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A B S T R A C T   

Ankaramites, which are clinopyroxene-rich basalts with primitive whole-rock compositions (Mg# >65), are 
common in oceanic arcs and are characterized by high whole-rock CaO/Al2O3 (>1.0) ratios and olivine crystals 
with anomalously low nickel contents (<0.2 wt% NiO). These geochemical characteristics cannot be explained 
by the melting of ordinary mantle peridotite. However, their origin is critical for understanding the formation of 
primary magmas in oceanic arcs. Here, we investigated olivine-hosted melt inclusions (MIs) from ankaramites 
and magnesian andesites of the Kibblewhite Volcano in the Kermadec arc. The MIs from the ankaramites have 
similar major and trace element characteristics to the host rocks, indicating that the ankaramites did not result 
from an accumulation of mafic minerals but rather represent the primary magma in the Kibblewhite Volcano. 
The MIs from the magnesian andesites were hosted in forsteritic olivine xenocrysts with a wide range of NiO 
contents (Fo90–92; 0.13–0.39 wt% NiO) and have similar major element compositions to the ankaramites but 
exhibit a wide range of CaO/Al2O3 (0.85–1.54). The trace element characteristics of the MIs from the magnesian 
andesites do not match those of the host rocks, indicating that they are not primary melts of the magnesian 
andesites but primitive basaltic melts generated before the magnesian andesites formed. 

Interestingly, the CaO/Al2O3 ratio of MIs from the magnesian andesites was negatively correlated with the NiO 
content of their host olivines. This correlation suggests that the composition of the primary basaltic magmas of 
the Kibblewhite Volcano changed continuously from peridotite-derived to ankaramitic. This correlation could 
not be explained by grain-scale process, crustal anatexis, or contribution of slab-derived carbonate-rich fluids. 
Instead, we propose that this correlation can be explained by the interaction of the ascending primary basaltic 
melts with the lithospheric mantle. During melt-mantle interaction, the assimilation of clinopyroxene and 
fractionation of olivine and orthopyroxene caused the CaO/Al2O3 ratio to increase in the melt and the Ni content 
to decrease. Furthermore, because the magnesian andesites have low CaO/Al2O3 ratios and could be derived 
from a clinopyroxene-poor mantle lithology, the interaction between the melt and mantle may also be closely 
related to the origin of the magnesian andesites at Kibblewhite Volcano. This interpretation provides a new 
perspective on the origin of the oceanic arc ankaramites and why primary andesitic and basaltic magmas coexist 
in the Kibblewhite Volcano.   
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1. Introduction 

Understanding the formation of primary melts is key to elucidating 
magmatic processes in subduction zones. Primary melts in oceanic arcs 
have attracted the attention of scientists because the effects of crystal 
fractionation and crustal contamination are typically smaller in such 
magmas due to the thinner crust in these areas. In the last decade, we 
have reported primitive basalts, which have high whole-rock Mg- 
numbers (Mg#, 100 Mg/[Mg + Fe] >65) and contain olivines with high 
forsterite contents (Fo, 100 Mg/[Mg + Fe] >90), from several oceanic 
arc volcanoes such as the Pagan Volcano in the Mariana arc (Tamura 
et al., 2014), the Nishinoshima Volcano in the Ogasawara arc (Tamura 
et al., 2019a) and the Kibblewhite Volcano in the Kermadec arc (Hirai 
et al., 2023). These primitive basalts contained abundant olivine and 
clinopyroxene crystals, with clinopyroxene dominating the phenocrysts. 
Such clinopyroxene-rich basalts were also sampled from the Doyo 
Seamount near the Nishinoshima Volcano in the Ogasawara arc by 
SHINKAI 6500 (Tamura et al., 2019b) and from the unnamed seamount 
(DR129) in the Kermadec arc by dredge sampling of the R/V SONNE 
during the SO-255 expedition (Hoernle et al., 2017). Thus, 
clinopyroxene-rich basalts could be representative rocks/volcanics in 
oceanic arcs. Hereafter, we refer to these primitive basalts as “oceanic 
arc ankaramites,” in accordance with the naming of clinopyroxene-rich 
basalts observed in island-arc settings as “arc ankaramites.” (Barsdell 
and Berry, 1990). 

However, some debate exists on whether oceanic ankaramites can 
truly represent mantle-derived primary magmas in oceanic arcs because 
they have two geochemical characteristics that cannot be in equilibrium 
with mantle peridotite. First, they are too Ca-rich to be generated by the 
melting of mantle peridotite. Experimental lherzolite melts generally 
have CaO/Al2O3 < 1.0; however, oceanic arc ankaramites show CaO/ 
Al2O3 > 1.0, even with similar Mg# (Fig. 1a). The second reason is the 
anomalously low NiO content of their olivines. Olivines in mantle pe-
ridotites generally have 0.4 ± 0.1 wt% NiO at high forsterite content 
(Fo90–93), but oceanic arc ankaramites contain olivines with <0.25 wt% 
NiO, even with similar forsterite contents (Fig. 1b). Even compared with 
the olivine phenocrysts of mid-ocean ridge basalts (MORB; Sobolev 
et al., 2007), which are thought to be derived from the melting of or-
dinary mantle peridotites, olivine in oceanic arc ankaramites is clearly 
poor in Ni (Fig. 1b). This indicates that the primary melts that form 
oceanic ankaramites already have low Ni contents. High CaO/Al2O3 and 
low Ni contents are the basic properties of island-arc primitive basalts 
(Green and Falloon, 1998), but how these geochemical characteristics 
are produced remains poorly understood. 

Melt inclusions (MIs) are a powerful tool for directly determining 
primary melt composition. The purpose of this study was to reveal the 
primary melt compositions of Kibblewhite Volcano using olivine-hosted 
MIs. Around this volcano, we sampled ankaramites and magnesian an-
desites produced by the hydrous melting of mantle peridotite at low 
pressure (Hirai et al., 2023). We analyzed the MIs hosted in olivine 
phenocrysts from the ankaramites and those hosted in olivine xenocrysts 
from the magnesian andesites. Based on the results, this study addressed 
the following questions. (1) Are these MIs primary melts from the Kib-
blewhite Volcano? (2) What is the origin of the high CaO/Al2O3 ratio 
and low Ni content in the ankaramites? (3) Why do ankaramites and 
magnesian andesites coexist? 

2. Samples 

2.1. Geological background 

The Kermadec arc is produced by the subduction of the Pacific Plate 
beneath the Australian Plate and is one of the most hydrothermally and 
volcanically active oceanic arcs on Earth (de Ronde et al., 2007), 
extending from the north of New Zealand towards Tonga. The volcanic 
front of the Kermadec arc is built on a ~ 12 km thick crust (Bassett et al., 

2016), which is one of the thinnest oceanic crusts underlying volcanic 
arcs. Kibblewhite Volcano is a submarine volcano located approximately 
500 km northeast of Auckland, North Island, New Zealand. Kibblewhite 
Volcano consists of andesite, dacites, and rhyolite and is surrounded by 
several neighboring cones consisting of basalts (Hirai et al., 2023; 
Wright et al., 2006). Host rocks of the MIs studied here were collected 
from the Kibblewhite Volcano and a neighboring cone by dredge sam-
pling conducted by the R/V SONNE SO-255 expedition in 2017 (Hirai 
et al., 2023; Hoernle et al., 2017). A bathymetric map of the Kibblewhite 
Volcano and the sampling locations of the host rocks are shown in 
Fig. S1. 

