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Abstract 

Maunaloa—the largest active volcano on Earth—erupted in 2022 after its longest known repose 

period (~38 years) and two decades of volcanic unrest. This eruptive hiatus at Maunaloa 

encompasses most of the ~35-year-long Puʻuʻōʻō eruption of neighboring Kīlauea, which ended 

in 2018 with a collapse of the summit caldera and an unusually voluminous (~1 km3) rift 

eruption. A long-term pattern of such anticorrelated eruptive behavior suggests that a magmatic 

connection exists between these volcanoes within the asthenospheric mantle source and melting 

region, the lithospheric mantle, and/or the volcanic edifice. The exact nature of this connection is 

enigmatic. In the past, the distinct compositions of lavas from Kīlauea and Maunaloa were 

thought to require completely separate magma pathways from the mantle source of each volcano 
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to the surface. Here, we use a nearly 200-yr record of lava chemistry from both volcanoes to 

demonstrate that melt from a shared mantle source within the Hawaiian plume may be 

transported alternately to Kīlauea or Maunaloa on a timescale of decades. This process led to a 

correlated temporal variation in 206Pb/204Pb and 87Sr/86Sr at these volcanoes since the early 19th 

century with each becoming more active when it received melt from the shared source. Ratios of 

highly over moderately incompatible trace elements (e.g., Nb/Y) at Kīlauea reached a minimum 

from ~2000 to 2010, which coincides with an increase in seismicity and inflation at the summit 

of Maunaloa. Thereafter, a reversal in Nb/Y at Kīlauea signals a decline in the degree of mantle 

partial melting at this volcano and suggests that melt from the shared source is now being 

diverted from Kīlauea to Maunaloa for the first time since the early to mid-20th century. These 

observations link a mantle-related shift in melt generation and transport at Kīlauea to the 

awakening of Maunaloa in 2002 and its eruption in 2022. Monitoring of lava chemistry is a 

potential tool that may be used to forecast the behavior (e.g., eruption rate and frequency) of 

these adjacent volcanoes on a timescale of decades. A future increase in eruptive activity at 

Maunaloa is likely if the temporal increase in Nb/Y continues at Kīlauea. 

 

Key words: Hawaiʻi, geochemistry, mantle heterogeneity, melt transport, eruptive behavior 

 

INTRODUCTION 

The idea of interaction between Kīlauea and Maunaloa (Fig. 1a) is controversial (Klein, 

1982; Rhodes et al., 1989; Miklius & Cervelli, 2003; Poland, 2015; Dzurisin & Poland, 2018). 

Magmatic connections between these volcanoes have been proposed to exist within the 

asthenospheric mantle source and melting region (Marske et al., 2007), the lithospheric mantle 
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(Wilding et al., 2023), and/or the volcanic edifice (Rhodes et al., 1989). The shallow (<5 km 

deep) plumbing systems of Kīlauea and Maunaloa are composed of summit reservoirs that 

receive mantle-derived magma and deliver it to the rift zones of each volcano (Eaton & Murata, 

1960; Poland et al., 2014; Varugu & Amelung, 2021). Their deeper magma transport pathways 

are poorly resolved, but may converge within the lithospheric mantle at a depth of ~40 km 

(Wright & Klein, 2006; Wech & Thelen, 2015; Wilding et al., 2023). 

Observations from ground deformation (Miklius & Cervelli, 2003; Gonnermann et al., 2012; 

Poland et al., 2012), seismicity (Burgess & Roman, 2021; Wilding et al., 2023), and eruptive 

behavior (Klein, 1982) point to a connection between these volcanoes, but the nature of this 

relationship is enigmatic. An example (Fig. 1b) occurred when Maunaloa began inflating from 

~2002 to 2008 after a decade of little deformation (Miklius & Cervelli, 2003; Okubo & Wolfe, 

2008; Thelen et al., 2017) and Kīlauea experienced a surge in magma supply from ~2003 to 2007 

(Poland et al., 2012). This behavior may have been caused by the simultaneous delivery of 

mantle-derived magma to both volcanoes (Miklius & Cervelli, 2003). Alternately, it may have 

been an indirect result of rapid melt pressurization within the asthenosphere (Gonnermann et al., 

2012) or stress transfer from the plumbing system of one volcano to the other via intrusion of 

magma within the mantle lithosphere (Burgess & Roman, 2021) or volcanic edifice (Miklius & 

Cervelli, 2003; Przeor et al., 2022). 

A long-standing problem with the idea of a direct magmatic connection between Kīlauea and 

Maunaloa (i.e., melt mixing) is that the compositional signatures of their lavas (Fig. 2) are 

mostly distinct (see the Supplementary Materials for background information on samples, 

methods, and data sources). This was thought to require completely separate magma pathways 

from the mantle source region of each volcano to the surface (Wright, 1971; Rhodes et al., 1989; 
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Frey & Rhodes, 1993; Frey et al., 2016). For example, lavas erupted since the early 19th century 

at Kīlauea and Maunaloa display no overlap in 206Pb/204Pb, 87Sr/88Sr, or εNd (Figs. 2a-b), which 

indicates that they are derived from compositionally distinct mantle sources within the Hawaiian 

plume. These differences extend to ratios of incompatible trace elements (Figs. 2c-e) that reflect 

distinct mantle sources (e.g., Th/Ce and Nb/La) and/or variations in the degree of partial melting 

(e.g., Nb/Y, Ce/Yb, Zr/Y, and Zr/Nb). 

Exceptions are the ~1000-1400 CE lavas from Kīlauea’s summit caldera (Kaluapele) at 

Uēkahuna bluff (Fig. 1a) and a few lava flows from Maunaloa dated to ~250-1200 CE (Rhodes 

et al., 1989; Marske et al., 2007). These lavas converge to an intermediate isotopic composition 

(defined in Fig. 2), hereafter called the “shared” (“S”) component of the mantle source because it 

is observed at both volcanoes. Trace element ratios of these Uēkahuna bluff lavas, and others 

from two Kīlauea pit craters (Rhodes et al., 1989), partially overlap with the range for Maunaloa. 

Two models have been proposed to explain this relationship: (1) an invasion of Kīlauea’s shallow 

magmatic plumbing system by magma from Maunaloa following a summit collapse that pre-

dated the modern caldera (Rhodes et al., 1989) or (2) the rapid and nearly simultaneous passage 

of a small-scale compositional heterogeneity through the melting regions of both volcanoes 

(Marske et al., 2007). In this study, we use a comprehensive dataset of trace element abundances 

and Pb, Sr, and Nd isotopes ratios to explore the magmatic interaction between Kīlauea and 

Maunaloa over the last two centuries, and infer the nature of their connection. 

