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A B S T R A C T

Oceanic island basalts are targeted for geochemical study because they provide a direct window into mantle
composition and a wealth of information on the dynamics and timescales associated with Earth mixing. Previous
studies mainly focused on the shield volcanic stage of oceanic islands and the more fusible, enriched mantle
components that are easily distinguished in those basalts. Mantle depleted compositions are typically more
difficult to resolve unless large amounts of this material participated in mantle melting (e.g., mid-ocean ridges),
or unique processes allow for their compositions to be erupted undiluted, such as very small degrees of melting
of a source with minimal fusible enriched components (e.g., rejuvenated basalts) or as xenoliths (e.g., abyssal
peridotites). Mantle depleted components, defined here as material with low time-integrated Rb/Sr (low
87Sr/86Sr) and high time-integrated Sm/Nd and Lu/Hf ratios (high 143Nd/144Nd and 176Hf/177Hf) relative to
primitive mantle, derive from a potentially very large volume reservoir (up to 80% of the mantle), and therefore
need adequate characterization in order estimate the composition of the Earth and mantle-derived melts. This
review focuses on mantle depleted compositions in oceanic island basalts using the Hawaiian-Emperor chain as a
case study. The Hawaiian-Emperor chain is the ∼6000 km long geological record of the deeply sourced
Hawaiian mantle plume, active for> 81 Myr. Hawaiian volcanism evolves through four volcanic stages as a
volcano traverses the Hawaiian plume: alkalic preshield, tholeiitic shield (80–90% volcano volume), alkalic
postshield (∼1%), and silica undersaturated rejuvenated (< 0.1%). We report Pb-Sr-Nd-Hf isotope compositions
and trace element concentrations of three rejuvenated Northwest Hawaiian Ridge basalts and compare them to
an exhaustive compiled dataset of basalts from the Hawaiian Islands to the Emperor Seamounts. The Northwest
Hawaiian Ridge (NWHR) includes 51 volcanoes spanning ∼42 m.y. between the bend in the Hawaiian-Emperor
chain and the Hawaiian Islands where there is no high-precision isotopic data published on the rejuvenated-stage
over ∼47% of the chain. NWHR and Hawaiian Island rejuvenated basalts are geochemically similar, indicating a
consistent source for rejuvenated volcanism over ∼12.5 million years. In contrast, shield-stage basalts from the
oldest Emperor Seamounts are more depleted in isotopic composition (i.e., higher 176Hf/177Hf, and 143Nd/144Nd
with lower 87Sr/86Sr and 208Pb*/206Pb*) and trace element concentrations (i.e., much lower concentrations of
highly incompatible elements) than all other depleted Hawaiian basalts younger than the bend, including NWHR
rejuvenated basalts. The strongly depleted source for the oldest Emperor Seamounts (> 70 Ma) was likely re-
lated to interaction with the Kula-Pacific-Izanagi mid-ocean ridge spreading system active near the Hawaiian
plume in the Late Cretaceous. In contrast, the incompatible trace element ratios of NWHR rejuvenated basalts
require a distinct source in the Hawaiian mantle plume that was imprinted by ancient (> 1 Ga) partial melting,
likely ancient recycled oceanic lithosphere. This review of the geochemistry of Hawaiian depleted components
documents the need for the sampling of multiple distinctive depleted compositions, each preferentially melted
during specific periods of Hawaiian plume activity. This suggests that the composition of depleted components
can evolve during the lifetime of the mantle plume, as observed for enriched components in the Hawaiian mantle
plume. Changes in the composition of depleted components are dominantly controlled by the upper mantle
tectonic configurations at the time of eruption (i.e., proximity to a mid-ocean ridge), as this effect overwhelms
the signal imparted by potentially sampling different lower mantle components through time.
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1. Introduction

The lower mantle is compositionally heterogeneous and dynamic
over space and time (Hofmann, 2014; Garnero et al., 2016 and

references therein). Global shear wave velocity tomography models
show two thousand kilometer-wide, steep sided, and seismically-slow
piles beneath the Pacific Ocean and continental Africa that are pro-
posed reservoirs for incompatible element enriched recycled material

Fig. 1. Bathymetric map of the Hawaiian-Emperor chain.
Bathymetry is 2-minute Gridded Global Relief Data ETOPO2v2 satellite altimetry dataset (U.S. Department of Commerce, National Oceanic and Atmospheric Administration,
National Geophysical Data Center, 2006; downloaded March 2014) and new multibeam bathymetry for the NWHR (Smith et al., 2014). Triangles show the location of
rejuvenated basalts analyzed in this study. Diamonds show the locations of literature Emperor Seamount data. References for ages are as follows: 1 – Keller et al., 1995; 2 –
Clague and Dalrymple, 1987; 3 – Jicha et al., 2018 4 – O’Connor et al., 2013; 5 – Garcia et al., 2010. The Emperor Seamounts stretch from Meiji to Kimmei; the Northwest
Hawaiian Ridge from Yuryaku to Middle Bank; and the Hawaiian Islands from Ka‘ula to Lō‘ihi. Inset figure is a simplified topographic map of the Hawaiian Islands modified
from the Main Hawaiian Islands Chart 750-001 Version 17 downloaded from the Hawai‘i Mapping Research Group at the University of Hawai‘i at Mānoa’s website (Main
Hawaiian Islands Multibeam Bathymetry Synthesis: www.soest.hawaii.edu) with the Loa and Kea trends shown by blue and red lines, respectively. White triangles show the
locations of rejuvenated volcanism on the Hawaiian Islands and includes Ka‘ula, Ni‘ihau, Kaua‘i, O‘ahu, East Moloka‘i, and West Maui. The other inset figure is a total alkali
versus silica plot of NWHR rejuvenated basalts. NWHR rejuvenated samples are all alkalic basalt aside from Middle Bank, which is a tephrite basanite. The tholeiitic-alkalic
divide line is from Macdonald and Katsura (1964). NWHR shield data is from Harrison et al. (2017) and Harrison and Weis (2018). The fields for Hawaiian rejuvenated (grey
field) and shield-stage (blue field) basalts are shown for comparison. References for the Hawaiian shields are the same as in Harrison and Weis (2018) and are listed in the
supplementary information. References for Hawaiian Island rejuvenated data are from Frey et al., 1994, 2005; Roden et al., 1994; Lassiter et al., 2000; Tagami et al., 2003;
Yang et al., 2003; Fekiacova et al., 2007; Dixon et al., 2008; Garcia et al., 2010, 2016; Cousens and Clague, 2015; Clague et al., 2016; and Béguelin et al., 2019.

L.N. Harrison, et al. Chemical Geology 532 (2020) 119324

2

http://www.soest.hawaii.edu


(large low-shear velocity provinces, LLSVP; Garnero et al., 2016 and
references therein; Jones et al., 2019; Thomson et al., 2019). Long-
lived, deep mantle plumes provide the opportunity to study the geo-
chemical evolution of Earth’s reservoirs over time, as well as the dy-
namics of the sampling of lower mantle material and its transfer to the
surface (e.g., White, 2015a, 2015b). Globally, long-lived mantle plumes
are rare. In the Indian Ocean, Kerguelen is the longest lived at 100–130
Ma (Coffin et al., 2002); in the Pacific Ocean, the Hawaiian-Emperor
(> 81 Ma), Louisville (78 Ma; Koppers et al., 2004), and Rurutu (∼120;
Koppers et al., 2003) hotspot chains have the longest geologic records
(Konrad et al., 2018); and the oldest in the Atlantic Ocean is Tristan da
Cunha (132 Ma; Hoernle et al., 2015). The study of long-lived mantle
plumes, even if rare, is useful to assess lower-mantle geochemical het-
erogeneity because of their potential to sample multiple geochemical
domains over time (Steinberger, 2000; Steinberger et al., 2004; Boschi
et al., 2007; Davies and Davies, 2009; Hassan et al., 2016; Harrison
et al., 2017; Bono et al., 2019). The Hawaiian mantle plume is ideally
suited for this purpose because it was not involved in continental
breakup (which may overwhelm the mantle geochemical signal), has a
deep source (French and Romanowicz, 2015), is the oceanic island
where the succession of volcanic stages was first noticed and defined
(Stearns, 1946), and has been shown to drift in the lower mantle
(Steinberger, 2000; Steinberger et al., 2004; Hassan et al., 2015;
Harrison et al., 2017). Hawai‘i, the archetype of intraplate volcanism, is
both the location where hotspot volcanism was first attributed to a
mantle plume while paradoxically also displaying a series of unique
characteristics not present in any other mantle plume systems in the
world. It has among the highest mantle potential temperatures observed
in oceanic volcanism and the highest magmatic flux observed in global
OIBs (Courtillot et al., 2003; Putirka, 2005). In contrast to other oceanic
islands, there is a compositional difference between the shield stage
(tholeiitic on Hawai‘i) to the other volcanic stages (which are alkalic;
Haase et al., 2019), and the magmatic flux appears to be strengthening
over time, which is opposite to mantle plume models that predicts a
voluminous plume head followed by a weakening plume tail (White,
1993; Jellinek and Manga, 2004; Van Ark and Lin, 2004; Vidal and
Bonneville, 2004; Wessel, 2016). Hawai‘i therefore represents the end-
member of strong-type of mantle plumes, which makes it a key system
to study for the understanding of global intraplate volcanism.

Previous studies have focused mainly on the enriched components
of deep mantle reservoirs and their potential sources (Frey et al., 1994;
Huang et al., 2005b; Huang and Frey, 2005; Sobolev et al., 2005;
Jackson et al., 2012; Ballmer et al., 2011; Pietruszka et al., 2013; Frey
et al., 2016). The nature, evolution, and potential mantle repositories of
Hawaiian depleted components, defined here as material with low time-
integrated Rb/Sr (low 87Sr/86Sr) and high time-integrated Sm/Nd and
Lu/Hf ratios (high 143Nd/144Nd and 176Hf/177Hf) relative to primitive
mantle, requires a thorough reassessment in light of new observations
of mantle dynamics and heterogeneity, and the occurrence of highly
depleted compositions in a variety of tectonic environments
(Malaviarachchi et al., 2008; Salters et al., 2011; Stracke et al., 2011;
Byerly and Lassiter, 2014; Warren, 2016; Genske et al., 2019; 9; Stracke
et al., 2019). Here we examine the role of depleted components in
Hawaiian-Emperor Chain volcanism and their potential connection to
the deep Hawaiian mantle source using data from the oldest re-
juvenated basalts analyzed for high-precision isotope ratio and an ex-
haustive dataset of compiled and renormalized isotope data from the
entire Hawaiian-Emperor chain.

1.1. Hawaiian-Emperor chain geology

The Hawaiian-Emperor chain can be divided into three sections
(Fig. 1). The oldest section is the Emperor Seamounts (> 81-47 Ma)
stretching from the northwestern Pacific Ocean near the Aleutian Is-
lands to the bend in the Hawaiian-Emperor chain (Jackson et al., 1972;
Regelous et al., 2003). Next youngest is the Northwest Hawaiian Ridge

(NWHR), which is composed of 51 volcanoes spanning ∼42 million
years and ∼2800 km between the bend in the Hawaiian-Emperor chain
and the Hawaiian Islands (Sharp and Clague, 2006a, 2006b; Garcia
et al., 2015). The youngest section is the Hawaiian Islands, spanning
from ∼6.5 Ma at Ka‘ula to currently active volcanism at Kīlauea and
Lō‘ihi volcanoes (Sherrod et al., 2007). Hawaiian volcanoes have life-
spans characterized by four volcanic stages: 1) alkalic preshield-stage;
2) tholeiitic shield-stage that builds 80–95% of the volcano volume; 3)
postshield-stage of mixed alkalic and tholeiitic basalts and 4) re-
juvenated-stage of highly alkalic and frequently silica-undersaturated
basalts erupted either right after the postshield-stage or after a period of
quiescence of up to ∼2 Myr (Clague and Dalrymple, 1987; Sherrod
et al., 2007; Garcia et al., 2010, 2016; Clague and Sherrod, 2014). Each
of these volcanic stages is characterized by different erupted volumes,
compositions, geochemical signatures, shallow magmatic processes,
xenolith cargos, and mantle sources and do not necessarily occur on all
Hawaiian volcanoes (e.g., Feigenson et al., 1983; Frey et al., 1990; Ribe
and Christensen, 1999; Xu et al., 2005; Sherrod et al., 2007; Garcia
et al., 2010; Hanano et al., 2010; Hofmann and Farnetani, 2013; Clague
and Sherrod, 2014; Cousens and Clague, 2015). Shield basalts show the
largest range of isotopic variation observed on the Hawaiian Islands,
whereas postshield basalts are consistently more isotopically depleted
than the shield stage (Hanano et al., 2010; Weis et al., 2011). Re-
juvenated-stage basalts present both the most depleted isotopic com-
positions, defined by high Nd and Hf coupled with low Sr isotopic ra-
tios, and the most limited range in isotopic composition (Lassiter et al.,
2000; Frey et al., 2005; Fekiacova et al., 2007; Dixon et al., 2008;
Garcia et al., 2010, 2016; Bizimis et al., 2013; Hofmann and Farnetani,
2013; Cousens and Clague, 2015; Béguelin et al., 2019).

