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Abstract 

Garnet peridotite xenoliths have been rarely reported from suboceanic mantle. Petrographic and geochemical 
characteristics of garnet-bearing oceanic peridotite xenoliths provide precious information on dynamics of the sub-
oceanic lithosphere and asthenosphere interaction. We examined a lherzolite xenolith included in olivine nephelinite 
lava from Aitutaki Island, a member of the Cook-Austral volcanic chain. The lherzolite xenolith contains reddish fine-
grained (< 5 µm in size) mineral aggregates (FMAs) with size range of 0.5–6 mm, consisting of olivine, calcic and sodic 
plagioclases, aluminous spinel, native iron, and nepheline. Microstructural observations and chemical data corrobo-
rate that the FMA is a decomposed pyrope-rich garnet including chromian spinel grains with an irregular highly 
indented morphology in the center. The FMA is surrounded by pyroxene-poor and olivine-rich aureole. The spatial 
and morphological relationships of FMA and chromian spinel with pyroxene-depleted margin suggest a reaction 
of aluminous spinel + pyroxenes → pyrope-rich garnet + olivine, which requires a compression before decomposition 
of the garnet to FMA. An orthopyroxene grain shows slight but clear chemical zoning characterized by increase in Al, 
Ca, and Cr from the grain center to the rim. The zoning patterns of Al and Ca in the orthopyroxene grain can be mod-
eled by diffusion-controlled solid-state reactions induced by pressure and temperature changes, keeping surface con-
centrations in equilibrium with the other coexisting mineral phases. The results indicate that the mantle, from which 
the lherzolite xenolith was derived, underwent isothermal decompression followed by a weak heating on a time scale 
of a few tenths of million years before the xenolith extraction. From the deduced compression and decompression 
histories, we hypothesize that the mantle beneath Aitutaki Island was once dragged down to a garnet-stable deep 
mantle region and brought up later by small-scale sublithospheric convection.
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1  Introduction
Garnet peridotite xenoliths are of significant importance 
to extract information of deep lithospheric and astheno-
spheric mantle as they are derived from the depth deeper 
than ~ 70  km (O’Hara et  al. 1971; Klemme and O’Neill 
2000). The garnets in the peridotites provide useful and 
reliable geothermobarometry indispensable for recon-
structing chemical and thermal structure of the deep 
lithospheric mantle (Nickel and Green 1985; Smith and 
Barron 1991; Griffin et al. 1999a, b; Ishikawa et al. 2004). 
The garnet peridotite xenoliths have been frequently 
reported in kimberlites mostly occurring in the cratonic 
region (Carswell and Dawson 1970; Boyd and Nixon 
1978; Richardson et al. 1985), whereas their reports from 
the oceanic region are rare.

Many garnet-bearing xenoliths of pyroxenite and wehr-
lite have been reported from Hawaii Islands (e.g., Sen 
et  al. 2005), but a garnet peridotite xenolith is reported 
only in Oahu Island by Goto and Yokoyama (1988) with-
out unequivocal evidence. Malaita Island in Solomon 
Islands is one of the rare localities yielding garnet peri-
dotite xenoliths, which have contributed to reconstruct 
chemical and rheological structure of the deep lith-
ospheric mantle beneath Ontong Java Plateau (Ishikawa 
et  al. 2004; Ishikawa et  al. 2011; Tommasi and Ishikawa 
2014; Demouchy et  al. 2015). Harigane et  al. (2011) 
reported a fine-grained aggregate of spinel and orthopy-
roxene in a peridotite xenolith from petit-spot volcano 
in the northwestern Pacific Ocean. They argued that the 
fine-grained aggregate is of garnet origin without provid-
ing detailed petrography and mineral chemistry.

These limited studies on the oceanic garnet perido-
tite are insufficient to illustrate the spatial and temporal 
variation of the oceanic lithosphere, which is imperative 
to understand the evolution of lithosphere and astheno-
sphere boundary beneath the oceans (e.g., Fischer et  al. 
2010; Kawakatsu and Utada 2017; Rychert et  al. 2020). 
Thus, we need to expand the localities and samples of 
oceanic garnet peridotite, and to examine their detailed 
petrological and geochemical characteristics. To achieve 
this purpose, it is crucial to look for the garnets in the 
peridotites, but they are in general susceptible to low 
pressure breakdown reaction during xenolith transpor-
tation from the mantle to the surface. Hence, reaction 
product after the garnet is a fundamental study target 
when supported by careful and exhaustive investigations 
to verify decomposition process.

Here, we present a peridotite xenolith from Aitutaki 
Island, a member of the Cook-Austral volcanic chain, 
where many peridotite xenoliths have been studied 
(Fodor et  al. 1982; Snortum et  al. 2019). The peridotite 
xenoliths contain aggregates of very fine-grained miner-
als, which were interpreted to be a breakdown product of 

aluminous orthopyroxene in the previous studies (Fodor 
et al. 1982; Snortum et al. 2019). We show that they are 
a breakdown product of garnet in fertile peridotite with 
several lines of evidence from microstructural, miner-
alogical, and geochemical data. We then characterize 
the fertile garnet peridotite by determining whole-rock 
elemental concentrations, including highly siderophile 
elements (HSE) and Re–Os isotope ratio. We further 
clarify an ascent history of the peridotite xenolith by 
reproducing chemical zonings of orthopyroxene and 
microstructures related to reactions induced by pres-
sure–temperature changes and fluid influxes. Combining 
all these results, we eventually infer the mantle dynamics 
beneath the South Pacific Ocean lithosphere.

2 � Geological background
Aitutaki Island is an 8 km × 3 km volcanic island with an 
atoll lagoon located at the northwest end of the Cook-
Austral volcanic chain in the Southwest Pacific Ocean 
(Fig. 1a). The island chain is oriented in northwest-south-
east extending over ca. 2000 km. The Cook-Austral vol-
canic chain is composed of 13 islands: Marotiri, Rapa, 
Raivavae, Tubuai, Rurutu, Rimatara, Mangaia, Mauke, 
Mitiaro, Atiu, Rarotonga, and Aitutaki Islands (Fig.  1a). 
This area has been interpreted to be a superswell host-
ing large thermochemical anomaly in terms of seismic 
tomography and anomalously shallow seafloor depths 
of a few hundreds of meters (McNutt and Judge 1990; 
Adam and Bonneville 2005). This superswell is presumed 
to have formed above a superplume from the deep man-
tle. The Cook-Austral volcanic chain is located above the 
skirt of the large low shear velocity province (LLSVP) in 
the deep mantle (Torsvik et al. 2006).

The volcanic rocks of the Cook-Austral Islands were 
dated using K–Ar and Ar–Ar geochronometries (e.g., 
Duncan and McDougall 1976; Turner and Jarrard 1982; 
Bonneville et al. 2006; Hanyu et al. 2013; Rose and Kop-
pers 2019). Recent determination of the volcanic ages 
with eliminating those affected by weathering and altera-
tion revealed two distinctive trends in distance-age plot. 
They are called Macdonald trend (Marotiri + Rapa + Rai-
vavae + Tubuai + Rurutu + Rimatara + Mangaia Islands, 
ages ranging from 4 to 20  Ma) and Rurutu trend 
(Rurutu + Mauke + Atiu + Aitutaki Islands, ages ranging 
from 1 to 9 Ma) (Rose and Koppers 2019). At the loca-
tions extending the two trends to 0 age, there are cur-
rently active Macdonald seamount and Arago seamount 
that was active at ~ 0.23  Ma (Bonneville et  al. 2002) 
(Fig. 1a).

Aitutaki Island is situated on the ~ 107  Ma oceanic 
lithosphere according to the global plate model by Mül-
ler et  al. (2019) (Fig.  1b). The volcanic activities of 
Rurutu and Aitutaki Islands show two age peaks: ~ 13 Ma 
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and ~ 1  Ma in Rurutu Island (called old Rurutu stage 
and young Rurutu stage, respectively), and ~ 9.4  Ma 
and ~ 1.4 Ma in Aitutaki Island (called old Aitutaki stage 
and young Aitutaki stage, respectively). In Aitutaki 
Island, many peridotite xenoliths are included in olivine 
nephelinite grouped in the young Aitutaki stage (Fodor 

et al. 1982; Snortum et al. 2019). The whole-rock chemi-
cal composition of olivine nephelinite is marked by high 
total alkali contents (Na2O + K2O > 5 wt%) (Snortum et al. 
2019).

The size of peridotite xenoliths from Aitutaki Island 
ranges from a few centimeters to 10  cm in diameter, 
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Fig. 1  Maps indicating Aitutaki Island and sample localities. a Magnified area of the Pacific Plate. Rectangle inset shows its wide view. The islands 
pointed by the orange arrows are classified as Macdonald trend, those pointed by green arrows are classified as Rurutu trend, and those pointed 
by the red arrows are classified as Rarotonga trend. Volcanic rocks from Mitiaro are severely weathered and no reliable age data are available (Turner 
and Jarrard 1982; Rose and Koppers 2019). b Seafloor age around Aitutaki Island. c Sample locations on Aitutaki Island. The images in (a) were 
created with GeoMapApp application (Ryan et al. 2009). The seafloor age-gridded data presented in (b) are from Müller et al. (2019). The island map 
in (c) is after Wood (1978). SM in (a) represents seamount
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and they are lherzolite, harzburgite, or dunite (Fodor 
et al. 1982; Snortum et al. 2019). We searched xenoliths 
at a northern locality (18.83216° S and 159.77441° W), 
where olivine nephelinite lavas occur (Fig. 1c). The lavas 
include mantle xenoliths with megacrysts of clinopyrox-
ene and ilmenite with ~ 5  cm in diameter. A lherzolite 
xenolith sample AI70 examined in detail in this study was 
included in an olivine nephelinite sample 20190318A-
11-27 (Fig. 1c) with other fertile lherzolite xenoliths. The 
size of AI70 lherzolite is 3  cm in diameter. The olivine 
nephelinite consists of groundmass of clinopyroxene, 
nepheline, and magnetite with minor phenocrysts of oli-
vine and clinopyroxene (Wood 1978).

3 � Petrography
We examined a thin section of AI70 lherzolite having a 
direct contact with the host olivine nephelinite, which 
occupies ~ 10% of the entire thin section area (Fig. 2a, b). 
The AI70 lherzolite consists mostly of anhedral grains 
of olivine, orthopyroxene, clinopyroxene, and fine-
grained mineral aggregate, which is called FMA hereaf-
ter (Fig. 2c). The FMA is reddish purple with the naked 
eye and dark red under plane-polarized transmitted light. 
A minor amount of spinel occurs in the AI70 lherzolite. 
The spinel is dark reddish brown under plane-polarized 
light and occurs always included in FMA grains (Fig. 2c; 
Supplementary Fig. S1a–d). Detailed petrography of the 
FMA and spinel will be described in the next section. The 
modal composition of AI70 lherzolite was determined 
from X-ray intensity maps obtained with electron probe 
micro analyzer (EPMA) by using GeoMAC application 
(https://​github.​com/​Kazuh​ideMi​mura/​GeoMAC). It is 
52.0 vol.% olivine, 22.6 vol.% orthopyroxene, 12.8 vol.% 
clinopyroxene, 11.7 vol.% FMA, and 0.9 vol.% spinel. 
Sizes of olivine, orthopyroxene, and clinopyroxene range 
respectively 0.1–3 mm, 0.1–4 mm, and 0.1–3 mm, which 
are in the ranges of the other Aitutaki lherzolite xenoliths 
in the olivine nephelinites. The size of FMA ranges from 
0.5 to 6 mm (Fig. 2c; Supplementary Fig. S1d). The AI70 
lherzolite is characterized by coarse-grained tabular equi-
granular texture without undulouse extinction in olivine 
and has distinct foliation and lineation defined by shape-
preferred orientation of individual grains of pyroxenes 
and olivine as well as aggregates of pyroxenes (Fig.  2). 
Individual FMA grains have rounded to subrounded out-
line (Fig.  2). The largest FMA grain is equidimensional 
(Fig. 2a–c; Supplementary Fig. S1e, f ), and smaller FMA 
grains are elongate with long axis parallel to the folia-
tion (Fig. 2c; Supplementary Fig. S1d). These FMA grains 
form a cluster, which is elongate parallel to the foliation 
(Fig. 2c; Supplementary Fig. S1d). The aggregate of FMA 
is surrounded by a domain poor in pyroxenes and rich in 
olivine modes (Fig. 2c; Supplementary Fig. S1d).