RESULTS 

The 206Pb/204Pb (Fig. 3a) and 87Sr/86Sr (Fig. 3b) ratios of lavas from Kīlauea and Maunaloa 

display a systematic temporal variation with local extremes from ~1917 to 1921 at Kīlauea and 

~1880 to 1907 at Maunaloa. This correlated isotopic fluctuation with a time delay of ~10-40 
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years is evidence for a magmatic connection between these volcanoes. However, the temporal 

trends in 206Pb/204Pb and 87Sr/86Sr cannot be explained by mixing of contemporaneous magmas 

between the plumbing systems of Kīlauea and Maunaloa, either within the mantle lithosphere 

(Wilding et al., 2023) or volcanic edifice (Rhodes et al., 1989). Instead, a more complex behavior 

is observed (inset in Fig. 2a). At Maunaloa, lavas from 1843 have among the lowest 206Pb/204Pb 

and highest 87Sr/86Sr known for this volcano (Weis et al., 2011), representing an end-member 

Maunaloa (“M”) component in the mantle source. Lavas from 1843 to 1907 trend towards the 

higher 206Pb/204Pb and lower 87Sr/86Sr of the shared component (rather than towards Kīlauea 

lavas erupted since the early 19th century), and thereafter, reverse from 1907 to 1984 towards the 

Maunaloa end member. Analogous behavior is observed at Kīlauea. Lava from the early 19th 

century (sample 1820-1) has relatively low 206Pb/204Pb and high 87Sr/86Sr. Lavas from ~1820 to 

1921 trend away from the shared component towards the highest 206Pb/204Pb and lowest 87Sr/86Sr 

known for this volcano over the last millennium (Marske et al., 2007), representing an end-

member Kīlauea (“K”) component in the mantle source. Thereafter, Kīlauea lavas from 1929 to 

2012 display a reversed trend of decreasing 206Pb/204Pb and increasing 87Sr/86Sr towards the 

shared component (rather than towards Maunaloa lavas erupted since the early 19th century). 

DISCUSSION 

Orthogonal trends between 206Pb/204Pb and 87Sr/86Sr for Kīlauea and Maunaloa lavas (Fig. 

2a) require at least three distinct sources within the multi-component Hawaiian plume (Weis et 

al., 2011, 2020). An isotopically intermediate mantle source is shared by both volcanoes, 

whereas lavas from each volcano define trends between their respective end-member 

compositions and this shared component. Similar trends are observed for 206Pb/204Pb vs. eNd (Fig. 

2b). This relationship—the lack of direct mixing between the end-member Maunaloa or Kīlauea 
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components—is inconsistent with the idea (Wilding et al., 2023) that these volcanoes share melt 

from a common zone of magma storage within the mantle lithosphere. Instead, the magmatic 

connection between these volcanoes must be related to the generation and transport of melt 

within the asthenospheric melting region (>80 km deep). 

Melt transport from a shared mantle source 

The Hawaiian plume is thought to be compositionally heterogeneous on various length scales 

(Fig. 4), ranging from a zonation of tens of kilometers (Frey & Rhodes, 1993; Rhodes & Hart, 

1995; Hauri, 1996; Abouchami et al., 2005; Weis et al., 2011; Pietruszka et al., 2013; Frey et al., 

2016; Weis et al., 2020) to blobs or filaments <5-10 km in diameter (Marske et al., 2007, 2008; 

Farnetani & Hofmann, 2010; Greene et al., 2013). Kīlauea and Maunaloa mainly tap 

compositionally distinct mantle sources, which are inferred to lie separately within the typical 

melting region of each volcano. A third mantle source—the shared component with intermediate 

Pb, Sr, and Nd isotope ratios—is likely located between these volcanoes (Marske et al., 2008). 

The temporal variation in 206Pb/204Pb and 87Sr/86Sr (Fig. 3) can be explained if melt from the 

shared mantle source is transported alternately to Kīlauea or Maunaloa on a timescale of 

decades. This suggests that the Hawaiian plume contains a horizontal gradient of compositional 

heterogeneities (Marske et al., 2008; Pietruszka et al., 2013) rather than a large-scale bilateral 

asymmetry (Abouchami et al., 2005; Weis et al., 2011; Harpp & Weis, 2020). 

Rapid (decades) lateral percolation of melt between the melting regions of Kīlauea and 

Maunaloa is unlikely (Gonnermann et al., 2012). For example, it would take hundreds of years 

for melt to travel a horizonal distance of only ~10-20 km by porous flow (Spiegelman & Elliott, 

1993) even at the highest rates of mantle upwelling (~10 m/yr) estimated from numerical 

modeling (Hauri et al., 1994) and 230Th-238U disequilibria (Pietruszka et al., 2001, 2006). Instead, 
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the melt is likely transferred from interconnected pores into isolated channels within the 

asthenospheric mantle (Spiegelman & Kenyon, 1992; Hart, 1993; DePaolo, 1996; Katz et al., 

2022). These melt transport pathways would efficiently sample small-scale mantle 

heterogeneities within the Hawaiian plume and rapidly transmit their distinct compositional 

signatures to the surface (Pietruszka et al., 2006). Melt channels within the asthenosphere might 

be expected to coalesce upwards into the mantle lithosphere (Fig. 4), analogous to the inferred 

magma transport pathways beneath the Island of Hawaiʻi (Burgess & Roman, 2021; Wilding et 

al., 2023). However, these pathways must remain physically distinct to prevent blending of the 

end-member Kīlauea and Maunaloa mantle components and preserve the three-component 

mixing relationships shown in Figs. 2a-b. 

Mantle controls on eruptive behavior 

Further evidence for a magmatic connection between Kīlauea and Maunaloa is based on a 

broad correlation between changes in lava chemistry—related to the mantle source tapped by 

each volcano and its inferred degree of partial melting—and their eruptive behavior (Fig. 3). For 

example, modeling of incompatible trace element abundances (Norman & Garcia, 1999; 

Pietruszka et al., 2013) suggests that the degree of mantle peridotite partial melting is relatively 

high for Maunaloa (~10%), whereas Kīlauea lavas are produced by a range in melt fractions 

from ~4% for early 20th century lavas from Kīlauea’s end-member source to ~6% for Puʻuʻōʻō 

lavas. A higher degree of melting for the shared mantle source (~8%) is predicted by the 

chemistry of the Maunaloa-like Kīlauea lavas from Uēkahuna bluff (Pietruszka et al., 2013). The 

lower degree of melting for the end-member Kīlauea source suggests that it is less fertile than 

either the shared or the end-member Maunaloa sources (Pietruszka & Garcia, 1999; Pietruszka et 
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al., 2001, 2013). Hereafter, the Nb/Y and Ce/Yb (Fig. 2c) ratios of the lavas are used as proxies 

for the degree of partial melting. 

During the early to mid-19th century, Kīlauea (~1820-1832) and Maunaloa (1843) erupted 

lavas with relatively low 206Pb/204Pb (Fig. 3a) and high 87Sr/87Sr (Fig. 3b). Melt from the shared 

mantle source—melted to a relatively high degree based on the low Ce/Yb of Kīlauea lavas from 

this period (Fig. 3c)—was migrating towards Kīlauea (Fig. 4a). A sustained lava lake existed 

within Kaluapele (and eventually Halemaʻumaʻu alone) from at least ~1823 until 1924 (Fig. 1a). 

The early to mid-19th century at Kīlauea was characterized by vigorous caldera-filling eruptions 

that were punctuated by large (~100 m) summit collapses in 1832, 1840, and 1868. Lava effusion 

rates at Kīlauea from 1823 to 1840—estimated to be ~0.1 km3/yr (Pietruszka & Garcia, 1999) or 

greater (Mastin, 1997)—were relatively high (Fig. 3d). No written records exist for Maunaloa 

eruptions prior to 1843. 