MIs were obtained from two types of host rock: ankaramites and 
magnesian andesites. The ankaramites were collected from the cinder 
cone named ‘KI4,’ neighboring at ~10 km southeastern of the Kibble-
white Volcano, whereas the magnesian andesites were collected from 
the northeastern flank of the Kibblewhite Volcano. Hirai et al. (2023) 
reported detailed petrology of the host rocks. The petrography and 
geochemistry of the host rocks are described briefly in Section 2.2 and 
Section 2.3. 

2.2. Ankaramites 

Ankaramites from the Kibblewhite Volcano contain a large propor-
tion of olivine (9–17 vol%) and clinopyroxene (21–32 vol%) crystals 
that show a wide range of compositions (Fo80–92 for olivine and Mg# =
79–94 for clinopyroxene). Partially crystallized MIs were identified by 
thin-section observations, especially in large olivine crystals. In this 
study, the olivines containing MIs were extracted from two ankaramite 
samples, DR28–10 and DR28–25, which had whole-rock compositions of 
primitive basalts (50.4–50.6 wt% SiO2; 13.1–13.5 wt% MgO; Mg# =
71.8–72.2). Based on Mg#, the ankaramites appear to be in equilibrium 
with mantle peridotite, but they show CaO/Al2O3 > 1.0 (Fig. 1a); thus, 
they cannot have been produced by ordinary mantle melting. 

2.3. Magnesian andesites 

The magnesian andesites have an aphyric texture and are composed 
of olivine and clinopyroxene microphenocrysts (0.2–0.4 mm) that 
appear to be in equilibrium with the whole-rock compositions (Fo84–86 
for olivine and Mg# = 82–87 for clinopyroxene), although they also 
contain 1–2 vol% of large olivine crystals (>0.5 mm) (Fig. S2a). Hirai 
et al. (2023) interpreted these large olivines as xenocrysts, as they have 
forsteritic cores (Fo90–93) that cannot be in equilibrium with magnesian 
andesites and are surrounded by thin rims with compositions similar to 
those of the microphenocrysts in the magnesian andesites (Fo84–86). 
These petrographic features indicate that the large olivines crystallized 
from another primitive magma and were then incorporated into the 
magnesian andesites as xenocrysts. We used DIPRA software to analyze 
the diffusion process of olivine crystals (Girona and Costa, 2013) and 
estimated their residence time in the melt as between 5 and 40 d (15 d on 
average; n = 14) (Fig. S2b). 

Through thin-section observation, we identified partially crystallized 
MIs composed of glass and clinopyroxene in some olivine xenocrysts 
(Fig. S2a). These host olivine xenocrysts were selectively extracted and 
analyzed according to the analytical procedures described in Section 3. 

3. Methods 

3.1. Analytical procedures 

Fist-sized rock samples were disintegrated using SELFRAG® high- 
voltage pulse power fragmentation at the Japan Agency for Marine- 
Earth Science and Technology (JAMSTEC). We handpicked olivine 
crystals containing MIs under a binocular stereomicroscope. Olivines 
from the magnesian andesites were sieved to extract those xenocrysts 
with a size of >0.5 mm. All the inclusions selected here were partially 
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crystallized (Fig. S3a); thus, a re-homogenization experiment was 
necessary to analyze these MIs. For the analyses, the MIs were homog-
enized using a heating stage (Linkam TS1500). Double-polished olivine 
grains were heated in an Ar atmosphere and monitored under a micro-
scope until the inclusions were completely molten. After maintaining 
homogenization temperatures (1180–1240 ◦C in the measurement 
period) for 5min, the samples were rapidly quenched by extracting them 
from the heating furnace. After the heating experiments, complete ho-
mogenization of each melt inclusion was confirmed under a microscope 
(Fig. S3b). MIs that burst or were crosscut by cracks during heating were 
discarded. 

Major element compositions of the host olivines were determined 
using an electron microprobe analyzer (EPMA; JEOL JXA-8500F 
Superprobe) equipped with five wavelength-dispersive spectrometers 
at JAMSTEC. Host olivines were analyzed using a 20 kV accelerating 
voltage, 25 nA beam current, and 5 μm beam spot size. The counting 
times were 20 s at the peak, 10 s in the background for Si, Ti, Al, Fe, and 
Mg, 100 s at the peak, and 50 s in the background for Mn, Ca, and Ni. 
Two standard deviations for MnO, CaO, and NiO in analyzing in-house 
olivine standards were ± 0.006, ±0.011, and ± 0.010 wt% (n = 9), 
respectively, during the measurement period. The measured chemical 
compositions of the host olivines are presented in Table S1. 

H2O contents of the homogenized and unexposed MIs were deter-
mined using micro-Fourier Transform Infra-Red (FTIR) spectroscopy 
based on the method of Nichols and Wysoczanski (2007). Micro-FTIR 
spectroscopy was performed using a Varian FTS Stingray 7000 Micro 
Image Analyzer spectrometer at JAMSTEC. Total H2O concentration was 
calculated using the vibration band at approximately 3500 cm− 1. The 
thicknesses of the unexposed MIs in the olivine were obtained from FTIR 
spectra (Nichols and Wysoczanski, 2007). Molar absorptivity co-
efficients of 63 ± 5 l/mol･cm (Dixon et al., 1988) were used to calculate 
concentrations from the height of the peaks above a linear baseline. 
Glass densities were calculated from the oxide compositions and sub-
sequently measured by EPMA using the model of Lange and Carmichael 
(1987). No peaks were observed at approximately 1435 cm− 1 and 1515 
cm− 1 in any of the spectra of the samples studied here, indicating the 
absence of CO2 in the glasses of homogenized MIs. After the micro-FTIR 

(caption on next column) 

Fig. 1. Geochemical features of the oceanic arc ankaramites that cannot be 
explained by melting of mantle peridotite. (a) Variation of CaO/Al2O3 versus 
Mg#. Open green squares are experimental partial melts of various lherzolites 
at 0.5–2.0 GPa in dry and wet conditions (Baker and Stolper, 1994; Falloon and 
Green, 1988, Falloon and Green, 1987; Grove et al., 2003; Hirose, 1997; Hirose 
and Kawamoto, 1995; Hirose and Kushiro, 1993; Kushiro, 1996; Laporte et al., 
2004; Villiger et al., 2004; Wasylenki et al., 2003). Filled triangles are the arc 
ankaramites from the Vanuatu arc (Merelava and Western Epi Volcanoes in the 
Vanuatu arc; Barsdell, 1988; Barsdell and Berry, 1990). Blue symbols are the 
oceanic arc ankaramites from oceanic arcs (diamond: COB1-type basalt of the 
Pagan Volcano in the Mariana arc; Tamura et al., 2014; square: Nishinoshima 
Volcano in the Ogasawara arc; Tamura et al., 2019a; circle: Kibblewhite Vol-
cano in the Kermadec arc; Hirai et al., 2023). Open gray circles are high-Mg# 
andesites from subduction zones (HMAs: Kamchatka; Bryant et al., 2011; 
Nishizawa et al., 2017; SW Japan: Tatsumi and Ishizaka, 1982; Taupo Volcanic 
Zone: Heyworth et al., 2007; Cascade: Baker et al., 1994; Grove et al., 2002; 
Ruscitto et al., 2011; Central Mexican volcanic belt: Blatter and Carmichael, 
1998; Straub et al., 2014; Western Aleutian: Yogodzinski et al., 1994). Red and 
blue crosses show the Kibblewhite HMAs that are estimated primary melt 
compositions for the magnesian andesites from the olivine addition and olivine 
+ clinopyroxene addition models (Hirai et al., 2023). (b) Variations in NiO 
versus forsterite content (Fo: =100 Mg/[Mg + Fe]) of olivines in the oceanic arc 
ankaramites. Olivines in the oceanic arc ankaramites show lower NiO contents 
(<0.23 wt%) than those of the forearc peridotites (Ishii et al., 1992), even at 
high Fo content (Fo90–92). Crosses are the olivines obtained from mid-ocean 
ridge basalts (MORB) by Sobolev et al. (2007). Data sources for the oceanic 
arc ankaramites are the same as for Fig. 1a. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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analyses, the olivine grains were mounted on acrylic resin and polished 
to expose the homogenized glassy MIs on the surface for microprobe and 
laser ablation analyses. 

