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Abstract Mantle plumes—upwellings of buoyant rock in Earth's mantle—feed hotspot volcanoes such as
Hawai‘i. The size of volcanoes along the Hawai‘i–Emperor chain, and thus the magma flux of the Hawaiian
plume, has varied over the past 85 million years. Fifteen and two million years ago, rapid bursts in magmatic
production led to the emergence of large islands such as Pūhāhonu, Maui Nui and Hawai‘i, but the underlying
mechanisms remain enigmatic. Here, we use new radiogenic Ce–Sr–Nd–Hf isotope data of Hawaiian shield
lavas to quantify the composition and proportion of the different constituents of the Hawaiian plume over time.
We find that most of the Hawaiian mantle source is peridotite that has experienced variable degrees of melt
depletion before being incorporated into the plume. We show that the most isotopically enriched LOA‐type
compositions arise from the aggregation of melts from more depleted, trace element‐starved peridotite, causing
the over‐visibility of melts from recycled crust in the mixture. Our results also show that upwelling of
chemically more depleted, and thus less dense, more buoyant mantle peridotite occurred synchronously to an
observed burst of magma production. Buoyancy variations induced by variably depleted peridotite may not only
control the temporal patterns of volcanic productivity in Hawai‘i, but also those of other plumes world‐wide.
The excess buoyancy of depleted peridotite may therefore be an underrated driving force for convective mantle
flow, trigger and sustain active upwelling of relatively cool plumes, and control the geometry of mantle
upwellings from variable depths.

Plain Language Summary Isolated, intra‐plate volcanic centers such as Hawai‘i are generated by
plumes ascending from Earth's deep interior. The Hawaiian plume is long‐lived (>85 million years) and, over
time, has formed a chain of volcanoes atop the drifting Pacific tectonic plate. Geophysical observations have
revealed that the volume of magma coming out of the plume sharply increased about 15 and <3 million years
ago. The underlying cause of these bursts is unknown. The natural decay of mildly radioactive isotopes over
millions to billions of years causes differences in the isotope ratios of strontium, cerium, neodymium, and
hafnium which are useful for tracking the time‐integrated chemical composition of the different plume
materials. We present new isotope measurements for a representative set of Hawaiian lavas and build a
numerical model that uses this multi‐variate data set to calculate plume composition and density through time.
We identify plume material that has a lower density due to ancient melting events which causes episodic plume
flux increases in good agreement with geophysical observations. Compositional‐driven buoyancy may thus be
an underrated driving force for the convection of our planet's interior.

1. Introduction
1.1. Hawaiian Plume Upwelling and Volcanism

Mantle plumes were originally envisaged as long‐lived, thermal upwellings from deep‐mantle boundary layers
(Morgan, 1971). Classical plume models predict that the impingement of a large plume head onto the lithosphere
results in an initial burst of magma production, followed by reduced magmatic activity over a steady, columnar
plume conduit (Campbell, 2007). A near steady plume flux between 85 and 20 Ma, and constant magma pro-
duction rates of ca. 2 ± 1 m3 s− 1 characterize the Hawaiian plume activity along the Hawai‘i–Emperor seamount
chain (Van Ark & Lin, 2004; Vidal & Bonneville, 2004; Wessel, 2016) (Figure 1). At ∼15 and <3 Ma, however,
volcanic activity peaked (8 ± 2 m3 s− 1), and rapidly built up the large Pūhāhonu (Gardner) volcano and the
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Hawaiian Islands. These temporal variations in Hawaiian plume flux remain difficult to explain, even with a
modern view of mantle plumes as transient, thermochemical upwellings with complex shapes and flow patterns
(Davaille et al., 2018; Farnetani & Samuel, 2005; Kumagai et al., 2008; Ribe et al., 2007).

According to Stokes’ Law, plume flux, and thus magma production, varies linearly with its density deficit, or
excess buoyancy, relative to the ambient mantle (assuming a constant plume radius: d’Acremont et al., 2003; Le
Bars & Davaille, 2004). In the classic plume model of Morgan (1971), this density deficit is purely thermal and
scales with the thermal expansion of peridotite, the major constituent of Earth's mantle (Ringwood, 1969;
Stracke, 2012). For 100 K excess potential temperature, peridotite density decreases by ∼10 kg m− 3 (Griffiths &
Campbell, 1990). But mantle plumes may not only be hotter, they may also be compositionally distinct from their
surroundings (e.g., Béguelin et al., 2017; Chauvel et al., 2008; DeFelice et al., 2019; Hofmann, 1997; Salters
et al., 2006; Sanfilippo et al., 2024; Stracke & Béguelin, 2024; Stracke et al., 2003, 2019).
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Figure 1. Maps of (a) the Hawaiian hotspot track and (b) the Hawaiian Islands. Panel a shows seamounts produced by the
Hawaiian plume between 50Ma and present‐day. Outlines correspond to a bathymetry of − 2,000 m. Time scale at the bottom
represents seamounts ages. Panel b shows the Hawaiian Islands (younger than 6Ma) with theOlder,KEA, LOA, and Extreme
LOA lineaments discussed in the text. Symbols in panels a and b denote the location of the volcanic centers discussed in this
study. For names and details of Northwest Hawaiian Ridge localities, see Harrison et al. (2017). For detailed location data of
the rest of the samples, see references listed in Table S2 in Supporting Information S2.
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Incorporation of recycled crust (oceanic crust (OC) ± sediments) within a mostly peridotitic plume, for example,
may influence plume composition, increasing its density by +0.6 to +1.8 kg m− 3 per percent of recycled crust
(Ishii et al., 2019; Ricolleau et al., 2010). Even though recycled crust typically constitutes<10% of mantle plumes
(Stracke, 2012; Shorttle et al., 2014; Lambart et al., 2016; Stracke & Béguelin, 2024; Stracke et al., 2022, but see
Sobolev et al., 2007 for different estimates), considerable excess temperature is required for plumes to be able to
carry such excess density (Bao et al., 2022). The excess temperatures of mantle plumes estimated from petrology
(Herzberg & Gazel, 2009; Putirka, 2008) or seismic velocities (Bao et al., 2022), however, are not always suf-
ficiently high to offset the negative buoyancy of relatively large amounts of dense recycled crust. Therefore,
additional buoyancy sources are required to promote active upwelling of comparatively cool plumes, which are
still hotter than the ambient mantle (Bao et al., 2022). The elusive source of buoyancy may arise from peridotite
that has previously been melted, which is thought to be present in the Hawaiian plume (Béguelin et al., 2019;
Bizimis et al., 2005, 2007; DeFelice et al., 2019; Frey et al., 2005; Harrison et al., 2020; Salters et al., 2006;
Stracke et al., 1999, 2019). Partial melting reduces peridotite density by ca. 10 kg m− 3 for 6% of melt extraction
(Afonso & Schutt, 2012), similar to the effect of thermal expansion for a 100 K hotter mantle. Variably depleted
and light peridotite in plumes may therefore critically contribute to their overall density deficit (Sanfilippo
et al., 2024; Shorttle et al., 2014; Stracke & Béguelin, 2024; Stracke et al., 2019).