By the mid- to late 19th century, melt from the shared mantle source was gradually transferred 

from Kīlauea to Maunaloa (Fig. 4b). The 206Pb/204Pb and 87Sr/87Sr ratios of Maunaloa lavas from 

1843 to 1907 trend towards the shared component. Kīlauea lavas trend away from ~1820 until 

the early 20th century (~1917 to 1921) when its most isotopically distinct lava erupted (inset in 

Fig. 2a). These trends correlate with changes in Ce/Yb (Fig. 3c) that reflect a small increase in 

the degree of partial melting at Maunaloa (Rhodes & Hart, 1995) and a large decrease at Kīlauea 

(Pietruszka & Garcia, 1999). During this period, the eruption rate at Kīlauea declined by factor 

of ~10 (Fig. 3d) to a minimum (<0.01 km3/yr) in the early 20th century (Dvorak & Dzurisin, 

1993; Pietruszka & Garcia, 1999), as overflows of Halemaʻumaʻu lava lake became less 

common. In 1924, the lava lake drained, Halemaʻumaʻu collapsed, and a series of violent 

phreatic explosive eruptions (Dvorak, 1992) were followed (after six small summit eruptions) by 
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the longest known eruptive hiatus at Kīlauea (1934-1952). In contrast, the average rate of lava 

effusion at Maunaloa was relatively high from 1843 to ~1890 (~0.06 km3/yr); thereafter, the rate 

declined to ~0.02 km3/yr. Thus, the lowest eruption rates at Kīlauea correspond to the highest for 

Maunaloa (shaded fields on Fig. 3d). 

Melt from the shared mantle source returned to Kīlauea by the early to mid-20th century 

(Fig. 4a), when there was a change in the trajectory of 206Pb/204Pb and 87Sr/86Sr for lavas from 

both volcanoes (inset in Fig 2a). Kīlauea lavas trend toward the shared component; Maunaloa 

lavas trend away. This behavior coincides with a further reduction in the average rate of lava 

effusion at Maunaloa (Fig. 3d) to <0.01 km3/yr, with only three eruptions after 1950 and its 

longest known eruptive hiatus (~38 years). The temporal decrease in Ce/Yb at Kīlauea from 

~1959 to a local minimum from ~2000 to 2010 indicates that the degree of partial melting 

increased over this time, consistent with the inferred melting behavior of the shared mantle 

source. The Ce/Yb trend correlates with an increase in the average eruption rate at Kīlauea—

possibly driven by an increase in magma supply (Dvorak & Dzurisin, 1993; Cayol et al., 2000; 

Poland et al., 2012; Dzurisin & Poland, 2018)—to ~0.04 km3/yr from the mid-20th century to 

1982 and ~0.15 km3 from 1983 to 2018. Kīlauea erupted frequently from 1952 to 1982. Two 

major sustained eruptions (Fig. 1a) occurred on the volcano’s East Rift Zone (ERZ), including 

Maunaulu (1969 to 1974) and Puʻuʻōʻō (1983 to 2018). The ~2003-2007 surge in magma supply 

may have led to the formation (in 2008) of the sustained lava lake within Halemaʻumaʻu (Poland 

et al., 2012). This eruptive cycle at Kīlauea culminated in 2018 with the end of the Puʻuʻōʻō 

eruption and Halemaʻumaʻu lava lake, caldera collapse, and a voluminous (~1 km3) eruption on 

the ERZ from Ahuʻailāʻau (Neal et al., 2019). 
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Recent awakening of Maunaloa 

A reversal in the Ce/Yb (Fig. 3c) and Nb/Y (Fig. 1b) ratios of Kīlauea lavas began after 

~2010. This signals a decrease in the degree of mantle partial melting and suggests that melt 

from the shared mantle source is now being diverted from Kīlauea to Maunaloa for the first time 

since the early to mid-20th century. Kīlauea erupted five times within Halemaʻumaʻu from 2020 

to 2023 at a rate of ~0.09 km3/yr, which is lower than the long-term average of ~0.15 km3/yr for 

Kīlauea from 1983 to 2018 (Fig. 3d). The increase in Ce/Yb and Nb/Y at Kīlauea followed a 

recent change (in ~2002) at the summit region of Maunaloa from deflation to inflation (Miklius 

& Cervelli, 2003; Thelen et al., 2017; Varugu & Amelung, 2021) and an increase (after ~2004) in 

seismicity (Okubo & Wolfe, 2008) near Mokuʻāweoweo (Fig. 1b). These observations link a 

mantle-related shift in melt generation and transport at Kīlauea to the awakening of Maunaloa (in 

~2002) and first eruption (in 2022) of this “sleeping giant” after nearly four decades of repose. 

In summary, Kīlauea and Maunaloa share a source component within the Hawaiian mantle 

plume in addition to their separate, compositionally distinct end members. Melt from this shared 

mantle source—most likely located between the two volcanoes (Marske et al., 2008)—may be 

diverted alternately to Kīlauea or Maunaloa on a timescale of decades (Fig. 4). At Kīlauea, lavas 

from the shared source have lower Ce/Yb (Fig. 3c) and Nb/Y (Fig. 2c) ratios than lavas from the 

end-member Kīlauea source due to a relatively large (factor of ~2) difference in the degree of 

partial melting (Pietruszka et al., 2013). In contrast, all lavas from Maunaloa have low Ce/Yb 

and Nb/Y ratios because both the shared and end-member Maunaloa sources melt to a relatively 

high degree. Thus, transfer of mantle-derived melt from Kīlauea to Maunaloa results in an 

excursion to high Ce/Yb (Fig. 3c) and Nb/Y only at Kīlauea. 
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A histogram (Fig. 2f) indicates that low-Nb/Y melt from the shared mantle source was 

delivered to Kīlauea most of the time over the last millennium. Excursions to high Nb/Y were 

infrequent. For example, Kīlauea summit lavas from Uēkahuna bluff (~1000-1400 CE) and most 

of the volcano’s rift lavas erupted since the early 19th century have relatively low Nb/Y<0.55. In 

contrast, nearly all of the lavas with the highest Nb/Y>0.75 (Fig. 2c) erupted at Kīlauea’s summit 

from 1912 to 1961 (except for the single analysis of the 1919-1920 Maunaiki rift eruption), 

which coincides with the early to mid-20th century period of infrequent, small eruptions. This 

difference suggests that a low magma supply rate at this time made it less likely for the magma 

with high Nb/Y to reach Kīlauea’s rift zones. The only other example of high Nb/Y (~0.8) at 

Kīlauea (since ~1000 CE) is the heterogeneous MgO-rich glass (up to ~10 wt.%) from the 

Keanakākoʻi Tephra (KT) that erupted in the early to mid-19th century (Garcia et al., 2018; 

Swanson & Houghton, 2018). All older KT glasses dating back to ~1500 CE have Nb/Y <0.6 

(Garcia et al., 2018). The early to mid-19th century KT glasses with high Nb/Y (and high Ce/Yb 

~20.2) erupted near the eastern side of the caldera (Swanson & Houghton, 2018), possibly from 

the deeper of Kīlauea’s two summit magma bodies (Poland et al., 2014; Pietruszka et al., 2015) 

or even bypassing them completely. These glasses likely represent the first delivery of the end-

member Kīlauea magma that dominated the chemistry of lavas from the late 19th to early 20th 

centuries. The rarity of this high-Nb/Y melt indicates that the shared mantle source lies primarily 

within Kīlauea’s typical melting region. The infrequent sharing of this melt with Maunaloa may 

result from the gradual drift of this volcano away from the center of the Hawaiian plume. This 

interpretation is consistent with the Kīlauea-like compositions of the oldest studied lavas from 

Maunaloa (Kurz et al., 1995). 
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Broader implications 

Long-term forecasting of volcanic activity currently relies upon extrapolation of a volcano’s 

past eruptive record to infer its most likely future behavior (Poland & Anderson, 2020). The end-

member Maunaloa source and the shared source are both inferred to melt to a higher degree than 

the end-member Kīlauea source (Fig. 3d). Thus, changes in the proportions of the sources tapped 

by a given volcano—especially at Kīlauea due to the less fertile nature of its end-member source 

