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The mantle structure below petit-spot volcanoes
Naoto Hirano 1✉ & Shiki Machida 2✉

Petit-spot volcanoes provide a unique opportunity to directly examine the structure and

geochemical composition of the lithospheric and asthenospheric mantle beneath the sub-

ducting oceanic crust. Currently, petit-spot volcanos—formed in response to the flexure of

subducting oceanic plates—are known to exist off the Japan, Java, Chile and Mariana tren-

ches, however, the difficulties associated with detecting them leaves the possibility that they

may be more widespread along outer rise of plates. Investigation of the lavas and xenolithic

material erupted from petit-spot volcanos has suggested that the suboceanic lithosphere is

largely metasomatized by numerous ascending petit-spot melts. This somewhat contradicts

previous understanding which indicated that the oceanic lithosphere has a depleted mantle

composition. The ultimate source and geodynamic processes that lead to the formation of

petit-spot melts remain ambiguous, however, possibilities include that the lavas originate

from incipient asthenospheric carbonatitic or carbonated silicate melts that are character-

istically depleted in zirconium and hafnium. Typical geochemical trends in petit-spot lava

fields off Japan trench indicate elemental partitioning through the immiscible separation of

carbonate and silicate melts.

The dynamics of the Earth’s interior are reflected in processes at the Earth’s surface, where
the rigid plates (lithosphere) experience stress as they move over the ductile astheno-
sphere. Direct observations of the petrology and geochemistry of the mantle below oceanic

regions have been largely restricted to areas near mid-ocean ridges and hotspots. Hirano et al.1,2

first observed petit-spot submarine volcanoes on the old Pacific Plate off the Japan Trench prior
to subduction. They attributed the occurrence of petit-spot volcanoes to brittle fractures in the
upper lithosphere caused by flexure of the old, cold lithosphere, through which incipient asth-
enospheric melts may be squeezed upward by tectonic forces associated with plate flexure.

The petrography of the lithospheric mantle below ocean has been well characterized only
using the observations of abyssal peridotites and oceanic core complexes near spreading centers
(i.e., mid-ocean ridges) and also in ophiolite sections3–5, recognized as a depleted section after
the extraction of mid-oceanic ridge basalts. Furthermore, most xenoliths observed in hotspot
lavas experienced metasomatism due to the ascending mantle plume and related melts prior to
their entrainment6–8. However, some xenolithic and xenocrystic fragments in petit-spot magmas
include lithospheric materials, representing the first known materials directly sampling the
lithosphere below the abyssal plain far from oceanic islands, seamounts, and spreading centers.
These samples thus provide a unique opportunity to directly examine the lithospheric mantle
beneath the subducting oceanic crust in regions beyond mid-ocean ridges and hotspots.

Petit-spot melts are considered to originate in the asthenosphere because the concave flexure
of the outer-rise lithosphere may promote melt ascent in the absence of any ascending mantle
plume or hotspot1,9. Ascending petit-spot melts are also expected to contribute toward the
understanding of asthenospheric components just below the lithosphere. Therefore, the geo-
chemistry of petit-spot lavas and entrained xenoliths provide the first evidence of the structure
and dynamics of the suboceanic upper mantle, which remained inaccessible prior to the
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discovery of petit-spot volcanoes. Here, we review the structure
and geochemical composition of the suboceanic lithosphere and
asthenosphere below petit-spot volcanoes on subducting plates
prior to subduction.

Petit-spot volcanism. Petit-spot volcanoes of the northwestern
(NW) Pacific Plate were first recognized as monogenetic erup-
tions due to melt ascent along the zone of concave flexure of the
outer rise prior to plate subduction, which are visualized as
positive gravity anomalies in Fig. 1 because they are aligned
perpendicular to the surficial stress field of the concavely flexed
lithosphere (Fig. 2). The erupted melts probably originate from
the base of the lithosphere1. Because petit-spot volcanoes are too
small to be detected by satellite altimetry, their exploration
requires research vessels equipped for shipboard acoustic multi-
beam surveys10; the global distribution of submarine petit-spot
volcanoes, therefore, remains poorly constrained. Previously,
surveyed areas were limited to regions off the Japan Trench on
the NW Pacific Plate; there, the eruptive ages of petit-spot vol-
canoes are widely scattered, representing monogenetic eruptions
over a period of >9 million years (Myr) in a large area around the