However, the extent of peridotite depletion and its role in plume upwelling and magmatism remains poorly
understood. Importantly, the terms enriched versus depleted should not be confused or equated to fertile versus
refractory. Peridotites are quantitatively depleted in incompatible trace elements after 2%–5% melting, whereas it
takes 17%–20% melting to make them refractory, that is, to become clinopyroxene‐poor harzburgites that require
several 100 K temperature excess to melt in the shallow mantle. In other words, not all depleted peridotites are
refractory, but all refractory peridotites are depleted. Peridotites with 5%–17% melt‐depletion, for example, are
highly incompatible element depleted, but remain clinopyroxene‐rich peridotites (lherzolites), and therefore have
high enough Al‐Ca contents to produce abundant melts at ambient mantle temperatures (Byerly & Lassiter, 2014;
Sani et al., 2020; Walter & Cottrell, 2025). This is because Al and Ca are less incompatible than Sr, Nd, Hf, Pb. As
such, prior melting events can significantly decrease the Sr, Nd, Hf, Pb abundances, but still leave reasonably high
Al‐Ca contents as clinopyroxene.

Although the excess temperature of the Hawaiian plume (Bao et al., 2022; Green & Falloon, 2005; Herzberg &
Gazel, 2009; Putirka, 2005, 2008) has sustained active upwelling for >85 Ma, additional factors are required to
explain the observed increases in magma flux of the Hawaiian plume at ∼15 and <3 Ma (Van Ark & Lin, 2004;
Vidal & Bonneville, 2004; Wessel, 2016). Critically, periods of accelerated magma production correlate with
changes in the Pb isotope ratios of Hawaiian lavas (higher 208Pb*/206Pb*, Harrison et al., 2017: their Figure 3).
Here, we investigate whether changes in Hawaiian plume composition, and specifically, variations in the relative
abundance and composition of peridotite and recycled crust, may intermittently decrease plume density, hence
increase plume buoyancy, and cause the observed pulses of high magma production.

1.2. Ce‐Nd‐Hf Isotope Constraints on Hawaiian Plume Composition

Combined Ce‐Nd‐Hf isotope ratios are a unique tool for evaluating peridotite abundance and composition in
melts from a heterogeneous mantle that consists of peridotite and recycled crust (see detailed quantitative dis-
cussion in Willig et al., 2020). Incompatible element depleted peridotites have much lower Ce/(Nd, Hf) than
recycled oceanic or continental crust. Therefore, mixing lines between melts from incompatible element depleted
peridotite and recycled crust in εCe–εNd and εCe–εHf diagrams are highly curved and at a high angle to mixing lines
between melts from recycled OC and sediments (Willig et al., 2020) (Figures 2a and 2b). A similar, but more
muted effect is observed in εHf–εNd diagrams (Salters et al., 2011) (Figure 2c, Figure S1 in Supporting Infor-
mation S1). Hence, mixing melts from variably depleted peridotites in constant proportion to melts from recycled
OC, and with different proportions of melts from recycled sediments, results in an array of vertically stacked
mixing trends in εCe–εHf space that are subparallel to the global trends of oceanic basalts (Figures 2b and 3). Such
vertically stacked trends (Figures 2b, 2d, and 3) are a clear indication that the mantle sources of oceanic basalts
contain variably incompatible element depleted peridotites (Willig et al., 2020).
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2. Methods
2.1. Sample Selection

Hawaiian volcanoes go through a characteristic time sequence of volcanic activity (Clague & Dalrymple, 1987;
Clague & Sherrod, 2014). The most voluminous stage of Hawaiian volcanism is the tholeiitic shield stage, fol-
lowed by the post‐shield stage with eruption of more differentiated lavas. After a ca. 0.6–2 Myr gap in activity, a
volumetrically minor, post‐erosional stage of volcanic activity, also known as the rejuvenated stage, occurs at
some, but not all volcanoes, erupting highly alkaline lavas (Clague & Frey, 1982; Garcia et al., 2010).

We analyzed a selection of samples from several Hawaiian volcanoes for Ce isotopes, covering the entire pub-
lished Sr–Nd–Hf–Pb isotope range for Hawaii. We present Ce isotope ratios for shield stage lavas from Kīlauea
(n = 1), Mauna Kea (n = 3, high CaO lavas: DeFelice et al., 2019), Kahoʻolawe (n = 2, Huang et al., 2005),
Ko'olau volcano on the island of O'ahu (n = 6, from the KSDP drill core, main‐shield stage: Haskins & Gar-
cia, 2004; Huang & Frey, 2005; Fekiacova et al., 2007) and 8 samples from its late‐shield Makapu'u stage: Salters

Figure 2. The diagrams show the εCe–εHf (a), (b) and εNd–εHf systematics (c), (d) of the Hawaiian samples reported in this
study. The εCe, εNd, εHf notations express isotope ratios as 1/10,000 deviations from

138Ce/136Ce = 1.336897,
143Nd/144Nd = 0.512630, 176Hf/177Hf = 0.282785 (CHUR values from Bouvier et al., 2008; Willig & Stracke, 2019). εCe
error bars in (b) represent 2 S.E. uncertainties on each side. Uncertainties of Nd‐Hf isotope ratios are smaller than the
symbols. Colored symbols in (b), (d) are the data for Hawaiian samples reported in this study and correspond to the red
crosses in panels (a), (c). Smaller, light colored symbols in panel (d) are literature data of Hawaiian samples (see Table S2 in
Supporting Information S2 for references). Light purple and green diamond symbols in panels (a), (c) are 1,000
representative compositions of recycled sediment (purple) and recycled oceanic crust (OC) (green) calculated with our
Monte Carlomodel. The solid purple and green diamond symbols represent the 50 solutions that best reproduce the isotopic
variability of the Hawaiian lavas. Solid pink‐blue‐green‐yellow lines in panels (a), (c) are mixing curves between recycled
OC (oc, green diamonds) and variably depleted peridotite (different Fd values, black curve in panel (a)), which are also
shown in the enlarged parts of the diagrams in panels (b), (d) (see color key for corresponding Fd values in panel (d)). Solid
purple lines in panels (a), (c) are mixing lines between recycled OC and marine sediments (purple diamonds), hence indicate
locations of bulk recycled crust (OC + different amounts of sediments, shown for the 50 best solutions). Dashed curves in
panels (b), (d) represent varying amounts of sediments (0%–0.5%) added to mixtures between melts from variable peridotites
and oc in constant proportion in the plume source (xoc = 5%). Note that each of these dashed lines is for a peridotite
component with different extent of incompatible element depletion (corresponding to different Fd values, (a)). These
vertically stacked trends are subparallel to the trends of lavas from a given Hawaiian locality and are a decisive indication that
the Hawaiian plume contains variably incompatible element depleted peridotite (Willig et al., 2020). Additional
clarifications of this effect are given in Figure 3, and additional plots can be found in Figure S1 in Supporting Information S1.
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et al. (2011) (Table S1 in Supporting Information S2). We also report Ce isotope data for the shield and reju-
venated stages of Kaua'i and Ni'ihau islands (3 samples per stage and per island), and for the rejuvenated‐like
North Arch Volcanic Field (n = 1), previously described for major, trace elements and other radiogenic iso-
topes (Béguelin et al., 2019; Cousens & Clague, 2015; Dixon et al., 2008; Frey et al., 2000). The location of
volcanic centers is shown in Figure 1, and references and existing data can be found in Tables S1 and S2 in
Supporting Information S2.

