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Abstract 

Bimodal volcanism of basaltic and rhyolitic magmas in the Kermadec 

Arc has been attributed to the fractional crystallization of basaltic 

sources. However, new evidence from the Kibblewhite Volcano reveals 

two distinct differentiation pathways originating from mantle-derived 

basaltic and andesitic primary magmas. Here we employ 

geothermobarometric estimations, mass-balance calculations, and 

thermodynamic modeling to demonstrate that rhyolitic magmas in the 

Kibblewhite Volcano are derived from andesitic primary magmas 

through ~70% fractional crystallization. The andesite differentiation 

model provides a more efficient pathway for rhyolite generation than 

the basalt differentiation model, supported by rare earth element 

compositions and differentiation modelling. We propose a new 

hypothesis that bimodal volcanism in the Kermadec Arc arises from 

parallel differentiation of basaltic and andesitic primary magmas, a 

process facilitated by the thin crust in this arc and varied mantle melting 

conditions. This study challenges conventional basalt-centric paradigms 

of silicic magma genesis and highlights the importance of mantle-

derived andesitic magmas in shaping oceanic arc volcanism. 

Introduction 

Submarine volcanoes frequently produce explosive eruptions that significantly 

impact Earth's surface. For instance, the 2012 Havre Volcano eruption in Tonga Arc1–3 

and the 2021 Fukutoku-Oka-no-Ba eruption in Ogasawara Arc4,5 created extensive 

pumice rafts, disrupting the ecology and economy of the Western Pacific. Similarly, the 

2022 Hunga Tonga-Hunga Ha’apai eruption generated tsunamis observed worldwide6. 

These events underscore the importance of understanding the origin of silicic magmas 

in oceanic arcs for both geological research and disaster mitigation. 

The Kermadec Arc, an active oceanic arc in the Western Pacific, is characterized 

by a thin crust (<15 km)7 and bimodal volcanism involving basaltic (50–57 wt.% SiO2 
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with total volume ~1500 km3) and rhyolitic (63–73 wt.% SiO2 with total volume ~900 

km3) magmas8,9. While the origin of silicic magmas in the Kermadec Arc has been 

debated, consensus suggests they are derived from basaltic sources. Early studies8,10–12 

proposed that lower crustal amphibolite melting could generate silicic magmas; 

however, recent research favors a model where 70–80% fractional crystallization of 

basaltic melt produces dacitic to rhyolitic magmas13–16.  This preference arises because 

(1) the oxygen isotope compositions of dacites and rhyolites more closely match 

mantle-derived melts14,17and (2) amphibolite melting does not adequately explain the 

rare earth element (REE) concentrations in silicic magmas14,18. However, magma 

erupting through a thin crust is less likely to be heavily influenced by fractional 

crystallization or crustal contributions due to its shorter ascent path. Thus, the origin of 

the voluminous rhyolitic magmas in the Kermadec Arc remains a challenge. 

Recently study by Hirai et al.19 identified magnesian andesites at the 

Kibblewhite Volcano and estimated their primary melt compositions, referred to as 

Kibblewhite high-magnesian andesites (HMAs). These melts are believed to be mantle-

derived andesitic magmas generated under low-pressure conditions in the upper mantle. 

Additionally, Hirai et al.20 reported olivine-hosted primitive basaltic melt inclusions 

(PBMIs) from the same volcano, representing deeper mantle-derived magmas predating 

the magnesian andesites. These findings suggest that the thin crust of the Kermadec Arc 

facilitates the coexistence of both basaltic and andesitic primary magmas, even within a 

single volcanic system. Consequently, focusing solely on basaltic sources may be 

insufficient when explaining the origin of rhyolitic magmas in this arc. 

This study aims to elucidate how primary basaltic and andesitic magmas 

contribute to the formation of rhyolitic magmas in the Kermadec Arc. To achieve this, 

we first investigate the rhyolitic magma of the Kibblewhite Volcano by estimating 

magmatic conditions using multiple geothermobarometers and conducting mass balance 

and thermodynamic fractional crystallization modeling. The results reveal a parent-

daughter relationship between the magnesian andesites and rhyolitic magmas in the 

Kibblewhite Volcano. Finally, we propose a new hypothesis to explain bimodal 

volcanism in the Kermadec Arc, based on insights derived from the Kibblewhite 

Volcano. 

Background 

Kibblewhite Volcano is situated in the southern segment of the Kermadec Arc at 

approximately 34.6°S and 179.2°E (Fig. S1). Volcanic rocks collected from the area 

around Kibblewhite Volcano have been classified into several magmatic types based on 

petrographic and geochemical analyses19 (Fig.1). The basalts contain olivine ± 

clinopyroxene + plagioclase phenocrysts, and those that are particularly abundant in 

olivine and clinopyroxene are called ankaramites. These basaltic samples predominantly 
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occur in small volcanic cones surrounding the Kibblewhite Volcano (KI1–KI4; Fig. S1). 

Magnesian andesites include olivine (Fo83–86) and clinopyroxene (Mg# = 82–87) 

microphenocrysts, with minor forsteritic olivine xenocrysts (Fo90–92). Low-Mg andesites 

included clinopyroxene (Mg# = 68–75), orthopyroxene (Mg# = 61–74), plagioclase 

(An45–85), and magnetite ± ilmenite. Dacites and rhyolites are pumiceous rocks with 

clinopyroxene (Mg# = 64–76), orthopyroxene (Mg# = 55–71), amphibole (Mg# = 54–

67), plagioclase (An29–60), and magnetite ± ilmenite. Kibblewhite HMAs, which were 

calculated by adding 12% olivine (olivine model) or 15% olivine and 6% clinopyroxene 

(olivine + clinopyroxene model) to magnesian andesite compositions, represent primary 

andesitic endmembers19. The olivine-hosted PBMIs from the ankaramites and 

magnesian andesites have major and trace element compositions similar to the 

ankaramite whole-rock compositions, representing the primary basaltic melts occurring 

in the Kibblewhite mantle20.  