1.2. Hawaiian-Emperor chain geochemistry

Recent high-precision isotopic and trace element analyses of NWHR
shield-stage basalts fills a gap in the geochemical record for the en-
tire> 81 million year history of the Hawaiian mantle plume (Harrison
et al., 2017; Harrison and Weis, 2018), connecting literature studies on
the Emperor Seamounts with those from the intensely studied Hawaiian
Islands (Keller et al., 2000; Regelous et al., 2003; Frey et al., 2005;
Huang et al., 2005a; Sherrod et al., 2007; Tanaka et al., 2008; Weis
et al., 2011). Hawaiian Island volcanoes delineate into two geochemical
groups, termed the Loa and Kea trends, that also are geographically
ordered (i.e., in the Hawaiian Islands, Loa volcanoes are generally the
southwest side of the chain whereas Kea volcanoes are generally
northeast; Tatsumoto, 1978; Jackson et al., 1972; Abouchami et al.,
2005; Huang et al., 2011; Weis et al., 2011; Williamson et al., 2019).
The Kea component is present along the entire chain and has been in-
terpreted to originate from the ambient deep Pacific mantle because of
its PREMA-like composition (PREMA= PREvalent MAntle, a common
composition of all OIB and MORB in multi-isotope space; Zindler and
Hart, 1986; Nobre Silva et al., 2013a). The Loa component is more
enriched than the Kea component (higher Th/U and Sr isotope ratios
with lower Nd and Hf isotope ratios), and is only observed towards the
younger end of the Hawaiian-Emperor chain (the oldest sampled vol-
cano to erupt Loa compositions is Daikakuji, dated to ∼47 Ma;
O’Connor et al., 2013). The origin of the depleted component in Ha-
waiian basalts is more contentious. On the basis of the geochemical
characteristics and longevity of the depleted component, authors have
argued for the source to be intrinsic to the plume (Regelous et al., 2003;
Bizimis et al., 2005, 2007, 2013; Frey et al., 2005; Huang et al., 2005a;
DeFelice et al., 2019), entrained by the plume (Farnetani and Richards,
1995; Keller et al., 2000; Lassiter et al., 2000; Hofmann and Farnetani,
2013), or originating from melting the Pacific lithosphere or astheno-
sphere (Clague and Dalrymple, 1987; Reiners and Nelson, 1998; Frey
et al., 2000; Yang et al., 2003; Béguelin et al., 2019). The hypothesis
that the depleted component originates from the upper mantle relies on
the observation that it is the dominant component in shield basalts only
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during the eruption of the oldest Emperor Seamounts (> 70 Ma), when
the Hawaiian plume was close to a mid-ocean ridge system (Keller
et al., 2000; Regelous et al., 2003). Conversely, other researchers have
argued that the geochemical similarity of the depleted component
erupted at Detroit Seamount to that in rejuvenated-stage basalts from
the Hawaiian Islands suggests it is intrinsic to the plume and present for
the entire> 81 million year lifetime of the Hawaiian-Emperor chain
(Frey et al., 2005; Huang et al., 2005a; DeFelice et al., 2019). High-
precision Pb-Hf-Nd-Sr isotope compositions and trace element con-
centrations of three available NWHR rejuvenated basalts allow for
testing whether the depleted component is present during this ∼43 Myr
segment of Hawaiian plume activity, and whether or not Hawaiian
depleted components erupted at different times have the same com-
position and potential origin. The compositions of these samples are
compared to those of all published Hawaiian rejuvenated basalts and
Emperor Seamount shield basalts, a recent compilation of East Pacific
Rise MORB data, and Cretaceous and Mesozoic MORB compositions to
elucidate the potential relationship between all of these depleted
components. Two questions are addressed below: 1. Is the depleted
component in Hawaiian basalts the same for the entire> 81 million
year history of the Hawaiian-Emperor chain? 2. Is the source of the
depleted component in NWHR rejuvenated basalts similar to that con-
tributing to MORB magmatism or does it originate from the lower
mantle?

NWHR rejuvenated basalts are distinctive from Cretaceous Emperor
Seamount basalts in trace element concentrations and isotope compo-
sitions, strong evidence for the presence of separate and different de-
pleted sources for these two groups. The highly depleted source of the
Cretaceous Emperor Seamounts is likely a result of interaction of the
plume with the Kula-Pacific-Izanagi mid-ocean ridge spreading system.
Rejuvenated basalts from the NWHR have among the highest Hf isotope
ratios observed from the Hawaiian-Emperor chain and support the ex-
istence of a rejuvenated component with limited isotopic variability for
at least ∼13 Myr. The change in the depleted component from the
oldest to the younger Hawaiian-Emperor chain is related to changes in
the mechanism of sampling depleted components during the lifetime of
the Hawaiian mantle plume. This is essentially different from the pro-
cesses that govern changes in enriched mantle components during the
lifetime of the plume (i.e., by the plume sampling different lower
mantle compositional domains throughout time; Weis et al., 2011;
Huang et al., 2011; Hoernle et al., 2015; Harrison et al., 2017). Finally,
the mechanisms of sampling depleted component(s) and of generating
the isotopic composition of erupted rejuvenated lavas are compared
between Hawai‘i and other oceanic island alkalic basalts.

2. Temporal and spatial extent of rejuvenated basalts along the
Hawaiian-Emperor chain

On the Hawaiian Islands, rejuvenated basalts have been observed on
the older third of emergent volcanoes: Ka‘ula, Ni‘ihau, Kaua‘i, Ko‘olau,
East Moloka‘i, and West Maui (Clague and Sherrod, 2014). Rejuvenated
basalts were previously identified on five NWHR volcanoes: Colahan,
Hancock, Ladd Bank, Pearl and Hermes Reef, and Mokumanamana,
representing only a very small percentage of total NWHR samples
(Clague et al., 1975; Clague and Dalrymple, 1987; Garcia et al., 2015).
The rejuvenated stage of NWHR volcanoes was identified based on
strongly alkaline composition (e.g., nephelinites or melilitites), ele-
mental characteristics such as low K/Ba and high P2O5/Zr, groundmass
high-Ca clinopyroxene, and high concentrations of Na, Ti, Al and Ca
(Clague et al., 1975; Clague and Dalrymple, 1987; Garcia et al., 2015).
Many of these elements are susceptible to mobility by secondary al-
teration and high-precision isotopic analyses on acid-treated samples
are necessary to classify the volcanic stage of samples (e.g., Nobre Silva
et al., 2009).

The occurrence of rejuvenated volcanism on some of the oldest
Emperor Seamounts (e.g., Detroit, Sueizi, and Teniji guyots) is

suggested by the presence of well preserved, sediment-free satellite
cones on tilted wave-eroded summit platforms and by the alkalic, xe-
nolith-bearing composition of rocks dredged from some of these cones
(Lonsdale et al., 1993). Some of these basalts are silica-undersaturated
nepheline melilite, a composition only observed during the re-
juvenated-stage, and have concentrations of immobile elements Nb, Ti,
and Zr that are typical of very low degrees of partial melting, even
lower than observed in Hawaiian Island rejuvenated basalts (Lonsdale
et al., 1993). However, the highly evolved alkalic compositions of some
cones such as those on Tenji Seamount are more consistent with those
of the postshield-stage. Furthermore, the ∼20-30 million year hiatus
between shield-stage volcanism and cone formation, in addition to the
location of cones along faults on Detroit Seamount, may indicate that
the cones are associated with tectonic uplift and decompression as the
Hawaiian chain collided into the Aleutian, Kamtchaka, and Ko-
mondorsky trenches at ∼52 Ma rather than being related to the Ha-
waiian mantle plume (Lonsdale et al., 1993; Kerr et al., 2005). This non
plume-related origin is supported by ages of ash layers in the ∼800-
900 m thick accumulation of sediment on top of Detroit Seamount that
post-date the end of shield building by 24–42 million years, much too
long to be plume-related rejuvenated-stage (Kerr et al., 2005). Re-
juvenated samples were not observed in the studies of Frey et al. (2005)
and Huang et al. (2005a) on Detroit Seamount, or in studies on any of
the younger Emperor Seamounts (Clague and Dalrymple, 1987; Keller
et al., 2000; Regelous et al., 2003; Shafer et al., 2005).

The paucity of rejuvenated-stage basalts along the Emperor
Seamounts and the NWHR could be the result of either a sampling bias
or a genuine lack of rejuvenated-stage volcanism. Even on the Hawaiian
Islands, the rejuvenated-stage of Hawaiian volcanics accounts for less
than one percent of shield volcano volume, rejuvenated lavas do not
occur on every volcano, and on two shield volcanoes the rejuvenated-
stage consists of only a few small cones (Clague and Dalrymple, 1987).
Conversely, erosion or sedimentation on the older NWHR and Emperor
Seamounts may have removed or buried rejuvenated rocks, com-
pounded by the fact that the small cones that typify the rejuvenated-
stage are usually avoided in favor of sample shield-stage volcanic
basement in drilling and dredging expeditions.

3. Geological setting and sample locations

The NWHR is comprised of 51 volcanoes and spans ∼2800 km
(Garcia et al., 2015). Fig. 1 indicates sample locations of the re-
juvenated basalts analyzed in this study; XRF major and trace element
analyses of some of these samples are reported in Garcia et al. (2015)
and Tree (2016) and a detailed description of NWHR sample collection
expeditions is given in Harrison et al. (2017). The rejuvenated basalts
analyzed in this study were sampled before the Papahānaumokuākea
Marine National Monument, a ∼1,508,870 km2 U.S. Marine Con-
servation Area and World Heritage Site that stretches from Middle Bank
to Academician Berg (∼80% of the NWHR), was created in 2007.
Briefly, multiple expeditions by the Hawai‘i Institute of Geophysics
sampled the NWHR from 1972-1984. Although targeting the re-
juvenated volcanic stage was not the primary goal of these expeditions,
the dredge sampling approach recovered rejuvenated samples at
Gardner and Brooks Bank. Both of these samples are weakly olivine
phyric (3–5 volume percent olivine) in a matrix with plagioclase,
magnetite, and clinopyroxene. Vesicularity is around 10 vol percent
with clay in the vesicles and some iddingsite rims on the olivine. Middle
Bank was sampled during a 2007 survey of the Northern Hawaiian Is-
lands using the remotely operated vehicle (ROV) JASON (Garcia et al.,
2008). Two dives recovered 13 samples from the submarine flanks of
Middle Bank volcano that mostly belong to the postshield-stage. Dive
303 sampled a rejuvenated cone located on the eastern rift of Middle
Bank, and that sample is included here (Garcia et al., 2008).