In addition to the samples measured for Ce isotopes, we used a literature data set for Sr–Nd–Hf isotope‐based
geochemical modeling. This data set is a compilation of 530 shield stage samples from the GEOROC database
(Sarbas, 2008) downloaded on 19 November 2021 and filtered for duplicates (Table S2 in Supporting Infor-
mation S2 and references therein). Literature on Hawaiian basalts sub‐divide shield lavas based on the locus of
eruption along and across the chain and based on their isotope systematics. The presence of two parallel chains of
volcanic centers between Oahu and Hawai‘i Big Island yield a KEA (eastern) and a LOA (western) group
(Abouchami et al., 2005; Huang et al., 2011; Jackson et al., 1975; Tatsumoto, 1978; Weis et al., 2011, 2020)
(Figure 1b). Older shield lavas can be grouped into anOlder islands and seamounts group (Béguelin et al., 2019).
The LOA group is often subdivided into a LOA and an Extreme LOA group, based on the particularly low Nd–Hf
isotope and high Sr isotope ratios of lavas at mid‐length of the LOA chain (e.g., Weis et al., 2020) (Figure 1b). We
group all shield lavas discussed into these four groups, as detailed in the keys of Figures 1 and 2.

Figure 3. The diagrams illustrate the link between radiogenic isotope systematics and peridotite depletion. The solid, colored
circles along the thick black curves in panels (a), (b), and (c) represent the isotope composition of aggregated melts from a
solid source with 5% of oceanic crust (OC) (xoc= 5%) and a 1.5 Ga peridotite with varying extents of melt depletion (Fd= 0–
16%, see key). Dashed curves are as in Figure 2, representing varying amounts of sediments (0%–0.5%), added to the mixture
of melts from peridotite and recycled OC. Background data and OC – sediments curves are as in Figure 2 (see samples key
therein). Panels (d), (e), and (f) show the isotope signatures of aggregate melts fromOC and peridotite with variable extent of
prior depletion Fd. See Stracke and Béguelin (2024) for a detailed discussion of this effect, and Figure S1 in Supporting
Information S1 for plots including Sr isotope ratios.
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2.2. Analytical Details

For Ce isotope measurements, 60–600 mg of rock power (depending on Ce concentration, to yield a minimum of
6 μg Ce) was dissolved in a 3:1 concentrated HF:HNO3 mixture at ca. 110°C. Samples were then redissolved in
1 N HNO3, centrifuged and loaded on ion exchange columns containing TRU resin (Eichrom, USA) (Pin
et al., 1994). 1 N HNO3 was used for matrix removal, and rare earth elements (REE) were collected in 1 N HCl.
This part of the chemistry was carried out at the Center for Elemental Mass Spectrometry, University of South
Carolina (USA) and at the Institut für Mineralogie, Universität Münster (Germany). REE aliquots were then dried
down in concentrated HNO3 and loaded on ion exchange columns containing Ln resin (Eichrom, USA). 10 N
HNO3 + 0.3% KBrO3 was used to oxidize Ce

3+ to Ce4+, promoting retention of Ce4+ on the column over the
other (trivalent) REE (Tazoe, Obata, Amakawa, et al., 2007, Tazoe, Obata, & Gamo, 2007; Willig &
Stracke, 2018). Cerium was then collected using 6N HCl + H2O2. This second half of the chemistry was carried
out at Universität Münster for all samples.

Cerium isotope ratios were measured on a Thermo Scientific Triton thermal ionization mass spectrometer at the
Universität Münster, following the method ofWillig and Stracke (2018). 2–3 μg of Ce was loaded on zone‐refined
Re filaments in HCl with 1 μl of 1.5 M H3PO4. Cerium oxides were measured on faraday cups with a 1010 Ω
amplifier for the most abundant 140Ce16O, and 1011 Ω amplifiers for 136Ce16O, 138Ce16O, 142Ce16O, 142Ce18O.
Contributions from the 140Ce16O tail on 136Ce16O and 138Ce16O were accounted for by measuring the average
151.4/140Ce16O, 153.4/140Ce16O and 154.4/140Ce16O half‐mass to oxide ratios for a given sample and subtracting
the exponentially interpolated tail to the 140Ce16O signal on each cycle (details of this tail correction are given in
Willig & Stracke, 2018). 136Ce/142Ce= 0.01688 was used to correct for instrumental mass fractionation using the
exponential law. Each measurement consisted of ∼60 cycles of 40 s integration for full‐mass measurements and
6 s for half‐mass measurements (− 0.5 and+ 0.5 amu). Idle time after each magnet setting change was 3 s. Offline
data reduction and further analytical details are given in Willig and Stracke (2018) and Willig et al. (2020).

Accuracy was monitored by repeated measurement of the Ames cerium standard (Ames Laboratory, USA)
yielding an average 138Ce/136Ce= 1.337355 with a reproducibility of 24 ppm (2 standard error, n= 17, over a 10‐
day period), and, in another multi‐day session, 138Ce/136Ce = 1.337340 with a reproducibility of 10 ppm (2
standard error, n = 8, over a 9‐day period). Measured sample values are reported relative to
138Ce/136CeAmes = 1.337366, as in Willig and Stracke (2018). The typical internal precision for a single mea-
surement was 13 ppm (2 standard error of all valid cycles; ratios outside of 2.5 standard error of the average value
for a measurement were rejected). Samples with low Ce concentrations resulting in low intensity measurements
with an internal precision >17 ppm were discarded unless no better replicate could be made, in which case two
low intensity measurements were averaged (for samples U1, U9 and KM7). For these measurements, respective
errors were propagated by taking the square root of the sum of squared errors, divided by 2.

Measured 138Ce/136Ce ratios are converted to εCe with
138Ce/136CeCHUR = 1.336897 (CHUR = chondritic uni-

form reservoir) (Willig & Stracke, 2019). Similarly, the Nd‐Hf isotope data are expressed as εNd and εHf using
143Nd/144NdCHUR = 0.512630 and

176Hf/177HfCHUR = 0.282785 (Bouvier et al., 2008). Results are presented in
Table S1 in Supporting Information S2, and in Figure 2b.

3. Results
3.1. Isotope Data

Our new Ce‐(Nd‐Hf) isotope data for a representative selection of well‐documented Hawaiian lavas (n = 32,
Figures 1 and 2, Figure S1 in Supporting Information S1, Table S1 in Supporting Information S2) form an array of
vertically stacked trends in Figure 2b, with variable εHf for near invariable εCe. The εCe–εNd–εHf systematics of the
Hawaiian lavas therefore require that melts from different low εCe source components, that is, variably depleted
peridotites with low time‐integrated La/Ce, control their Ce–Nd–Hf isotope variability (Figures 2 and 3, dis-
cussion in Willig et al., 2020).

Among the shield lavas, theOlder islands and seamounts group range from εCe= − 1.0 to − 0.5, with lower values
for KEA lavas (εCe = − 1.2 to − 0.7) and similar values for LOA lavas (εCe = − 0.95 to − 0.45). Extreme LOA lavas
have higher values, ranging from εCe= − 0.7 to 0.0 (Figure 2 and Figure S1 in Supporting Information S1). These
Extreme LOA values form distinct trends in Ce–Nd, Ce–Hf and Ce–Sr isotope diagrams (Figure 2, Figure S1 in
Supporting Information S1).
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In a mixing model where melts from increasingly depleted peridotite and melts from recycled crust mix, the
Extreme LOA trend can readily be explained by the sampling of more depleted peridotite, as discussed in Salters
et al. (2006) and shown in Figures 2b, 2d and 3a–3c. This counter‐intuitive effect is caused by the very lowNd and
Hf content in such peridotite compared to less depleted peridotite, and thus the Nd and Hf isotope ratios of
aggregated melts approach those of the recycled crust (Figures 3d–3f, Figures S1d–S1g in Supporting Infor-
mation S1). While the Sm/Nd and Lu/Hf ratios of peridotite increase with melt‐depletion, leading to more
radiogenic εNd and εHf values, Nd and Hf concentrations decrease exponentially, and become the primary factor
controlling the isotope ratios of the aggregated melts from a mantle source consisting of heterogeneous peridotites
and recycled crust. Melts from peridotites with comparatively higher trace element concentrations (<5% melt
depletion) influence isotopically enriched melts from a given amount of recycled crust more than melts from a
highly trace element depleted peridotite (>5% melt depletion), because the latter are almost devoid of Nd and Hf.
See Figure 3 and Figure S1 in Supporting Information S1 for a detailed representation of this effect. See also
Stracke and Béguelin (2024) for a detailed quantitative discussion.

