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Primitive Helium Is Sourced From Seismically
Slow Regions in the Lowermost Mantle

C. D. Williams' (), S. Mukhopadhyay" (), M. L. Rudolph® ("), and B. Romanowicz>**

"Department of Earth and Planetary Sciences, University of California at Davis, Davis, CA, USA, *Department of Earth
and Planetary Science, Berkeley Seismological Laboratory, University of California at Berkeley, Berkeley, CA, USA,
3Collége de France, Paris, France, “Institut de Physique du Globe de Paris, Paris, France

Abstract A major goal in Earth Science has been to understand how geochemical characteristics of lavas
at the Earth's surface relate to the location and formation history of specific regions in the Earth's

interior. For example, some of the strongest evidence for the preservation of primitive material comes from
low “He/*He ratios in ocean island basalts, but the location of the primitive helium reservoir(s) remains
unknown. Here we combine whole-mantle seismic tomography, simulations of mantle flow, and a global
compilation of new and existing measurements of the “He/*He ratios in ocean island basalts to constrain the
source location of primitive “He/*He material. Our geodynamic simulations predict the present-day
surface expression of plumes to be laterally offset from their lower mantle source locations. When this lateral
offset is accounted for, a strong relationship emerges between minimum “He/*He ratios in oceanic basalts
and seismically slow regions, which are generally located within the two large low shear-wave velocity
provinces (LLSVPs). Conversely, no significant relationship is observed between maximum 208py," /206pp”
ratios and seismically slow regions in the lowermost mantle. These results indicate that primitive materials
are geographically restricted to LLSVPs, while recycled materials are more broadly distributed across the
lower mantle. The primitive nature of the LLSVPs indicates these regions are not composed entirely of
recycled slabs, while complementary xenon and tungsten isotopic anomalies require the primitive portion of
the LLSVPs to have formed during Earth's accretion, survived the Moon-forming giant impact, and
remained relatively unmixed during the subsequent 4.5 billion years of mantle convection.

Plain Language Summary Geochemical variations in volcanic rocks erupted at Earth's surface
indicate differences in mantle composition, but our understanding of the location, formation, and history
of compositionally distinct mantle domains remains incomplete. In particular, some hotspot lavas contain
signatures of primitive regions within the mantle that have remained relatively isolated and unprocessed
throughout Earth's history. Here we use models of mantle flow to predict the locations within the mantle
that are sampled by the mantle plumes associated with hotspot volcanism. Combining these models of
mantle flow with state-of-the-art seismic images and a comprehensive catalog of hotspot lava geochemistry,
we find that hotspots with a more primitive geochemical signature (as indicated by the isotopes of helium)
sample the two large low shear-velocity provinces in the lowermost mantle. Complementary constraints
from xenon and tungsten isotope ratios associated with primitive materials then require these
continent-sized provinces in Earth's deep interior formed early in Earth's history, survived the violent
Moon-forming giant impact, and remained relatively unmixed with the rest of the solid Earth over the past
4.5 billion years.

1. Introduction

The geochemistry of basalts erupted at mid-ocean ridges and ocean islands provides critical evidence for
preservation of primitive regions of the mantle that have escaped significant processing over 4.5 billion years
of Earth history (e.g., Mukhopadhyay, 2012; Mundl et al., 2017). The distribution of these primitive regions
within the mantle places first-order constraints on models of mantle convection (Tackley, 2000). Some of
the strongest evidence for the preservation of primitive material comes from low “He/*He ratios in ocean
island basalts (OIBs; Graham et al., 2016, 2014, 1996, 1992; Kurz, 1982; Moreira, 2013). However, our
understanding of the location, formation, and history of these primitive mantle domains remains incomplete.

Helium behaves as an extremely incompatible element during mantle melting (Graham et al., 2016) and
unlike lithophile elements is not recycled back into the mantle, which makes it a unique tracer of
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primitive regions of the mantle (Graham et al., 2016, 2014, 1996, 1992; Kurz, 1982; Moreira, 2013).
Helium has two naturally occurring isotopes. Helium-3 in the mantle is primordial in origin, while
nearly all helium-4 has been produced through the radioactive decay of 28y, 25U, and **°Th through
geological time. Therefore, the *He/*He ratio is a function of the time-integrated (U+Th)/’He ratio.
Mid-ocean ridge basalts (MORBs) removed from plume influences (characterized by, e.g., distance from
nearest hotspot, topographic highs, and uniqueness of complementary trace element signatures; Graham,
2002; Moreira, 2013) display a narrow range of “He/>He ratios approximately 80,000-100,000 (~7-9 Ry,
where R, is the atmospheric 3He/*He ratio; Graham et al., 1992, 1996, 2014; Kurz, 1982), reflecting high
time-integrated (U+Th)/*He ratios in the MORB source. The high time-integrated (U+Th)/*He ratios
suggest that the upper mantle has been depleted in incompatible elements due to repeated episodes of
melt extraction associated with crust formation. On the other hand, many OIBs are characterized by both
a larger range in “He/*He ratios and more primitive values, with “He/*He ratios reaching values as low
as 14,200 (50 Rp) (Farley et al., 1992; Hardardottir et al., 2017; Hilton et al., 1999; Jackson et al., 2008,
2009; Kurz et al., 2009, 1983; Kurz & Geist, 1999; Péron et al., 2016, 2017; Starkey et al., 2009; Stuart
et al., 2003; Valbracht et al., 1997). These relatively low (primitive) “He/*He ratios reflect low time-
integrated (U+Th)/*He ratios, suggesting that some OIBs sample primitive regions of the mantle that
have been less processed by melt extraction and/or addition of recycled materials.