Classifying the dredged samples from the NWHR into a volcanic
stage is complicated by the absence of information on the geological
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field relationships (Lonsdale et al., 1993; Garcia et al., 2015). Alteration
may undermine the total-alkali versus silica (TAS) rock classification by
addition of sodium and removal of potassium and silica, erroneously
moving tholeiitic basalts into the alkalic field (Hart et al., 1974;
Humphris and Thompson, 1978; Garcia et al., 2015). In this study,
volcanic stage classification is guided by the TAS rock classification
(Fig. 1 inset) and is confirmed with sample distribution relative to de-
fined fields from Hawaiian Island samples on a Zr/Y versus Nb/Y plot,
which is less affected by alteration (Fig. 2a) (Fitton et al., 1997; Greene
et al., 2010; Garcia et al., 2015), degree of enrichment in trace ele-
ments, and isotopic signature as Hawaiian rejuvenated rocks are char-
acterized by depleted isotopic characteristics: low 87Sr/86Sr and high

143Nd/144Nd (Tagami et al., 2003; Frey et al., 2005; Xu et al., 2005,
2007; Fekiacova et al., 2007; Garcia et al., 2010, 2016; Bizimis et al.,
2013; Cousens and Clague, 2015). Ages of these samples fall along the
linear Hawaiian volcanic age progression array, signifying they are
consistent with a Hawaiian-plume related source rather than unrelated
tectonism which would likely not fall along this line (Jicha et al., 2018).
A geologically supported classification requires better sample resolu-
tion with high-resolution geochronology on each NWHR volcano, both
of which are impossible within the constraints of the current sample
collection and the existence of the Papahānaumokuākea Marine Na-
tional Monument.

Fig. 2. Trace element plots for classifying volcanic stage and mantle source.
(a) Nb/Y versus Zr/Y, of NWHR shield and rejuvenated basalts following Fitton et al. (1997). (b) TiO2/Yb versus Nb/Yb of NWHR rejuvenated basalts (diagram from
Pearce, 2008). (c) Sr/Nd versus Sr/Nb and (d) Th/La versus Zr/Nb. NWHR rejuvenated basalts plot within the field defined by Hawaiian Island rejuvenated basalts in
all of these plots. Sr/Nb and Zr/Nb are insensitive to fractional crystallization processes and show more variation than can be explained by differing degrees of partial
melting. Emperor Seamount data defines trends from the fields for the Hawaiian Island shield basalts to that of EPR MORB, a result of interaction with the Kula-
Pacific-Izanagi mid-ocean ridge active from>81-75 Ma. The fields and data sources for the Hawaiian Island shield and rejuvenated basalts are the same as in Fig. 1
and East Pacific Rise (EPR) mid-ocean ridge data was downloaded from the Petrological Database website (www.earthchem.org/petdb) on February 21, 2017; data
from Mallick et al., 2019 has been added to this dataset. Emperor Seamount data is from Lanphere et al., 1980; Keller et al., 2000; Regelous et al., 2003; Frey et al.,
2005; Huang et al., 2005a.
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Table 1
Pb-Hf-Nd-Sr Isotopic Compositions and Trace Element Concentrations of NWHR Rejuvenated Basalts.

Volcano Gardner Gardner Brooks Middle Bank

Sample 72-37C 72-
37Cdup

72-41B 301-02

Distance from Kīlauea (km) 1449 1449 1302 702

Age (Ma)ref 12.46a 12.46a 12.86b 6.5c

Collection Method (year)ref dredge
(1976)1

dredge
(1976)1

dredge
(1972)1

submersible
(2007)2

Longitude (°W) 192.1 192.1 193.4 160.6

Latitude (°N) 25.2 25.2 24.1 22.6

Trace Element
concentration
(in ppm)3

Sc 27.4 28.3 27.0 24.0
V 231 236 226 326
Cr 605 589 571 599
Co 54.8 53.5 54.5 71.0
Ni 193 175 200 384
Zn 68 73 73 125
Ga 16 16 16 17
Cs 0.279 0.284 0.267 –
Rb 9.3 10.0 9.7 26.6
Sr 499 518 500 772
Ba 313 324 294 620
Y 27.62 30.59 28.14 25.75
Zr 113 116 111 161
Hf 3.03 3.00 2.87 3.75
Nb 29.35 30.05 28.52 49.20
Ta 1.46 1.53 1.44 3.26
W 0.65 0.25 1.07 –
Li 17.55 18.54 15.02 –
La 16.80 16.94 16.77 41.71
Ce 36.56 37.97 37.34 78.97
Pr 4.70 4.85 4.69 10.44
Nd 20.97 21.82 21.02 38.73
Sm 5.14 5.34 5.20 8.58
Eu 1.81 1.90 1.83 2.63
Gd 5.49 5.96 5.57 7.80
Tb 0.91 0.94 0.88 1.07
Dy 5.18 5.29 5.04 5.61
Ho 0.96 0.98 0.95 0.92
Er 2.62 2.80 2.56 2.20
Tm 0.38 0.36 0.37 0.27
Yb 2.20 2.23 2.16 1.55
Lu 0.315 0.352 0.301 0.204
Pb 1.22 1.18 1.32 2.96
Th 1.35 1.39 1.44 5.37
U 0.496 0.490 0.452 1.481

Isotope Ratios4 2SE 2SE 2SE 2SE

Measured Ratios5 208Pb/204Pb 37.8210 21 37.8309 21 37.8820 147 37.7912 25
207Pb/204Pb 15.4540 8 15.4521 8 15.4766 6 15.4461 8
206Pb/204Pb 18.1975 8 18.2058 8 18.2211 71 18.1487 10
Th/Uc 2.27 2.28 0.26 1.82

U and Age-Corrected Ratios5 208Pb/204Pbi 37.777 37.784 37.837 37.759
207Pb/204Pbi 15.452 15.450 15.475 15.445
206Pb/204Pbi 18.164 18.170 18.187 18.124
87Sr/86Srm 0.703304 10 0.703289 8 0.703293 8 0.703031 9
87Sr/86Sri 0.70329 0.70328 0.70328 0.70302
143Nd/144Ndm 0.513069 5 0.513050 8 0.513049 6 0.513083 8
143Nd/144Ndi 0.51306 0.51304 0.51304 0.51308
εNd6 8.5 8.1 8.1 8.7
176Hf/177Hfm 0.283202 7 0.283199 5 0.283197 4 0.283105 6
176Hf/177Hfi 0.28320 0.28320 0.28319 0.28310
εHf6 15.4 15.2 15.2 11.8

aReferences for ages: a – Jicha et al., 2018; b – Brian Jicha, personal communication; c – Age inferred by interpolating between existing ages and assuming a linear
age progression of NWHR volcanoes.
1,2Collection method references: 1 - Garcia et al., 1987; 2 - Garcia et al., 2008.
3Trace element concentrations (in ppm) were measured on unleached whole rock powders using a Thermo Finnigan Element2 high resolution ICP-MS at the PCIGR at
UBC. USGS Reference Material BCR-2 was used for external calibration and a 1 ppb In spike was used as an internal standard. RSDs are less than 5% for all elements
and measured concentrations of USGS Standard BHVO-2 are within 2SD of published values.
4Hf, Nd, and Pb isotopes were analyzed on a Nu Plasma II MC-ICP-MS and Sr isotopes were analyzed on a Thermo-Finnigan Triton TIMS at the PCIGR. The 2 SE is the
absolute error of the individual sample analysis (internal error) and applies to the last decimal place(s). Duplicate and reference material analyses are given in the
supplementary information.
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4. Analytical techniques

Pb, Hf, Nd, and Sr isotopic compositions and trace element con-
centrations of three NWHR rejuvenated-type basalts spanning ∼5
million years were analyzed at the Pacific Centre for Isotopic and
Geochemical Research (PCIGR) at the University of British Columbia
(Table 1). Major elements were analyzed by X-ray fluorescence (XRF) at
the University of Massachusetts Amherst according to the procedure
outlined in Rhodes and Vollinger (2004) and are reported in Garcia
et al. (2015) or Tree (2016). The analytical techniques used in this
study follow the procedures in Harrison et al. (2017) and Harrison and
Weis (2018), as rejuvenated samples were prepared and analyzed
during the same sessions.

Briefly, concentrations of trace elements were measured at the
PCIGR using a Thermo Finnigan Element2 high resolution ICP-MS and
following the method reported in Fourny et al. (2016). Digestion of
powdered samples with no prior leaching was accomplished in a 10:1
HNO3:HF mixture, followed by a 6 N HCl flux to eliminate insoluble
fluorides. Samples were then diluted 5000 times, and analyzed on the
Element2 using a 1 ppb In spike as an internal standard and the USGS
basaltic standard BCR-2 for external calibration. USGS Reference Ma-
terial BHVO-2 was analyzed with all samples, and resulting values were
within two standard deviations of published values for all elements
(Schudel et al., 2015; Fourny et al., 2016). Full procedural duplicates
and replicate measurements showed excellent agreement, and most
elements were analyzed with one relative standard deviation (RSD) of
less than 5%.

Samples for isotopic analysis were sequentially acid-leached prior to
digestion to remove secondary phases resulting from alteration and
possible contamination during sampling. This is especially important
for old basalts that have undergone seawater alteration (Hanano et al.,
2009; Nobre Silva et al., 2009, 2013b). Acid leaching consisted of
successive additions of ∼10 mL 6 N HCl to sample powders, ultra-
sonication for 20 min, followed by immediate decantation before fine
particles settled (Weis et al., 2005; Nobre Silva et al., 2009; Fourny
et al., 2016). This step was repeated until the supernatant was clear,
typically between 6 and 15 steps, after which the sample was rinsed by
two final ultrasonication steps of ultrapure distilled water. Samples
were then digested using HF and HNO3, and were purified for the
element of interest on chromatographic ion exchange columns, once for
isolating Sr, Nd, and Hf, and twice for Pb isotopes (Weis et al., 2005,
2006, 2007; Nobre Silva et al., 2009).

After purification, Pb, Hf, and Nd isotopes were measured on a Nu
Plasma MC-ICP-MS II 214 and samples for Sr isotopes were measured
on a Thermo-Finnigan Triton TIMS. A Tl spike was added to monitor
instrumental mass fractionation of Pb isotope ratios. Instrumental mass
fractionation was corrected on-line using isotope ratios of
146Nd/144Nd = 0.7219, 86Sr/88Sr = 0.1194, 205Tl/203Tl = 2.3885, and
179Hf/177Hf = 0.7325 for Nd, Sr, Pb, and Hf isotope analyses, respec-
tively. Analyses were then normalized off-line to accepted standard
values using the sample-standard bracketing method. External re-
producibility is established based on repeated analyses of full proce-
dural duplicates of reference materials and is less than 31 ppm for Nd,
20 ppm for Sr, 162 ppm for Pb, and 40 ppm for Hf (see supplementary
information for reference material analyses).

The accuracy of sample analyses was controlled by repeat analyses
of international reference materials and standards as well as duplicate
and replicate analyses of samples. For the two-year duration of this
study the measured isotopic signatures for international isotope

standards are as follows: 143Nd/144Nd = 0.512071± 0.000034 for Nd
standard JNdi (2SD, n = 63), 176Hf/177Hf = 0.282164± 0.000031 for
Hf standard JMC 475 (2SD, n = 99), 87Sr/86Sr =
0.710243± 0.000020 for Sr standard SRM 987 (2SD, n = 19), and
208Pb/204Pb = 36.7188±0.0107, 207Pb/204Pb = 15.4983±0.0041,
and 206Pb/204Pb = 16.9418± 0.0028 for Pb standard SRM 981 (2SD,
n = 102). Repeated analyses of U.S. Geological Survey (USGS) re-
ference material BHVO-2, a Hawaiian basalt, resulted in average iso-
tope compositions of 87Sr/86Sr = 0.703466± 0.000011 (2SD, n = 3),
143Nd/144Nd = 0.512991±0.000016 (2SD, n = 3), 176Hf/177Hf =
0.283103± 0.000001 (2SD, n = 3), 208Pb/204Pb = 38.2119±0.0062,
207Pb/204Pb = 15.4900± 0.0005, and 206Pb/204Pb =
18.6482± 0.0001 (2SD, n = 2). These isotope ratios are within the
range of published values (Weis et al., 2005, 2006, 2007; Chauvel et al.,
2010; Nobre Silva et al., 2013b; Fourny et al., 2016). Epsilon Nd and
epsilon Hf are calculated using both sample and CHUR values corrected
for the age of eruption, starting with present day values of
143Nd/144Nd = 0.512638 and 176Hf/177Hf = 0.282772 for chondritic
uniform reservoir (CHUR; Jacobsen and Wasserburg, 1980; Blichert-
Toft and Albarède, 1997).