The magnitude of this effect, however, depends on many other factors such as the isotope and elemental
composition of recycled crust, the recycling and depletion ages, and the melting degrees of these components. We
therefore build a quantitative model of Hawaiian plume source and magmatism to interpret these data with a full
consideration of a large parameter space.

4. Discussion
4.1. Determining Hawaiian Plume Composition Using a Quantitative Model

Building on the chemical and isotopic composition of the erupted lavas, including the new Ce isotope constraint,
we developed a simplified physical‐chemical model of plume melting to constrain the relative abundance of
variably depleted peridotite, recycled OC and sediments in the Hawaiian mantle plume (Blichert‐Toft et al., 1999;
Huang et al., 2005; Lassiter & Hauri, 1998; Salters et al., 2006), as well as plume potential temperature. For each
sample, this model quantifies the plume constituents and temperature on the basis of isotopic signatures of each
source component. The present‐day isotopic signature of each component depends on its age and composition,
and thus is randomly varied in aMonte Carlo approach. We use the samples with Ce isotope data to constrain the
parameter space, that is, the isotopic composition of each plume component, as detailed in Figure 4, Section 4.1.1
below, and in the Text S1 in Supporting Information S1. Within the so‐defined parameter space, we quantify the
source abundance of the different plume components and plume potential temperature for 530 literature samples
(see Figures 1 and 2) that do not have Ce isotope data.

An abbreviated description of the model calculations is given in the following section (Section 4.1.1), and further
details are provided in theText S1 in Supporting InformationS1.All themodeling is performed inPython 3.9, using
the packages NumPy 1.21.5, Pandas 1.4.4 and SciPy 1.9.1 (Harris et al., 2020; McKinney, 2010; Virtanen
et al., 2020).

4.1.1. Model Design

We calculate the isotope ratio of a modeled plume basalt by mass balance, assuming the basalt is a mixture of
melts from three plume components: (a) peridotite (per), (b) recycled OC (oc), and (c) marine sediments (sed).

f ibasalt IR
i
basalt = f iper IR

i
per + f ioc IR

i
oc + f ised IR

i
sed (1)

and thus IRi
basalt = ( f iper IR

i
per + f ioc IR

i
oc + f ised IR

i
sed)/ f

i
basalt

with f ibasalt = f iper + f ioc + f ised

and f ix = xx FxCi
x
melt

where xx is the mass fraction, Fx the degree of melting, Ci,0
x the trace element composition, and IRi

x the isotopic

composition of element i of each plume component (x = per, oc, sed). Hence f ix = xx FxCi
x
melt is the mass fraction

of element i in the melt from each plume component, where Ci
x
melt is the trace element concentration of the melt.
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The compositions of melts from the three plume components, Ci
x
melt, are calculated using Ci,0

x and the bulk
partition coefficients from Pertermann et al. (2004) and Stracke and Bourdon (2009), using accumulated frac-
tional melting (see Table S6 in Supporting Information S2 and Text S1 in Supporting Information S1 for details).

For eachMonte Carlo simulation, we randomly select the composition of the recycled OC and sediments, Ci
oc and

Ci
sed, from a pre‐determined compositional range, as well as their degree of melting, Foc and Fsed, to avoid biasing

our model to a specific plume composition (Gale et al., 2013; Plank & Langmuir, 1998; Rudnick & Gao, 2003;
Willig et al., 2020; see Text S1 in Supporting Information S1 for details, Tables S3–S5 in Supporting Infor-
mation S2 for compositions and main Table 1 for the range of randomly selected input compositions and pa-
rameters). We assume that the recycled OC and sediments melt to the same extent, that is, Foc = Fsed, which is
randomly varied between 0.5 and 0.8. For an initial isotope ratio and randomly selected age of recycling, trecyc (see
Table 1 for input range, and Text S1 in Supporting Information S1 for detailed discussion), and composition, Ci

x,
the present‐day isotope ratio of the recycled crust (IRi

oc) and sediment (IR
i
sed) can be calculated with the equation

for radioactive decay.

Figure 4. Flowchart of the quantitative isotope model. The steps of our general approach as discussed in the text are
summarized here.
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The trace element composition of the peridotite is the depleted mantle of Salters and Stracke (2004), but varies
because it melted to different extents before being incorporated into the plume. This prior degree of melting (Fd)
determines the variable trace element composition of the peridotite (Ci

per), as well as its isotope ratios after aging
during mantle residence, and prior to recent melting in the plume (IRi

per). For simplicity, and because compo-
sitional variations by far outweigh small variations in initial isotope ratios, we assume that the age of peridotite
depletion equals the time of OC and sediment recycling, trecyc.

Randomly selected variables (e.g., recycling age trecyc, see Table 1) and plume component compositions take a
unique value for each model simulation. There are then four remaining variables that must be determined for
constraining plume source composition for each individual sample: (a) the prior degree of peridotite melting
before being incorporated into the plume, Fd, (b) the degree of peridotite melting during recent plume melting
(Fper), and (c) and the abundances of the recycled OC and (d) sediment in the plume source (xoc, xsed, note that the
source abundance of the peridotite, xper = 1 − xoc − xsed).

These four variables (xoc, xsed, Fd, Fper) are not selected randomly but can be calculated because Equation 1 can be
formulated for four isotope ratios (Sr, Ce, Nd, Hf), which establishes a system of four equations with four in-
dependent unknowns that is solved with the minimize function of the SciPy package in python (Virtanen
et al., 2020). As an additional constraint, we assume that CNdbasalt is within 10–22 μg/g, similar to primitive Ha-
waiian lavas (see detailed model description in Text S1 in Supporting Information S1), hence there are 5 equations
for 4 unknowns for the samples that have combined Sr‐Ce‐Nd‐Hf isotope ratios. With the additional constraint for
CNdbasalt, the variables xoc, xsed, Fd, Fper can also be calculated if only Sr‐Nd‐Hf isotope ratios, and CNdbasalt are used,
which is the case for the 530 Hawaiian shield lavas from the literature for which Ce isotope ratios are not
available. Further details of the model calculations are given in the Text S1 in Supporting Information S1.

4.1.2. Calculating Hawaiian Plume Composition Through Time

We test 50,000 random plumes, that is, 50,000 combinations of the randomly selected input variables (Monte
Carlo approach, Table 1, Figure 4), which then constrain the four output variables xoc, xsed, Fd, Fper by minimizing
the difference between the predicted and observed Sr‐Ce‐Nd‐Hf isotope ratios for each of the 24 Hawaiian shield
lavas with Ce isotope data. For the same 50,000 combinations of input variables, this procedure is repeated
without the Ce isotope ratios.