Numerous models have been proposed for the location of the primitive helium. Early models interpreted
primitive (low) “He/>He ratios to reflect plumes sampling a less processed primitive lower mantle (below
660-km depth), while MORBs sample a relatively more processed upper mantle (Allégre et al., 1983).
However, placing the boundary between a less processed lower mantle and more processed upper mantle
at 660-km depth is at odds with tomographic images of slabs descending through the 660-km discontinu-
ity (Fukao et al., 2001; Grand et al., 1997; Van Der Hilst et al., 1997). To satisfy seismic observations,
including radial changes in the relative variations of bulk sound with shear wave velocities (Van Der
Hilst & Karason, 1999), a global boundary between a less processed lower mantle and more processed
upper mantle was placed at 1,600-km depth, and it was suggested that the lower mantle must be denser
than the upper mantle in order to remain convectively isolated over long periods of geologic history
(Kellogg et al., 1999). Rather than forming a global layer, it has recently been proposed that the primitive,
low *He/*He materials may be confined to discrete, compositionally distinct regions of the lowermost
mantle (Deschamps et al., 2011).

Several lines of evidence suggest that the two large low-shear velocity provinces (LLSVPs; Woodhouse &
Dziewonski, 1989) may be compositionally distinct from their surroundings. First, the anticorrelation
between bulk and shear sound speed in the lowermost mantle is incompatible with shear-wave velocity
variations arising solely from changes in temperature (Su & Dziewonski, 1997; Masters et al., 2000).
Second, detailed waveform modeling studies require very sharp boundaries that may be incompatible
with a purely thermal origin (He & Wen, 2009; Ni et al., 2002; To et al., 2005; Wang & Wen, 2007).
Tidal tomography (Lau et al., 2017) as well as inversion of seismic data with constraints from gravity
and other geophysical observables also points to the presence of chemically distinct material with higher
than average density within the LLSVPs at the vary base of the mantle (e.g., Simmons et al., 2010). The
presence of chemically distinct material within the LLSVPs, however, remains controversial, as other
authors suggest the LLSVPs may be lighter than the ambient mantle (e.g., Koelemeijer et al., 2017).
These conflicting results may eventually be reconciled if the different depth sensitivities of the respective
data are considered (Romanowicz, 2017). The chemically distinct nature of the LLSVPs may promote
their long-term stability, while small amounts of LLSVP material could be entrained and transported to
the surface by mantle plumes (Deschamps et al., 2011). However, there is currently no direct evidence
linking primitive “He/>He materials to the LLSVPs.

Alternatively, the LLSVPs could be produced through the accumulation of subducted oceanic crust (Tackley,
2011; Tan & Gurnis, 2005). Lead isotope variations may allow us to identify the presence of oceanic crust in
OIBs. Radiogenic lead isotopes (e.g., °®Pb and 2°°Pb) are the product of three distinct decay chains. The
207pp,294ph and 2°6pb/2%*Pb ratios are a function of the time-integrated U/Pb ratio, while the 208pp, /204py,
ratio is a function of the time-integrated Th/Pb ratio. The lead isotope system can also provide information
about the time-integrated Th/U ratio through the following equation:
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where the asterisks denote the radiogenic component and the subscript i denotes the initial ratio [(***Pb/
204pp), = 29.475 and (*°°Pb/>***Pb); = 9.307]. Therefore, the 2**Pb*/2°°Pb* ratio measures the time-integrated
ingrowth of the radiogenic ***Pb and 2°°Pb since the formation of the Earth. Uranium, thorium, and lead all
behave as incompatible elements during mantle melting. Therefore, maximum 2**Pb*/2°Pb* ratios mea-
sured in OIBs reflect enriched materials such as oceanic crust that has been recycled back into the Earth's
mantle. Ocean islands with the highest *°®Pb*/?°Pb* appear to be spatially correlated with the edges of
the LLSVPs when projected radially into the mantle, indicating that the LLSVPs may be composed of geo-
chemically enriched, recycled oceanic crust that has accumulated at the base of the mantle (Castillo,
1988; Harpp et al., 2014; Harrison et al., 2017; Hoernle et al., 2015; Huang et al., 2011; Payne et al., 2013;
Weis et al., 2011). However, the practice of radially projecting surface observations into the deep mantle
(Castillo, 1988; Harpp et al., 2014; Harrison et al., 2017; Hoernle et al., 2015; Huang et al., 2011; Jackson
etal., 2018a, 2018b, 2017; Payne et al., 2013; Weis et al., 2011) is not physically justifiable if surface volcanism
is laterally offset from its deep mantle source.

Seismic observations indicate that plumes are not strictly vertical features stretching from the core-mantle
boundary to the surface (Bozdag et al., 2016; French & Romanowicz, 2015; Montelli et al., 2006; Nelson &
Grand, 2018; Rickers et al., 2013; Wolfe et al., 2009). Rather, many plume conduits are deflected laterally
as they ascend into the upper mantle. As a consequence, the deep mantle roots of these conduits are fre-
quently offset laterally with respect to the corresponding hotspots. However, seismic tomography does not
adequately resolve all mantle plumes. Therefore, tracing the geochemistry of individual ocean islands from
the surface to their source location in the lower mantle requires additional information from mantle flow
models (e.g., Boschi et al., 2007; Konrad et al., 2018; Steinberger & Antretter, 2006; Steinberger et al., 2004).

In this paper, simulations of mantle flow are used to predict the offset of plume base locations from their sur-
face expressions. Given these predictions, and assuming that all plumes originate from the lowermost man-
tle, the surface geochemistry of individual ocean island tracks is traced to their source location in the lower
mantle. We then analyze the relationship between the geochemistry and the shear-wave velocity anomalies
at the source locations. For this purpose, we use both the helium and lead isotopic compositions of OIBs. The
helium isotopic compositions of OIBs are used to identify the source region hosting primitive “He/*He mate-
rial in the mantle, for example, whether the primitive helium isotopic composition of OIBs is restricted to the
only seismically slow regions in the lowermost mantle. The lead isotopic composition is used to further test
this hypothesis and evaluate the distribution of recycled materials in the lower mantle.

2. Materials and Methods

Section 2.1 describes the methods for new laboratory measurements of helium isotope ratios from OIB sam-
ples. Sections 2.2 describes the geodynamic models used to predict the plume source locations in the lower
mantle. Section 2.3 describes the statistical methods employed to evaluate the relationships between helium
and lead isotope ratios and deep mantle shear-wave velocity anomalies.