hinge line of the concavely flexed outer-rise lithosphere (Fig. 1).
Off the northeastern Japanese coast (Sites A–C; Fig. 1) these tiny
volcanoes have only ever been observed in non-uniformly dis-
tributed clusters (Fig. 3). No evidence of volcanism has been
observed in areas surrounding the petit-spot volcanic provinces
(Sites A–C). This implies that, in addition to plate flexure, other
local factors in the source region below the lithosphere or asth-
enosphere plausibly control the occurrence of petit-spot volcanic
provinces, such as regional presence of recycle materials and
supply carbon from the deep upper mantle as mentioned below11.

Since their discovery, petit-spot volcanoes have also been
reported in concavely flexed zones off the Java12, Chile13, and
Mariana14 Trenches. The North American mid-Cretaceous
kimberlite corridor along the concave flexure of the continental
lithosphere was also suggested to be due to the west-dipping
subduction of the North American Plate15. Many other examples
have been proposed as possible petit-spot volcanoes, such that
their occurrence may not be restricted to outer-rise lithospheric
warping prior to subduction. For example, the eruptive ages of
western Samoan rejuvenated-stage lavas and surrounding small
submarine volcanoes emplaced following the main shield-stage
volcanism of the Samoan hotspot are geochronologically

140° 145° 150° 155° 160°

20°

25°

30°

35°

40°

45°
140° 145° 150° 155° 160°

0

5

0

5

0

5

°2

°2

°3

°3

°4

°4

−8000 −6000 −4000 −2000 0
Depth [m]

−300 −200 −100 0 100
Gravity anomaly [mGal]

Site B

Minamitorishima
(Marcus) Island

Site A

Site C
Nosappu F.Z.

Kashima F.Z.

(a) (b)

Fig. 1 Bathymetry and marine gravity anomalies of the western part of the Pacific Plate. Bathymetry (a) and marine gravity anomalies (b) are created
using the data in ref. 72. Four petit-spot volcanic fields are here referred to as Sites A–C and SE of Minamitorishima Island; yellow squares indicate the areas
shown in Fig. 3a, b (Sites A, C) and Fig. 3c (SE of Minamitorishima Island). Red ellipses filled with yellow indicate the approximate locations of petit-spot
eruption estimated from the eruptive ages of the lavas and assuming constant plate motion at the present-day velocity (10.29 cm yr−1; ref. 73)1,10,14,31,32,41;
the two yellow ellipses filled with red atop the outer rise indicate DAP eruption sites. The thick dotted line in the left panel delineates the present hinge line
of the concavely flexed outer rise of the western Pacific Plate trench-subduction systems, as defined by a gravity anomaly of ~0 mGal (right panel). Loading
by seamount chains disturbs the positive gravity anomaly of the outer rise, as indicated by thin dotted lines. Small white arrows off NE Japan designate the
azimuths of lithospheric structures on the oceanward slope of the trench that are sub-parallel to the neighboring Nosappu and Kashima Fracture Zones
(‘F.Z.’)29.
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consistent with tectonic uplift at the corner between a transform
fault and the northern end of the Tonga Trench16. The alkaline
and highly alkaline lavas erupted during the Hawaiian rejuve-
nated stage and in the North Arch volcanic field (a few hundred
kilometers north of Oahu Island, Hawaii), which contrast with
the main shield-stage lavas that abundantly erupt tholeiitic
magmas, are also attributed to lithospheric flexure and decom-
pression related to seamount/island loading, though they are also
influenced by the Hawaiian plume17. However, other workers
have attributed those occurrences to either the interaction of the
ascending Hawaiian plume with asthenospheric convections or
the presence of the Molokai Fracture Zone, not necessarily
requiring lithospheric flexure18–20. Valentine and Hirano9

concluded that the scattered distribution and small volumes of
alkali basaltic volcanoes in the extensional Basin and Range,
Nevada, North America, are analogous to petit-spot volcanism on
the NW Pacific Plate. Uenzelmann-Neben et al.21 suggested that
volcanic eruptions off southern Greenland were due to glacial
rebound of the lithosphere. Petit-spot basalts accreted into the
Santa Rosa accretionary complex, Costa Rica, were erupted via
intra-plate fissures in the paleo-Pacific basin22. Finally, Lindley23

suggested the occurrence of petit-spot volcanoes in zones of plate-
cracking along flexural ridge crests in the New Ireland
Microplate. Whether occurring on the subducting outer rise or
in intra-plate settings free of any mantle plumes and hotspots,
petit-spot melts eventually escape to the surface.