Major element compositions and S and Cl contents of the homoge-
nized MIs were analyzed with a 15 kV accelerating voltage, 10 nA beam 
current, and 10 μm beam spot size. Counting times were 10 s at the peak 
and 5 s in the background for Na and K, 20 s at the peak and 10 s in the 
background for Si, Ti, Al, Fe, Mg, Ca, and P, and 100 s at the peak and 50 
s in the background for Cl and S. Na and K were measured first to avoid 
‘Na-loss’ during measurement (Morgan and London, 1996). 

Trace element compositions of MIs were determined using laser- 
ablation ICP-MS. A 200nm femtosecond laser (OK Laboratory; OK- 
Fs2000K) coupled with a sector-field ICP-MS (Thermo Fisher Scienti-
fic; Element XR) at JAMSTEC was used for the measurements. The 
ablation pit was set to a diameter of 20–30μm and a depth of 20μm. For 
normalization, a GSD-1G basalt standard glass from the United States 
Geological Survey (USGS) was measured after every five unknown 
samples. For quality control, a BHVO-2G international glass standard 
from the USGS was measured repeatedly. The major, volatile (S, Cl), and 
trace element compositions of the olivine-hosted MIs are shown in 
Table S2. 

3.2. Correction for post-entrapment crystallization 

The MIs analyzed here were compositionally modified by a post- 
entrapment crystallization (Kent, 2008) and “Fe-loss” process 
(Danyushevsky et al., 2000). Most of the homogenized MIs from the 
Kibblewhite Volcano showed a low Mg# (=100 × Mg/[Mg + Fe]), 
which would not be in equilibrium with the host olivines (Fig. S4a). The 
low Mg# of the MIs could have been caused by the post-entrapment 
crystallization of olivine on the walls of the inclusions during pre- 
eruptive cooling (Kent, 2008). FeO contents in MIs are also variable 
during pre-eruptive cooling, caused by re-equilibration of the MIs with 
the host olivines, referred to as “Fe-loss” (Danyushevsky et al., 2000). 
The initial FeO contents of the MIs were estimated from the Fo-FeO 
diagram (Fig. S4b). The effect of Fe-loss was the smallest in the sam-
ple with the lowest Fo content, as the extent of the compositional change 
caused by Fe-loss depends on the temperature interval between trapping 
and natural quenching (Danyushevsky et al., 2000). MIs hosted in the 
lowest-Fo olivines of the ankaramites (Fo83) and magnesian andesites 
(Fo86) were approximately 9 wt% FeO, consistent with the highest FeO 
contents of the MIs in the high-Fo olivines (Fig. S4b). This indicates that 
the MIs initially contained ~9 wt% FeO because the FeO contents in 
primitive basaltic melts are not significantly changed by olivine (+ cli-
nopyroxene) crystallization. Therefore, the initial FeO content of the Mis 
was assumed to be 9 wt%. 

We corrected for the effect of post-entrapment crystallization and Fe- 
loss in the MIs using the “Petrolog” software version 3.1.1.3 
(Danyushevsky and Plechov, 2011). This software can restore the pri-
mary melt composition by iteratively adding equilibrium olivine with 
correction for the effect of Fe-loss by assuming the initial FeO content. 
Consequently, 0–21% olivine was added to the homogenized MIs for 
correction. Trace element compositions were corrected using olivine- 
melt partition coefficients (Delement) estimated from the MgO content 
of the MIs. Applied values for Sc and Cr (DSc = 0.15 and DCr = 1.0) were 
estimated using the model of Bédard (2005). Applied values for Ni (DNi 
= 12) were estimated using the model of Hart and Davis (1978). D 
values for Ba, Th, Nb, and rare earth elements (REEs) were assumed to 
be zero because these elements have sufficiently low D values (<0.1; 
Bédard, 2005). After correction for post-entrapment crystallization and 
“Fe-loss,” melt inclusion compositions are shown in Table S3. The cor-
rected compositions are used in Section 4. 

4. Results 

4.1. Host olivine chemistry 

Fig. 2 shows the variation in NiO and CaO versus the Fo content and 
Mg# of the host olivines obtained from the ankaramites and magnesian 
andesites. Host olivines from the ankaramites show high Fo contents 
(Fo90–92), except for one grain (Fo83), with uniformly low NiO contents 
(<0.2 wt% NiO). The CaO contents of the host olivines are similar to 
those of olivines from peridotite-derived melt (Gavrilenko et al., 2016). 
These chemical characteristics of the host olivines are consistent with 
thin-section analyses of olivines in ankaramites (Hirai et al., 2023). Host 
olivines from the magnesian andesites showed high Fo contents 
(Fo90–92), except for one grain (Fo86). The host olivines were charac-
terized by variable NiO contents at a given Fo content (0.12–0.39 wt% 
NiO at Fo90–92), which is consistent with the thin section analysis of 
olivine xenocrysts in magnesian andesites (Hirai et al., 2023). The CaO 
contents of the host olivines were also consistent with those of the 
olivine xenocrysts in the thin sections. These compositional similarities 

Fig. 2. Variations of NiO and CaO with forsterite contents of host olivines. 
Open circles and squares represent olivine xenocrysts and olivine micro-
phenocrysts in the magnesian andesites (Hirai et al., 2023). Gray diamonds 
show olivines in ankaramites from the neighboring cone KI4, the Kibblewhite 
Volcano (Hirai et al., 2023). The shaded area represents the CaO contents of 
olivines from peridotite-derived primary melts in dry conditions (Gavrilenko 
et al., 2016). 
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indicate that the host olivines of the MIs analyzed here are xenocrysts 
incorporated into the magnesian andesites prior to their eruption. 