2.1. Helium Isotope Analyses

New helium isotopic compositions were determined for two samples from Marion Island and six samples
from the Balleny Islands. These new analyses allow us to expand the global database of helium isotopes
and, in the case of the Balleny Islands, evaluate the helium isotopic composition of regions of the mantle
far removed from the LLSVPs. Approximately 0.109 to 1.077 g of olivine was picked for helium isotopic ana-
lyses following the methods of Parai et al. (2009). The olivine grains were loaded into a piston crusher and
crushed under vacuum using a hydraulic ram to release magmatic gases trapped in fluid and melt inclusions.
The total duration of each crushing step was less than 5 min. The evolved gases were purified by sequential
exposure to hot and cold SAES getters, and noble gases (except for helium) were trapped on a cryogenic cold
finger at 33 K. Helium was let into a Nu Noblesse noble gas mass spectrometer. Helium-4 was measured on a
Faraday cup (15 s for nine cycles), and *He was measured using an ETP discrete dynode multiplier operating
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Table 1
Helium Isotopic Composition for the Balleny Islands and Marion Island

Location Sample name Mass (g) [4He] (10_9 cm® STP/g) “He/*He +lo
Marion Island LC-128 0.433 15.78 93,300 1,700
Marion Island LC-111 0.740 8.36 91,870 1,600
The Balleny Islands-Sturgis Island B13722 1.077 4.70 125,600 4,600
The Balleny Islands-Sturgis Island B13719 0.830 1.09 120,100 7,100
The Balleny Islands-Sabrina Island B13715 0.532 20.34 105,800 2,000
The Balleny Islands-Sabrina Island B13700 0.109 46.18 108,000 4,100
The Balleny Islands-Sabrina Island B13710 0.464 10.81 113,000 4,300
The Balleny Islands-Young Island YI-7 0.414 1.03 120,100 6,113

in pulse counting mode. The multiplier used for measuring 3He is located on-axis and equipped with an
energy filter to reduce scattered ions. Typical crusher blank values were ~1-2 x 10** cm® “He STP, or
0.1-1.0% of the typical measured signal. Helium isotopic ratios and concentrations were determined by
normalizing to a standard that was prepared at Harvard (HH3; Gayer et al., 2008). The 2c variability of
standards with He concentrations similar to that of the samples was 0.7-12.0% for the *He/*He ratio and
<9.5% for “He abundance. The helium isotopic composition for samples from Marion Island and the
Balleny Islands is reported in Table 1. Additional geochemical information about the samples can be
found in le Roex et al. (2012) for Marion Island and Green (1992) and Lanyon et al. (1993) for the Balleny
Islands. Supporting information Table S1 reports a global compilation of minimum *He/*He ratio per
ocean island or seamount track including our new data from both Marion and the Balleny Islands (see
also supporting information).

2.2. Geodynamic Modeling of Plume Source Locations

Models for the evolution of plume conduit shapes were carried out in two steps. First, models of mantle flow
were run backward in time, solving only the advection equation, assuming only depth-dependent viscosity,
incompressible flow, and neglecting the influence of phase transitions. Second, forward-in-time models for
the evolution of plume conduit shape were run following closely the methodology of Steinberger and
O'Connell (1998) and Steinberger (2000). Below we provide a complete description of the methodology
and identify where our methodology differs from what has been done previously.

Backwards-in-time mantle flow models were carried out using CitcomsS 3.1.1 (Zhong et al., 2008, 2000) with
aresolution of 65 X 65 X 65 elements on each of the 12 spherical caps. All models were calculated for a nom-
inal value of the Rayleigh number of 2 x 10’, defined in the CitcomS convention with Earth's radius as the
characteristic length scale. We used a depth-dependent viscosity with simplified radial viscosity structures
(Table 2 and Figure S1) defined by constant viscosities within the lithosphere (1), upper mantle (nym),
lower mantle (7,), and lowermost mantle (3,)). The depth of the increase in viscosity between the upper
mantle and lower mantle (LM/UM depth in Table 2) was varied between 660 and 1,000 km. The
backward-in-time models were initialized at present day using a mantle tomography model, here either
the Vg tomography model SEMUCB-WM1 (French & Romanowicz, 2015) in the series of models whose
labels begin with modell or the Vg tomography model S40RTS (Ritsema et al., 2011) in the models whose
labels begin with model2. Shear-wave velocity anomalies were converted to density anomalies using a linear
scaling factor dlnp/dInV = 0.2, and then density anomalies were converted to temperature anomalies by
assuming a constant linear coefficient of thermal expansion a = 3 X 107> K~'. We also performed a thermo-
chemical calculation (modell-tcl) in which regions having shear velocity slower than —1.5% in the lower-
most 200 km of the mantle were assigned zero buoyancy, implying a balance between thermal and
compositional buoyancy. To run the models backward in time, the sign of the buoyancy was reversed such
that seismically slow anomalies become positive density anomalies. Free-slip boundary conditions were
imposed at the core mantle boundary, while time-dependent plate motions from the plate reconstruction
of Seton et al. (2012) for the past 200 Myr were imposed at the surface.