We rate the two sets of 50,000 × 24 solutions against each other using two metrics:Metric 1 is a “goodness of fit”
metric using the sum of root‐mean‐square deviations between the measured and modeled isotope ratios for the set
of 24 Hawaiian shield lavas that have combined Sr‐Ce‐Nd‐Hf isotope ratios (after normalizing isotope values to
the measured variance). Metric 2 measures how close the calculated xoc, xsed, Fd, Fper values determined from

Table 1
Bounds of Model Parameters

Name Equation Min Max Description

Input ranges of randomized, simulation‐specific Monte Carlo variables (one value for all samples in a given simulation)

trecyc 1 Ga 2 Ga Recycling age of the plume components

tcc trecyc 3 Ga Age of the continental crust used in the model

fGabbro = xGabbro/(xGabbro + xBasalt) 10% 90% Proportion of gabbro in the recycled mafic crust

Frc 50% 80% Melting degree of the recycled crust in the model (mafic crust and sediments)

Allowed bounds of sample‐specific variables calculated by minimizing Equation S7 in Text S1 in Supporting Information S1

xoc 0% 50% Amount of recycled oceanic crust in the solid plume source of a given sample

SedR = xsed/(xoc + xsed) 0% 50% Amount of sediments in the total recycled crust (oceanic crust + sediment)

xsed = SedR * xoc/(1 − SedR) Amount of recycled sediment in the solid plume source of a given sample

Fd 0% 15% Time‐integrated degree of peridotite depletion in the solid plume source of a given
sample

Fper 0% 17% ‐ Fd Degree of melting of plume peridotite during magmatism leading to a given basalt
sample

AGU Advances 10.1029/2024AV001434

BÉGUELIN ET AL. 9 of 21

 2576604x, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024A

V
001434 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [25/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



fitting the isotope ratios of the 24 Hawaiian samples with Sr‐Ce‐Nd‐Hf isotope data correspond to the xoc, xsed, Fd,
Fper values determined when only the Sr‐Nd‐Hf isotope ratios are used in the minimization. Applying these two
metrics, we determine the best‐rated 50 out of all 50,000 simulations (Figure 4).

The resulting 50 different combinations of random input variables (Table S7 in Supporting Information S2) are
used for the minimization of the difference between calculated and observed isotope ratios for each of the 530
Hawaiian shield lavas, for which only combined Sr–Nd–Hf isotope data are available. This procedure results in 50
combinations of values for xoc, xsed, Fd, Fper, for each of the 530 shield lavas (50 × 530), documenting 47 Myr of
Hawaiian plume activity.

Based on the output variables xoc, xsed, Fd, Fper from our geochemical inversion, we compute which plume po-
tential temperature, TP, leads to the calculated degree of melting, Fper (for details see model description in Text S1
in Supporting Information S1). We also calculate the thermochemical plume density based on TP and the
abundance (xx) and density (δρx) of each plume component (subscript x = per, oc, sed, see Section 4.2). The
median of the 50 values for each variable and each of the 530 shield lavas is plotted in Figures 5 and 6 (i.e., xoc,

Figure 5. Results for plume composition, potential temperature, and melt‐mixing proportions. Panel a shows the calculated
abundance of recycled oceanic crust (OC) (xoc) versus that of recycled sediments (xsed) in the plume source (the abundance of
peridotite is therefore xper = 1 − xoc − xsed). The corresponding excess density due to total recycled crust (rc,
OC + sediments) in the plume δρrc is shown by the dashed gray lines. Panel b shows the pre‐existing degree of peridotite
depletion Fd versus the inferred potential temperature TP. The corresponding thermal density deficit, δρT, and compositional
density deficit from peridotite depletion δρper (assuming xrc= 5%, only in this figure) are shown on the right and top axis. The
dashed gray lines denote the total density anomaly δρ = δρc + δρT (δρc is the total compositional density anomaly
δρc= δρrc+ δρper). Panel c shows Fd versus the proportion of melt from recycled crust in the mixture frc melt (=(1 − xper) · Frc/
((1 − xper) · Frc + xper · Fper)). Panels d and e show correlations between the mean frc melt for each volcanic center (±2σ) and
the corresponding SiO2 and CaO data corrected to 16%MgO (DeFelice et al., 2019; Jackson et al., 2012). The plotted median
model results are calculated from the 50 combinations of parameters that best reproduce the isotopic variability of the
Hawaiian data as shown in Figure 2. Inserts show the means and two standard deviations (2σ) of each group of shield lavas
(Older islands and seamounts, KEA, LOA, Extreme LOA).
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xsed, Fd, Fper and the relative temperature and density variations, see Section 4.2). The bars for each sample in
Figure 6 depict the interquartile range (IQR) around the median value of the results.

It should be stressed that our model results are entirely stochastic and not dependent on assumptions beyond the
input ranges listed in Table 1 and assuming a three‐component plume as described in Section 4.1.1.

4.1.3. Model Results

The results of our inversion constrain the lithological make‐up and temperature of the Hawaiian Plume over time.
Our results for the 530 lavas of Hawaiian shield volcanism over the last 47 Myr show that the mass fraction of
recycled OC in the plume, xoc, is between∼2% and 6%, and the mass fraction of recycled sediments, xsed, between
∼0.1% and 0.7% (Figure 5a). Therefore, the majority of the plume is made of peridotite (xper > 94%).

The parameters xoc and xsed are correlated (Figure 5a), suggesting the proportion of sediment in the recycled crust
(rc = oc + sed) is relatively constant. The total mass fraction of recycled crust xrc (= xoc + xsed) varies between
∼2% and 6.5%. Older islands and seamounts lavas have mean xrc values of 3.0% ± 1.8% (±2σ), KEA and LOA
have mean xrc of 4.3% ± 2.6% and 4.5% ± 1.9%, and Extreme LOA lavas have mean xrc values of 5.3% ± 2.0%.

Importantly, the peridotite component in the plume is characterized by variable extents of priormelt depletion (Fd),
ranging from 0% to 13% (Figure 5b). Similarly to xoc, xsed, andFper,Fd is a free parameter of themodel, meaning the
calculated range ofFd is the sole consequence of a best fit of the calculated andmeasured isotope ratios. Lower and/
or less variable values for Fd are allowed in our inversion (Table 1), but do not provide the best fit. Values of Fd of
∼13% correspond to peridotites with εHf from 23 to 105, consistent with the εHf values up to 114.5 in peridotite
xenoliths from O'ahu, which may represent plume fragments (Bizimis et al., 2007). The Cr number (Cr/(Cr+Al))
of these xenoliths suggests degrees of melt‐extraction up to 12% (Bizimis et al., 2007), which agrees well with our
results for Fd. Furthermore, the highest εHf values for the modeled peridotites are found in the source ofMakapu'u‐
stage Ko'olau lavas at O'ahu, concurring with the findings of Salters et al. (2006), who suggest that depleted
peridotite is present in the source of Ko'olau. Mean Fd values are higher in the Extreme LOA group
(Fd = 3.5% ± 5.9%) compared to the other shield lavas (Older: 1.6% ± 0.8%, LOA: 1.5% ± 1.5%, KEA:

Figure 6. Time series plots of model results. Panels show time series plots of (a) xrc, (b) Fd, (c) TP, (d) Fper (peridotite melting
degree during plume magmatism), (e) frc melt (fraction of melt from recycled crust in the erupted melt mixture), and (f) Ftot
(total degree of melting during plume magmatism). Data points are the median model results for each individual sample
(symbols as in Figures 1, 2, and 5). Vertical bars show the interquartile range (IQR) around the median. The horizontal axis
(age) is truncated between 15–25 Ma and 35–45 Ma as no datapoints are available.
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0.8%± 1.0%). Importantly, the range of these latter three groups does not reach theExtremeLOAmean, as shown in
the inset of Figure 5b, revealing that peridotite depletion is the most distinctive feature of the Extreme LOA group.