NWHR basalts analyzed in this study were age corrected to account
for in situ radiogenic decay since the time of eruption. Sr, Nd, and Hf
isotope ratios were age-corrected based on the parent and daughter
element concentrations measured in unleached NWHR basalts powders.
For age-correction of Pb isotope ratios the method of Nobre Silva et al.
(2013b) that corrects potentially altered U concentrations measured in
unleached sample powders to canonical ratio values of Th/U was em-
ployed (see Harrison et al., 2017 for a detailed discussion of the
method). This method corrects altered U concentrations to the average
Th/U ratio of Hawaiian shield or postshield and rejuvenated basalts
assuming Th is immobile during secondary alteration (Nobre Silva
et al., 2013b). A Th/U = 3 [n = 294] was used to correct shield basalts
and a Th/U = 4 [n = 217] was used for postshield and rejuvenated
basalts (Harrison et al., 2017); both Th/U ratios are very similar to the
Th/U ratio of global OIB (O’Nions and McKenzie, 1993). This age
correction technique was also applied to literature Emperor Seamount
Pb isotope data (Regelous et al., 2003; Frey et al., 2005; Huang et al.,
2005a), and provides a better approximation of the erupted U con-
centrations than in previous studies that used the measured U con-
centration in leached sample powders, a procedure that tends to leach
elements incongruently and results in non-reproducible parent isotope
concentrations (Regelous et al., 2003; Huang et al., 2005a; Shafer et al.,
2005; Hanano et al., 2009; Nobre Silva et al., 2009). Applying this
modified age correction technique has significantly reduced the scatter
in Emperor Seamount Pb isotope data, allowing for a finer interpreta-
tion of Emperor Seamount mantle sources.

In order to compare new NWHR analyses with existing data, a da-
tabase of isotopic compositions and trace and major element con-
centrations was compiled for Hawaiian Island and Emperor Seamount
shield and rejuvenated basalts (GeoRoc Geochemical Database: geor-
oc.mpch-mainz.gwdg.de/georoc). EPR MORB data was downloaded
from the petrological database of the Ocean Floor (PetDB: http://www.
petdb.org) and Pacific Mesozoic and Cretaceous MORB data from
Pacific oceanic crust drill cores of the targeted age ranges were com-
piled from the following sources: Janney and Castillo (1997); Sano and
Hayasaka (2004); Brandl et al. (2013), and Heydolph et al. (2014).
Oceanic islands with documented occurrences of rejuvenated volcanism
were also downloaded and sorted based on volcanic stage. All compiled
isotopic data was normalized to the same isotopic standard values to

5All isotope ratios are age corrected to account for radiogenic decay since the time of eruption. For Pb isotope ratios, the measured Th/U ratio is corrected to a Th/U
value of 4 (average Th/U of the mantle, all OIB, and average of Hawaiian Island postshield basalts) based on the assumption of U mobility only. These adjusted U
concentrations are then used to age correct measured Pb isotopic ratios, correcting for secondary alteration.
6εNd and εHf are calculated using both sample and CHUR values corrected for the age of eruption, starting with present day values of 143Nd/144Nd = 0.512638 and
176Hf/177Hf = 0.282772 for chondritic uniform reservoir.
m,im designates the measured isotope ratio and i designates the age-corrected isotope ratio.
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ensure comparability and a coherent dataset (Weis et al., 2011). Nd
isotopes are normalized to a 143Nd/144Nd La Jolla value of 0.511858; Sr
isotopes to a 87Sr/86Sr SRM 987 value of 0.710248; Hf to a 176Hf/177Hf
JMC 475 value of 0.282160; and Pb isotopes to a SRM 981 values of
16.9405 for 206Pb/204Pb, 15.4963 for 207Pb/204Pb, and 36.7219 for
208Pb/204Pb (Weis et al., 2005, 2006, 2007).

5. Results

5.1. Major and trace elements of NWHR rejuvenated basalts

The composition of rejuvenated basalts from the Northwest
Hawaiian Ridge varies from basanite to alkali basalt (Fig. 1 inset). The
concentration of MgO is between 10–14 wt%, within the range ob-
served in Hawaiian Island rejuvenated basalts (MgO concentrations
5.6–15 wt%; e.g., Clague and Frey, 1982; Garcia et al., 2016). Samples
from Brooks Bank, Gardner, and Middle Bank consistently overlap with
Hawaiian Island rejuvenated basalts with low SiO2 and Zr and high
P2O5, Nb, Sr, and Ba (Figs. 3, 4). Middle Bank exhibits the greatest
enrichments of highly incompatible trace elements and are likely the

result of the low degrees of partial melting (Figs. 3, 4).
As observed on the Hawaiian Islands, rejuvenated basalts of the

NWHR are more enriched in incompatible trace elements than their
corresponding shield-stage (Gardner and Middle Bank are NWHR vol-
canoes where samples from both the shield and rejuvenated volcanic
stages were recovered; Figs. 2–5). The distinctive elemental con-
centrations of HREE, Hf, Nb, and Sr of the Hawaiian rejuvenated basalts
have been interpreted as a result of the presence of residual phlogopite,
garnet, and Fe-Ti oxides in the mantle source (Clague and Frey, 1982;
Yang et al., 2003; Clague et al., 2016). Highly refractory elements Ti,
Zr, Hf, Nb, and Ta are depleted relative to elements of similar in-
compatibility in many NWHR rejuvenated samples, as has been also
observed in the Honolulu Volcanics (Clague and Frey, 1982). Scandium
concentrations are high, comparable to Ka‘ula rejuvenated basalts,
suggesting absent or minor clinopyroxene fractionation in NWHR re-
juvenated basalts (Cousens and Clague, 2015; Garcia et al., 2016).
NWHR rejuvenated basalts have higher Nb/Y, (La/Sm)PM, (Th/Ce)PM,
and (La/Yb)PM with lower Sr/Nb and Zr/Nb than Hawaiian shield ba-
salts (Figs. 2, 5).

Fig. 3. MgO variation plots of selected NWHR rejuvenated basalt major and minor elements.
The fields and data sources for the Hawaiian Islands are the same as in Fig. 1 and EPR MORB data is the same as in Fig. 2. Mesozoic and Cretaceous MORB data is
from Janney and Castillo (1997); Sano and Hayasaka (2004); Brandl et al. (2013), and Heydolph et al. (2014). The field of Hawaiian Island and NWHR rejuvenated
basalts is different from Emperor Seamount shield basalts, which illustrates the differences in source between the groups.
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Fig. 4. Primitive mantle-normalized extended trace element and chondrite-normalized rare earth element plots of NWHR rejuvenated basalts.
Primitive mantle and chondrite normalizing values are from McDonough and Sun (1995). Hawaiian Island rejuvenated basalts define the light grey field in the
background (data sources are given in Fig. 1) and the dark grey field in the background are Emperor Seamount shield basalts (Regelous et al., 2003; Huang et al.,
2005a). The black line is the average of all EPR MORB, downloaded from the Petrological Database website (www.earthchem.org/petdb) on February 21, 2017.
Element incompatibility increases towards the left.

Fig. 5. Trace element ratio variation plots of NWHR rejuvenated basalts.
Primitive mantle-normalized trace element ratios of (a) Zr/Nb, (b) La/Sm, (c) La/Yb, and (d) Th/Ce versus 87Sr/86Sr. NWHR rejuvenated basalts and the oldest
Emperor Seamount shield basalts form arrays in diverging directions from Hawaiian Island shield basalts in plots a-d, indicating different depleted components for
each group. The Emperor Seamounts overlap with EPR MORB compositions, and the NWHR rejuvenated basalts trend in the opposite direction from EPR MORB
compositions. The fields and data sources for the Hawaiian Islands are the same as in Fig. 1 and EPR MORB and Emperor Seamount data sources are the same as in
Fig. 2. Mesozoic MORB data is from Sano and Hayasaka (2004) and Brandl et al. (2013). All Sr isotope ratios are re-normalized to the same standard values.
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5.2. Pb-Hf-Nd-Sr isotopic compositions of NWHR rejuvenated basalts

New NWHR isotopic data extends the range of Hf isotopic compo-
sitions found in Hawaiian rejuvenated basalts to the highest values ever
observed (up to 15.4 epsilon Hf at Gardner) (Figs. 6, 8 and 9). High Hf
isotopic compositions occur at Gardner and Brooks Bank, two of the
locations where magmatic flux is the highest along the NWHR (Van Ark
and Lin, 2004; Vidal and Bonneville, 2004; Wessel, 2016). Rejuvenated
NWHR basalts overlap in Sr and Nd isotopes with Hawaiian Island re-
juvenated basalts (i.e., generally high in 143Nd/144Nd and low in
87Sr/86Sr) (Figs. 6, 8). These basalts also present depleted, Hawaiian
Island rejuvenated-like isotopic signatures, with Middle Bank exhibiting
the most depleted 87Sr/86Sr signatures (∼0.70302; Figs. 6, 7). In a
208Pb/204Pb-206Pb/204Pb isotope plot, rejuvenated basalts all plot on
the Kea side of the Abouchami et al. (2005) Loa-Kea divide line in the
same field as all Hawaiian Island rejuvenated basalts (Fig. 7b; Frey
et al., 1994, 2005; Roden et al., 1994; Lassiter et al., 2000; Tagami

Fig. 6. Nd, Sr, and Hf isotope compositions of NWHR rejuvenated basalts.
(a) Epsilon Hf versus 87Sr/86Sr (b) Epsilon Nd versus 87Sr/86Sr. Two SE error
bars on new NWHR analyses are smaller than data points. Inset figures (c)
shows the 87Sr/86Sr of EPR MORB (dark grey field), Emperor Seamount shield
basalts (Emp. Sea. Shields, orange field), Hawaiian Island rejuvenated basalts
(HI Rej., light grey field), NWHR rejuvenated basalts (NWHR Rej., yellow field),
NWHR shield basalts (NWHR shields, dark blue field), and Hawaiian Island
shield basalts (HI Shields, light blue field). Inset figure (d) is a zoomed in scale
of inset figure (c) showing Emperor Seamount shield basalts, NWHR re-
juvenated basalts, and Hawaiian Island rejuvenated basalts only. The fields and
data sources for the Hawaiian Islands are the same as in Fig. 1 and EPR MORB
and Emperor Seamount data is the same as in Fig. 2; all isotopic data is nor-
malized to the same isotope standard values. In addition to normalized EPR
MORB data (grey plus symbols), the field for EPR MORB data age corrected to
80 million years is shown by the dashed black line as an approximation of the
same mantle source at the time of the formation of the oldest Emperor Sea-
mounts. For reference the four Hawaiian end-member components are shown
by white circles (DMK, EMK, Lō‘ihi, Tanaka et al., 2002, 2008; KEA, Harrison
and Weis, 2018). Mesozoic and Cretaceous MORB data is normalized to the
same isotopic standards and is from Janney and Castillo (1997); Sano and
Hayasaka (2004); Brandl et al. (2013), and Heydolph et al. (2014). Blue dia-
monds show recent leached isotopic analyses of NWHR basalts (Harrison et al.,
2017; Harrison and Weis, 2018) while white diamonds with a black outline
designate older leached (Regelous et al., 2003) and unleached (Lanphere et al.,
1980; Basu and Faggart, 1996) NWHR isotope analyses.