Orthopyroxene is locally decomposed into fine-grained 
(< a few tens of microns in diameter) aggregate, which is 
confined to an 1 cm-wide zone from the contact with the 
olivine nephelinite. Such orthopyroxene grains are recog-
nized as dull brownish color under plane polarized light 
(Fig.  2a; Supplementary Fig.  S2a, b). The decomposed 
aggregate consists of clinopyroxene, olivine, richterite, 
and glass (Supplementary Fig.  S2c, d). Clinopyroxene 
occurring in the zone is dull greenish in color under 
plane polarized light and spongy associated with fine-
grained (< a few tens of microns in diameter) olivine, spi-
nel, richterite, and glass (Supplementary Fig. S2e, f ). The 
grain boundaries in the zone of pyroxene decomposition 
are open as wide as 0.3 mm and filled with Na-rich (~ 8 
wt% Na2O) glass (Fig.  2g; grain boundary sealed with 
glass, hereafter). Grain boundaries sealed with minerals 
are developed outside the zone of pyroxene decomposi-
tion, where the grain boundaries are 0.1 to 0.2 mm-wide 
and consists of olivine, clinopyroxene, calcite, K-feldspar, 
phlogopite, spinel, and rutile with the size up to ~ 100 µm 
in diameter (Supplementary Fig.  S2h–j; grain boundary 
sealed with minerals, hereafter).

4 � Detailed petrography and chemistry 
of spinel‑cored FMA

FMA and enclosed spinel inclusions in AI70 lherzolite 
show a peculiar microstructure and heterogeneity in 
chemical composition. They have records of changes in 
pressure, temperature, and chemical environment that 
the xenolith sample underwent in the mantle, during 
xenolith extraction, and transportation to the surface.

4.1 � FMA (Fine‑grained mineral aggregate)
FMA consists of fine-grained polyphase mineral aggre-
gates with the size of individual grains smaller than a few 
microns across. Some FMA grains contain spinel grains 
in the center (Fig. 2), which will be described in Sect. 4.2. 
The FMA has diversity in chemical composition and 
microstructure as seen in Na, K, Ca, Mg, and Fe inten-
sity maps (Fig. 2d–h), from which three types of FMA are 
recognized: K-rich, and Na and Ca-poor type (Type 1), 
K-poor, and Na and Ca-rich type (Type 2), and hetero-
geneous type with considerably higher Na than the other 
types (Type 3) (Fig. 2i). Each type has a respective mor-
phology and location of occurrence as follows.

Types 1 and 2 occur in FMA grains more than 1  cm 
away from the contact with the host olivine nephelin-
ite (Fig. 2i). Type 1 occurs only in the core region of the 
FMA grains, whereas Type 2 occupies a ~ 0.2  mm wide 
marginal region with extending toward inside to the core 
region, forming a dendritic network with 0.05–0.1 mm-
wide branches (Figs.  2i, 3a–b). The main branches have 
a fracture in the middle sealed with minerals (see below 

https://github.com/KazuhideMimura/GeoMAC
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Fig. 2  Petrographic characteristics of AI70 lherzolite. a Thin section scan image under plane-polarized transparent light. Almost opaque areas 
are FMA, some of which include chromian spinel. The chromian spinel is nearly opaque in background of purple FMA. The positions of Fig. 3d 
and Supplementary Fig. S2c, e, g, h, and i are shown with the white squares. b Thin section scan image under cross-polarized transparent light. 
The position of c is shown with the white square. c Phase map constructed from the elemental-distribution maps of Fig. 7 using a computational 
method (GeoMAC, https://​github.​com/​Kazuh​ideMi​mura/​GeoMAC). d–h Pseudo-color maps of Na, K, Ca, Mg, and Fe distributions, respectively. 
Warmer colors indicate higher elemental contents. i Pseudo-color map of Na with type classification of FMA based on petrography and chemical 
composition (see text for further details). Cal, Calcite; Cpx, Clinopyroxene; Cr-spl, Chromian spinel; FMA, Fine-grained mineral aggregate; Ol, Olivine; 
Opx, Orthopyroxene
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for the details). The network of Type 2 decorates isolated 
islands of Type 1 with highly irregular morphology in the 
core region (Figs.  2i, 3a–b). The Na and Ca contents of 
Type 1 are lower, and its K content is higher than those 
of Type 2 (Fig. 2d–f). The abundances of these elements 
continuously change between the neighboring two types 
over the distance of 0.05–0.1  mm. The minimum Na 
and maximum K contents of Type 1 are attained at the 
center of large Type 1 islands (see the pale blue arrows in 
Fig. 2i), and such tendencies can be recognized irrespec-
tive of the size of Type 1 islands. Small FMA grains are 
completely occupied by Type 2 instead of Type 1 with the 
maximum K and minimum Na at the center (see the pink 
arrows in Fig. 2i). The Na and Ca contents of Type 2 are 
highest in the marginal zone of each FMA grain and tend 
to decrease toward the inside (Fig.  2d–f). These micro-
structural relationships suggest that Type 2 postdated 
Type 1.

Type 3 occurs mainly in FMA grains within ~ 1.4  cm 
from the contact with the olivine nephelinite, but it 
rarely occurs along the rim of FMA up to ~ 1.6 cm from 
the contact (Fig. 2d–f). Two smaller FMA grains placed 
closer to the contact with the olivine nephelinite (~ 1 
and ~ 5  mm from the contact, see the green arrows in 
Fig. 2i) wholly belong to Type 3, whereas the largest FMA 
grain located more than 1 cm away from the contact has 
Type 3 partly along the lower left grain margin facing the 
contact with the olivine nephelinite (Fig.  2d–f). The Na 
and K contents of Type 3 decrease with distance from the 
contact with the olivine nephelinite when the grain mar-
gins of FMA are compared.

In each FMA grain, Na is lower, and K is higher at the 
core than at the margin (Fig. 2d, e). No systematic varia-
tion of Ca content in distance from the contact with the 
olivine nephelinite is noticed (Fig. 2f ).

All the types of FMA are included in the largest FMA 
grain directly contacting with each other (Fig. 3a–i). Type 
3 forms a dendritic network with each branch width 

thinner than 50  mm and commonly as thin as 20  mm 
in the largest FMA (Fig.  3a–d, h). The dendritic mor-
phology emerges from lower left grain margin, which 
invades ~ 2.5  mm into the FMA grain and extends for 
5  mm along the margin with decreasing the width of 
invasion (Fig.  3a–d). There are differences in morphol-
ogy of dendritic networks of Types 2 and 3: e.g., the 
branch widths are 50–100  µm and 20–50  mm, respec-
tively (Fig. 3a–c). The dendritic networks of Types 2 and 
3 are mostly complementary with each other, but Type 
3 branches locally crosscut those of Type 2 (Fig.  3a–c), 
indicating that Type 3 postdated Type 2.

Mineral phases consisting of FMA were identified 
by multiple methods (Supplementary Table  S1, Sup-
plementary Figs.  S3 and S4; see Supplementary meth-
ods for analytical details). All the types of FMA consist 
of olivine, plagioclase, and spinel with or without native 
iron and nepheline. Type 1 consists of polyphase aggre-
gate of olivine (forsterite content: 100 × Mg/(Mg + Fe2+) 
atomic ratio = 88), calcic plagioclase (anorthite content: 
100 × Ca/(Ca + Na + K) atomic ratio = 87), sodic plagio-
clase (anorthite content = 26), and spinel (Fig.  4) with 
minor amounts of native iron and nepheline (Fig.  3f ). 
Volumetric proportions of the major minerals in Type 1 
are estimated to be 36.0 vol% olivine, 9.5 vol% spinel, 25.9 
vol% calcic plagioclase, and 28.6 vol% sodic plagioclase 
(Fig. 4). The size of olivine is 0.5–2 mm, that of calcic pla-
gioclase is 0.2–1 mm, that of sodic plagioclase is ~ 1 mm, 
and that of spinel is ~ 0.5  µm across in Type 1 (Figs.  3f 
and 4). The size of native iron and nepheline is ~ 5  µm 
across and coarser than that of the other main constitu-
ent minerals of Type 1. The olivine and calcic plagioclase 
are anhedral to subhedral, sodic plagioclase is anhedral, 
and the spinel is euhedral to subhedral (Fig. 4). The anhe-
dral sodic plagioclase fills interstitial spaces of euhedral 
to subhedral grains of olivine, calcic plagioclase, and spi-
nel, forming an interstitial network (Fig. 4). The olivine is 
in direct contact with both calcic and sodic plagioclases 

(See figure on next page.)
Fig. 3  Detailed petrographic characteristics of AI70 lherzolite. a–c Pseudo-color maps of largest FMA of Na, K, and Ca distributions, respectively. The 
chromian spinel grains have many fractures orienting at high angles against elongate spinel morphology [see the red and yellow arrowheads facing 
each other in (c)]. The position of (e) is shown with the white square. d Backscattered electron (COMP) image of chromian spinel grains in largest 
FMA. It is noteworthy that native iron grains (tiny white dots) are less abundant around the chromian spinel grains and in the outer margin of FMA. 
The positions of (h) and (i) are shown with the white squares. e Magnified view of Fe and Na distribution in largest FMA. Native iron and nepheline 
grains are recognized by red spots and pale blue spots, respectively. Note that they tend to be in direct contact with each other. The positions 
of (g) and (f) are shown with the white squares. f High magnification COMP image of Type 1 FMA. g High magnification COMP image of Type 2 
FMA occupying marginal region around a vein sealed with olivine, plagioclase, and native iron. h High magnification COMP image of Na-rich outer 
rind of largest FMA close to the contact with the host olivine nephelinite. The position of i is shown with the white square. i High magnification 
COMP image of Type 3 FMA. Note that constituent minerals are much coarser than those of Types 1 and 2 FMAs. j High magnification COMP image 
of chromian spinel grain shown in (d). k Magnified view of Ca and Al distribution in and around calcite vein in the chromian spinel grain shown 
in (j). Al-spl, Aluminous spinel; Cal, Calcite; Cpx, Clinopyroxene; Cr-spl, Chromian spinel; FMA, Fine-grained mineral aggregate; Native Fe, Native iron; 
Ne, Nepheline; Ol, Olivine; Opx, Orthopyroxene; Pl, Plagioclase
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(Fig.  4). Large (~ 0.5  µm in diameter) spinel grains tend 
to be in contact with olivine. Shape-preferred orientation 
can be recognized for olivine, calcic plagioclase, and spi-
nel (Figs.  3f, 4). Native iron and nepheline are euhedral 
to subhedral and are locally in direct contact with each 
other (Fig. 3f ).

Type 2 is developed around ~ 5  µm-thick veins that 
sharply cut Type 1, forming ~ 50 mm-thick Na-rich mar-
ginal zones along the veins (the orange lines in Fig.  3c; 
a magnified view in Fig.  3e, g). The veins are branched 
and construct a basic framework of network-like Type 2 
(Fig. 3a–d). The veins are sealed with olivine, plagioclase, 

spinel, and native iron (Fig.  3g). Type 2 is composed of 
the same minerals with Type 1, showing shape-preferred 
orientation (Fig. 3g). Native iron and nepheline are very 
rare or even absent near the vein and in the Na-rich 
marginal zone (Fig.  3e), where Type 2 is developed and 
Mg and Fe contents are poorer and richer than Type 1, 
respectively (Fig. 2g, h). The grain size of Type 2 is mostly 
identical to that of Type 1 (Fig. 3f, g). The minerals seal-
ing the veins are elongate parallel to the vein direction 
and their size is larger (up to ~ 10 µm in length) than the 
common Type 2 minerals (Fig. 3g). The olivine tends to 
occur in the center of the veins and is fringed by plagio-
clase (Fig. 3g). Native iron is present sporadically in the 
veins (Fig. 2g; Supplementary Fig. S5).

Type 3 located near the olivine nephelinite shows 
diverse mineral modes and microstructures (Fig.  3h, i). 
Constituent minerals are olivine, spinel, and plagioclase 
as in the cases of Types 1 and 2, whereas the volume frac-
tion of sodic plagioclase is greater than those of Types 
1 and 2, resulting in high Na concentration in Type 3 
(Figs.  2d, 3a). No native iron and nepheline are present 
in Type 3 (Fig. 3h). The grain sizes of olivine, plagioclase, 
and spinel are ~ 10 µm across greater than those of Types 
1 and 2. The olivine shows elongate morphology, forming 
shape-preferred orientation radiating away from the area 
of Type 2 (Fig. 3h).