Because the highly depleted peridotite derived for the source of Extreme LOA lavas has a lower melt productivity
(see melting parameterization in Text S1 in Supporting Information S1), erupted lavas contain a greater pro-
portion of melt from the recycled crust ( frc melt) without large changes in the amount of recycled crust in the solid
source (xrc), or in the melting degree of the latter (Frc). This effect is shown in Figure 5c, and is the strongest
discriminant between LOA and KEA lavas in our results ( frc melt in KEA: 53% ± 17%, Older: 61% ± 13%, LOA:
65% ± 13%, Extreme LOA: 74% ± 15%).

The resulting frc melt values for individual volcanic centers correlate with their mean SiO2 and anti‐correlate with
their mean CaO, corrected to 16%MgO (Figures 5d and 5e) (data from DeFelice et al., 2019; Jackson et al., 2012).
The major element variations of Hawaiian shield lavas have been explained as mixing between peridotite melt and
melts of pyroxenite/eclogite, which formed from recycled crust with sediment (e.g., Hauri, 1996; Huang &
Frey, 2005; Lassiter & Hauri, 1998; Sobolev et al., 2005). Our frc melt values were estimated based only on isotope
compositions. Hence, these correlations (Figures 5d and 5e) provide an additional validation of our model, and
explain the distinct major element compositions of Hawaiian lavas. That is, the amount of melt from recycled
crust in the erupted lavas is controlled by peridotite depletion (and thus melt productivity) rather than by the
amount of recycled crust in the solid source. High CaO lavas from Mauna Kea (DeFelice et al., 2019), for
example, sample a peridotite source (Herzberg, 2006) with a low degree of melt‐depletion (Fd < 1%). Melts from
this high melt productivity peridotite constitute ∼70% of the erupted mixture. High SiO2 lavas from the Maka-
pu'u‐stage of Ko'olau sample a peridotite source with a high degree of melt‐depletion (Fd= 2%–14%). Melts from
this low melt productivity peridotite constitute ∼20% of the erupted mixture, leading to ∼80% of the mixture
being melts from the recycled crust (Figures 5d and 5e).

4.2. Calculating Plume Potential Temperature and Density

For a fixed final depth or pressure of melting, P1, which is constrained by the thickness of the Hawaiian litho-
sphere (ca. 80 km or P1 = 2.6 GPa), the pressure where melting starts, P0, is constrained by the calculated degree
of peridotite melting, Fper. Specifically, we calculate the pressure interval ΔP = P0 – P1, that is necessary to get a
calculated degree of melting of the peridotitic plume component, Fper. A given value of P0= P1+ ΔP then allows
calculating the peridotite solidus temperature Ts,pot for each sample. The peridotite solidus temperature Ts,pot is a
function of the starting pressure of melting P0 and the composition of the peridotite, which is controlled by the
variable Fd. Combining the parameterizations of how potential temperature relates to initial pressure of peridotite
melting (Hirschmann, 2000) and peridotite composition (Robinson & Wood, 1998; their Figure 2), we obtain:

Ts,pot[°C] = − 5.1 × P20 + 113.9 × P0 + 1120.7 + 700 × Fd (2)

The plume potential temperature, TP, is the sum of (a) the peridotite solidus temperature Ts,pot at the start of
melting (P0) and (b) the latent heat of melting of the total recycled crust, δTrc (rc = total recycled crust, i.e.,
recycled OC plus sediments). Hence, TP corresponds to the mantle potential temperature of the plume after
correction for the effect of melting recycled crust, whose heat of fusion cools the peridotite.

TP = Ts,pot + δTrc (3)

The latent heat of recycled crust (rc) melting, δTrc, is calculated as follows:

δTrc[K] = xrc FrcL/cp (4)

where L = 5.6 × 105 J kg− 1 is the latent heat of the melt for the recycled crust and cp = 1250 J kg
− 1 K− 1 is the

specific heat capacity of peridotite.

The plume potential temperature of each sample, TP, can be used to calculate the thermal density anomaly, δρT, of
the ambient mantle relative to a reference temperature and density:

δρT [kg m− 3] = − ρ0 × α × (TP − TP ref) (5)
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where ρ0 = 3,300 kg m− 3 is the reference mantle density, α = 3 × 10− 5 K− 1 is the coefficient of thermal
expansion, and TP ref = 1,350°C is the reference mantle potential temperature (Herzberg et al., 2007).

The overall density anomaly of the plume, δρ, is the sum of the thermal and compositional density anomalies, δρT
and δρc, relative to a reference potential temperature and density of the ambient mantle (TPref = 1,350°C,
ρ = 3,300 kg m− 3).

The compositional density anomaly, δρc, is calculated from the relative abundances of plume components (xper,
xoc, xsed), the density of peridotite, δρper, and the density excess for recycled crust, δρrc (Ishii et al., 2019; Ricolleau
et al., 2010). The density of peridotite, δρper, is a function of its extent of melting prior to recent melt extraction
during plume melting, Fd, that is: δρper = − 214.5 × Fd [kg m

− 3] (see Afonso & Schutt, 2012).

Estimates of thes excess density of recycled OC vary from 66 kg m− 3 (Ricolleau et al., 2010) to 180 kg m− 3 (Ishii
et al., 2019). In order to avoid underestimating the influence of dense recycled crust on plume buoyancy in our
model, we consider the maximum value of 180 kg m− 3 for the excess density of the recycled crust, δρrc, and for
calculating the total compositional density anomaly of the plume, δρc.

Hence:

δρc = δρrc + δρper = 180[kg/m3] × xrc − 214.5[kg/m3] × Fd (1 − xrc), (6)

with xrc = xoc + xsed being the relative abundance of recycled crust (OC + sediments), and 1 − xrc = xper, the
abundance of peridotite in the plume.

The total density anomaly of the plume therefore is:

δρ = δρT + δρc = δρT + (δρrc + δρper). (7)

Note that the effect of peridotite melting on its density during active plume melting is not considered, as we are
interested in the buoyancy of the plume that pushes material into the melting zone and sustains magma flux.

4.3. Hawaiian Plume Density

The calculated excess potential temperatures of the Hawaiian Plume, ΔTP, is between +130 and +230°C relative
to ambient mantle (TP ref = 1,350°C; Figure 5b). The mean ΔTP values for the different groups of samples are:
Older: +154 ± 32°C, LOA: +173 ± 28°C, Extreme LOA: +182 ± 40°C, KEA: +186 ± 39°C. Thus, there is no
robust difference in source temperature between the LOA and KEA side of the hotspot.

The calculated excess potential temperature of the Hawaiian Plume, ΔTP, causes a thermal density deficit δρT
between − 13 and − 22 kg m− 3 over time (Figure 5b). The compositional density anomaly calculated from the
variability of prior melt depletion (δρper) in the peridotite part of the plume ranges from 0 to − 26 kg m− 3

(Figure 5b), which is an almost three times greater range than for δρT. The compositional density anomaly
associated with recycled crust, δρrc, ranges from+3.5 to+16 kg m

− 3 (Figure 5a). This comparatively small δρrc is
an upper bound, because a lower density of the recycled OC, such as the 66 kg m− 3 of Ricolleau et al. (2010),
would yield a maximum δρrc of only +5.7 instead of +16 kg m

− 3.