(Pietruszka & Garcia, 1999; Pietruszka et al., 2001, 2013)—may ultimately control the magma 

supply rate to each volcano. This process would directly affect both the frequency of eruptions 

and the average rate of effusion, and modulate a broad pattern of anticorrelated eruptive behavior 

at Kīlauea and Maunaloa (Klein, 1982). Maunaloa will likely erupt more frequently in future 

decades if the recent increase in Ce/Yb and Nb/Y continues at Kīlauea. Simultaneously, eruptive 

activity at Kīlauea will likely wane and eventually focus at the volcano’s summit, analogous to 

the century-long eruptive cycle that ended in 1924. We hypothesize that changes in the pathways 

of melt transport from the heterogeneous Hawaiian plume to the surface (Fig. 4)—and the 

related variations in the magma supply rate—may ultimately be responsible for the cycles of 

effusive-explosive eruptions at Kīlauea (Swanson et al., 2014) and summit-flank eruptions at 

Maunaloa (Lockwood, 1995). Monitoring of lava chemistry is a potential tool that may be used 

to forecast the eruptive behavior of these adjacent volcanoes on a timescale of decades. 

Data availability 

The data underlying this article are available in the online supplementary material and an 

EarthChem Library at https://doi.org/10.60520/IEDA/113433. 
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Figure captions 

Fig. 1. Locations of Kīlauea and Maunaloa, and the relationship between volcanic unrest at 

Maunaloa and changes in lava chemistry at Kīlauea since 1982. a, Map of the Hawaiian Islands 

(inset) and the southeastern portion of the Island of Hawaiʻi, showing the calderas of Kīlauea 

(Kaluapele) and Maunaloa (Mokuʻāweoweo). The approximate location of the Hawaiian mantle 

plume is indicated by the green oval. Rift zones (orange) extend from Mokuʻāweoweo and 

Kaluapele to the east (ERZ), northeast (NERZ), or southwest (SWRZ). Halemaʻumaʻu is a crater 

within Kaluapele. Uēkahuna bluff lavas are exposed on the northwestern wall of Kaluapele (blue 

circle). The location of the Pāhala earthquake swarm (Wilding et al., 2023) is indicated by the 

gray oval. Vent locations for major Kīlauea ERZ eruptions since the mid-20th century are shown 

by triangles: Maunaulu (1969-1974), Puʻuʻōʻō (1983-2018), and Ahuʻailāʻau (2018). MOKP and 

MLSP are two stations used for monitoring of ground deformation at Maunaloa. b, Temporal 

variations in Nb/Y for Kīlauea lavas (see key for symbols), and variations in ground deformation 

and seismic activity at Maunaloa. The Nb/Y ratio tracks mantle-derived changes in the 

composition of the parental magma delivered to the volcano. The relative change in distance 

across Mokuʻāweoweo between stations MOKP and MLSP is shown. The scale bar (see key) 

indicates a 5-cm change in MOKP-MLSP distance (Thelen et al., 2017), which was determined 

by electronic distance measurements (EDM) from 1984 to 2004 (green line) and by GPS from 

2000 to 2022 (blue line, solid for continuous data). Earthquakes (M1.7 or greater) for Maunaloa 

with hypocenters near Mokuʻāweoweo (dashed rectangle in a) are shown as yearly averages 

(orange bars) and cumulative numbers (brown line). Scale bars (see key) indicate counts of 

annual or cumulative earthquakes. Literature data sources for Nb/Y (collected by X-ray 
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fluorescence spectrometry, XRF), ground deformation, and seismic activity are listed in the 

Supplementary Materials. The error bar (2SD) for Nb/Y is shown. 

 

Fig. 2. Compositional variations of lavas from Kīlauea and Maunaloa. a-b, The Pb, Sr, and Nd 

isotope ratios define systematic trends with rare overlap between the two volcanoes. End-

member mantle source components for Kīlauea (K) and Maunaloa (M) are based on the average 

of the most extreme lavas. The isotopic composition of the shared mantle source (S) is estimated 

from the intersection of the best-fit lines (dashed with the 95% confidence intervals shown in 

gray) through Kīlauea and Maunaloa lavas. Mixing lines with 10% increments (small gray 

circles) between magmas derived from the K and M source components are shown. 

Concentrations of Pb (from an assumed Ce/Pb~30), Sr, and Nd for the mixing end members are 

from: (1) an average of sample HI10-2 for M and (2) the Kil1919 reference material for K. Inset 

in a illustrates the temporal variations in 206Pb/204Pb and 87Sr/86Sr. c-e, Trace element ratios of 

Kīlauea and Maunaloa lavas are distinct except for the Maunaloa-like lavas from Uēkahuna bluff 

(gray fields). f, Histogram of Nb/Y for lavas from Kīlauea averaged with an equal temporal 

sampling density (Supplementary Materials) compared to the total range for Maunaloa since 

1843. Literature data sources are listed in the Supplementary Materials (c, e, and f, data 

collected by quadrupole inductively coupled plasma mass spectrometry, ICPMS; d, data 

collected by XRF). Error bars (2SD) are shown unless they are smaller than the size of the 

symbols. 

 

Fig. 3. Temporal variations in lava chemistry at Kīlauea and Maunaloa. a-c, The 206Pb/204Pb, 

87Sr/86Sr, and Ce/Yb ratios define systematic trends with rare overlap between these volcanoes. 
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Inferred 206Pb/204Pb and 87Sr/86Sr ratios for the shared mantle source (dashed lines in a and b) are 

based on the intersection of the best-fit trends (including the 95% confidence intervals in the 

gray fields) from Fig. 2a. Samples that approach the shared source and the end-member mantle 

source components for Kīlauea (K) and Maunaloa (M) are marked by gray ovals in a and b. The 

relative effect of variable melt fraction on Ce/Yb is shown in c. Literature data sources are listed 

in the Supplementary Materials (c, collected by ICPMS). For clarity, Puʻuʻōʻō lavas are plotted 

as the average of 2-year periods, as described in the Supplementary Materials. Error bars 

(2SD) are shown unless they are smaller than the size of the symbols. Keys to the symbols are 

shown in Fig. 2. d, Variations in lava eruption rate at Kīlauea and Maunaloa, calculated as 

described in the Supplementary Materials. Fields emphasize the highest and lowest eruption 

ratios for Maunaloa and Kīlauea, respectively. No written records exist for eruptions at Kīlauea 

prior to 1823 or Maunaloa prior to 1843. 