4.2 � Spinels in FMA
Spinel shows various modes of occurrence as described 
above. Two of the most abundant and important spinel 
types are spinel incisions in FMA grains, and the other 
is one of the essential constituents of FMA with olivine 
and plagioclase. The former is more than a few hundred 
of microns in size (Fig. 3d) and Cr-rich (Cr#: Cr/(Cr + Al) 
atomic ratio =  ~ 0.2). The latter is smaller than ~ a few 
microns (Fig.  3f, g, i) and is Al-rich (Cr# =  ~ 0.05). We 
hereafter distinguish the two spinel types by calling the 
former chromian spinel and the latter aluminous spinel.

Two of the larger FMA grains out of 11 FMA grains 
have the chromian spinel in the center (Fig.  2a–c). The 
largest FMA grain includes several grains of chromian 
spinel with individual size of 0.1 to 1  mm in diameter 
(Fig. 3d). The chromian spinel grains are sparsely isolated 
in two dimensions, forming an intricate aggregate with 
an irregular highly indented morphology (Fig. 3d). Each 
grain is rounded to subrounded in shape (Fig.  3d). The 
same FMA grain in a cut section ~ 1 mm above the thin 
section plane also includes the chromian spinel grains 
in the center (Supplementary Fig.  S1). The size of FMA 
grain in the cut section is ca. 6.0 mm in diameter (Sup-
plementary Fig.  S1e), which is slightly larger than the 

Fig. 4  Sub-micrometer-scale microstructures of Type 1 FMA in AI70 
lherzolite. a Annular dark-field scanning transmission electron 
microscopy (ADF-STEM) image taken with FE-TEM. b Elemental 
distribution map of overlaying filters of red = Mg, green = Al, 
and blue = Ca acquired by FE-TEM-EDS. The numbers in a represent 
analytical area or spots for quantification (see Supplementary 
Table S1). Na-pl, Sodic plagioclase; Al-spl, Aluminous spinel; Ca-pl, 
Calcic plagioclase, Ol, Olivine
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FMA grain in the thin section (ca. 5.7 mm in diameter; 
Supplementary Fig.  S1f ), indicating that the former is 
closer to the grain center in three dimensions. The chro-
mian spinel grains in the cut section are compact and 
massive, contrasting to grains in the thin section forming 
a sparsely intricate aggregate.

The crystallographic orientations of chromian spi-
nel in the thin section were measured with a scanning 
electron microscope equipped with an electron-back-
scatter diffraction (SEM-EBSD) system (see Supplemen-
tary methods for analytical detail). The chromian spinel 
grains consist of distinct three clusters in terms of crys-
tallographic orientations (Clusters A to C in Fig. 5). The 
misorientations between the clusters range from 30 to 
60°: ~ 30° between Clusters A and B, 40 to 50° between 
Clusters A and C, and 50 to 60° between Clusters B and 
C, whereas those within each cluster are smaller than 20° 
(Fig. 5; Supplementary Fig. S6), indicating that the chro-
mian spinel grains of Cluster A formed a single crystal 
with branching morphology in three dimensions. This 
is consistent with the three-dimensional morphology of 
chromian spinel as inferred above.

The chromian spinel grains in the largest FMA have 
sealed fractures (Fig. 3c, d). Two types of filling materi-
als are recognized: one is calcite (see the red arrowheads 
facing to each other in Fig.  3c) as identified by Raman 
spectroscopic analysis (Supplementary Fig.  S7; see Sup-
plementary methods for analytical detail), and the other 
is Na-rich (~ 8 wt% Na2O) glass (see the yellow arrow-
heads facing to each other in Fig. 3c). The fractures sealed 
with calcite (calcite vein, hereafter) are oriented at high 
angles against elongation of chromian spinel grains 
(Fig. 3c, d). The calcite veins do not extend into the host 
FMA and ends with a short (< 10 µm) protrusion into the 
host FMA (Fig. 3j, k).

High concentration of calcite veins (see the dotted 
white circle in Fig. 3c) occurs on the extension of the 
long extending veins in the center of Type 2 FMA (see 
the orange lines in Fig. 3c), suggesting that the calcite 
veins in the chromian spinel formed simultaneously 
with the veins in Type 2 FMA. In contrast, the veins 
sealed with Na-rich glass occur only in the chromian 
spinel grain placed in Type 3 FMA (see the yellow 
arrowheads facing to each other in Fig. 3c). The FMA 
bordering the chromian spinel grains belongs mostly 
to Type 2 FMA, having width up to 0.2  mm, where 
native iron and nepheline are absent or very minor in 
abundance (Fig. 3j), and Mg and Fe contents are lower 
and higher than those of Type 1 FMA, respectively 
(Fig.  2g, h). The chromian spinel is locally in direct 
contact with Type 1 FMA (Fig. 3a–c), where the native 
iron and nepheline are as abundant as those of normal 
Type 1 FMA.

5 � Whole‑rock and Mineral Chemistry
5.1 � Whole‑rock major elements, HSE, and Re–Os isotope 

compositions
We conducted whole-rock chemical analyses of one oli-
vine nephelinite (20190318A-11-27) and one lherzolite 

Fig. 5  Pole figure (PF) and inverse pole figure (IPF) map of chromian 
spinel in largest FMA of AI70 lherzolite. a PF of normal directions 
to the {001} crystal family of planes of chromian spinel indexed in (b). 
The color contrast of measurement points corresponds to the legend 
color-coded according to the normal direction of the crystal plane 
parallel to the X-axis. The reference frame of the X-, Y- and Z-axes 
are the same as that in (b). The axes X and Y represent long axis 
and short axis of the thin section, respectively. Equal-area, and lower 
hemisphere projections. b IPF map of chromian spinel. The color 
contrast of the measurement points corresponds to that in (a). 
The analyzed grains can be grouped into three clusters in terms 
of similarity in crystallographic orientation (reddish Cluster A, pale 
orangish Cluster B, and pinkish Cluster C). To visually recognize 
the similarity in crystal orientation relationship between Clusters 
A to C, the data are rotated so that each of the normal axes 
of the (001) planes in Cluster A comes to each of the X-, Y-, and Z-axes 
of the pole figure. Original data before the rotation are presented 
in Supplementary Fig. S6
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(AI70). The AI70 lherzolite was powdered from a portion 
one centimeter away from the host olivine nephelinite. 
The analytical methods are summarized in Supplemen-
tary methods.

The whole-rock Al2O3 and CaO contents of AI70 lher-
zolite are 4.19 and 3.19 wt%, respectively (Supplementary 
Table S2), and the Mg/Si and Al/Si weight ratios are 1.04 
and 0.1, respectively, which are close to the PUM values 
(Fig. 6a). Reported whole-rock Mg/Si and Al/Si rations of 
peridotite xenoliths from Aitutaki Island (Snortum et al. 
2019) show a negative correlation and respectively range 
from 0.9 to 1.3 and 0.04 to 0.12 (Fig. 6a), which overlap 
with the ratios of peridotite xenoliths from continental 

regions. The Mg/Si and Al/Si rations of AI70 lherzolite 
indicate that it is one of the most fertile Aitutaki perido-
tite xenoliths (Fig. 6a).

The PUM-normalized HSE pattern of AI70 lherzolite is 
characterized by a smooth weakly upward convex pattern 
(Fig.  6b), which is comparable to some of the patterns 
reported from Aitutaki peridotite xenoliths (Snortum 
et  al. 2019) and oceanic peridotites (Paquet et  al. 2022) 
(see the thick pale blue and gray lines in Fig.  6b). The 
187Os/188Os ratio of AI70 lherzolite is 0.1248, which 
corresponds to 327  Ma TRD (Re-depletion model age) 
(Fig.  6c; Supplementary Table  S2). Aitutaki perido-
tite xenoliths including AI70 lherzolite have diverse 

Fig. 6  Bulk chemical compositions of AI70 lherzolite xenolith and its host volcanic rock from Aitutaki Island. a Mg/Si versus Al/Si plot (wt%). Data 
of peridotite from fast-spreading mid-ocean ridges (MOR) including Garrett Transform Fault (Niu and Hékinian 1997), Hess Deep Rift (Regelous 
et al. 2015), and Udintsev Fracture Zone (Niu 2004) are plotted. Peridotite data of cratonic region are from PetDB database (http://​www.​earth​
chem.​org/​petdb), and those of Vitim volcanic field are from Litasov and Taniguchi (2002). Primitive upper mantle (PUM) data is from McDonough 
and Sun (1995). b PUM-normalized bulk-rock highly siderophile element (HSE) patterns. Some of the patterns of Aitutaki and oceanic peridotites 
that are similar to the pattern of AI70 lherzolite are highlighted by the thick pale blue and gray lines, respectively. PUM values are after Becker et al. 
(2006). d Relationship between 187Os/188Os and Al2O3 content. Age reference data (Re-depletion model age: TRD) are shown with horizontal ticks 
in the right-hand side. In (c) and (d), data of other Aitutaki samples are from Snortum et al. (2019) and those of oceanic peridotites are from Day 
et al. (2017). d Total alkali versus silica (TAS) diagram. Data shown by blue circles are volcanic rocks from Aitutaki Island reported by Snortum et al. 
(2019) for comparison. The thin lines represent rock classification by Le Bas et al. (1986) and Le Maitre (2002)

http://www.earthchem.org/petdb
http://www.earthchem.org/petdb
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187Os/188Os ratios ranging from 0.1184 to 0.1317 (Snor-
tum et al. 2019) mostly overlapping with the variation of 
oceanic peridotites (Fig. 6c).

The host olivine nephelinite is high in alkali contents 
(~ 5 wt% Na2O + K2O; Fig.  6d; Supplementary Table  S2) 
and classified as foidite in the total alkali versus silica 
(TAS) classification diagram according to Le Bas et  al. 
(1986). The major element composition is comparable to 
that of the olivine nephelinite reported by Snortum et al. 
(2019). The primitive upper mantle (PUM, a hypothetical 
undifferentiated fertile upper-mantle reservoir)-normal-
ized HSE pattern of olivine nephelinite is characterized 
by a significant depletion of Os to Pd with slight deple-
tion of Re relative to the PUM (Fig. 6b). The 187Os/188Os 
ratio of the olivine nephelinite is 0.1615, which is much 
higher than the AI70 lherzolite and other Aitutaki mantle 
xenoliths (Snortum et  al. 2019) (Fig.  6c; Supplementary 
Table S2).

5.2 � Mineral major‑element and trace‑element 
compositions

Spot and line analyses of major elements were conducted 
using an EPMA, and mineral trace-element analysis was 
conducted using a laser ablation-inductively coupled 
plasma-mass spectrometer (LA-ICP-MS). For LA-ICP-
MS analyses, an analytical area size of 60 µm was adopted 
for clinopyroxene and FMA, and that of 120  µm was 
adopted for orthopyroxene. The analytical methods are 
summarized in Supplementary methods, and the results 
are summarized in Supplementary Tables S3–S9.

5.2.1 � Thin section‑scale elemental variation
AI70 lherzolite shows homogeneous distribution of ele-
ments over the thin section scale, excepting the contact 
area with the host olivine nephelinite, which is obviously 
noted by Na, Ca, and K maps (Fig.  2d–f) as well as Al, 
Mg, Fe, and Mg/Fe maps (Fig. 7). The Na and K hetero-
geneities are manifested by the variations of the grain 
boundaries sealed with glass or minerals. Sodium con-
tent along the grain boundaries sealed with glass is high 
in 1  cm-wide zone from the contact with the olivine 
nephelinite, and sharply drops towards the inner zone, 
where the grain boundaries are sealed with minerals 
(Fig. 2d). In contrast, K content along the grain bounda-
ries sealed with glass show an opposite tendency, where 
K content along grain boundaries is low in the 1 cm-wide 
zone from the contact with the olivine nephelinite and 
abruptly increases toward the inner zone (Fig.  2e). The 
high K content is attributed to the presence of K-feldspar 
along the grain boundaries sealed with minerals (Sup-
plementary Fig.  S2h-j). Similarly, the Al, Ca, and Mg/
Fe maps show that high concentration of Ca, high Mg/
Fe, and low concentration of Al in the clinopyroxene 

grains occurring within the 1  cm-wide zone from the 
contact with the olivine nephelinite (Figs.  2, 7). Such 
spatial elemental variations of clinopyroxenes and grain 
boundaries sealed with glass or minerals are strongly 
controlled by the distance from the contact with the oli-
vine nephelinite. The chemical variations are character-
ized by abrupt changes at 1  cm from the contact with 
the olivine nephelinite, indicating that the inner part of 
AI70 lherzolite preserves pristine chemical composition 
and has record of processes before the AI70 lherzolite 
was entrapped in the olivine nephelinite magma, which 
modified only the marginal zone of xenolith through 
chemical diffusion and melt infiltration. In the following 
subsection, we further examine grain-scale chemical zon-
ing patterns of pyroxene grains in the inner part of the 
AI70 lherzolite xenolith.