4.2. Melt inclusion chemistry 

4.2.1. Major elements 
After correcting for post-entrapment crystallization, the composi-

tions of MIs from the ankaramites and magnesian andesites ranged from 
basalt to basaltic andesite (50–53 wt% SiO2, 7–15 wt% MgO; Fig. 3a), 
with most samples exhibiting low FeO*/MgO ratios (<1.0), in equilib-
rium with mantle peridotites (Fig. 3a). The major element compositions 

of these MIs were similar to the whole-rock compositions of the ankar-
amites from the Kibblewhite Volcano, although the MIs from the 
magnesian andesites tended to show lower CaO and higher Al2O3 con-
tents than those from the ankaramites at similar Mg# values (Fig. 3b). 
Moreover, the major elemental variations of the Kermadec arc magmas 
can be explained by fractionating olivine + clinopyroxene (at SiO2 of 
<52 wt% and Mg# > 40) and clinopyroxene + plagioclase + magnetite 
(at SiO2 > 52 wt% and Mg# < 40) from the Kibblewhite MIs (Fig. 3b). 
This suggests that these MIs could be parent melts and produce the 
magmatic variations observed in the Kermadec arc. 
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andesites tend to be higher (~5 wt% H2O) than those in ankaramite (~3 wt% H2O), which may result from re-equilibration with host magmas. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.2.2. Volatile elements 
Volatile (H2O, S, and Cl) contents of the MIs are shown in Fig. 3c. MIs 

showed variable H2O contents even at similar Mg#, whereas MIs from 
the magnesian andesites tended to contain higher water contents 
(1.3–4.8 wt% H2O) than those obtained from the ankaramites (1.1–2.7 
wt% H2O). Sulfur contents of the MIs also varied (200–1430 ppm S), 
suggesting that a variable degree of degassing occurred in the melts 
prior to entrapment. The MIs contained relatively little Cl (510–2050 
ppm) compared to other Kermadec arc magmas. Low Cl contents in MIs 
suggest that they are plausible candidates for representing primary melts 
of the Kermadec arc, as Cl is incompatible with olivine. No CO2-attrib-
uted peak was detected in the FTIR spectra of the analyzed MIs, sug-
gesting that any CO2 was degassed from the melts before entrapment or 
lost into shrinkage bubbles during post-entrapment crystallization 
(Wallace et al., 2015). The latter is consistent with the common occur-
rence of shrinkage bubbles in these MIs, even after homogenization 
(Fig. S3b). 

4.2.3. Trace elements 
On the diagram of incompatible trace element variation (Fig. 4a), 

normalized to normal-type mid-ocean ridge basalt (N-MORB: Sun and 
McDonough, 1989), all MIs show “arc signatures,” such as depletion of 
high field strength elements (HFSEs: Zr, Nb, Ta, and Hf) compared to 

heavy rare earth elements (HREEs: Ho, Er, Yb, and Lu) and the peaks 
associated with large-ion lithophile elements (LILEs: Rb, Sr, Ba, U, Th, 
and Pb), consistent with other Kermadec arc magmas (e.g., Hirai et al., 
2023; Timm et al., 2014). The MIs from the ankaramites showed pat-
terns similar to those of the host rocks, whereas MIs from the magnesian 
andesites exhibited different patterns to those of the host rocks, indi-
cating a large degree of HFSE depletion (Fig. 4a). 

On the diagram of REE variation (Fig. 4b) normalized to C1- 
chondrite (McDonough and Sun, 1995), MIs from the ankaramites 
showed REE patterns ranging from almost flat to light rare-earth 
element (LREE)-depleted. MIs from the ankaramites had similar REE 
compositions to those of the host rocks but were different from those of 
the magnesian andesite MIs, showing a more LREE-depleted pattern. MIs 
from the magnesian andesites showed REE patterns ranging from nearly 
flat to slightly LREE-enriched and average compositions with a similar 
slope to those of the host rocks but displaced to lower values. 

Fig. 4c shows the variations in selected trace element ratios (Nb/Yb, 
Ba/Nb, La/Yb, and Nb/Zr) that are not changed significantly by frac-
tionation of the observed phenocrysts (olivine, clinopyroxene, and 
plagioclase) in the host rocks. Ankaramite MIs showed trace element 
ratios consistent with those of the host rock, but MIs from the magnesian 
andesites showed low Nb/Yb values (0.30–0.63) that were inconsistent 
with those of the host rock (Nb/Yb = 0.80). In addition, MIs from the 

Fig. 4. Trace element variations of olivine-hosted MIs from the magnesian andesites (red) and ankaramites (blue). (a) Normal-type mid-ocean ridge basalt (N-MORB; 
Sun and McDonough, 1989)-normalized trace element patterns. (b) C1 chondrite (McDonough and Sun, 1995)-normalized rare earth element patterns. (c) Variations 
of Bz/Nb, La/Yb, and Nb/Zr versus Nb/Yb. Black square and triangle indicate whole-rock compositions of magnesian andesite (DR25–1) and ankaramite (DR28–25) 
from the Kibblewhite Volcano (Hirai et al., 2023). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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magnesian andesites were characterized by higher Nb/Yb, La/Yb, and 
Nb/Zr ratios and lower Ba/Nb ratios than those from the ankaramites. 

4.2.4. CaO/Al2O3 in the melt inclusions 
Even if we focus on inclusions in host olivines with Fo >90, MIs from 

the Kibblewhite ankaramites have CaO/Al2O3 ratios of 1.31–1.54, even 
higher values than those of the magnesian andesites and oceanic arc 
ankaramites. MIs from the magnesian andesites show variable CaO/ 
Al2O3 ratios of 0.85–1.23, which range from plausible values for 
peridotite-derived melts (CaO/Al2O3 < 1.0) to those for oceanic arc 
ankaramites. Notably, the correction for post-entrapment crystalliza-
tion, which iteratively adds equilibrium olivines to the MIs, does not 
affect the CaO/Al2O3 ratios of the MIs because of the low CaO and Al2O3 
concentrations in the olivine. Thus, the variable CaO/Al2O3 ratio in 
these MIs is an original characteristic. 

Moreover, we observed an unexpected correlation between CaO/ 
Al2O3 ratios in the MIs and the NiO content of the host olivines. Fig. 5 
shows that CaO/Al2O3 in the MIs from the magnesian andesites is 
negatively correlated with the NiO content in the host olivines. In other 
words, MIs with high CaO/Al2O3 ratios were hosted in olivines with low 
NiO contents. MIs from the ankaramites have uniformly high CaO/Al2O3 
ratios but are hosted in olivines with uniformly low NiO contents. This 
suggests that the variation in CaO/Al2O3 ratios of the MIs could be due 
to any process that additionally causes a simultaneous change in the Ni 
content of the melt. Additionally, some major and compatible trace el-
ements were correlated with CaO/Al2O3 (Fig. 6). CaO/Al2O3 ratios in 
the MIs from the magnesian andesites were positively correlated with 
SiO2, CaO, Sc, and Cr and negatively correlated with Al2O3 and Ni. MgO 
and Mg# also exhibited slightly negative correlations with CaO/Al2O3. 
Notably, the melt inclusion with the lowest CaO/Al2O3 ratio has a major 
element composition consistent with peridotite melts produced 

experimentally in a laboratory (Kushiro, 1996). These observed varia-
tions between CaO/Al2O3 ratios and major and trace elements suggest 
that the composition of the Kibblewhite MIs has changed from 
peridotite-derived melts to ankaramite melts. 

5. Discussion 

5.1. Do MIs represent primary melts occurring in the Kibblewhite region? 

Most Kibblewhite MIs were hosted in forsteritic olivines (Fo90–92) 
and thus show high Mg# that can be in equilibrium with mantle peri-
dotites after correction for post-entrapment crystallization. Since such 
high-Fo olivines must have crystallized from primary melts generated by 
mantle melting, these MIs are likely to reflect the parental melt com-
positions of the host rocks. Indeed, the MIs from the ankaramites show 
major and trace element compositions consistent with those of the host 
rocks (Figs. 3 and 4), indicating that they represent the host magma 
composition. Although the MIs from the ankaramites exhibited a high 
degree of trace element variation compared with the host rock, their 
average composition matched that of the host rock (Fig. 4). This may 
indicate that the melt was locally heterogeneous but that the whole-rock 
composition reflected the average (Kent, 2008). Thus, the MIs from the 
ankaramites are plausible parental melts of the ankaramites, and no 
reason exists to suspect that the ankaramites of the Kibblewhite Volcano 
resulted from the accumulation of olivine and clinopyroxene crystals. 