 

Fig. 4. Model for short-term changes in the pathways of melt transport beneath Kīlauea and 

Maunaloa. Melt is generated within the Hawaiian mantle plume (asthenosphere), which is 

compositionally heterogeneous (blobs). Each volcano taps melt from their respective end-

member sources, which are inferred to lie separately within the typical melting region of each 

volcano. A third, compositionally distinct mantle source—the shared component—is likely 

located between these volcanoes. Melt from the shared mantle source is diverted alternately to 

Maunaloa (a) or Kīlauea (b) on a timescale of decades. The mantle lithosphere includes a break 

in scale. a, Melt transport pathways inferred for both the early 19th century and the mid-20th to 

early 21st centuries. b, Melt transport pathways inferred for the late 19th to early 20th centuries. 
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Description of the dataset 

We present a comprehensive dataset of trace element abundances and high-precision Pb, Sr, 

and Nd isotope ratios for lavas from Kīlauea (~1820-1982) and Maunaloa (~1843-1984), and 

older lavas from Maunaloa (~140-2,580 yr before present, BP). Many of these samples were 

analyzed in previous studies (Rhodes & Hart, 1995; Pietruszka & Garcia, 1999; Garcia et al., 

2003; Wanless et al., 2006; Marske et al., 2007, 2008; Weis et al., 2011; Greene et al., 2013; 

Pietruszka et al., 2013, 2015; Rhodes, 2015; Pietruszka et al., 2018, 2019, 2021), but some of the 

sample suites lack key chemical and/or isotopic data. This issue is rectified with new data, as 

described in detail below. Additionally, major and trace element abundances are presented for 
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lava samples from recent eruptions of each volcano (Supplementary Table S1), with three from 

Kīlauea’s summit (2016, 2017, and 2021) and one from Maunaloa (2022). This dataset is 

augmented by previous studies of lavas from the Puʻuʻōʻō rift eruption of Kīlauea (Garcia et al., 

2021) and the ~1000-1400 CE lavas from the wall of Kīlaueaʻs summit caldera (Kaluapele) at 

Uēkahuna bluff (Marske et al., 2007; Pietruszka et al., 2013). 

A major goal of this study is to infer the temporal changes in the composition of the mantle-

derived magma delivered to Kīlauea and Maunaloa. Thus, we use tracers of lava chemistry that 

are insensitive to the effects of magmatic differentiation (Fig. 2), including Pb, Sr, and Nd 

isotope ratios and ratios of incompatible trace elements. Furthermore, it is important to avoid 

using samples that are known to be significantly affected by crustal contamination or mixing 

with older, stored magma within the volcano’s plumbing system. For example, the Puʻuʻōʻō 

eruption was located on the East Rift Zone (ERZ) of Kīlauea (Fig. 1a), and was supplied by 

magma from the volcano’s summit reservoir (Garcia et al., 2021). Puʻuʻōʻō lavas display a 

relatively wide compositional range due to (1) an early period of mixing from 1983 to early 1985 

between summit-derived magma and a differentiated, rift-stored magma from the 1960s (Garcia 

et al., 1989, 1992, 1996; Pietruszka et al., 2018) and (2) the gradual flushing of 1982-era summit-

derived magma (via the ERZ) that was not complete until mid-1988 (Pietruszka et al., 2018). The 

Puʻuʻōʻō eruption was also punctuated by three brief uprift eruptions in 1997, 2007, and 2011 

(Garcia et al., 2021). Lavas from two of these eruptions (1997 and 2011) display chemical signs 

of mixing with a differentiated, rift-stored magma from the 1960s (Walker et al., 2019). Thus, 

Puʻuʻōʻō lavas that erupted from 1983 to July 1988, and lavas from the uprift eruptions in 1997 

and 2011, are excluded from the figures and discussion (except for Fig. 2f) because they do not 
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represent mantle-derived magmas. Other samples from both Kīlauea and Maunaloa that are 

excluded from further consideration are described below. 

Lava samples from Kīlauea’s summit and rift zones (~1820 to 1954) 

High-precision Pb isotope ratios of 28 lava samples that erupted from Kīlauea’s summit and 

rift zones between ~1820 and 1954 were previously reported by Pietruszka et al. (2019). The Sr 

and Nd isotope ratios were measured by thermal ionization mass spectrometry (TIMS) at San 

Diego State University (SDSU) or the U.S. Geological Survey (USGS) in Denver (Sr), and 

multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS) at SDSU (Nd). 

The average Sr and Nd isotope ratios of these samples, including the Kil1919 reference material, 

are presented in Supplementary Table S2. Individual replicate measurements of 87Sr/86Sr for 

each sample are presented in Supplementary Table S3. Kil1919 was collected from the same 

lava flow at the summit of Kīlauea as the USGS reference materials, BHVO-1 and BHVO-2. A 

subset of these samples from the summit (n=11, including Kil1919 and BHVO-2) and rift zones 

(n=5) was analyzed for trace element abundances by quadrupole inductively coupled plasma 

mass spectrometry (ICPMS) at the Australian National University (ANU) or Washington State 

University (WSU). The ICPMS trace element abundances of these samples are presented in 

Supplementary Table S4 (summit) and Supplementary Table S5 (rift zones). These data 

supplement the published ICPMS trace element abundances of summit lavas (Pietruszka & 

Garcia, 1999) from this time period (n=24), including six samples that were reanalyzed in this 

study (1832, 1885-2, 1917, 1918-1919, Kil1919 and 1921-4). Detailed information on the 

eruptive history and locations of the summit and rift zone samples, and their previously reported 

major element abundances by X-ray fluorescence spectrometry (XRF) or electron microprobe 

are summarized by Garcia et al. (2003) and Pietruszka et al. (2019). New XRF major element 
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abundances for seven additional samples from the 1919-1920 Maunaiki eruption (Fig. 1a) along 

the Southwest Rift Zone (SWRZ) of Kīlauea are presented in Supplementary Table S6, which 

includes new XRF trace element abundances for these Maunaiki lavas, another sample from this 

eruption (previously analyzed by Pietruszka et al. (2019) for major element abundances), and 

three additional rift zone lavas that erupted in 1823 (SWRZ), 1868 (SWRZ), and 1923 (ERZ). 

All XRF analyses were performed at the University of Massachusetts (UM). 

The Pb isotope ratios of seven Kīlauea summit lavas that erupted from 1912 to 1954 are 

unusually variable with elevated 207Pb/204Pb (95-TAJ-3, 95-TAJ-15, 1918-1919, KS11-2, 95-

TAJ-9, 26-Jun-1952, 1954-2). These anomalous signatures are thought to result from the 

contamination of mantle-derived magmas with the ~110 Ma Pacific oceanic crust that underlies 

the Island of Hawaiʻi (Pietruszka et al., 2019). The 87Sr/86Sr ratios of two groups of these 

samples (two different samples of the 1918-1919 summit lava flow, 1918-1919 and KS11-2, and 

two separate analyses of sample 95-TAJ-9 from the 1923 summit eruption) are also somewhat 

variable (Supplementary Table S2). The specific origin of these differences in 87Sr/86Sr 

(~0.00002 to 0.00006) is unknown, but may be related to a disruption of Kīlauea’s magmatic 

plumbing system during a period of low magma supply prior to the 1924 collapse of 

Halemaʻumaʻu lava lake and explosive eruption (Pietruszka et al., 2019). Of these samples, the 

87Sr/86Sr ratios of KS11-2 and both analyses of 95-TAJ-9 seem to be anomalously high compared 

to the overall temporal trend. The Sr isotope ratios of these anomalous samples and those listed 

above with elevated 207Pb/204Pb—also identified in Supplementary Table S2—are not plotted 

on the figures or used in the interpretation of mantle processes. 
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Lava samples from Kīlauea’s summit (1959 to 1982) 

High-precision Pb, Sr, and Nd isotope ratios of 25 lava samples that erupted from Kīlauea’s 

summit between 1959 and 1982 were previously reported by Pietruszka et al. (2015, 2018). A 

subset of these samples (n=8) was analyzed for trace element abundances by ICPMS at WSU 

(Supplementary Table S4). These data supplement the published ICPMS trace element 

abundances of summit lavas (Pietruszka & Garcia, 1999) from this time period (n=15), including 

one sample that was reanalyzed in this study (1982S-12). Detailed information on the eruptive 

history and locations of these samples, and their previously reported major and trace element 

abundances are summarized by Pietruszka & Garcia (1999), Garcia et al. (2003), and Pietruszka 

et al. (2015). 