5.2.2 � Zoning of major‑element composition in pyroxene 
grains

We selected coarse orthopyroxene and clinopyroxene 
grains away from the contact with the olivine nephelin-
ite for examination of grain-scale heterogeneity. The dis-
tributions of Al in the orthopyroxene and clinopyroxene 
grains are concentric and their Al contents increase from 
the core to the rim (Fig. 8a, c). The distribution of Ca in 
the orthopyroxene grain is also concentric and its content 
increases from the core to the rim (Fig. 8b), whereas the 
intragrain distribution of Ca in the clinopyroxene grain is 
unclear (Fig. 8d).

We obtained line profiles of Al and Ca for the orthopy-
roxene and clinopyroxene grains (Fig. 8e, f ). The orthopy-
roxene grain is characterized by gradual increase in Al, 
Ca, and Cr toward the rim (0.198 to 0.203 apfu = atoms 
per formula unit AlO = 6, 0.037 to 0.039 apfu CaO = 6, and 
0.014 to 0.015 apfu CrO = 6) (Fig. 8e). The clinopyroxene is 
similarly characterized by gradual increase in Al and Cr 
toward the rim (0.275 to 0.282 apfu AlO = 6, and 0.027 to 
0.028 apfu CrO = 6), whereas its Ca content shows monot-
onous increase from a rim to the opposite rim (Fig. 8f ). 
Average core and rim compositions in the intervals indi-
cated by the gray bands in Fig. 8e and f are given in Sup-
plementary Table S3.

5.2.3 � Mineral major‑element composition
Average forsterite and NiO contents of olivine in AI70 
lherzolite are 88.9 and 0.36 wt%, which are lower than 
those of the other peridotites from Aitutaki Island 
reported by Snortum et  al. (2019) (Fig.  9a; Supplemen-
tary Table S4). Olivine in the other modes of occurrences 
was also measured for major elements. They are (1) fine-
grained olivine occurring in the decomposed orthopy-
roxene and clinopyroxene near the olivine nephelinite 
(Supplementary Fig.  S2c–f), (2) fine-grained olivine 
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occurring along the grain boundaries sealed with min-
erals (Supplementary Fig.  S2h–j), and (3) olivine phe-
nocryst in the host olivine nephelinite. All these types 
of olivine have lower forsterite and NiO contents than 
the coarse-grained olivine of the main lithology (Fig. 9a; 
Supplementary Table  S4). The average CaO content 
and Mg# (Mg/(Mg + Fe2+) atomic ratio) of orthopyrox-
ene are 1.0 wt% and 0.89, respectively (Fig.  9b; Supple-
mentary Table  S5). Average TiO2 and Na2O contents of 

clinopyroxene are 0.68 wt% and 1.62 wt%, respectively 
(Fig.  9c; Supplementary Table  S6). These values are 
barely within the ranges of garnet lherzolites (Fig.  9b, 
c). The clinopyroxene of the main lithology is higher in 
Na2O content than those of other modes in occurrences, 
which are (1) fine-grained clinopyroxene grains in the 
decomposed orthopyroxene (Supplementary Fig.  S2c, 
d), (2) spongy clinopyroxene near the host olivine 
nephelinite (Supplementary Fig. S2e, f ), (3) fine-grained 

Fig. 7  Pseudo-color distribution maps of AI70 lherzolite. a and b Pseudo-color maps of Al distribution with two-color coding schemes 
for orthopyroxene and clinopyroxene, respectively. The positions of Fig. 8a–d are shown with the white squares. c and d Pseudo-color maps of Ca 
distribution with two-color coding schemes for orthopyroxene and clinopyroxene, respectively. e and f Pseudo-color maps of Cr and Mg/Fe ratio 
distributions, respectively. Warmer colors indicate higher elemental contents. The abbreviations are the same as Fig. 3
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clinopyroxene along the grain boundaries sealed with 
minerals (Supplementary Fig.  S2h–j), and (4) clinopy-
roxene in the groundmass of the host olivine nephelinite 
(Fig.  9c; Supplementary Table  S6). The chromian spinel 
in the FMA is fringed by a few tens of micrometer-thick 
ferric iron-free aureole (Figs.  3k, 9d). The calcite filling 
the fracture developed in the chromian spinel (Fig.  3j, 
k) and that occurring along the grain boundaries sealed 
with minerals (Supplementary Fig. S2h–j) are poor in Mg 
(MgO < 0.5 wt%), although the former locally contains ~ 9 
wt% MgO (Supplementary Table S8).

Bulk major-element composition of Types 1 and 2 
FMAs were obtained by EPMA with defocused spot 
analysis and processing map analysis (Table 1; See Sup-
plementary methods for details of analyses). The two 
methods give consistent results, which are similar to 
chemical compositions of garnets with pyrope com-
ponent as high as 70% reported from garnet lherzolite 

xenoliths (Table  1). Type 2 FMA contains higher Na 
and lower K (~ 2.5 wt% Na2O, and 0.4 wt% K2O) than 
Type 1 FMA (~ 1.7 wt% Na2O, and 2.8 wt% K2O) 
(Table 1). We modeled the bulk FMA composition from 
identified mineral compositions by optimizing their 
modal abundances (see Supplementary Table S10). The 
modeling results show that the bulk chemical composi-
tions of Types 1 and 2 FMAs can be reproduced by the 
identified minerals with their volume fractions nearly 
consistent with the observed ones (Supplementary 
Table S10).

5.2.4 � Mineral trace‑element composition
Chondrite-normalized rare-earth element (REE) pat-
terns of large orthopyroxene grains are marked by 
gently sloped segment from middle REE (MREE) to 
heavy REE (HREE) and clear depletion from MREE to 
light REE (LREE) irrespective of core and rim (Fig. 9e). 

Fig. 8  Pseudo-color distribution maps and line profiles of orthopyroxene and clinopyroxene in AI70 lherzolite. a and b Local pseudo-color maps 
of orthopyroxene for Al and Ca, respectively. c and d Local pseudo-color maps of clinopyroxene for Al and Ca, respectively. Positions are shown 
with the white rectangles in Fig. 7a and b. Warmer colors indicate higher elemental contents than cooler colors. e and f Line profiles of Al, Ca, 
and Cr in the selected orthopyroxene and clinopyroxene grains along the red lines in (a) to (d). Gray bands represent data used to calculate mean 
compositions for core and rim listed in Supplementary Table S3. The abbreviations are the same as Fig. 3. The cation data are calculated based 
on the assumption that the oxygen equals to 6
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Chondrite-normalized REE patterns of large clino-
pyroxene grains are characterized by steady enrich-
ment from HREE to LREE irrespective of core and 
rim (Fig.  9e). The spongy clinopyroxene has a steeper 
REE pattern with higher contents than the large clino-
pyroxene grains and is characterized by a positive Eu 
anomaly (Fig.  9e). The chondrite-normalized REE pat-
terns of bulk Type 1 FMA decline steeply from HREE to 
LREE, which is comparable to those of garnet in garnet 
lherzolite with slightly higher values of LREEs (Fig. 9f; 
e.g. Litasov and Taniguchi 2002). Type 2 FMA has the 
same MREE to HREE contents, but is richer in LREE 
than Type 1 FMA, showing spoon-shaped REE patterns 
(Fig. 9f ).

6 � Garnet origin of FMA
Snortum et  al. (2019) reported “nearly opaque aggre-
gates of very fine-grained minerals” that exhibit amor-
phous or grainy texture at micron scale from two fertile 
Aitutaki lherzolite xenoliths in olivine nephelinites (sam-
ples AK1023A and AK1023B). The aggregates enclose 
chromian spinel grains and have sporadic grains of 
Fe–Ni metals. The petrographic characteristics of the 
“nearly opaque aggregates of very fine-grained miner-
als” are essentially the same as those of FMA described 
in this study [cf. Figure 2a, b of Snortum et al. (2019) and 
Fig. 2a, b herein]. It is presumed that the “nearly opaque 
aggregate of very fine-grained minerals” is an FMA. The 
similarities of whole-rock chemical compositions and 

Fig. 9  Chemical compositions of minerals in AI70 lherzolite. a NiO content of olivine plotted against forsterite content [Fo = 100 Mg/(Mg + Fe2+) 
atomic ratio]. b CaO content of orthopyroxene plotted against Mg# [Mg/(Mg + Fe2+) atomic ratio]. c Na2O content of clinopyroxene plotted 
against TiO2 content. d Cr-Al-Fe3+ triangular diagram for spinel. e CI chondrite-normalized rare-earth element (REE) patterns of orthopyroxene 
and clinopyroxene. f CI chondrite-normalized REE patterns of FMA. Red squares in (a) to (d) are for core compositions of the main constituent 
minerals of the main lithology. Open squares in (a) and (c) are for fine-grained olivine and clinopyroxene grains occurring in decomposed 
orthopyroxene, respectively (Supplementary Fig. S2c, d). Small solid black squares in (a) and (c) are for respectively fine-grained olivine 
and clinopyroxene grains occurring in decomposed spongy clinopyroxene, respectively (Supplementary Fig. S2e, f ). Open red triangles in (a) and (c) 
are for olivine and clinopyroxene grains occurring along grain boundaries sealed with minerals (GBM) coexisting with calcite (Supplementary 
Fig. S2h–j). Small solid red triangles in (a) and (c) represent core compositions of olivine phenocryst and groundmass clinopyroxene in the host 
olivine nephelinite, respectively (plotted outside of the diagrams as indicated by red arrows with values). Open square and small solid square 
in (d) are for rim composition of chromian spinel and fine-grained aluminous spinel in FMA, respectively. Error bars are one standard deviation, 
some of which are smaller than the symbols. In (a), reported olivine compositions of Aitutaki lherzolites and harzburgites are plotted by the open 
blue circles (Snortum et al. 2019). Mineral data of peridotite xenoliths from Vitim volcanic field are referred from Litasov and Taniguchi (2002) 
for comparison. Garnet compositions and coexisting clinopyroxene compositions of Vitim garnet lherzolites are shown in (e) and (f) for comparison 
with those of FMA and clinopyroxene in AI70 lherzolite. CI chondrite values in e and f are from McDonough and Sun (1995). The abbreviations are 
the same as Fig. 3
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petrographic features, such as grain size, strong foliation 
or lineation, and the presence of chromian spinel only 
in the FMA indicate that AI70 lherzolite and AK1023A 
and AK1023B lherzolites are fragments derived from 
the same mantle material. Snortum et al. (2019) inferred 
that the FMA was “orthopyroxene” and interpreted 
that the “orthopyroxene” and enclosed chromian spinel 
grains were formed by a reaction between garnet and 
olivine by decompression from the garnet-stability field 
to the spinel-stability field. However, our petrographic 
and mineral chemical data of the FMA indicate that the 
FMA was not orthopyroxene. The bulk chemical com-
position of FMA is similar to pyrope-rich garnet in the 
garnet peridotites from the cratonic mantle with regard 
to the major elements (Table 1) and REEs (Fig. 9f, Sup-
plementary Table  S9). The strongly LREE-enriched and 
HREE-depleted pattern of clinopyroxene evidently sug-
gests its coexistence with garnet (Fig. 9e). Snortum et al. 
(2019) described that their FMA has a bulk composition 
approaching to orthopyroxene, but their reported bulk 
composition analyzed with EDS is very different from 
that of orthopyroxene and rather similar to pyrope-rich 
garnet as it is the case for our FMA (Table 1). Therefore, 
we conclude that the FMA was pyrope-rich garnet before 
decomposition into fine-grained mineral aggregate.