The forward-in-time evolution of plume conduits was treated using a physically simplified model of plume
conduit motion. Plume conduits were constructed as idealized “chains” of linear elements connected by
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Table 2
Parameters for Plume Motion Models
Case Tomography model Nlith Num Nm Ntbl LM/UM depth (km) Tadv (MyT) Viise (cm/year)
casel-0 SEMUCB-WM1? 1.00 0.01 1.00 0.1 1,000 45 2
casel-0 SEMUCB-WM1* 1.00 0.01 1.00 0.1 1,000 68 2.2
casel-0 SEMUCB-WM1* 1.00 0.01 1.00 0.1 1,000 75 2.2
casel-0 SEMUCB-WM1? 1.00 0.01 1.00 0.1 1,000 68 1.1
casel-0 SEMUCB-WM1? 1.00 0.01 1.00 0.1 1,000 68 4.4
casel-150x SEMUCB-WM1? 1.00 0.00667 1.00 0.1 1,000 68 2.2
casel-50x SEMUCB-WM1? 1.00 0.02 1.00 0.1 1,000 68 2.2
casel-660 SEMUCB-WM1? 1.00 0.01 1.00 0.1 660 68 2.2
casel-notbl SEMUCB-WM1?* 1.00 0.01 1.00 N/A (1.0) 1,000 68 22
casel-tc SEMUCB-WM1? 1.00 0.01 1.00 0.1 1,000 68 2.2
case2-0 S40RTSb 1.00 0.01 1.00 0.1 1,000 45 2.2
case2-0 S4ORTSb 1.00 0.01 1.00 0.1 1,000 68 2.2
case2-0 S4ORTSb 1.00 0.01 1.00 0.1 1,000 75 2.2
case2-0 S4ORTSb 1.00 0.01 1.00 0.1 1,000 68 1.1
case2-0 S40RTSb 1.00 0.01 1.00 0.1 1,000 68 4.4
case2-150x S4ORTSb 1.00 0.00667 1.00 0.1 1,000 68 2.2
case2-50x S40RTSb 1.00 0.02 1.00 0.1 1,000 68 2.2
case2-660 S4ORTSb 1.00 0.01 1.00 0.1 660 68 2.2
case2-notbl S4ORTSb 1.00 0.01 1.00 N/A (1.0) 1,000 68 2

Note. Viscosities () are nondimensional. Cases with a low-viscosity lowermost mantle (“tbl”) have a viscosity reduction at 2,750-km depth. Thermochemical case
(“tc”) has removed all buoyancy from regions with dVs less than —1.5% in the lowermost mantle, reflecting a balance between thermal and compositional buoy-
ancy in the large low shear-wave velocity provinces. LM = lower mantle; UM = upper mantle; N/A = not applicable.

#French and Romanowicz (2015).

Ritsema et al. (2011).

vertices. These elements can be advected laterally by mantle flow, and they rise radially due to a combination
of mantle flow and an excess buoyant rise velocity that is inversely proportional to the local mantle viscosity.
A large population of candidate plume conduits were initially introduced into the models, with base
locations on a regular (degree-by-degree) grid. At each time step, each plume conduit element moved
with a velocity

Ep =V+ Vrisegm

where vy, is the (vector) plume conduit velocity, v is the local mantle flow velocity (which varies in space and
time), and vy is an excess vertical rise speed, given by Ve = Vo %‘), and g, is a unit vector in the radial direc-
tion. The excess vertical rise speed (vyise) is an expected physical behavior because plume conduits are hotter
than and therefore more positively buoyant with respect to the ambient mantle. In the expression for vyige, Vo
is the rising speed of the plume conduit element through ambient mantle with viscosity 7,. Unless stated
otherwise (e.g., Table 2), the reference rise velocity (this is the value of v.;;c when the background mantle
viscosity is 10*! Pa-s) is chosen as 2.2 cm/year, for consistency with Steinberger and O'Connell (1998). The
local mantle flow velocity (v) was evaluated from the output of the backward-in-time mantle circulation
model, and plume conduits were allowed to evolve in the time-varying velocity field. When plume conduits
became tilted more than 60° relative to vertical, they were beheaded. This was accomplished by splitting the
plume conduit “chain” into two separate plume conduits. The lower portion of a beheaded plume was
allowed to persist and continue to evolve since it was still connected to the lower thermal boundary layer,
but the upper portion of a beheaded plume becomes extinct. When plume conduits rose to a depth of less
than 150 km (the base of the lithosphere), they were truncated. In order to maintain adequate numerical
resolution of plume conduits, additional elements were added by bifurcation whenever the vertical extent
of a plume conduit element exceeds 55.5 km (Steinberger & O'Connell, 1998).

The goal of exploring plume models based on these different model parameterization choices was to iden-
tify the range of possible outcomes, given significant uncertainties in present-day mantle structure and
rheology. Our backward-in-time models differ from those of Steinberger and O'Connell (1998) and
Steinberger (2000) in that these new mantle flow models were carried out using the finite element code
CitcomS instead of using a propagator matrix method. Our backward-in-time models also employed
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different mantle tomography models to form the initial condition and used the plate reconstruction of
Seton et al. (2012) instead of the reconstruction by Lithgow-Bertelloni and Richards (1998). These new
models also allow us to explore the relationship of geochemistry to the deep mantle for hotspots that were
not previously modeled (e.g., Marion and the Balleny Islands). The model setup parameters are given in
Table 2, and the predicted source location (latitude and longitude at a depth of 2,850 km) for each plume
is reported in Table SI.

2.3. Determining the Relationship Between Isotope Ratios and Shear-Wave Velocities

To evaluate potential links between isotope ratios (*He/>He and 2°Pb*/?°°Pb*) and seismically observed
deep mantle structures, we first characterized the magnitude and sign of shear-wave velocity anomalies
at the predicted base location of each plume conduit. The radii of plume conduits are characterized by
some finite width, and therefore, plumes sample their source regions over an area that may be character-
ized by a distribution of shear-wave velocity anomalies. To test the sensitivity of our results to these poten-
tial variations, we determined the magnitude and sign of shear-wave velocity anomalies using both the
mean and minimum values of shear-wave velocity anomalies that are within 2° and 5° of the base of
each plume.

Many OIBs such as Iceland, Hawaii, Galdpagos, and Samoa display a wide range of geochemical composi-
tions (e.g., “He/>He and 2°®Pb*/2°°Pb* ratios) both spatially and temporally. The geochemical variability
observed within individual ocean island tracks present time-dependent admixtures of various mantle com-
ponents with the most extreme values providing the closest match to “true” end-member compositions. For
example, the lowest “He/*He ratios in individual hotspots reflect the closest analog of the most primitive
material in the plume source, while the highest 2°*Pb*/2°°Pb* ratios are the closes analog of the composition
of the enriched materials such as oceanic crust that are recycled back into the Earth's mantle. Because the
purpose of the present work is to understand whether the primitive materials are restricted to specific
regions in the lower mantle (e.g., low shear-wave velocity regions) or more broadly distributed in the lower
mantle, we use minimum “He/>He and maximum 2°®Pb*/2°°Pb* ratios to characterize the relationship
between seismic velocities and helium and lead isotopic compositions from each ocean island or
seamount track.