In summary, Kibblewhite Volcano hosts two distinct primary magmas and two 

types of andesites with contrasting petrological characteristics. These findings support 

the development of two differentiation models for the generation of rhyolitic magma at 

the volcano. In the basalt differentiation model, primary basaltic magma evolves into 

low-Mg andesite (blue arrows in Fig. 1), while in the HMA differentiation model, 

primary andesitic magma evolves into magnesian andesite (red arrows in Fig. 1). A 

central question is which differentiation pathway more plausibly accounts for the origin 

of dacitic and rhyolitic magmas. Both low-Mg and magnesian andesites display Sr-Nd-

Hf-Pb isotopic ratios consistent with those of dacites and rhyolites (Fig. S2), indicating 

that either model could theoretically produce the observed silicic magmas. To resolve 

this uncertainty, this study examines the magmatic conditions and applies fractional 

crystallization modeling to determine whether the rhyolitic magmas were derived from 

low-Mg andesite or magnesian andesite. 

Methods 

The chemical compositions of all mineral phases in volcanic rocks from the 

Kibblewhite Volcano were reported by Hira et al.19, enabling us to estimate the 

magmatic conditions of these magmas. Based on the observed mineralogy, pre-eruptive 

magmatic temperatures were determined using the following geothermometer: (1) 

olivine-melt geothermometer21, (2) clinopyroxene geothermometer22 (applicable to 

basaltic and andesitic samples only), (3) paired clinopyroxene-orthopyroxene 

geothermometer23, (4) coexisting ilmenite-magnetite geothermometer24, and (5) 

amphibole thermometer25. Since geothermometers (1) and (2) are dependent on H2O 

content of the melt, we integrated these with a plagioclase-melt hygrometer26 to 

simultaneously estimate temperature and water content. For amphibole-bearing 

samples, water contents were further refined using an amphibole hygrometer27. Pressure 
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conditions were obtained using clinopyroxene barometer22 (for basaltic and andesitic 

samples) and Al-in-hornblende barometer28. Oxygen fugacity (fO2) was calculated 

using a solution model for coexisting magnetite and ilmenite29 and magnetite-melt 

oxybarometer30. The estimated magmatic conditions are summarized in Table S1. 

The basalt and HMA differentiation models were evaluated using least-squares 

mass balance calculations based on the actual compositions of melt and phenocryst 

phases (Table S2). The calculations were conducted using OPTIMASBA Microsoft🄬 

Excel🄫 spreadsheet31 with chemical compositions for parent magmas, daughter 

magmas, and fractionated phases derived from literature data19. The fraction of residual 

melt, along with the mineral assemblages and their proportions among the fractionated 

minerals, is summarized in Table S3. The calculation of REE concentration in the 

modeled daughter magmas was performed using the proportions of fractionating 

phenocryst phases and crystal–liquid partition coefficients, in accordance with the 

Rayleigh fractionation model. Partition coefficients for REEs were taken from Ewart et 

al.32 for olivine, clinopyroxene, and orthopyroxene; Nandedkar et al.33 for amphibole; 

and Nielsen et al.34 for magnetite. 

Thermodynamic fractional crystallization calculations were performed using 

Rhyolite-MELTS35 (ver. 1.2) and COMAGMAT36 (ver. 3.75). The initial melt 

compositions, derived from the Kibblewhite HMAs and PBMIs, are summarized in 

Table S4. Given the broad range of CaO/Al2O3 ratios observed in PBMIs20, two 

representative compositions with ratios of 0.85 and 1.11 were selected for modeling. 

The initial melts were assumed to contain 1.0 wt.% and 3.0 wt.% H₂O and were 

crystallized under isobaric conditions at pressures of 3.0 kbar and 5.0 kbar, with 

oxidation states set to QFM and ΔQFM +1. These conditions were chosen based on 

magmatic parameters estimated from geothermobarometric data for the Kibblewhite 

magmas. 

Results 

Magmatic conditions 

Figure 2 presents the estimated magmatic conditions (temperature, water 

content, pressure, and oxygen fugacity) derived from multiple geothermobarometers. 

The geothermometers indicate that magnesian andesites display temperatures 

comparable to basalts (1050–1150°C), whereas low-Mg andesites exhibit similar 

temperatures to dacites and rhyolites (800–900°C). Geohygrometers estimate water 

contents of 2–4 wt.% for basalts and 5–7 wt.% H2O for low-Mg andesites, dacites, and 

rhyolites. Geobarometers distinguish pressure conditions among magnesian andesites 

(~4 kbar), low-Mg andesites (~1–2 kbar), and dacites and rhyolites (~2–3 kbar). 
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Oxybarometers estimate oxygen fugacity values for low-Mg andesites (QFM +0.1 to 

QFM +0.7), which overlap with those of dacites and rhyolites (QFM +0.2 to QFM 

+1.4). These magmatic conditions for rhyolites align with those of other rhyolites in the 

Kermadec Arc, such as those from Raoul, Healy, and Macauley14, and the 2012 Havre 

Volcano eruption16. 

These estimates suggest that the magnesian andesites have high-temperature and 

high-pressure conditions akin to basalts, distinctly differing from low-Mg andesites. 

While geohygrometers are not directly applicable to magnesian andesites, their water 

contents (1.3-4.8 wt.%) were estimated based on analysis of melt inclusions in olivine 

xenocrysts 20, further distinguishing them from low-Mg andesites (Fig. 2). Importantly, 

low-Mg andesites show similar temperatures and water contents to dacites and rhyolites 

but occur at low pressures. This indicates that dacitic and rhyolitic magmas are unlikely 

to form through the crystallization differentiation of low-Mg andesites. 

Mass balance model 

The mass balance calculations indicate that both the HMA and basalt 

differentiation models successfully reproduce the major element compositions of dacites 

and rhyolites with a low residual sum of squares (Table S2). To further evaluate the 

parent-daughter relationships, we calculated the REE concentrations of the modeled 

daughters. Figure 3 shows the REE concentrations for the low-Mg andesite–dacite, 

magnesian andesite–dacite, and dacite–rhyolite intervals. The results revealed that the 

major elements of dacite could be reproduced after ~44% fractional crystallization of 

low-Mg andesite, but its REE concentrations did not match (Fig. 3A). In contrast, both 

the major and REE compositions of dacite were accurately reproduced after ~39% 

fractional crystallization of magnesian andesites (Fig. 3B), while the major and REE 

compositions of rhyolite were reproduced after ~25% fractional crystallization of 

dacites (Fig. 3C). These findings suggest that dacites and rhyolites are more plausibly 

formed by fractional crystallization of magnesian andesites rather than low-Mg 

andesites, particularly in terms of REE concentrations. 