The grain size of Type 1 FMA-forming minerals 
(< ~ 2  µm) (Figs.  3f, 4) is much smaller by three orders 
of magnitude than the chromian spinel inclusions in the 
FMA, which are ~ 1 mm across (Fig. 3d). From this fact 
combined with our contention mentioned above, we 
argue that the FMA is a breakdown product after unsta-
ble pyrope-rich garnet during or shortly before entrap-
ment as xenolith in ascending olivine nephelinite magma 
and that the chromian spinel was enclosed in the garnet 
before its breakdown into fine-grained mineral aggre-
gate with maintaining garnet composition (cf., Obata 
et al. 2013, 2014). Such isochemical breakdown of garnet 
is supported by our least-squares mass balance calcula-
tion (see Supplementary Table S11). The modeling results 
show that the bulk chemical compositions of Types 1 and 
2 FMAs can be reproduced by components of garnet if 
Na2O and K2O contents are ignored or minor. It is pre-
sumed that Na and K were introduced during or after 
the breakdown of garnet as discussed in Sect. 8.5. Thus, 
we conclude that all mineral phases of the major lithol-
ogy such as pyroxenes in the AI70 lherzolite had been in 
equilibrium with the garnet shortly before the extraction 
as xenolith. We present geothermobarometry of AI70 
lherzolite in Sect. 7 under the assumption that the AI70 
lherzolite resided in the garnet-stability field.

Table 1  Bulk major-element composition of Type 1 FMA and Type 2 FMA in comparison with garnet (wt%)

Bulk major-element compositions of Type 1 FMA and Type 2 FMA were determined either by (1) defocused spot-analysis (20 µm in diameter) with EPMA, or (2) 
chemical mapping technique using QntMap developed by Yasumoto et al. (2018). Analyzed areas (Areas 1 and 2) are indicated in Supplementary Fig. S5. See 
Supplementary methods for analytical details. FeO* is total iron as FeO. Garnet compositions of Vitim garnet lherzolite xenoliths are referred from Litasov and 
Taniguchi (2002)

Sample name AI70 YL-2 V-860

Locality Aitutaki, Cook Islands Vitim volcanic 
field

Note Type 1 FMA Type 2 FMA Garnet

Analytical number 4 Area 1 93 Area 2

Analytical technique Defocused spot Chemical mapping technique 
(See Supplementary Fig. S5)

Defocused spot Chemical mapping technique 
(See Supplementary Fig. S5)

SiO2 42.8 42.6 42.9 42.6 40.7 42.3

TiO2 0.22 0.22 0.12 0.23 0.16 0.45

Al2O3 22.7 22.9 22.9 23.0 21.7 22.9

Cr2O3 1.41 1.22 1.18 1.26 0.94 0.57

FeO* 4.46 6.10 4.82 6.63 6.70 9.01

MnO 0.37 0.29 0.33 0.26 0.18 0.26

MgO 21.1 20.3 19.7 19.1 20.0 20.3

CaO 4.4 4.8 6.0 5.4 5.37 4.32

Na2O 1.28 1.73 2.47 2.41 2.22

K2O 2.77 Not analyzed 0.36 Not analyzed

Total 101.5 100.2 100.7 100.9 98.0 100.1

Mg# 0.894 0.842 0.879 0.856 0.842 0.801
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7 � Geothermobarometry: pressure 
and temperature shortly before rapid xenolith 
exhumation

Chemical zonings of pyroxenes are caused by changes 
in pressure, temperature, and/or bulk chemical com-
position. Such changes in environment affect mineral 
chemical compositions of the outermost rim and are 
transmitted inside the grain via chemical diffusion, caus-
ing a concentric zoning pattern unless recrystallization or 
grain boundary migration (dissolution or growth) due to 
deformation and transfer reactions with a grain-bound-
ary fluid phase occur. We investigated chemical zonings 
of large pyroxene grains from the center of AI70 lher-
zolite (Figs. 7, 8), where mineral grains are least affected 
by chemical modifications during events of xenolith for-
mation and extraction such as fragmentation of mantle 
materials and their entrapment into a magma followed by 
transportation to the surface. The selected large orthopy-
roxene grain shows nearly concentric zoning of Al, Ca, 
and Cr increasing from the core to the rim (Fig. 8e). The 
selected large clinopyroxene grain shows similar con-
centric zoning of Al and Cr increasing from the core to 
the rim, though Ca is homogeneous in composition with 
minor asymmetry with maximum difference in CaO 
contents at both rims by ca. 0.007 apfu CaO=6, which is 
negligibly small less than 1% relative to the mean value of 
0.720 apfu CaO=6 (Fig. 8f; Supplementary Table S3). The 
weak asymmetry of Ca zoning may be due to localized 
Ca heterogeneity along grain boundaries and does not 
reflect pressure and temperature changes that the entire 
rock underwent.

The orthopyroxene grain is zoned in Ca over the grain 
scale (~ 2  mm in diameter), which cannot be modified 
during xenolith extraction process if Ca diffusivity in 
orthopyroxene (Cherniak and Liang 2022) and short time 
scale of xenolith transportation (Spera 1984) are taken 
into consideration. Moreover, the concentric zoning of 
Al and Cr in both pyroxenes cannot be modified during 
the xenolith extraction processes, as the diffusivities of Al 
and Cr are much smaller than that of Ca (Cherniak and 
Dimanov 2010). The rim compositions of concentrically 
zoned pyroxene grains, therefore, record pressure and 
temperature (P–T) conditions shortly before the xeno-
lith was entrapped in a magma for transportation to the 
surface.

The concentric zoning patterns of Ca and Al in the 
pyroxenes (Fig.  8) suggest decompression and/or heat-
ing before xenolith extraction since the AI70 lherzo-
lite was in the garnet-stability field before its extraction 
(Gasparik 2003). The Ca, Al, and Cr profiles of the 
selected large orthopyroxene grain do not have a nearly 
flat core region in any of these elements (see Fig. 8a for 
Al and Fig.  8b for Ca), indicating that an application of 

geothermobarometry to the core does not provide a 
meaningful P–T condition for long residence. The Al 
and Cr profiles of the selected large clinopyroxene grain 
also do not have a wide flat core region, which is consist-
ent with those of the orthopyroxene if smaller grain size 
and slower Al and Cr diffusivity of clinopyroxene than 
orthopyroxene are considered (Fig. 8). Hence, the zoning 
patterns of pyroxenes (Fig. 8e, f ) suggest that a plausible 
initial P–T condition is higher in pressure and/or lower 
in temperature than that calculated from the pyroxene 
cores. In order to extract P–T information from the cores 
of pyroxenes, initial P–T condition must be constrained 
by reproducing the observed zoning profiles with a diffu-
sion model, which will be presented in Sect. 8.1.

We used two-pyroxene thermometry formulated by 
Brey and Köhler (1990) (TBKN) because it is best cali-
brated for natural mantle peridotites and often used in 
the literatures. As discussed above in Sect.  6, the FMA 
was pyrope-rich garnet, and thus the pressure depend-
ence of Al solubilities in the pyroxenes should be eval-
uated under the presence of garnet. We employed 
Al-in-orthopyroxene barometer formulated by Brey and 
Köhler (1990) (PBKN) to estimate pressure. The chemical 
compositions used for our P–T estimate are mean values 
listed in Supplementary Table S3.

We applied the thermobarometry to the rim-rim pair of 
pyroxenes and obtain 1140 ± 3 °C and 2.12 ± 0.02 GPa by 
using the rim of low-Ca side of clinopyroxene. We calcu-
lated P–T for the core-core pair knowing that the appli-
cation of geothermobarometry to the core-core pair does 
not provide a meaningful P–T condition for long resi-
dence as explained above and obtained 1138 ± 3  °C and 
2.14 ± 0.03 GPa. The uncertainty of P–T estimates (± 1σ, 
68% confidence interval) is evaluated with a Monte-Carlo 
method assuming that the source of errors is derived 
from analytical uncertainties with Gaussian distribu-
tions. The results are the same irrespective of which rim 
compositions of clinopyroxene are used. The estimated 
P–T conditions are within the garnet-stability field (Gas-
parik 1987; Ziberna et  al. 2013), being consistent with 
the assumption that the AI70 lherzolite was derived from 
the garnet-stability field as contended above. The Cr# 
of the chromian spinel is as high as 0.2 (Supplementary 
Table S7), which is slightly higher than that of spinel in 
fertile spinel lherzolite (Arai 1987) and is expected if spi-
nel coexists with garnet in the spinel-garnet transition 
conditions (Nickel 1986). Although the two P–T esti-
mates are within the errors, the Al and Ca zoning profiles 
without a flat core region particularly for Ca (Fig. 8a, b, e) 
and the contrasting P–T values calculated from the core-
core and rim-rim pairs indicate that the core-core pair 
recorded higher pressure and lower temperature than 
that registered by the rim-rim pair.
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8 � Discussion
8.1 � Pressure and temperature history before extraction 

of AI70 lherzolite xenolith
Gradational chemical zoning patterns of Al, Ca, and Cr 
recognized in the coarse orthopyroxene and clinopy-
roxene grains in AI70 lherzolite (Fig.  8) require decom-
pression and/or heating in the garnet-stability field as 
mentioned in Sect. 7. To quantitatively estimate the P–T 
history of AI70 lherzolite before xenolith extraction, we 
used a diffusion model and tried to constrain P–T path 
and initial P–T condition under a constant decompres-
sion rate by reproducing the observed Al and Ca zoning 
patterns in the large orthopyroxene grain (Ozawa 1997, 
2004; Aoki et  al. 2020). Because the rim compositions 
reflect the P–T condition shortly before the xenolith 
extraction, the P–T path was constrained to reach the 
P–T condition estimated above for the rim-rim pair.

Successful modeling results are presented in Fig. 10. We 
examined various P–T paths, initial P–T conditions, and 
decompression rates. The decompression rate was varied 
from 8 × 10−8 to 6 × 10−7 GPa year−1. Based on numerous 
simulation runs, we came to conclude that the observed 
zoning patterns can only be reproduced by decompres-
sion on the time scale of a few tenths of million years 
(0.33–0.81 million years) at decompression rates ranging 
from 8 × 10−8 to 2 × 10−7 GPa year−1, which corresponds 

to exhumation rate from 0.24 to 0.6 cm year−1) (Fig. 10b). 
The discrepancies between the observed zoning profiles 
and modeled profiles might be due to a change in decom-
pression rate during the ascent. We found that a heating 
in the later stage following a short isothermal decompres-
sion (Fig. 10b) is required to account for the increase in 
Ca content of orthopyroxene towards the rim (Fig. 10a). 
The initial pressure condition can be higher than 2.16 
GPa as assumed from the absence of flat core regions in 
the zoning profiles (Fig. 8e) and modeling results shown 
in Fig.  10 when a slower ascent rate to reach the final 
depth is assumed. We conclude that the AI70 lherzo-
lite was weakly heated during slow ascent (ca. less than 
2 × 10−7 GPa year−1) shortly before the rapid extraction 
as xenolith by a magma. The heating during decompres-
sion is consistent with the differences in P–T values cal-
culated from the rim-rim and core-core pairs. Since the 
P–T dependence of Cr solubility is similar to Al in the 
pyroxenes (Aoki et  al. 2020), the zoning patterns of Cr 
may be explained by the same P–T history.

8.2 � Origin of chromian spinel and pyrope‑rich garnet
We demonstrated above that the FMA was pyrope-rich 
garnet and the AI70 lherzolite resided in the garnet-
stability field before it was rapidly extracted as xenolith. 
The chromian spinel is always enclosed in pyrope-rich 

Fig. 10  Modeled Ca and Al zoning in 2.1 mm-sized orthopyroxene grain in AI70 lherzolite. Zoning profiles are shown in Fig. 8e. The analyzed Ca 
and Al contents are normalized by the core compositions and are plotted as black dots. The initially homogeneous orthopyroxene is assumed 
to have started decompression at pressure higher than the calculated pressure for the core-core pyroxene pair, whose Al2O3 is higher 
than the modeled core value. Modeling results of adiabatic upwelling with weak heating shortly before xenolith entrainment are shown in (a) 
and (b). The xenolith was entrapped in a magma at the depth shown by the black diamond in (b). Three different constant decompression rates 
of 8 × 10−8, 2 × 10−7, and 6 × 10−7 GPa year−1 were examined in the modeling. Their pressure changes with time are shown by the colored paths 
denoted as “P-time”, and those with temperature are shown by the black paths denoted as “P–T” in (b). The zoning patterns of orthopyroxene are 
best reproduced by adiabatic mantle upwelling with weak heating at slow decompression rates (8 × 10−8 to 2 × 10−7 GPa year−1 corresponding 
to 0.6 to 0.24 cm year.−1) at least in the latest stage of decompression. Isopleths of Ca and Al contents per 6 oxygens in orthopyroxene are 
respectively shown with the solid lines and dotted lines in the P–T space of (b) (Gasparik 2000; Aoki et al. 2020)
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garnet (Fig. 2c). This garnet-spinel relationship suggests 
that the chromian spinel was a relict from incomplete 
consumption of spinel during pyrope-rich garnet for-
mation induced by compression from the spinel-stabil-
ity field to the garnet-stability field. The relict origin of 
the chromian spinel is supported by two petrographic 
observations.