The relationship between the shear-wave velocity anomalies at the base of the plume conduits and surface
geochemistry was then evaluated using two different approaches:

1. In the first approach, we explored whether plumes with specific geochemistries (e.g., primitive low “He/
3He ratios) are sourced from the seismically slow (dVs < 0) or fast (dVs > 0) regions of the lowermost
mantle. To do this, plume conduits that are rooted in seismically slow regions were grouped together,
while plume conduits that are rooted in seismically fast regions were assigned to a second group. We then
compared the distributions of plume geochemistry (minimum “He/*He and maximum 2°®Pb*/?°°Pb*
ratios) for those two groups to determine whether plumes with, for example, primitive low “He/*He
ratios are sourced from the seismically slow (dVs < 0) or fast (dVs > 0) regions of the lowermost mantle.
The distributions of plume geochemistry were evaluated using kernel density functions assuming a band-
width of 8,000 and 0.05 for minimum “He/*He and maximum *°*Pb*/2°°Pb* ratios, respectively. Each
curve represents a single model result from Table 2, which results in 10 red and blue curves in
Figure 1 and nine red and blue curves in Figure 2 (there are only nine in Figure 2 because a thermoche-
mical simulation was not run using the S40RTS models).

2. Inthe second approach, we explored whether the geochemical variability observed in OIBs reflects linear
mixing of chemically distinct materials from seismically distinct mantle reservoirs. Our rationale for
exploring a linear relationship is the (simplified) expectation that shear-wave velocities relate to tempera-
tures and the buoyancy of mantle materials; for example, slower shear-wave velocity anomalies may be
related to higher temperatures and, therefore, higher buoyancies. In this case, plumes would be com-
posed of a higher proportion of primitive material if low “He/*He ratios were derived from the seismically
slowest regions of the lower mantle. We examined the significance of potential linear relationships by
calculating the Pearson correlation coefficient between isotope ratios (either minimum “He/*He or max-
imum 2°*Pb*/?°Pb* ratios) and shear-wave velocity anomalies at the source of each plume conduit. The
results are displayed as white circlesin Figures 1-2 that represent the Pearson correlation coefficient cal-
culated from the results of each flow model from Table 2.
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Figure 1. Relationship between surface geochemistry and shear-wave velocity anomalies in the lowermost mantle using the tomography model SEMUCB-WM1
(French & Romanowicz, 2015). (a) The predicted lateral offset of plume source locations from their surface expressions when large-scale mantle flow is taken
into account. Gray regions depict slower than average shear-wave velocity of the lowermost mantle (at 2,850-km depth), highlighting the geographic extent of the
two LLSVPs for the tomography model SEMUCB-WM1 (French & Romanowicz, 2015). Triangles represent the current-day surface location of hotspots, whereas
circles represent the base location of the plume conduits predicted by back-advection calculations as described in section 2.2. The fill color of the triangle and circles
denote the lowest *He/>He ratio measured at a single hotspot or within a single hotspot track. Warmer colors indicate lower “He/*He ratios, while cooler colors are
characteristic of relatively high “He/He ratios. Color bar is on a linear scale. Plume conduit base locations predicted by Steinberger and Antretter (2006) and Boschi
et al. (2007) are shown here as large white circles. Note the similarity in lateral offset between plume base locations and their surface expressions predicted here in
our study and those predicted by Steinberger and Antretter (2006) and Boschi et al. (2007). Display frequency diagrams showing the distribution of (b) “He/*He
(excluding Tristan-Gough, St. Helena) and (d) 208Pb*/206Pb* ratios for plume conduits that are sourced from seismically fast regions (blue curves) and seismically
slow (red curves) regions of the lowermost mantle. Each curve represents a single model result from Table 2. Given this, there are 10 red curves and 10 blue curves in
Figure 1. The white circles represent the distribution of correlation coefficients between (c) 4He/ He and (e) 208Pb*/206Pb* ratios of plumes and shear-wave
velocities at 2,850 km. The gray shaded region denotes correlation coefficients that are considered signiﬁcant at a p value of 0.001. Note the strong relationship
between “He/*He ratios and shear-wave velocities in the lowermost mantle. Conversely, maximum 98 pb*/2%Pb* ratios display no significant relationship with

shear-wave velocities in the lowermost mantle at a p value of 0.001.
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Figure 2. Relationship between surface geochemistry and shear-wave velocity anomalies in the lowermost mantle using
the tomography model S40RTS (Ritsema et al., 2011). (a-e) Same as in Figure 1. Note a significant correlation is observed
between minimum “He/>He ratios (but not maximum 208 pyx/206ppy ratios) and shear-wave velocity anomalies when

lateral is taken into account.

3. Results

The relationship between the surface geochemistry of oceanic basalts and mantle shear-wave velocity
anomalies (based on both kernel density estimates and Pearson correlation coefficients) are presented
below. Section 3.1 describes the predicted plume source locations based on our geodynamic models.
Sections 3.2 describes the relationship between minimum *“He/*He ratios and shear-wave velocities.
Section 3.3 describes the relationship between maximum *°®Pb*/2°°Pb* ratios and shear-wave velocities.

3.1. Predicted Plume Source Locations

Figures 1a and 2a show the predicted lateral offset of plume source locations in the lower mantle from their
surface expressions when large-scale mantle flow is taken into account using the SEMUCB-WM.1 (Figure 1)
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and S40RTS (Figure 2) tomographic models. All of the mantle flow models predict large-scale convergence of
flow in the lower mantle toward the central Pacific and Africa (the locations of the LLSVPs) due to subduc-
tion of circum-Pacific slabs. In all models, the strongest lateral deflection occurs in the upper mantle where
plume conduits are influenced by plate motions. This lateral deflection of plumes results in surface expres-
sions that no longer overlie the lower mantle source location initially sampled by these plumes. The mantle
flow models also predict that the source regions for the Balleny Islands Mount Erebus, Guadalupe Island,
and the Cobb hotspot track are located in seismically faster regions of the lowermost mantle, that is, outside
of the LLSVPs. These results are only weakly sensitive to different model parameterizations (Table 2) includ-
ing tomography model, radial viscosity structure, advection timescale, and transport properties. The pre-
dicted lateral offset of plume source locations in the lower mantle from their surface expressions predicted
here are consistent with results from previous models of plume dynamics (Boschi et al., 2007, 2008;
Steinberger, 2000; Steinberger & Antretter, 2006; Steinberger & O'Connell, 1998; Steinberger et al., 2004).