Subsurface structure of the subducting plate. Submersible
missions of Diving Support Vessel, Shinkai 6500, and Remote
Operated Vessel, Kaiko near the axis of the Japan Trench
observed petit-spot volcanic edifices truncated by normal faults of
the subducting horst-and-graben structure on the oceanward
slope of the trench. Petit-spot volcanoes consist of a volcanic cone
built upon basement lava sheets1. The shipboard geophysical
survey observed that volcanic sills beneath petit-spot edifices were
mainly intruded at the base of the pelagic sediment column24.
Moreover, the petit-spot volcanic field was recognized as an area
of thin apparent sediment layers in the seismic reflection survey,
implying the significant disturbance of sediment layer on the

incoming plate to the trench due to the petit-spot volcanic
activities. Once subducted, the disturbed pelagic clays on the
subducting slab associated with petit-spot volcanic fields are
considered to be a factor controlling the hypocentral locations of
interplate earthquakes25,26.

Hirano et al.1 first proposed that incipient asthenospheric melts
can be squeezed upward to the surface in response to tectonic
forces (Fig. 2). The linear distributions of monogenetic petit-spot
volcanoes in the volcanic fields near the axis of the Japan Trench
(Site A; Fig. 3a) and in the offshore area at 150°E (Site B; red stars
in Fig. 1) may correlate with the least compressive principal stress
(σ3) on the concavely flexed outer rise because large lithospheric
curvatures might result in brittle fractures in the upper
lithosphere (Fig. 2). Indeed, an example of petit-spot volcanism
off the Sunda Trench, a young dike intruded into the Late
Cretaceous volcanic edifice of Christmas Island, is attributed to
the concave flexure of the subducting outer rise12. In contrast, the
distribution of more than 80 petit-spot volcanoes in the volcanic
cluster at Site C, north of the Joban Seamounts in the NW Pacific
Plate (Fig. 1), shows several alignments10: intersecting abyssal
hills oriented parallel to the paleo-mid-ocean ridge, subparallel to
fracture zone oriented perpendicular to the paleo-mid-ocean
ridge, and subducting horst-and-graben structures27,28 (Fig. 3b).
The distribution of some young volcanic cones there seems to be
controlled by the fabrics of ridge-parallel abyssal hills (lower panel,
Fig. 3b), whereas most other lavas are distributed along ridge-
perpendicular fabric zones that are sub-parallel to the neighboring
Nosappu and Kashima Fracture Zones29 (Figs. 1 and 3b). These
observations show that, in general, petit-spot volcanoes are
distributed along basement structures within the lithosphere, as
well as along tectonic alignments of the flexed outer rise.

Western Pacific Plate petit-spot volcanoes SE of Minamitor-
ishima (Marcus) Island (Fig. 1) also occur on the concavely flexed
lithosphere of the outer rise of the Mariana Trench; there, the
distance from the trench axis to the crest of the outer rise is the
greatest among global subduction systems14,30. These volcanic
edifices are more than 450 m high and, accounting for the long
ridges that extend from the central cones, much more than 5 km
across, slightly larger than those on the NW Pacific Plate. At least
seven knolls in this field extend the ridges along N–S or
NNE–SSW azimuths, subparallel to other nearby ridges (arrows
in Fig. 3c). Because the hinge of the outer-rise flexure there is,
exceptionally, subparallel to the plate motion, these alignments
are roughly perpendicular to both the hinge line (σ3) and the plate
motion (Figs. 1, 2 and 3a, c). Satellite-acquired gravity anomalies
of the Nazca Plate off the Chile Trench indicate that two
examples of Chilean petit-spot volcanic fields also erupted
through the flexed lithosphere due to the subduction of the outer
rise; there, however, flexure is also related to plate loading by the
Juan Fernandez seamounts13.