However, the MIs hosted in the olivine xenocrysts of the magnesian 
andesites may not represent the parental melts of the magnesian an-
desites. Hirai et al. (2023) estimated the primary melt compositions of 
the magnesian andesites, termed “Kibblewhite high-magnesian andes-
ites (HMAs),” using olivine-addition models. The major element com-
positions of the MIs from the magnesian andesites are not consistent 
with those of the Kibblewhite HMAs but are instead similar to those of 
the ankaramites (Fig. 3a, b). The incompatible trace element patterns of 
the MIs also differ from those of the host magnesian andesites, which 
showed greater HFSE depletion against HREEs (Fig. 4c). The Nb/Yb 
ratios in the MIs of the magnesian andesites were also lower than those 
in the host rock (Fig. 4c). Therefore, we can conclude that the MIs hosted 
in the olivine xenocrysts of the magnesian andesites are not parental 
melts of the magnesian andesites but primitive basaltic melts that could 
have been produced before the occurrence of the magnesian andesites. 

Instead, the large variation in H2O in the MIs from the magnesian 
andesites may reflect the water content of the host magmas. Recent 
studies have revealed that water content in melt inclusions can fully re- 
equilibrate with the host magma within hours via H+ diffusion through 
olivine (Gaetani et al., 2012; Lloyd et al., 2013; Portnyagin et al., 2019). 
The olivine xenocrysts in the magnesian andesites remained inside the 
host magmas for at least 5 days (see Section 2), suggesting that the water 
contents of the MIs reached re-equilibration with the host magmas. Hirai 
et al. (2023) estimated that the Kibblewhite HMAs were directly pro-
duced by melting mantle peridotite at 1.1–1.3 GPa with 3.2–5.5 wt% 
H2O; this is consistent with H2O contents in the MIs from the magnesian 
andesites (Fig. 3c). Thus, the original water content in these MIs should 
have been lost, but the MIs in olivine xenocrysts of the magnesian an-
desites may reflect the water contents in their host magmas. 

The difference in trace element characteristics between the MIs from 
the ankaramites and magnesian andesites (Fig. 4) may also reflect 
different conditions in the mantle wedge. The systematic differences in 
trace element compositions between the MIs can be attributed to trench- 
perpendicular variation. Fig. 7 shows the trench-perpendicular varia-
tions in 87Sr/86Sr, 206Pb/204Pb, Ba/Nb, Nb/Zr, and Nb/Yb in the vol-
canic rocks and MIs collected from the Kibblewhite region. The 
87Sr/86Sr, 206Pb/204Pb, and Ba/Nb ratios in the volcanic rocks from the 
Kibblewhite region decrease with increasing distance from the trench, 
whereas the Nb/Zr and Nb/Yb ratios increase. LILEs (Sr, Pb, Ba) are 
easily lost to slab-derived fluids within a wide range of temperatures 
(700–1000 ◦C), but HFSEs (such as Nb) are not (Kessel et al., 2005). The 

Fig. 5. Correlation between CaO/Al2O3 in the MIs and NiO content in their 
host olivines (shown only in samples with Fo >90). Orange and gray fields 
represent the range of mantle-derived melt (CaO/Al2O3 < 1.0; NiO >0.2 wt%) 
and oceanic arc ankaramites (CaO/Al2O3 > 1.0; NiO <0.2 wt%), respectively. 
The red and blue lines with open triangles indicate the estimated compositional 
change in melts during assimilation-fractional crystallization (AFC) models 
shown in Table S4. Open red and blue stars represent the initial melt compo-
sitions from Kushiro (1996), used for the AFC models (see text for details). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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contribution of slab-derived components to the depleted mantle beneath 
the Kermadec arc should have increased the Sr and Pb isotope ratios of 
the melts (Timm et al., 2014). Thus, the decrease in the Sr and Pb isotope 
ratios and Ba/Nb values may represent a decrease in the contribution of 
the slab-derived components to the source from the trench side to the 
rear-arc side. However, the increase in the Nb/Zr and Nb/Yb ratios, 
which are less affected by slab-derived components, may indicate a 

decrease in the degree of source mantle depletion towards the rear-arc 
side. This is because the Nb/Zr ratio in the melt hardly changes with 
the degree of partial melting of the source mantle (Langmuir et al., 
2006). Generally, the mantle will produce more melt and become 
depleted if more slab-derived water is added. Thus, the increase in the 
Nb/Zr and Nb/Yb ratios may represent a decrease in the degree of source 
mantle depletion from the trench side to the rear arc side, which is 

Fig. 6. Correlations between CaO/Al2O3 and major elements in the MIs (shown only for Fo >90 samples). Black lines with gray symbols indicate the compositions of 
melt obtained from dry melting experiment of lherzolite PHN1611 at 0.5 to 2.0 GPa (Kushiro, 1996). The red and blue lines with open triangles indicate the estimated 
compositional change in melts during assimilation-fractional crystallization (AFC) models shown in Table S4. Open red and blue stars represent the initial melt 
compositions from Kushiro (1996), used for the AFC models (see text for details). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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consistent with the abovementioned trench-perpendicular variation of 
the slab-derived components. The trace element variations of the studied 
MIs are consistent with the trends formed by basalts from neighboring 
cones (Fig. 7), indicating that they also reflect trench-perpendicular 
variations in the source mantle. 

However, noting that the magnesian andesites have higher Nb/Yb 
ratios than the MIs hosted in their olivine xenocrysts is important, even 
though they have similar Nb/Zr ratios (Fig. 7). Since Nb/Yb in the melt 
is more sensitive than Nb/Zr to changes in the degree of melting, this can 

be attributed to the magnesian andesites being generated by a lower 
degree of melting than the MIs. The lower degree of melting in the 
magnesian andesites is closely related to their origin, as discussed below. 

In summary, MIs from the ankaramites have major and trace element 
characteristics consistent with those of the host rock, indicating that 
they represent a primary magma component in the Kibblewhite region. 
The MIs from the magnesian andesites were hosted in olivine xenocrysts 
and did not represent the host magma. Instead, they may represent 
primary basaltic melts generated before the occurrence of the magnesian 
andesites. 

5.2. Origin of the ankaramitic Kibblewhite melt inclusions 

5.2.1. Grain-scale modification 
A primary concern is whether these chemical variations in the MIs 

were caused by grain-scale processes and, therefore, do not reflect the 
primary magmatic variation. Danyushevsky et al. (2004) reported 
primitive MIs with anomalous compositions and proposed that they 
reflected localized grain-scale assimilation processes within the crust. 
The correlation between CaO/Al2O3 and Ni in the MIs studied here may 
be explained by the assimilation of clinopyroxene into the melts. 

This model may explain the compositional variation of the MIs but 
cannot account for the significant volume of the ankaramitic magmas. 
As discussed above, the major elemental composition of the MIs from the 
ankaramites is consistent with the whole-rock composition of the host 
rock, and large quantities of ankaramites have been recovered from 
neighboring cones as lava blocks. Other oceanic arc ankaramites have 
been observed as lava flows or pillow lavas (Barsdell, 1988; Barsdell and 
Berry, 1990; Tamura et al., 2014). These ankaramitic magmas clearly 
produced a significant amount of lava, which cannot be explained by 
grain-scale processes. Thus, we believe that ankaramite magma must 
form one of the main magma components in oceanic arcs and that the 
high CaO content and high CaO/Al2O3 in these MIs need not be ascribed 
to grain-scale processes within the crust. 