Moreover, least-squares mass-balance calculations demonstrated that the 

primary andesite differentiation model is significantly more efficient in generating 

silicic magmas than the basalt differentiation model. The HMA differentiation model 

yielded 46% rhyolitic melts, whereas the basalt differentiation model required more 

extensive crystal fractionation, producing only 13% rhyolitic melt (Table S3). 

Thermodynamic model 

Thermodynamic fractional crystallization calculations were conducted using 

Rhyolite-MELTS35 and COMAGMAT36, employing initial compositions derived from 
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the Kibblewhite HMAs and PBMIs. Figure 4 illustrates the representative compositional 

evolution of the calculated liquids during 70% crystal fractionation, modeled under 

specific conditions (initial 3.0 wt.% H2O, 3.0 kbar, ΔQFM +1). MELTS calculations 

produced liquids with significantly lower FeO*/MgO, TiO2, and FeO* values compared 

to observed trends in the Kibblewhite magmas, which can be attributed to the premature 

crystallization of Fe-Ti oxides. To address this, the COMAGMAT model was used with 

corrected liquidus temperatures for Fe-Ti oxides, resulting in compositional trends more 

consistent with the magmatic variations observed in the Kibblewhite Volcano. 

However, this modeling does not aim to fully reproduce differentiation trends or 

evaluate magmatic conditions comprehensively, as the crystallization of Fe-Ti oxides 

involves complex, interdependent physical properties. 

Rather, the most notable distinction between the HMA and PBMI differentiation 

models lies in the SiO2 content of the resulting liquids. After 70% crystal fractionation, 

Kibblewhite HMAs produced rhyolitic liquids, whereas PBMIs yielded only andesitic 

liquids (Fig.4). Although variations in modeling conditions (pressure, water content, 

and oxygen fugacity) caused slight differences in differentiation pathways, the SiO2 

contents of the final liquids in the HMA differentiation model (65–72 wt.% SiO2) 

consistently remained higher than those in the basalt differentiation model (50–63 wt.% 

SiO2) (Fig.S3). These findings suggest that PBMIs cannot produce rhyolitic melts 

through a reasonable degree of crystallization (~70%), but the HMAs can. 

Discussion 

Origin of rhyolitic magmas in the Kibblewhite Volcano 

This study evaluates which model—the basalt differentiation model that 

produces low-Mg andesite or the HMA differentiation model that produces magnesian 

andesite—is more plausible for the generation of rhyolitic magma at Kibblewhite 

Volcano. Geothermobarometric analyses reveal that low-Mg andesites exhibit 

temperatures as low as those of dacites and rhyolites (830–950°C) and contain similarly 

high-water contents (5.0–6.5 wt.%), indicating that low-Mg andesites are already 

significantly evolved. Furthermore, mass balance calculations demonstrate that low-Mg 

andesites cannot account for the REE compositions of dacites and rhyolites, reinforcing 

the conclusion that low-Mg andesites are unlikely to produce silicic magmas through 

further fractional crystallization. In contrast, magnesian andesites successfully 

reproduce both the major and REE compositions of dacites and rhyolites, suggesting 

that fractional crystallization of magnesian andesites provides a more plausible pathway 

for the generation of rhyolitic magmas in the Kibblewhite Volcano. 
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The HMA differentiation model demonstrates a clear advantage in producing 

silicic magmas more efficiently compared to the basalt differentiation model. Mass 

balance and thermodynamic models show that ~70% fractional crystallization of 

Kibblewhite HMAs generates rhyolitic melts, whereas the same degree of 

crystallization in primitive basaltic melts produces only andesitic compositions. This 

difference arises from the mineralogy of the fractionated phases (olivine, clinopyroxene, 

plagioclase), which typically contain ~50 wt.% SiO2. When basaltic magmas with ~50 

wt.% SiO2 fractionate these minerals, the SiO2 content of the residual melt remains 

relatively unchanged. In contrast, andesitic magmas (>55 wt.% SiO2) enriched in silica 

can generate rhyolitic melts as fractionation progresses (see Figure 11 in Kelemen et 

al.37).  

In previous studies, 70–80% fractional crystallization of basaltic magmas was 

proposed to generate rhyolitic compositions in the Kermadec Arc13–15,38. However, this 

study identifies a key discrepancy arising from differences in the initial melt 

compositions used in the models. The parental basalts in earlier research were not 

primitive, with MgO contents of 5.4–7.5 wt.% and FeO*/MgO ratios of 1.2–2.2, 

indicating that they had already undergone significant differentiation from primary 

melts. As a result, these studies may have overestimated the final volume of rhyolitic 

melts produced. 

Thus, it is reasonable to conclude that the silicic magmas of the Kibblewhite 

Volcano were primarily generated through the fractional crystallization of primary 

andesitic magmas. At the same time, fractional crystallization of primary basaltic 

magmas likely occurred in parallel, producing low-Mg andesites. Thermodynamic 

modeling demonstrates that if primary basaltic and andesitic magmas undergo a similar 

degree of fractional crystallization (~70%), the former produces andesitic magmas with 

low-temperatures and high-water contents, whereas the latter generates rhyolitic 

magmas (Fig.4). This finding strongly supports the interpretation that low-Mg andesites 

were derived from primary basaltic magmas through fractional crystallization. These 

results highlight the complementary roles of basaltic and andesitic primary magmas in 

shaping the magmatic diversity of the Kibblewhite Volcano. 

New hypothesis for bimodal volcanism in the Kermadec Arc 

This study reveals that two types of primary magmas—basaltic and andesitic—

formed distinct differentiation trends at the Kibblewhite Volcano, providing a novel 

mechanism for understanding bimodal volcanism in the Kermadec Arc. As shown in 

Figure 5, the SiO2 histogram of magmatic ejecta from the arc displays peaks at 50–57 

wt.% and 65–73 wt.% SiO2, corresponding to 50–70% parallel differentiation of 

mantle-derived basalt and andesite. In regions with a thin crust, such as the Kermadec 

Arc, primary magmas can vary from basaltic to andesitic due to mantle melting at 
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varying pressures19,20,39. These findings suggest that rhyolitic magmas in the Kermadec 

Arc likely derived from primary andesitic magmas, emphasizing the importance of 

parallel differentiation processes in bimodal volcanism. 