First, the rounded to subrounded chromian spinel 
grains isolated in two dimensions in the largest FMA 
have a similar crystallographic orientation to form the 
largest cluster (Cluster A; Fig.  5), indicating that the 
cluster is a single crystal with very irregular and intri-
cate three-dimensional morphology. The same FMA in 
a section ~ 1 mm above the plain of the thin section has 
slightly smaller, more compact, and massive morphology 
than those in the thin section (Supplementary Fig.  S1e, 
f ). Such morphological difference suggests that the chro-
mian spinel has a compact and massive core decorated by 
an irregular highly indented fringe with crystallographic 
continuity in three dimensions. The morphology can be 
explained either by rapid growth or dissolution, but the 
latter possibility is more plausible because of the pres-
ence of the compact and massive core region and the 
occurrence completely isolated within the FMA. Second, 
the FMA is surrounded by olivine-rich and pyroxene-
poor aureole with a few millimeters in thickness (Fig. 2a, 
b; Supplementary Fig.  S1d). The chromian spinel grains 
with irregular highly indented fringe in the pyrope-rich 
garnet surrounded by olivine-rich zone can be attributed 
to the consumption of spinel and pyroxenes with the for-
mation of garnet and olivine. The reaction is consistent 
with the following pressure-sensitive reaction (e.g., Kush-
iro and Yoder 1966):

The low-pressure stability limit of garnet peridotite for 
the CaO–FeO–MgO–Al2O3–SiO2 (CFMAS) system and 
Cr-bearing natural system (MORB Pyrolite) are shown 
by the solid pink lines in Fig.  11a. Reaction (1) pro-
ceeds toward the right-hand side either by temperature 
decrease or pressure increase (Fig. 11a). If the AI70 lher-
zolite was derived from a domain within the lithospheric 
mantle, the formation of garnet can be explained by a 
simple cooling of the oceanic lithosphere (e.g., Neal and 
Nixon 1985). By contrast, a heat loss and thus tempera-
ture drop of a domain in the asthenospheric mantle is 
implausible at a constant depth because there is no heat 
sink in the asthenosphere. However, if a domain in the 
asthenospheric mantle adiabatically descended by con-
vective movement, a pressure increase with trivial tem-
perature increase may have driven the reaction (1) to the 
right.

(1)
Spinel + Orthopyroxene + Clinopyroxene = Garnet +Olivine.

As discussed in Sect.  7, the concentric zoning patterns 
of Ca and Al in the large pyroxene grains in the AI70 lher-
zolite (Fig. 8) can be reproduced by a pressure decrease in 
the garnet-stability field before quick xenolith extraction 
(Fig. 10b). The absence of flat core regions even in the Al 
and Cr zoning profiles in the pyroxenes substantiates that 
the pressure decrease continued from a deeper level than 
that estimated from the core-core pyroxene pair (the blue 
arrow pointing the black diamond 3 in Fig. 11a). It is, there-
fore, inferred that the mantle domain from which the AI70 
lherzolite was extracted underwent a decompression from 
the depth deeper than ~ 70  km (2.16  GPa in pressure). 
There is no plausible mechanism to produce such uplift in 
the cooling oceanic lithosphere, negating the lithosphere 
origin of AI70 lherzolite. Therefore, we conclude that the 
AI70 lherzolite was derived from a domain in convecting 
asthenosphere adiabatically ascended just before the xeno-
lith extraction.

Based on the above discussions, we further envisage 
that an asthenospheric mantle having large equant alu-
minous spinel grains coexisting with pyroxenes and oli-
vine was dragged down from the spinel-stability field 
to the garnet-stability field deeper in the mantle. The 
downward movement drove the reaction (1) toward the 
right, resulting in the transition of aluminous spinel into 
pyrope-rich garnet from the margin by decomposing sur-
rounding pyroxenes and forming olivine (see the panels 
1 and 2 in Fig. 11b). Further advance of the reaction (1) 
probably slowed down and eventually stopped to leave 
chromian spinel inclusions with irregular highly indented 
shape as a relict in the grown garnet (see the panel 2 in 
Fig. 11b). The slowing and ultimate cessation of the spi-
nel consumption was probably due to the increase in 
Cr# of the relict chromian spinel from ~ 0.1, mean value 
of fertile spinel peridotites (Arai 1987), to ~ 0.2 (Supple-
mentary Table S7) and the inhibition of reaction progress 
by complete isolation of spinel from the outside of the 
garnet grain. The microstructure of the chromian spinel-
cored garnet requires preferential formation of garnet on 
spinel surface (see the panel 2 in Fig. 11b). Similar micro-
structural relationships between spinel and garnet have 
been observed in a variety of different settings: garnet-
fringing spinel in websterite from the Nikubuchi perido-
tite body in the Sanbagawa metamorphic belt, NW Japan 
(Yokoyama 1980); garnet-fringing spinel in a pyroxenite 
xenolith from the Middle Atlas, Morocco (Moukadiri and 
Kornprobst 1984); and corroded spinel relict in garnet 
in mylonitic garnet harzburgite from the Cabo Ortegal 
ultramafic complex, NW Spain (Ibarguchi et al. 1999).

8.3 � Formation process of type 1 FMA
The FMA is composed mostly of fine-grained olivine, 
calcic and sodic plagioclases, and aluminous spinel 
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(Fig.  4), which were transformed from pyrope-rich gar-
net. The upper pressure limit of plagioclase peridotite in 
the CaO–MgO–Al2O3–SiO2 (CMAS) and Na2O-CMAS 
(NCMAS) systems are shown by the solid pale blue lines 
in pressure–temperature space (Fig. 11a). The garnet-like 
bulk composition of Type 1 FMA can be reproduced by 

garnet components if alkalis are excluded (Supplemen-
tary Table S11), which implies isochemical breakdown of 
garnet and later introduction of alkalis. It is known that 
the garnet is isochemically decomposed into symplec-
tic mineral aggregate by the following reaction during 
decompression (Obata et al. 2013):

Fig. 11  Inferred thermal and decompression history of AI70 lherzolite. a Inferred pressure–temperature path of xenolith exhumation. Last P–T 
condition shortly before xenolith extraction is marked by the black diamond 3 at 1140 °C and 2.12 GPa. A path of adiabatic mantle upwelling 
inferred from our diffusion modeling (see Fig. 10) is portraited with the pale blue arrow. The black diamonds 1 to 7 correspond to those in (b). 
See Sect. 8.7 for further details of the inferred P–T history that the AI70 lherzolite passed through in the convecting asthenospheric mantle. The 
mineral phase transition from garnet peridotite to spinel peridotite (grt-spl) for the Ca-Fe–Mg-Al-Si (CFMAS) system with Mg/(Mg + Fe) = 0.9 
after Gasparik (1987) and that for MORB Pyrolite system after Ziberna et al. (2013) are shown with the pink lines. The mineral phase transitions 
from spinel peridotite to plagioclase peridotite for the Na-Ca-Mg–Al-Si (NCMAS) system with anorthite contents (100 × Ca/(Ca + Na) atomic 
ratio) of plagioclase = 80, 50, and 30 after Gasparik (1987) are shown with the pale blue lines. The solidus determined by melting experiments 
of volatile-free peridotites and volatile-present peridotites are shown with the thin black lines (Falloon and Green 1989; Hirschmann 2000; Dasgupta 
and Hirschmann 2006). The thin broken black lines represent adiabatic temperature gradients for solid mantle after Herzberg and Asimow 
(2015). The lithosphere and asthenosphere boundaries inferred for the Southwest Pacific at ~ 120 millions of years (Herath et al. 2022) and for the 
Northwest Pacific at ~ 130 millions of years (Kawakatsu et al. 2009) are presented by the brown lines. b Inferred mineral phase transition 
and decomposition history to form Types 1 to 3 FMAs after pyrope-rich garnet in AI70 lherzolite. See Sects. 8.3 and 8.4 for further details. Al-spl, 
Aluminous spinel; Cal, Calcite; Cpx, Clinopyroxene; Cr-spl, Chromian spinel; FMA, Fine-grained mineral aggregate; Grt, Garnet; Native Fe, Native iron; 
Opx, Orthopyroxene; Pl, Plagioclase; Spl, Spinel
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Reaction (2) can start in the spinel-stability field 
above the lower pressure limit of garnet stability, form-
ing orthopyroxene + plagioclase + spinel assemblage. 
The coexistence of olivine and calcic plagioclase (anor-
thite content up to 87.4; Supplementary Table  S1) in 
Type 1 FMA indicates that the isochemical decomposi-
tion of garnet in the spinel-stability field was followed 
by transformation of orthopyroxene-bearing assemblage 
into the orthopyroxene-absent/olivine-bearing assem-
blage. The isochemical garnet breakdown to produce 
the FMA should have continued at pressures lower than 
1.0 GPa, where plagioclase + olivine assemblage is stable 
(Fig. 11a). The pressure where the AI70 lherzolite resided 
shortly before the quick xenolith extraction estimated 
from the rim-rim pair of pyroxenes is 2.12 GPa. The pres-
ence of plagioclase + olivine assemblage with small grain 
size of constituent minerals (~ 5 µm) in Type 1 FMA indi-
cates that the AI70 lherzolite was quickly decompressed 
from ~ 2 GPa to below 1 GPa (Fig.  11a), attaining iso-
chemical breakdown of garnet into the olivine + plagio-
clase + spinel assemblage observed as the FMA.

Experiments examining the decomposition of gar-
net showed that time scales to produce a polyphase 
intergrowth of orthopyroxene + spinel + anorthite in 
the size up to few microns are few days at temperatures 
of ~ 1050 °C (Ezard et al. 2022). The time scale of the iso-
chemical decomposition of garnet documented in this 
study is inferred to be on the same order. Such short 
time scale of garnet decomposition is possible only by 
transportation by a magma. We hence suggest that the 
breakdown of garnet was driven by decompression dur-
ing entrapment of the xenolith in a magma and its rapid 
transportation to the surface.

The olivine nephelinite hosting the AI70 lherzolite 
represents a magma that transported to the surface in 
the final stage of quick xenolith extraction. Judging from 
the fact that the olivine nephelinite has Fe-rich olivine 
phenocrysts (Fig.  9a, Supplementary Table  S4), it was 
not equilibrated with the mantle, but was fractionated 
to some degrees from a parental magma. The parental 
magma is expected to have originated in the mantle at a 
pressure higher than ~ 2 GPa, where the AI70 lherzolite 
resided before its quick transportation. Experimentally 
determined liquidus temperature of olivine nephelinite 
magma is ~ 1400  °C at 2.25 GPa (Bultitude and Green 
1971). By adopting viscosity of 2  Pa  s−1 estimated for 
alkali basaltic magma at high pressure and tempera-
ture (1.4 GPa and 1440  °C, Bonechi et al. 2022) and the 
xenolith size of 3  cm in diameter, a velocity of magma 
ascent must be faster than 0.1  m  s−1 to bring the AI70 

(2)
Garnet → Orthopyroxene + Plagioclase + Spinel. lherzolite to the surface (e.g., Spera 1984; Russell and 

Jones 2023). If the olivine nephelinite magma transported 
the AI70 lherzolite from 70  km depth (Fig.  11a), time 
scale of transportation is shorter than ~ 8 days. This time 
scale is a maximum value as the parental magma of the 
olivine nephelinite that initiated the xenolith transpor-
tation could have had lower viscosity and density. Such 
possibility is discussed in the following subsections after 
clarifying the origins of Types 2 and 3 FMAs and grain 
boundaries sealed with glass and mineral aggregate.