Hence, in good agreement with previous studies, the Hawaiian plume is significantly hotter than ambient mantle.
The excess temperature of the Hawaiian plume compensates the excess density (δρrc) of small amounts (≲6%) of
recycled crust in the plume (Figure 5a). But depleted peridotite adds a significant density deficit to the plume
(Figure 5b; Equation 7). The density deficit caused by peridotite depletion can outweigh the excess density of the
recycled crust, even though we assume the maximum excess density for the recycled crust. Hence, peridotite melt
depletion prior to incorporation into the plume can increase plume buoyancy and provide an additional or
alternative source to excess temperature for driving plume upwelling. In detail, our calculation shows that the
additional buoyancy provided by depleted peridotite can be as large as that provided by thermal buoyancy.

For most of the Hawaiian plume volcanism, the small variations in the abundance of recycled OC (ca. 2%–6%)
and sediment (ca. 0.1%–0.7%, Figure 5a) in combination with the relatively constant extent of pre‐existing degree
of peridotite depletion Fd (ca. 1%–3%, Figure 5b) and plume potential temperatures result in relatively constant
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thermochemical plume density and thus plume buoyancy. However, exceptionally high values of peridotite melt
depletion prior to incorporation into the plume (Fd ca. >4% and up to ca. 13%) can significantly decrease plume
density, and thus increase plume buoyancy (Figure 5b).

Group‐specific plume density anomalies are δρ = − 12.5 ± 2.9 kg m− 3 for KEA lavas and
δρ = − 12.3 ± 3.0 kg m− 3 for LOA lavas. Extreme LOA lavas show density anomalies of
δρ = − 15.8 ± 12.2 kg m− 3, while Older lavas have δρ = − 13.4 ± 2.3 kg m− 3, however with a value of
δρ = − 18 kg m− 3 at 15 Ma. A large decrease in plume density occurs simultaneously to the observed burst in
magma production at 1 to 3 Ma (Van Ark & Lin, 2004; Vidal & Bonneville, 2004; Wessel, 2016). In the
following, we show that the decreased plume density and therefore increased plume buoyancy due to intermittent
upwelling of highly depleted peridotite accelerates plume upwelling rate, which increases plume volume flux and
thus magma volume flux sufficiently to explain the observed burst in magma production at <3 Ma.

4.4. Hawaiian Plume Buoyancy, Plume and Magma Volume Flux

Figures 5a and 5b show that the differences in overall calculated plume density, δρ, are mostly controlled by the
different extents of peridotite depletion (Fd) rather than by potential temperature (TP). Less dense and thus more
buoyant peridotite accelerates plume upwelling, increasing plume volume flux and magma production rate
(magma volume flux). The time‐series plots in Figures 6a–6c show that TP and the proportion of recycled crust
(xrc) remain relatively constant through time, while Fd peaks between 1 and 3 Ma.

To test whether buoyancy variations due to depleted and lighter peridotite in the plume suffice to explain bursts in
Hawaiian magma production, we calculate the plume upwelling velocity, vp, the plume volume flux per time, Qp,
and the magma volume flux per time, Qv, from the calculated δρ of each sample as follows:

According to Stokes’ Law, the upwelling velocity vp relates to δρ by:

vp = −
2
9
δρgr2η− 1 (8)

where vp is in m s− 1, δρ is the total density difference between the plume and ambient mantle in kg m− 3 (see
above), η is the asthenospheric viscosity in Pa s, g in m s− 2 is Earth's gravitational acceleration, and r is the radius
of the upwelling plume in m.

From vp, the plume volume flux per time, Qp, can then be scaled as follows:

Qp = vpr2π [m3 s− 1] (9)

where Qp is in m
3 s− 1 and r is the radius of the upwelling plume in m.

From Qp, the magma volume flux, Qv, can be calculated:

Qv = Qp
ρ0
ρmelt

Ftotal [m3 s− 1] (10)

where ρ0 = 3,300 kg m
− 3 is the reference mantle density, and ρmelt = 2,900 kg m

− 3 is the density of an erupted
basalt, and Ftotal is the total degree of plume melting (see details in Text S1 in Supporting Information S1).

Magma volume flux is thus a function of both the plume volume flux Qp and the melting degree Ftot. Our model
results show that the extent of peridotite melting, Fper (plume melting), is relatively constant, with a sharp increase
in the most recent (<1 Ma) KEA lavas of Mauna Kea and Kīlauea (Figure 6d). This increase in Fper causes frc melt
to decrease if xrc << xper and Ftot to increase sharply (Figures 6e and 6f). This effect is explained quantitatively
with a simple example in Text S1 in Supporting Information S1 (Section 1.5 therein).

Figure 7a shows a time‐series plot for our resulting values for Qp. Variations in Fd cause Qp to increase 3‐fold
from 100 m3 s− 1 to 334 m3 s− 1 at 1 to 3 Ma in the Extreme LOA. This increase is almost entirely driven by
increasing Fd, as shown in Figure 7b. We find that Fd controls Qv through two distinct processes (Figure 7c;
Equation 10): (a) high values of Fd in Extreme LOA lavas cause Qp to increase, resulting in a higher flux of
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material into the melting zone (Equation 10), and (b) the lowest values of Fd in Mauna Kea and Kīlauea lavas
cause an increase in Ftot due to higher peridotite melt productivity (Equation 10). Hence the magma volume flux,
Qv, can increase either because the plume volume flux per time, Qp, increases due to increased buoyancy of the
plume (scenario 1), or, Qv can increase because higher melt productivity of the major plume component (peri-
dotite) increases Fper and thus Ftot at a given plume volume flux per time, Qp (Equation 10).

Our calculated Qv match geophysical Qv estimates (Van Ark & Lin, 2004; Vidal & Bonneville, 2004; Wes-
sel, 2016) (Figure 7d) for a plume radius r= 70 km and a viscosity η= 1.8× 1019 Pa·s (Ballmer et al., 2011) (solid
green curve in Figure 7d), yielding a maximum upwelling velocity vp = 68 cm yr− 1 (vp in Table S2 in Supporting
Information S2). For these r and η, fully coupled numerical models of plume‐lithosphere interaction predict
Hawaiian swell shapes and geographical melt distributions consistent with observations (see Ballmer et al., 2011).
We note that other combinations of r and η give different absolute values of Qv, but the same relative Qv versus
time patterns, which are entirely constrained by our geochemical inversion.

In order to quantify the fit between ourQv results and geophysical estimates we regress our inferredQv values as a
function of time using LOcally WEighted Scatterplot Smoothing (Figure 7d) and compare the resulting curve
with those for published geophysical estimates of Qv (Van Ark & Lin, 2004; Vidal & Bonneville, 2004; Wes-
sel, 2016). Regressions between our results and these estimates yield R2 coefficients between 0.7 and 0.83, similar
to the fit between any two sets of these geophysical estimates (0.75–0.91) (see Table S8 in Supporting
Information S2).

Our isotope‐derived model results therefore readily explain the full range of Qv variations observed for the past
47 Myr of plume activity and, in particular, the recent burst in magma volume flux at <3 Ma (Figure 7d). The
increase in plume volume flux Qp caused by the upwelling of buoyant, melt‐depleted (high Fd) peridotite at 1 to
3 Ma initially caused this burst in Qv. This burst is sustained in the most recent lavas (<1 Ma) by oscillation back
to melting less melt‐depleted peridotite, that is, very low Fd values, causing a sharp increase in Ftot at that time.
Our model results for the few samples modeled at 10 to 15Ma are also consistent with the increase ofQv observed
by geophysical estimates for that period.