Building on these observations, we propose that the basalt and andesite 

differentiation series can be effectively distinguished using the FeO*/MgO–SiO2 

diagram. While the Miyashiro40 discrimination diagram has been traditionally used to 

identify differentiation trends, it is inadequate for distinguishing between basaltic and 

andesitic primary magmas, as shown in Figure 6A. Differentiation trends of primary 

magmas from the Western Epi in the Vanuatu Arc41, Monowai in the Kermadec Arc42 

and Chichijima in the Ogasawara Islands43 demonstrate that the FeO*/MgO values of 

andesitic series cross the traditional "Miyashiro" discrimination line, challenging its 

applicability. This limitation arises because Miyashiro's discrimination assumes only 

basaltic primary magmas occur in volcanic arcs, a premise inconsistent with arcs where 

both basaltic and andesitic primary melts are present. 

To address this, we adopted a new discrimination line based on trends observed 

in the Ogasawara boninites (broken line in Fig. 6A). Applying this new discrimination 

to the Kibblewhite Volcano (Fig. 6B), ankaramites, basalts, and low-Mg andesites align 

with the "basalt differentiation series," while magnesian andesites, dacites, and rhyolites 

belong to the "andesite differentiation series," consistent with the petrological 

conclusions of this study. Extending this analysis to the entire Kermadec Arc (Fig. 6C), 

the FeO*/MgO–SiO2 variation in dacites and rhyolites resembles trends observed in 

boninites, further supporting the coexistence of basaltic and andesitic primary magmas 

across the arc. 

Figure 6D compares the application of this discrimination to the Izu Arc, another 

oceanic arc characterized by bimodal volcanism of basaltic and rhyolitic magmas44. 

Similar FeO*/MgO–SiO2 variations in the Izu and Kermadec Arcs suggest that rhyolitic 

magmas in both arcs may have been derived from analogous sources. However, the 

generation mechanisms for rhyolitic magmas differ between the two arcs. In the Izu 

Arc, rhyolitic magmas are attributed to dehydration melting of the andesitic middle 

crust, as evidenced by reversely zoned orthopyroxene phenocrysts45,46. In contrast, 

dacites and rhyolites in the Kermadec Arc exhibit fewer disequilibrium structures in 

minerals13,14,19, indicating their formation via fractional crystallization rather than 

crustal anatexis. Dehydration melting experiments45,47 using an andesitic starting 

material similar to Kibblewhite magnesian andesites yielded liquids consistent with 

rhyolitic magmas in both arcs (Fig. 6D). This suggests that silicic magmas in both arcs 

share a common magnesian andesitic source, despite differences in their formation 

mechanisms. 

Based on these findings, we propose a new hypothesis that bimodal volcanism in 

the Kermadec Arc results from the parallel differentiation of mantle-derived basaltic 
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and andesitic magmas. This differentiation process, distinguished by FeO*/MgO–SiO2 

trends, offers a fresh perspective on silicic magma genesis in oceanic arcs and 

highlights the critical role of mantle-derived andesitic magmas in shaping bimodal 

volcanic systems. 

Implications for silicic magma generation in oceanic arcs 

To evaluate the applicability of this framework to other oceanic arcs 

characterized by thin crust, the discrimination line was applied to data from the Tonga 

Arc (Fig. 6E) and the South Sandwich Arc (Fig. 6F). In both arcs, volcanic activity is 

predominantly basaltic to andesitic (50–60 wt.% SiO2) rather than bimodal, with most 

samples falling within the basalt differentiation series. However, in the Tonga Arc, 

dacites and rhyolites classified into the andesite differentiation series have been 

identified in the northern region 48,49, suggesting a genetic relationship to nearby 

boninite samples. Similarly, in the South Sandwich Arc, rhyolites from Protector Shoal 

are classified into the andesite differentiation series, and andesites from the back-arc 

volcano Loskov exhibit compositions resembling Kibblewhite magnesian andesites. 

Although this suggests a potential genetic link, the highly-porphyritic nature and 

presence of xenocrysts in Loskov andesites50 render them unsuitable as parental 

magmas, leaving the true source of Protector Shoal silicic magmas unresolved. These 

findings highlight the importance of integrating petrographic analyses into magmatic 

differentiation studies. 

In any case, this framework suggests that silicic magmas in these arcs, like those 

in the Kermadec Arc, may involve contributions from primary andesitic magmas. 

However, the scarcity of silicic magmas in these arcs compared to the Kermadec Arc 

still remains unclear. One possibility is sampling limitation due to erupted materials 

residing on the seafloor. Primitive magmas may bypass main magma chambers and 

erupt near the base of volcanic edifices51. 

Conclusion 

This study hypothesized that bimodal volcanism in the Kermadec Arc stems 

from the parallel differentiation of mantle-derived basaltic and andesitic magmas. 

Basaltic magmas evolve into low-Mg andesites through ~70% fractional crystallization, 

while andesitic magmas efficiently generate dacites and rhyolites. The application of a 

new discrimination line based on FeO*/MgO–SiO2 trends provided a tool for 

distinguishing basaltic and andesitic differentiation series, revealing systematic 

variations in magmatic processes. This approach enhances our understanding of the dual 

roles of primary basaltic and andesitic magmas in shaping the magmatic diversity of 

oceanic arcs. 
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Figure captions 

 

Figure 1. Major element variations in volcanic rocks from the Kibblewhite Volcano.  

Differentiation trends for primary andesites (Kibblewhite HMAs) and basalts (primitive 

basaltic melt inclusions: PBMIs) are illustrated with red and blue arrows, respectively. 