Fig. 7. Pb and Sr isotopic compositions of NWHR rejuvenated basalts.
(a) 87Sr/86Sr versus 206Pb/204Pb (b) 208Pb/204Pb versus 206Pb/204Pb. The black
line is the Loa-Kea boundary from Abouchami et al. (2005). Two SE error bars
on new NWHR analyses are smaller than data points. Figure data sources and
symbols are the same as in Fig. 6; all isotopic data is normalized to the same
standard values.
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et al., 2003; Yang et al., 2003; Fekiacova et al., 2007; Dixon et al., 2008;
Garcia et al., 2010, 2016; Cousens and Clague, 2015; Clague et al.,
2016; Béguelin et al., 2019). The isotopic composition of NWHR re-
juvenated basalts is indistinguishable from Hawaiian Island rejuvenated
basalts and requires the presence of a rejuvenated component with a
consistent composition for at least 12.5 million years.

5.3. The composition of Cretaceous Emperor Seamounts

Geochemically, the older Emperor Seamounts (e.g., Detroit, Meiji,
and Suiko, 81-65 Ma) define a continuum between EPR MORB com-
positions and Hawaiian “plume-signature” composition as defined by
the Hawaiian Islands and NWHR shield-stage basalts (Figs. 2, 5–7, 9).
The younger Emperor Seamounts (e.g., Ojin and Koko) plot in the field
defined by shield-stage basalts from the NWHR and Hawaiian Islands.
Strontium isotopic ratios of the Cretaceous Emperor Seamounts are
unradiogenic with values that are close to the average of global MORB;
values become more radiogenic to the south for the younger Emperor
Seamounts (Figs. 6, 7a, 8 c) (Keller et al., 2000; Regelous et al., 2003;
Frey et al., 2005; Huang et al., 2005a; Gale et al., 2013). Shield and

postshield samples from Meiji and Detroit Seamounts show the most
depleted 87Sr/86Sr isotopic ratios measured along the Hawaiian-Em-
peror chain (Regelous et al., 2003; Frey et al., 2005; Huang et al.,
2005a). Generally, Emperor Seamount basalts plot between the fields
defined by Cenozoic Hawaiian lavas and the NWHR as a group and East
Pacific Rise MORB in epsilon Nd, 87Sr/86Sr, 206Pb/204Pb, and epsilon Hf
(Figs. 6–8). In He isotopic signature, Detroit samples overlap with
MORB values (average 3He/4He of Detroit = 9.77 ± 1.75 RA vs.
average MORB is 8 ± 1 RA), whereas the younger Emperor Seamounts,
Suiko and Koko, reach much higher, plume-like He isotopic composi-
tions (3He/4He from 18 to 24 RA; Keller et al., 2004; Broadley et al.,
2018). The composition of halogens in Emperor Seamount basalts fol-
lows the same trend with Detroit Seamount Br/Cl and I/Cl ratios similar
to MORB whereas Suiko and Koko have higher ratios indicative of an
addition of altered oceanic crust (Broadley et al., 2018). The MORB-like
He isotope ratios and depleted incompatible and halogen element
concentrations of the Cretaceous Emperor Seamounts are consistent
with a plume-ridge interaction (e.g., White, 2015a, 2015b and refer-
ences therein).

Fig. 8. Isotopes versus distance from Kīlauea for the Hawaiian-Emperor chain.
(a) 208Pb*/206Pb* (b) epsilon Hf (c) 87Sr/86Sr (d) epsilon Nd versus distance from Kīlauea (a proxy for age). Two SE error bars on new NWHR analyses are smaller
than data points. Figure data sources and symbols are the same as in Fig. 6; all isotopic data is normalized to the same standard values. The black circle is the average
of EPR MORB with 2 standard deviation error bars.
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6. Discussion

All Emperor Seamount basalts have Kea-like Nd isotopic signature
regardless of volcanic stage, and Sr, Pb, and Hf isotopic ratios that are
more depleted than those of the Kea component (Keller et al., 2000;
Regelous et al., 2003; Frey et al., 2005; Huang et al., 2005a; Shafer
et al., 2005; Tanaka et al., 2008). The Loa trend is ephemerally present
in shield-stage samples along the NWHR (Harrison et al., 2017;
Harrison and Weis, 2018), and a greater volume of shield basalts from
the Hawaiian Islands belong to the Loa trend than the Kea trend (Weis
et al., 2019). Some Emperor Seamount basalts have anomalously low
87Sr/86Sr isotopic ratios, moderate to high 143Nd/144Nd isotope ratios,
and low abundances of incompatible trace elements relative to shield
basalts from the Hawaiian Island (Fig. 4; Keller et al., 2000; Regelous
et al., 2003; Frey et al., 2005; Huang et al., 2005a). The distinct isotopic
characteristics of the Emperor Seamounts were previously explained by
their formation on thinner, younger lithosphere that allowed for greater
degrees of melting of a refractory, more depleted plume component
(Regelous et al., 2003; Frey et al., 2005; Huang et al., 2005a). The
depleted component was proposed to be intrinsic to the plume, and the
same as in the source of Hawaiian Island rejuvenated basalts (Frey
et al., 2005; Huang et al., 2005a). An alternative explanation for the
depleted component in Emperor Seamount basalts was a plume-ridge
interaction that resulted in mixing of upper depleted mantle with Ha-
waiian plume melts (Keller et al., 2000). This interpretation requires
the presence of a different depleted component than the one present in
the source of Hawaiian rejuvenated basalts. The geochemical signature
of depleted sources present in Hawaiian basalts are compared below,
with implications for source evolution of the entire Hawaiian-Emperor
chain and the origin of Hawaiian rejuvenated basalts.

6.1. NWHR rejuvenated basalts: a homogeneous rejuvenated component
over ∼12.5 Myr

NWHR rejuvenated basalts define a limited range in isotopic sig-
nature relative to the observed range for Hawaiian shield-stage basalts.
This composition is present for at least ∼12.5 Myr, as it overlaps with
those observed in Hawaiian Island rejuvenated basalts which them-
selves define the most limited range of variation in isotopic signature of
any Hawaiian volcanic stage (Clague and Frey, 1982; Garcia et al.,
1987; Lassiter et al., 2000; Tagami et al., 2003; Frey et al., 2005; Xu
et al., 2005, 2007; Fekiacova et al., 2007; Dixon et al., 2008; Garcia
et al., 2010, 2016; Cousens and Clague, 2015; Béguelin et al., 2019).
Lavas as old as ∼38.7 Ma have been attributed to the rejuvenated stage
on the basis of their major and trace element composition (Duncan and
Clague, 1984; Sharp and Clague, 2006a, 2006b; Garcia et al., 2015). If
these lavas are confirmed to have isotopic signatures consistent with
those of younger Hawaiian rejuvenated lavas, the presence of this de-
pleted composition would be extended to almost 40 Ma. The con-
sistency of the rejuvenated basalt composition is notable considering
the relative changes in shield-stage compositions over the same time
period (Basu and Faggart, 1996; Harrison et al., 2017; Harrison and
Weis, 2018). The Loa geochemical composition is observed in shield-
stage basalts of the NWHR for the first time at Daikakuji (∼47 Ma) and
in increasing amounts towards the younger end of the ridge southeast of
Midway (Regelous et al., 2003; Harrison et al., 2017; Harrison and
Weis, 2018). Regardless of when the Loa geochemical composition ar-
rived along the NWHR during the shield volcanic stage, NWHR re-
juvenated volcanism is consistent in isotopic composition, independent
of the composition of the shield-stage Loa (e.g., Middle Bank) and Kea
(e.g., Gardner, Brooks Bank) volcanoes. This suggests that the source
component of these rejuvenated basalts is not directly related to the
shield-stage source. Similarly, on the Hawaiian Islands, Loa trend (e.g.,

Fig. 9. Nd and Hf isotopic variation of NWHR rejuvenated basalts.
(a) Epsilon Hf versus epsilon Nd. The Hawaiian and NWHR arrays are from Harrison and Weis (2018), and the OIB array is from Blichert-Toft et al. (1999). Two SE
error bars on new analyses are smaller than data points. In addition to normalized EPR MORB data (grey plus symbols), the field for EPR MORB data age corrected to
80 million years is shown by the dashed black line as an approximation of the same mantle source at the time of the formation of the oldest Emperor Seamounts. For
reference the four Hawaiian end-member components are shown by white circles (DMK, EMK, Lō‘ihi, Tanaka et al., 2002, 2008; KEA, Harrison and Weis, 2018). (b)
Epsilon Hf versus epsilon Nd of Hawaiian xenoliths, which exhibit very high epsilon Hf values (yellow circles; note the same scale for epsilon Nd as figure a and the
expanded scale for epsilon Hf). The blue field is Hawaiian shields and the grey field is Hawaiian rejuvenated basalts. Hawaiian xenolith data is from Frey et al., 2005;
Bizimis et al., 2003, 2005, 2007. Figure data sources and symbols are the same as in Fig. 6; all isotopic data is normalized to the same standard values.
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Ko‘olau, Kaua‘i) and Kea trend (e.g., Ni‘ihau, East Moloka‘i, West Maui)
volcanoes erupt rejuvenated basalt of a consistent composition within
the limited range of isotopic composition defined by the rejuvenated
volcanic stage relative to other Hawaiian volcanic stages (Frey et al.,
1994, 2005; Roden et al., 1994; Lassiter et al., 2000; Tagami et al.,
2003; Yang et al., 2003; Fekiacova et al., 2007; Dixon et al., 2008;
Garcia et al., 2010, 2016; Cousens and Clague, 2015; and Clague et al.,
2016). It is important to note that published literature on the isotopic
variation in Hawaiian Island shield-stage basalts has proposed the
participation of a depleted component in order to describe the variation
observed in Kaua‘i shield basalts (expanded to other Hawaiian volca-
noes based on a statistical analysis), Ko‘olau shild drillcore samples, and
an anomalous 50 m long section of isotopically depleted basalts from
Mauna Kea drilled during the Hawaii Scientific Drilling Project (HSDP;
Mukhopadhyay et al., 2003; Salters et al., 2006; Tanaka et al., 2008;
DeFelice et al., 2019). The shield stage of Hawaiian volcanoes is gen-
erated through considerably more melting and record a much larger
range of isotopic variation than the rejuvenated stage; it is possible that
the depleted component is ubiquitous in the mantle and mostly un-
observed due to its refractory nature and dilution by more fusible
components (Frey et al., 2005; Malaviarachchi et al., 2008; Salters
et al., 2011; Byerly and Lassiter, 2014; Mougel et al., 2014, 2015;
Sanfilippo et al., 2019). Nevertheless, rejuvenated basalts represent less
than one percent of the volume of a Hawaiian volcano (Clague and
Sherrod, 2014) and the consistency of the composition of these lavas at
such low amounts of melt generation is surprising given that small
degrees of melting are typically associated with sampling more het-
erogeneity in the Hawaiian mantle plume rather than less (Fig. 10).

6.2. Multiple Hawaiian depleted components

The composition of Hawaiian rejuvenated lavas appears to be re-
latively isotopically homogeneous during the duration they are ob-
served along the Hawaiian-Emperor chain, but there are other instances
when depleted compositions appear in Hawaiian lavas. These poten-
tially different depleted components that participate in Hawaiian vol-
canism can be distinguished using diagnostic trace element ratios. For
example, Sr/Nb and Zr/Nb are insensitive to differentiation processes
unless plagioclase is involved (Frey and Rhodes, 1993) and the similar
incompatibilities of Sr and Nd imply they will not fractionate sig-
nificantly during partial melting (Figs. 2, 5). Hawaiian Island and
NWHR shield-stage basalts define the field of the Hawaiian plume
source in these plots (shown by the blue shaded field) and Hawaiian
Island rejuvenated basalts and EPR MORB define the two possible de-
pleted components that may contribute to the source of NWHR re-
juvenated basalts. In all of these plots, the oldest Emperor Seamounts
(Meiji and Detroit) partly overlap with the EPR MORB field while Ha-
waiian rejuvenated basalts and NWHR rejuvenated basalts trend in the
opposite direction (Figs. 2, 5). The lower Nb and Sr of Emperor Sea-
mount basalts yield higher Zr/Nb and Sr/Nb (Fig. 2), whereas Hawaiian
rejuvenated basalts are distinctively low in Zr/Nb and high in LREE,
(Th/Ce)PM, and (Zr/Nb)PM ratios (Figs. 2, 5).