5.2.2. Melting of lower crustal wehrlites 
Primitive basaltic rocks or MIs with CaO/Al2O3 > 1.0 have previ-

ously been known as “ultra-calcic melts” (Schiano et al., 2000) and can 
be divided into nepheline-normative and hypersthene-normative suites 
based on the degree of silica undersaturation (Fig. 8a). Through multiple 
saturation experiments, Médard et al. (2004) concluded that the 
nepheline-normative suites are derived from lower crustal conditions 
(0.2 GPa, 1220 ◦C). Médard et al. (2006) also showed that the melting of 
amphibole-bearing wehrlite reproduces the major element compositions 
of nepheline-normative ultra-calcic melts (Fig. 8a). Based on these 
experimental constraints, Sorbadere et al. (2011, 2013) concluded that 
amphibole-bearing wehrlite at the lower-crust or the uppermost mantle 
plays a key role in generating the nepheline-normative ultra-calcic melts 
in island-arc volcanoes. Alternatively, Portnyagin et al. (2019) proposed 
that nepheline-normative ultra-calcic MIs, often observed in sub-areal 
arc settings, are generated by the coupled loss of H2O and SiO2 from 
the initially trapped hypersthene-normative melts (Fig. 8a). Neverthe-
less, a consensus exists that nepheline-normative ultra-calcic melts are 
not representative of mantle-derived primary magmas. 

When the Kibblewhite MIs are projected onto the Di-Plag-Qz space 
(from the Ol apex) on the “basalt tetrahedron” after Falloon and Green 
(1988), they plot as hypersthene-normative, similar to the oceanic arc 
ankaramites (Fig. 8a). This strongly suggests that the CaO/Al2O3 ratios 
in the Kibblewhite MIs did not result from the melting of lower crustal 
wehrlites. Therefore, we believe that the contribution of lower crustal 
wehrlite to the Kibblewhite MIs was either absent or minimal. 

5.2.3. Contribution of pyroxenite to the source mantle 
A recent study emphasized the contribution of pyroxenite-derived 

melts to the origin of subduction zone magmas (Bowman and Ducea, 
2023). Since the addition of pyroxene components could explain the 

Fig. 7. Trench-perpendicular variations of 87Sr/86Sr, 206Pb/204Pb, Ba/Nb, Nb/ 
Zr, and Nb/Yb in volcanic rocks and melt inclusions collected from the Kib-
blewhite region. The approximate distances from the trench for each volcanic 
edifice were measured on Google Maps. 
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high CaO/Al2O3 ratio in oceanic arc ankaramites, this model should be 
considered. However, we believe that this model is not a good fit for the 
origin of Kibblewhite MIs because it cannot explain the low Ni content. 
Pyroxenite (or a hybrid of pyroxene and peridotite)-derived melts have a 

higher Ni content than that derived from ordinary mantle peridotite 
(Nishizawa et al., 2017; Sobolev et al., 2005; Straub et al., 2011, Straub 
et al., 2008). This is because the rock/melt distribution coefficient of Ni 
decreases as the proportion of olivine in the whole rock composition 
decreases. This model, therefore, conflicts with the low Ni content of 
Kibblewhite ankaramites. Furthermore, the degree of contribution of 
pyroxenite-derived melts is proportional to the crustal thickness in 
subduction zones (Bowman and Ducea, 2023). As the Kermadec arc has 
some of the thinnest crust worldwide, a significant contribution of 
pyroxenite-derived melts to the Kibblewhite MIs is unlikely. 

5.2.4. Melting of the carbonated mantle and degassing of CO2 
Multiple saturation experiments using the hypersthene-normative 

ankaramite from the western Epi Volcano in the Vanuatu arc revealed 
that they are saturated with olivine + clinopyroxene or only clinopyr-
oxene at mantle conditions (1.2–2.0 GPa, 1300–1400 ◦C; Médard et al., 
2004; Schmidt et al., 2004). This suggests that the western Epi ankar-
amites are not in equilibrium with ordinary mantle peridotite, consisting 
of olivine + orthopyroxene ± clinopyroxene. Schmidt et al. (2004) 
proposed that the western Epi ankaramites experienced olivine frac-
tionation from primary melts that initially had high CaO/Al2O3. For the 
generation of such initially high-CaO/Al2O3 melts, Green et al. (2004) 
emphasized the importance of a carbonation reaction between mantle 
wedge peridotites and CO2-rich dolomitic fluids from the subducting 
slab. This reaction may have formed carbonate-bearing peridotite in the 
mantle wedge and finally produced melts with high CaO/Al2O3. Green 
et al. (2004) suggested that the low olivine NiO content in the ankar-
amites could be explained by the elevation of Fe3+/Fetotal in the melts 
due to the degassing of CO2-rich fluids from the melts. This is because 
the elevation of Fe3+/Fetotal may increase the Fo content in the olivine 
phenocrysts but not the NiO content. 

However, this model does not fully explain the origin of the CaO/ 
Al2O3 variation in Kibblewhite MIs for the following reasons: First, this 
model requires a primary melt with an initially high CaO/Al2O3 ratio 
because olivine fractionation does not significantly change CaO/Al2O3 
in the melt. However, the CaO/Al2O3 ratio in the Kibblewhite MIs varied 
consistently from ordinary peridotite-derived melts to ankaramitic melts 
(Fig. 5). Thus, these MIs suggest that CaO/Al2O3 in the primary melt was 
low, as in the peridotite-derived melts, but then increased subsequently 
through other processes. Second, this model cannot explain the NiO 
variations in the host olivine of the MIs studied here. If the low NiO 
contents of the olivines in the ankaramites were caused by the frac-
tionation of olivine from primary magma and elevation of Fe3+/ΣFe in 
the magma by subsequent degassing, the NiO contents in the fraction-
ated olivines should decrease with Fo content (as shown by the dark gray 
arrows in Fig. 8). Thus, this model cannot account for vertical variations 
in the host olivine on the Fo-NiO diagram. For these reasons, we infer 
that the contribution of CO2-rich fluids from the subducting slab is not 
an essential cause of the compositional variations in the Kibblewhite 
MIs. Instead, we show in the next section that melt-mantle interaction 
can plausibly explain the vertical variation in the host olivine on the Fo- 
NiO diagram (red arrows in Fig. 8). 

5.2.5. Melt-mantle interaction 
Kelemen (1990) showed that primary basaltic melts, produced at 

high pressure, interact with the surrounding mantle during ascent. At 
shallower depths, ascending basaltic melts are saturated with olivine but 
unsaturated with pyroxenes; they precipitate olivine and assimilate 
pyroxenes from the surrounding lithospheric mantle. During this 
assimilation-fractional crystallization (AFC) process, the Mg# of the 
ascending basaltic melts remains constant because it is buffered by 
Fe–Mg exchange with the assimilated pyroxenes (Kelemen, 1990). 
Based on this AFC model, Tamura et al. (2019a) proposed that the low 
NiO contents of olivines in ankaramites from the Nishinoshima Volcano 
were caused by melt-mantle interactions during the ascent of the pri-
mary basaltic melts. 