8.4 � Formation process of type 2 FMA and type 3 FMA
Chemical and microstructural relationships between 
three types of FMA show that Type 2 FMA postdated 
Type 1 FMA, and Type 3 FMA postdated Type 2 FMA. 
Since Type 2 FMA develops from the FMA margin and 
along the network-like fractures in the FMA grains 
(Fig.  3c, e), and Type 3 FMA occurs only in the FMA 
margin facing the contact with the olivine nephelinite 
(Figs. 2i, 3c), the formation of Types 2 and 3 FMAs was 
enhanced by infiltrations of melt or fluid. Considering 
that the chemical characteristics of Types 2 and 3 FMAs 
are distinct as shown in Sect. 4, the fluids responsible for 
the formation of the two types of FMA are different in 
chemical composition as well as in physical properties.

The localized occurrence of Type 3 FMA confined 
in ~ 1  cm-wide zone from the contact with the olivine 
nephelinite (Fig.  2i), and its latest formation than the 
other types of FMA implies that Type 3 FMA formed by 
an infiltration of the olivine nephelinite magma during 
the quick xenolith extraction to the surface. This is sub-
stantiated by its coexistence with open grain boundaries 
sealed with glass (Fig.  2d–i), which will be further dis-
cussed in Sect. 8.5.

By contrast, the fluid responsible for the formation of 
Type 2 FMA cannot be the olivine nephelinite magma. 
This is because the chemical composition of Type 2 FMA 
is distinct from that of Type 3 FMA and because its for-
mation stage predated the formation of Type 3 FMA. The 
margin of each FMA grain is occupied by Type 2 FMA 
without exception (Fig.  2d–i), and the spatial variations 
of Na and K along the contacts between Types 1 and 2 
FMAs are gradational (Fig. 3a, b). Such petrographic and 
chemical characteristics suggest that a fluid pervasively 
infiltrated into each FMA grain, replacing Type 1 FMA 
from the grain margin and further along fractures to 
form a dendritic network of Type 2 FMA (Fig. 3a–c, e, g). 
Because there exists the area of high concentration of cal-
cite veins in the chromian spinel inclusions on the exten-
sion of network-like veins, from which Type 2 FMA is 
developed (Fig. 3c), Type 2 FMA was formed in response 
to the infiltration of a carbonaceous fluid with very low 
viscosity and surface tension. The open grain boundaries 
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sealed with minerals may be related to the formation of 
Type 2 FMA, which will be further discussed in Sect. 8.5.

8.5 � Origin of grain boundaries sealed with glass 
or minerals and involved fluid/melt

The AI70 lherzolite has open grain boundaries, which 
are sealed with glass or minerals (Fig.  2d–i), suggesting 
that infiltration of fluid or melt along grain boundaries 
opened due to rapid decompression. The glass and min-
eral-sealed grain boundaries have intimate relationships 
with Types 3 and 2 FMAs, respectively, in terms of spatial 
distribution and chemical and mineralogical character-
istics as described above. Therefore, the glass or mineral 
sealing the grain boundaries have unique information to 
reveal the nature of fluid/melt responsible for the forma-
tion of Types 2 and 3 FMAs.

The olivine nephelinite has high Na2O content up to 4.9 
wt% (Fig. 6d; Supplementary Table S2). The distribution 
of grain boundaries sealed with Na-rich glass (Fig.  2d; 
Supplementary Fig.  S2g) coincides with the presence of 
decomposed orthopyroxene and spongy clinopyroxene 
(Supplementary Fig. S2c–f), and Type 3 FMA, in which 
native iron is absent and the constituent mineral grains 
are as coarse as up to ~ 10 µm (Fig. 3h, i). All these char-
acteristics are confined within the 1 cm-wide zone from 
the contact with the olivine nephelinite (Figs. 2, 7), and 
hence indicate that the olivine nephelinite magma infil-
trated along grain boundaries and induced decompo-
sition of orthopyroxene and clinopyroxene with the 
formation of Type 3 FMA. The thickness of partially 
decomposed orthopyroxene and clinopyroxene is less 
than 1  mm (Supplementary Fig.  S2c–f), which can be 
formed on the time scale of ~ 10 days (Tsuchiyama 1986). 
This time scale is comparable to that of xenolith trans-
portation (a few days) as estimated in Sect. 8.3.

The grain boundaries sealed with minerals are located 
inside the zone of the grain boundaries sealed with Na-
rich glass (Fig.  2; Supplementary Fig.  S2g). The min-
erals filling the grain boundaries are calcite, olivine, 
clinopyroxene, K-feldspar, chromian spinel, rutile, and 
phlogopite, with their grain sizes attaining ~ 200  µm 
(Supplementary Fig.  S2h–j, Supplementary Table  S8). 
The grain boundaries are locally high in K, which is 
attributed to the presence of K-feldspar. None of the oli-
vine nephelinite contains the calcite, rutile, nor phlogo-
pite (cf., Wood 1978). The clinopyroxene occurring in the 
grain boundaries sealed with minerals coexists with cal-
cite and has chemical composition distinct from those of 
the host olivine nephelinite in terms of CaO content (20 
wt% vs. 23 wt%), Na2O content (0.4–1.1 wt% vs. 0.5 wt%), 
and TiO2 content (1.4–1.9 wt% vs. 2.2 wt%) (Fig. 9c; Sup-
plementary Table S6). These corroborate that the olivine 

nephelinite magma is irrelevant to the formation of the 
grain boundaries sealed with minerals, and hence we 
infer that the crystallization of the grain boundary-fill-
ing agent took place before the infiltration of the olivine 
nephelinite magma. This along with the presence of cal-
cite in the grain boundaries sealed with minerals suggest 
involvement of a carbonaceous fluid before the infiltra-
tion of olivine nephelinite magma. The carbonaceous 
fluid had probably infiltrated into the xenolith from the 
outer margin of xenolith, considering that the distribu-
tion of grain boundaries sealed with minerals is con-
trolled by the orientation of the outer margin of xenolith 
(Fig. 2d–i).

The chromian spinel grains in the FMA are crosscut 
by the calcite veins (Fig. 3d, j), and the contacting chro-
mian spinel wall contains no ferric iron (Figs. 3k, 9d; Sup-
plementary Table  S7). These petrographic and chemical 
characteristics also suggest that the AI70 lherzolite was 
once infiltrated by the carbonaceous fluid. The calcite 
veins in the chromian spinel orienting at high angles 
against elongate spinel morphology (Fig.  3c, d, j) indi-
cate that the carbonaceous fluid was introduced along 
brittle fractures developed in the chromian spinel. Since 
the garnet has a higher strength than the spinel (Nicolas 
and Poirier 1976), the relationship that the only chromian 
spinel inclusions have the calcite vein cannot be simply 
explained. The termination of calcite veins at the bound-
ary between the chromian spinel and the host FMA cor-
roborates that the brittle failure developed during the 
decomposition of garnet. Because the volume change by 
the garnet-breakdown reaction (2) calculated from molar 
volume data listed in Robie (1966) is positive, the com-
petent chromian spinel grains embedded in the garnet 
might have been fractured and sucked the carbonaceous 
fluid, which precipitated calcite therein (see the panel 
5 in Fig.  11b). The area of high concentration of calcite 
veins in chromian spinel inclusions is on the extension of 
vein (see the white dotted circle in Fig. 3c), from which 
Type 2 FMA was developed. This demonstrates that the 
formation of calcite veins in chromian spinel and Type 
2 FMA are penecontemporaneous (see the panels 5 and 
6 in Fig.  11b). The decomposition of calcite veins cut-
ting the chromian spinel in the FMA within the 1  cm-
wide zone from the contact with the olivine nephelinite 
(see the yellow arrowheads facing each other in Fig. 3c) 
substantiates that the formation of calcite veins and the 
decomposition of garnet into FMA predated the infiltra-
tion of olivine nephelinite magma into the xenolith (see 
the panel 7 in Fig. 11b).

We speculated above that the isochemical garnet 
breakdown reaction (2) occurred during rapid decom-
pression, which might have accelerated the infiltration of 
carbonaceous fluid (see the panel 5 in Fig. 11b). All types 
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of FMA have olivine + plagioclase + spinel assemblage, 
but not orthopyroxene + plagioclase + spinel, which are 
expected from the isochemical garnet breakdown reac-
tion (2) (Obata et  al. 2013). This implies that orthopy-
roxene + plagioclase + spinel assemblage was replaced by 
olivine + plagioclase + spinel assemblage during the xeno-
lith ascent.

The Type 2 FMA is higher in Na and LREE than Type 
1 FMA (Figs. 2d, 9f; Supplementary Fig. S5). In contrast, 
we demonstrated that the bulk chemical composition 
of FMA can be explained by decomposition of pyrope-
rich garnet only if alkalis are ignored (Supplementary 
Table  S11). Therefore, it is inferred that carbonaceous 
fluid influx could have triggered the transformation of 
orthopyroxene + plagioclase + spinel into olivine + pla-
gioclase + spinel due to the introduction of Na enhanc-
ing nucleation and growth of sodic plagioclase (Fig. 4) at 
lower pressures, where olivine and plagioclase are stable 
(see the black diamond 5 in Fig. 11a).

It is well known that the complexes comprising carbon-
atite and alkaline silicates show bimodal distributions of 
the rock types (e.g., Le Bas 1987). Liquid immiscibility is 
a favored petrogenetic process to enhance evolved alka-
line silicate magma generation in association with car-
bonatites (e.g., Schmidt and Weidendorfer 2018). Melting 
experiments showed that an alkali-rich system tends to 
drive the carbonate–silicate liquid immiscibility (Lee and 
Willie 1997; Brooker and Kjarsgaard 2011). Consider-
ing that our olivine nephelinite is high in alkali contents 
(~ 5 wt% Na2O + K2O; Fig. 6d; Supplementary Table S2), 
liquid immiscibility could have involved in its origin. 
We hypothesize that carbonaceous fluid and olivine 
nephelinite magma separated from an alkaline silicate 
magma sequentially entrapped the xenolith and trans-
ported from the garnet-stability field (Fig.  12) at a high 
ascent rate (0.1 m s−1, see Sect. 8.3 for the calculation).

The carbonaceous fluid responsible for the forma-
tion of Type 2 FMA may have been exsolved from the 
ascending alkaline silicate magma expelling olivine 

Fig. 12  A schematic illustrations of transportation processes of mantle xenoliths from Aitutaki Island. a Alkaline silicate magma was first formed 
in the asthenospheric mantle and upwelled in response to small-scale sublithospheric convection. Carbonaceous fluid and olivine nephelinite 
magma formed from the alkaline silicate magma via liquid immiscibility. b Because of low density of the carbonaceous fluid, it was segregated 
in the leading tip of the ascending fluid, leaving olivine nephelinite magma behind. The carbonaceous fluid broke through the mantle 
and ascended entrapping mantle xenoliths in the garnet-stability field. Breakdown reaction of pyrope-rich garnet to Type 1 FMA was driven 
by the upwelling ascent. c During the carbonaceous fluid transported the xenoliths in a short time, Type 2 FMA was formed by the infiltration 
of the carbonaceous fluid. The carbonaceous fluid was not able to hold the xenoliths for a long time because of its low viscosity and low density, 
facilitating the descent of the xenoliths toward the boundary with the olivine nephelinite magma. d The xenoliths dropped into the olivine 
nephelinite magma, which infiltrated into the xenoliths to form Type 3 FMA. The olivine nephelinite magma eventually brought the xenoliths 
to the surface. See Sect. 8.5 for further details on the transportation of AI70 lherzolite xenolith. The black diamonds 4 to 7 correspond to those 
in Fig. 11
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nephelinite component (Fig.  12a). The carbonaceous 
fluid may have been quickly segregated and ascent 
leaving olivine nephelinite magma behind because 
of the low density and viscosity of carbonaceous fluid 
(~ 0.01  Pa  s−1; e.g. Kono et  al. 2014) and entrapping 
mantle xenoliths (Fig.  12b). The carbonaceous fluid 
quickly infiltrated into the xenolith owing to its low 
viscosity (Fig. 12c), which later frozen along open grain 
boundaries sealed with minerals. Because of the low 
density and viscosity of the carbonaceous fluid, the 
xenoliths quickly sank through the fluid into the olivine 
nephelinite magma ascending behind (Fig. 12c, d). The 
olivine nephelinite magma transported the xenoliths 
to the surface, during which the olivine nephelinite 
magma infiltrated into the xenoliths to form Na-
rich glass-sealing grain boundaries and Type 3 FMA 
(Fig. 12d).