In Fig. 2b the Hawaiian Islands, NWHR, and Emperor Seamounts
define a trend between the fields of EPR MORB and that of Hawaiian
shield basalts. This relationship is also observed in other oceanic island
settings with documented plume-ridge interactions such as Iceland, the
Galápagos, the Red Sea and Red Sea Islands, Kerguelen and the Nine-
tyeast Ridge, Easter Island and the East Pacific Rise, Bouvet Island and
the South America-Antarctic Ridge, Jan Mayen and the Kolbeinsey
Ridge, and Tristan-Gough Island and the Mid-Atlantic Ridge (Kingsley
and Schilling, 1998; Murton et al., 2002; Pearce, 2008; Harpp et al.,
2014). NWHR and Hawaiian rejuvenated basalts, conversely, plot in a
separate field (Fig. 2b), indicating both differences in degree of partial
melting (TiO2, Y, and Yb concentrations) and differences in source (Nb
and Zr concentrations; Fitton et al., 1997; Pearce, 2008). This suggests
that Emperor Seamount and rejuvenated basalts have both different

sources and degrees of partial melting.

6.3. The depleted mantle component in Cretaceous Emperor Seamounts

Unradiogenic Pb isotope ratios of Detroit basalts do not overlap with
EPR MORB compositions, which was formerly interpreted to indicate
that a depleted MORB component is not present in the mantle source of
the old Emperor Seamounts (Frey et al., 2005; Huang et al., 2005a).

(caption on next page)
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However, recent studies of the geochemical composition of a greater
spatial coverage of the East Pacific Rise shows considerably more het-
erogeneity than was previously known (e.g., Mallick et al., 2019). In
addition to the unradiogenic Pb observed at the Garrett Transform Fault
of the EPR (206Pb/204Pb<17.462), low 206Pb/204Pb was noted be-
tween 15°37′N and 15°47′N where the Mathematician Seamounts cross
the EPR, and in isolated samples scattered along the entire strike of the
EPR (Wendt et al., 1999; Mougel et al., 2014, 2015; Mallick et al.,
2019). Furthermore, Mesozoic MORB is a more plausible end-member
for Emperor Seamount basalts than EPR MORB because the Hawaiian
mantle plume may have been interacting with the Kula-Pacific-Izanagi
spreading ridge system at around 70 Ma (Fig. 11; Mammerickx and
Sharman, 1988; Caplan-Auerbach et al., 2000; Cottrell and Tarduno,
2003; Norton, 2007; Miyazaki et al., 2015). Mesozoic MORB is more
depleted than modern Pacific MORB in isotopic and trace element
composition because it represents the Pacific upper mantle before the
mid-Cretaceous magmatic event injected heterogeneous, plume-derived
material into the Pacific upper mantle (Janney and Castillo, 1997;
Miyazaki et al., 2015).

The oldest Emperor Seamounts were erupted near the Kula-Pacific
and Pacific-Izanagi mid-ocean ridges, fast spreading ridges (estimated
at 18 cm/year for the Kula-Pacific; Sleep, 2007) active between ∼75-81
million years (Fig. 11; Lonsdale et al., 1993; Norton, 2007; Wright
et al., 2016). Recent plate reconstructions place the Hawaiian mantle
plume near the active Kula—Pacific mid-ocean ridge during emplace-
ment of Meiji, which is best estimated as older than Detroit Seamount
(> 81 Ma; Keller et al., 1995; Müller et al., 2016; Wright et al., 2016).
The location of Kula—Pacific spreading is contentious; it likely started
in the west-east direction at the Chinook Trough and was most active at
∼80 Ma (Fig. 11; Woods and Davies, 1982; Lonsdale, 1988;
Mammerickx and Sharman, 1988; Atwater et al., 1993; Wright et al.,
2016; MacLeod et al., 2017). The Emperor Trough has also been
identified as a potential failed rift that would have been active at this
time (Woods and Davies, 1982; MacLeod et al., 2017). Chinook Trough
spreading (i.e., the east-west oriented Kula—Pacific mid-ocean ridge at
the southern edge of the Kula Plate) had ceased by ∼79 Ma, after the
emplacement of Detroit (Mammerickx and Sharman, 1988). Active
north-south oriented Kula-Pacific mid-ocean ridge spreading moves
farther from the Hawaiian plume as the section from Jimmu to Suiko is
erupted, resulting in the more plume-like geochemical signature of
Emperor Seamount basalts with time until spreading at the Kula—Pa-
cific ridge ceased by ∼41 Ma (Fig. 11; Lonsdale, 1988).

Initiation of plumes and mid-ocean ridges may be associated in time

and space, which has been used to suggest that mid-ocean ridges tend to
“jump” towards plumes and that plumes tend to “flow” towards ridges,
even against the direction of plate motion (Ito et al., 2003; Mittelstaedt
and Ito, 2005; Taylor, 2006; Verzhbitskii et al., 2006; Janney and
Castillo, 1997; Kingsley et al., 2007; Konter and Jackson, 2012;
Geldmacher et al., 2013; Heydolph et al., 2014; Le Saout et al., 2014;
Whittaker et al., 2015). Globally, there is evidence that hot material
flows between ridges and plumes (Schilling, 1991; Dalton et al., 2014;
Whittaker et al., 2015), evidenced by the volcanic lineaments that
connect mid-ocean ridges and plumes (Small, 1995; Dyment, 1998;
Weis and Frey, 2002; Kopp et al., 2003; Mittelstaedt and Ito, 2005;
Vlastélic and Dosso, 2005; Kingsley et al., 2007; Harpp et al., 2014). In
addition, MORB erupted near the estimated prior locations of plumes
are geochemically more enriched than N-MORB (hence E-MORB;
Schilling et al., 1983; Hofmann, 2014) and the associated plume sea-
mounts are more depleted, reflecting mutual interaction (Wendt et al.,
1999; Mittelstaedt and Ito, 2005; Janney and Castillo, 1997; Kingsley
et al., 2007; Konter and Jackson, 2012; Geldmacher et al., 2013; Le
Saout et al., 2014; Mougel et al., 2014, 2015). The isotopic and trace
element systematics of the Cretaceous Emperor Seamounts record sig-
natures of interaction with a mid-ocean ridge, and are very plausibly a
result of plume-ridge interaction of the Hawaiian plume with the Kula-
Pacific-Izanagi spreading ridge system (Keller et al., 2000).

6.4. The depleted mantle component in Hawaiian rejuvenated magmatism

The unique composition of Hawaiian rejuvenated basalts is attrib-
uted to the presence of distinctive compositional components in the
mantle source along with dynamic mechanisms that are specific to the
rejuvenated volcanic stage. Proposed explanations for the genesis of
Hawaiian rejuvenated basalts include melting the lithosphere currently
underneath Hawaiian volcanoes (Chen and Frey, 1983; Chen et al.,
1990, 1991), a depleted MORB source recently metasomatized by Ha-
waiian plume melts (Chen and Frey, 1983, 1985; Feigenson, 1984;
Clague and Dalrymple, 1987; Yang et al., 2003), mixing between low
degree melts from the plume and a MORB source (Roden et al., 1984;
Reiners and Nelson, 1998; Dixon et al., 2008; Béguelin et al., 2019),
secondary melting of plume stem material as the result of secondary
uplift of asthenosphere from flexure of the lithosphere under the weight
of the currently building shield (Ribe and Christensen, 1999; Bianco
et al., 2005), an entrained upper (Lassiter et al., 2000; Fekiacova et al.,
2007) or lower (Hofmann and Farnetani, 2013) mantle sheath on the
exterior of the Hawaiian mantle plume; melting of pyroxenite on the
edges of the plume (Ballmer et al., 2011; Garcia et al., 2016); or a
depleted plume matrix that does not contribute appreciably, or is
overwhelmed by, the isotopic and trace element characteristics of the
more enriched components (Frey et al., 2005).

There are several lines of evidence that suggest that the depleted
component in rejuvenated basalts does not originate from melting of
previously melted Hawaiian plume components that have not been
metasomatized subsequent to shield and postshield melting and prior to
rejuvenated melting. First, the highly incompatible trace element con-
centrations of rejuvenated basalts coupled with their depleted isotopic
signature (e.g., high Hf and Nd isotope ratios coupled with low Sr
isotope ratios) cannot be reconciled by re-melting of the shield-stage
source (Clague and Frey, 1982; Feigenson, 1984; Yang et al., 2003;
Fekiacova et al., 2007; Garcia et al., 2010). Second, postshield basalts
are thought to represent the continued melting of the Hawaiian plume
shield-stage source (Hanano et al., 2010; Béguelin et al., 2019). The
limited range of isotopic composition in rejuvenated basalts compared
to postshield basalts suggests that rejuvenated basalts are not formed by
re-melting of the same mantle source. Third, rejuvenated basalts exhibit
high volatile concentrations, strong evidence that their source has not
been depleted by previous melting during the shield and postshield
volcanic stages (Frey et al., 2000; Dixon et al., 2008; Hofmann and
Farnetani, 2013). Finally, the highly alkalic composition of rejuvenated

Fig. 10. Isotopic ratios versus primitive mantle-normalized La/Yb for the
Hawaiian-Emperor chain.
(a) epsilon Nd (b) 208Pb*/206Pb* (c) epsilon Hf versus primitive mantle-nor-
malized La/Yb (normalizing values from McDonough and Sun, 1995; refer to
Fig. 5d for 87Sr/86Sr versus La/Yb). Two SE error bars on new NWHR analyses
are smaller than data points. Aside from enriched Loa Hawaiian shield basalts
(e.g., West Ka‘ena, Ko‘olau, Lāna‘i, Kaho‘olawe), all Hawaiian Island and
NWHR basalts (e.g., preshield, shield, postshield, rejuvenated) plot within a
limited isotopic range. This is regardless of variations in the degree of melting
(approximated by the La/Yb ratio; a higher La/Yb indicates lower degrees of
partial melting; Hofmann and Farnetani, 2013). EPR MORB plots outside of the
Hawaiian plume-derived isotopic range because it has a different mantle source
that does not participate in Hawaiian volcanism (Schilling et al., 1983;
Schilling, 1991; Hofmann, 2014). Also outside of the Hawaiian plume range are
the oldest Emperor Seamounts, a result of differences in source of Emperor
Seamount basalts (e.g., interaction with a mid-ocean ridge) from purely plume-
derived basalts. The fields and data sources for the Hawaiian Islands are the
same as in Fig. 1 and EPR MORB and Emperor Seamount data is the same as in
Fig. 2. References for Hawaiian Island postshield data are from Feigenson et al.,
1983; Chen et al., 1990, 1991; Frey et al., 1990; Blichert-Toft et al., 1999;
Stracke et al., 1999; Cousens et al., 2003; Xu et al., 2005, 2007; Garcia et al.,
2010; Greene et al., 2010; Hanano et al., 2010; and Cousens and Clague, 2015.
All isotopic data is normalized to the same standard values.
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basalts and mostly MgO rich (> 10 wt% MgO) cannot be produced by
fractionation of shield or postshield composition magmas, and instead
requires a different source (Feigenson, 1984; Clague and Frey, 1982).
The mantle plume edges represent the best candidates for a pure re-
juvenated source because: 1) rejuvenated basalts are typically produced
after the volcano has moved hundreds of kilometers away from the
active plume stem (Duncan et al., 1994; White and Duncan, 1996;
Sherrod et al., 2007); 2) the lower temperatures of the plume edge

allow the low degrees of melting required by forward modeling of re-
juvenated basalt trace and major element concentrations (Garcia et al.,
2010); and 3) dynamic models have shown that margins of the plume
are likely the main region of rejuvenated-stage melting (Hofmann and
Farnetani, 2013). Thus, it is plausible that rejuvenated basalts originate
from the edge of the Hawaiian mantle plume by melting mantle ma-
terial that did not participate in either shield or postshield volcanism.
Mantle material that meets the above requirements is entrained