Melt ascent process. Most NW Pacific Plate petit-spot lavas do
not contain any phenocrysts, despite their fractionated compo-
sitions (45–52 wt% SiO2, Mg#= 50–65, where Mg#= 100 ×Mg/
(Mg+ Fe)1,31–33, indicating that magmatic differentiation likely
occurred in the magma chambers. Geobarometric data from
lithospheric mantle xenoliths and xenocrysts indicate that the
deepest-sourced peridotitic xenoliths derived from ~42 km
depth34, i.e., middle lithospheric depths corresponding to the
region of elastic deformation35–38. These observations indicate
that magmatic fractionation must have occurred at greater
depths, such that the ascending magmas would have been stored
at the depth of rotation of the σ3 stress axis from extension in the
lower part of the concavely flexed lithosphere to compression in
the upper part (Fig. 2). This rotation is the result of concave
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Fig. 2 Tectonic model of magma ascent through the concavely flexed
lithosphere. White arrows indicate the stress fields at the base and surface
of the lithosphere. Magmas ascend from a tensional stress field at the base
of the lithosphere to a compressional stress field in the upper lithosphere;
the least compressive principle stress (σ3) rotates by 90° at middle
lithospheric depths. The two black arrows indicate plate motions in the
cases of the Japan and Sunda Trenches (A) and the northern Mariana
Trench (B) (modified after ref. 2).
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flexure oceanward of the outer rise9. The ascent of NW Pacific
Plate petit-spot melts is thus coherently explained by xenolith
geobarometry, magmatic fractionation, and lithospheric stress
fields, excluding two examples of the directly ascending petit-
spots (DAPs) discussed below.

Recent research on the geochemistry of NW Pacific Plate petit-
spot lavas and the petrography of xenoliths within them indicates
that the conventional view of the lithosphere as a depleted

component requires some revision in terms of the nature of the
subducting lithosphere. As a petit-spot volcanic cluster of the area
with a diameter of 30 km in the Japan Trench repeatedly erupted
at 1.8, 4.2, 6.0, 6.5, and 8.5 Ma1,10,31, Pilet et al.39 and Yamamoto
et al.40 have reported that xenoliths entrained from the
lithospheric mantle were derived from a region metasomatized
by multiple petit-spot melts prior to the ascent of their host
magmas, implying the presence of “hidden” petit-spot melts that
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(red square in the panel b). The location of DAP is designated by thick yellow arrows.
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did not reach the surface (i.e., dikes or percolations into the
lithospheric mantle). Indeed, cryptic metasomatic enrichments of
clinopyroxenes in mantle xenoliths can be explained by
metasomatic reaction with a primitive petit-spot melt
composition39. The noble gas isotopic compositions of mantle
xenoliths show diffusive He and Ar isotopic fractionations due to
the migration of multiple petit-spot melts through the mantle40.
These observations indicate that the lithospheric mantle in this
region must have been significantly metasomatized prior to the
onset of subduction in the Japan Trench. Otherwise, a depleted
mantle component has been observed only in xenocrystic olivines
(olivine Fo#= 90–92, indicating forsterite content in the olivine
forsterite-fayalite solid solution series; coexisting chromian spinel
Cr#= 0.5, where Cr#= Cr/(Cr+Al)) likely derived from the
shallowest mantle33.

Two examples of petit-spot volcanoes erupted atop the outer
rise at Site A and C in the NW Pacific Plate have been recognized
as DAPs. Although a single outcrop was only found along the
fault escarpment of trench oceanward slope at Site A, one at a
southern area of Site C could be observed as a different
complexion from those of majority of other petit-spot volcanoes
composed of knoll (a few hundred meters height and 1–2 km in
diameter10). The DAP site seems to be composed of some flood
lavas on an abyssal plain without knolls visualized only on the
acoustic reflective intensity where it is difficult to find any
morphologies in the shipboard bathymetry (Fig. 3d, e). The
submersible dive observed pillow lava, tumuli, and hyaloclastites
at a small mound (<30 m height and <1 km in diameter)41. DAPs
show distinct melt ascent processes and magmatic compositions.
Because the entire lithosphere below the summit of the outer rise
is more extensional than at the base of the lithosphere, these melts
can directly traverse the entire lithosphere (Fig. 2). The presence
of both phenocrystic and xenocrystic olivines within the strongly
alkaline DAP lavas (foidites) attests to their primitive composi-
tion (42–45 wt% SiO2) compared to the majority of petit-spot
lavas (45–52 wt% SiO2)41 (Fig. 4) (Supplementary Data 1). Silica-
poor rejuvenated lavas erupted on western Samoa and part of
Tutulia Island (<45 wt% SiO2; Fig. 4) occur in a similar tectonic
setting; these DAP melts ascend due to the upward flexure of the

lithosphere at the corner of a transform fault and the northern
end of the Tonga Trench16.