Lava samples from Kīlauea’s rift zones (1961 to 1979) 

High-precision Pb, Sr, and Nd isotope ratios of 27 lava samples that erupted from Kīlauea’s 

rift zones between 1961 and 1979 were previously reported by Pietruszka et al. (2018). A subset 

of these samples (n=24) was analyzed for trace element abundances by ICPMS at ANU 

(Supplementary Table S5). Detailed information on the eruptive history and locations of these 

samples, and their previously reported XRF major and trace element abundances are summarized 

by Pietruszka et al. (2018). The sample from Kīlauea’s 1977 ERZ eruption (KL77-11) is 

excluded from the figures and further discussion because it likely experienced a relatively long 

(>10 yr) period of rift storage (Pietruszka et al., 2018). 

Lava samples from Maunaloa (1843 to 1984) 

High-precision Pb, Sr, and Nd isotope ratios of 20 lava samples that erupted from Maunaloa 

between 1843 and 1984 were previously reported by Wanless et al. (2006) and Weis et al. (2011). 

One of these samples (ML-129) from the 1940 eruption (Weis et al., 2011) has an anomalously 
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low 206Pb/204Pb ratio (a large difference of ~0.2 compared to typical Maunaloa lavas), and is not 

considered further. All of these samples, and many others from this time period, were previously 

analyzed for their major element abundances by XRF (Rhodes & Hart, 1995; Wanless et al., 

2006; Rhodes, 2015). Selected XRF trace element abundances for most of the samples with Pb, 

Sr, and Nd isotope ratios (n=16) and many others from this time period are published by Rhodes 

& Hart (1995) and Wanless et al. (2006); trace element abundances for the final four samples 

with Pb, Sr, and Nd isotope ratios were measured by XRF at UM (Supplementary Table S7). 

Only two of the samples with Pb, Sr and Nd isotope ratios—both from the submarine radial 

vents of the 1877 eruption—were previously analyzed for trace element abundances by ICPMS 

(Wanless et al., 2006). New trace element abundances for a sample from the 1877 eruption and 

four samples from the 1859 eruption by ICPMS at ANU (including new major and trace element 

abundances by XRF at UM) are presented in Supplementary Table S8. Five additional lava 

samples that erupted from Maunaloa between 1843 and 1984 (the H10 series of samples) were 

analyzed for major element abundances by XRF at UM, trace element abundances by ICPMS at 

ANU, and high-precision Pb, Sr, and Nd isotope ratios at SDSU (Supplementary Table S9). 

Individual replicate measurements of 87Sr/86Sr for each H10 sample are presented in 

Supplementary Table S10. 

Older lava samples from Maunaloa 

High-precision Pb, Sr, and Nd isotope ratios of 12 older lava samples erupted from Maunaloa 

between ~140 and 2,580 yr before present (Rhodes, 2015) were previously reported by Marske et 

al. (2007). These samples plus an additional 20 from this time period were analyzed for selected 

trace element abundances by XRF at UM (Supplementary Tables S7 and S8). A subset of the 

samples (n=17) with Pb, Sr, and Nd isotope ratios and/or trace element abundances by XRF were 
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analyzed for trace element abundances by ICPMS at ANU (Supplementary Table S8). All of 

these samples, and many others from this time period, were previously analyzed for their major 

element abundances by XRF (Marske et al., 2007; Rhodes, 2015). 

Analytical methods 

The Pb, Sr, and Nd isotope analytical methods, including estimates of precision and all data 

for reference materials analyzed during the course of this study, are the same as described by 

Pietruszka et al. (2018). All literature isotopic data have been corrected relative to the same 

values for the SRM981 Pb (Galer and Abouchami, 1998), SRM987 Sr (87Sr/86Sr=0.710250), and 

La Jolla Nd (143Nd/144Nd=0.511844) standards for direct comparison with the data presented in 

this study. Measurements of trace element abundances by ICPMS at ANU were performed using 

the methods described by Pietruszka et al. (2013), and references therein. 

Measurements of trace element abundances at WSU were performed using an Agilent 7700 

ICPMS. Samples were powdered in agate, weighed (0.2000±0.0005 g), digested in a mixture of 

concentrated HCl (2 mL), HNO3 (2 mL), HClO4 (2 mL), and HF (6 mL), and dried. The sample 

was treated with a second dose of HClO4 (2 mL) and dried. A clear solution was obtained in a 

mixture of 18MW water (10 mL), concentrated HNO3 (3 mL), H2O2 (0.35 mL), and 0.1 mL of 

concentrated HF. Each sample was spiked with an In-Re-Rh-Ru internal standard, diluted with 

18MW water to 60 g, and homogenized. The ICPMS analyses were calibrated against two USGS 

basalt reference materials, BCR-2 and BHVO-2, that were prepared using the same procedure as 

the samples. The calibration values for BCR-2 and BHVO-2 are listed in Supplementary Table 

S11. 

Data for ICPMS reference materials analyzed during this study (Kil1919, BHVO-2, and 

Kil93), including estimates of precision, are presented in Supplementary Table S11. Kil1919 
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and BHVO-2 are both whole-rock powders prepared from the same 1919 summit lava flow of 

Kīlauea, and are expected to be essentially identical for abundances of incompatible trace 

elements. Kil93 is a whole-rock powder prepared from a Puʻuʻōʻō (Kīlauea) lava that was 

collected on May 10, 1993. Due to differences in the method of instrument calibration, a 

correction for interlaboratory bias is recommended to compare the trace element abundances 

more accurately between WSU and ANU. The suggested correction factors, based on the 

measured differences in the reference materials, are listed in Supplementary Table S11. The 

“WSU99” correction factors apply to the ICPMS trace element abundances of Kīlauea summit 

lavas from Pietruszka & Garcia (1999). The “WSU2020s” correction factors apply to the results 

for recent Kīlauea (2016, 2017, and 2021) and Maunaloa (2022) lavas in Supplementary Table 

S1 and Kīlauea summit lavas (1832-1982) in Supplementary Table S4. These correction factors 

were only applied to the ICPMS data shown on the figures; the data are reported as measured. 

The major and selected trace element (Nb, Zr, Y, Sr, Rb, Zn, Ni, Cr, V, and, in some cases, Ba) 

abundances of the samples (and all of the literature data) were measured by XRF using the 

methods described by Rhodes & Vollinger (2004). 

Sources of geophysical data 

Data for ground deformation and seismic activity at Maunaloa is shown in Fig. 1b. The 

relative change in distance across Mokuʻāweoweo between the MOKP and MLSP stations (Fig. 

1a) was determined by electronic distance measurements (EDM) from 1984 to 2004 (Thelen et 

al., 2017) and by GPS from 2000 to 2022 (HVO, USGS, Hawaiʻi GPS Network, 2000a, 2000b). 

Earthquake counts with hypocenters near Mokuʻāweoweo (dashed rectangle in Fig. 1a) were 

filtered for M1.7 or greater [the minimum consistently detectable magnitude since ~1984 based 
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on Thelen et al. (2017)] from the comprehensive catalog of the U.S. Geological Survey (USGS, 

Earthquake Hazards Program, 2017). These data sources are continuously updated by the USGS. 