Fig. 8. (a) Normative compositions of the olivine-hosted MIs (shown only for 
host olivines with Fo >90) and oceanic arc ankaramites, projected from Ol onto 
the Di-Jd + CaTs+Lc-Qz face of the “basalt tetrahedron” after Falloon and 
Green (1988). The field of the wehrlite melts at 1.0 to 2.0 GPa is after Pickering- 
Witter and Johnston (2000) and Kogiso and Hirschmann (2001). The field of 
the amphibole-bearing wehrlite melts at 1.0 GPa is after Médard et al. (2006). 
Data sources for the nepheline-normative ultra-calcic MIs are from Kamenetsky 
et al. (1995, 2017), Della-Pasqua and Varne (1997), Portnyagin et al. (2005), 
Elburg et al. (2007), Sorbadere et al. (2011), and Métrich and Deloule (2014). 
The broken arrow indicates the presumed compositional change of melt in-
clusions during a coupled loss of SiO2 and H2O from the inclusions (Portnyagin 
et al., 2019). Black lines with gray symbols indicate the melt compositions from 
the dry melting experiment of lherzolite PHN1611 at 0.5 to 2.0 GPa (Kushiro, 
1996). The red and blue lines with open triangles indicate the compositional 
change in melts estimated by the assimilation-fractional crystallization (AFC) 
models shown in Table S4. (b) Two models that produce low NiO olivine with 
high Fo content. The dark gray arrows indicate the hypothesis that the primary 
melt crystallized olivine (trend 1), and then the Fe3+/ΣFe ratio in the melt is 
increased by degassing, increasing Fo content in olivine (trend 2). The red ar-
rows indicate the hypothesis that the Ni content in the melt decreases but the 
Mg# in the melt remains almost constant due to the melt-mantle interaction 
(trend 1), and then the interacted melt crystallized olivine with low NiO content 
(trend 2). Open red and blue stars represent the olivine compositions in equi-
librium with the initial melt compositions used for the AFC models. The red and 
blue lines with open triangles indicate the estimated compositional change of 
the olivine in equilibrium with the melts from the AFC models. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Y. Hirai et al.                                                                                                                                                                                                                                    



Chemical Geology 662 (2024) 122218

11

We believe that this model can explain not only the low NiO content 
in olivine but also the high CaO/Al2O3 ratio in the MIs studied here. 
Kelemen et al. (1992) proposed that such melt–mantle interactions ul-
timately produce a harzburgite residue at the uppermost mantle. Due to 
the melt-mantle interaction, the ascending basaltic melt gradually be-
comes saturated with orthopyroxene as the temperature decreases. If the 
melt continues to percolate through the lherzolite mantle after ortho-
pyroxene saturation, it produces harzburgite via a melt-rock reaction 
with lherzolite and hence becomes saturated with clinopyroxene. Until 
the melt reaches clinopyroxene saturation, it assimilates clinopyroxene 
and precipitates olivine and orthopyroxene as it ascends through the 
lherzolite mantle. If the melt erupts before clinopyroxene saturation is 
reached, it should be rich in clinopyroxene (diopside) component. The 
high CaO/Al2O3 and major and compatible trace element variations in 
the MIs studied here may be explained by the addition of a clinopyr-
oxene (diopside) component to the peridotite-derived melts (Figs. 1 and 
6), suggesting that these variations could be produced by melt-mantle 
interaction. 

To simulate the compositional change of basaltic melts during the 
melt-mantle interaction, we conducted a simple mass-balance calcula-
tion for the AFC process. In this model, two experimental peridotite 
melts from Kushiro (1996), which were produced at different pressures 
(1.0 and 1.5 GPa) and degrees of melting (29% and 36%), were assumed 
as the initial melts. These initial melts were selected for their 

compositional similarity to the MIs studied here and are thus not 
representative of the actual melting pressure or degree of melting. The 
assimilated to crystallized mass (Ma/Mc) ratio was assumed to be 0.97 
after Kelemen et al. (1992). The olivine to orthopyroxene ratio in the 
fractionated phase was assumed to be 0.5. Since the chemical compo-
sition of the mineral phases in the Kermadec arc mantle peridotite is still 
unknown, forearc peridotites from the Tonga arc (Birner et al., 2017) 
were used for the calculation. The modeling results are listed in 
Table S4. 

The modeling results indicate that the initial melts increase in CaO 
and CaO/Al2O3 and decrease in MgO, Ni, and Mg#, qualitatively 
reproducing the correlation between CaO/Al2O3 and major elements in 
the Kibblewhite MIs (Fig. 6). The differences between the two initial 
melts in the model suggest that the compositional differences between 
the MIs from the ankaramites and magnesian andesites may be derived 
from differences in the melting pressure and degree of melting of the 
initial melts. The variations in NiO in the host olivines, estimated from 
the olivine-melt Ni partition coefficient, indicate that this model can also 
reproduce the vertical variation in the host olivines seen on the Fo-NiO 
diagram (Fig. 8). Furthermore, this AFC model can also explain the 
unexpected correlation between CaO/Al2O3 in the MIs and NiO in the 
host olivines (Fig. 5). Therefore, we propose that the abnormal varia-
tions between the CaO/Al2O3 of the Kibblewhite MIs and NiO of the host 
olivines resulted from the interaction between the ascending primary 

Fig. 9. MgO–CaO composition regime illustrating the saturation status of olivine and clinopyroxene. (a) Dashed vertical line represents the melt composition at 
olivine saturation, after Chen and Zhang (2008). Curved line represents the melt composition at clinopyroxene saturation after Chen and Zhang (2009). (b) Tem-
perature dependence of the saturation curves at 1 GPa. (c) Pressure dependence of the saturation curves at 1320 ◦C. (d) Application of the olivine and clinopyroxene 
saturation models to the MIs studied here. If these basaltic melts are at 1320 ◦C and under pressure conditions of the uppermost mantle of the Kermadec arc (0.5 
GPa), they will be over-saturated with olivine and under-saturated with clinopyroxene. Thus, the melts will fractionate olivine and assimilate clinopyroxene from the 
surrounding mantle. The red and blue lines with open triangles indicate the compositional change in melts estimated by AFC models shown in Table S4. Open red and 
blue stars represent the initial melt compositions from Kushiro (1996), used for the AFC models (see text for details). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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basaltic melts and surrounding mantle peridotites in the mantle wedge. 
However, a question remains as to whether the initial basaltic melts 

become ankaramitic before reaching clinopyroxene saturation. We infer 
that the thin crust of the Kermadec arc plays an important role in the 
generation of ankaramitic melts. Chen and Zhang (2009) proposed that 
the olivine and clinopyroxene saturation of a basaltic melt is approxi-
mately determined by the MgO and CaO contents of the melt (Fig. 9a). 
The MgO and CaO contents of the melt at clinopyroxene saturation are 
positively correlated with the temperature (Fig. 9b); therefore, as the 
temperature decreases at constant pressure, the melt will become satu-
rated with clinopyroxene. Conversely, MgO and CaO contents at clino-
pyroxene saturation are negatively correlated with pressure (Fig. 9c); 
thus, as the pressure decreases at a constant temperature, the melt will 
not reach clinopyroxene saturation. When this model is applied to the 
Kibblewhite MIs, assuming a temperature of 1320 ◦C and low-pressure 
conditions of 0.5 GPa, they are still not saturated with clinopyroxene 
but are saturated with olivine (Fig. 9d). Hence, the primary basaltic melt 
will assimilate clinopyroxene and crystallize olivine even under these 
conditions. 