Potential source of petit-spot melts. The erupted lavas are
usually highly vesicular, despite emerging under high hydrostatic
pressures at 5–6 km below sea level1. The high vesicularity of
petit-spot lavas is caused by the presence of up to 10 wt% of CO2

in the magma42. Hirano et al.14 noticed that, similar to western
Pacific Plate petit-spot lavas, NW Pacific Plate petit-spot lavas are
commonly depleted in Zr and Hf relative to other incompatible
elements (Fig. 5), possibly reflecting a melt source in the garnet
stability field of the carbonated mantle43. Here, we summarize the
common geochemical features of Zr- and Hf-depleted lavas
related to flexure of the oceanic lithosphere, i.e., global petit-spot
lavas prior to subduction and rejuvenated-stage lavas erupted on
the shield volcanic edifices of the Samoan and Hawaiian hotspots,
including lavas of the submarine North Arch volcanic field
(Fig. 4); Chilean petit-spot lavas are excluded from this com-
parison because they are highly influenced by the neighboring
Juan Fernandez hotspot13,44. Lavas from mud-contaminated sills
along the fault escarpment and a group of differentiated lavas
have the highest SiO2 contents and lowest Nd/Zr and Sm/Hf
ratios of NW Pacific Plate petit-spot lavas1,31. The majority of the
NW Pacific Plate petit-spot lavas have higher Sm/Hf and Nd/Zr
ratios (i.e., Zr and Hf depletions) than Hawaiian and Samoan
shield-stage lavas or the globally representative ocean island
basalt (OIB) composition (Fig. 4).

The Zr and Hf anomalies of alkali-basaltic melts result from
the reaction of orthopyroxene and silica-undersaturated melt to
produce olivine and silica-rich melt45,46. This reaction is reason-
able during the ascent of alkaline melts through the depleted
lithospheric mantle; ultramafic xenoliths in NW Pacific
Plate petit-spot lavas record the metasomatic reaction of early
ascending petit-spot melts in the lithospheric mantle as enrich-
ments of Zr and Hf in orthopyroxenes and light rare earth
elements (REEs) in clinopyroxenes39. However, the negative
correlation of SiO2 content and Sm/Hf for all lavas in Fig. 4
contradicts the consumption of orthopyroxene to produce silica-
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Fig. 4 Geochemical compositions of petit-spot lavas and Samoan and Hawaiian lavas. Hawaiian lava compositions (c, f) are from the GeoRoc database
(http://georoc.mpch-mainz.gwdg.de/)74. The representative N-MORB and OIB compositions are shown by the black square and cross,
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rich melt. Instead, the presence of carbonated materials in the
source region (as mentioned above) may be a main factor
contributing to the observed Zr and Hf anomalies. In either case,
petit-spot, North Arch, and rejuvenated-stage basalts can easily be
discriminated from OIBs and are identified as alkaline (or
strongly alkaline) lavas related to lithospheric flexure and
depleted in Zr and Hf relative to other incompatible elements
(Fig. 4) because of their source compositions, plausibly affected
by a carbonatitic component.

Test of carbonatite–silicate immiscibility. The NW Pacific
Plate petit-spot basalts are characteristically enriched in alkaline
elements (Na2O and K2O) and highly incompatible elements such
as Ba, Rb, U, Th, Nb, Ta, and light REEs1,31, comparable to the
silica-undersaturated alkaline rocks that often accompany car-
bonatite magmas47–49. Based on ratios (e.g., Ba/Nb, Sm/Hf) of
elements preferentially incorporated into carbonatite (Nb, Hf) or
silicate melts (Ba, Sm) and Sr-Nd isotopic compositions, Machida
et al.31 classified these basalts into three groups: G1 (negative
anomalies of U, Th, Nb, and Ta, and slight negative anomalies of

Zr and Hf), G2 (apparent negative anomalies of U, Th, Nb, Ta,
Zr, and Hf), and G3 (negative anomalies of only Zr and Hf)
(Fig. 5). These groups are further subdivided into G1a (basaltic
trachyandesite), G2a (trachybasalt), and G1b, G2b, and G3
(basanite) based on their bulk compositions31. We selected
representative, relatively primary (i.e., lower FeO*/MgO) G1 and
G2 basalt compositions to estimate elemental partitioning during
carbonatite–silicate immiscibility.