Data points represent volcanic rocks and glasses from Kibblewhite Volcano19, while 

gray circles indicate published data from the Kermadec Arc 9,13,14,32,52–60.  Open squares 

and circles show olivine-hosted melt inclusions from magnesian andesites and 

ankaramites20. The discrimination boundary line in the FeO*/MgO-SiO2 diagram 

follows Miyashiro40. 
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Figure 2. Calculated magmatic conditions (temperature, water content, pressure, and 

oxygen fugacity) for Kibblewhite magmas based on geothermobarometric analyses. The 

red shaded area highlights the estimated conditions for Kibblewhite HMAs19 while the 

orange and purple regions represent conditions for rhyolitic pumices from Raoul, Healy 

and Macauley14 and the 2012 Havre Volcano eruption16, respectively. The alphabetic 

labels near the data points denote the geothermobarometers used to determine these 

values (refer to the references within the graph). 
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Figure 3. Rare-earth element (REE) patterns for observed and modeled daughter 

magmas in fractional crystallization models. Differentiation pathways include (A) low-

Mg andesite to dacite, (B) magnesian andesite to dacite, and (C) dacite to rhyolite. 

Fractional crystallization of magnesian andesites better reproduces both major and REE 

compositions of dacites compared to low-Mg andesites. Calculated trends follow the 

Rayleigh fractionation model, with parameters listed in Tables S2. 
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Figure 4. Thermodynamic fractional crystallization modeling of primary magmas using 

rhyolite-MELTS and COMAGMAT. Results show compositional changes during 70% 

crystal fractionation starting from Kibblewhite HMAs and PBMIs. Andesitic primary 

magmas produce rhyolitic melts, while basaltic primary magmas yield andesitic 

compositions. The models assume an initial H₂O content of 3.0 wt.%, isobaric 

crystallization at 3 kbar, and an oxidation state constrained at ΔQFM +1. 
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Figure 5. Bimodal distribution of SiO2 contents in the Kermadec Arc. (A) SiO2 versus 

remaining liquid fractions for the basalt and HMA differentiation models. Filled and 

open stars denote SiO2 contents of PBMIs and Kibblewhite HMAs, respectively. (B) 

Volume-weighted SiO2 histogram of magmatic ejecta from Kermadec Arc 9, showing 

peaks corresponding to fractional crystallization of primary basaltic and andesitic 

magmas. 
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Figure 6. New FeO*/MgO–SiO2 discrimination diagrams. (A) Comparison of 

differentiation trends for primary basaltic and andesitic magmas, highlighting 

limitations of the traditional Miyashiro40 boundary (gray line) and introducing a new 

discrimination line (broken line). The new discrimination is applied to (B) Kibblewhite 

Volcano, (C) the Kermadec Arc, (D) the Izu Arc, (E) the Tonga Arc, and (F) the South 

Sandwich Arc. In (A), the black circles and blue diamonds represent the whole-rock 

compositions of Western Epi volcanic rocks in the Vanuatu Arc 41 and the Monowai 

Volcanic Center in the Kermadec Arc42, respectively, while red circles and diamonds 

indicate whole-rock and glass compositions of boninites from the Ogasawara Islands in 
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the proto-Ogasawara Arc43,61,62. The symbols and data sources in (B) and (C) are the 

same as that in Fig. 1. Volcanic rock data for the Izu Arc, Tonga Arc, and South 

Sandwich Arc were sourced from the GEOROC Database. In (D), red circles and blue 

squares represent the compositions of partial melts from dehydration melting 

experiments of magnesian andesite (sample 557)47 and tonalite from the Tanzawa 

Plutonic Complex (TZM)45, respectively. In (E), the red diamond indicates a boninite 

sample discovered at the Niua Volcanic Complex in the northernmost Tonga Arc49. 
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Supplementary Materials 

 

Figure S1. Bathymetric map of the Kibblewhite Volcano and the sample location. The 

markers indicate the magma types of the samples dredged from each location and 

correspond to the legend shown in Fig. 1. In the inset map, the volcanic front of the 

Kermadec Arc is depicted with black dashed lines, and the location of Kibblewhite 

Volcano is marked with a black triangle. 
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Figure S2. Relationship between SiO2 content and Sr-Nd-Hf-Pb isotopic compositions 

in volcanic rocks from Kibblewhite Volcano. These isotopic ratios remain relatively 

constant during crystallization differentiation. Dacites and rhyolites are confined within 

the highlighted narrow limits, while low-Mg andesites and magnesian andesites fall 

within the indicated ranges. Data sourced from Hirai et al. (2023, 2024) and Hauff et al. 

(2021). 
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Figure S3. SiO2 content versus residual liquid fraction for basaltic and high-magnesian 

andesite (HMA) differentiation models under varying initial magmatic conditions. 

Filled and open stars denote SiO2 contents of PBMIs and Kibblewhite HMAs, 

respectively. 
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Table S1. Temperature, pressure, water content, and oxygen fugacity conditions of 

volcanic rocks from Kibblewhite Volcano estimated through the application of multiple 

geothermobarometers. 