While we do not rule out that variations in plume temperature and/or radius may contribute to Qv variability, as
has been previously proposed for the Pūhāhonu volcano (Garcia et al., 2020), our results suggest that variably

Figure 7. Time series plots of plume and magma flux and correlations with Fd. Panel (a) shows a time series of Qp (plume
volume flux). Datapoints and vertical bars as in Figure 6. Panels (b) and (c) display the correlation between peridotite
depletion Fd and plume volume flux Qp and magma volume flux Qv. Panel (d) shows a time series of Qv (magma volume
flux). Symbols showmedian results, while thin green curves show LOcallyWEighted Scatterplot Smoothing (LOWESS) fits
through each of the 50 best solutions. The thick green curve shows a LOWESS fit through all median results. LOWESS fits
have a smoothing parameter of 0.667. Black curves represent literature geophysical estimates of Qv calculated by estimating
the volume of magma required to generate the seamounts of the Hawaiian Emperor seamount chain (Van Ark & Lin, 2004;
Vidal & Bonneville, 2004;Wessel, 2016) The three literature profiles are correlated in time as done byWessel (2016). Linear
regression parameters between our LOWESS fit and the geophysical curves are shown in Table S8 in Supporting
Information S2.
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depleted peridotite in the plume largely controls magma volume flux, causing bursts of activity that are
geochemically and geophysically detectable.

Indeed, the availability of compositionally light materials such as depleted peridotite affects plume development
and entrainment, and thereby the geometry of upwelling plumes (Tackley, 2011). In this context, complex plume
geometries such as “fat” plumes and plume branching may be related to different contents of variably depleted‐
peridotite in the plume and lower‐mantle rheology instead of recycled crust entrainment as previously thought
(Davaille et al., 2018; Kumagai et al., 2008). In particular, our results suggest that incorporation of strongly
depleted peridotite (i.e., most clearly evident in the 1 to 3 Ma Hawaiian lavas; Figure 6b) can trigger a sustained
plume pulse and a surge in volcanic activity that lasts until today.

Overall, the approach developed in this study shows that radiogenic isotope data in oceanic basalts can be related
to geophysical and geochemical properties of the underlying mantle in an explicit, quantitative manner. Using the
combined Sr‐Ce‐Nd‐Hf isotope ratios has been instrumental for identifying variably depleted peridotite in the
Hawaiian plume, and hence for unraveling that the transient upwelling of more incompatible element depleted
mantle made the Hawaiian plume intermittently lighter and more buoyant. This effect led to an increase in magma
volume flux at ∼1–3 Ma, which led to the emergence of the Hawaiian Islands.

4.5. Implications for Developing the Hawaiian Double Chain Volcanism

The large plume volume flux increase at ∼1–3 Ma (Figure 7a) coincides with the appearance of a double chain in
Hawai‘i, where two loci of volcanism are active simultaneously (Figure 1b). This timing of events implies a new
geodynamical hypothesis for the origin of the LOA‐KEA double chain, although formal testing goes beyond the
scope of the present study. Namely, that the increasing plume volume flux at ∼1–3 Ma may have resulted in
plume material spreading laterally across the plume track to accommodate the excessive upwelled volume. This
may in turn have resulted in a lateral widening of the mantle melting zone. Volcanic loading can guide and focus
melts from different parts of the wide melting region into two alternating volcanic plumbing systems such as those
of Loa and Kea volcanoes (Hieronymus & Bercovici, 1999). This effect may have occurred in combination with
other previously proposed mechanisms for double chain formation such as small‐scale convection and tilting of
the plume (Ballmer et al., 2011; Bianco et al., 2008; Jones et al., 2017).

4.6. Further Implications for Global OIB (Ocean Island Basalts) Volcanism

Plume buoyancy variations due to variably depleted peridotite may not only control the temporal patterns of
volcanic activity of the Hawaiian plume, but also those of other plumes world‐wide. Indeed, plate subduction and
slab sinking conveys up to ∼400 km3 Myr− 1 of variably depleted peridotites into the mantle (Hounslow
et al., 2018), and a significant fraction ends up in the lowermost mantle (Tauzin et al., 2022). Their excess
compositional buoyancy will readily trigger upwelling (Tackley, 2011), and thus sustain active upwelling of
comparatively cool mantle, so‐called “cold plumes” (Sanfilippo et al., 2024; Shorttle et al., 2014; Stracke &
Béguelin, 2024; Stracke et al., 2019, 2022). Indeed, buoyancy fluxes of plume‐fed hotspots do not correlate well
with seismically inferred plume temperatures (Bao et al., 2022) (Figure S4 in Supporting Information S1),
consistent with our findings that an additional buoyancy source is required. Buoyancy differences caused by
variable depletion of peridotite are therefore a critical, but so far underappreciated parameter for convective
mantle flow (Sanfilippo et al., 2024; Stracke & Béguelin, 2024; Stracke et al., 2019, 2022), in good agreement
with recent global‐scale geodynamic models (Tucker et al., 2022).

Our results also imply that contrary to common notion (e.g., White, 2010 and references therein), the actively
upwelling mantle under most OIB locations possibly contains a greater proportion and/or more incompatible
element depleted peridotite than the sub‐ridge mantle (Sanfilippo et al., 2024; Stracke & Béguelin, 2024; Stracke
et al., 2019, 2022). In this case, the relative contribution from the incompatible element depleted peridotite to the
weighted average of the aggregated melts is comparatively low (Figure 5c), so that melts from volumetrically
minor, but incompatible element enriched source components, such as recycled oceanic and continental crust,
dominate the Sr‐Ce‐Nd‐Hf‐Pb isotope ratios of the erupted melts (e.g., Stracke & Béguelin, 2024; Willig
et al., 2020) (Figures 2 and 3, Equation 1). This may explain why Hawaiian basalts, and plume‐derived OIB in
general, have on average lower Nd, Hf and higher Sr, Ce isotope ratios than MORB (Stracke & Béguelin, 2024;
Stracke et al., 2019, 2022). In Hawaii, this effect causes the Extreme LOA lavas to have markedly more enriched
isotope values compared to the rest of the LOA group (Figures 2 and 3).
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If the source of OIB indeed contains, on average, more incompatible element depleted peridotite than the sub‐
ridge mantle, the major peridotite component of OIB mantle sources may also contain less U‐Th, and thus
accumulate less 4He over time by α‐decay than the mantle sources of MORB. Recycled oceanic and continental
crust is nearly devoid of He (Hilton & Porcelli, 2014), but rich in U‐Th. Variable 4He due to α‐decay of U‐Th may
therefore play a greater role for the 3He/4He variability in MORB and OIB (Parman, 2007) compared to 3He
variation due to variable mantle degassing than previously thought (e.g., Hilton & Porcelli, 2014). This decou-
pling may explain why most OIB suites extend to higher 3He/4He (e.g., Class & Goldstein, 2005; Hilton &
Porcelli, 2014; Parman, 2007), but also lower 3He/36Ar and 3He/22Ne than MORB (Hilton & Porcelli, 2014;
Moreira, 2013; Parai, 2025; Stracke, 2025; and references in these studies). Ocean island basalts ranging to the
highest observed 3He/4He such as those from Hawaii and Iceland (Hilton & Porcelli, 2014; Jackson et al., 2021;
Parman, 2007), may therefore contain some of the mantle's most incompatible element depleted peridotite
(Hawaii: this study, Iceland: Sanfilippo et al., 2024). Indeed, previous work has established a correlation between
maximum 3He/4He and plume buoyancy flux at a given hotspot (Jackson et al., 2017, 2021), indicating that
upwelling of vigorous plumes with large hotspot swells may be promoted by depleted peridotite in the source, that
is characterized by high 3He/4He (low U, Th, and thus low 4He, e.g., Class & Goldstein, 2005; Dygert et al., 2018;
Parman, 2007; Stracke, 2025), and low density and is thus compositionally buoyant.
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