Histogram of Kīlauea lava chemistry 

The distribution of lava chemistry at Kīlauea is illustrated in Fig. 2f. This histogram of Nb/Y 

(collected by ICPMS) compares all lavas in the comprehensive dataset (described above) from 

Kīlauea’s summit (~1820-2021 and the ~1000-1400 CE lavas from Uēkahuna bluff) and rift 

zones (1823-2018) with the total range for Maunaloa lavas (1843-2022). However, some Kīlauea 

eruptions (e.g., Puʻuʻōʻō) were more frequently sampled and analyzed (weekly to monthly) than 

many others that may only have a single analysis. To avoid skewing the histogram, we 

determined the average temporal spacing for Kīlauea eruptions that were sampled and analyzed 

from 1918-1919 (the earliest overflow of Halemaʻumʻau lava lake onto the caldera floor that 

remains exposed) to September 1982 (the last eruption prior to the start of the Puʻuʻōʻō). 

Samples from the Maunaulu eruption were divided into two groups (1969-1971 and 1972-1974), 

which are separated by an eruptive pause. Samples from the paired summit-rift eruptions in 

September 1971 and July 1974 were each treated as a single group. The total of 36 eruptions 

from 1918-1919 to September 1982 represent an average of ~1.8 yr between sampled and 

analyzed eruptions. Thus, the entire dataset for Nb/Y from ~1820 to 2021 (including Puʻuʻōʻō) 

was averaged with a 2-yr filter both forwards (to 2021) and backwards (to ~1820) from a starting 

window of 1981 to 1982. The exact dates of the 1918-1919 summit eruption are unknown, but 

the histogram remains the same if it is included with either the 1917 to 1918 or 1918 to 1919 

time units. Overall, this approach to estimate the distribution in Nb/Y for Kīlauea lavas results in 

27 time units with data for summit eruptions, 18 for the Puʻuʻōʻō eruption, and 14 for other rift 

eruptions. The average Nb/Y ratio of each time unit is plotted separately for summit and rift 



Journal of Petrology, 2024, 65, egae121. https://doi.org/10.1093/petrology/egae121 

 34 

lavas in Fig. 2f. Each of the 24 lava samples from Uēkahuna bluff are plotted separately because 

the timing of these eruptions is unknown. 

Calculation of eruption rates 

Eruption rates at Kīlauea (1924-2023) and Maunaloa (1843-2022) were calculated using 

best-fit lines on plots of the cumulative volume of lava erupted over time (Supplementary Fig. 

S1). Eruption information, including the lava volume estimates, are from Mulliken et al. (2024). 

The slope of the line defined by a series of eruptions on this plot indicates the average rate of 

eruption for the time period. The eruption rates shown on Fig. 3d were determined from the best-

fit slopes on Supplementary Fig. S1 and other information for Kīlauea prior to 1924, as follows. 

From ~1823 to 1924, volcanic activity at Kīlauea was dominated by a lava lake within the 

caldera (Kaluapele) or Halemaʻumaʻu (Fig. 1a) alone since the mid-19th century. Major 

collapses of the caldera in 1832, 1840, and 1868, and its subsequent refilling by lava lake 

overflows makes it impossible to estimate eruption rates at Kīlauea prior to 1924 using modern 

lava flow maps. Eruption rates of ~0.1 km3/yr from 1823 to 1840 and ~0.01 km3/yr from 1840 to 

1924 were estimated by Pietruszka & Garcia (1999) using contemporaneous maps and 

descriptions of eruptive behavior. The eruption rate at Kīlauea reached a minimum after the 

collapse of Halemaʻumaʻu lava lake in 1924 (Pietruszka & Garcia, 1999), and remained low 

(~0.003 km3/yr based on a best-fit line with an R2 value of ~0.99) until ~1954 (Supplementary 

Fig. S1a). This includes the longest quiescent period (1934-1952) for Kīlauea since the start of 

written records in ~1823, and the subsequent two summit eruptions in 1952 and 1954. The 1955 

rift eruption was relatively large, and marked a switch to more frequent eruptions at the 

volcano’s summit (n=10 until 1982), along the rift zones (n=19), or both (n=2). Major rift 

eruptions occurred from 1969 to 1972 at Maunaulu, 1983 to 2018 at Puʻuʻōʻō, and in 2018, on 
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the lower ERZ (LERZ), mostly from Ahuʻailāʻau (Fig. 1a). The eruption rate at Kīlauea was 

higher from ~1955 to 1982 (~0.036 km3/yr based on a best-fit line with an R2 value of ~0.91), 

which was the last summit eruption prior to the start of the Puʻuʻōʻō eruption in 1983. The 

eruption rate from the start of the Puʻuʻōʻō eruption in 1983 to the end of the 2018 LERZ 

eruption (~0.15 km3/yr) is estimated from the total volume of lava erupted during this period 

(~5.5 km3). Kīlauea displayed a systematic variation in eruption rate during the Puʻuʻōʻō 

eruption (Wolfe et al., 1987; Dvorak & Dzurisin, 1993; Anderson & Poland, 2016): (1) ~0.12 

km3/yr from 1983 to 1984, (2), ~0.12 km3/yr from 2000 to 2001, (3) ~0.16 km3/yr from 2005 to 

2006 during the mantle-derived surge in magma supply from ~2003 to 2007 (Poland et al., 

2012), and (4) ~0.07 km3/yr from 2011 to 2012. However, we use the long-term average eruption 

rate from 1983 to 2018—including both the Puʻuʻōʻō  and 2018 LERZ eruptions—to be 

consistent with the estimates from the early 19th to mid-20th century. No eruptions occurred at 

Kīlauea between the end of the 2018 LERZ eruption and the start of the 2020 summit eruption 

within Halemaʻumaʻu. The cumulative volume of lava erupted from 2020 to 2023 can be fit 

(R2=0.94) with an eruption rate of ~0.061 km3/yr, which is more than a factor of ~2 lower than 

the average rate from 1983 to 2018. However, this estimate is likely affected by an unusually 

large amount of magma intrusion and storage following the 2018 collapse of Kaluapele. Instead, 

a higher estimate of ~0.093 km3/yr is shown on Fig. 3d. This value was derived from the volume 

erupted at the volcano’s summit during the sustained Halemaʻumaʻu eruption from September 

2021 to December 2022 (~437 days), when the amount of deformation and magma storage was 

low (M. Poland, personal communication, 2024). The most recent Kīlauea eruptions on the 

SWRZ and ERZ in 2024 were not included in this analysis because no lava volume estimates are 

yet available, but both eruptions were small. 
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The plot of cumulative volume erupted over time at Maunaloa (Supplementary Fig. S1b) 

reveals three distinct periods of decreasing slope due to a decline in the rate of eruption from 

~1843 to 2022: a maximum of ~0.062 km3/yr from 1843 to 1890 (R2=0.95), ~0.024 km3/yr from 

1890 to 1950 (R2=0.95), and a minimum of ~0.006 km3/yr from 1950 to 2022 (R2=0.86). Unlike 

Kīlauea, however, there are fewer volcanological clues to these changes in eruption rate and it is 

not possible to unambiguously assign eruptions near each of the two changes in slope to a 

particular period. Instead, the eruptions included in each period were selected to maximize the R2 

value of the best-fit lines. These estimates are similar to Lockwood and Lipman (1987), who 

obtained average eruption rates of ~0.05 km3/yr from 1843 to 1876 and ~0.02 km3/yr from 1887 

to 1984. 
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Supplementary Figure and Table Captions 

 

Supplementary Fig. S1. Cumulative volume of lava erupted for Kīlauea (1924 to 2023) and 

Maunaloa (1843 to 2022). The lava volume estimates are from the summary of Mulliken et al. 