We do not consider this P-T condition to be an overestimation for the 
following reasons. First, the high Fo contents of the host olivines of the 
Kibblewhite MIs indicate a high magmatic temperature. The magmatic 
temperature correlates with the MgO content of the melt (Sugawara, 
2000) and, thus, the Fo content of the equilibrium olivine. To examine 
this more specifically, we estimated the generation conditions of the 
Kibblewhite MIs using the geothermobarometer described in Mitchell 
and Grove (2015). For this estimation, we used the composition of 
sample DR25–3 OLB3_MI1, which has the least influence on melt-mantle 
interaction, that is, the lowest CaO/Al2O3 ratio among the MIs hosted in 
olivine with Fo > 90. Assuming that the melt contained 3.0 wt% H2O, 

based on the actual H2O content (Fig. 3c), the geothermobarometer 
suggests that the melt was produced at 1310 ◦C and 1.6 GPa. The thin 
crust in this area results in a low-pressure condition in the uppermost 
mantle wedge of the Kermadec arc. The estimated crust-mantle 
boundary of the Kermadec arc is ~15 km (Bassett et al., 2016), corre-
sponding to pressures of ~0.5 GPa. Thus, the primary basaltic melts 
produced at 1.6 GPa, corresponding to a depth of ~50 km, would 
inevitably interact with the shallower lithospheric mantle before 
reaching the crust. For these reasons, we believe that this model is 
plausible for the Kibblewhite region in the Kermadec arc and conclude 
that it is possible to produce ankaramitic melts using the AFC of 
ascending basaltic melts in the mantle wedge. 

5.3. Implications for the origin of the magnesian andesites 

Yogodzinski et al. (1994) noted that high-magnesian andesites from 
Piip Volcano in the western Aleutian arc have significantly lower CaO/ 
Al2O3 ratios than lherzolite-derived melts. They attributed this low 
CaO/Al2O3 ratio in the Piip andesites to a reaction between the primary 
basaltic melts and harzburgites at low pressures. Using an experimental 
approach, Wood and Turner (2009) suggested that HMAs from sub-
duction zones were produced by the melting of the harzburgite mantle. 
The Kibblewhite HMAs are presumed to have low CaO/Al2O3 ratios, 
similar to the other HMAs (Fig. 1a), implying that they are derived from 
clinopyroxene-poor source mantle. 

As summarized in Fig. 10, we propose that melt-mantle interaction 
produces a “harzburgite passage,” which is closely related to the origin 
of the magnesian andesites, in the mantle wedge beneath the Kibble-
white Volcano. The initial basaltic melts, produced by melting of a 
deeper part of the mantle wedge, interact with the surrounding mantle 

Fig. 10. Schematic illustration showing the origin of the MIs and their relation to magnesian andesites from the Kibblewhite Volcano. (a) Primary basaltic melts are 
produced in a deeper (>1.5 GPa) and hotter (>1300 ◦C) part of the mantle wedge by hydrous melting caused by the contribution of slab-derided fluids. (b) Reaction 
occurs between the ascending primary basaltic melts and the surrounding mantle peridotites due to a decrease in pressure. During the interaction, the melts become 
rich in CaO/Al2O3 and poor in Ni due to assimilation of pyroxenes and fractionation of olivine. Eventually, the melts become saturated with and crystallize 
orthopyroxene and continue to ascend in the mantle wedge while replacing the surrounding lherzolite with harzburgite. (c) This melt-mantle interaction forms a 
“harzburgite passage” as a residue in the mantle wedge. The interacted melts emplace in a magma chamber in the crust and crystallize abundant olivine and cli-
nopyroxene, producing ankaramites (olivine-clinopyroxene-rich basalts). (d) Subsequently generated primary basaltic melts pass through and re-equilibrate with the 
harzburgite passage in a shallower (~1.0 GPa) and colder (~1200 ◦C) part of the mantle wedge, producing primary andesitic melts (Kibblewhite HMAs). (e) Olivine 
xenocrysts which were produced during the melt-mantle interaction show variable NiO contents and host MIs with variable CaO/Al2O3 and are incorporated into the 
Kibblewhite HMAs during ascent through the harzburgite passage. 
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during ascent and convert lherzolite to harzburgite via the assimilation 
of clinopyroxene and fractionation of olivine and orthopyroxene 
(Kelemen et al., 1992). If, subsequently, ascending basaltic melts again 
pass through this harzburgite passage, they interact and re-equilibrate 
with the surrounding harzburgite under low-pressure and low- 
temperature conditions. This reaction may have transformed the 
initial basaltic to andesitic melt while decreasing the magma volume 
(Kelemen, 1990). This model is consistent with the observation that 
magnesian andesites contain olivine xenocrysts hosting ankaramitic 
MIs. These olivine xenocrysts may have precipitated within the litho-
spheric mantle during the “first” melt-mantle interaction and were 
subsequently incorporated into the magnesian andesite magmas. 

This decrease in magma volume can explain the relatively high Nb/ 
Yb (Fig. 7) and H2O contents (Fig. 3c) of the magnesian andesites. This is 
because a decrease in magma volume in the mantle causes a composi-
tional change in the melt, similar to a decrease in partial melting. In 
addition, because water is incompatible with mantle minerals, even if 
the initial water content of the basaltic melt is similar to that of the 
ankaramites (2–3 wt% H2O), the water content of the produced primary 
andesitic melt will be higher if the magma volume decreases during the 
melt-mantle interaction. Therefore, we propose that the magnesian an-
desites (Kibblewhite HMAs) were produced by the re-equilibration of 
primary basaltic melts with a refractory harzburgite, which was formed 
by a previous melt-mantle interaction in the uppermost mantle. 

6. Conclusion 

This study investigated olivine-hosted MIs from ankaramites and 
magnesian andesites in the Kibblewhite Volcano in the Kermadec arc. 
The main conclusions of this study are summarized as follows:  

(1) The MIs from the ankaramites have major and trace element 
characteristics consistent with those of the host rock, indicating 
that they are a primary magma component in the Kibblewhite 
region. The MIs from the magnesian andesites are hosted in 
olivine xenocrysts and thus do not represent the host magma but 
rather the primary basaltic melts generated before the occurrence 
of the magnesian andesites.  

(2) The CaO/Al2O3 and Ni contents in the Kibblewhite MIs can be 
explained by melt-mantle interaction. If primary basaltic melts 
interacted with the surrounding mantle during ascent into the 
mantle wedge, the ascending basaltic melts would have assimi-
lated clinopyroxene and fractionated olivine and orthopyroxene 
at a constant melt Mg#. Thus, due to this interaction, the melts 
become rich in CaO/Al2O3 and poor in Ni, and a “harzburgite 
passage” will be formed in the mantle wedge as a residue.  

(3) The magnesian andesites are derived through the “harzburgite 
passage” formed by prior melt-mantle interaction. The thin crust 
of the Kermadec arc allows hot basaltic melts to re-equilibrate 
with harzburgite under low-pressure conditions. This re- 
equilibration produces primary andesitic melts and can explain 
the low CaO/Al2O3 of the magnesian andesites. While percolating 
through the “harzburgite passage”, the produced magnesian an-
desites may have incorporated the forsteritic olivine xenocrysts 
which host MIs with variable CaO/Al2O3 ratios. 
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