3.2. Relationship Between Minimum “He/*He Ratios and Shear-Wave Velocities

Figures 1b, 1c, 2b, and 2c demonstrate that the distribution of minimum “He/>He ratios in the deep mantle is
not random. Figures 1b and 2b show that basalts derived from anomalously slow seismic regions in the low-
ermost mantle are associated with the most primitive helium isotopic signatures. The first group shown in
red contains plume conduits that are sourced from slower than average shear-wave velocities (dVs < 0)
located within the two LLSVPs and their erupted products are characterized by relatively low (primitive)
“He/*He ratios (e.g., Iceland “He/*Hemax = 19,060; Hawaii “He/*Hepax = 20,360; Samoa “He/*Hemayx =
20,950; Galapagos “He/*He . = 23,720). These observations indicate that primitive (low) “He/*He ratios
are associated with slow shear-wave velocities and never associated with fast shear-wave velocities. In gen-
eral, most plume conduits rooted in seismically slow regions lie within the lateral extent of the LLSVPs (e.g.,
Burke et al., 2008); thus, primitive (low) “He/*He ratios appear to be confined to the LLSVPs. However, it
should be noted that recent tomographic images indicate that the LLSVPs may not be contiguous features
but may be composed of multiple subdomains (French & Romanowicz, 2015). Therefore, the extent of the
LLSVPs may be a bit uncertain, but the long-wavelength structure shows fairly good agreement between
all models (Cottaar & Lekic, 2016).

The second group of plume conduits depicted by blue curves are sourced from faster than average shear-
wave velocities in the lowermost mantle and are characterized by relatively high (radiogenic) “He/*He
ratios. For example, the “He/>He ratios in the Balleny Islands range from 105,800 to 125,600 and are pre-
dicted here to be sourced from seismically fast regions in the lower mantle. Intraplate volcanism represented
by Mount Erebus, Guadalupe Island, and (in some mantle flow simulations) the Cobb hotspot track are also
located outside regions bounded by the LLSVPs and are characterized by *He/*He ratios greater than
~81,940 (approximately 3He/*He = 8.8 Ryu; Eiler et al., 1997; Lupton et al., 1993; Parmelee et al., 2015).
Figures 1c and 2c show that the minimum “He/*He ratios of plumes display a significant positive relation-
ship (given p < 0.001) with shear-wave velocities at 2,850 km such that primitive “He/>He ratios are asso-
ciated with relatively slow shear-wave velocities, while radiogenic “He/*He ratios are associated with
relatively fast shear-wave velocities.

Figures 1, 2 exclude two hotspot locations (Tristan-Gough, St. Helena) where basalts with the most primitive
“He/>He ratios still contain significant amounts of recycled materials (Class & le Roex, 2008; Kawabata et al.,
2011; Willbold & Stracke, 2006, 2010). It has been shown that HIMU-type basalts, which have relatively
radiogenic helium isotopic compositions, also have less nucleogenic neon (Hilton et al., 2000; Parai et al.,
2009), requiring the presence of primitive material in their source region (Day & Hilton, 2011; Hilton
et al., 2000; Parai et al., 2009). Given this, the helium isotopic composition of these basalts may not accu-
rately reflect the primitive nature of their source regions. However, the overall results do not significantly
change if these basalts are included (see Figure S1). Figure S1 also shows the results are insensitive to the
sampling strategy used to determine the sign and magnitude of the shear-wave velocity anomaly at the base
of each plume conduit.

Figure S3 shows the relationship between minimum “He/>He ratios of plumes and shear-wave velocities for
intraplate volcanism most closely associated with the African LLSVP and the Pacific LLSVP. While the
Pacific LLSVP appears to show a stronger overall correlation, the relationship between minimum “He/
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*He ratios of plumes and shear-wave velocities for plumes associated with the African LLSVPs completely
overlap, that is, display a similar range and relationship when minimum “He/*He ratios is plotted against
shear-wave velocities. Therefore, it may be a bit premature to conclude that this is reflective of similarities
or differences between the two LLSVPs. Furthermore, if these two regions of the mantle turn out to be
statistically distinct, it could also reflect differences in entrainment processes or the history of subduction
into the different ocean basins. Future work is required to investigate whether these preliminary
observations are robust.

3.3. Relationship Between Maximum 208pp"/2%6ph” Ratios and Shear-Wave Velocities

Contrary to the predicted relationship between minimum “He/*He ratios and shear-wave velocities,
Figures 1d, le, 2d, and 2e demonstrate that there is no significant relationship between the distribution of
maximum *°*Pb’/?*°Pb" ratios and shear-wave velocities in the deep mantle. For example, Figures 1d and
2d show that lower mantle materials do not separate into two distinct groups based on the relationship
between shear-wave velocities and maximum 2°*Pb’/?°°Pb" ratios. Both red and blue curves display similar
median values and variances, indicating that end-member 208pp”/2%%ph” ratios are just as likely to be found
in relatively fast and slow shear-wave velocities of the lowermost mantle. Figures 1le and 2e demonstrate
there is no significant linear relationship between maximum 208py" /209pp” ratjos of plumes and shear-wave
velocities at 2,850 km as all of the simulations result in correlation coefficients that are not significant at a p
value of 0.001.