Fig. 11. Plate Organization During Emperor Seamount Emplacement.
This figure is modified from Wright et al., 2016 and presents their plate reconstruction of the circum-Pacific region during Late Cretaceous and Early Cenozoic based
upon recent, better resolution fracture zone traces, magnetic lineations, and new satellite bathymetry. The grey “plate” in the center of the diagrams represents
presently preserved oceanic crust and is a part of the Pacific Plate. The black line represents the current location of the Hawaiian-Emperor chain, and the white dots
that appear on this line represent the extent of Emperor Seamounts that existed at the time period in each panel. The inset figure is a generalized map of the Emperor
Seamounts traced from the 2-minute Gridded Global Relief Data ETOPO2v2 satellite altimetry dataset (U.S. Department of Commerce, National Oceanic and
Atmospheric Administration, National Geophysical Data Center, 2006; downloaded March 2014). Ages for the Emperor Seamounts are as follows: 1 – Keller et al.,
1995; 2 – Clague and Dalrymple, 1987; 3 – O’Connor et al., 2013. (a) Chron 34, or ∼83 Ma. According to this reconstruction, Meiji was erupted near the active
Kula—Pacific mid-ocean ridge. Meiji has never been accurately dated and is best estimated as older than Detroit Seamount (> 81 Ma; Keller et al., 1995). It is
possible that there were older Hawaiian volcanoes than Meiji that have since been either accreted to Kamchatka or subducted in the Kamchatka trench (Portnyagin
et al., 2008). The location of Kula—Pacific spreading is contentious; it likely started in the west-east direction at the Chinook Trough (abbreviated at CT; Lonsdale,
1988; Mammerickx and Sharman, 1988; Atwater et al., 1993; Wright et al., 2016; MacLeod et al., 2017). The Emperor Trough (abbreviated as ET) is either a proposed
failed rift or a transform fault (i.e., not identified as a full-fledged spreading ridge in the extinct-ridge analysis by MacLeod et al., 2017). Potential rifting was most
active during initiation of the Kula—Pacific spreading ridge at ∼80 Ma (Woods and Davies, 1982). (b) Chron 33old or 79.1 Ma; the emplacement of the Cretaceous
Emperor Seamounts (i.e., Detroit, Hanzi, Suizei, Tenji) were also erupted near the Kula—Pacific mid-ocean ridge; it has been proposed that Chinook Trough
spreading (i.e., the east-west oriented Kula—Pacific mid-ocean ridge at the southern edge of the Kula Plate) had ceased by ∼79 Ma, after the emplacement of Detroit
(Mammerickx and Sharman, 1988). (c) Chron 31young or 67.7 Ma; active mid-ocean ridge spreading is farther from the Hawaiian plume as the section from Jimmu
to Suiko is erupted, resulting in more plume-like geochemical signature of Suiko basalts. (d) Chron 27old or 61.3 Ma; the active Hawaiian mantle plume is located
still farther from spreading centers. (e) Chron25young or 55.9 Ma; the Izanagi—Pacific mid-ocean ridge subducted; the Hawaiian plume formed Nintoku to Ojin
Seamounts far from active spreading centers. (f) Chron 21old or 47.9Ma; Although it is debated, this is roughly synchronous or directly after the bend in the
Hawaiian-Emperor chain (Dalrymple and Clague, 1976; O’Connor et al., 2013; Sharp and Clague, 2006a, 2006b). All of the Emperor Seamounts are now formed, and
the active plume is located far from active mid-ocean ridge spreading (the Kula—Pacific spreading ridge ceased by ∼41 Ma; Lonsdale, 1988).
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material from either the lower or upper mantle (Farnetani and
Richards, 1995). If the source of rejuvenated basalts is entrained
mantle, can geochemistry distinguish a depleted upper mantle source
from a depleted lower mantle source?

Previous investigation of rejuvenated basalts from Kaua‘i and O‘ahu
eliminated MORB-related lithosphere as a possible source component in
rejuvenated basalts based on Pb isotope systematics of the Kōloa and
Honolulu Volcanics that did not define mixing lines with ODP Site 843
or EPR MORB fields (Fekiacova et al., 2007; Garcia et al., 2010; Hanano
et al., 2010). Data on abyssal peridotites and global MORB samples
however, suggests that the composition of the upper mantle may be
more heterogeneous than previously thought (Warren et al., 2009;
Salters et al., 2011; Stracke et al., 2011; Parai et al., 2012; Sanfilippo
et al., 2019). The upper mantle may store ultra-depleted reservoirs that
are effectively invisible under normal melting conditions and may
change with time and influx of deep plume material, such as with the
progressive enrichment of the Pacific upper mantle during the mid-
Cenozoic magmatic event (Larson, 1991; Janney and Castillo, 1997; Ito
and Clift, 1998; Salters et al., 2011; Byerly and Lassiter, 2014). This
ultra-depleted upper mantle component is characterized by very un-
radiogenic Pb isotope ratios (down to 206Pb/204Pb ∼16.5) and ex-
tremely high Hf (epsilon Hf of 20–40) and Nd (epsilon Nd of 10–20)
isotopic compositions (Malaviarachchi et al., 2008; Salters et al., 2011).
These isotopic compositions are rare because of their extremely re-
fractory nature; these rocks have already been melted at least once,
which fractionated the Lu-Hf from the Sm-Nd isotopic systems as Lu is
retained in mantle garnet while Sm enters the melt (Salters et al.,
2011). Over time, these processes result in oceanic lithosphere with
highly radiogenic Hf isotopic compositions coupled with Nd isotopic
compositions similar to the range observed in MORB. The highly
radiogenic Hf isotope reservoirs are not related to oceanic lithosphere
that melted to create the current Pacific oceanic crust (which has a
maximum age ∼200 Ma), as this lithosphere is not old enough to de-
velop the appropriately radiogenic Hf isotopic compositions (the half-
life of 176Lu to radiogenically decay into 176Hf is roughly 36 Ga; Luo
and Kong, 2006). The high Hf isotopic compositions observed in Ha-
waiian xenoliths from Ka‘ula and O‘ahu (Bizimis et al., 2005, 2007,
2013) and high Hf isotope ratios in NWHR rejuvenated magmatism
(Fig. 9), suggest either that old recycled oceanic lithosphere is present
in the Hawaiian source or that residual, ancient, highly depleted mantle
resides in the Pacific upper mantle. Dynamic modeling of the Hawaiian
and Mauritius plume systems has shown that upper mantle entrained
materials cannot reach temperatures high enough to partially melt
(Ribe and Christensen, 1999; Paul et al., 2005). Therefore, depleted
material with high Hf isotope ratios from recycled oceanic lithosphere
is probably sampled from the lower mantle (Paul et al., 2005; Hofmann
and Farnetani, 2013). The presence of ancient recycled lithosphere in
the Hawaiian plume is supported by Re-depletion ages of two billion
years in O‘ahu peridotite xenoliths (Bizimis et al., 2007), and the low Os
isotope ratios of some Hawaiian basalts (Lassiter and Hauri, 1998).
However, although it is more likely such an old depleted source would
be intrinsic to the plume because it must be centrally located to be
heated enough for melt production, it is possible that this component is
ubiquitous in the mantle and mostly undetected because it infrequently
melts without becoming diluted by more fertile compositions. The
presence of depleted components in the upper mantle are supported by
the extremely depleted major element and 143Nd/144Nd isotope ratios
of abyssal peridotites (Warren et al., 2009; Warren, 2016), high Hf
isotope ratios in some MORB (Liu et al., 2008; Salters et al., 2011), and
melting models that show such depleted components in the upper
mantle can contribute to MORB (Byerly and Lassiter, 2014). However,
linking mantle components to a reservoir in either the upper or lower
mantle is complicated by the inherent uncertainties associated with
estimating the composition of the lower mantle, which has never been
directly sampled.

Evidence for the existence of different depleted sources for

Hawaiian rejuvenated lavas and Cretaceous Emperor Seamount lavas
have been presented above. However, it is important to point out that
these two different sources are likely themselves a result of mixing
between the Hawaiian mantle plume and the upper mantle MORB
source for the Emperor Seamounts, and are potentially a mix of several
mantle lithologies associated with the Hawaiian plume for the re-
juvenated stage. Researchers have suggested that the Hawaiian re-
juvenated component itself is a result of mixing between different
sources, varying degrees of metasomatism from a variety of sources, or
extremely small degrees of melting from a depleted source (Chen and
Frey, 1983, 1985; Feigenson, 1984; Roden et al., 1984; Clague and
Dalrymple, 1987; Reiners and Nelson, 1998; Yang et al., 2003; Dixon
et al., 2008; Béguelin et al., 2019).

Furthermore, the above discussion assumes that the source of
Hawaiian rejuvenated lavas is represented by a mantle component that
is typified by the trace element and isotopic characteristics of erupted
rejuvenated lavas. However, the mechanism of forming rejuvenated
lavas may be complicated by metasomatism, melt-rock mixing, or melt-
melt mixing, which may result in refertilization of a previously melted
mantle source with the high incompatible trace element and high vo-
latile concentrations observed in rejuvenated lavas (Chen and Frey,
1983, 1985; Feigenson, 1984; Roden et al., 1984; Clague and
Dalrymple, 1987; Reiners and Nelson, 1998; Yang et al., 2003; Dixon
et al., 2008; Béguelin et al., 2019). These models could also explain the
unique characteristics of Hawaiian rejuvenated volcanism, although
metasomatism is a highly heterogeneous process that would likely not
produce such homogenous isotopic compositions for ∼12.5 Ma as ob-
served in both NWHR and Hawaiian rejuvenated lavas. Recent ob-
servations of oceanic island melt inclusions with highly depleted Sr and
Nd isotope ratios suggest depleted components are frequently over-
looked because of dilution by even tiny amounts of enriched melts
(Rudge et al., 2013; Genske et al., 2019; Neave et al., 2019; Stracke
et al., 2019). This implies that the presence of depleted mantle com-
ponents may be shielded from observation in most mantle-derived
melts and suggests that the consistent, depleted isotopic composition of
Hawaiian rejuvenated basalts are even more remarkable, especially
considering metasomatic fluids or melts derived from the Hawaiian
plume will carry more enriched isotopic signatures. The debate on the
origin of the depleted component typical of Hawaiian rejuvenated lavas
is still, therefore, unsettled and we suggest the analysis of Sr and Nd
isotopes in melt inclusions of Hawaiian rejuvenated basalts may have
the potential to shed more understanding into the partial melting, melt
mixing, and crystal differentiation processes that create the enigmatic
rejuvenated compositions.