To test whether liquid immiscibility experienced by the
magmas before their eruption, we focused on elemental
partitioning trends during the immiscible separation of carbonate
and silicate melts50 and on the correlation between the
partitioning of Ca and REEs51. Martin et al.50 reported
characteristic correlations between the carbonate–silicate melt
partition coefficients50–54 (Dcarbonate melt/silicate melt; hereafter,
simply D) and ionic potentials of different elements. In particular,
the D values for REEs, Th, Zr, and Hf changed systematically with
the degree polymerization (i.e., as the number of non-bridging
oxygens per tetrahedrally coordinated cation, NBO/T), alkalinity
(K2O/Na2O), and H2O content of silicate melt (see Supplementary
Information for detailed review).
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The DREE values calculated for all relatively hydrous
(2.72–3.25 wt% H2O) primary petit-spot melts with K2O/Na2O >
1 were greater than unity (Supplementary Table 1). This result is
consistent with partitioning previously reported in the
literature50,51, particularly for H2O-bearing systems (Supplemen-
tary Fig. S1a). Additionally, the correlation between NBO/T and
K2O/Na2O (Fig. 6a) indicates that although the “a” subgroups
had lower NBO/T values than the “b” subgroups for both the G1
and G2 basalts, the K2O/Na2O value of the primary G1a melt was
lower than that of G1b whereas the K2O/Na2O value of G2a was
higher than that of G2b. From Supplementary Fig. S1b and
Supplementary Table 2 we recognized two characteristic features
of the calculated DREE values. First, primary G1a and G2a melts
with lower NBO/T values had higher DLa/DLu values than G1b
and G2b melts, which had higher NBO/T values. Second, the
differences of the DREE values between subgroups G1a and G1b
were smaller than those between subgroups G2a and G2b. The
former feature indicates that the gradient of the inverse

correlation between D and ionic potential became steeper as
melt polymerization increased. In contrast, the latter can be
explained by the fact that the DREE values of G1b basalts
increased because of their higher K2O/Na2O values compared to
G1a, which is not the case for G2 basalts (Fig. 6a). Therefore, we
consider that these calculated DREE values and tendencies are
reasonable.

Based on partitioning systematics50, the ratios of lower- to
higher-ionic-potential elements (i.e., La/Lu, Sm/Zr, Th/Zr, and
Zr/Hf) of silicate melt to be useful indicators of
carbonatite–silicate melt immiscibility (see Supplementary Infor-
mation for detail). The overall positive correlation between La/Lu
and NBO/T in each primary melt group (i.e., the La/Lu and NBO/
T values of the “b” subgroups are higher than those of the “a”
subgroups; thick arrows in Fig. 6b) can be explained by REE
partitioning systematics during the immiscible separation of the
carbonatite and silicate melts. Indeed, these tendencies are
observed as intergroup variations among actual primitive basalt
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samples FeO*/MgO= 0.92–1.36 for G1 basalts and 0.78–1.08 for
G2 basalts (Fig. 6b). However, we also observed weak inverse
correlations between La/Lu and NBO/T within the subgroups
(particularly in subgroups G1a and G2a). The cause of this
variation will be discussed in the next section.

The trends of the trace-element ratios (Fig. 6), including the
negative correlations of Sm/Zr, Th/Zr, and U/Nb with La/Lu in
each subgroup, can be explained by the differences in D values

among the subgroups of the G1 and G2 basalts, which were
controlled by the degree of silicate melt polymerization and the
proportions of silicate and carbonatite melts. The Zr and Nb
enrichments (low Sm/Zr, Th/Zr, and U/Nb) of G1b basalts resulted
from the low proportions of silicate melt and low DZr and DNb

values (both <1; Supplementary Fig. S1a) compared to G1a basalts;
Zr and Nb, being highly compatible with the silicate melt, were
more effectively enriched in G1b basalts than Sm, Th, and U, which
are compatible with the carbonatite melt (DSm, DTh, DU > 1). In
contrast, the D values in G2 primary melts were less variable (i.e.,
the slopes of the negative exponential correlations between D and
ionic potential were gentler) and more elements must have been
compatible with the silicate melt than in the G1 basalts
(Supplementary Fig. S1a). Thus, the relative proportions of silicate
melts in subgroup G2a were higher than those in G2b, and trace-
element partitioning in the G2 primary melts was controlled solely
by the segregation of the immiscible melts.