4. Discussion

The low “He/*He ratios in many OIBs provide evidence for the preservation of primitive material in the
Earth's mantle; however, the geographical location of the primitive deep mantle reservoir(s) remains
unknown. The simulations of mantle flow used to trace the geochemistry of individual ocean islands to their
source location in the lower mantle suggests that primordial helium is spatially restricted to the LLSVPs,
while radiogenic lead is distributed more broadly throughout the mantle. These results build on the predic-
tion of plume deflection using backward-in-time models of large-scale mantle flow and forward models of
the interaction of small-scale plumes with the large-scale flow. These results depend on the inferred buoy-
ancy structure, viscosity structure, and kinematic boundary conditions. Our models span a range of plausible
mantle viscosities, plume buoyancies, and mantle buoyancy structures, all of which affect the predicted
plume shapes. Thus, the details of the predicted plume shapes remain somewhat uncertain, though the over-
all direction and amount of deflection are in good agreement among all of our models. A confirmation of
plume shapes from improved mantle tomography models would reinforce our conclusions, as would more
detailed comparisons between the plume shapes predicted using the backward- and forward-in-time models
for plume dynamics employed here and the plume morphology in fully dynamical simulations of
mantle convection.

4.1. The Mantle Source Region of Primitive (Low “He/*He) Materials

The lower “He/>He ratios associated with ocean islands reflect low time-integrated (U + Th)/ 3He ratios asso-
ciated with less processed, more primitive mantle reservoirs. Figures 1 and 2 demonstrate that the distribu-
tion of minimum “He/*He ratios in the deep mantle is not random because primitive “He/*He ratios in the
deep mantle are geographically restricted to only the seismically slow regions above the core-mantle bound-
ary (e.g., LLSVPs). In contrast, reconstructed plume source locations that lie within these seismically fast
regions display a peak in “He/*He ratio of ~100,000, which is on the upper end of the typical MORB range
of ~80,000-103,000 (e.g., Graham, 2002; Moreira, 2013). Thus, regions in the lowermost mantle that lie out-
side of the LLSVPs likely share a geochemical evolution similar to that of the typical MORB source, at least in
its helium isotopic composition. Since the observed peak of ~100,000 is slightly more radiogenic than the
average MORB (“He/*He ~88,000), it is likely that there is a higher proportion of recycled material in the
ambient deep mantle compared to the shallow upper mantle sampled beneath mid-ocean ridges.
Conversely, the lack of any correlation between maximum 2°®Pb"/2°°Pb” ratios and shear-wave velocity
anomalies in the lower mantle (see Figures 1d, 1e, 2d, and 2e) demonstrates that recycled materials are
not geographically restricted to only regions defined by the LLSVPs but are distributed more broadly across
the lowermost mantle.
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While we have assumed that plumes predicted to be rooted in seismically fast regions are derived from the
lower mantle, such plumes may not be rooted at the core-mantle boundary. Future high-resolution seismic
imaging of these regions is needed to discern whether these materials are indeed sourced from the lower
mantle. However, it should be noted that primitive helium is only associated with seismically slow regions
in the lower mantle; whether plumes predicted to be rooted in seismically fast regions actually have a deep
mantle origin or not does not change this conclusion. Furthermore, if the seismically fast regions of the
lower mantle are not sampled by plumes, then these seismically fast regions represent a geochemically
hidden reservoir.

The geographical restriction of primitive “He/>He ratios to seismically slow regions at the bottom of the
mantle allows us to evaluate additional hypotheses regarding the distribution and origin of primitive (low
“He/*He) reservoirs within the Earth. For example, it has been suggested that primitive helium could be dis-
tributed as isolated blobs of material throughout the mantle (Becker et al., 1999). This proposal was moti-
vated by calculations that showed high-viscosity blobs could persist for long periods of Earth's history
without becoming mixed into the ambient mantle (Manga, 1996). However, such a scenario would not lead
to strong correlations between minimum “He/*He ratios and seismically slow shear-wave velocities in the
lowermost mantle. Alternatively, bridgmanite-enriched regions of the mantle (BEAMS) have also been pro-
posed to host primitive, low “He/*He materials (Ballmer et al., 2017). In this scenario, upwelling (i.e.,
plumes) occurs between the slowly rotating BEAMS, so one would not expect a correlation between
BEAMS and the location of plume roots or conduits. Plumes could conceivably entrain primitive BEAMS
material on their way up through the lower mantle; however, it is unlikely that this process would be signif-
icant, given the high viscosity contrast between BEAMS and plumes (Manga, 1996).

The core has also been considered as a possible source of helium with low “He/*He ratios (Bouhifd et al.,
2013; Jephcoat, 1998; Porcelli & Halliday, 2001) where diffusion of helium from the outer core into the ther-
mal boundary layer at the base of the mantle supplies the primitive helium sampled by plumes. While recent
experimental results display the capacity for dissolving sufficient helium into iron metal (e.g., Bouhifd et al.,
2013; Jephcoat, 1998), these experiments do not directly inform us that sufficient helium was in fact seques-
tered in the core or that helium is actually diffusing from the core into the thermal boundary layer. Primitive
helium diffusing out of the core would be expected to produce low “He/*He ratios in the lower thermal
boundary layer, but there is no a priori expectation for helium diffusion out of the core to be localized in
LLSVPs. Helium diffusion from the core would also be expected to produce low “He/*He ratios in hotspots
derived from parts of the thermal boundary layer outside the region defined by the LLSVPs. This is not
observed, though more comprehensive sampling of these hotspots and their tracks is warranted.

The results presented here do not rule out the possibility of ultralow velocity zones (ULVZs) as the source of
primitive materials characterized by low “He/*He ratios and other isotopic anomalies (Mundl et al., 2017;
Yuan & Romanowicz, 2017). For example, low “He/>He materials may be sourced from a thin, partially mol-
ten layer at the base of the mantle. This layer may be dynamically focused into small hills that are subse-
quently entrained into plumes (Yuan & Romanowicz, 2017). However, the limited height and/or lateral
extent of all but the largest of these structures (the mega-ULVZs; Cottaar & Romanowicz, 2012; Thorne
et al., 2013; Yuan & Romanowicz, 2017) may prevent them from currently being imaged seismically.
Alternatively, ULVZ material may be viscously mixed into the LLSVPs (Li et al., 2017), which could also
account for the strong correlation between minimum *He/*He ratios and seismically slow shear-wave velo-
cities in the lowermost mantle. Testing of these scenarios requires, for example, further characterization of
the lowermost mantle's small-scale structure with particular emphasis on whether ULVZs are present at the
base of other mantle plume conduits (Yuan & Romanowicz, 2017).