6.5. Hawaiian rejuvenated volcanism compared to other oceanic islands

To generate rejuvenated magmas with depleted isotopic composi-
tions and enriched incompatible trace elements, excess heat must be
retained in areas of the mantle away from the active plume stem and/or
decompression melting initiated downstream of the active plume stem
(Clague and Dalrymple, 1987; Sleep, 1990; Sherrod et al., 2007; Clague
and Sherrod, 2014). The Hawaiian swell may be isostatically uplifted by
the Hawaiian mantle plume itself, causing thermal rejuvenation of the
lower ∼50 km of the lithosphere downstream of the active plume (Li
et al., 2004), and chemical buoyancy due to underplating (Leahy et al.,
2010; Sleep, 1990; Wessel, 2016). This uplift, coupled with the weight
of the shield volcano building downstream, may provide the necessary
critical conditions to produce rejuvenated volcanism as observed along
the NWHR and Hawaiian Islands. Furthermore, both mantle potential
temperature and magmatic flux have generally increased along the
NWHR starting at about Midway (Van Ark and Lin, 2004; Vidal and
Bonneville, 2004; Tree, 2016; Wessel, 2016). Higher magmatic flux and
higher mantle potential temperature will both increase the amount of
heat supplied to the base of the lithosphere and the mass and volume of
Hawaiian volcanoes. Presumably, greater volumes of rejuvenated
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magmatism would be generated under these conditions, suggesting
there may be a relationship between the increase in the Hawaiian
mantle plume flux along the NWHR and the volume of rejuvenated
basalts produced. For example, the Northern Hawaiian Islands, where
magmatic flux increases exponentially (Van Ark and Lin, 2004; Vidal
and Bonneville, 2004; Wessel, 2016), experienced rejuvenated vol-
canism in an unprecedented volume (Holcomb and Robinson, 2004;
Sherrod et al., 2007; Cousens and Clague, 2015). It is also possible that
Hawaiian rejuvenated volcanism is only produced on mature litho-
sphere with sub-lithospheric small-scale convection that develops in
oceanic crust ≥70 Ma (Doin and Fleitout, 1996; Sleep, 2011 and re-
ferences therein). Small-scale convection is a process proposed to be the
major mechanism limiting the thickness of ocean crust, and does so by
upwelling mantle eroding the base of the lithosphere. This potential
erosional topography on the base of the lithosphere may create zones of
greater mantle upwelling and decompression melting away from the
active Hawaiian plume that is not entirely predictable, a similarity with
the occurrences of Hawaiian rejuvenated volcanism (Fig. 1; Ballmer
et al., 2011).

The conditions described above are different between Hawai‘i and
other oceanic islands, where rejuvenated volcanism, if present, may be
caused by a variety of mechanisms and is potentially more difficult to
distinguish from the shield stage because the majority of the lavas
erupted at other OIB locations, regardless of volcanic stage, are alkalic
in composition and may have complex volcanic histories with both
longer durations of volcanism than is typical at a Hawaiian volcano
(typically ∼1 million years for the shield stage) and episodes of post-
shield and rejuvenated volcanism of varying composition and duration
(Garcia et al., 2015; Rodriguez-Gonzalez et al., 2018; Haase et al.,
2019). Rejuvenated volcanic rocks have been observed in Samoa, So-
ciety, the Marquesas, the Canary Islands, and Mauritius (see Fig. 12 and
references in the supplementary information for compiled data). The
evolution from shield to postshield to rejuvenated volcanism on the
Marquesas is marked by an evolution from low to high Sr and Pb iso-
tope compositions, opposite to what is observed in Hawai‘i. This tran-
sition is attributed to greater melt interaction between the weak Mar-
quesas’ plume and the lithosphere (Woodhead, 1992). The Islands of
Samoa erupted rejuvenated basalts that are enriched in trace elements
with depleted lithospheric isotopic compositions. This geochemical
signature was explained by a tectonic, subduction-aided flexural
bending and melting of the lithosphere beneath the island, also very
different from Hawai‘i (Fig. 12; Hawkins and Natland, 1975; Natland,
1980; Hauri and Hart, 1993; Workman et al., 2004; Konter and Jackson,
2012; Jackson et al., 2014; Reinhard et al., 2019). The Canaries have a
significantly longer duration of postshield and rejuvenated volcanism
than Hawai‘i because of the slow moving African plate (< 2 cm/year),
compared to the fast moving Pacific plate (9–10 cm/year; Paris et al.,
2005). Although the Canary Islands are underlain by a mantle plume
that has been seismically imaged to at least mid-mantle depths, the five
million years of post-erosional volcanism on Gran Canaria, producing
significantly evolved lava compositions including phonolites and ig-
nimbrites, are very dissimilar to Hawaiian style rejuvenated volcanism
(Wolff and Palacz, 1989; Cousens et al., 1990, 1993; Hoernle and
Schminke, 1993; Johansen et al., 2005; Montelli et al., 2006). Re-
juvenated volcanism on the Society Islands is remarkably similar to
Hawai‘i with more depleted isotope compositions than previous vol-
canic phases and major and trace element compositions that cannot
result from remelting of the same mantle source as earlier volcanics
(Cheng et al., 1993). Society rejuvenated volcanism is proposed to
originate from an entrained lower mantle sheath because of the trace
element concentrations that are enriched relative to the depleted
mantle, but the small number of analyses of rejuvenated lavas preclude
an in depth analysis (Cheng et al., 1993; White and Duncan, 1996;
Hildenbrand et al., 2004). On Mauritius, the presence of rejuvenated
basalts is proposed to reflect secondary uplift, a process similar to the
dynamic flexure model proposed for Hawai‘i (Ribe and Christensen,

1999; Bianco et al., 2005; Paul et al., 2005; Moore et al., 2011). Also
similar to Hawai‘i, dynamic models of Mauritius do not support en-
trainment of upper mantle as the source of rejuvenated basalts because
entrained mantle is not heated sufficiently to melt and would require
unrealistic decompression of the mantle (corresponding to ∼15 km of
uplift; Paul et al., 2005).

Rejuvenated compositions have limited isotopic ranges relative to
the larger range of variations observed in shield stage basalts, aside
from the Canary Islands, suggesting that although the mechanisms of
generating rejuvenated volcanism are hypothesized to be different
among OIBs, the compositions of the depleted components tend to be
less heterogeneous than those present during the shield stage (Fig. 12).
This observation in not new, as enriched components present in OIB
have typically been invoked to explain the different “flavors” of OIBs
(i.e., HIMU, EM I, EM II) and most global OIBs present variations in
geochemistry that coalesces at a common mantle component (i.e., the
focal zone, FOZO, or prevalent mantle, PREMA; Zindler and Hart, 1986;
Hanan and Graham, 1996; Stracke, 2012; Stracke et al., 2005). It is
important to note, however, that the rejuvenated lavas erupted at dif-
ferent oceanic islands do not erupt depleted components of the same
composition, suggesting either that depleted components in the mantle
vary in either composition and time-integrated history (as enriched
components do), or that a global depleted composition is consistently
overprinted by the enriched components associated with each mantle
plume.

The rejuvenated lavas erupted at Hawai‘i, Samoa, and the Canary
Islands present compositions farthest from PREMA, whereas Marquesas,
Society, and Mauritius cluster around this common mantle composition
(Fig. 12). If the Canary Islands are excluded from the comparison be-
cause the duration and evolved composition indicate a more compli-
cated mechanism for the formation of rejuvenated lavas at this oceanic
island, it is interesting to point out that Hawai‘i and Samoa are both
sourced by mantle plumes with unique geophysical and geochemical
characteristics. For example, the maximum primitive He isotope
anomalies associated with Hawai‘i (3He/4He = 35.3 RA) and Samoa
(3He/4He = 33.8 RA) are higher than Society (3He/4He = 17.0 RA),
Marquesas (3He/4He = 14.4 RA), the Canary Islands (3He/4He = 9.7
RA), and Réunion (used as a proxy for Mauritius, 3He/4He = 13.6 RA;
Jackson et al., 2017 and references therein), suggesting a deeper origin
for Hawai‘i and Samoa relative to Society, Marquesas, Canary, and
Mauritius Islands. The relative strength of the mantle plumes gen-
erating these OIBs are also quite different, with the magnitude of plume
buoyancy flux of Hawai‘i and Samoa being much higher than Society,
Marquesas, Canary, and Mauritius, and the size of the seismic velocity
anomaly at depth beneath the surface expression of the plume is greater
underneath Hawai‘i and Samoa than the other four plumes (Jackson
et al., 2017). Further modeling is beyond the scope of this review, but it
is interesting to hypothesize that the strength of the plume supplying an
oceanic island may affect the amount of entrained depleted composi-
tions of different time-integrated histories and also hotter, stronger
plumes may supply the excess heat necessary to melt more refractory
depleted compositions, controlling the chemistry of rejuvenated lavas.

The Hawaiian mantle plume has the highest magmatic flux and has
one of the highest mantle potential temperatures of any oceanic islands
worldwide (Van Ark and Lin, 2004; Vidal and Bonneville, 2004;
Putirka, 2005; Wessel, 2016). It is also one of the only oceanic islands to
erupt mainly tholeiitic rather than alkalic basalt compositions (Sleep,
1990; Courtillot et al., 2003; Chauvel et al., 2012; Haase et al., 2019).
The location of Hawai‘i far from any active tectonic setting eliminates
other (i.e., non-plume related) tectonic mechanisms to account for the
formation of rejuvenated basalts. Instead, the high temperature and
magmatic flux of Hawaiian plume may result in the mantle melting
more readily under Hawai‘i than at other oceanic islands, where a more
fusible plume component is necessary to produce rejuvenated vol-
canism (e.g., the Marquesas; Woodhead, 1992). Although the volume
and distribution of rejuvenated-stage basalts along the NWHR and
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Emperor Seamounts is still largely unconstrained (see section 2 above),
we hypothesize that the increased strength of the Hawaiian plume
starting at ∼30 Ma is responsible for greater volumes of rejuvenated
volcanism along the younger end of the Hawaiian-Emperor chain ob-
served by the current sampling resolution. The volume of rejuvenated
volcanism on the NWHR may be quantified in the future by high-re-
solution sidescan-sonar imagery similar to studies of the seafloor
around the Hawaiian Islands (Holcomb and Robinson, 2004; Garcia
et al., 2008). Additional sampling and geochronology of NWHR and
Emperor Seamounts will also further constrain the spatial frequency of
Hawaiian rejuvenated volcanism and may help refine the possible
connection between plume flux and rejuvenated volcanism.

7. Conclusion

This study investigated the geochemistry of rejuvenated-stage vol-
canism sampled along the NWHR and compared the geochemical sig-
natures of the depleted components present in Hawaiian basalts along
the entire Hawaiian-Emperor chain. NWHR rejuvenated basalts are
virtually indistinguishable in trace element and isotopic composition
from Hawaiian Island rejuvenated basalts, an observation that extends
the homogeneity and the existence of the rejuvenated component up to
∼12.5 Ma. This homogeneous rejuvenated component is different from

the depleted component observed in the oldest Emperor Seamounts in
both trace element systematics and isotopic compositions. The oldest
Emperor Seamount basalts document the geochemically depleted im-
print of a plume-ridge interaction (e.g., low 87Sr/86Sr and
208Pb*/206Pb* with high 176Hf/177Hf), while the source of rejuvenated
basalts along the NWHR is likely entrained lower mantle located on the
edge of the Hawaiian mantle plume. The radiogenic Hf isotope com-
positions of NWHR and Hawaiian rejuvenated basalts suggest that the
depleted component may contain ancient recycled oceanic lithosphere.
Increasing the sampling resolution of rejuvenated basalts from the
NWHR will further constrain their mechanism of formation and con-
tribute to determining the geochemical origins of this enigmatic vol-
canic stage. Here we present a simple interpretation of geochemical
data within the context of geodynamic and geophysical studies to
propose a hypothesis about the presence and source of two different
Hawaiian depleted components. We emphasize that this does not pre-
clude other more complicated models of how Hawaiian rejuvenated
volcanism is formed and that there will be much greater value in future
studies if they bridge the gaps between geochemistry, geophysics, and
geodynamics.

Fig. 12. Isotopic Variation of Global Oceanic Island Rejuvenated Basalts.
(a) epsilon Nd versus 87Sr/86Sr (b) epsilon Nd versus 206Pb/204Pb (c) 87Sr/86Sr versus 206Pb/204Pb (d) 208Pb/204Pb versus 206Pb/204Pb of global oceanic islands with a
documented rejuvenated volcanic stage. The fields and data sources for the Hawaiian Islands are the same as in Fig. 1 and EPR MORB and Emperor Seamount data
sources are the same as in Fig. 2. The sources of global OIB shield stage and rejuvenated lavas are listed in the supplementary information and all isotopic data is
renormalized to the same standard values. The white circle indicates the location of PREMA (Pb isotope composition is form Hanan and Graham, 1996 and the Nd
and Sr isotope compositions are from Zindler and Hart, 1986). The shaded grey field indicates the PREMA field of Stracke, 2012.
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