The G3 primary melts from Site B31,55 were strongly silica-
undersaturated. In contrast to G1 and G2 basalts, the trace-
element ratios of the G3 primary melts and actual G3 basalt
samples (FeO*/MgO= 0.61–1.53) were not systematically corre-
lated with La/Lu or NBO/T (Fig. 6b–h). This result indicates that
the geochemical features, particularly the trace-element systema-
tics, of G3 basalts cannot be explained by partitioning during
immiscible melt segregation. Indeed, previous experimental
studies56,57 observed only a single melt in this silica-
undersaturated melt composition. Therefore, we assume that
immiscibility did not develop during G3 volcanism.

Implications for the geodynamic process producting petit-spot
melts. CO2-rich incipient melts ascending from the astheno-
sphere are expected from experiment on CO2-doped petit-spot
melts last equilibrated with harzburgite at approximately 2 GPa
and 1300 °C55. Indeed, Yamamoto et al.34 estimated the melt
porosity at the lithosphere-asthenosphere boundary (LAB) to be a
few percent based on geothermobarometric measurements of
xenoliths derived from the lithospheric mantle. The previously
recognized continuous compositional variations of the basalt
subgroups can be explained by the spatiotemporal evolution of
the melt pond via a continuous melt supply, as discussed by
Machida et al.31. Indeed, the relatively continuous but distinct
compositional trends of La/Lu, La/Sm, Sm/Zr, Th/Zr, Zr/Hf, U/
Nb, and Nb/Zr in the actual primitive basalt samples from each of
the four subgroups (Fig. 6) indicate petrogenetically and tempo-
rally isolated magma systems corresponding to melt ponds at the
LAB. Thus, we infer that immiscible melt separation occurred
ubiquitously after the chemical evolution of the melt pond at the
LAB. In contrast, the silica-undersaturated melts (G3 basalts) at
Site B erupted onto the seafloor before reaching the solvus.
Therefore, we conclude that the factors regulating the develop-
ment of immiscibility were the chemical differences between the
carbonate and silicate mantle materials and their varied mixing
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proportions within the asthenosphere or LAB melt ponds. The
individual trace-element compositions of the final silicate melts
were therefore the result of elemental partitioning during
immiscible melt segregation.

The occurrence of the LAB and the physical state of the
asthenosphere, high electrical conductivity/anisotropy, and low
seismic velocity below the LAB have remained enigmatic since
the theory of plate tectonics was introduced (e.g., refs. 58,59). The
solid-state deformation of the suboceanic asthenosphere has only
ever been experimentally explained by the presence of hydrous
olivine60, polycrystalline anelasticity61, and/or hydrous olivine
creep62 in the absence of partial melt. In contrast, depending on
plate velocity and localized deformation, olivine could experience
shear if the asthenosphere undergoes partial melting63. The
presence of carbonatite or carbonated silicate melt has been
proposed as a key in explaining the LAB and the electrical
conductivity of the oceanic asthenosphere64,65 because carbo-
nated incipient melts can become fully interconnected along grain
boundaries in the asthenospheric mantle at degrees of partial
melting as low as 0.1%66. Such carbonated materials form low-
degree partial melts in the asthenospheric peridotite matrix and
can be stored at the LAB below the ocean64,65.