4.2. Formation and Evolution of the LLSVPs

The primitive (low “He/*He) nature of seismically slow shear-wave velocity structures in the lowermost
mantle indicates that the LLSVPs cannot be composed entirely of recycled slabs (Castillo, 1988; Farnetani
et al., 2012; Harpp et al., 2014; Harrison et al., 2017; Hoernle et al., 2015; Huang et al., 2011; Payne et al.,
2013; Tackley, 2011; Tan & Gurnis, 2005; Weis et al., 2011), as recycled slabs have radiogenic (high “He/
*He) signatures and would not produce materials with low “He/*He ratios. It is possible that the LLSVPs
represent a single geochemical component with a uniformly low “He/*He ratio and the correlations

WILLIAMS ET AL.

4140



'AND SPACE SCiENCE

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008437

observed in this study represents two-component mixing between this primitive material that is geographi-
cally restricted to the LLSVPs and a more radiogenic component of the ambient mantle during plume
entrainment. However, the primitive (low “He/*He) signature of the LLSVPs does not preclude some
amount of recycled materials from being incorporated into this reservoir through geologic time, but this
recycled component may represent only a minor fraction of the LLSVPs. This is consistent with Li et al.
(2014) who use numerical simulations of mantle convection to investigate interactions between a primitive
(and intrinsically more dense) lower mantle reservoir with deeply subducted materials. These simulations
show that a small fraction of the total recycled material in the mantle can be convectively stirred into a more
dense primitive reservoir, while the balance of recycled material remains within the ambient (lower) mantle
(Li et al., 2014). Therefore, the LLSVPs may be a multicomponent mixture of materials of different origins
that are characterized by distinct geochemistries.

Extinct radionuclide systems, such as the '*’I1-'**Xe and '®*Hf-'®2W isotope systems, provide important
chronologic constraints on the formation of the LLSVPs. Short-lived 1291 (half-life of 15.7 million years)
and '®2Hf (half-life of 8.9 million years) decay to **Xe and '®*Hf with the two radionuclides becoming
extinct 100 and 60 million years after the start of the solar system, respectively. Consequently, ***Xe or
182y isotopic anomalies in mantle reservoirs can only be generated during the first 100 and 60 million years
after the start of the solar system. Isotopic anomalies in ***Xe have been observed in low “He/*He materials
at Iceland and in the Rochambeau Bank where the Samoan plume is sampled (Mukhopadhyay, 2012; Pet6
et al., 2013). Since these plumes are rooted in the LLSVPs, the presence of the *?Xe anomalies require the
LLSVPs to have formed prior to 1291 becoming extinct, that is, no later than 100 million years after the start
of the solar system. Furthermore, because *2°Xe/***Xe ratios in the plume and MORB sources are distinct in
the modern-day mantle, the two sources must have remained separated for at least the past 4.45 billion years
(Mukhopadhyay, 2012; Pet6 et al., 2013). Similarly, isotopic anomalies in ***W (due to the decay of '*Hf)
have also been observed in low “He/>He materials (Mundl et al., 2017; Rizo et al., 2019). Given its even
shorter half-life, '**W anomalies in low “He/*He materials (Mundl et al., 2017; Rizo et al., 2019) require that
the low “He/>He reservoir was generated no later than 60 million years after solar system formation (though
we do note that the validity of some tungsten isotope data in low “He/*He materials is still debated; Kruijer &
Kleine, 2018; Rizo et al., 2016). The timing of the Moon-forming giant impact is still debated, although recent
isotopic studies (Barboni et al., 2017) constrain Moon formation to between 50 and 60 million years after the
start of the solar system (Barboni et al., 2017; Touboul et al., 2007). Given these chronologic constraints, the
formation of LLSVPs likely predates the Moon-forming giant impact. If so, LLSVPs are not the product of a
magma ocean generated by the Moon-forming giant impact. The formation of the LLSVPs is more likely
associated with the creation of a primitive reservoir during previous episodes of magma ocean crystalliza-
tion, which formed ancient reservoirs that subsequently survived the Moon-forming giant impact. This is
consistent with the interpretations of Tucker and Mukhopadhyay (2014) based on the range of *He/**He
ratios observed in oceanic basalts.

The early formation and subsequent preservation of the LLSVPs indicates this primitive reservoir has also
survived 4.5 billion years of mantle convection. This requires the LLSVPs to have limited interactions with
the MORB source and with recycled material returned to the mantle via subduction. However, because the
LLSVPs are being entrained by plumes, these reservoirs are being eroded as a function of time.
Consequently, the reservoir must have comprised more than 1.6-9.4% of the Earth's total mantle by mass
(estimates of the present-day LLSVP mass; Burke et al., 2008; Cottaar & Lekic, 2016) back in time.
Assuming a constant plume buoyancy flux derived by King and Adam (2014) and that LLSVP material com-
prises 10% of that flux (e.g., Deschamps et al., 2011), we estimate that roughly 3-30% of the present-day
LLSVP volume has been lost through entrainment processes over Earth's history, though plume fluxes were
most likely higher in the past. The loss of LLSVP material due to entrainment may, however, be offset by the
addition of recycled material throughout Earth's history.

5. Conclusions

We demonstrate that basalts with the most primitive helium isotopic signatures derive from the two
continent-sized large low shear-wave velocity provinces (LLSVPs) by combining tomographic models,
dynamic simulations of mantle flow, and a comprehensive helium isotopic data set of oceanic basalts. The
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primitive (low “He/*He) signature of the LLSVPs indicates these regions are not composed entirely of
recycled slabs. Furthermore, no significant relationship is observed between maximum 208pp”/29Ph " ratios
and seismically slow regions in the lowermost mantle, indicating recycled materials are more broadly dis-
tributed across the mantle. Xenon and tungsten isotopic anomalies associated with the primitive (low
“He/’He) signature of the LLSVPs imply that these seismically slow regions must have formed during
Earth's accretion and survived the Moon-forming giant impact along with nearly 4.5 billion years of
mantle convection.
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