(2024). 

 

Supplementary Table S1. Major and trace element abundances of lava samples from recent 

eruptions of Kīlauea and Maunaloa 

The Kīlauea samples were collected from the lava lake within Halemaʻumaʻu at the summit of 

the volcano in 2016, 2017, and 2021. The XRF major and trace element abundances of the 2016 

and 2017 samples were presented by Pietruszka et al. (2021). The 2022 Maunaloa sample 

erupted from the volcano’s Northeast Rift Zone (NERZ), and was collected at the flow front 

closest to Highway 200 by water quenching at ~1300 hrs (Hawaiian Standard Time) on 

December 5, 2022. The major and selected trace element abundances of the 2021 Kīlauea and 

2022 Maunaloa lavas were measured by XRF at the University of Massachusetts (UM) using the 

methods of Rhodes & Vollinger (2004). Fe2O3* is total iron as Fe3+. All four samples were 

analyzed for trace element abundances by ICPMS in solution mode at Washington State 

University (WSU) using methods described in the text. Data for ICPMS reference materials 

analyzed during the course of this study, including estimates of precision, are presented in 

Supplementary Table S11. 
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Supplementary Table S2. Sr and Nd isotope ratios for lava samples from Kīlauea’s summit 

and rift zones (~1820 to 1954) 

The samples were collected from the summit, Southwest Rift Zone (SWRZ), or East Rift Zone 

(ERZ) of Kīlauea, as described by Pietruszka et al. (2019). The Sr isotope ratios were measured 

by thermal ionization mass spectrometry (TIMS) at either San Diego State University (SDSU) or 

the U.S. Geological Survey (USGS) in Denver. The details of the Pb, Sr, and Nd isotope 

analytical methods, including estimates of precision and all data for reference materials analyzed 

during the course of this study, are the same as described by Pietruszka et al. (2018). The 

materials analyzed were volcanic glass (GL) or groundmass (GM) chips, or for Kil1919 only, a 

whole-rock powder (WR). The Pb isotope ratios from Pietruszka et al. (2019) are provided to 

unambiguously link the duplicate analyses with their Sr and Nd isotope ratios. The uncertainties 

for the average Sr isotope ratios are ±2SE (n>2) or the total range (n=2) of the replicate analyses 

of each sample. The individual Sr isotope ratios are presented in Supplementary Table S3. The 

εNd values are calculated relative to 143Nd/144Nd=0.512638 for εNd=0. 

Notes: 

(a) The Sr isotope ratio of this sample was measured at the USGS. 

(b) The Sr isotope ratio of this sample was measured at SDSU. 

(c) Duplicate analysis from a separate split of the sample. 

(d) Leached analysis from a separate split of the sample. 

(e) Average Pb, Sr, and Nd isotope ratios for Kil1919 from this study and a previous study in the 

same laboratory by Marske et al. (2007). 

(f) The Pb isotope ratios of this sample are anomalous (with high 207Pb/204Pb) due to crustal 

contamination, as described by Pietruszka et al. (2019). 
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(g) Analyses of 87Sr/86Sr for different samples of this 1918-1919 lava flow are distinct at the 

±2SD level. 

(h) The duplicate analyses of 87Sr/86Sr for this sample are distinct at the ±2SD level. 

 

Supplementary Table S3. Individual Sr isotope ratios for lava samples from Kīlauea’s 

summit and rift zones (~1820 to 1954) 

 

Supplementary Table S4. ICPMS trace element abundances for lavas from Kīlauea’s 

summit (1832 to 1982) 

The trace element abundances were measured by ICPMS in solution mode at WSU using 

methods described in the text. Data for ICPMS reference materials analyzed during the course of 

this study, including estimates of precision, are presented in Supplementary Table S11. 

 

Supplementary Table S5. ICPMS trace element abundances for lavas from Kīlauea’s rift 

zones (1823 to 1923) 

The trace element abundances were measured by ICPMS, either in solution mode (Soln.) or as 

fused whole-rock powders by laser ablation (LA) at the Australian National University (ANU). 

The analytical method was described by Pietruszka et al. (2013) and references therein. The 

reported values by LA-ICPMS are the average of at least three measurements. Data for ICPMS 

reference materials analyzed during the course of this study, including estimates of precision, are 

presented in Supplementary Table S11. 
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Supplementary Table S6. XRF major and selected trace element abundances for lavas from 

Kīlauea’s rift zones (1823 to 1923) 

The major and selected trace element abundances were measured by XRF at UM using the 

methods of Rhodes & Vollinger (2004). Fe2O3* is total iron as Fe3+. The major element 

abundances of four samples (1823SW-F, 1868SW, MI-07-02, and 25-Aug-23) are from 

Pietruszka et al. (2019). 

 

Supplementary Table S7. XRF major and selected trace element abundances for lavas from 

Maunaloa 

The major and selected trace element abundances were measured by XRF at UM using the 

methods of Rhodes & Vollinger (2004). Fe2O3* is total iron as Fe3+. 

Notes: 

(a) Major element abundances from Rhodes (2015). 

 

Supplementary Table S8. Major and trace element abundances for lavas from Maunaloa by 

XRF and ICPMS 

The major and selected trace element abundances were measured by XRF at UM using the 

methods of Rhodes & Vollinger (2004). Fe2O3* is total iron as Fe3+. The trace element 

abundances were measured by ICPMS in solution mode at ANU using the analytical method 

described by Pietruszka et al. (2013) and references therein. The reported values are a single 

ICPMS measurement, except for sample L88-29 (average of two analyses). Data for ICPMS 

reference materials analyzed during the course of this study, including estimates of precision, are 

presented in Supplementary Table S11. 
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Notes: 

(a) Major element abundances from Marske et al. (2007). 

 

Supplementary Table S9. Major (XRF) and trace element (ICPMS) abundances, and Pb, 

Sr, and Nd isotope ratios of lava samples from Maunaloa (1843 to 1984) 

The samples were collected at the given coordinates (latitude and longitude) from the summit, 

radial vents, Northeast Rift Zone (NERZ), or Southwest Rift Zone (SWRZ) of Maunaloa. The 

major element abundances were measured by XRF at UM using the methods of Rhodes & 

Vollinger (2004). Fe2O3* is total iron as Fe3+. The trace element abundances were measured as 

fused whole-rock powders by LA-ICPMS at ANU using the analytical method described by 

Pietruszka et al. (2013), and references therein. The reported values are the average of three 

ICPMS measurements. Data for ICPMS reference materials analyzed during the course of this 

study, including estimates of precision, are presented in Supplementary Table S11. The Pb, Sr, 

and Nd isotope ratios were measured in whole-rock chips by multiple-collector inductively 

coupled plasma mass spectrometry (MC-ICPMS) at SDSU (Pb and Nd) or by TIMS at the USGS 

(Sr). The details of the Pb, Sr, and Nd isotope analytical methods, including estimates of 

precision and all data for reference materials analyzed during the course of this study, are the 

same as described by Pietruszka et al. (2018). The Sr isotope ratios are the average of two or 

three replicates (see Supplementary Table S10 for the individual 87Sr/86Sr ratios). The εNd 

values are calculated relative to 143Nd/144Nd=0.512638 for εNd=0. 
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Supplementary Table S10. Individual Sr isotope ratios for lava samples from Maunaloa 

(1843 to 1984) 

 

Supplementary Table S11. Trace element abundances for ICPMS reference materials 
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