As mentioned above, the lack of volcanic activity in areas
surrounding the NW Pacific Plate petit-spot volcanoes implies that
a factor other than lithospheric flexure locally controls the
occurrence of petit-spot volcanic provinces. Assuming that
asthenospheric partial melts contain carbonatite or carbonated
silicate, the depleted lithosphere might be ubiquitously metasoma-
tized by veins of asthenospheric melt, corresponding to the
lithospheric “hidden” petit-spots34,39. Alternatively, both solid-
state deformation and local carbon doping by asthenospheric partial
melts are plausible, the latter of which might be supplied by redox-
melting below the asthenosphere11. Based on the interpretations of
geochemistries and physical state of flexed lithosphere as mentioned
above, we infer that ascending carbonatitic melt from asthenosphere
probably stacked in the middle or lower asthenosphere after
carbonatite/silicate immiscibility at least for the majority of petit-
spot melt, though this hypothesis requires further study.

Another important geochemical features of NW Pacific
Plate petit-spot melts are the enriched mantle 1 (EM1) isotopic
signatures of their lavas (low 143Nd/144Nd ratios at a given 87Sr/
86Sr value and high 208Pb/204Pb ratios at a given 206Pb/204Pb
value)16,31,67 (Fig. 7a, b) and abnormally low δ26Mg values11

(Fig. 7c, d). Reinhard et al.16 suggested that the EM1 isotopic
signature is common to both Samoan rejuvenated-stage lavas and
to petit-spot lavas of the NW Pacific Plate and Christmas Island
(Indian Plate) related to tectonic uplift oceanward of subduction
zones. Abnormally lower δ26Mg values of NW Pacific Plate petit-
spot lavas (−0.25 to −0.45, including DAPs) than those of the
typical mantle (uniform value of −0.25 ± 0.07) are correlated with
the high-206/Pb204Pb end member, which is consistent with the
subducted eclogite/pyroxenite against simple derivation from a
DMM source with δ26Mg of ≈−0.25 ± 0.07‰ (Fig. 7c, d). The
isotopic signature of crustal recycling, however, is decoupled from
the elemental ratios strongly indicating carbonatite or carbonated
silicate (high Zr/Hf, Nb/Ta, and low Ti/Eu)11, implying the
multiple source components both of recycled carbonate and
silicate materials for the source of NW Pacific Plate petit-spot
lavas each.

The carbonate component in petit-spot lavas might originate
from metal carbonates or diamonds in the highly reducing deep
upper mantle11,68. However, based on experiments on carbonate-
silicate reactions, Hammouda et al.69 proposed that a carbon-rich
layer exists throughout the asthenosphere, possibly fed by global
subduction processes, which might correspond to a hydrous
transition zone as a potential supply base70. The carbon and
noble gas isotopic ratios of single petit-spot volcano on the
western Pacific Plate (southeast of Minamitorishima Island)14

indicate contamination by crustal carbon via reactions with
micritic marine sediments of the oceanic crust71; otherwise, in the
case of NW Pacific Plate petit-spot lavas, Mg and Pb isotopic
covariations with trace element ratios contradict any contamina-
tion by marine sediments11. The high CO2 compositions of petit-
spot lavas, therefore, raise the possibility that carbonate affects
petit-spot source components and their melting, at least in the
case of NW Pacific Plate petit-spot lavas.

Our results suggest that processes controlling the mantle
structure below petit-spot volcanoes include (1) geological
perturbations caused by the emplacement of petit-spot lavas
prior to their subduction; (2) ascending melts repeatedly
metasomatizing the lithosphere; (3) melts stagnating in the
middle to lower lithosphere, except for DAP melts; (4) the
development of carbonatite-silicate immiscibility before or during
melt ascent; and (5) the plausible recycling of carbonatite and
silicate melts below the LAB as the origin of petit-spot melts
(Fig. 8). The submarine environment and the subducting
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ascend as carbonatitic melt after carbonatite/silicate immiscibility. The melts excluding DAPs stack in the middle or lower asthenosphere. The sources are
originated from asthenosphere with recycled materials.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00438-1 REVIEW ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:110 | https://doi.org/10.1038/s43247-022-00438-1 | www.nature.com/commsenv 9

www.nature.com/commsenv
www.nature.com/commsenv


lithosphere and underlying asthenosphere may thus be modified
more extensively than previously recognized by submarine petit-
spot volcanoes and melts just prior to subduction. Most
importantly, if immiscibility indeed develops, some as yet
undiscovered “missing” carbon must be stored somewhere in
the geosphere and eventually released into the hydrosphere and
atmosphere.

Data availability
The data sets analyzed in this review are cited in the appropriate sections of the
manuscript text and supplementary information.
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