Method Olivine-liquid Cpx-lliquid Cpx-Opx
Magnetite-

ilmenite

Amphibole

composition
Cpx only

Al content in

amphibole

Plagioclase-

liquid
Amphibole Magnetite-liquid

Magnetite-

ilmenite

Reference
Sugawara,

2000

Wang et al.,

2021

Brey and

Kohler, 1990

Spencer and

Lindsley, 1985
Putirka, 2016

Wang et al.,

2021

Mutch et al.,

2016

Waters and

Lange, 2015

Ridolfi and

Renzulli, 2012

Arato and

Audetat, 2017

Spencer and

Lindsley, 1985

Group Sample

Basalts DR22-1 Q1 1127 1151 2.4 2.7

Q2 1127 1154 3.1 2.8

Q3 1128 1155 3.4 2.8

Min 1125 1149 1.9 2.5

Max 1133 1160 5.0 2.8

Basalts DR22-3 Q1 1071 3.3

Q2 1071 3.4

Q3 1075 3.5

Min 1070 3.0

Max 1079 3.5

Basalts DR29-1 Q1 1086 1048 1.8 2.2 -0.4

Q2 1098 1061 2.1 2.2 -0.4

Q3 1099 1064 2.5 2.8 -0.3

Min 1073 1028 1.3 2.1 -0.5

Max 1100 1068 2.8 3.5 -0.2

Basalts DR29-2 Q1 1096 1.8 3.3

Q2 1115 2.6 3.5

Q3 1135 2.9 3.6

Min 1086 1.0 3.2

Max 1144 5.3 3.9

Basalts DR29-23 Q1 1052 1.2 3.5

Q2 1079 1.7 3.8

Q3 1101 2.6 4.3

Min 1049 0.4 3.2

Max 1109 3.5 4.4

Magnesian andesites DR25-1 Q1 1083 1126 3.4

Q2 1097 1135 3.9

Q3 1112 1141 4.2

Min 1051 1113 2.2

Max 1119 1164 5.0

Low-Mg andesites DR26-1 Q1 858 816 0.6 5.3 0.5 0.6

Q2 873 828 1.5 5.9 0.6 0.7

Q3 905 837 1.8 6.4 0.6 0.8

Min 824 792 0.1 5.2 0.4 0.4

Max 974 861 2.8 6.6 0.6 0.9

Low-Mg andesites DR26-2 Q1 901 0.5 4.8 0.1

Q2 923 1.1 5.3 0.1

Q3 950 2.2 5.8 0.2

Min 860 0.1 4.6 0.1

Max 1037 4.3 6.0 0.2

Dacites DR26-16 Q1 838 888 795 2.5 5.0 5.9 0.7 1.2

Q2 868 895 804 2.7 5.5 6.1 0.7 1.3

Q3 891 902 831 3.2 6.2 6.1 0.8 1.3

Min 798 876 777 2.1 4.7 5.0 0.5 1.1

Max 964 946 868 3.4 6.3 6.5 0.9 1.4

Dacites DR27-5 Q1 831 777 803 2.4 5.8 5.4 0.9 0.6

Q2 846 850 818 2.6 6.1 5.7 0.9 1.3

Q3 863 889 837 2.8 6.5 6.2 1.0 1.4

Min 794 765 779 2.1 5.6 4.9 0.7 0.4

Max 918 947 892 3.8 6.6 6.8 1.1 1.7

Dacites DR27-9 Q1 842 5.5 0.5 0.6

Q2 858 6.1 0.5 0.6

Q3 892 6.7 0.5 0.6

Min 811 5.4 0.5 0.6

Max 946 6.8 0.5 0.6

Rhyolites DR27-1 Q1 794 760 795 2.5 5.1 6.3 0.9 0.2

Q2 815 762 802 2.5 6.0 6.5 0.9 0.2

Q3 861 764 817 2.8 6.8 6.8 0.9 0.2

Min 783 759 782 2.3 5.0 5.9 0.9 0.2

Max 877 765 848 3.4 6.9 7.0 1.0 0.2

Dacites DR27-7 Q1 814 776 2.2 5.2 6.3 0.8

Q2 831 786 2.5 5.8 6.8 0.9

Q3 852 799 2.6 6.2 6.9 0.9

Min 787 755 1.5 5.1 5.6 0.8

Max 919 828 3.2 6.5 8.4 0.9

Temperature (℃) Pressure (kbar) H2O content (wt.%) Oxidation state (ΔQFM)
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Table S2. Results of least-squares fractional crystallization modelling. 

(a) PBMI (15 wt.% MgO) to Basalt MI (12 wt.% MgO)

Parent Daughter Calculation Fractionated phases

DR28-25_OL1_MI1 DR28-25_OL1_MI1 Oliv Cpx Sp

Melt inclusion Melt inclusion Fo89 Mg#90

Mass balance 100% 78.5% 5.6% 14.5% 1.4%

SiO2 50.44 50.88 51.03 40.52 54.91 0.07

TiO2 0.46 0.45 0.55 0.00 0.11 0.82

Al2O3 9.07 11.50 10.98 0.02 1.07 17.90

FeO 9.63 9.63 10.01 10.93 3.39 44.53

MnO 0.14 0.12 0.12 0.19 0.14 1.03

MgO 15.42 12.42 12.21 48.13 17.91 35.57

CaO 13.56 13.31 13.08 0.21 22.35 0.08

Na2O 1.03 1.38 1.28 0.00 0.13 0.00

K2O 0.25 0.31 0.32 0.00 0.00 0.00

RSS 0.56

(b) Basalt MI (12 wt.% MgO) to Basaltic andesite MI (7 wt.% MgO)