8.6 � Origin of native iron and nepheline in FMA
Native iron and nepheline in FMA are closely associ-
ated to each other with direct contact forming composite 
grains (Fig. 3f ), indicating that they are genetically related 
and formed simultaneously as composite grain. Such 
native iron-nepheline composite grains in Types 1 and 2 
FMAs are similar in grain size (~ 5 µm in diameter) and 
much larger than the other constituent minerals (Fig. 3f, 
h). The native iron-nepheline composite grains are locally 
absent along the FMA grain margins and around the net-
work-like fractures forming dendritic network of Type 
2 FMA. These microstructural relationships substanti-
ate that there is no genetic link between the native iron-
nepheline composite grains and Types 2 and 3 FMAs, 
and that they had already been present when Types 2 and 
3 FMAs formed.

Metallic iron is one of the minerals that can be stable 
under reduced conditions below the iron–wüstite (IW) 
buffer. Yet, such low oxidation state is not expected in the 
oceanic upper mantle settings (e.g., Eguchi and Dasgupta 
2018). Experimental studies performed for fertile man-
tle compositions as analogous to fertile AI70 lherzolite 
demonstrated that the metallic iron reaches saturation at 
high temperatures (1450–1600  °C) and pressures higher 
than 7 GPa (Rohrbach et  al. 2007, 2011). In such cases, 
redox equilibrium with metallic iron is expected by dis-
proportionation of Fe2+ into both Fe0 and Fe3+ with pref-
erential incorporation of Fe3+ into silicate phases, such as 
majorite garnet. This phenomenon can account for the 
origin of native iron-nepheline composite grains at high 
pressure, but there has been no report of majoritic garnet 
with pervasive distribution of such composite inclusions.

The homogeneous distribution of native iron-nepheline 
composite grains in Type 1 FMA suggests a decomposi-
tion origin from Fe and Na-rich components in the garnet 

under a reducing condition (see the panel 4 in Fig. 11b). 
Our native iron is clearly distinct in petrography from 
reported native iron along cracks in garnet inclusion 
hosted by diamond aggregate (e.g., Jacob et al. 2004). The 
native iron and nepheline were later decomposed during 
the garnet-breakdown reaction (2) with the introduc-
tion of carbonaceous fluid along fractures, which drove 
the transformation of Type 1 FMA to Type 2 FMA (see 
the panels 5 and 6 in Fig. 11b). The native iron-nepheline 
composite grains are absent or depleted around the den-
dritic veins (Fig.  3i), around the chromian spinel inclu-
sions (Fig. 3j), and in the outer margin of FMA (Fig. 3d), 
where Type 2 FMA occupies (Fig. 2g). The high Fe con-
tent and low Mg content of Type 2 FMA around the den-
dritic veins, chromian spinel grains, and grain margin of 
FMA (Figs. 2d–i) indicate that the native iron-nepheline 
composite grains were decomposed therein. The absence 
of Fe3+ along the chromian spinel rims and calcite veins 
(Fig. 3j, k) might reflect that the chromian spinel with ~ 5 
wt% Fe2O3 (Supplementary Table S7) supplied oxygen to 
the native iron for oxidation reaction. Therefore, oxygen 
fugacity of the carbonaceous fluid is required to have 
been slightly higher than the IW buffer.

8.7 � Implications for small‑scale sublithospheric convection
In this subsection, we attempt to decipher the mantle 
dynamics before the exhumation of AI70 lherzolite. In 
Aitutaki Island, melt depletion ages (i.e., Re-depletion 
model age) calculated from 187Os/188Os of the perido-
tite xenoliths show a weak positive correlation with 
the whole-rock Al2O3 content except for two outliers 
(Fig. 6c). The PUM-like fertile xenoliths with high Al2O3 
content give TRD ~ 0 Ga (Fig. 6c). This implies that the fer-
tile lherzolite including the AI70 lherzolite experienced 
neither melting beneath the mid-ocean ridge nor signif-
icant melting in ancient times anywhere else. The AI70 
lherzolite thus does not represent an ancient, depleted 
mantle domain, but a fertile mantle close to PUM in 
terms of the bulk major-element and HSE compositions 
(Fig.  6a, b). It is most plausible that the AI70 lherzolite 
represent asthenospheric mantle that underwent negligi-
ble melting if any.

Aitutaki Island records old volcanic stage (~ 9.4  Ma) 
and young volcanic stage (~ 1.4 Ma) (e.g., Rose and Kop-
pers 2019). Xenoliths are included in lavas of the young 
volcanic stage (Fodor et  al. 1982). We advocate that a 
mantle upwelling could be a heat source of the young-
stage volcanism. The weak heating inferred from the dif-
fusion modeling of large orthopyroxene grain (Fig.  10) 
occurred just before the extraction of xenoliths. The weak 
heating is attributed to segregation and transportation of 
parental alkaline silicate magma in the upwelling mantle, 
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from which the olivine nephelinite magma of the young 
volcanic stage was derived (Fig. 13).

Since the decompression rate of the mantle estimated 
from the AI70 lherzolite (~ 0.6  cm  year−1) is ~ 13 times 
slower than the velocity of the Pacific Plate (~ 8 cm year−1, 
Zahirovic et al. 2015), we envisage that the AI70 lherzo-
lite was sampled from part of slowly convecting mantle 
just beneath the lithosphere and asthenosphere bound-
ary when the upwelling mantle impinged the base of 
lithosphere. The depth of lithosphere and asthenosphere 
boundary estimated for the Southwest Pacific by seismic 
observation (Herath et  al. 2022) is similar to the depth 
at which the AI70 lherzolite resided shortly before the 
quick extraction (see the solid brown horizontal line in 
pressure–temperature space in Fig.  11a). The adiabati-
cally upwelled asthenospheric mantle induced formation 
of an alkaline silicate magma parental to the host olivine 
nephelinite (Fig. 11b).

Garnet including dendritic chromian spinel inclusions 
before the decomposition of garnet into FMA is most 
plausibly explained by growth of garnet by consumption 
of spinel and pyroxenes, which is represented by the reac-
tion (1) proceeding to the right by pressure increase (see 

the panels 1 and 2 in Fig. 11b). We here speculate that the 
asthenospheric mantle is circulating beneath the oceanic 
lithosphere. There are two circulation patterns of mantle 
flow in the oceanic region: (1) spherical vortex caused by 
mantle plume (e.g., Campbell and Griffith 1990; Agrusta 
et al. 2013), or (2) small-scale sublithospheric convection 
(SSC) (e.g., Richter and Parsons 1975). As a hotter mantle 
plume consists of a large bulbous head and narrow feeder 
conduit, a colder thin boundary layer of adjacent mantle 
is heated by conduction until its temperature and density 
get comparable to the plume source, and then it is forced 
to stirred by a recirculating flow within the plume head 
(Campbell et al. 1989). Along the Cook-Austral volcanic 
chain, two age-progressive Macdonald trend and Rurutu 
trend with EM (enriched mantle) to HIMU (high µ or 
high 238U/204Pb) affinities are identified (Fig. 1a) (Jackson 
et  al. 2020). Thus, the plume-induced radial flow could 
have contributed to the convective motion inferred from 
the AI70 lherzolite. However, if this is the case, the AI70 
lherzolite was intensely heated and melted, as the poten-
tial temperature of the plume is estimated to be hotter 
than the adjacent mantle in the range of 1500–1700  °C 
[cf., White (2010) and references therein]. However, none 

Fig. 13  A schematic mantle dynamics model inferred from AI70 lherzolite. Modified after Ballmer et al. (2007). See Sect. 8.7 for further details 
of the inferred small-scale sublithospheric convection roll aligned along the Cook Islands. The black diamonds 4 to 7 correspond to those in Fig. 11. 
Not to scale
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of intense heating nor concomitant sever melt depletion 
are recognized in the AI70 lherzolite.

In the Earth’s upper mantle, SSC can develop as insta-
bilities of the thickened thermal boundary layer grown 
beneath old oceanic lithosphere. The convective rolls 
are aligned by plate motion (Richter and Parsons 1975). 
In contrast to the plume-induced radial flow model dis-
cussed above, the SSC model does not require any abnor-
mal heating event. Short-lived (~ 20  Ma) volcanism in 
the Cook-Austral volcanic chain is also explained by SSC 
model (Ballmer et al. 2007). In conclusion, we argue that 
the fertile asthenospheric mantle in the oceanic region is 
convecting in response to SSC (Fig. 13) and generated an 
alkaline silicate magma parental to the olivine nephelinite 
(see Sect. 8.5). Onset of SSC is classically deduced from 
the timing of flattening (~ 70  Ma) on the oceanic depth 
and heat flow profiles against the seafloor age (e.g., Stein 
and Stein 1992). In this regard, SSC can occur beneath 
Aitutaki Island located in mature oceanic lithosphere 
(~ 107 Ma, Fig. 1b).

9 � Conclusions
We examined a lherzolite xenolith included in olivine 
nephelinite lava from Aitutaki Island, Cook Islands. The 
lherzolite xenolith contains reddish fine-grained min-
eral aggregates (FMAs), which were classified into three 
types based on petrography, microstructure, and chemi-
cal characteristics. The FMA grains are surrounded by 
olivine-rich and pyroxene-poor zone and has clusters 
of anhedral chromian spinel grains as inclusions. No 
chromian spinel occurs outside the FMA grains. The 
chromian spinel grains are isolated from each other in 
two dimensions, but have clusters with similar crys-
tallographic orientations, suggesting they originally 
formed large equant single grains, which were later partly 
decomposed to those in irregular three-dimensional 
morphology. Bulk major-element and trace-element 
compositions of FMA are close to those of pyrope-rich 
garnet in the garnet-bearing peridotite. These petro-
graphic and geochemical observations corroborate that 
the FMA is decomposed pyrope-rich garnet, which was 
transformed from an aggregate of aluminous spinel and 
pyroxenes leaving the olivine margin and chromian spi-
nel inclusions.

Large orthopyroxene and clinopyroxene grains show 
slight but clear chemical heterogeneity: increases in 
Al, Ca, and Cr from the grain center to the rim in the 
orthopyroxene grain, and increases in Al and Cr from 
the grain center to the rim with a monotonous increase 
in Ca in the clinopyroxene grain. The Al and Ca zoning 
patterns of orthopyroxene were reproduced by a diffu-
sion model with keeping surface concentration in equi-
librium with the other coexisting mineral phases under 

decompression with weak heating. The decompression 
is estimated to have occurred on a time scale of a few 
tenths of million years. Because the reaction of pyrox-
enes + aluminous spinel → olivine + pyrope-rich garnet 
resulted from an increase in pressure, we hypothesize 
that the asthenospheric mantle was initially descended 
and then ascended by small-scale sublithospheric con-
vection controlled by the oceanic plate motion. The last 
pressure–temperature condition shortly before xeno-
lith exhumation was estimated to have been 1140  °C 
and 2.12 GPa. This condition is within the garnet-
stability field, being consistent with the FMA origin 
as garnet. It is also consistent with the depth of litho-
sphere and asthenosphere boundary on the Pacific Plate 
determined from seismic observations. The FMA was 
formed later during quick extraction by an alkaline sili-
cate magma, which underwent exsolution of carbona-
ceous fluid leaving the olivine nephelinite magma. The 
lherzolite xenolith was first entrapped by the carbona-
ceous fluid for short period of time and then entrapped 
and transported by the olivine nephelinite magma to 
the surface at ~ 1.4 Ma.
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for FMA. NA, TKo, and AY created elemental-distribution maps using either 
EPMA or X-ray analytical microscope. NA, AI, CO, and RF measured whole-
rock compositions. AM and YI investigated FMA using FE-TEM-EDS. SW and 
TN carried out EBSD analyses to determine the crystallographic orientation 
of the chromian spinel grains. Raman spectroscopy was conducted by TKa. 
Mineral trace-element compositions were analyzed by AT, TM, and SA. NA, 
KO, TKo, and AI wrote basic framework of the manuscript and all authors 
contributed to improve the manuscript. All authors read and approved the 
final manuscript.
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