/***Pb=36.7219°. For Sr
and Nd isotopic analyses by TIMS, the normalization to the standard values was
based on the mean of the standards measured during the course of a given
study; SRM 987 #Sr/*®Sr and La Jolla and Rennes "**Nd/'**Nd for each batch of
analyses are given in Table S1.

Even though the NIST SRM 981 results were within error of the triple-spike
values after online correction for instrumental mass bias by Tl addition, the
results were further corrected by the sample-standard bracketing method or the
In-In correction method as described by 1,9. The stability of the MC-ICP-MS was
also controlled by monitoring the daily averages of the SRM 981 analyses (see
Table 6 in 1). On average, the reproducibility of the SRM 981 was better than 110
ppm for 2°°Pb/2**Pb and 2°’Pb/2°*Pb and better than 125 ppm for 2°*Pb/2°*Pb. The
in-run £2om errors (standard errors) were less than the 20 external
reproducibility of the standards in all cases.

For Hf isotopic analyses, the normalization of the measured Hf ratios was
based on the mean of the day of the JMC 475 analysis (n=10 to 20). Over the
course of the Mauna Loa, the overall mean of '""Hf/'"°Hf = 0.282166 + 18

(n=936) on the Nu 021 (Nu Instruments, Ltd.).
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Supplementary Information: Sample locations.

Mauna Loa, on the island of Hawaifi, is the world’s largest active volcano, rising
to over 8000 m above the Pacific ocean floor. Today, it is in the tholeiitic shield-
building stage and thought to have been active for the past 600-1000 kyr'. Most
of Mauna Loa’s eruptive activity occurs in a large summit caldera and along two
narrow rift zones that extend northeast and southwest from the caldera. The
northeast rift zone extends for about 40 km, where it is buried by younger
Kilauea lavas. The southwest rift zone extends for about 100 km, with 33 km
below sea level descending to a depth of about 4500 m. Eruptions have also
occurred from radial vents on its west and northwest flanks®. Giant landslides
have dissected Mauna Loa’s submarine flanks®. The ages of these landslides are
poorly constrained, possibly 100 to 200 ka®®. Mauna Loa’s submarine southwest
rift zone was cut by one of these landslides, leaving an extensive amphitheater
with a 20 km long, 1.6 km high scarp exposing a thick section of pillow lavas cut
by numerous thin (< 1 m) dikes>"®. This “mile high” section, the greatest surface
exposure on any Hawaiian volcano, is locally capped by coral and boulders?®,
constraining the minimum age of the section to between 15 and 150 ka®'°. The
new isotope analyzes reported here are from the submarine and subaerial
portions of the volcano. The submarine samples include three successive
sequences of stratigraphically/controlled lavas forming the "mile high" section (89
samples) were collected during JASON2, dives J2-16, 19 and 20 and PISCES V
submersible dives 184 and 185 (Fig. 3b). Recent “°Ar/**Ar dating shows that this
section records about 120 to 470 ka of Mauna Loa’s magmatic history'".
Additional submarine samples were dredged during a R/V Moana Wave cruise in
19992 from the southwest rift zone, radial vents, the southwest slope and from
landslide debris areas (Fig. 3b). From subaerial Mauna Loa, three suites of

13,14

samples were analyzed: historical Mauna Loa lavas erupted between 1843

and 1984, *C-dated prehistoric lavas ranging in age from 3 to ~37 ka'® and five

© 2011 Macmillan Publishers Limited. All rights reserved.



samples from the pilot HSDP hole (depths within the HSDP-I hole given in m),

ranging in age between 10 and 100 ka'®.
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