Parent Daughter Calculation Fractionated phases

DR28-25_OL1_MI1 DR28-25_OL5_MI2 Oliv Cpx Plag Sp

Melt inclusion Melt inclusion Fo82 Mg#84 An89

Mass balance 100% 59.4% 5.9% 29.6% 2.4% 2.7%

SiO2 50.88 53.17 53.18 39.23 53.14 46.57 0.08

TiO2 0.45 0.72 0.65 0.02 0.15 0.04 0.73

Al2O3 11.50 15.77 15.77 0.02 2.53 33.99 19.01

FeO 9.63 9.69 9.71 14.49 5.59 0.74 48.91

MnO 0.12 0.22 0.06 0.29 0.12 0.02 0.87

MgO 12.42 6.67 6.66 45.82 16.70 0.08 30.21

CaO 13.31 10.89 10.88 0.14 21.59 17.42 0.19

Na2O 1.38 2.34 2.18 0.00 0.18 1.14 0.00

K2O 0.31 0.51 0.52 0.00 0.00 0.00 0.00

RSS 0.06

(c) Basaltic andesite MI (7 wt.% MgO) to Low-Mg andesite

Parent Daughter Calculation Fractionated phases

DR28-25_OL5_MI2 DR26-2 Oliv Cpx Plag Mag

Melt inclusion Low-Mg andesite Fo85 Mg#84 An86

Mass balance 100% 65.7% 3.0% 16.8% 12.2% 2.4%

SiO2 53.17 56.52 56.53 39.23 53.61 47.26 0.21

TiO2 0.72 1.13 0.99 0.02 0.17 0.00 1.87

Al2O3 15.77 16.87 16.87 0.02 2.61 32.81 9.96

FeO 9.69 9.79 9.79 14.49 4.86 0.85 80.35

MnO 0.22 0.22 0.26 0.29 0.18 0.01 0.30

MgO 6.67 3.39 3.37 45.82 17.13 0.13 7.31

CaO 10.89 7.93 7.91 0.14 21.25 17.33 0.01

Na2O 2.34 3.35 3.21 0.00 0.19 1.60 0.00

K2O 0.51 0.81 0.78 0.00 0.00 0.00 0.00

RSS 0.04

(d) Low-Mg andesite to dacite

Parent Daughter Calculation Fractionated phase

DR26-2 DR27-5 Cpx Opx Plag Mag

Low-Mg andesite Dacite Mg#69 Mg#62 An66

Mass balance 55.6% 11.9% 3.4% 23.3% 5.8%

SiO2 56.52 65.43 65.45 50.42 53.59 51.56 0.12

TiO2 1.13 0.74 0.46 0.75 0.18 0.01 13.31

Al2O3 16.87 16.22 16.20 4.55 1.31 30.33 2.41

FeO 9.79 5.15 5.20 11.33 20.16 0.53 81.39

MnO 0.22 0.14 0.18 0.40 0.82 0.01 0.65

MgO 3.39 1.51 1.42 14.32 22.34 0.05 2.09

CaO 7.93 4.58 4.58 17.92 1.60 13.66 0.03

Na2O 3.35 4.47 4.34 0.32 0.02 3.77 0.00

K2O 0.81 1.78 1.41 0.00 0.00 0.08 0.00

RSS 0.24

(e) Magnesian andesite to Dacite

Parent Daughter Calculation Fractionated phase

DR25-1 DR27-5 Oliv Cpx Plag Mag

Magnesian andesite Dacite Fo85 Mg#85 An86

Mass balance 60.8% 2.9% 18.0% 15.0% 3.4%

SiO2 57.68 65.43 65.44 39.23 53.55 47.26 0.11

TiO2 0.74 0.74 0.73 0.02 0.33 0.00 6.91

Al2O3 15.46 16.22 16.22 0.02 2.59 32.81 6.05

FeO 7.46 5.15 5.15 14.49 5.64 0.85 82.29

MnO 0.15 0.14 0.18 0.29 0.12 0.01 0.33

MgO 5.57 1.51 1.50 45.82 17.59 0.13 4.31

CaO 8.96 4.58 4.55 0.14 19.98 17.33 0.00

Na2O 2.86 4.47 4.24 0.00 0.20 1.60 0.00

K2O 1.13 1.78 1.85 0.00 0.00 0.00 0.00

RSS 0.06

(f) Dacite to Rhyolite

Parent Daughter Calculation Fractionated phase

DR27-5 DR27-7 Amph Opx Plag Mag

Dacite Rhyolite Mg#67 Mg#65 An53

Mass balance 75.2% 3.7% 1.5% 17.5% 2.0%

SiO2 65.43 70.87 70.86 48.11 54.24 55.13 0.11

TiO2 0.74 0.53 0.59 1.82 0.06 0.00 10.93

Al2O3 16.22 14.59 14.61 8.50 0.71 27.96 1.91

FeO 5.15 3.39 3.38 12.96 21.04 0.43 84.71

MnO 0.14 0.12 0.13 0.33 1.05 0.00 0.69

MgO 1.51 0.76 0.80 14.57 21.67 0.04 1.62

CaO 4.58 2.95 2.92 11.62 1.21 11.05 0.02

Na2O 4.47 4.55 4.64 2.09 0.02 5.23 0.00

K2O 1.78 2.24 2.33 0.00 0.00 0.16 0.00

RSS 0.02
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Table S2. (continued) 

(a) PBMI (15 wt.% MgO) to Basalt MI (12 wt.% MgO)

Parent Daughter Calculation Fractionated phases

DR28-25_OL1_MI1 DR28-25_OL1_MI1 Oliv Cpx Sp

Melt inclusion Melt inclusion Fo89 Mg#90

Mass balance 100% 78.5% 5.6% 14.5% 1.4%

SiO2 50.44 50.88 51.03 40.52 54.91 0.07

TiO2 0.46 0.45 0.55 0.00 0.11 0.82

Al2O3 9.07 11.50 10.98 0.02 1.07 17.90

FeO 9.63 9.63 10.01 10.93 3.39 44.53

MnO 0.14 0.12 0.12 0.19 0.14 1.03

MgO 15.42 12.42 12.21 48.13 17.91 35.57

CaO 13.56 13.31 13.08 0.21 22.35 0.08

Na2O 1.03 1.38 1.28 0.00 0.13 0.00

K2O 0.25 0.31 0.32 0.00 0.00 0.00

RSS 0.56

(b) Basalt MI (12 wt.% MgO) to Basaltic andesite MI (7 wt.% MgO)

Parent Daughter Calculation Fractionated phases

DR28-25_OL1_MI1 DR28-25_OL5_MI2 Oliv Cpx Plag Sp

Melt inclusion Melt inclusion Fo82 Mg#84 An89

Mass balance 100% 59.4% 5.9% 29.6% 2.4% 2.7%

SiO2 50.88 53.17 53.18 39.23 53.14 46.57 0.08

TiO2 0.45 0.72 0.65 0.02 0.15 0.04 0.73

Al2O3 11.50 15.77 15.77 0.02 2.53 33.99 19.01

FeO 9.63 9.69 9.71 14.49 5.59 0.74 48.91

MnO 0.12 0.22 0.06 0.29 0.12 0.02 0.87

MgO 12.42 6.67 6.66 45.82 16.70 0.08 30.21

CaO 13.31 10.89 10.88 0.14 21.59 17.42 0.19

Na2O 1.38 2.34 2.18 0.00 0.18 1.14 0.00

K2O 0.31 0.51 0.52 0.00 0.00 0.00 0.00

RSS 0.06

(c) Basaltic andesite MI (7 wt.% MgO) to Low-Mg andesite

Parent Daughter Calculation Fractionated phases

DR28-25_OL5_MI2 DR26-2 Oliv Cpx Plag Mag

Melt inclusion Low-Mg andesite Fo85 Mg#84 An86

Mass balance 100% 65.7% 3.0% 16.8% 12.2% 2.4%

SiO2 53.17 56.52 56.53 39.23 53.61 47.26 0.21

TiO2 0.72 1.13 0.99 0.02 0.17 0.00 1.87

Al2O3 15.77 16.87 16.87 0.02 2.61 32.81 9.96

FeO 9.69 9.79 9.79 14.49 4.86 0.85 80.35

MnO 0.22 0.22 0.26 0.29 0.18 0.01 0.30

MgO 6.67 3.39 3.37 45.82 17.13 0.13 7.31

CaO 10.89 7.93 7.91 0.14 21.25 17.33 0.01

Na2O 2.34 3.35 3.21 0.00 0.19 1.60 0.00

K2O 0.51 0.81 0.78 0.00 0.00 0.00 0.00

RSS 0.04

(d) Low-Mg andesite to dacite

Parent Daughter Calculation Fractionated phase

DR26-2 DR27-5 Cpx Opx Plag Mag

Low-Mg andesite Dacite Mg#69 Mg#62 An66

Mass balance 55.6% 11.9% 3.4% 23.3% 5.8%

SiO2 56.52 65.43 65.45 50.42 53.59 51.56 0.12

TiO2 1.13 0.74 0.46 0.75 0.18 0.01 13.31

Al2O3 16.87 16.22 16.20 4.55 1.31 30.33 2.41

FeO 9.79 5.15 5.20 11.33 20.16 0.53 81.39

MnO 0.22 0.14 0.18 0.40 0.82 0.01 0.65

MgO 3.39 1.51 1.42 14.32 22.34 0.05 2.09

CaO 7.93 4.58 4.58 17.92 1.60 13.66 0.03

Na2O 3.35 4.47 4.34 0.32 0.02 3.77 0.00

K2O 0.81 1.78 1.41 0.00 0.00 0.08 0.00

RSS 0.24

(e) Magnesian andesite to Dacite

Parent Daughter Calculation Fractionated phase

DR25-1 DR27-5 Oliv Cpx Plag Mag

Magnesian andesite Dacite Fo85 Mg#85 An86

Mass balance 60.8% 2.9% 18.0% 15.0% 3.4%

SiO2 57.68 65.43 65.44 39.23 53.55 47.26 0.11

TiO2 0.74 0.74 0.73 0.02 0.33 0.00 6.91

Al2O3 15.46 16.22 16.22 0.02 2.59 32.81 6.05

FeO 7.46 5.15 5.15 14.49 5.64 0.85 82.29

MnO 0.15 0.14 0.18 0.29 0.12 0.01 0.33

MgO 5.57 1.51 1.50 45.82 17.59 0.13 4.31

CaO 8.96 4.58 4.55 0.14 19.98 17.33 0.00

Na2O 2.86 4.47 4.24 0.00 0.20 1.60 0.00

K2O 1.13 1.78 1.85 0.00 0.00 0.00 0.00

RSS 0.06

(f) Dacite to Rhyolite

Parent Daughter Calculation Fractionated phase

DR27-5 DR27-7 Amph Opx Plag Mag

Dacite Rhyolite Mg#67 Mg#65 An53

Mass balance 75.2% 3.7% 1.5% 17.5% 2.0%

SiO2 65.43 70.87 70.86 48.11 54.24 55.13 0.11

TiO2 0.74 0.53 0.59 1.82 0.06 0.00 10.93

Al2O3 16.22 14.59 14.61 8.50 0.71 27.96 1.91

FeO 5.15 3.39 3.38 12.96 21.04 0.43 84.71

MnO 0.14 0.12 0.13 0.33 1.05 0.00 0.69

MgO 1.51 0.76 0.80 14.57 21.67 0.04 1.62

CaO 4.58 2.95 2.92 11.62 1.21 11.05 0.02

Na2O 4.47 4.55 4.64 2.09 0.02 5.23 0.00

K2O 1.78 2.24 2.33 0.00 0.00 0.16 0.00

RSS 0.02
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Table S3. Summary of mass balance fractional crystallization modelling for HMA and 

basalt differentiation models. 

  

→ → →

Sample: DR25-1 DR27-5 DR27-7

SiO2 55.0 57.7 65.4 70.9

MgO 12.1 5.6 1.5 0.8

FeO*/MgO 0.6 1.3 3.4 4.5

Remaining liquid fraction 1.00 0.79 0.48 0.36

Fractionation phase

Olivine 15% 2.9% -

Clinopyroxne 6% 18.0% -

Orthopyroxene - - 1.5%

Hornblende - - 3.7%

Plagioclase - 15.0% 17.5%

Spinel/Magnetite - 3.4% 2.0%

Total 21.0% 39.2% 24.8%

Residual Sum of Squares (RSS) - 0.06 0.02

Primitive

basalt
→ Basalt →

Basaltic

andesite
→

Low-Mg

andesite
→ →

Sample:
DR28-10

OL1_MI1

DR28-25

OL1_MI1

DR28-25

OL5_MI2
DR26-2 DR27-5 DR27-7

SiO2 50.4 50.9 53.2 59.9 65.4 70.9

MgO 15.4 12.4 6.7 2.5 1.5 0.8

FeO*/MgO 0.6 0.8 1.5 3.0 3.4 4.5

Remaining liquid fraction 1.00 0.79 0.47 0.30 0.17 0.13

Fractionation phase

Olivine 5.6% 5.9% 3.0% -

Clinopyroxne 14.5% 29.6% 16.8% 11.9% -

Orthopyroxene - - - 3.4% 1.5%

Hornblende - - - - 3.7%

Plagioclase - 2.4% 12.2% 23.3% 17.5%

Spinel/Magnetite 1.4% 2.7% 2.4% 5.8% 2.0%

Total 21.5% 40.6% 34.3% 44.4% 24.8%

Residual Sum of Squares (RSS) 0.56 0.25 0.04 0.24 0.02

Dacite Rhyolite

HMA differentiation model
Kibblewhite

HMA

Magnesian

andesite
Dacite Rhyolite

Basalt differentiation model
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Table S4. Initial melt compositions used for thermodynamic fractional crystallization 

modeling. 

ID: OL addition OL-CPX addition DR25-3 OLB3-MI1 DR25-3 OLP7-MI1

Reference: Hirai et al. (2023) Hirai et al. (2023) Hirai et al. (2024) Hirai et al. (2024)

SiO2 (wt.%) 55.8 55.0 50.6 51.2

TiO2 0.66 0.61 0.54 0.56

Al2O3 13.7 12.6 12.3 10.8

FeO* 7.7 7.6 9.0 9.0

MnO 0.17 0.16 0.12 0.13

MgO 10.3 12.1 15.0 14.3

CaO 8.0 8.6 10.5 12.0

Na2O 2.5 2.3 1.4 1.5

K2O 1.00 0.90 0.45 0.50

P2O5 0.13 0.12 0.07 0.10

Mg# 70.4 73.9 74.8 73.9

CaO/Al2O3 0.58 0.68 0.85 1.11

Kibblewhite HMAs PBMIs


